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Abstract Structural transformations of polyacrylonitrile
microstructure with varying degrees of stereoregularity
during the thermal-oxidative degradation and pyrolysis
reactions were investigated employing coupled thermal
techniques namely pyrolysis—gas chromatography—mass
spectrometry, evolved gas analysis—mass spectrometry, and
thermal gravimetric analyzer-FT infrared spectrometry
(TG-FTIR) in the temperature range of 200-600 °C. More
number of intense peaks with large ionic abundances in the
thermal curves and pyrograms indicate that atactic-rich
polyacrylonitrile copolymers undergo thermal cleavage,
fragmentation and cyclization reactions more readily than
isotactic polyacrylonitrile. The mass loss accompanying
the thermal reactions was accounted for the evolution of
hydrogen cyanide, ammonia, and homologous of alkyl
nitrile having molar mass between 47 and 224 m/z; their
most probable structures were identified. Thermal analysis
results confirm that nitrile cyclization reactions proceed
preferentially at isotactic triads leading to a steady and
stable thermal-oxidative degradation reactions as compared
to atactic-rich polyacrylonitrile. The simultaneous TG-
FTIR results of evolved gas analysis also validate the
pyrolysis experiments.
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Introduction

Carbon fibers (CF) make up a significant volume fraction
of modern structural airframe materials, they provide sig-
nificant structural strength, stiffness gains and are light-
weight when embedded into a suitable polymer resin
matrices [1-5]. Carbon fibers are fibrous carbon materials
with a micrographite crystal structure, classified by the
source materials such as rayon, polyacrylonitrile (PAN),
pitch and lignin [6-8]. In general, carbon fibers have
superior mechanical properties, which include high specific
strength and specific modulus, as well as characteristics
such as low density, low thermal expansion, and high
corrosion resistance. Polyacrylonitrile-based polymers
(PAC) are an important class of precursors for high value
carbon-based materials, such as carbon fiber with high
mechanical, thermal resistance, and mesoporous carbon for
use in photo-electronic devices [9]. In recent years, poly-
acrylonitrile-based polymers have emerged as the most
preferred polymer precursors for high-tensile-grade carbon
fibers due to their high carbon yield on carbonization above
1000 °C, facile polymerization with other comonomers.
Almost more than ninety percent of commercially available
carbon fibers are derived from PAC [10]. High-tensile
carbon fibers enable the fabrication of lightweight, durable,
and cryogenic high-pressure vessels for storage of com-
pressed hydrogen gases in space launch vehicles [11, 12].
This trend requires a higher level of understanding and
improvements of physical characteristics in the carbon
fiber polymer precursors. The industrial production of
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high-tensile-grade carbon fiber includes polymer synthesis,
fiber spinning, thermal-oxidative stabilization, and car-
bonization [13]. One of the critical stages in the carbon
fiber fabrication process is the heat treatment process,
including thermal stabilization of acrylic precursors
through flame-resisting treatment and primary carboniza-
tion. During this process, PAC precursors are subjected to a
controlled heat treatment in air at temperature in the range
200-600 °C. In the carbonization process, the stabilized
fibers are further heated at the temperatures in the range
300-2800 °C.

The thermal-oxidative stabilization and primary car-
bonization are considered very significant as the formation
of a thermally inert, cyclized and aromatized structure
takes place during this process, which are determinant in
deciding tensile properties in the downstream processes of
carbonization and graphitization. In particular, stabilization
process is conducted in prohibitively slow rates; however,
in order to improve the industrial production rate of carbon
fibers, the optimization of stabilization step is very much
desired. Technically, carbon fiber fabrication is a process
of controlled and constructive pyrolysis of PAC precursors
into a less defective carbonaceous structure in a linear
form. Usually, heat treatment processes are accompanied
by the evolution of gases in substantial quantities consist-
ing of oxides of carbon (CO, CO2), hydrogen cyanide
(HCN), small molecules of alkyl nitrile compounds (RCN)
[14-16]. The oxidative cyclization and aromatization are
not simple thermal reactions, but are influenced by various
factors such as polymer structure, linear density (dtex),
chemical composition of the precursor; specifically,
comonomers influence the thermal reactions significantly
[17-19]. As a function of polymerization techniques,
structurally PAN copolymers are synthesized in three dif-
ferent stereo-structures, viz. isotactic, atactic, and syndio-
tactic. The stereo-structure or structural regularity of the
pendant groups in linear polymers is quantified in terms of
tacticity contents, more precisely triad tacticity. It has been
reported that the microstructure of polymer main chain as
described in terms of stereoregularity can influence the
reaction temperature and reaction rate of thermally induced
cyclization reactions [20]. In our previous article, the dis-
tinct thermal degradation behavior of stereoregular poly-
acrylonitrile due to the higher isotactic triad content was
investigated using conventional thermal analytical tech-
niques (DSC, TG) and stereoregular PAN was found to
have more thermal stability, comparatively [21]. The ten-
sile properties of CFs are highly dependent on the process
parameters maintained during CF manufacture, especially
tensile strength of filaments which are very sensitive to
surface defects and internal voids [22]. The formation of
defects and voids is mainly due to the evolution of gaseous
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molecules and certain molecular defects from the CF pre-
cursors [23].

