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Polymers are usually synthesized in gas and liquid
phases by polymerization, polycondensation, poly-
addition. There have been extensive attempts at
solid state polymerization induced by various kinds
of irradiation, but the differences in lattice symme-
try usually prevented the direct formation of crys-
talline polymers from monomers. Mechanochemi-
cal synthesis became a common route in inorganic
solid state chemistry.

Recent publications (see e.g. DOI: 10.1021/mz
500098r, DOI: 10.6000/1927-5951.2014.04.01.6)
show, that ball milling can also be used for direct
polymer synthesis and not only for the uniform dis-
tribution of fillers in a polymer matrix (see e.g.
DOI: 10.1177/0731684412471230, DOI: 10.1002/
app.35413) or for coating inorganic nano particles
(DOI: 10.1016/j.powtec.2010.11.011, DOI: 10.1039/
C1IM10819K).

In some cases embedding into a polymer goes par-
allel with ion doping (see e.g. DOI: 10.1021/am
4056672, where Li doped Si is combined with poly-
para-phenylene polymer for Li batteries). Mechano-
chemistry can be well utilized for the polymer-ana-
log modification of already existing polymers (see
e.g. DOI: 10.1021/cg500439f) or for block-poly-
merization (DOI: 10.1155/2014/127506). The mech-
anism of the latter is not much different from that
used in compatibilization by reactive extrusion:
radicals recombine with each other.

The advantage of the mechanochemical route is the
reduced solvent consumption, or complete elimina-
tion of the solvent (environmentally benign
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processes, ‘green chemistry’), parallel processes
(breakdown of particles, surface grafting, embed-
ding, polymerization, block-copolymer formation,
compatibilization) may proceed and the specific
energy can be very high. The resurgence of the
interest in mechanochemical methods is partly due
to their applicability in waste disposal and recycling
(DOI: 10.1016/j.wasman.2009.08.017). Harmful
chemicals may be mechanically degraded into less
harmful products, partial network degradation of
rubbers (DOI: 10.4028/www.scientific.net/ AMR.
239-242.2503) and thermoset polymers (DOI:
10.2417/spepro.005351, DOI: 10.4028/www.scien-
tific.net/ AMM.130-134.1708) can be achieved. Sur-
face activation and treatment are performed simul-
taneously, which allows the production of active
fillers from the otherwise intractable thermoset
composite waste. Another aim is the wider utiliza-
tion of natural polymers (DOI: 10.1039/B108255H,
DOI: 10.1155/2013/425726), and even the synthe-
sis of biomimetic polymers (DOI: 10.1038/nchem.
1938). For the above reasons I foresee and expect
an increased research and development activity in
the field of mechanical synthesis and modification
of polymers.
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Abstract. New conjugated PPV derivatives containing the chiral isosorbide group (P1-3) have been synthesized via the
Gilch reaction. The polymers are optically active, soluble in common organic solvents and show good film-forming abili-
ties. High number-average molecular weights were determined by size exclusion chromatography (SEC) (16-10°—
21-10% g'mol™"). The molecular structures of the polymers were confirmed by nuclear magnetic resonance (NMR) and
Fourier transform infrared (FTIR) spectroscopies. Thermogravimetric analysis of the polymers showed good thermal sta-
bility up to 320°C. The optical properties of these m-conjugated materials were investigated by UV-vis absorption and pho-
toluminescence (PL) spectroscopies. The polymers show a yellow fluorescence in dilute solution, and an orange emission
is observed in thin films. The introduction of the polar isosorbide groups improved the PL intensity, and quantum yields
between 50 and 73% were obtained. The HOMO-LUMO energy levels were estimated by cyclic voltammetry, and the elec-
trochemical gaps were 1.81, 1.83 and 2.48 eV for P1, P2 and P3, respectively. Single-layer diode devices were fabricated

and show relatively low turn-on voltages between 3.1 and 3.4 V.

Keywords: polymer synthesis, optically active polymers, semi-conducting polymers, isosorbide, photoluminescence

1. Introduction

The discovery of electroluminescence in poly (p-
phenylenevinylene) (PPV) in 1990 [1] created a new
domain in polymeric material applications. Since
then, enormous progress has been made in the macro-
molecular engineering of the m-conjugated poly-
mers and in their uses as active materials in poly-
meric light-emitting diodes (PLEDs) [2—6]. These
polymers are promising organic analogues of inor-
ganic semi-conducting materials, and their exploita-
tion in other electronic devices, such as thin-film
transistors |7, 8], photovoltaic cells [9, 10], chemical
sensors [11] and organic lasers [12] are currently
expanding. The main advantages of using such func-
tional polymers lie in their low production cost and
easy processibility. In fact, these materials are com-
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patible with solution processing techniques, thus
eliminating the vacuum deposition steps usually
required for the elaboration of inorganic semi-con-
ducting thin layers. Solution processing also expands
the repertoire of tolerant substrates and processing
options, allowing flexible plastics to be used in com-
bination with relatively simple methods such as spin
coating and inkjet printing. Though, the major char-
acteristic of the semi-conducting polymers is their
adjustable macormolecular structure and conse-
quently there tuneable opto-electronic properties
[13-16].

Among m-conjugated polymers, the poly (p-
phenylenevinylene) (PPV) and its derivatives are the
most studied and exploited [17, 18]. Due to the high
rigidity of the macromolecular structure, PPV is
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insoluble in common organic solvents. This
intractability has been addressed by chemically
attaching aliphatic side-chains to the polymer back-
bone [19]. Hence, many PPV-type architectures are
processed in a derivative form. The effects of the
side-group structure on the opto-electronic proper-
ties have been extensively investigated [20]. How-
ever, most studies have involved nonpolar side-
chains, and the effect of relatively polar side-groups
was rarely reported (e.g PPV derivative containing
ethylene oxide-type side chains) [12]. Here, we
report the first PPV derivatives containing the polar
and chiral isosorbide groups. In fact, the incorpora-
tion of chiral groups in polypyrroles and polythio-
phenes was reported. These groups confer original
physico-chemical properties to the polymer [21—
23]. Therefore, these optically active polymers were
used to prepare chiral electrodes for asymmetric
electrosynthesis, polarization-sensitive electro-opti-
cal devices, polarized photo- and electrolumines-
cent devices and enantioselective sensors [24].
Herein, we present the synthesis and structural char-
acterizations of the isosorbide-containing PPVs; the
thermal, thin film surface, optical and electrochem-
ical properties were investigated.

2. Experimental

2.1. Materials and measurements

The poly (2-hexyloxy-5-methoxy-p-phenyleneviny-
lene) (MH-PPV) was synthesized by using Gilch
condensation. Detailed synthesis procedure can be
found elsewhere [20]. Isosorbide (98%, Acros Organ-
ics, France), 4-toluenesulfonyl chloride (98%, Sigma-
Aldrich, France), 4-methoxyphenol (99%, Acros
Organics, France ), ethyl bromide (98%, Acros
Organics, France), hexyl bromide (98%, Acros
Organics, France), dodecyl bromide (98%, Acros
Organics, France), potassium carbonate (99%, Acros
Organics, France), potassium fert-butoxide (98%,
Acros Organics, France), -butanol (Acros Organics,
France), sodium hydride (60% dispersion in min-
eral oil, Sigma-Aldrich, France), paraformaldehyde
(96%, Acros Organics, France), sodium (Sigma
Aldrich, France) and dimethylformamide (DMF)
(Acros Organics, France) were used as received.
Ethanol was dried over Mg/I, and freshly distilled
before use. All the solvents used in this study were
purchased from Sigma-Aldrich (France). Optical
rotations were measured with Atago Polax-2L digi-
tal polarimeter (Atago, Japan). 'H-NMR and '3C-

NMR spectral data were obtained on a Bruker AV
300 spectrometer (Biospin, Strasbourg, France).
Fourier transform infrared (FTIR) spectra were
acquired on a Perkin-Elmer BX FTIR (Perkin-Elmer,
California, USA) system spectrometer by dispersing
samples in KBr disks. Size exclusion chromatogra-
phy (SEC) was performed on an Agilent Technolo-
gies 1200 HPLC (Agilent, France). The experiment
was done at room temperature using THF as eluent
with standard polystyrene calibration. Thermogravi-
metric analysis (TGA) was carried out on TA Instru-
ments Q50 (TA Instruments, USA) under nitrogen
at a heating rate of 10°C-min~!. DSC was performed
on a Mettler Toledo DSC1(Mettler Toledo, France)
with a heating rate of 10°C-min~!. UV-vis absorp-
tion spectra were recorded on a Cary 300 spectro-
photometer (Agilent, France). Fluorescence spectra
were obtained on a Jobin-Yvon spectrometer HR460
(HORIB, Kyoto, Japan) coupled to a nitrogen-
cooled Si charged-coupled device (CCD). Samples
were excited at 365 nm with a 450 W xenon lamp.
The spectral sensitivity of the measurement system
was calibrated using tungsten standard lamp. The
PL quantum yields were measured in dilute chloro-
form solution according to a relative method using
quinine sulfate (Sigma-Aldrich, France) (107> M
solution of 0.5 H,SOy) [25]. Absorbance of the sam-
ple solutions was kept below 0.05 to avoid inner fil-
ter effect, and measurements were performed at
room temperature using freshly prepared solutions.
Both sample and reference solutions were excited at
the same wavelength (365 nm), and the PL quantum
efficiency of the quinine sulfate solution (®;) was
assumed to be 0.54 [26]. Hence, the PL quantum
efficiency of the sample (®s) can be calculated
using Equation (1):

¢S Ar FS ng
® A W

where A, and F; are the absorbance at the excitation
wavelength and emission integration area for the
reference, A and F are the absorbance and emis-
sion integral for the sample, while ng and n, are the
refractive index of the polymer solution and quinine
sulfate solution, respectively. For solid state optical
measurements, the film was spin-coated onto a
quartz substrate from 50 uL of a chloroform solu-
tion (2:1072 M). The film thicknesses were meas-
ured by a Dektak profilometer (Sloan, USA) and
were about 60 nm. Film thickness was controlled
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by spinning rate to obtain comparable thicknesses
and so similar refractive indices. Thus, the ratio of
PL quantum yields of three film samples can be cal-
culated according to Equation (2):

(I)s_ArFs
_AsFr

d

T

2)

The atomic force microscopy (AFM) analyses of
the polymer coated glass surfaces were carried out
using a Nanoscope III (Digital Instruments, Santa
Barbara, CA) operating in the tapping mode. Contact
angle measurements with three different liquids (DI
water, formamide and diiodomethane) were per-
formed with Digidrop (GBX, France) contact angle
instrument. Every reported contact angle measure-
ment represents an average value of at least three sep-
arated drops on different areas of the given wafer.
The size and volume of the drops were kept constant.
Cyclic voltammetry (CV) was performed on a CHI
660B electrochemical station (CH Instruments Inc.,
USA) in a three-electrode cell and using material
films that were drop-cast onto an indium tin oxide
(ITO/1 cm?) working electrode. The measurements
were carried out at a scanning rate of 50 mV-s™!
against an Ag/AgCl reference electrode, a counter
electrode made with a Platinum wire (1 cm of length)
using 0.1 M tetrabutylammoniumfluoroborate ((n-
Bu)4sNBF,) in acetonitrile as supporting electrolyte.
The electrochemical cell was externally calibrated
by ferrocene under the same conditions as the poly-
mers. The measurements were performed at 25°C,
and the cell was deoxygenated with argon before
each reductive scan.

2.2. Synthesis of the monomers (el-3)

Synthesis of 2,5-O-ditosyl-1,4:3,6-dianhydro-D-
sorbitol (a)

120 mL of 5 M aqueous NaOH was added to 100 mL
of 2 M isosorbide/THF solution. The mixture was
cooled to 5°C. A solution of 4-toluenesulfonyl chlo-
ride (0.38 mol) in 100 mL of THF was added drop-
wise. After 2 h, the mixture was placed in a separat-
ing funnel and the phases were separated. The
aqueous phase was extracted with dichloromethane
(3%50 mL). The organic phases were combined and
washed with water, dried over MgSOy4 and the sol-
vent was evaporated. The product was obtained as a
white solid. M.p: 98°C; yield: 95%; 'H-NMR
(300 MHz, CDCl3, 6): 7.80-7.74 (m, 4H, Ar-H),
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7.36-7.27 (m, 4H, Ar-H), 4.87—4.83 (m, 2H, H,, Hs),
4.61 (m, 1H, H3), 4.46 (d, J= 3 Hz, 1H, Hy), 3.96—
3.80 (m, 3H, H;°, H&, H¢?), 3.65 (m, 1H, H,?), 2.46
(s, 6H, SO,CsH4CH3); *C-NMR (75.5 MHz, CDCls,
d): 144.80, 133.74, 129.90, 127.48, 84.50, 82.8,
83.70, 80.5, 73.30, 71.20, 21.62.

Synthesis of 1,4:3,6-dianhydro-5-[4-
methoxyphenyloxy]-2-O-tosyl-5-deoxy-L-iditol (b)
A mixture of 4-methoxyphenol (10 mmol), potassium
carbonate (10 mmol) and 2,5-O-ditosyl-1,4:3,6-
dianhydro-D-sorbitol (a) (10 mmol) was stirred in
20 mL of DMF at 60°C. After 24 h the reaction mix-
ture was poured into distilled water and extracted
with dichloromethane. The extract was washed with
distilled water, dried over anhydrous MgSO,4 and
concentrated at reduced pressure. The resultant crude
product was purified by recrystallization from chlo-
roform/ethanol (1:5 v/v). The product is obtained as
a white powder. M.p: 91°C; yield: 60%; 'H-NMR
(300 MHz, CDCls, 8): 7.82 (d, J =9.0 Hz, 2H, Ar—H),
7.39 (d, J=9.0 Hz, 2H, Ar-H), 6.83 (s, 4H, Ar-H),
4.94 (d,J =3 Hz, 1H, Hy), 4.74-4.67 (m, 3H, H;, Hy,
Hs), 4.04-3.88 (m, 4H, H;, H;2, Hg?, He?), 3.77 (s,
3H, OCH3), 2.47 (s, 3H, CH3); '*C-NMR (75 MHz,
CDCl;, 6): 152.59, 148.78, 143.53, 128.25, 126.01,
114.60, 112.93, 83.49, 83.41, 81.09, 79.52, 70.67,
70.28, 53.83, 19.86.

Synthesis of 1,4:3,6-dianhydro-5-[4-
methoxyphenyloxy]-5-deoxy-L-iditol (¢)

The 1,4:3,6-dianhydro-5-[4-methoxyphenyloxy]-2-
O-tosyl-5-deoxy-L-iditol (b) (10 mmol) was refluxed
with sodium ethoxide in ethanol (1 M) for 4 h. After
cooling to room temperature, the solution was con-
centrated. The residue was then poured into distilled
water and extracted with dichloromethane. The
organic layer was washed several times with dis-
tilled water and dried over anhydrous MgSQO,. The
product was recuperated as a white powder by pre-
cipitation in petroleum ether. M.p: 82°C; yield 85%;
'H-NMR (300 MHz, CDCl3, §): 6.90-6.82 (m, 4H,
Ar-H),4.78 (d, ] =3.9 Hz, 1H, Hs), 4.71 (m, 1H, Hy),
4.62 (d,J=3.6 Hz, 1H, H3), 4.36 (m, 1H, H), 4.05—
3.89 (m, 4H, H,?, H,°, He?, HqP), 3.77 (s, 3H, OCH3),
2.5 (s, 1H, OH); 3C-NMR (75 MHz, CDCls, §):
154.33, 150.92, 116.48, 114.80, 87.88, 85.12, 81.73,
75.92, 74.49, 72.29, 55.71; FTIR (cm™): 3400 (w,
C—H, stretching).
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Synthesis of the 1,4:3,6-dianhydro-2-O-alkyl-5-[4-
methoxyphenyloxy]-5-deoxy-L-iditols (d1-3)

A solution of 1,4:3,6-dianhydro-5-[4-methoxypheny-
loxy]-5-deoxy-L-iditol (¢) (10 mmol) in 10 mL of
dry DMF was added dropwise under argon to a sus-
pension of NaH (15 mmol) of a 60% dispersion in
mineral oil; washed with hexane) in 10 mL of dry
DMF. After stirring for 30 minutes at 0°C, a 12 mmol
of alkyl bromide was added. The reaction mixture
was stirred for 24 h at room temperature. The result-
ing mixture was then poured into distilled water and
extracted with dichloromethane. The organic layer
was washed several times with distilled water, then
dried over anhydrous MgSQO4 and evaporated. The
resultant crude product was purified by column
chromatography with cyclohexane/ethyl acetate
(90:10: v/v).

d1: R = ethyl; aspect: colorless oil; yield: 89%;
"H-NMR (300 MHz, DMSO, §): 6.90-6.88 (m, 4H,
Ar-H), 4.73 (m, 1H, Hs), 4.58 (d, ] = 6 Hz, 1H, Hy),
4.51 (d,J=6 Hz, 1H, H3), 3.95-3.78 (m, SH, H,, H}?,
H;’, Hg?*, Heb), 3.70 (s, 3H, OCH3), 3.53 (m, 2H,
—~OCH,), 1.12 (t, J= 6 Hz, 3H, CH3); '3*C-NMR
(75 MHz, DMSO, 6): 153.83, 150.54, 116.47, 114.71,
85.18, 84.86, 82.63, 81.39, 71.57, 71.28, 64.006,
55.29, 15.11.

d2: R = hexyl; aspect colorless oil; yield: 85%.
"H-NMR (300 MHz, CDCl;, §): 6.91-6.83 (m, 4H,
Ar-H), 4.72-4.67 (m, 3H, Hj, Hy, Hs), 4.03-3.90
(m, SH, H%, H,®, Hg?, Hg, H,), 3.78 (s, 3H, OCH3),
3.52(td, *J =3 Hz, 3] =9 Hz, 2H, -OCH,), 1.63 (m,
2H, OCH,-CH,-CH;), 1.36-1.30 (m, 6H,
—(CH,);—CH3), 0.92 (t, ] = 7.8 Hz, 3H, —-CH3); *C-
NMR (75 MHz, CDCls, §): 154.56, 151.29, 116.64,
115, 85.98, 85.56, 83.68, 82.06, 72.62, 72.39,
70.12, 55.89, 31.80, 29.90, 25.93, 22.76, 14.19.

d3: R = dodecyl; aspect: white solid. M.p.: 41°C;
yield: 75%; 'H-NMR (300 MHz, CDCl;, §): 6.91—
6.83 (m, 4H, Ar-H), 4.72-4.67 (m, 3H, Hs, H4, Hs),
4.03-3.91 (m, 5H, H?, H,’, H¢* Hg®, Hy), 3.78 (s,
3H, OCH3), 3.54 (td, *J= 5.4 Hz, 3] = 9 Hz, 2H,
OCH,), 1.57 (m, 2H, OCH,—CH; ), 1.27 (m, 18H,
—~(CHy)9—CH3), 0.92 (t, ] = 6 Hz, 3H, CH3); '3 C-NMR
(75 MHz, CDCl;, 6): 153.85, 150.58, 115.94, 114.31,
85.27, 84.85, 82.98, 81.35, 71.94, 71.70, 69.45,
55.20, 31.40, 29.24, 29.13, 29.11, 29.08, 29.05,
28.91, 28.83, 25.57,22.17, 13.59.

Synthesis of the dichloromethyl aromatic
derivatives (el-3)

A mixture of the corresponding 1,4:3,6-dianhydro-
2-0-alkyl-5-[4-methoxyphenyloxy]-5-deoxy-L-idi-
tols (d1-3) (10 mmol), paraformaldehyde (15 mmol)
and 37% aqueous HCI (16 mmol) in acetic acid was
stirred at 60°C. The progress of the reaction was
monitored by TLC (R = ethyl, hexyl or dodecyl; elu-
ent: cyclohexane/acetate 6/1 v/v). The resulting mix-
ture was then poured into distilled water and
extracted with dichloromethane. The organic layer
was washed several times with distilled water, then
dried over anhydrous MgSQ,4 and concentrated at
reduced pressure. The resultant crude product was
purified by recrystallization from an appropriate
solvent.

el: R = ethyl; recrystallization from dichloro-
methane/ethanol (1:5 v/v); aspect: white solid; yield:
85%; m.p.: 98°C; [a]p = 42.5° (2, CHCl3); 'H-NMR
(300 MHz, CDCl3, 6): 7.01 (s, 1H, Ar-H), 6.94 (s,
1H, Ar—H), 4.82 (m, 1H, Hs), 4.76-4.72 (m, 2H, Hs,
Ha), 4.67-4.57 (m, 4H, CH,—Cl), 4.05-3.88 (mm, 8H,
H,2 H;° H¢*, He®, Hy, OCH3), 3.53 (m, 2H, OCH,),
1.25 (t, J = 6.9 Hz, 3H, CH3); *C-NMR (75 MHz,
CDCls, 9): 151.82, 148.37, 127.96, 127.17, 115.55,
113.45, 85.85, 85.25, 83.26, 82.23, 72.51, 72.06,
65.18,56.21,41.06,41.02, 15.28; FTIR (cm™): 670
(s, C—Cl stretching).

e2: R = hexyl; recrystallization from dichloro-
methane/ethanol (1:5 v/v); aspect: white solid; yield:
80%; m.p.: 70°C; [a]p = 47.5° (2, CHCls); 'TH-NMR
(300 MHz, CDCl3, 6): 7.01 (s, 1H, Ar-H), 6.94 (s,
1H, Ar—H), 4.81 (m, 1H, Hs), 4.75-4.71 (m, 2H, Hj,
Ha), 4.63 (s, 4H, CH,—Cl), 4.08-3.87 (m, 8H, H/?,
H;% H¢?, Heb, Hy, OCH3), 3.55 (td, “J = 5.4 Hz, 3] =
8.7 Hz, 2H, OCH,), 1.60 (m, 2H, OCH,—CH,—CHy),
1.39-1.30 (m, 6H, -(CH;);—CH3), 0.91 (t, J = 7.8 Hz,
3H, -CH3); 3C-NMR (75 MHz, CDCls, §): 152.02,
148.59, 128.18, 127.38, 115.79, 113.66, 86.05, 85.47,
83.63, 82.49, 72.71, 72.26, 70.18, 56.41, 41.23,
31.80,29.90, 25.93,22.76, 14.19; FTIR (cm™): 672
(s, C—Cl stretching).

€3: R = dodecyl; recrystallization from chloroform/
ethanol (1:5 v/v); aspect: white solid; yield: 75%; mp:
86°C; [a]p = 49° (2, CHCI3); 'H-NMR (300 MHz,
CDCls, 9): 7.01 (s, 1H, Ar-H), 6.94 (s, 1H, Ar—H),
4.82 (m, 1H, Hs), 4.73—4.71 (m, 2H, Hj, Hy), 4.64 (s,
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4H, -CH,Cl), 4.06-3.91 (m, 5H, H;? H;°, H¢?, H¢,
H,), 3.88 (s, 3H, OCH3), 3.54 (td, *J = 5.4 Hz, 3] =
8.7 Hz, 2H, OCH,), 1.57 (m, 2H, OCH,~CH,—CH,),
1.27 (m, 18H, ~(CH,)o—CH3), 0.92 (t, J = 6 Hz, 3H,
CH3); 3C-NMR (75.5 MHz, CDCl;, §): 151.83,
148.39, 127.98, 127.18, 115.58, 113.44, 85.86, 85.27,
83.42, 82.28, 72.51, 72.06, 70, 56.21, 41.05, 41.01,
31.90, 29.74, 29.63, 29.61, 29.58, 29.55, 29.42,
29.33,26.07,22.67,14.09; FTIR (cm™): 671 (s, C-Cl
stretching).

2.3. Synthesis of the polymers (P1-3)

The corresponding dichloromethyl derivative (el-3)
(5 mmol) was dissolved in DMF (50 mL) under
argon at room temperature. To the obtained solution
was slowly added 27 mL of potassium ferz-butoxide
(0.75 M, in t-butanol). After 40 h, a second fraction
(13.5 mL) of the base was gradually added while
heating to 100°C. After 10 h, the resulting reaction
mixture was cooled and 50 mL of methanol was
added. The obtained precipitate was then filtered
and dried under vacuum. Further purification of the
polymer was carried out by two precipitations in
methanol from chloroform solution.

P1: R = ethyl; aspect: red powder; yield: 50%; [a]p =
~2850° (0.23, CHCl3); 'TH-NMR (300 MHz, CDCl;,
8): 7.47-6.69 (m, aromatic and vinylic H), 4.9 (m,
Hs, Hy, H3), 4.15-3.97 (m, H;?, H,°, H¢*, He", Ho,
OCHj3), 3.59 (m, OCH3), 1.23 (m, CH3); '*C-NMR
(75.5 MHz, CDCls, 6): 152.36, 148.93, 127.42,
124.20, 123.47, 112.98, 109.23, 85.95, 85.66, 83.45,
77,72.45,71.93, 65.13, 56.32, 15.31; FTIR (cm™):
3062 (w, aromatic and vinylic C—H stretching), 2938,
2867 (w, aliphatic C—H stretching), 1650, 1560, 1505
(m, C=C stretching), 1243, 1198 (s, C—-O—C asym-
metric stretching), 1070 (m, C—O—C symmetric
stretching), 962 (m, E~HC=CH out-of-plane bend-
ing), 790 (s, aromatic C—H out-of-plane bending).
P2: R =hexyl; aspect: red powder; yield: 51%; [a]p =
-3000° (0.15, CHCl3); 'TH-NMR (300 MHz, CDCl;,
0): 7.47-7.17(m, aromatic and vinylic H), 4.89 (m,
Hs, Hy, H3), 4.15-3.96 (m, H;?, H,®, H¢?*, H", Ho,
OCH3j), 3.54-3.50 (m, OCH;), 1.58-1.31 (m,
—(CH,)3—CH,), 0.9 (m, CH3); 3C-NMR (75.5 MHz,
CDCls, 0): 152.46, 149, 123.97, 85.93, 85.67, 83.62,
77.42, 72.43, 71.98, 69.94, 56.28, 31.91, 29.76,
25.75,22.67,14.18; FTIR (cm™): 3061 (w, aromatic
and vinylic C—H stretching), 2920, 2856 (w, aliphatic
C—H stretching), 1510, 1467, 1412 (m, C=C stretch-
ing), 1254, 1205 (s, C—O—C asymmetric stretching),

1093 (m, C—O-C symmetric stretching), 964 (m,
E-HC=CH out-of-plane bending), 783 (s, aromatic
C—H out-of-plane bending).

P3: R = dodecyl; aspect: red powder; yield: 55%;
[a]p = —3500° (0.12, CHCI3); 'H-NMR (300 MHz,
CDCls, 9): 7.39-7.07 (m, aromatic and vinylic H),
4.81 (m, Hs, Hy, H3), 3.97-3.9 (m, H,?, H,®, H¢?, H,
H,, OCHj3), 3.49-3.42 (m, OCH), 1.53-1.09 (m,
(CHy)10), 0.81-0.76 (m, CH3); 3C-NMR (75.5 MHz,
CDCls, 9): 152.36, 148.78, 123.57, 113.02, 109.02,
85.95, 85.59, 83.63, 76.57, 72.43, 72, 69.95, 56.27,
31.90, 29.78, 29.62, 29.47, 29.33, 26.09, 22.67,
14.09; FTIR (cm™): 3061 (w, aromatic and vinylic
C—H stretching), 2920, 2856 (w, aliphatic C—H
stretching), 1595, 1510, 1460 (m, C=C stretching),
1254, 1205 (s, C—O—C asymmetric stretching), 1084
(m, C-O-C symmetric stretching), 964 (m,
E—CH=CH out-of-plane bending), 783 (s, aromatic
C-H out-of-plane bending).

