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The effect of side substituents
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Hindered rotation was considered in calculations of the conformational parameters of a
series of polyheteroarylenes with bulky side substituents by the Monte-Carlo method. Within
the range of experimental errors, the resuits of calculations for several polyarylates coincide
with the values of conformational rigidity, determined from hydrodynamic experimental
data. The proposed procedure was used to estimate the rigidities of 2 number of polymers
with bulky side substituents for which experimental determination is difficult.
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Previously we studied the conformation parameters
of aromatic heterochain and heterocyclic polymers as-
suming that rotation is free.!=* It was found that with
the exception of polymers with bulky side groups, the
experimental values for the Kuhn segment (4,,,) for
polyhetercarylenes virtually coincide with those calcu-
lated with the assumption of free rotation (Ag). The
introduction of bulky side groups into the polymer back-
bone should increase its rigidity, because the rotation
becomes hindered. In this case, the assumption of free
rotation is no longer valid, and it is necessary to take
account of hindrance, i.e., to calculate A,.

The main conformation parameter is the statistical
Kuhn segment:

A= lim[< R >\
et

here <RZ> is the root-mean-square distance between the
ends of a polymer chain, averaged over all the possible
conformations; L = nl, is the contour chain length, i.e., a
parameter independent of the chain conformation; 4, is
the contour length of a repeat structural unit. For
polyheteroarylenes where a macromolecule unit contains
virtual bonds of various lengths arranged at various angles,
the contour length is taken to be the length of a broken
line connecting the centers of these bonds. In this case,
Iy does not depend on the chain conformation and can
serve as a measure of the length of the macromolecule.
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Yet another frequently encountered characteristic is
the hindrance parameter

a = JAcxp/Afr .

When the Kuhn segment is calculated assuming free
rotation, the side substituents are not taken into ac-
count. The validity of this assumption for this class of
polymers has been proven previously. 67

In the present work, we consider the effect of side
substituents on the conformational rigidity and propose
a method for the calculation of conformation param-
eters with allowance for the effect of side groups. In the
calculations based on the assumption of free rotation,
we used the Monte-Carlo method? according to which
the random numbers for chain generation are evenly
distributed in the [0.2x] range. Taking into account the
hindrance of rotation, random numbers cannot be con-
sidered as evenly distributed, because in the presence of
a side substituent, only those conformations are realized
in which the distances between non-bonded atoms in a
structural unit do not exceed the sum of their van der
Waals radii. In this case, the probability of rotation
through angle ¢ around a virtual bond depends on the
form of the potential energy function {¢). To take this
into account in the construction of chains, we intro-
duced a function of distribution over the internal rota-
tion angles F(@) with weights proportional to the
Boltzmann factor exp(—U(¢)/kT),% and random number
were generated in conformity with this function. If the
structural units are closely spaced, some angles of rota-
tion arc never encountered, and some others occur in
rare cases and, with is most probable, in the absence of
steric interactions between structural units.

To test the proposed method, we have chosen a
number of polyarylates with various sizes and positions
of side substituents, for which experimental values for
the Kuhn segment are known. Dilute solutions of these
polymers have been studied previously by light scatter-
ing,3 and the results can be used to compare the calcu-
lated A, values with those found experimentally. Table
1 contains the structural units and the Kuhn segment
values for the polyarylates studied, found experimen-
tally, and calculated with allowance for hindrance. The
hindrance parameters o are also included. To consider
the difference between the size of the side groups, we
introduced the value M;/M;,, where My, and M, arc
the ratios of the molecular weight of a polyarylate unit
to its contour length in the absence of the substituent
and with allowance for the molecular weight of the
substituent, respectively. It can be seen from Table 1
that increasing the volume, and, hence, the weight of
the substituent tends to enhance hindrance to the rota-
tion. However, this approach does not take into account
the position of the substituent in the polymer chain.

The poivarylates presented in Table | can be divided
into two groups depending on whether substituents are
located in the phenyl ring of the backbone (1) or at the
bridging C atom (2).
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Fig. 1. Dependence of the potential energy {{¢) on the angle
of rotation around the Ph,—C virtual bond in polymers with a
side group in the backboue.

Figure | shows the angular dependence of o) for a
polyarylate fragment containing a side substituent in the
phenyl ring of the backbone. The U(p) function was
calculated by the MM3 method;’ the ¢ angle was varied
from 0 to 360° with as step of 5°, the other geometric
parameters of the macromolecule fragment were opti-
mized. Since the sub-
stituent at the bridging Ph
C atom is asymmetri-
cal, the potential en- Ph
ergy function Uy, ;)
for compounds of the
second group depends
on the angles of rota-
tion around the
Ph;—C and Ph,—C
bonds, ¢, and o,.

