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The birefringence and refractive indices of several liquid crystalline structures were measured
throughout the visible wavelength region (400-900 nm) at different temperatures. Mixtures
composed of members of the same homologous series were used in order to achieve the
nematic phase at room temperature. Data on 28 mixtures, mainly with cyclohexane — phenyl
and biphenyl cores, are presented. The set includes widely used structures as well as newly
synthesized. Some details of experimental methods, formulas for interpolation of the results
and observed regularities are briefly discussed.
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INTRODUCTION

Most technical applications of liquid crystals (LC) are based on their speci-
fic optical properties, but LC producers usually present in their catalogues
the birefringence and refractive indices of their mixtures only at one
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wavelength. Thus, optical parameters of LC devices to be constructed are
estimated based on this value and at the early stages of the development
this was sufficient. Nowadays, the main trends in the market of LC devices
are to improve the parameters of the existing devices and to find new areas
for application of LC materials.

To improve optical operation means to optimize such optical properties
as luminance, contrast and gray levels in the whole visible spectrum. Much
effort is done in this field: LC displays are made more achromatic [1,2],
with improved viewing angle [3,4], with higher contrast [4,5]. LC devices
are used in such new areas as phase retarders, correctors etc. [6] not only in
the visible, but also in the near infrared.

All these aspects require the knowledge of the refractometric data of LC
in the whole spectrum of operation. In many cases optical properties of a
device depend on the product of birefringence and the LC layer thickness.
The wavelength dependence of the optical properties, for example phase
retardation, is determined by the product of birefringence dispersion and
thickness. Thus by choosing appropriate combinations of LC thickness,
birefringence and birefringence dispersion the optical properties of a device
can be varied to some extent independently at different wavelengths. For
this the dispersion characteristics of LC’s in the wavelength region of inter-
est must be known.

With this work we provide such information. Using refractometric and
interferometric methods we determined the birefringence and the refractive
indices of different classes of liquid crystalline materials widely used in
commercial mixtures. We tried to cover as many different classes of LC
materials as were available to us. Although the set which we present in this
paper in no case can be treated as complete we hope that it can help the
designers to develop mixtures appropriate for their devices, or at least to
find guidelines for their development.

We studied not individual compounds, but mixtures, containing com-
pounds of some homologous series. The main goal which we pursued
taking mixtures was to obtain mesophase at room temperature (when it
was possible) and thus to make these substances more attractive to de-
signers.

A discussion of advantages and disadvantages of various methods for
refractive indices determination is beyond the scope of this work, so in the
experimental section we only describe the methods we used for this and give
overall precisions for the data. In the third section the composition of LC’s
and the data are presented with explanations of the tables contents and
brief comments on the observed properties.
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EXPERIMENTAL

The method used for birefringence dispersion measurements was proposed
by Wu et al. [7]. A filled liquid crystal cell with planar alignment is placed
between two polarizers in such a way, that the director of the liquid crystal
is oriented at an angle of o = 45° with respect to the transmission direction
of the first polarizer. The birefringent LC introduces a phase retardation
between extraordinary and ordinary wave which is analyzed by the second
polarizer, oriented at an angle f§ with respect to the first polarizer. If the LC
layer is sufficiently thin, absorption anisotropies between extraordinary and
ordinary wave can be neglected. Denoting with T the transmission of the
LC cell without polarizers including reflection losses at the glass surfaces
and absorption losses, the transmissions 7, and T, for perpendicular
(B =90°) and parallel ( § = 0°) oriented polarizers are [7]:

T, =Tsin?*(6/2)=3T[1 —cosd]
T, = Tcos*(3/2)=3T[1+cosd] (1)

From these measured light transmissions the phase retardation ¢ and subse-
quently the birefringence An of the LC under study can be evaluated,
provided that the thickness d, - of the LC layer is known:

1/2
6=27INT(})—(— 1)N2tan‘ll:<%> ]; N=12,.. (2)
di
= 3
An 2nd ¢ ©)

In Equation 2 INT(N/2) refers to the integer function.

In order to determine continuous birefringence values over the entire
visible spectrum a tungsten lamp was taken as the lightsource and a diode
line spectrometer served as the detector. With this combination a signal to
noise ratio better than 1% in the wavelength range 400 to 900 nm was
achieved. The spectral resolution due to the spectrometer slit width was 10
nm, the pixel size corresponds to 3.3 nm and the accuracy of wavelength
calibration was 0.3 nm. The polarizers used were Glan type polarizing
prisms made of calcite with an extinction ratio better than 107> within the
wavelength region of interest. The LC’s under study were filled into
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commercially available indium-tin-oxide (ITO) coated testcells with polyimide
alignment layers. Mean thicknesses of ITO and polyimide were 35nm and
30 nm according to the producers information. Cells with ~ 4 um and ~ 10um
LC thickness were used. The thickness was determined interferometrically
before filling the cell by determination of the angles of destructive interference
in reflection geometry [8] with a helium neon laser as light source. Tempera-
ture stabilization within +0.02K was achieved using a thermocell equiped
with Peltier thermoelement, temperature sensor and regulation circuit.

