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ZUM MECHANISMUS DER DESORPTION
UND AKTIVIERTEN ADSORPTION VON SAUERSTOFF
AN UNBEUICHTETEM UND UV-BEUICHTETEM
ZINKOXID

K. Hauffe und A.J. Hegedds

(Institut far physikalische Chemie der Universitat Goéttingen, BRD
und Tungsram, Forschungsinstitut, Budapest-Ujpest)

Eingegangen am 23. Juli 1970

Es wurde die durch Evakuierung und Beliftung verursachte Desorption und
Adsorption bei verschiedenen konstanten Temperaturen sowie die durch Temperaturén-
derungen hervorgerufene Desorption und Adsorption, bzw. Thermolyse und Chemi-
sorption bei 1—2 « 10“5Torr und 1 atm, an Zinkoxid gemessen. Bei 1,2 «10-4 Torr
wurde auch die Photosorption von O, + H,0 untersucht und stets nur eine Photolyse,
nie eine Photoadsorption festgestellt. Aufgrund der Ergebnisse ist der Versuch unter-
nommen worden, die mdglichen Reaktionsschritte im einzelnen zu behandeln.

1. Problemstellung

Da AusmaR und Art der Fehlordnung inder Oberflachenschicht der ZnO-
Kristallite fur die elektrischen und elektrophotographischen Eigenschaften von
ausschlaggebender Bedeutung sind, ist es das Ziel dieser Arbeit, weitere Infor-
mationen uUber die Erzeugung definierter Oberflachenzustdnde zu erhalten. An
verschiedenen ZnO-Sorten wird die Anderung der Fehlordnungskonzentration
in oberflichennahen Bereichen sowohl durch thermolytische als auch durch
photolytische Prozesse studiert. Neben elektrischen Leitfahigkeitsmessungen
ist die Ermittlung der zeitlichen Anderung der Masse eine bequeme Methode,
um die Anderung der Fehlordnungskonzentration in den Oberflichenbereichen,
den sogenannten Randschichten, zu studieren. Wé&hrend eine Vakuum-
Behandlung zur Desorption von Gasen und hei héheren Temperaturen zur
Thermolyse von Zinkoxid fihrt, findet darauffolgend im Bereich niedriger
Temperaturen in Anwesenheit von Sauerstoff eine Aufoxydation des aktivier-
ten Zinkoxids statt, die bei hoheren Sauerstoffdrucken rascher verlauft.

Wenn auch Einstrahlung von UV-Licht auf Zinkoxid stets zu einer
Photolyse, d. h. zu Desorptionsprozessen flihren sollte, sofern Temperatur,
Druck und Zusammensetzung der umgebenden Gasphase konstant bleiben,
wird in der Literatur immer wieder auch auf Photoadsorption von Sauerstoff
an Zinkoxid hingewiesen. Durch die Ergebnisse der nachfolgend beschriebenen
Untersuchungen angeregt, haben wir uns an anderer Stelle auch mit den
theoretischen Zusammenhdngen dieser Erscheinung ausfiuhrlich befalt und
konnten zeigen, dal an reinem Zinkoxid kaum mit einer Photoadsorption von
Sauerstoff gerechnet werden kann [1].

1 Acta Chim. (Budapest) 72, 1979



2 HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION

Ein anderes Problem — ebenfalls sehr wichtig fir den Oberflachenzu-
stand — ist die Neigung von Zinkoxid, H20 und CO02 ebenfalls bevorzugt zu
chemisorbieren. Auf Grund dieses Verhaltens ist es auch nicht verwunderlich,
wenn Zinkoxid-Pulver, das lange an H20-haltiger Luft gelagert hat, eine be-
achtliche Menge an H20 in der Randschicht aufweist. Eine dhnliche Situation
gilt fur CO02 Demzufolge erscheint es winschenswert, durch thermogravi-
metrische Untersuchungen weitere Informationen Uber die Fehlordnung im
Oberflachenbereich der ZnO-Kristallite zu erhalten.

2. Experimentelles

Zur Bestimmung des zeitlichen Verlaufs der Massendnderung wéahrend thermolytischer
und photolytischer Vorgdnge wurde eine thermogravimetrische Versuchsanordnung mit einer
elektronischen Mikrowaage von Sartorius aufgebaut. Uber die Arbeitsweise dieser Versuchs-
anlage wurde bereits an anderer Stelle berichtet [2—4]. Zur Untersuchung wurden vier
ZnO-Praparate verwandt, u. zw. ein a-ZnO (p. a., REANAL, Budapest), dann b-ZnO (Foto-
siegel A von der Zinkweill-Forschungsgesellschaft Oberhausen), ¢-ZnO (das REANAL-Pré&-
parat mit 0,27 Atom-% Li, 2 Stunden bei 1000 °C in Luft getempert) und ein d-ZnO (das 2
Stunden bei 1000 °C in Luft getemperte REANAL-Préiparat). Uber ausfilhrlichere Kenndaten
dieser Proben muB gleichfalls auf frihere Stellen verwiesen werden [2, 4].

3. Versuchsergebnisse ohne Belichtung und Diskussion

Vermindert man den Gasdruck Uber ein ZnO-Pulver, das an der Luft
gelagert hat, dann beobachtet man eine Masseabnahme wegen Verflichtigung
und Desorption von kondensiertem Wasser und adsorbierten Gasen. Eine
darauffolgende Beliftung mit Luft verursacht die Herstellung des Ausgangs-
zustandes. Die mehrmalige Wiederholung dieser Reaktionsschritte bewies
nicht nur die Reversibilitdt der Adsorption, sondern auch die lineare Abhén-
gigkeit der Gewichtsabnahme bzw. Gewichtszunahme von der ZnO-Einwaage.
Eine Abweichung von dieser Linearitdt nach kleineren Werten machte sich
nur dann bemerkbar, wenn mit gréBerer Einwaage die Schichtdicke des
Pulverhaufens in der Wégeschale zu stark anwuchs. Nahm man zu einer
groBeren Einwaage einen Tiegel von groRerem Durchmesser, so blieb die
Linearitadt auch bei groReren Einwaagen erhalten. Im Falle einer Querschnitts-
fliche von 1,58 cm2verschwand die bei 100 und 200 mg Einwaage gemessene
Abweichung von der Linearitdt bereits bei ZnO-Mengen von 50 und 100 mg.

Der lineare Zusammenhang mit der Einwaage bedeutet aber nur bei
derselben Probe die gleichzeitige lineare Abhé&ngigkeit von der BET-Ober-
flache. Der Befund einer groReren Adsorption und Desorption von +695 pg/g
ZnO beim b-ZnO (statt 565 pg beim a-ZnO) mit einer anndhernd gleichen BET-
Oberflache von 3,8—3,9 m2g, kann als ein Beweis dafiir angesehen werden,
daB bei der Adsorption nicht nur die Oberflache, sondern auch die Oberflachen-
aktivitdt eine wichtige Rolle spielt.

Acta Chim. (Budapest) 72, 1972



HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION 3

Zeit (Stunden)

Abb. 1. EinfluB der 6fters wiederholten Druckdnderung derumgebenden Zimmerluftatmosphére

auf das Gewicht von 100 mg a-ZnO-Pulver. Die Bewegung des ZnO allein ist durch normal

ausgezogene Linien, die des mit ZnO beladenen Tiegels durch gestrichelt verldngerte ange-
deutet

Registriert man die durch periodisch wiederholte Evakuierung und
Belliftung erhaltenen Gewichtsdnderungen, wie z. B. in Abb. 1, so bemerkt
man, dall die Gewichtsdnderungen langsam, wahrscheinlich einem Grenzwert
zustrebend, abnehmen. Auf Grund dieses Sachverhalts darf man annehmen,
dall es sich hei diesem Vorgang nicht nur um eine Adsorption handeln kann,
da ja z.B. mit dem Austritt von H20 auch chemische Oberflichen-Reaktionen
ablaufen, wie z. B.:

Acta Chim. (Budapest) 72, 1972



4 HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION

Zn(OH)2= Zn0+ H 1)
und

Zn(CO03L x « (OH)2X eyHD — ZnOX(COYL x+ (x+y)H )

Vermutlich tragen diese chemischen Vorgange zur Anderung der Oberflachen-
aktivitdt und der Fehlstellenkonzentration in der Randschicht bei. Demnach
besteht zwischen Randschicht und umgebender Atmosphére eine sténdige
Wechselwirkung, derzufolge Struktur und chemische Zusammensetzung der
Randschicht gedndert wird, wenn sich

a) das Komponentenverhdltnis des mehrkomponentigen Sorbats (z. R.
Anderung des H20- und CO02-Gehalts der Luft), oder

b) auch die Zahl der in der Gasphase auftretenden Komponenten (z. B.
von Sdureddmpfen, Halogenen, Ammoniak, Kohlenwasserstoffe, usw.) wahrend
der Lagerung verdndern.

V enn die zur Bellftung verwendete Ltift der Reihe nach mit konzen-
triertem H2S04, granuliertem KOH, Silikagel und einer Falle mit flissiger
Luft vorgetrocknet wurde, dann gelangten wir zu den in Tabelle | — gemein-

Tabelle 1

EinfluR des Druckes auf die Massednderung des a-ZnO mit einer BET-Oberflache = 3,9 m-/g
und einer freien geometrischen Oberflache in der Wageschale von 1,58 cm2

Evakuierung und Beliftung mit nicht getrockneter Luft

760 — 2 + 10-5— 760 Torr

163

Acta Chim. (Budapest) 72, 1972



HATJFFE, HEGEDUS: MECHANISMUS DER DESORPTION 5

sam mit den vorangehend geschilderten Versuchsergebnissen — angegebenen
W erten, aus denen hervorgeht, daR die bei 25 °C adsorbierten Stoffe aus etwa
80% H2 + C02bestehen missen. Dabei kann der Anteil an C02hdchstens 4%
betragen, weil das Ausschalten einer Falle mit flussiger Luft keine groRere
Abweichung als pg pro Einwaage verursachte. Es steht noch die Frage
offen, ob die Differenz von ~20% uUberwiegend der Adsorption anderer Gase
(02, N2, CO, Kohlenwasserstoffe) oder dem MeRfehler zugeschrieben werden

Temperatur (°C)

Abb. 2. Thermolyse des a-ZnO-Pulvers. Zeitliche Gewichtsabnahme, a) TG-Kurve; zeitliche

Anderung des Druckes, b) Druckkurve (punktiert: abnehmender gestrichelt: ansteigen-

der Po2)‘ Einwaage = 20 mg im Pt-Tiegel, Temperaturanstieg = 6 °C/Minute, Grundvakuum
p= 1m10-5Torr

mufR. Wenn man die starke H20-Adsorption unterdriicken will, um die Ad-
sorption der anderen Stoffe studieren zu kénnen, dann mufl man beim Ein-
setzen einer neuen Probe solange einige Male evakuieren und mit hochge-
trockneter Luft vorbeluften, bis gleiche Desorptions- und Adsorptionswerte
erhalten werden. Ungenligende Trocknung fuhrt sofort zu héheren Gewichts-
&nderungen infolge zusdtzlicher Adsorption von HZ20.

Eine simultane thermogravimetrische und massenspektrometrische Auf-
nahme mit dem Mettler Vakuum-Thermoanalyser und Balzers QMG 101
M assenspektrometer [5] ergab bei einer Aufheizgeschwindigkeit von 6 °C/min
und einem Ausgangsvakuum von 1 «10~5Torr die in Abb. 2 wiedergegebenen
Druck- und Gewichtsdnderungen. Das Massenspektrometer zeigte innerhalb
m = 0—50 eine Restgaszusammensetzung von 2 30+:22H2 1:10CO+
und :3,50” an. Der lonenstrom von H2 + wies bei ~240°C ein Maximum
und bei ~595 °C ein Minimum auf, wahrend der von COI schon ab 120 °C
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6 HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION

anzusteigen begann und bei 7595 °C ein Maximum durchlief. Der Anwuchs
von fing bei ~450 °C an und nahm {ber etwa 750 °C exponentiell zu. Die
Schwankungen der CO+-Menge verliefen annédhernd parallel mit den Ande-
rungen des CO”~-lonenstromes. Zum Vergleich sollten &hnliche massenspektro-
metrische Messungen von Kodéra, Kusunoki und Shimizu [6] herangezogen
werden. Leider haben die Autoren keine Analysen lber das untersuchte ZnO
mitgeteilt. Aus unseren und ihren Ergebnissen kann man aber ohnedem sofort
entnehmen, daR eine solche Methode, die die simultane Aufnahme der Gewichts-
und Enthalpiednderungen (beim ZnO zeigt natirlich die DTA-Kurve keine
solchen Anderungen an) der festen Phase sowie der genauen mengenméRigen
Verteilung der desorbierten und exhalierten Gase in Abhédngigkeit von Tem-
peratur und Zeit ermdéglicht, wohl die gegenwértig zuverldssigste Information
Uber Vorgeschichte und thermische Eigenschaften eines Feststoffes liefert.
Aus dem Unterschied, daR die Hauptmenge des C02im Falle unseres Prépa-
rats bei einer um etwa 200 °C hoher liegenden Temperatur entweicht als bei
Kodéra, Kusunoki und Shimizu, kann man auf verschiedene Herstellungs-
und Lagerungsbedingungen des Oxids schlieen. Ihre Aufnahmen stammen von
einer ZnO-Probe, die langere Zeit gelagert wurde. Bereits bei einer unmittelbar
nachher ausgefiihrten zweiten Aufnahme schrumpften die massenspektro-
metrischen Intensitdten auf ganz niedrige Werte zusammen. AuBerdem wech-
selten auch die Intensitadtsverhéltnisse der desorbierten Stoffe betréchtlich.
Nur die 0 +- und 02-Linien erschienen bei derselben Temperatur und mit
unverdnderter Intensitdt. Als weiterer Beitrag zu diesen Erwé&gungen seien
noch die Befunde von Morimoto, Nagao und Tokuda [7] herangezogen. Sie
haben mit im Vakuum bei verschiedenen Temperaturen vorbehandelten ZnO-
Proben Desorptions- und Adsorptionsversuche mit H20 ausgefiuhrt und ge-
funden, dall die Vorbehandlung fiir das Auftreten von schwécher und starker
gebundenem Wasser verantwortlich ist, das bei niedrigeren oder héheren Tem-
peraturen abgespalten und chemisorbiert wird.

Es ist eine an Oxiden oft beobachtete Tatsache, daB sie beim Erhitzen
im Vakuum zwischen 200—800 °C CO abgeben, manchmal in Uberraschend
groBer Menge [6]. Dabei hat es sich gezeigt, daB sowohl entweichendes CO
als auch C02am oder im ZnO nicht unbedingt als CO oder C02, d.h. nicht als
Adsorbat oder EinschluBverbindung vorhanden sein missen. Kohlendioxid
kann sich auch aus Zinkkarbonatresten, CO aus Zinkkarboxylat bilden. Im
letzteren Fall wird wohl C02 chemisorbiert, aber CO desorbiert. Eine auf den
ersten Blick unverstdndliche CO-Desorption wird jedoch verstandlich, wenn
man beriicksichtigt, dal beim Erhitzen im Vakuum sich thermolytisch Zink
an der Oberflache bildet. Dieses chemisorbiert beim Abkiihlen C02als Karboxy-
lat, das beim Wiedererhitzen unter CO-Abgabe zersetzt wird. Unl&dngst haben
wir auch dartiber berichtet [4], dal die thermische Dissoziation des ZnO im
Vakuum bei 400—500 °C bereits eine gut meRBbare Geschwindigkeit erreicht.
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HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION 7

Das hierbei entstehende O _(ads) oder O(ads) kann nun mit adsorbierten
Kohlenwasserstoffen und ihren Zersetzungsprodukten, mit Kohle oder CO(ads)
abreagieren und CO02 bilden. Als Brutto-Reaktion wird das Entweichen von
C02und bei monoton steigender Temperatur auch eine voriubergehende An-
h&dufung von Zn an der Oberfldche beobachtet. Durch diese Zink-Anreicherung
kénnte die Abnahme des Masseverlustes in der Umgebung von 700 °C an der
Kurve a) in Abb. 2, bzw. das Minimum bei etwa 650 °C an der Kurve b) ver-
ursacht sein. Bei weitersteigender Temperatur nimmt dann die Desorptions-
geschwindigkeit des Zinks zu; Kurve erzeigt eine beginnende steile zeitliche

o Temperatur (°C)

Abb. 3. Massednderung (Normalatmosphdre -> 2 « 10-6 Torr Restgas) verursacht durch rever-
sible H2 -f- 02- (obere ausgezogene Kurve) und O&Adsorption (untere ausgezogene Kurve),
Aflg/g ZnO, bei konstanten Temperaturen (Tabelle 1). Gestrichelt verldngerter Kurventeil,
Kondensation und Physisorption; punktiert verlangerter, Chemisorption. Erkldrung im Text

Gewichtsabnahme, und Sauerstoff bzw. Zink sollten im Massenspektrum mit
zunehmender Intensitdt erscheinen. Kénnen aber bei gleichzeitiger Druckab-
nahme weder Zinkddmpfe noch Sauerstoff nachgewiesen werden, dann dirfte
hierfir ein unzweckmé&RBiger Yersuchsaufbau verantwortlich sein [verfdlschte
Druckwerte bei arbeitender Diffusionspumpe; Ermdglichung von Zn(gas)
und 02(gas) Rekombination oder Zn-Kondensation und Zn-Getterwirkung
in zu langen, kihleren und engen Rezipientgdngen zwischen Massenspektro-
meteranalysator und Probe, usw.].

Die durch jahe Druckdnderung hervorgerufene Desorption und Adsorp-
tion haben wir auch bei 250 und 450 °C gemessen. Die Endwerte dieser Mes-
sungen sind ebenfalls in Tabelle | angegeben. Sie zeigen, dafl die so aufgetretene
reversible Adsorption auch bei hoheren Temperaturen abh&ngig von der Ein-
waage und damit bei derselben Probe auch abh&ngig von der BET-Oberfldche
ist. Die graphische Wiedergabe der Ergebnisse ist aus Abb. 3 zu entnehmen.
Hieraus erkennt man die Tendenz der Temperaturabhé&ngigkeit der reversib-
len H20-j-02- bzw. 0 22Adsorption. Die H20 + 0 2Kurve zeigt ein Minimum etwa
zwischen 200—250 °C. Auch andere Autoren [7, 8] haben auf einen solchen
Wendepunkt im erwdhnten Temperaturbereich hingewiesen. Der in Abb. 3
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8 HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION

wiedergegebene Verlauf der H20-)-02-Kurve kann aus zwei Kurventeilen zu-
sammengesetzt angenommen werden, von denen der Kurventeil 1 einschliel3-
lich der gestrichelten verldngerten Teile die Physisorption bzw. -desorption
des H20 aus dem Gasgemisch darstellt, die mit steigender Temperatur kleiner
wird. Aus dem Kurventeil 2 kann man dagegen annehmen, dafll die merkliche
Gewichtszunahme mit steigender Temperatur auf einer chemischen Ober-
flaichenreaktion des H20 mit dem fehlgeordneten ZnO-Gitter beruht:

H20(gas) Zn*= 20H|0|" e' -\- ZnO 3)

wobei OHJOj" ein OH-lon auf einem Sauerstoffionen-Gitterplatz, Zn- ein
Zinkion auf Zwischengitterplatz und e' ein freies Elektron représentieren. Wie
in GI. (3) schematisch angedeutet, kann es bei etwas hdoheren Temperaturen
zu einer merklichen Hydroxid-Bildung kommen, die hei weiter ansteigenden
Temperaturen dann wieder abnimmt und schlieflich durch Ablauf des Teil-
schrittes von rechts nach links in GIl. (3) wieder rickgdngig gemacht wird.

Wie man aus Abb. 3 weiterhin erkennt, ist der Anteil der Sauerstoff-
Adsorption erheblich kleiner alsdervon H20. Dieses ist offenbar auch der Grund,
daf ein im Vakuum thermisch behandeltes ZnO am stérksten fur H2 wie ein
»Getter« wirkt.

Aus der schematischen Darstellung der MeRreihen, die bei 250 bzw.
450 °C durchgefiuhrt wurden, ergibt sich bei 250 °C bzw. bei 450 °C eine
wesentlich hohere Ausheilung von Kristallfehlern als bei 25°€. Die allmé&hliche
Gewichtszunahme der Probe nach mehrfacher Adsorption und Desorption
weist daraufhin, dal ein Teil des Sauerstoffs zur Ausheilung der Kristallfehler
verbraucht und damitirreversibel eingebaut wird. Bei 450 °C verlduft die Aus-
heilung so schnell, daB sich bereits nach der ersten De- und Adsorptionsperiode
eine konstante Oberfldchenaktivitdt einstellt.

In Abb. 4 ist die durch jdhe Temperaturdnderung verursachte Desorp-
tion und Adsorption — einschlieflich Oberflachenreaktion----von 02 bzw.
H20 bei 1 atm (Kurve a und b), sowie bei 1,2 «10 5Torr (Kurve c) gegen die
Temperatur aufgetragen. Dabei bedeutet die schnelle Temperaturdnderung
auf 250 °C oder zuriick auch im weiteren stets ~13 Minuten, auf 450 °C oder
zurick stets ~7 Minuten. Nach maximal 2 Stunden war im allgemeinen ein
stationérer Zustand erreicht. Wéahrend Kurve amit H20-haltiger Luft erhalten
wurde, stellt Kurve b eine analoge MeRreihe mit H2-freier Luft dar. Wie man
aus dem Verlauf der Kurven a und b erkennt, ist bei wasserdampfhaltiger
Luft von 1 atm die Chemisorption von H20 um etwa eine GréRenordnung hdher
als die von Sauerstoff. Wenn auch die bei 1 atm Luft erhaltenen Versuchser-
gebnisse infolge der thermisch asymmetrisch aufgebauten Waage und der
hierdurch verursachten Stdrungen [2, 3, 4] nicht so zuverldssig wie die in
Vakuum gemessenen sind, so scheint doch der bei 250° C erhaltene Wert von
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HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION 9

50 fj,g 021 g ZnO nicht unverninftig zu sein, weil 50 /xg 02 nur ~0,16 m2g
von der 3,9 m2g verfligbaren BET-Oberfldche des untersuchten ZnO bedecken.
Die Aktivitdt der ZnO-Oberfldche steigt durch die geschilderten thermischen
Behandlungen etwa bis zu jener Temperatur an, bei welcher eine merkliche
Sinterung zu einer Abnahme der OberfidchengrdoRe fuhrt. Bei unserer Probe
lag diese Temperatur in der Umgebung von 500 °C, so da das Maximum der
Adsorptionskapazitdt in der Nadhe dieser Temperatur zu erwarten wére, was
mit Untersuchungen anderer Autoren [7] im Einklang zu sein scheint.

Abb. 4. Durch Temperaturdnderung verursachte reversible Adsorption von H20 + 02(Kurve n)
und 0 2allein (Kurve b), Afig/g ZnO, bei Normalatmospharendruck bzw. bei 1,2 «10“5Torr
Restgas (Kurve C)

Bei genugend niedrigen Drucken von <TO~4 Torr ist auch bei einer geo-
metrisch-thermisch asymmetrisch aufgebauten Apparatur voéllige Stérungs-
freiheit der Wagung zu erlangen. Dies ermdglicht die Durchfuhrung von exak-
ten Desorptions- und Adsorptionsmessungen bei einem konstanten Restgas-
druck von 1,2 «10~5 Torr bzw. hei einem konstanten Sauerstoffdruck von
1 +10-5 Torr [9], wobei von einer konstanten Desorptionstemperatur rasch
auf die konstante Adsorptionstemperatur von 25 °C abgekihlt wird. Zwecks
Erreichen eines stationdren Wertes liefen wir die Desorption bei der gewiinsch-
ten Yersuchstemperatur etwa 2 Stunden lang laufen, kihlten dann rasch ab
und verfolgten die nun einsetzende Adsorption etwa 6 Stunden lang. Danach
lieRen wir die Probe in der Waage bei 3—5 «10-4 Torr wéhrend einer Nacht
stehen, belufteten anschlieBend fir kurze Zeit (m~30 min) und wiederholten
eine solche De- und Adsorptionsperiode mehrmals mit derselben Einwaage.
Die erhaltenen MeRwerte haben wir in den Tabellen I1—1Y zusammengefaRt
und die aufgenommenen Kurven in den Abbildungen 5—7 wiedergegeben.

Die Kurven bestdtigen erneut die in Tabelle 1 und Abb. 1 bereits ange-
gebene durch Druckverminderung verursachte Gewichtsabnahme (Abb. 5—7,
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10 HAUFFE, HEGEDUS: MECHANISMUS DER DESORPTION

senkrechte------------ Linien), die wir als Vakuumdesorption benennen kénnen.
Bei dieser Desorption stellt sich das Gleichgewicht erfahrungsgemé&R ziemlich
schnell ein (Abb. 5—7, obere dinn ausgezogene Linien, Gleichgewichts-

Abb. 5. Zeitlicher Verlauf der Desorption und Thermolyse hei 250 °C und der darauffolgenden

Sauerstoffadsorption mit Oberflachenreaktion bei 25 °C, in einem konstanten Vakuum von

1,2 « 10 _5 Torr Restgas (ausgezogene Kurven). Mit 182,7 mg a-ZnO gemessen und auf 1 g ZnO
umgerechnet. Erklarung in Tabelle Il und im Text

Abb. 6. Zeitlicher Verlauf der Desorption und Thermolyse bei 350 °C und der darauffolgenden

Sauerstoffadsorption mit Oberflachenreaktion bei 25 °C, in einem konstanten Vakuum von

1,2 mlp-5 Torr Restgas (ausgezogene Kurven). Mit 185,89 (Kurve a) bzw. 86,33 mg a-ZnO
gemessen (Kurve b) und auf 1 g ZnO umgerechnet. Erklarung in Tabelle Il und im Text

zustand bei Normalatmosphére; mittlere dinn ausgezogene Linien, Gleich-
gewichtszustand bei 1,2 «10~5 Torr Restgasdruck). Die bei 1,2 «10-5 Torr
und 250, 350 bzw. 450 °C erhaltenen Werte geben die Kinetik der Thermo-
desorption (Tabelle 11—IV, obere Zahlensdulen; Abb. 5—7, konkav ausge-
zogene Kurven) wieder, wahrend die ohne Unterbrechung bei gleichem Druck
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aber bei 25 °C aufgenommenen Kurven die Kinetik der Adsorption anzeigen
(Tabelle 11—I1Y, untere Zahlensdulen; Abb. 5—7, konvex ausgezogene Kur-
ven). SchlieBlich wird die MeRperiode durch eine Lagerung wdahrend einer
Nacht in einem Vakuum von 3—5 «10 Torr und infolge einer kurzen Be-
luftung durch Adsorption beendet (Abb. 5—7, — e— «— Kurven).

Abb. 7. Zeitlicher Verlauf der Desorption und Thermolyse bei 450 °C und der darauffolgenden

Sauerstoffadsorption mit Oberflachenreaktion bei 25 °C, in einem konstanten Vakuum von

1,2 «+10~5Torr Restgas (ausgezogene Kurven). Mit 185,33 mg a-ZnO gemessen und auf 1 g
ZnO umgerechnet. Erklarung in Tabelle IV und im Text

Quantitativ kénnen die Ergebnisse in den Tabellen 11—IY z. B. mit
der Roginsky— Zeldovitsch Gleichung [8] erfalt werden:

e —we )

wo n die desorbierte bzw. adsorbierte Gasmenge, die Konstanten a und b die
Anfangsgeschwindigkeit und die Anderung der Aktivierungsenergie bedeuten.

Wir haben bereits erwdhnt, dalR infolge Evakuierung bei 25°C vom
b-ZnO um 36,6% mehr Gase desorbiert werden als vom a-ZnO trotz gleicher
BET-Oberflichen. Die thermischen Desorptionsversuche bewiesen aber, daf
beim b-ZnO auch die durch Erhitzung abgegebene Gasmenge um 30—40%
groRer ist als beim a-ZnO. Der Umstand, dall diese Differenz mit der Aktivitat
in Zusammenhang steht, die Aktivitdt jedoch eine Funktion der Fehlstellen-
konzentration der Oberflache ist, erlaubt die Folgerung, daB bei bestimmten
Feststoffen, so auch beim ZnO, die thermodesorbierte Gasmenge zur Berech-
nung der Fehlstellenkonzentration geeignet sein miRte. Solange die desorbierte
Gasmenge in jedem Zeitpunkt proportional der Einwaage und BET-Ober-
flache ist, gilt der Zusammenhang:

Nn—aemMBVY —ae*me*K *C (5)
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Tabelle 11

Desorption und Thermolyse von a-ZnO (182,7 mg) bei konstantem Druck von 1,2 «10~5 Torr
beim Erhitzen von 25 auf250 °C und Adsorption mit Oberflachenreaktion beim Abkiihlen von 250
auf 25 °C

Mit derselben Einwaage wurde jeweils nacheinander gemessen und zwischen den einzelnen
Messungen 14 Stunden lang in einem Vakuum von 3—5 ¢ 10-J Torr gelagert. Vor der erneuten
Evakuierung wurde 10 Minuten gellftet

Desorption und Thermolyse

(ig/g ZnO

nach 6 min 355 443 509
9 520 558 613

15 645 618 667

21 684 640 679

30 706 657 690

45 717 679 701

60 722 706 712

90 750 712 722

120 777 722 728

Mittelwert an Massenverlust nach 2 Stunden
742 Itg/g ZnO

250— 25 °C Adsorption und Oberflachenreaktion
nach 30 min 93 77 60
50 159 148 120

90 213 203 181

120 257 252 224

150 301 301 263

180 345 334 296

210 383 367 328

240 416 400 361

Mittelwert an Massengewinn nach 4 Stunden
392 /«glg ZnO

wo n die desorbierte Gasmenge, a eine Konstante (spezifische Oberflache), tu
die Masse des ZnO, v die Geschwindigkeit der Adsorption, k die Geschwindig-
keitskonstante der Adsorption und c die Fehlstellenkonzentration (Aktivitét)
sind.

Diese Formel ist identisch mit der Ausgangsformel von Panassjuk,
Dantschewskaja und Koboslew [10], die fiur die massenspektrometrische
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Tabelle 111

Desorption und Thermolyse von a-ZnO (185.89 und 86,33 mg) bei konstantem Druck von 1,2 ¢ 10-5
Torr beim Erhitzen von 25 auf 350 °C und Adsorption mit Oberflachenreaktion beim Abkihlen
von 350 auf 25 °C

Mit derselben Einwaage wurde jeweils dreimal nacheinander gemessen, zwischen den einzelnen

Messungen 14 Stunden lang in einem Vakuum von 3—5 ¢ 10_4 Torr gelagert und vor der
erneuten Evakuierung 10 Minuten beltftet

Desorption und Thermolyse

99/g ZnO
mit 185,89 mg ZnO mit 86,33 mg ZnO

nach 6 min 802 608 672 1100 950 1008
9 1114 828 818 1402 1066 1124
15 1173 909 888 1460 1124 1193
21 1194 936 904 1194 1147 1216
30 1205 963 920 1506 1158 1239
45 1221 979 936 1517 1170 1263
60 1232 990 947 1529 1182 1274
90 1243 995 958 1529 1182 1274
120 1253 1006 973 1529 1182 1274

Mittelwert an Miissenverlust nach 2 Stunden

990 /(g/'g ZnO 1228 /(g/g ZnO
350— 25 °C Adsorption und Oberflachenreaktion
nach 30 min 129 91 81 220 151 151
60 221 183 156 359 255 255
90 307 247 221 475 348 336
120 366 312 285 556 417 405
150 420 360 339 625 498 487
180 468 414 393 683 556 544
210 511 457 430 741 614 602
240 554 495 473 811 672 649

Mittelwert an Massengewinn nach 4 Stunden

507 /(g/g ZnO 711 jttg/g ZnO

Intensitit des aus ZnO verdampfenden Zn-Uberschusses diese Formel ab-
leiteten, um daraus die Fehlstellenkonzentration des ZnO zu errechnen.
Dabei wurde allerdings vorausgesetzt, dall die Thermolyse des ZnO erst Uber
800 °C beginnt, wahrend bei niedrigeren Temperaturen nur das Uberschissige,
d. h. nur das auf Zwischengitterplatz befindliche Zn verdampft und mit dem
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Tabelle IV

Desorption und Thermolyse von a-ZnO (185,33 mg) bei konstantem Druck von 1,2 m10~b Torr
beim Erhitzen von 25 auf 450 °C und Adsorption mit Oberflachenreaktion beim Abkihlen von 450
auf 25 °C

Mit derselben Einwaage wurde jeweils viermal nacheinander gemessen und zwischen den

einzelnen Messungen 14 Stunden lang in einem Vakuum von 3—5 «10“4 Torr gelagert und
vor der erneuten Evakuierung 10 Minuten belilftet

Desorption und Thermolyse

25-%- 450 °C fig/lg Zno
nach 6 min 442 362 399 405
9 1012 761 777 820
15 1279 928 912 950
21 1327 971 960 993
30 1370 1009 993 1025
45 1419 1047 1025 1052
60 1446 1068 1047 1068
90 1500 1101 1079 1101
120 1533 1127 1106 1127
150 1160
180 1187
210 1203
240 1230

Mittelwert an Massenverlust nach 2 Stunden
1120 /tg/g ZnO

450-»- 25 °C Adsorption und Oberflichenreaktion
ach 30 min 119 92 70 65
60 221 189 149 140

90 302 270 232 210

120 372 340 291 281

150 426 399 356 335

180 480 448 410 394

210 529 502 464 442

240 577 545 512 491

Mittelwert an Massengewinn nach 4 Stunden
531 ,ug/g ZnO
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M assenspektrometer nachgewiesen wird. Diese Annahme kénnen wir aber auf
Grund unserer Versuchsergebnisse nicht bestdtigen, weil in einem Vakuum
von 2 -10-5 Torr die Thermolyse bereits ab etwa 200 °C anfédngt einen merk-
lichen Zn-UberschuB an der Oberflaiche zu erzeugen, der bei der gegebenen
Empfindlichkeit unserer MeReinrichtung ab 450 °C so groR wurde, dall eine
zeitlich konstante Verdampfung gemessen werden konnte [4], die in der
Né&he von 500 °C zur vollstdndigen Verflichtigung der Probe fihrte. Demzu-
folge missen wir die von Panassjuk, Dantschewskaja und Koboslew
erhaltenen Werte fir die Fehlstellenkonzentration mit gewissem Vorbehalt
aufnehmen.

Die Druckabhéngigkeit der thermischen Dissoziation und damit die
Druckabhé&ngigkeit der Verdampfungsgeschwindigkeit des ZnO ist allgemein
bekannt [11, 12, 13, 14]. Druckabhédngig ist naturlich auch die desorbierte
Gasmenge. Dieser Sachverhalt wurde auch immer wieder aus unseren Messun-
gen gefunden, so z. B. aus Abb. 4 und Tabelle Il und IV, wo flr die Druck-
&nderung von po2= 160 auf o2= 1 ml0 Torr bei 250 °C 580 (Abb. 4,
Kurve a) und 580 742 pg/g ZnO (Abb. 4, Kurve a c); bei 450 °C dagegen
970 (Abb. 4, Kurve a) und 970 -j- 1120 pg/g ZnO (Abb. 4, Kurve a -j- ¢) an-
gegeben sind. Weniger bekannt ist aber jene in Abb. 1 auffallende Tatsache,
dall sich die Menge des desorbierten Gases mit der unmittelbar aufeinander
folgenden Wiederholung von De- und Adsorptionsperioden vermindert. Bei
250 °C beschrénkt sich diese Erscheinung Uberwiegend auf die der Thermo-
desorption vorangehenden H20-Vakuumdesorption bei 25 °C (Abb. 5, senk-
rechte ------------ Linien). Bei 350 °C jedoch macht sich der Effekt auch bei der
Thermodesorption bemerkbar (Abb. 6, konkav ausgezogene Kurve). Diese
Erscheinung fuhren wir nicht nur bei der Vakuumdesorption des H20, son-
dern auch hier bei der Thermodesorption auf Ausheilungsvorgédnge von
Kristallfehlern zurick. Bei 450 °C spielt sich dieses Ereignis bereits wéahrend
der ersten Desorption ab und es bildet sich infolge der Zn-Verdampfung am
Ende jeder einzelnen Periode eine praktisch gleiche Oberflachenstruktur aus,
weil bereits nach der ersten Periode ann&hernd eine Gleichgewichtsmenge an
Zn und Zn+ an der Oberfldche zustandekommt.

Die beiden mit verschiedenen Einwaagen gewonnenen Kurven in Abb.
6 beweisen die Einwaageabhédngigkeit der Thermodesorption und der Adsorp-
tion bei Zimmertemperatur. Gleichzeitig machen sie aber auch darauf auf-
merksam, dal bereits bei ganz kleinen Pulverschichtdicken Abweichungen
von diesem linearen Zusammenhang auftreten, indem mit wachsender Schicht-
dicke kleinere Gasmengen desorbiert und nach Abkihlen wieder adsorbiert
werden. Die Tendenz der ungeniugenden Bedeckung, der Richtung der Ab-
weichung bei den beiden ausgezogenen Kurven beweist fernerhin, dal bei
kleineren Einwaagen, also bei kleineren Schichtdicken, der stationdre Zustand
sich viel schneller erreichen 14Rt. Schon bei so dinnen Schichten kommen
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Unterschiede in der Schichtdicke durch eine wesentlich bessere Entgasbarkeit
der diunneren Schicht zum Vorschein. Sowohl dieser Befund, als auch der
Graustich des in Vakuum erhitzten ZnO muB selbstverstandlich mit der Ande-
rung der Steilheit der po2'Gradienten an der geometrischen Oberflache des
Pulverhaufens im Zusammenhang stehen insofern, als der Sauerstoffdruck

Abb. 8. Schematische Darstellung des Reaktionsrohres mit Belichtungseinrichtung (alle MaRe

sind in mm angegeben). 1: Wéageschalchen mit ZnO-Pulver, 2: Pt-Draht als Waageaufhédngung,

3: Hg-Hochdrucklampe 500 W, 4: Quarzglaslinse, 5: Asbestplatten, 6: Thermoelement-

Zufiuhrung, 7: Heizwicklung, 8: Mantel zur Wasserkiihlung, 9: Einhdngehaken zum Arm der
elektronischen Mikrowaage

nach innen schreitend einem Grenzwert zustrebend allméahlich zunimmt, d. h.
das Gefélle von po2an der Oberflaiche am steilsten ist.

4. Versuchsergelmisse bei Belichtung und abschlieBende Diskussion

Die Belichtung erfolgte nach Abb. 8 seitlich durch das Quarzrohr auf
die Oberflache des im Wadageschélchen befindlichen ZnO-Pulvers. Wegen Ein-
zelheiten muf auf frihere Arbeiten [2—4] verwiesen werden. Bei der Aus-
wertung wurde der Warmeeffekt gemdfl Abb. 9 berlicksichtigt. Belichtet man
53,53 mg a-ZnO unter Luft von 1 atm und bei Zimmertemperatur, so wird
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eine Gewichtsabnahme von ~ 71 fxg beobachtet, die bei Entfernung des
Lichts (Beschattung) verschwand. Die Reproduzierbarkeit dieses Photoeffekts
war jedoch merklich schlechter als die Reproduzierbarkeit der mit Druck- oder
Temperaturdnderung hervorgerufenen Gewichtsdnderung. Mit steigender Ein-
waage stieg auch diese reversible Gewichtsdnderung an, jedoch nicht linear,
sondern einem Grenzwert zustrebend. Anwendung von Wadarmefiltern hatte
eine vermindernde Wirkung im Sinne der Abb. 9, so daf sich bei der Verwen-

Temperatur (°C)

Abb. 9. Temperaturabhangigkeit der Uberhitzung der Probe (/JT °C) bei UV-Bestrahlung ohne
W éarmefilter a), durch Wéarmefilter NG 11 oder 15 mm H2-Schicht b) und durch 15 mm
Schicht einer waRrigen CuSOj-Losung c)j

dung des NG 11 Filters statt 71 fig eine Gewichtsabnahme von 40 /ig ergab.
Bemerkenswert ist der Befund, dall der leere Tiegel auf Belichtung und Be-
schattung sein Gewicht um i | | /tg &nderte, w&hrend der mit einer Zn-Scheibe
von 180 mg beladene eine Gewichtsdnderung von i25 /tg zeigte. In diesen
beiden letzten Fé&llen war die Reproduzierbarkeit der Messungen gegeniber
den mit ZnO durchgefliihrten Messungen unerwartet gut. Der hier gefundene
Zusammenhang zwischen den erhaltenen Zahlen, leerer Tiegel 11, mit 54 mg
ZnO-Pulver beladener 71 und mit 180 mg Zn-Blech beladener 25 /tg, war
nicht vorausschaubar, weil wir allein die Auftriebskraft errechnen kdénnen, den
Anteil der Konvektionskraft, der thermomolekularen und der elektrostatischen
Kraft jedoch nicht. Will man den Anteil dieser Krafte bei einer geometrisch-
thermisch asymmetrischen Apparatur fir eine Korrektionsrechnung einzeln
erforschen, dann mufl man unbedingt den Umstand in Betracht ziehen, dafl
das ZnO-Pulver durch Belichtung und Beschattung elektrostatisch (manchmal,
je nach Oberflachenbehandlung des Oxids, mit Uberraschender Auswirkung)
umgeladen wird. Das Einstrahlen von UV-Licht wdhrend des Erw&rmungs-
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oder Abklihlungsvorganges verursachte manchmal Gber 400 /xg grofRe, stunden-
lang und bis zu einem.Undefinierten Quasigleichgewicht abklingende Gewichts-
&nderungen. Es erschien daher empfehlenswert, fir eine elektrische Ableitung
ales Tiegels und von den exponiertesten Stutzenwandteilen zur Erde zu
sorgen und die Versuche bei einem Vakuum von < 1 «10~4 Torr durchzu-
fuhren, wo thermomolekulare Stérungen und Konvektionseffekte ab ovo aus-
bleiben. Damit konnte erreicht werden, daBB in einem Vakuum von 5 ¢ |0-5—
5 «10-e Torr sich weder der leere Tiegel zwischen 25—550 °C, noch der mit

Abb. 10. Wirkung von kurzwelligem Licht auf das Gewicht von 53,53 mg ZnO von 1,58 cm2
geometrischer Pulveroberflache, in einem Vakuum von 2 « 10_4& Torr, bei 25 °C. Belichtung,
Desorption; Beschattung, Adsorption

Zn-Blech beladene zwischen 25—150 °C [4] durch Erwdrmung, Abkihlung,
Belichtung oder Beschattung, in welcher Variation auch immer, bewegte.

In Abb. 10 ist der zeitliche Verlauf der Gewichtsdnderung einer a-ZnO-
Probe bei 25°C bei Belichtung mit UV-Licht und anschlieBender Dunkel-
periode wiedergegeben. Der bei laufender Pumpe eingestellte Restgasdruck
betrug etwa 2 «10~5Torr. Im ersten Augenblick der Lichteinwirkung kam es
sowohl zu einer voribergehenden Druckerhdéhung als auch zu einer Gewichts-
zunahme. Durch die explosionsartige Druckerhdhung im Tiegel wird dieser
voriibergehend nach unten gestolen, aber aus dem weiteren Verlauf der Ge-
wichtsdnderung in Abb. 10 ergibt sich diejenige Gewichtsabnahme, die durch
die Photolyse bei aufrechterhaltenem Vakuum verursacht wird gemaR:

ZnO -f- hv —%1/2 02(gas) -|- Zn’-j-¢' (6a)
oder auch
Null -|- hv —1/2 02(gas) -|- |O] e ' (6b)

wobei IO Feine Sauerstoffionen-Leerstelle kennzeichnet, die neben Zn-lonen
Zn' auf Zwischengitterplatz auftreten kann. Das Symbol »Null« soll den hypo-
thetisch fehlordnungsfreien Zustand darstellen. Wie man ferner aus Abb. 10
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erkennt, ist nach etwa 30 Minuten unter unseren Yersuchsbedingungen der
stationdre Zustand erreicht, wo keine Massednderung der ZnO-Probe wéhrend
der Belichtung erfolgt. Sie betrug hei 53,5 mg ZnO-Einwaage bei 1,58 cm2 geo-
metrischer Oberfliche des ZnO-Pulvers im Wadageschélchen 13 ~ 3 /xg. Nach
Abschalten des Lichtes konnte die Gewichtsabnahme bei gleichbleibendem
Druck (2 m10~5 Torr) quantitativ rickgédngig gemacht werden. Man muf
allerdings darauf achten, daB eine frische ZnO-Einwaage, die mit der Normal-
atmosphdre in Berlthrung war, mehrmalige Belichtungs- und Dunkelperioden
mitmachen muf, bevor sich die reversible gleichmdRige Gewichtsdnderung
einstellt. Die vorubergehende kleine Gewichtsabnahme bei der Beschattung
entsteht infolge des Sogs, der wegen der plétzlichen adsorptionsverursachten
Druckerniedrigung im Tiegel zustandekommt.

Mit abnehmendem Druck steigt die photodesorbierte Gasmenge und die
Desorptionszeit wird kurzer, die Adsorptionszeit langer. Mit wachsender geo-
metrischer Pulveroberfliche wéchst die photolytisch abgespaltete Sauerstoff-
menge praktisch linear an. Dagegen ist die Einwaageabhéngigkeit im allge-
meinen nicht linear. Sie strebt mit wachsender Schichtdicke einem Grenzwert
zu, so daR bei dickeren Schichten eine Unabhéngigkeit von der Einwaage zur
Geltung kommt. Thermo- und Photolyse waren stets additiv und lieBen sich
in unserer Versuchseinrichtung mit Hilfe der Abb. 9 ziemlich genau trennen.

Um mit Thermodesorption die gleiche Gasmenge abzuspalten wie mit
der Photodesorption, mufiten wir statt der durch das UV-Licht verursachten
Erwdrmung von 25 auf 30° (Abb. 9) auf etwa 95 °C erwdrmen. Die Thermolyse
verlief deutlich langsamer als die zum gleichen Masseverlust fuhrende Photo-
lyse. Auf Grund unserer Yersuchsergebnisse ist die photolytische Wirkung
von UV-Licht auf Zinkoxid auBer Zweifel.

Im folgenden wurde nun der Verlauf der Adsorption von Sauerstoff an
reinem a-ZnO, an mit 0,27 Mol% Li20 dotiertem c¢-ZnO und an d-ZnO bei
25 °C und einem Druck von 1 «10 5Torr Sauerstoff sowohl im Dunkeln als
auch unter UV-Lichteinstrahlung untersucht. In Abb. 11 sind einige Ergeb-
nisse dieser Versuchsreihen wiedergegeben. Zur Zeitt = 0 wurde die Tempera-
tur von 400 °C auf 25 °C erniedrigt und dann 3 Stunden lang die zeitliche Auf-
nahme des Sauerstoffs im Dunkeln (obere Kurven in Abb. 11) und auch unter
Lichteinwirkung (untere Kurven in Abb. 11) registriert, wobei im letzteren
Fall mit der Belichtung vor der Abkihlung der Probe, noch in der Desorptions-
periode begonnen wurde.Bemerkenswertist der Befund, dal? die aufgenommerie
Sauerstoffmenge beim Li20-dotierten ¢c-ZnO weniger war als beim undotier-
ten reinen a-Oxid; mit dem unter den gleichen Bedingungen —jedoch ohne Li-
Zusatz — hergestellten reinen d-Oxid von gleicher <T m2g BET-Oberflache
konnte aber praktisch kein unterschiedliches Verhalten festgestellt werden. In
Ubereinstimmung mit samtlichen Experimenten ergab ein Einstrahlen von UV-
Licht stets eine Abbremsung der zeitlichen Aufnahme von Sauerstoff, wenn vor-
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her im Dunkeln gemessen wurde (siehe die oberen Kurvenverldufe in Abb. 11)
oder es wurde eine Zunahme der Geschwindigkeit der Sauerstoffaufnahme
beobachtet, wenn das Licht abgeschaltet wurde (siehe die unteren Kurven-
verldufe in Abb. 11).

Abb. 11. Einwirkung von kurzwelligem Licht auf die Kinetik der Sauerstoffaufnahme an
145 mg (Kurven a) bzw. 58 mg a-ZnO (Kurven c) von gemeinsamer 1,58 cm 2freier geometrischer
Oberflache und 3,9 m2g BET-Oberflache, bei 25 °C und /jg2= 1 « 10-5 Torr. Die Kurven b
wurden mit 223 mg c-ZnO von ebenfalls 1,58 cm 2 freier geometrischer aber <1 m2g BET-
Oberflache erhalten. Obere Kurven im Dunkeln, untere Kurven in UV-Licht aufgenommen

Wie man aus den Versuchsergebnissen der Abbildungen 1, 5, 6 und 7
sowie aus den Tabellen Il bis IV entnehmen kann, verlauft die Aufnahme und
Abgabe von Sauerstoff unter gleichen Versuchsbedingungen reproduzierbar.
Bemerkenswert ist hierbei der experimentelle Befund, dafl die Gewichtsab-
nahme sowohl bei 250° als auch bei 350° und 450 °C wesentlich rascher ab-
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lduft als die Massenzunahme bei Absenken der Temperatur auf 25 °C unter
Konstanthaltung des Sauerstoffdruckes von etwa 1 «10~5Torr. Ein &hnliches
Ergebnis wird bei Belichtungsversuchen erhalten. Hier wurde bei Lichtein-
wirkung mit UV-Licht eine wesentlich raschere Gewichtsabnahme beobachtet
als die im Dunkeln eintretende Gewichtszunahme (siehe Abb. 10 und 11).
Die Anderung des Halbleitercharakters des Sorbenten von n-Typ auf p-Typ
durch Li20-Dotierung erbrachte auch in dieser Hinsicht keinen mit der ver-
wendeten Methode erfalbaren Unterschied zwischen dotiertem und undotier-
tem ZnO.

Es ist kaum anzunehmen, daB die tber Stunden ablaufenden Gewichts-
&nderungen auf reine Adsorptions- und Desorptionsvorgédnge zuruckgefihrt
werden kdnnen. Vielmehr handelt es sich, wie bereits oben hingewiesen, um
thermo- und photolytische Vorgdnge auf der einen Seite und um Oberfldchen-
reaktionen mit fehlgeordneten lonen und Elektronen der Randschicht im
ZnO auf der anderen Seite. Im folgenden soll der Versuch unternommen wer-
den, diese mdglichen Reaktionsschritte im Einzelnen zu behandeln. Wir be-
trachten zunédchst einmal die bei hdéheren Temperaturen (250—450 °C) im
Vakuum (<H -10~5 Torr) thermolytischen Vorgédnge im Zinkoxid. Unter
der Annahme eines, insbesondere bei hdheren Temperaturen, eingestellten
Oberflachen-Gleichgewichts:

ZnO Zn +(ads) -f 0 _(ads) )

bzw.
Null — 101--f 0 _(ads) (8)

mit den sich anschlieRenden Folgeschritten:

2 0 _(ads) —»0 2 (ads) -|- €' 9)
und
0~ (ads) —»02(gas) e' (10)

wird es in der Ndhe der Oberflaiche der ZnO-Kdrner zu einer Bildung von
Uberschiissigen Zn-lonen und Sauerstoffionen-Leerstellen |0 |kommen, neben
freien Elektronen. Auf Grund der Anreicherung von Elektronen e' und Zink-
ionen kdnnen leicht verdampfbare Zinkatome gebildet werden, gemaR:

Zn+(ads) + e' —»Zn(gas) (11)

Die nun wesentlich langsamer ablaufende Aufnahme von Sauerstoff bei Zim-
mertemperatur wird verstandlich, wenn man die exponentiell mit der Tem-
peratur abnehmende lonenbeweglichkeit in der Raumladungs-Randschicht
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Abb. 12. Schematische Darstellung des 6rtlichen Konzentrationsverlaufs c_ und cZn. der freien

Elektronen und der Zinkionen auf Zwischengitterplatz in einem ZnO-Korn, a) wéhrend der

Thermolyse, b) wahrend der Wiederauf nahmevon Sauerstoff. (R) und (H) kennzeichnen die
Raumladungszone und das Halbleiterinnere

der ZnO-Kdérner bertcksichtigt. Zur Erlduterung dieses Sachverhalts ist der
in den ZnO-Kdérnern auftretende Ortliche Verlauf der Fehlordnungskonzen-
tration C- und czZn. wdhrend der Thermolyse und wé&hrend der Oberfldchen-
reaktion (Wieder-Aufoxidation) schematisch in Abb. 12 wiedergegeben. Wie
man erkennt, bildet sich wéhrend der Thermolyse eine Anreicherungs-Rand-
schicht sowohl an Elektronen als auch an Zn-lonen auf Zwischengitterplatz
aus, gekennzeichnet durch

C-(R) = ¢zn (R) A C_(H) = czn. (H) (12)
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Bei konstant gehaltenem Sauerstoffdruck wird bei Absenken der Temperatur
von 250 oder 450 °C auf 25 °C nunmehr eine Sauerstoff-Chemisorption einset-
zen gemaR:

0 2(gas) e' 07(ads) (13)

die relativ rasch ablduft. Hierdurch wird eine Verarmung an Elektronen her-
vorgerufen, so daB sich nunmehr eine positive Raumladungs-Randschicht
ausbildet, wie dies inAbb. 12 b) angedeutet ist. Die nun einsetzenden Folge-
schritte

e'-]-07(ads) f- Zn-—ZnO -)- O - (ads) (14)
und

0 _(ads) -f- Zn-—<ZnO (15)

werden nur langsam ablaufen und in verninftigen Reaktionszeiten (z. B.
4 Stunden) auch nicht die durch die Thermolyse verursachte Fehlordnung bzw.
den Masseverlust wieder aufheben, was auch beobachtet wird.

Diesen Vorgdngen uberlagert laufen die durch UV-Lichteinstrahlung
einsetzenden Teilschritte (6a) und (6b) ab, die zur Photolyse der ZnO-Kristallite
fuhren, was mit einer Ausscheidung von metallischem Zink verbunden sein
kann gemaR:

Zn- e' — Znx(Zn-Keim), (16)

wobei sich die in Ubersdttigter Konzentration vorhandenen Zn-und e' als
Zn-Atome an bereits vorhandene Zinkkeime anlagern. Teilschritt (16) spielt
auch besonders im Falle der Thermolyse eine Rolle. Hier kann man das Auf-
treten von metallischem Zink an der Oberflache der ZnO-Kd&rner durch die
Dunkelfarbung nachweisen.

Nach Abb. 3 Und 9 scheint der Anteil des reversibel physisorbierten
W assers und die Einwirkung von UV-Licht mit steigender Temperatur sehr
&hnlich abzunehmen. Demgemdll kdnnte man annehmen, dall die Photolyse
nur in Gegenwart von H2 stattfindet, also ebenso wie beim ZnS [11, 15]. Da
wir aber auch zwischen 160—225 °C eine starke Lichtempfindlichkeit der
Oxidanlaufschicht an Zinkblech messen konnten [4], neigen wir zu der An-
schauung, dall die Hydrolyse bei der Photolyse des ZnS eine bedeutende Rolle
spielt und daher die Anwesenheit von H2 bei der Photolyse des ZnS vielleicht
als Bedingung angesehen werden kann, auf die Photolyse des ZnO jedoch nur
eine fordernde Wirkung ausubt.

Der Mettler Instrumente AG mdochten wir fir die simultane thermoanalytische und
massenspektrometrische Aufnahme und der Deutschen Forschungsgemeinschaft fir die Sach-
mittel und fur die Finanzierung des Aufenthaltes in Gdttingen des einen von uns (A. J. H.)
verbindlichst danken.
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FERROMAGNETIC PRODUCTS
OF THE EXPLOSION REACTION
BETWEEN Co(N032 AND (NH44[Fe(CN)§
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Ammonium ferrocyanide reacts with cobalt nitrate explosively when heated to
220 °C. The reaction takes place at the Co(N03)2to (NH4)4 [Fe(CN)6] mole ratio range of
1:5to 5:1 The nature of products depends basically on the composition but also on
the atmosphere in which the explosion is carried out.

X-ray studies, magnetic measurements and chemical analysis indicate that the
ferromagnetic properties of the products are due to the presence in the residue of
metallic iron, metallic cobalt, magnetite and sometimes cobalt ferrite. If the process
occurs with free access of air, more non-ferromagnetic a-iron oxide is formed. The
highest values of saturation magnetization have been found among the salt mixtures
with the ratio Co(NOs)2: (NH4)4 [Fe(CN),] = 2:1. The richest in crystalline phases
are the residues after the explosion of mixtures with a 1 : 1ratio.

Explosion reactions involving ferrocyanides are of short history. The
literature available so far is very scarce and almost completely patented.

The first works concerning explosion reactions of ferro- and ferricyanides,
mixed with nitrates of metals (mainly divalent), were published in 1959—1960
[1, 2]. It is stated there that ammonium or potassium ferro- and ferricyanides
not only react explosively with nitrates of metals but these reactions yield
ferromagnetic products. From these works it follows that the composition of
products is complex and contains also ferritic phases. From this time on a
number of very interesting patents have been claimed, chiefly in the USA, for-
mulating the compositions of explosive mixtures based on ferro- and ferricya-
nides designed for specific applications as blasting explosives or catalysts of
solid fuels in jet engines [3—8].

Further results on the explosion reactions of mixtures of cobalt nitrate
with ammonium ferrocyanide, taken in mole ratios from 5 :1to 1 :5 and heat-
ed to 220 °C, are reported in the present paper. The explosion reaction of
ammonium ferrocyanide alone has also been examined. Owing to sometimes
very strong explosions, residting in destruction ofthe experimental equipment,
the sample weight had to be reduced to 5 g. The experiments were carried out
in air. Some explosions were effected by supplying a given volume of air to
the bottom of the vessel containing the mixture or by passing air above the
mixture. Other experiments were conducted in open vessels under free access
of air and still another group of experiments concerned the reactions taking
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place in a closed vessel without the access of air. Reactions took place usually
in 5to 20 min after the mixture had reached the temperature of 220 °C. As a
rule the mixtures rich in ammonium ferrocyanide reacted in times close to
5 min, whereas those containing much cobalt nitrate required nearly 20 min. It
is believed that here the crystallization water is the chief cause of retardation.

Beginning at a 1:1 cobalt nitrate to ammonium ferrocyanide ratio
and increasing the ammonium ferrocyanide content, the products of explosions
were powders of brown or deep brown colour. The explosion products arising
from mixtures rich in cohalt nitrate, with Co(NO;N2to (NHA4[Fe(CN)Q] ratios
of 4:1, 3:1 and 2 :1, had the form of hard lumps with a metallic lustre.
Their colour was black after grinding in a mortar. The preparations with still
higher cobalt content were again powders or slags, always black but without
a metallic lustre.

The magnetization values of the explosion products (Table I) show that,
depending on the method of air supply, ammonium ferrocyanide alone gives
products of strongly varying magnetic properties. The highest magnetization
value of the product occurs at a 2 : 1 ratio of cobalt nitrate to ammonium
ferrocyanide, regardless of whether the reaction takes place in an open or a
closed vessel, and of the method of air supply. Relatively high values are ob-
tained at a 3 :1 ratio and considerably lower ones at a 4 : 1 ratio. At the
5 : 1 composition a drastic drop of the a value is observed. The increase of the
ammonium ferrocyanide content in the mixture also sharply decreases the
magnetization value. For instance in the case of a 2 : 1 ratio of the two salts,
O.°c is reduced almost fourfold. A further increase in the (NH4)4[Fe(CN)Q]
content from 1:1, through 1:2, 1:3, 1:4, to 1:5 gives products of much
the same values of saturation magnetization. They are even very close, as
may be seen from the table, to the magnetization reached by preparations
obtained on heating ammonium ferrocyanide alone.

Thus the magnetic measurements indicate a distinct effect of the mole
ratio of the starting salts on the reaction products. These data also help in the
identification of ferromagnetic phases present in the products of explosion
reactions. The very high magnetization values, observed for the explosion res-
idue of a 2 :1 cobalt nitrate and ammonium ferrocyanide mixture, indicate
that at least one metallic phase must be present or else the products must
contain iron nitride FedN, because only metallic iron, metallic cohalt or iron
nitride can reach the magnetization values, o2xC in excess 150 Gsecm3 e g-1.
In addition these results were of valuable help in X-ray pattern identification
and interpretation.

X-ray pattern identification has disclosed that metallic iron and cubic
/3-Co are responsible for the ferromagnetism in the explosion products of a
2 11 mixture of cobalt nitrate with ammonium ferrocyanide. The reactions
were carried out in air fed above the mixture at the rate of 5, 20 and 40 1/hr
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Table 1

27

Saturation magnetization values Gs *cm3 mg 1 of the products of explosion reactions

Co(N03)2: (NH,),[Fe(CN)d

5:1 4:1 3:1 2:1 1:1

Limited access of air

prep.-»-sample

20 °C

. 2 3 4 5

57.7 108.8 124.0 125.6 43.5

Free access of air

prep.-»-sample

20 °C

11 12 ,3 1 14 15

46.9 90.2 103.5 107.9 38.9

Maximum rate of air flow*

prep.-»-sample

20 °C

5 1/hr

prep.-»-sample

20 0

20 Vhr

prep.-*-sample

o

40 I/hr

prep.-» sample

o C

5 1/hr

prep.-»-sample

20 °C

20 Yhr

prep.-» sample

20 °C

40 1/hr

prep.-»-sample

20 °C

*max

21 22 23 24 25
23.6 93.0 111.7 109.0 53.5

of air passed over the sample

31 32 33 34 35
21.8 335 85.2 153.6  45.8
of air passed over the sample
4 42 43 44 45
25.3 36.43 76.0 1436 375
of air passed over the sample
51 52 53 54 55
24.3 35.6 88.5 1445  37.6

of air led into the bulk of the sample

1 6i 62 @ 1 64 65

26.4 24.9 87.8 147.2 440 :

of air led into the bulk of the sample
71 72 I 73 74 75
19.9 25.4 76.8 159.4 40.6

of air led into the bulk of the sample
81 82 I 83 84 85
19.9 23.3 108.7 151.1 35.4

|
~50 h

41.6

16

36.2

26

62.6

36

46.0

46

49.8

56

41.6

66

40.9

76

41.0

86

1:3 1:7
7 8
42.4 37.2
17 18
38.1 39.8
27 28
56.4 43.1
37 38
35.9 44.2
47 w48
46.0 46.9
57 58
39.9 39.7
67 68
27.5 51.1
77 78
44.0 36.6
17 88
35.4 31.9

42.9

19

40.4

29

39

2.75

49

6.9

59

38.4

69

Ammonium
ferro-
cyanide

10

31.5

20

26.5

30

36.7

40

2.57

50

24.5

60

48.7

70

14.4

80

2.4

90

35.6
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(Fig. 1, patterns 1, 2, 3). Metallic iron is the predominant carrier of ferromagne-
tism when air penetrates into the mixture at a rate of 5 1/hr (pattern 4). To a
lesser extent cobalt, accompanied by magnetite, also contributes to this ferro-
magnetism but these components are hardly visible on the X-ray diagram.
At an air flow of 20 1/hr, conducted into the mixture, the identifiable ferro-
magnetic phases are metallic iron and magnetite, distinctly visible this time
(pattern 5). The same phases are also responsible for the ferromagnetism when
air is led into the bulk of the sample at a rate of 40 1/hr (pattern 6). Small
amounts of Col04and CoO are observed in samples obtained at all flow rates
in the case ofa 2 : 1 mole ratio of cobalt nitrate and ammonium ferrocyanide.
RB-Co and a-Fe occur on the X-ray patterns in agreement with the high values
of magnetization. At the extreme ratio of 5 : 1, metallic cobalt, Co30 4and CoO
are found in the reaction products (patterns 7 and 8). The distribution of co-
balt between these three crystalline phases as a function of the air supply
method is rather difficult to establish. In the case of the second extreme com-
position (ammonium ferrocyanide alone), the observed low ferromagnetism is
also confirmed by the X-ray picture. For example, preparation 40 (pattern 9)
of very low ferromagnetism is Prussian blue, Fe4[Fe(CN)e]3, while sample
50, obtained at an air flow of 20 1/hr shows considerable magnetization when
compared with the preceding one, obtained at 5 1/hr. Here the pattern contains
magnetite besides Prussian blue. The amount of magnetite rises as the air flow
increases during the heating of ammonium ferrocyanide. The products of
heating have lower magnetization values when conducting air in depth of the
sample. This is due to the appearance of a non-ferromagnetic a-Fe20 3 phase.
The same phase has also been observed in the products obtained under con-
ditions of passing air above the sample at the maximum flow rate. The phases
are similar regardless of the way air is introduced (outside the sample or into
the bulk). A somewhat higher a-Fe2 3 content is observed only in the case of
products with the in-bulk method.

The diffraction method has been very useful in the interpretation of
crystalline phases. W ith its aid, an attempt was made to identify the magnetite
d20 = 2.95 line.

In Fig. 2 are shown two sectors of the X-ray diagrams. The first repre-
sents the preparation No. 40, where the characteristic line of magnetite
(2.95) appears as a very weak reflection. Magnetic data confirm the low mag-
netization value of this sample, 2.6 Gs ecm2e+g_1. The lower curve in Fig.
2 illustrates the build-up of the ferromagnetic phase in the samples with excess
ammonium ferrocyanide. This is demonstrated on the second sector by the
increase of the 2.95 magnetite line, which is accompanied by enhanced mag-
netic properties.

Thermomagnetic analysis disclosed magnetic (and chemical) changes
taking place after exposure to elevated temperatures and permitted a closer
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Fig. 1. X-ray patterns of the explosion products of cobalt nitrate—ammonium ferrocyanide
mixtures in air
— prep. —sample34—Co(N03)2: (NH44 [Fe(CN)6] 2 : 1 air over the sample, 5 1/hr
— prep. —sampled4—Co(N03)2: (NH4H4 [Fe(CN)e] 2:1air over the sample, 20 1/hr
prep. sample 54 — Co(N03)2: (NH44[Fe(CN)6J= 2:1 air over the sample, 40 1/hr
— prep. sample 64 — Co(NO03)2: (NH44 [Fe(CN)g=2:1
air into the bulk of the sample, 5 1/hr
5 - prep. —msample 74 - Co(N03)2: (NH4H4[Fe(CN)gl =2:1
air into the bulk of the sample, 20 Yhr
6 — prep. —»sample 84 — Co(N032: (NH44[Fe(CN)6] = 2:1
airinto the bulk of the sample, 40 1/hr

B WN P
|

7 — prep. sample 31 — Co(N03)2:(NH4)4[Fe(CN)6]= 5:1 air over the sample, 5 1/hr

8 — prep. — sample51—Co(N03)2 : (NH4)4 [Fe(CN)6] =5:1air over the sample, 40 1/hr
9 — prep. — sample40— (NH24)4 [Fe(CN)6] air over the sample, 51/hr
10 —prep. — sample50— (NH4)4 [Fe(CN)g] air over the sample, 201/hr

The patterns were obtained in a chamber, 57.3 mm in diameter, with CoKa radiation
(exposure time = 3 hr; 35 kV; 18 mA)



30 WOLSKI, BUREWICZ: FERROMAGNETIC PRODUCTS

Fig. 2. Diffraction curves representing the rise of the d = 2.95 line

upper curve — sample 40 — (NH4)4[Fe(CN)e] air over the sample, 5 1/hr, lower curve —
sample 49 — Co(N032:(NH4)4 [Fe(CN)6l =*1:5 air over the sample, 20 1/hr (CoKaradiation)

ce°C] [°C]

Kol [°C]
Fig. 3. Thermomagnetic curves

— sample 80 (NH4)4 [Fe(CN)6]; air led into the bulk 20 1/hr

— sample 49 Co(NO3)2: (NH44[Fe(CN)6] =1 :5 air passed over the sample, 20 1/hr
—sample 45Co(N03)2: (NH44[Fe(CN)6] =1 :1 air passed over the sample, 20 1/hr
—sample 54 Co(N032: (NH44[Fe(CN)6] =2 :1 air passed over the sample, 40 1/hr

o o T

investigation of the mixture composition after explosions. Fig. 3 represents
the thermomagnetic curves obtained on heating ammonium ferrocyanide at an
air flow of 20 1/hr, conducted into the hulk. The magnetization value of this
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sample is low: 2.4 Gs ecm3 g _1 The constituent ferromagnetism is lost be-
low 550 °C. The magnetic properties are improved on further heating, reach-
ing their maximum at 710°C. Up to 580 °C transformations of iron ferrocyanide
take place resulting in the formation of iron cyanide. The decrease of original
magnetization is caused by the disappearance of Fe304, the only magnetic
phase detected. Owing to the decomposition of iron cyanide from about 580 °C,
a rise of the magnetization value is observed. On cooling, the magnetization
curve rises beginning from about 750 °C, a fact pointing to the formation of
metallic iron. Further inflexions observed while cooling indicate the occurrence
of iron nitride, iron carbide and magnetite. Such curves are typical for all
samples of initially low magnetization.

The next curve (Fig. 3b) demonstrates the magnetization vs. temperature
relationship for the explosion product of a mixture low in cobalt content. The
first portion of this diagram is similar to the curve presented in Fig. 3a but
from the temperature of about 570 °C the improvement of magnetic properties
is different due to the formation of metallic iron and cobalt. Hence the deterio-
ration of magnetic properties after reaching a certain maximum is caused by
approaching the Curie point for iron and then for cobalt. On cooling, the mag-
netization sharply rises beginning from 960 °C, then falls slightly and rises
again at about 570 °C. The first rise in magnetization is due to the formation
of a cobalt—on alloy, the second to iron-cobalt ferrite.

The chemical analyses of this sample as well as of all those belonging to
the low-magnetization group yield high contents of nitrogen (25—30%) and
carbon (15—24%).

Samples of higher magnetization values have thermomagnetic curves of
quite differentshapes (Fig. 3c). Their carbon and nitrogen contents are 3—+% and
1—1.5%, respectively. These are products obtained with a 1 : 1 initial ratio of
cobalt nitrate and ammonium ferrocyanide. In these cases ferromagnetism is
mainly due to magnetite, with some contribution from iron and cobalt which
are barely discernible on the X-ray patterns. The returning line on the thermo-
magnetic diagram runs much below the initial one and the beginning of its
ascent becomes observable at atemperature of about 500 °C. This is probably
associated with the formation of a solid solution of magnetite and cobalt-iron
ferrite.

The fourth and last type of thermomagnetic curves (Fig. 3d) is yielded by
samples with very good magnetic properties, and a 2 : 1 initial ratio of the
components. B-Co and a-Fe have been detected by X-ray analysis. The mag-
netic properties of these products are lost gradually on heating. Some tendency
toward reaching the Curie point is observed for magnetite, iron and cobalt
(for the latter, at about 1120 °C). The return of the curve beyond this tempera-
ture is a sufficient demonstration of metal oxidation and oxide formation to-
gether with the appearance of a ferritic phase.
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In general, the pure metals, magnetite and sometimes a ferritic phase
are the main carriers of magnetic properties among the 90 samples prepared
in the course of the present work. The ratio of the starting salts is the deciding
factor in the phase composition of explosion products. The method of air supply
has a strong quantitative hut no qualitative effect. Larger amounts of a-Fe20 3
are formed when air is conducted into the bulk of the sample. The preparations
with a 2 : 1ratio of cobalt nitrate and ammonium ferrocyanide show the high-
est magnetization values. The greatest differentiation of crystalline phases
(including the ferromagnetic ones) occurs in the case of a 1 :1 proportion of
Co(NO0 3)2and (NH4A4[Fe(CN)6], irrespective of the method of air supply.
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1. The conditions were elaborated for the measurement of the electrode potential
on germanium single crystal surfaces with a reproducibility of +10 mV.

2. The rest potential of germanium was measured in 0.1N K2504, KC1, KBr
and K1 solutions in the pH interval 2—12. With the increase of pH the potential is
shifted linearly in the negative direction. The effect of anions causes a potential shift
in the negative direction, increasing in the above series: this is greater in acidic than in
neutral solution.

3. The polarization potential of germanium was measured in acidic, neutral and
alkaline 0.1N solutions of the above salts in the cathodic and then the anodic region in
the current density interval 10~7—10“ 3 A/cm2 The anodic and the cathodic polari-
zation curves are composed of one and two sections, respectively, all of which can be
described by Tafel equations.

4. The formation of the surface layers was studied with an ellipsometer on an
electrode at rest and during the polarization process. In the rest state and with anodic
polarization, for a certain time a clear thickening of the layer can be demonstrated;
the cathode process, however, is not accompanied by a clear decrease of the thickness
of the surface layer.

5. On the basis of the experimental results, it can be stated with high probability
that the rest potential is of a corrosion nature. It is likely that the cathode and anode
reactions are identical with the low current density polarization reactions. If this is
accepted, the anion effect in the case of the rest potential can be simply explained as
the effects of the adsorbed anions in decreasing the overvoltage of the anode reaction.

From an analysis of all the available data, it is likely that the determining anode
reaction of the corrosion rest potential is the oxidation process of germanium. According
to our assumptions about the cathode reactions in question, it can be said that the rate
of the oxide reduction process can be neglected. The determining reaction is the evo-
lution of hydrogen, with the intermediate step of germanium hydride formation.

As regards the anode reactions, it is likely that we are concerned with different
oxidation steps of germanium, depending on the current density. The cathode reactions
agree at low current densities with those of the rest state, but at higher current densities
the rate of hydrogen formation is already significant.

A number of authors [1—13] have made experimental studies of the
rest potential (qx) of germanium, but with regard to the dependence on the
composition of solution and the pH these provide only few and contradictory
data.

The problem has been dealt with systematically only by Lovrecek
and Bockris [1], Harvey and Gatos [2] and Boddy and Brattain [4].
These authors studied the pH-dependence of the potential in a wide interval,
and found that the rest potential of the germanium electrode has a similar
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pH-dependence to that of the hydrogen electrode. The experimental results
reported by them, however, differ significantly from each other (Fig. 1).

The different authors made different assumptions as to the nature of the
electrode potential and the mechanism of the processes determining the po-
tential. Without making any concrete investigations, and assuming that the
reactions determining the potential are reversible, Pourbaix [14] gives many
possible reactions based on thermodynamic data for germanium electrolyte
solution systems, and calculates the equilibrium electrode potentials of these

+200

- +100
— %0
w -100
1 -200
u-300
>-400
~N-500

pH

Fig. 1. Rest potential data from the literature
A K2504; KOH—H2504, pH adjustment [1]. m N Na2504; sulfate-bisulfate buffer; 02 at-
mosphere [2]. « O.liV K2504;, KOH —H2504, pH adjustment [4]. x 0.11V K204
KOH —H 2504, pH adjustment (this work)

reversible reactions. From a comparison of their experimental data with
thermodynamic calculations, Lovrecek and Bockris [1] consider that their
results can be explained by the reversible reactions

Ge+ H2 ~ GeObrown+ 2H+ + 2e+ (l1a)

Ge+ HX GeOyejiow+ 2H+ + 2e~ (Ib)

Since their measured potential values depend on the stirring, it is not excluded
that the potential-determining processes, which in their opinion can be char-
acterized by anode reaction (1) and the cathodic evolution of hydrogen, give
amixedpotential. (The calculated mixed potential data differslightly from
thereversible potential data.) Harvey and Gatos [2]assume amixed po-
tential which, in agreement with the fact that their solution was saturated
with oxygen, can be explained by the reactions

in acidic medium: Ge -f- H20 —»GeOH H +-f-e_ 2)
02-j-H+-|]-e “mHO02 (3)
in alkaline medium: Ge-)-OH- —mGeOH + B“ 4)
02+ H20 + e- -> HO,+ OH- (%)
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According to Lovrecek and Bockris [1], the pH-dependence of the
rest potential is in good agreement with the interpretation that the potential
is determined mainly by reactions (la) and (lb): reaction (la) is predominant
in the pH range 0—4, and reaction (lb) in the pH range 6—12. Harvey and
Gatos [2] explain the pH-dependence by a mixed potential derived from EqQs
@ O

The effect of anions on the rest potential of germanium has not been
studied, but data are available [2] on the relation between the dissolution of
germanium and the adsorption of anions (Cl-, Br-, I-). It can be found from
this paper that, by means of specific adsorption, anions accelerate the disso-
lution of germanium.

Of the measurements giving an indication of the nature of the potential,
the study of the dependence on the GeO2concentration must be mentioned:
Lovrecek and Bockris [1] found the rest potential to be independent of the
GeO2concentration, whereas according to Harvey and Gatos [8], ¢pr becomes
more positive with increasing Ge02 concentration.

It can be established that the nature of the rest potential and the mech-
anism of the processes have still not been cleared up. The effect of anions
on the rest potential has not been studied. The reported experimental results
on the value of the rest potential, on its pH-dependence, and on its dependence
on the Ge02concentration, contain significant differences and contradictions.

Numerous papers deal with the study of the polarization potential (go)
of germanium, but these primarily cover either the anodic polarization region
of higher current density (10~4—10-1 A/cm2 [10, 15—23], or the cathodic
polarization region of higher current density [24, 25]. Only a few authors
(Harvey, LaFtleur and Gatos [3], Borovkov [10], Gerischer and Beck
[18]) measure the cathodic and anodic polarization regions together, but two
of these [10, 18] treat merely the region of higher current density.

On the other hand, from the viewpoint of the general study of the
classification, the nature and mechanism of polarization phenomena, it is of
fundamental importance to carry out a joint, parallel investigation of the
anode and cathode processes with current densities smaller than the 10“4
A/cm?2 region. In this low current density interval, Boddy [26] studied the
same anodic polarization region as our own polarization measurements, Boh-
nenkamp and Engel [27] and Harvey and Gatos [3] studied an interval
smaller by one order of magnitude, while the data of Yefimov and Yerusa-
limchik [23] and Gerischer, Hoffmann-Perez and Mindt [28] provide
sporadic experimental points; in the cathodic region, however, our own studies
can be compared only with the data of Harvey, LaFleur and Gatos [3]
(Fig- 2).

The mechanism ofthe polarization processes was studied by Turner [21],,
Bardeleben [29], Gerischer, Hoffmann-Perez and Mindt [28], Ge-
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rischer, Maurer and Mindt [30] and Hoffmann-Perez and Gerischer [31]
with anodic-cathodic cyclic measurements.

In the mechanism of the anodic dissolution of germanium (in the region
of high current densities) Borovkov [10], Jirsa [15] and Harvey, Sheff

Fig. 2. Comparison of the present polarization potential data with those in the literature
A 0.11V K2S04; pH = 2.1 (this work), 0 0.13v K,S04; pH — 6.3 (this work). W 0.1N K2504;
pH = 7.4 [26]. a N KOH [27]. O 0.11V Na2sO4 + 10~JN KI [3]. x 0.l0 H2504 [21].

0o 0.IN KOH (this work)

and Gatos [32] assume GeO., as oxidation product while GeO is formed as a
secondary product in the reaction

Ge GeOa—»2GeO (6)

Pleskov [17] and Turner [21] propose a mechanism for the anodic dis-
solution according to which the covalent bond of a surface Ge atom is broken
by the capture of two holes.

Borovkov [10] and Jirsa [15] have observed saturation phenomena for
N-type semiconductors at high current densities (above 10 3 A/cm2) in agree-
ment with Gerischer and Beck [18] and Y efimov and Yerusalimchik [23];
they explain this as confirmation that the rate-determining step in the anodic
dissolution is the transport of a hole within the germanium to the boundary
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surface of the semiconductor. Boddy [26] accepts the detailed mechanism
elaborated by Beck and Gerischer [33, 34] for the anodic dissolution of
germanium.

As the cathode process of the polarization, Borovkov [10], Yefimov and
Y erusalimchik [24] and Green [25] consider it probably to be hydrogen
evolution; according to Borovkov [10] and Y efimov and Y erusalimchik [24],
the rate-determining step is neutralization and it can be described by the
Tafel equation in the formulation of Volmer and Frumkin. Green [25]
proposes the following mechanism

Ge-)-HXI+-(-e~ --U GeH + H.,0 (T,

H ++ GeH + e~ _ A Ge+H,+H .0 ®)

From a study of the hydrogen evolution process Green [35] finds that the
neutralization of the proton is not the rate-determining step in the case when
the process is controlled by the diffusion of minority charge-carriers in the
semiconductor.

On the basis of their cyclic polarization measurements, Gerischer,
Maurer and Mindt [30] propose the following mechanism for the anodic-
cathodic polarization transition:

>Ge — OH + e“+H +" >Ge-+ HD (9)
A>Ge--)- H+ NGe — H e+ in acidic medium
>Ge — OH + e~ >Ge-+ OH*“ (10)
>Ge‘-f- H2 "Ge —H OH“-f-e+ in alkaline medium

From capacity measurements, Hoffmann-Perez and Gerischer [28, 31]
assume a surface covered with hydroxide in the anodic polarization region,
and a surface covered with hydride in the cathodic polarization region, and
the joint presence of hydroxide and hydride in the transitional region of small
current density.

From capacity and charging curve measurements, Boddy and Brattain
[4], Boddy [26], Hoffmann-Perez and Gerischer [31] and Myamlin and
P 1eskov [36] propose the following mechanism for the explanation of the pH -
dependence ofthe polarization potential: on both the surface covered with hydrox-
ide and that covered with hydride, a dissociation double layer develops in
accordance with the following dissociation equations:

Ge— OH + HXD A GeO“ + H + (11)
Ge—H+ HXD A Ge"+ HX+ (12)
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and the slope of the pH-dependence of the potential can be expressed from a
consideration of these.

The effect of anions on the polarization potential at higher anodic current
densities has been studied by Holmes [16], Yefimov and Yerusalimchik
[19, 20] and Toshima and Uchida [37]. From their measurements, the con-
clusion was drawn that reducing ions are oxidized by electron injection. As a
result of electron injection, the electron concentration on the surface increases,
this gives rise to the presence of a greater number of holes on the surface,
and this in turn increases the rate of anodic dissolution. Harvey, LaFleur
and Gatos [3] studied the effect of iodide ion adsorption on the polarization
potential in the lower current density region on both the cathode and the
anode. The mechanism of the process was not clarified. Yefimov and Yeru-
salimchik [24] studied the mechanism of cathodic hydrogen evolution in the
higher current density region by anion and cation adsorption measurements.
They found that hydrogen evolution proceeds by a slow neutralization mechan-
ism on germanium. From the results of their polarization potential and capacity
measurements, Brattain and Boddy [38] have concluded that the iodide
ion exerts a specific effect. In the anodic polarization region the effect is char-
acterized by the reaction

Ge—OH + I" — Ge— 1+ OH- (13)

The following assumptions as to the mechanism of the process are considered
compatible with the results: (a) lodide ion displaces the OH ion from the
surface, and the resulting change in dipole moment contributes to the internal
potential difference, (b) The iodide bonded to the surface exerts an inductive
effect and brings about changes in /iQeo — and MoeoH,-

From a survey of the literature on polarization potential measurements
it can be established that so far there have been no comprehensive systematic
polarization measurements, a joint study of the cathodic and anodic processes
has not been made, and, at present, opinions are divided as to the Kkinetic
nature of polarization reactions and even more as to the presumable polari-
zation mechanism.

In summary, it can be established that the germanium rest potential data
of individual authors do not agree, the study of the effects of the parameters
is incomplete, and the nature of the potential has not been elucidated. It is
therefore our object to carry out reproducible additional measurements on the
dependence of the rest potential on pH, anion effect and Ge02concentration,
and also to clarify the effect of surface treatment of the electrode.

In order to support our conclusions on the nature of the rest potential,
and also because of the incompleteness of the germanium polarization poten-
tial studies, it seemed reasonable to produce anodic—athodic polarization
curves in a wide polarization current density interval (10~7—10~3 A/cm2).
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Experimental method

Measuring cell. Rest and polarization potentials were measured in the pyrex-glass
apparatus to be seen in Fig. 3. The measuring cell consists of 3 parts (A, B, C), separable
from each other by taps.

A is the measuring vessel proper, into which extends

B, a vessel containing an auxiliary electrode (platinum), and

C, a vessel containing a comparative (normal calomel) electrode.

Fig. 3. Measuring cell. A : measuring compartment, B: auxiliary electrode, C: normal calomel

electrode. 1: circular opening, 2: sealing ring, 3: germanium electrode, 4: clamping spring, 5:

clamping device, 6: Luggin capillary (0 1 mm), 7: calomel electrode, 8: gas scrubber, 9: taps,
10: platinum electrode, 11: N2 gas inlet

The end of the latter, which finishes as a bent capillary of 1 mm internal diameter,
extends to the surface of the Ge sample. The Ge disc used as measuring electrode (3) is pressed
from outside to a circular, polished-rimmed hole in the side of vessel A by a clamping device
(5). A plastic ring (2) was used for sealing.

This measuring electrode arrangement, which was also used by Sheff, Gatos and
Zwerdling [39], is more advantageous than the usual electrode arrangement: here only the
germanium surface comes into contact with the solution, and hence the possibility of contam-
ination is markedly reduced.

The measuring cell was placed in a dark thermostat, and the measurements made at
25 °C. The accuracy of the thermostating was +0.1 °C.

Electrodes. N-type germanium of 6—10 ohm ¢ cm specific resistance, and (111) orien-
tation, was prepared from a single crystal. After cutting to size (11X11X0.4 mm), grinding
and polishing, the samples were classified by the following control measurements:

measurement of specific resistance,

measurement of dislocation density,

orientation measurement,

microscopic surface study,

interference microscopic study.
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After classification the samples were degreased by boiling for 5 min in CC14, rinsed in
distilled water, etched at 70 °C for 30 sec in CP-4A etching solution (25 ml acetic acid, 25 ml
nitric acid, 15 ml hydrofluoric acid), washed in deionized water, and then rinsed in distilled
water. An ohmic contact was prepared by alloying. (The contact material was tin foil; the
alloying was made in a hydrogen furnace at 420 °C with rapid heating-up, and lasted 20 min.)

The ohmic nature of the contact was checked by recording the characteristics, and the
side of the contact was then covered with epokit resin.

The final electrode surface was formed with a further etching at 70 °C for 2 min with
CP-4A etching solution, followed by thorough washing with doubly distilled water. The ready
samples were kept for four days in doubly distilled water: ellipsometric studies showed that

Fig. 4. Measuring circuit

during this soaking the thickness of the oxide layer increases (see Table 1V). The reproduction
of the measurements on the oxide surface formed in this way was good (the scatter decreased
by a factor of three).

Preparation and purification of the solutions. The measuring solutions were prepared
from analytical grade reagents and water which had been deionized and doubly distilled in a
quartz vessel; they were then purified by a standard shaking procedure with a given amount
of germanium powder.

The nominal Ge02content of the measuring solutions thus prepared was adjusted to
0.003 g/1. For the study of the effect of Ge02 the ‘Ge02 contents of K2504 solutions with
nominal Ge0O2contents of 4.0 g/1 and 0.4 g/1 were adjusted with a solution of Ge02dissolved in
2iV KOH, before the adjustment of the pH. The Ge02content in the prepared solutions was
checked analytically by a spectrophotometric method [40]. The pH of the solutions was ad-
justed with H2S04 or KOH in nitrogen atmosphere. Stable and measurable pH values were
obtained after 10 min in acidic solution, after 25 min in neutral or weakly basic solutions,
and after 100 min in strongly alkaline solution.

Measuring equipment. A high input-resistance tube voltmeter (Radelkis type OP 401/1)
was used for potential and pH measurements, while a transistor-stabilized rectifier served as a
direct current source for the galvanostatic polarization measurements. The experimental set-up
is shown in Fig. 4.

Procedure. The measuring cell was cleaned in a mixed solution of hydrogen peroxide
and sulfuric acid, and then washed with deionized, doubly distilled water. After the apparatus
had been set up, it was filled with distilled water, left to stand for 24 hours, and then washed
thoroughly with the measuring solution and filled with this.

The rest potential was measured against a normal calomel reference electrode as a
function of time up to the attainment of a stationary state; during this, nitrogen gas (purified
by passage through a deoxygenator, a portion of the measuring solution, and a G-4 glass
filter) was bubbled through to ensure the absence of oxygen and carbon dioxide.

In the polarization potential measurements the measuring system was first cathodically
polarized (with the use of a platinum auxiliary electrode). The current density was varied
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between 10-7 and 10“3 A/cnr, proceeding from lower to higher current densities. The indi-
vidual polarization potentials were read off after attainment of the stationary state (generally
5 min). After the cathodic polarization was stopped, the re-establishment of the rest potential
value was awaited, and then an anodic polarization curve was recorded, similarly to the
cathodic one. The measured potentials were converted to those relative to the normal hydrogen
electrode. Before the polarization measurements the rest potential was always measured as
described above.

Conditions of reproducibility of potential measurements. Deciding roles are played in the
reproducibility of the results by the internal (type, specific resistance) and surface (mechanical
and chemical surface treatment, orientation) parameters of the electrode, the temperature and

+100

-100
+ -200
2 -300
J-400
>-500
<v-600

1 23A56 78 910u1®
PH

Fig. 5. Dependence of r on pH

X O.liV K,SCbh; O 0.1JV KC1; 0.1N KBr: A0.1JY KI; adjustment of pH with H2504 and
KOH at 25 °C in N2 atmosphere

lighting conditions, the composition of the solutions, its purity, pH, and freedom from oxygen
and carbon dioxide. This latter can be achieved by the continuous passage of an inert gas
(e.g. nitrogen).

The change of the pH of the solution during the measurements was never more than
0.2 0.3 pH unit.

The pH of KI measuring solution changes in time on the effect of light, as a result
of the well-known photocatalytic reaction. In order for the pH to be stabilized, it was necessary
to keep the solution in the dark.

In the case of using an inert gas atmosphere and keeping the solutions in the dark,
the reproducibility of the rest potentials is +10 mV with 80% of the samples used; however,
with the other 20% it was only 40—50 mV. A pre-polarization for 10 min at an anodic current
density of IX 10“6 A/cm2 brought about a further improvement in the reproducibility. The
reproducibility was similar in the measurement of the polarization potentials.

Experimental results
Study of the rest potential

According to our experimental data, the rest potential depends on the
pH of the solution and in the pH interval 2—12 in all the solutions studied
can be described within experimental error by a linear relation (Fig. 5,
Table 1I).

If the results of our measurements in potassium sulfate solution are
compared (see Fig. 1) with the potential measurements of Harvey and Gatos
[2] (taken only in acidic solutions) and the potential values calculated from
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Table 1

Rest potential data at different pH values (referred to the normal hydrogen electrode)

pH
Electrolyte solution
25 4 6 9 n
0.1N K2s04 +45 - 55 -182 -370 -500
0.IN KC1 -20 -100 —210 -360 -470
0.11V KBr -55 -135 -233 -370 —470
O.liV Kl -92 -170 —265 —450 -500

capacity measurements by Boddy and Brattain [4], it is seen that these
authors report values which are significantly more positive than our own data.
The results of Lovrecek and Bockris [1], however, agree well with our meas-
urements. The pH region studied comprises three straight sections of different
slopes; these correspond to the equilibrium reactions Ge —»GeObrowm Ge —
GeOyeiiow, and Ge —mGeOe . Boddy and Brattain obtained a linear relation
in the pH interval 4.5—11.

It can be seen from Fig. 5 that with the increase of pH the potential is
displaced in the negative direction.

In the alkaline region gr can be said to be independent of the anion in
the solution, while proceeding towards the acidic region the gr values at a given
pH are shifted more in the negative direction, the better adsorbed is the ion
in question (Fig. 5). The greatest anion effect can be observed in the case of the
iodide solution in the acidic region.

The described relation between the rest potential and the pH holds also
in many buffer solutions (Fig. 6). According to our observations, and in contrast
to the previous opinion (Boddy [5]), the potassium hydrogen phthalate buffer
solution shows an anomaly in the acidic region, and, to extents depending on
the pH, shifts gr in the positive direction compared with the other buffer
solutions.

+100
> 0
M -100
N =200
z -300
ii-400

> -500
v
2 4 6 8 10 12
pH

Fig. 6. Dependence of gr on the pH in buffer solutions

O Clark-Lubs; o Sorensen; N Mcllvaine; O Walpole; x potassium hydrogen phthalate;
25 °C, N2 atm.
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The gradient of the pH-dependence of the rest potential AgX/zIpH)
likewise depends on the anion in the solution: it decreases in the order of the
adsorption series as shown in Table II.

Table 11

Slope (A<pr/ApH) of the rest potential vs. pH curves

01N 0.1V 0.1 0.IN potassium hydro-

K2504 KC1 KBr Kl gen phthalate
0.2M

Arpr 0.063 0.053 0.049 0.047 0.055
4pH

56 7 8 9101 12
pH

Fig. 7. Dependence oftpron Ge0O2concentration in 0.1JVK2S04solution at 25 °C; N.. atmosphere
x 0.003 g¢g/1; D 0.4 g/1; 0o 4.0 g/1 GeO,

For the further clarification of the nature of the potential, a study was
made of the effect of the GeO2content of the solution at three concentrations
(4.0, 0.4 and 0.003 g/1 Ge02).

The results (Fig. 7) show that in a wide concentration range the rest
potential is independent of the Ge0O2content: this agrees with the observation
of Lovrecek and Bockris [1], according to which the further addition of
GeOa to a solution containing 0.036 M GeOa does not cause any perceptible
change in the potential. Attention must he drawn to the opposite experimental
observations of Harvey and Gatos [8], according to which the rest potential
shifts in the positive direction with increasing GeOa concentration (these
measurements were made in an atmosphere of oxygen!).

A study was also made of the effect of various chemical treatments on the
rest potential of germanium electrodes, and on the change of the potential
with time (Fig. 8). It can be seen from the measurements that the forms of
the potential vs. time curves are different for the variously treated electrodes,
but there is no significant difference between the rest potentials obtained.
The nature of the curves depicting the change in time depends on the quality
of the oxide layer formed during the treatment.
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time (min)

Fig. 8. Dependence of (p: on time on differently treated electrode surfaces, in 0.1IN K2504
at 25 °C, in N2 atmosphere

x CP-4A; o CP-4A -+ standing in distilled water; ¢ CP-4A + H2 reduction; ~ HNO3;

N H22-f- Li2C03; m H202-f- Li2C03 -f- standing in distilled water; + hot H202 O hot

H20 2 + standing in distilled water; A etchant 8 (period of standing in distilled water: 24 hrs)

+100

w -100-
| -200-
@ -300-
-400-
°*..500- *

123 456 7 89 101
pH
Fig. 9. Dependence of mp, on the rotation. 0.1N K2504solution, 25 °C, N2atmosphere

As Fig. 9 shows, the rest potential in a solution which is strongly stirred
with a stream of nitrogen depends very slightly on the rotation of the electrode.

From a study of the temperature-dependence of the rest potential, it was
observed that if the temperature is increased from 25 °C to 60 °C, the potential
is shifted in the negative direction by about 100 mV (Fig. 10).

Study of the polarization potentials

It can be seen from Figs 11—16, 20 and 21 that for all the solutions
examined, the anodic polarization curves consist of one section in the current
density range 5x 10——10~4 A/lcm2 and follow the Tafel relation. At current
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O 20 30 AO 50 60 70 80 90
lime (min)
Fig. 10. Dependence of (fr on temperature. O.liV K, S04solution, N2atmosphere
x 25°C: » 40°C; 60 °C
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Fig. 11. Polarization curve in 0.11V K2504 Fig. 12. Polarization curve in O.liV KC1 so

solution at 25 °C, N2atmosphere lutio a at 25 °C, N. atmosphere

X pH 2.21; o pH 6.5; « pH 114 X pH 2.53; O pH 6.0; « pH 11.6
densities greater than 10~4A/cm2 a new polarization stage begins, for which
the Tafel equation is not valid. Our data in the low current density region
agree with the measurements of Boddy [26] made under almost the same con-
ditions, but in our case a wider current density interval can be described with
the same constant b.
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Fig. 13. Polarization curve in 0.1N KBr so-  Fig. 14. Polarization curve in 0.1V KI so
lution at 25 °C, in N2 atmosphere lution at 25 °C, in N2 atmosphere
X pH 2.71; O pH 6.5, « pH 113 x pH 2.22; o pH 6.59; « pH 115

Fig. 15. Polarization curve in potassium hydrogen phthalate solution at pH 5.6
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The cathodic polarization curves after the attainment of the necessary
overvoltage can be considered as consisting of two sections, Ic and II1G pro-
ceeding towards higher current densities, with different slopes, but both follow-
ing the Tafel relation. The point of break between the two sections shifts
towards higher current densities in solutions of higher pH.

Fig. 16. Polarization curves in H2S04 and in KOH
x pH 2.4; « pH 116

The b values of the Tafel equations for the individual sections were cal-
culated (Table I11); it should be noted that while the b values for the anodic
curve and the cathodic Il sections for the various solutions are 0.100—0.120
(a little higher in neutral solution: 0.130—0.160) and agree well with the litera-
ture data (0.12—0.16 [10, 18, 23, 24, 25]), the first sections of the cathodic
curves are very steep with b values of about 0.4. Similar observations were
made by Yefimov and Yerusalimchik [24]; on the cathodic curves taken
in O.liV HC1 at higher current densities they distinguish 3 sections, for which
the b values are 0.12, 0.47 and 0.12.

The polarization curves follow the tendency of the pH-dependence of
gor; with the increase of pH, at a given current density the polarization poten-
tials shift in a more negative direction. However, the gradient of the pH-
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Table 111

The coefficient b of the Tafel relation

Anodic Cathodic
Solution polarization polarization
composition pH
6 bi %
acidic 0.098 0.370 0.122
0.0 K.S04 neutral 0.188 0.440 0.120
alkaline 0.095 0.418 0.120
acidic 0.120 0.360 0.140
0.1V KC1 neutral 0.155 0.420 0.110
alkaline 0.100 0.400 0.130
acidic 0.100 0.330 0.130
0.IN KBr neutral 0.147 0.380 0.170
alkaline 0.115 0.360 0.160
acidic 0.110 0.320 0.140
0.1V KI neutral 0.150 0.380 0.150
alkaline 0.100 0.395 0.130
potassium
hydrogen neutral 0.020 0.520 0.125
phthalate

dependence of the polarization potential does not agree with the gradient of
the pH-dependence of the rest potential. Although the potential difference
between the anodic curves recorded in acilic and alkaline solutions corresponds
approximately to the difference of the rest potentials, the polarization curve
measured in neutral solution is no longer parallel to these two. In the section
Ic of the cathodic polarization curves the pH-dependence of the polarization
potentials is generally less than that of the rest potentials, and indeed there is
scarcely any difference between the polarization potentials measured in neutral
and alkaline media. The pH-dependence of the Il1Csection is about the same as
the usual pH-dependence of hydrogen electrodes.

In the case of the solutions of different pH, the potential values (Figs
11— 14), beginning at which our anodic curves are well reproducible (5x 10~7
Alcm2), and where the Il1Csections of our cathodic curves begin, agree with these
potential values reported by Gerischer et al. [28] (for solutions containing
less readily adsorbing ions, such as H2S04, nitrate buffer, phosphate buffer,
glycol buffer, KOH), relative to which, at more positive and negative potentials,
the authors presume a pure hydroxide (anodic curve) and a pure hydride
(cathodic curve) surface.

The polarization curves in the current density range measured by us are
essentially determined, within experimental error, by the pH. The effects of
other ionic species are substantially smaller, but in the anodic current density

Acta Chim. (Budapest) 72, 1972



GIBER, VAJASDY-PERCZEL: GERMANIUM SINGLE CRYSTAL SURFACES, | 49

range studied, an overvoltage-decreasing effect of the iodide was readily observ-
able. The experimental results of Holmes [16] and Yefimov and Yerusalim-
cw k [19] are similar in the high current density region.

The polarization curves are temperature-dependent in every section
{Fig. 17). From our experimental results a temperature difference of 20 °C

+200 «
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00 )r(c?g: b (A )
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2300 %
-400 .
-500 X e
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4- -700 X .
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-900 X
-1000 X
-1100 X
-1200 X 0.
-1300 X

VSINXE V

Fig. 17. Dependence of the polarization curve on temperature. 0.11V K2S04 solution, N2
atmosphere. X 25 °C; O 40 °C; + 60 °C

corresponds to a potential difference of 80—100 mV. With the decrease of
temperature the anodic curves shift in the direction of more positive potentials.
The temperature coefficient of current densities referring to the same potentials
is 1.4/10 °C, and the calculated activation energy is 7.1 kcal/mol. According
to Harvey and Gatos [2, 41], the dissolution of germanium at low oxygen
concentrations is determined by diffusion (the calculated activation energy is
4.6 kcal/mol), while at high oxygen concentration the activation energy is
16.2 kcal/mol [41], which points to the presence of an activation overvoltage.

In both the anodic and cathodic sections the polarization potentials
rapidly attain the stationary value (Fig. 18).

If the polarization current is discontinued, in the low current density
(ia= 10 5A/cm2 section ofthe anodic curve and the Ic section of the cathodic
curve, the potential is restored in a short time to the potential gr before the
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1 2 3 4 5
time (min)

Fig. 18. Dependence of polarization potential on time. 0.11I K2S04
X 1+10~6A/cm2 « 1 m10~5A/cm2

Fig. 19. Anodic—eathodic drop-out curves. 0.1/IF K2504, N2 atmosphere
x 25°C; o 60 °C

polarization. In the higher current density sections of the anodic curves the
restoration takes a longer time. The time necessary for the restoration of
qgr in II1Cis very long, as can be seen in Fig. 19. The conclusion can be drawn
from the curves that at small anodic and cathodic currents the surface formed
does not differ substantially from the equilibrium surface, while at high ca-
thodic polarization a surface of significantly different character must be pres-
ent. Our observations have led to conclusions which agree with those drawn
by Gerischer etal. [28, 31] from measurements of a different nature (see
introductory section).
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From a study in a wide concentration interval of the effect on the pola-
rization curves of the concentration of germanium oxide in the solution (this
was expressed as Ge02 hut in part other germanium compounds may be pre-
sent) (Fig. 20), it was found that the course of the curves is identical, the cur-

Fig. 20. Dependence of the polarization curve Fig. 21. Dependence of the polarization
on Ge02 concentration. O.liV K,S04solution, curve on electrode rotation,
x 0.003 g¢g/1 GeO,; O 0.4 g/1;“A 4.0 g1 x non-rotating electrode; O rotating electrode

rent and potential values of the break-points agree, and thus the polarization
curves are independent of the Ge02 content.

The study of the effect of electrode rotation (Fig. 21) shows that within
experimental error the anodic and the Icpolarization sections are independent
of the rotation, while the potential values of the Il1Csection are shifted slightly
(by 10—30 mV) in the direction of less negative potentials. This practical
lack of dependence on the rotation indicates that in the polarization regions
studied no significant diffusion polarization need be considered.

To supplement and to support the conclusions drawn from the previous
experimental results, the thickness of the oxide layer was measured by an
ellipsometric method.
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Germanium samples which had been freshly etched under standard
conditions were placed in doubly distilled water immediately after being
washed. The thickness of the surface oxide layer formed during the etching
varies with the soaking period according to the data given in Table IY. These
measurements explain the effect of the soaking in distilled water.

Table IV

Increase of oxide thickness during soaking in deionized, doubly distilled water

Soaking for
After etching
1 day 3 days 6 days
Oxide layer
thickness, A 23.0 49.5 64.5 62.0

A study was also made with this method of the effect of electrochemical
treatment (anodic or cathodic polarization) on similarly freshly etched elec-
trodes. From the measurement the increase of the layer thickness can be
established during both anodic and cathodic polarizations (Table V).

Table V

Effect of electrochemical treatment on the change of oxide layer thickness
on a chemically treated germanium single crystal electrode

Polarization derecteristics
A/cm2

Increase of
Smbar <pr Rl
time A
= »=C min.
| —280 1.05 X10-1 60 27.1
2 -284 5x 10-5 60 10.8
3 -286 2.8x 10-« 60 9.9
4 —263 l.ixio-1 60 51.4
5 -285 5.0x10-« 60 49.6
6 —282 2.8x 10-« 60 18.1

The measurements were made in a O.liV K2S04 solution of pH 6.7.

Considering the oxidation conditions, the layer formed in the anodic pro-
cess can only be some germanium oxide. The nature of the surface compound
formed in the cathodic processisnotso clearly defined. In accordance with the
reduction conditions during the cathodic electrochemical treatment, the
probable process is the decomposition of the surface oxide layer or the for-
mation and increase of some germanium-hydrogen compound. Although the
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data are difficult to evaluate in this section because of the lack of refractive
indices, it seems likely that this section is not characterized by simple reduction
of the oxide in the direction opposite to the anodic reaction.

Discussion of the experimental results

As regards the nature of the reactions determining the rest potential,
it can be established from the experimental results that the rest potential is
not a reversible ion-exchange, nor a reversible redox potential, but a corrosion
potential. The corrosion potential is determined by the simultaneous progress
of two (or more) anode and cathode processes with identical rates but opposite
directions. The stationary state in the two or more reactions is obtained at a
rate leading to charge equilibrium, but at the same time a material equilibrium
does not develop. The reversible ion-exchange reactions can be excluded be-
cause of the anion effect and the pH-dependence, and the reversible redox
reaction from the germanium dioxide content. The corrosion character is
indicated by the fact that (as shown by our ellipsometric measurements) the
thickness of the surface oxide layer of the germanium electrode increases for a
certain time in a current-free state. In other words, the facts show that besides
the oxidation anode reactions the reduction of the oxide does occur at a low
rate, but this is not the determining process.

The analysis of the experimental results leads to the conclusion that the
reactions determining the rest potential and the polarization potential are
closely connected with one another. The reactions forming the corrosion rest
potential are presumably identical with the polarization processes of low cur-
rent density. This is supported by the fact that the exchange current potential
extrapolated from the la and Ic polarization curve sections (Figs 11 14) is
almost the same as the rest potential, and also by the fact that the polarization
potential in the laand Icsections rapidly returns to the original rest potential
level after the current is discontinued. It can be concluded from this that the
nature of the surface formed under these polarization conditions is completely
or partially the same as that existing under the conditions of the rest potential.

To prove the corrosion nature of the rest potential, it is necessary to
select and confirm those anode and cathode processes the joint progress of
which determines this potential at the E ia= E iccharge equilibrium.

In the third part of this series [42] we study the possible reversible
reactions. The scheme for the overall process leading to the corrosion potential
is shown in Fig. 22 for the case of pH 2.2.

The most probable of the germanium oxidation reactions producing the
corrosion potential are:

Ge -j- H2O Ge Owbi-own + 2H 1-f- 2e_ in acidic and neutral medium,
Ge f- OH Ge Oblon+ H+-f- 2e~ in alkaline medium
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since that anodic reaction is the most probable the thermodynamic potential
of which isthe most positive from among the reactions with reversible poten-
tials more negative than the corrosion. Of the several possible oxidation steps,
for the sake of simplicity, only this one has been given in the figure.

Fig. 22. Potential—eurrent relationships in the region of the rest potential.
e—e—e— experimental polarization curve;--------- oxide formation and decomposition, and
hydride and hydrogen formation and decomposition curves;
.............. partial current curves of the reactions; a, cpc: reversible potentials of the corresponding
processes: (pr: rest (mixed) potential

The reaction determining the cathodic potential cannot be only the above-
mentioned reduction of the oxide. Of the possible reactions, the evolution
of hydrogen can occur with a very low rate, as is indicated by the very small
exchange current of the reaction [24, 45]. Under our experimental conditions
it can be assumed with high probability that one of the steps of the hydrogen
evolution process, hydride formation, occurs with a considerable rate:

Ge - H e~ Ge—H in acidic and neutral medium
Ge |- HO -f-e~ Ge—H f~OH- in alkaline medium
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There are no data in the literature on the reversible potential of this reaction,
and the thermodynamic data necessary for the calculation are also lacking.
We shall return to the confirmation of the reaction in parts Il and Il [42].

The points i = 0 of the reactions described were assigned at the calcu-
lated reversible potential values; in the construction of the polarization curves
we made use of the assumptions for the measured overall reaction, the most
decisive of which was that because of the nature determining the corrosion
(irreversible) potential, the oxidation and reduction directions of the oxide
reaction are strongly asymmetric: it could thus be explained that although
our experimental conditions were close to the equilibrium, the rate of the oxide
reduction appears negligible beside the other cathode reactions assumed.

The pH-dependence of the corrosion potential is determined by the pH-
dependence of the individual reactions.

The anion effect too can easily be explained on the basis of our model.
In accordance with the literature already mentioned and our own measure-
ments [43], the specific chemisorption of the iodide ion can be accepted as a
fact on the current-free electrode. Giber et al. [43] have also shown experi-
mentally that this adsorption decreases with the increase of the current
density. According to our assumption, as a result of this adsorption, the i vs.
(f curve of the germanium oxidation reaction will be more steep. This can lead
to the shift of the corrosion potential towards more negative values. Other
authors [44] have also dealt with such an explanation of the anion effect in
other systems.

Discussion of some characteristics of the polarization curves

The anodic polarization process is some oxidation reaction. This is sup-
ported by the fact that the growth of the oxide layer can be demonstrated
ellipsometrically during the anodic polarization, and by the fact that in the
high current density part of the measured current density range, prolonged
anodic polarization causes a pH shift in the solution in the acidic direction.

If it is assumed that the polarization reaction in the current density
interval of the anodic section measured by us is the same as the anode reaction
of the rest potential, then the following anodic polarization reaction can be
presumed:

Ge+ H2 GeO + 2H+ + 2e~

It is assumed in this reaction that the free germanium surface is oxidized.
This assumption neglects the fact that at low current densities the surface is
not exclusively covered with oxide, but also with germanium hydride, and
during the anodic polarization the oxidation of the hydride also takes place,
with a low rate and as a non-typical process.
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In anodic polarization in the above oxidation reaction, an activation
mechanism is assumed in acidic and alkaline media. The current densities
studied by us are too small for their effects to be felt by the low state of the
hole concentration in the N-type germanium. The hole diffusion limiting cur-
rent calculated from the known relations for room temperature in the case of
a specific resistance of 6—10 ohm-cm turned out to be greater than 1X 10 4
Al/cm2 and during anodic polarization this limiting current region was not
reached. The b value of these polarization regions also points to an activation
mechanism. In neutral medium the b value differs slightly. In our view this
can be explained by the fact that some process connected with the state of the
oxide layer forming (in neutral medium the solubility of the oxide is different,
and the density of the oxide may be different) also plays a part in the deter-
mination of the rate of the overall process.

