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T
he adsorption and diffusion of or-
ganic molecules on surfaces are inte-
gral to many areas of surface sci-

ence and nanotechnology, such as self-
assembly and growth of new surface
structures, catalysis, coatings, corrosion in-
hibition, tribology, and molecular electron-
ics. The advent of scanning probes, particu-
larly the scanning tunneling microscope
(STM), sparked an explosion of interest in
studying the behavior and reactions of indi-
vidual molecules at surfaces. This research
was further stimulated by attempts to use
individual molecules to perform computing
functions.1�5 Exciting new opportunities
arose for imaging and manipulating indi-
vidual molecules at conducting surfaces as
well as creating prototype molecular
devices6�10 such as “wires”,11,12

“switches”,13�16 and molecular diodes, tran-
sistors, rectifiers, and small circuits.17�20 Cus-
tom designed organic molecules are used
as building blocks for the self-assembly of
functional nanostructured materials.21�23

Different applications bring special re-
quirements for molecular structure, proper-
ties, and mobility on the surface. For ex-
ample, surfaces of insulators are often used
as substrates for catalytic and photocata-
lytic reactions. Reliable functioning of a mo-
lecular electronic device requires that the
molecule has to be immobilized and stable
at room temperature (RT), but the electronic
structure of the molecule must be decou-
pled from that of the surface. However,
when organic molecules are adsorbed on a
metallic substrate, the molecule�surface
interaction may induce changes in the mo-
lecular structure and properties as well as
local modifications in the surface geomet-

ric and electronic structure. Due to these
reasons, wide gap insulators are more ap-
propriate substrates for designing reliable
molecular devices. However, very little is still
known about the adsorption and diffusion
of organic molecules on wide gap bulk insu-
lating surfaces or films. Therefore, no
method has been suggested so far for tai-
loring the molecule�substrate interactions
to control the molecular diffusion while pro-
ducing films or molecular devices with de-
sired morphologies, and trials have been
mainly empirical. The purpose of this work
was, therefore, to test design criteria for ad-
sorbing organic molecules with given prop-
erties at inert insulating surfaces and to
study their diffusion using atomic force mi-
croscopy at RT. In the course of this study,
we were able for the first time to directly
observe the diffusion of a complex organic
molecule on an insulating surface.

To conceive, synthesize, deposit, and im-
age single molecules on a wide band gap
insulating surface at RT is a complex task,
which so far has not been achieved. In con-
trast to metallic surfaces, where aromatic
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ABSTRACT In this work, we have studied the adsorption and diffusion of large functionalized organic

molecules on an insulating ionic surface at room temperature using a noncontact atomic force microscope (NC-

AFM) and theoretical modeling. Custom designed syn-5,10,15-tris(4-cyanophenylmethyl)truxene molecules are

adsorbed onto the nanoscale structured KBr(001) surface at low coverages and imaged with atomic and molecular

resolution with the NC-AFM. The molecules are observed rapidly diffusing along the perfect monolayer step

edges and immobilized at monolayer kink sites. Extensive atomistic simulations elucidate the mechanisms of

adsorption and diffusion of the molecule on the different surface features. The results of this study suggest

methods of controlling the diffusion of adsorbates on insulating and nanostructured surfaces.
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boards provide sufficient anchoring,24 insulating sur-
faces exhibit much weaker interactions with these mol-
ecules. To be immobilized on an ionic crystal surface, a
hydrocarbon molecule has to be functionalized with
special anchoring groups. Moieties possessing a large
dipole moment were shown to adsorb quite effectively
(e.g., cyanoporphyrins),25,26 albeit the molecular ag-
glomerates were additionally strengthened by molecu-
lar ��� stacking. The adsorption of the C52H72O3 mol-
ecule, consisting of three 3,5-isobutyl phenyl
headgroups (derivatives of m-xylene) and an ethyl for-
mate tail group, on the rutile TiO2(011) surface, has re-
cently been studied theoretically in ref 27. The adsorp-
tion and diffusion of anthracene and tetracene
molecules on the rutile surface have been modeled in
ref 28. The molecules considered in refs 27 and 28 were
all functionalized by polar carboxylic groups, which pro-
vided attachment to the surface.

To study individual molecules on insulating sur-
faces in UHV, it is necessary to use a noncontact atomic
force microscope (NC-AFM), which relies on detecting
tip�surface forces. AFMs capable of atomic resolution
are challenging to construct and operate (see, for ex-
ample, refs 31�33). On the other hand, weak adsorp-
tion and high mobility of organic molecules at insulat-
ing surfaces often prevent AFM imaging of individual
molecules at RT. The best studied is perhaps adsorption
of perylene and its derivatives (e.g., PTCDA and PTCDI)
which have been imaged on several insulating sub-
strates, such as KBr, KCl, NaCl, mica, and TiO2(110);34�40

however, in all of these studies, large assemblies of mol-
ecules were imaged, and the successful imaging of iso-
lated molecules remains rare.

