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Crystal data for 1: Cy;H3yCoCuN,O;,, M,=640.98, monoclinic,
space group C2/m, a=15930(3), b=8.702(3), c¢=10.602(3) A,
=99.54(2)°, V=1449.4(7) A, T=293 K, Z=2, peatea=1.453 gem™,
u(Mo Ka) =1.365 mm™. 2212 unique reflections, and 1446 observed
with 7>20(I). All the measured independent reflections were used
in the analysis. The structure was solved by direct methods and re-
fined with full-matrix least-squares technique on F’ using the
SHELXS-97 and SHELXL-97 programs. The hydrogen atoms from
the organic ligand were calculated and refined with isotropic thermal
parameters, while those from the water molecules were neither
found nor calculated. Refinement of 110 variables with anisotropic
thermal parameters for all non-hydrogen atoms gave R=0.0531 and
R,,=0.1107, with §=1.004. The final Fourier-difference map showed
maximum and minimum height peaks of 0.51 and -0.34 e A Crys-
tallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication no.
CCDC-227 520. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB21EZ, UK
(fax: (+44) 1223-336-033; e-mail: deposit@ccdc.cam.ac.uk).
Variable-temperature (1.8-300 K) DC and AC magnetic susceptibili-
ty measurements and variable-field (0-5 T) DC magnetization mea-
surements were carried out on a polycrystalline sample of 1 with a
Quantum Design SQUID magnetometer. The magnetic data were
corrected for the diamagnetism of the constituent atoms and the
sample holder.

A. Gulbrandsen, J. Sletten, K. Nakatani, Y. Pei, O. Kahn, Inorg.
Chim. Acta1993,212,271.

We have performed a preliminary analysis of the magnetic data of 1
through the branch chain model previously developed for the related
oxamato-bridged bimetallic chain compound [CoCu(pbaOH)(H,0)s] -
2H,0 [pbaOH = N,N’-2-hydroxy-1,3-propylenebis(oxamato)]; P.J.
Van Kroningsbruggen, O. Kahn, K. Nakatani, Y. Pei, J. P. Renard,
M. Drillon, P. Legoll, Inorg. Chem. 1990, 29, 3325. In this model, it is
assumed that only z components of spin and orbital momenta
are coupled and that the applied magnetic field is along the quanti-
zation axis. The corresponding Hamiltonian is then written as
H=3;[-T[Sco,i(z) (Scu,izy + Scui-1(2))] +J"* Leoiitz) * Scolicy + D+
L, i(2)"-B-H(z)(8co " Sco.iz) + 8cu" Scu,iz) + k* Leoi(zy)], Where
i runs over CoCu units, L¢, is the orbital momentum, J and J are the
exchange and spin-orbit coupling parameters, x and D are the orbital
reduction and local anisotropy parameters of the cobalt(ir) ion, and
gco and g¢, are the Landée factors. Least-squares fit of the y\7 data

of 1 through this model in the temperature range 30-290 K reproduces
well the observed minimum (solid line in the inset of Fig. 2a), with
J=-266cm™, /=915 cm™, k=0.8, D=-188.0 cm™, gc,=2.38, and
gcu=2.05. The antiferromagnetic exchange coupling between cop-
per(i1) and cobalt(ir) ions in 1 is somewhat stronger than that reported
for [CoCu(pbaOH)(H,0);] - 2H,0 (/=-18.0 cm™). The fact that the
copper atom in 1 lies in the oxamato plane (CuN,O, chromophore in
a square-planar surrounding), whereas it is out of this mean plane in
the related ppbaOH compound (CuN,O3 chromophore in a square-pyr-
amidal environment), leads to a better overlap of the magnetic orbit-
als through the o in-plane exchange pathway, and thus to a larger anti-
ferromagnetic coupling in 1. The effective spin-orbit coupling can be
related with the spin-orbit coupling parameter A through the expres-
sion J'=—AxA. This gives A=-110 cm™ (with A=3%:) for the cobalt(ir)
ion in 1 (compared with 2, =—-180 cm™ for the free ion).

