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Role of interfacial entropy in the command-surface effect

Michael Büchel,1 Birgit Weichart,2 Carsten Minx,2 Henning Menzel,2 and Diethelm Johannsmann1,*
1Max-Planck-Institute for Polymer Research, P.O. Box 3148, D-55021 Mainz, Germany

2Institute for Macromolecular Chemistry, Am Kleinen Felde 30, 30167 Hannover, Germany
~Received 10 July 1996!

The paper presents a study of the evolution of the tilt angle with time in ‘‘command-surface’’ liquid crystal
cells under irradiation with UV light. In these cells, the liquid crystal orientation can be switched via a
photoinduced isomerization of azo moieties attached to the surface. Thetransand thecis state induce homeo-
tropic and homogeneous alignment, respectively. Polymeric systems assembled with the Langmuir-Blodgett
~LB! technique were employed. Not only homeotropic and homogeneous alignment, but also tilted alignment
is found. The azimuthal direction of tilt is given by the dipping direction during LB transfer. In order to study
the underlying microscopic mechanisms, we investigated the switching kinetics, performedin situ evanescent
UV-visible spectroscopy, and measured the anchoring energy. The material parameters of both the command
layer and the liquid crystal were systematically varied. The well defined azimuthal direction of tilt is ascribed
to packing anisotropies in the command layer induced during LB transfer. The polar tilt angle is determined by
the competition between interfacial entropy, on the one hand, which favors mixing and thereby homeotropic
alignment, and a polar interaction, on the other hand, favoring homogeneous alignment.
@S1063-651X~97!01201-4#

PACS number~s!: 61.30.Gd, 05.70.Fh, 68.45.Gd, 68.60.2p
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INTRODUCTION

The orientational anchoring of liquid crystals~LCs! has
recently gained considerable attention both for fundame
research and technological applications@1#. As for the fun-
damental interest, the different states of order and mob
make the solid-LC interface a field rich with new pheno
ena. Only for very simple systems can a single domin
interaction be identified. The existence of ‘‘anchoring tran
tions,’’ where the liquid crystal orientation changes wi
temperature or other external parameters@2–4#, proves that
different interactions can be in competition with each oth
With respect to technological applications, alignment lay
in liquid crystal displays~LCD! have turned into key com
ponents of the devices. New and rapidly evolving cell d
signs require alignment layers, which can be engineere
the needs of the respective scheme. Patternable orient
layers in particular may be introduced soon@5,6#. New align-
ment layers employing whatever interfacial interaction is
hand thus constitute a considerable challenge.

Photoswitchable alignment layers@7–10# are of great in-
terest in this context because they allow one to revers
change the alignmentin situ by UV irradiation. Since the
effect is induced by light, patterning is trivial. As we wi
show below, the effect not only allows one to switch t
alignment between homeotropic and homogeneous but
to tune the orientation to any prespecified tilt.

Because a single monolayer at the surfaces reorient
entire liquid crystal cell, the effect has been dubbed
‘‘command-surface’’ effect@7#. Command-surface layers ar
cell surfaces which have been functionalized with azo d
that undergo atrans-cis isomerization when irradiated at

*Author to whom correspondence should be addressed. Fax
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wavelength of about 360 nm. The reverse reaction is indu
by blue light ~l;450 nm!, thus enabling reversible switch
ing. Unfortunately, there also is a thermal pathway by wh
the molecules relax to the~trans! ground state within abou
12 h. Via the command-surface effect, one absorbed pho
can reorient about 104 liquid crystal molecules. This inheren
amplification may make command-surface cells interest
components for parallel optical information processing or
formation storage. Regardless of potential applications, t
are interesting model systems for the interaction of mesog
tethered to a surface with a liquid crystal ambient mediu

While the trans state of the azo molecules is mesogen
thecisstate has an angular shape and is nonmesogenic. A
the cis state has a dipole moment of about 3 D, whereas
transstate is nonpolar. Ichimura and co-workers have fou
that in many instances, thetrans state leads to homeotropi
alignment while thecis state induces homogeneous alig
ment @7–9#. There is evidence that in thetrans state, inter-
digitation ~‘‘mixing’’ ! of the alignment layer with the ambi
ent liquid crystal plays some role in bringing about t
homeotropic alignment@7#. Ichimura and co-workers hav
investigated a wide variety of materials and found that
command-surface effect is a fairly widespread phenomen
It can be achieved for many different kinds of attachment
the surface, molecular conformations, and geometric
rangements@7–9#.

