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Delayed response of the alkyl chains during dynamical switching in a chiral, antiferroelectric
liquid crystal probed by dynamic and polarized infrared spectroscopy

A. L. Verma* B. Zhao! H. Terauchi, and Y. Ozaki
School of Science, Kwansei-Gakuin University, Uegahara, Nishinomiya 662-8501, Japan
(Received 31 December 1997

We report a time-dependent response of different molecular segments during dynamical switching in the
electric-field-induced ferroelectric phase of a chiral, smectic antiferroelectric liquid crystal. From measure-
ments of temporal response of absorption changes of infrared bands over a range of polarizer orientations at
different time delays, we demonstrate that the cores respond instantaneously on switching the electric field,
while the chiral and achiral alkyl chains require an induction period~@6 us before responding to the
electric field. Our studies also reveal that the alkyl chains are less tilted with respect to the layer normal than
the cores and reach their equilibrium orientation later than the cores during switching.
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PACS numbds): 61.30~v, 78.47+p, 78.30—j

INTRODUCTION alkyl chain projects obliquely from the core even in the

Sm-A phase of MHPOBC. Such a bent structure in conjunc-

Since the discovery of an antiferroelectric modifica-tion with the hindered molecular rotation may allow ad-
tion in a chiral smecti€,(Sm-C5) phase of equate Coulomb interaction between the permanent dipole

4-(1-methylheptyloxycarbonyphenyl4-octygloxyhiphenyl- moments in adjacent layers to stabilize the antiferroelectric

4-carboxylate(MHPOBQC) liquid crystal (LC) by Chandani state.

. . . However, the dynamics of electric-field-induced switch-
et al.[1], considerable effort is being made to understand th‘?ng between the surface-stabilized states in FE and AF LCs

role of different molecular segments in the emergence Ofs very complicated and is still not properly understood. Sev-
ferroelectric (FE)/antiferroelectric (AF) states, and the era| studies indicate that during the dynamical switching, the
mechanism of the electric-field-induced phase transitiowhole molecule reorients as a rigid ufg,4,11-14, while
from the SmC} to the ferroelectric Sn€* phase during recent work{15,16 has shown that the mesogen moves at a
tristable electro-optical switching2—11]. In both the chiral ~ faster rate than the_alkyl side chains, and further thgt all the
Sm-C* and SmC¥ phases, the molecular director tilts uni- S€gments respond instantaneously upon the switching of the
formly relative to the layer normal in any smectic layer; the €lectric field. Time-resolved vibrational spectroscopy, espe-
tilt of the neighboring molecules is the same in the usua ially time-resolved IR absorption, has been particularly use-

ferroelectric SmC* phase, while it is equal in magnitude ul to probe orientational and conformational changes at mo-

but opposite in sign in adjacent layers in the antiferroelectricIeCUIar level[3,4,11-1§. We have employed dynamic and

. o N . polarized infrared spectroscopy to monitor the response of
Sm-Cj phase[2,3,9. Application of electric field higher itterent molecular segments to pulsed electric fields and to

than the threshold value produces a field-induced phase trafingerstand the orientational and conformational changes in
sition from the helicoidal Sn€} to the unbound, uniform the field-induced SnE* phase of a chiral, AF LC during
Sm-C* phase leading to surface-stabilized states in a cell o§witching. Temporal responses of absorption changes of se-
a few um thicknesd3,4]. In general, the molecules forming lected IR bands over a continuous range of polarizer orien-
liquid crystals have a variety of conformational and orienta-tation at different time delays and analysis of the resulting
tional states with equilibrium population of several possibleabsorbance patterns vs polarization orientation have pro-
molecular conformations. Such structural flexibility strongly vided information on molecular dynamics during electro-
influences the physical and electro-optical properties of LCsoptical switching. We find that the mesogen starts reorienting
The conformation and orientation of the chiral alkyl chainimmediately, but slowly, on application of the electric field
relative to the average long molecular axis is particularlywhile the chiral and the achiral alkyl chains show an induc-
important in determining the ferroelectric and antiferroelec-tion period of~15 us before responding to the electric field.
tric behavior of LC§4,9,11). X-ray [8] and polarized infra- This is an observation of induction period in the time-

red (IR) absorption{4,12] studies have shown that the chiral dependent electric-field-induced response of alkyl chains
during the reorientation process in ferroelectric liquid crys-

tals.
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ated as MHDBOB whose structure and phase transition se- A 2856 cm?, CHasym. st.
guence are O 1M7em*,C=0st.
CH; A 1274em’,COst.