Minagawa et al. [24] applied pyrolysis—gas chromatog-
raphy technique to study the thermal degradation behavior
of CF polymer precursors under rapid pyrolysis conditions
and established the secondary thermal degradation, frag-
mentation reactions of polyacrylonitrile during the pyrol-
ysis. Fitzer et al. [15] established the dependence of tensile
strength of carbon fiber on the quantity of evolved gas
released. Tensile properties of carbon fibers are highly
dependent on the heat treatment temperatures that range
from 200 to 3000 °C, shrinkage stresses developed in the
filaments, and release of various molecular species as
evolved gases [25-27]. Therefore, the identification of
evolved gaseous molecules during carbonization process
will certainly improve the general understanding of defects,
microvoids formation, and pattern of decomposition and
structural formation of carbon fiber when it is subjected to
a severe thermal treatment. Conventional thermal tech-
niques, viz. thermal gravimetric analysis (TG), differential
scanning calorimetry (DSC), and differential thermal
analysis (DTA), are commonly used in the thermal studies
of carbon fiber polymers precursors; however, they are not
capable of acquiring qualitative and quantitative structural
transformations during the thermal stabilization, cycliza-
tion, and carbonization processes. This article investigates
the influence of microstructure, in terms of the triad tac-
ticity content of cyano functionalities of poly(acrylonitrile)
on the structural transformation, thermal stability, and
identification of evolved gaseous species in heat treatment
processes applying coupled thermal analytical techniques.
The detailed thermal investigations were performed
applying hyphenated thermal techniques such as pyrolysis—
gas chromatography-mass spectrometry (Py—-GC-MS),
evolved gas analysis—mass spectrometry (EGA-MS), and
TG-FTIR, in addition to the confirmation of stereochemical
configuration of PAN polymers applying nuclear magnetic
resonance techniques.

Experimental
Materials

Synthesis grade acrylonitrile (AN) [Aldrich Co., 99%] was
used in the polymer synthesis. Acrylonitrile was washed
with sodium hydroxide solution of lower concentration
0.5 mass% and distilled at its boiling range just before
polymerization to remove the inhibitor content. The
hexagonal crystalline metal salts (nickel chloride or mag-
nesium chloride) [Sigma-Aldrich Co. Ltd.,] were used as a
template compound. Commercially available o, o
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azoisobutyronitrile (AIBN) [Wako Pure Chemical Indus-
tries, Ltd.] was used as initiator after crystallization in
methanol. Analytical grade dimethylformamide (DMF)
[Sigma-Aldrich Co. Ltd.] was used for the measurements
of polymer solution properties.

Synthesis of isotactic poly(acrylonitrile) (I-PAN)
and atactic poly(acrylonitrile) (A-PAN)

The polymerization was carried out in a 500-mL three-
necked round bottom flask, equipped with mechanical
stirrer and a reflux condenser. The flask was bubbled with
ultra pure N, gas for 30-60 min at a flow rate of
30 mL min~" to ensure an oxygen-free atmosphere. The
template compounds used in this polymer synthesis are a
hexagonal crystalline metal salt (NiCl, or MgCl,). The
polymerization procedures as described in our previous
work were followed for the synthesis of I-PAN and A-PAN
[28]. The resulting polymer was filtered and washed with
methanol and deionized water to dried at 60 °C under
vacuum to a constant mass.

Characterization
Molecular characterizations

Average molecular mass determinations Size exclusion
chromatography—low-angle  laser  light  scattering
(SEC-LALLS).