While the transition from homeotropic to planar is eas
achieved, the selection of an in-plane direction—prefera
uniform throughout the sample—turns out to be less w
controlled. In some cells, the director assumes a direc
perpendicular to the UV polarization@9#. This ‘‘photoselec-
tion’’ is certainly interesting. However, rather than specif
ing a direction, photoselection specifies an in-plane a
which results in two equivalent azimuthal directions of ti
Further, the effect of photoselection has in some instan
been shown to be weak and easily overcome by other eff
9-
455 © 1997 The American Physical Society
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@9#. It is therefore interesting to look for strategies to inscri
a polar in-plane anisotropy into the command layer wh
will then govern the azimuthal direction of tilt. Th
Langmuir- Blodgett~LB! process can generate such anisot
pies. Sekiet al. @9# showed that when the azo molecules a
attached to flexible main chains of poly~vinyl alcohol!
~PVA!, switching occurs into the dipping direction for ce
tain transfer pressures. When using stiff main chains,
found that the in-plane direction of tilt always coincides w
the dipping direction during LB transfer.

In order to study the microscopic mechanism at the ori
of the command-surface effect, we performed detailed qu
titative studies on the switching kinetics. A crystal rotati
setup@11# was used to perform time resolved measureme
of the tilt angle with a precision of up to 0.1°. It was com
bined with a setup forin situ evanescent UV-visible spec
troscopy in order to assess thetrans-cisratio and correlate it
with the liquid crystal tilt angle. In order to check for th
influence of polar interactions, cells with identical comma
layers and liquid crystals of varying polarity were inves
gated. Also, the length of the spacer groups was varied
order to learn about the influence of the molecular para
eters. In one case, we employed spacers with angular sh
The lateral density of chromophores was varied by vary
the amount of compression on the Langmuir trough prior
LB transfer. In order to estimate the strength of the inter
tions involved, we measured the anchoring energy@12,13# in
both thetrans state and thecis state.

MATERIALS

All command layers were prepared from polymeric L
monolayers. The azo chromophores were attached to r
polymeric backbones via flexible spacers of varying len
@14–16#. Polymeric backbones are advantageous for the
mation of command layers because the lateral density
chromophores on the substrate can be adjusted during ch
cal synthesis. If the azo chromophores are attached dire
to the surface, close packing of the azo units has to be c
fully avoided @8#. Close packed azo monolayers do n
isomerize very well. In addition, they have an interacti
with liquid crystals quite different from loosely packe
monolayers because there is little interdigitation. When
azo groups are incorporated into the side chains of a p
mer, the polymer backbone will generate a certain spacin
between neighboring azo units. This spacing can be va
by varying the degree of substitution of azo units in the s
chains. To a limited degree, the lateral density of azo m
eties can also be influenced by the transfer pressure du
LB preparation.

The chemical structure of the polymers is depicted in F
1~a!. We used stiff polymeric main chains of either cellulo
or polyglutamate because they form very good LB laye
This greatly facilitates the preparation of command-surf
cells. It is known that during LB transfer, the main chai
align parallel to the dipping direction@17#. At first sight it
therefore seems natural to find an in-plane anisotropy in
behavior of the command layers. However, the main ch
orientation supplies axial~C2! anisotropy only. If the azi-
muthal direction was determined by the main chains, t
equivalent directions would result. Therefore another kind
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anisotropy must exist in addition to main chain orientatio
LB multilayers of the materials used here have been

tensively investigated in the past@14,15#. After LB transfer,
the azo units are preferentially oriented perpendicular to
substrate. Depending on the length of the spacer, the azo
zene moieties show a preferred in-plane orientation para
to the main chains as well. For long enough spacers,
in-plane orientational order is improved by a cycle oftrans-
cis isomerization. Apparently, the main chains in LB mul
layers form an ‘‘elongated cage.’’ In this study, we focus
LB monolayers in contact with a liquid crystal. Although w
have observed that good main chain orientation favora

FIG. 1. ~a! Chemical structure of the polymers forming the com
mand layers. Rigid main chains ofa-helical polyglutamate~PGn,6,
structure 1! and of cellulose~‘‘cellp,’’ ‘‘cellm,’’ structures 2 and 3!
were employed. ~b! Chemical structures of the liquid crystals em
ployed. DON 103~Dainippon! has a transverse dipole in the cent
of the aromatic core. ZLI 1695 and ZLI 3086~Merck! are polar and
nonpolar derivatives of phenyl-cyclohexane~PCH!.
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55 457ROLE OF INTERFACIAL ENTROPY IN THE COMMAND- . . .
affects the switching behavior@18#, we consider this a mino
effect. The dominant interaction seems to be the interac
of the side chains with the ambient liquid crystal.

