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Figure 4. Possible conversion from (a) (110) to (b) (200) folding in
which fold plane orientation in space is unchanged.

CHg; rocking modes which is observed in pure PEH (Figure
2) as well as the mixed crystals (Table I) in the vicinity of
100°C. This decrease must be due to, on the average, weak-
er inter-chain interactions, which could arise from small in-
creases in the unit cell dimensions. The latter could result
from the freezing in of “defective” chain orientations that
are not completely eliminated until higher annealing tem-
peratures are reached. It is interesting to note that evi-
dence for such frozen-in disorder has been obtained from
X-ray diffraction studies.!®

The existence of the above dip in CH; rocking mode
splitting with annealing temperature makes it unlikely that
the mechanism of annealing can be explained in terms of a
partial melting and recrystallization, as has been suggest-
ed.18:20 If the latter were true, then, since the splitting for
melt-crystallized polymer is higher than that for single
crystals,’® we would expect a continuous increase in the
splitting as we pass through the transition region and form
more (melt) recrystallized polymer. This is not observed,
and therefore we must suppose that the reorganization of
chains does not proceed through a melt state.

Stability of Polymethylene Crystal Lattices 897

The above results suggest an important conclusion which
emerges from these studies, namely that (110) folding in
solution-grown single crystals comprises a frozen-in meta-
stable state compared to that which is most stable in the
bulk polymer. In other words, crystallization in the pres-
ence of this solvent has led to a form of fold organization
which, although favored under these circumstances, is not
maintained when the chains are given the freedom to move
and to adjust to a minimum free-energy state in the bulk.
This transformation from (110) to (200) folding upon an-
nealing provides further support for the existence of fold-
ing with adjacent re-entry in crystalline poly(ethylene).
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Contribution of Vibrational Free Energy Term to
Stability of Polymethylene Crystal Lattices
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ABSTRACT: The vibrational terms of the thermodynamical functions, the internal energy, the entropy, and the
Helmholtz’s free energy of the orthorhombic, monoclinic, and triclinic modifications of polymethylene have been
calculated in a harmonic approximation by means of normal modes treatment of the crystal lattices using Lennard-
Jones type and Buckingham type intermolecular hydrogen—hydrogen potential functions. The calculated results for
the orthorhombic form reproduce well the thermodynamical functions derived from thermal measurements. The
vibrational free energy term of the orthorhombic form is found to be 0.5-0.3 kJ/mol per CH; unit less than that of
the monoclinic and triclinic forms at 300°K. The value seems large enough to compensate for the static potential
energy term which has been estimated as 0.15 kJ/mol per CH; unit higher in the orthorhombic form than in the
monoclinic form. Thus, the vibrational free energy term contributes to the thermodynamical stability of the ortho-
rhombic lattice of polymethylene under the normal conditions. The free energy of the liquid phase has been derived
from the thermal data reported and the results of the present calculation.

As is well-known polyethylene crystallizes into an ortho-
rhombic form under ordinary conditions.! Another crystal
modification of a monoclinic system has been found to ap-
pear when the sample specimen is put under stress.23
Thus, the monoclinic form may be metastable under nor-
mal conditions. Yemni and McCullough! tried to clarify the

transition mechanism between these two crystal forms by
calculating the static potential energy of the polymethylene
crystal with variations in the cell constants and the orienta-
tions of the chains. In contrast to the experimental find-
ings, the monoclinic form was found to be more stable by
about 0.15 kJ/mol per CHs unit than the orthorhombic
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Table I
Crystallographic Data of Three Crystal Modifications of
Polymethylene Adopted for the Present Calculation.

Crystal system Orthorhombicé Monoclinic? Triclinice

Lattice
constants a=747A a=4.79 A a=4.285A
b=4.974A b=8.09A b=4824
c(f.a.)d = c(fa.) = c(f.a.) =
2.5615 A 2,515 A 2.515 A
v=107.9° =798
B=71.9°
v=107.3°
Space group  Pnam-Dij, A2/m-Can P1-C;!

