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ABSTRACT: In order to replace terpolymer with bipolymer, a bifunctional comonomer 3-aminocarbonyl-3-butenoic acid methyl ester

(ABM) was synthesized for preparing poly(acrylonitrile-co-3-aminocarbonyl-3-butenoic acid methyl ester) [P(AN-co-ABM)] bipoly-

mers as carbon fiber precursor. The structure and stabilization of P(AN-co-ABM) bipolymers were characterized by Fourier transform

infrared spectroscopy, X-ray diffraction, and differential scanning calorimetry. The monomer reactivity ratios were calculated by the

Fineman-Ross and Kelen-Tüdõs methods, and the results show that ABM displays higher reactivity than acrylonitrile. Two parameters

Es ¼ A1618cm
-1/A2244cm

-1 and SI ¼ ( I0 - Is)/I0 were defined to evaluate the extent of stabilization, and the activation energy (Ea) of

the stabilization reactions were calculated by Kissinger and Ozawa methods. The results show that the P(AN-co-ABM) bipolymers ex-

hibit significantly improved stabilization performance when compared with polyacrylonitrile (PAN) homopolymer, such as lower cy-

clization temperature, lower Ea, and larger extent of stabilization under the same conditions. Simultaneously, the rheological analysis

shows that P(AN-co-ABM) possesses better spinnability than PAN. VC 2013 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 000: 000–000, 2013
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INTRODUCTION

Carbon fibers are predominantly manufactured from rayon,

polyacrylonitrile (PAN), and pitch precursor fibers.1 It is well

known that the properties of the carbon fibers are mainly deter-

mined by the microstructure and mechanical properties of the

precursor fibers.2,3 Among all the available precursors, PAN

fiber is one of the most successful and promising precursors for

making high performance carbon fibers.4 However, PAN homo-

polymer has hardly been used as a carbon fiber precursor

because of its poor stabilization and spinnability. Therefore,

PAN precursors are usually modified by incorporation of suita-

ble comonomers into polymer chains to enhance its solubility,

spinnability, hydrophilicity, and drawability, and especially to

improve the stabilization of PAN, which plays an important role

in the properties and quality of resulting carbon fiber.5 Gener-

ally, acidic comonomers, such as acrylic acid (AA), methacrylic

acid, and itaconic acid (IA), are often incorporated to reduce

the cyclization temperature and improve the stabilization of

PAN.6,7 Neutral comonomers such as methyl acrylate (MA) and

methyl methacrylate (MMA) are used to improve the solubility,

drawability, and spinnability of PAN.8 Thus, many terpolymers

of acrylonitrile, such as P(AN-MA-IA), P(AN-MMA-IA), and

P(AN-MA-AA), are used as carbon fiber precursors to improve

the stabilization and spinnability of PAN.9 However, it is very

difficult to improve the stabilization as well as spinnability at

the same time in PAN terpolymers because of the different reac-

tivities of acidic comonomers and neutral comonomers. Gener-

ally, the reactivity of acidic comonomers is lower than that of

neutral comonomers, which often results in less acidic comono-

mers incorporated into the polymer chains, so the initiation

temperature of stabilization in the terpolymers is still rather

high and the stabilization of PAN terpolymers is not improved

significantly. If the amount of acidic comonomers in the feed

ratio during polymerization increases, the resultant bipolymers

will often exhibit lower molecular weight, which results in bad

spinnability and poor performance of carbon fibers. The similar

results have also been found in our previous research work.10 In

addition, the sequence composition in the terpolymers is diffi-

cult to be controlled. For these reasons, the terpolymers are not

the best materials for carbon fiber precursor. In order to replace

terpolymer with bipolymer, a bifunctional comonomer 3-

aminocarbonyl-3-butenoic acid methyl ester (ABM) containing
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both amide group and ester group was synthesized and used to

prepare poly(acrylonitrile-co-3-aminocarbonyl-3-butenoic acid

methyl ester) [P(AN-co-ABM)] binary copolymer in this article.

The copolymerization of acrylonitrile (AN) with comonomers

can be done by various methods, such as solution, emulsion,

aqueous suspension, and solvent-water suspension polymeriza-

tion. Among these methods, the solution polymerization is the

most favorable method, as it yields precursors with lower stabi-

lization temperature and fewer molecular defects. In addition,

the polymer solution can be converted directly to the spinning

dope for fiber production.11,12 Therefore, the solution polymer-

ization has been used to prepare P(AN-co-ABM) bipolymers in

this article. The copolymerization of AN with ABM was investi-

gated in detail, and the thermal properties of P(AN-co-ABM)

bipolymers with different monomer feed ratios were studied by

FTIR, DSC, and XRD technologies. The spinnability of polymer

solution has great effect on the physical properties of precursor

fibers such as fineness, density, crystallinity, and drawability,

which ultimately affects the mechanical properties of resultant

carbon fiber. So, the spinnability of P(AN-co-ABM) was also

investigated by rheological analysis.

