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ABSTRACT: The second virial coefficient A, was determined for atactic oligo- and polystyrenes in methyl
acetate below, at, and above © (41.5 °C) in the range of weight-average molecular weight My, from 4.74
x 102 (tetramer) to 7.72 x 108. The gyration-radius expansion factor as was also determined for the
sample with M,, = 7.72 x 108. It is found that A, depends on M, appreciably in the range of small M,,.
Although the dependence of A, on M,, in methyl acetate is different from that previously found in
cyclohexane, the former may also be explained quantitatively by the Yamakawa theory that takes account
of the effect of chain ends, indicating that the difference in the M,, dependence between A; in the two ©
solvents arises from that between the effects of chain ends. An analysis gives values of the effective
excess binary-cluster integrals ; and /3, associated with the chain end beads and also the binary-cluster
integral 5 between intermediate identical beads as functions of temperature T, all of them except for
above © being quadratic in 7 =1 — ®/T. With these values of 3, the conventional and scaled excluded-
volume parameters z and Z below © are calculated. The results for the part A(ZHW) of A, without the effect
of chain ends along with those previously determined in cyclohexane give a single-composite curve below

® when A(ZHW) M2 is plotted against z, being consistent with the two-parameter theory prediction

irrespective of the difference in solvent condition. This is in contrast to the behavior of AY™) above ©. It
is also found that if as is plotted against Z (or z for large M,), the present data points along with those
in cyclohexane form a single-composite curve, indicating that the quasi-two-parameter theory is valid

for as below © as well as above O irrespective of the difference in solvent condition.

Introduction

In the previous experimental study! of the second
virial coefficient A, of atactic oligo- and polystyrenes (a-
PS) in cyclohexane near the ® temperature (34.5 °C)
within the framework of polymer solution theory re-
cently developed on the basis of the helical wormlike
(HW) chain,? it was found that the binary-cluster
integral g (between intermediate beads) is not propor-
tional to 1 — ©/T = ¢ with T the absolute temperature
but quadratic in 7 below © in contrast to the result
above © that f O 7. This unexpected finding has
overturned the prevailing view that g is proportional
to r both above and below © for all polymer—solvent
systems. Note that this is, of course, the case with some
systems, for instance, atactic poly(methyl methacrylate)
(a-PMMA) in acetonitrile.® It was then shown that the
inconsistency of the experimental results for A, below
® with the two-parameter (TP) theory prediction*
previously®® claimed may be regarded as arising from
both the effect of chain ends and the incorrect assump-
tion of the proportionality of 5 to z. This leads to the
conclusion that the molecular-weight M independence
of A, as observed for a-PS® below O for relatively large
M is due to an accidental cancellation of the M depen-
dence of AY™ by that of A, where AP represents the
contribution of the effect of chain ends to A; and AY™)
is the part of A, without this effect. As for the gyration-
radius expansion factor as below ©, it was found to
follow the TP or quasi-two-parameter (QTP) theory if
the (intramolecular) conventional and scaled excluded-
volume parameters®4 z and 7 are calculated with the
values of B determined as above.! (Recall that the QTP
theory is valid for as above ©.2)

In order to examine whether the above findings for
a-PS in cyclohexane are also the case with other ©

10.1021/ma980833y CCC: $15.00

solvents, in the present work we make a similar study
of this polymer in another ® solvent, methyl acetate.
Thus the purposes of the present paper are 2-fold. The
first is to determine the dependence of 5 on 7 near the
© temperature directly from experimental data for A,
for oligomer samples following the procedure previously
established.! The second is to examine whether the
present results for A, and as as functions of z and Z
calculated with the values of  thus determined are
consistent with the previous ones in cyclohexane.

Experimental Section

Materials. All the a-PS samples used in this work are the
same as those used in the previous studies of the mean-square
optical anisotropy 2L} the intrinsic viscosities [5]e® and [1],>%°
the mean-square radii of gyration [$2[g** and [B?L*? the
scattering function Ps,3 the translational diffusion coefficients
De!* and D,'516 A, (or W),21718 and the first cumulant Q,%9i.e.,
the fractions separated by preparative gel permeation chro-
matography (GPC) or fractional precipitation from the stan-
dard samples supplied by Tosoh Co., Ltd. All the samples have
a fixed stereochemical composition (the fraction of racemic
diads f, = 0.59) independent of molecular weight, possessing
an n-butyl group at one end of the chain (the initiating end)
and a hydrogen atom at the other (the terminating end).