@ Based on the Smith’s cell.? » After Seto et al.® ¢ Derived
from the data of n-octadecane after Nyburg and Luth.'?
df.a.: fiber axis.

form. Although the value itself varies, more or less, depend-
ing on the values of parameters assumed in the calculation,
a similar tendency has been recognized by the authors from
a static potential energy calculation in a different way.®
Therefore, it may be supposed that the actual stability of
the two crystal forms of polyethylene cannot be reproduced
by taking into account the static potential energy alone.

A great number of papers has been published in which a
good deal of effort has been made to reproduce actual crys-
tal structures by minimizing static potential energy. How-
ever, the free energy term due to the vibrational freedom of
the molecules in the crystal lattice plays an essentially im-
portant role in the stability of the crystalline phase. Be-
cause of the necessity of a long computation time the con-
tribution of the vibrational free energy term has been ig-
nored in most cases and taken into account only in very
limited cases of simple lattices containing only one atom in
the unit cell, such as the face-centered cubic lattices of the
inert gas solids,%7 or it has been included in the energy cal-
culation in an approximate way.8

In the present work, for three crystal forms of polymeth-
vlene, i.e., orthorhombic (referred to as o-PE), monoclinic
(m-PE), and triclinic (t-PE), the frequency distribution
functions are obtained by calculating dispersion relations
of the normal frequencies in the first Brillouin zone of the
three-dimensional reciprocal space in the harmonic ap-
proximation, and the thermodynamical functions, such as
the Helmholtz’s free energy F, the internal energy E, the
entropy S, and the heat capacity Cy, are derived. The ther-
mal stabilities of these crystal forms are discussed in rela-
tion to the calculated thermodynamical functions.

Method of Calculation

The cell constants and the space groups of the three
crystal forms adopted for the present work are summarized
in Table I and Figure 1. As for the orthorhombic cell the
lattice parameters given by Smith® were chosen as used in
the previous work by Tasumi and Shimanouchi.'® The lat-
tice parameters of m-PE refer to those of Seto et al.? The
triclinic subcell was derived from the crystallographic data
of n-octadecane after Nyburg and Liith!! (see Appendix).
The molecular parameters, i.e., the bond lengths and the
valence angles, given in the literature are different in the
three crystal forms. However, in order to eliminate the ef-
fects due to different molecular structure an identical pla-
nar zigzag molecular model was adopted for the three crys-
tal forms in which the C-C bond length of 1.54 A, the C-H
bond length of 1.09 A, and the tetrahedral angle for all the
valence angles were assumed. Therefore, the assumed cell
dimensions (¢ dimension) are somewhat modified from the
published values.

The values of the intramolecular force constants of a va-
lence force field type were transferred directly from
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Figure 1. Crystal structures of three crystal forms of polymeth-
ylene.

Schachtschneider and Snyder!? (the set II in the Table IV
of ref 12). They reproduce the infrared and Raman
frequencies of 0-PE within a maximum deviation of 3.0%.
As for the intermolecular forces, interactions were taken
into account between two hydrogen atoms separated from
each other by a distance less than 3.0 &. Two types of inter-
molecular force constant are used as shown in Figure 2: one
(solid line) is given as the second derivative of the repulsive
term of the Lennard-Jones type H---H potential function!?
with respect to the interatomic distance (potential function

D,

F(H.-H) (mdyn/A) = 4836r~14

(r: H-+H distance in 4ngstrém units)

and the other (broken line) has been proposed by Harada
and Shimanouchi? for reproducing the vibrational
frequencies of crystalline benzene (potential function II)

F(H...H)(mdyn/A) = 163 exp(—3.534r)