The chromatography parameters [molecular mass dis-
tribution and polydispersity index (M/M,)] were deter-
mined by SEC-LALLS instrument of Malvern Viscotek
TDA 305 (Triple Detector Array). The carrier solvent was
DMF containing 0.05 M lithium bromide with a flow a rate
of 1 mL min~" and injection volume of 100 L at 50. A
concentration of ~4.0 mg mL™' was maintained in all
samples. SEC-LALLS instrument was used as a detector at
a fixed wavelength of 633 nm. Before the injection, sam-
ples were filtered through a PTFE membrane with 0.2 mm
pore. The molecular mass parameters were computed using
SEC-LALLS data processing system. A set of polymethyl
methacrylate standards of narrow molecular mass distri-
bution (PolyCALTM, Viscotek, US) of molecular mass
2.0 x 10°-4.51 x 10° g mol_; was used to calibrate the
SEC-LALLS instrument.

Solution viscometry

Measurements of viscometric parameters were taken with
an accuracy of 1/100s in dimethylformamide at
30 &£ 0.02 °C in a constant temperature viscometer bath,
with the use of an Ubbelohde-type capillary viscometer
(Rheotek Co., UK). The trend in the viscosity-average

molecular masses from time to time was determined using
the following empirical intrinsic viscosity-molecular eight
relationships as in Egs. 1-3 [29, 30]. The values of k and «
are 2.53 x 10™* and 0.72, respectively.

Nsp = Nsoln — ’/’solv/’/lsolv = Nrel — 1 (l)
] = { (144 % 0y, + 1)} ~1/0.36 (2)
[n] = k[M.)" (3)
*C NMR

The '*C NMR (Bruker AMX-400) spectra of the polymers
were recorded in DMSO using tetramethylsilane (TMS) as
an internal standard. Samples were concentrated in dime-
thyl sulfoxide about 5% (w/w) for '>C NMR by using a
5 mm NMR tube at room temperature. '°C NMR spectra
were acquired using 24,996 data points, spectral width
22 kHz, broadening 3 Hz, pulse delay 2 s, pulse width 90°,
and 1024 scans. Nuclear overhauser effect (NOE) was
suppressed by gating the decouple sequence. Heteronuclear
multiple quantum coherence (HMQC) was performed by
using the standard Bruker pulse sequence with a pulse
program. The spectrum was obtained with 256 increments
in the F1 dimension and 1024 data points in the F2
dimension, with 200 scans and relaxation delay 1.5.

Thermal characterizations using hyphenated
thermal techniques

Pyrolysis—gas chromatography—mass spectrometry

The configuration of Py—GC/MS as developed by Chuichi
Watanabe et al. [31] was employed for the evaluation of
thermal-oxidative degradation of the polymer samples under
investigation. A small amount of powdery sample was taken
in a deactivated stainless steel sample cup and then mounted
into the pyrolyzer. The multifunctional pyrolyzer EGA/PY-
3030D model (Frontier Laboratories, Japan) which is cap-
able of heating a sample from near room temperature to
800 °C at a desired rate between 1 and 40 °C min_,; was
used to heat up the sample. Evolved gases released during
the heat-up was directly separated and analyzed by the GC/
MS (GC-Ms-QP2010, GC-MS ITFtemp.280 °C, m/z:
27-600 IS temp.: 200). The remaining residue in the sample
cup was analyzed on the same system by EGA-MS single-
shot analysis. In the GC-MS system, the evolved gas mix-
ture was continuously introduced to the sample loops and
separated into the constituents by the chromatographic col-
umn. The carrier gas is removed by the separator, and only
the components to be determined are introduced directly into
the mass spectrometer to obtain mass spectrum. The pattern
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of thermal degradation and the structural changes accom-
panying degradation was estimated from the obtained ther-
mal curves and pyrograms.

TG-Fourier transform Infrared spectrometer

The analysis of evolved gases from polymer samples was
carried out using a hyphenated system of the TG
4000/Pyris 6 (Perkin Elmer) coupled to a frontier FTIR
spectrometer. The typical analysis conditions are as fol-
lows: wave number, 400—4000 cmfl; resolution, 2 cmfl;
purging gas, N2 (flow rate, 20 mL min~"); heating rate,
20 °C; temperature range 40-650 °C;  specimen
mass, 12.00 mg.

Results and discussion

Synthesis and molecular and structural
characteristics

The synthetic pathways employed for the gram-scale
preparation of both isotactic (I-PAC) and atactic (A-PAC)
polyacrylonitrile copolymers are represented in the reaction
Scheme 1. Polyacrylonitrile copolymer with stereoregular-
ity defined in terms of triad tacticity of cyanide functional
groups  with  isotactic  triads in  excess of

Scheme 1 Reaction pathways
used for synthesis of
polyacrylonitrile with different
stereo

/

50 mass%, and atactic triads over 45 mass% were synthe-
sized using solid-state polymerization assisted by templates
and solution polymerization in mixed solvents, respectively.

