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ABSTRACT: A copolymer of acrylonitrile (AN) and methyl acrylate (MA) was prepared by 
use of a redox catalyst and was separated into 16 fractions by successive solution fractionation, 
using dimethyl sulfoxide as the solvent and toluene as the precipitant. Except for the first few, all 
fractions had essentially the same composition: 92 ± 0.5 weight percent in AN. Viscosity, light 
scattering and osmotic pressure were measured for these fractions in dimethylformamide (DMF), 
an ethylene carbonate (EC)Iwater mixture containing 82.5 wt% EC, and aqueous nitric acid of 
various compositions. This ECiwater mixture at 25°C and 51 wt% aqueous nitric acid at 25°C were 
found to be Flory's theta solvents for the ANIMA copolymer with 92 wt% AN. The Mark­
Houwink-Sakurada equations for this polymer were [I]] =2.13 x 10- 2 M';.; 74 in DMF, [17] =0.152 
M';,; 50 in the ECjwater mixture, and [17] =0.215 M';,; 50 in 51 wt% aqueous nitric acid, all at 25oc. The 
molecular weight dependence of the radius of gyration (S2 )!12 in DMF at 25°C was represented by 
(S2)!12Icm=2.13 x 10-9 M';,;58 . Flory's viscosity parameter <P was found to be 2.5 x 1023 in DMF 
at 25oC and 2.9 x 1023 in the ECjwater mixture at 25°C. The unperturbed chain dimensions A 
determined by both thermodynamic and hydrodynamic methods were 0.93 in DMF, 0.86 in the EC/ 
water mixture, and 1.11 in 55 wt% aqueous nitric acid, all at 25°C, in units of 10- 8 em. 
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Since the time Du Pont Company first com­
mercialized an aery! fiber in 1948, the commercially 
available product of this fiber consisted of acryloni­
trile (AN) and methyl acrylate (MA) monomers. 
Over the years there have been virtually no reports 
on the molecular characterization of the acryloni­
trile and methyl acrylate copolymer (AN/MA co­
polymer) with a composition suitable for use 
as a synthetic fiber. The only exception is the 
measurement of the molecular weight distribu­
tion of AN/MA copolymer by gel-permeation 
chromatography .1 

(DMF) or aqueous nitric acid. Thus, it can be 
expected that the dissolved state of PAN has effect 
on the structure of the solid coagulated from the 
solution. 

Nakayama et af.l found that the packing of 
polymer chains in the amorphous region of a mem­
brane or fiber made from a solution of poly­
acrylonitrile (PAN) was loose or dense, depending 
on whether the solvent was dimethylformamide 

The present paper reports some typical solution 
properties of the ANjMA copolymer of fixed com­
position (AN/MA=91.5 : 8.5 by wt%) in DMF a 
mixture of ethylene carbonate (EC) and water, and 
aqueous nitric acid of various compositions. 

EXPERIMENTAL 

Polymer 
A sample of AN/MA copolymer was prepared in 

water by conventional free-radical polymerization 
at 55°C using a redox catalyst (ammonium per­
sulfate and ammonium hydrogen sulfite) as the 
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initiator. The copolymer prepared has a weight­
average molecular weight Mw of 13.7 x 104 and was 
found to have the following composition of acrylo­
nitrile (AN) and methyl acrylate (MA) when de­
termined by 1H-NMR analysis (details will be given 
later): AN 91.5 wt%, MA 8.5 wt%. In the radical 
polymerization of an AN/MA copolymer, the 
monomer reactivity ratios for AN and MA radicals 
are 1.0±0.3,3 so that random copolymers may be 
obtained from AN and MA monomers. If we de­
fine P2(i j) as the number fraction of i-j diads, 
we obrain P2(AN AN)c::e0.91, P2(MA MA)c::eO.Ol 
and P2(AN MA)+P2(MA AN)c::e0.08. Yamadera 
and Murano4 showed that PAN prepared by 
conventional redox polymerization is 50% syndic­
tactic and 50% isotactic (i.e., atactic). Therefore, 
the AN/MA copolymer prepared in this study is 
expected to be nearly atactic. 

Solvent 
Reagent grade dimethylformamide (DMF), 

ethylene carbonate (EC) and 80 wt% nitric acid, all 
highly polar, were used as received. For the frac­
tionation, analytical chemical grade dimethyl sulf­
oxide (DMSO) and toluene were used. Aqueous 
solvents of 67, 55, and 51 wt% nitric acid were 
prepared by adding distilled water to 80 wt% nitric 
acid. 

