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The ordinary refractive indices of some smectic-A liquid crystals have been measured by means of interfer-
ence spectra of free standing films as a function of wavelength and temperature. Numerical data are presented
for further use. In the Sm-C phase one of the principal indices can be measured. If the three principal indices
in the Sm-C phase would be known the tilt angle could be measured by means of the interference technique
with high precision. Predictions of the refractive index of liquid crystals based on quantum chemical calcula-
tions of polarizabilities are presented. Using an expression derived by de Jeu and Bordewijk �J. Chem. Phys.
68, 109 �1978�� values for the principal refractive indices have been calculated that can be compared with our
experimental results.
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I. INTRODUCTION

Knowledge of the refractive indices of liquid crystals
plays an important role in many experiments and applica-
tions �1�. Numerous experimental studies are, therefore,
known on this subject �2�. But in most cases the indices are
only determined for one wavelength, usually the sodium D
line. Many applications and experiments, however, require
the dispersion of the indices or the index difference. For
smectic liquid crystals used for free standing film experi-
ments no data are available.

We have measured the dispersion of the ordinary index of
refraction for some smectic liquid crystals by means of in-
terference spectra of thick free standing smectic films. It is
similar to the Talbot technique used by Warenghem et al.
�3,4� for films aligned between glass plates. Free standing
films have the unique property of perfect alignment of the
director and constant thickness over large areas. Further-
more, it is very simple to draw films with thicknesses be-
tween two and several thousand molecular lengths. A draw-
back as compared with planar films between glass plates is
the perpendicular alignment of the director with respect to
the film plane. Therefore only the ordinary refractive index
can be measured with the usual light direction perpendicular
to the film plane. Talbot and interference spectra yield the
full dispersion curve in one experimental run which can be
performed in some seconds if an imaging spectrograph is
used. Thus it is possible to determine the temperature depen-
dence of the dispersion for several liquid crystals in a rea-
sonable time. The light source and the spectrograph deter-
mine the wavelength range of the apparatus. In our setup the
wavelengths cover the range from 375 up to 800 nm.

Most of the experiments were performed with liquid crys-
tals in the Sm-A phase. In the Sm-C phase liquid crystals
become biaxial and the indicatrix is tilted with respect to the
film normal. The tilt direction can be fixed by applying an
electric field in the film plane. Thus two indices can be mea-
sured. One of these indices corresponds to a principal refrac-
tive index; the other is a combination of two indices. If the
principal indices would be known the evaluation of the in-
terference spectra would allow one to determine the tilt angle

with high precision. Is it possible to support these measure-
ments by predicting the dispersion behavior using quantum
chemical calculations?

In the case of liquid crystals the individual molecules are
typically rodlike, and the molecules exhibit an orientational
order quantified by the orientational order parameter S
= 1

2 �3 cos2 �−1�. � is the angle between the director and the
long axes of the molecules. The bracket denotes an average
over the molecules in a sufficiently large volume. In smectic
phases where the molecules are oriented in layers typical
values are S=0.7 to 0.8. S=1.0 means a perfect orientation.
To simulate with classical or ab initio molecular dynamics
theory �5,6� an ensemble of rodlike molecules on a micro-
scopic level for a given temperature and density is beyond
our limits.

Electronic polarizabilities describe the distortion of mo-
lecular electron clouds caused by external electric fields �i.e.,
electromagnetic radiation fields�. Within the present work we
calculate only the polarizability of one molecule for an opti-
mized conformation and neglect the influence of the environ-
ment. Conformational effects are in general not included in
the present work. The polarizabilities are used to calculate
the indices of refraction with the Lorentz-Lorenz equation
and refined methods.

The quality of the electronic polarizabilities depends on
the quantum chemical methods and the basis sets �7–9�. The
polarizability is the second derivative of the electronic en-
ergy with respect to the electric field. It can be calculated �a�
by sum-over-states methods �8,10�, which involve the deter-
mination of all electronic excited states, or �b� more effi-
ciently by means of propagator or response methods �8,11�.
In case of higher derivatives �i.e., second derivatives� one
needs the calculation of the wave-function response which
leads to coupled perturbed equations, e.g., coupled perturbed
Hartree-Fock, coupled-perturbed Kohn-Sham, etc. The most
simple propagator method with a Hartree-Fock reference is
known as the random phase approximation �RPA�, which is
identical to the time-dependent Hartree-Fock �TD-HF� or
coupled Hartree-Fock approach. Equivalent formulations are
available with a reference wave function derived from den-
sity functional theory. Equations of motion methods used in
connection with correlated wave functions, e.g., coupled
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cluster methods �CC�, are too CPU-demanding for our mol-
ecules.

The polarizability depends on the quality of the electronic
wave function: Hartree-Fock wave functions lead to reason-
able results �polarizabilities are a bit too small�, the use of
correlated wave functions is too CPU-time consuming. A
cheaper alternative way than using correlation methods is to
use density functional theory with a functional �e.g.,
B3LYP�, which is known for providing relatively good re-
sults accounting for a part of the correlation �12�. It is known
for many, but small molecules that DFT�B3LYP� is slightly
overestimating and RPA-HF is underestimating polarizabil-
ities �12�. In addition, the quality of polarizability results
depends strongly on the quality of the basis set, which has to
be “flexible,” i.e., additional diffuse functions at least of s-
and p-type are necessary for the heavier elements. Several
basis set convergency studies for the static polarizability
components, e.g., of benzene �13� and fullerene �13�, and
comparison with experiment �benzene �14–16�, C60 �17,18��
are given in the literature.

Because the “liquid crystal” molecules are built from
well-known molecular fragments, such as n-octane, benzene,
biphenyl, etc., we tried to quantify the quality of our results
by comparing calculated refractive indices of the molecular
fragments with experimental ones.

II. EXPERIMENT

A. Experimental methods

Films were drawn with a wiper across a 14 mm aperture
in a film holder �see Fig. 1�. The wiper was moved by means

of a motor driven micrometer screw. Rapid wiper move-
ments for the generation of thin films were manually per-
formed. Usually aluminum film holders and wipers were
used. As the fluorine containing liquid crystal IS1405 decom-
posed on that surface a polymer holder �Victrex, PEEK� and
a glass wiper were used in this case. During the measure-
ments the sample volume was flushed with nitrogen
�99.996%�.

Film and film holder are surrounded by a thermostated
housing with a temperature stability of ±0.01 K. Two in-
clined glass windows allowed the observation of the film
from above and below. Furthermore, additional glass win-
dows were used to maintain the temperature stability at the
film and light traps to avoid stray light.

Visual observation of the film during drawing is per-
formed with a macroscope �Leica, M420�. Coaxial illumina-
tion with a usual microscope illuminator is accomplished by
means of a beam splitter made from a 0.15 mm glass plate.

Interference spectra were measured in reflection. The light
source is a halogen lamp �Osram, Xenophot, 100 W�. First
tests with a parallel beam showed that the form of the fila-
ment image on the imaging spectrograph depends on the film
thickness due to film bending caused by gravity. Therefore
the filament was imaged on the film by means of an achro-
mat �f =80 mm�. An aperture of 4 mm gives a maximum
deviation from normal incidence of 1°. The conversion filter
�Linos, TL60� reduces the light intensity at the wavelength of
the maximum signal of the imaging spectrograph and trans-
mits the light at short and long wavelengths.