Figure 1 gives an example of raw experimental data. In addition to the
transmissions corresponding to Equation 1 the transmission T, for the case
polarizer and analyzer parallel ( f = 07) and LC director at angle o = 90°, i.e.
for the ordinary wave, is shown.

1.0

0.8 -

0.6 A

0.4 1

TRANSMISSION

0.2 1

0.0
390 490 590 690 790 890
WAVELENGTH / nm

FIGURE | Measured transmissions of the polarizer - LC cell - analyzer system for three
combinations of angles o between polarizer and LC director and f8 between polarizer and
analyzer. T, corresponds to the transmission of the ordinary wave (x = 90°, f = 0°). T, and T, refer
to the conditions (x = 45", f=90°) and (x =45, f =0}, respectively. Data are for LC mixture
number 7 (see Tab. I).
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Three features are obvious:

1. Reflection and absorption losses degrade the transmission of the cell
to less than 90%.

2. Especially in the short wavelength region the ratio T,/T, does not
approach zero or infinity at wavelengths corresponding to multiples of
halfwave phase retardation (§ = Nr) as it is expected from Equation 1.

3. All transmissions show periodic modifications on a percent scale due
to interferences within the LC cell.

These features affect the calculation of birefringence dispersion curves if
Equations 1 to 3 are used without the corrections described in the following.

First the transmission T of the LC cell (see Equation 1) is determined
from the maxima in the measured transmission T, of the ordinary wave. For
wavelength between these a linear interpolation is used.

Feature 2 arises from integrations over wavelength (spectral resolution of
the spectrometer) and cell thickness (quality of inner cell surfaces), both
together yielding an integration over a phase retardation interval [d — AJ,
0+ Ad], as well as from depolarization of the ordinary and the extraordi-
nary wave due to director fluctuations of the LC. The effect on the birefrin-
gence dispersion curve as calculated from Equations 2 and 3 are steps in
birefringence values at the wavelengths corresponding to 6 = Nn where the
function (—1)"tan™! changes its sign. Performing the integration on
Equation 1 we obtain:

1 1 §+Ad
T,(8) = —— TJ [1F cosd]ds

d—Ad

=%T[1 F <Si2?5> cos&]
%7[1 (1 _(o) (a0 ...>cosé] @

3! 5!
From solving Equation3 for 6 and using the extreme values of the
wavelength to thickness fraction (d .+ Ad)/(AF AZ) it is seen that Aé
incorporates wavelength dependences proportional to 2~ ' and 4™ 2. There-
fore correction terms proportional to A" with n > 2 should be accounted
for in Equation 4. In addition the depolarization due to director fluctua-
tions is known [9] to be proportional to A~ % The experience from our

+l
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measurements showed that within the experimental scattering it is sufficient
to account only for this wavelength dependence. Thus instead of Equation 1
we use Equation 5 for data reduction:

Ti(ci):%T(é)[l1(1—/1‘).‘*)005(5] (5)

The coefficient 4 is determined at the wavelengths where the transmissions
T, and T have their minima and is interpolated linearly between these
wavelengths. The magnitude of the correction 4-7~* is usually well below
0.1 and depends on cell quality and birefringence.

The interferences within the LC cell (feature 3) are caused mainly by
reflections at the high refractive index ITO coatings resulting in a trans-
mission similar to an etalon with different optical thicknesses for the ordi-
nary and the extraordinary wave. This effect yields a sinusoidal modulation
of the resulting birefringence dispersion curve with an amplitude of a few
percent and a modulation length equal to the interference cycles of the
ordinary wave. The correction for this effect is described elsewhere [10]. It
can be shown that a simple smoothing of the birefringence dispersion curve
calculated without this correction gives correct results.

The results of An measurements were confirmed for some liquid crystals
by determining the wavelength of extrema (where é = Nn) in transmission
interference spectra according to Equations 1 to 3. For these independent
measurements thicker cells (20 um) and a spectrometer with higher spectral
resolution (type SPECORD-M40) were used. From repeated measurements
of the same liquid crystals in different cells, with various spectrometer modu-
les and experimental setups over a period of one year the reproducibility of
An values is + 0.001 within the spectral range 400 nm to 900 nm.