Fractionation 
In this study, the successive solution fractionation 

(SSF)5 was employed using DMSO as a solvent and 
toluene as a precipitant. In mixtures of these two 
liquids, complete liquid-liquid phase separation oc­
curred and the polymer-lean phase could be readily 
isolated from the polymer-rich phase. A 1.0 wt% 
solution of the whole polymer (120 g) in DMSO was 
separated into 16 fractions of almost equal amounts 
by adding toluene to the solution at 30°C. Each 
fraction was analyzed for composition with a 1H­
NMR spectrometer model PMX 60 (60 MHz, 
JOEL, Japan) deuterated dimethylsulfoxide 
DMSO-d6 • The MA content was calculated from 
resonance intensities of methylene (2.1 ppm) and 
methyl (3. 7 ppm) groups in the NMR spectra. The 
first three fractions had a MA content some­
what higher than others. Hence, the remaining II 
fractions in which the MA content was distributed 
in a very narrow range of 8.0 ± 0.5 wt% were chosen 
for the present study. These fractions ranged in 

592 

weight-average molecular weight Mw from 4 x 104 

to 53 x 104 . 

Solution Viscosity 
Viscosity measurements in DMF, an ethylene 

carbonate/water (ECjwater) mixture with the EC 
composition of 82.5 wt%, and aqueous nitric acid 
(HN03 ) were made with modified Ubbelohde 
suspension-type viscometers in a bath thermostated 
within ± 0.01 oc. The copolymer was dissolved in 
DMF and in the ECjwater mixture at 50°C. Great 
care was taken in dissolving the polymer in nitric 
acid to avoid the decomposition of the polymer and 
the solvent. Thus, the copolymer was dissolved in 
nitric acid at soc, and all the viscosity measure­
ments on the resulting solutions were carried out at 
soc and 25°C within I h following dissolution. The 
polymer in the ECjwater mixture was stored at 
30°C, since the solution tended to crystallize during 
a long standing below 25oC. 

Light Scattering 
Light scattering measurements were made in 

DMF, the ECjwater mixture and aqueous nitric 
acid. A Shimadzu-Brice type light scattering pho­
tometer PG-21 and a FICA model photogonio­
diffusiometer were used for the first two solvents 
and the last solvent, respectively. 

(a) DMF 
Each fraction was dissolved in DMF at 50°C to 

make a 0.3 wt% solution. The solution was centri­
fuged at 2 x 104 g for 70min in a Hitachi model55p-
7 automatic preparative ultracentrifuge. The upper 
two-thirds of the supernatant phase were carefully 
sucked up with a microsyringe. Four concentra­
tions were prepared by diluting the solution with 
pure DMF, and then each solution was filtered 
through a Sartorius membrane filter 0.15 pm 
(SM-11608) and directly transferred into the cy­
lindrical light scattering cell. 

The specific refractive index increment dnjdC for 
the AN/MA copolymer in DMF was determined to 
be 0.077 cm3 g- 1 by a Shimadzu differential re­
fractometer model DR-4 at 25°C and for a wave­
length ..1.0 of 546 nm. 

Vertically polarized light of wavelength ,1.0 = 

546 nm was used as the incident beam, and the 
unpolarized scattering intensity was measured at 
various angles from 30 to 150°. The Rayleigh ratio 
was denoted by Rl](8) (8 is scattering angle). Very 
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slight fluorescence was observed in DMF solutions 
of most of the polymer fractions. The correction of 
the measured intensity for fluorescence was made 
according to the method by Kamide et a/.6 The 
apparatus was calibrated with benzene (Rayleigh 
ratio R't;(13) = 16.3 X w-6 at Ao = 546 nm). The effect 
of the chemical composition distribution on scatter­
ing intensity was neglected, and the data obtained 
were analyzed according to the procedure described 
in a previous paper.6 

(b) EC/Water Mixtures 
Six ECjwater mixtures of EC content we= 80, 81, 

81.5, 82.5, 85, and 87.5 wt% were prepared, and the 
ANjMA copolymer fractions were dissolved at 
50°C. The solutions were filtered through a Fluoro 
pore filter (mean pore size 0.1 ,urn; manufactured by 
Sumitomo Denko Ltd.) and transferred into the 
measuring cell at 30°C. 