From similar considerations for the cathodic polarization, and from the
fact that there is no thinning of the surface layer in either the Ic or the 1IC
sections, it can he concluded that the rate of reduction of the oxide is not
appreciable in the potential region studied; the characteristic processes are
rather hydride formation and hydrogen evolution according to the following
reactions;

Ge+ H +-|- e~ Ge — H -~H2 in acidic solution A
Ge -f-H20 -(-e~ ;—mGe— H + OH” inneutral and alkaline solution
Ge —H + H++ e- Ge+ H2 (2)

The slopes of the polarization sections It and I1Cdiffer; the slope of the
Ic section (b= 0.4) is much higher than that of the IlICsection (b= 0.12—
0.14). From this the conclusion can be drawn that at a given polarization
potential during cathodic polarization a change of mechanism occurs, i.e. the
rate-determining step of the above reaction is different in the Ic section from
that in the Il,. section. The position of the appearance of this change of mech-
anism depends on the pH of the solution. In acidic solution it occurs at a
lower overvoltage than in alkaline and neutral solutions.

As regards the kinetic nature of the process, the following can be said
for the lIcsection. The formation of a diffusion overvoltage is not likely since
there is no need in the electrode process for areagent the slow diffusion of which
to the electrode surface would impede the electrode process.

The best explanation for the experimental data is the assumption that at
low current densities the rate of reaction (2) can still be neglected compared
with that ofreaction (1), and thus in the Icsection reaction (1) can be taken as
potential-determining.

In the Il1Csection, however, the rate of reaction (2) is also significant.

The rates of the above reactions are affected in a decisive way by the
nature of the surface in the given polarization section.
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USE OF AMIDE CHLORIDES
IN RING CLOSURE REACTIONS, IV

A NEW SYNTHESIS OF 4-AMINOQUHYAZOLINE DERIVATIVES

Z. Csitiros, R. Sooés, |I. Bitter and J. Palinkas

(Institute of Organic Chemical Technology, Technical University, Budapest)

Received August 26? 1970

N,N-Dimethyl-N'-(2-cyanophenyl)-formamidine hydrochloride was prepared
from anthranilic amide and dimethylformamide chloride. N-substituted 4-amino-
quinazoline derivatives were obtained from the resulting trisubstituted amidine in
cyclization and simultaneous isomerization reactions with ammonia, primary aliphatic
and aromatic amines, and hydrazine.

The group of aminoquinazolines includes several analgesics, anti-
malarial and antiviral agents [1, 2, 3]. The literature lists numerous procedures
for their preparation. In almost all of them, the quinazoline skeleton is built
up first, and the required product is then obtained by ammonolysis or amino-
lysis of a suitable group (chloro, alkoxy, mercapto, etc.). There are only a few
methods known in which the amino group is introduced simultaneously with
the cyclization reaction.

Taylor etal [4] prepared 4-aminoquinazolines from anthranilic nitrile
derivatives and nitriles. The above authors also described another procedure
[5] in which the self-condensation of 5-nitroanthranilic nitrile gave a 4-amino-
quinazoline derivative.

Stevens and Kreutzberger [6] also used anthranilic nitrile derivatives
as starting materials. Cyclization was accomplished with s-triazine. Just like
in the methods described previously, the intermediate of cyclization was sup-
posed to be N-(2-cyano-4-alkylphenyl)-formamidine.

The above syntheses require long reaction times and high temperatures
and give only medium yields. These procedures are unsuitable for the prepa-
ration of N-substituted derivatives.

In our procedure, anthranilic amide () is used as the starting material.
This compound is allowed to react with an equimolar quantity of dimethyl-
formamide chloride(ll) in chloroform solution.

This reaction resulting in N,N-dimethyl-N'-(2-carboxamidophenyl)-
formamidine hydrochloride(lll) was described in a previous paper [7].

On further addition of dimethylformamide chloride the acid amide
group of the amidine is dehydrated and N,N-dimethyl-N'(2-cyanophenyl)-
formamidine hydrochloride(1V) is obtained.
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Of course, this product can also be prepared in one step by the reaction
of anthranilic amide with 2 moles of amide chloride.

N,N-dimethyl-N'-(2-cyanophenyl)-formamidine hydrochloride is not a
new compound. Seefelder prepared it and its derivatives from substituted
isatin-/S-oxime and amide chloride; some of the products are important inter-
mediates in the pharmaceutical, dye and insecticide industry [8].

Since the melting points of the substances prepared according to the two
methods were different, the structure of the product obtained in our procedure
was studied. The chloride content determined by titration with silver nitrate,
as well as the result of the C, H, N analyses were in good agreement with the
calculated data. The infrared spectrum of the substance is shown below,
together with the spectrum of N,N-dimethyl-N'-phenylformamidine hydro-
chloride, in order to make the identification easier. (This latter compound was
prepared from aniline and dimethylformamide chloride and identified on the
basis of the melting point and the chloride content.)

Microns
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Microns

Fig. 2. N,N-dimethyl-N'-(2-cyanophenyl)-formamidine hydrochloride

As can be seen, the two spectra are very similar to each other. The bands

corresponding to the © bond appear at 1709 cm’ 1and 1700 cm *x The
deviations are due to the presence of the nitrile group. The band of the nitrile
group is found at 2230 cm-1; the out-of-plane deformational skeletal vibration
at 690 cm-1, which is characteristic of monosubstitution, disappears in Spec-
trum 2, owing to aromatic o-disubstitution.

N,N-dimethyl-N'-(2-cyanophenyl)-formamidine hydrochloride was cy-
clized to 4-aminoquinazolines (V) in reactions with ammonia, aliphatic and
aromatic primary amines and with hydrazine.

NH—R

(R = H, 1utyl, hydroxyethyl, phenyl, p-tolyl, p-aminophenyl, —NH?2)

In contrast with the above discussed procedures, this method is suitable
for the preparation of N-substituted derivatives, too. Its further advantage is
that the 4-aminoquinazolines are obtained in a short reaction period at relatively
low temperature, in satisfactory yield.

In order to identify the products, the required derivatives were also
synthetized from 4-chloroquinazoline. The infrared spectra of the substances
obtained in the two different procedures were found to be perfectly identical.

As an example, the spectrum of one of the derivatives is shown in Fig. 3.
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Wavelength microns
2 3 4 5 6 7 8 9 10 N 12131415

Fig. 3. Infrared spectrum of 4-(N-phenylamino)-quinazoline

Similarly to the case of the other compounds, the infrared spectrum of
4-(N-phenylamino)-quinazoline contains a high number of bands. The three
skeleton valence vibrational bands characteristic of quinazolines, called quina-
zoline I, Il and 11l bands, appear at 1614 cm-1, 1565 cm-1 and 1497 cm ']
respectively.

On the analogy of other reactions and on the basis of our earlier results
[7, 9, 10], the following reactions are supposed to be involved in the cycliza-
tion mechanism.

The first step is an aminolytic splitting. This results in the mono- or
disubstituted amidine base which is transformed to 4-aminoquinazoline prob-
ably through the 4-iminoquinazoline derivative, under the conditions of the
reaction.

Our further studies on cyclization, as well as the utilization of this
procedure for the preparation of other heterocyclic compounds will be reported
in another paper.

Experimental

Diinethylformamide chloride [7]
N,N-Dimethj'l-N,-(2-cyaiiO|>heiiyl)-formainidine hydrochloride

27 g (0.21 mole) of diinethylformamide chloride was dissolved in 300 ml of absolute
chloroform. Under vigorous stirring, 13.6 g (0.1 mole) of finely ground anthranilic amide was
added at arate allowing to maintain the temperature ofthe mixture below 40 °C. After complet-
ing the addition, the mixture was stirred at room temperature for 30 min and the white pre-
cipitate was filtered off and dried. The filtrate was concentrated on a water bath, the residue
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was filtered off, washed with some chloroform and dried. The total quantity of the product
obtained was 20.1 g (95.8%); m. p. 245—247 °C.

Formula: C10H 12C1N3 M. W. 209.5

Calcd. C 57.28; H 5.73; N 20.05; Cl 16.94. Found C 57.08; H 5.80; N 19.89; Cl 16.97%.

4-Aminoquinazoline

20.95 (0.1 mole) of N,N-dimethyl-N/-(2-cyanophenyl)-formamidine hydrochloride was
dissolved in 150 ml of methanol. Ammonia was introduced into the solution until saturation.
After standing for 2 hrs, the solution was evaporated on a water bath. The residue was washed
with some water and dried. The total quantity of the product obtained was 13.5 g (93.5% )’
m p. 264—267 °C.
Formula: C8H7N3 M. W. 145
Calcd. C 66.21: H 4.83; N 28.96. Found C 66.50; H 4.91; N 29.14%.

4-(N-Butylamino)-quinazoline

20.95 g (0.1 mole) of N,N-dimethyl-N/“(2-cyanophenyl)-formainidine hydrochloride
was dissolved in 150 ml of methanol. 7.31 g (0.1 mole) of butylamine was added. The solution
was stirred at room temperature for 1 hr and evaporated. The light yellow oil obtained was
rubbed with a mixture of water-acetone (1 : 1). The precipitated crystals were filtered off and
dried. The yield was 18.6 g (92.6%); m. p. 114—117 °C.

Formula: CI2H 15N 3 M. W. 201

Calcd. C 71.64; H 7.64; N 20.90. Found C 71.55; H 7.36; N 20.91%.

4- [N-(2- Hydroxyethyl) -amino] -quinazoline

20.95 g (0.1 mole) of N,N-dimethyl-N/-(2-cyanophenyl)-formamidine hydrochloride
was dissolved in 150 ml of methanol. 6.11 g (0.1 mole) of ethanolamine was added, and the
solution was stirred at room temperature for 1 hr. The solvent was evaporated, the residue
diluted with water, filtered off, washed with some cold alcohol and dried to obtain 16.8 g
(88.6%) of the of product: in. p. 172—176 °C.

Formula: C10Hu N30 M. W. 189

Caled. C 63.57; H 5.70; N 22.06. Found C 63.49; H 5.82; N 22.22%.

4-(N-Phenylamino)-quinazoline

20.95 g (0.1 mole) of N,N-dimethyl-N'-(2-cyanophenyl)-formamidine hydrochloride was
dissolved in 150 ml of methanol. 9.8 g (0.105 mole) of aniline was added. The solution was
boiled for 1 hr, and evaporated. A light yellow oil was obtained, which crystallized on rubbing
with water-acetone. The precipitate was filtered off, washed with some dioxan and dried to
obtain 20.4 g (91.9%) of the product; m. p. 216—219 °C.
Formula Cl4Hn N3 M. W 221
Calcd. C 70.02; H 4.90; N 19.00. Found C 76.30; H 4.91; N 19.15%.

4-(N-p-Tolylamino)-quinazoline

20.95 g (0.1 mole) of N,N-dimethyl-N'-(2-cyanophenyl)-formamidine hydrochloride was
dissolved in 150 ml of methanol. 11.3 g (0.105 mole) of p-toluidine was added. The solution
was boiled for 1 hr, then evaporated. The residual crystalline mass was diluted with water,
filtered off and dried to give 21.9 g (93.5%) of the product; m. p. 177—180 °C.

Formula: CI15H 13N 3 M. W. 235

Caled. C 76.60; H 5.53; N 17.87. Found C 76.79; H 5.36; N 17.69%.

4-[N-(4- Aminophenyl)-amino]-quinazoline

20.95 g(0.1 mole) of N,N-dimethyl-N/-(2-cyanophenyl)-formamidine hydrochloride was
dissolved in 150 ml of methanol. 11.35 g (0.105 mole) of p-phenylenediamine was added. The
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solution was boiled for 1 hr, then evaporated. The residue was diluted with water, filtered off
and dried. 21.8 g (92.3%) of the product was obtained; m. p. 215—217 °C.

Formula: ClH IN4 M. W. 236

Caled. C 71.19; H 5.08; N 23.73. Found C 71.20; H 5.25; N 23.81%.

4-Hydrazinoquinazoline

20.95 g (0.1 mole) of N,N-dimethyl-N'-(2-cyanophenyl)-formamidine hydrochloride
was dissolved in 150 ml of methanol. 5.0 g (0.1 mole) of hydrazine hydrate was added. The
solution was stirred for 1 hr, then evaporated. The residue was filtered off, washed with water
and dried to obtain 14.2 g (88.9%) of the product; m. p. 184—185 °C.

Formula: CgH8N4 M. W. 160

Calcd. C 60.00; H 5.00; N 35.00. Found C 60.16; H 5.03; N 35.12%.
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INFRARED SPECTROSCOPIC STUDIES
ON FLAVONOIDS AND MODEL COMPOUNDS, I
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OF 4-SUBSTITUTEI) ACETOPHENONES BY MEANS OF HMO CALCULATIONS
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The n bond order of the carbonyl group was calculated for 4-substituted aceto"
phenones using the simple HMO method with suitably chosen parameters. The results
are in good agreement with the literature data calculated in other ways.

In the case of band V appearing in the 1200—1300 cm-1 region in the infrared
spectra of the compounds examined, linear relationships were found between the
wavenumbers of these bands and the Hammettcr values of the substituents in para
position, the ,-r-bond order of the carbonyl group, and the T-bond order of the bond
linking the carbon atom of the aromatic ring to the C= 0 carbon atom. These relation-
ships are in agreement with the usual interpretation of the character of band ‘e’ given
in the literature.

The characteristics of the out-of-plane deformation vibrational band of the hydro-
gen atoms attached to the aromatic ring of 4-substituted acetophenones were also
studied. In accordance with the literature data and according to our measured and
calculated results, the decisive factor in the wavenumber of this band is the —M effect
of the substituents.

Investigations on the relations between the infrared spectroscopical
properties and the structure of 3- and 4-substituted acetophenones [la—h]
have revealed a linearrelationship between the wavenumber of the stretching
vibration of the carbonyl group and the Hammett a values of the substituents.

Tanaka et al. [le] were the first to study the electron structure of
4-substituted acetophenones by means of the quantum chemical method. In
connection with the ESR spectra of carbonyl anions, Rieger and Fraenkel
[2] carried out HMO (Hiickel Molecular Orbital) calculations for acetophenone,
4-CN- and 4-N02-acetophenone; however, they reported only the bond orders
between the aromatic and carbonyl carbon atoms.

It is well known that all aromatic carbonyl compounds have a strong
band in the 1150—1300 cm “1region. In the literature this hand is denoted with
“e” [4a—-c], as suggested by Kohlrausch [3]. This band is assigned to a com-
plex vibration which is due — in addition to the vibration of the aromatic
ring — to the substituents attached to the ring [4d—f]..

As a part of our studies on the structure of flavonoids, an investigation
of the relationship between the infrared spectral properties and the charge
distribution of 4-substituted acetophenones seemed desirable. For similar
purposes, several authors [5a—h] have applied successfully the simple HMO
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method in the case of aromatic carbonyl compounds. Such investigations on
substituted acetophenones have not been reported in the literature.

Calculations

Our calculations were carried out by means of the simple HMO method

[6a—e]. The Coulomb (a,) and resonance (jSy) integrals of the substituents
were used in the usual form:

«l = «o+hi B0
Rij — kjjgo

Of the several parameter pairs (a,, By) applied in similar calculations for the

C=0 group the ho= 2.0 and fcc=o = ]/2 1.41 values used by Fueno
et al. [7] proved to be the best.

The following parameters were applied for the substituents:

Table 1
igﬁgﬁgﬁ ~nh8 —0OH -oCH3 )c —CS H, —a  -Br  —1 ::-@J(;@;
Lt dta [ B[] %) Bl @ * B
hV\: -0.15 h\ = 025
hi
hc(=H3 = —0.10 /Ain= 1.8
10 13 10 pgops=. —050 20 15 14 hO= 15
fc>C-c(=H3 = 0.7 *y>c-N = 0.9
hi. 09 08 12 04 03 025 hii o©1 7
. . . = . . . 1-0=1-
H3= 25 -9

* Extrapolated on the basis of the electronegativities [8] from the parameters of the
halogens.

On the basis of literature data [5a, b, d], the frequencies of the carbonyl
stretching vibrations were calculated by means of the following equations:

= fPc=0+ a(

v—2n 1% 0. (cm ¥
1 M

where
|
a

13 «95 « 105 dyn/cm
5 «10s dyn/cm
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feczo = force constant of the C=0 bond

Pc=o = mobile: a-bond order of the C=0 bond
v = vibrational frequency (cm?”)
M - reduced mass of the C=0 group.

Our calculations indicate that the methyl group attached to the carbonyl
group should most properly be considered on the basis of the so-called ‘hetero-
atom model’ [6b] using the /ch,= 2.0 and fcc-cH, = 0.7 parameter pair.

The calculations were made on the Type ODRA-1013 instrument of the
University Computing Centre, Debrecen.

Experimental

The infrared spectra were obtained witli Zeiss UR-10 W and Unicam Sp-200 G spectro-
photometers. The instruments were calibrated with a polystyrene foil: the accuracy of the
measurement was + 2 cm- |. The spectra were recorded in liquid films, KBr pellets and in
carbon tetrachloride solutions of 0.1—0.2 mole/1 concentration and with 0.1—0.3 mm layer
thickness.

The purity of the substances examined is characterized by the m.p. and b.p. data
listed below:

1. 4-Aminoacetophenone m. p. 120 °C
2. 4-Hydroxyacetophenone m.p. 109 °C
3. 4-Methoxyacetophenone m.p. 39 °C; b. p. 160 °C/30 mmHg
4. 4-Methylacetophenone b. p. 113 °C/15 mmHg
5. Acetophenone b. p. 97 °C/16 mmHg
6. 4-Chloroacetophenone b. p. 126 °C/25 mmHg
7. 4-Bromoacetophenone m.p. 50°C; b.p. 120 °C/20 mmHg
8. 4-lodoacetophenone m. p. 85—86 °C
9. 4-Nitroacetophenone m.p. 80-81 °C
Results
The measured and computed results are summarized in Table Il. The

following explanation will help in understanding the data in the Table. For
calculation purposes, the atoms of the compounds examined are numbered in
the following way:

The numbers given in the column ‘Serial Numbers’ in Table Il also
indicate the individual points in the graphs representing relationships to be
discussed later. In column ‘R —’ the substituents in position 4 are shown.

In the first column of ‘Experimental values’ the measured wavenumbers
of the bands of the carbonyl stretching vibrations are given, the second column
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Table 11
Experimental values Calculated values
nuslzrlilzlrs R— <C=0) ‘e’ band r(>c-H) r(C=0) 8
cm-1 % cm 1% g e cm-1 pc-0  Ear-CA0 Igg/
I -NH3 1675 1281 818 1668 0.637 0.420 3.380
2. -OH 1680 1288*** 820 1672 0.642 0.419 3.350
3. —OCH, 1684 1274 835 1677 0.650 0.414 2.512
4- -CH3 1688 1270 819 1694 0.674 0.408 3.356
5. -H 1692 1266 — 1699 0.678 0.397 3.200
6. -Cl 1692 1262 830 1696 0.677 0.402 1.908
7. -Br 1693 1261 829 1969 0.677 0.401 1.902
8. -1 1693 1262 825 1697 0.678 0.400 1.818
9. - no2 1700 1248*** 855 1701 0.687 0.379 1.560

*solutions in CC14
**liquid films and KBr pellets
*** spectra obtained in KBr pellets

contains the wavenumbers of the bands , while in the third column, desig-
nated with y( "C—H), the wavenumbers of the bands due to the out-of-plane

C—H deformational vibration of the 1,4-disubstituted aromatic nucleus can
be found.

The first column of the calculated values gives the calculated wavenum-
ber ofthe band ofthe carbonyl stretching vibration. Columns Pc=0andP Ar_c”o
contain the mobile bond orders of the bond of the carbonyl group and that

existing between the carbonyl group and the aromatic nucleus, respectively,
8

introduced by Coulson [10]. Finally in column gi the sum of the n charges
i=5

on the C-5, C-6, C-7 and C-8 carbon atoms, i.e. the carbon atoms in 0,0' and

m,m"' positions of the aromatic ring, can be found.

Discussion

The data in Table Il show a good agreement between the calculated and
found wavenumber values of the bands assigned to the carbonyl valence
vibration.

Further on, it can be stated that the bond order values calculated by us
are in excellent agreement with those obtained by Tanaka et al. [le], using
another method. Also the Tt-bond order of the bond between the aromatic ring
and the carbonyl carbon atom is in good agreement with the results given by
Bieger and Fraenkel [2].
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In using the results of the HMO calculations, our purpose was to obtain
further information on the characteristics of the intense band ‘e’ appearing
in the 1200—1300 cm-1 region of the infrared spectrum, as well as on the prop-
erties of the band attributed to the out-of-plane deformation vibration of the

aromatic® C H found in the 800—900 cm-1 region.

Fig. 1. Wavenumber values of the ‘e’ bands as a function of the Hammett a values of the
substituents in position 4

Fig. 2. Wavenumber values of the ‘e’ bands as a function of the calculated #-bond order
of the carbonyl group

Plotting the wavenumber value of band V as a function of the Hammet
a [11] values of the substituents in position 4, Fig. 1 is obtained.

It can be seen that increasing electronegativities of the substituents
result in a linearly decreasing function whose character is opposite to that of
the carbonyl stretching vibrational band studied from a similar point of view
[la-h].

Fig. 2 shows the wavenumber of band V as a function of the bond order
(Pc=0) of the carbonyl group calculated by us.

As can be seen, a function of roughly similar course though somewhat
different in character as the previous one was obtained, with some scattering.
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Fig. 3 gives the wavenumber value of band ‘e’ as a function of the bond
order of the bond connecting the carbonyl carbon atom to the aromatic ring.

It is seen that a definite linear relationship — with small scattering —
can be detected between the wavenumbervalue of band ‘e’ and the mobile band
order of the bond connecting the carbon atom of the C =0 group and the
aromatic ring.

Of the relationships regarding the wavenumber of band V, the most
definitely linear relationship is that involving the mobile bond order of the
bond between the aromatic and carbonyl carbon atoms (Fig. 3). This indicates

Fig. 3. Wavenumber values of the ‘e’ bands as a function of the a-bond order existing between
the aromatic ring and the carbonyl-C atom

the significant role of the vibration of this bond in the development of band ‘e’,
as also reported in the literature [3, 4a—c]. The charge density along this bond
decreases with increasing electronegativities of the substituents in position 4,
involving a decrease in the wavenumber of the vibration, in the direction
(—a) < 0< (+<v, as also confirmed by the experimental data. Our results
regarding the alteration of the bond order and the electron distribution of the
bond existing between the aromatic ring and the carbonyl-C atom are well
supported by mass spectrometric measurements carried out on 4-substituted
acetophenones [12, 13]. According to these, the relative percentage occurrence
of the (CHgCO) ion decreases in the direction 4-N02(4.5%) —»4-NH2(0.26%),
indicating the change in the strength of this bond.

Brigodiot and Lebas [4c] have shown that the frequency of the cor-
responding band is primarily decided by the valence vibration of the Ar—C”"0O
bond, and aromatic skeletal vibration is of secondary importance.

The significant contribution of the Ar—C bond to the appearance of
this band is also supported by our quantum chemical calculations described
above.
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The charge displacements caused in the 4-substituted acetophenone
molecules by the substituents are verified by the characteristics of the bands
appearing in the 800—900 cm-1 region, which are due to the out-of-plane

deformation vibrations, /\ —H), of the hydrogen atoms of the aromatic

ring. Kross et al. [14] have shown that the frequency of this vibration in-
creases with the increasing M effect of the substituents. In the case of aromatic
carbonyl compounds, Bellamy [Id] observed a parallel relationship between

6

Fig. 4. The y(CH)Ar wavenumber values of 4-substituted acetophenones as a function of the
Hammett a values

the frequency alterations of the out-of-plane deformation vibrations of the
hydrogen atoms of the aromatic ring and the stretching vibration of the
carbonyl group. In meta- and para-substituted compounds a linear relation-
ship was detected between the Hammett a values of the substituents and the

frequency ofthe y (*C —H) band. On the other hand, Varsanyy [15] question-
ed the existence of an unambiguously linear relationship between the Hammett
a values and the frequencies of the y(~C—H) band, however, a linear rela-
tionship was observed by him between the spectroscopic moments, introduced
by Pratt [16], and the frequency values of the y(.£*—H) band.

In our case, the graphical representation of the wavenumbers of the
y(*"C—H) vibrations of 4-substituted acetophenones, as a function of the

Hammett a values of the substituents, gives the relationship shown in Fig. 4.
Obviously, the measured wavenumber values fall within a zone of linearly
increasing character; there is medium scattering.
The relationship between the wavenumbers of the y( C—H) bands
and the Pratt spectroscopic moments is given in Fig. 5.

If the wavenumbers of the y{*.C—H) bands are plotted as a function
of the P1att moments, the measured values fall within a zone of decreasing

tendency; the scattering is about the same as in the former case.
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Finally, Fig. 6 shows the wavenumber values of the y(~C—H) bands as

a function of the overall a charge density at the C-5, C-6, C-7 and C-8 carbon
atoms (i.e. those in 0,0'- and m,m'-positions).

According to K ross et al. [14], the relationships observed can be ex-
plained as follows. The bonds between the carbon and hydrogen atoms of the

Fig. 5. The y(CH)Ar wavenumber values as a function of the PLATT|moments

Fig. 6. Wavenumber values of the Y(CH)Ar band as a function of the sum of the :t charges
calculated for the o,0- and m,m’'-positions of the aromatic ring

aromatic ring are established by sp'l hybride orbitals. In the course of the
out-of-plane deformation vibrations, when the hydrogen atom leaves the
plane of the benzene ring, the C—H bond undergoes a rehybridization towards
the sp3state, owing to interaction with the s-electron cloud of the ring. This
results in a decrease of the force constant and the frequency of the out-of-plane
vibration. However, a decrease in the sa-electron density at the carbon atom
carrying the hydrogen atom will be accompanied by a similar decrease in the
energy of the interaction. This can conveniently be pictured by considering
the activation energy of the transition into the sp3 state to be increasing.
Owing to this, the C—H bond becomes more rigid against the out-of-plane

Acta Chim. (Budapest) 72, 1972



DINYA, SZABO: INFRARED SPECTROSCOPIC STUDIES, | 73

deformation vibration, and the force constant, as well as the frequency of the
vibration will increase. Thus the crucial factor is the change of the n-electron
density at the carbon atoms of the ring, depending on the — M effect of the
substituents. These considerations are completely supported by the relationship

shown in Fig. 6 representing the wavenumber values of the y (~C—H)

bands of 4-substituted acetophenones as a function of the sum of the n-charges
at the carbon atoms in positions 5, 6, 7 and 8 (i.e. the 0,0' and m,m' positions),
calculated by means of the HMO method. As can be seen, a descending func-
tion has been obtained, verifying the earlier empirical explanation.

*

The authors’ thanks are due to Prof. R. Bognar for his interest in this work, to Prof-
K. Gaspar for valuable discussions, and to the workers of the University Computing Centre
for their help in the calculations.
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Recently, it has been reported [1—3] that under certain conditions race-
mization may occur during acylation with peptide azides. Therefore, it was of
interest to investigate the extent of racemization depending upon the quantity
and quality of the base applied, under various conditions of the azide coupling.
The reaction Z-Gly-Ala-N3-f- H-Leu-OBzl has been chosen since, according
t0 Izumiya and Muraoka [4], after removal of the protecting groups in the
usual way, the quantity of the D-Ala isomer in the free H-Gly-Ala-Leu-OH
can be determined simply and with 0.1% accuracy, by means of an amino
acid analyzer.

Table 1
Racemization during the coupling of Z-Gly-Ala-N3 with Leu-OBzl

Moles per mole ofhydrazide Z-Glv-Ala-Leu-OBzI
Racemiza-
No. _ Aminea Solventb M.p..c Yield tion,d
Leu-OB zl Amine °C % %
| l.i 1.i Et3N Et20 95-9f 49e 0
2 I | Et3N E t20f 96-97 43 0
3 1.18 1.18 EtaN Et20 95-97 47 4.5
4 1.3 2.6 Et3N CHC13—Et2 96-97 35 9.5
5 1.3 6.5 Et3N CHC13—E t20g 95-97 42 15.0
6 1.3 1.3 NMM CHC13—Et,,0 95-97 39.5 55
7 1.3 2.6 NMM CHCI3—Et20 95-96 30 9.7
8 1.3 1.3 EtNPrl CHCIlg—Et20 96-97 37 11.4
9 1.3 2.6 EtNPr' CHC13—Et20 96-97 21 12.4
10 1.2 1.2 DEAIP CHC13—E ta0O 96-97 42 0
11 11 2.4 DEAIP CHC13—Et20 96-97 31 0
aNMM — N-methylmorpholine; DEAIP = I-diethylamino-2-propanol. bUnless other-

wise noted, the reactions were run at —5 °C for 30 min. and at room temperature for 20 hrs.
cThe crude products were homogeneous by tic., Rr0.58 in CHC13—MeOH (95 :5). dDetermined
by the method of Ref. [4]. e Once recrystallized. f2 hrs at —5 °C. g3 hrs at —5 °C and 20 hrs
at room temperature.
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The above peptide azide was prepared as described in the literature [5]
and since the pH of the ethereal solution of the azide was between 6—6.5, it
was extracted with cold water only. This solution was then reacted with freshly
prepared H-Leu-OBzl (see Table, Reactions 1—3) or with H-Leu-OBzl p-tolu-
enesulfonate (see Table, Reactions 4—11) in chloroform solution containing
the required quantity of the appropriate amine. The reaction mixture was
worked up in the usual way; the protected tripeptide was hydrogenated without
further purificaton, and the crude tripeptide was submitted to analysis. The
results are summarized in Table I.

From the results it can be seen that in this reaction under definite con-
ditions, racemization increases with the amount of the amine applied, and with
some bases it may be significant even if only one equivalent of the base is used.
No racemization takes place when I-diethylamino-2-propanol is applied even
in amounts as high as one equivalent. This observation is in agreement with
experiments carried out on highly activated peptide esters [6].

The authors wish to express their sincere gratitude to Dr. T. Deveényi for the analyses-
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Graph theoretical representation made possible the quantitative study of the
course of development of industrial refinery technologies. The representation of the
types of distillation equipments as a function of their year of introduction permitted
to establish that the corresponding graphs lead front the open and uniflow type grad-
ually to cyclic graphs of increasing complexity and, on the other hand, that the number
of graph elements of the single systems shows an increasing trend with time, and the
curve seems to approach a limiting value.

1. Objectives and means of the study

Our studies on the general laws and structure of the systems of chemical
technology were begun about ten years ago. Several communications [1—5]
and the review article “Graph theoretical representation of chemical techno-
logical processes” [6] report on this work.

The object of the present research is to investigate the technological devel-
opment of the most important chemical industries on the basis of graph theoretical
representation, with the expectation that this might uncover further correlations
between chemical technological systems.

Up to now we have studied two chemical industries of the greatest
importance, looking back on a long past. One is the petroleum refining industry,
the other the production of sulfuric acid. Petroleum industry has been selected
for investigation because, in addition to furnishing the most important raw
material of modern chemical industry and energy supply, the petroleum
refining determined the first development of the “process engineering”.

One of the preconditions of this research was the critical study of publi-
cations treating the technology and the history of industry, using not only the
dialectic approach but also that of historical materialism. Indeed, the course
of development (e.g. the transition from the open process or open graph type
to the cyclic process or cyclic graph type, or the trend of increasing number of
graph elements) had also to be proved historically besides representation,
because essential “new features” are of necessity reflected not by the bare
statement of facts, but possibly only by the conclusions drawn from them.
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However, historical works [15—18] list and describe only the new
technologies or their modifications appearing in successive periods, giving
often different and even contradictory data, so that it was rather difficult to
piece together the correct chronological data.* However, in accordance with
our object, the development of basic technologies had to be studied as a func-
tion of time. As will be seen, certain trends, and periods within these, could he
established in this development. Period means here the space of time between
the appearance of two technologies new in their principle, because only the
time of appearance can be established with adequate reliability, while the time
of utilization and life of a technology may be completely different in each
country depending on local conditions, and even within the industry of the
same country, as will be shown on hand of some examples.

The petroleum industry had to meet the steadily increasing quantitative
and qualitative requirements of society. However, it was not our aim to in-
vestigate each of the several hundred processes realized for the purpose of
manufacturing a multitude of petroleum products. Our petroleum technological
investigations concern only the two principal directions of development:

1. distillation and

2. characteristic processes used in refineries, involving chemical con-
version.

Practical production is realized by numerous combinations of the two
directions. The object of this first study is to investigate the development of the
ancient petroleum technology, distillation, still in versatile use in each refinery.
Several other processes of the industry, characteristic of its development, in-

*In his book “A History of Industrial Chemistry” [26], Sherwood F. Taylor con-
siders the successful drilling performed by Drake in 1859 in Titusville (Pennsylvania, USA)
the beginning of modern petroleum industry. However, in another part of the book we can
read that 90 years earlier, “at about 1770, systematic petroleum production existed in the
neighbourhood of Baku”. In contrast to this, on p. 270 the author states that in Baku the
utilization of petroleum began in 1873. Finally, according to the text on p. 106, the use of
petroleum for lighting was known already in ancient times in Babylon and in Girgenti (Sicily).

Naturally the “beginning” of petroleum industry should be marked by that time from
which the manufacture of petroleum products car. be referred to as “industry”, and this
depends on the conceptional content of the word “industry”,which is far from being unequi-
vocal. Possibly, it is in this sense that Taylor considers the drilling by Drake as the actual
beginning of petroleum industry. However, according to Schénwalder [15], the first period
of the petroleum industry can be traced back much farther. This author writes in his work
“Erddl in der Geschichte” that in Russia there are earlier data, from 1650, on petroleum
production, and adds that “the concept according to which we can speak of a petroleum
industry only since the drilling by Drake, is actually valid only in general”. “In Northern
Italy, in the environs of Amiano, petroleum was produced at about 1800 in a quantity sufficient
for lighting the towns Genua, Parma and Borgo san Donnino”. Peter the Great issued orders
as early as 1723 on the transportation of petroleum from Baku, and already in 1735 petroleum
for lighting was manufactured in Baku by distillation. Well, was this not “industry” ?

According to Harold F. Williamson [17], “The American was not the first but the second
petroleum industry ever realized” [Notrather fourth? (Remark of the authors)]. A period of
5000 years separated the first petroleum industry (Mesopotamia) from the second. In
summary, according to Taylor the year of birth of petroleum industry was 1895, according to
Schonwalder, this is the year of birth only in general; and finally, Williamson traces it
back to about 3000 B.C. Indeed, this cannot be called a serious historical registration!
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volving mainly the chemical conversion of the components of petroleum, will
he examined in a second communication on the example of the manufacture
of Otto engine fuel and lubricating oil.

The means of our investigation is graph theoretical representation by the
method developed by us for the chemical industry [6]. In this study, semi-
technological graphs, similar to the theoretical type ofgraph, will be constructed,
comprising besides the reactor the essential allactors, cooling and heating
allactors and conduits. For each graph its graph-theoretical type will be estab-
lished, and for the characterization of its technological complexity the num -
ber of elements constituting the graph will be given.

It should be mentioned finally that the graphs constructed were not
developed by direct representation of flowsheets of the most various degrees
of abstraction found in the literature, but these were converted as far as pos-
sible to a similar level of abstraction, because otherwise the degrees of technical
development shown in the figures would not have been comparable. Sometimes,
due to the lack of flowsheets, figures were reconstructed on the basis of de-
scriptions alone.

2. Development of distillation

As is well known, in the history of petroleum distillation two working
principles have been realized:

1. fractional distillation and
2. fractional condensation.

2.1 Equipment in fractional distillation

In fractional distillation, petroleum is heated to increasing temperatures,
and first the light, then the heavier distillates are obtained. For this purpose,
two kinds of technical implementation have been developed:

2.1.1 Simple distillation

Petroleum was distilled already by the Copts in 100 B. C. in stills, the
neck of which was cooled [17, p. 7]. The condensation of vapours in coiled tubes
was already used in the 18th century. An industrial scale distillation plant
was constructed in 1832 in Russia by the Budinin brothers for black oil
production. The plant was closed after a few years [15], but later a series of
similar plants was built in the environment af Baku [25].

In the United States from 1862 on several coal oil plants were converted
after the successful drilling by Drake into petroleum distillation plants, but
new plants were also erected in the vicinity of New York, Boston and Pitts-
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burgh [17, p. 202]. First, these plants used without changes the directly heated,
cast iron stills of coal distillation plants, to the highest point of which a water-
cooled coil was connected. Distillates were collected according to temperature
ranges. Operation was of the batch type find slow, particularly owing to the
long cooling time. The first stills were replaced later by vertical or horizontal
cylindrical types made of wrought iron and later of steel plates, and built

Crude petroleum

s4 _ Distillates
(gasol ine,
petroleum,
gas oil)

Fig. 1. Petroleum refinery distillation. Simple distillation (according to Thorpe’s Diet. Yol.
9, p. 325, Fig. 3). (Vertical still, 1860) Theoretical graph
Allactors: a4= distillation still: a2= condenser. Conduits: s4= crude petroleum; s, = dis-
tillation residue; s3= distillate vapours; s4= distillates (according to increasing boiling point).
Type of graph: uniflow, open. Number of graph elements: 6

Crude petroleum Distillates

(gasoline,
petroleum,

<5 gas oil)

Condensed
water

Fig. 2. Petroleum refinery distillation. Simple distillation (with steam) (1863, according to the
description of Williamson, |. p. 216). Theoretical graph

Allactors: a, = distillation still; a, = condenser; a3 = settler. Conduits: s4= crude petroleum;

s2= steam; s3= distillation residue; s4= distillate + steam; s5= condensate; s6= distil-

lates; s7= condensed water. Type of graph: uniflow, open. Number of graph elements: 10

into masonry furnace chambers. The capacity of the stills was increased with
the increase of product demand to 600—800 barrels and more. Several other
innovations were introduced in the design of stills, distillation being carried
out with steam and under vacuum.

In spite of the innovations this method of distillation did not change
from the viewpoint of the process; it is characterized only by two operations;
evaporation and the condensation of vapours. Distillation is of the batch type,
distillates are collected between increasing boiling point limits. The literature
contains the scheme of several apparatuses of this kind. Starting from any
of these, the graph shown in Fig. 1 is obtained. The graph is uniflow and open.
If distillation is carried out with steam, a separator must be used after the
condenser for the separation of water and oil. The graph of such a plant is
shown in Fig. 2. This graph is also uniflow and open.
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To obtain a sharper separation, European refineries used already in the
1870’s fractionating columns built on top of the still, as has been customary in
distilleries. The plant operates periodically, as a simple distillation apparatus.
The graph of such apparatus is shown in Fig. 3. This graph too is uniflow and
open. The angle point A-, in the graph is an allactor series consisting of two
units (still, column), between which there is a countercurrent process, as can
be seen from subgraph II.

Al Sub-graph

o Vapour of
Distillates distillate
(gasoline, n

Fig. 3. Petroleum refinery distillation. Distillation still with fractionating column (Europe,
in the 1870’s). (According to Thorpe’s Diet. Vol. 9. p. 326, Fig. 5). Theoretical graph
Number of graph elements (I and II): 12
Allactors: Aj= still with column; a2= condenser; a3= separator. Allactors of .1]: aja = heated
still; ajb = column

Conduits: = crude petroleum; s2= steam; s3— vapour of distillate; s4= distillates; s5 =
distillates; s6 = condensed water; s7= still residue. Conduits: sg = ascending steam; s9=
reflux. Type of graph: uniflow, open. Il. Type of graph: uniflow, open (with countercurrent)

2.1.2 Continuous battery distillation

In view of the rapidly growing quantitative demands and qualitative
requirements of the market, the disadvantages of “simple” still distillation
(low performance, poor heat utilization, uncertain separation, high manpower)
were felt increasingly in high capacity plants. The rise in social demand re-
quired a new technology. Recommendations with this goal in view were not
missing in countries with refining industries, thus in the U.S.A., as witnessed
by numerous patent applications in the 1860’s and 1870’s. Some of the recom-
mendations were used transitorily; however, the U.S. monopolies peculiarly
refused to consider the innovations (battery distillation, fractionating column)
during the whole nineteenth century.
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The new distillation of continuous operation was solved in Russia, by
using batteries consisting of a series of stepwise arranged horizontal cylindrical
oil-heated distillation stills. Each had separate heating and was equipped with
a dephlegmator of special design. According to one source, inventors were the
Nobel brothers [17, p. 26], while Turevitch gives the credit to the Russian
engineer A. F. Intchik [25, p. 347]. At the beginning of the 1880’s the process
was already in use in Baku. In his report [21] on a study tour in 1885, Engler
attributes only the transport in pipelines to the Nobel brothers.

Crude

Fuel
petroleum Steam Steam °*]
Steam
Gas oil Residue

Fig. 4. Petroleum refinery distillation. Battery type continuous distillation without recuper-
ation (1880). (Reconstructed according to Thorpe’sDiet. Yol. 9, p. 326, Fig. 6). Theoretical graph.
Allactors: al—a4= distillation stills; a5—a9= coolers. Conduits: s, = crude petroleum;
s2—*4 = steam; s5—s7 = bottom product of still; = distillation residue; s9—s12= vapour
of distillate; s13—«17= products. Type of graph: uniflow, open. Number of graph elements: 26.

As compared to simple distillation, the new process represents a consider-
ably more advanced stage of development, its specific performance is higher,
the thermal energy and labor requirement lower. The desired products are
obtained simultaneously, with a sharper separation, and the repeated distilla-
tion of distillates is avoided.

The process was quickly adopted by the larger European refineries, and
with modifications it was still in use in the first decades of the twentieth
century. A great number of modifying patents were filed, concerning mainly
details of the apparatus. The number of the stills is determined by the quality
of the raw material and by the number of the target products, which often is
4, 5, 6 or more. On his tour mentioned, Engier saw in Baku batteries com-
posed of as many as 17—18 stills [21].

A substantial innovation in the process was also the improvement of
thermal economy: crude petroleum was preheated by the distillates in heat
exchangers. Of the many possible variants, 3 stages of development will be
shown. Fig. 4 represents the graph of a plant built at the early stages (about
1880) of the battery process, with no heat recovery. The graph is open and uni-
flow.
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Fig. 5 shows the graph of a plant similar to that seen by Engler in
1885 in Baku (but with only 4 stills represented), where crude oil is preheated
with hot mazout in heat exchangers. Material moves in uniflow and open also
here, but the cyclic process represented by the circulation of part of the heat
transferred to the oil already appears in it, as can be seen from the figure.
The battery plant shown in Fig. 6, with complete heat recuperation, is similar.

Crude patroleum Mazout

Fig. 5. Petroleum refinery distillation (battery type continuous distillation). System Baku
1885. (On the basis of the report on the study tour of C. Engler in 1885). Theoretical graph
Allactors: 015a2= distillation still; a,,, an_j = distillation still; a5—a8= condenser; a9 = heat
exchanger (mazout — crude petroleum). Conduits: Sj, s2= crude petroleum; s3—s5= bottom

product of still; s6—s, = mazout; s8= light gasoline vapours; s9= light gasoline liquid; s10 =
heavy gasoline vapour; su = heavy gasoline liquid; s> = kerosene | vapour; s13= kerosene |
liquid; s}4 = kerosene |l vapour; s15= kerosene Il liquid; s16—s19= steam. Type of graph:

uniflow, open (material); cyclic (heat); countercurrent dephlegmation. Number
of graph elements: 28

In our graphs, the distillation stills of the battery plants are marked by a
single angle point, but actually these units called stills consist of several allac-
tors (still and dephlegmator), between which there is countercurrent flow,
resulting in a sharper separation. In Fig. 6 this is shown by the sub-graph.

2.2 Apparatus with fractional condensation

The rapid development of distillation in the petroleum refining industry
is due to the use ofpipe stills. The pipe still was employed for the first time at
the beginning of the 20th century by California refineries for the dehydration
of crude oils forming tenacious emulsions [9, p. 136]. The pipe still design was
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Condenser

Deph legmator

Still

Furnace
chamber

Fuel oil

Fig. 6. Petroleum refinery distillation. Battery type continuous distillation with complete
recuperation, Europe (1890). (According to Winnacker—Kiuchler |., Fig. I11-26). Theoretical
graph. Allactors: Ay—A4= distillation still; a5—08 = heat exchanger; a%9—au = condenser.
Conduits: Sj—s5= crude petroleum; s6—s9= bottom product of still; s10—s13= vapour of
distillate; s14—s20= distillate; s21= asphalt.Type of graph: uniflow, open (material) with cyclic
process (heat); countercurrent dephlegmation. Number of graph elements: 33

further developed by the California refineries, and experiments were carried
out on its application in the distillation of crude petroleum. The problem of
industrial realization was solved by J. TrumbIE in 1912, in the Martinez plant
of Shell Co. [18, p. 129].

Trumble’s process changed the working principle of distillation. In
distillation carried out in stills, fractional distillation takes place. In Trumble’s
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process, raw petroleum is heated in the pipe still to the boiling point of the
highest-boiling product, when under the pressure prevailing in the pipe still
the components remain partly liquid, and so called “equilibrium” evaporation
occurs. From the pipe still the liquid-vapour mixture passes into an evapora-
tor, where, as a result of the pressure drop, the components to be obtained are
evaporated. The vapours leaving the evaporator pass through a series of
dephlegmators where they are gradually cooled, and first the heavier then the
lighter hydrocarbons are condensated. Thus, fractional condensation takes
place. The graph of the system is shown in Fig. 7. The temperature of the
dephlegmators is regulated by changing the amount of reflux. The process is
continuous, and here already three material cycles are present.

Fig. 7. Petroleum refinery distillation. System Trumble. Pipe still — dephlegmator distillation

(Shell 1912). (According to Ullmann, 3rd Ed. Vol 6, p. 614, Fig. 30). Theoretical graph.

Allactors: al= pipe still; a2= evaporator; 03—a5= dephlegmators; a6—a, = condensers;

a8—al0 = coolers; an—als = pumps. Conduits: = crude petroleum, s2= crude petroleum

hot; s3—s, = crude vapour passage; s8—su = steam; s12—sI3 = fuel oil; s14—sl6= distillates;

*i7—sis = bottom product; s20 = light gasoline. Type of graph: uniflow, open, with cyclic
processes (material). Number of graph elements: 38

The development of distillation in the petroleum industry during the
1920’s is based on the principle of fractional condensation, and has begun by
coupling the pipe still and the fractionating column for the distillation of crude
petroleum. Modern petroleum distillation, which gradually displaced battery
and Trumble distillation from the industry, has been developed by improving
the design of pipe stills and fractionating columns (bubble-cap tray) and by
distillating the heavy components in vacuum. There are no data either on the
development of the new distillation system, or on the time required for intro-
ducing important innovations. These data can only be estimated, as develop-
ment took place independently in several countries having their own refining
industry. Development occurred in two directions: sharper separation of the
fractions and improvement of the heat economy. One way to attain sharp
separation is multi-column distillation, which was introduced at about 1920.
The system consists of four columns with bubble-cap trays. The columns may
be connected in different ways. Fig. 8 shows the graph of a distillation, in
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which the products are obtained partly as heads, partly as side draws, and
partly as bottoms. Here, two material cycles are involved.

The other mode of sharp separation, most frequently used, is to strip
with steam from the side streams of the principal column the lighter products
in a stripper column. The graph of this type of distillation is shown in Fig. 9,
which comprises two side streams. In this apparatus, crude petroleum passes
through two heat exchangers before it enters the pipe still, utilizing thus the

Crude petroleum Light gasoline

Fig. 8. Petroleum refinery distillation. Multicolumn atmospheric crude distillation (Europe —
USA, about 1920). (According to Winnacker—Kuachleb I, p. 258, Fig. 111-326b). Theoretical
graph.
Allactors: A1—Ai = rectification columns; a4= pipe still; a2—a7= coolers; a8—a9= pumps.
Conduits: §j s2= crude petroleum; s3—s4= atm. residue; s5= Ax head product vapours;
s6 = A 2 head product vapours; s7= A3 head product vapours; s8 s9= A3 bottom product
reflux: s10 sn - A4dbottom product reflux; sl2- s13= light gasoline vapours; s} s15= medium
gasoline vapours; s16- s17= heavy gasoline vapours; slg—s19= gas oil; s20—s24 = petroleum.
Type of graph: uniflow, open, interrupted by material cycles, in Ax—Axby countercurrents.
Number of graph elements: 34

heat content of the head and bottom products. According to data in the litera-
ture, the first distillation plants of this kind were built in the USA starting
from 1924 [18, p. 104]. The graph shows multiple cycles.

The complete fractionation of crude petroleum in a single plant was solved
around 1925 by the combination of atmospheric and vacuum columns. The bottom
product of the atmospheric column is heated in the pipe still and passes on to
the vacuum column, the products of which are: heavy gas oil, lubricating oil
fractions, etc. The graph of such a plant is shown in Fig. 10. The equipment,
comprising a double cycle, contains also a pre-distillation column for the sepa-
ration of gasoline.

3. Conclusions

Graphs representing the principal types of petroleum distillation since
1860 have been shown. The initial period ofthe refining industry was associated
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with simple batch discontinuous distillation. The graphs of distillations are
uniflow, open graphs (Figs 1, 2, 3). This is the first period of development.
In the second period, at about 1880, battery systems of continuous operation
were introduced. These systems were formed by the division and repetition of

Crude petroleum Residue

Fig. 9. Petroleum refinery distillation. Single stage crude petroleum distillation (with two
lateral streams and heat exchanger, from 1924 on). (According to WINNACKER — KUCHLER
I, p. 257, Fig. 111-29). Theoretical graph.

Allactors: - rectification column; A2= petroleum stripper; A3 = gas oil stripper; at =
pump of crude petroleum; a.,- a3= heat exchanger; a, = pipe still; a&—as = coolers. Conduits:
sl—s4 = crude petroleum; s5= hot crude petroleum; se = gasoline vapour; s7—s9 = residue;
slc—s2 = gasoline; su = gasoline reflux; s12= petroleum side draw; s13= petroleum stripping;
sl4= gas oil side draw; si5= gas oil stripping; sle—slI7 = petroleum; s18—s19= gas oil; s20—
s2l = steam. Type of graph: cyclic (heat and material); (columns are countercurrent). Number
of graph elements: 33

simple distillation. The principal material flow is uniflow, open, but due to
heat economy, a specific circulation appeared, which is manifested also in the
graphs.

An essential element of the system is countercurrent dephlegmation
(Figs 4, 5, 6).

The development of continuous operation combined with the economy
of heat and manpower and with safe control was attained by the use of the
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pipe still and of fractionated condensation methods, the forerunner of which
was Trumble distillation. The graph of this system (Fig. 7) is still uniflow, open,
but this too is combined with cyclic processes.

The dominant type of the graphs of the pipe still fractionating column

systems is the cyclic process (Figs 8, 9, 10).

Fig. 10. Petroleum refinery distillation. Atmospheric and vacuum distillation plant (Shell Oil
1925). (According to H. S. Bell: American Petroleum Refining, p. 198, Fig. X11-8).
Theoretical graph.
Allactors: Aj — pre-distillation column; A, = atmospheric distillation column; A3— stripper
column; A4= vacuum column; al—ai = heat exchangers; a5—al4 = coolers; al2 al3= pipe
stills al4—al5= pumps. Conduits: Sj—ss= crude petroleum; s9= side stream; s10—s,2=
heavy gasoline; s13—s15= kerosene; s16—s18= Diesel oil; s19—s20 = gasoline; s21—s2= heavy
gasoil;s23—s2 = light gasoline; s25—s28= asphalt; s20—s3L = steam;s3—s33 = bottom product
of atmospheric column. Type of graph: countercurrent, open cyclic.
Number of graph elements: 48

Thus, in the case of distillations in the petroleum industry the trend of
development is the same as in other technologies of the chemical industry:
technology starts with simple apparatus, the graph is uniflow and open; the
increasing quality demand and the improvement of economy are met by the
introduction of countercurrent and cyclic processes, which is reflected also
in our graphs.

Even on simple inspection, the graphs shown are indicative of the fact
that the distillation equipment becomes increasingly complicated. The growing
complexity is illustrated by the diagram given in Fig. 11. Years are plotted on
the abscissa, while the number of graph elements as shown in the graphs
(group A) and the number of graph elements per product (group B), respective-
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ly, are represented on the ordinate. Both groups show an increasing trend.
This trend which appears simultaneously with the introduction of counter-
current and cyclic methods, results from the law of reducing the cost of pro-
duction [see 1, p. 23]. However, the reduction of cost parameters has also
factors which are not directly reflected by the graphs, as e.g. the increasing
performance of processes within the operational units. The distillation of
petroleum illustrates this well. The largest still used in simple distillation in
USA plants had a capacity of 800 barrel = 128 t/day, whereas atmospheric

crude petroleum columns are built today already often for a yearly capacity of
3 million tons (about 10,000 t/day). This is almost 80 times larger than its
predecessor of the past century. The advantages are evident. Notwithstanding
this fact, in our graphs both units are presented by one angle point. The higher
performance indirectly affects the structure of the graphs to a certain degree,
because larger equipment usually requires more auxiliary equipment, which
is manifested in the number of the graph elements. Other cost factors can be
similarly reduced by additional equipment; thus e.g. the utilization of heat
requires heat exchangers. This trend towards complexity and the periods are
evident in the mentioned diagram plotted from data of the graphs representing
actual distillations (Table I and Fig. 11). A trend of this kind cannot give a
precise curve. However, Fig. 11 seems to have approximately an asymptotic
course in displaying the regularities of the development of chemical technology
(see [29]).
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Table 1

The complexity of distillation

(see Fig. 11)

Graph Number (n) of graph N b f) of .
l\z?)[.) Year elements u;TroZLc(tg ° m = nfi
| 1860 6 4 15

2 1863 10 4 2.5

3 1870 12 4 3

4 1880 26 5 5.2

5 1885 28 5 5.6

6 1890 33 5 6.6

7 1912 38 5 7.6

8 1920 34 6 5.7

9 1924 33 4 8.2
10 1925 48 7 6.8
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G. Hesse: Chromatographisches Praktikum. (Eine Anleitung zur Kkritischen
Durchfihrung chromatographischer Arbeiten)

Band 6 der Reihe »Methoden der Analyse in der Chemie«. Akademische Verlagsgesellschaft,
Frankfurt am Main, 1968

Die &uBerst rasche Entwicklung der chromatographischen Methoden in allen Gebieten
der analytischen Chemie gab den AnlaB zum Schreiben von mehreren umfangreichen, je eine
chromatographische Methode ausfiihrlich behandelnden und die gesamte einschlagige Literatur
bearbeitenden Monographien. Diese sind fir Fachleute, die die Methode kennen und in der
Praxis anwenden, duBRerst wertvoll und nitzlich, jedoch zu mihsam fur Anfanger und fir jene,
die sich Uber verschiedene chromatographische Methoden informieren wollen. Diese Tatsache
veranlafte den Verfasser das vorliegende Buch zu schreiben, das im wesentlichen das Material
des durch den Verfasser friher an der Universitdt von Erlangen geleiteten chromatographi-
schen Praktikums enthélt.

Das Buch ist in vier Abschnitte gegliedert; der erste Abschnitt,der mehr als die Halfte
des Gesamtumfanges ausmacht, behandelt die Methoden der chromatographischen Trennung
aus Losungen. Im sédulenchromatographischen Teil werden — nach den grundlegenden Experi-
menten und theoretischen Fragen der chromatographischen Trennung — spezielle Arbeits-
methoden der Saulenchromatographie, Adsorptions-, lonenaustauscher-, Verteilungs-, Moleku-
larsieb- und Gelfiltrationschromatographie behandelt. AnschlieBend folgt die Darstellung der
Dunnschichtchromatographie und der Papierchromatographie sowie deren spezielle Aus-
fuhrungsart, die Circularchromatographie. Zu jedem Verfahren wird die Durchfithrung mehrerer
einfacher Ubungsaufgaben ausfithrlich beschrieben; durch ihre Ausfithrung kann sich jeder
Anfanger die ndtigen praktischen Kenntnisse leicht aneignen.

Der zweite Abschnitt befalt sich mit der Gaschromatographie. Nach der Einleitung
folgt die Beschreibung der grundlegenden Demonstrationsversuche. Die Begriffe der Elutions-
gaschromatographie, deren Zusammenh&nge und Benitzung bei der Auswertung der Chromato-
gramme werden ausfuhrlich erklart. Es folgt der Aufbau der fir analytische Zwecke verwende-
ten Gaschromatographen, Vorrichtungen zum Messen der Gasgeschwindigkeit und zum Dosie-
ren, das Einfihren des Prifstoffes in das Instrument, die Art der Vorbereitung der Séulen
und schlieBlich die wichtigsten Tragermaterialien und Trennfllissigkeiten. Auch die Fragen
der Thermostatierung der Saulen, die verschiedenartigen Detektoren und Schreibvorrichtungen
werden behandelt.

Nach der Diskussion der wichtigsten Gesichtspunkte der qualitativen und quantitativen
Analyse werden praktische Ratschldge zur Auswahl des fir die gegebene Aufgabe am besten
geeigneten Instruments gegeben. AnschlieBend folgt die Beschreibung einiger sorgféltig aus-
gewihlter Ubungsaufgaben.

Nach einer kurzen Behandlung der Pyrolysechromatographie und der prdparativen
Gaschromatographie macht der Verfasser den Leser auf die reversiblen und irreversiblen
Anderungen aufmerksam, die der zu untersuchende Stoff in der Kolonne gegebenenfalls
erleiden kann.

Im letzten, kurzen Abschnitt werden Anhaltspunkte gegeben, mit deren Hilfe selbst
der in der chromatographischen Praxis wenig bewanderte Chemiker die geeigneteste chromato-
graphische Methode zum Trennen eines Stoffgemisches mit gegebenen Eigenschaften aus-
wéhlen kann.

Das Buch ist eine wertvolle Hilfe fur Chemiker, die die Hochleistungsmethoden der
Chromatographie kennen lernen wollen.

L. Mazor
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D. Jentzsch und E. Otte: Detektoren in der Gaschromatographie

Band 14 der Reihe »Methoden der Analyse in der Chemie«. Akademische Verlagsgesellschaft,
Frankfurt am Main, 1970

Einen &uBerst wichtigen Bestandteil des Gaschromatographen bildet der Detektor;
seine richtige Wahl und einwandfreie Funktion ibt einen entscheidenden EinfluR auf die Emp-
findlichkeit des Nachweises oder der Bestimmung und auf die VerlaBlichkeit der Ergebnisse
aus. Dieser Umstand begrindet die Notwendigkeit der Ausgabe einer Monographie, die sich
ausschlieRlich mit gaschromatographischen Detektoren befaft.

Im Vorwort weisen die Verfasser darauf hin, daB im Laufe der vergangenen 20 Jahre
viele neue Detektorentypen entwickelt und mehrere, auf andersartigen physikalischen Prin-
zipien beruhende Vorrichtungen fiur Detektierungszwecke in der Gaschromatographie ver-
wendet wurden: dennoch werden bei den im Handel vertriebenen Instrumenten fast ausschlief3-
lich Warmeleitfahigkeits- oder Flammenionisationsdetektoren angewendet, obwohl diese weder
hinsichtlich der Spezifitat, noch hinsichtlich der Eichbarkeit den heutigen gesteigerten Anfor-
derungen entsprechen. Mikrocoulometer, Reaktionscoulometer, Massenspektrometer bzw. die
verschiedenen spektrophotometrischen Detektoren werden kaum angewendet, obwohl z.B
die Spezifitdt und Eichbarkeit sowie die einfache Betdtigungsweise der letzteren die entspre-
chenden KenngroBen der Warmeleitfahigkeits- und Flammenionisationsdetektoren tbertrifft.
Ein wichtiges Ziel des Buches ist die Beschreibung dieser Detektorentypen und ihrer Vorteile.

Im ersten Abschnitt des Buches werden — nach der Behandlung der gaschromatographi-
schen MeRtechnik und dem Uberblick der meRtechnischen Definitionen die allgemeinen
Gesichtspunkte behandelt, die zur Charakterisierung der gaschromatographischen Detektoren
dienen. Der zweite Abschnitt — in einem Umfang von fast 400 Seiten behandelt den Aufbau,
die Funktionsweise und die Leistungsfahigkeit der Detektoren. Der erste Teil dieses Abschnitts
befaBt sich mit den theoretischen und praktischen Problemen des am h&ufigsten angewendeten
Detektorentyps, des Wéarmeleitfahigkeitsdetektors. AnschlieBend folgen die mechanischen
und thermischen Detektoren, sowie die auf optische und elektrische Eigenschaften ansprechen-
den Detektorentypen. Jeder Teil beginnt mit einer theoretischen Einleitung, wonach die
Geschichte der Entwicklung des betreffenden Detektorentyps, sein Aufbau und seine MeR-
anordnung, seine Arbeitsweise und Leistungsfahigkeit sowie die gesamte beziigliche Literatur
folgen.

Im né&chsten Abschnitt werden die theoretischen und praktischen Probleme jener
Detektoren behandelt, die auf dem Prinzip des Ladungstransportes im elektrischen Feld
beruhen. Nach den Vorrichtungen mit radioaktiven Quellen folgt die Diskussion der einfachen
Flammenionisationsdetektoren, dann der Thermoionen-Flammendetektoren, der Thermoionen-
Spektrophotometerdetektoren, der Entladungsdetektoren, der Photoionisations-, Feldemis-
sions- und selbstdndigen Entladungsdetektoren. Ein besonderer Teilabschnitt behandelt die
Kontrolle der Radioaktivitdt und des Ledung/maR-Quotienten. Es folgen die Detektierung
auf der Grundlage von physikalisch-chemischen Reaktionen (im wesentlichen Coulometrie-
und sonstige elektrochemische Methoden) und die Verwendung der Dinnschichtchromato-
graphie als Detektiermethode.

Der dritte Abschnitt des Buches befafllt sich mit praktischen Fragen. Hier werden die
Detektoren als Teil der gesamten gaschromatographischen Apparatur vor den Leser hingestellt.
Der Teil »Prufung der Detektoren« befalt sich mit dem Prufen auf Linearitdt mit einem Gas-
verdinner. Der letzte Abschnitt befalt sich schlieRlich mit den Zusammenhéngen zwischen
Detektor und Analyse und gibt praktische Ratschlage zum Abstimmen der Parameter der Saule,
der Fullung und des Detektors.

Die wertvolle, theoretisch auf hohem Niveau geschriebene und zugleich auch die prak-
tischen Fragen nicht vernachldssigende Monographie leistet gute Dienste allen Analytikern
und Physikochemikern, die sich in theoretischer oder praktischer Beziehung mit gaschroma-
tographischen Detektoren befassen.

L. Mazok
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Z. G. Szabos: Anorganische Chemie. Eine grundlegende Betrachtung

Heidelberger Taschenbicher, Springer-Verlag, Berlin—Heidelberg—New York, 1969.
159 Seiten. 16 Abbildungen und 20 Tabellen

Das Kenntnismaterial, das Chemiestudenten im Laufe ihres Studiums zu bewdltigen
haben, wird immer gréBer, weshalb es duBerst wichtig ist, die unbedingt notwendigen Angaben
zweickmaRig auszuwadhlen. Es ist unmdglich, aber auch unnétig, alle physikalischen und chemi-
schen Eigenschaften samtlicher Verbindungen zu beschreiben; es sollen vielmehr jene grund-
legende GesetzmaBigkeiten erldutert werden, aus denen entsprechende SchluBRfolgerungen
gezogen werden kdénnen.

Das Buch von Professor Z. G. Szabs ist in 8 Hauptabschnitte gegliedert. Der Behand-
lung der allgemeinen, teilweise physikalisch-chemischen Grundlagen (1) folgt die Beschreibung
der Eigenschaften der einzelnen Elementgruppen (l1) und Verbindungen (I11). Die weiteren
Abschnitte sind den anorganischen Redoxvorgdngen (IV), der biologischen Bedeutung der
Elemente und deren Verbindungen (V), dem geochemischen Vorkommen der Elemente und
ihrer Haufigkeit (V1), den Darstellungsverfahren der Elemente sowie anorganischen Verbin-
dungen (VI1) und abschlieBend ihrer praktischen Anwendung (VIIl) gewidmet.

Neben dem bindigen aber dennoch klaren und leicht verstandlichen Stil des Buches
ist die Art der Behandlung des Materials ein besonders wertvoller Zug. Es wurde hier die
deskriptive, eine Unzahl von Angaben enthaltende Schreibweise der friheren Lehrbicher der
anorganischen Chemie aufgegeben; an ihre Stelle tritt eine auf moderne Kenntnisse der Atom-
und Molekilstruktur aufgebaute Diskussion der angefiihrten Themenkreise. Das Ziel liegt nicht
darin, massenhaft physikalische und chemische KenngréBen und Zahlenwerte anzufihren,
sondern darin, Zusammenhadnge, Gesetze, periodische Funktionen grindlich darzustellen,
woraus dann hinsichtlich der verschiedenartigen wichtigen Eigenschaften mehr oder minder
sichere Schlisse gezogen werden koénnen. Aus diesem Gesichtspunkt ergibt sich eine ein-
heitliche Behandlung all dessen, was die Grundlagen der modernen anorganischen Chemie
bildet, fundiert auf das Verstandnis der GesetzméaRigkeiten des Elektronenschalenaufbaus,
der im periodischen System zusammengefaRten Anderung der Eigenschaften der Elemente,
der Atom- und lonengroRe, der lonenbildung, der Bindungstypen, dem Ubergang zwischen
den Bindungstypen, der Elektronegativitat, der durch die Bindungstypen bestimmten Eigen-
schaften.

Der Rezensent ist davon iberzeugt, da dieses Buch nicht allein fiir Chemiestudenten
sondern auch fir die in verschiedensten Gebieten arbeitenden Fachleute von hohem Wert
und Nutzen sein wird.

J. Cséaszar

U. Grigulti: Technische Thermodynamik

Zweite erweiterte Auflage, S. 173. Sammlung Go6schen Band 1084/1084a, Walter de Gruyter
und Co. Berlin, 1970

Dieser Band der lber auBerordentlich edle Traditionen verfiigenden Gd&schen Serie
ist wieder ein Beweis dafiir, daB die Mdglichkeit gegeben ist, ein weites Anwendungsgebiet der
Physik, die durch die Technische Thermodynamik représentiert ist, in einem minimalen Umfang
und auf anspruchsvollen theoretischen Grundlagen in Betracht zu ziehen. Im Buchlein kénnen
wir auBer den Grundbegriffen, GroRen, Einheiten und Hauptsdtzen der Thermodynamik
und der logischen didaktischen und exakten Bekanntgabe deren mathematischer Formulierung
auch die physikalische Beschreibung der Arbeitsstoffe von Kraft und Arbeitsmaschinen vor-
finden sowie die Beschreibung von Kreisprozessen charakteristisch fiir die technische Thermo-
dynamik.

Im Werk sind 9 Kapitel enthalten, von welchen das I., Il. und IV. Kapitel den Grund-
begriffen der Thermodynamik bzw. der Bekanntgabe des ersten und zweiten Hauptsatzes
gewidmet ist. In diesen Kapiteln ist die exakte und konzise Entwicklung der Grundlagen der
Theorie vorzufinden, auf welche die weiteren Anwendungen wie auf feste Grundlagen gebaut
sind. Kapitel 111 ist mit Hinsicht auf die Theorie und deren Anwendungen von (bergadnglichem
Charakter. In diesen Abschnitten werden die physikalischen Eigenschaften von idealen Gasen
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und Mehrphasen-Systemen in einer sehr anspruchsvollen Art behandelt. Kapitel VI—IX
befassen sich hauptsachlich mit Anwendungen. In diesem Teil des Werkes sind auller der
Bekanntgabe der Kreislaufprozesse von idealen Gasen und Dadmpfen die Elemente der Gas-
dynamik, die Beschreibung der Zustandsdnderungen und Eigenschaften von Gas—Bbampf-
Gemischen beschrieben.

W ir empfehlen das Werk herzlichst nicht nur den sich fur die technische Thermodynamik
eingehend interessierenden Fachleuten, sondern auch Universitdtshdrern und auch sdémtlichen
Personen, die rasch eingehende Kenntnisse in diesem Gebiet der Ingenieurwissenschaft errin-
gen mdchten. Es scheint, daf8 in der internationalen Literatur im Themenkreis der technischen
Thermodynamik kein anderes Werk existiert, in welchem die Bekanntgabe des Themas in
einem so limitierten Umfang mit &hnlicher Logik und Genauigkeit geboten waére.

I. Gyarmati

D. Kirtshaw: Steroids; Principles and Techniques i

Butterworth, London 1970

This hook, consisting of 64 pages, is divided into 10 chapters and contains 50 references.
As shown by the sub-title (Principles and Techniques) the work is intended primarily for labo-
ratory practice. For this purpose as a concise and clearly written guide, it will apparently find
good use, primarily in clinical practice. The Appendix at the end of the book is very helpful,
as it indicates, in addition to the rational names, the trivial names used in clinical practice.

A special merit of the book is that it comprises steroid determinations which are in the
foreground of research and interest today, such as those used in endocrinological and gyneco-
logical tests.

The part on the structure of steroids in Chapter 1 is insufficient and unsatisfactory.
It does not contain any new information for the expert, and cannot be used by the non-
specialist. The first formula is incorrect, because it gives the pregnane skeleton as a cyclopen-
tenoperhydrophenanthrene ring system. It is not advantageous that the scope of the book is
rather limited (colour reactions, mainly the Zimmermann reaction), and it does not deal with
other methods, e.g. the use of radioisotopes, etc. Some parts of the book are too short, and
are written almost in telegram style. The references are cited in an unusual way. They are not
numbered, but listed in alphabetical order.

The book has been published as a member of the “Laboratory Aids Series”.

Notwithstanding its considerable shortcomings, the book can be recommended for
practical use.

K. Kovacs

E. Jucker, Ed.: Progress in Drug Research

Vol. 14, 586 pp. Birkhduser Verlag, Basel, 1970

In the first chapter (E. J. Arians: Reduction of drug action by drug combination)
of the new, 14th volume of the known series, the author deals very concisely (47 pages), still
with reference to a large number of works, with the reduction of drug action occurring in the
use of drug combinations, and systematizes these cases. In the first part of the survey (Reduc-
tion in the action of a drug due to a decrease in its biological availability) the following possi-
bilities of the reduction of drug action are discussed: a compound may change the gastro-
intestinal function (e.g., MgS04, cholinolyticum), the pH in the body fluids, one compound
may bind the other in the stomach or after absorption, the compounds may influence the trans-
port of another drug, they can enhance its biochemical conversion, its metabolism, or may
reduce its bioactivation. The second part of the work (Reduction of the response to drugs due
to interactions which take place on the pharmacodynamic level) is a concise summary of the
possibilities partly discussed earlier in more detail: competitive, non-competitive, combined,
irreversible, functional antagonism. Several examples are given (combinations of antibiotics
and chemotherapeutic compounds, drugs acting on the central nervous system and hormones,
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which reduce the action of each other), and finally a short survey deals with the problems of
cross resistance, tolerance, and tachyphylaxis. Though concise, the work treats many problems.
Owing to its lucid style, well arranged tables and clear schematic diagrams, this summary is
interesting and easy to understand also for readers less acquainted with the particular field
discussed.

The second chapter (S. Ehrenpreis: Drug-macromolecular interactions: implications
for pharmacological activity) deals with the relationship between the linking to macromolecules
of a drug and its action. The summary gives a clear picture of many new aspects on the problem
of the dependence of drug action on the linkage to receptors or acceptors. This latter binding,
which may be called aspecific, might be the cause of untoward side-effects. In addition to
a theoretical and methodological summary, the author discusses extensively the binding of
anti-inflammatory agents, anticoagulants, chemotherapeutic agents, anesthetics and psycho-
pharmacological agents to macromolecules. Special mention should be made of the part the
compilation of which discusses the binding of monoamines to their antagonists and the result-
ing effect.

The third comprehensive study of the book (0. Linet: Interactions between androgenic
anabolic steroids and glucocorticoids) describes primarily those investigations (observations
in laboratory animals and in clinical tests), which attempt the elimination of the untoward
side-effects of glucocorticosteroids by means of anabolic steroids (according to the nomen-
clature of the author: androgenic-anabolic steroids). In the paper, summarizing an immense
experimental material and literature, the conclusion is reached that the various toxic side-
effects of glucocorticoids can be prevented by the use of anabolic steroids without a decrease
in therapeutic effect. Indeed, the therapeutic effect is even increased in certain cases in com-
bined administration.

In the next chapter, G. B. West and M. S. Star (A new approach to the medical inter-
pretation of shock)elucidate the development of allergic reactions and anaphylactic shock from
a new aspect. They start with the fact that one part of Wistar strain rats is not sensitive
to ovalbumin and dextran, and this property can be inherited. The authors establish that the
amount of bradykinin formation and liberation and the measure of the outflow of catechol-
amine are very important factors in the sensitivity behaviour. The histamine and bradykinin
sensitivity of sensitive and non-sensitive animals is also different. The experiments described
help to solve the problem why some people are sensitive to ovalbumin while others are resistant.

The chapter “Biological activity in the quinazolone series” (A. H. Amin, D. R. Mehta
and S. S. Samarth) true to the traditions of the series demonstrates the structure and biolog-
ical activity relationship for a group of compounds with important biological activity, in the
present case on the example of quinazolone derivatives. Itisremarkable that although several
derivatives of the basic compound, 4(3H)-quinazolone, have been known for almost half a
century, only “the isolation of an antimalarial alkaloid from the Chinese plant Ch’ang Shan
in 1946 and an identical alkaloid from hydrangea in 1952, gave the great impetus to the ...
investigations of biological activity of quinazolone derivatives ...”. Extensive research
being in progress since that time which the authors give arepresentative picture in 43 pages,
has led finally to two derivatives of therapeutic importance: 2-methyl-3-(o-tolyl)-4(3H)-
quinazolone (methaqualone), a hypnotic and anticonvulsant, and 7-chloro-2-ethyl-1,2,3,4-
tetrahydro-4-oxo0-6-quinazoline sulfonamide (quinethazone), a diuretic. The summary discusses
the subject in the following grouping: quinazolones as antimalarials; quinazolones acting on the
central nervous system; methaqualone; quinazolones as diuretics; quinethazone; quinazolones
as antihypertensives, as antituberculotic agents, as bronchodilators, as anti-inflammatory
agents; antiamoebic action of quinazolones, and finally, miscellaneous biological activities.

The sixth chapter of the volume is the work of K. Munzel: Galenische Formgebung und
Arzneimittelwirkung — Neue Erkenntnisse und Feststellungen, Teil 1 (Galenic formulation
and drug action — New knowledge and findings). It is a long-needed summary on a very
important problem. Its importance lies in the fact well-known to every medicinal chemist and
pharmacologist that it is not sufficient to prepare compounds with favourable activity, but
they must be introduced into the organism in a form which ensures optimum action. In this
first part of the work, the “drug forms” of pesticides, official problems (“Biopharmazie als Poli-
tikum™ [Policy in Biopharmacy]), the possible reasons of unsatisfactory drug action and the
possibilities of the reduction of the side-effects of drugs are briefly dealt with.

The mode in which the chemical, physico-chemical and physical properties (salt and
ester form, crystal form, solubility, particle size, etc.) affect the absorption of drugs is dis-
cussed in detail. The last chapter of the first part deals with the role played by auxiliary (car-
rier) substances in the absorption of drugs: stabilizers, various complexing agents, tensides
(surface-active substances, detergents), etc. The important work of 117 pages gains further
value by the more than 300 references, given with full title.
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In the last review of the volume (K. E. Schulte und G. Rucker: Synthetische und
natirliche Acetylen-Verbindungen als Arzneistoffe [Synthetic and natural acetylene compounds
as drugs]) the authors clearly systematize about 1500 compounds containing acetylene groups,
both from the point of view of chemical structure and biological activity. Considering the
material treated, the extent of the work is not large: 176 pages, out of which the text is about
55 pages, tables occupy 88 pages, while 1092 references are listed on 33 pages.

The grouping of the compounds is twofold, being based on the pharmacological action
and on the chemical structure. The seven groups of pharmacological action are: (1) narcotics,
hypnotics, sedatives and anticonvulsants; (2) compounds acting on the sympathetic nervous
system; (3) amine oxidase inhibitors; (4) analgesics, antitussives, local anesthetics and smooth
muscle spasmolytics; (5) hypotensive agents; (6) cytostatics; (7) bactericides and fungicides.
An interesting feature of the work is that the about 80 natural acetylene derivatives occurring
in plants of higher and lower order are discussed in separate chapters.

W ithin the groups of pharmacological action, the compounds are grouped in 56 tables
according to their chemical structures. These tables are well arranged, easy to survey, and
contain, wherever possible, in addition to the chemical structure also the pharmacological
data.This allows in several cases a quick and good orientation on the relationship between chem-
ical structure and biological activity.

The work describes the preparation of the most important compounds, gives references
to the chemical literature and the pertinent patents. It gives a detailed description of the
biological, pharmacological, toxicological, biochemical effects and side-effects of the most
important and characteristic compounds, discusses their metabolic fate and transformation
within the organism, and indicates their possible uses in clinical practice. The structure of the
work permits a quick orientation in the immense subject both for the pharmacologist and
the chemist.

Gy. Deak, L. Gyorgy, K. Pfeifer

N MR Basic Principles and Progress. \ol. 4. Natural and Synthetic High Polymers

Editors: P. Diehl, E. Fluck, R. Kosfeld
Springer Verlag, Berlin—Heidelberg—New York, 1971

This volume contains the main lectures presented at the Seventh Colloquium on NMR
Spectroscopy held in Aachen, Germany, April 13—17, 1970; of 17 lectures presented, 12 dealing
with NMR spectroscopy, the remaining 5 are devoted to such related topics as copolymerization
theory, electron spin resonance, dielectric relaxation and infrared spectroscopy. The volume
(309 pp.) contains 202 figures; 13 papers are written in English, 4 in German.

In the field of high resolution NMR, F. A. Bovey (New Jersey) reviews recent results
obtained in his laboratory, using a 220 MHz superconducting spectrometer.

Analysis of the spectra of polypropylene, polyvinylchloride are discussed in detail with
special reference to stereochemical analysis. The 13 C method is also reviewed briefly. The
paper is not introductory and does not intend to cover the whole field. The examples chosen
are very important and the results are illustrative.

The second main field dealt with is the analysis of copolymers by high resolution NMR
(4 papers), a-methylstyrene-butadiene copolymers are treated by H. J. Cantow, K. F. Elgert,
E. Seiler and Il. Friebolin (Freiburg, Germany). In this paper the stereochemical analysis
of pure poly-a-methylstyrene is discussed on the basis of 220 MHz NMR spectra, and the
sequence lengths of its copolymers with butadiene are determined. Methyl methacrylate-
methacrylic acid copolymers are discussed in the paper of E. Klesper, W. Gronslei and
A. Johnsen (Freiburg).

Copolymers containing aromatic rings such as styrene-methyl methacrylate, styrene-
butadiene, styrene-methacrylonitrile are discussed in detail by H. J. Harwood (Akron, Ohio).
The problem of cotacticity in acrylonitrile-methyl methacrylate copolymers is studied by
Q. T. Pham (France), using the 60 MHz technique.

In 2 papers theoretical problems of copolymerization are dealt with: the kinetic study
of the penultimate effects inradical copolymerization by J. Guillot (France) and new concepts
in copolymer statistics by C. Tosi (Italy). In these papers the NMR method is not used.

The third main field discussed in the book is the application of the NMR method for
studying polymeric solids. This field is excellently reviewed by E. P. Stichter (New Jersey).
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In his paper the physical basis of the method is described very briefly and the possible appli-
cations to various polymeric systems are illustrated by well chosen examples. In this volume
Stichter’spaper is the only one which fulfills the aim expressed in the editorial preface, namely
that the papers should “take the reader from the introductory stage to the latest development
of the field”.

From this review it appears clearly how7the problem of multiple relaxation phenomena
and molecular motion in polymers can he studied by measuring nuclear magnetic relaxation
times. The results of NMR experiments are compared with those obtained by dielectric and
mechanical relaxation methods. The problem of molecular mobilities in polymeric solids is
also discussed in K. Bergmann’s (Ludwigshafen) paper. This paper is centered on a pheno-
menological analysis of the wide-line NMR line shapes in amorphous and crystalline systems.

A special paper of T. M. Connor is devoted to the rotating frame spin-echo method for
measuring magnetic relaxation in polymers. This powerful new method for studying molecular
mobilities in polymers is extensively reviewed in the paper.

Three fields related to the NMR technique are discussed in the last three papers of the
book: dielectric relaxation of amorphous polymers by G. Williams and D. C. Watts (Wales),
conformation of chains as revealed by infrared spectroscopy by Shimanouciii (Tokyo) and
ESR by Fischer (Zirich). In these papers special problems of the corresponding fields are
discussed with no intention to review the recent results. In a book dealing with NMR spectro-
scopy it would have been more useful to include such review articles which would inform the
reader about the possible connections between NMR and the related fields. The papers presented
in this book certainly do not fulfill this requirement, they are written for specialists of the
particular field rather than for those of NMR.

P. Hedvig

Fortschritte der chemischen Forschung

New7 Results in Boron Chemistry
Volume 15, Number 2, July 1970. Springer Verlag, Berlin. 280 pp., illustrations and tables.

This part of the excellent series provides information on the following topics: the new
chemistry of smaller boron hydrides (H. D. Johnson and S. G. Shore), the preparative aspects
of cyclic boron nitrogen compounds (A. Meller), the 1,3,2-diazoboracycloalkanes (K. Nie-
denzu and C D. Miller) and finally, the representation and systematization of borates and
polyborates (G. Heller). It does not seem likely that, according to the editors, the topics
listed have special significance in today’s boron chemistry; on the contrary, some papers deal
with not quite “fashionable” subjects. Thus, for example the hydride chemistry of boron
seems lately to predominate over the chemistry of borates in our opinion, without convincing
reasons. The intention of the editors to draw attention to such topics is, therefore, to be
appreciated. Of course, there are also “top-hits” in the book, such as the B—N ring and the
similarly exciting cyclic diazo-boron-alkanes.

The first paper deals with “conventional” boron hydrides containing a maximum of
eight boron atoms. The author reviews and systematizes the papers published since 1964. The
main virtue of the paper isits uniform aspect, based on molecular structure and reactivity. From
this point of view a very interesting classification principle has been applied: the boranes can
be divided into two large groups depending on whether or not they contain aB H 2group. The
paper discusses recent structural and energy data regarding the B H—B bridge and the
3-center bond. The summary given in tabulated form is of great value; it represents the first
detailed review on the adducts of borane, describing 61 compounds. It gives their structures,
the physicochemical information reported up to now, as well as their source. After the tabulated
summary, preparative details are also reported for selected groups of compounds, and the
reactions and properties interesting from the viewpoint of general inorganic chemistry are
emphasized. The presentation of the experiments and results based on the analogy of BH3
and oxygen suggested by Mulliken is very interesting. The adducts of BH3and phosphine
provide a picture about the electronic structure of the latter compounds. Also the relative
basicities of transition metal carbonylates could be evaluated on the basis of the stabilities of
the BH3 adducts. The paper gives an excellent summary of the chemistry of the different
boronium ions formed from B2H (. Here, as in other parts, the author shows a preference for
collecting analogies and, indisputably, this is of the greatest value for the reader.
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In accordance with their nature, the higher boranes provide a more limited subject. The
following topics should be mentioned from this field. In complexes of the octahydrotriborate(l-)
ion, a double hydrogen bridge is formed, the third kind of the B—H bond known up to now.
The tautomerism of the B5H” ion draws attention to the fact that the field most closely related
to organic chemistry is the boron-hydrogen chemistry (and not silicon chemistry!). In the
discussion of the chemistry of higher boranes one has to realize the great contribution of the
NMR method and radiochemistry to the investigation of the structure of the often very
complicated cage-molecules and isomers.

The survey by A. Meller, the second in the book, discusses the subject in three parts:
symmetric borazines which are essentially rings consisting of B—N units; boron nitrogen
rings containing also B —B bonds and, finally, those involving N—N bonds. The two latter
chapters are short, but the first gives a complete survey. We have to point out the value of
reviews oir the derivatives, e.g., of the first tabulated summary of organofluor borazines. The
preparative methods are critically evaluated in each case and, whenever possible, the relative
reactivities and stabilities of the products are also given. In the B —N chemistry the hydrolytic
stability and polymerizability are particular topics. These aspects are continuously present in
the paper. The author emphasizes the new,advancing and most exciting trends, such as the sub-
stitution reactions (at both the boron and nitrogen atoms) and their products, the a-complexes
formed of chromium and molybdenum with borazines and CO, as well as the group of s-diazo-
borines which seems to be very attractive from several points of view, though no satisfactory
preparative path has been developed for them.

K. Niedenzu and C. D. Miller review an interesting group of (7-bonded heterocyclo-
alkanes, 1,3,2-diazoboracycloalkanes. Practical expectations and bond-theoretical interests
are attached to these compounds, since some of them and their derivatives may act as carcino-
static and sedative drugs, insecticides, and fungicides. With suitable substituents at the boron
atom they can perhaps be condensed, to larger molecules, possibly polymers of considerable
thermal stability. The authors make no attempt to predict whether or not these expectations
will come true, but they give an excellent summary of the development of preparative methods
applied for these compounds, their characteristic reactions and of the results dealing with
their molecular structure. We have to emphasize the fact,for which there is now ample evidence
that the rings, in spite of their apparent a-character, involve a-type bonding and their co-
planarity extends even to the alkane component.

The data regarding these compounds are summarized in three tables: the physico-
chemical aspects are based on molecular spectroscopic and mass-spectrometric investigations.

The last, very detailed paper of the book written by G. Heller, can be regarded as an
original work, rather than just a review of the literature. The author sets out from the correct
inorganic chemical idea that the chemistry of borates has undergone too much distortion
because of an attitude overemphasizing the similarity between borates and other polyacid
derivatives, such as silicates and phosphates. The author is right in speaking against this and
suggesting original approach and systematization in borate chemistry. For this purpose, he
goes back to the fundamentals, presenting the subject as a whole, in addition to reviewing the
most recent results in this field. His bond-theoretical systematization is based on the three
rules of Edwards and Ross to which he attaches his own, very detailed investigations. These
involve a very ingenious preparative technique, viz., the hydrolysis of boric esters with a
stoichiometric amount of water in an organic solvent, followed by the nB—NMR and *H—PMR
determination of the borate insoluble in the organic solvent, thus forming a precipitate. The
method suggested by the author provides information on several new structures, since this
procedure gives substances free of hydrate-water, thus eliminating thej interference from
water: species sensitive to hydrolysis can also be detected. The paper provides detailed infor-
mation on the data with respect to the cations and suggests a systematization principle for
borates and polyborates. Its essence is very simple: the classification should be based on the
isolated or polymeric character of the complex and on the number of boron atoms in the
structural unit. Doubtless, a simple nomenclature can be constructed in accordance with this
system, the only question being whether or not the compounds included in the individual
classes are really related to each other. The main virtue of the paper seems to be not the pre-
sentation of this system but the excellent review of the new result and the literature.

T. Székely
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B. Lé&csei: Molten Silicates and their Properties

Akadémiai Kiad6, Budapest, and Chemical Publishing Co. Inc., New York, co-publishers, 1970.
135 pp., 13 tables, 129 figures, 199 references. English translation by F. Sés

The book is the extended English translation of the work of B. L&csei: “Molten sili-
cates and their properties”, published as the 8th volume of the series “Monographs on Silicate
Chemistry (Akadémiai Kiad6, Budapest 1967).

Today molten silicates form one of the targets of scientific research and practical in-
terest. In Hungary, Béla Lé&csei is one of the pioneers of this research work. His book sum-
marizes scientific results, obtained in Hungary and abroad, relevant to molten silicates.
A considerable part of the former constitutes his own research work.

Petrurgical (molten rock) and vitroceramic products can be prepared by crystallization
from melts. Characteristic of the products of both groups is the fact that they can be prepared
from the melts by casting, cooling and heat treatment according to exact prescriptions.

After a short introduction and historical survey, the author discusses the basic prin-
ciples of the preparation of molten silicates. The conditions of primary nucleation of molten
rocks and of secondary nucleation of vitroceramic products (produced by mineralizers) are
given.

The next chapter on the oriented crystallization of glasses is a high-level scientific
description of the nucleation process. The influence of the activation energy on the nucleation
rate is discussed. In connection with this, the author discusses his own theoretical considerations
under the name “microeutectic principle”, and compares his own results with those reported
in the literature. He elucidates the effect of nucleators, the effect of cooling rate, liquidus
temperature, and viscous energy on nucleation. Unfortunately, this chapter is not sufficiently
long and detailed.

The definition of “mineralizer” and “nucleator” used in this chapter (IY/B) may be
disputed. In the English literature these two concepts are clearly distinguished, whereas the
author uses them alternatively at the expense of clarity.

Chapter Y discusses in general the operations of the preparation of molten silicates
such as preparation cf the raw material, melting, processing of the melt, casting and crystal-
lization. This short chapter, giving a good summary of the technology, does not call for the
amplification on crystallization, added in the American edition. This very valuable material
could have been arranged more suitably as part C in Chapter IV.

The chapter discussing vitroceramics on feldspar —diopside basis contains the results
of the author, according to which the vitroceramic products can be prepared on blast furnace
slag basis by some corrections in the chemical composition and by the use of mineralizators.
Thereby, the principle of the preparation of vitroceramics is actually extended to “molten
artificial stones”. The properties and the texture of the product obtained are described in detail.

The last chapter of the book deals in general with the properties and possible applications
of vitroceramics.

A bibliography of 199 references completes the monograph.

In the Hungarian literature, the book is a pioneering work. The research work under-
taken by Béla Lécsei in the field of molten silicates has brought recognition from various
parts of the world. Unfortunately, he has not used the American edition for a more extensive
discussion of his own results and hypotheses made in this field. It isregrettable that sometimes
the borderline between the individual findings of the author and the review of the pertinent
literature becomes indistinct. The book has no author or subject indexes, which substantially
hinders its easy handling.

The figures and microscopic photos are much better in the American than in the Hunga-
rian edition.

This book will be of great interest also in other countries for theoretical and practical
experts in silicate chemistry.

It can be recommended also as a university textbook.

M. Déry

W. Demtréder: Laser Spectroscopy
Springer Verlag, Berlin, 1971. IIl + 95 pp., 16 figures

The rapid development of laser techniques in recent years widened substantially the
possible applications of lasers in the most various fields of physics and chemistry. Several
thousand kinds of laser beams, with wavelengths from the microwave to the ultraviolet region,
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Can be produced today, which permit the spectroscopic utilization of lasers. Lasers enable
the solution of problems which are unsolvable with conventional light sources, and experiments
unfeasible with other light sources can be easily carried out. The advantages of lasers can be
summarized as follows:

1. A single spectroscopic transition produces radiation of very high energy.

2. The coherence of the induced emission permits almost perfect focussing.

3. The natural spectral line-width is by several orders of magnitude smaller than in
the case of common monochromatic light sources.

4. Within a narrow frequency range, the frequency of laser beams can be tuned, which
makes lasers particularly suitable for special investigations.

5. The peak power of pulsating lasers may attain 10 GW, and at the same time the
pulse-width may be reduced to 0.1 s, which permits the study of very rapid processes (decay
of excited states, lifetime measurements, flash-photolysis, etc.).

The text of about 80 pages is divided into four parts. In the first part the characteristic
properties of lasers are discussed and compared with those of other light sources from the
viewpoint of spectroscopical application.

The second, and longest, part deals with spectroscopic experiments which use “ex-
ternal” light sources, i.e. the system studied is outside the laser resonator. The examples given
concern the following spectroscopic fields: absorption, fluorescence, lifetime measurements of
excited states, investigation of collision processes, photochemical processes, Raman spectro-
scopy, measurement of light scattering, plasma spectroscopy, microanalysis and spectro-
photometry, spectroscopy of solids.

In the third part the author discusses those new methods of high-resolution spectro-
scopy which are based on various saturation phenomena. Some of the experiments are carried
out within the laser resonator; this results in the coupling between the absorption of radiation
and the mechanism by which radiation is produced. The feed-back effects arising from this
permit high precision frequency stabilization and the measurement of frequency shifts and
line shapes, with an accuracy far beyond the reach of earlier methods. By studying the inter-
action of light radiation and matter, the results of theoretical calculations can be checked.

The fourth part is concerned with the spectroscopic study of various laser processes.
These investigations are aimed at clarifying the nature of excitation, the precise assignment
of transitions and the fundamental collision processes. For chemists, the study of chemical
lasers (quantum generators) is of particular interest. In these, the heat of reaction is directly
converted into light energy.

W. Demtroder, Head of the Physics Department of the University of Trier —Kaisers-
lautern, treats a very wide field, but in view of the restricted extent of the book, obviously,
the discussion can be neither complete nor detailed. From objectivity towards the topics
discussed, the author did not even unify the units used by the different authors. The aim of
the author was to give a survey on those methods of modern spectroscopy, the introduction of
which was made possible Ly the discovery of the laser. Reviews of this kind do excellent service
to those researchers who work in related fields, and wish to keep abreast of the rapid technical
development.

Gy Varsanyi

Reactive Intermediates. Topics in Current Chemistry

R. A. Abramovitch, R. G. Sutherland: Chemistry of Sulphonyl Nitrenes,— H. Heaney:
Chemistry of Highly Halogenated Arynes, — E. Winterfeldt: Hetero-Cope-Reaktionen.
Fortschritte der Chemischen Forschung, Band 16, Heft 1, Nov. 1970.
Springer-Verlag, Berlin, Heidelberg, New York, pp. 102

As indicated by the title page of the book, “Reactive Intermediates” contains 3 re’
views. Chemistry of Sulphonyl Nitrenes. Sulphonyl nitrenes, like other nitrenes and the iso-
electronic carbenes can exist in either the singlet (RS02N) or triplet state (RS02N*)and their
chemical and physical properties will vary accordingly. Though the intermediate is usually
generated as the singlet, since the ground state is the triplet, inter-system crossing can occur if
the intermediate survives several collisions or if the substrate is relatively inert. It isimportant
to bear in mind that the reaction observed may not be due only to a nitrene intermediate but
to a precursor such as the sulphonyl azide, e.g. triazoline formation followed by loss of nitrogen
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to give the same product as would be derived from the free nitrene. The chemical reactions
through the sulphonyl nitrenes are sometimes complicated and diversified.

The review gives a survey on the formation of sulphonyl nitrenes and on their various
reactions. The following titles of chapters illustrate the scope of the material which is completed
by a list of nearly 80 up-to-date references: Generation of sulphonyl nitrenes from sulphonyl
azides (by thermolysis, photolysis and metal catalysis) and other compounds. Reactions
occurring through nitrenes: 1. Hydrogen abstraction, 2. Insertion into aliphatic C—H bonds,
3. Aromatic substitution, 4. Addition to olefines, 5. Trapping by nucleophiles, 6. Molecular
rearrangement, 7. Applications (including the synthesis of cyclic sulphonamides).

Chemistry of Highly Halogenated Arynes. Recently, attention was directed towards
arynes (dehydrobenzenes), regarded as strongly electrophilic intermediates reacting with
nucleophiles and entering into cycloadditions with various compounds. The author gives a
survey on studies which are concerned with the preparation and reactions of arynes of en-
hanced electrophilic character due to the presence of 4 electron-withdrawing substituents. Of
special interests are the studies aimed at the preparation and reactions of tetrafluorobenzyne
and other halogenobenzynes. Thus, by reacting e.g. butyl lithium with bromopentafluord-
benzene, products are formed which indicate the presence of a tetrafluorobenzyne inter-
mediate. Benzyne formation was observed in the pyrolytic decomposition of numerous com-
pounds. A convenient synthetic route is aryne formation through diazotization of tetrasub-
stituted anthranilic acids, in which benzyne gives a 1,4-cycloadduct with benzene present as
the solvent. The reactions of benzynes with other aromatic hydrocarbons, styrenes, alkoxy-
aromatic compounds, thioethers, dimethylaniline, steroid dienes and carbonyl compounds are
also treated in the review.

Together with the author’s own publications, the review is completed with a list of 172
references.

Hetero Cope Reactions. The term Hetero Cope Reaction refers to a special class of sigma-
tropic rearrangements in which two allyl radicals are simultaneously formed and recombined.
According to modern terminology, this may involve only a transition state allowed by the
principle of orbital symmetry conservation. The author’s objective is to give a summary on
the so-called 3,3-sigmatropic rearrangements (Cope reactions) of substrates containing hetero-
atoms. The energy of the transition state is decreased by the presence of the heteroatom, thus
the rearrangement can be carried out even at relatively low temperatures.

The review begins with the description of Claisen-analogous hetero rearrangements,
then new details are given concerning the thio Claisen and aza Claisen reactions. A separate
chapter is devoted to Fischer-analogous hetero Cope reactions, and finally, the reactions in-
volving ionic transition states are discussed. The monograph contains 97 references.

The reviewer wishes to express his greatest appreciation of the high standard of mono-
graphs published in the series “Fortschritte der Chemischen Forschung”, but considers it
necessary to call attention to an ambiguity in the title of this volume. Of the three reviews in
the present volume, the first is concerned with nitrenes, and the second with arynes, which are
indeed reactive intermediates. The subject of the third review (Hetero Cope Reactions),
however, is a reaction occurring in a single step, apparently without any intermediate. In the
reviewer’s opinion, this excellent monograph either should have been published in another
volume or, if included in the present one, its title should have been modified. An introductory
note calling the reader’s attention to these essential differences in the mechanism would have
served the same purpose.

A. Messmer

E. Parham: Syntheses and Reactions in Organic Chemistry

John Wiley and Sons, Inc., New York, 1970. 553 pp.

This bock provides a program for some studies by undergraduates and young graduates
on organic chemical reactions. In the reviewer’s opinion, the author has reached his aim.

The book consists of ten main chapters: aromatic substitutions, electrophilic reactions
in aliphatic systems, molecular rearrangements, nucleophilic reactions in aliphatic systems,
elimination reactions, nucleophilic substitutions, nucleophilic additions (including organo-
inetallic compounds), condensation reactions of carbonyl compounds, reduction processes, prep-
aration and reactions of free radicals, molecular reactions, photochemistry. The sequence of
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the chapters corresponds to that applied in the textbook written by R. C. Fuson (“Reactions
of organic compounds”, Wiley, New York, 1962), so the latter is recommended by the author
as a supplementary text.

The purpose of the book is not to present a great number of reactions, processes and
encyclopedic information in the field of organic chemistry, but to group various organic proc-
esses which may seem very different at first sight, and to analyze them in such detail as to
obtain a reasonable formulation of the mechanisms involved. This aspect must be given strong
emphasis from the viewpoint of up-to-date teaching since in this way the treatment of the
subject, by focusing attention on the reaction mechanism, reveals the essential features,
applying a dialectic method and stimulating the students to concentrate on the mostimportant
parts of the great amount of organic chemical information. This approach based on the mechan-
isms of the different processes permits to show the interrelation of several apparently inde-
pendent reactions, thus they can be remembered more easily. In fact, some of the reaction
mechanisms are oversimplified, thus not perfectly accurate, but this does not reduce the
value of the book. The simplifications serve to reach the purpose of the book more easily and
the omission of complications hindering the understanding promotes learning the subject.

It can be considered very useful that the author, being a university professor, utilized
in the book the results of his own research and his educational experience. The definitions
regarding the reactions are concise, accurate and clear. The use of advanced, easily available
monographs and well-known journals in collecting the subject material greatly assists the
reader who wishes to find an auxiliary textbook or searches for additional information. The
list of references also increase the usefulness of the book. Its special virtue is its shortness.
Instead of lengthy and verbose explanatory texts, an exact, easily understandable discussion
method offered by organic chemical formulas is applied, which is to be greatly appreciated.
W ith respect to its textbook character, however, certain formal additions would have made
the handling of the book easier. The omission of titles to the chapters and the absence
of a clear separation of the sub-chapters is a shortcoming. So, at the first sight the struc-
ture of the individual chapters and, in some cases, also the selected material seems to be
questionable, and the logical construction is not always clear.

From the viewpoint of didactics, the following suggestions of the author on the treat-
ment of the subject are approvable; in each exercise period the students should study the text
first, supplement their knowledge from the Fuson book or other sources, and then answer the
questions given at the end of each chapter.

Beside didactic aspects, the author took special care to treatonly those organic proc-
esses having mechanisms properly confirmed on the basis of our present knowledge. The
construction of the book is such that no superfluous encyclopedic information is given and no
descriptive sections are included.

Finally, emphasis must be placed on the merits of the book in pointing out the charac-
teristics of its subject and in stimulating the modern approach to organic chemistry. The entire
structure of the book reflects this purpose of discussing and clearing up the most important
relations by means of selected practical examples and by presenting the mechanism and
the stereochemistry, when necessary — of the reactions. In the process of learning, this aspect
is of great importance.

In accordance with its character discussed above, W. E. Parham’s book is a very useful
source for the modernization of organic chemical teaching of university students and in in-
creasing its level.

M. Bartok

F. W. Eastwood, J. M. Swan, Jean B. Youatt: Organic Chemistry
Cambridge "University Press 1970, 2nd edition, 245 pages -f index

The authors working at the Monash University (Australia) designed this volume as a
handbook for the first university course of the programmed teaching of organic chemistry.
The book is not intended for replacing the conventional organic chemistry textbooks but
only for enabling the students to learn the subject included in the program.

The reader with less experience in programmed education and unfamiliar with the topics
of the subsequent organic chemical courses at this particular university, has a rather difficult
task in forming an objective opinion. One must resist the temptation of detailed criticism,
using the pretext of reviewing the book, therefore, it is more advisable to remain restricted to
a general characterization. The book must be very useful for students attending the actual
course, but a more general result seems to be also achieved by the authors: they arouse interest
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in their method and suggest several very useful ideas to teachers of organic chemistry. Beyond
this, all teachers who have read this book will recommend it to students, even if the topics of
the lectures are different in volume and in details, together with the methods of teaching. The
positive result is unquestionable for the students in spite of these differences: in fact, students
not participating in programmed teaching but having a certain knowledge of the subject will
perhaps be more stimulated to study the book, since it is not obligatory for them and helps
them to check their knowledge by means of a new and interesting method.

The question arises how effective the connection can be between organic chemistry as a
subject and the programmed teaching method. In view of the strongly descriptive character
of the subject, requiring the communication of information in great amounts, the advantages
of programmed teaching cannot always be as definite as in the case of other subjects. This
method seems to be the most successful in those fields of organic chemistry where the primary
aim is to teach the fundamentals effectively and rapidly. With respect to our teaching methods,
this book could be used in training biologists or a certain group of chemical engineers.

The first two programs (“Naming organic compounds” and “Formulae, structures,
equations and reaction mechanisms”) suppose a certain knowledge of chemistry by the
reader and discuss step by step and in a strict logical sequence all the concepts and information
essential for learning the fundamentals of organic chemistry, as well as those facilitating the
use of subsequent programs. The “frame” system used in constructing the programs permits
the use of simple examples (formulated as questions) after a systematic description of defi-
nitions and simple information. These questions are simple, easy to understand, being designed
with the purpose of at least making the reader to study the text thoroughly and re-read it
sometimes. The purpose of the “test frames” is evidently different, they presume the knowl-
edge and understanding of the subject. However, the first two programs cannot be regarded
as “evening studies” for one evening each, as recommended by the authors. On the contrary,
it is advisable to re-read them attentively before starting with the following programs. The
sequence and content of the other programs essentially correspond to the conventional,
generally applied treatment of organic chemistry.

On the basis of our experience with domestic teaching methods and traditions, a few
critical comments may be made. Although the authors allow an optional sequence in the use
of the programs — except for Program 12 (“Synthesis of organic compounds”) — it seems to
be advisable to study Program 11 (“Isomerism™) before Program 6 (“Alcohols”). Here we
may point out an unusual feature of the book, namely that in the sections dealing with dif-
ferent groups of compounds no mention is made of geometrical and optical isomerism, playing
a very important role in organic chemistry; this strongly narrows the horizon of the student.
On the other hand, the relatively low number of examples given in Program 11 does not satis-
factorily promote the understanding of these important concepts. The construction and size
of Program 9 (“Benzene derivatives”) are also unusual. Although isolated and condensed
polycyclic aromatic hydrocarbons are evidently discussed in subsequent organic chemical
courses, the usefulness of the book as a whole would have been enhanced by supplementing
Program 9 with this fundamental information and thus the program could have carried the
title “Aromatic hydrocarbons”. Owing to similar reasons, it is regrettable that no programs
are devoted to the fundamentals of the chemistry of heterocyclic compounds. As compared
with other capters, Program 10 (“Arylamines and diazonium salts”) seems to be somewhat
oversized, although the theoretical and practical importance of this group of compounds is
evident.

The presentation and structure of the book are attractive. The “flip card” system serving
for the repetition and deepening of the material treated in the programs is very useful. The
special arrangement of the Programs 1—6 and 7— 12 is worth of attention.

A. Kucsman

Peptides: Chemistry and Biochemistry
Boris Weinstein and Saul Lande (editors), Marcel Dekker, Inc., New York, 1970. XV -j- 538 pp.

The first symposium of European peptide chemists was held in Prague in 1958. Its
main scope included synthetic methodology and the synthesis of natural peptides. This first
meeting was followed by ten such symposia on extended and varying topics, with the partic-
ipation of peptide chemists from other continents as well. Since the interest in these useful
conferences was increasing rapidly but the number of guests remained limited, independent
meetings were soon organized in Japan and the United States. The complete texts of the? lec-
tures held at the European Peptide Symposia were regularly published. The book reviewed
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here represents such a trend, being the publication of lectures presented at the first American
Peptide Symposium held at Yale University in 1968. Since the book contains only the lec-
tures, this review deals actually with the scientific session itself.

Similarly to the European Peptide Symposia, the first American Symposium was also
concerned with the most urgent and then up-to-date problems of peptide chemistry. Since the
synthetic methodology, the selective application of sensitive protecting groups, the accomplish-
ment of coupling without racemization, as well as the purification of the products are always
returning and actual problems, it is not surprising that 60% of the papers were devoted to
these topics.

The other extensive subject of the symposium was the relationship between the structure
(chemical composition and conformation) and the biological effect of peptides. A few lectures
involved structural studies and some special subjects, but these were of lesser significance.

The only thing the reader feels the absence of is the material of the discussions following
the individual lectures. This is always the most valuable at symposia, since the lecturers rarely
emphasize the difficulties and perhaps never the contradictions; the tables mostly include
favourable data only and certainly everybody reproduces his most beautiful chromatogram
for public demonstration. The curious, sometimes slightly suspicious questions asked in the
discussions provide an opportunity to obtain a more realistic picture of the subject discussed
in the lecture; so this material is strongly lacking. The editors may have been deterred from its
publication by the difficulties of getting the discussions on record.

The first lecture of the symposium — and thus the first paper in the book — is a summary
by Bodanszky on the strategy of peptide synthesis and its perspectives. This lecture repre-
sents a new battle in the seven-year war between the classical synthetic paths (stepwise and
fragment condensation) and the Merrifield solid phase synthesis. After reading this paper one
feels that neither will win: a compromise may be reached, or the two principles will merge
to produce a better approach to the ideal solution. It is noteworthy that in this paper Bo-
danszky has introduced the concept of “efficiency yield” into the calculation of the yields of
individual synthetic steps, taking into account also the large excess of the acylating agent
present during the coupling steps.

Among the topics of the other lectures bom synthetic methods are abundantly represent-
ed. Bayer has studied the performance of solid state synthesis as a function of the molecular
weight of the polypeptide to be prepared. Merrifield illustrates the applicability of his method
also for the preparation of cyclic depsipeptides on the synthesis of valinomycin. Anfinsen
has prepared a fragment, consisting of 43 amino acids, of a nuclease isolated from a culture
of Staphylococcus aureus, on a polymer carrier and points out the inadequacy of the methods
available for determining the identity and homogeneity of the product.

Six papers deal with the phenomenon of racemization which accompanies the formation
of the peptide bond. These cover the detection of racemization, as well as the determination of
its degree (Anderson, lzumiya, Westley, Weinstein) and studies on the mechanism of
racemization (Goodman, Kovacs).

The papers on the relationship between biological activity and structure cover a rather
extended field; the effects of angiotensin, thyrocalcitonin, the polypeptide hormones of the
stomach and intestines, and the fat-mobilizing peptides were discussed in different lectures.
Mazur and coworkers investigated the relationship between the structure and taste of pep-
tides of low molecular weight. Almost all papers clearly indicate that the structural changes
(altered functional groups) affect so many characteristics of the molecule (polarity, dipole
moment, lipid solubility, disappearance or development of essential functions, conformation)
that the change in the effect cannot be attributed to a single factor. Marshall emphasizes
the importance of physico-chemical methods (NMR spectroscopy combined with the compu-
tation of the most stable conformation of the molecule in solution).

Of the special subjects that could not be included in the chapters discussed above, the
structural studies on the antibiotic nisine (Gross), the synthesis of actinomycin-D (Meien-
hofer) and the synthesis of amino acids and peptides containing selenium instead of sulfur
(Waltter) should be noted. The latter compounds can be conveniently used in studying the
biological importance of the sulfur atom and permit radioactive indication, as well as X-ray
crystallographic investigations.

Almost all of the papers in the book are illustrated with drawings, diagrams, photographs
and formula tables. The material, complete with extensive lists of references, is indispensable
for those wishing to keep up with modern peptide chemistry, and is very useful for chemists and
biologists engaged in related fields, as well as for endocrinologists and pharmacologists dealing
with peptide hormones.

K. Medzihradszky
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Organic Peroxides

Vol. 1. Daniel Swern, Ed. Wiley — Interscienee. New York, London, Sidney, Toronto, 1970.

The first organic peroxides were prepared about 100 years ago. However, owing to their
unpleasant properties, they are dealt with extensively only since the beginning of the 1930’s.
The per-compounds were introduced into the industrial practice at the beginning of the 1930’s
in connection with the preparation of various polymers. Though the majority of peroxides is
hazardous, their industrial importance and field of application increased at a high rate in the
last thirty years.

The technical literature dealing with peroxides suffers from the same faults which are
mentioned more and more frequently also in connection with the literature of other fields.
Volumes of comprehensive character summarize either only theoretical problems, or the funda-
mentals of practice. Among the books published so far on peroxides, the better known discuss
either the preparation of peroxides (Mesrobian—Tobolsky: Organic Peroxides) or only theo-
retical problems (Hawkins: Organic Peroxides). Therefore, chemists concerned with both
theoretical and practical problems of peroxides must look forward with high expectations to
the work edited by D. Swern, to be published in three volumes. As mentioned by the Editor
in the introduction to Volume 1, reviewed below, this work attempts to give a comprehensive
picture on the chemistry, properties, reactivity and field of application of organic per-com-
pounds, in such a manner that it could serve as a useful handbook for both theoretical experts
and the users of peroxides.

Volume 1 is divided into 11 chapters. Authors of the single chapters are specialists
well known to those studying the literature, thus e.g. L. A. Singer, the renowned specialist
of peroxy esters, S. W. Benson, the eminent physico-chemist, K. F. O’Discoll, expert on
radical polymerization, to mention only a few of the contributors.

