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Freedericksz transition of planar oriented smectic C phases

by G. PELZL, P. SCHILLER and D. DEMUS

Sektion Chemie der Martin-Luther-Universitit Halle-Wittenberg,
WB Physikalische Chemie, DDR-402% Halle/S., Mihlpforte 1, G.D.R.

(Received 6 October 1986, accepted 27 November 1986)

The Freedericksz transition of planar oriented smectic C phases has been
investigated experimentally. The optical picture of the effect observed under a
polarizing microscope is described in detail. For a number of selected materials the
threshold voltage and the switching times were measured. The experimental data
were used to estimate the elastic constant and the rotational viscosity of smectic
C phases. The experimental results are discussed and interpreted theoretically.

1. Introduction

The possibility of field-induced reorientations in smectic C phases was first con-
sidered by Rapini [1] for a number of important geometrical cases. Depending on the
boundary conditions of the substrates and the direction of the field, Rapini predicted
two kinds of field-induced transitions. The first kind is characterized by a distortion
of the smectic layers. Because of the quasi-incompressibility of the smectic layers the
amplitudes of the deformations should be very small and should increase only slightly
with increasing field strength, so that it is probably impossible to detect this transition
experimentally. For this reason Rapini called this effect a ‘ghost’ transition.

In addition, another type of field-induced reorientation is possible based on the
rotation of the director around the layer normal. Rapini studied the threshold
behaviour in the framework of the continuum theory for selected geometrical cases.
However in these investigations only continuous transitions were taken into account
which are characterized by a continuous increase of the deformation above a critical
threshold field. In 1977 Meirovich et al. [2] were able to show by theoretical investi-
gations that in smectic C phases discontinuous transitions can also occur. In these
cases at the threshold the director is reoriented discontinuously by a finite amount
from its initial position,

In 1979 we were first able to observe a diglectric reorientation of a planar-oriented
smectic C phase exhibiting positive dielectric anisotropy [3, 4]. In the planar-oriented
sample the director is aligned uniformly parallel to the substrate planes. On applying
an electric field perpendicular to the director a deformation of the sample was detected
which is caused by the rotation of the director within the smectic layers around the
layer normal. In analogy to the corresponding reorientation of planar oriented
nematic phases we called this transition a Freedericksz transition [5].

In the first part of this paper the Freedericksz transition of planar-oriented smectic
C phases is discussed from a theoretical point of view. For different kinds of planar
alignment distinguished by the orientation of the layer normal the threshold behav-
iour is treated theoretically. In addition, the dynamic behaviour of the switching
process is discussed.
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In §3 the experimental devices and the manufacture of planar-oriented samples are
briefly described. Section 4 presents a summary of the most important results of the
experimental investigations. It is shown that the optical picture of the Freedericksz
transition in the smectic C observed under a polarizing microscope is quite similar to
that in nematic phases. The rotation of the director around the layer normal is
detected by a simple optical method. For a number of materials the threshold voltage
as well as the switching times of the Freedericksz transition are used to determine the
elastic constant and the rotational viscosity in smectic C phases. The experimental
results are discussed and interpreted theoretically.

2. Theoretical considerations

2.1, Structure
In smectic C phases the molecules are arranged in a layered structure. The
preferred direction of the long molecular axes (that is the director U) is tilted with
respect to the layer normal by an angle 8 (cf. figure 1). On applying an electric or a
magnetic field the director U can rotate around the layer normal without distortion
of the smectic planes. On rotation U is confined to the surface of a cone with aperture
20. The projection of U on to the smectic layer plane and a fixed vector £ define an

azimuthal angle @ varying between — 7 and + n.

g

A

g 14

layer plane

Figure 1. Orientation of the director with respect to the smectic layer plane. U, director; K,
layer normal; 0, tilt of the director; 7, unit vector oriented parallel to the projection of
U on the smectic layer plane; £, fixed vector lying on the smectic layer plane; @, rotation
angle of 7.

