PHYSICAL REVIEW A

VOLUME 39, NUMBER 5

MARCH 1, 1989

Role of surface bonding on liquid-crystal alignment at metal surfaces

P. N. Sanda, D. B. Dove, and H. L. Ong
IBM Research Division, Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

S. A. Jansen
Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19122

R. Hoffmann
Department of Chemistry, Cornell University, Ithaca, New York 14853
(Received 16 May 1988)

The alignment of a nematic liquid crystal, 4’-n-pentyl-4-cyanobiphenyl (5CB), on several smooth
metal (Cr, Cu, Ag, and Au) surfaces was observed experimentally. Perpendicular (homeotropic) in-
duced alignment was observed for Cu and Ag boundary layers, whereas parallel alignment was ob-
served for Cr and Au. These differences are discussed in relation to the differences in chemical
bonding interactions at the surfaces as described by theoretical calculations performed for the cases
of Cu, Cr, and Au. Several differences in orbital interactions, as well as a sensitivity to bonding
configurations, are illustrated with the aid of extended Hiickel calculations on hypothetical or-
ganometallic complexes and extended-Hiickel-tight-binding calculations of the interface for paral-

lel versus perpendicular adsorbate orientations.

I. INTRODUCTION

Since 1970, studies of liquid-crystal (LC) surface in-
teractions and alignment have proceeded actively, and
several reliable methods of producing structurally inho-
mogeneous surfaces have been found that are effective in
controlling the alignment and orientation of a LC at solid
surfaces.! Recent studies have shown that variable ob-
lique alignment of a nematic liquid crystal (NLC) can be
achieved by the interaction of NLC’s, with composition-
ally and microscopically inhomogeneous but macroscopi-
cally homogeneous surfaces.”>> However, in spite of the
great effort being devoted to the study of alignment of
LC’s, the molecular interactions with, and alignment by
surfaces, remain among the least understood areas of LC
physics and chemistry.

The interaction between the LC molecules and the sur-
face could induce orientational order and, hence, affect
bulk-alignment properties of LC cells. Because align-
ment schemes usually involve roughening of the surface,
it is difficult to separate the geometrical effects due to
roughness from bonding interaction effects. In this pa-
per, we will address the role of surface-bonding interac-
tions on the alignment properties in the bulk phase by
comparative studies of the induced alignment for a NLC,
4'-n-pentyl-4-cyanobiphenyl (5CB, also referred to as
PCB and K15) bordered by various flat metal surfaces
from both experimental (measurements were made for
Cr, Cu, Ag, and Au surfaces) and theoretical (computa-
tions were performed for Cr, Cu, and Au) approaches.
The results show that chemical bonding is an important
factor in the LC’s surface alignment.

Figure 1 shows two proposed bonding configurations of
a single 5CB molecule on a flat metal surface (for simpli-
city, the axis of the molecule has been chosen to lie en-
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tirely along the parallel or vertical directions, in each
case). In order to gain insight on the chemical origins of
preferred surface anchoring configurations, molecular-
orbital calculations were performed on hypothetical or-
ganometallic complexes consisting of a fragment of the
5CB, cyanobenzene, interacting with isolated metal
atoms at several bonding locations. Surface anchoring
resulting from chemical bonding considerations would
most likely involve the 4-cyano-biphenyl moiety of the
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FIG. 1. Schematic view of a SCB molecule oriented (a) paral-
lel and (b) perpendicular to the surface of the metal substrate.
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5CB molecule, and the hydrocarbon tail is approximated
as a noninteracting entity. This is a reasonable approxi-
mation, since chromium forms metallocenes such as di-
benzenechromium,* Cu, Au, and Ag, form cyanide com-
plexes,> and the alkyl chain is weakly interacting by com-
parison. For computational simplicity, the cyanobenzene
fragment was used to illustrate the basic bonding features
of the full 5CB molecule for each case.

These complexes involving a single metal atom in-
teracting with cyanobenzene are not intended to approxi-
mate the chemical bonding activity at a surface. Rather,
they form a starting point, from which we can visualize
the electronic interactions that drive the actual surface
bonding. A more realistic model may be achieved by per-
forming calculations involving a cluster of metal atoms®
or by extension of the interface to two dimensions by ap-
plying periodic boudary conditions. The latter approach
was chosen, and was implemented using the extended-
Hiickel-tight-binding method’ for a layer of cyanoben-
zene upon a two-layer slab of metal. To simplify the cal-
culations, intermolecular interactions were neglected by
considering a dilute overlayer. The effects of surface con-
taminants on the metal films have also been neglected for
these studies.

