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ABSTRACT: It is widely believed that the dynamics of
surface-bound fullerene molecules is not fully understood
because current theoretical analyses do not include charge-
transfer phenomena. A new theoretical approach to describe
charge transfer and chemisorption processes for fullerenes on
gold surfaces has been developed. The method is based on
extensive semiempirical calculations that provide a consistent
description of charge transfer and adsorption phenomena. Our
theoretical approach is applied for analyzing complex dynamics
of fullerene-based molecular machines, known as nanocars. It
is found that the charge transfer makes the rolling of nanocars'
wheels a preferable mode for translational motion because of
the complex interactions with the metal surfaces. The physical-
chemical aspects of the rolling mechanism are discussed.

1. INTRODUCTION

One of the most significant advances in recent nanoscale
research was a creation of artificial molecular machines, known
as nanocars."”” Such molecular objects are usually composed of
the moderate size acene compounds and a few relatively
spherical organic groups attached to them, mimicking the car’s
chassis and wheels correspondingly. Several wheel types have
been utilized, including carboranes®* and organometallic
complexes.” However, the most popular choice for the
molecular wheel is a fullerene (Cq) due to its high spherical
symmetry and important physical/chemical properties. The
direct observation of thermally induced motion of nanocars
with Cg, wheels in STM experiment6 has stimulated the
development of various theoretical methods for understanding
their mechanisms and dynamics.”® The most challenging part
of these approaches is how to properly describe the interactions
between the fullerene and the metal surfaces.

In our previous work,” several specific models to predict
these interactions have been considered. However, most of
them treated the phenomenon of the charge transfer, which is
known to be very important in Cgo/metal systems,”~ "> only via
a parametrization of the dispersion interactions of Lennard-
Jones or Morse type. These models, however, do not take into
account the electrostatic nature of such interactions and
substitute them with effective dispersion-type interactions. As
a result, a correct quantitative dynamic description of nanocars
on a gold surface has not been obtained, although the
qualitative behavior has been matched reasonably well.” The
main problems of not accounting for the charge transfer are (1)
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the much higher mobility of the nanocars as predicted
theoretically in contrast to experimental observations and (2)
the inability to describe their interactions with external electric
fields.

Experimentally, the importance of taking into account
electrostatic interactions has been demonstrated in recent
works,”' ! where the STM tip was used as a source of strong
electric field or as an excitation pump, capable of inducing
either translational or rotational motion of molecular rotors and
machines. Such motion cannot be predicted for nonpolar
molecules without accounting for charge transfer phenomena.

The fullerene molecule has many unusual physical and
chemical properties, and its interactions with different surfaces
have been widely studied. So far, a variety of quantum
mechanical calculations of interactions between Cg, and
diamond,'® graphite,'” silicon,'® silica and polyester' surfaces
as well as several studies of fullerene interactions with various
metals such as gold,®'”'"*9~** silver,'®** copper,'® and several
others®*® have been performed. Recently also the DFT
studies to understand the charge transfer and electronic
structure in Cg/Au nanocontacts® as well as for Cg/Au
interfaces®® have been accomplished. However, most of these
investigations utilize only static calculations of several fullerene/
surface configurations, and typically they are too expensive to
be used for realistic long-time dynamics simulations of complex
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systems such as nanocars. Therefore, in order to better
understand the dynamics of surface-moving molecular
machines, it is essential to develop a computationally tractable
approach, which still provides advantages of electronic structure
calculation methods.

The most frequently used existing method to account for the
charge transfer effects is a charge equilibration scheme (Qeq)*
and its different variations.>>”>> Such an approach allows the
calculation of charges of relatively large molecules as a function
of positions of all atoms computationally much cheaper than it
can be done with ab initio or semiempirical methods. However,
the method works only for structures near their equilibrium.
For example, it predicts ionic dissociation energies even for
small molecules which are not observed in reality. Although
some variations®® of the original method allow us to solve this
problem for small systems, there are many other inherent
limitations of the Qeq method, which preclude its use for
adsorbate—metal systems. First of all, for large molecules, the
method becomes very expensive because of the necessity to
solve large systems of linear equations. More importantly, the
solution of such a system may become numerically unstable due
to the almost linear dependency of the corresponding
equations. Such calculations may converge to unphysical charge
distribution or not converge at all. Finally, the Qeq method
ignores quantum effects, which might lead to qualitatively
incorrect charge distributions.