For each crystal form, the normal frequencies were com-
puted for the wavenumber vector k = (kg,kp,k), or the
phase angle é = (44,8,6.) = 2rk, within the first Brillouin
zone of the reciprocal space at the interval of 1.5° for é.
and 90° for 6, and 6. The method of normal mode calcula-
tion has been described in previous papers.1>16 The com-
putation time has been saved by solving the secular equa-
tions by means of the perturbation technique.!” The fre-
quency distribution functions in the frequency range lower
than 600 cm™! were obtained by the sampling method at
the interval of 5 cm~1,

The thermodynamical functions E, S, F, and C, are cal-
culated according to the equations!8 ‘
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Figure 2. Hydrogen-hydrogen intermolecular potential functions
derived from the repulsive term of a Lennard-Jones type H-H po-
tential'® (solid curve referred to as potential function I), and from
the repulsive term of a Buckingham type H--H potential'* (broken
curve, potential function II).

E = (1/N) kz hw;(k){[exp(hw;(k)/RT) - 1]-1 + (1/2)}
")
s = /N ¥ [2U® o he, k26T -
kL 2RT
In [2 sinh (hw; (k)/2RT)]
F = (kT/N) E In {2 sinh [Aw;(k)/2kT]}
)

Cy = (k/N) ¥ [hw;(k)/2kT]?/sinh? [A w;(k)/2kT]
k,j

where N denotes the number of unit cells (or the number of
points in the reciprocal space whose frequencies are com-
puted), wj(k) the circular normal frequency of the jth
branch with the wavenumber vector k, A the Planck’s con-

stant divided by 2=, k the Boltzmann’s constant, and T the-

absolute temperature.

In the calculation of E, S, and F the contribution of the
molecular modes in the high-frequency region was taken
into account. The calculated heat capacities do not include
the contribution of the high-frequency molecular modes,
since they were obtained from the frequency distribution
functions lower than 600 cm™!,

Results and Discussion

Some examples of the calculated dispersion relations for
the three crystal forms are shown in Figure 3, where the
dispersions along the symmetry axis of (0,0,5,) are given for
the lowest eight (for o-PE) or four (for m-PE and t-PE)
branches in the frequency range lower than 300 c¢cm™!
Here, the frequency branches are separated, for conve-
nience, into the right and left sides of the point of (0,0,7).
The results shown here are obtained by using the H...H po-
tential function I. Use of the potential function II shifts the
branches slightly to the higher frequency side. In the low-
frequency region the three crystal forms each give charac-
teristic dispersions, reflecting the respective molecular
packing and space group symmetry.
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Figure 3. Dispersion relations of low-frequency branches of three
crystal forms of polymethylene, calculated by using the H.--H po-
tential function I

The symmetry of the so-called I' point in reciprocal
space, the point (0,0,0) or (0,0,27) in Figure 3, is identical
with that of the point group isomorphous to the space
group of the lattice: Doy for o-PE, Co for m-PE, and C; for
t-PE. Except for the I' point and the point of (0,0,7), the
(0,0,5,) axis has the symmetry (k-group symmetry) of Ca,
for 0-PE,!7 Cs for m-PE, and C; for t-PE. The figures be-
side the curves denote the symmetry species of the k group
of the branches. The notations are in accordance with Bou-
chaert, Smoluchowski, and Wigner.19:20 It should be noted
that the branches intersect each other only if they belong
to different symmetry species of the k group. The k group
at the point of (0,0,7) for o-PE and m-PE has the symme-
try of Dgp, and Cyp, respectively, but consists of doubly de-
generate species in contrast to the corresponding point
group. Therefore, two branches which are in opposite sides
of the figure coincide with each other at the point (0,0,7).
In the case of t-PE, the k-group symmetry of this point is
C; and the two symmetry species are both one dimensional.
All the branches give, therefore, different frequencies at
the points.

