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Time-resolved infrared spectroscopy of moleculbinding site reorientation
during ferroelectric liquid crystal electro-optic switching
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Polarized Fourier transform infrarétR) absorption is used to probe molecular conformation in a ferroelec-
tric liquid crystal during the large-scale collective reorientation induced by external applied electric field.
Spectra of planar-aligned cells of the ferroelectric liquid crysteLC) W314 ((S)-4'-(decyloxy-
4-(1-methylheptyloxy]-2-nitrophenylf1,1’-biphenyl-4-carboxylic acid est¢rare measured as functions of
IR polarizer orientation and time following the reversal of the electric field applied to the FLC. The time
evolution of the dichroism of the absorbance due to the specific molecular vibration modes, particularly from
the biphenyl core and alkyl tail, is observed. Static IR dichroism experiments sha81a IR dichroism
structure in which the principal axis of the dielectric tensor from molecular core vibrations are tilted further
from the smectic layer normal than those of the tail. This structure indicates that the effective binding site in
which the molecules are confined in the Sm-C phase has, on average, a “zig-zag” shape. The dynamic
experiments show that this zig-zag binding site structure is rigidly maintained while the molecular axis rotates
about the layer normal during field-induced switching.

PACS numbegs): 61.30.Gd, 78.30.Jw

[. INTRODUCTION angle # from the layer normal. Such a phase is required by
the chiral symmetry to have a macroscopic spontaneous
Infrared(IR) dichroism has proven to be a powerful probe ferroelectric polarizatio?s, locally normal to the mean long
of the molecular conformation and organization in liquid axisn and to the layer norma. Although the magnitude of
crystal phases. IR spectroscopy selects molecular vibration&s is fixed, depending only on temperature, the azimuthal
modes, each of which has a transition dipole, fixed relative t@rientation ¢(r) responds to applied electric field, surface
the molecule or a molecular subfragment, which couples théteractions, and elasticity of the director fielur). For a
vibration to incident IR light. Measurement of IR absorbanceSguare-wave voltage of sufficiently large amplitude applied
vs polarization orientation relative to the symmetry axes of 40 the cell geometry of Fig. In(r) is spatially uniform and is
macroscopically single-domain sample then enables the mo-
ments of the transition dipole, and, therefore, of the molecu-
lar orientation distribution to be determined. It is particularly
interesting to apply this technique to the lower symmetry
liquid crystal(LC) phases, such as the smecti¢®In-O, in IR ﬂﬁghﬁ $
which there is polar ordering of molecular subfragments, and
the ferroelectric liquid crystalFLC) chiral smectic C(Sm-
C*), which is macroscopically polar. Recently Fourier trans-
form IR (FTIR) studies of FLC’s have probed the origin of Q
polar ordering via static dichroism measuremdnt®], and
molecular orientation during electric-field-induced switching <
via time-resolved spectroscopi@RS) IR dichroism mea-
surementg3,4,5,4, studying in particular, the relative mo- \V/
tion of major molecular subfragmen{g,8,9,10. Here we PO
present the first dynamical studies probing the mean molecu-
lar geometry during electric-field-induced reorientation.
Macroscopic polar ordering in liquid crystalkC’s) was Z
discovered in the chiral smectic (Sm-C% liquid crystal d y c/o
DOBAMBC by Meyeret al. [11] and has been intensively E
studied since the demonstration of ferroelectric domains and
fast, bistable electro-optic effects in the bookshelf surface- _eY
stabilized ferroelectri¢SSFLQ cell geometry of Fig. 112].
Sm-C* liquid crystals are fluid ferroelectrics, characterized
by the structure shown in Fig. 1, a one-dimensio(idD)
stacking of 2D liquid layers of rod-shaped molecules having
a mean long molecular axigptic axig tilted through a fixed FIG. 1. A schematic diagram of the FTIR experiment.
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A1l baseline corrected and values of absorbance peaks deter-
mined. Data are presented here for peaks at 2927, 1736,
Driving Pulse 1606, and 1535 cit, due to thealkyl tail, carbonylgroup,
Vpp =12V, f=1kHz) [T phenylcore, andnitro group stretching modes, respectively.

