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Toxic metals have been excessively released into the environment due to rapid industrialization and have created a major global concern. 
Cadmium, zinc, copper, nickel, lead, mercury and chromium are often detected in industrial wastewaters. Various methods are available in 
literature although some of them facing difficulties to be applied. The present study, bagasse from sugarcane industry was used to remove  
chromium(VI) ions from wastewater. This study presents the  adsorption behavior of hexavalent chromium from wastewater using low cost 
adsorbent modified sugarcane bagasse with citric acid (SCB). The effect of the initial concentration of chromium(VI), biosorbent dosage, 
temperature, contact time, and pH were studied. It was found that  maximum % removal of chromium(VI)  is obtained 92.19 %  at pH 1.2 
and contact time 40  min. The removal is decreased with increase in concentration and also pH. The maximum biosorption capacities  qe  of 
chromium(VI) ions by SCB was 13.5 mg g-1. This work proved that treated bagasse can be used as an efficient adsorbent material for removal 
of heavy metals from wastewater such as chromium(VI).  
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INTRODUCTION 

The contamination of freshwater and marine environment 
are discharged by a number of industries, such as metal 
plating facilities, mining operations and tanneries.1-3 It is well 
known that some metals are significantly toxic to human 
beings and ecological environments.4 It was increased 
exponentially in the past few years and reached alarming 
levels in terms of its effects on living creatures.5 A serious 
health hazard result from dissolved heavy metals escaping 
into the environment which accumulate throughout the food 
chain in living tissues, multiplying their effects.6 

It is necessary to eliminate the heavy metals from water and 
wastewater to protect public health. There are various 
treatment technologies such as chemical precipitation, ion 
exchange, membrane separation, and adsorption are known 
for purification of wastewaters from heavy metals. Among 
them, adsorption was found to be the most commonly used 
method for eliminating these contaminants, especially at low 
concentrations.  

Different adsorbents have been developed from available 
natural materials such as activated carbon, pine bark, charcoal, 
banana peel, tar sands, modified rice husk, zeolites and moss 
peat. Also, olive stones and peach stones were also used for 
the removal of Zn2+, Cd2+ and Cu2+.7-16 Sugarcane bagasse 
was widely used to remove heavy metals.17-19 Sugarcane 
bagasse has around 50 % cellulose, 27 % polyoses, and 23% 
lignin,20 which have many hydroxyl and/or phenolic 
functions that can chemically react to produce materials with 
new properties.21-22 Only a few among these works 
investigated the modification of sugarcane bagasse.23  

Chromium exists in two oxidation states as Cr(III) and 
Cr(VI). The hexavalent form is 500 times more toxic than the 
trivalent one.24 Human toxicity includes lung cancer, as well 
as kidney, liver, and gastric damage.25-26 The tanning process 
is one of the largest polluters of chromium all over the world. 
The maximum of Cr(VI) levels permitted in wastewater are 5 
mg L-1 for trivalent chromium and 0.05 mg L-1 for hexavalent 
chromium.27 Chromium ions are usually eliminated by 
precipitation, ion-exchange and adsorption.28-30 There is no 
way to predict the best solution of a specific problem without 
undergoing a series of bench tests to evaluate the available 
alternatives.31  

Many traditional methods for chromium removal from 
wastewater are ineffective at low concentrations. Therefore, 
researches for making efficient, eco- friendly, and 
inexpensive adsorbents are intensively developed. 
Biosorption can be defined as the ability of biological 
materials to sequestrate chromium or other heavy metals from 
even very dilute aqueous solutions by physicochemical 
processes.32 The biosorption has some advantages over other 
techniques,33 for example, low cost agricultural waste 
byproducts such as sugarcane bagasse can be used as 
adsorbent.34-37 The main objective of this work is to study the 
Cr(VI) adsorption by a modified sugarcane bagasse adsorbent.  

MATERIALS AND METHODS  

UV- visible spectrophotometers (Nicolet Evolution 100) 
Jenway 3540 pH and Conductivity Meter were sued for UV-
VIS and conductivity measurements. Stock solutions of 500 
ppm of chromium(VI) were prepared from potassium 
dichromate using double distilled water (0.1 g  K2Cr2O7 in 
100 mL distilled water ). Citric acid solution was prepared by 
dissolution of solid anhydrous citric acid in the appropriate 
amount of distilled water. The pH values were adjusted by 
using 0.1 M sodium hydroxide (NaOH) or 0.1 M  
hydrochloric acid (HCl) solutions. 
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Preparation of sugarcane bagasse  

Sugarcane bagasse were collected from Assiut city in Egypt. 
These samples were washed several times using tap and bi-
distilled waters to eliminate dust, impurities and other 
unwanted chemicals and then dried at 105 ºC for 48 h. 
Bagasse was powdered in an agate mortar and then sieved 
through a nylon sieve (hole diameter is 0.710 mm) to obtain 
the size fractions for samples. (< or >). Each fraction was 
stored in a clean polyethylene bottle until needed for the 
experiments. 

Treatment of sugarcane bagasse by citric acid  

Chemical modification of sugarcane bagasse by citric acid 
was performed by mixing the biomass with 6 or 12 g of citric 
acid dissolved in 300 ml of water for 30 g sugarcane bagasse. 
The modified powders were dried at 100 °C overnight. This 
modification stabilizes the biomass due to insertion and 
crosslinking of carboxyl groups and increases its cation 
uptake ability. 

Adsorption measurements  

Aqueous stock solutions of 500 ppm of chromium(VI) were 
prepared from potassium dichromate using double distilled 
water  by carefully weighting out 0.1 g of  K2Cr2O7  and 
dissolved in a 100 mL distilled water. Dilution was made to 
prepare different initial concentrations. 

Batch biosorption experiments 

Effect of initial metal ions concentration     

Chromium(VI) solutions (20 ml) of different initial 
concentrations  (20, 60, 100, 140, 180 and 200 ppm) was 
added to 0.2 g of SBS biosorbent made with 2 % citric in at 
room temperature and the mixture was stirred at 300 rpm for 
15 min. Then the absorbance was recorded at wavelength of 
365 nm . 

Effect of pH 

Biosorption experiments were carried out at different initial 
pH values (1-12). The initial pH values were controlled using 
0.1 M sodium hydroxide ( NaOH ) or 0.1 M hydrochloric acid 
(HCl). Chromium(VI) (20 ml) solutions of initial 
concentration of 80 ppm was added to 0.2 g of modified SBS  
sorbent at room temperature and the mixture was stirred at 
300 rpm for 15 min. 

Effect of biosorbent dosage  

In each biosorption experiment, 20 mL of chromium(VI) 
solutions of initial concentration (100 ppm ) was added to 
different dosage of modified SBS biosorbent at room 
temperature and the mixtures were stirred at 300 rpm for 15 
min. 

Effect of contact time and kinetics study analysis 

Chromium(VI) (20 mL) solutions of initial concentration 
(100 ppm ) was added to 0.5 g of the  modified SBS 
biosorbent at room temperature and the mixture was stirred 
on at 300 rpm with a contact times 3, 10, 20, 30, 40, 60, 90 
and 120 min.  

Effect of contact time and kinetics study analysis 

Chromium(VI) (20 mL) solutions of initial concentration 
(20, 50 and 80 ppm ) was added to 0.5 g  of the biosorbent in 
a 250 ml flat bottom bottle at room temperature and the 
mixture was stirred on a shaker at 300 rpm with a contact 
times 5, 10, 20, 30, 40, 60, 90 and 120 min. The mechanism 
of the adsorption of chromium(VI) was tested using pseudo 
first-order and pseudo second-order kinetic models.38-39 
Pseudo first- order and   pseudo second-order kinetic models 
are giving by Eqns. 1 and 2, respectively, in a linear form:  

e t e 1ln( ) lnq q q k t− = −     (1) 

t 2 e

1t t
q k q q

= +2
e

     (2) 

where  

qt  is the chromium(VI) solution uptake in mg g-1 at time 
t,  
qe is the chromium(VI) solution uptake in mg g-1 at 
equilibrium and   
k1  is the pseudo first-order rate constant 
k2  is the pseudo second–order rate constant  

Values of k1 and qe  were obtained from the slope and 
intercept, respectively of plot of ln(qe - qt ) against t . k2  is the 
rate constant of pseudo second–order reaction. A plot of (t/qt) 
against t gives 1/qe as a slope and 1/(k2qe

2 ) as intercept from 
which k2 can be obtained . Both models are tested for 
suitability using correlation coefficient, R2.40 

Effect of temperature and thermodynamics studies  

Effect of temperature and thermodynamics studies on the 
biosorption of the chromium(VI) ions were done at different 
temperature (25, 30, 40 and 60 °C). Chromate(VI) solutions 
(20 mL) of initial concentration (20, 60 and 80 ppm ) were 
added to 0.2 g of the modified SBS at room temperature and 
the mixture was stirred at 300 rpm for 15 min. The mixture 
was centrifuged after each experiment then the chromium(VI) 
concentration of the filtrate was determined using UV 
spectrophotometer .  

Calculation of metal ions uptake  

The metal ions uptake at equilibrium was calculated by the 
following equation : 

      ( 3 )  0 e
e

C Cq V
W
−

=
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where  

qe in mg g-1 is metal ions biosorption  capacity ,  
V is the volume of the metal ions solution (L) and  
W is the amount of biosorbent (g)  
C0 and Ce are initial and final ( equilibrium ) metal ion  
concentrations, respectively (mg L-1).  

The removal efficiency of the metal ions was also 
determined using the following equation:  

 

        (4) 

where  

R.E % is the percentage of metal ions removed 

Adsorption isotherms  

Mathematical model equations such as Langmuir isotherm 
model and the Freundlich isotherm model described the 
distribution of metal ion between the liquid and the solid 
phases.38-39 

The Langmuir parameters are determined from the 
following equation. 

           (5) 

where  

Ce is sorbate concentration at equilibrium in solution mg 
L-1  
qe is the amount of chromate(VI) adsorbed at 
equilibrium ( mg g-1 adsorbent )  
b is a constant (L mg-1) 
qm is maximum amount of sorbate per unit mass of 
sorbent when all sites are occupied (mg g-1), where b and 
qm are the Langmuir constant related to energy and the 
adsorption capacity, respectively.  
K=b=equilibrium adsorption constant related to the 
affinity of the binding of the sorption.  

If a metal removal follows Langmuir isotherm this means 
that the metal adsorption takes place at specific homogeneous 
sites and one adsorption layer are on the surface of adsorbent. 
The essential characteristics of Langmuir isotherm can be 
expressed into terms of a dimensionless equilibrium 
parameter (RL), defined by  

If a metal removal follows Langmuir isotherm this means 
that the metal adsorption takes place at specific homogeneous 
sites and one adsorption layer are on the surface of adsorbent. 
The essential characteristics of  Langmuir isotherm can be 
expressed into terms of a dimensionless equilibrium 
parameter (RL ), defined by  

                                     (6) 

The value of RL indicates the type of isotherm to be either 
unfavorable (RL˃1), linear (RL=1), favorable (0˂RL˂1), or 
irreversible (RL=0). The Freundlich parameters are 
determined from the linear form Freundlich isotherm as 
following equation     

 (non-linear)   (7) 

         (linear) (8) 

If 1/n is lower than 1.0 the adsorbate is favourably adsorbed 
on the adsorbent (0˂1/n˂1). The type of isotherm can be also 
irreversible, 1/n=0 or unfavourable, 1/n>1. Kf=adsorption 
capacity at unit concentration (L g-1) , related to bonding 
energy . 

Result and Discussion 

Adsorption of chromium(VI) onto citric acid modified 
sugarcane bagasse  

Adsorption of chromium (VI) from aqueous solution on 
biosorbents like citric acid modified sugarcane bagasse is a 
rather complex process affected by several factors like pH, 
dose, initial concentration, contact time and temperature. The 
adsorption mechanism varies widely and depends on the type 
of adsorbent. Most adsorbents interact with chromium(VI) 
through binding of the metal ion on the cellulose/lignin units 
in the active sites through binding of two hydroxyl groups in 
the cellulose units.  

Effect of initial chromium(VI) concentration on the biosorption 
by citric acid modified sugarcane bagasse   

The effect of initial metal ions concentration on the 
biosorption of chromium(VI) by SCB was illustrated in 
Figure 1. The maximum biosorption capacity (qe) of Cr(VI) 
ions by SCB modified with 2 % or 4 % citric acid was proved 
to be 6.49 and 7.04 mg g-1 at 200 and 180 ppm initial metal 
ion concentrations, and the maximum removal efficiency was 
found to be 81.5 and 94.2 %, respectively,  at 20 ppm initial 
metal ion concentrations.  

This showed that the amount of metal ions adsorbed (qe) 
increases as the initial chromium (VI) concentration rises and 
the removal efficiency decreases as the initial metal ion 
concentration increases. At low concentrations a greater 
chance was available for metal ions removal. 

Effect of pH on the biosorption of chromium(VI) by citric acid 
modified sugarcane bagasse 

At different initial pH values (1-12) biosorption 
experiments were carried out. initial pH values were 
controlled using 0.1 M sodium hydroxide NaOH or 0.1 M 
hydrochloric acid HCl. 20 ml of   chromium(VI) solution of 
initial concentration 80 ppm was added to 0.2 g of biosorbent 
(SCB modified with 2 % or 4 % citric acid ) at room 
temperature and the mixture was stirred on shaker at 300 rpm 
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for 15 min. Then the absorbance was recorded at 365 nm. We 
observed that the lowest absorbance at low pH 1.5 and the 
biosorption decrease as pH increase. 