The first chapter gives a survey on the classification of per-compounds and the general
characteristics of their syntheses, summarizes briefly the problems associated with the appli-
cation of peroxides and the most important safety regulations. Chapter 2 discusses practical
problems relevant to the thermochemistry of per-compounds. This chapter, though dealing
with several important practical problems, is nevertheless the weakest part of the book. To
understand this chapter, a knowledge of the subject published in periodicals in connection
with the theme is indispensable. Without this, the methods described cannot be understood.
Chapter 3 describes the most important types and chemical reactions of radicals formed
from organic per-compounds. Chapter 4 summarizes the mechanisms of polar peroxide reac-
tions. The introductory part of the chapter gives useful advice concerning the investigation of
the reactions. Chapters 5, 6 and 7 discuss the preparation of organic peroxy acids and peresters,
to a depth giving concrete prescriptions, their properties and the analytical problems connected
with these compounds. Chapters 8, 9 and 10 give a good summary of the peroxide reactions
catalyzed by bases. Chapter 11 treats the role of organic peroxides in vinyl polymerization.
It isregrettable that this last chapter summarizes practical problems but briefly, while it dis-
cusses the theoretical aspects more extensively.

The literature dealing with the topics of the single clapters is practically complete. The
more important references for the period 1930— 1967 are all listed. The literature on the prep-
aration of peroxides duly emphasizes the possible sources of hazard during the operations,
and gives useful recommendations in connection with the storage and use of per-compounds.
The same holds true for the summaries in connection with the analytical procedures. Some
problems are treated for the first time in this book in an encyclopedic manner, as e.g. the sum-
mary on the peroxy ester reactions catalyzed by metal ions, used today in an increasingly
wide field for the oxidation of saturated and unsaturated hydrocarbons.

If the two volumes to follow will give a similarly modern treatment of the other problems
concerning per-compounds, then a useful handbook which was lacking very much in the last
ten years has finally been published.

B. Losonczi
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R.F. Heck,F. W. Frey, H. Shapiro, A. Humboldt, H. Weber, A. Bokranz.
H. Prum: Organometallic Compounds io Industry

A new volume in the series “Fortschritte der Chemischen Forschung. Topics in Current Chem-
istry”, Vol. 16, Nos 3/4, February 1971. Springer Verlag, Berlin, Heidelberg, New York.
182 pp., 27 tables, 5 flowsheets and 5 figures

The volume “Organometallic Compounds in Industry” is composed of monographs by
renowned authors in this field. The book deals with several problems, furnishing import-
ant information not only to theoretical specialists but also to engineers and researchers
working in the industry. Particularly in recent years, organometallic chemistry developed very
rapidly. The synthetic organic and plastics industries apply and use organometallic compounds
in increasing amounts.

Therefore, this volume fills a gap by discussing the properties of individual organometal-
lic compounds and their possible application in combination with theoretical problems. Among
others, it describes the mechanism of some chemical processes interesting also from the view-
point of theoretical organic chemistry.

The monograph contains the following chapters:

1. R. H. Heck: The addition—elimination reactions of palladium compounds with olefins

(pp. 221-242)

In this chapter the author gives a general description of the complexes of palladium
with olefins and of their addition-elimination reactions from the viewpoint of organic chemistry.
The addition—elimination reactions of palladium compounds with olefins provided new ways
for the preparation of vinyl and allyl derivatives, even in those cases where other conventional
methods were unsuccessful. A detailed description is given of the addition reaction of palladium
chloride with olefins in aqueous and alcoholic media and of various elimination reactions in
the presence of palladium chloride, palladium acetate and copper(l) chloride. In this way,
several vinyl halide and pseudohalide (cyanide) monomers, as well as vinyl acetate can
be prepared, and by means of carboxylation reactions oxo-olefin derivatives can also be
obtained.

2. F. W. Frey, H. Shapiro: Commercial organolead compounds (pp. 243—298)

After a historical review, the types of organic lead compounds, their bond structures
and methods of preparation are discussed together with their physical and chemical properties.
In this chapter, the mechanism of antiknock action in the internal combustion chamber of
engines and its economic aspects are discussed in detail by the authors.

Other possible applications of organic lead compounds are also given: they may serve
as additive to paints protecting sea-going ships against corrosion, and as additives to lubricants.
The poisoning effect of organic lead compounds and their toxicological mode of action are dis-
cussed.

3. A. Gumboldt: Metallorganische Verbindungen als Katalysatoren der Olefin-Polymerisation

[Organometallic compounds as olefin polymerization catalysts] (pp. 299—328)

After an introduction, the author deals with the catalysis of polyreactions, mainly from
the viewpoint of Ziegler type catalysts. The subjects of discussion are the polymerization mech-
anism of olefins in the presence of Ziegler catalysts, mixed organometallic catalysts, indus-
trial manufacture of the catalysts and the steric conformations and modifications of the poly-
mers formed. The relationship between catalyst structure and catalyst efficiency is also dealt
with. In this part, the author reviews very thoroughly but at the same time with moderation
the industrial catalysts of polyaddition reactions, and their theoretical problems.

4. H. Weber: Metallorganische Verbindungen als Katalysatoren zur Herstellung von Stereo-
kautschuken [Organometallic catalysts used in the preparation of stereo-caoutchouc]

(pp. 329 364)

An introduction is followed by the discussion of the polymerization and co-polymeri-
zation of conjugated diolefins in the presence of organic alkali, alkaline earth and earth metals.
The polymerization of olefins and diolefins in the presence of Ziegler catalysts is described.
Various properties and fields of application of the polymers prepared on butadiene, isoprene
and propylene basis are dealt with in detail.

5. A. Bokranz, H. P1lum: Technische Herstellung und Verwendung von Organozinnverbin-

dungen [Technical preparation and use of organic tin compounds] (pp. 365—400)

The authors discuss extensively the possible industrial preparation of organic tin com-
pounds, technological and economic aspects included. They describe the individual tin com-
pounds according to the number of functional groups and their field of application, as e.g bio-
cides, PVC stabilizers, silicone rubber vulcanizing agents, lubricant additives, etc. The poi-
sonous effects of organic tin compounds are also discussed in detail.
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RECENSIOIVES

The monograph “Organometallic Compounds in Industry” is an excellent technological
and theoretical book comprising well selected topics which will be useful to chemical engineers,
chemists, and particularly to industrial specialists active in the synthetic and plastics indus-
tries. Each chapter is complete with ample bibliography, helping the reader to obtain more

detailed information.

J. Nagy
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ERRATUM

In the issue 71 (1), p. 97.: Direct preparation of phtiocol, the sentence
beginning at the end of the 4th rony had unfortunately been misprinted, its
correct spelling is: The solution is heated on a water-bath at 100 °C for about
15 min, while the solution turns progressively red. After cooling the solu-

tion is acidified with 40 ml of 2 N acetic acid.
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ACTA CHIMICA
TOM 72—BbIm. 1

PE3IOME

MexaHn3m [ecopounn M aKTUBUPOBAHHOW aAcopOUMM KMCMOPOAa Ha OKUCK
UWHKa, 00/1y4eHHol Y® CBETOM M B OTCYTCTBMWU 006/1y4eHUs
m K. XAYO®E n A . XEFEAOLL

Bbln nccnefoBaHbl fecopbuma n aacopbLumsa Ha OKUCK LIMHKA, Bbl3BaHHbIE 3BaKyMpPOBa-
HUEM W BBeJEHWEM BO34yXa Npu NOCTOSHHONM TemnepaType, a TakXke Obliv U3MepeHbl Bbi3BaH-
Hble M3MEeHeHVeM TeMMepaTypbl fecopbuma n aacopobLns, TEpMON3 U XeMUCOp6OLMA NPK 0CTaToY-
HbIX AaBfeHnsax 1—2 ¢ 10~5topp u 1 atmocepe. MNpwn octaTtouyHom aasneHun 1,2 « 10-5 Topp
6blna nccnegoBaHa Takxke otocopbums 02+ HD, rae 6bin HalifeH TONbKO (oTonms, a ¢oTo-
afcopbumio 06HapyXnTb He yaanocb. Ha ocHOBe pe3y/bTaToB M3MepeHWil MPOBOAATCA NOMbITKA
006CYyXAeHNA OTAe/bHbIX BO3MOXHbIX CTyMeHel peakuuu.

deppoMarHUTHble NMPOAYKTbI peakuuu B3pbiBa Mexgy Co(N032
n (NH44[Fe(CN)6]
B. BONbCKWN n A. BYPEBWUY

HarpeB amMMOHMeBOro ¢eppouuvaHuga ¢ HUTpaToM KobanbTa npu Temnepatype 220°C
NPVBOAMT K B3pbIBOOOPA3HOW peakuun. Peakums HOCWUT Takol xapakTep Npy MOMeKynspHOM
oTHowweHnn Co(NO 32: (NHA4[Fe(CN)6] oT 1:5 go 5:1. CocTaB NpoLyKTOB 3aBUCUT B OCHOBHOM
OT M CXOJHOr0 COCTaBa, a Takxe OT aTMocdepbl, B KOTOPOIA NPOBOAMTCS B3PbIB.

Ha ocHOBe pPeHTreHOBCKMX MCCMefoBaHUN, MarHUTHBIX M3MEPEHNI Y XMMUYECKOro aHa-
Nu3a 6bINo YCTAHOB/EHO, YTO PEPPOMArHUTHbIE CBOMCTBA MPOAYKTOB 06YC/OB/EHbI MPUCYTCTBU-
eM B 0CafKe MeTa/IMYecKnX Xenesa 1 KobanbTa, a TaKxKe MarHeTuTa u, UHorga, eppura Ko-
6anbTa. Ecnu npouecc npoBogMTCA Mpu GOMbLLIOM U36bITKE BO3AyXa, TO 06pasyeTcsa 6osbLuee
KONMYECTBO HeeppoOMarHNTHON a-oOKncK kenesa. Hanbonblune BENMYMHBI MarHUTHOrO Hachl-
LLLeHMSA ObIIN HanfeHbI B cMeck coneld ¢ oTHoleHnem Co(NO3) : (NH4)4[Fe(CN)g =2:1. Ocagku,
Havbonee 6oraTble KpUCTANNNYECKO (ha30i, BblNM MOMyYeHbl NPU COCTaBe UCXOLAHbIX conelt 1:1.

I/I3yquV|e noTeHuunana B COCTOAHUKM NOKOA W MnonAaApnsaLMoOHHOro
noTeHUuMasna Ha MOBEPXHOCTU XMMUYECKU O6pa6OTaHHOFO
MOHOKpUCTasina repmMaHud, |

ddphekT pH ©“ aHUOHHOW apcopbuwum
A. TWBEP n N. BAAWAN—TNEPLEN

Bblin paspaboTaHbl YCOBUA W3MEPEHWS 3/IEKTPOLHOrO MOTEHUMana Ha MoBepXHOCTU
MOHOKpUCTanna repmMmaHua B npegenax BOCNpPOM3BOAMMOCTA +10 mB. Bbinn M3mepeHbl NOTEH-
Uuanbl B cOCToAHUM nokos ans repmanus B 0,1 N pacteopax KZS 04, KCI, KBr n KJ B uHTep-
Bane pH = 2 — 12. C Bo3pacTaHueM pH MoTeHUMan NMHEAHO CABWraeTca B OTpULATE/TbHOM
HanpaB/IeHUW; aHWOHbI BbI3bIBAIOT BO3pACTatoLMiA CABMI NOTEHLMana B 0TpMLaTelbHOM Hanpas-
NEHVN B BbIWEYNOMSAHYTOM psAy. Bbin M3MepeH NONAPU3aLMOHHBIVA NOTEHUWan repmaHus B



pacTBopax 3TWX Corell MpW pasuyHbIX pH B KaToAHOMN, a 3aTeM B aHOA4HON 06/1acTAX B UHTEp-
Basie NAOTHOCTU TokKa 10~7— HW3 A/cm2 AHOAHbIE U KaTOAHbIE MOMSPU3ALMOHHbIE KPUBbIE CO-
CTOAT U3 OfHOrO M ABYX Yy4aCTKOB, OMUCbIBAEMbIX ypaBHeHWeM Tadens, COOTBeTCTBeHHO. O6-
pa3oBaHue MOBEPXHOCTHbIX CNOEB B COCTOAHUM MOKOA W B Mpouecce Nonsapu3aLun Uccnefosa-
NOCb C MOMOLLBIO 3N1IMNCOMETpA.

Ha ocHoBe pesy/nibTaToB M3MEPEHU KaXEeTCs BEPOATHBIM, YTO NOTEHLMAN B COCTOSHUN
MOKOS NpeAcTaBnseT co60i KOPPO3MOHHBIN NOTEHLMa, YTO KaTOAHbIE M aHOAHbIE PeaKLnmn ABNSA-
0TCA WAEHTUYHBIMUA C MONAPU3ALMOHHBIMU PeakLUaMU, MPOTEKAIOLWMMU NPYU HebONbLIKX M/0T-
HOCTAX TOKa; aHOfHas peakuns ABMSETCH OKUC/IEHUEM repMaHus, a KaTOAHAA peakuyus aens-
eTCA BblfeneHneM BOAOPOAa C 06pa3oBaHMEM TMApUAa repMaHus Ha MPOMEXYTOYHOW cTagu.

VMcnonb3oBaHve aMUaoxX/10puA0B B peakumax uukamsauuu. 1V

HoBbIA CMHTE3 MPOM3BOAHBLIX 4-aMWUHOXMHA30MMHA
3. YIOPELW, P. WOOW, N. BUTTEP n N. NTANNHKAL

W3 amnpa aHTPaHWNOBOW KUCMOTbI U XJIOPUCTOrO AuMMeTMAdOpMamMmaa NpuroToBasAncs
rMapoxiopucTbiid - 14,M-guvetun-14-(2-umaHogeHun)-popMamMnanH. - M3 noay4eHHOro  Takum
00pa3oM TPEX3AMELLEHHOMO aMWanHa MOA AEACTBMEM amMMuUaKa, NMepPBUYHBIX annpaTUHecKnx u
apoMaTUYeCKNX aMUHOB, & TAaKXXe TMApa3nHa 3a CHET LMKIU3ALNN C OHOBPEMEHHOMN N30MepU-
auuenn 6binn cuHTe3VpoBaHbl N-3ameLLeHHble NPOM3BOAHbIE 4-aMUHOXMHA30/IMHA.

N3yyeHre (pnaBOHOMAOB M WX MOAENbHbIX COEAVMHEHWI C MOMOLLBHO
MK cnektpockonuu, |

MccnegoBaHme HekoTOopblX 4YacToT MK cnektpa 4-3amel}eHHblX
auetopeHoHOB Cc nNomMowbi MeToga MO XtiwKkens

3. A[bIHS n W. CABO

C nomoLupto ynpouieHHoro metoga MO XioKKens npy noaxofAwym BoIbope napameTpoH
6b1IM paccumnTaHbl N-Xap akTep KapboHWIbHOW rpynnbl B 4-3aMeLLeHHbIX aLeT (heHoHax. PacyeT-
Hble JaHHbIe XOPOLLIO COrIacytoTCs CUTePaTYPHbLIMU JaHHLIMU, NOMYYEHHLIMU APYTUMUN MY TAMU.

B cnyyae nossneHus nonocel « B 0bnactv 1200—1300 cm-1 MK crnekTpa u3yyeHHbIX
COeAVHEHNI, BbliN MOMYYeHbl NMHEWHbIE 3aBUCMMOCTY MeXJy BOMHOBbIMM YWCNamu Mo/oc M
3HaveHnsAMM SlammeTTa 415 N-3aMELLEHHbIX, & TaKXKe MeXJy 3r-xapaktepoMm KapboHWbHOM
rpynmnbl 1 3r-xapakTepom CBA3W KapObOHWIbHOMO Yrnepofa ¢ apoMaTuyecKuM KonbLom. Habnto-
[laeMble 3aBMCMMOCTM TakKXe MOATBEPXAaloT 00bl4HOEe B NUTepaType 0ObACHEHWEe XapakTepa
MosiocChl «e.

Bblnn nccnegoBaHbl CBOMCTBa NOMOC AeiOPMaLMOHHBIX KonebaHuiA BOLOPOAHbLIX aTOMOB
apoMaTUyecKoro Kosblia 4-3aMelleHHbIX aleTOEHOHOB, MeprneHAVKYNAPHbIX K M10CKOCTK
Konbla. Ha ocHOBe pe3ynbTaTOB M3MEPEHWIA 1 PacyeToB, B COMMacuMM C INTepaTypHbIMK AaH-
HbIMW, 6bIN0 HalAeHo, YTO (PaKTOPOM, ONPeAenstoLLIMM BOSTHOBOE YACO 3TOW MOMOCHI, ABNAETCA
(—)M-athchekT 3amecTUTENS.

MpahTeopeTnyeckoe n306paXkeHMe pPasBUTUSA MNPOMbILLIEHHOM
TexHonorum HegtenepepaboTku, |

OucTunnsauns

M. KOPAX un . XAWIKO

MpumeHeHMe rpathTeOPETUUECKUX M306paKEHUI MO3BONANO KOSIMUYECTBEHHOE M3YUeHUe
X0/ia PasBUTUS MPOMBILLJIEHHbBIX TEXHO/IOTUiA He(hTenepepaboTku. V306paxeHe TUNOB AUCTUNNS-
LMOHHBIX YCTaHOBOK B _3aBMCMMOCTM OT rofa MOSIBMIeHNs OT/eNbHbIX TUMOB MPUBOAWT K 3a-
K/OUEHWIO, YTO, C OfHOI CTOPOHbI, COOTBETCTBYHOLLWIA rpad) NPUBOANUT OT OTKPLITOTO NPSIMOTOY-
HOTO TWMa K BCE YCNIOXKHSOLWEMYCsl TUMy rpadoB C HECKOMbKUMU LIMKMYECKMMU NPOLLEccaMut;
CpPYroii CTOPOHBI, YAC/O 3N1EMEHTOB rpadioB OTAE/bHBIX CUCTEM B 3aBUCMMOCTM OT BPEMeHU 06/1a-
[aeT BO3PACTAOLLMM XapakKTepoM U, BEPOSTHO, CTPEMUTCS K MPeAe/lbHOMY 3HaUeHWI0.
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THERMAL DECOMPOSITION OF PYRIDINE-BORANE

E. Bodor, K. Jénas and M. Weither

(Institute of General and Inorganic Chemistry. University of Chemical Industries.
Veszprém, Hungary)

Received September 10, 1970

It was proved by derivatographic, infrared and chemical analysis that pyridine-
borane undergoes rearrangement at about 120'C. In this reaction the hydrogens bonded
to the boron migrate to the pyridine ring and the ring becomes partially saturated.
The product is a chain polymer involving boron-boron bonds. Competitive reactions
are: the thermal dissociation of pyridine-borane and the decomposition of the chain
polymer at higher temperatures. Studies with boranes of similar type (e.g. quinoline-
borane, etc.) indicate that a rearrangement of this kind always occurs to some extent
during the heating of borane adducts in which the nitrogen donor is in an aromatic ring.

The thermal decomposition of organoboron compounds is generally a
complex process. The final products are not pure, well-defined compounds
owing to the many side reactions taking place during heating [1]. The thermal
reactions of the relatively simple RXH3 XN ¢« BH: amine-horanes, however,
are rather well understood. The type of thermal decomposition depends on
the substituents attached to the nitrogen. If there is no hydrogen on the
nitrogen, thermal dissociation takes place, producing the corresponding free
amine and diborane. However, borazene and borazol type compounds are
formed, in combination with hydrogen evolution, in the case of di- and mono-
substituted amine ligands, respectively. Some other reaction types are also
known from the literature. An interesting example is the behaviour of the
adducts of volatile cyanides with diborane (R «CN «BH3; where R: CH3 or
C2H5). These dissociate at room temperature or between —10° C and 0° C,
but at the same time a rearrangement reaction also takes place. In this process
hydrogens bonded to the boron atom migrate to the carbon adjacent to
the nitrogen, and borazene and borazol are produced without hydrogen evolu-
tion [2, 3, 4]:

CH3+CN «BH3— CH3+CH = N = BH, — (CH3+CH,— N = BH)3

Similar hydrogen migration was observed by Mikheeva and Fedneva [5]
in the case of pyridine-borane. These authors supposed, without any experi-
mental proof, that the following rearrangement takes place if pyridine-borane
is heated, or allowed to stay at room temperature:

1 Acta Chim. (Budapest) 72, 1972
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The aim of the present work was to study this reaction and the structure
of its product.

Experimental

Pyridine- and piperidine-borane were prepared by the direct reaction of diborane
with the ice-cold ether solution of the corresponding free amine. Piperidino-borane has been
obtained by the thermal decomposition of piperidine-borane at about 130° C. The progress
of the reaction was followed by measuring the volume of the hydrogen evolved.

A Paulik—Paulik—Erdey type MOM derivatograph (N2 gas atmosphere, heating
rate 6°C/min) was used for the study of the thermal reactions of pyridine-borane. Thermal
decompositions were also carried out with greater sample weights in an oil bath of given
constant temperature. In these experiments the volume of the non-condensable gases evolved
was also measured.

Starting materials and decomposition products were identified by chemical analysis
and infrared spectra. Boron has been titrated in the presence of mannitol after acid hydrolysis
and distillation with methanol; nitrogen was analysed by the Kjeldahl method. The number
of B—H bonds was determined by measuring the amount of hydrogen evolved upon acid
hydrolysis of the products.

Infrared spectra were recorded with a UR-10 (Zeiss) spectrophotometer.

Results and discussion

A very violent exothermic reaction takes place at about 150— 160° C
if pyridine-borane is heated in the derivatograph. In the presence of an inert
material (A1203) the exothermic peak is resolved into several steps (curves
a and b, Fig. 1). An orange-yellow residue was found in the crucible in each
case if the reaction was stopped at 300° C and the mixture cooled. Products
obtained in experiments stopped at higher temperatures were darker, due to
some tarry constituents.

As the reaction is very violent at 150—160°C, a lower temperature was
applied in the decompositions carried out in the oil bath. If pyridine-borane
was kept at 120°C in a thermostat, the viscosity of the originally colourless
liquid increased gradually, its colour changed to yellow, and after about
4—6 hours the same orange-yellow solid was obtained as in the derivatograph.
We recorded the DTA curves of the decomposition products formed at 120° C
after various times of treatment. The exothermic peak at about 150—160°C
was observed to decrease gradually with increasing time of thermal pretreat-
ment. After a sufficiently long treatment at 120° C the transformation is
complete. This is evident also from the DTA curve, which does not show the
exothermic peak any more (curves c and d Fig. 1).

According to the TG curves, the exothermic reactions at about 150—
160° C are accompanied by weight loss. The magnitude of the weight loss is
badly reproducible, amounting to about 20 w.%.
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Fig. 1. DTA curves of pyridine-borane and of its decomposition products, a) Pyridine-borane

(68.0 mg; sensitivity 1/10), inert material: A1,03. b) Pyridine-borane without inert material

(66.2 mg; sensitivity 1/20). c¢) Pyridine-borane treated previously at 120°C for 5 hrs (176.2 mg;

sensitivity 1/10). d) Pyridine-borane treated previously at 120°C for 10 hrs (158.5 mg; sensitivity
1/20)

32 30 28 26 24 22 18 16 14 12 10 8
cm'l 102

Fig. 2. Infrared spectrum of (1) pyridine-borane, (2) piperidine-borane, (3) piperidino-boraner
(4) decomposition product of pyridine-borane. (Spectrum (1) in CHC13, spectra (2)—(4) in KBr)

The decomposition products obtained in the derivatograph or in the-
thermostat were found to have nearly identical physical and chemical proper”
ties. They are insoluble in both polar and non-polar solvents; the mole ratio
of boron and nitrogen is about 1:1; one mole of hydrogen is evolved per boron
atom upon hydrolysis in acid. The results of boron, nitrogen and active hydro-
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gen determinations scatter around the above values, depending on the degree
of unavoidable tarrification taking place during the thermal treatment.

Attempts at purification of the products with selective solvents were
unsuccessful.

The characteristic infrared bands of the pyridine ring do not appear in
the spectrum of the decomposition product, but there are new bands in the
2800 3000 cm-1 range, which correspond to the C—H stretching vibration
of saturated hydrocarbons. At the same time the B—H stretching vibrations
(2300—2500 cm-1) are gradually suppressed; they are absent in the spectra
of products treated for sufficient time at 120°C. In Fig. 2 (curves 1 and 4)
the spectrum of pyridine-borane is compared with that of an incompletely
transformed product; in the latter weak B H bands are still observed. Thus
the partial saturation of the pyridine ring on heating, by the hydrogens
bonded originally to the boron, is proved by the infrared spectra.

The following structures may he supposed for the intermediates and
final products of the rearrangement reaction:

H¢ H

l/a

\ f

These structures seem to be supported hy the presence of B—N double
bonds as shown by the infrared spectra and by the amount of hydrogen evolved
in the hydrolysis of completely transformed samples which do not contain
B —H bonds at all.

The assignment of the B N vibrations is a much disputed problem in
the literature. In the case of boron—itrogen dative bonds (single bond),
spectroscopic studies suggest a value in the range between 980 and 1250 cm -1.
Later it has been concluded on the basis of the spectra of deuterated deriva-
tives that the B —N band appears in the 650—750 cm-1 region [6,7]. In prac-
tice, however, the formation of a dative B—N bond is accompanied always by
the appearance of a strong band near 1100— 1250 cm-1, the exact position
of which can be correlated with the relative donor strength of the ligand.
Thus to the B —N coordinate bond we have assigned the strong band of
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1095 cm “1of pyridine-borane, in accordance with Katritzky’s value [8], and
the 1235 cm-1 medium intensity band of piperidine-borane, corresponding
to the B—N frequency reported in the literature [9] for piperidine-boron tri-
chloride (1245 cm*1).

The B N bands are at 1300— 1550 cm*“1 in the case of borazenes
and borazols, where partial double-bonding may occur as a results of back-
donation by the non-bonding electrons of nitrogen. There are, however, many
assignment problems in the spectra of these compounds too. Niedenzu etal. [10]

/N
have investigated the spectra of compounds containing B — B(® — units

(R: alkyl or aryl). They found notonly one,but generally two,new strong bands
in the 1300— 1600 cm“1 region; one at 1340— 1400 cm*“1, and one around
1500 cm“1. It was concluded that the second band is rather a manifestation
of a B—N vibration than of an aromatic C—H bond. The bands belonging to
the four-membered B—N—B—N rings, composed of B—N single bonds in the
dimeric amino-boranes, are at frequencies higher by about 250—400 cm-1
than that of the coordinate B—Nbond in the corresponding amine-borane [11].
If we also consider that the most significant aliphatic and aromatic C—H vibra-
tions are also in the frequency range discussed above, and that these might
suffer considerable wave-number and intensity changes in the borane ad-
ducts, it is clear that the spectra of the boron-nitrogen compounds must be
analyzed with great precaution.

Due to the difficulties mentioned, we compare the spectrum of the
decomposition product with that of a model compound, the structure of which
is similar to the compounds assumed to be present in the decomposition prod-
uct. For this purpose, piperidino-borane was chosen. It is known that there
is @ monomer-dimer equilibrium in the piperidino-borane [12]:

N=BH,, N N

S---/\RB

H' NH

It can be seen from Fig. 2 that there is a prominent resemblance between
the spectra of piperidino-borane and the orange-yellow decomposition product,
especially in the frequency region characteristic of the B N double bond
(1300— 1500 cm“1). On the basis of the spectra one may assume the presence
of intermediates I/a and I/b in the decomposition product, but it is certain
that the B—N bond order has increased correlative to that in the starting
pyridine-borane.

The presence of B—B bonds in structure Il may be supported by the
hydrolysis data for this compound. As mentioned, about one mole of hydrogen
is evolved per boron atom during the hydrolysis of a completely transformed
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product. Bearing in mind that, according to the spectrum, this material does
not contain B—H bonds any more, we must suppose that the hydrogen origi-
nates from the B B bonds via the following reaction scheme:

B—B - (H—O—H (acid) -+ —B—H+ H—0 — B —
_B—H+H—0—H-"B—0—H + H2

The hydrolysis of one B—B bond gives one mole of hydrogen, that is 0.5 mole
of hydrogen per boron atom. Thus our data correspond to two boron-boron
bonds for one boron atom.

The presence of B4 or Berings is not likely, among others, because the
molecular weight of these rings would still allow dissolution of the product in
some solvents. Owing to the insolubility of the product, we could not deter-
mine the molecular weight. The X-ray spectrum of the decomposition product
also supports the supposition of a chain structure.

We may thus conclude from the results of the infrared studies that the
thermal rearrangement of pyridine-borane, supposed by Mikheeva and
Fedneva, actually takes place. In this reaction a chain polymer is formed.
It is evident from the DTA and TG curves and from the qualitative analysis
of the products released by the system upon heating that competitive reactions
also occur. One of these is the thermal dissociation of the non-reacted pyridine-
borane. The product of rearrangement, the chain polymer, is not thermally
stable: it decomposes slowly between 150 and 450°C with the formation of
tarry products containing mainly aliphatic amines.

Further studies on the thermal behaviour of boranes of similar type
(e.g. quinoline-borane, etc.) indicate that the above rearrangement always
takes place to some extent during the heating of borane adducts in which the
nitrogen donor is in the aromatic ring.
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The thermal cracking of a 50— 50 mole% i-butane-re-butane mixture was studied,
at 1 atm total pressure, in a temperature range of 640—790°C, using a flow reactor.
Kinetic equations, describing the overall decomposition rate in function of the fictive
and actual reaction time, were given. The constants of the equations expressing the
decomposition rate of the components, re-butane and i-butane, were determined.

The degree of decomposition of hydrocarbon mixtures was characterized by the
sum of the conversions of the components, weighted by the mole fractions of the original
components of the mixture. For multicomponent mixtures relative expansion was
defined. In kinetic equations elaborated for flow reactors conversion was replaced by
the degree of decomposition and equations were obtained describing the overall
decomposition rate of hydrocarbon mixtures. The constants of the equations were
determined. By using these equations the degree of decomposition could be evaluated
for given temperature and reaction time.

The preparation of unsaturated C2—C4 hydrocarbons, which are the
starting compounds in a large number of industrial scale chemical syntheses,
is performed either by the thermal cracking (pyrolysis) of individual hydro-
carbons (ethane, propane) or hydrocarbon mixtures (gas mixtures, petrol
distillates). Detailed investigations have been carried out on the thermal
decomposition of several pure hydrocarbons; the pyrolysis of mixtures, how-
ever, has been less extensively studied, and very few reliable data are known.
As far as data on the decomposition rates of hydrocarbon mixtures are con-
cerned the situation is even worse.

In studies on the pyrolysis of petrol distillates the severity function,
introduced by Linden et al. [1, 2], is most widely used for the description
of the cracking process. This function gives the change of the yield of ethylene
product in terms of a variable consisting of the outlet temperature of the
furnace multiplied by the 0.06th power of the average sojourn time. Recently,
Zdonik et al. [3] introduced the so-called Kkinetic severity function, which
characterizes the degree of the cracking of petrol distillates by the decomposi-
tion rate constant calculated from the conversion of re-pentane under the
given conditions, or, more precisely, from the first order kinetic equation based
on the above.

Ada Chim. (Budapest) 72, 1972



118 ILLES: PYROLYSIS OF GASEOUS HYDROCARBONS, V

No method has been found so far for expressing product yields or the
composition of reaction mixture as a function of the conditions of the pyrolysis
of mixtures. Calculations of such type, however, would be of vital importance
in the analysis of up to date pyrolysing tube furnaces and in the setting of
their optimal operating conditions.

For characterizing the degree of decomposition of hydrocarbon mixtures
we have introduced the sum of the conversions of the components of the
feed mixture, weighted by their mole fractions. For multicomponent mixtures
relative expansion has been introduced. By using these terms a method has
been developed for the determination of overall decomposition rate and prod-
uct yield curves. We report the application of this method on the pyrolysis
of a 50—50 mole% i-butane—n-butane mixture.

Experiments were carried out in a flow reactor [4], in a temperature
range of 640—790°C, under isotherm and isobar conditions.

Definition of the decomposition grade in terms of the expansion

In the cracking of multicomponent hydrocarbon mixtures the decom-
position of the components can be described by the following system of
equations:

Ay“myn~i + viir2 + vnRs + .. ¢+ VUR]j f- eee

a2 voin "HUP + L2305 + 0o+ 7Q. [eee (1)

Aj —»Fli-Ki + ViR, - vjR 3+ eem+ vjjRi + oo

where A 1A2...Aj are molar amounts of the components of the feed mixture,
RN, R2meRj are molar amounts of the products,
vxi,v2i...Vjj are the mole numbers of the ith reaction product formed
by the complete decomposition of one mole of AVA2...A
respectively (i.e. overall stoichiometrical coefficients),
1,2 ...k is the number of components in the feed mixture,
i= 12...J/c is the number of components formed in the cracking
reaction.

—
|

In the above reaction scheme it has been assumed that the stoichiometry
of the decomposition of a given component in the mixture is not influenced
by the presence of the other components.

The number of moles fed into the reactor during unit time (not taking
inert diluents into account) can be given by the following expression:

Acta Chim. (Budapest) 72, 1972



ILLES: PYROLYSIS OF GASEOUS HYDROCARBONS, V 119

n°= ~ rfj-= jin° (mole/sec) (2)

where yj is the mole fraction of component j of the feed mixture.
The number of moles leaving the reactor during unit time can be given
by the following expression:

Yn= ¥n, _§m, =n yK ” cL- XD + KIZK yIV“y (mole/sec)
) o ©)

] . . . .
where x. is the conversion of componentj ofthe feed mixture, and

'/ = n° 2~ ysvj‘Xj is the amount of product i formed during unit time.
J
The first term of the right-hand side of Eq. (3) refers to the amount of
the still unchanged feed hydrocarbons, whereas the second term represents
the amount of reaction products.
Expansion is defined by the ratio of the mole numbers of the mixture
leaving and fed into the reactor during unit time [4] and can be expressed
by the following relation:

En K K K K

E=—r = Yyj+2 2 VviY]XJ—2 VYIxi=

k* K'

=i+ 2 ijJZ_ vii- 1:)’1 l+2 VI/I—:I.Xi

yo 1+ lyv2- 1 meetd; 1+ o o1 + mm+ =2y jEJ
(4)
where Ej=1 >'VJH 1 Xj is the expansion due to the decomposition

up to a conversion value of Xj of component j of the feed
mixture.

According to Eq. (4), in the pyrolysis of hydrocarbon mixtures, expan-
sion can be given as the sum of the expansions arising from the decomposition
of the components of the feed mixture. Consequently, if the composition of
the feed mixture and the E(x) function, or the stoichiometrical coefficients of
the reaction products in the decomposition reaction of individual components,
as well as the conversions of components in the mixture are known, the ex-
pansion of the mixture can be evaluated.
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The expansion of the mixture can also be obtained by an other method.
Expansion for the pyrolysis of pure hydrocarbons is defined by the following
expression [4]:

E= 1+ 1x~1+(Ev 1x (5)

By replacing conversion and overall stoichiometric coefficients with the cor-
responding sums of conversions and stoichiometric coefficients, weighted by
the mole fractions of the components, the following equation is obtained:

E=1 22yjw. 12 yxi- 1. X (6)

where
K
x = 2 y]*] is the degree of decomposition and
]

K K
Ev. 2 2yjwf
jooi

The expansion values calculated from Eqs (4) and (6) using pyrolysis
data of pure iso-butane [5] and n-butane [4], as well as the corresponding
values measured by the pyrolysis of the mixture of the above hydrocarbons
are listed in Table I. The data refer to several temperatures and degrees of

Table 1

A comparison of the calculated and experimental expansion values

Conversion Degree Expansion

Tempera- of
ture decomposition Calculated Calculated
°Cc Xxi—B xn—B X from Eq. (4) from Eq. (6) Exp.
644 0.6846 0.8344 0.7557 1.8582 1.8520 1.851
644 0.2866 0.3287 0.3060 1.3317 1.3330 1.328
644 0.1642 0.1971 0.1797 1.1863 1.1880 1.203
675 0.7926 0.8885 0.8539 2.0024 1.9967 2.026
675 0.4750 0.5724 0.5210 1.5755 1.5724 1.593
675 0.3053 0.3677 0.3263 1.3486 1.3492 1.376
712 0.9349 0.9456 0.9346 2.1992 2.1923 2.226
712 0.7737 0.7431 0.7536 1.9072 1.9035 1.881
712 0.4623 0.4408 0.4487 1.4971 1.5206 1.521
752 0.9627 0.9586 0.9548 2.3267 2.3186 2.331
752 0.7565 0.7623 0.7548 1.9179 1.9134 1.900
792 0.9895 0.9942 0.9859 2.4035 2.3948 2.473
792 0.6934 0.6847 0.6848 1.8192 1.8163 1.834
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edecomposition. The good agreement of the calculated and experimental data
proves the validity of the assumption made at the construction of Eq. (1).

The diagram in Fig. 1 shows a plot of the expansion values obtained
at the pyrolysis of the mixture against the degree of decomposition. In this
type of plot expansion can be given by a “single-curve”, independent of
temperature. In the case of decomposition reactions of simple stoichiometry
expansion is a linear function of conversion, or, in the case of mixtures, that
of the degree of decomposition over the whole range [4]. If the degree of
decomposition is higher than 50%, the actual expansion curve deviates gradu-
ally upwards from the tangent drawn to the initial section of the curve. This

X (degree of decomposition)

Fig. 1. The variation of expansion as a function of the degree of decomposition in the mixture

behaviour is due to the growth of mole numbers caused by secondary reactions.
Similarly to the value of expansion, the value of Ev also changes with the
degree of decomposition. In the case of simple mixtures (containing hut a
few components) the value of Evbelonging to a given degree of decomposition
can be calculated from Eq. (6) or determined graphically from Fig. 1.

The application of Eqs (4) or (6) for multicomponent mixtures (e.g.
petrol distillates) is not straightforward, since the conversion values of the
components of the feed mixture cannot be determined with the required
accuracy; and for the above calculations pyrolysis data of a great number of
pure hydrocarbons would he needed.

In order to overcome these difficulties, the degree of decomposition in
multicomponent mixtures has been characterized, on the basis of Eqs (5)
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and (6), by the relative expansion [6]. By rearranging equations (5) and (6)
conversion, or the degree of decomposition can be expressed by the following
relation:

where X is the degree of decomposition of the mixture,
E is the instant value of the expansion,
E,, is the value of the expansion corresponding to the complete de-
composition of one mole of the feed mixture (necessarily E <[ EV) ..

The numerical value of the degree of decomposition defined above,
similarly to the value of the conversion, should lie between zero and one.
The use of Eq. (7) is theoretically supported by the fact that for pure sub-
stances the degree of decomposition defined there becomes identical to the
conversion.

When applying Eq. (7) difficulties arise at the determination of the
value of Ev. Namely, for multicomponent mixtures the summation of the
overall stoichiometric coefficients, required in Eq. (6), cannot he carried out
due to the lack of sufficient data, and, at the same time, the conversion values
of the components are unknown. In this case the value of Evshould be deter-
mined graphically, on the basis of expansion curves, where expansion is plotted
against the reaction time or against the conversion of a slowly decomposing
component (e.g. n-pentane). It should be stressed that if equations containing
Ev are used for designing industrial reactors, the value of Ev must be deter-
mined from experimental data that belong to pressure, temperature and reac-
tion time ranges used in industrial reactors. This is important because under
conditions that differ substantially from the above parameters the value of
Ev may be quite different due to secondary reactions.

Overall decomposition rate of the isobutane—n-butane mixture

If in the overall decomposition rate equations of pure hydrocarbons
conversion is replaced by the degree of decomposition defined by Eqs (6)
and (7), a relatively simple expression is obtained for the evaluation of the
overall decomposition rate of mixtures.

Equations constructed by us for expressing the overall decomposition
rate of hydrocarbons (conversion curves) are based on first order kinetic
equations. For isotherm, isobar flow reactors these equations are the fol-
lowing [4]:

1
co = E,,In — - (Ev- 1)« 8)
K 1 - X
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= -31h 1
r |
K 1n; (9)
where &= -——-is a fictive reaction time (sec), and
Bo
f deo

is the actual reaction time (sec), which can bp evaluated

from the fictive reaction time and the expansion, and

is the Tate constant of the decomposition (sec-1).

t (sec)

Fig. 2. The variation of n-butane conversion as a function of the actual reaction time in the
mixture

It has been investigated whether on the basis of Eqs (8) and (9) the
individual conversion curves of n-butane and iso-butane measured in the
mixture, as well as the variation of the degree of decomposition defined by
Eq. (6), and characteristic of the mixture, can be given as a function of the
actual and fictive reaction times. This investigation may be based on any of
the equations, because the fc-values calculated for the same experimental points
from both equations are equal to each other.

Conversions measured in the mixture have been plotted against actual
reaction time at different temperature values. The conversion curves obtained
are given for n-butane in Fig. 2 and for iso-butane in Fig. 3. The decomposi-
tion rate of both components significantly increases with increasing tempera-
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Fig. 3. The variation of i-butane conversion as a function of the actual reaction time in the
mixture

X8 (conversion)

Fig. 4. The variation of the decomposition rate ‘constant’ of n-butane as a function of the
conversion in the mixture
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ture (i.e. conversion curves become more and more steep). It turns out from
the more detailed investigation of the curves that below 700° C the decompo-
sition rate of re-butane is higher, whereas at higher temperatures the decom-
position rates of the above two substances are approximately the same.
At the pyrolysis of pure re-butane and iso-butane just the opposite behaviour
was found; below 700° C the decomposition of iso-butane, above that tempera-
ture the decomposition of re-butane was faster [4, 5]. These facts indicate that
the decomposition rate of the components differs in the mixture from that
of the pure substances. This may be due to the different conditions (partial
pressure, concentration of chain-carrier radicals) existing in the mixture.

Xj_B (conversion )

Fig. 5. The variation of the decomposition rate ‘constant’ of i-butane as a function of the-
conversion in the mixture

Decomposition rate constants were determined on the basis of Eq. (9)
from the data shown in Figs 2 and 3. The values obtained were plotted against
conversion. These plots are given in Fig. 4 for re-butane and in Fig. 5 for iso-
butane. It can be established on the bases of these diagrams that, at a given
temperature, the value of the decomposition rate ‘constants’ calculated from
first order kinetic equations decreases with the conversion. The variation can
be given by the following linear function:

K = k°®— Bx (10>
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where k° is the rate constant of decomposition extrapolated to zero conver-

sion, and
B is a ‘restraining coefficient” representing the inhibition effect of

the reaction products exerted on the feed hydrocarbon.

On substituting Eq. (10) into the integrated Eqs (8) and (9) the con-
version curves of normal- and iso-butane can be expressed in function of the
actual and fictive reaction times. The functions can he given by the following
expressions (using decimal logarithms):

co=— 41— Ev2.303 log —-——-- (Er 1) x (")
K" px L 1—x
2.303 1

r = log (12)
ke —Rx 1 x

The values of k° and R constants in Eqs (10), (11) and (12) are deter-
mined from experimental data on the basis of Figs 4 and 5. The temperature
dependence of k° and R is given in Fig. 6 for n-butane and in Fig. 7 for iso-
butane. These diagrams are Arrhenius-type plots, where the logarithms of the

1000
T

Fig. 6. Temperature dependence of the decomposition rate ‘constant’ and restraining coefficient
of n-butane in the mixture
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constants are plotted against the reciprocal temperature measured in Kelvin
degrees. It has been found that the temperature dependence of both constants
can be described by Arrhenius-type expressions. The expressions have the
following numerical forms:

For re-butane:

56490
log K®= 12.765 -
4576 T
52300
log B = 11.667 -
4576 T
1000

T

Fig. 7. Temperature dependence of the decomposition rate ‘constant’ and restraining coefficient
of i-butane in the mixture

For i-butane:

66850
log k® = 15.040
4576 T
(14
65510
log R 14.617
4576 T
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In order to check relations (10)—(14) the conversion curves, belonging
to the temperature used in the experiments, were calculated. For this purpose
first k° and B values were evaluated for the given temperature using Eqs (13)
and (14). These constants were substituted into Eq. (12), and actual reaction
times, belonging to different conversion values, were calculated. The calcul-
ated points, given in Figs 2 and 3, are in a good agreement with the curves
fitted to the experimentally determined points.

In the following paragraphs the overall decomposition rate of mixtures
will be discussed. In the discussion the degree of decomposition defined by

co (sec)

Fig. 8. The variation of the degree of decomposition in the mixture as a function of the fictive
reaction time

Eqg. (6) will he used. The variation of the degree of decomposition as the func-
tion of the fictive and actual reaction time is given in Figs 8 and 9. According
to the diagrams, the degree of decomposition of mixtures can be expressed
by curves quite similar to the conversion curves of the individual components.
The slope of the curves (which is proportional to the decomposition rate)
rapidly increases with increasing temperature.

The study of the overall decomposition rate (curves in Figs 8 and 9)
is based on the method given earlier in this paper. From Eqs (8) and (9),
by replacing conversion with the degree of decomposition the values of kK were
calculated for different experimental points. The values obtained were plotted
against the degree of decomposition (Fig. 10). It can be seen that the decom-
position rate constants calculated for the mixture decrease with the increasing
extent of decomposition and at a fixed temperature, Eq. (10) also holds.
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Hence, at a given temperature, the variation of the degree of decomposition
for mixtures can be expressed in function of the actual and fictive reaction
time by equations similar to Eqs (11) and (12). The constants k° and 8 were
evaluated from Fig. 10. Their temperature dependence is given in Fig. 11,
and by the following functions:

Fig. 9. The variation of the degree of decomposition in the mixture as a function of the actua
reaction time

logicO  13.113 58134
4576 T
(15)
52878~
log R = 11.811
4576 T

Using the method described above, and on the basis of Eqs (15), (11)
and (12) the variation of the degree of decomposition was calculated as a
function of the fictive and actual reaction time. Calculations were carried
out for the temperature used in the experiments. The calculated points are
shown in Figs 8 and 9. Calculated values are in a good agreement with the
curves fitted to the experimental values. Consequently, the method and the
relations discussed in the paper provide an adequate description of the overall
decomposition rate of mixtures.

Finally, it has been examined whether the constants of the kinetic
equations for the description ofthe decomposition rate ofi-butane and n-butane
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X (degree of decomposition)

Fig. 10. The variation of decomposition rate ‘constants’ of the mixture as a function of the
degree of decomposition in the mixture

1000
T

Fig. 11. Temperature dependence of the restraining coefficient and decomposition rate con-
stant of the mixture
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(both in pure state and in mixtures) can be correlated to the constants of the
kinetic equations that describe the decomposition rate of mixtures in func-
tion of the degree of decomposition. For the time being, no quantitative
relationship has been found between the constants of the above equations.
The existence of such a relationship would mean that the pyrolysis of mixtures
could be completely interpreted by the pyrolysis data of pure hydrocarbons
alone. No such attempt has been published in the literature so far, hence,
according to our present knowledge, the experimental study of the pyrolysis
of mixtures is indispensable.
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The distribution of the reaction products as a function of the degree of decompo-
sition was studied at different temperatures. The qualitative and quantitative distri-
bution of the reaction products as well as their variation were interpreted on the basis
of free radical chain theory.

It was pointed out that the yields of the main reaction products, in the tempera-
ture and reaction time range used in industrial pyrolysis, can be given in function of
the degree of decomposition by temperature independent ‘single-curves’.

A relation was given by which the product yields of the pyrolysis of mixtures
could be calculated using the pyrolysis data of pure components.

It was also pointed out that the variation of the molecular weight of the product
mixture can also be given in function of the degree of decomposition by a temperature
independent ‘single curve’.

In the thermal cracking process of n-butane and isobutane, according
to the free radical chain mechanism, the chain carrying radicals split off
hydrogen atoms from the butane molecules. This reaction leads to the forma-
tion of primary and secondary n-butyl radicals in the case of n-butane and
to primary and tertiary i-butyl radicals in the case of iso-butane, as well as
to saturated products according to the following equations:

cHwo+ -H H2+ cHo
C4H10+ CH3- CH4+ CHS
CHD+ coHs- coHe+ CaHo-

The decomposition of butyl radicals of different types produces olefin
hydrocarbons of low molecular weight, and the chain carrying radicals are
regenerated in the reaction. The decomposition of butyl radicals proceeds
according to the following equations.
re-butyl radicals:

CH3— CH2— CH2— C H y —eeemem * C2H4 + C2H5-

CH3— CH2—CH— CH3 e >C3He + CH3-
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Fig. 1. The variation of hydrogen yield at the pyrolysis of the mixture, in function of the
degree of decomposition

Iso-butyl radicals:

CH3
CH3—CH— CH2 ~eomemeeeee * CH3—CH = CH2+ CH3
CH3—C— CHB3-mmmmmen * CH3—C = CH, + H-

CH3 CH3

A part of the ethyl radicals formed in the decomposition reaction of
n-butyl radicals yields ethylene and hydrogen in the following reaction:

cHs5— — - CAH4+ w-

Accordingly, the primary decomposition reaction of n-butane yields
ethylene, propylene, hydrogen, ethane and methane, whereas that of i-butane
yields propylene, iso-butylene, hydrogen and methane.
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According to experiments on the thermal decomposition of n-butane
and i-butane, the primary distribution of products was in qualitative and
quantitative agreement with the distribution calculated on the basis of the
free radical chain mechanism [1, 2]. It can be expected that the thermal
decomposition of the mixture of these hydrocarbons proceeds via the same
reactions, yielding the following main reaction products: hydrogen, methane,,
ethane, ethylene, propylene and iso-butylene.

X (degree of decomposition)

Fig. 2. The variation of methane yield at the pyrolysis of the mixture in function of the degree
of decomposition

Figs 1—6 show the yields of the main reaction products (mole of
product/mole of feed mixture) plotted against the degree of decomposition
defined by Eq. (6) of the preceding paper [3]. (In the diagrams yield data
belonging to different temperatures are marked with different symbols.) It can
be seen from the diagrams that it is the above listed products that are formed
in reasonably high amount (i.e. exceeding 10 mole%). The yield values of the
reaction products show different variation with the degree of decomposition
and temperature.

Hydrogen and methane yields increase with the degree of decomposi-
tion over the whole range studied. These products are stable under the condi-
tions of the pyrolysis. The ethylene yield also increases until X = 0.95, and
the yield curves corresponding to higher temperatures have maxima. The
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yield curves of propylene and iso-butylene are also maximum curves. The
maxima of propylene yield curves appear in the range of X = 0.77 — 0.8,
and those of iso-butylene yield curves can be found in the range of X = 0.7 —
— 0.76.

Among the above reaction products the yields of hydrogen and ethylene
at a fixed degree of decomposition increase, whereas those of ethane and iso-

X (degree of decomposition)

I"lg. 3. The variation of ethane and propane yields at the pyrolysis of the mixture, in function
of the degree of decomposition

butylene decrease with the temperature. The methane yield slightly decreases,
and the yield of the coupled product, propylene, slightly increases with the
temperature. The very low yield of propane further decreases with increasing
temperature.

The above changes with the temperature are due to the following facts.
The activation energies of the abstraction reactions of hydrogen atoms bound
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X (degree of decomposition!

Fig. 4. The variation of the ethylene yield at the pyrolysis of the mixture, in function of the
degree of decomposition

X (degree of decomposition!

Fig. 5. The variation of propylene yield at the pyrolysis of the mixture, in function of the
degree of decomposition
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to primary, secondary and tertiary carbons of butane molecules as well as
those of the two-way reactions of ethyl and propyl radicals are different;
moreover the radicals of different types formed in the hydrogen abstraction
reaction may isomerize before the decomposition reaction.

According to Kosiakov and Rice [4] the difference between the acti-
vation energies required for hydrogen abstraction from carbon atoms of dif-
ferent type is cca. 2 kcal/mole. (The highest activation energy is required for
the splitting of hydrogens bound to primary carbon atoms.) Consequently,.

X (degree of decomposition)

Fig. 6. The variation of iso-butylene yield at the pyrolysis of the mixture, in function of the
degree of decomposition

with increasing temperature, the amount of primary butyl radicals slightly
increases in comparison with the amount of secondary and tertiary radicals.
It follows from this fact that in the decomposition of iso-butyl radicals the
amount of propylene and methyl radicals increases, whereas that of iso-bu-
tylene and hydrogen atoms decreases with increasing temperature. On the
other hand, in the decomposition of n-butyl radicals the amount of ethylene
and ethyl radicals increases, while that of propylene and methyl radicals
decreases. Methyl radicals, apart from the very low fraction that take part
in recombination reactions, give rise to methane.

Methane yield curves shown in Fig. 2 and iso-butylene yield curves
shown in Fig. 6 indicate the above discussed effect; the amount of both
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products decreases with the temperature, at constant degree of decompo-
sition.

Since methane and propylene are coupled products (methyl radicals and
propylene molecules are formed in the same reaction), it can be expected that
the yield of propylene also decreases with the temperature. As it can be seen
in Fig. 5, however, the yield of propylene, at constant degree of decomposition
slightly increases with the temperature. This experience may be attributed to
the factthat besides the decomposition of secondary butylradicals and primary
iso-butyl radicals there is another reaction that takes part, to a small extent,
in the propylene formation. This reaction is the decomposition of secondary
propyl radicals formed via the thermal dissociation of iso-butane molecules.
The products of this decomposition are hydrogen atoms and propylene. (Sec-
ondary propyl radicals may also be formed in the addition reactions of chain
carrying hydrogen atoms on the produced propylene molecules.) A fraction
of secondary propylradicals takes partin hydrogen abstraction reactions yield-
ing propane. With increasing temperature the decomposition reaction becomes
dominant due to its higher temperature coefficient. Consequently, at con-
stant degree of decomposition the yield of propane decreases (Fig. 3), whereas
that of propylene increases (Fig. 5).

The subsequent reactions of ethyl radicals formed in the decomposition
of primary n-butyl radicals have much greater influence on the hydrogen,
ethane and ethylene yields than the reactions discussed above [1]. A fraction
of the ethyl radicals takes part in hydrogen abstraction reactions yielding
ethane; the other fraction decomposes into ethylene and hydrogen. W ith
increasing temperature the decomposition reaction becomes dominant, since
the temperature coefficient of this reation is substantially higher. Consequently,
in accordance with the experimental results, hydrogen and ethylene yields
increase, whereas ethane yield decreases with increasing temperature (Figs
1, 4 and 3).

The maxima of propylene and iso-butylene yield curves are due to sec-
ondary decomposition reactions of propylene and iso-butylene, and to the
isomerization reactions of propyl and butyl radicals of different types prior
to the decomposition. The first step of decomposition reactions is the addition
of chain carrying radicals (hydrogen atoms) on propylene and iso-butylene
molecules. In this step different types of propyl and isobutyl radicals are
formed, which partly isomerize to yield primary propyl and butyl radicals.
The decomposition of primary propyl radicals yields ethylene and methyl
radicals, that of primary isobutyl radicals propylene and methyl radicals.
The substantial increase of methane and ethylene yields in the X >- 0.7 range
may be attributed to the above reactions.

Butadiene and aromatic hydrocarbons also appear among the decompo-
sition products and their amount increases with increasing degree of decom-
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position (Figs 7 and 8). This fact indicates that olefin hydrocarbons also
take part in subsequent secondary reactions. Butadiene and aromatic hydro-
carbons are formed from ethylene, propylene and butylene, presumably by
radical mechanisms. For example, if a hydrogen atom is split off from ethylene
or propylene molecules by chain carrying radicals, vinyl or allyl radicals are

X (degree of decomposition!

Fig. 7. The variation of rabutylene and butadiene yields at the pyrolysis of the mixture, in
function of the degree of decomposition

formed, capable of reacting with each or with olefins. These reactions yield
dienes or aromatic hydrocarbons.

The role of secondary reactions increases with the degree of decomposi-
tion of the feed mixture, at constant temperature, because parallel to the
cracking process the concentration of the components that may take part in
secondary reactions increases, and at the same time the concentration of the
feed hydrocarbons, which consume the free radicals, decreases. At the maxima
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of the yield curves the rates of the primary reactions yielding these inter-
mediates are equal to the rates of secondary reactions of the intermediates.

Figs 1—8 contain all the experimental data. A substantial part of the
data belong to reaction times longer than 1.5 sec, the maximal sojourn time
applied in industrial pyrolysing furnaces. Regarding only the yield data belong-
ing to reaction times of 0 <[ 1.5 sec, the corresponding points fit to a ‘single-
curve’, independent of the temperature. As an example, Fig. 9 shows the

X (degree of decomposition)

Fig. 8. The variation of benzene yield at the pyrolysis of the mixture, in function of the degree
of decomposition

yield data of ethylene measured in the above time interval. A ‘single-curve’,
as drawn in the diagram, can well be fitted to these points. Also in the remain-
ing diagrams solid lines represent yield curves belonging to conditions charac-
teristic of industrial pyrolysing furnaces. Some points of these yield curves
are given in Table I. These yield curves can be sufficiently well approximated
by mathematical functions (e.g. third order polynomials).

It has been investigated whether the product yields in the pyrolysis of
mixtures may be calculated from the yield curves determined from the pyroly-
sis data of pure butanes. The calculation was based on the following relation:

K
H, \Y%

2Y 11>
]
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Fig. 9. The variation of ethylene yield at the pyrolysis of the mixture, in function of the degree

where Ht
mi
nO

Yi

of decomposition (0 < T < 1.5 sec)

is the yield of the ith product in the pyrolysis of the mixture,
isthe amount ofthe ith product formed during unit time (mole/sec),
is the amount of feed mixture per unit time (mole/sec),

is the mole fraction of the jr'th component in the feed mixture,
is the conversion of the jth component in the pyrolysis of the
mixture,

is the overall stoichiometric coefficient of the ith product in the
decomposition reaction of the jth component, belonging to Xj con-
version,

is the yield of the ith product in the pyrolysis of the jth component,
belonging to Xj conversion.

The calculation was carried out in the following way. Yield data cor-
responding to the conversion Xj in the mixture were taken from the yield
curves determined by pyrolysis of pure substances in experiments carried out
practically at the temperature of the pyrolysis of the mixture. These yield
data were multiplied by the mole fraction y; of the hydrocarbon in question,
measured in the feed mixture, and the products were summed.

Yield values determined by the pyrolysis of the mixture and those cal-
culated by the above method using the pyrolysis data of pure re-butane and
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Table |

Product yields at the pyrolysis of isobutane-n-butane mixture, as afunction of the degree of decomposition (mole of product/mole offeed mixture)

Degree of
decomposition 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 090 0.95
Products - -

H2 0.033 0.065 0.096 0.127 0.160 0.194 0.231 0.271 0.318 0.350
CH4 0.060 0.120 0.183 0.251 0.328 0.408 0.500 0.612 0.785 0.950
C2H,, 0.0095 0.0185 0.0270 0.0350 0.0405 0.0450 0.0475 0.0505 0.0538 0.0555
CH4 0.024 0.052 0.086 0.126 0.177 0.230 0.295 0.375 0.480 0.548
c3H8 0.0010 0.0022 0.0028 0.0034 0.0045 0.0046 0.0053 0.0058 0.0055 0.0045
C3H,, 0.056 0.108 0.155 0.196 0.233 0.264 0.283 0.290 0.268 0.225
i-C4He 0.0245 0.0470 0.0675 0.0840 0.0965 0.1025 0.1003 0.0960 0.0800 0.0590
n-C4H 8 0.0024 0.0080 0.0132 0.0175 0.0200 0.0208 0.0196 0.0170 0.0124 0.0088
C4H,, 0.0000 0.0001 0.0005 0.0015 0.0027 0.0047 0.0080 0.0155 0.0248 0.0250

c6He 0.0012 0.0032 0.0056 0.0084 0.0116 0.0152 0.0194 0.0250 0.0332 0.0420
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Temperature
°c

644
644
644
675
675
675
712
712
712
752
752
792
792

Table 11

A comparison of the calculated and experimental yields of the main products

Conversion

Xi—B

0.6846
0.2866
0.1642
0.7926
0.4750
0.3053
0.9349
0.7737
0.4623
0.9627
0.7565
0.9895
0.6934

X—n—B

0.8344
0.3287
0.1971
0.8885
0.5724
0.3677
0.9456
0.7431
0.4408
0.9586
0.7623
0.9942
0.6847

Degree of
decomposition

X

0.7557
0.3060
0.1797
0.8539
0.5210
0.3263
0.9346
0.7536
0.4487
0.9548
0.7548
0.9859
0.6848

Calculated yield of products (mole of product/
mole of feed mixture)

H2

0.208
0.093
0.053
0.246
0.154
0.103
0.310
0.239
0.144
0.336
0.247
0.372
0.231

CH4

0.579
0.186
0.106
0.689
0.335
0.200
0.894
0.559
0.280
0.958
0.545
1.067
0.467

C.H.

0.287
0.097
0.055
0.361
0.193
0.107
0.495
0.341
0.166
0.561
0.374
0.653
0.333

C3H,

0.314
0.162
0.096
0.309
0.252
0.168
0.230
0.319
0.219
0.232
0.310
0.157
0.291

CHR

0.119
0.066
0.040
0.111
0.098
0.069
0.077
0.113
0.094
0.071
0.114
0.027
0.115

Experimental yield of products (mole of product/

0.226
0.091
0.060
0.257
0.154
0.106
0.303
0.226
0.150
0.323
0.244
0.383
0.238

mole of feed mixture)

CH4

0.580
0.175
0.108
0.740
0.359
0.211
0.914
0.560
0.292
0.988
0.547
1.136
0.477

CH 4

0.205
0.075
0.044
0.298
0.164
0.096
0.421
0.305
0.157
0.522
0.334
0.600
0.308

C.H.

0.278
0.161
0.098
0.285
0.241
0.164
0.240
0.289
0.213
0.224
0.291
0.142
0.288

CaH8

0.152
0.072
0.044
0.140
0.111
0.075
0.079
0.109
0.095
0.066
0.111
0.021
0.090
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isobutane are compared in Table Il. Comparison has been made for a number
of different temperature and degree of decomposition values.

For hydrogen, methane, propylene and butylene the agreement of cal-
culated and measured data is sufficient; for ethylene the deviation exceeds
15% at some points, so the discussed method is suitable for approximative
calculations.

The variation of the molecular weight of the mixture, as the function
of the degree of decomposition, is given in Fig. 10. According to the diagram,
the molecular weight of the reaction mixture, when plotted against the degree
of decomposition, is on a single curve, independent of the temperature. Hence,
the decomposition grade of the feed mixture can also be characterized by the
molecular weight of the product gas. The value extrapolated from the curve
to zero degree of decomposition is equal to the molecular weight of the feed
mixture. The molecular weight of the reaction mixture decreases with increas-
ing degree of decomposition because the majority of the products formed in
the cracking process has lower molecular weight than the components of the
feed mixture.

X (degree of decomposition}

Fig. 10. The variation of the molecular weight of the reaction mixture at the pyrolysis of the
mixture, in function of the degree of decomposition
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The vibrational frequencies of microcrystalline ammonium polymolybdates
were studied in the range of 400—4000 cm-1.The IR spectra reflect very sensitively
the structural variations in polyanions built up of MoOe units. The frequencies of
stretching vibrations of the Mo—O and the Mo—O—Mo bridges containing oxygen
in various coordinations have been approximately assigned. The character of the stretch-
ing vibrations has been established for the hepta- and octamolybdates with the aid
of the O/, — C2, — Cii and the Oft “m C2ft C- correlations, respectively.

The shift of the Mo—0(1) bond frequencies in the infrared and Raman range
was correlated with the variation of the extent of polycondensation, the average co-
ordination numbers of the central Mo nuclei and the variation of the ratio [NHJ] :
[Mo—O(1)] = K. The frequency shift of the r3(F2) vibrational mode of the NH/
ion was interpreted similarly. The relationships allow for the estimation of the number
of Mo—0(1) bonds in the polyanions of unknown structure and, in simple cases, the
position of the NH j ions as well. It is likely that the NH” ions of octamolybdate
are symmetrically located with respect to the i-th center of the C; triclinic cell.

Several authors dealt with the infrared and Raman spectra of various
molybdates [1—9]. However, only a limited number of references can be
found which pertain to the infrared spectrometric study of crystalline poly-
molybdates composed of octahedral MoOe units. A most characteristic repre-
sentative of the latter group is the ammonium heptamolybdate tetrahydrate.
The infrared spectrum of this compound was published by Miller et al. [1, 2],
while its Raman spectrum together with that of the octamolybdate can be
found in Aveston’s paper [10], in which a study of the polycondensation
processes of agqueous molybdate solutions is reported.

It is known that during the stepwise acidification of basic molybdate
solutions, polymolybdates of growing condensation degree are initially formed,
depending on the pH and the (H+) :(MoO;U) concentration ratio. At pH <1
monomeric MoOAX cations appear. A similar polycondensation reaction takes
place in the solid phase during the thermal treatment of ammonium hepta-
molybdate tetrahydrate in the air. In this process the formation of at least
four intermediate polymolybdates with independent structures prior to the
formation of Mo0s was proved by recent investigation [11]. The most impor-
tant characteristics of the solid and liquid phase polycondensation reactions
and their correlations were discussed in an earlier paper [..].
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In this communication we report the characteristic vibrational frequen-
cies (in the 400—4000 cm .. range) of a few polymolybdates precipitated from
solution, as well as of the one formed in the solid phase reaction.

Experimental

The spectra of polymolybdates were recorded on a Type UR 10 spectrophotometer,
in KBr pellets, nujol mull or a hexachlorohutadiene suspension. The samples were prepared
using AnalaR reagent grade and Tungsram ammonium heptamolybdate tetrahydrates. Both
of these chemicals showed an X-ray diffraction pattern characteristic of the heptamolybdates
and their composition was in agreement with the formula (NH4)e [Mo70 4] «4H20. The structures
of some polymolybdates studied are known whereas only the composition is given for the
others [11]. For the latter compounds the formula of composition referred uniformly to 1
(NH4)20 is given (Table 1I).

Table 1

Data on the structure and composition of ammonium polymolybdates

Structure Substance Space group z Reference
(NH4)2[MoD 7] ¢} - Pi 2 [12]
(NH46[Mo70 24] m4HD Gift — P2I/g 4 [13-15]

Known (N H4)4[Mo80 26] Cl-P, 1 [16]
M0O3 U2t — Pbnm 4 [17-20]

(NH420 +2.5M003 — _
(NH4)20 m4Mo003+ 1.3HD - -

Unknown (NH4H20 mHMO003 — - [11]
(NH4H2D + 14M003«3HD B _
(NH4)20 +22M003 — _

The octa-, 2,5-, 14-, 22-molybdates and molybdenum trioxide were prepared by the
method described in the study of the thermal decomposition of heptamolybdate [11]. The
14-molybdate « 3H20, whose X-ray and infrared spectrometric characteristics were identical
with the 14-molybdate formed in a thermal reaction, was precipitated from solution [11].
The 4-molybdate exhibiting an (NH420 : MoQ3ratio identical with that of the octamolybdate
was obtained by Neugebauen from solution [11]. Its structure as studied by X-ray diffrac-
tion was found to be significantly different from that of octamolybdate [11]. Investigating a
Merck product labelled ‘ammonium heptamolybdate’, we found that its infrared spectrum
differed significantly from the published pattern [1, 2].

The structure of this substance, identified by X-ray diffraction using the dA and the
I/1lintensity values given by Ma [21], was identical with that of the dimolybdate. Its chemical
composition was found to be (NH42 +2.1 M003. It is worth mentioning that the dimolybdate
(NHH2Mo20, used in the X-ray diffraction study by Lindqvist [12] was also a commercial
product labelled ‘heptamolybdate’.

There is only a slight deviation between the spectra recorded in KBr pellets and in
nujol mull, indicating the lack of any significant interaction between the polymolybdates
and KBr. The most important parts of the spectra are shown in Figs 1 and 2, whereas the
wavenumbers observed in different media are listed in Table II.

The complete molybdate series would require inclusion of the monomeric (NH42M 004
as well; however, we were not able to prepare the ammonium salt of the 1-molybdate using
the methods reported in the literature [22]. Although the chemical composition of our products
closely approximated the mole ratio (NH420 ; MoO:! = 1 in several cases, ammonia losses
and polymerization occurred during pellet formation in air; therefore the spectra exhibited
mostly the characteristics of the di- and heptamolybdates.

Acta Chim. (Budapest) 72, 1972



K1SS et at: CHARACTERISTIC VIBRATIONAL FREQUENCIES 149

Fig. 1. Infrared spectra (in KBr pellets) of 1: dimolybdate; 2: heptamolybdate; 3: 2,5-
molybdate; 4: octamolybdate; 5: 4-molybdate 1.3 H2; 6: 14-molybdate «3H2; r 14-
molybdate; 8:22-molybdate; 9: M003
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cm-

Fig. 2. Infrared spectra (in KBr pellets) of the same samples as in Fig. 1

Problems of the IR spectrometric study of polymolybdates

The analysis of the vibrational spectra of crystalline inorganic compounds
with molecules consisting of too many atoms israther complicated. If the unit
cell best reflecting the symmetry properties of the substance is chosen as
basis, one finds that the number of vibrations may be very large and dif-
ficulties may be encountered when attempting the reliable assignment of the
vibrational modes. This holds particularly true for the case of macromolecular
inorganic polymers, since the polyanions often contain 30—50 atoms and the
unit cell is occupied by several molecules.

A characteristics feature of the crystalline forms of the various molyb-
dates is that the coordination number for the molybdenum atom is 4 or ..
The problem is somewhat simpler with molybdates of the schelit [4, 7, 9]
or the spinel [3, 4] structure containing four-coordinate molybdenum, where
the unit cell is occupied by independent Mo00. tetrahedra. W ith the aid of
the site symmetries arising from the structure found by X-ray diffraction
(e.g. Sv Td) and the corresponding selection rules the absorption bands can
be interpreted.
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The situation is much more complex in the case of six-coordinate poly-
molybdates. There are 7 and s+ MoOe octahedra sharing edges in heptamolyb-
date [13—15] and octamolybdate [16], respectively, which results in the
formation of a 3-dimensional, compact anion with a net structure (Fig. 3).
The last member of the condensation series, the Mo03, is also built up of
MoOe units [17—20].

W ith regard to the structure and the coordination number the dimolyb-
dates are intermediate between these two extreme cases. Their unit cells are
built up by MoOe octahedra and Mo0. tetrahedra sharing corners; owing to
chain formation, the dimolybdates do not form as compact a structure as the
polymolybdates containing MoO. units only (Fig. 4).

In general even the structures of those polymolybdates studied by
X-ray diffraction are not elucidated in full detail. The positions of the NH4
ions in the di- [12], hepta- [12— 15] and octamolybdates [16] are not known
and, with the exception of the heptamolybdate, even the positions of the
oxygen atoms were not determined experimentally but only derived from the
positions of the molybdenum atoms by means of geometrical considerations.
In these molybdates the molybdenum and oxygen atoms occupy a rather
general position with no special characteristics [12—16], which therefore ren-
ders impossible even an approximate treatment on the basis of site sym-
metries relating to crystal systems.

It is an empirical fact that the spectra of polymolybdates built up of
Mo0s units are much more complex than those of molybdates containing
tetrahedra. In the region of the Mo—0 stretching frequencies, several intense,
overlapping absorption bands appear with a number of inflexions, which can
be more or less reliably evaluated. However, the number of theoretically
possible infrared-active internal vibrations is so large compared with the num -
ber of the absorption bands, that extensive experimental work and theoretical
considerations are necessary for their reliable assignment. It is not the aim
of this paper to give a complete analysis of the spectra but only to interpret
the approximate and general relationships.

1. It is assumed that the interaction between vibrations of the coordi-
nated groups (NH420 and Mo0Os is negligible [23—25].

2. The considerations will be applied which relate to the coordination
number of a cation contained in an MoOn group and the frequency range
of the absorption bands [25] as well as to the stretching frequencies of metal-
oxygen bonds containing the oxygen atoms in isolated or condensed positions
[23—30].

The validity of the first assumption is strongly supported by crystal-
lographic considerations and by the spectra. The general composition of the
polymolybdates is usually given by the formula &(R.0) *yMo003. IfR = NH.
the coordinated groups would he (NH4H2 and Mo03 However, contrary to
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Table 11

The wave-numbers of the absorption

1 2 3 4 5
a b - b a b a b a b
412 457 434 445
483 475 485 471 469
520 510
550 560 548 535
580 575 577
650 642 625
662
685 690 683
738 736 728 712
754 753 742 740
778 776 798 790 790 788
850 850 841 838 817 815
868 865 855 850 861 859 863 860
880 877 873 875 887 884 883 880
895 892 895 890 895 890 895 892
913 912
913 912 918 918 922 923 940 937 938 935
933 932 9231 933) 936 9481
9351 930 940J 958j 955 959 957
1403 1405 1406 1412 1405
1540 1460
1628 1630
1645 1645
1740 1740 1745
2040 2030
2780 2810 2780 2800 2780 2820 2800 2820 2800
3020 2950 3022 2960 3015 2980 2960 2950 3035 3020
3180 3160 3155 3155 3165 3160 3200 3200 3185 3180
3230 3215 3217 3260
3410 3420 3480 3470

1:dimolybdate, 2 : heptamolybdate, 3 :2,5-molybdate, 4 :octamolybdate, 5:4-molybdate «
pellet, b :in Nujol or hexachlorobutadiene

alkali, alkaline-earth and other positive metals, the oxide of the NH4+ ion
does not exist in free state, therefore, the (NH.)j+ 02~ group can be re-
garded as a real coordinated group only with certain restrictions. The oxygen
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bands of ammonium polymolybdate

6 7 8 9
Assignment
a . a b a b
485 6 Mo—0 — Mo
528 526 533
600 650 610 600 v Mo O(V)
710 o, .0 Vv
vMo-O(Ill)
820 820
880 880 876 875 876 875 v Mo—0 —Mo
880 880
918 918 918 918 918 918
v Mo—0(1)
973 974 973 974 975 976 995 995
1405 1405 1405 * (F2)
1445 1445
1625 6 H,,0
v2 + V«
»4 +
2ix4
2+ 4
3220 3200 3225 3220 3225 3220
VN + I's
3490 3490 v H,0

*1,3H2, 6 :14-molybdate w3H..O, 7 14-molybdate, 8 22-molybdate, 9 : Mo03 a:in KBr

ion of this group belongs to the (MoxOy)r_ complex ion, to which the NH.
ion is attached by typical electrostatic bonding. Consequently, in the spectra
there will be Mo—O stretching frequencies characteristic of the lattice struc-
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-Pig. 3. Structure of the hepta- and octamolybdate ions

Fig. 4. Structure of the dimolybdate ion
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tire of complex ions which are independent of the coordinated ‘(NH.).0’
group. To these frequencies the bands of the NH” ion are added, whose fre-
quencies are, according to the spectra, approximately independent of the
(NH4H20 : Mo0s ratio.

In molybdates consisting of octahedral groups, the structure of the ions
is determined by the metal-oxygen bonds involving variously coordinated
oxygen atoms. The study of several compounds led to the conclusion that
the stretching frequencies of the terminal M =0 and M—O0 bonds are always
higher than those of the M—O—M bonds containing a common oxygen atom
in different layers of the lattice [27—30]. Therefore, of the three Mo00: bands
observed in the 800—1000 cm.. region, the one at 985 cm-.. was assigned
to the terminal Mo—O bond, whereas the hands at 870 and 813 cm.. were
assigned to the Mo—0 —Mo and Mo—O0 = Mo. stretching vibrations, respec-
tively, which contain 2- and 3-coordinate oxygen atoms in the layer [27, 28].
The Raman and infrared study of a Mo00s single crystal gave strong support
to the above assignment of the Mo-—O and Mo—0 —Mo frequencies, however,
a lower frequency was assigned to the vibrations of the Mo—0 = Mo. groups
(545 cm*“1) [30]/

Approximate interpretation of the spectra of polymolybdates

a) Mo—0 vibrations

There are 7 octahedra in the heptamolybdate and eight in the octa-
molybdate ion, connected to each other in an arrangement shown in Fig. 3 [14—
16]. According to Lindgvist [12],' the MoOe and Mo00. units form a chain
structure; the idealized structure corresponding to this assumption is shown
in Fig. 4. For other molybdates only the dimensions and the symmetry of
the unit cells are known and no reliable structural formula exists [11]. Thus
it has not yet been proved that these molybdates are actually composed of
Mo00s octahedra. This however seems likely from Fig. 5 constructed from data
for molybdates of known structure. The average coordination number is shown
as a function of the (NH4H2 : Mo0: mole ratio (characteristic of the given
polymolybdate) and 0 : Mo ratio in the ions.

The coordination number of the molybdenum in the monomeric molyb-
date is 4 [3, 4, 7, 12, 31], whereas its value is « in the hepta- and octamolyb-
dates and in Mo0Os [13—20]. At the same time, due to the equal number of
MoOe and Mo00. units in the infinite Mo0.0?- chain, this value will be n= 5
(Fig. 4). The conclusion can be drawn that all the polymolybdates for which
a <L 0.43 or O : Mo < 3.43, are characterized by coordination number n =
i.e. the ions in molybdates whose structure has not yet been elucidated are
composed exclusively of Mo0Os units as well. For the compositions of various
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degree of condensation ranging from monomeric molybdate to heptamolyb-
date, the expected coordination number is « > n ]> 4. Of the condensates of
this type only the dimolybdate is known thus far.

It is seen from Fig. 1 and Table Il that with increasing degree of con-
densation the spectra first become more complex but then assume a simpler
structure and become similar to that of M 003. Generally it could be concluded
that the spectra of polymolybdates — apart from the splitting of the bands —
exhibit certain similarity to the spectrum of M003. There is a wide intense
band in the 880—900 c¢m .. region and a sharp maximum with an increasing
frequency in the range of 900—1000 cm-. which initially shows multiple

a
0.0 02 0.4 0.6 08 1.0

0 Mb in the ion

Fig. 5. Variation of the coordination number of the central Mo atoms

splitting. A separate maximum and an inflection can be observed in the 800—
850 cm- . region. In the interval of 550—680 cm-1, a very wide and intense
band appears whose complexity increases with increasing degree of condensa-
tion and with increasing size of the polyanion. From the 14-molybdate, the
band becomes simple and similar to that of Mo03.

In order to explain the properties of the spectra common with those of
M o003, it should be borne in mind that the polyanions of the heptamolyb-
date — M o00s condensation series are composed of an increasing number of
MoOe octahedra, whereas in Mo03, the MoOe units form an infinite three-
dimensional polymer. Consequently, in the general formula n m(MoOeg), n —»00
with increasing degree of condensation. If the value of n is small, i.e. the size
of the polyanion is not too large, the individual spectral properties (e.g. split-
tings) characteristic of the symmetry of complex anions will appear beside
those of the Mo0. octahedra. If, however, the value of n is large orn-* oo,
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breaks in the three-dimensional polymer chain will occur rarely and the spec-
trum as well as the structure of such condensates will be very similar to those
of the M003. This similarity with the structure of M00s can already be observed
for the 14-molybdate.

It is first of all the spectrum of the octamolybdate which exhibits dis-
crete, separate bands in accordance with the fact that this ion is composed
of symmetric Mo0Os octahedra yielding a relatively regular stucture [16].
Consequently the extent of broadening and overlapping of bands due to lat-
tice distortions is less compared with other molybdates. Upon inspection of
Fig. 3 the following four different types of bonding can be postulated with
respect to the coordination number of oxygen: Mo—0(1), Mo—0(11), Mo
O (11), Mo—O0(V). (I, Il, etc. denote the coordination number of oxygen.)

Similarly, depending on the coordination number of oxygen there are
four different types of bonding in the (Mo;02)e~ ion, which are as follows:
Mo—0(1), Mo—0(11), Mo—O(Ill) and Mo—O0(1V). Since the heptamolybdate
is built up of more strongly distorted octahedra [14, 15], certain bands —

especially in the 850—950 cm .. region — collapse.
The assignments of the stretching vibrations of Mo00s [27, 28, 30, 32]
suggest the assignments shown in Table Il for the 400— 1000 cm.. region

of the polymolybdate spectra. Considering the character of bonds it can be
established that the vibrations of the types rMo—O0, vs 0 —Mo—O0 and
vas O—Mo—O may be all active in the infrared region.

The normal frequencies of polymolybdates composed of MoOe octahedra
can be derived from those of the XY molecules taking into account the point
symmetry of the ion and the degradation of symmetry determined by the
space group.

The splitting of the Oh species in the point groups C2/and C2h and in
the factor groups C2h and C, are shown in Table III.

The frequency ranges studied and the spectra recorded with micro-
crystalline powder samples do not allow for a more precise assignment of the
frequencies. However, the data in Table Ill show that in the general case
both the symmetric and asymmetric O—Mo- . stretching vibrations may be
infrared active.

For example in the case of (Mo.02)6_ the Ax B4, B. species, which
refer to the C2,point group derived from the v(XY) mode of Flu, and the Bu
species referring to the C2, group are infrared active. The character of these
modes is: vas 0 —Mo—O. However, the character of the A. and the A4 B.
species derived, respectively, from Alg and E?is: vs O—Mo—0. These state-
ments can be verified for the octamolybdate too with the aid of Table IIlI.

Below 550 cm-1, bands due to deformation modes also appear, which
can be derived from the Flu, F2? or F3u normal vibrations of the O. point
group, if the ion symmetry and the corresponding factor group are known.
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Table 111
Splitting of the O/j point group into the species of the
C2* —C21 and Czj —= C/ point groups

[Mo0,0,]»- MoOe” [Moe0 2J«-
Factor group lon symmetry On lon symmetry Factor group
cwv XYe ]
C2= CA2) c! = c42)
61 = ov(xz) &, = ah(ry)
0d = 0Ov(yz)

b) The NH$ and H.,0 absorption bands

The NH” ion of Td symmetry has two infrared active normal vibra-
tions namely the v (F2) and the w(F2. According to Fig. 2 and Table I, other
bands of lower intensity, assigned to the vibration of the ammonium ion
appear as well [33]. With the exception of the octamolybdate, the w(F2)
frequency of the polymolybdates remains practically unchanged, only the
r:(F2 mode exhibits a slight shift with increasing degree of polycondensation.
Ofthe combination bands identified by Wagner [34], Plumb and Hornig [35,
36] and Yedder [37], several can be observed especially for molybdates with
higher content of ammonia. These bands are, however, weak compared with
those arising from N H.C1, therefore, the wave numbers cannot be determined
reliably. It can be concluded from the presence of the w(F2 + >e (torsional
lattice vibration) combination bands in the spectra of hepta-, octa- and
14-molybdate, that in these crystals the free rotation of the NH” ion is
hindered [34, 37]. It should be mentioned that the very weak bands in the
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region between 1650— 1660 cm.. and the more intense ones in the vicinity
of 3020 cm.. do not arise necessarily from combined modes. Since these
frequencies may correspond to the ig and v2 Raman-active vibrations in Td,
it can be assumed as well that these modes become infrared active due to
lattice distortions or the symmetry of the crystal lattice.

The shape and frequency of the vH20 and <6H2 bands are identical with
those characteristic of the water of crystallization. According to our observa-
tions, the anhydro-molybdates are non-hygroscopic. No spectral changes in-
dicating water absorption were found.

General relationships

The frequencies of polymolybdates are characteristic and reflect sen-
sitively the structural changes of polycondensates. Consequently, the infrared
spectra can be of great use in the identification of molybdates.

It can be seen from Fig. 1 and Table Il that of the characteristic fre-
quencies of polymolybdates those assigned to the terminal Mo—O0(1) bonds
exhibit a continuous shift in a definite direction. The magnitude of this shift
is the largest for the Mo03.

If the frequency shift is plotted against the value of (NH4H2 : Mo0s = a,
or log a, these changes can be correlated with the degree of polycondensation
(Fig. ).

It is apparent from this figure that there is no break in the \mo-O(l) =
= /(log a) relationship as far as the average coordination number of molybde-
num is s in the ions, i.e. the crystal lattice is formed of MoO. octahedra only.
However, a sharp change in the frequency is observed if the value of n changes.
This phenomenon is observed in the case of dimolybdate, for which n — 5,
since there are Mo0. tetrahedra beside MoOe in the lattice. Consequently, the
appearance of the break indicates a significantly different structure.

To interpret the relationship expressed in Fig. « (restricting the con-
siderations to the molybdates characterized by n = ) it should be remem-
bered that the locations of the lower frequency bands (e.g. the most intense
peak at 900 cm-1) assigned to the stretching modes of the Mo—O—Mo or
O—Mo—O bridges, are identical or vary within narrow limits. A definite shift
of frequency can be observed for the stretching vibrations of the Mo—0(1)
bonds only. Thus it is obviously the differences in the outer coordination
sphere of the ions as opposed to internal structural changes, that are respon-
sible for the frequency shifts. The dependence of this shift upon the degree
of condensation already indicates a connection of this kind (Fig. &), since the
variation of a involves the change of the electric charge referred to one M 00,
((NH:).+0. :Mo003). Thus the frequency shift seems to be correlated with
the electrostatic interactions within the molecule.
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-03  -05 -07  -09 -11 -13

Fig. 6. Frequency shift of the Mo 0(1) stretching vibrations.--------------- :on the basis of
the highest frequency bands; — :from the wave number of the envelope construc-
ted graphically for all of the Mo—O(l) bands

Fig. 7. Frequency shift of the Mo 0(1) stretching vibrations

Since the ions are composed electrostatically the Mo—0(1) bonds should
be regarded Mo—O- .. .NH” groups. According to the spectra, the change of
the charge expressed by a shifts only the frequencies of the Mo—0(1) stretch-
ing vibrations but the vibrations of Mo—O—Mo on O—Mo—O bridges are
not affected. From this fact the conclusion can be drawn that the electrostatic
interaction between the NH” ion and the polyanions shown in Fig. 3 (and
also others) involves mainly positions at least as concerns spectroscopic observ-
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ability. This assumption seems to be supported by Fig. 7 where the frequen-
cies of the Mo—0(1) bonds are shown as a function of the amount of positive
charge referred to one Mo—0(1) bond in the molecule.

The [NH”] : [Mo—O0(1)] ratio is easily obtained for the hepta- and
octamolybdates of known structure from the composition of the molecules
using Fig. 3. Khepta = ¢« NH+] : [12 Mo—0(1)] = 0.5 Kocta= [4 NH+] : [14
Mo—0(1)] = 0.286; for the Mo00s naturally K = 0. According to Fig. 7, these
values give a linear relationship.

«C and K

Fig. 8. Variation of the Raman frequencies of the Mo- 0(1) bond

The gradual shift of the bands of highest intensity and frequency can
be observed in the Raman spectra of hepta- and octamolybdate [10] and of
M o005 [30, 38]. For the M 00 this band (996 cm-1) was assigned to the Mo—0(1)
stretching vibration. No attempt was made to interpret the Raman spectra
of the hepta- and octamolybdate [:.] but it follows almost certainly from
Table 111, that the frequencies 934 cm.. and 963 cm.. can be assigned to the
Aj, Ag or Ag, Ag species of total symmetry, derived from Alg. According to
Fig. s, the dependence of the mentioned Raman frequencies on the a values
is similar to that shown in Fig. «, whereas they give a linear relationship as
a function of K.

In the case of molybdates of unknown structure only the wave numbers
of the Mo—0(1) bonds are known. However, assuming that the anions of these
molybdates involve the most compact association of MoOe units, the K values
and the number of Mo—0(1) bonds can be estimated with a certain probability
using the linear relationship in Fig. 7. The a, K and the derived characteristic
values are shown in Table IV.
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Table IV

Spectral and structural data related to the a and K valuesfor ammonium polymolybdates

Wave-number

of the [NHJ] : Number of Mo 0(1)
Molybdate a envelope of [Mo -0 (1)] bonds : ion

Mo 0(1) K

bonds
hepta- 0.43 918 0.5 12
2.5- 0.40 933 0.395 nx 5.05
octa- 0.25 952 0.286 14
4- 0.25 952 0.286 nx 7
14- 0.0715 973 0.15 nx 13.4
22- 0.0455 975 0.14 nx 14.3
Mo03 co 995 0.0 —

For molybdates of unknown structure the true structural formula may
be the integer multiple of the formula shown in Table I; this should be taken
into account when considering the number of Mo—0(1) bonds. If, e.g. the
structural formulas (NH.s [M0::O34], (NH:. [M0::043] or (NHs. [Mo0..007]
are assumed for the 2,5-, 14- and the 22-molybdates [I1], respectively, it can
be shown that several realistic variants can be conceived by linking together
10, 14 or 22 MoOe units, that satisfy the calculated and rounded values [20
and 14] obtained for the number of Mo—0(1) bonds.

The K values can also be interpreted as the ratio of the number of nega-
tive charges carried by the polyanion and the number of Mo—O0(1) bonds
in it. Since K 1in each case, it follows that no oxygen atom can be assumed
in a preferred terminal position which would bear one or more units of negative
charge, but the total charge of the ions or at least that part falling on the
Mo—0(1) bonds is uniformly distributed over all the oxygen atoms in terminal
positions.

The above interpretation of the frequency shift serves as a spectroscopic
proofto support the general statements relating to the ionic crystals, according
to which the effect of the electrostatic attraction is uniform in all directions,
i.e. there are no preferred bond directions. Consequently, in this aspect the
N H/ ions cannot be assigned to preferred Mo—O0(1) bonds. A correct picture
is obtained only if the ammonium ions are placed into the crystal lattice in
accordance with the uniform distribution of charges. As mentioned above, the
position of the NH” ions was not determined either in the hepta- or in the
octamolybdate. However, the following scheme would closely correspond to
the above picture: assume that around the octamolybdate ion in Fig. 3 the
four NH” ions are placed symmetrically with respect to the symmetry centre
of the Chpoint group, or to the G- triclinic unit cell.
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The frequency of the v:(F2 mode of ammonium ions also depends on

the degree of polycondensation, although to a lesser extent (Fig. 9). The
dependence on a and K of this frequency is similar to those shown previously.
This fact supports the above assumptions as well.

As a next step, if we succeed in preparing suitable molybdate single-

crystals, the detailed analysis of these highly complicated systems and the
theoretical confirmation of the frequencies will be attempted with the aid of
Raman and polarized spectra.

[N

Fig. 9. Frequency change of the v3(F2 mode of the NH” ion
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The electrooxidation of secondary alcohols (i-propanol, see-butanol and cyclo-
hexanol) was studied in acidic medium. The information obtained from studies with
stationary and potentiodynamic methods was classified in groups.

It was found that the chemical events in the oxidation of alcohols can be separ-
ated into two groups.

1. The interaction of the metal and the alcohol is irreversible adsorption occur-
ring with charge transfer; this is not a step of stationary oxidation.

2. There is a well-defined reaction path leading from the dissolved starting
substance to the dissolved product.

It was found that the products of oxidation are the corresponding ketones

It is clear from a number of monographs [1—4] that in recent years
studies of the electrooxidation of alcohols have occupied an increasingly
important place in the electrochemical literature. The bulk of the work con-
cerns the oxidation of primary alcohols, and relatively few papers are found
which deal with the oxidation of secondary alcohols [5, s ].

This may be due to inherent differences in the practical importance of
the two types of compounds, but from the point of view of the better under-
standing of questions concerning the mechanism of oxidation of alcohols it
is our opinion that the study of the oxidation of secondary alcohols should
not be neglected.

Several different possibilities arise with primary and secondary alcohols
for the study of individual steps in the multi-stage oxidation processes. In the
case of secondary alcohols, the ketone formed in the first steps of the oxida-
tion reaction is relatively stable and the rate of its oxidation is small. If this
assumption is true, then hydroxy—exo transition in the oxidation of secondary
alcohols can be studied without interfering factors.

In this paper it is primarily intended to give an answer to the question
of whether or not the reaction given by the overall equation

R—CH—R '------- PR—C—R'+ 2H+ + 2e
| 1
OH ]
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can be studied without interfering side-reactions (R and R' are alkyl or aryl
groups). It is obvious that only after this question has been decided can it
be attempted to form some idea of the mechanism of oxidation by analysis
of the polarization curves.

Method of investigation

The apparatus was essentially the same as in earlier studies of electro-
hydrogenation [7]. Two types of electrolytic cells were used; the outline of
one of these is given in Fig. 1.

@)

Fig. 1. Electrolytic cell. A main electrode, B reference electrode, C auxiliary'electrode

The geometrical area of the main electrode, a disk-shaped platinum
electrode, was 10 cm2. By platinization a roughness factor of 500—1000 was
attained. The magnitude of the roughness factor was determined from charg-
ing curves. + N HC10. was used as background solution, and the electrode
potential was measured against a . atm. hydrogen electrode immersed in this
solution. In order to eliminate the rate-dete/mining role of transport processes,
either the solution was stirred or the electrode was rotated.

This cell was used in the main to study the potential dependence of
the rate by the determination of the polarization curves. With the further
aim of product analysis, a cell was constructed in which a considerable yield
could be achieved without giving up the simultaneous study of the potential
dependence of the rate.

An outline of the cell used for preparative purposes is shown in Fig. 2.
The main electrode, which had a geometrical surface of 160 cm2 was platin-
ized platinum in the form of a hollow cylinder. The auxiliary electrode, which
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was placed at the centre of the cylinder formed by the main electrode and
which was separated from it by a glass filter, had a geometrical surface about
2 orders of magnitude smaller than that of the main electrode. By means of
the glass filter the oxidation products can easily approach the auxiliary
electrode and there be reduced. If the geometrical surface of the auxiliary
electrode (cathode) is small, then the reduction of a product formed during
the oxidation can be neglected.

Today potentiodynamic methods are generally used to study the oxida-
tion of alcohols and so the different stationary methods are being forced increas-
ingly into the background [, 9].

Fig. 2. Cell for preparative purposes. A main electrode, B reference electrode, C auxiliary
electrode

In parallel with this the nature of the electrodes used has changed, the
potentiodynamic methods usually employing bright, and the stationary meth-
ods platinized platinum electrodes. We wished to use both methods to study
the oxidation of secondary alcohols, but even at the outset of the investiga-
tion we were forced to conclude that the two methods give information on
two different at times only loosely related areas of the phenomena.

An attempt is made below to classify the information obtained by the
two methods according to whether phenomena are considered to be directly
related to the oxidation reaction studied, or whether they result from inter-
fering factors. For this the types of information yielded by the individual
methods must first be examined.

A. Stationary methods

As regards the pairs potential-current values in measurements with
stationary methods, the polarization curves produced from these are by no
means the only type of information. In the application of the stationary
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method it must first be made clear whether the stationary measurements
are practicable, that is, whether the stationary or quasi-stationary state is

attainable.
Many workers use only the potentiodynamic method in the oxidation
of alcohols because they do not consider that the stationary or quasi-stationary

state can be achieved.

Fig. 3. Change of potential with time in a galvanostatic measurement (5 X10 2 M i-propanol)

This misgiving is to a certain extent justified for the attainment of,
or the approach to, the stationary state is often an extremely lengthy process.

Accordingly, how the setting in of the stationary state depends on time
and on other parameters of the system studied may also be important infor-
mation.

In Fig. 3 is shown the potentical change at given current value in a
galvanostatic measurement as a function of time. As can be seen from the
figure, the establishment of the stationary state requires an extremely long
time. Further valuable information is obtained when a change is made from

one stationary state to another.
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The phenomena observed during the change-over in the case of a gal-
vanostatic method are shown in Fig. 4.

It can be seen in Fig. 4 that significant changes occur in the case of
certain change-over modes (from high currents to low currents), but in spite
of this the measurements are reproducible.

Fluctuation or periodic phenomena form a further group. Periodic poten-
tial oscillations can be observed at certain currents in the galvanostatic
measurement method; this is shown in Fig. 5 for the case of the oxidation of
cyclohexanol.

Fig. 5. Galvanostatic measurement in the case of 4 ml cyclohexanol ( 0.1 M)

It can be seen from the figure that the stationary state is established at
low currents, but on the increase of the current a periodic potential oscillation
can be observed. This phenomenon has already been observed by numerous
authors in the oxidation of alcohols and organic substances [3], and thus in
the case of the oxidation of secondary alcohols all those factors must be
reckoned with which were considered in the explanation of potential fluc-
tuations.

To summarize the above, the information obtained with the stationary
methods can be classified into the following groups.

1. The stationary potential—eurrent relation.

2. The transient processes during change-overs.

3. The periodic phenomena during the galvanostatic processes.

B. Potentiodynamic methods

Two types of potentiodynamic method are in use for the purpose of
kinetic investigations; the difference between them is the mode of changing
the potential.
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a) In the cyclic potentiodynamic measurement mode (cyclic voltam-
metry), the controlled potential varies cyclically at a constant rate between
two constant potential values; its time-course can be seen in Fig. s a.

b) In the single potentiodynamic measurement mode (single sweep),
the controlled potential proceeds at constant rate in a previously determined
potential interval; its time-course is shown in Fig. sb.

a) —at

Fig. 6. Potential+time diagram

In our studies both modifications of the method were used. The experi-
mental set-up was essentially the same as already mentioned, but a bright
platinum disk of geometrical surface . «s cm. or a weakly platinized roughness
factor ca. 100 platinum needles of geometrical surface ~ ... cm: were used
as measuring electrodes.

The desired rate of change of the potential was ensured with a controlled-
sweep potentiostat. The change of potential between 0 and -\-2 V was linear
with time between wide rate limits.

The current passing between the measuring and auxiliary electrodes in
the cell was recorded as a function of the potential by an XY plotter. In certain
cases, beginning at a suitably selected point of time the charge passed through
the cell was recorded simultaneously with the current; this was achieved by
electronic integration of the current.

The preparation of the electrode depended on the desired mode of meas-
urement. In the cyclic mode, a measurement was accepted after a single
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anodic regeneration 2 Y, 1 minute) if it did not show a change during
several cycles. There is no such control possibility in the case of polarization
curves determined with a single potential change, and therefore a strictly
standardized preparation procedure was adopted in this case; in general the
diagram of this was the following.

After the regeneration in stage “a”, the oxygen formed during regenera-
tion was displaced from the solution by a stream of nitrogen in stage “b
meanwhile the electrode, which was covered with an oxide layer, was at a

Fig. 7. Potential-time diagram

Fig. 8. Potentiodynamic curve. 1 N HC104 background solution, 0.1 M i-propanol

potential where there is no appreciable reaction (1.0—1.1 Y). Stage “c” (gene-
rally ~ . sec) was the total reduction of the surface oxide and stage “d”
the measurements (Fig. 7).

These two methods are used alternately at random in the literature to
obtain the potentiodynamic polarization curve, and are considered equivalent
from the point of view of the result. With 1 N HC10. or 1 N H.S0. containing
primary alcohols, these curves have characteristic shapes with . definite
maxima. In our experiments with secondary alcohols the shapes of the poten-
tiodynamic polarization curves were found to be similar (Fig. s ). No difference
can be found either in the shape of the polarization curve or in the positions
of the maxima compared with the polarization curves reported in the liter-
ature to illustrate the electrooxidation of methanol or ethanol.
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The shape of the potentiodynamic polarization curve depends on the
experimental conditions, viz. on

a. the mode of changing the potential,

b. the rate of changing the potential,

c. the extreme values of the potential interval,

c. the sweep frequency of the potential interval.

The effect of these parameters is the same as in the case of secondary
alcohols. Omitting the detailed discussion of our results we refer to [10, 11].

C. Comparison of stationary and potentiodynamic methods

If the differences in current density are disregarded, there is a“large
difference between the shapes of the potential—eurrent curves obtained by
the potentiodynamic and stationary methods.

Fig. 9. Potentiostatic stationary polarization curve

Fig. 9 shows a quasi-stationary current—potential curve obtained with
a potentiostatic method on a Pt black electrode. If this curve is compared
with the curve produced with a potentiodynamic method, which can be seen
in Fig. s, it is found that there are two maxima on the potentiodynamic
curve and only one on the stationary curve.

In the opinion of several authors the second maximum observed during
the oxidation of alcohols can be attributed to an oxidation reaction on pla-
tinum oxide. The question rightly arises: if the oxidation reaction indeed
occurs on the oxide, then why is it not observed in the stationary case too?
The second maximum also appears if the electrode is immersed in i-propanol,
washed, and the potential changed in the positive direction from some medium
potential value in an alcohol-free background solution. As can be seenin Fig. 10
under such conditions only the stage corresponding to the second maximum
can be observed, signifying that this current is used for the oxidation of the
substance adsorbed earlier.
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There are also similar difficulties in the explanation of the first stages
of the curves obtained with the potentiodynamic method and the polarization
curves taken under stationary conditions. In the case of i-propanol, similarly
to the other alcohols, the adsorption is connected with a considerable change
in charge, that is, the adsorption is essentially a surface redox reaction, the
products of which remain predominantly or completely adsorbed (chemisorp-
tion, which may be accompanied by a certain amount of decomposition of

Fig. 10. Potentiodynamic oxidation curve of i-propanol adsorbed in open circuit

Fig. 11. @) Change of the current after addition of i-propanol at constant potential (300 mV),
b) Change of the potential after the addition of i-propanol in open circuit

the initial molecule). The change in charge accompanying the adsorption is
well shown by Fig. 11. In case a) the i-propanol was added to a IN HC10.
background solution, the potential being maintained constant with a potentio-
stat; in the case of the open circuit in case b) the electrode at a given potential
came into contact with i-propanol.

All these observations prove that in the potentiodynamic method the
changes in charge accompanying the adsorption process and the amount of
charge corresponding to the oxidation process can barely be distinguished
from each other. Further results, which will be reported in another paper,
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were obtained from measurements using a tracer technique. At this time we
wish to report only a few fundamental findings. Fig. 12 shows the potential
dependence of the adsorption of i-propanol labelled with :.C. It can be seen
that the adsorption hardly changes with the potential over a fairly wide
potential interval. In this potential interval the adsorbed labelled i-propanol
cannot be exchanged with unlabelled i-propanol. At these potentials the
adsorbed molecules are not removed from the surface during the oxidation
reaction; this means that the adsorption and the reaction cannot be directly
related to each other, that is, a significant part of the adsorbed molecules
do not take part in the reaction.

Fig. 12. Potential dependence of the adsorption

To summarize the above it can be stated that the chemical events in
the oxidation of alcohols can ebsepar ated into two groups.

1) The interaction of the metal and the alcohol is irreversible adsorption
occurring with charge transfer; this is not a step of stationary oxidation.

2) There is a well-defined reaction path leading from the dissolved start-
ing substance to the dissolved product.

The processes mentioned in the first point show up in the transient
sections of the stationary processes and in the potentiodynamic measurements.

Thus, these are the phenomena which disturb the processes in the
second group. A knowledge of them is indispensable for a correct interpreta-
tion of electrode processes. At the same time it must be seen that the two types
of processes in the potentiodynamic methods do not differ from each other.

In the stationary methods, however, the processes in the first group
can be assigned as the single cause of the slow transient processes.

Thus, we have arrived at a very vital conclusion. The stationary methods
appear much more suitable for the study of the oxidation processes than do
the potentiodynamic methods which have recently become widespread.

This is the reason why we shall primarily use the stationary methods
in our following investigations.
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Detection and study of the oxidation product by electrochemical methods

The detection, and possible determination, of the reaction product can
he made in the same system as the oxidation without disturbing the system.

From earlier investigations of the electrohydrogenation of oxo com-
pounds, it is well known [:] that the ketone presumably formed during the
oxidation of secondary alcohols can be reduced in acidic medium according
to the reaction

R—C—R'+ 4H + 4@ — -R—CH2—R' + H,0
[
0

even at potentials where the evolution of hydrogen need not he considered.
From this it follows that if a secondary alcohol is oxidized for a suitable time
a section corresponding to the reduction of the ketone must appear on the
polarization curve.

Fig. 13. Change of shape of the polarization curve as the oxidation proceeds

This is shown in Fig. 13. Curve 1 was determined from potentiostatic
measurements at an i-propanol concentration of 10-. M. Curves 2 and 3 were
obtained after oxidation with a given current for different times.

Only the sections corresponding to the oxidation of i-propanol, and the
formation of hydrogen at about 0 mV, appear on the first polarization curve.
On the other two curves the section corresponding to the hydrogenation of
the oxidation product begins at potentials more negative than 200 mV. In the
section corresponding to the oxidation, the current and the rate of oxidation
decrease with decreasing i-propanol concentration. Parallel to this, the rate
of reduction increases with increasing amount and concentration of the
product.
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On the oxidation of i-propanol any other product which may he hydro-
genated, apart from acetone, is difficult to conceive. Hence, this observation
supports the view that a significant amount of acetone is formed during the
oxidation of i-propanol. Similar phenomena can be observed in the oxidations
of sec-butanol and cyclohexanol.

If one accepts that the oxo compound is one of the oxidation products,
then we can study its proportion to the other products by electrochemical
means. A necessary condition of this is that if other products are formed in
the oxidation, then these must be derived from the oxidation of the oxo
compound. In this way the question may be answered by comparing the

Fig. 14. Comparison of the oxidations of acetone and i-propanol at concentrations of5X 10 2M

polarization curves with the oxo compound and the corresponding alcohol
present.

In Fig. 14 the comparison is made for the case of i-propanol and acetone.

It can be seen from the figure that the disturbing effect of ketone
oxidation in the case of i-propanol need only be considered at potentials
more positive than 600 mV. W ith sec-butanol and cyclohexanol, the behaviour
of which is exactly similar, the oxidation of the ketone is not involved.

The ratio of the rates of oxidation of i-propanol and acetone is not
sufficiently clear from the polarization curves, considering that the charge
equivalents necessary for the oxidation also appear in the current ratios,
quite apart from the rate ratios.

The most simple and the most probable [12] equation for the oxidation
of acetone is

CH3—C—CH3+ HX e *C02+ CH3COOH + 8 H+ + 8e
1

0
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Thus, the relations between the oxidation rate of acetone (wQ) and the current,
and the rate of formation (my) and the current are

and
2 F Wf= if
Hence
"L o= 431
wo i0

W hen both reactions occur the current will be the sum of i0and if. From what
has been said it is clear that the acetone will be in excess among the products
while the current corresponding to the oxidation of acetone is not larger than
that necessary for the oxidation of i-propanol. However, this can only follow
in the case of high acetone and low i-propanol concentrations, both reaction
rates being concentration dependent.

Study of the products by analytical methods

W ith the electrochemical methods it was only indirectly proved that
the product of oxidation is the corresponding ketone. Therefore, two analytical
procedures were applied for the detection and determination of the oxo com-
pounds formed. One of the methods was the gravimetric determination of
the 2,4-dinitrophenylhydrazone of the oxo compound.

A 0.2—0.5 M solution of the secondary alcohol was prepared. Electro-
lysis was carried out by a galvanostatic method in order to form several
mmoles of the product. The solution was then transferred from the electrolytic
cell to an Erlenmeyer flask, and the 2,4-dinitrophenylhydrazone precipitated
according to Ref. [13]. The determination did not give satisfactory results,
particularly in the case of acetone, because of the relatively high solubility
of the 2,4-dinitrophenylhydrazone, but from the point of view of qualitative
analysis it was important. From the m.p. and crystalline form of the 2,4-
dinitrophenylhydrazones it was found that in each case only one oxo com-
pound, corresponding to the alcohols concerned, is formed during the oxi-
dation.

Good results were obtained in the semi-micro acidimetric determination
of the oximes. Following a similar preparation to the above, the determina-
tion was carried out according to Ref. [13].

It was found that in the case of sec-butanol and cyclohexanol the electric:
charge introduced was used :00% to the formation of the oxo compound..
In the case of i-propanol too, practically only acetone is formed, particularly
at the beginning of the reaction at not too positive potentials.
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1. The oxidation of secondary alcohols was studied on platinum surfaces par-
tially or completely covered with oxygen.

2. It was found that the oxidation takes place with a considerable rate only on
the free metal surface.

3. With the study of the oxidation reaction, the possibility arises for the investi-
gation of the adsorption and desorption properties of the adsorbed oxygen.

From an examination of the literature concerning the electrooxidation
of alcohols on nohle metal electrodes it can be established that, according
to the views of different authors, the reactions may be classified into the
following types [:, - ].

1. The reaction occurs by electron transfer or dehydrogenation with
the molecule adsorbed on the metal.

2. Reaction takes place on the oxygen-covered surface in a similar way
to the above.

3. Reaction occurs with the adsorbed oxygen or the oxide.

Considering all these reactions, it is hardly possible to find a unified
treatment for the oxidation processes on the platinum electrode. The analysis
of polarization curves therefore runs into difficulties, because the ratio of
the metal surface and the surface covered with oxide or adsorbed oxygen
varies as a function of the electrode potential, and this complicates the situa-
tion considerably. It appears practical to limit the study first to those condi-
tions in which we are concerned either only with a metal surface or only
with oxygen-covered surfaces. In the present paper we study the role in the
reaction of oxide or oxygen-covered surfaces with regard to the oxidation of
secondary alcohols.

Experimental method

The method and equipment were as already reported [3]. In the study of the platinum
electrode - alcohol interaction, either the preparatory operations necessary with the electrode
were carried out in a separate vessel and the electrode was then placed in the cell containing
the alcohol solution, used in the study, or the preparatory operations were carried out in the
cell and the alcohol added at the appropriate moment. This preparatory work was mainly
anodic polarization lasting for a definite time. Similarly to our earlier studies, a 1 N HC104
background solution was used.
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Reaction of the previously oxidized metal surface and the alcohol

It has already been mentioned in the introduction that a number of
authors consider that a direct chemical reaction occurs between oxygen chemi-
sorbed on the platinum and the alcohols or other organic compounds; as a
result a clean platinum surface is formed. In the absence of an external polar-
izing effect, the reaction is accompanied by a change of the electrode poten-
tial, and the exhaustion of the adsorbed oxygen is indicated by a jump in
the potential [4, 7].

Fig. 1. Discharge curve of a previously oxidized, platinized Pt electrode in 1N HC104+ 0.1 M
i-propanol

As is shown in Fig. 1, this phenomenon can also be observed in the case
of secondary alcohols. The reduction of chemisorbed oxygen takes place in
stage a. The length of this stage depends on the concentration of alcohol too.
In contrast with literature findings [4], the experiments are not well repro-
ducible even when an identical preparation is always applied. At given alcohol
concentrations the length of stage a depends significantly on the prior anodic
polarizing potential and period. A long pre-treatment causes the lengthening
of stage a to be seen in Fig. 1.

Disregarding these uncertainties, it must be stated that from the length
of stage a or from the reaction time only an average reaction rate can be given;
it is not known how the reaction rate varies with the amount of chemisorbed
oxygen (which changes during the reaction). Therefore the literature finding [4]
that the reaction rate is proportional to the amount of oxygen on the surface
appears arbitrary. Further data are required to decide what function describes
the reaction between the oxide and the alcohol.
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We were faced with essentially these questions in our studies of oxida-
tion processes on the nickel hydroxide electrode [5]. The method applied there
was used here too. The essence of the study was that the electrode in contact
with the alcohol was cathodically polarized with various currents at the same
time as the reaction. The shape of the potential-time curve in this case is
similar to that in Fig. 1. From the relation between the current and the
lengths of the corresponding a stages, conclusions can be drawn on the kinetics
of the reaction between the oxide and the alcohol.