Despite the limitations of the Qeq method, it has been used
in combination with other molecular mechanics methods for
the number of adsorbates on various metal surfaces,>>>"3®
including Cg4, on gold.39’40 However, the predicted amount of
charge, transferred from the metal to fullerene, calculated with
such approaches is smaller than observed experimentally.”!

Here we propose a new computational approach, based on
fundamental physical considerations and semiempirical PM6
calculations,*" that is aimed to reproduce known experimental
and/or high quality computational results related to Cg,
adsorption on gold surfaces, while giving some mechanistic
insight on the details of the charge transfer process and
preserving the computational efficiency necessary for long
molecular dynamics (MD) simulations of fullerene-based
systems. The model is applied to study the surface diffusion
of both fullerene and fullerene-based nanocars. We also show
that the mechanism involving the rotation of the nanocar’s
wheels becomes a dominating factor for translational motion if
the charge transfer between the fullerene groups and the gold
surface is taken into account. This consistently explains other
experimental observations available for the nanocar systems.

2. THEORETICAL MODEL

2.1. Model Definition. Most investigations of the
adsorption of C4, molecule on gold surfaces report a significant
amount of charge transfer (CT) from the metal to the fullerene,
which may also depend on the structure of the specific crystal
plane. Experimental studies show very different results with a
significant uncertainty in measured values. For example, CT is
estimated to be 0.8 electrons on the Au(111) surface,” 1.0 +
1.0 on the Au(110) surface’®'" (vibrational spectroscopy), and
1.0 + 0.2 on polycrystalline Au” (XPS with K-doping), while
the theoretical model predicts that the CT is between 0.2—0.4
electrons on Au surfaces.””** It has been argued that the charge
transfer is smaller for more open surfaces such as Au(111) or
Au(100) in contrast to more corrugated surfaces such as
Au(110)."

The adsorption energy of Cq4 on Au(111) was studied by
both experimental and theoretical methods. Using the temper-
ature desorption technique, it was estimated to be ~43 kcal/
mol,>' whereas the DFT calculations™ predict a somewhat
lower value of only ~31 kcal/mol. The theoretical model in ref
23 gives the estimate for the adsorption energy on the Au(110)
surface from 46 to 71 kcal/mol, depending on the proposed
substrate structure (not taking into account the relaxation). It is
argued that the adsorption energy on the reconstructed
Au(110) surface is stronger than that on the Au(111) surface,
which almost does not reconstruct after the Cg, binding.21

In our theoretical approach, we use the semiempirical PM6
calculations of the fullerene—gold systems for computing the
charges on carbon atoms of the fullerene that depend on their
distances to the metal surface. Consequently, the obtained data
are used to fit the computationally more tractable model, which
allows us then to do fast calculations of the charge distribution
on the fullerene as well as its interaction energy with the metal
surface. Since the charge distribution not only depends on the
carbon—surface distance but also is a function of the orientation
of carbon atoms with respect to each other and to the surface
atoms, the calculations should be performed for many
configurations. Although DFT studies of similar systems have
been reported,'**>*” they are usually performed for only a few
points. Thus, for our purposes, only the semiempirical
calculations would be practical.

One of the most popular semiempirical methods utilized for
studying different processes on metal surfaces®™* is the
extended Huckel*™* method. This method was originally
designed for organic compounds, and it was later parametrized
for transition metals in a way that also partially accounts for
relativistic effects.’®*>* However, in our preliminary studies, we
have found that the convergence of such calculations for certain
d-metals (including gold) was very problematic. It suggested to
us to try another recently developed semiempirical method,
parametrized for most elements in the periodic table, including
transition metals, namely, the PM6 model.*! In addition, unlike
the very affroximate construction of the (extended) Huckel
method,*> 46751 the PM6 method is based on less dramatic
approximations, which gives it more flexibility for a better
description of many systems.

Before using the PM6 method, we checked its quality by
calculating the work function of the fullerene and several gold
clusters (see Supporting Information section S1). As it follows
from our calculations, the work function of the gold surface is
overestimated by the PM6 method by a factor of 1.5-2.0 for
small clusters and by a factor of 3 for bigger clusters. We also
observed the overestimation of the work function of fullerene
by a factor of ~1.4. Thus, if relatively small metal clusters are
used, the qualitative picture should remain correct because the
relative electron attraction strength will remain similar to
experimental estimates.

