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Molecular arrangements and reorientation behavior in a dibenzopyrene-derivative ferroelectric
columnar liquid crystal as studied by time-resolved Fourier-transform ir spectroscopy
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Polarized, time-resolved Fourier-transform infrared spectroscopy was employed to study the orientational
order and the reorientation dynamics of a diskotic ferroelectric liquid crystal. In the shear oriented cell the
dibenzopyrene derivative forms two different field-dependent columnar phases that show a tripling in the
spontaneous polarization. These field-dependent phases are analyzed with respect to the dependence of the
infrared absorbance from the polarization plane. In this way it was confirmed that the high-field phase is

characterized by a homogeneous orientation of the tilt-plane formed by the core normalsnW and the column axis

NW . In contrast, in the low-field phase the columns exhibit several different tilt-planes. The orientational order
parameter of the columns is determined. It was also detected that the average orientation of the alkyl tails of the
molecules is not lying in the plane of the disklike core. By monitoring the evolution of the infrared bands in
the course of the electric-field-induced reorientation, we found that the reorientation process is divided into
three steps: A fast initial response followed by a slowing down of the reorientation is observed, which then is
followed by an acceleration of the reorientation. In the high-field phase the fast initial electrical induced
process can be assigned to a rotation of the molecules around the column axis by a few degrees. During the
subsequent ferroelectriclike response the molecules rotate around the column axis by approximately 180 °.
Other models for this switching mechanisms could be excluded.

DOI: 10.1103/PhysRevE.65.021707 PACS number~s!: 61.30.Gd, 78.47.1p, 78.30.2j
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I. INTRODUCTION

In 1981 Prost proposed that the main prerequisites for
appearance of ferroelectricity in columnar mesophases
the chirality of the molecules and the occurrence of a tilt

the individual molecules with respect to the column axisNW

@1# ~Fig. 1!. This suggestion was first realized experimenta
by Bock and Helfrich who described bistable ferroelect
switching for some dibenzopyrene derivatives in 1992@2#.
Subsequently, columnar ferroelectrics were synthesized
Scherowsky and Chen@3# and Heppkeet al. @4#. It was
found that some dibenzopyrene derivatives@2,5# and their
mixtures @5# exhibit different phases in dependence of t
external electric-field strength. The ‘‘low-field phase’’~for
electric fields less than 10 V/mm) shows a smaller sponta
neous polarization and smaller reorientation angles of
optical axis than the ‘‘high-field phase.’’ Based on the a
sumption of a quasihexagonal lattice Ref.@6# describes ten-
tative structures of these phases with four columns in e
unit cell. A detailed study with x ray and synchrotron rad
tion shows that the structure of the low-field phase is ch
acterized by a rectangular unit cell containing six colum
@7#. Although detailed information about the crystallograph
structure is present, an analysis of the segmental arra
ments has not been given yet.

Three possible mechanisms of switching in columnar f
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roelectrics were suggested in Refs.@2,3,6#. In one case, the
molecules rotate around the axisNW of the column. In another
case the tilt of the disk normalsnW with respect to the column
axis NW reverses through an untilted state with no molecu
rotation around the column axis. According to a third mech
nism the molecular tilt direction, but not the molecules the
selves, rotate around the column axis. To date, it is unkno

FIG. 1. Scheme of the experimental setup. The polarizer an

V, the normal of the core disknW , the column axisNW , the tilt angle
a, and the laboratory coordinate systemx,y,z are indicated. The
direction of the polarization vector atV590 ° corresponds to the
shearing direction.
©2002 The American Physical Society07-1
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which mechanism dominates in ferroelectric switching.
A powerful tool for studying the segmental orientations

organic materials is the Fourier-transform infrared~FT-ir!
spectroscopy. Recently FT-ir spectroscopy with unpolari
light was used to analyze the electric-field-induced ph
transition in a ferroelectric dibenzopyrene@8#. The depen-
dence of the intensity of the C5O band on the electric field
as observed in this reference cannot be explained by
model for the high-field phase suggested in Ref.@6#. More
specific information about the orientation of the differe
moieties under application of a static external electric fi
can be extracted, if the ir absorbance is measured with
larized light of different polarization planes@9#. Its combina-
tion with time-resolved FT-ir spectroscopy allows us to fo
low the molecular motion in the course of the ferroelect
switching @10–13#.

In order to establish the segmental arrangements in
low- and the high-field phase and to elucidate the mechan
of the molecular reorientation, we studied by FT-ir spectr
copy the orientation of the molecular moieties in column
ferroelectric liquid crystals under the influence of extern
static and alternating electric fields.

II. EXPERIMENT

The experimental setup for the ir experiments and
chemical structure of the investigated substance 1,
6,8,9,12,13-octakis@(S)22 heptyloxy#dibenzo@e,l #pyrene
(D8m*10) are shown in Figs. 1 and 2, respectively. T
columnar phase is found within the temperature inter
from 70 to 126 °C. The sample was oriented by shearing
liquid crystalline melt~at 110 °C) between CaF2 windows
coated with an ITO~indium tin oxide! layer in order to make
the surface conductive. An additional SiO layer protects
ITO electrodes from short circuits. Polyethylenterephtal
spacers with a thickness of 2mm were used to maintain
well defined spacing between the electrodes.

