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ABSTRACT: We present a molecular dynamics (MD) study on the structure of self-assembled
monolayers (SAMs) of alkylthiolates on various metal surfaces, with especial attention to
Au(111) and Ag(111). Variations in the structure of these SAMs as a function of temperature
and alkyl-chain length are systematically investigated. The MD simulations are performed by
using a recently developed force field based on second-order Møller−Plesset perturbation
theory calculations. Good agreement between the present results and the existing experimental
data is found on Au(111). On Ag(111) the comparison between theory and experiment is also
satisfactory for alkylthiolates with no more than 14 carbon atoms. The dependences of the
average tilt angle of SAMs on temperature and chain length are easily understood by means of a
simple single-chain model.

1. INTRODUCTION

During the last decades, self-assembled monolayers (SAMs)1

have attracted considerable attention in many fields owing to
their potential in a variety of technological applications, such as
protection of surfaces from corrosion, lubrication, wetting,
lithography, molecular recognition, optical and electronic
devices, and biosensors.1−3 In particular, as a prototypical
model for SAMs, self-assembled nonbranched alkylthiolates
S(CH2)n−1CH3 (hereafter called Cn) on metal surfaces have
been the focus of numerous experimental and theoretical
studies, owing to their convenience of preparation, relatively
high stability, high structural ordering, good adhesion to the
surface, and easiness of functionalization.1−6

From the fundamental point of view, SAMs of Cn

chemisorbed on Au(111) surfaces have been the object of
the most extensive investigations over the last three decades.7 It
is well-known that the saturation coverage is 1/3 monolayer
(ML), which is the ratio of the number of molecules to the
number of metal atoms of the outermost layer from the ideal
unreconstructed surface. Earlier scanning probe microscopy8

and low-energy electron diffraction (LEED)9 experiments
established that such a densely packed and well-ordered SAM
forms a hexagonal arrangement with the nearest neighbor
(NN) S−S distance a = 4.97 Å. This structure can be ideally
represented by a so-called (√3 × √3)R30° unit cell
commensurate with the gold lattice (see Figure 1a). Later on,
further experiments by means of low-energy helium10−12 or
electron13 diffraction, grazing incidence X-ray diffraction
(GIXD),14 atomic force microscopy (AFM)15 as well as

scanning tunneling microscopy (STM)16−19 found an alter-
native phase of Cn SAM on Au(111) characterized by the so-
called c(4 × 2) superlattice of the (√3 × √3)R30° unit cell.
Aside from the two-dimensional lattice periodicity, one of the

most important structural characteristics of Cn SAMs on
Au(111) is the orientation of the molecular chains.5 It has been
generally accepted that on Au(111) surface the Cn backbones
are not standing upright on the substrate but significantly tilted
away from the surface normal by a certain angle θ (called “tilt
angle”; see Figure 1b). The tilt angle can be measured by
various experimental techniques, such as GIXD,14,20,21

reflection absorption infrared (RAIR) spectroscopy,22−24 near
edge X-ray absorption fine structure spectroscopy (NEX-
AFS),25,26 surface plasmon spectroscopy27 and STM imaging.28

Although the estimated average tilt angle can vary with different
experimental methods and conditions, the value typically falls in
the range 30−40°, not much dependent on the chain length n.
The ordering of Cn SAMs on Ag(111) at full coverage is also

a hexagonal packing29 but more complicated than on Au(111),
although both metals are isoelectronic and have similar lattice
parameters in bulk. As revealed by LEED and sum frequency
generation (SFG) spectroscopy,30−32 the structure of C1 SAM
on Ag(111) can be described using a (√7 × √7)R10.9° unit
cell with an S−S spacing a = 4.41 Å, indicating a denser packing
than on Au(111) (a = 4.97 Å). The difference in the SAM
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structures of Cn between Au(111) and Ag(111) still demands a
convincing explanation, for which some theoretical efforts have
been made.33

