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ABSTRACT

Ultra-high molecular weight polyacrylonitrile (UHMWPAN) powders were synthesized by aqueous suspension
polymerization with different AN/IA ratios using o,a’-azobisisobutyronitrile (AIBN) as initiator and Polyvinyl
alcohol (PVA) as the disperser at 70°C for 2h. The thermal properties, structural characteristics, element
component analysis and aggregation structure studies of the UHMWPAN samples were measured by thermal
analyzer, differential scanning calorimeter, Fourier transform infrared spectrometer, element analyzer and X-ray
diffractometer. The addition of 1A was found to be favorable to retard the concentrated heat release and improve
the carbon yield in the process of peroxidation of the precursor. The main absorption peaks corresponding to C=N,
C=0, —-CH2—-, —OH, and etc. were observed in FI-IR spectra of the copolymers. As the content of IA increased,
the intensity of the absorption peak at 1735cm-1 corresponding to C=0 increased; the content of oxygenium in
the copolymer increased first and then leveled off ; the former crystal structure of PAN was destroyed which
meaned the decline of the degree of crystallinity and the decrease of the grain size.

INTRODUCTION

Polymerization is the initial period for preparing the carbon fibers with high performance for the reason that it
could determine the molecular weight and molecular weight distribution of the precursors. As is seen from the
homogeneity of the structure and carbon yield, PAN Homopolymer seems to be the optimal choice. But the
homopolymer has the phenomenon of concentrated heat release during the preoxidation process which can easily
result in the break wire. Therefore, small amount of comonomer should be added into the polymerization system
to improve the properties of the precursors [1, 2]. The most common comonomers for copolymerizing with AN
include acrylic acid (AA), methyl acrylate (MA), itaconic acid (1A), ammonium itaconate (AlA) and so on. And
these comonomers can lower the activation energy of the copolymerization, be beneficial to promote the
cyclization and crosslinking reaction of the molecular chain, reduce the concentrated exothermic phenomenon in
the oxidation process, improve the compactness and homogeneity of the fibers, decrease the probabilities of break
wire, and improve the strength of carbon fibers [3]. Certainly, there must be an appropriate polymerization process
used to provide an ideal polymerization environment. The aqueous suspension polymerization is an admirable
polymerization method for preparing high molecular weight polymers due to that the chain-transfer coefficient of
the reaction medium (water) is zero and the water can help accelerating the exchanges of heat in the reaction
system.

At present, the spinning dope with high molecular weight and molecular weight distribution is always the research
emphasis. Owing to the addition of ultra-high molecular weight polyacrylontrile (UHMWPAN), the tensile
viscosity of spinning dope, the spinnability, the ability of stretching improve; the phenomena of break wire reduce
whether by wet spinning or dry-jet wet spinning method; the strength of resultant fibers increase[4]. So it is
meaningful to study the structure and properties of UHMWPAN with different contents of 1A by aqueous
suspension polymerization.

The structure and properties of PAN have been investigated by many researchers. Burkanudeen, A. et al. [5] had
studied the effect of stereoregularity on the thermal behavior of I-PAN and A-PAN. And the thermal cyclization
reactions of atactic polyacrylonitrile (A-PAN) with low isotactic content (26.4-29.7%) occurred at a lower
temperature than that of isotactic polyacrylonitrile (I-PAN) with higher content (48.7-51.6%). The percentage of
mass loss observed in I-PAN was less as compared to A-PAN. Sun, Tongging et al. [6] studied the structure
evolution of PAN fibers during thermal stabilization by mass spectrum (MS), differential scanning calorimetry
(DSC) and thermogravimetry (TG), Fourier transform infrared (FTIR) spectroscopy. Yusof, N. et al. [7]
discovered the properties and structure evolution of polyacrylonitrile/acrylamide-based carbon fibers during
stabilization and carbonization prepared using a solvent-free coagulation process.
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In this paper, 1A was used as the comonomer to improve the structure and properties of PAN polymers by aqueous
suspension polymerization. And the resultant UHMWPAN powders prepared with different AN/IA ratios were
measured by TGA, DSC, FI-IR, EA and XRD to find out the effect of the increased content of IA in the total
comonomers.