The amount of chromium(VI) removed by SCB modified 
with 2 % citric acid at pH 1.5 was 7.21 mg g-1 and the removal 
efficiency was 90.1 %. 

 

 

 

 

 

 

 

 

 

Figure 1. Effect of initial chromium(VI) concentration on the biosorption of the chromium(VI) removal efficiency (a2 and a4) and qe (b2 
and b4) by 2 or 4 % citric acid modified SCB, respectively.  

 

But in the case of SCB modified with 4 % citric acid the 
amount of chromium(VI) removed at pH 1.2 was 7.4 mg g-1 
and the removal efficiency was  92.2 %.  This means that 
there is strong interaction between the metal ions and the 
biosorbent in the acidic solution. As shown in Figure 2. 

Effect of biosorbent dosage on the biosorption of the 
investigated metal ion 

It is an important parameter to determine the capacity of a 
biosorbent for a given initial concentration. In each 
biosorption experiment. 20 ml of chromium(VI) solution of 
initial concentration 100 ppm was added to different dosage 

of biosorbent 0.1, 0.2, 0.3, 0.4, 0.6, 0.8, 1.0, 1.2 g of modified 
sugarcane bagasse with Citric acid 2 % or 4 % citric acid at 
25 0C and the mixture was stirred on shaker at 300 rpm for 15 
min. The increase in the biosorbent dosage make the metal 
ion removal efficiency increase.   

Chromium(VI) removal efficiency was lowest value 14.94 
% obtained with 0.1 g and highest value of 83.6 % with 1.2 g 
of Sugarcane bagasse. This is due to the increase in surface 
area and availability of biosorption sites. Biosorption 
capacity qe of chromium(VI) onto sugarcane bagasse  was 
highest value 2.99 mg g-1 with 0.1 g of sugarcane bagasse and 
lowest value 1.4 mg g-1 with 1.2 g of sugarcane bagasse with 
2 % citric acid.

 

 

 

 

 

 

 

 

Figure 2. Effect of pH on the biosorption of the chromium(VI) removal efficiency (a2 and a4) and qe (mg g 1 , b2 and b4) by 2 % or 4% 
citric acid modified SCB, respectively.  

 

But in case of SCB with 4 %  citric it was noted that the 
metal ions removal efficiency increase, the lowest value of 
chromium(VI) removal efficiency was obtained (16.64 % 
with 0.1 g and highest value (90.36 %) with 1.2 g of 
sugarcane bagasse. This is due to the increase in surface area 

and availability of biosorption sites. Biosorption capacity qe 
of chromium(VI) onto sugarcane bagasse  was highest value 
3.327 mg g-1 with 0.1 g of sugarcane bagasse  and lowest 
value 1.51 mg g-1 the biosorption capacity qe of 
chromium(VI) chromium(VI) onto sugarcane bagasse 
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decreases as the biosorbent dosage increase due to the 
splitting effect of the concentration gradient between the 
metal ions solution and biosorbent. Because of increasing in 
adsorbent surface area , pores , active sites and number of 

unsaturated sites. It was noted that the increasing in the 
biosorbent dosage brindinging a decrease in the amount of 
metal ions adsorbed per unit weight of biosorbent as showed 
in Figure 3. 

 

 

 

 

 

 

 

 

 

 

Figure 3.Effect of  biosorbent dosage on the biosorption of the chromium(VI) ions removal efficiency (a2 and a4) and qe  (mg g-1) (b2 and 
b4) by 2 and 4 % citric acid modified SCB, respectively. 

 

Effect of contact time  on the biosorption of the investigated 
metal ions 

The results obtained on the effect of contact time on the 
biosorption of the chromium(VI) by sugarcane bagasse 
modified with 2 %  citric acid  or 4 % citric acid  at  25 0C 
was shown in Figure 4. It was observed that the increase in 
the contact time increase the amount of metal ions adsorbed 
up to 40 minutes. The removal of metal ions was rapid at first 
and decreased slightly until the equilibrium is reached. 

Effect of temperature on the biosorption of the investigated 
metal ion by biosorbent 

The result obtained on the effect of temperature and 
thermodynamics studies on the biosorption of the 
chromium(VI) was done at different temperature (25, 30, 40 
and 60 °C), (20 ml of chromium(VI) solution of initial 
concentration (20, 60  and 80 ppm) was added to 0.2 g of the 
biosorbent at room temperature and the mixture was stirred 
on shaker at 300 rpm for 15 min. The mixture was centrifuged 
after each experiment then the concentration of the filtrate 
chromium(VI) was determined using UV spectrophotometer. 
It was noted that the chromium(VI) removal efficiency and qe 
at different initial concentrations (20, 60, 80 ppm) by 
modified SCB increases as temperature increases until around 
40 °C. Because of the presence of the active site as the 
temperature increases the adsorption capacity will increase. 
This means that the rising of the temperature encourages the 
biosorption due to increase in the movement of the 
chromium(VI) at higher temperatures.  

From the result obtained above, it was noted that the 
removal efficiency of Cr(VI) and qe of chromium(VI) 
biosorption by SCB at different concentration (80, 60, 20) mg 
L-1 increases as temperature increases due to the active sites 
until around 40 °C, and due to increase in the movement of 
the metal ion.  

The result was shown in Figure 5. 

Table 1. Isotherm constants of chromium(VI) biosorption onto 
sugarcane bagasse 2% citric 

T, 
K 

Langmuir Freundlich 

qm ,  
mg g-1 

b,  
Lmg-1 

R² n Kf R² 

298 68.027 0.02 0.9338 1.499 2.365 0.9863 
308 75.76 0.023 0.8029 1.66 3.76 0.9744 
323 88.496 0.025 0.8938 1.56 4.1 0.9834 
333 92.59 0.03 0.9393 1.59 4.9 0.9955 

Table 2. Isotherm constants of chromium(VI) biosorption onto 
sugarcane bagasse 4 % citric  

Temp. Langmuir Freundlich 

qm ,  
mg g-1 

b,  
L mg-1 

R² n Kf R² 

298 98.04 0.013 0.9096 1.36 2.23 0.9958 
308 63.69 0.052 0.9488 2.1 7.36 0.9945 
323 77.52 0.042 0.9762 1.73 5.89 0.9825 
333 86.21 0.04 0.8865 1.74 6.42 0.9857 
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Figure 4. Effect of  contact time  on chromium(VI) removal efficiency (a2 and a4) and qe  (mg g-1, b2 and b4) by 2 and 4 % citric acid 
modified SCB, respectively. 

 

 

 

 

 

 

 

 

Figure 5.  Effect of  temperature on chromium(VI) removal efficiency (a2 and a4) at different concrntrations (20, 60 and 80 ppm) by 2 and 
4 % citric acid modifiesd SCB, respectively. 

 

Adsorption isotherm of the investigated metal ions onto 
biosorbents  

Mathematical model equations such as Langmuir isotherm 
model and the Freundlich isotherm model describe the 
equilibrium between metal ions adsorbed onto adsorbent and 
metal ions in solution.  Metal ion adsorption isotherms onto 
biosorbents are presented as a function of the equilibrium 
concentration of metal ions in the aqueous solution Langmuir 
and Freundlich isotherms and its parameters of 
chromium(VI) biosorption onto modified SCB were shown in 
Tables (1, 2). It was observed that the amount of metal ion 
adsorbed per unit mass of biosorbents increased with the 
initial concentration of metal ions. 

The essential characteristics of Langmuir isotherm can be 
expressed into terms of dimensionless equilibrium parameter 
(RL), defined by  

RL = 1/ (1+ k C0)               

RL a dimensionless constant separator factor, the value of RL 
indicates the type of isotherm to be either unfavorable (RL˃1), 
linear (RL = 1), favorable (0 ˂ RL ˂ 1), or irreversible (RL = 
0). From the experiment onto 2 % citric SCB RL values 

various from 0.25 to 0.71 for different chromium(VI) 
concentrations (20, 60, 80) ppm at different temperature 
(Table 3). From the experiment with 4 % citric SCB RL values 
various from 0.16 to 0.79 for different chromium(VI) 
concentrations (20, 60, 80 ppm) at different temperatures 
(Table 4). The results show that the values of RL ranged 
between 0 and 1, thus indicating a favorable metal ions 
biosorption onto modified sugarcane bagasse 

Table 3. A dimensionless constants separator factor RL 
chromium(VI) biosorption onto sugarcane bagasse 2 % citric for 
Langmuir  type 

C0,  
mg  L ) 

RL 
25 oC 35 oC 50 oC 60 oC 

20 0.714286 0.684932 0.666667 0.625 
60 0.454545 0.420168 0.4 0.357143 
80 0.333333 0.30303 0.285714 0.25 

It was observed that the value of  Freundlich exponent n  
indicates better biosorption mechanism and formation of 
relatively stronger bond between adsorbate and biosorbent as 
n values wear greater than 1 as shown in Tables 1, 2 and 1/n 
values of chromium(VI) biosorption onto sugarcane bagasse 
with 2 % citric were found in the range of 0.6-0.67 and 0.48–
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0.74 with 4 % citric at temperature from 298 to 333 K, the 1/n 
values were between 0 and 1 which means that the 
chromium(VI) biosorption onto modified  sugarcane bagasse 
are favorable under the studied conditions. 

Table.4. A dimensionless constants separator factor RL for 
chromium(VI) biosorption onto sugarcane bagasse treated with 4 % 
citric 

C0, mg L-1 RL 

25 oC 35 oC 50 oC 60 oC 
20 0.793651 0.490196 0.543478 0.555556 
60 0.561798 0.242718 0.284091 0.294118 
80 0.434783 0.16129 0.192308 0.2 

Freundlich model has a better fitting model according to 
linearity coefficient R² = 0.9955 than Langmuir model R² = 
0.9393 for chromium(VI) biosorption onto modified  
sugarcane bagasse with 2 % citric  and Freundlich model has 
a better fitting model according to linearity coefficient R² = 
0.9958 than Langmuir model R² = 0.9762 for chromium(VI) 
biosorption onto modified  sugarcane bagasse with 4 % citric. 
Thus, biosorption of chromium(VI) onto modified sugarcane 
bagasse follows Freundlich isotherms model describing the 
adsorption in aqueous system.  

Kinetic studies on the biosorption of the investigated metal ions 
on biosorbent .      

The mechanism of the adsorption of chromium(VI) was 
tested using pseudo- first- order and   pseudo- second- order 
kinetic models. From experimental data obtained of sorption 
time investigation the adsorption kinetic of the removed 
chromium(VI) from aqueous solution was studied. The 
pseudo- second- order model is the best fitting model 
according to linearity coefficients R2 = 0.9995 but pseudo- 
first- order has linearity coefficients R2 = 0.9233. The 
experimental qe =2.1 close to the calculated qe=2.3 
determined from the plot of the pseudo- second- order model 
when the sugar cane bagasse treated with 2 % citric acid.  

In the same time when the sugarcane bagasse treated with 
4 % citric acid the pseudo- second- order model is the best 
fitting model according to linearity coefficients R2 = 0.9917 
but pseudo- first- order has linearity coefficients R2 = 0.9151. 
The experimental qe =3.3 close to the calculated qe =3.6 
determined from the plot of the pseudo- second- order model 
as shown in Table 5, Figures 6 and 7. 

 

Table 5. Kinetic parameters of chromium(VI)biosorption onto modified sugarcane bagasse 

Citric 
acid, % 

Pseudo- first- order Pseudo- second- order Observed, qe, mg g-

1 
K1, min-1 qe , mg g-1 R2 K2, g mg-1 min-1 qe , mg g-1 R2 

2  0.07 3.001 0.9233 0.05965 2.312 0.9995 2.1 
4 0.04 2.26 0.9151 0.0155 3.587 0.9917 3.3 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Pseudo- first- order functions for biosorption of chromium(VI) by 2 or 4 % citric acid modified SCB 
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Figure 7.  Pseudo- second-order functions for biosorption of chromium(VI) by 2 or 4 % citric acid modified SCB   

 

Conclusion 

Removal of poisonous hexavalent form of chromium from 
solutions was possible using selected adsorbents modified 
sugarcane bagasse was the most effective for which the 
removal reached more than 92 % for Cr(VI) at concentration 
of 200 ppm at pH 1.2. Increase in the dose of adsorbent, initial 
concentration of Cr(VI) and increase in contact time up to 40 
minutes are favorable for all increase the adsorption of 
Cr(VI). The kinetic of the Cr(VI) adsorption on sugarcane 
bagasse was found to follow pseudo - second – order 
mechanism. The adsorption data can be satisfactorily 
explained by Freundlich isotherm. Higher sorption capacity 
of this sorbent indicates that sugarcane bagasse can be used 
for the treatment of chromium effluent. 
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FACILE SYNTHESIS OF FeCo NANOPARTICLES BY ONE-POT 

POLYOL PROCESS 
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Ferromagnetic FeCo nanoparticles were prepared by a simple one-pot polyol process and followed by simple annealing treatment. The 
prepared ferromagnetic FeCo nanoparticles have a spherical shape and the size was controlled by the annealing temperature. Importantly, 
single FeCo phase was obtained at 400°C and these samples have spherical shape and size about 50 nm. While at a higher temperature (at 
600°C) the nanoparticles have very lower aggregation and have higher coercivity. The prepared FeCo nanoparticle at low temperature with 
excellent magnetic properties is to be considered as a potential candidate for many applications.
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Introduction 

High magnetization FeCo nanoparticles are to be 
considered as potential materials for the utilization in 
various biological applications such as hyperthermia, 
magnetic resonance imaging, targeted drug delivery, and 
other applications1-4. Many wet- chemical methods have 
been reported to prepare the synthesis of FeCo nanoparticles 
that includes sol-gel method5, thermal decomposition6, 
borohydride reduction7, co-precipitation8, chemical vapor 
deposition9 and polyol process4. Among them the polyol 
process has many advantages over other methods because it 
is an eco-friendly, requires simple instrumentation and also 
a cost-effective route for the synthesis of magnetic 
nanoparticles10. Literature methods suffer from the 
limitations via prolonged reaction time, use of hazardous 
chemicals, undesirable oxide formation and complex 
synthesis setups4,11. Thus investigated on the polyol process 
to prepare the FeCo nanoparticles. 