From the theoretical side, a large number of simulations34−58

have been carried out for these systems, especially for Cn SAMs
on Au(111) surfaces. There are two aspects that theory tries to
elucidate.59 The first one is the interaction between the
molecules and the metal substrate, which determines
adsorption sites and geometries of the adsorbate as well as
possible reconstructions of the surface. To describe satisfac-
torily such a molecule−substrate interaction, density functional
theory (DFT) computations are usually performed. Due to
their expensive computational cost, however, normally only
static calculations are carried out to search for minimum
energies and structures and the systems are generally limited to
short-chain molecules (mostly methylthiol) on unreconstructed
surfaces (mostly Au(111)). The other aspect is the
intermolecular chain−chain interaction among the molecules,
which determines, at least to a considerable extent, the
arrangement of the SAM, especially for long-chain molecules.
Unfortunately, standard DFT calculations capable of coping
with molecule−surface interaction cannot treat properly the
vdW interaction between alkyl chains, which instead requires
time-consuming high-level quantum chemical computa-
tions60,61 or the use of (usually empirical) corrective terms to
standard DFT.62,63 For molecular dynamics (MD) and Monte
Carlo (MC) simulations,46−58 empirical force fields (FFs) have
been employed to describe the chain−chain interaction among
alkylthiolates. Both united-atom (UA)46 and explicit-atom
(EA)43,64 FFs have been developed and compared37 for
SAMs of alkylthiolates on Au(111) surface. The former FF
model treats −CH2 and −CH3 groups as single interaction
sites, while in the latter model all the atoms are explicitly
represented. These FFs can provide a reasonably accurate
description of the dynamics of projectile/SAM collisions when
used in chemical dynamics simulations. Recently, we have
developed an alternative EA FF to describe the intermolecular
interaction of alkanethiols, based on second-order Møller−
Plesset perturbation theory (MP2) computations.60 Although
the previous FFs also give accurate SAM structures, the tests of
these structures in previous studies are not as extensive as in
our work. As an alternative option to other FFs, it has been

shown33,60 that our FF is also able to predict the lowest-energy
molecular orientations of Cn SAMs on Au(111) and Ag(111) in
agreement with experiments. For this reason, the choice of such
force field seems appropriate to investigate temperature effects
which are more pronounced for shorter chains, where explicit-
atom effects are expected to play a role.
In this paper, we present a systematic study of Cn (n = 3−20)

SAMs on various surfaces with emphasis on Au(111) and
Ag(111) at different temperatures using atomistic MD
simulations with the above-mentioned new FF. We will focus
on hexagonally packed Cn SAMs at saturation coverage. In
particular, we are interested in how the average tilt angle of the
SAMs on metal surfaces depends on the molecular chain length
and the temperature. This interest is not only of fundamental
importance but also has practical potential such as the
electronic transport properties of SAM-based devices. A recent
experiment65 on SAMs of C12, C16, and C18 on Au(111) surface
has clearly revealed that the tilting of the molecular chains
enhances significantly the junction conductance as well as the
surface work function, and such enhancement strongly depends
on the chain length. As observed in a more recent experiment,66

the increase of temperature gradually reduces the tilt angle of
the SAMs of Cn (n = 12−18) that are chemisorbed on silicon
surface, which consequently decreases the electronic current
through the SAMs.
The rest of the paper is organized as follows. Section 2 details

the methodology and setup of the simulations. Results are
presented in section 3 and discussed in section 4, followed by
the last section where conclusions are drawn.

2. COMPUTATIONAL DETAILS

2.1. Model Systems. In this study, we have systematically
examined the hexagonally arranged alkylthiolate SAMs with
various chain lengths (from C3 to C20) on Au(111) and
Ag(111) surfaces at different temperatures (T = 300, 200, 100,
50, and 10 K). Apart from the NN S−S spacings of 5.00 Å
(Au(111)) and 4.42 Å (Ag(111)), we have also investigated the
SAMs with other NN distances, such as 4.80, 4.85, and 4.90 Å,
in order to explore the dependence on the NN spacing a.
All the alkylthiolate molecules take an all-trans zigzag

conformation, since it has been shown that gauche defects
are generally less than 5% in Cn on Au(111), Ag(111), and

