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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 noramalghe column axis
N. 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.
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I. INTRODUCTION roelectrics were suggested in Reffg,3,6]. In one case, the

molecules rotate around the afisof the column. In another

In 1981 Prost proposed that the main prerequisites for the,se the {ilt of the disk normafswith respect to the column

appearance of ferroelectricity in columnar mesophasgs arfis N reverses through an untilted state with no molecular
the chirality of the molecules and the occurrence of a tilt of

. rotation around the column axis. According to a third mecha-
the individual molecules with respect to the column aXis njsm the molecular tilt direction, but not the molecules them-
[1] (Fig. 1). This suggestion was first realized experimentallyselves, rotate around the column axis. To date, it is unknown
by Bock and Helfrich who described bistable ferroelectric

switching for some dibenzopyrene derivatives in 1992

=]
Subsequently, columnar ferroelectrics were synthesized by % ‘_i,ezgf.'
Scherowsky and Chep3] and Heppkeet al. [4]. It was £ -
found that some dibenzopyrene derivatii@s5] and their A
mixtures[5] exhibit different phases in dependence of the £
external electric-field strength. The “low-field phaséor E X 2
electric fields less than 10 Wm) shows a smaller sponta- “ L
neous polarization and smaller reorientation angles of the
optical axis than the “high-field phase.” Based on the as- y
sumption of a quasihexagonal lattice Rf] describes ten- -

tative structures of these phases with four columns in each R | O
unit cell. A detailed study with x ray and synchrotron radia- Source | Polarizer @n@)
tion shows that the structure of the low-field phase is char-
acterized by a rectangular unit cell containing six columns FIG. 1. Scheme of the experimental setup. The polarizer angle
[7]. Although detailed information about the crystallographic ), the normal of the core disk, the column axisN, the tilt angle
structure is present, an analysis of the segmental arrangg; and the laboratory coordinate systeny,z are indicated. The
ments has not been given yet. direction of the polarization vector & =90 ° corresponds to the
Three possible mechanisms of switching in columnar fershearing direction.
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FIG. 2. Chemical structure of the dibenzopyrene under study.

The phase sequence is € Col < Iso. Upon cooling, no crys-
70° 126 °
tallization is observed. FIG. 3. ir spectra of a freshly sheared samplé&at0 V/um

for two different ir polarization planes.
which mechanism dominates in ferroelectric switching.
A powerful tool for studying the segmental orientations in

organic materials is the Fgurler—transform mfraré%ﬂ'—w). 5ample region of uniform orientation (208mx 200 xm)
spectroscopy. Recently FT-ir spectroscopy with unpolarize . .
was selected for the ir measurements. After sample position-

light was used to analyze the electric-field-induced phase ; . T :
transition in a ferroelectric dibenzopyreii@]. The depen- ng, the MICroscope. was swnche_d fro.m the visible light
dence of the intensity of the-€0 band on the electric field que to the ir mpde. _The propagation dlrept(tfrboratoryz
as observed in this reference cannot be explained by th@XiS of the polarized ir beam was perpendicular to the plane
model for the high-field phase suggested in Ré}. More of the WInC.IOWS K-y plane, .F|g. Lir _spectra were measured
specific information about the orientation of the different@s @ function of the polarizer rotation andle from 0 ° to
moieties under application of a static external electric fieldl70° in steps of 10 °. For each band under study the polar-
can be extracted, if the ir absorbance is measured with pdzation dependent absorbance is fitted according tdAty)
larized light of different polarization plané8]. Its combina-  (Appendi¥. This allows to determine the position€  and
tion with time-resolved FT-ir spectroscopy allows us to fol- {20+ 90°) of maximal and minimal absorbance with a pre-
low the molecular motion in the course of the ferroelectricCision of approximately-1 °. The polarization vector &2,
switching[10-13. determines the "apparent” average orientation of the corre-
In order to establish the segmental arrangements in théPonding transition moments, where "apparent” means that
low- and the high-field phase and to elucidate the mechanisiyst the vector components perpendicular to the ir-
of the molecular reorientation, we studied by FT-ir spectrosPropagation count. Therefore, a shift in th@(2) curves that
copy the orientation of the molecular moieties in columnarappear in response to the alternating external electric field
ferroelectric liquid crystals under the influence of externalreflects a reorientation of the corresponding molecular seg-

light mode of the microscope using crossed polarizers. A

static and alternating electric fields. ments. The dichroic rati® of the selected bands was calcu-
lated as the ratio of the maximum and minimum in the po-
Il EXPERIMENT larization dependent absorbance cunR=A(Qq)/A(Qq