The substrates were BK7 glass slides from Sch
~Mainz!. Thorough cleaning protocols proved to be impo
tant for the achievement of monodomains. The cells w
assembled with the dipping directions of the two substra
antiparallel. The cell thickness was between 20 and 70mm.

Because of the UV irradiation the choice of liquid crysta
was limited to substances with small absorption atl5360
nm. The three materials used are depicted in Fig. 1~b!. They
differ in their polarity. Whereas ZLI 3086~Merck! is very
nonpolar, DON 103~Dainippon Ink and Chemicals, Inc
courteously given to us by T. Seki! has a dipole perpendicu
lar to its long axis. ZLI 1695~Merck! has a cyano group with
a strong dipole moment at one end. Since thecis form of the
azo molecules has a dipole moment of about 3 D aswell, the
polarity of the liquid crystal is expected to affect the switc
ing behavior.

EXPERIMENT

The simplest method to study the orientation of a LC c
is polarization microscopy in the conoscopic mode. In t
mode, an additional lens is introduced into the beam p
such that the pupil is imaged rather than the object. The
on the picture therefore correspond to certain angles of tr
mission through the sample. Nematic liquid crystals hom
tropically aligned appear as dark crosses, where the cent
the optical axis. Figure 2~a! displays a conoscopic picture o
a cell in the homeotropic~trans! state. In Fig. 2~b! the same
cell is shown after it has been irradiated for about 1 min. T
cross has shifted to the side, which proves that the dire
reorientation occurs into a certain direction. The cell un
investigation has been assembled with the directions of w
drainage during LB transfer~dipping direction! antiparallel
to each other. For a cell with the directions of draining p
allel on the two substrates, domains appear which corresp
to tilting into the two possible directions of tilt opposite
each other.

In order to quantify the tilt angle with a better accurac
time resolved measurements with a crystal rotation se
@11# were performed. In the stationary states, full angu
scans yielded an accuracy of about 0.1°. During switchi
the sample remained fixed perpendicular to the beam and
transmission was recorded as a function of time. Figur
displays the transmittance and the derived tilt angles o
typical switching event. For a sample which is laterally u
form, one would expect the transmitted intensity to drop
zero in the interference minima. As seen in Fig. 3, this is
the case. In fact, when looking at the sample with a pola
ing microscope, we find slight patterns. They are less p
nounced than the ones seen in cells aligned with rub
polyimide. The slight texture observed in the tilted sta
displays stripes. While in some cases the stripes are alon
dipping direction, in others they make an angle of 45° w
the dipping direction. The stripes do not correspond to tra
of polishing because the grooves from polishing are curv
as proved by pictures of the bare glass surfaces taken wit
Atomic Force Microscope. The origin of the textures is u
clear so far. We emphasize that these lateral nonuniform
n
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are very weak. In particular, in all experiments discuss
here it was easy to unambiguously derive a tilt angle fr
the crystal rotation setup data.

In order to convert the amount of transmitted light into t
angle, we matched the positions of the interference extre
to the corresponding angles in theoretical models. The in
mediate angles were interpolated. Only close to the be
ning and the end of switching, we directly converted tran
mittance into tilt angle.

The crystal rotation setup uses a helium-neon laser.
compared the results with data obtained with an IR la
~l51.15mm!. There is a small influence of the He-Ne ligh
on the speed of thermal relaxation into thetrans ground
state. Apparently, the back reaction can to a small exten
induced by light withl5633 nm. This effect is negligible for
the data presented further on. A high pressure mercury la
was used for UV irradiation. The intensity for switchin
from trans to cis was about 1.6 mW/cm2 at l536366 nm.

Generally speaking, the switching kinetics depends on
sample history. The switching speed as well as the sam
heterogeneity increases on repeated switching. However
ter the sample has been stored in the dark for more than 1
the switching kinetics is well reproducible. We therefore f
cused our investigations on the switching from the hom
tropic trans to the homogeneouscis state. All measurement
were done after the sample had been in the dark for at l
12 h.

FIG. 2. Conoscopic picture of a command-surface cell in
transstate~a! and 1 min after irradiation has started~b!. The optical
axis reorients into the dipping direction.
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458 55BÜCHEL, WEICHART, MINX, MENZEL, AND JOHANNSMANN
The UV absorption of the command layer at 360 nm c
not be monitored by the usual transmission UV-visible sp
troscopy because the weak absorption of the two monola
is masked by spurious absorptions of the bulk liquid crys
When measured evanescently, the signal is detectable. F
4~a! shows the experimental setup. Unfortunately, the d
prism induces a lateral beam displacement depending
wavelength, which results in a distortion of the baseline.
difference spectra, the effect is subtracted out. Figure 4~b!
shows the difference in the absorption of a cell in thetrans
and thecis state. The absorption peak of thetrans state
around 360 nm is clearly visible. The sensitivity is not su
ficient to detect the rather weak absorption of thecis state
above 400 nm.

