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We carried out Monte Carlo simulations of gold nanocrystals (NCs) and (111) slabs covered with alkyl thiols,
with and without explicit solvent (n-hexane), atT ) 300 K. Adsorption isotherms for propane- and octanethiol
showed a phase behavior measured previously in experiments. Comparison of the adsorption isotherm of
octanethiol in hexane on a (111) slab with experimental data suggests that, in this system, no thiolate bond
was formed. The geometry of a gold surface strongly influences the formation and structure of the capping
monolayer. On a (111) surface, attractive interactions between carbon chains are more pronounced than on
a NC. This leads to a stronger penetration of the capping layer by the solvent. Adsorption selectivity for
binary alkyl thiol mixtures is stronger in vacuum than in solution. The convex shape of the NCs also reduces
the adsorption selectivity of binary thiol mixtures. This result shows that the solvent cannot be ignored in
simulations.

1. Introduction

Nanometer-sized materials are of growing importance in the
fields of optics, electronics, catalysis, ceramics, magnetic
storage, and biophysics. Gold and semiconductor nanocrystals
(NCs) with specific size- and shape-dependent optical and
electrical behavior constitute an important class of such materi-
als. These NCs can self-assemble in a range of different 2D
and 3D superstructures.1-3

NCs are often protected by an organic capping layer of
surfactants that prevents aggregation;4 for example, gold NCs
are often capped with alkyl thiol molecules.5-8 Furthermore,
adding surfactants during colloidal synthesis allows for control
of the size and shape of the formed NCs.9-11 On planar gold
surfaces, alkyl thiols are known to form well-organized struc-
tures called self-assembled monolayers (SAMs). The gold-thiol
interaction is very strong, preventing the surfactants from
evaporating or dissolving. As a result, these SAMs are stable
at ambient conditions. Gold SAM structures are promising for
various applications such as controlled wetting, catalysis,
sensoring, and in biotechnology.12,13A large amount of research
has been carried out on the preparation, structure, and application
of SAMs of alkyl thiols on gold. For two reasons, gold (111)
surfaces are often studied; they are easy to prepare experimen-
tally,13 and thiols adsorb readily on such surfaces.14 Thiol heads
preferably adsorb on hollow sides between 3 Au atoms and form
a 2D hexagonal overlattice on the flat (111) surface with S-S
spacing of≈5 Å. On saturated systems, the aliphatic tails align
parallel to each other, making an angle of 25-30° with the
surface normal.12 Less is known about the formation of SAMs
and the structure of unsaturated systems. Poirier et al. described
a coverage-dependent transition from a 2D liquid to a 2D crystal
during the formation of the butanethiol SAM15 without the
presence of a solvent. For decanethiol, even more coverage-
dependent 2D-phases are possible.16 This in contrast to the
Langmuir adsorption behavior for octanethiol inn-hexane
solution, observed by Karpovich and Blanchard.17

While self-assembled monolayers of alkyl thiols have been
studied extensively, less is known about the structure of these

molecules adsorbed on gold NCs. At room temperature,
octanethiol and shorter thiols are completely conformationally
disordered.5 Experiments show that temperature-induced phase
transitions of the capping layer of CdSe NCs dramatically alter
optical properties of NCs in solution.18 This is due to the
reconstruction of the NC surface, induced by phase transitions
in the capping layer. Therefore, it is of considerable importance
to study how the internal structure of molecules in the capping
layer depends on the geometry (size, shape, and curvature) of
NCs. It was also observed that the structure of 2D and 3D
assemblies of NCs strongly depends on the nature of the
surfactant molecules and the solvent and also on the NC
size.6,7,19

As it is difficult to obtain such structural data or information
on the adsorption behavior on NCs from experiments, molecular
simulations may provide more insight on this topic. Several
molecular simulation studies on gold-thiolate systems have
been undertaken. Hautman and Klein developed the first
effective potential for the gold (111)-sulfur and gold (111)-
carbon interactions.20 They mimicked gold as a plane without
structure interacting with united atoms. This model was quickly
adopted because it correctly describes the structure of SAMs.20,21

Furthermore, using the effective potential is computationally
relatively cheap compared to full Au atom models. In refs 22-
24, the Hautman-Klein model was used to describe phase
behavior of mixed SAMs using MC, while refs 25 and 26 used
lattice models. In two independent studies,27,28 atomistic force
fields for the Au-thiolate interactions were developed. These
were based on ab initio29 calculations and experimental data30

on Au-thiolate systems. Several experimentally observed
phenomena could be reproduced in molecular dynamics simula-
tions, such as the chain melting temperature of a capping layer
and the dependence of the structure of a NC superlattice on the
chain length of the capping molecules.28,31

In this work, we consider both flat Au(111) surfaces and NCs
as sorbates for alkyl thiols. We compute adsorption isotherms
to understand the thermodynamics and structural properties
involved in the formation of SAMs and capping layers. We will
also extend our preliminary simulations32 for the adsorption
selectivities of binary mixtures of alkyl thiols that differ in tail

* To whom correspondence should be addressed. E-mail:
t.j.h.vlugt@phys.uu.nl.

10201J. Phys. Chem. C2007,111,10201-10212

10.1021/jp071491d CCC: $37.00 © 2007 American Chemical Society
Published on Web 06/14/2007



length to larger NCs. An important aspect in these simulations
is the influence of the solvent, which we simulate explicitly.
Our aim is to understand the difference between (1) systems in
solution and in vacuum and (2) the formation and structure of
capping layers on planar Au(111) surfaces and on gold NCs.
We found that the solvent significantly reduces the adsorption
selectivity for thiol mixtures on NCs.

