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Infrared study of orientational order parameters of a ferroelectric liquid crystal
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A method of determining the set of four order parame&r®, P, andC for a ferroelectric liquid crystal,
using complementary results for different sample geometries, is presented. IR measurements have been per-
formed for homeotropic, planar heterogeneous and, planar homogenous sample geometries. Orientational order
parameters were determined in two frames of reference to obtain complete information on molecular arrange-
ment. Results for th®, P, and C parameters indicate the importance of both thiginsic and extrinsic
biaxialities. The molecular rotation around the long molecular axis is not free, and the carbonyl dipole and
plane of the central phenyl ring are oriented close to the tilt plane. It has been found that transition dipole
moments show significant correlations, antiparallel for longitudinal dipoles and parallel for transversal ones.
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I. INTRODUCTION (Ch-Sm<€*) phase transition sequence required for applica-

L . . tion in the half -V-shape switching modéiV-FLC). Such a
Molecular ordering in liquid crystal phases is the basicyqqe has been proposed in order to satisfy all conditions

phenomenon leading to a great variety of different liquid-rep)izing a fast response, gray-scale control, and small spon-

crystal (LC) structures. Presently a great deal of effort iSiyneqys polarization, which are necessary for application in

being put into elucidating the structure and polar properties,tive matrix liquid-crystal displaysAM-LCD's ).

of ferroelectric liquid crystals, due to their possible techno- | 1 present paper a complete set of order parameters
logical applications. Although many different theoretical has been obtained using IR absorbance components mea-

models have been suggested, the microscopic origin of thg e for homeotropic, planar heterogeneous, and planar ho-
organization of molecules in the chiral phases is still puz-

Zling. A number of methods have recently been used to Studmogenous sample geometries. The significance of all biaxial
the structure and orientational order of various ph§%e§]. b, P, andC parameters is shown.

Most applications of liquid crystals are based on using thell. IR ABSORBANCE COMPONENTS OF THE ORDERED
anisotropic properties and their dependence on the pressure, SYSTEMS
temperature, and external field. Basically, the macroscopic
anisotropic properties of liquid crystals are governed by their )
moleculgr bghaelior and thqe align)r/nent and (g)]rientationa>llorde'?e.ntS become dependent on th.e angle bgtwgen th.e alignment
of the constituent molecules. One of the interesting problem@’?IS and the polarlzatlon direction of thg incident light. At a
in liquid crystals that remains to be solved is determination"/crOSCOpIC level, the infrared aps_,orptl_on depends on the
of the relationship between the molecular and macroscopi ngle be_ztween the m(_)lecular transition dlpole momeior .
properties. It is therefore relevant that the various order pat— e particular _ab_sorpnqn band, and direction of the electrical
rameters of a given liquid crystal in different phases should’€ctor of the incident light. .
be determined. Any anisotropic properslectric permittiv- Using the generql results for transformation of second-
ity, refractive index, magnetic susceptibility, elastic modulus,rank tensor propertie§ld], these absorbance components

viscosity, etc) is determined if the order parameters and cor-can kiet_exprlessded n termstof trallfnf;]tmnr?lpole_ mor_nentf anéj
responding molecular property are known. orientational order parameters. e phase is uniaxial an

Infrared spectroscopy has been found to be very useful ine effect of molecular interaction. and local field can pe ig-
obtaining orientational information about molecular groupsnored’ then parallel and perpendicular components with re-

and particularly microscopic examination of the rotationalSpGCt to the optical axis become

In an orientationally ordered material, absorbance compo-

motion of the dipoles around the long molecular gxis13. =Ag+B{29 ()2 - ()2 + (u)?) ]+ iD((w)?
Polarized Fourier transform infrared-T-IR) spectroscopy A=A {35[ Hin = 2T m)] SR
can be used to study the orientational distribution and rota- - (,U«i)rzn)},

tion of selected transition dipoles in antiferroelectric, ferro-
electric, and paraelectric phases of homogeneously oriented A =A,- B{%S[(Mi)ﬁ - %((ﬂi)f + (Mi)ﬁ)] + %D((Mi)f
liquid-crystal samples. )

The ferrroelectric liquid crystalFLC) used in this study - (w3}, (1)

is a novel material with the cholesteric-chiral-smedic- whereAy=1/3(A+2A,) is the mean absorbance of the iso-

tropic fluid, &, um, andu, are components of the transition
moment for the particular absorption, aBdcontains some
*Corresponding author. Email address: kocot@us.edu.pl fundamental constants.
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FIG. 1. Structure and phase sequence of MHOBSS. All transi-
tion temperatures are in kelvin.