+90 °)=Anax/ Amin-

The experimental setup for the ir experiments and the For measurements under the influence of a static external
chemical structure of the investigated substance 1,2,%lectric field, the ir spectra of the sample were recorded in
6,8,9,12,13-octakigS) —2 heptyloxyldibenzde,|]pyrene the routine rapid-scan mode of the FTS-6000 with a spectral
(D8mM*10) are shown in Figs. 1 and 2, respectively. Theresolution of 4 cm?. In order to collect time-resolved spec-
columnar phase is found within the temperature intervatra in course of the molecular reorientations in response to an
from 70 to 126 °C. The sample was oriented by shearing thalternating external electric field the step-scan technique was
liquid crystalline melt(at 110°C) between CaFwindows used. The scheme of the driving signals in the step-scan
coated with an ITQindium tin oxide layer in order to make mode is described elsewhefé4]. Time-resolved spectra
the surface conductive. An additional SiO layer protects thédhave been recorded with a time resolution ofy& and a
ITO electrodes from short circuits. Polyethylenterephtalatespectral resolution of 8 cnt.
spacers with a thickness of Zm were used to maintain a The measurements in the visible range were made in a
well defined spacing between the electrodes. setup principally similar to the ir setup: The transmission of

The FT-ir spectrometgiFTS-6000, Bio-Ragwas accom-  the sheared sample was monitored by means of a photomul-
plished with an ir microscopdUMA-500, Bio-Rad. The tiplier on top of a polarizing microscope. Its signal output
sample was positioned on the microscope stage in the visiblas recorded by a digital oscilloscope.
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=Anin), WhereAy . and Agy - are the peak absorbances at
0 =0° andQ)=90°, respectivelywhile bands due to alkyl

0.4 chain and carbonyl show parallel dichroism\g(-=Anin
. <Agg-=Anay- Taking into account the directions of transi-
0.2 tion moments for these bands it is possible to conclude from

the dichroism that the core plane and the axes of the alkyl
tails orient in average perpendicular to the shearing direction.
The same result was obtained from optical measurements
[15]. From that one can conclude that the axis of the columns
N formed by the molecular cores points parallel to the shear
direction. The dichroic ratios are given in Table I. The value
R=1.09(close to valueR=1 that is characteristic for isotro-
pic orientation for CH, bands proves a weak orientation of
the CH, groups.
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FIG. 4. Polar plot of the ir absorbance vs ir polarizer aniyle
for the 2930 cm! band (CH, open square symbpl the B. Molecular orientations in the low-field phase

71 . —
1777 cm * band(CO, circle symbol and the 1407 cnv: band The low-field phase for D8m*10 is formed at a field

(core, triangular symbal The q|bgnquyreng sample is freshly strengthE<10 V/um. Bistable ferroelectric switching was
sheared alno_l no ex.tef“a' electric f|eld_|s ap plied. The absc_)rba}nce SLserved in this phase, if the polarity of the external field is
323; rCaTQ z'zonlug('glr':gpgﬁ di. tzr;ﬁed;rﬁgsgrr:go;i:ggtigr?lanzatlon reverted. The different r_nolecular orientations for a positive
| and negative electric field are demonstrated by the polar
plots of the ir absorbance vs polarizer andi€Q)) [Fig.
lll. RESULTS AND DISCUSSION 5(a,b]. For the different bands the polarizer angles for which
A. Molecular orientation without field extremum absorbance is obtainggther (15 or Q7+90 °)
are no longer zero. Furthermofg, (or ,+90 °) for posi-

shown in Fig. 3 for two different polarization vectors. The ir five and for negative voltage differ in their signs but have the
9- P ' same absolute value. This absolute value is called the “ap-

absorbance versus polarizer anglg for selected bands is 1" as it d h le of th .
plotted in Fig. 4. The tentative assignments of some ir_parent ang as it denotes the angle of the apparent ori-

absorption bands are given in Tabldskecond column To entation Of, t?e cqrresponding segment with respest to the

derive information about segmental orientation from ir specc0lumn axisN, which is represented b =90°. The “ap-

tra in polarized light one needs to know the direction of theParent angle” is maximal for the 1484 crﬁicore band ©

ir transition moment for the corresponding band relative to™32°) while it is minimal for the 2930 cm' band (CH

the molecular axes. It is well known that the transition mo-tails). The nonzero values fd 9,4 and for® 1454 prove that

ment for the carbonyl band at 1777 chis directed nearly neither the average alkyl tail nor the core plane are oriented

along the G=0 bond. The bands assigned to the, Qjfoups ~ NY longer perpenglcular to the shearing direction and hence

in the alkyl tails at 2930 and 2859 crh have the transition to the column axiN. The difference in these tw® values

moment perpendicular to the alkyl chain in all-trans confor-shows that the alkyl chains and the plane of the core are

mation. The transition moments of bands at 1540, 1484, aniclined to each other as well1]. This result supports the

1407 cm® (molecular corg are nearly in the plane of the conjecture concerning tail deflection made in Réi.