2.4. Fabrication and characterization of the
diodes

Single-layer devices were elaborated as sandwich
structures between an aluminium (Al) cathode and
an indium tin oxide (ITO) (ITO-thickness of
100 nm, sheet resistance of 20 )/square) anode.
Polymer solution (2:1072 M in chloroform) was
spin-cast (2500 rpm) onto ITO glass to obtain a film
about 60 nm thick after annealing at 40°C for 1 h. A
thin aluminium layer (150 nm) was deposited by
thermal evaporation at 3-107° Torr. The current-
voltage (I-V) characteristics of the devices were
recorded with a Keithley 236 source meter (Keith-
ley, Les Ulis, France).

3. Results and discussion

3.1. Synthesis and characterization

New isosorbide-containing chiral monomers (e1-3)
were synthesized following a five-step pathway
(Figure 1). The 2,5-O-ditosyl-1,4:3,6-dianhydro-D-
sorbitol (a) was prepared in THF/aqueous NaOH
two-phase system, according a previously described
procedure [27]. The tosylated isosorbide was treated
with methoxyphenol in sodium carbonate/DMF
system; thereby, a selective endo-monoalkylated
isosorbide derivative (b) was obtained. Indeed, the
exo position reactivity is limited by the steric hin-
drance effect [28]. The deprotection of the isosor-
bide exo hydroxyl group was carried out by sodium
ethoxide in ethanol [29]. The obtained derivative
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Figure 1. Synthetic route to the monomers and the polymers and macromolecular structure of MH-PPV

(¢) was then O-alkylated with different aliphatic
chain: ethyl, hexyl and dodecyl. The aromatic
group of the isosorbide diethers (d1-3) was chloro-
methylated using the HCl/paraformaldehyde/acetic
acid system [30] to obtain the corresponding isosor-
bide-containing monomers (el-3). The PPV poly-
mers (P1-3) were synthesized via the Gilch poly-
condensation of these aromatic dichloromethyl
derivatives in DMF and using tert-butoxide as the
basic condensing agent [20] (Figure 1). The PPV
derivatives are optically active with a specific opti-
cal rotation ([a]p) of —2850, —3000 and —3500° for
P1, P2 and P3, respectively. The polymers were
found to have good solubility in common organic
solvents such as chloroform, dichloromethane, THF
and toluene. The macromolecular structures were
confirmed by NMR and FTIR spectroscopic analy-
ses. The 'H-NMR spectra (Figure 2) show a broad
peak between 7.4 and 7.1 ppm, wich was assigned
to the aromatic and vinylic protons. The CH;O,
CH30 groups and dianhydro protons appear at the
4.9-3.3 ppm range and the aliphatic groups give

rise to a multiplet between 1.6 and 1.1 ppm. For all
polymers, the IR spectra (Figure 3) reveal an absorp-
tion band centered at 960 cm™' which is assigned to
the out-of-plane vibration of the E-vinylene groups.
The Z-vinylene characteristic band (about 860 cm™)
[19, 31] was not observed, indicating a dominant £
configuration. The number-average molecular
weights (M,) were in the range of 16 000—
21 000 g'mol™" and the polydispersity indices (Z,)
were between 2.6 and 2.9, as determined by SEC
analysis (Table 1). The thermal properties of P1-3
were investigated by thermogravimetric (TGA) and
differential scanning calorimetry (DSC) under ambi-
ent atmospheric conditions. The thermograms indi-
cate that the polymers begin to degrade at about
320°C, losing less than 5% of their weight (Figure 4).
The major degradation takes place at 375°C; this
process corresponds to the decomposition of the
side-groups. The P1-3 showed improved thermal
stability, in comparison with the PPV derivatives
containing aliphatic side-chains, which decompose
below 300°C [32]. This behavior is due to the incor-
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Figure 2. "H-NMR spectra of P1-3

Table 1. SEC characterizations poration of the rigid and polar isosorbide units in
Polymer M,® M,® 1,© DP,@ the side-chain. The DSC results indicate a glass
P1 16 420 47770 2.91 54 transition temperature (7;) about 75°C for P1, 50°C
P2 21240 36290 2.65 9 for P2 and 100°C for P3. No melting or other ther-

P3 17 760 46 530 2.62 40 .
mal events were observed, which suggested that the

@number average molecular weight; ®weight average molecular
weight; ©)polydispersity indices; @Pnumber average degree of
polymerization.

polymers were completely amorphous.
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Table 2. Surface characteristics of untreated and P1-3

treated glass
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Figure 4. TGA thermograms of P1-3 (under nitrogen; heat-
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ing rate:10°C-min™")

3.2. Thin-film surface properties

Polymer films on a glass substrate were prepared
and characterized by atomic force microscopy
(AFM) (Figure 5). The results show a smooth sur-
face with a root-mean-square (RMS) of 2.5 nm for
the dodecyloxy-containing polymer (P3). The surface
roughness increases with decreasing side chain-

Table 3. Optical data for P1-3

e Y [ v
Glass surface 2.0 47.8 19.5 36.7 56.1
P1 0.7 44.6 11.2 42.1 53.6
P2 1.0 26.6 10.3 47.6 57.7
P3 1.8 45.0 18.0 34.1 52.1
AB _

y": acid energy component; y: basic energy component ; y
2(y"y)"2: polar energy; y*V: apolar energy; yS = yAB +yIV: sur-
face energy.

length: RMS values of 4.3 and 7.1 nm were found
for P2 and P1, respectively. The thin films were
also investigated by contact angle measurements,
which provide a convenient way to characterize the
surface polarity and reflect its functionality [33].
The van Oss-Chaudhury-Good model was exploited,
using three test liquids (water, diiodomethane and
formamide) [34].

For all polymers, the basic energy component out-
weighs the acidic aspect, which is due to the pres-
ence of oxygen-rich isosorbide units. However,
higher polar energy was obtained in the case of P3
film, indicating a higher isosorbide density in its
surface (Table 2).

3.3. Optical properties

The optical absorption and photoluminescence (PL)
properties of the polymers were investigated both
for chloroform solutions and thin solid films. The
concentrations of the chloroform solutions were
fixed at 5107 M in absorption and 2-10~" M and in
PL. Uniform polymer films were prepared on quartz
plates by spin-coating from chloroform solution at
room temperature. The absorption and emission
data for the polymers are summarized in Table 3.

Dilute solution in chloroform
Absorption Photoluminescence
)"max Emax FWHM(b) ;"onset )‘fmax FWHM(b) [0)) (c)
[nm)] [10+M-cm™) [nm] [nm] [nm] [nm] f
P1 480 2.38 97 544 543; 582® 67 0.51
P2 480 1.93 96 542 540; 583® 69 0.75
P3 470 1.93 109 542 543; 582® 70 0.73
Thin film
Absorption Photoluminescence
Amax FWHM® Amax FWHM® .
[nm] s [nm] fnm] I
P1 485 585 136 634 113 1.0
P2 488 593 161 652; 699 115 1.3
P3 479 585 138 671; 697@ 116 1.2

@Shoulder, ®Spectrum full width at half maximum, “PL quantum yields
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Figure 5. AFM images of [glass/polymer] layers

The absorption and PL spectra of P1-3 solutions are
illustrated in Figure 6. The UV-vis spectra show a
similar form with a maximum absorption at 480 nm
for P1 and P2 and at 470 nm for P3. The different
behaviors can be explained by the change in the envi-
ronment surrounding the PPV conjugate systems.
Indeed, because P3 has relatively long dodecyloxy
side-chains, the environment of the m-conjugate sys-
tem is less polar, therefore, its UV-vis absorption is
blue-shifted compared to P1 and P2. On the other

P1/glass

P2/glass

P3/glass

hand, the spectra of the polymer solutions show the
same absorption onset, indicating no effect of the
side-group size on the effective conjugation length.
The comparison of P3 with the previously reported
PPV derivative containing dodecyloxy side-chain
[20] indicates a slight hypsochromic effect (~10 nm).
Such behavior is probably due to the steric hin-
drance of the isosorbide groups, which decrease the
planarity of the conjugated system, therefore, reduce
the effective conjugation length. The polymer solu-
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Figure 6. UV-vis absorption and PL spectra of polymers in
chloroform (5-1073 M in absorption and 2:10~" M
in PL)

tions exhibit a yellow fluorescence with a main
emission band at 540 nm and a shoulder around
580 nm. Such vibrational structure is characteristic
of the PPV system and is attributed to a coupling of
the phenylene ring stretching modes with the n—m*
electronic transitions [35]. The fluorescence quan-
tum efficiencies of the isosorbide-based polymers
were determined in dilute chloroform by a relative
method using quinine sulfate as standard [26]. The
obtained values are 51, 75 and 73% for P1, P2 and
P3, respectively. The polymer P2 exhibits a signifi-
cantly enhanced PL intensity in comparison with its
isosorbide-free analogue MH-PPV (Figure 1), which
shows a PL efficiency of 36%. This behavior can be
attributed to the presence of the isosorbide moi-
eties, which increase the rigidity of the macromole-
cular architecture. Besides, these polar groups may
generate Keesom-type intramolecular interactions,
which block the conformational changes. Hence,
the available vibrational and rotational degrees of
freedom were reduced and the loss of PL by such
processes was considerably limited [36, 37].

The absorption and PL spectra of a solid film of P1-3
are displayed in Figure 7. The polymer films pres-
ent qualitatively the same absorption form as the
corresponding solutions. Nevertheless, the spectra
are broader and the absorption onsets significantly
red-shifted. In fact, similar behavior is generally
observed in m-conjugated polymers, and is attrib-
uted to the n-7 interaction of the conjugated sys-
tems, hence, aggregate formation in the solid state
[38]. The optical band gaps (Eg.op) estimated from
the absorption onsets of the polymer films are 2.12,
2.09 and 2.12 eV for P1, P2 and P3, respectively.

—P1 |
—P2
P3

104 'Absbrp'tioh " Fluorescence
0.84
0.6
0.44

0.2 1

MNormalized UV-Vis absorbance
Normalized PL intensity [a.u.]

0.04

v 1 1 M T v 1 M T M T N T M T v T N
350 400 450 500 550 600 650 700 750 800 850
Wavelenght [nm]

Figure 7. UV-vis absorption and PL spectra of polymers in
thin films (60 nm)

The PL spectra of the polymer films show an
orange emission with similar features (Figure 7). In
comparison with solution state, broader and red-
shifted spectra were obtained (Table 3), as result of
excimer formation [39]. However, the red-shift value
increases from P1 to P3, suggesting a higher inter-
chain interaction in the P3 film. This red-shift order
is opposite to that obtained in our previously study
of the isosorbide-free analogues of P1-3 [20]. The
difference can be explained by a more regular
supramolecular organization in P1-3, as described
in Figure 8 for the P2 comparing with MH-PPV.
According to these suggested arrangements of the
PPV systems, the interactions between the conju-
gated sequences were limited by the aliphatic side-

g
o) Limited m—m interaction
between PPV system
0
0
0

P2
e -7 interaction
. Pl N between PPV system

0
a Keesom interaction
S between isosorbide groups
o}

Figure 8. Suggested supramolecular organization of the
PPV systems in P2 and MH-PPV
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Figure 9. PL decay P1-3 films upon irradiation at 480 nm

chain in MH-PPV. Conversely, in P2 film, the pres-
ence of the polar isosorbide groups improves the
inter-chain stacking by the Keesom interaction and
changes consequently the probable arrangement of
the PPV backbone. In thin solid film, under the
identical conditions, the P2 shows the higher PL
quantum yield as supported by the ratios of the
polymer PL yields cited in Table 3. The Photo-
bleaching of polymer films was examined under
excitation at 480 nm. For all polymers, the emission
spectra show no change in shape during irradiation
for 40 nm. However, the fluorescence intensity
decreases with time as presented in Figure 9. The
results show that dodecyloxy containing polymer
(P3) has the higher photo-oxidative stability.

3.4. Electrochemical and electrical
characterization

Cyclic voltammetry (CV) was employed to investi-
gate the redox behavior of the materials and to esti-
mate their HOMO (Highest Occupied Molecular
Orbital) and LUMO (Lowest Unoccupied Molecu-
lar Orbital) energy levels. Knowledge of these energy
levels is of crucial importance to the selection of
cathode and anode materials for OLED devices
[40]. The use of CV analysis is reliable, as the elec-
trochemical processes are similar to those involved
in charge injection and transport processes in
OLEDs [41]. The organic films were drop-coated
onto an ITO glass substrate and scanned both posi-
tively and negatively in (n-Bu)4NBF4/acetonitrile.
The cyclic voltammograms obtained are shown in
Figure 10.

According to an empirical method [42] and by assum-
ing that the energy level of the ferrocene/ferroce-

1.4:10°
1.2:10-34
1.0-107
8.0-10+
6.0-10
4.0-10
2.0:10-4
0.0-10
-2.0-104
—4.0-10~
-6.0-10
—8.0-10
-1.0-10*
-1.2:10-34
T T T T T T T T T T T
-25-20-15-10-05 00 05 10 15 20 25

Current [a.u.]

Potential vs. Ag/AgCI

Figure 10. Cyclic voltammograms for polymer films coated
onto ITO electrode (in 0.1 M (n-Bu)4NBF4/ace-
tonitrile; scan rate: 50 mV-s!)

nium couple is 4.8 V below the vacuum level, the
HOMO energy level (Egomo), LUMO energy level
(ELumo) and the electrochemical gap (Eg.c1) can be
calculated as shown by Equations (3)—(5):

Enomo(IP, ionization potential) =
_( Vonset-ox — VFOC + 48) eV (3)

Evumo(EA, electron affinity) =
_( Vonset—red - VFOC + 48) eV (4)

Ege1 = (ELumo — Enomo) €V (5)

where Vioc is the ferrocene half-wave potential
(0.92 V), Vonset-ox the polymer oxidation onset and
Vonset-red the polymer reduction onset, all measured
versus Ag/AgCl. Accompanying the doping process,
there was an obvious color change in the polymer
film, i.e. orange in the neutral state and dark brown
in the doped state, but no obvious reversible doping
and dedoping process was observed. The HOMO
and LUMO energy levels were estimated to be
4.27-4.97 and 2.46-2.54 eV, respectively. The elec-
trochemical data-based energy diagram of polymers
is presented in Figure 11. Analysis of the energy lev-
els of the three polymers shows comparable electron
affinities. However, the ionization potential increases
with the side-chain length. The poly (2-hexyloxy-5-
methoxy-p-phenylene vinylene) (MH-PPV) was
used to compare the energy levels of HOMO and
LUMO with that of its analogue with isosorbide
group in side chain. It indicates that the HOMO
level of P2 is 0.2 eV higher in energy than that
MH-PPV. Further, both polymers exhibit almost
identical electronic affinities; hence, it showed a
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lower electrochemical gap. Three single-layer
devices with the [ITO/polymer/Al] configuration
were fabricated to investigate the current-voltage
(I-V) characteristics of the isosorbide-PPV deriva-
tives. As shown in Figure 12, the I-V curves indi-
cate typical diode behavior with relatively low turn-
on voltages of 3.41, 3.11 and 3.46 V for P1, P2 and
P3, respectively.

4. Conclusions

We have synthesized and investigated a series of
semi-conducting isosorbide-PPVs: various side-
chains were attached to the PPV system (ethyloxy:
P1, hexyloxy: P2 and dodecyloxy: P3). The poly-
mers are prepared by Gilch polycondensation of
chiral monomers. The synthesized polymers are
optically active; they have good solubility and ther-
mal stability going up to 320°C. The best homo-
geneity and the highest polarity were obtained for
the P3 film. The optical band gaps of the polymer
thin films are around 2.1 eV. The polymer solutions
exhibit a yellow fluorescence (540 nm) with rela-
tively narrow emission spectra. The fluorescence
quantum efficiencies of the isosorbide-containing
polymers were determined in dilute solution and
were 51, 75 and 73% for P1, P2 and P3, respec-
tively. The I-V characteristics of the devices with
an ITO/polymer/Al configuration demonstrate typi-
cal diode behavior with relatively low turn-on volt-
ages.
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Abstract. Epoxy nanocomposites with commercial carbon nanotubes (CNT) or graphene (GN) have been prepared using
phosphonium ionic liquid [trihexyltetradecylphosphonium bis(2,4,4-trimethylpentyl) phosphinate, IL-f]. IL-f served simul-
taneously as nanofiller dispersing medium and epoxy resin catalytic curing agent. An influence of IL-f/epoxy weight ratio
(3, 6 and 9/100, phr), carbon nanofiller type and content on viscosity of epoxy compositions during storage at ambient tem-
perature was evaluated. Curing process was controlled for neat and CNT or GN modified epoxy compositions (0.25—
1.0 wt% load) using differential scanning calorimetry and rheometry. Epoxy nanocomposites exhibited slightly increased
glass transition temperature values (146 to 149°C) whereas tan 6 and storage modulus decreased (0.30 to 0.27 and 2087 to
1070 MPa, respectively) as compared to reference material. Crosslink density regularly decreased for composites with
increasing CNT content (11 094 to 7020 mol/m?). Electrical volume resistivity of the nanocomposites was improved in case
of CNT to 4-10' Q-m and GN to 2-10° Q-m (nanofiller content 1 wt%). Flame retardancy was found for modified epoxy
materials with as low GN and phosphorus content as 0.25 and 0.7 wt%, respectively (increase of limiting oxygen index to

26.5%).

Keywords: nanocomposites, epoxy resin, ionic liquid, carbon nanofillers

1. Introduction

Ionic liquids (ILs) have been applied as sole cross-
linkers for epoxy resin [1-5] or admixtures for epoxy
systems cured with conventional hardeners that
allowed to modify the properties of the final epoxy
materials [3, 6-8]. ILs have been used together with
polyamine or anhydride hardeners in order to mod-
ify epoxy curing process as well as materials glass
transition temperature [7, 8], lubrication [6], or to
improve (nano)filler dispersion [9—-11].

The epoxy compositions with the most often used
1-alkyl-3-methylimidazolium ILs exhibited pot life
at ambient temperature: 50-60 days where counteran-
ions were chloride or tetrafluoroborate (3 wt parts/
100 wt parts of epoxy resin, 3 phr) [4, 12]. That
parameter was shortened to 30 days when 1-butyl-
3-methylimidazolium (BMIM) with dicyanamide

*Corresponding author, e-mail: Tadeusz.Spychaj@zut.edu.pl
© BME-PT

anion [2] or even to 3 days when BMIM with thio-
cyanate anion [5] was used (at 3 phr). Phosphonium
ILs have also been tested as epoxy crosslinking
agents by Soares et al. [6] and Silva et al. [13]. It has
been found that aliphatic phosphonium IL [trihexyl-
tetradecylphosphonium bis(2,4,4-trimethylpentyl)
phosphinate, IL-f] allowed to obtain epoxy materials
with good thermomechanical properties and high
thermal stability [13]. Glass transition temperatures
of the epoxy materials crosslinked solely with ILs
were often above 150°C [2, 4, 5, 13].

The important advantages of applying ILs for liquid
epoxy resin catalytic curing are their low loadings
(typically 3-9 phr) as well as fast and easy miscibil-
ity with other liquid components resulting in tech-
nological feasibility [5]. However, there is another
advantage of ILs, i.e. ability to disperse carbon
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nanofillers before or during their introduction into
epoxy systems [9, 11, 14].

Nanocomposite materials with epoxy resin matrix
including those modified with carbon nanofillers
are widely applied as adhesives, encapsulants, and
coatings in various areas of industry. An incorpora-
tion of carbon nanostructures, especially carbon
nanotubes (CNT) and graphene (GN) into epoxy
material is a great challenge. Successful enhance-
ment of mechanical and electrical properties could
be reached only when the nanofiller was well dis-
persed within polymer matrix. It makes possible to
minimize carbon nanofiller content necessary to
obtain electrical percolation. Generally, CNTs and
GN have tendencies to form heavily entangled or
agglomerated structures, respectively. It was found
that using room temperature ILs was one of the
effective approaches of dispersing carbon nano-
fillers [15-17].

Guo et al. [9] and Hameed et al. [11] applied imida-
zolium ILs as dispersing media for expanded graphite
(EG) and multiwalled CNT (MWCNT) introduced
subsequently into epoxy resins [curing agents were
polyoxypropylene diamine (Jeffamine D230) or
4,4'-methylenedianiline, respectively]. EG was
ground with IL (BMIM hexafluorophosphate) and
mixed with epoxy resin under stirring [9]. MWCNT
suspension in epoxy resin containing [BMIM] tetra-
fluoroborate was prepared by sonication and mechan-
ical stirring [11].

In one of the recent works [5] GN (0.25-1.0 wt%)
has been mixed with deep eutectic ionic solvent
(based on choline chloride and trihydroxymethyl-
propane), then sonicated and afterwards simply
mixed with epoxy resin containing BMIM thio-
cyanate. The term ‘deep eutectic solvents’ (DESs)
describes mixtures of some cationic compound,
typically ammonium halogenate (e.g. choline chlo-
ride) and polar compound bearing -OH, -COOH or
—CONH; moieties able to form hydrogen bonds
with anion of the former. DESs exhibit substantially
lower melting point (usually below 100°C) than any
of the components [18]. DESs share many ILs char-
acteristics, however are inexpensive, easy to pre-
pare, nontoxic and often biodegradable. These fea-
tures allow them to play multiple roles in polymers
and related materials [19].

Throckmorton et al. [14] used GN or single walled
CNT (SWCNT) to obtain paste in IL (1-ethyl-3-
methylimidazolium dicyanamide, EMIM). They

used 3-roll mill with regulated rollers rotation, the
number of repeated mixing cycles and constant gap
between rollers (20 pm). Cured EMIM/epoxy resin
materials (with high IL content 17.6 phr) exhibited
very low electrical network percolations; 1.7-1072
and 8.6-107 vol% for GN and SWCNT, respec-
tively.

In literature more tedious methodology of epoxy
resin/CNT/ionic liquid nanocomposite manufactur-
ing was also reported [20, 21]. Wang and Guo group
applied imidazolium IL chemically functionalized
CNT for epoxy nanocomposites preparation. Multi-
step procedure was used: (i) sulfoxylation of
—COOH groups present at CNT surface defects
with SOCl,, (ii) reaction of formed acid chloride
moieties with —-NH; groups of 3-aminopropylimida-
zole, (iii) introduction of epoxy groups on imidazole
ring with simultaneous quaternization of nitrogen
atom (thus creating imidazolium ionic liquid struc-
ture) as a result of reaction with epichlorohydrin,
(iv) preparation of CNT-IL/curing agent solvent dis-
persion (aromatic diamine, EpiCure W, was used as
a hardener) by sonication (4 h/room temperature +
3 h/60°C), (v) addition of epoxy resin into the CNT-
IL/curing agent solvent dispersion; shear mixing
(0.5 h/80°C) and additional sonication (0.5 h/80°C),
(vi) degassing and curing (4 h/120°C). The final
nanocomposite materials exhibited electrical con-
ductivity 8.4-107° S/cm (1 wt% CNT-IL loading)
and tensile strength increased ca. 36% (0.5 wt%
CNT-IL) [21].

Considering the studies mentioned above continua-
tion of research on application of other ILs in con-
junction with carbon nanofillers to develop high
performance epoxy resin nanocomposites is reason-
able. In this work, the epoxy resin/IL systems with
the mentioned phosphonium IL-f and CNT or GN
content were investigated with the aim of obtaining
nanocomposite epoxy materials with improved
thermomechanical, electrical as well as flame retar-
dancy features.

2. Experimental

2.1. Materials

Epoxy resin: bisphenol A-based low molecular
weight Epidian 6 (E6); epoxy equivalent 185 g, (vis-
cosity 18 000 mPa-s at 23°C), Organika Sarzyna,
Poland was used. Trihexyltetradecylphosphonium
bis(2,4,4-trimethylpentyl)phosphinate (>95%,
Sigma-Aldrich) was used as curing agent for epoxy
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resin and as a medium for carbon nanofiller dispers-
ing. Two different types of carbon nanoparticles
were applied: (i) graphene obtained by vapor depo-
sition technology with specific surface >750 m?/g,
layer thickness <2 nm, particle diameter <0.1 pum,
carbon layer number <3 (Graphene Technologies,
USA), and (ii) multiwall nanotubes, Nanocyl
NC7000, with specific surface 250-300 m?/g, aver-
age length 1.5 um, average diameter 9.5 nm, carbon
content 90 wt% (Nanocyl, Belgium).

2.2. Preparation of carbon dispersions and
epoxy compositions

The neat epoxy compositions were obtained by
mixing of epoxy resin with IL-f at ambient temper-
ature. The IL-f content was 3, 6 and 9 wt parts/
100 wt parts epoxy resin.

The carbon nanofillers were introduced into the
epoxy compositions in two different ways. GN in
the amount of 0.25, 0.5 or 1.0 wt% (relation to
epoxy resin) was added into IL-f and then homoge-
nized by sonication (2 h, amplitude 50%, frequency
50 Hz, UP 200S, Hielscher GmbH, Germany). Sub-
sequently, GN dispersion in IL-f was manually
mixed with epoxy resin for 10 min. CNTs (0.25, 0.5
or 1.0 wt% in relation to epoxy resin) were dis-
persed in epoxy resin by ultrasonication for 2 h.
Next, IL-f was added into the epoxy composition
and the systems mixed manually for 10 min. Con-
stant amount of IL-f (9 phr) was adjusted in all
epoxy compositions with carbon nanofillers. Even-
tually, the epoxy compositions were cured in teflon
mold at 120°C for 2 h. The resultant samples were
used for further investigations. Differentiation of
carbon nanofiller dispersion methodology was per-
formed because of specific features of GN and CNT
nanofillers. Carbon nanotubes need a large amount
of wetting agent, i.e. IL-f, to obtain a uniform dis-
persion with viscosity enabling handling. Applied
amount of ionic liquid (9 phr) was too low to be
efficiently used as CNT dispersing medium. For
that reason CNTs were first dispersed in epoxy
resin and afterwards IL-f was introduced into
epoxy/CNT composition.

2.3. Methods

The viscosity of epoxy compositions with carbon
nanoparticles was determined using stress rheome-
ter (Rheometric Scientific, USA) at room tempera-
ture, a plate-plate system, o =40 mm, a gap of | mm.

The storage time for epoxy resin/crosslinker com-
positions at ambient temperature was determined
on a basis of viscosity measurements during storage
at 23-25°C using rheometer.

The curing process of epoxy compositions was
investigated using differential scanning calorimeter
(DSC, Q-100, TA Instruments, USA), at a heating
rate of 5°C/min in the temperature range of 30—
220°C and rheometer (Rheometric Scientific) at the
same measurement schedule.

The glass transition temperatures (7;), tan 6 values
and storage moduli were determined using dynamic
mechanical thermal analysis (DMTA, Q — 800, TA
Instruments) with dual cantilever, at heating rate of
2°C/min from 30 to 250°C, frequency 1 Hz.
Thermogravimetric analysis (TGA, Q500, TA Instru-
ments) was performed using platinum pan under
25 mL/min air flow, in temperature range 40—800°C
at a heating rate of 10°C/min.

The volume electrical resistance of cured compos-
ites with different carbon nanofiller content was
tested at room temperature in accordance with IEC
93:1980 and ASTM D 257-99 (Keithley 8009 with
a set of electrodes, Keithley Instruments, Inc.,
USA).

