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Molecular ordering in microconfined liquid crystals: An infrared

linear dichroism study

by H. BINDER*, H. SCHMIEDEL, G. LANTZSCH, C. CRAMER and
G. KLLOSE

Fakultét fur Physik und Geowissenschaften der Universitit Leipzig, Linnéstr. 5,
D-4103 Leipzig, Germany

(Received 15 March 1996, accepted 12 April 1996)

The molecular arrangement of SCB confined within the cylindrical pores of Anopore
membranes was characterized by means of the IR-order parameter obtained from linear
dichroism measurements of selected IR absorption bands. The treatment of the experimental
data includes a local field correction extended to the twisted nematic configuration, yielding
order parameters increased by about 30% in comparison with the uncorrected data. The
nematic director of 5CB aligns along the pore axes, whercas in lecithin coated Anopore
channels, the local nematic director is oriented approximately radially due to the perpendicular
anchoring of the SCB molecules at the pore wall. Doping of 5CB with the chiral agent CB15
yields local nematic directors tilted with respect to the pore axes. The average tilt angle
increases up to about 40° at a fraction of CB15, x¢p,5 = 025 (w/w). These results are discussed
in terms of the conical helicoidal and alternatively the radially twisted axial arrangement of

the LC molecules within submicrometer cylindrical cavities.

1. Introduction

The interactions between liquid crystals (LC) and
amorphous surfaces determine, in combination with the
liquid crystal elastic energy (Frank’s elastic energy), the
director field in microconfined liquid crystalline droplets
[1] and cylinders [2]. Crawford et al. [2,3] and
Vrbancic et al. 4] studied the molecular order and
dynamics in the isotropic and nematic phases of nematic
substances adsorbed in the cylindrical channels of inor-
ganic Anopore membranes (AP) [5]. They provide an
ideal system for the investigation of surface interactions
and anchoring properties at solid-liquid interfaces,
because of their high inner surface to volume ratio.
Dependent on the surface anchoring, three basic types
of nematic director field configuration are reported:
uniform axial for parallel axial (planar) anchoring,
planar polar for homeotropic anchoring [ 6] and planar
bipolar for parallel tangential anchoring [ 7]. The surface
anchoring conditions can be modified by several coup-
ling agents such as surfactants or polymers [3, 6].

Chiral nematic liquid crystals (cholesteric or twisted
nematic) filled into submicrometer cavities have been
investigated by several authors in order to relate the
effect of a curved confining geometry to the chiral
structures formed under homeotropic as well as planar
anchoring conditions [ 8—-12]. However, both planar and

* Author for correspondence.

homeotropic orientation at the walls, as observed in the
nematic systems, are incompatible with an undisturbed
helicoidal director field inside the channels. Hence, a
number of possible structures with bulk and surface
disclination lines have been predicted and observed in
cylindrical capillaries [9, 10]. Furthermore, different
possible director configurations of chiral liquid crystals
in cylindrical cavities have been derived theoretically
depending on the anchoring conditions [13].

On the basis of 2H NMR measurements, two twisted
nematic director field configurations in the cylindrical
pores of untreated Anopore membranes with planar
anchoring of the LC molecules are proposed: the radially
twisted axial (RTA) configuration and the axially twisted
bipolar (ATPB) configuration [14]. A transition from
an RTA to an ATBP structure was induced with decreas-
ing pitch length. Alternatively, the results of optical, 'H
NMR and *C NMR investigations on similar systems
are interpreted in terms of a conical helicoidal (CH)
director field [ 11, 12]. The ATPB and CH configurations
twist along the cylinder axis, whereas the twist of the
RTA configuration is along the radial direction.

In general the molecular arrangement within micro-
pores filled with chiral LC remains in many details an
open question up to now. Several techniques are used
in order to extract information about the molecular
order in microconfined LC materials, permitting unfortu-
nately no unequivocal decision between different altern-
ative structural models. Optical methods such as the

0267-8292/96 $12:00 © 1996 Taylor & Francis Ltd.
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measurement of the optical activity and birefringence
yield important information about the chirality and
symmetry of molecular packing within the sample, but
mainly only in a more qualitative sense [11,15].
2H NMR provides a direct measure of the orientational
order at the molecular level via the time averaged
quadrupolar-splitting frequency from a selectively deu-
terated L.C molecule and has been used to investigate
different microconfined LC structures [2, 3,6, 7, 14, 16],
including nematic [ 6] and chiral nematic [ 11, 14] liquid
crystals in Anopore membranes. Further insight into the
orientational order may be obtained from the chemical
shift in "*C NMR spectroscopy, yielding the director
distribution density with respect to the Anopore channel
axcs [11,127]. However molecular diffusion within the
NMR time scale distorts the spectra. Hence an adequate
analysis needs to obtain additional information about
the molecular dynamics in the system investigated.

Infrared absorption dichroism spectroscopy, on the
other hand, represents a reasonably simple and well
established technique to measure the molecular order
parameter in uniaxial liquid crystals [17-20, 25] and
hence its application to microconfined LC samples
appears to be relevant.

We report an IR dichroism study on the molecular
arrangement of LC in Anopore membranes. A correction
factor for local field effects on the measured dichroic
ratios was derived on the basis of the ellipsoidal cavity
model [17,19]. The temperature dependence of the
molecular order parameter, S, of 5CB in untreated
and lecithin coated Anopore, i.e. with planar and homeo-
tropic anchoring, respectively, was obtained and com-
pared with corresponding bulk data. The average tilt
angle of the local director with respect to the pore axes
was determined for twisted nematic liquid crystals at
different pitch lengths of the respective bulk systems.
The results are discussed in relation to different models
of chiral phases in submicroscopic cylinders.

