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ABSTRACT

The paper examines the influence of the molecular weight distri-
bution types and the polydispersity index (M,,/M,, =1.4) on the val-
ues of the root-mean-square radius of gyration, the second virial co-
efficient and the intrinsic viscosity for high molecular weight poly -
acrylonitrile (PAN) obtained by plasma-induced polymerization.

INTRODUCTION

The effect of polymers polydispersity on their solution properties has been
discussed in innumerable papers and numerical values of polydispersity corrections
factors have been tabulated [1-3]. Most of the known polydispersity corrections can
be applied for e.g. intrinsic viscosity, mean-square radius of gyration, in order to
obtain the correct numerical values of constants K and a in the exponential rela-
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tionships existing between a molar mass dependent property (P) and the molar mass
for a polymer- homologous series of monomolecular polymers (M):

P=K -Ma (1)

The constants K and a depend on the polymer-solvent system and on the
temperature.

The effect of polymolecularity on the second virial coefficient was dis-
cussed little in the literature and is still controversial [4-7].

It is known that the power law region, where the various macroscopic prop-
erties of polymer chains depend on powers of their molecular weights, is the limit-
ing region of very large molecular weights. With increasing the molecular weight in
the same thermodynamic conditions, the values of K and a are modified: thus, for
high excluded volume, that is ultra-high molecular weight polymers in good
solvents, the exponent a tends to asymptotic values [8-10].

In some previously published papers [11-13], high molecular weight poly -
acrylonitrile samples were investigated by light scattering and viscometry, using
dimethylformamide as solvent. The experimental data and the validity criteria of
different theories of the excluded volume effect were discussed. The obtained results
were compared to literature data reported for usual length PAN with molecular
weights of 104 order. The relatively large scattering of the experimental data on the
unperturbed dimensions was attributed to the different heterogeneities of the mater -
ials, to the different methods of calculation and to the values of the Flory constant ¢,
considered.

The present paper examines the influence of the polydispersity index
M,,/M,, and the molecular weight distribution types on the values of the root-mean-
square radius of gyration <S ;> g 2, the second virial coefficient (A,) obtained from

light scattering measurements and on the intrinsic viscosity ([1]) for high molecular
weight PAN.

EXPERIMENTAL

High molecular weight PAN samples were obtained by plasma-induced
polymerization; the synthesis conditions for this process were previously described
14, 15] and yielded relatively low polydispersity samples (M /M, = 1.4), with
weight average molecular weights ranging from 100 to 3106,
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172 I
TABLE1l. M, < S;> , <Si,>2, A, and [n] for PAN samples in DMF at 20°C
[11]

Sample | M, 10° | (2)"10° | (s2)"10° Az 10" ]

(cm) (cm) (ecm® mol/g’) (dV/g)

1 1.041 0.692 0.595 4.217 -

2 1.132 0.741 0.637 4.064 6.54

3 1.235 0.813 0.699 3.988 6.82

4 1.371 0.998 0.859 3.589 -

5 1.778 0977 0.841 3631 -

6 2.367 1.170 1.007 3.456 12.27

7 2.973 1.405 1.209 3.291 14.31

8 3.078 1.429 1.229 3.311 -

Light scattering and viscometric measurements studies were performed in
dimethylformamide (DMF) at 20°C and between 15 and 50 °C (£0.01 °C), respec-
tively.

The weight average molecular weights (M), the root-mean-square radii of

1/,
gyration ( < Sé> ), the second virial coefficients (A,) and the intrinsic viscosities

[n], as determined by Fedors’s method [16], of the studied samples are given in
Table 1 [11]. The experimental precision in the determination of these properties
was reported as £ 9.0, 5.5, 5.0 and 3.4 %, respectively.

RESULTS AND DISCUSSION

Polymolecularity Correction for the Root-Mean-Square Radii of Gyration
The Table 1 also contains the corrected root-mean-square radii of gyration

L
<S§,>2, considering the polydispersity of the samples M ,/M,,. = 1.4, by using the
equation:

<S2>1/2 - F -<Si>1/2 (2)

W

where F = (h + 1)/(h + 2 + B), h = [M,/M,) - 1] in the Schulz-Zimm
distribution, and B= (2-a-1)/3, a being the exponent in the Mark-Houwink equation
which was found to be 0.84 in this study.
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Figure 1. Plot of the logarithm of the root-mean-square radii of gyration
12 I
<S §> (o) and <S‘3}V>2 (+) against the logarithm of M, for PAN samples in DMF

at 20°C.

The double logarithmic plot of the root-mean-square radii of gyration in
DMF at 20°C vs. M, are presented in Figure 1. All points fit closely the empirical
equations [11].