The FT-ir spectrometer~FTS-6000, Bio-Rad! was accom-
plished with an ir microscope~UMA-500, Bio-Rad!. The
sample was positioned on the microscope stage in the vis

FIG. 2. Chemical structure of the dibenzopyrene under stu
The phase sequence is Cr→

70 °
Col ↔

126 °
Iso. Upon cooling, no crys-

tallization is observed.
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light mode of the microscope using crossed polarizers
sample region of uniform orientation (200mm3200 mm)
was selected for the ir measurements. After sample posit
ing, the microscope was switched from the visible lig
mode to the ir mode. The propagation direction~laboratoryz
axis! of the polarized ir beam was perpendicular to the pla
of the windows (x-y plane, Fig. 1!. ir spectra were measure
as a function of the polarizer rotation angleV from 0 ° to
170 ° in steps of 10 °. For each band under study the po
ization dependent absorbance is fitted according to Eq.~A14!
~Appendix!. This allows to determine the positions (V0 and
V0190 °) of maximal and minimal absorbance with a pr
cision of approximately61 °. The polarization vector atV0
determines the ’’apparent’’ average orientation of the cor
sponding transition moments, where ’’apparent’’ means t
just the vector components perpendicular to the
propagation count. Therefore, a shift in theA(V) curves that
appear in response to the alternating external electric fi
reflects a reorientation of the corresponding molecular s
ments. The dichroic ratioR of the selected bands was calc
lated as the ratio of the maximum and minimum in the p
larization dependent absorbance curve:R5A(V0)/A(V0
190 °)5Amax/Amin .

For measurements under the influence of a static exte
electric field, the ir spectra of the sample were recorded
the routine rapid-scan mode of the FTS-6000 with a spec
resolution of 4 cm21. In order to collect time-resolved spec
tra in course of the molecular reorientations in response to
alternating external electric field the step-scan technique
used. The scheme of the driving signals in the step-s
mode is described elsewhere@14#. Time-resolved spectra
have been recorded with a time resolution of 5ms and a
spectral resolution of 8 cm21.

The measurements in the visible range were made
setup principally similar to the ir setup: The transmission
the sheared sample was monitored by means of a photo
tiplier on top of a polarizing microscope. Its signal outp
was recorded by a digital oscilloscope.

y.

FIG. 3. ir spectra of a freshly sheared sample atE50 V/mm
for two different ir polarization planes.
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III. RESULTS AND DISCUSSION

A. Molecular orientation without field

The ir spectra of a freshly sheared sample at 110 °C
shown in Fig. 3 for two different polarization vectors. The
absorbance versus polarizer angleAV for selected bands is
plotted in Fig. 4. The tentative assignments of some
absorption bands are given in Table I~second column!. To
derive information about segmental orientation from ir sp
tra in polarized light one needs to know the direction of t
ir transition moment for the corresponding band relative
the molecular axes. It is well known that the transition m
ment for the carbonyl band at 1777 cm21 is directed nearly
along the C5O bond. The bands assigned to the CH2 groups
in the alkyl tails at 2930 and 2859 cm21 have the transition
moment perpendicular to the alkyl chain in all-trans conf
mation. The transition moments of bands at 1540, 1484,
1407 cm21 ~molecular core! are nearly in the plane of th
core.

As can be seen from Figs. 3 and 4 the bands assigne
the core show perpendicular dichroism (A0 °5Amax.A90 °

FIG. 4. Polar plot of the ir absorbance vs ir polarizer angleAV

for the 2930 cm21 band (CH2, open square symbol!, the
1777 cm21 band ~CO, circle symbol!, and the 1407 cm21 band
~core, triangular symbol!. The dibenzopyrene sample is fresh
sheared and no external electric field is applied. The absorban
1407 cm21 is multiplied by 6. The direction of the polarizatio
vector atV590 ° corresponds to the shearing direction.

TABLE I. Band assignment, dichroic ratiosR, and apparent tilt
anglesQ for the different-field dependent phases of the dibenzo
rene derivative D8m*10.

Band No Low-field High-field
position (cm21) Assignment field phase phase

R R Q/° R Q/°

2930 nas (CH2) 1.06 1.09 4.0 1.09 9.1
2859 ns (CH2) 1.10 1.12 2.5 1.12 5.0
1777 n (C5O) 2.60 3.25 13.3 6.32 25.2
1540 n (CuC)ar 1.06 1.59 45.0 4.47 43.0
1484 n (CuC)ar 1.28 1.75 31.8 3.05 38.3
1407 n (CuC)ar 1.80 1.64 18.3 3.18 30.2
1248 nas (CuOuC) 2.69 3.03 13.1 6.23 24.3
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5Amin), whereA0 ° and A90 ° are the peak absorbances
V50 ° andV590 °, respectively! while bands due to alkyl
chain and carbonyl show parallel dichroism (A0 °5Amin
,A90 °5Amax). Taking into account the directions of trans
tion moments for these bands it is possible to conclude fr
the dichroism that the core plane and the axes of the a
tails orient in average perpendicular to the shearing direct
The same result was obtained from optical measurem
@15#. From that one can conclude that the axis of the colum
NW formed by the molecular cores points parallel to the sh
direction. The dichroic ratios are given in Table I. The val
R51.09~close to valueR51 that is characteristic for isotro
pic orientation! for CH2 bands proves a weak orientation
the CH2 groups.