FIG. 1. Schematic diagram of the optical
setup. Thermostated housing for the film, win-
dows in the housing, light traps, motor driven mi-
crometer screw for the wiper movement, and
macroscope illumination are not shown. The
polarizer is only used for the measurement of
Sm-C films.
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The spectra were recorded with an imaging spectrograph
�Jobin Yvon, f =140 mm, 375–800 nm, 1024 pixel�. After
calibration with 30 spectral lines between 378 nm �Tl� and
795 nm �Rb� the precision of the wavelength determination
of the interference spectra is better than 0.1 nm. 16 bit inten-
sity resolution and averaging of the recordings �20–100
times� resulted in spectra with high signal-to-noise ratios.

A special film holder made from PEEK was used for the
alignment of Sm-C phases. It contained a rectangular aper-
ture of 8�12 mm and two Ag electrodes at the 12 mm sites.
ac voltages up to 1000 Vrms at 1000 Hz were applied to the
electrodes. Dispersion measurements were only performed if
the film was free from disclinations.

Refractive indices at 589 nm were determined with a cali-
brated Abbé refractometer using a sodium spectral lamp. The
variation of the refractive index of the measuring prism with
temperature was taken into account �−0.68�10−5�t−20�, t in
°C �19��. The prism surfaces were cleaned by antiparallel
rubbing with cleaning tissues �kimwipes� wetted with ac-
etone. Then a cleaning tissue was wetted with a solution of
0.3% lecithin in toluene and drawn over the prisms giving a
homeotropic alignment. The problematic determination of
the probe temperature was accomplished by means of a ther-
mocoax thermoelement with a diameter of 0.5 mm in the
water outlet of the measuring prism. The thermoelement and
the temperature measuring device for the film housing were
calibrated with a thermometer with mK precision �Paar,
MKT25�. The upper temperature limit for the measurements
of 80 °C was determined by the Abbé refractometer.

Table I shows the liquid crystals studied �see Fig. 2�.
IS1405 was recrystallized from ethanol at −20 °C. All other
liquid crystals were used without further purification. The
melting points were determined with a DSC from Mettler-
Toledo. All other transition temperatures were determined
with a polarizing microscope equipped with a hot stage.

B. Evaluation of measurements

The reflection spectra recorded by the imaging spec-
trograph have to be calibrated with respect to the intensities.
The calibration curve Ic��� strongly depends on position, ori-
entation, and bending of the reflecting surface. The simplest
and most precise calibration method is to measure the re-
flected intensity of a thin film itself.

For normal incidence the reflected intensity I for a film
with thickness D, ordinary refractive index no, and wave-
length � is

I

I0
=

4R sin2��/2�
�1 − R�2 + 4R sin2��/2�

, �1�

where �=4�noD /�, R= �no−1�2 / �no+1�2 and � is the wave-
length. For thin films this equation can be expanded in � to
give

I

I0
= �2�no

2 − 1�2D2

�2 + O��−4� . �2�

Equation �2� predicts a simple 1/�2 dependence on the
wavelength. Furthermore, the film thickness must not be
known for the calibration with thin films if only relative
intensities are to be determined.

Nevertheless, we have used Eq. �1� for the calibration.
This allows us to use films with thicknesses for which Eq.
�2� leads to errors. The calibration equation is

Inorm = Iraw

� 4R sin2��/2�
�1 − R�2 + 4R sin2��/2��cal

Ical
. �3�

FIG. 2. Molecular structures.

TABLE I. Acronyms, transition temperatures in °C, and sources for the liquid crystals studied. Sources:
1: Synthon GmbH, Wolfen; 2: BDH, Poole; 3: Halle group; 4: G. Heppke, Berlin; and 5: Merck KGaA,
Darmstadt.

Liquid crystal Acronym Phase sequence Source

Octyl-cyanobiphenyl 8CB C 21 Sm-A 33.0 N 40.3 I 1

Nonyl-cyanobiphenyl 9CB C 42 Sm-A 47.8 N 49.7 I 2

Dodecyl-cyanobiphenyl 12CB C 46 Sm-A 58.3 I 2

Octyloxy-cyanobiphenyl 8OCB C 54 Sm-A 67.0 N 80.1 I 2

Nitrophenyl-octyloxy-benzoate NPOB C 50 Sm-A 61.2 N 67.9 I 3

Octyl-�hexyloxyphenyl�-pyrimidine 86OPPY C 27 Sm-C 47.1 Sm-A 57.9 N 65.9 I 1

Octyl-�octyloxyphenyl�-pyrimidine 88OPPY C 34 Sm-C 56.3 Sm-A 63.2 N 69.3 I 1

Pentylphenyl-octyloxy-thiobenzoate 8OS5 C 58 Sm-C 55.9 Sm-A 63.0 N 86.0 I 4

See Fig. 2 IS1401 C 32 Sm-A 109.2 N 137.1 I 5

See Fig. 2 IS1405 C 29 Sm-X 29.6 Sm-A 72.9 N 118.5 I 5
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The index cal refers to the thin film: Ical is the measured
intensity and �. . .�cal is the result predicted by Eq. �1�.

The film thickness

D = Nd �4�

was determined from the thickness d of the smectic layer
which is usually known from x-ray investigations and the
small integer layer number N. Wrong layer numbers lead to
wrong maximum intensities of the interference spectra of
thick films. It is known that there is a difference in the thick-
nesses of the inner and outer layers of a film due to the
enhanced ordering of the outer layers. This difference has
only a minor influence on the calibration as for thin films
with few layers the form of the calibration curve will not
change �see Eq. �2��.

Figure 3 shows an example for the raw data for a thick
film of 8CB and a thin film used for the calibration. Calibra-
tion leads to the normalized spectrum shown in Fig. 4. The

smooth curve shows the amplitudes of the reflected intensi-
ties.

I

I0
=

4R

�1 − R�2 + 4R
=

�n���2 − 1�2

�n���2 + 1�2 . �5�

The measured maximum values are somewhat smaller than
the values according to this equation. At the shortest wave-
lengths this is surely due to the missing resolution of the
spectrograph. This also leads to the nonvanishing intensities
at the minima. The reduced intensities of the maxima at the
longest wavelengths could not be explained. It may be that
this is caused by the bending of the thick films and the non-
perfect achromatic imaging of the light source on the spec-
trograph. The errors of the calibration procedure only have a
minor influence on the evaluation of the refractive indices
because they are determined from the positions of the
minima on the � axis of the intensity curve.

The minima of Eq. �1� occur at

2nD = k� . �6�

If the film thickness D and the interference order k are
known, the dispersion of the refractive index can be deter-
mined very simply. k increases by one for every minimum at
shorter wavelengths beginning with k=k0 at the long wave-
lengths end �	800 nm� of the spectrum. k0 can be deter-
mined from the wavelengths ��0 ,�−� of two adjacent minima
at this end of the spectrum.

k0 = �−/��0 − �−� . �7�

This equation gives interference orders which are too high
due to the dispersion. Taking into account a mean linear dis-
persion ��n /���0=−3.5�10−5 nm−1 gives

k0 =
�−

��0 − �−��1 −
�0

n0

 �n

��
�

0
� . �8�

The calculated k0 values now show maximum deviations of
±1 from the correct values. The correct values can be deter-
mined from measurements on two films with different thick-
nesses �see Fig. 5�. If films with larger thickness differences
are used, stronger deviations in the curves result. Usually it
is sufficient to calculate dispersion curves for a film with k0
given by Eq. �8� and with the two neighboring values k0±1.
For film thicknesses of 10–15 �m used in our experiments
the following behavior is observed: That k value which ex-
ceeds the correct value by one gives a refractive index curve
with a constant or even with a positive dispersion for long
wavelengths.