EXPERIMENTAL

Materials

AN (analytical grade) was purchased from Shanghai Boer

Chemical Reagent, Shanghai, China, and distilled twice before

polymerization. Azodiisobutyronitrile (AIBN, analytical grade)

was bought from Sinopharm Chemical Reagent, Shanghai,

China, and recrystallized from methanol. Dimethyl sulfoxide

(DMSO, analytical grade) was got from Shanghai Huadong Rea-

gent Company, Shanghai, China and distilled by reduced pres-

sure before use. IA, petroleum ether, methanol, benzene, thionyl

chloride, chloroform, N,N-dimethylformamide, tetrahydrofuran,

and benzoyl chloride (analytical grade) were purchased from

Sinopharm Chemical Reagent, Shanghai, China, and used as

received.

Synthesis of b-Methylhydrogen Itaconate

To a 100-mL round-bottomed flask was added IA (13.00 g,

100.00 mmol), methanol (14.20 mL, 350.00 mmol), and benzoyl

chloride (0.50 mL, 4.30 mmol). The mixture was refluxed at

65�C for 0.5 h and then cooled to room temperature. The reac-

tion mixture was distilled under reduced pressure to remove

excess methanol and then followed by standing to get precipita-

tion. The precipitation was recrystallized from benzene-petro-

leum ether (v/v ¼ 1: 1).

White crystal, 84.52% yield. IR (KBr) tmax cm�1: 3004, 2955

(CAH), 1726, 1691 (C¼¼O), 1636 (C¼¼C), 1237, 1170 (CAO).
1H-NMR (400 Hz, DMSO-d6, RT, TMS) d ppm: 12.616 (s, 1 H,

COOH), 6.149 (d, J ¼ 1.20 Hz, 1 H, CH2¼¼), 5.763 (d, J ¼ 1.20

Hz, 1 H, CH2¼¼), 3.580 (s, 3 H, OCH3), 3.336 (s, 2 H, CH2).

Synthesis of ABM

b-Methylhydrogen itaconate (1.441 g, 10.00 mmol), chloroform

(40.00 mL, 0.50 mol), thionyl chloride (1.10 mL, 15.00 mmol)

and N,N-dimethylformamide (0.10 mL, 1.30 mmol) were added

to a 150-mL three-necked flask. The mixture was refluxed at

70�C for 0.5 h and then cooled to room temperature. The reac-

tion mixture was distilled under reduced pressure to remove

excess thionyl chloride. After this, 40.00 mL of chloroform was

added to the remaining residue. Then anhydrous ammonia was

passed into the solution at 0�C until no more precipitate

formed. The precipitate was filtered off and washed with chlo-

roform (3 � 40 mL). The obtained chloroform solution was ro-

tary evaporated at 40�C for 30 min to get crystalline residue.

Yellow crystal, 82.49% yield. IR (KBr) tmax cm�1: 3409, 3174

(NAH), 3000, 2953 (CAH), 1736, 1670 (C¼¼O), 1645 (NAH),

1605 (C¼¼C), 1174 (CAO). 1H-NMR (400 Hz, DMSO-d6, room

temperature, tetramethylsilane) d ppm: 7.594 (s, 1 H, CONH2),

7.031 (s, 1 H, CONH2), 5.893 (s, 1 H, CH2¼¼), 5.531 (d, 1 H,

CH2¼¼), 3.587 (s, 3 H, OCH3), 3.3329 (s, 2 H, CH2).

Preparation of Polymers

Copolymerization of AN with different amounts of ABM was

carried out in a three-necked flask at 60�C under nitrogen

atmosphere using DMSO as the reaction medium. In the reac-

tion system, the total monomer concentration was 25 wt %,

and the concentration of AIBN was 0.8 wt % on the basis of

total monomers. The reaction heat is dissipated sufficiently

through good agitation, and the reaction was terminated by

methanol after 24 h. The resultant mixture was poured into

excess methanol with vigorous agitation to precipitate the poly-

mer. The isolated precipitation was washed with methanol for

three times and then dried at 60�C under vacuum to a constant

weight.

Similar polymerization conditions were used to prepare the

P(AN-co-ABM) bipolymers for determining the monomer reac-

tivity ratios. The mole fraction of the comonomer ABM in the

copolymerization system varied from 1 to 5 mol %, and the

copolymerization was terminated at a low conversion of �10%.

Characterization

Viscosity average molecular weight (Mg) of the resultant poly-

mers was measured by Ubbelolohde viscometer method at a

constant temperature water bath of (50 6 0.5)�C. The equation

is depicted as follows:

½g� ¼ 2:83� 10�4M0:759
g

where [g] is the intrinsic viscosity calculated by linear extrapola-

tion, and the measuring solvent is DMSO. The required poly-

mer weight is 0.50 g in 50.00 mL DMSO.8

Proton nuclear magnetic resonance 1H-NMR (400 MHz) spec-

tra were recorded on a Bruker DMX-400 NMR spectrometer

using DMSO-d6 as a solvent at room temperature. Fourier

transform infrared spectra (FTIR) of KBr disks were measured

on a Thermo Nicolet 8700 FTIR spectrophotometer at room

temperature; 32 scans were collected at a resolution of 1 cm�1.