The percentage conversion of monomers to polymer in
both polymerization processes was found to be around
75 mass% through analytical gravimetry. The progress of
the polymerization reaction has been monitored by mea-
suring the specific viscosity of the reaction mixture.

Where k(3.35 x 10_4) and o (0.72) are Mark—Houwink
parameter which depends on the kind of solvents used for
the solution viscometry measurements. The concentration
of the polymers in the solution was varied from O to
20¢g dL™". The average molecular masses (M, M,) and
the molecular mass distribution (M,,/M,) of polymers
synthesized in this study were estimated using size exclu-
sion chromatography with low-angle laser light scattering
detector (LALLS) and solution viscometry which are listed
in Table 1. The viscosity-average molecular mass (M,),
number average molecular mass (M,), and mass average
molecular mass of the polymer samples used in this
investigation are 1.69-2.06 x 10°, 10.7-2.13 x 10 and
1.72-2.13 x 10°, respectively.

Figure 1 shows the '*C-NMR spectra of two different
stereoregular polyacrylonitrile samples, viz. I-PAC, and
A-PAC. The stereoregularity of substituted vinyl poly-
mers is usually determined in terms of triad tacticity of
pendant functionalities. There are three distinct carbon

Isotactic-PAC

Template
assisted SSP

Acrylonitrile

v

AIBN, 30-45°C

Free Radical soln.
Polymerization

v

ADMVN, 55°C

Atactic-PAC
Table 1 Molecular characteristics of polyacrylonitrile copolymers with different stereo-structures
Polymer code Polymer Compsn.—feed/mol% Convn./mass% niV/dLg_l M, x 10Da M, x 100"Da M, x 10 ““Da
AN 1A

I-PAC/01 98.5 1.5 74 2.24 2.06 2.13 12.3

I-PAC/02 98.5 1.5 74 2.01 1.76 2.38 10.7

A-PAC/01 98.5 1.5 78 2.08 1.86 1.92 11.1

A-PAC/02 98.5 1.5 74 1.94 1.69 1.72 12.8

@ Springer



Structural transformation, thermal endurance, and identification of evolved gases during heat... 825

(a)

I-PAC DMSO

CH, CH
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Chemical shift/ppm
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£
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(b)

A-PAC DMSO
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Chemical shift/ppm

CH,

A-PAC/01 A-PAC/02
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——=mm

/\,/ \/ \f\/’ \"‘-’\A;%
28.0 27.5 27.0 26.5 26.0
Chemical shift/ppm
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28.0 27.5 27.0 26.5 26.0
Chemical shift/ppm

Fig. 1 13C NMR spectra of two kinds of PAC sample: a solid-state polymerization through template (I-PAC); b free radical solution

polymerization (A-PAC)

resonance absorption peaks observed in both polymer
samples corresponding to methine (CH,), methylene
(CH,), and cyano-carbon (CN). The chemical shift value
at 40 ppm can be assigned to dimethyl sulfoxide solvent.
The methine, methylene, and cyano-carbon chemical shift
values (J) as observed in the '*C-NMR are 26.7-27.9,
32-34, and 120.5-121.0 ppm, respectively. The peak
shapes and positions of the methine carbon signals (CH)
varied significantly. In solid-state polymerization
[-PACO01/02 sample, shape of the peak could be easily
distinguishable from that of free radical solution

polymerization A-PACO01/02 samples due to stereochem-
ical configuration.

The triad tacticities of the polymers prepared were
estimated using methine carbon (CH) signals in the region
26.7-27.9 ppm. They consisted of three main peaks, cor-
responding to three possible steric triad configurations. The
peaks at 26.75,27.3, and 27.86 ppm correspond to isotactic
(mm), atactic (mr), and syndiotactic (rr), respectively. The
relative intensities of the peaks corresponding to methine
carbon were used for determining the triad tacticity of
PAC. The extent of isotacticity (mm) of the I-PAC/01 and

Table 2 Triad tacticity contents of polymer samples used in the study

Synthesis method Polymer sample ID  Specified group  Chemical shift valuesppm  Triad Tacticity Contents/mass%  4IS/A>
mm mr T 1 A S
Solid-state polymerization I-PAC/01 26.71 2739 2786 514 389 14.7 2.629
1-PAC/02 |(|:| 2677 2739 2785 501 35.6 143 2261
Solution polymerization A-PAC/01 | 26.72 27.35 27.85 26.7 48.8 24.5 1.098
A-PAC/02 —C—H 26.71 27.39 2786  27.7 47.7 24.6 1.197
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02 samples was found to be in the range of 47.6-51.4%
(Table 2). The atactic triad contents of the A-PAC01/02
were estimated to be in the range 47.7-48.8%. The Ber-
noulli statistics is held satisfactorily for the PAC samples as
listed in Table 2.