Previously, saturated alkyl thiol SAMs and capping layers
on gold NCs were studied using molecular simulations. In these
studies, the Au-S interaction strength is of minor importance.
In this work, however, we focus on the actual formation of
SAMs and NC capping layers using equilibrium Monte Carlo
simulations. Here, the Au-S interaction plays a crucial role.
Morse potentials used in refs 28 and 33 yield an almost twice
as strong effective interaction compared to the Hautman-Klein
potential. We show that as long as the Au-S interaction is, by
orders of magnitude, stronger than thermal fluctuations and
CHx-CHy and Au-CHx interactions, the results from different
adsorption simulations can be related by a simple mathematical
transformation.

The paper is structured as follows. We present our model
and simulation method in sections 2 and 3, respectively. In
section 4.1, adsorption isotherms are presented and discussed.
We will also focus on the structural properties of adsorbed
system at various loadings, such as orientation and density
profiles. In section 4.2, we investigate selective adsorption of
binary mixtures of alkyl thiols with different chain lengths. In
Appendix A, we explain why and how results from simulations
with different Au-S interaction models can be related. In
Appendix B, we briefly describe the biased insertion technique
used in our simulations.

2. Model

We apply a united atom model where groups of atoms are
represented by single pseudoatoms. We use this approach for
SH, CH2, and CH3. We denote the first by S and the last two
by C (a C segment at the end of a chain is a CH3 type and a
CH2 type otherwise). We name the surfactants (alkyl thiols)
“SCx”, where x is the number of alkyl chain segments in the
linear tail. Solvent and surfactant molecules interact with each
other via truncated and shifted Lennard-Jones (LJ) pair interac-
tions between united atoms

whereφLJ is the LJ potential

In the above equations,r ij is the distance between two united
atoms i and j, respectively, andrc is the cutoff distance (here,
rc ) 12.0Å). The potential well depth isεij , andσij gives the
interaction range for particles i and j. We account for intramo-
lecular bond stretching, bond bending, and torsional forces.
Additionally, we apply a LJ interaction between segments that
are separated by more than three bonds. For more details, we
refer the reader to ref 32. The gold structures are made up from
Au atoms that interact with other species via truncated and
shifted LJ pair interactions (usingrc ) 12.0Å). To keep
computational efforts to acceptable levels, all gold structures
are considered as rigid.

2.1. Au-S and Au-C Interactions. The popular approach
by Hautman and Klein20 of approximating the Au(111) surface-
system interaction by a unidirectional effective potential is
unsuitable for gold NCs as they typically have an icosahedral
shape.34-36 To make a fair comparison between the adsorption
of alkyl thiols on NCs and on flat Au(111) surfaces, interactions
with all gold atoms are considered. To derive the parameters
for these pair interactions, we start from the Hautman-Klein
potential

wherez represents the distance of a united atom to the gold
surface, andC12, C3, andz0 are parameters that determine the
potential well depthUm and its positionzm. We assume that
Au atoms interact with other species via a truncated and shifted
LJ potential (eq 1). We find the LJ parametersε and σ such
that it reproducesVeff(z) by calculating the average interaction
energy〈U〉(z) as a function of separationz of a single CHx or
S segment from a sufficiently large gold (111) slab with a lattice
spacing of 4.08Å. The average interaction at a given separation
z is determined by randomly generating a large numberN of
xi, yi (i ) 1, ..., N) positions in a plane at distancez and
calculating the Boltzmann average energy

V(z, xi, yi) is the effective interaction with the gold slab, given
by

whereNAu is the number of gold atoms in the slab. A fit of
〈U〉(z) to Veff(z) now determines the LJ parameters for the Au-S
and Au-C interactions. We consider two cases, one where we
compute〈U〉(z) for the desired temperatureT ) 300 K and
another where the effective interaction is calculated for the limit
â f 0 (T f ∞).

For both cases, we found force field parameters that closely
reproduceVeff(z) (Table 1). At T ) 300 K, the Boltzmann
weights of thex, y positions on the plane that are just above a
hollow site between three Au atoms of the Au(111) plane have
a larger contribution to the average energy〈U〉(z). At T f ∞,
all x, y positions have equal weights in eq 4. As a result,εT)300K

is lower thanεTf∞; see Table 1. Loweringε leads to a decrease
in the effective interaction range as a function ofz. Hence, a fit
to the Hautman-Klein effective potential forT ) 300 K requires
a largerσ parameter compared to that forT f ∞. The force
field parameters for each interaction type within our system are
summarized in Table 1.

3. Monte Carlo Simulations

To study the adsorption of alkyl thiols on gold (with or
without explicit solvent), we apply configurational-bias Monte
Carlo (CBMC) simulations.38-41 During the simulations, the
following MC trial moves are used: molecular translations,42

molecular rotations,43 (partial) chain regrows, chain insertions/

φTS(r ij ) ) {φLJ(r ij ) - φLJ(rc) r ij e rc

0 r ij > rc
(1)

φLJ(r ij ) ) 4εij[(σij

r ij
)12

- (σij

r ij
)6] (2)

Veff(z) )
C12

(z - z0)
12

-
C3

(z - z0)
3

(3)

〈U〉(z) )

∑
i)1

N

V(z, xi, yi) exp[-âV(z, xi, yi)]
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i)1

N

exp[-âV(z, xi, yi)]

(4)

V(z, xi, yi) ) ∑
j)1

NAu

φTS(r ij ) (5)
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removals (grand-canonical MC), and identity changes44 (semi-
grand-canonical MC45); see Figure 1. For more details, we refer
the reader to ref 32. Note that the Au-S interaction is strongly
attractive compared to the other intermolecular interactions
(Au-CHx, S-CHx, and CHx-CHy). This high adsorption
affinity requires special insertion techniques to sample the
number of adsorbed thiol molecules〈N〉 in grand-canonical
Monte Carlo simulations (see Appendix B). Sampling efficiency
is further improved by artificially weakening the Au-S interac-
tion. In Appendix A, we will show that the precise value of
εAu-S is not important and that isotherms can be rescaled for
other values ofεAu-S.