2. Materials and methods
2.1. Substances and sample preparation

The liquid crystal material was 4-cyano-4'-pentylbi-
phenyl (5CB) and the chiral dopant 4-cyano-4-
(2-methylbutyl}biphenyl (CB15). Pieces of Anopore
membranes (length 20mm, width 10mm, thickness
60 um and pore diameter 0-2 um) were filled with 5CB
and/or SCB/CBI1S mixtures at a temperature above the
nematic-isotropic phase transition temperature. The
samples were carefully cleaned to remove additional LC
material from the outer surfaces of the membranes.
Homogeneity of the samples was proved by optical
polarizing microscopy. The inner surface of the Anopore
was treated with the lecithin (1,2-dimyristoyl-sn-
glycero-3-phosphotidylcholine) by capillary-filling an

ethanolic solution of the lecithin (50mM) into the

membrane and then placing the sample into a vacuum
chamber for several hours in order to remove the solvent.

2.2. Infrared measurements

Infrared spectra were recorded on a BioRad FTS-60a
Fourier transform infrared spectrometer equipped with
a deuterated triglycine sulphate (DTGS) detector.
256 interferograms, collccted with an optical velocity of
1-58mms~! and a maximum optical retardation of
5-4mm, were co-added, apodized with a triangular func-
tion, and Fourier transformed with one level of zero
filling to yield a spectral resolution of 2cm™" and data
encoded every lem™!

Anopore membranes of about 10 x 20 mm? size werc
placed between CaF, windows (15 x 30mm?) and
mounted into a home built goniometer cell thermostated
by flowing water. Temperatures were controlled by a
Pt-100 thermocouple placed against the edge of the cell
window. FTIR spectra were recorded as a function of
temperature in steps of one degree, allowing the sample
to equilibrate for at least 10min after reaching the
prescribed temperature in each step. No systematic
differences between heating and cooling scans were
observed.

In the standard configuration, the angle of incidence
of the IR beam was @ =45 with respect to the mem-
brane normal (cf. figure 1). In some cases «w was varied
from 0° to 607 in steps of 5°. A wire grid polarizer with
an efficiency of >98% was placed behind the sample
cell. Each spectrum was measurcd at iwo perpendicular

y

Figure 1. Definition of axis systems: {x’,)’.z'} laboratory
frame; {x, y.z} director frame; w is the angle of incidence.
The IR beam propagates along z' and is polarized with
the polarizer aligned along x" and y' to yield the
absorbances A, and A,, after passing the Anopore sample.
The optical axis of the sample is parallel to z. The parallel
x- and x'-axes being oriented perpendicularly to the
yz-plane are omitted for clarity.
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polarizations of the IR beam adjusted by aligning the
polarizer to the vertical and horizontal directions, i.e.
parallel to the x and y axes of the laboratory frame
(see below).

Absorbance spectra of LC in Anopore membranes
were calculated using the respective single channel spec-
trum of an empty Anopore membrane (without LC) as
background. The dichroic ratios of selected absorption
bands were calculated using integrated absorbances.

2.3. Refractometry

Indices of refraction of SCB for wavelengths of 480,
509, 644 nm (Na-lamp) and 433, 546, 578 nm (Hg-lamp)
were measured using wedge-shaped LC cells (wedge
angle 27°) under conditions for minimum ray deviation
in a prism. The orientation of the L.C director along the
cross-section line of the faces of the prism was achieved
by a magnetic field (B =~ 0-8 T). The ray deviation angle
was measured by means of a precision goniometer
spectrometer. Temperature stabilization was better than
01K and the precision of the measured indices of
refraction was about +1 x 1074

3. IR dichroism and the molecular order of liquid
crystals
3.1. Bulk nematics

Referring to figure 1, we define a cartesian system
{x,y,z} with z parallel to the optical axis of the sample
given by the director of the nematic liquid crystal, and
a laboratory frame {x',y,z'} in which the polarization
direction of the IR beam is defined. The z-axis includes
the angle of incidence, w, with z’, the propagation
direction of the light outside of the sample.
Consequently, the rotation from the {x,y,z}-frame to
{x',y,2'] is completely specified by the angle w.

Suppose the incident electromagnetic wave is polar-
ized parallel to x" (vertical orientation of the polarizer)
or y (horizontal orientation) then the corrected
absorbances of an infrared band caused by a macro-
scopic ensemble of absorbing molecules are given by
[17, 19-22]

fi

Axl =ALOC— </'L§>

ny

s ) (1)
A, = A, o0 == {2y cos? ' + =L (u2)sin? o

ny n,

On account of the uniaxial symmetry of the system with
respect to the z-axis the substitutions | =zand L =x=
y are used for the indices. Consequently, ny and n, are
the refractive indices and f| and f, the local field factors
for light polarizations parallel and perpendicular to the
nematic director [ 19, 23, 247.

The angle between the optical axis and the propaga-

tion direction of the horizontal polarized IR beam within
the sample, «’, is related to the angle of incidence, w,
through Snell’s law according to

sin w

sinow' = (2)

n

with
A=n,[1—sin®w(n; ?—n1*)]"> (3)
The ensemble averaging of the squared projections
of the IR active transition dipole moment onto the x-,

y- and z-axes denoted in equation (1) by the angular
brackets yields within the system of uniaxial symmetry:

> = 1) ac (1= Sop)

(4)
uzy oo (14 285)
with the optical order parameter
Sopt = Smoleond- (5)

The macroscopic orientational order of the long prin-
cipal axis of the molecule is characterized by the molecu-
lar order parameter

Smol = %(3<COSZ 0mol> - 1) (6)

where 8, 1s the angle between the director of the system
and the long principal axis of a selected molecule.
Analogously, the bond order parameter, Syqnq, 1S glven
as a function of 8,,,4 which specifies the angle between
the transition dipole moment and the long principal axis
of the molecule. In this case the mean value {cos? QoD
considers the fact that, on the one hand, the molecule
possibly contains more than one identical atomic group
with transition dipole moments having, however, differ-
ent orientations with respect to the molecular axis. On
the other hand the orientation of the transition dipole
may be characterized by a variable angle 8,,,4; for
example if the respective atomic group belongs to a
flexible part of the molecule. Hence, Syqnq is the average
bond order parameter considering all orientations of the
respective transition dipole with respect to the molecu-
lar axis.