The values of the weight-average molecular weight M,,, the
weight-average degree of polymerization xw, and the ratio of
My to the number-average molecular weight M, are listed in
Table 1. As seen from the values of Mu/M,, all the samples
except F850-a are very narrow in molecular weight distribu-
tion, and in particular, the samples OS4 and OS5 are com-
pletely monodisperse. We note that the value of M/M, for
F850-a could not be determined with high accuracy because
of the lack of the GPC calibration curve in the necessary range.

The solvent methyl acetate was purified following the
procedure of Chu et al.,?° i.e., by drying for 1 or 2 days with
anhydrous magnesium sulfate and subsequent distiration with
diphosphorus pentaoxide prior to use.
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Table 1. Values of My, xw, and My/M, for Atactic Oligo-
and Polystyrenes

sample Muw Xw Mw/Mp

0s42 4.74 x 102 4 1.00
0S5 5.78 x 102 5 1.00
0S6 6.80 x 10? 5.98 1.00
0s8aP 9.20 x 10? 8.29 1.01
A2500a-2 2.83 x 103 26.7 1.03
A5000-3¢ 5.38 x 108 51.2 1.03
Fla-2 9.98 x 108 95.4 1.03
F2-2 2.02 x 10* 194 1.02
F4 4.00 x 10* 384 1.02
F40 3.59 x 10° 3450 1.01
F80a-24 7.32 x 10° 7040 1.03
F128a-2d 1.27 x 108 12200 1.03
F288a-2 3.47 x 106 33400 1.05
F850-a 8.04 x 10° 77300

aMy/'s of 0S4, OS5, and OS6 had been determined by GPC.”
b My’'s of OS8a through F850-a except for A5000-3, F80a-2, and
F128a-2 had been determined from LS in cyclohexane at 34.5
°C.1011.1619 ¢ M, of A5000-3 had been determined from LS in
methyl ethyl ketone at 25.0 °C.” 9 M/’s of F80a-2 and F128a-2
had been determined from LS in benzene at 25.0 °C.10

Light Scattering. Light scattering (LS) measurements
were carried out to determine A; for all the a-PS samples and
(320for some of them in methyl acetate at various tempera-
tures ranging from 30.0 to 50.0 °C. A Fica 50 light-scattering
photometer was used for all the measurements with vertically
polarized incident light of wavelength 436 nm. For a calibra-
tion of the apparatus, the intensity of light scattered from pure
benzene was measured at 25.0 °C at a scattering angle of 90°,
where the Rayleigh ratio Ry,(90°) of pure benzene was taken
as 46.5 x 107% cm™. The depolarization ratio p, of pure
benzene at 25.0 °C was determined to be 0.41 + 0.01 by the
method of Rubingh and Yu.?

The conventional method was used for solutions of the
samples with M,, > 108, while the procedure previously??
presented was applied to those of the oligomer samples with
M,y < 10° as before!31823 since then the concentration depend-
ences of the density scattering Ry and the optical constant K
have significant effects on the determination of A, (and also
of My). In order to determine A; by the latter procedure, we
measured the reduced total intensity RL\, of the unpolarized
scattered light for vertically polarized incident light, the
depolarization ratio p,, the ratio «t/kto of the isothermal
compressibility of a given solution to that of the solvent, and
the refractive index increment (dfi/ac)t, at constant temper-
ature T and pressure p for the oligomer solutions, and also
the first two quantities for the solvent. The values of the
refractive index A at finite concentrations ¢, which were
required to calculate K, were calculated with the values of (3f/
ac)r, for each oligomer sample, as described in the Results.
Measurements of R;,, were carried out at scattering angles
ranging from 37.5 to 142.5°, and the mean of the values
obtained at different # was adopted as its value, since it must
be independent of 6 for oligomers. The values of p, were
obtained by the same method as that employed in the calibra-
tion of the apparatus.

