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ABSTRACT: The conformational distribution of the main chain liquid crystal polymer, poly(3-((meth-
yltrimethylene)oxy)trimethylene p,p’-bibenzoate) has been studied in solution by analysis of NMR vicinal
coupling constants and the dipole moment. Analysis of the temperature dependence of the coupling
constants for the methylene groups adjacent to the asymmetric carbon in the glycol spacer, measured
between —45 °C and 45 °C, yields values for the conformational energies for each of the bonds flanking
the asymmetric carbon. Spectra recorded in deuterated chloroform and 1,4-dioxane-ds yield similar values
for the coupling constants, indicating that solvent polarity does not significantly influence the confor-
mational distribution. Because of uncertainty in the assignment of NMR signals, two sets of energies
are obtained for each bond. This ambiguity is partly resolved by analysis of the dipole moment. An
experimental value of 0.73 is obtained for the dipolar correlation coefficient, g, in dioxane at 30 °C, which
is consistent with energies E,s = 0.5 + 0.3 kJ mol~t and E,, = —1.3 £ 0.4 kJ mol~? for the bond adjacent
to the ether linkage. Tentative values of Eyqp = 0.0 & 0.30 and Eqs, = 1.1 £ 0.4 kJ mol~! are obtained
for the neighboring bond attached to the ester group, based on the NMR analysis and comparison with

conformational energies in poly(3-methyloxetane), which possesses a similar structural unit.

1. Introduction

The rotational isomeric state (RIS) model has proved
to be an important tool for the theoretical evaluation of
conformation dependent properties of molecular chains
as a function of their structure.}2 Equilibrium dielectric
properties, such as the mean-square dipole moments,
random-coil dimensions, for example, the mean-square
end-to-end distance and radius of gyration, and optical
properties, such as the Kerr effect and the optical
configuration parameter, have been calculated using the
RIS model for a variety of polymers, and the results
obtained are generally in satisfactory agreement with
the experiment.34

The prediction of conformational properties of polymer
chains generally requires knowledge of the first- and
second-order conformational energies arising, respec-
tively, from rotations about a single bond and from
rotations about pairs of consecutive bonds. Relative
values of the conformational energies associated with
the skeletal bonds of polymer chains are usually ob-
tained from the analysis of spectroscopic or thermody-
namic data for low molecular weight compounds whose
conformational characteristics are similar to those of the
polymers.>® Comparison of experimental and theoreti-
cal values of conformation-dependent properties pro-
vides reliable estimates for the relative energies. Among
the methods used to determine conformational energies,
dipole moment studies and NMR spectroscopy stand
out. Both approaches have been applied extensively to
the investigation of conformational behavior of oxygen-
containing chains. Dipole moments are sensitive, in
principle, to conformational energies and geometries of
all bonds in the polymer chains. In contrast, vicinal
coupling constants, J, measured by NMR spectroscopy,
reflect conformational distributions about specific bonds.”
The two methods are then complementary, and by
combining evidence from both techniques, it is possible
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to estimate conformational energies even in relatively
complex chains.

According to the RIS approach, dipole moments and
vicinal coupling constants are regarded as equilibrium
averages over a limited number of conformers, defined
by the torsion angles, ¢, for each skeletal chain bond,
valence angles and bond lengths being assigned fixed
values. The allowed conformers are identified with
minima in the intramolecular potentials. For linear all-
methylene and ether chains, each bond assumes one of
the three alllowed conformations, trans (t), gauche+ (g*)
and gauche— (g~). Within the scope of the RIS model,
dipole moments then depend only on the conformational
energies, individual bond (or group) dipoles, and the
particular values for the ¢. For most esters and ether
linkages, good estimates for the individual bond or
group dipoles are available, while the torsion angles are
known to vary relatively little from the standard values
of 0, +120, and —120° for t, g*, and g~ states, respec-
tively. Indeed, in some cases it is sufficient to regard
both the group dipole moments and the individual
torsion angles as fixed parameters so that the only
unknown quantities for evaluating dipole moments
using the RIS model are the conformational energies.
Nevertheless, for chains comprising several different
types of bonds, many independent conformational ener-
gies may be required, whereas experimental studies
provide just a single quantity, the mean square dipole
moment, at each temperature. Fortunately, the vast
literature of conformational studies of hydrocarbon and
polyether chains provides reliable values for the con-
formational energies of many types of chain linkage
which may be adopted for the purposes of investigating
more complex chain segments.