Powder sample (1 mg) was mixed thoroughly with 200 mg of

KBr and pelletized for FTIR characterization. The differential

scanning calorimetry (DSC) curves were carried out on a TA

instrument Modulated DSC 2910 under N2 (40 mL min�1).

The sample weights used for DSC experiments were about 3-4

mg. Carbon (C), nitrogen (N), hydrogen (H), and oxygen (O)

contents of P(AN-co-ABM) bipolymers were determined by a
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Elementar Vario EL III elemental analyzer. Rheological measure-

ments were recorded on a Haake RS150L Rotational rheometer

at 70�C from 0 to 1000 s�1; the polymer solutions were

obtained by dissolving PAN polymer in the solvent and the con-

centration of them were 18 wt %. X-ray diffraction (XRD) pat-

terns of powered samples were measured on a Rigaku D/max-

2550 diffractometer between 3 and 50� at the rate of 3� min�1.

All the XRD measurements were carried out under the same

conditions. The crystalline planar spacing d and crystallite size

of the laterally order domains (Lc) were estimated by the Scher-

rer equation and Bragg equation respectively as follows:13

d ¼ k= sin h and Lc ¼ kk=B cos h

where k ¼ 0.154056 nm is the wavelength of CuKa X-ray, h is the

Bragg angle, B is the full-width at half-maximum intensity

(FWHM) of the peak around 2h ¼ 17�, and K is a constant 0.89.

The crystallinity (CI) was determined by Bell and Dumbleton:13

CI ¼ Ac= Ac þ Aað Þ

where Ac is the integral area of crystalline zone around 2h ¼
17� in XRD patterns, and Aa is the integral area of amorphous

zone. Ac was calculated using straight line segments from 2h ¼
11� to 2h ¼ 21� as the baseline, and the total integral area A (A

¼ Aa þ Ac) was evaluated using straight-line segments from 2h
¼ 11� to 2h ¼ 32� as the baseline.

For heat treatment, the powder samples were heated at constant

temperature in an hot air oven with a temperature accuracy of

1�C for 30 min.

RESULTS AND DISCUSSION

Reactivity Ratio Studies

The molecular weight of ABM and AN are 143 and 53 g mol�1,

respectively. According to the mechanism of radical polymeriza-

tion, presuming the end group effect on copolymer is ignored,

the molar fraction of ABM in the resultant copolymer is calcu-

lated by the following equation:

½ABM� ¼ CO= 4� 16ð Þ
1� COþ143ð Þ= 4�16ð Þ

53
þ CO

4�16

¼ 53CO

64� 90CO

where CO is the oxygen content in the resultant copolymer. There-

fore, the ratios of molar fraction of AN and ABM in the P(AN-co-

ABM) bipolymers can be calculated from the element analysis

results of oxygen, which are used by the Fineman-Ross14 and Kelen-

Tüdõs15 methods to determine the monomer reactivity ratios.

According to the Mayo-lewis equation, the Fineman-Ross

method is written as follows:

G ¼ r1H � r2

G and H are represented by

G ¼ XðY � 1Þ=Y ; H ¼ X2=Y

where X and Y are the ratios of molar fraction of AN and ABM

in the feed and in the resultant bipolymer, respectively:

X ¼ ½M1�=½M2�; Y ¼ d½M1�=d½M2�

The plot of G versus H gives a straight line with the slope as r1
and the intercept of the y-axis as r2.

The linear relationship equations proposed by Kelen and Tüdõs

are as follows:

g ¼ ðr1 þ
r2

a
Þn� r2

a

g and n are represented by

g ¼ G= aþHð Þ; n ¼ H= aþHð Þ

a is an arbitrary constant and represented by

a ¼ HmHMð Þ�1=2

where Hm and HM is the lowest and highest values calculated

from the series of measurements. The plot of g versus n gives a

straight line. The extrapolation of the line to n ¼ 1 gives r1 and

to 0 gives �r2/a.

The parameters for copolymerization of AN with ABM under

low conversion are shown in Table I. On the basis of Table I,

the monomer reactivity ratios are calculated by the Fineman-

Ross and Kelen-Tüdõs methods. The reactivity ratios of ABM

calculated by Fineman-Ross and Kelen-Tüdõs methods are 1.62

and 1.48, respectively, and the reactivity ratios of AN calculated

by these two method are both 0.48. It can be found out that

the reactivity ratios calculated by these two methods show good

agreement and the reactivity ratio values of ABM are larger

than that of AN, indicating ABM has higher reactivity than AN.

Hence, the propagating radicals �AN� and �ABM� have a pref-

erence to the comonomer ABM and the probability of ABM

entering into the polymer chains is higher than that of AN.

From the above results, it is expected that the content of ABM

will be richer in the resultant copolymer than in the feed, and

the evidence can be found in following element analysis (Molec-

ular Weight and Elemental Analysis Studies section).