B. Molecular orientations in the low-field phase

The low-field phase for D8m*10 is formed at a fie
strengthE<10 V/mm. Bistable ferroelectric switching wa
observed in this phase, if the polarity of the external field
reverted. The different molecular orientations for a posit
and negative electric field are demonstrated by the p
plots of the ir absorbance vs polarizer angleA(V) @Fig.
5~a,b!#. For the different bands the polarizer angles for whi
extremum absorbance is obtained~either V0 or V0190 °)
are no longer zero. FurthermoreV0 ~or V0190 °) for posi-
tive and for negative voltage differ in their signs but have t
same absolute value. This absolute value is called the ‘
parent angleQ ’’ as it denotes the angle of the apparent o
entation of the corresponding segment with respect to
column axisNW , which is represented byV590 °. The ‘‘ap-
parent angle’’ is maximal for the 1484 cm21 core band (Q
'32 °) while it is minimal for the 2930 cm21 band (CH2
tails!. The nonzero values forQ2924 and forQ1484 prove that
neither the average alkyl tail nor the core plane are orien
any longer perpendicular to the shearing direction and he
to the column axisNW . The difference in these twoQ values
shows that the alkyl chains and the plane of the core
inclined to each other as well@11#. This result supports the
conjecture concerning tail deflection made in Ref.@2#.

The apparentQ angles and dichroic ratios for selecte
bands obtained from absorption versus polarization plots
summarized in Table I~columns 3 and 4!. Analyzing this
table one can observe that theQ values for the bands as
signed to the core~1540, 1484, 1407, and 1248 cm21) are
different from each other. As shown earlier@15# the differ-
ence in apparent angles results from the noncylindrical s
metry of the orientation distribution function of ir transitio
moments around the normal of the core planenW . The core
bands exhibit low values of the dichroism of the core ban
~Table I!. This may ascribe to different directions of the cor
in neighboring columns@Fig. 5~c!# as proposed earlier@6,7#.
The corresponding models for the different column orien
tions are discussed in conjunction with the field-induc
phase change in the next section.

C. Molecular orientations in the high-field phase

The transition to the high-field phase is observed in
external electric fieldE.10 V/mm. Polar plots of the ir

at

-
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FIG. 5. Polar plots of the ir absorbance vs ir polarizer angleAV for the 2930 cm21 band (CH2, open square symbol!, the 1777 cm21

band~CO, circle symbol!, and the 1407 cm21 band~core, triangular symbol!. The results are shown for dibenzopyrene in the low-fie
phase atE519 V/mm ~a! and atE529 V/mm ~b! and in the high-field phase atE5120 V/mm ~d! and atE5220 V/mm ~e!. The
columns in the low-field phase have differently oriented tilt planes~c!, whereas in the high-field phase~f! a homogeneous orientation of th
columns can be deduced. The viewing direction of the sketches~c! and ~f! is normal to the cell windows.
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absorbance vs polarizer angle are shown in Figs. 5~d! and
5~e! for positive and negative external electric fields. T
apparent tilt anglesQ and dichroic ratiosR for selected
bands are given in Table I. The transition to the high-fie
phase results in an increase of theQ values for all molecular
segments. This is in accordance with the earlier descri
electro-optical observation of higher tilt angles in the hig
field phase@2,6#. Similar to the low-field phase the differ
ences in theQ values for bands assigned to the alkyl~2930
and the 2859 cm21) and those assigned to the core refle
the deflection of alkyl chains with respect to the core pla
The noncoincidence of theQ values for the different core
bands is again due to the biased rotation of the core aro
its axisnW .

In addition to the apparent angles, the dichroic ratiosR for
the different bands are also considerably higher for the h
field phase than for the low-field phase. A detailed analy
of x-ray and synchrotron scattering data led to sixteen p
sible crystallographic structures for the low-field phase@7#.
Their unit cells contain six discotic columns that are pointi
to four or five different directions, respectively@Fig. 6~b!#.
The columns can be characterized by the anglef of their
polarization vector with respect to the macroscopic spon
neous polarization of the entire phase@Fig. 6~a!#. Due to the
different orientation of the columns, their molecular dipol
are partly averaged out and the macroscopic spontaneou
larization in all of the proposed structures are one third of
structure with homogeneous column orientation@Fig. 6~c!#.
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From the fact that the spontaneous polarization of the hi
field phase was measured to be three times larger than t
of the low-field phase, it was deduced that the high-fie
phase is characterized by the homogeneous orientation o
columns@7#.

FIG. 6. ~a! Sketch of the six types of columns differing in th
orientation of their tilt plane. Only one disk per column is draw
since the viewing direction is along the column axis.~b! Two of the
sixteen different structures for the low-field phase derived from R
@7#. For the infrared measurements these structures can be clas
into two types containing either five~Type I! or four ~Type II!
differently oriented columns. The absorbance ellipsoids of each
these structures are described by Eq.~A9!. ~c! Structure for the
high-field phase containing columns with a homogeneous tilt-pl
orientation.
7-4
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D. Quantitative comparison of the polarizer dependent
absorbance for the low- and the high-field phases

For the purpose of the analysis of infrared dichroism it
sufficient to regard the number of differently oriented c
umns in the unit cell of a structure, while the positions of t
different columns do not play a role. Consequently, the
possible low-field structures derived in Ref.@7# can be clas-
sified into two types of structures. Type I classifies structu
in which the unit cells contain two columns with dipole
pointing along the macroscopic polarization (f50 °), and
one of each column withf560 °, 120 °, 240 °, and 300 °
The unit cells of the structures of Type II contain one colum
with f50 ° and with f5180 ° and two columns withf
560 ° and withf5300 °, respectively.