Unpolarized light of wavelength A.0 = 546 nm was 
used, and the unpolarized scattering intensity was 
measured (the Rayleigh ratio in this case is denoted 
by Rt(13)). For a polymer dissolved in a binary 
mixture, Ru(l3) is related to Mw by the equation7 

where 

( dn0 ) 

K = 2n2n0 2 {l (2) 
L Ao4NA dC we 

dC We 

and 

(S 2 ) 2 (
4nn°)

2 
sin2 13/2+ · · · 

3 A.0 
(3) 

Here, Cis the polymer concentration (g em- 3), A2 • L 
is the second virial coefficient, n0 is the refractive 
index of the solvent, NA is Avogadro's constant, 
(dn/dC)we is the refractive index increment of the 
polymer solution at a constant composition we, dn0 / 

dwe is the refractive index increment of the binary 
mixture, (S 2 )z is the z-average mean-square radius 
of gyration, and is the preferential adsorption 
parameter (= -dwe/dC). For the EC (82.5 wt%) 
and water (17.5 wt%) mixture, (dn/dC)we was 0.111 
cm3 g- 1 and (dn0 /dwe) was 0.085. 

Owing to the experimental difficulty in determin­
ing the constant KL was evaluated by substitut­
ing the experimental value of for 
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ECjwater mixture and the M w value obtained in 
DMF into eq 1. The value of KL so determined 
were (0.97±0.02)x 10- 7 for the ECjwater mix­
tures with we=81.5-87.5 wt%. This procedure for 
estimating KL is reasonable, provided that the 
ANjMA copolymer does not associate or decom­
pose in the ECjwater mixture, at least during the 
period of each light scattering measurement. For 
the AN/MA copolymer in the ECjwater mixture 
with we= 80 wt% at 25°C the scattering intensity 
increased markedly with time. This implies that 
the polymer precipitated in the ECjwater mixture 
with we=80 wt%. At we=81 wt% and C=4.82 x 
10-4 g em - 3 no precipitation occurred at 25°C 
for 1 h, but in the same mixture with C>2.08 x-
10- 3 gcm- 3 precipitation began very shortly after 
the solution was cooled down to 25°C. In the 
ECjwater mixtures with EC contents not lower 
than 81.5 wt%, neither crystalization nor precipi­
tation of the polymer took place for at least sev­
eral hours. Using the KL value estimated by 
the method mentioned above, (S 2 )z and A2 .L 
were determined by eq 1 and 3. = 0.048 was ob­
tained for the ECjwater mixture with we=82.5 
wt% by putting KL=0.97x10-?, n0 =1.409, 

(dn/dC)we=O.lll cm3 g- 1 and (dn0 /dwe)=0.085 
into eq 2. This small value suggests that EC is 
not preferentially adsorbed on the ANjMA 
copolymer. 

(c) Aqueous Nitric Acid 
For the determination of the radii of gyration 

(S 2)!i2 of the AN/MA copolymers in aqueous 
nitric acid (nitric acid content wn =51, 55, 56, and 80 
wt%), it was again assumed that the Mw values 
measured in DMF could be obtainable in nitric 
acid. Since nitric acid is very corrosive, a cylindrical 
glass cell with a round bottom was employed. Since 
aqueous nitric acid has a very complicated con­
centration,8 the KL value in this solvent was esti­
mated in the same manner used for the ECjwater 
mixtures. The values obtained were 1.16, 1.14, 1.07, 
and 1.02 in units of 10- 7 for 51, 55, 67, and 80 wt% 
nitric acid, respectively. The values of (S2 )!i2 in 
aqueous nitric acid were determined by these KL 
values. 

Osmotic pressure measurements were carried out 
with a Hewlett Packard high speed membrane 
osmometer model 502 in DMF at 25°C. The mem­
brane was a Sartorius SM 115 membrane. No 
leakage of the solute through the membrane was 
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detected. The straight lines were obtained between 
fl/C (ll=osmotic pressure) and C. The number­
average molecular weight Mn and second virial 
coefficient A2 •0 (the subscript zero means osmom­
etry) were determined in the conventional way. 