The second unknown quantity in Eq. �6� is the film thick-
ness D. A procedure for the determination of the film thick-
nesses was introduced for the calibration of the measured
intensities �see Eq. �4��. This procedure can only be used for
thin films and not for the thick films used for the dispersion
measurements. A procedure for the determination of D that
was proposed in an earlier study �20� also cannot be applied
for the thick films used in this study. In the present work we
have measured the ordinary refractive index at 589 nm with

FIG. 3. Raw interference spectra of a thick and a thin film of
8CB at 21.85 °C in the smectic-A phase.

FIG. 4. Normalized interference spectrum of a thick film of 8CB
at 21.85 °C and calculated amplitude. I0 is the incident intensity.
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an Abbé refractometer and calculated D with Eq. �6� using
the known k value. Due to this procedure the curves in Figs.
5 and 6 intersect at 589 nm.

Errors with this method of measurement are only caused
by the error of the starting value at 589 nm, the deviation of
the light beam from normal incidence, and the precision of
the determination of the minima in the intensity curve. Fig-
ure 6 shows the deviations in the refractive index for mea-
surements with films of different thicknesses. The deviations
are calculated as follows. The dispersion for one of the mea-
surements �D=11.7 �m� was fitted with the Hartmann equa-
tion extended by a �2-term

n = A +
B

� − C
+ D�2 �9�

and the differences to this fit were plotted in Fig. 6. The
deviations are generally smaller than 0.0001 which is smaller

than the error of the reference value at 589 nm. Due to the
broader minima and the amplitude variation at longer wave-
lengths the deviations become stronger at long wavelengths.
Thicker films give more precise results. However, an upper
limit for the thickness results from the fact that our algorithm
for the determination of the minima needs at least six data
points between the neighboring maxima and the number of
these data points decreases with the film thickness. This
leads to the upper limit of about D=25 �m for the film
thickness with our imaging spectrograph.

C. Experimental results

1. Sm-A phases

The dispersion of 8CB is shown in Fig. 7 for some tem-
peratures. Besides the shortest wavelengths the ordinary re-
fractive index shows the usual behavior as a function of tem-
perature �Fig. 8�. At low temperatures it decreases with
increasing temperature due to the change of the density. At
high temperatures it increases with increasing temperature.

FIG. 5. Calculated dispersion curves for two 8CB films with
different thicknesses: A: 14.4, B: 11.4 �m. The second parameter at
the curves gives the deviation 	k in the interference order from the
value calculated with Eq. �8�. The two curves for 	k=0 are not
distinguishable within the resolution of the diagram.

FIG. 6. Deviation of the dispersion curves from the Hartmann
equation �9�. 8CB films with different thicknesses D: 14.4, 11.7,
8.8, and 5.9 �m.

FIG. 7. Dispersion curves of 8CB at different temperatures
in °C.

FIG. 8. Index of refraction of 8CB as a function of temperature
at �=380 and 780 nm.
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This is caused by the decrease of the orientational order pa-
rameter which leads to an averaging of the polarizabilities
�see Eqs. �13� and �14��. Nearly all liquid crystals studied
show the following peculiar effect �see Fig. 8� at short wave-
lengths. At 380 nm the index of refraction exhibits a constant
value and does not show the usual increase of the index at
low temperatures due to the change of the density. Surely
this effect is limited to a small temperature area. At lower
temperatures which are not accessible due to crystallization
of the sample the increase of the index of refraction will
begin. This effect is probably caused by the strong increase
of the birefringence 	n=ne−no for shorter wavelengths �21�.
This leads to the enhanced rise in the neighborhood of the
transition to the nematic phase.

The comparison of the dispersion curves for the liquid
crystals �see Fig. 9� was performed at the lowest tempera-
tures of measurement which was some degrees below the
melting point or at the transition to the Sm-C phase. The
influence of the order parameter at this temperature is ex-
pected to be small.

The dispersion curves for the alkyl-cyano-biphenyls are
shifted against one another while having the same form. This
is due to the “dilution” of the aromatic cores by the alkyl
chains with their small polarizability. The dilution effect in-
creases with the alkyl chain length. The corresponding alky-
loxy �8OCB� compound shows a stronger increase of the
refractive index at short wavelengths due to an absorption
maximum at 291 nm in cyclohexane as compared with
272 nm for 8CB �22�. The smallest dispersion is shown by
IS1401 which exhibits only one isolated double bond. A
more detailed discussion is presented in the theory section
III B.

The refractive indices of all liquid crystals studied are
listed in Table V in Appendix A.

2. Sm-C phases

The evaluation of interference spectra in Sm-C phases is
considerably more complicated. Figure 10 shows an example
for 86OPPY in the Sm-C phase. The director is inclined with

respect to the film normal and the interference spectrum de-
pends on the polarization direction. The interference spec-
trum for 
=23° is a superposition of the spectra at 0° and
90°. The smallest amplitude of the beat is not observed at

=45° as the interference spectra for 0° and 90° show dif-
ferent intensities due to the beam splitter. This is taken into
account in the calibration procedure for the upper and lower
spectrum of Fig. 10. The intensity for the 90° spectrum is
5.62 times higher than that of the 0° spectrum. This ratio
leads to the smallest amplitude at 
=23°.

At approximately 420 nm the two interference spectra are
in phase and the beginning of the amplitude reduction due to
the next minimum is observed.

A schematic indicatrix of an Sm-C phase with the three
principal refractive indices n�, n�, and n is shown in Fig.
11. In the Sm-C phase the  axis is inclined by the tilt angle
� with respect to the film normal which is parallel to the

FIG. 9. Dispersion curves of the liquid crystals studied at the
lowest temperatures of measurement shown in parentheses in °C.

FIG. 10. Interference spectra of 86OPPY in the Sm-C phase at
30 °C. 
 is the angle between tilt and polarization direction.

FIG. 11. Indicatrix of an Sm-C phase. n�, n�, and n: principal
refractive indices; �: tilt angle; and k�: wave normal, film normal.
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wave normal k�. The indices which can be observed in the
experiment are the semiaxes of the ellipse which is obtained
by cutting the wave front through the origin with the indica-
trix. These indices are n� and n� where

1

n�
2 =

cos2 �

n�
2 +

sin2 �

n
2 . �10�

The polarization directions are parallel to the principal axes
of the ellipse. The interference experiment with 
=0° corre-
sponds to n� and 
=90° to n�.