A wire-grid IR polarizer is positioned between the IR source
and the sample and its orientatiéh is set at 10° intervals
under computer control, witfk=0° having IR polarization
parallel to layer normal. Spectra are measured for the full
range of time delay for each setting 8f. Spectra were re-
Function Generator corded at 4 cm?! spectral resolution in consecutive time se-
ries of 5us intervals up to a maximum delay after reversal

|

Ext. Trigger(TTL)

FIG. 2. FTIR time-resolved spectroscopy setépl KHz 12 . .
Vpp square wave is applied to the FLC cell and synchronized TTLOf 500 us, limited by the applied frequency of 1 kHz.

trigger pulse signals for data sampling are fed onto the 16-bit W314 shownin Fig. 3 along with its phase diagram, was
analog-to-digital converter of the main spectrometer. Spectrometé?Ptained from D. M. WalbaW314 has negative spontaneous
transmission is collected while both interferometer path differencéPolarization of large magnitude (0[P <426 nC/cr),
and time delay following reversal of the voltage on the FLC cell arewhich is mainly due to the electronegative constituent
changing. Thirty independent measurements are made at each mi=-NO, [13]. The electro-optic cells were IR and visible light
ror position and time delay. The computer then sorts, averages, arttansparent capacitors made from Gakndows coated with
Fourier transforms the data to obtain spectra vs time delay. a thin layer of indium-tin oxide(ITO) for electrodes and
spaced to a LC thickness of 2-8m by uniform polymer
driven by the field around on the tilt cone, saturatingbat ~ balls. The ITO was spin coated with a 200 A thick nylon film
0 for V>0 and at¢= 7 for V<<0. This cell geometry is also which was buffed using a rotating brush to align the LC. The
very useful for probing the response of molecular orientatiorcells were filled with W314 in the isotropic phase and cooled
to applied field via IR dichroism, with the IR light incident slowly into the Sm-A* and Sm-C* phases. Alignment quality
alongx, normal to the cel[7]. With field applied the Sm-C* was checked with visible light polarized microscopy. The
n-z tilt plane is normal to the incident IR light, so that by layer structure obtained upon cooling into the Sm-C* phase
varying the IR polarization one can then probe the orientawas a chevron, but the voltage threshold for deforming the
tion of the absorption dipoles in the tilt plane. chevron structure into the bookshelf was quite Iseveral
volts), so that the IR experiments were always carried out in
the bookshelf geometry, i.e., with the smectic layers normal
to the plates.

The experimental cell geometry is represented in Fig. 1 Initial evaluation of a cell and its time response was ob-
and the electronic setup shown in Fig. 2. Step-scan FTIRained in the Sm-C* phase by settiily~ ¢ such that the IR
time-resolved spectroscopyTRS) is conducted using a polarization vector is parallel to liquid crystal directar,
Bruker IFS 66 FTIR Michelson interference spectrometer. Awith one sign of voltage applied to the cell. Field reversal
photovoltaic mercury cadmium telluride detector with a 50then produces a reorientation 626 of n, giving clear ab-
MHz preamplifier(Kolmar Technologyand an internal ana- sorption changes. Figure 4 shows such data taken in the
log to digital convertefADC) board is used to detect the Sm-C* phase aff=70 °C, where§=28.9°. The transient
modulated IR signal. A square wave voltage is applied to theéeorientation and its saturation is evident in the four distinct
liquid crystal cell using a function generatov {,=12 V),  vibrational modes studied. The change in absorbance ob-
and synchronized transistor and transistor I6EKL) trigger ~ served can be qualitatively understood for each mode in
pulse signals for data sampling are fed onto the 16-biterms ofg, the angle between its absorption dipole and the
analog-to-digital converter of the main spectrometer. Specmolecular long axis; The@henylcore vibration hagz~0°,
trometer transmission is collected while both interferometeand thus the largest change in absorbance,atkhgl CH,
path difference and time delay following reversal of the volt- stretching vibration hag~90°, for an all-trans tail, with the
age on the FLC cell are evolving. Thirty independent meachange in absorbance being reduced because of disorder in
surements are made at each mirror position and time delayhe tails; Thenitro stretching vibration hag~30°; and the
The computer then sorts, averages, and Fourier transfornearbonylstretching vibration hag~60° and shows a small
the data to obtain spectra vs time delay. Raw spectra are themange in absorbance because fis close to the “magic