If the liquid-crystalline phase is biaxial, as with tilted
smectic phases, then any second-rank tensor property he
three independent principal components

Ax=Ag-B{3(S-P)[ ()2~ ()2 + (m)3)]
+ 23D - O ()2 - (w)A)}, 2

y

A _pll N2 _ 1o N2 32
Ay=Ag-B{3(S+P)[ ()2~ 3((m)? + (w)3) ] FIG. 2. (Color onling Optimized geometry and molecular frame
+ %(D+C)((Iu‘i)|2_(lu'i)ﬁl)}’ of referencg; most important groups with perpendicular dipoles
have been indicated: the carbonyl group and the methyl one at
chiral center.

Az =Ag+B{2 ()2 = 3(()? + (u)2) ] + 3D((y)?

2
('u')m)}' etry (DSC) experiment, are presented in Fig. 1.

These components are expressed in terms of the general or- The structure of the MHOBS5 molecule makes it very
der parameterS§, D, P, andC introduced for biaxial phases. convenient for infrared examination. The structure contains
They are defined by three diagonal Saupe ordering matricesnly one carbonyl groupC=0), one—C—O—C group
one for each of the three axeés;X, Y, Z; a=x,y, 2 S,;  and one—C—S—C- group. Therefore, each of them can
:<1/2(3|i,a|iﬂ_5aﬁ)>u wherel; , is the cosine of the angle be easily identified in the experimental spectra, and used for
between the molecular axisand laboratory or phase avis  consideration of the orientational order. To support the iden-

For a uniaxial molecule the long axis ordering is de-tification of peaks by microscopic data, the structure of the
scribed byS, while the phase biaxiality is given bp=S;, = MHOBSS5 molecule has been studied using the density func-
-Sf, The molecular biaxiality in a uniaxial phase is de- tion theory(DFT) method. Calculations were performed us-
scribed by the biaxial order parame®r S-S, but it is  ing the GAUSSIAN 98 applicationG98W) [16] with B3-LYP
possible to define a biaxial order parameter with respect téunctional and 6-31 polarized basis sé-31G). This
the X axis,D’:ﬁx—Sf/(y, orY axis,D”:S;fx— Y For uniaxial method has already been found as very useful in obtaining
phasesD’=D" but for biaxial phases a new biaxial order the structure of complex liquid crystalline moleculgs7].

parameter may be defined: Figure 2 shows the structure of the molecule and the molecu-
o v oy lar frame of reference chosen. Table | contains the most im-
C=D'-D"=(8,- S ~(Sx—S)). portant torsion angles of the mesogen part of the molecule.

pote that the central ring of the mesogen and the 0—S
group form an almost flat system and the ring planes form
small angles with each other.

It should be noted that in most cases the authors ignore
the biaxial order paramete(®, P, andC) without any jus-
tification, which makes the results obtained for iparam-
eter rather doubtful.

TABLE |. Torsion (dihedra) angles in the mesogen part of op-
Ill. DESCRIPTION OF THE MATERIAL timized geometry; all values are given with respect to the previous
element of the structure specified in the taldscept biphenyl

The ferroelectric LC material (S)-(+)-4-(1-methyl “+” indicates clockwise and-" counterclockwise direction of the

heptyloxybiphenyl{4’-pentylpheny}-thiobenzoate angle, looking from the chiral center of the molecule.
(MHOBS5) was used for our experiments. The compound,

from the new homologous series MHOBSvheren denotes  Groups Torsion anglegleg
the number of carbon atoms in the alkyl chain, was synthe

sized at the Institute of Chemistry, the University of PodlasieBiphenyl —34.9

in Siedlce(Poland. A detailed description of the synthesis, Phenyl-carbonyl group -2.6

as well as the mesomorphic properties of these liquid cryseosc -3.7

tals, is given elsewhergl5]. The molecular structure and CS-phenyl 63.9

phase sequence, obtained from differential scanning calorim
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FIG. 3. Experimental and calculated IR spec-