All the LS data obtained were analyzed by using the Berry
square-root plot?* and also the Bawn plot.?>26 The correction
for the anisotropic scattering was then applied to solutions of
the samples with My, <5 x 108,

The most concentrated solution of each sample except
F850-a was prepared by continuous stirring at ca. 50 °C for
1-4 days. For F850-a, it was allowed to stand in the dark at
ca. 50 °C for 7 days, being stirred by shaking the vessel gently
twice a day. These solutions were optically purified by
filtration through a Teflon membrane of pore size 1.0, 0.45, or
0.10 um. The solutions of lower concentrations were obtained
by successive dilution. The polymer mass concentrations c
were calculated from the weight fractions with the densities
of the solutions. The densities of the solvent and solutions
were measured with a pycnometer of the Lipkin—Davison type.
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Figure 1. Plots of A;M,, against temperature for the indicated
a-PS samples in methyl acetate.

Isothermal Compressibility. Isothermal compressibility
measurements were carried out to determine «rto of pure
methyl acetate at 30.0, 41.5, and 50.0 °C. The apparatus and
the method of measurements are the same as those described
in the previous paper.’® The ratio «t/kTo was determined as a
function of c and p. The pressure p was varied from 1 to ca.
50 atm. In this range of p, it was independent of p within
experimental error, so that we adopted the mean of the values
obtained at various pressures as its value at 1 atm.

Refractive Index Increment. The refractive index incre-
ment (dfi/dc)rp at ¢ = 0 was determined as a function of T for
the samples 0S4, OS5, 0S6, OS8a, A2500a-2, and F2-2 at 30.0,
41.5, and 50.0 °C by the use of a Shimadzu differential
refractometer.

Results

® Temperature. Figure 1 shows plots of A;My
against temperature for the five samples F40, F80a-2,
F128a-2, F288a-2, and F850-a in methyl acetate, where
the values of A, have been determined by using the
Berry square-root plot.2* Here we must make a remark
on the sample F850-a, for which LS measurements were
carried out at seven temperatures 33.0, 35.0, 37.0, 39.0,
41.5, 43.0, and 45.0 °C. The value of its M,, determined
in this work is (7.72 4 0.08) x 108 and ca. 4% smaller
than the value 8.04 x 10° previously!® determined in
cyclohexane at 34.5 °C (see Table 1), indicating that the
sample degraded somewhat in the course of preparation
of its test solutions. Thus, in this paper we use the
present value of its My, for a data analysis.

It is seen from the figure that A, vanishes at almost
the same temperature independent of M,,, leading to the
conclusion that the ® temperature is 41.5 °C for
solutions of a-PS with f, = 0.59 in methyl acetate. This
value of ® is somewhat lower than the corresponding
value 43 °C determined by Chu et al.?°

Light Scattering from Oligostyrene Solutions.
We first give the values of x1/kTo and (dfi/ac)r p required
to analyze the LS data for the samples with M,, < 108,
as mentioned in the Experimental Section.

Considering the fact that «t/kto for the oligomer
samples at a given temperature is a linear function of
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c, i.e.
Kkrlr o =1+ ke 1)

independently of M,, for both a-PS in cyclohexane! and
a-PMMA in acetonitrile,® we may assume that this is
also the case with a-PS in methyl acetate. On this
assumption, the coefficient k in eq 1 at a given temper-
ature may be calculated from the value of «t¢ for the
pure solvent and that of «t for a-PS in the bulk. From
the present experimental values 1.24, x 102 and
1.49;x 1073 of k1o at 30.0 and 50.0 °C, respectively, and
from the literature data obtained by Allen et al.?” for a
mixture of styrene oligomers including the dimer through
the pentamer in the bulk and by Hocker et al.28 for high-
molecular-weight samples with M, = 5.1 x 10* and 8.2
x 10% in the bulk, k is calculated to be —0.603, —0.629,
and —0.642 at 30.0, 41.5, and 50.0 °C, respectively.
Here, the value of x1o at 41.5 °C and those of «t for a-PS
in the bulk at 30.0, 41.5, and 50.0 °C have been
estimated by interpolation. Thus we have determined
the values of k1/kt at temperatures ranging from 30.0
to 50.0 °C except at 41.5 °C by interpolation using eq 1
with the above values of k.