The PM6 semiempirical calculations have been performed
using the Gaussian 09°° program package. Our preliminary
results of the Cg/Au(100) system show that the charge
transfer takes place only for small fullerene—gold distances. As a
result, the carbon atom which is closest to any of the gold
atoms becomes positively charged (0.3—0.4 au). Three adjacent
carbon atoms which are directly connected to it become
negatively charged (—0.6 to —0.7 au). The charge transfer
involving other carbon atoms is less significant (Figure 1), and
the rest of the fullerene carbons carry significantly smaller
partial charge, decreasing in absolute value from the bottom to
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Figure 1. Typical charge transfer pattern in the Cq/Au(100) system.

the top of the fullerene. Such observations reveal the very local
nature of the charge transfer in the fullerene—gold system. The
charges on gold atoms are not of particular interest because
they do not have physical meaning. In reality, the charges in the
metal are smeared and one should use electron density instead.
Moreover, for construction of the surface—molecule interaction
potential, we use only the charges of the adsorbate and assume

the corresponding image charges in the metal.
In this work, we developed a relatively simple and physically

intuitive approach to model the charge transfer of such kind,
allowing us to perform fast calculations during the MD
simulations of nanocar motion on gold surfaces. Moreover,
since our goal is to run the efficient MD simulations, the
developed approach is designed to be continuous, meaning that
one should be able to calculate the derivatives of the charges on
all atoms (of Cgy) with respect to the positions of all atoms

(themselves and others).
Since the shortest C—Au distance defines the most important

positively charged carbon atoms, it is reasonable to define a
continuous weight function that changes fast for a small
distance difference. Using analogy with the continuous
representation of delta-function as well as trying to mimic the
exponential decay of the electron density with increasing
distance to the closest atom, we can write down the total
“electron density” on given carbon atom i due to its

neighboring metal atoms as

P = Z e 8, ()

keAu

(1)

where a is a model parameter and S,(r) is a switching function
designed for better efficiency of calculations (in order to not
consider all atoms of the surface). The switching function may
in principle be chosen as any sufficiently smooth function (up
to at least first derivatives). In this work, we use the switching

function of the following kind:
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where R, and R g are model parameters.
Now, to describe the positive charge on the carbon atom

with the shortest distance to one of the Au atoms, it is
reasonable to assume some linear relation:

9= Pr,

p>0 3)

However, this would result in all carbon atoms being
positively charged. So we need some extra term describing
negatively charged carbon atoms. Here we make the use of the
following observation. The biggest negative charges are
observed on the atoms closest to the most important positively
charged carbon. So the expression (3) will be modified as
follows

a,=8p =7 D, pSn)
7
jec

p>0

y>0 (4)

where S,(r) is another switching function, of the same
functional form, but with different parameters R, and R
This switching function is necessary to model the charge back-
donation only from the closest carbon atoms. Equations 1 and
4 constitute our charge transfer model. It is important to point
out the important asymptotic property of the model. Namely,
that the charge transfer amount is zero for large enough Cy—
surface separation distances; i.e., the pure fullerene is neutrally
charged, which is not the case for the charge equilibration
scheme.®® The computational efficiency of the model is
achieved by using the switching function S; which allows one
to consider quite a few metal atoms per each of the bottom
carbon atoms of the fullerene molecule. The atoms on the top
may even not be involved in charge transfer processes at all.

The charges on carbon atoms of fullerene are calculated via
(4) and then utilized in the potential of the form
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where the quantities §; and 7; are the image charge of the
particle i and the distance between the particle i and the
position of the image of the particle j correspondingly.

Most of the parameters for the chemisorption model (5) are
taken from different literature sources, namely, y. = 5.343 eV,
¢ = 10.126 eV,*" and Dc_y, = 0.064 kcal/mol.>* However, we
optimized the parameter 6_,, in such a way that it reproduces
the experimentally observed amount of charge transfer on both
Au(111) and Au(100) surfaces as well as the adsorption
energies on corresponding surfaces.'"*' We found that the
reported® value of oc_,, = 274 A gives a reasonable
approximation for average surface—molecule interaction
energies as well as for the average charge transfer amounts. It
is also close to a value of 2.9943 A used in other similar
studies.>*™%®

2.2. Data Generation. As found in our preliminary
calculations, a significant charge transfer happens in the very
local regions of the fullerene/gold interface. For practical
purposes, this means that the size of the gold slab might be
decreased without a significant loss in the accuracy of calculated
charges. We have tried several sizes of the gold slab with the
same relative orientation and position (both set arbitrarily) of
the fullerene molecule and the gold surface. Calculated charges
for most important four carbon atoms are summarized in Table
1.