Molecular Weight and Elemental Analysis Studies

The effect of monomer feed ratio on the conversion of polymer-

ization and molecular weight of P(AN-co-ABM) are shown in

Figure 1. It is easy to see that both the conversion of

Table I. Parameters for Solution Copolymerization of AN/ABM Under

Low Conversion

X (mol mol�1)
Conversion
(%)

O content in
the bipolymers
(wt %) Y (mol mol�1)

99/1 6.29 1.785 48.03

98/2 6.47 3.45 23.55

97/3 6.05 4.85 15.97

96/4 6.14 6.255 11.78

95/5 5.93 7.495 9.38
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polymerization and molecular weight of P(AN-co-ABM) reduce

with the increasing of ABM amounts in the feed. This may be

attributed to the large volume of ABM molecules, which coun-

teracts the growth of polymer chains and reduces the conversion

of polymerization and molecular weight.16 It is proved that the

molecular weight of PAN polymers has great effect on the per-

formance of resulting carbon fiber, so the amounts of bifunc-

tional comonomer ABM in the feed should be well controlled

to get high molecular weight P(AN-co-ABM). As shown in Fig-

ure 1, the amount of ABM in the feed should be controlled less

than 2.0 mol % based on total monomers in order to prepare

high molecular weight P(AN-co-ABM) as carbon fiber

precursor.

The element analysis results of P(AN-co-ABM) bipolymers with

different monomer feed ratios are shown in Table II. Obviously,

the oxygen (O) element in P(AN-co-ABM) bipolymers is pro-

vided by the bifunctional comonomer ABM. As shown in Table

II, the O content in the resultant bipolymers increases with the

increasing of ABM amounts in the feed, suggesting that more

ABM are incorporate into the PAN polymer chains. It is known

that the hydrogen (H) content is richer in ABM (6.33 wt %)

than in AN (5.69 wt %), so the H content of in the resultant

bipolymers increases with the increasing of ABM amounts in

the feed. While the contents of carbon (C) and nitrogen (N) are

lower in ABM than in PAN, resulting in the decrease of C and

N content in the P(AN-co-ABM) bipolymers as shown in Table

II. In addition, the content of O element in the feed (Of) is also

shown in Table II. The O content is richer in the resultant

bipolymers than in the feed, indicating that the ABM content in

the resultant polymers is richer, which confirms the above

results (Reactivity Ratio Studies section) that ABM has higher

reactivity than AN.

FTIR Studies

The FTIR spectra of original PAN homopolymer and P(AN-co-

ABM) bipolymers with different monomer feed ratios are

shown in Figure 2(A). As shown in Figure 2(A), the bands at

1729 and 1677 cm�1, which are assigned to stretching vibration

of C¼¼O and bending vibration of NAH in comonomer

ABM,17,18 respectively, appear in the spectra of P(AN-ABM)

bipolymers, suggesting that the bifunctional comonomer ABM

has copolymerized with AN successfully. Furthermore, the in-

tensity of bands at 1729 and 1677 cm�1 becomes stronger with

the increasing of ABM amounts in the feed, indicating the

increase of ABM content in the resultant bipolymers, which is

consistent with the above element analysis results (Molecular

Weight and Elemental Analysis Studies section). It is also found

that the intensity of bands at 2244 cm�1 assigned to stretching

vibration of CBN17 does not show obvious changes in all the

polymers, suggesting the presence of long uninterrupted sequen-

ces of AN units in the polymer chains.19 The intensity of the

bands at 2939 cm�1 assigned to the CAH stretching vibration

of CH, CH2, and CH3
20,21 and the bands at 1450 and 1357

assigned to CAH vibrations of different modes almost keep

unchanged in all polymers.

The FTIR spectra of PAN homopolymer and P(AN-co-ABM)

bipolymers with different monomer feed ratios stabilized at

200�C in air for 30 min are shown in Figure 2(B). Of particular

interest are the bands at 2244 cm�1 assigned to stretching vibra-

tion of CBN and the bands at 1618 cm�1 assigned to stretching

vibration of C¼¼N conjugated with C¼¼C. As we all know, the

cyclization reactions turn ACBN groups into AC¼¼NA struc-

ture and the dehydrogenation reactions convert ACH2ACH2A
structure into ACH¼¼CHA structure, so the intensity changes

of bands at 2244 and 1618 cm�1 can be used to evaluate the

extent of stabilization. A parameter (Es) is defined as follows to

evaluate the extent of stabilization:

Es ¼ A1618cm�1=A2244cm�1

where A is the absorbance intensity defined as A ¼ log (T0/T),

T0 and T are the transmittances at baseline and maximum,

respectively. According to Lambert-Beer’s law: A ¼ abc, where a

is the molar absorption coefficient, b is the thickness of the KBr

pellet (cm), and c is the mole concentration of sample solution

(mol cm�1). As the absorbance intensities of bands at 1618 and

2244 cm�1 are determined by the same KBr pellet, namely, with

the same value of b, the ratio of absorbance intensity of these

two bands is approximately equal to the ratio of contents of the

generated C¼¼N and C¼¼C groups to the residual CBN

groups.22 Thus the value of Es can be use to represent the extent

of stabilization. The molar ratio of ABM to AN in the P(AN-

co-ABM) bipolymers with different monomer feed ratios can be

Figure 1. Effect of monomer feed ratio on the conversion of polymeriza-

tion and molecular weight.