The anchoring energy was measured in a high magn
field according to the method of Yokoyama, Kobayashi, a
Kamei @13#. A magnetic field is preferable to an electric fie
for command-surface experiments, because electric fi
may very well affect the command layer itself. Also, a
effect of residual conductivity is excluded. Different geom
etries have to be used for the homogeneous and the ho
tropic state. For measuring the anchoring energy of the
mogeneouscis state, the magnetic field was applie
perpendicular to the cell surface. The phase retardation
responding to infinite magnetic field was taken to be ze
For the homeotropictrans state, the magnetic field was ap
plied parallel to the cell surface. The phase retardation c
responding to infinite magnetic field is the same as for
mogeneous alignment. Therefore we used thecis state~no
magnetic field! as a reference to determine the hypotheti
phase retardation of thetrans state with infinite magnetic
field.

RESULTS

First, we find that the in-plane direction of tilt is we
defined and coincides with the dipping direction during t
Langmuir-Blodgett transfer. This is evidenced most convi
ingly by observing the switching event under a polarizi
microscope in the conoscopic mode~Fig. 2!.

Figure 5 shows the tilt angle versus time~‘‘switching ki-
netics’’! for a couple of command-surface cells. The leng

FIG. 3. Transmitted intensities through the crystal rotation se
and derived tilt angles for a typical switching event. The sam
was kept perpendicular to the probing beam.
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of the spacers between the main chain and the azo c
mophores varies between 2 and 6 CH2 units. Although there
are differences in the speed of switching and in the fi
state, the data have some characteristic features in com
In fact, the kinetic plots in Fig. 5 are a fairly representati
subset of all switching events. Therefore we first summar
the results which are common to most of our data.

~1! There is a marked threshold behavior, indicative of
underlying second order tilting transition.

~2! The tilt angles in thecis state are frequently differen
from 0°, often by a couple of degrees. When this is the ca
the tilt angles decrease with increasing temperature.

~3! In the transstate, the tilt angles are with one exceptio
~see below! very close to 90°. Most cells do, however, sho
a slight tilt of the order of 0.1° into the dipping direction

p
e

FIG. 4. ~a! Setup for evanescentin situ measurement of UV
absorption of the command layer. The tilt angle is measured
parallel with the crystal rotation setup.~b! Difference spectrum of
one command layer in thetransand in thecis state.

FIG. 5. Switching kinetics for varying spacer lengths.
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55 459ROLE OF INTERFACIAL ENTROPY IN THE COMMAND- . . .
Such a small tilt seems surprising because we find a mark
in-plane anisotropy during switching. In-plane anisotrop
should induce a finite tilt even in thetransstate. Apparently,
the anisotropic part of the interaction between the comman
layer and the liquid crystal is weak in thetrans state.

~4! The switching efficiency in terms of the photon num-
ber required per switching event is in the range of the the
retical limits given by the UV absorption and the quantum
efficiency fortrans-cisisomerization@19#. There seems to be
little sterical hindrance to isomerization. The local viscosit
in the environment of the chromophores is low.

Now turning to the differences in the behavior of the
samples with different spacer length, it is found that reorien
tation is slower for smaller spacers and remains incomple
even in cis state. That is not unexpected because short
spacers imply reduced flexibility to adjust to thetrans-cis
isomerization. Switching is most efficient for long spacers
Apparently, flexibility and local mobility enhance the effects
giving rise to the command-surface effect.

Given the peculiar kinetics of the bulk tilt angle, one
might ask whether there is an underlying threshold behavi
in the rate oftrans-cis isomerization as well. Thetrans-cis
ratio can be assessed from the UV absorption. Figure
shows the UV absorption at 360 nm measured with the ev
nescent setup as described in the experimental section
gether with the tilt angle. The sample was PG6,6/DON 10
A quantitative determination of thetrans-cisratio from UV
spectra is difficult because the orientation of the chro
mophores is unknown. However, a threshold behavior in th
trans-cisratio should be visible as a kink in the upper part o
Fig. 6. Instead, the UV absorption decreases very smooth
The trans-cis isomerization therefore proceeds without a
threshold. Apparently, the threshold behavior originates
the interaction between the command layer and the liqu
crystal.