In Figure 1, we have sketched our simulation setup. We
simulate systems either with or without a gold structure. In
grand-canonical MC, both systems are allowed to exchange
molecules with the solvent reservoir and/or the thiol reservoir.
Semi-grand-canonical MC moves can be viewed as removal of a
molecule of one type and insertion of another type, with their dif-
ference in chemical potential or fugacity ratio as a driving force.

The simulations of the planar Au(111) systems are performed
in rectangular simulation boxes in which a gold slab ofNAu,x ×
NAu,y × NAu,z ) 12× 12× 6 is oriented parallel to thexyplane
and situated at half of the box length in thezdirection. Periodic
boundary conditions are applied. We make sure that molecules
cannot interact with each other through the slab, that is,
molecules on one side of the slab cannot “feel” others on the
other side of the slab. The simulations of NCs (consisting of
561 or 1415 Au atoms, with a size of 2.5 and 3.0 nm,
respectively) are performed in cubic simulation boxes. For both
the simulations of the gold slab as well as simulations with a
gold NC, we choose sufficiently large box sizes to avoid
interactions between periodic images of the (capped) gold
structures. To determine the adsorption isotherms, we calculate
the number of alkyl thiols〈N〉 adsorbed on the gold structure
as a function of the thiol concentration (ct, for systems with a
solvent present) or thiol density (Ft, for systems without a
solvent) in the other simulation box at the same fugacity of the
thiol molecules; see Figure 1.

In all simulations with explicit solvent (n-hexane), we impose
a solvent fugacity offs ) 20.0 kPa, corresponding to the
experimentaln-hexane density (7.598 mol/L46 at T ) 300 K).
As the thiol concentrationct in the box not containing the gold
structure is very low, we can use Henry’s lawct ) KHft to
determinect for a given thiol fugacityft. We determine the Henry
coefficientKH via (semi)-grand-canonical MC simulations by
imposing a thiol fugacityft that results in a very low thiol
concentration. Figure 2 shows the Henry coefficientKH as a
function of tail lengthx. As expected, there is a linear relation
between lnKH and tail lengthx.

For simulations without solvent, the thiol densityFt follows
directly from the ideal gas law (ft ) FtkBT).

4. Results and Discussion

4.1. Adsorption of Alkyl Thiols to Au NCs and to Au-
(111) Surfaces.In this section, we present simulation results
on the adsorption behavior of alkyl thiols on flat Au surfaces
and on Au NCs. We considered two thiol types, SC3 and SC8.
To determine the effect of the solvent, we computed adsorption
isotherms with and without solvent (vacuum).

4.1.1. Adsorption of SC3 and SC8 in Vacuum.By imposing
varying surfactant fugacities in separate grand-canonical MC
simulations, we determined adsorption isotherms for SC3 and
SC8 thiols on Au561 NCs and on flat Au(111) surfaces atT )
300 K. For these types of simulations, we only switched on the
thiol reservoir in Figure 1. For both gold systems, we present
data where we usedε/kB ) 2795 K andσ ) 2.65 Å for the LJ
interaction between Au and S.

TABLE 1: Force Field Parameters for the LJ Interactions
in Our Systema

εij/kB[K] CH3 CH2 SH AuTf∞ AuT)300K

CH3 108 78 117 108 108
CH2 78 56 84 88 88
SH 117 84 126 4260 2795
AuTf∞ 108 88 4260
AuT)300K 108 88 2795

σij[Å] CH3 CH2 SH AuTf∞ AuT)300K

CH3 3.76 3.86 4.11 3.54 3.54
CH2 3.86 3.96 4.21 3.54 3.54
SH 4.11 4.21 4.45 2.40 2.65
AuTf∞ 3.54 3.54 2.40
AuT)300K 3.54 3.54 2.65

a The CHx-CHy interaction parameters are taken from ref 37. The
S-CHx were taken from ref 20. Au-S and Au-CHx interactions were
derived using eqs 4 and 5. Note that the Au structures are rigid, and
therefore, we do not include Au-Au interactions.

Figure 1. General scheme for the type of simulations performed in
this work. We have two reservoirs with which we exchange molecules.
By tuning the fugacityft,i of each thiol, we determine the average
number of thiols〈N〉 in the system with a gold structure (NC or (111)
slab) and in the system without a gold structure present. Due to the
very attractive Au-S interaction, the values of〈N〉 will not be identical
for these systems. To estimate the adsorption isotherm as a function of
bulk thiol concentration (ct, for systems with a solvent present) or thiol
density (Ft, for systems without a solvent), it is therefore necessary to
simulate both systems. For systems with a solvent (n-hexane) present,
the fugacity,fs ) 20.0 kPa, of the solvent is set such that it reproduces
the experimental density of puren-hexane atT ) 300 K.

Figure 2. Henry’s law coefficientsKH as a function of chain lengthx
of alkyl thiols SCx in hexane atT ) 300 K.
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We start the discussion with the SC3 thiol. Comparing the
flat surface isotherm to the one for a NC (Figure 3), we see
that adsorption at the (111) surface starts at lower thiol
concentrations and that the transition to the fully loaded surface
as a function ofFt is much sharper. The first observation is a
consequence of the edged nature of the NC surface and the
relatively small (111) facets. Therefore, the effective surface-
thiol interaction for NCs is lower than that for flat Au(111),
and therefore, thiol adsorption starts at a higherFt for NCs. The
slower transition to the maximum loadingNmax on a NC also is
a result of its convex shape. Between adsorbed alkyl thiols on
flat Au(111), the thiol carbon tails interact favorably with each
other, while on the NC surface, these interactions cannot be
maintained over the entire surface due to the curvature of the
NC. The favorable mutual tail-tail interactions lead to an extra
driving force for thiol adsorption and thus make the adsorption
isotherm steeper.

