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Configurational Characteristics of Thermotropic Polymers

Comprising Rigid Groups Connected by Polymethylene Spacers
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ABSTRACT: The distribution of chain sequence extension, calculated by using rotational isomeric state (RIS)
models, is compared with isotropic-nematic transition characteristics for a number of thermotropic polymers
comprising rigid groups connected by polymethylene (PM) spacers. This distribution depends strongly not
only on the even—odd character of the number of methylene units of the spacers, but also on the specific groups
(or atoms) connected at the ends of PM spacers. When PM spacers are attached to a linear rigid unit (LR)
by LR—0—PM or LR—0(0=)C—PM linkage, chains having even-numbered methylene spacers exhibit a
significant population of highly extended conformers, favorable for packing, which allow nearly parallel alignment
of rigid units along the major extension axis; they also lower significantly the internal (conformational) energy
below the average energy. Chains with odd-numbered methylenes attached in the same way offer few conformers
in which the polymer as a whole is highly extended; furthermore, the energies of the relatively extended
conformers are only slightly lower than the average and they place the rigid units tilted by ca. 30° from the
major extension axis. When PM spacers are attached by LR—C(=0)O—PM linkage, on the other hand,
the population of extended conformers is reduced significantly for the chains with even-numbered methylene
spacers. When compared with those of odd-numbered methylene spacers linked in the same way, they exhibit
even smaller fractions of relatively extended conformers and the lowering in the energy of extended conformers
relative to the average energy is smaller, reversing the typical even—odd effects. These characteristics of chain
sequence extension and extended conformers relate very closely to the experimental results of isotropic-nematic
transition characteristics of these polymers. This finding therefore shows very clearly the critical importance
of highly extended conformers and their preferential selection in forming nematic states and thus supports
the view that emphasizes the steric repulsive forces in considering the stability of ordered states of chain
molecules. Furthermore, the detailed conformational order of PM sequences in nematic states is then deducible
by matching the experimental results of enthalpy and entropy changes with those estimated from the con-
formational selection on the basis of chain sequence extension.
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Introduction

The mesomorphic state, or liquid crystalline state, of
bulk polymers has been a subject of very intense investi-
gations in recent years, in view of the scientific and tech-
nological importance associated with this class of poly-
mers.2 Among the various mesomorphic polymers, the
thermotropic polymers comprising rigid groups connected
by flexible spacer groups in the chain backbone have been
studied most prominently due to the presence of well-
defined isotropic-mesomorphic transitions that are easily
accessible to most experimental studies.>'! Moreover,
since the chemical structures of these polymers represent
a small departure from conventional flexible polymers, the
nature of their mesomorphic states is very closely related
to the more general subject of disordered vs. ordered states
of polymers in condensed states.

A large number of studies carried out on this class of
polymers show unambiguously the critical importance of
the spacer and the groups (or atoms) connecting it to a
rigid group. When the polymethylene (PM) spacers are
attached to a linear rigid group (LR) by LR—O—PM or
LR—O(0==)C—PM linkage (see Figure 1a,b), the nematic
states occur readily, and the enthalpies and the entropies
of isotropic-nematic transitions of these polymers are
much larger,5%!! by 5-10 times, than those of the corre-
sponding monomeric liquid crystals. Moreover, the en-
thalpy and entropy changes are much larger for the chains
with even-numbered methylene spacers than those with
odd-numbered methylenes.357 On the other hand, when
the PM spacers are attached by LR—C(=0)0—PM
linkage (see Figure 1c), the tendency to form a nematic
state is significantly suppressed.®® Furthermore, when a
nematic state occurs, the even—odd effect of the PM spacer
is reversed; the enthalpies and the entropies of the tran-
sition are smaller for the chains having even-numbered
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methylene spacers than those with odd-numbered me-
thylenes.1?