Figure 2 shows the alignment of the director in the sample surface. The surface of
the lower substrate is chosen to be identical to the yz plane of a cartesian system of
coordinates. The normal K of the smectic layer planes and the fixed vector & lie within
the xy plane which is perpendicular to the boundaries. The lower plane and K enclose
the angle u. We obtain by simple geometrical considerations

tan u
tan@’ M)

which determines the azimuthal angle @ at the plates (x = 0 and x = D) for planar
boundary conditions. The borderline cases characterized by ¢ = 8 and u = 0 are
shown in figure 3.

cos®, =
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lower plate

Figure 2. Planar alignment of the director at the substrate. x, y and z define a cartesian system
of coordinates. g, tilt angle of the layer normal with respect to the substrate; @, angle
between t and € on the substrate surface x = 0; U, K, t and £ are defined as in figure 1.
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Figure 3. Borderline cases of planar alignment (@) the director and the layer normal are in a
plane perpendicular to the substrate plane; (b) the director and the layer normal are in
the substrate plane.
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2.2. Free energy
If distortions of the smectic layer planes are neglected, the free curvature elastic
energy due to director rotations includes four elastic constants. In a simplified model
only two elastic constants B, and B, are introduced by referring to distortions with
gradients parallel (V, ®) and perpendicular (V, ®) to the smectic layers, respectively.
Then the elastic energy density is obtained as

fl = an(Vn(D)z + %BL(VL(D)Z' (2)

In our special geometry (cf figure 2) we obtain, for distortions with gradients parallel

to the x axis,
od
fi = 1B ( = ) 3)
X

with
B = Bjcos’y + B sin’pu

To a good approximation the dielectric susceptibility tensor is axially symmetric with
its unique axis parallel to U. As for nematics the anisotropic part of the electric field
energy is

A= - RRweE @)

Here we assume that the dielectric anisotropy Ac is positive. Note that the electric field
E is not strongly dependent on x since the effective value Aesin’6 of the dielectric
anisotropy is usually small compared to the dielectric susceptibility, ¢, , perpendicular
to the director. Using angles defined in figure 2 f; is given explicitly as

Ae ey E?

5 sin’fcos? u(cos ® — cos @) (5)

fh o=

The overall free energy of a sandwich cell with thickness D

F = Afdx(fl-kfz) (6)

(where A is the area of the slab) is a minimum for an equilibrium configuration. From
this condition the eulerian equation

o . .
B T Ag g, E*sin’ 0 cos? u(cos ® — cos @) sin @ @)
is derived.
It is convenient to introduce an angle ®* defined by
* = —@, + O, (®)

which is zero at the boundaries of the cell (corresponding to strong surface anchoring).
Using ®* the free energy in equations (6) and (7) take the form

i ao*\ K
F = 14B L dx {( 6x> l—)i[cos(tb* + @) — cos(I)O]2} )
and
Fp* W
5 S D [cos (@* + @) — cosy]sin(P* + @), 10
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with the dimensionless parameter

A
ho= \/(803 S)sin fcos uDE. (1)

2.3. Threshold field of the Freedericksz transition
We first discuss the borderline case with 4 = 0(®, = =/2). Here the mathematical
equivalence of equation (10) to the corresponding equation for a Freedericksz tran-
sition of a nematic layer [6] is obvious. Accordingly, the smectic C slab exhibits a
Freedericksz transition like its nematic counterpart at the threshold 4. = n or

n B
Ee = sin 8D \/(E) (12)

The transition above E is continuous, i.e. deformations in the cell grow gradually
with increasing field (cf. figure 4).

In all other cases, if 4 # 0 the Freedericksz transition is discontinuous and the
solution of equation (10) is more complicated. To characterize discontinuous tran-
sitions three different field strengths can be defined [2]. At small fields, E, below E,
only the homogeneous undistorted configuration of the sample is possible. In con-
trast, at sufficiently large fields above a definite value E;, a strongly distorted director
configuration represents the only stable state. Within an intermediate region
E, < E < FE;the system is bistable (cf. figure 4), because both the homogeneous and
the distorted state correspond to minima of the free energy. There is a definite field
E, in this region which satisfies the equilibrium condition

F(E) = F(E), (13)

where F” and F” are the free energies of the homogeneous and the distorted state,
respectively.