It is possible to determine ordinary refractive indices for a number of
wavelengths from the positions £, of interference maxima and minima in the
transmission T, of the ordinary polarized light. The wavelengths 4, are
determined with sub pixel accuracy using quadratic interpolations. The
phase shift of the first order reflections with respect to the directly transmit-
ted beam equals a multiple of one wavelength phase retardation for trans-
mission maxima. If we neglect the influence of the ITO and polyimide films
we can calculate n, according to the formula (for minima the integer value k
is replaced by k + 1/2):

. k2 .
n,(7,)= # (6)
LC
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The interference order k ts found by solving Equation 6 for two subsequent
maxima with the assumption n,(4, . ,) = n,(4,). The evaluation of the phase
shift caused by the ITO and polyimide films (see appendix) reveals that
Equation 6 has to be modified. With ¢, denoting the phase change on
reflection at one ITO film and 6, = 2nn,d,/ 4 the phase retardation due to
one polyimide film we find for interference maxima:

—20
n, () = (k +"4-;T———”> (i‘c) Y

Equation 7 is used for the calculation of the ordinary refractive indices.
Since interferences are less pronounced for the extraordinary wave we cal-
culate extraordinary refractive indices from n, and An. From the discussion
in the appendix we estimate the precision of refractive indices to be + 0.005
within the wavelength region 400 nm to 900 nm. Wavelength independent
errors due to the uncertainty in cell thickness determination are corrected
for by calibrating the determined birefringence and refractive indices with
refractometer measurements at 589 nm.

Figure 2 shows the birefringence and refractive indices dispersions derived
from the raw data of Figure 1 (20°C) and an equivalent measurement at 30°C.

RESULTS

The compositions in weight % and clearing temperatures of the LC mix-
tures investigated are given in Table I. All the compounds were prepared by
ourselves. The compounds 17, 18 and 19 are new ones. The synthesis of 18
is described in Ref. [11] and the synthesis of 17 and 19 in Ref. [12]. The
other liquid crystals are well known in literature and references for them are
listed in [13].

In order to give analytical expressions for the wavelength dependence of
birefringence and refractive indices we used the single band model [14] to
fit the experimental data. This model incorporates one averaged resonance
wavelength in the ultraviolet wavelength range and a parameter G(T) des-
cribing besides molecular parameters mainly the temperature dependence of
the order parameter of the liquid crystal. Equation 8a is for birefringence,
Equation 8b for ordinary and extraordinary refractive indices:

(8a)
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FIGURE 2 Birefringence and refractive indices dispersion of mixture number 7 (PP), calculated

from the data of Figure 1. Thin straight lines represent the two parameter fits according to
Equation 8.
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TABLEI Composition of LC mixtures. The abbreviations follow the analogous system for
liquid crystal compounds which was proposed by Hoffmann La Roche’s Laboratory. Alkyl
chains with n carbon atoms (C,H,,, ;) are named R, with n given in the third column

NO COMPOSITION n m W% Tu/°C
1 3 2967 53.0
Rq CN 5 33.33
7 37.00
nCP
2 2 2946 345
Rq CN 4 33.34
: 8 37.20
nCP
3 , 4 1 3095 65
R; coo OR,, 4 2 3244
4 5 3661
nCEPOm
4 5 1 3283 715
R; CO0 ORp, 5 2 31.32
5 3 3585
nCEPOmM
5 3 64.81 42.5-
R,,—<:>—©—NCS 5 9.26 430
7 25.93
ncPS
6 4 3023 400
8 36.43
nCPS
7 3 17.36 345
RCN 5 39.12
7 4352
nPP
8 4 3029 465
R,,—-@—COO—@—CN 6 33.33
8 36.38
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TABLE 1 (Continued)

9 5 50.06 49.5-
Ri— >—CHzCHi—©-F 545
nCAPF
rR— >-—<: :>—CH CH—©—R 2 3 2352
n 2=z m 5 3 26.42
nCPAPmM
10 3 1 51.25 a8
Rn_< >—CH2CH2—‘<:>—0Rm 5 2 4875
nPACOmM
11 4 6 51.91 81
R,,—@—COO—@—OR,“
nPEPOM
R,,O—@—mo—@—mm 1 6 4809
nOPEPOmM
12 4 46.77 365
R,,—@—COO—@-F 7 53.23
nBEPF
13 5 65 37-
Rn—<:>_CH2CH2—©—F 49
nCAPF
6 15

nBAPPF
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TABLET (Continued)
14 2 2301  50-
Ry NCS 4 15.71 67
6 45.64
nCPS
4 12.00
nCPACPS
15 4 1910 85-
Rn_< >—C00—@—CN 6 32.49 87
8 25.13
nPEP
nCPEP
16 2 5 200 104
Rg Co Rm 4 4 200
4 5 200
CN 5 4 200
7 4 200
nCPEPmM
1111 175

7 R"co—<3—<©>—coor=zm

nGCPEm

NNNOAWwWwon

OGN ON>WN =

1.1
11.12
11.11
11.11
11.11
11.11
11.11
1111
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TABLE1 (Continued)