(@)
C10Hy O~010~0-CH,~O-E-0-CH-CH,

76 91.5 108.0 o 1290 v _1291%C
Cr=-§ <2 Su=gr g Seas s Se™ 1254 - 150

Absorbance A()
0o e e
S h © h @

The sample was synthesized and characterized accordin
to the reported procedurel7]. The cell consisted of two
BaF, plates coated with ITO and polyvinyl alcohol, and each
plate rubbed in one direction. It was filled with the sample by
capillary action, heated to the isotropic phase, and then
slowly cooled down to a temperature in the STji- phase
under low repetition electric field af£ 15 V. Cyclic tempera- K 1499 emt, C=Cst.
ture treatment was employed to obtain a good monodomair @ 1243 cm*, C-O st. (biphenyl)
and the quality of domains was monitored with the aid of a 1174 cm* , phenyl C-C def.
polarizing optical microscope attached to the IR instrument.
The polarized infrared spectra were measured using a JEOI
JIR-6500 Fourier-transform IR spectrometer equipped with a
microattachment and a mercury-cadmium-telluride MCT de-
tector. A wire grid polarizer was rotated about the propaga-
tion direction of the IR radiation. Time-resolved measure-
ments were made with the same instrument equipped with ¢
boxcar integratofSRS Model 250 Rectangular wave elec- +15V oV A5V
tric field of =20 V, and*=15 V and 5 kHz repetition rate was @ ®) ©
applied between the electrodes of the cell from a function
generator. The time-resolve_d and polarized.spectra Were FiG. 1. Polar plots of the peak absorbarw) vs the polar-
measured from 0 to 100s at intervals of Sus with & reso-  jzation anglew for the representative bands from the alkyl chain,

Absorbance A(w)
b o o m
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: —1
lution of 4 cm™~, C=0 group, and core of the chiral, antiferroelectric MHDBOB in
the SmCj monodomain at 109 °C under dc electric fields(af
RESULTS AND DISCUSSION +15V, (b) 0 V, and(c) —15 V across the cell of thickness 4.0n.

The different tilts for the core, alkyl chain, and the<© groups are

In this paper we report three kinds of experiments to de
clear from these plots.

rive different types of information on the dynamics of this
liquid crystal. Measurements of absorbance changes of the
representative IR bands as a function of the polarization roexhibit perpendicular dichroism with intensity maxima,§,)
tation angle at 109 °C under dc electric fields of 0, 15, andcht w=90° and 270°, while the phenyl ring and- stretch-
—15 V were made to determine mutual arrangement of difing modes show parallel dichroism with,., at «=0° and
ferent molecular segments in their equilibrium state in thel80°. The absorbance maxima of the bands from the three
Sm-C; phase(0 V), and field-induced, unbound S@* segments rotate and attain maximum intensity at different
phase(15 and—15 V); and time-resolved IR measurements angles of polarization under electric fields greater than the
were made on application of rectangular wave electric fieldhreshold value in the field-induced S8 phase. As the
of =20 V, 5 kHz repetition rate as a function of delay time transition dipole moments for the 1607 and 1499 ¢ipands
from 0 to 100us for the fixed orientation of the polarizer at from the core in the Sn&* phase having high value of
45° (where maximum intensity changes for most of theabsorbance ratioS defined asS=A(l yax/lmin) Of 9.5 and
bands in IR absorption were obseryegd monitor the dy- 11.0, respectively, are nearly parallel to the average long
namical behavior during switching and to obtain reorienta-molecular axis, the angle between the transition dipole mo-
tion times of different molecular segments. For probing thement of the G-C stretching vibration of the mesogen and its
response of different molecular segments to the applied eleaverage axis is nearly zero. The observed rotation of the
tric field, measurements of temporal response of absorptioabsorption maxima of these bands between the positive and
changes of the bands over a range of polarizer orientation ategative polarity of the electric field b{w=90° at 109 °C
different time delays at s intervals were made. and 15 V thus corresponds to the rearrangement of the me-
Figure 1 shows the peak absorbamdgv) as a function sogens by the same angle and gives the tilt amfigte\ w/2
of the polarizer rotation angle [18] at 109 °C at 0, 15, and =45° formed by the mesogen axis with the smectic layer
—15 V for the representative and isolated peaks associatatbrmal. The tilt angles for the -=0O group and the alkyl
with the core, €&=0O group, chiral, and achiral aliphatic chain modes are 27.5° and 25.5°, respectively. The polariza-
chains[19]. As there are nine and five CH, groups in the tion dependence of the=€0 peak is typical in the sense that
achiral and chiral chains, the-€H stretching modes from it is not symmetrical with respect 1g,,, of the phenyl peaks.
these chains overlap and would thus provide average infoDetailed considerations of these results provide clear evi-
mation about them. At zero voltage in the helicoidal 8§- dence for the hindered rotation of the= group, and its
phase, the €0 and alkyl chain G-H stretching modes orientation is biased in a specific direction relative to the
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vs delay time for the representative infrared bands characteristic ¢
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the core, achiral, and the chiral chain segments of MHDBOB in the g 0.8
Sm-Cj phase at 109 °C on the application of square wave electric g 04
field of =20 V and 5 kHz repetition rate. The different reorientation £ g.¢
times of the core and alkyl chains are evident from this figure. @ 04