The molecule conceived for this study is syn-5,10,15-
tris(4-cyanophenylmethyl)truxene, which contains
three flexible cyanobenzyl groups, each possessing a
large dipole moment, as shown in Figure 1. This mol-
ecule belongs to a class of organic molecules that are
relevant to molecular devicesOa flat polyaromatic core
bonded to several (in this case three) flexible “binding
groups” that interact strongly with the surface. The KBr
surface is employed due to it being a very stable wide
band gap insulator. This surface is easy to prepare and

modify, and it has been successfully imaged many times
previously with the NC-AFM.29,30 On the basis of previ-
ous studies, we assumed that these molecules can be
deposited at the KBr surface; however, there was no
guarantee that we could observe and study individual
molecules. As we show below, in spite of the strong ad-
sorption, the truxene molecule is indeed surprisingly
mobile both on the terrace and at a step edge of KBr.

The STM and NC-AFM can be useful in providing
“snap shots” of the overall dynamics of an adsorbate
and can be used to determine overall hopping rates
and diffusion coefficients, but they are not capable of
probing the fundamental atomic scale mechanisms of
adsorbate motion, which can occur over time scales
from seconds to picoseconds. The only way to gain an
insight into the actual processes that drive the overall
behavior is through realistic atomistic simulations. The
use of simulations has helped to understand the mech-
anisms of surface diffusion in many systems, from single
adatoms on a perfect surface to the collective motion
of atomic clusters and large organic molecules on de-
fective and low symmetry surface features. The most di-
rect way of investigating the thermal diffusion of adsor-
bates is with an equilibrium molecular dynamics (MD)
simulation, where the trajectory of the phase-space
atomic coordinates of the system (which includes both
adsorbates and the surface) is followed explicitly and in
real time. MD has been used to explain the specific
mechanisms of surface diffusion in many systems in-
cluding the “long jumps” of adatoms observed in STM
experiments41 and of large organic molecules on a vari-
ety of surfaces42,43 and how these systems depart from
the transition state theory model. In this paper, we use
MD to develop a comprehensive theoretical model of
the adsorption and diffusion of a truxene molecule on
the KBr(001) surface.

RESULTS AND DISCUSSION
The simulations performed in refs 27 and 28 have

demonstrated that the overall structure and flexibility
of an organic molecule has a profound effect on the
mechanism of diffusion and the effective diffusion rate
on a surface. Very small structural changes may cause
differences in their mobility on the surface by many or-
ders of magnitude. The potential energy landscape of
the molecule/surface system is determined not only by
the chemical interaction between the surface and the
binding groups but also by the structure of the entire
molecule relative to the surface. Bearing this in mind,
we decided to study a molecule derived from heptacy-
clic polyarene truxene (10,15-dihydro-5H-diindeno[1,2-
a;1=,2=-c]fluorene), where three 4-cyanobenzyl groups
have been added in positions 5, 10, and 15 in a syn rela-
tive configuration (see Figure 1). The synthesis and
characterization of this class of molecules has been de-
scribed in ref 44. As a result, this tris(4-
cyanophenylmethyl)truxene (PM_4CN) molecule pos-

Figure 1. Chemical structure of the molecule employed in
this study: syn-5,10,15-tris(4-cyanophenylmethyl)truxene.44
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sesses three strong dipole groups (the dipole moment
for the benzonitrile molecule was calculated to be
4.5152 D45), which are capable of adjusting their posi-
tions in order to match the electrostatic landscape on
the substrate. The aromatic component of the molecule
is separated from the surface by the binding groups
and therefore interacts only weakly with the surface.27

The long binding groups are free to move somewhat in-
dependently on the surface, and this flexibility allows
the binding groups to easily bind to separate binding
sites, which may increase the binding to the surface.

The KBr(001) surface was prepared by cleaving and
then annealing in vacuum. The surface was then irradi-
ated with a small dose of 1 keV electrons, which led to
desorption of less than 0.5 ML of KBr. The electron-
induced desorption results in the creation of mono-
layer pits of different sizes dependent on the electron
dose.29,30 In the areas of high density of cleavage steps,
desorption proceeds from existing steps leading to
their erosion.