Fig. 2. Discharge curves of a platinized Pt electrode in 0.1 M i-propanol, determined with
cathodic polarization. The discharge curve determined with a current of 5 m | in the pure
background solution is given by a broken line

Figure 2 shows the potential—time curves obtained with the different
polarizing currents. From the curves it was found that (disregarding the very
small currents) the product of the time corresponding to stages a and the
currents concerned (i.e. the amount of charge introduced) gives almost iden-
tical values. This constant charge value is a considerable fraction (ca. one
third) of the charge equivalent to the oxygen chemisorbed on the electrode
in the given way. This observation permits the conclusion that until a con-
siderable part of the adsorbed oxygen has been removed from the surface the
reaction is extremely slow, and its rate can be neglected compared with the
currents applied.

Another experimental observation also points to the very slow reaction
between the previously strongly oxidized metal surface and the alcohol. If a
charged electrode is left to stand for 10 min in a 1 M i-propanol solution, and
then after rinsing is discharged in pure background solution, a discharge curve
agreeing with the curve shown by a broken line in Fig. 2 is obtained. At the
same time this is experimental proof that indeed only average rates can be
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calculated from curves such as that shown in Fig. 1, since in the first ten
minutes the reaction rate can practically be neglected.

From the fact that only about one third of the oxygen chemisorbed on
the electrode is removed by the current in the joint discharge with alcohol
and cathodic polarization, and also from the observation that the chemi-
sorbed oxygen is practically not removed by the alcohol in the first ten min-
utes but the reaction still proceeds (Fig. 1), the conclusion must be drawn
that after a certain time (the removal of a given amount of oxygen or the
attainment of a certain electrode potential) the rate of reaction increases to a
significant extent.

From studies with methanol, formaldehyde and formic acid, it is as-
sumed [+] that initially a slow chemical reaction takes place between the
adsorbed oxygen and the organic substance.

In the present case this would be formulated by the equation

PtO + R - CH—R' R—C—R'+ H,0 + Pt (1)

| 1
OH o}

where R and R' are alkyl or aryl groups. However, the rapid change of poten-
tial is caused by the setting up of a local cell, at one pole of which the reaction

Pt+ R—CH—R' Pt+ R—C—R"'+ 2 H+ 2 e (2)

I ”

OH O

takes place, and at the other the process

PtO + 2H+ + 2e Pt + H2 3)

The view is well known [7] that reaction (1) never takes place directly, and
only the reactions (2) and (3) need be considered. In this case it is assumed
that the anodic pre-treatment of the electrode leaves free sites on the surface
on which reaction (2) occurs. The number of free sites varies depending on
the manner and period of the pre-treatment, and so it could be explained to
a certain extent why the average rate of reduction of the oxide is smaller in
the case of a longer anodic polarization. Leaving aside the disputed questions,
the above experimental observations permit the conclusion that when part
of the metal surface is covered with oxygen in the case of the oxidation of
secondary alcohols too, only the oxidation reaction taking place on the free
metal surface need be taken into consideration.

In the following an answer is sought to the question of what possibilities
there are of following changes in the state of the surface and the ratio of
free and oxygen-covered surface.

Acta Chim. (Budapest) 72, 1972



HORANYI et al.: OXIDATION OF SECONDARY ALCOHOLS, Il 183

Potentiostatic study of the oxidation reaction
on an electrode prepared by anodic polarization

The electrode is immersed in a solution containing the secondary alcohol
after prolonged anodic polarization with a high current, the potential is ad-
justed to an initial 1500 mV with the help of a potentiostat, then this is
changed in the negative direction; even after a long waiting period (10— 20 min)
no considerable current flows in a fairly wide potential interval. Thus, in
agreement with what was said earlier, the rate of the oxidation reaction can-
not be significant.

t, min

Fig. 3. Change of the current at a platinized Pt electrode at 800 mV in 1 N HC104+ 0.1 M
i-propanol

Beginning from certain potentials (more negative than 900 mV) an
extremely slow increase of current can be observed. This is shown in Fig. 3.
As can be seen from the figure, it remains at the studied potential value
for almost two hours until the stationary state is attained. (This observation
again supports the earlier finding [3] that in the case of the use of potentio-
dynamic methods many important, slowly occurring phenomena can escape
attention.) In a potential interval of about 100 mV the phenomena shown in
Fig. 3 are repeated with the change of potential; this can be seen in Fig. 4.
In the case of different initial potentials on electrodes prepared by anodic
polarization, the rates of attainment of the stationary state will also be diffe-
rent, as is to be seen in Fig. 5.

The above experimental observations bear witness to the fact that in
the case of oxidized surfaces the rate of the oxidation reaction is controlled
by a slow process which depends to a considerable extent on the electrode
potential. Since the rate of this process depends on the potential, it must
play the part of a charge transfer process in the reaction, and so the reaction
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concerned cannot be the direct chemical reaction between the alcohol and the
adsorbed oxygen.

From what has been said in the previous part we must come to the con-
clusion that the process controlling the rate of oxidation of the alcohol is
probably the electrochemical reduction of oxygen (process [3]), or the rate
of formation of the free surface.

On repeating the previous experiments with solutions not containing
alcohol, as Fig. « shows, it was observed that at potentials where the rate
of oxidation attains the stationary value only very slowly, the reduction of
the adsorbed oxygen is likewise a very slow process. From a comparison of
Figs 4, 5 and s, therefore, we come to the interesting conclusion that the
phenomena connected with the reduction of adsorbed oxygen during the oxi-
dation of alcohol appear with strongly opposite signs.

t, min

Fig. 4. Potentiostatic ‘determination’ of the polarization curve in 1 N HC104-f- 0.1 M
i-propanol

Fig. 5. The electrode was previously oxidized (5 min at 1500 mV), and then the oxide formed
was reduced for 5 min at a given potential. Next, i-propanol was added to the cell (to 0.1 M)
and the oxidation current was measured at this same potential
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t,min

Fig. 6. Change with time at 900 mV of the reduction current of the chemisorbed oxygen
on a previously oxidized electrode

In the experiments shown in Figs 3 and 4 the stationary state was attain
ed after a certain time. The establishment of the stationary state can be
explained by the fact that the ratio of the ‘free metal surface’ to the oxide-
covered surface no longer changes, that is the rates of formation and removal
of the oxide are the same. If, in agreement with [¢], the formation of the
oxide is described by the equation

Pt + HD A PtOH + H+ + e (4)

then in the stationary state or at equilibrium in the case studied by us a
relation

fcl(1- 0 0- 0 s)IOftE=fe_10010-6E (5

can be given, where kr is the adsorption rate constant, the desorption
rate constant, . Othe coverage with regard to oxygen, 0Sthat with regard to
the substrate, b a constant (b = a zF/RT, a = 0.5) and E the potential. At
the same time, the rate (i) of the oxidation reaction can be given by the
relation

i= M i-0s-e0= M sio6E (6)

The first part of Eq. (s ) refers to the rate of adsorption of the substrate, and
the second part to the oxidation reaction (c is the concentration of alcohol
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in the solution; fc3, k4 and b’ are constants). By combining relations (5) and
(s ), one obtains for the oxygen coverage

—i - imlO26E= 0, @)
/c_jk3c

It may be seen from Eqs (s) and (7), corresponding to observations illustrated
in Figs 3 and 4, that the change of 00in time must be connected with the
simultaneous change of i.

Fig. 7. Change with the potential of the relative oxygen coverage referred to the 850 mV data,
according to Eq. (8), from the data of Fig. 4

For the determination of the absolute value of 0Q the values of kit k_
k3and bare needed, apart from the experimentally measured i and E. However,
these data are not available. It seems practical to calculate relative coverage
values starting from some definite s /and E 1 pair. The relative coverage, 6q
is given by the relation

1 lo"(E-Ei) = h. = gr (8)
h 0J

04 can be determined using Eq. (s) if the value of b is known. For this
the literature value of :/1.0 mMV-. was used.

If dl does not differ greatly from unity, then there is not a large difference
in the values of 660 and 0Q At any rate, conclusion can readily be made from
the values of 60 as to the potential dependence of the reversible oxygen
adsorption.
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In our view, the study principle introduced in this paper (and, in the
case of further development of the precision, the measurement method) can
be a valuable aid in the investigation of oxygen adsorption. The possibility
for this is provided by the fact that it could be unambiguously confirmed
that the oxidation reaction in the studied cases occurs only on the free metal
surface.
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The rate equations for the transformation of a component i were derived for
the following mechanisms: (1) transformation to both j and k proceeds by adsorption,
surface reaction and desorption; (2) without a surface reaction one of the adsorbed
forms if i is desorbed into j, the other into k; (3) adsorbed i transforms to adsorbed
forms of j and k, which are desorbed into j and k; (4) the common adsorbed form of
two components transforms to the adsorbed form of the third component; (5) the com-
ponents transform into each other via acommon surface intermediate. In the derivation of
the rate equations for the individual mechanisms, either the surface reaction or the sorp-
tion were considered as rate-determining steps. The relations obtained for ry, the initial
rate of some transformation i —*j are easier to evaluate; these can be given always
by an equation of the form 1/ry = my/p@-f vy as a function of the initial pressure
Pi (at low coverages my/p® 8» »y, and at high coverages my/p® by). If by ™ by,
in principle it can be observed only that the elementary steps of the monomolecular
interconversion of the three components follow each other according to a triangular
scheme [mechanisms (1) and (2) and (3) if the surface reaction is rate-determining];
if by = b%j, it can be observed only that the transformation proceeds according to an
Y scheme via a common surface intermediate or an equilibrium mixture of products
[mechanisms (3), (4) and (5), when the sorption steps are rate-determining]; if equilib-
rium is very rapidly established between any two components, the reaction proceeds
by a slow surface reaction according to mechanism (4). As well as this elucidation
of the mechanism, the kinetic method at times also provides a possibility for the deter-
mination of the constants of the elementary steps.

In the present series of papers we wish to report the results of a study
of the isomerization of n-butene as model reaction, in respect of the so-called
acid catalysts, their active groups. To start with, we endeavour to elucidate
the mechanism of the reaction, the first and most obvious possibility for this
being offered by the reaction kinetic methods. The evaluation of the kinetically
elucidated elementary steps and the constants determined for these can serve
as the basis of further investigations. However, there are restrictions of prin-
ciple to the kinetic study of the mechanism. For the clarification and the
sizing up of all this it is necessary (a) to know the kinetic relations concerned,
and (b) to establish with their help the limitation of calculations and evalu-
ations from the experimental data.

The kinetics of the catalytic transformation of the three n-butene
isomers have been cleared up in so far as the process can be phenomenologic-
ally described by the triangular scheme
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in which the individual steps are reversible and, within the limits of experi-
mental error, first order with respect to the composition expressed in mole

fractions at a given, constant pressure [e.g. 1—3]; that is, the rate of trans-
formation of the i-th component (i = 1, 2, 3) is

ri = {k,j + kik)y, kjiyij kkiy h (+)

where y is the mole fraction; fc is the empirical rate constant of the overall
transformation i —»j; i,j, k = 1, 2, 3; and i j ~ k.

Nevertheless, it may be observed that at times the rate of transfor-
mation increases not with the first, but a smaller power of the total pressure
of the reacting gas mixture. Under such conditions the experimental data
can be described on the basis of a reaction scheme in which surface reactions
take place between the adsorbed isomers [4] (see scheme IIl in Fig. 1); in
addition to this they can also be described on the basis of a scheme in which
the individual isomers are transformed into each other via a common inter-
mediate [5,s] (see scheme V in Fig. 1). From other measurements, however,
it could be concluded that the two . -butene isomers give a common surface
intermediate which transforms into the adsorbed form of the third isomer [7]
(see scheme IV in Fig. 1). All these observations prompted us to extend our
studies related to this system, i.e. to take into account all the kinetic cases
for the possible schemes of catalytic transformation, including the conditions
prevailing under extremely large and extremely small coverages.

1. Reaction schemes for the catalytic transformation

Fig. 1 shows those monomolecular transformation schemes for which
kinetic equations have been derived. Only the non-activated surface inter-
mediates are given in the schemes, and not the activated complexes.

The schemes shown in Fig. 1 do not comprise the total variety of formal
possibilities, the reaction paths appearing fairly reasonable were regarded only
on the basis of the following considerations.

I represents the conception (today already considered as classic) accord-
ing to which three processes were considered for every reaction direction:
adsorption, surface reaction and desorption. Accordingly, each individual
isomer would be adsorbed in two forms of surface intermediate, which thus
transform in the surface reactions; this means then that the 3 isomers would
occur in a total of six types of adsorbed state. With this the most complicated
transformation scheme was taken into consideration.
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Il is simpler than I in so far as the surface reaction step does not occur.
Here too each isomer is adsorbed in two ways, but in such a manner that their
intermediates are common in pairs, and hence these can be desorbed in two
ways.

In the case of Ill the transformation takes place between the isomeric
forms adsorbed on the surface.

IV represents the case when the process occurs by the surface reaction
between the common intermediate of two isomers and the adsorbed form of
the third. This picture appears reasonable if on adsorption a m-complex is
formed which in the :-butenes has an identical structure, and in :.-butene
a structure different from this.

Fig. 1. Transformation schemes considered in the kinetic calculations; O = gas phase com
ponent; O = adsorbed state

In Vv all three isomers form a common surface complex. This seems likely
because upon the addition of a proton from the acid catalyst an identical

cr-complex and the same sec-butyl carbonium ion may be formed from all three
isomers.

2. Kinetic relations

The kinetic cases which are studied for the transformation schemes shown
in Fig. 1 are as follows:

r: the rate-determining step is the surface reaction with surface coverages
corresponding to an adsorption equilibrium; extreme sub-cases are

ro: there are very small surface coverages, i.e. the adsorption equilibrium
constants are very small: Kap, <g 1 (Ka is the adsorption equilibrium
constant; pt — the partial pressure of the i-th component);

rl: the coverage of the surface is complete, i.e. the adsorption equilibrium
constants are very large: Kai 1.

s : the sorption steps are rate-determining, while the surface reaction (if

there is one) can be considered as being in equilibrium; extreme sub-
cases are
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ads : the rate-determining step is the adsorption, i.e. kg[ <g kd (ka, kd are
the adsorption and desorption rate constants, resp.), resulting in very
small coverages;

des : the rate-determining step is the desorption, i.e. kgt 8> kd, resulting in
very high surface coverages.

Our investigations do not extend to those cases when (a) neither the
sorption nor the surface reaction (if there is one) is the rate-determining step,
as the practical probability of such general cases is very small, (b) the adsorp-
tion is strong or weak for only one or two components, and further when one
surface reaction is fast and the other slow, as large differences in such a sense
cannot be expected for closely related compounds.

In the following are given the kinetic equations for r;, the rate in steady
state, related to unit catalyst surface, of the transformation of some component
(i = 1, 2, 3) expressed in partial pressures, as directly measurable independ-
ent variables. The equations were derived by assuming a catalyst surface of
homogeneous activity; the steady state was taken into consideration in such
a way that Sr(= o, or equivalently Ed? = o, i.e. the various coverages and
the fraction of vacant surface 00do not change in time. The basic equations
from which we set out can be given in the following general forms:
for the sorption process (T) a :

ri,a—"i,a Pi @ kj d Oa
for the surface reactions ja TzIR\:
r,8 = ~rBR Qj- Kpz BB

The fraction of vacant surface is stressed in our equations since this is clearly
of identical significance in any conception of the mechanism, while the cover-
ages refer to different systems and different intermediates. The indices denote
the transitions according to Fig. 1 in an unambiguous way and as simply as
possible.

In case I-r, conditions of which are ktj <Ck/jj, kjk << klkj, kjt<§ kj/j and
khi <& kkik:

r,= OQ(ktj K itij + kikK ik pi  kji Kj'ijpj  kki K kkip K] (2)

1+ ZKIPI

Acta Chim. (Budapest) 72, 1972



KALLO et al.: ISOMERIZATION OF n-BUTENE, | 193

(kjj is the rate constant of transformation of the adsorbed intermediate ij
to ji, in accordance with the designation to be seen in scheme 1 in
Fig. 1; also in this sense

kjj/ is the rate constant of desorption ij —»(J);

Kjjj is the equilibrium constant of adsorption of the gas phase component
© into 1l =

Kj = Kjijj-(- Kjjk = adsorption equilibrium constant of i;

p is the partial pressure; while in the indices

i=12 3;j=1,2, 3, k=1,2,3; 1" j;] " k;and k™ ).

In case I-rO0:
r,= [(KUK iij + kik K i,ik)Pi  kiikjJipj ki Kj «jP;] (4)
In case I-rp.

r_ [(Ni ki b xik Ki.ik)Jiv” kukim v1 ki KkktyK] (5)

iy i

(y is the mole fraction in the gas phase, since p = yP and the total pressure
P can be eliminated).

In case I-s:
= ° i kJUKg _ I., K kik K ik o
n péij,i 1 K)i,jKij |,|( %ik‘i 4- %ki,k —Kuk
- K kUi oo K1k, i B (6)
ki KJIIK L ek K ma ok,
00= 1+ 1+ KI)KnPi+ KnPi
A2, k21,2
(| + K ~k-N9Pi ~b k3,32Pi M ) k3,3xP3s ~b ki,i3Pi 1 . (7)
k 23,2 “t~ k 32,3 k 23 k3Ll «b ~13,1 K3
(kj jj is the rate constant of the adsorption © —»ij ;
kjjj is the rate constant of the desorption ji —=m(T),
Kjj is the equilibrium constant of the surface reaction i\ ©).
In case l-ads:
Kjid Kijj K ki,k Kj/t
‘4 +  kiik Pi
i " kKt Kik} 4 Mkik ~ik
(8)
L. kiij,i L Kk ik,i
jl Kk ki Pk
+ kjijKjj Pj kik.i * kkik K ik
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In case I-des:

I hjiK .j [ KKl KKik
Kiij~ ~— ~~ T Kiik o ] .
kij,i + "kfljKtj kiki + kki,k K ik ,
iji . kik,i
Koy Kk ! Yk X
kij;i “t" kjijK'j kiki + kkik Kik
@+ Kv) f.ar1+ 222 + (1 + KB 228y2+ KxYs
k12,1 b k212K k23,2 ~b k323K 23

—1

X
O
Yo *31,3+*1»A*.1

As in (5) it was possible to eliminate the pressure.

In case Il-s:

Ky KZ3
ri=eo lix ' + Kz Pi
kx 1 + kx2 Kr3 + kz:
i \A
A T .3 (10)
kx1+ Kx2 Kr3 + kz .
K\xPi 1 kIXp, k,YPi 4~ k3YP3 kK3rP3 + kizpl
kx| + /by2 -+ hby3 Kr3 + kzi

(11

(& is the adsorption or desorption rate constant, depending on the indices;
the indices refer to the transformations according to scheme Il in Fig. 1;
thus for example the rate constant of the adsorption (T) — Xj is klIX).

In case Il-ads:

. Kx2 rr3
FiX + ki, _Pi
kxj + ki A3r + kzi
opi
KJ; N T (12)
kXi + kx: kr3 + kzi
In case Il-des:
h x xxz + kiz Ve
kx: + kX2 kz3 + kzi )
x| kzi
k2x ~y2 liz —— Y3 X
AXI+ AX2 Kr3 + "zi
kixJi + KIXJi , XzJi+ *sy.¥s_ , f3zj3 + feizJil 1 (13)
kXi + ~x2 Kys “F KYj Kr3 + ~zi
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r2and r3 are obtained from Eqs (10), (12) and (13) by the simultaneous sub-
stitution of the index numbers and index symbols according to the cycles

1 Z— X
[\ and \
3 =2 Y
In case Ill-r:
ri = On[(k4 + kik) K, p, - kji Kjpj — kki K kpk] (14)
(15)
1+ ZKiPi

(k/j is the rate constant of the surface reaction [U — Q], indexed according
to scheme 11l in Fig. 1; e.g. k12 for Ll —m|2j;

Kj is the adsorption equilibrium constant of component i).

In case IlI-rO0:

Ti- [(kij + kikKiPi  Kj Kjpj hiKkp,\ (16)

o (et KiRK]Yj kij Kjyj - KiKkyk

(17)
EKJjj
In case Il1ls (general indexing is not possible here):

rx= 0o [(fcj k*_W* + k, k=3*) PI K, k***p, - k3k***p§ (18)
k—1~-bk—H K ~bfe3K13 (19)

el + K\i + Kis) £kiPi + fc_ 1+ k_2K 12-f k_3K 13
K*T - *-j (*-1 + /1. 2K+ k_3K13-' (20)
fc*2x — k" 2K vi(k_.1-f- k"2Kn f- k_3K13)_1 (21)
N-3* = fc-,Xu(fc_i + k-2K 12-f k_3K i3)~i (22)

considering that Kjj = VK" and KiklIKjk = K17, if the numerators and deno-

minators of (19)—(22) are divided by any optional Ku, equivalent expres-
sions are obtained.

(kj is the adsorption rate constant of i;
k_j is the desorption rate constant of i;
Kjj is the equilibrium constant of the surface reaction L — L.
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In case Ill-ads:

r, = [(kxk*** + kk***)p, - kXTp, - kk***p,] (23)
In case lll-des:

r [(fet K—2K\2 ~I' A1 fc-3 ~13) Y1 k24—1Yd  fe;~ 1Y3) (24)

' (I -« K124 KRYr=*,.r,

which naturally can be transcribed in the sense of what was said after (22).
r2and r3can be obtained from Eqs. (18), (23) and (24) by altering the indices

1
according to the cycle / \ .
3 2

In case IV-r (general indexing is not possible here):

K, k.x
rm=0nkyxpx KXY kxy P3 (25)
k_., + fc_. K

since the adsorption equilibrium has set in, components 2 and 3 are also per-
manently equilibrated through X:

r>= Klur3 - A O {kKXYKjPj KkYXKIp1 (26)
1-fK.3 { iPj pY
that
k,p, 4 k. p.
p p @7)
K . 1K,
60 = (28)

1+KiP, Kp

(kxv, kyx are the rate constants of the surface reaction according to scheme
IV in Fig. 1;

Kx Kj are adsorption equilibrium constants; j = 2, 3;

K32, K23 are equilibrium constants of the overall transformations () — ()
and © — ).

In IV-rn:
ri — (kxyKxp — kXYKjPj) (29)

1
r-  K-3>r (kxv KjPj  kYXK xPx) (30)
1+ K’
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In case I V-rx
Oy x ~ jai kKX YKijyj) (31)

K iJgi + *yy;

Kai s — I XY * [ Y] KYX *1 \x) (32)

+ *23 KiY\ + Kijijij
In case 1V-s (general indexing is not possible here):
r, = en[(k&k*2 + ktk*t)P] — k,k**p2 — k.,k**p,] (33)

B,, = +-*Krxzb=+KYX (34)
( -ji- Kxy)ZkiPi k_j -~k KYx+ k3 KYX

and k**= Jc_Ufc_j + k_2KYX + k_3KYX)~1 (35)
fer* = k_2Kyx(fc_1-)- k".,KYX -\- k_sK YX)~1 (36)
3 - k_3KyX(k_1+ k_2KyX + fc-s-Kv*)-1 37)

since KXY = 1/KYX, on dividing by jKVx the equivalent expressions of
(34) —(37) are obtained

(fc; is the adsorption rate constant of i;
& , is the desorption rate constant of i;
X Xy is the equilibrium constant of the surface reaction jXj —»jYj).

In case IV-ads:

M= [(fefct + fef"3)pl— fde**p, — fe/i**pi)] (38)
In case IV-des:

r = [(kik-2KYX+ K k-3KYX)yi - Krk-\Yr  Kk3k-1¥3] (39)
(1+KyX)1lkiYl

r2and r.5can be obtained from Eqs (33), (38) and (39) by changing the index-
1

numbers according to the cycle [/ \
3 <-2
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In case V-s (the general indices have been disregarded in order to simplify

comparison with cases Ill-s and | V-s):
ri —®o[("i"*—a ~b K*k_3Pi  kX-ip2 M -.P:] (40)
Zk_t 41
0. = Ektpi + Ek_i (41)

and the probability of desorption of the common intermediate to i is

xn K (42)
Ek_i
(kj is the adsorption rate constant of i;
k_i is the desorption rate constant of i).
In case V-ads:
ri— pe1e— -+~ kk-3pl  kX-iP2 «k3X-rp3)] (43)

In case V-des:
[(felk_2-|]- kxk_3)y1 k2k_1yl K3K_1Y3]

27fcy, (44)

r2and r3can be obtained from Eqs (40), (43) and (44) by changing the index-

1
numbers according to the cycle / \
3 <2

It should be noted that the equations established for the simpler cases
can be derived from those valid for the more involved cases by using appro-
priate simplifications. This compatibility confirms the correctness of the
equations set up. Thus, IV-r can be derived from Ill-r, 1V-s from Ill-s and
V-s from IV-s (and all these from the rate equations deduced for scheme Il
if no rate determining step is involved).

3. Initial rate equations

Although the rate of the reaction may be obtained for any partial pres-
sures with the use of the kinetic expressions given above (in so far as one or
other of these reflect the correct mechanism), as a result of their complexity
they are scarcely suitable for the calculation of the unknown constants from
known partial pressures and reaction rates (at least in as much as this is
possible at all in principle; see later at the end of this section).
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Simpler expressions easier to evaluate, are obtained, if instead of the rate
of disappearance of Qj in steady state, the initial rate of the overall trans-
formation (7) —(T), rij is regarded in steady state when the partial pressure
of reactant is p° (pj — pk = 0). All the kinetic equations derived for the dif-
ferent cases can then be rearranged in linear form (see the symbols in the
equations cited):

In case 7-r, the rate of transformation of i is deduced from (2) as

1 1
. {Ki}ij+ K UK) (45)
o h K Pi

In case I-r0 the second term can be neglected in comparison with the firsts
rU = AR K §ij Pl (46)

In case I-rlthe first term can be neglected:

Kij K Uij (47>
Ki,ij + Kjji
In case I-s, from (6)
1 kjijKij - kjjj huil+ Ku) + hdi + Kik (48)
" K, K, P kjjj - kijjKjj kiki -f- kkik Kn
In case l-ads, from (8)
kji,j Ku ”
AR b (49)
ot L1 kjijKij + kijti
In case I-des, from (9)
reij = [kjijkjijKij(kkjtkKjk -j- kjk )~ X [kj jj(kkik Kjk -f k,kj) (1 -j- Kjj)
+ kj ik(kjitj K/j + kijti) (1 + K ik]~" (50)
In case Il-s, from (10)
1 1 k 1 ki .
XT N ix N iz (51)
kix kX2 Pi kXi 4" kxj kzi -(- kmg
In case Il-ads, from (12)
'r102:||<_1x ™— p° (52),
kKXi + kX2
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In case Il-des, from (13)
0 ALX AX2 (MZ3 + &2ZI)
Kx ("\Z3+ 7zi) +  z(*xi + foxe)

In case Ill-r, from (14)
1 1 1 1 1
. R T
re kij K,  pi Kjj Kii Kj g
In case from (16)
=bjKtp"
In case Ill-rv from (17)
7,
r'i ~ KU
In case Ills, from (18)
1 Ji 14k 2A 2+ fc 3Ka
Alfc . It Pi k_1-4—k_2KM Hk_2
In case Il1- ads, from (23)
r2= kyk*v ¥l
In case Ill-des, from (24)
o 2
12 7
124- + fVI3

In case IV-r, from (25) because of the established equilibrium @

1 1+-K23 Lk,

while

if Pl =0

(j = 2, 3 and p, = Kg.pi and K,, — KO3K 3)

In case IV-ra from (29)

.0 kKYXK j — —
ri2 — PI’ ' — kxy 1yjpj NP1 — v
1-)-K2
In case 1V-Iy, from (31)
ST = kXY if Pi= 0
1+723
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In case 1V-s, from (33)

1 f + 2Kk yx + -3k yx 1 APl + K yx)
fu K_I, K YX 12+ X fo. KYX + f£-3K YX .
(63)
In case 1V-ads, from (38)
M. = &1 k*Apd (64)
In case IV-des, from (39)
0 *2KyX (65)
1+ Kyx
In case V-s, from (40)
1 Ek_,
- 1M k (66)
Aj kjk_j .Pi ' Zk
In case V-ads, from (43)
Aj = K k*-;pI (67)
In case V-des, from (44)
0
rg= k-j (68)

From a consideration of Eqs (45)—(68) it is evident that they agree
in form; that is, in the monomolecular, catalytic interconversion of 3 com-
ponents the initial rate of transformation of pure component i into j can be
given in the following general form:

1 1
4 b, (69)

or in the more usual form of rate equations of catalytic transformations

rg (69/a)
I + b, pp>

where T1 and are the quantities characteristic of the transformation con-
cerned. Their values can be determined from the experimentally measured
rfj and p] pairs with the help of the linear relation

(69/b)
Pi
rhere
mtJ bi (70)

Acta Chim. (Budapest) 72, 1972



202 KALLO et al : ISOMERIZATION OF n-BUTENE, |

and so, of necessity,
AL = ML (71)
m ik bjk
Only in the range of medium coverages is there a possibility of the simulta-
neous calculation of the two constants in (69/b). In the case of small cover-
ages (in cases r0 and ads) p®—0 and so by, and in the case of

large coverages (in cases rt and des) p°, —moo, when my/p°® by; in the former
case it is only possible to determine m(y, and in the latter case only by.

Fig. 2. General form of the pressure function of the initial overall conversion rate

rij*: —m—_fpi(l -j- bj pl)~", normalized for the maximum rate (pi -» 00, ryJ 1/m)3 6- = 1jb,J.)

By rearranging (69/a) and substituting for T.4 according to (70), the

function of the general form
i1 oIP (72)
t>ip?

is obtained, with dimensionless variables; its plot is shown in Fig. 2. In the
logarithmic scale it can be well perceived that for a given system (substrate,
catalyst, temperature) there exists an interval of about two orders of magni-
tude, within which the pressure may vary so that both m,j and by could be
determined, while in the range 60” 1 and in the range @ m 0 only m,j or by,
respectively, can be calculated.

For the constants m of the forward and reverse transformations, it
holds that

%’_ln[!- = Kjj (73)
1)

(K jtis the equilibrium constant of the overall transformation (*) —=(7)), which
must be taken into account in their determination according to (69/b) for
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greater accuracy [we pass over the proof of (73)]. However, the initial selec-
tivity is given by the ratio of the constants m of the parallel transformations:

K (74)
m ik
as can easily be seen from (69).

Nevertheless, a problem arises from the fact that, even if the determina-
tion of the quantities and b,j is successful, in some of the kinetic cases
presented we do not obtain a sufficient number of independent equations for
the calculation of every unknown constant. [It should be noted that the
determination of six btj values using substitution (70) in fact means a knowl-
edge of only three 6- values.]

In 7-r, 6 adsorption equilibrium constants and 6 surface reaction rate
constants, i.e. 12 unknowns, should be determined from 6 myand 3 6, values,
i.e. from 9 independent equations;

In I-s, 6 adsorption and 6 desorption rate constants and 3 surface reac-
tion equilibrium constants, i.e. 15 unknowns, should be determined from
6 mu and 3 6- values, i.e. from 9 independent equations;

In Il-s, 6 adsorption and 6 desorption rate constants, i.e. 12 unknowns,
must be determined from 6 my and 3 6, values, bearing in mind that the sum

of the desorption probabilities €.9. KkXi i is equal to unity

&X1 + kX2
(e.g. kx: -[- kxr — 1) and that this results in further 3 independent equations

(for the desorptions of X. Y and Z), i.e. from 12 independent equations;

In Ill-r, 3 adsorption equilibrium constants and 5 independent rate
constants ofthe triangular surface reaction (K1X 23K 31= 1= fcl2k2l k23lk2k.njk 13
and hence five ky values determine the sixth), i.e. 8 unknowns, must be deter-
mined from 6 m,j and 3 bt values, i.e. from 9 independent equations;

In Ills, 3 adsorption and 3 desorption rate constants and 2 surface
reaction equilibrium constants (as in Ill-r this determines the third), i.e.
8 unknowns, should be determined from 6 my and 3 6-values, i.e. from 9 inde-
pendent equations; the unknown equilibrium constants K/j, however, cannot
be separated;

In IV-r, 2 adsorption equilibrium constants and 2 rate constants of the
surface reaction, i.e. 4 unknowns, must be determined from 2 mi; and 2 6(
values, i.e. from 4 independent equations;

In 1V-s, 3 adsorption and 3 desorption rate constants and 1 surface
reaction equilibrium constant, i.e. 7 unknowns, should be determined from
6 my and 3 b(values, i.e. from 9 independent equations; the unknown equi-
librium constant Ky X, however, is not separable;

In V-s, 3 adsorption and 3 desorption rate constants, i.e. 6 unknowns,
must be determined from 6 m,j and 3 6, values, i.e. from 9 independent
equations.
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4. Possibilities of determining the reaction mechanism
by kinetic methods

The elucidation of the mechanism by kinetic methods is restricted by
the agreement between the kinetic equations which are valid for individual
mechanisms. The consequences of this are as follows.

(@) The similarity between the initial rate equations deduced for the
various transformation schemes above is striking [see general equations (69)
and (69/a), and the criteria for their constants in (73) and (74)].

(b) No difference can be revealed from the relative change of the com-
position of the reacting mixture, with the exception of the special require-
ments in cases 1V-r to which we shall return later. The differential equation
of this composition change

4y Vi ) (75)

can be given as the quotient of two kinetic equations r,/r; [5]. These differen-
tial equations can thus be obtained from the derived kinetic equations [(1),
(2), (4), (5), (6), (8), (9), (10), (12), (13), (14), (16), (17), (18), (23), (24), (33),
(38), (39), (40), (43), (44)]. On the formation of the quotient, 00and the com-
mon denominators (if there are any) of the kinetic equations are eliminated,
and the partial pressures can be simply substituted by the corresponding mole
fractions y [5] (for 00= 0 these appear already). The obtained relations are
formally and thus experimentally indistinguishably identical for each of the
reaction schemes studied, whatever the rate-determining process, viz.

— b, -y e+ o-— [y (Kik+ 1) -Lyj 1]
dy, mu mki
(76)

dyj — (KjiYj yd <= ' [Yi(K'K + 1)+ KKy, KK]
mij mjk

3
if (73) and the relation ¥ y, = 1 are taken into account; with the substitution
|

I/m;/ = k/j, however, (76) agrees with that relation which can be obtained
from (1) for the phenomenological triangular scheme. Including cases IV-r-ril-rn
the pressure independence of the relative change of composition, which was
observed experimentally (see an example in Fig. 3), follows from these dif-
ferential equations.

As a check on the determination of the parameter reported in sec-
tion 3, its relative values related to some irijk can be approximately calculated
with relatively high accuracy from the experimentally measured yi = f{yj)
curves [6] by numerical integration of (76). In the case of large coverages,
however, when m,y cannot be determined and therefore it is possible to cal-

Acta Chim. (Budapest) 72, 1972



KALLO et al.: ISOMERIZATION OF n-BUTENE, 205

oulate fewer kinetic constants only, valuable data may thus be obtained

(e.g. in Ill-r1ltlie relative equilibrium constants may be determined, and in
V-des the relative values of the adsorption rate constants).
(c) In addition, a common feature of each of the transformation schemes

studied is that at small total pressure, when the coverages are low, the trans-
formations are of first order in the entire conversion range [see (4) and (8)
for I; (12) for 11; (16) and (23) for 1'11; (29) and (30) for IV; and (43) for V];
in the region of higher pressures, where the coverage is no longer negligibly
small, because of the pressure dependence of dO this does not hold any more:

Fig. 3. Relative change of composition during the isomerization of trans-2-butene at 250°C
on H form of clinoptilolite; y, : 1-butene; y2:cis-2-butene; + 70 torr, O 120 torr, g 130
torr, o 215 torr, ¢ 560 torr

the transformation rates are apparently proportional to the total pressure to
a power less than unity. When total coverage is attained, the transformation
rates depend only on the composition and not on the pressure [see (5) and (9)
for I; (13) for Il; (17) and (24) for I11; (31), (32) and (39) for 1V; and (44)
for V]. Thus, rate equation (1) given in the introduction can strictly never be
correct (except in the range 00 1), since the composition dependence of the
rate is more complicated than it is expressed by Eq. (1).

Despite such comprehensive similarity of the kinetics fundamental dif-
ferences can be revealed.

Although the transformation always seems formally to be a triangular
reaction, the kinetic cases can be classified into two main groups on the basis
of the mechanisms describing the catalytic transformation: in the one it is
observable in principle that the elementary steps of the transformation follow
each other according to the triangular scheme, while in the other in principle
it can only be observed that the transformation occurs via some common inter-
mediate, that is, according to an Y scheme.
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It can easily be seen that the catalytic transformation follows the tri-
angular scheme in all cases of schemes | and Il, and in cases Ill-r, 111-rQ,
and Ill-r1; cases Ill-s, Ill-ads, Ill-des, IV-s, IV-ads, IV-des, V-s, V-ads
and V-des are characterized by an Y scheme mechanism, while IV-r, IV-r0
and IV-rl are the special cases of the Y scheme when the transformation
occurs via the rate-determining reaction of two surface intermediates. As a
result of the established sorption equilibria, two gas phase components are
always in equilibrium with each other via their intermediate, i.e. pkipj = Kjk

‘N 4reaclion scheme

: A X
rale equation at thex® A A
Deginmng ot conver-
sion i tract ion of vacant
active centers
Urjj -mij Vpl +5ii  ( \'-T oD v
0<e0<i i h-s 1 (lll-s IV-s V-S)
M =1 /bij [h-r, woaitpp IV
8-7° [j-des  W—desj (Ill-des  IV-des  V-des]
rj =Pi/mij fl-10 [ liv-r0:
Q»L iy e

l-ads  Il-ads  Ill-ads ~ IV-ads V-ads]

Cl__) 4 scheme )bj;. bk

1 I 'Y scheme , bij = b|<j

'|'||") Y scheme' with two inter mediates j pk/pj =Kji<

C'.“ ' & and Y schemes are not distinguishable
Fig. 4. Reaction mechanisms distinguishable by kinetic methods; the cases within the same
borders are kinetically identical, and the groups are unambiguously separable from each

other (for the designations of the kinetic cases in the grouping according to Fig. 1, see at the
beginning of section 2)

(this is a special requirement of the IV-r cases, which was mentioned earlier,
and therefore the transformation can be regarded as a particular case of the
formal triangular reaction).

It is possible to draw conclusions on the mechanism according to the
triangular scheme in the range of medium coverages, i.e. in cases I-r, I-s,
Il-s and I'11-T, and also for large coverages, i.e. in cases 1-rr, I1-des and Il1-rx
when b[j #bkj in Eqs (69/b) [see the term(s) not containing 1/p; on the right
side of Eq. (45) for I-r, and I-rv of (48) for I-s and I-des, of (51) for Il-s and
Il-des, and of (54) for IH-r, and I1l1-rX.
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The mechanism according to the Y scheme can be demonstrated for
medium coverages, i.e. in cases Ill-s, IV-s and V-s, and for large coverages
in cases Ill-des, IV-des and V-des; then in (69/b) = bkj, which can be
ascertained from the equations reported in section 3. At the same time, how-
ever, it is not possible to decide on kinetic grounds alone whether the process
proceeds via a single common intermediate or via a mixture of two or three
surface intermediates in equilibrium, since the equilibrium constants of the
surface reactions in these equations cannot be separated [see the term not
containing 1lp® on the right hand side of Eq. (57) for I11-s and Ill-des, of (63)
for 1V-s and I1V-des, and of (66) for V-s and V-des],

In the range of low coverages the triangular and Y schemes become
indistinguishable. Under such circumstances it is helpful if a medium coverage
can be attained by decreasing the temperature or by increasing the pressure,
when the question can be decided; the results can then be evaluated accord-
ing”-

All the above groupings are given in Fig. 4, together with the direct
possibilities and theoretical limits of the kinetic elucidation of the mechanism.
W ithin the individual groups (except for the cases relating to the Y scheme)
further differences may be made from an examination of the reality of the
determinable kinetic constants (e.g. the investigation of temperature de-
pendence).

These findings will be used in the evaluation of the experimental results
in our further work.
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ADSORPTION ON PALLADIUM ELECTRODES

(SHORT COMMUNICATION)
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In contrast to the platinum electrode on which hydrogen adsorption
has been investigated in detail, on the palladium electrode hydrogen adsorp-
tion has, to our knowledge, only been determined indirectly [1] by taking
charging curves in an indifferent electrolyte and in the presence of halogenide
ions. The difference between the two charging curves was regarded as the
charging curve of hydrogen adsorption on the assumption that in the pres-
ence of an adequate halogenide ion concentration hydrogen adsorption is
practically suppressed. This indirect method was chosen because of the impor-
tant amount of hydrogen dissolved in palladium in the range between 60 to
400 mV, masking adsorption. Determination of hydrogen adsorption by a less-
indirect method seemed desirable.

The idea is as follows. At a given potential the amount of hydrogen
adsorbed is proportional to the surface area, the amount dissolved to the
volume of palladium. The ratio of surface area/volume of the palladium
specimen is a function of the particle size. If hydrogen sorption is determined
on a specimen of known surface area/volume ratio, the amounts adsorbed
and dissolved can be determined by a simple calculation. The volume of pal-
ladium can be determined from the amount of hydrogen contained in B phase
Pd—H, as the possible change of adsorption in the narrow potential range of
phase transformation will be entirely negligible besides the large amount of
dissolved hydrogen. The surface area of palladium can be determined from
measurements of oxygen adsorption.

Measurements were carried out in a usual three-compartment cell in
N HC104 solution, the electrodes being platinum wires on which palladium
black was deposited at varying current densities and lengths of time. The
amounts of palladium were so chosen that the hydrogen and oxygen adsorp-
tion capacities of the supporting platinum were negligible. Each measurement
was started by setting the electrode potentiostatically to 1450 mV as referred
to the rhe, until the passage of current practically ceased. Subsequently a
constant negative current was applied to the electrode and the change of
potential with time recorded. The three characteristic portions of the charging
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curve, oxygen desorption, charging of the a phase of the Pd—H system and
the assumed parallel hydrogen adsorption capacity and finally charging of the
t phase were taken at different current intensities according to convenience.

In Fig. 1 the three characteristic sections of the charging curve of a
typical palladium electrode are plotted together, the time coordinate restarted
from 0 at the outset of each section. The charge of adsorbed oxygen (Oa)
and of hydrogen absorbed in the B phase transformation (H”) were determined
from the product of the intervals between the intersections of the tangents
of the respective parts of the charging curve and the corresponding currents.
The sum of the charges of hydrogen absorbed in the a phase (Ha) and of hy-

drogen adsorbed simultaneously (Hu) was determined in 20 mV intervals in
an analogous way, subtracting the charge of the double layer represented
by the extension of the tangent of the corresponding section of the charging
curve between about 400 and 700 mV.

The result of measurements of 10 specimens are tabulated. The separa-
tion of hydrogen adsorption and absorption is carried out according to the
following equation. H(E) H,(E) -~ Ha(E) = a(E)0,, -|- «(E)!!* = [a(E), -)-
-f- a(E)]JH MO where the symbols in capitals denote charges while (E) means
that the given quantity is a function of potential. The factors

(E)
0

«(E) Ha (E)

—and %(E)
are assumed to be independent of the nature of the specimen and depend on

potential only, while
0.

[V

HU
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Specimen

~N oo o0~ w N

10

KR

90

90

74.5
74.5
72.5
78.5
78.0
78.0
68.5
68.5
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oa

1.77
1.64
5.85
5.55
6.10
5.95
8.85
8.25
8.35
8.35

80

6.3
6.0
7.8
7.45
9.35
9.2
10.2
8.6
9.3
8.8

100

4.5
4.35
5.8
5.6
6.7
6.9
7.75
6.45
7.15
6.75

Table |

3.45

4.65
4.5
5.1
5.45
6.3
51
5.95
5.6

H(E)
E[mV]
140 160
2.7 2.15
2.6 2.1
2.85 3.15
3.75 3.1
4.1 3.25
4.55 3.65
5.25 4.2
4.15 3.3
4.95 4.1
4.7 3.75

180

1.75
1.7
2.55
2.5
2.55
2.85
3.3
2.5
3.3
3.15

200

1.35
1.3
2.05
2.0
1.9
2.1
2.35
1.7
2.55
2.35

220

1.05
1.05
1.6
1.6
1.3
1.4
1.6
11
1.95
1.75

the ratio of surface area/volume is different for each specimen. a(E) and a(E)
can be determined if two specimens with differenty are available, while further
specimens may serve as a check. This check showed the best agreement for
specimens 1, 3 and 10 with values of y of 0.0197, 0.079 and 0.122, respec-

tively.

In Fig. 2 a and a determined in the above way are plotted. As may be
seen, the course of a, the charging curve of hydrogen adsorption resembles that
of platinum both in quality and amount. The wavyness of the curve, though
also resembling that of platinum, cannot be taken as significant because of
the small number of points measured and the general uncertainty of the
determination. The finer details of the hydrogen charging curve of platinum
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are known from measurements of differential capacity. The method outlined
here is, in principle, also applicable to measurements of differential capacity
on palladium. Such measurements, however, have not been carried out so far
because of technical difficulties.
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PREPARATION OF

2,3-DIHYDRO-4H-1,3-BENZOTHIAZINE DERIVATIVES?®*
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(Department for Pharmaceutical Chemistry, Medical University, Szeged)
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The condensation of 2-mercaptobenzylamine and its derivatives with oxo com-
pounds in alkaline medium gives 2,3-dihydro-t//-1.3-benzothiazine derivatives. The
procedure described is a new method for the preparation of 2,3-dihydro-4H-I,3-
benzothiazine derivatives.

The syntheses of various oxo-, thione- and imino derivatives of 2,3-
dihydro-4H-1,3-benzothiazine have been described in several papers [2—27].
However, the preparation of 2,3-dihydro-4if-1,3-benzothiazine derivatives
containing no oxo-, thione- or imino groups has only recently been
achieved.

Bourgoin-Legnay and Boudet [28] obtained 2,3-dihydro-2-phenyl-4H-
1.3- benzothiazine by means of the lithium aluminium hydride reduction of
4-0x0-2,3-dihydro-2-phenyl-4if-1,3-benzothiazine. Szabs,vVarga and Vinkier
[29] prepared different 2-aryl- and 2-aryl-3-alkyl-2,3-dihydro-4H-1,3-benzo-
thiazine derivatives by the reduction of 2-aryl-4H-I,3-benzothiazine deriva-
tives and 2-aryl-3-alkyl-4if-1,3-benzothiazinium bromides with zinc in acid
medium. 4,5-Dimethoxy-2-mercaptobenzyl ammonium chloride [30] (1),
N-ethyl-4,5-dimethoxymercaptobenzyl ammonium bromide [31] (IV) and
2-mercaptobenzyl ammonium chloride [32], being bidentate compounds,
seemed to be suitable starting materials for the preparation of 2,3-dihydro-
4H-1,3-benzothiazine derivatives in condensation reactions with oxo com-
pounds.

At first, 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) was
condensed with formaldehyde. In this case, even if the stoichiometrically
required amount of formaldehyde was applied, 3,3’-methylene-bis(2,3-dihydro-
6,7-dimethoxy-4if-1,3-benzothiazine) (111) was obtained instead ofthe expected
2.3- dihydro-6,7-dimethoxy-4if-1,3-benzothiazine (I1). Most probably, com-
pound Il is immediately condensed with formaldehyde to give the methylene-
bis-derivative (111).

* Partly presented on the meeting of the Organic Chemical Committee of the Hungarian
Academy of Sciences, February 22, 1966. [1]
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This assumption issupported by the reaction of N-(ethyl)-4,5-dimethoxy-2-mer-
captobenzyl ammonium bromide (IV) with formaldehyde, resulting in the ex-
pected compound, 3-ethyl-6,7-dimethoxy-2,3-dihydro-4fi-1,3-benzothiazine(V).

Here, the tertiary nitrogen atom of compound V is unable to undergo further
condensation reactions. The formation of Ill is in accordance with the 1,3-
benzoxazine cyclization reaction of 2-hydroxybenzylamine with formaldehyde,
studied by Horiry and Cope [33].

The structures of compounds |1l and V have been verified by their NMR
spectra, in addition to the elemental analyses and molecular weight determi-
nations (Figs 1 and 2).

8 3.45 (NCH,N, bridge, 1H); 8 4.60 (ArCH2N, 24 —4); 8 3.97 (SCH2XN,
2H—2); 8 6.55 (ArH, 1H—5); 06.67 (ArH, 1H—8); b 3.70 (OCH3, 6H—6, 7);

PPM (t)
2.0 3.0 4.0 50 6.0 7.0 8.0 90 10

Fig. 1. NMR spectrum of 3,3,-methylene-bis(2,3-dihydro-6,7-dimethoxy-4H-1,3-benzothiazine)
in DMSO-d6
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4 1.09 (CH3, triplet, ethyl, 3H); g 4.55 (ArCH2N, 2H-4); 0 3.90 (SCH2N,
2H-2); 6 6.55 (ArH, 1H-5); d 6.68 (ArH, 1H-8); $3.72 (OCH3, 6H-6, 7); the
0 CH2 signal is fused with the absorption of the solvent (DMSO-d6)

PPM (t)

8.0 70 6.0 5.0 4.0 3.0 2.0 1.0 0
PPM (&)

Fig. 2. The NMR spectrum of 3-ethyl-6,7-dimethoxy-2,3-dihydro-4iZ-1,3-benzothiazine in
DMSO-de

4,5-Dimethoxy-2-mercaptobenzyl ammonium chloride (1) and 2-mercap-
tobenzyl ammonium chloride were successfully condensed with both aliphatic
and aromatic aldehydes and ketones, resulting in 2,3-dihydro-4if-1,3-benzo-
thiazine derivatives (Via h).

Vi

a. R= OCH3 Q= CH3; b. R= OCH3 Q= C6H5 ¢. R= HQ = C6Ha d. R = OCH3
Q= 3,4—(CHX)XeH3; e. R = OCH3 Q= 4-NC- CéH4; f. R = OCH3 Q= 2-furyli
g. R = OCH3 Q = (CH3),, h. R = OCH3Q = - CHACH,)3 CH2 -;

Of these derivatives compounds Vl1b, Vic and VId — also prepared by
independent syntheses [29] — were in all respects indentical with the products
obtained by reduction.

N-(Ethyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide (1V) was
successfully converted with aromatic aldehydes in pyridine solutions to the
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corresponding 3-ethyl-2,3-dihydro-41T-1,3-benzothiazine derivatives (Vila—f).
In this case the cyclization experiments failed with aliphatic aldehydes and
ketones.

R

Ml

a. R = OCH3 Ar= C6H5 b. R = OCH3 Ar= 3,4-(CH30)2C6H3; c¢. R = OCHS3
Ar = 4—(CH32N—C6H4; d. R = OCH3 Ar= 4-NC-C6H4 e R = OCH3 Ar= 4-
—CH30C6H4; f. R = OCH3 Ar = 2-furyl

The NMR spectrum of compound Vila is in agreement with the assumed
structure (Fig. 3).

01.09 (CH3, triplet, ethyl, 3H, J= 7 Hz); b 3.81—3.83 (ArCH2N, 2H—4);
b 5.88 (CH, 1H—2); S 6.70 (ArH, I11—5); b 6.75 (ArH, 1H—38); 0 3.70, 3.75
(OCH3, 6H—6, 7); b Ph (5H) 430—460 Hz. The b CH2signal is fused with the
absorption of the solvent (DMSO—de).

PPM (t)
2.0 3.0 4.0 50 6.0 70 8.0 9.0 10

Fig. 3. The NMR spectrum of 2-phenyl-3-ethyl-6,7-dimethoxy-2,3-dihydro-4Jf-1,3-benzothia-
zine (m.p. 95—96°C) in DM SO-d6

In the case of 2-phenyl-3-ethyl-6,7-dimethoxy-2,3-dihydro-4H-1,3-benzo-
tlilazine (Vila), the existence of polymorphism was observed. Crystallization
from ethanol resulted in two kinds of colourless radial needles melting at
81—82°C and 95— 96°C, respectively. The structures of the two modifications
were verified by the analytic data and their identical infrared spectra (Fig. 4).

Acta Chim. (Budapest) 72, 1972



SZABO et al.: 2,3-DIHYDRO-4#-1,3-BENZOTHIAZINE DERIVATIVES 217

25 3.0 4.0 50 60 70 809010 12 14161820 30

Fig. 4. The infrared spectrum of 2-phenyl-3-ethyl-6,7-dimethoxy-2,3-dihydro-41f-1,3-benzo-
thiazine (m.p. 81—82°C or 95—96°C) in KBr

Experimental
(Melting points are uncorrected)
1) 3,3’-Methylene-bis(2,3-dihydro-6,7-diinethoxy-4l1i-1,3-benzothiazine) (111)

0.47 g (0.002 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) was
dissolved in 10 ml of water, and 0.5 ml of 30% formaldehyde solution and 0.1 g of potassium
carbonate were added. The crystalline reaction product was filtered off, washed with water
and recrystallized from ethanol; colourless powder-like crystals, m.p. 172—173°C; 0.21 ¢
(48.4%).

C2iH26N204S2 (434,57). Calcd. C 58.04; H 6.03; N 6.45. Found C 58.31; H 5.80; N
6.44%.

Molecular weight found: 425—450.

2) 3-Ethyl-6,7-dimethoxy-2,3-dihydro-4ii-1,3-benzothiazine (V)

0.62 g (0.002 mole) of N-(ethyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide
(1V) was dissolved in 10 ml of water, and 0.5 ml of 30% formaldehyde solution and 0.1 g of
potassium carbonate were added to the solution. The oily reaction product which separated
was extracted with ether. After evaporation of the solvent, the oily residue was dissolved
in ethanol and the solution was mixed with ethanol containing hydrogen chloride. The product,
3-ethyl-6,7-dimethoxy-2,3-dihydro-4H-1,3-benzothiazinium chloride, was precipitated with
ether; pale yellow needles, m.p. 201—202°C (d.).

C12H 18C1N02S (275.79). Calcd. C 52.26; H 6.58. Found C 51.94; H 6.46%.

The base, liberated from the aqueous solution of the hydrochloride with sodium car-
bonate, was extracted with ether, dried over anhydrous sodium sulfate and the solvent was
%\Z/agor%%d. The residue was crystallized from 50% ethanol to give colourless prisms, m.p.

c

CI2HIN 025 (239.33). Calcd. C 60.22; H 7.16. Found C 60.59; H 6.99%.
Molecular weight of the base found: 222 (ebullioscopic method).

3) 2-Methyl-6,7-dimethoxy-2,3-dihydro-4ff-l,3-benzothiazine (Via)

0.24 g (0.001 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) was
dissolved in 5 ml of water and the solution was saturated with acetaldehyde under cooling
in ice. After this, 0.1 g of potassium carbonate was added to the reaction mixture, it was
allowed to stand for 30 min., and the crystalline precipitate was filtered off to obtain 0.21 g
of the product; colourless prisms (from anhydrous ether), m.p. 107—109°C.

CnHIN02S (225.30). Caled. C 58.64; H 6.26. Found C 58.79; H 6.58%.
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4) 2-Phenyl-6,7-dimethoxy-2,3-dihydro-4f/-1,3-benzothiazine (VIb)

0.47 g (0.002 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) was
dissolved in 10 ml of water, and mixed with a solution of 0.2 ml of benzaldehyde in 6 ml of
ethanol and 0.2 g of potassium carbonate. The crystalline precipitate was filtered off, washed
with 50% ethanol, dried and crystallized to obtain 0.49 g (87.5%) of colourless needles (from
ethanol), m.p. 156—157°C: this product gave no m.p. depression with the compound prepared
by reduction [29].

CleH 1IN 02S (287.37). Calcd. C 66.87; H 5.96; N 4.87. Found C 67.20; H 5.85; N 4.80%.

5) 2-Phenyl-2,3-dihydro-41/-1,3-benzothiaziiie (Vic)

0.35 g (0.002 mole) of 2-mercaptobenzyl ammonium chloride [32] and 0.20 ml (
benzaldehyde were allowed to react in the same way as given in Experiment 4) to obtain 0.35 g
(78%) of nacreous plates (from ethanol), m.p. 123.5—124°C; this product gave no melting
point depression with the substance obtained by reduction [29].

C14H 13NS (227.31). Caled. C 73.96: H 5.76; N 6.15. Found C 73.80; H 5.70; N 6.12%.

6) 2-(3,,4’-Dimethoxyphenyl)-6,7-dimethoxy-2,3-dihydro-4.H-1,3-beiizothiazine (VId)

0.47 g (0.002 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) an
0.34 g (0.002 mole) of veratraldehyde were allowed to react as described in Experiment 4) t
obtain 0.57 g (81.4%) of VId: colourless radial needles (from ethanol), m.p. 169—170°C: i
gave no melting point depression with the product prepared by reduction [29].

CI18H2IN 04S (347.42). Calcd. C 62.23; H 6.09; N 4.03. Found C 62.50; H 6.20; N 4.00%-

7) 2-(4’-Nitrilophenyl)-6,7-dimethoxy-2,3-didihydro-41i-1,3-benzothiaziiie (Vie)

0.47 g (0.002 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) and
4-nitriloaldehyde were allowed to react as described in Experiment 4) to yield 0.57 g (92%)
of Vie: colourless needles (from benzene-petroleum ether), m.p. 166—168°C.

C17H 16N 20 2S (312.38). Calcd. C 65.36; H 5.16. Found C 65.59; H 4.97%.

8) 2-(2’-Furyl)-6,7-dimethoxy-2,3-dihydro-4jFi-1,3-benzothiazine (VIf)

0.24 g (0.001 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) and
0.1 ml of 2-furfurylaldehyde were allowed to react as described in Experiment 4) to obtain
0.22 g (81.5%) of VIf: colourless needles (from ether), m.p. 136— 137°C.

CI4H 15N 03S (277.33). Calcd. C 60.63; H 6.49; Found C 60.18; H 6.30%.

9) 2,2-Dimethyl-6,7-dimethoxy-2,3-dihydro-4H-1,3-benzothiazine (VIg)

0.24 g (0.001 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) and
1 ml of acetone were allowed to react as described in Experiment 4) to give 0.18 g (75.3%)
of VIg: colourless prisms (from ether), m.p. 117—118°C.

CI2H IMN 02S (239.33). Caled. C 60.22; H 7.16; N 5.83. Found C 60.30; H 7.00; N 5.92%.

10) 2,2-Peiitamethylene-6,7-dimethoxy-2,3-dihydro-4if-1,3-benzotliiazine (V1h)

0.24 g (0.001 mole) of 4,5-dimethoxy-2-mercaptobenzyl ammonium chloride (I) and
0.1 ml of cyclohexanone were allowed to react as described in Experiment 4) to obtain 0.24 g
(85.5%) of compound VIh: colourless prisms (from 50% ethanol), m.p. 97—98°C.
CIBH2N02S (279.39). Calcd. C 64.48; H 7.58; Found C 64.17; H 7.31%.
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11) 2-Phenyl-3-ethyl-6,7-dimethoxy-2,3-dihydro-4Jt-1,3-beiizothiazine (Vila)

0.62 g (0.002 mole) of N-(ethyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide
(IV) was dissolved in 3 ml of pyridine and after the addition of 0.21 g (0.002 mole) of benz-
aldehyde, the solution was boiled for 30 min. The pyridine was distilled off in vacuum, the
residue diluted with 20 ml of water and extracted with ether. The solvent was distilled off
and the residue crystallized from ethanol to give 0.35 g (55.5%) of Vila; colourless radial need-
les, m.p. 81—82°C. This substance gave no melting point depression with the product prepared
by reduction [29].

C18H2IN 025 (315.42). Calcd. C 68.54; H 6.71; N 4.44; S 9.84. Found C 68.33: H 6.72;
N 4.40; S 9.55%.

Colourless radial needles (from ethanol): m.p. 95--96°C.

CI8H2IN 02S (315.42). Calcd. C 68.54; H 6.71; N 4.44. Found C 68.70; H 7.15: X 4.65%.

(12) b%-(3’,4'-Dimethoxyphenyl)-:%-ethvl-ﬁ,7-dimethoxy-2,3-dihvdro-4f/-|,3-beiizothiazine
VH

0.31 g (0.001 mole) of N-(ethyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide
(IV) and 0.17 g (0.001 mole) of verataldehyde were allowed to react as described in Experi-
ment 11) to obtain 0.28 g (75%) of VIIb: colourless prisms from ethanol, m.p. 138 139°C.
The substance gave no melting point depression with the product obtained by reduction [29].
C20H25NO4S (375.47). Calecd. C 63.97; H 6.71; N 3.73. Found C 64.11: H 6.49; N 3.70%.

13) 2-(4’-Dimethvlamiiiophenyl)-3-ethyl-6,7-dimethoxy-2,3-dihvdro-4//-1,3-benzothiazine
(Vile)

0.15 g (0.0005 mole) of N-(ethyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide
(IV) and 0.075 g (0.0005 mole) of 4-dimethylaminobenzaldehyde were allowed to react as
described in Experiment 11) to obtain 0.1 g (55%) of Vile: pale yellow plates (from 50%
ethanol), m.p. 96—97°C.

C20H 26N 202S (358.49). Calcd. C 67.00; H 7.81; N 7.81. Found C 67.25: H 7.70; N 7.61%.

14) 2-(4’-NitriloJiheiiyl)-3-ethyl-6.7-diiiiethoxy-2,3-dihydro-4/f-1,3-beiizothiazine (VHd)

1.5 g (0.005 mole) of N-(etliyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide
(IV) and 0.65 g (0.005 mole) of 4-cyanobenzaldehyde were allowed to react as described in
Experiment 11) to yield 0.5 g (29.4%,) of VHd: colourless needles (from 60%, ethanol), m.p.
115—116°C.

CIH20N202S (340.43). Calcd. C 67.03; H 5.92. Found C 66.96; H 6.03%,.

15) 2-(4’-Methoxypheiiyl)-3-ethyl-6,7-diiiiethoxy-2,3-dihydro-4bf-I,3-benzothiazine (Vile)

0.75 g (0.0025 mole) of N-(ethyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide
(IV) and 0.35 g of 4-methoxybenzaldehyde were allowed to react as described in Experiment
11) to obtain 0.38 g (45.2%) of Vile: colourless prisms (from ethanol), m.p. 79—80.5°C.

CIH 23N 03S (345.44). Calcd. C 66.06: H 6.86. Found C 66.09: H 6.92%,.

16) 2-(2’-Furyl)-3-ethyl-6,7-dimethoxy-2,3-dihydro-4H-I,3-beiizothiazine (VHf)

0.31 g (0.001 mole) of N-(ethyl)-4,5-dimethoxy-2-mercaptobenzyl ammonium bromide
(IV) and 0.3 ml of 2-furfurylaldehyde were allowed to react as described in Experiment 4)
to obtain 0.09 g (29.4%,) of VHTf: colourless needles (from 60% ethanol), m.p. 80 81°C.
CleHINO:B (305.38). Calcd. C 62.92; H 6.27. Found C 62.91; Il 6.68%,.

*

The authors’ thanks are due to Dr. P. Sohar for the recording and evalution of the
IR and NMR spectra.
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New syntheses of rutecarpine 2 were developed. In the first procedure the well-
known methods have been simplified, the second is a new synthesis, using IV-carbo-
benzyloxytryptamine 19 as starting material. The so-called ‘adduct’ intermediate
prepared from 1,2,3,4-tetrahydro-l-oxo-/?-carboline 9 with POCI3 was found to be
suitable for the preparation of rutecarpine 2 and its substituted derivatives.

3,14-dihydrorutecarpine 20 was obtained from the product 21 of the reaction
between tryptamine 18 and ortho-formic acid ethyl ester.

The reduction of rutecarpine 2 with LiAlH4was also investigated and rutecarpene
23 or rutecarpane 22 was obtained, depending on the nature of the solvent used.

Two alkaloids, evodiamine 1 and rutecarpine 2 were isolated from Evodia
rutaecarpa fruits by Asahina et al. [1]. They stated that these two alkaloids
have similar structures [2]. The treatment of evodiamine 1 with alcoholic
potassium hydroxide resulted 3,4-dihydro-~-carboline 3 and iV-methyl-
anthranilic acid 4, while in the hydrolysis of rutecarpine 2 with potassium
hydroxide in amyl alcohol, tryptamine-2-carboxylic acid 5 and anthranilic
acid 6 were obtained (Fig. 1).

According to the above authors [3, 4], evodiamine 1 can be converted to
rutecarpine 2 by treatment with alcoholic hydrochloric acid and subsequent
heating. The intermediates of the reaction involving demethylation are iso-
evodiamine 7 and anhydroisoevodiamine 8 (Fig. 2).

The first synthesis of rutecarpine 2 was accomplished by Asahina,
Manske and Robinson [5], by the condensation of 1,2,3,4-tetrahydro-l-oxo-/?-
carboline 9 with anthranilic acid methyl ester 10 in the presence of PC13.

In another procedure they used tryptamine-2-carboxylic acid as starting
material [6]. First its o-nitrobenzoyl derivative 11 was prepared, which was
reduced 12 and cyclized with POCI3, resulting in rutecarpine 2.

Ohta [7] modified the first Asahina synthesis, using 1,2,3,4-tetrahydro-
I-oxo-/?-carboline 9 and anthranilic-iV-carboxylic anhydride 13 in the con-
densation reaction.

Schoépf and Steuer [8] synthesized it from 3,4-dihydro-/?-carboline 3
with o-aminobenzaldehyde 14 under conditions similar to the physiological
ones. An aminocarbinol 15 was obtained in the first step, its oxidation resulted
in rutecarpine 2.

Acta Chim. (Budapest) 72, 1972



222 CLAUDER, HORVATH-DORA: ALKALOIDS, |

Petersen and Tietze [9] also prepared rutecarpine 2 from 3,4-dihydro-
I-methoxy-/?-carboline 16 and anthranilic acid 6 by refluxing them in metha-
nol (Fig. 3).

We carried out the synthesis of rutecarpine 2 by simplifying the
Asahina synthesis [5]. 1,2,3,4-Tetrahydro-l-oxo-/S-carboline 9 was directly
condensed with anthranilic acid 6 in benzene in the presence of POCI3.
In 5 hours, rutecarpine 2 was obtained in nearly quantitative yield. After
recrystallization from ethanol or benzene, the substance was identified on the
basis of its melting point, as well as its ultraviolet and infrared spectra, by
making comparisons with the data of the spectrum catalogues compiled by
Hesse [11] and Neuss [12].
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Fig. 3

In order to modify our previous method of synthesis, the following
reaction was carried out. 1,2,3,4-tetrahydro-l-oxo-/?-carboline 9 and POCI3
were heated without solvent. After cooling and precipitating with ether, a
very reactive substance was obtained, its hypothetic structure, according to
Lorenz [13] corresponded to 3,4-dihydro-I-chloro-/?-carbolium, P02C1217. The
author refers to this compound simply as an ‘adduct’. Heating of this ‘adduct’
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in absolute benzene with anthranilic acid 6 also resulted in rutecarpine 2.
The advantage of the procedure is that it eliminates discolouration of the
solution and the formation of tarry materials, as no excess of phosphoryl
chloride is present. This may be of great importance in the preparation of
rutecarpine derivatives containing sensitive substituents (Fig. 4).

Another synthesis of rutecarpine was also developed. According to the
Bergman—Zervas method, iV-carbobenzyloxytryptamine 19 was prepared
from tryptamine 18 and chlorocarbonic acid benzyl ester in a benzene-sodium
liydroxyde medium. As in the previous procedure, it was reacted with anthra-
nilic acid 6 in benzene in the presence of POCL13, resulting in rutecarpine 2.

COOH

Fig. 4

W ith certain modification, the procedure is also suitable for the pre-
paration of the hydrated derivative of rutecarpine, i.e., 3,14-dihydrorute-
carpine 20. In the reaction of tryptamine 18 with methyl formate or ortho-
formic acid ethyl ester, with subsequent addition of anthranilic acid 6 in
absolute benzene in the presence of POCI3 3,14-dihydrorutecarpine 20 is
formed. It should be noted that this compound has not been prepared by
hydration of rutecarpine 2 up to nona (Fig. 5).

In the reaction of tryptamine 18 with ortho-formic ester a crystalline
material was obtained which, hoivever, was not homogeneous. On the basis
of its infrared spectra it is assumed to be a mixture of formyltryptamine
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"OEt
H-C —OEt

Fig. 5

iminoether and acetal. The exact determination ofits structure requires further
investigations.

In the following, the reduction of rutecarpine 2 will be discussed.
Terzian et al. [10] described the reduction of rutecarpine 2 with LiAlIH4 in
absolute ether; the C3and N4 double bonds and the C =0 group were reduced
and dl-rutecarpane 22 was obtained. The reduction procedure was repeated
by us. After 20 hrs of reaction, the mixture was decomposed with water and
the ethereal solution extracted with 2 M hydrochloric acid. The acid solution
was made alkaline with ammonia. Rutecarpane separated in crystalline form 22.
It was recrystallized from ethanol and its ultraviolet and infrared spectra
were recorded. Its ultraviolet spectrum is of the indole type (Fig. 8), and
its infrared spectrum did not contain the band assigned to the C=0 group
in the acid amide (1660 cm-1). The appearance of the Bohlmann bands at

g* Acta Chim. (Budapest) 72, 1972



226 CLAUDER, HORVATH-DORA: ALKALOIDS, |

2850—2750 cm “1lindicates the trans anellation of the C—D rings and the pres-
ence of a 3 a H.

The reduction was carried out also in absolute tetrahydrofurane. After
20 hrs the reaction mixture was processed and 21-desoxorutecarpine, i.e.,
rutecarpene23 was obtained. Similarly, rutecarpene 23 was formed upon using
a 3 or 6-fold amount of LiAIH4, as well as on accomplishment of the reaction
at 35°C (the b.p. of ether). These experiments prove the dependence of the
reduction on the nature of the solvent applied (Fig. 6).

Fig. 6

Rutecarpene 23 has a characteristic ultraviolet spectrum (Fig. 8). In its
infrared spectrum the C= 0 band of the acid amide (1660 cm “1) is not present.
The maximum assigned to the NH stretching vibration of indole also dis-
appeared. Presumably, in the absence of the C=0 group the electron pair
of the N(b) nitrogen atom gives rise to strong electron displacement towards
C3, resulting in the development of a negative charge at N1424. Its protonation
with the hydrogen of the N(a) nitrogen, through the formation of the inter-
mediate anhydronium base 25 may cause further electron displacement thus
giving rise to a quinoidal structure 26 (Fig 7).

On treatment with hydrochloric acid, 23 gave a hydrochloride at the
N(b) nitrogen atom only.

The C=N double bond of rutecarpene 23 could be reduced in the usual
way, e.g. with NaBH4, and 3-a-rutecarpane 22 was obtained, in accordance
with the well-known and thoroughly studied reaction of the indole alkaloids

(Fig. 6).
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Our reduction experiments indicate that in rutecarpine 2, an extended
conjugation should be supposed which hinders the hydrogenation of the C3and
N 14 double bonds. The weakening of conjugation by reduction of the C=10

group, the first step of the reduction procedure, facilitates the attack on the
C=N bond, e.g. for NaBH4.
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Comparison of the ultraviolet spectra of the substances prepared shows
the following. Rutecarpine 2, owing to extended conjugation, gives a char-
acteristic, rich spectrum (maxima at 278, 290, 332, 345, 364 nm). Reduction
of the oxogroup of the carboxylic amide makes the spectrum of rutecarpene 23
simpler: strongly shifted indole spectrum appears, owing to conjugation of
the CN double bond with the electron system of indole (maximum at 336 nm,
minimum at 270 nm). Further reduction results in rutecarpane 22, which has
an indole spectrum as a consequence of the strong suppression of conjugation
(maximum at 283 nm, minimum at 258 nm). Also synthetically prepared
3,14-dihydrorutecarpine 20 shows an indole spectrum (maximum at 284 nm,
minimum at 255 nm) (Fig. 8).

Experimental

Rutecarpine 2

(a) 1.86 g (0.01 mol) of 1,2,3,4-tetrahydro-l-oxo-/?-carboline 9 and 1.37 g (0.01 mol) of
anthranilic acid 6 were mixed with 25 ml of absolute benzene. 10 ml of POC13 was added
dropwise to the mixture while cooling with water. The crystals became slightly oily and the
solution became red. The mixture was refluxed under continuous stirring on a hot water
bath for 5 hrs. After boiling for about 15 min the crystals dissolved and a few minutes later
the solution became cloudy and precipitation of yellow crystals started. After the refluxing
period it was cooled and filtered off. 20 ml of 20% Na2C03 solution was poured onto the
crystals under cooling with water. After thorough stirring the crystals were filtered off and
washed with water. I. Yield 1.70 g. The benzene filtrate of the crystals was evaporated in
vacuum on a water bath. 20 ml of water was poured onto the residue under cooling. Yellowish-
beige crystals separated. The mixture was made alkaline with 20% Na2C03 and the crystals
were filtered off. I11. Yield 1.15 g (99%). After recrystallization from 96% ethanol or glacial
acetic acid the melting point of the substance was 256—58°C.

Ci8Hi3N30 (287). Calcd. C 75.27; H 4.52; N 14.63
Found C 75.20; H 4.80; N 14.60%.

UV spectrum: 4 ethanol 278 nm (log e -= 3.88)

max. 290 nm (log e = 3.92)

332 nm (log e = 4.48)

345 nm (log e = 4.54)

364 nm (log e = 4.44)

IR spectrum (KBr): 3350 cm“1 (v NH indole)
1660 cm- 1 (v CO acid amide)
765 and 725 cm- 1 (y CH o-disubsts.)

(b) 0.25 g (0.00125 mol) of 1,2,3,4-tetrahydro-l-oxo-/?-carboline 9 was converted to the ‘adductv
17 according to Lorenz [13]: 2.5 ml of POC13 was added to it and the mixture was kept on
a water bath at 60°C until dissolution (about 2 min). A clear, orange solution was obtained.
It was cooled quickly, and 10 ml ether was added to it. An orange-yellow oil separated which
gave lemon-coloured crystals on rubbing. These were filtered off quickly and 0.17 g of anthra-
nilic acid 6 was added to the crystals. After thorough mixing, 5 ml of absolute benzene was
poured onto the mixture and it was refluxed on a water bath for 2 hrs. The crystals did not
dissolve. At the beginning they became somewhat oily, but later on solidified again. On cooling
this solid gave crystals. The yellow crystals were filtered off and rubbed with 20% Na2C03
solution, according to Procedure (a). Yield 0.30 g (86%).

(c) 0.47 g (0.0015 mol) of iV-Cbho-tryptamine 19 was dissolved in 5 ml of absolute benzene.
2ml of POC13was added to it dropwise while cooling with water, then the solution was boiled
on a water bath for 1 hr. A clear, red-brown solution was obtained. It was cooled and 0.20 g
(0.0015 mol) of anthranilic acid 6 was added to it, then it was boiled on a water bath for 5
more hours. A reddish oil separated on the wall of the flask. The solution was concentrated
in vacuum on a water bath. The oily residue was rubbed with 15 ml of water. The mixture
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was made alkaline with cone. NH40H under cooling and was extracted with 3X20 ml of
chloroform. The chloroform solution was dried over Na2S04 and evaporated in vacuum
on a water bath at 50°C. The residue was an orange-yellow oil, which completely solidified.
Yield: 0.25 g (60 %).

N-Carhohenzyloxytryptamine 19

0.32 g (0.002 mol) of tryptamine 18 was mixed with 30 ml of absolute benzene and the
mixture was cooled to +5°C. At this temperature a solution of 0.68 g (0.004 mol) of chloro-
carbonic acid benzyl ester in 6 ml of absolute benzene and 6 ml of 1 M sodium hydroxide
were simultaneously added in a dropwise manner. Stirring was continued for 10 min at +5°C
then for 1 1/2 hrs at room temperature. The solution was transferred to a separatory funnel
and the benzene phase was separated. The aqueous phase was extracted with 10 ml of benzene.
The combined benzene phases were washed with 2X10 ml of 0.5 M HC1 and 1X10 ml of
water in order to remove the unreacted tryptamine. The solution was dried over Na2S04
and evaporated to dryness in vacuum on a water bath. A light red-brown, oily residue was
obtained, which crystallized on standing. Yield 0.55 g (93%). After recrystallization from
absolute ethanol, white needle-shaped crystals were obtained. M.p. 45—50°C.

CI8H18N20 2 (294). Calcd. C 73.48; H 6.12; N 9.52.
Found C 73.68; H 6.24; N 9.54%.

Reaction of tryptamine with ortho-formic acid ethyl ester 21

0.40 g (0.0025 mol) of tryptamine base 18 was boiled with 3.7 g of freshly distilled
ortho-formic acid ethyl ester (0.0025 mol) in a N2 atmosphere, on a paraffin bath at 150°C
for 5 hrs, then it was evaporated to dryness in vacuum. A clear, oily residue was obtained,
which solidified completely. Yield: 0.40 g. According to the infrared spectrum, this product is
a mixture of IV-formyltryptamine acetal and iminoether. It can be easily hydrolyzed to N-
formyltryptamine. Its reaction with POC13in absolute toluene gives 3,4-dihydro-/?-carboline.

3,14-Dihydrorutecarpine 20

0.25 g (0.001 mol) of the mixture of JV-formyltryptamine acetal and iminoether 21 or
0.19 g of 2V-formyltryptamine was dissolved in 5 m of absolute benzene. 0.14 g (0.001 mol)
of anthranilic acid 6 was added. After cooling, 1.5 ml of POCI3 was added dropwise. The
solution became slightly red, then it was refluxed on a water bath under continuous stirring
for 5 hrs. A violet-coloured mixture of solution and precipitate was obtained, which was
evaporated to dryness in vacuum on a water bath. After adding some ice it was made alkaline
with cone. NH40H. The heterogeneous mixture was transferred into a separatory funnel
and extracted with 1X20 and 3X15 ml of chloroform. The chloroform solution was extracted
with 1x20 and 3X15 ml of 2 AT HC1. The hydrochloric acid solution was made alkaline with
20% sodium hydroxide. Beige crystals precipitated. Yield: 0.10 g (35%). After recrystalliza-
tion from ethanol, the m.p. was 250—55°C (d).

CI18H 19N (289). Calcd. C 74.74; H 5.19; N 14.53.
Found C 74.33; H 5.42; N 14.60%.

UY spectrum: Aethanol 284 nm (log e= 4.04)
max. 292 nm (log e= 4.02)
Aethanol 255 nm (log e= 3.84)
min.
IR spectrum (KBr): 3250 cm*“1 (v NH secondary amine)

1660 cm-1 (v CO acid amide)
745 cm*“1 (y CH o-disubst.)

Rutecarpane 22

(a) 0.23 g (0.006 mol) of LiAIH4was added to 40 ml of absolute ether. After thorough stirriing,.

0.28 g (0.001 mol) of rutecarpine 2 was added to it in two portions. After refluxing for 20 hrs
under continuous stirring, the mixture was decomposed with 2 ml of water. The precipitate
was filtered off and washed with 2X5 ml of ether. The combined ethereal solutions were
extracted with 1X20 and 1X15 ml of 2 M HC1. On making the hydrochloric solution alkaline
with cone. NH40OH, lustrous crystals precipitated. The mixture was cooled and filtered. Yieldr
0.20 g (74%). After recrystallization from ethanol, the m.p. was 161—63°C.
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CI8HIMN3 (275). Calcd. C 7855, H 6.18: N 15.27.
Found C 78.60; H 6.30: N 15.20%.

UV spectrum: Aethanol 283nm (log e = 3.96)
max.
ethanol 258 nm (log e = 3.72)
min.

IR spectrum (KBr): 3400 cm“ 1 (j; NH indole)

3250 cm“ 1 (v NH secondary amine)
2850 - 2750 cm“ 1 (vCH Bohlmann)
745 cm“ 1 (»CH o-disubst.)

(b) 0.05 g (0.0002 mol) of rutecarpene 23 was dissolved in 10 ml of methanol by boiling.
The solution was cooled and 0.07 g (0.002 mol) of NaBH4was added while cooling. The solution
was refluxed for 3 hrs and evaporated in vacuum on a water bath. 10 ml of water was poured
onto the solid residue and it was extracted with 3X 10 ml of ether. The ethereal solution
was extracted with 20 ml of 2 IMf HC1. The hydrochloric acid solution was made alkaline with
2 M NaOH, resulting in the precipitation of beige-white lustrous crystals which, after cooling
in a refrigerator, were filtered off. Yield: 0.03 g (60%).

Rutecarpene 23

(a) 0.28 g (0.001 mol) of rutecarpine 2 was thoroughly mixed with 20 ml of absolute tetia-
hydrofurane. The greatest part of the substance dissolved. 0.12 g (0.003 mol) of LiAIH4 was
added to the solution, then it was refluxed on a water bath for 20 hrs. 2 ml of water was used
for decomposition. The precipitate was filtered off and washed with 2X5 ml of chloroform.
The solvent mixture was dried over Na2S04 and evaporated in vacuum on a water bath.
A yellow, solid residue was obtained. Yield: 0.25 g (93%). After recrystallization from absolute
ethanol, m.p. 205—7°C.

CIH 16N3 (273). Calcd. C 79.19; H 5.49;N 15.38.

Found C 79.30; H 5.54;N 15.42%.
ITV spectrum: Aethanol 336 nm (log e = 4.28)

max.
Acethanol 270 nm (log e = 3.45)
min.
IR spectrum (KBr): 760 and 740 cm-1 (y CH o-disubst.)

(b) According to Procedure (a), 0.28 g (0.001 mol) of rutecarpine 2 was reduced with 0.23 g
(0.006 mol) of LiIAIH4 After processing the reaction mixture, 0.25 g of rutecarpene 23 was
obtained (yield 92%).

Hydrochloride (recrystallized from ethanol) m.p. 271—73°C (d).

CI18H I(N3CI (309.5) Calcd. CI 11.4. Found Cl 11.6%.
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PE3IOME

TepMMYeCKoe Pas/fioXeHWe NUPUAMH-GopaHa

3. BOAOP, K. NOHALWl u M. BENTXEP

C nomoLLbto MeTOf0B AeprBaTorpacdum, MK cnekTpothoTOMETpUM 1 XUMUYECKOTO aHan3a
ObUIO [0Ka3aHO, YTO MpU HarpeBe MUPUAMH-GOpaHa MPOTEKAeT 3K30TEPMUUECKAs PeaKLus
neperpynmnmpoBKy, a UMeHHO, MUTpaLUs aTOMOB BOAOPOAA, NMPUCOEAMHEHHBIX K GOpY, Ha Nupw-
[VHOBOE KOJIbLIO C YaCTUYHBIM HACbILLEHMEM NOC/edHero. BeposTHO, uTo napannenbHo ¢ nepe-
rpYnnMpPOBKOiA, B HEKOTOPOM OMpeAeNeHHOM VHTepBasie TEMMEePaTypbl, NPOUCXOAUT Takxe Tep-
MUYecKas AMccoumalns NUpUAMH-6opaHa. [NaBHbIM KOHEUHbIM MPOAYKTOM SIBASETCS LieMnHOMA
MonMmMep, 0CHOBaHHbIN Ha CBA3M Gop-6op. CorflacHO MCCNefoBaHMSM C NOAOGHBIMU CUMCTEMAMK,
npn Harpese 60PaHOBbIX afyKTOB, COAEPXKaLLMX AOHOPHbIA a30T B apoOMaTUYeCKOi cucTeme,
BCETfja NPOTEKAET, B GO/bLUEN UMW MEHBLLEN CTEMEHU, 3K30TEPMUYECKAs PeaKLins NeperpynnmupoB-
KW, T. €. YaCTMUYHOE HAaCbILLEHWE apOMATUUYECKOro KOJbLia.

Muponuns raszoobpasHbIX yrnesofoponos, V

KnHeTnka TepMopa3noxXeHus cmecum un3obytaH —H-6yTaH

B. MANEW

Bbin0 13yyeHo TepMopasnoxxeHue IKBUMOSAPHON cMecu M306yTaH — H-6yTaH B MPOTOu-
HOM peakTope, Npu 06uiem fasneHun 1 atm v B 06nactn Temnepatyp 640—790°C.

Bbln0 MoKas3aHo, YTo BeNMUYMHA PACLUMPEHMA CMecell MpW MUPON3e MOXET BbITb paccum-
TaHa affiMTMBHO M3 NUPOMUTUYECKUX AaHHbLIX YACTbLIX YreBOLOPOAOB.

Bbinu onpegeneHbl KOHCTaHTbl KMHETUYECKMX YPaBHEHWIA, OMUCHIBAIOLLIMX CKOPOCTb peak-
LMiA pasnoXxeHWs KOMMOHEHTOB UCXOAHON CMecu H-6yTaHa M n306yTaHa.

[ns xapakTepuCTWKM CTeNeHW pasnoXeHUs YrneBoLOPOAHbLIX CMeceid, BBOAWIACh CyMMa
KOHBEPCWI KOMMOHEHTOB MCXOAHOI CMECH, B3BELLEHHAS MO MOMSPHbIM A0NAM, & B Cly4ae MHOro-
KOMMOHEHTHON CMeCH — OTHOCWTENIbHOE pacLuMpeHne. 3aMeHss B KMHETUYECKWX YPaBHEHUAX,
BbIBEZIEHHbIX A1 MPOTOYHOrO PEaKTopa, KOHBEPCUIO Ha CTeneHb PasfioXKeHus, 6bin NomyyeHbl
3aBMCKMOCTM, OMUCLIBAIOLLME GPYTTOCKOPOCTb PasfoXeHWs YriesofopofoB. M3 MoflyYeHHbIX
3aBMCUMOCTE MOXET 6bITb paccyMTaHa BeNMYMHA CTEMeHW pasfoXeHWs 4N LaHHOrO BPemeHu
peakuuu, Npu AaHHOW Temmepatype.

Muponus rasoobpasHbix yrnesogopoaos, VI

PacnpegeneHne npojykKToB nuponmsa cmecum n3obytaH— H-6yTaH
B 3aBUCMMOCTU OT CTeMeHW pas3noXeHus

B. WANEW

BblNo MCCef0BaHO pacnpeeneHue NPoLYKTOB PeakLmy Npu pa3iuyHbIX Temnepatypax
3aBUCUMOCTU OT CTEMEHM Pa3noXeHus. KauecTBeHHOE 1 KOMMUECTEHHOE pacrpefeneHUs NPoayK-
TOB pPeaKLUMM W U3MEHEHUS B HEM MHTEPNPETMPOBANNCL HA OCHOBE TEOPUM LiEMHbIX CBOGOAHO-
paguKanbHbIX peakLuii.
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BbI1/10 YCTaHOBMEHO, YTO U3MEHEHME BbIXOAAa OCHOBHbIX NMPOAYKTOB peakLuuu 1 MOneKynsap-
HOro Beca CMecu Ha BbIX04€e U3 peaKTopa B 3aBUCUMOCTU OT CTEMEHN Pa3noXXeHna—=s obnactu
TEMMNepPaTyp M BPEMEH peaKUnn, NCNOIb3YEMbIX NPU NUPON3E B MPOMbILLNEHHbIX MacluTabax —
HE 3aBMCUT OT TeMnepatypbl N ONNCbIBAETCA «€ANHCTBEHHBIMU KPUBbLIMU».

Bb1N10 MoNyYeHo BbipaXKeHWe, Ha OCHOBE KOTOPOro M3 MUPOSIMTUYECKUX LAHHbIX YACTbIX
KOMMOHEHTOB, COCTaBMAKOWMNX CMeCb, PaCCHMUTBLIBAKOTCA BbIXOAbl MPOAYKTOB NNPO/IN3a CMECK.

XapakTepHble KonebaTesbHble YacTOTbl KPUCT/I/IMYECKUX NOMAMMOSNGLATOB
aMMOHUS, MOCTPOEHHbIX M3 OKTasgpuyeckmx 6no0koB MoOO B o6nactu
400—4000 cm 1

B. A. K, w. Xonnwm wn E. XNNba

W3yuyanuck KonebaTebHble YaCTOTbl MUKPOKPUCTANIMYECKMX aMMOHWIA-NOAMMONN64aToB
B 06nactn 400—4000 cm-1. MK crekTpbl O4eHb YyBCTBUTENbHbI K CTPYKTYPHbIM M3MEHEHUAM
No/INaHNOHOB, MOCTPOEHHBIX 13 6510k0B MOOB. Mpon3BoANANCE MPUBANKEHHbBIE OTHECEHWSA HacTOT
BaNeHTHbIX KonebaHnit Mo—O v mocToB Mo—O—Mo, cofepaliux atomMbl KMCI0poa B pasnny-
HbIX KOOpAMHauusaX. XapakTep BafeHTHbIX KofebaHuil B Clyyae renta- v okTamonubgata onpe-
Aensancs ¢ NomoLblo KOPPensauun oh-+cav~+czh 1 ONCA-H-C

CweLeHve yacToT cBsize Mo—O(i) B UK 1 PamaH cnekTpax NpvBOAUANCHL B 3aBUCU-
MOCTM OT W3MEHeHWs CTeneHn MOMUKOHAEeHCcauMu, OT CPefHero KOoOpAMHALMOHHOro u4ucna
LeHTpanbHbIX aaep Mo, a TakxXe oT u3MeHeHus oTHoweHua [NHp] : [Mo—O0(1)], xapakTepu3o-
BaBLweroca 4epes K. Mofo6HbIM 06pa3oM 00BACHANOCH CMeLLeHVe 4acToTbl KonebaHusa VY F2)
nmoHa N11[. MonyyeHHble 3aBUCUMOCTU MO3BONAKT OLUEHUTL umcna ceaseir Mo—O0(1) B nmomm-
aHMOHAaX HeM3BECTHOrO CTPOEHMSA, a B HEKOTOPbIX MPOCTLIX CAyYasaX W MofoXKeHus noHos NHj.
BepoAaTHo, HT((J:]I/IOHI:I NHJ okTamonu6gara pacnonaratoTcs CUMMETPUYHO MO T-LEHTPY TPUKINHO-
Bon Aueikn CJ.

OkuncneHve BTOPUYHBLIX CNMPTOB Ha MJIaTUHOBOM 3J/1EKTPOLAE, |

MpoayKTbl OKUCNEHUSA
Ob. XOPAHW, M. KEHUT n U. TENbY

/EKTPOOKUC/IEHNE BTOPUYHBIX CMIMPTOB (M30MPONaHo/, stop, -6YTaHOM M LMK/IOTEKCa-
HOM) 6bINIO MCCMEJOBAHO B KUCMbIX CpefaX. Pe3ynbTaTbl, MO/y4YeHHble U3 UCCMEeAOBaHUIA CTa-
LIMOHAPHBLIM U MOTEHLMOANHAMUYECKUM METoAaMu, GblIM KNacCU(ULMpoBaHbl B FPYMbI.

BbifI0 HalifigHo, UTO XMMUYECKIE SIBAIEHUS MPU OKUCNIEHUW CTIMPTOB CriefyeT pasfensiTh Ha
4Be rpynnbl.

1. B3aumopeiicTB/e MeTannia co CrMPTOM sSIBASIeTCS HeobpaTumoil afcopGuueid, conpo-
BOX/aeMOI MepeHOCoM 3apsfja; 3T0 He ABMSETCSA CTYNeHbIO CTalMOHAPHOTO OKUCIEHUS.

2. CylLecTBYET XOPOLIO BbIPaXEHHbI NyTb peakLuu, UCXOAALMIA U3 PacTBOPEHHOrO
MCXOZHOTO BELLECTBa W NPUBOASALLETO K PAacCCTBOPEHHOMY MPOAYKTY.

Bbino HalifgHo, YTO NPOAYKTaMU OKWUC/IIEHUS SBMSIIOTCS COOTBECTBYIOLLME KETOHBI.

I/I3yqu|/|e OKUCNEHNA BTOPUYHBLIX CNMPTOB Ha M/1aTUHOBOM 3/1EKTPOAE, ]
MWccnegoBaHue B3aMMOCBA3M MeXpgy apgcopbuueid Kucnopoga v peakuyuei
Lb. XOPAHW, Ab. BEPTEW u M. KEHUT

1. M3yyanocb OKMC/IEHUE BTOPUYHbBIX CMIMPTOB HAa MOBEPXHOCTW MAATWHBI, YaCTUYHO WK
MOMHOCTLI0 TIOKPLITOM KWUCMIOPOAOM.

2. BbIfI0 YCTaHOBNEHO, YTO OKWCMEHWE MPOTEKAeT C 3aMETHOM CKOPOCTbIO JINLLbL Ha CBO-
60/HOIA NMOBEPXHOCTU MAATUHBI.

3. Mpw vccnefoBaHAM pPeaKLMm OKUCIEHMUS OTKPbIBAETCS BO3MOXHOCTb U3YUeHNs aacop6-
LIMOHHBIX U 1eCOPOLMOHHBIX CBOMCTB aficOPOUPOBAHHOIO KUCOPOAa.
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M3yueHne mexaHM3Ma M3oMepu3aumn H-OyTeHa, MPOTEKANOLLEN Ha KUCIOM
Katanmsartope, |

KnHeTuKa KaTaNMTUYECKUX MOHOMONEKYNAPHBIX B3aMMHbIX NpeBpalyeHunii
Tpex KOMMNOHEHTOB

0. KANNO, 3. AETPEKEWN un I. WAR

Bbinn BbiBEfEHbI ypaBHEHMS CKOPOCTEN MpeBpalLeHuii Kakoro-nmbo KOMMoHeHTa / ans
CMefytoWmMX BO3MOXHbIX MeXaHu3MoB: 1. mpu npeBpalleHnn Kak Bj, Tak UB « MPOWNCXOAUT aj-
copbums, peakuus Ha NOBEPXHOCTW W fecopbums, 2. 6e3 peakuMn Ha NOBEPXHOCTU OAHA M3 af-
copbrpoBaHHbIX hopM i gecopbupyeTcs B Buae afpyras B Buge «, 3. i afgcopbupysch, npespa-
LaeTca B afacopbupoBaHHblej U «, KOTOPbIE 3aTeM fecopbupytoTes, 4. 06Las agcopbrpoBaHHas
(hopma [BYX KOMMOHEHTOB MpeBpalLaeTca B aAcopbypoBaHHY (IOPMY TPETbLEFO KOMMOHEHTa,
5. KOMMOHEHTbI NpeBpaLLaloTCca APYr B Apyra Yepes 06Lie NOBEPCHOCTHbIE MPOMEXYTOUHbIE NPO-
LyKTbl. N5 0TAeNbHbIX MeXaHW3MOB MpY BbIBOAE YPaBHEHW CKOPOCTY CTYMEHAMU, IUMUATUPYIO-
LMMKM CKOPOCTb, CUMTanM AMb0 peakLuio Ha MOBEPXHOCTM, 60 copbumio. Jlerye ouLeHWBaTb
Takve ypaBHEHWS HauyanbHOW CKOPOCTW MpeBpalLeHus i “m] ANA ry, KOTOpble B 3aBUCMMOCTH OT
HaYabHOr0 AaBneHuns p° BCerga MoryT ObiTb BbipaXeHbl B BUuAe ypaBHeHus 1Urfy = ThpU + fey
(Npy HeboNbLUMX MOKPLITUAX MOBepXHOCTN /TTy/p/  fey, @ Npu 60nbINX — LLy/p° <@ fey). ECnn
fey s” bik, TO MPUHLUMNNANLHO 3/1EMEHTAPHbIE CTYMEHN MOHOMOEKYNAPHbLIX B3aWMHbIX MpeBpa-
LLieHW A Tpex KOMMOHEHTOB MNpoTekatoT cornacHo /d-cxeme [(1) n (2) mexaHusmbl n (3), ecnu
peakums Ha NOBEPXHOCTW ABMAETCA TMMWUTUPYIOLLEA CKOpOoCTb mpouecca); ecnm fey = f&fo T0
MOXeT HabnofatbCa Wb TO, YTO MpeBpaLleHne MpoTeKaeT COrflacHoO Y-cxeme yepes oblive
MPOMEXYTOUHbIE NPOAYKTbl WX B PaBHOBECHOI CMecW MPoAyKToB [MexaHusmbl (3), (4) u (5),
KOrAa NMMUTMPYHOLLIMMU MPOLIECC ABAAIOTCA CTYMeHW copbuum]; ecnu mexay ABYMS KakuMu-
NMb0 KOMMOHEHTaMK GbICTPO yCTaHaBMMBAETCA paBHOBECKE, TO peakLus MpPOTeKaeT COrflacHoO
MeXaHu3My (4) uyepe3 MeffieHHYIO peakuMio Ha MoBepXHOCTU. KWHeTWuYeckuii mMeTod, moMUMO
BbIACHEHMA MeXaHW3Ma MpoLecca, B HEKOTOPbIX Cayvasx MO3BOMSET OMNpefennTb KOHCTaHTbI
CKOpOCTeiA 3feMeHTapHbIX CTYNeHew.

MonyyeHue npousBofAHbIX 2,3-aurnapo-4H-1,3-6eH3TnasnHa

. CABO, N. BAPTA, 3. BUHKNEP u E. BAPTOW

Mpn KoHAeHCaUMN 2-MepKanTobeH3nNaM1MHa U ero NMPOU3BOAHLIX C OKCOCOEAVHEHUAMN B
LLLeNI0YHOW cpefe 06pasytoTcs Npou3BofHble 2,3-anrnapo-44-1,3-6eH3TnasuHa. [aHHblli cnocob
SIB/IAETCA HOBbIM METOAOM MOJMyYeHWs NPOU3BOAHBIX 2,3-Aurnapo-4H-1,3-6eH3TnasnHa.

ANKasimofbl CO CKeneToM MHAOM0 [2,3-c] XuHasonuHo [3,2-a] nupuguHa, |

HoBble CUHTEe3bl pyTeKapnuMmHa M ero BOCCTaHOB/IeHWe

O. KNAYOLEP, K. XOPBATX-AOPA

Bbiny pa3paboTaHbl HOBblE CUHTE3bI pyTeKapnuHa. B ogHOM cnyyae Lenb 6bina fOCTUTHYTa
3a CYeT YNpOLUEeHUs U3BECTHBLIX CUHTE30B, a B APYroM cry4ae, ncxols n3 N-kap6o6eH3nIoKcu-
TpunTaMuHa, 6bin1 pa3paboTaH HOBbIA MeTog. MonyyeHHbIN K3 1,2,3,4-TeTparngpo-1-okco-/3-kap-
60nmHa ¢ nomowibto POC13B KauecTBe NMPOMEXYTOYHOIO NPOAYKTa, TaK HasblBaeMbI «affyKT»,
17, MOXET 6bITb WMCMOMb30BaH AN MONYYEHWUA PYTEKaprnuHa W 3aMelleHHbIX MPOU3BOAHbIX.

M3 npoaykTa, NoMy4YeHHOro Npy peakuumnTpunTaMmHacaTUI0BbIM3AthMPOMOPTOMYpPaBbU-
HOI KWUCNOTbI, Obl1 CUHTE3MpOBaH 3,14-AUrnapopyTeKapmnuH.

VccnepoBanock BOCCTAaHOBNEHUE pyTeKapnuHa ¢ nomouwpio LiAlH4 1 B 3aBMCMMOCTM OT
UCMOMb3YEMOro pacTBoOpuTeNns 6bl1 NONYyYeH NMBO pyTeKaprneH, Mbo pyTekapnaH.
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UBER DIE ANWENDUNG ZWEIATOMIGER MOLEKULE
ALS VERGLEICHSELEMENTE B E I D ER SPEKTRO -
CHEMISCHEN ANALYSE NICHTLEITENDER STOFFE

J. Litomisky

(Institut fur mineralische Rohstoffe, Kutnd Hora, CSSR)

Eingegangen am 10. Dezember 1970

Die in der Arbeit angefiihrten Beispiele bestatigen die Mdglichkeit der analyti-
schen Verwendung der molekularen Emissionsspektren. Bisher wurden diese Spektren
fur einen unerwinschten Ballast gehalten, welcher die Auswertung des Spektro-
gramms erschwert.

Die vorgelegten Resultate zeigen aber, daR sie als Vergleichselement (Bezugs-
element) zum Bilden analytischer Linienpaare mit Erfolg verwendet werden kdénnen.

Die Entstehung der molekularen Bandenspektren ist an solche Elemente gebun-
den, welche die Matrix des analysierten Systems bilden, gleich wenn sie der Bestandteil
der Probe oder der Elektroden sind. Dadurch féllt die Notwendigkeit weg, »fremdes«
Vergleichselement der Probe zuzusetzen, so daR die Vorbereitung der Probe zur Analyse
in einfacherer Weise geschieht.

Einfihrung

Die quantitative spektrochemische Analyse leitender und nichtleitender
Stoffe verdankt ihre aulRerordentliche Verbreitung der Einfuhrung des Ver-
gleichselementes, friher »lnnerstandard« genannt. Das Vergleichselement
beseitigt oder unterdrickt die Fehler, die durch die Anwendung der absoluten
Intensitdt der Spektrallinie des analysierten Elementes als MaR seines Gehaltes
in der Probe entstanden sind.

Die Ansichten dariber, welche Eigenschaften ein Vergleichselement
besitzen sollte, entwickelten und anderten sich im Laufe der letzten 20 bis 30
Jahre, gestutzt aufviele experimentell festgestellte Daten. Etwa in den sechzi-
ger Jahren waren schon die allgemein geltenden Richtlinien fir die Wahl des
Vergleichselementes bekannt [1, 2].

W ahl eines Vergleichselementes

Die erwédhnten allgemeingiltigen Richtlinien fihren an erster Stelle
die Fluchtigkeit des Vergleichselementes an, die der Flichtigkeit des analy-
sierten Elementes tunlichst &hnlich sein soll. Weiters sollen die beiden Elemente
&hnliche Anregungspotentiale besitzen. Die ausgewd&hlte Bezugslinie soll selbst-
absorptionsfrei sein.

Beim Ausarbeiten konkreter analytischer Vorgédnge ist es notwendig,
zu Uberprifen und dann zu entscheiden, ob als ein Vergleichselement dasselbe
Element angewandt werden kann, das den Bestandteil der Probe darstellt
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232 LITOMISKY: ANWENDUNG ZWEIATOMIGER MOLEKULE

(meistens als Hauptkomponente), oder ob man gezwungen ist, ein Element zu
verwenden, das keinen Bestandteil der Probe darstellt. Das erste Verfahren
wird meistens bei der Spektralanalyse der Metalle und Legierungen benitzt.
Man kann es auch verwenden — wie weiter noch gezeigt wird — bei der Analyse
pulverféormiger Stoffe. Als Vergleichselement, das kein Bestandteil der Probe
ist, kann uns einen guten Dienst leisten

a) ein Element, das zur Probe in kleiner, konstanter Menge zugegeben
wird,

b) ein Element, das den Hauptbestandteil der Tré&gerelektrode oder
Gegenelektrode bildet,

c) ein Element, das der Bestandteil des Zusatzes (Puffers) ist; dieses
wird in groBer, aber konstanter Menge zur Probe zugegeben (siehe Tabelle I).

Ubereinstimmung des energetischen Zustandes des Analysenlinienpaares

Bei der Wahl des Vergleichselementes herrschte friher die Ansicht vor,
daR die Ubereinstimmung des energetischen Zustandes beider Partner des ana-
lytischen Paares der maRgebliche Faktor sei. Das heillt, dal nur die Paare
Atom/Atom oder lon/lon als analytische dienen sollten.

Ahrens und Taylor [3] haben an einer Keihe von Beispielen gezeigt,
daBR es maglich ist, auch die Paare Atom/lon oder lon/Atom zu benutzen und
dabei eine befriedigende Reproduzierbarkeit der Resultate zu erreichen. Die
einzige Bedingung ist, daR die Entladung zwischen den Elektroden glatt und
ruhig brennen soll.

Tabelle |
Beispiele fir die Auswahl eines Vergleichselementes
(Innerstandard)
Yergleichselement (Innerstandard)

2
Kein Bestandteil der Probe

1 b)
Bestardteil cer Probe 3 otbestandte )
wird der Probe zugegeben i Elektrode" Bestandteil des Zusatzes
(eire konstante (Tréger- oder Gegen- (Ruffer)
Menge) elektroke)
Metallurgie: Silikatanalyse nach Metallurgie Zn aus ZnS fur
Fe in Stahlen, Ahrens [6]: (die Methode leichtflichtige
Al in Al-Legierun- In fur leichtflich- »point to plane«) Elemente in Ge-
gen tige, Fd fur schwer- - steinen [9]
fluchtige Elemente Fulverige Frohen:
Pulverige Proben Cu fir Mo in OH aus C2HB0OH fir
(SiO in Quarzit — Gesteinen [7] Mo in Gesteinen [10]
diese Arbeit) CN (aus Graphit) fir

Nb in Gesteinen [8] NO aus KCN fir
Te in Gold [11]
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Als Beispiel kann ich meine eigene Erfahrung mit einem solchen hetero-
genen Paar anfihren. Bei der Bestimmung von Strontium in Apatit [4] habe
ich gute Resultate mit dem Linienpaar Sr 1l 346,4 nm/Ca | 346,8 nm gewonnen.
Zur Anregung der Spektren wurde der Wechselstromdauerbogen benutzt.
Ahrens und Taylor arbeiteten mit dem Gleichstrombogen.

Esergibt sich daraus, dall der glatte Verlauf der Entladung nichtnur durch
die Parameter der Anregungsquelle, sondern auch durch das Material und die
Form der Elektroden und durch andere, wenn auch scheinbar untergeordnete
Faktoren beeinflult werden kann.

Molekilspektren

Bei der thermischen Zersetzung der Probe entstehen auch zweiatomige
Molekiile. Diese kénnen Restpartikeln von urspringlichen, komplizierten Mole-
kilen sein, aber auch neuentstandene Partikeln aus den Reaktionen der freige-
setzten Atome und lonen der Probe, aus der Trdgerelektrode oder sogar aus
der Luft.

Diese zweiatomigen Molekile, dhnlich den Atomen und lonen, kénnen
durch Einwirkung von energiereichen Partikeln angeregt werden und dann
Spektrallinien aussenden. Zum Unterschied von Atomen und lonen ist das
molekulare Spektrum sehr kompliziert [5].

Es ist verursacht durch die Fahigkeit der Molekile, zu rotieren (es rotiert
das ganze Molekil), zu schwingen (es schwingen die Atome in dem Molekul)
und sich anregen zu lassen (es handelt sich um dufRere Elektronen). Solange sich
das Molekil im Gaszustand befindet, wird die Energie von ihm in Quanten auf-
genommen und ausgesendet. Die kleinste Energiemenge ist zur Rotation ndtig,
viel groBer ist die zur Vibration verbrauchte Energie (meistens etwa hundertmal
groBer) und am gréfRten die zur Anregung von Elektronen verbrauchte. Die
Energie der Elektronenniveaus ist mit der von Bogenanregungsquellen geliefer-
ten Energie vergleichbar. Deswegen findet man molekulare Emissionsspektren
meistens bei der Spektralanalyse von Proben, die durch einen elektrischen Bo-
gen angeregt wurden.

Bei der Anregung von molekularen Elektronenspektren entstehen gleich-
zeitig Vibrations- und Rotationsspektren. Die letzteren bilden die sogenannte
Rotationsfeinstruktur der molekularen Spektren.

Die molekularen Bandenspektren verursachen bei der Spektralanalyse
eine Reihe von Schwierigkeiten beim Auswerten der Spektren durch héufige
Interferenzen mit den analytischen Spektrallinien.

Analytisch wurden bisher nur die Molekule des Typs CaF zur Fluorbe-
stimmung benutzt.

Im Vergleich zu den Atom- und lonenspektren erscheinen die Molekil-
spektren erst bei hdheren Konzentrationen der Elemente, die das emittierende
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Molekil bilden. So z. B. erscheint die Atomlinie von Beryllium 234,861 nm bei
der Bestimmung von Be im FluBspat schon beim Gehalt von 0,8 ppm Be,
dagegen sind die starksten Bandenkdpfe von BeF (300,99 nm, 301,30 nm und
301,8 nm) im Spektrogramm erst beim Gehalt von tiber 0,2% Be nachweisbar
[12]. Zur vélligen Besetzung aller Energieniveaus und zur voélligen Entwick-
lung des gesamten Molekularbandenspektrums kommt es erst dann, wenn die
Konzentration der Elemente, die das Molekil bilden, gentigend hoch ist (z. B.
beim SiO Molekil muR die Probe mindestens 10% Si0O2enthalten).

Das molekulare Spektrum als Vergleichselement

Interessanterweise wurden die molekularen Bandenspektren bisher nur
in sehr beschrdnktem MaRe analytisch ausgenutzt. Ich habe mir das Ziel ge-
setzt, sie als ein Vergleichselement bei der Emissionsspektralanalyse zu ver-
wenden. In der mir zugénglichen Literatur habe ich nur einen einzigen dies-
beziglichen Hinweis gefunden. Im Buch von Ahrens und Taylor [13] wird
die Dissertationsarbeit von R. H. Seraphim zitiert. Seraphim hat — offen-
sichtlich zum erstenmal — die Molekilbande CaO 548,8 nm als Vergleichsele-
ment zum Bandenkopf CaF 529,1 nm benutzt. Es handelte sich um die
Fluorbestimmungin Silikatgesteinen. In diesem Falle wurde das Paar Molekil
Molekil benutzt. Beide Partikel sind bezuglich Zusammensetzung, Masse und
Energiegehalt sehr &hnlich. Es ist aber mdéglich, exakte Resultate der Analyse
auch mit den Paaren Atom/Molekul oder lon/Molekiul zu erreichen. Nur muf
die Ahrens—TAYLORsche Bedingung eines glatten, regelmé&Rigen Entladungs-
verlaufes erfullt sein.

So z.B. wurde das Paar Atom/Molekil bei der Molybdédnbestimmung
in Gesteinsproben gewdhlt [7]. Auf einer kupfernen Schalenelektrode wurde die
Probe mit 50%igem Athanol befeuchtet und mittels einer kondensierten Fun-
kenentladung zur Strahlung angeregt. Als analytisches Paar wurden die Molyb-
dénlinie Mo | 317,035 nm und eine Linie aus der Molekiilbande OH (Banden-
kopf 306,4 nm) mit der Wellenldnge 309,0 nm verwendet.

Das Paar lon/Molekil hat sich bei der Zirkoniumbestimmung in Abfalls-
produkten bei der Kaolinaufbereitung als besonders erfolgreich erwiesen. Des-
halb soll diese Methode hier ausfuhrlicher beschrieben werden.

