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The relaxed torsional potential of a liquid crystalline polymer containing an ester functional group in a
mesogenic unit (hereafter 12-4 oligomer) has been calculated with the ab initio self-consistent-field using 6-
31G* basis set. GIAO C NMR chemical shifts also have been calculated at the B3LYP/6-31G* level of theory
for each conformational structure obtained from torsional potential calculation. The results show that the
phenyl ring-ester linkages are coplanar with the dihedral angle of about 0° and the ring-ring linkages in the
biphenyl groups are tilted with the dihedral angle of around 43-44° in the lowest energy conformer. The
biphenyl ring has a comparatively lower energy barrier of internal rotation potential in the ring-ring than that
of phenyl ring-ester. The *C chemical shifts of carbonyl carbons were found to move to upfield due to 7-
conjugation with phenyl ring and slightly affected about 0.5 ppm by dihedral angle of the ring-ring linkage.
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Introduction

Liquid crystalline polymers (LCPs) containing an ester
functional group in a mesogenic unit produce different liquid
crystalline states depending on the chemical structures of the
constituent units and on the chemical bonds connecting the
units.* LCPs containing an ester functional group in a meso-
genic unit have long been the subject of studies of intermole-
cular interactions. Many theoretical and experimental works
have investigated the planarity between the phenyl ring and
adjacent carbonyl group, or the location of bond rotation
above the phase transition (solid-to-liquid crystal).**

High resolution solid state NMR spectroscopy® is one of
the most powerful methods for characterizing structures and
molecular motion of polymers in the solid state. In parti-
cular, the NMR chemical shift can be used for the structural
elucidation of polymers because the chemical shift is a sensi-
tive parameter for the local structure such as conformation,
for the packing structure, and for electronic structure of
polymers.’

In experimental ')C NMR measurements, the most
remarkable concern is directed to the C=0 peaks. Especially,
BC chemical shifts of carbonyl carbons in 12-4 oligomer
(Figure 1) are important, accounting for the possibility of
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hydrogen bonding between the carbonyl oxygen at the ethyl
terminal and one of the hydrogen atoms of the poly(ethylene
oxide) (PEO) chain,>® In addition, the behavior of the other
C=0 group, which is in the mesogen moeity, reflects the
phase transition temperature. It is necessary to assign the
two free C=0O groups unambiguously, in order to correctly
identify which C=0O group is participated in the hydrogen
bonding. However, it is not easy to distinguish the chemical
shifts of C; and Cis in high-resolution solid-state NMR
spectra. To assign the chemical shifts correctly, we synthe-
sized 12-4 oligomer "*C-labeled in position Cy to clarify the
assignment. We have already reported that the '*C chemical
shift for Cy is bigger than that of C;s in the '°C MAS (magic
angle spinning) spectra using the synthesized 12-4 oligomer
BC-labeled.®

Ab initio and DFT (Density Functional Theory) NMR
calculations are now the feasible tools which relate the
chemical shift and molecular structure. In particular, the
calculated *C chemical shifts appear to be accurate enough
to aid in experimental peak assignment.” Moreover, the investi-
gation of the effect of dihedral angle on NMR chemical shift
is very helpful to interpret molecular conformation. To aim
this, the potential energy surface (PES) scans as a function of
dihedral angles (¢, o', f, and £’ in Figure 1) have been
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Figure 1. Schematic diagram with numbering of carbon atoms for 12-4 oligomer. o((") and S(f') are dihedral angles about the ring-ester
and ring-ring linkages, respectively and y is dihedral angle for the pairs of the benzene planes separated in space.
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calculated at HF/6-31G* level, which is also useful to
examine the planarity of ring-ring and ring-ester linkages of
12-4 oligomer. Then, *C NMR chemical shifts of the geo-
metric structures described as a function of ¢, &', f, and [’
have been calculated to investigate conformational effect on
13C chemical shift by using the GIAO approach.