Finally, using equation (1) together with equations
(2) and (4), the dichroic ratio of the infrared band,
defined as R=A4,/A,,, can be related to the optical
order parameter according to the following equation:

sinw S,p(2¢7 '+ 1)+ (g7 - 1)

i? 1—Sop

R=1+ (7)

with the correction factor

_Mm é)z g
& n_L(fH ®)

depending on the refractive indices of the ordinary and
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extraordinary IR beam and the local field factors. The
g-factor takes into account the anisotropic optical prop-
erties of the nematic LC modifying the electric field
vector of light locally, and thus the absorbance of the
sample [ 19, 20, 247.

3.2. Determination of the correction factor
3.2.1. Refractive indices and molecular order parameter
in bulk nematics
Refractive indices, n, and n,, of bulk 5CB were
measured at selected wavelengths in the range
435-644nm as a function of the temperature (cf.
figure 2). Fitting of the data to the empirical dispersion

equation
nya(a)= |:1 +

at selected temperatures yields the coeflicients A4, ,(T)
and B, ,(T). In accordance with [17,19], we found
By (T) <004 um? and therefore in the mid IR region,
i.e. for wavelengths 4 > 3 um, the refractive indices are
calculated to a good approximation by

n, =[1+4, (D] (10)

IR order parameters of oriented samples of SCB are
reported by several authors [ 17-197. Using the temper-
ature dependence of the corrected optical order para-
meter of the CN-stretching band obtained in reference
(197, Sopi(CN) = (1 — T/T)"*5, we correlated S, (CN)
with the refractive indices determined (cf. figure 3).
Obviously a linear correlation between both quantities

Ay, (T2 T"z 9)

A% =By (T)

L T — T
ol -
- .y
1.75F "‘\ B
.~—.-.‘
170+ **'*"'\ ]
165 J
c oo
1.60F B
-0
155200 oo o4O oD-o8 4
1.50 1
20 25 30 35 40

T/°C

Figure 2. Refractive indices, n; (solid symbols) and n, (open
symbols), of bulk 5CB as a function of temperature
measured at wavelengths 4A=435nm (M, ) and
578 nm (@, O). The respective refractive indices in the IR
spectral region are calculated by means of equation (10)
with 2 =5000nm (#, <), ny- and n,-data measured at
480, 509, 546, 578 and 644 nm are not shown.

1.75
1.70
o**
1.65 B
c e
1604 e 1

1554 _ TTrooe .
g R g
1.50+— T = E

0.0 0.2 0.4 0.6
Sopt{CN)

Figure 3. Correlation between the CN-order parameter,
Sopt(CN), and the refractive indices ny and »_ itf the VIS-
range at A=1578nm (®,C) and in the IR (¥=
2000cm 1) (@, < ). The lines represent linear fits accord-
ing to equation (11) with K, = 0-220, K, = — 0094, n;,, =
1-39 (578 nm) and K, =0178, K, = —=0076, ;o = 155
(2000cm ™). The regression coefficients of the fits are
better than 0-9989.

can be established empirically, i.e.
ny, L = A + Ky L(A)Sop(CN). {11)

1, denotes the refractive index of the isotropic sample.
From the linear dependence given by equation (11) it
follows directly that the birefringence should also be
proportional to the order parameter, i.e.

An=mny—n; 2[K (1) — K (A)JS;n(CN).  (12)

As expected, a linear correlation between An and
Sopt(CN) is also evident from the results given in refer-
ence [ 197 where an identical temperature dependence
of the birefringence at 644nm and the IR order para-
meter (namely S, (CN), An~(1—T/Ty)"'%) was
obtained. In general the interrelation between the An
and the order parameter derived by several authors is
more complicated [ 20, 24]. However, in the present case
the deviation from linearity is small and therefore the
linear approximation given above seems to be sufficiently
accurate to calculate the correction factor for the IR
dichroic ratio given by equation (7).

3.2.2. Local field correction

Within a uniaxially ordered system the local field
factors appearing in equations (1) and (8) are usually
expressed in terms of the diagonal components of the

Lorentz factor tensor, L; and L,, according to
[17,19,23]

fio=1+Ly (nj  —1). (13)

The Lorentz factor can be calculated within the frame
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of the ellipsoidal cavity model [17, 19], where L, and
L, are related to the normalized birefringence, An/An,,, .
Ay denotes the maximum birefringence corresponding
to perfect molecular order, ie. S, = 1. Assuming S, =
Sopt(CN) (see below) and making use of the linear
correlation between An and S,,(CN) established in
equation (12), the normalized birefringence is just the
order parameter, i.e. An/Ang,, = S;..;. Consequently, the
diagonal components of the Lorentz factor can be
written as a function of the molecular order parameter

L.L - % + (LJ_.max - %)Smol
LM = % - Z(LL,max - %)Smol‘

L, max, the maximum value of L, , was evaluated for
a cavity of ellipsoidal shape formed by a 5CB molecule
in the surrounding matrix, assuming a ratio of the semi-
axes of 34 [26] or 4-5[19] to yield L, ,, = 0452 and
0-462—-0-472, respectively.