Quantitative Bestimmung von Zirkonium in Abfallprodukten
der Kaolinaufbereitung

Das Abfallprodukt enthielt mehr als 90% Si02 Die Standardproben wur-
den aus brasilianischem Bergkristall (95%), Aluminiumoxid (2,5%) und Limo-
nit (2,5%) vorbereitet. Zu diesem Gemisch wurde Zirkonium in Form von
ZrOCl2 zugesetzt und eine Reihe von 6 Standardproben mit Zirkoniumgehalten
von 1,00% bis 0,0032% hergestellt.
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Analytische Bedingungen:

Spektrograph: Zeiss Q 24. Spaltbreite 0,006 mm, Hartmannblende
T-10-5, Zwischenabbildungsblende 3,2 mm; Kammerblende 1 :15.

Anregungsquelle: Wechselstrombogen, | = 8A. Sowjetischer Generator
DG-1.

Elektroden: Kohleelektroden (quasiamorphes Material). Stdbchen von
quadratischem Querschnitt (IKD Prag). Tragerelektrode mit zylindrischer
Aushohlung, Querschnitt 25 mm, Tiefe 4,5 mm, Kanten gebrochen. Gegen-
elektrode mit pyramidalem Ende. Elektrodenabstand 3 mm.

Vorbereitung der Probe: Die Probe wird mit dem zweifachen Gewicht
an Kohlepulver vermischt und in die Tradgerelektrode gestam pft.

Photographische Behandlung: Photoplatte Foma super ortho 6x24 cm
(18 DIN). Expositionszeit 20 s ohne Vorbrennen. Entwickler AGFA 40, Ent-
wicklungszeit 2,5 min/20 °C.

Vier Standardproben (0,100—0,003% Zr) wurden unter den genannten
Bedingungen analysiert. Die Analyse wurde nach einem ldngeren Zeitabstand
wiederholt. Die Spektren wurden auf eine Platte anderer Emulsionsnummer
aufgenommen. Die analytischen Linien Zr Il 339,198 nm und Zr Il 343,823
nm kamen deutlich auch in der letzten Standardprobe (0,0032% Zr) zum
Vorschein. Zum Messen ihrer optischen Dichte wurde die s.p.d.-Skala nach
Addink [14] mit 21 Stufen, eigener Herstellung, verwendet.

Es zeigte sich, daB die Absolutwerte der optischen Dichte der Zr-Linien
stark von der Glte der photographischen Emulsion abhé&ngig sind (siehe Abb. 1).

1. Zr
Abb. 1. Abhéngigkeit der optischen Dichte der Spektrallinie Zr 11 339,2 nm von der Gute der

photographischen Emulsion. Analyse der Standardproben Nr. 3—6.
Gemessen mit der s. p. d.-Skala
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Es wurde klar gezeigt, daB zur Ausschaltung dieses unginstigen Einflusses
(und selbstverstdndlich auch der UnregelméRigkeiten des Anregungsprozes-
ses) ein geeignetes Vergleichselement gefunden werden muB. Zuerst wurde
eine Linie von Silizium gesucht, das — als Hauptkomponente anwesend — sich
direkt als Vergleichselement anbot. Alle Siliziumlinien waren aber von so
groBer Intensitat, dal sie fir Vergleichszwecke nicht verwendbar ivarén. Um
die Analyse durch den Zusatz eines fremden Vergleichselementes nicht kompli-
zieren zu mussen, habe ich einen Versuch mit dem Molekilspektrum von SiO
vorgenommen.

Dieses Bandenspektrum liegt im ultravioletten Bereich zwischen 293
und 210 nm [15]. Einzelne Banden mit zahlreichen scharfen Linien der
Rotationsfeinstruktur nehmen den Anlauf von Vibrationskanten zu ldngeren
Wellenl&dngen.

Der benutzte Spektrograph Q 24 hat im Bereich zwischen 260 und 200
nm ein gutes Auflésungsvermdgen, so daR die einzelnen Linien der Rotations-
feinstruktur der SiO-Bande gut getrennt sind.

Aus dem ganzen Spektrum des Molekiils SiO sind die Banden mit Képfen
der Wellenldngen 248,680 nm (vv"™ — 0, 2) und 241,377 nm (v', v* = 0, 1)
die intensivsten. Aus dem Bande v', v' = 0, 1 habe ich eine Linie mit der
Wellenldnge 242,75 nm als Vergleichslinie ausgewdhlt. Die Liicke zwischen die-
serund der benachbarten Linie genligte eben zum Dazwischenlegen einer MeR-
linie der s.p.d.-Skala. Eine Ubersicht iber die MeRergebnisse gibt Tabelle II.

Tabelle 11

Analyse der Standardproben fir die Zr-Bestimmung in Quarz

Standard- s.p.d.-Werte*
Photoplatte probe Gehalt an Zr As.p.q.
i Zr—Sio
N (NT) (in %) Zr 3392 Si0 242,7

Q 1764 3 0,100 17,0 8,2 +8,8
4 0,032 13,7 8,3 + 54

5 0,010 8,2 7,8 +0,4

6 0,0032 2,8 7.8 -5,0

Q 1894 3 0,100 20,5 12,5 +8,0
4 0,032 17,7 12,2 + 55

5 0,010 12,5 12,5 0,0

6 0,0032 6,5 12,5 -6,0

* Mittelwert von drei Messungen.

Die Arbeitskurve, aus den Werten zls.p.d. Zr—SiO und Logarithmen
des Zr-Gehaltes konstruiert, ist in Abb. 3 veranschaulicht. Sie hat einen gerad-
linigen Verlauf im Konzentrationsbereich von 0,0032% bis 0,032% Zr.
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Durch dieses Verfahren sind einige Proben von Quarzsanden analysiert
worden. Eine von diesen wurde auch auf chemischem Wege (kolorimetrisch)
analysiert. Die gewonnenen Resultate an Zirkonium:

Probe Nr. 60351
Spektralanalytisch 0,022% Zr
Kolorimetrisch ........... 0,020% Zr

Abb. 3. Arbeitskurve zur Bestimmung von Zirkonium in Proben mit einer Siliziumoxidmatrix.
O— O Zr Il 339,198 nm — SiO 242,75 nm. Diese Werte wurden aus Photoplatten mit
-|-------f- verschiedenen Emulsionsnummern entnommen.

O— A Zr Il 343,823 nm — SiO 242,75 nm

Mit der Zr-Linie 339,198 nm fallt die Atomlinie des Thoriums Th |
339,204 nm zusammen. Enth&lt die Probe auch Thorium, so ist es notwendig,
die Zr-Linie Zr Il 343,823 nm zu verwenden. Dies war der Fall bei der Bestim-
mung von Zr im Monazitsand. Nach vorldufigen Versuchen wurde die Probe
mit Siliziumdioxyd (Quarzsand) zehnmal verdinnt und unter den obener-
wéhnten Bedingungen analysiert. Die MeRergebnisse zeigt die Tabelle 111.

In der urspringlichen Probe wurde durch Umrechnen 0,13% Zr gefun-
den. Die kolorimetrischc Bestimmung [16] ergab 0,150% Zr. Die Ubereinstim-
mung beider Resultate ist befriedigend. Die Reproduzierbarkeit der Resultate,
durch die Standardabweichung ausgedrickt, betrdgt i5 % (fur Hundertstel
% Zr) und N 12% (fur Tausendstel % Zr).

Es ist beachtenswert, dal die As.p.d.-Werte der beiden verwendeten
Linienpaare innerhalb der Fehlergrenzen die gleichen sind (siehe Tab. Il und
I11). Sie bilden also eine einheitliche Arbeitskurve (s. Abb. 3).

Dieses Beispiel zeigt mit geniigender Signifikanz, dall die molekularen
Spektren der zweiatomigen Molekiile als Vergleichselement genauso geeignet
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sind wie die Atom- oder lonenlinien. Sie haben den bedeutenden Vorteil, daB
sie von Selbstabsorption frei sind; dies gilt besonders flir die Linien der Rota-
tionsfeinstruktur.

Tabelle 111
Die Bestimmung des Zr-Gehaltes in Monazitsand

Durchschnittswerte

s.p.d. ids.p.d. Gehalt an Zr
Probe Zr—Ssio (in %)
Zr 343,8 Si0 242,7
Stand. Nr. 3 17,0 8,5 + 8,5 0,100
Nr. 4 13,83 8,5 +5,33 0,032
Nr. 5 7,83 8,16 -0,33 0,010
Nr. 6 2,83 8,33 -5,50 0,0032
Monazitsand mit Si02 verdinnt 10,0 9,0 + 1,0 0,013

W eitere Beispiele der Anwendung von Bandenspektren
als Vergleichselement

Auf Grund dieser anregenden Resultate wurden die Bandenspektren als
Vergleichselement auch in anderen Verfahren erprobt. So bei der Lésungsspek-
tralanalyse des gediegenen Goldes [11], in welchem die Elemente Ag, Bi, Cu,
Hg, Pb und Te bestimmt wurden, entstand ein intensives, ultraviolettes Band
des Molekils NO wdédhrend der Bogenbrennung. Es zeigte sich, dall es fur die
Tellurbestimmung als ein Vergleichselement mehr geeignet ist als Gold, das
sonst mit den ubrigen Elementen befriedigende Linienpaare geschaffen hat.

Bei anderer Gelegenheit ist festgestellt worden, dal die Mdglichkeit
besteht, auch molekulare Spektren, die durch Reaktionen des Elektrodenmate-
rials entstehen, zu verwenden. So hei der Bestimmung von Niob in Gesteins-
proben hat sich als Vergleichselement der Kopf des Schwanzbandes (tail-
band) des Molekils CN (Wellenldnge 314,26 nm) am besten bewrdhrt [8].
Dieser Bandenkopf wurde mit der Spektrallinie Nb 1l 316,34 nm kombiniert.
Die Konstruktion von Streudiagrammen nach Holdt [17] hat die Vorteile
dieser Kombination im Vergleich mit anderen Linienpaaren erwiesen.

In manchen Féllen hat sich gezeigt, daB nur ein Vergleichselement nicht
fahig ist, alle Intensitdtsschwankungen der Analysenlinie auszugleichen. Hier
ist es zu einer Besserung gekommen, wenn zwei Linien von zwei verschiedenen
Partikeln verwendet wurden:

SiO 243,17 nm + CN 343,25 nm
2

CN 351,55 Cal 346,85
zls.p.d. = Srll 346,45 nm > nm 8 oo nm [13].

2

AY

Be 1 265,06 nm [15],
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Das Resultat dieser Kombinationen war in den meisten Féllen eine Ver-
minderung des Streubereiches der AY- (zls.p.d.-)Werte und darauffolgende
erhdhte Genauigkeit der Analyse. In einigen Fdllen ist es gelungen, die Arbeits-
kurve geradlinig zu gestalten, ihren Anstieg zu steigern, was eine weitere Prd-
zisionserhdhung der Analyse zur Folge hatte.

AbschlulR

Die in der Arbeit angefiihrten Beispiele bestidtigen die Mdglichkeit der
analytischen Verwendung der molekularen Emissionsspektren. Bisher wurden
diese Spektren fir einen unerwinschten Ballast gehalten, der die Auswertung
des Spektrogramms erschwert.

Die vorgelegten Resultate zeigen aber, dall sie als Vergleichselement
(Bezugselement) zum Bilden analytischer Linienpaare mit Erfolg verwendet
werden kdnnen.

Die Entstehung der molekularen Bandenspektren ist an solche Elemente
gebunden, die die Matrix des analysierten Systems bilden, gleich ob sie Be-
standteile der Probe oder der Elektroden darstellen. Hiermit fallt die Notwen-
digkeit weg, »fremdes« Vergleichselement der Probe zuzusetzen, so daf die
Vorbereitung der Probe zur Analyse auf einfachere Weise geschieht.

LITERATUR

1. Scheller, H.: Einfuhrung in die angewandte spektrochemische Analyse. VEB Verlag
Technik, Berlin, 1953, S. 64

2. Ahrens, L. H., Taylor, R. S.: Spectrochemical Analysis, 2nd Ed. Addison-Wesley Publish-
ing Co., Reading, London, 1961, S. 90

3. Ahrens, L. H., Taylor, R. S.: ibid. S. 96

4. Litomisky, J.: Cas. miner, geol. 9, Nr. 1, 9, 1964

5. Harrison, G. R., Lord, R. C.,, Loofbourow, J. R.: Practical Spectroscopy. Prentice-Hall,
New York, 1948

6. Ahrens, L. PL, Taylor, R. S.: ibid. S. 183

7. Litomisky, J.: Diplomarbeit, Karls Universitdt Prag, 1953, S. 10. (Résumé: Chem. Listy
48, 1437, 1954)

8. Litomisky, J.: AbschluBbericht des Institutes fiir mineralische Rohstoffe, Kutna Hora,
1966, S. 100 (nicht verdffentlicht)

9. Litomisky, J.: Chemia Analit. (Warszawa), 7, No. 2, 409, 1962

10. Litomisky, J.: Diplomarbeit, S. 25

11. Litomisky, J., Kupkova, D.: Acta geologica et geografica Universitatis Comenianae, Geo-
logica Nr. 6, S. 464, 1961

12. Litomisky, J.: AbschluBbericht des Institutes fiir mineralische Rohstoffe, Kutnd Hora,
1958 (nicht verdffentlicht)

13. Ahrens, L. H.,, Taylor, R. S.: ibid. S. 280

14. Addink, N. W. H.: Spectrochim. Acta 4, 36, (1949)

15. Rosen, B. et al.: Tables de constantes et données numériques 4. Constantes sélectionnées.
Données spectroscopiques concernant les molécules diatomiques. Hermann et Cie,
Paris, 1951, S. 278

16. Valcha, Z.: Geologicky prizkum 5, Nr. 5, 145, 1963

17. Holdt, G.: In »Emissionsspektroskopie«, Akademie-Verlag, Berlin, 1964, S. 63

Jaromir Litomisky; Kutnd Hora, Smeralova ul. 532, CSSR.

Acta Chim. (Budapest) 72, 1972



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 72 (3), pp. 241—253 (1972)

ELECTRONIC STRUCTURE OF ISOELECTRONIC
MOLECULES

S. Sz6ke G. Jatsovszky and E. Dudak*

(Central Research Institute for Chemistry of the Hungarian Academy of Sciences, Budapest and
*Chinoin Pharmaceutical and Chemical Works, Budapest)

Received February 25, 1970

The electronic structure and orbital configuration of pyridine-JV-oxide have
been investigated by the PPP and EH methods. It has been found that in polar solvents
the orbital configuration of the N-0 bond in pyridine-iV-oxide is similar to that of mono-
fluorobenzene, while in nonpolar solvents the well known acceptor-donor structure
exists. The differences in electronic spectra in nonpolar solvents have been interpreted
by assuming that the nitrogen is doubly charged in the N-0 bond. Compared to the
more compact configuration of the C-F bond in monofluorobenzene, this structure gives
rise to lower transition energies in the near ultraviolet region.

Several parameters of isoelectronic molecules are nearly equal, or, at
least, have similar values. There are different degrees of isoelectronicity, rang-
ing from equality of the total number of electrons to the identity of orbital
configurations. Consequently, in the first case less, in the second case more
parameters of isoelectronic molecules have nearly the same values. If the orbit-
al configurations of isoelectronic molecules are exactly the same, interatomic
distances will he nearly equal to each other, and in addition to the molecular
parameters, certain terms of the Hamiltonian, and the kinetic and potential
energy matrices will also agree [1—4].

Due to the isoelectronicity, a number of quantum-chemical terms have
similar values. Several authors have pointed out that in the simplest semi-
empirical methods the diagonal terms of the Hamiltonian matrix are propor-
tional to the electronegativity. Pritchara and sumner [5, 6] have even elabo-
rated a quantum-chemical method for determining electronegativities.

By twos, the diagonal terms of the original PPP Hamiltonian represent
a chemical bond, so the diagonal elements constructed from atomic parameters
belonging to isoelectronic bonds add up to nearly the same value.

The trace of amatrix determines the sum ofits eigenvalues, which, in turn,
influences orbital energies, i.e.:

Ku = ~U+—ruuyuna- (/\t®~ Yu*
U:l U L n \

where Fuu is the diagonal term of the PPP Hamiltonian,

luis the ionization potential of atoms contributing T-electrons,
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yuu denotes one-center Coulomb integrals,

yuv denotes two-center Coulomb integrals,

P ml denotes charges on atoms,

P uvdenotes bond orders,

Zv denotes core charges;

eigenvalues are denoted by Au, and s is the number of centers.

One-center repulsion integrals, yuw are related to Mulliken atomic electro-
negativities; more precisely, they differ only in a multiplication factor of two,
which is balanced by a 1/2 factor in Eq. (1). The principle of equalized electro-
negativities is, of course, also valid for Mulliken electronegativities, and so one
can refer to bond electronegativities also in this case. Summing the ym integrals
over bonds, the equalized or mean electronegativities ofthe bonds are obtained,
and these quantities are nearly the same in isoelectronic molecules. Similarly,
due to the fact that in isoelectronic diatomic molecules (and, in several cases,
also in bonds) the mean ionization potentials are nearly the same, these ioni-
zation potentials contribute the same partial sums to the trace ofthe F matrix.

As an example for this statement, let us consider the mean ionization
potentials of C—F and N —O bonds, calculated from parameters used later in
the paper:

lc+ 1F= 11.16 + 33.58 = 44.74 eV,

IN+ 1Q= 14.12 + 30.15 = 44.27 eV.

The sum of P uu’s (charges on atoms) and that of P u,’s agree, by definition,
w'ith the corresponding quantities of isoelectronic molecules. The second equal-
ity is one of the determining features of isoelectronicity. The same holds for
ZJs, the effective core charges.

Two-center repulsion integrals are evaluated by the expression e2r (Pop1e
[71), or by the expression e2(r -f-a) (Mataga-N ishimoto approximation),
where e denotes the charge of the electron. Regarding that in isoelectronic
molecules of the same orbital configuration the value of the interatomic dis-
tance (r) is approximately the same, and that the constant a in the Mataga-
Nishimoto approximation is, in fact, the mean Mulliken electronegativity of
the bond, the value of yw should be the same, or at least nearly the same for
isoelectronic bonds.

In addition to the facts given above, there are several other analogous
features in connection with potential energy functions, electronic and vibration-
al spectra.

In this work the ~-electron distribution and the electronic transition
energies of two isoelectronic molecules, pyridine-1V-oxide and monofluoroben-
zene, are studied in order to understand the relations between electronic struc-
ture and isoelectronicity.
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Isoelectronicity of pyridine-N-oxide and monofluorobenzene

Some authors noticed long ago that the vibrational spectra of the above
molecules and of their derivatives have numerous similar features. This means
not only the similar position of certain bands but closer similarities in the whole
structure of the spectra and even the agreement of the majority of force field
elements [2, 3, 9, 10].

On the basis of these analogies in the vibrational spectra it has been
assumed that these molecules are isoelectronic in the sense that their orbital
configurations are the same, including those of the C—+ and N—O bonds.

This assumption seems to be surprising because the diatomic CF and NO
molecules are not isoelectronic in this sense, their orbital configurations and
vibrational frequencies being rather dissimilar. Moreover, the nitrogen atom
contributes three electrons and the oxygen two electrons to the N-0 bond,
giving rise to an odd total number of electrons and a half integer bond order.
On the other hand, in aromatic N-oxides N—O bonds are of dative character,
and the a-electrons are contributed by the nitrogen.

In order to elucidate the electronic structure of pyridine-iV-oxide and
monofluorobenzene, first of all the a-electron system was studied, assuming
that the influence of other bonds as well as that of a—n interactions are the
same in the two molecules.

Numerous studies have been carried out on the character of the C—+
bond in fluorobenzenes, and the bond has been found definitely covalent. No
such definite statement can be made for the N-oxides, where not even the final
assignment of electronic spectra has been accepted so far.

Apart from gross isoelectronicity, the isoelectronicity of characteristic
groups often causes surprising similarities in the spectra, so it had to be studied
whetheritisthe identical structure of certain characteristic groups, or the agree-
ment of the total number of electrons that gives rise to the analogous features.
In order to extend this line of analysis, pyridine-N+-OH was also studied, since
the structure of this molecule is intermediate between those of the above men-
tioned two molecules.

Models for the calculations

The electronic structure of pyridine-IV-oxide is studied on the basis of
two different models:

(1) Model 1 is based on the isoelectronicity with fluorobenzene. The
N—O bond is assumed to have a nitrogen atom of trtrtrzn configuration. Two of
its four hybrid electrons occupy the empty 2pyand 2pzorbitals of oxygen. This
rearrangement is, in fact, a charge transfer, i.e. the nitrogen atom becomes
more positive and the oxygen more negative. The bond becomes thereby more
similar to the C-F bond. The remaining two hybrid electrons of the nitrogen
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are bonded to carbon atoms, and the p-electron is delocalized. So a closed shell
is formed around the oxygen, just like around the fluorine in the fluorobenzenes
(Fig. 1).

According to the above, in model | it is assumed that the orbital configu-
rations of the two molecules are the same (including the electrons of the substi-
tuents and of the bonds directed to the substituents). The correctness of this

Fig. 1. Orbital configuration of pyridine-iY-oxide and monofluorobenzene

assumption is apparent from the good agreement of bond order and total
electronic energy values. The aim of the PPP calculations was, first of all, to
check the validity of this assumption. In the calculations, dipole moment and
molecular ionization potentials were used as adjusting parameters.

(2) The calculation on pyridine-iV-oxide can also be carried out by assum-
ing that the nitrogen directly contributes two 2p electrons, and the oxygen
atom only one electron, to the delocalized system (model I1).

In model | the contribution of oxygen is 2 electrons to the delocalized
system, just like that of fluorine in the C— bond, and therefore the core charge
of oxygen is taken to be 2. The nitrogen atom contributes only one electron to
the a-sextet, giving rise to a singly charged core.

The two models lead to different matrix elements in the PPP Hamilto-
nian, due to the different ionization potentials and different one- and two-cen-
ter integrals.

The method applied

Regarding that it is first of all the mobile a-electron system that deter-
mines the structural characteristics of the above molecules, the PPP approxi-
mation was chosen for the investigation. The use of this method is particularly
justified here, because it suits o, r assumptions concerning isoelectronic mole-
cules, namely that the influence of a-electrons and that of the a— interaction
are nearly the same due to the similar structure and, therefore, differences
can be expected only in the behaviour of a-electrons.

Our first aim was to determine bond orders, on the basis of which the
transferability of force constants could be interpreted [4, 10]. The charges on
atoms, on the other hand, are related to the ionicity and mean electronegativi-
ties.

Acta Chim. (Budapest) 72, 1972



SZOKE et al.: ISOELECTRONIC MOLECULES 245

The reliability of the calculated Tr-electron distribution is based on the
reproduction of electronic transition energies, calculated from the orbital
energies by taking configuration interaction into account.

The total 1r-electron energy (En)was evaluated from the following expres-
sion:

N2

K =2\ + 2T ih 20 vary oo nSCF (2)
v=] 2V

where denotes the energy of the i-th molecular orbital, lu stands for the
ionization potential of atom u, Zvis the virtual core charge of atom v, ylw
denotes repulsion integrals (m » v), Buv denotes two-center core integrals, n is
the number of ~-electrons, and s the number of 2p basis orbitals.

Molecular orbitals, are obtained by the following transformation:

S
Vi= 2 c«v»
u=1

where qu denotes 2p atomic orbitals centered on atom u, and s is the number
of centers contributing electrons to the Tr-electron system and, at the same time,
is the dimension of the PPP matrix.

The diagonal terms of this matrix are given by Eq. (1), whereas the off-
diagonals are given by the following expression:

Fm = Bm- 1/2 Puvyuv. (3)

The elements of the configuration interaction matrix are as follows:

(Xi-*K\A\ Xj-*1) rijaktink  M)¥ (rcujculciveik  cuicukevicvl) Vuy (-0
u,v

where Xi~k an<® Xj-i are wave functions belonging to the corresponding
electronic transitions, H denotes the Hamiltonian operator, e; and ek denote
orbital energies, cu-etc. are LCAO coefficients and 6 is the Kronecker symbol.

In the calculation of one-center repulsion integral terms, problems arise
very often due to the uncertainty of electron affinity values, particularly in
cases when one of the atoms contributes two electrons to the delocalized
n-system. In such cases the usual ionization potential values cannot be used.

Several methods have been recently recommended for overcoming the
difficulties due to the uncertain value of the electron affinity, a rather widely
used one being that of Paoc1oni [11], according to which the one-center repul-
sion integral of carbon is used for evaluating the terms corresponding to other
atoms, by the means of Slater exponents of 2p orbitals. Similarly, chaitvet
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and Leibovici [12], whose parameters were used in this work for the fluoro-
benzene calculations, have given a simple expression for the repulsion integral
of fluorine:

VFF —Ycc ~ — (5)
))C

where f£/- and £c denote the corresponding Slater exponents. The terms used
for the approximation of repulsion integrals are, in fact, the Mulliken electro-
negativities of the atoms in question.

The Slater exponents used in Eq. (5) are in linear correlation with the Pau-
ling electronegativities [13]:

where Pp denotes the Pauling electronegativity of atom A. Consequently,
Eq. (5) can be rewritten as

YFF — YC* (2)

The near identity of the ratio of orbital exponents is not restricted to the
first row of the periodic table. In the second period the constancy of this ratio
becomes more pronounced if the orbital exponents are calculated by taking
into account d-orbitals as well (Santry and Segal [14]).

Based on the above considerations, the calculation of one-center repul-
sion integrals, y.., can be traced back to the proportionality between electro-
negativities.

Parameters used in the calculations

In the PPP method, one-center core integrals are approximated by ioni-
zation potentials, two-center ones by empirical parameters characteristic of a
given bond type.

As has been mentioned earlier in the paper, in the calculation of mono-
fluorobenzene, the parameters of Chalvet and Leibovici [1.] were used
without any alteration. The authors of Ref. [12] determined the electronic
transitions and m-electron distributions of .. fluorinated molecules.

The properties of pyridine-iV-oxide and of pyridine-N+-OH were calcu-
lated using the parameters given by Bailey [15]. She has studied a great
number of azacyclic molecules. These calculations were based on the ionization
potential and electron affinity values reported by Hinze and Jaffé and by
Nishimoto and Forster. One-center repulsion integrals were evaluated by
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the method of Kwiatkowski. In cases when an atom contributes two n-
electrons to the conjugated system, the integral is given by the following
expression:

WX = <pAT(i) + U++H@i) gy = —I(X—H)—yxx (8)

where la denotes the first ionization potential of atom A; the other symbols

are those used in Refs. [15] and [16].

The parameters of the carbon atom as well as the two-center core inte-
grals of C-C bond are, as almost generally accepted, the same in all of the
mentioned papers for both molecule series. The parameters used in this work
are listed in Tables I and I1I.

Table |

b) one-center repulsion integrals (in eV)
a) one-center core integrals

c F N N 0 o]
Monofluorobenzene a) 11.16 33.58
b) 11.13 17.81
Pyridine-iV-oxide a) 11.16 14.12 25.73 17.70 30.15
b) 11.13 12.34 16.76 15.23 19.32
Table M

Tu>o-center core integrals (in eV)

CF cc CN NO
Fluorobenzene -2.31 -2.39
Pyridine-iV-oxide
la -2.39 -1.6 -1.6
Pyridine-iV-oxide .
Ib -2.39 -2.6 -2.6
Pyridine-iV-oxide
11 (1,2) -2.39 -2.0 -2.0

Two-center repulsion integrals were calculated by the Mataga—Nishi-
MOTO approximation [8].

Electronic spectra

The spectra of pyridine-iV-oxide have been reported by a number of
authors [17—23]. According to these studies, the first transition can be ob-
served at 215 nm with a relatively high intensity (e = 10 000,/ = 0.012),
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and the second, most intense band (e = 18 000,/ = 0.0173 [23]) is at 280 nm, in
hexane. The third, low intensity band (e = 3000) has been observed at 325 nm, in
nonpolar solvents.

The recent opinion of a part of the authors is that the first three bands
are due to n-+n* transitions; Murrel [24], however, on the basis of Sidman’s
measurements [25], assigns the band at 320 nm to an re—fi* transition. The
most up-to-date calculations on pyridine-TV-oxide and a number of related
molecules were carried out by Evieth [23]. In his opinion this band also cor-
responds to a n—1* transition.

The gas phase spectra of fluorobenzenes were reported by Kimura and
Nagakura [26]. For the sake of better comparability, we have recorded the
spectrum of monofluorobenzene in the same solvents in which the spectra of
pyridine-iV-oxide were taken. No characteristic differences were found between
the spectra in solution and gas phase, and the n—i* character of the 4.8
and 6.0 eV transitions appears to be doubtless. On comparing the electronic
spectrum and the transition energy values of monofluorobenzene with those of
pyridine-TV-oxide, and pyridine-N+-OH it can be observed that the character-
istic values of the first two are more similar than those of the first and third.
At any rate, the greater similarity can be attributed to the covalency of bonds
directed to the substituent.

Results of the calculations

The measured dipole moment and electronic transition energy values
can be best reproduced by model Il. The agreement of the calculated and
experimental transition energies is very good, as can he seen from Table IV.
Input data used for the calculations are given in Tables | and Il. The agree-
ment of experimental and calculated dipole moments, 4.19 and 4.56 D, respec-
tively, is also acceptable.

Using model I, the agreement obtained for both the n—yn* and the
re—7I* assignments was still acceptable. Two different sets of parameters were
used in this model, differing in the values of B. In the first case (model la)
the following two-center core integrals were used:

R(CC) = —2.39 eV,
I3(CN) = —16 eV,
/2(NO) = —1.6 eV,

while the parameters used in model Ib were:

R{CC) = —2.39 eV,
[d(CN) = —2.6 eV,
B(NO) = —2.6 eV.
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The differences in the parametrization influence the values of the off-
diagonal terms in the PPP Hamiltonian, and cause considerable shifts in the
eigenvalues.

In model Il the following B parameters were used:

R(CC) = —2.39 eV,

I2(CN) = —2.0 eV,
IS(NO) = —2.0 eV.

Table 111

Orbital energies (in eV)

Fluorobenzene -16.99 -13.06 —10.30 -9.99 -0.76 -0.63
Pyridine-iV-oxide
la —13.46 -12.02 -10.34 -9.42 -1.83 -0.74
Pyridine-iV-oxide
Ib -15.86 -12.06 -10.20 -9.10 -0.65 -0.53
Pyridine-iV-oxide
n -15.88 -12.74 -11.46 -0.41 -2.15 -1.86

The orbital energies obtained by these three models are listed in Table I11.
The energy ofthe highest occupied molecular orbital is the ionization potential
of the molecule. The same value, 9.4 eV, was obtained for this quantity by
models la and Il, and the value obtained by model Ib (9.1 eV) is but slightly
different.

Using SCF orbital energies and eigenvectors, the matrix elements given
by Eq. (4) were calculated, and the transition energies were determined by
taking configuration interaction into account. The observed and calculated
transition energy values are compared in Table IV. The results are so different
that from the results of model Ib one might even doubt that the first band of
the electronic spectrum (at 3.9 eV) is due to a n—m™ transition.

Table IV

Electronic transition energies (in eV)

Fluorobenzene ealed. 4.84 6.09 6.92 6.95
exptl. 4.8 6.1 6.9
Pyridine-iV-oxide la ealed. 411 4.4 5.78
Pyridine-iV-oxide Ib ealed. 4.48 5.73 6.33
Pyridine-iV-oxide |1 ealed. 3.81 4.35 5.67
Pyridine-iV-oxide exptl. 3.95 4.4 5.7
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Among the different parametrizations a definite choice can he made
only on the basis of the calculated dipole moment. Due to symmetry reasons,
the jr-component of the dipole moment should lie in the avplane. According to
Kubota, the experimental value is —4.19 D. Using the calculated density ma-
trix, P, the dipole moment is determined from the following equation:

fi = eJ?{ZT-P m)iv, 9)
where u denotes the dipole moment due to the 7r-electrons and the core, Zvis
the core charge and rvis the position vector of atom v.

Model I, even with different parametrizations, was unable to reproduce
the dipole moment value, so model Il has been accepted. At the same time, it
has been concluded that the bands in the electronic spectrum are all due to
n-+n* transitions. From model Il —4.56 D was obtained for the 2-component
of the cr-dipole (Fig. 2).

O +0'0 Q —0-72
Fig. 2. Elements of the bond order matrix. 1. Model | (O: 2; N: 1) 4 — 4.56 D. 2. Model Il
(O: I;j N: 2) 4 = 0.20 D. 3. Model I, net charge. 4. Model 11, net charge

Spectra in polar solvents

In polar solvents the third band of pyridine-IV-oxide disappears and the
second band is strongly shifted towards shorter wavelengths. If the parametri-
zation is retained, obviously, a different model should be used for the reproduc-
tion of the spectrum.
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In strongly acidic media, pyridine-iV-oxide is protonated and its electron-
ic transitions appear at 4.7 and 5.8 eV. These energy values could be reproduc-
ed only by model I. Evieth applied model Il to this problem, and obtained 5.1
eV for the second transition; this is by all means a poor approximation. In
pyridine-N+-OH the covalent character of the bond directed to the substituent
increases and the oxygen contributes two electrons to the delocalized system.
If the optimal "~-parameters of model Il are combined with the ionization
potential values and yuuterms of model I, the transition energies observed in
polar solvents can be reproduced within 2—4%. The transition energies of
pyridine-iV-oxide measured in polar solvents (e.g. water, ethanol) are very
close to those of monofluorobenzene (4.7, 5.85, and 4.8, 6.1 eV, respectively).

Bond orders and vibrational spectrum

The vibrational frequencies assigned to the C— and N -0 stretching modes
are very close to each other (1220 and 1255 cm-1, respectively). As discussed
in a previous paper [4], the Kkinetic energy matrix elements belonging to the
stretching coordinates of isoelectronic molecules have nearly the same values
(which fact follows first of all from the agreement of reduced masses). Conse-
quently, the corresponding potential energy terms should also agree within
a few per cents.

The potential energy terms are, of course, to a certain extent also in-
fluenced by the neighbouring bonds. These effects, however, are the same, to
a very good approximation, in the isoelectronic molecules under study. The n-
bond order of the C-F bond in monofluorobenzene is 0.21, that of theN —©
bond is 0.27 according to model I, and 0.39 according to model Il. Taking into
account that in vibrational problems the total bond order is the relevant factor,
and adding cr-bond orders to the above quantities, the difference between the
two molecules becomes small, even in the less favourable case of model Il.

Vibrational spectra can be well interpreted by the total bond order values
of 1.21 and 1.4. As a comparison, it should be mentioned that the bond orders
of CF and NO diatomics are 1.5 and 2.5, respectively, and their vibrational
normal frequencies are 1280 and 1904 cm* 1.

Discussion

The results, first of all the agreement of electronic transition energies
and dipole moment values, support the n-+n* assignment of the 320 nm
band. The fact, however, that by altering the two-center core integrals alone
the electronic transitions observed in water or in polar solvents can be repro-
duced with model I, indicates that in polar solvents the N-0 bond becomes
covalent. This accounts for the analogous features with fluorobenzene. The
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above argument is also supported by the fact that the transition energies of
fluorobenzene are very close to those of pyridine-iV-oxide measured in polar
solvents.

On the basis of the isoelectronic principle the eigenvalues and, conse-
quently,the orbital energies and the total energy coidd be expected to be approx-
imately the same in the above molecules. Indeed, if the ionization potentials
and the repulsion integrals are calculated by using electronegativities, the sum
of the orbital energies and the total electronic energy of the two molecules
differ only by 1—2 per cents.

Our study was completed with Extended Hiickel calculations. As known,
a—A interaction is neglected in the PPP approximation, but is overemphasized
in the EH method. It has turned out from the analysis of orbital populations
that the relative electronegativities of neighbouring atoms have a great in-
fluence on the atomic charges, bond orders and bond moments.

The results of EH calculations can be summarized as follows. Much higher
values were obtained for the dipole moment of both molecules than the meas-
ured values; the calculated dipole moment of fluorobenzene is 3.0 D, almost
twice as large as the experimental value (1.6 D). Approximately the same ratio
was found in the case of pyridine-iV-oxide, when assuming that the nitrogen
and oxygen atoms contribute 5 and 6 electrons, respectively. A better result
can be obtained if the semipolar character of the N—©O bond is taken into
accqunt, and it is assumed that the nitrogen atom, contributing two electrons
to the bond, holds only 4 electrons in the valence state, and the oxygen atom
holds 7 electrons. A similar assumption was used in the PPP calculations, when
nitrogen was taken as a doubly, and oxygen as a singly charged core. Using
this approximation, 6.0 D was obtained for the dipole moment of pyridine-TV-
oxide, while the original model led to a value of 12.0 D.

The calculations were carried out on an ICT 1905 computer. The original version of the
PPP program was kindly supplied by J. C. Packer, Nottingham University.
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Anodic polarization of p-Ge electrodes has been studied in solutions of the com-
position 0.02 JWTEA Br + XN HBr, where x denotes the normality of the acid. The
anode characteristics of p-Ge of different resistance are identical, differing only at higher
current densities. The Tafel relation, ) = a -f- blog i, isvalid forp-Ge anodes over limited
current densities. Anodic polarization diminishes with increasing pH, and an anode
reaction occurs vigorously with water in acidic solutions. The slopes of Tafel plots vary
from 0.094 to 0.123 V, indicating that the overvoltage is restricted mainly to the Helm-
holtz double layer region.

Introduction

The low concentration of free charges (electrons and holes) in semicon-
ductors has an interesting effect on the electrochemical behaviour of germa-
nium electrodes. All anode reactions are oxidations which may involve either
dissolution of the electrode material or oxidation of ions in the solution. Ger-
manium can be electrolytically dissolved in most electrolytes.

The investigations of Brattain and Garrett [1], demonstrating that
the rate of the anodic dissolution process is controlled by the supply of holes
at the germanium electrode surface, which is changed by the influence of light,
developed a new field of electrochemistry. Jirsa [2] has studied the anodic
dissolution of germanium in acidic and alkaline solutions and reported that ger-
manates are formed in alkaline and the corresponding germanium salts in
acidic medium. Unhtir studied the electrolytic dissolution of germanium in
both aqueous and non-aqueous solutions [3].

The anodic reactions of germanium in aqueous solutions have been stud-
ied by several authors [4—6]. Turner [7] confirmed the Tafel relation,
rj= a+ blog i in both acidic and alkaline media below 0.3 mA ecm®“2 (1) is
the overpotential at C. D. i; a and b are constants). This author has concluded
that germanium goes into sulution and the overall process involves two holes
and two electrons for the dissolution of each germanium atom. Beck and
Geuischer [8] have offered a more elaborate mechanism for such reactions.
Y akovleva et al. [9] suggest that the concentration of holes on the surface
increases, and that of electrons decreases, with increasing anodic polarization.

The purpose of this study is to elucidate the nature of the electrode reac-
tion at the germanium—electrolyte interface.
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Experimental

Materials

The Ge-crystals used as electrode were supplied by Mullard House, Torrington Place,
London, and were rectangular in shape, affording a large face-to-edge ratio. Their resistance was
determined by D. C. current-potential measurement; the type of germanium was confirmed by
Hall-effect experiments. The electric connections were made with silver electrodes deposited
by evaporation on the samples in an Edward High Vacuum coating unit at 10“5 Torr. The
orientation of two large faces is (110), as determined by a back reflection X-ray technique.
The ohmic contact with the germanium electrodes was made by soldering copper wire with
a lead-tin alloy, using zinc chloride as flux to avoid rectifying contacts; the copper wire was
threaded through a glass tube to avoid its contact with the electrolyte solution and cemented
with Araldite. The large face of the germanium electrode was ground with 800 mesh carborun-
dum powder, and the surface was etched for 1.5 min. in a CP-4 solution (15 ml HF, 25 ml
HNO03 and 15 ml glacial acetic acid with 0.3 ml bromine) and immediately rinsed thoroughly
with conductivity water; this treatment provides a smooth and reproducible surface. A 1 cm2
area of the germanium surface was coated with paraffin wax (E. Merck) and this was used
n the polarization measurements. All solutions were prepared from AnalaR (BDH) grade re-
crystallized chemicals dissolved in doubly distilled water.

Apparatus and procedures

The experiments were carried out in a modified H-shape Jena glass cell [10]. The cell
was placed into an air thermostat box containing a stirrer, a toluene-mercury thermoregulator,
an electronic relay and a Beckmann and a standard thermometer; this arrangement permitted
to maintain the temperature within —0.01 °C. To eliminate the effect of light on the germanium
electrode, a 100 W electric bulb coated with aluminium foil was used as heater. Current-
potential data were recorded galvanostatically in an unstirred solution, using the direct method.
The auxiliary platinum and the germanium electrode were connected to a constant current
device (KT2valve); the potential of the polarized germanium electrode against the S. C. E.
was measured with a portable potentiometer (Pye-Catalog No. 7569P), an external galvano-
meter (multiflex galvanometer MG-4) being used as detector. The S.C.E. was connected through
a calomel compartment containing a buggin capillary which was positioned at 0.05 mm from
the Ge-electrode to avoid an ohmic drop. The calomel compartment was filled with the experi-
mental electrolyte solution purified by pre-electrolysis for 3—4 hrs. Polarization results were
obtained by passing the current for 1 min. intervals, whereas steady state polarization results
were obtained by passing the current for a considerable time. The results reported in this work
are the average from several experiments.

Results and discussion

The results in Fig. 1 illustrate the steady state anodic polarization of
p-Ge (4—8 ohm*cm) in 0.02 N tetraethylammonium bromide (TEABTr) solu-
tions of different pH at 25 °C. The plots are linear over the limited current range
from 0.020 to 0.580 mA ecm-2. At higher current densities (above 1.780
mA ecm -2) these curves coincide. The slopes vary from 0.094 to 0.121 ¥. Thus
the Tafel equation, j = a -f- blog i, is obeyed. The anodic polarization changes
with the pH of the electrolyte and if the acid concentration is decreased, the
anode polarization diminishes. Fig. 2 illustrates the steady state current-
potential results for p-Ge (0.2—0.3-ohm e<cm) in the above solutions. The
slope, dV/d log i, varies from 0.102 to 0.123 ¥. The curves obey the Tafel
equation over the whole range of current densities. From these curves it is
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established that the anodic polarization changes with changing [H +], and it is
concluded that germanium is more strongly polarized in neutral media. The
Tafel slope varies between 0.094 and 0.123 Y, in good agreement with values
reported by earlier investigators [4, 7, 11]. These slopes of the rj—a -f- blog i
overvoltage curves reveal that the overvoltage is concentrated in the Helm-
holtz region.

The enhancement of polarization with increasing acidity of the solution
is attributed to the increasing concentration of adsorbed H30 +ions, suppressing
the adsorption of water molecules and reducing the number of holes at the semi-
conductor surface. The diffusion velocity of holes from the bulk ofthe electrode
to its surface is reduced owing to the positive charge thus created. At higher
current densities, probably all the (H30 +)ads are removed and the Tafel plots
at various pH nearly coincide. The overlapping point is shifted to higher C. D.
with increasing hydrogen ion concentration in the solution, the anodic over-
potential.

The large rise in the potential of p-Ge with 4—8 ohm e<cm is not present
in the case of p-Ge with 0.2—0.3 ohm «cm. These observations are in excellent
agreement with the findings of Efimov and Erusalimchik [12]. The deviation
in the anode potential of p-Ge from the Tafel equation at high C. D. can be
attributed to two IR drops; one in the germanium and the other in an anodic
layer of germanium dioxide which is formed more rapidly than it can be dis-
solved by the electrolyte.

During anodic dissolution, the germanium surface contains a fairly
constant amount of reducible material, suggested by Turner [7]. The rate-
determining step, according to the Beck-Gerischer [8] model, is the breaking
of one of the two covalent bonds after the initial hole is captured; this should
require a high activation energy. The last covalent bond to germanium is un-
stable, therefore, this step is followed by areaction with H20 to form the prod-
uct metagermanic acid. In a final reaction, another hole is consumed or an
electron is transferred into the conduction band. Our results support the
Beck-Gerischer [8] model. The overall anode reaction in acidic solution is:

Ge + Apt++ 3H2 -VH2Ge03+ 4H+ + (4 — A)e-

A is the number of electrons transferred in the rate-determining process;
YA = B/2=v,v stands for the stoichiometric (symmetry) number. The con-
sumption of holes in the overall reaction is A= Aa+ 1 -]- A, with 1 < Aa< 2
and 0 < Ac < 1. The process of dissolution proceeds through the formation of
dipolar groups on the surface which act as hole acceptors.
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1. The behaviour of 14C-labelled acetone was studied on a platinum electrode in
the potential interval of 0— 1000 mV.

2. A study was made of how the gaseous products formed during the electro-
hydrogenation and electrooxidation of acetone affect the tracer measurements.

3. From the observations, general conclusions were drawn with regard to the
phenomena observed in the adsorption of individual organic substances.

Earlier studies on the electrohydrogenation and oxidation of acetone
[1,2] required that we use the possibilities provided by the tracer technique to
obtain further information on the processes undergone by the acetone on the
platinum —electrolyte boundary surface, and on the phenomena connected
with these. These studies recently became of interest from another point of
view too. A paper was published not long ago on the adsorption, mobility, and
exchange of water adsorbed on platinum [3]. On the basis of the experimental
observations a proposal is made as to the mechanisms of adsorption and electro-
sorption of organic substances on a platinum electrode. In one of the essential
stages of these studies [3] the platinum electrode is washed with acetone.
According to our earlier observations regarding the adsorption of acetone [1],
there is such a strong interaction between acetone and the platinum surface
that the acetone cannot be considered an inert washing solution. Taking this
into account, in our opinion, those theoretical conclusions which support the
proposal as to the mechanism of the adsorption (reported not only in Ref. [3]
but by other authors too [4]) cannot be drawn from the observations presented
in the work cited. In the following, with the application of a tracer technique,
we attempt to answer the question of what happens to acetone dissolved in an
aqueous medium on a platinized platinum electrode and in its immediate
vicinity.

Experimental

The investigations were carried out with the aid of the method and apparatus already
described [5]. The acetone used had a specific activity of a few mCi/mmol and was labelled
with 14C in positions 1 and 3. The required amount of labelled acetone was dissolved m a liV
HC104 background solution.
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Potential dependence of the adsorption

In one of our earlier publications [6] it was shown that the potential
dependence of the adsorption of some substance can be given unambiguously
only if the reactions (oxidation or reduction) occurring with the substance in
question demonstrably do not disturb the adsorption equilibrium. This require-
ment at all events forces us to carry out polarization studies prior to the study
of the adsorption.

In Fig. 1is shown the potentiostatic polarization curve determined at an
acetone concentration of 0.1 M. It can be seen clearly from the Figure that the

Fig. 1. Polarization curve determined with the potentiostatic method for an acetone con-
centration of 0.1 M. (E is the potential against a 1 atm H2electrode immersed in 1 N HCIO,.)

potential interval in which it is not necessary to consider either oxidation or
reduction is relatively narrow (200—500 mV). According to our earlier work and
to other evidence in the literature, on the cathodic branch of the polarization
curve [1, 7] the main reaction is

CH3-C-CH 3-f4H+-fde —» CH3-CH2-CH3+H 2 1)
I
o)

with a smaller contribution from the process

During the oxidation (anodic branch), however, presumably [8] the reaction

Acta Chim. (Budapest) 72, 1972



HORANYI, NAGY: ADSORPTION PHENOMENA, X 263

occurs. It is evident from the above equations that on both the cathodic and
anodic branches of the polarization curve gas evolution must be reckoned with.
As will be seen below, this condition determines to a decisive extent how far
the adsorption during the reaction can be studied with the tracer technique.

At low acetone concentrations the potential dependence of the adsorp-
tion can be characterized by the curve shown in Fig. 2. Thus, in a narrow poten-
tial interval the adsorption does not depend on the potential. The decrease in

E mV

Fig. 2. Potential dependence of the count rate (proportional to the adsorption) at an acetone
concentration of 5X 10~4M

adsorption on both sides of this interval is presumably related to reactions (1)
and (2) orto (3). Evidence for this is also provided by the fact that with increas-
ing acetone concentration the length of the above interval also increases, and
further, by the earlier observation [1] that the adsorbed, labelled acetone can
be exchanged with inactive acetone only extremely slowly. At potentials
more negative than 100—150 mV the rate of the hydrogenation reaction
increases with increasing acetone concentration and hence so does the rate of
gas evolution. The possibility of the study of adsorption is greatly affected by
the appearance of the labelled gaseous product formed from the dissolved
labelled component.

Simultaneous study of the electrohydrogenation
and adsorption of labelled acetone

Our method of study, as was shown [9] in the case of the electrohydro-
genation of phenylacetic acid, is suitable for the elucidation of the connection
between the adsorption, the coverage and the reaction rate. Essentially, it is
a matter of measuring continuously the amount of the labelled, reacting com-
ponent adsorbed on the surface of the electrode and present in its immediate
vicinity, while recording the polarization curve by a potentiostatic or a galva-
nostatic method. The principle of the measurement (with reference to our
earlier publication [5]) is illustrated in Fig. 3. The results of the galvanostatic
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Fig. 3. Scheme of the experimental set-up: M: the main electrode forming the bottom of
the cell; S: auxiliary electrode; R :reference electrode; D: the radiation detector (scintillation
pick-up); P: potentiostat

Fig. 4. Change of the potential (2) and the count rate (1) with time in the case of a galvano-
static measurement (5x 10~2M)

Fig. 5. Potential dependence of the current (1) and the count rate (2) in the case of a poten-
tiostatic measurement (2x10-2 M)
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measurements can be seen in Fig. 4. It is clear from this Figure that an increas-
ing count- rate is related to increasing currents, that is the departure of the
labelled product from the surface is impeded.

From the potentiostatic current vs. count rate curves too (Fig. 5) it can
be seen that the count rate changes in parallel with the current, and what is
more, according to a maximum curve.

It is shown in the following that the observed phenomena are related to
the fact that the propane formed accumulates in the pores and on the surface
of the platinum black in the form of bubbles. These phenomena appear only at
relatively high acetone concentrations when the hydrogenation rates become
so high that bubble formation must be considered as a result of the slow diffu-
sion of dissolved propane.

Accumulation of the gaseo us, labelled component in the form of bubbles
on the solid—Hquid boundary surface

Let us assume that in the case of the experimental set-up shown in
Fig. 3, a weakly adsorbed gaseous productis formed by some reaction from the
dissolved component labelled with a soft /3-emitting isotope, e.g. 14C and this
product, or a part of it, adheres to the surface in the form of bubbles. If the
size of the bubbles is not too large (their radius r 1 cm), then the self-
adsorption of R-radiation in the bubbles need not be considered. For the pur-
poses of radiation measurements, the bubbles adhering to the surface can be
substituted by a gas layer in direct contact with the solid phase, with thickness
Z for which the relation Vb = Zis valid, where Fmis the total volume of bubbles
on 1 cm2 of the geometrical surface. (The system is thus comprised of liquid
phase-gas layer-adsorption phase-solid phase.) It must be stressed that electri-
cally this model is not correct, because in such a system the conduction of cur-
rent would cease.

In our earlier publications a study was made of what the distribution of
the given labelled component between the liquid and adsorption phases must
be, in order that the adsorption can be measured. We now seek an answer to
the question of how the appearance of the labelled component as a gas affects
the possibilities of studying the adsorption. Let us consider this first of all in
the case of a smooth adsorbent surface. The radiation originating from the gas
phase, from the bubbles, and reaching the detector will then be proportional

P
to Z and that originating from the adsorption phase will be proportional

to . If the radiation originating from the liquid phase is disregarded, the two
radiations will become comparable in the case of an average layer thickness
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T
I = b I, and obviously at layer thicknesses greater than this, in comparison

to the radiation originating from the bubbles, that from the adsorption will
begin to become negligible.

Assuming a pressure of 1 atm for the gas at 20 °C, and taking the specific
adsorbed amount as ' = 10-10 mol/cm2, a value of 2.4x10~6 cm is obtained
for I. It can be seen that the amount of labelled substance in a single bubble
with a radius somewhat less than 10”2 cm is equivalent to the amount of sub-
stance adsorbed on 1 cm2

Applying the above considerations in the case of a platinized surface,
the expression

will be valid, where y is the roughness factor of the adsorbent surface studied,
i.e. the quotient of the true and geometrical surfaces. Considering that on the
platinized platinum electrodes used by us this value is usually about 100, we
obtain a value of | = 2.4 XIO"4 cm. This means that the radiation originating
from the substance contained in a single gas bubble with a radius of 5X 10 -2
cm is equivalent to the radiation from the amount of material adsorbed on
1 cm2 geometrical or 100 cm2 true surface.

In the case of the platinized electrodes, the high roughness factor can
only come about if the platinum black possesses some structure. The roles of
the structure and porosity of the platinum black in measurements with the
tracer technique were treated in an earlier publication [10]. In the platinum-
black layer there are cavities, and from these the gas-phase products can
displace the solution. The result of this will be that the average concentration
(defined in the paper cited) of the labelled component in the disperse adsorp-
tion phase will change, generally increase, because under the usual conditions
of study the concentration of the labelled component is smaller than that in
the gas phase or in a bubble containing gas at a pressure of about 1 atm.

The removal of the bubbles formed in the cavities may be difficult, de-
pending on the conditions, and so a significant increase in the count rate
(a ‘background increase’) can occur.

Interpretation of the phenomena observed in the electro-
hydrogenation of acetone

On the basis of what has been said in the previous section, the phenome-
non observed in the galvanostatic measurements, viz. that the count rate in-
creases with increasing current, can be explained in terms of higher gas pro-
duction at higher currents, resulting in formation of more or larger bubbles.
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In the studies with the potentiostatic method too the current and the count
rate change in parallel. The probable cause of the maximum on the polariza-
tion curves determined by the potentiostatic method has been dealt with in an
earlier publication [1]. It has been established that at negative or small posi-
tive potentials process (2) begins to come into the foreground compared with
process (1), and if the rate of replacement of acetone is limited (diffusion or
adsorption control) then, upon changing the potential in the negative direc-
tion, the current and the amount of the gaseous product are decreased. The
maximum observed in the count rate vs. potential curves is in complete agree-
ment with this.

Phenomena in the electrooxidation of acetone

In the electrooxidation of acetone (although we are concerned with a
process which takes place at a much lower rate than the electrohydrogenation)
the observed phenomena are similar to those described above.

Enmv

Fig. 6. Potential dependence of the count rate and the current in the case of the oxidation
of acetone (c = 5xH0~2 M)

In Fig. 6 can be seen the phenomena observed during electrooxidation
in the case of a labelled acetone concentration of 5x10 _2 M with a potentio-
static method. The parallel change of the count rate and the current can
presumably be attributed to the gas bubbles accumulating on the surface.

Conclusions

In the study of the adsorption of water on a platinum electrode in the
paper cited above, the procedure was to maintain the electrode at a constant
potential in an HTO solution. The electrode was then lifted out of the solution,
washed with acetone, and the tritium activity measured [3]. As a result of the
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experimental observations presented above, the conclusion must be reached
that after the acetone washing the bulk of the adsorbed water scarcely remains
on the electrode surface, because

(1) the adsorption of acetone is fast;

(2) the rate of desorption of the adsorbed acetone is low.

It is conceivable that the tritium appears on the surface as a result of
hydrogen exchange between HTO and the organic molecule adsorbed on the
surface.

In this connection we must refer again to the work of de Hemptinne
and Schunck [7]. In the course of the electrohydrogenation of deuterated
acetone in ordinary water and of light acetone in heavy water they found that
the hydrogen atoms of acetone adsorbed on platinum exchange with the hy-
drogen atoms of the solvent.

If it is also considered that acetone can undergo chemical reactions
depending on the electrode potential, then the validity of the mentioned meth-
od of studying the adsorption of water must be considered as even more
doubtful.

In addition to this, from the experiments with acetone the important con-
clusion can be drawn that at potentials where a gaseous product is formed from
the labelled component during adsorption measurements with the tracer
technique (disregarding the quite small adsorptive concentrations), the exper-
imental results can no longer (or only after careful consideration) be considered
characteristic of the adsorption.

Such phenomena must be considered in the case of alcohols, and this
question will be dealt with in our next publication.
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1. A study was made of the adsorption of isopropanol on a platinized platinum
electrode in acidic medium.

2. It was found that the adsorption is irreversible, and the adsorbed molecules
do not take part in the oxidation reaction of the isopropanol leading to the formation
of acetone.

3. In the reduction the adsorbed isopropanol is converted to a gaseous product.
In connection with this the conditions of measurement of the labelled gas-phase product
accumulating in the platinum black were examined. The supposition was arrived at that
the surface complexes formed during the adsorption of isopropanol and acetone are prob-
ably the same.

From our earlier work in connection with the oxidation of secondary-
alcohols [1] we have come to the conclusion that there is no direct relation
between the alcohol adsorption phenomena and the oxidation reaction result-
ing in the formation of the ketone from the alcohol.

This finding was based primarily on the observation that the rate of
oxidation of 14C-labelled isopropanol adsorbed on the electrode surface is very
low. From the point of view of studies aimed at elucidating the oxidation mecha-
nism of secondary alcohols, it seemed important to examine thoroughly, with
the aid of a tracer technique, the phenomena taking place during the adsorp-
tion of isopropanol and the properties of adsorbed isopropanol.

Independently of this object, there is the hope that the tracer study of
isopropanol adsorption may perhaps contribute to a decision between the con-
tradictory views in the literature concerning the adsorption of alcohols. Of the
alcohols, so far the adsorption of methanol has been studied the mostthorough-
ly, both with tracer techniques and by electrochemical methods [2, 3]. The
findings and conclusions drawn on the basis of the measurements with the
various methods primarily differ from each other with regard to the potential-
dependence of the adsorption and the adsorption isotherm.

Experimental

The apparatus and method used in the investigation have already been
described [4]. The specific activity of the 14C-labelled isopropanol used varied
in the range 0.1— 10 mCi/mM. Similarly as in our previous work, 1 N HC104
was used as background solution.
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As can be seen in Fig. 1, the curve describing the potential-dependence of the adsorp-
tion is very similar in nature to the curves obtained during the study of the adsorption of
other alcohols [2]. It must be stressed that this curve can still not be regarded as characteristic
of the adsorption, since at potentials greater than 400 mV the oxidation of the alcohol takes
place at an appreciable rate, while at 800 mV it is already necessary to consider the appearance
of adsorbed oxygen, too. At potentials more negative than 300 mV, on the other hand, a part
may be played by hydrogen adsorption. All this shows that the curve to be seen in Fig. 1 comes
about as the result of several factors. In our view, a possibility is provided for the study of the
adsorption of isopropanol, independently of other factors, by a study of the mobility of the
adsorbed isopropanol.

Env

Fig. 1. Variation of the count rate (proportional to the amount adsorbed) as a function of the
potential in the case of an isopropanol concentration of 10~3M. (/. is the potential against a
1 atm H, electrode immersed in 1 N HC104)

Study of the mobility and reaction of adsorbed isopropanol
by a tracer technique

A study of the desorption and the rate of desorption of the adsorbed
substance must be considered important because on the basis of these studies
there is a possibility to take a stand in questions connected with the adsorption
isotherm of the substance, and with the potential-dependence ofits adsorption.
In the course of our earlier informatory investigations [1], it was already found
that the rate of desorption of the adsorbed isopropanolisvery small. The meth-
od used for the study of the exchange between adsorbed isopropanol and that
in the solution phase was as follows: after the adsorption processes of the la-
belled substance had gone to completion, the solution phase was removed and,
after washing, the apparatus was refilled with pure background solution.
A potentiostat ensured that the potential of the electrode should not change.
The electrode potential was adjusted in advance to a value at which the oxi-
dation of isopropanol need still not be considered.

In agreement with what has already been said, under such conditions
the radioactivity originating from the labelled substance adsorbed on the
electrode does not vary, or to only a small extent. (Naturally, the total count
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rate observed, which also included the radiation arising from the labelled com-
ponent in the solution, decreased. The intensity of the radiation from the solu-
tion was also determined separately. In our experiments its magnitude never
attained 10% of the intensity of radiation arising from the adsorption.)

A relatively large amount of unlabelled isopropanol was next added to
the system, and the potential of the electrode was then gradually changed in
the positive direction in order that the behaviour of the labelled, adsorbed
molecules could be studied during the oxidation of the added unlabelled iso-
propanol. The results of our observations are reflected by the curves to be seen
in Fig. 2.

Fig. 2. Study of the mobility of labelled isopropanol adsorbed on the electrode in the presence

of 5x 10-2 M of inactive isopropanol. Curve 1refers to the count rate, and curve 2 to the rate
of oxidation

The above experiment was carried out in such a way [that at*first unla-

belled isopropanol was brought into contact with the electrode. After asuitable

waiting period this solution was removed from the apparatus and replaced by

a solution containing labelled isopropanol. The phenomena observed when

Fig. 3. Potential dependence of the adsorption of labelled isopropanol when inactive iso-
propanol has previously been adsorbed on the surface
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changing the potential as a function of time are shown in Fig. 3. In the curves
to he seen in Fig. 3, a considerable increase of the count rate occurs only at
potentials more positive than 600 mV, in agreement with the observations in
Fig. 2; thus, it was seen that the removal of the previously adsorbed molecules
from the surface begins to take place with an appreciable rate only at such
potentials. On returning from high (1200 mV) potentials to lower (400 mV)
potentials, the adsorption of isopropanol again occurs.

Based on the experimental results presented, the following can be stated.

1. The adsorbed substance formed from the isopropanol cannot be ex-
changed.

2. The adsorbed molecules are still not oxidized even when an oxidation
reaction (resulting primarily in acetone) is already taking place at an appre-
ciable rate with the component in the solution phase.

3. The departure of the adsorbed component from the surface occurs at
potentials more positive than 600 mV, and it probably involves a reaction inde-
pendent of the oxidation leading to the formation of the oxo compound from
the alcohol. Naturally, it cannot be excluded either that the adsorption of
oxygen also plays a part in the decrease of the alcohol adsorption.

From Figs 2 and 3 it also appears that for reasons of principle we cannot
speak ofthe adsorption isotherm ofisopropanol and ofthe potential-dependence
of the adsorption, for the molecules in the solution phase and in the adsorption
phase are not identical. The phenomena arising on the change of the electrode
potential in the negative direction bear witness to the fact that isopropanol
undergoes significant changes during adsorption.

In the case when, similarly to the experiments previously described,
after the adsorption of the labelled component at 200 mV the apparatus is
washed out and refilled with background solution, and the potential is then
changed in the negative direction, an increase of the count rate is observed, as
can be seen in Fig. 4.

Fig. 4. Phenomena arising with labelled isopropanol adsorbed at 200 mV, when the potential
is changed in the negative direction
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Considering that the amount of labelled substance on the washed elec-
trode cannot increase, the increase in the count rate can come about only as a
result of changes in the self-absorption and geometrical conditions in the adsor-
bent-adsorptive system. According to the literature [5], if solutions of alcohols
come into contact with a platinum electrode, and in the case of the change of
the electrode potential in the negative direction, hydrocarbons are formed. If
it is accepted that such phenomena occur in this case too, then the observed
phenomena can be explained.

In one of our earlier publications [6] it was shown that the platinized
platinum can be regarded as an agglomeration of particles, the average density
of which is given by the relation

(1 — e)gm+ sg0= g 1)

where e is the porosity, and gm and pO0 are the densities of the metallic plati-
num and the medium filling the space between the particles, respectively.

In the case when there is no labelled substance in the space between the
particles, the intensity (l) of the radiation originating from the labelled sub-
stance adsorbed on the particles is given by the relation

J= 7~ L [(1 -e)Qmasr](l -e-w~*) (2)

where a is the efficiency of the measurement, 10is the specific activity of the
labelled substance, 4 is the mass absorption coefficient, q is the area of the
surface, asis the specific surface of the adsorbent, I is the amount of substance
adsorbed on 1 cm2ofthe surface, and « is the thickness of the platinum black.
If the aqueous solution (gOw”™ 1 g/cm3) is displaced from the space between
the particles by a gas (gog 10 ~3 g/cm3), the average density of the entire
system, and hence its self-absorption too, change.

From Eqgs (1) and (2), the ratio of the intensities ofthe radiation observed
in the two cases is given by the expression

la =
I X 1 e~"3k g2

It can be seen from Eq. (3) that in the limiting case when f-igk and jxg-Jt* 1,
one obtains
<2 = gl

From relation (1), on the other hand, it can be seen that at high porosities
(/> e> 0.9) a significant change is caused in the average density if the
liquid medium is exchanged for a gas.
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On the basis of the above, when the potential is changed in the negative
direction the increase in the count rate and the maximum observed in its time
dependence are explained by the fact that the gas-phase products formed by
hydrogenation of the labelled, adsorbed substance partially or completely
displace the liquid from the pores and the interstices of the platinum black.

In agreement with the views of other authors, the experimental results
presented and the conclusions drawn from them bring us to the assumption
that the adsorption of isopropanol be considered as a dehydrogenation reac-
tion. The simplest product ofthe dehydrogenation and oxidation ofisopropanol
is acetone, which was found in an earlier paper [7] to be irreversibly adsorbed
in a fairly wide potential interval. It appears very probable that the adsorbed
complexes formed on the adsorption of acetone and isopropanol are essentially
the same; in agreement with observations on the electrohydrogenation of ace-
tone in acidic media, the adsorbed complex must be reduced to the same prod-
ucts, primarily propane, in both cases. (Naturally, because of the possible
splitting of the C-C bonds the formation of other hydrocarbons cannot be
excluded.)

Thus, the following proposed scheme can be given for the adsorption and
reduction of isopropanol and acetone:

adsorption n adsorption
CH3-CH-CH3 > CH3-CO-CH3
1 .
OH I reduction

T
CH3-CH2-CH3

where A is the adsorbed molecule.

Our investigations to support the above conceptions, primarily with
regard to the analysis of the gaseous products, are in progress.
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C3-CYCLIZATION OF UNSATURATED
HYDROCARBONS ON PUATINUM BUACK

(SHORT COMMUNICATION)

Z. Paal and P. Tétényi

(Institute of Isotopes of the Hungarian Academy of Sciences, Budapest)

In 1954 it was discovered by Kazansky, Liberman et al. that in the
presence of a Pt/C catalyst saturated hydrocarbons, among them n-hexane,
are transformed to cyclopentane derivatives in a reaction termed C.-dehydro-
cyclization [1, 2]. This process may also be catalyzed by oxide-carrier [3—5] or
carrier-free [5, 6] platinum or palladium [7].

It was assumed by Liberman that the C5-dehydrocyclization and the
hydrogenolysis of the five-membered ring take place via a common surface
intermediate formed with the participation of hydrogen [8]:

H.C' XH2 HXxr A~CH?2 HX " nch2
1
""" > - (1)
H-HxX CHo -H H-ylLC H HX—-—CH2 H
M-—-M — —M—-M M- M -M-—afl M— M—— M-—M

At the same time Gault et al. conceived the formation of the cyclopentane
ring via unsaturated intermediates [5]:

— -2H . C-c -H . ¢ —C ~2H ? ¢ 1
LT L > \ y / \ I (2)
c c HC : lie c c
/ I 1
c c \C
*
M M M

In fact, it has recently been observed that five-membered cyclic com-
pounds can also be formed from hexene-1, hexadiene-1,5 [7] and hexatriene-
1,3,5 [9]: these are methyl-cyclopentane, or alternatively methyl-cyclopentene
and methylcyclopentadienes. This observation indicates again that it is nec-
essary to study the role of unsaturated compounds in C5dehydrocyclization
more thoroughly.
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A systematic study was recently made of the transformations of various
saturated and unsaturated hydrocarbons in the presence of hydrogen. It was
found that in the presence of a hydrogen excess (but only then) methylcyclo-
pentane is formed from n-hexane and from methylpentanes [6, 10]. In the
presence of hydrogen, the formation of methylcyclopentene-1 was almost al-
ways observed from unsaturated hydrocarbons (n-hexene, hexadiene isomers
and hexatriene). Its amount was relatively low, and it disappeared very rapidly
during the deactivation of the catalyst.

These studies showed that the peak found in the aromatization of
n-hexene-1 in our earlier experiments [11] (believed to be epoxide impurity)
was in fact methylcyclopentene-1.

In Table | are given the product-compositions obtained in the transfor-
mations of various hexadiene isomers and frans-hexatriene-1,3,5 in hydrogen.
It can be seen that the amount of methylcyclopentene-1 formed depends con-
siderably on the structure of the starting hydrocarbon: for hexadiene-1,5 it
was a few per cent, whereas for all the other hexadienes and for hexatriene
it was only a few tenths of one per cent. In some cases methylcyclopentadienes
could be detected, too.

Table |

Cs-cyclization of hexadienes and hexatriene

Catalyst: 0.4 g Pt; i = 360 °C; carrier-gas 20% H2 80% He, 60 ml/min; 5 /N1 hydrocarbon
Composition, mass %
) No. of

Starting hydrocarbon  jppyi5e  Cracked Hexenes Hexa- Hexatri- Methyl- Methyl-
products Hexane + MCP dienes ene-1,3,5 cyclopent- cyclppen- Benzene

ene-1 tadienes
hexadiene-1.5 1 9.5 61.9 18.3 1.5 0.3 8.7
\Y 5.9 45.4 38.7 — — 2.5 0.4 7.2
hexadiene-1.4 | 19.9 63.6 5.8 - - 0.2 0.1 10.5
\Y 13.0 69.5 8.9 — — 0.6 — 7.9
hexadiene-1.3 | 19.0 65.7 4.3 - — 0.4 0.1 8.4
Y 13.9 68.8 9.1 — — 0.8 — 7.5
c.t-hexadiene-2.4 | 25.4 58.8 4.0 — - 0.2 — 11.6
\Y 155 69.9 7.4 — — 0.6 — 6.8
t,t-hexadiene-2.4 | 21.3 61.5 4.3 — - 0.2 — 12.8
\Y 12.2 73.8 6.6 — — 0.6 — 6.8
t-hexatriene-1.3,5 1 16.6 55.4 9.4 - - 0.7 0.1 17.7
\Y 7.3 45.7 28.6 0.3 — 1.6 — 16.5

From the fact that the C5-cyclization of hexadiene-1,5 is outstandingly
large compared with those of the other hydrocarbons listed, it was concluded
that of all the hexadiene isomers hexadiene-1,5 had the most favourable struc-
ture for C5-cyclization.
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The fact that the amount of methylcyclopentene-1 increases with the
decrease of the dehydrogenating activity of the catalyst, points to the direct
hexadiene-1,5—-methylcyclopentene-l reaction; that is, the observed cyclo-
olefin is the primary product of the ring-closure, and is not formed from me
thylcyclopentane (cf. the product-compositions for impulses | and Y in Table I).

It is assumed that the ring-closure takes place similarly to the route
described by Gault et al.. with the difference that here the adsorption of the
two terminal a-bonds of the molecule and hydrogen-shift must be presumed:

H2XC CH2
= M I I @)
CH=C
/ I
M CH3

The Cb-cyclizations of the other mono- and polyolefins proceed either
much more slowly or they are absent; in this latter case the formation of the
five-membered ring would be preceded by the formation of hexadiene-1,5
from hexene by dehydrogenation, from hexadienes by isomerization, and from
hexatriene by hydrogenation.

Attention must be drawn to the fact that the formation of five-membered
rings from both saturated and unsaturated hydrocarbons was observed only
in a hydrogen excess. This points to the relationship of these two reac-
tions: the C5-dehydrocyclization of n-hexane and the cyclization of hexadiene.
In agreement with Liberman’s conception in the course of the reaction there-
fore, the presence of hydrogen is necessary, but the surface intermediate is not
necessarily of a saturated nature. In the case of €6-dehydrocyclization leading
to aromatization it was shown that this is a simple cyclization following
dehydrogenation. Such a mechanism may also be assumed for the formation of
the five-membered ring. The final elucidation of the mechanism, however,
requires still further experimental work.
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XUMNA  1,3-BUOYHKLNOHANBbHBLIX COEAVHEHWN,
XH*

W3YUYEHWE MNPEBPAWEHUA UWKANYECKUX ALETANENA HA KATANU3ATOPE

Pt/T CNOMOLbI0O MUKPOPEAKTOPHOW TEXHUKW.
1,3-AMOKCOJIAHbI N 1,3-ANOKCEMAHbI

M. AMbOK n M. BAPTOK

(MHcTUTyYyT OpraHunyeckol XMMuM YHuBepcnTeTa um. A. I7I0)Ked)a, Ceref, BeHrpus)

(Moctynuno B pefakumio: 22 okTa6ps 1969 r.; B nepepaboTaHHO qopme: 20 ceHTA6psa 1970r.)

OnucblBalOTCA  KOHTAKTHO-KaTa/IMTUYECKMe MNpeBpaleHnss HEeKOTOpbIX MATU- U
CEMUYIEHHBIX LMKNMYeCcKnX aueTaneid (1,3-gnokconaHbl n 1,3-anokcenaHsbl). ccnenosa-
HUS NPOBOAMMWCL Ha KaTanu3atope Pt/T, cogepxallem 10% nnaTuHbl, B atmociepe
BOAOPOAA U C MOMOLLB0 MUKPOPEAKTOPHON TEXHUKW. Bbinn onpeaeneHbl 0CHOBHbIE Ha-
npaBfieHNs npeBpalleHnii, U pe3ynbTaTbl CpaBHUBAAUCL C HabnwaeHusmu ans 1,3-
[MOKCaHOB. Bbinn cfenaHbl 3aK/HOYEHUS OTHOCUTENbHO 3aBUCKMMOCTEN OTHOCUTENbHbIX
PeaKLMOHHbIX CTOCOGHOCTEIA OT UMCNa UNEHOB LMKNa B FOMOSIOTUYECKOM PsAdY LUK/K-
Yeckux aueTanei.

Ha ocHoBe mccnefjoBaHuil 6bI10 YCTaHOBIEHO, YTO B clyyae 1,3-AvMOKCcenaHoB, B
NPOTUBOMNONOXHOCTb MATU- U LUECTUYNIEHHbIM LMKINYECKUM aueTansM, OTCYTCTBYeT
peakums wusomepusaumu, NPUBOAALLAA K 00pa3oBaHWMIO C/IOXKHOrO agupa, a Apyrue
HanpaB/ieHUS peakuuii, Takue KakK M3oMepu3auus B ankoKCuanbferug, rvaporeHonms
KonbLa ¢ 06pa3oBaHMeM MOHO3(Mpa AMO0Na, a Takxe (parMeHTauus KosbLa, aBAsS0TCA
006LLUMMM HaMpaBNeHNAMY MPEBPALLEHNIA A5 BCEX TPEX LUMKINYECKUX aueTaneil. Y MeHb-
LEHME YNCa YIEHOB LMKNA NPUBOANT, KaK MPaBu/o, K YMEHbLUIEHWIO PeaKLMOHHOI cro-
COBHOCTU. VI3MeHeHMe HanpaBneHW NpeBpaLLeHniA LMKINYeCKUX aueTaneil h ux peakum-
OHHbIX CMOCOBHOCTEN B 3aBUCMMOCTW OT YMC/la YIEHOB LMK/, BEPOSTHO, BbI3BaHO pas-
NNYNAMU B KOH(OPMALMSX 3TUX COEAUHEHWIA.

1,3-AnokconaHbl M 1,3-AM0oKCenaHbl** MOXHO paccMaTpuBaTb KakK 5- #u
7-4yneHHble romonorm 1,3-ganokKkcaHa. OTW COeAWMHEHMUA MOryT 6blTb MNONYy4YeHbl
aHanorMyHbIM NyTeM W3 JUONOB N OKCOCOEAMHEHMNI, N B HEKOTOPbIX pPeakLmMax, Kak
Hanpumep rTUAPONMN3 UAN NoNMMepusauna, seayT cebsa nofobHbIM nyTem. B nurte-
patype [1] NnpuMBOAATCA CpaBHWTeNbHble faHHble OTHOCUTENbBHO CKOPOCTU TUAPO-
nns3a BCex Tpex rpynn cOoefWHEHUW, Ha OCHOBEe KOTOPbIX MOXHO 3aKNUYUTbL, 4YTO,
HECMOTPSA Ha aHaNornio B CTPOEHUWN 3TUX COEAUHEHUNI, CyW ecTBYIOT pasnnumsa B Ux
peakKLMOHHOW CNOCOGHOCTHK.

B To Xe Bpemsa B nuTepaType NPakKTUYEeCKU OTCYTCTBYKT JaHHble OTHOCHU-
TeNbHO MNpeBpalWeHnin LWKAUNYEeCKUX aleTanei, npoTeKalwlWMx Ha KOHTaKTax.
PoHpecTBeAT ¢ coTp. [2] cpaBHMBaNM npeBpalWeHns LUKAMNYECKUX aueTaneid npwu
nsomepmsaymm 1,3-fUOKCAHOB Ha MeM3e M cunamkKarene, ofHako, Bbl6op ycnosui
peaKuuMu, Kak Hanpumep KaTanusatopa M TemnepaTypbl, B HeKOTOPOW CTeneHwu

6bl1 NPOM3BONIbHbBIM. MHTepPeCHbIM Ka3anocb 6bl M3yyeHUe NpeBpaw,eHnin 1,3-AN0K-

* Mpegplayuiee coobuweHune: Acta Chim. Acad. Sei. Hung. 70, 133 (1971)
** [NonyyeHue 1,3-AnokconaHoB n 1,3-AMOKCENaHOB MPOBOAM/IOCH W3 [AMONOB M OKCO-
COefiIMHEHNA cornacHo [16].
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conaHoB M 1,3-AMOKCeNaHOB, NPU TaKUX YCNOBUAX, MPU KOTOPbIX YX e M3yyanucb
KOHTaKTHO-KaTanuTmyeckne npesBpauweHma 1,3-anokcaHoB [3— 10], 4To No3BO-
nmno 6bl AenaTb CpaBHEHWA OTHOCUTENbHO HanNpaBfieHUWA npeBpaweHWin U unx
OTHOCUTENbHbIX CKOpoOCTel.

B HacToAuWweM cCOO6W EeHUN NPUBOAATCH pe3yNbTaTbl uUccnefoBaHWl npespale-
HWIA 1,3-gnokconaHoB M 1,3-fMuokcenaHoB Ha KaTanusatope Pt/T* B npucyTcTBuUM
BOjOpOfJa M 3TN pe3ynbTaTbl CPpaBHMBAWTCA C pe3yibTaTaMu, MNONYYEHHbLIMWU ANA
1,3-AM0KCcaHOB. VMiccnefoBaHMa NPOBOAMAUCL C NOMOLW b MUKPOPEAKTOPHOMN Tex-
Hukwn [11].

Ha ocHOBe Hal WX MccneaoBaHUn, NnpeBpalw,eHNs NATU-, WWECTU- N CEMUYEH-
HblX UWKAMYECKWX aueTaneil, npoTekawlume Ha KaTanusatope Pt/T B npucyrt-

CTBWU BOAOPOAA, MOTYT 6biTb NMPeACTaBNeHbl B BUAE CNeAYyl W el CXeMbl:

]
R -C —O—CH2(CH2ITH3

R—CH=0 + CHJCHo),CH-0
+2H —2H H +2H

.R—CH2H  CH3(CH,),CHDOH

R

5 +4H
Y
R-CH3 + HOCH,(CH2»CH2OH n=20,1,2

KonuuyecTBeHHble fJaHHble OTHOCUTENbHO 3TWUX MNpeBpalW,eHUid nNpeacTaBNeHbl B

Tabnuuye 1.
Tabnuuya 1

MakcuManbHble BbIXOAb NPOAYKT OB NpeBpaleHnii UNKNMYECKUX aleT anei, Bolpa>k eHHbIe B % -ax
N0 OTHOWEHNI K WCXOAHOMY COEAMHEHUIO

dparmeHTaymg,

N3omepusayuns, %. B OKCU-, OKCO- N3omepusayunsa, Fngporedonus, FngporeHonuns,
%, B CNOXHbIE CVOEAI/IHEHVVIH " %, B ankokcu- %, B MOHO3(UPbI %, B guon +
n 3 upbl YINeBOA0POAbI anbfernpsl avona ynresoaopos
(HanpaBneHue 1) (HanpasneHne 2) (HanpaBneHune 3) (HanpaBneHue 4) (HanpaBneHue 5)
0 89 10,5 0,5 2,9 ,,,1%
1 81 60 15 14 —
2 — 57,6 35,8 37 _

* MNpuroToBneHne 1 CBOICTBa KaTanmn3atopa Pt/T MoryT 6biTb HalifeHbl B IUTepaTypHbIX
cebinkax [11, 12].
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OueBUAHO, YTO CpefMn nmpoueccoB, M3o06pa>xeHHbI X Ha ob6uleil cxeme npeBpa-
weHni, nsomepmnsaumns (HanpaBneHue 1) oTCYyTCTBYeT ANSA CEMUUYNEHHOr0 LWKAMK-
yeckoro auetans (M = 2), B TO BpemMs KaK ANA NATU- U WECTUYNEHHbIX LUKAMNYE-
ckux auetaned (R = ankun) oHa npeacTaBnAeT cob6oil HanpaBfNeHMWe, fatloLLee HaW-
6onbWMIA NpoUeHT nNpeBpalW,eHuns.

3TN rnaBHble NpoOLecCbl COMPOBOXAAWTCA BTOPMYHbBIMM nNpoueccamu, Kak
Hanpumep rugpuposaHue, gernjgpuposaHune, fekapboHmnuposaHue n gp. CTeneHb
npeBpaweHnsa, a TakxXe % -Hbli cocTaB o6pasyl W mnxcs NPOAYKTOB 3aBUCAT OT
TemnepaTypbl U OT Npupofbl 3amMecTutensa R, ecnun gpyrune napamerpbl coBrnajatwT
NN He NW3MEHSATCA B OAHON Cepunm M3MepeHU.

MpoBeseHne wuccnegoBaHMm ¢ 1,3-puokconaHamMum un 1,3-pgMokcenaHamu B
aHaNorM4YHbIX YyCNOBMAX NO3BONAeT fAefniaTb CpaBHeHUA C pe3ynbTaTamu, nNony-

YeHHbIMUK ana 1,3-guokcaHoB [3— 10].

JKCMEepPUMEHTa/IbHBIE PE3yNbTaTbl U UX 0BCYXAEHME

I. Katanutuyeckue npespatieHus 1,3-guokconaHoB*

roe R = CH3 (I);
1n30—C3H8 (N);
R CcHa (I11).

2-MeTwun-1,3-guokconax (|)

CoefviHeHne | nofBepranoch KatanMTWueckKUM MnpeBpalleHusaM Ha Pt/T B npucyTcTsum
BoZopofa. Ha ocHoBe pe3y/nbTaTOB ra3oxpomaTtorpauMyeckoro aHanmsa Obiiv onpefeneHbi
COCTaB KaTanusarta W CTeneHn npespawieHvs |, B 3aBUCMMOCTM OT TemnepaTypbl (CM. Tabn. 2 un
puc. 1.).

Puc. 1. 3meHeHuWe cTeneHun npeBpaweHns 2-metus-1,3-guokconaHa(l)u %-Horo coctaBa o6pa-
3YHOLLMXCA NPOAYKTOB B 3aBUCUMOCTW OT TEMMEPATYpPbI

* Pusnyeckme KOHCTaHThbl [12]: | T. kun.: 81—82°C, n2 = 1,3926; Il T, kun.: 123°C,
n” = 1,4072; 111 T. Kun.: 106—107°C (11 mm pT. cT.), ni? = 1,5220
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Tabnuua 2

CTeneHun npespaw,eHuns 2-meTun-1,3-gnokconaHa (I) N %-Hblli cocTaB 06pasyloLWMxca NPoAyKT OB
B 3aBUCUMOCTMW OT TemnepaTypbl &) — OTHOCUTENbHO WCXOAHOTO M 6) — OTHOCUTENbLHO
npespal,eHHOro AUOKcONaHa

O6pa3oBaHue
ankokcuanbperunfga
(HanpaBn. 3) U1 MOHO-

O6pa3oBaHue

cnoxHoro ahupa, % ®parmenTauuna, %

TemnepaTypa, CreneHb (Hanpasn. 2) .
o Anmpoefcpoanugi:tdﬂm (HanpaBn. 1) a(bmpﬁpéqsmno.n?l), (;%a
a 6 a 6 a 6
180 3,5 1 28,6 15 42,8 1 28,6
200 7 3 42,8 3 42,8 1 14,3
220 145 10 69 3,5 241 1 6,9
240 42 36,7 87,4 4.3 10,2 1 2,4
260 55,4 49 88,5 54 9,7 1 1.8
280 71,2 63,3 88,9 6,9 9,7 1 14
300 78,3 70,3 89,8 75 9,6 0,5 0,6
320 97 87 89,7 10 10,3 — —

Kak BUAHO 13 AaHHbIX Tabnuubl 2 U pucyHKa 1, B Xode npeBpaLleHnii obpasyeTca aTu-
aleTaT C XOpoLUeli ceneKTMBHOCTLIO. KonnyecTBO MPOLYKTOB C HA3KOWM TemnepaTypoii KuneHms
pocturaet 10%-o8 nmwb npy 320°C. OCHOBHbIM Hanpas/ieHWEM MpPeBpPaLLEHUl ABNSAETCA W30-
Mepu3aLna B CHOXKHbIe 3dumpbl, 0603HauYeHHas Ha o6uleii cxeme (R = CH3; m = 0) kak l-oe
HanpasneHune. ®parmeHTaums coeavHenuns | (2-oe Hampas/ieHue), U3oMepu3aumna B anbierug
(3-be HanpasneHye) 1 rMaporeHoNmM3 (4-oe HaNpPaBEHNE) He UTParoT BAXKHON PONW B npespalle-
HUAX [AMOKCOMAHOBOro Kofblia. B katanusare Obiin HaWAeHbl NNLLb CNedbl STUNEHTIMKONSA, YTO
CBUAETENLCTBYET O He3HAYMUTeNbHOW ponu 5-0ro HampaBieHus.

2Xp0|v|amrpaM|\/|a, XapakTepusyoLwasa npespalleHns coefyHeHns | npegctaBneHa Ha
puc. 2.

I - ETKOKUMALLE rPOg,

*0
CH3-C‘-IO_C2H5

rn

CH,-CH,-0-CH,-C*
5- QH50-(CH2~-0H

MWH.

Puc. 2. XpomarorpaMma, xapakTepusylowas npespalieHns 2-meTtun-1,3-gmokconaHa (1)
3kcnepuMeHTa/IbHbIE yenoBus: a) 1 mn PH/T, H.,,260 °C; 6) 2 M 20% nonunponuieHrInkonbaan-
nata, 142°C, 60 mn H2muH, 140 ma, npefensHoe OTK/OHEHWE KOMMeH3orpaga 8 ms.
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2-Wsonponun-1,3-puokconax (||)

Mpy npeBpalLeHnsax coefuHeHns 11 Ha katanusatope Pt/T o6pa3yroTcs TakxXe B OCHOB-
HOM XMAKMe NPOAYKTbI (cM. Tabn. 3 u puc. 3).

Kak BWAHO M3 AaHHbIX Tabnmubl 3 1 pucyHKa 3, OCHOBHbIM MPOLYKTOM MpeBpaLleHuii
ABAAeTCA 3TMNN300yTUPaT. Jpyrne NPOAyKTbl, BKAHOYAA U HWU3KOKMNALLME NPOAYKTbI, 6blan
HalifileHbl B KaTanm3aTe INLLb B HE6OMbLUMX KOMYECTBAX.

Puc. 3. VI3MeHeHVe cTeneHn npespatyeHus 2-u3onponun-1,3-guokconara (I1) n %-Horo coctasa
06pa3sytoLmxca NpofyKTOB B 3aBUCUMOCTM OT TeMnepartypbl

Ta6nuuya 3

CTeneHn npespauweHnsa 2-usonponun-1,3-guokKconaHa (||) M % -Hblii cocTaB o6pasytuwuxcs
NPOAYKT OB B 3aBUCUMOCTM OT TemnepaTypbl a) —OT MCXOAHOTOo M 6) —oT npeBpaleHHOro
AnokconaHa

06 06

Tem- CTeneHb Ogﬁgifﬁgﬂ)“e ® parmgn;mu,m an K%?(acomB:ngM:, Mé):()sg(;%ge
nepa- npespauje- aupa, % (Hanpasn. 2) % avona, %
Typa, HUA LUOK- (Hanpasn. 1) (Hanpasn. 3) (Hanpasn. 4)
°C conaHa, %

a 6 a 6 a 6 a 6
175 4,6 2,5 54,4 0,5 10,8 01 2,2 15 32,6
200 24,4 16 66,7 2,5 10,2 0,2 0,8 57 23,3
220 29,6 23,2 78,4 3,2 10,8 0,3 1 29 9,8
240 58,8 50,5 85,8 5 8,5 0,5 0,9 2,8 4,8
260 71 62,1 875 6,7 9,4 0,2 0,3 2,0 2,8
280 86,7 77,4 89,3 7,5 8,6 ch. ch. 18 21
305 96,7 85,9 88,6 9,8 10,1 — — 1 A
315 100 89 89 10,5 10,5 — — 0,5 0,5

Mpu npespateHnax 11 JOMUHMPYIOLLMM NPOLLECCOM SBNAETCA U30MEPU3ALMS B CIOXKHbIN
aup (1-oe HanpasneHwe). ®dparmeHTauus AMOKCONAHOBOrO Konbua (2-0e HampaBneHue) u
BTOPWYHbIE NPeBpaLLeHNs NMPoAyKTOB 06ecneunBatoT NeKroKUMALLYH0 YacTb Katanusata. ObLlee
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Ko/inyecTBO MX npu 240°C He pocturaet 5%-oB u gocturaet 10%-o8 nvwb npu 315°C." Mpu
200°C konunyecTBO 2-M300yTOKCMITAHONA (4-0€ HanpaB/ieHne) npeBbillaeT 5%-0BU CMOBbLILLEHUEM
TemrnepaTypbl YMEHbLLAETCAa paBHOMepPHO. Ha puc. 4 npefcTasfieHa XpomaTorpaMma, XapakTepu-
3ytolwan npespateHuns Il.

MUWH.
~[1ETKO LL.LE
RAETIg R .
A- 1-C4H30-CH2C
2- CH3'CH-C*®
CH3 40O-C2H5

3 51 5. U-C4HQ0-(CHj)20H
- X

Puc. 4. XpoOMaTorpamMmMa, Xapaktepusytowas npespatieHus 2-usonponun-1,3-auokconaHa (11)
3kcnepuMeHTa/IbHbIE YenoBus: a) 1mn Pt/T, H2 240°C; 6) 2 M 20% nonMnponuieHrMKonbagu-
narta, 142°C, 60 mn H.,/MuH, 160 Ma, npefenbHOe OTK/IOHEHME KOMMeH3orpaga 8 M

2-®eHun-1,3-guokKconaH (|||)
B Tabnuue 4 1 Ha pucyHke 5 MpeAcTaBfieHbl faHHble npespaweHuin [l Ha Pt/T B npu-

CYTCTBUM BOLOPOJA.
Tabnuua 4

CTeneHn npesBpaweHuns Z-meHmn-1,3-,qV|0KconaHa(|||) M % -Hblii cocTaB o6pa3ylo W nxcs NPOAYKT OB
B 3aBUCMMOCTMW OT TemnepaTypbl a) — WCXOZHOro u 6) —
npeBpal eHHOro AuWokKkconaHa

O6pasoBaHue an-

0O6pa3oBaHMe C0XHO- KOKCHanbaeruaa,

Temnepatypa, BcpruT;T,‘;ﬂ"zﬁl‘_ o “ﬁ%‘é&n K (e P pean ) o s e

oKconaHa, % npasn. 4), %

a 6 a 6 a 6

220 33,3 6,2 18,6 12,5 37,6 14,6 43,8

235 41 10 24,4 13,5 32,9 17,5 42,7
250 61 21 34,4 15 24,6 25 41

265 67 26 38,8 17 25,4 24 35,8

285 83,2 39 46,9 19 22,9 25,2 30,2

300 91 49 53,8 23 25,3 19 20,9
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Cpean NpoayKTOB NpeBpaLleHnii, 0cobeHHO Npu 6onee BbICOKMX TemnepaTtypax, 3Hauu-
TeNbHOE MEeCTO 3aHMMaeT 3TWUN6eH30aT.

C nosblILLEHNEM TeMMepaTypbl CTeNeHb 06pa3oBaHUA CI0XHOIo ahmpa MOHOTOHHO BO3-
pactaeT 1 npu 300°C KonnyecTBO O6pasytollerocs aTunbeHsoata gocturaer 54%-0B OT BCEro
npespatleHHoro auvokconada Ill, 1. e. 1-0e HanpaBneHWe CTaHOBUTCA SOMUHUPYIOLLMM.

Puc. 5. VI3meHeHwWe cTeneHn npespalleHns 2-teHnn-1,3-anokconara (111)n %-Horo coctaBa obpa-
3ylOLWMXCA MPOAYKTOB B 3aBUCMMOCTU OT TeMnepaTypbl

Puc. 6. VI3MeHeHVe cTeneHeli npeBpalleHuii 1,3-A10KCOIaHOB 1 BbIX0Aa 06pa3yHoLLmXcs NPOAYK-
TOB B 3aBMCUMMOCTU OT TeMMepaTypbi
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Il. CpaBHeHMe peaKLMOHHbIX cnocobHocTeli 1,3-guokconaHoB u 1,3-4UOKCAHOB

M3yyeHHble Ha Pt/T B npucytcTBun Bogopoga 1,3-AMOKCONaHbl C XOPOLUMM BbIXOAOM
npeBpaLlatoTC B COOTBETCTBYHOLLME CNOXHbIE Sﬁ)l/lpbl (puc. 6).

[JnokconaHbl, Ha OCHOBE TEMMEPATYPHLIX BENUYWH, COOTBETCTBYOLMX 50%-HOMY npespa-
LLEHNIO, MOTYT 6bITb MOMELLEHbI B CNEAYIOLWMA psag: 2-usonponun- > 2-heHun- > 2-meTtun-1,3-
funokconaH. [pvBOAMMBIA pAf OTpaXkaeT CKMOHHOCTb 1,3-AMOKCONaHOB K MpeBpaLleHnsam
(peakLMoHHYI0 CrOCO6HOCTb) B [aHHbIX YCNOBUAX KOHTAKTHOIO KaTtanusa Ha Pt/T B mpucyT-
CTBMM BOLOPOAA. Ha OCHOBe BbIXOAa CMOXHOI0 aupa CKNOHHOCTb K M30Mepu3aumu yMeHblua-
eTcA B Ceflytollem psagy: 2-usonponun- > 2-metun- > 2-teHun-1,3-guokconad. PUCYHKU 7 1 8
Cnyxat AN CpaBHEHWS PeakKUWOHHOW CMOCOBHOCTY HEKOTOPbIX 2-ankui-1,3-410KCOoNaHoB 1
1,3-nnokcaHa. CornacHo puc. 7, 2-metnn-1,3-aunokconaH (1) asnsetcs 6onee peakLMOHHOCNOCO6-
HbIM 1 061aAaeT 60MbLUe CKIOHHOCTBIO K M30MepM3aLnn B CNOXHbIV admp, yem 2-meTnn-1,3-

Puc. 7. VI3MeHeHVe cTeneHeil npeBpaLLeHnin 2-meTun-1,3-anokconaHa u 2-metun-1,3-anokcaxa,
a TakXe BbIxofa 06pasyoLLMXCA NPOAYKTOB B 3aBUCUMOCTM OT TeMmnepaTypbl

Puc. 8. VI3MeHeHVe cTeneHeil npeBpalleHnii 2-n3onponun-1,3-guokconaHa n 2-nsonponun-1,3-
[MOKCaHa, a TakxXe BbIxoda 06pa3ytolnxcs NpogyKToB B 3aBUCMMOCTU OT TemnepaTypsbl
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[MOKCaH. V13MeHeHMs cTeneHell NpeBpaLLeHns 2-M30Mponun-3aMeLLeHHbIX LMKINYeCKNX aleTa-
Neil oTHOCUTENbHO 6/M3KM, OfLHaKO, Ha OCHOBE BbIXOAa CMOXHOr0 3wmpa 2-usonponun-1,3-
anokconaH (11) npesbiwaeT 2-n3onponun-1,3-guokcar (puc. 8.). Mpu npespaLLeHnax 2-130npo-
nun-1,3-AMoKcaHa MOXHO HabnogaTb 06pa3oBaHWe 3HaUYUTENbHbIX KOMMYeCTB anKoKcuanbje-
rmga (14,5%) u ankokcunponaHona (14%) [9], B To Bpema Kak B cny4yae 2-usonponun-1,3-
avokconada (111) BbIxod COOTBETCTBYIOLMX NPOAYKTOB 3HAUYUTENIbHO MeHbLUe (BCero mMakc. 6%).

Ha ocHoBe cpaBHeHUs Pe3ynbTaToB, MOMYYEHHbIX 41 NPEBPALLEHNI 2-anKu-3aMeLLeH-
HbIX 1,3-AMOKCONAaHOB W AUOKCAHOB 6blN10 YCTAHOB/IEHO, YTO CK/IOHHOCTbL K M30Mepu3auuu B
CNOXHbIe athmpbl (paspbis cBsizn C(4)—0(3))ABnsieTca 6onee BbIPAXXEHHON Y ANOKCONAHOB, YeM Y
[MoKcaHoB. B T0 >Ke camoe BpeMs AWMOKCaHbl 60/1ee CKIOHHBI MO CPaBHEHWIO C [MOKCONaHaMU K
rmagporeHonu3y ¢ paspbisom csasu C(2)—0(3), u nsomepusaumu, ¢ 06pasoBaHVeM anKoKCuanbe-
rmaa.

I1l. Katanutu4yeckue npespaweHna 1,3-fuokcenaHoB*

roe R = C3H7 (IV);
R n30-CH7 (V).

2-Mponun-1,3-guokcenat (|V)

MpoLEeHTHbBIA coCTaB OCHOBHbLIX NPOAYKTOB NpeBpalleHns coeanHeHus 1V Ha Pt/T B npu'
CYTCTBUW BOLOPOA OMpefenancs razoxpomarorpapuyeckum Metogom (cm. 1absn. 5).

Ta6bnuua 5
CTeneHn npespaweHuna2-nponun-1,3-guokcenaHa{\Y)m % -Hblii cocTap o6pa3youxcs NpoAyKT 0B
B 3aBUCMMOCTM OT TemnepaTypbl a)— WUCXOAHOro W 6)— npeBpalWeHHOro AuMoKcenaHa
@parMF%iTaLU/IH, O6pasoBaHue y O6pa3oBaHue
- ankokcuanofe a, , %
g SESRT oamtn o e 5 G
okcenaHa, %
a 6 a 6 a 6
180 71 6,5 91 27,2 38,2 37,3 52,6
200 73,5 11,7 16 29,5 40,5 32 43,5
220 74,2 24,4 32,9 249 33,5 249 33,5
230 84 40,2 47,9 234 27,8 20,4 24,3
255 85 52,5 61,7 16,7 19,7 158 18,6
270 88,5 57,6 65,1 151 171 158 17,8

OdaHHble Tabnuubl M3obpaxeHbl B Buae rpahmka Ha puc. 9. Kak BngHo ns puc. 9, B
npouecce npeBpauweHnii IV ¢ yBennuyeHmem TemnepaTypbl yMeHbl aeTca 06LW NI
Bbl X0J ankKokcuanbpermpa uM MoOHo3adupa aguona, 6GnaronpuaTtcTBysa ob6pasoBa-
HUIO NEerkKoKMNAWMUX NPOAYKTOB. IT0 ABMEeHMEe YyKa3dblBaeT Ha Bo3pacTallyee
3HaueHMe (GparmeHTauuMm pAunokcenaHa, a TakXe Ha YCKOPeHWEe BTOPUYHbLIX MpPoO-
LeccoB, B pe3ynbTaTe KOTOpbiXx o6pasyllumnecad ankKokKcumanbperng m MoHOapup

ovona pasnaratTca janee. Tak KakK M3oMepusauumsa B CNOXHbIA 3apup (l-oe Ha-

* Pusmnyeckme KoHcTaHTbl [12]: IV T. kun.: 75—77°C (45—50 mm pT. CcT.) ng 1,4293;
V T. kun.: 69—71°C (45—50 mm p™'T. €T.) N 1,4289.
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npaBfieHne) OTCYTCTBYeT, TO rM1laBHbIMW HanpaB/eHWSAMMN MpeBpalyeHUin CTAHOBAT-
cs M3oMepu3auus B ankKoKcumanbpgerunpg (3-be HanpaBfneHue) U rTMApPoOreHonmus (4-oe
HanpaBneHue). C NOBbIWEeHWEM TemMnepaTypbl, HaAapsigy ¢ parMeHTauuei, npoTeka-
0T TMAPOTEeHONU3, AerMApuMpoBaHue, gernpgparayus, gekap6oHunmposaHume n ap.
o6bpaszoBaBW MXCA MNPOJfYyKOB. XpomaTorpamma, xapakTepusyluwas MNPOJYKTHI

npespaweHnii coeguHenus IV, npegcrasnedHa Ha pwuc. 10.

Puc. 9. M3MeHeHne cTeneHu npespalwieHus 2-nponun-1,3-guokcenana (IV) n %-Horo cocrtasa
00pasytoLmxcs NpoAyKTOB B 3aBUCUMOCTW OT TEMMepaTypbl

MWH.
0 _- JAEFKOKuNAL4uE MPOA.
1 &b
C3H7
3-  o4H9-0-(CH2pCr®
4-  CAH9-O-(CH2)40H

Puc. 10. XpomaTorpamma, XxapakTepusylollasa rpespaLlieHns 2-nponwun-1,3-avokcenaHa.
JKcnepuMeHTaNbHbIE ycnosus: a) 1mn Pt/T, H2 220°C; 6) 1M 20% nonvnponuieHrMKonbagmn-
nata, 162°C, 60 mn HZmuH, 140 ma, npefenbHOe OTK/IOHEHWE KOMMeH3orpaga 8 me
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OC.

Puc. 11. I3MeHeHWe cTeneHn npespalleHns 2-usonponun-1,3-guokcenaHa (V) n %-Horo coctasa
06pasyoLLmxca NPoAYyKTOB B 3aBMCMMOCTU OT TeMMepPaTypsbl

MWH.

1- NIEFKOKunAWAE MNPOA.
n 9 L]
3- n-c4H3-0- (CH2)3-C~°

N L-C4HI-0-(CH24-0H

Puc. 12. Xpomatorpamma, xapakrepusytowiasa npespaweHus 2-usonponun-1,3-guokcenarHa (V)
3kcnepuMeHTanbHble ycnosusa: a) 1mn Pt/T, H2200°C; 6) 1 m 20% nonvnponuieHr1MKonbaam-
nata, 162°C, 60 mn H2muH, 140 ma, npegenbHOe OTKIOHEHWE KOMMNeH3orpada 8 ms
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2-W3onponun-T,3-gunokcenat M

CoeavHeHve V BefeT cebsi Ha Pt/T v B Toke Bogopoga nofo6Ho coeuHeHuto 1V, ogHako,
Ha6/1I01A0TCA HEKOTOPbIE PACXOX[EHMS B MOBeAeHWUW [BYX M30MepoB IV 1 V OTHOCUTE/LHO
KONWNYECTBEHHbIX OTHOLLUEHMI 06pa3yHoLLMXCA MPOAYKTOB.

B cnyuyae coeguHeHns V B M3y4eHHOM WMHTEpBane TemrnepaTyp O6LWiA BbIXO4 ankoKCu-
%nb,qerm,u,allm) MOHO3(Mpa AMOona MpeBbILaeT KOMMYECTBO NErKOKUMALLMX NPOAYKTOB (CM. Tabn.

n puc. 11).

Tabnuua 6
CTeneHn npeppaw eHns 2-nzonponun-7,3-guokcenaHa(yY) m % -Hblii cocTaB ob6pasylolynxcs NpoAykK-
TOB B 3aBUCUMOCTU OT TemnepaTypbl a) — UCXOAHOTO M 6) — npeBpalleHHOro AuokcenaHa
Oo6pasoBaHue an- O6pa3oBaHue
CreneHb ®parmeHTauuna, % L% L%
T, o O SR R
a 6 a 6 a 6
180 65 55 85 28,5 43,8 31 47,7
200 73,8 10,8 14,6 32,5 44 30,5 41,4
225 76,3 13 17 35,8 47 27,5 36
240 80,5 25,7 32 32,4 40,2 22,4 27,8
255 88,5 37,3 42,2 30,5 34,4 20,7 23,4

B npouecce npespalLeHnii coefurHeHns V npu Temnepatype 255°C BbIX0f, ankokcuabae-
rmga B noaTopa pasa MpesbIllaeT KONMYECTBO MOHO3(MPa AKOoNa, B TO BPEMSA KaK B Cllyyae coeu-
HeHus 1V BbIXOAbl 3TUX ABYX NPOAYKTOB ropasfo MeHblle pa3/imyatoTca B TEX Xe CaMblX YCrlo-
BMAX. Ha puc. 12 npegcteaseHa XpomaTorpaMmma, xapakTepusylollas MpesBpaLeHns Coeam-
HeHWA

IV. CpaBHeHMe peaKUMOHHbIX cnocobHocTeli 1,3-guokcenaHoB, 1,3-4MOKCAHOB M
1,3-4M0KCcONaHOB

B npespawennsx 1,3-anokcenaHos He Habntoganock 06pasosaHie CNOXHbIX 3(p1pos. B T0
Xe Bpems, [1Ba M30MepHbIX AnokceneHa (IV V), Ha 0CHOBe CPaBHEHMA X CTeMeHeid npespaLe-
HMA, 061a4alT NOYTW OAMHAKOBOW pPeakLuMOHHOW CMOCOBHOCTLIO, HE3aBUCUMMO OT CTPYKTYpbI
aNKUNBLHOTO 3aMecTUTeNs. VHaue roops, peLlatoLlum (akTopoM, onpeaenstoum HanpasneHme
W CKOPOCTb MPEBpalleHnii, ABNAETCA CEMUY/IEHHAA LMKIMYECKas CTPYKTYPa, a anKubHbii
3amMecTuTe/lb C pa3BeTB/IEHHON LEMOYKON B MOMOXEHUM 2 NPensaTCTBYET mpoueccy gparMeH-
Tauum.

B cnyyae 1,3-4VOKCaHOB a/IKUNbHBbIA 3aMeCTUTeNb C Pa3BETB/IEHHON LENOYKON B NoMo-
XKEHUN 2 OKa3bIBAET TaKXKe 3HaUNTENbHOE BIMAHWE U HA CTEMNEeHb M30Mepm3aLyu B CI0XKHBbI atnp
(cTeneHb npespatleHns 2-nsonponun-1,3-MoKcaHa MpesbllLaeT CTeMeHb MpeBpaLleHns ero
n3omepa 2-nponun-1,3-anokcaHa; cm. puc. 13).

2-130nponun-npon3BoaHble LIMKINYECKNX aleTaneid, Ha OCHOBE TemnepaTyp, Npu KOTo-
pbIx gocturaetcs 50%-Hoe npeBpaLleHne, MOryT 6bITb MPeACTaBNeHbl B CeAyoLeM pafy peak-
LIMOHHBIX CMOCOGHOCTEA:

1,3-nuokcenaH &> 1,3-guokcaH > 1,3-gMOKCONaH.

[Nna CKNOHHOCTU K TMAPOreHONM3y LUMKAMYECKUX aueTaneid nomyyaem 06paTHbIi
nopsgok. B Tabnuue 7 NnpuBogAaTCS psdbl PEaKLMOHHbIX CMOCOBGHOCTEN LIMKINYECKUX aueTanei,

M3MEPEHHbIX MPU Pas/IMYHbIX YCOBUAX, B 3aBUCUMOCTU OT YMC/Ia Y/IEHOB LK.
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Tabnuua 7

PeaKLlVIOHHaﬂ cnocobHOCT b UNKNNYEeCKunXx aLleTaneﬁ

3aBUCUMOCTb
peakuuoHHOW

OcHoBa cpaBHeHUs cnocobHoOCTM Nuntepatypa
0T pa3Mepos
Konbla

AHTabMUA 06pa3oBaHUs 5>7>6 13
CkopocTb rugponusa 5>6>7 14
Monmmepu3aLmMoHHas CNoCco6HOCTb 7>5 > 6 15
KOHTaKTHO-KaTanMTUYeCKMe NpespaLleHus,
PUT; H2

CreneHb npespaLleHus 7>6"5

V3omepu3auus B aflKOKCHanbaerng 7>6>5 a

"'MaporeHonu3 B MOHO3(MpP Avona 786>5

V3omepu3aums B CNOXHbIA ahup 5>6

a — Ha OCHOBE 3KCMEPUMEHTA/bHbLIX [aHHbIX AN 2-M30MPOMN/-NPON3BOAHBIX, NPUBO-
AVMbIX B HACTOSLLEM COOBLLEHMMN,

Puc. 13. V3MeHeHMe CTeneHeil nmpeBpaLleHuii 2-Nponua- v 2-130Mponua-3amMeLLeHHbIX LUK/N-
UecKnx aueTaneid B 3aBUCMMOCTU OT TEMMEpaTypbl.

V. O MexaHu3Me XUMUYECKWX MpeBpalleHnii MNATW-, WECTU- U CEMUUMIEHHbIX
UMKAUYECKUX aueTaneid Ha Pt/T B npucyTcTBUM BOAOPOAA

MATU- 1 LWECTUUNEHHbIE LMKUYECKMe alieTanu Ha KaTanusatope Pt/T B mpucyTcTBumM
BOZOPOZA C XOPOLUMM BbIXOJOM MPEBPALLAOTCA B CAOXHbIE 3(Upbl B MPOLIECCE M30MEpH3aLIUL,
ABNAOLWMMCA [NaBHBIM HampasneHueM npespalieHnii. HackoibKo YAMBUTENbHBIM ABNSETCS
CEMEKTMBHOCTbL MPeBpalleHunid B ciyyasx 1,3-AMOKCONaHOB U 1,3-AMOKCAHOB, He MeHee 0COBEH-
HbIM KaXETCSH TOT ()aKT, UTO B FOMOSIOTMYECKOM pPsSAy LMKIMYECKUX aueTaneil ans cnydas
CEMWYNEHHbIX 1,3-4MOKCENaHOB M30MEPU3aLMs ¢ 06Pa30BaHNEM CIOXHOTO 3¢hmpa OTCYTCTBYET B
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MOSHOM Mepe, a BMECTO 3TOr0, Yepe3 packpbiTe CBA3M MeXAY YrnepooM B MOMOXKEHUU 2 1
COCeHNM KMCOPOAOM, MPOMCXOAWUT 00pa3oBaHWe ankoKCuanbieruia W MOHO3(Mpa Avona.
O6pa3oBaHMe CNOXHOro ampa He HabnAaNoCch 1 B ClyYae MHeHbIX aueTanei, npespaLeHns
KOTOPbIX MPOBOAWIMCE TaKXe Ha KaTanusatope Pt/T B npucyTcTBuM BOAOPOJa.