The truxene molecules were then deposited on the
surface via evaporation from an effusion cell (resulting
in a coverage of approximately 40% of a monolayer, as
determined from several large-scale NC-AFM images)
and then imaged using the NC-AFM.46 The NC-AFM is
based on monitoring and controlling the resonance fre-
quency of a small oscillating cantilever with a tip at-
tached at its end while it is moved across the surface.
The interactions (chemical, van der Waals, electrostatic)
between the tip and the sample change the cantilever
resonance frequency, allowing for the determination of
their spatial variation down to the atomic scale.31,32,47

Figures 2 and 3 show NC-AFM images of the KBr sur-
face with the molecules adsorbed. Immobilized mol-
ecules are imaged as bright protrusions and are located
adjacent to the terrace edges of KBr. Figure 2a shows a
large surface area revealing several terraces and islands,
and Figure 2b,c shows magnified sections centered
over a kinked monolayer step edge. No molecules are
observed on the perfect (001) terrace at any point. We
observed obvious differences in the monolayer step
edge decoration: those running in the main crystallo-
graphic directions [100] and [010] are not decorated by
stable molecules in contrast to the edges deviating
from those directions. The analysis of the KBr atomic
resolution pattern (Figure 2c) reveals that the edge is
running in the [�310] direction, which is the most com-
mon direction found for regularly decorated edges on
that surface.

The molecules adsorbed on the edge presented in
Figure 2c are spaced by approximately 2.1 nm. The
step edges of KBr are electrically neutral; therefore, the
[100] and [010] directions are preferred. In order to align
directions such as [�310], the edges most likely adopt
jagged conformations such as that shown in Figure 2d.
Note that the distance between the neighboring kinks
for the [�310] jagged edge is very close to the intermo-

lecular distance of 2.1 nm. There are two characteristic

points in the jagged edges: the outermost ion (marked

A in Figure 2d) and the innermost ion (marked B). In all

of the observed edges, the ions in position A are of the

same sign (negative in Figure 2d) and the ions in posi-

tion B are of the same sign (in the example from Figure

2d, also negative).

It is impossible to rule out some molecule�molecule

interaction between the molecules adsorbed at the

jagged edges, although it is unnecessary for the immo-

bilization of the molecules since their stabilization at

the kinks is the result of molecule�substrate interac-

tion only. There are edges on the surface running

straight in [100] or [010] directions for several nanome-

ters with only a small number of separated kinks. An ex-

ample of such a case is presented in Figure 3, where a

single kink is located in the middle of the figure. This

kink is sufficient to immobilize a single isolated trux-

ene molecule.

In addition to a stable molecule located at the kink

site in Figure 3, a noisy pattern along the [010] step

Figure 2. NC-AFM images of truxene molecules adsorbed on the pat-
terned KBr(001) surface: (a) 65 � 65 nm2 image showing several islands
and terraces (normalized frequency shift32 � � �0.97 fNm1/2); (b) magni-
fied view of the section highlighted in (a); (c) 10 � 6.3 nm2 image show-
ing details of a monolayer KBr step decorated by the molecules; the in-
set shows the atomic periodicity with enhanced contrast. (d) Proposed
configuration of the step imaged in (c) and a possible position of a mol-
ecule. Positions A and B are discussed in the text.

Figure 3. A 15 � 15 nm2 NC-AFM image (� � �0.70 fNm1/2)
presenting a KBr edge with a single kink and a truxene mol-
ecule immobilized. The noisy pattern along the [010] mono-
layer step edge is due to rapidly diffusing molecules.
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edge can be seen. This pattern is formed by “stripes”

caused by rapid variations in contrast within a single

scanline; that is, the contrast is changed as the tip scans

along the step edge (the fast scan direction is from left

to right). This occurs stochastically and is not directly re-

lated to the tip position above the surface, resulting in

a somewhat random or fuzzy pattern, which consists of

a collection of lines with a non-uniform distribution of

lengths. This feature can be attributed to changes in the

surface structure as the oscillating tip is scanned above

the surface (for a detailed description of this phenom-

enon, see ref 48 and 49). The most plausible explanation

for this structural change is the diffusion of truxene

molecules along the step edge, which is occurring

much faster than the time required to acquire a single

image. The forms of the lines consist of two typical

shapes, as depicted in Figure 4b,c. The first of these fea-

tures (Figure 4b) is asymmetric, and the shape is de-

pendent on the tip scanning direction. The feature is

characterized by an abrupt lift of the tip with a consid-

erably slower recovery to the previous position. The fea-

ture is often observed in series. That shows that a mol-

ecule suddenly appears in the area under the tip and

stays there long enough to allow the tip to move over.

The dependence of the shape of the feature on the

scanning direction points to a tip-induced process, and

a molecule is most likely immobilized and/or pulled by

the tip apex. This results in a tip-induced manipulation

(or similarly “stimulated diffusion”).