After combining equations (8), (13) and (14), the
correction factor is expressed as a function of the molecu-
lar order parameter

g(8mot) = My { 1+ [3+ (L1 max — 3)Sma ] (03 — 1) }2
ny 1+ [ = 2L = $)Simer] 0 = 1)
(15)

where the refractive indices also represent functions of
Smo1 approximated by the linear correlation given in
equation (11).

Finally, rearrangement of equation (7) and substitu-
tion of equation (5) yields the molecular order parameter
as a function of the dichroic ratio determined experi-
mentally

(14)

- R— A(Smol)
Smo =§ 011 D1 pre (16)
'R R+ B(Smal)
with
sinw ~
A(Smol) = 2 [g(Smol) 1— 1] +1
" (17)
sin- w _
B(Smol) = _ﬁz— [Zg(Smol) ! + 1] -1

3.3. Tilted nematics in cylindrical pores

We assume a twisted nematic (N*) phase confined to
a cylindrical cavity where the local nematic director is
tilted axially symmetric with respect to the pore axis by
a constant tilt angle, 0,. The local field correction given
in § 3.1 assumes uniform nematic ordering. Consequently
the treatment of IR dichroism data in N* phases has to
take into consideration the tilt of the local director
relative to the symmetry axis within the frame of the
ellipsoidal cavity model [17]. In this case the refractive
indices of light polarized perpendicular and parallel to

the pore axis represent averaged values of ny and n,
corresponding to untilted, i.e. nematic LC (8, = 0°):

Ry e = [l’li + %(nlzl - ni) sin? Btilt]l/z (18)

ny = [0 + %(nﬁ —n})cos? Oy, 12

The respective local field factors of the tilted config-
uration are assumed to be given in a similar form, i.c.
they represent a combination of the local field factors
f1 and f determined previously for the nematic phase:

Srain =11 +3(fy — f)sin? Oy,
Siane=f1 +3(f; = fL)cos? Oy,

Then the correction factor of a tilted nematic LC is
given in analogy to equation (8) where the refractive
indices and the local field factors of the tilted nematic
phase are used instead of the respective values of the
nematic LC. It becomes evident from equations (13),
(18) and (19) that this factor depends on n; and n, as
well as on L | and L, which itself represents functions
of the molecular order parameter relative to the local
nematic director, S,,,;, given by equations (11) and (14).

The expression for the optical order parameter given
in equation {5) in the case of an ensemble of molecules
characterized by a local director tilted with respect to
the optical axis should include additionally S, i.e.

Sopt = Sbond Smol Stilt (20)

(19)

assuming that the distribution of the transition dipole
moments around the molecular axis, the distribution of
the molecular axes around the LC director, as well as
the distribution of the local LC director around the pore
axis, which is the optical axis of the system, are of
rotational symmetry. This means that these three distri-
butions should be independent of each other. Sy;, gives
the order parameter of the tilt angle of the LC director
with respect to the optical axis, 8, analogously to
equation (6).

With equation (20), the tilt order parameter of the
local nematic director, Sy, can be obtained by a formula
analogous to equation (16)

- — R—A(Smolaeil )
Sene = SoonaSmi o mre

e (21)
' R + B(Smons Osite)

A(S o1, Qi) and B(S,..1, ) are expressions identical
with those given in equation (17) where the correction
factor, g(Sye1), and the refractive index of the horizon-
tally polarized light, 7, are given by formulae analogous
to equations (8) and (3), respectively. However in the
present case the refractive indices n, i, and n, 4, should
be used instead of n, and n; and consequently, they
represent functions of 8y, in addition to S, as indicated
by the arguments.
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3.4. Anopore filled with liquid crystal

Anopore membranes consist of cubic Al;O; occupying
a volume fraction of (1 —v)=052 [15] whereas the
remaining fraction v=048, the porosity, represents
the pores and thus is taken up by the LC filled into it.
The refractive index of the empty porous AP membrane
material was determined previously in the spectral range
of visible light [ 15]. Extrapolation of the data to the IR
region gives a refractive index of n,, =1:604 [15], a
value slightly smaller than the refractive index n=1-70
of Al,Oj; at a wavelength of 3 pm given in reference [ 27].

For symmetry reasons, AP-membranes should behave
macroscopically as uniaxial crystals, the optical axis
being aligned along the membrane normal. As long as
the radius of the pores (R,o=01pum) is small with
respect to the wavelength of light, the microscopically
heterogeneous membrane can be regarded as a homo-
geneous medium whose ordinary and extraordinary
indices of refraction are obtained by appropriate aver-
aging. Applying classical theory of dielectric permittivity
of ordered mixtures [28], the refractive indices of AP
filled with nematic LC are

|2 2ompp(nze — i) b2
Hi ap= | Hap (1+ U)n%AP +(1— U)ni (22)

nyap = [nkp + 0075 — nzp)]"?

Note that in the present case the effective refractive
indices deviate only insignificantly from the arithmetic
mean of nsp and n, or ny, respectively. Consequently
the birefringence of a nematic LC in AP is reduced at
least by a factor of about 0-5 in comparison with the
pure nematic phase. In the case of tilted nematic LC in
AP, the effective refractive indices are calculated using
equation (22} after substituting n, and n; by n, ,, and
1y 4n» TESpectively.

4. Experimental results and discussion
4.1. 5CB in Anopore

4.1.1. Spectral assignment and dichroism

Typical spectra of nematic 5CB in Anopore recorded
at two perpendicular polarization directions are shown
in figure 4. Five bands are selected as a first step for
dichroism investigations: (i) the C=N stretching vibra-
CC—benzene—skeletal in-plane deformations, f8;50,(CC)
and fe00{CC), centred around 1495 and 1605cm™%,
respectively; (iv) the CH, scissoring deformation, (CH,),
of the methylene groups around 1467 cm ™ !; and (v) the
first overtone of the CH-out-of-plane deformation of the
benzene CH-groups, y,(CH), around 1930 cm 1.