B nuTepatype npuBOAATCA AaHHbIE OTHOCUTE/LHO TOFO, YTO B XKWUAKOW (hase Npu ycro-
BMAX MPOTEKAHUS PafiKanbHbIX peakuuit (Y®-obnyueHve, NpucyTCTBUE MEpeKUcei) natu- u
LLECTMY/IEHHbIE LMK/NYECKME alleTann, a Takxke aueTany ¢ OTKPbITOW LenoyKoi npeBpaLLatoTcs
¢ obpas3oBaHMeM CNOXHOro atumpa [17—22]. MOXHO nonaratb, YTO NPU MOAOBHBLIX YCNOBUAX
1,3-avokcenaHbl 6yayT npeTepneBaTb aHaorvyHble MpeBpaileHns. [oMuMo aToro, B fBYX
pa60Tax M0 TEPMMYECKO 130Mepu3aLMmn B NapoBoii (ase 5-meTuneH-1,3-41M0KCaHOB cooﬁlu,aeTc;l
06 06pa3oBaHMW METANIMIOBLIX CMOXHbIX 3hMpoB [23, 24]. B HEKOTOPLIX BbILLENEPEUNCIEHHBIX
CnyyYaax auetanbHas CBA3b HAXOAMTCS B CONPSHKEHUN C ABONHOW CBA3bLIO (COMPSXEHWE ann/b-
HOTO TUMa), TaK YTO BCEMM aBTOpPaMu, 06CYXKAAIOLLMMM MEXaHW3M peakLuu, B KauecTBe Hayasb-
HOI CTyMeHW peakuun nonaraetcs 6e3 UCKIOYEHUs pafjukanbHas peakuus ¢ notepeid BOAO-
poda, NpoTeKalLas Ha yriepoje BTOPOI CTeneHN OKUCNeHWS (AN LMKIMYEeCKMX aleTaneid Ha
atome C(2)).

M3yuan npespalleHns aueTanei, npoTekaioLime Ha Pt/T B npucyTcTBUM BOLOPOAa, 6biio
YCTaHOB/IEHO, YTO XapaKTepHOe 06pa3oBaH1e CNIOXHOrO 3(upa B CyYae NATU- 1 LECTUUNEHHBIX
LMKNNYECKMX aLeTaneil, MOXXHO MpeacTaBuTb Kak (hopMaibHyto 1,3-neperpynnupoBKy, CBSA3aH-
HYI0 € paspbiBoM cBasu 0(3)—C(4).

10

0—€H2—CH2
Cor- \H 3

4 R

OTHOCUTENBHO TEPMOAMHAMUYECKUX CWJ, LBUXYLLMX MPOLECCOM (CTabUNBLHOCTU LNKN-

YeCKOro aLeTans u CM0XHOro athmpa), MMEoTCs NNLb CPaBHUTE/bHbIE laHHbIe, COrNacHo KOTo-
PbIM CIOXHbIE 3(MPbI ABNAIOTCA 60N1ee CTabUbHLIMU, YeM LIMKIUYECKME aLleTanu Mo OTHOLLEHWIO
K TEPMOPA3NOXEHNIO U KOHTaKTHO-KaTaIMTUUECKUM NpeBpalleHnsm [12, 25]. Otctoga cnegyet
nonaratb, YTO NPY KOHTAKTHO-KaTaIMTUYECKUX MPEeBPaLLeHnsax, 06pa3oBaHNI0 U falbHERLLM
NPEeBPALLEHSIM NEPEXOAHOr0 KOMIIEKCa, HEO6X0AMMOro NSt U30MepU3aLvn 06bI4HO PEaKLIMOH-
HOCMOCO6HOro 1,3-AMoKcenaHa B CMOXHbIA 3(mp, NPensTCTBYIOT He 3HepreTuueckue, a ag-
COPO6LMOHHbIE TeOMETPUYECKMe (AKTOPbI, MUCXOAALLME W3 KOH(opmauuu uvkna. Ona natu-,
LLECTM- U CEMWNYIEHHBIX aNLUKINYECKUX YIIEPOAHbIX COEAMHEHNI NMEIOTCA B PacnopsiKeHUn
HafleXKHble KOH(OpMaLUOHHbIe faHHble [26, 27]. Ha ocHoBe nofo6us B KOH(OpMaumsx NATu- u
LLECTUYNEHHBIX aueTaneil ¢ COOTBETCTBYHOLLMMU UM SMULUKINYECKUMW COoefHeHnAMN [26, 28—
30] moxHo nonaraTe, 4YTO 1,3-AMOKCEMaHbl CnefyeT paccMmaTpuBaTb B KOPpenauun ¢ LMKNo-
renTaHom.
Monarasd KOH(OPMaLMIO C MWHWMaNbHON 3HEPruein n nepexodbl Mexgy 3KBaTopuaibHbIMU
aKcuanbHbIMU MONOXKEHUAMUN anKUIbHbIX 3amecTuTenein npu atome C(2), MOXXHO OGHaPYXUTb,
yto B cnydvae 1,3-amokconaHa M 1,3-guokcaHa Kucnopogsl, npumMbikatoivecs K atomy C(2), Ha-
XOAATCA B OfHON NIOCKOCTW W, NOMMMO 3TOr0, Yy 1,3-410KCONaHa BTOPOV LEHTP MpeBpaLleHms,
NPUBOAALLErO K 06pa30BaHMIO CIOXKHOIO 3¢w|pa a MMeHHO aTom C(4) B OCHOBHOM CBOEM COCTOSA-
HWUW HAXOAMTCS B TOW Xe camoil naockocTh. B cnyuyae 1,3-AMOKCENaHOB Takas KOMaHapHOCTh
LIeHTPOB, MPUMHUMAIOWMX Yy4acTWe B peakuuu, B KOH(OpMauuW, O3Ha4aloLleid MUHUMabHOE
3HEepreTUyYeckoe COCTOsHYE, elle 6o/ee 3aTPyAHEHa NO CpaBHEHMIO ¢ 1,3-AMoKcaHaMK, He roBops
Y€ 00 aueTanax ¢ OTKPbITO/ LEeNnoYKoin. Ha 3T0ii 0CHOBE MOTyT 6bITb 0BBSCHEHDI pe3ynbTaThbl,
OTHOCALLMECS K M30Mepu3aLmn auetaneit. KonnyecTseHHble pasnnyns B N30MepUsaumny nstu- u
LUECTUYUMEHHBIX LIMKANYECKUX aleTanein (cm. Tabn. 1) nepexoasT B KA4eCTBEHHOE OT/IMYMe — OT-
CYTCTBME [JaHHOro HanpasfeHus peak% n ana cnyvas 1,3-gmokcenaHos. Ha 3Toii e ocHOBe
C/IElyeT paccMaTpuBaTh U OTCYTCTBME 0OPa30BaHNs CNIOXKHOIO 3(Upa y aueTanei ¢ OTKPLITON Lie-
noykoi. C fpyron CTOPOHbI, YTO KacaeTca TOUHOro MeXaHn3Ma, a UMEHHO BbISICHEHUS BOMpoca O
TOM, YTO Nepexof BoAoPoaa NPOUCXOANT MEX- U BHYTPUMOIIEKYNIAPHO, HEOOXOANMbI [ONOMHU-
Te/lbHble UcCnefoBaHusA. XeMocop6rpoBaHHbIA Ha MOBEPXHOCTU NAATUHbLI BOLOPOS MOXET BCTY-
natb B CNOXHbIE peakuun Ha NOBEPXHOCTM, U TEM CambIM, 06pa3oBaHue CI0XHOMO adumpa BO3-
MOXHO W He3a CHeT BHYTPUMO/EKY/IIPHOTO NepeHoca BOAOpoAa. B aTmMocdepe renmns nsomepusa-
LMSA B CNOXHbIA 3(Mp He NMpoTekaeT, a NPOTeKalT ApYrue He KataiMTUYeckue, a B OCHOBHOM
MUPONINTUYECKME MPOLIECCHI.
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Cpegn nNpoumx NpeBpaLleHnidi LUKAMYeCKUX aueTaneil Ha katanusatope Pt/T B aTmo-
chepe BOAOPOAA, BaXKHOE MECTO 3aHMMalOT M30Mepusauma ¢ o6pa3oBaHUEM ankoKcuanbgernga
3a cyet paspbiBa cBA3n C(2)-0, n rugporeHonns o moHoaupa guona. B cnyyae 1,3-anokcena-
HOB HaO/IIOJAIOTCA MOYTU TOMBKO 3TW [iBa NpoLecca, B TO BPeMs KaK B FOMO/IOrMYecKOM pagy
aueTaneil ¢ yMeHbLUEHMEM YuC/ia YIEHOB LMKNA U MOEKYNAPHOro Beca ankunbHOro 3amecTy-
TENA B MOMOXEHUW 2, OHU CTAHOBATCA BCe MeHee BaXHbIMW. O6pa3oBaHue anKoKcuanbieruaa
AB/IETCA TaKXe NPOLECCOM U30MepU3aLIMn, TONLKO Harpas/ieHWe nepeHoca BoAopoaa ABANeTCA
06paTHbIM MO CPaBHEHWIO C M30Mepu3alveli, NPUBOAALLEA K 06pa3oBaHMI0 CIOXHOro 3gupa.
OTHoLeHVe o6pasyroLmnXca ankoKcmanbaernga v MoHoatupa Anona 0cob6eHHO TPYAHO orpe-
[lenseTcs npuv NoBbILLEHHbIX TEMMEPATYpax, BCeACTBUE BO3MOXHBIX MMAPUPOBaHNS — Aerugpu-

POBaHUs M MPOYMX BTOPUYHBIX NPOLECCOB. OfHAKO, 1 B JAHHOM C/lyyae 6bl0 ONpeaeneHo, uTo ¢
YBE/MUEHNEM YMCa YNIEHOB LMKNa yBENMYMBAeTCA 0OpasoBaHWe anKoKCuanbAeriia 1 MoHo-
3thupa Auona, YTo, BEPOSTHO, CBA3aHO C BbITEKAIOLLMMI U3 KOH(OPMALIMI LIMKNMYECKUX aLeTaeld
aACcopOLMOHHO-TEOMETPUYECKMU YCIOBUSIMM, 61aronpusTCTBYHOLLMMM NpoLIeccaM Takoro Ha-
npaBneHus.

Summary

The heterogeneous catalytic transformations of some 5 and 7-membered cyclic acetals,
1,3-dioxolans and 1,3-dioxepans, have been studied in a microreactor, using a Pt/T catalyst
with a Pt content of 10%, in the presence of hydrogen. The general direction of the reactions
involved has been established and compared with the findings for 1,3-dioxans. Conclusions
were drawn concerning the relative reactivity of homologous cyclic acetals, depending on the
number of atoms in the ring.

It has been established that, in contrast to 5 and 6-membered cyclic acetals, isomeriza-
tion to the ester does not occur in the case of 1,3-dioxepans. However, the other typical reac-
tions such as isomerization to alkoxyaldehyde, ring hydrogenolysis to diol monoether and ring
fragmentation are common characteristic features of all the 3 cyclic acetals. The decrease in
the number of ring atoms, in general, leads to a decreased reactivity. The dependence of the
reactions and reactivities of cyclic acetals on the number of ring atoms can probably be attri-
buted to differences in their conformation.
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KINETIC STUDY OF THE ALKALINE HYDROLYSIS OF THE 2,2-DISUBSTITUTED
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The kinetics of alkaline hydrolysis of the 2,2-disubstituted homologues [2,2-
dimethyl (1), 2,2-diethyl (Il), 2-methyl-2-propyl (lIlI), 2-ethyl-2-butyl (I1V), 2,2-diiso-
propyl-3-chloropropanol (V)] oftrimethylene chlorohydrin were studied. From the exper-
imental data, the rate constants, activation energies and entropies, and preexponential
factors have been determined for the formation of oxacyclobutane homologues.

We have reported in two communications on a kinetic investigation of
the alkaline hydrolysis of 1,3-chlorohydrins [1, 2].

In this paper we wish to report the results obtained with the following
model compounds belonging to the group of 2,2-disubstituted 1,3-chlorohy-

drins:

CH, CH, C2H5 C2H5

\
CH2- C- CH2 EHZ-"C"-ClHZ

Cl OH Cl OH

I
CH3 C3H,

I
C2H5 C4H9

CH2-~C -CH2

\ /
CiHZ—C- CH2

Cl OH Cl OH
1 v
CH?*CH3CH34/CH3

CH
[\
CH2 CH2
| |
Cl OH

\%

Beyond a simple description of the experimental results we shall examine
the validity of the reaction mechanism suggested earlier [1] and the effect of
substituents introduced into the trimethylene chlorohydrin molecule on the
kinetic parameters.
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In our preparative work we were able to confirm that when boiled in an
alkaline medium, compounds (1) to (V) and their acetals are converted mainly
into the corresponding oxetanes [1, 3].

R R' R R
\ OH<->
C cl

[\
CH2 CH2

OH

where R and R' represent methyl—methyl, ethyl—ethyl, methyl—propyb
ethyl—butyl and isopropyl—isopropyl radicals.

The formation of oxetanes is accompanied by some minor fragmentation
[1]. According to our recent investigations, in a 0.2 M aqueous barium hydrox-
ide solution too the main reaction is oxetane formation.

On the hasis of the mechanism suggested in our earlier work [1] the for-
mation of 2,2-disubstituted oxetanes may be explained as follows:

R R’ R R’
\
C cl C a
[\ \
CH, CH2 + OH<> A~ dH, éH, H»0
\ \Y
OH o(->
R R' R R'
\ \/
c d I\ 4t
C{H, \CéH, > 0
\
0¢)

The kinetic results are summarized in Table I. The rate constants have
been calculated in accordance with [1] from a second order rate equation. The
Table contains beside the experimental conditions the rate constants (k),
the activation energies (/JJR*), the preexponential factors (A) and the activa-
tion entropies (zJS*).

The experimental data listed in the Table are in satisfactory agreement
with a second order rate equation, which confirms the validity of the suggested
reaction mechanism (1) also for this type of chlorohydrins. The rate constants
measured at various temperatures can be satisfactorily described by means of
the Arrhenius equation (Fig. 1). The validity of the proposed reaction mecha-
nism is supported by the values of AH* and AS* calculated from the expern
mental data.
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Table 1
Kinetic data of the alkaline hydrolysis of 1,3-chlorohydrins of the type
R R'

\
CH2- C-CH2
| |

Cl OH
oC Chlorohydrin ! [0H] K A A Pon
core, mol/1. % ged> min-1 kcal emol-1 1emol-1 emin-1 e.u.
80 0.01005 0.01806 0.023
85 0.01011 0.01610 0.043
90 0.01005 0.01623 0.065
| 90 0.01005 : 0.01480 0.076 23.6 1.2X 1013 - 7.2
195 0.01003 0.01610 0.105
95 0.01006 0.01480 0.115
100 0.01011 0.01480 0.195
100 0.01003 0.01834 0.200
80 0.01001 0.09510 0.076
80 0.01003 0.01571 0.071
1n* 85 0.01004 0.01623 0.115 21.9
90 0.01005 1 0.01630 0.175
95 0.01001 0.01687 0.254 2.4X 1012 -10.4
95 0.01003 0.01571 0.235
80 0.01012 0.01687 0.044
85 0.01001 0.01610 0.069 23.1
90 0.01005 0.01623 0.109
95 0.01014 0.01610 0.167 8.6X1012 - 79
80 0.01005 0.01687 0.060
v 85 001005 0.01610 0.098 22.0
.90 0.01001 0.01623 0.145
95 0.01010 0.01610 0.213 2.3x 1012 -10.5
75 0.01007 0.01687 0.162
80 0.01007 0.01687 0.234
80 0.01004 0.01554 0.216
80 0.00993 0.01554 0.224 22.0
\Y 80 0.01005 0.01939 0.245
85 0.01007 0.01918 0.382
90 0.01007 0.01918 0.571
95 0.01001 0.01554 0.747
95 0.01003 0.02087 0.716 9.1 X012 - 7.8
95 0.01007 0.01918 0.802

* Experimental data taken from Ref. [1]
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Comparison of the rate constants in the Table with the rate constant of
the parent substance — trimethylene chlorohydrin — under identical experi-
mental conditions [2], e.g. at 80 °C where the latter is 0.024 1 e mol-1 *min-1,
shows that the presence of the two alkyl groups has considerably raised the
rate of alkaline hydrolysis despite the fact that the substituents are not attached
to carbon atoms participating directly in the reaction. The most probable cause
for the higher rate constants should be sought in the development of a favour-
able conformation necessary for the SNi process to take place. The simulta-
neous presence of two substituents on carbon atom 2 forces the molecule to
take up this favourable conformation.

Fig. 1. Variation of the alkaline hydrolysis rate of the 2,2-disubstituted homologues of tri-

methylene chlorohydrin with the temperature. A: trimethylene chlorohydrin. I: 2,2-dimethyl-

trimethylene chlorohydrin. Il: 2,2-diethyltrimethylene chlorohydrin. Ill: 2-methyl-2-propyl-

trimethylene chlorohydrin. 1V: 2-ethyl-2-butyltrimethylene chlorohydrin. V: 2,2-diisopro-
pyltrimethylene chlorohydrin

Experimental

The 1,3-chlorohydrins were prepared by the deacetylation of the corresponding chloro-
acetates in the presence of methanol [1]. The yields were about 80%. The purity of the starting
materials was checked by gas-liquid chromatography. The physical parameters of the starting
substances are listed in Table II.

Table 11
Symbol Boiling point Cl %
of

nD
compound °C mmHg calcd. found
| 93 40 1.4440 28.92 28.51
n 117 40 1.4596 23.54 23.50
hi 117 40 1.4532 23.54 22.87
v 143 40 1.4600 19.77 19.36
\Y 115 20 1.4642 19.77 19.22
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Cl OH
80 °C 85 °C
a = 0.01806 a = 0.01610
6 = 0.01005 b = 0.01011
No. t X K No. 1 X
i 150 0.00066 0.025 i 60 0.00044
2 215 0.00097 0.027 2 120 0.00081
3 275 0.00133 0.029 3 180 0.00110
4 335 0.00156 0.029 4 230 0.00142
5 395 0.00181 0.029 5 280 0.00162
6 455 0.00204 0.029 6 300 0.00181
7 510 0.00227 0.030 7 320 0.00189
8 340 0.00199
= 0.029 fei-8 = 0.043
90 °C 90 °C
a = 0.01623 a = 0.01480
b = 0.01005 b = 0.01005
No. t X K No. t X
i 55 0.00055 0.065 1 50 0.00062
2 78 0.00076 0.063 2 102 0.00104
3 130 0.00126 0.066 3 150 0.00157
4 170 0.00158 0.066 4 200 0.00192
5 220 0.00195 0.065 5 250 0.00226
6 280 0.00241 0.066 6 300 0.00270
7 340 0.00278 0.064 7 350 0 00293
8 400 0.00310 0.063 8 400 0.00323
fcj s = 0.065 Nri-s = 0076

BARTOK et al.:
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CH3 CH3

CH2-C -CH 2
| |

0.046
0.044
0.041
0.042
0.041
0.043
0.042
0.042

0.086
0.075
0.081
0.076
0.075
0.077
0.076
0.075
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45

85
125
165
205
245
285
325

20
40
60
80
100
120
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0.00075
0.00138
0.00186
0,00226
0.00271
0.00309
0.00341
0.00372

8 = 0.105

100 °C
a = 0.01480
b = 0.01011

0,00052
0.00105
0.00152
0.00195
0.00243
0.00291

fe, e = 0.195
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C.H5 C,H5
\ /
cile- C-CH3
cl OH
K No . t
0.108 1 44
0.113 2 83
0.109 3 120
0.104 4 155
0.105 5 195
0.104 6 235
0.102 7 280
0.097 8 320
K No. t

0.179 i 21
0.191 2 42
0.193 3 61
0.195 4 82
0.203 5 100
0.213 6 121

7 140
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0.00067
0.00125
0.00176
0.00222
0.00263
0.00307
0.00349
0.00372

0.115

fei-e =

=
3
o
co®
oo

1834
1003

0.00067
0.00135
0.00198
0.00252
0.00288
0.00333
0.00369

fej-, = 0.200

0.109
0.112
0.115
0.118
0.116
0.118
0.118
0.113

0.188
0.196
0.208
0.207
0.201
0.201
0.200
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68
120
180
240
300
360
420
480

30

65
102
135
168
200
230
260
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11
CH, €,H,

\
CH2- C-CH2

CL OH

80 °C 85 °C

a = 0.01687 a = 0.01610

b = 0.01012 b = 0.01001

X K No. t X

0.00057 0.050 1 60 0.00066
0.00092 0.048 2 120 0.00120
0.00127 0.047 3 180 0.00172
0.00160 0.044 4 230 0.00208
0.00189 0.041 5 280 0.00250
0.00226 0.045 6 300 0.00260
0.00248 0.043 - 320 0.00277
0.00278 0.043 8 340 0.00292

AMa = 0.044 kx-s = 0.069

90 °C 95 °C

a = 0.01623 a = 0.01610

b = 0.01005 b = 0.01014

X K No, t X

0.00053 0.113 I 20 0.00053
0.00111 0.115 2 40 0.00104
0.00184 0.130 3 60 0.00154
0.00290 0.107 4 80 0.00186
0.00235 0.106 5 100 0.00218
0.00271 0.107 6 120 0.00261
0.00308 0.109 7 140 0.00287
0.00334 0.108 8 160 0.00319

fox 24 8= 0.109 fc,_8 = 0.170

0.072
0.068
0.068
0.068
0.069
0.068
0.069
0.070

0.169
0.173
0.179
0.167
0.162
0.168
0.164
0.180
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68
120
180
240
300
360
420
480

23
58
95
128
161
193
223
253
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0.00072
0.00112
0.00175
0.00203
0.00249
0.00278
0.00316
0.00349

fcj-s = 0.060
90 °C

a =
b =

0.01623
0.01001

X

0.00053
0.00124
0.00194
0.00242
0.00286
0.00334
0.00368
0.00397

kt-8 = 0.145

Acta Chim. (Budapest) 72, 1972

v
C2H5 C4H 9

CH2- C-CH2
| |

Cl OH

85 °C

a = 0.01610

b = 0.01005
K No. t
0.066 1 60 0.00083
0.060 2 120 0.00211
0.066 3 180 0.00226
0.059 4 230 0.00294
0.060 5 280 0.00328
0.058 6 300 0.00341
0.059 7 320 0.00363
0.059 8 340 0.00377

fc3 s = 0.098

95 °C

a = 0.01610

b = 0.01010
K No i X
0.144 1 20 0.00058
0.144 2 40 0.00130
0.148 3 60 0.00178
0.145 4 80 0.00229
0.142 5 100 0.00274
0.146 6 120 0.00306
0.144 7 140 0.00325
0.143 8 160 0.00346

k.,-6 = 0.213

0.091
0.130
0.095
0.104
0.099
0.099
0.099
0.099

0.186
0219
0.211
0.214
0.215
0.207
0.192
0.184



0 N o o b~ W N

No.

~N o g b~ W N e

No.

~N o oA W N e

15
30
45
60
78
90
105
120

30
60
90
120
180
210
240

10

60
125
180
240
300
360
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75 °C
.01687
.01007

o o

0.00043
0.00077
0.00112
0.00122
0.00179
0.00213
0.00239
0.00258

3i5—8 — 0.162

.01554

=0
= 0.009927

X

0.00103
0.00185
0.00246
0.00320
0.00414
0.00443
0.00473
h_7= 0.224
80 °C
0.01554
0.01004

a
6
X

0.00039
0.00182
0.00325
0.00411
0.00468
0.00485
0.00581

fc;-57 = 0.216

1,3-BIFUNCTIONAL SYSTEMS, XIV

Vv
i.C3H7 i.C3H7
CH2- ¢c-CH?2 80 °C
1 a = 0.01687
Cl b = 0.01007
K No. t X K
0.173 i 10 0.0003828 0.226
0.157 2 20 0.0006559 0.198
0.159 3 30 0.001039 0.219
0.132 4 40 0.001460 0.243
0.157 5 52 0.001650 0.215
0.167 6 60 0.002068 0.241
0.164 7 70 0.002355 0.242
0.160 8 80 0.002680 0.251
3-8 — 0.234
80 °C
a = 0.01939
b = 0.01005
K No. t X K
0.244 i 15 0.00076 0.277
0.236 2 45 0.00196 0.262
0.222 3 75 0.00291 0.255
0.236 4 105 0.00364 0.246
0.227 5 130 0.00418 0.243
0.216 6 140 0.00429 0.235
0.211
fo_s = 0.245
85 °C
a = 0.01918
b = 0.01007
K No. t X K
0.256 i 10 0.00059 0.319
0.228 2 20 0.00136 0.397
0.228 3 30 0.00187 0.376
0.221 4 40 0.00235 0.370
0.204 5 50 0.00296 0.397
0.173 6 60 0.00335 0.390
0.200 7 70 0.00368 0.380
8 80 0.00399 0.369
f2 8= 0.383
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90 °C

a = 0.01918

b = 0.01007
No. t X
i 8 0.00073
2 17 0.00165
3 25 0.00224
4 32 0.00279
5 39 0.00327
6 47 0.00377
7 57 0.00425
8 67 0.00461

fcjg = 0.571

95 °C

a = 0.02087

b = 0.01003
No n X
i 10 0.00129
2 20 0.00234
3 30 0.00349
4 40 0.00410
5 50 0.00461
6 60 0.00502
7 70 0.00563
8 80 0.00598

= 0.716

Acta Chim. (Budapest) 72, 1972

\Y

i. C3H ;

\
CH2-C -C H 2

Cl

0.499
0.575
0.558
0.574
0.579
0.585
0.572
0.552

0.721
0.695
0.764
0.716
0.682
0.651
0.677
0.660

i.C3H7

~ o o b w N -

o N o o b~ w N

OH

20
40
65
80
120
160

15
20
25
30
35
40
45

1,3-BIFUNCTIONAL SYSTEMS, XIV

95 °C
a = 0.01554
b = 0.010005

X

0.00205
0.00346
0.00452
0.00512
0.00595
0.00654

0.00059
0.00191
0.00255
0.00296
0.00341
0.00381
0.00421
0.00459

fc,_e = 0.802

0.795
0.781
0.715
0.699
0.633
0.567

0.640
0.770
0.816
0.788
0.795
0.797
0.802
0.816
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The chlorohydrins crystallize on standing.

The methods of kinetic measurements and calculations have been described in full
detail in our earlier communication [1]. In the kinetic calculations the rate constants of chlo-
rohydrins measured up to a 30—40% conversion have been used.

Experimental data

The following notations are used:

t: time (min)

a: initial concentration of hydroxide ions [Ba(OH)2 geq/1]
b: initial concentration of chlorohydrin (mol/1)

k: second order rate constant (1 * mol”1emin“1).

REFERENCES
1. Bartok, M., Bozoéki-Bartok, G., Kovacs, K.: Acta Chim. Acad. Sei. Hung. 66, 115
(1970)
2. Bartok, M., Lang-Lakos, K., Bozoéki-Bartsok, G.: Acta Chim. Acad. Sei. Hung. 70, 133
(1971)

3. Shuikin, N. I., Barték, M., Kozma, B.: lzv. A. N. SSSR, Ser. Khim. 1967, 153
4. Bartok, M., Kozma, B., Gilde, A. S.: Acta Phys. et Chem. Szeged 11, 35 (1965)

Mihaly Bartok
Gizella Bozoki-Bartok  Szeged, DOm-tér 8. Hungary.
Kéalman Kovacs

Acta Chim. (Budapest) 72, 1972






Acta Chimica Academiae Scientiarum Hungaricae, Tomus 72 (3), pp. 309—316 (1972)

N-GLYCOSIDES, XV*

THE VALIDITY OF HUDSON’S ISOROTATIONAL RULE FOR AROMATIC O- AND
N-GLUCOSIDE DERIVATIVES OF ANALOGOUS STRUCTURES

A. Liptak and R. Bognar

(Organic Chemical Institute, L. Kossuth University, Debrecen)

Received May 6, 1970,
in revised form March 15, 1971

In secondary glucosylamine derivatives, the designation of the configuration
based on the direction and magnitude of the optical rotation also gives the correct abso-
lute configuration. The Hudson 2B values of these compounds are comparable with the
corresponding values of O-glucosides of analogous structures in the free N-aryl-D-glu-
copyranosylamine group only. In glucosides, tetraacetates and tetramethyl ethers the
differences in the 2B values increase with increasing polarizability of the aglycones.

In the free O-glucosides and their O-acetyl derivatives examined by us, Arndt’s
quantitative relationship was stated between the polarizability of the aglycones (a)
and the molar rotation. It has been shown that in the two anomers the contributions of
the aglycones to the molar rotation are not equal. The participation in molar rotation
increases with increasing polarizability of the aglycone.

On the basis of the van’t Hoff theory on optical superposition [1], Hud-
son [2] found a relationship between the optical rotation of the glycoside
carbon atom and the other active centres in sugars with cyclosemiacetal
structures.

The validity of the rule has been studied on several groups of carbo-
hydrate derivatives and it was found to he applicable for acetylated glyco-
sides [3], methylpentoses [4], sugar phosphates [5], deoxyamino sugars [6]
and acetohalogen sugars [7]. The limit of the applicability of this rule was
pointed out primarily by Bonner [8], who emphasized that in the presence of
polar aglycones a very strong variation in the 2B values should be expected.

Special attention is to be paid to glycosylamine derivatives, since in
tertiary glycosylamine derivatives a rotational irregularity was observed which
put an end to the unequivocal designation of the anomeric configuration on
the basis of the direction and magnitude of the optical rotation. Thus, e.g., the
/S-anomers of all pyrimidine nucleosides show higher positive rotation than the
corresponding a-anomers [9, 10].

According to the investigations of Bertho [11] and Frush and Isbell
[12], primary glycosylamine derivatives follow the Hudson rule. In secondary
glycosylamines, the 2B values calculated for the anomeric tetraacetates can
be compared in some cases with those of the aromatic O-glycoside tetraace-
tates of analogous structures, as indicated by the investigations of Pigman [13]

and Bognar and Nanasi [14].
* Part X1V : R. Bognar, H. Frenzel, |. Farkas: Acta Chim. Acad. Sei. Hung. 60, 163 (1969)
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Both anomers of several N-aryl-D-glucopyranosylamine derivatives
have been prepared lately; thus the 2B and 2A values of N- and O-glucosides
of similar structures can be calculated from the specific rotations measured
under identical conditions in absolute methanol, and they may be compared.
In Tables I—I111 the 2B values of the compounds examined are given.

Table 1

2B values of some aromatic N- and O-glucosides

2B
Aglycone A2B Ret
NH-glucosyl O-glucosyl
CoH5 29.600 33.900 4.300 [15]
p-CH3—OH4— 33.600 33.800 200 [16]
p-Br-CeéH4- 42.400 41.100 -1.300 [16]
no2 chhé 51.600 45.500 -6.100 [16]
GH5—CH,— 26.800
Table 11

2B values of some aromatic N- and O-glucoside tetraacetates

2B

Aglycone NH(&:&EﬁSyI O-?a/&é)syyl A2B Ref.
GH5 69.500 58.100 -11.400 [15]
p-CH3—CoH4— 76.300 57.300 -19.000 [16]
P-Br—CHA— 47.200 65.200 18.000 [16]
p-N02—CoH4— 60.800 69.400 8.600 [16]
CH5-CH2 — 43.100 —
Table 111

2B values of some aromatic N- and O-glucoside tetramethyl ethers

2B
Aglycone NH-glucosyl 0-glucosyl A2B Ref.
(0CHs), (OCHSs).

CoH5 - 33.000 _
p-CH3—OH4A— 50.000 38.000 -12.000 [17]
p-Br—OaH4— 65.000 42.500 -23.500 [17]
p-NO.—CeH4— 48.000 20.600 -27.400 [17]
CoH5CH 2- — 39.900 —
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The 2B values of the aromatic O- and N-glucoside derivatives of anal-
ogous structures show, in general, a good agreement with a maximum devia-
tion of about +10% . In both series an increase of the 2B values can he ob-
served in the direction phenyl—-p-N02-phenyl.

In the case of glucoside tetraacetates the deviation between the com-
pared values is far greater. In O-glucoside tetraacetates the 2B values increase
again in the same order as above; in N-glucoside tetraacetates no similar
regularity can be detected.

There is a significant difference between the analogous N- and O-glucoside
derivatives in the group of glucoside tetramethyl ethers; however, the changes
of the 2B values with respect to direction and magnitude are nearly identical
in both series. Similarly to the tetraacetates, the 2B values of the O-glucoside
tetramethyl ethers are lower than those of N-glucoside tetramethyl ethers.
In all three groups, the 2B values of the O-benzyl glucosides are also given;
these are very nearto the corresponding data of the aromatic glucoside deriv-
atives.

Investigating the dependence of the 2B values on the aglycone of the
two glucoside groups, the differences between the optical data appear in a
different light.

Y amana [18, 19] and Arndt [20] studied acetohalogen sugars and some
glucoside tetraacetates, respectively, and stated that in tetraacetyl-D-gluco-
pyranose derivatives substituted at C-1 by X (halogen, OH, 0 —CeH5, SCH3
OAc, OC(CHJ33), the molar rotation of the anomers and the polarizability of
the free X ~ions (a) were in a linear relationship with each other. In the case
of the two anomers this dependence is different, thus the Hudson B value also
depends on the polarizability of the aglycone (the anion derived from the agly-
cone), according to the following formula:

O = A <O + B
where

Aa = ma ag= "V e*
and

l’\HKE(]”I= (ma+ mB)*/2+ B '

It also follows from the equations that in contradiction to Hudson’s original
formulation (Aa)* (AR), i.e., the degrees of participation of the two agly-
cones in the molar rotation are not equal to each other.

In the knowledge of the polarizability (a) and the B' values published
by Arndat fortetraacetyl-D-glucopyranosyl derivatives, we have calculated the
polarizability values (a) of the anions derived from the aglycones of the gluco-
sides examined by us. The following values were obtained: C6H50 —: 39;
p-CH3—C6H4—0 —: 41; p-Br—COH4—0—: 55—56; p-N02—CeH4—0 —: 59—
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60 m10—5 cm3 This made possible the calculation of the dependence of the
molar rotation of the anomers on the polarizability of the aglycone (AMJAoc
and AMRIAX), as well as the change in the B values per unit polarizability
(ABjAoc), and further on, the molar rotation (B') of 1,5-anhydrosorbite deriv-
atives, for all the three O-glucoside groups (Figs 1—3 and Table IV). In the
case of O-glucoside tetramethyl ethers the scattering of the measured data is
high, the slopes ofthe lines are uncertain, thus the values per unit polarizability
are not given numerically.

ot -10“ ccm
Fig. 1. Molar rotation (Maand ws) and the Hudson s values of anomeric aromatic O-gluco-

sides as a function of the polarizability of the phenolate anion (a). O phenyl-: « p-Br-phenyl-;
X p-cresyl-; O p-NO2phenyl-

a Ka5cem
Fig. 2. Molar rotation (Ma and w&) and the Hudson B values of anomeric aromatic O-gluco-
side tetraacetates as a function of the polarizability of the phenolate anion (al. O phenyl-;
¢ p-Br-phenyl-; X p-cresyl-; O p-NO02phenyl-
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Table IV

Molar rotations of the anomers, B values per unit polarizability and molar rotations of 1,5-anhydro-
sorbite derivatives

Ma/10* MRBI10« B -

a « 102 a « 1034 a «102
Aromatic O-glucosides +0.98° -0.58° + 0.20° + ©° 10
Aromatic O-glucoside tetra-
acetates + 1.22° -0.60° + 0.31° +1.5° «10“

On the basis of the B' values the specific rotations of 1,5-anhydrosorbite and
tetraacetyl-1,5-anhydrosorbite were found to be -(-54° (+43°) and -j-46°
(+40°), respectively. (The literature data are given in parentheses.)

The differences in the optical behaviour of the two groups of glucosides
are not satisfactorily explained.

aC+10” ccm

Fig. 3. Molar rotation (VTa and M B) and the Hudson B values of anomeric aromatic O-gluco-
side tetramethyl ethers as a function of the polarizability of the phenolate anion (a).
O phenyl-; « p-Br-phenyl-; X p-cresyl-; O p-NO,,-phenyl-

The anomers of the N-glucosides may not have been quite pure in spite
of their careful preparation under mild reaction conditions and purification.
Another possible cause of the deviations may be the difference between the
conformations of the two glucoside groups, which can be attributed to the
different valence angles of oxygen and nitrogen. Though this difference is not
very great, it may be enough to give rise to a different degree of conformational
deformation of the glucopyranosyl group. The polarizing effect of solvent may
increase this difference so much that the optical behaviours of the two groups
of compounds cannotlonger be compared. This assumption is confirmed by our

*B'is the molar rotation of the hypothetic glucopyranosyl cation or the tetraacetyl-
glucopyranosyl cation, its numerical value being equal to the molar rotation of 1,5-anhy-
drosorbite and tetraacetyl-l1,5-anhydrosorbite, respectively.
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observation that the lowest difference is found between the optical behaviour
of the free N- and O-glucosides. Namely, in these compounds the polar hy-
droxyl groups in the glucopyranosyl part stabilize an actual conformer much
more than the apolar substituents of a tetraacetyl- or, particularly, a tetra-
methylglucopyranosyl group.

According to Arndt’s investigations, the compounds which follow the
rule have identical conformations, as shown by NMR spectroscopy.

On the basis of recent conformational studies, the B values should al-
ways be compared using the same solvent, because the dominant conforma-
tions of the anomers may be different or even opposite in an actual solvent;
thus the direction of the variation may differ in different solvents [21],

Table V

2A values of aromatic 0- and N-glucopyranosides

O-glucoside N-glucoside
Aglycone
a AR (Mal +1\az D 2 2
CeH6 28.220 -22.620 60.840 64.300 83.200
i'CHg OaH4 40.180 -23.780 63.960 70.200 87.900
p-Br—CoH4- 53.900 -31.900 85.800 79.500 115.900
p-N02—CoH4— 58.800 -34.800 93.600 99.500 150.700
Table VI

2A values of aromatic 0- and N-glucopyranoside tetraacetates

O-glucoside (OAC), N-glucoside (OAc)4
Aglycone
-"a it (Mal + wor) 2 2

CoH5- 47.580 -23.400 70.980 83.100 112.300
p-cas CoH4 50.020 -24.600 74.620 84.700 123.200
p-Br-C6H4— 67.100 -33.000 100.100 90.400 100.500
p-no2- cb4 73.200 -36.000 109.200 109.600 153.700

Table VII

2A values of aromatic 0- and N- glucopyranoside tetramethyl ethers

O-glucoside (OCH34 N-glucoside (OCH84
lycone
o it (Ma + \ag\) 24 2
CoH5- 37.440 -23.400 60.840 74.200 -
p-CH3—CeH4A— 39.360 -24.600 63.960 78.400 96.300
p-Br—CeH4- 52.800 -33.000 85.800 88.700 122.200
p-N02—CH4— 57.600 -36.000 93.600 94.400 173.600
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Table VIII

Physical constants and elemental analyses of phenyl-D-glucopyranoside tetramethyl ethers substi-
tuted in the aromatic ring

-D-glucoside M.p., or - Wd Yield, Crystallization .
(OCHa) b.p./0.09 (in metha- % g/ml solvent Analysis
' torr nol)

a-phenyl 136-7° + 171.6 84.4 — C16H 240e (312.35). Calcd. C
61.52; H 7.77; OCH3 39.74.
Found C 61.41; H 7.73;
OCH3 38.91%.

/3-phenyl 78° - 66.0 84.5 3(P) C16H240 6 (312.35). Calcd. C
61.52; H 7.77; OCH3 39.74.
Found C 62.05; H 7.77;
OCH3 38.16%.

a-p-cresyl- 24-28° + 180.1 97.2 i(P) C17H,,e06 (326.38). Calcd. C
62.55; H 8.03; OCH3 38.03.
Found C 62.31; H 8.00;
OCH3 37.73%

j6-p-cresyl- 52° - 619 70.4 3(P) CIMH 260 6 (326.38). Calcd. C
62.55; H 8.03; OCH3 38.03.
Found C 62.51; H 8.17; OCH3
37.50%

a-p-Br-phenyl- 58.5° + 167.7 77.8 1.5 (P) CI1BH 20 6Br (391.26). Calcd. C
49.11; H 5.92; Br 20.42; OCH3
31.72. Found C 49.09; H 6.08;
Br 20.66; OCH3 31.08%

B-p-Br-phenyl- 89-90° - 592 60.9 2.5 (P) C16H 230 6Br (391.26). Calcd. C
49.11; H 5.92; Br 20.42;
OCH3 31.72. Found C 49.80;
H 5.90; Br 20.49; OCH3
31.71%

u-p-N02-phenyl- syrup + 160.8  99.6 C16H 230 8N (357.32). Calcd. C
53.77; H 6.48; N 3.92; OCH3
34.73. Found C 53.57; H 6.42;
N 3.99; OCH3 34.18%

B-p-'S02-phenyl- 109° -103.4 54.5 35 (P) Cl16H ,30 8N (357.32). Calcd. C
53.77; H 6.48;N3.92; OCH3
34.73. Found C 53.76; H 6.94;
N 4.23; OCH3 34.46%

/?-0-NO,-phenyl- 90.5° -105.2 65.5 4(A) C16H,30 8N (357.32). Calcd. C
53.77; H 6.48; N 3.92; OCH3
34.73. Found C 53.97; H
6.66; N 4.13; OCH3 34.56%

a-benzyl- 161-2° + 162.7 87.1 Cl7TH20 6 (326.38). Calcd. C
62.55; H 8.03; OCH3 38.03.
Found C 62.60; H 8.22; OCH,
37.84%

/5-benzyl- 161-4° - 404 94.4 Ci7TH20 6 (326.38). Calcd. C
62.55; H 8.03; OCH3 38.03.
Found C 62.54; H 8.00; OCH3
1 38.00%

ethyl alcohol
petroleum ether

Abbreviations: A
P
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Experimental

The 2A and 2B values in the paper were calculated from specific rotation values meas-
ured in absolute methanol.

The a- and /i-anomers of phenylglucosides and tetraacetates substituted in the aromatic
ring were prepared as described in the literature.

The anomeric glucoside tetramethyl ethers were obtained by methylation of the corre-
sponding glucoside anomers according to Kuhn [22], under the reaction conditions discussed
in detail below.

The syntheses and rotational values of the anomeric N-glucosides, N-glucoside tetra-
acetates and N-glucoside tetramethyl ethers are given in the literature [15—17].

The specific rotations of all compounds examined were measured in absolute methanol
with a Schmidt-Haensch polariméter in 10 cm tubes, at room temperature (20—22 °C); the
rotation values were read 2 minutes after dissolving the sample. During this time no significant
mutarotation took place.

The melting and boiling points given are uncorrected.

Methylation of the substituted phenyl-D-glucopyrunosides was carried out according
the following general procedure:

3—6 g (1 mole) of the phenylglucoside anomer substituted in the aromatic ring was dis-
solved in 20—40 ml of dimethylformamide, with stirring. A calculated amount (20 mole) of
methyl iodide was added to the solution in one portion, then active silver oxide was added in
small portions, under continuous stirring, during 15 min. The amount of silver oxide in grams
was equal to the number of milliliters of methyl iodide added to the reaction mixture. The tem-
perature of the reaction mixture was kept below 30 °C. When no more heat evolved, the mix-
ture was stirred further for 10— 12 hrs. at room temperature.

Diluting the reaction mixture with 50—100 ml of chloroform, the silver iodide precipi-
tated from the solution; the precipitate was filtered off on a G4 sintered glass filter and washed
with chloroform. The dimethylformamide-chloroform filtrate was washed with water, 1% KCN
solution, then again with water. The solution was dried over Na2S04and the solvent wa- evap-
orated in vacuum. The residue was crystallized or distilled under reduced pressure.

The physical constants of the products obtained, yields, the conditions of crystalliza-
tion, and elemental analyses are summarized in Table VIII.
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Solanidine and solasodine were isolated from Cestrum purpureum, while C.
auranliacum and C. diurnum were devoid of any steroidal alkaloid. Quantitative deter-
mination of the alkamines was carried out by titrimetric and colorimetric methods.
Investigation of the saponin content showed that both C. aurantiacum and C. purpureum
contain the same saponin, viz. digitonin while C. diurnum contains tigonin; their iden-
tity was proved by acid hydrolysis and identification of the steroid sapogenins (digito-
genin and tigogenin) and the sugar components.

Introduction

The review of literature reveals that some Cestrum species (Solanaceae)
contain steroid alkaloids and/or steroid sapogenins. Mercier et al. [1] reported
in 1913 that C. parqui L'Her contains a bitter alkaloid parquine (C21H 30 8N)
which has a mixed effect of strychnine and atropine; later several authors
[2—4] failed to isolate from this plant either parquine or any other alkaloid.
Silva et al. [5] in 1962 were able to isolate solasonine from C. parqui. The sa-
pogenins gitogenin and digitogenin were obtained after hydrolysis of the
neutral glycosides of both C. laevigatum and C. parqui [5—7], while the sapo-
nin of C. diurnum [8, 9] was found identical with tigonin which on mild hy-
drolysis yields tigogenin and the sugars xylose, glucose and galactose. Tigogenin
and yuccagenin were also isolated from the hydrolysate of the saponins pre-
pared from C. nocturnum [10].

The present work deals with the study of the alkaloids and saponins of
certain Cestrum species growing in Egypt viz. C. aurantiacum Lindl., C. diur-
num L. and C. purpureum Stand.

Results and discussion

The phytochemical screening of the three Cestrum species studies re-
vealed the presence of alkaloids only in C. purpureum. Two procedures were ap-
plied for the preparation of the alkaloids of C. purpureum. In the first method
the dry, powdered leaves were extracted with methanol, containing acetic
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acid to take up the alkamines and saponins, and the extract, after defatting
with benzene—ether, was made alkaline with ammonia to give a fraction of
alkaloid matter. In the second method the defatted, powdered leaves were
extracted with 5% acetic acid and the concentrated extract was treated with
ammonia to precipitate the alkamines. The alkaloids, prepared by the two
methods, were found by thin-layer chromatography, using different solvent
systems, to consist of solasodine and solanidine. The mixture was resolved by
fractional crystallization as well as by solvent fractionation procedures.

Fig. 1

Fractional crystallization from methanol—water afforded at first solanidine;
the mother liquor, after being treated with a few more drops of water, gave
solasodine. On the other hand, extraction of the whole alkaloid mixture with
acetone and then with methanol resulted in the isolation of solanidine and
solasodine, respectively.

TLC investigation of the methanolic extract of C. purpureum revealed
the presence of only solasodine and solanidine and the absence of any traces
of glycoalkaloids.

The identities of the isolated solanidine(l) and solasodine(ll) were es-
tablished by TLC, preparation of crystalline derivatives, viz. hydrochloride,
picrate, acetate and O-benzoate, as well as by comparative IR spectra and
mixed m.p. with the corresponding authentic alkamines.
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The quantitative determination of the alkamines was carried out using
both titrimetric and spectrophotometric methods [11]. Non-agqueous poten-
tiometric titration ofthe isolated alkamines was assumed to provide the amount
of solasodine, while the colorimetric method was used to assay the individ-
ual alkamine. No marked differences were observed between the results ob-
tained by the two methods. Aluminium oxide for TLC was used as adsorbent
in the quantitative assay instead of silica gel which entailed difficulties in the
elution of the strongly adsorbed alkamines, even with acetic acid as eluting
agent. The results obtained are shown in Table I.

Table 1

Alkamine content of C. purpureum

Method Solanidine Solasodine Total
Gravimetry 0.012 0.032 0.044
Titrimetry - - 0.054
Colorimetry 0.016 0.039 0.055

The saponins of the species studied were prepared by butanol extraction
of the ammoniacal filtrate after isolation of the alkamines, followed by pre-
cipitation with cholesterol. The free saponins were obtained by treatment with
pyridine, in the manner recommended by w arr et al. [12]. Investigation of
the saponin content by TLC revealed that both C. aurantiacum and C. pur-
pureum contain the same saponin, viz. digitonin, while C. diurnum contains
a different saponin, viz. tigonin. Study of the acid hydrolysate of the sapo-
nins revealed the presence of the expected sugars (viz. galactose, glucose and
xylose in C. diurnum; galactose and glucose in C. aurantiacum and C. purpu-
reum) as well as the expected sapogenins, viz. digitogenin (I11) and tigogenin
(V) (Table I1).

Table 11

Saponin content, sapogenins and the component sugars of the Ceslrum species studied

X Saponin . .
Species % Steroid sapogenin Sugars
C. aurantiacum 0.09 Digitogenin Galactose, glucose
C. diurnum 0.05 Tigogenin Galactose, glucose, xylose
C. purpureum 0.10 Digitogenin Galactose, glucose

The identities of the isolated sapogenins were confirmed by TLC m.p.,
m.m.p., IR and the preparation of the acetate derivatives.
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Experimental

Plant material

C. aurantiacum Lindl., C. diurnum L. and C. purpureum Stand, were collected in April
from the Ornamental Plants Farm, Horticulture Dept., Cairo University. The plants were
kindly authenticated by Prof. V. Tackholm. Faculty of Science, Cairo University.

Thin-layer chromatography
Adsorbents:
Silica gel G and alumina.
Solvent systems [13—16]:
For alkaloids: Benzene-methanol (5 : 1)
Ethanol-chloroform-ammonia 1% (2 :2:1)
Acetic acid-ethanol (1 : 3)

For saponins and sapogenins: Benzene-methanol (15 :2, 5:1).
Spraying reagents:

The following reagents were used for alkamines, neutral glycosides and sapogenins:
Dragendorff’s antimony trichloride [17] (33% solution in chloroform), 10% aqueous sulfuric
acid, p-anisaldehyde in acetic acid containing sulfuric acid [15, 18] (followed by UV examina-
tion), Crark’s [19] 1% paraformaldehyde in 80% phosphoric acid and iodine vapours.

(A) Alkamines
Preparation of the alkamines

Method 1: The dried, powdered leaves of C. purpureum (850 g) were macerated with 2 1
of 80% methanol containing 5% acetic acid at room temperature for 48 hrs., filtered and the
marc re-extracted twice the same solvent (1 leach time). The combined extract, after concen-
tration to about 150 ml, was treated with an equal volume of 10% acetic acid, then allowed to
stand overnight and freed from the deposited resinous matter. The solution was defatted by
repeated extraction with benzene-ether (1 : 1), heated to about 70 °C, adjusted with an ammo-
nia solution to pH 10, and allowed to stand overnight. The precipitated steroidal alkaloidai
bases were separated by centrifugation, refined by repeated dissolution in 5% acetic acid and
precipitation with ammonia. This process gave about 0.5 g of crude material.

Method 2: 1 kg of the defatted, powdered C. purpureum was macerated with 3 1of 5%
acetic acid for 48 hrs. and the marc was re-extracted twice with acetic acid. The concentrated
acidic solution was treated with an ammonia solution (pH 10) and left to stand at room tem -
perature for 48 hrs. The precipitated alkaloidai mixture, after separation and purification as
mentioned above, gave about 0.63 g of crude material.

Isolation of solanidine and solasodine

1. Fractional crystallization. The purified alkaloidai mixture (0.5 g) was refluxed with
successive portions of methanol. The combined methanolic solution was concentrated to about
30 ml, when a crystalline substance began to separate. A few drops of water were added and
the solution was left at room temperature for 48 hrs.; the crystalline deposit was removed by
filtration (solanidine). The filtrate was treated with another few drops of water till turbidity-
occurred, left to crystallize at room temperature for 72 hrs. and the crystalline deposit was
filtered (solasodine).

2. Solvent fractionation. The crude alkaloidai mixture (0.6 g) was extracted in a Soxhlet
apparatus with acetone and the acetone-insoluble residue was exhausted with methanol. The
solvent-free acetone extract, after boiling in methanol with activated charcoal and crystalli-
zation from methanol—water, gave solanidine while the methanol extract treated in the same
manner gave solasodine.

Solanidine

Solanidine, crystallized from methanol-water melted at 219 °C (undepressed by authen-
tic solanidine); [oc]—27° (in chloroform), Amax, 205 m/n, its IR spectrum was identical with
an authentic sample. The prepared hydrochloride melted at 345 °C (undepressed) and the ace-
tate at 204 °C (undepressed).
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Solasodine

Solasodine, crystallized from methanol-water melted at 197 °C (undepressed by an
authentic sample of solasodine); [a]Jo —92° (in benzene), Amax 210 T/n; its IR spectrum was
identical with the authentic sample. The following derivatives were prepared: hydrochloride,
m.p. 280 °C (Ref. [15]: 277—280 °C), picrate, in.p. 142 °C (undepressed) (Ref. [20]: 144 °C),
O-benzoate, m.p. 219 °C (Ref. [21]: 216—217 °C), and acetate, m.p. 195 °C (undepressed).

Quantitative determination of the alkamines

1. Titrimetric determination. 50 mg of the alkaloidai residue, prepared as mentioned
above, was dissolved in 20 ml of glacial acetic acid and a few drops of acetic anhydride were
added. Titration was carried out with 0.1 N perchloric acid in glacial acetic acid and the end-
point was detected potentiometrically.

2. Colorimetric determination. A 0.1% methanolic solution of the alkamines was quan-
titatively applied on the plates coated with alumina. After developing with the solvent, the
plates were dried and dipped vertically in a jar containing solid iodine. After the alkamines
were stained brown, the corresponding areas were marked and kept overnight at room temper-
ature to remove iodine. The zones with the adsorbed alkamine and areas of the same size from
a blank plate were scraped off and transferred to separate, glass-stoppered tubes. To each sample
was added 5 ml of 1% H2504 in ethanol, then 5 ml of cone. H2S04 (added gradually then
vigorously shaken), followed after one minute by the addition of 2.5% of 1% formaldehyde
solution. After cooling the tubes were centrifuged, the optical density of the supernatant was
measured at 570 T/n and the concentration determined from the standard curve of each
alkamine.

(B) Saponins

Preparation. The ammoniacal filtrate, remaining after removal of the steroidal alkaloids
(C. purpureum) was concentrated, sodium chloride was added, followed by cone. HC1 to bring
the pH between 4.0 and 5.0. The solution was then shaken with an equal volume of n-butanol
(previously saturated with water). The combined butanol extract was distilled in vacuum, the
residue was dissolved in methanol, boiled with charcoal, filtered and the filtrate evaporated
in vacuum. The residue was dissolved in chloroform-90% ethanol. Cholesterol in ethanol was
added, and the mixture boiled on a water bath for 15 min and left in a refrigerator for 2 days.
The precipitated cholesterol complex was filtered, washed with ethanol, decomposed with
pyridine and the saponins were precipitated with ether.

The saponins of the other two species, viz. C. aurantiacum andC. diurnum, were prepared
as follows:

1 kg of the defatted, powdered plant was extracted with 80% ethanol. The ethanol ex-
tract was concentrated until alcohol free, and the aqueous solution was then treated as men-
tioned above.

Hydrolysis. 0.5 g of the saponin, obtained from C. purpureum, was dissolved in 2 N
H2504in 50% ethanol (100 ml) and refluxed on a water bath for 2 hrs. The solution was cooled
and the precipitate thus obtained was extracted with chloroform. The crude tarry sapogenin
was refluxed for 1/2 hr. with a mixture of 400 ml benzene and 200 ml of 5% methanolic KOH.
The solution was then cooled and filtered and the residue was washed with hot benzene con-
taining 10% ethanol. The filtrate and washings were combined. W ater (10 ml) was added and
the aqueous solution was drawn off and re-extracted twice with benzene (100 ml each). The
benzene solutions were combined, washed with distilled water, dried over anhydrous sodium
sulfate and evaporated to dryness.

Digitogenin

Digitogenin, crystallized from chloroform-methanol, melted at 295—296 °C both alone
and when admixed with authentic digitogenin. The digitogenin acetate prepared melted at
188—190 °C (undepressed).

The remaining aqueous layer containing the sugar substances, after extraction of the
sapogenin matter, was neutralized with BaCO 5and the solution was investigated for the sugar
components by paper chromatography. The chromatogram was obtained with ethyl acetate-
pyridine-water (2:1:2) and the spots were developed by spraying with aniline-oxalic acid
reagent [22].

Investigation of the saponins of the other two Cestrum species was restricted to compara-

tive chromatographic analysis (Table I1).
*
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The first ionization potentials of 4-substituted acetophenones were calculated
directly, with good accuracy, by means of the simple HMO method.

A linear correlation was found between the measured carbonyl stretching fre-
quencies and the y HOMO energy-level coefficients, by which a linear equation can be
directly given for the approximate calculation of stretching frequencies.

Introduction

In an earlier communication [1] we reported the results of our calcula-
tions made for 4-substituted acetophenones by infrared spectroscopy and the
Hiickel Molecular Orbital (HMO) method. The present paper described the
calculation of the expected carbonyl stretching frequencies and ionization poten-
tials of the compounds investigated.

Many communications deal with the theoretical determination of the
expected stretching frequencies of carbonyl groups [I, 2a, b, ¢, d, e, f, g, h, |,
j]. In each case, the n bond order of the carbonyl group is determined by some
quantum chemical approximation method, and this value is used for the cal-
culation of the force constant and the group frequency, by means of various
formulas. However, calculations of this type are rather complicated.

A simpler approach to the problem is possible with the use of the ioni-
zation potentials (Ip) of the molecules. A linear correlation was found [3]
between the first ionization potentials and C = O stretching frequencies of car-
bonyl compounds. According t0 Koopmans [4], the first ionization potential
of a molecule is the negative values of the energy of the highest occupied mo-
lecular orbital (HOMO). This view has been generally accepted in the litera-
ture [5a, b, c], Howxver, it must be noted that this holds precisely for SCF
LCAO calculations only [6a, b].

Calculation

The calculations were carried out, after an appropriate choice of the pa-
rameters [1] by a computer of ODRA-1013 type, applying the simple HMO
method. lonization potentials were calculated by the method of cnin etal. [8].
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Experimental

The infrared spectra of the investigated compounds were recorded in carbon tetrachlo-
ride solution (c = 0.1—0.3 mole/liter; d = 0.1—0.5 mm), using a Zeiss UR-10W spectrophotom-
eter. The accuracy of measurement was +2 cm

Results

The experimental and calculated data are presented in Table I.

Table |
4R opawmedl,  opermetal, ... k., aa, PG
substituent cm-1 eV [¢ ev ev cm-1
B D E F
- nh?2 1675 8.33 0.6191 8.65 9.11 1671
OH 1680 — 0.7693 9.02 9.24 1675
- CH3 1688 9.31 0.9938 9.58 9.55 1687
- H 1692 9.53 1.0000 9.60 9.72 1690
-Cl1 1692 9.58 1.0000 9.60 9.69 1690
-Br 1693 9.47 0.9958 9.59 9.72 1690
—I 1693 - 1.0031 9.61 9.72 1691
-no?2 1700 10.16 1.1370 9.94 9.96 1698

Fig. 1. The first ionization potential as a function of oj. O experimental values [8] (column
B); X values calculated from sHoMcn A values calculated by the Cook equation [3]

*+ 0.1 eV
** rounded values
*** Xhomo: coefficient for the energy level of HOMO kuomo = a0+ /HOMO Ro
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Discussion

The data listed in Table | show that the values of the first ionization
potential established experimentally (column B) and those calculated by us
(column D) are in good agreement (taking into account the nature of the cal-
culation method applied). The scattering is greater in the values of the first
ionization potentials (column E) calculated by Cook’s [3] equation from the
measured carbonyl frequencies. This can be seen in Fig. 1 where the Ip values
are plotted against the ap values of the substituents [9]. On plotting the
measured carbonyl stretching frequencies against the xHomo values (column
C), the graph shown in Fig. 2 is obtained.

Fig. 2. Dependence of the value gqo-o0) on ZHOMO

It can be seen that in agreement with the general results reported in the
literature [3, 4, 5], a linearly rising straight is obtained. Thus, on the basis of
this correlation, a direct formula can be given for the relation between the
carbonyl stretching frequency and the “H. M energy-level coefficients

rczo (cm _1) = 1618.0 4- 73 £homo i 3.2.

The carbonyl frequencies calculated from this formula (column F) agree
well with the experimentally established values (column A).

This is also proved by Fig. 3 where the experimentally established (col-
umn A) and calculated (column F) carbonyl frequencies are plotted against
the <p values of the substituents applied.

It appears from Fig. 3 that the straights plotted on the basis of the meas-
ured and calculated values run practically parallel, and their character is
identical with the data published in the literature [10].

In general, the equation

v(c=0) (cm-1) = 1615.32 -\- 73 aHOmMO = 6
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can be successfully applied for the simple approximate calculation of the ex-
pected carbonyl stretching frequencies of aromatic carbonyl compounds.
For example, in the case of the chalcone (benzalacetophenone):

V(C=0) experimental: 1672 cm-1

[(c=0) calculated: 1673 cm-1
(Parameters: ho: 2.0 fcO » ¥Y~2)
fC-c : °-9

Fig. 3. Dependence of the values of"(c-0) 011 O experimental values; X calculated values

»

H
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CUHTE3 MOHO- U AUCY/Ib®OMPOUN3BOAHBIX
ANOEHUNMUKPUNTUAPASUNA (4PN

. B. MYTBIPCKAA n KO. CUNAQN

(L4 eHT panbHb i MccnepoBaTenbcknuit M HecTuuTyT Xumuum BAH , Byganew T )

Moctynuna 25. 1. 1971 r.

OnNUCbIBAETCS CUHTE3 MOHO- 1 AUCY b(ONPON3BOAHBIX 1,1-ANtEHUN-2-NMKPUNTAL-
pasuna. CvHTe3 OCYLLECTBNANCA CTyMeHbyaTo: Cynb(MpoBaHMeM ace. AudeHunrugpa-
3MHa X/10PCYNb(iOHOBON KMCMOTOM, KOHAEHCALMEN MOMYYEHHOrO Cy/bONpPOU3BOAHOIO
ace. ruapasiHa ¢ NMUKPUIXIOPUAOM U OKUCTIEHWEM MPOLYKTa KOHAEHCALUUU MepeKUChIo
CBMHLA. BapbupoBaHMeM MOMSPHOrO OTHOLIEHWS ace. AM(EHWNTWApPasMHa W X10p-
Cy/b(HOHOBOW KMCMOTbI PeakLUi0 MOXHO HanpasfsiTb B CTOPOHY MOJTYYEHWS] MOHO- U/U
[AW-MPon3BOAHONO cynboruapasvta. Mpueogatcs WK cnekTpbl coefuHeHUin n gaetcs
MX OLEHKa.

Co BpeMeHW cuHTe3a nepBoro crabmnbHoro pagmkana 1,1-gudeHunn-2-nnk-
punrugpasmna [1] cnHTe3npoBaHO 60Nbll0e KONMYECTBO €ro aHanoroB ¢ pa3nunuy-
HbIMMW 3aMeCTUTENAMMU U PYHKUUOHANbHBIMMN rpynnaMu B MeHUNTbHBIX U MTUKPUNb-
HOM Konbuax ([2—5] n ap.), nccnefoBaHbl UX CTAa6UNbHOCTbL U XMUMUYECKUE CBOIA-
CTBa B 3aBUCMMOCTM OT TUMA M KONMYecTBa 3aMecTUTeNnel, a TaKXe UX MONOXEHUS
B MoOonekyfnax. 3Tu cBob6oAHble pagukanbl B CUNy CBOeli NpUpPoAbl 0Kasaiucb BeCb-
Ma MNOMe3HbIMUN COEAWHEHUAMMN ANSA WN3YYEHUSA KUHETUKWU NONUMEPU3ALUOHHDIX,
6GUONOrMYECKUX U pafjMalMOHHO-XMMMNYECKUX npouyeccoB. Ocobblii MHTepec nNpea-
CTaBNAWT BoOAOpacTBOPUMbIEe cTabuNbHble pajukanbl NS MW3ydYeHUA papumonmnsa
BOAbl U BOAHbLIX PacTBOPOB.

BnepBble ynoMMHaHWe O Cyu,ecTBOBaHMM BOJOPACTBOPMMOro aHanora
A®NMNI c¢c cynbo-rpynnoil B opTO-NONOXEHUN MNUKPUNBHOTFO KONblLia COAEPXMUT-
ca B pa6oTe [6], B KOTOpoOli coobw anocb 0 pe3ynbTaTax MCCNefOBaHWUS napamar-
HUTHBIX CBOWCTB 3TOr0 COEfMHEHWA, HO He COAEpPXaNoCb HUKaAKWX CBeAeHUNn o
ero cuHTe3e. B opgHoli M3 Hawux pa6oT [7] Hamu onucbiBaeTCcAa CUHTEe3 APYroro
aHanora AO®MNIr, a uMeHHo n,n’-aucynbdo-1,1-gudeHunn-2-nnukpunnrmngpasmna,
KOTOpbI1 OfHaKO oKa3ancs HefOCTATOYHO ycTol4YMBbBIM B BOAHOM pacTBope. lo-
3TOMY NpeAcTaBNAN MHTepeCc CUHTE3 MOHO-Cynbdo-nponssogHoro AP M n ncecne-
foBaHWe ero CBOWCTB B HafjexXxpje Ha ero 60nbW Yy YyCTOWYMBOCTb B BOAHbIX pacT-
BoOpax.

B ocHOBY CMHTe3a MOHO-Cynbdo-npoussogHoro AP NI Hamum B3AT TOT Xe
X044 peakKUuwWi, 4To M NPM NONYYeHUMN Aucynbdo-npousBogHoro [7], T. e. cynbpu-
poBaHMue ace. AMDeHUNTMApasnHa B CYXOM HUTPOGEH30/1e XNOPCYNb(pOHOBOW KUC-
noToli ¢ nocnepytoweil KOHAeHcauuWeid MNONYyYeHHOro NMPOAfYyKTa B CMMPTO-BOAHOWM

cpefe C MUKPUNXNOPUAOM MO HUXeECNefytow el cxeme:
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HOsS

(1) (HT)

MaO3

MeCsB

(Vi)

M3MeHeHNEM COOTHOLW eHNA AUdGeHnNrnapasnHa u xnopcynb@oHOBOW KuUcno-
Tbl, KakK nMokKasanu npefgBapuTenbHble ONbITbl, PeaKLN MOXHO HanpaBWTb B CTO-
POHY MONYyYeHUss MNuM MoHocynbdo-npomnssogHoro (1) mnu gucynbdo-npounsBog-
Horo amdpeHunrugpasnHa (l11l1). Tak Kak B X04e CWMHTE30B NO CPpaBHEHMWI C Npo-
nucbto [7] BBefeHbl HEKOTOPble M3MEHEHUA, B faHHOW cTaTbe 6YAYT OonNMcaHbl CUH-

Te3bl 060MX NMPOU3BOAHBLIX A O M.
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3KcnepmmeHTaanaﬂ 4acTb

I. MonyyeHune n-cynbo-1,1-Aucdennn-2-nukpunrugpasuna (VI)
1. VcxofAHble NPOAYKTHI

Heobxogumblii Ana peakuuu ace. AudeHunrugpasvH (1) nonyyancs BOCCTaHOBIEHWEM
N-HUTpO30AMeHNNaMUHA fé] B Cpede abc. athupa LiAIH4 [9]. OunLleHHble ABYX- UMW Tpex-
KpaTHOW nepekpucTanamsaumeid U3 3TUIOBOrO CNMPTA WUronbyaTble KPUCTaN bl CEpO-3e/IeHOro
LuBeTa Umenu Temnepatypy pasnoxeHusa 139—142°C. Cnepyer 3aMeTWUTb, 4YTO YCMnex CUHTe3a
BCerfa 3aBucen OT YUCTOTbI ace. AUMEHUTUAPa3UHa.

[pyrue ncxofHole BelLecTBa, Takue, Kak XNopcynboHoBaa kKucnota (Fluka AG. Buchs
SG. pract), HAUTPOOEH30N (Fabrika Odczynnlkow Chemicznych, puriss) U NUKPUAXNopua
(Laboratory Reagent, the British drug Houses LTD, p.a.) WCNONb30Ba/IUCL 6e3 AOMOSHK-
TeNbHOW OYUCTKM.

2. CynbupoBaHue ace. AUGEHUNTMApa3UHa

20 r ace. AudeHunruapasmHa (1) npy 3HEPrMyHOM MepemMeLlvBaHUM HeBOMbLUMMK MOop-
umaMu fo6aBnanocL K pactsopy 6,5 M X10pCybOHOBOA KUCNOTbI (MOA1. COOTHOLEHWe 1 : 1)
B 200 M/1 Cyxoro HUTPOGeH30Ma. Peakuusa HayuHanacb cpasy Xe C BblfeNeHWeM My3blpbKOB
XNOPUCTOro BoZoposa 1 ¢ HebonblMM pasorpesoM (30—35°). MonydeHHasa 3eneHoBaTtas nun-
Kas Macca MeAneHHo Harpesanach 0 110—120° npu HenpepbiBHOM NepeMelumBaHu. o ucTe-
yeHun 10—15 MUHYT BCS mMacca Mpespalanack B YEpHbIA pacchinuatblii NPOAYKT, KOTOpbIM
nocne OXNaXAeHUA OTAeNANCA OT PeakLMOHHOW CMecy MPOCTbIM (IUAbTPOBAHMEM, MHOTOKPATHO
NpombIBa/ICA HEOONbLIVMK MOPLMAMU HUTPOGEH30Ma U 6eH30M1a, a 3aTeM BbICYLUMBANCA Haf
XNOPUCTBIM KaNbLYEM.

Ecnn monekynspHoe COOTHOLUEHWe AUGEHUArnapasMHa U XNopcynboHOBOW KMCNOTbl 6pa-
nocb B npefenax 1 : 1, To NPOAYKT (111) 00pa3oBbIBa/CA B HEGONMbLUNX KONNYECTBAX.

3. MonyueHue n-cynbdo-1,1-gudennn-2-uukpunrugpasuna (IV) (koHgercauns)

XOpOLWO BbICYLUEHHBIA 1 13MeNbYeHHbIN cynbgornapasuH (1) BHocuncs B cmeck 400 mMn
3TW/OBOTO CnupTa ¢ 70 M/ BOAbI M HEMTPanM30Baica 61Kap6oHATOM HATPUA, 3aTeM OUMLLANCS
OT NpuMeceli HeNpPOZOMKUTENbHLIM KUMAYEHNEM C aKTUBMPOBaHHbLIM Yriem, (QuibTPoOBasICA.
K elwe Tennomy pacTteopy fAobasnsnock 8 r GukapboHaTa HaTpua W 22 T MUKPUIXIopuaa,
npefBapuTeNbHO PaCTBOPEHHOrO Mpu HarpesaHuy B 100 mn aTaHona. PeakuMOHHasA CMeCb Bbl-
Jep>XXunsanacb npu temnepatype 60—70° B TeyeHMe NPUMEPHO 2-X YacoB A0 MOSIHOMO Mpekpa-
LEHNs BbleNeHUs NysblpbKOB ABYOKMCK yriepoaa. Npu 9Tom CMecb OKpalluBanach B KPacHoO-
BaTO-KOPUYHEBbIWA LBET. 04 MOHWMXEHHbIM AaBMNEHWEM U3 Hee OTFOHACS M3BbITOK PacTBOPM-
TeNs, OCTAaTOK XKe BblCaXMBaNCA HarpetbiM A0 60° 130-aMW0BbLIM cnupTom (oKoso 600 m).
Mocne OXNTKAEHMA U30aMWU/O0BbIN CMPT AeKaHTMPOBANCS, CMO1006pa3HbI OCTATOK Xe 3KCTpa-
rnposasncsa 4 pasa 6eH30/10M 1 BbICYLLMBA/ICA Haf X/IOPUCTLIM KasibLmeM. MoyyeHHbIR rnapasH
(IV) oumwancs oT npumeceid METOZOM PAacrpefe/MTe/IbHOW XpOMarTorpadun Ha KOMOHKax c
nocrefytoLweil nepekpucTannsal el n3 cnmpra.

4. Xpomatorpaguueckas ounctka (IV)

MpegBapuTenbHbIe ONbITbI XpoOMaTorpaduu Ha 6ymare nokasanu, Y4To Hambornee NoAXoAs-
UMM 4S8 XpoMaTorpaupoBaHns COCTaBOM ABSETCA CMeCb H-OyTaHOMa, YKCYCHOM KUCMOTbI U
BOfbl, B3ATbIX B 06BEMHOM OTHOLWeHUN 3:1:1. 3HaueHue KoapduumeHta Rf = 0,67 ans MoHo-
cynbporugpasumHa (1V).

[Ans pacnpenenurensHoi xpomatorpagui nosb30BaaMCh KOJIOHKOI pasmepom 4,5x50
CM, 3amMofIHeHHOW LeNnnno3HoM nyapoli Mapkum Schuchardt. Xpomatorpagupyemas cmech
HaHOCUNachb U3 METaHOMIOBOr0 PacTBoOpa Ha HebOo/bLIOE KONMYEeCTBO LieN/t0N03HON Nyapbl, Len-
Nt0N03a BbICYLIMBANACE M BHOCU/IACh B KOIOHKY. CKOpPOCTb Mofayn pacTBOPUTENS MOALEPXKU-
Banacb 1 mn/mMuH. CobpaHHble (pakLn BbICYLLMBANNUCH MO BaKYYMOM B TOHKOM Cfioe. XpoMa-
TorpapupoBaHm1e NoBTopsoCh ABa-Tpu pasa. OTéMpannck Te (pakuumn, KOTopble faBanu nosno-
XKNTE/IbHYIO PEaKLMI0 Ha CBOGOAHbIA pafyKan npyu OKUC/NEHNM NX MEPEKNCHI0 CBUHLA (MeTaHo-
NOBbI/A PacTBOP OKpaliMBancs B /MMOBbIA UBET). [NA 3neMeHTapHOro aHanusa Moy4eHHbINA
rugpasvH (IV) nepekpucTaninsosanca 13 aTaHona. Pe3ynbTaTbl aHann3sa ykasaHbl B Tabnvue 1
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5. MonyyeHne n-cynbto-1,1-gucenunn-2-nukpunrugpasuna (V1) (okmcneHue)

BbICyLUEHHbIA NOCe KOHAEHCAUMU MPOLYKT MOXET OblTb OKWCIeH 6e3 AOMNONHUTENbHO
ouncTkn. Hasecky 4 r pactBopsanu B 200 M1 MeTWU/I0BOro cnupta, K cmecu gobasnsnu 30 r
MepeKnCcKn CBMHLA U BCTPAXMBAIN B TEYEHWE IBYX YacOB [0 NMOMYyHYEHWs IMI0BOTO OKpallnBaHus
peakLuMOHHOW cMecn. PacTBop (wnbTpoBanca OT LuaMma M UChapsancsa B CTpye BO3fyxa OT
pacTBOpuUTENs [0 HaCTYMNNeHNs KpucTanimsauuv. Boinaswve Menkue Kpuctanisl OTQUIbTPOBbI-
Ba/IMCb W Ha (DMNbTPE NPOMbIBANMCH MOMEPEMEHHO BOAOV M CMPTOM A0 NOMYYEHWS MPOMbIB-
HbIX BOJ, YACTOro NMN0BOTO LeTa. KpucTansbl, HanoMVHaloLWMeE M0 BHELLIHEMY BUAY Caxy, BbICY-
WIMBaNNCh Hafd NATUOKMCHIO hocdopa. Bbixog mx coctaBnsn 0,7—1 r. CBOGOAHbLIA pagukan
MOXeT ObITb MEPEKPUCTANNN30BAH U3 3TAHOMA, HO MOXET ObITb UCNO/b30BaH 1 6€3 A0MNOMHUTE b-
HO ouncTku. 3 caenaHHol Ans NpPOBEPKU YWUCTOTbI MPOAYKTa GYMaXKHON XpoMaTorpaMmbl
BMAHO, YTO BECb MPOLYKT NepeMecTUCs B BuAe OAHON nonockl 6e3 paccnoeHns. CnekTpockonu-
YeCKme MCMbITaHWS XKEe MoKas3anu, YTO JaXe B MepeKpucTanM30BaHHOM CTabWIbHOM pagvikane
cofiepXaTca crefibl ICXO4HOro ruapasvHa (1v). PedynbTaTbl aHanv3a npueefeHbl B Tabnuue 1.
[JepuvBatorpauyeckme nccinefoBaHus No ONpefenieHNto KpMCTanIn3aLoHHo Boabl 6bian Npo-
BefieHbl Ha Kagegpe OO6LWEn 1 AHanuTuueckoih Xumun BypanelwsTckoro [oaMTexXHUYecKoro
WHcTtuTyTa L. Tanom n T. Meii3enem, 3a YTO aBTOpPbl MPUHOCAT UM CBOK 6/1aroapHoCTb.

OnbIT Nokasan, 4To HambOMbLUNIA BbIXOA CTaOMNLHOIO pagukana nonaydancs npu oKuc-
NeHUM HebOoMbLUMX MOPUMIA ruapasvHa (1V), He npesblWAOWMX 4—6 r. OKMCNeHWe MOXHO
NpPOBOAUTbL M M3 aLeTOHOBOrO pacTBOpa. TakK Kak MomyyeHHbI CBOBOAHbIV paavkan npeacras-
NSeT coboi rMrpocKONMYECcKUiA NPOAYKT, LienecoobpasHo XpaHWTb ero Hafg NATUOKWCHIO oc-
thopa. B 3TUX yCNOBMAX OH MOXET COXPaHATLCA 6e3 M3MEHeHUI rofamu.

I1. MonyyeHne n,n*-gucynbdo-1,1-audeHnn-2-nukpunrugpasmna (VII)

1. CynbupoBaHue gudeHnnrugpasnHa

JucynbtornapasuH (111) Noayyancs no ToMy Xe peLenTy, UTo u (1), HO C TeM OT/IMUMEM,
UTO OTHOLUEHVWE X/TOPCY/b(OHOBOI KUCNOThI K ANGEHUNTAPa3NHY Gpanoch B npegenax oT 2-X
40 4-x. Bbixog mpogykTta (111) NOMy4yancs 3aHUKEHHbIM MO CPaBHEHWIO C MoOflydYeHueMm (11) B
NpefblayLLem CUHTE3E 33 CUET YaCTUYHOTO OCMOJIEHWS! MPOAYKTOB U3BLITKOM X/10PCY/1bOHOBON
KMcnoThl. MapannensHo ¢ gucybho-npon3BoaHbIM (111) BCerga 06pasoBbIBaICS B HEOO/bLINX
KonnuecTBax u (11). VX pasgeneHve Lienecoo6pasHo NPOBOAWUTL MOC/e KOHAEHcaLuu.

2. Mony4yeHue n,n’-gucynbdo-1,1-gudeHnn-2-nukpanrugpasntHa (V) (KoHaeHcauna)

MonyyeHHbIV nocne CynbUPoBaHUA NPOAYKT (111) MOCAE CYLWKA 1 N3ME/IbUEHUS BHO-
cuncs B pacteop 400 mn aTaHona 1 70 MA BOAbl, HEUTPanu3oBanca NpUMepHo 22 r bukapboHata
HaTpua U oumwianca He6OMbLIMM KOMMYECTBOM aKTMBUPOBAHHOTrO Yras OT npumeceid. Mocne
(hMNbTPOBaHNA MOMyyanacb >XXWMAKOCTb /IMM0BO-PO30BOr0O LBeTa. K Hell mpu nepemeLunBaHum
fo6aensncs pactsop 24 r nukpunxnopuga s 100 M ataHona u 8 r bukapboHaTa HaTpus. B ganb-
HeliLeM XOf peakummn n 06paboTka NPOAYKTOB COBMaAaeT C NoslydeHnem (1V).

Kak yxe ynoMuHanocb Bbille, MpW CyNb(OUPOBaHUM OLHOBPEMEHHO C NPOAYKTOM (111)
06pasyeTcs B HEOO/MbLUMX KONMYECTBAX M MPOAYKT (I1), KOTOPbI/ MOXET ObITb SIEFKO OTAENeH OT
AMCYNb(HoNpPOM3BOLHOIO Mocne KoHAeHcauun. PasgeneHme npoussoanuTCs BblCaXAEHNEM ANCYTb-
(MOMUKPUATUAPa3MHa M3 MEeTaHO/I0BOro pacTBopa aueToOHOM, T. K. MOCNefHee HepacTBOPUMO B
aLleToHe, a MOHO-Cy/b(hornapasunH (1V) XopoLLo B HEM pacTBOPUM.

3. PasgeneHune (1V) u (V)

10 T CyXOro HEeo4WLLEHHOro Nnocne KOHAeHcauuy NpoAyKta npy HeGOMbLLIOM HarpeBaHuu
pactsopsanoch B 50 M1 METaHOMA M BbICAXAaN0Ch MPY 3HEPrMYHOM nepemeLumsBaHum B 500 mn
aletoHa. [Mpy 3atom AMCYNbhONUKPUATMAPa3NHOBaA (pakuua (V) BbiCaXusanacb B Buae
CBET/10-KOPUYHEBbLIX X/I0MbEB, a rmapasuH (1) ocTaBasca B aLeTOHOBOM pacTeope. [ns npenot-
BpalLEHNA OCMONEHWUs NPoAyKTa (V) K KOHLY (huibTpauum K 0cafKy A06asnsnoch HebosbLuoe
KO/MIMYECTBO H-ByTaHONa, BELIECTBO BbICYLUMBAIOCH HAf X/OPUCTLIM KasblMeM, a 3aTeM OYuLla-
NOCb METOAOM pacnpeAennTenbHOM XpoMaTorpadn Ha KOOHKax, KOTOPbI MOMHOCTbLIO COBMaja-
€T C MeTOAOM OYUCTKM npogykTa (1V). 3HadeHune Rf = 0,20 ana npofykra (V) 66110 onpeseneHo
B MpefBapuTeNbHbIX OMbITax Ha 6YMaXKHOV XpomaTorpamme.
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OucynbdhogndeHnnnukpunrugpasnt (V) MoXeT BblTb NEpeKpUCTanIN30BaH nocne xpo-
maTtorpajupoBaHMs 13 3TUMOBOTO cnupTa. PesynbTaTbl 31€MEHTapHOr0 aHanvsa NpuBefeHbl B
Tabnuue 1.

4. MonyyeHue n,n-gucynbdo-1,1-gudeHnn-2-nukpunrugpasmna (VII) (okucneHune)

4 I OYMLLEHHOro rugpasvHa (V) pactsopsnocb B 80 mi metaHona v okucnanocb 30-10
rpaMMamMu Nepekucu CBMHLA B TEYEHME 2-X YacoB MPW 3HEPrMYHOM rMepemelunBaHun. Cmech

OT(U/ILTPOBbLIBaNACh Yepe3 0OblUHbIA GyMaxKHbIA DuabTp, unbTpaT obpabaTbiBanca ABYMS
nyTaMu:

1) BbICTPLIM WCMApeHVeM MeTaHONa B CTPYe BO3AyXa WM a3oTa,
2) YaCTUYHON OTFOHKOW 60/blUe YacTW PacTBOPUTENS W BbiCaXAEHWEM CTabubHOMO
pagukana Cyxvum 6eH30/10M.

CnegyeT 3aMeTUTb, YTO MOHO-Cynbto-APMK okasancs 6onee ycTOMUMBLIM B BOAHbLIX

pacTBopax, Yem AUCYNbOMNPOM3BOAHOE. DNEeMeHTapHbIN aHanu3 coeguHeHus (VII) ykasaH B
Tabnuue 1.

[ns NOATBEPXAEHWUS! CTPOEHWS MOSyYeHHbIX COEAUHEHUIA GbINM MPOBEAEHbI CMEKTPO-
CKOMMWYECKNE WCCNe0BaHUS.

I11. CnekTpocKonnyeckue wnccriefoBaHnA

MN3MmeHeHNA B MH(ppaKpacHbIX cneKTpax, KOTOPble BO3HMKAWT NPU MNepexo-
fax ot (|V) K (V|) not (V)K (V||),T. €. NPV OKUC/IEHUWN CYNb(HUPOBAHHBLIX MUKPUN-
rmagpasmHos B CB06OAHbIe pagnKanbl fyylle BCero Moryt 6biTb OnNpeAefieHbl Npu
cCpaBHeHUMM uX c 6osee NPOCTbIMMU, HO XOPOW O M3YYEHHLIMWU MOAENAMU TakKuUMMK,
Kak napa 1l,1-aueHun-2-nukpunrugpasmid — 1, l-andeHnn-2-nukKpunruagpasun
aenr).

Y 1,1-gudpeHUn-2-nUKpUNrugpasnHa, Kak aTo BMAHO M3 cnekTpa 1, nonoca

LiF NaCl KBr
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Tabnunuya 1

PeEyﬂbTaTbl dNeMeHT apHOro aHanusa

PesynbTaTbl aHanusa

CoegnHeHune

Bug npopykTta

CoeanHeHne Bug npopykTa paccunmTaHHble
C H N 1 S

i.  n-cynbgo-1,1-antheHnn-2 -NKpun- KOPUYH.

rMapasuH (1V) MefKune

CI8H]2N3 9SNa « CH50H KpUCT. 4410 3,32 12,9 5,90
2. n-cynbo-1,1-AMdeHnn-2 -nKpun- YepHble

rnapasmn (Vi) MesnKue

CiaHuN&0,SNa «2H2D KpwCT. 40,61 284 1315 6,02
3. n,n’-gucynbgo-1, 1-audeHnn-2- YKENTOKOPUYH.

NUKPUATUAPasuH (V) KpuCT.

Ci8HuN=0, 252N a2+ CHgOH 36,21 2,22 1107 1001
4. n,n’-gHcynbgo-1, 1-audeHnn-2- YepHble

nuKpuarugpasmn (Vi) menKuve

CigH1ON50ISZ2Na2¢ CH 50H KpUCT. 38,12 3,22 1001 9,28

PeSyﬂbTaTbl aHanusa

NoNy4YeHHble

C H N S

n-cynbo-1, 1-AntheHnn-2 -nuKpuI- KOPWYH.

rmapasvH (1v) MefiKune

C,8H12N5SNa «C2H50H KpUCT. 43,82 346 1319 6,34
n-Cynbo-1,1-ANdeHnn-2 - YepHble

nukpunrugpasun (V1) menkue

Ci18HNN50SNa «2HD KpUCT. 40,31 3,07 13,05 6,20
n,n’-aucynbgo-1, 1-4udeHnn-2 -

MUKPUNTMAPASUH (V) XKENTOKOPMYH.

CisHuN=0 1252Na2 « CH30H KpUCT. 36,48 221 11,38 10,28
n,n’-Aavcynbgo-1,1 -AnheHnn-2- YepHble

nukpunrupasun (V11) MefKune

C18H10N501252N a2 .C2H50H KpuCT. 38,30 2,98 10,22 9,76

BaNeHTHbIX Kone6aHuii rpynnbel NH umeeT yacToTy 3290 cm Y BaneHTHble KoNe-
6aHMs apoMaTMUecKOro cKefneTta MOryt 6blTb MPpUNMUCaHbl Nonocam C 4yacToTamu
1625, 1600, 1495 n 1440 cm-1 (X0TA CNeKTP CHAT B napaMHOBOM Macne, O4YeHb
TOHKWUWA cnoihi — 0,02 MM — BCe Xe JaeT BO3MOXHOCTb OonNncaTb TakXe M o6nacTb,

nexau yto B paiioHe 1460 cm-1).
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B cnekTpe 2 1,1-aneHunn-2-nukKpunrmngpasnmna HegoctaeT NONOCbl BaNeHT-
HblX Kone6aHuit rpynnbel NH, n kapTuHa 06n1acTu nNornouweHUss apomMaTu4yeckoro
CKefneTta NO CpaBHEHWI C COOTBeTCTBYyW W MM cnektpom 1 ansa 1,1-audeHnn-2-
NUKPUANTUApasnHa TakKXe M3MeHunacb. Tak, Hanpumep, nonoca ¢ yactoToi 1625
cM-1 Ha cnekTpe 1 nepemecTunacb K 1580 cm-1 M3-3a M3MEHEHUS ycnoBui conps-

XeHNA.

LiF NaCl KBr

Puc. 2. NK-cnektp 1,1-angeHnn-2-nukpunrugpasuna (4enr)

Ha cnekTpe 3, npuHMuMasa BO BHMUMaHMe CnekKTp 1, nonoca BajeHTHbIX Kone-
6aHuii rpynnbl NH wumeeT yactoTy 3285 cm-1. W vpokass nonoca nNornoweHns c
MUHUMYMOM 3440 cm-1, xapakTepHasa ana kone6baHuit rpynn OH, a TakXe Kone-
6aHns B o6nactm mMmex gy 3000— 2800 cm-1 (nonocbl anudparmyeckmx yactotr CH)
yKa3blBalOT Ha NPUCYTCTBUE B BelecTBe HEKOTOPOro Konmyectsa cnumpTra, ocTas-
Wwerocs nocne nepekpmucrannmsayuumn. B cnekTpe MOXHO HallTW MOMOCHl BaneHTHbI X
Kone6aHMli apoMaTMUyecKoOro ckeneta ¢ yactoramu 1620, 1600, 1570, 1495 n 1440
cm~x. Monoca racc. SO;T, xapakTepHaa pgna rpynnbl NaO3S~, u3-za 60nbworo
MONeKYNSAPHOIro Beca nposasnsercsa cnabee, yem 06bIYHO, U MMeeT yacToTy 1228
cM-1 (Lenecoobpa3HO MHTEHCUBHOCTb NONOCHI racc. SO-7 OTHECTU K MHTEHCUBHOCTMH
nonocbl VOHM N 02, umeto s e yactoTy 1340 cmM“ 1, T. K. TaKMM 06pa3oM MOXHO Nlerye
3aMeTUTb BO3pacTaHue KonmyectBa cynbdo-rpynn B napax (1V) un (V), (V1) n (VII).

B cnekTpe 4 BewectBa (VI) npakTmyecknm oTcyTcTBYeT nonoca rpynnbl NH.
He6onbwoin mn3rn6 Ha KpuBoih ¢ yactoToil 3290 cmM-1 yKkasbiBaeT Ha TO, UTO NPoO-
Lecc oKUcneHus npounsow en He Ha Bce 100% . OTo nogTBepX AaeTca U TeM PaKTOM,
4TOo Nonoca ¢ 4yacToTo 1620 cm-1 cnekTpa 3, xapakTepHasa AN BaNeHTHbIX Kone-

6aHWn apoMaTMUYECKOro CKefeTa, XOTHA M C OYeHb HE6O0NbLW O MHTEHCUBHOCTbLIO,
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LiF NaCl KBr
— K r- —r
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S
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_— e ———— e " — —— e —LJ—11 1 —_—
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 ~T600 1400 1200 1000 800 700 ~600 500
rm'1
Puc. 3. VIK-cnektp n-cynbo-1,1-AndeHnn-2-nukpunrugpasuta (1V)
HO MoOABNAETCA M 3[eCb. BANAHNE M3MEHEHUSN YCNOBUIW CONPSAIXEHUS Npu nepexope
K cBO6OAHOMY pajgnkany noABnAaeTca U B JaHHOM cCny4yae: nosoca (|V) C yacToTOi
1620 cm-1 nepemeljaeTcs B CNeKTpe COEAUHEHUS (Vl) K 1580 cM-1.TO4YHO Takxe
M3MeHeHNEM YCNOBUI CONPAXEHUSS 06BACHUMO TO 06CTOATENbCTBO, YTO B CNeKTpe
(V1) nHTeHcuBHee noABnsAetrcA nonoca vacc. S03 npubnusntenbHo y 1215 cm-1,
yem B cnekTpe 3. CneAgyeT 3aMeTUThb, YTO NONOCA Ha CNnekKTpe 4 ¢c MUHUMYyMoM 3450
cM-1 o6si3aHa CBOMM MNOSIBIEHWEM KpuctannumsauuoHHol Boge (r OH).
LiF NaCl KBr
~
o
7
2
IS
w
c
©
S
'_

Puc. 4. VIK-cnekTp n-cynbgo-1,1-andeHun-2-nukpunrugpasuna (VI)
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Ha cnekTpe 5 coefguHeHunsa (V) nonoca BafeHTHbIX KonebaHuii rpynnel NH
MMeeT 4acToTy 3295 cm-1, a NoNoCbl BaNeHTHbIX Kone6aHUN apoMaTMUYecKOro cKe-
netra — 1623, 1600, npu6n. 1560 (3Ta nonoca NosBNAeTcs B BuAe Heb6ONbLW Oro
m3rnéa n cnuBaetcs c nonocoi reum N 02c yacTtoTol 1545 cm-1), 1500 n 1440 cm-1.
Monoca ¢c MUHUMYMOM 3440 cM-1 OTHOCMTCHA K BaNleHTHbIM KonebaHuam rpynn OH,
M nonocbl nornow,eHnsa B o6nactm 3000— 2800 cm-1, xapaKTepHble Ana anndpatu-
yeckux CH-rpynn, o6a3aHbl CBOUM MPOUCXOXKJEeHUEM CNMPTY, N3 KOTOPOFro Npomn3-
BoAMNacb nepekpuctannusaumsa. llonoca nNornoweHnsa, xapakTepHas ANnA Tacc
S03, ¢ yactoTtoih 1200 cm-1, B 3TOM cnekTpe 60/1ee MHTEHCMBHA, YeM B CNeKTpe

Bewectsa (1V).

Puc. 5. IK-cnektp n,n’-gucynbo-1,1-anpeHnn-2-nukpunrugpasma (V)

B cnekTpe 6 He6onbw oW M3rnb6 y yvactorbl y 3290 cm-1 ykasblBaeT Ha Npu-
cytctBue cnepos rpynnel NH. MM3meHeHune o06n1acTu Nonoc apomMaTUUY4ecKoOro ckenera
nNo CpaBHEHWI C NpPeAbIAYW UMW ABYMS CcnekKTpaMu, 3jeCb He HaACTONbKO 3Hauu-
TeNnbHOe. bBonblwee KONMYECTBO OCTaBLlW erocs rmapasnmHa No CPpaBHEHMUIO CO CMNeKT-
pomM 4 COOTBETCTBEHHO MNPOSABNAETCA B HEKOTOPOM YBE/MYEHUWN WHTEHCUBHOCTHU
nonocbl ¢ yactoToil 1623 cm-1. HoBasA nonoca, kKotTopass NOosIBNSIETCSHA NPU Nepexoje
oTrmgpasunHa K cBo60gHOMY pagukany, 3jecb nepemeuw,aerca ot 1623 cm-1 ncnmusa-
eTcsi C MONOCON apomaTum4yeckoro ckeneta y 1600 cm \ Bbi3biBas ee ylW MpeHUe.
LWl npokasa nonoca ¢ MUHMUMYMOM y 3450 cm-1 — cnefcTBue NPUCYTCTBUA B MOJTEKY -

ne KpMCTaI’IﬂI/I3aLI|MOHH0l71 BOAbl AN cnupTa.
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CneKTpbl CHUMANUCb Ha UHPpPa-KpacHoOM cnekTpomeTpe Lleiica Tmna UR-10
C Mcnonb3oBaHuem nporpammbl wenu 4. B cnyvae 1,1-AudeHnn-2-nukpunrunjpasm-
Ha X COOTBeTCTBYH LW Ero emMy CcBOGOAHOroO pajgMmkKana MWUCNoONb30oBaNacb TeXHUKa
NUJOL (cnekTpbl 1 m 2), ocTaNbHble 4YeTblpe cnekTpa CHuUManucb no KBr Tex-

HUKe.

_ I 1 wnn L e I A R A I
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 700 600

puc. 6. IK-cnektp n,n’-gucynbto-1,1-audeHnn-2-nukpunrugpasmna (VII)

Na03S

Na03 S

B 3ak/oueHne cumtaem CBOMM NPUATHLIM [OATOM BbIpa3nTb 61arofiapHOCTb KaHL. XUM.
Hayk LU. Xonnu 3a cHATME M oueHKY WK cnekTpos.

Summary

The synthesis of mono- and disulfonated derivatives of I,I-diphenyl-2-picry!hydrazyl
(DPPH) is described. The synthesis was carried out step by step: by sulfonation of the asym-
metric diphenylhydrazine with chlorosulfonic acid, by condensation of sulfonated derivative
formed with picrylchloride and by subsequent oxidation of the condensation product with lead
peroxide. Variation of the mole ratio of the asymmetric diphenylhydrazine and chlorosulfonic
acid leads to the formation of either the mono- or the disulfonated hydrazine derivative. The IR
spectra and their characteristics are described.
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INFRARED ABSORPTION BANDS ASSOCIATED WITH
THE SULTAM RING
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The infrared spectra of various aromatic and aliphatic six-membered cyclic sul-
tams have been studied. The characteristic frequencies and shifts are discussed.

Sultams are cyclic sulfonamides, analogous to the y-, 0- and e-lactams,
and may contain five- or six-membered rings. They are well crystallized sub-
stances; their solubilities in alkalies are due to the formation of metal salts.
The “imino group” has an acid nature due to the influence of the negative
SO, group [1].

Few observations have been reported on the infrared spectra benzene-
and toluene-sulfonamides [2, 3].

Adams and Tjepkema [4] found a strong band at 1180—1160 cm -1 as
the characteristic frequency for several N,N-disubstituted sulfonamides.

Baxter et al. [5] studied the infrared spectra of 25 sulfonamides and
found that all sulfonamides had two strong bands at frequencies near 1160
and 1350 cm -1 which are due to the symmetric vs and antisymmetric vas vi-
brations of the two S—O bonds.

In the present work the spectra of 17 compounds listed in Table | were
measured between 4000 and 650 cm 1in KBr pellets and in acetonitrile. The
principal results are summarized in Table Il (acetonitrile) and Table III
(KBr).

Experimental

The IR spectra were obtained with a Perkin-Elmer model 221 spectrophotometer con-
taining a prism grating interchange unit. The spectra were measured in both the solid form
using KBr and in solution using acetonitrile, which dissolved most compounds under investi-
gation and was suitable for the region studied.

Results and discussion

When the sulfonamide group cyclizes forming the sultam ring, its two
characteristic bands at 1180—1160 cm -1 and 1360—1330 cm -1, respectively,
are shifted to lower frequencies. These shifts appear clearly when the spectra
are run in KBr. The frequency due to the symmetric vibration vs is always
near 1130 cm-1 (#10 cm-1), while the other frequency which is assigned to
the antisymmetric vibrations vas is variable and depends on the nature of the
neighbouring carbon atom, whether aliphatic or aromatic, as will be shown
later.
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Table 1

No. Compound Ref.
| Bis-1,2-(4-chloro-n-butane-I-sulfonamide)-ethane (I, n = 2) [6]
i Bis-1,3-(chloro-n-butane-I-sulfonamide)-propane (I, n = 3) [6]
hi Bis-],6-(4-chloro-7i-butane-l-sulfonamide)-hexane (I, n = 6) [6]
v Bis-1,2-((N)-1,4-n-butanesultamyl)-ethane (Il, n = 2) (6]
\% Bis-1,3-((N)-L4-7i-butanesultamyl)-propane (I, n — 3) [6]
Vi Bis-1,6-((N)-I,4-ra-butanesultamyl)-hexane (Il, n = 6) [6]

Vil jo-(N-(4-Chloro-n-butane-l-sulfonyl)-amino)-N-methyl-N-acetylbenzylamine
(1) [7]

VI p-(1,4-n-Butanesultamyl-(N))-N'methyl-N'-acetylbenzylamine (1V,

R= CO-CH3J3 [71
1X p-(l,4-n-Butanesultamyl-(N))-N'methylbenzyJamine (IV, R = H) [71
X Bis-(N-sultamyl-(1,4)-benzyl)-methylamine (V) [71
X1 N-(4-Acetaminophenyl)-butanesultam-(1,4) (VT, R = CO- CHJ [8]
X1 N-((4-Aminophenyl)-butanesultam-(1,4) (VI, R = H) [8]
X111 Butanesultam-(1,4) (VII) [9]
e\ N-Benzylbutanesultam-(1,4) (VIII) [10]
XV N-(p-Tolyl)-butanesultam-(l,4) (IX, R = CH3) [10]
XV1 N-(p-Nitrophenyl)-butanesultam-(1,4) (IX, R = NO,) [10]
XVII N,N-p-Phenylamine-bis-butanesu]tam-(1,4), (X) [10]

The results obtained here are in agreement with those published by
Baxter et al. [5], if we consider the data given by Dirschler et al. [9] for
the six-membered unsubstituted sultam ring XIlI as the ideal case. When the
spectra are run in KBr, in addition to the band at the high frequency of ca.
1300 ¢m -1, we find another band, with nearly the same or somewhat smaller
intensity, between 1291 and 1270 cm -1 in all sultams (Table Ill). We suggest
that this band is due to the sultam ring.

This assignment should be, however, substantiated, because the two
CH2-deformation frequencies occur at 1433 cm ~x and 1440 cm -1; other shifts
also occur when the grouping is attached to other atoms such as nitrogen or
sulfur [11].

The following considerations and facts enable us to reach our conclusion
safely:

(1) The above restriction is not well defined and depends to some extent
on the nature of the other attachments to these atoms [11].

(2) These bands are rather far from our hand region, i.e. 1291—1270
cm “L

(3) According to the observations of Brown et al. [12], the wagging
vibration ys CH2 appears as weak bands near 1240 cm -1 and 1300 cm -1.
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VI
IX

Xl
X1l
X1l
XV
XV
XVI
XVII

»
o n

X1
X1l
XV
XVI
XVII
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Table 11

INFRARED ABSORPTION BANDS

Spectra obtained in acetonitrile

S—0 stretching vibration

bymm.

1128 (s)
1129 (s)
1128 (s)
1128 (s)
1125 (s)
1128 (s)
1138 (s)
1128 (s)
1130 (s)
1125 (s)
1129 (s)
1129 (s)
1120 (s)
1130 (s)
1130 (s)
1140 (s)
1130 (s)

moderate intensity
strong

Asymm.

1295
1298
1295
1305
1294
1305
1325

()
(s)
()
()
(s)
(w)
(m)

1305 (s)
1308 (s)
1312 (s)
1315 (s)
1320 (s)
1300 (s)
1308 (s)
1320 (s)
1340 (s)
1320 (s)

Table 1M

S—N stretching
vibration

870 (w)
910 (m)
910 (m)
890 (m)
890 (w)
875 (s)
897 (W)
890 (s)
880 (s)
872 (s)
878 (s)
910 (s)
900 (w)
905 (s)
875 (s)
872 (s)
870 (s)

Spectra obtained in KBr pellets

S—C stretching vibration

VS

1128 (s)
1130
1125
1130 (s)
1130 (s)
1120 (s)
1130 (s)
1140 (s)
1131 (s)

1292
1298
1312
1305
1310
1300
1320
1340
1320

S—N stretching
vibration

Suggested
peak for
sultam

1285 (s)
1280 (w)
1280 (s)

1288
1288
1282
1280
1280
1278
1290
1290
1285
1180

()
(s)
)
)
(m)
()
(m)
(s)
(W)
)

Suggested
peak for

sultam

1285
1282 (s)
1280 (s)
1280 (m)
1275 (s)
1290 (s)
1285 (w)
1282 (m)
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(4) Marisson [13] reported that cyclohexane derivatives have bands in
the ranges 1005—952 c¢m -1 and 1005—1000 cm _1.

(5) Comparing the spectra of sulfonamides and the corresponding cy-
clized sulfonamides (sultams) in acetonitrile, we have observed the presence
of only two bands in sulfonamides, in the region between 1328 and 1300 cm -1.
In the case of sultams, in addition to these bands, 1 to 3 hands more appear
in this region (1350— 1100 cm "1) (Figs 1 and 2); in all sultam samples a regu-

lar band with medium intensity always appears between 1291 and 1270 cm -1.
The other two weak bands occupy the regions 1226—1291 cm-1 and 1191—
1185 cm-1.

(6) Comparing aromatic and aliphatic sultams, e.g., compounds XII
and IV (Fig. 3), we find that both of them exhibit the same bands in solution
(acetonitrile); this proves that the benzene ring plays no part in these spectra.
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7) Comparing the sulfonamide VII and the acetylsultam VIII with the
free aminosultam I1X (Fig. 4), we find the same hands in the spectra of the
sultam and acetylsultam, in addition to the two characteristic bands of sul-
fonamide. This proves that these bands are not due to the acetyl group.

3 1 boreereeneeee T e R

1300 1200 1100
cm'l
Fig. 4
(8) Comparing the bis-sultam like compound X with the monosultam

XV, we observe the same bands (Fig. 5); this adds further evidence to our ob-
servation that the band at 1291—1270 cm -1 is unique and characteristic of
the sultam ring. The band of higher frequency (ca. 1300 cm -1) shows a slight
increase on aromatic substitution (Fig. 6) rather than when aliphatic groups
are introduced (Fig. 7), as far as can be judged from the compounds studied
(Table 111) and from the results of Baxter et al. [5].

Regarding the S—N bond, Angus et al. [3] reported that the character-
istic band lies between 1100—1070 cm-1 as shown by his Raman spectral
study of five compounds containing S—N linkage. We believe that this hand
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is not characteristic for the S—N bond because (a) monosubstituted benzene
rings absorb weakly in this region [14], (b) the observations of Hoffman et al.
[15] are in contradiction with this data, finally, (c) this band does not appear

regularly in our samples.

T e L. r T F r - r
q . Infrared spectra in K Br of:
X(=)and X (..9in Xl XooeoeoMIL ... X
acetonitrile
1 1 | 1 [ LJ 1 1 | [
1300 1200 11 1500 1400 1300 1200 1100
cm'l cm'
Fig. 5 Fig. 6

Maschka et al. [16] found vS—N lines in the region between 900 and 800
cm -1.

Katritzky et al. [17] assign the rS—N stretching vibration in several
sulfonamide derivatives to a band with medium intensity in the region 912—
866 cm -1.

Hadzi [18] reported that in N-methyl-p-tolylsulfonamides the pS—N
stretching frequency band appears at 839 cm-1.

The results of the present study agree with those reported by Katritzky
et al. [17] as the vS—N band is found between 910 and 870 cm -1.

It can be concluded that the band between 1291—1270 cm -1 is probably
the characteristic band of the six-membered sultame ring, and the pS—N
band lies between 910 and 870 cm-1.

*
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cmé
Fig. 7
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ALKALINE CLEAVAGE OF SOME
(l1-PHENYLSULFONYL-2-PYRAZOLIN-5-YLMETHYL)

KETONES
(SHORT COMMUNICATION)

M. Lempert-Sréter and K. Lempert

(Department of Organic Chemistry, L. E6tvés University, and Department of Organic Chemistry,
Technical University, Budapest)

Received July 27, 1971

In connection with the synthesis of heteroaromatic ammonioamidates
of type 2, starting with pyrylium salts of type 1 and substituted hydrazines,
there arose recently some interest in the chemistry of (2-pyrazolin-5-yl-
methyl) ketones (3, X = HN, RN, PhSO2N), the alternative products of the
above reactions, as well as of the related 2-isoxazolines (e.g., 4) [1—4].

n © 3a: R'= R"= Ph; X = PhSON
22 X = N—N—R b: R'= Ph; R"= H; X = PhSON
: R'= Me; R"= Ph; X = PhSO2N

4: R'= R"= Ph; X = O

R
Jv. R
»\O T
N Ph
5a: R = H; R"= Ph
b: R = H; R"= BzCH2
¢c:. R= H; R"= COOH
d: R = Ph; R" ==BzCH2
e: R= Ph; R"==H
f: R = BzCH2 R" = Ph

Having recently studied the cleavage of the (I-phenylsulfonyl-2-pyrazo-
lin-5-yImethyl) ketones 3a—c under acidic conditions [4], we have now in-
vestigated the products of their alkaline cleavage, emphasis being laid prima-
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Compound
A= 5b
D = 5f
3,5-Diphenyl-

pyrazole (5a) [10]

3(5),4-Diphenyl-
pyrazole (5e) [12]

5d

n
1

Te

7a [15]

7b [14]

7c

Melting

M.p.
(Recryst.)

153—4 °C
(EtOH)

177-8 °C
(MeOH)

188-9 °C
(EtOH)

141-3 °C
(EtOH)

140-2 °C
(MeOH)

203-4 °C
lit.[16] 200 °C

Formula

CITHIAND

c2h 18n 20

c23n 18n D

c23n 16n 20

c23n 18n 20

Table |

IR (KBr)

NMR

vNH 3330, vC= 0 1665cm-1 DMSO-d,: NH 12.75 & (b),

vNH 3400-2800, local
maximum at 3190, rC=0
1688 cm-1

vNH 3250 (b), rC =0 1695
cm-1

vC=0 1665 cm"1; no NH
band

vOH 3400—3100 cm-1; no
C= 0 band

*The UV spectra have been published in full in Ref. [17].

Ph 500-420 Hz (10 H),
4—H 6.585,>C-CH ,-CO
4.43 5 (5)

CDC13: NH 8.6 5 (b), Ph
490-430 Hz. (m, 15 H),
>C-CH2CO 435 (s)

DMSO—dB Ph 490-415
Hz (15 H), ~C-CH 2-CO
4375 (s)

CDC13: ArH 500-425 Hz;
no other signals

CDC13: ArH 500-405 Hz
(m, 16 H), ArAr’CHOH
6.055 (s), OH -> 515 (b)

points, elemental compositions and spectra of some pyrazoles and pyridazines

—>200
->314

202
—310

205
->310

204
254

201
320

->200
->330

->200
—>326

->200
->320

202
330

->200

UY (EtOH)*

(~4.7), 249 (4.47),
(2.46)  sh.

(4.76), 243 (4.56),
(2.15) sh.

(4.56), 254 (4.50),
(1.9) sh.

(4.57), 228 (4.28),
(4.06)

(4.78), 242 (4.41),
(2.62) sh.

(->4.75), 263 (4.53),
(—3.0) sh.

(—A4.7), 255 (4.43),
(->2.75) sh.

(~4.75), 259 (4.48),
(—2.9) sh.

(4.70), 266 (4.40),
(2.7) sh.