In order to check for the influence of polarity on the
switching kinetics, cells with identical alignment layers
~‘‘cellp’’ ! but different liquid crystals with varying polarity
were investigated. Figure 7~a! displays the switching kinetics

FIG. 6. Evanescent UV absorption at 360 nm together with th
bulk tilt angle of a command cell with a polyglutamate main chain
and a spacer length of 6 CH2 units. The UV absorption is correlated
to the fraction of trans units. Whereas the tilt angle exhibits a
threshold behavior with time, the UV absorption does not.
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for a liquid crystal with a dipole in the middle of the aro
matic core@1 from Fig. 1~b!#, with a cyano group at one en
@2 from Fig. 1~b!#, and for a nonpolar liquid crystal@3 from
Fig. 1~b!#. We find marked differences in their behavior. Th
liquid crystal with a cyano group at one end does not reac
perfectly homogeneous alignment. This behavior can be
tionalized with the simple molecular picture in Fig. 7~b!. A
tilted orientation of liquid crystals with cyano groups on p
lar surfaces has previously been described for cyano bip
nyls on polyimides@20#. Also, the nonpolar liquid crysta
switches slower than its polar counterparts. Note that
transunits are nonpolar as well. Nonpolar liquid crystals a
therefore expected to have a closer affinity totransunits than
to cis units. Since thetrans units induce homeotropic align
ment, it seems natural that nonpolar liquid crystals stay
meotropic attrans-cisratios, where polar liquid crystals al
ready have adopted a homogeneous orientation.

A very convenient way to change the density of azo un
is to vary the area per monomer on the LB trough prior
transfer. Unfortunately, the range that can be covered in
way spans only about 30%. When comparing the switch
time for two samples that had areas per monomer of 28
34 Å2 and were identical otherwise, we found the switchi
speed was about 30% slower for the sample with the hig
density of azo units.

For one particular sample@‘‘cellm,’’ 3 in Fig. 1 ~a!#, a tilt
angle in thetrans state of about 30°@21# was found. The
liquid crystal in this case was the nonpolar ZLI 3086. Th
sample differed from the other samples in two ways. Fi
the area per azo group was higher~125 Å2! than for the other
samples. Sample ‘‘cellp’’@2 in Fig. 1~a!#, for example, had
an area per azo group of 77 Å2. The degree of side chain
substitution was lower in sample ‘‘cellm.’’ Secondly, th
spacers were short and had an angular shape. At first gla
one might be tempted to attribute the bulk tilt angle of abo
30° to the details of the molecular arrangement. An an
between the azo units and the main chain of about 30° res
when the chemical structure is written down as in Fig. 1~a!
~3!. However, this interpretation in itself cannot explain t
fact that the tilt decreases with temperature as displaye
Fig. 8. If the tilt angle of about 30° was connected to t
local molecular conformation only, the temperature dep
dence would be difficult to explain. Aokiet al. have argued
previously that the density oftrans azo units is the centra
parameter driving the transition@8#. Therefore the fact tha
sample ‘‘cellm’’ has a low density of side chains may be
importance. We argue below that the competition betwe
interdigitation~transunits, favoring homeotropic alignment!
and polar interactions~cis units, favoring homogeneou
alignment! is the driving mechanism. In this context, samp
‘‘cellm’’ in the unirradiated state appears to have a density
trans units very close to the threshold which leads to
alignment with high tilt. Further it is argued that the relativ
strength of the interactions depends on temperature, lea
to the observed temperature dependence shown in Fig
Although it cannot be excluded that the details of the m
lecular structure are of some relevance, they do not appe
be the determining factor. Tilt angles decreasing with te
perature were observed for the other samples as well. T
are explained in the frame of an entropic interaction~see
below!. The decrease of tilt angle with temperature is m

e
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460 55BÜCHEL, WEICHART, MINX, MENZEL, AND JOHANNSMANN
FIG. 7. ~a! Comparison of the switching ki-
netics for different liquid crystals. ZLI 3086 is
very unpolar. ZLI 1695 carries the dipole at on
end. DON 103 has a dipole pointing to the side
the middle of the molecule. ~b! Schematic inter-
pretation of molecular arrangement in thecis
state.
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unambiguously demonstrated for sample ‘‘cellm’’ becaus
this sample shows the effect even in thetrans state. Any
artifacts induced by an imperfect photostationary equilibrium
are excluded. In particular, the tilt angles are the same durin
heating and cooling.

Sample ‘‘cellm’’ points to a relevance of the command-
surface effect beyond the issue ofin situ switching the align-
ment. Presumably, any tilt angle of a liquid crystal cell can
be achieved by tethering mesogens to a surface and adjust
their lateral density. In technology, it has turned out difficul
to obtain alignment layers which induce a high tilt@22#. At-
taching mesogens to the surface may prove to be one optio

FIG. 8. Temperature dependence of tilt angle for sampl
‘‘cellm/ZLI 3086.’’
e

g

ing
t

n.