Computational Method

All calculations were performed by the Gaussian 98
package."” The geometry was fully optimized at the Hartree-
Fock and the Becke’s three-parameter hybrid DFT method
with the Lee-Yang-Parr correlation functional (B3LYP)'' by
using the 6-31G* basis set. In order to investigate the direct
effect of the dihedral angles on the chemical shifts, single
molecule model was used. To simplify the calculation, in
this work only one out of 12 PEO units, which are expected
not to affect the conformational energy of the mesogen part,
is adopted. The reliability of this approximation has been
confirmed by some test calculations showing that the
torsional energies are almost independent from the length of
the aliphatic chains.'> The potential energy surface (PES)
scan for dihedral angles, o (Cs4-Os5-C6-C7), &'(Ci5-O16-Ci7-
Cig), B(Cs-Co-Ci19-Cn1), and F'(Ci9-Cap-C21-C22), was carried
out at every 15° interval with the range of 0-180° at the HF/
6-31G* level. Nuclear shielding tensors for 12-4 oligomer
were obtained from the gauge-including atomic orbital
(GIAO) calculations” at the HF/6-31G**//HF-6-31G*,
B3LYP/6-31G**//HF-6-31G*, and B3LYP/6-31G**//B3LYP-
6-31G* levels of theory. For Cs4, Co, Cis, and Cy the °C
chemical shift were performed with B3LYP-GIAO/6-31G*//
HF-6-31G* level of theory. The isotropic shielding
constants, ¢;, were transformed to chemical shifts by

O = Owr — Oi.

where Oir is the isotropic shielding of the reference
compound, in our case, tetramethylsilane (TMS) for "*C.

Results and Discussion

Geometry and PES scan. Some of the dihedral angles
about the ring-ring and ring-ester linkages for 12-4 are
shown in Tablel. According to recent calculation of phenyl
benzoate, each bond in the Ph-C(=0)-O- fragment is fairly
rigid, which means the phenyl ring and carbonyl group (Ph-
C=0) lie on the same plane." In our work, the ring-ester
linkages are also coplanar with the dihedral angle of about
0° in the lowest energy conformer at the HF/6-31G* and
B3LYP/6-31G* levels. But, only ' is very little tilted by
about 1.22° at the B3LYP/6-31G* calculation. The ethyl
ester group at the end of the chain has a gauche-type confor-
mation with the dihedral angle(C-O-CH»-CH3) of ca. 83.73°
at HF/6-31G* and 85.42° at B3LYP/6-31G*, respectively.
The biphenyl groups may have the various values of the
internal rotation angle depending on the variation of the
environmental conditions or the intermolecular interactions.
The primary structural difference is the twist angle between
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Table 1. Selected Dihedral Angles and Isotropic *C Chemical
Shifts of 12-4 oligomer

dihedral angle (deg)
Method
(04 o' ,8 ﬂ' Y C[-Cz-C3-C4
HF/6-31G* 0.4 0.5 -448 43.1 755 —83.7
B3LYP/6-31G* 0.1 1.2 =370 360 512 -85.4
Jiso (Ppm)
Ci Cy Cis
HF/6-31G**//HF-6-31G* 15.9 160.2 158.9
B3LYP/-6-31G**//HF-6-31G* 14.8 153.2 152.6
B3LYP/-6-31G**//B3LYP/-6-31G*  15.5 158.8 157.2
Expt.” 14.2 166.3 164.2
“Taken from ref. 8.
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Figure 2. Potential energy surfaces of 12-4 as obtained with SCF
method using the 6-31G* basis. Relative energies without zero
point energy (ZPE) corrections are plotted against the dihedral
angles (¢, &', B, and ).

the phenyl rings. The inter ring-ring angle is 44.4° in gas
phase,'> but in solution it ranges from 19° to 32° for the
parent molecule in various media.'® Tashiro er al.'” reported
that the liquid crystalline arylate polymer has a two kinds of
molecular conformation, ¢ and £ forms. The main differ-
ence in the molecular conformation between these two
crystalline forms is a torsional angle between the two
benzene rings of the biphenyl group: 48° for the ¢ form and
0° for the S form. They indicated that the biphenyl groups in
both conformations are still tilted in the liquid crystalline
state. In 12-4 oligomer, the dihedral angles of the benzene-
benzene linkage in the biphenyl groups are 44.8° for £ and
43.1° for ' at the HF/6-31G* level as shown in Table 1.
These values are about 7° bigger than those of B3LYP/6-
31G* calculation, respectively.