The vibrations (i—iii) represent strong, well localized,
characteristic group vibrations mostly free from overlap-
ping bands. The transition moments point parallel to

15 ~T T T T T ]
' a
Al
!
1.0
. |
< !
05| i
0.0 L\_—JL_AA-’J
0.4 fF————————+——+—
t b
0.2
Qa
-l \{\ ) i
[ | |
0.0 “”\/“\J \\h/’““ ! L"—\F"\J \/J ‘W" r
v
1 i | — 1 1 ]
3000 2500 2000 1500

v [ em™

Figure 4. (a) Typical absorbance spectra of SCB in Anopore
recorded with the polarizer aligned vertically (A4, : -x-) and
horizontally (A,:——). (b) Linear dichroism, LD =
A, — A, ; the temperature was 25°C and the angle of
incidence @ =45".

the C=N bond axis (i) and to the para-axis of the
assumed to be directed parallel to the molecular long
axis with 8,4 =0° (cf. equation (4)) [17-197. The
transition moment of the CH, scissoring deformation
bisects the angle formed by the H-C-H bonds. and
therefore on the average is expected to be perpendicular
to the molecular long axis.

The CH-out-of-plane deformation was chosen by
several authors because the corresponding transition
moment is perpendicular to the benzene ring plane and
consequently forms an angle 0,4 = 90° with the molecu-
lar long axis [ 18, 19, 29]. Unfortunately, the absorbance
of the Anopore substrate shows a steep increase at
wavenumbers smaller than 1200cm ! and therefore the
»(CH) band around 815c¢cm™! is located in a non-
transparent spectral range of the sample. The first over-
tone of this vibration, y;(CH), however represents a well
resolved, weak band around 1930c¢m ™! suitable for
quantitative analysis.

Upon varying the angle of incidence from 0° to 60°,
the dichroic ratios corresponding to the transition
dipoles paraliel to the molecular long axis increase,
whereas the dichroic ratios of the remaining two trans-
itions, 8(CH,) and y,(CH), decrease (see figure 5). From
this behaviour we conclude that the alignment of the
5CB molecules is predominantly parallel to the pore
axes in agreement with the results of previous investi-
gations on nematic liquid crystals confined within
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Figure 5. Dichroic ratios, R, of selected IR bands of 5CB in
Anopore at 25°C as a function of sin®w (w denotes the
angle of incidence): »(CN) (D), PBis00(CC) (A),
B1600(CC) (O), 3(CH,) (<) and y,{CH) (V). The lines
represent linear fits with regression coefficients better
than 0-9998.

micropores [ 2-4, 16]. Typically, the non-treated Al,O,
walls of the membrane orient the nematic director along
the axes of the cylindrical pores. The dichroic ratio data
are well fitted by straight lines, thus indicating that the
angular dependence is dominated by the sinw term
explicitly given in equation (7). The additional sin®w
dependence implicit in the refractive index, 7 (cf. equa-
tion (3)), obviously distorts the slopes only weakly.
Using equation (3) and the mean refractive indices
of nematic 5CB in AP, we estimate a difference
A—n, <002 at the maximum angle of incidence o =
60°. Consequently in the present case = n, represents
a good approximation which was used within the further
calculations.

4.1.2. Temperature dependence of the molecular order
parameter

The temperature dependent dichroic ratios of the
selected TR bands recorded at a fixed angle of incidence
(w = 45°) reach a value R = 1 at temperatures above the
nematic—isotropic phase transition temperature of bulk
5CB, Ty = 35-35-3°C [30-32], thus indicating a loss of
macroscopic orientational order of the 5CB molecules
(see figure 6).

Deuterated SCB-d, confined within polyvinylpyrrili-
done treated polycarbonate Nucleopore membranes
shows a temperature depression of Ty, between 1 and
2K for pore radii of 0-03-0-5um [2]. This effect was
attributed mainly to impurities introduced by the
Nucleopore filters. Identical N-I transition temperatures
of bulk 5CB and of 5CB-d, confined within untreated
Anopore membranes were reported by Crawford et al.
[3] in accordance with our results. In Anopores, the
authors found a reduction of the ?H NMR quadrupole
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Figure 6. Temperature dependence of the dichroic ratio, R (a),
of the optical order parameter, S, (b) and of the correc-
tion factor, g (¢}, of selected IR bands of 5CB in Anopore.
R was recorded with an angle of incidence w = 45°. Bands
are denoted by the same symbols as in figure 5. In (b) the
uncorrected order parameter of the CN-stretching band,
SO (CN), and the corrected IR-order parameters of bulk

opt
SCEB taken from reference (197 are indicated by (M) and
the continuous line (——), respectively.

splitting of 5CB-d, from about 20kHz in the nematic
phase down to about 200 Hz in the isotropic phase. The
guadrupolar splitting frequency in the isotropic phase
and its angular dependence identified the presence of
surface-induced nematic order above the N-I phase
transition temperature. This residual order was well
explained by an alignment of the molecules within the
first molecular layer induced by molecular interactions
with the cavity wall. The fraction of SCB molecules
ordered at the wall of a cylindrical pore of radius R, =
O-lpum can be estimated from the relation
2lo/Rpore &4 x 1072, assuming an interfacial thickness
of the surface layer of [;=2nm [3]. This means that
the fraction of macroscopically oriented molecules
decreases from nearly 1 in the nematic phase down to
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about 4 x 1072 in the isotropic phase, thus correspond-
ing to the observed reduction of the quadrupolar split-
ting by about two orders of magnitude [ 3]. Analogously,
we expect a decrease of the 1R dichroic ratio in the
isotropic phase, Risop, t0 Values corresponding to an
ensemble averaged order parameter not exceeding
~1072, A rough estimation with a typical dichroic ratio
below Ty Of Rpemane =~ 15 yields  |Rigourop — 1=
| Rpematic — 11 % 1072 <05 x 1072 (cf. equation (7)), a
value hardly detectable assuming an experimental
precision of R about +2 x 1072