Thermolysis curves and pyrograms of I-PAC and A-
PAC and their identification

Figure 2 shows the EGA-MS curves of total ions of the
A-PAC (bottom) and I-PAC (top). The A-PAC (bottom)
curve displays two peaks with maxima 280 and 440 °C,
respectively. There exist two humps at 140 and 360 °C,
thereby clearly forming four distinct regions (o, f3, , and 0)
of thermal degradation. From the results of EGA-MS, the
pyrolysis temperatures of A-PAC in pyrolysis—GC/MS can
be set at 150, 180,260,280,300,320,380,400,450, and
500 °C. However, the EGA thermal curves of the I-PAC

Relative abundance

Time/min
L T L] T 1
100 200 400 600 800
Temperature/°C

Fig. 2 EGA-MS curves of total ions of the I-PAC, and A-PAC

Table 3 Ionic abundances of peaks corresponding to pyrolysates
from Py-GC-MS

mlz value Molecular formula Tonic abundance/%
A-PAC I-PAC
28 HCN 70 40
41 CH;CN,C3H;5,CoH3N 75 50
54 (C;H;CN)H 70 45
80 (C,H4CN)C,H;5 10 30
107 (C,H3;CN),H 45 25
121 (C,H3CN),CH; 25 20

@ Springer

clearly show a peak at 320 °C and shoulders at 380 and
420 °C. Table 3 summarizes the results of identification of
the peaks corresponding to the specific mass to charge
ratios in the mass spectrum. Most gaseous species evolved
are identified as ammonia, hydrogen cyanide, and alkyl
nitrile compound

Figure 3 shows typical pyrograms of polyacrylonitrile
polymer precursors differing in their microstructure scan-
ned at 100700 °C. A critical observation at the pyrograms
reveals that relative intensity of ionic peak increases as the
temperature increases. The major thermal pyrolysates
found on the pyrograms are the peaks of low-boiling
fragments, acrylonitrile (AN) monomers (A, MA), dimer
(AA’, AA-AA;), trimers (AAA1-AAA,), and tetramers
(T,—Tj3) reflecting the AN sequences in the polymer chain.
Major peaks are formed mainly due to the thermal scission
reaction along the original polymer chain. The ionic
abundance observed in the pyrograms corresponding to the
relative intensity of gaseous pyrolysates is generally higher
for A-PAC, i.e., in the order of 7.4 x 10° as compared to
6.9 x 10° of I-PAC. The presence of relatively more
number and high intense peaks in case of A-PAC suggests
higher and abrupt release of gaseous pyrolysates during
thermal degradation.

Table 4 presents an approximate assignment of peaks
corresponding to the various homologous of linear alkyl
nitriles (dimer, trimer, and tetramers) as observed pyro-
grams shown in Fig. 3. The retention index values of
eluting gaseous species related respective peaks were
estimated by comparing their retention characteristics
with those of the closest eluting component in the reten-
tion index standards analyzed under similar experimental
conditions. Generally, the retention values are highly
indicative of the molecular size and masses of the eluting
components in pyrolysis reactions. As expected the
retention indices increase from 470 to 2294 as the tem-
perature increases from 100 to 700 °C, clearly indicating
the higher chain length of alkyl nitriles trimers and tet-
ramers. The relative intensity of the higher homologous is
more than lower fragments. Table 5 lists tentative iden-
tification of different alkyl nitriles observed in
the pyrograms.