RESULTS AND DISCUSSION 

A typical Zimm plot for the AN/MA copolymer 
in DMF at 25°C is shown in Figure 1. Table I lists 
Mw, Mn, A 2 .u A 2 •0 and the limiting vis­
cosity number [IJ] for eleven ANjMA copolymer 
fractions in DMF at 25°C. The table also contains 
the data for and [IJ] in the EC/water mixture 
with we= 82.5 wt%. Table II compiles and 
[IJ] in aqueous nitric acid, respectively. 

Figure 2 shows the plot of ( against C 
for two AN/MA copolymer fractions with Mw= 

20 x 104 and 33.3 x 104 in ECjwater mixtures of 
various compositions. The slope of the plot allows 
A2 to be evaluated if it is assumed that KL in eq I is 
independent of we. The A2 values obtained on this 
assumption are plotted against we in Figure 3, each 
A2 of these two fractions is zero at we=82.5wt% 
and slightly negative at we=81.5 wt%. This in­
dicates that the ECjwater mixture of we= 82.5 wt% 
at 25°C is a Flory's theta solvent for the ANjMA 
copolymer. 

In order to find Flory's theta conditions with 
aqueous nitric acid, A 2 .L for the AN/MA copolymer 
fraction with M w = 23.8 x 104 is plotted as a func­
tion of nitric acid concentration as shown in Figure 
4. In this figure, the values of the long-range 
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Figure 1. A typical Zimm plot for AN/MA fraction 8 
in DMF at 25°C. 
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150.-----------------------. 

100 
'i' 

;:::."' 

,,, 
a: 
8 

50 

0 
0 2 

C 10 3 /g-cm- 3 

Figure 2. Plots of ( C/ Ri)(8))0 _ 0 versus concentration C 
for the AN/MA copolymer in ECjwater mixtures at 
25oC: unfilled marks, AN/MA 10 (Mw=20.0x 104 ); 

filled marks, AN/MA 12 (Mw=33.3 x 104 ); triangles, 
w,=87.5 wt%; rectangles, w. =85 wt%; circles, w.=82.5 
wt%; reverse triangles, w,=81.5 wt%. 

._, 
<( 

85 90 
We 1 wt •1. 

Figure 3. Variation in the second virial coefficient A2 ,L 

with EC concentration w, for the AN/MA copolymer in 
ECjwater mixture at 25oC: filled mark, ANJMA 10 
(Mw=20.0 x !if); unifilled marks, AN/MA 12 (Mw= 
33.3 X 104). 

interaction parameter B estimated by method 2C or 
method 2E described below are also shown. From 
Figure 4 it is evident that Flory's theta conditions 
can be obtained with 51 wt% aqueous nitric acid at 
25°C. 

Log-log plots of ['7] vs. Mw for the AN/MA 
copolymer in DMF, and ECjwater mixture, and 
aqueous nitric acid of different compositions at 
2SOC are shown in Figure Sa and b. From these 
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Figure 4. Variation in the second vi rial coefficient A 2 , L 

and long-range interaction parameter B (estimated by 
method 2C and 2E) of the AN/MA copolymer with 
nitric acid concentration. 0, A2 ,L; AN/MA II (Mw= 
23.3 x 104 ); 0, B by method 2C; e, B by method 2E, in 
which the experimental <!> value corrected for the ex­
cluded volume effect ( <l>/rt.,- 0 ·57) was used. 
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Figure 5. Log-log plots of limiting viscosity number 
[IJ] versus weight-average molecular weight Mw for AN/ 
MA copolymer solutions: a) 0, the AN/MA copolymer 
in DMF; e, ECjwater (w.=82.5 wt%) mixture; broken 
line, PAN in DMF;6 dotted line, the AN/MA copolymer 
in DMF11 ; dot-dash line, PMA in butanone12 ; dot-dot­
dash line, PMMA in DMF.23 b) 6., 80 wt% HN03; _&, 

67 wt% HN03 ; 0, 55 wt% HN03 ; •• 51 wt% HN03 ; 

broken line, PAN in 60 wt% HN03 . 10 
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Table III. Km and a in the Mark-Houwink-Sakurada equations and Ky 
andy in the relations between (S2);12 and Mw for 

AN/MA copolymer in various solvents at 25°C 

Solvent 

DMF 
ECjwater (w.=82.5wt%) 
51 wt% nitric acid 
55 wt% nitric acid 
67wt% nitric acid 
80 wt% nitric acid 

2.13 
15.2 
21.5 
19.5 
5.88 
6.22 

figures, the parameters Km and a in the Mark­
Houwink-Sakurada (MHS) equation. 

