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Gliding of liquid crystals on soft polymer surfaces
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Magnetic-field-induced reorientation of nematic liquid crystals on polymer layers is studied near the glass
transition temperature of the polymer. Kinetic curves for different field strengths and temperatures are pre-
sented. A model is developed which takes into account the structural rearrangements in the polymer induced by
its interaction with the anisotropic potential of the liquid crystal. Simulations based on the model are in good
guantitative agreement with the experimental data.
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I. INTRODUCTION Il. EXPERIMENT

The interaction between polymer surfaces and liquid crys- |n the initial experiments we studied an azo-dye function-
tals is an attractive subject for fundamental research and §jizeq polymethyl-methacrylatgs]. The measurements re-
also plays an essential role in the operation of many liquidyorted here were carried out on the main-chain polymers
crystal-based devices. This interaction determines the alig solyethyl-methacrylatéPEMA, T,=56 °C) and polymethyl-

' lg

ment properties of a liquid crystal at its interface with @ methacrvlatdPMMA. T.=110 °O. The liquid crvstalE49
_po_lymer layer. A s_tano!ard method consists (.)f rubblng p0Iy'from BrizshE(Drug Héusge Cleari(r?g pointquO jﬁ%//as (sand-
imide layers unidirectionally to produce anisotropy in the '

Yviched between two polymer-coated plates; the cell thick-

surface structure of the polymer; as result the liquid crystal . )
director is aligned parallel to the rubbing direction. In this _nessL was typically 60um. One plate was coated with poly-

C - imide (PI) and rubbed to ensure strong anchoring athiard
procedure the liquid crystal apparently plays a purely passwgnl . .
role; its orientation is fully determined by the previous treat-Pl2t€")- The other substrate was coated with PMMA or

ment of the polymer. There are, however, other situations, EMA and was not treated mechanicallgoft plate”). After
when the influence of the liquid crystal on the surface strucfilling the cells, they were heated near or abdyeand sub-
ture of the polymer is also important. We suggest that, insequently cooled to room temperature. This procedure re-
general, a polymer—liquid-crystal interface should be resulted in good quality planar alignment. The sample was
garded as a coupled system, where the two components—ti#aced into an electromagnet with the field oriented perpen-
polymer and the liquid crystal—mutually affect each other’sdicularly to the rubbing direction. The director gliding was
structure. An example of such behavior was discussed eafellowed with a He-Ne laser beam, passing through the cell
lier, namely, the influence of the presence of liquid crystal orfrom the PI side and polarized parallel to the rubbing direc-
photo-orientation of dye-doped polymdd. Here we apply tion. As the cell thickness was much larger than the light
our concept to the case of azimuthal director reorientation alavelength, the polarization followed the director orientation
polymer—liquid-crystal interface@lirector gliding. adiabatically within the cell. Thus measuring the polarization
Director gliding has been demonstrated in the past by Vetgirection behind the sample provided straightforwardly the
ter et al. [2] and Vorflusevet al. [3] on pOlyVInyl alcohol director ang|e on the soft p|a‘(g||d|ng ang|e(P5)_
(PVA) coatings. They applied an in-plane electric field to
reorient the liquid crystal on the PVA-coated plate and mea- IIl. RESULTS
sured the back relaxation of the nematic director after the
field was switched off. Further studies were carried out on In Fig. 1(a), the gliding angle is shown for PEMA as a
the same phenomenon by Faettial. [4] and Stoenescet  function of time at different magnetic field strengths, at a
al. [5] on PVA layers and evaporated SiGoatings. No sys- fixed temperaturé27 °C). As can be seen from the figure,
tematic study was reported, however, on the role of the polygliding of the director toward the magnetic field, took place
mer structure on the temperature and field dependence of tlas time scales orders of magnitude higher than the bulk re-
kinetics of the gliding process. laxation time of the directof~10 se¢. Within the time of
In the present paper, we describe experiments on fieldapplication of the magnetic fieldl h), the gliding angle did
induced rotation of the nematic director on polymer surfacesiot saturate. On a log-log scale the curves show a linear
in the vicinity of the glass transition temperature of the poly-increase in timgsee figure insgt Also, the back relaxation
mer. We demonstrate that gliding speeds up considerabiyoward the rubbing direction after the field was switched off
when the temperature approaches the transition region fronvas not completed within reasonable tim@sg. 1(b)]. In
glasslike to rubberlike behavior. We show that the kinetics oforder to remove the twist deformation entirely, the sample
the gliding process can be interpreted by taking into accounvas heated tdl, and then cooled back to the measuring
the orienting action of the liquid crystal on the polymer temperature.
chains. A simple phenomenological model is presented In Fig. 2, the temperature dependence of the kinetics is
which describes quantitatively the observations. shown at a fixed magnetic field. The gliding process speeded
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If the latter torque is small, the director should rotate by large