Figure 2 shows this dependence for the polyarylate
fragment presented in Table 1 (line 5). The initial
conformation with angles ¢, and ¢, equal to zero,
corresponds to the trans-chain. In the initial conforma-
tion, the benzene ring of the side group attached to the
bridging C atom lies in the plane perpendicular to the
image plane.

For all the polymers listed in Table 1, we calculated
the conformation energy as a function of the angle of
rotation, U(y), and the A, values. The A, values for
these polymers were found by light scattering and visco-
simetry from the hydrodynamic properties of dilute so-
lutions of these polymers in poor solvents.3 Comparison
of the A, and A, values implies that the data obtained
by our method are in good agreement with the experi-
mental results for a number of polyarylates and can be
used to estimate the rigidity of polymers, for which
determination of the A, values is very difficult.
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Table 1. Conformationat parameters of polyarylates

Structural unit M /M, A/A Ap/A )
0 [o] H
1Qt-0H-0 : :
¢ . i
lh=175A, 4, =257 A
(o] (o]
& g_o~©_c,©>_o_ 136 36.1 36.4 (THF)  1.19—1.26
N
[e]
@é:o 40.8 (CP)
o/
0 jof
2Ot
©§\ ;“@ 159 . 421 42.1 (CP) 1.28
c\
o
o/
(o] Q
1 QO
@\ /N~©>—<C“=’-e“° 216 588 58.0 (0) 1.50—1.54
Cq,
~o
61.4 (CP)
o/
o5 O
-—E—@—-é-o ¢
@,ﬁ-o-m 1.40 37.1 37.3 (THF)  1.20—1.21
Q
o 37.8 (DO)
ot D
-E':—@-E—O@—C
i C~0—(CH,)g-Me 1.79 47.6 47.3 (CP) 1.36—1.41
Q
51.4 (THF)
Me Me
[e] a Mea
" M 1
~& @—c -o@—g @—0— 1.08 26.6 27.8 (TCE) 1.00
Me
Ct Ct
2 9 e
_c_©-c_o‘©-$.@—o— 119 370 18.2 (TCE) (20
Me
(o] H Q P.i
—¢ O ' O - -0 @ ¢ @ 0~ 1.00 1.00
H H
h=225A, A= 192 A
Me Me
is) o] Me
O D e@o_
“o Me : 1.12 235 24.9 (TCE) 1.15
]
C =0

O-
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Table 1. (continued}*

Structural unit MMy, A /A Aexp/A o
Me Me Me Me
\/ N/
cH CH
9 o Me 1.35 38.2 39.0 (TCE) 1.42—1.47
—c—@-—c—@—c-o ¢ o
“o o
Lo 41.4 (TCE)
e pe
CH Ch,
cH, cH,
o o CH, e CH, 1.35 340 33.8 (TCE) 1.32
2O - 342 (TCE)
o o
(|:=0
Me Me
% G
. Yo
V2 92
CH, CH,
o 0 Me
—E@—c @-Ji-o«@—é o— 1.40 41.8 43.9 (THF) 1.51—1.59
y 48.5 (TCE)

Nate. The solvents are given in parentheses: DO is dioxane; CP is chloroform; THF is tetrahydrofuran; TCE is tetrachloroethylene,

and 9 is a solvent corresponding to the 8 conditions.

For some polymers, the experimental determination
of the rigidity is impossible because of the poor sotubil-
ity. However, the same polymers possess unique thermal
and clectric properties, which should correlate with their
conformational rigidity. Therefore, it is of interest to
calculate the rigidity for these polymers by the above-
proposed method.

Tables 2—35 include polymers containing substituents
in the backbone phenylene rings and the relevant Kuhn
segments Ay, calculated neglecting the side groups. More

) N 7
1 e N R
C\N 5 \
H ,,C
[s)
N R R
7\
o=C C=0
R 2]
R R

rrans-Chain

detailed analysis of the geometric structures of the side
substituents reveals that these polymers contain sub-
stituents of three types. The first type is a phthalimide
ring in the mefa-position to the carbonyl fragment of the
backbone (see Table 2), the second type is represented
by the pheny! groups in the ortho-position in relation to
the quinoxaline ring (see Tables 3 and 4), and the third
type is a phenoxide side group (see Table 5).