Many researchers reported the use of polyol to synthesize 
the FeCo nanoparticles. For example, Kodama et al. 
prepared the FeCo nanoparticles using polyol process12.     
Karipoth et al. prepared FeCo particles with different shapes 
by polyol method13 and  Huba et al. fabricated the FeCo 
spherical particles using polyol process14. However, the 
reported polyol processes and followed by high-temperature 
annealing to obtain FeCo nanoparticles. Unfortunately, the 
high-temperature annealing processes yielded nanoparticles 
that have very high aggregation and also challenging to 
suspend in water for many applications. In addition to that, 
the high-temperature annealing is an energy consuming 
process. Thus, it is worthy of consideration to propose a 
simple route with a low-temperature annealing process to 
prepare FeCo nanoparticles. 

Since the polyol process is mostly affected by the alkali 
concentration and reaction temperature4,13, herein, we used 
exact boiling temperature of polyol solution and high 
concentration alkali. Then, it is possible to get the FeCo 
nanoparticles at low-temperature annealing. Moreover, we 
investigated the possible annealing temperature to obtain 
pure phase FeCo and studied their magnetic properties.
 

Experimental 

All reagents used in this investigation such as ferrous 
chloride tetrahydrate (FeCl2⋅4H2O), cobalt chloride 
hexahydrate (CoCl2⋅6H2O), sodium hydroxide(NaOH), and 
ethylene glycol (EG) were obtained from Sigma-Aldrich Co. 
and are used without any further purification. 

FeCl2·4H2O, CoCl2·6H2O were suspended in ethylene 
glycol (EG) in a 1:1 stoichiometric ratio. The resultant 
solution was heated up to the boiling temperature of polyol 
(EG) to enhance reduction process and hydroxide ion 
concentration was regulated by adding NaOH (3 M) solution. 
It was kept for 2-hours under reflux condition then cooled 
down to room temperature with continuous stirring. After 
that, the solution was washed several times with ethanol and 
black colored nanoparticles were collected by magnetic 
separation. The wet sample was then dried in an oven at 
60°C for 12 h. To get the crystalline particles, the as-
synthesized particles were annealed at different annealing 
temperature (350,400 and 600°C) with a ramp rate of  5°
C/min for 2-hours by passing pure hydrogen gas. 

The nanoparticles morphology of the sample was 
observed by a Tecnai F-30 transmission electron microscope 
(TEM) operated at 300 kV. X-ray diffraction (XRD) data of 
the as-prepared powder samples were obtained in the 2θ 
range of 20-80° using a Bruker AXS D8 advanced 
diffractometer. Magnetization measurements of the 
representative samples were performed by using a vibrating 
sample magnetometer (VSM, Lakeshore 7304) at room 
temperature. 
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Results and discussion 

Figure 1 shows the XRD patterns of the prepared samples 
at different annealing temperatures. All of the diffraction 
peaks for 400°C, 600°C annealed samples possessed the 
single phase of FeCo2, but the 350°C sample has additional 
peak which is corresponds to maghemite peak along the 
FeCo peaks4. Thus the 400°C and 600°C is the suitable 
condition to obtain pure FeCo phase without additional 
phases. 

 

 

 

 

          

 

 

 

Figure 1. X-ray diffraction patterns of prepared samples. 

The morphology of the prepared samples at 350°C was 
displayed in Figure 2. It shows that two kinds of particles 
were observed with different sizes. The reason for this could 
be that the annealing temperature was not enough to get a 
pure phase. It was also evident that in the XRD pattern for 
this sample and had two phases. Therefore, the mixture of 
phases was found at this annealing temperature and formed 
nanoparticles were aggregated and very small size of 
nanoparticles. While the single FeCo phase is obtained at 
the annealing temperature about 400°C, and 600°C. At the 
400°C, the nanoparticles are in size of ~45 nm, as shown in 
Figure 3. 

 

 

 

 

 

 

 

 

 

 

Figure 2. TEM images of FeCo nanoparticles prepared at 350°C 

 

 

 

 

 

 

 

 

 

 

Figure 3. TEM images of FeCo nanoparticles prepared at 400°C. 

Figure 4 shows the morphology of the nanoparticles 
prepared by annealing at 600°C. It demonstrated that the 
particles size is about ~90 nm and are little agglomerated 
and larger in size when compared to the other two samples 
which were annealed at a lower temperature. In addition to 
this, the FeCo nanoparticles are most stable owing to the 
thin oxide layer coating on the surface13 so that it can be 
exploited for a wide variety of applications.
 

 

 

 

 

 

 

 

Figure 4. TEM images of FeCo nanoparticles prepared at 600°C 

The magnetic hysteresis curves of FeCo nanoparticles 
were obtained by a VSM (Figure 5)at room temperature.  
Figure 5, indicated that the bigger FeCo nanoparticles 
(annealed at 600°C), shown the higher saturation 
magnetizations (Ms) value of 122 emu/g, than other samples, 
whereas samples annealed at 350, 400°C have the MS values 
of 87, 109 emu/g, respectively as the particle gets smaller, 
the effective magnetic volume accounts for lower proportion 
and the Ms value decreases15. The coercivity (Hc) values are 
101, 106 and 366 Oe for samples annealed at 350,400 and 
600°C, respectively. It is found that both the Ms and Hc were 
higher for the sample annealed at 600°C and lower for 
350°C due to the size of the FeCo nanoparticles. Therefore, 
the prepared FeCo nanoparticles are exhibiting the 
ferromagnetic nature with strong MS values and are useful 
for many applications. 
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Figure 5. Magnetization curves of prepared samples and magnetic 
properties presented in table.
 

Conclusions  

In summary, FeCo nanoparticles have been prepared 
through a one-pot polyol method via annealing process. The 
effect of the annealing temperature on the size and magnetic 
properties of FeCo samples was thoroughly explored. It is 
found that the annealing temperature plays a crucial role in 
controlling the size and magnetic properties of nanoparticles. 
The prepared FeCo particles at 600°C showed higher 
saturation magnetization, found air stable and are having 
many applications.  
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A ONE POT THREE-COMPONENT SYNTHESIS OF 

SPIROOXOINDOLES USING Cu-NANOPARTICLES GRAFTED 

ON CARBON MICROSPHERES AS CATALYST 

N. S. Kaminwar[a], S. B. Patwari[a], Santosh P. Goskulwad[a], Santosh D. More[b], 
Sanjay K. Vyawahare[b], T. Pasinszki[c], L. Kotai[d], and R. P. Pawar[e]* 

 

Keywords: Heterogeneous catalyst; spirooxoindoles; Enolisable ketones; copper nanoparticle/C. 

The copper nanoparticles grafted on carbon microsphere is employed for an efficient one-pot three-component synthesis of spirooxoindole 
derivatives involving isatin, malononitrile and enolizable ketones such as 3-methyl-1-phenyl-2-pyrazolin-5-one, 3-methyl-1-(2-
chlorophenyl)-2-pyrazoline 5-one, 4-hydroxy-6-methyl-2-pyrone and 1-methyl-4-hydroxyquinoline-2-one. The cheap starting material, 
easy separation, high catalytic efficiency and reusability of the catalyst for several times without loss of its efficiency, good yield of 
products, and simple workup are promising features of the reaction in 1:1 (v/v) aqueous-alcoholic medium. 
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Introduction 

Multicomponent reactions (MCRs) involve an effective 
combination of three or sometimes more reactants 
simultaneously in a one-pot synthesis and do not require the 
separation of intermediates. MCR can be widely used for in 
the synthesis of most of the heterocyclic compounds to form 
new C-C bonds. These reactions are highly selective, energy 
efficient, environmental-friendly, involves simple purify-
cation techniques, and requires low cost with short reaction 
time.1 Some examples which involve MCRs are the 
Biginelli,2 Mannich,3 and Robinson4 reactions. Heterocycles 
containing the indole moiety exhibit antifungal and 
antibacterial activities, and pyrazole ring derivatives are 
useful in the development of insecticides, fungicides and 
herbicides.5,6 The spirooxoindole moiety is an essential unit 
of natural products and pharmaceuticals,7 for example the 
cytostatic alkaloids Spirotryprostatins A and B. The 
structural characteristics of these compounds are the spiro 
ring fused at the C3 position of the oxoindole unit with 
various heterocyclic motifs.8 

A large number of bioactive natural products containing 
the indole moiety9 exhibit antifungal and antibacterial 
activities. In the structure of spirooxoindoles, the indole 3-
carbon is shared in the formation of spiroindolines and it is a 
carbonyl group at the C-2 position. Compounds containing 
spirooxoindole as the structural unit exhibit different 
biological activities like antimicrobial, antioxidant, 
antitubercular, anticancer, anti-HIV and anti-inflammatory 
activities.10 Some representative examples of spiro-
oxoindoles are provided in Figure 1. 

 

 

 

 

 

 

 

Figure 1. Some bioactive spirooxoindole derivatives. 

Synthesis of various spirooxoindole derivatives involves 
the one-pot condensation reaction of isatin, activated 
methylene and a 1,3-dicarbonyl compound. This reaction 
can be achieved using different catalysts and conditions 
such as SnCl4,

11 triethylamine,12 basic alumina under 
microwave irradiation,13 triethylbenzylammonium chloride 
(TEBA),14 β-cyclodextrin,15 NaCl under sonication,16 ZnS 
nanoparticles,1 piperidine under ultrasound irradiation,18 
CaCl2 under ultrasound irradiation,19 1,8-
diazabicyclo[5.4.0]undec-7-ene (DBU),20 
ethylenediammonium diformate (EDDF),21 mesoporous 
silica (SBA-15)-PrNH2,

22 L-prolin,23 silica bound ionic 
liquids,24 tris(hydroxymethyl)aminomethane (THAM),25,19 
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU)-Ac,26 ultraso-
und,27 cerium oxide,28 microwave irradiation,29 1,4-diazabi-
cyclo[2.2.2]octane (DABCO),30 sodium acetate or potassium 
fluoride,31 and 1-(carboxymethyl) pyridinium iodide.32  

Heterogeneous catalysts are always superior to their 
homogeneous counterparts in many aspects such as 
operational simplicity, reusability, and high selectivity. The 
use of low cost and readily available heterogeneous catalyst 
plays a significant role in chemical processes. Recently, 
most of the attention is made towards the synthesis and 
application of metallic nanoparticles (NPs) due to their 
unique properties compared to bulk materials.33  
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Nanoparticles have high specific surface areas, various 
shapes and sizes, and high reactivity. Handling of 
nanoparticles is not easy because they lead to self- 
aggregation and it is also difficult to separate them from the 
reaction medium. To overcome these limitations, 
nanoparticles are used by some supports. Such developed 
catalytic metallic nanoparticles that are inexpensive, non- or 
minimally poisonous, highly active, stable and easily 
separable from reaction mixture are highly useful. Copper 
nanoparticles are one of the alternatives to heavy metal 
nanoparticle catalysis.34 Therefore. copper nanoparticles 
grafted on carbon microsphere find alternatives to these 
problems. 35,36 

In the present work, an effective, copper nanoparticle 
grafted on carbon microsphere catalysed method for the 
one-pot synthesis of spirooxoindole derivatives in aqueous 
ethanol is reported herein (Scheme 1).  

Experimental 

Chemicals were purchased from Sigma Aldrich, Alpha 
Caesar, TCS and Spectochem, and used as such without 
further purification. Products were characterized by 1H and 
13C NMR and Mass spectra. 1H and 13C NMR spectra were 
recorded on a Bruker (400 MHz) spectrometer using 
DMSO-d6 as deuterated solvent and tetramethylsilane 
(TMS) as an internal standard. Reactions were monitored by 
TLC using TLC Silica gel 60 F254 aluminium sheet (Merck). 
The Cu-NP/C catalyst was prepared as described in our 
previous papers.35,37  

General procedure for the synthesis of spirooxoindole 
derivatives: 

A mixture of isatin (1 mmol), malononitrile (1 mmol) and 
enolisable ketone (1 mmol) were refluxed with stirring in 
the presence of Cu-NP/C (10 mg) in 1:1 aqueous ethanol (2 
mL) in oil bath. The progress of the reaction was monitored 
by TLC.  After completion of the reaction, the mixture was 
filtered and the remaining was washed with warm ethanol to 
separate the Cu-NP/C catalyst. After cooling the filtrate, the 
precipitated solid was filtered off. The crude products were 
purified by recrystallization from 95 % ethanol. 

