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Memory-Free Conic Anchoring of Liquid Crystalson a Solid Substrate
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We show that the anchoring memory of liquid crystals on solid substrates can be completely removed
by grafting highly mobile polymer chains. Using grafted polystyrene, we obtain uniform, stable, and
reproducible memory-free and conically degenerated anchoring of the nematic 5CB. The symmetry of
the conic anchoring enables two different zenithal anchoring breakings, towards homeotropic and planar
states. Under external torques we observe both of them, with weak thresholds.

PACS numbers: 61.30.Gd

Nematic liquid crystals (LC) are anisotropic liquids with
elongated molecules, on average parallel to a local sym-
metry axis n, caled director. Sample boundaries usu-
aly impose orientation of the surface director n, aong
some “easy” axis n.. This “anchoring” phenomenon is
described by an anchoring energy W;(n,,n;), minimized
for n; || n.. The symmetry and the strength of the an-
choring depend on the surface anisotropy. All surfaces
are strongly anisotropic along their normal, resulting in
relatively strong zenithal (out-of-plane) anchoring. The
azimuthal (in-plane) anchoring is usually wesker and is
expected even to vanish on isotropic substrates. The an-
choring then is degenerated [1], with easy axis replaced by
an “easy surface,” in general a cone of revolution (Fig. 1).

This azimuthal degeneration istypical for LC interfaces
with isotropic fluids. On isotropic solids, however, the an-
choring degeneration isremoved by the orientational mem-
ory [2]. These surfaces are really isotropic only before the
first contact with the LC. On contact, the initial random
orientation of n; is memorized on the surface, mostly by
adsorption of an oriented layer of nematic molecules [3].
The adsorbed layer behaves as a new, strongly anisotropic
substrate [3,4], imposing ill defined monostable anchoring.
Recently, Bryan-Brown et al. [5] have shown that doping
of the LC with oligomeric impurities makes the surface
“dlippery” —the segregation of the dopant close to the sub-
strate gives a thin isotropic layer, screening the memory.
The resulting anchoring is azimuthally degenerated, with
weak zenithal energy. However, thisliquid anchoring layer
of impurities could diffuse in the bulk and to the other sur-
face, modifying their properties. At long term it could
be unstable mechanically and chemically, especially under
strong fields and hydrodynamic flows.

Here we demonstrate that memory-free, azimuthally de-
generated anchorings can berealized also on solid surfaces.
To eliminate the memory we “lubricate” the anchoring by a
thinlayer of highly mobile, fluid polymer chains, grafted to
the surface. This enables the nematic moleculesto reorient
with the chains themselves and we observe conicaly de-
generated and memory-free anchoring, with weak zenithal
strength and long-term stability. We show that the symme-
try of the conic anchoring enables two different anchor-
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ing breakings under applied torque, toward homeotropic
and planar states, respectively. We observe experimentally
both these breakings.

To remove the anchoring memory, one has to avoid the
adsorption of the LC, e.g., by saturating the adsorption
sites on the surface by some “ passivation” layer, consisting
of nonmesogenic molecules [6]. However, it is difficult to
avoid the adsorption on the passivation layer itself, giving
rise again to a memory induced anchoring. Another pos-
sible approach is to cover the surface with highly flexible,
“fluid” polymer chains. The LC molecules, even adsorbed
on the chains, can reorient freely—the fluid chains lubri-
cate the anchoring, removing any memory.

Throughout this study we use the nematic pentyl-
cyanobiphenyl (5CB). We started our experiments with
spin-coated layers of polyisoprene (PI), chosen for its low
glass transition temperature (—70 °C). As expected, the
B5CB anchoring on Pl was azimuthally degenerated and
memory-free (see below the observation technique), due
to the high mobility of the polymer chains. In another
anchoring “lubrication” experiment we used substrates
spin coated with isotropic polystyrene (PS) film. At first
contact with 5CB we observe flow alignment patterns on
the surface indicating that the initial local n, direction is
memorized. A few minutes later the memory disappears,
leaving degenerate conic anchoring. In this case, 5CB
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FIG. 1. “Easy cone” and surface energy for conic degenerate
anchoring.
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penetrates progressively into the film and the PS chains,
initially in the glassy state, become mobile, resulting in
memory-free alignment layer.