In this paper we will present the experimental results,
discuss the computational results for the molecular-
orbital calculations, and summarize the main features of
the two-dimensional, interface calculations. The
simplified molecular-orbital calculations served as a guide
to chose the possible bonding geometries for the interface
calculations. Because their interpretation is simple, the
molecular-orbital calculations serve to illustrate the main
features of bonding for the case of Cr, where surface
band-structure effects were found to be less important
than the cases of Cu and Au. For the case of Cu, the
molecular-orbital calculations predict the correct results,
and the results of the slab calculations are used to display
the subtleties of the metal-surface interactions with the
cyanobenzene. Although Au might be expected to
behave similarly to Cu, both the experimental and
theoretical findings agree that there are major differences
between the Cu and Au interactions. For Au, metal-
metal hybridization features play a deciding role, and the
results of the two-dimensional surface treatment are used
to explain the behavior. In Sec. II we first discuss the ex-
perimental measurement methods and results. A section
on the computational methods follows. Finally, the com-
putational results are discussed in detail in Sec. IV.

II. EXPERIMENTAL METHODS AND RESULTS

Different experimental methods have been used to
study the surface induced orientational ordering, such as
the induced birefringence,®® conoscopy method,® mag-
netinull method,!® transmission ellipsometric tech-
niques, !"!? evanescent wave-ellipsometric techniques, '
and optical second-harmonic generation.'* In this study
we are interested in determining the induced orientation-
al ordering in liquid crystals by smooth metal surfaces.
The orientational ordering is either parallel to the surface
(which we refer to as parallel orientation) or vertical to
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the surface (homeotropic orientation, which we refer to
as vertical orientation). Therefore, we use the induced
birefringence method with verification for consistency by
the conoscopy method.

The construction of the samples is illustrated in Fig. 2.
The flat metal films of Cr, Cu, Ag, and Au with thickness
of about 1000 A were either sputtered or evaporated onto
Cr-coated silicon wafers.'>!® For Cr and Au, both
sputtering and evaporation methods were used in the ex-
periments, and for Ag and Cu, evaporated films were
used. Both methods were found to produce the same LC
alignment for the samples tested. In the evaporation ex-
periment, the metals were thermally evaporated from a
tungsten (for Cr, Cu, and Au) or a tantalum (for Ag) boat
in a medium high vacuum with a pressure between
4%107% and 1X107°% Torr. The sputtered films were
formed by dc argon sputtering of the metal targets onto
rotating targets, producing highly uniform coatings. The
chamber has a base pressure of ~10~7 Torr. Typical
sputtering conditions were ~1 A ion current at ~450 V
with an argon pressure of ~7X 10~ * Torr. In our experi-
ments, sputtered and evaporated films produce equal
quality continuous metal films having high reflectively,
uniformity [featureless under Scanning electron micro-
scope (SEM) investigation], and are mirror like in finish.

The top cover glass surfaces were coated with si-
lane N, N-dimethyl-N-octadecyl-3-aminopryltrimethoxy-
silyl chloride (DMOAP),!” using the procedure described
in Ref. 3, which aligns the LC vertically to the sur-
face, ''® and were offset from the metal surface by spacers
of thickness of about 12 um. The 5CB was injected into
the cells by capillary flow at about 50 °C. The major com-
ponent of the surface alignment (“vertical” or ‘“‘parallel”)
was determined by observing the sample in a microscope
between cross polarizers in the reflection mode and
checking for the presence or absence of birefringence.
Birefringence is absent for the case of vertical alignment,
whereas birefringence is induced for parallel alignment.
The parallel alignment is further verified by checking the
disclination line.® We have also obtained consistent
alignment results using the conoscopy image for trans-
parent glass substrates coated with the metal of a thick-
ness less than 100 A.

Using the three experimental methods described above,
we have found that for the nematic 5CB, Ag and Cu pro-
duce vertical orientation, whereas Au and Cr produce
parallel orientation. Although these experiments have
been performed using thick ( ~1000 A) continuous metal
films, the results are also in agreement with the respective

s ~———GLASS
Pt b l«——S|LANE
DMOAP
LIQUID CRYSTAL (5CB)
=—FLAT
7 7/ SILICON R, METAL

FIG. 2. Configuration of the cell used for observation of the
liquid-crystal-induced orientational ordering.
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result for Cr, Cu, Ag, and Au with a thickness of less
than 100 A for which randomly distributed microscopic
metal islands are formed. >

The experiments were performed at room temperature.
In general, except near the vicinity of the phase transition
temperature, the parallel or vertical LC alignment does
not depend on temperature.! We also performed the
alignment experiment using thermally evaporated films
with the four metals on different LC materials, such as
4-cyano-4' hexylbiphenyl (6CB, also referred to as K18),
E7 (an E. M. Merck nematic mixture) and
N -(p -methoxybenzylidene-p-butylaniline) (MBBA). The
same alignment results as those of SCB are obtained.
These results are in agreement with that reported in Ref.
3.