Next, considering the fact that (df/ac)t, may be
expressed as a function of T by the equation

(9R/dC); , = Ky + Ky(T — ©) @)

independently of ¢ in the relevant range of c for both
a-PS in cyclohexane! and a-PMMA in acetonitrile,® we
may assume that this is also the case with a-PS in
methyl acetate. On this assumption, the coefficients k;
and k; in eq 2 for a given sample may be calculated from
the values of (df/dac)rp at c = 0 at a few temperatures.
From the present experimental values of (dfi/ac)T at ¢
= 0 at 30.0, 41.5, and 50.0 °C, we have calculated k;
and k; for the samples 0S4,0S5, OS6, OS8a, A2500a-
2, and F2-2 in methyl acetate at 436 nm. Then k; is
independent of My, but k; depends on My, as in the
previous cases of a-PS in cyclohexane! and a-PMMA in
acetonitrile.®3 The values of k; are 0.222, 0.231g, 0.2345,
0.242,, and 0.249s for 0S4, 0S5, 0S6, OS8a, and
A2500a-2, respectively. For the samples with My, 2 5
x 103, we use its value 0.248; obtained for F2-2. The
value of k; is (2.8 & 0.3) x 1074 cm®gK. The values
of i at finite c may be obtained from eq 2 by integration
over ¢ with the values of fip for pure methyl acetate at
the respective temperatures corresponding to the LS
measurements.

Now we may evaluate the excess Rayleigh ratio ARg
for all the samples, including the oligomers, by the use
of the values of «t/kto and (df/dc)rp obtained above.
Figure 2 shows as examples Berry square-root plots of
ARg against ¢ for the oligomer samples with My, < 9.98
x 10% in methyl acetate at 30.0 °C. The data points for
each sample follow a curve concave upward, as shown
by the solid curve (which represents the values calcu-
lated as described below). The results indicate that
besides the second virial coefficient A', the third virial
coefficient A’; at least contributes appreciably to Kc/ARg
as c is increased. (Here, the prime attached to A, and
Az indicates that they are the light-scattering virial
coefficients.) It is then difficult to determine A’'; from
the plots with high accuracy.

Therefore, we have made Bawn plots. Figure 3 shows
those plots for the four samples indicated as examples,
where S(c;, ¢;) is defined by eq 6 of ref 23. As seen from

Macromolecules, Vol. 31, No. 22, 1998

102 (2Kc/ARy)"?
(9%)
T
—

0 0.1 0.2 0.3
c (g/cm3)

Figure 2. Plots of (Kc/ARp)¥? against ¢ for the indicated a-PS
samples in methyl acetate at 30.0 °C.
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Figure 3. Bawn plots for the indicated a-PS samples in
methyl acetate at 30.0 °C.

this figure, the data points for each sample follow a
straight line, indicating that the terms higher than A’
may be neglected in the range of ¢ studied. From the
straight lines indicated, we have determined A’; and A';
for each sample in methyl acetate at 30.0 °C. Then, we
have determined M,, of each sample so that the curve
of (Kc/ARg)Y2 calculated with these values of My, A,
and A'; may give a best fit to the data points in Figure
2. The solid curves in Figure 2 represent the values so
calculated. The good fit of each curve to the corre-
sponding data points indicates that M,,, A'>, and A3
have been determined accurately.

Although the results are not shown here, the data at
the other temperatures and for the samples F2-2 and
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Table 2. Results for A; and as? of Atactic Oligo- and Polystyrenes in Methyl Acetate
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sample 30.0°C 320°C 330°C 350°C 37.0°C 380°C 39.0°C 415°C(®) 430°C 450°C 50.0°C
10% A, cm® mol/g?
0s4 0.5 1.3 2.0 25 33 43 5.3
0S5 —-0.5 0.3 0.5 15 2.8 35 3.8
0S6 -2.0 -1.0 0.0 0.5 1.8 25 35
0S8a -2.3 -1.8 -0.8 0.0 15 25 3.0
A2500a-2  —1.3 -1.1 -0.5 -0.1 0.1 0.7 0.8
A5000-3 —1.0g —0.8¢ —0.74 —0.33 —0.0s 0.2 0.3s
Fla-2 —1.45 —1.1g —0.73 —0.55 —0.1g 0.0 0.07
F2-2 —0.7¢ —0.65 —0.56 —0.38 —0.04 0.10 0.14
F4 —0.5¢ —0.5; —0.39 —0.19 0.00 0.04 0.0¢
F850-a —0.29 —-0.2; -0.1; —0.06 0.00 0.0 0.07
(152
F850-a 0.79; 0.84, 0.90¢ 0.944 (1) 1.04¢ 1.06,
10 T T T Discussion
Effects of Chain Ends on A,. As done in the
previous studies,>® we analyze the data for A; in Table
s | | 2 by the use of the Yamakawa theory?2° that considers
— o the effect of chain ends on the basis of the HW bead
%“ 50.0°C model. For convenience, we begin by summarizing the
E 45.0°C necessary basic equations. The model is such that n +
E o \X\K 41.5°C A 1 beads are arrayed with spacing a between them along
}g O 00— 38.0°C the contour of total length L = na, where the n — 1
b a—o—o o> 350°C intermediate beads are identical and the two end ones
- S o o g(z).g g are different from the intermediate ones and also from
=T o ' 7 each other in species. ldentical excluded-volume inter-
actions between intermediate beads are expressed in
terms of the conventional binary-cluster integral j,
_10 ! . . while two kinds of effective excess binary-cluster inte-
3 4 5 grals f1 and f, are necessary in order to express
log M, interactions between unlike beads, 1 being associated