(4) 

have been evaluated by the least-squares method, 
and the results are summarized in Table III. 

The MHS parameters in Table III were obtained 
with the data for the samples with Mw!Mn = 1.21-
1.40 (average, 1.30), and thus can be corrected for 
polydispersity9 if the Schulz-Zimm distribution of 
molecular weight is assumed. The results are, for 
example, 

['1]=2.24 X w-2 M 0 ·74 in DMF at 25°C (a) 

and 

['1]=0.164 M 0 ·5 in ECjwater mixture at 25°C (b) 

Kamide et a!. 5 established the following MHS 
equation for PAN, prepared by a conventional 
redox polymerization, in DMF at 20°C. 

['1]=4.66x 10-2 M;!;71 in DMF at 20°C (c) 

The parameter Km in eq c can be converted to that at 
25°C, using the temperature dependence data of [17] 
for the PANjDMF system,l0 the result was Km= 
4.56 X w- 2 • In Figure Sa, eq c is represented by a 
broken line. Introduction of 8 wt% MA into AN 
thus reduces [17] in DMF by about 30%. Figure Sa 
includes the literature data for copolymers of acry­
lonitrile and methyl methacrylate (AN/MMA, 
32.8/67.2, wtjwt) in DMF,11 poly(methyl meth­
acrylate) (PMMA) in DMF,11 and poly(methyl 
acrylate) (PMA) in butanoneY A discernible de­
crease in AN content in the AN/MA copolymers 
invariably results in the lowering of [17] when 
compared at the same Mw. 

Polymer J., Vol. 14, No. 8, 1982 

Kyx 108 

a y 
em 

0.743 0.213 0.58 
0.502 0.351 0.50 
0.502 0.455 0.50 
0.513 0.460 0.51 
0.665 0.345 0.55 
0.680 0.359 0.56 

As expected, the exponent a in eq 4 is equal to 0.5 
for the ECjwater mixture with w. =8.25 wt% and 51 
wt% nitric acid at 25°C. For PAN prepared by 
conventional redox polymerization (redox PAN), 
Kamide et al.U found a=0.5 in the mixture of EC 
and water with w.=85 wt% at 26°C and obtained, 

['1]=0.282 M;!: 50 (d) 

More recently, Kamide and Terakawa14 prepared 
PAN by gammer-ray irradiation of an urea-canal 
complex of AN (y-PAN) and obtained the following 
MHS equation in EC at 60°C. 

['1]=0.295 M;!:50 

(e) 

Nuclear magnetic resonance spectra revealed that 
the stereoregularity of y-PAN is appreciably dif­
ferent from the redox PAN and that the former 
consists of 75% isotactic diad and 25% syndiotactic 
diad and the latter consists of 50% isotactic diad 
and 50% syndiotactic diads.4 •15 The MHS equation 
for the ANjMA copolymer in the ECjwater mixture 
with w.=82.5 wt% at 25°C should be compared 
with eq d for PAN. 

[17] at constant Mw and a increased markedly with 
an increase in the concentration of nitric acid. 
Moreover, [17] in aqueous nitric acid showed a very 
weak positive temperature dependence. The values 
of the temperature coefficient of In [17], dIn ['1]/dT, 
were 0.26, 0.20, and 0.15cm3 g- 1 K- 1 in 55, 67, 
and 80 wt% nitric acid, respectively. 

Fujisaki and Kobayashi10 established the follow­
ing MHS equation for PAN in 60 wt% aqueous 
nitric acid at 20°C: 

['1]=3.07x 10-2 M;!;74 (f) 
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Figure 6. Plots of the radius of gyration (S2 )! 12 as a 
function of weight-average molecular weight Mw for 
AN/MA copolymer fractions, a) 0, DMF; e, EC/water 
(w,=82.5 wt%) mixture; dotted line, PAN in DMF6 at 
20°C. b) {:,, 80 wt% HN03; A., 67 wt% HN03; 0, 55 
wt% HN03 ; •• 51 wt% HN03 . 