Director reorientations in smectic C slabs subjected to a magnetic field were first
investigated theoretically by Meirovich et al. [2]. Although they referred to slabs with

Q(?)-éo
I
2
+ E
0 Ec
Q(%)‘Qo
|
!
!
- . E
E, E, E,

Figure 4. The rotation angle ®(D/2) in the middle plane at x = D/2 of the sandwich cell is
plotted schematically against the electric field strength E. For continuous Freedericksz
transitions (upper diagram) a unique threshold E, exists. For a discontinuous transition
the system is bistable within a region between E; and E, (lower diagram).
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e e . /2
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Figure 5. Threshold of the Freedericksz transition in dependence of @ (after figure 6 in [2}).
h = (g,A¢/B)'?sin fcos uDE; ®, = arccos(tan y/tan 0).

smectic layers parallel to the substrate surface the essential results remain valid for
planar cells. In both cases the free energies of the cell are equivalent from a math-
ematical point of view, when the field is perpendicular to the initial director orien-
tation. This condition is always satisfied in our planar geometry. Accordingly the
results of numerical computations published in [2] can be applied to the present case.
Figure S shows a plot of the parameters 4, h, and A, against @, which are related to
E,, E, and E;, respectively (cf. equation (11)). According to equation (1) the border-
line case u = 0 corresponds to &, = #n/2 and g = 8 to &, = 0. Only for a continu-
ous Freedericksz transition do the three field strengths coincide (E, = E, = E; if
u = 0). Increasing E slowly, at u # 0 the onset of the director reorientation can
occur at a field between E, and E; (metastable region of the homogeneous state).
Mostly, in our experiments, the second borderline case u = 6 was established
approximately. If u approaches 8 the field E; tends to infinity, on the other hand E,
is finite (cf. figure 5). As thermal fluctuations are not sufficient to overcome the
relatively high energy barrier between the homogeneous and the distorted state,
pronounced hysteresis effects should be observable in the bistable region E, <
E < E;. On varying the applied field slowly distortions may appear and vanish at
thresholds, which are different from each other. Surprisingly, we found experiment-
ally bistability only in a few cases [7]. In our view small deviations from the planar
alignment at the plates enable the director to switch to its absolutely stable configu-
ration characterized by the global minimum of the free energy. According to the
terminology of catastrophe theory (8], the Maxwell convention is satisfied in our case.
In this case the unique threshold of the Freedericksz transition is the field E, which
is given for the borderline case u = 6 by the formula [9]

4-5 B
E = Dsin()cosﬂ\/(eoAa)' (14

The threshold for ¢ = 6 computed by Meirovich et al. [2] is a few per cent higher
(cf. figure 5). But this small difference is not relevant from a physical point of view.

2.4. Dynamic behaviour
Switching processes may be described by adding a viscous torque to equation (10).
For E = 0 we obtain
D p* 0D*

Boe %

= 0, (15)



16: 38 26 January 2011

Downl oaded At:

Freedericksz transition in S; phases 137

where 4 is the rotational viscosity. According to equation (15), at zero field an initial
deformation ®* ~ sin(nx/D) decays exponentially with the time constant

AD?
tdecay = W (]6)

in complete analogy to a nematic layer [6].

A simple formula describing the device response to an external field is only found
for the borderline case with u = 0. Here an initial disturbance ®* ~ sin(nx/D)
grows exponentially with the time constant

A
e T Aesin’O(E? — E2)
immediately after applying an electric field £ > E.

t

(17

3. Experimental
3.1. Measuring devices

For the electro-optical studies the liquid-crystalline materials were sandwiched
between two glass plates which were coated with a transparent conductive layer on
the inner side. The distance between the plates (mostly 10 um) was fixed by mylar
spacers. The sample was placed on the heating stage of a polarizing microscope
(Ergaval, VEB Carl Zeiss, Jena). To induce dielectric reorientation the cell was
subjected to an a.c. field. The voltage of the desired frequency (mostly 1-2 kHz) was
generated by a RC generator (GF 20, Clamann and Grahnert, Dresden) or by a
function generator (TR-0452, Hungary).

The threshold voltage of the Freedericksz transition in the nematic and smectic
phase was determined from the experimental light intensity-voltage curve. The light
intensity dependence on the voltage was measured by a photomultiplier
(M 10 FS29, VEB Werk fiir Fernschelektronik, Berlin) which was placed on the
microscope tube.

The measurement of the switching times was performed with a device which is
shown schematically in figure 6. The field induced change of the light intensity was

mains
power
M P H unit
NN - Y
L .C

SEM | |display

Y

function | lamply- oscillos- recor-
generatorf—| fier cope [*™|ding

il |

Figure 6. The experimental equipment. L, light source; M, monochromator; P, polarizer;
C, cell; H, heating device; SEM photomultiplier.
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monitored by the photomultiplier the output of which was linked to a storage
oscilloscope (C8-13, U.S.S.R.). The voltage was generated by the function generator
as a rectangular impulse. By means of an amplifier voltages up to 60 V were generated.
The function generator was connected directly with the trigger entrance of the
oscilloscope. In this way the simultaneous voltage change in the cell and the start of
the oscilloscope sweep was guaranteed.

