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This procedure is effective, and normalization of coordi-_
nates possible, when the kinematic characteristics h and 1
can be presented as linear transformations of the respec-
tive configuration variables h and 1 (eq 30) and when the
corresponding matrices (C, D) are symmetrical. In fact,
the kinematics of entanglement networks is more com-
plex; as evident from eq 23, the velocity of friction cen-
ters, r, depends not only on the positions » but also on the
sliding rates L; and contour lengths L; and cannot be re-
duced to linear relations assumed in eq 30. The same can
be said about the other kinematic characteristic, 1. Conse-
quently, it cannot be shown what transformation would
bring the problem to the “normal” form. It is not exclud-
ed though that some special cases of entanglement net-
works can still be described in terms of normal coordi-
nates.
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Conformational and Packing Stability of Crystalline Polymers.
IV. Polyethers [-O(CHz)m~]» and Polythioethers [-S(CHz2) m-]n

withm =2and 3
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ABSTRACT: Energy calculations covering both the helical and glide-type conformations have been derived, the
planar zigzag being the special case of both these conformations, For the calculation, the intramolecular potential
energy due to the internal rotation barriers, van der Waals interactions, and electrostatic interactions were taken
into account. The stable conformations of polyethers [-O(CHgz)»-], with m = 2 and 3, i.e., poly(ethylene oxide)
(PEO) and polyoxacyclobutane (POCB), and polythioethers [-S(CHz2)m~]» with m = 2 and 3, i.e., poly(ethylene
sulfide) (PES) and poly(trimethylene sulfide) (PTMS), were analyzed. According to the results of the calcula-
tions, the two modifications of PEO ((7/2) helix and planar zigzag), the conformation of PEO molecule in mercu-
ric chloride complex type II, the three modifications of POCB (planar zigzag, glide type, and helix), and the con-
formations of the polythioethers, PES (glide type), and PTMS (G4 type) were well explained. The intermolecular

interaction energies in crystal for PEO, POCB, and PES were also calculated and discussed.

In a previous paper? of this series, the most stable con-
formations of several isotactic helical polymers were stud-
ied based upon the results of intramolecular energy calcu-
lations. The present study is an extention of this previous
work and covers both helical and glide-type conforma-
tions, the planar zigzag being the special case of these
conformations. The stable conformations of the polyethers
[-O(CH2)m-]» with m = 2 and 3, i.e., poly(ethylene oxide)
(PEO) and polyoxacyclobutane (POCB), and polythioeth-
ers [-S(CHz2)m-]r» with m = 2 and 3, i.e., poly(ethylene
sulfide) (PES) and poly(trimethylene sulfide) (PTMS),
were analyzed by this method and the results for poly-
ethers were compared with those of corresponding po-
lythioethers.

The conformational energy calculation under helical
symmetry for PEO was reported by Magnasco et al.,2 but
such work as energy calculations covering both helical and

glide-type conformations for these polyethers and po-
lythioethers has not yet been reported.

Methods and Assumptions

Helical Conformations. In the case of the helical con-
formations, the energy calculations were made according
to the same method described in the second paper? of this
series; the fiber identity period was not fixed and it was
only assumed that the chain forms a helical structure,
i.e., the set of the internal rotation angles repeats along
the chain.

Glide-Type Conformation. For the glide-type confor-
mations, the following two conditions are necessary:® (a)
the signs of the corresponding internal rotation angles of
the neighboring structural units are reversed, and (b) a
translational unit consists of two structural units. The
polymer chain having glide symmetry is shown as follows:
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where M;" is the jth skeletal atom or group in the nth
translational unit, r; is the bond length between M;_; and
M;, ¢; is the bond angle between the bond M;1—M; and
M;—M;.1, and 7, is the internal rotation angle around
the bond M;;—M; (the prime indicates the succeeding
monomer unit and the symbol n indicating the nth trans-
lational unit is omitted for simplicity, when it is not nec-
essary.) The definition of the internal rotation angle is the
same as that of reference 1.
The condition (a) is written as follows.