core. The apparen® angles and dichroic ratios for selected
As can be seen from Figs. 3 and 4 the bands assigned ands obtained from absorption versus polarization plots are

the core show perpendicular dichroistAg(-=Amac>Agee  SUMmarized in Table [columns 3 and ¥ Analyzing this

table one can observe that tke values for the bands as-

TABLE I. Band assignment, dichroic ratidg and apparent tilt  Signed to the cor¢1540, 1484, 1407, and 1248 cr) are

angles® for the different-field dependent phases of the dibenzopy-different from each other. As shown earlig5] the differ-

The ir spectra of a freshly sheared sample at 110°C ar

rene derivative D8m*10. ence in apparent angles results from the noncylindrical sym-
metry of the orientation distribution function of ir transition
Band _ No Low-field High-field  moments around the normal of the core planeThe core
position (cm”)  Assignment  field  phase phase  pands exhibit low values of the dichroism of the core bands

R R ©/° R 0/° (Table ). This may ascribe to different directions of the cores
in neighboring column§Fig. 5(c)] as proposed earligb,7].

2930 CH 1.06 1.09 40 109 91 . . .

Vas (Ch) The corresponding models for the different column orienta-
2859 vs (CHy) 1.10 1.12 25 112 50 .. . ; ha i o

tions are discussed in conjunction with the field-induced

1777 v (C=0) 2.60 3.25 13.3 6.32 252 phase change in the next section
1540 v (C—C)yy 1.06 1.59 45.0 4.47 43.0 '
1484 v (C—C);y 1.28 1.75 31.8 3.05 38.3 . S o
1407 » (C—C),, 180 164 18.3 3.18 302 C. Molecular orientations in the high-field phase
1248 vas (C—O—C) 2.69 3.03 13.1 6.23 24.3 The transition to the high-field phase is observed in an

external electric fieldE>10 V/um. Polar plots of the ir
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FIG. 5. Polar plots of the ir absorbance vs ir polarizer aglefor the 2930 cm? band (CH, open square symbplthe 1777 cm?
band(CO, circle symbal, and the 1407 cm' band(core, triangular symbal The results are shown for dibenzopyrene in the low-field
phase aE=+9 V/um (a) and atE=—-9 V/um (b) and in the high-field phase &= +20 V/um (d) and atE=—20 V/um (e). The
columns in the low-field phase have differently oriented tilt plaf®swhereas in the high-field phagg a homogeneous orientation of the
columns can be deduced. The viewing direction of the sket@esnd (f) is normal to the cell windows.

absorbance vs polarizer angle are shown in Figd) &nd  From the fact that the spontaneous polarization of the high-

5(e) for positive and negative external electric fields. Thefield phase was measured to be three times larger than those

apparent tilt angle®® and dichroic ratiosR for selected of the low-field phase, it was deduced that the high-field

bands are given in Table I. The transition to the high-fieldphase is characterized by the homogeneous orientation of the

phase results in an increase of Bevalues for all molecular columnsl[7].

segments. This is in accordance with the earlier described  a)

electro-optical observation of higher tilt angles in the high- ¢=oo® é @ @1800@ @ ®

field phase[2,6]. Similar to the low-field phase the differ- Zi0 300 SR

ences in thed values for bands assigned to the alk¥®30

and the 2859 cm') and those assigned to the core reflect

the deflection of alkyl chains with respect to the core plane. b) @ /f) c)
\

The noncoincidence of th® values for the different core @ ) f)
G
DD

bands is again due to the biased rotation of the core around ) (@@ /> é

its axisn. @ @ @

In addition to the apparent angles, the dichroic rader Q\\ @@ (J S ® @ J
the different bands are also considerably higher for the high- ((:J @
field phase than for the low-field phase. A detailed analysis low-field structure high-field

of x-ray and synchrotron scattering data led to sixteen pos- Typel Type ll structure

sible crystallographic structures for the low-field ph&gg
Their unit cells contain six discotic columns that are pOIntIngorientation of their tilt plane. Only one disk per column is drawn,

to four or five different directions, respectivelfig. 6b)]. g e the viewing direction is along the column axt®. Two of the

The columns can be characterized by the anglef their  gjyteen different structures for the low-field phase derived from Ref.
polarization vector with respect to the macroscopic Spontar7|. ror the infrared measurements these structures can be classified
neous polarization of the entire phg$eg. 6@]. Due to the  jnto two types containing either fivéType I) or four (Type Il)
different orientation of the columns, their molecular dipolesgifferently oriented columns. The absorbance ellipsoids of each of
are partly averaged out and the macroscopic spontaneous p@ese structures are described by E&9). (c) Structure for the
larization in all of the proposed structures are one third of thenigh-field phase containing columns with a homogeneous tilt-plane
structure with homogeneous column orientatjéig. 6(c)]. orientation.