A similar approach is followed for the RIS analysis
of vicinal coupling constants. In this case, the unknown
quantities are the conformational energies and the J
values for individual conformers. These quantities,
which are very sensitive to molecular structure and
geometry, are generally not known a priori and it has
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usually been necessary to make further assumptions in
order to proceed with a meaningful analysis. A number
of different philosophies have been adopted in this
respect. In their investigation of poly(ethylene oxide)
and model compounds, Matsuzaki and 1to® proposed a
simple empirical relationship between the individual
conformer coupling constants and performed the fitting
procedure with a reduced number of parameters. This
allowed good fits to experimental data to be obtained,
but the resulting values for the individual coupling
constants fell considerably outside the usual range of
values expected for these quantities. An alternative
approach, which has been adopted by several groups®-11
makes use of modified versions of the Karplus equa-
tion1213 to determine values for the conformer coupling
constants, assuming fixed values for the torsion angles
in each conformation. The temperature dependence of
the observed couplings is then fit by varying only the
conformational energies. This procedure ensures that
all the fitting parameters maintain physically reason-
able values but in some cases imposes overstringent
restrictions on the various coupling constants, which
could have a significant effect on the resulting confor-
mational energies. Tasaki and Abe have discussed the
different fitting approaches# in reference to their work
on poly(oxyethylene) and 1,2-dimethoxyethane.1>16 They
chose to retain all independent coupling constants as
free parameters and performed best fits to their data
as a function of E,, the energy of the gauche conforma-
tion about the C—C bond. This approach is certainly
reasonable since it provides an internal indication of the
validity of the fitting procedure. Limiting values for the
conformational energies can then be obtained by con-
sidering only physically reasonable values for the
coupling constants. Specific values for the energies
could be derived by placing limits on the relative
magnitudes of individual coupling constants. In view
of the different approaches adopted by various research
groups and the vastly different values employed for
conformational coupling constants in identical com-
pounds, it is somewhat surprising that results for
conformational energies are often in semiquantitative
agreement. This observation, however, would appear
to support the use of the NMR coupling constant method
as a valid and reliable technique for investigating
conformation in flexible chains.

This work forms part of a general study of the
influence of single asymmetric carbon atoms on the
conformational properties of flexible ether spacer chains
and how this, in turn, may condition the development
of mesophases in main chain polyesters. A considerable
body of work has now been published concerning the
role of linear spacer chains on the behavior of polymeric
as well as low molecular weight liquid crystals. It is
well established that the mesogenic behavior of these
materials hinges on the combination of the inherently
anisotropic molecular interactions of the rigid core units
and the relative disposition of these units, which is
dictated by the structure of the spacer chain connecting
them. Indeed, several molecular theories have now
been proposed which successfully account for the ther-
modynamic properties and orientational order of liquid
crystals and main chain liquid crystal polymers with
linear spacers.1”18 Relatively little attention, however,
has been paid to the effects of asymmetric centers on
the conformational properties of liquid crystals, despite
the fundamental role they play in governing the ferro-
electric properties, which are important for the design
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of optical devices.1®20 In this study, the conformational
energies of the OCH,CH(CH3)CH,O residue in poly(3-
((methyltrimethylene)oxy)trimethylene p,p’-bibenzoate)
(PTOMTB) are investigated by NMR and dipole moment
measurements. Section 2 contains a description of the
experimental details and materials used. In section 3,
an account is given of the RIS analysis of the NMR
coupling constant data and the results of this analysis
are then considered with reference to the dipole moment
analysis of the polymer.

2. Experimental Part

Synthesis of Poly(3-((methyltrimethylene)oxy)tri-
methylene p,p’-bibenzoate). PTMOTB was synthesized by
transesterification of 3-((methyltrimethylene)oxy)trimethylene
glycol and diethyl p,p'-bibenzoate, respectively, using isopropyl
titanate as catalyst. The polymer was purified by precipitating
into methanol its chloroform solution. Its structure was
confirmed by *H and *3C NMR spectroscopy. The value of the
intrinsic viscosity of PTOMB, measured at 25 °C in chloroform,
was 0.54 dL/g.

NMR Measurements and Spectral Analysis. The 'H
vicinal coupling constants for PTMOTB were derived from
NMR spectra recorded on Varian INOVA 300 and UNITY 500
spectrometers. Spectra were obtained at several temperatures
from —45 to +45 °C for PTMOTB solutions in deuterated
chloroform and from 20 to 80 °C for solutions in deuterated
dioxane. Vicinal coupling constants for the OCH,CH(CHj5)-
CH,0 segment methylene groups were obtained by fitting the
experimental spectra with simulated line shapes based on
standard expressions for the line frequencies for ABX spin
systems.?? A FORTRAN program was developed for this
purpose that employs a nonlinear least squares fitting routine
in which the coupling constants, Jags, Jax, and Jgx, the chemical
shifts for spins A, B, and X, and the respective line widths
are varied independently. The resulting best fit coupling
constants are estimated to be accurate to within 0.1 Hz.

Dipole Moments. The static dielectric permittivity e of
dioxane solutions of PTMOTB was measured at 30 °C with a
capacitance bridge (General Radio, type 1620 A) coupled with
a three terminal cell. The measurements were performed at
10 kHz, at which the real component, €, of the complex
dielectric permittivity coincides with the static dielectric
permittivity. The values of ¢ were plotted against the weight
fraction w of solute, and from the slope of the plot in the limit
w — 0, the term de/dw proportional to the total polarization
(orientation, electronic, and atomic) was obtained. Values of
the increment of the index of refraction n of the solutions with
respect to that of the solvent n; were measured with a
differential refractometer (Chromatix, Inc). The values of An
were plotted against w, and from the slope in the limit w — 0,
the term dn/dw, proportional to the electronic polarization, was
determined. The atomic polarization is in most cases only a
very small percentage of the electronic polarization and
because of the small value of the latter it was considered to
be negligible. Values of de/dw and dn/dw for PTMOTB are
3.06 and 0.15, respectively. The mean-square dipole moment,
[4%0) of the polymer was evaluated by the method of Guggen-
heim and Smith:%223