The second feature (Figure 4c) has a symmetrical

and rectangular shape, which is independent of the

scanning direction of the tip. Here, the length of this

rectangular feature represents the residence time of a

molecule in a particular adsorbed state due to the fact

that the tip scans the surface at a constant velocity.

Since the scanning speed in the fast direction in Figure

4a was 10 nm/s, 1 nm in this image corresponds to a

time of 0.1 s. By measuring the length of each of the

rectangular shaped lines that correspond to sponta-

neous transitions, it is possible to plot a distribu-

tion of residence times that is shown in Figure 4d.

This distribution follows an exponential form, which

corresponds to an average residence time of ap-

proximately 200 ms.

The results detailed above show three distinct fea-

tures with respect to the mobility of the molecules on

the surface. First, individual molecules are observed as

stationary at monolayer kinks and along the (�310)

monolayer (kinked) step edge; this demonstrates that

the average residence time for the molecules adsorbed

on these features is significantly longer than the time

taken to acquire several successive images, which cor-

responds to over an hour. Second, the “fuzzy” pattern

observed along the (010) monolayer step edge shows

that adsorbates are diffusing significantly faster than

the time required to acquire a full image but slower

than the time taken to resolve changes along a particu-

lar scan line, resulting in the stripes that form the fuzzy

pattern. Third, no molecules are observed on the per-

fect terrace, but the surface atoms are resolved. This

shows that either the molecules do not adsorb on the

terrace at all or they are diffusing at a rate significantly

faster than the time required to resolve changes in

height as the surface is scanned, or they diffuse quickly

to step edges and other defects even before the NC-

AFM imaging starts.

To understand the features observed in the NC-

AFM images described above and to determine the

mechanisms of the adsorption and mobility of the trux-

ene molecules on the KBr surface, atomistic simula-

tions to model this system were performed. This mod-

eling consisted of a combination of accurate quantum

chemical calculations to determine the nature of the in-

teraction of the molecules with the surface and exten-

sive MD simulations of the diffusion mechanisms em-

ploying a parametrized potential model.

Figure 4. (a) A 5 � 30 nm2 image (� � �0.59 fNm1/2) of a step edge with three molecules immobilized and noisy pattern between. (b)
Cross section along the B�B= line in (a), showing asymmetric features; in individual scan lines taken in the opposite directions, the shape
of instabilities is mirrored. (c) Cross section along the line A�A=, showing the symmetrical instabilities with the shape independent of
the scan direction. (d) Histogram showing distribution of lengths of symmetric features; the exponent is fitted with B � 50 s�1.
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Ab Initio Calculations. To characterize the chemical inter-
action of a truxene molecule with the KBr surface, the
interaction of the basic hydrocarbon molecular groups,
methane and benzene, and benzonitrile group which
constitute the molecule with the surface was investi-
gated using an embedded cluster quantum chemical
method50,51 employing the B3LYP hybrid functional,54,55

which is well-suited to reproduce the electronic struc-
ture of both the molecule and the KBr surface.

For each of these molecules adsorbed in various ori-
entations on the terrace and step and corner edges, it
was found that there is no chemical interaction with the
surface: no significant charge transfer occurs (�0.02 e),
and it is energetically unfavorable for the molecules to
deprotonate on the surface or step. The hydrocarbon
molecules interact with the surface relatively weakly,
with the benzene having a maximum adsorption en-
ergy of 0.08 eV (0.02 eV) and methane of 0.03 eV (0.01
eV) on the perfect terrace (counterpoise corrected ener-
gies are in given in brackets53).

The interaction of the truxene molecule with the sur-
face is dominated by polar CN groups of the benzoni-
trile molecule since they adsorb above K ion sites in the
perfect surface with an energy of 0.23 eV (0.19 eV). The
electronic structure of each of these molecules is negli-
gibly polarized by the interaction with the surface, and
the mechanism of binding in each case is ionic.

The B3LYP functional is known to significantly un-
derestimate the magnitude of the van der Waals inter-
action. To investigate the magnitude of this discrep-
ancy, we performed a limited number of calculations
employing the MP2 method,56 which includes some
correlation effects. Using this method, the maximum
adsorption energy of benzene increases to 0.20 eV, al-
though this is reduced to 0.08 eV when counterpoise
corrected (the same as the non-counterpoise-corrected
B3LYP energy). The maximum adsorption energy of cy-
anobenzene increases to 0.28 eV, which is reduced to
0.21 eV when counterpoise corrected (similar to the
0.23 eV non-counterpoise-corrected B3LYP energy).
Therefore, the effect of the van der Waals interaction is
expected to be relatively small in this system, and non-
additive effects are also expected to be small as the
binding groups are not fully conjugated with the trux-
ene core.