Figure 4. Plots of A, against log M,, for a-PS in methyl
acetate at the temperatures indicated. The data points at 50.0
and 45.0 °C are shifted upward by 2 x 10* and 1 x 10* cm?®
mol/g?, respectively, and those at 38.0, 35.0, 32.0, and 30.0 °C,
downward byl x 104 2 x 104 3 x 104 and 4 x 10* cm® mol/
g?, respectively. The solid curves connect the data points
smoothly.

F4 have been analyzed by the same method, and the
values of My, A', and A’; have been determined with
the accuracy comparable to the cases of Figures 2 and
3. It has then proved that the values of A’; so obtained
may be equated to those of the (osmotic) second virial
coefficient A, as in the case of the previous results at
@'18

Second Virial Coefficient and Gyration-Radius
Expansion Factor. In Table 2 are given the values
of A, thus determined for the samples with My, < 4 x
10% in methyl acetate at temperatures ranging from 30.0
to 50.0 °C and also those of A, and o determined for
F850-a by using the Berry square-root plot.2* Figure 4
shows plots of A, against log M,, for the samples with
My < 4 x 10% at the temperatures indicated, where the
data points at 50.0 and 45.0 °C are shifted upward by 2
x 10% and 1 x 10* cm3 mol/g?, respectively, and those
at 38.0, 35.0, 32.0, and 30.0 °C, downward by 1 x 104,
2 x 104, 3 x 104 and 4 x 10* cm?3 mol/g?, respectively.
The solid curves connect the data points smoothly.

In contrast to the previous case of a-PS in cyclohex-
ane,! for which A, decreases monotonically with in-
creasing My, at all the temperatures investigated near
© = 34.5 °C (see Figure 5 of ref 1), A, of a-PS in methyl
acetate as a function of My, has a distinct minimum at
32.0 and 30.0 °C. This difference may be regarded as
arising from that between the effects of chain ends on
A, in the two © solvents.

with one end bead and f, with two end ones. The HW
model itself 2 is defined in terms of the three basic model
parameters: the constant differential-geometrical cur-
vature ko and torsion 7o of its characteristic helix taken
at the minimum zero of its elastic energy and the static
stiffness parameter 171,

According to the theory,262% A, in general may be
written in the form

A, = AT + AT 3)

where AY™ is that part of A; without the effect of

chain ends which vanishes at ©, and A(ZE) represents
the contribution of this effect to A,. The first term

A" may be written as
AW = (N ¢, *?L?B/2MP)h (4)

where N, is the Avogadro constant, and c., and B are
given by

4+ (A M)
Coo = -1 42 -1_42 (5)
4+ (A )? + (A )
and
B = Bla’c,>? (6)

Near © (for very small |z|), the function h on the right-
hand side of eq 4 may be given by2*6

h=1-2.8657 + 8.8517° + 5.077%2 — ...  (7)

where the intramolecular and intermolecular scaled



7732 Yamada et al.

excluded-volume parameters # and 7 are defined by
Z = (3/4)K(L)z (8)
7 = [Q(AL)/2.865]z (9)

with K and Q being functions only of AL and given by
eq 8.46 of ref 2 (or eq 50 of ref 30) and by eq 8.102 of ref
2 (or eq 19 of ref 29) for AL = 1 (for ordinary flexible
polymers), respectively. The conventional excluded-
volume parameter z above is now defined by

z = (3127)¥*(AB)(AL)"? (10)

Above © (z > 0), h is given by eq 8.110 of ref 2 (or eq
18 of ref 29). B

Thus, note that h is a function of Z and Z for z > 0

and z < 0 and that we may put h = 1 approximately for
AL < 1. Recall that L is related to M by the equation

L =M/M, (11)

with M the shift factor as defined as the molecular
weight per unit contour length.