Mass spectra of pyrolysates of I-PAC and A-PAC

Figures 4-6 represent the average mass spectra of the
molecular species evolved during the pyrolysis experi-
ments in the range 200-600 °C corresponding to the four
regions marked in the EGA-MS curves as in Fig. 2.
Though there is a distinct quantitative variation of the total
ionic abundance of evolved gases in the EGA-MS curves
of I-PAC and A-PAC samples, however, qualitatively
almost similar molecular species are identified in all four
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Fig. 3 Pyrograms of (a) s
polyacrylonitrile sample a I-
PAC, b A-PAC 7 1 6.93
2 6
X
Q 54
2 462
8 44
5
a3 3.19
Q
5 2
1.36 |
1 - L
0 kul'lt r ol i IJK 'A.l - L " JML;[»W
0 2 4 6 8 10 12 14 16 18
(b) s
S an, | 743
1) AAA
- 64 2
iy 5.78
S 5+
g AAA
2 4 :
S 269 288 AA, 3.05
g 3 A MA 3.03 AAA, (2 81AAA,
Q 264 AAA,
E 2 4 250 AA 1.96 T1
1.46 1 |j1.52 1.35 ”
1 B h T, Ts
AN | 2 A .
0 I |",u A el ML' adoadg ,lLJ L . -J»:JJ/W"*"’
0 2 4 6 8 10 12 14 16 18
Time/min
Table 4 Assignments of peaks of evolved gases in the pyrograms
Peak Assignment of main peaks Molecular mass/  Retention Relative
notation Da index intensity/%
LB Low-boiling point components - 470 14
A Acrylonitrile Monomer 53 567 6.2
MA Methacrylonitrile 67 602 1.1
AA' C(CN)=C-C-CN Dimer 92 834 0.9
AAl C-C(CN)-C=C-CN + C=C(CN)-C-C(CN) 106;120 1045 1.2
AA2 C=C(CN)-C-C-CN + C(CN)-C-C-CN + C=C(CN)-C- 94;118 1059 64.9
C(CN)=C
AA3 C-C(CN)-C-C-CN 108 1070 244
AAAL C=C(CN)-C-C—-(CN)-C-C-CN Trimer 159 1513 23.9
AAA2 C-C(CN)-C-C—(CN)-C-C-CN 161 1540 100
AAA3 C(CN)-C-C(CN)-C-C-CN 147 1564 359
AAA4 C-C(CN)-C-C—(CN)-C=C-CN 159 1655 39.9
AAAS CoHgNjs(isomer of trimer) 159 1743 13.5
T C=C(CN)-C-C—(CN)-C-C—(CN)-C-C-CN Tetramer 212 2022 23.9
T, C=C(CN)-C-C—(CN)-C-C—(CN)-C-C—~(CN)=C 224 2155 12.0
Ts C(CN)-C-C(CN)-C-C—~CN)-C-C-CN 200 2294 9.9

regions marked (a, f, 6, 0) in the mass spectra of both
samples. The low-boiling compounds and fragments exhi-
bit both molecular ion peak (M**) and base peaks, whereas

the molecular ion peaks of straight-chain alkyl nitriles are
either weak or absent except acetonitrile. The structures of
the fragmented molecular species as observed are given in
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Table 5 Identification of homologs of alkyl nitriles in the pyrograms

Peak Notation Assignment of main peaks

Name of the chemical species

LB Low-boiling point components -

A C=C(CN) Monomer Acrylonitrile

MA C-C=C(CN) Methacrylonitrile

AA C(CN)=C-C-CN Dimer 2-methyl pentanedinitrile

AAl C-C(CN)-C=C-CN + C=C(CN)-C-C(CN) 2-methylene pentanedinitrile

AA2 C=C(CN)-C-C-CN + C(CN)-C-C-CN + C=C(CN)-C-C(CN)=C 2,4-dimethylpentanedinitrile

AA3 C-C(CN)-C-C-CN Glutaronitrile

AAA1 C=C(CN)-C-C—(CN)-C-C-CN Trimer Hex-5-ene-1,3,5-tricarbonitrile

AAA2 C-C(CN)-C-C—(CN)--C-C-CN Hexane-1,3,5-tricarbonitrile

AAA3 C(CN)-C-C(CN)-C-C-CN Pentane-1,3,5-tricarbonitrile

AAA4 C-C(CN)-C-C—(CN)-C=C-CN Hex-1-ene-1,3,5-tricarbonitrile

AAAS CoHoNj5(isomer of trimer) Isomer of Hex-1-ene-1,3,5-tricarbonitrile
T, C=C(CN)-C—C—(CN)-C-C—~(CN)-C-C-CN Tetramer Oct-7-ene-1,3,5,7-tetracarbonitrile

T, C=C(CN)-C—C—(CN)-C-C—~(CN)-C-C—~CN)=C Nona-1,8-diene-2,4,5,8-tetracarbonitrile
Ts C(CN)-C-C(CN)-C-C—(CN)-C-C-CN Heptane-1,3,5,7-tetracarbonitrile