T, =TTy
T, =T, (1)
Tm = ~Tn'

Here we choose sets of right-handed cartesian coordinate
systems in the following way (Figure 1). The origin of the
coordinate system x; coincides with the position of the M;
atom with its x; axis on the bond M;—M;_;1. The y; axis
lies on the plane determined by the two bonds M;—M, .,
and M,;.;—M; in such a way that the angle between the
bond M;.1—M; and the positive direction of y; is accute.
According to the equation of Eyring, the transformation of
the jth coordinates x; into the (j — 1)th x;_1 is expressed
as

xj_1=A/'Xj+BJ (2)
where
0

—sin7,

—Cos ¢; —sin ¢;

A, =] cosT;sin¢, —cosT; COSQ; (3)

sin7;sin¢;, —sinTt; cCO8¢; COST,

and

(4)

Then the transformation of the jth coordinates x;* of
the nth translational unit into the jth coordinates x;”-* of
the (n — 1)th unit is expressed as

x,"" = Ax," +D, (5)

where

A=A AALALA A (6)

and
D;=A; A B "+A A B+
+A; 4B + B,+:i"7t (D

8

D; is the vector connecting M;*1 and M, expressed by
the x,7-1 coordinate system.

We choose the other sets of right-handed cartesian coor-
dinate systems £7(£;, n;, {;), as Shimanouchi and Mi-
zushima* used in the case of helix (Figure 1). The origin
of the coordinate system is on the foot of the perpendicu-
lar to the fiber axis drawn from M;* atom, the £;" axis
being on this perpendicular with its positive direction

B,"=B,"""
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pointing toward the M;* atom. The {;* axis lies on the
fiber axis. Then the transformation of the coordinates &7
into £;7-1 can be expressed as

§/T =EE"+ L ®

where E is the unit matrix and L is the translation vector
with its length being fiber identity period. The transfor-
mation of £;” into x;” can be expressed as

x/ =Ti&" +8§)) (10

where T is an orthogonal matrix and S; is the vector con-
necting origins of both coordinate systems. From eq 5 and

10
Ejn_l = TJ_IAijjn + (Tj—lATj _E)Sj + TJ'_lDJ D

Since the eq 11 should be identical with eq 9, the fol-
lowing equations are obtained

T, 'AT,=E A=E (12)
L=(T,'AT,—E)S; + T,”'D,=T,”'D, (13)

Fromeq12
Trace (A) = 3 (14)

Equation 14 is equivalent to the aforementioned condition
(b). In the actual calculation, the sets of the internal rota-
tion angles which satisfy eq 1 and 14 were chosen.

Potential Functions and Molecular Parameters. The
internal rotation barriers, van der Waals interactions, and
electrostatic interactions were taken into account. The
functions used are the sinusoidal type for the internal
rotation barriers, Lennard-Jones 6-12 type for the van der
Waals interactions, and the dipole-dipole interaction
equation for the electrostatic interactions. The parameters
of these energy functions are the same as those reported in
reference 1 except for those associated with the sulfur
atom. Vo(C—S8) = 1.0 kcal/mol was estimated from the
hindered rotation barriers of CH3SH,> CH3SCHj3,% and
CH3SCH=CHj3,” van der Waals radius of the S atom is
1.85 A8 the coefficient of the van der Waals attraction
term for S...S was taken from the table of Eliel et al.,®
the coefficients of those for S. . -H and S. - -C were estimat-
ed by the empirical combining law,'9 and the C—S bond
moment was taken as 0.90 D.1* The value of the dielectric
constant was assumed to be 4.0 for all the materials treat-
ed here, because (1) this value has been used by many
previous authors for various kinds of high polymers (poly-
peptides,22-2¢ polyester,2® and polysaccharides.?6) and (2)
the observed bulk dielectric constant of PEO is in the
range of 4.0-4.5.27 The numbering of the internal rotation
angles is shown in Table I. The bond lengths and bond
angles used are as follows: bond lengths, C—H = 1.10 A,
C—C =154 A, C—0 =143 A, C—8 = 1.815 A; all bond
angles = 109.5°.

