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Department of Physical Chemistry
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ABSTRACT

Poly(methacrylonitrile-co-styrene) (PMANS) and Poly(acrylo-
nitrile-co-styrene) (PANS) having 1:1 composition were pre-
pared with free-radical initiators. The polymers were frac-
tionated into fractions having narrow molecular weight
distribution. The dilute solution properties of the fractionated
copolymers were studied by light scattering, viscometry, and
osmometry in solvents (methyl ethyl ketone, dimethylformamide,

and acetone), [1] -Mw and (r2 )W‘/ 2-Mw relationships have been

established. The validity of the various graphical methods for
the determination of Flory's constant, KQ were observed.

From the values of the steric factors it was noticed that the
copolymer coil of PANS is stiffer than that of PMANS,
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INTRODUCTION

Studies on configurational and frictional properties of copolymers
are few, in spite of the increasing technological importance of copoly-
mers. This may be due to the experimental difficulties encountered
in the investigation of copolymer solutions. Determination of weight-
average molecular weight is complicated by the heterogeneity due to
composition as well as the sequence length of monomer units in the
copolymer molecule. Stockmayer et al. [ 1] have shown that copoly-
mer molecules are usually more expanded in solution than would be
expected from the averaged behavior of the corresponding homo-
polymers, because of the repulsive interactions between the unlike
monomer units. Utiyama and Kurata [ 2] found that neither the long-
range interaction parameter nor the unperturbed dimensions coincide
with the simple averages of the parent homopolymers and they sug-
gested that the unperturbed dimension depends upon the arrangement
of three successive monomer units in the copolymer. Similar obser-
vations have been reported for other copolymers [ 3-5]. However,
for block copolymers, several experimenters found [ 6-10] that the
""sequence length' of the monomer units play a significant role in
influencing the dilute solution properties. Also, it has been observed
that the substituents affect the unperturbed dimensions and other
thermodynamic parameters in solution. We have prepared poly-
(acrylonitrile-co-styrene) and poly(methacrylonitrile-co- styrene)
of 1:1 composition and investigated their solution behavior in differ-
ent solvents.

EXPERIMENTAL
Materials

Methy! ethy! ketone (L. R., B. D. H.), dimethylformamide (L. R.,
B. D. H.), acetone (A. R., B. D. H.), ethyl acetate (A. R., B. D. H.),
chloroform (L. R., B. D. H.) and methanol (Fertilizer Corporation
of India, Bombay) were purified according to standard procedures
[11]. Methacrylonitrile (E. Merck, Darmstadt, Germany), acrylo-
nitrile (L. R., B. D, H.), were purified by washing with sodium
hydroxide (5%) and with orthophospheric acid followed by distilled
water. Styrene (Hindustan Polymers Ltd., Vizag, India) was washed
three times with sodium hydroxide (5%) followed by distilled water.
The washed monomers were dried over anhydrous sodium sulfate
and distilled under reduced pressure in an atmosphere of dry nitrogen
prior to use.
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Copolymerization

Bulk copolymerization of methacrylonitrile and styrene was
carried out with calculated amounts of monomers [ 12] at 60°C in an
atmosphere of pure dry nitrogen with the use of benzoyl peroxide
(0.1% by weight) as free-radical initiator in order to get nearly alter-
nating copolymer, poly(methacrylonitrile-co-styrene) (PMANS) of 1:1
composition, The conversion was restricted approximately to 10%
in order to get nearly homogeneous composition. The polymer was
precipitated in methanol and purified by reprecipitation from methyl
ethyl ketone solution and dried under vacuum at 55°C. Similarly 1:1
poly(acrylonitrile-co-styrene) (PANS) [ 13] was prepared by bulk
copolymerization from the calculated quantities of monomers, cal-
culated from the reactivity ratios of acrylonitrile (0.04) and styrene
(0.40). The conversion was restricted to < 10% to avoid composi-
tion heterogeneity. Methyl ethyl ketone and methanol were used as
solvent and nonsolvent, respectively.