The limiting oxygen index (LOI) of the nanocom-
posites was measured using oxygen concentration
meter (GOX 100, Greisinger Electronic GmbH, Ger-
many) at room temperature, in accordance with PN-
EN ISO 4589-2. The test was based on the determi-
nation of oxygen content (%) in a gas mixture of O,
and N,. The thin strips (5%1%0.25 cm) of each mate-
rial were clamped vertically and ignited at the top.

3. Results and discussion
3.1. Influence of storage time, nanofiller type
and content on viscosity of epoxy
compositions
Viscosity changes during storage of epoxy compo-
sitions with increasing IL-f content in a range 3—
9 phr were controlled up to 8 days (Table 1). It was
clear that introduction of IL-f into epoxy resin
caused slight decrease of viscosity when measured
directly after components mixing (day 0). However,
after 2-days storage rather high differences were
found, i.e.: () from 13.3 — 16.5 Pa-s for the com-
position with the lowest IL-f content, (ii) it was
almost doubled for medium IL-f content (13.0 —
24.1 Pa-s, 6 phr), and (iii) up to 8-times increase
(12.9 to ca. 105 Pa-s) for the system with the high-
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Table 1. Viscosity change of epoxy compositions with various content of phosphonium phosphinate ionic liquid (IL-f) dur-

ing storage at room temperature

Viscosity (days after component mixing)

C(;r:rl())(:lsmon [Pa-s]
ym 0 2 4 7 8
E6/IL-f 3 13.3+£0.10 16.5£0.4 18.3+£0.2 520.4+1.5 gel
E6/IL-f 6 13.0£0.10 24.1+£0.3 258.1+1.2 gel -
E6/IL-f 9 12.9£0.01 104.8+0.8 gel - -

est IL content, (iv) extremely high viscosity jump
was found for E6/IL-f 6 after 4-day storage (almost
20 times, i.e. to 258 Pa-s), whereas composition con-
taining the highest amount of IL-f showed gelation
(i.e. viscosity above 3000 Pa-s) after that time.
Silva et al. [13] have reported recently that the pot
lives of epoxy compositions containing 2.5, 5 and
10 phr IL-f at room temperature were: 26, 8 and
4 days, respectively, i.e. slightly longer than reported
in here (more significant difference was found for
system with the lowest IL-f content). It does mean
that IL-f belongs (together with [BMIM] thio-
cyanate [5]) to the most reactive ionic liquids applied
up today for epoxy resin crosslinking.

From applied view point an effect of carbon nano-
filler presence on relevant epoxy compositions vis-
cosity (1) is essential. In Table 2 the viscosities of
epoxy systems with the highest content of IL-f
(9 phr) and CNTs or GNs (0.25-1 wt%) were col-
lected. Slight increase of 1 could be observed for
composition filled with GN, from 12.9 for neat sys-
tem up to 16.9 Pa-s for composition with 1 phr load.
As it was already mentioned, the compositions with
GN were first dispersed in IL-f by sonication and
then introduced into epoxy resin. More significant
influence of CNT on epoxy systems viscosity was
observed. Even low CNT content (0.25 wt%) resulted
in almost 3.5-times increase of epoxy composition
viscosity (12.9 — 47.7 Pa-s) whereas 1 increased
16-times (up to >200 Pa-s) for 1 wt% load. The pro-
cedure of composition preparation was in that case
different: CNTs were introduced into epoxy resin,
then the system was sonicated and mixed with the
curing agent.

3.2. Curing process of epoxy compositions
Curing process of epoxy resin/IL-f systems with
various crosslinking agent content (3—9 phr) was
investigated by rheometric and DSC techniques in a
range from 40 up to 220°C with temperature gradi-
ent increase 5°C/min.

The results were presented in Figure 1 and Table 3.
Rheometric and heat flow curves were consistent.
The relevant values for viscosity jumps followed
the order 145°C > 130°C > 125°C for E6/IL-f with
3, 6 and 9 phr, respectively. The temperature of exo-
thermal peak maximum determined by DSC were:
133°C > 123°C > 118°C, respectively. It was also
found that onset exothermal temperatures for the
investigated systems (evidenced start of gelation
process) were influenced by IL-f amount rather in
low extent (101-106°C). The effect of crosslinking
exothermic reaction extended importantly when IL-f
content in epoxy system increased from 3 to 6 phr

Table 3. Curing characteristics for the system E6/IL-f and
for epoxy compositions with carbon nanofillers
from DSC measurements

Onset exotherm Maximum

Composition acronym | temperature exotherm AH

°C] temperature | [J/g]

[°C]

E6/IL-f 3 101 133 225
E6/IL-f 6 106 123 398
E6/IL-f 9 102 118 403
E6/(IL-f 9/GN_0.25) 100 125 388
E6/(IL-f 9/GN_0.50) 108 123 383
E6/(IL-f 9/GN_1.00) 101 122 417
(E6/CNT _0.25)/IL-f 9 100 126 388
(E6/CNT _0.50)/IL-f 9 101 126 382
(E6/CNT _1.00)/IL-f 9 99 126 394

Table 2. Viscosity of epoxy compositions with 9 phr of phosphonium phosphinate ionic liquid (IL-f) and various content of

carbon nanofillers directly after preparation

Composition acronym Viscosity Composition acronym Viscosity
[GNin IL] [Pa-s]” [CNT in E6] [Pa-s]”
E6/(IL-f 9/GN_0.25) 15.1£0.10 (E6/CNT_0.25)/IL-f 9 47.7+0.3
E6/(IL-f 9/GN_0.50) 15.8+0.10 (E6/CNT_0.50)/IL-f 9 89.240.5
E6/(IL-f 9/GN_1.00) 16.9+0.05 (E6/CNT_1.00)/IL-f 9 206.5+0.8

x
measured on rheometer, room temperature
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Figure 1. Change of viscosity — (a) and heat flow — (b) during curing process of epoxy resin with IL-f measured by rheom-

etry and DSC, respectively
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Figure 2. Rheometric curves of epoxy compositions with
dispersion of IL-f 9 and various contents of GN
(0.25-1.00 wt%) during curing process: at wide
temperature range (40-220°C) — (a) and narrow
temperature range (120-140°C) — (b)

(225 — 398 J/g), whereas additional amount of the
ionic liquid caused only minor AH increase (up to
403 J/g).

Curing of epoxy resin/IL-f/carbon nanofiller com-
positions was also followed by rheometric measure-
ments (Figures 2 and 3). The following conclusion
could be made on a basis of these results: (i) the
viscosity of GN filled epoxy compositions decreased
from 10 — 5 Pa's during heating from 40 to 120°C.
An influence of IL-f on viscosity is hardly visible.
Fast gelation process was performed at 120—135°C.
Slight shift of rheometric curves to lower tempera-
ture values for E6/IL-f/GN_0.25 and E6/IL-f/
GN_1.00 was found in relation to the neat system
E6/IL-f 9, (ii) rheometric curves for CNT modified
epoxy compositions showed distinct differences in
comparison to E6/IL-f 9 neat system. Significant
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Figure 3. Rheometric curves of epoxy compositions with
various contents of CNT dispersed in the resin
(0.25-1.00 wt%) during curing process at wide
temperature range (40-220°C) — (a) and narrow
temperature range (120-140°C) — (b)

viscosity increase at 100°C with increasing CNT
content could be noted as followed: E6/IL-f 9:
2:107' < (E6/CNT_0.25)/IL-f 9: 2-10' < (E6/
CNT _0.50)/IL-f 9: 7-10' < (E6/CNT_1.00)/IL-f 9:
1.5-102 Pas. The gelation process performed in
slightly wider temperature range (i.e. 120-140°C)
when compared to the systems modified with GN.
The lowest amount of CNT applied resulted in
rheometric curve shift to lower temperatures (range
from 124-132°C, in relation to the three other
investigated compositions, Figure 3).

3.3. Properties of epoxy nanocomposites

For the E6/IL-f/carbon nanofillers cured system
thermomechanical, thermal, electrical resistance
and flammability tests were performed.
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3.3.1. Thermomechanical and thermal
properties

The crosslinking of the epoxy composition contain-
ing 3 phr IL-f was not efficient enough, as it could
be seen from DMTA results in Table 4 (low values
of glass transition temperature, 7, and storage mod-
ulus, as well as high tan § value). Higher contents of
catalytic curing agent (6 and 9 phr) in epoxy compo-
sitions allowed to obtain epoxy materials with accept-
able thermomechanical parameters, i.e. 7y (145—
146°C), storage modulus (2097-2446 MPa) and
tan 9 (0.30-0.34). Crosslinking density parameter
was estimated on a basis of Equation (1) [22, 23]:

E

— r 1
e T 3RT, (1)

where E| is storage modulus at ‘rubbery’ state, i.e.
at I, = Ty + 30, R is universal gas constant. The val-
ues of v, for epoxy materials cured with 6 and 9 phr
IL-f were rather high (12 758 and 11 094 mol/m?,
respectively) — significantly higher than for epoxy
systems cured with BMIM thiocyanate (2113 and
7181 mol/m?; using 9 and 3 phr of IL, respectively).
That v, value difference was caused mainly by rela-
tively high storage moduli values at ‘rubbery’ state
(i.e. above 175°C) when IL-f was applied as cross-
linking agent (Table 4).

The epoxy composition containing 9 phr IL-f was
selected for preparing nanocomposite with carbon
nanofillers. The presence of CNTs as well as GNs
affected thermomechanical properties of epoxy
nanocomposites in rather low extent. 7, slightly
increased from 146 to 149°C; no regular tendency
in dependence to filler type and content has been
observed. The tand values decreased from 0.30 to

0.27 with CNTs or GNs content increase (Table 4).
The storage modulus changed depending on carbon
nanofiller kind: (i) clear and significant decrease
(2087 — 1070 MPa) for neat epoxy materials and
that filled with the highest (1.0 wt%) amount of
CNTs, respectively, (ii) irregular changes when the
other nanofiller was used: E6/IL-f 9/GN_0.50
(2172 MPa) and E6/IL-f 9/GN_1.00 (1995 MPa).
Similarly, crosslink densities regularly decreased
for materials containing CNTs:

neat epoxy (11 094 mol/m?) > (E6/CNT _0.25)/IL-f 9
(9965 mol/m?) > (E6/CNT_0.50)/IL-f 9

(7810 mol/m?) > (E6/CNT _1.00)/IL-f 9

(7020 mol/m?). Nanocomposites with GN exhibited
maximum v, values in a range of nanofiller contents
0.25-0.50 wt% (12 841-12 852 mol/m?) whereas
for neat epoxy materials and that filled with the
highest GN content crosslink densities were lower
and rather similar (11 094 and 12 025 mol/m?,
respectively).

Putz et al. [24] considered three possible mecha-
nisms for 7, variation referred to CNT nanoparti-
cles presence in epoxy resin: (i) changed thermal
conductivity could affect curing kinetics resulting
in impeded attainment of consistent crosslink den-
sity (T, |), (i1) network disruption leading to effec-
tive v, decrease (7, |), (iil) interphase creation of
thin films (7, 1 or |). Some data considering
decreased [24, 25] or increased [24-26] T, values
for epoxy materials caused by CNT presence, have
been reported. The possible explanation of observed
T, and tan o variation related to introduction of car-
bon nanofillers could be enhancing interaction
between carbon nanoparticles (perfectly wetted with
IL) and epoxy network. Epoxy polymerization caus-

Table 4. Characteristic parameters for epoxy materials cured with IL-f and modified with carbon nanofillers from DMTA

and TGA measurements

DMTA TGA
. Storage modulus” | Storage modulus™| Crosslink
Composition acronym [OT Cg] tand (glassy state) (‘rubber’ state) density ?;SC%i };1(030? T"Eixg]m
[MPa] [MPa] [mol/m3]
E6/IL-f 3 44 1.27 800 0.0 n.d. 275 300 431
E6/IL-f 6 145 0.34 2446 139.7 12 758 360 394 438
E6/IL-f 9 146 0.30 2087 124.6 11 094 340 372 439
E6/(IL-f 9/GN_0.25) 148 0.29 2043 144.7 12 852 349 384 439
E6/(IL-f 9/GN_0.50) 149 0.27 2172 144.7 12 841 345 384 439
E6/(IL-f 9/GN _1.00) 146 0.28 1995 134.6 12 025 336 371 438
(E6/CNT _0.25)/IL-f 9 147 0.28 1930 108.8 9965 354 393 438
(E6/CNT _0.50)/IL-f 9 147 0.27 1633 82.6 7810 347 376 434
(E6/CNT _1.00)/IL-f 9 149 0.27 1070 79.1 7020 358 398 435

n.d. — not determined, “determined at 40°C, **determined at 7, + 30
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Figure 4. TGA (a) and DTG (b) curves for neat E6/IL-f epoxy materials

ing network formation began directly on carbon
surface. In result thin interphase between epoxy net-
work and carbon surface could be formed, resulting
in T, increase (tand decrease) because of some
retarding dynamics in the system. Network disrup-
tion mechanism could be responsible for storage
modulus as well as crosslink density decrease,
especially for CNT modified nanocomposites.
Inefficiently crosslinked epoxy material based on
E6/IL-f 3 exhibited clearly lower temperatures of 5
or 10% mass losses in comparison to those cured
with higher IL-f content. Generally, the materials
containing medium amount of curing agent (6 phr)
exhibited the highest temperatures of 5 and 10%
mass losses (360 and 394°C, respectively). Some
influence of carbon nanofiller addition on the nano-
composites thermal stability has been observed as
well (Figure 4, Table 4). The temperatures values of
5 and 10 wt% losses were about 8—12°C higher for
the materials modified with 0.25 and 0.50 wt% of
GN than for the reference one. Even higher increase
of the mass loss temperatures for the epoxy nano-
composites modified with CNT (up to 18 and 26°C,
for 5 and 10% mass losses, respectively) has been
noted. The temperature values at maximum mass
losses were placed in rather narrow range from 431
up to 439°C.

3.3.2. Electrical volume resistivity

Electrical volume resistivity of the investigated
epoxy materials was evaluated. The changes of that
parameter as a function of filler contents were pre-
sented in Figure 5. The electrical resistivity of neat
epoxy material was found to be 1.9-10'! Q-m. The
both carbon nanofillers improved the electrical con-
ductivity of epoxy matrix several orders of magni-
tude, however, the results for nanocomposites with

1 01,
1 0“1.‘.-.."\"\._ .
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10 1 '\.\
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Figure 5. Volume resistivity of epoxy (nano)composites
with GN and CNT as a function of nanofiller con-
tent

CNTs were substantially more pronounced. For the
nanocomposites with GNs increasing filler content
from 0.25 to 1 wt% caused reduction of electrical
resistivity about 4 orders (from 5.2-10° to
2.4-10° Q'm). An introduction of CNT into epoxy
materials resulted in deep decrease of this parame-
ter, i.e. altogether 8-10 orders of magnitude as com-
pared to the reference neat epoxy material. In the
range of CNT content 0.25-1.0 wt% electrical resis-
tivity decreased to a lower extent from 1.1-10° to
4.1-10' Q'm. It could be seen from Figure 5 that
nanocomposites with CNT cured with phospho-
nium phosphinate ionic liquid exhibited percolation
threshold below 0.25 wt% whereas these containing
GN showed steadier decreasing electrical resistivity
with growing nanoparticles content. These results
were in qualitative agreement with recent literature
data. Throckmorton et al. [14] have found that per-
colation threshold for epoxy nanomaterials modi-
fied with SWCNTs was ca. 2.5 order below that for
GNP (8.6:107 and 1.7-1072 volume fraction, respec-
tively). Both these values were close to the theoreti-
cal percolation thresholds predicted by power law
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percolation theory model (for CNTs) or plate-like
particle percolation theoretical models (for GNP)
[14].

The obtained results showed that introduction of
IL-f into preliminary sonicated epoxy resin/CNT
system with afterwards simple mixing (without
necessity of using more efficient dispersing tech-
nique) allowed to obtain epoxy nanocomposites
with important improvement of electrical proper-
ties.

3.3.3. Limiting oxygen index

Phosphorus compounds represent important group
of flame retardants including organic and inorganic
phosphates [(PO);PO], phosphites [(PO);P], phos-
phonates [(RO),PR’], phosphinates [(ROR’,PO],
phosphines [R3P], phosphine oxides [R3PO], and
phosphonium salts [R4PX] [27]. As applied tri-
hexyl(tetradecyl)phosphonium bis(2,2,4-trimethyl-
pentyl)phosphinate contained phosphonium atom
in cationic as well as in anionic part of IL, flame
retardancy features of epoxy nanoycomposites cured
with it were tested.

The limiting oxygen index test results were shown
in Figure 6. Materials with LOI lower than 22% are
flammable, with LOI between 22 and 25 are consid-
ered as self-extinguishing; when value of this
parameter is above 26, the material reaches flame
retardancy level [28]. All investigated epoxy mate-
rials exhibited LOI values above 22. Typical level of
LOI for epoxy crosslinked with polyamines, e.g. tri-
ethylenetetramine is ca. 20 [29]. The LOI values of
nanocomposites modified with CNTs were placed
in a range from about 23 to 24.5, indicating that
small amount (0.25-1.0 wt%) of CNTs in epoxy sys-
tems slightly improved flame retardancy. Epoxy
nanocomposites modified with GN exhibited dis-
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Figure 6. Oxygen index of epoxy (nano)composites with
GN and CNT as a function of nanofiller content

tinctly improved flame retardancy; for composites
with 0.5 or 1.0 wt% GN LOI was above 27 (flame
retardant). Even lower amount of GN applied
(0.25 wt%) increased oxygen index parameter about
4 units from 22.5 up to 26.5%. Presented results
indicated that GN was an effective flame retardant
for epoxy nanocomposites cured with phosphonium
phosphinate ionic liquid.

Our results on flame retardant properties of epoxy
nanocomposites cured with phosphorus containing
IL and modified with GN could be compared with
relevant data recently published by Chiang et al.
[30]. That research group used graphene oxide (GO)
and reduced GO (rGO) functionalized with DOPO
(9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-
oxide) known flame retardant for epoxy materials.
The grafting efficiency for DOPO/rGO ratio was
19.9 wt%. GO as well as rGO functionalized with
DOPO (DOPO-rGO) were used in amounts 1, 5 and
10 wt% relative to epoxy resin (i.e. for DOPO-rGO
containing 0.2, 1.0 and 2.0 wt% P as well as 0.8, 4.0
and 8.0 wt% rGO, respectively). Introduction of 1—-
10 wt% GO resulted in some LOI value increase
(from 20 up to 23% as compared to neat epoxy
cured with diaminodiphenylmethane). DOPO-rGO
used with mentioned above ratios allowed to reach
LOI values to: 21, 25 and 26%, respectively. Simi-
lar flame retardancy effect was reached in our work
using: (i) rather simple GN dispersion methodology
as comparing with DOPO grafting on rGO [30],
(i) substantially lower concentrations of modify-
ing components, i.e. IL-f (serving simultaneously as
curing catalysts, GN dispersion medium and anti-
flamming compound) and GN, i.e. 0.5 wt% GN and
ca. 0.7 wt% P, as compared to those from ref. [30]
(8.0 wt% GO and 2.0 wt% P) to obtain LOI value
26-27%.

4. Conclusions

Epoxy compositions with CNT or GN in presence
of phosphonium ionic liquid have been prepared. IL
played triple function: carbon nanofiller dispersing
medium, catalytic curing agent and antiflamming
additive. The pot life values of neat epoxy systems
were 4 up to 8 days for IL-f/epoxy weight ratio
between 9 and 3 phr at ambient temperature. The
viscosities of epoxy compositions containing GN
were negligibly higher. On the other hand the same
contents of CNT (0.25-1.0 wt%) in epoxy systems
caused dramatic viscosity jump from ca. 13 up to
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207 Pa's as measured directly after components
mixing. With increasing IL-f content (3 — 9 phr) in
epoxy resin the curing reaction started at lower tem-
peratures as determined by rheometry (145 —
125°C) or DSC (133 — 118°C). Only slight influ-
ence of CNT or GN on curing characteristics of
epoxy systems has been observed. Acceptable ther-
momechanical properties of IL-f cured epoxy neat
materials were reported when at least 6 phr IL was
applied (i.e. T, 145-146°C, storage modulus 2097—
2446 MPa, and tand 0.30-0.34). The both carbon
nanofiller types slightly affected 7, and tan$ values
(from 146 — 149°C and 0.30 — 0.27, respectively).
However, storage modulus changed depending on
nanoparticle type, i.e. significant decrease (2087 —
1070 MPa) for nanocomposites with CNT and irreg-
ular changes in narrow values range (2172 —
1995 MPa) with GN was observed. For crosslink
density similar trend was observed, i.e. changes in
rather wide range (11 094 — 7020 mol/m?) for
CNT modified materials and little difference for
GN filled composite materials. Thermal resistance
of epoxy material was improved when CNTs were
added (18-26°C for 5 and 10% mass losses) and to
a lower extent for GN modified materials (8—12°C).
Electrical bulk resistivity decreased about 8 order
of magnitude after inclusion of 0.25 wt% CNT to
epoxy materials. The highest electrical conductiv-
ity, i.e. 4-10' Q-m was registered for nanocompos-
ite containing 1 wt% CNT. Higher resistivity exhib-
ited epoxy materials modified with GN (up to
2.4-10° Q-m). The presence of phosphonium phos-
phinate IL resulted in some improvement of LOI
index for neat epoxy material (22.7 when compared
to 20% for conventional epoxy materials cured with
polyamine). However, few-layer GN caused high
improvement of that parameter (up to 26.5 for
0.25 wt% load) in the nanocomposite. Such an
epoxy nanocomposite material could be considered
as electroconductive (below 10° Q-m [31]) and
flame retardant.
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Abstract. This study describes the possibility of dielectric characterization of the initial stages of ageing in an low-density
polyethylene (LDPE) + graphite composite, which is not possible using the standard method of dielectric spectroscopy. It is
shown that the differences between the delay angles, A = @rr; — @siN, obtained using triangular and sinusoidal excitations
on the composite samples, shows a maximum, and at the same time the position of this maximum shows more sensitivity to
changes in the electrical properties of the material caused by ageing than other dielectric parameters. In order to clarify the
applied methodology, a comparative analysis of the dielectric properties of other polymers poly(vinyl chloride) (PVC) and
poly(vinyl alcohol) (PVA) and a conductive polymer composite (LDPE + carbon black) with respect to the application of
sinusoidal and triangular electrical signals was carried out. Based on the presented results, we believe that the position of
the peak in the frequency spectra of the difference between the delay angles obtained by using triangular and sinusoidal sig-

nals may be a suitable parameter for the dielectric characterization of polymeric materials.

Keywords: polymer composites, triangular wave signal, dielectric, delay angle, ageing

1. Introduction

Various forms of degradation of polymeric materi-
als and their composites represent an important fac-
tor that reduces their usability. The most common
causes of changes in the properties of polymeric
materials are: application of mechanical stress [1];
elevated temperature [2, 3]; exposure to electro-
magnetic radiation of high energy [4, 5]; presence
of slowly varying electric fields [6]; contact with
aggressive chemicals [7]. The changes in polymeric
materials resulting from aforementioned factors can
be classified into two groups. The first group consists
of chemical changes such as oxidation processes,

*Corresponding author, e-mail: ddudic@vinca.rs
© BME-PT

changes in molecular weight or other chemical reac-
tions, and the second group involves the physical
changes in the structure of the polymer or polymer
composite, including phase transitions, changes in
crystallinity, rearrangement of the amorphous phase
and redistribution of fillers [8]. In most cases the
physical and chemical processes occur together and
affect each other.

A number of standards were developed that pre-
scribe the methodology of investigation of degrada-
tion effects on the physico-chemical properties of
these materials. Regardless of their application,
polymeric materials are expected to have good
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mechanical properties, even after ageing. Among
other properties such as chemical resistance, toxic-
ity, optical properties and thermal stability, changes
in electrical properties are important for polymer
materials that are used in electronics or as electrical
insulating materials. It has been shown that in cases
where changes of electrical properties due to ageing
are not of primary importance, their changes can still
be correlated with, for example, changes in mechani-
cal properties [9]. Most of the methods that exam-
ine the properties of the material show a relative
measurement error of about 1%, but in some cases
this error can be much higher as is the case with
stress-strain measurements or lower in density meas-
urements. This measurement error is not a problem
when examining the effect of ageing, which signifi-
cantly changes the properties of the material. There
is however a need to detect the initial stages of
changes in material properties, which are important
in, for example, electrical insulation materials, where
the measuring sensitivity of the applied method
becomes extremely important.

Electrical measurements have an important place in
the field of materials characterization, and the meas-
urement of the frequency spectra of AC conductiv-
ity provides more information than the DC conduc-
tivity measurement. DC measurement gives only
one value, resistivity or conductivity, while dielec-
tric measurements provide two parameters, such as
amplitude of conductivity and delay angle, and also
their frequency dependence. The dielectric meas-
urement can also be improved by changing the
shape of the excitation signal, which is what is pre-
sented in this article. The application of the sine
wave electrical test signal in the investigation of the
dielectric properties of polymers is a standard pro-
cedure in polymer science [10—12]. The other wave-
forms of a test signal are rarely used in the analysis
of the electrical properties of polymers [13, 14], but
they are used for the testing of energy transformers
as well as for various electronic and mechanical
tests [15—18]. It is well known that the dielectric
relaxations in polymers occur over broad intervals
of frequencies and/or temperatures, which some-
times makes difficult to precisely establish the
dielectric parameters and the exact position of the
processes (they are simply too broad to be noticed).
The application of sinusoidal excitation allows the
presentation of AC conductivity (admittance) and
AC resistance (impedance) in a complex mathemat-

ical form. The real and imaginary parts of admit-
tance and impedance, and the complex permittivity
("= ¢' —ic") and angle & (usually tan3) are the
dielectric parameters that are commonly used to
describe the dielectric relaxation in polymers. In
some cases the dielectric relaxation of polymers is
clearly observed in the temperature and frequency
dependencies of electrical modulus (M" = 1/&%), as
well as appropriate derivations of the AC conduc-
tivity [19] or permittivity [11].

In the present study we used, besides the sine wave
signal, a triangular test signal to investigate the early
stages of ageing in an LDPE + graphite composite
which was subjected to high oxygen pressure at
room temperature. It was shown that the difference
between the delay angles obtained by applying dif-
ferent excitations waveforms, triangular and sinu-
soidal, shows a maximum whose position on the
frequency scale was very sensitive to changes in the
electrical properties of the composites. In order to
describe the applicability of the method to other
polymer systems, we also analyzed some typical
polymers (PVC and PVA) and a conductive poly-
mer composite (LDPE + carbon black (CB)).

2. Experimental

2.1. Materials

PVC — The poly(vinyl chloride) sample was a com-
mercial PVC cling film obtained from Shanghai
StarLight Plastics Limited.

PVA — Merck-Alkaloid, art.821038.

LDPE - PES552, HIP Pancevo, Serbia, M, =
110 000 and p = 0.922 g/cm?.

The carbon black (ellipsoidal shape, diameter 3—
5 um) and graphite flakes (about 10 um) were
obtained from the Laboratory for Thermal Engi-
neering and Energy, Vinca Institute of Nuclear Sci-
ences, Serbia.