Il. EXPERIMENT



5156 WON GUN JANG, CHEOL S. PARK, AND NOEL A. CLARK PRE 62

g 08f . :
c [ ] 3
8 o4 . g
(o] ' - E
n L 4
Kol | 4
cu -
0 —— | : —
o 06 . .
2 [ \ ] 2
S C ] 3
-g 0.4 - 7 §
L _ 3 g
2 . alkyl ] "
© 02 Q=28° 530
o E 00
i ] ] ] ] ]
C T 1 T 1 ]
10 F P ——— o
8 - ' . g
5 of 4 ; 2 00
L _ s o0 9
-g 08¢ ° nitro 8 ll 3
8 [ ] e’
© 0.6 Q= 28° -
: 270
] T =0pusec T =75 pusec T =300 pusec
0.56 s FIG. 5. Polar plots of IR absorbance vs IR polarizer orientation
§ 0.42 _ Q for (a) 0 us (b) 75 us and(c) 300 us time delay following field
8 ; reversal atT=70°C. Field-induced reorientations of phenyl core
5 ] and alkyl tail start from—28.9° and—24.2° to 28.9° and 23.9°,
g 0.28 carbonyl
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© 014 Q=28°
; ; | ; ] where the absorbance$, . (Aperp) are those measured
0 100 200 300 400 500 with the IR polarizer paralle{perpendicularto the Q=
time after reversal, t (usec) axis, the polarizer orientation for either maximum(,,) or

minimum (A.,i,) absorbancél]. Polar plots ofA()) for the

FIG. 4. Absorbance changes upon field reversal for the phenylPhenyl alkyl, and nitro modes for time after field reversal
alkyl, NO,, and G=0O group modes af =70°C. Half of the total 7=0, 75, and 30Qs are shown in Fig. 5. The reorientation
change of absorbance of tip@enylmode is reached in 92s and  of ) with field reversal is evident.
full absorbance is reached in 2@Gsec. The time response for the
nitro andalkyl modes are similar, indicating that the molecule bind-
ing site reorients as a rigid unit. The carbonyl mode shows little IIl. RESULTS AND DISCUSSION
change in absorbance because its transition moment orientation Fits of Eq.(1

) - _ ) to A({)) data enables the determination of
relative to the molecular long axis is close to the “magic angle.”

Qg vs 7, with the result shown in Fig.(6) for the phenyland
.o . . o nitro (core andalkyl (tail) vibrations,{), giving the IR po-
I(’?)r:\glea,lxi,g _6154é7ar,sf(i)srovtvrrc])lcir(]: a uniaxial distribution about the larizer orientation ofA,.x (Anin) for the phenyland nitro
I% is not Erc))ssible to egtréct molecular orientation param—(alkyl) vibrations. As can be seen, while the dynamics of the
T . . . ._core and tail appear to be similar, there is a marked differ-
eters from data, as in Fig. 4, at a single polarizer or|entat|onence between the asymptotico(T) —Q(T. 7
Q). Hence for full data analysis time-resolved peak absor- ymp 0% */phenyF=220% ©

bance for each vibration is obtained by fits to the spectra fo{_hﬁ)npgtenryel,oriea:lrt]gtiogo(g;r)t%lgrirgfgt;;?o?%I(()yr;éi dev;lggly

a series of(), spaced by 10° intervals. The results are dis-, .

A larger than that of the other modes. Figuré)6shows
played in Fig. 5 as polar plots of peak absorbaAgé€l), theg time dependence of AQo(T T)Eg ((ftl_))q_)
which effectively exhibit the dichroism of each mode, and its _ ) (T. ) the difference inO.. for theoph,en;IhaeL%
evolution with time. Ignoring birefringencel4], A((2) for aIky?vit,)raglci;)rl]IS’ atT=70 °C, which ﬁas a time dependence
any mode must be of the for() similar 1o that of Qo (T,7)gneny1 @nd Qo(T,7) iy them-

A(Q): o |Og{(107Apara)COSZ(Q_QO) selves. The asymptotic Valuﬁo(T)phenw and QO(T)alkyI
and their difference are consistent with the results from static
+ (10 Arern)sir(Q— Qg)}, (1) dichroism measuremenit$5], shown in Fig. 7. Here we plot
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@ 0
; -1 ® ]
g 2! ] (PiP;})phenyihas an axis parallel to the core, ag(T) phenyi
> 3| ] is a measure of the mean core orientation projected onto the
N 4 tilt plane. Additionally, since the transition dipole for the
I ° 4 alkyl transition is normal to an extended all-trans chain, the
- » 2 3 a2l 10 T .I PSS BT ._ . . . . . . . _
0 100 200 300 400 %00 coordinate system diagonalizi@;p; )ik, has an axis par

allel to an extended tail, ando(T) 4y is @ measure of the

mean tail orientation projected onto the tilt plane. Thus, the
FIG. 6. (a) Time dependence following field reversal @f(7), finite AQg |nd|cat§s that t'he molecular organization in the

the IR polarizer orientation oA, (Amin) for the phenylandnitro phase has the tails less tilted on average than the cores, by

