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The purpose of the present note is to suggest an inter-
pretation of compatible block copolymer glass transition
temperatures (T,) within the framework of T, theories,
based on a diad model for common random copolymers
By diad model we mean adopting diad monomer sequences
as a unit for describing the sequence distribution of a
given copolymer The theories due to Barton? and to
Johnston® are known empirically to be ade%uate for pre-
dicting the random copolymer T values.*”" These the-
ories have recently been shown to be capable of predict-
ing, with mrmmum data, alternating copolymer T, val-
ues as well.®® This is natural because the alternating
copolymer is merely one of the equimolar copolymers whose
sequence distribution may be characterized with the Har-
wood-Ritchey run number, R, of 100.}°® Similarly, these
theories must be able to predict the T, values of di- and
multiblock copolymers having R values close to zero. The
definition and characteristics of R can be seen in the
literature.®1°

New formulations of the copolymer T, equations of
Barton and of Johnston have been derlved previously.®®
Those for the Barton equation are as follows:

T, = maTyas + mpTgap + (R/100)(Tpupg - T) (1)
with )
T, = (Toan + Typp)/2
Ty = myTeps + mpTgp + (R/R*)[T,(R*) - T,] (2)

Here, T, is the glass transition temperature of a copoly-
mer composed of monomers A and B, having composi-
tion and sequence distribution spemfled by the values of
m and R, respectively. Ty as and T, gp are the T, values
of the homopolymers of A and B, respectlvely, and TzAB
is the T, values of the correspondlng strictly alternating
copolymer my is taken, as before, as the mole fraction
of monomer A. R* is the maximum value of R expected
for the equimolar random copolymer.'® The above expres-
sions show the dependence of copolymer T, on composi-
tion (m) and sequence distribution (R). Accordingly, a
three-dimensional plot would be well suited to represent
the T, values, an example of which is schematically illus-
trated in Figure 1.

The usual plot of T, against mg may be considered a
projection of the pred‘rcted curve on the T,-mp plane.
Another projection of it on the R-mg plane shows the
variation of R with composition. The third projection of
it on the T,~R plane has been recommended as the one
to use, because certain mathematical characteristics of
the Barton equation become apparent.? On a plot of T,
against R, three points of T,, T,(R*), and T,z are on a
straight line, and this line may ‘e considered a locus of
the T, values of hypothetical equimolar copolymers with
varymg degrees of sequence dlstrxbutlon This has been
conflrmed in part in a previous paper® by use of litera-
ture data.!!

Similarly, the line connecting T,,, and T,gg may be
considered a locus of the T, values %compatlbgle (di)block
copolymers with varying degrees of composition and a
sequence distribution of R = 0. A line parallel to this

0024-9297/90,2223-1877$02.50/0

TgAAf=

Figure 1. Three-dimensional representation of the prediction
of the Barton equation for random copolymer T,.

Table I
Characterization Data of Styrene-a-Methylstyrene
Multiblock Copolymers by Phalip et al.!

109%M,° meys N° R° Ty /K m'g® deviation/%
2.4 0.40 5 23 406.2 0.380 -5
1.9 0.47 11 6.2 4082 0.413 -12
7.0 0.60 7 L1 4242 0.639 7
2.7 0.74 17 7.2 4312 0.748 1
2.6 0.83 7 31 4342 0.787 -5

¢ The number-average molecular weight. ® Total number of blocks.
¢ R = 100N/DP; DP = the average degree of polymerization. ¢ Es-
timated from the 7}, positions on a plot of T, against R.

but shifted to R = R’ could be a locus of the T, values of
compatible multiblock copolymers with a flxed sequence
distribution of R’ and composition varying in a range spec-
ified by the two random copolymers having the corre-
sponding sequence distribution. These deductions will
be compared with the literature data for compatible block
copolymers.

Such data are unfortunately rare in the literature. Nev-
ertheless, to our knowledge, the T, data for styrene (S)-
a-methylstyrene (aMS) block copolymers reported by Pha-
lip et al.!? and that cited therein'® seem satisfactory for
analysis.'* Their samples are of the multiblock type; the
characterization data of those samples are reproduced
in Table I. The T, data are plotted against m g in Fig-
ure 2. Two data poxnts for diblock and random copoly-
mers are also included and compared with the theoreti-
cal predictions of the Barton equation for the correspond-
ing types of copolymers. For the prediction of the random
copolymer T, values of R and T,up (or Ty (R*)) are
required. The former was calculated i)y usmg the reported
values of the monomer reactivity ratio r:® rg = 1.124 and

ravs = 0.627.® By use of the T, data of S-aMS random
copolymers,'® the latter was estitnated to be 406.1 K from
the slope, (T, - T,ap) /100, of a plot of (m,Tyas + mpTepp
-T,) agamst R.