2.2. Samples preparation

PVC samples of 210x150 mm and thickness d =
0.01 mm were cut from the middle of the sheets.
The poly(vinyl alcohol) sample was obtained from
an aqueous PVA solution (1.5 mass%). The poly-
mer was dissolved in boiling distilled water and
mixed at 6000 rpm for 120 minutes. In order to get
solid films, the solution was placed into a Petri dish
and dried in a vacuum oven at 40°C for 24 h. The
sample was in the form of disk with diameter D =
53 mm and thickness d = 0.11 mm.
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LDPE + 20 wt% carbon black and LDPE + 30 wt%
graphite composites were obtained in a Haake
rheometer at 433 K for 10 min. The isotropic sheets
were prepared by compression molding at 460 K
and a pressure of 1.75 MPa for 5 min, followed by
quenching in water at room temperature. The LDPE
+ graphite composites were gamma irradiated in a
0Co radiation facility, in air at room temperature, at
a dose rate of 6 kGy/h (100 and 200 kGy). The
accelerated ageing was performed at 22°C in an
Emmerson single vessel oxygen apparatus at
0.5 MPa. Samples of 50x50 mm and thickness d =
1 mm were cut from the middle of the sheets.
Electrical measurements were made more than
30 days after the mentioned treatments of the com-
posites. Electrical contacts on the samples were
made by fine copper powder.

2.3. Methods

The dielectric measurements were performed on a
Tektronix TDS 2022B oscilloscope. An Agilent
33220A 20 MHz function/arbitrary wave form gen-
erator was used as the voltage source. An amplitude
of 7.8 V was applied and the frequency range was
0.005 Hz-160 kHz. The sample cell was housed in
a Faraday cage and measurements were done at
room temperature (normal pressure and 50% rela-
tive humidity). The experimental set-up is shown in
Figure 1.

In the measurement procedure, the electrical current
through the sample was monitored via the resistor R
in Figure 1 (capacity less than 107" F). The pres-
ence of this resistor might have induced distortion
of the triangular signal applied to the sample. For
this reason, the values of R were changed in such a
way to ensure that the voltage drop across the resis-
tor did not exceed 1% of the input voltage of the
function generator. The electrical current through

Oscilloscope

Function
generator

Figure 1. Block diagram of the experimental set-up

the sample cell was calculated as I(t) = Ucn,(?)/R,
while the voltage on the sample was determined as
Us(?) = Ucn,(t) — Uch, (). The reported results were
obtained after the correction I5(¢) = Iv(¢) — Ig(¢) was
applied, where Ig(?) is the current through the sam-
ple, Iv(?) the current measured with a sample in the
cell, and /g(¢) the current in the empty cell without
the upper cell electrode. The value of the current at
each particular frequency (f) was determined as the
average value over the time interval that lasted at
least 10/f. Relative values of the standard deviation
of the obtained parameters were up to 2%, and they
did not change significantly with respect to the
change in input signals. Electrical DC conductivity
measurements were performed using an Agilent
4339B high resistance meter at room temperature,
and applying an electric field of 100 V/mm for
20 min.

The results of measurements with sinusoidal excita-
tion were related to the well-known current phase
diagram in Figure 2a (/, is the amplitude of the cur-
rent). In contrast to the current amplitude obtained
by application of the sinusoidal voltage, the ampli-
tudes of the current obtained by application of a tri-
angular waveform are always in phase with the
voltage amplitude. Because of that, the delay angle
was determined under the condition /(¢;) = V(¢;) =0
as shown in Figure 2b. The amplitude of the con-
ductivity was defined as Y, = Iy/U, for both wave-
forms, where Uy and /, are the maximum values of
the measured voltage and current, respectively.
Data processing was performed in a script program
originally designed for this purpose.

3. Results and discussion
3.1. Dielectric response of PVC, PVA and
LDPE + CB

A comparison of the dielectric properties of poly-
mers with the appropriate RC circuit models has
already been presented in the literature [10-12]. We
presented in the appendix of this paper an analysis
of the electrical responses of serial and parallel RC
circuits due to sinusoidal and triangular voltage
excitations. Comparison of the dielectric response
of RC circuits to sine and triangular excitation indi-
cates that the angle of the triangular signal delay is
always greater than or equal to the appropriate angle
obtained by applying sinusoidal signals (A¢(f) =
oTRI — PsiN > 0). One reason for this is that the
response (current) of RC circuits to sine (voltage)
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Current out of phase

A

\Measured angle
lp 1

a) Crrent in phase

Figure 2. a) Current phase diagram for sinusoidal excitation;

excitation also has a sinusoidal shape with a unique,
time-independent delay angle, while the response
of the RC circuits to triangular excitation has a com-
plex frequency-dependent form, the amplitude of
which is always in phase with the excitation. The
phase deviation of the measured current of triangu-
lar excitation, due to the existence of a capacity, is
the largest in the intersection of the measured cur-
rent with the time axis (Figure 2b). This is used to
determine delay angle for this form of excitation. In
addition, numerical analysis shows that in the cases
of ideal serial and parallel RC circuits there is a
well defined peak of the function Ag(f) (Figures 9a
and 10a). The position of the maximum in the differ-
ence between the delay angles in the frequency

r Letters Vol.8, No.10 (2014) 733-744

Arbitrary units

¢ = wAt = 2xf(t, - t,)

1

2

b) Time [s]

b) the response of PVA to triangular excitation at 0.5 Hz

spectrum, AQ(f) = @tri — Qsin, Obtained using trian-
gular and sinusoidal excitation for ideal electrical
circuits, can be related to the RC constant of the cir-
cuits (fo in Table 1). This gave us the idea to use the
frequency, that corresponds to the maximum of Ae(f),
to describe the electrical properties of polymers. In
this section, the behaviour of the real polymer sys-
tems was tested on two polymers, PVC as a repre-
sentative electrically non-conductive polymer, PVA
that can then be considered as a semiconductor, and
an LDPE + 20 wt% CB composite with relatively
high electrical conductivity.

Figure 3 shows the results obtained after the appli-
cation of sinusoidal and triangular signals to the
PVC sample. The loss tangent of PVC (Figure 3a)
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Figure 3. a) Loss tangent (tan dspy), and the curves of b) differences in delay angles and c) amplitude ratios for polyvinyl
chloride (PVC). The results were obtained experimentally by application of sinusoidal and triangular signals to

the sample.
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Figure 4. a) Loss tangent (tan dsin), and the curves of b) differences in delay angles and c) amplitude ratios for polyvinyl
alcohol (PVA). The results were obtained experimentally by application of sinusoidal and triangular signals to the

sample.

shows a peak around 1 Hz attributable to the [ relax-
ation [20]. In addition to the P relaxation, the curve
of the differences in delay angles (A¢p = @1r; — PsIN)
also exhibits a peak at frequency fp ~ 1.5 Hz (Fig-
ure 3b) in the observed frequency range in PVC
sample, as was suggested by the mathematical con-
siderations on RC circuits (Figures 9a and 10a). The
ratio between the amplitudes of conductivity at low
frequencies is lower than 1 (Y1gry/Ysivy < 1) and has a
peak at about 0.9 Hz (Figure 3c).

The loss tangent of PVA (Figure 4a) shows a small
maximum at 1.5 Hz. A peak is clearly observable in
the curve of angle differences (Ap = @1r; — QsiN) With
the maximum positioned at fy ~ 50 Hz (Figure 4b).
The ratios of the amplitudes at low frequencies are
close to 1 and the peak is at ~ 5 Hz (Figure 4c¢). The

best agreement with the parallel RC circuit model
was noticed in the composite of LDPE filled with
20% of carbon black. The loss tangent of the LDPE
+ CB composite shows a nearly linear dependence
on frequency in the log-log scale (Figure 5a). The
curve of the differences between the delay angles
obtained by using sinusoidal and triangular excita-
tion (Figure 5b) is similar to the results obtained
mathematically on the parallel RC circuit (Fig-
ure 9a). Figure 5c also shows that the ratio of the
amplitudes of conductivity corresponds well with
the results in Figure 9b. The characteristic frequen-
cies obtained for the composite were f; ~ 5 kHz and
about 500 Hz for the maximum in amplitude ratio.
The RC time constants of the samples estimated
according to the model of a parallel RC circuit
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Figure 5. a) Loss tangent (tan dg)n), and the curves of b) differences in delay angles and ¢) amplitude ratios for the compos-
ite LDPE filled with 20% of carbon black. The results were obtained experimentally by application of sinusoidal

and triangular signals to the sample.
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(Table 2) and the corresponding DC conductivities
are shown in Table 1. As can be seen, as the DC con-
ductivity of the polymers or composites increases,
the value f, also increases, which is in accordance
with the established dependence of this quantity in
terms of the idealized models of polymers accord-
ing to the parallel and serial RC circuits (fy ~ 1/R).
The mentioned models also point to a more complex
dependence, e.g. fo ~ 1/(RC) (Table 2). It is obvious
that this parameter shows the biggest sensitivity to
changes in polymer properties that are subject both
to an increase in conductance (resistance decrease)
and a decrease in capacity, or vice versa. A good
example of this is the process of grouping the con-
ductive particles in conductive paths in polymer
composites, during which part of the capacitive
contact switches to direct contact, giving rise to a
decrease in capacity and an increase in conduc-
tance. Since the true gy = ARC,m), the same is
true for the sensitivity of the delay angle (or
tan (/2 — psiv)). However, fo is an integral parame-
ter that does not depend on the frequency and
describes the dielectric properties of the material in
a wider range of frequencies. This is probably one
of the reasons why it is more sensitive to changes in
the dielectric properties of the material then the
delay angle. It should be noted that for the detection
of processes with opposite changes in resistance
and capacitance in polymer materials (RC = const),
the admittance (or impedance) amplitude may be
more suitable than the delay angle.

The results in Figures 3, 4 and 5 clearly show that
application of sinusoidal and triangular signals
enables one to draw additional information about
the dielectric properties of real polymers samples.
The curve of differences in delay angles (Ag =
o1rI — ¢sin) shows a well defined peak, even when
the loss tangent implies more complex dielectric
properties for a particular polymer. It should be
noted that the methodology presented here may be
used to also study other physical properties of poly-

Table 1. Experimentally determined f; and RC time con-
stants calculated by the model of a parallel RC cir-
cuit (Table 3), and DC conductivities of the poly-
mers and composite

RC=1/4 o
Sample [}floz] [s] h [s;)ncl]
PVC 1.58 0.156 12105
PVA 50 0.005 331012
LDPE+CB 5000 0.00005 21-10°

mers. For example, it has been shown that electro-
luminescence of polymers induced by AC electrical
signals exhibits a time shift, depending on the
waveform signal applied [13].

3.2. Changes in the dielectric properties of the
LDPE + graphite composite induced by
ageing

As was noted previously, the frequency (f) which
corresponds to the maximum of the A@(f)=
¢TRI — PsiN curve could be a suitable parameter to
describe the changes in the electrical properties of
polymers. As an example of this, Figure 6 shows the
effect of gamma irradiation on the dielectric proper-
ties of an LDPE + graphite composite. Radiation-
induced processes of oxidation, networking and
grafting in the composite increases its electrical con-
ductivity [21], and these changes in the composite
also affect the maximum of the A@(f) (Figure 6a)
and tangent loss (Figure 6b) curves. The dominant
effect of a gamma radiation dose of about 100 kGy is
the networking of chains in the polyethylene matrix.
The application of higher doses (200 kGy) leads to
significant degradation of the crystal domains, in
addition to networking, which is reflected by the
electrical [21] and the mechanical properties [22].
The results shown in Figure 6 are in line with this
influence of gamma radiation on the LDPE + car-
bon based composites. Unlike the composite samples
exposed to gamma radiation in air, the physical and
chemical changes in the composite samples that
were aged at room temperature in high pressure
oxygen for several days were significantly less.

The use of elevated temperature and oxygen pres-

sure (thermo-oxidative ageing) is a frequently applied

method of accelerated ageing of the polymeric mate-
rials to predict their lifetime. The degradation mech-
anism of thermo-oxidative ageing can be described
through physical changes, densification and shrink-
age, that are directly related to the thermo-mechan-
ical history of the material, as well as surface chem-
ical degradation with the formation of microcracks,
and chemical changes in the sample [23]. Thermo-
oxidative ageing usually causes degradation of
mechanical properties but in some cases, such as
reticulated resins, can lead to an improvement in
these properties due to the subsequent process of
networking [24]. The changes in electrical charac-
teristics caused by these processes are very com-
plex and diverse [6-9]. In the existing literature
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Figure 6. The effect of gamma irradiation on the dielectric properties of the LDPE+graphite composite: a) the curves of dif-
ferences in delay angles and b) loss tangent (tan dgpy) and permittivity (inset)

there is no evidence that the accelerated ageing that
we applied to the LDPE + graphite composite (up to
4 days at room temperature ageing at high oxygen
pressure) caused noticeable chemical or physical
changes. We also could not detect such changes in
the permittivity and loss tangent curves of these
samples outside the experimental error (+1%). How-
ever, in the curves of the difference between the
delay angles the initial ageing stage of the compos-
ites is clearly visible.

Figure 7a shows the frequency dependence of loss
tangent and A¢ of the LDPE + graphite composite
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which was subjected for different periods up to 4
days to oxygen at a high pressure at room tempera-
ture. While the loss tangent shows no significant
differences due to the effect of ageing, there is a
clear shift in the position of the maximum in the
Ao(f) curves. The magnified part of Figure 7a is
presented in Figure 7b. We emphasize that both the
delay angles (¢rr; and @gn) were measured in the
same experimental setup and with the same relative
error of about 1%. The results suggest that the posi-
tion of the maximum in the A@(f) = @TrI — PsIN
curves (@rgr; and Qg are measured by applying tri-

28 T T T T 1.0

Apeing time
Oh

Figure 7. The effect of accelerated ageing on the dielectric properties of the LDPE+graphite composite: a) loss tangent
(tan dgpv) and Ag; b) the magnified part of the picture in a)
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Figure 8. a) Imaginary part of permittivity of aged composite samples; b) normalised derivation of delay angles per fre-

quency for unaged sample

angular and sinusoidal voltage respectively) shows
more sensitivity to changes in the electrical proper-
ties of LDPE + graphite, due to ageing, than other
dielectric parameters. These changes could also not
be observed in the values of permeability (Fig-
ure 8a), and there is also no evidence of these
changes in the dependence of the derivation of the
delay angles versus frequency (Figure 8b), because
of big errors in these results.

As previously stated, there is no indication that the
ageing treatment that we applied causes significant
physical and chemical changes in the LDPE +
graphite composite. In addition to the possible oxi-
dation process, we believe that the observed shift in
the value of fj is a consequence of compressive
pressure and thereby induced structural relaxation
in the samples during treatment rather than chemi-
cal changes. Bearing in mind the modeled depend-
ence fo ~ 1/(RC) (Table 2), the analysis of only this
parameter cannot give conclusive evidence on
whether the increase in f; with ageing time resulted
from an increased number and/or quality of the
direct contacts between the graphite particles in
LDPE. However, based on existing experience such
an increase is expected [8]. Since the change in
amplitude of the conductivity caused by the oxygen
ageing is also within experimental error, only one
conclusion can be drawn, and that is that the
observed increase in fy with increasing ageing time
indicates a decrease in the delay angle @gn (parallel
RC circuit), i.e. an increase in 6 (and also tan 6) in the
frequency spectrum. This can be concluded on the

basis of the dependence f) ~ 1/(RC) and the expres-
sion for @g;y under the condition ® = const in the
model of a parallel RC circuit (Table 2). The same
result is obtained by considering f; and the delay
angle in the model serial RC circuit.

4. Conclusions

We investigated the dielectric properties of different
polymer systems with respect to the application of
sinusoidal and triangular input signals. Our study
also describes the possibility of dielectric character-
ization of the initial stages of ageing in a low-den-
sity polyethylene + graphite composite using com-
parison of the delay angles obtained by triangular
and sinusoidal voltage excitations. The differences
in the results obtained with these two signal excita-
tions were first studied by simulation on parallel
and serial RC circuits (see Appendix). The curve of
the differences in delay angles (A@ = @Trr — PsiN)
obtained by the differently shaped input signals
shows a peak with a well defined position of the
maximum. The frequency that corresponds to this
maximum can be related to the RC time constant
(RC) of the circuits by the simple formulas /=
1/(4RC) for a parallel and f= 1/(7.2RC) for a serial
RC circuit. All the tested polymers (PVC and PVA)
and polymer composites (LDPE + CB and LDPE +
graphite) show a well-defined peak in the Ag(f)
spectra. Through the use of this method we discov-
ered early ageing processes in an LDPE + graphite
composite that could not be detected by conven-
tional dielectric spectroscopy methods. Our results
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suggest that the position of the maximum in the
AQ(f) = @trI — Psi curves (¢rrr and sy are meas-
ured by applying triangular and sinusoidal voltage
respectively) is more sensitive to changes in the
electrical properties of polymer materials then angle
d (or tand). We think that the proposed methodology
could find industrial application, for example, in
early stage detections of ageing in electrical insula-
tion and transformer oils or for the purpose of mon-
itoring other physical or chemical changes in mate-
rials.

Appendix

The basic equations that characterise the parallel
and serial RC circuit in terms of the application of
the sinusoidal and triangular signals are given in
Table 2. AC currents (), that are shown in Table 2,
are obtained by applying the differential equations
for the RC circuits on the expression for the trian-
gular wave voltage which are also presented in the
same table.

The analysis of the responses of serial and parallel
RC circuits was done by using software that was
specifically designed for this purpose, and some of
these results were checked by measurements on dif-

and C, but keeping their product constant in Fig-
ure 9 for parallel and in Figure 10 for serial RC cir-
cuits (RC(1), RC(2), RC(3) and RC(4) are presented
in Table 3). As for a sinusoidal signal (Table 2), the
delayed angle upon triangular excitation on serial
and parallel RC circuits depended on the time con-
stant but not on the individual values of R and C.
For this reason we presented only the results for
RC(1) in Figures9a and 10a. It is clear that the
delayed angles for these two signals differ in the
narrow range of intermediate frequencies (around
1 kHz), while their difference, A@ = @tr1 — PsIN,
exhibits a peak of about 33° for parallel and 9° for
serial circuits at the corresponding frequencies fo. It
was found that this frequency can be related to the
circuit time constant (RC) by the empirical formulas
shown in Table 2. The results shown in Figures 9,
10 and 11 were also verified by experimental meas-
urements.

The amplitudes of admittance (AC conductivity) of
both signals for the parallel RC circuit (Figure 9b)
are almost inseparable at low frequencies (f'<<

Table 3. RC circuits and corresponding parameters for
dielectric analyses presented in Figures 9, 10 and 11

ferent RC circuits, which confirms the validity of N° R Cc RC
. . . 4
the applied equations and software operation. < 1F] [107s]
T basi " tudied: th litud 1 1737.5 0.1036 1.80005
WO DbasicC paraFn_e €rs were studie - b e amplitude 5 14915 01207 1.80069
of AC conductivity (Y) or AC resistivity (£) and 3 11915 0.1509 179881
delay angle (@) (see Figure 2). The amplitudes (¥ 4 978.5 0.1839 1.79946
and Z) and delay angles (for both applied wave- 5 2990.1 0.0386 1.15414
forms) were presented for four different values of R 6 7035 0.3271 2.30044
Table 2. The corresponding equations for parallel and serial RC circuit
Parallel RC circuit Serial RC circuit
. . . u(t) du(r) duc(t)  ug(?)
Differential equations i(f) = — + C A et A
0 ="% dr =g =&
Delay angle upon sinusoidal _m _m
coercion Psin = 2 arctan RCo PsiN = 2 arctanRCw
Amplitude of admittance or 1 R | 1 \?
impedance Yon = R + (Co) Zgn =R + Co
. . 8uy &, cos[(2k + 1)wt]
Triangular signal =
guarsig =3 X1y
1
2k+)wt]— ————sin[2k+1)wt
i(t) — Current in circuit upon % &, cos[2k+1)wt] —RCw2k+1)sin[2k+Dwt] | 8u, & cosl( )] RCw(2k+1) sinl( or]
triangular coercion RM & (2k + 1) Riﬂ-zg 1 \?
- - 2k + 1)2 + (—)
RCw
fo — Frequency that corre-
sponds to a maximum differ- 1 1 1 1
ence between delay angles, —— =4.06£003 = fo=—— — =72%008 = fo = -———
o1m1— G in range fiRC 4RC fiRC 7.2RC
/0 €(0.01 Hz, 100 kHz)
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Figure 9. a) Delay angles and b) the amplitudes of admittance obtained by software simulation on parallel RC circuits with
the four equal time constants RC (R and C values were altered and stated in Table 3). In the case of delay angles,
the results for RC(1) were presented, since the calculations with other time constants gave identical values.
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Figure 10. a) Delay angles and b) the amplitudes of impedance obtained by software simulation on serial RC circuits with
the four equal time constants RC (R and C values were altered and stated in Table 1). In the case of delay angles,
the results for RC(1) were presented, since the calculations with other time constants gave identical values.

1/RC) and Y1g; = Ysin = 1/R for each particular resis-
tivity. However, they do differ at higher frequencies
(f>> 1/(RC)), with the Yrry/Ysn ratio approaching
~0.64. In the case of the impedance amplitude in
serial RC circuits the relation Ztg; = Zgin = R at f>>
1/(RC) is also true (Figure 10b).

Figure 11 shows the values of the differences in the
delay angles and amplitude ratios for both the input
signals calculated (for the parallel RC model) by
using the different time constants RC(3), RC(5) and
RC(6) from Table 3, as well as the loss tangent for
the sinusoidal signal calculated for the same con-

stants. Figure 11a shows that the dependence of tan
0 (6 =m/2 — psiv) on frequency is a straight line in
the log-log scale with a slope equal to —1. At the
same time, the curves of Yrgri/Ysiv and Ae exhibit
maxima that shift towards lower frequencies with
increasing time constant. Similar results were
obtained for the case of differences in delay angles
for a serial RC circuit.

Acknowledgements
This work was supported by the Ministry of Education and
Science, Republic of Serbia (Project No. 171029).

742



Petronijevi¢ et al. — eXPRESS Polymer Letters Vol.8, No.10 (2014) 733—744

tand

1204

sy

=

(=]
1

80
309
209
10

100-Y /Y g

AP = Q= Py

Ap[fland Y /Y,

(=]
1

T
10°
f[Hz]

10?
b

)

Figure 11. The results obtained by using different time con-
stants: RC(4), RC(5) and RC(6) in Table 3 on
parallel RC circuit. a) Loss tangent (tand) and
b) the curves of differences in delay angles and
amplitude ratios (as indicated in figure).

References

[1] Struik L. C. E.: The mechanical and physical ageing of
semicrystalline polymers: 1. Polymer, 28, 1521-1533
(1987).
DOI: 10.1016/0032-3861(87)90353-3

[2] Wiles M. D., Scott G.: Polyolefins with controlled
environmental degradability. Polymer Degradation
and Stability, 91, 1581-1592 (2006).
DOI: 10.1016/j.polymdegradstab.2005.09.010

[3] Dudi¢ D., Djokovi¢ V., Kostoski D.: The high temper-
ature secondary crystallisation of aged isotactic poly-
propylene. Polymer Testing, 23, 621-627 (2004).
DOI: 10.1016/j.polymertesting.2004.01.015

[4] Wu Q., Qu B., Xu'Y., Wu Q.: Surface photo-oxidation
and photostabilization of photocross-linked polyethyl-
ene. Polymer Degradation and Stability, 68, 97—102
(2000).
DOI: 10.1016/S0141-3910(99)00171-8

[5] Djokovi¢ V., Kostoski D., Dramicanin M., Dudi¢ D.:
Effects of gamma irradiation on the stress relaxation of
drawn ultrahigh molecular weight polyethylene. Radi-
ation Physics and Chemistry, 55, 605—607 (1999).
DOI: 10.1016/S0969-806X(99)00255-8

[6] Sakamoto W. K., Perez D. J., Das-Gupta D. K.: On the
characterisation of electrically stressed polyethylene
before and after chemical treatment. Journal of Materi-
als Science, 37, 1295-1300 (2002).
DOI: 10.1023/A:1014547907534

[7] Simonovi¢ K., Petronijevi¢ 1., Kostoski D., Doj¢ilovi¢
J., Luyt S. A., Dudi¢ D.: Effects of acid treatment at
different temperatures on the surface dielectric proper-
ties of low-density polyethylene. Polymer Interna-
tional, in press (2014).
DOI: 10.1002/pi.4731

743

[8] Vu Q. D., Gigliotti M., Lafarie-Frenot C. M.: Experi-
mental characterization of thermo-oxidation-induced
shrinkage and damage in polymer—matrix composites.
Composites Part A: Applied Science and Manufactur-
ing, 43, 577-586 (2012).

DOI: 10.1016/j.compositesa.2011.12.018

[9] Sun Y., Luo S., Watkins K., Wong P. C.: Electrical
approach to monitor the thermal oxidation aging of
carbon black filled ethylene propylene rubber. Poly-
mer Degradation and Stability, 86, 209-215 (2004).
DOI: 10.1016/j.polymdegradstab.2004.04.013

[10] Hedvig P.: Dielectric spectroscopy of polymers. Aka-
démiai Kiado, Budapest (1977).

[11] Asami K.: Characterization of heterogeneous systems
by dielectric spectroscopy. Progress in Polymer Sci-
ence, 27, 1617-1659 (2002).

DOI: 10.1016/S0079-6700(02)00015-1

[12] Boyd H. R.: Relaxation processes in crystalline poly-
mers: Experimental behaviour — A review. Polymer,
26, 323-347 (1985).

DOI: 10.1016/0032-3861(85)90192-2

[13] Baudoin F., Mills D. H., Lewin P. L., Le Roy S.,
Teyssedre G., Laurent C.: Modeling electrolumines-
cence in insulating polymers under AC stress: Effect
of excitation waveform. Journal of Physics D: Applied
Physics, 44, 165402/1-165402/11 (2011).

DOI: 10.1088/0022-3727/44/16/165402

[14] Suwarno: Role of applied voltage waveforms on par-
tial discharge patterns of electrical treeing in low den-
sity polyethylene. International Journal of Electrical
and Power Engineering, 3, 184-190 (2009).

[15] Janssen R. P. M., Govaert L. E., Meijer H. E. H.: An
analytical method to predict fatigue life of thermoplas-
tics in uniaxial loading: Sensitivity to wave type, fre-
quency, and stress amplitude. Macromolecules, 41,
2531-2540 (2008).

DOI: 10.1021/ma071274a

[16] Gasulla-Forner M., Jordana-Barnils J., Pallas-Areny
R., Torrents J. M.: Subsurface resistivity measure-
ments using square waveforms. IEEE Transactions on
Instrumentation and Measurement, 47, 74-77 (1998).
DOI: 10.1109/19.728793

[17] Bailey J. J.: The triangular wave test for electrocardio-
graphic devices: A historical perspective. Journal of
Electrocardiology, 37, 71-73 (2004).

[18] Creason S. C., Hayes J. W., Smith D. E.: Fourier trans-
form faradaic admittance measurements III. Compari-
son of measurement efficiency for various test signal
waveforms. Journal of Electroanalytical Chemistry
and Interfacial Electrochemistry, 47, 9-46 (1973).
DOI: 10.1016/S0022-0728(73)80343-2

[19] Dudi¢ D., Skipina B., Doj¢ilovié J., Novakovié L.,
Kostoski D.: Effects of charge trapping on the electri-
cal conductivity of low-density polyethylene—carbon
black composites. Journal of Applied Polymer Sci-
ence, 121, 138-143 (2011).

