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Theoretical Calculation of the Optical Anisotropy of Substituted Cyclohexanes and
Associated Bisphenyl Molecules Using Experimentally Derived Group Polarizabilities
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A general method for the formulation of polarizability tensor and computation of optical anisotropy of a
series of substituted cyclohexanes and their bisphenyl fragments, which are model analogues of corresponding
polymers is presented. The calculation makes use of the molecular geometry and conformations from force-
field simulations and the anisotropic polarizability tensors of the constituent groups derived from experiments
reported in the literature. Cyclohexanes with phenyl group substitution show higher anisotropy than those
with methyl substituents. For the same substitution, a higher optical anisotropy is observed for equatorial
orientation than axial. The optical anisotropy for the cyclohexanes is dependent on the orientation of the
substituent group rather than on its position, whereas for the bisphenyl fragments the anisotropy is dependent
on both these factors along with the conformation of the whole molecule. All the cyclohexyl substituted
bisphenyl fragments show lower optical anisotropy than diphenylpropane, a model analogue of bisphenol A
polycarbonate that is widely used in optical applications. The results presented here have implications and
potential applications in the design of molecules as well as polymers for optical media.

1. Introduction accurate group polarizabilities has been fruitfully incorporated
Optical properties of materials, especially polymers, are of into a rotational isomeric state scheme for larger organic
importance in a variety of areas including information storage molecules, oligomers and polymer chains in the past, to calculate
systems and medig2 Polymers are used as substrate material the mean-squared optical anisotrofy?}* The inputs to the
as well as memory layer in compact disks, among other calculation scheme based on the traditional bond polarizability
peripheral purposes. For such applications, high birefringence approach are the bond polarizabilities constituting the specific
and refractive index anisotropy renders the exact focus of the organic molecule. The treatment according to VOS rests on the
optical beam unsuitable for the purpose of reading and writing. assumption that the polarizability tensor for the molecule may
Optical anisotropy of polymer chains is therefore of considerable be formulated as the vectorial geometric sum of the contributions
fundamental and practical relevance in providing an understand-of individual bonds or of constitutive individual groups (frag-
ing of material behavior and for the molecular design of ments larger than individual bonds). Use of merely bond
materials with properties tailored toward specific applications. polarizability data does not provide the correct quantitative
The chemical structure of the repeat unit and the conformations agreement with experimental data.
of the chain molecule, among other material processing factors,  giatistical mechanical calculations of the optical anisotropy
dictate t_he|r optical properties. An understanding of thf_e effect ¢ oligomers ofn-alkanes and poly(oxyethylene) were inves-
of chemical structure of small molecular fragments (which can tigated by Patterson and FlohElory et al® have presented a
also form the repeating unit of a polymer chain), on their optical study wherein the optical anisotropies of aliphatic esters
anisotropy, therefore becomes an important step toward prOVid'(incIuding cyclohexylidene based esters) were deduced from
ing qualitative as well as quantitative uqderstanding of the depolarized Rayleigh scattering (DRS) measurements in CCl
property of the pqumer at the macroscopic scgl_e. . and compared to calculations based on polarizability tensors
) Some 9f the original .Work on bo_nd polar!zablllty ellipsoids g0 electric birefringence measurements. The good agreement
via experiments, of various bonds in organic compounqs, Was hetween calculate@?Cand the experimental value validates
p|on_eered by Le Fevre_ an(_i_co-workers, whose reports 'ndu_dethe formulation of the anisotropy tensors for diesters as the sum
studies on the p°'a”2?‘b"'ty .Of cyclohexane and or%)amc of tensors for monoesters with appropriate contributions from
molecules that are constituted in part by the cyclohexyl group. the bonds of the cyclohexyl group. The successful utilization

o s e o ot o g, O EVOS: RIS pproachisalsoexempifed by varios s
izabilities of th;e cC bgnd in cyclohexane have been deri\ged on different organic molecules and polymer chains in the
Y " past/~13 Of particular relevance to our present work, are the

The work performed by Le Fevre.and Le Fei/mlg_lnatgd as reports by Navard and Flory, which deal with alkylcyanobicy-
an attempt to ascertain by experiment the polarizability com- )

. . . . clohexyls and related compouri@snd alkylcyanobiphenyls,
ponents of the €C bond in various organic compounds, as it alkoxvevanophenvis. and related compouktEhese studies
was evident from prior work that these polarizabilities could clearly syhowgd th)e/ u’tilit of the theoretiF():aI methodology based
not be reliably derived from measurements on simpler nonpolar on ter):sor'al addition ofy olarizability components tal?'x into
paraffins. The valence optical scheme (VOS) combined with al " polarizabiiity P Ing Into

account environmental effects, to even cyclohexyl based organic
*To whom correspondence must be addressed. E-mail: upendra@ COMpounds. Flory and Navard provided an extension of the
poly.ncl.res.in. Tel: (91)-020-5893234. Fax: (91)-020-5893234. methodology, used for molecules for which experimental data
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were available for validation, to new homologous molecules
not included in the experiment3.