Fractionation

Fractionations [ 14] of PANS and PMANS were carried out by
using methyl ethyl ketone as solvent and methanol as nonsolvent.
Also fractionation of PANS was done with chloroform as solvent
and methanol as nonsolvent. Fifteen fractions, each varying from
0.4 to 0.6 g in weight were obtained.

Osmomeliry

The number-average molecular weights were determined by the
use of a Pinner-Stabin osmometer (Colchester Instruments Ltd.,
U. K.) with preconditioned gel cellulose (Pcel 600) membranes.
The osmotic pressure 7 of the polymer samples, PMANSz, PMANSG,

PANSI, and PANSD were measured at 30 + 0.01°C and the number-

average molecular weights were obtained from the plots of (r /c)l/ 2
versus c. Methyl ethyl ketone and acetone were used as solvents

for study. The polydispersity of the fractions was calculated from
the ratio of molecular weights obtained by light scattering and
osmometry and was found to be 1.09, 1.13, 1,38, and 1.27 for PMANS

PMANSG, PANSI, and PANSD, respectively.

2’
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Viscosity

Intrinsic viscosity of the fractions were determined at 30°C by the
use of a suspended-level dilution viscometer (Colchester Instruments
Ltd., U, K.). The limiting viscosity numbers [ 7] were obtained as
the mean of the three values obtained from Eqs. (1), (2), and (3) [ 15],

ngp/ = [n] +ky[n]%c (1)
due to Huggins [ 16]

(nn, /e =[n] -k [n]c (2)

rel

due to Kraemer [ 17], and

(ngp/e = [nl +kgn g [n] ®3)

due to Schulz and Blascke [ 18].

Light Scattering

The weight-average molecular weights of the polymer fractions
were determined by light scattering measurements, with a Brice-
Phoenix universal light scattering photometer [ 19] (1000 series,
Phoenix Precision Instruments Company, Philadelphia) over the
angular range 45° to 135° with a cylindrical cell and with unpolarized
light of wavelength 4356 A. The instrument was standardized by
Standard polystyrene supplied by International Bureau of Standards,
Washington. The solvents and solutions were filtered directly into
the cell and the variation in concentration (2 x 10 to 5x 10™* g/ml)
of the polymer was achieved by successive dilutions. Corrections
were made for the measurements made with DMF as solvent for
fluorescence,

Refractive index increments (dn/dc), of the samples in various
solvents were determined in a Brice-Phoenix differential refrac-
tometer [ 20] at 4356 A (No. 1974, Phoenix Precision Instruments
Company, Philadelphia). The dn/dec values for PMANS/MEK,
PMANS/DMF, PMANS/ethyl acetate, PANS/MEK, and PANS/DMF
systems were found to be 0.183 + 0,003, 0,105 + 0,003, 0.183 + 0.004,
0.182 + 0.003, and 0.105 = 0.003, respectively.
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Treatment of Data

Light scattering data were treated according to Zimm [ 21]. Plots
of Kc/R(9 versus sin® 6 /2 + 100C were made to get the weight-average

molecular weight M W the second virial coefficient A2, and the z-
average mean-square radius of gyration (S_?‘)z; the latter was converted
to (sz)W by Eq. (4) [ 22]

(8%),=(5%), (h+ 1)/(h +2 +p) (4)

where h = [(Mw/Mn) - 1] ! in Schulz-Zimm distribution

) = [Y®* D/rm + 1)] e NN

and S is obtained from

@), = Aml+A

or
B=(2a-1)/3

In the above relations, M is the molecular weight and a is the exponent
in the Mark-Houwink equation. The values of 8 for the systems under

investigation were calculated b_yzusing the exponents of the respective

Mark-Houwink relations, and (S2) was then converted to (rZ) by

Eq. (5) [ 23]:

)W

(%), = (%), 2 +8) 3 + ) (5)