For the two types of low-field phase structures and for
high-field phase structure we calculated the dependenc
the infrared absorbance from the polarization vectorA(eW )
~see Appendix!. By fitting the experimentalA(V) data with
Eq. ~A14! one obtains the parameters^mx

2&, ^my
2&, and

^mxmy&, which are the average of the product of each two
transition moment components along the laboratoryx andy
axis. For the high-field phase Eq.~A4! links these parameter
to two principle axes of the absorbance ellipsoid^mj

2&, ^mh
2&

and to the tilt angle of the principlej axis with respect to the
columnar axisNW . By assuming rotational symmetry for th
distribution of the transition moments (^mh

2&5^mz
2&) the ori-

entational order parameter can be estimated according t

S5
12Rcol

112Rcol

1

0.5~3 cos2b21!
, ~1!

where Rcol5^mj
2&/^mh

2& would be the dichroic ratio of an
infinite thin sample andb is the angle formed by the cor
axis nW and the transition moment of the absorption band.

For an application of Eq.~1! we take the 1248 cm21

band, which is the band with the highest dichroic ra
among the bands assigned to the core. From the fits@accord-
ing to Eq.~A14!# of the data in Figs. 5~d,e! we obtain for this
band:̂mj

2&50.015 0960.0025, ^mh
2&50.094 0460.0030,

and a5V0524.3 °61.0 °. Assuming rotational symmetr
(^mz

2&5^mh
2&) and an angleb of the transition moment o

90 °, the orientational order parameter becomesS50.78
60.16. Order parameters of a similar value are also foun
rodlike ferroelectric liquid crystals.

For the low-field phase one has to distinguish between
absorbance ellipsoid, which refers to the coordinate sys
j,h,z of a column and that one which refers to the princip
axes frame~PAF! x8, y8, z8 in the laboratory system. Takin
the valueŝ mj

2&, ^mh
2&, anda for the 1248 cm21 band ob-

tained from the high-field phase measurements and inse
them in the Eqs.~A9! and ~A17! one should obtain for the
same band in the low-field phase

^mx8
2 &50.026960.0037,

^my8
2 &50.089060.0035, ~2!
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V059.3 °60.6 °.

These values calculated from the high-field phase data on
basis of the proposed model for the field-induced phase t
sition should coincide with the measurement results for
low-field phase. For that the low field phase data in F
5~a,b! are fitted according to Eq.~A14!,

^mx8
2 &50.025260.0015,

^my8
2 &50.082060.0017, ~3!

V0513.1 °60.9 °.

The fact that the results in Eq.~3! exhibit just small de-
viations from those in Eq.~2! supports the proposed mod
for the field-induced phase transition. Nevertheless, the
viations indicate that some additional changes in the colu
nar structure takes place during the transition from the lo
field phase to the high-field phase. It should be also no
that the biaxiality of the absorbance ellipsoid~see the next
but one paragraph! has not been taken into consideration y

E. Orientational dynamics in the high-field phase

To follow the molecular motion during ferroelectri
switching we recorded time-resolved ir spectra for a co
plete set of ir beam polarizations fromV50 ° to 170 °. By
that we obtained plots of the ir absorbance vs polarizer an
at time intervals of 5ms during the ferroelectric switching
The evolution of the different apparent anglesQ with time as
extracted from the data are plotted in Fig. 7~a!. One can state
that theseQ~t! profiles for all selected bands behave sim
larly: immediately after the field reversion~at t50) the Q
values are decreased by a few degrees, which takes a tim
approximately 20ms @region I, see insert in Fig. 7~a!#. Dur-
ing the following time interval of approx. 200ms the change
in the Q angles is slowed down~region II!. In the region III
the molecules reorient to a large angular extent and reach
second stabilized state after approximately 250ms. Similar
observations are made in the polarization microscope@Fig.
7~b!#. Below we will analyze the molecular motion in thes
regions in detail.

1. Region I

The fast molecular motion in this region is additional
analyzed by following the ir absorbance in response to
triangular electric field of 15 V/mm ~2405 Hz! with an off-
set of 20 V/mm ~temperature: 110 °C). Under these cond
tions the sample is kept in one of the states of the high-fi
phase. Thus the alternating part of the electric field can
duce only small reorientations around this equilibrium po
tion. For a fixed ir polarizer position the corresponding tim
resolved absorbance profiles are presented in Fig. 8~a!. This
figure shows the linearity between the changes in the ab
bance and the voltage. Electro-optical studies@Fig. 8~b!# sup-
port these findings. Hence this fast molecular motion is
ferroelectric. It may result from small changes in either t
7-5
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azimuthal rotation or the tilt angle of the discotic colum
~electrocliniclike!. An analysis of the actual reorientatio
path is given later.