2 tra for MHOBS5: dashed line, parallel; dotted
< line, perpendicular components of the experimen-
tal spectra, respectively, and solid line, calculated
spectra.
1 L 1 L 1 //// 1 L 1 L 1 L | L 1
3200 3000 2800 " 1750 1500 1250 1000 750
v{cm™)
IV. FRAME OF REFERENCE to control the quality of the alignment of the sample in a

. . particular phase.
It Is usual to chaose the axis of the molecular frame of All infrared measurements were done with the Fourier
reference as parallel to the long molecular axis. It is no&ransform infrared spectrometer Bio-Rad  FTS-6000
trivial to define such an axis for the molecule with the rota—equipped with a fast mercury cadmium telluriddCT) de-

tional freedom of the _chaln segments. One of the pOSSIblﬁector. IR absorbance measurements were performed in the
methods is to choose it as the axis of the lowest moment o

inertia. For the MHOBS5 molecule, this axis coincides We”trangmission mode .With both ori_entations of the sample on
ith th.e ara axis of the biphen (se'e Fig. 2 Let us assign cooling and on.heatmg cycles, with a temperature step 0.5 K
mex axig to be in plane foFr)medyby thea%('is and the cart?o- and accumulatlon over 32 scans. In the temperature range of
nyl dipole. Thus the remaining axis is perpendicular to the the tilted phases_, add_ltlonal measurements were also d_one for
pomogenous orientation, which was obtained by applying an

g?rlgl?a nngI?r?;eée-rnTrixldlr;]Zir?Ir;ngleiag?at\il\éezgome 4Eaggotr;$éalectric field to the planar sample. Selected peaks of the IR
P central pnenyl ring p ' Spectra were then fitted using a numerical approximation of
central phenyl ring is almost in thex plane of the molecular

the Voigt function for strong peaks and the Gaussian function

frame. 2,
- L . for auxiliar ks.
For liquid-crystal phase of uniaxial symmetry as in non- or auxiliary peaxs
chiral nematics, for instance, the optic axis coincides with A. IR spectra and peak assignment

the average a"gnn_“e”t of the_ molecules so that it IS paral_lel_to For the optimized geometry of the molecule, a vibrational
the director. In chiral nematics, however, the optical axis is

spectrum has been calculated using the same settings of the
OFT method as for the geometric optimization. Calculated

e e e oo 4 frce constats have been sl usg a scled cuantu
y ' 9 mechanicalSQM) procedurg18,19.

bance components ar8y=A,#A,. If the liquid-crystal
phase is biaxial as in Si@-phase, then the absorbance has
three independent componerg # Ay # A,. It is common
for smectics to choose theé axis of the system to be along
the normal to the smectic layers.

Figure 3 shows polarized vibrational IR spectra for
MHOBSS5 in the SmE”™ phase and one obtained by convolu-
tion of the calculated discrete spectra with the Gaussian
function of 7 cmi* width. Comparison of both spectra is very
helpful for assigning vibrations to selected peaks in experi-
mental spectra. This gives us complete information on tran-

V. EXPERIMENTAL RESULTS AND DISCUSSION sition dipole momentsy;, values of their components, and
orientations in the molecular frame of reference. Table I