Consequently our investigation of the molecular order
in microconfined structures will be restricted to temper-
atures below Ty;. In order to calculate the molecular
order parameter, S,,,,;, of SCB by means of equation (15),
we assume that the validity of the empirical correlation
between the refractive indices and S, established for
bulk 5CB (cf. equation (11)) is preserved in the Anopore
samples. Consequently the effective indices used are
average values calculated from equations (22). A max-
imum Lorentz factor of L, ., = 0462 was used in all
calculations according to [19].

The molecular order parameter of 5CB was deter-
mined in an iterative way using the dichroic ratios,
R(CN), R(CCy400) and R{CC,50p), originating from the
transition moments assumed to point along the long
axis of 5CB. In these cases, S, coincides with S,
because of O, ,,q =0° (i.e. Syonq = 1, cf. equation (3)). At
first we calculate the uncorrected molecular order para-
meter, S, from equation (16) with the correction factor
29 = 1. In the second step S, was inserted into equa-
tion (15) to yield a first approximation of the g-factor,
g # 1, and, again using equation (16), a first corrected
order parameter, S&), was calculated. The sequence of
S® ) values obtained with i = 0,1,2,..., by repeating this
algorithm, converges rapidly. For i>4 the relative
difference of the order parameter values in subsequent
steps (S, — SU-1)/8G | was less than 3 x 1073, and
therefore S, was adopted as the resulting value of the
molecular order parameter, S,,;.

Within the temperature range investigated the g-factor
decreases gradually from 1-35 at 22°C to a value of 1-3
at 34°C (see figure 6(c)) thus leading to an order para-
meter, S, increased by a factor of about 1-3 in compar-
ison with the uncorrected value, S©, (see figure 6(b)).
The S, values calculated from R(CN), R{(CC¢y) and
R(CC, ) differ slightly, an effect reported previously
also for bulk 5CB [18]. The ratios of the order
parameters of the two skeletal deformations and the
CN-stretching vibration, S;,01{CCi600)/Sma( CN) and
Smol{CC1500)/ Sma{CN), only weakly increase within the
temperature range investigated by about 1-2% and
adopt values of 1-06 and 1-08, respectively, at 25°C
(data now shown). We arbitrarily select the CN order

parameter, S;,(CN) to characterize the average orien-
tation of the 5CB molecules with respect to the
nematic director.

The average orientation of a transition dipole with
respect to the molecular axis is characterized by the
‘bond’ order parameter, Spong, introduced in equa-
tion (5). Tt was calculated by means of equation (15) for
the 6(CH,) and y,;(CH) bands, using the corresponding
dichroic ratios and the S,,;(CN) data. The bond order
parameter of the CH,, scissoring vibration, Spone(CH3) =
— 006, represents an average over the flexible alkyl
chain of the 5CB molecule and therefore its value is less
negative than the order parameter, Spona(CH) = —0-24,
originating from the rigid biphenyl part. These Syong
data correspond to average bond angles of 57° and 65°,
respectively. The last value agrees with the average bond
angle of 63-6° calculated from the CH-out-of-plane vibra-
tion measured at 812cm ™! in bulk S5CB at 24-5°C [19].

The CN order parameters of SCB in Amnopore,
So1(CN), adopt values very similar to that reported for
bulk 5CB [17-19]. The authors however used different
correction factors in order to compare their IR order
parameters with NMR data published in reference [33].
The g-factors basing on the Lorentz field correction,
originally introduced by Averyanov et al. [ 17] and used
in [19] and by us, increase the uncorrected S, data
significantly by a factor of about 1-3. The correction
factor based upon the local field approximation of Vuks
[34], gyuxs = ny/n., was taken into account by Kiefer
et al. [ 18]. In our investigation, the Vuks factor correc-
tion yields order parameters only about 1-03 times
greater than the uncorrected data (data not shown). As
discussed in reference [18], the degree of macroscopic
alignment of bulk 5CB in the sample cell has an essential
influence on the resulting molecular order parameters
and possibly causes the discrepancies between the experi-
mental results given in the literature. Regardless of these
problems, we consequently applied the Lorentz field
correction which apparently yields an upper limit of the
molecular order parameter. Similarly the variation of
the maximum value of the Lorentz factor, L, ...
between 0-452 and 0-472 results in an increase of S, of
about 10%.

4.2. Lecithin treated Anopore

The temperature dependence of the dichroic ratio of
the CN stretching band of SCB in lecithin coated
Anopore is depicted in figure 7. In contrast to the
untreated Anopore, the dichroic ratios R(CN),
R(CCg05) and R(CC,s50) corresponding to transition
moments directed along the molecular axis of 5CB adopt
values less than unity, whereas the dichroic ratios of the
0(CH,) and y,(CH) bands originating from transition
moments oriented perpendicular to the molecular axis
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Figure 7. Temperature dependence of the dichroic ratio, R,
of selected IR bands of 5CB in lecithin-coated
Anopore (O) and of SCB/CB1S5 mixtures in Anopore. The
mol fraction of CB15 was x =0 (), 0-005 (+), 0-014 (x),
0-02 (O), 0:05 (V), 0-1 (©), 025 (D).

are greater than unity (data not shown). These data
indicate that the molecular long axis of 5CB on the
average is tilted with respect to the pore axes by an
angle greater than 55°, the magic angle, which corsre-
sponds to the dichroic ratio R=1 and thus to the
optical order parameter S, = 0.