For the flat Au(111) surface systems, there is a considerable
amount of hysteresis between adsorption isotherms computed
starting from fully loaded (N ) Nmax) surfaces and from empty
(N ) 0) surfaces (see Figure 4 where we plotted the isotherms
on a linearx-axis scale). This points to a first-order transition
from a 2D liquid to a 2D crystal phase, already observed in
experiments.15 In the crystal phase, sulfur atoms form a well-
ordered hexagonal overlattice with a S-S spacing of≈5 Å,
and aliphatic chains stand almost upright and aligned; see Figure
5. In the liquid phase, thiol heads arrange without a pattern,
and carbon chains lie closer to the surface; see Figure 6. Both
phenomena are in good agreement with experimental observa-
tions on self-assembled monolayers of thiols on Au(111).12

To illustrate the sampling difficulties around the transition
point, we plotted the number of adsorbed thiols as a function
of the number of MC cycles in Figure 4 (center). As nucleation
and melting are spontaneous events and simulation time is
limited, most of the time, the system resides in one of the (meta)-
stable states47 that are separated by sharp transitions. We did
not observe this hysteresis loop in the NC isotherms. Again,
this is a result of the convex shape of the Au NC.

We also computed the adsorption isotherm of SC3 for an
infinitely smooth, flat gold surface in vacuum using the
Hautman-Klein potential.20 As expected, these isotherms have
a similar concentration range where thiol adsorption takes place,
compared to the explicit atom case (compare Figure 3 to the
bottom panel of Figure 4). In the infinitely smooth Au surface
system, the 2D liquid phase is more stable than that for the
explicit atom system (see Figure 4, top and bottom), and the
height of the jump in coverage around phase transition to the

2D solid is smaller. Obviously, a 2D liquid can be compressed
much more on a infinitely smooth surface than on a rough
surface with explicit atoms.

Comparing the SC8 isotherms (Figure 7) to the SC3 ones
(Figure 3), we observe that adsorption of the longer-chain thiol
starts at lower densities than that for shorter-chain thiols. This
is due to the larger number of attractive Au-CHx interactions
for SC8. Comparing the NC SC8 isotherm to the flat (111)
surface SC8 isotherm, we again see that adsorption for the flat
surface starts at lower concentrations than that for the NC and
that the concentration range where adsorption takes place is
much narrower for the flat surface system. This is explained
by the same arguments as those for SC3.

Figure 3. Adsorption isotherms for SC3 on a flat Au(111) surface
and on a Au561 NC in vacuum atT ) 300 K. LJ parameters for the
Au-S interaction areε/kB ) 2795 K andσ ) 2.65 Å.

Figure 4. Top: adsorption isotherm for SC3 on a gold (111) surface
with explicit atoms in vacuum, computed by increasing and decreasing
the loading. Center: typical GCMC behavior around the transition point
for a simulation starting from a low coverage. The first terrace
corresponds to a 2D liquid phase, then, a phase transition occurs on
one of the sides of the slab (second terrace, fictive state due to
simulation conditions), and finally, the thiols 2D-crystallize on the
second side (third terrace). Bottom: adsorption isotherm for SC3 to
an infinitely smooth gold (111) surface in vacuum using the Hautman-
Klein potential, computed by increasing and decreasing the loading.
All plots are forT ) 300 K.
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The phase behavior of SC8 on flat surfaces is more
complicated compared to SC3 (or to the NC case); see Figure
7. We observe two jumps in the isotherm. During the second
jump, the coverage doubles. At this point, the self-assembled
monolayer is formed. At lower loadings, various 2D phases are
formed due to different packing of alkyl chains on the surface.16

The 2D liquid phase is metastable for long-chain thiols in
vacuum. Again, such phase transitions are not present in the
NC systems we studied.

4.1.2. Adsorption of SC3 and SC8 in Hexane Solution.Using
(semi)-grand-canonical Monte Carlo (GCMC), we computed
adsorption isotherms for the alkyl thiols SC3 and SC8 on a Au561

NC as well as on a Au(111) surface with explicit solvent (n-
hexane). This means that both the solvent and the thiol reservoirs

(Figure 1) were switched on. Again, for both systems, we used
ε/kB ) 2795 K andσ ) 2.65 Å for the LJ interaction between
Au and S.

The SC3 isotherms for the flat Au(111) surface and for the
NC are shown in Figure 8. We again observe that adsorption
of SC3 on the Au(111) surface starts at a lowerct than that on
the NC. Similar to the vacuum case, the concentration range of
adsorption is considerably larger in NC systems compared to
that for flat gold systems. Explanations for both are given in
the previous subsection. The flat Au(111) SC3 system in explicit
solvent also shows the hysteresis loop at high〈N〉, pointing to
a phase transition from a 2D liquid to a 2D solid, already
described above for the vacuum case.

There are, however, differences between SC3 systems with
or without solvent. For both the NC and the flat surface, the
isotherm is shifted toward higher thiol concentrations. We
explain this by a competition effect between the adsorption of
solvent and thiols to gold. The shift is moderate because
hexane-gold interactions are far weaker than thiol-gold
interactions.

An illustration of this competition effect is the difference in
the adsorption behavior at lowFt between vacuum SC3 systems
and those with explicit solvent. In agreement with experiments,17

the explicit solvent isotherm can be fitted to a Langmuir
adsorption isotherm, whereas this is not possible for the vacuum
isotherms (see Figure 9). At low loadings, the vacuum isotherm
increases superlinearly (i.e., d2〈N〉/dFt

2 > 0; see Figure 9,
bottom), while the Langmuir isotherm behaves sublinearly
(d2〈N〉/dFt

2 < 0). This difference can be explained as follows.
At low loadings in vacuum, alkyl thiols gain energy from the
attractive interactions between tails, hence, the superlinear
increase of the isotherm. In hexane solution, energetic gains
from surfactant tail-tail interactions are accompanied by energy

Figure 5. SC3 on Au in the 2D crystal phase. Gold atoms are
represented as large light balls, thiol heads as small dark balls, and
carbon chains as thin lines. Top: top view. Bottom: side view. Note
that the sulfur atoms are highly organized.