This exponent 0.74 is comparable to that in DMF 
and is much higher than those (0.50-0.68) for the 
AN/MA copolymer. Equation f is shown as a 
broken line in Figure 5b for comparison and in­
dicates that PAN has a higher [IJ] than the AN/MA 
copolymer in nitric acid. It should be noted that 
PMA swells only somewhat and does not dissolve in 
nitric acid at room temperature. 

Figure 6 displays the molecular weight depen­
dence of (S2)!i2 for the AN/MA copolymer in 
various solvents at 25°C. In the figure, the data of 
Kamide et a/.6 for PAN in DMF are included as a 
dotted line. The magnitude of (S2)!12 of the AN/ 
MA copolymer is 2% smaller than that of PAN in 
DMF. (S 2 )!i2 is empirically related to Mw by 

(5) 

The parameters K1 and y in eq 5 for the AN/MA 
copolymer solutions were determined by the least­
squares method, and the results are summarized in 
Table Ill. It is seen that the AN/MA copolymer 
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Figure 7. Relations between yin eq 5 and a in eq 4 for 
AN/MA copolymer solutions: Full line, theoretical 
curve calculated by eq 8. 
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Figure 8. Molecular weight dependence of the second 
virial coefficient A2 for the AN/MA copolymer in DMF 
at 25oC. Unfilled circles, A2 , L by light scattering; filled 
circles, A2 ,0 by membrane osmometry; dotted line, PAN 
in DMF by light scattering.6 

behaves as a gaussian chain in the Flory's theta 
solvents and that this polymer in 51 wt% aqueous 
nitric acid is more expanded than that in the ECj 
water mixture. The radius of gyration is greater in 
more concentrated aqueous nitric acid. 

The molecular weight dependence of (S2)!12 is 
somewhat stronger at a higher nitric acid con­
centration. The dissolved state of the AN/MA 
copolymer in aqueous nitric acid as yet remains 
unclear, and consideration on this problem is be­
yond the scope of this paper. 

When the molecular weight dependence of 
Flory's viscosity parameter <P is ignored, the para­
meter y in eq 5 is related to the exponent a by16 

y=(l +a)/3 (6) 

Figure 7 illustrates the relation between y and a. It is 
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seen that the experimental points fit the linear 
relation predicted by eq 6. 

Figure 8 shows the molecular weight dependence 
of A2 , determined by light scattering (open circles) 
and membrane osmometry (closed circles), for the 
AN/MA copolymer in DMF at 25°C. The follow­
ing empirical relations can be derived: 

A2, L = 1.19 X 10-2 M _;;O.lS 

in DMF at 25°C (g) 

dissolved in polar solvents is expected to depend 
markedly on the solvent. Thus, the measurement of 
(S2) 1i2 only in a theta solvent (method 2A, see eq 7) 
is apparently insufficient to determine A, and care­
ful considerations must be made on the applicability 
of the methods for estimating A from data obtained 
in non-theta solvents. 

In this article, the following methods were em­
ployed for evaluating A: 

Method 2A 
A2.o=l.90x 10-2 M,;;O.l7 

in DMF at 25°C 
Measurement of (S2)612 of a polymer in Flory's 

(h) theta solvent allows A to be determined from 

The second virial coefficients A 2 ,0 are about 25% 
larger than those by light scattering. In the previous 
paper,6 we obtained for PAN in DMF 

A2,L =4.94 x 10-2 M ,;; 0 ·29 

in DMF at 20°C by LS (i) 

Equation i is shown as a broken line in Figure 8. It 
is seen that the molecular weight dependence of A2 

becomes less pronounced by the introduction of 
MA into the AN homopolymer. 

The values of Flory's viscosity parameter 
([>(=[ry]Mwqw,z/6312 qw,z=correction factor 
for polydispersity) for the AN/MA copolymer in 
DMF, the ECjwater mixture with we=82.5 wt%, 
and aqueous nitric acid are listed in Tables I and II. 
Here, qw,z was calculated assuming the Schulz­
Zimm distribution, and the ([> values in the EC/ 
water mixture and aqueous nitric acid were calcu­
lated using the Mw values obtained in DMF. It is 
seen that the ([> values corrected for polydispersity 
remain nearly constant, giving on the average 
(2.5 ± 0.1) x 1023 and (2.9 ± 0.1) x 1023 for DMF 
and the EC/water mixture (theta solvent), respec­
tively. These values are comparable to those ob­
tained for other flexible polymers in good and theta 
solvents, respectively. The values of ([> in aqueous 
nitric acid were significantly smaller than those in 
DMF and the ECjwater mixture, decreasing with an 
increase in nitric acid content. It should be noted 
that the([> value in 51 wt% nitric acid, which can be 
regarded as ([>0 ( oo) (i.e., <P in a theta solvent at the 
non-draining limit), is only 70% of the theoretical 
value (2.87 x 1023). 