Analysis of Copolymers

The copolymers were analyzed for nitrogen by the Kjeldahl
method to estimate the percentage composition of -C=N in the copoly-
mer chains and by NMR spectral analysis recorded with Varian A-
60D spectrometer in deuterochloroform at 60°C, tetramethylsilane
being used as internal standard.
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RESULTS AND DISCUSSION

Characterization of Copolymer Samples

Generally, a statistical copolymer has three kinds of heterogeneity,
that is, molecular weight distribution, composition fluctuation among
different molecules, and sequence length distribution. It was ex-
pected that because of the reaction mechanism the copolymers pre-
pared in this experiment would be practically homogeneous in both
composition and sequence length {1:1). The copolymer fractions
found to contain 49.8 and 49.9 mole % of nitriles in the PMANS and
PANS chains, respectively, as determined by elemental analysis for
nitrogen for the methacrylonitrile and acrylonitrile contents (stand-
ard Kjeldahl analysis).

The NMR spectra in deuterochloroform at 60°C were recorded to
ascertain the microstructures and compositons of PMANS and PANS.
The NMR spectrum of PMANS showed a phenyl! proton peak at 3,02 7
without a shoulder, peaks due to —CH and —CH: protons at 7.25 7 and
8.60 7, and a peak due to —CHs protons at 9.22 7. The ratio of the
relative areas of the phenyl proton peak and peaks due to —CH, —-CHz,
and —CHs protons of both the monomer units in the copolymer chain
was found to be 1:1 as expected from kinetics. The absence of a
shoulder in the phenyl proton peak at 3.02 7, characteristic of the
ortho proton, clearly indicated that the sequence length of styrene
unit is less than three in the copolymer, and hence the copolymer
has nearly an alternating nature [ 24-26]. In the NMR spectrum of
PANS, peaks due to phenyl protons of styrene units appeared at 2.80 7
without any shoulder, indicating the absence of blocks in the copoly-
mer [ 24-26]; the peaks due to —CH and —CH: protons of both the
monomer units in the copolymer chain appeared at 7.25 7 and 8.20 7,
respectively. From the ratio of the relative areas of the above
peaks, the composition of copolymer was found to be 1:1.

The heterogeneity in composition of the copolymer was further
examined by light scattering measurements. Stockmayer et al. [ 1],
and Bushuk and Benoit [ 27] showed that molecular weights obtained
by light scattering for copolymers were only apparent molecular
weights. Leng and Benoit [ 28] derived an equation to obtain the dimen-
sions of copolymers (heterogeneous in composition) by light scattering.
Light scattering measurements of single fraction of copolymer PMANS

were made in various solvents, chloroform (dn/dc = 0,132, M app -

3.427 x 10°); methyl ethyl ketone (dn/dc = 0.186; Mapp = 3.354 X 10°),
acetone {dn/dc = 0.216, Mapp = 3.151 X 10°). The values of mapp ob-
tained were almost independent of solvent used, which suggested that
the composition distribution of the copolymer sample was narrow.
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So, the value of Mapp determined in single solvent may be regarded

as true molecular weight. Thus the light scattering equation, [ Eq. (4)]
could be used for the determination of molecular dimensions of the
copolymer, The (dn/de) values of the different fractions of the same
copolymer in the same solvent vary a little about the mean value,
which also showed that the composition distribution with respect to
molecular weight was negligible. The light scattering measurements
of PMANS were made in methyl ethyl ketone (3 samples designated
PMANS1 to PMANS,); in dimethylformamide (6 samples designated

);
PMANS A to PMANSQF), and in ethyl acetate (5 fractions designated
PMANSI to PMANSV). The molecular weights of PANS fractions were
determined in methy] ethyl ketone (6 samples designated PANS1 to
PANSG) and dimethylformamide (6 samples designated PANS 5 to
PANSF) by light scattering measurements.