The optical anisotropies of model compound fragments
constituting the polycarbonate of bisphenol A (model fragments

of relevance to the present study here), have been calculated

by Erman and co-workers through polarizability tensors for-
mulated as sums of contributions from constituent gréufise

compounds chosen for that study consists of dimethyl carbonate !

(DMC), methyl phenyl carbonate (MPC), diphenyl carbonate
(DPC), and 2,2-diphenylpropane (DPP). DRS and electric
birefringence were used to estimate the polarizability tensors
of the constituent groups in these compounds. The effect of
polarization of the phenyl ring by the O atom, to which it is
connected, was correctly quantified in the group polarizability
tensor. The optical anisotropy tensors calculated by a combina-
tion of the information on the structure, molecular group
anisotropy, and force-field based conformations, agreed excel-
lently with experimental data (for DPC calculatg?ll= 77.2

A% as compared to experimental value of ¥4 AS; for DPP
calculated?(= 43.62 % as compared to experimental value
of 40+ 2 A®). This treatment was further extended to the optical
anisotropy of the polycarbonate chdiA subsequent study by
Floudas et al® showed that the optical anisotropy measured
experimentally by DRS was in agreement with the result of
Erman et al. and thafy2x was 111.3 R per repeat unit
(obtained for a oligomer ok = 5), 117.3 & for a repeat unit

in a polycarbonate chain in solution, and 115 fAr a repeat
unit of polycarbonate in the chain in the condensed bulk state.
Therefore calculations of optical anisotropy in isolation (or with
group polarizabilities derived from measurements in specific
solvents) can be useful in extrapolating the property to even
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Figure 1. Coordinate reference frame of cyclohexane.

in Figure 1. For an equatorial bond (parallel to ¥gaxis),
1

N 12 1
ae=I‘CCd|ag’§—§ 3

where

Fee = Adge = 2A0cy

1)

Aocc and Aacy are the group anisotropies of the-C and
C—H bonds respectivelyandI'cc corresponds to the contribu-
tion to the polarizability due to the formation of a-C bond
and associated removal of two-El bonds in the process. The
tensor for the axial bond is obtained from that of the equatorial
bond via the transformation

@y = Ry ()0Ry(7)
re[—2 —2v2 ©
= (—) 5 0 (2)
9 -3

the condensed phase, which is the eventual long-term objective.

DPP is of relevance to our present study as a benchmarkyherer = cos(—1/3), is the tetrahedral bond angle.
molecule, because various bisphenyls studied here are structural The value of [cc derived from DRS measurements on

variants due to modifications of the basic bisphenyl fragment, n-alkane homologues is 0.533A Cyclohexane is considered

DPP, of a polycarbonate. to be made up of two equatorial, two gau¢tend two gauche
With the accurate data on the bond and group polarizability bonds!? For cyclohexane, in which all the bond angles are

tensors available for the phenyl group as well as the cyclohexyl tetrahedral, the polarizability tensor is derived as

group, one can suitably calculate the optical properties of such A ~ A ~

molecules of which these groups are the constituent fragments. (aCYX)XoYoZO =2t oy +a)

This methodology obviates the need for time-consuming and

detailed experiments when one is looking at such compounds I'ec 4 42 0
for which calculations or experimental data are not yet available Yy —10 0 3)
in the literature. The focus of the present paper is to derive the 6

polarizability tensor and calculate the optical anisotropy of a N

series of substituted cyclohexanes and their associated bisphenyThe po_Iarlzablllty tensor for methylcyclohexane (C¥X-can
moieties. The information derived on the optical properties of be derived, by replqcmg a hydrogen ato.m from pycloh@.(ane
these monomer units will help to understand the structural and PY @ methyl group, in either the equatorial or axial position.