The ring-ring internal rotation potential of the biphenyl
group has a comparatively low-energy barrier.'®'" The
potential energy surfaces of 12-4, obtained from HF/6-31G*
calculations, are presented in Figure 2 and consistent with
previously reported results. As shown in Figure 2, the energy
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calculation is helpful to clarify to what extent the inter-
molecular interactions affect the twisted structure of the
biphenyl parts in the molecular packing during the phase
transition. In these types of molecules, the 7—conjugation
between adjacent phenyl rings should stabilize the coplanar
conformer, whereas the steric repulsion should favor non-
planar conformations. In the case of phenyl-phenyl linkage
(B and '), Figure 2 shows that the most stable structure of
12-4 oligomer is a nonplanar conformation with equilibrium
twist angles (o= 0.4°, &'=0.5°, f=—-44.8°, and f'=43.1° at
the HF/6-31G*, see Table 1). The internal rotational barrier
from coplanar (0° and 180°) and orthogonal (90°) confor-
mations are 3.3 and 1.7 kcal mol™" for 3 at the HF/6-31G*
level, respectively. Although the experimental electron dif-
fraction investigations on the torsional barrier of biphenyl'’
have been interpreted in terms of a more symmetrical poten-
tial curve, ie., about equal barrier heights for planar and
orthogonal saddles, all the previous ab initio calculations
performed with and without electron correlation contribu-
tions result in distinctly different barrier heights for the
planar and the orthogonal conformations, the former being
about twice as large.”” Our result has a similar trend to the
previous report.”’ It is revealed that the functional groups on
para position of phenyl rings do not much affect the ring-
ring torsional barrier. In addition, the energy barriers of
and ' are much lower than those of & and ' depicted as
Figure 2. During phase transition, the dihedral angles of
ring-ring linkages, £ and £, would be changed easily
compared to those of ring ester linkages, &zand ',

Calculation of GIAO. The selected GIAO theoretical
isotropic "*C chemical shifts relative to TMS obtained at the
Hartree-Fock and DFT levels of theory for 12-4 oligomer
are listed in Table 1. The calculated isotropic *C chemical
shifts of C4 are bigger than those of C;s5 in both the HF-
GIAO and B3LYP-GIAO results. These trends are in good
agreement with experimental results.® From the results, the
calculated C chemical shifts at this level of theories show
sufficient accuracy to aid in experimental peak assignment.
Furthermore, because the chemical shift is very sensitive for
conformations, the comparison chemical shifts obtained
from experimental spectra and those theoretically calculated
at the B3LYP/6-31G* level of theory can be very useful for
understanding the relationship between the '*C chemical
shift and molecular structure.

The effect of dihedral angle on '3C chemical shifts calcu-
lated using the GIAO-B3LYP/6-31G**//HF/6-31G* level of
theory are presented in Figures 3-6. Figure 3 shows the
effect of dihedral angle on '>C chemical shift for C4 (carbon-
yl carbon near the ethyl terminal). As expected, the '*C
chemical shifts for C4 depend sensitively on the dihedral
angle of & When the dihedral angle « is 0° or 180° (the
most stable conformer from Figure 1), the carbonyl carbon
(C4) was shielded the most due to 7z-conjugation with phenyl
ring. On the contrary, the carbonyl carbon (Cy) at the ortho-
gonal conformation (&= 90°) is deshielded the most because
of completely breaking of ring-carboxyl conjugation. This
result reveals that most of electrons for z-conjugation
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Figure 3. The effect of dihedral angle on '*C chemical shift for Ca.
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Figure 4. The effect of dihedral angle on '>C chemical shift for Cis.

between phenyl ring and ester groups are supplied from the
phenyl ring. However, '*C chemical shifts of carbonyl
carbon(C4) are not much affected by the other dihedral
angles (', B, and £') on the whole range.