Two cells for infrared measurements were prepared usinghows assignment of vibrations for most important bands.
ZnSe windows and Mylar spacers:/3n for the homog- Bands in the region 3100—2800 cthuo not restore well due
enous and @um for the homeotropic cell. Homogenous to anharmonicity. Note that only three bands in the
alignment was obtained by coating the windows with a poly-1750—-550 crit region have perpendicular Symmetry
imide film (ZLI-2650 from MercK and rubbing in one direc- (1670 cm?, 825 cm?, and 650 crmt). Only the former one
tion. The windows were equipped with IT@hdium tin ox-  can be unequivocally specified.
ide) electrodes. Homeotropic orientation was forced using
carboxylatochromium complegchromolang coatings. Both B. Planar sample
cells were filled in the cholesteric phase. The texture of the Figure 4 shows the textures of the planar sample in vari-
sample was observed under a polarizing microscope in ordesus liquid-crystalline phases observed with polarized light
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TABLE 1l. Assignment of normal modes to experimental
bands.
Wave number
(em™h Assignment
2960 CH, asymmetric stretching &
2930 CH asymmetric stretching < M N* Is
2873 CH; symmetric stretching S
2860 CH symmetric stretching S
1670 C=0 stretching {
1600 Phenyl ring stretching
1523 Phenyl ring stretching ————— ——t—————
1495 Phenyl ring stretching 310 320 330 340 350 360 370 380 390 400
1248 C—0O—C asymmetric stretching T
1180 Phenyl ring CH in plane deformation FIG. 5. Normalized absorbance of phenyl ring stretching
900 Phenyl ring in plane stretching +Glbcking (1600 cmY) vs temperature for the planar sample: squares, cooling
825 Phenyl ring out of plang- phenyl ring cycle; circles, heating cycle.
demrmat_'on _+CH scissoring . 1180 cm?) their transition dipoles are parallel to the long
734 Phenyl ring in plane deformation +GH molecular axis. This is due to the increase of the order of the
Scissoring long molecular axes in the sample plane. No IR dichroism is
650 Phenyl ring out of plane- phenyl ring detectable for the planar sample in the nematic phase. Oppo-

site behavior is observed for dipolé850 cn?, 1670 cm?,
Fig. 6), which are almost perpendicular to the long molecular
axis. Small differences are noticed in the transition tempera-
and the supposed arrangements of molecules that correspofites on the heating and cooling cycle and the level of the
to them. Figures 5 and 6 show the absorbance behavior f@bsorbance varies also. The alignment of the molecules was
planar sample of phenyl stretchifh00 cm?) and carbonyl found to be planar with the helical rotation of the director;
stretching(1670 cm?), respectively. i.e., the helical axis is perpendicular to the sample plane.
On cooling from isotropic to nematic phas@*) a  Suchastructure is supported by the sample texfplemar or
gradual increase of the absorbance is observed for thgrandjean textupeobservatiorsee Fig. 4a) and the struc-

1600 cmi! band (Fig 5) and other bands(1495 cm’, ture of the_ phasg in Fig.(d)]. The Z axis is usually chosen _
as the optical axis of the phase. The measured absorbance is

therefore a perpendicular componei®ty or Ay) for the
uniaxial phas&1l):

A IAg=1-S+2(3S+D cos 2p)sir? B, (3)

where 8 is the angle between the transition dipole and the
long molecular axigwhich is the same as theaxis of the

in plane deformation

1.4
1.3 1

1.2 1

i e e e e e
T~ TN T TN T
e TN T T T T T
e T T T T T T
e T T T T T T
T TR T T T T, T
e T T T Tl T T
e T T T T Tl T
e T S T S T
e S N S S
e S S e S

(b) 2 1.1

1.0 1

0.9+

L T
i 11

08 T T T T T T T T T T T r T T T T T T T T T
310 320 330 340 350 360 370 380 390 400 410
FIG. 4. (Color onling Textures of the planar sampl@) a pla- T(K)
nar(Grandjeaptexture of the cholesteric phage) and(c) textures
of the SmC" and Sm}" phases, respectivelgl) and (e) arrange- FIG. 6. Normalized absorbance of carbonyl stretching
ment of molecules in the cholesteric and smectic phases, respett670 cm?) vs temperature for the planar sample: squares, cooling
tively, and(f) a mosaic texture of the SI® phase. cycle; circles, heating cycle.
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molecular frame of referent@nd ¢ is the azimuthal angle
between the transition dipole andaxis of the molecular
system.

