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Photochemical Switching of Liquid Crystals
Under an Electric Field: Comparison of
Photochemical Alignment Change in the
Electric Field and Isothermal Phase Transition
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Photochemical alignment change was examined for a nematic liquid crystal (SCB) and a smectic liquid
crystal (12CB). The distinct critical value of electric field on the molecular orientation as observed for
the smectic liquid crystal. The transformation from a homogenous alignment to a homeotropic alignment
in the electric field was induced by trans-cis photoisomerization of azobenzene derivatives. The amount of
cis-form required for the transformation of the molecular alignment was smaller than that for photo-
chemically induced isothermal phase transition.

Keywords: Photochemical phase transition, photochemical alignment change, azoben-
zene, optical switching, homeotropic, homogenous .

INTRODUCTION

Much attention has been focused with respect to the use of liquid crystals (LCs) in
fields such as display devices, optical image recording systems and optical switch-
ings. In particular, the photo-control of the orientation of LCs are extensively
investigated,! "' e.g., the photochemical reaction of guest molecules in host LCs
could cause a depression of a phase transition temperature from the LC phase to an
isotropic phase of the LC systems, and consequently induced the isothermal phase
transition at the irradiated sites. Time-resolved measurements have found that the
photochemical phase transition occurs in a time range of 50 to 200 ms for low
molecular weight nematic LC and polymeric LC systems.®*® Recently, lkeda et al.
reported on the switching of polarization of ferroelectric liquid crystals (FLCs)
within a few milliseconds by means of cis-trans photoisomerization of azobenzene
derivatives in an electric field.'°~ !4 The switching of polarization could be achieved
by photochemical change in critical values of electric field on switching between two
bistable states of FLCs. On the other hand, LCs such as conventional nematic and
smectic LCs are also well known to respond to external forces such as a magnetic
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field and an electric field. Namely, the alignment of LC molecules can be controlled
in accordance with the anisotropy of magnetic susceptibility and the dielectric con-
stant, Therefore, the alignment change of the LC molecules is expected to be caused
by photoisomerization of photoresponsive molecules resulting in a change in thresh-
old values of the external forces. IN this paper, photooptical switching of the ne-
matic and smectic LC systems in the electric field was investigated and compared
with the photochemical isothermal phase transition of LC systems.

EXPERIMENTAL

Materials

Structures of host LCs and azobenzene derivatives used in this study are shown in
Figure 1. 4-Cyano-4’-pentylbiphenyl (5CB) and 4-cyano-4'-dodecylbiphenyl (12CB),
used as host LCs, were kindly provided by Chisso Co. and used without further
purification. 4-Butyl-4-methoxyazobenzene (BMAB) was synthesized according to
the method described previously.* Other azobenzene derivatives were synthesized by
the diazo-coupling reaction between 4-butylaniline and phenol in the presence of
sodium nitrite and hydrochloric acid, and following alkylation of diazonium salts
with alkyl halides. Structures of the azobenzene derivatives were confirmed by
NMR, IR spectra and elemental analysis.

Data for BMAB: Yield, 79 per cent. '"H NMR (CDCl,ppm), 4 0.9 — 1.8 (m, 7TH), 2.7
(t,2H), 3.8 (s,3H), 6.8 — 7.9 (m, 8H). Elemental analysis, calculated for C,,H,,N,0,
C76.1, H1.5, N10.5; found, C76.3, H7.5, N10.2.

Data for BHAB: Yield, 68 per cent. 'H NMR (CDCl, ppm), 6 0.9 — 1.8 (m, 18H),
2.7(t,2H),4.0(t, 2H), 6.8 — 7.9 (m, 8H). Elemental analysis, calculated for C,,H,,N,O,
C78.1, H8.9, N 8.3; found, C77.8, H9.1, N8.2.

Data for BDAB: Yield, 66 per cent. 'HNMR (CDCI, ppm), 6 0.9 — 1.8(m, 30H),
2.7(t,2H), 40 (t,2H), 6.9—8.0 (m,8H). Elemental anaysis, calculated for
C,4H,,N,0, C79.6,H10.0,N 6.6,; found, C78.2, H 10.1, N 6.6.

o
OOpom e

BMAB (n=0)
C4Hy N=N O(CH)nCH;  BHAB (n=S5)
BDAB (n=11)

FIGURE 1 Structure of host liquid crystals and azobenzene derivatives.
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The samples were abbreviated as nCB-Ax, where n is 5 for 5CB and 12 for 12CB.
A and x refer to the abbreviation and the mol% of azobenzene derivatives dispersed
in the host LCs, respectively.