III. COMPUTATIONAL METHODS

The semiempirical, extended-Hiickel linear-combin-
ation of atomic orbital method!®?® was applied, for hy-
pothetical organometallic compounds consisting of two
types of configurations of a single-metal-atom interaction
with cyanobenzene, a fragment of the SCB. As shown in
Fig. 3, two types of bonding configurations were con-
sidered. Figure 3(a) shows the metal atom placed above
the benzene ring of the cyanobenzene, and Fig. 3(b)
shows the metal atom bonded with the cyano group. The
carbon-ring bond angles and bond distances taken were
those of benzene (C—C, 1.39 A) and (C—H, 1.1 A), the
cyanide C—N distance was taken to be 1.15 A and the
cyanide-to-benzene ring distance was chosen to be 1.5 A.
The placement of the metal atom above the benzene ring
in Fig. 3(a) was chosen to be 1.6 A, the distance between
the Cr atom and arene ring in dibenzenechromium.* The
existence of a local minimum for Cr placed above the
benzene ring in several arene complexes was verified by
Rossi?! using ab initio calculations. Three metal-to-
nitrogen bond dlstances were compared for consistency
(1.7, 1.85, and 2.1 A). Slater- -type orbitals were used,
with two exponential terms for the 3d orbitals (for Cr and
Cu) and 5d (for Au) orbitals. The exponents obtained by
Clementi?? for the Cr 3d orbitals were used, and the

M
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FIG. 3. Two configurations used for molecular-orbital calcu-
lations. (a) Metal atom bonded above the phenyl ring of the
cyanobenzene and (b) bonded to the nitrogen of the cyano

group.

2655

coefficients and remaining parameters were taken from
the charge iterated values used by Rossi?® for a chromi-
um 3dm complex with a polyimide fragment.?* The pa-
rameters for Cu were obtained from Elian et al.?® and the
values for Au from Komiya et al.?® were used.

The interface calculation utilized the extended-
Hiickel-tight-binding method for a two-layer slab of met-
al and one adsorbed layer of cyanobenzene. The (111)
surfaces of Au and Cu, and the (110) surface of Cr were
chosen, which are the lowest energy surfaces, in each
case. For each surface, two bonding configurations for
perpendicular alignment were considered, bonding of the
nitrogen of the cyano group directly on top of a metal
atom, and at a site bridging two metal atoms. The
configuration chosen for the parallel orientation positions
a metal atom directly below the phenyl ring, analogous to
the metallocene complexes. The chosen orientations cov-
er the most likely bonding interactions, but are not meant
to be exhaustive. Dilute overlayers were used for the
computations. Therefore, hybridization of the metal
atoms of the surface is considered, but the adsorbate-
adsorbate interactions are not included in this study. For
Cu and Au (fcc), the unit cell contained 16 metal atoms
and one cyanobenzene molecule. For Cr (bcc), the unit
cell contained 15 metal atoms and one molecule. The key
results of the slab calculations will be discussed in the fol-
lowing sections to augment the molecular-orbital compu-
tations and to allow full interpretation of the experimen-
tal results, and the computational details for the extended
interfz'z;ce calculations are described in a separate publica-
tion.

IV. COMPUTATIONAL RESULTS AND DISCUSSION

The first consideration is a description of the orbital
composition and symmetries of cyanobenzene. The con-
struction of the molecular orbitals for cyanobenzene from
the fragment orbitals of CN and benzene is shown in the
interaction diagram in Fig. 4. The orbitals of cyanoben-
zene (center) are formed by combining the molecular or-
bitals of the fragments, CN (left) and benzene (right).
The degeneracy of the e,, orbitals of benzene (D¢, sym-
metry) is formally removed by the reduction of the sym-
metry to C,, to form the a, and b, orbitals of cyanoben-
zene. The a, and b, levels in the central panel in Fig. 4
are nonbonding with respect to the CN fragment; they
remain essentially unchanged upon combination of the
cyanide and benzene fragments. The a, orbital of ben-
zene, which is formed from p orbitals which lie in the
plane of the ring, interacts with the uppermost, filled o
orbital of CN to form the a, orbital of cyanobenzene
(shown). The E,, antibonding orbitals of benzene split
upon combining with the 7* orbital of CN to form the a,
and b, antibonding orbitals of cyanobenzene. The b, lev-
el is lowered, whereas the a, level is not significantly
affected. The b, level is important because it becomes
the characteristic acceptor level of this molecule.