These results indicate that flexible spacer groups do not
play the role of solvents, but rather participate actively
in the ordering process. However, how the specific details
of the spacer and the connecting group contribute to the
isotropic-nematic transitions and what are the confor-
mations of PM spacers in the nematic state are not un-
derstood. Recently, Abe'? pointed out that the orienta-
tional correlations of the two successive rigid groups de-
pend strongly on the even—odd character of the intervening
PM spacer between them, but not on the connecting group
(i.e., LR—O(0=)C—PM vs. LR—C(=0)0—PM linkage).
Moreover, the transition entropy estimated by selecting
chain conformations on the basis of orientational corre-
lations of rigid groups is found to be much smaller than
the experimental results.’> Therefore, orientational cor-
relations of rigid groups, although they are undoubtedly
important, do not seem to be the most predominant factor.

In this regard, it is important to note that the total
partition function of a bulk system of chain molecules may
be factorized into three contributions as'®

Z’I‘ = ZstZeanonf (1)
where Z,, denotes the steric exclusion (excluded volume
effect), Z,, is the orientation-dependent (anisotropic) at-
traction, and Z, represents the configurational degrees
of freedom. Here the contributions from the orientation-

dependent steric exclusion and the anisotropic interactions
may be expressed by'*

-ln Z; ~ X[%(sin Ty - %(sin ) In (%(sin \I/))]
2
-In Z, > %X (T*/T)(1 - %(sin? ¥)),? (3)

where X is the ratio between the contour length and the
mean diameter of the chain, ¥ is the angle between a chain
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Figure 1. Schematic diagrams of the three types of thermotropic
polymers comprising linear rigid groups connected by poly-
methylene spacers. They are distinguished by the groups (or
atoms) attached at the ends of polymethylene sequences, as shown
by the dashed lines in each diagram.

segment and the macroscopic orientation axis, and T*
denotes the magnitude of orientation-dependent attrac-
tions per chain length of unit axial ratio. The brackets in
eq 2 denote averaging over all chain segments, whereas the
brackets with subscript r in eq 3 represent averaging over
rigid units only, which are the major source of anisotropic
interactions.

The occurence of ordered states of chain molecules is
thus driven by the reduced steric exclusion and more fa-
vorable intermolecular attractions, at the expense of de-
creased configurational degrees of freedom. In this regard,
theoretical considerations'®!® show that in the case of high
molecular weight systems the steric contribution is most
predominant owing to the difficulty of packing long-chain
molecules in a disordered array. (For flexible polymers,
of course, this packing difficulty is compensated by an
enormous diversity in available chain configurations.!®)
Consequently, a stable ordered (nematic) state of long-
chain molecules is subject to the condition that the value
of (sin ¥) of the chain can be decreased substantially
without causing an excessive reduction in the concomitant
configurational partition function, according to eq 2.

The foregoing considerations then suggest that the
tendency, or probability, of chain sequences to assume
highly asymmetric extended configurations is most critical
to forming a nematic state. In this paper we thus examine
the distribution of chain sequence extension for the three
types of polymers shown schematically in Figure 1. Since
our main emphasis is to investigate the effect of even—odd
character of the polymethylene (PM) spacer and the
contribution of the connecting group at the ends of the PM
gpacer, the details of the linear rigid (LR) groups are not
critical; they are chosen in consideration of available ex-
perimental results for a later purpose. In type I polymers
the PM spacers are attached by —O- linkage to the LR
group. The type II polymers have LR—0(0=)C—PM
links, whereas in type III polymers the ester unit con-
nection is reversed to LR—C(=0)O—PM. The average
internal (conformational) energy and the orientational
correlations of rigid units are also calculated as functions
of chain sequence extension in order to obtain detailed
characteristics of extended conformers.

Computational Method

Geometrical and Conformational Parameters. The
bond geometries used here are taken mostly from the
crystal structures of phenyl benzoate!® and p-azoxyanisole!’
and are listed in Table I. The ester and the azoxy groups
are in the trans conformation. In type I polymers (see
Figure 1a), the torsional angles involving phenylene groups
are taken to be ¢; = 0, ¢, = £65, and ¢; = 0 or 180°.8 The
rotations of CgH,~O+CH,-CH, bonds in polymer I are
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Table 1
Bond Geometries

bond length, A bond angle, deg

Cer—Cer 1.39 Cer—Cer—(C# 120
Cr—C 1.51 C¥—C*—0 112
Cer—N 1.49 Cer—Q—C* 116
Cr—O0 1.44 Cr—0—C 112
C—C 1.53 Co—N(0)=N 112
C—0 1.44 Cr—N=N(0) 115
C*—0Q 1.35 Cc—C—C 112
N=N 1.22 C*—0—C 114

0—C*—C 112

0—C—C 112

¢The asterisk denotes the carbon of the carbonyl group.