The unperturbed chain dimension A [ = ( (R2) 0 / 

M)112 ; (R2)6i2 is the mean-square end-to-end dis­
tance in the unperturbed state] for a polar polymer 
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(7) 

where the subscript zero indicates the unperturbed 
state. 

Method 2B 
(S2)6i2 is calculated from the experimental value 

of (S2) 1i2 obtained in a good solvent together with 
the expansion factor rx, estimated from the pene­
tration function 'l' defined by 'l' =A 2M w 2/ 
( 4n312 N A (S 2 by the equation described be­
fore.17 The A value can then be obtained by eq 7. 

Method 2C (Baumann Plotl 8 

(S2)3f2/ M3;2 =A3/63;z + (l/4n312)BM112 (8) 

Here, B is a long-range interaction parameter. 

Method 2E (Stockmayer-Fixman Plotl 9 

[ry]/M 1;2 =K + 2(3/2n)312 ([>0 ( w)BM112 (9) 

with 

(10) 

The values of in Tables I and II were 
converted to (S2)!j2 , using the experimental values 
of Mw/Mn and assuming the Schulz-Zimm molec­
ular weight distribution for each fraction. 

Method 2A was applied to the AN/MA co­
polymer in the two theta solvents. The results are 
listed in Table IV. The A value in the EC/water 
mixture i.s about 10% smaller than that in 51 wt% 
aqueous nitric acid. This significant difference sug­
gests that the dissolved states of the polymer in 
these two mixtures should be different as a result of 
a specific effect of nitric acid on the polymer chain. 

For the AN/MA copolymer in DMF, the func-
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Table IV. Unperturbed chain dimension A, long-range interaction parameter B, conformation 
parameter cr and characteristic ratio Coo of AN/MA copolymer in various s'olvents 

Axl08 /cm Bx 1027/cm3 

Solvent 
2A 

DMF 
EC/water (we=82.5wt%) 0.86 

51 wt% nitric acid 
55 wt% nitric acid 
67 wt% nitric acid 
80wt% nitric acid 

'E 4 
u 

"' N 

0 3 

1.11 

·10-2 

2B 2C 

0.93 

1.12 1.11 
1.30 1.29 
1.55 1.42 

7 

Figure 9. Baumann plot (method 2C) for the AN/MA 
copolymer at 25°C. 0. DMF; e, EC/water (we=82.5 
wt%) mixture; ,6., 80 wt% HN03; A, 67 wt% HN03 ; O, 
55 wt% HN03 ; •• 51 wt% HN03 . 

1.0 

' 01 
,.; 
E 
u 

::E: 0.5 

w 

cr coo 
2E 

most 
2C 2E 

probable 

0.88 0.93 2.89 2.50 2.25 10.1 
0.86 0 0 2.08 8.7 

1.11 0 0 2.68 14.5 
1.11 1.12 0.70 0.42 2.69 14.6 
1.25 1.30 4.07 3.71 3.13 19.7 
1.42 1.49 7.40 6.47 3.59 25.9 

tion 'P was larger than 0.41, which is too large for a 
definite estimation of IX5 • Therefore, method 2B was 
not applicable to this system. 

Figures 9 and 10 show the Baumann plot and the 
Stockmayer-Fixman plot for the AN/MA copoly­
mer in various solvents. Both plots are repre­
sented by straight lines, even at high molecular 
weights, in agreement with eq 8 and 9. The A 
values obtained from the intercept are listed in 
Table IV, which indicates that method 2B and 2C 
yield almost the same A values. In applying method 
2E, the values were corrected for the 
excluded volume effect (IP/as-0 ·57) and taken to be 
IP0 ( oo) for nitric acid solutions. 

For the ANJMA copolymer in ECjwater and in 
DMF, the values of Ax 108/cm obtained by the 
thermodynamic approach were 0.86 for the former 
solvent and 0.93 for the latter solvent. 