[12] S. M. J. Aubin, Z. Sun, L. Pardi, J. Krzystek, K. Folding, L. C. Bru-
nel, A. L. Rheingold, G. Christou, D. N. Hendrickson, Inorg. Chem.
1999, 38, 5329.

Patterned Alignment of Liquid Crystals
by p-Rubbing**

By Soney Varghese, Sunil Narayanankutty,
Cees W. M. Bastiaansen,* Gregory P. Crawford,
and Dirk J. Broer

Alignment layers are extensively used in the production of
liquid crystal displays (LCDs) in order to orient the liquid
crystal molecule to give a desired optical effect.l"®! For in-
stance, planar alignment of liquid crystals—long axes of mole-
cules in the plane of the substrate—is often enforced with
specific polyimide layers, in combination with mechanical rub-
bing (buffing) procedure, producing unidirectional alignment
that can propagate over macroscopic distances. Polyimides
are usually preferred because of their excellent properties
with respect to chemical resistance, thermal stability, adhesion
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to substrates, high resistivity and transparency in the visible
spectrum. The mechanical rubbing of polyimides is performed
with a velvet-type synthetic cloth, which comes in direct con-
tact with the polyimide. Recently there have been a variety of
noncontact routes for patterning alignment layers in LCDs.
The patterned alignment of cinnamates, coumarins, and spe-
cial polyimide coated surfaces was extensively investigated
using lithographic techniques in combination with linearly
polarized light.[HO] The direct writing with low-energy ion-
beams on amorphous, inorganic thin films was also used as a
suitable noncontact method for patterned alignment.[”] Pat-
terned alignment of liquid crystals onto printed self-as-
sembled monolayers was also explored by a number of
groups.“z"“ At the moment, none of the above mentioned
techniques can be used extensively in the production of LCDs
which is predominantly related to the poor control of the sur-
face pre-tilt angle, image retention phenomena, and/or to
complex fabrication routes.

More recently, the micropatterning of alignment layers has
been performed with an extremely sharp stylus by Rosenblatt
and co-workers!">'? and also Yokoyama and co-workers!!”
has used the micropatterning of surfaces in order to create a
tristable nematic liquid crystal device. The use of direct writ-
ing techniques with a sharp stylus imposes severe limitations
on the production of alignment layers for large-area displays
(i.e., the typical width of a single recorded line is less than
100 nm and consequently lengthy recording times are
required in order to produce a single pixel or, more impor-
tantly, a large-area substrate). Therefore, a need persists for
new methods to produce patterned, well-defined alignment
layers, which are compatible with large scale production tech-
niques. Here, we report on a simple and efficient tool which is

Pa— R T |
e 100 NN =ef

used for patterning alignment layers that is based on the rub-
bing of polyimides with a macroscopic, metallic object. The
prime objective is to explore new routes for the micropattern-
ing of alignment layers that may be more compatible with
LCD production routes.

In an initial set of experiments, the alignment of liquid crys-
tals on polyimide substrates after rubbing with a relatively
large (d=1 mm) metallic sphere was investigated. Of course
despite the large diameter, the contact area is still of the order
of tens of micrometers. The sphere was polished and has typi-
cally a surface roughness of ~8 nm. The sphere is connected
to a cantilever, which accurately controls the force (1-100 N)
exerted on the polyimide coated substrate by the sphere
(Fig. 1c). The substrate is mounted on a translational stage
that moves with a pre-determined velocity (10 mm min ™).
The rubbing of a spin-coated, baked polyimide was initially
investigated. In Figures lab scanning probe microscopy
(SPM) measurements are shown of the polyimide surfaces,
which illustrate that the polyimide layers are extremely
smooth outside the recorded patterns on the SPM scale. With-
in the recorded lines, irregular spaced grooves are observed
(see the height profile in Fig. 1), which are oriented in the
recording direction; some debris is also notable in Figure 1.