Modeling Truxenes on KBr(001). Modeling the adsorp-
tion and dynamics of the entire molecule on the sur-
face is not computationally feasible using an ab initio

method directly due to the system size. Therefore, inter-
atomic pair potentials were derived for the interaction
of each of the functional groups with the surface and
combined following the methodology outlined and
tested in refs 27 and 57. In this system, this approach
is accurate because the interaction of the molecule with
the surface can be described with an ionic model as
no charge transfer between the molecule and surface
takes place. This potential model allows extensive inves-
tigation of adsorption conformations and molecular
mobility with relatively low computational cost.

Employing the potential model described above,
we investigated the adsorption of the truxene mol-
ecule on the KBr(001) terrace. To determine the lowest
energy adsorbed conformations of the truxene mol-
ecule, the system is annealed using MD annealing63

from various initial conformations, with the molecule
in different lateral positions and orientations above the
surface. The MD annealing is run at temperatures of
up to 500 K (which is sufficient for the molecule to ac-
cess all structural states) for up to 1000 ps, and then
slowly cooled to 0 K over a period of 500 ps. The low-
est energy conformation of the molecule on the terrace
shown in Figure 5a is characterized by the CN groups
binding to three adjacent K sites on the surface and
the flat polyaromatic truxene core of the molecule ap-
proximately parallel to the surface plane. The binding
energy of this configuration (i.e., the potential energy
difference between this state and the relaxed molecule
and surface separated to infinity) is 0.60 eV. For this con-
figuration of binding groups on the surface, there are
several different conformations of the truxene skeleton,
which are very similar in energy to the ground state,
based on the relative orientations of the benzonitrile
rings of the flexible cyanobenzene groups, which ar-
range themselves to bind to the surface K sites. Ex-
amples of two such conformations are shown in Figure
5b,c. Due to the complexity of the molecular structure
and the large number of possible conformations of the
molecule on the surface, the absolute binding energy in
the static minimum energy conformation of the sys-
tem is only of limited interest since the system will
spend little time in this state. A better measure for com-
parison of the overall binding to the surface at a particu-
lar temperature is the difference in average total ener-
gies between the bound and unbound (desorbed)
states. This “average” binding energy will then contain
contributions from all of the different states sampled as

Figure 5. (a) Lowest energy configuration of the molecule adsorbed on the KBr terrace, obtained from simulated annealing.
(b,c) Two alternative configurations with adsorption energies of (b) 0.59 and (c) 0.60 eV. (d) Lateral positions of the N atoms
in the three binding groups above the K atoms in the surface for the lowest energy configuration.
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the molecule moves on the surface. To calculate this dif-
ference, the average total energy of the bound system,
the isolated molecule, and the isolated surface is deter-
mined over a long (10 ns) MD simulation at 300 K. The
average binding energy is then calculated to be 0.42 eV,
which is approximately 0.2 eV lower than the static
binding energy, which suggests that the adsorbed mol-
ecule is spending a significant proportion of time in
states substantially higher in energy than the global
minimum.

Surface Diffusion. Room temperature MD calculations
show that the skeleton of the molecule and the orienta-
tion of the benzonitrile groups undergo rapid transi-
tions between different states of similar energy on the
time scale of picoseconds, while transitions of the bind-
ing groups between sites happen much more rarely.
The movie included in Supporting Information shows
a side view the evolution of structure of the molecule
over a period of 500 ps. The molecule remains with all
three binding groups bound to specific K atoms in the
surface for a significant period of time relative to the
motion between similar energy states of the skeleton
of the molecule, due to the relatively strong binding of
the CN groups to the K atoms in the surface.

The molecule diffuses on the surface via hops of
the benzonitrile binding groups to nearest neighbor K
binding sites, and also longer hops to non-nearest
neighbor K sites as individual binding groups are tem-
porarily desorbed from the surface. The movement of
the molecule as a whole is a product of the collective
motion of all three binding groups and therefore occurs
significantly more slowly than the diffusion of a single
group (a single cyanobenzene molecule). It is significant

to note that a single cyanobenzene molecule will des-
orb from the surface at room temperature (determined
from MD calculations) with an average residence time
of �250 ps. A movie of the top view diffusion of the
molecule over a time period of 1 ns is shown in Sup-
porting Information, which also shows the evolution of
the positions of the binding sites. Extensive molecular
dynamics calculations over much longer time scales
show that the molecule is bound to, but highly mobile
on, the surface at RT, with a surface diffusion coefficient
of approximately 10�7 cm2 s�1, which corresponds to a
root-mean-square displacement of approximately 1 �m
after a period of 3 �s.