6’-Amino-3’-methyl-1’-phenyl-2-oxo-1’H-spiro[indoline-3,4’-
pyrano[2,3-c]pyrazole]-5’-carbonitrile (4a)  

Mp. 237-238 °C,16 1H NMR (400 MHz, DMSO d6): δ 
(ppm) 1.545 (S, 3H, CH3), 6.94-7.054 (m, 2H, Ar), 7.174 (d, 
1H, Ar), 7.273-7.504 (m, 2H, Ar), 7.525-7.544 (m, 2H, Ar), 
7.590 (s, 2H, NH2), 7.780-7.802 (d, 2H, Ar), 10.756 (s, 1H, 
NH); ESI-MS: m/z = 370.  

2’-Amino-5-iodo-7’-methyl-2,5’-dioxo 5’H-spiro[indoline-3,4’-
pyrano[4,3-b]pyran]-3’-carbonitrile (4g)  

Mp. > 280 °C,  1H NMR (400 MHz, DMSO-d6): δ (ppm) 
2.247 (s, 3H, CH3), 6.352-6.354 (m, 1H, Ar), 6.667-6.684 (d, 
1H, Ar), 7.509 (s, 2H, NH2), 7.523-7.527 (d, 1H, Ar), 7.539-
7.543 (d, 1H, Ar),10.705 (s, 1H, NH)., 13C NMR: 19.21, 

46.90, 56.25, 84.75, 97.99, 111.79, 116.96, 132.13, 135.57, 
137.25, 141.91, 158.63, 159.76, 163.75, 176.65. 

2’-Amino-5-methoxy-7’-methyl-2,5’-dioxo-5’H-spi-ro[indoline-
3,4’-pyrano[4,3-b]pyran]-3’-carbonit-rile (4h)  

Mp. 262-264 °C, 1H NMR (400 MHz, DMSO-d6): δ (ppm) 
2.235 (s, 3H, CH3), 3.662 (S, 3H, OCH3), 6.339 (s, 1H, Ar), 
6.728-6.768 (m, 3H, Ar), 7.427 (s, 2H, NH2), 10.396 (s, 1H, 
NH), 13C NMR: 19.23, 47.39, 55.40, 57.02, 97.92, 98.32, 
109.73, 110.66, 113.45, 117.09, 134.27, 135.40, 155.16, 
158.53, 159.56, 159.96, 163.58, 177.09. 

6’-Amino-5-methoxy-3’-methyl-1’-phenyl-2’-chloro-2-oxo-1’H-
spiro[indoline-3,4’-pyrano[2,3-c]pyrazole]-5’-carbonitrile (4m)  

Mp. 222-224 °C, 1H NMR (400 MHz, DMSO-d6): δ (ppm) 
1.560 (s, 3H, CH3), 3.702 (s, 3H, OCH3), 6.719 (m, 1H, Ar), 
7.397-7.554 (d, 1H, Ar), 7.563-7.576 (m, 2H, Ar), 7.578-
7.590 (m, 2H, Ar), 7.713 (s, 2H, NH2), 7.727 (d, 2H, Ar), 
10.552 (s, 1H, NH); ESI-MS: m/z = 434; 13C NMR: 11.66, 
48.33, 54.82, 55.45, 94.95, 110.25, 113.88, 117.91, 128.24, 
130.26, 133.51, 144.23, 146.04, 155.5, 160.95, 177.25. 

6’-Amino-5-methyl-3’-methyl-1’-phenyl-2’-chloro-2-oxo-1’H-
spiro[indoline-3,4’-pyrano[2,3-c]pyrazole]-5’-carbonitrile (4n)  

Mp. 252-254 °C, 1H NMR (400 MHz, DMSO-d6): δ (ppm) 
1.546 (s, 3H, CH3), 2.260 (s, 3H, CH3), 7.399 (d, 1H, Ar), 
7.516 (s, 1H, Ar), 7.540-7.560 (d, 1H, Ar), 7.583 (s, 2H, 
NH2), 7.634-7.642 (m, 2H, Ar), 7.656-7.665 (d, 1H, Ar), 
7.715-7.742 (d, 1H, Ar), 10.632 (s, 1H, NH), 13C NMR: 
11.65, 20.55, 47.89, 56.29, 95.01, 109.47, 117.91, 125.01, 
128.26, 129.44, 130.25, 132.24, 133.81, 139.02, 144.24, 
145.99, 160.91, 177.32. 

6’-Amino-3’-methyl-1’-phenyl-2’-chloro-2-oxo-1’H-spiro[indo-
line-3,4’-pyrano[2,3-c]pyrazole]-5’-carbonitrile (4p)  

Mp. 250-252 °C,28 1H NMR (400 MHz, DMSO-d6): δ 
(ppm) 1.536 (s, 3H, CH3), 6.940-6.955 (d, 1H, Ar), 7.033-
7.050 (t, 1H, Ar), 7.108-7.123 (d, 1H, Ar), 7.277-7.307 (t, 
1H, Ar), 7.409 (s, 2H, NH2), 7.530-7.644 (m, 2H, Ar), 
7.655-7.659(d, 1H, Ar), 7.715-7.731(d, 1H, Ar), 10.731 (s, 
1H, NH); ESI-MS: m/z = 404; 13C NMR 94.91, 109.75, 
117.86, 122.56, 124.61, 128.27, 129.16, 129.79, 130.24, 
131.25, 132.16, 133.81, 141.49, 144.20, 146.04, 160.96, 
177.37. 

6’-Amino-5-chloro-3’-methyl-1’-phenyl-2’-chloro-2-oxo-1’H-
spiro[indoline-3,4’-pyrano[2,3-c]pyrazole]-5’-carbonitrile (4r)  

Mp. 266-268 °C, 1H NMR (400 MHz, DMSO-d6): δ (ppm) 
1.578 (s, 3H, CH3), 6.799-6.818 (d, 1H, Ar), 7.463 (s, 1H, 
Ar), 7.481 (s, 2H, NH2), 7.541-7,565 (m, 2H, Ar), 7,581-
7.646(m, 2H, Ar), 7.659-7.732(d, 1H, Ar), 10.875 (s, 1H, 
NH); 13C NMR 11.72, 47.85, 55.57, 85.44, 94.31, 112.30, 
117.81, 128.22, 129.87, 130.67, 131.26, 132.87, 133.75, 
134.78, 137.82, 141.27, 144.06, 146.07, 161.00, 176.76.  
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2’-Amino-5-chloro-6’-N-methyl-2,5’-dioxo-5’,6’-dihydrospiro-
[pyrano[2,3-c]quinoline-3’,4-indoline]-3’-carbonitrile (4s)  

Mp. > 280 °C,25 1H NMR (400MHz, DMSO-d6): δ (ppm) 
3.495 (S, 3H, CH3), 6.838-6.854 (d, 1H, Ar), 7.197-7.231 (t, 
2H, Ar), 7.433-7.466 (t, 1H, Ar), 7.541(s, 2H, NH2), 7.596-
7,613 (d, 1H, Ar), 8.076(d, 1H, Ar), 10.663 (s, 1H, NH); 13C 
NMR: 29.23, 48.36, 56.44, 105.71, 111.07, 112.32, 113.36, 
115.00, 117.32, 122.44, 126.34, 130.99, 132.26, 136.62, 
138.66, 141.79, 151.72, 158.96, 177.50. 

2’-Amino-5-methyl 6’-N-methyl-2,5’-dioxo-5’,6’-dihydrospi-
ro[pyrano[2,3-c]quinoline-3’,4-indoline]-3’-carbonitrile (4t)  

Mp. > 280 °C,25 1H NMR (400 MHz, DMSO-d6): δ (ppm) 
2.166(s, 3H, CH3), 3.486 (s, 3H, CH3), 6.711-6.727 (d, 1H, 
Ar), 6.827 (s, 1H, Ar), 6.959-6.977 (d, 1H, Ar), 7.429-
7.442(s, 2H, NH2), 7.442-7.458 (d, 1H, Ar), 7.743-7.760(d, 
1H, Ar), 7.760-7.778(t, 1H, Ar), 8.061-8.077(d, 1H, Ar), 
10.410 (s, 1H, NH); ESI-MS: m/z = 385; 13C NMR: 20.50, 
29.18, 48.16, 57.39, 106.54, 108.94, 112.24, 114.98, 117.46, 
122.33, 123.31, 128.54, 130.49, 132.18, 134.30, 138.59, 
139.97, 151.39, 158.76, 177.76. 

Results and discussion 

A method for the synthesis of spirooxoindole derivatives 
in 1:1 aqueous ethanol by a one-pot three-component 
reaction of isatin, malononitrile and 3-methyl-1-phenyl-2-
pyrazolin-5-one, 4-hydroxy-6-methyl-2-pyrone or 1-methyl-
4-hydroxyquinoline-2-one catalysed by copper nanoparticles 
grafted on carbon microsphere is presented in the present 
article (see Scheme 1).   

 

 

 

 

 

 

 

 

 

Scheme 1. Synthesis of spirooxoindole derivatives using Cu-NP/C 
catalyst under reflux for 40-63 min in 1:1 aq. ethanol. 

 

To optimize the reaction conditions, the reaction between 
isatin (1 mmol), malononitrile (1 mmol) and 3-methyl-1-
phenyl-2-pyrazoline-5-one (1 mmol) was chosen as a model 
reaction in 1:1 aqueous ethanol in order to optimize the 

reaction conditions. Starting materials of this model reaction 
were converted to 4a in high yield using 10 mg Cu-NP/C 
catalyst (Table 1). 

Table 1. Optimization of reaction between 1 mmol of isatin, 1 
mmol of malononitrile and 1 mmol of 3-methyl-1-phenyl 2-
pyrazoline-5-one under reflux. 

Entry Solvent Time, h  Catalyst, 
mg 

Isolated 
yield, % 

1 DMF  3.5 h 5 52 
2 THF 3.0 h 5 44 
3 MeOH  1.0 h 5 78 
4 EtOH  55 min 5 84 
5 EtOH:H2O (1:1)  50 min 5 88 
6 EtOH:H2O (1:1) 40 min 10 92 
7 EtOH:H2O (1:1) 40 min 15 90 

The set of reactions were examined in various solvents 
and different amounts of catalyst under reflux (Table 1).  
Firstly, reactions were conducted in five different solvents 
(entries 1-5, Table 1).  The best deal was obtained in 
EtOH:H2O (1:1) (entry 5, Table 1) using 5 mg of catalyst.  
The reactions using other solvents gave moderate to low 
yield of the product (entries 1-4, Table 1).  Different 
catalytic conditions were also applied in EtOH:H2O (1:1), 
high yield was found when 10 mg of the catalyst wais used 
(entry 6, Table 1).  The workup of reaction involves only 
filtration and washing with hot ethanol.  The catalyst was 
separated from the product by filtering it with hot ethanol 
and reused by washing with ethanol and then with acetone. 

The following series of compounds have been prepared:  

6’-Amino-3’-methyl-1’-phenyl-2-oxo-1’H-spiro[indoline-
3,4’-pyrano[2,3-c]pyrazole]-5’-carbonitrile (entry 1-6, Table 
2),  

2’-Amino-7-methyl-2,5’-dioxo-5’H-spiro[indoline-3,4’-
pyrano[4,3-b]pyran]-3’-carbonitrile (entry 7-12, Table 2) 

6’-Amino-3’-methyl-1’-phenyl-2’-chloro-2-oxo-1’H-spi-
ro[indoline-3,4’-pyrano[2,3-c]pyrazo-le]-5’-carbonitrile 
(entry 13-18, Table 2) and  

2-Amino 6-methyl-2,5-dioxo-5,6-dihydrospiro[pyrano-
[3,2-c]quinoline-4,3’-indoline]-3-carbonitrile (entry 19-23, 
Table 2).  

The reactions were conducted under reflux for 40-63 min 
in 1:1 aqueous ethanol in the presence of 10 mg of Cu-NP/C 
catalyst. The products were obtained in good yields. The 
molecular structures of the products were characterized by 
1H NMR, ESI-MS and 13C NMR spectroscopic data. 