(s2)” = 0929107 -M**  (cm) (3)

(s2)” =0799-10 - M*®  (cm) @

w

From Equations 3 and 4 it appears that the error introduced by the
1

2
polydispersity of the samples on (< S;> )is = 16.3 %. This is in agreement with
the considerations of Bareiss [3] which show that the mean-square radius of
gyration is much more affected by the polydispersity as compared to other polymer

properties, even in the case of very narrow molecular weight distributions. Thus, for
1/,
M.,/M,, = 1.1, Bareiss reports that the uncorrected values of <$*>"introduce errors

greater than 10%.

Polymolecularity Correction for the Intrinsic Viscosity
From the double logarithmic plots of [n] vs. M, at different temperatures,
the values given in Table 2 have been established for the Mark-Houwink param -
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TABLE 2. Mark-Houwink parameters for PAN in DMF at various temperatures
[11]

Temperature (°C) a K104
15 0.837 0.513
20 0.839 0.536
25 0.829 0.617
30 0.836 0512
35 0.836 0.559
40 0.833 0.562
45 0.832 0.562
50 0.830 0.564

eters. Figure 2 illustrates as an example the data on DMF dilute solutions of PAN

samples at 20°C.
The polymolecularity correction factors q calculated for the intrinsic vis-
cosity from Equations 5-8 are presented in Table 3.

kl=K, -M: =K, ‘M, )

K, =K q (6)
. Th+a+
Y=+ T+

M ].2 -2)/2

for Schulz - Zimm distribution (S) @)

®

W

M

IN _
9w =

for logarithmic normal distribution (LN)

It was observed that the uncorrected values for [ 1] introduce an error of
about 1.9% and 2.3% in the Mark-Houwink relation considering the Schulz-Zimm
and logarithmic normal distributions, respectively.

Polydispersity Correction for the Second Virial Coefficient

Many theories predict that 0.2 < a < 0.25 for the dependence between the
second virial coefficient and the molecular weight; this was also confirmed by many
experimental tests. This type of dependence is restricted to monodisperse polymer
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Figure 2. Plot of the logarithm of the intrinsic viscosities against the logarithm
of My, for PAN samples in DMF at 20°C.

TABLE 3. Polymolecularity Correction Factors qjv, qldf and Mark-Houwink

LN

parameters Ky, K7

Temp. (°C) T q) K. 10° KS 10° | KN 10°
15 0.981 0.977 0513 0.523 0.525
20 0.982 0.978 0.536 0.546 0.548
25 0.981 0.976 0.617 0.629 0.632
30 0.981 0.977 0512 0.522 0.524
35 0.981 0.977 0.559 0.570 0.572
40 0.981 0.977 0.562 0.573 0.575
45 0.981 0.977 0.562 0.573 0.575
50 0.981 0.977 0.564 0.575 0.578

samples which are seldom obtained experimentally. This is why recent literature has
paid more attention to the influence of polydispersity. In order to obtain the correct
numerical values of constants K and a , it is necessary to determine the so-called
“corresponding averages” [2, 17, 18] A, ,, and M, with respect to Equation 9:

A, =K-M, ©)
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A, , is the value of the molecular weight which fulfills Equation 9 if K and
a are the factor and exponent, respectively, valid for strictly uniform samples.

For a polydisperse polymer sample consisting of molecules with N differ-
ent lengths, Casassa [6, 19] has proposed the equations:

@A,). =_NEE:Aij W, W, (10)

an

where the subscripts “os” and “Is” refer to the osmotic and light scattering
virial coefficients, respectively, A;; is the second virial coefficient determined by the
interaction between two chains i and j in the sample, w; and w; are the weight
fractions of polymer chains with molecular weights M; and M; respectively.

Following Casassa, these sums are approximated by integrals:

@), = [ dp-wo)- [ dp'-wip)- Alp,p) 12)
(Al)s = (;w‘)—z . fdp p-wp)- fdp!.pl.w(pl) -A(p,p’) (13)

in which Pw stands for the weight average degree of polymerization of the sample,
and the second virial coefficients and the weight fractions appear as continuous
functions.