Having application in mind, the strong dependence of tilt
temperature certainly is bad news. Also, the tilt of polar l
uid crystals in contact with alignment layer ‘‘cellm’’ wa
zero. Polarity apparently seems to affect the tilt angle in
same way as it affects the switching kinetics in the oth
command-surface cells.

The determination of the anchoring energy was carr
out following the scheme of Yokoyama, Kobayashi, and K
mei @13#. Figure 9 shows a plot of excess cell birefringen
~PG6,6/DON 103! versus the inverse magnetic field. The b
refringence atB5` has been subtracted. From the offset
the linear extrapolations toB5` the anchoring energies ar
determined to be EA5~362!31025 J/m2 and EA
5~2.460.4!31024 J/m2 for the trans and thecis state, re-
spectively. In thetransstate, there are possibly two differen
anchoring energies depending on the azimuthal direction
the magnetic field. Up to our level of accuracy, the azimut
direction of the magnetic field~i or' to the dipping direc-
tion! does not affect the anchoring energy.

DISCUSSION

The first astonishing finding is the well defined azimuth
direction of tilt which cannot be explained by main cha
orientation. Similar observations have been made with L
processable polyimides for LC alignment@23#. Main chain
orientation only defines an axis, not a direction. A polar sy
metry breaking can only occur in the meniscus during
transfer. Figure 10 shows a cartoon of the polymer in
meniscus. During transfer, there will be a situation when
long main chain is already in contact with the substr
whereas some side chains are not. These side chains w
e



b
h
’’
n-
th
o-

al-
h
th
o
tic

de
.
ct
e
ilt
g
i
e
on

-
tion

ion
me-
d to
their
ill
l.
-
tric-
e

ak-
ig-
eo-

eir
mo-
ery
etz

and
tal
ce,
the

olar
ac-

s.
n-

eful

ing
ap-

-

n

-
and

e
-

ig
s
it

in
pp
y
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dragged downward by the drainage of water. Presuma
some side chains are trapped in that conformation in whic
part of the spacer is immobile. They will be ‘‘sticking out
at an angle and will be pointing into the direction of drai
age. Even though the immobile side chains may be few,
subpopulation still is efficient in breaking the in-plane is
tropy because there is no competing interaction.

In the following, we argue that sterical interactions,
though effective in breaking in-plane isotropy, are not t
driving mechanism of the anchoring transition as far as
polar tilt angleu is concerned. This is concluded from tw
observations: the threshold behavior in the switching kine
and the absence of tilt in thetrans state.

The threshold behavior~Figs. 5 and 6! in the switching
kinetics suggests that the tilting transition is of second or
with a critical trans-cisratio beyond which switching sets in
As the data show, the second order behavior is not perfe
the sense that a slow reorientation already happens befor
critical trans-cisratio is reached. Also there often is a tiny t
of about 0.1° in thetransstate. Still, the dominant underlyin
mechanism must be of second order. The slight lifting
attributed to the weak in-plane anisotropy due to sterical
fects. If sterical interactions were dominant, both a sec

FIG. 9. Excess retardation of sample PG6,6/DON 103 in a h
magnetic field. The birefringence at ‘‘infinite magnetic field’’ ha
been subtracted. From the extrapolation of the linear fit to infin
magnetic field the anchoring energy is derived@13#.

FIG. 10. Hypothetical cartoon of the polymer conformation
the meniscus. Due to the drainage of water, side chains are tra
in tilted conformations and generate a polar in-plane anisotrop
the command layer.
ly,
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order behavior and the very small tilt in thetransstate would
be implausible.

According to our hypothesis, the tilting transition ob
served in the command-surface effect is due to a competi
between an entropy of mixing of the mesogenictrans units
with the liquid crystal on the one hand and a polar interact
favoring homogeneous alignment on the other hand. The
sogens responsible for that interaction are loosely tethere
the surface. The tethered mesogens tend to maximize
entropy. When stretching away from the surface, they w
gain the entropy of mixing with the ambient liquid crysta
The ‘‘mixing entropy’’ will not be equal to the mixing en
tropy as calculated in the textbooks because of the res
tions given by the tethers. Still, the interfacial entropy will b
correlated to the volume accessible to thetrans units which
will favor an orientation perpendicular to the surface. Spe
ing pictorially, in-plane anisotropy is generated by rods r
idly sticking out of the surface at an angle whereas hom
tropic alignment is induced by rods loosely tethered to it.