Figure 6. SC3 on Au in the 2D liquid phase. Gold atoms are
represented as large light balls, thiol heads as small dark balls, and
carbon chains as thin lines. Top: top view. Bottom: side view. Note
that the sulfur atoms do not show a clear structure.

Figure 7. Adsorption isotherm for SC8 on a flat Au(111) surface and
on a Au561 NC in vacuum atT ) 300 K.

Figure 8. Adsorption isotherm for SC3 on a flat Au(111) surface and
on a Au561 NC in n-hexane atT ) 300 K.
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penalties associated with the loss of solvent-solvent and
solvent-surfactant interactions. Thus, effectively, the favorable
surfactant tail-tail interactions play a less pronounced role in
the explicit solvent systems, and therefore, the alkyl thiol
adsorption isotherm shows Langmuir behavior.

For adsorption of SC8, the solvent effect, or equivalently the
shift of the isotherm when includingn-hexane as a solvent, is
more strongly pronounced (compare Figures 7 to 10). If we
compare Figure 7 to Figure 10, we see that various 2D phases16

disappear in the explicit solvent system, and the 2D liquid phase
is stable in contrast to the vacuum case. In Figure 10, we
included the SC8/n-hexane/Au(111) Langmuir isotherm derived
from experiments of ref 17. Our flat Au(111) surface isotherm
also has a Langmuir shape. Obviously, the concentration range

of adsorption derived from our simulations (of flat Au(111) as
well as of NC) is orders of magnitude lower than the
experimentally observed adsorption isotherm for SC8. From the
work presented in this paper, we know that the range of
adsorption is mainly determined by the interaction strength
between Au and S. Using adsorption isotherm scaling (Appendix
A), we estimate the Au-S interaction strength atε/kB ≈
1000 K for the experimental isotherm instead of the value of
ε/kB ≈ 2795 K used in our simulations. This raises the question
whether or not the Au-S interaction is really as strong as that
modeled by Hautman and Klein,20 Landman et al.,28 and by us.
A possible answer lies in the nature of the Au-S interaction.
This interaction could either be a thiolate bond (formed by
removal of the thiol hydrogen)30 or physisorption of the thiol
group to the gold surface. It is still unclear which of the
possibilities prevails.48 The thiolate adsorption energy was used
to derive Au-S interaction potentials in previous simulations
(for example, in refs 20 and 28). This interaction is three to
four times as strong as that for the thiol-gold interaction.30

Assuming that the SC8 adsorption measurements17 are accurate,
our adsorption isotherm scaling method suggests that monothiols
are physisorbed to the Au(111) surface rather than chemisorbed.

4.1.3. Structural Properties of Adsorbed Systems with Explicit
SolVent. In this section, we address the structural properties of
thiol and solvent molecules in explicit solvent systems for a
gold NC and a flat Au(111) surface. We consider two thiols of
different chain length (SC4 and SC10) to address tail length
effects. Furthermore, we investigate how the structure of the
systems is affected by the loading. Therefore, we consider both
surfactants at 30%, 60, and 100% of the maximum loadingNmax.
From NVT simulations of Au NCs and Au slabs, (partially)
capped by thiols in solution, we determined the average
orientations of the thiol chains with respect to the Au surface.
The solvent structure was analyzed using the radial distribution
function g(r) of the solvent, withr as the distance from the
center of an hexane molecule to the center of the NC or the
gold slab.

We determined the orientations of the system components
as follows. For each molecule, we defined the vectorr that
connects the first segment to the last. Furthermore, for each
molecule, we calculated the vectorr ′ that connects the NC center
of mass to the molecule center of mass. For systems containing
a gold slab,r ′ is simply the vectorẑ normal to the surface We
subsequently determined the distributionP(R) of the minimal
angleR ∈ [0,90°] betweenr andr ′. Low values ofR represent
chains that are oriented perpendicular to the surface, whereas
R f 90° represents chains that are oriented parallel to the NC
or the flat Au(111) surface.

The orientational distributions of thiols on NCs are shown
in Figure 11. At low loading, the distributionsP(R)SC4 of the
adsorbed SC4 thiols is almost random.P(R)SC4 shifts to lower
anglesR by increasing the loading to 60%. At the highest
loading, the distributionP(R)SC4 is peaked at low anglesR,
indicating that most of the thiol chains are oriented perpendicular
to the NC surface. The average orientation of the longer-chain
thiols (SC10; see Figure 11) changes less as a function of
loading (see also the right panel of Figure 11). As our NC is
quite small, there is simply not enough space on the surface to
accommodate for thiol chains lying parallel to the surface as
one would expect for flat Au(111) surfaces.

In Figure 12, we show the thiol orientational distributions
P(R) for flat Au(111) surfaces at various coverages for SC4
and SC10 in hexane. We observe that while SC4 molecules
homogeneously become more upright with increasing coverage,

Figure 9. Langmuir fit to the lower part of the adsorption isotherm of
SC3 on a gold slab in hexane (top) and vacuum (bottom).

Figure 10. Adsorption isotherm for SC8 on a flat Au(111) surface
and on a Au561 NC in n-hexane atT ) 300 K, compared to the
experimental SC8 isotherm on Au(111) inn-hexane17 (recorded atT
) 293 K). Note the large shift in adsorption concentration range
between the simulated and the experimental isotherm using isotherm
shifting (cf. Appendix A). The experimental interaction strength
corresponds toε/kB ≈ 1000 K, a factor of 3 lower than the value used
in the simulations.
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SC10 molecules strongly prefer to lie parallel to the Au surface
at low coverages, and at full coverage (SAM regime), they have
a 26° angle with the surface normal, on average (see Figure
12).

Evidently, long-chain thiols have a higher degree of con-
figurational freedom compared to the short-chain thiols. There-

fore, they can lie flat on the Au(111) surface more easily than
short-chain thiols. For this reason, at low loadings, the SC10
molecules already occupy the Au surface almost completely,
and SC4 molecules do not.