Differences in chemical bonding, and consequently, the
LC surface alignment properties, are derived from the
differences in the electronic structure of the contrasting
surfaces. Contrasting the chemical bonding that occurs
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FIG. 4. Interaction diagram showing the orbitals of cyano-
benzene (center) and their origins from the orbitals of cyanide
(left) and benzene (right).

for the bonding of single metal atoms (comparing the
metals) at different locations i1s a useful exercise, which
gives insight into the surface interactions occurring in the
actual experiment, while the differences due to the ex-
tended structure of the surface are revealed in the slab
calculations. The molecular-orbital calculation predicts
the correct alignment for Cr (parallel) and Cu (perpendic-
ular). For Au, parallel alignment is observed, whereas
the vertical alignment is favored by the molecular-orbital
calculation and the parallel configuration is correctly pre-
dicted when the surface electronic wave functions are uti-
lized in the slab calculation.

We first discuss the results of the molecular-orbital cal-
culation for Cr, with the aid of an interaction diagram, to
illustrate the main features of the surface bonding in-
teractions. The extent of bonding that occurs between
the symmetry-related orbitals for a given configuration
depends on both the overlap of the respective wave func-
tions and the corresponding energy-level separation. Fig-
ure 5 compares the relative energy levels of cyanobenzene
with the relative ionization energies of the s and d atomic
orbitals of Cr, Cu, and Au. Also indicated in Fig. 5 are
the populations of the implicated orbitals. Usually, it is
the frontier states which are implicated in the reactivity.
For Cr, the frontier level of cyanobenzene is within the d
block, whereas the d blocks of Cu and Au are removed to
an energy below the frontier orbitals. For the case of a
Cr atom interaction with cyanobenzene, it was observed
that placement above the aromatic ring was energetically
preferred over the cyanobenzene bonding location. This
geometry results in an interaction similar to that ob-
served in dibenzenechromium and in Cr interaction with
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CYANOBENZENE Cr Cu Au
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FIG. 5. Relative energy levels of frontier orbitals of cyano-
benzene (left) and the d and s orbitals of the metal atoms.

polyimide model compounds.?* Figure 6 shows a partial
interaction diagram for the case of Cr bonding at the ben-
zene ring. The two lowest-lying unoccupied orbitals (a,
and b,) of cyanobenzene combine with the occupied d,,
and dxz_yz levels of Cr to form bonding (shown) and anti-

bonding levels (not shown). The energy levels shown are
the relative levels which result from the extended-Hiickel
calculation. By comparison, the case of Cr bonded to the
nitrogen of cyanobenzene was found to be essentially
noninteracting. The total-energy difference for the two
configurations was ~3 eV, favoring the w-bonded
configuration. It is noted that the total energies obtained
from the extended-Hiickel method originate from orbital
overlap and, therefore, the trends of the relative energies
for comparative complexes, rather than absolute energies,
are observed in these studies. The strong differences in
bonding for the two configurations lead us to believe that
a m-bonding interaction of the SCB involving the surface
d band may be the driving force of the experimentally ob-
served parallel induced alignment. The two-dimensional
interface calculation also shows preference for the -
bonded configuration. The d band of the Cr surface is re-
sponsible for this interaction, with the a, and b, levels of
cyanobenzene each being lowered by ~0.4 eV due to
bonding. By comparison, the perpendicular bonding
configuration shows little bonding effect. For this exam-
ple, the molecular complex picture was representative of
the surface bonding because the Cr surface interaction is
driven by the d band of the Cr and, therefore, shows
some of the character of 3d 7 bonding observed for the
hypothetical complex. For Cu, the surface band charac-
ter of the metal reveals effects due to metal hybridization
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FIG. 6. Interaction diagram for a Cr arene complex with
cyanobenzene.

at the surface. For Au, effects which depend on the sur-
face hybridization are dominant.

