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Smectic Liquid Crystal Monolayers on Graphite
Observed by Scanning Tunneling Microscopy

D. P. E. SmMITtH, H. HORBER, CH. GERBER, G. BINNIG

By means of scanning tunneling microscopy, it is observed that molecules of the form
n-alkylcyanobiphenyl, where n = 8 to 12, form two-dimensional crystalline domains
when adsorbed onto graphite. The layer spacings measured by tunneling microscopy
are 20% larger than those measured previously on bulk material by x-ray diffraction.
The structure of the adsorbed molecules is quite different from that of the bulk.

EVERAL RECENT WORKS HAVE

shown that scanning tunneling mi-

croscopy (STM) is fulfilling its prom-
ise in the understanding of organic and
organic-coated surfaces. The studies of te-
trathiafulvalene tetracyanoquinodimethane
(TTE-TCNQ), a well-ordered conducting
molecular crystal (1), benzene and CO coad-
sorbed on Rh (2), and smectic and nematic
liquid crystals on graphite (3) have pro-
duced the most unambiguous STM images.
These systems all have a high degree of long-
range order, making their interpretation rel-
atively simple. The liquid crystal systems
studied by Foster and Frommer (3) are
interesting because of the large number of
different molecules that display liquid crystal
behavior. This paper presents our results on
a series of molecules of the form n-alkylcyan-
obiphenyl (rCB), where n = 8 to 12, which
in bulk form have smectic liquid crystal
phases. When deposited on graphite in
monolayer quantities, we find that these
molecules form two-dimensional crystalline
domains whose structure is similar to the
bulk smectic phase but is more highly or-
dered. Moreover, as a result of the interac-
tion with the substrate, the observed struc-
ture is a molecular crystal and not a “liquid”
crystal. These observations are consistent
with the findings of Foster and Frommer (3)
on 8CB. Two questions left unanswered by
the earlier study (3) are what is the exact
position and orientation of the molecules in
the lattice and which molecular orbitals does
STM detect. These questions are addressed
in this paper.

The samples were prepared by heating a
few milligrams of commercially obtained
liquid crystal (4) to 100°C. Freshly cleaved,
highly oriented pyrolytic graphite was
placed 2 cm above the heated liquid crystal
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so that sublimated molecules would con-
dense on the surface. Ellipsometry was used
to determine the film thickness. STM im-
ages were taken with thicknesses between
one and several monolayers. Surprisingly,
the STM images were independent of the
film thickness. This is consistent with the
results of Foster and Frommer (3) who
deposited a drop of liquid crystal and tun-
neled through the insulating liquid. This
suggests that the STM tip pierces through
the uppermost layers and only images the
layer in contact with the graphite.

The principles and operation of STM are
now well established (5). The tunneling
microscope used here is similar to the system
used in an earlier study (6). Tungsten tips
were ac-etched in KOH solution and images
were formed by monitoring the voltages of a
piezoclectric scanner as the tip was scanned
over the sample surface at a constant tunnel
current of 0.1 nA. Images were taken in air
at room temperature. The bias voltage for
the images shown here was 0.8 V (tip
positive), but varying the voltage between
0.6 and 1.0 V or changing the polarity did
not alter the images significantly. It was
more important to keep the gap resistance
above approximately 5 X 10° ohms, pre-
sumably to keep the tip from disturbing the
weakly adsorbed layer. If the gap resistance
was reduced significantly below this value,
the tip would jump abruptly toward the
sample and the atomic structure of the
graphite substrate would become visible.

Adding a 4-V, 10-psec pulse to the tunnel
gap voltage often dramatically changed the
nature of the images, causing an ordered
molecular lattice to appear where an atomi-
cally flat and featureless surface had been
observed before. These pulses possibly re-
moved molecules from the gap or the tip.
Another possibility is that when the mole-
cules were deposited onto the substrate they
were in an amorphous state. The voltage

Fig. 1. STM images of cyanobiphenyl molecules
absorbed on graphite: (a) 8CB, (b) 10CB, and
(€) 12CB. All three images are 114 by 114 A% and
were taken at ambient pressure with a tip bias of
0.8 V and tunnel current of 0.1 nA. As the length
of the alkyl tail increases, the bright region
remains 25 A wide and the dark region increases
in width. In (c) an instability occurred near the
top of the image.

pulses may provide the energy necessary to
fully crystallize the molecular film.