(->4.65), 271 (4.43)
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rily on the structure elucidation of the cleavage products of 3a. While only a
single compound (A and B, respectively) could be isolated upon alkaline cleav-
age of both 3b and 3c, at least four products (C—F), separable by chromatog-
raphy, were formed upon similar treatment of 3a.* **

A, which was obtained in 53% vyield, could be identified with 2-[5(3)-
-phenyl-3(5)-pyrazolyl]-acetophenone (5b) (1) by its elemental composition and
spectra, (2) by oxidation (KMnO04 in aqueous t-butanol) to the known [5]
5(3)-phenyl-3(5)-pyrazolecarboxylic acid (5c), and (3) by synthesis from 1,5-
-diphenyl-1,3,5-pentanetrione [6] and hydrazine hydrate. Formation of 5b
may possibly be explained by assuming base-induced concerted or stepwise
elimination of benzenesulfinic acid from 3b to yield the 3/1-pyrazole 6b which
subsequently isomerizes into 5b, the course of the elimination step being de-
termined by the better leaving group properties of the benzenesulfinate as
compared with the acetophenone enolate anion.***

3a: R" = Ph 6a: R" = Ph a: R = H; R'= Ph

3b: R"= H 6b: R" = H b: R = Ph; R'= PhCH2
c: R= Ph; R'= Bz
d: R = Bz; R'= Ph
e:. R = PhCHOH; R'= Ph

B — m.p. 72—3 °C (ligroin), C18H 15N, 40—50% vyield — was found to be
identical (mixed m.p., IR spectra) with an authentic sample of 2-methyl-4,6-
-diphenylpyridine [8], and C — m.p. 138—140 °C (MeOH), C23H 1IN, 32% vyield
— could similarly be identified with 2,4,6-triphenylpyridine [9].

The close resemblance of the UY spectra of D (obtained in 11% yield),
of A and of 3,5-diphenylpyrazole (5a) [10], as well as other properties of D
suggested the structure of a 2-(diphenylpyrazolyl)-acetophenone for D, a
possible mode of its formation involving the intermediacy of 6a which could
yield D by a subsequent van Alphen type rearrangement [11]. Since, so far,
only aryl groups were found to migrate in the course of van Alphen rearrange-

* For the elemental compositions and the physical properties of compounds A—F as
well as of some reference substances, see Table I.

** All new compounds described in the present communication gave correct micro-
analyses.

*** Similar reactions, yielding 5-arenesulfonamido-I-phenylpyrazolines and alkali arene-
sulfinates, were observed by H. Dorn et al. [7] when treating 3-arenesulfonamido-I-aryl-
sulfonyl-2-phenyl-3-pyrazolines with alkalies.
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ments (suffering thereby intramolecular electrophilic substitution (c/, [lie]),
D was originally thought to be identical with 2-[4,5(3)-diphenyl-3(5)-pyra-
zolyl]-acetophenone (5d). The dissimilarity of the UY spectra of D and of
3(5),4-diphenylpyrazole (5e) [12] casted, however, doubts on the correctness
of the above structure assignment, and an authentic sample of 5d, prepared
from 1,2,5-triphenyl-1,3,5-pentanetrione [13] with hydrazine hydrate, proved
to be different from D. Thus, D had and, indeed, was shown to be identica
with 2-(3,5-diphenyl-4-pyrazolyl)-acetophenone (5f), an authentic sample of
which was prepared by reacting 2-benzoyl-l,4-diphenyl-l,4-butanedione [14]
with hydrazine hydrate. If, then, D = 5f is in fact formed through 6a, the
rearrangement step constitutes the first example of a novel type of the van
Alphen rearrangement in which a non-aromatic group migrates in preference
to an aryl group. Since van Alphen rearrangements of 3if-pyrazoles unsub-
stituted in position 4 (the so-called A type rearrangements [11c]) were hitherto
induced thermally or by acid catalysis while in our case the medium was alkal-
ine, the reversal of the usual order of the migratory aptitudes may easily he
understood: the acidic methylene group of 6a is apparently ionized, and, as a
consequence, its ability of being attacked electrophilically becomes enhanced
to such an extent that attack of the neighbouring carbon atom (C—4) occurs
at this site rather than at the phenyl group

The close resemblance of the UY spectra of E and F, which were formed
in 5 and 24% vyield, respectively, suggested closely related structures for these
two compounds; this was confirmed by LiAlH4reduction (anhydrous THF) of
E to F, as well as by KM n04oxidation (aqueous t-butanol) of F to E. Moreover,
the similarity of the UV spectra of E and F. on the one hand, and of 3,5-di-
phenylpyridazine (7a) [15] and 4-benzyl-3,6-diphenylpyridazine [14] (7b), on
the other, as well as the IR and NMR spectra of E and F suggested the struc-
ture of a diphenylpyridazinyl phenyl ketone, viz. either 7c or 7d (their carbon
skeletons being identical with those of D = 5f and 3a, respectively) for E, and
that of the corresponding alcohol for F. Since 7c, obtained by chromic acid
oxidation of 7b* was clearly different from E, the correct structures of E and
therefore of F are 7d and 7e, respectively.**
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ALKALOIDS FROM VINCA MAJOR L.
(APOCYNACEAE)

(*¥)-VINCADIFFORMINE
(PRELIMINARY COMMUNICATION)

B. ZSADON, Gy. ARVAY and P. TETENYI*

(Department of Chemical Technology, L. E6tvds University, Budapest and *Research Institute
for Medicinal Plants, Budapest)

Received September 3, 1971

In the course of studies concerning the Aspidosperma alkaloids, recently
we isolated racemic vincadifformine (1) [1, 2] from the alkaloid mixture ob-
tained by extraction of Vinca major sprouts. So far 24 alkaloids have been
isolated from or detected in this plant [3]. All these are indole alkaloids, but
do not include either vincadifformine or other compounds belonging to the
group of Aspidosperma alkaloids.

Racemic vincadifformine has been isolated hitherto from Vinca difformis
[1], Rhazya stricta [4], Vinca minor [5] and Vallesia dichotoma [6]. From the
first two plants (-(-)-vincadifformine [4], while from the third one (—)-vinca-
difformine [7], too, could be isolated.

Extraction with methanol of air-dry sprouts (2 kg) of Vinca major gave
18 g of a crude alkaloid mixture. It was fractionated by partitioning between
dilute aqueous citric acid and benzene, and the benzene phase containing the
weak bases (1.8 g) was chromatographed on a column of aluminium oxide with
al:1 (vol) mixture of benzene and heptane. The eluate contained one alka-
loid only and, according to thin-layer chromatography, it was identical with
vincadifformine.

Evaporation of this eluate gave 130 mg of colourless substance, which
on crystallization from ethanol yielded 45 mg crystalline, optically inactive
product, identical in all respects with (*-vincadifformine (I). M. p. 124°,
UV spectrum Amax 226, 300 and 328 nm. No m. p. depression was observed
with an authentic sample.

0 Q) OH)
In order to obtain further evidence concerning the identity of the crys-
talline product, it was saponified and decarboxylated in a known manner
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[2, 8, 9], and the resulting (:F)-1,2-dehydroaspidospermidine (Il) was reduced
wdth sodium borohydride in hot ethanol to give (3=)-quebrachamine (1I1).

The experiments were carried out with botanically identified Vinca major
plants of New Zealand origin grown in the Research Institute for Medicinal
Plants, Budapest, and collected in September 1970.
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Topics in Current Chemistry; Volume 18

R. C. Bingham and P. v. R. Schleyer: Chemistry of Adamantanes, 102 pages

Springer-Verlag, Berlin—Heidelberg—New York, 1971

The new' volume of this journal deals with a well defined topic of organic chemistry,
namely the chemistry of adamantane and related polycyclic hydrocarbons. This special field of
chemistry has rapidly developed since 1956, when the rearrangement of tetrahydrocyclopen-
tadiene to adamantane was discovered by P. v. R. Schleyer. The popularity of the chemistry
of “cage-like” hydrocarbons has not been due to any unique properties associated with the
cage structures of the molecules, as these systems are typically hydrocarbon in nature. The use-
fulness of these compounds lies in their conformational rigidity, eliminating the structural
variables found in normal hydrocarbons.

The monograph is divided into five chapters; the first (20 pages) deals with the prepara-
tion of diamonoid structures by the rearrangement of polycyclic hydrocarbons; the second (17
pages) with the synthesis and chemistry of polycyclic hydrocarbons related to adamantanes,
including protoadamantanes, twistanes, tricyclodecanes, homoadamantanes, noradamantanes,
bisnoradamantanes, dehydroadamantanes, dehydrohomoadamantanes and ethanoadamantanes.
The third chapter (10 pages) deals with the physical properties, the fourth (19 pages) with the
chemical properties, and the last (5 pages) with the biological properties of adamantane deriv-
atives.

The authoritativeness of this monograph is guaranteed by the personality of the writers,
as one of them (P. v. R. Schleyer) was the initiator of the whole adamantane chemistry and
co-author of the first summary (Chem. Rev. 64, 277 (1964)) dealing with the chemistry of
“cage-like” compounds. Thus the chapters dealing with the physical and chemical properties of
adamantane derivatives are of outstanding value, as they comprise, among others, the newest
results achieved at the Princeton University under the leadership of Prof. Schleyer.

The last chapter, “Adamantane Derivatives in Pharmacology and Biochemistry”,
deserves special interest. Here we can find not only a summary of the antiviral activity of
l-adamantanamine hydrochloride discovered in 1964, but also some very interesting structure-
activity relationships. This chapter contains even speculations concerning the biological path-
ways of pharmacologically active adamantane derivatives.

The up-to-dateness of the monograph can also be seen from the references (372), the
latest of which quotes the literature of 1970. A special “Addendum” (2 pages) can be found at
the end of the book, dealing with the most recent literature published up to January 1971.

The monograph can be recommended to all chemists who want to get a complete and
up-to-date survey of this special field of organic chemistry, as it is both highly theoretical and
practical.

J. Kuszmann

Methoden der Analyse in der Chemie, Band 8
W. Benz: Massenspektrometrie Organischer Verbindungen, 424 S.

Akademische Verlagsgesellschaft, Frankfurt am Main, 1969

Die Massenspektrometrie hat sich in den letzten zehn Jahren als eine sehr erfolgreiche
Methode erwiesen, und findet auf einem sich dauernd erweiternden Einsatzgebiet sowohl in der
Molekilstrukturforschung als auch zur Lésung analytischer Aufgaben Anwendung. Besonders
schnell wéchst die Zahl jener organischen Chemiker, die diese Methode zur Lésung ihrer orga-
nisch-chemischen strukturellen oder analytischen Probleme anwenden mdchten.

Acta Chim. (Budapest) 72, 1972



358 RECENSIONES

Das Buch kann eben diesen Chemikern wertvolle Hilfe leisten, denn es ist vor allem fir
Leser gedacht, die auf dem Gebiete der Massenspektrometrie Anfanger sind, jedoch uber
gewisse organisch-chemische Kenntnisse verfiigen. In Einklang damit, wird das Gewicht in
erster Linie auf technische und methodische Fragen in Verbindung mit der Aufnahme, Aus-
wertung und Interpretation der Massenspektren gelegt.

Die Massenspektrometer werden — richtigerweise — nicht eingehend beschrieben, statt
dessen werden im ersten kurzen Abschnitt, etwa als Einleitung, die Arbeitsprinzipien und
Aufbauschemen der MeRinstrumente kurz angegeben.

Die vom Gesichtspunkte der Aufnahme von Massenspektren besonders wichtigen tech-
nischen Geréte, die sogenannten EinlaBsysteme, verschiedene Probeneinfihrungsmethoden,
werden im zweiten Abschnitt beschrieben. Besonders wertvoll in diesem Abschnitt sind jene
Teile, die die verschiedenen Varianten der sog. direkten Einfihrung schwerflichtiger organi-
scher Verbindungen sowie die mit angeschlossenem Gaschromatographen verwendeten techni-
schen Losungen und Probleme beschreiben.

Im dritten Abschnitt diskutiert der Verfasser, auf verschiedene massenspektrometrische
Aufgaben spezialisiert, die mit der Aufnahme und Auswertung der Massenspektren verbunde-
nen methodologischen Probleme und Griffe (Probleme des Untergrundes, der Auflésung, der
Bestimmung der Massenzahl, die Auswertungstechnik metastabiler Peaks usw.), mit Ausnahme
der Probleme beziglich Massenspektren hoher Auflosung, die in einem besonderen Abschnitt
behandelt werden.

Besonders wertvoll und gleichzeitig von groftem Umfang (mehr als 100 Seiten) ist der
vierte Abschnitt. Dieser Abschnitt wird vom Autor der Diskussion des Zusammenhanges zwi-
schen Massenspektrum und Molekulstruktur gewidmet, um damit der Interpretation der Mas-
senspektren eine Basis zu schaffen. Der Aufbau dieses Teiles folgt vor allem den Gesichtspunk-
ten der Strukturidentifikation. Die wichtigsten ElektronenstoR-induzierte Fragmentationsvor-
gange werden im wesentlichen in die von K. Biemanns Buch (»Mass Spectrometry, Organic
Chemical Applications«, McGraw-Hill, 1962) bekannten Typen getrennt diskutiert und die ein-
zelnen Typen an Hand von Beispielen illustriert. Die Beispiele fir die Umlagerungsreaktionen
sind besonders gut gelungen. Am Ende des Abschnittes werden die Massenspektren einiger
wichtiger Verbindungsgruppen kurz charakterisiert. Jede Verbindungsgruppe wird durch ein
separates Literaturverzeichnis ergdnzt, was den Wert dieses Abschnittes noch erhdht. Der
Abschnitt ist gedradngt abgefalt und enthélt eine sehr groBe Menge von Informationen. Doch
scheinen auf Grund des Abschnittes die Zusammenhédnge zwischen Massenspektrum und
Molekilstruktur stellenweise zu einfach und problemfrei zu sein.

Der funfte Abschnitt, welcher sich mit der Interpretation von Massenspektren befaft,
ist eine nutzliche Sammlung zahlreicher methodologischer Griffe. Beispiele und Probleme der
Interpretation der Spektren heben noch den Wert des Abschnittes.

Der Diskussion der auf dem Gebiet der quantitativen chemischen Analyse verwendeten
massenspektrometrischen Methoden (Gemischanalyse organischer Substanzen, Isotopenanalyse)
wird ein separater Abschnitt gewidmet.

Der siebente Abschnitt befalt sich mit den speziellen meR- und auswertungstechnischen
Problemen der modernen hochauflésenden Massenspektrometrie (Spektrumaufnahme-Technik,
»peak matching«, Bestimmungsmethoden der Bruttoformel, Beschreibung und Diskussion der
Sinnvoll und nitzlich im Anhang beigefiigten Tabelle von Henneberg und Casper). Der
Abschnitt behandelt auch zahlreiche spezielle Fragen der Aufarbeitungstechnik von Spektren
hoher Aufldsung (z. B. »element map«). Die Mdglichkeit der Datenverarbeitung von Spektren
mit Computern werden auch erwahnt.

Im achten, relativ kurzen Abschnitt illustriert der Verfasser an Hand einiger Beispiele,
wie die Interpretation von Massenspektren durch die chemische Umwandlung der zu unter-
suchenden Probe erleichtert werden kann.

Jeder Abschnitt des Buches wird durch ein entsprechendes Literaturverzeichnis ergénzt,
welches auch zahlreiche Referate aus dem Jahr 1968 enthélt. Die praktische Verwendbarkeit
des Buches wird durch die Tabellen im Anhang noch verbessert. Unter diesen befinden sich auch
die vollen Massenspektren zahlreicher (etwa 350) organischer Verbindungen, die die wichtigsten
Gruppen der organischen Verbindungen vertreten.

Wi e bereits einleitend erwdhnt wurde, wird das Buch »Massenspektrometrie organischer
Verbindungen« von W. Benz vor allem solchen Chemikern eine groBe Hilfe sein, die auf diesem
Gebiet noch Anfanger sind, doch kann das Buch auch den in der Massenspektrometrie aktiv
Té&tigen sowie jenen von Nutzen sein, die sich Uber die Anwendungsmdglichkeiten der Massen-
spektrometrie in der organischen Chemie orientieren wollen.

J. Tamas
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PE3IOME

Mcnonb3oBaHve AMATOMHbIX MONeKyn1 B KayeCTBe CpaBHWUTE/IbHbIX
91EMEHTOB B CMEKTPOCKONun

N. nnTomMuMcknM

O6CysaeMble MPUMEPbI NOATBEPXK/AAI0T BOMOXHOCTE aHaMTUYECKOrO UCMO/b30BAHNS
CMEKTPOB MO/EKYNSIPHON aMuceum. [lo crx Mop 3TU CNEeKTPbl PACCMATPUBANIUCH KaK HeXenaTeslb-
HbIli 6aNnnacT, 3aTpyAHAIOLWNIA OLEHKY CMEKTPOrpaMm.

MprBOAMMbIE Xe MPUMEpPbI YKa3biBalOT HA BO3MOXHOCTU YCMELIHOTO NPYMEHEHWsS NX B
KauecTBe CPaBHWUTEILHOTO 3/IEMEHTA NPY aHA/IMTUYECKOM MOCTPOEHUN NMap INHWIA.

MocTpoeHMe MONEKYNSPHBIX MOMIOCAThIX CMEKTPOB CBSI3aHO C TaKWMU 3/IEMEHTaMK,
KOTOpble COCTABNSIOT MaTPULy M3y4aemoii CUCTEMbI laXKe B TOM Cflydyae, KOTAa OHW SBNSOTCS
COCTaB/ISIOMMM 06BpasLia WM 37eKTpoda. B pesysbTaTe 3TOro 0TNagaeT Heo6XOAMMOCTb B
[063aBNIEHUMN «MHOPOAHOMO» CPABHUTE/IHOTO 3/1EMEHTA W, TEM CaMbIM, OTKPbIBAETCS BO3MOXHOCTb
MpoCTOro NPUroTOBNEHUS 06pa3La A1 aHan3a.

DNEKTPOHHOE CTPOEHME M303/IEKTPOHHBLIX MOJIEKY/
LLL CEKE, ib. S/ILLOBCKMU n 3. AYAAP

BnvsiHWe 3NeKTPOHHOIO CTPOEHUS 1 OPBUTaIbHON KOH(UIypaLum n3y4anoch ¢ NOMOLLbIO
meTogoB M. M. M. n 3. X. Ha ocHoBe pe3ynbTaTOB M3MEPEHUIA ObIO YCTAHOBMEHO, YTO B MOASP-
HbIX PacTBOPUTENAX CMEKTP MOonekynbl N-OKCU-NUpUAMHA MpUGAMKAeTca K CMeKTpy MOHO-
(hTOpOEH30/a, B TO BPEMA KaK B HEMOMAPHbLIX PaCTBOPUTENSAX COXPAHSETCS aKLenTopHO-A0HOp-
HbIl xapakTep. UTO e KacaeTcs pas/fMunil B 3MeKTPOHHbLIX CMEKTpax, TO 3T0 06bACHAeTCA
Y[BOEHHO 3apsAXXEHHOCTbIO OCHOBHOIO XapakTepa asoTa B CBA3u N—O, NnpuBoAALLEe K MNOHU-
XXEHHbIM 3HepruaM nepexoga B 6113Kol Y ®-06n1acTv, No CpaBHeHWIO CO CBA3bI0O C—F MOHO-
(hTopbeH3o0a.

AnronbHas nporpamMa KDF-9 6blna n06e3H0 NpefocTaBieHa B Halle pacriopshKeHue
,£I,>K.6 K. MNaxkepom 1 MoanuLMpoBaHa Hamu AJ1F MPOBEAEHUS HEKOTOPbIX, WHTEPECYIOLMX Hac
npo6nem.

PacueTbl 66111 npounssedeHbl Ha MaluHe ICT-1905 LI ® AH BeHrpun.

BnvsiHME KOHUEHTpauuM BOAOPOAHONO MOHA Ha MOMsipU3auuto
p-TePMaHUEBLIX 3/IEKTPOLOB

[. CUHT v A. H. ABVUBEAN

AHOHaa nonspusaumna p-repmMmaHmeBbIX 31eKTpoaoB 6biia n3ydveHa B pactsopax (0,02N
T3A Br + x N HBr), rge X — HOpMa/ibHOCTb KUCNOTbl. AHOAHbIE XapakTepuctuku p—Ge ¢
pa3fIMYyHbIM COMPOTUB/IEHNEM WAEHTUYHBI U TNLLL Pa3nuyatoTca npu 6onee BbICOKUX MAOTHOCTAX
TOoKa. YpaBHeHue Tadend s« = a+ b log i cnpasegmeo ans p—Ge aHOAOB Nullb Npu
OrpaHUYeHHbIX MI0THOCTAX ToKa. AHOAHASA nonﬂpmsa%vm YMEHbLLAETCA C YMeHbLUEeHWeM pH, ©
aHOfIHble peakuuy C MOMeKynamu Bofbl MPOTeKatoT OYPHO B KUC/bIX cpefax. TaHreHc yrna
Hak/ioHa npsmbix Tadens nameHsietca ot 0,094 1o 0,123 B. 3T0 yKa3bIBaeT Ha TOT (PaKT, 4TO nepe-
Hanps>XeHne NOBbILWAeTCA B 06/1acTU ABOMHOIO cnos [enbMmronbua.



|/|3y'-IEHl/Ie a,qCOp6LI,VIOHHbIX SIBNEHNA Ha M1aTUHOBOM ANEKTPOLaE
C MNMOMOLWLBbH TEXHUKN pPaaN0aKTUBHOIO MeEYEHUS, X

MWccnepoBaHmMs ¢ aleTtoHoM, MedeHblM C14

[b. XOPAHU n ®. HAZb

1. syyanocb nosegeHue aueToHa, mMeyeHoro Cl4 Ha niaTMHOBOM 3/1EKTPOAE B MHTepBae
noteHuunanos 0—1000 wms.

2. Bbl/10 UccnefoBaHo BAMSAHUE ra3006pasHbiX NPOAYKTOB, 00pasyoLmMXCcs Mnpu afeKTpo-
rMAPVPOBAHUUN UMW 3EKTPOOKMUCNEHNN aLeTOHa, Ha WM3MEPEHMS C MOMOLLBK pafMOoaKTUBHOM
TEXHUKW.

3. CornacHo HabMAeHNsAM 6blnn caenaHbl 06LLIMe 3aK/THOYEHNS OTHOCUTENIbHO SBNEHWNA,
NPoOMCXoAALLMX MpY afcopouum OTAeNbHbLIX OPraHNYecKUX BeLLecTB.

I/I3yqu|/|e a,qCOp6LI,I/IOHHbIX SIBMEeHNn Ha MNaTMHOBOM ANEKTPOaE
C NOMOLWbH TEXHUKN PagnN0aKTUBHOI0 MEYEHUA, Xl

MWccnegoBaHune agcopbumm msonponaHona

[b. XOPAHW, M. KEHUT n ®. HALb

1. Afcop6uys n3onponaHona U3yvanach B KUC/bIX Cpefax Ha 3/IeKTpoae NNaTMHUPOBaH-
HO NNaTUHBI.

2. BbiNo YCTaHOBNEHO, 4TO afcopbuus SBNAETCS HeobpaTUMO U afcopbUpPOBaHHbIE
MOJIEKY /bl He MPUHMMAIOT Y4acTust B OKUCNEHWI M30MponaHona Ao aueToHa.

3. lMpn BOCCTAHOB/MEHWM afAcOpP6KMPOBaHHOrO M30MponaHona 06pasyeTcs razo06pasHblit
NpoAyKT. B CBSA3M C 3TUM M3y4anucb BO3MOXHOCTW M3MEPEHUs MeYeHOro ra3zoo6pasHoro npo-
AYKTa, HaKanqMBaloLleroca Ha MNaTUHOBOW YepHW. BbiNo CAenaHo 3ak/ioueHne, YTo NoBepx-
HOCTHBbIVi KOMMNeKc, o6pasyroLuiics Npu aacopoLmm M3onpornaHona 1 aueToHa, BEPOSITHO, OAWH
1 TOT Xe.

Xumunsa  1,3-6uyHKUNOHaNbHbIX cucTeM, XIV
KnHeTuMKa peakKuuMu WeNnovyHOro ruagponusa 2,2-fMu3amMeleHHbIX TOMONOr0B

TPUMETUNEHXNOPTUAPUHA

M. BAPTOK, I. BO3OKW-BEAPTOK un K. KOBAY

VccnenoBanach KMHETMKA LUENOYHOTO rMAPONn3a 2,2-AnM3aMelleHHbIX FOMOJSIOroB Tpu-
MeTuneHnxnoprugpuHa: 2,2-gumetun-(1), 2,2-guatun-(M), 2-metun-2-nponun-(LL), 2-stun-2-
6ytmun-(1y) wu 2,2-guusonponun- 3xnopnp0naH0nOB(Y) Ha ocHoBe 3KCnepUMeHTaNbHbIX
AaHHBIX PACCUMTHIBA/INCH KOHCTAHTbI CKOPOCTEN, 3HEPTMN aKTMBALMU, 3HTPOMUM akTUBauun v
MPesLIKCMOHeHLUMaNbHbIe MHOXMWTENN B YPaBHEHWW KOHCTAHT CKOpPOCTe MpoLeccos, NMPUBOAA-
WMX K 06pa3oBaHWIO FOMOMIOrOB OKCauUKIobyTaHa.

N-Inukosngbl, XV
CnpaBegnunBOCTbL M30pOTaLMOHHOrNO npusBuna XapjcoHa cpeagnm nNPOU3BOLHBIX

apomaTumyecknx O- M N-rnioKoO3MjoB aHaNOrM4YHOro CTPOEHMUSA

A. TMNTAK » P. BOTHAP

[ns npon3BOAHBLIX BTOPUYHBLIX F/IOKO3WI-aMUHOB KOH(MIypaLMoHHOe 0603HaueHMe,
OCHOBaHHOE Ha HanpaBMeHUM W BENWYMHE OMTUYECKOro BpaleHMs, [aeT TakXe MpaBu/bHYIo
abCoNOTHYH0 KOH(MIypaumio. BennunHa 2B no XaficoHy 3TUX COefJUHEHMI MOXET BbiTb CPaBHM-
Ma Nulb Ans cBoB6OAHbIX N-apun-O-raioKonuMpaHo3UIaMUHOB C COOTBETCTBYIOLLEN BEUYMHOIA
O-I/II0K0310B aHa/I0TMYHOTO CTPOEHMs. Y TeTpaaleTaToB U TETPAMETWUbHbIX 3(MPOB F/HOKO-
3MJ0B PAaCXOX/EHWS B 3HAUEHUsX 2B yBeNNUMBAKOTCA C YBE/IMUEHUEM MONAPU3YEMOCTHU ar/toKo-
HOB.

[nsi n3yueHHbIX cBOGOAHBIX O-TNHOKO3MA0B U nX O-aLeTUs-Npou3BOAHbIX Bblia YCTaHO-
NleHa KOJIMYECTBEHHas 3aBMCMMOCTb MO APHATY MeXAy MOMspu3yeMocTbio arfitoKoHOB (a)
U MONSIpHBLIM BpalleHreM. [lanee 6bU10 NOKa3aHO, YTo B CMlydyae ABYX aHOMEPOB A0JIS y4acTus
arfitoKOHOB B MOJIAPHOM BpALLEHNM Pa3NnyaeTcs. ATO yyacTue YBENMUMBAETCS C MOBbILIEHWEM
MoNsiPU3yeMoCTN ar/ItoKOHOB.



PoTOXMMNYECKOE WMCC/efoBaHNe HEKOTOpPbIX I'Ipe,ﬂ'CTaBI/ITerII/IVI Cestrum,
nponspocTavwnx B Ernnre

(Ankanoungbl M CanoHWUHBbI)
M. C. KAPABA, A. M. PU3K, ®. M. XAMMOYJA, A. M. INAB n 3. ®. AXME/[

ConaHngnH ¥ conacuaunH 661N M30/1MpoBaHbl M3 Cestrum purpureum B TO BPeMA Kak
C. Auruntiacum W C. diurnum ObIAN NULLEHBI KAKUX-NNBO cTepoufanbHbIX ankanougos. Ko-
NINYeCTBEHHOE onpeaeneHne askaMMHOB MPOM3BOANIOCE TUTPOMETPUYECKMM U KONOPUMETPU-
YeCKMM MeTogaMu. Ha ocHOBe MccrefoBaHUA CcoCTaBa CanoHWHa 6b1710 06Hapy>KeHo, yto C.
auranhacnT™ W C. purpureum COJEpPXaT OAVH W rOT XXe CarnoHWH, a WMEHHO AUTNMTOHWH, B TO
BpemMsa KakK C. diurnum COOEPXWUT TUTOHWUH; UX WAEHTUYHOCTb 6blna AoKasaHa KWC/bIM rnapo-
NIN30M, a TakKXe VI,D.eHTVI(*)VIKaLI.I/IEI‘/II CTEPOMAHBLIX CanoreHNHOB (,IJ,VIFVITOFeHI/IH n TVIFOFeHI/IH) n
CaxXapHbIX KOMMOHEHTOB.

PacueT MK 4yacToTbl BasIeHTHOr0 KoO/e6aHnst KapGoHWIa U MOHW3ALMOHHOTO
noTeHUmana 4-3aMeLlieHHbIX aleTo(eHOHOB

3. AblHA

C nomoLLpto npocToro Metoga HMO HenocpeCTBEHHO U C XOpoLLUeli TOUHOCTbIO GbiK pac-
CuMTaHbl NepBbIE MOHN3ALUMOHHbIE MOTEHLMaNb! 4-3aMellieHHbIX aLeTO(eHOHOB.

Bbina HalifieHa MHeliHas 3aBMCMMOCTb MeX/y M3MepseMol YacToTo/ BaleHTHOrO Kosle-
6aH1s Kap6OHIMNA 11 3HEPTETUYECKUM KOS(MULIMEHTOM (-) HaHBbICLLIEV 3aNONHEHHOW MONeKynsp-
HOUi 0pBUTLI. Ha 3TOM OCHOBaHWM MOXET 6bITb faHO SIMHEHOE YpaBHEHMe AN MPUBAMKEHHOTO
pacueTa 4acTOTbl Ba/IEHTHOTO KOneGaHus.

Monockl VIK nornalleHnii, xapakTepHble sl KO/bLa Cy/fbTama
C. X. jocc

Bbinn cHATLI VK cnekTpbl pasfiyHbIX apoMaTUYeckux v a]'lM(*)aTVI'—IeCKI/IX LIEeCTUYIEHHbIX
LUMNKNNYECKNX CY/IbTAMOB. Oﬁcy)K,anOTCFI XapaKTepHbIE YacTOTbl N COBUTW.
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HYDRAZ0-9-ACRIDINE, A NEW ACID BASE
INDICATOR FOR TITRATIONS
IN GLACIAL ACETICLACID, I

L. Ladanyi, Pham Hai Tung*, G. Fauvelot** and G. Székan***

(Institute of Inorganic and Analytical Chemistry, L. E6tvés University, Budapest, * Permanent

address-. Institute of Analytical Chemistry, Faculty of Pharmacy, Hanoi, Vietnam, ** Department

of Organic Chemistry, E. S. C. P. |., Paris, France, *** Institute of Organic Chemistry, L. E&tvos
University, Budapest)

Hydrazo-9-acridine is recommended as an acid-base indicator in acetic acid
medium for the titration of bases with pK 120 values higher than 5. The precision
obtainable is greater than that using Crystal Violet.

Introduction

Potentiometrie titration is a convenient method of end-point detection
in acid-base titrations in glacial acid, if the titration curve has an easily deter-
mined inflexion point coinciding with the equivalence point. Nevertheless,
this does not eliminate the need for indicators which function effectively in
such a medium, and this prompted the present study of the dye hydrazo-9-
acridine(l).

NH

Compounds of this type were first synthesized by Lucius and Brunig
[1] from 9-halogenoacridines with hydrazine. According to Cauquis and
Fauvelot [2] hydrazo-9-acridine is a bivalent base in CH3CN which can be
protonated in two consecutive steps. On reaction with one equivalent of per-
chloric acid the orange solution of the dye becomes red; reaction with a second
equivalent of the acid changes the colour to yellow. On the basis of these reac-
tions we supposed that the substance has acid—base indicator properties and

1 Acta Chim. (Budapest) 72, 1972
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is suitable for end-point detection in non-aqueous media. In fact, in glacial
acetic acid hydrazo-9-acridine can be successfully used in the titration of bases
of various strengths. The colour of the ‘basic’ form of the indicator is rose,
that of its ‘acid’ form is yellow. Even at 2.5 « 10~5M concentration of the dye,
using 0.051V perchloric acid as the titrant, the colour change is very sharp.

Experimental

Titrations in glacial acetic acid using hydrazo-9-acridine indicator

Instruments. A Radelkis Precision pH-meter, type OP-205, equipped with a magnetic
stirrer was employed for all potentiometric titrations. Glass-Ag/AgCl electrode-pairs filled with
acetic acid and saturated solutions of potassium chloride in acetic acid, respectively (Tacussel
AcOH B.10 and AgCl 10 model) were used; the systems attained equilibrium rapidly.

Chemicals. All chemicals, if not stated otherwise, were of analytical grade of purity.

Acetic acid used in the preparation of all solutions was purified according to Gyenes
[3] (water content less than 0.06%). Hydrazo-9-acridine (2.5 ¢« 10~3M in acetic acid) and
Crystal Violet (0.1 g in 100 ml of acetic acid) were applied as indicator stock solutions.

Titration of bases. For the standardization of perchloric acid the routine procedure was
followed [3] using I,l’-diphenylguanidine as standard. The effectiveness of hydrazo-9-acridine
was compared with that of Crystal Violet in the potentiometric and visual titrations of some
bases and hydrochlorides of bases (e.g., pyridine, papaverine HCI, methylamine HC1, urea and
a-naphtylamine). In titrations of the hydrochlorides of bases, Hg(CH3C0OO)2 was added and
the acetates which formed were then determined. The results were evaluated statistically. The
effect of moisture in the solvent on the colour change of the indicator was also investigated.

Results

The results of the potentiometric titrations are shown in Fig. 1.
It can be seen that the colour change of Crystal Violet is gradual, while
that of hydrazo-9-acridine from rose to yellow is very sharp.

Acta Chim. (Budapest) 72, 1972
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Mole ratio acid /base

e f

Fig. 1. Potentiometrie titration curves showing a comparison between Crystal Violet and

hydrazo-9-acridine indicators, a) Diphenylguanidine 0.05 N, b) Diphenylguanidine 0.05 N,

Derivative curve, c¢) Pyridine 0.05 N, d) Methylammonium chloride 0.05 N, e) Papaverine
hydrochloride 0.05 N, f) Urea 0.05 N

Fig. Ib illustrates the first derivative of the titration curve and the colour
change of hydrazo-9-acridine in the case of I,l’-diphenylguanidine.

Table | shows that both indicators give very good results, but the preci-
sion and accuracy of hydrazo-9-acridine is higher.

1* Acta Chitn. (Budapest) 72, 1972
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Table |

9
Titrations of bases in glacial acetic acid with 0.05 N HC104

Standard

Number of Mean deviation

Base Indicator dete_rmina- normality of a single
tions dtn.,
%
1,1-diphenyl- | Crystal Violet 10 0.0490 0.29
quanidine | Hydrazo-9-acridine 10 0.0489 0.25
Pyridine i Crystal Violet 6 0.0501 0.45
| Hydrazo-9-acridine 6 0.0501 0.42
Papaverine ( Crystal Violet 10 0.0430 0.27
hydrochloride | Hydrazo-9-acridine 10 0.0429 0.21
Methylammonium i Crystal Violet 10 0.0493 0.27
chloride | Hydrazo-9-acridine 10 0.0493 0.17

In the case of pyridine (pKuno — 5.2), papaverine and methylamine
hydrochloride the colour change of Crystal Violet is relatively difficult to per-
ceive and requires much practice; when hydrazo-9-acridine indicator is used
it is more easy to evaluate. This is reflected in the standard deviations. For
urea (pKHO — 0.4) and a-naphtylamine (pKHO = 4.0) the colour change does
not coincide with the equivalence point.

According to Gyenes [3] ifthe perchloric acid solution isnot weaker than
0.17V, up to about 1% water does not interfere with the colour change of Crys-
tal Violet; with hydrazo-9-acridine indicator the response is still sharp up to
1.25% water content using a 0.057V solution of perchloric acid.

Therefore, in glacial acetic acid medium hydrazo-9-acridine seems to be
better than Crystal Violet for the titration of dilute (0.057V) solutions of bases
whose p K HO values are higher than 5.

Experiments for the determination of some physico-chemical properties
of the dye are in progress.

REFERENCES

. Ger. Pat. 364 031 (1922); C. A. 18, 1131 (1924)
Cauquis, G, Fauvetot, G.: Polarography 1964, p. 848. MacMillan, London, 1964
Gyenes, |l.: Titration in Non-aqueous Media, Akadémiai Kiadé, Budapest, 1967
Chartot, G, Tremittan, B.: Les reactions chimiques dans les solvants et sels fondus. p.
221. Gautier Villarsgd., Paris, 1963

PwN e

Laszl6 Ladanyi
Pham Hai Tung
Gérard Fauvelot
Gyula Szoékan

Budapest VIII., Mizeum krt. 4/b.

Acta Chim. (Budapest) 72, 1972



Acta Chimica Academiae Scientiarum Hungaricae, Tomus 72 (4), pp. 363—369 (1972)
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The acid-base equilibrium of hydrazo-9-acridine has been studied and the indica-
tor dissociation constant (pKj = pH CIO,) determined in glacial acetic acid.

Introduction

In a previous paper* a new acid-base indicator (hydrazo-9-acridine,
further: 1) has been described that proved to be useful for the titrations of
bases of various strengths (pKHO )> 5) in glacial acetic acid. The present com-
munication deals with the investigation of some physico-chemical properties
and the mechanism of colour change of this dye.

According to Higuchi [1] the colour change of an acid—base indicator in
acetic acid depends upon the relative concentration of the base to that of its
conjugate acid.

If another base (B) is present in the solution besides the solvent and the
indicator, the resultant process can be written as:

BMN+A- + 7TH+Ac- BH+Ac- + IH+A~

where

BA+A- — the salt of base B formed with the strong acid used for the
titration

BH+Ac- — the acetate of base B

m+A - — the acid form of the indicator

m+Ac. — the base form of the indicator.

For the equilibrium constant of this process we have:

IBH+Ac—4\IH+A~\ _ Kind
[BH+A-| [JH+Ac-| “ Khbase '

*Part I: Acta Chim. Acad. Sei. Hung. 72, 359 (1972)
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364 PHAM HAI TUNG, LADANYI: ACID-BASE INDICATOR, II

This expression can be used for the determination of the dissociation constant
of the indicator. The value of | BH+Ac_ |/ | BN +A~ | in this expression can
be adjusted arbitrarily with the aid of buffer solutions.

Theratio | W +A~ |/ |IH +Ac~ [ can be determined spectrophotometri-
cally from Eq. (2):

IJH+~-1 = EB-E X
[JH+Ac-| EME a
where:

EB — the absorbance of the solution, when the total quantity of the
indicator is present in its base form (at a given wavelength)
Ea — the absorbance of the solution, when the total quantity of the
indicator is present in its acid form (at the same wavelength)
Er — the absorbance measured at the given wavelength when both

forms are present.

Lapidus, Lucas and Trémillon [2] proposed a graphical method for
the determination of pKw by plotting Ig /H +Ac- |/ |liL+A~ | as a func-
tion of lg jBH +Ac- I/ I BH+A~ |. This gives a straight line of unit slope and

when IBH+Ac~ |= |BH+A~ |, one has:
[/H+A ¢~ | Vo
S T+ |~ Bvid , « bese @)
\m+A-\

Instead of pAj,ase an(i PA-w ~ possible to use the constant KBHA an<l K-r
for the equilibria including B/JTA and LW +A~, respectively.

IB| \HA\
K bha — (4)

In this case Eq. 3 can be written as follows:

[TH+ACc~|

| KBHA pKi 5
9 Hear P p (5)

W hen perchloric acid is used as a strong acid,pABHAIis observed as the pHC104
value (5) of base B in glacial acetic acid. Thus, the calculated pK xcan be placed
directly on the pHC104basicity scale of the same solvent.

Experimental

The following buffer systems were used: lithium acetate-lithium perchlorate; sodium
acetate-sodium perchlorate; and antipyrine acetate —antipyrine perchlorate. The buffers were
prepared by partial neutralization of their basic components with perchloric acid. The final
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concentration of I was in all cases 2.5 « 10_6JVf. In order to obtain the spectra of I in the
‘pure acid’ and ‘pure base’ forms, they were recorded in the presence of excess perchloric
acid and a sufficiently strong base, respectively, so that no spectral change occurred even
if a stronger base was employed.

The spectra of I were recorded in CH3CN, both in non-buffered and acidic media. A stock
solution of O.liV perchloric acid in CH3COOH was prepared and suitable quantity of this was
added to the solution of I in CH3CN by a Hamilton microsyringe.

The absorption spectra were obtained at room temperature with a Unicam SP 700
spectrophotometer using quartz cells of 1 cm length.

The chemicals used were commercial products of analytical grade of purity.

Hydrazo-9-acridine was prepared according to Cauquis and Fauvelot [3].

The solvents were purified by conventional methods. The water content of the solvents
was less than 0.06%.

Results and discussion

The absorption spectra of hydrazo-9-acridine recorded in various anti-
pyrine acetate—antipyrine perchlorate buffer solutions are shown in Fig. 1.
The absorption maxima of the ‘pure base’ and ‘pure acid’ forms of | are at

«103 crn’

Fig. 1. Absorption of hydrazo-9-acridine in antipyrine acetate —antipyrine perchlorate buffer
solutions in acetic acid

19.500 and 23.500 cm -1, respectively. Only one isobestic point is found indi-
cating one true acid—base equilibrium. At 19.500 cm-1 the absorbance of the
‘pure acid’ form is negligible.

The calculation of pKj of hydrazo-9-acridine is shown in Table I.

By using the graphical method mentioned above, the pKj is determined
as shown in Fig. 2. For other buffer systems, the pKj (pHC104 values are
summarized in Table II.
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Table 1

Mollar concentration
of buffer components

P 1 R
1 0.0500 0.00 1.00 - —
2 0.0179 0.0321 0.62 1.63 6.48
3 0.0072 0.0428 0.33 0.50 6.48
4 0.0051 0.0449 0.26 0.35 6.45
5 0.0035 0.0465 0.17 0.20 6.51
6 0.000 0.0500 0.00 — —

Fig. 2. Determination of pK/ in antipyrine perchlorate —antipyrine acetate buffer solutions

Table 11
Buffer solution pK,
Lithium acetate-lithium perchlorate 6.47+ 0.02
Sodium acetate—sodium perchlorate 6.30+ 0.30

In the case of the buffer system sodium acetate-sodium perchlorate
the error in pKj is considerably greater. This can be due to the fact that the
colour change of I is not gradual enough even if the perchloric acid is added in
very small quantities. Moreover, small amounts of perchloric acid cannot be

introduced with sufficient precision.
On the pHC104 basicity scale, the pKj value of hydrazo-9-acridine lies

very near to that of Crystal Violet as shown in Fig. 3.
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In Fig. 4 the absorption spectra of I in CH3CN are shown.

W hen one equivalent amount of HC104is added to the non-buffered solu-
tion of I in CH3CN, the absorption spectrum is practically identical with that
of the ‘pure base’ form in CH3COOH (Curve I). After the second equivalent of
HC104 has been added, the absorption spectrum becomes similar to that of
the ‘pure acid’ form in CH3COOH, but the equilibrium is not completely shifted

T
2,4-dichloro,
6-nitraniline
2
4

I Crystal violet

I Hydrazo-9-acridine
4m. nitro -N,N-

8 dimethylaniline

Ethylred

6

\Y

Fig. 3. pHC104 Basicity scale in acetic acid

103 cm1l
Fig. 4. Absorption spectra of hydrazo-9-acridine in acetonitrile. 1 — Indicator in acetonitrile.
2 — Indicator -f- 1 equivalent of HC104in acetonitrile. 3 — Indicator + 2 equivalents of HC104
in acetonitrile. 4 — Indicator -f- 3,4,5-equivalents of HC104 in acetonitrile
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to the right-hand side (Curve 2). In the presence of 3 or 4 equivalents of
HC104, the spectra are very similar to that ofthe ‘pure acid’ form in CH3COOH.

The fact that hydrazo-9-acridine reacts with only one molecule of HC104
during its colour change at the equivalent point in CH3COOH was also proved
in another way. The results obtained at 23.500 and 19.500 cm-1 in antipyrine
acetate-antipyrine perchlorate buffers were evaluated by a computer program.
The program does not involve any approximations and calculates the constant
parameters of the following equation:

N
, fo+ Y «Bnan
T

A
r
&/ 1+ 2 "gn-a?
1
where
A — absorbance measured
Ct — total concentration of |
Bn — molar extinction coefficient of the nth form at the given wave-
length

Bn —: formation constant of the nth form

and by the definition:
K BHA \BKA~\

B

The results of the calculation proved that N is equal to | in the system under
discussion, i.e. the indicator behaves as a one-equivalent base. The final value
for pK, is:

pKj = 6.43 + 0.035

The calculated molar extinction coefficients for the ‘pure base’ and ‘pure
acid’ forms are 1.73 « 104 and 2.90 « 104 at 23.500 cm-1 and 3.89 « 104 and
1 +10-1at 19.500 cm-1, respectively. The corresponding measured values were:
1.80 « 104, 2.80 + 104 and 4.00 « 104 and 0. There is a very good agreement be-
tween the data given in Table | and those obtained by the computer method.

According to the above results, the following equilibria and colour change
mechanism can be written for | in acetic acid:

J+HAcC IK Ac~ (6)
orange in I rose in CH3COOH
CH3CN (‘pure basic’ form).

This process takes place immediately when 1 is dissolved in acetic acid;
the equilibrium is markedly shifted to the right-hand side.
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At the equivalent point the second protonation takes place and the colour
is changed to yellow.

r + H2Ac+C104 A I"'H+C104 + HAc ?)
rose (HC10. in CH:COOH) yellow (‘pure acidic’ form

in CH:COOH)

We are very indebted to Miss M. KALDY and Dr. L. Barcza for valuable discussions
during the course of this work and for the computer calculations.
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The thermocondensation of ammonium paratungstate.5-hydrate was investi-
gated by combined thermoanalytical and IR spectrophotometric gas analytical methods.
By separating graphically the IR absorption maxima of gas products moles of released
NH3and H2 were determined, and the composition of intermediate phases, formed in
overlapping net processes, was given. During the processes changes in crystal structures
were followed too. It has been discovered that, between 195 and 230 °C there is a
change in the structure of the paracrystal. In this phase the following composition
was established: 3.75(NH4)20« 12W 03 *3.25H20, the same as calculated previously
from spectrophotometric data. X-ray analytical and IR spectrophotometric charac-
teristics of this phase were given. By analysing the gas products we have found that
NH3is released from the crystal lattice partly alone, partly together with H20. More-
over, it was found that after the release of dry NH3gas covalently bonded OH groups
remained attached to the W 06 octahedrons of the polyanion.

Experiments have unambiguously shown that in 5-hydrates there is one mole of
loosely bonded water and two moles of water of crystallization; consequently, in the case
of 5-hydrates the structure of the paratungstate anion cannot be [W 12203 OH)10]10~,
as accepted previously.

Ammonium paratungstate hydrates including also the pentahydrate, are
starting materials for the industrial production of tungsten metal. The proper-
ties of tungsten filament depend very much on the composition and structure
of the starting paratungstate, on the thermodynamical and kinetical condi-
tions of its decomposition to W 03 and on the reduction of the latter metallic
tungsten.

Although the thermal decomposition of ammonium paratungstates in
air has been widely studied [1—5], sure knowledge on this is far from being
unambiguous. This manifests itself e.g. at the interpretation of TG curves [3],
because on the basis of thermogravimetric measurements alone, if more than
one gas is released, the quality and quantity of the gas products cannot be
directly assigned to the consecutive steps of the TG curve. Although Ann [2]
obtained satisfactory results by titrating the released ammonia, he, however,
did not interpret the initial stage of the reaction. Others studied only the
transformation of ammonium tungsten bronze to W03 [1, 4, 5].

Earlier [1] we attempted to elucidate the details of the thermal decom-
position of ammonium paratungstate. GTA measurements were carried out in
different gas atmospheres by a Chevenard-type thermobalance. The results of
these studies are given in Figs 1 and 2 as well as in Table I. Temperature inter-
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TG

orig.

1. infl.

2. infl.

3. infl.

4. infl.

5. infl.

6. infl.
(step)

262.2

258.5

255.6

250.8

238.8

235.4

231.9

20

49— 72

89—130

181—203

258 272

299—329

above 427

Table 1

Molecular weight values related to 1 W03 at the inflexions of the TG curve

phase

ASTM
1—0040

ASTM
1—0040

ASTM
1—0040

ASTM
1—0040

amorphous
greyish w.

amorphous
yellowish w.

wo3

+
bronze
light orange

Mw

262.3

258.3

255.2

250.4

239.6'

235.6

231.3

in N2

20

49— 62

98— 104

181—187

249—262

300—312

above 467

phase

ASTM
1—0040

ASTM
1—0040

ASTM
1—0040

ASTM

1—0040

greyish
amorphous

blueish-

greyish

amorphous

blueish

grey
wo3-
+

bronze
dark blue

262.3

259.0

2540

251.0

240.0

235.6

231.9

20

68— 84

134—147

178—200

226—271

300—349

above 400

N2:H2D
97 :3 90 : 10

volume ratio

Mw c°
260.4 20
257.7 100
250.9 191
240.9 274
236.4 306
2319 above 400

phase

ASTM
1—0040

ASTM
1—0040

ASTM
1—0040

amorphous
greyish

amorphous
blueish

grey
W03

yellowish
green

¢LE
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TG

orig.

1. inf].
2. infl.
3.infl.

4. infl.

5. infl.

6. infl.
(step)

Mw

262.3

260.9

258.7

256.1

244.7
greyish

236.1
blueish
black

blueish
black

in NH,
ce

20
29— 36
63— 68
98—112
257—281
356
400

Mw
262.3
260.7
258.8
256.1

2455
greyish

2415
greyish
green

236.2
greyish
green

dark
blueish-
green

NH3:H2

97 : 3
volume ratio
c
20
47
64— 77
111 -119
257—275
302
357—365
400

bronze

bronze

Mw

262.3

259.0

256.2

252.3

243.5

238.1
236.0
235.3

232.7
230.8

in H2

20

43— 77

82—153

160—222

231—273

262—343
297—301
305—403

351—475
383—534

phase

ASTM
1—0040

ASTM
1—0040

ASTM
1—0040

ASTM
1—0040

amorphous
blueish
black
amorphous

amorphous
bronze
dark blue

bronze
bronze
blueish

black

Mw

262.3

260.9

254.7

251.8

240.6

236.8

232.5

227.6

H2:H2
97 : 3 90 : 10
volume ratio
ce Mw
20

67— 78 260.3
131—145 258.8
151—167 251.9
257—262 241.2
294—301 236.8
360—380 232.8
230.4
492 217.6

20

70

180

270

314

377—447
541—564

640
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vals are indicated in the Table because the temperature data corresponding to
the inflection points are influenced both by the rate of heating and by that of
the gas flow. These parameters were deliberately varied in the experiments.
As it can be seen from Table | and Fig. 1, the thermolysis of ammonium para-
tungstate proceeds in 6 steps in air, nitrogen, moist nitrogen, and dry ammonia,

Fig.1. TG curves measured in different gas atmospheres

1. Air (1686.3mg) 2. N2+H 2 (1477.2 mg)
3. NH3 (1175.6mg) 4. NH3+H 20 (1189.0 mg)
5 H2 (1321.5mg) 6. H2+ H2 (1132.0 mg)

100 200 300 400 500 600 700 800
°C

Fig. 2. DTA curves. 1. in air; 2. in hydrogen

respectively. In moist ammonia step 5 splits into two steps, i.e. a total of 7
steps was observed. The same number of steps was observed at the thermolysis
in moist hydrogen, hut in this case step 6 was split. In dry hydrogen both step
5 and step 6 were split so the entire thermolysis consisted of 9 steps. It can be
seen from Table I, moreover, that the 1st and 2nd inflections are sensitive to
water vapour and ammonia, the 4th and 6th ones are sensitive to ammonia and
hydrogen, the 3rd one only to ammonia, while the 5th one presumably only to
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hydrogen.. These facts may indicate that before the 2nd step mainly H2
and NH3 before the 3rd one NH3, and before the 4th and 6th steps NH3, or
possibly N2and H2are the products of the thermolysis. These latters combine
catalytically to form NH3. Process 5 is probably split into more processes by
reactions leading to bronze formation due to H2 The data of X-ray analysis
in Table | are included only for preliminary information; more precise phase
analyses will be given later in the paper. According to the DTA results, shown
in Fig. 2, up to 400 °C essentially the same processes take place both in air and
in hydrogen, except that the endothermic peaks appear at lower temperature,
i.e. at higher molecular weight values, and that the endothermic process with
a maximum at 500 °C measured in air cannot be observed in hydrogen.

Due to the qualitative nature of the above information the thermal
decomposition of ammonium paratungstate was reinvestigated by the com-
bined thermogravimetric and IR spectrophotometric method developed in
this laboratory [6—8]. The same method was used in the studies on ammonium
paramolybdate [9].

Experimental
1. TG—IR, and DTA measurements

Ammonium paratungstate samples of Tungsram and Fluka AG p.a. products
were used throughout the experiments. According to X-ray diffraction data and IR spectra
the two products had similar structural characteristics, only their water content differed slightly
(Table I1).

Table 11

Analysis data

Tungsram Fluka

W 03% 88.73 89.17

NH,% 5.43 5.45

H 20 % 5.84 5.38

W 03 moles 12.00 12.00

NH3 moles 9.99 9.98

H,0 moles 10.17 9.32
Composition w 5(NH420 «12W 03 «5H2 ~ 5(NH420 «12W03+<4.5HD
Molecular weight 3133.52 312451

Combined TG and continuous IR spectrophotometric gas analytical measurements have
confirmed that the samples yield W 03in six steps (Figs 3 and 4), and from the derivatograms
(Figs 5 and 6) the same qualitative conclusions can be drawn.

Contrary to the decomposition of ammonium heptamolybdate.4-hydrate (paramolyb-
date) [7—09] the thermal decomposition steps of paratungstates are overlapping, which fact
renders the qualitative and quantitative analysis of the process more difficult. Despite these
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Fig. 3. Tungsram sample. 1. TG curve, 2. IR H20 (C2H 2 curve, 3. IRN H 3curve, x. the equi-
librium moisture content of the carrier gas

Fig. 4. Fluka sample. 1. TG curve, 2. IR H20 (C2112) curve, 3. IR NH3curve, x. the equilibrium
moisture content of the carrier gas

difficulties the results of IR spectrophotometric gas analysis (Figs. 3 and 4) clearly indicate
the order of appearance of NH, and H2 with the temperature rise as well as the composition
of the gas phase above the solid phase during the thermolysis* (Table II1).

*0n the basis of TG studies on 7-hydrates Wanek [3] concluded that between 240

and 380 °C NH3is released in one step and is not accompanied by H20. We have observed,
however, several NH3 maxima in the thermolysis curves of paratungstate 11- and 7-hydrates.
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The amount of the gases formed can be estimated after redrawing Figs 3 and 4 [7, 8].
Figs 7 and 8 obtained this way express even better the facts given in Table Il, and at the same
time the slight differences between the decomposition of the tungstate products can also be
observed. It is apparent that e.g. in the decomposition of the Fluka sample steps IV and V are
almost separated in comparison with the Tungsram sample, and the variation of NH3concentra-
tion in the gas phase at step V shows a very sharp maximum. It is also apparent that the
weight loss corresponding to step 111 is mainly due to the release of dry NH3.

Knowing the total area below the maximum curves in Figs 7 and 8, and the total weight
change data, obtained from the TG curves (see Table 1Y, Nos. 1.2, 5 and 6), the spectrophoto-

°C

Fig. 5. Tungsram sample. Weight: 1.1790 g, DTA: 1/10, DTG: 1/5, TG: 200

Table 111

Released gases

TG steps 1 " 1 v v Vi
Temperature range 20— 130 70— 170 100—280 190—390 340—480 460—450
Gas products H20 H20 NH3 NH3+H,0 nh3+ h2 H 2
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Table 1V

Experimental conditions ofthe measurements and the planimelrically determined

No. e o TR TR messured Tt r.

| 800 89.5 15.35 300 NH3 - -

2 800 89.5 15.01 300 coH 2 46.0 97.0
3 400 15.66 300 NH3 —
4 800 15.52 150 NH3 — —
5 800 87,3 15.47 300 NH3 — —
6 800 87.3 15.55 300 coH2 271 98.0

1—4: “Tungsram” paratungstate
5, 6: “MNwuka” paratungstate

Fig. 6. Fluka sample, Weight: 1.1791 g, DTA: 1/10, DTG: 1/5, TG: 200
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values proportiomal to the areas below the IR maxima absorption

Measured

T's T T's T TTI T(tot) Difference
160.0 390.2 84.6 - 634.8 640.0 (Tj) —5.2
— 252.5 50.5 222 468.2 4725 (T3) —4.3
78.3 202.0 46.2 — 3265 330.2 —37
156.0 398.0 84.0 — 638.0 635.3 +2.7
149.0 396.5 69.0 — 614.5 618.0 (Tj) —35
_ 2417 55.0 26.8 448.6 455.0 (T3) —6.4

metrically determined NH3and H2 contents of the starting material were compared with those
determined by chemical analysis. The following equations are valid [8]:

mi a1 *M3eT¥ V1
nL'T3e <K3

m2 Am(> ml)l
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or, in moles

[ ] M em,,
M= _Mpwam, v, = o MPW
G =M m1000 G mm 7- fooo

where

ml and m2denote the total amounts of NH3and H2 (in mg) released;

Am denotes the total weight change obtained from the TG curve;

Tj and T3denote the total areas below the maximum curves of NH3 and C*H., (Table IV, meas.

1 and /i dénote flow factors concerning the given experimental system and characteristic of
N'H, and C2H2 (VI : v = 1.155) [8];

ni denotes the apparent mole number ratio of the reaction between CaC, and H.,0 (nL = 2.34)

8.

Vij and[\}l.tdenote the flow rates of carrier gas at the measurement of NH3and H2 (1 air/h);
M 15 M 2and M3are the molecular weights of NH3, H2 and C2H2, respectively;

M p,, is the molecular weight of paratungstate;

IV] and N2denote the number of NH3and H2 moles in the starting substances;

G denotes the weight of the sample (g).

The good agreement between the data obtained by these expressions and by chemical
analysis (Table V) indicates that the area below the IR maximum curves and the total amount
of gas products formed are in a satisfactory correlation.

In the measurements of gas products formed in the consecutive steps it is a good appro-
ximation to assume that the maxima curves of NH3and H20 are Gaussian. (After the minima
of the curves of NH3and H20 the preceding reaction causes nearly the same weight change as
the next reaction has caused before the minimum.) The area below the overlapping maximum
curves in Figs 7 and 8 was determined by planimetry (Table 1V), and the mole numbers of
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Table ¥

Comparison of the data obtained spectrophotometrically and by chemical analysis

NHS moles H2 moles
Difference Difference
Sample Chemical IR epect. mole% Chemical IR spect. mole%
anal. anal. anal. anal.
Tungsram 10 10.25 + 2.50 10 9.83 —1.70
Fluka 10 9.79 —2.10 9.5 9.65 + 1.58

NH3and H20 released in independent processes were determined by the following equation
[8]:
N =T
ni = — --—-—--

2 't;

ewhere uy denotes the number of NH3and H20 moles formed in the ith step, N denotes the num-
ber of NH3and H20 moles in the starting substance, while T- is a number proportional to the
area below the maximum curves corresponding to the ith step. The results are shown in Table
VI.

Table VI

The amount of gaseous product (in moles) released in the reaction steps

Gas

No product nl "2 "3 n« ns né N=£my
1 NH3 — - 2.52 6.15 1.33 - 10
2 H2 0.98 2.07 — 5.40 1.08 0.46 10
3 NH3 — — 241 6.19 1.40 — 10
4 NH3 — - 2.43 6.25 1.32 — 10
5 NH3 — — 2.42 6.45 1.12 — 10
6 H,0 0.57 2.07 — 5.12 1.16 0.56 9.5
1—4: “Tungsram” paratungstate 5, 6: “Fluka” paratungstate

Since even in the case of different sample weights and heating rates, i.e. independently
of the kinetic conditions of the reaction, the results, shown in Table VI, are nearly the same (and
the same is true for the molecular weight values given in Table 1), it is very probable that the
data obtained are indeed characteristic of the decomposition process itself. From data in Table
V1 those in Table VII can readily be obtained. Table VIl contains the composition related to
12 WOj and the molecular weight related to 1 W 03 of the intermediate phases formed in the
subsequent temperature ranges. The molecular weights given in this Table and corresponding
data of Table | are in a good agreement.
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Table VII

The composition of the phases

TG steps Molecular

IR maxima °C (NH,),0 wo, H2 weight related
to 1 Wo,
Tungsram sample 20 5.0 12 5.0 261.1
1. 20— 130 5.0 12 4.0 259.6
1. 70— 170 5.0 12 2.0 256.6
1. 100— 280 3.75 12 3.25 253.1
V. 190— 390 0.67 12 0.83 236.0
V. 240—480 — 12 0.5 232.6
V. 460— 550 — w o3 — 231.9

2. W spectrophotometric and X-ray analytical study of the phase

Under the experimental conditions applied in the measurements yielding Figs 3 and
4, i.e. in crucible containing several hundred mg of sample, there are mixed phases present at
the minima of the IR curves, due to the overlapping reaction steps. To avoid this, 30—40 mg
of paratungstate samples were used, placed on a silica plate of 15 mm in diameter, forming a
thin and evenly distributed layer. Samples were heated to a given temperature at a heating
rate of 150 °C/h. After cooling the samplesin a desiccator ower P205 the analyses were immedi-
ately started. In each successive procedure the final temperature was increased with 15—20 °C,
and the structural changes of the phases were detected. Under these conditions the phases
were formed within well defined temperature ranges. Both for spectrophotometry and for X-
ray analysis sufficiently pure samples were obtained. The results obtained are summarized as
follows:

20— 180 °C range: apart from minor changes 4- and 2-hydrates retain their original crystal
structure.

195— 230 °C range: the structure is modified in step Ill (all W—O bands frequencies change in
the IR spectra).

240—320 °C range: amorphous tungsten bronze is formed

320— 350 °Crange: some minor signs of the crystallization of ammonium bronze can be observ-
ed.

350—440 °C range: structural characteristics of W 03 appear; according to IR spectra and gas
analytical data hydrated W 03is formed.

Comparing the above structural transitions with the data taken from the literature,
attention should be called to the phase transition observed around 200 °C. The change of dif-
fraction pattern in the vicinity of 200 °C was also observed by Ann [2], but neither the compo-
sition nor the crystallographical characteristics of the phase formed in this temperature range
were given. On the other hand, our observations — except the appearance of hydrated W 03—
on the phases which occur during the ammonium tungsten bronze and W 03 formations essen-
tially agree with those published in the literature [1, 4, 5].

As far as structural changes are concerned, paratungstate samples of Fluka and Tungs-
ram products behave identically. The only difference is that the bronze formed from Fluka
tungstate is more crystalline in character in the temperature range between 320 and 350 °C.
This latter might be the reason that the overlap of steps IV and V is smaller and that a separate
NH3maximum is formed in step V (see Fig. 8).

The chemical composition of the sample prepared at 220 °C and stored in a desiccator
over P205 was determined and the following result was obtained: 3.71 (NH420 «12W 03¢3.42
H20, which is in a good agreement with the composition corresponding to step Ill, given in
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Table VII.* Taking also into accountthat the composition corresponding to step IV is also in a
reasonable agreement with the composition of ammonium bronzes determined by other authors
[1], the stoichiometric data given in Table VI can be accepted.

Since a more detailed study of the structural problems of ammonium paratungstate
hydrates and of the intermediates formed from them is going to be published in a separate
paper dealing with infrared spectroscopic investigations, this paper reports only the crystal-
lographic and IR spectrophotometric features of the so far not isolated phase formed in step
111, in comparison with the corresponding features of the starting material (Tables V11l and
1X).

Table VIII

X-ray diffraction data

5(NHAD +12W03 -5HD 3.75(NH42D +12W03 -3.25HD
eian))bS-IIOS Sinzfmé_los bkl einztc))bs-.ms Sinzcoa|;.105 el

560 556 001 563 563 001

818 821 111 832 840 111
1083 1090 10T 1103 1107 101
1365 1379 ill 1393 1398 111
1430 1412 120 1446 1429 120
1661 1688 121 1707 1713 121
2221 2220 002 2256 2252 002
2287 2304 300 2298 2271 12r
2508 2505 012 2542 2541 012
3080 3070 122 3124 3123 122
3303 3319 122 3362 3366 112
3641 3625 230 3720 3726 131
3723 3696 301 3780 3785 301
4227 4190 122 4478 4495 103
4431 4414 103 4646 4656 040

X-ray diffraction data listed in Table V111 were obtained by the evaluation of Guiner-
type measurements (Cu Karadiation, KC1 internal standard); the wave number values given
in Table IX were obtained from the spectra of KBr disc samples.

On the basis of Table X one can see that the lattice parameters of Tungsram para-
tungstate are very close to those given in the literature [10], and the density (o = 4.415 and
the cell parameter values measured satisfy the requirements for Z = 2. In step Ill the partly
dry release of NH3causes a change in the dimension and form of the cell. The measured density
value of the sample prepared at 200 °C according to the above described process was found to
be Q= 4.66. Taking the composition corresponding to this density and assuming an (NH4)20
and W 03content that is the possibly nearest to this composition, or contains different integer
numbers of said groups, the (NH420:W 03ratio, however, kept nearly constant, the most likely
Z-value was determined.

* Allowing to stand on air, the compound transforms into 5-hydrate; the (NH420
W 03 ratio and structural features remain unchanged.
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On the basis of Table X1 ratio 5(NH420 : 16W 03 can be disregarded. Although in all
other cases the calculated Z-values are nearly integer numbers, ratios 4 : 13 and 8 : 26 should
be distinguished. Assuming that molecules containing an odd number of W 03-group are less
probable, the most probable composition of the new phase is 8(NH420 «26W03+«7H2, and
the unit cell contains only one molecule.

Table 1X

Characteristics of the infrared spectra

A 375(NH)D 12W03 e
SfNHAO  12W03 5HsO A d

Assignment
cm-1
702 vs, vb 721 vs, vb
745  sho
765 {
800 w 9 w on.w—eH.
818 s, b 828 s, b S
834 sho
870 s, b 880 s, b
918 » P 928 , P terminal
934 1 :h, o 942 L ST], P VW 0
os1 Jb3h p 963 JB &
1100w, sh W—OH, W OH,
1403 vs, sh 1408 s, sh r4F2) NH+
1468 sho
1630 m 1645 w € OH (H,0)
1678 w NH+ ?
2810 w 2825 w 2v4 NH +
2900 w 2885 w
3020 m, b 3035 m, b V. + Pt NHt
3135 s, b 3150 s, b v (F) MI,1
3380 m, b v OH (H,0)
3450 sho 3420 VOH (H,0)
3510 Tm, b w vOH (W—OH)
3615 1 w »OH (W—OH)

s: strong, sh: sharp, w: weak, b: broad, p: peak, sho: shoulder, v: very,
m: medium
Table X
Crystallographic parameters

Unit cell parameters [ Number of

molecules in

Sample . . ! . . Density the u;n cell

Hahnert Ref [10] 15.54 14.53 11.02 108.75 4.40 199 s« 2
Tungsram 16.419 14.356 11.151 111.67 4.415 206 ~ 2
IN\ew phase 16.094 14.302 11.028 111.25 4.660 2,012 ~ 2
1.006 ~ 1
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Table XI

The most probable composition of the new phase

Possible compositions Molecular weight z
3.75(NH4),,0 m12W 03« 3.25Ha0 3036.54 2.17
4(NHH20 «13W03+3.5H,0 3285.96 2.012 «x<2

8(NH4H20 +26W03+7H,0 6571.92 1.006 1
5(NH4),0 «16WO3+«5H2 4061.20 1.628
5(NH4),0 « 16W03+4H,0 4043.19 1.636
4(NH4,0 «12W03+3H,0 3045.04 2.171

Discussion

Summarizing the results obtained, the transformation of ammonium
paratungstate «5—hydrate to W 03 in air is the following:

5(NH,).,0 «12WO. *5H.,0 - ~H<_ 5(NH4),0 «12W034H20

0 5(NHAH20 «12W03+2H.,0 ~ 5N-\C/

70-170 °C 100-280

—(3.08(NH420-f-2.42H20)
190-390 °C

3.75(NH480 «12W03+3.25H ,0
0.67(NH4)20 +12W 03+0.83H ,0 - (067IN+)2Q0H0°B+Q

12W 0,-0.5H,0 ~°'5H° orthorhombic WO, .
n * 60-550 °C n

4

On the basis of Figs 7 and 8 as well as Tables VI and V11 it can be estab-
lished that in steps I, Il and Ill phases of the same structure and composi-
tion are formed from both substances. Consequently, these processes are gener-
ally characteristic of paratungstate 5-hydrates.

Onthe other hand, differences can be found in the formation and decompo-
sition of ammonium tungsten bronzes of slightly different composition (0.67—
0.56 (NH4H20 «12W 03+ 0.6—0.5FFO). It is well known, however, that bronzes
are non stoichiometric compounds, and a given type of crystal structure may
exist over a reasonably wide range of composition [1]. The kinetic differences
to he seen on Figs. 5 and 6 are most likely due to differences in crystalline
character and in the morphological features of predominantly amorphous
phases.

Acta Chim. (Budapest) 72, 1972



386 K1SS et al.: THERMOCONDENSATION OF AMMONIUM PARATUNGSTATE PENTAHYDRATE

The difference between the composition of the bronzes obtained by IR
gas-analytical method probably has a connection with the exothermic process
indicated by the DTA curves. This process may be due to the combustion of a
small amount of ammonia. With the Fluka tungstate the exothermic peak and
the temperature corresponding to the maximum is higher. W ith the Tungsram
tungstate the amount of oxidized ammonia may not be significant because,
according to Table Y, there is no loss in ammonia at the composition calculated
from the total area of the IR peaks. With the Fluka tungstate, although the
data of Table Y are still within the experimental error, the sign of the percentage
error is reversed, which fact may be related to the slightly higher exothermic
peak in the DTA curve of Fig. 6. This effect may slightly modify the composition
determined for the Fluka bronze by spectrophotometric method, and may bring
it closer to the composition of Tungsram sample.

The derivatograms are in accordance with our previous TG studies and
with the present IR data. In Figs 3and 4, and inthe DTG curves of Figs 5 and 6
the shoulder which appears at step IV is not connected to the incidental forma-
tion of a new substance, more precisely, there could not be found a convincing
proof for it, due to the predominantly amorphous structure. Since in this step,
to some extent, crystallization of bronzes takes place [4, 5], which may affect
the reaction rate, it seems to be evident that the shoulder is due to this effect.
This conclusion is also supported by the fact that the bronze formed from the
Fluka sample is more crystalline, and, at the same time, the shoulder found in
the IR curve is more pronounced. (See Fig. 6.)

Processes in which H2 and/or NH 3are released are endothermic, regard-
less of the rearrangement of the crystal lattice. The same was found in the solid
phase polycondensation reaction of ammonium heptamolybdate.4-hydrate
[9]. The exothermic peak in the range 0f460—480 °C is due to W 0 3(disordered) —»
W 0 3<ordered) transition.

The evolution of NH3 on its own or together with water vapour suggests
the assumption that there may be two different decomposition processes for
the WOe groups of paratungstate anion compensated by NH4 ion. Although,
relying on the principle of uniform charge distribution of ionic crystals, there
is no reason so far to assign NH”" ions to certain oxygen atoms of the W06
octahedrons, as a working hypothesis, however, the conditions can be simplified
according to the following scheme: —

0 +H NH,
W ey NHL 2NH3
Sl e
1. a
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0 +H TNH3
Oylo
2NH,
IIO\0 -+'H'vI NH3
I.b
0\? /X +HNH3 — ¢ (NH4)2 — * 2NH3} H20

o/ 6\0

The changes in the spectra, given in Table IX, show a couple of features
supporting the assumption that the phase of modified structure formed in step
Il contains —OH or OH2groups, coordinated to the metal. So, e.g. the shift
of the bands toward higher wave numbers in the v OH region, and the appear-
ance of small individual maxima at 3510 and 3615 cm-1, can generally be
explained by the decreased strength of hydrogen bonds or, possibly, by the
formation of free OH [11, 12] or W—OH [13—15] groups. The appearance
of maxima at 1100 and 800 cm-1 is also consistent with the above assumption;
these frequencies can generally be assigned to 6 M—OH [11, 12, 16] and g
M—OH2 [12, 16] vibration modes. Moreover, the shift of 6 OH from 1630 to
1645 cm-1 may be characteristic e.g. of the deformation vibration of OH2
groups coordinated to the metal [12].

Among the structural problems of hetero- and isopolyacids and their salts,
e.g. paratungstates, the nature, bonding relations and crystallographic position
of H20, OH, H30 + and the basicity of the polyacids are among the most widely
discussed issues. The structure of paratungstate anion was determined by
Lindqvist [17], in 5Na2d ,12W 03 «28H2. It has been established that the
previously assumed [18] [W12041]10~ structure is incorrect, and, in fact, the
structure of the anion is [W 120 46]20~. This structure, however, requires the pro-
tons to be bound to the anion (e.g. [H10W1204€]10~). The problems arising here
have not been solved by Lindqgvist.

On the basis of IR and proton magnetic resonance measurements Gilem-
ser [19, 20] and Schwarzmann [21] concluded that the ten H-atoms are not
acidic, and are present as OH groups. Based onthis finding, the recently accepted
structure is NalO[W12036(OH)10]23H20. On the other hand, Lipscomb [22]
has pointed out that on the basis of Lindqvist’s data besides [W 12046]20~
other structures, e.g. [W1043]12- can also be assumed. This latter assumption
is also supported by recent X-ray studies of Weiss [23] on ammonium paratung-
state.11-hydrate. In the case of 7- and 5-hydrates neither the position of
tungsten atoms, nor their mode of bonding to the light atoms have been deter-
mined. Only the size and the symmetry of the unit cell are known [10, 24].
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Insofar as the Glemser —Schwarzmann formula was regarded as general,
11-, 7- and 5-hydrates should have the following general composition:

5(NHA2-12W 03 +nHD = (NH410[W 12030 H)10]m H 20

where n = 11, 7 or 5 and m = 6, 2, or 0.

Hahnert [10] reasoned on the basis of this formula that paratungstates
containing less than five molecules of water, in analytical sense, cannot be
precipitated aqueous solutions.

Consequently, 5-hydrate and its dehydrated products would not contain
water molecules at all. This, however, contradicts our experimental findings,
that water is released already at 25—30 °C. This could not be explained if
the substance contained water only structurally. In such a case the oxygen atom
of H20 should be released from the lattice of the anion, and the considerable
oxygen loss due to this process would result in the collapsing of the crystal
lattice. We have found, however, that H20 isreleased without structural changes
in steps | and Il. The distinct appearance of OOH frequencies in the spectrum
at 1630 and 1645 cm-1 (Table 1X), which frequencies characterize exclusively
the deformation modes of H20 molecules, is also a decisive proof. Consequently,
it is obvious that the formula assumed by Glemser and Schwarzmann as
well as, to certain extent, by Hahnert [25] can by no means hold in the case
of 5-hydrates; and the experimental results should rather be interpreted on the
basis of the Lipscomb— W eiss structure. It is, however, still an open question
whether the protonated structure [H2W 12042110~ or the structure — corre-
sponding to Glemser’s principle — [W12040(OH)2]10- is present.

The low temperature corresponding to step | as well as the stoichiometric
differences found between tungstates of different products indicate that in
5-hydrates 1 mole or less amount of mobile water, bonded with absorption or
capillary forces, is present. Step Il indicates the presence of 2 moles of water
of crystallization. The process of step 11l can less easily be accounted for. It
should be assumed that in the outer coordination sphere of the ion the W—0~
... NH4+ groups, which are bonded with different energies, which in one case
result in the thermal dissociation of NH4+ ions, in other cases to the splitting
of (NH420 groups containing an oxygen atom from the lattice.

The question necessarily emerges whether the hydrogen atoms remaining
after the thermal dissociation of NH4+ ions are acidic hydrogens or they form
W —OH groups bonded with covalent forces. One might decide on the basis
of the following consideration. In hetero- and isopolyacids, so, in principle in
the paratungstic acid not isolated so far, the analytically determinable water
content consists of two parts: — 1. Salt ‘forming water’, the amount of which
is exactly defined by the basicity of polyacids, 2. Water content independent
of salt formation, which can be either H20 bonded with forcesof different nature
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or OH or OH., groups, bonded with covalent forces, taking part in the structure
of the polyanion.

If it is assumed that the residue is acidic hydrogen, the structure of the
anion ought not to change, because in this case the degree of polycondensation,
compared to the basic substance, does not change either, and it is known that
in this step structural water is not released. Let us measure the degree of con-
densation by the ratio a = (NH42 :W 03 which ratio in turn, implicitly
implies the change of charge with respect to 1 mole of W 03. In this case, should
acidic hydrogen remain, the following expressions will be equivalent, as far as
the charge with respect to 1 mole of W 03is concerned: —

[LONH++502-]

% (5-hydrate and
(rhyarae) [12W03]
" [7.5NH++3.5H+ + 502~]
stee (1) — [12WOJ

i.e. the extent of condensation will not change. Consequently, there would be
no reason for a structural rearrangement.

According to the data of Table 1X, however, the stretching frequencies
of the terminal W—O groups as well as the vi (F2) frequency of NH4+ ion are
shifted towards higher values, which facts are typical of changes in crystal
structure connected with increasing degree of condensation [26]. The shifts
in the spectrum given in Table 1X, consequently, confirm the existence of a
phase, containing covalently bonded OH groups. The phase is characterized
by the ratio a = 3.75(NH420 : 12W03.

The change of the condensation degree with a or 1/a is also supported by
the continuous shift ofthe phase density values. In Fig. 9 the densities of phases
of different structure and the corresponding a values appear to be in a func-
tional relationship, because the density value at a given composition of the
phase belonging to step 111, as well as that of a tungsten bronze fit well the
plot drawn in Fig. 9.

Finally, it should be noted that also in the case of paratungstate — W03
reaction in the solid state, the word “thermolysis” is not quite adequate to
characterize the process, it should rather be termed as a thermal polyconden-
sation reaction, or as a thermocondensation. This terminology was also fol-
lowed in our previous publications [9, 27].

Our further concern is to clarify the structure of paratungstate «5-hydrate
and intermediate substances formed from it, by means of deuterium exchange
and IR spectrophotometry.
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1/d
A 12 10 8 6 A 2 0

Fig. 9. The density variation of the phases

a e
5-hydrate 0.416 4.415
substance of step Ill (220 °C) 0.312 4.66
ammonium bronze (350 °C) 0.081 6.04
wo3 0.0 7.29 [28]
Q— 9Woa—~ 4 6/a

2. p"03 p= a+ bla.
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The interaction of water vapour with the surface of germanium single crystals,
etched in alkaline H202 solution, was investigated. Using volumetric and tritium
tracer techniques the amount of water adsorbed on the surface was measured as a func-
tion of temperature (between 16—80 °C), adsorption time and relative humidity
(up to 0.8). The adsorption equilibrium is reached in 10 hrs. The adsorption isotherms
in the 50—80 °C temperature range can be described by Freundlich’s equation giving
a value of 155X 10“ 9 g/cm2for monolayer coverage of the surface. This adsorption has
a “weak” chemisorption character, the isosteric heat of adsorption varies with the
coverage between 13 and 23 kcal/mol. The kinetic results point to a diffusion controlled
process in which the oxide layer becomes saturated with water vapour. The diffusion
model leads to a diffusion coefficient of 5.8 X 10“ 18cm2/sec at 80 °C. The activation energy
of diffusion is about 4 kcal/mol, in good agreement with the apparent activation energy
calculated from the kinetic curves of water vapour adsorption.

1. Introduction

The process of interaction between water vapour and the surface of ger-
manium crystals or germanium dioxide powders has been studied by
numerous authors [1—9]. Experiments have been carried out mostly on
powdered samples of germanium [1, 3—6, 8, 9]. The surface was subjected to
various physical treatments but only Prudnikov and Kiselev [6] have em-
ployed chemical etching before adsorption. As regards to the mechanism of
water adsorption on a real germanium surface covered by a thin oxide layer,
Srinivasan et al. [4] have assumed a donor-acceptor interaction. Kiselev
and Prudnikov [7, 9] supposed the same mechanism on etched germanium
surfaces. On the basis of ESR and NMR studies it was concluded that water
adsorption at a coverage of 0 = 1takes place in the form of multilayers at locat-
ed pits [9]. Pravdic, McCafferty and Zettlemoyer [8] have examined the
conditions of water chemisorption on oxide coated germanium surfaces, as a
function of the bulk carrier concentration.

The investigations reported in this paper are primarily concerned with
the adsorption of water vapour on chemically etched surfaces of germanium
single crystals over a wide range of temperature and relative humidity, in an
atmosphere of purified N2 The amount of adsorbed water was measured in the
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‘equilibrium’ state and also as a function of time. The purpose of the kinetic
study of water adsorption was to determine the mechanism of the overall
process.

2. Experimental

The germanium samples were in the form of rectangular, 2X2X0.3 mm slabs. They
were cut from an N-type ingot parallel to the (111) face and polished on both sides with an
aqueous suspension of silicon carbide powder. The ingot resistivity was 1.5 + 1 Ohmcm and
had a dislocation density in the range of 3000—5000 cm-2.

The germanium plates were etched in alkaline hydrogen peroxide solution [250 ml hy-
drogen peroxide (d15= 1.104) + 2 ml 25% (by weight) aqgueous KOH solution]. The chemical

Fig 1. Apparatus for the measurement of water adsorption

etching was continued for 30 min at 110 °C under vigorous stirring. After washing and rinsing
the samples in distilled water (conductivity 10-6 Ohm-1 cm-1), they were baked for 100 hrs
at 110 °C in purified air, then the temperature was raised to 300 °C for 10 hrs in vacuum (10~ 4
Torr).

The chemical treatment has removed from the surface all the abrasive layers created
by polishing. It was controlled by measuring the homogeneity of X-ray diffraction. The thick-
ness of the Ge0O2layer was found to be (30 + 2)X10-8 cm by ellipsometry.

The examination of the treated surface with an electron microscope has shown that the
oxide layer on the surface of germanium is plane and compact. The specific surface area of the
samples was determined by the BET method from low-temperature adsorption of krypton,
and the roughness factor (r = specific surface/geometrical surface) was found to be 1.2—1.3.

W ater adsorption was measured by the volumetric method [11,12] in the relative humid-
ity range 0.01 < pipo< 0.3 at 16 °C and by a method using tritium labelled water in the
range 0.1 < plp0< 0.8.

W ith the radioactive tracer method the adsorption process was carried out in an atmos-
phere of purified nitrogen, at constant temperature (i|) and relative humidity (plp0). A scheme
of the apparatus is shown in Fig. 1. Containers with the germanium samples were placed into
tube B maintained on temperature tv Tritiated water in reservoir A was thermostated at t,
determining the vapour pressure (j>ofthe system (tx > t2). Block D heated the nonthermostated
parts of the system. Stopcock F and trap G were used for adjusting the atmospheric pressure
and for quick setting of plp0. This static system maintains a controlled relative humidity up
to 0.8.

The adsorption process was finished by removing the containers and pouring the germa-
nium samples into arm 2 of the ampoule shown in Fig. 2, by fitting ground joint 3 to the open
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end E of the adsorption apparatus. Then the ampoule was quickly connected to a vacuum sys-
tem through ground joint 3 and immersed into liquid nitrogen. After a few minutes of cooling,
it was evacuated to 10“4Torr and sealed off at the side-pipe.

To determine the amount of water vapour adsorbed on germanium sample the tritiated
water was converted into the form of tritiated hydrogen. Arm 1 of the ampoule was filled with
a known amount of fresh aqua regia degassed twice in high vacuum under cooling with liquid
nitrogen and the ampoule was sealed off at the side-pipe. Then the break-seal 6 was opened and
aqua regia was distilled into arm 2 cooled with liquid nitrogen. The distilled aqua regia was
a ring-shaped layer of frozen solid about 1 cm above the germanium samples. On rapid heating
the ring dropped upon the samples which dissolved therein, with intense hydrogen evolution in
30 min.

Fig. 2. Ampoule for the measurement of water adsorption

After the above operations, the ampoule was connected to the vacuum system through
joint 5, break-seal 7 was opened and hydrogen was pumped into a GM counter of internal filling.

Hydrogen evolution may be interrupted by freezing at any stage of the dissolution. This
method was applied for checking experimentally the stationarity of the specific radioactivity
of the hydrogen formed. It seems that the tritium exchange is carried out before the evolution
of hydrogen and the process of solution of germanium does notinfluence the specific radioactiv-
ity of tritiated hydrogen.

The adsorbed radioactive water vapour can also be converted into methane in a more
convenient way. If arm 1 contains a known amount (about 1 g) of acetic acid with 0.1 weight
per cent of acetic anhydride and the germanium samples are poured into this solution, after
degassing, sealing-off and immersing it in a hot bath, the water will be completely desorbed
within two hours. (The acetic anhydride content of acetic acid reacts to the desorbed water.)
If arm 2 contains an adequate amount of degassed methylmagnesium iodide, then a few drops
of acetic acid may distil into arm 1 on opening break-seal 6. The specific radioactivity of the
methane formed will be the same as that of acetic acid.

The two methods of desorption give the same results with a deviation 3%.

The specific radioactivity of water in reservoir A was measured with a Packard liquid
scintillation instrument which was correlated to the GM counters by the acetic acid method.

The amount of water adsorbed on the surface of germanium samples is proportional to
the ratio of its specific radioactivity and the specific radioactivity of water in reservoir A :

G | mS 1 1 S
F~T “ 10— 1 ' F mr ~ I, mF r
where
a: amount of water adsorbed on unit surface area, g/cmz;
G: amount of water adsorbed by the surface of germanium samples, g;
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F: geometric surface of the germanium sample, cm2;

r: roughness factor;

S: the amount of hydrogen equivalent to the desorbing solvent, g;
Jo: specific radioactivity of water in reservoir A, cpm/Torr;

l:

specific radioactivity of hydrogen or methane formed during the dissolution of the ger-
manium sample, cpm/Torr.

The high sensitivity of the radioactive tracer method allowed carrying out the adsorp-
tion measurement on germanium samples with surface areas of 3—4 cm2

The vapour pressure and temperature can be accurately adjusted in the experimental
system, whereas the measurement of the roughness factor and the radioactivity of adsorbed
water give a +10% standard deviation.

The results of the two different methods at 16 °C are in good agreement in the relative
humidity range of 0.1—0.3 and point to a negligible isotope effect, as shown in Table I.

Table |

Amount of water (a -) adsorbed on unit area of the etched gertnanium surface,
at “equilibrium™ al 16 °C and different relative humidities (p/p0)

AR (ngg%c(%%rtr;%d) (tr;celpg nggt/ﬁggi?
0.007 1.2 —
0.022 2.6

0.029 4.0

0.051 5.2 —
0.073 7.1 —
0.103 9.5 8.0
0.147 12.0 11.0
0.206 14.0 13.2
0.250 16.4 14.8
0.301 18.4 16.8

3. Isotherms of water vapour adsorption

For the purpose of determining the isotherms and isobars of adsorption,
the amount of adsorbed water on the chemically etched surface of the germa-
nium single crystal was measured by the radioactive tracer method, at various
relative humidities and temperatures. The results are summarized in Table I1.
The values for the adsorbed amount of water in Table Il are the average of
6—9 measurements during adsorption times ranging from 10 to 25 hrs, which
is required for the process to reach the “equilibrium”.

The data in Tables I arid Il yield five isobars with maximum adsorption
at 50 °C, as shown in Fig. 3. The shape of isobars points to the existence of an
activated adsorption process in which thermodynamic equilibrium is reached
above 50 °C. Since the state ofthermodynamic equilibrium can rarely be reach-
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Table 11

Amount of water adsorbed (a«,) on unit area of the etched germanium surface
at “equilibrium”, at different temperatures and relative humidities (p/p0)

ao X 109 (g *cm ..)

PIPa 30 °c 50 °C 60 °c 70 °C 80 °C
0.10 40.8 70.0 65.4 49.7 30.9
0.30 50.4 90.5 81.5 68.9 52.0
0.50 52.9 104.5 97.7 88.0 79.6
0.65 64.0 113.0 106.5 97.5 88.8
0.80 70.5 122.5 116.5 109.0 99.0

Hg. 3. Isclars of tvatef vajjour adsorption on etched germanium surfaces

od in case of ‘strong’ chemisorption, we may suppose ‘weak’ chemisorption
which prevails at low coverage followed by physical adsorption at higher cover-
ages of the surface. The predominant process at 16 °C is physical adsorption:
using the volumetric method, this has been proved by readsorption isotherms
which are identical with the adsorption data within experimental error. The
isotherms measured at 50, 60, 70 and 80 °C can be described by Freundlich’s
equation as shown in Fig. 4. The ordinate belonging to the intersection of the
four straight lines gives the amount ofadsorbed water at monomolecular cover-
age (00) of the surface. Using the least squares method one obtains: a0 =
= (155 + 14) X10-9 g * cm-2. (Monomolecular coverage is an unrealistic state
since the system is highly supersatureted with water vapour.)

Ourresults are in a good agreement with those in the literature. Compar-
ison is made in Table Il1l. Different germanium samples treated in a similar
way give nearly identical isotherms at given parameters.
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Fig. 4. lIsotherms of water adsorption on the etched germanium surface plotted according
to the parameters of Freundlich’s equation

Table 111

Comparison of water adsorption values on real germanium surfaces given by different authors

axlO6 t* Vacuum
(g mem -1) P/Po (0 R “‘;tat?]g)m sample Ref.
9.0 0.1 20 200 Ge powder etched [71
16.7 0.3 in H20 2 and NaOH,
N-type, p= 35 Ohm «cm
25 0.6 300 Ge powder, N-type, [4]
p= 0.14 Ohm ecm
8.9 0.1 16 0.54 300 Ge plates etched in this work
16.5 0.3 30 111 H22 and KOH,

N-type, p= 1 Ohm <cm

* Temperature of adsorption measurements

** R = water area/argon area (The BET equation was applied to calculate the R
values.)

The isosteric heat of adsorption, isalogarithmic function of the amount
of water adsorbed by unit area of the surface. This is characteristic of adsorp-
tion processes obeying Freundlich’s equation. As is shown in Fig. 5, the isoste-
ric heat of adsorption ranges from —23.3 kcal/mol (at a coverage of 0.36,
corresponding to a rather high contribution of chemisorbed water vapour)
to — 13.3 kcal/mol (at a coverage of 0.71). The dependence of the heat of
adsorption on the coverage points to chemisorption at 0 <7 0.5. The Qt values
calculated from calorimetric measurements [6] are much lower than ours.
This may he caused by different contributions from chemisorption due to
differences in the surface treatments and temperature.
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0
03 0.4 0.5 06 Q7

Fig. 5. Dependence of the heat (Q,j of isosteric adsorption on the coverage (0) (upper scale)
and on the amount of water adsorbed on unit area of the germanium surface (lower scale)

4. Kinetics of the interaction of water vapour with the etched
germanium surface

W ater adsorption is a time dependent process during the first 8-hour
period. This period is sufficient for following the whole process as a function of
time by the radioactive tracer method. The kinetic curves of water adsorption
at four values ofrelative humidity and at 80 °C are shown in Fig. 6. The kinetics
of the adsorption process were also measured at 50, 60 and 70 °C. This time
dependent process cannot be described by a logarithmic rate equation valided
for activated adsorption on heterogeneous surfaces. The relationship between
0 and 1n(t + rQITO, where t denotes the time of the process, is not linear and
the rate of adsorption does not increase unambiguously with the temperature.
The calculated apparent energy of activation is about 4—7 keal/mol and has
no dependence on the coverage. The amount of adsorbed water vapour, aT,
divided by that adsorbed at equilibrium, a,,, is independent of the relative
humidity, as checked in a wide range of p/p0 at 80 °C. Therefore the kinetic
measurements at other temperatures were carried out only at p/p0= 0.50
with a few control runs at other values of p/p0. The results of kinetic measure-
ments are summarized in Table 1Y (the range of adsorption times was 0.5— 10
hrs).
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Fig. 6. Kinetics of water adsorption on the etched germanium surface at 80 °C

The features described above are not characteristic of pure adsorption
processes. So we may suppose that the rate controlling step is not chemisorp-
tion hut diffusion of water vapour through the oxide layer toward the boundary
surface of germanium. The interpretation of the diffusion process in a germa-
nium oxide layer involves the following assumptions.

(@) The adsorption of water vapour has a “weak” chemisorption charac-
ter and is fast compared with diffusion.

(b) The adsorption of water vapour begins at the surface of germanium
oxide but takes place inside the entire oxide layer.

(c) Water vapour diffuses into the oxide layer but cannot diffuse into the
germanium singlecrystal at the temperatures of the experiments.

(d) The diffusion coefficient is a function of the temperature only.

Fick’s equation for diffusion in one dimension is:

9c onC
8T 2

(1)

where ¢ denotes the water vapour concentration, r is the time of diffusion, x
stands for the coordinate perpendicular to the germanium surface and D
represents the diffusion coefficient of water vapour.

The scheme of water vapour diffusion is shown in Fig. 7. The oxide layer
occupies the 0 <[ x <[ b interval. The decrease of water concentration along
the oxide layer is stopped at the surface of germanium metal, i.e. the point
X = b represents an impermeable wall for water vapour. Since the amount of
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Table IV

Amount of water (aT) adsorbed on unit area of the etched germanium surface, as afunction of time
(t) at different temperatures (t) and relative humidities (p/p0)

. aT x 10» (g/cm?2)
(°C) (hrs)

PIPo= 0-1 plp«= n-3 P/PO = 03 P/Po= 0.65
0.5 - - 15.2
1.0 16.9 22.0 28.6
15 — — 50.1
2.0 - — 64.0
2.5 — — 73.1
50 3.0 50.6 56.0 78.7
3.5 — — 81.5
4.0 — — 88.0
45 — — 91.6
5.0 68.2 95.2 99.6
10.0 68.4 85.2 106.8
0.5 — 19.0
1.0 14.6 22.8 34.7
15 — — 49.1
2.0 — — 61.0
2.5 — — 69.8
60 3.0 50.9 62.8 75.7
3.5 — — 80.0
4.0 — — 83.6
45 — — 88.5
5.0 — 78.9 97.3
10.0 66.1 82.7 99.6
0.5 - 22.7
1.0 28.8 34.6 47.5
1.5 — — 53.9
2.0 — — 64.5
2.5 — — 68.6
70 3.0 42.9 60.1 77.7
3.5 — — 78.0
4.0 — — 81.0
4.5 — — 83.3
5.0 48.6 66.0 86.2
10.0 48.6 70.3 92.5
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Table IV (cent.)

at X10» (g/cm’)

<0 tr) P/Po = 01 P/Po = 03 P/Po = 0-5 P/Po = 0.65
0.5 10.8 16.6 23.7 32.7
1.0 15.6 24.3 38.4 45.0
15 20.1 33.4 49.5 56.4
2.0 23.1 38.2 57.6 68.2
2.5 26.2 41.2 62.6 —
80 3.0 28.7 45.4 73.5 82.7
3.5 26.9 47.0 71.7 —
4.0 29.6 50.5 76.0 83.6
4.5 30.2 51.6 76.9 86.0
5.0 30.7 53.7 79.8 87.9
10.0 32.5 53.5 81.2 90.8

concentration of water vapour

Fig. 7. Scheme of water vapour diffusion into the oxide layer with the boundary conditions

adsorbed water does not exceed 6x 10“7 g, the concentration of water vapour
(Cg) may be regarded as constant at the gas/solid boundary surface.

Owing to the prevailing vapour pressure, the equilibrium concentration
of water (Cs) corresponding to the given temperature is rapidly achieved and
remains constant during the process of diffusion. Therefore, the boundary con-
ditions for diffusion are:

c(0,£) = Cs; I— 1 =0 for r> 0 (2)
I Ix=f
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The initial condition for water vapour distribution in the oxide layer is described
by the function f(x):
c(x, 0) = f(x) at 0 X b 3)

W ith boundary conditions (2), function f(x) satisfies the following equa-
tions:
f(x) - Cs= Cs-/(-*)
and
f(x + b) = f(b — x) 4)

i.e. f(x) is periodical with respect to 4 6.
Using conditions (2) and (3), the solution of Eq. (1), after substituting

cv is [10]:
+® ;
(*»t)= Cs+(C1- Q v erf fx-4 Kb
k=-°0 ZYDI’ (5)
______ orf X (4K 2)bj _erf(x~(4K+2)u
2 2yDr 2 2YDz

where K is an integer.

Since germanium samples were previously treated in vacuum at 300 °C,
the initial distribution of water vapour in the oxide layeris: ¢(x,0) =/(x) = 0
and Eq. (5) takes the form:

c(x.1) = Cs X 4Kb (4K’ 2) b\
21Gr . 2\IDr ) 6
(
Lerf(- M+M|l
2 \" 2\Dr

Our experimental results yield the amount of water adsorbed on unit
surface area of the oxide layer as a function of the adsorption time (r). Since
c(x, r) stands for the time dependent concentration, Eq. (6) has to be integrated
with respect to x:

X 4Kb)
2YDr |
(7)
4K-2)b
( ) \J 1 crfiX~ (4K+ 2)61 dx.
2 1 Dr 2 2jDr )

Eq. (7) can be integrated numerically hut first we have to determine the
thickness of the oxide layer and the order of magnitude of the diffusion coeffi-
cient.
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The thickness of the oxide layer was found to he 30xHO“8 cm by the
ellipsometric method. The first term in the square brackets of Eq. (6) is suitable
for estimating the diffusion coefficient at K = 0; it gives D = 10-17 — 10~18
cm2sec in the temperature range studied. Under the experimental condi-
tions, the value of the ‘erf’ function at |K |> 1 rapidly converges to unity.
Considering the experimental error, it is not necessary to increase the number
of terms in the approximation series. The calculations were performed with the
values K = 1, 0, —1.

DI0"8

Fig. 8. The quadratic sum of deviation (2a2) between the experimental and theoretical data
as a function of the diffusion coefficient (D) at 80 °C

By performing the numerical integration of Eq. (7) with various diffusion
coefficients in the range of
D = (1.5 — 7.0) X108 cm2sec with a deviation of AD = 0.1 X10-18, we have

obtained the theoretical curves of the atatc=/(t) function (where aT—
b

= lec(x, t)dx and a,, = Csbh).
0

The experimental curves were fitted to the theoretical ones. Fig. 8 shows
the sum of quadratic deviations of the experimental results measured at
80 °C from the calculated theoretical values, as a function of the diffusion coef-
ficient. The minimum is at D = 5.8 X10-18 cm2sec. In this point the ordinate
has a small value indicating that the experimental data are in good agreement
with those of the theoretical curve.

The diffusion coefficients at other temperatures were computed in the
same way and the results are summarized in Table Y.
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Table V

Diffusion coefficients of water vapour in the oxide layer
at different temperatures (t)

<(°C) D (cmZsec)
80 5.8X10-18
70 4.8X10-18
60 3.8X10'B
50 3.3X10-'8

The estimated activation energy of the diffusion process is about 4 kcal/
mol in the temperature range used in the experiments. That value is comparable
to apparent activation energy calculated from the kinetic curves ofwatervapour
adsorption.

5. Conclusions

The germanium singlecrystal etched in alkaline peroxide solution has
a plane and compact surface, the thickness of the oxide layer being 30X 10“8
cm. The water adsorption process on the surface of an etched germanium single-
crystal reaches thermodynamic equilibrium within a period of 10 hrs and the
isotherms can he described by Freundlich’s equation at 50, 60, 70 and 80 °C.
The water adsorption has a ‘weak’ chemisorption character. The rate of the
whole process is controlled by diffusion. The mechanism of water adsorption
process involves rapid, ‘weak’ chemisorption on the boundary surface of the
oxide layer, from where diffusion occurs toward the surface of germanium
metal. The residence time of water vapour due to ‘weak’ chemisorption and
the steric conditions of adsorption inside the oxide layer lead to a diffusion
coefficient of the order of 10-18 cm2 «sec*1 This value is much lower than
in case of pore diffusion. The estimated activation energy of diffusion is 4
kcal/mol, in good agreement with the apparent activation energy calculated
from the kinetic curves of water vapour adsorption. Therefore, the process of
water vapour diffusion through the germanium oxide layer is controlled by
adsorption and steric conditions.

The authors are indebted to Mr. M. Mehn and Mr. J. Zsak for programming and com-
puting the diffusion equations, and to Dr. P. Fejes for his valuable comments.
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UNTERSUCHUNGEN ZUM VERHALTEN DER
URANYLSALZE IN WASSRIGEN BINAREN UND
TERNAREN SYSTEMEN

E. KALMAN

(Sektion Chemie der Technischen Universitat Dresden, Bereich Elektrochemie und physikalische
Chemie)

Eingegangen 28. Januar 1971

Es wird die Konzentrationsabhédngigkeit verschiedener Eigenschaften von
Uranylsalzlésungen in Wasser und in 0,1m HC104untersucht. Die MeRergebnisse deuten
auf die starke strukturbildende Wirkung des Uranylions hin. Auf Grund einer ausfiuhr-
lichen Betrachtung vorhandener Angaben, wurden die Anomalien dieser Lésungen
auf die Bindungen (in der &quatorialen Ebene) zwischen den Liganden und dem Uran
der Uranylgruppierung zuriickgefihrt. Es wird auf die Schwierigkeiten bei der Inter-
pretation der Ergebnisse der Untersuchungen an konzentrierten Elektrolytlésungen
hingewiesen.

In der Technik werden konzentrierte Elektrolytlésungen allein schon aus
6konomischen Grinden hdufig angewendet. Die Eigenschaften dieser Losungen
lassen sich aber in sehr beschrdnktem Umfang erkldren. Diese Schwierigkeiten
sind zum Teil darauf zuriickzufihren, dafl die Struktur des flissigen W assers,
also die des verwendeten Ldsungsmittels selbst, noch ungeklart ist, obwohl
sie seit Jahrzehnten mit stdndig neuen physikalischen und chemischen Metho-
den untersucht wird. Eine Zusammenstellung Uber die zur Zeit vorhandenen
wichtigsten Modellvorstellungen zur W asserstruktur zeigt Abb. 1.

Eine Strukturdnderung des Wassers lat sich unter anderem durch
einen Elektrolytzusatz herbeifuhren. Die Strukturmodelle der wéafRrigen
Elektrolytldsungen koénnen ausgehend von der ersten Abbildung vielféltig
ausgelegt werden. Bis zu einer lonenstadrke von 10-2Mol/l lassen sichviele Eigen-
schaften der Elektrolytlésungen mit Hilfe der Debye-Hiickel-Theorie Voraus-
sagen. Jedoch werden die notwendigen Vereinfachungen, die in verdinnten
Losungen zuldssig sind, mit steigender Konzentration immer weniger erfullt.
Eine geeignete allgemeingultige Theorie fur konzentrierte Elektrolytlésungen
existiert trotz intensiver Bemuhungen bis heute noch nicht. Deshalb sind auch
die zahlreichen Bestrebungen, sie experimentell zu erforschen, verstdndlich.
So konnte Schwabe [2—5] an Hand seiner Untersuchungen des Neutralsalzein-
flusses auf verdinnte S&dure-, Basen-, oder Salzlésungen eine Deutung der
pH-Verschiebung geben.

Da die konzentrierten Uranylperchloratlésungen in bezug aufihre Aktivi-
tatskoeffizienten ein interessantes Verhalten zeigen, wurden eingehende Unter-
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Eis | von Eis I sich ¢"Y~Ys'iaufgebroche-~-~7TCjzufallig °g° Wasser-
Gitter unterscheiden-'yW'lnes oder ge-Y~PVgebun- 0O o™"jji,,
Lu. des Giler A~"A/kstortes Eisl j-RQ denes °°°

Gitter Wasser

Abb. 1. Modellvorstellungen tber die Struktur des Wassers [1]

suchungen an wé&Rrigen Uranylsalzlésungen durchgefihrt [6]. Aus den folgen-
den Abbildungen geht das unterschiedliche Verhalten der verschiedenen
Uranylsalzlésungen in Abh&ngigkeit von ihrer Konzentration hervor. Es wer-
den zuné&chst die Aktivitdtskoeffizienten betrachtet (s. Abb. 2).

Wie zu erwarten, erh&lt man wegen der &uBerst geringen Komplexbil-
dungsneigung des Perchlorations in Uranylperchlorat-Lésungen die héchsten
Aktivitdtskoeffizienten. Die niedrigsten W erte liegen dagegen auf Grund der
starken lonenpaarbildung in den Uranylsulfat-Lésungen vor. Die AKktivi-
tdtskoeffizienten fur die Uranylnitrat- und Uranylchlorid-Lésungen liegen
zwischen diesen beiden Extremwerten.

Welchen EinfluR die Anionen auf das Spektrum des Uranylions ausiben,
geht aus Abb. 3 hervor.

Im Gebiet des steilsten Anstiegs der Absorptionsbande bei 418 nm
kann man die Anderung des molaren Extinktionskoeffizienten, der ja ein
MaR fir die Beteiligung des absorbierenden Stoffes an einem konzen-
trationsabhédngigen Gleichgewicht ist, in einer Uranylperchloratlésung durch
Zusatz von HC104 HN 03 HCIl und H2S04sehen. Diese Reihenfolge (s. Abb. 3)
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KALMAN: VERHALTEN DER URANYLSALZE 409

entspricht der Komplexbildungstendenz des Uranylions mit den entsprechen-
den Anionen.

Auch das Leitfadhigkeitsverhalten der vier untersuchten Uranylsalz-
lI6sungen zeigt [6], daR hei diesen Salzen alle Arten der kovalenten Bindung

Abb. 2. Mittlere Aktivitdtskoeffizienten der Uranylsalze in ihren wé&Rrigen Losungen [7]

Abb. 3. Anderung der molaren Extinktionskoeffizienten des Uranylions in einer 1.25 Mol/1
U02Cl1042-Losung in Abhédngigkeit von der Konzentration der zugesetzten Saure
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410 KALMAN: VERHALTEN DER URANYLSALZE

— bei Uranylsulfat, wie schon erw&hnt, lonenpaarbildung, bei Uranylchlorid
Komplexbildung und bei Uranylnitrat Assoziation — vorhanden sind. Auch in
Uranylperchlorat-Ldsungen tritt bei hohen Konzentrationen die sogenannte
Bjerrumsche lonenpaarbildung auf. Alle diese Effekte fihren dazu, daR die
Zahl der lonen und auch deren Beweglichkeit herabgesetzt wird. Bei den sehr
niedrigen Leitfahigkeitswerten der Uranylsulfat-Ldsungen spielt aulerdem

Abb. 4. Spezifische Leitfahigkeit von UO0,(C104)2 UO02N032 UO02C12 und U02S04 in
0,1 m HC104 Ldsungen in Abh&ngigkeit von der Salzkonzentration.

noch die hohe Viskositat eine Rolle. Die Leitfahigkeitsmaxima treten zwischen
1—2 Mol/kg auf. Etwa in diesem Konzentrationshereich erfolgt der Ubergang
der Losungsstruktur von der W asserstruktur in die des Salzhydrats.

Wie in den binéren, so zeigen die vier Uranylsalze auch in den ternéren
Systemen stark voneinander abweichende Werte der spezifischen Leitfahig-
keit (s. Abb. 4).

Nach Abb. 5 erreicht die spezifische Leitfahigkeit in terndren Syste-
men (“uoZcio,)! in o,im Hero,) nicht den Wert der Summe der Einzelleitfadhigkei-
ten der beiden Komponenten (vgl. Additionskurve; *add = Im Helo,
Auo.ccio,),)

Bei hoheren Konzentrationen, oberhalb von etwa 2 Mol/kg ndhern sich
sogar die gemessenen Werte den Werten der reinen Salzlésungen. Dieses Pha-
nomen l&4Rt sich folgendermassen erkldren: der Protonenaustausch wird durch
die zunehmende Salzkonzentration immer mehr gehemmt, es entsteht letztlich
eine geordnete Ldsungsstruktur, die nur wenige »freie«x Wassermolekiile ent-
h&lt. Ein Protonentransport nach dem Sprungmechanismus kann kaum noch
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KALMAN: VERHALTEN DER URANYLSALZE 411

erfolgen. Man mufl sogar annehmen, dall die Protonen in die Hydrathulle des
Uranylions einhezogen sind und daher nur mit diesem wandern. In konzen-
trierten Losungen liefert die Sdure also nur noch einen unwesentlichen Beitrag
zur Leitfdhigkeit. In Abb. 6 kann man diese Leitfadhigkeitsverluste [p<(W)]

?2<(W) = ("o,Im Séure ~f* ~Salz) ~gem.

verschiedener Salze in Abhdngigkeit von der Konzentration sehen.

Abb. 5. Anderung der spezifischen Leitfahigkeit von U02C1042 0.1 m HC104 -(-
+ U02C10,)2 in Abhédngigkeit von der Konzentration (vgl. Additionskurve)

Die >i(W)-Werte charakterisierten die Beseitigung des speziellen Trans-
portmechanismus der lonen des Wassers infolge der Zerstdrung der W asser-
struktur und der Bindung des Wassers als Hydratwasser heim Salzzusatz.
Die groften «(W)-Werte findet man in Aluminiumperchloratlésungen, nach
diesen folgen die Uranylsalze: Perchlorat, Nitrat, Chlorid und Sulfat, abschlie-
Rend LiC104, NaClO,, und NHjCI. Es ist interessant festzustellen, daf die
Uranylsalze, obwohl die Werte fir ihre spezifischen Leitfahigkeiten sowohl im
Wasser als auch in 0,1m Perchlorsdure stark voneinander abweichen, dicht
beieinander liegende x(W)-Werte besitzen. Der groBe Leitfdhigkeitsverlust
kann demzufolge nur durch das Uranylion verursacht werden.

In diesem Zusammenhang wird kurz auf den Aufbau dieses lons einge-
gangen. Die lineare Konfiguration der Uranylgruppe wurde sowohl in Salzen
als auch in wéBrigen Lésungen bewiesen. Auf die hohe Stabilitdt der U—0-
Bindung weist die groBe Kraftkonstante hin. Dagegen ist jedoch noch nicht
einmal ein eindeutiger kristallographischer Radius des Uranylions bekannt.
Fir die Erkldrung der Besonderheiten dieses lons reicht das anschauliche
Hantelmodell (s. Abb. 7. 1) nicht aus. Diese Tatsache kann man auch daraus
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412 KALMAN: VERHALTEN DER URANYLSALZE

entnehmen, dall sich der U—O-Bindungsabstand »a« hei jedem untersuchten
Uranylsalz &ndert. Er kann <=*16—2,0 A betragen, d. h. kleiner als die Summe
der Radien von U6+ und 0 2~ sein. Auch andere Eigenschaften (Polarisierbar-
keit, magnetische Suszeptibilitdt u. a.), die durch die Elektronendichte der
Bindung bestimmt werden, hdngen stark von den vorhandenen Liganden ab
[8, 9].