2. Region II

The delay between the field reversal and the reorienta
to the second surface-stabilized state for D8m*10 was a
observed by electro-optical studies@Ref. @13# and Fig. 7~b!#.
It was proposed that this delay in the reorientation in disco
liquid crystals is related to a decomposition of monodoma
into smaller domains that are separated by dislocation w
or by melt channels@15#.

3. Region III

The switching mechanism in this region is elucidated b
detailed analysis of the time dependence of the absorb
vs polarizer angle plotsAV(t) for the bands assigned to th
core. From that the time dependence of the measured
namic dichroic ratiosR(t)5Amax(t)/Amin(t) and that of the
ir absorbances for two fixed polarizationsAV590 °(t) and
AV545 °(t) are presented in Figs. 9 and 10 correspondin
Figure 9 shows thatR is not constant and reaches a ma

FIG. 7. ~a! Time-resolved profiles for the apparent tilt angles f
selected absorption bands showing three regions with different
lecular mobility. Region I is enlarged in the insert. The polarity
the electric field (E5625 V/mm) is reversed att50. ~b! Optical
transmission~white light! of a sheared sample between crossed
larizers in response to a rectangular ac field~approximately
615 V/mm, 5 Hz!.
02170
n
o

c
s
lls

a
ce

y-

y.

o-

-

FIG. 8. ~a! Absorbance modulation for selected bands due to
electric field showing a linear response on application of a trian
lar voltage in the high-field phase. The time dependence of
external electric field~ac field 615 V/mm, 120 V/mm dc bias
field! is indicated. ~b! Optical transmission~white light! of a
sheared sample between crossed polarizers in response to a
frequency triangular ac field~approximately650 V/mm, 100 kHz;
the phase shift is due to the cell capacitance!.

FIG. 9. Time-resolved dichroic ratios for selected bands dur
the switching from the initial state~A! to the second surface stab
lized state~C! via an intermediate state~B!.
7-6
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MOLECULAR ARRANGEMENTS AND REORIENTATION . . . PHYSICAL REVIEW E65 021707
mum at t,0 ~before the field reversal! and at t.600 ms
~after the reorientation is completed!. Approximately
400 ms after the field reversalR reaches its lowest value
While no absorbance change is observed at an ir polariza
angleV590 ° @Fig. 10~a!#, the maximal change in the ab
sorption is detected atV545 ° @Fig. 10~b!#. It should be
noted that for the core bands the absorbance vs polariza
plot AV at time t50 ~before reversion in polarity! shows
higher dichroic ratios~Fig. 9, Table II! than the correspond
ing AV measurement at a static electric field@Fig. 5~d!, Table
I#. This indicates an increased orientational order that is
viously caused by the stronger electric field in the tim
dependent experiment.

F. Determination of the reorientation path and the biaxiality

An analysis of the absorbance modulation for the differ
polarizer positions allows one to determine the reorienta
path of the discotic columns. For that one has to calcu
how the expressionŝmx

2&, ^my
2&, and^mxmy& evolve within

the three different models of the reorientation path:~a!
through an untilted state,~b! by rotation of the disk norma
only, and~c! by rotation of the discotic molecules around t
column axisNW ~Fig. 11!. For simplicity we neglect the de
viations between ^mx

2& and AV590 ° , ^my
2&, and

AV50 ° , 2^mxmy&, and (AV5455,°2AV5135 °) that occur
due to the final thickness of the sample@Eq. ~A13!#.

FIG. 10. Time-resolved ir absorbance profiles for the ir pol
ization vector being parallel to the shearing direction~a! and form-
ing an angle ofV545 ° to the shearing direction~b!.
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The reorientation through an untilted state@Fig. 11~a!# is
described by Eq.~A4! when the tilt anglea of the cores is
taken as being time dependent:a5a(t). By that, all three
expressionŝ mx

2&, ^my
2&, and ^mxmy& become time depen

dent, whereas in the PAF description the expressi
^mx8

2 &, ^my8
2 &, and, therefore, the dichroic ratioR remain

constant. The experiment shows contrary behav
d(AV590 °)/dt50 anddR/dt5” 0. This allows one to exclude
the model of reorientation through an untilted state.

In the second model only the disk normals but not t
disks themselves rotate along the column axis@Fig. 11~b!#.
The reorientation according to this model can be descri
by Eq. ~A8! with the azimuth anglef being time depen-
dent. The conditiond(AV590 °)/dt'd^mx

2&/dt50 is then
just fulfilled, if all absorbance ellipsoids of the columns a
uniaxial: ^mh

2&5^mz
2&. This uniaxiality is not in accordance

with the biased rotational distribution of at least two of t
transition moments assigned to the core~see above!. There-
fore, the second model is not appropriate to describe
observed reorientation behavior.

The rotation of the molecules around the column axisNW
@Fig. 11~c!# are described by Eq.~A6! with f5f(t). Since
^mx

2& becomes time independent then, the observa
d(AV590 °)/dt50 @Fig. 10~a!# can be explained within this
third model. Similarly it can be shown that the application
Eq. ~A6! leads to the observed modulations of the dichr
ratio and of the absorbance at an polarizer angleV545 °
@Fig. 10~b!#.