The effect of dihedral angle on '*C chemical shift for Cs
(carbonyl carbon in mesogen part) is shown in Figure 4. As
like Cy4, the dihedral angel o' has large effect on the '*C
chemical shift for Cys. The other dihedral angles (a, £, and
[") effect less than 0.5 ppm on the ">C chemical shift for Cis.
The typical difference between Figure 4 and Figure 3 is that
the carbonyl carbon (C;s) is deshielded the most at = 105°
because of effect of near phenyl group separated in space (¥
= 75.5° in Figure 1). In figures 3 and 4, "*C chemical shift
difference of carbonyl carbons, Cs; and Cis, were slightly
affected around 0.5 ppm by fand ' This indicates that the
chemical shift changes in the phase transitions caused by the
conformation change between phenyl groups are expected
about 0.5 ppm. This result will give very useful information
in interpretation of the *C solid state NMR spectra, obtained
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Figure 5. The effect of dihedral angle on '*C chemical shift for Co.
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Figure 6. The effect of dihedral angle on '3C chemical shift for Ca.

in order to investigate the temperature dependency, of 12-4
oligomer.

Figure 5 and 6 show the dihedral angle effect on '*C
chemical shift for Cy and Cy, respectively. The chemical
shift of Cy were very affected by both avand f. The changes
of 7 conjugation between carbonyl group, especially C=0,
and phenyl ring influence the chemical shift of Co. Figure 5
shows that Cy is mostly deshielded when it has planar
conformation and mostly shielded when it has orthogonal
conformation in which the 7z conjugation between C=0 and
phenyl ring is not totally extant. This result indicates that the
electron necessary for the 7z conjugation between C=0 and
phenyl ring is supplied from the phenyl ring. Because the Cy4
is not affected by «’ and £’ as expected, the conformational
change of the biphenyl groups, which are not adjacent, dose
not have influence on the chemical shifts, which is consist-
ent with the result as seen in Figure 6. Because the chemical
environment of Cy is very similar to that of Cy, the effect of
the dihedral angle on the chemical shift of Cyy is very close
to that of C4 (Figures 5 and 6).
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Conclusions

We have presented the energies and molecular geometries
for the stable conformer of 12-4 oligomer calculated with
Hartree-Fock and density functional theory (DFT) of B3LYP
using the 6-31G* basis. Also, in order to understand the
conformation change for 12-4 oligomer in more detail, the
relaxed PES scan as a function of a dihedral angles, gener-
ated ring-ester and ring-ring linkages, has been calculated.
The calculated results show that the phenyl ring-ester
linkages are coplanar with the dihedral angle about 0° and
ring-ring linkages and the dihedral angle of ring-ring link-
ages is 43-44° at the HF/6-31G* level and the biphenyl ring
has a comparatively lower energy barrier of internal rotation
potential in the ring-ring linkage than that of ring-ester
linkage.

In addition, to investigate the direct effect of the dihedral
angles on the *C chemical shifts, GIAO NMR chemical
shifts have been calculated for each conformer at the
B3LYP/6-31G* level of theory. The calculated '*C chemical
shifts of carbonyl carbons were found to move to upfield due
to 7-conjugation with the phenyl ring and the *C chemical
shift changes caused by the conformational change between
the phenyl groups were about 0.5 ppm. This result will be
very useful for interpreting of the "*C solid state NMR
spectra, obtained in order to investigate the temperature
dependency, of 12-4 oligomer.
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