Energy Calculations. Summation of the van der Waals
and electrostatic interaction energies for both single poly-
mer chains and crystals were made according to the eq
4-8 given in reference 12. The calculations covered all
atom pairs and point-dipole pairs with distances shorter
than 10 A for the single polymer chains, and those shorter
than 30 A for the crystals. These cut-off distances were
taken according to the results of the test calculations of
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Figure 1. Schematic representation of the polymer chain having
glide symmetry and the right-handed -cartesian coordinates
X", ¥5, 25) and £7(&5, 14, £)).
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Figure 2. Molecular structures of the two modifications of
PEO13.15 gnd PES .26

dipole interaction (see Table II). The energy contour map
obtained by the calculation for a single chain under heli-
cal symmetry has a high-energy band, where the helix
pitch is zero and polymer chain forms a closed loop caus-
ing monomer unit to overlap, if a long enough chain is
used for the calculations. The present calculations were
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Table I
Definition of the Internal Rotation Angles and
Molecular Conformations

Poly (ethylene oxide)
—CH,—[—0—CH,—CH,—],—

T T2 75
T T G (T2G)s Helix
T T T (T Planar-zigzag

Poly(ethylene sulfide)
—CHy—[—S—CH—CHy—|,—

T1 T2 T3 _
G G T (G.T) Glide
Polyoxyacyclobutane
—CH;— [—-O0—CH,—CH,—CH,— },—
T1 T2 T3 T4
T T T T Planar zigzag
T T T G (T\G) Glide

T T G G

Poly(trimethylene sulfide)
—CH;—[—S—CH,—CH,—CH,—],.—

(T2G2> Helix

T T2 73 T4
G G G G Helix
Table IT
Cut-off Inter- Intra-
Distgmce molecular molecular
(&) Interactions®* Interactions®
PES 10 —0.085 0.136
20 —-0.101 0.138
30 —-0.102 0.138
POCB 10 —0.017 —0.041
modification III 20 —0.028 —0.040
30 —0.,028 —0.040

@ kcal/mol of monomer unit.

made up to 20 monomer units for these 4 polymers in
order to take into account this problem. For the calcula-
tions for glide symmetry, this problem does not appear
and 6 monomer units were taken into account. The energy
contours in the potential maps were drawn by interpolat-
ing the values at the points with 10° intervals of internal
rotation angles. The more detailed calculations were made
additionally with 5° intervals at the neighborhoods of po-
tential minima when necessary. The intermolecular inter-
action energies of POCB, PEO, and PES were calculated
for the crystal structures listed in Table III. These calcu-
lations were performed on a NEAC 2200 Model 700 digital
computer in this university.

Results

Poly(ethylene oxide). PEO has two crystal modifica-
tions, the (7/2) helix3.1¢ and planar-zigzag,1® the molec-
ular conformations of which are shown in Figure 2 and
Table I. Although molecular conformation of the former
one is considerably deformed from the uniform helix
shown in Figure 2, according to the recent X-ray analy-
sis,’* we may regard it as a (7/2) uniform helix for the
calculation of intramolecular interaction energy.

The energy map calculated for the helical conformation
under dihedral symmetry (73 = r3) is shown in Figure 3.
The lower energy minima A (r1 = 79 = 180°, 73 = 60° and
—60°, —1.9 kcal/mol of monomer unit) and B (r; = 73 =
73 = 180°, —2.0 kcal) closely correspond to the right- and
left-handed (7/2) helices (e, actual structure of 74 = 72 =
¥171.75° and r3 = +64.97°13), and planar-zigzag confor-
mation.'® The broken lines in the figure are the high-ener-
gy bands due to the zero pitch helices.

The intermolecular interaction energies for both modifi-
cations were calculated according to their crystal struc-
tures14.15 (Table III) and are shown in Table IV.
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Table III
Crystallographic Data

Polymers

Molecular Conformations

Crystal System, Space Group, and Lattice Constants

Poly (ethylene oxide) Helix 1% 14

Planar-zigzag®®

Poly (ethylene sulfide) Glide®
Polyoxacyclobutane Glide?
Helix?

Monoclinie, P21/a — Cof,a = 8.16 xok
b = 1299Ac—1930\ 8 = 126.1°
Triclinic, PI — C:%, a = 4.7T1 A, b = 4.44 X,
=7124, a = 62.8°, B = 93.2°, 5 = 111.4°
mmMMmMQPwn—DW%a=850&
b=4.954%c=67023% . .
Trigonal, R3¢ — Ci.f,a = 14.13 A, ¢c = 8.41 A
Orthorhombic, €222, — Dy, a = 9.23 A,
b=4.824c=17214

Table IV
Intra- and Intermolecular Potential Energy (kcal/mol of Monomer Unit)