4 7.60 60-
66
3 3 304
3 5 1519
5 30.40
RnO—©—CH20HerRm 2 5 760
nOPANmM
Rn—O—@—Rm 3 5 3647
nCPm
19 3 20 43.5-
O 7 20
nGCP
3 20
il Yoo 3 B
nCEP
20 3 47.5 74.5
Rn—<:>—COO—©—CN 5 52.5
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TABLEI (Continued)
21 4 1 250 630
Rn—©—0'0—< >—0Rm 4 2 200
5 1 160
5 6 16.0
nPZPOm 8 2 230
22 8 8 230 Sa
v~ O~ : 5 B o
8 7 70 N
8 8 160 70
nOPP(1)m 9 9 160
10 7 80
10 8 100
23 4 50.0 92
Rn_< >_C°°H 6 50.0
nCE
24 O 2 4 360 101
Rn—'©_'ct CmC ORm 2 5 315
4 5 325
nPZZPOm
25 3 26.9 70
rRo—~O—~O)—on 5 s
8 39.3
nOPP
26 3 2 4862 31.5
Ry OR,, 5 1 51.38
nCPOm
27 0 3 36.95 455
R . @ CN 5 3334
" A 7 20.71
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TABLE [ (Continued)

28 3 3 4773 400
R, CO0 Ry 5 3 5227

n T) =1+ G(T) =51
7. '/.j

j=o,¢ (8b)

These formulas proved to fit the experimental data within the experimen-
tal uncertaintly in most cases. Deviations between experimental data and fits
slightly higher than the experimental uncertainty occur in the case of the
high birefringent LC. as may be seen from the standard deviations given in
Table I1. This is not surprising because in principle one has to account for
several absorption bands in the UV and Equation 8 is valid only far from
the lowest frequency one, which in the case of high birefringent LC’s is near
to the visible wavelength region [14]. A more detailed accounting for the
different resonances would require additional measurements of the ultravio-
let absorption spectra in order to fix the different resonance wavelengths
because otherwise no clear solution for the multiple parameter problem can
be found.

Contributions from different absorption bands may change with tem-
perature which consequently leads to changes of #, if Equation 8 is used
for fitting. We therefore present the parameters G and 7, according to
Equation 8 in the TablesII. Il and IV for birefringence, ordinary
and extraordinary refractive index, respectively, for each temperature
measured.

Experimental data were fitted within the wavelength region 400nm to
900 nm. For refractive indices this interval had to be reduced in some cases
either because the spectrometer could not resolve the interferences in the
short wavelength region or because the amplitude of the interferences was
to low for an accurate determination of maximum and minimum positions
in the long wavelength region. However the spectral interval used for fitting
is 300 nm or more for all data presented here.

The fourth column in the Tables T1. TIT and 1V lists the birefringence and
refractive indices determined at 589 nm using an Abbe refractometer. The
precision of these values is + 0.0001 to +0.0002, unless otherwise stated.
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TABLEIl Birefringence of liquid crystal mixtures from refractometric and
spectroscopic measurements. Fit parameters 1, and G according to Equation 8a
and standard deviations ¢ are for the wavelength range 400 nm to 900 nm

NO LC T/°C An(589nm) Ay/nm G/10"%nm™% /1073
1 nCP 20 0.1213 175.3 3.598 0.36
30 0.1130 173.2 3.441 0.28
40 0.1023 176.3 2996 0.23
50 0.0786 1823 2.139 0.21
2 nCP 20 0.1003 184.0 2,673 0.27
30 0.0760 189.2 1.904 0.18
3 nCEPOm 20 0.0814 164.7 2.767 0.27
30 0.0776 163.7 2672 0.16
40 0.0725 164.6 2.468 0.29
50 0.0662 156.6 2510 0.33
4 nCEPOm 20 0.0877 167.4 2.875 0.52
30 0.0840 167.7 2.744 0.50
40 0.0797 172.5 2.450 1.03
50 0.0745 162.1 2.620 1.17
5 nCPS 20 0.1939 220.7 3.421 0.44
30 0.1783 2204 3.157 0.46
6 nCPS 20 0.1577 220.6 2.786 0.37
30 0.1404 2199 2.499 0.42
7 nPP 20 0.1972 240.5 2.840 0.72
30 0.1707 239.8 2476 0.74
8 nPEP 20 0.1659 2074 3379 045
30 0.1514 206.6 3111 0.47
40 0.1302 206.2 2.687 0.56
9 nCAPF 20 0.0690 145.0 3.083 0.18
+nCPAPm 30 0.0650 146.3 2.851 0.19
40 0.0595 143.5 2718 0.23
10 nPACOm 20 0.0840 155.7 3222 0.12
30 0.0793 154.8 3.082 0.09
40 0.0728 1459 3.209 0.38
11 nPEPOm 20 0.1403" 2074 2858 0.30
+nOPEPOm 30 0.13559 2073 2.763 0.26
40 0.1312 2073 2.675 0.26
50 0.1189 206.6 2443 0.28
12 nBEPF 20 0.0569 1344 2987 0.28
30 0.0511 125.4 3.101 0.19
13 nCAPF 20 0.0836 181.3 2301 0.33
+nBAPPF 30 0.0786 180.8 2177 0.21
14 nCPS 30 0.1701 2194 3.044 043
+nCPACPS 40 0.1576 218.7 2.840 0.41
50 0.1385 218.7 2495 0.32