The second term AP in eq 3 may be written in the
form229

AP =aM™* +a,M™? (12)
where
a, = 2N,B,/M, (13)
a, = 2NaAf,

with Mg the molecular weight of the bead and with
AB, =B, — 2B, (14)

The parameters 1 and 3, are explicitly defined in egs
8.117 of ref 2 (or eqs 22 of ref 29). (Note that 5, and
P22 in ref 2 are identical with §; and 2, respectively.)

Now, in the oligomer region where the relationh =1
holds, A"™ is independent of M, so that we have, from
eqgs 3 and 12

(Agi — AZJ)/(Miil - Mjil) =a; t az(Miil + Mjil)
(15)

with Ay; and Ay the second virial coefficients for the
samples with different molecular weights M; and M;,
respectively. Equation 15 indicates that a; and a, may
be determined from the intercept and slope of the plot
of (Azi — Az)/(My,i ™t — My ™) vs My,i™t + My 3,
respectively. Figure 5 shows such plots with the present
data for the low-molecular-weight samples with M,, <
2.83 x 103, for which h may be equated to unity, at the
temperatures indicated. We note that the plots at 41.5
°C (©) include the data for all the samples given in
Table 2, since AT™ = 0 at T = © and then eq 15 holds
irrespective of the values of My,. As in the previous case
of a-PS in cyclohexane,! the data points at each tem-
perature can be fitted by a straight line, despite the fact
that the dependence of A, on My, in methyl acetate is
different from that in cyclohexane. The results confirm
the above statement that the difference in the depen-
dence on My for low M, between A, in the two ®
solvents is due to that between the effects of chain ends.
From the straight lines indicated, we have determined
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+ Myt for a-PS in methyl acetate at the temperatures
indicated (see the text).
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Figure 6. Plots of A; against M,,* for a-PS in methyl acetate
(see the text).

a; and a, at the respective temperatures. It has then
been found that a, depends on T, although it is
independent of T in cyclohexane.!

Figure 6 shows plots of A, against My, with the data
corresponding to those in Figure 5. From the plots, we
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Figure 7. Plots of g againstt =1 — O/T for a-PS: (O) present
data from A; in methyl acetate; (®) previous data from Az in
cyclohexane.! The heavy and light solid curves represent the
values calculated from eq 16 and from eq 20 of ref 1,
respectively. The heavy and light dashed straight lines are
extensions of the heavy and light solid straight lines for T >
©, respectively (see the text).

have determined AY™ with h = 1 at each temperature
so that the curve of A, as a function of My, 1calculated

from egs 3 and 12 with these values of AY™ (with h =
1), a1, and a, gives a best fit to the data points. The
solid curves in Figure 6 represent the values so calcu-
lated. The good agreement between the calculated and
observed values indicates again that the dependence of
Az on My, for low M,y arises from the effect of chain ends.
Note that the intercept of each solid curve is equal to
AP with h = 1, i.e., the prefactor (NaC.32L2B/2M?),
from which we have determined B at the corresponding
temperature.

Temperature Dependence of Binary-Cluster In-
tegrals. With the values of B, a;, and a; obtained in
the last subsection, we have calculated g, 51, and 3, at
the respective temperatures from eqs 6 and 13 with eq
14 by taking the repeat unit of the chain as a single
bead (Mo = 104). For the calculation of 3, we have used
the values of the HW model parameters previously?7:12
determined from 2Cand [$2[4 for a-PS in cyclohexane
at 34.5 °C (0), i.e., A7l = 3.0, 1711 = 6.0, 171 = 20.6
A, and M_ = 35.8 A1, We note that the value 7.9;3 A2
of limy,—. ((532[d/xw) for a-PS in methyl acetate at 41.5
°C (®) evaluated as the mean of the results for the three
samples F80a-2, F128a-2, and F288a-2 agrees with the
corresponding value 8.13 A2 in cyclohexane within
experimental error, so that we assume that the values
of the model parameters in methyl acetate are the same
as those in cyclohexane.