The solvent structural data for the NC (SC4 and SC10) are
shown in Figure 13. At low and intermediate loadings of both
SC10 and SC4, the first shell of solvent molecules is present
near the Au surface, at regions where there are no thiols. Here,
a large fraction orients itself parallel to the Au surface,
maximizing the favorable interaction with gold. At high
loadings, these vacant sites are occupied by thiols, and therefore,
the first n-hexane solvation shell is shifted to larger distances
r.

Figure 14 shows that, at low and intermediate loadings of
SC4, there are some vacant regions on the flat gold (111) surface
where solvent molecules are located. However, already at low
SC10 loadings on flat Au(111), the surface is covered (almost)
completely, leaving no room for solvents to reside near the Au
surface. Therefore, the first peak ofg(r) at 30% loading for
SC10 is low. By increasing the loading of SC4 or SC10
surfactants, the SAM becomes impenetrable for solvent mol-
ecules, and thus, the first solvation shell is shifted to a largerr.

4.2. Selective Adsorption to Au NCs and Au(111) Surfaces.
To investigate the composition of coadsorbed alkyl thiols, we
carried out simulations of binary thiol mixtures adsorbed on
gold in the presence of the explicit solvent (n-hexane) for both
a flat Au(111) surface and a NC. We compare the results to
those from simulations without solvent. The total number of
thiol molecules is kept fixed. Identity changes between different
thiols are performed (semi-grand-canonical MC). During simu-
lations with explicit solvent, we also allowed for solvent
molecule exchange moves with the solvent reservoir (see Figure
1), but we did not allow for identity changes between solvents

Figure 11. Thiol orientational distributions for alkyl thiol-hexane
systems as a function of loading a Au561 NC. Top-left: SC4 system.
Bottom-left: SC10 system. The right panel shows simulation snapshots
taken from the SC10 simulations at increasing loading (from top-right
to bottom-right).

Figure 12. Orientational distributions of the thiol in alkyl thiol-hexane
systems with a gold (111) slab at various surface coverages. Top: SC4;
Bottom: SC10. Maximum loading with thiols isNmax ) 96.

Figure 13. Solvent radial distribution functionsg(r) between the NC
center of mass and the center of the hexane molecule for alkyl thiol-
hexane systems with a Au561 NC at T ) 300 K. Top: SC4 system.
Bottom: SC10 system.
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and surfactants. We discuss the following mixtures: SC3-SC4,
SC3-SC7, SC9-SC10, and SC9-SC11.

Shevade et al.24 performed similar simulations in which they
assumed that the alkyl thiol solubility does not significantly
change as a function of chain length, a situation resembling
vacuum conditions. However, in Figure 2, we showed that the
Henry coefficient of thiols inn-hexane increases exponentially
with the tail length, and this will influence the selectivity. We
performed simulations with and without solvent to assess solvent
effects.

For the system containing the gold structure, we computed
the average number of shorter-chain thiols (type 1) and longer-
chain thiols (type 2),〈N1〉 and〈N2〉, respectively, as a function
of the ratio of their fugacitiesf1 andf2 from the simulation data.
This ratio was converted to the concentration ratio〈N1〉/(〈N1〉
+ 〈N2〉) for the other simulation box according to the procedure
outlined in section 3. To investigate how the size of the NC
affects selective adsorption, we studied two NCs, Au561 and
Au1415, which haveNmax ) 124 and 212 adsorbed thiols at their
surfaces, respectively. The simulations with flat Au(111)
surfaces were also performed at full coverage (Nmax ) 96 thiol
molecules, arranged in a hexagonal overlattice).

The results are shown in Figures 15-18. In vacuum, the
longer-chain thiol is always preferred over the shorter-chain one.
This effect is more pronounced for longer alkyl chains and
increases with the difference in chain length.24 For an explana-
tion, we refer to Figure 1. When a thiol molecule is transferred
from the ideal gas reservoir to the system with a gold structure,
it gains energy from interactions with gold and from Van der
Waals interactions between carbon tails. This energy gain is
larger for longer-chain thiols, and therefore, they are preferably
adsorbed. The difference in these energy gains is the driving
force for selectivity. On Au(111), the surfactants are ordered
and adopt a tilted configuration, while on a NC, this tilted

structure is frustrated and destroyed by the convex shape of the
NC. This frustration becomes less for larger NCs. Therefore,
the selectivity is strongest on the flat (111) surface and least on

Figure 14. Solvent radial distribution functionsg(r) between the flat
Au(111) substrate and the center of the hexane molecule for alkyl thiol-
hexane systems with a gold (111) slab at various surface coverages
andT ) 300 K. Top: SC4 system. Bottom: SC10 system.

Figure 15. Adsorption selectivities for SC3-SC4. Top: results from
vacuum simulations. Bottom: results from simulations with explicit
solvent. Error bars are smaller than the symbol size.

Figure 16. Adsorption selectivities for SC3-SC7. Top: results from
vacuum simulations. Bottom: results from simulations with explicit
solvent.
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the small NC (compare the curves for Au561 and Au1415NCs in
Figures 15-18).

The situation is crucially different for systems with explicit
solvent. Longer-chain thiols are again preferred over the shorter
chains on a flat Au(111) surface, but the effect is much less
pronounced than in vacuum. On NCs, selectivity is hardly

present at all. To understand this, see Figure 1. We have to
consider an exchange of a thiol from the bulk solution to the
system with a gold structure and compare the energetic gains
for two thiol types. These gains originate from interactions with
gold and from Van der Waals attraction of aliphatic chains, but
they are accompanied by the loss of attractive solvent-gold
and solvent-thiol interactions. Gold-thiol interaction are almost
identical for both thiol types and hence not significant for
selectivity. Aligned tails on a flat surface have a stronger
effective interaction than they would have in a solution, and
this difference increases with chain length. On a NC, tails do
not benefit from the arrangement in this way. Therefore, only
tail-tail interactions between alkyl thiols on the flat (111)
surface have a significant contribution to the difference in
energetic gains. This explains why NCs show almost no
selectivity and the selectivity on flat (111) surfaces is weaker
than that in vacuum.