conformational features that control the optical anisotropy in This _in (_effect _is the formation of a €C _bonql, with the
such molecules and in their polymer chains. contribution beingl'cc. If the methyl group is oriented equa-

torially, then
2. Methodology (aCYX—Z,E)XOYOZO = (aCYX)XOYOZO +Tec d'aglg - % - %
2.1. Polarizability Tensors and Optical Anisotropies of
Substituted CyclohexanesThe polarizability tensor for cy- r.\[10 42 0
clohexane can be formulated from tensors, one for eacl@ C = (LC) —-13 0 4)
bond and the associated removal of twelbonds in forming 9 3
the C-C bond (by adding up the polarizability tensors of the
six C—C bonds, which in turn is obtained froificc).22 The and if the methyl group is in axial orientation, then
tensor for cyclohexane may also be equivalently formulated from I _n ~ T
the group contributions from two propane molecfieBhe (Aevx—2a)xvz, = (Gevxdxrz, T Re(M)aeR: (7)
approach given by Navard and Fléfyis used here for the 2 2/2 0
derivation of polarizability tensor and optical anisotropy of _ Tec
substituted cyclohexanes. The reference fr¥g¥eZo, in which - (T) 5 0 ©)

the polarizability tensor for cyclohexane is expressed, is given 3



Optical Anisotropy of Cyclohexanes and Bisphenyls

TABLE 1: Squared Optical Anisotropy of Substituted
Cyclohexanes
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TABLE 2: Conformational Averaged Squared Optical
Anisotropy of Cyclohexyl Substituted Bisphenyl Fragments

structure v (R structure v (R structure ¥ (RS structure <'yz>a (Aﬁ) structure <yz>a (A6)
“E 1.778 EE 2.996
1.123 A40.281 AE 0.749
oYX AA 0.000 EE 15.892
cvx2 cyx3 14.733 AE 12,950
BPC-11
BPC-4
0.749 E1.778 % E1.778
& 40281 O 0.281 *E 15.032 E 13574
CYX-5 A12.770 A10.554
BPC-5 BPC-12
E1.778 1.123 1.123
40281
cvx-1 s cYx-9 E 15.032
A12.873 11.464
EE 3370 E2.528 BPC-6
1.123 AE 1.123 A1.029 BPC-13
CYX-10 CYX-11 CYX-12
E 17.487
A12.702 15.511
2247 %4 2247 E 13.030 BPC-7 BPC-14
411,533
CYX-14
CYX-13
CYX-15
§\O 13.052 E 21.448
A21.865
E 16.880 E 16.880 BPC-8
A15.383 415383 BPC-16
CYX7 E 21.413
CYX-16
12.929 A 16.157
aKey: E,equatorial; A, axial; EE, equatorial,equatorial; EA, equa- BPC-9
torial,axial; AA, axial,axial. BPC-17
The optical anisotropy?, which is the quadratic tensor invariant, % 19.362

is obtained as BPC-10

a[y2(obtained by averaging over the conformatiohkey: E,
equatorial; A, axial; EE, equatorial,equatorial; EA, equatorial,axial; AA,

2 =3 (6d) ©6)
2 axial,axial.