Table 1. Charges on the Four Most Important Atoms
Calculated with Different Slab Sizes

atoms 7X7X4 7X7X2 4X4X2
C(positive) 0.400668 0.327544 0.314259
C(negative) —0.637847 —0.670341 —0.546218
—0.726158 —0.619585 —0.777108
—0.775201 —0.781237 —0.719942
CPU time 3h 1h 1 min

Although the system size 4 X 4 X 2 seems to be
computationally the most efficient among those 3, we decided
to slightly increase the lateral dimensions to S X 6 size, so for
each translation in [0, 2.035] range both closest atoms and their
immediate neighbors have a similar environment of gold atoms.

We performed a series of PM6 single point energy
calculations for different configurations of the Cq/Au(100)
and C4/Au(111) systems. Such configurations were obtained
by translating the fullerene molecule in ¥, y, and z directions
(assuming the z direction is normal to the surface). For the
Cgo/Au(100) system, the orientations of the fullerene with
respect to the gold were chosen in the following way: the one
where the edge joining 5 and 6 member rings is parallel to the
surface plane and the other one is where the joining of two 6-
member rings is parallel to the surface. For the Cg4y/Au(111)
system, we considered two other types of C, orientations, one
where the S-member ring and another one with the 6-
membered ring is parallel to the gold surface. For each
orientation, we calculated approximately 175 points, different
by the amount of the translation in x, y, and z directions. The
systems used for calculations as well as the range of their x and
y translations are presented in Figure 2. The number of metal
atoms in gold clusters (representing the surfaces) was 30 for
the Au(100) surface and 88 for the Au(111) surface
correspondingly.

2.3. Fitting Model Parameters. As discussed earlier, in
order to use our model, the set of parameters @, §, 7, R, 1, Ry 1

(© @

Figure 2. The systems used for calculations (only bottom atoms of Cy,
are shown for clarity) and the range of translations of the atom shown
in purple. The systems differ by the orientation of the fullerene bottom
with respect to the surface: (a) Cgq, oriented by the edge joining S and
6 member rings parallel to the Au(100) surface, (b) C, oriented by
the edge joining two 6 member rings parallel to the Au(100) surface,
(c) Cgp oriented by pentagon parallel to the Au(111) surface, (d) Cq
oriented by hexagon parallel to the Au(111) surface.

R, and Rz, should be found which allows simultaneous
calculation of the most important charges for all configurations.
We used a steepest descent optimization algorithm to fit the
model to calculated charges. However, we fitted only a, §, and y
parameters. The rest of the parameters were predetermined
from the physical nature of the phenomenon. The quantity
R, determines the range of C—Au separation distances where
the charge transfer is still significant. Moreover, at C—Au
distances larger than the equilibrium van der Waals (vdw)
distance, the charge transfer effect should be negligible and we
should be able to describe interactions with only vdw terms.
Since the vdw equilibrium distance was chosen to be 2.74 A, we
set Ry¢; = 3.0 A. The quantity R, was empirically set to 0.0 A,
since this quantity helped to decrease the fitting error.

Another observation and assumption of the model is that the
effect of first neighbors in C—C charge flow is dominating.
Thus, it is unnecessary to choose parameter R,5, to be
significantly larger than the C—C covalent distance. Because of
that, it was set to a value of 2.0 A. Similarly, the parameter R, ,
was empirically set to 1.5 A.

The accuracy of fitting was monitored by the average squared
error quantity:

N 60

1
MSE = N Z Z (qcxzodel _ qCI;Mé)Z
c=1 i=1 (6)

where N is the number of configurations (~700) and qg‘i"del and
qf}v[é are the charges on the ith carbon atom of the cth
configurations calculated by the model or taken from PM6
calculations correspondingly.

We have achieved the value of MSE = 0.391 in our fitting
procedure, which gives quite a reasonable description of
charges. It should be noted that this value of MSE is a most

conservative measure for the accuracy, since it also takes into
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Figure 3. Charges on all carbon atoms for some of the configurations tested: (a) in the orientation of fullerene, where the S,6 edge is toward the
Au(100) surface; (b) the orientation where the 6,6 edge is toward the Au(100) surface; (c) the orientation where the 6-membered ring is parallel to
the Au(111) surface; (d) the orientation where the S-membered ring is parallel to the Au(111) surface. Configurations correspond to those shown in

Figure 2.
D, Angstrontifs ——Au(111)
0.003 —— AU(100)
0.002
0.001
0
0 200 400 600 800 1000
T.K
(a)

5  Ln(D), Din
Angstrontifs

0
5O 400 600 800 1000

-10

——Au(111)

== Au(111) noCT
20 T,K ——Au(100) no CT

(b)

Figure 4. (a) Diffusion coefficients of Cg, on both Au(111) and Au(100) surfaces; (b) comparison with the system with only van der Waals

interactions.

account those charges which do not participate in the training
procedure, and because the cut-offs used in the model
predicting the charges are set to zero, while the actual PM6
charges are not. Using only those charges that are actually
involved in the training process would only decrease the MSE
quantity.