FIG. 6. (a) Sketch of the six types of columns differing in the
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D. Quantitative comparison of the polarizer dependent 0y=9.3°+0.6"°.
absorbance for the low- and the high-field phases
These values calculated from the high-field phase data on the
basis of the proposed model for the field-induced phase tran-
sition should coincide with the measurement results for the
ow-field phase. For that the low field phase data in Fig.
(a,b are fitted according to EqA14),

For the purpose of the analysis of infrared dichroism it is
sufficient to regard the number of differently oriented col-
umns in the unit cell of a structure, while the positions of the
different columns do not play a role. Consequently, the 1
possible low-field structures derived in RET] can be clas-
sified into two types of structures. Type | classifies structures
in which the unit cells contain two columns with dipoles <Mi/>=0.0252t0.0015,
pointing along the macroscopic polarizatiogp€0 °), and
one of each column witlkp=60°, 120°, 240°, and 300 °.
The unit cells of the structures of Type Il contain one column
with ¢=0° and with ¢»=180° and two columns withp
=60° and with¢p=300 °, respectively. 0,=13.1°+0.9°.

For the two types of low-field phase structures and for the
high-field phase structure we calculated the dependence of The fact that the results in E¢B) exhibit just small de-
the infrared absorbance from the polarization vecsge)  Viations from those in Eq(2) supports the proposed model

(see Appendix By fitting the experimentah(Q) data with f(_)r Fhe fi_eld_-induced phase traqs_ition. Neverthe_less, the de-
Eq. (A14) one obtains the paramete(&z) <M2> and Viations indicate that some a(_:idmonal changes in the colum-
{11y, which are the average of the prodxu;:t of yGE’iCh fwo jfnar structure takes place_ during the transition from the low-
tra>r(15iyti(;n moment components along the laboratogndy field phas_e tp t'he high-field phase. It s.houlld be also noted
axis. For the high-field phase E@\4) links these parameters that the biaxiality of the absorbance ellipsaike the next

to two principle axes of the absorbance eIIips@é), <“37> but one paragraptas not been taken into consideration yet.

and to the tilt angle of the principlé axis with respect to the

columnar axisN. By assuming rotational symmetry for the . _ _
distribution of the transition moment$,4§])=(,u§>) the ori- To follow the molecular motion during ferroelectric

entational order parameter can be estimated according to Switching we recorded time-resolved ir spectra for a com-
plete set of ir beam polarizations frofd=0 ° to 170°. By

s 1-Reo 1 " that we obtained plots of the ir absorbance vs polarizer angle
= ; at time intervals of 5us during the ferroelectric switching.
1+2Re01 0.53 co$—1) The evolution of the different apparent angt@swith time as
extracted from the data are plotted in Figa)7 One can state
that these® (t) profiles for all selected bands behave simi-
larly: immediately after the field reversio@at t=0) the ®
values are decreased by a few degrees, which takes a time of
approximately 20us [region |, see insert in Fig.(@]. Dur-
ing the following time interval of approx. 20(ks the change

<M§,>:o.0820t 0.0017, 3)

E. Orientational dynamics in the high-field phase

where Rgo=(u2)/(u2) would be the dichroic ratio of an
infinite thin sample ang3 is the angle formed by the core

axisn and the transition moment of the absorption band.
For an application of Eq(l) we take the 1248 cmt

band, which is the band with the highest dichroic ratio

among the bands assigned to the core. From theaisord- e @ angles is slowed dowtregion I)). In the region Ill

ing to E(2:1.(A14)] of the data in Figs. gﬁ,e) we obtain for this  yhe molecules reorient to a large angular extent and reach the
band{ug)=0.015 99t 0'00025’ (u7)=0.09404-0.0030,  gecond stabilized state after approximately 266. Similar
and «=(=24.3°-1.0°. Assuming rotational symmetry gpservations are made in the polarization microsddpe.

2 2 it . . k
((mz)=(nu3)) and an angles of the transition moment of  7(py)]. Below we will analyze the molecular motion in these
90°, the orientational order parameter becon®s0.78  regions in detail.

+0.16. Order parameters of a similar value are also found in

rodlike ferroelectric liquid crystals. 1. Region |
For the low-field phase one has to distinguish between the

absorbance ellipsoid, which refers to the coordinate systergn

&,m,¢ of a column and that one which refers to the principle

axes framgPAF) x’, y', 2 in the laboratory system. Taking set of 20 Vjum (temperature: 110 °C). Under these condi-

th? values(,u@, <{“31>’.anda for the 1248 cm band _Ob' . tions the sample is kept in one of the states of the high-field
talned_ from the high-field phase measurements and msequgnase_ Thus the alternating part of the electric field can in-
them in the Eqs(A9) and (A17) one should obtain for the 06 only small reorientations around this equilibrium posi-
same band in the low-field phase tion. For a fixed ir polarizer position the corresponding time-
resolved absorbance profiles are presented in Faj. 8his
<,u)2(,>=0.0269*_‘ 0.0037, figure shows the linearity between the changes in the absor-
bance and the voltage. Electro-optical studieg. 8b)] sup-
5 port these findings. Hence this fast molecular motion is not
<My'>:0-0890t 0.0035, 2 ferroelectric. It may result from small changes in either the