Following a similar procedure, the polarizability tensors for a
variety of cycloaliphatic molecules can be derived by directional 16), and 1-phenyl-3,3-dimehylcyclohexane (CYX). The
group additivity. The structures for which we present calcula- computed optical anisotropies of these cyclohexanes are also
tions of the polarizability tensors and optical anisotropy of a provided in Table 1 along with the corresponding struc-
series of methyl- and phenyl-substituted cyclohexanes aretures.
provided in Table 1. For the phenyl-substituted cyclohexanes, 2.2. Polarizability Tensors and Optical Anisotropies of
it was observed from force-field minimizations (described in a Cyclohexyl Substituted Bisphenyl FragmentsThe approach
later section), that the torsion about the—+lyclohexyl bond described in the previous section for substituted cyclohexanes
is zero. Hence, no additional transformation is required for group is now extended to deal with bisphenyls having cyclohexyl
additivity, with the procedure being the same as that in the casesubstituents at the Latom, which is the bridging atom
of methyl groups, except that the polarizability tensor for the connecting the two phenyl rings. In such cases, the polarizability
phenyl group (which is diag[1.21 1.21-2.42]) is made use tensor for the molecule and its optical anisotropy depend on
of. the properties of the individual groups in the molecule and their
The substituted cyclohexanes studied in the present work arerelative geometric orientations dictated by the internal dihedral
cyclohexane (CYXt), methylcyclohexane (CY>2), 1,4-di- angles. The formulation of the polarizability tensors for these
methylcyclohexane (CY>3), 1,1-dimethylcyclohexane (CYX-  bisphenyl moieties (molecules) is presented here for the first
4), 1,1,4-trimethylcyclohexane (CY%), 1,1,3-trimethylcyclo- time. The information on the polarizability tensors for cyclo-
hexane (CYX®), 1,1,2-trimethylcyclohexane (CYX}, 1,1,4,4- hexane and substituted cyclohexanes discussed earlier, together
tetramethylcyclohexane (CYR), 1,1,3,3-tetramethylcyclohexane  with the polarizabilities of the phenyl groups are made use of
(CYX-9), 1,1,2,2-tetramethylcyclohexane (CY20), 1,1,3,5- in the formulation of the polarizability tensor of the bisphenyl
tetramethylcyclohexane (CYX3), 1,1,3,3,5-pentamethylcyclo-  molecules. The structures of these molecules are provided in
hexane (CYX12), 1,1,3,3,4,4-hexamethylcyclohexane (CYX- Table 2.
13), 1,1,2,2,3,3-hexamethylcyclohexane (CY4}, 1-phenyl- According to Erman et af DPP is considered to be formed
cyclohexane (CYXt5), 1-phenyl-4,4-dimethylcyclohexane (CYX-  from neopentane and two molecules of benzene according to
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The transformation of the CYX- polarizability tensor from
%\ XoYoZo to X'Y'Z" (Figure 1) can be effected by the following
HyC relation, wheref is one-half of the tetrahedral bond angle

(54.75).
(Oeyx-axvz =Ry (6)(&cyx74)x0YozoRzil(®) (12)

The individual original reference frames in which the phenyl
and the cyclohexylydine groups are expressed in the bisphenyl
fragment are shown in Figure 2. The polarizability tensor for
BPC4 in the frame X'Y'Z' may thus be formulated by
transforming the phenyl groups “a” and “b” from tkgy.z, and
XpYpZo reference frames, respectively X6Y'Z' and then adding
these on to the contributions from CYXin theX'Y'Z' frame.

The transformations of the phenyl groups a and b are givén by

(&ph,b)X'Y’Z’ =R, (=7") R(y,) (&ph,b)xyz R Wy R, (—=7')
(Oondxvz = Re () Ri#a) (Gon gz Re (12 Ry H(T') (13)

BPC-4 y:
wherein the phenyl group group polarizability tensor in e
®) frame is diag[1.21 1.21-2.42]. The torsionsiyp, 1) and the
Figure 2. (a) Schematic of the formation of BP€from CYX-4 and bond angle (2) needed for the calculation are schematically
two phenyl groups. (b) Geometry of BR€and coordinate reference shown in Figure 2. Performlng the transformations for C¥X-
frames of the phenyl and cyclohexyl groups. and phenyl groups a and b and adding, gives the polarizability
) tensor for BPC4 in the X'Y'Z' frame. A similar procedure is
the hypothetical process adopted for the calculation of the polarizability tensors and

optical anisotropies of all the other bisphenyl moieties in our
CeHs—H + C(CHy), + H-CeHs — investigation here, using the tensors of their corresponding
(CeH5),C(CHy), + 2CH, (7) cyclohexanes and the bond angles and torsions. A sample
calculation for the bisphenyl fragment, BPCformed from
which involves no net change in the numbers efCand C-H CYX-5 is provided in the Supporting Information section.
bonds. With the neopentane molecule being symmetric, the  For all molecules the bond angles and torsions were deter-
polarizability tensor for the DPP molecule is formulated as  mined from conformational energy calculations of the bisphenyl
. . . fragments using the Insightll software packa@y@he PCFF
Oppp = Ophat O ®) force-field was used for the conformational analysis and
) calculationst® Bisphenyl molecules were minimized until the
where the phenyl group tensors are both expressed in a COMMOMystential energy gradient was less tharr3keal/(mol A). We
reference frame and are subjected to the effect of the iSopro-pertormed conformational analysis and derived the energy maps
pyI|d¢ne group su_bstltunon aTaCFOIIOWIr_lg a_5|m|Iar pro_cedure, of a few bisphenyl molecules by varying, and v, simulta-
the bisphenyl moiety (BP@; as shown in Figure 2, whichnow  eqysly. The minimum energy torsions corresponding to each
has a cyclohexyl group in its structure at the &om, may be  5hq \were found to be the same when doing a systematic
considered to be formed from 1,1-dimethylcyclohexane (CYX- qnformational search about each of the two bonds separately.
4) and two molecules of benzene according to the hypothetical e ce further calculations were done by systematic variation
process (Figure 2), of a single torsion (such as eithet, or 1) from —180° to
CeHe—H + CgH,o(CHy), + H—CoHg — 4180 in 5° increments by constraining the torsion at a specific
65 6 10 2 65 value accompanied by simultaneous relaxation of other degrees
(CeHg),CeHip + 2CH, (9) of freedom in the system at every specific torsion of the bond.
A force constant of 1000 kcal/mol radwas applied for
Hence, the polarizability tensor for BP€may be formulated  constraining the torsion. The relaxation was performed using a
from the sum of contributions from the two phenyl groups and combination of steepest descent and conjugate gradient methods
CYX'4, with all tensors being eXpressed in a common reference till the energy gradient was less than‘i@ca"(mcﬂ A) for each