Our simulation results show that a solvent plays a large role
in the selective adsorption of alkyl thiols to gold structures. Such
solvent effects have previously24 been overlooked. For the
exchange of thiol capping layers on NCs, the key property to
adjust is the concentration ratio of two thiol types in solution,
not so much the chain length. Another possibility would be to
use surfactants with different head groups. Exchange will then
be observed if the two head groups exhibit different adsorption
behavior.

5. Conclusions

Our adsorption studies show that the solvent plays an
important role in the thermodynamic properties of thiol mono-
layers on both flat (111) gold surfaces and NCs. Two major
solvent effects are (1) competitive adsorption between surfac-
tants and solvents and (2) reduction of attractive interactions
between aliphatic tails. Moreover, the phase behavior of
unsaturated monolayers of long-chain thiols changes in the
presence of a solvent. Therefore, phenomena observed in
vacuum may be different from those observed in solution; in
the latter case, the solvent cannot be neglected in computer
simulations.

Our studies of the structure of the capping layer confirm that
alkyl thiols SCx adopt a tilted confirmation in SAMs on planar
gold (111) for x > 6, while capping layers of SCx on
nanocrystals are conformationally disordered forx < 12.

On the NC surface, there is more space between aliphatic
tails, which leads to weaker interactions and allows for a stronger
interpenetration of the capping layer. This reduces the adsorption
selectivity of thiol mixtures compared to that of the gold (111)
surface and to vacuum.
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Appendix

A. Adsorption Isotherm Scaling.A.1. MotiVation.Since the
Au-S interaction is orders of magnitude stronger than other
interparticle interactions, it seriously frustrates grand-canonical
MC simulations. Simulations with a lower value forεAu-S would
alleviate these simulations and thus increase computational
efficiency significantly. Therefore, it is important to investigate
whether or not the overall adsorption features depend on the
precise value ofεAu-S and whether or not it is possible to relate
adsorption isotherms calculated for various values ofεAu-S.

Figure 17. Adsorption selectivities for SC9-SC10. Top: results from
vacuum simulations. Bottom: results from simulations with explicit
solvent.

Figure 18. Adsorption selectivities for SC9-SC11. Top: results from
vacuum simulations. Bottom: results from simulations with explicit
solvent.
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A.2. Statistical Mechanical Basis.We perform our simulations
in the grand-canonical ensemble with the partition function

where

is the canonical partition function. Consider the following
assumptions: (1) Chains are adsorbed to a surface in a single
layer; (2) the main contribution toQ originates from the
adsorption of sulfur segments; and (3) mutual interactions
between thiols mainly depend on their distances in the direction
parallel to the surface. Consider the sorbend as a slab in thexy
plane. Using these assumptions, the potential energyU can be
split into an adsorption partUadsand a part containing sorbate-
sorbate interactionsUint

We can then rewrite the partition function as

where dV is short for dxdydz, Γ2 and Γ3 are the 2- and
3-dimensional configuration spaces, respectively, andIads is
the integral over the box lengthBz in the z direction

Iadscan be considered as the adsorption affinity as it represents
the shift in chemical potential caused by the adsorption energy.
Assume that we simulate two systems with different adsorption
potentials yielding shiftsI(1) andI(2). From the last line of eq 9,
it follows that the first system at chemical potentialµ(1) is
equivalent to the second system at the chemical potentialµ(2)

For a system of noninteracting particles on a flat surface, the
second integral in eq 9 can be solved analytically. This leads
to an exact expression for the adsorption isotherm

whereA is the area of the adsorbing surface. For potentials
relevant to our work, we can derive expressions forIads as a
function of the interaction strength. Throughout this paper, we
mapped our pair Au-SH and Au-CHx interactions to the
Hautman-Klein effective potential. By taking the second-order
Taylor expansion around the position of the potential minimum
zm, we obtain a harmonic potential

whereUm is the potential well depth,kharm the harmonic force
constant, andzm the position of the potential well. For the
Hautman-Klein potential (eq 3),Um is related tokharm, and the
analytical solution of eq 10 yields

in which the proportionality constantc follows from kharm.
Equation 14 suggests a general form for the adsorption affinity

with the exponentR close to 0.5. For the Hautman-Klein
effective potentialU(z), we found, by numerical integration and
fitting of I versus-âUm

where C12, C3, and z0 are contained in the proportionality
constant.

A.3. Monte Carlo Simulations.We computed adsorption
isotherms for SC3 on a gold (111) slab with explicit atoms at
T ) 300 K for various values ofεAu-S. The resulting isotherms
are plotted in Figure 19 (top). We found that atT ) 300 K, the
minimum of the effective Au-S interaction isUm ) -4.42εAu-S.
This allowed us to rescale the isotherms according to eqs 11
and 16. Figure 19 (bottom) shows that, indeed, all isotherms
collapse.

For the same thiol (SC3), we determined adsorption isotherms
on a Au561 NC atT ) 300 K for εAu-S/kB ranging from 1000 to
4260 K. The raw adsorption isotherms as well as the scaled
isotherms (toεAu-S/kB ) 4260 K) are plotted in Figure 20. From
the simulation data, we found thatUm ≈ -4.28εAu-S. This value
is slightly lower for the flat (111) surface, as the number of
Au-S interactions is larger for the flat (111) surface compared
to that for a NC surface. We verified that the above scaling
relation (eqs 11 and 16) and its associated scaling factor are
exactly the same in simulations with explicit solvent (both for
the NC and the flat Au(111) surface systems).

We conclude that the isotherm scaling as predicted by eq 11
can correctly describe the adsorption of thiols to a gold (111)
surface or NC. Thus, the shape of an adsorption isotherm is
determined by mutual interactions between thiols, and its
adsorption range is determined by the gold-sulfur interactions.