Yorecision + 0.0004.
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NO LC T/°C An(589nm) Jiy/nm G/107%nm~2%  ¢/1073
15 nPEP 20 0.1800 209.0 3.603 0.40
+nCPEP 30 0.1741 208.7 3.494 0.39
40 0.1670 208.5 3.360 0.35
50 0.1580 208.3 3.187 0.34
60 0.1466 208.1 2.964 0.39
70 0.1335 2079 2.705 0.45
16 nCPEPm 20 0.1292 2022 2,788 0.49
30 0.1273 2019 2.755 0.49
17 nGCPEm 15 0.0370 1874 0.947 0.14
18 nCPm 20 0.0747 1522 3.009 0.24
+PCNm 30 0.0701 152.0 2.832 0.25
+nPCNm 40 0.0641 151.5 2.608 0.26
+nOPANm 50 0.0550 148.9 2322 0.32
+nCANCPm
19 nGCP 20 0.0990 178.1 2.836 0.27
+nCEP 30 0.0885 182.2 2412 0.29
20 nCEP 20 0.1188 175.7 3.505 0.43
30 0.1157 174.1 3484 0.40
40 0.1103 176.9 3.207 0.37
50 0.1037 176.8 3.017 0.38
60 0.0943 177.0 2.738 0.37
21 nPZPOm 20 0.2631 254.5 3.305 1.43
30 0.2503 2540 3.158 1.34
40 0.2352 253.1 2994 1.16
22 nOPP(I)m 40 0.1440 229.5 2320 1.22
50 0.1467 231.2 2323 1.07
60 0.1431 2321 2245 1.01
65 0.1378 2352 2.093 0.97
70 0.1004 2352 1.525 0.71
23 nCE 20 0.0530 109.1 4.300 0.19
30 0.0515 112.5 3918 0.20
40 0.0499 108.5 4.098 0.22
50 0.0458 107.0 3.868 0.25
60 0.0375 105.8 3.242 0.18
70 0.0300 92.7 3.405 0.13
24 nPZZPOm 30 036202 2649 4114 1.88
40 0.3519Y  264.6 4012 1.97
25 nOPP 20 0.2450 255.8 3.038 1.64
30 0.2330 2556 2.894 1.54
40 0.2198 255.5 2.733 1.39
50 0.2029 2554 2.525 1.21
26 nCPOm 20 0.0748 153.7 2953 0.60
30 0.0540 154.4 2.110 0.22

Yprecision + 0.0014.
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TABLEII (Continued)

NO LC T/°C An(589nm) Ay/nm G/107%mm™% /1073

27 nDP 20 0.1069 170.5 3.370 042
30 0.0959 167.7 3.135 0.30
40 0.0752 170.5 2.369 0.19

28 nCECm 20 0.0415 100.3 4.003 0.11
30 0.0370 104.5 3.280 0.09

TABLEIIl Ordinary refractive indices of liquid crystal mixtures from refrac-
tometric and spectroscopic measurements. Fit parameters A, and G, and stan-
dard deviations o refer to Equation 8b

NO LC T/C® n,(589nm) Aojnm  Go/10™Snm™% /1073
1 nCP 20 14904 1033 4457 0.67
30 14888 1035 4424 0.64

40 14879 1055 4.246 0.61

50 14905 1048 4321 0.69

2 nCP 20 14974 108.1 4117 0.85
30 15003 1105 3.955 0.63

3 nCEPOm 20 14808 99.8 4692 0.43
30 14779 99.1 4725 0.62

40 14759 99.0 4720 0.55

50 1.4739 98.9 4704 0.46

4  nCEPOm 20 14801 96.2 5.045 0.76
30 14772 99.7 4.666 1.10

40 14747 98.2 4787 0.50

50 14723 98.4 4746 0.50

5  nCPS 20 15217 1232 3.288 0.78
30 15225 1247 3.210 0.79

6 nCPS 20 15215 1258 3.147 099
30 15227 1268 3.099 112

7 nPP 20 15295 1362 2.703 0.76
30 15339 1402 2.562 0.57

8  nPEP 20 15104 1253 3.102 207
30 15108 1281 2.966 1.97

40 15133 1290 2939 113

9  nCAPF 20 14862 90.8 5.763 0.50
+nCPAPm 30 14840 934 5.405 0.47
40 14820 91.8 5.579 0.50

10 nPACOm 20 14851  100.1 4700 0.40
30 14830 99.9 4705 051

40 14815 99.4 4734 0.44

11 nPEPOm 20 15002 1133 3.751 0.66
+nOPEPOm 30 14990 1132 3.749 0.95
40 14983 1146 3.652 0.84