Figure 1 shows 114 by 114 A? STM
images of 8CB, 10CB, and 12CB taken at
0.8 V and 0.1 nA. The gray scale corre-
sponds to an apparent height range of 1 A,
where white is higher than black (7). The
images show that 8CB, 10CB, and 12CB
form a structure where parallel bright stripes
are separated by dark regions. Fine elongat-
ed structures with a spacing of approximate-
ly 6 A are seen running nearly perpendicular
to the stripes. We interpret each fine struc-
ture as a molecule. As the series of image
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Fig. 2. (a) STM image (57 by 57 A2) of 10CB on
graphite. (b) Model showing the packing of the
10CB molecules. The shaded and unshaded seg-
ments represent the alkyl tails and the cyanobi-
phenyl head groups, respectively.

shows, as the length of the alkyl tail in-
creases, the bright region remains 25 A wide
and the dark region increases in width. This
suggests that the bright region corresponds
to the cyanobiphenyl head groups of the
molecules and the dark region to the alkyl
tails. Since each head group is 12 A long (8),
the 25 A width in the STM images implies
that two head groups are positioned nearly
end-to-end.

The molecular packing is seen more pre-
cisely in Fig. 2. This shows a 57 by 57 A2
STM image of 10CB and a model of the
lattice deduced from the STM images. The
model is in agreement with the observed 43
A lattice spacing. The STM shows that
10CB forms a unit cell with ten molecules
arranged into five molecular pairs. The head
groups and the tails are slightly interdigitat-
ed. The cyano groups try to avoid directly
facing each other, presumably because of
repulsive electric dipole forces. These forces,
perhaps in combination with a possible reg-
istry with the graphite substrate, are the
probable cause of the noticeable 7 A lateral
shift every five molecular pairs. The 7 A shift
may be a way for the electrostatic energy
caused by the proximity of charged cyano
groups to be reduced for one-fifth of the
molecules. The unit cells of 8CB and 12CB,
the other two systems we have examined
extensively, are similar to the one shown for
10CB but contain eight molecules arranged
in four pairs.
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Fig. 3. Smectic layer spacings of cyanobiphenyls
versus tail length. The x-ray data is from (9) and
was performed on bulk liquid crystal material.
The error bars represent the standard deviations
based on at least ten measurements (STM images)
per data point. The source of the error is primarily
thermal drifts during measurement.

The packing structure of the monolayer
films is quite different to the structure of the
bulk smectic liquid crystal deduced from x-
ray and neutron scattering (9) and density
measurements (8). In the bulk structure it is
assumed that the head groups and the tails
must fully interdigitate (8). Figure 3 shows
that the layer spacing (dark region plus light
region) of the monolayer films is 1.20 times
the bulk smectic layer spacing deduced from
x-ray scattering (9). This larger layer spacing
is the result of the packing structure of the
monolayer film in which there is only slight
interdigitation of the head groups and tails.

While it might at first seem obvious that
the phenyl groups should lie flat on the
graphite, this configuration leads to the
molecules being spaced at least 6.3 A apart.
The distances we measure between mole-
cules are 6.5 A for 8CB, 6.0 A for 10CB,
and 5.5 A for 12CB. The measured molecu-
lar spacing for 8CB would allow for the
phenyl groups to lie flat but the values for
10CB and 12CB mean that this configura-
tion would cause a very large amount of
hydrogen overlap. As a result, we believe
that the phenyl groups stand on their sides
so that the hydrogens on one side of the
carbon rings bond to the graphite and those
on the other point normal to the surface.
This model has the advantage of suggesting
a way for the head groups to bind to the
substrate and to reduce the hydrogen over-
lap between head groups. This structure
agrees with the experimental data for 10CB
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Fig. 4. (a) STM image (72 by 72 A?) of 10CB.
(b) Contour line taken along a pair of 10CB
molecules. The contour chosen is shown by the
white line overlaying the image in (a). (¢) Model
showing the orientation of two molecules of
10CB. A trace is shown representing a possible
STM contour.

shown in Fig. 4. (Unfortunately, our data
for the other molecules do not have suffi-
cient resolution to determine the orientation
of the phenyl groups.) Figure 4, a and b,
shows, respectively, an STM image of 10CB
and a contour line taken along the confor-
mation of a pair of 10CB molecules. The
contour chosen is shown by the white line
overlaying the STM image (7). In Fig. 4c we
have drawn a model of two molecules of
10CB. The molecule on the left has its alkyl
tail oriented so that its carbons alternate up
and down. The molecule on the right has
the alternate conformation where the car-
bons alternate side to side. The two possible
conformations of the tails explains why in
some places the STM detects five spots
where the tail should be (half the number of
carbons in the tail of 10CB) and in other
places the tails are not visible. The model
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therefore explains why there is approximate-
ly an equal distribution of “visible” and
“invisible” tails in the STM images while all
the head groups appear the same.

