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Direct observation of surface diffusion of large organic molecules
at metal surfaces: PVBA on Pd „110…

Jens Weckesser, Johannes V. Barth,a) and Klaus Kern
Institut de Physique Expe´rimentale, Ecole Polytechnique Fe´dérale de Lausanne,
CH-1015 Lausanne, Switzerland

~Received 31 August 1998; accepted 8 December 1998!

The bonding and surface diffusion of 4-trans-2-~pyrid-4-yl-vinyl! benzoic acid~PVBA! on Pd~110!
was investigated by variable temperature scanning tunneling microscopy at sample temperatures
between 300 and 450 K. PVBA is a large organic molecule designed for nonlinear optics
applications. At low coverages single PVBA molecules are randomly distributed at the surface
where they bind diagonally to three neighboring Pd-rows, leading to four equivalent adsorption
configurations. The ‘‘dog-bone’’ molecular structure could be resolved. The molecules’ surface
diffusion is strictly one-dimensional along the close-packed@11̄0#-direction of the surface Pd atomic
rows and obeys an Arrhenius law with an activation barrier of 0.8360.03 eV and an attempt
frequency of 1010.360.4 s21. © 1999 American Institute of Physics.@S0021-9606~99!71010-X#
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Scanning tunneling microscopy~STM! provides unique
information on adsorbed molecular species and molec
phenomena at surfaces.1 While simple molecules were em
ployed in initial observations, recent research revealed
potential of STM for studying epitaxial growth of organ
thin films on conducting substrates.2,3 Large organic mol-
ecules arethe basic elements in the field of molecular ele
tronics and their adsorption behavior is thus of high curr
interest.4 So far predominantly static aspects or direct m
nipulation of such molecules have been addressed.5 How-
ever, to fully understand their ordering and interactions
metal substrates, a necessary prerequisite for further de
opments in the field, an understanding of their surface kin
ics is indispensable.

In the present paper we report the first direct study of
surface diffusion of a large organic molecule chemisorbed
a metal surface. In contrast to thermal motions of adsor
atoms or simple molecules, which frequently can be ration
ized straightforward in a single particle hopping model, d
to the more complex binding geometry including the pos
bility of conformational changes and both rotational and
ternal degrees of freedom, a rather complex scenario of
surface diffusion of large molecules might be expected6–9

However, to date there is a lack of systematic direct inve
gations, even if macroscopic techniques such as la
induced thermal desorption~LITD ! were employed to ad
dress this problem.10 As a model system to study surfac
diffusion of large molecules under well defined condition
we have chosen PVBA~4-trans-2-~pyrid-4-yl-vinyl! benzoic
acid! adsorbed on a Pd~110! single crystal surface. PVBA is
an asymmetric organic molecule with a mass of 225 amu
was designed for nonlinear optics applications.11 As a sub-
strate we have chosen an fcc~110! surface, where due to th
substrate anisotropy, one-dimensional surface diffusion
one-dimensional molecular ordering could be expected.

a!Electronic mail: johannes.barth@epfl.ch
5350021-9606/99/110(11)/5351/4/$15.00
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data demonstrate the successful application of tempera
controlled STM for a direct analysis of the large molecule
thermal motion.

The experiments were performed with a home-built va
able temperature STM operational in the temperature ra
40–800 K, incorporated in a standard ultrahigh vacu
~UHV! chamber, similar to equipment described elsewher12

The Pd~110! crystal was prepared by cycles of argon io
sputtering~700 eV, 4 mA/cm2) and subsequent annealin
~1000 K! resulting in large defect free terraces of typica
1000 Å width. Due to the PVBA molecules’ high stabilit
and low vapor pressure, a molecular beam can be gener
by thermal evaporation under UHV conditions.13 PVBA was
thus deposited by a conventional Knudsen-cell at ba
ground pressures of'2310210 mbar. The employed depo
sition rate was'331025 ML/s as calibrated by STM data
@1 monolayer~ML ! corresponds to one adsorbed molecu
per Pd surface atom#. The STM measurements were pe
formed in the constant current mode with typical tunneli
voltages of61 V and currents below 1 nA, i.e., in the hig
tunneling resistance regime~.1 GV!. It was impossible to
manipulate the adsorbed molecules under any tunneling
ditions, which reflects a strong substrate–adsorbate inte
tion. We also investigated the possibility of tip-induce
changes in the surface diffusivity, however, no modificatio
in the diffusion characteristics were observed at the e
ployed high tunneling resistances.