Table II
Torsional Angles and First-Order Interactions

first-order
interaction, keal

bond® gauche state, deg mol™?
0-C—C-C 120 0 (-0.40)®
Cc-C—C-C 112.5 0.50
C*-0—C-C¢ 104 0.35
0-C*—C-C 120¢ 1.02
C*-C—C-C 110 0.39

2The torsional angle denotes the rotations around the bond
shown by long lines, ®For polymer III, both values were used as
the two limits.?® The calculations of polymer I and II are carried
out taking 0, since the results are scarcely dependent on this pa-
rameter. ° The asterisk denotes the carbonyl carbon. ¢The three-
state rotational isomeric state model of Abe!® is adopted here.

Table 111
Second-Order Interactions®

second-order ineraction,

kcal mol™!
bond pair g*g* g*g™
0-C—C—C-C 0.0 0.50
C-C—C—C-C 0.0 2.0
C*-0—C—C-C? 0.0 very large*
0-C*—C—C-C -0.53 very large
C*-C—C—C-C 0.0 very large

2The two bonds around which the rotations occur are designated
by long lines. ®The asterisk denotes the carbonyl carbon. ¢These
states are assigned a statistical weight of 0.

assumed to be in the trans conformation in view of severe
steric repulsions involving the phenylene and the methy-
lene group in the gauche states. In type II polymers (see
Figure 1b), the torsional angles involving the phenylene
and the azoxy groups are taken to be ¢, = 0 and ¢ = £36°,
respectively, from the results of 'H NMR spectra analyses
of this polymer,'® and ¢; = £65° from its correspondence
to ¢y in polymer I. The torsional angles involving the
phenylene groups in type III polymers are taken from the
corresponding angles in the type I and type II polymers.

The torsional angles of trans conformations involving
spacer groups are taken to be zero, and the torsional angles
of the various gauche states are designated in Table II.
Also listed are the first-order interactions denoting the
energies of gauche conformation relative to that of trans
for the various bonds considered here. The second-order
interactions denoting the extra energies in the double-
gauche (gg) states of same and opposite signs, respectively,
due to the interactions involving pairs of groups or atoms
separated by four skeletal bonds are listed in Table III.
All the values are taken from the recent investigations of
Abe!?!® by relating his energy parameters to this conven-
tional form. In view of the critical importance of the
first-order interaction of the O—~CH,3¥CH,—CH, bond (see
below) in the case of polymer III, the two limiting values?
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Figure 2. (a) Distribution of chain sequence extension calculated
for polymer I with (CH,),, spacer at T = 500 K. (b) Orientational
correlations of rigid units with the major extension axis and the
average internal (conformational) energy as function of chain
sequence extension; the dotted line denotes the average energy
of all conformers.

of 0 and 0.4 kcal mol™ are considered in the calculations
of polymer III. In the case of polymer I, the key results
are scarcely dependent on this interaction, and it is taken
to be 0.

Computational Procedure. In our calculations all the
possible conformations are considered by enumeration of
all the rotational isomeric states. For each conformation
the major extension axis a is defined from the two vectors
representing the two rigid groups attached at the ends of
the spacer (e.g., 0,—0, and O;—0, in Figure 1a) by diago-
nalizing the tensorial sum of the self-direct products of
these vectors. The projection of the repeat unit vector (e.g.,
0,-0; in Figure 1a) along this axis is defined as the repeat
unit extension d,, and the angle between the major ex-
tension axis and each rigid group vector is then defined
by ®. (The repeat unit here refers to a rigid group and
a spacer sequence.) The distribution of d,, is then deter-
mined in the form of a histogram for each integer values
of d, by summing the statistical weights of all conformers
with their repeat unit extensions in the interval between
d,-0.5 A and d, + 0.5 A and normalizing it with respect
to the total. The average internal (conformational) energy
and the average orientational correlation of rigid units
along the major extension axis, 1 — 3/2(sin? &), are also
computed for each interval of d,.