Limiting Viscosity Number-Molecular Weight

Relationships

The double logarithmic plots of [ 7] and Mw for PMANS in methyl

ethyl ketone, dimethylformamide, acetone, and ethyl acetate at 30°C
yielded the Mark-Houwink relations (6), (7), (8), and (9), and the
double logarithmic plots of [1] and Mw for PANS in methyl ethyl

ketone, dimethylformamide, and acetone at 30°C yielded the Mark-
Houwink relations (10), (11), and (12) respectively (Figs. 1 and 2,
Tables 1, 2, and 3).

[n] =1.635% 1072 MW"-“ (6)
[n] =4.732x107° Mw"""’ ()
[n] = 1.059 x 1072 Ka’w‘”" (8)
[n] =5.278 x 1072 M’w°-55 (9)
[n] = 13.710 x 1072 'MW°-“ (10)
[n] =5.750x 10°% M_**° (11)

[7] =4.17x 1072 ‘Mw"'“ (12)
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2:3—

2-2

2-1

1-6

[L.12)]

M
log,5 Mw

FIG. 1. Plot of molecular weight vs. intrinsic viscosity for
poly(methacrylonitrile-co-styrene) in various solvents: (A) methyl
ethyl ketone; (B) acetone; (C) dimethylformamide; (D) ethyl acetate.

The values of the exponents a in Eqs. (6)-(9) show the solvent power
for PMANS in the order, DMF > acetone > MEK > ethyl acetate.
The values of the exponents a in the Mark-Houwink relations for
PANS [ Egs. (10)-(12)] show the solvent power in the order DMF >
acetone > MEK,
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FIG. 2. Plot of molecular weight vs. intrinsic viscosity for

6-2

Poly-

(acrylonitrile-co-styrene) in various solvents: {(A) methyl ethyl ketone;

(B) dimethylformamide; (C) acetone.

Root-Mean-Square End-to-End Distance-Molecular

Weight Relations

From the log-log plots of (r?)_Y? and M_ for PMANS and PANS
w w

in MEK and DMF the relations (13)-(16) have been established.
For PMANS/MEK:
(r?) Y% = 1.862 M_*%°
w w
For PMANS/DMF:
(rz )w1/2 - 1.718 Mwo.so

For PANS/MEK:
(). = 200 0%
w w

For PANS/DMF:
2N /2 X5 0.51
{r )W = 1,99 Mw

(13)

(14)

(15)

(18)
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Molecular Weight Dependence of Second Virial
Coefficient

From the log-log plots of the second virial coefficient A2 and the
weight-average molecular weight Mw the mathematical relations
(17)-(19) have been established for the systems PMANS/MEK,
PMANS/DMF and PANS/DMF (Tables 1-3).

For PMANS/MEK:

Ay = 1.347 % 1073 Mw“’-” (17)

For PMANS/DMF:

A, =6.409 % 107 MW‘“E (18)

For PANS/DMF:

A, =13.40 X 1072 MW“’“‘Z (19)

The values of second virial coefficient scattered too much to permit
qualitative relation to be obtained between A2 and Mw in MEK for
PANS. It has been observed that A2 decreases as the size of the
molecule increases.

Flory Constant K, and Unperturbed Dimensions

4

Flory's constant K@ and hence unperturbed dimensions were found

by using graphical procedures, by Flory-Fox-Schaefgen (F-F) [ 29],
Kurata-Stockmayer (K-S) [ 30], Stockmayer-Fixman (S-F) [31], and
Ptitsyn-Inagaki (P-I) [ 32] from the intrinsic viscosity data of known
molecular weight in nonideal solvents. The values of K 5 obtained

for the systems PMANS/MEK and PMANS/acetone are more or less
the same. All the methods gave same values of Ke for each system.