Once it is known that the reorientation of the molecu
takes place as a rotation around the column axisNW , one can
use Eq.~A6! and the fitting data of the absorbances vers
polarization plotsAV for all timest in order to determine the

-

TABLE II. Lengths of the principle axes of different absorban
ellipsoids in the high-field phase of the dibenzopyrene deriva
D8m*10 as determined by time-resolved FTIR measurements.

Band Assignment ^mj
2& ^mh

2& ^mz
2&

position (cm21) Error560.001

2930 nas (CH2) 0.330 0.302 0.304
1777 n (C5O) 0.533 0.098 0.172
1484 n (CuC)ar 0.015 0.085 0.063
1407 n (CuC)ar 0.015 0.079 0.065
1248 nas (CuOuC) 0.008 0.079 0.062
the
FIG. 11. Models for the reorientation path of a general absorbance ellipsoid.~a! Reorientation in the tilt plane.~b! Rotation of the disk
normal only.~c! Rotation of the molecules on a cone around the column axis. Note the different behavior of theh andz axis in parts~b! and
~c!. The electric field is applied normal to the drawing plane. In this sketchj is the longest of the three axes. This does not coincide with
findings for the phenyl absorbance ellipsoids but is chosen for graphical reasons only.
7-7
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biaxiality (^mj
2&, ^mh

2&, and ^mz
2&) of the different absor-

bance ellipsoids~Table II!. These results show different de
grees of biaxiality for the bands assigned to the core. T
reasons for the biaxiality of the absorbance ellipsoids sho
be noted. First, the possibility of the disks to fluctuate alo
the tilt angle and along the tilt azimuth angle may be diff
ent, which usually is expressed by a transverse order pa
eter D5” 0. Second, the transition moments in each sin
disk molecules may be asymmetrically distributed. Thou
the noncylindrical symmetry of the disk core is obvious~Fig.
2!, an analysis of the distribution of the different transitio
moments in this core is beyond the aim of this paper.

The method for the determination of the reorientation p
as done for the ferroelectric switching can also be applie
the fast initial reorientation process. From the facts that
^mx

2& is not modulated and that the dichroic ratio decrea
during this reorientation, one must conclude that this ini
process is not electrocliniclike but can be described b
rotation of the discotic molecules around the column a
~i.e., on the tilt cone! by a few degrees. This process mig
be due to an inclination of the columnar axis with respec
the electrodes, similarly to the chevron structure observe
the Sm-C* phase of calamitic liquid crystals. This resu
disproves our preliminary presumption of an electroclinicli
characteristic of this initial response that was reviewed
Ref. @17#.

G. Synchronism of the molecular reorientation

In order to compare the time-resolved profiles of the
parent anglesV0 of different bands~Fig. 7!, these values
are normalized according toV0N(t)5@V0(t)2V0(t
.600 ms)#/@V0(t,0)2V0(t.600 ms)#. The normalized
curves as shown in Fig. 12 do not coincide with each oth
Usually, a noncoincidence of the normalized time-depend
apparent angles of different bands is taken as a proo
asynchronous reorientation behavior of the correspond
molecular moieties@10,18,19#. Deviating from this interpre-
tation, we found recently that such a noncoincidence
result from the geometry of the experiment alone@20#. Es-

FIG. 12. Normalized time-resolved profiles for the apparent
angles for selected absorption bands of Fig. 7~a!. The noncoinci-
dence of these curves is not an equivocal proof of an asynchro
reorientation behavior of different molecular segments.
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pecially for tilted biaxial phases, a synchronous reorientat
of molecular moieties can also lead to asynchronous
sponses of the time-resolved normalized apparent an
@20#. Hence, an unequivocal interpretation of the noncoin
dence of theV0N curves in Fig. 12 cannot be given here.

H. Orientation dynamics in the low-field phase

In the low-field phase the reorientation dynamics is a
characterized by three different regions similar to that in
high-field phase: after a fast initial response in region
plateau is formed in region II that is followed by a reorie
tation to a second surface stabilized state in region III. Th
results have been obtained by electro-optical measurem
only. Unfortunately, due to technical limitations of our
detector preamplifier we cannot follow the slow process
region III in the low-field phase by time-resolved FT-ir spe
troscopy. For this reason only the initial fast response on
field reversal has been studied in this phase. The res
shown in Fig. 13 are similar to that obtained for the hig
field phase@Fig. 8~a!#, the absorbance for selected ban
changes linearly with voltage.

The mechanism of the reorientation in the low-field pha
seems to be similar to that for the high-field phase: Both
fast and the ferroelectriclike reorientation take place by
rotation around the column axisNW . The fact that the initial
response is faster than the subsequent reorientation sh
that these two processes have different driving forces.
storing elastic forces lead to an initial fast relaxation from
electrical induced structure with probably inclined colum
orientations. Compared to that the ferroelectriclike respo
is characterized by a comparatively slower reversal of
spontaneous polarization.

IV. CONCLUSION

FT-ir spectroscopy with polarized light enables one to e
cidate the static arrangements in ferroelectric switchable
cotic columnar liquid crystals. It was confirmed that in th
low-field phase the columns differ by the orientation of th

t

us

FIG. 13. Absorbance modulation for selected bands due to
electric field showing a linear response on application of a trian
lar voltage in the low-field phase. The time dependence of the
ternal electric field is indicated.
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MOLECULAR ARRANGEMENTS AND REORIENTATION . . . PHYSICAL REVIEW E65 021707
disk normals with respect to the laboratory frame. In t
high-field phase a homogeneous orientation of the colum
is deduced. In both phases the alkyl tails are deflected w
respect to the core planes.