Mennen etal . [20-22] have found from theoretical and experimental eval-
uations that the cross coefficient A;; was approximately equal to the second virial
coefficient of the lowest molecular weight polymer. They have obtained from Equa-
tions 12 and 13 the extensions of the corresponding scaling relation (Equation 1),
using different molecular weight distribution functions for poly-disperse polymers:

@A,), =K-gs,a)-M" (14)

(A,), =K-qi(h,2)- M (15)

for Schulz-Zimm (S) distribution function, and



13: 47 24 January 2011

Downl oaded At:

616 IOAN ET AL.

@,), =K, q2(,a) M (16)
@A,), =K-q*(h,a)-M* (17)

for logarithmic normal (LN) distribution function, with:

Ph+2-a) (T2-h+4+n-a)

_23—2‘h~3—n 18
I(h +2) ,,; I'th+3+n-—a) (18)

q5(h,a) = (h + 1) -
and

qS (h,a) =q (b + 1,2) (19)

for a Schulz-Zimm distribution, and

1 1 \
eNha)= 1+ 2 Z-ar+ Z-(a2~ a)-r+ —22-,(2-10 2,52~ 6:a)-r'+

+ '3%'(32 —ay-rt+ . (20)
and
q.'(h,a)= q:¥(h,a) @1

where r2 = 2-In(1+h-1), for a logarithmic normal distribution.

Douglas and Freed [23] have determined the polydispersity corrections for a
wide variety of polymer properties that have previously been calculated from the
two-parameter model, in conjunction with the chain space renormalization group
theory. Specific calculations are provided for the properties P, using the Schulz -
Zimm distribution when the molecular weight distribution is very narrow, i.e.,
M,/M, <1.1.

The dependence of the second virial coefficient A, on M,, for PAN samples
in DMF at 20°C is shown in Figure 3 and leads to Equation 22.

A, = 944.10° M, ™" (22)

Equations 16-21 were used to determine the corrected relations between A,
and M ,,, using the Schulz-Zimm and logarithmic normal distribution functions.
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Figure 3. Plot of the logarithm of the uncorrected second virial coefficients
against the logarithm of My;, for PAN samples in DMF at 20°C.

Thus, the values of polymolecularity correction factors q calculated for the intrinsic
s IN

viscosity from Equations 18 and 20 are 9w =1037and 4w =1041 apnd yield to the

dependences:

A5, = 9789-107°. M, " (23)

AR = 9827.107%. M % o0

which show that the errors introduced by the polydispersity of the samples
are 3.558% and 3.952% for a Schulz -Zimm and logarithmic normal distribution,
respectively.

Taking into account the experimental errors in the determination of the
second virial coefficient (about + 5 %), one cannot distinguish between the results
from Equations 22, 23, and 24, that is between the uncorrected and corrected (for
M,/M,, = 1.4) results.

Also, previous studies of ultrahigh molecular weight methyl methacrylate -
styrene 50:50 random copolymers with 7.3-106 < M,, < 66.0-10¢ and M /M, =
1.56 [24-26] have shown that the uncorrected values for A, introduced errors
insignificant compared to the experimental errors in the discussion of the excluded
volume effect.

Recently, Bareiss and Jung [7] have determined the numerical values of the
polymolecularity correction factors by the blob theory for different values of the
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exponent a and different widths of the molecular weight distributions expressed as
M,/M,,. It appeared that the polymolecularity correction factors were approximately
equal to 1.0 for Schulz and logarithmic normal distributions of the molecular
weights. Also, they have found that in Equation 9) the weight average molecular
weight is a good approximation for M, if A, is measured via light scattering, while
the number average molecular weight can be inserted for M,, if A, stems from
osmotic pressure measurements.

CONCLUSION

In this work, we discussed the influence of the polymolecularity on the root-
mean-square radius of gyration, the intrinsic viscosity and the second virial coeffic-

ient for high molecular weight PAN in DMF. Thus, the uncorrected values for
1

< S;> introduce an error of about 16.3% considering the Schulz-Zimm distribu-
tion, which has to be considered in any further evaluations.

In considering the Schulz-Zimm and logarithmic normal distribution func -
tions, the errors introduced by the polymolecularity are 1.9% and 2.3%, respective-
ly, for [n] and 3.6% and 3.9%, respectively, for A ,, which are smaller than the
experimental ones. The knowledge of the type of distribution (Schulz-Zimm, loga-
rithmic normal, etc.) is important, but its influence is less.

Referring to our previous studies [11, 12], one can conclude that the possi -
ble appearance of branches during the polymerization process and the polydispersity
of the PAN samples are not responsible for the differences between our data and the
literature ones concerning the molecular weight dependences expressed by Equation
1. A close inspection of these variations reveals that there exists a change in the
slope of the plots with increasing molecular weight [27]. The observed changes in
slopes of log-log relations implies that the behavior in dilute solutions of good
polymer-solvent systems cannot be represented by universal exponents. The numer-
ical values of these exponents depend on the molecular weight range over which the
analyses of data are performed.
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