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P R E L I M I N A R Y  C O M M U N I C A T I O N S  
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Via S. Agostino, 1, 62032 Camerino (MC), Italy 

(Received 24 June 1993; accepted 26 June 1993) 

We demonstrate that the addition of small amounts of a novel azo-dye to  a 
ferroelectric liquid crystal and illumination with low intensity (- 0.8 mW cm- 2,  UV 
light can result in reversible, isothermal phase transitions and dramatic changes in 
the properties of the system. In particular we examine light induced transitions 
between the S,*, and S;C phases and the consequent photomechanical regulation of 
spontaneous polarization. 

Liquid crystals have excited considerable scientific interest over the past decade or 
so because of their ability to affect the properties of light transmitted through or 
reflected from them. Optical properties, such as birefringence, dichroism, fluorescence, 
light scattering or specular reflection, have all been used in information display devices. 
These optical properties, which depend on the orientation of the liquid crystal material, 
may be altered by the application of reorientating electric or magnetic fields, thereby 
providing a simple device. However, very recently there has been a considerable growth 
of interest in the counter photomechanical process in which light is used to alter the 
properties of the liquid crystal itself. Since the energies necessary to alter the ordering in 
liquid crystals, polymer liquid crystal networks and biological membranes, are orders 
of magnitude lower than those needed to deform normal ionic crystals, these partially 
ordered systems are ideal candidates for the observation of photomechanical effects 
and they offer great potential for use in novel optical devices and transducers. In the 
present work we will demonstrate that very low light levels may be used to induce, in a 
controlled and reversible fashion, isothermal phase transitions in a chiral liquid crystal 
system. Coincident with a phase transition, there are changes in the optical, mechanical 
and electrical properties of the system. In the present work, we concentrate particularly 
on reversible, isothermally induced changes in the electrical properties of different 
ferroelectric phases with a view to producing new photonic-transducers and memory 
devices. 

*Author for correspondence. 
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Photomechanical effects are most reliably achieved by incorporating soluble 
photoisomerizible guest molecules into an anisotropic host. On illumination, the guest 
molecule undergoes an isomeric shape change which leads to a local or microscopic 
molecular reordering. Since the guest and host closely interact, this reordering is 
amplified from the microscopic scale to produce changes in the macroscopic properties 
of the host. The literature contains several examples of photonically controllable 
macroscopic properties such as osmotic potential [ 11, surface wetting of droplets [Z], 
polymer solubility [3]  and the electrical conductivity of Langmuir-Blodgett films [4]. 
Eich and Wendorff [S] showed that sheets of a side chain polymer liquid crystal, 
containing an azo-side group, underwent a texture change when illuminated by near 
UV light, chosen to isomerize the azo units. They were able to demonstrate holographic 
image storage in this fashion, further illustrating the potential of such materials for 
optical data storage devices. Ichimura et al. [ S ] ,  used layers of azo-dye molecules as 
optically controllable alignment surfaces for liquid crystals. In the biological sciences, 
light induced changes in the properties of membranes lie at the heart of understanding 
vision. 

In the field of liquid crystals, the work has concentrated, until recently, primarily on 
photomechanical effects occurring in the nematic phase. Legge and Mitchell [7] and 
Ikeda el  al. [S], have shown that the trans- to cis-isomerization of small amounts of an 
azo-dye dissolved in a nematic host is sufficient to disrupt the order to such an extent as 
to induce a transition to the isotropic phase. It is thought that the bent cis-isomer is less 
easily packed into the nematic matrix and tends therefore to disrupt the ordering of 
neighbouring liquid crystal molecules. The azo-dyes are a particularly useful family of 
isomerizing molecules for studying photomechanical processes because of both the 
reversibility of the isomerization and the large steric difference between the two 
isomeric states (see figure 1). As will be discussed in a forthcoming article [9], two 
discrete processes are involved in converting the material isothermally from the 
nematic to the isotropic phase. Firstly, the orientational order has to be disrupted and 
then the material has to be driven through the phase transition. This involves quite 
marked input power densities ( 3  10 mW cm-*) for changes taking several tens of 
seconds to be induced. To gain faster responses or to use lower input power densities 
requires a much lower distortion energy. 