Measurements

Thermal properties of the host LCs and the mixtures were examined by differential
scanning calorimetry (DSC, Seiko I&E SSC-5020) and polarizing microscopic obser-
vation (Olympus BHSP; Mettler FP80 and FP82).

Samples were prepared by filling mixtures in cells which consisted of two parallel
indium tin oxide (ITO) glass plates coated with polyimide and rubbed to obtain
homogeneous alignment. The cell gap was 5Spum.

The sample was thermostated, placed between two crossed polarizers, and con-
nected to a direct current (DC) power supply. The polarizing direction was set at an
angle of 45° with respect to the orientation axis of the cell. The photooptical proper-
ties were measured with a 75-W high pressure mercury lamp equipped with a Toshiba
cut filter UVD-36S for ultra violet (UV) light irradiation as an excitation lamp. A laser
diode (670 nm, 10 mW) was used as an analyzing light source. Absorption spectra were
measured on a Shimadzu UV-240 spectrophotometer. The change in transmittance of
the light of the laser diode was measured with a photodiode.

Time-resolved measurements of photochemical switching were performed by us-
ing a Continuum NY60 Nd:YAG laser (the third harmonic, 355 nm; 4 mJ/pulse;
pulse width, 10ns fwhm) as an excitation light source. The sample was thermo-
stated, placed between two crossed polariziers, and connected to the DC power
supply. The polarizing direction was set at an angle of 45° with respect to the
orientation axis of the cell. The light of the laser diode which passed through the
sample mixture was focused onto the entrance slit of a Jabin-Ybon H20-UV mono-
chomator. The change in transmittance was measured with a Hamamatsu R-928
photomultiplier and recorded with a Phillips PM3350A storage scope.

RESULTS AND DISCUSSION

Thermal properties of the azobenzene derivatives are given in Table 1. The en-
dothermic peaks obtained by DSC measurements on heating were taken as the
phase transition temperatures. It is well known that 5CB shows a nematic phase and
12CB shows a smectic phase as LC phases, respectively. The LC phases of both
BMAB and BHAB were assigned as the nematic phase, while the LC phase of
BDAB was assigned as the smectic phase on the basis of microscopic observation
and DSC measurements. In addition, the temperature from the LC phase to an
isotorpic phase was found to increase in the order of BMAB, BHAB and BDAB.
Table 2 listed thermal properties of the mixtures consisting of host LCs and
azobenzene derivatives. All mixtures containing SCB as the host LC showed the
nematic phase as the LC phase. The phase transition temperature from the nematic
phase to the isotropic phase (T},) increased with increasing BMAB concentration.
On the other hand, the mixtures containing 12CB as the host LC showed the
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TABLE |

Thermotropic properties of host LCs and azobenzene derivatives

Sample Phase Transition Temperature(°C) AHc ASc

K S N 1 (KJ/mol) (J/moleK)
5CB . 2150 355e 0.45 1.46
12CB [} 4710 —_— 5798 4.34 131
BMAB . — 21e 4736 0.27 0.84
BHAB . — 447 7300 0.64 1.85
BDAB [ ] 65.10 — 7580 7.60 21.8

TABLE 2

Thermotropic properties of SCB and 12CB doped with various azobenzene derivatives

Sample Azo. deriv. Content of Azo. Temperature(°C) AH st AS
deriv.{mol%)
K oS oN ol (KJ/mol)  (J/moleK)