frame X'Y'Z" (see Figure 2 for schematic), as specific conformer. From the conformational energy maps, the
“ A A - lower energy torsional values were identified. From the energies
(Cgpc-adxvz = (aph,a+ Ocyx—4 T O”thb)X'Y'Z' (10) of the optimized structures (cases where both equatorial and

axial substitutions were possible), the statistical weights ac-
cording to Boltzmann distribution at 300 K were calculated.
Energy optimization was also done for different substituted
cyclohexanes to compute the relative population of the various
conformers at 300 K. These population weights were in turn
used for estimating the energy-weighted averaged optical
anisotropy wherever applicable.

The various bisphenyl fragments studied in the present work
. Tee 8 2v2 0 are 1,1-diphenylcyclohexane (BR4J-4-methyl-1,1-diphenyl-
(aCYx—4)x0Y020: 9 -8 0 (11) cyclohexane (BP®), 3-methyl-1,1-diphenylcyclohexane (BPC-

0 6), 2-methyl-1,1-diphenylcyclohexane (BPR--4,4-dimethyl-

The polarizability tensor for CYX may be derived from that

of cyclohexane (CYXt) by taking into account the replacement
of two hydrogen atoms by two methyl groups, one axial and
the other equatorial. Following the procedure described earlier
on substituted cyclohexanes, the polarizability tensor for Q¥ X-
in the XoYoZo reference frame may be written as
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1,1-diphenylcyclohexane (BP8); 3,3-dimethyl-1,1-diphenyl- higher than that for unsubstituted cyclohexane. The optical
cyclohexane (BP®), 2,2-dimethyl-1,1-diphenylcyclohexane anisotropy, however, does not just increase with the number of

(BPC-10), 3,5-dimethyl-1,1-diphenylcyclohexane (BHQ), methyl substituents. As seen before, an axial methyl group
3,3,5-trimethyl-1,1-diphenylcyclohexane (BRQ), 3,3,4,4-tet- orientation, as in the case of CYX2, reduces the optical
ramethyl-1,1-diphenylcyclohexane (BRG), 2,2,3,3-tetra- anisotropy in comparison with unsubstituted cyclohexane.
methyl-1,1-diphenylcyclohexane (BPX3), 4-phenyl-1,1-diphen- The final set of molecules contains a pheny! group substituent

ylcyclohexane (BPQ:6), and 3-phenyl-1,1-diphenylcyclohexane  on the cyclohexyl ring (CYXt5, CYX-16, and CYX47). The
(BPC-17). The structures of these compounds are given in Table gnisotropy of the cyclohexane substituted with a phenyl group

3. is substantially higher than when a methyl group is the
_ _ substituent. The anisotropy is critically dependent on the relative
3. Results and Discussion orientation of the bond connecting the phenyl group to the

cyclohexyl ring, with the axial orientation giving a lower
anisotropy in comparison to the equatorial orientation. This
effect is reduced when methyl groups substitute on the cyclo-
A hexyl ring in addition to the phenyl group. Similar to the
behavior observed in the case of methyl-substituted cyclohex-
§ anes, even in the case of phenyl-substituted cyclohexanes, the
orientation of the bond connecting the phenyl group to the
cyclohexane matters, whereas the relative positioning of the
phenyl ring does not affect the optical anisotropy value. A
significant increase in the anisotropy is seen when one compares
cyclohexane (CYX5) with substituted cyclohexane having a