Most recently research has begun to be undertaken on photomechanical effects 
occurring in the sniectic phases of some liquid crystals. Smectic phases have a lamellar 
or layer like structure with varying degrees of order or disorder in each layer. The 
smectic A (S,) phase has orientation in each layer with the molecules pointing, on 
average, in the same direction as the layer normal. In the S, phase the system has the 
same lack of positional order, whilst the molecules are, on average, inclined at some tilt 

thernally 

Figure 1. Showing truns-cis isomerization of azobenzene. The trans-isomer is very nearly 
planar. The cis-isomer occupies a plane at  56" to the plane occupied by the rest of the 
molecule. 
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angle, 8, to the layer normal. In the S, phase, the structure is similar to the S ,  phase 
except that the molecules now have a pseudo-hexagonal close packing within each 
layer plane and are tilted towards the apex of each hexagon (see figure 2). There is long 
range bond orientational order, but there are no interlayer correlations. There are 
other higher ordered smectic phases, but herein we are concerned with S,, S, and S, 
phases. If chiral structures are used, then it is possible to induce twisted structures 
which lead to interesting display devices due to the altered symmetry. For example, as 
was originally predicted by Meyer [lo] in 1975, any tilted smectic phase composed of 
chiral molecules such as the chiral S,* or S,* phase should give rise to finite spontaneous 
ferroelectric polarization, P,. Since the twist elastic energy involved is weak, it should 
be possible to alter the symmetry of the system and therefore P ,  by photomechanical 
reordering of the molecules. Indeed we were able to confirm recently [ 113 the existence 
of photomechanically controllable ferroelectricity in a commercially available S z  
liquid crystal host mixture (SCE13, Merck Ltd. U.K.) incorporating liquid crystalline 
azo-dyes (see below). We use low power UV illumination (- 0.8 mW cm-2). Ikeda et al. 
[12], were able to repeat the result for a second system. Using a pulsed YAG laser, it 
was shown that the magnitude of P ,  could be reduced by UV-exciting the azo-dopant in 
the system to the cis-state, the assumption being that the cis-isomers disrupt the S z  
ordering, thereby shifting the system towards a less ordered phase. In the present work, 
we considerably generalize the result to show that full scale transitions between smectic 
phases are possible. In such situations, there is a change in P, as well as many other 
parameters of the system. We show that it is possible to induce a full transition from the 
S,* to the less ordered S, phase, the non-tilted analogue of the S,, with a consequent fall 
of P, to zero. In addition, instead of beginning with the system in the Sg phase and 
inducing a transition to a non-chiral phase, we show that it is possible to begin with the 
system in the S: phase and cause a transition to the then comparatively less ordered S,* 
phase. We will show that photomechanical conversion between chiral smectic phases is 
readily achieved. Thus, as a general phenomenon it is possible to manipulate 
photonically the spontaneous polarization, or any other chosen parameter of a 
ferroelectric medium, leading to new device applications. 

The liquid crystal material used in the experiments reported here is the commer- 
cially available 4-(2'-methy1butyl)phenyl 4-n-octylbiphenyl-4-carboxylate, denoted 
CE8 (Merck Ltd. U.K.). Its chemical structure is shown below. 

Figure 2. Structure of the S, phase. Molecules are pseudo-hexagonally close packed within the 
layers with a tilt toward the apex of the hexagon. There are no inter-layer correlations. 
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CE8 has a particularly rich sequence of anisotropic phases and these have been 
characterized in detail by Budai et al. [13]. The sequence, as a function of decreasing 
temperature is given in the top line of the table. 

The azo-dye, hereafter denoted N5, used to  dope the liquid crystal is shown below: 

cH3(cH2)Sec 0 \ / N=N o w 2 -  cH2wcH3 I 

CH3 
II 
0 

The dye N5 is an unusual dopant in that it is itself liquid crystalline, exhibiting N, SA 
and Sc mesophases, with the following phase sequence: 

Cooling+ 
I 99'8°C N 96°C S A  82'7°C S, 68'9°C C 

Heating 83.9"C +- 

We used this liquid crystailinity to ensure good miscibility and high solubility in CE8. 
During the course of the work, concentrations in excess of 10 per cent wt : wt N5  in CE8 
were prepared with no obvious signs of N.5 crystallizing out of solution. The phases of 
pure N5 were characterized both by DSC and by polarizing light microscopy. There 
was no degradation of the liquid crystalline properties of N5 over a 2 year period 
indicating its long term chemical stability. The dye has a small effect on the phase 
transition temperatures as shown in the lower line of the table above. There was no 
evidence of biphasic behaviour within the temperature resolution (0  1 "C) of the 
experiment. 

Spectrometry before and after UV-excitation confirmed the presence of a reversible 
trans-/cis-isomerization through the induced changes in the absorption spectrum. The 
trans- to cis-isomerization had a maximum absorption at  350 nm and the reverse cis- to 
trans-change was driven either thermally or via light of 450 nm. 