If the principal refractive indices would be known the
measurement of n� with the interference experiment would
give a very precise measurement of the tilt angle. Unfortu-
nately, we did not succeed in measuring the principal indices
of the pyrimidines in the Abbé refractometer with a planar
director alignment as described by Lockhart et al. �23,24�.
Our surface preparation �see Sec. II A� of the prisms gives a
homeotropic alignment in the Sm-A phase. In the Sm-C
phase we observe a sharp shadow line for the light polarized
perpendicular to the rubbing direction and the prism normal
�vertical polarization�. The temperature dependence of the
corresponding refractive index is a continuation of the ordi-
nary index in the Sm-A phase. For the horizontal polarization
we observe sometimes near the transition from the Sm-A
phase two shadow lines. At lower temperatures we always
find one very diffuse shadow line which is not a continuation
of the extraordinary index in the Sm-A phase �see Fig. 12�.
These observations suggest that the tilt direction is parallel to
the rubbing direction, but the tilt lies somewhere between 0°
and the tilt angle. Thus we are only able to measure n�

exactly.
However, the tilt angle can be estimated as follows. n is

determined from the continuation of the extraordinary index
in the Sm-A phase: n=1.645 at 30 °C. The difference be-
tween n� and n� is usually very small �	10−3� �23,24�.
Therefore we use the measured n� value for n� �n�

=1.4885�. The thickness of the film at 30 °C is determined

from the interference experiment at 
=90° and the refracto-
meter value for n� �D=13.763 nm�. The refractive index n�

at 589 nm for the evaluation of the interference spectrum at

=0° is now varied such that the calculated film thickness
agrees with the known value. The resulting value is n�

=1.5003. Finally the tilt angle is determined by means of Eq.
�10�. The value �=17.1° agrees well with the tilt angle of
17° for 86OPPY as determined by Koden and Anabuki �25�
at 20 °C.

III. QUANTUM CHEMICAL CALCULATIONS

The quantum mechanical methods and basis sets needed
for the calculation of frequency dependent polarizabilities
are described in Appendix B. We have mostly used time-
dependent Hartree-Fock �TD-HF� and time-dependent den-
sity functional theory �TD-DFT� using the B3LYP func-
tional, which is a compromise between accuracy and
efficiency.

In recent years static and dynamic polarizabilities of a
series of small molecules have been calculated using HF,
DFT �12�, and CC �26� methods. For larger molecules semi-
empirical methods have been favored �polycyclic aromatic
molecules: �27�, and C60: �28,29��; for the accurate calcula-
tion of the polarization tensor components semiempirical
methods seem to be inadequate. Van Caillie and Amos �12�
have investigated in detail static and dynamical polarizabil-
ities using SCF �self-consistent field�, DFT �LDA, B3LYP�,
and CCSDLR �CCSD: �coupled cluster with singles and
doubles�, LR: �linear response�� for a series of smaller mol-
ecules. Their calculations showed that a reasonable degree of
accuracy is obtained if DFT in conjunction with a hybrid
functional such as B3LYP is used.

At the beginning of our studies we could perform only
RPA calculations for ���� on the SCF level and used calcu-
lated static polarizabilities on the B3LYP level �6-31+ +G*

basis set� to extrapolate ���� to the “correct” basis set limit
including correlation effects �DFT�. Later on we were able to
calculate time-dependent polarizabilities on the DFT level.
Similar calculations of ���� for liquid crystal molecules of
the size described in the present work have not been per-
formed before.

Basis sets often used for high quality calculations of po-
larizabilities of small molecules, e.g., Sadlej’s polarized basis
set �30�, are too demanding with respect to CPU and memory
requirements in the present work. These basis sets have al-
ready been used for smaller molecules in order to verify the
usefulness of the extrapolation procedure.

A. The refractive index

For a given average molecular polarizability � the refrac-
tive index n of a liquid can be computed using the Lorentz-
Lorenz formula �31,32�

n2 − 1

n2 + 2
=

4

3
�N�, � = ��uu + �vv + �ww�/3, �11�

where N represents the number density of molecules and u,
v, and w are the principle axes of the tensor �= . �= and n are

FIG. 12. Refractive indices of 86OPPY at 589 nm as a function
of temperature. The dashed line is a manually drawn continuation of
the extraordinary index in the Sm-A phase.
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frequency dependent properties �dispersion relation�. The
Lorentz-Lorenz formula does not have a firm theoretical ba-
sis for liquids of anisotropic molecules, but, nevertheless, it
is widely used for the determination of the average polariz-
ability of anisotropic molecules. A similar equation is used
for the calculation of dielectric constants � �equation of
Clausius and Mosotti� using n2=�.

A semiempirical formula connecting the components of
the microscopic polarizabilities �ii to the macroscopic refrac-
tive indices ni of a crystal has been presented by Vuks �33�:

nu
2 − 1

n2 + 2
=

4

3
�N�uu �12�

and similar equations for �vv and �ww. n2 is the mean value
n2= �nu

2+nv
2 +nw

2 � /3.
In this equation the local field effect has been assumed to

be isotropic. In order to apply this equation to liquid crystals
the anisotropic local field and the nonperfect alignment has
to be taken into account. De Jeu and Bordewijk �34,35� in-
vestigated refractive indices and internal fields in nematic
azoxybenzenes. They suggested an expression for the dielec-
tric constants �� and �� that takes into account the influence
of the macroscopic order parameter S and the anisotropic
local field:

�� = 1 +
4

3
�N� �l�2S + 1�

1 − 4�N�l�l
+

�t�2 − 2S�
1 − 4�N�t�t

� , �13�

�� = 1 +
4

3
�N� �l�1 − S�

1 − 4�N�l�l
+

�t�2 + S�
1 − 4�N�t�t

� . �14�

The indices l and t define for a prolate molecule the longitu-
dinal and transversal axes, respectively. In this system of
coordinates the polarizability tensor has a nearly diagonal
form. The values we are using in the calculation belong to
the diagonalized � tensor whose axes are slightly tilted with
respect to the original axes. The resulting components �uu,
�vv, and �ww do increase by a few percent. �l and �t are the
principal values for a prolate spheroid:

�l = �uu, �t =
1

2
��vv + �ww� . �15�

The principal values of the so-called shape or depolariz-
ing factors �l and �t take into account “volume” contribu-
tions of the spheroid. The shape factors depend on the axial
ratio L /T for a spheroidal molecule with principal axes L
�long axis� and T and are given by

�l = 1 − W2 +
1

2
W�W2 − 1�ln���W + 1�/W − 1�� ,

�t =
1

2
�1 − �l� ,

W2 = L2/�L2 − T2�, T =
1

2
�Tv + Tw� . �16�

The sizes L and T of the prolate molecules have been
calculated within G98 and are presented in Table III.

We use Eqs. �13� and �14� with �� =ne
2 and ��=no

2 to cal-
culate the ordinary �no� and extraordinary �ne� refractive

index from the computed polarizabilities. The polarizabilities
as well as the refractive indices depend on frequency. The
representation

���� = ��0� + S�− 4� � �2 + S�− 6� � �4 + ¯ �17�

can be used in which the quadratic regression constants give
the S�−4� Cauchy coefficients, also known as dipole oscilla-
tor strength sum. These values are experimentally well-
known for small molecules �see references in Ref. �12��, but
not for our “liquid crystal molecules.” A comparison of the
dispersion of the refractive index between experiment and ab
initio calculations �see, e.g., Fig. �16�� shows that although
there is a small absolute deviation, the frequency dependency
is in nearly perfect agreement. We also expect that the cal-
culated frequency dependence of the polarizability �i.e., the
S�−4� term in the expansion of Eq. �17�� is described rather
accurately using the data for frequency dependent polariz-
abilities presented in the next section.

B. Theoretical results

For all molecules presented in Table I structures have
been optimized using DFT �B3LYP functional, 6-31G* basis
set�. The geometries for the lowest electronic energies of
8CB and 88OPPY are presented in Figs. 13 and 14. The

FIG. 13. �Color online� 8CB: two different views of the opti-
mized structure �B3LYP/6-31G*�.