Time-resolved FT-ir spectroscopy allows the possibility
following the reorientation dynamics under the influence
an alternating external electric field with a time resolution
5 ms. It was detected that in both the high- and the low-fi
phases the reorientation from the first to the second s
passes three regions: a fast initial response, a slowing d
of the reorientation rate, and finally a second accelerat
Both the fast initial and the slower final reorientation to t
second surface stabilized state are characterized by a rot
of the molecules around the columnar axis. A similar switc
ing behavior is found in the low-field phase.
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APPENDIX

The dependence of the absorbance from the polariza
vectoreW is expressed by an absorbance ellipsoid

A~eW !5^~mW eW !2&5^mx
2&ex

21^my
2&ey

21^mz
2&ez

212^mxmy&exey

12^mxmz&exez12^mymz&eyez ~A1!

where ^m im j& denotes the average value of the product
two componentsi andj of the infrared transition momentsmW .
By an appropriate coordinate transformation into the labo
tory principle axis frame~L-PAF! Eq. ~A1! simplifies to

A~eW !5^~mW eW !2&5^mx8
2 &ex8

2
1^my8

2 &ey8
2

1^mz8
2 &ez8

2 .
~A2!

If the phase containsn differently oriented columns it is use
ful to introduce alson absorbance ellipsoids for each type
column orientation. It should be noted that thesen absor-
bance ellipsoids just differ in the orientation but not in t
lengths of their axes. In other words, in each of their PA
thesen ellipsoids are identical. This columnar principle ax
frame ~C-PAF! should be denoted byj,h,z.

First we calculate how the orientation of the column an
therefore, the orientation of the C-PAF transforms into
laboratory coordinate system~laboratory frame LF!. The LF
can be defined by the plane in which the polarizer is rota
This plane is parallel to the cell surface and is defined as
laboratoryx-y plane. The polarizer angleV590 ° defines
thex axis, which is parallel to the axis of the columns. They
axis coincides with the ir polarization atV50 °. Thez axis
is parallel to the ir beam propagation~Fig. 1!. The simplest
case deals with columns in which the core molecules
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tilted in the x-y plane by an anglea with respect to the
column axis @Fig. 11~a!#. Therefore, each
transition moment that is described in the columnar pr
ciple axis frame of this type of column by the vect
(mj ,mh ,mz)

T is transformed into the laboratory fram
(x,y,z)T by application of a rotation matrix

S mx

my

mz

D 5Da
zS mj

mh

mz

D 5S ca 2sa 0

sa ca 0

0 0 1
D S mj

mh

mz

D .

~A3!

The notationDa
z represents a rotation around the axisz by an

anglea andsa andca are abbreviations for sina and cosa.
By averaging over all transition moments in this colum

type one obtains the parameters that describe the absorb
in the laboratory frame@Eq. ~A1!#,

^mx
2&5^mj

2&cos2a1^mh
2&sin2a,

^my
2&5^mj

2&sin2a1^mh
2&cos2a, ~A4!

^mxmy&5$^mj
2&2^mh

2&%cosa sina,

and similar expressions for^mz
2&, ^mxmz&, and^mymz&. Here

we made use of the fact that in the principle axis frame
equation^mjmh&5^mjmz&5^mhmz&50 is valid.

For a rotation of the absorbance ellipsoid around the c
umn axis by an anglef @Figs. 6~a!, 11~c!#, the transforma-
tion from the absorbance ellipsoid PAF into the laborato
system is performed by the successive application of
rotation matrices

S mx

my

mz

D 5Df
x Da

zS mj

mh

mz

D 5S ca 2sa 0

cfsa cfca 2sf

sfsa sfca cf
D

3S mj

mh

mz

D , ~A5!

which leads to

^mx
2&5^mj

2&cos2a1^mh
2&sin2a,

^my
2&5^mj

2&sin2a cos2f1^mh
2&cos2a cos2f

1^mz
2&sin2f, ~A6!

^mxmy&5$^mj
2&2^mh

2&%cosa sina cosf.

Finally the cores axis but not the molecules themsel
may be rotated by an anglef around thex axis. That means
that the molecules are no longer tilted initially in thex-y
7-9
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plane and then are rotated along thex axis. Instead the mol-
ecules are tilted in a plane that forms an anglef with respect
to thex-y plane@Fig. 11~b!#. The corresponding transforma
tion is described by

S mx

my

mz

D 5Df
x Da

z D2f
x S mj

mh

mz

D ~A7!

5S ca 2sacf 2sasf

cfsa c2fca1s2f cfsf~ca21!

sfsa cfsf~ca21! s2fca1c2f
D S mj

mh

mz

D ,

which leads to

^mx
2&5^mj

2&cos2a1^mh
2&sin2a cos2f1^mz

2&sin2a sin2f,

^my
2&5^mj

2&sin2a cos2f1^mh
2&~cosa cos2f1sin2f!2

1^mz
2&sin2f cos2f~cosa21!2, ~A8!