3.1. Optical Anisotropy of Substituted Cyclohexanes.
Structures of substituted cyclohexanes and calculated optical
anisotropies are provided in Table 1. Cyclohexane (ChXa
its chair conformation exhibits a small anisotropy of 1.128
and is in agreement with the experimental vaitidlethyl
substitutions on the cyclohexane ring lead to a variety o
different results for its optical anisotropy. The presence of a
methyl group substituent at the apex carbon of the chair
conformation (CYX2) could result in either an increase or a
decrease in the optical anisotropy depending on the orientation
of the bond connecting the methyl group to the cyclohexyl ring. ) o o -
The axial orientation gresults in );gsubsptantial Io)\//vering ):)f th% phgnyl ring (CYX16). This Increase 1 higher than _the optical
anisotropy. Two methyl groups, one at each of the apex carbon@SOropy of benzene, which is 13.17.AThe difference
atoms, again gives a similar result compared to a single methyl therefore can be attnbut_ed to the polarlz_abmty contribution from
group, in that the optical anisotropy could be higher than that 1€ C-C bond connecting the phenyl ring to the cyclohexane
of unsubstituted cyclohexane or lower depending on the methyl ""9-
group orientations. When both methyls are oriented axially, the ~ In this series of substituted cyclohexanes, the optical aniso-
molecule is optically isotropic; that is the optical anisotropy is tropy is always higher for the equatorial than for the axial
zero. On the basis of averaging using Boltzmann energy Weightsorientation, which is in accordance with the experimental
for the three orientational configurations, the energy-weighted findings reported for cyclohexyl halidéa/Vhen the substituent

averaged optical anisotropy of CYXis 2.782 A&, which is is equatorial, the polarization of the electron cloud of this bond
higher than the value for unsubstituted cyclohexane as well asis in the same plane as the equatorial plane of cyclohexane
single methyl-substituted cyclohexane. (along which the polarizability is maximum) and enhances the

In a situation where two methyl groups are attached to the Polarizability and optical anisotropy of the whole molecule. On
same carbon atom (CYX), the anisotropy is lower than for ~ the contrary when the substituent is axially oriented, the
cyclohexane, which exemplifies the effect of the relative polarization of the electrons of this bond is at an angle of 109.5
positioning of multiple methyl substituents on the cyclohexyl o the equatorial plane. This can be considered as being almost
ring, in terms of the optical anisotropy relative to that for perpendicular to the equatorial plane and hence results in a lower
cyclohexane. When two methyl groups are present on cyclo- anisotropy of the molecule.
hexane, only their relative orientations with respect to the ring  3.2. Conformational Effects in BisphenylsConformational
dictate the optical anisotropy but not the carbon position at energy calculations were performed using the PCFF force-field
which they are substituting. This is also substantiated by our through Discover available in Insightit,for bisphenyl frag-
calculations on molecules where the methyls are not specifically ments BPC4 to BPC-16 (results shown in Table 2). These
located at the apex carbon atom of the cyclohexyl chair calculations provide the various minimum energy torsions. These
conformation, which are not presented here. It is interesting to results are used to rationalize the optical anisotropy properties
note that molecule CY>5, where there are three methyl groups, of bisphenyls where conformational effects in addition to
has the same optical anisotropy as CZXwhich has only one instrinsic polarizabilities of various fragments can affect the
methyl group, indicating that the additional set of paired methyl overall optical anisotropy. The bond angle @as obtained from
groups in CYX5 does not in effect contribute to the optical the global minima of each of these molecules. The minimum
anisotropy. energy torsional states and the bond angles for the fragments

