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Diffusion of a Butanethiolate Molecule on a Ay111} Surface
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The diffusion of a butanethiolate molecule on a{At1} surface has been modeled by molecular dynamics
simulations. We find that internal chain motion enhances diffusion over that of a heavy atom of the same
mass.

I. Introduction In particular, the chain increases the average lateral force on

The characteristics of diffusion of molecules on surfaces the molegule, thug increasing :hﬁ dlffuskl]oré ra}te. lculati
exhibit complexities beyond those observed for atomic diffusion. . In. section I, a description of the method of our calculation
For example, Pai and Doren have shown that there is 4 1S given. In section lll, the results are presented.
correlation between the hindered rotational mode of a rigid
triatomic molecule on a surface and the translational mode of Il. Description of the Calculation
the molecule along the diffusion path.When the bending
frequency of the molecule to the surface was increased, the The diffusion of a butanethiolate molecule on a{At1}
diffusion rate also increased and was higher than the predictedsurface is modeled by molecular dynamics (MD) simulations
transition-state-theory hopping rate. They attribute this depen-in @ manner similar to that used in the diffusion studies
dence of diffusion rate on the hindered rotational mode to mentioned above and also alkanethiolate overlafeiEhe Au
Coup”ng of this motion with translational motion. substrate consists of 8 Iayers of 270 atoms each with periOdiC

The diffusion of larger molecules such as alkanes has beenboundary conditions employed in the horizontaland y
examined by several groups. Cohen and Zeiri modeled the directions. Each CHX: 2, 3) unit in the butanethiolate chain
diffusion ofn-alkanes 1t = 3, 6, 10, 20) on a W10} surface? is assumed to be a structureless sphere (i.e., the united atom
They found Arrhenius behavior and that the activation energy limit). At least 50 trajectories of 56100 ps each were
of diffusion increases with chain length. They also varied the calculated for the butanethiolate diffusion at temperatures of
stiffness of the chain (or the effective torsional barrier) and 200, 250, 300, 400, and 600 K. More trajectories (of longer
predicted that a stiff chain diffuses faster than a floppy cRain. durations) were required for lower temperatures. The first 15
Their calculations indicate that floppy chains get trapped in bent PS Was disregarded to allow for equilibration. The diffusion
configurations (gauche defects) for longer times than stiff chains constantD, is calculated from
(all-trans) and that the bent configurations diffuse at a slower

rate. Zeiri went on to examine the effect of shape in the g mxz—eryzD

diffusion of isomers of hexane and decane and found that D= !E‘:; 4t :!m 4t @)
rotational motion of the molecules influenced the diffusion

process. where the position of the molecule vs time is extracted from

Silverberg also investigated the diffusionmpentane ona  ihe MD simulations.
fee{111} surface and found that the diffusion properties depend  The jnteraction potential employed for the Au interaction is

on the torsional configuration of the molecdleCohen and 6 molecular dynamics/Monte Carlo-corrected effective me-
Zeiri® also found a dependence on torsional motion in their dium (MD/MC-CEM) potential of DePristo and co-workéfs4
studies. Another series of investigations by Fichthorn and co- rpjg potential has been fit to bulk properties of Au as well as
workers of diffusion oh-alkanes on a fqd 13} surface indicate, 4 the Jow coordination configuration of Au Most importantly,
however, that the diffusive motion is a combination of trans- it reasonably reproduces the experimental surface energies of
lational and rotational motion of a rigid réd? Au.%5 The temperature of the system is maintained through the
Obviously, diffusion of molecules can be more complex than s, supstrate. Specifically, the Au atoms in the bottom layer
for an atom due to the increased number of degrees of freedom e held rigid. The next five layers are subjected to stochastic
Recently there has been considerable interest in the motion ofy s via the generalized Langevin equatfon addition to
alkanethiolates on a metal surfd€e.Although the ultimate the MD/MC-CEM interactions. The top two layers only

interest is in the diffusion at high-adsorption coverages, the gyperience forces from the MD/MC-CEM interaction and the

single-molecule diffusion process is the first step. We have pianethiolate chain.

investigated the tracer diffusion of a butanethiolate molecule  1he putanethiolate chain is modeled within the united atom
on a Af11l} surface. This system differs from the alkane |yt The intra-chain angular interactions consist of bond-bend
systems in that one end of the chain is preferentially attached 5,4 torsional terms and have the same functional form and

to the substrate 'and the other 'erlld i§ relqtively free tp MOVe harameters as those used by Hauptman and Kieifhe bond-
around. It also differs from the rigid triatomic molecule inthat pang term is given by

there are internal angular degrees of freedom. We find that
the rotational motion of the chain enhances the diffusion over

_1 PR
what is calculated for an united ato?#?§) of the same mass. Vi(6) = T2ky(0 = Oo) @)