3.2. Planar oriented samples of smectic C phases
As described elsewhere [4, 10] planar oriented smectic C phases can be obtained
by very stow cooling of the planar oriented nematic phase into the smectic state. By
microscopic observation the textures of the smectic A and of the smectic C phase show
only some poorly contrasted traces of focal conics with very elongated ellipses. The
homogeneity of the planar orientation could be proved by the investigation of the
dichroism for a dissolved dichroic dye (WO 4)

CoHs
ow-@-um@-u’
\CH,—CH, —OH

The electronic transition of the dye molecule responsible for the absorption band at
505nm is directed parallel to the molecular long axis (p dye). As the dissolved dye
molecules are oriented parallel to the director, the electric vector of the linearly
polarized light, for which the maximum absorption is found in the wavelength region
of the dye absorption, coincides with the projection of the director in the substrate
plane. We found that this alignment is unchanged at the transition of the nematic
phase into the smectic A or C phases. Furthermore, the dichroic ratio, the ratio of the
optical densities parallel and perpendicular to the director, increases at the transition
from the nematic into the smectic phases. We conclude from these results that not
only the projection of the director on to the substrate plane but also the direction of
the director itself is the same in the nematic phase and in the smectic A or C phases.

It should be emphasized that the term planar is not sufficient to designate the
orientation of a smectic C phase because samples with the same alignment of the
director can be distinguished by a different orientation of the layer normal. As
demonstrated in figure 2 the orientation of the layer normal K can be described by the
angle x which is enclosed between K and the substrate plane. The two borderline cases
of the planar alignment characterized by u = 6 and u = 0, respectively, are shown
in figures 3(a) and (). The intermediate general case correspondsto 0 < g < 6. In
our studies it was found (see §4.1) that in most cases this intermediate case was
realized, but the orientation was not too different from the first borderline case
(u = 0). The second borderline case could be clearly detected for one material only.

4. Experimental results

4.1. Optical observations
The Freedericksz transition of a planar oriented smectic C phase was observed
under a polarizing microscope. As first described in [4] above the threshold voltage
homogeneously deformed regions with a uniform interference colour appear indicat-
ing the uniform, average orientation of U and K. With increasing voltage the inter-
ference colour is changed within the single regions or domains, not only because of
a change of the optical path difference but also because of the change of the azimuthal
angle between the polarizers and the optic axes. In most cases two kinds of deformed
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regions are observed which show a different interference colour and are separated by
inversion walls. This situation is illustrated in figure 7 for the planar oriented smectic
C phase of 5-n-heptyl-2-[4-n-nonyloxyphenyl]-pyrimidine (compound C1 in table 1).
For comparison, in figure 8 we present the Freedericksz transition of a non-oriented
smectic C phase, where a broken fan-shaped texture is observed.

In some cases nearly the entire sample was reoriented as a uniform region.
Generally it should be noted that the optical picture of the Freedericksz transition in
smectic C phases is quite similar to that of nematic phases.

Table 1. The characteristics of the liquid crystals studied.

Compound transition temperatures (in °C) References Phase 7/°C U,/V
C1 CgH o-@- —CqHyg N 62 6
e ! Se 49 17
K 455 Sc 51 S, 565 N 695 1 [13} Sc 31 17-5
NS e H
€2 CgHyC00 \N= ¥-CgHyg N 57 5
Sc 535 17
K 42 S 555 N 598 1 [14] Sc 37 17

NNy
€3 CgH 110‘@'\N s N 53 6

Sc 51 10
K 49 Sc 525 N 63 1 [15] Sc 44 13

/NNy
C6H13°'@>‘\N ne Gt N 75 5

Sc 66 21

K 58 Sc 67 S, 74 N 76 1 [15] S¢ sS4 245
€5 CyH o-@-n=u.©_c H N 815 6
3T sTs S 715
K 51 S, SIS Sc 725 S, 808 N 8 I  [16,17] Sc 535 37
N 100 10
00 n-N<O)-
c6 CQ H’SO@-C -@ N c/o H9 SC 94 14
K 845 Sc 953 N 1935 I (18] S 74 18