A high resolution STM image with a small amount o
PVBA evaporated on the Pd~110! surface is depicted in Fig
1~a!. The image reveals the ordering and adsorption geo
etry of PVBA molecules. The individual molecules lie flat o
the surface and are imaged as 1.25 Å high protrusions wi
length of'11 Å. The STM shape is in accordance with th
geometrical distance between the extremal atoms of an
lated molecule@12.3 Å in the unrelaxed configuration~Ref.
11!#, the chemical structure formula of which is represen
in the inset in Fig. 1~a!. The molecule consists of a pyridy
1 © 1999 American Institute of Physics
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group attached to a benzoic acid via a vinyl group. The c
responding ‘‘dog-bone’’ internal molecular structure, whi
is associated with the two coupled molecular carbon-r
systems, is clearly discernable. The molecules are rando
distributed at the surface, which also holds for adsorpt
conditions with high molecular mobility or upon annealin
of the surface. This indicates that molecule–substrate in
actions by far exceed the intermolecular interactions. T
molecular axis is oriented by635° with respect to the close
packed@11̄0# surface directions. A detailed analysis of th
STM data reveals a binding of the molecules to three ne
boring Pd atomic rows, as demonstrated by the ball mode
Fig. 1~b! ~whereas the position in@001# is certain, the posi-
tion of the molecule in@11̄0# could not be exactly determine
as atomic resolution of the substrate in this direction co
not be achieved in the presence of the molecules!. The data
are in agreement with STM observations on the syste
benzene/Pd~110!14 and benzene/Ni~110!15 where the C-ring

FIG. 1. ~a! PVBA molecules randomly distributed on the Pd~110! surface at
low coverage~Q50.018 ML!. The molecules were adsorbed and imaged
a substrate temperature of 325 K and deposited with a rate of 331025

ML/s. The atomic rows of the Pd substrate and the ‘‘dog-bone’’ inter
molecular structure are resolved~image size: 1903180 Å2; Ut51.04 V, I t

51 nA!. The chemical structure formula of 4-trans-2-~pyrid-4-yl-vinyl!
benzoic acid~PVBA! is depicted in the inset.~b! Ball model for unrelaxed
PVBA molecules on Pd~110!. Light ~dark! grey circles: Pd atomic rows o
the surface~second! layer; small circles: individual PVBA atoms~omitting
H atoms!. The molecular axis is oriented by635.3° with respect to the
@11̄0# Pd rows providing optimal coordination of surface Pd and molecu
subunits.
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was found at the fourfold hollow site of the substrate. T
two different ends of the molecule did not exhibit differe
STM imaging characteristics. This is ascribed to a transp
ency of the carboxylic groups in the STM imaging proce
which was similarly reported for adsorbed fatty acids.16 The
adsorption geometry reflects optimal coordination of the m
lecular subunits and the palladium surface atoms achiev
without strong distortions of neither intramolecular nor su
strate structure. The results indicate that the surface chem
bond of the organic molecules with the Pd substrate is p
dominantly due top-binding via the electron ring systems o
the pyridyl and the benzyl group, respectively.17,18Due to the
substrate symmetry and molecular asymmetry four equ
lent molecular configurations are possible. Since the mole
lar end groups are not differentiated, only the two differe
orientations with respect to the@11̄0# Pd atomic rows can be
discriminated.

A molecule aligned in one orientational configuratio
cannot be transformed into the mirror configuration by
simple rotation for symmetry reasons. Rather, the molec
would have to be flipped about its own axis in addition. Th
is believed to be a reason why molecular rotations were
directly observed. In contrast, the thermal motion of in
vidual molecules could be monitored. A series of STM im
ages demonstrating molecular surface diffusion at a subs
temperature of 361 K is reproduced in Fig. 2. The data w
recorded at the same area with a time lapse of 220 s betw
the two images shown. Two effects due to the thermal m
bility can be discerned upon inspection of the data. On

t

l

r

FIG. 2. Series of STM images monitoring thermal motions of PVBA m
ecules on Pd~110! at T5361 K ~image sizes: 3603200 Å2; Ut51.20 V,
I t50.4 nA!. The time lapse between the two consecutive images is 22
Arrows indicate molecules whose position changed revealing the o
dimensional nature of the surface diffusion; circles mark molecules mov
under the STM tip which are fractionally imaged.
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one hand, a comparison of consecutive images reveals t
fraction of the molecules changed position in the time int
val between the recording. An analysis of the positio
changes demonstrates that the PVBA surface diffusion
strictly one-dimensional along the close-packed substrate
rection. The molecular displacements are thus exclusiv
along@11̄0#. This holds similarly for higher temperatures an
reflects the anisotropy of the fcc~110! surface which results
in different diffusivities along the primitive surface direc
tions, earlier observed for simpler molecular adsorpt
systems.19,20 On the other hand, the imaging characterist
of single molecules within an individual STM image are su
ject to surface diffusion: since the imaging of the molec
requires a certain number of line scans and thus a ce
time interval, there is a probability that molecules diffusi
away from the area under the STM tip while recording t
images. Thus the limited residence time at a specific
leads to an incomplete imaging of a fraction of the m
ecules. They show up in a reduced number of neighbo
scanlines before they hop away during the measurem
whereupon characteristic ‘‘cut-off’’ features in the top
graphs are created~marked by circles in Fig. 2!. These fea-
tures are used to analyze the molecular surface diffusion
the present system.