Table II. Elemental Analysis Results of PAN and P(AN-co-ABM)

Bipolymers with Different Feed Monomer Ratios

AN/ABM (mol mol�1) C H N O Of

100/0 67.81 5.72 26.47 0 0

99/1 65.74 5.79 25.02 3.45 0.89

98/2 64.18 5.838 24.75 5.232 1.75

97/3 64.15 5.846 23.62 6.384 2.58

96/4 63.56 5.91 22.91 7.62 3.39

95/5 62.97 5.913 22.78 8.337 4.17

Of: O content in the feed.
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calculated from the element analysis of O content in Table II, so

the plot of Es versus molar ratio of ABM to AN in P(AN-co-

ABM) bipolymers is shown in Figure 3. As shown in Figure 3,

the Es values become larger with the increasing of ABM content

in the P(AN-co-ABM) bipolymers, suggesting the incorporation

of ABM into PAN polymer chains can improve the extent of

stabilization effectively and the more the better. It is widely

accepted that the cyclization of nitrile groups in PAN homopol-

ymer can only be initiated through a free radical mechanism

(Scheme 1). While the cyclization in P(AN-co-ABM) bipolymers

can be initiated through both a radical mechanism (Scheme 1)

and an ionic mechanism (Scheme 2).23 As shown in Scheme 2,

the amino nitrogen of acylamino (ACONH2) in ABM can make

a nucleophilic attack on the carbon atom of adjacent nitrile

groups and induces molecules to cyclize, which can initiate the

cyclization of nitrile groups successfully at a low temperature

and improve the stabilization of P(AN-co-ABM) significantly.

XRD Studies

XRD patterns of original PAN homopolymer and P(AN-co-

ABM) bipolymers are shown in Figure 4(A). The strongest dif-

fraction peak at about 2h ¼ 17� is attributed to the (100) crys-

talline plane of the pseudohexagonal cell.23 At the same time, a

weak diffraction peak at about 2h ¼ 29� is attributed to the

(101) crystalline plane of the pseudohexagonal cell.24 XRD pat-

terns of PAN polymers were processed by Origin 7.5 software to

analyze the peak center, peak area, peak intensity and the

FWHM of peak about 2h ¼ 17�. Based on the above results, the

corresponding acrystalline planar spacing d, crystallite size Lc,

and crystallinity CI were calculated. All the data are summarized

in Table III. It is obvious that the peak intensity, peak area, and

crystallinity CI of P(AN-co-ABM) bipolymers were smaller than

that of PAN homopolymer as shown in Table III. Furthermore,

the peak area, peak intensity, and CI values of P(AN-co-ABM)

bipolymers decrease with the increasing of ABM contents in the

resultant P(AN-co-ABM) bipolymers. The possible reason is

that the incorporation of ABM into PAN polymer chains blocks

the interactions between intermolecular CBN groups, which

enhances the activity of chain segments and reduces the crystal-

linity of P(AN-co-ABM). In addition, all the Lc values of P(AN-

co-ABM) bipolymers are larger than that of PAN homopolymer,

which may attribute to the large volume of ABM. As shown in

Figure 4(A), the peak center about 2h ¼ 17� hardly moves with

the increasing of ABM content in P(AN-co-ABM) bipolymers,

so the d values of PAN and P(AN-co-MHI) bipolymers almost

keep unchanged.

XRD patterns of PAN and P(AN-co-ABM) bipolymers stabilized

at 200�C for 30 min are shown in Figure 4(B). The stabilization

of PAN polymers is a process converting linear structure into

ladder structure. It has been reported that the structural changes

Figure 3. Effect of molar ratio of ABM and AN in P(AN-co-ABM) on the

extent of stabilization (ES).

Figure 2. FTIR spectra of PAN and P(AN-co-ABM) bipolymers (A) original and (B) stabilized 200�C for 30 min: (a) PAN, (b) AN/ABM ¼ 99/1 (mol

mol�1), (c) AN/ABM ¼ 98/2 (mol mol�1), (d) AN/ABM ¼ 97/3 (mol mol�1), (e) AN/ABM ¼ 96/4 (mol mol�1), and (f) AN/ABM ¼ 95/5 (mol

mol�1).
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during the stabilization agree well with the intensity changes of

the peak about 2h ¼ 17�.25 So the intensity changes about 2h ¼
17� can be used to evaluate the extent of stabilization, the equa-

tion is expressed as follows:23

SI ¼ I0 � Isð Þ=I0

where I0 is the intensity of the peak about 2h ¼ 17� from the

original polymer, and Is is the intensity of the peak about 2h ¼

Scheme 1. Cyclization in PAN initiated through a free radical mechanism.

Scheme 2. Cyclization in P(AN-co-ABM) bipolymers initiated through an ionic mechanism.