FIG. 14. �Color online� 88OPPY optimized with B3LYP/
6-31G* �with relative stability Erel�: top: 88OPPY�1�, planar,
Erel=5.65 kJ/mol; middle: 88OPPY�2�, “nearly” planar, Erel

=0 kJ/mol; and bottom: 88OPPY�3�, nonplanar, Erel=5.36 kJ/mol.
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energetically most stable forms are nearly rodlike. The per-
fect linear and planar structures lead to higher energies due
to the low flexibility of the bond angles between the ele-
ments C, N, O, S, etc. Some molecular species prefer to
arrange in an alternating way �“dimer”-like structure�, e.g.,
8CB �36�. We found mostly one energetically stable structure
with nearly linear and planar geometry. In the case of
88OPPY �see Fig. 14� the three different structures deviate
only by 5.36 and 5.65 kJ/mol from the most stable one,
which is not the planar form. Calculations for the three indi-
vidual conformers have shown that the polarizabilities are
comparable.

To our knowledge there are no ab initio calculations for
the static and frequency dependent polarizabilities of the
“liquid crystal molecules” investigated in the present work.
The application of linear response theory is sufficient for
the wavelength range from 400 to 800 nm because the
absorption maxima are lying at much shorter wavelengths.
The absorption spectra in cyclohexane show maxima at
�=272 nm for 8CB and 291 nm for 8OCB �22�. For a
MNDO calculation the results are: 8CB: 273 nm; 8OCBP:
280 nm; and NPOB: 296 nm.

To compare with semiempirical calculations is of minor
importance, because only semiempirical methods with spe-
cial parametrizations for spectroscopic properties �37� lead to
acceptable average polarizabilities; the individual principal
values and anisotropies are far off from being reasonable. We
found that using semiempirical methods, especially the po-
larizability perpendicular to the molecular plane of an aro-
matic system, deviates strongly from experimental values or
ab initio calculations. The static polarizabilities calculated
with DFT are presented in Table III. In addition, the size of
the molecules is given in this table, where the value for T in

Eq. �16� is an average of the two smaller principal axis
lengths. �t is the average value of the two smaller compo-
nents of the polarizability tensor �see Tables II–IV�.

Table II shows frequency dependent polarizabilities calcu-
lated from 400 nm to the long wavelengths limit �i.e., static�
regime. The basis set 4-31Gex is of a size we at most could
manage to calculate polarizabilities. The static polarizabil-
ities in Table II �RPA-HF/4-31Gex� can be compared with
values in Table III �DFT-B3LYP/6-31+ +G*� showing an
increase of the polarizability. For IS1401 one can see a
strong increase with changing the method from RPA-HF to
TD-DFT and increasing the basis set; the structure of IS1401
�with three cyclo-hexane groups� deviates strongest from the
other molecules.

Table IV summarizes the results for static polarizabilities
of the monomer and dimer form of 8CB. It is known �36�
that 8CB molecules are packed in a dimerlike structure
which might have an influence on the polarizability. Two
different structures are compared: geometry taken from x-ray
measurements �38� and optimized structures �monomer and
dimer�. The optimized structure has a larger �l, whereas for
the crystal structures larger values for �t are found. The con-
tributions in the dimer are slightly smaller for �l and larger
for �t than two contributions of one monomer
�	�l ,	�t1

,	�t2
:−4% ,0% , +2% �, if this is based on crystal

structures. A similar result is found if the comparison is
based on individually optimized structures �−4% ,−4% ,
+7% �. In summary, for the optimized structures the polariz-
abilities in the monomer are larger for �l and �t1

, but smaller
for �t2

than in the dimer. The monomer data using
6-31+ +G* have been used later to calculate refractive indi-
ces. The absolute change in the components of the polariz-
abilities �monomer versus dimer� is not significant enough to

TABLE II. Frequency dependent polarizabilities � in a.u. calculated with random phase approximation �RPA-HF/4-31Gex�.

Molecules
� �nm�

8CB 9CB 12CB 8OCB NPOB 86OPPY 88OPPY�1� 8OS5 IS1401 IS1405

400 �uu 446.49 463.63 509.64 463.20 456.15 499.92 533.61 530.13 386.39 506.62

�vv 227.51 236.91 271.06 229.32 254.81 282.33 303.60 305.23 251.34 275.28

�ww 166.86 176.06 204.87 166.42 178.52 203.72 222.91 246.03 265.04 231.46

500 416.52 433.26 478.57 431.35 429.97 470.19 502.96 502.68 379.11 480.53

221.63 230.88 264.38 223.35 247.88 275.85 296.82 298.34 248.23 269.17

163.81 172.88 201.24 163.40 175.24 200.41 219.32 241.37 261.25 227.50

600 403.25 419.78 464.70 417.36 417.99 456.97 489.29 489.84 375.31 468.41

218.67 227.85 261.01 220.36 244.44 272.58 293.38 294.83 246.57 266.06

162.24 171.23 199.37 161.85 173.56 198.69 217.45 238.97 259.26 225.44

700 396.01 412.42 457.10 409.75 411.36 449.73 481.80 482.66 373.07 461.65

216.96 226.09 259.06 218.63 242.46 270.68 291.38 292.79 245.59 264.25

161.32 170.27 198.26 160.94 172.58 197.68 216.36 237.56 258.09 224.23

800 391.57 407.90 452.44 405.09 407.27 445.29 477.19 478.20 371.63 457.46

215.88 224.98 257.82 217.54 241.21 269.48 290.11 291.49 244.96 263.11

160.73 169.65 197.56 160.35 171.95 197.04 215.65 236.66 257.33 223.45

� 378.29 394.38 438.41 391.21 394.91 431.96 463.36 464.61 367.04 444.72

212.48 221.49 253.92 214.11 237.31 265.68 286.11 287.39 242.92 259.48

158.86 167.68 195.32 158.50 169.96 194.98 213.41 233.81 254.92 220.98
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cause a dramatic influence on the refractive index compared
to experiment. The changes are within the range of errors we
have to assume for our ab initio calculations.

The frequency dependent polarizabilities of 8CB are pre-
sented in Fig. 15 for different basis sets. Obviously, the dis-
persion behavior is similar, but the absolute value depends
on the quality of the basis set. The polarizabilities for the
low-frequency limit �using TD-DFT�B3LYP�� have also been
calculated with the largest basis set �6-31+ +G*�, so that the
dispersion curves could be shifted to this reference value.

In Figs. 16 �8CB� and 17 �88OPPY�1�� experimental and
two theoretical results of the frequency dependence of the
refractive index are presented. Using the originally computed
RPA-polarizabilities presented in Table II leads to dispersion
curves for fully ordered molecules if the Vuks-equation is
used. Contributions due to electron correlation are missing
because the RPA-values are based on Hartree-Fock theory.
Van Caillie and Amos �12� have shown for a series of small
molecules that polarizabilities calculated on the level of den-
sity functional theory �with the B3LYP functional� are ap-
proximating experimental polarizabilities and accurate theo-
retical polarizabilities, i.e., including electron correlation,
fairly well.

The two theoretical results in Figs. 16 and 17 are calcu-
lated in the following way.