Abb. 6. Leitfahigkeitsverluste x(W) im terndren Systemen 0.1 m S&ure + Salz

Die Betrachtung der Besetzung der Elektronenschale der Bausteine des
Uranylions (s. Abb. 7.) ergibt das folgende Bild: im Uranatom gibt es neben den
6 Valenzelektronen noch eine ziemlich groBe Zahl freier Orbitale in den unte-
ren Elektronen-Niveaus (6d, 5f). Es wird angenommen, daB im Uranylion
auBer der U =0—Doppelbindung eine zusatzliche Donator-Akzeptor-Gegen-
wirkung zwischen den einsamen Elektronpaaren der Sauerstoffatome und den
freien Orbitalen des Uranatoms auftritt (s. Abb. 7. 2). (So kann man auch die
hohe Kraftkonstante der U—O-Bindung, die einer Bindungsordnung grofer
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5 D o
71

02- = 1.32 A rQ6» =0.80A

Uran K2 18 MI8 N32 5s2 5p6 5clto 5f3 652 6p6 6d’° 7s2

Elektronenkonfiguration
der Valenzschale 5f 6d 7s

n5+ K2 L8 MIB N32 5s2 5p6 5d°’° 6s2 6pG

Sauzrs toff K2 2s2 2pyg

02~ K2 2s2 2p6

Abb. 7. Vorstellung zur Struktur und Konfiguration des Uranylions

als 2 entspricht, deuten.) Das schlieflich dargestellte Modell (s. Abb. 7.4)
beruht auf der gegenseitigen Uberlappung der Elektronenwolken [10]. Mit
anderen vorhandenen Molekilen, oder lonen bildet sich eine Konkurrenz
heraus. Die Ausbildung einer Koordinationssphidre von Wassermolekilen
14Rt sich auch so erklaren (s. Abb. 7.3). Die Hydrathulle des Uranylions kann
man sich als einen gefalteten Ring von kovalent gebundenen W assermolekilen
um das Uran des Uranylions vorstellen. Die Wassermolekiile kdnnen auch durch
Anionen ersetzt werden. Der Einflu® aller Liganden bestimmt dann die Eigen-
schaften eines Uranylsalzes bzw. seiner wdRrigen Ldésung. Hieraus laBRt sich
auch das gezeigte unterschiedliche Verhalten des Uranylions in Abhdngigkeit
von den Anionen qualitativ erkldren. (Die Kationenhydratation in den ver-
schiedenen Uranylsalzlgsungen wurde auch mit Hilfe der PMR-Methode unter-
sucht [11].)

Auf die starke strukturbildende Wirkung des Uranylions in waRrigen
Lésungen weist auch sein Entropie-Wert [12], der ja bekanntlich ein MalR
fur den Ordnungszustand ist, hin (s. Tab. I). Aus dem Entropie-Wert des
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Uranylions von —17 cal/grd Mol kann man schliefen, dal es die Wasser-
molekile mit starken »spezifischen« Kréaften anzieht.

Die Ausbildung einer sehr festen Hydrathllle mit kovalent gebundenen
W assermolekilen folgt auch aus dem Verlauf der scheinbaren Molvolumina der
Uranylperchlorat-Lésungen in Abhé&ngigkeit von der Konzentration (s. Abb. 8)
Nach der MASSONSchen Beziehung [15] nimmt das scheinbare Molvolumen eines
starken Elektrolyten in wé&Rrigen Losungen mit der Konzentration zu, so wie
im Falle von Aluminium- und Magnesiumperchlorat-Lésungen (s. Abb. 8).

Tabelle |

Entropie-Werte einiger Kationen in ihren wéaRrigen LG-
sungen [13] (als Vergleich werden die kristallographischen
Radien angefuhrt [14])

Kation [cﬁ?gﬁgp}jm A

H+ 0,0

Al+ ++ —74,9 0,51
Mg ++ — 28,2 0,66
UoJ+ — 17,0

Cd+ + — 14,6 0,97
Ca+ + — 13,2 0,99
Sr+ + — 9.4 1,12
Ba++ + 3 1,34

Abb. 8. Anderungen der scheinbaren Molvolumina ¢2 in wéaBrigen U 02C104)2-, A1(C104).. -3
Mg(C104)2-Lésungen in Abhdangigkeit von der Konzentration
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KALMAN: VERHALTEN DER URANYLSALZE 415

Diese Zunahme beweist, dal die Hydrathille, in der das Wasser einer
Kontraktion unterworfen ist, mit steigender Salzkonzentration abgebaut
wird. Der fast geradlinige Verlauf des scheinbaren Molvolumens in wéRrigen
Uranylpercblorat-Lésungen deutet an, daB das Uranylion neben den kovalent
gebundenen Wassermolekilen kein elektrostatisch gebundenes Wasser ent-
halt, es liegt, vielmehr in Ubereinstimmung mit den spektroskopischen Unter-
suchungen [6], bis zu Sé&ttigungskonzentration als Aquoion vor. Eine Diskon-

UOf + Uof+H20 2H+ ¢{[(UO%0]2* U208+)
[(U02)20]28 U O0f-H 20

[nuof (nw) 02]2+

Abb. 9. Zur Hydrolyse des Uranylions [10]

tinuitdt kann man lediglich im Bereich von 1,3 bis 1,7 Mol/1 beobachten. In
diesem Konzentrationsinterval lag auch das Leitfabigkeitsmaximum, dement-
sprechend kann man auch dieses Phdnomen mit strukturellen Effekten deuten.

An Hand der Struktur des Uranylions kann man auch seine Hydrolyse ver-
stehen (vgl. Abb. 9). Zwischen Hydratation, partieller Hydrolyse, oder Hydro-
lyse gibt es keine grofRen Unterschiede. Durch Erhdhung des pH-Wertes lber
2,5 oder durch Verdinnen wird Hydrolyse hervorgerufen. In Abb. 9.1 wurden
zwei Uranylionen dargestellt, die nach Lipitina [10] in zwei benachbarten
Kandlen der W asserstruktur untergebracht sind. (Erkldrung zur Abb. 9.1:
Die Bildebene steht senkrecht zur Kanalachse, mit der die L&ngsachse des
Uranylions zusammenféllt. Die Projektion der Sauerstoffatome auf die Bild-
ebene wurde durch gestrichelte Linien gekennzeichnet. Die dinnen geschlos-
senen Kreise stellen die Wassermolekile dar.) Das U20s+-lon bildet sich nach
der Abb. 9.2 aus zwei Uranylionen, die untereinander tber 02_-lonen verbun-
den sind, d. h. es entstehen zwei senkrecht zueinander stehende U—O-Bindun-
gen mit verschiedenem Abstand. Die Konturen dieses Komplexes in der dqua-
torialen Ebene sind mit einer dicken durchgehenden Linie gekennzeichnet.
Analog bildet sich das ndchste Hydrolyseprodukt U30g+ und weitere mehrker-
nige Hydrolyseprodukte, die mit der allgemeinen Formel (nUO!+(n—1)02~)2+
beschrieben werden kénnen. Diese Vorstellung besitzt zweifellos qualitativen
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Charakter. Man kann aber nur diese Art der Hydrolyseprodukte feststellen.
Sie entstehen auch dann, wenn man U 03 in Uranylsalzlésungen auflést. Wei-
terhin wurde im Absoptionsspektrum des Uranylions infolge Hydrolyse weder
eine neue Bande noch eine Bandenverschiebung zu groBReren Wellenldngen
beobachtet [16]. Das bedeutet in Ubereinstimmung mit der Abb. 9, daR sich
die Struktur und Konfiguration des Uranylions durch Hydrolyse nicht &ndert.
Durch eine Erhéhung der Konzentration wird jedoch die Hydrolyse zurick-
gedrdngt. So betrdgt zum Beispiel der Hydrolysegrad in einer 10-3 N Uranyl-
nitrat-Lésung 10%. Wird nun die Konzentration auf 10-1 N erhdht, so sinkt
er auf 2,7% ah [10].

Abb. 10. Die pH-Verschiebung von 0.1 m HCK 4 durch Zusatz von UO0.,S04, U0,C1,,
UO2(N032 UO0,(C104)2, AIC13 und A1(C104)3

Bei hohen Konzentrationen treten in den Uranylsalz-Ldsungen sehr
niedrige pH-Werte auf. Sie lassen sich durch den Salzeffekt auf die durch die
Hydrolyse entstandene verdiinnte S&ure zuriickfuhren [6]. In Abbildung 10 ist
die pH-Verschiebung in einer 0,1 m HC104-Lésung durch Uranyl- und Alumi-
niumsalze zu sehen. Bei der Zugabe von Uranylsulfat tritt zundchst der allge-
mein bei Sulfaten beobachtete negative Salzeffekt gemdaR So« _-|-H + HSO”
auf. Dagegen verursachen die anderen Uranylsalze (Chlorid, Nitrat und Per-
chlorat) und insbesondere auch die Aluminiumsalze, die zum Vergleich einge-
tragen wurden, eine grofRe pH-Verschiebung, die mit der Zunahme der Aktivi-
tatskoeffizienten des Protons gedeutet werden kann [2, 3].

In Abbildung 11 kann man die pH-Verschiebung einer 0,1 m HC104
durch Zusatz von Barium-, Calcium-, Magnesium-, Uranyl-, und Aluminium-
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perchlorat sehen. Wie aus der Abbildung zu entnehmen ist, folgen die Geraden
der Gleichung von Schwabe [2, 3]:

pHm= PHO 0,0555 msne

PAm pHO K ms K =f

wobei:

I>HO pH-Wert der reinen Séureldsung
pHm = pH-Wert der Saurelésung nach Neutralsalzzusatz
Fremdsalzkonzentration (Mol/kg)

"G =
lle = elektrochemische Wertigkeit
h+hzw. = Proportionalitdtsfaktoren, die eine Funktion der Hydratations

zahl der betreffenden lonen sind.

Abb. 11. Die Abnahme des konventionellen pH-Wertes beim Zusatz von Metallperchloraten
zu 0.1 m Perchlorséure

Diese Beziehung I4Rt sich theoretisch erkldren, wenn man die elektrostatische
Wechselwirkung zwischen den Protonen und den lonen des Salzes fir die pH-
Verschiebung verantwortlich macht. Die Steigung K hdngt vom Radius des

Kations ab.
Einen Beitrag zur Problematik der starken Hydratation in wadRrigen
Uranylperchlorat-Lésungen liefert auch die starke Erniedrigung der Alctivi-
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tatskoeffizienten des Wassers bei Zusatz von U 02(C1042(s. Abb. 12). Samoilov
[17] wendet die Aktivitadtskoeffizienten des Wassers fir die Charakterisierung
der lonenhydratation folgendermafen an:

Die lonen wirken auf die Translationsbewegung der ihnen am néchsten
gelegenen Wassermolekiile ein. Eine Abschwéchung dieser Bewegung flhrt
zu einer Verringerung der potentiellen Energie, d. h. zu einer VergréRe-

Abb. 12. Anderung der Aktivitatskoeffizienten des Wassers in Abhangigkeit von der Metall-
perchlorat-Konzentration

rung des negativen Potentials, also zu einer Verkleinerung der AKtivitéts-
koeffizienten des Wassers. Dagegen ist eine VergroBerung vonfA auf den um-
gekehrten Effekt — die sogenannte negative Hydratation — zuriekzu-
fuhren.

In Abb. 12 kann man die niedrigsten f A-Werte in Aluminiumperchlorat-
Losungen sehen, danach folgen jedoch sogleich die des Uranylperchlorats.
Es schlieBen dann die Werte fir Cadmium-, Magnesium- und Natriumperchlo-
rat an.

Es wurde auch eine Abschdtzung der Hydratationszahlen vorgenommen
[6]. Als Ausgangspunkt dienten die W asseraktivitdten, die aus den Dampf-
druckwerten der Lésungen berechnet wurden. Bei der Berechnung des Molen-
bruchs wurde die Inanspruchnahme des Wassers durch die Hydratation berick-
sichtigt. Nach einer graphischen Abschétzung kénnte fir das U02(C104)2
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eine Hydratationszahl von etwa 7— 8 erhalten werden. Der gleiche Wert wurde
auch nach der Methode von Padova erhalten [siehe 18].

Aus dem Dargelegten kann man folgern, dall in Uranylperchlorat-Ldsun-
gen die Hydratation, insbesondere in den konzentrierten waRrigen Ldsungen,
nicht ohne weiteres aufler acht gelassen werden darf. Unter Verwendung des
Hydratationsmodells von Robinson und Stokes [7, 19] bzw. Glueckauf

Abb. 13. Anderung des Aktivitatskoeffizienten f= des U 02C10,)2 Im Vergleich zur Anderung
des Aktivitatskoeffizientenf+, der unter Berlcksichtigung der Hydratation berechnet wurde

[20] kann der Aktivitdtskoeffizient des hydratisierten Geldsten berechnet
werden. Eine Darstellung dieser Theorien sowie ihrer Mé&ngel kann an dieser
Stelle nicht gegeben werden. Es sei nur soviel erwdhnt, dall diese Theorien
oftmals mit den experimentellen Werten in Einklang gebracht werden kénnen.
Abb. 13 zeigt die unterschiedlichen Aktivitatskoeffizienten der Geldsten mit
und ohne Beriucksichtigung der Hydratation in wdRrigen Uranylperchlorat-
Losungen. Die mittleren Aktivitdtskoeffizienten des Uranylperchlorats in ihrer
waRrigen Losung weichen oberhalb einer Konzentration von etwa 1,4 Mol/kg*
stark von denen ab, die unter Berlicksichtigung der Hydratation berechnet

* Wie schon gezeigt wurde, tritt im gleichen Konzentrationsbereich eine Anderung
anderer Eigenschaften, wie die der spezifischen Leitfahigkeit und des scheinbaren Molvolu-
mens auf. Auch sie wurden auf Strukturdnderungen in der waBrigen Ldsung zuriuckgefihrt.
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wurden. Die hydratationsbedingten Wechselwirkungsdnderungen treten dann
stark in den Vordergrund. In der konzentrierten Uranylperchlorat-Ldsung liegt
schon eine etwa hundertfache Abweichung vor.

Abb. 14. Anderung der mittleren Aktivitatskoeffizienten einiger Metallperchlorate in Ab-
h&ngigkeit von der Konzentration

Zu den Zahlenwerten des Aktivitatskoeffizienten in konzentrierten Elek-
trolytldsungen sei folgendes gesagt: unter dem Aspekt, dall der Aktivitatskoef-
fizient ein MaR der interionischen Wechselwirkung ist, ist seine Berechnung aus
der Aktivitdt mit Hilfe der Konzentration aus der Einwaage nicht zuldssig.
Je nach der Art der vorliegenden lonen sind ndmlich alle Zwischenformen der
Assoziation: von der rein elektrostatischen Bindung wie in den lonenpaaren,
Uber »undissoziierte lonendipole« mit zunehmenden homdopolaren Bindungs-
anteil, bis zu Komplexionen mit Uberwiegend unpolarer Bindung madglich.
Aulerdem kann man noch Hydrolyse annehmen. SchlieRlich mufR man noch
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berlicksichtigen, dall in konzentrierten Elektrolytlésungen neue Teilchenarten
auftreten kdnnen, z. B. lonen, die gegenuber dem Standardzustand tedweise
desolvatisiert sind. Die ermittelten Aktivitatskoeffizienten (s. Abb. 14) sind
lediglich als Faktoren zu betrachten, mit denen die analytische Konzentration
der Elektrolyte multipliziert werden muR, um zu der wirksamen Konzentra-
tion zu gelangen. Es kann also allgemein festgestellt werden, dal die unmittel-
bar meBbaren GroBen konzentrierter Elektrolytlésungen meistens eine Folge-
erscheinung sehr verwickelter Wechselwirkungen sind, deren einzelne Faktoren
sich nur schwierig voneinander trennen lassen. Fiir ihre Deutung ist demzufolge
eine grofle Zahl von MefRergebnissen erforderlich.

*

Herrn Prof. Dr.-Ing. habil. Dr. rer. nat. h. c. Kurt Schwabe sei fiir die Anregung zu
dieser Arbeit und seine Unterstiitzung herzlich gedankt.
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THE CHEMISTRY OF 1,3-BIFUNCTIONAL SYSTEMS, XV*

KINETIC STUDY OF THE ALKALINE HYDROLYSIS OF THE 1-MONOSUBSTITUTED
HOMOLOGUES OF 3-CHLOROPROPANOL

M. Bartok and G. Bozoéki-Bartéok

(Department of Organic Chemistry, A. J6zsef University, Szeged)

Received December 11, 1969, in revised form July 15, 1970

The kinetics of alkaline hydrolysis of the 1-monosubstituted homplogues (1-
methyl (1), 1-ethyl (1), 1-butyl (I111), 1-cyclohexyl (IV), 1-phenyl (V)) of 3-chloropropa-
nol was studied. The reaction directions, rate constants, activation energies and entro-
pies, as well as the preexponential factors were determined. The experimental results
confirmed the validity of the reaction mechanism suggested earlier, for this type of
compounds, too.

Studying the chemistry of certain 1,3-bifunctional systems, we investi-
gated the transformation of various 1,3-chlorohydrins in alkaline media. In
our earlier papers [1, 2, 3] a reaction mechanism was suggested and partly
confirmed for the alkaline hydrolysis of 1,3-chlorohydrins containing a chlorine
atom in the primary position. The model substances were the 2-mono- and 2,2-
disubstituted homologues of 3-chloropropanol.

In the present work we wish to extend the reaction mechanism suggested
earlier [1] to the explanation of the alkaline hydrolysis of the following 1,3-
ehlorohydrins:

CH2-CH2-CH —CH3 CH2-CH2-CH —C2H5 CH2—CH2-C H -C 4H9

I I I 1 1 1
cl OH cl OH cl OH
| 1 1
CHI-CH!-CH-C ,HU CH2-CH2CH-C,H5
| | | |
cl OH cl OH
v \%

At the same time we intended to study the effect of the alkyl and aryl
substituents in trimethylchlorohydrin on the kinetic parameters, report on the
kinetic study ofthe alkaline hydrolysis of 1,3-chlorohydrin containing a second-
ary hydroxyl group.

It has been confirmed in our earlier preparative work [4], as well as by other
authors (e.g. Ref. [5]), that in alkaline media the above compounds and their

acetates are converted:
cl
/CH24  /

\r,H
R-CH 2 oh~ R —
X'OH ~o/
*Part XIV: Acta Chim. Acad. Sei. Hung. 72, 297 (1972)
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424 BARTOK, BOZOKI-BARTOK: 1,3-BIFUNCTIONAL SYSTEMS, XV

where R represents a methyl, ethyl, propyl, isopropyl, n-butyl or cyclohex>1
group.

According to our more recent experiments, in the presence of 0.2 M
barium hydroxide the formation of oxetanes is again the main direction of the
reaction.

Because of the two directions of conversion observed in the alkaline hy-
drolysis of 3-chloro-2-phenylpropanol [2], in the case of 3-chloro-I-phenylpro-
panol preparative tests were carried out under the conditions of the kinetic
measurements in order to prove the above direction of the process. GLC and
infra-red spectroscopy have shown that the formation of 2-phenyltrimethylene
oxide (20%) is accompanied by the formation of a considerable number of
other by-products. Fragmentation leading to the formation of styrene may be
considered the main direction of conversion, but 1,2-elimination and isomeri-
zation also take place. Since in our earlier work we were concerned merely with
conversion mechanism of 1,3-chlorohydrins resulting in the formation of oxe-
tanes, the various reaction directions observed in the case of 3-chloro-I-phenyl-
propanol are illustrated by the following reaction scheme without any attempt
at a detailed description

CH—CH=CH? — CH=CH—CH20H
OH

On the basis of the mechanism suggested in our earlier work [1] the for-
mation of 2-monosubstituted oxetanes can be explained as follows:

CH2 «d cCH a
ke ' Vel 4 od S kech ‘ch: o+ H2
OH o
CH2 d
K—CH \M, > R + Cr
\ /. 0
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t

80
85
90
95
100
125

80
85
90
95
100
125

80
85
90
95
100
125

80
85
90
95

80
80
85
85
90
90
95
100
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Table 1
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Kinetic data for the alkaline hydrolysis of 1,3-chlorohydrins of the type:

Chlorohydrin
cone.
mole/l

0.0101
0.0101
0.0101
0.0101
0.0101
0.0101

0.0101
0.0101
0.0101
0.0101
0.0101
0.0101

0.0101
0.0101
0.0101
0.0139
0.0101
0.0101

0.0101
0.0101
0.0101
0.0101

0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100
0.0100

CH,-CH,-CH

|
Cl

[OH]
g-eq/l

0.0147
0.0147
0.0147
0.0147
0.0186
0.0181

0.0143
0.0143
0.0143
0.0143
0.0186
0.0186

0.0181
0.0148
0.0162
0.0177
0.0186
0.0186

0.0147
0.0147
0.0147
0.0147

0.0206
0.0154
0.0160
0.0154
0.0180
0.0154
0.0154
0.0183

|
OH

1 +mole-1
mmin-1

0.051
0.082
0.137
0.209
0.328
1.630

0.063
0.102
0.149
0.221
0.369
1.811

0.067
0.121
0.172
0.225
0.367
1.614

0.085
0.127
0.194
0.289

0.091
0.107
0.151
0.152
0.242
0.243
0.362
0.568

R

AHt
kcal «
emole-1

20.3

23.4

A -

1 emole-1 Si
emin~l e. u.
2.3 X 10u —15.0
2.4X10" —15.0
2.5X10" —15.0
1.1Xlo12 —12.2
29Xlo12 — 55
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The results obtained from the kinetic experiments for the five compounds
under investigation are summarized in Table I. On the basis of our earlier work
[1], the rate constants were calculated from second order rate equations.
Beside the experimental results the Table includes the rate constants, apparent
activation energies, the preexponential factors, and the activation entropies.

The experimental data in the Table can be satisfactorily evaluated by
means of a second order rate equation. The logarithms of the rate constants
obtained at four different temperatures, when plotted against 1/T, gave a
straight line (Fig. 1). Using the Arrhenius equation, it was possible to calculate
the activation energy of the process.

Fig. 1. Variation of the alkaline hydrolysis rate of the 1-R substituted homologues of 3-chloro-
propanol with the temperature. A: trimethylene chlorohydrin
I: R = methyl, II: R = ethyl, Ill: R = butyl, IV: R = cyclohexyl, V: R = phenyl

The kinetic parameters in Table | support the validity of the reaction
mechanism suggested for the alkaline hydrolysis of 1,3-chlorohydrins in the
case of this chlorohydrin type, too.

A detailed analysis of the kinetic data will be given later when further
experimental results become available.

As it appears from Fig. 1, the introduction of an alkyl or aryl group into
trimethylene chlorohydrin considerably raises the rate of alkaline hydrolysis.
We are of the opinion that, beside the -\-1 effect of the substituents which
understandably promotes the SNi process due to the increased electron den-
sity of the alkoxide ion, the steric effect is a decisive factor increasing the
alkaline hydrolysis rate of derivatives containing electron donor substituents
on the carbon atom linked to a hydroxyl group relative to trimethylene
chlorohydrin. The alkyl groups tend namely to raise the rate of the second step
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by promoting the formation of a favourable conformation for the SNi process
of the intermediate, i.e. of the y-chloroalkoxide ion. Hence the substituent
effect is due to its decisive steric influence in the cyclization process.

The conversion of I-phenyl-3-chloropropanol (V) proceeds at the highest
rate which can be explained by reaction direction differing from those of the
other four compounds. These different directions are the consequences of those
structural characteristics of the molecule which result from the conjugation
of the aromatic ring with the C— O bond. The — 1 effect of the phenyl group
and the mesomeric effect lead to a transition state whose conformation favours
the elimination and fragmentation processes.

Experimental

The 1,3-chlorohydrins serving as starting materials were prepared as in Ref. [3]. Their
parity was checked by GLC.

The methods of kinetic measurements and calculations have been described in an earlier
communication [1]. In the Kkinetic measurements the highest conversion of chlorohydrin was
30—40%.

Experimental data

In the description of the experimental data the following symbols have been used:

t: time (min)
a: initial concentration of hydroxide ions (Ba(OH)2g-eq/1)
b: initial concentration of chlorohydrin (mole/1)
X: quantity of chlorohydrin converted in time ¢ (mole/1)
K: second order rate constant (1 *mole-1 *min-1).
I
CH,-CH2-C1I-CH,
| 1
cl OH
80 °C 85 °C
a = 0.01469 a = 0.01469
b = 0.01014 b = 0.01014
No t X K No t X K
| 56 0.00043 0.052 I 35 0.00044 0.087
2 117 0.00083 0.051 2 111 0.00129 0.087
3 180 0.00123 0.051 3 155 0.00158 0.079
4 245 0.00158 0.050 4 200 0.00200 0.080
5 305 0.00193 0.050 5 245 0.00243 0.084
6 365 0.00229 0.052 6 290 0.00273 0.082
7 425 0.00260 0.052 7 335 0.00303 0.081
= 0.051 fc,_8= 0.082
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90 °C
a = 0.01435
b = 0.010034
t X
30 0.00055
60 0.00111
90 0.00162
120 0.00205
150 0.00248
180 0.00284
210 0.00318
VvV , = 0-137
100 °C
a = 0.0186
6 0.0101
t X
11 0.00058
20 0.00114
30 0.00168
40 0.00209
50 0.00252
60 0.00282
70.5 0.00328
80 0.00369
2, 0.328
80 °C
a = 0.01435
b = 0.010085
t X
35 0.00031
80 0.00070
121 0.00113
173 0.00137
230 0.00178
280 0.00202
335 0.00248
390 0.00272
A1-2:,_8 = 0.063

Acta Cilim. (Budip.est) 72, 197

K No ] t
0.127 i 20
0.536 2 40
0.139 3 60
0.139 4 80
0.140 5 101
0.139 6 120
0.139 7 142

8 161

K No t
0.289 i 3
0.328 2 6
0.335 3 9
0.326 4 12
0.328 5 15
0.315 6 18
0.336 7 21
0.336

CHj-CH j—CH-C2H5

|
Cl

OH
K No t
0.064 i 39
0.064 2 60
0.072 3 115
0.062 4 158
0.063 5 235
0.060 6 235
0.065 7 275
0.063 8 335

a
6

f2 8 =

o o
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95 °C
— 0.01435
= 0.010034

X

0.00053
0.00113
0.00159
0.00210
0.00248
0.00287
0.00323
0.00349

0.209

125 °C
0.0181
0.0101

X

0.00062
0.00151
0.00223
0.00281
0.00329
0.00384
0.00434

85 °C
.01435

= 0
= 0.010085

X

0.00063
0.00078
0.00154
0.00200
0.00231
0.00257
0.00301
0.00337

f2.8 - 0102

0.186
0.208
0.206
0.214
0.208
0.212
0.210
0.207

1.161
1.551
1.632
1.627
1.605
1.658
1.707

0.116
0.107
0.106
0.105
0.102
0.097
0.101
0.097
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No

aa B~ W N
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31
60
90
120
165
190
215
240

10
20
30
45
65

oo

—

46

97
138
204
225
270
315
360
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90 °C
0.01435
0.010034

X

0.00070
0.00087
0.00166
0.00217
0.00279
0.00306
0.00325
0.00347
- 0-149

100 °C
0.0186
0.0101

0.00065
0.00136
0.00175
0.00245
0.00335

80 °C
= 0.0181
0.0101

0.00070
0.00122
0.00154
0.00209
0.00233
0.00276
0.00302
0.00326
0.067

CH,,

Cl

0.167
0.109
0.152
0.154
0.147
0.151
0.145
0.143

~N o oA W N

=
z
[S)

0.362
0.402
0.357
0.357
0.369

o N oA W N e

CH,-CH-C4,
|
OH

=
z
[S)

0.083
0.074
0.068
0.065
0.068
0.070
0.068
0.066

o N o oA W NP
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95 °C
a = 0.01435
b = 0.010034
t X
20 0.00063
40 0.00123
60 0.00171
80 0.00202
136 0.00308
158 0.00342
180 0.00374
V- o= 0222
125 °C
a = 0.0186
b = 0.0101
t X
2.5 0.00053
5.0 0.00121
7.5 0.00211
10.0 0.00245
12.5 0.00325
15.0 0.00354
17.5 0.00413
20.0 0.00456
= 1811
85 °C
a = 0.0148
b = 0.0101
t X
40 0.00086
80 0.00150
120 0.00191
160 0.00231
200 0.00274
240 0.00310
280 0.00338
320 0.00367

0.229
0.239
0.233
0.213
0.213
0.213
0.211

1.117
1.410
1.779
1.608
1.842
1.727
1.831
1.876

0.153
0.143
0.125
0.119
0.118
0.115
0.112
0.110
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N

o o1~ W N

N

0 N O U~ W N

34

71
104
137
169
199
229

o i

15
30
45
60
75
90

o t

72
145
185
205
237
275
315
365

fic,_, =

fcj-e =

fcj-, =

BARTOK,

90 °C
= 0.0162
0.0101

0.00126
0.00199
0.00242
0.00291
0.00329
0.00348
0.00397

0.172
100 °C
0.0186
0.0101

0.00085
0.00177
0.00235
0.00294
0.00337
0.00396

0.367

80 °C
0.01469
0.01007

X

0.00089
0.00158
0.00197
0.00211
0.00236
0.00262
0.00296
0.00328
0.085
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CH2-CH ,-CH

|
Cl
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0.395
0.402
0.364
0.356
0.338
0.350

0.089
0.085
0.086
0.085
0.083
0.082
0.084
0.084
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V.

|
OH

i 45
2 78
3 122
4 160
5 210
6 270
7 315
8 360

12
15
18
21
24

0 N O o B~ W N

<*>

155
179
195
210
231
251
278

0 N o o A~ W N

o o

——

95 °C
= 0.0177
= 0.0139

X

0.00235
0.00340
0.00445
0.00519
0.00601
0.00681
0.00735
0.00773

3= 0.225
125 °C
0.0186
0.0101

X

0.00068
0.00141
0.00202
0.00262
0.00318
0.00386
0.00427
0.00469

1.614

85 °C
: 0.01469
= 0.01007

X

0.00119
0.00243
0.00257
0.00280
0.00300
0.00319
0.00339
0.00353
= 0.127

0.245
0.223
0.205
0.196
0.188
0.181
0.179
0.173

1.631
1.582
1.531
1.547
1.573
1.692
1.677
1.683

0.130
0.133
0.123
0.127
0.129
0.128
0.127
0.121
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90 °C
a = 0.01469
b = 0.01004
t X
30 0.00084
60 0.00157
20 0.00219
120 0.00263
150 0.00316
180 0.00359
210 0.00388
240 0.00439
fc,_8 = 0.194
80 °C
a = 001806
b = 0.01010
t X
30 0.00077
60 0.00122
2 0.00156
1255 0.00199
175 0.00260
221 0.00301
255 0.00326
300 0.00372
28 = 0.103
85 °C
a — 0.01598
b = 0.01002
t X
40 0.00103
80 0.00173
120 0.00244
160 0.00297
200 0.00340
220 0.00360
250 0.00396
= 0.151

0.199
0.201
0.200
0.189
0.183
0.193
0.190
0.195

CH.-CH,-CH -

Cl OH

0.149
0.123
0.103
0.103
0.102
0.098
0.094
0.096

0.181
0.156
0.158
0.153
0.147
0.146
0.146

No

N}

o N o b W N, oz -~ o o b ow
o

Z
]

® N A W N

20
40
60
80
101
120

25
55
85
120
180
240
300
360

20
45
71
95
121
150.5
175
200
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95 °C
0.01469
b 0.01004

X

0.00080
0.00149
0.00214
0.00263
0.00325
0.00360

fe, 6 = 0.289

80 °C
0.02063
0.01035

oo
I n

X

0.00061
0.00103
0.00138
0.00184
0.00248
0.00292
0.00324
0.00349
k, = 0.092
90 °C
0.01806
0.01001

X

0.00097
0.00181
0.00253
0.00316
0.00367
0.00416
0.00464
0.00480
«_ 8= 0.243

431

0.280
0.285
0.292
0.284
0.298
0.291

0.118
0.094
0.084
0.083
0.079
0.072
0.066
0.061

0.289
0.260
0.244
0.244
0.235
0.231
0.231
0.213
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100 °C 95 °C
a = 0.01834 a = 0.0154
b = 0.01001 b = 0.0100
No t X K No 1 X K
i 9 0.00101 0.659 1 10 0.00063 0.413
2 20 0.00189 0.560 2 20 0.00103 0.359
3 30 0.00261 0.593 3 33 0.00164 0.366
4 40 0.00315 0.567 4 40 0.00194 0.368
5 49 0.00373 0.584 5 50 0.00232 0.366
6 60 0.00420 0.567 6 60 0.00262 0.357
7 69 0.00458 0.564 7 70 0.00294 0.358
8 80 0.00328 0.361
_7= 0.569 k._8 = 0.362
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The Kkinetics of the alkaline hydrolysis of some 1,1-dialkyl homologues (I: 1,1-
dimethyl; Il: 1-methyl-lI-propyl; Ill: 1-methyl-l-isopropyl) of 3-chloropropanol have
been studied. The rate constants of the alkaline hydrolysis of the three compounds,
the activation energies, activation entropies and the action constants have been deter-
mined.

In our earlier papers [1—4] on the alkaline hydrolysis of 1,3-chlorohy-
drins we have reported the study by reaction kinetical methods of compounds
containing primary chlorine atoms and primary or secondary hydroxyl groups.

In the present paper we shall describe the experimental results and reac-
tion kinetical parameters of the alkaline hydrolysis of some 1,3-chlorohydrins
containing primary chlorine atom and tertiary hydroxyl groups. The following
1,3-chlorohydrins were chosen as model compounds:

/ICH3 /ICH3
CH, CH2—C< CH,-CH ,-C(
| I xcH3 [ lYH2-cH2-cH 3
Cl OH Cl OH
| 1
/ICHS3
CH,, CH,—C< XH,
| m ' noeHx/
Cl OH XCH3

Several unsuccessful experiments were made to prepare 1,1-diisopropyl-
3-chloro-l-propanol from ethyl-/S-chloropropionate by means of Grignard reac-
tion with isopropylmagnesium bromide.

In the course of our earlier preparative work [5] we found that in con-
centrated alkaline medium the above compounds were converted in very high
yields into the corresponding oxacyclobutane homologues:

CH34 NH 24 cr CH3
Y\ 'X CH/ .

R X OH
where R stands for methyl, propyl or isopropyl.
*Part XV: Acta Chim. Acad. Sei. Hung. 72, 423 (1972).
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According to the reaction mechanism suggested in an earlier communi-
cation [1], the formation of 2,2-disubstituted oxetanes can be explained as
follows:

R\ rC1 ICH2 a
R\
c CH2 + OH- N C CH, + H2o
CH¥ \w CHY to -
K\ oil. =R
/ \'y
—a 4+ Cl

1\

H3C 4() H,c

As it appears from Experimental, the kinetical measurements were made
in dilute, and not in concentrated, alkali solution ([OH~] ™ 0.02 g-eq./l)
in order to be able to follow accurately the rate of conversion. Even under these
conditions relatively high rate constants were obtained. It may be expected
from the reaction mechanism which has been suggested to explain the forma-
tion of four-membered cyclic ethers that the presence of water, and hence the
hydroxyl ion concentration, will have a marked influence on the equilibrium,
i.e. on the first step of the process. Similarly, it is to be expected that the pres-
ence of a tertiary hydroxyl group will multiply this effect, independently of
the experimental fact which has been proved earlier that the yield of cyclic
ethers is the highest in the case of compounds of this type. Therefore a kinetical
investigation of the course of the conversion of chlorohydrins containing ter-
tiary hydroxyl groups could not be omitted, though in had been proved for the
other chlorohydrin types that the formation of cyclic ether is the main direc-
tion of alkaline hydrolysis.

The investigation of the conversions of 1,1-disubstituted derivatives of
3-chloro-lI-propanol (i.e. 1,3-chlorohydrins containing tertiary hydroxy]
groups) in alkaline medium and at low hydroxyl ion concentrations has shown
that the transformations of these compounds are non-selective. The results of
gas-liquid chromatographic analysis of the reaction products indicate the com-
plex nature of the processes. Both simultaneous and consecutive conversions
could be observed. Since in our earlier experimental work we dealt only with
the mechanisms of the conversions leading to the formation of oxetanes, we
illustrate here the various reaction directions in the case of compounds contain-
ing tertiary hydroxyl groups — without an attempt at completeness — by the
reaction scheme on page 435.

Thus the conversion which takes place according to an SNi mechanism
giving rise to the oxetanes, is accompanied by 1,2-elimination reactions result-
ing in the formation of unsaturated alcohols, further by 1,4-elimination pro-
ducing olefines, and by substitution processes which give rise to the corre-
sponding diols. According to our preliminary experiments, the extent to which

Acta Chim. (Budapest) 72, 1972



BARTOK, BOZOKI-BARTOK: 1,3-BIFUNCTIONAL SYSTEMS, XVI 435

H:.c
JC —CH2—CH.

w4

the reactions proceed in one or the other direction as sketched above can be
significantly influenced by the hydroxyl ion concentration and by the nature
of the base used.

When the hydroxyl ion concentration is 2 g-eq./l, there is a 70—90%
conversion of the chlorohydrins into the corresponding oxetane derivatives.
The main process is accompanied by a 1,4-elimination side-reaction. At lower
hydroxyl ion concentrations mainly unsaturated alcohols and diols are formed,
and the SNi process plays a subordinate part (maximum 10%).

The reaction directions observed in the case of 1,3-chlorohydrins contain-
ing tertiary hydroxyl groups have called attention not only to the investigation
of the fine mechanism of the alkaline hydrolysis of this type of compounds, but
the experimental data have also furnished new evidence for the two-step
mechanism of oxetane formation.

The kinetic data obtained from the experiments for the three compounds
are summarized in Table I. In Fig. 1 the temperature dependence of the reac-
tion constants has been plotted. On the basis of our earlier work [1], the rate
constants were calculated with the rate equation of second order reactions.
The Table also contains the activation energy values, action constants and the
values of activation entropy calculated from the experimental data.

Comparison of the reaction kinetical data of the alkaline hydrolysis of
I,I-dialkyl-3-chloro-I-propanols with those of other 1,3-chlorohydrins investi-
gated earlier shows quite unambiguously that the reaction constants are the
highest in the case of the compounds studied in the present work, while the
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Table |
Reaction kinetical data of the alkaline hydrolysis of 1,3-chlorohydrins of the type:
-R
CH2-CH 2 C<
XCH3
Cl OH
Chlorohydri .
Com- °C concoer;)tr);tir(;r;, [oH-]. 1 emole-1 ¢ kcal 1 emole-1 caIAmSE'I 1
pound mole/1 geq./l emin-1 mole~1 emin-1 .oc_f
80 0.01006 0.01687 0.201
85 0.01008 0.01630 0.275
| 85 0.01000 0.01432 0.293 19.0 l2xioll —16.4
90 0.01008 0.01630 0.407
95 0.01005 0.01432 0.602
80 0.01001 0.01687 0.248
85 0.01013 0.01598 0.366
85 0.01005 0.01630 0.369 19.7
" 90 0.01005 0.01630 0.525
95 0.01010 0.01610 0.810
101.5 0.01092 0.02244 1.207
101.5 0.00960 0.02244 1.209 4.2 X 10u —13.9
75 0.01011 0.01687 0.310
hi 80 0.01011 0.01687 0.454 18.4
85 0.01005 0.01630 0.659
90 0.01005 0.01630 0.903 l.ixioll —16.6
ce
90 85 80 75
2,716 2.754 2.792 2831 2.873
1000/T
Fig. 1. Dependence of the rate of the alkaline hydrolysis of some 1,1-dialkyl homologues of
3-chloro-l-propanol as a function of the temperature. A 3-chloro-l-propanol, | 1,1-dimethyl-
3-chloro-l-propanol, Il I-methyl-lI-propyl-3-chloro-I-propanol, 11l I-methyl-l-isopropyl-3-
chloro-1-propanol
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activation energy values are here the lowest. The relatively high rate increase
compared with that found for the basic structure and for the other compound
types can be explained by the elimination reactions occurring simultaneously.

The rate increase within the series cannot be satisfactorily explained by
the very small differences in the reaction kinetical parameters calculated from
the experimental data. The deviations found experimentally indicate some dif-
ference in the fine mechanism of the alkaline hydrolysis of 1,3-chlorohydrins;
the study of this problem will be the subject of future work.

Experimental

The 1,3-chlorohydrins studied were prepared by the method described earlier [5]. Prior
to the reaction kinetical measurements, the purity of the starting substances was checked by
GLC.

The reaction kinetical measurements and calculation methods have been described in
detail previously [1, 2].

In the description of the experimental results the following symbols are used:

time in minutes
initial concentration of hydroxyl ions (Ba(OH)Z-eq./l.)

a:
b: initial chlorohydrin concentration
X: quantity of chlorohydrin converted in time t (mole/1.)
K: rate constant of second order (1 * mole-1 ¢min-1).
1.
c/ ch3
CH2-H C 2-
1X CH3
80 °C cl OH 85 °C
= 0.01687 a = 0.01630
= 0.01006 6 = 0.01008
No t X K No , X K
| 15 0.00048 0.200 | 10 0.00048 0.306
2 30 0.00095 0.206 2 20 0.00081 0.269
3 45 0.00131 0.231 3 30 0.00121 0.271
4 60 0.00172 0.198 4 40 0.00157 0.273
5 75 0.00210 0.199 5 50 0.00188 0.271
6 90 0.00244 0.199 6 60 0.00217 0.265
7 105 0.00261 0.185 7 70 0.00246 0.272
8 120 0.00292 0.187 8 80 0.00277 0.272
= 0.201 fei-s = 0.275
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85 °C
0.01432
0.010005

T o

t X

10 0.00039
19 0.00073
30 0.00112
40 0.00144
50 0.00178
60 0.00207
70 0.00233
80 0.00257
= 0.293
95 °C
0.01432
0.010005

No t

2 10
3 15
4 20
5 30
6 35
7 40
6

0.297
0.290
0.293
0.291
0.296
0.294
0.292
0.288

=z
o

© N O g W N e

X

0.00037
0.00086
0.00120
0.00149
0.00212
0.00236
0.00249

1.
/CH3

CHo-CH,- C<

|
80 °C Cl
= 0.01687

a
b 0.01001

No t X

0 N oo g B~ W N

15 0.00059
30 0.00104
45 0.00160
60 0.00208
75 0.02547
90 0.00292
105 0.00321
120 0.00368
fu; 3. g = 0.248
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0.244
0.223
0.241
0.252
0.252
0.251
0.243
0.258

14
21
28
35
42
49
56

I\CH,-CH.,-CH.
OH

o N oo o~ w N

90 °C
0.01630

a =
b = 0.01008

0.00044
0.00094
0.00126
0.00169
0.00198
0.00220
0.00263
0.00283

fol;3_8 = 0.407

0.549

0.658

0.628

0.597

0.607

0.590

0.585

1

85 °C

a = 0.01598
b = 0.01013
t X
10 0.00051
20 0.00102
30 0.00152
40 0.00203
50 0.00254
61 0.00289
70 0.00325
80 0.00350
fci-s = 0.366

0.394
0.441
0.415
0.427
0.412
0.388
0.415
0.399

0.320
0.337
0.356
0.374
0.393
0.381
0.389
0.381
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20
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70
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95 °C
a = 0.01610
b = 0.01010
No t X
1 6 0.00064
2 12 0.00150
3 17 0.00184
4 22 0.00239
4 27 0.00279
6 32 0.00319
7 37 0.00359
8 42 0.00385
s = ogr
101.5 °C
a = 0.022447
b = 0.00960
X K

20 0.00437 1517
40 0.00608 1.334
60 0.00709 1.245
80 0.00770 1.168

100 0.00821 1.153

120 0-00840 1.046

140  0.00863 1.004

Kj_7 = 1.209

85 °C 90 °C
a = 0.01630 a = 0.01630
b = 0.010045 b = 0.010045
X K No t X K
0.00065 0.414 i 7 0.00051 0.458
0.00108 0.363 2 14 0.00097 0.455
0.00159 0.370 3 21 0.00159 0.495
0.00198 0.360 4 28 0.00198 0.514
0.00246 0.376 5 35 0.00246 0.535
0.00285 0.377 6 42 0.00283 0.531
0.00316 0.371 7 49 0.00324 0.546
0.00345 0.366 8 56 0.00350 0.531
fc2_ 8 = 0.369 fc3 8 = 0.525
101.5 °C
a = 0.022447
b = 0.01092
No t X K No t m
1 20 0.00457  1.363 i
2 40 0.00655  1.237 2
3 60 0.00777  1.180 3
4 80 0.00851 1.172 4
5 100 0.00906 1.086 5
6
7
*4-5 = 1-207
1.
/ICH3
CH,-CH,-C< ICH,
| m 1 eH /
Cl OH \CH3
75 °C
a = 0.01687
6 - 0.01011
t X K No t
15 0.00081 0.336 i 10
30 0.00144 0.315 2 20
45 0.00206 0.320 3 30
60 0.00256 0.314 4 40
78 0.00311 0.310 5 52
90 0.00340 0.303 6 60
105 0.00368 0.291 7 70
120 0.00401 0.289 8 &
a1.g = 0.310

80 °C

a = 0.01687
6 .- 0.01011

X

0.00089
0.00148
0.00208
0.00256
0.00304
0.00337
0.00368
0.00400
f3 8 = 0.454

439

0.688
0.877
0.776
0.827
0.824
0.827
0.841
0.817

0.554
0.490
0.485
0.471
0.451
0.449
0.436
0.424
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Mihaly Bartoék

85 °C 90 °C
a - 0.01630 a = 0.01630
b = 0.010045 b = 0.010045
No 1 X K No t X K
i 7 0.00072 0.664 i 5 0.00060 0.766
2 14 0.00132 0.649 2 10 0.00130 0.884
3 21 0.00196 0.675 3 15 0.00188 0.900
4 28 0.00254 0.694 4 20 0.00244 0.927
5 36 0.00307 0.711 5 25 0.00292 0.931
6 42 0.00329 0.649 6 30 0.00326 0.902
7 49 0.00372 0.664 7 35 0.00358 0.876
8 56 0.00403 0.652 8 40 0.00399 0.899
kl-3e-e = 0.659 f 8 = 0.903
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The crystal and molecular structure determination of acetone 4-nitrophenylhy-
drazone has been performed by X-ray diffraction methods. The crystals are monoclinic,
the space group is P2lc. The structure has been determined by Patterson’sand molecu-
lar transform methods. The refinement has been carried out by differential syntheses
and by least squares. The reliability index is R = 10.9%. The bond relations in the ben-
zene ring are asymmetrical. The bond lengths and angles are compared with data of
acetone 3-nitrophenylhydrazone determined previously [1]. The equation of the best
plane through the benzene ring, and those of the planes of the acetone and of two parts
of the hydrazine, have been determined and the angles made by these planes have been
computed.

The crystal and molecular structure of acetone 3-nitrophenylhydrazone
(abbreviated: Ac-3-NPH) has been published recently [1]. As a further study
of the bond relations of nitrophenylhydrazone derivatives, the X-ray diffrac-
tion investigation of acetone 4-nitrophenylhydrazone (abbreviated: Ac-4-NPH)

= C(CH3)2

has been performed in the present work.

Experimental

The crystals were prepared by heating a mixture of acetone and p-nitrophenylhydrazine
in aqueous alcohol [2]. The crystals are yellow monoclinic plates elongated in the direction of
the a axis. Their length is 0.6— 1.0 mm. The dimensions in the b and c directions are approx-
imately 0.02 and 0.2 mm, respectively. The faces of the plates are the (010) planes. The crys-
tals have little mechanical strength and cannot be cut without losing their single crystal
character. The unit cell parameters were measured on oscillation and Weissenberg photographs.

Crystallographic data
(with standard deviations in parentheses)

Acetone 4-nitrophenylhydrazone, CIN20 2Hn (M. W. 193.23)
Monoclinic
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a = 4.053 (15) A

b= 20.74 (5) A

c= 11.80 (3) A

B = 95.5° (4)

Z=4

V = 987 (3) A3

F(000) = 408

Dx — 1.30 g *cm-3, Dm= 132 (4) g *cm-3
Systematic absences h0l:i= 2n+ 1

Ofc0O:k = 2ra+ 1
Space group P2llc (No. 14, Cf/)
ftl (for Cn K a, A= 1.542 A) = 9.2 cm*“ 1

The density was determined by flotation in aqueous NaNO03solution, in the presence of
a few drops of isobutyl alcohol in order to remove air bubbles.

Weissenberg photographs were made by the equiinclination technique with unfiltered
Cu radiation using the multiple film method. Intensity measurements were performed only
from the layers Okl—2fci, owing to the fact that absorption had considerable effect on the photo-
graphs around the b and c axes. For this reason the common scale was obtained in the following
way. A part ofthe h = 0 layer was recorded on one half of a film, while the h = 1layer — with
the same oscillation interval — was registered on the other half. Similarly, a common photo-
graph of the layers h = 0 and h = 2 was prepared. The relative intensities were estimated visu-
ally using standard scale and were corrected for Lp-factors and spot shapes. The intensities of
the unobserved reflexions were taken as the half of the minimum measured value. Thus 1087
independent reflexions were collected of which 566 had measurable intensities. The absolute
scale and the mean temperature factor were determined by Wilson’s method [3]. The scale
factors were refined later in the course of the structure refinement.

Structure determination and refinement

The projection onto the (100) plane was determined first. The symmetry
of this projection is pgg. The orientation of the molecule in the projection was
found by a P(v, iv) Patterson synthesis: the two-dimensional Patterson map
was compared with the projection of the theoretical vector set of the molecule.
The a axis being short, the projection of the set of the intramolecular vectors
was drawn by assuming that the molecule was plane, and the image of the
molecule was not distorted significantly in the projection. After having found
the orientation, the position of the molecule was fixed in relation to the 6 and
¢ axes, applying the molecular transform method of Taylor and Morley
[4]. A program in EFT autocode was written by Simon for a URAL-2 computer
to the computations [5].

The refinement for the projection, begun with a reliability index of R =
46%, was carried out with successive differential syntheses and “diagonal ma-
trix” least squares cycles. The R factor for the projection was then 27%. The
Patterson syntheses were computed by a program written by Csordas [6].

The rate of the shortening of the approximately known bond lengths in
the projection and the assumption that the molecule was nearly plane, allowed
us to determine roughly the orientation of the molecule in three dimensions.
The position of the oriented molecule was still uncertain in the third (a) direc-
tion. The originally two-dimensional method of Taylor and Morley [4] was
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then adopted for the one-dimensional problem and the previously applied com-
puter program [5] was used for the computations of the x coordinates.

The three-dimensional model (R = 52%) was refined by a ‘block-diagonal
matrix least squares’ program. Three cycles were computed with isotropic and
further nine cycles with anisotropic thermal parameters. In the three last cycles
the parameter shifts showed only random fluctuations and were less than 10%

Table la

Positional parameters (with their standard deviations in parentheses)

x =104 y mM4 *e104
c 9682 (26) 106 (2) 2768 (5)
C(2) 9801 (30) —546 (3) 3416 (5)
C(3) 885 (25) 125 (3) 1574 (4)
C(4) 7157 (17) 1674 (1) 3294 (3)
C(5) 7491 (20) 2295 (2) 2780 (4)
C(6) 6281 (21) 2835 (2) 3332 (4)
C(7) 4840 (16) 2777 (1) 4342 (4)
C(8) 4376 (20) 2163 (2) 4850 (5)
C(9) 5643 (21) 1624 (2) 4312 (6)
N(I) 8325 (17) 565 (1) 3319 (3)
N(2) 8338 (16) 1167 (2) 2740 (4)
N(3) 3471 (19) 3330 (2) 4890 (4)
0(1) 4032 (19) 3862 (2) 4450 (4)
0(2) 2098 (14) 3270 (2) 5763 (4)

of the corresponding estimated standard deviation (e.s.d.) values. No hydrogen
atoms were drawn into the computations. The final value ofthe reliability index
for all reflexions was R = 10.9%.

The atomic scattering factors for neutral atoms were taken from the
International Tables [7]. Table la contains the final positional parameters with
their e.s.d.’s, computed by the method of Cruickshanic [8]. Table Ib gives
the final anisotropic temperature parameters.

The programs for the intensity corrections and for the differential syn-
thesis were written in machine code for the Ural-2, while those for the least
squares refinement and for the parameter error calculations were written in
Algol-60 for RAZDAN-3 by one of us (Gy. M.).

The values of the observed and calculated structure factors are available
from the authors.
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Table Ib

Thermal parameters multiplied by 10"
The temperature factors are of the form:

T = exp [—(bnA+bAr+brA+bAhk+bidil+brkl)]

b,, bn bn bn I, hs b,,
c() 2581 246 1024 731 —15 —232
c(2) 9449 297 1135 815 2531 —294
c(3) 2284 273 1431 962 1293 —172
C(4) 3280 254 806 —31 —682 23
c(5) 11300 314 739 —734 —32 —31
c(6) 5884 368 890 —577 483 —85
0(7) 6508 247 724 —61 924 —103
0(8) 3448 281 985 539 —675 61
0(9) 7313 297 754 —719 453 —95
N (1) 3262 263 855 147 —75 58
N(2) 10005 299 990  —1359 315 —84
N(3) 7641 323 897 —136 1085 -7
0(1) 11731 299 1586 620 5239 —313
0(2) 6199 328 936 437 1419 64

Description of the structure

Table Il gives the interatomic distances with their e.s.d.’s. The bond
angles arc listed in Table 111 along with their e.s.d.'s calculated by the method
of Dabiow [9]. The intramolecular distances and the bond angles are shown in
Fig. la. For comparison purposes, Fig. Ib represents the bond relations in
Ac-3-NPH.

The schematic drawing of the projection of the unit cell onto the (100)
plane is shown in Fig. 2.

The main structural features of the two modifications do not show signif-
icant deviations. The bond relations of the benzene rings are asymmetrical in
both compounds. The bond angle at the carbon atom where the nitro group
is attached, is greater than 120° in both cases. The 0(1)N(3)0(2) angles are
also greater than 120°.

Considering the carbon—nitrogen bonds in the Ac-4-NPH and Ac-3-NPH
molecules, the following comments can be made:

(@) The length ofthe bond between the aromatic carbon and the nitrogen
of the nitro group is shorter in the para modification (1.453 A), than in the meta
nitro compound (1.489 A). Comparing them by the method of cruickshank
and Robertson [10] it was shown that the difference (0.036 A) is “significant”.
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1.453 A

116.4 121.7

1.407A

0 (2

1.304 A

Fig. la. Bond lengths and angles in Ac-4-NPH

(6) The bond lengths between the aromatic carbon and the nitrogen of
the hydrazine show no deviation (1.350 A and 1.351 A respectively) for the
two compovmds.

(c) The double bond between the N(I) nitrogen of the hydrazine and the
C(l) carbon atom of the acetone is unusually short in the meta isomer: 1.273 A.
In the para modification this bond is a little longer and the deviation seems to
he ‘possibly significant’ [10] too.
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02

1,206A

c)
c(8) 124,4°
1,453A 1.369A
Cio)“ 92’ -7 "8 C(5)
121,6° C @ )118,2°
1,351A
1199 N(2)103 3°
N (1) 117,6° i¢;

1,273A 0(1)-
116,4° 125,5°
iy goY/
’ LGN |

Cc(2) c@3)

Fig. Ib. Bond lengths and angles in Ac-3-NPH

In Ac-4-NPH, the distance between 0(l)(#,y,z) and N(2)(a— 1, 1/2—y,
1/2 -f- z) had the value of 3.13 A. This is considerably shorter than the upper
limit of the intermolecular distances between nitrogen and oxygen atoms con-
nected by hydrogen bonding, which is reported by different sources to be
between 3.17 and 3.22 A [7, 11, 12]. The existence of such a hydrogen bond
was shown by IR spectra, too [13]. The hydrogen bond connects here mole-
cules which form infinite chains with axes parallel to the [201] direction (Fig.

2). The hydrogen bond in the meta isomer produces dimers by connecting mole-
cules related by a centre of symmetry.
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Table 11

Interatomic distances (with their standard deviations in parentheses)

Interatom ic
distances, A

C()-C(2) 1.551 (11)
C(1)-C(3) 1.536 (10)
C(l)-N (1) 1.304 (13)

N (H—N(2) 1.424 (6)
C(4)—N(2) 1.350 (6)
C(4)-C(5) 1.436 (7)
C(5)—C(6) 1.407 (8)
C(6)—C(7) 1.382 (7)

C(7)—C(8) 1.427 (8)

C(8) C(9) 1.407 (9)

C(4)—C(9) 1.403 (8)

C(7)—N(3) 1.453 (7)

N (3)-0(l) 1.249 (8)

N(3)—0(2) 1.224 (7)

Table 111
Bond angles

C(2)—C(l)—C() 118.5° (9)
C(2)—C(h)—N () 112.7 (6)
C(3)—C(H—N () 128.6 (6)
C(HD—N(I)—N(2) 112.3 (5)
N (I)—N(2)—C(4) 1156 (4)
N(2)—C(4)— C(5) 116.2 (6)
N(2)—C(4)—C(9) 1246 (4)
C(5)—C(4)—C(9) 119.6 (5)
C(4)—C(5)—C(6) 117.8 (5)
C(5)—C(6)—C(7) 121.6 (5)
C(6)—C(7) C(8) 121.6 (5)
C(7)—C(8)— C(9) 116.7 (5)
C(8)—C(9)—C(4) 1225 (5)
C(6)—C(7)—N(3) 121.7 (5)
C(8)—C(7)—N(3) 116.4 (5)
0(1)—N(3)—0(2) 123.6 (5)
C(7)—N(3)—0(1) 114.8 (5)
C(7)—N(3)—0(2) 121.2  (5)

Acta Chim. (Budapest) 72, 1972



448 MENCZEL et al : ACETONE 4-NITROPHENYLHYDRAZONE

Fig. 2. Projection onto (010) of the unit cell of Ac-4-NPH

The equation of the ‘best fitted plane’, P(l), through the atoms of the
benzene ring was determined by the least squares procedure of Shomaker
et al. [14]. This plane is almost perpendicular to the (010) plane (83.6°) and
it is inclined to the (100) plane by 32.1°. The distances of the atoms from P (I)
are listed in Table 1V,

The plane of the NO., group, P(2), is slightly tilted to the plane P(l)
making an angle of 5.1° with it.

The equations of the following planes were also determined: P(3) denotes
the plane through the atoms C(2)C(1)C(3). P(4) and P(5) are the planes through
the atoms C(1)N(1)N(2) and C(4)N(2)N(1), respectively. The equations of these
planes refer to orthogonal axes X', Y, Z', where the transformation matrix is

1 0 cos/?
0 1 0
0 0 sin B _

The equations of the planes and the angles between the different planes
are given in Table V. The e.s.d. of these angles is about +2°.
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P2

5.1°

Deviati

Table IV

ons of the atoms from plane P(1)

Deviation

in 10-3 A
c( 22ff
C(2) 455
C(3) —286
C(4) 7
C(5) —4
C(6) —2
C(7) 21
C(8) —14
C(9) u
N (1) 160
N(2) 2
N(3) —30
0(1) 54
0(2) —55

Table V

(a) Equations of the planes

0.841
0.840
0.892
0.849
0.882

X’-f 0.112 Y + 0526 2" — 1.136 =
X’+ 0.043 Y + 0541 22— 0.719 =
X'+ 0.209 Y + 0.402 Z°— 0.958 =
X'+ 0217 Y + 0484 72— 1.244 =
X'+ 0186 Y + 0432 Z°— 0.973 =

(b) Angles between the different planes

P3 P4 PS5 (200)
10.2° 7.3° 9.2° 32.1°
— 5.7° 2.5° —
— 4.4° —

o o o o o

(010)

83.6°
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Sodium cyanoacetate (1) decomposes over 180 °C to give carbon dioxide, aceto-
nitrile and sodium-imidomethylenemalonic acid disodium salt (I1). The mechanism of
the reaction was examined. In the first step two molecules of | react to give cyanoacetic
acid disodium salt (I11) and cyanoacetic acid; the latter spontaneously decomposes at
the temperature of the thermolysis to carbon dioxide and acetonitrile. The intermediary

product Il of carbanion structure can interact with the electrophilic carboxylate car-
bon atom of another | molecule and the resulting transition complex transforms to
acetonitrile and Il. In the presence of sodium methyl carbonate-14C the thermolysis of

| led to the incorporation of the radioactive carboxylate carbon atom into Il, whose acid
hydrolysis gave radioactive cyanoacetic acid, which was then isolated as the ethyl ester.
Experiments with the Li, K and Ba salts of cyanoacetic acid revealed a dependence of
the decomposition temperature upon the cation, but the decomposition products were
identical with those of the sodium salt.

While the pyrolysis of aliphatic carboxylate salts yields, in general, keto-
nes and carbonates [1], the thermolysis of cyanoacetates proceeds along a par-
ticular disproportionation pathway.

An examination of the properties of sodium cyanoacetate (I) has revealed
that the compound melts at 182 °C and subsequently undergoes a gradual de-
composition to carbon dioxide, acetonitrile and sodium-imidomethylenemalo-
nic acid disodium salt (I1). While carbon dioxide and acetonitrile are volatile
at the temperature of the decomposition process, compound Il is solid under
these conditions. Hence the thermolytic decomposition can exactly be followed
by the thermogravimetric technique (cf. Fig. 1) and this technique also makes
possible the determination of the stoichiometry of the reaction;

,COONa
3N s C—CH,—COONa — C02+2 N= C-CH3+Na-N = C=C< (1)
\COONa
| 1

The properties of compound 1l can be summarized as follows:

1. Compound Il is a pale yellow, hygroscopic substance, insoluble in
organic solvents and readily soluble in water. In aqueous solution compound 11
undergoes hydrolysis to give sodium cyanoacetate and sodium carbonate; the
process can be followed by infrared spectrophotometry (Fig. 4).
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2. In acidic milieu compound Il undergoes a rapid decomposition to
form cyanoacetic acid and carbon dioxide.

3. The infrared spectrum of compound Il (Fig. 2) recorded with a UR-10
spectrophotometer in KBr pellet is different from that of the starting com-
pound I (Fig. 3). The C—H frequencies are missing from the former, and the
stretching vibration band of the nitrile appearing at 2263 cm-1 is replaced by an

°C

Fig. 1. TG, DTG and DTA diagrams of the thermolytic disproportionation of sodium cyano.
acetate

intense absorption at 2170 cm*“1 According to the literature [3, 4], this latter
absorption is associated with the antisymmetric stretching vibration of the
ketenimine cumulated doublebond system. The absorption at 1158 cm*“1 is
presumably due to the symmetric stretching vibration of the C=C=N struc-
tural unit. The absorption hands appearing in the region 1600—1300 cm*“1
refer to a dicarboxylate structure [2].

In the elucidation of the reaction mechanism, we started from the
assumption that the mobility of the methylene hydrogen atoms, i.e. carbanion
formation may play an important part in the process. (It is well known that
cyanoacetic acid and related acids form dibasic salts with organometallic com-
pounds: in addition to the carboxylic hydrogen atom, the methylene hydrogen
is replaceable by metal [5].)
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Therefore the thermolysis of compound | was accomplished in the pres-
ence of sodium methoxide. In this case no carbon dioxide was formed, and the
products were acetonitrile, compound Il and methanol. In the presence of
sodium methoxide the thermolytic process followed the stoichiometry:

21+ MeONa— MeOH + Il + N= C-CH3 (2)

LiF NaCl KBr

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 500

Fig. 2. Infrared spectrum of sodimn-imidomethylene-malonic acid disodium salt (Il)

LiF NaCl KBr

oogm ocog

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 500
cm"l

Fig. 3. Infrared spectrum of sodium cyanoacetate (I)

From this fact the conclusion may be drawn that the reaction proceeds
through the intermediary product 111, a carbanion-containing cyanoacetic acid
disodium salt, which may be formed either from two molecules of I or from one
molecule each of I and sodium methoxide. In the former case the formation
of Il is accompanied by that of cyanoacetic acid, which at the temperature of
the thermolysis decomposes to acetonitrile and carbon dioxide. In the former
case the formation of 111 is accompanied by that of cyanoacetic acid, which at
the temperature of the thermolysis decomposes to acetonitrile and carbon
dioxide. In the latter case, the other product is methanol.

21 —N = C CH2-COOH + [N = C-CH-COONa]

1 |
C02+ Ns=c¢c CH3 Na (3)
1

I + MeONa MeOH + 111

Acta Chim. (Budapest) 72, 1972



454 EGYED et al.. THERMOLYTIC DISPROPORTIONATION

The mechanism of the formation of compound Il can be elucidated on
the basis of the stoichiometry shown in Eq. (2); the transition complex formed
by the reaction of carbanion Ill and the electrophilic carboxylate carbon atom
decomposes to acetonitrile and compound II:

0
I+ Y-CONa — N= C—CH—COONa — Il + HY
1
v Y-C-ONa @)

1
ONa

a. Y = —CH,CN

b: Y = —OCH3

Eq. (4) represents a general description of the reaction between carbanion
111 and the electrophilic carboxylate carbon atom. Presumably, the practica-
bility of the reaction is dependent upon the electrophilicity and detachability
of the substituent connected to the carboxylic group.

A further piece of evidence for the validity of this generalization was pro-
vided by the fact that in the decomposition of sodium cyanoacetate in the
presence of sodium methyl carbonate-14C (IVb, Y = OCHZJ3) the radioactivity
was incorporated into compound Il formed. (In order to eliminate the inter-
ference from contaminations in the starting sodium methyl carbonate-14C, com-
pound Il was transformed to cyanoacetic acid according to Eq. (5), esterified
with ethanol and the radioactivity of this latter was measured.) The incorpo-
ration proceeded in alkaline medium, where no carbon dioxide could be formed
and incorporated.

I+ H+ — C02+ N = C—CH2—COOH -» N= C-CH2-COOEt. (5)

Interestingly in Eq. (4) the carbon atom of the carboxylate anion is the
electrophilic component of the Sgl type substitution reaction. Similar reac-
tions are known to proceed between carbanions and alkylmagnesium carbo-
nates [6], however, in these processes the cyclic nature of the transition com-
plex is considered to be the decisive factor, instead of the electrophilicity of
the carboxylic carbon atom.

Finally, it is worth mentioning that the thermolysis of the Li, K and Ba
salts of cyanoacetic acid was also studied and the temperature of decomposi-
tion of these salts was found to vary with the cation. The decomposition pro-
ducts were identical with those formed in the thermolysis of the sodium salt.

Experimental
Thermogravimetric examination of the thermolysis of cyanoacetate salts

The thermolysis processes of the lithium, sodium, potassium and barium salts of cyano-
acetic acid were examined by means of an F. Paulik—J. Paulik—L. Erdey type derivato-
graph [7, 8] (Hungarian Optical Works) with 200 mg samples, at 5 °C/min. rate of heating, in
air and in some inert gas.
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Fig. 1 shows the derivatogram of sodium cyanoacetate obtained in argon gas. The endo-
thermic DTA peak at 180 °C indicates the melting of the sample and, together with the DTG
and TG curves, it shows the proceeding of the decomposition process. Up to 240 °C the | -
C02+ CH3CN + Il reaction proceeded quantitatively, as indicated by the good agreement
between the calculated (39.3%) and measured (39.0%) weight loss values. The decomposition
of the remaining solid product, compound Il, only started above 300 °C and the rate of weight
loss reached its maximum at about 450 °C (DTG curve). The residue of the decomposition which
started at 300 °C was sodium carbonate formed in stoichiometric amount; this was proved
besides the 50% weight loss by the appearance of an endothermic DTA peak at 850 °C indicat-
ing the melting of sodium carbonate. The gaseous decomposition products of compound Il were
not examined.

Similar results were obtained in the thermolysis of the other metal salts. The maximum
fates of decomposition were observed at the following temperatures (DTG curves):

Li salt 245 °C
Na salt 190 °C
K salt 200 °C
Ba salt 245 °C.

The residues remaining after heating to above 600 °C consisted of the corresponding
metal carbonates in each case.

The derivatographic measurements unequivocally proved the reaction: | C02 -j-
-j- CH3CN -f- Il and the subsequent decomposition of compound Il to metal carbonate and
gaseous products.

Thermolysis of sodium cyanoacetate (I) and identification of the decomposition products

The thermolysis was accomplished in a hermetically closed distillation apparatus con-
nected to a vacuum manometer. 3.2 g (0.03 mole) of | was placed in the distillation flask, the
receiver was cooled with liquid air and the sample heated to 200—220 °C. The substance melted
above 180 °C and then a vigorous evolution of gas was observed. The residue gradually solidi-
fied in 15—20 min., which indicated the end of the reaction.

The reaction products were carbon dioxide, acetonitrile and sodium-imidomethylene-
malonic acid disodium salt (I1).

Carbon dioxide and acetonitrile condensed in the receiver. The carbon dioxide was iden-
tified as barium carbonate. The acetonitrile weighed 0.72 g (88% yield, based on Eq. (1)), b.p.
81 °C (only a negligible residue remained on distillation), and its infrared spectrum was identi-
cal with that of an authentic acetonitrile sample.

Compound Il remained in the distillation flask; it weighed 1.85 g (95% vyield, based on
Eq. (1)).

CAN 04N a3 Calcd. C24.63; N 7.18; Na 35.37. Found C 24.80 and 25.23; N 7.23 and 7.35%.

Thermolysis of sodium cyanoacetate (1) in the presence of sodium methoxide

0.2298 g of sodium (0.01 g-atom) was dissolved in 4 ml methanol and 2.1438 g (0.02
mole) of | was added to the solution. The'methanol was removed by distillation at room temper-
ature in vacuum (2 Torr) and condensed in a receiver cooled with liquid air to recover 3 ml
of methanol (no evolution of carbon dioxide was observed during the procedure). After changing
the receiver, the pressure was adjusted again to 2 Torr and the thermolysis accomplished at
220 °C.

After the reaction was over, the pressure in the apparatus was 94 Torr at 22 °C, which
practically corresponded to the tension of the methanol and acetonitrile produced. Accordingly,
the thermolysis process followed Eq. (2) (the pressure of the carbon dioxide evolved according
to Eq. (1) would have been 858 Torr at 22 °C).

Compound Il obtained weighed 1.78 g, corresponding to 91.5% vyield according to Eq.
(2) and its infrared spectrum was identical with that of the product obtained in the preceding
experiment.

The acetonitrile + methanol mixture weighed 1.10 g. According to gas-chromatographic
analysis the mixture did not contain any other constituents.
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Thermolysis o{ sodium cyanoacetate (I) in the presence of sodium methoxide and sodium methyl
carbonate-14C (TV-b)

The reactants were applied in stoichiometric amounts, according to Eq. (3).

0.5891 g of sodium (0.0256 g-atom) was dissolved in 10 ml methanol and the obtained
sodium methoxide solution was treated with radioactive carbon dioxide evolved from 0.9956 g
(0.00504 mole) of Bal4C 03in the usualvacuum apparatus. In this way sodium methyl carbonate-
14C (IV-b) was synthesized in quantitative yield [9]. 3.7542 g (0.03508 mole) of | was added to
the above suspension and subsequently the methanol was removed by distillation in vacuum
using a water pump. Finally, the pressure was adjusted to 2 torr, the receiver cooled with
liquid air, and the reaction mixture heated for 20 min. at 220 °C. By the end of the reaction the
internal pressure rose to 82 Torr at 23 °C corresponding to the pressure of the methanol formed
(practically no evolution of carbon dioxide was observed).

The solid residue remaining in the distillation flask (apparently compound Il and per-
haps unreacted starting materials including 1V-b) was powdered, taken up in 40 ml of abs.
ether and treated with 8.0 g (0.083) of methanesulfonic acid in the vacuum apparatus. The car-
bon dioxide formed during this decomposition step was introduced into an appropriate amount
of phenylmagnesium bromide solution. The resulting benzoic acid was crystallized from water,
dried (m.p. 124 °C) and its activity measured.

The ethereal cyanoacetic acid solution obtained on treatment of Il with methanesulfon-
ic acid was diluted with 70 ml of abs. ethanol, the ether removed by distillation and the etha-
nol solution refluxed for 6 hrs. to esterify the cyanoacetic acid. The solvent was removed by
distillation, the residue dissolved in ether, the solution washed successively with sodium hydro-
gen carbonate solution and water, dried over anhydrous magnesium sulfate and distilled in vacu-
um to give 0.92 g of ethyl cyanoacetate, 103—104 °C/13 Torr. The radioactivity of the ethyl
cyanoacetate-14C was 6.459 « 106 dpm/mole, while that of the benzoic acid was 31.17 « 10e
dpm/mole. The ethyl cyanoacetate-14C contained 17.2% of the starting activity, which means
that 34.4% of the starting activity had been incorporated into compound II.

Hydrolysis of sodium-imidomethylenemalonic acid disodium salt (11)

20 mg (1.024 10 4 mole) of Il was dissolved in 0.1 ml distilled water and the hydro-
lysis was followed by infrared spectroscopy. The spectrum of the solution was recorded in
every 2 minutes in the region 2100—2300 cm-1 with KRS-5 windows in 0.02 mm thickness at
35 °C. Inspection of the compensated spectra (Fig. 4), of which the first was recorded 2 min.
after dissolution, reveals the gradual vanishing of the absorption band at 2160 cm-1, charac-
teristic of the ketenimine group and the parallel increase in intensity of the band at 2270 cm- 1
associated with the stretching vibration of the nitrile group of the cyanoacetate ion. The
eighth spectrum, recorded in the 16th min. of the hydrolysis reveals that the reaction was prac-

tically over by this time, since the band intensities were unchanged in the eighth and ninth
spectra.

LiF

~ (o]
o o

'|"‘r<m =200 O thp °>
(2]
o

Fig. 4. Changes in the intensities of the vC= C= N band (2160 cm-1) of sodium-imido-
methylenemalonic acid disodium salt (Il) and the vCN band (2270 cm -4) of sodium cyanoace-
tate (I) during the hydrolysis of compound Il
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The preparation of methyl-/?-D-fruetofuranoside by methanolysis of inulin is
described. The reaction rate constants for the methanolysis of inulin and saccharose
as well as for the hydrolysis of the Me-/?- and -a-D-fructofuranosides have been deter-
mined in the presence of HC1. The activation energy of methanolysis is considerably
higher than that of hydrolysis, therefore, methanolysis is — at identical temperature
and acid concentration — faster than hydrolysis. The activation entropy of methanoly-
sisis +32 e.u., while that of hydrolysisis only +8 e.u., so itis concluded that the mech-
anism of alcoholysis differs from that of the hydrolysis. In glycosides, in which the
aglycone moiety is bonded by a primary carbon atom to the bridging oxygen atom, the
second atom of the aglycone exerts only a very small influence on the stability of the
glycosidic bond. Therefore inulin may be considered a substituted methyl-/?-D-fructo-
furanoside.

Introduction

The stability of the glycosidic bonds of /3-D-fructofuranosides in acidic
solutions has been investigated in our previous papers on the acid hydrolysis
of saccharose, raffinose [1] and inulin[2]. These experiments furnished com-
parable data for cases in which a monosaccharide (in saccharose), a disaccha-
ride (in raffinose) or a polysaccharide (in inulin) was joined to the fructofura-
nosyl moiety. For completing the investigation of this problem, it was deemed
necessary to study the hydrolysis of methyl-/3-D-fructofuranoside, the glyco-
side containing the smallest possible aglycone moiety. There are data in the
literature [3] for the hydrolysis of methyl-a-D-fructofuranoside, but none are
available for the /3anomer. Therefore, one of the aims of the present work was
to determine the hydrolysis characteristics of methyl-/?-D-fructofuranoside
in a similar manner as it has been done in our previous papers [z, 2].

Methyl-/?-D-fructofuranoside was prepared by the methanolysis of inulin.
Another method of preparation, by the methanolysis of saccharose, has been
described by Horvath and Metzenberg [10]. Considering that relatively
little is known about the methanolysis of glycosides, and the number of frac-
tions formed upon the methanolysis of inulin was greater than expected, this

*The present paper is a part of a series; the previous part has been published in Acta
Chim. Acad. Sei. Hung. 70, 381 (1971).
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reaction was subjected to more detailed studies for determining the optimal
conditions of the process; simultaneously also somé rate constants were deter-
mined for the methanolysis of saccharose.

Experimental
Determination of the rate of methanolysis

0.100 g of inulin (or saccharose), ground in a ballmill and dried over P20 5, and 1.0 ml of
0.14 N HC1 in abs. methanol were put into 10 ml glass ampoules. After sealing, the ampoules
were placed into an ultrathermostate of the appropriate temperature, and samples were taken
out at definite time intervals. After opening the ampoules the refractivity of the supernatant
was determined by an Abbé-type refractometer. Inulin and saccharose are insoluble in metha-
nol, while the end products of methanolysis are soluble. It has been revealed by paper chroma-
tography that the dissolved material contains only monosaccharides as well as their methyl-
glycosides. The refractivity is directly proportional to the concentration of the dissolved ma-
terial. The refractivity at zero reaction time (r = 0) is rcOand the upper limitis nmaxat r = oo.

Table |

First order rate constants of methanolysis of inulin and saccharose

saccharose

<(°C) inulin kmet x 103 Amet X 103
HCl = 0.0014 N 0.014 N 0.14 N 0.14 WV
30.0 — — 121 3.91
40.0 — — 6.55 18.7
50.0 0.106 2.40 375 104.6

Determining the pairs of r and n values, the first order rate constant of the methanolysis
Jcmet can be calculated. Fig. 1 shows two methanolysis curves, one for inulin and one for sac-
charose; Fig. 2 shows the logarithmic plots for determining the rate constants of methanolysis.
It is seen in Fig. 2 that, contrary to hydrolysis [2], these curves do not consist of two sections.
The experimental kmct values are shown in Table I. The agreement between the obtained rate
constants and those calculated from the data of Heidt and Purves [3] for similar reaction
conditions is acceptable.

It is to be mentioned that the reaction may not be regarded as a pure methanolysis
because considerable amount of reducing material is also formed. The reducing power of the
reaction products in each methanolysis series of inulin has been determined in the last samples
by the Somogyi—Nelson method [4]. Dissolution was practically complete in the last sam-
ples, and the reducing power reached 15.5% of the value obtained after complete acid hydroly-
sis of a parallel sample. Probably, this can be at least partly explained by the fact that the
experiments have been performed under tropical conditions, in the rainy period at an ex-
tremely high air humidity.

Preparative methanolysis

A mixture of 12.87 g of dry, powdered inulin and 164 ml abs. methanolic HC1 (0.11 IS)
was maintained at 40 °C for 4 hrs and then for 1 hr at 50 °C. The clear, slightly yellow solution
formed was neutralized by shaking with dry NaH CO03; after cooling, the inorganic residue was
separated from the solution which contained 10.58 w% of organic material. This solution was
used for preparative separations.
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Fig. 1. Variation of the refractivity of inulin (IN) and of saccharose (SA) during their metha-
nolysis

Fig. 2. Logarithmic inulin methanolysis curves

Paper electrophoresis

The conditions of paper electrophoresis used in studying the products of methanolysis
were as follows. Buffer: 7.63 g sodiuinborate -f- 0.62 g boric acid per liter, adjusted to pH =
9.2 with 20 N NaOH [5]. Paper: 4X30 cm strips (Filtrak F-1, “schnell laufend”, 90 g/m?2).
Voltage: 300—350 V, 2 mA/strips; appropriate separation in 3—4 hrs. Sample weight in the
case of glucose (as reference substance) 250 /Ag, and in the case of methanolysis products 700
lig, dissolved in 0.01 ml. After drying, the strips were sprayed with diphenylamine—aniline-
phosphoric acid [6] and heated to 80 °C. In the case of mixtures containing also methylglyco-
sides the separation of glucose and fructose did not occur. According to literature data [7], the
M q value (migration distance per migration distance of glucose) is 0.04 for methyl-/3-D-fructo-
furanoside, and 0.60 for its a-anomer. The methanolysis of inulin yielded 4 components, their
M G values (corrected for electroosmosis) are shown in Table Il. According to these data the
first fraction is methyl-/?-D-fructofuranoside, the third methyl-a-D-fructofuranoside, the fourth
is a mixture of fructose and glucose; the second fraction has not been identified, it is presumably
a methyl-pyranoside.
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Table 11

Characteristics of the fractions

Fraction 1 1 1 v + Vv

Rp 0.764 0.694 0.976 0.642
M a 0.040 0.40 0.63 1.00
Amount (% by electrophoresis) 21.6 33.3 30.2 15.5
Amount (% by paperchromato-

graphy) 24.2 27.2 33.2 14.8
Reducing power (expressed as fruc-

tose, %) - - - 17.5
Stability in 0.01 N HC1 at decom- stable decom- increasing

60 °C poses in poses in amount

1.5 hr 1.5 hr

Paper chromatography

Descending chromatography was applied with repeated development. The dry material
content of the samples applied to the 4X56 cm strips was between 200 and 1000/ig. Solvents:
pyridine: butanol: acetic acid = 6:4:3; detection of the spots as in paper electrophoresis.
The glucose spot appeared with a blue tint, the fructose and its derivatives with a brown
colour. The Rp values for the four spots after a single development are shown in Table Il. One
half of the most slowly moving spot had a bluish, the other half a brown colouration upon
heating to 80 °C; this spot appeared also upon treatment with alkaline AgN03. Consequently
this spot contained reducing sugars; the Rp values also revealed that this fraction was a mix-
ture of glucose and fructose. The other three spots contained nonreducing glycosides.

Reducing power

The reducing power of the methanolysate made for preparative purposes, determined
by the Somogyi-Nelson method [4], was equivalent to that of 12.8 mg/ml of fructose; the
same value after a complete acid hydrolysis was 72.8 mg/ml, i.e. 17.5% of the total sugars were
present as free sugars.

Quantitative determination of the various components

The fractions separated by paper electrophoresis were extracted from the strips and
investigated by paper chromatography and vice versa. The fractions identified in this way were
determined quantitatively by reducing power measurements following acid hydrolysis. The
results are shown in Table Il. Glucose and fructose can be separated by paper electrophoresis
in the above buffer solution only in the absence of methylglycosides. Therefore, the methanoly-
sate of inulin resulted in 4 fractions but after preliminary paperchromatographic separation,
5 fractions could be obtained. As seen in Table Il, the stability to acid hydrolysis (60 °C, 0.01
N HC1) suggests that the 1st and the Illrd fractions are furanosides, while the Und fraction is
probably a methylpyranoside.

Preparative separation of the fractions

The preparative separation was performed in borate buffer on a 25 X 2 cm Amberlite
CG-400 resin column (chromatographic grade, 100—200 mesh) [9]. Inulin methanolysate equi-
valent to approximately 2.5 g fructose, dissolved in 5 ml 0.005 M potassiumtetraborate was
charged on the column and, by increasing the borate concentration 15 ml fractions were col-
lected (see Fig. 3). From the collector tubes 0.2 ml samples were taken and mixed with 1.8 ml
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water and 4 ml anthrone reagent (0.2 g of anthrone dissolved in 100 ml of 95% sulfuric acid).
After 30 min the optical density was measured at 630 m/i. As shown by Fig. 3, the separation
of the first two fractions was complete; this was also proved by paper chromatography. The
separation of the last two components was not complete, however, this is irrelevant for, in-
terestingly the sequence of separation differs from that observed in paper electrophoresis. As
first, fraction | (methyl-/i-D-froctofuranoside) and as second, fraction 11l (methyl-a-D-fructo-

Fig. 3. Separation of the fractions by ion-exchange chromatography. Column: 2x25 cm
Resin: Amberlite CG-400, 15 ml fractions were collected, flow-rate 1.5 ml/min, abscissa:
tube Ne

Fig. 4. Determination of first order rate constants for the hydrolysis of methyl-/?-D-frueto-
furanoside in 0.0977 N HC1

furanoside) was eluted from the column. The contents of the corresponding tubes were combin-
ed and evaporated to dryness in vacuum. The residue was extracted first with cold methanol
(insoluble residue discarded) and, after repeated evaporation, with pyridine. Potassiumtetra-
borate is insoluble in both solvents. The syrup obtained after the evaporation of pyridine prov-
ed to be homogeneous both by paper chromatography and paper electrophoresis. The quantity
of the fractions agreed with the percent distribution shown in Table II.

Acid hydrolysis of methylfructofuranosides

80 mg syrupy methylfructofuranoside was dissolved in 40 ml 0.0977 N HC1 of the appro-
priate temperature and kept in an ultrathermostate. At definite time intervals 2 ml samples
were taken out and mixed immediately with 2 ml NaOH of the same normality. Reducing
power was determined by the Somogyi-Nelson method [4]. The log 1/(1-p) values are shown
in Fig. 4; the k values are shown in Table Ill. The Eavalues for the methanolysis of inulin
and saccharose as well as for the hydrolysis of methyl-jS-D-fructofuranoside were determined
graphically (Fig. 5).
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Fig. 5. Log k or log klnet values for the hydrolysis of methyl-/?-D-fructofuranoside (in 0.0977 N
HC1) and for the methanolysis of saccharose (SA) and inulin (IN) as a function of 1/T; deter-
mination of the Ea values

Table I11

First order hydrolysis rate constants of methyl-v-fructofuranosides in 0.0977 N HCI

<(°C) Kx 103 k, 100 °c*

Me-js-D-fructofuranoside

25.0 4.26 253
30.0 8.45 248
35.0 15.9 240
40.0 32.2 251

Me-oc-D-fructofuranoside

30.0 14.1 750 +

— calculated on the basis of Eareported by Heidt and Purves [3)

*= 10S*7,100 °C = log kr 4 575 (pf ~ 373.2)

Discussion

Methanolysis

Data concerning the mechanism of alcoholysis of glycosidic bonds are
very scarce. It is known that an increase of the ethanol concentration up to
about 70 vol% reduces, but above that limit increases the solvolysis rate of
saccharose [11]. Presumably two opposing trends come into operation: with
increasing ethanol concentration the hydrogen ion activity decreases up to about
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80 vol% ethanol (the value of the HO function [12] increases), then the hydro-
lysis is replaced to an increasing extent by a more rapid reaction, alcoholysis.
Above 80 vol% ethanol the value of the HOfunction begins to decrease, i.e.the
activity of the acid to catalyze hydrolysis increases.

In all the investigated cases (e.g. saccharose [I1], maltite [14], starch
[14], cellulose [13]) the solvolysis of the glycosides in acidic absolute alcohols
proved to be faster than the hydrolysis in an aqueous system at identical acid
concentration and temperature. At higher temperatures the difference between
the rates of alcoholysis and hydrolysis will be greater because the apparent
activation energy of alcoholysis is considerably higher than that of hydrolysis.

Table IV

Characteristic data for hydrolysis and methanolysis of inulin and saccharose

Inulin Saccharose

hydrolysis metharnolysis hydrolysis methanolysis
Ea kcal/mole 25.5 33.8 255 32.7
AS+ eu. + 8.13 + 32.30 + 8.07 + 32.63
g 1.062 1.038
g* 1.21 —
d 16.725 19.24 16.754 18.79
fer, 100 °c 71.4 56.3
fer,met. 100 °c 437 1050
A S+ 4576 - log 1.025052 T m
logkr= logk + g *pH (Kin min-1 and In)
g= Alog K/A pH g* A log k/A ( log [HC1])

A log K 1
gr 16i kr
m

Thus for example, the Ea of cellulose hydrolysis in 1% aqueous sulfuric
acid at 100—160 °C is 30.1 kcal/mole, while in 96% ethanol in the presence of
1% sulfuric acid, it is 33.3 kcal/mole [13]. As shown by Table IV, the activation
energies of both inulin and saccharose are by 7—8 kcal/mole higher in methanol
than in water. Consequently, the entropy of activation is also higher by about
24 e.u. than the one obtained for hydrolysis.

It is to be mentioned that for calculating comparable parameters a pre-
condition is that the rate constants should refer to identical catalyst activities.
In aqueous solutions this requirement is fulfilled by the so called reduced rate
constant (fcr) which refers to pH = 0 or HO= 0 [15]; it is, however, not clear
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which acidity function can guarantee in methanolic solutions the comparabil-
ity of the calculated parameters with those corresponding to hydrolysis. The
only feasible way was to refer fomet to unit acid concentration, i.e.:

logfa,met = log faret + g*(—log[HCI])

where g* = Alog kmJA (—log [HC1]) = 1.21.

The errors associated with this simplification may make questionable
the validity of the possible conclusions. In an aqueous solution the HOvalue for
0.1 N HC1is 0.97, while in 100% ethanol it isonly 0.57 [12]. Presumably metha-
nol does not differ strongly from ethanol in this sense, therefore, the log k*met
values calculated on the basis of —log [HC1] may deviate not more than by
0.4 units from the actual ones. The possible maximum deviation of the calcu-
lated values from the actual ones in the entropy of activation is 1.8 e.u. at
most, and in the value of d at most 0.4 units, i.e. the maximum errors are about
6% and 2%, respectively. The maximum deviation of krmet cannot exceed
2.5-times its actual value. However, the possible deviations do not influence
the conclusions drawn, because the differences between the corresponding
parameters of methanolysis and hydrolysis are much greater (see Table 1V).

The above great differences in the AS+ and Eavalues suggest that the
mechanism of methanolysis is not the same as that of hydrolysis. Probably
also in this case the formation of a tertiary furanosyl cation is the rate-deter-
mining step; its higher stability and the high positive AS+ value allow to con-
clude to this mechanism. However, the possibility of an open-chain mechanism
does not seem to be excluded.

Swiderski and Temeriusz [16] have investigated the methanolysis of
some methylglycosides in absolute methanol, in the presence of 1% HCIL.
They have concluded that in case of Me-/3-D-gluco-, -/1-D-galacto-, -a-D-galacto-,
and -A-D-mannopyranosides the reaction proceeds through an acyclic inter-
mediate, while the acid hydrolysis of the same glycosides occurs probably
through a cyclic pyranosyl cation [s].

For an unambiguous clarification of this problem further studies are
necessary.

Hydrolysis

Table V shows the hydrolysis characteristics of /3-D-fructofuranosides as
a function of the size of the aglycone moiety. These data suggest that already
the second carbon atom of an aliphatic aglycone linked through a primary
carbon atom to the glycosidic bridge-oxygen, exerts only a small influence on
the stability of the glycosidic bond. This hypothesis is substantiated by the
observation that the difference between the stability of the furanosyl-OCH3
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and furanosyl-OCH?2-(inulin) is less than that in the case of furanosyl-OCH3
and furanosyl-O-(glucosyl). In the latter, the aglycone moiety (the glucosyl
group) is bound through a secondary C-atom. Thus it is possible to predict
that the stability of the 6-0-(/?-D-fructofuranosyl)-D-glucopyranose, not yet
studied, will fall between the stabilities of Me-/3-D-fructofuranoside and of
inulin, while the 6-0-((?-D-glucopyranosyl)-D-fructofuranose is about as stable
as the isomaltose in acidic media.

The re-alkyl- and benzyl-glycosides, the 1,6-linked disaccharides and
even the 1,6-linked dextran may be considered as substituted methylglycosides.
It follows from the data of Table Y that the same is true for inulin. The hydro-
lysis characteristics of such type of glycosides are closely related to those of
the corresponding methylglycosides; the farther parts of the aglycone moiety,

Table V

Correlation between the size of the aglycone moiety and the stability of the glycosidic bond

: AS+ kr, 100 °c
Glycoside Aglycone kcaII/Er%OIe e u. (min-1)
Raffinose Melibiose 25.6 +8.34 48.3
Saccharose Glucose 25.5 +8.07 55.3
Inulin —CH2—(Polysaccharide) 25.5 + 8.13 71.4
Methyl-~-D-fructofura- —CH3 25.1 +9.55 253

noside

joined to the —CH2— group, exert much less influence on the stability of the
glycosidic bond than the aglycone linked to the bridge-oxygen through a
secondary carbon atom. Correspondingly the stability sequence is:

aglycone moiety is a disaccharide (e.g. in raffinose) >
monosaccharide (e.g. in saccharose) >

substituted methyl group (e.g. in inulin) >

methyl group (in methyl-/?-D-fructofuranoside).

The correlation between the size of the aglycone and its hydrolysis rate
is similar to the one observed in the case of pyranosides (e.g. maltose, homolo-
gues of maltose and amylose [17]). Other hydrolysis parameters (Eaand /1S+)
are practically identical, which proves that the reaction mechanism is the same
for all /3-ketofuranosides. Thus the present work seems to support the hypo-
thesis advanced in our previous papers [1, 2] for the mechanism of hydrolysis
of furanosidic bonds.

Acta Chim. (Budapest) 72, 1972



468 SZEJTLI et al.: METHANOLYSIS OF INULIN

According this hypothesis, in the case of saccharose the rate-determining
step is not the formation of a glucosyl, but that of a tertiary furanosyl cation.
A change of ring conformation can hardly have any significance in this case.

The entropy of activation of the alkylaldofuranosides is negative [18],
which allows to conclude to an A-2 mechanism (the rate-determining step is a
bimolecular attack of a solvent molecule on the protonated glycoside). In the
case of /J-fructofuranosides as well as other ketofuranosides investigated until
now, and in the case of ketopyranosides, the AS+ is positive [8], supporting
the assumption of an A -1 mechanism (the rate-determining step is the mono-
molecular formation of a glycosyl cation, i.e. in this case of a cyclic tertiary
cation).
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PE3IOME

Mmppaso-9-akpuanH — HOBbIA KWC/IOTHC-OCHOBHOW MHAMKATOP,
LENCTBYIOWNA B NEAAHON YKCYCHOW KkucnoTe, |

n. NAOJAHWN, ®AM XAW TYHI, ' OBE/IO u Ab. COKAH

OnUCbIBAaETCS HOBbIW KUCMOTHO-OCHOBHOW MHAMKATOp (rvapaso-9-akpuauH), AeicTBy-
lOWMiA B NeAAHON YKCYCHOIA KNCNOTE, KOTOPbI/i MOXET 6biTb WCMONb30BaH ANA WHANKALMM
3KBWBA/IEHTHOI TOUKM TUTPOBAHKUA OCHOBaHMI C PKHrO > 5. TOYHOCTb TUTPOBaHUS NP1 UCMOb-
?&?BaHI/IVI r1apaso-9-akpuaMHa NpeBbILUAeT TOYUHOCTb NPU UCMOMb30BaHWM VHAUKATOPA KpUCTan-

MO/IETOBOTO.

Mmapasc-9-aKpuAMH — HOBbIA KUCNOTHO-OCHOBHOW MHAMKATOP,
LEeACTBYIOLWNIA B NIEAAHON YKCYCHOW KucnoTe, |l

OnpejeneHne KOHCTaHTbl MHAMKaTopa

PAM XAWN TYHT v 1. TALAHWN

BbiN0 MCCNeA0BaHO KNCNOTHO-OCHOBHOE PaBHOBECUE TMAPa3s0-9-akpuanHa 1 Gbina onpe-
[JefleHa KOHCTaHTa fAuccoumaumn mHaukatopa (pK, = pHCHO4) B cpefe nefsiHoii yKcycHoM
KMCNOThI.

ViccnenoBaHve TEPMOKOHAEHCALUM MSTUKPATHOFO rygpata amMMOHWEBOrO
napaeosibhpaMaTta C MOMOLLbI TepMoaHanuTuyeckoro, UK
CMEKTPOOTOMETPMYUECKOTO 1 [OMO/IHUTE/bHBIX METOA0B

A. B. KAWW, N. TALO w A. . XEFEAIO LW

TepMOKOHAEHCaUMA MATUKPATHOrO ruapata aMMOHWMEBOro napasosbpamara Obina uc-
CIEj0BaHa Mpu COYeTaHNU TepMoaHaIUTUYecKoro MeTofa ¢ VK cneKTpodoToMeTpuyeckM Me-
TOAOM M3MepeHus ra3oB. Onpegenss umcno moneid ypanawouwmxca NH3 n H,0 c nomoupto
rpauuyeckoro pasfeneHnsa WHMPaKpacHbIX MWKOB ra30BbIX MPOAYKTOB, 6bl paccumTaHbl
COCTaBbl MPOMEXYTOUHBIX (ha3, 06pa3yroLWMXCA Ha CTYMNeHAX npouecca, NepekpbIBaloLwmnx Apyr
apyra. Cnegunn TakXe W 3a KpucTannorpapuyeckummn npespaLeHuamu. Cnefyet OTMETUTH
HOBOe HabNiodeHVe, a UMEHHO, YTO Ha TpeTbel CTaguu npouecca B WHTepBane TemmnepaTtyp
195 -r 230°C cTpyKTypa napakpucTania mogugpumumpyetcs. 3Ta (asa pasfensnacb COOTBET-
CTBYIOLMM 06pa3om, M ee O6LMIA COCTaB, PaccCUMTaHHbIi CMEKTPOPOTOMETPUYECKUM MyTeEM,
okaszancs npasubHbIM K cooTBeTcTBYeT 3,75 (NHAD « 12W03 « 3,25 HXD. T[Mpusogatcs
peHTreHoaHanuTnyeckne n UK cneKTpO(pOTomeTpmquKme XapakTepucTukn asbl. Ha ocHose
M3MepeHuns ra3oobpasHbiX NPOLYKTOB ObII0 ycTaHOBNEHO, 4To NH3 yaanseTcs 13 peLleTkn Moo
¢ HD nn6o 6e3 Hee. BbIN0 06HAPY>KEHO, YTO NPU BbIAENEHUN CYXOr0 aMMuaKa Ha OKTasfpe ro-
nmaHnoHa WOGocTatoTcss OH rpynnbl, CBSA3aHHbIE KOB/IEHTHbIMW cuiamu. Ha OcHOBe ucche-
A0BaHWiA 6bI10 OAHO3HAYHO [0KA3AHO, YTO B MATUKPATHBIX MMAPATax OfVH MOJb BOAb! MPUCO-
efvHeH cnabo, a fjBa MONA ABNATCA KPUCTaN/IMYeCKon BOAOW. Takum 06pa3oM, NpUHATas B
HacTosLLee Bpems AN NapaBonbpaMaTHOro aH1oHa CTPYKTypHas (opmyna [W12036(OH)10] ~ 10
He NpUMeHnMa 418 NATUKPATHbLIX MAPaToB.



Agncopbumsi BOASHOTO Mapa Ha XMMWYECKM 06paboTaHHOW MOBEPXHOCTU
MOHOKpUCTala repmaHus

A. TMBEP, M. BETHEP n O. JOBLU

BblN0 1cCneaoBaHo B3aMMOAENCTBIE BOAAHOTO napa C MOBEPXHOCTbIO MOHOKpUCTanna
repMaHnsi, BbITPAB/IEHHOM LLEJI0YHbIM PacTBOPOM MEepekucu BoAopoda. Bonomerpuueckum
nyTem, a Tak)Xe pagvoakTUBHON MHAMKaLVel N3MEepPSAIoCs KONMYeCTBO BOAbI, afCOPOMPOBaHHONM
Ha NOBEPXHOCTW, B 3aBMCMMOCTM OT TemrepaTtypbl (B UHTepBane 16—80°C), BpemMeHW B3auMo-
[leiicTBUA 1 OTHOCUTENBHOTO cogepxxaHus snaru (p/p,, < 0,8). MpubnusntensHo 3a 10 yacos ycTa-
HOB/IMBaeTCA aACcOpPOLMOHHOE paBHOBECHE. V130TepMbl, CHsTbe B 06nacTu Temneparyp 50—-80°C,
ONUCLIBAIOTCA ypaBHeHWeM ®peiiHANNXa; A1 MOHOMO/EKYNAPHOTO MOKPbITUSA Heo6xo,qV|M0
155 « 10~9r/cm2aacopbupoBaHHoii BoAbl. Bofa CBA3aHa C MOBEPXHOCTLIO «CabbiMin» XEMOCOP6-
LMOHHBIMKM CuNamm, a TenaoTa M3ocTepuyeckol aacopbuun konebnetcs B npegenax 13—23
KKan/mMonb B 3aBUCMMOCTU OT CTereHW NoKpbITUA. COrnacHo KMHETUYECKUM WCCNef0BaHUAM,
CTYNeHbI0, IMMUTUPYIOLLEN CKOPOCTL NpoLecca, ABnseTca avddysus. Koadhuunent auddysmm,
paccumMTaHHbIN Ha OCHOBE Angdy3nMoHHON Mogenu, npu 80°C paseH 5,8 ¢ 10-18 cm2cek. SHeprus
aKTvBauun angdysun pasHa npuéa. 4 Kkan/Monb, YTo NPUONN3NTENLHO COBNAJAET C MOMYyYeH-
HON BENNYMHOW KaXKyLLEeNCca 3Heprun akTuBauuu ancopoumm.

V3yueHne CBOWCTB YpPaHW/IOBbLIX COMeli B ABOMHbLIX W TPOMHbIX
cucTemax

3. KAJTbMAH

M3yuanock “3MeHeHUe CBOICTB BOAHbLIX PACTBOPOB YPaHWUIOBbIX CO/EN B 3aBUCUMOCTY OT
KOHLIEHTpauuu. Pe3ynbTaTbl YKa3blBalOT Ha CUIbHOE CTPYKTYPO-(hopMUpYIOLLEE BAWSIHWE ypa-
HW/IOBOTO MOHA. B cornacum ¢ fMTepaTypHbIMU [aHHbIMU, aHOMaslbHble CBOICTBA PacTBOPOB
YPaHWU/OBbIX COMEl 0GBACHANUCH CBA3AMM, BO3HUKAKOLWMMU (B 3KBATOPMUAIbHOW MIOCKOCTU-
MeX/y YpaHoM U ApyrMU MraHfamin, npucyTCTBYIOWMMM B pacTeope. Bbinu npoaHanMsve
poBaHbl MPOG/eMbI, BO3HMKAKOLLME NPU MHTEPNPETUPOBAHUM TEPMOAVHAMUYECKUX CBOICTB Gonee
KOHLIEHTPUPOBaHHbIX PacTBOPOB 3/1EKTPOIUTOB.

Xumua  1,3-6UhyHKLUMOHANTbHBIX cucteM, XV

M3yueHne peakKUMUM LW EeNOYHOT0 rMaponmMsa 1-MOHO3aMELW eHHbLIX TFOMONOroB
3-xnopnponaHona

M. BAPTOK » I BO3OKWN-BAPTOK

WccnenoBanach KMHETMKA LLEMOYHOTO MMaponsa 1-MoHo3aMeLLeHHbIX FOMOJIOroB 3-X1op-
nponaHona: 1-metun- (I), 1-atun IJ‘kll) 1-6ytun- (111), 1-umknorekcun-(1Y) un 1-tpeHun-3-xnop-
nponaHonos (V). Onpeaensnnch HanpasieHns PeakLy 1 PaCCUMTBLIBA/INCH KOHCTAHTbI CKOPOC-
Tel, 3HepPrumM akTUBaLMM, IHTPONNN aKTMBALMN U NPEASKCMOHEHUMATbHBIE MHOXNTENN.Pe3y b-
TaTbl U3MEPEHWIA MOATBEPXKAAIOT MEXaHU3M, MPEeA/OKeHHbId aBTopamMu paHee, W ANsi JaHHOTO
TUNa COEANHEHWIA.

Xumusa  1,3-6UupyHKLUMOHANTbHBIX cucTeM, XVI

KnuHeTMUeCKOe M3yuyeHMe LW eNoYHOro rmagponusa 1,1-gusamely eHHbl X
NPOU3BOAHbLIX 3-xnopnponaHona

M. BAPTOK n I BO3OKN-BAPTOK

PaccmatpumBasici MeTOf PeakLMOHHON KWHETWKW LUENOYHOr0 FMAPOM3a HEKOTOPbIX
1,1-ananknneHblX romonoros 3-xsopnponadona [1,1-gumetun- (1), 1-metun-1-nponun- (11),
1-metun-1-nzonponun-3-xnopnponaxdon (11)].

Ha ocHoBe aKCneprMEeHTaNbHbIX faHHbIX OblA OnpefeneHbl KOHCTaHTbl CKOPOCTU, 3Hep-
TN aKTMBaLWK, SHTPOMUM aKTMBALMW, a TaKXe Mpef3KCNOHEHLUMaNbHble MHOXUTENN Leoy-
HOrF0 rMaponnsa Tpex COeAvHEHW.



KpucTaninyeckoe M MOJIEKY/ISIPHOE CTPOEHME aueTOH-4-
HUTPOEHNATNAPA30Ha

Ab. MEHAENDL, I'. WWAMAM « K. LUMMOH

Kpuctanauyeckoe U MONEKyNApHOE CTPOEHWE aLeTOH-4-HUTPOMEHUNTAPa3oHa 6bl1o
onpefeneHo PeHTreHo-ANMdPaKLMOHHbIM MeToLOM. Kpuctann — MOHOKNWHHLIN, C NPOCTpaH-
CTBeHHOI rpynmnoii P2/C. CTpoeHve onpeaensnocb C NMoMoLibio MeToga lMaTTepcoHa v Mone-
KyNApHO-TPaHCHOPMALMOHHOIO METOAA. Y TOYHEHUA NMPOBOANICE C MOMOLLBIO AnddepeHLmanb-
HOro CMHTE3a U MEeToAa HauMeHbLUUX KBaapatos. MHaekc goctosepHocTh R = 10,9%. KapTuHa
CBfA3eli apoMaTUYecKoro Kofblia acuMmeTpuyeckas. JAvHbl M yribl CBA3ei CpaBHWBAKOTCA CO
3HaueHUAMU 415 MeTa-CoeAVHEHWIA, onpefeneHHbIMA YXe paHee [1]. Bbliv onpefeneHbl ypaBHe-
HWS NIOCKOCTeN 6eH30/1IbHOr0 KOMbLa W aLeTOHOBOW 1 MMAPasMHOBON YacTeld, a TakXke paccuu-
TaHbl Yr/bl MEXAY 3TUMKU NNOCKOCTAMM.

O AUCNPONOPLMOHMPOBAHUM COMEli LIMaHYKCYCHOM KWCNOTbI MOZ
B/IMSIHUEM Harpesa

A. 34bEA, M. BUHKNAEP un LW TAN

Bbino ycTaHOBMEHO, YTO HAaTpMeBas COMb LMaHYKCYCHOMW KucnoTbl (1) mpu Harpese ee
BbllLe 180°C pa3naraeTcs Ha ABYOKWCb Yriepoaa, aleTOHUTPUA U ABYXHATPUEBYHO COMb HATPUIA-
UMUAOMETUIEHMaIOHOBOM  kucnoTbl (I1).

W3yyancs mexaHuW3m 3TOro npoLecca W 0Obl10 YCTAHOB/IEHO, YTO MEPBOW CTYMEHbIO €ro
ABnseTCcA 06pa3oBaHve 1 Monekynbl 4BYXHATPUEBON comu umaHykcycHol kucnoTbel (H1) un 1
MOJIEKY bl LiaHyKCYCHOM KMCNOTbI M3 2 Monekyn | (nocnegHuii NPOAYKT pasnaraeTcs Npu faH-
HO TemnepaType Ha [BYOKUCb Yrinepofa W aueToOHWTPW/). [pOMeXyTOouHbld mpogykT 111
KapbaHWOHHOIO XapakKTepa MOXeT 06pa30BbIBaTh CBA3b C KapbOKCUNaTHBIM Yrnepofom | anek-
TpodmnbHOro xapakTepa. O6pasytoLLmMiica TakuM 06pasoM NPOMEXYTOUHbIA KOMM/EKC pasnara-
eTca Ha auetoHuTpun u Il

Mpu NpoBefeHNN TepMMYECKOro pasnoXkeHns | B NpUCYTCTBUMM MeTWUN-HATPUiA-KapboHa-
Ta-Cl4 pafnoakTUBHbIA KapboKCUNaTHBIA YrNepos BCTpanBaeTca B coefuHeHne 11, mpu Kucnom
pasfnoXeHWn KOTOpPOro Obiiv BblfeneHbl pagvoakTUBHAA LMaHYKCyCHas KWCNoTa W 3TWIOBbIIA
3P LMAHYKCYCHOW KUCNOTbI.

VcecnenosaHns C IMTUEBLIMW, HATPUEBLIMU, KasIMeBbIMU W 6apUEBLIMU CONAMU  LiMAHYK-
CYCHOM KWCNOTbl MOKasanuW, 4YTO TemnepaTypa PasfoXeHWs WX 3aBUCUT OT KaTUOHa, B TO
BPeMS KaK NPOAYKTbl PasnoXeHUA 0Ka3anucb WAEHTUYHBIMMN.

MeTaHONN3 UHYNMHA U rugponus Metun-A-b-hpykTodypaHo3nga
W. CEUTAN, P. [I. XEHPVKEC 1 M. KACTUHEWPA

MonyyeHve metun-1?-D-pyKTothypaHo3naa NPOM3BOAUNOCE C MOMOLLBIO MeTaHo/m3a
WHYNMHA. Bbinn onpegeneHbl KOHCTaHTbI CKOPOCTU METaHO/MM3a UHYNIMHA U caxapo3bl, a TakKxe
rmgponusa metun-a- u -/S-D-gpyktodypaHo3ngos B npucytcTeum HCL 3SHeprus akTtmBauuu
MeTaHO/M3a 3HAUYNTENbHO BbILLIE SHEPT UM aKTUBaLUW TMAPONIN3a, NMOITOMY METAHONN3 — MPY 0aW-
HaKoBOI TemnepaType M KOHLEHTpauun KUCoTbl — ABNSeTC 6onee BbICTPOA peakuuen, Yem
rMApoNu3. SHTPOMMUSA aKTMBaLMN MeTaHONM3a paBHa +32 ef. 3HTP., B TO BpeMs Kak AN rmgpo-
Nu3a 6bina NosyyeHa BefMYnHA + 8 e, 3HTP. Takum 06pa3oM, MOXKHO 3aK/THUNTb, YTO MEXaHW3M
afKoronu3a oTINYaeTca 0T MexaHu3ma ruaponusa. B Takux rnnkosmngax, rae arnMkoHOBOE 3BEHO
MPUCOEANHAETCA K KUCMIOPOAY MOCTa CBOVMM MEPBUYHLIM aTOMOM Yr/iepoja, BTOPO aTtoMm arnu-
KOHa OKa3blBaeT /LUb O4YeHb cnaboe BAUSHWE HAa CTabUNbHOCTb FIMKO3UAHOI cBA3KW. MoaTomy
VHY/IMH MOXHO paccMaTpvBaTb Kak 3ameLueHHblii meTun-/?-M-hpykTodypaHo3uga.
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