Figure 4. XRD patterns of PAN and P(AN-co-ABM) bipolymers (A) original and (B) stabilized 200�C for 30 min: (a) PAN, (b) ABM/AN ¼ 0.0310

(mol mol�1), (c) ABM/AN ¼ 0.0491 (mol mol�1), (d) ABM/AN ¼ 0.0617 (mol mol�1), (e) ABM/AN ¼ 0.0761 (mol mol�1), and (f) ABM/AN ¼
0.0848 (mol mol�1).

Table III. XRD Analysis Results of PAN and P(AN-co-ABM) Bipolymers Corresponding to Figure 4(A)

ABM/AN (mol mol�1) Peak center (�) Peak intensity (CPS) Peak area FWHW (�) d (nm) Lc (nm) CI (%)

0 (PAN) 17.18 5345 37,771 0.926 0.5216 8.8798 50.24

0.0310 16.80 5036 29,217 0.848 0.5330 9.6770 47.69

0.0491 17.06 3450 22,951 0.917 0.5251 8.9612 46.11

0.0617 17.14 3171 19,456 0.777 0.5227 10.5803 45.19

0.0761 16.90 2391 18,944 0.907 0.5299 9.0523 44.09

0.0848 16.94 2194 18,336 0.874 0.5287 9.3960 40.54
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17� from the polymer stabilized at 200�C for 30 min. SI values

determined by the above equation are listed in Table IV. The

(100) peak intensity of PAN homopolymer stabilized at 200�C
is higher than that of original PAN homopolymer and the SI

value is negative, which can be elucidated by further crystalliza-

tion in the PAN homopolymer. From the following DSC analy-

sis (DSC Studies section), it is known that the stabilization reac-

tions of PAN homopolymer have not yet started significantly at

200�C, because the cyclization of nitrile groups in PAN homo-

polymer can only be initiated through a free radical mechanism

at a high temperature about 244�C. However, the energy pro-

vided by heating is enough to break the boundaries between

crystalline zones and amorphous zones,23 which results in fur-

ther crystallization of PAN and increase in (100) peak intensity,

so the SI value of PAN is negative. As shown in Table IV, the SI

values of P(AN-co-ABM) bipolymers become larger with the

increasing of ABM contents in P(AN-co-ABM) bipolymers,

indicating the increase of the extent of stabilization in P(AN-co-

ABM) bipolymers, which further supports that the incorpora-

tion of ABM into PAN polymer chains can improve the stabili-

zation of P(AN-co-ABM) effectively and the more the better.

DSC Studies

Figure 5 shows the DSC curves of PAN homopolymer and

P(AN-co-ABM) bipolymers heated at 10�C min�1 from ambient

temperature to 400�C under N2 (40 mL min�1). The parameters

obtained from the exotherms, including the temperature of ini-

tiation (Ti), the temperature of termination (Tf) and their dif-

ference (DT ¼ Tf � Ti), the first peak temperature (Tp1, the

peak at low temperature), the second peak temperature (the

peak at high temperature), the heat release (DH), and the rate

of heat release (DH/DT), are listed in Table V.

The DSC curves of PAN polymers were measured under N2

atmosphere and no oxidative reactions occurred during this

process, so the exothermic peaks in DSC curves are attributed

to the cyclization reactions. As shown in Figure 5, there is only

one exothermic peak in PAN homopolymer and the cyclization

reactions of PAN homopolymer can only be initiated through a

free radical mechanism at a high temperature about 244�C,26

causing a large amount of heat to be released at the same time,

which can break the molecular chains and further results in

defect in the resultant carbon fibers. Whereas in P(AN-co-ABM)

bipolymers, the cyclization reactions can be initiated through

both a radical mechanism and an ionic mechanism,27 so there

are two exothermic peaks in DSC curves and the initiation tem-

perature of cyclization has been lowered to about 185�C. The
low exothermic peak (peak 1) is assigned to cyclization reac-

tions initiated through an ionic mechanism, which broadens the

exothermic peak and avoids centralized heat release. It is sur-

prising to see that the area of peak 1 increases with the increas-

ing of ABM content in P(AN-co-ABM) bipolymers, indicating

that more cyclization reactions were initiated by ABM through

an ionic mechanism increases. As shown in Table V, the Ti of

P(AN-co-ABM) bipolymers is much lower than that of PAN

homopolymer and becomes lower with the increasing of ABM

Table IV. XRD Analysis Results of PAN and P(AN-co-ABM) Bipolymers

Corresponding to Figure 4

ABM/AN
(mol mol�1)

Peak
center (�)

Peak
intensity
I0 (CPS)

Peak
intensity
Is (CPS) SI (%)

0.0000 17.03 5345 11,415 �113.56

0.0310 16.53 3572 2863 19.85

0.0491 16.69 3529 2582 26.83

0.0617 16.82 2338 1367 41.53

0.0761 16.72 1050 609 42.12

0.0848 16.70 769 443 42.39

Figure 5. DSC curves of PAN and P(AN-co-ABM) bipolymers heated at

10�C min�1 under N2 atmosphere: (a) PAN, (b) ABM/AN ¼ 0.0310 (mol

mol�1), (c) ABM/AN ¼ 0.0491 (mol mol�1), (d) ABM/AN ¼ 0.0617

(mol mol�1), (e) ABM/AN ¼ 0.0761 (mol mol�1), and (f) ABM/AN ¼
0.0848 (mol mol�1).