Figure 1. (a) (√3 × √3)R30° structure of alkylthiolate SAM on (111) surface. Yellow and brown circles represent sulfur headgroups and metal
atoms, respectively. The unit cell of the (111) surface and of the SAM is indicated by green and cyan lines, respectively. The red lines point out the
nearest neighbor (NN) and the next nearest neighbor (NNN) directions. (b) The definition of three orientational angles, θ, ϕ, and χ, and the vector
of the chain direction t.̂ Yellow, gray, and white balls represent sulfur, carbon, and hydrogen atoms, respectively. The unit cell of the SAM is also
depicted with dotted cyan lines.
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Pt(111) at 300 K.54 The orientation of an alkylthiolate
molecule is represented by three angles: tilt angle θ, tilt
direction ϕ and twist angle χ. The bakcbone direction can be
conveniently represented by the line connecting the sulfur atom
and the β-carbon atom (the one bonded to the −CH2S group).
The tilt angle θ is then defined as the angle between the chain
direction and the surface normal, as shown in Figure 1b. The
tilt direction ϕ is the angle between the S−S NN direction and
the projection of the chain direction onto the surface plane.
The twist angle χ is given by the dihedral angle between the
backbone plane (conveniently represented by the S−CC
plane, i.e., the one determined by sulfur, α-carbon and β-carbon
atoms) and the plane determined by the chain direction and
the surface normal.
2.2. Interaction Potential. For SAMs on metal surfaces,

the molecule−substrate interaction may be important and cause
the disordering of interfacial metal atoms. For instance, GIXD
experiments and DFT simulations59 have revealed that SAMs of
hexanethiol on Au(111) can affect the sulfur−gold interface by
a dynamical disorder with gold vacancies and addatoms
partially distributed in the first layer. Nevertheless, it is also
shown that the SAMs of hexanethiol still retain well-ordered
hexagonal array despite the interfacial disordering.59 Therefore,
in the present work, no surface is explicitly considered in our
MD simulations, since we aim at studying SAMs of
alkylthiolates with chains containing at least three carbon
atoms. That is to say, the only role of the surface in the
simulation is to fix the sulfur headgroups at the positions of the
adsorption sites corresponding to the hexagonal arrangement.
Therefore, the total potential energy of the system is given by
the sum of the interatomic interactions among alkylthiolates. As
shown previously in ref 67, this is a reasonable approximation
for the chain lengths considered in this work. The potential
energy surface that describes the interaction between
alkylthiolates has been taken from ref 60. This potential is
written as a sum of pairwise potentials following Buckingham
equation:68
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where N is the total number of atoms in the system and the
sum is over all pairs of atoms i and j. rij is the distance between
atoms i and j. Aij, Bij, and Cij are fitting parameters that depend
on the type of atom (sulfur, carbon, or hydrogen). In our
previous work,60 we have obtained the values of the Aij, Bij, and
Cij parameters by fitting the above analytical formula to results
obtained from MP2 computations performed for alkylthiolates
in the absence of the metal substrate.
2.3. Setup of MD Simulations. The MD simulations have

been performed using the DL_POLY2 package.69 We have
treated each molecule as a rigid body; that is, the intramolecular
distances between any two atoms remain constant. This rigid-
body approximation has been justified by a few simulations
taking into account bond bending and rotation (see section
4.1). The geometry of the molecules is fully optimized by DFT
calculations with the exchange-correlation functional of Perdew,
Burke, and Ernzerhof (PBE)70 using the VASP package.71−73

All sulfur atoms are placed at fixed positions corresponding to
the adsorption sites dictated by the hexagonal ordering (see
Figure 1). By assigning infinite mass to sulfur atoms, their
positions are unmovable during the whole simulation time.

Each molecule is allowed to swing, rotate and twist by varying
θ, ϕ, and χ angles, respectively.
The SAM is modeled using a 20 × 20 supercell containing

400 molecules, located throughout the surface plane by
applying periodic boundary conditions. We have also tried
other supercell models and confirmed that the 20 × 20
supercell has safely reached convergence for both energy and
average tilt angle (see Figure S1 in Supporting Information).
A series of MD simulations with five different temperatures