For checking adequacy of the intermolecular potential
functions used here the calculated optically active lattice
mode frequencies are compared with the observed ones in
Table II. The assignment of the B, mode to the infrared
band at 73 cm™! (at room temperature) has been well-es-
tablished. Another infrared active lattice mode of Bo, has
been observed as a very weak absorption at 109 em™! (at 2
K) by Dean and Martin.?6 As for the Raman active libra-
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Table II
Optically Active Lattice Mode Frequencies of
Orthorhombic Polyethylene

Caled, em ™
(room temp)

Obsd, cm™! -

Poten- Poten-

Species Room temp Low temp tial I tial II
A, 1054 133 (at 77 K)a 104 181
Byg ca, 90b 108 (at 77 K)4 88 150
Ay 31 59
By 72.5¢ 79 (at 100 K)c 42 77
B,u 109 (at 2 K)d 60 101

@ R, T. Harley et al.?” » M. Kobayashi et al.?® ¢ J, E. Bertie
and E. Whalley®! d G, Dean and D. H. Martin?®

tional modes Harley et al.2” assigned the Raman bands at
133 and 108 cm™! (both at 77 K) to the A, and Bgg, respec-
tively, on the basis of the polarization measurement on sin-
gle-crystal textured polyethylene samples. The same con-
clusion was obtained by the authors?® from the polarized
Raman spectra measured on a single crystal of n-CssHq.
Although potential II reproduces well the By, and By,
frequencies, better agreement for the A; and B, frequen-
cies is obtained by potential 1. Potentials I and II give the
calculated lattice mode frequency of the triclinic polyethyl-
ene lattice of 109 and 164 cm™!, respectively. The observed
value of the frequency has not yet been settled. Brunel and
Dows?? suggested that it was about 50 em~1! at 20 K from
the Raman measurement of n-hexane, n-heptane, and n-
octane. On the other hand Tasumi et al. indicated that a
plot of the observed frequencies measured on a number of
triclinic n-paraffins against the phase angle gave a lattice
mode frequency of about 100 ecm™!. Thus, both potentials I
and II are not sufficient to interpret all the observed lattice
mode frequencies, and it may be suggested that the most
suitable intermolecular H--H potential function lies be-
tween them.

The frequency distribution functions in the frequency
range lower than 600 cm™! for the three crystal forms are
shown in Figure 4. The left and right halves of the figure
represent the results obtained using the H.-H potential
functions I and II, respectively. The difference among the
crystal forms is remarkable in the region lower than 200
cm~L. Here we should note the error that arises from appli-
cation of the perturbation technique. For the (0,0,5.) modes
it was confirmed that the difference in frequency between
those calculated with and without the perturbation tech-
nique was found to be less than 3 cm™! (for most modes it
was about 1 cm™! or less) in the frequency range below 600
cm~L. Therefore the effect of using the perturbation tech-
nique on the resulting frequency distribution functions
may be ignored for the present purpose.

It is especially important to show how the calculated fre-
quency distribution functions reproduce the observed ther-
modynamical quantities of the crystal. Unfortunately, how-
ever, the thermal data available for comparison with the
present calculations are limited to those of o-PE. As for
calculation of the heat capacity of o-PE, extensive studies
have been made by Miyazawa and Kitagawa (see ref 17 and
the pertinent literature cited therein). Very reliable experi-
mental thermal data for o-PE were reported recently by
Chang.?! In Figure 5 the calculated heat capacity C, of
o-PE is compared with his data for C, which are the values
extrapolated to 100% crystallinity. The correction term due
to thermal expansion, the pAV term, was estimated as neg-
ligible according to the empirical equation of thermal ex-
pansion for o-PE after Davis, Eby, and Colson.2? The solid
and broken curves correspond to the H-H potential I and
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Figure 4. Frequency distribution functions of three crystal forms
of polymethylene, (a) and (b) calculated by using the H---H poten-
tial functions I and II, respectively.