Numerical Results

Polymer I. The results obtained for polymer I with
(CHy), spacer (see Figure 1a) are plotted in Figure 2. The
repeat unit extension has a very striking distribution, ex-
hibiting a well-defined peak at the maximum extension at
d, = 23 A, which comprises ca. 10% of the total conformer
populations. This group of fully extended conformers
place the two rigid groups connected by the PM sequence
parallel to the major extension axis, as shown by the values
of 1 - 8/2(sin? ®) in Figure 2b. Furthermore, the average
conformational energy of these conformers is substantially
lower, by ca. 1.0 kcal per mole of repeat unit (mru), than
the average energy denoted by the dotted line in Figure
2b.

The results of Figure 2 show that nearly all the con-
formers with d, = 18 A place the rigid groups parallel to
each other. In terms of orientational correlations of rigid
units, they are sharply distinguished from the remaining
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Figure 3. Schematic drawing of the set of conformers exhibiting
the maximum extension (d, = 23 A) in Figure 2a. The bonds
designated by t assume exclusively the trans conformation, and
the bold lines with arrows indicate the bonds around which the
trans, gauche®, and gauche™ states are allowed in proportion to
their statistical weights.

conformations for which the orientational correlation (1
- 3/2(sin® ®)) is decreased to ca. 0.4. This is identical with
the result found by Abe,!2 who observed a well-separated
bimodal distribution in orientational correlations of two
rigid groups connected by even-numbered methylene
spacers. The results of Figure 2 also show, however, that
the conformers allowing parallel alignment of rigid units
can be further distinguished according to their chain se-
quence extensions, or shape anisotropies.

Careful examination of the conformers with extreme
extension (d, = 23 A) reveals that they are made up of a
unique set of conformations that adopt exclusively the
trans state at evey second bond starting from the O—-CH,
bond adjoining the phenylene, as shown schematically in
Figure 3. The bonds between these exclusively trans
bonds are free to adopt the normal trans, gauche*, and
gauche™ conformations in proportion to their statistical
weights. Because of the nearly tetrahedral bond geome-
tries involved, all the conformers of this kind allow not only
parallel alignment of rigid units, but also maximum ex-
tension of the chain sequence along this alignment axis.

The presence of this set of conformers, which offer high
chain extension and parallel alignment of rigid groups
without incurring excessive reduction in the configurational
partition function, will help promoting a stable nematic
state. It is also most likely that these conformers will be
preferred over the others in a nematic state. The enthalpy
of the resulting isotropic—nematic transition of the polymer
will then have a significant contribution from this con-
formational selection owing to the large change in the
internal (conformational) energy of the PM spacers.
Consequently, the transition enthalpy of the polymer will
be considerably larger than that of the monomeric liquid
crystal. This deduction follows very closely, qualitatively
at least, the experimental result of polymer I with (CHy)o
spacer in comparison with that of the corresponding mo-
nomer.!!

The results of the chain sequence containing (CH,),
spacer are shown in Figure 4. In sharp contrast to the
results in Figure 2, the fraction of highly extended con-
formers is quite small. Furthermore, the relatively ex-
tended conformers place the rigid units tilted by ca. 30°
with respect to the extension axis, with their orientational
correlations falling in the range of ca. 0.6. The average
energy of these relatively extended conformers, which
make up an appreciable fraction, is only slightly lower than
the average energy.