27kgTM de dn
—_— ) — n —
AmpN (e, + 2)2dw " dw,

where kg and N4 are respectively the Boltzmann constant and
Avogadro’s number, M is the molecular weight of the solute,
p is the density of the solvent and n; and ¢; are, respectively,
the index of refraction and the permittivity of the solvent. The
value of [4?Cobtained for PTMOTB at 30 °C is 7.70 4 0.20 D2

3. Results and Analysis

(a) Vicinal Coupling Constants. Figure 1 shows
the molecular structure and proton NMR spectrum of
PTMOTB in CDCI; at 318 K. The protons in each of
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Figure 1. Molecular structure (showing bond labels) and 500
MHz 'H NMR spectrum of PTMOTB at 318 K. Insets show
expanded sections corresponding to the methylene groups
adjacent to the asymmetric carbon.

Table 1. Vicinal Coupling Constants for PTMOTB

T (K) JAX (HZ) JBX (HZ) JAlx (HZ) JB'X (HZ)
Measured in CDCl3
228 5.65 7.33 6.13 5.71
243 5.64 7.06 6.09 5.78
258 5.63 6.79 6.08 5.84
273 5.62 6.64 6.06 5.87
288 5.61 6.60 6.06 5.89
303 5.64 6.50 6.08 5.96
318 5.63 6.49 6.11 5.98
Measured in 1,4-Dioxane-dg
298 5.61 6.38 6.09 6.06
308 5.65 6.35 6.10 6.07
323 5.69 6.29 6.10 6.05
338 5.73 6.26 6.08 6.09
353 5.82 6.20 6.09 6.07

the methylene groups adjacent to the —CHCH3;— asym-
metric center are magnetically inequivalent and present
ABX multiplets (see expanded sections in Figure 1) due
to coupling with the methine proton. Analysis of the
multiplets yields values for the chemical shifts for each
proton, the geminal (Jag) and vicinal (Jax and Jgx)
coupling constants. The vicinal coupling constants,
measured from 328 to 318 K in CDClI3; and from 293 to
253 K in 1,4-dioxane-dg, are given in Table 1 and plotted
in Figure 2.

In the remaining discussion we arbitrarily label the
downfield resonances in each ABX multiplet as spin A
signals and the upfield resonances as spin B signals.
Since the proton chemical shifts are themselves confor-
mation dependent, as well as being sensitive to remote
substituents, it is not possible, a priori, to assign
resonances A and B to specific protons. Thus, in the
case of the methylene group attached to the ether
linkage, spin A may correspond to either proton a or
proton b (see Figure 1) and likewise for spin B. The
same argument also applies for the assignment of spins
A’ and B’ to protons ¢ and d in the methylene group
attached to the ester group.

Before embarking on a detailed analysis of the data,
it is possible to make some general comments concern-
ing these results. First, the coupling constants appear
to vary little with the polarity of the solvent. This
observation is in keeping with results obtained for
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Figure 2. Experimental vicinal coupling constants recorded
in CDCl; and dioxane-dg for methylene groups adjacent to the
asymmetric carbon atom in the glycol...spacer of PTMOTB.
Results obtained in CDCI; are Jgx (filled circles), Jax (open
circles), corresponding to protons a and b, and Jgx (filled
squares), Jax (open squares) corresponding to protons ¢ and
d. Results obtained in dioxane-ds are Jgx (filled inverted
triangles), Jax (open inverted triangles) and Jgx (filled upright
triangles), Jax (open upright triangles). Solid and broken lines
are intended purely as guides for the eye.

diesters containing ether spacer chains!! and suggests
that the conformational behavior of these materials is
little influenced by the dielectric constant of the sur-
rounding solvent. We note that somewhat larger varia-
tions in coupling constants with solvent polarity have
been observed for poly(oxyethylene).’* However, in this
case, hydrogen bonding between solvent (for example,
D,0) and solute molecules is possible and this is likely
to play a significant role in stabilizing certain conforma-
tions. In the remainder of this analysis, we concentrate
on the results obtained in CDCl3, which provide a
broader temperature range. Regarding the temperature
dependence of the coupling constants, only Jgx varies
substantially over the temperature range studied. In
addition, Jax and Jgx adopt rather similar values,
falling between 5.5 and 6.0 Hz over the range studied
in CDCl3. From this observation we can immediately
infer that the energy differences between the different
conformers for bonds of type k (see Figure 1) are
relatively small. Conversely, the rather large values
(6.5—7.3 Hz) for Jgx and its pronounced temperature
dependence indicate appreciable differences in the con-
formational energies for bond type j.