° — wm  wm  me angles away from the easy axis until the field-induced sur-
time (s8c) face twist deformation is compensated by the anchoring

torque. According to this model, however, gliding should
(b) saturate on a time scale comparable to the bulk relaxation

FIG. 1. (a) Gliding angle as a function of time on PEMA at ime. In contrast to this expectation, in the experiments satu-
different magnetic field strengths. Solid lines, simulations with "&lion was not observed even after times two orders of mag-
He=0.085 T, m,=12 sec, £&=0.5um, Q%=0.765, 5=0.317, nitude longer than the bulk transient time. A further difficulty
=14.6 sec. The numbers at the ends of the curves give the rati@f the model is that it does not give account of the origin of
H/Hg. (b) Gliding angle forH=0.17 T and relaxation after the the anchoring energy on the soft plate—at least in our case.

field was switched off. Inset: gliding shown on log-log scale. To overcome the first difficulty, Vorfluseet al. intro-
duced a “surface viscosity” term into the balance equation

up considerably a3, was approached. At sufficiently high for surface torques, without justification. Vetttral.[2] sug-

temperatures the surface reorientation time became complcal-es‘tt)e‘gj rhat th? %nclhorl_r&g on thle solft pllate IS dr‘:e tolan ad-
rable with the transient time characteristic for the bulk defor-S°"€d layer of the liquid crystal molecules on the polymer.

mation. We obtained qualitatively similar results with According to their model, through desorption and readsorp-

PMMA layers, but at about 20° higher temperatures tharfion of the liquid crystal molecules, the easy axis can rotate.

with PEMA. In control cells, consisting of two hard plates, S'Milar ideas were put forward i, 9]. In this model, how-
no director gliding was observed. ever, it is difficult to explain why the magnitude and the

kinetics of the gliding process are correlated with the glass
transition temperature of the polymer.

Our interpretation of the observations is based on the as-
sumption that the polymer main chains can undergo confor-

In order to interpret the results, the torques acting on thenational transitions under the influence of the anisotropic
director at the interface should be considef&fl A first  potential of the liquid crystal. The induced structural changes
torque is connected to the director stress tefi8pand it is  in the polymer decrease the interfacial energy between the
proportional to the twist deformation at the soft plgser-  liquid crystal and the polymer; hence self-strengthening of
face twist torqui A second torque arises from the deviation the surface anchoring of the liquid crystal takes place. This
of the director from the “easy axis” at the polymer, i.e., from mechanism can account for different kinds of alignment ef-
the axis along which the interaction energy between thdects which occur on untreated polymer surfaces, like flow-
polymer and the liquid crystal is miniméhnchoring torque  induced alignment or the surface memory effgl]. Using
The director position at the interface is determined by thethis concept, we assert that the initial easy axis on the soft
balance of these two torques. The balance is established inpate is created during the preparation of the cell by the nem-
very short time as compared to the characteristic time scalestic liquid crystal itself, through orienting the polymer chains
involved in the present experimenf8]; hence we assume to a certain extent. When no field is applied, the easy axis
that the two torques are continuously equal during gliding. becomes parallel to the rubbing direction. The corresponding

One possible way to interpret the results would be to asanchoring energy is not necessarily very weak, not even
sume that the anchoring energy is small on the soft jigite  aboveTy. The gliding process in magnetic field can be un-

IV. INTERPRETATION
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derstood as follows. Above the magnetic FréedericksQg® determined by the interaction strength. The corre-
thresholdHg, a surface twist torque appears, which rotatessponding steady-state order parameter ter@gy can be
the director toward the magnetic field direction until it is written asQeq;; =Q8Y2ns;ng;— ;).

balanced by the anchoring torque. The change of the director In a simple dynamic equation one could describe the re-
position at the surface initiates conformational changes in théaxation of the actualQ tensor towardQy with a single
polymer and as a result, the easy axis rotates towards thelaxation time:

director. This latter rotation, in turn, decreases the anchoring

torque; therefore the director can rotate further towards the dQ/dt=—(Q =~ Qeg)/ 7.

magnetic fleld.' The process ends When.both surface torqueg, o¢ approach, although it gives a reasonable qualitative de-

become zero, i.e., the twist deformation is zero at the surfacggyintion of the phenomenon, fails to describe the significant

and the easy axis coincides with the director at the soft platg;|,ing down of the gliding process seen in the experiments.
To make the above considerations quantitative we preseRy optain quantitative agreement with the observations, we

a two-dimensional model. We take theaxis along the rub- e 1o suppose a wide distribution of relaxation times. Such

bing direction,y in the substrate plane_ perpendicularxo . an assumption is natural for an amorphous system near the

andz along the sample normal. Consider a polymer chaify,nsition zone from glasslike to rubberlike behavias],

unit oriented along the unit vectat in the substrate plane. \yhere small environmental changes can cause large changes

