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Preparation of a cholesteric liquid crystalline phase in planar orienting liquid crystal cells exhibits
discontinuous colour changes with temperature when viewed between crossed polarizers. The trans-
mission spectra of such a system can be described by a modified de Vries equation, with the bire-
fringence dispersion included in a simplified single-band model. With a suitable choice of the cell
gap as compared to the cholesteric pitch, the procedure can be used as a new method to determine
the temperature dependence of the cholesteric pitch.
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Introduction

The cholesteric or chiral nematic liquid crystalline
phase exhibits locally a nematic director configuration
which is continuously twisted in a direction perpen-
dicular to the local nematic director n, thus forming
macroscopically a helical structure. The spatial period
of this structure is given by one-half its pitch p, that is
a m-twist, as the n and —n directions are equivalent
(headtail symmetry). The optical axis is directed along
the axis of the cholesteric helix. If the z-axis is chosen
as the helical axis, the spatial director configuration
n(r) of the ideal cholesteric structure is described by

2
nx=cos<77t z+¢0>,

2%
n, = sin (72+¢0>, (1)
n,=0,

where P is the cholesteric pitch, and the value of the
phase angle ¢, is arbitrary (depending on the bound-
ary conditions). Both the magnitude and sign of p are
important. The sign describes the handedness of the
helicoidal structure (negative for a left- and positive
for a right-handed screw), and the magnitude of the
cholesteric pitch generally changes with temperature.

Reprint requests to 1. Dierking.

Theoretical

Due to its helical structure, the cholesteric phase
possesses unique optical properties such as a very high
rotatory power along its optical axis in the order of
several thousand degrees per millimeter, a selective
reflexion of one component of circular polarized light
of specific wavelength, and an anomalous behaviour
of the rotatory dispersion in the neighbourhood of the
region of selective reflexion. The optical properties of
cholesteric phases were described theoretically by
de Vries [1] on the basis of anisotropic layers which
form a helical structure. He derived an equation to
describe the optical rotatory power ¢ as a function of
wavelength A in radians per unit length:

nAn*p 1

?="452 <;.>2
1—{+—
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with A, being the wavelength of selective reflexion
which is related to the pitch by 4, =7nP, and with i the
average nematic index of refraction for a nematic
layer. The birefringence An has to be described as a
function of wavelength.

Starting from the Vuks-equation [2], which corre-
lates the microscopic molecular polarizabilities of an
optically anisotropic, uniaxial liquid crystal to the
macroscopic refractive indices, Wu has derived a semi-
empirical model to describe the birefringence disper-
sion of a liquid crystal [3—6]. In a simplified single-
band approximation, the temperature and wavelength

@

0932-0784 /95 / 0600-0589 $ 06.00 © — Verlag der Zeitschrift fiir Naturforschung, D-72027 Tiibingen

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift fiir Naturforschung
@ ® @ in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Férderung der
BY ND Wissenschaften e.V. digitalisiert und unter folgender Lizenz verdffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

This work has been digitalized and published in 2013 by Verlag Zeitschrift
fiir Naturforschung in cooperation with the Max Planck Society for the
Advancement of Science under a Creative Commons Attribution-NoDerivs
3.0 Germany License.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der
Creative Commons Lizenzbedingung ,Keine Bearbeitung*“) beabsichtigt,
um eine Nachnutzung auch im Rahmen zukiinftiger wissenschaftlicher
Nutzungsformen zu erméglichen.

On 01.01.2015 it is planned to change the License Conditions (the removal
of the Creative Commons License condition “no derivative works”). This is
to allow reuse in the area of future scientific usage.



590

dependence of the birefringence is described by [3]
/12 (/:*)2

P2—(*2

An(T.2) = G(T) A3)
where A* is a mean resonance vacuum wavelength of
the first UV absorption band and G(T') contains terms
like the number of molecules per unit volume, the
nematic order parameter S and the effective quantum-
mechanical oscillator strengths. G(T) relies in first
approximation on the temperature dependence of the
order parameter S, which varies between S =1 (perfect
nematic order) and S =0 (isotropic order) according to
the Maier-Saupe-theory [7, 8].