The value of Ke obtained for the system PMANS/DMF, however was

found to be higher than the value obtained for the PMANS/MEK and
PMANS/acetone aystems. The KG values obtained for the systems

PANS/MEK and PANS/acetone are same, except the P-I method gave
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FIG. 3. Plots of (A) Flory-Fox, (B) Kurata-Stockmayer, (C)
Stockmayer-Fixman and (D) Ptitsyn-Inagaki expressions for poly(meth-
acrylonitrile-co-styrene); solvent: methyl ethyl ketone.

higher values in both solvents. The value of Kg obtained for PANS/
DMF is higher than the value obtained for the systems PANS/MEK
and PANS/acetone (Table 4). The higher values of Ky in DMF than
in MEK or acetone may be due to a specific solvent effect arising

as a result of changes in the effective bond length for the unperturbed
state of the copolymer in dimethylformamide and methyl ethyl ketone
at the same temperature varying with apparent specific volume of the
polymer in the solvent. The data were treated according to S-F. The
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TABLE 4. Comparison of Calculated Values of K o Obtained from
(7] -M,, Data

K, x 10°
Polymer Solvent F-F K-S S-F P-I
PMANS Methyl ethyl ketone 8.28 7.96 8.50 8.56
Acetone 7.96 7.96 8.50 8.56
Dimethylformamide 9.28 8.94 9.00 9,05
PANS Methyl ethyl ketone 15,62 15,62 15,00 18,07
Acetone 15.62 14.03 15.00 16,95

Dimethylformamide 16.44 18.53 18.00 19.21

constant (ro2 /M)™? | which is the characteristic of the unperturbed

dimension of the dissolved macromolecule [ 33, 34], was calculated
for each copolymer in methyl ethyl ketone and dimethylformamide.
The unperturbed mean-square end-to-end distance for the free rota-
tion model of the polymer chain rof2 is given by

(rn.2) =n2® (1 - cos 0)/(1 +cos 6)

of

where n is the number of carbon atoms in the chain, ? is the bond
length, and 4 is the valence angle. Taking ¢ = 1.54 A and 4 = 109.5°,
values of r .2 were calculated. The ratio (r_o_z/rofz) = 0 which may

be taken as a measure of the hindrance to free rotation, was calcu-
lated in methyl ethyl ketone and dimethylformamide. The values of

o for PMANS in methyl ethyl ketone and dimethylformamide are 2.00
and 2.04. The values of steric factors for polystyrene and poly(meth-
acrylonitrile (PMAN) are 2.22 and 1.90, respectively. It shows that
the copolymer coil is stiffer than that of PMAN and more flexible
than that of polystyrene. From the values of ¢ for PANS and PMANS,
it can be noticed that the former is stiffer than latter.

Flory's Universal Parameter

The universal parameter, ® for PMANS/MEK, PMANS/DMF,
PANS/MEK, and PANS/DMF was found to be 1 X 10%® (Tables 1-3)
which is less than the normal value 2,86 x 102*, Such low values for
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the universal parameter are not uncommon [ 35-39]. The possible
factors that affect the magnitude of ®are: (a) non-Gaussian distribu-
tion of chain segments, (b) branching; (c) molecular weight hetero-
geniety, and (d) chain stiffness. It has been found that in the case of
vinyl polymers, the influence of non-Gaussian distribution is negligible.
Under the conditions employed for the preparation of this copolymer,
only a linear chain is expected and the effect of branching could be
ruled out. Even after applying the correction for molecular weight
heterogeneity and excluded volume effect, the values were low. The
reasons for the low values of ® obtained for the systems under inves-
tigation are not quite clear at present.

Second Virial Coefficient

The second virial coefficient, Az, was calculated for PMANS and
PANS in methyl ethyl ketone and dimethylformamide by the Orofino-
Flory equation [ 40]:

Ay =@ Nr/2n)[(x%) /M 2] I [1+@/2)' @ - 1] (20)
with known values of (rz)w, M , and a, where ¢ was computed from the
/2 2.4

a .

- w
relation [n] = KM

For the systems PMANS/MEK and PMANS/DMF, theoretically
calculated values are higher than the experimental values, and for the
systems PANS/MEK and PANS/DMF, the agreement between experi-
mental and calculated values is fairly good (Table 5).
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