All samples were contained in glass sandwich cells with the inner surfaces coated 
with a rubbed polyimide alignment layer giving rise to planar sample alignment, and 
patterned with transparent IT0  film which enabled electric fields to be applied across 
the liquid crystal. The sample thickness was 7.5 pm. To measure the magnitude of P,, 
the well-known current pulse technique [14] was used. A short flow of current is 
measured as the molecules switch between their two ferroelectric states under the 
influence of an external triangular wave driving voltage. A computer was used to 
integrate the area of the current pulse to yield the P, values. To UV illuminate the 
samples, light from a 100 W Hg-lamp was filtered to select the region 300 to 400nm 
with a maximum at 350 nm. The glass cell only strongly absorbed light of wavelength 
below 270 nm. The power density of such UV light at the cell was always 0.8 mW cm-2. 
When not illuminated, the cell was kept in darkness and a microscope hot stage 
(Linkam THM 600) was used to control the temperature of the sample to +O.I"C. 

Phase transitioii/"C 

Pure CE8 44% 61.7 67.0 83.5 133.4 138.9 

NS in CE8 
5 per cent w t :  wt  42.5 57.1 62.4 19.7 131.0 136-3 
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Figure 3 (a) shows the current pulse response of a sample of CE8 + 5 per cent N5 
(wt : wt) held at a reduced temperature, Ted, 3°C below the transition from the S,* to the 
S, phase. A 100 Hz, 22 Vp-p triangular wave driving voltage, shown in the upper figure, 
is applied to the cell. The middle figure shows the polarization current response of the 
cell in the S2: phase. The current pulses in the response indicate the dipolar ferroelectric 
switching. The lower figure shows the current response after 30 s of applied UV on the 
sample. It is clear that ferroeiectricity has vanished and the switching is characteristic of 
the S, phase. Figure 3 (b) shows the temporal variation of P, for a sample at Ted = 5°C. 
The sample is exposed to UV for 85 s. It is clear that the fall in P, is fully reversible upon 

I---- 
A /-...- 

------- 
'-. \ i-- 

--_ 
v 

i _c_-..xI /-- 

response : - .  ' ' ' 

current 1 --- 
Time -> 
(4 

Ps/nCcrn~' 

3.00 t 
2.50 

2.00 

1 s o  

1 .oo 

0.50 

0.00 
0 5 25 1050 1575 2100 

Timdsecs 
(b) 

Figure 3. (a) CE8 + 5 per cent N5, Ted = 3"C, showing the driving voltage 22 V,-, (upper frame), 
the current response in the Sy  phase (middle) and after UV illumination (lower). The time 
axis is 2.0 ms division- I.  (b) Spontaneous polarization at  a reduced temperature of 5°C as a 
function of time before, during and after UV illumination for CE8 + 5 per cent N.5 wt : wt. 
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remove1 of the UV and that the sample has undergone no permanent degradation since 
the P, returns to its pre-UV illumination value. These effects were exactly reproducible 
over tens of cycles. We verified that these processes were isothermal and no 
temperature jumps which could account for such a change in P, were manifest in the 
sample. The temperature was constant to within 0.1"C. Thus the change in P ,  on UV 
illumination must be due to an increased population of the N5 cis-isomer which 
disrupts the packing of the CE8 molecules. For Ted > 5"C, the P, still decreases, but no 
longer to zero at the same UV power density. As the temperature is decreased still 
further, the amount by which UV irradiation. reduces the P, is also reduced. Again, as 
the temperature is lowered and the thermal fluctuations of the CE8 molecules reduce, 
we would expect the disruption of ordering caused by an N5 cis-isomer to be decreased. 
As a control experiment, the measured P ,  of samples of pure CE8 was unaffected by UV 
illumination under the same conditions. For a 1 per cent wt : wt addition of N5, no 
changes in P, could be reliably detected, but 2 per cent samples showed similar results 
to those of the 5 per cent added N5, the difference being that in order to cause a 
complete disappearance of P, the sample needed to be held at  a temperature closer to 
the S, phase than for the 5 per cent samples. This again fits our proposed mechanism, 
since fewer azo-molecules are available to photomechanically switch the spontaneous 
polarization of the CE8 host system. Thus it is clear that in the SE phase, the P, may be 
photomechanically switched to a chosen lower value or the material transformed to a 
S, phase with a complete disappearance of P,. 