Figure 10. Stockmayer-Fixman plot (method 2E) for the AN/MA copolymer at 25oC. Marks have the 
same meaning as those in Figure 9. 
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For the ANjMA copolymer solution in nitric acid 
the use of fl>/rx,- 0·57 for f/>0( oo) in method 2E gave 
almost the same A values as those by method 2B 
and 2C. This suggests strongly some significant 
variation of f/>0( oo) with nitric acid concentration. 

The most probable A is the average of the values 
from the thermodynamic approaches (method 2A, 
2B, and 2C) as given in sixth column of Table IV. 
This table also gives the B values estimated from the 
slopes of the plots in Figures 9 and 10. It is seen that 
the B values by method 2E are in good agreement 
with those by the thermodynamic approaches 
(method 2C). 

The A values in Table IV show a significant 
dependence on the kind of solvent; these are larger 
for better solvents characterized by larger B. This 
behavior of A may be explained in terms of the 
solvation, as is the case of cellulose deriva­
tives.17·20-22 The temperature dependence of A in 

nitric acid is negligible within experimental error. 
The unperturbed chain dimension Ar of a hy­

pothetical ANjMA chain with free internal rotation 
can be expressed by23 

with 

n 
Af=- [ -b2 +2!'(1-(T) - 1 /)] 

M 
(11) 

(12) 

Here, n is the number of bonds in the chain, b is the 
bond length, l is the bond vector, l' is the transpose 
bond vector, T. and T:n are the orthogonal transfor­
mation matrices of AN and MA bonds, the angle 
bracket is the statistical-mechanical average over 
all possible configurations of the chain, and w. is the 
weight fraction of AN. 

The bond angles for AN and MA bonds can be 
taken as e = I 09°. Thus, eq 11 can be rewritten as 

(13) 

where A •. r and Am.r denote the Ar of PAN and 
PMA, respectively. Putting w. = 0. 92, A •. r = 
0.442 X 10- 8 em and Am,r=0.332 X 10- 8 em into eq 
13, we obtain 0.414 X 10- 8 em for Ar· 

The conformation parameter rr and the character­
istic ratio Coo are expressed by 

() = (A2 I Ai)l/2 

Coo=A2Mbj!2 

(14) 

(15) 

where Mb is the mean molecular Wt(ight per skeletal 
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Figure 11. Effect of nitric acid concentration on the 
short- and long-range interaction parameters A and B, 
the conformation parameter u, and the characteristic 
ratio Coo for the AN/MA copolymer in aqueous nitric 
acid at 25°C. 

bond and lis the mean bond length. The values of rr 
and C00 calculated using the most probable A values 
are tabulated in Table IV. 

Figure 11 shows the changes in B, A, rr, and Coo 
with the concentration of nitric acid. In the figure, 
the corresponding values in DMF are also shown by 
broken lines. It is seen that the short- and long-range 
interaction parameters A and B increase noticeably 
with an increase in nitric acid concentration. In 
more concentrated nitric acid solutions the AN/MA 
copolymer becomes more rigid and much more 

expanded by the volume effect. Comparison of the 
B values shows that DMF is apparently a better 
solvent for the AN/MA copolymer than aqueous 
nitric acid containing less than 60 wt%. 

In the previous paper/ it was shown that the 
amorphous phase of solid polyacrylonitrile coagu­
lated from a 67 wt% aqueous nitric acid solution 
consists of closely packed polymer molecules, giving 
a higher glass transition temperature than the amor­
phous phase cast from a DMF solution, This 
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Figure 12. Effect of the AN content in the AN/MA 
copolymer on the short-range interaction parameter A, 
the conformation parameter a and the characteristic 
ratio C00 • 

difference was also observed to AN/MA copoly­
mers, and may be accounted for the flexibility of 
the AN/MA copolymer which is less in 67 wt% 
nitric acid solution than in DMF. 

Using the MHS equation for Flory's theta solvent 
and method 2E, we estimated A and the related 
parameters from literature data for PAN in DMP 
and for PMA in isoamyl acetate. 12 Figure 12, which 
illustrates the relation between A (or a or C00 ) and 
AN content for PAN, the ANjMA copolymer and 
PMA, indicates that the AN/MA copolymer con­
taining 8 wt% (i.e., 5 mol%) MA is more flexible 
than PAN in DMF. 
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