In order to consider the mechanism of diffusion of
the molecule on the surface in more detail, we define
a “ground state” of the molecule as a configuration in
which all three binding groups are bound to three ad-
jacent K surface ions, in a triangular formation, as shown
in Figure 6. This state corresponds to the lowest en-
ergy states of the system. To enable the diffusion of
the molecule, one binding group will leave the ground
state, either through desorption or a hop to a nearest
neighbor K site. If desorption of a group occurs, it may
either readsorb on the same site or a nearby (not nec-
essarily a neighboring) K ion site. A particular ground
state where all CN groups are bound to surface K ions
is occupied for the majority of the time; the remainder
of the time the molecule is in an intermediate state that
will either return to the initial ground state or allow
the molecule to move into an adjacent ground state
where the molecule will have diffused one lattice dis-
tance in a particular direction. A typical sequence of
these transitions between ground states in terms of the

Figure 6. Top panels: sequence of the positions of the binding groups on the KBr surface during a single translational transition between
equivalent ground states (large circles denote K ion positions). Bottom panels: lateral trajectories of the N atoms in the three binding
groups of the molecule (labeled above) and of the center of mass of the rigid board of the molecule over the entire transition. The start
and end points of the transition are labeled.
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positions of the binding groups is shown in Figure 6,
along with the times the different transitions occur. For
this particular transition, the lateral trajectory of the N
atoms of each of the binding groups and the center of
mass of the truxene core of the molecule is also shown.
Here, it can be seen how the �CN groups oscillate in
the deep potential basins due to the strong binding be-
tween the groups and K ions before undergoing transi-
tions to nearest neighbor positions. The transition of a
single binding group from one K site to another occurs
when that part of the molecule is sufficiently excited, ei-
ther by surface vibrational modes or by modes from the
truxene skeleton of the molecule. However, the separa-
tion of the individual �CN groups through the molecu-
lar structure spatially results in very little vibrational cor-
relation between different binding groups.

Modeling Truxenes at the [010] Monolayer Step Edge. It is
useful to characterize the interaction of the molecule
with the step edge by calculating the adsorption bind-
ing energies of a single cyanobenzyl binding group
molecule at the step. The polar CN group interacts more
strongly with the monolayer step edge than with the
terrace: a deep potential well created by two adjacent
K ions in the step acts to bind the molecule with an en-
ergy of 0.49 eV. Adsorbing the entire truxene molecule
on the step edge, the molecule can access several con-
formations that are characterized by the relative posi-
tions of the cyano binding groups on the double coor-
dinated K sites along the step edge. The lowest energy
of these is with each of the cyano groups binding to
three adjacent sites coordinated by two K ions along
the step, as shown in Figure 7a. This configuration has
a static binding energy of 1.01 eV (determined using
the same simulated annealing procedure described
above). The next significantly lower energy conforma-
tion shown in Figure 7b corresponds to a binding en-
ergy of 0.87 eV and is characterized by one of the three
binding groups away from the double coordinated
step sites and bound to a terrace K atom one inter-
atomic distance away from the step edge.

MD simulations of this system in the ground state
conformation show that the truxene skeleton is more
confined than when on the terrace. In this case, the ori-

entations of the benzyl substituents of the binding

groups also fluctuate much less than at the terrace, re-

sulting in a significant reduction in the entropy in this

state compared to the molecule on the terrace. A movie

of the structure of the molecule over a time period of

5 ns is included in Supporting Information. The average

binding energy of the truxene molecule adsorbed at

the step edge at room temperature is again determined

as above and is 0.78 eV, which is approximately 0.25

eV lower than the static binding energy in the global

minima. Again, this is indicative of the system spend-

ing significant periods of time in higher energy states

(e.g., with one of the binding groups away from the step

edge).

Over long time scales of the MD simulation, the trux-

ene molecule demonstrates several very rare jumps be-

tween adjacent ground state conformations over the

entire simulation run of 100 ns. This does not allow for

an accurate determination of the rate of diffusion but

puts an upper limit on the residence time of the mol-

ecule in a minimum energy state of approximately

10�30 ns.