DOI: 10.1002/app.33421



http://dx.doi.org/10.1016/0032-3861(87)90353-3
http://dx.doi.org/10.1016/j.polymdegradstab.2005.09.010
http://dx.doi.org/10.1016/j.polymertesting.2004.01.015
http://dx.doi.org/10.1016/S0141-3910(99)00171-8
http://dx.doi.org/10.1016/S0969-806X(99)00255-8
http://dx.doi.org/10.1023/A:1014547907534
http://dx.doi.org/10.1002/pi.4731
http://dx.doi.org/10.1016/j.compositesa.2011.12.018
http://dx.doi.org/10.1016/j.polymdegradstab.2004.04.013
http://dx.doi.org/10.1016/S0079-6700(02)00015-1
http://dx.doi.org/10.1016/0032-3861(85)90192-2
http://dx.doi.org/10.1088/0022-3727/44/16/165402
http://dx.doi.org/10.1021/ma071274a
http://dx.doi.org/10.1109/19.728793
http://dx.doi.org/10.1016/S0022-0728(73)80343-2
http://dx.doi.org/10.1002/app.33421

Petronijevi¢ et al. — eXPRESS Polymer Letters Vol.8, No.10 (2014) 733—744

[20] Elicegui A., Del Val J. J., Millan L. J., Mijangos C.: o [23] Tsotsis K. T., Keller S., Bardis J., Bish J.: Preliminary

and B relaxation processes in internally plasticized evaluation of the use of elevated pressure to accelerate
poly (vinylchloride). Journal of Non-Crystalline Solids, thermo-oxidative aging in composites. Polymer Degra-
235-237, 623-627 (1998). dation and Stability, 64, 207-212 (1999).
DOI: 10.1016/S0022-3093(98)00664-4 DOI: 10.1016/S0141-3910(98)00190-6

[21] Balabanov S., Krezhov K.: Electrical conductivity and ~ [24] Middleton J., Burks B., Wells T., Setters M. A., Jasiuk
electrostatic properties of radiationally modified poly- 1., Kumosa M.: The effect of ozone and high tempera-
mer composites with carbon black. Journal of Physics ture on polymer degradation in polymer core compos-
D: Applied Physics, 32, 2573-2577 (1999). ite conductors. Polymer Degradation and Stability, 98,
DOI: 10.1088/0022-3727/32/19/315 2282-2290 (2013).

[22] Suarez J. C. M., Monteiro E. E. C., Mano E. B.: Study DOI: 10.1016/j.polymdegradstab.2013.08.013

of the effect of gamma irradiation on polyolefins —
Low-density polyethylene. Polymer Degradation and
Stability, 75, 143—151 (2002).

DOI: 10.1016/S0141-3910(01)00213-0

744


http://dx.doi.org/10.1016/S0022-3093(98)00664-4
http://dx.doi.org/10.1088/0022-3727/32/19/315
http://dx.doi.org/10.1016/S0141-3910(01)00213-0
http://dx.doi.org/10.1016/S0141-3910(98)00190-6
http://dx.doi.org/10.1016/j.polymdegradstab.2013.08.013

eXPRESS Polymer Letters Vol.8, No.10 (2014) 745-755
Available online at www.expresspolymlett.com
DOI: 10.3144/expresspolymlett.2014.77

Jboi ymecr Letters

Self-assembly of nanostructures obtained in a
microwave-assisted oxidative polymerization of aniline

M. R. Gizdavic-Nikolaidis'?, M. M. Jevremovic®, M. C. Allison', D. R. StanisavljeV?,
G. A. Bowmaker', Z. D. Zujovic'*>"

ISchool of Chemical Sciences, The University of Auckland, Private Bag 92019, 1142 Auckland, New Zealand

“Faculty of Physical Chemistry, Studentski Trg 12-16, 11001 Belgrade, Serbia

*Nuclear Facilities of Serbia, 12—14 Mike Petrovica Alasa, Vinca, 11351 Belgrade, Serbia

“Institute of General and Physical Chemistry, Studentski Trg 12-16, 11001 Belgrade, Serbia

SMacDiarmid Institute for Advanced Materials and Nanotechnology, Victoria University of Wellington, 6140 Wellington,
New Zealand

Received 9 April 2014, accepted in revised form 26 May 2014

Abstract. For the first time, microwave assisted aniline oxidative polymerization is performed in the presence of acetic
acid (CH3COOH) and ammonium hydroxide (NH4OH) at different microwave power levels. The reaction system is kept at
constant temperature of 24+1°C. The products are investigated by Fourier Transform Infrared Spectroscopy (FTIR),
Raman, solid-state Nuclear Magnetic Resonance (NMR) and Electron Paramagnetic Resonance (EPR) spectroscopies. EPR
signals in polyaniline (PANI) originate from the polarons formed upon protonation and doping by acid. The microwave
radiation causes an increase in the spin concentration which is slightly more evident for 8 W than for 93 W. The morphol-
ogy is investigated by using scanning electron microscopy (SEM). SEM micrographs revealed the formation of nanorods
(in the presence of CH3COOH) and nanospheres (in the presence of NH4OH). FTIR, Raman and solid-state NMR spectro-
scopies indicate the presence of PANI and aniline oligomers. X-ray Diffraction (XRD) measurements showed the presence

of well-ordered structures.

Keywords: polymer synthesis, molecular engineering, microwave-enhanced, self-assembly, polyaniline, nanomaterials

1. Introduction

Polyaniline (PANI) has been one of the most stud-
ied electrically conducting polymers. This is mainly
because of its simple doping-dedoping REDOX
chemistry, ease of synthesis, relatively inexpensive
production and ability to yield nanostructured mate-
rials of different morphologies. There are different
means for obtaining PANI including a chemical, an
electrochemical and recently introduced a micro-
wave (MW) assisted methodology [1-3].

Over the last decade the chemical approach i.e. the
oxidative polymerization of aniline has been used
for the synthesis of wide variety of products with

*Corresponding author, e-mail: z.zujovic@auckland.ac.nz
© BME-PT

different morphologies and physical and chemical
properties [4—14]. The specific characteristics make
PANIs applicable in various fields such as gas sen-
sors, biosensors, actuators, anticorrosive coatings,
electronic devices etc. [1, 2]. Some of syntheses have
been performed at medium or high pH (pH > 4) com-
pared to standard, relatively low pH conditions (pH <
2.5) [15, 16]. The standard low pH synthesis in an
acidic medium using 1 M HCI for instance yields
morphologically featureless and highly conductive
PANIs. On the other hand it has been shown that
higher pH values very often favour self-assembly of
well-defined, but less conductive supramolecular
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structures: nanotubes, nanospheres, nanorods, nan-
odisks etc. [17-21]. These can be used directly as
formed or indirectly as templates for other PANI
based materials which exhibit better conductivity
and an improved environmental stability [17]. There-
fore, the ever growing need for various applications
demands further developments in the field of self-
assembly of nanomaterials obtained in the oxidative
polymerization of aniline.

A novel method of synthesis of PANI using a micro-
wave assisted approach under controlled tempera-
ture (Enhanced Microwave Synthesis — EMS) [22—
26] has been recently introduced [3, 27]. The reac-
tion vessel is externally cooled while simultane-
ously irradiated with microwaves. Temperature in
the system was measured by a fiber optic tempera-
ture sensor preventing interaction with MWs and
influence on the temperature reading. This is signif-
icantly different from the conventional microwave
synthesis (CMS) [28, 29] which mainly relies on
thermal heating and where the system due to the
efficient heating quickly reaches a high tempera-
ture. When the reaction system attains the predeter-
mined bulk temperature, the microwave irradiation
is turned off ensuring that reagents and products are
not degraded by excessive heating. This approach
cannot preserve constant temperature of the sam-
ples during extended time intervals. In the EMS syn-
thesis a source of microwave heating is finely bal-
anced with external cooling system so that samples
may be permanently irradiated keeping the reaction
solution at certain bulk temperature. This enables a
continuous flow of MW energy into the system which
maintains a desired temperature [22, 30-32].
However, the development of materials with spe-
cific physicochemical and morphological character-
istics tailored to certain applications is constrained
by the absence of a theoretical framework relating
product characteristics to MW operation. The ques-
tion whether all effects can be attributed to thermal
or to specific thermal and non-thermal effects related
to microwave radiation should be answered and
taken into account during EMS synthesis. This has
sparked a sharp debate that divides the scientific
community [33, 34]. The non-thermal effects are a
result of the direct interactions of molecules with
electromagnetic irradiation which could change
kinetic parameters of the reactions. The specific ther-
mal effects include superheating phenomena, dif-
ferent distribution of heat compared with classical

heating and different heating of phases present in
the same system producing ‘hot spots’. In order to
explain the formation mechanism of nanostructured
PANIs in MW, we hypothesized that two reaction
stages existed, both affected by microwave irradia-
tion: (a) nucleation and (b) chain growth (polymer-
ization) [35]. The first stage is based on instanta-
neous local heating that develops conditions for
homogeneous nucleation. Other effects such as dif-
fusion or molecular agitation could drive the second
stage that is also fast. However, the lack of a full
understanding as to what mechanisms drive MW
effects and the formation of specific PANIs make
further studies based on our preliminary data neces-
sary.

Using the EMS approach is important as PANI
exhibits better physicochemical characteristics when
synthesized at lower temperatures [36, 37]. Besides
this, PANI materials have been synthesised on a
large scale using the EMS scheme [3, 27]. Also, it
has been shown that the EMS yields specific nanos-
tructured materials which open possibilities for up-
scaled production of polymeric conducting nanos-
tructures [3, 35]. At the same time, various parame-
ters such as a MW power, reaction time, concentra-
tions of reagents, pH etc. can be used to tune vari-
ous chemical and physical properties of PANI such
as molecular weight, morphology, conductivity etc.
[35].

We have previously reported studies of the self-
assembly of various nanostructures synthesized at
relatively low temperatures and at initial medium
pH based on a conventional aniline oxidative poly-
merization approach [18-21, 38—41]. However,
using microwave synthesis at low pH PANI was
produced in 5 minutes with 80% yield (synthesized
sixty times faster compared to the classical chemi-
cal synthesis). Typically, self-assembly favours low
temperatures, low concentrations of reactants and
long reaction times. The question is whether we can
use the EMS for self-assembly knowing that MW
accelerates reactions.

Therefore, the idea here is to use the advantages of
constant microwave irradiation during the self-
assembly process while keeping the reaction tem-
perature low. Is it possible to get nanostructures at
initially high and medium pH using the microwave
method, which usually promotes fast syntheses?
Will microwaves affect the final products? To gain
insight into these matters, a microwave-enhanced
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aniline oxidative polymerization at initial medium
and high pH was carried out.

2. Experimental methods

2.1. Synthesis

PANI was prepared by aniline oxidation with ammo-
nium persulfate (APS). APS (1.3704 g) was added to
an aqueous solution of 0.4 M acetic acid (CH;COOH)
or 0.2 M ammonium hydroxide, NH4OH (12 mL),
followed by addition of 0.4369 mL of aniline. The
initial pH values were around 5 and 10 for the
CH3COOH and NH4OH mediums, respectively.
Information on chemicals: 1) Aniline, ACS reagent,
>99.5%, Sigma Aldrich, CAS Number 62-53-3;2)
Ammonium persulphate, reagent grade 98%, Sigma
Aldrich, CAS Number 7727-54-0;3) Ammonium
hydroxide, ACS reagent, 28.0-30.0% NHj basis,
Sigma Aldrich, CAS Number 1336-21-6; 4) Acetic
acid, Acetic acid — Glacial acetic acid, 99.7+%, ACS
reagent, Acros Organic, CAS Number 64-19-7. The
MW PANI synthesis using CH;COOH and NH,OH
was performed at three power levels, 0, 8 and 93 W
for 10 and 20 min. The synthesis performed at 0 W
is equivalent to a classical chemical synthesis (CS).
The reaction mixture was filtered and washed thor-
oughly with distilled water. The retentates were dried
in a vacuum oven at 40°C overnight.

2.2. Microwave apparatus

MW irradiation was performed in a single mode
focused CEM reactor (Model Discover, CEM Co.,
Matthew, NC) operating at 2.45 GHz with ability to
control the output power. The experimental parame-
ters were set up as previously described [38, 40]. An
external cooling circuit maintained constant tem-
perature of the reaction mixture and constant irradi-
ation power. In order to maintain uniform tempera-
ture the sample was mixed by magnetic stirring at
400 rpm. The PANI MW synthesis using APS was
performed at microwave power 0, 8 and 93 W. All
experiments were done under the same conditions
by keeping constant irradiation power, temperature
and initial reaction mixture volume. The tempera-
ture was maintained at 24+1°C in all experiments.

2.3. FTIR spectroscopy

Fourier transform infrared (FTIR) spectra were
recorded with resolution 2 em™' using a Nicolet
8700 FT-IR spectrometer with KBr pellets. 100
scans were averaged for each sample.

2.4. Raman spectroscopy

Raman spectra were recorded at 1 cm™' resolution
using a Renishaw Raman System-Model 1000 spec-
trometer with 785 nm (red) laser excitation.

2.5. SEM

SEM was carried out using a Philips XL30S Field
Emission Gun with a SiLi (Lithium drifted) EDS
detector with Super Ultra Thin Window. The PANI
samples were 10 mm in diameter, mounted on alu-
minium studs using adhesive graphite tape and sput-
ter coated using a Polaron SC7640 Sputter Coater at
5-10 mA and 1.1 kV for 5 min.

2.6. Solid-state NMR spectroscopy

Solid-state NMR experiments were carried out on dry
powder samples using a Bruker AVANCE 300 stan-
dard bore magnet system operating at 300.13 MHz
proton frequency (7.05 T). Spectra were obtained
by using CP MAS (Cross-Polarization Magic Angle
Spinning) technique. The experiments were carried
out using a Bruker double resonance broadband
probe with zirconium oxide (ZrO,) 7 mm rotors and
Kel-F caps. The magic angle was adjusted by maxi-
mizing the sidebands of the 7°Br signal of a KBr
sample. The typical parameters for 3C NMR spec-
troscopy were: a 90° pulse width of 4.2 ps, a spin-
lock field of 62.5 kHz, contact time of 1.5 ms, a
recycle delay of 1 s and a spectral-width of 40 kHz.
Experiments were carried out with 5000 scans at
ambient temperature using samples enclosed in the
rotors. The '3C chemical shift scale was referenced
to tetramethylsilane (TMS). Samples were rotated
at 7000=1 Hz.

2.7. Electron paramagnetic resonance (EPR)
spectroscopy

EPR spectra of 7.9 mg for the standard sample and
10.5 mg for MW PANI samples in quartz EPR tubes,
were recorded at ambient temperature using a JEOL
JES-FA 200 EPR spectrometer with modulation
amplitude 16 mT. The spin concentration was deter-
mined using hydrated copper sulphate (CuSOy) as a
standard. The EPR spectra of the samples and
CuS0O45H,0 were recorded under the same condi-
tions. The spin concentration, Nemple (Spins g) was
calculated using the area calculated from the second
integral of the first-derivative signals using Matlab
according to Equation (1):

747



Gizdavic-Nikolaidis et al. — eXPRESS Polymer Letters Vol.8, No.10 (2014) 745-755

Areasample X mass

ference
N — el ( 1 )
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where the reference substance used was

CuS04-5H,0, for which Nyeference = 2.412-10! spins
1
gl

2.8. X-ray diffraction (XRD) measurements
To determine the changes in crystallinity and struc-
ture of the samples X-ray Diffraction (XRD) meas-
urements were recorded at room temperature on a
Panalytical Empyreon powder diffractometer with
Cu Ka radiation (40 kV, 40 mA) in transmission
mode. Diffraction intensities were measured with a
PixCel solid state detector by scanning from 6 to 50°
(20) with a step size of 0.02° (20) at 0.25 sec/step.

3. Results and discussion

3.1. SEM measurements

SEM micrographs of the samples obtained using
the EMS at different power levels using CH;COOH
and NH4OH are shown in Figure 1. The micrographs
obtained from the samples synthesized with
CH;COOH at 8 W mainly show elongated, tape-like
structures. The product obtained after 20 min looks
morphologically more homogeneous compared to
the 10 min product, showing the presence of nano-
rods. The morphology of the samples synthesized
with CH3;COOH depends on the microwave power
level, as can be seen from the micrographs of the
samples synthesized at 8§ and 93 W (10 min). The
product obtained at 93 W is more morphologically
heterogeneous, although it does consist of elon-
gated nanostructures. At the same time the sample

synthesized 0 W is mainly featureless and microp-
orous.

Samples synthesized with NH4OH show different
dependence on the microwave power and the reac-
tion time. First, the main products are nanospheres.
The samples synthesized at 93 W are morphologi-
cally more uniform compared to the sample obtained
at 8 W. Also, it seems that in this case the shorter
reaction times favor better defined nanostructures.
Overall, the samples synthesized under medium to
high pH conditions exhibit compact and defined
nanostructural morphologies. They show differ-
ences when obtained on different MW powers and
reaction times. The morphologies obtained here are
similar to those obtained using a standard approach
[15]. However, microwave actuation allows for
faster reactions and possibilities for fine tuning of
aniline oxidative polymerization [3, 27]. Due to
their distinctive morphological characteristics, sam-
ples synthesized after a reaction time of 10 min for
CH3;COOH and 20 min for NH4OH were chosen for
structural analysis.

3.2. FTIR and aman spectroscopy

3.2.1. FTIR spectroscopy

FTIR spectra of the PANI samples obtained with
CH3COOH and NH4OH are shown in Figure 2. The
values in the brackets represent the peak positions
in the FTIR spectrum from the sample obtained in
the presence of NH4OH. There is a shoulder at 1641
(1640) cm™" which can be assigned to a to a hydro-
gen-bonded C=0 stretch, i.e., -C=0e¢eeeH-N— [5].
The intense bands and shoulders at 1591 (1598) cm™!
and the bands at 1504 (1511) cm™! are present in all

93W 20m

Figure 1. SEM micrographs of the products obtained with CH;COOH (red) and NH4OH (blue) at different reaction times

and power levels (CS =0 W).
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Figure 2. FTIR spectra of the products obtained with CH;COOH (10 min) (a) and NH4OH (20 min) (b) at different

microwave powers

spectra (Figure 1) and can be attributed to C=C
stretching in the quinoid and benzenoid rings, respec-
tively [42]. The band at about 1364 (1368) cm™ is
attributed to C—N stretching [43] or C—C stretch in
quinoid segments [42]. The peak at 1341 (1341) cm™!
can be assigned to C—N stretching (plus C—C stretch-
ing) [43] or C—H bending in benzenoid units [42].
The band at 1170 (1171) cm™" can be due to C-H
bending in benzenoid structures or it has been often
referred as an electronic band [43, 44]. This peak is
significantly more intense compared to the corre-
sponding peaks from the samples obtained in the
EMS syntheses implying the higher degree of delo-
calization of electrons [44] in these samples. The
band at 871 (856) cm™! is due to C—H out-of-plane
bending on three substituted benzene ring [43]. The
band at 809 cm™ can be assigned to out-of-plan C—H
bending in the benzenoid units [45]. The band at 724
(735) cm! can be assigned to C-N=C bending [42],
or C—H out-of-plane bending on disubtituted ben-
zene ring [43]. The bands from ca. 500 to 600 cm™!
are due to aromatic ring deformations in the ben-
zenoid and quinoid units [42, 43]. The band at 419

(423) cm™! is due ring deformation out-of-plane of
the benzenoid ring.

3.2.2. Raman spectroscopy

Raman spectra of the samples obtained by MW after
10 and 20 minutes at 93 and 8 W with CH;COOH
and NH4OH and for the conventional synthesis are
shown in Figure 3 (left and right). The bands at
1589 (1589) cm™! can be assigned to C=C stretch in
quinoid units [42]. The bands 1511 (1489) cm™! are
characteristic for C=N stretching and C-H bending
in benzenoid units [42]. The bands 1368 (1367) cm™
can be assigned to C—C stretching in quinoid units.
The band at 1341 cm™! is assigned to C—H bending
in benzenoid units [42] while the band at 1231 cm™!
(NH4OH spectra) belongs to C-N" + C—C stretching
[43]. The bands at 1171 (1168) cm™', 856 (856) cm™!
and 735 (730) cm™! are attributed to C—H bending of
the quinoid rings, ring deformations in benzenoid
and ring deformations in quinoid units, respectively
[42]. The band at 578 (578) cm™! is due to a quinoid
ring deformation [42].
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Figure 3. Raman spectra of the products obtained with CH;COOH (10 min) (a) and NH4OH (20 min) (b) at different

microwave powers

The FTIR and Raman spectra reveal the presence of
quinoid/benzenoid segments in all samples either
synthesized conventionally or in the microwave.

3.3. Solid-state NMR spectroscopy
The solid-state 3C CPMAS NMR spectra of aniline
oxidation products obtained with CH;COOH and

NH,OH
20 min
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Figure 4. Solid-state NMR spectra of the products obtained
with CH;COOH (10 min) and NH4OH (20 min)
at different microwave powers

NH4OH after 10 and 20 min reaction time at differ-
ent MW power levels are shown in Figure 4.

The assignment of peaks in the '3C CPMAS spectra
shown in Figure 4 is based on data obtained from
chemically synthesized PANI [46, 47] (Figure 5a)
and from the products synthesized using the ‘pH
falling” approach (Figure 58) [20, 40]. The peak at
ca. 180 ppm (see Figure 4) is usually not seen in the
NMR spectra of chemically synthesized PANI.

The 181.5 ppm signal could be due to the presence
of carbonyl groups on the six-membered rings (C-9,

. 8 8 2 3., 6 6 3 2
7/ 7 NT 1 4 Y] 4 1
P e
8 8 2 3 6 6 3 2
1-y

¥

o
" U
N \N—R_
o] NH @ NH, :
. O
!

R =H(a), Ph(b)

p B
Figure 5. Proposed structural units present in the nanos-

tructured aniline oxidation products obtained at
different power levels
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Figure 5p), as proposed previously in studies of the
products obtained in the oxidative polymerization of
aniline [5, 40]. The peaks at ca. 163 ppm are assigned
to non-protonated imine quinoid carbon (C-7, see Fig-
ure 50) [48]. The peaks at ca. 147 ppm are assigned
to nonprotonated carbon attached to the imine nitro-
gen C-1 [40]. This confirms the presence of quinoid
rings. The peak at ~140 ppm due to nonprotonated
carbons (C-4 and C-5) [40] could be partly over-
lapped with the peak for protonated quinoid carbon
(=139 ppm for ‘standard’ chemically synthesized
PANI [46]). The peaks at ca. 124 ppm are assigned
to protonated benzenoid carbon (C-2,3). The reso-
nance at 128 ppm could be attributed to protonated
quinoid carbons C-8 [49]. This peak was also partly
attributed to the presence of bipolarons i.e. posi-
tively charged domains [50]. The peak at 96 ppm
found in all spectra (Figure 4) is usually not charac-
teristic for chemically synthesized PANI and it can
be due to the presence of branching in the polymer
structure (C-10, Figure 5p) [20]. The spectral fea-
tures i.e. the differences in the relative peak intensi-
ties in the NMR spectra imply the presence of a mix-
ture of aniline oligomeric structures with the pres-
ence of quinoid and benzenoid, i.e. PANI segments.
These polymerize at a late stage of synthesis.

3.4. EPR spectroscopy

The EPR spectra of the products obtained at differ-
ent microwave power levels in the presence of
CH3COOH and NH4OH are shown in Figures 6 and
7 respectively. The spin concentrations calculated
from the second integrals using Equation (1) are
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Figure 6. EPR spectra of the samples prepared with
CH;3COOH and taken after 10 min 1) 0 W;2) 93 W
and 3) 8 W
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Figure 7. EPR spectra of the samples prepared with NH,OH
and taken after 20 min: 1) 8 W; 2) 93 W and
3HOW

Table 1. Spin concentration Ngample for the synthesized PANIs

Sample Spin conc‘entration
Nsample (Spm g_l)'lolg
CH3;COOH 8 W 10 min 2.333
CH3COOH 93 W 10 min 2.216
CH;COOH 0 W 10 min 1.840
NH4OH 8 W 20 min 2278
NH4,OH 93 W 20 min 2.105
NH4OH 0 W 20 min 0.758

given in Table 1. For both reaction media the use of
microwave radiation results in an increase in the
spin concentration, which is slightly greater for § W
than for 93 W irradiation power level. Microwave
irradiation also causes a slight increase in the EPR
linewidth; in the case of the reaction in CH;COOH,
this results in the EPR signals for the MW synthe-
sized products obtained at 8 and 93 W having lower
peak intensities than that for the 0 W product (Fig-
ure 6), despite the fact that the latter has the lowest
spin concentration (Table 1). In the case of reaction
in NH4OH, the spin concentration for the 0 W prod-
uct is much lower, so that the order of the EPR peak
intensities (Figure 7) is the same as that of the spin
concentrations (Table 1), although here again the
line-broadening effect of MW irradiation in the syn-
thesis is evident in the considerably lower peak
intensity of the signal for the 93 W relative to the
8 W sample (Figure 7). EPR signals in PANI are due
to the formation of polarons upon protonation and
doping of the PANI by acid [51] and this is presum-
ably the cause of the signals observed in the present
study, the dopant acid being H,SO4 produced by
reduction of APS in the oxidation of aniline.
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3.5. XRD measurements

To investigate structural characteristics of the sam-
ples obtained powder XRD measurements were
carried out. XRD patterns of the samples obtained
with CH3COOH exhibit sharp lines in the region of
5° <20 < 50° (Figure 8a). This implies long-range
ordering in this sample. The main diffraction peaks
are at 20 values of 6.5, 16.2, 17.9, 19.1, 23.3, 23.6,
26.2, 26.5, 27.0, 30.3 and less intensive peaks at
32.8,33.4,36.6,36.2,38.5,40.4, and 40.7. The peaks
at 20 = 6.5 implies very long range order, which can
be assigned to the periodicity caused by the ani-
line/dopant acid salt [52]. The peaks at 17.9 and
26.2° can be attributed to the periodicity parallel and
perpendicular to the polymer chains, respectively
[52—54]. The peaks at ca. 23 and also at 26° could be
due to a periodicity caused by n-m stacking of rigid
phenazine-like structures [53]. At the same time the

CH,COOH
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B 93 W 10 min
8 W 10 min
0W 10 min
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Figure 8. XRD patterns of the samples prepared with
CH3COOH (a) and NH4OH (b) collected at dif-
ferent power levels and reaction times

sample obtained at 0 W shows broad reflection due
to the presence of amorphous phases. This is very
interesting as it implies that samples obtained in the
presence of MWs have significantly more ordered
structure.

XRD patterns of the samples obtained with NH;OH
in the presence of MWs also show sharp lines (Fig-
ure 8b), except for the 10 min sample obtained at
93 W. The position of sharp peaks is close to those
shown in Figure 8a and the same assignment can
apply. XRD patterns of the samples obtained at 0 W
show mixed crystallinity. That is, 10 min sample
shows broad peaks, while the 20 min sample exhibit
very sharp peaks. This could imply that in the first
10 min regardless of microwave power an amor-
phous phase is formed, and then with time progress-
ing more crystalline structures are obtained. These
findings can be very interesting as MW can be used
for the formation of very well ordered structures.

4. Conclusions

MW assisted aniline oxidative polymerization syn-
theses under medium and high pH are performed for
the first time. SEM micrographs showed that prod-
ucts obtained after 10 and 20 min consist of either
nanorods (in the presence of CH;COOH) or nanos-
pheres (in the presence of NH4OH). Based on solid-
state NMR, FTIR and Raman data it was shown that
branched structures with the existence of the ben-
zenoid/quinoid segments prevail in the final prod-
ucts. This is not surprising considering that the syn-
theses started at medium and high pH. An increase
in the spin concentration is slightly more evident
for 8 W than for 93 W power level, according to EPR
spectroscopy. XRD data suggest the presence of
well-ordered (crystal-like) structures.