The fast molecular motion in this region is additionally
alyzed by following the ir absorbance in response to a
triangular electric field of 15 \itm (2405 H2 with an off-
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FIG. 7. (a) Time-resolved profiles for the apparent tilt angles for  FIG. 8. (a) Absorbance modulation for selected bands due to an
selected absorption bands showing three regions with different maelectric field showing a linear response on application of a triangu-
lecular mobility. Region | is enlarged in the insert. The polarity of |ar voltage in the high-field phase. The time dependence of the
the electric field E=+25 V/um) is reversed at=0. (b) Optical ~ external electric fieldac field =15 V/um, +20 V/um dc bias
transmissior(white light) of a sheared sample between crossed po-ield) is indicated. (b) Optical transmission(white light) of a
larizers in response to a rectangular ac figlpproximately  sheared sample between crossed polarizers in response to a high-
+15 V/um, 5 H2. frequency triangular ac fielthpproximately+50 V/um, 100 kHz;

the phase shift is due to the cell capacitance
azimuthal rotation or the tilt angle of the discotic columns

(electrocliniclike. An analysis of the actual reorientation
path is given later.

2. Region I

The delay between the field reversal and the reorientation
to the second surface-stabilized state for D8m*10 was also ;:‘\:',::_I electric field
observed by electro-optical studigRef.[13] and Fig. 7b)]. 12
It was proposed that this delay in the reorientation in discotic
liquid crystals is related to a decomposition of monodomains
into smaller domains that are separated by dislocation walls

or by melt channel§15].

3. Region 11l

-1
1407 cm
£

dichroic ratio

The switching mechanism in this region is elucidated by a
detailed analysis of the time dependence of the absorbance 2r N~ 1484 o™
vs polarizer angle ploté(t) for the bands assigned to the 0 L il . L L
core. From that the time dependence of the measured dy- 0 200 400 600 800 1000
namic dichroic ratiofR(t) = A.(t)/Anin(t) and that of the time {us)
ir absorbances for two fixed polarizatiors, —go+(t) and FIG. 9. Time-resolved dichroic ratios for selected bands during

Aq_45-(t) are presented in Figs. 9 and 10 correspondinglythe switching from the initial statéA) to the second surface stabi-
Figure 9 shows thaR is not constant and reaches a maxi- lized state(C) via an intermediate stat@).
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25 Viym m electric field .TAB.‘LE .II. Lenths qf the principle axes pf different absorpange
-25Vium_ . , , , — ellipsoids in the high-field phase of the dibenzopyrene derivative
0.03]3) - 1407 o s D8m*10 as determined by time-resolved FTIR measurements.

2 0.02 . . : . . '1348Icm‘:r Oo - > 2 2

go'oa_ b) 6880 | _ .Band B Assignment (mey  (u5)  (up)

5 4 position (cn *) Error=+0.001

g 0.06- 1o 2930 vas (CH) 0330 0302 0.304

-% 1248 om" .;"; 1777 v (C=0) 0.533 0.098 0.172

2 004, 1q 1484 v (C—C)a 0.015 0.085 0.063

1407 v (C—C)y, 0.015 0.079 0.065

02 T 1248 Vas (C—O—C) 0.008 0.079 0.062

0 200 400 600 800 1000
time (us)
The reorientation through an untilted stafég. 11(a)] is
FIG. 10. Time-resolved ir absorbance profiles for the ir polar-described by Eq(A4) when the tilt anglex of the cores is
ization vector being parallel to the shearing directignand form-  taken as being time dependent= «(t). By that, all three
ing an angle of) =45 ° to the shearing directiofi). expressions(,ui), </J«§>: and <quy> become time depen-
dent, whereas in the PAF description the expressions
mum att<<0 (before the field reverspland att>600 us <,ui,>, <,u§,>, and, therefore, the dichroic ratR remain
(after the reorientation is completed Approximately constant. The experiment shows contrary behavior:
400 us after the field reversaR reaches its lowest value. d(Ag—go-)/dt=0 anddR/dt+0. This allows one to exclude
While no absorbance change is observed at an ir polarizatiotihe model of reorientation through an untilted state.
angle)=90° [Fig. 10@)], the maximal change in the ab- In the second model only the disk normals but not the
sorption is detected afl=45° [Fig. 10b)]. It should be disks themselves rotate along the column g¥kig. 11(b)].
noted that for the core bands the absorbance vs polarizatiorhe reorientation according to this model can be described
plot A, at timet=0 (before reversion in polarilyshows by Eq. (A8) with the azimuth anglep being time depen-
higher dichroic ratiogFig. 9, Table ) than the correspond- dent. The conditiond(Aq_gq-)/dt~d(u2)/dt=0 is then
ing A, measurement at a static electric figdg. 5(d), Table just fulfilled, if all absorbance ellipsoids of the columns are
[]. This indicates an increased orientational order that is obuniaxial: <,u,§]>=<,u§>. This uniaxiality is not in accordance
viously caused by the stronger electric field in the time-with the biased rotational distribution of at least two of the
dependent experiment. transition moments assigned to the c¢see above There-
fore, the second model is not appropriate to describe the
observed reorientation behavior.