Inserting (3) into (2) and accounting for the cell gap
d (the sample thickness), a modified de Vries-equation
is obtained for the optical rotation o:

np A2 (A*2 )P 1
ﬁlﬁG ).2—(;,*)2] . <L>2 d. (4)

The normalized transmitted intensity I (in per cent)
between crossed polarizers as a function of wave-
length is given by

1(7) = 100 sin?(x) . (5)

a:q)d:

As the pitch is temperature dependent, the normal-
ized transmitted intensity of a planar oriented choles-
teric phase of sample thickness d can then be written
as (inserting (4) into (5)):

I(T, 2) = 100 sin? (6)
7 P(T) 22 P 1
4,2 [G(T);?—(;.*)Z] g i 2 4
~\ar(1)

A graphic representation of this expression is de-
picted in Fig. 1 as a function of 4 for a range of the
cholesteric pitch of 1-10 pm and a cell gap of 10 um.
Maxima of transmitted intensity are clearly observ-
able, and the colour observed in the microscope be-
tween crossed polarizers is determined by (6).

Experimental

The benzoic acid biphenyl ester
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Fig. 1. Graphical representation of (6) to illustrate the shift
of maxima and minima of transmitted light intensity between
crossed polarizers as a function of wavelength and pitch, i.e.
temperature, calculated for a 10 um cell.
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abbreviated as (S,S)M96, exhibits a rarely observed
inversion of the sign of p with temperature for single
component systems, changing the handedness of the
helicoidal structure. Such a cholesteric twist inversion
is characterized by a diverging pitch on approaching
a specific inversion temperature T;,,. The advantage
of using the above compound is the wide range of
values of the cholesteric pitch from p=1 um at tem-
peratures close to the clearing point to P—oo as
T-T,,,. The synthesis, characterization and proper-
ties of this compound are reproted in [9-11]. The
phase sequence on cooling is
1163 N* 105.3 S§ 76.4 SE 30 Cryst.

with the twist inversion temperature T;,,=114°C. The
higher ordered crystalline smectic phase (SE) was
identified by texture observation, electrooptic experi-
ments and miscibility studies with the n=4 homo-
logue of the extensively investigated TBAA series [12—
15] as reference compound.

In planar orienting liquid crystal cells (commer-
cially available from E.H.C. Ltd. Japan), a very thin
polyimide layer is brought onto the glass plates (spin
coating) and rubbed in one direction, thus imposing
boundary conditions on the cholesteric system. The
molecular orientation at the bottom and the top of the
cell are fixed and parallel (Figure 2). To minimize the
distortion energy, the system chooses an integral num-
ber Z=1,2,3... of half-pitches p/2 to fit into the cell
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Fig. 2. Schematic illustration of the geometry used for the
investigations. The rubbed polyimide orientation layer im-
poses boundary conditions on the cholesteric system. The
molecular orientation at the bottom and top of the cell are
fixed. In the cell gap d an integral number of half-pitches
Z=d/(p/2), i.e. n-twists, is observed.
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Fig. 3. Temperature dependence of the cholesteric pitch p,

determined with the colour change method in a 10 pm planar
orienting liquid crystal cell.

gap, i.e. Z=d/(P/2), if the pitch is not too large (Pxd).
This property was used by Cano [16] and Grandjean
[17] to determine the cholesteric pitch of samples pre-
pared between a glass plate and a lense of known
radius or a wedge. For systems exhibiting a cholesteric
twist inversion with temperature variation, this prop-
erty can be used to adjust an integral number of half-
pitches, P/2,2p/2, 3pP/2... in the cell of given thickness
d, depending on the temperature. At the twist inver-
sion temperature T, the cholesteric pitch diverges
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and P/2>d, so that a nematic director configuration is
observed. Increasing the temperature, the cholesteric
pitch decreases until the condition P(T)/2=d is satis-
fied. At this point a discontinuous colour change is
observed as the structure changes from Z=0to Z=1.
Further increase of the temperature eventually results
in another discontinuous colour change when the
condition 2P(T)/2=d is fulfilled and the structure
changes from Z =1 to Z=2. This behaviour continues
as the temperature is increased, and a definite number
of half-pitches can be adjusted with Z=1,2,3,.... It
should be noted that the variation of temperature
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Fig. 4. UV spectrum of the compound (S,S)M96 dissolved

in chloroform to determine the mean resonance wavelength
of the first UV absorption band A*.
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Fig. 5. Normalized transmitted intensity between crossed
polarizers as a function of wavelength 4, calculated according
to (6) for a selective reflexion 4, = 5000 nm. The curve depicts
the range of measurement (350—800 nm), far away from the
selective reflexion, as typical experimental conditions.
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132.5°C, Z=10