Intramolecular Contribution

Intermolecular Contribution

Polymers v.d.W.« E.S.? R.B.- Total v.d.W. E.S. Total Total
PEO Helix -1.8 0.15 0.1 —1.6 —-6.2 —0.08 —6.3 -7.9
Zigzag -1.9 0.01 0.0 -1.9 —-6.0 -0.02 —-6.0 -7.9
PES -3.3 0.14 0.1 -3.1 -7.5 -0.10 —-7.6 —-10.7
POCB 11 —3.4 —0.01 0.1 —3.3 —-9.3 —0.03 -9.3 -12.6
ITI -3.7 —0.04 0.0 -3.7 -9.2 —-0.03 -9.3 —13.0

¢ Van der Waals nonbonded interaction energy. ® Electrostatic interaction energy. ¢ Rotation barrier.

> 5 keal

L |
0 | 20 240 260
T3

Figure 3. Potential energy map [r1(= r2), 73] of PEO calculated
for the helical conformation under dihedral symmetry. The ener-
gy minima are indicated by crosses, and the conformations deter-
mined by X-ray analyses are shown by closed circles.

Next if we assume the glide symmetry with no other
condition, the possible set of the internal rotation angles
is on the curved surface in the cube defined by the three-
dimensional cartesian coordinates, 71, 72, and 73, each
covering from 0° to 360°. In Figure 4, the projection on the
79-73 plane is shown and the corresponding 71 values are
also given. The curved surface is symmetrical about the
inversion center which is located on the point (73 =

= 180°) in the cube. The energy calculations were per-
formed along the curves which are the intersections of the
curved surface and the planes of 71 = 0°, 30°, ..., 180°. It
was found that the energy minima were obtained when 71
was in the range of 150-180°. Consequently, the more de-
tailed calculations were made for 71 from 150 to 180° 72
and 73 from 0 to 360° with intervals of 10°. In Figure 5 are
shown the resultant potential energy curves. Two energy
minima denoted by arrows were found at 7; = 72 = 73 =
180° (—2.0 kcal/mol of monomer unit), and 7y = 160°, 12
= 70°, and 73 = 50° (—1.4 kcal). The former corresponds

T =

o

360

}oo°

220

240

240

k=

120 1
—100— | ‘
" 1 |oo°§
/|4o°
/I 80 \2‘ |4o°
220 /zs‘ / ) e
d’ el =]
0 | zo 240 360

T3

Figure 4. Three dimensional representation of the relation be-
tween 74, 72, and 73 of PEQ, which satisfy the glide symmetry.

to the planar-zigzag conformation, and the latter is simi-
lar to the conformation of PEO molecule in mercuric chlo-
ride complex type II1.28 The molecular structure of PEO in
mercuric chloride complex is 7y = 167°, 7o = 81°, and 73
= 73°. In this case, the intermolecular interactions with
the mercuric chloride molecules were expected to be large.
From the point of view that the PEO molecule is packed
with mercuric chloride in the crystal lattice with the fiber
identity period of 5.88 A, the position on the curves of
Figure 5 with this fiber identity period were marked by
closed circles. The potential values indicated by the
closed circles were plotted against 71 in Figure 6 and the
energy minimum was found at r; = 1687°, 7, = 80°, and 73
= 73° (—0.6 kcal/mol of monomer unit). This conforma-
tion coincides closely with the actual conformation of
PEO-HgCls complex type II.

In order to compare with the glide-type conformation of
PES, the energy calculations of PEOQ under glide symme-
try were performed by assuming 7; = 7. Here the condi-
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Energy (kcal/mol mu.)

Potential

78" Tg'l 58 |
L |
o] 60 1200 18F 240° 300 360
T3

Figure 5. Potential energy plots of PEO along the curves which
are the intersections of the curved surface and the planes of 71 =
150, 160, 170, and 180° (Figure 4), where 72 and r3 cover from 0 to
360° with the interval of 10°.

tion 73 = 180° or 71 = 72 = +£104.5° becomes necessary as
shown by Figure 4, and the number of the variables can
be reduced from three to one. Since the latter condition
gives models with high-energy value, only the result of the
energy calculation under former condition is shown in Fig-
ure 7. The lowest minimum corresponds to the planar-zig-
zag conformation in contrast to the result for PES de-
scribed later.