In Figure 2, the line width of the recorded patterns is
plotted as a function of the applied load. Experimental data
are used originating from line width measurements that are
based on SPM (on bare substrates) and optical microscopy
(on cells filled with liquid crystal). It is shown that a relation-
ship exists between the applied load and the line width of the
pattern. Moreover, this graph illustrates the flexibility that we
have in creating different line widths using a metallic sphere
of diameter 1 mm.

(©)

Figure 1. Scanning probe microscopy images of p-rubbed polyimides with a load of 20 g. a) Unrubbed, p-rubbed polyimide and its height profile
drawn along the dotted line b) p-rubbed polyimide films which were pre-rubbed with a velvet cloth and c) and a schematic of the metallic sphere used

in the p-rubbing process.
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Figure 2. Variation of line width with applied load, measured with atomic
force microscopy and with polarized optical microscopy (E7 filled cell).

Thin cells (18 pm) were constructed using two substrates
with several parallel recorded p-rubbed lines. The top and
bottom substrate had p-rubbed directions that were orthogo-
nal. In Figures 3a,b typical optical micrographs are shown of
cells filled with a liquid crystal (E7). Outside the p-rubbed
regions, the typical Schlieren texture of a non-aligned nematic
liquid crystal is observed. Planar alignment of liquid crystals
was observed in the areas with a u-rubbed line pattern on one
side and a non-rubbed polyimide layer on the other side.

(b)

Planar area
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rubbing
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Twisted nematic (TN) regions are observed between the
crossed p-rubbed lines, which illustrates that the p-rubbing
tends to induce a uniform planar alignment.

Next, a pre-rubbing procedure was performed with a velvet
cloth (conventional rubbing), which induces a homogeneous
planar alignment in the liquid crystal layer. The pu-rubbing of
these polyimide layers followed in a direction perpendicular
to the pre-rubbing direction. Figure 1b shows SPM images of
the pre-rubbed, p-rubbed substrates. Outside the recorded
patterns, the subtle evidence of grooves from the first rubbing
procedure can be observed. Upon p-rubbing, well-defined line
patterns are generated with irregular groove widths that are
parallel to the p-rubbing direction. The actual roughness origi-
nating from the p-rubbing procedure exceeds the roughness
from the conventional rubbing even at low loads (<2 g),
which is the first indication that initial buffing is erased by
the p-rubbing. From the SPM experiments the depth of the
u-rubbed grooves was determined to be ~10-20 nm, which is
almost one order of magnitude less than the thickness of the
spin-coated polyimide film (~ 100 nm).

Cells were constructed with two homogeneously pre-rubbed
polyimide layers that contained several p-rubbed lines. In
these cells, the rubbing directions are mutually orthogonal
which creates several regions in the same cell: i) twisted
nematic regions originating from the pre-rubbing procedure

http://www.advmat.de

Figure 3. Optical micrographs of E7 filled cells with unrubbed,
u-rubbed polyimide on both sides, crossed pattern (load: 20 g)
a) between crossed polarizers b) between parallel polarizers.
c) Optical micrographs of LC cell with pre-rubbed polyimide
substrate having u-rubbed, crossed pattern on both sides are
shown between crossed polarizers and d) between parallel po-
larizers.

Adv. Mater. 2004, 16, No. 18, September 16
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with a velvet cloth; ii) planar regions originating from
the combination of a homogeneous pre-rubbed layer with a
u-rubbed line; and iii) twisted nematic regions originating
from the p-rubbing procedure (Figs. 3c,d). The optical micro-
graphs illustrate that well-defined regions with a different lig-
uid crystal configuration are obtained.

In Figure 4, optical micrographs are shown of a LC cell dur-
ing the application of an electrical field. The twisted nematic
regions originating from the buffing and p-rubbing have simi-
lar threshold voltages. In other regions (originally planar) the
threshold voltage is slightly lower than the TN regions as pre-
dicted by a Fredericks transition model."® Also, the disclina-
tion lines at the interfaces between the various alignment
regions are clearly observable and become more pronounced
at higher voltages.