50 1.4982 1144 3.664 0.98
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TABLE IHl (Continued)
NO LC T/C* n,(589nm) io/nm  Go/10™ 3 nm~2  a/107?
12 nBEPF 20 1.4874 98.1 4930 0.46
30 1.4858 97.9 4926 0.44
13 nCAPF 20 1.4923 106.0 4239 0.71
+nBAPPF 30 1.4903 1054 4272 0.63
14 nCPS 30 1.5250 1234 3.298 0.67
+nCPACPS 40 1.5248 1299 2.960 1.40
50 1.5262 124.0 3.271 0.69
15 nPEP 20 1.5065 1183 3472 0.64
+nCPEP 30 1.5050 1209 3.309 0.82
40 1.5030 119.8 3.361 0.65
50 1.5020 121.1 3.278 0.57
60 1.5016 1222 3.215 0.82
70 1.5020 1240 3.121 0.78
16 nCPEPm 20 1.5096 118.1 3.507 0.68
30 1.5065 117.8 3.502 0.64
17 nGCPEm 15 1.5090 116.5 3.605 0.59
18 nCPm 20 1.4965 98.7 4952 0.70
+PCNm 30 1.4941 100.8 4.724 0.84
+nPCNm 40 1.4918 99.2 4.852 0.70
+nOPANmM S0 1.4906 100.9 4.676 0.81
+nCANCPm
19 nGCP 20 1.4950 107.6 4133 0.62
+nCEP 30 1.4950 106.5 4218 0.61
20 nCEP 20 1.4821 106.3 4.130 1.77
30 1.4795 101.4 4.524 0.63
40 14774 104.6 4225 0.50
S0 1.4755 103.7 4.281 0.58
60 14744 104.1 4243 0.51
21 nPZPOm 20 1.5172 129.7 2.925 0.49
30 1.5172 1349 2.692 0.86
40 1.5178 135.5 2.671 0.59
22 nOPP(i)m 40 1.4840 96.0 5118 1.34
50 1.4821 99.5 4.728 091
60 1.4799 972 4941 0.70
65 1.4802 105.2 4.205 0.62
70 1.4896 104.5 4.342 0.62
23 nCE 20 1.4560 80.4 6.920 0.61
30 1.4525 81.1 6.748 0.44
40 1.4496 80.0 6.896 045
50 1.4462 784 7.125 0.44
60 1.4430 79.5 6.877 045
70 1.4400 79.2 6.889 0.31
24 nPZZPOm 30 1.5210" 145.3 2.317 0.70
40 1.5213% 145.7 2.305 0.81
Dprecision 4 0.001.

Dprecision + 0.0003.
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TABLE III (Continued)

NO  LC T/C® n,(589nm) Agfnm  Go/l0 Snm~% /107>
25  nOPP 20 15206 1350 2.705 0385
30 15198 137.9 2583 0.69
40 15198 140.3 2491 1.00
50 1.5209 140.8 2.479 0.46
26  nCPOm 20 14934 105.1 4322 0.46
30 1.4950 107.4 4151 0.94
27 nDP 20 14853 106.0 4178 0385
30 14848 107.5 4055 0.63
40 14870 109.3 3938 0.98
28 nCECm 20 14604 87.8 5.846 0.71
30 14578 85.7 6.099 0.78

TABLE IV Extraordinary refractive index of liquid crystal mixtures from re-
fractometric and spectroscopic measurements. Fit parameters A, and G, and