At the transition to SnG" phase, a sudden drop of the
absorbance for the parallel baride., 1600 crii') is seen
primarily as a result of the structural rearrangement and, sec-
ond, due to the molecular tilt. Smectic layers are arranged
perpendicularly to the window plane. The helical structure is
practically removed due to the small sample thickness and
the director is tilted out of the cell plane, which is confirmed
by optical observation. So with a polarized IR beam we can
measure both th& component of the absorbance along the
optical axis and th&’ component in the perpendicular direc-

tion: FIG. 7. (Color onling Phase transition from the cholesteric to
the SmC” phase with applied electric field. Remains of cholesteric
AVA =1 +(S+ P)(g’sin2 B- 1) + %(D + C)sin2 B cos2p, phase are gradually replaced by a homogenous texture of the

(43) smecticC” phase.
_ i i the tilt of the transition dipoles that have different orienta-
AzlAo=1+S(2 -3 st B) - D sim Bcos2p.  (4b)  ions in the molecular frame of reference and are located in

Since the planar sample shows multidomain structure, wélifferent parts of the molecule. Figure 8 shows absorbance
cannot exactly separate teand Y components of the ab- Profiles for selected IR band$1600 cm?, 1670 cm*,
sorbance. So it is more convenient to measure the planar
component of absorbance, which is an average oAthand
Ay components, using a nonpolarized beam.

Transitions to the Snh- and further to the Sn&" phase
are accompanied by a drop of absorbance for the paralle
band and an increase for the perpendicular one. These can t
partly explained by the increase of the tilt angle, but on the 957
other hand, the increase of the orientational order may com:
pensate it. Phase S@- is supercooled to room temperature 0.0 4
and then the sample crystallizes. On heating the transition tc ]
the SmG" phase occurs at 336 K, but other transitions are 5 |
observed at temperatures similar to the ones for the coolin¢
run.

1.6 4

1.0+

C. Switching the planar sample by an electric field (a)1'5_

If we apply an electric field across the sample in the
Sm-C" phase, the director rotates about 30° with respect to
the alignment axis clockwise or counterclockwise depending
on the sign of the field. Under a polarizing microscope this is
observed as a switching the optical axis. It is useful to em- 107
ploy the effect to align the sample. Figure 7 illustrates one of 1
the aligning methods possible—i.e., the transition from the 0.5
cholesteric to the Sn&" phase under a low-voltage and ;
high-frequency applied electric field. Due to the characteris- g 1
tic phase sequend®N’—Sm-C") the compound exhibits the
“half-V-shape switching” effect. Therefore one direction of
the molecular axis is preferref®0,21. Under sufficiently
high electric field the sample shows completely unwound
homogenous structure. It results in particularly high values
of the IR absorbance dichroic rati&ig. 8). Such uniform
structure was confirmed by probing azimuthal angle proﬁle(b) 1.5-
across the sample by using attenuated total refle¢idiR)

IR method. FIG. 8. Absorbance profiles vs the polarizer rotation angle in the

Using polarized IR spectroscopy, we can detect rotation ofm-C* phase of the homogeneous MHOBS5 sample at 346aK:
the absorbance profiles following application of an electricfor E=-1 V/um, (b) for E=1 V/um; squares, 1600 cri circles,
field. The advantage of this method is the ability to measura670 cm?; triangles, 650 cm; lines, fit using formulas).

1.5+

1.0 4
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FIG. 9. Tilt angle vs temperature: solid squares, values mea- » g L
sured optically with a polarizing microscope; open squares, values
obtained from the rotation of the absorbance profile, line only for a
guide to the eye.

650 cnt). The profiles are fitted using the following rela- (c)

tion: absorbance versus polarization an@el0,13:
. FIG. 10. (Color onling Textures of the homeotropic sample)

A(w) = = logy[ 1074 + (1071 = 104)sin(@ = wo)], (5) a4 fingerprint texture of the cholesteric phag®, and (c) schlieren
whereA, andA, are the maximal and minimal values of the t€xtures of the Sn€" and Smi" phases, respectivelye) and (e)
absorbancey is the polarizer angle, and, is the angle for arranggment of moleculeg in the cholesteric jand smectic phases,
which a maximal absorbance is obtainéd.and Ay are ab- respectively, andf) a mosaic texture of the Si@- phase.
sorbances measured at angle 0° and 90° with respect to the
rubbing direction. It is clear from Fig. 8 that angles of rota- ment the anchoring effect is rather weak so layered structure
tion are significantly different for various IR bands under ourshould not be disturbed. Therefore the absorbance in the
investigation. However, the tilt angle measured for theSm-C phase(like in Smi" and Sm&' phasepis described
1600 cn® band is found to be in excellent agreement with@s an average of th& andAy components:
the optical tilt angle, Fig. 9. Different tilt angles measured _ 3 1N o
for varr)ious IR ban%s indigcate the importance %f the rotational (At Av)iAg=1 +S(§sm2 B- 1) *3D Sin’ B cos2p.
biasing for spinning rotation of molecules in SM-phase (7)
[9,13.