The mechanism of the diffusion of the molecule

along the step edge consists of individual binding

groups moving out of the deep potential well caused

by the double coordinated K sites at the step edge, to

a terrace K site (as shown in the conformations in Fig-

ure 7b). In order for the molecule to move one lattice

distance along the step edge into a neighboring

ground state, at least two of the binding groups must

leave their step-K sites and move to new positions, at

the same time, due to the constraints of the molecular

structure. This results in a structural transition along the

step being extremely rare (relative to individual bind-

ing groups leaving the step edge minima). This is due

to the fact that, when a binding group leaves a step-K

site, the probability for it to then return is much higher

than the probability of a second binding group leaving

its step-K site. A typical sequence of binding group po-

sitions of the molecule along the step edge during a

single successful molecular transition is shown in Fig-

ure 8. Note that, in the majority of cases when the sys-

Figure 7. Left: Configuration of the molecule bound to the step edge (K ions are light gray) in its lowest energy state (de-
termined from simulated annealing). Right: Configuration with one binding group moved away from the step edge and
bound to a K atom one lattice distance away on the terrace.
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tem leaves a ground state, it will eventually return with-

out a change in the position of the molecule.

It is also significant to note that MD calculations

show that a single benzonitrile molecule diffuses away

from the step edge at room temperature (with an aver-

age residence time of approximately 3 ns) and then de-

sorbs from the terrace. This shows that it is the collec-

tive and combined motion of all three binding groups

that is required to confine the molecule to the step

edge, even though they are able to move somewhat

independently.

Modeling Truxenes at Monolayer Kinks. The benzonitrile

molecule interacts differently with the two different po-

larity double atomic kinks; for the K terminated kink,

the molecule binds to the terminating ion with an en-

ergy of 0.46 eV. For the Br terminated kink, a deep po-

tential well created by three adjacent K ions in the cor-

ner position binds the molecule with an energy of 0.61

eV. The lowest energy structure of the truxene molecule

adsorbed on the K terminated double atomic kink

shown in Figure 9b corresponds to a binding energy

of 1.17 eV. This structure is characterized by one CN

Figure 8. Sequence of binding group positions for the molecule moving one lattice distance along the monolayer step edge,
along with the transition times. When a particular leg moves away from an edge position, it can move quickly into a new
edge position or move rapidly between surface K sites away from the step edge for some period of time, as shown here for
leg 3.

Figure 9. Left: minimum energy configuration of the molecule adsorbed on the Br terminated double layer kink. Right:
minimum energy configuration of the molecule adsorbed of the K terminated double layer kink.
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group binding to the K kink termination and the other
two groups binding to adjacent sites coordinated by
two K ions on the inner step edge. The lowest energy
structure of the truxene molecule adsorbed on the Br
terminated double atomic kink is shown in Figure 9a,
which corresponds to a binding energy of 1.33 eV. This
structure is characterized by one CN group binding to
the deep potential well formed by the three K ions in
the kink corner and the other two groups bound to ad-
jacent two coordinated K sites on the inner step edge.
The chirality of the truxene molecule does not signifi-
cantly affect the adsorption energy in this case.

Molecular dynamics simulations of these conforma-
tions at room temperature fail to observe any full mo-
lecular transitions away from the kink in either case over
long simulation times (approximately 100 ns). In each
case, the difference in the potential energy surface from
that on the perfect (010) step edge is due to the one
CN binding group that is bound to either the K termina-
tion or the triple K coordinated corner site, and so it is
these sites which are critical to the long residence time
of the molecule.

CONCLUSION
We have shown that truxene molecules functional-

ized with cyanobenzyl groups can be deposited at the
nanoscale patterned KBr(001) surface at RT and imaged
with the NC-AFM. This confirms the underlying design
concept used in when choosing the adsorbateOusing
a flexible molecule functionalized with several long po-
lar binding groups. The surprising result of this study is
that, in spite of a relatively strong binding to the sur-
face, the molecule is very mobile on a terrace. Another
design concept specific to this study concerns pattern-
ing of the surface with monolayer step edges and kinks.
This allowed us to observe three different regimes of
molecular diffusion in the images obtained with the NC-
AFM. The experimental images apparently show a hier-
archy of surface molecular mobility: the molecules dif-
fuse too rapidly on the perfect surface to be observed
and are immobilized over the time scale of the experi-
ment at kink sites. Straight monolayer step edges act as
tracks for one-dimensional diffusion of molecules,
which is observed directly in these images. Here, the
residence times can be measured by analyzing fuzzy
patterns in the images. This direct and simultaneous ob-
servation of several different regimes of molecular mo-
tion offers a powerful insight into processes occurring
on a surface at room temperature.

The modeling of the molecular adsorption and diffu-
sion replicates the three regimes of motion observed
experimentally and elucidates the underlying processes
driving the different types of molecular motion. First,
that the interaction of the molecule with the surface is

mostly limited to the anchoring groups, while the trux-
ene core of the molecule is separated from and inter-
acts weakly with the surface. The modeling also shows
that the combination of all three binding groups inter-
acting independently with different surface binding
sites is critical to the anchoring of the molecule as a
whole and the dynamical behavior observed. A single
cyano group is insufficient to bind the molecule to the
surface or step edge and to immobilize the molecule at
kink sitesOa conclusion which is supported by the fail-
ure of single isolated molecules with only one cyano
group to be observed on this surface. The structure of
the molecule is also important; the flexibility of the in-
dividual groups to allow them to bind to specific sites
proved critical for the anchoring of the molecules.