The molecular-orbital calculations for Cu indicate a
strong preference, of ~1.5 eV, for bonding of the Cu
atom to the CN group compared to bonding above the
phenyl ring, in agreement with the experimental result.
Again, we note that we utilize the relative, but not the ab-
solute energy information from the extended-Hiickel cal-
culations. The relative energy levels of Cu and Cr with
respect to cyanobenzene are shown in Fig. 5. The d or-
bitals of Cu are filled and are lower in energy than the
half-filled d orbitals of Cr. Because of this difference in
relative energies of the metal atomic orbitals, the metal
3d interaction with the antibonding orbitals of cyanoben-
zene which was observed for Cr is not energetically favor-
able for the Cu atom. Instead, mixing of the Cu atomic
orbitals with the filled levels of cyanobenzene can occur
when the Cu atom is placed at the CN site. The a; level
of cyanobenzene which lies at ~ —13.0 eV was found to
interact with the d_, metal atomic level. Other interac-

tions occur involving bonding orbitals which are lower in
energy (—14.2 eV). However, the aforementioned o-
bonding interaction is strongest and is preserved in the
slab calculation.

Inclusion of metal surface interactions in the slab cal-
culation also shows the preference for vertical alignment
of the cyanobenzene molecule with respect to the Cu sur-
face, and further illustrates some of the metal hybridiza-
tion features which come into effect. The slab calcula-
tions show the a, orbital of cyanobenzene is involved in a
donor interaction with a mixture of Cu d, s, and p states
(acceptor states). A charge transfer, or “back-bonding”
interaction between filled-metal d states of the copper and
the b, level is also now observed. The relative energies of
the b, and copper d states are critical for this interaction.
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The copper atomic d levels are at a low energy relative to
the b, state of cyanobenzene. Hybridization of the metal
states provides states which are energetically compatible
for interaction with the b, molecular orbital by raising
the Fermi energy of the surface.

The slab calculations for Au show a broader band-
width for Au, compared to Cu. This originates largely
from the spatially diffuse character of the Au orbitals,
which lead to increased orbital overlap. In this case, the
metal-adsorbate interaction is weak compared to the
metal-metal interaction, resulting in competing interac-
tions which influence the overall bonding geometries.
This is contrasted to the case of the Cr surface interac-
tion with cyanobenzene, in which the adsorbate interac-
tion with the metal is strong. The molecular-orbital cal-
culations for the Au atomic interaction shows similarities
to Cu in the CN-bonded case and similarities to Cr in the
m-bonded configuration. Due to the metal hybridization
for the configuration of the extended surface, and the cor-
responding broadening of the surface bands, the reactivi-
ty of the surface with respect to the adsorbate interac-
tions is altered with respect to the single-atom case. The
interaction which dominates, in the slab calculation, is a
charge transfer interaction from the hybridized metal
states into the a, and b, unoccupied levels of the cyano-
benzene, which parallels the example of Cr, but with the
corresponding surface electronic states for Au. It is not-
ed that the molecular-orbital calculation of the single-
metal atom organometallic complex results in a reversal
of the favored interactions, due to the depth of the d lev-
els of Au. The Fermi level is raised by the surface hy-
bridization, the bands are broadened, and the 7m-bonding
interaction becomes energetically favorable.

We have illustrated, by using the example of 5CB in-
teraction with contrasting metals, that chemical bonding
effects play a deciding role on the alignment of liquid
crystals. The experimental cells were made on optical
quality flat metal surfaces to reduce possible effects due to
roughness, and a reasonable approximation for the SCB
molecule was made by considering the interactions of the
cyanobenzene moiety. The latter, fragment approxima-
tion is justified because the CN and phenyl groups are the
moieties which are expected to be chemically active. For
the case of a weak interaction of the phenyl group with
the surface, such as in the case of Au, the alkyl chain is
important, but would not change the parallel alignment.
Effects due to in-plane orientation have also been ob-
served,?’ but do not change the basic alignment (parallel
versus vertical).

Bonding interactions at Cr, Cu, and Au surfaces were
compared. The example of cyanobenzene interaction
with Cr was illustrated with the pictorial aid of an in-
teraction diagram derived from a molecular-orbital calcu-
lation on a related organometallic complex. For Cr,
parallel alignment arises from a charge transfer interac-
tion involving a Cr d electron interaction with unfilled or-
bitals of the cyanobenzene when Cr is allowed to interact
with the benzene ring of the molecule. The vertical align-
ment for the case of Cu is explained by bonding of the Cu
to the CN group via the a, filled orbital of the cyanoben-
zene molecule, which is a donor interaction, and a back-
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bonding, or charge transfer interaction, between the met-
al hybrid states and the b, unoccupied level of the cyano-
benzene. For Au, a charge transfer interaction similar to
that of Cr occurs, from the hybrid metal states into the
a, and b, unoccupied levels of the adsorbate bands.
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