standard deviations ¢ refer to Equations 8b

NO LC T/C® n,(589nm) A nm G/10™%nm™%  6/1073

1 nCP 20 1.6117 123.3 3.849 0.60
30 1.6018 1213 3918 0.56

40 1.5902 1214 3.837 0.69

50 1.5691 119.2 3.841 0.62

2 nCP 20 1.5977 125.7 3.612 0.90
30 1.5763 125.5 3.494 0.63

3 nCEPOm 20 1.5622 112.7 4267 0.58
30 1.5555 1115 4.309 0.55

40 1.5484 111.1 4.289 0.43

50 1.5401 108.7 4416 0.60

4 nCEPOm 20 1.5678 1125 4321 0.88
30 1.5612 1154 4.054 1.37

40 1.5544 114.2 4.089 1.38

50 1.5468 111.4 4.245 1.35

5 nCPS 20 1.7156 160.5 2571 0.88
30 1.7008 158.9 2.575 0.72

6 nCPS 20 1.6792 156.7 2.569 0.90
30 1.6631 154.6 2.584 0.88

7 nPP 20 1.7267 178.6 2.069 1.717
30 1.7046 175.7 2.079 1.24

8 nPEP 20 1.6763 153.5 2.677 2.37
30 1.6622 153.1 2.633 244

40 1.6435 150.9 2.642 1.49

9 nCAPF 20 1.5552 100.0 5.393 0.59
+nCPAPm 30 1.5490 102.1 5.106 047

40 1.5415 100.0 5.262 047

35
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TABLE IV (Continued)
NO LC T/C° n,(589nm) /i jnm G/107%nm™2 /1073
10 nPACOm 20 1.5691 111.2 4.442 0.49
30 1.5623 110.1 4481 0.51
40 1.5543 107.7 4618 0.60
11 nPEPOm 20 1.6405"  140.0 3.084 0.64
+nOPEPOm 30 1.6345" 138.9 3.106 0.85
40 1.6295 139.0 3.077 0.80
50 1.6171 136.9 3116 0.93
12 nBEPF 20 1.5443 103.5 4922 0.41
30 1.5369 101.4 5.064 0.35
13 nCAPF 20 1.5759 1220 3.703 0.66
+nBAPPF 30 1.5689 120.3 3.767 0.58
14 nCPS 30 1.6951 153.2 2,763 0.66
+nCPACPS 40 1.6824 154.5 2.664 1.36
50 1.6647 148.3 2.833 0.67
15 nPEP 20 1.6865 149.8 2.863 0.74
+nCPEP 30 1.6791 149.8 2.829 0.87
40 1.6700 1479 2.871 0.71
S50 1.6600 147.8 2.830 0.62
60 1.6482 146.7 2.823 0.80
70 1.6355 146.0 2.797 0.87
16 nCPEPm 20 1.6388 141.6 3.004 0.57
30 1.6338 140.8 3.015 0.53
17 nGCPEm 15 1.5460 122.3 3.491 0.61
18 nCPm 20 1.5712, 108.2 4713 0.78
+PCNm 30 1.5642 109.5 4.545 0.84
+nPCNm 40 1.5559 107.9 4612 0.74
+nOPANmM 50 1.5456 108.1 4,511 0.68
+nCANCPm
19 nGCP 20 1.5940 123.6 3717 0.63
+nCEP 30 1.5835 122.7 3.706 0.48
20 nCEP 20 1.6009 124.7 3.689 1.73
30 1.5952 120.5 3929 0.57
40 1.5877 122.5 3.747 0.62
50 1.5792 120.8 3.803 0.57
60 1.5687 120.2 3.771 0.61
21 nPZPOm 20 1.7803 192.3 1.885 317
30 1.7675 191.7 1.868 3.64
40 1.7530 188.6 1.900 2.52
22 nOPP{1)m 40 1.6280 152.0 2.537 2.45
50 1.6288 153.5 2.489 2.21
60 1.6230 1524 2.503 1.62
65 1.6180 153.6 2.442 2.16
70 1.5900 1439 2.678 1.70

Vprecision +0.0003.
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TABLEIV (Continued)

NO LC T/C® n,(589nm)  Ajnm  G/I0 Snm™% /10”3
23 nCE 20 1.5090 84.9 6.909 0.59
30 1.5040 859 6.684 0.41
40 14995 83.7 6,980 0.48
50 14920 82.5 7.080 0.41
60 1.4805 82.4 6.938 041
70 1.4700 80.1 7.193 0.32
24  nPZZPOm 30 1.88302 2128 1.696 4.58
40 1.87320 2114 1.703 4.29
25 nOPP 20 1.7656 193.1 1.832 3.36
30 17528 1924 1.816 373
40 1739 191.5 1.803 3.89
50 1.7238 188.9 1.820 3.05
26  nCPOm 20 1.5682 115.6 4087 0.72
30 1.5490 1142 4050 0.88
27 nDP 20 15922 1222 3797 0.67
30 1.5807 120.6 3.824 0.59
40 1.5622 119.8 3.756 1.00
28 nCECm 20 1.5019 88.0 6333 0.73
30 1.4948 86.7 6.442 0.80

Yprecision + 0.0003.
2precision +0.001.

The standard deviation o between fit (Equation 8) and experimental data is
given in the last column.

Some regularities are observed in the presented data. For example mix-
tures with even and odd numbers of carbon atoms in their alkyl chains
possess rather different birefringence [15], lower for even members and
higher for odd members, but their dispersion characteristic is similar. This is
obvious if one compares the wavelength dependence of the birefringence
normalized to 1 at one wavelength (say 589 nm). In doing so the factor G in
Equation 8a vanishes and it is seen that the resonance wavelength deter-
mines dispersion.

In Figure 3 the normalized dispersion of some mixtures is plotted, show-
ing the equality of dispersion for mixtures differing only in their alkyl
chains. Birefringence dispersion of biphenyls with ester linking group (mix-
tures 8, 11, 15 and 16) seems to be remarkably insensitive to the terminal
groups used while the clearing temperature raises drastically within this
series.
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FIGURE 3 Comparison of birefringence dispersion for some LC’s studied. Values are nor-
malized to 1 at 589 nm and plotted for 20°C. Numbers identify the mixtures. Refer to Table I for
numbers and compositions of mixtures.