D. Homeotropic sample VI. CALCULATIONS OF ORDER PARAMETERS
Figure 10 contains textures of the homeotropically

aligned cell and the postulated molecular arrangement. Fig- N order to determine the order parameters let us make
ures 11 and 12 present the absorbance dependence ver$@§ne simple assumptions on the molecular structure. We as-
temperature of phenyl ring stretchiri600 cm*) and car-

bonyl stretching(1670 cm?) bands of this sample, respec-
tively. No IR dichroism is detectable for the cell in the whole 4 5 |
temperature range.

Absorbance in the nematic phase behaves differently. On
cooling the sample shows a finger print textlsee Fig. 1.0
10(a)], while on heating a focal conic one is obtained. For §
the finger print texture the helical axis is in the plane of the :\E' 0.8 SmG* E Smc* N* Is
sample film[Fig. 1Q(d)]; therefore, the measured absorbance ] &
is an average of the parallel and perpendicular component: 0.64 %?, d
which in uniaxial phase can be written as '

(A +A)2A0=1+35(1 - 3sir? B) - 3D sir? B cos2p. 0.4

(6)

_ o _ '300 310 320 330 340 350 360 370 380 390 400 410
In the second case, however, the helical axis is tilted with T(K)
respect to the substrate plane, so the corresponding formula
for the absorbance is not obvious. FIG. 11. Normalized absorbance of phenyl ring stretching

In the SmC" phase smectic layers are expected to bg1600 cmi?l) vs temperature for the homeotropic sample: squares,

parallel to the windows of the cell. For homeotropical align- cooling cycle; circles, heating cycle.
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1.6

1 M 1 T 1 T 1 T 1 T T T 1 ' T T 1 M T
1 2 4 7 4 T T T T T T T T T T T T T
300 310 320 330 340 350 360 370 380 390 400 330 310 350 360 370 380 390 400
T(K)
T (K)
FIG. 12. Normalized absorbance of carbonyl stretching
(1670 cm?) vs temperature for the homeotropic sample: squares

cooling cycle; circles, heating cycle.

FIG. 14. Order parameters, laboratory frame: squa&esrcles,
D; up triangles,P; down trianglesC; solid line, sirf 6.

sume the angles between transition dipoles and the long m omeotropically aligned cell using the same valégsand

lecular axis is 5° for a phenyl ringl600 cnT')—this should Ylistr\:\éelrlleariattr;g “Eair;gtlﬁe mean absorbance remains nearl
be the mean value for three rings, unseparable in spectra—- P y

and 64° for carbonyl group stretching vibrations. Such vaI-the same as in isotropic phase. In the smectic phases how-

. . ever, we can observe a significant departure from that value
ues have been obtained from DFT calculatigsee Sec. Il which probably originated from correlations between transi-

bgt they are close to the ones reported for similar ferroelect-ion dipoles. It has been found in tilted phases that longitu-
tric compoundg22]. . o . . .
dinal transition dipoles show preferable antiparallel orienta-
tions, but transversal dipoles have rather parallel ones due to
A. Correlations between transition dipole moments. the arrangement of the molecules in smectic layers. This ef-
From Egs.(2) it arises that the mean absorbandg fe_ct ha§ already been obseryed for permanent dipoles using
=(Ax+Ay+Az)/3 is a constant. However, if intermolecular diEIECtric spectroscopf23]. Since the valug, is not con-
interactions become important in the mesophase, the meafi@nt On the transition to lower phases, it is reasonable to
absorbance may depart from its value in the isotropic phas&Cale the absorbance components with respect to the average
Figure 13 shows the mean absorbance versus temperatufSorbance for each temperature.
Ag=(Ax+Ay+A,)/3. For smectic phases, the valukg and
A, have been taken from the measurement of the planar ho- ~ B. S, D, P, and C parameters: Laboratory frame
mogenous cell. The ValUAY has been obtained from the In the nematic phase 0n|y tfeand D order parameters
have nonzero values. Using two chosen vibrations
(1600 cm?, 1670 cm?) we can use measured values of ab-