Conformational Analysis. Figure 3 shows projec-
tions of each of the conformations for the two relevant
—C—C- bonds, indicating the various coupling con-
stants for each conformer. In the present analysis, we
consider only first-order interactions. The energies Eq
and Egg, for the gauche states of bond j relative to that
of the trans state and the equivalent quantities, Egqp
and Eggp, for bond k are independent. These values,
together with their specific assignment to the g* and
g~ states, completely define the conformational distribu-
tion for bonds j and k. This approximation neglects
possible higher order interactions involving the ester
group and other methylene groups in the spacer. In
principle, coupling constants for consecutive —C—C—
bonds (e.g., bonds j and k) may be sensitive to correla-
tion between the successive torsion angles. However,
in the present case, it may be shown (see section below
on higher order interactions) that the coupling constants
of interest are governed principally by the first-order
interactions. Within the framework of this approxima-
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Figure 3. Projections of trans (t), —gauche (g™), and +gauche
(g™) for bonds j and k in PTMOTB. Also shown are individual
coupling constants J;, J'1, Jz, J'2, J3, and J'3 for bond j. A
similar set of coupling constants may be defined for the
corresponding interactions in bond k.

tion, the effective coupling constants for protons a and
b are

I = T3 + 11,00+ 1,34 (1a)
Jpy = TC)I% + 11,0 + 14,37 (1b)

where f, f!,,, and f., are the populations of the t, g,
and g~ states, states for bond j. The coupling constants,
J}, and J,{,’ (N = 1,2,3) are, in general, independent,
governed by the geometry of each conformation. Al-
though the effective coupling constants in eq 1 cor-
respond to the measured quantities, Jax and Jgx, no
assignment of protons a and b with respect to spins A
and B has yet been made. Similarly, for bond type k
we have

Jo = 35+ 15,35+ 153 (2a)
Joe = FEIE + 15,05 + 155 (2b)

which correspond to the measured couplings, Jax and
Jex, bearing in mind that no specific assignment has
yet been made for spins A’ and B'.

The conformer populations for bond j are given by the
respective Boltzmann factors,

_ exp(— Ej(,,)/ RT)
fl,= _ @)
zexp(—E{m/RT)
Iz

where E/, is the energy of conformer x4 for bond j
relative to that of the corresponding trans conformation.
Thus, we have Ej,) = 0 and the gauche state energies,
El.) and E{_,, adopt the values E,, and E, following
the usual convention E;, < Egs. An analogous expres-
sion is obtained for bond k. There are eight independent
quantities which determine the two measured coupling
constants for each bond—six coupling constants, J}
and J4, i = 13, and the two energies, E{,, and E{_,. In
order to progress further with the anaﬁysis, we now
make the approximation J'¥ = J/. A similar approach
was adopted by Tasaki and Abel* to facilitate their
analysis of coupling constant data for 1,2-dimethoxy-
ethane. For the present case, the approximation is
certainly reasonable provided that the dihedral angles
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in each of the conformations do not deviate too much
from the standard values, 0, and £120°.

Bond j. The model outlined above provides the
coupling constants, Jax and Jux, as a function of J,
J3, 33, El.), and E_,. Fits to the experimental coupling
constant data have been carried out, varying J{, J;,
E’(+), and EJ(,) for different fixed values of Ji. This
procedure was adopted since the trans coupling con-
stants, Js, are relatively insensitive to the dihedral
angle between the coupled protons and previous studies
of vicinal coupling constants indicate that J; are of the
order 11.5 + 2.0 Hz.*3 During the fitting procedure,
limits are placed on the values of J{ (1.0—7.0 Hz) and
JJ (1.0—5.0 Hz) to ensure that these quantitites main-
tain physically realistic values. Because of the ambigu-
ity in the assignment of the resonances, it is necessary
to repeat the fitting procedure for each of the two
possible combinations, A=a, B=b (case 1) and A = b,
B = a (case 2). However, the symmetry imposed on the
model by the coupling constant approximation, J; =
J4, implies that the two cases are related by a simple
exchange of relative energies for the g* and t conform-
ers. The best fit values for the coupling constants and
the quality of the resulting fits are unchanged. Figure
4 shows the best fit values for the coupling constants
and energies as a function of J§. For both case 1 and
case 2, E(_, > Ej, indicating the presence of unfavor-
able interactions between the oxygen atom of the ether
linkage and the methyl and methylene groups in the
gauche orientations. The major difference between the
two assignments lies in the absolute value of EJ(H. For
case 1, we have 0.5 kJ mol~1 < E’(ﬂ < 1.5 kJ mol?,
whereas for case 2, the g* state is found to be of lower
energy, —1.5 kd mol~! < El+) < —0.5 kJ mol~. Were it
not for Coulombic interactions, the g™ and trans states
should be expected to have similar energies. However,
charge separation in C—0O bonds leaves charges 6+ and
0— respectively on the carbon and oxygen atoms which
would lead to favorable Coulombic interactions between
C and O atoms in gauche orientations. This argument
is consistent with case 2, which yields a negative value
of E(1+). The best fit coupling constant profiles, ob-
tained with J§ = 11.5 Hz, are shown in Figure 5.
Profiles corresponding to different JJ values are virtu-
ally identical. Despite the large number of variable
parameters in the model, systematic differences remain
between the best fit profiles and experimental results.
In particular, the pronounced temperature dependence
of Jgx and its rather large value at low temperatures,
are not adequately reproduced by the model. The
discrepency must derive either from the approximations
concerning the relative magnitudes of the individual
coupling constants or from the neglect of higher order
interactions in the RIS model employed in the analysis.
The former possibility has been investigated by consid-
ering more explicitly the geometrical constraints on the
coupling constants. Altona and co-workers!3 have de-
veloped a useful empirical expression for vicinal cou-
pling constants in C—C bonds as a function of the
dihedral angles and the electronegativity of each sub-
stituent. We have used this expression to evaluate
individual coupling constants as a function of conforma-
tion of bond j. The resulting profiles are plotted in
Figure 6. The angle, @, is the torsion angle between
the ether oxygen atom and the methylene group, which
defines the conformational state of the bond. In evalu-
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Figure 4. (a) Individual coupling constants, J; and J,, as a
function of J; obtained by fitting the temperature dependence
of Jax and Jgx. Results correspond to either assignment case
1 (spin A — proton a, spin B — proton b) or case 2 (spin A —
proton b, spin B — proton a). (b) Energies of g* and g~ states
for bond j as a function of J; obtained from the fitting
procedure, assuming the case 1 assignment. (c) Energies of
g™ and g~ states for bond j as a function of J; obtained from
the fitting...procedure, assuming the case 2 assignment.
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Figure 5. Best fit profiles for Jax and Jgx obtained using the
“model free” approach. Filled circles and broken lines refer to
experimental and best fit Jgx values, respectively. Open circles
and solid lines refer to experimental and best fit Jax values.
Best fit profiles for cases 1 and 2 are indistinguishable.