in descending order, T = 300, 200, 100, 50, and 10 K, are
sequentially performed in canonical ensemble (NVT). At the
beginning of the simulation for each temperature, Maxwell−
Boltzmann distributed velocities are randomly assigned to all
the atoms. The first simulation runs at 300 K for 500 ps with a
time step of 0.5 fs. The simulation time and time step have
been tested to be sufficiently large and small, respectively, to
allow the system to evolve and reach thermodynamic
equilibrium state. The first initial configuration is determined
by a full potential energy surface (PES) scanning based on the
single-chain model (see Section 4.2). That is to say, using a
periodic unit cell containing a single molecule, the three-
dimensional PES is generated as a function of θ, ϕ and χ angles.
Then the structural configuration corresponding to the global
minimum on the PES is taken as the initial configuration for the
MD simulation on the unit cell containing 400 molecules. The
first MD simulation is carried out at 300 K for 500 ps. The
statistics are collected during the last 200 ps for the averages of
energies and structural variables. The following MD simulation
at the next lower temperature is performed during 200 ps,
starting from the configuration obtained in the previous MD
simulation performed at higher temperature. The statistical
information is collected over the last 100 ps for these
simulations at lower temperatures. The same procedure is
used for MD simulations at lower temperatures.
In addition, a few annealing simulations have been carried

out which validate the MD simulations described above (see
Supporting Information). We also compared MD simulations
with MC simulations for C6 and C10 on Au(111) and Ag(111)
surfaces. Both MD and MC results are in reasonable agreement
with each other (see Supporting Information).

3. RESULTS
3.1. Cn on Au(111). The MD-simulated average tilt angles

⟨θ⟩ of thiolates Cn on Au(111) are summarized in Figure 2 and
compared with various available experimental measurements.
As we can see, our theoretical tilt angles at 300 K (solid line
with empty circles) are in good agreement with most of the
experimental measurements at room temperature (full
symbols). In order to compare experiment28 at 4 K, the
theoretical results simulated at 10 K are also presented by
dashed line in Figure 2. Still, the comparison shows a satisfying
agreement. These results validate the assumed theoretical
conditions used in our MD simulations, indicating that the
dominant factor of molecular orientations of alkylthiolate
chains on Au(111) is mainly intermolecular vdW interactions.
The tilt angles at room temperature obtained in previous
theoretical work53,54,56,58 are also given in Figure 2. Among
these theoretical works, only that of ref 56 has performed a
systematic MD study of the variation of the tilt angle with chain
length by using a UA FF. As can been in Figure 2, the overall
agreement with the available experimental data is better for our
data. The other theoretical results53,54,58 presented in Figure 2
have reported tilt angles only for a few chain lengths (typically
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one or two in the range of chain lengths considered in the
present work).
In addition, as shown by Figure 2, the average tilt angle ⟨θ⟩

of Cn (n ⩾ 4) on Au(111) slightly increases as the chain length
n increases and reaches an almost constant value of ∼35° for n
⩾ 10.
In order to investigate the effect of temperature on the

structures of Cn SAMs, simulated results at 300, 200, 100, 50,
and 10 K are compared in Figure 3. In Figure 3 (a), we can see
that as the temperature increases the average tilt angle ⟨θ⟩
decreases in all the cases of Cn on Au(111). But the effect of
temperature is becoming less important as the chain length

increases. For instance, when the system cools from 300 to 10
K, ⟨θ⟩ increases significantly from 17° to 30° for C4, while the
increase of ⟨θ⟩ is within 2° for longer chains Cn (n ⩾ 10).
Figure 4 shows the distributions of the three angles for C4,

C10, and C16 on Au(111) at different temperatures. As expected,

the distributions of these angles become narrower and sharper
as temperature decreases since the decreasing thermal energy
leads to less population on higher energy states in the system.
Moreover, at the same temperature, longer chains reveal
narrower distribution of tilt angle than shorter chains.

3.2. Cn on Ag(111). The simulated average tilt angles ⟨θ⟩ of
Cn on Ag(111) surface are within 5°, much smaller than those
on the Au(111) surface, as we can see in Figure 2. This is in
agreement with experimental measurements for C12 and C14 on
Ag(111).27 However, there is a remarkable disagreement
between theoretical and experimental tilt angles for Cn beyond
C16 (see Figure 2). For example, the simulated tilt angle of C18
on Ag(111) is only 0.6°, while the experimental estimation is