�a� We use the Vuks-equation 12 �RPA-HF/4-31Gex�,
in which it is implicitly assumed that the order parameter S is
one.

�b� We use the static polarizabilities calculated on the

DFT-B3LYP/6-31+ +G* level �see Table III� and scale lin-
early the frequency dependent polarizabilities given in Table
II. These values are taken as input for Eqs. �13� and �14�. The
order parameter is assumed to be S=0.7. The order param-
eter values for 8CB �41� deviate strongly from each other.
The mean value is 0.7. For the other molecules we also use
0.7 due to the lack of measurements.

In case of 8CB the scaling leads to an increase of �l
by 13% and for �t by 4%, which results in a case of the
Vuks-equations to an increase of ne−1 by 14% �ne��=��:
1.77343 �RPA/4-31Gex�, 1.88004 �B3LYP/6-31+ +G*��
and of no−1 by 7% �no��=��: 1.43277 �RPA/4-31Gex�,
1.46380 �B3LYP/6-31+ +G*��. If one uses the de Jeu-
Bordewijk expression �including scaling� the ne−1 values for
S=1.0 reduce with respect to the values using the Vuks-
equations by 29% �see Eqs. �13� and �14� and ne,o��=��:
1.68405, 1.46345�, whereas no remains approximately con-
stant. For S=0.7 ne−1 reduces further by 6%, whereas no
−1 increases by 5%. Similar results are presented in Fig. 17
for 88OPPY, where we considered only the structure related
to 88OPPY�1� �see Fig. 14, top�. In Figs. 16 and 17 we can

TABLE IV. 8CB: Monomer and dimer static polarizabilities in
a.u. calculated with DFT �B3LYP� using the basis set 6-31+ +G*.
The structure of the molecule has been optimized �opt� or taken
directly from x-ray measurements �38� �cryst�.

�uu �vv �ww

Monomer

8CB cryst 384.95 193.60 142.83

8CB opt 429.53 222.00 165.18

Dimer
1
2 �8CB�2 cryst 368.43 193.21 145.42
1
2 �8CB�2 opt 412.58 214.37 176.65

FIG. 15. Polarizabilities �i�i= l , t1 , t2� of 8CB in a.u. calculated
for different basis sets �•—•: 4-31Gex, •---•: 6-31G*, •---•: 4-31G�
as a function of wavelength �. The frequency dependent polariz-
abilities �•� are calculated with the RPA-HF �SCF� method, the
static polarizabilities, additionally with TD-DFT �B3LYP�
��: 6-31+ +G*, and �: 6-31G*�.

TABLE III. Static polarizabilities � in a.u. calculated with DFT �B3LYP/6-31+ +G*�, deviations in percent with respect to RPA-HF/
4-31Gex �	�l ,	�t�, and principal axes lengths L, Tv, and Tw in Å for the prolate spheroidal form of the molecules.

Molecules 8CB 9CB 12CB 8OCB NPOB 86OPPY 88OPPY�1� 8OS5 IS1401 IS1405

�uu 428.57 444.96 490.85 454.09 470.95 479.67 534.71 536.19 446.58 501.35

�vv 221.62 225.05 254.85 224.05 247.67 274.10 302.61 304.84 284.74 272.10

�ww 164.82 184.83 220.91 165.40 178.11 230.32 222.89 247.39 291.95 232.82

	�l 13.29 12.83 11.96 16.07 19.26 11.05 15.40 15.41 21.67 12.73

	�t 4.07 5.32 5.90 4.52 4.54 9.50 5.20 5.95 15.84 5.09

L 19.8796 20.61485 24.17304 21.00226 22.65153 21.81683 27.54812 24.33481 24.27405 22.88647

Tv 5.4217 5.34541 5.96200 5.30731 4.93417 8.68098 7.33062 8.63557 6.50861 5.78693

Tw 3.1387 4.35835 4.49196 2.60350 3.05530 5.37171 2.68438 4.77171 5.67316 5.05415
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see that by taking into account the influence of the order
parameter �i.e., S�1: not optimal orientation� the results for
no deviate from the experimental results by 0.01 to 0.02,
whereas the difference in ne is slightly larger.

Finally, we can state a very good agreement between mea-
surement and calculation. It is known that DFT-B3LYP is
slightly overestimating polarizabilities when the basis set
limit is approached: this we cannot afford within our calcu-
lations. Ruud et al. �42� have shown in their investigations
for C60 that predicting the dispersion of the polarizabilities
with the combination RPA-HF/6-31+ +G* leads to quite ac-
curate results not far from experiment.

But because we do not really know the correct value of
the order parameter there will always be a discrepancy be-
tween theory and experiment. If we would use S=0.8 for
8CB the agreement with experiment would be nearly perfect.

In order to get an idea about the quality of our calcula-
tions for the polarizabilities of the liquid crystal molecules
we investigated in more detail three different molecular frag-
ments: benzene, biphenyl, and n-octane. Our results are pre-
sented in Appendix C.

IV. SUMMARY

The dispersion of the ordinary index of refraction was
measured for a series of smectic liquid crystals which are
often used in free standing film experiments. Most of these
liquid crystals show Sm-A phases, some show additional
Sm-C phases. In the Sm-C phases two indices with the po-
larization direction parallel and perpendicular to the tilt di-
rection can be measured.

The indices of refraction are measured by recording inter-
ference spectra in reflection from free standing smectic films.
These films show in the Sm-A phase a perfect alignment of
the director normal to the film surface. A drawback of the
technique with free standing films is that only ordinary indi-

ces of refraction can be measured using normally incident
light. An extension of the method of measurement would use
oblique rays for the experiment. This allows us to determine
the ordinary and the extraordinary indices of refraction.

The indices of refraction are measured for the accessible
temperature range of the Sm-A phases. The results are pre-
sented by a modified Hartmann equation �see Eq. �A1��, the
coefficients of which are given in Table V.

The data presented in this work had not been available up
to now for smectic liquid crystals used for free standing film
experiments. They are an important resource for the determi-
nation of films thicknesses with the interference technique.

Quantum chemical calculations for static and frequency
dependent polarizabilities have been performed. With the
help of the de Jeu-Bordewijk expression �Eqs. �13� and �14��
refractive indices have been calculated leading to a good
agreement with our experimental data.

In the case of 8CB we compared monomer and dimer
structures, i.e., parallel and antiparallel arrangements in the
macroscopic ensemble, where the dimer has a bit smaller
average polarizability compared to two monomers. The
agreement between theory, using the phenomenological ex-
pression of de Jeu and Bordewijk �34,35�, and our measure-
ments is already so close that it is difficult to make a clear
cut analysis of the contributions of the surrounding mol-
ecules. From the above analysis we cannot conclude that the
type of arrangement �parallel versus antiparallel� has a sig-
nificant influence on the refractive index.

What is left is a fully dynamical simulation of an en-
semble of molecules to find out the order parameter S, which
to our knowledge contributes most to the deviations from
experiment. Already for benzene it is difficult to calculate
absolutely accurate data for the polarizabilities without tak-
ing approximations �missing electron correlation, too small
basis sets� and error cancellations �DFT� into account. Even
experimental values for the anisotropies of � still differ by a

FIG. 16. Measured and calculated indices of refraction of 8CB
as a function of wavelength �. — and �: measurement at 17.85 °C,
H4: calculated with the Vuks-equations �see Eq. �12�, assumption of
a crystalline solid with S=1� �RPA-HF/4-31Gex�, D6s: �RPA-HF/
4-31Gex� values scaled by �B3LYP/6-31+ +G*� values and use of
Eqs. �13� and �14� with S=0.7. In the calculation the density
0.9994 g/cm3 �39� was used.