These two polymer treatments show that the anchoring
memory lubrication can be achieved. However, their stabil-
ity is poor—at long term they dissolve in the nematic and
migrate. We can stabilize the Pl filmsby UV cross-linking,
but then the conic anchoring is transformed in a trivia
memory-dominated alignment. This confirms the impor-
tance of the chain fluidity for the memory elimination (the
cross-linking reduces drastically the chain mobility).

To resolve this stability problem, we attach chemically
the polymer to the surface. Self-assembled films [7] and
grafted polymers have already been shown to align LC. In
particular, wetting and ellipsometry studies indicate [8] an
amost planar orientation of 5CB on a polystyrene brush,
grafted to silicon wafer. Using the same technique, we
graft monodisperse, trichlorosilane terminated polystyrene
to glass plates [9], bare or covered with indium-tin oxide
(ITO). We thus obtain a dry polymer brush, with an av-
erage thickness 4 in the range 25-500 A. The anchoring
depends only weakly on d and here we focus on data for
d =460 A.

In contact with the brush, the 5CB molecules penetrate
into it. Ellipsometry studies [9] show that d increases
up to an equilibrium value corresponding to 42% of 5CB
(volume fraction) in the brush at room temperature. The
swollen film of highly mobile PS chains (firmly bound to
the surface by one end) behaves as a disordered fluid in-
terface, inducing memory-free degenerate anchoring simi-
lar to the one observed for spin-coated PS or Pl layers.
However, the film is now stable mechanically and chemi-
cally, insoluble in the nematic. It can be washed in toluene
and reused, and the anchoring does not change even in
two-year-old samples. Unlike fluid surfaces [1] or impu-
rity interfaces [5], our grafted solid substrates enable in-
dependent control of the anchorings on the two plates of
the cell, easy application of electric fields, and variation
of the cell thickness and geometry without change of the
anchoring properties. In the following we present mainly
the study of these grafted PS layers, only briefly compar-
ing them with the PI anchorings.

The microscopic observations of small nematic drops
deposited at room temperature on the PS brush revea a
finite but very small contact angle (a few degrees). At the
air-5CB interface the anchoring is homeotropic (6, = 0),
free of azimuthal torques. The radia n; distribution at the
substrate [Fig. 2(a)] shows anchoring degeneration. Upon
cooling down from the isotropic phase, we observe tex-
ture instabilities [Fig. 2(b)], already reported for hybrid
nematic cells [10]. Around the defects ¢ varies continu-
oudly, without pinning at the surface, showing no anchor-
ing memory.

We confirm these observations in sandwich cells, with
5CB filled between the substrate under study and a stan-
dard counterplate with strong monostable anchoring, at
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FIG. 2. (a) Radial texture of a5CB drop on grafted PS at room
temperature, showing the azimuthal anchoring degeneration.
(b) Texture instabilities close to 7., showing memory-free
anchoring.

choice homeotropic, planar (8, = 7/2), or tilted (0 <
0. < a/2). The cell holder enables a variation of the gap
D in the range 1-100 uwm and azimuthal rotation of the
plates. With homeotropic counterplate the sample shows
schlieren texture, typical of degenerate alignment [2]. Un-
der weak perturbations the n, pattern varies freely, with-
out memory. Planar or tilted alignment on the counterplate
givesuniform (U) textures, without twist. These U-textures
remain unchanged when the substrate is rotated at arbitrary
azimuthal angle. To twist the texture, we apply an in-plane
ac (f > 10 kHz) electric field E L n, using two parallel
conductive I TO electrodes, deposited on one of the plates.
This field favors orientation along E and above the Fred-
eriks threshold, renormalized for the sample geometry, we
observe a twisted texture. When the field is removed, the
texture relaxes back to the U-state with typical bulk re-
laxation times, showing no surface elasticity. We estimate
the residual azimuthal anchoring strength, if any, to be less
than 3 X 1071 N/m, 5 orders of magnitude weaker than
the usual monostable value. Similar anchoring memory lu-
brication is observed for Pl or PS spin-coated films and we
expect it for any polymer layer swollen by LC molecules,
with fluid enough chains.