Polyoxacyclobutane. POCB has three crystal modifica-
tions, the molecular and crystal structures of which were
determined by X-ray diffraction and infrared spectroscop-
ic methods.17-1® The molecular chain takes the conforma-
tions shown in Table I and Figure 8. Modifications I, II,
and III are the planar-zigzag T4, glide-type T3GT3G, and
helix (T2Gz)2, respectively. The potential energy calcula-
tions were made under the symmetry of glide and helix.

First we deal with the glide conformation. Although
POCB has four kinds of internal rotation angles, three of
the four become independent under glide symmetry. Then
71, T2, and 73 can take any point in the cube defined by
the three-dimensional cartesian coordinates (71, 72, 73),
each covering from 0 to 360°, 74 being determined by the
values of the other three variables. Energy calculations
were performed by changing each torsional angle in the
range of 0-330° with the intervals of 30° and the results
are shown in Figure 9. Here, the 75-73 sections of the en-
ergy contour are shown for 71 = 180°, 150°, ..., 60°. In the
maps, the lowest energy values were taken, when the
74 values of more than one are found for a point in the
cube. For example, in the case of r; = 180°, the possible
set of the internal rotation angles 72, 73, and 74 is on the
two hatched planes in the 73, 73, 74 cube shown in Figure
10. In the cases of the 71 values other than 180°, the possi-
ble set is on the complicated curved surfaces. The results
for the 71 values lower than 60° gave high-energy values
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Figure 6. Potential energy curve obtained by tracing the closed
circles (o) in Figure 5, where the conditions of the glide symmetry
and the fiber identity period (= 5.88 A) of PEO-HgCl; complex
type IT*8 were taken into account.
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Figure 7. Potential energy curve of PEO plotted against 71(= 7g)
for 73 = 180°, where the conditions of the glide symmetry and the
twofold rotation axes perpendicular to the fiber axis (r; = 73)
were taken into account.
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Figure 8. Molecular conformations of the three modifications of
POCB.17.19

and are omitted from Figure 9 for simplicity. In Figure 9,
the minima with the values lower than —2.3 kcal/mol of
monomer unit were found only on the line 71 = 75 = 180°.
This result indicates that the molecular chain consisted of
the sequence —O—CHy;—CH;—CHy— is stable when the

internal rotation angles around the C—O bonds are T (180°).
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Figure 9. The r2-73 sections of the potential energy contour of POCB under glide symmetry, for 71 = 180°, 150°, . - -, 60°.
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Figure 10. Schematic representation of the possible set of the in-
ternal rotation angles of 73, 73, and 74 of POCB under glide sym-
metry, when 71 = 180°.
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Figure 11. Potential energy curve of POCB plotted against 74 for
73 = 180°, where the conditions of the glide symmetry and 71 = 72
= 180° were taken into consideration.

Hence it may be reasonable to fix 73 = 7o = 180°, and this
leads to a further condition 73 = 180° or 74 = 180°. Here
the potential energy plot for 74 was obtained under these
conditions with the intervals of 10°, and is shown in Fig-
ure 11. This result gives three minima at 74 = 60° (—3.4
kcal/mol of monomer unit), —60° (—-3.4 kcal), and 180°
(—3.2 keal), the former two corresponding to the T3GT3G

glide type (modification II) and the latter to the planar-
zigzag conformation.

For the helical conformation, two kinds of energy calcu-
lations were made. At first, the internal rotation angles 74
and 75 were fixed to 180°. The resultant r3-74 energy map
is shown in Figure 12. This map is symmetrical about the
two diagonal lines. Three kinds of minima indicated by A
(—3.6 kcal/mol of monomer unit), B (—-3.2 kcal), and C
(—3.4 kcal) were obtained. The minimum B corresponds
to the T4-type planar-zigzag conformation (modification
I), and the minima A to the right- and left-handed
(T3G2)2-type helices (modification III). The T3G-type hel-
ices corresponding to the minima C have not yet been
found. There is a high-energy band along the diagonal
connecting the two edges (r3 = 0°, 74 = 360°) and (73 =
360°, 74 = 0°), except the special point (73 = 180°, 74 =
180°) denoted by minimum B.