Fig. 4 Mass spectrum of
pyrolysis products of I-PAC and

A : acylonitrile

AA, : 2-methylenepenedinitrile (dimer)

A-PAC at 250 °C p
=N 41 NN N NN N
/7 J\JMUI R
53
Mt
54 106 ..
HCN
L T
mn Ill lll l”‘ 1l ‘H ‘\ \‘ 1l \‘ ‘\
m/z m/z

AA;: 2-methylpentandinitrile

91

39
52 -
64

08
“ ‘\‘ |H\ 1IN

their respective mass spectra. The average mass spectra of
the low-boiling compounds are depicted in the Fig. 5. The
low mass fragments such as acrylonitrile and methacry-
lonitrile showed the molecular ion peak at 53, 67 m/z val-
ues. Dimers and oligomeric base peaks are observed at
ca. 91, and 106 m/z values, and they can be related to the
structural formulas: C—C(CN)-C=C-CN, and/or C=C(CN)-—
C—C(CN). The other remarkable peak at m/z 41, 54 are
attributed to the formation of CH;CHCN and CH,=C=NH,

@ Springer

m/z

respectively. These structures undergo McLafferty rear-
rangement to form a methacrylonitrile radical ion peak.
The mass spectrum of the decomposition products at
450 °C is shown in Fig. 5, which mainly reflects the
release of saturated and unsaturated trimers of acrylonitrile,
viz. Hex-5-ene-1,3,5-tricarbonitrile, Hexane-1,3,5-tricar-
bonitrile, pentane-1,3,5-tricarbonitrile, and Hex-1-ene-
1,3,5-tricarbonitrile. Due to high thermal instability at
450 °C, they exhibit weak molecular ion peaks at
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Fig. 5 Mass spectrum of
pyrolysis products of I-PAC and

AAA, : hexane-1,3,5-tricarbonitrile (trimer)

AAA; : pentane-1,3,5-tricarbonitrile (trimer)
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Fig. 6 Mass spectrum of

T, : oct-7-ene-1,3,5,7-tetracarbonitrile (tetramer)
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T,: nona-1,8-diene-2,4,6,8-tetracarbonitrile (tetramer)
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147,159 m/z values; however, they show a strong molec-
ular ion peaks corresponding to the fragmented dimers as
discussed above. Many such peaks observed at 106, 107,
and 119 m/z are related to dimers, formed by the elimi-
nation of methyl and HCN fragments (Fig. 7).

The unsaturated and saturated tetramers of linear alkyl
nitriles do not show any strong base peaks, but the peaks at
203,212, and 224 m/z are identified as Oct-7-ene-1,3,5,7-te-
tracarbonitrile, Nona-1,8-diene-2,4,5,8-tetracarbonitrile, and

Heptane-1,3,5,7-tetracarbonitrile, respectively. Compara-
tively, stronger molecular ion peaks related to dimers and
trimers are seen at 106, 119, 143, and 158 m/z values.
Experimental results presented here suggest that there are
two distinct types of thermal reactions responsible for ther-
mal decomposition, pyrolysis and structural transformation
of the polyacrylonitrile with varying degrees of stereoregu-
larities. They are thermal fission reactions such as cleavage at
a-carbons and side groups of the linear alkyl nitrile and other

@ Springer
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thermal rearrangement reactions, viz. generation of unsatu-
ration, cross-linking, and rearrangement leading to more
thermally stable structures. General thermal reactions of the

(a) I-PAC
© 135°C
@
[$]
[
]
£ 320°C
&
C
o
'_

4000 3000 1500 450

Wave number/cm-1

(b) a-pac
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IS
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Fig. 7 FTIR spectra of pyrolysis products of a I-PAC and b A-PAC
evolved at different temperatures

Scheme 2 Pyrolysis reactions
leading to the formation of
several molecular species
accounting for peaks observed
in the mass spectra of I-PAC
and A-PA

OCH .
\}/Y NN \W
\/‘ CN CN CN

polyacrylonitrile leading to gaseous molecular species are
represented in Scheme 2.