< -0.8

270 270 270

molecular long axis at an asymmetrical position in confor-

mity with earlier findings on AF Ld4,12,16. Moreover, the =0 s =10 ps =40 pis

averaged axes of both the alkyl chains do not coincide witt,

the average mesogen axis in agreement with the zig-zag FIG. 3. Polar plots of the peak absorbamfdw) vs the polar-

mOd_el for FLCs[21]. . ization anglew before and during the dynamical switching of
Figure 2 s_hows th_e norma}llzed absorbanceT chadg’le,s MHDBOB in the SmC¥ phase at 0, 10, and 4@s at 109 °C and

(measured with polarizer setting at 455 delay time during  gpplied voltage pulse of20 V and 5 kHz repetition rate for the

electro-optical switching for the characteristic bands atselected bands characterizitig the alkyl chain and the €0

109 °C and+20 V square wave electric field of 5 kHz rep- groups, andb) the core segments.

etition rate whered A,=[A(t) - A(2)]/[A(1)—A(2)], At)

is the peak absorbance at timeandA(1) andA(2) are the  (T) and P4(T) decrease with increasing temperature, but

peak absorbances at the surface-stabilized statesfdre the  (T) varies more rapidly thaR, and thusr would decrease

application of the fiell and 2 (when the reorientation is at higher temperatures and electric fields, as observed.

completed, respectively. It is clear from the plots in this Though most of the theoretical work treats the LC molecules

figure that the different segments require different times fofas rigid rods, the importance of molecular conformation, ori-

completion of reorientation. The core moves faster and takesntational freedom of selected groups, and segmental mobil-

~33 us to complete the reorientation, while it take$4 us ity has recently been recognized in clarifying the structure

for the alkyl chains and the-€O group. Table | summarizes and resulting changes in intermolecular interactions in differ-

the results of dependence of the average time for completiosnt phase§3-7,15,16,22—24 We believe that the major

of reorientation of different segments on electric field contribution to the different reorientation times observed for

strength and temperature. The 0—90 % electro-optic responsie core, and the alkyl chains due to their nonlinear structure

time 7 for switching between surface-stabilized states of themust arise from different reorientational and rotational vis-

FLCs is proportional toy(T)/[Ps(T)E] where y(T) and cosities of the medium for these segments, apart from other

P4(T) are the temperature-dependent reorientational viscosactors.

ity and spontaneous polarization, respectivER0]. Both The response of the different molecular segments to the

alternating electric field was monitored by measuring absorp-

TABLE . Effect of electric-field strength and temperature on tion changes of the IR bands at different time delays as5

the reorientation timer (in s) of different segments in the chiral, time intervals as a function of polarizer orientation angle.

antiferroelectric liquid crystal MHDBOB in the field-induced Figure 3 shows a plot of the peak absorbance vs polarization
Sm-C* phase. angle at 0, 10, and 4fs at 109 °C under square wave elec-

tric field of =20 V amplitude and 5 kHz frequency. Al-
Temperature 109°C  Temperature 99°C  though the polar plots of the IR bands due to the-G and

< Applied voltage Applied voltage C—H modes are rather broad, the orientation angles of the
egment i i -
420V +15 V w20V  +15V peak absorbances were determlned carefully by superimpos
ing the polar plots obtained at different time delays.
T T T T . . . .
Figure 4 gives a plot of the mean orientation angj¢t)

C=O0 group and 64us 68 us 67 us 71lus as a function of delay time for the representative bands. The
alkyl chains most important feature in these plots is that the absorption

Core 33us 45 s 48 s 56 us maxima of the bands from the core and the-O groups of

the biphenyl part start changing very slowly,(, changes
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inertial forces for movement. The transmission of this force

® 2, o 4 from the core to the side chains may have some time lag

30 1 s & & from the time of application of the electric field which is

15 e A 2856em reflected in the delayed movement of the alkyl chains. These
£ 04 xo © considerations provide a satisfactory explanation for the ini-
S - © ; ij:; tial slow movement of the core on switching the electric field