In the next calculation, we assumed the dihedral sym-
metry, i.e., 71 = 72 and 73 = 74. In Figure 13 is shown the
resultant energy contour map plotted against 71 (= 72)
and 73 (= 74). There are four kinds of energy minima in-
dicated by A (—3.6 kcal/mol of monomer unit), B (—3.2
kcal), C (—2.2 kecal), and D (—2.0 kcal). The map has in-
version center at (71 = 72 = 73 = 174 = 180°) and each
kind of right-handed helix has a corresponding left-hand-
ed helical counterpart of the same energy. The high-ener-
gy band along a curve close to the diagonal connecting
two edges (11 = 0°, 73 = 360°) and (r; = 360°, 73 = 0°) is
also found. The minima A correspond to the (T2G2)2-type
helix of modification III and B to the planar-zigzag con-
formation of modification 1. The conformations corre-
sponding to the minor minima C and D have not yet been
found.

The intermolecular interaction energies for the modifi-
cations II and III were calculated according to their crystal
structures (Table III)17 and the results are given in Table
IV. Modification 1 will be treated elsewhere since this
modification is a hydrate crystal and has a complicated
problem concerning hydrogen bonding.

Poly(ethylene sulfide). The crystal structure of PES
was determined by X-ray analysis'® and the molecular
chain takes a G2TG.T glide-type conformation shown in
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Figure 12. Potential energy map (r3, 74) of POCB calculated
under the assumptions of the helical symmetry and 7y = 72 =
180°.
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Figure 13. Potential energy map [r1(= 72), 73(= 74)] of POCB
calculated by assuming the helical symmetry and twofold rota-
tion axes perpendicular to the helical axis.

Figure 2 and Table I. The energy calculations were per-
formed under the helical and glide symmetry, assuming 71
= 75. The results of the calculations are shown in Figure
14 (helical conformation) and Figure 15 (glide-type con-
formation). These results correspond to those of PEO
(Figures 3 and 7). All the energy minima in Figure 14 (he-
lical conformation) have not yet been found. In this figure
are found the high energy bands indicated by broken
lines, just as the case of Figure 3 for PEO. In Figure 15,
the lowest energy minima with —3.3 kcal/mol of monomer
unit indicated by arrows correspond to the actual GoTG,T
glide-type conformation. These results will be discussed in
comparison with those of PEQ in the following sections.

Intermolecular interaction energy was calculated ac-
cording to the crystal structure (Table III)16 and the result
isgiven in Table IV.

Poly(trimethylene sulfide). According to the result of
the X-ray analysis,2° the conformation of PTMS is the G4
type which has approximately twofold rotation axes pass-
ing through the sulfur atoms perpendicular to the fiber
axis. Potential energy was calculated for helical conforma-
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Figure 14. Potential energy map [r1(= 72), 73] of PES calculated
for helical conformation under dihedral symmetry.
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Figure 15. Potential energy curve of PES plotted against r1(= 72)
for 73 = 180°, where the conditions of the glide symmetry and the
twofold rotation axes (11 = 73) were taken into account.
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Figure 16. Potential energy map [r1(= 72), 73(= 74)] of PTMS
calculated by assuming the helical symmetry and the twofold
rotation axes perpendicular to the helical axis.
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tion by assuming the twofold rotation axes, i.e., 71 = 72
and 73 = 74. Figure 16 is the energy contour map plotted
against 71 (= 72) and 73 (= 74). There is an inversion cen-
ter at the point (71 = 7o = 180°, 73 = 74 = 180°) in this
figure, just as the case of POCB (Figure 13). The positions
of the potential energy minima are shown by the symbols
A (-3.0 kcal/mol of monomer unit), B (-3.4 kcal), C
(—4.6 kcal), and D (—4.9 kcal). The lowest energy minima
D correspond to the (G2Tz)2-type helix, but this confor-
mation has not yet been observed. The next lowest energy
minima C correspond essentially to the G4-type conforma-
tion of the actual existence. The minima A and B corre-
spond to the hypothetical (T2Gz)2 helix and planar-zigzag
conformations, respectively.