N-Ng.
7 CeHwo‘@‘/(N:N/'@‘CeHW N 164 8

Sc 159 16

K 127 Sc 1625 N 1725 1 3] Sc 1345 18
N 234 2
- N
cs c,on,o-@-coo—@-cn N-@-C S, 7 p
K 100 (N, 66 Sc 79) S, 232 N 242 1 [19]
0
i
C-N-C,H
VAR N 116 4
c9 Can0~<:>FC00«<:>fCH-C\S_C=S S 70 15
K 1045 (Sc 72'5) S, 1145 N 120 I [20] Sc 62:5 20

K, solid crystal; N, nematic; N,., re-entrant nematic; S, S¢, Sy, smectic A, C, I; 1, isotropic
liquid.
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Figure 8. Dielectric reorientation of the smectic C broken fan-shaped texture of 5-n-nonyl-2-
[4-n-octyloxyphenyl]-pyrimidine (K 33 S 60 S, 745 1) (a) off state, (b) on
state (50 V), (¢) on state (75 V) (threshold voltage 17 V; T, 38°C; D, 10 um; magnification
160 x ).
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To detect the field induced rotation of the director 0-5 wt % of the p dye WO 4 was
dissolved in the liquid crystal. The average orientation of the director projection on
to the substrate plane can be determined from the vibration direction of linearly
polarized light for which maximum absorption is observed in the wavelength region
of dye absorption. For a given deformed region we found that above the threshold
voltage with increasing voltage the projection of the director on to the substrate plane
is changed with respect to its original projection up to a maximum angle §,. With
further increasing voltage this angle again decreases to zero (figure 9(a)). In many
cases at high voltages the projection of the director is shifted in the reverse direction
up to a maximum angle f, (see figure 9(c)). In neighbouring deformed domains the
angles f§, and f, are nearly the same but the change of the director projection takes
place in an inverse direction. Only for one substance namely 4-n-nonyloxy-benzoyloxy-
4’-n-azobenzene (compound C6 in table 1) did we observe a completely different
behaviour. In this case the projection of the director on to the substrate plane is
shifted in one direction only up to a maximum angle § and remains in this position
also at high voltages (see figure 9(b)).

cé
ct

(a) @) © '
Figure 9. Change of the projection of the director U on to the substrate plane with respect
to its original position.

Generally, the change of the director projection with increasing voltage is accom-
panied by a decrease of the light absorption caused by the greater alignment of the
dye molecules in the field direction.

A typical change of the projection of U on to the substrate plane can be interpreted
by a simple model which is shown in figure 2. The director, U, is aligned parallel to
the bounding substrate which corresponds to the yz plane of the cartesian coordinate
system. The x direction coincides with the direction of the electric field. The possible
orientations of the layer normal K are described by the angle u, which is enclosed
between K and the substrate plane. On applying an electric field perpendicular to the
director, above the threshold field the director tends to align as far as possible in the
field direction because of the positive dielectric anisotropy of the sample. Provided
that the smectic layers are neither distorted nor shifted by the electric field the director
rotates around the layer normal on the surface of the cone shown in figure 2.

The field-induced rotation of U on the cone changes the projection of U on to the
substrate plane with respect to the original direction. Depending on the starting
orientation of the layer normal K characterized by the angle u, the projection of U is
changed in a different manner. As seen from figure 2 the first borderline case of planar
orientation (u = #) leads to a situation shown in figure 9(a), whereas 4 = 0 and
0 < p < @ correspond to the cases shown in figures 9(b) and (c), respectively. It
should be noted that from the experimentally available angles 8, and f, shown in
figure 9 the tilt angle of the smectic C phase can be determined [4].
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4.2. Measurement of the threshold voltage

For a number of materials the threshold voltage of the Freedericksz transition in
smectic C phases was determined from the experimental light intensity-voltage curves.
The results are presented in table 1. For comparison, the threshold voltage of the
Freedericksz transition in the nematic phase is given for a temperature near to the
smectic A—nematic or smectic C—nematic transition, respectively. It is seen from the
table that the threshold voltage in the smectic C phase is about 1-5 to 5 times larger
than in the nematic phase of the same substance. The low threshold voltage of
4-n-decyloxy-benzoyloxy-benzyliden-4’-cyanoaniline (C8) is remarkable.