Polymer II. The conformer fraction, the orientational
correlation of rigid groups, and the average conformational
energy as function of repeat unit extension of polymer II
with (CH,), spacer are plotted in Figure 5. The results
are very close to those of polymer I shown in Figure 2; the
fraction of the conformers with extreme extension is only
slightly smaller and the difference in its energy compared
with the average is somewhat less. The results of the
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Figure 4. Distribution of chain sequence extension, and orien-
tational correlations of rigid units and the internal energy as
function of extension, calculated for polymer I with (CH,), spacer
at T = 500 K; see the caption of Figure 2.
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Figure 5. Distribution of chain sequence extension, and orien-
tational correlations of rigid units and the internal energy as
function of extension, calculated for polymer II with (CHy),, spacer
at T = 360 K; see the caption of Figure 2.
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Figure 6. Distribution of chain sequence extension, and orien-
tational correlations of rigid units and the internal energy as
function of extension, calculated for polymer II with (CH,), spacer
at T = 360 K; see the caption of Figure 2.

polymer with (CH,)g spacer shown in Figure 6 are also very
close to those of the corresponding polymer I in Figure 4;
the distribution is only slightly broader.
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Figure 7. Distribution of chain sequence extension, and orien-
tational correlations of rigid units and the internal energy as
function of extension, calculated for polymer III with (CH,),,
spacer at 7' = 400 K. The first-order interaction E, denoting the
energy of gauche relative to trans conformation of the O-
CH,+CH,~CH, bond is taken to be 0; see alsq the caption of Figure
2.
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Figure 8. Distribution of chain sequence extension, and orien-
tational correlations of rigid units and the internal energy as
function of extension, calculated for polymer III with (CHy),o
spacer at T = 400 K taking E, = —0.4 kcal mol™ for the O-
CH,#CH,~-CH, bond; see the caption of Figure 7.

The close similarity in the isotropic-nematic transition
characteristics between polymer I and polymer II is thus
followed by the similarity in their configurational char-
acteristics of chain sequence extension. Furthermore, the
strong dependence of the transition enthalpy of polymer
IT on the even—odd character of the PM spacer® is matched
closely by the characteristics of the extended conformers,
i.e., the energies of those extended conformers (that make
up an appreciable fraction) relative to the average energy
as well as the orientational correlations of rigid units with
respect to the chain extension (or alignment) axis that
determine the anisotropic attractions (see eq 3).

Polymer III. In this case the results are critically de-
pendent on the first-order interaction energy E, denoting
the energy of the gauche with respect to the trans con-
formation of the O-CH{CH,~CH, bond. This energy falls
between 0 and —0.4 kcal mol™ according to the previous
investigations of chain conformations of poly(trimethylene
oxide).”® Because of this uncertainty the two limiting
values are considered in our calculations. The results of
the polymer with (CH,),, spacer computed taking E, = 0
and ~0.4 kcal mol™ at 400 K are shown in Figures 7 and
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Figure 9. Distribution of chain sequence extension, and orien-
tational correlations of rigid units and the internal energy as
function of extension, calculated for polymer Il with (CH,)g spacer
at T = 400 K taking E, = ~0.4 keal mol™ for the O-CH,+CH,—CH,
bond; see the caption of Figure 7.

8, respectively. The distributions of chain sequence ex-
tension, especially the fraction of highly extended con-
formers, are critically dependent on the value of E,.
However, it is evident that within the allowed range of E,
the fraction of highly extended conformers is considerably
smaller than that of the corresponding polymer II (see
Figure 5). Moreover, as the results of Figure 8 demonstrate
most strikingly, the average energy of relatively extended
conformers might be even higher than the average energy.
Lack of highly extended conformers of appreciable popu-
lation therefore suggests that it will be less likely to form
a nematic state of this type of polymer. Furthermore,
when a nematic state occurs, the transition enthalpy will
have a very small contribution, if any, from the confor-
mational energy of the PM spacer.

This rather drastic consequence of LR—C(=0)0—PM
linkage can be traced to the first-order interaction of the
O-CH$CH,~CH; bond. That is, the highly extended
conformers of the type shown in Figure 3 place the two
O-CH$CH,-CH, rotations at both ends of the PM se-
quence in the trans state. As the negative sign of E_ in-
dicates, the energy of the trans conformation of this bond
is higher than that of the gauche state. This situation is
in sharp contrast to that of polymers I and II with even-
numbered methylene spacers, where the energies of the
trans bonds of highly extended conformers are always
lower than those of alternate gauche states.