ating these profiles it has been assumed that the
difference in the dihedral angles, @ — Pax (See Figure
3), is constant at 120°. While this condition is not

Macromolecules, Vol. 30, No. 24, 1997

g t gt
12 g

0 IH N N PR FEERE N FERE i N
-100 0 100

[

Figure 6. Torsion angle dependence of coupling constants Jay
(solid lines) and Jux (broken lines) evaluated according to the
empirical model (see text). Profiles shown correspond to bond
j (see Figure 3). Profiles for bond k are related to those shown
here by reflection about the ® = 0 line with Ju replacing Jax
and J replacing Jpy.

expected to be satisfied rigorously for all ®, substantial
deviations from the approximation are unlikely since
this would require significant variations in the HCH
bond angle and concomitant large increases in energy.

The experimental coupling constants have been fit
using the first-order RIS model with energies E{,, and
E{_, and torsion angles @, ®(+), and ®(-) as variable
parameters by applying the empirical expression to
obtain the individual coupling constants, J; and J'/,
for each conformer. The fitting procedure was repeated
for different values of A®, the maximum allowed
deviation of the conformation torsion angles, ®), ®(),
and @, from their standard values of 0, +120, and
—120°. The results obtained for both assignment cases
are plotted in Figure 7. As should be expected, the
ranges of values obtained for E’( + and E’(,) are compa-
rable to those obtained using the model free approach
(see Figure 4). For case 1 we obtain EJ(,) =Ep=20%
0.6 kJ mol~* for the g~ state and E{,) = E,« = 1.4 £ 0.4
kJ mol~* for g*. The best fit vaﬁues_ for case 2 are
E’(_) = Eq = 0.5 £ 0.3 kJ mol~? and E'(+) =Ey = —1.3
+ 0.40 kJ mol~1. The variation in the torsion angles is
shown in Figure 7c,d. In view of the rather crude model
used to describe the bond geometry (e.g., no variation
in bond angles, a fixed value of 120° for the difference
in torsion angles for geminal protons) and possible
inaccuracies in the simple empirical model employed for
the angle dependence of the coupling constants, these
values of @ obtained should be regarded only as very
approximate estimates. Nevertheless, it is reasonable
to assume that large deviations of ® from their standard
values correspond to significant distortions of the bond
from its ideal geometry, reflecting strong intramolecular
nonbonded interactions. Conversely, small deviations
indicate the absence of such interactions. Within the
bounds of this model, all distortions of bond geometry
are associated with deviations in the dihedral angle, @,
describing bond conformation. Presumably, the overall
distortion should be distributed among all bond angles
and bond lengths in the unit so that the correct values
of ® may be significantly closer to their standard values
than those indicated by the model. This approach is
useful since it guarantees physically realistic values for
the coupling constants while providing an indication of
the corresponding bond geometry. On increasing A®,
successively better fits are obtained to the experimental
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Figure 8. Best fit profiles for Jax and Jgx for bond j obtained
using the empirical model approach (see text). Filled circles
and open circles refer to experimental values for Jgx and Jax,
respectively. Broken lines were obtained with A® = 1°. Solid
lines are the best fit profiles with A® = 15°.

coupling constant profiles. This effect is illustrated by
the example best fit profiles shown in Figure 8. For A®
= 15°, the quality of the calculated profiles is signifi-
cantly better than that provided by the model free
approach. Comparison of the torsion angle plots (Figure
7c,d) provides a simple physical interpretation of the
differences between the two assignment cases. For case
1, the greatest distortion is observed for the g~ state,
whereas in case 2, it is the trans configuration that is
most distorted. However, in order to resolve the am-
biguity in assignment, further experimental evidence
is required (see section on dipole moment analysis).