B. Biased Insertion Technique.Biased insertion can sig-
nificantly improve the efficiency of conventional grand-canoni-
cal MC. Two possible ways to realize this are often used, (1)
generateF trial positions randomly for the first bead and select
one of them with a probability proportional to its Boltzmann
weight49 and (2) insert the first bead at a trial position (x′, y′, z′)
with a probability proportional to a predefined distributionF(x,
y, z).50 The latter is useful only if favorable positions for particles
are known a priori. In our case, thiol heads stay preferably close
to the gold surface. We combine the two methods by generating
F trial positions for the first bead according to a certain
distribution F(x, y, z) and then selecting one of them with a

Π(µVT) ) ∑
N)0

∞

exp[âµN] × Q(NVT) (6)

Q(NVT) ) 1

Λ3N!
∫ dxNdyNdzN exp[-âU(xN, yN, zN)]

(7)

Upot(x
N, yN, zN) ) Uads(z

N) + Uint(x
N, yN) (8)

Π ) ∑
N)0

∞

exp[âµN] × 1

Λ3NN!
×

∫Γ3
dVN exp[-âUads(z

N) - âUint(x
N, yN)]

) ∑
N)0

∞

(Iadsexp[âµ])N × ∫Γ2
dxNdyN exp[-âUint(x

N, yN)]

(9)

Iads) ∫ dz exp[-âUads(z)] (10)

µ(2) ) µ(1) + 1
â

ln
I(1)

I(2)
(11)

〈N〉 ) 1
â

∂ln Π
∂µ

) Λ-3AIadsexp(âµ) (12)

Vharm(z) ) Um + 1
2
kharm(z - zm)2 (13)

Iads
harm) exp[-âUm]x 2π

âkharm

) exp[-âUm]zmx 1
-âUm

x2π
c

(14)

Iads∝ exp[-âUm]( 1
-âUm

)R
(15)

Iads
HK ∝ exp[-âUm]( 1

-âUm
)0.55

(16)
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probability proportional to its Boltzmann weight. The arising
bias is corrected in the acceptance rules. For insertion of a chain
(N f N + 1), the algorithm works as follows: (1) GenerateF
trial positions for the first bead according to the distribution
F(x, y, z) and compute their energiesU(1), ...,U(F); (2) select
one of them,n, with probability

and set

(3) Continue with the conventional CBMC algorithm, as in refs
38-41 and 51; compute the Rosenbluth weight

wherek runs over the beads of the chain; and (4) accept the
insertion with the probability

in whichV is the volume of the box,µ is the chemical potential,
andq is the kinetic contribution to the partition sum.

The removal of a chain (N f N - 1) is almost equivalent.
(1) The position of the first bead of the selected molecule
becomes the first trial position. GenerateF - 1 others according
to the distributionF(x, y, z) and compute the energiesU(1),
U(2), ..., U(F). (2) Continue with the conventional CBMC
algorithm (for an old configuration) and compute the Rosenbluth
weight Wext. (3) Accept the removal with the probability

To show that detailed balance is obeyed, we consider the
case when the distributionF is discrete and the chain consists
of a single particle. Assume that the simulation box is partitioned
in M cubelets, and to each of these cubeletsi, a certain
probability Fi is assigned. Normalization ofF yields

whereVi ) V/M is the volume of theith cubelet. Consider the
old configuration withN particles and the new one withN + 1,
and denote the probability of generating a new trial configuration
by R(o f n) and the acceptance probability byPins

acc, the
statistical weights of the old and the new configuration in the
grand-canonical ensemble byN(o) andN(n), respectively, and
the flux of configurations byK(o f n). The position of the
new particle is selected out ofF trial configurations. The
configuration set of theF - 1 not-selected positions is denoted
by b̃. In general, there are infinitely many such configuration

Figure 19. Adsorption isotherms of SC3 to a flat Au surface with
explicit atoms (no solvent). Top: adsorption isotherms determined for
different Au-S interaction strengths (2000eεLJ/kB e4260 K). Bot-
tom: adsorption isotherms (no solvent) for lowerε values scaled to
ε/kB ) 4260 K using eqs 11 and 16.

Figure 20. Top: adsorption isotherms of SC3 to a Au561 NC surface
with explicit atoms (no solvents) determined for different Au-S
interaction strengths 1000eεLJ/kB e 4260 K. Bottom: the same
isotherms scaled to theε/kB ) 4260 K isotherm.

Prem
acc ) min(1,

VF(x1, y1, z1)

w1
ext

N

exp(âµ)VqWext) (18)

∑
i)1

M

FiVi ) 1

Pins
sel )

exp(-âU(n))

∑
j)1

F

exp(-âU(j))

w1
ext )

∑
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sets. Denote the family of all possible configuration sets byB,
and its members are indexed byb. Then, we can split the flux
of configurationso f n into the sum of fluxes through all
possible trial moves leading from stateo to staten

Super-detailed balance51 requires that all terms in these equations
are equal. For the probabilities to perform a trial move, we can
write

wherePofn
att is the probability of attempting an insertion move,

which is equal toPnfo
att ; Pofn

gen (b̃) is the probability of generating
the configuration setb̃ during an insertion attempt; and
Pnfo

gen (b̃) ) Pofn
gen (b̃)/F is the probability of generating the

configuration setb̃ during a removal attempt. The permutation
factor 1/F comes from the fact that in the removal algorithm,
the old position is always the first one, while during an insertion,
any of theF trial positions may be selected.

• Prem
sel ) 1 as no selection bias is involved in the reverse

move;

• Pofn
cub ) FinV/M is the probability that the new position lies

inside of the cubeletin, and

• Pnfo
cub ) 1/M as no bias in the selection of a cubelet is

involved in the reverse move.

Combining eqs 19 and 20 and applying super-detailed balance
leads to eq 17. Equation 18 can be derived in an analogous
way.
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