In the case of polymer III with (CH,), spacer, the results
are only slightly dependent on E, within the allowed range.
The values calculated taking E, = —0.4 keal mol™, plotted
in Figure 9, are rather close to those of the corresponding
polymer II (Figure 5); the distribution is somewhat broader
and the lowering in the energy of the relatively extended
conformers from the average is slightly smaller. Therefore,
in the case of PM spacers of odd-numbered methylenes
the difference between the LR—O0(0=)C—PM and
LR—C(=0)O—PM linkages is much less pronounced
than that of the even-numbered methylenes. For the chain
sequences with odd-numbered methylene spacers, the
average energy of relatively extended conformers is defi-
nitely lower than the average, while this may not be the
case for the even-numbered methylenes.

Therefore, the enthalpies of the isotropic—nematic
transition of type III polymers might become larger for the
chains with odd-numbered methylenes than those with
even methylenes, reversing the ordinary even—odd effect.
This deduction, based on the characteristics of extended
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conformers, follows closely the experimental results re-
ported for the isotropic-nematic transitions of the poly-
mers comprising the repeat units of'?

Q 0 0 o]
| C IL@II C I
ocC oc co CO—(CHz)p

Moreover, the general difficulty of finding nematic states
of type III polymers with even-numbered methylene spa-
cers®® relates very closely to the lack of extended con-
formers of chain sequences of this type.

Discussion

The results presented above indicate very clearly the
critical importance of highly extended conformers and
their preferential selection in forming nematic states of
polymers and thus strongly support the view that em-
phasizes steric repulsive forces in considering the stability
of ordered states of polymers. The tendency to favor
highly extended conformers is dependent on the detailed
conformational characteristics of the chain sequence, which
in turn depends not only on the chemical structure of the
spacer, but also on the groups (or atoms) connecting the
spacer to the rigid group. Moreover, the enthalpy and the
entropy (see below) of the isotropic-nematic transition
seem to reflect strongly the conformational ordering of the
spacer group in the nematic state.

The specific conformational order in the nematic state
may then be inferred by matching the experimental results
of the transition enthalpy and entropy. For polymer I with
(CH,)yo spacer, it was pointed out previously!! that the
enthalpy of the isotropic-nematic transition is much larger
than what can be expected from the orientational order
alone, upon comparing the enthalpy change and the order
parameter of the polymer with those of the corresponding
monomer. Hence, an additional contribution to the en-
thalpy change from the increased trans bond fraction of
the spacer in the nematic state was implied.

Specifically, the experimental results!'! show that AH ~
0.18 kcal mol™ and s =~ 0.37 for the monomer, and AH ~
1.56 kecal per mole of repeat unit (mru) and s =~ 0.75% for
the polymer. Therefore, the enthalpy change due to an-
isotropic interactions in the polymer is estimated to be ca.
0.74 kcal (mru)! according to eq 3. This estimate is an
upper bound, however, since it assumes that the enthalpy
change of the monomer is entirely due to the orientational
order and thus ignores any contribution from the con-
formational part. The enthalpy change due to confor-
mational ordering in the polymer should then be ca. 0.82
kcal (mru)? at a minimum. This estimate is matched
closely by the difference in the energy of the fully extended
conformers (with d, = 23 A) from the average, which
corresponds to 0.98 kcal (mru) according to the results
plotted in Figure 2.

In addition, the entropy change due to the restriction
of chain conformations in the nematic state to this set of
conformers can be estimated from

ASC = _kB In fN + Ah/TNI (4)

where fy is the fraction (in partition function) of the
conformers allowed in the nematic state, Ah denotes the
lowering in the energy of these conformers from the av-
erage energy, and T’y is the transition temperature. The
entropy contribution from the steric exclusion may be
estimated from eq 2. For this calculation, the value of (sin
¥) is averaged over the rigid and spacer groups with
weighting factors in proportion to their contour lengths.
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Table IV
Calculated and Experimental Values of Enthalpy and Entropy Change at Isotropic-Nematic Transition of Polymer I with
(CH,),( Spacer

confor- anisotropic total

mations interactions steric’ (caled)® expt?
AH, kecal (mru)™t 0.98 0.74 1.72 1.56
AS, cal (mru)! K! 6.3 -3.3 3.0 3.2

¢ All the calculations are carried out at 7' = 500 K. ®The values are taken from ref 11. °The axial ratio of the repeat unit is ca. 5.3.