If one takes a simple contour over the
vertical component of the hydrogen states in
the molecules (Fig. 4c), one obtains a strik-
ing agreement with the STM contour in Fig.
4b. Both the 2.5 A spacing in the alkyl tail
and the 3.8 A spacing in the head group are
reproduced. This suggests that the STM is
sensitive to the hydrogen orbitals of the
molecules. One interpretation is that the
contrast in these STM images is due mainly
to topography rather than to differences in
work function or density of states (5); that
is, the phenyl groups are “brighter” than the
alkyl tails because their hydrogen orbitals are
higher above the substrate and have a larger
component normal to the substrate. How-

ever, it is also possible that the contrast is
caused by the perturbation of the graphite
wave functions by their interaction with the
molecular orbitals. The mixing of the molec-
ular states with the graphite may create new
states within 1 V of the fermi energy. Simple
(10) and extended (1, 2) Hiickel calculations
have been applied quite successfully to STM
studies of molecular systems. Such calcula-
tions would show more precisely the posi-
tions of the empty and filled electronic states
of the cyanobiphenyl-graphite system and
would help verify the structural model we
have proposed.
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Scaling Body Support in Mammals:
Limb Posture and Muscle Mechanics

ANDREW A. BIEWENER

The scaling of bone and muscle geometry in mammals suggests that peak stresses (ratio
of force to cross-sectional area) acting in these two support elements increase with
increasing body size. Observations of stresses acting in the limb bones of different sized
mammals during strenuous activity, however, indicate that peak bone stress is
independent of size (maintaining a safety factor of between 2 and 4). It appears that
similar peak bone stresses and muscle stresses in large and small mammals are achieved
primarily by a size-dependent change in locomotor limb posture: small animals run
with crouched postures, whereas larger species run more upright. By adopting an
upright posture, large animals align their limbs more closely with the ground reaction
force, substantially reducing the forces that their muscles must exert (proportional to
body mass®”4) and hence, the forces that their bones must resist, to counteract joint
moments. This change in limb posture to maintain locomotor stresses within safe
limits, however, likely limits the maneuverability and accelerative capability of large

animals.

ODY SIZE IS ONE OF THE MAJOR
B factors that affects the form and func-

tion of an organism. Because area-
dependent functions increase less rapidly
than volume-dependent requirements of the
organism, severe scaling constraints on func-
tional capacity may result as organisms
evolve to larger size (1). It has long been
recognized that body size is also a critical
factor influencing the mechanical support of
animals (2). Specifically, the ability of mus-
cles to generate force or bones to resist force
depends on tissue cross-sectional area,
which decreases in proportion to an animal’s
weight with increased size. Accordingly,
considerable emphasis has focused on hy-
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pothesized size-dependent changes in the
shape of mammalian limb bones (skeletal
allometry) (3). Yet mammalian limb bones
scale surprisingly close to isometry (main-
taining similar relative proportions) when
considered over nearly the entire size range
of the class (4). This unexpected finding
indicates that stresses acting in the skeleton
should increase with increased size. As the
material strength of bone does not vary
significantly within mammals (5), increased
locomotor stress would suggest that large
animals may operate near to the limit of the
strength of their skeletons (a low safety
factor). Empirical determinations of skeletal
stress in different sized mammals during
conditions of strenuous activity (high-speed
running or jumping), however, indicate that
peak skeletal stresses are fairly uniform for

mammals ranging from 0.1 to 300 kg in
body mass (6), maintaining a safety factor
(fracture stress/peak locomotor stress) of
between 2 and 4.

To explain these divergent observations, I
propose that similar stresses are achieved in
the mammalian skeleton by a size-dependent
change in locomotor limb posture, shifting
from the crouched postures of small animals
to the more upright postures of larger spe-
cies (7). Though originally recognized by

EMA =r/R

Fig. 1. Schematic illustration of effective mechani-
cal advantage (EMA) defined for the extensor
muscles acting about the ankle joint. F; is the
ground reaction force vector (measured with use
of a force platform), and R is its mechanical
advantage acting about the ankle. Fy, is the force
exerted by the ankle extensor muscle group about
the ankle with a mechanical advantage of r to
counteract the moment exerted by F,. When
muscles had differing mechanical advantages at a
joint, a weighted mean mechanical advantage 7
was calculated for the group as a whole (11).
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