B m@g@ A 1 and the delayed movement of the alkyl chains. The induction

-30 ‘ng ® us period of the alkyl chains may have important consequences

45 W l“*l ‘l”‘l on the overall switching time using AF LCs in display and

other devices.
It is pertinent to mention here that an induction period has
been observed just after the application of electric field dur-
FIG. 4. Time dependence of the mean orientation afgle) as NG the field-induced phase transition in an antiferroelectric
a function of delay timerfor the representative bands of MHDBOB inorganic crystal25]. Many ferroelectric nuclei are gener-
in the SmC} phase at 109 °C on application of square wave elec-ated in the antiferroelectric matrix, giving no macroscopic
tric field of 20 V and 5 kHz frequency. The initial time lag of ferroelectric behavior. After some tinje-100 us), the nuclei
~15 us in the dynamic response of the tails and very slow movegrow and the crystal becomes ferroelectric because of the
ment of the core in the 0—fs range are evident. ordering induced by long range dipole-dipole interactions.
Similar considerations may help in understanding the mecha-

from 45° to 44° from O to 5us) upon application of the nism of electric-field-induced phase transition from the

electric field up to Sus but change rapidly after &s. On the Sm-Cx to_thg ferroelectric SnC_—* pha_se. In the SnG}
other hand, the absorbance maxima of the@ and G—H phase of liquid crystals, both dipole-dipole and short range
stretching modes do not show any changes from 0 ta.d5 interactions exist between the molegulgs. Even when the LC
then change very slowly from 15 to 2@s, and after that Molecules are affected by the electric field, many molecules
rapid changes occur. The core vibrations move together witf@y not be able to orient collectively due to these interac-
a net change ird, of Afy(109°C).,=90°. On the other tions to attain ferroelectric state immediately after the appli-
hand, A 6,(109°C),;s=50°, and Afy(109°C)._o=54°  cation of the field. Thus the emergence of spontaneous po-
values are much smaller than for the core. The absorbance &irization due to rearrangement of molecules and the
the band at 1274 cit due to the G-O stretching modes of subsequent reorientation of the molecular director from its
the chiral chain exhibits intermediate tilt of 35°, which is initial state on application of the external electric field would
again a manifestation of hindered rotation of the chiral seghe opposed by the electrostatic interactions and viscous
ment. forces. However, when the electric field strength is increased
The induction period of-15 us for the movement exhib- above a certain critical valughreshold valugso as to over-

ited by the alkyl chains on switching the electric field is the come the electrostatic and viscous forces, then only the field-

most interesting observation in this study. Under the influinduced ferroelectric SnG* phase would be attained.
ence of the electric field, each molecule of the liquid crystal

is subjected to three main torqug0]: the viscous torque

proportional to the angular velocity of the molecular director CONCLUSION

on the tilt cone, and rotational viscosities of the medium, the
electric torqud’ .= PX E whereP is the total polarization of . .
the liquid crystal, and the elastic torque which is expected to By monitoring the temporal response of the absorpt!on
play an insignificant role for higher electric fields during changes of IR bands over a continuous range of polarizer

switching [20]. Although the rotational bias of the=€0 _orientation at diffgrent time dela_ys in the_ eIecFric—fieId—
group in the chiral chain is considered important for contrib-'”.du‘_:eq ferroelectric phase of a chiral, smectic antiferroelec-
uting to the spontaneous polarization and in the emergend®C liquid crystal, we have demonstrated that the core re-
of ferroelectricity/antiferroelectricity in LCs, the results ob- SPonds immediately, but very slowly, on switching the
tained here suggest that the core responds faster to the eléectric field while the alkyl chains require an induction pe-
tric field than the chiral alkyl chain. Since the electric torqueriod of ~15 us before responding to the electric field. The
depends on the total polarization and the strongest dipolégduction period may be a characteristic property of liquid
and polarizable delocalizea-electronic functional groups crystals. We also find that the alkyl chains are less tilted with
are located in the core part, the electric field therefore firstespect to the layer normal than the core and move slowly
interacts with the core segment. The flexible liquidlike compared to the core to reach their equilibrium orientation
melted alkyl chains take the shape of a “zig-zag” in the during the dynamical switching in the S@* phase. Our
Sm-C* phase and contact the layer planes with a nearlyesults are at variance with the recently published work by
temperature-independent angl20,21]. Due to chemical Shilov etal. [26] on a ferroelectric liquid crystal dimer
bonding of the alkyl chains to the mesogen, the motion of thevhere they report that the different segments reorient syn-
mesogen during the course of switching would involve thechronously with each other. Our conclusions are also
motion of the alkyl chains also. Once the core reacts with theontrary to some earlier reports which contend that the
electric field and starts reorienting, the hydrocarbon chainslkyl chains respond more quickly than the mesogen
must receive a force from the core to overcome their owrpart in nematic LC$27-30.

0 20 40 60 80 100
delay time ( ps)
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