No significant shift of the nematic—isotropic transition
temperature of SCB was observed after lecithin coating.
We therefore assume an identical temperature depend-
ence of the molecular order parameter S,,,(CN), both
in untreated and lecithin treated Anopore membranes.
Note that S, is a measure of the mean orientation of
the molecular long axes with respect to the uniaxial
director in the untreated and to the tilted local director
in the lecithin treated Anopore membranes. Using the
Smoi(CN) data for 5CB in untreated Anopore and the
iterative algorithm presented in the previous section, we
calculated S, from equation (21) (see figure §(b)). In
view of the rough assumptions applied, S, should be
judged to be nearly constant within the temperature
range investigated corresponding to a mean tilt angle of
74-78 degrees. This nearly perpendicular arrangement
of the local director with respect to the pore axes gives
rise to values of the correction factor less than unity
(data not shown). Ignoring the local field correction by
using the S, data for untreated and lecithin treated
AP obtained with the correction factor g=1, yields a
tilt order parameter Sy, slightly more negative than the
corrected data (see figure 8(b)). This systematic shift of
Sar corresponds to tilt angles of about 78—82 degrees.
Thus the local field correction is of only relatively weak
influence (5%) on the tilt angles obtained.

In agreement with our findings, lecithin coated chan-
nels are known to induce a homeotropic orientation of

the director at the wall caused by the radial anchoring
of the molecules [ 3, 4, 6]. These results demonstrate that
a parallel as well as a perpendicular alignment of the
nematic director with respect to the cylinder axes can
be clearly distinguished by means of IR linear dichroism
measurements on Anopore samples.

4.3, 5CB/CBIS5 mixtures

CB15 represents a molecule similar to SCB except for
an asymmetrically attached methylene group in the
B-position of the alkyl chain. In bulk samples, the
addition of CB15 to nematic SCB induces formation of
a twisted nematic ordered liquid crystalline phase {N*).
Its pitch decreases with increasing amount of CBIS
added [14], accompanied by a decrease of the phase
transition temperature between the N* and isotropic
phases, Ty;. A similar behaviour is observed after filling
SCB/CBI15 mixtures into Anopore membranes. As indi-
cated by a drop in the temperature dependence of the
dichroic ratio, the Ty, values decrease down to 20-21°C
on increasing the weight fraction of CB15 within the
mixture up to xcgys = 025 (cf. figure 7). No significant
differences of the Ty; phase transition temperatures
between bulk and AP samples were detected (data not
shown). After scaling the abscissa to the reduced temper-
ature, T,.q = T/Ty;, it becomes evident that at constant
T,eq, the higher CB15 content induces a lower dichroic
ratio and thus decreased CN optical order parameters.
These remain positive however in all cases, in contrast
to the S5SCB filled lecithin coated Anopore (see
figure 8(a)).

A tilted helicoidal director field of chiral LC phases
inside the Anopore channels was suggested previously
from optical [11] and NMR [12] investigations.
Supposing that the molecular order parameter of the
LC molecules with respect to the local director, S, is
identical with S,,,; of pure 5CB in Anopore at the same
reduced temperature, we determined the tilt order para-
meter, S, as described in the previous section (see
figure 8 (b)). Assuming a uniform tilt of the SCB molec-
ules, independent on their location within the Anopore
channels, ie. 8, =const., the tilt angle of the local
director with respect to the pore axis was calculated.
Increase of the fraction of CB15 up to xcg,5s = 0-25 leads
to an increase of 04 up to about 40 degrees (cf.
figure 9(a), open symbols), accompanied by a decrease
of the respective correction factors from about 1-4 for
pure 5CB down to about 1:1 for xcgy5 = 0-25.

As discussed previously [11,12], an undisturbed
helicoidal director field of twisted nematic LC phases
inside the cylindrical pores is in contradiction to a
parallel planar as well as a perpendicular orientation of
the molecules at the walls. Therefore the model of a
conic helical (CH) nematic director field for the adsorbed
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Figure 8. Temperature dependence of the optical order para-
meter, S,,(CN) (a) and the tilt order parameter, Sy, (b),
of the CN-stretching bands of 5CB in lecithin-coated
Anopore and of 5CB/CB15 mixtures in Anopore. The
data are plotted against the reduced temperature, T;.q =
T/ T The systems are labeled by the same symbols as
in figure 7. The uncorrected tilt order parameter of 5CB
in lecithin-coated Anopore is indicated by (@).

N* phase in untreated Anopore filters [11] assumes a
nearly planar axial alignment of the molecules with
0,1 = 0° at the surface. The tilt angle rises with increasing
distance of the molecules from the wall and reaches the
maximum value, 6%, after a distance characterized by
£, the correlation length of the perturbation of the
director field induced by the surface. The molecules are
tilted radially, i.c. they are inclined normal to the surface
and the tilt is assumed to screw along the cylinder axis
similarly to the well known S* structure.