5CB-BMAB3 BMAB 3 . — 247e 355e 0.32 14
SCB-BMABS BMAB 5 . — 2440 3620 0.32 1.0
12CB-BMABI1 BMAB 1 e 463e — 575e 437 13.2
12CB-BMAB3 BMAB 3 e 458e — 5720 397 12.0
12CB-BMABS BMAB 5 o 4550 — 568 375 114
12CB-BMAB10 BMAB 10 e 439 — 5520 3.54 10.8
12CB-BMAB15 BMAB 15 o 428e — 543 e 3.14 9.6
12CB-BMAB20 BMAB 20 o 4l7e — 535e 2.7 8.3
12CB-BHABS BHAB 5 e 4536 — 563 e 4.06 12.3
12CB-BDABS BDAB 5 e 445e — 580e 4.56 13.8

smectic phase. The phase transition temperature from the smectic phase to the
isotropic phase (Ty;) decreased with increasing BMAB concentration. However, both
the transition enthalpy and transition entropy changes of all mixtures at T or Tg
decreased with increasing BMAB concentration. Doping of BMAB provided more
or less the disorder of the host LC phases. Furthermore, the polarizing microscopic
observation revealed the phase separation of the mixtures containing BMAB higher
than 15mol%.

The doping of BHAB decreased the Tg; of the mixtures, whereas BDAB increased
the Ty, of the mixtures despite the fact that both the T,; of BHAB and the T of
BDAB were higher than the T of 12CB. The length of the alkoxy groups is closely
related to the interaction between 12CB and the azobenzene derivative, and is one of
the important factors in the preparation of the LC mixture systems.

Figure 2 shows the changes in transmittance of SCB-BMAB3 as a function of the
applied DC voltage at Tred(= T/Ty,)=0.980 and 0.990 at which SCB-BMABS3 exists
in the nematic phase. In addition, SCB-BMAB3 was in the homogenous alignment
where SCB and BMAB molecules are aligned in the plane of the ITO glass plates in
the direction parallel to the rubbing treatment without application of DC voltage.
By applying DC voltage the transmittance of SC-BMAB3 decreased gradually,
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FIGURE 2 Changes in transmittance of SCB-BMAB3 by applying DC voltage at Tred = 0.980(Q)
and 0.990(®).

indicating transformation of molecular alignment according to the nature of its own
dipole moment. The dipole moment of 5CB is oriented almost parallel to the long
axis of the molecules. In addition, it is known that the electrical alignment change of
nematic LCs can be induced by applying several volts per micrometer. Therefore,
the alignment of SCB-BMAB3 was transformed by applying DC voltage from the
homogeneous alignment to a homeotropic alignment where the molecules were
aligned out of the glass plates parallel to the direction of the electric field. SCB-
BMABS exhibited similar changes in transmittance to those of SCB-BMAB3. How-
ever, the slope of the changes in the tansmittance of the SCB-BMAB mixtures was
gentle compared to that of the 12CB-BMAB mixtures described later.

Figure 3 shows the changes in the transmittance of 12CB-BMABI10 as a function
of the applied voltage at Tred (=T/T;;) = 0.980, 0.990 and 0.995 at which 12CB-
BMABI0 is in the smectic phase. Contrary to the SCB-BMAB mixtures, 12CB-
BMABI10 was found to show distinct critical voltages of the electric field on the
transformation of the molecular alignment from the homogenous alignment to the
homeotropic alignment. Although the transmittance remained nearly constant by
application of DC voltage up to V=40 V/Sum at Tred=0.98, it decreased steeply
above this voltage and became 0. In addition, it seems that the critical voltage of the
transformation of alignment is dependent on temperature. In order to discuss the
transformation of the moelcular alignment under the electric field, the intersection of
the initial transmittance value and the tangent of changes in the transmittance was
defined as the critical voltage (Vc) as depicted in Figure 3. In Figure 4, Ve for 12CB-
BMABI0 was plotted as a function of temperature, Tred. It is clearly seen that Ve
decreases with increasing temperature. The threshold values of the magnetic field
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FIGURE3 Changes in transmittance of 12CB-BMABI10 by applying DC voltage at Tred = 0.980(Q),
0.990((]) and 0.995(A).

and the electric field on the LC molecular orientation is known to be proportional
to the square root of the elastic constant.!>1¢ Therefore, the decrease in Ve with
increasing temperature may be closely related to the decrease in the elastic constant
with increasing temperature.

