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and there is no basis for expecting the right-hand side of
this expression to vanish at the limit.
For concreteness we suppose that

¥ = X1¢’2 + Xz‘bg + O(¢4) (21

where the coefficients x; are functions of temperature
alone. This is equivalent to assuming the validity of a virial
expansion of the chemical potential

o)
~(uy = 4")/RT = il

(= xpo? + (4 — xpo® + ... (22)
where the coefficients of ¢2 and ¢3 are the second and third
virial coefficients. Then as ¢ — 0, eq 17 and 18 are satisfied
if

X1 = % (23)
X < Y, (24)

and eq 20 becomes

. d7,\ _ _ /d_)(1
o <d<:>c> =0 =3/37 (25)

We remark that the simple form of the Flory-Huggins
theory? corresponds to a special case of eq 21 with x; = 0
for i = 2. Assuming a temperature dependence

Xy = ﬁo + 51/T (26)

with 8 and 3 positive constants, which implies merely the
resolution of the free energy quantity RTx; into entropic
and enthalpic components in the region of an upper critical
separation, we have for this case a result

lim (d7,/do,) = —T%/B, @7
0o 0

that unequivocally contradicts eq 2. Furthermore, if eq 16
to 18 and the succeeding development are beyond question,
eq 27 effectively refutes the corollary of eq 2 that would
deem the classical Flory-Huggins model thermodynamical-
ly inadmissible.

Continuing with ¥ described by the single x parameter,
we can easily see what is needed to resolve the discrepancy.
We have

= x¢(1- 9 (28)
whence
T = -2y, (29)
I = T = 0 (30)
and the critical conditions of eq 7 to 9 reduce to
(1= &) + (mo)t — 2y, =0 (31)
(1 - )~ (moh! =0 (32)
(1= )% + (moHt > 0 (33)
At ¢ = 0, eq 32 can only be satisfied if
lirgl (1/meh =1 (34)
o

which means that (m¢3)~! must simultaneously pass to in-
finity. Now eq 31 to 34 are in complete accord with eq 16 to
18, and we conclude finally that the condition on G, eq 9,
must be amended to include

lim (G"") = = (35)
o=0
The same conclusion is reached if T contains terms of high-
er order than quadratic in ¢.
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In support of eq 2 Kennedy cites an analysis® of phase-
separation data of Koningsveld, Kleintjens, and Shultz” on
the system polystyrene + cyclohexane, to give a © tempera-
ture near 30°, at least 3° below fairly concordant values
found in a number of earlier studies. We cannot fault the
data of Koningsveld, et al., but we think two remarks are
pertinent. (A) There is no reason to suppose, but rather the
converse, that phase-separation measurements lead to
values of the © temperature more reliable than those estab-
lished by the vanishing of the second virial coefficient,? and
measurements of the latter kind® on polystyrene + cyclo-
hexane have usually yielded values between 34° and 35°.
(B) Conventional extrapolations of critical temperatures to
infinite molecular weight are based on the premise that a
plot of T.~! vs. m—1/2 becomes linear as m — =, and not on
direct use of dT./d¢.. This dependence is easily shown to
obtain for a system obeying eq 26, 31, and 32. More signifi-
cantly perhaps, it is also confirmed by a less specific deri-
vation® requiring only that a virial expansion be applicable
in the neighborhood of a critical point in dilute solution.
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Glass Transition of the Polymer Microphase
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Studies of block copolymer behavior showed that the
properties of the finely dispersed microphase are not the
same as those of the polymer in bulk. Hendus, Illers, and
Ropte! observed that the glass transition temperature of
the styrene component in SBS systems is lowered for more
finely dispersed microphase. The ‘decrease of the glass
transition temperature of the hard component with de-
creasing concentration of its blocks was also observed by
Cooper and Tobolsky.? Ductility of the polystyrene micro-
phase was observed at lower temperatures than predict-
able®-5 from the values of the bulk material. Fischer and
Henderson® found the T of polystyrene blocks in the SBS
system at about 70° which is a low limit compared to bulk
polystyrene for which Tz ~ 90-100° at reasonably high mo-
lecular weights. The two-phase system poly[(ethylene-co-
propylene)~g-vinyl chloride] was found by us to exhibit a
lower glass transition temperature of the PVC microphase
according to both dilatometric and stress relaxation mea-
surements.’” Fischer and coworkers®® did not find any sig-
nificant decrease of the glass transition temperatures of the
amorphous microphase in semicrystalline polybutene and
polyethylene. It follows from these experimental datal-®
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Table I
Styrene-Butadiene-Styrene Block Copolymer
(Unadjusted Data from ref 1)¢