(alkyl) vibrations. The three modes show similar time dependencethe€ angleAQ, which approaches 10° _in Sm-C* at loWy _
suggesting rigid rotation of the molecular binding site, but haveand thus that the mean molecular configuration is bent. Since

different asymptotic valueg)o(7— =), indicative of a zig-zag mo-  o(T)phenyl IS @ good measure of the actual core tilt, it is
lecular structure with the tails less tilted than the cofes.Time ~ comparable to the optic axis tilt, which is determined largely
dependence of the “zig-zag” angldQq(T,7)~Qo(T,7)phenyr DY the optical anisotropy of the core, with a principal axis
—Qo(T, 7 alkyi - also at nearly)o(T)phenyr- The optic axis orientation is, in

o ) ) o _ Fig. 7, slightly smaller tharf2o(T) yhenyi, POSSibly because
the visible light optical axis tilt relative to the layer normal of the contribution of the tails to the birefringence. This
6(T), along withQo(T) pheny1@andQo(T)aikyi, and their dif-  |arger tilt of the cores relative to the tails is a generic feature
ference AQo(T)=Qo(T) pheny~ Qo(T)aikyi- The dynamic  of the Sm-C phase, first analyzed by Durand and co-workers
IR measurements reported here have been carried olit at[16], who noted that it leads to less layer shrinkage in the
=70 °C and 40 °C, at whicthQo(T)~6° and 9°, respec- Sm-C phase, as measured by x-ray diffraction, than expected
tively. on the basis of the optic axis ti{li.7], determined primarily

The three parameterSy .y, Amin, and{), are related to by the core.

(Pipj)m the moments of the orientation distribution of the  Given the SmE two fold axes, parallel t in the layer
mode absorption dipolg, which is proportional to the midplanes, the mean molecular organization with the tails
imaginary part of the contribution of the mode to the dielec-less tilted than the cores implies that the molecular mean
tric tensor, @e;j) m>=(PiPj)m- The (), axis is the projection, field or binding site imposed on a molecule by its neighbors
onto they-z plane of polarization of the IR light, of a prin- is zig-zag-shapet zig-zag bent cylindrical holeand leads
cipal axis of (pipj)m Or (J&jj)m- In the static Sm-C or to a natural explanation of the polar ordering about the mo-
Sm-C* phase, the coordinate system which diagonalizes thgcular long axis in the Sm-C phase, since, in general, only a
matrix (p;p;) has one axis parallel to the twofold rotation single orientation of a bent molecular conformation about its
axis, i.e., parallel to the polarizatid® in a Sm-C* phase, long axis will minimize energy in a zig-zag shaped binding
and has the other two axes in the Sm-C tilt plane, normal tgite. Thus the ferroelectric polarization is determined by the
Ps. Thus with the field applied in the geometry of Fig. 1, equilibrium distribution of bent molecular conformers in an
(Pxp2) =(PxPy)=0, and A(Q) is determined by the three ensemble of zig-zag binding sitéte Boulder modef18]).
moments(pi), (p?), and(pyp,), of the orientation distribu-  This kind of mean-field picture leads to a technique for pre-
tion. Since the transition dipole for thghenyltransition is  diction of the ferroelectric polarization, using atomistic
parallel to the core, the coordinate system diagonalizingimulation to equilibrate single molecules in zig-zag mean-

time after reversal, © (usec)
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dicted S=tanQo(T) pnenyr— tanQo(T) aiy1=0.122, obtained from
the static data of Fig. 7 within error.
are just the respective projections of these principal axes
(b) onto they- z plane. The geometry in Fig. 8 gives