The rotation of the molecules around the column axis
An analysis of the absorbance modulation for the differen{Fig. 11(c)] are described by EqA6) with ¢= ¢(t). Since
polarizer positions allows one to determine the reorientatiorqlui) becomes time independent then, the observation
path of the discotic columns. For that one has to calculat@(AQ:90 )/dt=0 [Fig. 10a)] can be explained within this
how the expression§uZ), (7)., and(uyuy) evolve within  third model. Similarly it can be shown that the application of
the three different models of the reorientation pathl  Eq. (A6) leads to the observed modulations of the dichroic
through an untilted stateb) by rotation of the disk normal ratio and of the absorbance at an polarizer arf@le 45 °
only, and(c) by rotation of the discotic molecules around the [Fig. 10b)].
column axisN (Fig. 11). For simplicity we neglect the de- Once it is known that the reorientation of the molecules

viations  between (uf) and Ag_g-, (ul), and takes place as a rotation around the column &kisne can
Ag—oer  2(uxpy), and Ag-_ss— -—Ag-135-) that occur use Eq.(A6) and the fitting data of the absorbances versus
due to the final thickness of the sampkeg. (A13)]. polarization plotsA, for all timest in order to determine the

F. Determination of the reorientation path and the biaxiality

FIG. 11. Models for the reorientation path of a general absorbance elligapi@eorientation in the tilt plangb) Rotation of the disk
normal only.(c) Rotation of the molecules on a cone around the column axis. Note the different behavionyoditldeg axis in partgb) and
(c). The electric field is applied normal to the drawing plane. In this skétistthe longest of the three axes. This does not coincide with the
findings for the phenyl absorbance ellipsoids but is chosen for graphical reasons only.
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FIG. 12. Normalized time-resolved profiles for the apparent tilt  FIG. 13. Absorbance modulation for selected bands due to an
angles for selected absorption bands of Fig).7The noncoinci-  electric field showing a linear response on application of a triangu-
dence of these curves is not an equivocal proof of an asynchronouar voltage in the low-field phase. The time dependence of the ex-
reorientation behavior of different molecular segments. ternal electric field is indicated.

biaxiality ((u2), (u5), and(u?)) of the different absor- pecially for tilted biaxial phases, a synchronous reorientation
bance ellipsoid¢Table Il). These results show different de- of molecular moieties can also lead to asynchronous re-
grees of biaxiality for the bands assigned to the core. TW&ponses of the time-resolved normalized apparent angles
reasons for the blaXla“ty of the absorbance e"ipSOidS Shoulgzo] Hence, an unequivoca| interpretation of the noncoinci-

be noted. First, the possibility of the disks to fluctuate alongjence of the) oy curves in Fig. 12 cannot be given here.
the tilt angle and along the tilt azimuth angle may be differ-

ent, which usually is expressed by a transverse order param-
eter D#0. Second, the transition moments in each single . ] ) o
disk molecules may be asymmetrically distributed. Though In the low-field phase the reorientation dynamics is also
the noncylindrical symmetry of the disk core is obvid&g. characterized by three different regions similar to that in the
2), an analysis of the distribution of the different transition high-field phase: after a fast initial response in region | a
moments in this core is beyond the aim of this paper. plateau is formed in region Il that is followed by a reorien-
The method for the determination of the reorientation patﬁation to a second surface stabilized state in region Ill. These
as done for the ferroelectric switching can also be applied téesults have been obtained by electro-optical measurements
the fast initial reorientation process. From the facts that thé@nly. Unfortunately, due to technical limitations of our ir
(12) is not modulated and that the dichroic ratio decrease§etector preamplifier we cannot follow the slow process in
during this reorientation, one must conclude that this initial"®9ion I1in the low-field phase by time-resolved FT-ir spec-
process is not electrocliniclike but can be described by 4r0Scopy. For this reason only the initial fast response on the
rotation of the discotic molecules around the column axidi€ld reversal has been studied in this phase. The results
(i.e., on the tilt coneby a few degrees. This process might s_hown in F|g._ 13 are similar to that obtained for the high-
be due to an inclination of the columnar axis with respect tdi€ld phase[Fig. 8@)], the absorbance for selected bands
the electrodes, similarly to the chevron structure observed ifhanges linearly with voltage. o _
the SmC* phase of calamitic liquid crystals. This result The mechanism of the reorientation in the low-field phase
disproves our preliminary presumption of an electrocliniclike S€€MS to be similar to that for the high-field phase: Both the
characteristic of this initial response that was reviewed if@st and the ferroelectriclike reorientation take place by a

H. Orientation dynamics in the low-field phase

Ref. [17]. rotation around the column axis. The fact that the initial
response is faster than the subsequent reorientation shows
G. Synchronism of the molecular reorientation that these two processes have different driving forces. Re-