11, respectively, used for the calculation. The difference be-
tween the observed and calculated values above 100 K is
due to the contribution of the molecular modes appearing
in the frequency range higher than 700 em™! which is ne-
glected in the calculation of C,. The observed values lie be-
tween two calculated curves. In Figure 6 the values of S, E,
and F derived from the observed thermal data are com-
pared with the calculated results. The solid and broken
curves have the same meaning as in Figure 5. The value of
E (or F) at the absolute zero temperature means the zero-
point energy of the crystal. Since the absolute value of the
zero-point energy cannot be evaluated from the thermal
data, the observed points of E and F can be shifted along
the ordinate. In Figure 6 the zero-point energy of the ob-
served data is put conventionally on the calculated value of
the solid curve. It can be shifted to that of the broken
curve. The agreement between the observed and calculated
values of the thermodynamical functions seems enough to
conclude that the intermolecular H-.-H potential functions
assumed in the present calculation are suitable to repro-
duce the thermodynamical properties of the o-PE crystal.
Then, the thermodynamical functions, S, E, and F, were
calculated and compared with each other among the three
crystal forms of polymethylene as shown in Figure 7. Here
are shown the results calculated using the potential func-
tion I. A remarkable point in the figure is that the entropy
term of o-PE is significantly higher than that of the other
two crystal forms, while the heat term is nearly the same
for the three forms. The difference in the zero-point energy
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Figure 5. Heat capacity of orthorhombic polymethylene, calculat-
ed by using potential function I (—) and II (- - -), and the observed
data (O) extrapolated to 100% crystallinity after Chang.?!
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Figure 6. Thermodynamical functions, internal energy E, entropy
S, and Helmholtz's free energy F of orthorhombic polymethylene,
calculated by using the H--H potential functions I (—) and II
(- - -), and the observed data (O) extrapolated to 100% crystallinity
after Chang.?! The zero-point energy of the observed data can be
chosen arbitrarily.

is less than 0.1 kJ/mol per CHs unit. As a result, at 300 K
0-PE has the vibrational free energy of about 0.5 kJ/mol
per CH; unit less than that of m-PE, the value being large
enough to compensate the higher static potential energy

(estimated as about 0.15 kJ/mol per CH; unit) of the for-’
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Figure 7. Thermodynamical functions, internal energy E, entropy
8, and Helmbholtz’s free energy F of orthorhombic (—) and mono-
clinic or triclinic (- - -) polymethylene, calculated by using the
H---H potential function I.

mer. The use of the potential function II gives the same
trend with the rather smaller value of the free energy dif-
ference between o-PE and m-PE (about 0.3 kJ/mol per
CHj; unit at 300 K). Thus, it may be concluded that the vi-
brational free energy term contributes to the thermody-
namical stability of the o-PE lattice under normal condi-
tions. The triclinic form gives essentially the same results
as the monoclinic form. This is reasonable from the fact
that the chain packing in the two forms is quite similar to
each other as shown in Figure 1.

By measuring the heat of fusion, Atkinson and Richard-
son?3 investigated the relative stability of the orthorhombic
and triclinic systems of n-alkanes. The bulk free energy of
fusion of the two systems showed that the orthorhombic
form is about 0.05 kJ/mol per CHg unit more stable than
the triclinic form in the temperature range from —35°C to
the melting point. This observed value is somewhat smaller
than that of the present calculation. If we assume that the
static potential energy difference between o-PE and m-PE
(or t-PE) does not change so much from the value of 0.15
kJ/mol per CHs unit through the whole temperature range,
the total free energy curves of 0-PE and m-PE intersect’
each other at a temperature around 100-150 K (see Figure
9); below this temperature the monoclinic (or triclinic) sys-
tem becomes the stable form. This tendency is inconsistent
with the result of Atkinson and Richardson where two
curves slowly diverge as the temperature decreases.2?