^mxmy&5^mj
2&cosa sina cosf2^mh

2&~sina cosa cos3f

1sina cosf sin2f!1^mz
2&~sina

2sina cosa!sin2f cosf.

For the low-field structures the absorbance ellips
in the LF is obtained by averaging the parameters^mx

2&,
^my

2&, and ^mxmy& of Eq. ~A6! over the different type of
columns. For the structures of Type II@see Fig. 6~b!#
one obtains: ^m im j&TypeII5

1
6 ^m im j&f50 °1

1
6 ^m im j&f5180 °

1 2
6 ^m im j&f560 °1

2
6 ^m im j&f5300 ° with i , j P$x,y,z%. Insert-

ing the values according to Eq.~A6! results in

^mx
2&TypeII5^mj

2&cos2a1^mh
2&sin2a,

^my
2&TypeII5

1

2
^mj

2&sin2a1
1

2
^mh

2&cos2a1
1

2
^mz

2&,

^mxmy&TypeII5
1

3
$^mj

2&2^mh
2&%cosa sina, ~A9!

and similar expressions for^mz
2&, ^mxmz&, and^mymz&. The

same results are derived for the structures of Type I. T
high-field phase contains only one type of columns, which
described by Eq.~A4!.

During the reorientation in response to an external elec
field the columns change their orientation. The three mod
that are discussed as possible reorientation mechanism
described by Eq.~A4! under the assumption that the t
anglea is changed during the reorientation and by Eq.~A6!
and Eq.~A8! with f5f(t), respectively.
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For a comparison with the experimental results one ha
take into account how the polarization vectoreW varies with
the rotation angleV of the infrared polarizer. As the beam
propagates along the laboratoryz axis one gets

eW5
EW

uEW u
5S sinV

cosV

0
D , ~A10!

for which internal field effects are neglected.
Inserting Eq.~A10! into Eq. ~A1! yields

A~V!5^mx
2&sin2V1^my

2&cos2V12^mxmy&cosV sinV.

~A11!

By a coordinate transformation Eq.~A11! becomes

A~V!5^mx8
2 &cos2~V2V0!1^my8

2 &sin2~V2V0!.
~A12!

Equations~A11! and ~A12! are just valid for infinite thin
samples. Taking a finite sample thickness into account
~A12! must be rewritten@10,16#

A~V!52 log$102^mx8
2

&cos2~V2V0!1102^my8
2

&sin2~V

2V0!%52 log$0.5~102^mx8
2

&1102^my8
2

&!

10.5~102^mx8
2

&2102^my8
2

&!cos2~V2V0!%.

~A13!

Hence by fitting the polarizer dependent absorbance p
with

A~V!52 log$ f 11 f 2 cos2~V2V0!%, ~A14!

one obtains the three parameters that describe the inte
tion of the absorbance ellipsoids with the plane normal to
beam propagation

^mx8
2 &52 log$ f 11 f 2%,^my8

2 &52 log$ f 12 f 2% and V0 .

~A15!

The coordinate transformation between the laboratory fra
and the principle axis frame of the intersection~A11, A12! is
performed according to

^mx
2&5^mx8

2 &sin2V01^my8
2 &cos2V0 ,

^my
2&5^mx8

2 &cos2V01^my8
2 &sin2V0 , ~A16!

^mxmy&5~^mx8
2 &2^my8

2 &!cosV0 sinV0 ,

and
7-10
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^mx8
2 &5

1

2
~^mx

2&1^my
2&!1

1

2
A~^mx

2&2^my
2&!21~2^mxmy&!2,

^my8
2 &5

1

2
~^mx

2&1^my
2&!2

1

2
A~^mx

2&2^my
2&!21~2^mxmy&!2,
m

t.

,

l,

02170
V05
1

2
arctan

22^mxmy&

^mx
2&2^my

2&
, ~A17!

respectively.
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Müller, and H. Sawade, J. Mater. Chem.10, 2657~2000!.
@5# G. Heppke, D. Kru¨erke, M. Müller, and H. Bock, Ferroelec-

trics 179, 203 ~1996!.
@6# H. Bock and W. Helfrich, Liq. Cryst.18, 387 ~1995!.
@7# G. Bogado, Ph.D. thesis, Freie Universita¨t, Berlin, 1999.
@8# T. S. Perova, J. K. Vij, and H. Bock, Mol. Cryst. Liq. Crys

263, 293 ~1995!.
@9# A. Kocot, G. Kruk, R. Wrzalik, and J. K. Vij, Liq. Cryst.12,

1005 ~1992!.
@10# F. Hide, N. A. Clark, K. Nito, A. Yasuda, and D. M. Walba

Phys. Rev. Lett.75, 2344~1995!.
@11# S. V. Shilov, H. Skupin, F. Kremer, T. Wittig, and R. Zente

Phys. Rev. Lett.79, 1686~1997!.
- @12# S. V. Shilov, E. Gebhard, H. Skupin, R. Zentel, and F. Krem
Macromolecules32, 1570~1999!.

@13# H. Skupin, F. Kremer, S. V. Shilov, P. Stein, and H. Finke
mann, Macromolecules32, 3746~1999!.

@14# S. V. Shilov, H. Skupin, F. Kremer, K. Skarp, P. Stein, and
Finkelmann, Proc. SPIE3318, 62 ~1998!.
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