FTIR spectra of evolved gases

Figure 6a, b shows the FTIR spectral changes accompa-
nying structural transformations during the pyrolysis
reactions of (a) I-PAC and (b) A-PAC at different tem-
peratures, viz. 135, 320, and 450 °C. The distinct differ-
ence between the FTIR spectrum of I-PAC and A-PAC
FTIR spectrum is very clearly observed. In general, the
absorption in the case of I-PAC is less intense to that
observed in A-PAC, clearly exhibiting the evolution of
more evolved molecular species during thermal processing.
This confirms to high thermally labile nature of A-PAC as
compared to I-PAC. The peak assignments and identifica-
tion of the various functional groups present in the evolved
molecules at different temperatures are presented in
Table 6. It is observed that some spectral absorption peaks
become very sharp and stronger, while others disappear in
the spectra as the temperature increases. There is strong
absorption peak occurs at 2240 cm ™! (ve_c_n) in the
temperature range 135-320 °C, and the same peak disap-
pears at 450 °C, suggesting the slow on-set of nitrile
cyclization in the case of I-PAC. A new absorption peak
appears at 1723 cm™', assigned to carbonyl stretching
functional group (vc-o) showing the incorporation of
oxygen into the cyclic structure of polyacrylonitrile. The
absorptions at 2848, 2935 cm™' becomes stronger as the
temperature increases from 135 to 450 °C in both cases,
clearly indicating the completion of cyclization reaction of
the cyano groups. Many strong peaks appearing around
967, 974 cm™ " at 450 °C can be assigned to bending fre-
quencies of —-NH groups confirming the release of
ammonia gas.

OH
A W A
- =Y
CN CN CN CN CN

Linear alkyl nitriles
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CN  CN N N N \
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Polyacrylonitrile

Cyclic alkyl nitriles
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Table 6 IR bands of various peaks observed in the FTIR spectra of evolved gases

Heat treatment

Infrared group frequencies observed/cm™

Peak assignments

temperature/°C
A-PAC I-PAC
135 1 — 2935,2 — 2848 1 — 2935, 2 — 2848 3a — 2240, 1: N-H stretch; Alipahtic C-H
3 - 1723, 4 - 1375 6 — 965 stretch
5 - 1081 3, 4 and 5 disappear 2: C=N stretching; 3 - C-O
stretch
3a: C=C(CN)
4: N-H stretching
5: C-N stretch, 6: C—C stretch
320 1 — 2935,2 — 2848 1 — 2935,2 — 2848 1: N-H stretch; alipahtic C-H
3 - 17234 — 1375 3 — Disappear; stretch
5 — 1081, 4 — 1590 (appear), 2: C=N stretching; 3: Alipahtic
6 — 964 (appear) 5 — 1081; 6 — 964,7 — 714(appear) C-H bending
4: N-H stretching
5: C-N stretch
6: N-H (NHj; release)
450 1 — 2935, 2 — 2848 1 2935, 2 — 2848 1: N-H stretch; alipahtic C-H
3 > 1723, 4 — 1375 1723, 4 — 1375 stretch
5 > 1081, 6 — 964 1081, 6 — 964 2: C=N stretching;
7 - 714, 8 — 3332 714, 8 — 3332 3: Aliphatic C-0 Stretching
4: N-H stretching
5: C-N stretch
6. N-H (NH; release)
7: N-H bending (NH3)
8: Aromatic—H stretch
Conclusions that structural transformations and existence of different

In this work, two polyacrylonitrile copolymers differing in
their stereoregularity (I-PAC (51.4%) A-PAC (48.8%)
were synthesized; their average molecular masses,
microstructure, and differential thermal behavior were
investigated in detail, employing size-exclusion chro-
matography, solution viscometry, '>C-NMR, and pyroly-
sis—gas chromatography—mass spectrometry (Py—-GC-MS),
evolved gas analysis—mass spectrometry (EGA-MS), and
TG-FTIR, respectively. The volatile gaseous molecules
evolved during the pyrolysis were obtained as total ion
current thermal curves and pyrograms. Based on these
results, four kinds of saturated and or unsaturated linear
structures such as monomers, oligomers (dimers, trimers,
and tetramers) accounting for the various homologous of
linear alkyl nitriles were identified. An approximate frag-
mentation mechanism responsible for the release of
evolved gases has been discussed. Fragmentation was
related to the microstructural order in terms of triad tac-
ticity content. The relatively more number and intensive
peaks present in the pyrograms, mass, and FTIR spectra of
A-PAC confirm that atactic-rich PAC are thermally more
labile than I-PAC. Pyrolysis—-GC-MS studies established

molecular species are due to thermal reactions, viz. o-
cleavage, hydrogen-abstraction/elimination, and other
thermal rearrangement reactions. Finally, an attempt has
been made to identify the evolved gases released during the
thermal decomposition and pyrolysis reactions of poly-
acrylonitrile co-polymeric materials closely resembling the
carbon fiber fabrication process.
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