® Abstract published ilAdvance ACS Abstractdanuary 1, 1997. where 6 is the C-C—C or S-C—C angle. The torsional
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TABLE 1: Lennard-Jones 12-6 Parameters -8.5 ——T—"m"r"—"r—r"——T—T T
interaction €, meV o, A ref
CH3;—CHjs 7.59 3.905 11,19 -
CH,—CH;, 5.12 3.905 11, 19 90 [ 7
S-S 10.86 3.55 11, 20
Au—CHjs 6.20 3.632 this work, 21
Au—CH, 4.48 3.632 this work, 21 ]

o
o
——

interaction is given by

Vi(@) = a, + &, cosfp) + a, cos(¢) + ag cos(¢p) + é 100f
a, cos(¢) + a5 cos(¢) (3) S

whereg is the dihedral angle made by four atoms. In this case,
there are two dihedral angles, one of which involves all four C I
units/pseudoatoms and the other of which involves the S atom . T
plus three C units/pseudoatoms. The torsional paraniéters L
yield that the trans (T) configuration is lowest in energy. The I
gauche (G) conformer is 2.95 meV higher in energy, and the 3 | L]
barrier for the T-to-G transition is 127 meV. Overall, there are '11'51 T, 5 A 5 5
four conformers of the butanethiolate molecule (TT, TG, GT,
and GG). There is also a possibility of a berstretch

interaction. Following previous work, the GHCH, and i o
S—CHy bond lengths are held constant at 1.53 and 1.82 A constant is in units of cffs. The statistical error bars are less than the
X : : ' point sizes. For example, the diffusion constant for butanethiolate at

respectively, via the RATTLE algorithr. 300 K is calculated to be (3.88 0.02) x 10°5 cr?/s with a 2 standard
In addition to the bending and torsional interactions, there deviation error bar. This deviation is less than 0.01 In umi {S;
are van der Waals interactions (Lennard-Jones 12-6 functions)(®) butanethiolate; £) floppy butanethiolate.
between atoms in the chain that have at least three atoms
between them! The only van der Waals interaction in our soft, and there is significant motion and relaxation due to the S
simulation is the CH unit with the S atom. These same atom motion. The diffusion barrier with substrate relaxation is
potentials would have been used for interactions between chainsonly 38 meV?> Unfortunately, the surface relaxation also
if there were more than one chain. The parameters for the changes the binding energy to 2.0 eV. This was not discovered,
Lennard-Jones potentials are given in Table 1. Parameters forhowever, until after these simulations were run. We have
mixed interactions are obtained by using a geometric mean of reparameterized the potentfaio include surface relaxation but
parameter values. the diffusion barrier does not change, thus we have used the
The Au—CHy interactions must be consistent with having original potential values given above in this study.
explicit surface Au atoms. This is in contrast to ref 11 where  In order to examine the effect of internal chain motion on
the surface was assumed to be rigid. We chose to use the same¢he diffusion process, we also modeled the diffusiba 8 atom
functional form, i.e., a 12-6 Lennard-Jones potential, as has beenwith the same mass (90 amu). TPRS system should have
used for chair-chain interactions. The parameters are fit to approximately the same dominant interactions and, thus, ener-
the interactions used by Tupper and BreRhdor Au—CHy getics with the surface as the butanethiolate chain. Any
interactions with a different functional form and are given in differences in diffusive motion can therefore be primarily
Table 1. attributed to chain motion.
The bonding Au-S interaction is assumed to be a pairwise  The diffusion constants for the chain are determined by the
additive Morse potential of the form S atom position and are the same as using the center of mass
of the chain. Since the “footprint” of the chain extension can
V() = Deexp(-a(r — r)(expCa(r — ry) —2) (4) be longer than the nearest-neighbor hollow site distance (1.67
A), the definition of the residing site of the chain is sometimes
ambiguous.

1000/T
Figure 1. Calculated diffusion rated), vs 1000f. The diffusion

wherer is the distance between the S atom and a Au atom and
o, De, andre are parameters to be fit. The data used for fitting
include the. experimental TPD value for the bond strength of a ||| results and Discussion
methanethiolate group to a gold surface of 1.91%&Vthe
calculated predictio$that the most stable site is a hollow site, The results of our diffusion calculations are shown in Figure
that the bond length is 1.905 A, and that the vibrational force 1 as InD) vs 1/T. Of note is that the thiolate chain diffuses
constant is 0.695 mdyn/A. The range of the pairwise sum of faster than thé°S atom.
Morse potentials is 2r5. Fitting to a rigid Au surface yields We attempted to find a simple mechanistic reason for why
values ofD. = 0.38 eV,re=2.65 A, ando. = 1.47 A-L. Given the chain is diffusing faster than t€S atom. It is clear that
that the thiolate chain can change Au coordination during the chain is undergoing significant motion during the diffusion
diffusion, it is not feasible to include a bond-bend term to events. There are conformational transitions among the TT,
maintain the surfaceS—CH, angle at 180 as predicted by GT, TG, and GG configurations. At the lowest temperatures,
Sellers et af* In practice, the symmetry of the 3-fold hollow however, there may be only-2 conformational transitions in
site does not let this angle deviate too far from 180 a 100-ps simulation. There is clearly overall rotational motion
This parameterization of the AtS interaction predicts that  in approximately the surface plane. It is not clear, however, if
the two distinct 3-fold hollow sites are essentially degenerate the rotation is occurring about the center of mass of the chain
for bonding of the S atom. For the rigid surface, the barrier to or about the S atom. Unlike in the simulations of the alkane
diffusion is~300 meV. The gold surface, however, is relatively chains, one of the ends (the S atom) in this case is bonded
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considerably more strongly to the surface than the @dups. the adsorption process is-2Q00 times slower than simple atom

The S atom can, thus, be the pivot point for the rotational adsorptior?® That is, the chains are providing a drag that slows

motion. We also observe collisions of the free end of the chain down the adsorption process. In contrast to previous studies

with the surface that tend to abruptly change the direction of on diffusion of molecules with fewer degrees of freedom, it is

motion. This is not unusual, as there can be instances whereclear that several factors are contributing to the enhanced motion.

the free end moves faster than the S atom (when the S atom is
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