The final values of the optimized parameters are: a =
1.91948847656 A~', B = 10.1435003541, and y =
7.8900712848S. The approximate results for charges on all 60
carbon atoms for some randomly chosen configurations are
shown in Figure 3.

As the figures suggest, the model gives quite reasonable
predictions of the charges on the most important four carbon
atoms. Moreover, in some cases, the minor charges are also
predicted well. Obviously, the model is too simple to describe
well all the charges. In order to improve on our approximation,
one may choose to use several exponents in eq 1, perhaps with
some linear scaling coeflicients. Equation 1 may be interpreted

13820

as a single-term representation of the electron density at a given
spatial point. Using more than one term would mimic the MO
LCAO method, however, without solving the corresponding
secular equations.

3. RESULTS AND DISCUSSION

3.1. MD Simulation of C¢o on Au(111) and Au(100)
Surfaces. We performed rigid-body MD simulations of a single
Cgo molecule on a quasi-infinite gold surface at series of
temperatures in the range 100—1000 K. To maintain the
temperature constant, the Nosé—Hoover chain thermostat was
used in combination with the rigid-body quaternion integration
scheme of Kamberaj—Low—Neal.>* For each temperature, five
trajectories (2.5 ns long each) were sampled using an
integration time step of 1 fs. Diffusion coefficients were

calculated for each temperature using the formula
(da” + dy*) = 4Dt 7)
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Figure S. Average charge transfer amount (a) and the adsorption energy (b) for C¢ molecule on Au(111) and Au(100) surfaces.

The activation energy for diffusion on each surface was
estimated using the Arrhenius equation

D(T) — Doe_E“/kBT (8)

where D, is a diffusion constant for the case when there are no
molecule—surface interactions (free diffusion).

The activation energies for fullerene diffusion on Au(111)
and Au(100) surfaces were found to be 0.30 and 1.49 kcal/mol,
respectively. This may be interpreted as Au(111) being flatter
decreases the activation energies for diffusion. This leads to
diffusion coefficients on the Au(111) surface being higher in
comparison to the diffusion coefficients on the Au(100) surface
(see Figure 4).

We also calculated the average charge transfer amounts and
the surface—molecule interaction energy, which in our case is
identical to the adsorption energy. The charge transfer amount
is larger in absolute value for the Au(111) surface plane (Figure
Sa), while the adsorption energies are similar for both surfaces.
This is a consequence of the higher number density of gold
atoms per unit area on the Au(111) surface.

The average amount of charge transferred per Cyy molecule
varies in the range of —0.9 to —0.7 electrons, which is in good
agreement with the experimental findings*' but is larger (in
absolute value) than the amount obtained with models based
on the Qeq scheme™ as well as from the corresponding DFT
calculations.” It should be noted, however, that these DFT
calculations use the supercells with Cg, forming a monolayer;
thus, the charge transfer is smaller in comparison to what one
would obtain for the single fullerene molecule adsorbed on the
gold surface. The average surface—molecule interaction energy
is slightly higher than the experimentally measured value of
~43 kcal/mol; however, it agrees well with the value reported
in other MD studies.” The difference with experimental result
might be explained by the fact that the value of 43 kcal/mol was
obtained for the desorption energy from the monolayer, not for
a single fullerene. It is also known that the coadsorption
phenomena®~%* usually results in weaker interactions between
adsorbate and the surface. To account for this effect, we choose
the 6c_,, parameter such that the adsorption energy of a single
molecule was larger than that reported for the monolayer.

In order to evaluate the importance of the charge transfer, we
performed similar simulations taking into account only vdw
interactions between the molecule and the surface. As expected,
the difference in the diffusion coeflicients was significant,
reaching several orders of magnitude (Figure 4b). The average
surface—molecule interaction energy was found to be
comparable to the thermal energy kgT for temperatures as
low as 100—200 K, indicating that only vdw interactions are not
enough to describe strong binding of the fullerene molecules on
metal surfaces. This also prohibited the use of Arrhenius

13821

relation 8 for estimation of the activation energies for diftusion,
which are apparently very small in this case.