Figure 5 shows Ve of 12CB containing various concentrations of BMAB at
Tred =0.990. Vc was found to decrease with increasing the concentration of BMAB
doped up to 15 mol%. The doping of BMAB disordered the smectic phase resulting
in the decrease in the entropy change as given in Table 2. The decrease in Ve signifies
that the doping of BMAB also causes the decrease in the elastic constant of the
12CB-BMAB system. On the other hand, the increase in Ve was observed at 20
mol% of BMAB. The microscopic observation revealed the phase separation of
BMARB in the systems containing BMAB higher than 15 mol%. The increase in V¢
at 20 mol% of BMAB may be attributed to the phase separation of BMAB.

BMAB is in a trans-form when BMAB is dispersed in 12CB in the dark, whereas
UV irradiation brings about the photoisomerization of BMAB to a cis-form. Many
studies on the isothermal phase transition of LC systems induced by photoisomeriz-
ation of photoresponsive molecules such as azobenzene derivatives were reported.
The photo-induced isothermal phase transition of the LC systems was interpreted in
terms of the depression of the phase transition temperature of the LC systems due to
the changes in the molecular shape of the photoresponsive molecules on irradiation.
Namely, the photoisomerization in the host LCs affects the ordering of the host LC
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FIGURE 4 Temperature dependence of V¢ of 12CB-BMABI10.

50

Ve (V/5 pm)
o &
O

W
—
T

0 5 10 15 20 25
[BMAB] (mol%)

FIGURE S5 BMAB concentration dependence of Ve at Tred = 0.990.

25




Downloaded by [Tomsk State University of Control Systems and Radio] at 09:08 18 February 2013

162 S. KURIHARA et al.

phases. In addition, the elastic constant was closely related to the ordering of the LC
phases as described above. Therefore, the transformation from the homogenous
alignment to the homeotropic alignment is expected to be induced by photoisomeri-
zation of BMAB in 12CB with respect to the change in the elastic constant of the
systems under the electric field.

Figure 6 shows the absorption spectra of BMAB before and after UV irradiation.
BMAB in ethanol before irradiation is in the trans-form with a rod shape showing
an absorption maximum at 355 nm. The UV irradiation brought about not only the
decrease in the absorbance at 355 nm, but also the increase in the absorbance longer
than 430 nm. This is due to the photoisomerization of BMAB from the trans-
form to the cis-form with bulky structure by UV irradiation. The change in the
absorption spectra of 12CB-BMABS3 is given in Figure 6B when 12CB-BMABS3 is
irradiated with UV light in the smectic phase (Tred = 0.99) for 30 min. The irradi-
ation caused a similar change in the absorption spectra to that in ethanol. Therefore,
the photoisomerization of BMAB was also brought about in the smectic phase by
UV irradiation.

UV irradiation of 12CB-BMAB3 was performed at Tred = 0.98 with or without
application of DC voltage and the result is shown in Figure 7. In this figure,
transmittance of the light of the laser diode through the sample cell is plotted as a
function of the irradiation time. Before UV irradiation, 12CB-BMAB3 was in the
smectic state, thus birefringence was detected at time 0. The transmittance remained
almost constant under UV irradiation without application of DC voltage, indicating
that the isothermal phase transition could not be induced photochemically. On the
other hand, a rapid decrease in transmittance was observed by UV irradiation in the
electric field. This implies that the transformation from the homogenous alignment
to the homeotropic alignment can be induced by photoisomerization of BMAB.
Photoisomerization to the cis-form with bulky structure caused the decrease in the
threshold voltage of the sample resulting the alignment change in the electric field.
The decrease in the threshold voltage may be related to the change in the elastic
constant.

Figure 8 shows the changes in transmittance of 122CB-BMABS by UV irradiation
at Tred =0.98 with and without application of DC voltage. Before irradiation,
12CB-BMABS was in the smectic state. Contrary to 12CB-BMAB3, the transmit-
tance was decreased by UV irradiation without the electric field, which is attributed
to the isothermal phase transition of 12CB-BMABS. The isothermal phase transi-
tion of LC systems can be interpreted as the depression of the phase transition
temperature by accumulation of the cis-form of BMAB acting as an impurity on the
system, The irradiation was performed at Tred = 0.98 for both 12CB-BMAB3 and
12CB-BMABS5. The amount of cis-form of BMAB after prolonged irradiation of
12CB-BMAB3 was not enough to bring about the isothermal phase transition, while
a sufficient amount of the cis-form to depress the phase transition temperature to the
irradiation temperature was produced by UV irradiation of 12CB-BMABS. On the
other hand, UV irradiation in the electric field decreased the transmittance more
rapidly compared to that without the electric field. There was no difference in the
photoisomerization behavior of BMAB with and without the electric field. This
implies that the amount of cis-form for BMAB required for the alignment change in
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FIGURE 6 Changes in absorption spectra of BMAB in ethanol (A) and 12CB(B). 1, in the dark; 2,
irradiated with a high pressure mercury lamp.