Actually the monoclinic phase of PE (which is referred to
as a triclinic form by some workers?¢) has been found to ap-
pear when the sample specimen is treated at a low temper-
ature. Teare and Holmes?* ascribe the occurrence of the
phase at low temperatures (or at high pressures) not to the
thermodynamical stability of the phase but to “mistakes”
(trapping of chains in an incorrect orientation) during
rapid crystallization.

Taking into account the errors involved in the present
calculation due to uncertainty in the atomic positions!® and
the potential function, and the correction terms due to the
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Figure 8. Enthalpy of liquid and orthorhombic polymethylene.
Solid curve is for the orthorhombic lattice calculated by using the
H...H potential function I, broken curve is for the liquid state de-
rived from the solid curve and the observed data of heat of fusion
after Atkinson and Richardson.?® (0) Observed data of enthalpy
(H® — Ho®) extrapolated to the 100% amorphous state after
Chang.2!

thermal expansion and the anharmonic character of vibra-
tions, it is very difficult at this stage to decide whether the
monoclinic phase appearing at low temperature is a ther-
modynamically stable phase or kinetically occurring meta-
stable phase.

The free energy of the liquid (or amorphous) state of
polyethylene was estimated by a rather conventional way.
The values of (8¢ ~— Sq2) and (H? — Hy?) extrapolated to
the 100% amorphous state after Chang?! were used, the su-
perscript a denoting “amorphous phase”, H¢? the zero-
point enthalpy, and S¢? the residual entropy at 0 K. Esti-
mation of Hy? and Sp? was made by using the data of heat
of fusion of crystalline polyethylene after Atkinson and
Richardson2® measured over the temperature range from
—35°C to the melting point. The values of heat of fusion
extrapolated to 100% crystallinity were added to the calcu-
lated enthalpy (=~FE neglecting the pAV term) of o-PE
crystal, giving the enthalpy for the liquid phase H® The
plotted curve of H2 — Ho?* was adjusted by sliding it along
the ordinate so as to get a good fitting with the enthalpy
curve of the liquid state obtained above (Figure 8). By this
means the zero-point enthalpy difference between the
o-PE crystal and the liquid phase was evaluated as 2.56
kJ/mol per CH; unit.

The Gibbs’ free energy of fusion for 100% crystallinity
AG .. evaluated through eq 8 of ref 25 was added to the cal-
culated free energy values of o-PE crystal, giving the free
energy of the liquid phase G2 The value of So? was so ad-
justed that the plots of G2 = H2 — TS? evaluated from the
Chang’s data of (H2 — Ho?) and (S2 — Sy?) fit the resulting
curve of G2 obtained above. The best fit was obtained for
the value of S¢? = 3.45 JK~1/mol per CHy unit as shown in
Figure 9.

Using the free energy curve of the liquid phase we can es-
timate the melting points of the polyethylene crystals. Al-
though the extrapolation to the melting region is rather dif-
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Figure 9. Free energy of liquid and crystalline polymethylene.
Solid and Broken curves are for the orthorhombic and monoclinic
(or triclinic) forms, respectively, calculated by using the H---H po-
tential function I. Dotted curve is for the the liquid state obtained
from the solid curve and the observed data of free energy of fusion
after Atkinson and Richardson.?’ (0) The values obtained from
the observed data of enthalpy (H® — H¢®) and entropy (52 — S¢?)
of amorphous polymethylene after Chang?®! by using the values of
the zero-point enthalpy Ho® = 2.56 kJ/mol per CH: unit and the
residual entropy S¢2 = 3.45 JK~1/mol per CHj unit.

ficult, the o-PE and m-PE lattices give the melting points
of 141.2°C (this is the value given by eq 8 of ref 25) and
about 100°C, respectively. The melting point of m-PE
seems rather low compared to the reported extrapolated
value of triclinic n-alkanes (138.0°C).23 The discrepancy
may be due to the terms ignored in the present calculation.