The interfacial energy between the polymer segment and the, e chain mobility. We assume that different microscopic

liquid cr%/stal IS t?ken in the usual Rapini-Popoular fd®0] 4145 of the polymer network relax with different relaxation

W=Wo—3Wa(dng)*, wherens={coses, sineg is the nematic  times toward the same orientational distribution. gét)dr

director at the soft surface. Introducing an order parametegenote the fraction of chains or chain segments which relax

tensor[11] for the polymer chains with the definitioQ;  ith a time constant betweenand 7+dr, and let the corre-

=2(dd))-g;, the anisotropic part of the interfacial energy sponding order parameter tensor of these chairg( be The

per unit area,W, can be expressed as;llWansQns (Wa  dynamical equation foq(7) is

=Nw, whereN is the number of chain units per unit ayea

The eigenvector o defines the easy axis of the polymer, dq(7) _ q(7) — Qeq (@)

while its eigenvalue can be considered as the polymer scalar dt -

order paramete@s, ranging from Q(isotropic distribution of

the chain orientationto 1 (perfect orientational orderThe  and the order parameter of the polymer as a whole is

anchoring torque is W/ dgs the twist torque isKyeg,

wherekKj; is the twist elastic constant and is the derivative Q= J g(Dq(Ddr. (5)

of o5 alongz at the soft plate. The balance of torques can be

written as

In order to carry out simulations, the distribution function
1 g(7) has to be specified. The experimental results suggest
Epi=~— E(Qxxsin 25— Qyy COS 2py), (1)  thatg(r) should have a power-law form, starting from a re-
laxation time,

where é=K,/W, is the extrapolation length. A=AEfor 7> 7 6

To describe the kinetic curves one needs to establish dy- 9(7) o ©
namic equations fop, and Q, at fixed ¢s. The steady-state whereA is a normalizing factor ang should be close to the
value of g (¢geg) can be obtained from the balance equationobserved exponent. We note that for kinetic processes in

for bulk magnetic and elastic torquég): amorphous systems power-law type behavior is not unusual;
a similar relation was found in transient photocurrent mea-
d?e  17%( H\?. surementg14].
dZ2~ 2.2\ H sin 2¢ ) Equations(1)<6) provide a complete set of relations for
the calculation of the gliding process. In Fig. 1, the solid
with the boundary conditiong(0)=0 andg(L)=¢,. To sim-  lines correspond to simulations based on the above model.
plify mathematics, we use fop, a simple relaxation equa- Hg and 7, were determined from measurement on a control
tion PI-PI cell, where no gliding was observe@l.was chosen as
0.31, which is close to the observed exponent. Regarding the
deg 05~ Peeq 3 further parameters, we found that it is impossible to deter-
dt T ) mine ¢ QfY and 7, separately from the curves; for a wide

range of meaningful values gfandQf’it is always possible

where 7, is a characteristic bulk relaxation time in the orderto chooser, to get a good agreement between the measured
of L?y/K, (v rotational viscosity of the nematic and calculated curves. In the simulation we chésad Q2

To obtain a dynamical equation f&, we first consider arbitrarily and adjustedr in a way to get the best fit for
again the steady state at fixed gliding angle. According to ouH/Hg,=2. As can be seen from the figure, with the same set
considerations, liquid-crystal-induced structural changes roef parameters we obtained also a good fit for other magnetic
tate the easy axis of the polymer parallel to the director field values and for the relaxation curves of the gliding pro-
The scalar order parameter converges to a saturation valwess. This agreement gives strong support of the idea behind
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the model. The fitted curves at fixétland different tempera- In conclusion, we have shown that director reorientation
tures show thaj is increasing and—it and Q.4 are kept ~ on polymer surfaces can be attributed to structural changes in
constant—, is decreasing with increasing temperatuiiéig.  the polymer, induced by the liquid crystal. According to our
2). This fact can be attributed to the strong increase of thénodel, the “surface viscosity” for gliding is determined by

polymer chain mobility in the transition region from glass- the rate of rearrangement of the polymer chains, rather than
like to rubberlike behavior of the polymer. by the surface friction of the liquid crystal. The study of the

Experiments show that gliding takes place also at an inetics of gliding can thus provide useful information about
below the Fréedericksz threshdldgs. 1a) and 3. To simu- he chain mobility. Finally we note that the concept proposed
o AT ' oo - in this paper may work also in the case of zenithal gliding,

late the kinetics for this situation, a small initial deviation of

the magnetic field from thg direction has to be assumed. As Ithee ;5;%2?23?%5&?98 of the tilt angle of the director at
a simple consideration shows, the model predicts that gliding '
can occur above half of the Fréedericksz threshold. This This work was supported by the Hungarian Research

problem will be discussed in a future paper. Grants No. OTKA T-037275 and No. OM00224/2001.
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