, . storing elastic forces lead to an initial fast relaxation from an
In order to compare the time-resolved profiles of the apgectrical induced structure with probably inclined column
parent angled), of different bands(Fig. 7), these values  gientations. Compared to that the ferroelectriclike response

are normalized according t0Qon(t)=[Qo(t) —Qo(t s characterized by a comparatively slower reversal of the

curves as shown in Fig. 12 do not coincide with each other.
Usually, a noncoincidence of the normalized time-dependent
apparent angles of different bands is taken as a proof of
asynchronous reorientation behavior of the corresponding FT-ir spectroscopy with polarized light enables one to elu-
molecular moietie$10,18,19. Deviating from this interpre- cidate the static arrangements in ferroelectric switchable dis-
tation, we found recently that such a noncoincidence cawotic columnar liquid crystals. It was confirmed that in the

result from the geometry of the experiment ald26]. Es- low-field phase the columns differ by the orientation of their

IV. CONCLUSION
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disk normals with respect to the laboratory frame. In thetilted in the x-y plane by an anglex with respect to the
high-field phase a homogeneous orientation of the columngolumn axis  [Fig. 11(a)]. Therefore, each
is deduced. In both phases the alkyl tails are deflected witfransition moment that is described in the columnar prin-
respect to the core planes. ciple axis frame of this type of column by the vector

Time-resolved FT-ir spectroscopy allows the possibility Of(,ug,,u, ,M)T is transformed into the laboratory frame
following the reorientation dynamics under the influence of(x,y,zfZr by application of a rotation matrix

an alternating external electric field with a time resolution of

5 us. It was detected that in both the high- and the low-field ca —sa 0

phases the reorientation from the first to the second state Hx Mg M
passes thrge reg_ions: a fast inif[ial response, a slowing dpwn py | =DZ| w, | = Sa¢ ca O .

of the reorientation rate, and finally a second acceleration. 0 0o 1

Both the fast initial and the slower final reorientation to the Kz Ke Ke
second surface stabilized state are characterized by a rotation (A3)

of the molecules around the columnar axis. A similar switch-_l_h tatiorD? ¢ tati dth
ing behavior is found in the low-field phase. e notatiorD,, represents a rotation around the axts an

anglea andsa andca are abbreviations for sim and cosy.
By averaging over all transition moments in this column
type one obtains the parameters that describe the absorbance
The authors wish to thank H. Bock for the synthesis of thein the laboratory fram¢Eq. (A1)],
material Dm8*10. Financial support by Sfb 335 “Anisotrope
Fluide” and the Innovationskolleg “Plmmene an den Min- (M§>=<M§>00§a+<ﬂi>5inza.
iaturisierungsgrenzen” is gratefully acknowledged. S.V.S.
would like to thank the Alexander von Humboldt Foundation
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APPENDIX (tatay) ={(n3) = (w3} cosasina,

Thead_ependence of the absorbance from th_e polarizatioQnq similar expressions f(w@, {pxs), and{ sy pu). Here
vector e is expressed by an absorbance ellipsoid we made use of the fact that in the principle axis frame the
equation(ugmﬁ:(fﬂﬁuag(ﬂgug):o”i_s Va_'cijd- 4 the col
A=) =(uD 2+ ( u2) €2+ ( u2) 2+ 2 ce For a rotation of the absorbance ellipsoid around the col-

(O=((ne)=(moext(nyeyt(ua)€rt 2uxmy) exey umn axis by an angle [Figs. §a), 11(c)], the transforma-
T 2( xpt ) €x€,+ 2{ sy ) €€, (A1) tion from the absorbance ellipsoid PAF into the laboratory

system is performed by the successive application of two
where(uiu;) denotes the average value of the product ofrotation matrices
two components andj of the infrared transition momenﬁs.
By an appropriate coordinate transformation into the labora-

apk ! ¢ n My Mg Ca —Sa 0
tory principle axis framegL-PAF) Eqg. (A1) simplifies to

My | =DyDL| My CPsa coca —s¢

- = 2 2 2 2 2 2 S¢Sa S¢PCa Cc
A(e):<(lu’6)2>:<lu’x’>6x’+<Iu'y’>6y’+<Iu’z’>6z" Mz Mg ¢ ¢ d)
(AZ) /L§
If the phase contains differently oriented columns it is use- X By |, (AS)
ful to introduce alsm absorbance ellipsoids for each type of oy

column orientation. It should be noted that thesebsor-
bance ellipsoids just differ in the orientation but not in thewhich leads to
lengths of their axes. In other words, in each of their PAFs
thesen ellipsoids are identical. This columnar principle axis (M§>=<M§)co§a+<,ufy>sin2a,
frame (C-PAF) should be denoted bg, 7,{.
First we calculate how the orientation of the column and,

therefore, the orientation of the C-PAF transforms into the (u5)y=(uf)sirta codp+(u’)coda cosep
laboratory coordinate systeftaboratory frame LF The LF o

can be defined by the plane in which the polarizer is rotated. +<'“€>S'n2¢’ (AG)
This plane is parallel to the cell surface and is defined as the

laboratoryx-y plane. The polarizer angl@ =90° defines (mxpy)={(uf) —(u?)}cosa sina cose.