After isomerization, the azo units not only have lost th
mesogenic character, they have acquired a large dipole
ment as well. Planar alignment on polar substrates is v
often observed. It is connected to the Friedel-Creagh-Km
empirical rule ~e.g., @24#! and is usually attributed to a
dipole-induced dipole interaction between the substrate
the highly polarizable aromatic cores of the liquid crys
molecules. When the molecules lie flat on the polar surfa
this interaction is maximized. Both the main chains and
azo molecules in thecis units are polar. Bytrans-cisisomer-
ization the balance between entropic interaction and p
interaction is shifted towards a dominance of polar inter
tion. Figure 11 schematically depicts thetrans state~a!, the
cis state~b!, and the intermediate state~c!.

It is instructive to put this concept into quantitative term
As we will see, straightforward adoption of the mixing e
tropy, as it is usually described in statistical mechanics@25#,
overestimates its relative importance. However, some us
conclusions can be drawn.

We express the excess surface free energyFS as a sum of
a polar interaction with the substrateFP and a mixing free
energy of the trans units with the liquid crystal
FS5FP1Fm . The equilibrium tilt results from minimization
of the free energy with respect to tilt angle. The anchor
energy corresponds to the second derivative. As a first
proximation, we may write

FP /A5 1
2APsin

2u, ~1!

whereA is the unit area andAP is a phenomenological con
stant related to the number ofcis units.AP is roughly equal
to the anchoring energy in thecisstate and has the dimensio
J/m2. The mixing free energy can be written as

Fm52~AmRTV/V* !@~w tlnw t1wLClnwLC!1xw1w2#,
~2!

with R the gas constant,T the temperature,V the volume of
the interfacial region, andV* the molar volume of the me
sogens which we take to be the same for the azo units
the liquid crystal molecules.wt andwLC are the volume frac-
tions of thetransunits and the liquid crystal molecules in th
mixing volume. For simplicity, a box profile for the concen
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trations is assumed. In Eq.~2!, only translational entropy ha
been considered. The phenomenological correction fa
Am<1 accounts for the limited mobility of thetrans units
which lowers the number of accessible positions. The
term in Eq.~2! accounts for an enthalpy of mixing. Follow
ing the Flory-Huggins treatment, it is expressed with an
teraction parameterx @25#. x is zero for ideal mixing and
larger than zero for compounds with poor miscibility. A
though one may want to assumex'0 for simplicity, some of
the trends we have observed can be rationalized by noni
miscibility.

The surface free energy as written above does not dep
on the azimuthal anchoring anglew. Therefore spontaneou
symmetry breaking will occur. In experiment, this dege
eracy is lifted by a slight anisotropy of the sample. It
assumed that this interaction is too weak to significantly
fect the polar tilt angle.

In order to minimize the free energyFS5FP1Fm with
respect to tilt angle, a relation connecting the volume of m
ing V with the tilt angleu is needed. The volume of mixing
will be roughly proportional toD sinu, whereD'20 Å is the
side chain length. The volume fractionswt andwLC follow
from the volume of mixing and the density oftransunits at
the surfacert . rt here is the fraction of surface area cover
by trans units oriented perpendicular to the surface. W
these relations, the free energy as a function of tilt angl
specified. Minimization yields the equilibrium tilt angle.

Figure 12 shows the free energy as a function of tilt an
for AP51024 J/m2, Am51022, and trans unit densitiesrt
from 0.05 to 0.5 in steps of 0.05. The bold line connects
minima of the free energy. It corresponds to the equilibriu

FIG. 11. Schematic description of the different stages of swit
ing: ~a! In the transstate, the tethered mesogens tend to mix w
the liquid crystal. They therefore stretch away from the surface
induce homeotropic anchoring.~b! The cis state has a strong di
pole which has a high affinity to the aromatic cores of the liqu
crystal molecules. Therefore the liquid crystal aligns parallel to
interface. ~c! In the intermediate state, the effects of the tethe
mesogens and thecis units approximately balance. A minority o
side chains which have been trapped in a tilted conformation du
LB transfer generate in-plane anisotropy.
or
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tilt angles observed in experiment. As expected, a second
order anchoring transition is observed. Attransunit fractions
rt higher than a critical fractionrtc'0.25, entropy dominates
and the only stable tilt angle is 90°. At the critical density,
the second derivative~corresponding to the anchoring en-
ergy! vanishes. Below the critical density, there is a finite tilt.
Note that the occurrence of the second order tilting transition
in no way depends on the particular choice of parameters. In
particular, it also occurs when the parameterAP depends on
the number ofcis units. The second order tilting transition is
the consequence of competition between the two termsFm
and FP . It has all the characteristics of an order-disorder
transition with spontaneous symmetry breaking. However, a
first order tilting transition could be explained as well with
similar qualitative arguments if the functional dependence of
either FP or Fm on tilt angle u was much different. For
example, a weakly first order transition results ifFP is taken
to beFP5APsin

4u instead ofAPsin
2u.