Bond k. The same first-order conformational analy-
sis has been applied to interpret the vicinal coupling
constants, Jax and Jgx, for protons c and d. As before,
the “model-free” approach and the empirical model

provide similar values for the conformational energies
in each of the two possible assignment cases, A' = ¢, B’
=d (case 1) and A' = d, B' = ¢ (case 2). In both cases,
the values obtained for Ef,, and E , are rather small,
implying a relatively even distribution among the three
states. The best fit values for the energies and torsion
angles, estimated using the empirical model analysis,
are plotted in Figure 9. Good fits to the experimental
data could be obtained for small values (<10°) of A®.
Two example profiles for different values of A® are
shown in Figure 10. On the basis of the results
presented in Figure 9, we have E{ | = Eyqp = 0.0 £ 0.4
kJ mol~* and E:(+) = Egpp = 1.0 & 0.4 kJ mol~1 for case
1and Ef,, = Ef ) = Egep = Eopp = —1.1 £ 0.4 kJ mol~2
for case 2.

Higher Order Interactions. The analysis of the
coupling constant data outlined above provides esti-
mates for the conformational energies, Eqa, Eop, Eoops
and Egpp. This procedure is based implicitly on the
assumption that conformational probabilities for each
bond are determined entirely by these first-order inter-
action energies (see eq 3). A more general treatment
accounts for higher order interactions and requires
considering the configuration of the entire chain. For
an N segment chain, the probability that bond n is in
state v is

fo) = z*l;.;é . ...;e*E@r--d’n---W)’k‘ 4)
1 n N

where Z is the conformational partition function,
E(¢1...¢n...9N) is the energy of the chain in the conforma-
tion defined by the set of torsion angles ¢1...¢n...¢n, and
Ovg, 1S @ Kronecker delta. In the first-order interaction
approximation used above, the conformational energy
is E(¢l¢n¢N) = E1(¢1) T En(¢n) T EN(¢N)
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Figure 9. Best fit values of conformational energies, E+) and E(), as a function...maximum torsion angle distortion, A®, for
bond k, assuming (a) case 1 and (b) case 2 NMR assignments. Below are shown best fit values for t, g*, and g~ torsion angles for
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Figure 10. Best fit profiles for Jax and Jgx for bond k
obtained using the empirical model approach (see text). Filled
circles and open circles refer experimental values for Jgx and
Jax, respectively. Broken lines were obtained with A® = 1°,
Solid lines are the best fit profiles with A® = 10°.

Evidently, in this limit, eq 4 and eq 3 are equivalent.
Multiple summations such as those in eq 4 are conve-
niently expressed using matrix formalism,

n—1 N-1
0y =Z Ui Uilu,L [T viluy ()

1= i=n+1

where U; and Uy are respectively row and column
vectors with all elements equal to unity and U; are
statistical weight matrices for each bond i. The reduced
matrix, un,, for bond n has all columns equal to zero
except that corresponding to state v, whose elements
are identical to those of the full matrix, U,. Following
the scheme presented in Figure 1b, the statistical weight
matrices for bonds i, j, k, and | are (see following section)

100 1 04 0p
U=(100 Uj=00a0
10 0" 10 0
1 ogp O 1 ok WykO'k
Uk: 1 Opp WOup U| =11 WykOk w,?ko'k (6)
1 wopp Oup 1 wxok o'k

Substitution of these matrices into eq 5 show that for
bonds j and k, the populations of the individual states
are given approximately (although not exactly) by the
first-order terms, o4, 0 and o, ogp. The errors
introduced in our estimates for the corresponding ener-
gies, Esw Eop, Eoap, and Eqgp, due to the neglect of higher
order interactions (i.e., use of eq 3) are certainly much
less than the errors deriving from approximations
concerning the individual conformer coupling constants.
A more detailed discussion of the use of NMR spectros-
copy to investigate higher order interactions in PT-
MOTB is reserved for a future publication.2*

(b) Dipole Moments. In the theoretical analysis of
the polarity of the polymer, the C*(O*)—0O ester groups
(bonds a and d in Figure 1) were considered to be
restricted to the trans states. The twist angle between
aromatic rings in biphenyl type structures? is typically
between 30° and 45°. For the purposes of the calcula-
tions here, torsion angles of 45, 135, 225, and 315° were
employed for type b bonds. For bonds of type c only the
conformations in which the carbonyl group is coplanar
with the ester group are permitted and, consequently,
the rotational angles about the bonds are 0 and 180°.
The statistical weight matrices corresponding to skeletal
bonds a through d are
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U,=[1 U,=[1 1 1 1],