Discussion

Poly(ethylene oxide) and Poly(ethylene sulfide). As
shown in Figure 2 and Table I, the molecular conforma-
tions of PEO and PES are quite different, although both
polymers have similar chemical structures except for the
oxygen and sulfur atoms. The conformation of PEO is just
opposite to that of PES. In the case of PEO, the C—C
bond takes the gauche form and the C—O bond the trans,
while in the case of PES the C—C bond takes the trans
and the C—S bond the gauche. It is interesting to eluci-
date the reason why such a difference exists in the molec-
ular conformations of PEO and PES. The TG helical
conformation of PEO and the G2oT glide-type conforma-
tion of PES could be well explained by the energy minima
in Figures 3 and 15, respectively. Figures 7 and 15 give the
results obtained by the same kind of energy calculations
under the glide symmetry. The lowest energy minimum in
Figure 15 (PES) corresponds to G2T glide-type conforma-
tion, while the lowest minimum in Figure 7 (PEO) to the
planar-zigzag conformation. The reason for the different
conformations may be mainly attributeble to the differ-
ence of the bond lengths of C—0 (1.43 A) and C—S
(1.815 A), and the van der Waals radii of the O (1.52 A)
and S (1.85 A) atoms. When the internal rotation angle
around the central C—O or C—S bond of the sequence of
—CHy*—CHz—O0(S)—CHs*— is gauche, the nonbonded
H...H distance (the H atoms indicated by asterisks) is 1.7
A for PEO and 2.3 A for PES. Accordingly the gauche
conformation is prevented by the steric hindrance for the
C—O0 bond of PEO, but is much favorable for the C—S
bond of PES, since the van der Waals radius of the H
atom is 1.1-1.2 A. Although the lowest energy minima D
on the map for PES calculated under helical symmetry
(Figure 14) correspond to the right- and left-handed heli-
ces of GoT type, this type of conformation has not yet
been found. From this result, it can be clearly understood
that the GoT-type local conformation of PES is stable and
if we set the internal rotation angles of the subsequent
monomer unit to be inversed (from G to G), the GoT-type
helix is transformed into the GTG,T glide-type confor-
mation. The reason why the GoT-type helix has not yet
been found is not obvious, but the possibility of poor
packing in the lattice may be a case. In the actual crystal
structure, the molecular chains are well packed, the inter-
molecular interaction energy being —7.6 kcal/mol of mo-
nomer unit as shown in Table IV. The other minor mini-
ma C, D, and E of PEO (Figure 3) and A, B, and C of
PES (Figure 14) were also found, but the conformations
corresponding to these minima have not been observed.

The conformational analysis for PEO under helical
symmetry was performed by Magnasco et al.2 In their po-
tential energy map which corresponds to the Figure 3 of
this study, there are two kinds of energy minima ex-
plaining the TyG-type helix and planar-zigzag, but the
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high-energy band due to the zero pitch helices which
should be in the map cannot be found. In a previous
paper,?! the authors reported the energy calculations
made under the assumptions of the (7/2) helical symme-
try and the fixed fiber identity period. This condition is
equivalent to fixing the helical pitch and the helical turn
of the monomer unit. The result explained well the T,G
helix as a lowest energy minimum, while the other minor
minima having the internal rotation angle 75° around the
C—O0 bond are also found.

Poly(ethylene oxide)-Mercuric Chloride Complex
Type II. On the process of the energy calculations de-
scribed above, we could find some minor minima which
do not correspond to the actual structure. For example, in
Figure 5 showing the results of the energy calculations
under glide symmetry for PEO, there are two minima in-
dicated by arrows. The lowest energy minimum with —2.0
kecal/mol of monomer unit (r; = 72 = 73 = 180°) corre-
sponds to the planar-zigzag of actual existence and the
minor one with —1.4 keal/mol (r; = 160°, 73 = 70°, 75 =
50°) to the TG,TG; glide-type conformation not found as
a modification of PEO crystal. However, this TG2TG2
glide-type conformation is considered to be stabilized in
the crystal lattice of mercuric chloride complex type 1I by
large intermolecular interaction energy. Therefore the
conformations of energy minima which do not correspond
to the actual structure of the polymer itself can also be-
come stable, if large enough stabilizing energy such as
complex formation is affected to the molecular chain in
the crystal lattice.

Polyoxacyclobutane and Poly(trimethylene sulfide).
For POCB, the potential energy minima denoted by C in
the energy map calculated under the helical symmetry
(Figure 12) correspond to the right- and left-handed T3G-
type (3/1) helices. These helical conformations are absent
in the crystal modifications of POCB, and the actual
structure found out as modification II is the T:GT3G
glide-type conformation having the same local conforma-
tion of monomer unit. In this case, the suitable packing of
the molecular chain in the crystal lattice could stabilize
T3GTsG glide-type conformation, as we discussed in the
case of G2T-type conformation of PES.