The hopping rates are obtained from the number of sc
lines where molecules are imaged at their original sites:
probability that a particle remains at a given site after timt
is P(t)5exp(2nst), wherens is the hopping rate to be de
termined.t is chosen such that it corresponds to the ti
necessary to image a molecule entirely, for which the nu
ber of scan lines times the scanning period~of the fast
x-direction! was taken. Accordingly,~12P(t)) is the frac-
tion of molecules which jumped within this time interval an
the rates can be obtained from a statistical analysis of se
of images. With the present system, the two orientatio
configurations of the molecule provide an additional che
of this method. Since the fast scan direction is not paralle
the Pd surface atomic rows, the number of line scans
complete imaging of molecules in the respective configu
tions differ. However, the analysis of the individual geom
etries agree well and the same hopping rates are obta
The temperature range accessible with the present sy
and instrumentation is the region 330–370 K. In additio
experiments employing different scan rates were perform
which substantiate the above statement that the molec
surface diffusion is unaffected by the STM tip.

The statistical hopping frequency analysis is plotted
the Arrhenius representation in Fig. 3. The results clea
demonstrate that the one-dimensional motion of the la
organic molecule obeys an Arrhenius law. The linear fit
the data yields an activation barrier of 0.8360.03 eV. The
corresponding attempt frequency amounts ton0'1010.360.4

s21. The fact that the molecules’ migration can be describ
by an Arrhenius law indicates that a single process is d
sive for the motion of the molecules and that possible co
plexities due to the large molecular size do not result
extraordinary diffusion characteristics. Although the cor
gation potential experienced by the large molecule is
lieved to be much more complex than that of an adsor
t a
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simple molecule or atom, and intramolecular degrees of fr
dom might interfere, the molecular surface diffusion can
described in simple terms. In agreement, molecular dynam
simulations of surface diffusion ofn-alkanes report that an
Arrhenius expression adequately describes large molec
motions for which complex diffusion mechanisms exist.6,8

The migration barrier of the adsorbed moleculesper se, is
high and signals a rather strong bonding of the molecule
the Pd surface. Whereas for small adsorbates migration
riers ~Em) are typically'10% – 20% of the binding energ
~Eb), higher ratios of'30% have been reported for large
molecules,10 which would implyEb'2.8 eV with the present
system. This compares well with the significantly higher m
bility of benzene adsorbed at the same surface,14 where a
weaker surface chemical bond is formed~Eb'1eV!.21 Simi-
lar Em–Eb trends were reported for surface diffusion
n-alkanes on Ru~001!,10 studied by LITD experiments. With
these investigations it was also observed that the diffus
coefficients (D0) associated with the large molecules’ su
face diffusion are much larger than would be expected fr
a hopping model where the molecules jump just by one s
face lattice constant. Long jumps were suggested as a
sible explanation for this behavior,8,10 however it must be
noted that the LITD results have been obtained by mean
an integral, nonlocal technique, where the ubiquitous surf
defects such as atomic steps may interfere. Our data ar
agreement with statistics expected from one-dimensio
next-neighbor hopping and exclude the possibility of t
rather long jump lengths~40–50 Å! invoked for the interpre-
tation of n-alkanes’ surface diffusion on Ru~001! LITD
results,10 where we are dealing however, with weakly bou
molecular species. Nevertheless, a precise quantitative an
sis of the jump length is not possible with the present inv
tigation due to slight thermal drift distortion obscuring com
parison of consecutive images, so that a small fraction
molecular jumps over two or three lattice sites cannot
entirely ruled out. Assuming single site molecular hoppin

FIG. 3. Arrhenius plot of single molecule hopping rates along the@11̄0#
substrate direction in the temperature interval between 335 and 37
The surface diffusion of the large organic molecule obeys an Arrhenius
with an energy barrier of 0.8360.03 eV and an attempt frequency o
1010.360.4 s21.
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an intrinsic diffusion coefficient of D05 1
2a

2n057.55
31026 cm2/s for the one-dimensional motion is obtaine
The results ascertain that the attempt frequency assoc
with the molecular motion is about two orders of magnitu
smaller than that of benzene on Pd~110!, where estimates
signal n0'1012 s21.14,22 The small attempt frequency wit
the present system possibly indicates a bonding configura
with reduced entropy in the transition state leading to
effective attempt frequency reduction. Further theoretical
vestigations are suggested to clarify this issue.

In conclusion, we demonstrated that variable tempe
ture STM is a well performing tool to investigate surfa
diffusion of adsorbed large organic molecules with high p
cision. It is suggested that this technique will be of gene
use in studies concerning the kinetics of adsorbed large
lecular species at surfaces.

We gratefully acknowledge Ch. Cai for providing th
PVBA molecules.
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