thex axis, which is parallel to the axis of the columns. The

axis coincides with the ir polarization & =0 °. Thez axis Finally the cores axis but not the molecules themselves

is parallel to the ir beam propagatidRig. 1). The simplest may be rotated by an angtg around thex axis. That means
case deals with columns in which the core molecules ar¢hat the molecules are no longer tilted initially in they
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plane and then are rotated along thaxis. Instead the mol- For a comparison with the experimental results one has to

ecules are tilted in a plane that forms an angleith respect  take into account how the polarization vectovaries with
to thex-y plane[Fig. 11(b)]. The corresponding transforma- the rotation angle of the infrared polarizer. As the beam

tion is described by propagates along the laborataryaxis one gets
. W g sin{}
Ky ZDQDZDX_(ﬁ o (A?) EZE: cos() , (AlO)
1z M 0

for which internal field effects are neglected.
Ca —SaCo —Sasq¢ Mg Inserting Eq.(A10) into Eq. (Al) yields

=| cgsa  c’pca+s’y cosp(ca—1) || u, |,
s¢sa cosp(ca—1) s*pca+c?p oy

which leads to (A11)

A(Q) =(u)SIPQ+(ug)coS O+ 2( pypny)cosQ sinQ).

5 ) o . _ By a coordinate transformation E¢A11) becomes
(ugy=(mg)coSa+(us)sifa cos ¢+ (uz)sifa sirte,
A(Q) = (g, ) COF(Q — Qo)+l )SI(Q — Q).
(u5)=(puZ)sirta cos¢+(u2)(cosa cos ¢ +sirf ¢)? (A12)
+(u?)sirtp codg(cosa—1)?, (A8) Equations(A11) and (A12) are just valid for infinite thin
samples. Taking a finite sample thickness into account Eq.

(A12) must be rewritteri10,16
(mxtry)=(p)COSa SiNa COSh—(u’)(Sina cosa CoS ¢

2 2y
+sina cose sinf ) +(u2)(sina A(Q) = —log{10™ #x)co(Q — Q) + 10 #yIsin?(Q
—sina cosa)sir’ ¢ cosd. —Qg)}=—1og{0.5 10 () 4 10’“‘5’))
For the low-field structures the absorbance ellipsoid +o_5(10*<#§r>—10*<#§r>)cosz(Q—QO)}_

in the LF is obtained by averaging the paramet{amﬁ),
(,uf,), and (uyuy) of Eq. (A6) over the different type of
columns. For the structures of Type [bee Fig. @)]  Hence by fitting the polarizer dependent absorbance plots
one obtains: <M|MJ>TypeII 6<M|/~LJ>¢ 0° +6</-L|M]>zf> 180° with

+ & (ki) g=g0oF 8{Mik) =300 With i,j e {x,y,2}. Insert-
ing the values according to EGAG) results in A(Q)=—log{f,+f,cosAQ—Qo)}, (A14)

(A13)

( 2> —( 2)C052a+< 2>sin2a one obtains the three parameters that describe the intersec-
Kx/Typell =\ K¢ Ko ' tion of the absorbance ellipsoids with the plane normal to the
beam propagation

2 _52-n2+1252+£2 2 2
(my)rypen=5 (Hesitat 5 (uo)cosat o (up), (uhy=—log{f1+f}.(ul)=—log{f,—f,} and Q.

(A15)

1
2 2 -
== — cosa sine, A9 . .
(kaxtty)Typen 3{<'u§> (uihicosasina, — (AS9) The coordinate transformation between the laboratory frame

and the principle axis frame of the intersecti@il, A12) is
and similar expressions fd2), (uyu,), and(uyu,). The  performed according to
same results are derived for the structures of Type I. The
high-field phase contains only one type of columns, which is SIRQ .+ co20)
described by Eq(A4). (a2 =) ° <'u % 0
During the reorientation in response to an external electric

2 2 :
field the columns change their orientation. The three models <Iu‘§>=<Mx’>CO§QO+<My'>SIn2901 (A16)
that are discussed as possible reorientation mechanisms are
described by Eq(A4) under the assumption that the tilt =)= (12))cosQ, sinQ
angle« is changed during the reorientation and by E6) pctty) = i) = () 0 o
and Eq.(A8) with ¢= ¢(t), respectively. and
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1 1 _
()= 5 () + o) + 5V ) = (o) >+ (2 pasy))?, Qozgarctan%, (A17)
Mx)— My

1 1
<M§/>= §(<M§>+ <M§>) _5\/(<P«>2<>_ <f“§>)2+ (2<,U«x,uy>)2, respectively.
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