The rotational states about bonds of type e are located
at 0, £104°, and gauche states about these bonds have
an energy, Equ, ca 1.7 kJ mol™! above that of the
alternative trans states.?6 Earlier studies carried out
on the conformational properties of poly(ditrimethylene
terephthalate) indicate that gauche states about CH,—
CH> bonds (bonds f and g) which give rise to CH,---O
first-order interactions, E, of ca. 0.4 kJ mol~! below
that of the corresponding trans states.?” The rotational
angles were considered to be 0, £120°. The conforma-
tional analysis of polyoxides! shows that gauche states
about bonds of type h are disfavored by E,- of ca. 3.8 kJ
mol~1 with respect to the alternative trans states and
rotational angles about C—0O bonds of the ether groups
are 0, £110°. Positive gauche states about bonds of type
i give rise to strong repulsive interactions between
methyl and methylene groups separated by four bonds,
and the statistical weights of both g* and g*g™" states
were assumed to be zero. For the same reason, the
statistical weights of g™t and g~g~ states about bonds
of type j are zero. Two sets of possible values for
energies E,, and E,; were obtained from the NMR
analysis. For assignmentcase 1, E,q = EJ(H =144+04
kJ mol~* and Eys = E{_, = 2.0 £ 0.6 kJ mol~* and for
case 2 we obtained E{_, = E ;3 = 0.5 + 0.3 kJ mol~* and
E‘(ﬂ = E,u = —1.3 + 0.4 kJ mol~L. Similarly, for bond
k, the analysis yielded the two sets of energies, Eyqp =
E¢, = 0.0 £ 0.30 kd mol~t and Eqpp = Ef;, = 1.1 £ 0.4
kJ mol~! for case 1 and Eeep = Egpp = Efyy = Ef, =
—1.1 4+ 0.4 kJ mol~ for case 2. According to the NMR
coupling constant analysis, the torsion angles deviate
somewhat from their standard values, 0, £120°. How-
ever, as discussed above, the calculations tend to
overestimate the distortion of the main chain dihedral
angles and in the absence of more detailed information
regarding the individual conformer geometries, we have
adopted the standard values in the calculations. The
energy of g* states about bonds of type | is ca. 1.7 kJ
mol~1 above that of the alternative trans state.! Due
to strong repulsive second-order interactions between
the CHj---C*(O*) groups, the g~ state is much less
favored than the g* state. An energy E,« = 6 kJ mol~!
was tentatively used in the calculations. The statistical
weight matrices for bonds i through | are given above
(see eq 6). Energies associated with second-order
interactions O---O, CH5---O, and C*(O*)---CH,, repre-
sented by E,, E,, and E,,x, were considered to be 2.5,
2.5, and 4.8 kJ mol~! above that of the tt states.28

The dipole corresponding to the CsHs—COOCHS, group,
ue, has a value of 1.89 D and forms an angle of 123°
with the C¥—C*(O*) bond.?® The dipole associated with
the ether bonds has a value of 1.07 D and lies along the
C—0 bond.28 All CH,—CH, were considered to possess
zero dipole moments. Values of the mean square dipole
moment, [42[of the chains were calculated by standard
matrix multiplication methods described in detail else-
where. The results obtained for [Z?Oare expressed in
terms of the intramolecular dipolar correlation coef-
ficient,
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[Z°0
9g=————">- (7)
2X(4“E2 + ﬂc—oz)

where x is the degree of polymerization and ug and uc-o
are respectively the dipoles associated with the ester
group and the ether CH,—O bond. Because the poly-
mers have high molecular weights, chain end-group
effects have been neglected. Strictly speaking, PTOMTB
chains are random copolymers in which the acid residue
may be flanked by the following segments: —CH,CH>-
CH,0—, —CH2CH(CH3)CH20—, or _CHZCHZCHZO_/_
CH,CH(CH3)CH,O—. However, preliminary calcula-
tions show that the mean-square dipole moment of the
chains is not sensitive to the comonomers distribution.
Consequently, subsequent calculations were performed
by considering the chains as homopolymers with the
repeating unit indicated in Figure 1.