It can be seen from Figure 2 that the data for both the
block and random copolymers are in reasonable accord
with each of the lines theoretically predicted. As is clear
from this figure, this copolymer system is not predicted
to show significant deviation of the random copolymer
T, values from the line connecting the two homopoly-
mer T, values, i.e., from the simple additivity rule. This
may be conflrmed in terms of the closeness of the ran-
dom copolymer T, to the T, values of the multiblock
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Figure 2. Plots of T, against m s for styrene—a-methylsty-
rene diblock (8),' multiblock (03f,1 and random (0)'5 copoly-

mers and for the two homopolymers together (@)% with the
predictions of the Barton equation for block copolymers with
R = 0 (—) and for random copolymers (- -).
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Figure 3. Plots of T, against R for styrene—a-methylstyrene
copolymers together with the predictions of the Barton equa-
tion for block copolymers with fixed values (0, 6, and 30) of R
(—) and for random copolymers (- -). For each symbol, refer
to Figure 2.

copolymers having comparable compositions. This type
of plot seems inadequate for investigating possible effects
of small differences in sequence distribution on copoly-
mer T

In Flgure 3, the copolymer T, values observed are plot-
ted against the R values calculgated for the samples. An
equation used for the calculation is given as a footnote
of Table I. The T, values of multiblock copolymers hav-
ing a fixed sequence distribution are represented by ver-
tical lines with both ends on the T, curve predicted for
the corresponding random copolymers It is seen on this
plot that the multiblock copolymer T, values occupy a
space markedly different from that the random copoly-
mer T, values do.

The multiblock copolymers analyzed here are differ-
ent both in composition and sequence distribution. Three
data points above the dash-dot line have compositions
of m_mg > 0.5, while the three others below the line have
compositions of m g < 0.5. The small differences in
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sequence distribution of the samples are realistically mag-
nified on this plot. Overall, it can be said that the T,
data are neatly mapped on this figure. The degree o%
validity of such a plot of multiblock copolymer T, val-
ues could be checked from a comparison of the compo-
sition estimated from the relative position of a T, point
on the line with the observed one.

Consider a predicted T, line at the R value of 30, for
example. Both ends comclde with the T values of ran-
dom copolymers with compositions of m g = 0.17 and
0.83, and this line is divided linearly by the difference in
the two compositions Then, the composition of a sam-
ple whose T, point is on the line can be read with such
a measure. fn fact, however, the composition was calcu-
lated in terms of the T, and m s values predicted for
the random copolymers havmg the correspondmg sequence
distribution. The results are shown in Table 1.

It is seen that the m g values estimated agree fairly
well with the observed ones. Indeed, a deviation as large
as 12% is seen in the worst case. Yet it should be noted
that the transitions observed in block copolymers are
apparently broad, and a 1-deg error in the T, determi-
nation yields a 3% deviation in composition. Vﬁhen these
unfavorable conditions are taken into account, it may be
said that the analysis and understanding of compatible
multiblock copolymer T, values stated above are practi-
cally reasonable.

Other T, data, determined by Baer'® and by Hansen
and Sheng1 on S-aMS block copolymers have been
reported to be approximately proportional to the con-
tent of one component. These findings are seen to fur-
nish additional evidence for the present analysis. So far,
use has been made of the new formulations of the Bar-
ton equation, but this is only for the sake of conve-
nience. Those of the Johnston equation can also be used
for the same purpose, for both equations are known to
be equally adequate in most cases: which equation is more
adequate is a crucial and yet unsettled question related
to the molecular mechanism of the glass transition.

In conclusion, by means of theories based on a diad
model, compatible multiblock copolymer T, values are
predicted and understood as well as the ordlnary ran-
dom copolymer T, values.
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Introduction

Various experimental studies have revealed the exist-
ence of local orientational correlations between mole-
cules in a large variety of systems. For example, short-
range order has been detected by depolarized Rayleigh
scattering and Raman spectroscopy in n-alkane liquids.'™
Deuterium magnetic resonance studies have also shown
that solvent molecules, even those of nearly spherical shape,
as well as oligomers are oriented in deformed net-
works.>® Free polymer chains dispersed in a deformed
network also exhibit a segmental orientation’ even though
their overall dimensions remain isotropic.® An abnor-
mally high orientation of a fluorescent molecule, covalently
incorporated in a polyisoprene network®!? or at the end
of a dangling chain,'! has been detected by fluorescence
polarization measurements. The orientational behavior
of both rigid!? and flexible!® free probe molecules has
also been related to the probe geometry.