EXPERIMENTAL

Materials

Acrylonitrile (AN) [Shanghai Guanghua Technology Co., Ltd, Shanghai, China, analytical reagent (AR) grade]
was vacuum-distilled to remove the inhibitor and stored under refrigeration until used. Itaconic acid (IA)
[Sinopharm Chemical Reagent Co., Ltd, Shanghai, China, analytical reagent (AR) grade] and polyvingakohol
(PVA) [Sinopharm Chemical Reagent Co., Ltd, Shanghai, China, alcoholysis degree: 98.0 ~99.8mol%] were used
as received. a,0’-azobisisobutyronitrile (AIBN) [Shanghai Shenbo Chemical Co., Ltd, Shanghai, China] was
recrystallized from ethyl alcohol. The water used in this study was deionized.

Methods

Aqueous suspension polymerization

Polymerizations were conducted in a three-neck, round-bottom flask with a motor-driven stirrer, a thermometer
and N2 inlet and outlet tubes. The comonomers AN and 1A, 21wt%), the initiator (AIBN, 0.01wt%) and the
disperser (PVA, 0.1wt%) were added in proportion and mixed evenly, followed by the deionized water being
added to the reaction system, the system heated to 70°C by water bath heating for 2h. The nitrogen protection and
the mechanical agitation were adopted in the whole process. After polymerization, the resultant polymer slurry
was recovered by filtration, washed adequately with the deionized water and then dried fully at 50~60°C in the
vacuum drying oven.

Thermo gravimetric analyzer measurements

The thermo gravimetric analysis (TGA) data of UHMWPAN with different monomer ratios were recorded on a
TG209 (Netzsch, Germany) thermal analyzer under an air purge from 50°C up to 450°C at a heating rate of
10°C/min.

Differential Scanning Calorimeter measurements

Differential Scanning Calorimeter Diamond DSC (Perkin-Elmer, USA) was used to measure the thermal
properties of UHMWPAN with different monomer ratios at a heating rate of 10°C/min under an air purge. The
temperature range of the DSC tests was from 25 to 400°C.

Fourier infrared spectrometer measurements

FT-IR spectra were evaluated using a Tensor 27 IR spectrometer (Bruker, Germany). Typical conditions were as
follows: the KBr disc technique; wavenumber, 400~4,000cm™ and scanning, 16 counts.

Elemental analyzer measurements

Elemental analysis was carried out using Vario Micro cube elemental analysis instrument (Elmentar, Germany)
to determine the carbon, hydrogen and nitrogen content of UHMWPAN samples. The oxygen in the molecular
chain of the polymer was primarily supplied by itaconic acid, therefore, the monomeric unit content of 1A in the
polymer can be approximately evaluated by the calculated oxygen content. The relationship between the oxygen
content and the monomeric unit content of 1A can be expressed as follows:

u

%IA = - x 130.0 1)

X-ray diffractometer measurements

XRD patterns were obtained by Advanced D8 X-ray diffractometer (Bruker, Germany) with Cu K radiation
(0.15406 nm), in order to determine the changes of UHMWPAN with different AN/IA ratios in the crystal
structure. Test conditions: CuK radiation (0.15406 nm), tube voltage (40.0kV), tube electric current (30.0 mA),
scanning speed (6°/min), and scan range from 5° to 60°, scanning step (0.0200°).
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Results and Discussion

TGA

Three major reactions (the dehydrogenation reaction, the cyclization reaction and the oxidation reaction)
accompanying with the changes of the weight of the copolymer will happen during the preoxidation process of
the polyacrylonitrile fiber. Figure 1 and Table 1 showed the TG curves and data of UHMWPAN with different
AN/IA ratios. According to the difference of the slope of the curves in the figure, the weightlessness of PAN could
be divided into three stages: the stage of trace weightlessness, the stage of fierce weightlessness and the stage of
slow weightlessness. As shown in both the figure and the table, before 242°C, the weight loss ratios of all the
samples were small which means only a portion of the dehydrogenation reaction happened. This stage belonged
to the stage of trace weightlessness. During the temperature between 242~263°C, all of the samples had a severe
weight loss, which indicated that the polymers had the drastic cyclization reaction and gave off heat tempestuously
in a short time. This stage belonged to the stage of fierce weightlessness. After 263°C, the weightlessness had
entered the stage of slow weightlessness. The rate of the weight loss decreased slightly with the appearance of the
oxidation decomposition reaction.