Poly- Thickness

styrene or diam- T, (°C) AT,
—_— eter of S/Vx from ccy
Wt Vol Mor-  microdo- 107¢,

% % phology mains, A em™ Gy’ Guax'' Gy Guax'”
84 81 Spheres® 200250 0.8

66 1.0 110 102

55 50 Plates 150 1.3

50 1.5 106 95 5 7
38 Cylinders 150-200 2.2 102 90 8 12
32 2.9 100 80 10 22
31 26 Cylinders 100 0 4.0

26 4,04 70 32
24 4,14 75 27
12 10 Spheres 80-90 7.0

@ Inflex point at G’. ® Relative shift with respect to the sample
containing 66 wt % of polystyrene; i.e, ATy = Tges — T
¢ Spheres of butadiene blocks. ¢ Interpolated values. ¢ Kg = (8.4 +
1.0) X 10~¢ cm deg.

that the Ty of the plastic phase is lowered if it is dispersed
in a phase with lower Tg. To explain the depression of the
glass transition temperature one immediately suspects par-
tial mixing of the phases. Arguments for the existence of an
intermixed zone were presented!®!3 and the experimental
data show that a certain amount of the mixed phase really
exists; there is an intermediate loss peak below that corre-
sponding to the polystyrene glass transition3 or at least a
pronounced low temperature shoulder of the loss peak cor-
responding to the glass transition of the polystyrene
phase.! The existence of the intermixed zones had to be as-
sumed also in the interpretation of viscoelastic data.l4 On
the contrary, Lim, et al.,'5 do not assume any appreciable
mixing in Kraton 102 styrene-butadiene-styrene copoly-
mer. Obviously, the existence of the intermixed zone de-
pends not only on the properties of components, but also
on the method of preparation, e.g., casting solvent,? etc. In
case one assumes that the mixing is homogeneous, the con-
centrations of components within each phase can be easily
estimated using either specific volumes of the pure compo-
nents or their thermal expansion coefficients and the Gor-
don-Taylor equation.” In the actual case, the mixing is in-
homogeneous and the concentration profile has generally
sigmoidal shape.16-19

In order to understand the T'; lowering data in terms of
the free value concept we expect that mixing increases the
average free volume available to the glassy microphase.
Though mixing is not homogeneous, the size of the micro-
phase domains may be considered small enough to yield an
average, lower, T rather than the unchanged glass transi-
tion temperature of the microphase and an intermediate,
well separated transition of the intermixed zone. To make a
simple approximation, it seems reasonable to assume that
the amount of mixing, and, consequently, the amount of
the additional free volume, is proportional to the interface
area. It immediately follows from the standard free volume
calculations!! that the term expressing the T, lowering
should have the form —K(S/V), where K is a constant,
and S/V is the surface (interface)-to-volume ratio of the
plastic phase. The well-known formulal®!! expressing the

Ty = Tew — Kyw/M (1)

dependence of the T, on molecular weight M, can then be
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Figure 1. The depression of the glass transition temperature AT,
vs. the surface-to-volume ratio of the polystyrene microphase (S/
V); (a) styrene-butadiene-styrene triblock, vertical bar shows the
variation in the T estimate (Tables I and II), horizontal bar re-
flects the variation in the S/V results (Table II), Ks = (8.4 = 1) X
1078 cm deg; (b) styrene-isoprene—styrene copolymer (Table III),
K¢ =(4.3+0.5) X 10-%cm deg.

expanded for this purpose by including one more term on
the right-hand side.

T, = Ty — Ky/M — K (S/V) (2)

The Ty is the transition temperature of the plastic phase
and the Ty and Ky are constants, respectively.