CONCLUSION

The birefringence and refractive indices dispersion curves of 28 LC mix-
tures, most of them composed of homologous compounds and being ne-
matic at room temperature, have been measured for various temperatures in
the wavelength region 400 to 900 nm. Homologous with odd and even
numbers of carbon atoms in the alkyl chains are found to have similar
dispersion of birefringence, although the absolute value is quite different.
The set of LC mixtures presented in this work covers a considerable range
of absolute values and dispersions in both birefringence and refractive indi-
ces. It can therefore serve as a data base for selecting LC mixtures and for
designing new mixtures.



Downloaded by [University of California, San Diego] at 11:42 21 August 2012

BIREFRINGENCE AND REFRACTIVE INDICES DISPERSION 39

Acknowledgement

This work was supported by the European Community, grant CIPA-CT94-
0157.

APPENDIX: PHASE SHIFT DUE TO ITO AND POLYIMIDE FILMS

The ordinary refractive index of the LC’s studied is in the range 1.45-1.55.
For polyimide we got the information n, ~ 1.55 from the producer of the
LC cells. Taking dispersion into account the values n, ~ 1.58, 1.55, 1.54 for
wavelengths 400 nm, 589 nm, 900 nm are realistic. The refractive index of
glass is n,~ 1.53, 1.52 and 1.51 at 400 nm, 589 nm and 900 nm. In contrast
from the producers information and our own measurements of the Brewster
angle for a disassembled cell the refractive index of ITO is n; 2.2, 1.8 and
1.7 for wavelengths 400nm, 589nm and 900nm. Thus we may neglect
reflections at the LC to polyimide surface (which are in addition suppressed
by the nonuniform surface quality due to the rubbing process) and calculate
with the model depicted in Figure Al. We also neglect higher order terms
since reflection coefficients are sufficiently small.

The phase retardation J_ for the ordinary wave due to one passage of the
LC layer and the two polyimide films is:

nadLC + 2npdp

8y =0,+28,=2n (A1)

A
TEO Ea
| | T
7
. E
..................... ’I\b>
ng 'np Nno Ny’ ng

n; Ny

FIGURE A1 Model for calculation of the phase change due to reflection at ITO films. E, is the
incoming electric field, E, the directly transmitted one and E, the portion reflected at the ITO
films. The refractive index n; of ITO is considerably higher than that of glass (n,), polyimide (n,)
and the LC (n,).



Downloaded by [University of California, San Diego] at 11:42 21 August 2012

40 J. SCHIRMER et al.

We denote with ¢, and ¢, the phase changes caused by reflection at or
transmission of one ITO film and with r and ¢ the reflection and trans-
mission coeflicients for the electrical field. The measured field and intensity
are (t2=1-—r?=1—R with R =intensity reflection coeflicient if absorp-
tion is neglected):

E()ul = Eu + Eb
=E,t?exp(2ig,)exp(—id,)[1 + r?expie,)exp(—2id,)]
I=E E::n

=1I,(1—R)2[1+ R?+4Rcos(26, —2¢,)] (A2)

Transmission maxima are found for wavelengths 4, where the term
(20, —2¢,) equals a multiple of 2z. Combining this condition with
Equation Al leads to Equation 7 used for refractive index determination.

The additional phase shift ¢, due to reflection at ITO can be evaluated
from the matrix theory for thin film systems [16]. For normal incidence the
field in the incident medium (here polyimide) is described by the electric and
magnetic vectors E and H with:

E _ ?osé, \ i/nysind, \ /1 (A3)
H in;sind; cosd, n,
d;=2nn,d,/+ is the phase change due to one passage of the ITO film. The
reflection coefficient r and the phase shift on reflection ¢, are:

_r,_(n,E—H)

r—rzﬂ(anﬁ—H)

¢, =argr=tan"* lmr, —tan~! Imr,
’ Rer, Rer,

2 2

n,n,—n . nn,+n

=tan‘1<~i"—'tano,)—tan“’(—utanéa (A4)
nn,—n,) nn, +n,)

The fraction in the first term has a high negative value (n, > n,, n,~ n, and
n,<«n;) while the fraction in the second term is close to 1. Thus
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Equation A4 can be simplified:
T
9.~ —5 (A5)

For very thin ITO films (J; « 1) the two reflections cause an interchange
of interference maxima and minima. It is also seen that the refractive
indices of polyimide and glass have no significant impact on the correc-
tion term as long as they are small compared to the refractive index of
ITO.

With the limiting values for the thicknesses of ITO and polyimide films
stated by the LC cell producer we find possible errors in refractive index
determination of up to +0.008. However the wavelength dependence of
these errors is small so that after calibration with the refractometric data at
589 nm the uncertainty reduces to less than + 0.002.

Depending on deposition conditions the refractive index of ITO may
differ as much as + 0.1 from the values stated above. The resulting error in
refractive index determination is calculated to be less than + 0.003 as long
as the refractive index of ITO is larger than 1.65. Otherwise the intensity
reflection coefficient becomes lower than 0.2% and it is no longer possible
to find reliable positions of interference maxima due to the experimental
scattering of the data.
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