Herein, an efficient and straightforward method for the 
synthesis of spiro [indoline3,4' pyrano[2,3-c] pyrazole] 
derivatives was developed via one-pot three-component 
reaction of isatins, malononitrile and enolizable 1,3- 
dicarbonyl compounds under reflux in 1:1 aqueous ethanol 
using Cu-NP/C as the heterogeneous catalyst. This 
procedure offers several advantages like high yields, fast 
reactions, and convenient and straightforward procedure.  
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Table 2. One pot synthesis of spiro-oxoindole derivatives in 1:1 aqueous ethanol using Cu-NP/C catalyst. 
Entry R   

1a-1f 

 

3a-3d 

Product  

4a-4w 

Time Yield,  

% 

MP, 
0C 

1 H 3a 

 

40 min 92 237-23816 

2 Br 3a 

 

50 min 88 242-24416 

3 Cl 3a 

 

54 min 87 232-23416 

4 CH3 3a 

 

48 min 91 288-29016 

5 I 3a 

 

52 min 86 >30032 

6 OCH3 3a 

 

45 min 90 213-21528 

7 I 3b 

 

62 min 86 >280 

8 OCH3 3b 

 

60 min 90 262-265 

9 Cl 3b 

 
 

64 min 88 >30031 
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10 H 3b 

 

58 min 87 283-28531 

11 Br 3b 

 

63 min 90 >30031 

12 CH3 3b 

 

60 min 91 >27030 

13 OCH3 3c 

 

45 min 92 222-224 

14 CH3 3c 

 

50 min 90 251-254 

15 Cl 3c 

 

52 min 89 247-24829 

16 H 3c 

 

48 min 91 250-25228 

17 Br 3c 

 

53 min 90 259-262 
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18 I 3c 

 

50 min 91 266-269 

19 Cl 3d 

 

40 min 93 >28025 

20 CH3 3d 

 

45 min 90 >28025 

21 Br 3d 

 

50 min 92 >30026 

22 I 3d 

 

48  

min 

90 >30026 

23 OCH3 3d 

 

46 min 88 >30027 
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PEEL EXTRACT ASSOCIATED OXIDATIVE GREEN DAKIN 

SYNTHESIS OF SOME PHENOLS USING AQUEOUS BANANA 

EXTRACT CATALYST 
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The green Dakin reactions can be performed by employing gallic acid as an oxidizing agent. Implementation of gallic acid helps to avoid 
the usage of catalyst, ligand and any toxic or hazardous oxidizing agent. Gallic acid accelerates the conversion of the atmospheric oxygen 
into hydrogen peroxide, which helps in the oxidation of aldehydes in situ. Mango peel, potato peel, pomegranate pomace, grape pomace 
extract contains the rich source of gallic acid that performs the oxidations in a natural feedstock. The best results were obtained by mango 
peel as well as potato peel extract giving excellent yields with minimum time at room temperature. The ‘aqueous extract of banana’ (AEB), 
in the said conversion plays a dual role of catalyst and a base. The reported work can be considered as environment-friendly Dakin 
oxidation, as it is carried out in a neat AEB at room temperature under aerobic conditions with low reaction time and better yield.  
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INTRODUCTION 

Nowadays, green chemistry or development of sustainable 
processes in chemical synthesis plays a vital role to 
eradicate the hazardous organic solvents or any other toxic 
metal-based chemical reagents1. Specifically, agricultural 
waste is gaining attention due to its reusability and 
employability. In the case of fruits and vegetables, usually, a 
high amount of antioxidant compounds is found in peels, 
kernels or seeds, namely in parts that are removed during 
processing and become wastes2. In order to achieve higher 
sustainability, metal free methodologies for oxygen 
activation are highly desirable, particularly if such methods 
are based on non-toxic compounds from renewable sources 
at room temperature3. The pomegranate fruits are rich in 
polyphenolic compounds including punicalagin isomers, 
ellagic acid derivatives and anthocyanins (delphinidin, 
cyanidin and pelargonidin 3-glucosides and 3,5-
diglucosides)4. Chlorogenic acid (CGA) is the main content 
of potato peel which is a part of phenolic acids along with 
gallic acid (GAC), caffeic acid (CFA) and protocatechuic 
acid which are present in low amounts5. Gallic acid is found 
in tea and grape seeds6. Grapes contain a large amount of 
polyphenols which include the phenolic acids, flavonoids, 
anthocyanins and proanthocyanidins7. Gallic acid is known 
to have anti-inflammatory, antimutagenic, anticancer and 
antioxidant activity. It also seems to have antifungal, 
antiviral and antibacterial properties. According to literature, 

gallic acid is cytotoxic typically to the cancerous cells 
devoid of harm to the healthy cells. In cases of internal 
hemorrhage, gallic acid acts as an excellent astringent8. The 
quantification of individual phenolic acids, stilbenes, 
flavonoids including anthocyanins, was done for the 
comparison of the novel process with conventional pomace 
extraction9. Phenolic compounds are secondary metabolites, 
ubiquitous in plants and plant-derived foods and beverages. 
They show a large diversity of structures, including rather 
simple molecules (e.g., vanillin, gallic acid, caffeic acid), 
and polyphenols such as stilbenes, flavonoids, and polymers 
derived from these various groups10. Thus, the use of an 
abundant and underutilized bio-waste, such as grape pomace, 
in sustainable oxidations with air has also been explored 
herein.  

In the continuation of our previous work11-23, it was 
confirmed that until now none of the methods had used such 
a mild and green catalyst and solvents for Dakin oxidation. 
The designed method is suitable for the conversion of 
substituted benzaldehydes to its consequent substituted 
phenols. Owing to the advantages of green chemistry, this 
method would be an eco-friendly, economical and a 
valuable tool for the oxidative synthesis of the compounds 
through Dakin oxidation. Hence it was decided by us to 
modify and continue our research in the present work.  

MATERIALS AND METHOD  

All chemicals, unless otherwise specified, were purchased 
from commercial sources and were used without further 
purification. The main chemicals were purchased from 
Sigma Aldrich and Avra labs. The development of reactions 
was monitored by thin layer chromatography (TLC) analysis 
on Merck pre-coated silica gel 60 F254 aluminum sheets, 
visualized by UV light. Melting points were recorded on 
SRS Optimelt. Melting points are uncorrected. The 1H NMR 
spectra were recorded on a 400 MHz Varian NMR 
spectrometer. The 13C were recorded on a 100 MHz Varian 
NMR spectrometer. Mass spectra were taken with 
Micromass-QUATTRO-II of WATER mass spectrometer.  
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Table 1. Mango peel extract (MPE), grape pomace extract (GPE), pomegranate extract (PE) and potato peel extract (PPE) catalyzed 
reactions 

 
 

Preparation of aqueous extract of banana 

Banana peels were taken and boiled in distilled water for 
30 min at 90 °C. The peels were crushed and filtered using a 
muslin cloth. The filtrated was dried and stored. 
 

The extract was tested for tannins and polyphenol content. 
It was treated with 5% FeCl3, which resulted in a blue color 
solution for polyphenol test and with 10 % lead acetate 
which gave white precipitate for confirmation of the 
presence of tannins. The tests were negative when the 
extract was treated with acetone before filtration. 

 

 

 
 
 

Scheme 1. Reagents and conditions: (a) mango peel extract (b) 
grape pomace extract (c) pomegranate pomace extract (d) potato 
peel extract 

Preparation of mango peel extract 

Dried mango peel powder (var. Kesar) and water in ratio 
1:10 was taken and boiled using oil bath at 180 °C for 120 
min and dried. 

Preparation of grape pomace extract 

Dried Grape pomace was taken from the vineyard and 
extracted with ethanol:water:HCl (7:2.9:0.1) ratio for 3 days 
and then filtered. The filtrate was used as a source of Gallic 
acid.  

Preparation of pomegranate pomace extract 

Pomegranate pomace was dried at 70 °C. Methanolic 
extraction using Soxhlet (4 cycles) was done of dried 
pomace powder. The extract was concentrated under 
vacuum. 

Preparation of potato peel extract 

Potato peel extract was carried out in two ways: 
1) 10 g of dried ground peels were extracted using 

magnetic stirrer with 200 mL methanol at room temperature 
overnight. It was then filtered and the residue was re-
extracted under the same conditions, the combined filtrate 
was evaporated at 40 °C. The concentrate was centrifuged 
for 10 min and stored in the refrigerator. 

2) 1 g of dried potato peel was dipped in 20 mL of solvent 
(methanol)  and sonicated for about 15 min then filtered and 
centrifuged. The extract obtained by the method of 
sonication gave better results. 

 

Entry Phenols Time, min Yield, % Melting point (°C) 

MPE GPE PE PPE MPE GPE PE PPE 

2a PhOH 80 90 80 70 85 58 74 81 40-41 
 

2b 4-HOC6H4OH 180 170 150 150 93 85.2 90.1 93 172-174 

2c 2,4-Cl2C6H3OH 210 210 195 195 91 91.5 89.1 92 45-47 
2d 2,4-(MeO)2C6H3OH 225 215 200 200 72 42 70.2 72 85-86 

2e 3-O2NC6H4OH 270 280 240 240 83 63.3 78.4 84 94-95 

2f 4-O2NC6H4OH 270 280 270 240 91 71 71 87 110-112 
2g 3-HOC6H4OH 225 225 215 180 82 54.2 84.5 84 100-101 
2h 3-MeOC6H4OH 230 230 225 190 94 53.2 69.1 93 201-202 
2i 2-ClC6H4OH 250 245 230 210 95 69 78 88 163-164 
2j 2,3-Cl2C6H3OH 240 250 245 210 91 72.4 82.5 93 56-58 
2k 2-BrC6H4OH 240 265 210 210 95 89 91.2 93 211-212 
2l 4-MeC6H4OH 240 270 250 225 88 58 60.2 86 180-182 
2m 4-MeOC6H4OH 235 260 240 180 91 65.8 79.8 90 51-52 

1 2(a-m)

(a), (b), (c), (d)

AEB, RT,
2-4 h

O

H

OH

R
R
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General procedure for the synthesis of compound 2(a-m):-
 

To the mixture of aldehyde (0.1g) and AEB (3 mL), a 
catalyst amount of natural feedstock extract was added. A 
reaction mixture was stirred to at room temperature & 
progress was monitored by TLC. After completion of the 
reaction (2-4 h), the reaction mixture was extracted with 
ethyl acetate and water (3×15 mL) and aqueous layer 
quenched with saturated aqueous sodium bicarbonate 
solution (15 mL). The solvent was evaporated to dryness to 
afford the product. The product was further purified by 
column chromatography. 

RESULTS AND DISCUSSION 

Our investigation initiated by the literature survey was 
found that Dakin oxidation of benzaldehyde to phenols was 
carried using H2O2 and aqueous extract of banana (AEB) as 
a neat reaction media at room temperature. Our initial 
efforts focused on identifying new catalyst showing 
oxidative properties to replace the toxic effect of H2O2. 
Hence this novel protocol represents an efficient and an 
interesting substitute to the initial H2O2 bearing method of 
Dakin oxidation. We first studied the impact of various 
extracts containing gallic acid (mango peel extract, potato 
peel extract, pomegranate peel extract, grape pomace 
extract), which are discussed earlier concerning the subject 
of this reaction. 
 

 

 

 

 

 

 

 

Figure 1. Plausible reaction mechanism 

 

We found that the best results were given by mango peel 
as well as potato peel extract giving excellent yields with 
minimum time at room temperature (Table 1). A range of 
commercially available substituted benzaldehydes was 
screened to investigate the scope of this method (Table 1). 
Out of the 13 benzaldehydes chosen, the compounds 2b, 2c, 
2h, 2i, 2j, 2k and 2m gave excellent yields using mango 
peel and potato peel extracts respectively with comparable 
reaction times. Though the rate of completion of the reaction 
was slower using AEB conditions than that of H2O2, it was 
identified as a greener approach concerning the reaction 
yield. Also, the raw material required for the preparation of 
extracts is cheap and easy to procure with the simple method 
of extraction. Therefore, the method is economical as it uses 
water majorly as the solvent.  

From the literature 2, it is confirmed that gallic acid helps 
in the conversion of atmospheric O2 to hydrogen peroxide in 
situ. Here AEB acts as a base which helps in the abstraction 
of a proton from H2O2, which further helps in the oxidation 
of benzaldehydes. The nucleophilic addition takes the place 
of a hydroperoxide anion to the carbonyl carbon to give a 
tetrahedral intermediate. A phenyl ester formation takes 
place through hydroxide elimination with the help of1-2 aryl 
migration. Afterward, the hydrolysis of phenyl ester takes 
place to form a second tetrahedral intermediate with the 
elimination of phenoxide to form a carboxylic acid. Finally, 
the AEB extracts the acidic hydrogen from carboxylic acid 
to form the corresponding phenol. 