In Figure 5a, the switching characteristics of a conventional
rubbed TN cell are compared with the TN areas generated by
u-rubbing process of pre-rubbed polyimide. The TN area cre-
ated by the u-rubbing process shown in Figure 3 is too small
(28 um?) to perform an accurate electro-optical measurement.
To overcome this problem we replaced the metallic ball with
a well polished metallic ring with a width of 500 um having
chamfered edges. The ring apparatus is attached to the trans-
lational stage under the appropriate load (see Fig. 5a, inset).
By implementing this process we generated multiple pattern,
analogues to the metallic sphere method (Fig. 1c) with larger
line widths. We carefully aligned the edges of the rubbed
regions so they would coincide with one another to achieve
uniformity of the p-rubbing region over a large area. From
the graph it is clear that the TN areas formed by the p-rubbing
and the conventional rubbing process switch nearly at the

MATERIALS

same voltage with only small noticeable difference. The tran-
sition slopes of the two curves presented in Figure 5a were
nearly identical; however, the p-rubbed transmission curve
approached a zero value more slowly at high voltages (i.e.,
lower contrast ratio). We attribute this to a distribution in the
liquid crystal alignment along the preferred azimuthal direc-
tion (i.e., u-rubbed direction). One possible source of this phe-
nomenon is the nonuniformity of the polished ring. Figure 5b
shows the dynamic response times (measured between 10 %
and 90 % transmission) for the TN area generated from the
pre-rubbing and p-rubbing process. As can be observed
directly from Figure 5b, there is essentially no difference
between the dynamic response times of the u-rubbed samples
as compared to conventional rubbed samples, and the off-
state (relaxation) is essentially constant and the on-state
scales as the inverse voltage as expected from theory.'™!

Studies were extended in order to measure the electro-optic
performance of homogeneously aligned samples. Anti-parallel
w-rubbed cells were made with the above mentioned metallic
ring with a cell thickness of 18 um. The cell was placed at
45°C between cross polarizers for the electro-optical mea-
surement. The typical transmission voltage curve has been
observed for the planar aligned sample, which oscillates due
to the changes in birefringence induced by the voltage
(Fig. 5¢).") Again p-rubbed area has a similar but slightly
higher switching voltage. This was the same phenomenon
observed in the TN case presented in Figure 5a.

The slight increase in threshold voltage for the p-rubbed
area compared to conventional rubbing can be attributed to
an increase in anchoring energy (highly unlikely) or a de-
crease in surface pretilt angle. The pretilt of the p-rubbed and

Figure 4. Optical micrographs of LC cell with pre-rubbed polyimide having p-rubbed patterns viewed between crossed polarizers, response under elec-

tric field. a) V=0, b) V=1.0,¢) V=2.0,d) V=4.0,¢) V=60, f) V=100.

Adv. Mater. 2004, 16, No. 18, September 16
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Figure 5. Comparison of the electro-optical characteristics of a) TN cell
created by conventional rubbed polyimide layers and with p-rubbed ori-
entation layers having a cell thickness of 18 um. b) Response and relaxa-
tion times for conventional TN cell and the TN area formed by the p-rub-
bing, under different fields at 1000 Hz. c) Electro-optic performance of
anti-parallel cells (18 um), p-rubbed and pre-rubbed, with a driving fre-
quency of 1000 Hz.

the pre-rubbed polyimide were measured using a conoscopic
technique.™ Anti-parallel cells were made using the metallic
ring with a cell spacing of 18 ym and placed between cross
polarizers with the optic axis parallel to the bottom polarizer
direction. Figure 6 shows the conoscopic images of pre-
rubbed and p-rubbed polyimide. For perfectly planar align-
ment of the liquid crystal at the surface with zero pre-tilt, the
conoscopic pattern is characterized by a family of hyperboles
that are symmetrically arranged into four quadrants. The shift
of the pattern about the origin is a rough measure of the sur-
face pre-tilt angle. It was found that the polyimide from the
conventional rubbing method possesed a pre-tilt of 2.6£0.5°,
which is consistent with specifications from the manufacturer.
In the case of the u-rubbed polyimide, the conoscopic image

© 2004 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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is nearly symmetrical, which indicates that the average pre-tilt
is small. We measured the pre-tilt by carefully analyzing the
position of the hyperbolic lines about the origin. The subtle
difference in the symmetry of the conoscopic images can be
observed in Figure 6. This observation of the decrease in
pretilt of the p-rubbed polyimide is consistent with our
observation that the Frederick transition is slightly higher in
the p-rubbing case, which is also in agreement with analytical
models.?! It is a subject of future study to more thoroughly
investigate the anchoring energy and pre-tilt angle as a func-
tion of p-rubbing direction.