In case of set-1ll molecules (CY®-11), which have four are listed in Table 1S provided as Supporting Information with
methyl substituents on the ring, thptical anisotropy is exactly  this paper. These fragments can be categorized into two sets:
the same as that for cyclohexarigespective of the relative  one set in which the rotational freedom about the (/1) torsion
disposition of the pairs, which again is an interesting result. is unhindered and have eight minimum energy conformations
This is also found to be true when the methyls do not occur as (BPC4, BPC5, BPC6 (E), BPCY (E), BPC8, BPC-11 (EE),
pairs. The dependency of optical anisotropy on the relative BPC-16 (E) and BPC17 (E)) and the other set in which the
orientations of single substituent methyl groups with respect to minima is reduced to four due to unfavorable steric interactions
the cyclohexane ring is again brought out in the form of an from an axially oriented methyl group (BPE&(A), BPC-7 (A),
enhancement of anisotropy for EE orientations compared to AE BPC9, BPC-10, BPC-11 (EA), BPC-12(E), BPC13and BPC-
orientations, whereas AA orientation is energetically very 14). The exclusion of the remaining four symmetric conformers,
prohibitive (as in CYX411). In the next set of molecules, CYX-  which were otherwise of lower energy in the first set, is due to
12, CYX-13, and CY X414, where there are greater numbers of unfavorable steric interactions between the methyl hydrogens
methyl substituents, either 5 or 6, the optical anisotropy is always and those on the phenyl rings, because of the axial orientation
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of the methyl groups. For bisphenyls BAG-and 17 with the favorable. The axially oriented methyl group conformers of all
phenyl groups equatorially oriented in the para and meta these compounds have almost similar optical anisotropies. The
positions, respectively, the freedom of rotation is unaffected by energy-weighted average anisotropy of ortho-substituted BPC-
the phenyl substituents and the conformational analysis leadsis 13.562 &, which is lower than that for the other two isomers
to eight symmetric lower energy conformers. The bond angle (14.947 & and 15.01 A&, respectively for BPG and 6), but

27" decreases only slightly as the steric strain in the bisphenyl this compound will have a high level of nonbond interatomic
fragment increases. repulsion.

3.3. Optical Anisotropy of Bisphenyl Fragments.For each Isomers of doubly substituted pair of methyls on the bisphen-
bisphenyl in the series studied here, the conformations asyls (BPC8—10) give lower conformationally (equatorial and
described by the torsions are symmetric with respect to the planeaxial) averaged optical anisotropy compared to singly substituted
formed by the G,—C,—Cprbond angle (Table 1S in Supporting methyl bisphenyls. When the methyl groups are in meta,meta
Information) and this molecular symmetry leads to the same positions (BPCt1), there can be three distinct conformers with
optical anisotropy for the various conformers. The structures respect to their orientation viz., EE, AE (EA), and AA. The
and the optical anisotropies are listed in Table 2. The polariz- probability that the two methyl groups will be in AA orientation
ability tensors and optical anisotropies were calculated for both is small at 300 K (the AA conformer energy is 9 kcal/mol higher
the E and A conformers (wherever applicable). Conformational than that of EE conformer), and hence the calculation was not
energy calculations show that for BP-17, the axial done for this conformer. In this case also the EE conformer
conformers are energetically highly unfavorable and hence thesewith both methyls in the equatorial orientation has higher
were not used in the calculation of weighted averaged aniso- anisotropy than that of the AE conformer. It should be noted
tropy. The conformation as shown for BRICithe bisphenyl that anisotropy of BP®-(with a pair of methyl group at the
from CYX-4) in Figure 2 corresponds to equatorial phenyl ring meta position, one axial and the other equatorial) is almost the
“a” and axial phenyl ring “b”, for which all calculations were  same as the AE conformer of BPI-(12.93 and 12.95 &
performed (the other orientation of CYX ring only makes the respectively); however other physical properties of these
phenyl rings different but the optical anisotropy is the same as structurally different molecules could be quite different. Both
in the first orientation). these bisphenyls exhibit conformations with similar energies

We first consider unsubstituted cyclohexylidenebisphenyl and @s well. The conformationally energy weighted average aniso-
the single methyl-substituted cyclohexylidenebispheny! set of tropy of 15.831 R for BPC-11is, however, higher than that of
molecules (BPG}, BPC5, BPC#6, and BPC?). The optical all the other methyl-substituted bisphenyls in the list of
anisotropy of BPG4 is significantly lower than the experimen- ~ compounds studied here. This effect is due to the presence of
tally derived optical anisotropy of DPP (value of 402 A® two separately substituting methyl groups each in their equatorial
taken from ref 8), which is the bisphenyl analogue of bisphenol orientations, which is an effect seen earlier in the case of
A polycarbonate. We formulated the polarizability tensor for substituted cyclohexanes as well.