An attempt has been made to check the validity of eq 2
using relevant experimental data available in the literature.
Only a few papers bring information concerning both mor-
phologies and some estimates of corresponding glass transi-
tion temperatures. Estimates based on the relations be-
tween molecular weights of blocks and morpholo-
gy'31619-22 have sometimes been made to complete the
morphological data. In order to make the data concerning
T applicable to eq 2, determinations from various methods
have been corrected as customary to make possible the
comparison of the glass transition temperatures to eq 2.
For styrene-butadiene-styrene copolymers listed in Table
I, T; temperatures and their shifts were determined from
the temperatures of the loss peaks obtained by torsion pen-
dulum.! Because the frequencies of these experiments may
vary, possible Ty ~ T(Gayx”') variation has been estimated
using the WLF equation. Though the WLF coefficients for
bulk polymer and polymer component in a two-phase sys-
tem are somewhat different,”!5:23 the difference is unim-
portant in this estimate. The variation of the peak frequen-
cy from 0.5 to 5 Hz results in the temperature variation of
about 5°. Empirical correction?* of about —10 to —20° had
been taken for the value Ty ~ 95° obtained by the vibrat-
ing reed method® (frequency ~50 Hz) for Kraton 101
(Table II). The T, shifts with respect to the highest T
morphology were used in the case where a reference read-
ing for the bulk polystyrene was not available (Table I).
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Table 11
Kraton 101 (Styrene-Butadiene-Styrene Block Copolymer)3
Mol wt of Diameter T
Styrene Mol one S block  of micro - S/V x 1078, Kn/M,? measured,
wt % wt x 107 % 1073 domains, A cm” deg °C AT, °C
28 76 11 120 ~3.3(2.3%) 5 75-85°% 10-20

@ Correction for molecular weight of styrene blocks. ® From G s, temperature ~95°;310-20° is subtracted to account for the frequency
[~50 Hz] effect of vibrating reed method.24 ¢ According to eq 1. ¢ From the small angle X-ray scattering data.2’

Table II1
Styrene-Isoprene-Styrene Block Copolymer (Unadjusted Data from ref 5)°
Mol Thickness
Polystyrene wt of one or diameter S/V x
PS block micro- 10, T, from AT,,°
Code of author® Wt % Vol % x 103 Morphology domains, A cm-!  DSC,®°C °C
Sis 4 95.9 92 49 Spheres® 80¢ 0.7 98 4
SIS 10 90.7 89 46 Spheres® 100¢ 0.7 98 4
SIS 15 85.1 83 42 Spheres® 100¢ 1.2 97 5
SIS 20 79.0 76 41 Rods® 1504 0.8 97 5
SIS 40 57.9 54 32 Plates 200 1.0 95 7
SIS 60 41.5 38 22 Rods 200 2.0 92 9
SIS 80 18.6 16.5 9 Spheres 200? 3.0 87 11
Polystyrene 100 100 100 102 0

a Difference: Ty (bulk polystyrene) — Ty (microphase) including the carrection Km/M for the molecular weight of the polystyrene block.
b K, = (4.3 £ 0.5) X 10-8 cm deg. ¢ Of polyisoprene. ¢ Estimates according to ref 13, 16, and 20-22.

Actually, it only reduces the number of available results
from n to n — 1. The maximum variation of the T, data
(Table I) due to various lengths of the polystyrene blocks
has been estimated at +2°. Where more complete data
were avilable,3® corrections for styrene block length Kx/M
have been calculated (Tables II and III). Ty = 100 and
K = 105 were taken for polystyrene.1%:25 The properly ad-
justed experimental results (Figure 1) indeed show a clear
trend suggesting the linear dependence AT, = K (S/V)
where ATy = Ty — T + (Ky/M). Scatter observed on the
figures is most probably caused by inaccuracy in morpholo-
gy determination.

To get an idea how much free volume is involved in the
T, depression of the microphase, we assume volume addi-
tivity of the mixing. Using then the published values of the
free volume expansion coefficients, T’s, and specific vol-
umes for polystyrene,1:10.25.26 polyisoprene,!526 and poly-
butadiene,}2¢ we find out from the Gordon-Taylor equa-
tion that the equivalent T'; depressions can be reached if
the polystyrene microphase is homogeneously mixed with
roughly one adjacent monolayer (~10 &) of the elastomer.
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