Table V
Calculated and Experimental Values of Enthalpy and
Entropy Change at Isotropic-Nematic Transition of
Polymer I with (CH,), Spacer

anisotro-
pic
conform- interac- total,
ations tions  steric® (caled)® expt®
AH, keal 0.40 0.27 0.67 (0.60)
(mru)™!
AS, cal (mru)? 2.15 -0.63 1.52 (1.44)
K-l

3 All the calculations are carried out at T = 500 K. ®The values
are taken from the corresponding polymer II in ref 6; see the text.
¢The axial ratio of the repeat unit is ca. 5.0.

The calculation for the spacer group is carried out by
representing it as three linear segments with their ends
placed at the two terminal oxygens and the fourth and
eighth carbon from the initial oxygen; the contour length
of each segment thus approximates the mean chain diam-
eter of 4.6 A.1214 The total entropy change calculated in
this manner matches very closely the experimental result,
as shown by the comparison in Table IV. (The negative
value of the entropy change due to steric contribution
reflects the more severe steric exclusion in the isotropic
state.)

Hence, the experimental results of both enthalpy and
entropy changes suggest strongly that, in the nematic state
of type I and type II polymers with even-numbered
methylene spacers, the PM sequences assume highly ex-
tended configurations; they adopt exclusively the trans
conformation at every second bond starting from the first
bond which is not collinear with the rigid group, as drawn
schematically in Figure 3. Further confirmation of this
model is provided by ZH NMR measurements of polymer
I with (CD,),, spacer in the nematic state.? In the case
of type III polymers, such conformers place the two O-
CH,+CH,—CH, rotations in the trans conformation, which
is not a favored state for this bond.*® Consequently, the
nematic state of type III polymers with even-numbered
methylene spacers is less likely to form, and when it does,
the conformations of the PM group will depart consider-
ably from those represented by Figure 3.

The results of Table IV show that the entropy change
is also due primarily to the restrictions on the spacer
conformations in the nematic state. In this regard, the fact
that entropy changes at the isotropic—nematic transition
of polymer II with odd-numbered methylene spacers are
significantly smaller than those with even-numbered me-
thylenes suggests that the restriction on the spacer con-
formations of the nematic state is considerably less severe
for the odd-numbered methylenes. The entropy changes
estimated for polymer I with (CH,), spacer, assuming that
only the conformers with the repeat unit extension d, =
18 A are allowed in the nematic state, are listed in Table
V. The estimate of the corresponding enthalpy change,
assuming that the orientational order parameter of chain
extension axis a is identical with that of the polymer with
(CH,),, spacer, is also listed in the same table. The ex-

perimental results of this polymer are not available yet.
However, the calculated values may be compared with the
results of polymer II with (CH,)y spacer, since the ex-
perimental results of AH and AS for polymer I with (C-
H,),o are very close to those of the corresponding polymer
115 Both the enthalpy and entropy changes estimated in
this manner seem to reproduce the experimental values.

All the conformers thus considered to exist in the ne-
matic state of the polymer I (and polymer II) with (CH,)g
spacer are found to place the rigid units tilted by ca. 30°
from the axis of chain extension (and hence chain align-
ment). Therefore, in the polymers with odd-numbered
methylene spacers the degree of alignment of rigid units
will be different from the orientational order of the chain
sequences; the alignment of rigid units is expected to de-
crease to ca. 60% of that of chain sequences according to
the results in Figure 4b.