Here, it is worth highlighting the fact that the MW
approach can be used for the formation of self-assem-
bled nanorods and nanospheres. This is interesting as
it is well known that self-assembly favors longer reac-
tion times for complex, supramolecular structures
to be formed. Self-assembly of aniline based prod-
ucts (polyanilines or oligoanilines) is quite compli-
cated subject especially in the presence of micro-
waves. Additional work is needed to understand the
complex formation mechanisms in the microwave-
assisted polymerization.
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Abstract. Poly(ethylene-co-vinyl alcohol) of 48 mol% ethylene content was modified with N,N'-bis(2,2,6,6-tetramethyl-4-
piperidyl)-isophthalamide (Nylostab SEED) to decrease the oxygen permeability of the polymer. The additive was added in
a wide concentration range from 0 to 10 wt%. The structure and properties of the polymer were characterized with various
methods including differential scanning calorimetry, X-ray diffraction, mechanical testing, optical measurements and oxy-
gen permeation. Interactions were estimated by molecular modeling and infrared spectroscopy. The results showed that
oxygen permeation decreased considerably when the additive was added at less than 2.0 wt% concentration. The decrease
resulted from the interaction of the hydroxyl groups of the polymer and the amide groups of the additive. The dissolution of
the additive in the polymer led to decreased crystallinity, but also to decreased mobility of amorphous molecules. Stiffness
and strength, but also deformability increased as a result. Above 2 wt% the additive forms a separate phase leading to the
deterioration of properties. The success of the approach represents a novel way to control oxygen permeation in EVOH and

in other polymers with similar functional groups capable of strong interactions.

Keywords: material testing, oxygen permeability, crystalline structure, solubility, hydrogen bonds

1. Introduction

The number of functional and smart packaging
materials increases continuously and they are used
already in everyday practice in increasing quantities
[1-4]. The main functions targeted for various prod-
ucts are small oxygen permeability or oxygen scav-
enging [5-7], humidity control [8—12], regulated
ethylene content [13], antimicrobial effect [14—17],
adsorption of odorous materials, or the opposite, the
release of desirable aromas [18, 19]. Intensive
research and development work is carried out on
these materials all over the world, but mostly in
industry.

*Corresponding author, e-mail: krenner@mail.bme.hu
© BME-PT

Controlling oxygen permeability is especially impor-
tant in the pharmaceutical industry and in food
packaging. The oxygen permeability of polymers
varies in a wide range covering several orders of
magnitudes from a few hundred to a few hundredths
or even thousands of cm*'mm/m?/24 h/bar [20]. Eth-
ylene-vinyl alcohol copolymers (EVOH) offer
extremely good protection against oxygen [20-25].
The barrier properties of these materials depend on
ethylene content [23, 26, 27], crystallinity, tempera-
ture [22, 28] and humidity [24, 26—34]. The last fac-
tor represents also the major drawback of EVOH,
since permeability may increase by orders of mag-
nitudes with increasing water content [28]. Various
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solutions exist to overcome this drawback. One of
them is the production of multilayer films consist-
ing of an EVOH barrier layer between polyolefin
outer layers combined by the use of adhesive func-
tional polymers [27, 35-37]. Development led to
the production of packaging films with 9 or 10 lay-
ers combining EVOH, polyamide (PA) and poly-
olefins [38]; microfilms with 30—1000 layers of
0.02—5 pum thickness also appeared on the market
recently [39].

Another approach to decrease the oxygen perme-
ability and water sensitivity of EVOH is modifica-
tion by blending [29, 35, 40-49] or by the produc-
tion of layered silicate nanocomposites [50-57].
EVOH is combined with polyamides the most fre-
quently, but blending results in decreased crys-
tallinity and the desired improvement in permeabil-
ity is seldom achieved. Better results are claimed
with layered silicates which are supposed to exfoli-
ate completely in EVOH, increase tortuosity and
decrease permeability considerably. Unfortunately
the control of structure is difficult in polymer/lay-
ered silicate nanocomposites [58], complete exfoli-
ation is rarely achieved [59], organophilic silicates
are quite expensive and they often discolor the prod-
uct [60]. All the above presented examples prove
the need for solutions, which result in a further
decrease in the oxygen permeability of EVOH.
During the literature study of the topic, we have not
found any indication of using a small molecular
weight additive for the improvement of the barrier
properties of poly(ethylene-co-vinyl alcohol) against
oxygen. The general idea and goal of our project
was to explore this possibility and use N,N’'-
bis(2,2,6,6-tetramethyl-4-piperidyl)-isophthalamide
(Nylostab SEED), which was originally developed
for the protection of pigmented polyamides against
light induced decomposition. The additive proved to
be also an efficient nucleating agent in polyamides.
Nucleation of EVOH might increase crystallinity
thus decreasing oxygen permeability and water sen-
sitivity as well. The compound contains several
functional groups, which may interact with the
—OH group of EVOH thus changing free volume
and offering a further route to modify oxygen per-
meability. EVOH containing the additive in a rela-
tively wide composition range was produced and
various properties were determined in the study. A
detailed analysis of structure and interactions is pre-

sented in the paper to shed light onto the reason of
the observed effects and correlations.

2. Experimental

The poly(ethylene-co-vinyl alcohol) polymer
(EVOH) used in the experiments was the Eval
G156 grade acquired from Eval Europe, Belgium.
Its ethylene content is 48 mol%, density 1.12 g/cm?
and its melt flow index is 6.4 g/10 min at 190°C
and 2.16 kg. The additive, N,N'-bis(2,2,6,6-tetram-
ethyl-4-piperidyl)-isophthalamide (Nylostab SEED,
in further discussion Seed) is the product of Clari-
ant, Germany. The chemical structure of the additive
is shown in Figure 1. It is a sterically hindered amine
(HALS) product, a crystalline material with melting
temperature of 272°C and density of 1.12 g/cm?.
Experiments were carried out at 0, 0.1, 0.2, 0.3, 0.4,
0.5, 0.8, 1.0, 2.5, 5.0, 7.5 and 10.0 wt% additive
contents.

Components were homogenized in a Brabender sin-
gle screw extruder at 30 rpm and 260-270-280—
260°C zone temperatures. The extruder was equipped
with a die of single orifice of 3 mm diameter. The
extruded strand was cooled in air and then pel-
letized. The pellets were compression molded to
plates of 1 mm and films of about 100 pum thickness
at 190°C using a Fontijne SRA 100 machine. Before
processing all materials were dried at 100°C for
4 hours in an oven and then kept in a desiccator
until further use.

Melting and crystallization characteristics and the
possible nucleation effect of the additive were deter-
mined by differential scanning calorimetry (DSC)
using a Perkin Elmer DSC 7 apparatus. The meas-
urements were done on 3—5 mg samples cut from
the 1 mm thick plates. Two heating and a cooling run
were carried out at 10°C/min heating and cooling
rate in the temperature range of 30-300°C. Crys-
tallinity was calculated from the enthalpy of fusion
(157.8 J/g) of the EVOH single crystal of 100% crys-
tallinity [61]. Crystalline structure was also studied

/ o] N 0]
X
H—N N\H H/NtN—H
N\

Figure 1. Chemical structure of the additive used in the
experiments (Seed)
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by X-ray diffraction. XRD patterns were recorded
using a Phillips PW 1830/PW 1050 equipment with
CuK,, radiation at 40 kV and 35 mA in the reflection
mode. The traces were recorded in 0.04° steps with
a sampling interval of 1 s and a rate of 0.04°/min in
the 26 range of 3-43°. Crystallinity was calculated
from the XRD traces with the method proposed by
Briickner [62].

Molecular interactions were studied by Fourier trans-
form infrared spectroscopy (FTIR). The measurement
were carried out in the attenuated total reflection
(ATR) mode and the spectra were recorded in the
wavelength range of 4000—400 cm™' with 16 scans
in 4 cm™! steps using a Perkin Elmer Spectrum 100
apparatus. Molecular modeling was used to check
possible interactions between the additive and the
polymer and to estimate their strength. To reduce
the necessary time and computer capacity to a rea-
sonable level, we selected a small molecular weight
model compound (1,4-buthanediol) representing
the repeating unit of the polymer. We focused only
on specific interactions, i.e. hydrogen bonds, and
neglected dispersion interactions in the analysis. All
the geometry optimizations for the model system
were performed at the density functional theory
(DFT) level using the MPW1B95 (modified Perdew
and Wang exchange and Becke’s 1995 correlation)
functional [63] as well as the 6-31++G** basis set
[64].

The density of the polymer was measured at room
temperature in n-hexane using a pycnometer. A
Systec Instruments Model 8000 apparatus (Thame,
Oxfordshire, England) was applied for the perme-
ation measurements, which were carried out accord-
ing to the ASTM D 3985 standard in three parallel
measurements. The test area and thickness of the
sample were 50 cm? and about 100 um, respectively,
for all specimens. Oxygen transmission rate (OTR)
was detected at 23°C and 50% relative humidity.
Mechanical properties were characterized by tensile
testing using an Instron 5566 machine at 115 mm
gauge length and 5 mm/min cross-head speed on
five parallel specimens with 110 mm dimensions
according to the ISO 527 standard. The haze of the
samples was determined with the help of a Col-
orQuest (HunterLab, Reston, US) apparatus.

3. Results and discussion
The results are presented in several sections. First, the
effect of the additive on the properties of the poly-

mer is shown and then the structure of the latter is
analyzed in detail. Solubility and interactions are
considered in the next two sections, and then corre-
lations are discussed and a brief reference is made
to consequences for practice in the last section.

3.1. Properties

The main hypothesis of the project was that simi-
larly to PA, Seed will nucleate also EVOH, increase
crystallinity and oxygen permeability decreases as
an effect. The OTR of films is plotted against addi-
tive content in Figure 2.

Permeability decreases at small Seed concentrations
as expected, but increases considerably at larger addi-
tive contents. The initial decrease seems to be small,
but it is approximately 30%, which is more than any
effect achieved by blending and only slightly smaller
than the claimed decrease resulting from the use of
layered silicates (~50%) [55, 56], but without the
disadvantageous effect of the latter. We may con-
clude as a result that the additive influences oxygen
permeability indeed, but the reason for the effect
must be identified by further study and analysis.
Changes in other properties and the analysis of struc-
ture should offer more information about the mech-
anism and origin of the effect. The increase in perme-
ability at large additive content merits further con-
siderations as well. If nucleation and changes in crys-
talline structure result in the improvement observed,
one would expect a saturation effect, OTR remain-
ing constant at large SEED contents. Obviously, some
other, probably structural changes lead to the mini-
mum in the OTR vs. additive content correlation

OTR [cm?/m?/day]

Additive content [wt%)]

Figure 2. Effect of Seed content on the oxygen permeation
of EVOH films
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resulting from the superposition of two different
effects.

The influence of the additive on the Young’s modu-
lus of the polymer is presented in Figure 3. The
results strongly corroborate our preliminary assump-
tion, stiffness increases with increasing additive
content presumably because of increasing crys-
tallinity and probably larger lamella thickness [65].
Similarly to OTR, two stages can be observed in the
composition dependence of Young’s modulus as well.
Stiffness increases quite steeply at small and some-
what more moderately at larger additive contents,
above 1.5-2.0 wt%. Ultimate tensile properties are
presented as a function of additive content in Fig-
ure 4. The changes in tensile strength agree more or
less with the results presented in Figures 2 and 3,
i.e. strength increases considerably at small additive

3.6

Young's modulus [GPa]

26 T T T T
0 2 4 5] 8 10 12

Additive content [wt%)

Figure 3. Dependence of the stiffness of EVOH plates on
additive content

60 4

Tensile strength [MPa]
N
Elongation -at-break [%)]

10 T T T T

Additive content [wt%]

Figure 4. Ultimate tensile properties of EVOH plotted against
Seed content. Symbols: (o) tensile strength, (o)
elongation-at-break.

contents. On the other hand, the composition depend-
ence of deformability seems to contradict our initial
assumption. Changing crystallinity leading to larger
stiffness usually results in decreased deformability
and not to increased elongation-at-break. Simulta-
neous increase of strength and deformability often
indicates changing structure, like physical or chem-
ical cross-linking or decreased crystallinity. More-
over, the maximum in both quantities hints also to
further structural changes, to the probability of
phase separation caused by the limited solubility of
the additive in the polymer. A heterogeneous, two-
phase structure with weak interfacial interaction of
the phases could result in the decrease of strength
and deformability at large additive contents.

3.2. Structure

The modulus of crystalline polymers is determined
mainly by crystallinity and the thickness of the
lamella grown during crystallization [65]; lamella
thickness increases with increasing crystallization
temperature, thus also with nucleation [66, 67]. The
heat of fusion proportional to crystallinity is plotted
against additive content in Figure 5. Rather surpris-
ingly crystallinity does not increase, but decreases
with increasing additive content. The detailed analy-
sis of the DSC traces recorded in the two heating and
the cooling runs indicated that Seed does not nucle-
ate EVOH. All quantities related to crystallinity
(heat of fusion, heat of crystallization) decreased
with increasing additive content, the melting tem-
perature was constant in both heating runs and the
temperature of crystallization also decreased as

75

Heat of fusion, AH_, [J/g]

45 T T T T T

o 2 4 6 8 10 12
Additive content [wt%]

Figure 5. Effect of additive content on the crystallinity
(AHy1) of EVOH
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il s
S

10 wt%

Intensity [a.u.]

Angle of reflexion, 20

Figure 6. XRD traces of EVOH containing various amounts
of Seed additive

Seed content increased. These results clearly indi-
cate that the decrease in OTR as an effect of the
additive is not caused by changing crystalline struc-
ture, but by some other factor or factors.

XRD spectra were also recorded and analyzed in
order to confirm the modification of crystalline struc-
ture. The traces are presented in Figure 6 for selected
compositions. Crystal form does not change at small
additive content, but new peaks appear on the traces
above 2.5 wt% Seed content. Possible changes in
crystallinity cannot be deduced from the traces in
this form, but their quantitative analysis by the
approach of Briickner [62] allowed the determination
of crystallinity, which is plotted against additive
content in Figure 7. The correlation is practically
identical to the one presented in Figure 5, and plot-
ting the two quantities, i.e. the heat of fusion and
crystallinity determined by XRD, against each other
yielded a straight line with negligible scatter (not
shown). These results further confirm that crys-
tallinity does not increase, but decreases as an effect
of the additive, this latter does not nucleate EVOH
and the changes observed in properties are caused
by another factor, probably by interactions.

35

Cristallinity [%6]

15

0 2 4 6 8 10 12

Additive content [wt%]

Figure 7. Decreasing crystallinity with increasing additive
content as determined by XRD analysis

3.3. Solubility

The extremes in Figures 2 and 4 indicated the mod-
ification of structure, which cannot result from chang-
ing crystallinity, since it decreases monotonously
with increasing additive content. A possible reason
might be phase separation, the limited solubility of
the additive in the polymer. A further indication for
the existence of separate phases was supplied by the
XRD traces presented in Figure 6. Above 2.5 wt%
Seed content new peaks appear in the traces, which
correspond to certain reflections of the additive.
Obviously, the additive is present as a separate
phase in crystalline form at these concentrations.
Changes in the optical properties of polymers may
also reveal phase changes. Crystalline units as well
as dispersed particles are often large enough to
interfere with visible light and this interference
results in considerable haze that is often used for
the characterization of the optical properties of
plastic products. Haze is the total flux of light scat-
tered within the angular range between 2.5 and 90°
and normalized to the total transmitted flux [68].
Haze indicates changes in optical properties more
sensitively than transparency, which is the fraction
of incident light that passes through an object. The
haze value of the plates containing different amounts
of Seed is plotted as a function of composition in
Figure 8. The correlation is very interesting and
clearly reveals all structural changes in the polymer
as an effect of increasing additive content. Haze
decreases at small additive concentrations due to
decreasing crystallinity. At around 2 wt% Seed con-
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Figure 8. Effect of additive content on the haze of 1 mm
thick EVOH plates

tent haze starts to increase and reaches practically
100% at the largest additive content because of
phase separation and the presence of large dispersed
particles. These changes agree well both with the
XRD results (Figure 6), but also with the changes in
mechanical properties (Figures 3 and 4).

3.4. Interactions

The functional groups of the additive and the
hydroxyl groups of the polymer may develop rela-
tively strong interactions. Molecular modeling by
using the DFT approach showed that hydrogen bonds
can form between the two substances indeed (see
Figure 9). The two compounds are in the lowest
energy state when the hydroxyl group of the poly-
mer and the carbonyl of the additive are at about
2 A distance from each other which corresponds to
the distance of hydrogen bonds. The energy of the
interaction is 28 kJ/mol, which is relatively strong.
The interaction should result in a shift of the corre-

Figure 9. Formation of hydrogen bonds between EVOH
and Seed; DFT modeling
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Figure 10. Shift in the position of the carbonyl absorption of
amide groups with increasing additive content

sponding absorptions bands in the infrared spec-
trum of the material.

The spectra are presented in Figure 10 for selected
additive contents in the range of the carbonyl vibra-
tion of the amide group (around 1650 cm™). A con-
siderable shift can be observed at small additive
contents, which seems to level out at larger amounts
of Seed, but the spectra in Figure 10 do not allow a
more precise determination of band shifts. The results
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Figure 11. Effect of additive content on the position of the
carbonyl absorption of amide groups
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of quantitative analysis are shown in Figure 11, in
which the position of the carbonyl absorption is
plotted against additive content. The absorption
band shifts more than 10 cm™' wavelength in the
range of 0—2 wt% additive content and remains con-
stant afterwards. The strong shift corroborates pre-
vious results and further justifies the changes in
structure and properties presented in previous sec-
tions. The results clearly prove that not crystalline
structure, but interactions determine properties in
the EVOH/additive system studied.

3.5. Discussion

The control of oxygen permeation has strong practi-
cal relevance. EVOH is one of the polymers with
the smallest oxygen permeation, but many attempts
are made to improve barrier properties even further
[38, 47, 50, 55]. Most of these approaches failed to
result in sufficient improvement in this property.
Instead of blending or using fillers, we added a small
molecular weight additive to EVOH to decrease
oxygen permeation with positive results. Although
the change in the targeted property is relatively small,
it is significant. Contrary to our original assumption
the additive, i.e. Seed, does not act as a nucleating
agent, but the effect observed can be assigned to
molecular interactions.

Both molecular modeling and FTIR spectroscopy
proved that the —OH groups of the polymer and the
amide groups of the additive strongly interact with
each other and this interaction results in all the
observed changes in properties. Because of interac-
tions, crystallinity decreases somewhat, but the
decrease does not result in smaller stiffness and
strength. At small concentrations the additive dis-
solves in the amorphous phase of the polymer
decreasing molecular mobility. Decreased mobility
results in increased stiffness and strength, but also
increased overall deformability due to the physical
cross-link points created by hydrogen bonds. Smaller
mobility and hydrogen bonds decrease also oxygen
diffusion, the direct effect of which is clearly shown
by Figure 12. Smaller molecular mobility is accom-
panied by decreased free volume resulting in
smaller OTR [69].

Up to the solubility level a very close linear correla-
tion exists between oxygen permeability and the
shift in the position of the carbonyl absorption of
the amide groups. Above the solubility limit, which
is around 2.0 wt% the additive forms a separate

OTR [em*m?/day]

0 T T T T

0 3 6 9 12 15
Shift of carbonyl absorption [cm™]

Figure 12. Direct correlation between oxygen permeation
and molecular interactions (carbonyl shift); full
symbols: below solubility level, empty symbols:
separate additive phase

phase. Phase separation leads to a maximum in ulti-
mate tensile properties (Figure 4), the appearance
of new reflections in the XRD spectra (Figure 6)
and the deviation from the straight line in Figure 12.
The results strongly corroborate the effect of the
additive on the structure and properties of EVOH
and show a novel way to control oxygen perme-
ation in such polymers.

4. Conclusions

Poly(ethylene-co-vinyl alcohol) of 48 mol% ethyl-
ene content was modified with N,N’-bis(2,2,6,6-
tetramethyl-4-piperidyl)-isophthalamide to decrease
the oxygen permeability of the polymer even fur-
ther. The results showed that oxygen permeation
decreased considerably when the additive was added
at less than 2.0 wt% concentration. The decrease
resulted from the interaction of the hydroxyl groups
of the polymer and the amide groups of the addi-
tive. The dissolution of the additive in the amor-
phous phase of the polymer led to decreased crys-
tallinity, but also in the decreased mobility of
amorphous molecules. Stiffness and strength, but
also deformability increased as a result. Above
2 wt%, the additive forms a separate phase leading
to the deterioration of properties. The success of the
approach represents a novel way to control oxygen
permeation in EVOH and in other polymers with
similar functional groups capable of strong interac-
tions.
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Abstract. The presented research study aims to evaluate microfibers from grain by-products as a substitute for wood flour
in wood-thermoplastic composites. Grain husks are an abundant and cheap source of annual, renewable raw material, which
besides lignocellulose, may also contain substantial amounts of starch, proteins and fats. These grain residues may nega-
tively affect the mechanical properties of their composites, and generate an odor when decomposition occurs at higher tem-
peratures during plastics processing. Such odors may also be present in the end-product. In order to overcome this
drawback, in this research study, a simple and effective enzymatic treatment is proposed. This environmental friendly
process removed protein, starch and fats in selective manner. Treated microfibers have shown enhanced thermal stability
for ca. 20°C at 1% of weight loss. This correlates with lower amount of odor emission during plastics processing as well as
in the final, injection molded parts (25-65% decrease). The mechanical properties of composites were either preserved, or

slightly improved. All results were compared to standard injection molded softwood WPC.

Keywords: biocomposites, lignocellulosic microfibers, grain by-products, enzymatic modification, olfactometry

1. Introduction

Wood plastic composites (WPC) are the most wide-
spread natural fiber composites (NFC), and have
established their place on the market, because of
their mechanical properties. Moreover, they are also
known for more specific properties, i.e., their light-
weight, vibration damping, and blunt fracture. Due
to the high freedom of design and the low number
of processing steps, WPC have a number of benefits
in comparison to components made of wood. They
can be processed using extrusion or injection mold-
ing, which are both highly efficient methods, and,
thus, cost-effective. Furthermore, they meet the sus-
tainability requirements, because they use materials
made from raw, renewable resources. This, in turn,

*Corresponding author, e-mail: piotr.franciszczak@zut.edu.pl
© BME-PT

contributes to a lower environmental footprint. Their
end-products are suitable for recycling, pyrolysis,
or can be burned to create energy. These features
make them suitable for applications in the automo-
tive, furniture and household industries [ 1-6].

In recent years, the demand for WPC has risen by
about 80 000 t/per annum. New applications for these
materials are still being discovered. Annually, approx-
imately 720 000 tons of WPC are produced. Approx-
imately 600 000 tons are produced in America, about
90 000 tons in Asia, and 30 000 tons in Europe [7].
However, the shortage of wood, and its rising prices
make it necessary to search for substitutes for this
raw material [4]. Grain husks or hull by-products
from cereal processing are rich in lignocellulose.
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Current research focuses on their utilization as a
substitute for wood.

Wheat (Triticum aestivum) is the most common type
of cereal used worldwide, and one of the most impor-
tant raw materials for the food industry. According
to the Food and Agricultural Organization of the
United Nations (FAQO), its global production reached
671 million tons in 2012, 196 million tons of which
were harvested in Europe. Rye crops (Secale cereale)
equaled 14.5 million tons worldwide, and approxi-
mately 12.7 million tons in Europe. Rice paddy
(Oryza sativa) was estimated to 720 million tons,
4.3 million tons of which were harvested in Europe
[8]. The brans (hard outer layers of cereal grain) and
husks (scaly protective casings of the seeds) com-
prise varying parts of whole grains depending on a
crop’s species and variety. Spelt (7riticum spelta)
husks used in this research study consist of up to
20-30% grain [9, 10]. Similar amounts of husks are
in rice paddy, while rye bran is made up of 10-15%
grain [11-13].

Owing to their low nutritional content, wheat and
rye brans are usually used as additives in feed. Unfor-
tunately, the outer layers of the grains are exposed
to pesticides, or herbicides, and mycotoxins [14]. In
the case of hard husks, like rice husks, it is possible
to use them as fuel for burning. Although they have
a relatively high caloric value, half of which is coal
[15], they are rich in silica (ca. 20%) and other min-
erals. As a consequence, there are problems con-
cerning the disposal of their volatile ashes [16].
Recently, pilot applications were proposed at paper
mills [17]. Another approach focuses on the conver-
sion of lignocellulosic waste materials into bio-
ethanol using enzymes. This process is still being
developed, and has encountered some obstacles
since lignocellulose consists of many complex poly-
saccharides so enzymes of combined activities have
to be used to break down all the matter into glucose
[18-20].

Besides being used as a biomass, they appear to be
an appropriate and abundant source for lignocellu-
lose fibers, which can be processed directly after
dehusking of the grains. The WPC processors and
mills estimate that the price of microfibers prepared
from grain by-products is about twice lower than
that of microfibers from wood, and the acquisition
is simplified. Moreover, they are obtained from
annual plants, making them even more sustainable
than wood fibers processed from trees [21-23]. The

only obstacle which may arise is caused by the con-
tamination of husks with starch, proteins and fats
from grain rests. These chemical compounds are less
temperature-stable, and lead to the deterioration of
the fiber-to-matrix bond. In this case, enzymatic
treatment with appropriate hydrolases can remove
these unwanted compounds without damaging the
cellulose structure. In the case of enzymatic treat-
ment of grain by-products, complexity of multi poly-
saccharide structure of lignocellulose, thus its resist-
ance to enzymatic breakdown can be favorable when
desiring to preserve its chemical structure. Some
research has already been done in the field of enzy-
matic treatment of natural fibers of bast or leaf ori-
gin. In those cases, mainly pectinase was used to
improve the fibrillation, and remove waxes attached
by pectins to the outer cell walls. Modest improve-
ments have been achieved in comparison to tradi-
tional methods. The so-called bio-scouring process
is currently still under development, also in large
companies [24-26].

The presented research study focuses on the manu-
facture of natural fiber composites reinforced with
microfibers from spelt and rice husks and rye brans,
which are common cereals in Europe and Asia. The
husk and brans were ground to smaller fibrous par-
ticles, and, subsequently, enzymatically treated prior
to pellet manufacturing by compounding them with
a polymer matrix and compatibilizer. These com-
posites are oriented to processing by means of injec-
tion molding. Fine particle sizes were chosen, which
enable an easy melt flow, and which help to avoid
impact cracking typical for the composite reinforced
with coarse particle sizes. The enzymatic treatment
proposed in the course of this research is necessary
for all applications of these biocomposites where
odor emission can exclude them from usage — these
are furniture, housing and automotive parts.

The results found for the properties of the natural
fiber composites reinforced with microfibers were
compared with standard, injection molded, soft-
wood reinforced WPC that was modified and
processed in the same way.

2. Materials and methods

2.1. Materials

Injection molding grade polypropylene HP400R of
Bassel-Orlen, Poland, was used as a matrix. This
homopolymer exhibits good stiffness and high flu-
idity of MFR = 25 and MVR = 34 (230°C/2.16 kg).
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Microfibers used as reinforcement were prepared at
the Institute fiir Lebensmittel und Umweltforschung,
Potsdam, Germany, by conditioning and milling
spelt (Triticum spelta) and rice husks (Oryza sativa)
and rye brans (Secale cereale) into particles sizes
smaller than 600 pm. For reference purposes, micro-
fibers made of the industrial grade softwood flour
Jeluxyl Weho500 by Jeluwerk, Germany were used.
Jeluxyl Weho500 consists of a mix of European
spruce (Picea abies) and silver fir (Abies alba). A
matrix-to-fiber weight ratio of 60/40 was used for
all composites.