It could also be seen in the table that the initial weight loss temperature was the highest. But as the content of 1A
increased, the initial temperature was getting lower and lower. In the stage of fierce weightlessness, the
homopolymer had a fast and violent weight loss while the copolymers’ weightlessness was slow and mild
relatively. Then turning into the stage of slow weightlessness until the end, the homopolymer had larger weight
loss than the copolymers. And the weightlessness ratio increased as the content of IA increased. These were due
to the fact that the increased concentration of 1A made the initial weight loss temperature lower continuously and
the reaction time longer unceasingly [8]. Thus, IA has the function of avoiding concentrated heat release and
reducing the oxidative cracking reaction.

Actually, the weight loss process of preliminary heat treatment in oxidizing of PAN in the air included two parallel
processes: the thermal weight loss and the thermal weight gain. On one hand, the polymer had dehydrogenating,
cyclizing, crosslinking, and oxidizing reactions with small-molecule gases giving up. On the other hand, the
oxygen in the air combined with the carbon in the polymer chain to form the carbonyl or the oxygen entered into
the ring structure to form the ether bond or the oxygen combined with the hydrogen in the polymer and the
structure was dehydrogenized in the high temperature to form the double bond. The comprehensive effect of the
two aspects was still characterized by the weightlessness.

In the actual production, the carbon yield of the carbon fiber is relevant to the weight loss in the process of
preoxidation. As is analyzed above, the control of the content of A must satisfy two requirements: one is to relieve
the concentrated heat release, and another is to obtain considerable carbon yield.
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Figure 1 The thermogravimetric curves of polymers polymerized by different AN/IA ratios

Table 1 The thermogravimetric data of polymers polymerized by different AN/IA ratios

AN/IA ratios Initial point Inflection point Terminal point Residual ratio
100:0 349.0 351.2 3625 68.59%
98:2 299.7 3315 3585 82.08%
96:4 2957 335.2 360.9 82.16%
94:6 295.0 332.0 356.9 78.42%
92:8 294.1 3322 357.8 78.30%
90:10 290.6 3326 361.1 76.78%
85:15 242.1 244.9 249.0 75.09%
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DSC analysis

DSC plot of UHMWPAN with different AN/IA ratios was presented in Figure 2. As we could see from the figure,
all of the curves had two or three peaks as a result of that the polymer had gone through the dehydrogenation
reaction, the cyclization reaction and the oxidation reaction in air [9]. And we found that the peak shape of the
homopolymer was sharper than the others, the initial exothermic temperature was the highest and the
polymerization of the homopolymer was terribly drastic in a short time. Nevertheless, as the proportion of A
increased, the width of exothermic peak got longer and longer and the initial exothermic temperature became
constantly lower. Accordingly, the addition of 1A could lower the initial exothermic temperature effectively,
relieve the phenomenon of the concentrated heat evolution, and make the preoxidation process controlled.
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Figure 2 The DSC curves of polymers polymerized by different AN/IA ratios

FI-IR analysis

Fourier transform infrared spectra of UHMWPAN with different monomer ratios was shown in Figure 3.The weak
and broad peaks in the range of 3700~3200cmcorresponded to the stretching vibration of the hydroxide radical
(—OH) of the copolymers and the stretching vibration and frequency doubling absorption peaks of the N—H of all
the samples in the high wave-number area which was generated by the hydrolyzation of the C=N in the
polymerization process due to the heat release. The absorption peaks at 2940cm™ corresponded to the stretching
vibration of the methylene (—-CH>-) and the methyne (—-CH-) of all the samples [10]. The absorption peaks at
2243cm™which was the strongest among all the absorption peaks corresponded to the characteristic absorption
peak of C=N of all the PAN polymers, illustrating the existence of the long and successional AN monomeric unit
in the polymers [11].

However, there was a difference at 1735cm™ between the curves owing to the wave number corresponded to the
stretching vibration of C=0 which was related to the content of A monomeric unit in the copolymer [12]. We
could see from the figure that the intensity of the absorption peak at 1735cm™ increased first and then decreased
slightly as the content of 1A increased. And the peaks got broaden when the 1A ratio was larger than 8% of the
total monomer concentration. Three factors contributed to the variation: first, the proportion of IA monomeric
unit increased as the concentration of 1A in the polymerization solution increased; second, as the fact that 1A was
hard to dissolve in the oil phase, the redundant IA could not be involved in the polymerization reaction when the
content of 1A was out of the solubility of IA in the oil phase (when the 1A ratio was larger than 8% of the total
monomer concentration, the proportion of IA monomeric unit in the copolymer no longer increased); third, C=N
could be generated by the hydrolyzation of C=N in the polymerization process because of the solvation, resulting
in the strong absorption peak of bending vibration at 1625cm™. When the content of IA was at a high level, the
peaks at 1625cm™ would be overlapped mightily with the stretching vibration of C=0 which caused the peaks
getting broader. Nevertheless, the homopolymer also had a terribly weak stretching vibration peak at 1735cm™,
arising from C=0 generated by the hydrolyzation of C=N and —NHo.