Finally, we would like to point out that the idea of
relating the characteristics of extended conformers to the
enthalpy and entropy changes of polymers at their iso-
tropic-nematic transitions suggests further interesting (and
different) results when the PM spacers are replaced by
other flexible groups, e.g., polyoxyethylene, poly(dimethyl
siloxane), etc. Therefore, future investigations in this
direction will be very helpful in establishing better un-
derstanding of the nature of liquid crystalline order in
polymers.
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ABSTRACT: The structural parameters of monodisperse AB diblock copolymer micelles in homopolymer
of type A are derived by minimizing a simple free energy expression. The core is found to consist almost
entirely of B blocks of the copolymer molecules, with radius Iz depending primarily on the degree of po-
lymerization of that block, Zgp. Ip scales as Iy « Z¢s*Zcg*, where Zg, is the dp of the copolymer A block,
0.67 S v $0.76, and u is small and negative, 0.1 < u 5 0. Similarly the corona thickness I, is found to depend
primarily on the copolymer A block, varying as Zc,, with 0.5 < w 5 0.86. The physical origin of these exponents
is discussed, and the stretching parameters of the polymer chains are obtained. The swelling of the corona
by homopolymer of low molecular weight (Zy, << Z¢,) is also described. The theory is applied to an analysis
of recent small-angle neutron scattering data for the polystyrene/polybutadiene system, and excellent agreement
with experiment is demonstrated. The critical micelle concentration is calculated and shown to be dominated
by an exponential dependence on x,pZcp, Where x4p is the Flory-Huggins interaction parameter. As a general
result, the importance of the copolymer composition is emphasized; every property of the system depends

on either Zg, or Zcg or both, but never on just the total molecular weight.

1. Introduction

Recent experimental work! on the structure of block
copolymer-homopolymer blends using small-angle neutron
scattering (SANS) affords a unique opportunity to test
modern theories of micelle formation in these systems.
Previously we have developed a simple model of AB di-
block copolymer micelles in selective small-molecule sol-
vents.2 In this paper our earlier work is generalized to
include “dilute solid solutions” of diblock copolymers of
arbitrary composition in a homopolymer matrix. Re-
markably good agreement with the SANS measurements
of Selb et al.! is obtained. There are no fitted parameters
in our model.

Our model assumes that both the corona and core of the
micelle are homogeneous, as shown in Figure 1, allowing
us to write down the free energy density of the system
quite simply without any integrals over density profiles.
Minimization of the free energy with respect to the
structural and compositional parameters of the micelle
gives the optimum values of the core and corona radii, as
well as the aggregation number of copolymer molecules per
micelle. These quantities are shown to depend not only
on the total molecular weight of the copolymer, but, more
significantly, on the individual blocks CA and CB.

As an added result, we find that allowing for copolymer
in solution between micelles has very little effect on the
calculated size parameters, but it is important in deter-
mining the critical micelle concentration.?

In section 2 we begin with a detailed description of the
model. The general trends with the molecular weights of
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each block of the copolymer and of the homopolymer are
explored in section 3a. We find that the homopolymer is
almost completely excluded from the core of the micelle
for a wide range of molecular weights. The core radius and
corona thickness are found to scale primarily with the
molecular weights of the CB and CA blocks of the co-
polymer, respectively. The values of the important ex-
ponents are derived from the analytical expressions given
in section 2. In particular the penetration and stretching
of the A blocks of the corona by homopolymer of small
molecular weight is discussed quantitatively. Section 3b
and Tables I-V compare the results of our calculations for
the system of polystyrene/polybutadiene copolymers in
polybutadiene homopolymers with the SANS measure-
ments of Selb et al.! The critical micelle concentration is
discussed in section 4, and section 5 contains the conclu-
sions.

2. Description of Model

Each micelle is modeled by a spherical core of radius lg
surrounded by a corona of thickness /,, as indicated in
Figure 1. The unit cell is a sphere of radius R and is
defined as the volume which on average contains one
micelle. Each of the three regions is assumed uniform
throughout. The number fraction of copolymers which
remain in solution in region 3 between the micelles is
denoted by F.C, while Fy,C = 1 ~ F,C is the fraction in the
micelles. The copolymers which are in micelles are as-
sumed to have their joints localized at the interface, with
the polystyrene block, labeled CB, stretched in toward the
center, and the polybutadiene, or CA block, in the corona.
The core radius /g and the corona thickeness [, are pro-
portional to the average end-to-end distances of the CB
and CA blocks, respectively. Polybutadiene homo-

© 1985 American Chemical Society