Figure 2. Average tilt angle ⟨θ⟩ as a function of chain length n
obtained from the MD simulations (empty symbols) in the present
and the previous work and from the experiments (filled symbols).
Solid and dashed lines indicate simulation results at 300 and 10 K,
respectively. Filled circles,21 filled diamonds,14 filled five-pointed star,20

filled brown squares,27 filled down-pointing triangles22 and filled left-
pointing triangles26 correspond to experiments on Au(111) at room
temperature, and filled right-pointing triangles28 indicate experiments
on Au(111) at 4 K. Filled red squares,27 filled cross74 and x mark24

correspond to experiments on Ag(111) around room temperature.
Empty five-pointed stars,56 empty square,58 empty down-pointing
triangle,53 and empty left-pointing triangles54 represent the simulated
tilt angles on Au(111) at room temperature by other theoretical work.
Empty right-pointing triangles54 show the simulated tilt angles on
Ag(111) at room temperature by other work.

Figure 3. Average tilt angle ⟨θ⟩ as a function of chain length n, obtained from simulations at different temperatures for Cn on Au(111) and Ag(111).
Dotted line with empty circles shows the optimal angle corresponding to the lowest energy configuration using the single-chain model of Cn SAMs.

Figure 4. Distribution of tilt angle for C4, C10 and C16 on Au(111) and
Ag(111).
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about 17°27 or 12°−13°.24,75 Monte Carlo simulations carried
out in previous work54 predict a tilt angle of 17° for C16 on
Ag(111), which is larger than the experimental value.
Therefore, in view that available experimental measurements
for Cn SAMs Ag(111) are rather scarce, more experiments
would be necessary in order to clarify this issue.
As pointed out by Vemparala and co-workers,58 the

difference of tilt angle between Cn SAMs on Au(111) and
those on Ag(111) can be qualitatively understood based on a
simple picture as follows. Assuming that the vdW interaction
among upright chains as a function of interchain spacing has a
minimum at amin = 4.7 Å, for a given interchain spacing a > amin
the vdW attraction is to be maximized by tilting the chains by a
certain angle θ = cos−1(3/[4(a/amin)

2 − 1])1/2. This gives an
estimated tilt angle of 23° for Cn on Au(111).58 In the case of
Ag(111), the chains keep upright since the interchain vdW
interaction is always repulsive (a < amin).
Contrary to the case of Au(111) substrate, for Cn on

Ag(111), when the chain length increases the average tilt angle
decreases, as demonstrated in Figure 4d. It is also interesting to
see that the average tilt angle increases as temperature
increases, showing the opposite effect to that in the case of
Cn on Au(111). To understand these differences, a simple
model is proposed and discussed in the next section.
One may notice an odd−even effect in the variation of tilt

angle with chain length for Cn on Ag(111), as shown in Figure
3b. This is probably due to the alternation of bond lengths in
the Cn alkylthiolates. According to our DFT geometry
optimization for the Cn (n = 1−6) molecules, the C−C bond
lengths show short−long−short alternation, which could be
responsible for the odd−even effect observed in Figure 3b.
Nevertheless, this effect is rather small (∼1°) and vanishes for
longer chains and at higher temperatures.

4. DISCUSSION

4.1. Effect of Bond Bending and Rotation. The MD
results presented in the previous section were obtained by
treating the whole alkylthiolate molecule as a rigid body. In
order to reveal the importance of the inclusion of bond bending
and rotation, we have performed several MD simulations
allowing all the S−C and C−C bonds to bend and rotate.
The bond bending interactions are described by a harmonic

valence angle potential

α α α= −U
k

( )
2

( )bend
b

0
2

where α is the bond angle, α0 the optimal bond angle and kb the
force constant. The recommended values54 of parameters α0
and kb are α0 = 114.4°, kb = 5.386 eV rad−2 for S−CC bond

angle and α0 = 109.5°, kb = 5.386 eV rad−2 for C−CC bond
angle, respectively.
The bond rotation interactions are included using the