Downloaded by [Tomsk State University of Control Systems and Radio] at 09:08 18 February 2013

164 S. KURIHARA et al.
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FIGURE7 Changes in transmittance of 12CB-BMAB3 by UV irradiation with a high pressure mercury
lamp at Tred = 0.98, 1, DC = 0V/5 um; 2, DC = 40V/5um.

UV irradiation

Transmittance (arb.)
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FIGURE 8 Changes in transmittance of 12CB-BMABS by UV irradiation with a high pressure mercury
lamp at Tred = 0.98. 1, DC =0V/5um; 2, DC = 40V/5um.
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the electric field is smaller than that for the isothermal phase transition. Therefore,
the alignment change can be induced more effectively than the isothermal phase
transition.

In order to investigate the photochemical switching behavior, time resolved obser-
vation of changes in transmittance was performed by using a nanosecond pulsed
laser. Figure 9 shows the time-resolved change in transmittance of 12CB-BMABS at
Tred = 0.99 induced by one laser pulse. The UV irradiation with a high pressure
mercury lamp caused the isothermal phase transition of 12CB-BMABS without the
electric field. However, no significant change in transmittance occurred after one
pulse irradiation of Nd:YAG laser on 12CB-BMABS without the electric field, in-
dicating the phase transition could not be induced. Contrary to this result, the rapid
decrease in transmittance was induced by one laser pulse irradiation in the electric
field, and the transmittance became 0 after 50 ms. The result is interpreted in terms
of the amount of the cis-form required for the phase transition or the alignment
change. The amount of cis-form required for the alignment change is smaller than
that for the isothermal phase transition. Therefore, the alignment change could be
achieved by one pulse of Nd:YAG laser.

Figure 10 shows the strcutural effect of azobenzene derivatives on the photo-
chemical switching behavior. The response time of the photochemical switching of
12CB-BMABS was longer than others. The photochemical switching is related to
the decrease in the elastic constant by photoisomerization of azobenzene derivatives.
Therefore, the photoisomerization rate of azobenzene derivatives in the LC mol-
ecules and resulting influence on the elastic constant are considered to be important

Transmittance (arb.)

0 50 100 150 200 250
Time(ms)

FIGURE9 Time-resolved observation of change in transmittance of 12CB-BMABS at Tred =0.99. 1,
DC =0V/5um; 2, 40V/5pm; laser power, 4 mJ/pulse; pulse width, 10 ns.
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FIGURE 10 Response time of the photochemical alignment change of 12CB containing Smol% of
azobenzene derivatives. The samples were irradiated by one pulse of Nd:YAG laser with the application
of Ve at Tred =0.99.

factors in determining the photochemical switching behavior. There was no signifi-
cant difference in the photoisomerization behavior of azobenzene derivatives. There-
fore, it seems that the photoisomerization of BHAB and BDAB with longer alkoxy
groups affects more effectively the elastic constant compared to that of BMAB with
a methoxy group. In addition, doping of BDAB increased T as well as the entropy
change at the phase transition from the smectic phase to the isotropic phase, indica-
ting the stabilization of the smectic phase by doping BDAB. The stabilization of the
LC phase may be related to the slightly longer response time of 12CB-BDABS
compared to that of 12CB-BHABS.

CONCLUSION

The switching of molecular alignment of the LC systems can be achieved by photo-
isomerization of azobenzene dopants in the electric field. The comparison of the
photoirradiation with and without the electric field revealed that the alignment
change in the electric field can be induced more effectively than the isothermal phase
transition without the electric field. The response time of the alignment change could
be induced in several milliseconds. In addition, the response time depended on the
strcuture of the azobenzene derivatives.
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