3.2. MD Simulation of Nanotruck Molecule on
Au(111) and Au(100) Surfaces. We also performed a series
of MD simulations of the nanotruck molecule' which contains
four fullerene groups attached to one common chassis group
and functioning as wheels (Figure 6). In addition to the charge-

Figure 6. Nanotruck molecule on the gold surface.

transfer potential, eq 5, the universal force field (UFF)>* has
been used to describe the intramolecular interactions between
the parts of the nanotruck molecule as well as the van der Waals
interactions between the chassis part of the nanotruck and the
metal surface. Since the gold surface is represented as a single
rigid body, we do not use any interaction potential for the gold
atoms in a metal. For each temperature, five trajectories (250 ps
long each) were sampled using an integration time step of 1 fs.
In order to improve sampling quality, we extended the
temperature range over which simulations were performed to
100—2000 K.

Because of the geometric constraints, the fullerene groups in
the nanotruck molecule closely resemble the monolayer of Cg,
molecules. Therefore, we should expect some coadsorption
effects taking place in this system. The average Cg —surface
interaction energy as well as the charge transfer amount per Cq,
molecule are presented in Figure 7. The average adsorption
energies are indeed smaller than those for individual fullerene
molecules and are comparable to the experimental value for the
Cgo monolayer (43 kcal/mol). The charge transfer amount is
also smaller than that for the single Cg, molecule, but it is still
in good agreement with experimental values.

The mobility of the nanotrucks is 1—2 orders of magnitude
smaller than that of the single fullerene molecules (Figure 8a).
Similarly to the Cg/Au system, the diffusion coeflicients
calculated without charge transfer effects taken into account
were several orders of magnitude higher (Figure 8b). For
comparison, the diffusion coefficients of similar molecules,
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for flexible and rigid nanocars on both Au(111) and Au(100) surfaces.
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Figure 8. Diffusion coefficients of the nanotruck (with rotating “wheels”) on both Au(111) and Au(100) surfaces.

determined experimentally, vary in the range of 107°—107"°
Az/fs,é’é‘?’_é5 while the molecular interaction models, which
neglect the effect of the charge transfer, yield diffusion
coefficients of the order of 1072 A2Z/fs. For the range of
temperatures of 100—500 K, our charge transfer model predicts
the diffusion coefficients of the order of 107¢ A?/fs—a
significant improvement toward the experimental values. We
should note, however, that our model neglects almost all
internal vibrations of the nanocar molecule as well as those of
the metal substrate. This is known to affect the computed
dynamical properties, by increasing them by several orders of
magnitude because of the excess entropy associated with the
coarsc=.—graining.66_69

The estimated activation energies for diffusion of the flexible
nanocar molecule on the Au(111) and Au(100) surfaces are 4.0
+ 0.6 and 6.7 + 1.0 kcal/mol correspondingly. Without the
charge transfer effects, the activation energies are lower, 2.1 +
0.3 and 2.7 + 0.7 kcal/mol, respectively.

3.3. Importance of Wheels’ Rotations. In order to assess
the importance of the wheels’ rotation on the mobility of the
nanotruck, we performed rigid-body-MD simulation with all
Cgo fragments and the chassis moiety combined into a single
rigid body. In other words, in this case, we have imposed the
artificial constraints that prevent fullerene wheels from rotation.
We performed such calculations for both Au(111) and Au(100)
surfaces. The comparison with the model, in which fullerene
rotations are allowed, is presented in Figure 9. In both cases,
the diffusion on the Au(111) surface is much faster than that on
Au(100) for the same reason as we discussed above.

The diffusion coefficients for the rigid nanocars, where the
rotation of the wheels is prohibited and the only way to move is
via sliding or hopping, is by 1—2 orders of magnitude smaller
than that for the S-fragment nanocars with rotating fullerene
wheels. Additional examination of the charge transfer amounts
in both cases as well as corresponding average surface—
molecule interaction energies (Figure 7) show that both of
these quantities are smaller for the rigid molecule.
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Figure 9. Comparison on the diffusion coefficients (logarithmic scale)
for S-fragment (flexible) and 1-fragment (rigid) nanocars on both
Au(111) and Au(100) surfaces.

Intuitively, smaller charge transfer amount for the rigid
molecules and smaller surface—molecule interaction energy
suggest faster diffusion of the rigid molecules in contrast to
nanocars with flexible wheels capable of rotating. However, this
is in contrast to the calculated diffusion coeflicients, as shown in
Figure 9. This observation indicates that the rotation of the
fullerene wheels significantly influences the mechanism of
diffusion. Under these conditions, fullerene rolling is one of the
main contributions to the overall mobility of nanotrucks on
gold surfaces.