For chains in the all-trans conformation with all bond
dipoles lying in a plane, the total dipole should be close
to zero. However, because the aromatic rings in the
biphenyl group are twisted relative to each other, the
overall planarity is lost and the value for g is 0.029.
Departures from the trans conformation arising from
rotations about the bonds of the glycol residue, increase
[4°Cand, consequently, the value of the dipolar correla-
tion coefficient. Note that for uncorrelated dipoles, g
takes the value of 1. Model calculations have been
performed with the set of conformational energies, Ex
=13, Eyxk = 6.3, E,» = 3.8, Ex = —0.4, E, = 2.5, and
Ewyk = 8.4 kd mol~1, and the energies Eqq, Eqp, Eap, @and
Eopp, for bonds j and k obtained from the NMR coupling
constant analysis. For each series of calculations, one
energy value was varied while all others were main-
tained fixed at their initial values. Because the NMR
analysis provides two sets of values for each pair of
energies, Eqy, Eg and Egap, Egpp, there are a total of
four possible combinations of parameters. Figure 11
shows the variation of the dipolar correlation coefficient,
g, for two of these combinations. Results are displayed
for the dependence of g on Ey, Ey, Eo, and Eg, the
mean square dipole moment being rather insensitive to
other energy terms. The first series of calculations
(open circles and broken lines) correspond to the initial
energies Eqq = 1.4, Eqg = 2.0 kd mol~t and E,qp = 0.0,
Eosp = 1.0 kJ mol~1. The second series of calculations
(filled circles with solid lines) were performed using the
same values of E,p and Egz but with the bond j
energies, Eqq = —1.3, Eqs = 0.5 kJ mol~1, corresponding
to assignment case 2 in the NMR analysis. The
horizontal line at g = 0.73 is the experimental value
measured for PTMOTB in dioxane at 303 K. Vertical
lines denote the standard values of the energy param-
eters (see discussion above) derived from previous
studies or from the NMR analysis in this work. For the
first set of energy values (open circles), the calculated
value of g is 0.68, somewhat lower than the experimen-
tal value. Even allowing for a reasonable margin of
error in each of the conformational energies about their
“standard” values, it is not possible to reproduce the
experimental result. In contrast, the second combina-
tion of energies (Eqq = —1.3 kJ mol™%, E;s = 0.5 kJ
mol~1) gives g = 0.74, in excellent agreement with
experiment. Unfortunately, the dipole moment is rather
insensitive to E,qp and Eggp, and it has not been possible
to establish precise values for these quantities. How-
ever, comparison of the results obtained here for
PTOMTB with those of previous studies (see below)
lends support to the assignment E;qp = 0.0, Egpp = 1.0
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Figure 11. Variation of the dipolar correlation coefficient, g, calculated for PTMOTB as a function of conformational energies for
different bonds in the glycol spacer. The profiles in each plot show the change in g as one energy is...varied independently, with
all others fixed at their “standard” values. Results are shown for (a) E,, (b) E,', (C) Ess, and (d) Ezs. Horizontal solid lines correspond
to the experimental value, g = 0.73. Solid vertical lines in each plot refer to the standard value of the varied energy parameter.
Open circles refer to calculations performed with standard values for the energies, E,x = 1.3, Eyxk = 6.3, E;» = 3.8, E, = —0.4, E,,
= 2.5, Eoyk = 8.4, Eou = 1.4, Eqp = 2.0, Egqp = 0.0, and E,g, = 1.0 kJ mol 2. Filled circles refer to calculations performed using E,q
= —1.3 and E, = 0.5 kJ mol~* and with all other energies the same as for the previous calculations.

kJ mol~! used to obtain the results in Figure 11. Of
the remaining energies, it is E,» and E,' that exert the
greatest influence on the dipole moment. The polarity
of the chain decreases as the gauche population about
C—C bonds of the glycol residue diminishes. Increasing
Ey from —4 to +4 kJ mol~! causes g to decrease from
0.80 to 0.67. Conversely, the chain polarity is found to
increase as the gauche states of C—O bonds become less
populated. In fact, g increases from 0.64 to 0.77 as E,
varies from —2 to +8 kJ mol~1.

It is interesting to compare the results obtained here
for the conformational energies of the bonds flanking
the asymmetric carbon with those found for poly(3-
methyloxetane) (P3MO) whose repeating unit is —CH>-
CH(CH3)CH,0—-.3% In P3MO, gauche states about
CH>CH(CH3)—CH20 bonds that bring an oxygen atom
between a methyl and a methylene group have an
energy ca. 1.30 kJ mol~1 below that of the corresponding
trans state, while those conformations that result in
single gauche interactions between an oxygen atom and
a methylene group have an energy ca. 2.1 kJ mol~!
below that of the trans. The preference for gauche
states in substituted oxetanes mainly arises from at-
tractive Coulombic interactions between the negative
residual charge of the oxygen atom and the positive
residual charge of the carbon atom of the methylene
group bonded to the oxygen atom of the previous
repeating unit. This effect appears to be diminished
significantly in the case of PTOMTB where gauche
states of bonds containing the asymmetric carbon have
somewhat higher energies than the corresponding states
in P3MO. Presumably, this reflects a reduced charge

separation between the methylene carbon and the
attached oxygen of the ester group. Thus, in PTOMTB,
energy differences between gauche and trans states in
the —OCH,;CH(CH3)CH,O— unit are reduced relative
to those in P3MO, implying a greater flexibility in this
segment.

.Summarizing, we have employed NMR spectroscopy
and dipole moment studies to determine the conforma-
tional distribution of bonds neigboring the asymmetric
carbon in the mesogenic polymer PTOMTB. On the
basis of the dipole moment analysis, it is possible to
distinguish between two possible assignments for the
NMR spectra and hence determine unambiguously the
conformational energies for one of these bonds, namely
bond j containing the ether linkage. Specifically, the
values derived are E,s = 0.5 + 0.3 kJ mol~! and Egq =
—1.3 + 0.4 kJ mol~t. The rather low values for the
conformational energies of bond k (adjacent to the ester
linkage) and the relative insensitivity of the dipole
moment to these energies preclude unambiguous as-
signment for the conformational energies of this bond.
However, by inference from the results obtained for
bond j and their interpretation in terms of Coulombic
interactions, we tentatively adopt the values E,qp = 0.0
+ 0.30 and Eggp = 1.1 &+ 0.4 kJ mol~2.
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