Thus within the frame of this CH-model, the tilt angle
is not a constant, but depends on the distance of a given
molecule from the wall, at least for distances smaller
than the respective correlation length. For ¢ values
covering only a few molecular layers, in Anopore the
relation ¢ « Ry, becomes valid and evidently the influ-
ence of the surface on the order parameter measured by
means of the IR dichroic ratio can be neglected. On the
other hand, for correlation lengths comparable with the
cylinder radius, the IR-order parameter represents the
mean value of the different local tilt angles of the LC
molecules. We assume for a rough and simple estimation

0.0 01 0.2 0.3 0.4

XcBi1s

Figure 9. Maximum tilt angle, 0., (@) and pitch length, p (b),
corresponding to the CH- and RTA-models, respectively,
as a function of the weight fraction of CB15 added to
5CB, Xxcp1s- Omax and p were obtained from equations (26)
and (27), respectively; at reduced temperatures T, =
0-99 (M, ) and 0:97 (@, O). For the CH-model the 0,
data are shown for correlation lengths ¢ « Ry, (open
symbols) and ¢ = R, {solid symbols). In (b) the depend-
ence of the pitch length on the composition of bulk
5CB/CB15 mixtures taken from reference [14] is shown
by the curve.

of a second limiting case with & & R, a linear relation
between the local tilt angle, 8, and r according to

max (R ore ?‘)
05t (r) = 6% —;—- (23)

pore

max

R,ore = 100nm denotes the cylinder radius and 63" is
the maximum tilt angle reached in the pore centre.

In contrast to the CH-model, the radial twisted-axial
(RTA) configuration assumes 6, =0 for r =0, i.e. in the
pore centre the molecules align along the cylinder axis.
The tilt screws in the radial direction. Consequently,
with increasing distance from the pore centre, 7, the
molecules are increasingly tilted tangentially, i.e. parallel
to the surface, realizing in this way planar anchoring at
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the wall. The tilt angle is given by
2
O = r (24)

where p denotes the pitch length of the radial helix.
The tilt order parameter measured on the IR experi-

ment represents the ensemble average of the local order

parameters within the Anopore cylinders, i.e.

2 Rpore

Sue = g f ri[3cos? () — 11dr.  (25)
pore JO

Inserting equations (23) and (24) into equation (25),

one obtains after integration the mean tilt order para-

meters

1 in2 gmax
SSE=—(1 +3smma;m ) (26)
4 tilt

for the CH model and
R

. sin® (211; ——‘:re)
— 1 _ 3 -
4 R Oore 2

(2n2)

P
R R

cos (21t —p(’j) sin (2n ﬂg)

p p

+6 (27)

R ore
o R
P

for the RTA model.

Using the tilt order parameters obtained experiment-
ally for different weight fractions of CB15, we determined
the corresponding values of the maximum tilt angle,

wax and pitch length, p, satisfying equations (26) and
(27), respectively. For &~ R, the maximum tilt angle
in the pore centre reaches its limiting value of
032 = 90° at about xcg,s & 0-15. The S, data measured
at Xcpis =025 yield maximum tilt angles 053" > 90°,
thus indicating in this case probably an overestimation
of the correlation length £. Hence, within the frame of
the model of conic helicoidal nematic director field (CH)
our estimation gives the upper and lower limit of 673}*
corresponding to correlation lengths of { =R, and
& < Rpore, respectively. The pitch lengths, p, of the radi-
ally twisted axial (RTA) configuration decrease with
increasing fraction of the chiral dopant, Xxcpis, (cf.
figure 9 (b)). In the corresponding bulk system, the pitch
of the twisted nematic phase (N*) is inversely propor-
tional to the concentration of the dopant according to
p=013pm/xcp,5 for the SCB/CB15 mixture at room
temperature [ 14]. Our results indicate distinctly smaller
values of p in the microconfined systems in comparison
with the corresponding bulk phase for x5 <02,

R

max, CH
etllt !

i’

G

8“!1’,

A o
ot

Figure 10. Schematic illustration of the conical helicoidal
(top) and the radially twisted axial (bottom) configuration
of the 5CB molecules in Anopore membranes.

RTA

An unambiguous model for the structure of the chiral
confined director field is hardly to be established on the
basis of the experimental facts available up to now. The
tilt of the local director determined by means of the IR
dichroic ratio and quantified in terms of the IR order
parameter is not in contradiction to the CH or the RTA
models (figure 10). However, a tilt angle of 90° as
predicted by the axially twisted planar bipolar (ATPB)
configuration is not confirmed by the results of the IR
dichroism measurements.

5. Conclusions

The molecular order of LC molecules filled into
cylindrically shaped pores of AP membranes was investi-
gated by means of IR dichroism measurements. The
arrangement of the molecules was characterized in terms
of the order parameter of the molecular long axes
calculated from the IR dichroic ratio. The experimental
IR dichroic ratio data are corrected for local field effects
within the frame of the ellipsoidal cavity model using
the linear relation between the refractive indices and the
molecular order parameter of bulk SCB established
empirically. The analysis of the data takes into account
the refractive index of the Al,O, matrix of the AP
membranes as well as the tilt of the LC molecules with
respect to the cylinder axis.

In untreated AP membranes, 5CB forms a nematic
phase with the molecular long axes oriented on average
along the cylindrical pores. The nematic order is charac-
terized by a similar temperature dependence of the
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molecular order parameters in AP and bulk samples.
Evidently the local order of the LC molecules is not
influenced by the confining geometry of the Anopore
matrix. Coating of the pore surface with amphiphilic
lecithin gives rise to a perpendicular anchoring of the
5CB molecules. The perpendicular orientation of 5CB
with respect to the pore walls is approximately preserved
inside the pores, as indicated by the average tilt angle
of about 80°. A twisted nematic bulk phase can be
induced by adding CB15 to nematic 5CB. In AP, an
increasing amount of the dopant CB15 causes an
increase in tilt of the LC molecules relative to the axes
of the pores. This behaviour can be interpreted in terms
of a conical helicoidal (CH) or alternatively the radially
twisted axial (RTA) arrangement of the LC molecules
within the pores allowing no unequivocal decision
between these models.
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