This finding may be explained in terms of energy diagrams
for diffusion and des.orption.70’71 The surface—molecule
interaction energy determines the processes of adsorption—
desorption of the ad-molecules as well as the processes
involving motion of the molecules in the direction normal to
the surface, such as jumps. Thus, the surface—molecule
interaction energy itself does not determine the activation
barriers for diffusion and consequently the diffusion coef-
ficients. During the rolling motion of fullerene wheels, all atoms
in a nanotruck do not move significantly in the vertical
direction, thus decreasing the activation barrier and increasing
the diffusion coefficients. It should be noted that certain
correlations between the activation energies for diffusion and
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Figure 10. The explanation of the effect of the charge transfer on the diffusion (rolling vs hopping) mechanism of nanomachines. Two possible
mechanisms are compared: rolling vs hopping. For rolling, z; < z; < z,. For hopping, z; < z; and z, < z,.

surface—adsorbate interaction energies have been reported for
n-alkane molecules’>™"* or their isomers,”” which suggest that
stronger surface—molecule interactions should slow down the
lateral diffusion. However, in contrast to alkane systems where
all parts of the molecule are almost equally distant from the
surface at all times and the charge transfer effects are almost
negligible, the atoms of the nanotruck’s wheel are at different
distances from the surface and the charge transfer is substantial.
However, the most important argument is that the nanocar’s
surface diffusion involves mostly the rolling motion of its
wheels which is impossible for n-alkanes. All of these factors
lead to a very weak correlation between the surface adsorption
and surface diffusion energies for the nanotruck, as observed in
our calculations.

It turns out that when one prohibits the internal rotation of
the fullerene wheels in the nanocar molecule, the mechanism
for diffusion changes drastically (Figure 10). The charge
transfer process is the important factor of the nanocar motion
which is tightly related to the mechanism of diffusion.

Figure 9 compares two possible types of behavior of the
fullerene “wheel” during the motion of the nanocar, namely,
rolling and hopping. For simplicity, we focused only on two
carbon atoms of the Cy, fragment on its bottom. The bottom
part of Figure 10 schematically shows how the energy
contributions due to these marked atoms change along the
reaction coordinates. For each mechanism, the energy cost
associated with the transition between the reactant (left) and
the transition (right) states can be calculated as a sum of atomic
contributions. The resulting sum specifies the activation barrier
for each process. The initial and final positions and the charges

of each carbon atom determine whether the system gains or
loses some energy.

For a conceptual simplicity, we consider only the energy
change due to the charge—image interactions and neglect self-
and intramolecular interactions in eq S. Also the energy change
due to vdw interaction will be omitted, since it very weakly
depends on the charge transfer process. With these
assumptions, the energy change due to the motion of atom i
can be written as

2 2
AE = ETS - Ereactant = [_M) _ (_ q (Zreact))

2z 2z

react

©)

When an atom moves away from the surface, the total energy
of the resulting state increases because of two reasons: (a) the
distance between the atom and its image increases (on Figure
10 denoted as move up); (b) the atom loses negative charge
(on Figure 10 denoted discharge). On the contrary, when the
atom moves toward the surface, the energy of the system lowers
by the same reasons (only acting in the opposite direction). Let
us now compare rolling and sliding mechanisms from this
schematic energy diagram. For simplicity, we only consider the
atomic contribution to the total energy of state, due to two
bottom atoms of fullerene, as shown in Figure 10. This however
will not affect the general conclusions, because for other atoms
similar derivations may be performed.

In the sliding mechanism, both atoms have to move away
from the surface, thus increasing additively the energy of the
transition state. This leads to a bigger energy difference
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between the transition and reactant states, or in other words the
activation energy for diffusion. On the contrary, for the rolling
mechanism, the atoms move in opposite directions. When one
atom increases the energy of the resulting state (moving away
from the surface, discharging), the other atom decreases this
energy (moving toward the surface, charging). As a result, the
effects of these two atoms compensate each other, thus leading
to a smaller energy difference between transition and reactant
states as compared to the sliding mechanism. This makes the
rolling mechanism energetically more favorable than the sliding
one. Obviously, when the charge transfer in not taken into
account, such an energy diagram description is simply not
applicable and it is hard to explain preferential rolling motion. It
should also be noted that the presented explanation is similar to
compensation effects taking place in surface-mounted molec-
ular rotors.”® The difference is only in the nature of interactions
taking place in corresponding systems.