FIG. 17. Measured and calculated indices of refraction of
88OPPY�1� as a function of wavelength �. — and �: measurement
at 56.72 °C, H4: calculated with the Vuks-equations �see Eq. �12�,
assumption of a crystalline solid with S=1� �RPA-HF/4-31Gex�,
D6s: �RPA-HF/4-31Gex� values scaled by �B3LYP/6-31+ +G*�
values and use of Eqs. �13� and �14� with S=0.7. In the calculation
the density 0.9646 g/cm3 �40� was used.
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few percent, whereas average polarizabilities do not deviate
too much between different experiments. If we compare the
individual refractive indices no and ne with experiment, we
do need a correct description of the individual contributions
to the principal values of the polarizabilities and we need in
addition the correct magnitude of the order parameter in the
smectic phase.

Temperature effects in � and n are taken into account
by using the experimental values for the known density. In-
dividual contributions from atomic motion, i.e., vibrational
and rotational motion in/of the molecules, and inclusion of
different conformations will lead to a further refinement in
the frame of an ab initio molecular dynamics calculation, but
seems to be now not necessary for the purpose of the present
investigations.

In addition, investigations of molecular fragments �i.e.,
benzene, biphenyl, and octane� have been performed. They
support our assumption �confirmed by other works in the
literature �12,42�� that the prediction of polarizabilities and
refractive indices by using RPA-HF and TD-DFT methods
with reasonable flexible basis sets �4-31G* or 6-31+ +G*�
will lead to useful support of experimental data.
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APPENDIX A: NUMERICAL VALUES
OF THE REFRACTIVE INDICES

The refractive indices were fitted with the function

n = A + BT + C/�D − T�0.2 + �E + FT + GT2�/�� − H� �A1�

with

T = �t − 30 °C�/�30 °C�; � = �/600 nm. �A2�

The first two terms of Eq. �A1� describe the linear depen-
dence of the index of refraction on temperature. The third
term is a Haller type �43� correction in the vicinity of the
clearing point. The fourth term describes the dispersion with
the Hartmann equation containing a temperature dependent-
numerator. The coefficients are given in Table V. The devia-
tions of the fitted refractive indices from the measured values
are usually smaller than 0.0002 and grow sometimes at the
short or long wavelengths end of the dispersion curve up to
0.0004.

APPENDIX B: QUANTUM CHEMICAL METHODS
AND BASIS SETS

Theoretical investigations of the properties of “liquid
crystal molecules” have been performed by using the pro-
gram packages GAUSSIAN 98 �G98� �44� and GAUSSIAN 03

TABLE V. Coefficients for Eq. �A1�. Temperature range from tmin to tmax in °C, range of wavelengths from 375 to 790 nm.

A�104 B�104 C�104 D�104 E�104 F�104 G�104 H�104 tmin tmax

8CB 14806.6 −72.7488 40.8644 1184.51 157.072 27.3045 29.0003 4194.27 17.9 32.0

9CB 14780.6 −66.4657 28.5697 5907.15 144.201 −1.58374 28.3771 4189.40 35.8 46.8

12CB 14610.5 −118.289 155.930 12707.0 136.700 −2.29374 8.63894 4092.37 41.8 57.3

8OCBP 14784.1 −59.9810 23.7783 12482.7 141.480 −17.7850 18.2462 4467.14 52.8 66.0

NPOB 14733.5 −63.8300 72.9431 12378.6 176.051 −79.4325 55.3680 4300.78 50.8 60.2

86OPPY 14562.9 −162.665 143.470 11367.8 132.444 −34.8643 30.7780 4119.24 47.7 56.9

88OPPY 14553.7 −223.370 203.450 13566.7 126.633 −29.7638 25.4237 4098.14 56.7 62.2

8OS5 14818.3 −83.7270 2.93683 10800.0 138.090 −8.97180 9.94000 4056.58 55.7 62.0

IS1401 14690.2 −90.6400 −4.52830 19155.9 101.990 −2.50880 0.17391 3623.59 34.7 108.2

IS1405 14713.3 −90.6724 31.5480 14832.7 126.959 −1.15091 2.49185 384.174 30.8 71.9

FIG. 18. Measured and calculated indices of refraction of
benzene as a function of wavelength �. HS: RPA�Sadlej�, H4:
RPA�4-31Gex�, DSs: scaled from RPA�Sadlej� to B3LYP�Sadlej�,
D4s: scaled from RPA�4-31Gex� to B3LYP�4-31Gex�, D6s: scaled
from RPA�4-31Gex� to B3LYP�6-31+ +G*�, and E: experiment
�Samoc �60��.
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�G03� �45�, DALTON �46�, and TURBOMOLE �47�. For the op-
timizations of the structures a density functional method
�DFT, G98� with the B3LYP functional has been used; the
calculations are performed with all electron basis sets where
split valence double zeta plus polarization functions
�6-31G*� have been used. B3LYP is Becke’s 3 parameter
functional �48� with different exchange contributions �Slater,
HF, Becke�, the correlation functional of Vosko, Wilk, and
Nusair �49� �functional III of VWN�, and the nonlocal corre-
lation provided by Lee, Yang, and Parr �LYP� �50�. Our
choice for using B3LYP results from the experience of pro-
ducing good structures with much less CPU time compared

to the so-called high-level ab initio methods �e.g., coupled
cluster�.

Based on the optimized geometries, static and dynamic
polarizabilities �51� have been calculated using �a� time-
dependent Hartree-Fock �TD-HF� and �b� time-dependent
DFT �TD-DFT� ��a� TD-HF: random phase approximation
�RPA� with the integral-direct and parallel version �52� of the
linear response theory �11� as implemented in the DALTON

quantum chemistry program �46�: 16 processors, IBM-SP2
�SSC-Karlsruhe�; �b� TD-DFT: program suite TURBOMOLE

�47� �parallel version: NIC-Jülich and HRZ-Siegen��.
The choice of the basis set for calculating polarizabilities

is crucial. Accurate RPA values have been obtained using a
4-31G basis set �53,54� with additional polarizing and dif-
fuse p�C:0.05�- and d�C:0.05�-functions on the heavier ele-
ments, i.e., C, N, O, etc. �in the present work called

TABLE VI. Benzene, biphenyl, and n-octane: Static polarizabilities in a.u. calculated with Hartree-Fock �RPA-HF�, DFT�B3LYP�, and
MP2 using different basis sets.

Methods RPA-HF B3LYP MP2 Experiment

Basis sets 4-31Gex 6-31+ +G* Sadlej 4-31Gex 6-31+ +G* Sadlej 4-31Gex

Molecules

Benzene

�uu=�vv 76.29 75.33 78.21 78.85 78.48 82.72 77.94 79.2 �16�
�ww 37.27 41.38 44.98 38.32 41.46 44.50 39.02 47.7 �14�

Biphenyl

�uu 188.05 189.98 197.12 202.55 206.05 212.75

�vv 130.28 130.85 135.20 134.37 135.54 140.16

�ww 77.53 81.74 86.65 79.11 82.67 86.94

n-Octane

�uu 110.42 108.24 121.13 118.80 119.54 132.38

�vv 85.65 84.66 89.68 90.88 90.78 96.20

�ww 80.93 80.88 84.20 85.14 84.75 89.07

TABLE VII. Benzene: Frequency dependent polarizabilities in
a.u. calculated with random phase approximation �RPA-HF� and
TD-DFT �B3LYP� using different basis sets.