As described in the previous section only for the 4-n-nonyloxy-benzoyloxy-4’-n-
butylazobenzene (C6) was the second borderline case of planar alignment (u = 0)
clearly detected. In this case the Freedericksz transition takes place as a continuous
transition and the threshold field is given by equation (10). For the other substances
listed in table 1 the planar alignment corresponds to the first borderline case (¢ = 0)
or is not too different from this. As discussed in §2.3 a discontinuous transition is
predicted by the theory for such orientations. According to the theory the director
reorientation should occur in the bistable region between the stability limits E, and
E; of the distorted and homogeneous state, respectively (cf. figure 4). Only in a few
cases could we establish bistability experimentally; these results are to be published
elsewhere). In general the same threshold for the director reorientation is observed
when the field is increased slowly or decreased. From this observation we conclude
that the Maxwell convention is satisfied and in our samples the threshold field of the
discontinuous Freedericksz transition is determined by the equality of the free energies
for the homogeneous and the distorted configuration. For the first borderline case
(p = 0)this threshold E, is given by equation (14). For0 < u < 6 the threshold field
E, can be obtained from figure 5. In accordance with equations (12) and (14) we found
that the threshold field is independent of the layer thickness. As reported earlier
[10, 11] the frequency dependence of the threshold voltage in a smectic C is quite
similar to that in the nematic phase and can be expressed by an analogous formula,
as derived for nematics.

The threshold voltage of the Freedericksz transition in the smectic C phase
exhibits only a weak temperature dependence. In most cases the threshold voltage
decreases somewhat with increasing temperature (cf. table 1). For substances with
SA—Sc polymorphism at first sight a strong decrease of the threshold voltage is
expected from equation (12) or (14), because on approaching the second order smectic
C-smectic A transition the tilt angle tends to zero. However because B is proportional
to 6% at small tilt angles 6 [12] the experimentally observed temperature dependence
of the threshold field becomes plausible.

4.3. The switching times

In our measurements the rise and decay times are defined as those times for which
50 per cent of the change of the light intensity occurs on applying or removing the
electric field. In tables 2-6 the rise and decay times for five materials are listed which
were measured in the nematic and smectic C phases at different temperatures and
different voltages. The layer thickness in all cases was 10 um. As we see from the
tables, for all the materials studied the decay time in the smectic C phase is clearly
shorter than in the nematic phase of the same material. For the compounds C4, C7
and the binary mixture the decay time in the nematic and the smectic C phase differ
by about one order of magnitude.
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Table 2. The rise and decay times for C6.

cgumo-@—coo@—mn—@— C,Hy

Phase T/OC U/V trise/ms tdecay /ms
25 150 10
30 90 10
N % 40 70 9
50 35 8
25 14 5
32 9 5
%3 40 6 5
50 4 5
Sc
32 6 3
77 40 5 25
50 4 25
D = 10 um.

Table 3. The rise and decay times for C7.

N-N
#N-Ny
co0 O~y <Ot

Phase T/°C Uy tiise/MS Laecay /TS
15 15 15
20 55 15
N 167 30 2 15
40 1-5 15
25 2 1-5
30 1-5 2
16l 40 1-0 2
50 07 2
Sc
25 3.5 2
30 2-3 2
132 40 13 2
50 0-8 2
D = 10um.

It is useful to compare the rise time in both phases at the same value of (U? — U?).
Whereas for the compounds C6 and C7 ¢, in the smectic C phase is smaller than in
the nematic phase, for the compound C4 and the binary mixture (cf. table 6) the
reverse behaviour is found.

The decay and rise times of a continuous Freedericksz transition (4 = 0) can be
expressed by equations (16) and (17), respectively. From these equations it follows
that neither the decay time nor the rise time depends markedly on the tilt angle 8,
because B as well as 4 is proportional to 0% at small tilt angles [12]. For the substance
C6, where the dielectric reorientation is a continuous transition, the plot of ¢, against
(U’ — U3) gives a straight line in accord with equation (17) (see figure 10).
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Table 4. The rise and decay times for C3.

I H”o_@_\N N’-C7H‘5

Phase T/OC U/V trise/ms tdccay /ms

15 80 55

20 40 60

N 545 30 15 60
40 7 60

20 40 10

_ 30 32 10

Sc S5 40 21 10
50 13 10

D = 10 um.

Table 5. The rise and decay times for C4.

¢ H13°-@_\N N7t

Phase T/OC U/V tnse /ms tdway/ms
10 60 30
20 15 35
N 75 30 55 35
40 3 35
32 80 1-6
65 40 50 17
50 225 1-7
Sc
32 110 17
56 40 50 1-8
50 27 1-8
D = 10 um.