CONCLUSION  

In conclusion, we have developed an aerobic and green 
catalytic system for Dakin Oxidation. In this manuscript, we 
investigated the applicability of green catalyst using natural 
feedstock of AEB in Dakin Oxidation for a wide range of 
organic compounds. Our method has a minimum 
environmental impact, is flexible and economical for 
various catalytic reactions. Reactions were done with potato 
peel extract (ultrasonic extraction) and mango peel extract 
gave better results. The catalytic system represents the most 
effective green catalyst for Dakin Oxidation at room 
temperature. We believe that this catalytic protocol has 
significant importance in industry as well as laboratory due 
to all its advantages.   
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CRYSTALLIZATION FIELDS OF CONDENSED SCANDIUM-

SYLVER AND GALLIUM-SILVER PHOSPHATES  

M. Avaliani,[a]* V. Chagelishvili,[a] E. Shapakidze,[b] M. Gvelesiani,[a] N. Barnovi,[a] 

V. Kveselava[a] and N. Esakia[c] 

Keywords: synthesis; condensed phosphates; polyphosphates; cyclotetraphosphate; cyclododecaphosphate; gallium, indium, scandium 

We have been able to synthesize a diverse new group of condensed phosphate polymers in the systems MeI2O–MeIII2O3–P2O5–H2O (where 
MeI represents Ag, Na, Cs, and MeIII represents gallium, scandium and indium. The structural arrangement of synthesized condensed 
phosphates is ascertained using X-ray spectral analysis, X-ray diffraction and IR spectroscopy. An interesting approach to the synthesis of 
double compounds containing Ga, In, Sc and monovalent metals, including Ag, resulting in the production of double phosphates is described. 
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Introduction  

The development of nanotechnologies for obtaining of 
inorganic phosphate polymers, notably – double condensed 
phosphates of polyvalent metals – as well as the study of their 
crystallization fields is a topical task. There are many research 
topics devoted to this subject,1-11 especially those aimed at 
determining the conditions for producing some new 
condensed phosphates of polyvalent and monovalent cations 
including alkaline metals.8-19 

The significant advances in the chemistry of inorganic 
compounds of phosphorous in the past few years are due to 
new application fields of inorganic phosphate oligomers and 
polymers.7,20–27 

Experimental 

We have studied the MeIII
2O3-MeI

2O-P2O5-H2O and 
systems (MI=Ag, Na, MIII= Sc, In and Ga) at the temperature 
range of 100–600 °C. This work contains data concerning the 
synthesis and crystallization fields of certain condensed 
double phosphates of trivalent and monovalent metals 
(including, in particular, Ga, In, Sc and monovalent metals, 
notably Ag), resulting in the production of double phosphates 
depending on the temperature and molar ratio of the initial 
components. 

The initial components were oxides of gallium, indium 
and/or scandium, silver nitrate (in some cases – sodium 
carbonate) and orthophosphoric acid. But when the synthesis 
temperature range is high enough, we generally present the 

studied system as oxides of suitable elements, such as 
MeIII

2O3, Ag2O and P2O5. The variation of the molar ratio of 
initial components n=Ag/MeIII was very broad: from 1.5 to 
10.0, but constant for each experiment – for each temperature 
range. The molar ratio of phosphorus to trivalent metal was 
always the same during all synthesis processes and was equal 
to n1=P/MeIII=15.5.  

Trivalent metal oxide, orthophosphoric acid (percentage: 
85 %) and monovalent metal salt – silver nitrate  - were mixed 
in a glassy carbon crucible at different molar ratios and heated 
to temperatures between 100 and 600 °C. The duration of the 
synthesis process was very variable, from 3-5 days to 15-20 
days, depending on the temperature of the experiments. The 
crystals formed in the melts were removed by extraction of 
15-20 g samples with 500-700 mL of distilled water. 

The condensation degree of the synthesized polymeric 
phosphates (di-, tri-, tetra-, and/or dodecaphosphates) was 
checked by paper chromatography. For the chromatographic 
analysis, the obtained crystalline samples were decomposed 
with H-form cation type ion-exchanger. In these experiments, 
0.1 g of the substance was contacted for ca. 1 h with an 
aqueous suspension of 2 g (KU-2) type sulfonated cation 
exchanger at ~0 °C. After the decomposition of the main mass 
of the substance according to the following scheme: cationite-
H(solid) + M-phosphate(solid) → cationite-M(solid)+H-
phosphate(liquid) the solution, containing phosphoric acids 
was neutralized with sodium bicarbonate and 
chromatographed on Filtrak FN-11 paper (Germany)  by 
acidic CCl3COOH-CH3COOH-CH3OH solvent.  
Chromatograms were sprayed with ammonium molybdate 
(NH4)2MoO4 5% solution and irradiated with ultraviolet light 
(λ=400 nm). 

Scanning electronic microscope measurements were 
performed on a JEOL scanning electronic microscope JSM–
6510LV (well-appointed by energy-disperse X–Max N 20 
micro-X-ray spectral analyzer produced by Oxford 
Instruments). SEM measurements were carried out by means 
of reflected (BES) as well as secondary (SEI) electrons at an 
accelerating voltage (at 20 kV). The working distance was 
approximately 15 mm. Micrographs have been taken at the 
diverse enlargements.  
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Table 1. Dependence of composition from temperature T and molar ratio n = Ag2O/Sc2O3 = 1.5–2.5, 3.5–5.0, 6.0–7.5, and 8.0–10.0.  

T, °C n = 1.5–2.5 n=3.5–5.0 n=6.0–7.5 n=8.0–10.0 

130 – 150 Sc(PO3)3–C AgScHP3O10 AgSc(H2P2O7)2 AgSc(H2P2O7)2 
180 – 200 Sc(PO3)3–C AgScHP3O10 AgScHP3O10 AgScHP3O10 
220 – 240 Sc(PO3)3–C AgScP4O12 AgScP4O12 AgScP4O12 
310 – 335 Sc(PO3)3–CI AgScP4O12, AgScHP3O10 AgScP4O12 AgScP4O12 
340 – 355 Sc(PO3)3–CI AgScP4O12 AgScP4O12+ Ag3Ga3P12O36 AgScP4O12 
400 – 450 Sc(PO3)3–CI AgScHP3O10 AgScHP3O10 Ag2ScP3O10 
500 – 550 Sc(PO3)3–CI Ag2ScP3O10 AgScHP3O10, Ag2ScP3O10 AgScP2O7 

 

Table 2. XRD data for acid diphosphate AgSc(H2P2O7)2, acid triphosphate AgScHP3O10, tetraphosphates AgGaP4O12 and AgScP4O12,8,10 

obtained by us and ASTM–11–642 data for silver triphosphate. 

AgScHP3O10 Ag5P3O10  (ASTM–
11–642) 

AgSc(H2P2O7)2·2H2O NaSc(H2P2O7)2·2H2O AgScP4O12 AgGaP4O12 NaGaP4O12 

dα/n I/I0 dα/n I/I0 dα/n I/I0 dα/n I/I0 dα/n I/I0 dα/n I/I0 dα/n I/I 0 

–  
4.04 
– 
– 
– 
– 
– 
3.36 
– 
3.20 
– 
3.03 
– 
– 
2.84 
– 
– 
– 
2.64 
2.59 
2.52 
2.43 
2.37 
– 
– 
– 
2.21 
2.13 
– 
– 
2.03 
– 
1.93 
1.89 
– 
1.76 
1.67 
1.64 
1.62 
– 
– 

– 
24 
– 
– 
– 
– 
– 
– 
72 
– 
29 
– 
9 
– 
– 
100 
– 
– 
– 
77 
69 
14 
7 
8 
– 
– 
– 
20 
31 
– 
– 
20 
– 
11 
10 
– 
6 
18 
18 
18 
– 

4.81 
– 
– 
– 
– 
3.69 
3.60 
– 
3.37 
3.29 
3.21 
3.15 
3.04 
2.96 
– 
2.86 
2.76 
2.72 
– 
2.60 
– 
2.52 
2.46 
2.38 
2.33 
– 
– 
– 
2.15 
2.10 
– 
2.00 
1.96 
1.94 
1.89 
1.88 
– 
– 
– 
– 
1.59 

20 
– 
– 
– 
– 
5 
5 
– 
10 
10 
15 
25 
15 
50 
– 
95 
50 
50 
– 
100 
– 
30 
15 
10 
5 
– 
– 
– 
5 
5 
– 
10 
15 
5 
15 
10 
– 
– 
– 
– 
10 

– 
4.04 
– 
– 
– 
– 
– 
3.43 
– 
3.32 
– 
3.08 
3.02 
2.98 
– 
2.82 
– 
2.74 
– 
2.64 
– 
2.54 
– 
– 
– 
2.31 
2.25 
2.22 
– 
– 
2.03 
– 
– 
– 
– 
1.83 
1.75 
1.68 
1.66 
1.64 
1.57 

– 
25 
– 
– 
– 
– 
– 
33 
– 
24 
– 
33 
30 
100 
– 
55 
– 
28 
– 
23 
– 
32 
– 
– 
– 
32 
18 
18 
– 
– 
9 
– 
– 
– 
– 
21 
11 
22 
28 
33 
19 

– 
– 
4.17 
4.00 
– 
3.67 
3.59 
3.49 
3.35 
– 
3.24 
3.18 
– 
2.98 
2.96 
2.82 
– 
2.74 
2.70 
2.62 
2.58 
2.55 
2.47 
2.39 
2.33 
2.30 
– 
2.17 
– 
2.10 
2.07 
2.04 
2.02 
1.95 
– 
– 
– 
– 
– 
– 
– 

– 
– 
41 
37 
– 
10 
4 
25 
29 
– 
96 
8 
– 
100 
19 
52 
– 
7 
14 
5 
4 
7 
4 
7 
6 
4 
– 
12 
– 
18 
6 
7 
18 
11 
– 
– 
– 
– 
– 
– 
– 

4.69 
– 
– 
3.94 
3.83 
3.63 
3.56 
- 
3.37 
– 
– 
– 
3.03 
– 
– 
2.83 
2.77 
– 
2.68 
– 
2.56 
2.49 
2.41 
– 
2.33 
– 
2.25 
2.20 
– 
– 
2.07 
– 
2.00 
1.92 
– 
1.87 
1.86 
1.69 
– 
– 
– 

5 
– 
– 
5 
100 
10 
10 
– 
31 
– 
– 
– 
80 
– 
– 
19 
20 
– 
25 
– 
15 
16 
26 
– 
6 
– 
16 
12 
– 
– 
2 
– 
5 
7 
– 
6 
6 
6 
– 
– 
– 

4.67 
4.43 
4.20 
3.94 
3.83 
– 
– 
– 
3.38 
– 
– 
3.08 
3.03 
2.82 
2.75 
– 
2.69 
– 
2.56 
- 
2.40 
– 
– 
– 
2.25 
– 
2.15 
– 
2.06 
2.03 
– 
– 
1.89 
– 
– 
1.68 
– 
– 
– 
– 
– 

7 
15 
19 
27 
80 
– 
– 
– 
38 
– 
– 
23 
100 
18 
40 
– 
15 
– 
13 
– 
19 
– 
– 
– 
15 
– 
11 
– 
6 
5 
– 
– 
8 
– 
– 
8 
– 
– 
– 
– 
– 

4.71 
4.43 
4.27 
3.94 
3.80 
3.65 
3.53 
– 
3.35 
3.29 
3.14 
3.08 
3.03 
– 
– 
2.85 
2.76 
– 
– 
2.63 
2.56 
2.48 
2.40 
– 
2.32 
– 
2.20 
– 
2.14 
2.13 
– 
2.05 
– 
– 
– 
1.87 
1.85 
– 
– 
– 
– 

8 
25 
30 
49 
15 
8 
5 
– 
16 
5 
5 
10 
100 
– 
– 
20 
10 
– 
– 
10 
3 
7 
3 
– 
29 
– 
16 
– 
5 
3 
– 
3 
– 
– 
– 
3 
6 
– 
– 
– 
– 
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The powder diffraction intensity data collections were 
performed on a DRON–3М diffractometer, with anodic Cu–
Kα radiation in the range of 2θ = 10–60°, detector’s speed 2° 
min-1, lattice spacing dα/n in Å, and I/I 0 – is the relative 
intensity (used model/standard data – by American Society 
for Testing and Materials – ASTM). 

The thermal analysis was accomplished by DTA using 
Q1500–D derivatograph with heating rate of 10 °C / min. in 
air atmosphere and up to maximal temperature of 1100 °C.10 
XRD data of some double condensed phosphates prepared by 
us, namely acidic diphosphate AgSc(H2P2O7)2, acidic 
triphosphate AgScHP3O10, tetraphosphates AgGaP4O12, 

AgScP4O12,  NaGaP4O12 and standard ASTM–11–642 data 
for silver triphosphate are presented in Table 2. Table 3 
contains the XRD data for the double condensed 
tetraphosphates of silver with gallium and scandium, or 
sodium and gallium (molar ratio n=MeI/MeIII =7.5).  

The elemental composition of the condensed compounds 
was examined by gravimetric analysis. Phosphorus was 
determined by precipitation using a molybdate reagent and a 
quinoline solution.25 Gallium, indium and scandium were 
determined by the hydroxyquinoline precipitation 
method.11,25 Silver was determined using argentometry using 
titration (Volhard) method.28   

 

Table 3. The XRD data for synthesized gallium-silver, gallium-sodium, indium-silver, scandium-silver tetraphosphates (molar ratio 
n=MeI/MeIII =7.5). 