When the rotation of the fullerene groups is restricted (hence
only the hopping mechanism is possible), the energy barriers
will be smaller in the case of position-dependent charges as
opposed to the fixed charges model. Naturally, although the
rolling mechanism of nanocar diffusion is preferred, especially
when the charge transfer effects are taken into account, this
does not lead to directional motion of nanocars. In the absence
of external fields which break the spatial symmetry and add the
energy to the system, the number of clockwise and anti-
clockwise rotations of the fullerene wheel will on average be
equal, in agreement with the second law of thermodynamics.

As it follows from comparison of two main mechanisms
(rotation and jumps), the average surface—molecule interaction
energy and the average amount of charge transfer should be
smaller for diffusion via the hopping mechanism. This is
directly observed in our MD calculations for the full-rigid
molecules, where the rotation of Cy, “wheels” is forbidden
(Figure 7).

Another important consideration is that for correct
calculations of the activation energies the states corresponding
to crossing of the saddle point on the potential surface
connecting reactant and product states should be sampled with
a high statistical weight. Such a transition path determines the
true activation barrier for the diffusion. However, if the
simulation temperature is low, the highest statistical weight will
correspond to saddle points with smallest energies. In chemical
kinetics language, it means that we are focusing on the easiest
(“elementary”) processes taking place during diffusion. Thus,
for the proper calculation of the activation energies for diffusion
of the nanocar molecule we used only high temperature data. A
similar approach has been used successfully in our previous
studies of the crystalline rotors.”” The calculated activation
energies for completely rigid molecules are much higher as
expected: 13.1 #+ 2.6 and 20.0 + 5.4 kcal/mol for Au(111) and
Au(100) surfaces correspondingly. This agrees with the analysis
of the diffusion mechanisms shown in Figure 10.

4. SUMMARY AND CONCLUSIONS

In this work, we have developed a new theoretical approach for
description of charge transfer and chemisorption processes in
fullerene—gold systems. The model possesses correct asymp-
totic properties, which is an important criterion for correct
description of the fullerene desorption from the surfaces. This
is not the case for the currently used charge-equilibration
scheme. The model was developed on the basis of
phenomenological observations and simple arguments and
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has been parametrized using semiempirical calculations as well
as available experimental and theoretical data. The model is
computationally more efficient than the existing semiempirical
methods, such as the PM6 method, yet it is still quite realistic.
It makes this method especially suitable for use in MD
simulations of the fullerene-containing compounds on the gold
surfaces. Although the present work focused on the gold metal
as a surface on which the fullerene adsorption takes place, the
method may be extended for other metals or even for
nonmetallic substrates.

Most importantly, the model was successfully applied to
analyze the dynamics of fullerene and nanocar on the gold
surface. Taking into account the charge transfer phenomena
results in significantly stronger binding of the fullerene to the
surface than it would be if only dispersion interactions are
included. As a consequence, the calculated diffusion coefficients
are significantly smaller and therefore much closer to
experimentally determined values®®® than those reported
previously.”®

Utilizing the energy diagram point of view, we analyzed two
different mechanisms of the nanocar’s motion: the sliding and
the rolling. We showed, both from the energy point of view and
from direct MD simulations, that the rolling mechanism is
energetically more favorable than the sliding. This is strongly
related to the compensation effect, similar to the one discussed
recently as applied to molecular rotors. Such an effect arises
because of mutual compensation of the energy change due to
the motion of different parts of the molecule. Without dynamic
charge transfer being taken into account, such compensation
would be negligible, leading to nearly equal probability for
sliding and rolling mechanisms. If, however, the charge transfer
is included, the difference between these mechanisms becomes
more substantial.

In our earlier studies® we showed that the rigid-body
approximation leads to larger diffusion coefficients as compared
to all-atomic treatment. However, the qualitative descriptions of
adsorbate dynamics obtained with rigid-body and all-atomic
MD methods are the same. Thus, the use of the rigid-body
approximation in the current work is justified, and it might only
affect quantitative results by scaling the dynamical properties
such as diffusion coefficients and is unlikely to change
qualitative trends.

In conclusion, our charge transfer model consistently
explains recent experimental observations on STM manipu-
lations of the nanocars and provides a new theoretical
framework for understanding dynamic processes in nano-
machines. It will be useful for development of future molecular
devices and for further progress in the growing field of
nanotechnology.
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