The structures of the first-type side group
(phthalimide ring in a polyamide chain) in trans- and

R O
1]
R C
N
N
R A R c
o R C €=0
A & H
0 N
Ve
R l,c/ ~N
& H

ciy-Chain



1252 Russ.Chem. Bull., Vol. 47, No. 7, July, 1998

Ronova er al.

cis-chains are substantially dissimilar. In both cases, the
distance between two side groups (phthalimide rings) is
much greater than the sum of the van der Waals radii,
and the rotation does not become hindered. The rota-
tion around the CO—Ph bond could be hindered due to
the fact that the distancec between the closest carbonyl
groups in the benzimide ring of the side substituent and
in the amide fragment of the backbone is ~2.5 A in both
chains; this is somewhat shorter than the sum of the van
der Waals radii of two O atoms. However, this does not

Table 2. Conformational parameters of polyamides with
phthalimide side substituents
Cco co
- “NH—Ar —NH
N
\
OC/ Co
R R
A R
Structurat unit LiA  Ag/A

Ar = -—@—— 126 364
—@—*’—@— 176 314
—@—C"r@/ 174 252

~O—~<O—-O 23 287
OO0~ u+ w05

CF,
?‘@‘ (7.4 251
CF:

17.5 254

Fig. 2. Dependence of the potential energy (U(e. ¢7)
/kcal mol™!, denoted by numerals) on the angles of rotation in
a fragment with a side substituent at the bridging atom of the
polyarylate backbone.

lcad to substantial hindrance to rotation, because the
phthalimide fragment is preferably arranged perpendicu-
lar to the plane of the benzene ning attached to it.
Conscquently, the distance between the amide and imide
carbonyl groups increases to 3.5 A, which is greater than
the sum of the van der Waals radii of two O atoms.
Thus, the introduction of a phthalimide ring as the side
substituent into the polymer chain should have no effect
on the Kuhn segment length of the polymers (see Table
2), and Ay, can serve to characterize the conformation of
these polymers.

The side groups of the second type are phenyl rings
in the quinoxaline fragment linked to the quinoxaline
cycles. In this case, the hindrance to rotation largely

cis-Conlormation
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Table 3. Conformational parameters of polymers

_NH.@O-@@? @Ar @LJéﬁo@Nﬂ_y_

X = H, NO,
Structural unit L/A AfA A /A for X a
X=H X=NO,
—0c co cF, co co—
Y, = @ \N—©—c':-©—u ]@/
¢ tr Nco
Ar co CFy 52.4 35.6 39.2 421 I.10
1.18
Ar; 57.3 3.9 346 372 1.02
1.10
co @ co_
Ary = _@u\ ,~-©_ 64.9 426 426 426 100
co @ co
CF,
,co : co_
e OO OO
2 “co ©h co”
Ar; 5$3.1 35.5 38.7 415 1.09
1.17
Ary 58.0 340 347 374 02
CF,
,co . co_
Y; = —oc N j@j—. @ N CO—
“co R co’
Ary 524 25.7 28.3 30.3 1.09
- QOO O
Ar, 479 443 48.8 523 110
1.18
Ary 52.8 834 443 477 102
1.10
- 2O D-eo-DemO-
Ar, 47.7 346 38.1 405 1.10
1.17
Ary 52.6 335 34.2 36.8 1.02
1.10
Nate: Ary = —‘©’— s Ary = “@‘0‘@' .

depends on the length of the bridge between the
quinoxaline cycles. Benzene ring is the shortest bridge
among those considered in our study (see Tabie 3). In
this case, the side groups closely approach one another.

When the pheny! bridge between the quinoxaline
fragments is replaced by a diphenyl oxide or a diphenyl-
naphthoylencimide bridge, the distance between the

quinoxaline rings increases, and the side groups are
arranged freely without interfering with one another;
even the presence of NQO, groups in the diphenyl-
naphthoylencimide fragment does not enhance the rota-
tion hindrance. For the fragment with phenyl bridges,
we calculated the dependence of the conformation en-
ergy U(e) on the angle of rotation ¢ around a virtual
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a U(p)/keal mol ™! b

U(p)/kea!l mol ™! J\‘ 15.0f
QO

12.5r @ @ 12.5F
10.0 \@[6 10.0F
" O

7.5t 7.5
S.0F 5.0fF
2.5} 2.5¢
. /. ‘ 1 o . . ,
100 200 ¢/deg 100 200 p/deg

Fig. 3. Dependence of the potential energy (@) on the angle of rotation around the virtual bond between two quinoxaline rings
with phenyl (a) and 4-nitropheny! (8) as the side groups.