The rate of diffusion of the molecule on the surface
and along the step edge and the binding to the step
edge and kinks are results of the combined motion of
all three binding groups. The resultant thermally driven
motion of the molecule is complex and depends on
how the binding groups are attached to the molecular
backbone and how freely they are able to move. The
large differences in the mobility of the molecule on the
terrace and the monolayer step edge and kinks are
due to not only the increase in the absolute binding of
the individual binding groups in the deep potential
wells formed by adjacent K atoms in the step and kinks
but also the confinement of the molecular structure at
these sites and the corresponding loss of entropy in the
systems.

Realistic modeling of the type performed in this
study provides a remarkable level of detail of the mech-
anism of adsorption and diffusion of the molecule on
each type of surface feature. Quantitatively, the rates of
diffusion are significantly different than those observed
experimentally, which is most likely due to the fact
that the model employed is underestimating the mag-
nitude of the absolute binding to the surface, which will
not affect the overall mechanisms of motion. Addition-
ally, the tip of the NC-AFM can interact with the surface
and adsorbates strongly at very close approach to the
surface, which may significantly alter the potential en-
ergy surface for diffusive processesOin fact, there is evi-
dence for this in Figure 4, where the asymmetric stripes
are observed.

To summarize, using the design criteria based on
previous experimental studies and theoretical model-
ing, we conceived, deposited, and studied a functional-
ized hydrocarbon molecule on an inert insulating sur-
face. This study shows how the combination of NC-AFM
experiments and theoretical modeling can help to pro-
vide an unprecedented insight into the processes of
surface diffusion, even of relatively complex systems.

METHODS
Surface Preparation. The KBr crystals were cleaved in air and

subsequently inserted into the vacuum system with a base pres-

sure better that 1 � 10�10 mbar. The cleavage of a single KBr
crystal exposes the (001) plane, where large terraces (of up to 1
�m) are separated by monatomic steps or more rarely by multi-
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layer steps. The crystals were then annealed at 393 K in order to
remove water and possible charges from their surfaces. This pro-
cedure provides clean surfaces, where steps are often curved
due to the interaction with water. Afterward, the crystal was an-
nealed at 413 K and irradiated with a small dose of 1 keV elec-
trons. The molecules were evaporated from an effusion cell kept
at 438 K onto the KBr(001) surface, kept at 428 K for 5 min, which
resulted in the coverage of approximately 40% of a monolayer.

Experimental Imaging. A home-built NC-AFM microscope46 was
used to characterize the surface and molecular adsorbates. Sili-
con cantilevers (Nanosensors NCL, k � 42 N/m, Q � 21 000) were
employed and oscillated with a typical amplitude of 20 nm peak-
to-peak. Images were analyzed using WSxM software.64

Ab Initio Calculations. These calculations were performed using
the GUESS embedded cluster code50 which employs the GAUSS-
IAN98 package.52 In these calculations, the surface is repre-
sented by a stochiometric cluster of KBr (K16Br16) surrounded by
effective core potential atoms and is embedded in a region of
shell model ions which are free to relax. The cluster is further em-
bedded in an array of point charges to reproduce the Made-
lung potential of the crystal. The atoms in the surface cluster
are treated with lanl2dz basis functions (modified to reproduce
the ionization potential and electron affinity of K and Br, respec-
tively) and lanl2 core pseudo-potentials.52 The atoms of the mol-
ecules are treated using 6-31G(d) basis functions. Basis set super-
position errors are estimated using the counterpoise method.53

These calculations employed the B3LYP hybrid functional.54,55

Interatomic Potentials. The molecule surface force field em-
ploys Buckingham potentials and RESP atomic charges (as used
in ref 58). The details of the fitting procedure, the fitted param-
eters of the Buckingham potentials, and the list of atomic
charges are included as Supporting Information. These poten-
tials were then combined with intramolecular potentials for the
truxene molecule from Cornell et al.58 with additional potentials
for the nitrile groups59 and potentials for the KBr surface from
Catlow et al.60 The classical energy and molecular dynamics cal-
culations in this study are performed with the SciFi atomistic
simulation code61 and the DLPoly molecular dynamics code.62
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Dipole Moment and Quadrupole Coupling Constants of
Benzonitrile. J. Mol. Spectrosc. 2008, 247, 119–121.
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