The possibility that the same kind of interaction miiht
exist in polymer melts has been recently put forward.!*16
Infrared dichroism measurements on isotopically labeled
block copolymers of linear and star polystyrenes have
shown a higher orientation of the ends of the arms of the
stars relative to that of linear chains.'* Recent results,
obtained by using an infrared dichroism based rheoopti-
cal technique,'€ also indicate that in a bimodal blend the
relaxation of the short chains after a step—shear was slowed
down when the concentration of the long chains was
increased. These observations cannot be accounted for
by the tube theories,'”'® even if constraint release
effects?®> 2 are taken into account. To explain these results,
a nematic-like interaction between chain segments in the
melt has been proposed. The influence of this interac-
tion on the relaxation dynamics has been theoretically
treated independently by Merrill et al.2* and Doi et al. %

The aim of this note is to present further evidence of
this orientational coupling between chains in deformed
melts and to test the recent theoretical modeling of this
phenomenon. To this end, infrared dichroism measure-
ments have been performed on blends of deuteriated short
PS chains (M < M,) and nondeuteriated long PS chains
(M » M), where M, is the molecular weight between
entanglements. Such a technique has recently proved
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Registry No. (S)(aMS) (block copolymer), 108080-90-6.

Table I
Characteristics of the Different Polymers
material 107°M, M. /M,
PS160 1.63 1.1
PS1000 11.90 1.4
PSD10 0.10, 1.07
PSD27 0.27 . 1.06

to be powerful for the study of the dynamics of relaxing
systems, %2627

Experimental Section

Blends containing 15 wt % deuteriated short PS chains in
long-chain PS matrices were studied. This composition was cho-
sen to ensure a reasonable accuracy in the dichroism measure-
ments especially for the deuteriated species without having con-
centrations of the short chains which were too high. The char-
acteristics and designation of the short chains and matrices are
given in Table I. The mixtures were prepared by dissolving a
weighted amount of the individual components in distilled ben-
zene at a total polymer concentration of 6% . The polymer films
were prepared according to a well defined procedure.4262® The
glass transition temperature T, of the resulting films was 108
= 1°C. Nodrop of T, with respect to the long-chain homopoly-
mer has been detected due to the presence of deuteriated short
chains.

Films were uniaxially stretched up to a draw ratio A = 4, at
a constant strain rate of 0.1 s and at a temperature of 115 %
0.4 °C. The films were held at fixed strain and allowed to relax
for a given aging time.?® They were then quickly quenched to
room temperature. Short and long times have been reached by
varying the stretching temperature and applying time—temper-
ature superposition.}+2?

The orientation of the PS chains and of the deuteriated spe-
cies was obtained by using a Nicolet 7199 Fourier transform
spectrometer, according to a method detailed in the lit-
erature.'*?¢ The orientation is quantified in terms of the sec-
ond moment of the orientation distribution function, (P,(cos
6)) = (1/2)(3 cos® 8 - 1), where 8 is the angle between the chain
axis and the stretching direction. We estimate that our exper-
imental uncertainty is £0.005 P, units.

The possibility of a phase separation of the samples in this
binary isotopic mixture®® seems unlikely because of the rela-
tively high value of the x parameter for the single-phase sta-
bility (x, = 3.3 X 107%) due to the combinatorial entropy of the
low molecular weight deuteriated species. We also do not believe
the segregation is due to stretching®® since the critical draw ratio
would be on the order of 30.

Results

Hereafter, the orientation of the long and short chains
is reported as a function of the aging time ¢ at 115 °C
and expressed in seconds.

The relaxation of both components of the blend PS1000-
PSD10 (with a volume fraction of short chains ¢, = 0.15)
is presented in Figure 1. The long chains undergo a rapid
relaxation at short times -1 < log t < 1.5 and a much
slower one at longer times. Their orientation seems to
go through a plateau in the time scale 2 <log t < 4. The
orientation of the short chains is always significantly lower,
but their relaxation shows a behavior rather similar to
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