The inclusion of a Flory-Huggins interaction parameterx
has plausible consequences. Nonpolar liquid crystals should
have a high affinity fortrans units and mix well with them.
The critical density oftrans units therefore should be rela-
tively low. That explains the observed dependence of switch-
ing behavior on the polarity of the liquid crystal~Fig. 7!.
Also, if the interaction between thetransunits and the liquid
crystal depends on the nematic order parameterS, a tempera-
ture dependence of the tilt angle is expected. It is reasonable
that the interaction betweentrans units and liquid crystal is
favorably affected by a high scalar nematic order parameter
S. High nematic order implies an arrangement in which the
molecules are mostly parallel to each other. This maximizes
the ‘‘nematic’’ interaction regardless of the physical origin
of this interaction. Therefore the miscibility oftrans units
and liquid crystal molecules will be higher at lower tempera-
tures, at which the scalar order parameter is high. The ob-
served decrease of tilt angle with temperature is quite strong.
SinceS also varies strongly with temperature, it seems rea-
sonable to connect the temperature dependence of tilt angle
with the order parameterS.

-

d

e
d

g

FIG. 12. Surface excess free energyFS5FP1Fm according to
Eqs.~1! and ~2! for AP51024 J/m2, Am51022, and surface cover-
ages oftrans units rt between 0.05~top! and 0.5~bottom!. The
minimum corresponds to the equilibrium tilt angle. A second order
transition with a critical coveragertc is observed.
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From the experimental data, we can assess the param
Am which was introduced to quantify the strength of t
entropic interaction.Am51 would correspond to ideal mix
ing entropy whileAm,1 accounts for the limited mobility
due to the tethers. The model predicts the anchoring ener
as well as the criticaltransunit fractionrtc . In thecis state,
the anchoring energy is close to the phenomenological c
ficientAP . From experiment, we findAP;1024 J/m2. For the
anchoring energy in thetrans state, we have

Etrans52AP1~1/A!AmRT~V/V* !ln@12r t#. ~3!

In the trans state,rt is usually in the order of 0.5. For a
command layers inducing homeotropic alignment, the lo
rithm in Eq.~3! is of order unity. Experimentally, the ancho
ing energy in thetrans state is found to be smaller than th
anchoring energy in thecis state by a factor of 10. This
implies that the quantity (1/A)AmRTV/V* is in the same
order of magnitude asAP;1024 J/m2. Taking the region of
mixing to be about 2 nm thick, we calculat
(1/A)RTV/V*;1022 J/m2. Am therefore is of the order o
1022. A similar conclusion is reached from considering t
critical fraction of trans units rtc . At the critical fraction,
Etrans is zero. Equating (1/A)AmRT(d/ V* )ln@12rtc# to AP
we again findAm;1022. As expected, the presence of th
tethers significantly reduces the entropy of the interfacial
gion.

We want to emphasize that none of the above argum
rely on a particular choice of parameters or on details of
model. The model calculations show that a second order
ing transition can be explained by competition between
terfacial entropy and a polar interaction. The relative stren
of the entropic interaction can be assessed. It is quite in
em
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esting to compare our argument to the findings by Oka
@26#, who invokes a different entropic mechanism operat
on a hard wall. In this case, the surface excluded volu
effect induces flat alignment. The situation for the comma
surface is different from a hard wall because first the wal
quite the opposite of a hard wall and secondly the entro
term originates from mixing between two species~azo moi-
eties and LC molecules! rather than from free volume.

CONCLUSIONS

Investigations on the command-surface effect were und
taken in order to elucidate the underlying microscop
mechanism. It is concluded that the polar tilt angle is det
mined via a competition between interfacial entropy whi
favors mixing and thereby homeotropic alignment, and a
lar interaction favoring homogeneous alignment. The a
muthal direction of tilt is selected by packing anisotropies
the command layer induced during LB transfer. This sche
accounts for the observation of a threshold behavior in
switching kinetics, the absence of any tilt larger than 0.1°
the transstate, the dependence of switching behavior on
larity of the liquid crystals, the dependence of switchi
speed on the density of azo units, and the decrease o
angles with temperature. These results should apply not o
to command surfaces but to many other systems of teth
mesogens in contact with a liquid crystal as well.
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