=11. The solid lines represent the measured spectra, where cell gap interference can clearly be observed.

alculations according to (6) considering the birefringence dispersion, and dotted lines represent the
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consideration of the dispersion of birefringence, (2).
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Fig. 6. Normalized experimental transmission spectra between crossed polarizers for different temperatures i.e. different twist

and (f) T=135.2°C, Z
Dashed lines depict ¢
calculations without

states Z. (a) T
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should be small (0.1 K min~?), to reduce tempera-
ture hysteresis.

In Fig. 3 the temperature dependence of the
cholesteric pitch P is depicted as determined by this
method [10, 11]. The validity of the colour change
method was verified by measurements according to
the well established Cano-method [16]. To investigate
the wavelength dependence of the optical rotation, the
transmission spectra for the different twist states
Z=1,2,3... were recorded by an optical multichannel
analyzer in combination with a polarization micro-
scope equipped with a hot stage. For the measure-
ments, very well oriented, defect free samples in
Grandjean orientation have to be used. For the calcu-
lations of the birefringence dispersion according to (3),
the value of A* was determined independently. The
UV spectrum of compound (S,S)M96, dissolved in
chloroform, was recorded with a two beam spec-
trophotometer (Perkin-Elmer Lambda 15 UV/VIS
Spectrophotometer). The mean wavelength was deter-
mined to A*=267 nm, the absorption band of the
phenyl ring and the biphenyl group [18] (Figure 4).
The value of 7=1.51 was obtained from interference
spectra [19].

Experimental Results and Discussion

Figure 5 schematically depicts a spectrum between
crossed polarizers calculated according to (6). The
wavelength of the selective reflexion 4, was taken to
be 5000 nm, which corresponds to a cholesteric pitch
of P=3.3 um, a typical experimentally observed value.
The spectra were experimentally recorded in the visi-
ble range of the spectrum (350—800 nm) far from the
region of the selective reflexion. These spectra are de-
picted in Fig. 6 (a—f) as the solid line for different twist
states with Z=6, 7, 8, 9,10, 11, respectively. A shift in
the maxima and minima of transmitted intensity is
clearly observed in the temperature range considered.
It should be noted that the spectra with Z <6 can only
qualitatively be calculated with (6), a quantitative de-
scription being not satisfactory. This is most likely due
to a slightly distorted cholesteric structure which devi-
ates from the ideal form ((1), Fig. 2), as also a variation
in intensity was observed when rotating the sample
between crossed polarizers. Furthermore, the de Vries
equation (2) was derived for an infinite helical struc-
ture. For the twist states Z > 6, the transmission char-
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Fig. 7. Birefringence as a function of wavelength in the visi-
ble range of the spectrum, according to (3) with G(T)=
1.65x 102 m~2 and A*=267 nm.

acteristic can very well be modelled with (4), as de-
picted by the dashed lines in Fig. 6 (a—f), whereas a
comparison of the calculations according to (2) (de-
picted as dotted lines) gives only poor agreement. For
the presented calculations the generally temperature
depend factor G(T) can be taken constant, as G(T)=
(1.65+0.05)x 10'2 m~2, because the temperature
range investigated was far from the clearing point, and
therefore changes of the nematic order parameter are
negligible. The birefringence dispersion can then be
determined by (3) and is depicted in Figure 7. It is
clear that for a quantitative description of the optical
properties of cholesterics, the birefringence dispersion
has to be included.

Conclusion

The method of discontinuous colour changes of
cholesteric samples in thin liquid crystal cells repre-
sents an additional method of pitch determination far
from the selective reflexion. This method needs only
very little substance (~ 5 mg), and the sample can fur-
ther be used for other experiments in the same cell. It
is necessary for a quantitative description of the opti-
cal properties to consider the birefringence dispersion
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in the visible range of the spectrum. On the other
hand, the method of discontinuous colour changes of
cholesteric samples may also be used to detemine the
birefringence dispersion by modelling the transmis-
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