Table V. Parameters for DSC Curves of PAN and P(AN-co-MHI) Bipolymers Measured under N2 Atmosphere

ABM/AN (mol mol�1) Ti (�) Tp1 (�C) Tp2 (�C) Tf (�C) DT (�C) DH (J g�1) DH/DT (J g�1�C�1)

0.0000 244.16 278.99 303.11 58.95 2004.67 34.01

0.0310 191.39 271.11 329.28 137.89 2021.26 14.66

0.0491 190.83 238.25 267.98 335.44 144.61 2311.10 15.98

0.0617 190.32 238.08 270.28 351.60 161.28 2241.59 13.90

0.0761 188.38 237.11 276.30 354.52 166.14 2380.50 14.32

0.0848 184.20 235.47 282.34 360.00 175.8 2281.07 12.97

ARTICLE

WWW.MATERIALSVIEWS.COM WILEYONLINELIBRARY.COM/APP J. APPL. POLYM. SCI. 2013, DOI: 10.1002/APP.38812 7

http://www.materialsviews.com/
http://onlinelibrary.wiley.com/


content in P(AN-co-ABM) bipolymers, suggesting an easier ini-

tiation of cyclization reactions in P(AN-co-ABM) bipolymers

than in PAN homopolymer. For the same reason, the Tp1 exhib-

its the same tendency as Ti. The initiation temperature of the

terpolymers, such as P(AN-MA-AA), P(AN-MA-IA), and P(AN-

MMA-IA), are about 225�C, which is much higher than that of

P(AN-co-ABM) bipolymers (ca. 185�C), hinting that P(AN-co-

ABM) bipolymers showed better stabilization than terpolymers.9

Even the content of carboxyl group in the P(AN-MMA-IA) is

three times of acylamino group in P(AN-co-ABM) prepared in

this work, the initiation temperature is still 215�C much higher

than that of P(AN-co-ABM). This phenomenon was also

observed in Devasia’s work.11 Thus, it can be concluded that the

P(AN-co-ABM) bipolymers are much more advantageous than

terpolymers in improving the stabilization of PAN. As shown in

Table V, PAN homopolymer has the smallest DT and the largest

DH/DT, implying the heat release in PAN homopolymer during

stabilization is concentrative and expeditious. The incorporation

of ABM into PAN polymer chains slows the rate of heat release

efficiently, as evidenced from the larger DT and smaller DH/DT
in the P(AN-co-ABM) bipolymers. Furthermore, DT has a tend-

ency to become larger with the increasing of ABM content in

P(AN-co-ABM) bipolymers, whereas DH/DT has a tendency to

become smaller. It can be concluded that the incorporation of

comonomer ABM into PAN polymer chains can lower the ini-

tiation temperature of cyclization and moderates heat release

during stabilization, which is beneficial to making high per-

formance carbon fiber.

Evaluation of Activation Energy (Ea) of Stabilization

Reactions

Figure 6 shows DSC curves of PAN homopolymer and P(AN-

co-ABM) bipolymer with ABM/AN ¼ 0.0491 (mol mol�1)

heated at different rates (5, 10, 15, 20, 30�C min�1) from ambi-

ent temperature to 400�C under N2 (40 mL min�1). As the

heating rate increases, the exotherms wholly shift to higher tem-

perature and the exothermic peaks become stronger for both

PAN homopolymer and P(AN-co-ABM) bipolymer. The Ea of

the cyclization reactions were determined by Kissinger method28

and Ozawa method.29 These two methods are mostly used to

calculate Ea in literatures, because they can be used to quantify

Ea without any prior knowledge of reaction mechanism but just

requiring a series of DSC curves heated at different rates. It is

found that the maximum peak of DSC (Tm) used to evaluate Ea
shows a regular increase with the increasing of heating rate (/).

Kissinger’s method uses an equation as follows:28

� Ea

R
¼

d Inðu=T 2
mÞ

� �
dð1=T 2

mÞ

Ea was calculated from the slope of the linear plot of ln(//T 2
m)

versus 1000/Tm as shown in Figure 7(A).

Ozawa’s method makes use of the following equation:29

� Ea

R
¼ 2:15

dðloguÞ
dð1=TmÞ

Ea was calculated from the slope of the linear plot of log/ ver-

sus 1000/Tm as shown in Figure 7(B).

The Ea of cyclization reactions of P(AN-co-ABM) bipolymers

with ABM/AN ¼ 0.0310, 0.0617, 0.0761, and 0.0848 (mol

mol�1) were also calculated by Kissinger and Ozawa methods.