Ryckaert-Bellemans dihedral angle potential54,76

∑ψ ψ=
=

U a( ) cos ( )
i

i
i

rot
0

5

where ψ is the dihedral angle of S−CC−C or C−CC−C
bonds, and the empirical parameters ai are +0.09614, +0.1260,
−0.1359, −0.03170, 0.2719, and −0.3264 eV for i = 0−5,
respectively.
The average tilt angles obtained from MD simulations

without and with the inclusion of bond bending and rotation
are compared in Table 1 for some systems. As we can see from
Table 1, the inclusion of bond bending and rotation in the
simulations does not change very much the values of the
average tilt angle, compared to the rigid-body approximation. In
this work, we have defined the tilt angle as the angle between
the surface normal and the line connecting the sulfur atom and
the beta-carbon atom (i.e., the second atom next to sulfur). The
latter coincides with the average chain direction in the rigid
model, but differs from it in the flexible chain model, since the
bonds are allowed to bend, swing and rotate. This gives rise to
some apparent deviations in tilt angle, especially at higher
temperatures. In any case, notice that, at the lowest temperature
considered in Table 1, the difference between rigid- and
flexible-chain models is very small (1−2 degrees). At higher
temperature, the differences seem to be larger, but standard
deviations in the flexible-chain results are also much larger
(partly due to our definition of the tilt angle and not to a really
physical effect), such that there is not a real incompatibility
between rigid- and flexible-chain results. The largest deviation is
found for C10 on Au(111) at 300 K, for which the difference is
about 9.4°. However, all the other cases listed in Table 1 show
fairly good agreement (within 5°) between the rigid-body and
the flexible molecular models. Additionally, we can also see that
the inclusion of bond bending and rotation slightly broadens
the distribution of tilt angles, which is due to the increase of
degrees of freedom considered in the more flexible model.

4.2. Interpretation by the Single-Chain Model. As we
have seen in Section 3, SAMs of alkylthiolate on Au(111) and
Ag(111) surfaces have quite different molecular orientations
and the temperature and chain length dependences of tilt angle
are opposite between these two substrates. In order to
understand these interesting behaviors, here we have proposed
a simple model for alkylthiolate SAMs.
In this model, the SAM is represented by a periodically

repeated unit cell containing only a single Cn molecule. Thus, in
this model (hereafter referred to as “single-chain model”) all
molecules are equivalently oriented and the whole SAM is

Table 1. Average Tilt Angles (in deg.) Obtained from MD Simulations without and with the Inclusion of Bond Bending and
Rotationa

C10 C14 C16

surface temp (K) rigid flexible rigid flexible rigid flexible

Au(111) 300 33.6±1.1 (24.2±5.7) 30.1±1.9 (25.5±5.5) 31.1±1.6 (27.0±5.6)
10 34.9±0.4 (35.1±0.8) 33.9±2.1 (34.2±0.7) 33.9±1.7 (36.2±0.7)

Ag(111) 300 1.4±0.7 (4.9±2.7) 0.9±0.4 (5.1±2.6) 0.7±0.4 (5.0±2.3)
10 0.9±0.3 (3.0±0.9) 0.5±0.2 (2.4±0.6) 0.4±0.2 (3.1±0.6)

aThe values inside parentheses are results using flexible molecular chains, and the values outside of parentheses are results using rigid molecular
chains. Subscript numbers indicate standard deviations.
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characterized by only three angles θ, ϕ and χ (see Figure 5).
The minima of the three-dimensional potential energy surface

U(θ,ϕ,χ) can be then easily determined. A one-dimensional
potential energy U(θ,ϕ0,χ0) can be defined as a function of tilt
angle θ, such that at a given value of θ the potential energy U
takes the minimum value with ϕ0 and χ0 being the optimal tilt
direction and the optimal twist angle, respectively. According to
this definition, U(θ,ϕ0,χ0) can be regarded as the minimum
potential energy path when varying tilt angle θ along the
potential energy surface.
It is worth mentioning that, for long-chain Cn (n ⩾ 10) on

both Au(111) and Ag(111) at 10 K, the values of θ0, ϕ0, and χ0
for the global minimum in the single-chain model are in good
agreement with the average values obtained from the MD
calculations (see Figure 3). This agreement implies that in our
MD simulated systems cooled from room temperature down to
10 K, the structure of the SAM would be close to global
minimum configuration. It also indicates that the single-chain
model is a reasonable simplification for the SAM of long-chain
alkylthiolates Cn (n ⩾ 10).
Then, the effect of temperature can be understood by using