Three types of enzyme hydrolases were used to
remove starch, protein and fat residues from the
microfibers, namely alpha-amylase, protease and
lipase. The commercial grade enzymes provided by
Novozymes, Denmark are listed in Table 1. The
alpha-amylase, lipase and protease employed were
designed to be used in washing processes, which is
why they have broad pH and temperature spec-
trums. Moreover these products have improved ther-
mal stability.

Maleic acid anhydride grafted PP wax (MAH-g-PP)
TP Licocene PP MA 6452 from Clariant, Germany
of 3.3 wt% in relation to the matrix was applied as a
compatibilizer between a non-polar matrix and polar
lignocellulosic fibers.

2.2. Methods

2.2.1. Enzymatic treatment of microfibers

The enzymatic treatment was performed in order to
remove unwanted constituents from the microfibers.
Fats, proteins and starch dust may remain on the grain
during the dehulling and dehusking processes. Most
of these low molecular weight compounds, especially
lipids and proteins, decompose at lower tempera-
tures than cellulose and hemicellulose (at approxi-
mately 200°C). Consequently, they undergo degrada-
tion during compounding and injection molding
[27]. This tends to weaken the fiber/matrix interface,
and causes the emission of volatile degradation
products, which, in turn, increase the odor of the
material significantly while darkening the color of

Table 1. Enzymes used in the processing of microfibers

the material. Enzymatic treatment ensures the selec-
tive hydrolysis of unwanted compounds to water
soluble dextrins (from starch), amino acids (from
proteins) and fatty acids and glycerol (from lipids)
without damaging the structure. Moreover, the car-
bon footprint is extremely small [28].

The mixture of three different type of enzymes con-
sisted of lipase, protease and alpha-amylase. Addi-
tionally, hemicellulase, namely Pulpzyme HC, was
used in order to roughen the surface of the micro-
fibers, and facilitate the removal of the starch, lipids
and proteins from the surface of the input material.
The citrate sodium hydroxide buffer was added to
maintain the pH level. The use of sodium hydroxide
is substantial for the hydrolysis of lipids to glycerol
and fatty acids. They react with one another, and pro-
duce sodium soap which simultaneously wets the
fats, and, therefore, facilitates the degradation of
the lipids to a large extent.

The whole process profile of the enzymatic treat-
ment is presented in Figure 1. The microfibers were
added to distilled water in a 1:8 ratio, and stirred
constantly throughout the entire treatment with
enzymes. In the beginning, the pH level was set at 7
to work at the optimum level for Pulpzyme HC. In
the first stage, Pulpzyme HC (xylanase) was added
to the suspension together with Lipex 100L (lipase)
and Termamyl 300L (alpha-amylase). Each added
enzyme portion equaled 1 mL. This stage took

100
+ alpha-amylase

90

80 i
15} + xylanase Vi
= 701 * alpha-amylase
g +lipase + protease
-— /
] F
5 60
g l y
£ /
& 50

40
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Figure 1. Process profile of enzymatic treatment

Trade name | Chemical name pH range Temper;)t(ljl;‘e range Type of reaction
Termamyl 300L | Alpha-amylase 6.5-9.5 20-90 Hydrolysis of a-1,4-bonds of amylose and amylopectin
Alcalase 2.5L Protease 7-10 10-65 Broad spectrum of peptide bond hydrolysis
Lipex 100L Lipase 7-11 20-60 Hydrolysis of carboxylic esters
Pulpzyme HC | Xylanase 6-8 50-60 B-1, 4 xylanase activity
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approximately 30 min to complete, and was fin-
ished when suspension reached 50°C. It was kept at
this temperature for the ensuing half hour.

In the second stage of the process, the pH level was
set to 8, in order to be closer to the activity optimum
of the rest of the enzymes. This level was main-
tained for half an hour before protease (Alcalase
2.5L) was added to hydrolyze the proteins. The same
conditions as before were used for another half hour
to let it react in optimal conditions. Protease induces
degradation in other enzymes, so it was deactivated
by increasing the temperature of the suspension to
80°C for the next 30 minutes.

In the third stage of the enzymatic treatment, the
diluted crystalline starch was completely hydrolyzed
to dextrose by adding a second dose of Termamyl
300L, which is a thermally stable alpha-amylase.
Throughout the whole process, the concentration of
the entire enzyme solutions equaled ca. 0.0625 wt%.
After the enzymatic treatment, the fibers were rinsed
with water to flush out the products of enzymatic
hydrolysis.

In order to extend the previous research done by
Mamun and Bledzki [29], the Weho500 (reference
material) was also treated to evaluate the possibility
of fiber damage during enzymatic treatment.

2.2.2. Characterization of microfibers

Chemical composition of microfibers

All chemical compositions of grain by-products
were measured according to the official method of
analysis of AOAC International (AOAC methods,
2007). The analytical results were measured twice,
their standard deviation equaled 5%.

Cellulose, hemicellulose and lignin contents:
Neutral detergent dietary fiber (NDF), acid detergent
dietary fiber (ADF) and acid detergent lignin (ADL)
contents were measured using the Van Soest chemi-
cal method [1963; 1967] with modifications made by
McQueen and Nicholson [1979]. Modification relied
on the application of the alpha-amylase, in order to
successfully degrade the starch. Dietary fiber was iso-
lated by means of detergent solutions of acidic and
neutral pH. Hot extractions of samples were carried
out on a Fibertec apparatus produced by Foss Teca-
tor (Sweden). The hemicellulose fraction was calcu-
lated on the basis of the NDF and ADF difference,
while the cellulose fraction was calculated using the
difference between ADF and ADL.

Starch contents:

The starch content was determined according to
PN-R-64785:1994. This method relies on the disso-
lution of a sample material using hydrochloric acid,
and measuring of specific rotation of light in clear
extract using polarimeter.

Protein contents:

The protein content was determined using the Kjel-
dahl method, which involves the mineralization of
samples using concentrated sulphuric acid. Subse-
quently, the amount of ammonia produced in the
reaction is measured. In order to convert the nitro-
gen content to the protein content, the factor 6.25
was applied in accordance to PN-EN ISO 20483.
This was carried out on a Kjeltec device setup by
Foss Tecator (Sweden).

Fat content:

The fat content was determined according to PN-64/
A74039 using a method of multiple extraction of
samples with petroleum ether. After the ether evap-
orated, the remaining fat was weighed. A Soxtec
HT6 setup by Foss Tecator (Sweden) was used was
used to extract samples.

Thermal gravimetric analysis

The thermal gravimetric analysis (TGA) was carried
out using the thermal gravimetric analyzer Q5000
by TA Instruments, USA. Samples were dried for
2 hat 103°C in the TGA chamber to evaporate all the
moisture, and were then heated 5°C/min. Tests were
performed in an air medium.

Particle geometry evaluation

The aspect ratio was measured using a static 2-D
microscopy method which employs a Morphologi
G3 device produced by Malvern, UK. The test sam-
ples were prepared in a dry powder dispersion to
ensure that all particles were separated from each
other. 50-100 thousand particles were measured for
each batch of material. For each particle the aspect
ratio and surface area (converted to spherical equiv-
alent volume) was measured. These data were used
to calculate the volumetric average aspect ratio.

2.3. Manufacturing of composites

2.3.1. Compounding

Microfibers were dried prior to compounding in an
SLW115 of POL-EKO, Poland — oven with forced
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convection (approx. 16h at 103°C, moisture content
<0.3 wt%). PP was processed without drying. The
pre-dried microfibers were compounded with PP
and MAH-g-PP granulates using a Laborextruder
LSM30 manufactured by Leistritz, Germany
(counter-rotating, tightly intermeshing twin-screw
extruder, L/D =23, D = 34 mm). The extruded strand
was cooled in a water bath, and pelletized. The mate-
rials were compounded at temperatures ranging
from 170 to 190°C, and at 40 rpm. The processing
method ensured a good fiber distribution and an
even fiber-to-matrix ratio, as is visible in the results
of the density measurements and the small devia-
tions in the mechanical properties for each manu-
factured type of composite material.

2.3.2. Injection molding

The standard test specimens manufactured accord-
ing to EN ISO 178 were injection molded using an
ALLROUNDER 270 S 350-100 produced by
ARBURG, Germany, (clamping force 350 kN, screw
diameter 25 mm, L/D = 20) and was provided by
PRACHT GROUP Company. The molds adhere to
EN ISO 294-1, type B. The barrel temperatures were
165-200°C from the feed zone to the nozzle. The
injection pressure was limited to 800 bar at a constant
injection speed of 20 cm?/s, resulting in actual injec-
tion pressures ranging from 450 to 550 bar.

2.4. Characterization of composites

2.4.1. Density measurement

The density of the manufactured composites was
measured using the Archimedes method at room
temperature on a high accuracy scale type AS made
by Radwag, Poland, according to EN ISO 1183. Sam-
ples were measured in ethanol medium. Weighing
was repeated three times and the average of the
measured values was calculated.

2.4.2. Odor measurement

The odor concentration was measured in accordance
with EN ISO 13725 using a human nose as a sensor.
The samples were put in an environment tempered
to 70°C for 6h in order to increase the emission from
samples, and to simulate the extreme conditions
which may occur during exploitation in closed, non-
ventilated chambers. The dynamic, half-automatic,
pneumatic olfactometer type TO7, ECOMA, Ger-
many was used for the purpose of measurements.

2.4.3. Flexural test

The static mechanical properties of the manufac-
tured test specimens were measured in a flexural test
according to EN ISO 178. The test was carried out on
an universal testing machine type 3366, Instron, UK.
The testing parameters were as follows: 1 mm/min
for the estimation of the flexural E-modulus, and
2 mm/min for the estimation of the tensile strength.
The following values represent the averaged results
of the measurements performed on 10 samples for
each type of composite material.

2.4.4. Notch impact strength

The impact strength was tested using the Izod method
according to EN ISO 180/A on a Typ B5102 appa-
ratus by Zwick, Germany. The A-notch was prepared
on specimens using a dedicated notching machine.
All composites were tested at room temperature
23°C and while subject to 50+10% relative humid-
ity. The values presented comprise the averaged
results for 10 tests carried out for each type of com-
posite.

2.4.5. Heat deflection temperature

The heat deflection temperature (HDT) analyses
were conducted on a Vicat-HDT analyzer manufac-
tured by Donserv, Poland, according to EN ISO 75-1.
The specimens were analyzed using a bending force
of 1.8 MPa, a heating rate of 2°C/min, and the HDT
was measured at a fixed elongation of 2 mm.

2.4.6. Brightness measurement

The injection molded samples were scanned using a
standard Officejet Pro 8600, HP, USA. The allowance
for coloration change was taken by subtraction of
scanned white background. Coloration was averaged
for 1 square centimeter using GIMP software. The
results were presented after calculating the average
of the RGB color model values.

3. Results and discussion

3.1. pH of microfibers

The pH of microfibers (Figure 2) after enzymatic
treatment rose to neutral due to the buffering
process. This can be advantageous for the long-term
behavior of composites. It may also be favorable to
reinforce polyester matrices that are prone to faster
depolymerization in an acidic environment.
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3.2. Chemical composition of microfibers

In natural fibers, crystalline cellulose micro-fibrils
are embedded into an amorphous hemicellulose
matrix encrusted with lignin that cross-links these
polysaccharides. Therefore, the cellulose content and
arrangement of the micro-fibrils is a decisive factor
for the physical properties. Microfibers from grain
husks have similar amounts of lignocellulosic com-
pounds as standard softwood (Figure 3). Therefore,
it is possible to assume that they may have similar
reinforcing potential as standard wood fibers in WPC.
Husks and, in particular, brans that cover the grains
also consist of small amounts of starch, protein and
fat. These components can also accumulate in form
of particles on the surface of the grains during
dehusking and dehulling processes that take place in
the mills. In Figure 3 and Table 2, it is visible that the
enzymatic treatment of the microfibers from husks
and brans reduced the amount of starch approxi-
mately three-fold. The decrease of the protein con-
tent was most noticeable for microfibers made from
spelt husks (60%), rice husks (35%) and rye brans
(20%). The fats, which were already made up the
smallest content in softwood microfibers, were
almost completely removed. Significant reductions
were obtained for microfibers from spelt husks

Table 2. Chemical composition of microfibers [%]

Figure 3. Chemical composition of microfibers before and
after the enzymatic treatment

(60%), rice husks (35%) and rye brans (45%). It can
be also concluded that brans contain much lower
amounts of cellulose than husks, which, in turn,
makes them useless as a reinforcing material in com-

posites. Consequently, they can only be applied as a
filler.

3.3. Thermal gravimetric analysis

The weight loss of microfibers in correlation with
temperature is illustrated in Figure 4. The diagram
depicts the weight loss of up to 1 wt% of the initial
value, which shows the beginning of the decompo-
sition of microfibers. Figure 4 clearly verifies the
achievement presented in Figure 3 and Table 2,
namely that the enzymatic treatment considerably
reduced the amounts of proteins and fats and, thus,
improved the thermal stability of the microfibers. In
the case of spelt and rice husks, the thermal stability
was even higher than in the case of the reference
softwood. In the case of all enzymatically treated
microfibers, an initial weight loss of 1% was detected
at approx. 20°C higher temperatures than for the
untreated counterparts. This achievement is of sig-
nificant value for thermoplastic composites pro-

Softwood after Spelt after Rice after Rye after

Softwood treatment Spelt tll‘)eatment Rice treatment Rye trZatment
Cellulose 46.1 51.2 37.2 45.1 342 44.4 8.9 14.9
Hemicellulose 17.7 18.8 26.0 30.8 5.7 7.1 16.5 45.8
Lignin 27.6 28.9 10.8 10.8 28.1 32.8 3.5 6.7
Starch 0.2 0.1 9.2 32 32 1.2 28.3 8.3
Protein 0.8 0.8 23 0.9 2.5 1.6 13.5 10.9
Fat 0.9 0.2 0.6 0.2 0.6 0.4 23 1.3
Ash 0.1 0.1 9.1 8.9 16.9 15.2 4.0 33
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Figure 4. TGA curves of untreated and enzymatically treated
microfibers

cessing, because the materials are subject to high
pressures and temperatures which induce degrada-
tion of the low molecular weight compounds (pro-
teins, fats) leading to deterioration of composite
properties, odor emission and darkening of natural
hue [30].

3.4. Aspect ratio of microfibers

Grain husks and brans were ground into particles
sizes similar to those used for the reference soft-
wood fibers, namely <600 pm. This particle size
ensures that the melted composite material flows
better during injection molding, and, therefore,
enables injection molding of thin-walled parts. A
2D static analysis revealed that the reference mate-
rial has a higher aspect ratio than microfibers from
grain by-products (Figure 5). Higher aspect ratios
provide better fiber-to-matrix stress transfer. This
was verified in the results of flexural strength tests
(Figure 8), where a correlation between a higher
aspect ratio and flexural strength is evident. Micro-
fibers from spelt husks had the highest aspect ratio
of all used microfibers from grain husks. Microfibers
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Figure 5. Aspect ratio of untreated and enzymatically treated
microfibers

from spelt husks had slightly higher aspect ratios,
but since enzymes only work on the surface, to the
higher aspect ratio can be attributed to the rinsing
process instead of the enzymatic treatment itself,
because it removed some of the finest particles.

3.5. Bulk density of microfibers

The bulk density (Figure 6), which depends upon
the fiber shape and chemical composition, con-
firmed that softwood have the most fibrous geome-
try among the investigated materials (Figure 5). In
the case of softwood and spelt microfibers, it became
clear that the rinsing phase of the enzymatic treat-
ment may cause the finest particles to be flushed
out, and, therefore, may contribute to increasing the
portion of microfibers with a higher aspect ratio
which remain after processing. Rice microfibers
tend to be the heaviest due to their high silica con-
tent and lower aspect ratio. The microfibers from rye
brans have a much lower bulk density after enzy-
matic treatment, which can be explained by the
removal of starch and proteins. The remaining lig-

= Enzymatically treated

nocellulosic particles are flake-shaped.
—
400
300+
200
100 H H
N m 178 482 [168
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500
= Untreated
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Figure 6. Bulk density of microfibers before and after enzy-
matic treatment

3.6. Density of biocomposites

Microfibers from grain by-products and softwood
mainly consist of lignocellulose, thus, their density
is similar. Accordingly, all manufactured compos-
ites reinforced with the above mentioned micro-
fibers have shown density values in nearly the same
range 1.05-1.07 g/cm’. In contrast, the density of the
PP matrix equals 0.91 g/cm?.

The PP/GF density ranges between 1.03-1.22 g/cm?
for standard fiber concentrations of 2040 wt%. In
the case of fiber concentrations of 40 wt%, this cor-
responds to a weight reduction of approx. 15% in
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favor of lignocellulosic fibers. When comparing PP
reinforced with 20 wt% GF to PP reinforced with
40 wt% of softwood, it is visible that an approx.
20% higher flexural strength of WPC can be achieved
while obtaining a density which is only 3% higher.
The light-weight potential of WPC composites and
possibility of their complete energetic recyclability
are essential features which account for their usage
in automobiles and all applications where a reduc-
tion of mass is needed. Figure 7 illustrates densities
and specific flexural strengths of native PP and its
composites with 40 wt% softwood and spelt husk
microfibers as well as 20 and 40wt% glass fibers
(GF).

3.7. Mechanical properties

3.7.1. Flexural test

The Stress-strain curves presented in Figure 8 were
measured in the flexural tests after averaging the 10
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Figure 8. Flexural stress-strain curves of PP biocomposites
reinforced with 40 wt% softwood and enzymati-

cally treated microfibers from grain by-products
that were compatibilized with MAH-g-PP

specimen curves for each material. The addition of
softwood and spelt microfibers changed the mate-
rial characteristics of the PP matrix from elastic to
tough and less ductile. Reinforcing PP with micro-
fibers leads to a visible decrease in strain. However,
this is not exceedingly problematic, since a high
ductility in not required in most engineering appli-
cations for composites. When comparing the curves
of PP/Softwood and PP/Spelt, which have fibers
with a similar chemical composition, it can be eas-
ily concluded that their geometry influences the
mechanical properties of their composites. The higher
aspect ratio of softwood fibers enabled an improved
transfer of stresses from the matrix to the fiber, and,
thus, higher strengths.

Figure 9 illustrates the flexural strength of PP and
its biocomposites reinforced with microfibers. Flex-
ural strength of PP can almost be doubled using stan-
dard softwood microfibers. The microfibers from
spelt husks used in this study also resulted in an
improvement of the flexural strength by approxi-
mately 74% for untreated and 58% for enzymatically
treated ones. Both untreated and treated microfibers
from rice husks increased the flexural strength by
only 29%. The rye brans with their low cellulose con-
tent also did not contribute to a noticeable improve-
ment. The results clearly show that a coupling
between the non-polar matrix and polar fibers must
be performed in order to obtain good reinforcement
of PP using lignocellulosic fibers. Although this can
be done using different methods and types of cou-
pling agents, the use of MAH-g-PP waxes remains
the most effective and simple. There is also an evi-
dent correlation between the volumetric average
aspect ratio of the microfibers (Figure 5) and the flex-
ural strengths of their biocomposites (Figure &, 9).
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Figure 9. Flexural strength of PP biocomposites
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Figure 10. Flexural modulus of PP biocomposites

The flexural moduli of PP composites are illustrated
in Figure 10. Here, the stiffness of the composites is
not as strongly connected to the constraint of the
matrix deformation. This depends on the stiffness of
the fibers, their geometry and volume content in the
composite, and, to some extent, on a good transfer of
stresses from the matrix to the fiber. The obtained
results clearly show that softwood microfibers help
to improve the stiffness three-fold, and, without the
application of MAH-g-PP, to almost five-fold the
original value when coupling is applied. This param-
eter was increased for microfibers from spelt husks
approximately four-fold. Here, no discernible differ-
ence was identified concerning the use of coupling
and enzymatic treatment. Similarly, coupling and
enzymatic treatment did not have any influence on
the stiffness of composites filled with microfibers
taken from rice husks and rye brans.

3.7.2. Notch impact strength

The crack propagation resistance evaluated in the
notch Izod test, which is presented in Figure 11, was
improved from 26 to 13% for composites reinforced

= matrix

o fibre

= fibre + MAH-g-PP

~l— = fibre after enzymatic
—I— treatment + MAH-g-PP

ullE HE

T LMW

w

Motch impact strength [kJ/m?)

ol 2.3 12.3] 2.9 2.0 2.6] 2.2 2.4 |1.8 E
PP Softwood  Spelt husk Rice husk Rye bran

Figure 11. Notch impact strength of PP biocomposites in
I1zod test

with enzymatically treated softwood and spelt husk
microfibers. It is a well-known fact that in order to
increase the crack propagation resistance, fibers of an
appropriate length must be used as reinforcement.
The enzymatic treatment led to a slight improvement
in impact strength compared to untreated micro-
fibers. This might have been caused either by rough-
ening the microfiber surface using xylanase, or by a
higher aspect ratio of treated microfibers which
resulted from flushing out finer particles during the
rinsing stage of the enzymatic treatment process. In
the case of microfibers with a low aspect ratio, they
do not increase fracture surface area, and are not
tough enough to absorb much energy, so the values
of the impact strength can only be preserved or
deteriorated.

3.8. Heat deflection temperature

Figure 12 shows that the creep under loading at
higher temperatures can be significantly decreased.
The heat deflection temperature was increased by
the factor two for biocomposites with microfibers
from spelt husks, and was only approximately 10°C
lower than for the reference WPC material rein-
forced with softwood flour. Biocomposites rein-
forced with enzymatically treated microfibers exhib-
ited slightly better performance. For microfibers
from softwood a 12% increase was recorded, for
those from spelt husks a 5% increase was achieved.
Rice husks and rye brans, however, showed no
improvement.
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Figure 12. Heat deflection temperature of biocomposite
materials

3.9. Olfactometry

The results of odor concentration measurements are
presented in Figure 13. The most noticeable decline
in odor emission for biocomposites with enzymati-
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Figure 13. Odor concentration of biocomposites filled with
untreated and enzymatically treated fibers

cally treated fibers was reported for rye bran (more
than two-fold); other microfibers also exhibited a
decent decrease in odor emission. This confirmed the
previously obtained results for the chemical compo-
sition investigation (Figure 3). Odor emission is
noticeable at temperatures exceeding 50°C, and can
be an important factor in automotive and furniture
applications. Composites which exhibit unaccept-
ably high emission rates despite otherwise good prop-
erties can be excluded from these kinds of applica-
tions. Thus, the enzymatic treatment of microfibers
enables the application of grain husks instead of
wood in WPC, making it possible to use them in the
very same applications.

3.10. Brightness improvement

Treatment with enzymes led to significant increase
in brightness of the microfibers. This, in turn,
increased the brightness of injection molded parts.
This can be important in the case of a lower pig-
ment demand for in melt colorizing of final product,
which helps to lower prices of end-product. The best
results presented in Figure 14 and Figure 15 were
obtained for microfibers from spelt husks. The
removal of proteins and fats from the surface of

PP/Spelt untreated PP/Spelt enzymatically treated

Figure 14. Brightness of biocomposites filled with untreated
and treated spelt husk fibers

50
— 40
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£
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@
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Figure 15. Average brightness of biocomposites filled with
untreated and treated spelt husk fibers

microfibers (which decompose during plastic pro-
cessing) led to an increase of brightness by approx-
imately 10%.

4. Conclusions

This research study has proven that grain by-prod-
ucts are a valuable source of lignocellulosic materi-
als for microfiber processing. These can, in turn, be
a substitute for wood flour in the production of ther-
moplastic biocomposites. One can conclude that only
husks and hulls which contain lower amounts of fat,
protein and starch are a good source for microfibers
(Figure 3, 8-12). It has been shown that brans, which
contain rests of grains, have more of these com-
pounds, and, consequently, their biocomposites have
inferior properties. In order to further improve their
properties, an environmental friendly and selective
processing with enzymes was proposed. Enzymatic
treatment removed considerable amounts of starch,
proteins and fats (Figure 3). Thus, the thermal stabil-
ity of treated microfibers increased significantly (Fig-
ure 4). This, in turn, increased the brightness of the
microfibers (Figure 14, 15), while simultaneously
also leading to a decrease in odor in the composites
(Figure 13). These features make the application of
products made from biocomposites reinforced with
microfibers from grain husks possible in household
and automotive industries. The other aspect that shall
be taken into account when using microfibers from
grain by-products as reinforcement in WPC is their
variable content of minerals, which is different
depending on spices and varieties. In order to avoid
faster wear of the processing equipment, namely the
screws and barrels, only materials with lower min-
eral contents shall be selected (Figure 3). Therefore,
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the appropriate selection of husks and their proper
processing to fibrous material, as well as their addi-
tional enzymatic treatment can produce valuable
microfibers that may be used as an effective substi-
tution of wood flour in WPC. This, in turn, is a solu-
tion for the shortage of precious wood. The obtained
results show improvement in terms of mechanical
properties (flexural and impact strengths) to previ-
ous researches concerning PP reinforced with micro-
fibers from grain by-products [29].

In sum, the enzymatic treatment process led to the
following changes in microfibers from grain husks
and brans:

— a three-fold decrease of the starch content, 20—
60% decrease of the protein content and 35-60%
decrease of content of fat,

an increase of the thermal stability by about 20°C
at 1 wt% loss,

a 13-26% improvement of the notched impact
strength for their biocomposites,

a 5-12% increase of the heat deflection tempera-
ture for their biocomposites,

a more than two-fold decrease of the odor emis-
sion for rye brans,

a 10% increase of the brightness in biocompos-
ites reinforced with microfibers from spelt husks.
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Abstract. Multi-branched poly(D-lactide)s (mbPDLAs) with various structures are synthesized via ring-opening polymer-
ization by using polyglycidol (PG) macro-initiators. Their chemical structures and thermal properties are controlled by
adjusting feed ratios of D-lactide (DLA) and PG. The materials are blended with commercial linear poly(L-lactide)
(I-PLLA) to form a stereocomplex structure. Effects of mbPDLAs structures and /-PLLA/mbPDLA ratios on the blends’
thermal, mechanical, and rheological properties are evaluated. Mechanical properties of the stereocomplex blends, espe-
cially elongation at break and toughness, are dependent on the blend compositions, in which a 90:10 ratio exhibits the most
desirable properties. The material also exhibits the lowest complex viscosity, which provides easy processing conditions.
This is achieved by the incorporation of copolymers with multi-branched structures and an ability to form a much stronger

stereocomplex structure.

Keywords: polymer blends and alloys, polylactide, stereocomplex, multi-branched, polyglycidol

1. Introduction

Polylactide or polylactic acid (PLA) is a degradable
polymer that is widely used in many applications,
especially packaging, biomedical, agricultural, and
environmental fields, due to its biodegradability, bio-
compatibility, and its renewable monomer resources.
Despite these excellent characteristics, its thermal
stability, durability, impact strength, and heat defor-
mation temperature are significantly low, which
limit its use in certain applications [1, 2]. Various
physical and chemical modifications have been
employed to improve these properties, e.g. copoly-
merization with other monomers [3—11], or blending
with other (co)polymers [5, 9, 10, 12—15].