Table 4. Conformational parameters of polymers

co co N N
< \NH—@O‘©:O\ Ar OI@-O«@—NH—
N N
/N\
co

oC

X X

R ] R =H, Cland X = H, NO,

Structural unit /A Ag/A At /A o

H, R=Cl, R=H, R=C,
H X=H szOZ X=N02

Ar, = _@__ 350 274 300 305 323 328 .10
118
Ay = _@o@ 400 258 263 273 283 290 1.02
112

,COO\
Ar = _©>.~\ ,~,©- 475 313 313 386 39.3 39.7 1.00

Cco @ e] .06
bond between the phenylquinoxaline fragments (Fig. 3, With 4-nitropheny! as the side group, rotation be-
a). In this case, the cis-chain with ¢ = 0 was taken as comes more hindered (sec Fig. 3, 5). In both cases (see
the initial structure, whereas ¢ = 180° was assigned to Fig. 3, a, b), the U(yp) curves clearly demonstrate the

the rrans-conformation. presence of two strong peaks (at ¢ = 0 and ¢ = 180°) and
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Table 5. Conformational parameters of pely-1,3 4-oxadiazolamides containing phenoxytercphthalates

Structural unit l/A A /A A /A, o
R=H
N-N
L] "
——NH—@—C‘ ,c @—co—
o o_@ 9.9 734 100.6 1.37
N~N
—NN—AI-—(IS E-N-—NN—CO@‘CO—
\ol
O
Ar = —@-— 20.5 1435 185 1.29
O
Ar = —©— @ 30.2 27.0 335 1.24
Ar= —@-0—@— 30.3 51.3 63.6 1.24

a number of weak peaks. For both nonsubstituted and
substituted phenyl side groups, the first peak is rather
intense (~9—11 keal mol™!). Thus, for both polymers,
the occurrence of conformers in this region is relatively
unlikely. The second peak at ¢ = 180° (cis-conforma-
tion) is intense (12—15 kcal mot™!) and asymmetrical in
both cases. This confirms the assumption that when a
chain with the cis-conformation contains side groups,
the distance between their H atoms (especially, in the
case of 4-nitropheny! group) is much shorter than the
sum of the relevant van der Waals radii. Therefore, after
the angle ¢ = 180°%20° with respect to the cis-confor-
mation has been attained, the groups cannot continue
approaching each other, and there are no conformers in
this region either. Thus, the set of conformers for these
polymers is depleted, and the molecule becomes more
stretched and more rigid.

The values of the Kuhn segment A, calculated with
allowance for the hindrance to rotation, are listed in
Table 3. In all cases, the magnitude of the parameter o
confirmed our hypothesis that in the presence of a short
bridge (benzene ring), the rotation hindrance is en-
hanced, and when 4-nitrophenyl is present as the side
group, rotation is even more hindered. However, since
in the case of the polvmers listed in Table 3, a unit
contains a large number of virtual bonds around which
free rotation is possible, and only one bond around
which rotation is hindered, this has only a slight effect
on the final rigidity of the polymer.

Table 4 includes polymers containing side groups of
the first and second types. The hindrance parameters for
these polyheteroarylenes are close to those for poiymers
containing only side groups of the second type. Table §
also presents the conformation parameters for polymers
with phenoxide substituents.

In this case, the rotation hindrance is mostly due to
the short distances between the H atoms in the phe-
nylene ring of the backbone amide fragment and in the
phenylene ring of the side group; thus, the latter tends
to be arranged in a plane perpendicular to the image
plane. In addition, the rotation hindrance is determined
by the proximity of the O atoms in the carbonyl group of
the amide fragment and in the cther group of the side
substituent. It can be easily seen from Fig. 4 that for the
rotation around the Ph—CO bond (angle ¢,), the differ-
ence between the energies of the cis- and trans-confor-

U{p)/keal mol™!

0 1 ! 1

100 200 o/deg

Fig. 4. Dependence of the potential energy U(p) on the angle
of rotatian for a fragment with a side phenoxide substituent.
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mations is close to 6 kcal mol™!, and again the full sct of
conformers corresponding to free rotation in the poly-
mer chain is not realized. For rotation around the
NH—Ph bond (angle ¢,), the angular dependence of the
potential energy follows a pattern normal for polya-
mides.’? It was found experimentally that a substituent
in the ortho-position to the carbonyl group accounts for
a rotation hindrance described by o = 1.2—1.5.3 The
values that we obtained lie in the same range.

It can be seen from the data presented in Tables
f—5 that the introduction of side substituents in a chain
does not necessarily result in a substantial rotation hin-
drance. This occurs only in those cases where the side
group cannot be freely arranged in the niche formed by
long virtual bonds in polyheteroarylenes, and short
(shorter than the sum of the van der Waals radii)
contacts between the backbone and side-group atoms
arise. Tables 2—5 compare the calculated conforma-
tional rigidities of the polymers with their physical char-
acteristics.!4 Estimates of the influence of side groups
on the conformational rigidity can be used in the target-
directed synthesis of polyheteroarylenes with desirable
physical properties.

The authors are grateful to Prof. A. L. Rusanov and
Prof. S. A. Pavlova for interest in our work and discus-
sion of the results obtained.
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