Qo(7)= arctanstO( T 2)Cosé , 2

cosQg(T7— )

and
FIG. 8. Schematic of the zig-zag structure of the Sm-C binding
site and the field-induced rotation on the tilt cone. The IR dynamics tanQo( 7) pheny— AN o( 7) aiky]
data indicate a rigid rotation on the cone, with core and tail in the pheny y

same(rotating tilt plane with a fixed zig-zag angle. If the tails are ={tanQo( 7— %) phenyr— taNQo( 7— %) 4y} COS
pulled around by the core during field-induced motion on the core,
then the dashed tail configuration would develop. ={tanQo(T) phenyr— taNQo(T) a1ky} COSP. (3

Thus the signature of rigid rotation of the zig-zag structure is
field potentials{19], which is quite successful foN314and 4 linear variation of{tanQo(7) pneny— taNQo(7)ajyt With
its nitroalkoxy homologs. Note that for molecules which cos¢, which, as Fig. 9 shows, fits the data well. The fitted
have two similar length alkyl tails a smaller mean tail tilt sjope S=0.11 agrees within error with the expected value

indicates unambiguously a zig-zag molecular shape, as indg= {tanQo(T) pheny— taNQ(T) aiiyi} = 0.122, obtained
cated in Fig. 8 in the Sm-C phase. For molecules with disfrom the static data of Fig. 7.
tinctly different tail lengths, such a#4/314, the overall mo- Figure 4 shows that the dichroism of the phenyl is lower

lecular shape indicated by a smaller mean tail tilt is lesfor ¢~90° (r~75 us), than for¢~0° (7=~0 us), or ¢
obvious, as short tails can orient in a variety of ways. For~ 180° (r~300 us), a result of a reducef,,, and in-
example, itMHPOBC, the molecule has a distinct 90° bend creased A,;, at ¢~90°. The tipping of the core away from
at the methyl hepty oxy tafl20]. they-z plane at$=90° (see Fig. 8 contributes partly to this
Figure 8 is a sketch of the generic equilibrium Sm-Cchange, reducing\,.. The increased A, is due to the
structure, representing either the molecular binding @fte  anisotropy in the orientation fluctuations of the core, the

mean hole in which molecules are confifledr the mean  fjyctuations being larger in the direction than in thed
molecular structure of a pair of molecules related by thegjrection.

Sm-C two-fold axis along. In equilibrium the tail(stick)
and core(ellipse components of the binding site are in the
Sm-C(y-z) tilt plane. This may no longer be the case during
switching if the core and tail reorientation dynamics are dif- We confirm, using time-resolved IR spectroscopy, that the
ferent. For example, if the tails are dragged around by theesponse of Sm-C*W314 to field reversal is polarization
core, the dashed tail orientation of Figb8would obtain, reversal via field-induced rotation of the molecular director
and Qo(t) aikyr Would be nonzero whefo(t) ppenyr = 0. In around on the Sm-C* tilt cone. During this rotation the dy-
order to check for such an effect we first assume that it doesamics of the molecular core and tail segments is identical in
not exist and that the principal axes of theenylandalkyl  the sense that the average molecular conformation appears to
moments remain in a common plafie Sm-C tilt plang  rotate on the cone as a rigid unit, with both tail and core
throughout the reorientation. T&,(7) yhenyi@andQo(7)aiy1  transition moment axes confined to the safraating tilt

IV. CONCLUSION
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plane (passing through the layer normal projection at thecifically to apply larger voltage transients to drive the reori-
same timg and keeping a fixed relative tilzig-zag angle.  entation faster. One might expect that time delay in the rela-
These results may be compared to those of other FTIR TRve motion of different subfragments, if observed, would be
studies of macroscopic field-induced director reorientationindependent of the overall switching time, and thus would
In field-driven reorientation of FLC side chain siloxane poly- show up more distinctly with fast switching than with slow.

mers and dimer$9,10] similar reorientational rates for the |nterestingly, nematics, where the field-induced switching
core and tail are found. However, in thelectroclinig field-  times decrease as applied fiefid 2, appear to be the best

induced director rotation in the Sm-A phaseW817(7], the  candidates for fast field-switching FTIR TRS experiments.
core and tail segments respond differently to applied field,

the tail motion delayed relative to the core. Changes in ab-
sorbance suggesting tail motion preceding that of the core
has been found in nematic reorientation, although not via
analysis of theQ)y(7) time dependencg1]. The origin of This work was supported by NSF MRSEC Grant No.
these differences is unclear at this point. However, a gener&MR 98-09555, ARO Grant No. DAAG55-98-1-0046, and
direction for effectively probing the dynamics is clear, spe-AFOSR MURI F49620-97-1-0014.
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