AgGaP4O12  (at 335 °C) AgScP4O12 (at 335 °C) NaInP4O12 (at 335–345 °C) NaGaP4O12 (at 335–345 °C) 

dα/n I/I0 dα/n I/I0 dα/n I/I0 dα/n I/I0 
4.65 
4.23 
4.04 
– 
3.81 
3.63 
– 
– 
3.39 
– 
– 
– 
– 
– 
– 
3.03 
– 
– 
2.80 
– 
2.55 
2.50 
– 
– 
– 
2.27 
2.25 
2.23 
2.20 
2.07 
– 
1.95 
– 
– 
– 
1.78 
1.75 
1.63 
– 
– 

7 
8 
17 
– 
13 
8 
– 
– 
29 
– 
– 
– 
– 
– 
– 
100 
– 
– 
20 
– 
15 
15 
– 
– 
– 
18 
22 
22 
13 
6 
– 
13 
– 
– 
– 
10 
10 
11 
– 
– 

4.49 
4.33 
3.94 
– 
3.83 
– 
3.56 
– 
– 
3.36 
– 
– 
– 
– 
– 
3.05 
2.89 
2.83 
2.80 
2.61 
– 
2.49 
– 
– 
– 
– 
2.25 
– 
2.20 
– 
2.06 
2.01 
1.98 
– 
1.86 
– 
– 
1.76 
1.65 
1.59 

48 
38 
45 
– 
50 
– 
65 
– 
– 
39 
– 
– 
– 
– 
– 
100 
34 
34 
40 
16 
– 
20 
– 
– 
– 
– 
25 
– 
16 
– 
13 
9 
8 
– 
5 
– 
– 
8 
13 
9 

4.43 
4.33 
3.95 
3.91 
– 
3.66 
– 
3.42 
– 
3.36 
3.27 
3.24 
3.20 
3.15 
– 
3.04 
2.93 
2.86 
– 
2.79 
– 
– 
2.46 
2.45 
2.44 
2.32 
– 
2.22 
– 
2.07 
– 
– 
1.87 
1.85 
1.82 
– 
1.74 
1.68 
– 
– 

28 
18 
53 
98 
– 
16 
– 
12 
– 
15 
5 
5 
55 
8 
– 
100 
4 
6 
– 
22 
– 
– 
8 
15 
5 
38 
– 
4 
– 
8 
– 
– 
7 
38 
5 
– 
14 
5 
– 
– 

4.43 
4.27 
3.94 
– 
3.80 
3.65 
3.53 
– 
– 
3.35 
3.29 
– 
– 
3.14 
3.08 
3.03 
– 
2.85 
2.76 
2.63 
2.56 
2.48 
– 
2.40 
2.32 
– 
– 
– 
2.20 
2.14 
2.13 
2.05 
1.87 
1.85 
– 
– 
– 
– 
– 
– 

25 
30 
49 
– 
15 
8 
5 
– 
– 
16 
5 
– 
– 
5 
10 
100 
– 
20 
10 
10 
3 
7 
– 
3 
29 
– 
– 
– 
16 
5 
3 
3 
3 
6 
– 
– 
– 
– 
– 
– 
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Results and discussion 

A series of double condensed phosphate compounds were 
prepared and assigned during the investigation of systems 
MeIII

2O3-Ag2O-P2O5-H2O at the temperature interval of 100–
600 °C. The phase identity was studied by XRD. The 
synthesized inorganic polymers containing silver and 
scandium are presented in Table 1. There are three stable 
double phosphate phases formed at the temperature range of 
130-200 °C depending on the Ag/Sc molar ratio: double 
acidic diphosphate and triphosphate of scandium and silver, 
AgSc(H2P2O7)2, AgScHP3O10, respectively, and the double 
triphosphate, Ag2ScP3O10.8,19 A new silver scandium 
cyclotetraphosphate (AgScP4O12) was synthesized in the 
temperature interval of 240-340 °C. Analogous compounds 
could be obtained in similar systems containing Ag-Ga and 
Ag-In components.   

The XRD data of phases obtained at 335–350 °C for the 
system containing Ga and Ag  (molar ratio n=MeI/MeIII = 7.5) 
and their comparison with the cesium gallium 
cyclododecaphosphate25 are presented in Table 4.  

Table 4. XRD data of phases obtained in the system containing Ag 
and Ga at 335–350 (molar ratio n=MeI/MeIII = 7.5).  

Cs3Ga3P12O36 AgGaP4O12+Ag3Ga3P12O36  

d α / n I / I 0 d α / n I / I 0 
5.09 
– 
4.00 
– 
3.86 
– 
3.59 
3.50 
– 
3.25 
3.14 
2.94 
2.83 
2.76 
2.68 
– 
– 
2.40 
2,36 
2.33 
2.27 
2.17 
2.14 
– 
– 
– 
– 
– 

14 
– 
24 
– 
100 
– 
5 
20 
– 
24 
20 
40 
68 
7 
14 
– 
– 
6 
40 
10 
7 
4 
5 
– 
– 
– 
– 
– 

4.69 
– 
3.94 
– 
3.83 
– 
– 
3.63 
3.56 
3.37 
– 
3.03 
2.83 
2.77 
2.68 
2.56 
2.49 
2.41 
2.33 
2.25 
2.20 
– 
2.07 
2.00 
1.92 
1.87 
1.86 
1.69 

5 
– 
5 
– 
100 
– 
– 
10 
10 
31 
– 
80 
19 
20 
25 
15 
16 
26 
6 
16 
12 
– 
2 
5 
7 
6 
6 
6 

The XRD data of similar compounds formed in the analog 
systems containing gallium and silver, indium and silver and 
scandium and silver were compared. We ascertain that any of 
the initial components - trivalent metal oxides, silver nitrate 
and phosphoric acid completely and irreversibly interact with 
each other during the synthesis.  

The XRD data for the Ag-Sc, Ag-In and Ag-Ga di-, tri- 
tetra- or cyclododecaphosphates have been compared with 
available standard data for analogous double condensed 
phosphates of trivalent and monovalent (alkali) metals.1-9,13,17-

20,26 The identification of the obtained crystalline phases was 
done in accordance with standard ASTM data and based on 
the results of chemical analyses. The composition of the 
synthesized compounds prepared was found to be the 
following: double acidic diphosphates MeIMeIII(H2P2O7)2 
and their monohydrates MeIMeIII(H2P2O7)2

.H2O, double 
acidic triphosphates MeIMeIIIHP3O10, double triphosphates 
MeI

2MeIIIP3O10 and cyclotetraphosphates MeIMeIIIP4O12.  

Despite the different ionic radius of Ag and Cs (1.13 and 
1.67 Å, respectively) an analog Ag-Ga compound, 
(Ag3Sc3P12O36) was formed as that was synthesized in the Cs-
Ga system earlier (Cs3Ga3P12O36).25 Based on results of paper 
chromatography, chemical analysis and XRD analysis, we 
can conclude that at 335-340 °C and n=Ag/Ga=7.5, a mixed 
phase crystallized out with ca. 80 % Ag3Ga3P12O36 and ca. 
20 % AgGaP4O12 content.  

The silver scandium cyclotetraphosphate is isostructural 
with the appropriate silver gallium, silver indium and sodium 
gallium cyclotetraphosphates, in spite of differences between 
the ionic radius of sodium and silver (0.98 and 1.13 Å, 
respectively). 

 

 

 

 

 

 

 

 
 

Figure 1. Electron (SEI) image of AgScHP3O10 (enlargement 1000). 

 

 

 

 

 

  

 
 
 
 
 
Figure 2. Electron (SEI) image of AgScHP3O10 (enlargement 2700). 
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The EDAX results of silver-scandium double phosphates 
are presented in Table 5. Figures 1 and 2 illustrate electron 
images (on enlargements 1000 and 2700 respectively) for 
silver scandium acidic triphosphate (AgScHP3O10). The 
EDAX spectrum can be seen in Fig. 3. This double compound 
was obtained at Ag/Sc = 5.0 at ca. 150 °C. Very small crystals 
of lamellar and needle-like shape with a thickness about of 
100 nm were observed.  

Figures 4 and 5 show photos for double acidic diphosphate 
synthesized at the same temperature and molar ratio  
Ag/Sc=7.5.  

Table 5 and 6 shows the atomic percentage data vs. 
spectrum labels for crystals obtained at 335 °C in the system 
containing Ag and Ga for initial ratio MeI/MeIII= 5.0.  

 

Table 5. Atomic percentage data vs. spectrum labels for crystals obtained at 335°C in the system containing Ag-Ga, for initial ratio 
n=MeI/MeIII= 5.0. 

Atom Atomic % Statistics 

1 2 3 4 Max Min Average Standard deviation 

O 73.88 75.83 75.69 75.70 75.83 73.88 75.27 0.93 
P 14.86 12.92 12.98 13.02 14.86 12.92 13.45 0.94 
Ga 3.61 3.40 3.42 3.38 3.61 3.38 3.45 0.10 
Ag 7.65 7.86 7.90 7.90 7.90 7.65 7.83 0.12 

The Figures 4-6 represent SEM pictures of obtained 
crystals of in the MeIII

2O3-Ag2O-P2O5-H2O systems.  

 

 

 

 

 

 

Figure 3.  The EDAX spectrum of AgScHP3O10. 

 

 

 

 

 

 

 
 
Figure 4. Electron (SEI) image of AgSc(H2P2O7)2 (enlargement 
1300). 
 

Table 6. Data for spectrum 22, Site 1, molar ratio Ag/Ga = 5.0, 
synthesis at 335 °C, approximate formula [AgGa(PO3)4]  

Atom Atomic % 
O 73.41 
P 14.71 
Ga 4.07 
Ag 7.81 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Electron (SEI) image of AgSc(H2P2O7)2 (enlargement 
5500). 
 

Figure 6 shows the SEM picture of silver scandium 
cyclotetraphosphate (AgScP4O12) synthesized at the 
temperature of 335 °C at the molar ratio Ag/Sc=5.0. 

 

 

 

 

 

 

 

 

 
 
Figure 6. Electron (SEI) image of AgScP4O12 (enlargement 
2700). 
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Figure 7. Electron (SEI) image of cyclododecaphosphate 
Ag3Ga3P12O36 (as primary phase) with the small impurity 
phase of the cyclotetraphosphate AgGaP4O12 (enlargement 
2700). 

A detailed XRD analysis of the components formed in 
the system Ag2O–Ga2O3–P2O5–H2O allows us to conclude 
that the product obtained at temperature 335 °C and for   
n=Ag/Ga=7.5 consists of two phases such as silver gallium 
cyclododecaphosphate Ag3Ga3P12O36 (as primary phase) and 
the and silver gallium cyclotetraphosphate AgGaP4O12.  
Figure 7 shows the electron image for silver gallium 
cyclododecaphosphate with a small mix phase – the minor 
quantity of silver gallium tetraphosphate. The synthesis 
conditions were as follows: Ag/Ga=7.5 and temperature 
335°C. 

Conclusions 

The formation of MeIMeIII(H2P2O7)2, 
MeIMeIII(H2P2O7)2

.H2O, MeIMeIIIHP3O10, and MeIMeIIIP4O12 
type crystalline double phosphates could be detected in the 
systems MeI

2O– MeIII
2O3–P2O5–H2O (MeI =Ag, MeIII=Ga, In 

and Sc) in the temperature range of 130–600 °C at Ag/MeIII 
=1.5-10.0 and P/MeIII=15.5 molar ratio. The obtained 
crystalline phases were identified with the chemical analysis, XRD 
and EDAX. The silver scandium,  silver gallium and silver indium 
cyclotetraphosphates are isomorphic with each other and with 
sodium gallium cyclododecaphosphate.  
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LOW TEMPERATURE CRYSTAL STRUCTURE AND MAGNETIC 

BEHAVIOR OF BIS(N-METHYL-2-PHENYLETHYLAMININIUM) 

TETRABROMIDOCUPRATE 

L. Li[a]†, M. M. Turnbull[a] and B. Twamley[b]  

 

Keywords: tetrabromocuprate, antiferromagnetism, crystal structure 

The low-temperature X-ray structure, and magnetic properties of (MePhenetNH2)2[CuBr4] (MePhenetNH2=N-methyl-2-
phenylethylammonium) (1) are reported. The compound was characterized using IR, combustion analysis, X-ray powder diffraction, single 
crystal X-ray diffraction, and temperature-dependent magnetic susceptibility measurements. Compound 1 crystallizes in the monoclinic space 
group C2/c. In the structure, the tetrabromidocuprate ions are packed into zig-zag chains parallel to the c-axis which are stabilized by hydrogen 
bonds between the ammonium cations and bromide anions. Magnetic measurements (1.8-310 K) indicate weak antiferromagnetic interactions 
propagated via the two-halide exchange pathway through short Br…Br contacts.  Fitting the data with the S = ½ uniform chain model gave J 
= -7.7(1) K with C = 0.403(1). 
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01610  

[b]  School of Chemistry, Trinity College Dublin, The University 
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INTRODUCTION 

The recognition of halogen bonds as a significant factor in 
intermolecular and interionic interactions, in both biological 
and laboratory circumstances, has provided a significant 
impetus for study.1 At the same time, magnetic exchange 
through halide ions, both bridging and through halogen 
bonds,2 has been of significant interest for decades and the 
recognition of halogen bonds has provided a uniform 
framework for presenting such observations.3  In particular, 
there has been extensive study of magnetic interactions via 
the two-halide pathway (a potential halogen bond) for 
decades.4   

The vast majority of magnetic interactions reported via the 
two-halide pathway are antiferromagnetic, ranging from 
values of J near zeroHiba! A könyvjelző nem létezik.a to very significant 
exchange (J = -234 K).5  The correlation between the X…X 
distance as well as Cu-X…X contact angle and Cu-X…X-Cu 
torsion angle has been established,Hiba! A könyvjelző nem létezik.a,6 
but as yet insufficient data is available to provide any 
quantitative magnetostructural correlations and hence we 
have continuing interest in the study of such compounds.   