In Figures 13 and 16 are shown the results of the energy
calculations under helical symmetry for POCB and
PTMS, assuming the dihedral symmetry. The potential
energy minima A, B, C, and D for POCB shown in Figure
13 correspond to those of PTMS in Figure 16, though the
precise position of the minima are appreciably different
from each other except B. Among these minima, lower
minima A and B of POCB and C of PTMS are actually
found. It may be pointed out that the energy differences
between the conformations which actually exist and do
not are about 1.0 kcal/mol of monomer unit for both
polymers except the minima D of PTMS.

Stability of the Modifications. The calculations of the
potential energies for the crystals gave the total energy
values roughly the same for the two modifications of PEO,
although the helix modification is experimentally far more
stable than the planar zigzag. For POCB, the calculated
result shows that modification I is more stable than
modification II by 0.4 kcal/mol of monomer unit. However
this energy difference has no significant meaning, because
of the following reasons. (a) The semiempirical potential
functions assumed here are not adequate for the discus-
sion about such a slight energy difference. It may be pos-
sible that slight perturbation of the crystal structure pro-
duces larger variations of energy value. (b) The stability
must be compared by the free energy. For an ideal crystal,
the entropy term of the free energy is due to the vibra-
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tional contribution, and the evaluation of the vibrational
free energy requires a complete normal mode analysis of
the crystal lattice. In addition, for actual crystals, the en-
tropy term due to the crystal defect and incoherent mo-
lecular motion at high temperature may play an impor-
tant role in the stabilization of the crystal.

In this paper, however, only the static potential energy
term which would occupy the largest part of the free ener-
gy was discussed as a first approximation.
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Light-Scattering Studies of a Polystyrene-Poly(methyl
methacrylate) Two-Block Copolymer in Mixed Solvents
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ABSTRACT: Light-scattering measurements were made on a two-block copolymer of polystyrene and poly-
(methyl methacrylate) whose molecular weight and styrene content by weight are 1.53 X 106 and 0.38,
respectively. Mixtures of toluene and furfuryl alcohol of various compositions were used as solvent. They are both
good as solvent for poly(methyl methacrylate) and isorefractive as well, but the latter is a nonsolvent for polysty-
rene. The results show that the mean-square radius of the polystyrene subchain in the isolated block copolymer
always exceeds the value for the homopolystyrene of equal molecular weight. This result confirms the view that
intramolecular contacts of dissimilar units do occur. The intermolecular micelle formation set in at a solvent
composition between 36.7 and 38.9 wt % of toluene. The largest micelle formed at 19.8% comprised about 72 mol-
ecules. From the shape of the particle scattering function we have concluded that the polystyrene subchain forms
a core of anisotropic shape in the beginning of aggregation but cores in larger micelles assume the shape of dense
sphere. Solutions of isolated molecules and micelles both revealed an anomalous upsweep of the reciprocal scat-
tering function at small scattering angles but the anomaly became more pronounced for larger micelles as evi-
denced by a longer correlation distance. This result suggests for the micelle such a conformation as the dense
polystyrene core thickly surrounded by extended chains of poly(methyl methacrylate).

In the previous light-scattering study on a two-block co-
polymer of polystyrene (PS) and poly(methyl methacry-
late) (PMMA),! we compared the size of the PS subchain
with that of the isolated PS of equal molecular weight in
solvents that are good solvents for both PS and PMMA
and isorefractive as well to PMMA.? In the present work
we have investigated the conformation of the two-block
copolymer in poor solvents for PS. Of special interest to
us is the investigation of the extent to which the size of
the PS subchain is diminished in increasingly poor sol-
vents before molecules undergo the intermolecular aggre-
gation. It is also important to elucidate the size and con-
formation of the micelle in relation to the process of the

domain formation in films cast from block copolymer so-
lutions.® Krause found almost a decade ago* that
three-block copolymers of PMMA-PS-PMMA form stable
aggregates which are in a state of thermodynamic equilib-
rium. It may be interesting to investigate further the pro-
cess of micelle formation by adopting the approach ini-
tiated by Leng and Benoit? and adopted also in our previ-
ous study, i.e., to utilize as solvent a liquid giving a very
low value of refractive index increment for PMMA. The
analysis of the experimental angular variation of light
scattering at infinite dilution is then straightforward. We
thus decided to choose as solvent a mixture of two liquids
which meet the following specifications: (1) they are both