We have demonstrated that p-rubbing of polyimide sub-
strates with a metallic sphere under well-defined conditions is
an attractive method to generate patterned alignment layers.
In accordance with previous studies by Yokoyama and co-
workers, it was found that a planar alignment was generated
by writing with a rigid (inorganic) tip in a rather soft poly-
meric substrate.'”) We disclosed that the pre-rubbing history
of a polyimide substrate can be erased by a second rubbing
procedure with a metallic sphere; this has also been observed
using conventional rubbing techniques.***! Apparently, this
is a straightforward method that is used to obtain complete
control over the planar alignment of liquid crystals. In our
experiment, a single metallic sphere was used to write line
patterns in the polyimide substrates and p-patterned align-
ment layers were created with typical pattern dimensions
(width) on the same order of magnitude as the pixels in a lig-
uid crystal display (20~100 wm). This latter feature potentially
opens new routes to the large scale and high throughput pro-
duction of patterned alignment layers for LCDs.

Experimental

Materials: Indium tin oxide (ITO) coated glass substrate was pur-
chased from Merck. The polyimide precursor, Al1051 was used for
the planar orientation layer (JSR electronics). Spin coating of the
polyimide precursor was performed using a Karl Siiss CT 62 spin coat-
er (5 s at 1000 rpm, 40 s at 5000 rpm) on the ITO side of 2.5x2.5 cm
glass/ITO substrates. After spin coating, the substrates were pre-
heated to 100° C for 10 mins. The samples were then imidized at
180 °C for 90 mins in a vacuum oven. The thickness of the polyimide
coating was 100 nm. Liquid crystal E7, a multi component cyanobi-
phenyl and terphenyl mixture (T =60°C, p=1.06 gem™, g=19 and
€,=5.2, and An=0.225) was used as obtained from Merck (Darm-
stadt, Germany)

u-Rubbing: Uniaxial rubbing of polyimide substrates with a velvet
cloth was performed at room temperature. The p-rubbing of polyim-
ide substrates was carried out perpendicular to the rubbing direction
with a mechanical device having a metallic sphere of 1 mm in diame-
ter. Patterns were recorded by writing at a constant load and velocity
at room temperature.

Construction of Cell: The electro-optical cells were constructed
using ITO-coated glass with the polyimide substrates. A cell was con-
structed and secured with UV curable glue (Norland UV Sealant 91)
having 18 um spacers. The cells are filled with liquid crystal material
E7, by capillary action at 80 °C, ~20°C above the nematic-isotropic
transition temperature of the LC.

Characterization: The patterns were investigated by scanning probe
microscopy (Nanoscope Illa, Digital Instruments, Santa Barbara,
California) equipped with conventional Si3N, cantilevers and tips in

Adv. Mater. 2004, 16, No. 18, September 16
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tapping mode. Optical micrographs were recorded with polarized
light microscopy (Zeiss LM Axioplan) equipped with digital camera.
The cell thickness was determined by UV-visible spectroscopy
(Shimadzu UV-3102 PC).

Electro-Optical Characterization: The electro-optical characteristics
were investigated using DMS 703 display measuring system
(Autronic-Melchers GmbH). A square wave was used in order to
drive the cells for the dynamic response measurements.
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Visualizing Ion Currents in Conjugated
Polymers™**
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In numerous technologically important materials, electro-
chemical reactions are accompanied by the mass transport of
charged particles. For example, ion ingress and egress during
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