All the calculated results of Ea are listed in Table VI. It is found

that the values of Ea calculated from Kissinger and Ozawa

methods are almost the same. The DSC curves were obtained

under N2 atmosphere, so only cyclization reactions occurred

during this process. The Ea of cyclization reactions in PAN

homopolymer is about 168 kJ mol�1, while in P(AN-co-ABM),

the Ea has been split into two parts. The first part assigned to

the ionic cyclization reactions is calculated from the first exo-

thermic peak and the Ea is about 94 kJ mol�1. The second part

is calculated from the second exothermic peak and the is Ea
about 190 kJ mol�1, which is assigned to the radical cyclization

Figure 6. DSC curves of PAN (A) and P(AN-co-ABM) (B) heated at different rates.
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reactions. Obviously, the Ea of cyclization reactions has been

significantly reduced by the incorporation of ABM into PAN

chains, which is mainly due to the change of cyclization mecha-

nism caused by ABM.27 The decrease of Ea in P(AN-co-ABM)

bipolymers confirms that the cyclization of nitrile groups has

been promoted by the bifunctional comonomer ABM, which is

beneficial to stabilization of PAN.

Rheological Analysis of PAN/DMSO and P(AN-co-ABM)/

DMSO Solutions

The flow curves of PAN (Mg ¼ 8.79�104 g mol�1) homopoly-

mer and P(AN-co-ABM) bipolymer with ABM/AN ¼ 0.0310

(mol mol�1) (Mg ¼ 8.65�104 g mol�1) in DMSO solutions at

70�C are shown in Figure 8. Both PAN/DMSO and P(AN-co-

ABM)/DMSO solutions show shear thinning at high shear rates,

which is explained by the breakage of entangled networks and

the shear alignment of molecules.30 The entanglement points

are formed between molecules because of the intermolecular

van der Waals forces, it can be distorted in one place and rear-

ranged in another place due to the random thermal motion of

polymer chains. The density of entanglement points depends on

the external conditions such as temperature, shear rate, etc. At

the low sheer rate, the destroyed entanglement points have

enough time to rearrange and the density of entanglement

points is unchanged, so the apparent viscosity keeps unchanged.

With the increasing of shear rate, the rearranging rate of entan-

glement points cannot catch up with the destroying rate, so the

density of entanglement points decreases, which results in the

decrease of apparent viscosity. On the other hand, the molecular

chains of polymers are aligned in the direction of flow, which

can also cause the decrease of apparent viscosity.31 In addition,

the ga value of P(AN-co-ABM) is smaller than that of PAN as

shown in Figure 8, which is attributed to the decrease of inter-

molecular forces caused by the incorporation of MHI into PAN

chains.

The structural viscosity index (Dg) represents the degree of

structurization of polymer solution and can be calculated by the

following equation:32

Dg ¼ �
�
d1gga
dð _c1=2Þ

�
� 100

where ga is the apparent viscosity of polymer solution and _c is

the shear rate. It has been reported that the Dg can be used as

an indication of spinnability.32,33 The smaller the Dg value is,

the better the spinnability is. The calculated Dg of PAN/DMSO

and P(AN-co-ABM)/DMSO solution system are 6.61 and 4.74,

respectively, indicating that P(AN-co-MHI) possesses better

spinnability than PAN, which is conducive to making high per-

formance carbon fiber.

CONCLUSIONS

The P(AN-co-ABM) bipolymers used as precursor for carbon

fiber were prepared by solution polymerization successfully,

both the conversion of polymerization and molecular weight

Figure 7. Kissinger method (A) and Ozawa method (B) used to quantify Ea: (a) PAN, (b) Peak 1 of P(AN-co-ABM), (c) Peak 2 of P(AN-co-ABM).

Table VI. Ea determined by Kissinger and Ozawa Methods

Methods Peak PAN
ABM/AN ¼
0.0310

ABM/AN ¼
0.0491

ABM/AN ¼
0.0617

ABM/AN ¼
0.0761

ABM/AN ¼
0.0848

Kissinger Peak1 168.39 93.47 86.80 98.99 92.64 98.92

Peak 2 177.24 202.17 198.95 201.56 194.32

Ozawa Peak 1 165.89 94.74 89.09 100.50 94.55 100.34

Peak 2 174.02 197.20 195.87 196.88 190.68
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decrease with the increase of ABM amounts in the feed due to

the large volume of MHI molecules. The AN/MHI reactivity

ratios calculated by Fineman-Ross and Kelen-Tüdõs methods

show good agreement and the reactivity ratios of ABM are

larger than that of AN, which results in more ABM incorpo-

rated into polymer chains than AN. The cyclization of P(AN-

co-ABM) can be initiated by bifunctional comonomer ABM

through an ionic mechanism as evidenced from the appearance

of two exothermic peaks in DSC curves. The P(AN-co-ABM)

bipolymers show better stabilization than PAN homopolymer,

such as lower initiation temperature and larger extent of stabili-

zation under the same condition, which is mainly attributed to

the ionic cyclization reactions induced by the bifunctional

comonomer ABM. This is further confirmed by the calculation

of Ea based on Kissinger method and Ozawa method. In addi-

tion, the rheological analysis shows that P(AN-co-ABM) pos-

sesses better spinnability than PAN, which is beneficial to the

preparation of high performance carbon fiber.
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