Appendix

Derivation of Subcell, In the following derivation the
original cell constants are represented as a, b, ¢, «, 38, and v,
and those of the subcell as a;, as, and so on. The original
fractional coordinate x; = (x;,y;,2;)T (the superseript T de-
notes transposition to a column vector) is transformed to a
Cartesian coordinate X; = (X;,Y;,Z;)T by the transforma-
tion matrix U

@ bcosy ccosf
0 bsiny —c(cosfcosy — cos a)/siny
00

U=
cK/sin v

K= (1-cos®a—cos?f — cos?y + 2 cos a cos 8 cos v)1/2

where the X axis is taken as parallel to the a axis, the Y
axis is in the ab plane, and the Z axis is chosen so as to
form a right-handed system.

The vector of the fiber axis of the subcell (the ¢, axis),
i.e., the vector connecting two equivalent atoms separated
from each other by the fiber identity period of the subcell
(i.e., the vector C(9)-C(7) in the case of n-octadecane), is
represented in terms of the Cartesian coordinate compo-
nents as R = (Rx,Ry,Rz)T. A new Cartesian coordinate
system X;® = (X;%,Y;%,Z;%) is constructed in which the fiber
axis coincides with the Zs axis. The transformation matrix
is given as
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cosfcos ¢ cosfsing —siné
T =} —sin ¢ cos ¢ 0

sinfcos¢ sinfsing cosb
where
cos 6 = Rz/R
cos ¢ = Rx/R sin @
R = (Rx%2+ Ry?2+ Rz%)1/2

The original fractional coordinate, say of the jth atom, is
transformed to the new Cartesian coordinate as

X}‘S = TUX}'

For an arbitrarily chosen reference atom the above trans-
formation is applied to xo = (x0,¥0,20)T, Xo = (xo + 1, yo,
29)T, and x, = (x0,y0 + 1,20)T, giving Xo*, X,*, and X;*
from which the subcell dimensions are deduced as

a;=a,bs=b,¢cs =R

cos as = (Zp® — Zo%) /b,

08 Bs = (Z4° — Zo®)/a,

cos vs = {(Xa® = Xo)(Xp® — Xo%) +
(Vo8 — YW Yo® — Yoo) + (Za° = Zo®)(Zb® — Zo®)}/ashs
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Copolymers of Styrene—a-Methylstyrene and Their
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ABSTRACT: Seven triblock copolymers of styrene-a-methylstyrene were prepared via anionic polymerization.
Two types of block structures, ASA and SAS, were made. By the use of the Time Temperature Superposition Prin-
ciple, stress relaxation isotherms of these block copolymers were readily shifted into smooth viscoelastic master
curves. The shift factor data of all the block copolymers follow the classical WLF equation. Loss tangent data ob-
tained by dynamic mechanical measurements show only one glass transition in each of these block copolymers, thus
indicating the homogeneous nature of these materials. From the master curves, maximum relaxation times (7.)
were determined by the Procedure X method of Tobolsky and Murakami. These maximum relaxation times were
found to vary as a function of copolymer composition and block structure. Comparison with r,’s computed from
molecular theory was satisfactory. Viscoelastic data of polyblends of the block copolymers with their respective ho-
mopolymers indicate that they are all homogeneous, except for the blend of an ASA triblock copolymer with poly(a-

methylstyrene) which shows some signs of heterogeneity.

It is now well known that most block copolymers show
microphase separation as a consequence of their positive
free energy of mixing between the polymeric blocks. Be-
cause of this heterophase nature, many unique properties
have been found to be dramatically different from those of
the homogeneous homopolymers. For example, the visco-
elastic behavior of heterophase block copolymers has been
found to be thermorheologically complex.}:? However, a

limited number of block copolymers are known to show no
microphase separation, for example, the styrene-a-methyl-
styrene system.?-8 It is therefore of interest to examine the
properties of such homogeneous block copolymers in order
to compare with those of the heterogenous ones.

An additional motivation to study these materials was
provided by the recent interest in the molecular theoretical
investigations of the viscoelastic properties of block copoly-