DPP from the group polarizabilities of phenylene groups The A conformer of BPCE2 exhibits the lowest optical
(including the effects of isopropylidene group substitution) and anisotropy in this series of bisphenyls studied but is highly
the torsionsy, andiy, (50°, 50°) and bond angle (110.7). unfavorable, its energy being 6 kcal/mol above the equatorial
The torsions and the bond angles in this calculation were conformer. Hence the optical anisotropy for BRZ-can be
obtained from PCFF-based conformational energy calculations equated to that of its equatorial conformer. Compared to BPC-
of DPP. The calculated optical anisotropy obtained for DPP is 9, the greater anisotropy for BPL2 arises from the equatorial
39 A8, which shows that the torsions and the bond angles from methyl substitution at the alternate meta position. The interesting
the PCFF-based calculations are able to reproduce the experitesult for BPC12 having multiple methyl substituents is its
mental optical anisotropy for DPP very well. We expect the lower optical anisotropy compared with the unsubstituted
same to be applicable for all cyclohexyl-substituted bisphenyls cyclohexylidenebisphenyl BP&-The [20for BPC-13 corre-

in this study. The cyclohexyl group makes the bisphenyl sponds to the lowest value of conformationally and orienta-
fragment more isotropic; i.e., it tends to increase the polariz- tionally averaged optical anisotropy in the entire set of
ability in the three mutually perpendicular directions and reduces bisphenyls we have studied.

the relative polarizability differences, which in turn results in Bisphenyls with an additional phenyl group at the para or
lower anisotropy. meta position of the cyclohexyl ring show the maximum

Similar to the result seen earlier for substituted cyclohexanes, anisotropy among the compounds studied here, similar to the
even in the case of cyclohexylidenebisphenyls, in comparison earlier observations made in the case of substituted cyclohexane
to unsubstituted cyclohexylidenebisphenyls, when a methyl compounds. This is due to the fact that the phenyl groups are
group is substituted at the para position of the cyclohexyl ring more polarizable than the methyl groups and hence show higher
(the apex carbon atom), the anisotropy is higher for the optical anisotropy. On the basis of the calculations, the equatorial
equatorial conformer (15.03 %} but lower for the axial conformers are found energetically more favorable and the
conformer (12.77 A. The minimum energy torsions and the distribution of the axial conformers at 300 K was found to be
bond angles in BPG-are comparable to those of BRICwhich insignificant (0.07 and 0.14% for BPOs and17, respectively).
means the conformation of the bisphenyl fragment is not altered The equatorial conformers in both meta and para substitution
by the methyl group at the para position of the cyclohexyl ring, have similar anisotropies, which falls in line with the results
and therefore the optical anisotropy differences arise solely dueon the respective cyclohexanes (CY§-and17). But the axial
to the polarizability differences. The two isomers BB@nd conformers show different anisotropies for their corresponding
BPC+6 give similar optical anisotropies and the position of the bisphenyl fragments, which is attributed to the differences in
methyl substituent does not matter. However, conformationally, the conformational behavior of the two bisphenyls. In all
the axial orientation of the methyl group is preferred in the case molecules the E and EE conformers invariably showed greater
of the ortho-substituted methyl bisphenyl, contrary to the meta- anisotropy than A, AE, and AA conformers. Consider BPC-
and para-substituted isomers where equatorial substitution is8—10where the methyl groups are in the para, meta, and ortho
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positions, respectively. The optical anisotropy of the bisphenyl set of insights provided by the present study on the molecular
moietydoes not arbitrarily increase with the number of methyl structure-optical property behavior of small but complicated

groupson the cyclohexyl ring but is determined by tpesition fragments, along with the specific additional information that
and theorientationof the methyl groups, as seen from the results would still be required on the overall conformational behavior
for BPC8—10, 13, and14. of polymer chains, one would be able to structurally construct

Conformational effects are very important in understanding particular chain molecules with desired optical properties. The
the results on the molecules studied here. The reduction in theresults provided in this study indicate that these molecules can
optical anisotropy observed in BPLwhen compared to DPP  be considered as potential monomers for synthesis of polymers,
can be ascribed to the difference in the geometry and conforma-which will have lower single chain anisotropy and eventually
tion of the bisphenyl fragment due to the presence of cyclohexyl lower intrinsic birefringence. It is expected that the calculations
group at the ¢ atom. With the phenyl rings being inequivalent done on the monomer fragments may be used as a promising
in cyclohexyl-substituted bisphenyls, the torsional conformation tool for designing new monomers for polymer synthesis for
of the axial and equitorial phenyl rings are °7@nd 5%, optical applications.
respectively, in contrast to B@onformation of either phenyl
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