The peaks in the range of 1280-1200cm?, 1380-1320cm™ and 1490-1410cm™? corresponded to the bending
vibration of C-H in different parts of the polymer respectively [13]. Their intensity depended on the stereo
regularity of the PAN polymer. The peaks at 1074cm™ corresponded to the mixture vibration (the stretching
vibration and the bending vibration) of -CH2— and C—CN and the skeletal vibration of C—C. The peaks at 778cm
! corresponded to the bending vibration of -CH,— and the mixture vibration (the stretching vibration and the
bending vibration) of C-CN. The peaks at 537cm™ corresponded to the bending vibration of C-CN.
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Figure 3 The FI-IR curves of polymers polymerized by different AN/IA ratios
EA
The elemental analyzer was used to measure the content of C, H, O and N in the polymer synthesized with different
AN/IA ratios. The results were shown in Figure 4.

The content of O and S which were introduced by the initiator and the disperser could be neglected due to the fact
that the viscosity average molecular weight of UHMWPAN prepared by aqueous suspension polymerization was
tremendous. Oxygen in the polymer could be regard as being completely introduced by IA. In the figure, the
content of O in the polymer significantly increased first and then leveled off. The former accounted for that the
proportion of the chain element of 1A in the molecular chain increased while the later resultant from that 1A was
hard to dissolve in the oil phase. When the content of 1A was more than the solubility of 1A in the oil phase, the
redundant 1A dissolved in the water couldn’t be involved in the reaction. As a result, blindly increasing the
quantity of LA was meaningless. But the addition of 1A could effectively ease the concentrated heat evolution in
the process of preoxidation. So it is allimportant to determine the content of 1A. As a general rule, the ratio of
AN/IA is 98:2.
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Figure 4 The EA curves of polymers polymerized by different AN/IA ratios

XRD analysis
Figure 5 and Table 2 showed the XRD patterns and the calculated XRD structure parameters of polymers
polymerized by different AN/IA ratios.

At present, most of the researchers considered that PAN polymer and precursor had two phase structure, which
were crystalline region and amorphous region. And XRD is the widely used measurement to study the crystal
structure and its evolution of PAN. From the figure, we could see clearly that PAN had two obvious characteristic
diffraction peaks. The former (20=17°) was strong and sharp while the latter (20=29°) was weak and wide [14],
corresponding to crystal face (100) and (110) of the hexagonal structure [15], respectively.

As the content of IA increased, both of the crystal size and the degree of crystallinity decreased on account of that
the monomeric unit of 1A destroyed the ordered arrangement of AN units in the crystalline region and the
crystallization properties of the polymer decreased, followed by the declined intensity of the peaks and
enlargement in the amorphous region[16].
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Figure 5 The XRD patterns of polymers polymerized by different AN/IA ratios

Table 2 The XRD structure parameters of polymers polymerized by different AN/IA ratios

AN/IA ratios 20 (°) Lc(nm) Xe(%)
100:0 16.66 6.256 435
98:2 16.72 6.122 41.9
96:4 16.73 6.077 40.2
94:6 16.74 5.981 36.4

CONCLUSIONS
With different AN/IA ratios, the ultra-high molecular weight polyacrylonitrile (UHMWPAN) samples were

measured by TGA, DSC, FI-IR, EA, and XRD. The results were drawn as follows:

The addition of 1A could effectively slow down the concentrated heat release of the precursor in the process of
preoxidation and reduce the weight loss due to the oxidative chemical degradation to improve the carbon yield.
From FI-IR analysis, it could be concluded that the intensity of the absorption peak at 1735cm™ increased as the
content of 1A increased as a result of the stretching vibration of C=0. And the strongest absorption peak at
2243cm™corresponded to the characteristic peak of C=N indicating the existence of the long and successional AN
monomeric unit in the polymers. The content of oxygenium in the copolymer increased first and then leveled off
as the addition of I A increased. By XRD analysis results, the increase concentration of 1A could destroy the former
crystal structure of PAN which caused the decline of the degree of crystallinity and the decrease of the grain size.
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