The values of 3 (in A3) obtained at various tempera-
tures above and below © are represented by the unfilled
circles in Figure 7. It also includes the values previously
determined for a-PS in cyclohexane! (filled circles) by
the same method, for comparison. Although the depen-
dence of § on T is smaller in methyl acetate than in
cyclohexane, it is clearly seen that the present data
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Figure 8. Plots of 5, and 8, against t for a-PS in methyl
acetate: (O) f1; (@) B2. The solid curves for 51 and j3- represent
the values calculated from eqgs 17 and 18, respectively.

points for t < 0 deviates downward from a linear
extension of the straight line fitted to the data points
for 7 > 0 (heavy dashed line). The values of 5 in methyl
acetate may be well reproduced by an empirical equa-
tion as a function of 7 as follows

p =157 fort=0

=157 — 2507 forz <0 (16)

The heavy solid curve in Figure 7 represents the values
calculated from these equations. In the figure, the light
solid curve represents the values calculated from the
empirical interpolation formula given by eq 20 of ref 1
in cyclohexane, and the light dashed curve represents
a linear extension of the straight-line part for 7 > 0.

In Figure 8, the values of 8, (unfilled circles) and j3»
(filled circles) are plotted against z. In contrast to the
previous case of a-PS in cyclohexane for which both ;
and S, are monotonically increasing functions of z, in
the present case 31 increases but 5, decreases with
increasing t. The results explicitly show the difference
between the effects of chain ends in the two © solvents.
The values of 1 and 3, in both the © solvents are of
reasonable order of magnitude as the effective excess
binary-cluster integrals associated with the chain end
beads compared to those for small molecules.3> With
these results, for later use, we have also constructed
empirical equations for B; and f. (both in A3) as
functions of 7 as follows

B, =1+ 700t — 30007° (17)
B, = 67 — 4007 + 30007° (18)

The solid curves for 51 and 52 in Figure 8 represent the
values calculated from egs 17 and 18, respectively.
Dependence of A;M 2 and AS"™M,,22 on z. Now
we investigate the behavior of the quantities A;M,,'?2
and AWM, 22 as functions of z. Figure 9 shows plots
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Figure 9. Plots of A;M,*2 against z for a-PS in methyl
acetate: unfilled circle with pip up, OS4; successive 45°
clockwise rotations of pips correspond to OS5, OS6, OS8a,
A2500a-2, A5000-3, Fla-2, and F2-2, respectively; (©) F4; (O)
F850-a. The dashed and dotted curves represent the theoretical

values with A®) = 0 and h = 1 and the first-order TP
perturbation theory values, respectively (see the text).

of A,M*2 against z with all the data listed in Table 2,
where values of z have been calculated from eq 10 with
eqs 6 and 16 and with the values of the HW model
parameters given above. The dashed straight line
represents the theoretical values calculated from

AMWIMY2 = AS7h (19)

with h = 1 (the TP theory single-contact term), assum-
ing that AF) = 0, where AJ is given by

AY = 4(2/6)¥*N 5(c../AM | )*? (20)

and is calculated to be 0.294 cm3 molY2/g32 with the
above values of the HW model parameters.®? The dotted
curve represents the values calculated from eq 19 with
the first-order TP perturbation theory of h given by eq
7withz =7 =2z (i.e, h=1— 2.865z). Itis seen that
the data points cannot form a single-composite curve
because of the effect of chain ends (compare with Figure
10 of ref 3).

With the above results for 5, and ., we then evaluate
the contribution AP of the effect of chain ends to A,
from eq 12 with egs 13, 14, 17, and 18, and therefore
the part AY™) of A, without this effect by subtraction
of AF) from A,. Figure 10 shows plots of A{™M,V2/A
against the same z as in Figure 9. Here, the symbols
(for the present data) and the lines have the same
meaning as those in Figure 9. In the figure, the
previous datal (filled circles) along with the literature
data by Tong et al.> for 10* < M,, < 4.91 x 10° (filled
squares) and by Miyaki® for 1.34 x 10% < M,, < 3.92 x
107 (filled triangles) in cyclohexane have been repro-
duced from Figure 12 of ref 1, for comparison.