the single-chain model of the SAM of alkylthiolates. As
mentioned in section 3, the average tilt angle of Cn on Au(111)
decreases as temperature increases. Let us take a look at the
U(θ,ϕ0,χ0) curve for C4 on Au(111) in Figure 6a. At a certain
temperature T, as we can see in Figure 6a, higher energy states
are populated due to thermal excitation within an energy
window kT (being k the Boltzmann constant), leading to a
significant spread of tilt angle θ around θ0, the tilt angle
corresponding to the global minimum. We can see in Figure 6a
that the interval of accessible θ values is not symmetric around
θ0; there are significantly more energetically accessible θ values
below θ0 than above θ0, i.e., Δθ− > Δθ+. As a result, by
averaging over the energy states within the expansion window,
the mean tilt angle ⟨θ⟩ becomes smaller and smaller as
temperature T increases. Furthermore, as shown in Figure 6a,
the U(θ,ϕ0,χ0) curves for C10 and C16 are much sharper than
that for C4, which explains the smaller effect of temperature on
θ for longer chain alkylthiolates.
As we have seen, the temperature effect for Cn on Ag(111) is

opposite to that on Au(111); the average tilt angle increases as
temperature increases. This can also be understood in a similar

way to that for Au(111) by looking at the potential energy
curve as a function of θ based on the single-chain model. As can
be seen (see Figure 3d), there is a fairly good agreement
between the average tilt angle from the MD simulation at 10 K
and the optimal tilt angle corresponding to the lowest energy
configuration based on the single-chain model. Figure 6b
illustrates the thermal spread of the tilt angle for C4 on Ag(111)
at a certain temperature T. It is clear that the interval of
accessible θ values above θ0, Δθ+, is larger than that below θ0,
Δθ−. As a result, the average tilt angle within the thermally
spread window increases as temperature T increases.
In addition, at the same temperature, longer chains reveal

narrower distribution of tilt angle than shorter ones, as
demonstrated in Figure 4. This is due to the fact that the
former gives sharper U(θ,ϕ0,χ0) curves than the latter (see
Figure 6). It is also worth mentioning that the discussion based
on the single-chain model can be made quantitative by applying
principles of statistical mechanics. By averaging over the
Boltzmann distribution of tilt angles along the potential energy
curve in Figure 6, we have calculated the tilt angles of C10 and
C16 on Au(111) and Ag(111) at various temperatures. The
results for the tilt angle and temperature dependences are in
good agreement with those obtained from the MD simulations
(see the Supporting Information).

Figure 5. Schematic illustration of the single-chain model for the SAM
of alkylthiolates on the (111) surface. The projection of molecules
onto the surface plane is represented by black sticks, showing the tilt
direction ϕ. Blue grids draw the lattice structure of the surface. Red
dotted lines illustrate the unit cell in which the single molecular chain
is highlighted in red.

Figure 6. Lowest potential energy curves as functions of tilt angle θ for
C4, C10, and C16 on (a) Au(111) and (b) Ag(111) based on the single-
chain model. The energy zero is set to be the lowest energy
corresponding to the global minimum on the PES for each chain
length. The thermal energy at temperature T is indicated by an energy
window kT, where k is Boltzmann constant. The corresponding spread
of tilt angle θ due to thermal excitation is indicated by expansions Δθ−
and Δθ+ around θ0 that corresponds to the global minimum.
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5. CONCLUSIONS
In conclusion, we have presented a systematic MD study of the
structure of hexagonally packed SAMs of alkylthiolates on
various metal surfaces, with especial attention to Au(111) and
Ag(111). The MD simulations have been performed by using a
recently developed FF based on MP2 calculations. Good
agreement between the present results and the existing
experimental data is found for Au(111). Variations in the
structure of these SAMs as a function of temperature, alkyl-
chain length, and anchorage-site spacing have been investigated.
We have found that, on Au(111), the average tilt angle slightly
increases with chain length up to around 30°, while it slightly
decreases on Ag(111) from around 5° down to almost 0°. For
both systems, the variation with temperature is small and is the
opposite for Au(111) and Ag(111). The present results also
show that the key parameter that makes the geometry of SAMs
so different on Au(111) and Ag(111) is the anchorage-site
spacing. All the results can be easily understood by means of a
simple single-chain model. The predictions of the MD
calculations are confirmed by representative Monte Carlo
simulations performed with the same FF.
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