From the above, it is clear that the order of the S z  phase is being reduced on 
application of the UV light. We decided to test this hypothesis further by studying the 
S: to S? transition. For a CE8 + 7 per cent (wt : wt) mixture held at 0-5"C below the S: 
to S z  transition, we monitored the polarization current pulse as a function of time 
before and after UV illumination (see figure 4 (a)). The UV was applied for 60 s. In the 
upper frame, the applied triangular wave of 22V,, is again shown. The middle frame 
shows the weakly deformed current response due to the hexagonal S: structure before 
UV illumination, whilst the lower frame shows the marked current pulse after UV 
illumination. The latter switching behaviour is cleariy characteristic of the S l  phase. 

The symmetry of the Sf phase is such that it must be ferroelectric and 
therefore exhibit a spontaneous polarization. The hexagonal packing of molecules in 
the S: phase results in there being no more than the two simple switched states found 
for a S z  phase(Shao et al. [l5] reported 8 stable states for a S;"). Each time the molecules 
are switched to a new state, there is a short flow ofcharge as the P, vector rotates, and at 
a high enough resolution, these current pulses can be observed and analysed to 
determine P,. At LL lower resolution, however, the individual current pulses are not 
separated and smear out to give an approximately flat current reponse as the sample is 
switched. At this resolution, and for CE8, the P, as determined by the current pulse 
technique for the S: phase is therefore zero, since the individual current pulses are not 
separated. We are interested here in the transition from the S,* to the S z  phase, and 
hence it is sufficient to record the P, as zero in the S: phase and finite in the S,* phase, 
and to look for the phase transition. Figure 4(b) shows the time evolution of the 
measured P, before, during and after illumination with UV light. Upon illumination, 
the shape of the current response curve changes to show a single current pulse, as shown 
in figure 4 (a), and the measured E', rises sharply to a value of 0.6 nC cm - 2 .  On removal 
of the UV illumination, the P, returns to its original zero level as the system returns to 
the ST phase. Thus we conclude that the S: structure has been transformed 
isothermally to the lower ordered Sg phase upon UV illumination. 
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Figure 4. (a) Polarization current for CE8 + 7 per cent N5 at a reduced temperature of 05°C. 

The upper trace shows the applied voltage, whilst the middle trace shows the current 
response in the Sf phase before UV illumination. The lower trace shows the UV induced 
polarization. The time axis is 2.0 ms division- (b) Spontaneous polarization as a function 
of time for CE8 + 7 per cent N5 at Ted =0*5”C, before, during and after UV illumination. 

In conclusion, we have been able to demonstrate the ability to induce phase 
transitions reversibly and isothermally in a single component ferroelectric liquid 
crystal doped with a liquid crystalline photoisomerizing azo-dye, using very low light 
levels (i.e. power densities 0.8mWcm-Z). The results are in agreement with the 
hypothesis that the bent cis-isomer of an azo-dye is less easily packed into the smectic 
phases than the trans-isomer and an increase in cis-isomer population produces a 
corresponding reduction in smectic ordering, even to the extent of inducing a transition 
to aless ordered phase. By carefully choosing the starting phase and phase sequence, we 
may alter the spontaneous polarization at will. This effect appears to be cyclable many 
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times. Since the azo-dyes are stable over a period of years and present at low 
concentration, it is the stability of the ferroelectric host that is of primary importance 
for cyclability of any potential device. The use of only low power density UV irradiation 
is of advantage here. We also point out that a potential device would not need to be 
continually irradiated to record information. One could envisage a bistable device in 
which the liquid crystal was initially in one switched state, with an electric field being 
applied below the level of the threshold field necessary to switch the molecules to their 
other bistable state. To record a data bit, the system could then be briefly irradiated in 
order to induce a transition to a less ordered state at which the field being applied was 
sufficient to switch the liquid crystal. The UV light would then be removed, leaving the 
system to relax in this second switched state. Such a device would not need to be 
especially resistant to long term UV light induced degradation. 

Although we have focused on photonically induced changes in ferroelectric 
spontaneous polarization, photomechanical reordering of a liquid crystal will result in 
changes in any parameter we carc to probe and we will report at a later date thc 
concomitant changes in response time, tilt angle, A& etc., for both high and low P, 
systems. These isothermal photomechanically induced changes in the macroscopic 
properties have applications in photonic transducers and optical data storage devices, 
as well as implications for smart opto-electronic imaging systems and visualization 
mechanisms. In this paper we have reported preliminary photoinduced SF to S,* and S z  
to S, transitions, but one can easily envisage similar transitions involving antiferro- 
electric, ferrielectric, TGB phases and higher ordered smectics. We are currently 
exploring these further. 

H. G. W. thanks the SERC for financial support. 
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