1.2 sorbance of the planar sample and solve the two equations
(3) derived for two selected bands with two variables for
each temperature point. Figure 14 shows the negative value

1.04 of the Sorder parameter approaching —0.4 at the transition to

. smectic phase. This indicates a good helical nematic order
< 0.8+ with helical axis perpendicular to the windows of the cell.
< ] . The perfect helical-planar alignment should correspond the

- SmG* E SmC* N* valueS=-0.5. TheD parameter, which indicates the molecu-

lar biaxiality, is also negative, which means that on the av-
erage the moleculay axis forms a smaller angle than tke
0.4 axis with respect to th& axis (helical axig.
For calculation of the parameters in tilted smectic phases
. . . . . . . . . we need to consider three independent space components of
310 320 330 340 350 360 370 380 the absorbance measured for two chosen vibrations
TK) (1600 cm*, 1670 cm*). The valueshy andA; are measured
for the planar homogenous cell. The remainikg compo-
FIG. 13. Normalized mean absorbance vs temperature: square8ent is obtained from the homeotropically aligned cell. The
phenyl ring stretching(1600 cm?); circles, carbonyl stretching results are shown in Fig. 14. Ti&order parameter shows a
(1670 cm?). positive but rather low value, higher than 0.4. This is due to
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the tilt of the molecules within the layers and such a factis 1.0
clearly indicated by parametd?. For our system of refer- |y
ence,P should approximately behave as a square of the tilt g Eﬂm:;m;:u::::m:::::::::meq
angleP=(sir? ) [24], whered is the tilt angle of molecules |
with respect to the layer normal. The solid line in Fig. 14 SmG* .
shows siR 6, which is in perfect agreement with thepa- 5 °°] SmC Eﬂ%ﬁ%
rameter in the range of the S@- phase. The differences a | N*

observed in the range of low-temperature smectic phases 0@ 0.4 Rt

cur since the helical structure was probably not completely® KL o
unwound and hence the experimental tilt was underesti- 0.0 % g %%@M
mated. Reasonably the high value®findicates the impor- T %@%@% ;
tant contribution of molecular biaxiality to the IR absor- P

bance. A positive value dd means that the molecularaxis 0.0 —= = aaa——_
is more tilted on the average thgraxis with respect to th& 340 350 380 370 380 390 400
axis of the laboratory system. When we relate it to the mo- TK)

lecular structure, it means that both the carbonyl dipole and

. . FIG. 15. Order parameters, local frame of reference: squ8res,
central phenyl plane are oriented close to the molecule tilf. | } ales P anal
plane. circles,D; up triangles,P; down trianglesC.

Sml* ;@e

|

[x

C. S, D, P, and C parameters: Local frame plane; therefore, the absorbance in the Smphase(and

Normally, one would expect an increase of the oriental/K€lY in the Smi" and Sm&' phases is described as

tional order strength with a decrease in the temperature as ti{gl1oWs:

amplitude of the director fluctuations becomes smaller. In 1

tiled smectics, however, an increase of the tilt gives the op- E[Azr Sin(6) + A cos(6) +Ayr]. (10)

posite effect on the orientational order parameter. To be able

to consider only the first effect it is convenient to introduce aThe absorbance componers, Ay, and A, used above

local frame of reference, which is fixed with the position of are now described by new order parame@<D’ , P’, and

the director in the particular phase. TBexis of the system C’ defined in local frame of reference. In the nematic phase

lies along the director, th¥ axis is chosen perpendicular to we choose a sample of planar geometry, but in smectic

the tilt plane of the director, and th¢’ is perpendicular to  phases both of homogenous and homeotropic geometries for

Z'-Y' plane, which may not be normal to the window plane calculation of order parameters. The calculation consists of

of the cell. two steps: calculation the &8 and D’ parameters from a
For the planar sample in the uniaxial phase, the measureslim of Ay, andAy, values(this sum depends only o® and

absorbance is an average of the loéal and Ay, compo-  D’). The P’ andC’ parameters can be calculated fréw

nents[see Fig. 4d)]. For the same sample in the smectic using previously obtaine® andD’ values.