The anchoring degeneration could be planar
(6, = 7/2) or conic (0 < 0, < 7r/2). Qualitatively, we
can distinguish these two cases using a planar counter-
plate. For 8, = 7 /2 the equilibrium texture is unique
(6 = /2 throughout the cell). For 8, < 7 /2 the equi-
librium texture is splayed and twofold degenerated—two
opposite tilts are possible on the conic plate, with opposite
signs of the splay in the cell. We always observe coexis-
tence of twin-splay domains, showing conic degeneration.
We measure the tilt 6, from the birefringence variation
with the thickness in a free drop [9], or as a function
of a weak dectric field, applied in a sandwich cell [11].
At room temperature we obtain typicaly 0, = 72° for
grafted PS and 6, = 74° for Pl. This conic tilt angle
varies weakly with temperature, but we never observe
temperature driven conic to planar transition.

To study the zenithal energy of the conic anchoring, we
need first to consider its symmetry, drastically different
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from the usual tilted monostable case. Because of the
degeneration, the anchoring energy W, = W,(6,) is in-
dependent of ¢,. Because of the inversion symmetry of
the nematic and the revolution symmetry of the easy cone,
W(60,) is symmetric around both 6, = 0 and 6, = 7 /2
and should have extrema in these two points. In both
monostable or degenerate planar cases, W, (6,) has amini-
mum for 6, = 8, = /2 and a maximum for 8, = 0
[Fig. 3(a)]. In first approximation these two planar cases
can be described in the usual Rapini-Papoular approxima-
tion [12]:

W,(0,) = 3Acos0, , @)

where A > 0 isthe anchoring strength coefficient. Around
the energy maximum at 6, = 0, the anchoring torque van-
ishes and an anchoring breaking can be achieved, when
an external torque favors homeotropic alignment—6; be-
comes exactly zero under finite field [13,14].

For conic degeneration, however, the anchoring symme-
try is incompatible with Eq. (1). Now W,(6,) presents a
minimum for #; = 0, and two maxima for 8, = 0 and
7 /2 [Fig. 3(b)]. In lowest approximation, we expect an
anchoring energy quartic in cosé;:

W,(6,) = %A cos’h, + JTB costd, + const. (2

This energy should have a minimum for 6, = 8,. This
implies B> —A > 0, cos’d, = —A/B and the energy
becomes

W,(6,) = 1B(cos’, — cos6,)’. ©)

Equation (3) is similar to the azimuthal energy [15], al-
ready proposed for bistable anchorings. The anchoring
torque from Eq. (3) vanishesfor both maxima, 6, = 0 and
0, = /2, showing that two different anchoring breakings
are possible, toward homeotropic or planar state. For com-
parison, neither of these breakings exist for monostable
tilted anchorings.

Around the extrema, the anchoring strength is de-
scribed by W/ = d?W,/d6?. Comparing W/ with the
bulk elasticity, we define an anchoring extrapolation
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FIG. 3. Zenithal energy of the degenerate anchoring. Curve a,
planar case: only one minimum (0, = =4 /2) and one maxi-
mum (@, = 0) exist. Curve b, conic case: there are one mini-
mum (0, = 0,) and two maxima (6, = * /2 or 0).

length L = |K/W!]| for each extremum (in one-constant
approximation Ki; = K33 = K). For planar aignment
this reduces to the usua de Gennes' definition [1] and
from Eq. (1) L = K/A isthe same for both extrema. For
conic anchoring, Eq. (3) gives three different extrapola-
tion lengths: L, = K/(2Bsin’*é, cos’d,) for 6, = 6,,
L, = K/(Bsin*g,) for 6, = 0, and L = K /(B cos’6,)
for 6, = 7 /2.

We measure the anchoring strength from the anchor-
ing breaking thresholds. In a first experiment, we use a
thin wedge sample (D < 1 wm), with homeotropic align-
ment on the opposite boundary. This boundary is ei-
ther the air surface of a free liquid crystal drop, or silane
treated spherical glass lens. We measure the thickness
locally from the known lens curvatures or from the op-
tical interference pattern in the free drop [9]. A strong
mechanical torque I', = K6,/D is transmitted from the
distorted bulk to the conic substrate. Below a critica
thickness D, = L |, the anchoring torque I'y = K6,/L |
cannot equilibrate I', and the anchoring is broken. We ob-
serve the breaking from the vanishing birefringence of the
sample a D = D ;. In a separate experiment we break
the anchoring in a sandwich cell, applying an electric field
E [11]. In this case the breaking condition is ég = L,
where ¢ = /K /(goe,E?) is the electric field correla-
tion length [1]. The values of L, measured by anchor-
ing breaking under mechanical and electric fields (Fig. 4),
are in good agreement between them. The correspond-
ing anchoring strength B (B = 6 X 107> N/m at 23°C,
B=8X10"°N/mat T, = 35°C) is 1 order of magni-
tude weaker than the usual monostable value [16]. The
critical dectric field is quite weak, E. = 2.1 V/um for
Pl and E. = 2.3 V/um for PS at room temperature (for
comparison, £, = 10 V/um for 5CB on SiO [16]).