Methods
Basis sets

� �nm�

RPA-HFa

4-31Gex
RPA-HFa

Sadlej
TD-B3LYPb

6-31+ +G*
TD-B3LYPc

Sadlej

400 �uu 83.94 86.40 87.70 92.25

�ww 39.74 47.96 44.76 47.54

500 80.91 83.14 84.02 88.41

38.79 46.81 43.49 46.35

600 79.40 81.52 82.22 86.55

38.30 46.22 42.85 45.75

700 78.54 80.60 81.20 85.47

38.02 45.88 42.48 45.41

800 77.99 80.02 80.55 84.80

37.84 45.67 42.25 45.19

� 76.29 78.21 78.56 82.72

37.27 44.98 41.52 44.50

aRPA-HF: random phase approximation; response theory in DALTON

�46�.
bB3LYP in TURBOMOLE �47�.
cB3LYP in G98 �45�.

FIG. 19. Measured and calculated indices of refraction of biphe-
nyl as a function of wavelength �density 0.9717 g/cm3 at 99 °C
�62��. HS: RPA�Sadlej�, H4: RPA�4-31Gex�, D6s: scaled from
RPA�4-31Gex� to B3LYP�6-31+ +G*�, D6: B3LYP�6-31+ +G*�,
D6�90����: B3LYP�6-31+ +G*� �torsion angle 90°�, and experi-
mental values at 99 ���, 77 ���, and 73 °C ���.
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4-31Gex�. The quality of RPA with this basis set has been
described in an earlier study by Norman et al. �55� for the
polarizabilities and hyperpolarizabilities of a series of poly-
acene molecules. The results for benzene have been reported
to be within 2% of the results for the largest basis set, close
to the HF limit �56�. This tailored basis set has been tested
for optical molecular properties in several previous studies
�e.g., C60: �42,57�; smaller organic molecules: Refs. 28–30 in
Ref. �57��.

APPENDIX C: POLARIZABILITIES AND
REFRACTIVE INDICES OF BENZENE,

BIPHENYL, AND n-OCTANE

There are a lot of experimental �14,58� and theoretical
�59� results available for the polarizability of benzene. Our
results presented in Tables VI �static polarizabilities� and VII
�frequency dependent polarizabilities�, using the same meth-
ods �in addition MP2� and basis sets, including the even
more flexible basis set of Sadlej �30�, are in agreement with
other theoretical investigations in the literature �59�.

The refractive indices �see Fig. 18� were calculated with
Eq. �11�. They show similar dispersion behavior for RPA-HF
and TD-DFT. The calculated dispersion is nearly in perfect
agreement with experiment �60�. D6s �B3LYP/6-31+ +G*

scaled from RPA/4-31Gex� was the “best” choice for the
liquid crystal molecules and the curve lies a bit below the

experimental one; the Sadlej basis set is overestimating and
4-31G* is a bit underestimating. The frequency dependence
is better reproduced by using RPA-HF; TD-DFT is increas-
ing a bit too fast towards lower wavelengths �see for com-
parison: RPA-HF/Sadlej and TD-DFT/Sadlej in Table VII�.

TABLE VIII. Biphenyl and n-octane: Frequency dependent polarizabilities in a.u. calculated with random phase approximation �RPA-
HF� and TD-DFT �B3LYP� using different basis sets.

Molecules Biphenyl �	39° � Biphenyl �90°� n-octane

Methods RPA-HFa RPA-HFa TD-B3LYPb TD-B3LYPb TD-B3LYPb RPA-HFa RPA- HFa

Basis sets
� �nm�

4-31Gex Sadlej 6-31+ +G* Sadlej 6-31+ +G* 4-31Gex Sadlej

400 �uu 218.79 232.23 256.72 265.28 216.69 115.87 126.92

�vv 142.29 148.00 150.67 155.54 122.17 89.53 93.60

�ww 82.75 92.47 89.37 93.40 121.99 84.39 87.74

500 205.85 217.20 233.89 241.43 204.99 113.84 124.76

137.54 142.90 144.59 149.30 117.76 88.08 92.14

80.72 90.19 86.78 90.89 117.59 83.10 86.42

600 199.82 210.33 224.14 231.31 199.41 112.77 123.62

135.18 140.39 141.65 146.29 115.60 87.32 91.37

79.70 89.05 85.49 89.64 115.43 82.42 85.72

700 196.46 206.53 218.91 225.89 196.26 112.14 122.95

133.82 138.94 139.98 144.59 114.36 86.87 90.91

79.10 88.39 84.75 88.93 114.20 82.02 85.31

800 194.38 204.19 215.73 222.61 194.30 111.73 122.52

132.96 138.03 138.94 143.52 112.69 86.58 90.62

78.73 87.97 84.29 88.48 113.42 81.76 85.05

� 188.04 197.12 206.37 212.96 188.29 110.42 121.13

130.28 135.20 135.72 140.23 111.17 85.65 89.68

77.53 86.65 82.83 87.06 111.02 80.93 84.20

aRPA-HF: random phase approximation; response theory in DALTON �46�.
bB3LYP in TURBOMOLE �47�.

FIG. 20. Measured and calculated indices of refraction of
n-octane as a function of wavelength �density 0.7028 g/cm3 at
20 °C �65��. H4: RPA�4-31Gex�, HS: RPA�Sadlej�, D6s: scaled
from RPA�4-31Gex� to B3LYP�6-31+ +G*�, DSs: scaled from
RPA�4-31Gex� to B3LYP�Sadlej�, and E: fit to the experimental
values at 20 °C up to 650 nm �66�.
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Samoc �60� performed in addition to experimental refractive
index investigations semiempirical coupled perturbed
Hartree-Fock calculations using MOPAC 93 �61� and the AM1-
method: the theoretical and experimental dispersion curves
are shifted with respect to each other and the slopes depart in
the region of strong dispersion, where electronic resonances
are approached.

Similar results are presented for biphenyl �for polarizabil-
ities see Tables VI and VIII�. Here the situation is a bit more
complicated because refractive index data in the liquid iso-
tropic phase are only available at higher temperatures �Fig.
19�: 73, 79, and 99 °C �62–64�. In this case the rotation of
the two phenyl groups to each other has to be taken into
account �the barrier height for torsion is 10.5 kJ/mol
�B3LYP/6-31G*��, which leads to a reduction of the polar-

izability and the refractive index. In Fig. 19 the refractive
index is plotted for the optimized structure with a torsion
angle of 	39° and for the structure with a torsion angle of
90°. The calculated values for the refractive index are even
with torsion angle 90° still a bit larger then the experimental
data. In addition, it is known that TD-DFT-B3LYP/6-31
+ +G* slightly overestimates the refractive index. Finally
we can say that the dispersion behavior is in good agree-
ment with the experiment.

In the case of n-octane �see Tables VI and VIII and
Fig. 20� the dispersion behavior of the refractive index
agrees with the experiment up to 650 nm, the longest wave-
length for which the refractive indices were measured by
Kerl and Varchim �66�.
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