The packing of the tetrabromidocuprate anions and hence, 
the superexchange parameters via the two-halide pathway, 
are strongly influenced by the nature of the corresponding 
cation, including its size, charge and hydrogen or halogen 
bonding capacity. N-Methyl-2-phenylethylammonium 
(NMPH) is one such counterion that has been employed to 
good effect previously.  Prior work with NMPH has produced 
a number of complexes with the tetrachloridocuprate anion, 
including a chloride-bridged tricopper(II) system (Grigereit 

et al.7) , a chloride-bridge dicopper(II) complex (Harlow et 
al.8) and polymorphs of the monomeric (NMPH)2CuCl4 
compound.9 We are particularly interested in the 
corresponding bromide compound, (NMPH)2CuBr4, reported 
by Place and Willett10 due to the potential for magnetic 
interactions between the tetrabromidocuprate anions via the 
two-halide pathway.  Preliminary work by Willett and 
Drumheller et al. showed the presence of antiferromagnetic 
interactions in the sample.11 In an effort to more closely 
examine the relationship between the structure and its 
magnetic properties, we have repeated the synthesis of the 
compound and present here its low-temperature crystal 
structure and variable temperature magnetic susceptibility 
(1.8-310 K). 

EXPERIMENTAL  

Copper(II) bromide and N-methyl-2-phenylethylamine 
purchased from Sigma Aldrich. Materials were used as 
received without further purification. IR spectra were 
recorded via ATR on a Perkin-Elmer Spectrum 100 
spectrometer. X-Ray powder diffraction was carried out on a 
Bruker AXS-D8 X-ray Powder Diffractometer. Bis(N-
methyl(2-phenylethyl)ammonium tetrabromidocuprate (1) 
was prepared according to the literature.Hiba! A könyvjelző nem létezik.  
IR (ν, cm-1): 3024s, 2958s, 2786s, 1561m, 1456s, 1414s, 
1374m, 1160m, 1070m, 1011m, 940m, 750vs, 703vs. 

X-Ray structure analysis 

Data for 1 were collected at 87(2) K using a 
Bruker/Siemens SMART APEX instrument (Mo Kα 
radiation, λ = 0.71073 Å) equipped with a Cryocool NeverIce 
low temperature device. Data were measured using omega 
scans of 0.3 ° per frame for 10 seconds, and a full sphere of 
data was collected. A total of 2450 frames were collected. 
Cell parameters were retrieved using SMART12 software and 
refined using SAINTPlus13 on all observed reflections. Data 
reduction and correction for Lp and decay were performed 
using SAINTPlus software. Absorption corrections were 
applied using SADABS.14   
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The structure was solved using the SHELXS97 program15 
and refined via least-squares analysis via SHELXL-2016.16 
Non-hydrogen atoms were refined using anisotropic thermal 
parameters. Hydrogen atoms bonded to nitrogen atoms were 
located in the difference Fourier maps and their positions 
refined using fixed isotropic thermal parameters. The 
remaining hydrogen atoms were placed in geometrically 
calculated positions and refined using a riding model and 
fixed isotropic thermal parameters. Crystallographic 
information and details of the data collection can be found in 
Table 1. 

Magnetic Susceptibility Data Collection 

Magnetization data for 1 were collected using a Quantum 
Design MPMS-XL SQUID magnetometer. Finely ground 
crystals were packed into a #3 gelatin capsule and placed in a 
clear plastic straw for data collection. Data were first 
collected as a function of field from 0 to 50 kOe at 1.8 K. 
Several data points were recollected as the field returned to 0 
kOe to check for hysteresis effects; none were observed. 
Magnetization was then measured as a function of 
temperature from 1.8 to 310 K in a 1 kOe applied field. The 
data collected were corrected for the background signal of the 
gelatin capsule and straw (measured independently), the 
temperature independent paramagnetism of the Cu(II) ion and 
for diamagnetic contributions of the constituent atoms, 
estimated via Pascal’s constants.17  All data were fit using the 
Hamiltonian H = -J∑S1·S2. The composition of 1 was 
analyzed by powder X-ray diffraction and compared to the 
single crystal structure prior to data collection. No impurities 
were observed. 

RESULTS  

Crystal structure analysis 

Compound 1 crystallizes in the monoclinic space group C 
2/c. The molecular unit is shown in Figure 1. 

 

Figure 1. Thermal ellipsoid plot of the molecular unit of 1 showing 
50% probability ellipsoids. Only the asymmetric unit, copper 
coordination sphere and those H-atoms whose positions were 
refined are labelled. Symmetry operation for Br1A and Br2A (1-x, 
y, ½-z). 

The Cu1 ion is located along a two-fold symmetry axis 
bonded to two independent bromide ions (See Table 2 for 
selected bonds and angles). A significant Jahn-Teller 
distortion results in a highly flattened tetrabromidocuprate 
ion with a mean trans angleHiba! A könyvjelző nem létezik. of  141.9°. 
Comparison of the bond lengths and angles between 87 and 
295 K shows only very slight changes. 

Table 1. X-ray data of compound 1. 

Table 2. Selected bond lengths [Å] and angles [°] for 1 at 87 K (this 
work) and 295 K (Ref. 10).  

Bond Distance (87 K) Distance (295 K) 

Cu1-Br1 2.3794(4) 2.364 
Cu1-Br2 2.3938(4) 2.395 
   
Bond Angle (87 K) Angle (295 K) 
Br1-Cu1-Br1A 
Br1-Cu1-Br2 

96.47(2) 
141.91(1) 

97.88 
142.09 

Br1-Cu1-Br2A 96.54(1) 95.77 
Br2-Cu1-Br2A 94.89(2) 94.76 

Symmetry operation for Br1A and Br2A (1-x, y, ½-z).    

The NMPH cation is unremarkable, adopting an 
antiperiplanar geometry about the C1-N2-C3-C4 and N2-C3-
C4-C5 sequences with torsion angles of 179.1(3)° and 
174.6(2)°, respectively.  

The CuBr4
2- ions form chains parallel to the c-axis via short 

Br…Br contacts between inversion related anions, as shown 
in Figure 2.  Parameters for the two-halide superexchange 
pathway are given in Table 3. The chains are further 
stabilized by hydrogen bonds to the ammonium hydrogen 
atoms.: dN2…Br1C = 3.439(3) Å, dN2…Br2A = 3.395 Å.  The 
Br2A…Br2B distance is the shorter contact between the ions, 
making it an ee2-type interaction.Hiba! A könyvjelző nem létezik. 

Empirical formula  C18H28N2CuBr4 
Formula weight 655.60 
Temperature 87(2) K 
Wavelength 0.71073 Å 
Space group C2/c 
a 23.854(2) Å 
b 9.2120(9) Å 
c 10.8726(11) Å 
α 90° 
β 106.787(2)° 
γ 90° 
Volume 2287.4(4) Å3 
Z 4 
Density (calculated) 1.904 Mg m-3 
Absorption coefficient 7.947 mm-1 
F(000) 1276 
Crystal size 0.26 x 0.10 x 0.05 mm3 
 range for data collection 1.783 to 30.011° 
Index ranges -32 ≤ h ≤ 32,  
 -12 ≤ k ≤ 12,  
 -15 ≤ l ≤ 15 
Reflections collected 16773 
Independent reflections 3280 [R(int) = 0.0506] 

Absorption correction Semi-empirical from 
equivalents 

Max. and min. transmission 0.671 and 0.224 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3280 / 0 / 121 
Goodness-of-fit on F2 1.075 

Final R indices [I>2σ(I)] R1 = 0.0356,  
wR2 = 0.0710 

R indices (all data) R1 = 0.0475  
wR2 = 0.0747 

Largest diff. peak and hole 1.01 and -0.510 e Å-1 
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Figure 2. Chain formation via short Br…Br contacts.  Dashed lines 
represent Br…Br contacts and hydrogen bonds. Only the alkyl 
portions of the NMPH ions are shown for clarity. 

Table 3. Two-halide superexchange pathway parameters for 
1 at 87 K (this work) and 295 K (Ref. 10).a 

 
Bond d (Å) θ(°)a τ (°) 

Cu1-Br1A… Br2B-Cu1A  
  87 K 4.392 145.60/ 

72.4 
3.45 

295 K 4.404 143.47/ 
74.25 

4.74 

    
Cu1-Br2A… Br2B-Cu1A  
  87 K 3.997 80.75 180 
295 K 4.129 79.93 180 
    

aFor Cu1-Br1A… Br2B-Cu1A, there are two inequivalent interior 
angles, while for Cu1-Br2A… Br2B-Cu1A, the angles are identical 
by symmetry.  Br2A and Br2B are related by an inversion center 
which requires τCu1-Br2A… Br2B-Cu1A to be 180° by symmetry. 

The tetrabromidocuprate ion chains pack into layers parallel 
to the bc-plane (see Figure 3).  The layers are well separated 
by a double layer of NMPH cations arranged antiparallel to 
each other.  The shortest distance between CuBr4

2- ions in 
adjacent layers is greater than 9 Å.  The closest contacts 
between the phenyl rings of the NMPH ions is greater than 
4.2 Å, indicating the absence of significant π-stacking 
interactions.    

Magnetic study 

Magnetization data as a function of applied field (Figure 4) 
show a linear response throughout the measured region and 
reach a maximum of 1600 emu mol-1 at 50 kOe.  This is well 
below the expected saturation magnetization of ~5,800 emu 
mol-1 for a S = ½ system with g near 2, indicating the presence 
of antiferromagnetic interactions in the sample. 

Susceptibility data for 1 were collected in a 1 kOe field 
from 1.8 K to 310 K. The susceptibility of 1 shows rounded 
maximum near 4 K, again in support of antiferromagnetic 
interactions in the sample (Figure 5).   

 

Figure 3. Packing of 1 viewed parallel to the b-axis showing the 
alternating layer structure. 

 
Figure 4. Magnetization as a function of applied field for 1. 

Fitting the data to the S = ½ uniform Heisenberg chain 
model18 with a Curie-Weiss correction to account for 
interchain interactions resulted in a Curie constant (CC) of 
0.403(1) emu-K mol-Oe-1, J = -7.77(8) K and θ = -0.09(9) K, 
with a 4.0(5) % paramagnetic impurity (seen as the slight 
increase in χ below 2.5 K).    

 

 

 

 

 

 

 

 

Figure 5.  χ(T) for 1.  The inset shows an expansion of the region 
below 40 K. The solid line is the best fit to the S = ½ uniform 
Heisenberg chain model. 
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Using the same model to fit the χT(T) data (Figure 6) gave 
similar results with CC = 0.402 emu-K mol-Oe-1, J = -
7.68(11) K and θ = -0.11(7) K with a 4.2(4) % paramagnetic 
impurity.  A fit of the data above 30 K to the Curie-Weiss law 
yielded CC = .397(1) emu-K mol-Oe-1 and θ = -3.05(14) K. 
[Note: The value of θ from the Curie-Weiss fit is proportional 
to S and J.  It is not the same as the value obtained from fits 
of χ(T) and χT(T) where it represents the interchain 
interactions.] All are in agreement with modest 
antiferromagnetic interactions in the compound. 

 

Figure 6. χT(T) (о) and 1/χ(T) (Δ) for 1. The solid lines represent 
the best fits to the S = ½ uniform Heisenberg chain model and the 
Curie-Weiss law, respectively. 

DISCUSSION 

The low-temperature crystal structure of 1 is in good 
agreement with the room temperature structure of Place and 
Willett.Hiba! A könyvjelző nem létezik.  Bond lengths and angles 
within the NMPH+ and CuBr4

-2 moieties show negligible 
changes over the temperature range. The two-halide 
exchange pathway parameters (Table 3) show more 
significant, but non-symmetrical changes.  There is only a 
slight decrease in the Cu1-Br1A…Br2B-Cu1A distance, less 
than 0.25 %, with commensurately small changes in the 
corresponding angles.  However, the Cu1-Br2A…Br2B-
Cu1A distance has decreased by nearly 3 %, suggesting a 
sliding of the CuBr4

2- units parallel to the ac-face (Figure 7).  
This would affect the two-halide pathway superexchange, but 
as no quantitative relationships between J and the structure 
parameters are available as yet, the nature of the change 
cannot be predicted. 

Magnetic data confirm the preliminary report by 
Drumheller and WillettHiba! A könyvjelző nem létezik. of the 
antiferromagnetic response in the complex where data was 
collected from 4.2-60 K. The data was reported as χT(T) and 
yielded J = -8.0 K, in good agreement with the current value 
of -7.7(1) K obtained from data fit over the full range of 1.8-
310 K.  Fits of both χ(T) and χT(T) show negligible interchain 
interactions as seen by the Curie-Weiss corrections, zero or 
virtually so in both fits (θ values) within experimental error, 
making them excellent approximations of the uniform S = ½ 
Heisenberg chain. 

 

 

 

 

Figure 7.  (Left) The relative motion of adjacent CuBr4-2 distorted 
tetrahedral from 295 K to 87 K viewed perpendicular to the ac-plane 
(right). An view of the overlap of the 87 K (red) and 295 K (green) 
structures. The N-atoms were used as the anchor point. 

In summary, (NMPH)2CuBr4 forms well isolated chains via 
short Br…Br contacts in the lattice. These contacts support 
antiferromagnetic exchange through the two-halide exchange 
pathway and result in modest antiferromagnetic interactions 
in the compound (-7.7 K) as seen through field and 
temperature dependent magnetization measurements.  
Further work is in progress to attempt to quantify the 
magnetostructural correlations in such materials. 
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