Applying a torque from a planar counterplate, close
to T. we observe aso the breaking toward planar state
(0, = m/2), at acritical thickness D) = Lj. In this case,
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FIG. 4. Temperature dependence of the extrapolation length
L, = K/(Bsin*g,) for anchoring breaking from conic to
homeotropic, measured under mechanical constraint (O) and
eectric field (A).
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for decreasing thickness we expect the birefringence not
to vanish but to saturate to a fixed value. Experimen-
tally, Dy is difficult to observe in wedge cells and we use
fixed thickness cell, observing electro-opticaly [11] the
disappearance of the conic tilt at some critical temperature,
thickness dependent. In a separate experiment we observe
the same breaking applying an in-plane electric field, with
¢ég = Ly. Thevaluesof B, calculated from L and L, are
smilar (B =14 X 107 N/matT. — T = 2°C), show-
ing the validity of Eq. (3).

How can this conic anchoring be understood? Close
to the surface, the mesogen molecules are disordered by
the isotropic polymer chains and the nematic order S de-
creases. The strong order gradient VS creates an ordo-
electric polarization Py, which self-energy is proportional
to (VS)*(cos’d, — 1) and vanishes [17] at 6, = 6,,, the
magic angle defined by cos’d,, = % In this way, the sur-
face disorder favors tilted alignment. This ordoelectric ef-
fect has aready been invoked to explain the tilt at fluid
interfaces [5,17] and on SiO layers [18]. We note that the
ordoel ectric contribution to the coefficientsin Eq. (2) isal-
ways negative for A and positive for B, as needed to obtain
atransition from planar to conic degeneration. The strong
polar electro-optic response of our cells also suggests an
ordoelectric origin of the conic tilt. The ordoelectric polar-
ization depends on @, and couples with the polarity of the
applied field, favoring either a decrease or an increase of
0. In the latter case we observe polar anchoring breaking
from the conic to the planar state with U, ~ 0.2 V. This
polar response is 1 order of magnitude stronger than the
one expected from the 5CB flexoelectric polarization [19]
and we attribute it to ordoelectricity.

The anchoring memory lubrication, achieved in our
conic anchorings, seems promising for both basic science
and applications. The vanishing azimuthal anchoring
energy is interesting for improving the optical char-
acteristics and switching voltages of existing nematic
displays [5,6]. The degeneration makes it possible for
us to realize sandwich LC cells without any anchoring
congtraints, enabling us to study the spontaneous bulk
properties with free boundary conditions [20]. The weak
zenitha anchoring will be useful for the realization of the
recently proposed monostable and bistable devices with
fast switching by anchoring breaking [6,16,21,22]. The
memory removal by anchoring lubrication, if applied to
anisotropic substrates like rubbed polymers, can resolve
some problems of existing LC devices, such as image
sticking. More important, this opens the way for realiza-
tion of uniform, reproducible and stable in time weak or
moderately strong anchorings, needed for fast nematic
bistable devices [6,16,21,22] —indeed, weak anchorings
are usualy dominated by anchoring memory, which
makes them stronger, sensitive to flow alignment and
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other perturbations, with easy axis gliding under applied
external torques.

In conclusion, we have shown that highly mobile poly-
mer chains, such as polyisoprene or polystyrene, can re-
move completely the anchoring memory on solid substrates
(“anchoring lubrication”). Polystyrene chains, grafted to
glass plates and swollen by the LC, give memory-free and
azimuthally degenerated conic anchorings, reproducible,
uniform and stable mechanically and chemically. Under
applied torques, two different anchoring breakings, toward
planar or homeotropic states, are observed.

We acknowledge fruitful discussions with G. Durand.
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