It is seen that the peculiar deviation of the A,M,12
vs z plot from the TP theory prediction found in Figure
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Figure 10. Plots of AT™M,Y2/AS against z for a-PS: (9, O)
present data in methyl acetate (the symbols and the lines have
the same meaning as those in Figure 9); (®) previous data in
cyclohexane;* (M) Tong et al.’s data for 10* < M,, < 4.91 x 10°
in cyclohexane;® (a) Miyaki's data for 1.34 x 10 < M, < 3.92
x 107 in cyclohexane.®®

9 disappears inFigure 10 (compare with Figure 11 of
ref 3). This confirms again that the deviation arises
from the effect of chain ends. It is more important to
see from Figure 10 that all the data points nearly form
a single-composite curve. From this result and the
previous one for a-PMMA 3 it may be concluded that the

effect of chain stiffness on A(ZHW) and hence A, is of
little significance below ® in contrast to the behavior
of A, above ©,2 or in other words, the TP (nearly second-

order perturbation) theory is valid for AS™ below ©
irrespective of the differences in polymer species (chain
stiffness and local chain corformation) and solvent
condition.

Dependence of as on Z. Figure 11 shows plots of
as? against Z, where values of Z have been calculated
from eq 8 with eq 8.46 of ref 2 for K and with the values
of z calculated as above. The unfilled circles represent
the present values for the sample F850-a in methyl
acetate and the unfilled triangles represent the litera-
ture values obtained by Chu et al.20 for M,, = 2.0 x 108
and M,, = 4.6 x 108 in methyl acetate. There are also
plotted the literature data obtained in cyclohexane by
Park et al.3435 for 4.60 x 10% < M,, < 4.09 x 107 (filled
circles) and by Miyaki®? for 1.34 x 106 < M, < 5.68 x
107 (filled triangles). The solid curves (1) and (2)
represent the first- and second-order perturbation theory
values, respectively, calculated from24

ag® =1+ 1.2767 — 2.0827° + ... (21)

It is seen that all the data points again form a single-
composite curve within experimental error. This con-
firms that the QTP theory is valid for as below © as
well as above @ irrespective of the difference in solvent
condition. (Note that Z = z for these data.) The
composite curve below ©, which is not shown explicitly,
is located between the two curves and is rather close to
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Figure 11. Plots of as? against Z for a-PS: (O) present data
for F850-a in methyl acetate; (A) Chu et al.’s data for M,, =
2.0 x 108 and M,, = 4.6 x 10° in methyl acetate;?° (®) Park et
al.’s data for 4.60 x 10° < My < 4.09 x 107 in cyclohexane;343%
(a) Miyaki's data for 1.34 x 10® < M,, = 5.68 x 107 in
cyclohexane.® The solid curves (1) and (2) represent the first-
and second-order perturbation theory values, respectively.

curve (1) (straight line), i.e., the first-order perturbation
theory values, in contrast to AS™).

Conclusion

As in the previous case of a-PS in cyclohexane,! A; of
a-PS in methyl acetate below and above © (41.5 °C) has
been found to depend appreciably on My, in the oligomer
region. Although the dependence of A, on M,, in methyl
acetate is different from that in cyclohexane, the former
may also be explained quantitatively by the Yamakawa
theory?2° that takes account of the effect of chain ends,
indicating that the difference in the M,, dependence
between A, in the two ® solvents arises from that
between the effects of chain ends. Then the analysis
has allowed us to evaluate the contribution AP of this
effect to A, at various temperatures to determine the
effective excess binary-cluster integrals §; and 3, as-
sociated with the chain end beads in methyl acetate as
functions of temperature T. With these values of 5; and
B2 thus estimated, the binary-cluster integral  between
intermediate identical beads has been evaluated as a
function of T and found not to be proportional to7 =1
— O/T below ©. With its values, the conventional and
scaled excluded-volume parameters z and Z have been
directly calculated without any assumption.

The part AS™ of A, without the effect of chain ends
obtained as AY™ = A, — AF) below © has been found
to be consistent with the TP theory prediction, giving a
single-composite curve of AY™M,!2 vs z irrespective
of the values of My, and T and also the difference in
solvent condition. This is in contrast to the behavior of
Af'"above © where neither the TP nor QTP theory is
valid for it.2 It has also been found that if as is plotted
against Z (or z for large M,,), the present data points
along with those in cyclohexane form a single-composite
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curve, indicating that the QTP theory is valid for as
below © as well as above O irrespective of the difference
in solvent condition.
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