*Corresponding author, e-mail: pakorn@siit.tu.ac.th
© BME-PT

Stereocomplexation is a promising technique to
enhance PLA properties, by utilizing the strong
interaction between its helical stereo-conforma-
tions, i.e., poly(L-lactide) (PLLA) and poly(D-lac-
tide) (PDLA). This PLLA/PDLA stereocomplex
exhibits a unique crystalline structure and morphol-
ogy [2, 10, 12, 16], which has a melting tempera-
ture (71,) 50°C higher than its homopolymer coun-
terparts. The stereocomplex structure has high
potential to improve heat resistivity and mechanical
properties (tensile strength, Young’s modulus, and
elongation at break) of the materials [17]. The
structure can be obtained by either solution or melt
blending methods. Recently, supercritical fluids
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[18], microwave [19], and nano-processing tech-
niques [20-22] have been employed in the stereo-
complex formation. Preparation, structures, proper-
ties, and applications of this structure have been
extensively studied [17, 23—27]. Formation of stere-
ocomplex structure is usually accompanied by
homo-crystallization, predominantly when high
molecular weight PLAs are employed [2, 10]. A com-
plete stereocomplexation, without homo-crystallite,
is obtained from an equimolar mixture of suffi-
ciently-low molecular weight PLLA and PDLA.
Stereocomplexation is also observed in block copoly-
mers of L-lactide (LLA) and D-lactide (DLA) dur-
ing polymerization, or during solid state polymer-
ization of small-sized PLLA and PDLA [24, 28-30].
Stereoblock PLA copolymers have been used as
compatibilizers in an enhancement of stereocom-
plexation efficiency, by suppressing the homo-crys-
tallite formation of large-sized PLLA and PDLA
[24]. However, these stereoblock copolymers can-
not be processed into fibers or films, because of
their relatively low molecular weight. Recently, a
preparation of high-molecular weight stereoblock
copolymers by employing non-equimolar LLA/DLA
ratios was reported [31]. A complete stereocomplex
without homo-crystallite was obtained when PDLA
compositions of at least 15% was employed. An
effective but rather expensive process of radiation-
induced crosslinking was also employed to enhance
the stereocomplex formation and to lower process-
ing temperatures of its low molecular weight blends
[32]. Although various structural formation mecha-
nisms and analyses of PLA stereocomplex have
been proposed, insights into the improvement of
their toughness and rheological properties have not
been presented.

Inclusion of branch-structured polymers into brittle
plastics leads to improvement in their mechanical
properties, especially toughness. Multi-branched
polymers possess lower chain entanglements, lower
solution and melt viscosity, but higher thermal sta-
bility, compared to their linear-structured counter-
parts. Other unique characteristics, i.e., their globu-
lar shape, and their large number of functional
groups within a molecule, make these polymers
suitable for various applications. The number and
types of functional groups on these polymers can be

modified to control their properties for specific
applications [33]. Recently, multi-branched PLAs
have been developed, and their possible applica-
tions have been assessed [34-38].

In this work, multi-branched poly(D-lactide)s
(mbPDLAs), with different structures and proper-
ties, are prepared by employing polyglycidol (PG)
as a macro-initiator. Depending on mbPDLAS struc-
tures, the stereocomplex can be achieved by blend-
ing with linear poly(L-lactide) (/-PLLA). The major
advantages of these stereocomplex mixtures derived
from the branched constituents are an enhancement
in the blend’s mechanical properties and a decrease
in melt viscosity. The resulting blends have high
potential for use as high performance materials with
easy fabrication processes.

2. Experimental

2.1. Materials

I-PLLA (M, = 178000 g/mol) and D-lactide
monomer (DLA) were supplied by PURAC (Nether-
lands). Tin(II) octoate catalyst, Sn(Oct),, was pur-
chased from Wako (Japan). Glycidol was purchased
from Aldrich (USA) and used as received. Ethyl
acetate, chloroform, ethanol, and toluene solvents
were purchased from Lab Scan (Thailand).

2.2. Synthesis of mbPDLAs

Polyglycidol (PG) is employed as a macro-initiator
in the synthesis of mbPDLAs. PG was prepared by
a ring-opening polymerization of glycidol under an
inert atmosphere, using Sn(Oct), catalyst at a poly-
merization temperature and time of 110°C and 3 h.
Effect of catalyst contents on structures of PG was
examined by varying the contents from 0.25—
1.0 mol%. mbPDLAs were then synthesized via a
ring-opening polymerization of DLA in a presence
of Sn(Oct), catalyst and PG macro-initiator, under
an inert atmosphere at 120°C for 24 h [39, 40]. The
products were purified by dissolving in chloroform
and precipitating in an ethanol/hexane mixture, and
then dried under vacuum at 50°C for 24 h. The
DLA/PG molar ratios were varied from 5/1 to 50/1,
to produce mbPDLAs with different structures. The
resulting copolymers were coded according to the
feed DLA/PG ratios, e.g., mbPDLAO051 was synthe-
sized from a 5/1 ratio.
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2.3. Stereocomplexation of /-PLLLA and
mbPDLAs

Stereocomplex blends of /-PLLA/mbPDLA were
prepared by mixing THF solutions of the con-
stituents at various weight ratios, i.e., 90/10, 80/20,
70/30 and 50/50. The mixtures were then casted on
a glass surface, in which the solvent was removed
by evaporation in a vacuum oven at room tempera-
ture for 48 h. The resulting films were cut into rec-
tangular shape with 50 mm gauge length and 15 mm
width, according to ASTM D882, for mechanical
tests.

2.4. Characterizations

Average molecular weights (M, M) and polydisper-
sity (PDI) of mbPDLAs were measured using a Gel
Permeation Chromatography (GPC), Waters €2695
with dual detectors: Viscotek Model 3580 Reflec-
tive Index detector and Model 270 differential vis-
cometer detector comparative to mono-disperse
polystyrene standards (4490—-1 112 000 g/mol). The
measurement was performed on PL gel 10 micron
mixed B2 columns (Polymer Laboratories), at 35°C,
using tetrahydrofuran eluent with a flow rate of
1.0 mL/min. The glass transition (7,) and melting
(T temperatures of the copolymers were deter-
mined by Differential Scanning Calorimeter (DSC)
on a DSC822e Mettler Toledo. The samples were
scanned twice from —60 to 250°C with a heating
and cooling rate of 20.0°C/min. Chemical struc-
tures of mbPDLAs were examined using an AVEN-
CE"' 500 MHz digital Nuclear Magnetic Reso-
nance spectrometer (AV-500, Bruker Biospin; ),
using CDCl; (for mbPDLAs) and D,O (for PG) sol-
vents.

Tensile properties of blend samples were measured
at room temperature on a universal testing machine
(Instron model 55R4502, Instron Corp., USA) with
a 100N load cell and a crosshead speed of
50 mm/min, The specimens were prepared as rectan-
gular specimens (prepared by solvent casting) with
50 mm gauge length and 15 mm width, according
to ASTM D882. Each reported value is an average
of measurements carried out on at least 4 speci-
mens. Rheological properties, i.e., elastic modulus
(G"), loss modulus (G"), and complex viscosity (n*),
were measured on a strain-controlled rheometer
(ARES, TA Inc., New Castle, USA) with a torque
transducer capable of measurement over the range
of 2-200 g-cm. Disc samples with a diameter of
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25 mm and 1 mm thickness were prepared by hot-
pressing. The strain amplitude for dynamic meas-
urements was fixed at 5%. The measurements were
conducted in a temperature range of 190-250°C,
with a heating rate of 10°C/min at a frequency of
1 rad/s. Complex viscosity (n*) changes of the
melts as a function of shear rate were conducted at a
constant temperature of 230°C.

3. Results and discussion
3.1. Chemical structures and properties of
mbPDLASs

PG macro-initiators are synthesized by varying the
catalyst contents from 0.25-1.0 wt%. Figure la
shows '"H NMR spectrum of a PG sample, whose
hydroxyl number is 340 mg KOH/g sample (accord-
ing to standard test method D4274-05, test method
C). Complex signals, appeared in the range of 3.3—
3.8 ppm, correspond to methylene and methine pro-
tons, while a resonance located at 4.7 ppm is
assigned to hydroxyl terminals. The integral ratio of
methylene and methine/hydroxyl of 9/1 is observed.
Detailed information on chemical structure of PG
can be derived from '3C NMR Inverse Gated spec-
tra, in which complicated patterns of perfect den-
tritic (D), linear (L), and terminal (7) units can be
identified. The assignments have been applied to

H
L ﬁn on
é\,orq hf‘@r CH, CH,
0
S
8]
‘S o’ OH
o H OH
HO
L".‘
(a)
|
10 9 8 7 6 5 4 3 2 1 0 ppm
2|‘-:.-.
2D, 2T

S

84 82 80 78 76 74 72 70 B8 66 64 62 ppm

Figure 1. 'TH NMR (a), '3C NMR (b), and '3C NMR DEPT (c)
spectra of PG synthesized from tin catalyst
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the spectra of PG synthesized from anionic poly-
merization [41-44]. Similar spectral characteristics
are observed in this study, in which a tin catalyst is
employed, as shown in a 3C NMR and a distortion-
less enhancement by polarization transfer (DEPT)
spectra in Figure 1b and lc, respectively. This reflects
a formation of similar products. The advantage of
this synthesis route is, however, its one-step process,
in which branching structures of PG products can
be manipulated by varying the catalyst contents.
GPC chromatograms of PG synthesized from vari-
ous catalyst contents are compared in Figure 2. At
1.0 mol%, a mono-modal size distribution is
observed with a molecular weight at peak (M) of
2100 g/mol. As the catalyst content decreases to 0.5
and 0.25 mol%, the results show bi-modal distribu-
tion with similar M,; of 2000 g/mol, and a variation
in My, from 11 500 to 24 800 g/mol, respectively.
The relative intensity of the high-molecular weight
fraction increases with the decrease in the catalyst
contents. Although the polydispersity value (~3.4)
is significantly high, compared to that obtained
from anionic polymerization [41-44], this synthesis
route is considered as an alternative approach when
structural perfection may not be a strict requirement
for most applications.

0.8

o
@

o
S

dwt/d(logM)

o
L)

10 20

Retention time [min]

Figure 2. GPC chromatograms of PG synthesized at differ-
ent catalyst contents: 0.25(a), 0.5 (b), and

The relatively larger-sized PG prepared from a cat-
alyst content of 0.25 mol% is employed as a macro-
initiator in the synthesis of mbPDLAs. 'H NMR
spectra of the resulting copolymers obtained from
various PG/DLA ratios are shown in Figure 3.
Characteristic signals of PG appear at 3.5-3.7 ppm
(d, e), corresponding to methylene protons
(-CH,—CH-0) and methine proton (—-CH,—CH-0).
The signal at 5.1-5.2 ppm (b) is assigned to methine
[O=C-CH(CH3)—O—] of lactate units. This con-
firms the presence of PDLA chains on the PG core.
The integral ratios of the signals at 3.5-3.7 and
5.1-5.2 ppm reflect the PG/PDLA compositions in
the copolymer chains. Average DLA length/ branch
(DLA,) is calculated from the integral ratio of
PH/°H. Results on chain compositions and molecular
weight of the copolymers are summarized in
Table 1. Copolymers with M,, ranging from 35 000—
80 000 g/mol are obtained. The chain compositions
are significantly similar to the corresponding feed
ratios, reflecting a high incorporation efficiency of
lactate units. DLA compositions and molecular
weight of the copolymers increase with an increase
of the DLA/PG feed contents. DLA,, value increases
with an increase in the feed ratios from 5/1 to 20/1.
Although mbPDLA201 and mbPDLAS501 show

fe OeerPDLA

wod & cn
o"\lf\o{_gﬁo}n—gacﬁ—m
PDLA

mbPDLAS01

mbPDLA201 |

mbPDLA101

mbPDLAQS1

g 8 7 6 5 4 3 2 1 ppm

Figure 3. '"H NMR spectra and signal assignments of

1.0 mol% (c) mbPDLAs

Table 1. Synthesis conditions and properties of mbPDLAs
DLA/PG compositions M, M,
1 DLA, " N PDI
Samples in feed in chain® [g/mol] [g/mol]

[-PLLA - - - 88 800 178 100 2.01
mbPDLAOS1 5/1 83/17 4 6 700 35200 5.25
mbPDLA101 10/1 92/8 7 20 600 48 900 2.37
mbPDLA201 20/1 96/4 17 19 100 64 400 3.38
mbPDLAS01 50/1 98/2 17 23 000 81500 3.54

alH NMR, ’GPC, DLA,, = average DLA length/branch, PDI = polydispersity index
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Table 2. Thermal properties of mbPDLAs derived from

DSC thermograms
1%t scan 2"d scan
Samples T, Tm AH,, T, Tm AH,,
[°CI | [°C] | [J/gl | [°C] | [°C] | [J/g]
[-PLLA - 179 | 44.7 58 174 454
mbPDLAO51 18 - — 29 — —
mbPDLA101 36 90 11.9 37 — —
mbPDLA201 50 125 | 32.5 49 — —
mbPDLAS01 46 140 | 36.2 44 135 14.1

similar DLAn values, a difference in their average
molecular weights reflects different numbers of lac-
tate branches per molecule. This, in turn, imposes
strong effect on physical and mechanical properties
of the copolymers, discussed later.

DSC thermograms of mbPDLAs are compared with
[-PLLA in Figure 4. Their thermal properties derived
from 1% heating scans are summarized in Table 2. I-
PLLA exhibits cold crystallization in both of its 1%
and 2"4 heating scans, indicating that its crystalliza-
tion is not complete at the applied DSC cooling rate,
due to its long-chain structure. From the 1% heating
cycles, all mbPDLAs exhibit melting characteristics

1% heating scan

o

E

g (e)

[=]

5 [ (d)

i {cg 74—’ \ -
M&

-50 0 50 100 150 200

2™ heating scan

M A
E);__j \/

-50 0 50 100 150 200

Endothermic ———

Temperature [°C]

Figure 4. DSC thermograms of mbPDLAs synthesized at
various DLA/PG molar ratios: (a) 5/1, (b) 10/1,
(c) 20/1, (d) 50/1, and (e) I-PLLA

without cold crystallization. This is likely because
these samples are prepared from a solvent-casting
technique, which allows high freedom of crystal-
lization. Ti,’s of mbPDLAs shift toward higher tem-
peratures, whose heat of fusion values (AH,,) also
increases, with an increase in DLA block lengths
and DLA contents of the chains. This indicates a
strong influence of DLA sequences on crystalline
structure of the copolymers.

In the 2"¢ heating scans, however, cold crystalliza-
tion and melting characteristics of mbPDLAs are
not observed, except mbPDLAS501. This reflects the
influences of the samples structures and their ther-
mal history, in which the multi-branched structure
retards crystallizability of molten mbPDLAs during
DSC cooling and re-heating cycles. For the largest
copolymer in the series (mbPDLAS501), however, its
sufficiently-long DLA sequences enable formation
of crystalline domains upon re-heating. The results
from both heating scans show that the copolymers
have lower T, than /-PLLA, due to their shorter DLA
sequences. The T, values increase with the copoly-
mer’s molecular weights.

3.2. Thermal properties of -PLLA/mbPDLA
stereocomplex blends

Effects of mbPDLA structures and the blend com-
positions on properties of /-PLLA/mbPDLA stereo-
complex are investigated. Figure 5 shows DSC ther-
mograms (2" heating scan) of blends (prepared at a
90/10 ratio) consisting of various mbPDLAs. This
non-equimolar blend composition is employed to
investigate interplay between crystallization behav-
iors of homo-crystallite and stereocomplex. Ther-

2™ heating scan

Endothermic ———

=50 0 50 100 150 200 250
Temperature [°C]
Figure 5. DSC thermograms of (a) /-PLLA and /-PLLA/
mbPDLAS01 stereocomplex blends (prepared at
a 90/10 blend ratio) containing: (b) mbPDLAOS1,
(c) mbPDLAI101, (d) mbPDLA201, and
(e) mbPDLAS01
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Table 3. Thermal properties (2" heating scan) of /-PLLA and /-PLLA/mbPDLAS501 stereocomplex blends containing vari-

ous mbPDLAs at a 90/10 blend ratio.

T T AH Homo-crystallite Stereocomplex
Blend component ° Cg] ° é] ) /gc] Tm AH,, Tm AH,,
[°C] [J/g] [°C] [J/g]
I-PLLA 58 117 453 174 45.4 - -
[-PLLA/mbPDLAO051 55 113 353 174 394 - -
I-PLLA/mbPDLA101 58 120 332 173 40.1 - -
[-PLLA/mbPDLA201 59 120 36.2 172 34.6 186 6.6
[-PLLA/mbPDLAS501 56 113 345 173 332 202 10.2

mal properties of all blends are summarized in
Table 3. The glass transition and homo-crystallite
melting characteristics are clearly observed in all
samples, which remain unchanged regardless of
size of mbPDLA components. Blends containing
mbPDLAs with M,, higher than 60 000 g/mol, i.e.,
mbPDLA201 and mbPDLASO01, show an additional
T of the stereocomplex structure at 186 and 210°C,
respectively. This indicates that a critical length of
DLA sequences is required to form the stereocom-
plex structure, whose structural strength is depend-
ent on the copolymer sizes.

Cold crystallization is observed in /-PLLA and all
blends. The heat of cold crystallization (AH.) value
of [-PLLA is similar to AH,, of its homo-crystallite,
indicating an absence of melt crystallization, i.e.,
the crystalline domains are mainly formed during
the reheating process. The corresponding values for
blends of small-sized mbPDLAs are lower than
AH,, despite the absence of the stereocomplex melt-
ing peak. This reflects that the DLA short sequences
act as nucleating species promoting the formation
of homo-crystallite during melt crystallization [45,
46]. In contrast, AH, values of the blends containing
large-sized mbPDLAs, which show stereocomplex
peak, are slightly higher than AH,, of their homo-
crystallite. This is likely because stereocomplex for-
mation occurs rapidly during the melt crystalliza-
tion, but the crystallization is not complete at the
applied cooling rate as the blends contain high
[-PLLA content. When the sample is reheated higher
than T, chain rearrangements take place, resulting
in the formation of homo-crystallites and additional
stereocomplex structures.

In blends containing large-sized mbPDLAs, AH,
values of their stereocomplex endotherm increase
with molecular weight of the mbPDLA component,
whereas the corresponding values of the homo-
crystallites significantly decrease. This is likely due
to the suppression of homo-crystallization by the

formation of the stronger stereocomplex structure.
For blends consisting of small-sized mbPDLAs,
however, AH,, remains constant as the suppression
effect from the stereocomplex is negligible. All sam-
ples show a single T, ranging from 55-59°C, indi-
cating miscible blends.

Effect of blend compositions on thermal properties
of the stereocomplex blends is examined. DSC ther-
mograms (2"¢ heating scan) of blends containing
mbPDLASO01 at various blend ratios are compared
in Figure 6. Cold crystallization is clearly observed
in /-PLLA and /[-PLLA-rich blends, along with the
melting characteristic of homo-crystallite and stere-
ocomplex. This reflects that the stereocomplex struc-
ture is formed at a much faster rate during the DSC
cooling cycle, which retards formation of homo-crys-
tallite in /-PLLA-rich blends [12]. In contrast, a
50:50 blend shows only the stereocomplex melting
peak, with no cold crystallization, reflecting that no
homo-crystallite domains are formed for an equimo-
lar blend. Thermal properties of the blends are sum-
marized in Table 4. T}, of homo-crystallite shifts to
lower temperatures, whereas that of the stereocom-
plex slightly shifts toward higher temperatures, with

2" heating scan

Endothermic

-50 0 50 100 150 200 250
Temperature [°C]
Figure 6. DSC thermograms (2"¢ heating scan) of (a) /-
PLLA, and /-PLLA/mb-PDLAS501 stereocomplex
blends at various compositions: (b) 90/10, (c) 80/
20, (d) 70/30 and (e) 50/50
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Table 4. Thermal properties of I-PLLA/mbPDLAS501 stere-
ocomplex at various blend compositions

Table 5. Mechanical properties of /-PLLA/mbPDLA101
stereocomplex blends, as a function of blend ratios

Blend | T, T. | AH, H?rmo-crys;;lite St;reocorzlp;lex

3 0, 0, m m m m
ratios | L LWL ocy | gl | ey | gl
[-PLLA | 58 117 | 453 174 45.2 - -
90/10 56 | 113|345 | 173 332 202 | 102
80/20 55 99 | 258 | 169 24.5 204 | 204
70/30 53 100 | 11.1 162 18.2 205 28.6
50/50 54 - - - - 206 543

an increase in the mbPDLAS01 contents. The heat
of fusion (AHy,) values also exhibit a similar trend,
reflecting lower quality and contents of homo-crys-
tallite, and vice versa for the stereocomplex. Single
T, is also observed in all blend samples, which
decreases with an increase in the mbPDLAS501 con-
tents, reflecting a complete miscibility at all compo-
sitions. AH, values of /-PLLA-rich blends are simi-
lar to that of AH,, values, also indicating that a cold
crystallization mainly corresponds to homo-crystal-
lite formation, whereas the stereocomplex is gener-
ated very fast during the melt crystallization.

3.3. Mechanical properties of /-
PLLA/mbPDLA stereocomplex blends
Mechanical properties of the stereocomplex blends
are evaluated in terms of tensile strength, modulus,
and elongation at break, in which examples of
stress-strain curves (4 replicates) of a /-PLLA/
mbPDLA101 blend (90/10) are shown in Figure 7.
Toughness is calculated from the area under the
curves, which only represent the samples behaviors
at low deformation rates, but not impact toughness.
Table 5 summarizes mechanical properties of
blends containing mhPDLA101, as a function of the

25

20 4

15 4|

k

10 4

Tensile strength [MPa]

0 50 100 150 200
Tensile strain [%]

Figure 7. Stress-strain curves of /[-PLLA/mbPDLA101
stereocomplex blend at a 90/10 composition
(4 replicates)

Blend Tensile Young’s | Elongation Toughness

ratios strength | modulus | atbreak [mJ/mm’|
[MPa] [MPa] [%]

100/0 22.4+1.3 | 1269+69 13.8+2.1 1.7+£0.5
95/5 17.241.6 | 1065+131 | 16.943.2 1.7+0.6
90/10 19.842.4 | 1134458 | 144.9429.1| 19.0+5.1
80/20 18.2+2.1 | 1004+99 13.144.1 1.4+0.6
70/30 17.74£0.9 964+41 16.2£1.0 1.9+0.4

Table 6. Mechanical properties of /-PLLA and /-PLLA/
mbPDLA (90/10) stereocomplex blends consisting

of different mbPDLAs
Blend Tensile Young’s | Elongation Toughness
component strength | modulus | at break [mJ/mm’]
[MPa] [MPa] [%]
I-PLLA 22.4+1.3 | 1269469 13.8+2.1 1.7+0.5
mbPDLAOS1 | 16.9£1.0 | 998+83 63.4+£22.1 8.6+2.9
mbPDLA101 | 19.842.4 | 1134+£58 |144.9£29.1 | 19.0+5.1
mbPDLA201 | 32.1+2.2 | 1120£62 | 76.3+17.0 | 13.3+2.8
mbPDLASO01 | 30.3+0.9 | 1631£189 | 97.7£28.4 | 26.1£7.7

blend contents. Slight decreases in all properties are
observed with an inclusion of mbPDLA101, except
those of the 90/10 blend, whose elongation at break
and toughness are largely increased without sacri-
ficing much of the tensile strength and modulus.
This reflects a strong influence of an optimum blend
ratio on the improvement of the blends mechanical
properties.

Enhancements in tensile strength and modulus of
the blends are also feasible by varying mbPDLAs
sizes. Table 6 summarizes mechanical properties of
stereocomplex blends of different mbPDLAs, pre-
pared at the same composition (90/10). The blend
consisting of mbPDLAS501 exhibits higher tensile
strength and modulus than those of /-PLLA, whereas
those of smaller mbPDLAs show slight drops in the
values. This reflects that a critical molecular weight
value of mbPDLA is required in the formation of
appropriate stereocomplex structure, which in turns
imposes a large influence on the enhancement of
their mechanical properties.

3.4. Rheological properties of
I-PLLA/mbPDLA stereocomplex blends
Rheology behaviors of stereocomplex blends con-
taining different mbPDLAs, prepared at a 90/10
ratio, are examined at a fixed strain of 5%. Figure 8
shows results on complex viscosity (n*), storage
modulus (G'), loss modulus (G”), and tand of the
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Figure 8. Temperature dependence of complex viscosity
(m*) (a), storage moduli (G") (b) and loss moduli
(G") (c) of stereocomplex blends containing dif-
ferent mbPDLAs

blends, as a function of temperature. At tempera-
tures below their stereocomplex’s Ty, the blends
consisting of mbPDLAS01 and mbPDLA201 show
high n*, G' and G" values, due to the presence of
the stereocomplex structure in a glassy state. An
incorporation of small-sized mbPDLA101 leads to
a reduction in the values, compared to /-PLLA, as
this acts as a plasticizer. When the chain length of
mbPDLAs increases, the value sharply increases,
where an increase of 1 and 2 orders of magnitude is
observed in mbPDLA201 and mbPDLAS01, respec-
tively. This reflects a formation of stronger interac-
tion, i.e., hydrogen bonding, between the 2 stereo-
constituents [2, 47, 48]. A sharp decrease in the
values is observed when the structure melts. This

1000
= I-PLLA
-+ |-PLLA/MbPDLA101
=+ -PLLA/mbPDLA201
100 - |-PLLA/MbPDLAS501
& 107
au
a
‘5__ 1 4
0.1 1
0.01 v x v
1 10 100 1000 10000

¥ [1/s]

Figure 9. Steady shear viscosity of stereocomplex blends
containing different mbPDLAs at a 90:10 blend
composition

behavior is not seen in blends consisting of smaller
mbPDLAs, due to the absence (or low content) of
stereocomplex structure, as previously discussed.
The steady shear rheology behaviors, as a function
of shear rate, of blends containing different mbPD-
LAs (90/10 blend compositions) are shown in Fig-
ure 9. The experiments are conducted at 230°C,
above T, of the stereocomplex. Typical non-New-
tonian behavior is observed in all samples. At low
shear rates, the shear viscosity of stereocomplex
blends are comparable to that of /-PLLA, except that
of mbPDLASO01, which is about 1 order of magni-
tude lower. This is due to the influence of its branched
component, which possesses the required arm length.
At higher shear rates (>200 1/s), the shear thinning
behavior is clearly evidenced, except for that of
mbPDLAS501. The results also indicate that this
behavior of the blends is observed earlier (at lower
shear rates) than that of /-PLLA, in which the inclu-
sion of mbPDLAs with shorter arm lengths shows a
sudden drop in the viscosity at lower rates. Interest-
ingly, the stereocomplex blend of mhPDLAS501
does not exhibit shear-thinning characteristics in
this shear rate range (<10,000 1/s), probably because
of its sufficiently-long arm lengths that enable effec-
tive chain entanglements, and its strong interaction
between the 2 enantiomeric structures. Given its
excellent mechanical property, the /-PLLA/
mbPDLAS01 blend show high potential for indus-
trial use, as this rheological property also leads to
easy processing conditions.

4. Conclusions
Multi-branched PDLAs (mbPDLAs) derived from
polyglycidol (PG) core are successfully used to
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enhance mechanical properties and processing con-
ditions of commercial linear-structured PLLA
([-PLLA). Chemical structures of mbPDLAs are
controlled by adjusting the feed ratio of DLA
monomer to the PG macro-initiator, which in turns
leads to a variation in the copolymers thermal and
physical properties. The mbPDLAs structures and
blend compositions impose strong effects on physi-
cal and mechanical properties, i.e., Ty, T, toughness,
tensile strength, modulus, and elongation at break,
of the [-PLLA/mbPDLAs stereocomplex blends. The
stereocomplex with a blend ratio of 90/10 exhibits
the most desirable properties, in which the highest
elongation at break value is gained whereas tensile
strength and moduli are comparable to /-PLLA. The
material also exhibits the lowest complex viscosity,
which provides easy processing conditions. This is
achieved by the incorporation of copolymers with
multi-branched structures and an ability to form a
much stronger stereocomplex structure.
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