4.4. Determination of the elastic constant and the rotational viscosity

We have used equations (12) and (14) to estimate the elastic constant B from the
measured threshold voltage provided that the dielectric anisotropy Ae and the tilt
angle 8 were known. For four substances the estimated values are given in table 7
together with the splay elastic constant k,, of the nematic phase. For the compound
C6 the planar orientation of the smectic C phase corresponds to the second borderline
case (u = 0). Therefore the elastic constant calculated from equation (12) is identical
with B, in the framework of the Rapini theory [1, 9]. For the other substances the first
borderline case of planar orientation (¢ = 6) is approximately fulfilled. In this case
the elastic constant calculated from equation (14) is an average elastic constant [9].

Although the values of B and &, listed in table 7 are quite approximate values the
general relations of the order of magnitude of the elastic constants in nematic and
smectic C phases are obvious. For all materials studied the splay elastic constant &k,
of the nematic phase is higher than the elastic constant B in the smectic C phase.
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Figure 10. Plot of the reciprocal rise time against U>~U7 in the smectic C phase of C6.

Table 6. The rise and decay times for the equimolar mixture.

N~y VAR
C9H19°‘@‘ \N=/~CrHis/ c1o“21°'©‘\N=/“C7H15

K 43-5-44 Sc 52-52:5 S,

56-5-57 N 70-703 1  [4]

Phase T/OC U/V trie /ms tdccay /ms
10 110 25
20 30 25
30 12-5 25
40 8 25
32 30 2
40 15 25
50 7 25
Sc
32 30 3
40 13 3
50 8 3
D = 10 um.

Table 7. The elastic constants and tilt angles for four materials.

Compound Phase 7/°C U,/V  6/° Ae Kk, /107PN  B/107)N B,/10"°N

Sc 31 175 28 047 11 45

Cl Sc 47 17 200 047 61 50
Sc 50 17 12:5 046 2:6 55
N 62 6 0-53 17
Sc 69-5 33 12 0206 41 94

Cs Sc 715 33 75 0207 15 88
N 82 6 0-20 65

C6 Sc 79 16 15 027 42 61
N 100 10 0-45 40

9 Sc 70 15 15 2:4% 15 219
N 116 4 30 43

T Measured in the smectic A region near the transition to the smectic C phase.
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However because B is directly proportional to 6 [12], it seems to be reasonable to
compare k,, with a reduced elastic constant defined as B, = B/6. It is seen from the
table that B, is always higher than k,; in the nematic phase. To our knowledge, until
now the elastic constant B was measured for only one substance (4-n-hexylphenyl-4-n-
nonyloxy-benzoate) [21]. According to this measurement B was found to be
0:5 x 102N at 3°C below the smectic C—smectic A transition, whereas the reduced
elastic constant By is about 10 x 102N (8 = 13°). These values are somewhat lower
than those determined in our measurements.

From equation (16) we can determine the rotational viscosity A of the smectic C
phase provided that the decay times and the elastic constants are known. This
conditions is satisfied for two materials, the compound C6 and the binary mixture of
pyrimidine derivatives, listed in table 6. For the binary mixture we have used the
elastic constant of the component C1. Table 8 lists the estimated rotational viscosities
in the nematic and smectic C phase of the compound C6 and the binary mixture.

Table 8. The rotational viscosity of two materials.

Compound  Phase T/°C 0/° B/107”N  lyg,/ms  A/mPas  j,/mPas

c6 Sc 93 15 32 5 16 23
N 100 40 10 39
Binary Sc 31 28 11 3 32 13
mixture Sc 45 22 73 2-5 1-8 12
N 61 17 25 42

It is seen from table 8 that the rotational viscosity of the nematic phase is
considerably higher than that of the smectic C phase. It must be considered that the
viscosity is also proportional to #* for small tilt angles [12]. However the reduced
rotational viscosity, 4, = /6%, is also lower than in the nematic phase.

Until now the rotational viscosity of smectic phases was measured for only a few
substances, and the results of the measurements are contradictory. Meiboom and
Hewitt {22], also Skarp et al. [23] found values which are about one order of mag-
nitude higher than our values and than those of Kuczynski [21] and Rosenblatt et al.
[24]. The reasons for this discrepancy are not known. None the less it should be noted
that in agreement with our results Meiboom and Hewitt [22] measured a higher value
of the rotational viscosity in the nematic phase than in the smectic C phase.
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