phases the absorbance along the alignment axis is a sum of The temperature dependence of the order parameters is

projections of theAz, and Ay, absorbancegA; cos(6)  shown for the whole temperature range in the Fig. 15. The

+Ay Sir?(#)]. Therefore, the measured planar component isnain order paramete® increases monotonically, as the di-

as rector fluctuations decrease during cooling. The parameter

follows: P’ becomes 0 in the local system by definition, because the
1 system is equally tilted with the director. The paramédér
=(Ayr cOZ(0) + Ay SINX(0) + Ayr). (8)  provides information about biasing of the carbonyl dipole. A
2 gradual increaséfrom 0.2 to 0.4% of this parameter is a

Following the application of an electric field, a homogenousmeasure of the biasing strength.

alignment can be obtained, with molecules tilted in the win-
dow plane of the cell. So both,: and Ay, absorbance com-  D. Using the order parameters to reproduce the absorbances
ponents can be identified with directly measufgdndA |, of the planar sample

respectively.

ponent parallel to this axis iy and perpendicular is an
average ofA;, and Ay (Ax:=Ay/). Therefore the measured
nonpolarized absorbance can be writfsae Fig. 10d)]

sample has guasibookshelstructure with the director tilted
in plane perpendicular to the substrate. Now we can check
this hypothesis, trying to restore absorbance values for the
1 3 planar heterogenous sample in smectic phases and compare
ZAz' + ZAx'- (9 it with the experimental ones using E@®) and(8) (Fig. 16).
The agreement for the 1600-chband in the SnG”
In the SmC" phase smectic layers are expected to bephase is almost ideal but for the Smand Sm&” slightly
parallel to the substrates. The director is tilted in theX  worse. As suggested above this may be a result of underes-
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1.3 ; ' VII. CONCLUSIONS
' M.
ey, | | mo.."‘.,... The complete set of order parameters of second rank was
1.2 ooo:oooooo | el SN determined in the laboratory frame of reference. In the cho-
1 i v W”‘%&W? lesteric phase the helical-planar arrangement of the mol-
11 i i ecules is present. In smectic phases the molecules are tilted
}:" SmG* Smi* SmcC* out of the substrate plane. Next, the local order was analyzed
1.0 ; ; in the reference system fixed to the director. The orienta-
; ; i tional order paramete®' increases monotonically on cooling
| ooy - and finally approaches a reasonably high value of 0.95 in the
0.9+ i -.".: =B . * ST
- ig hexatic Sm&™ phase. The molecular biaxiality parameters,
| i D’ andC’ are the measure of rotational biaxiality. Positive
084 oot L . values indicate that both the carbonyl dipole and the central

335 340 345 350 355 360 365 phenyl plane are oriented close to the tilt plane and that long
TK) axis fluctuations out of the tilt plane are stronger than those
in the tilt plane. It is interesting to note that the molecular
FIG. 16. Normalized absorbance vs temperature; squares, phgtrinsic biaxiality D', has a significant value in the nematic
nyl ring stretching (1600 cm®); circles, carbonyl stretching phase too. It has been found in the smectic phases that lon-
(1670 cm™); solid symbols, experimental values; open symbols, it dinal transition dipoles show antiparallel correlation, but
reproduced values. transversal dipoles have parallel correlations due to the ar-

o . . . rangement of the molecules in the smectic layers, as was
timating the tilt angle values in the hexatic phases. The reusua”y observed for permanent dipo]es_

production of the carbonyl dipoléand any perpendicular
dipole) may be caused by the accuracy of assumed molecular

conformation. However, the qualitative shape of both curves ACKNOWLEDGMENTS
is satisfactory. Although the planar sample shows heterog-
enous alignment in smectic phag€sgs. 4b)-4(f)], we are The authors would like to thanks Professor P. Pulay for

still able to reproduce its absorbance. In the similar wayhis program for the SQM calculations, Professor A. Fukuda
having the set of order parameters, we can simulate any maésr useful discussions, and E. Mulry for help. We also ac-
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