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A detailed investigation of the effect of the substrate on the structure and conformation of alkanethiol self-
assembled monolayers is presented through detailed atomistic simulations based on a first-principles density
functional modeling of the sulfarmetal interaction. Ab initio calculations on a methanethiol molecule adsorbed

on different metal surfaces (gold, silver, and platinum) are conducted, and the data obtained are used to
develop an accurate classical force field for the sutfmetal interaction. This serves as input to a very efficient
Monte Carlo algorithm with which detailed atomistic simulations are carried out with a number of model
alkanethiol self-assembled monolayers (SAMs) adsorbed on the three different substrates. Emphasis is given
primarily to the study of the effect of the substrate on the structural properties of the simulated alkanethiol
SAMs, such as molecular orientation, molecular conformation, and statistics of gauche defects, as a function
of their chain length.

A. Introduction diffraction as well as STM studies have indicated a lattice

The spontaneous adsorption of relatively short molecules constant of 4.6:4.8 A and an overlayer similar to the/_.x
(10-20 methylene groups) of the alkane class onto metal v¥7)RL0.9 one, but with two domains rotated by24° with
surfaces, through the replacement of the terminal methyl (R- fespect to each other(2° with respect to the Ag(111) plane
or -CHs) group with a functional group (e.g., a mercaptan group, 'ather than 10.9.1314 Because of the difference in the-S
-SH), leads to R SH systems with well-defined structures, the distance, it is expected that thiolate monolayers on Ag(111) are
so-called self-assembled monolayers (SAMs) whose novel more densely packed than those on Au(111), which should
properties render them very useful in many app"catpo’hsl generally result in smaller tilt angles. (See Figure 2 for a
Alkanethiol-based SAMs on the Au(111) surface, in particular, Schematic description of the angles characterizing th&&R
are commonly used as a prototypical model in experindetits chain backbone structure). Indeed, although the range of reported
for studying specific structural features of monomolecular films Vvalues for the tilt angle of an alkanethiol on an Ag(111) surface
and how chemical alterations in the chain backbone and/or theranges from 0 to 1413 the consensus is that in an-SH/
terminal group affect the structure of the formed film. Unfor- Ag(111) SAM the thiolate chains are practically standing normal
tunately, despite the extensive literature on the properties of t0 the Ag substrate.
organosulfur adsorbents (especially thiolates) on the Au(111) Contrary to the Ag surface, adsorption of alkanethiol mono-
metal substrate, little is known about the formation of al- layers on Pt has not been studied extensively and little is known
kanethiol-based SAMs on the Ag(111) surface, and even lessabout the structure and properties of the corresponding thiol-
on the Pt(111) one. For example, despite the similarities of based SAMs. It has been found that the chemisorption of a
Au(111) and Ag(111) substrates (same symmetry, similar lat- methanethiol on a Pt(111) substrate at room temperature (298 K)
tice spacing, etc.), alkanethiol films formed on an Ag(#41) leads to a+{/3 x +/3)R30° pattern with the S atoms occupying

surface display significant differences compared to theSR/ the threefold hollow fcc sites and the C ones residing above
Au(111) systems, such as a different packing of the S atoms: the hcp threefold site®. The same structure has been observed
in the case of the Ag(111) surface, this is described\éfs( for a number of larger alkanethiol molecules (1-hexanethiol and

VT)R10.9, as compared to the/@ x +/3)R30° packing on 1-nonanethiol) as well as for benzenethiol ones, with a value
Au(111) with a S-S spacing of 4.41 A as observed for a Of the S-S lattice spacing in the latter ca. 4-81%2\- _
chemisorbed methylthiolate by SFG spectroscopy (see parts a From the point of view of molecular simulations, attention
and b of Figure 132 However, for larger molecular sys- has been paid mainly to the investigation of structural properties

tems, such as CYiCH,)eS and CH(CH,):7S, He and GIX and domain formation of thiol-based SAMs formed on a Au-
(111) surface. From the molecular point of view, the formation
* Authors to whom correspondence should be addressed. E-mail: Of the monolayer and its highly ordered structure are governed
hal;manda@mpip-mainz.mpg.de; dellsite@mpip-mainz.mpg.de. by mechanisms involving a number of complicated interactions,
. Max Planck Institute for Polymer Research. such as sulfurmetal chemical bonding, van der Waals interac-
University of Patras. . . . .
S Institute of Chemical Engineering and High Temperature Chemical tiOns, entropy loss of the adsorbed chains, hindered chain and

Processes. segmental mobility, and thermal effects. To elucidate them,
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a was presumed; the S atoms were arranged inva &
. . «/1_3)R30° hexagonal lattice, and the molecules adopted an all-
. . trans configuration with the planes of the C backbones in a
4 ) herringbone arrangement. This issue was addressed only very
Ay . ;-"" . recently through the development of an efficient MC algorithm

. capable of driving a random configuration of a system of
alkanethiol molecules to the Au(111) surface, thus leading to a
.Q highly ordered final structure representative of the monolayer
. formed in an actual experiment irrespective of the initial séfup.
In addition to classical simulations, first-principles (ab initio)
. calculations have been carried out in order to clarify aspects of
. . the chemisorption of alkanethiols on different metal substrates
concerning, for example, the geometry and energetics of the
sulfur—metal bonding®=2° Through fits to an empirical poten-
tial, these ab initio calculations can further provide the necessary
data for subsequent use in MD simulatiGis®2 On the basis of
. this idea, we present here results from classical simulations in
. which a quantum-based, first-principles parametrization of the
. sulfur—metal interaction was utilized. This methodology allowed
. . us to investigate the interaction of alkanethiol SAMs with
different metal surfaces, beyond the well-studied FH/Au-
. (111) system. The approach entails the development of an
accurate classical force field for the description of the interac-
. . tions of alkanethiol molecules with the considered metal surface,
. . using data provided by CaiParrinello MD calculationg? This
. . force field is next used as input in the recently proposed
. . . atomistic MC algorithn?? and predictions are made for the
. structural properties of the simulated bulk multichain system
through detailed atomistic-level simulations. This has allowed
Figure 1. (a) Sketch of the /3 x +/3)R30° lattice formed by S us to study the structure of adsorbed alkanethiol chains on three
atoms (gray circles) occupying the threefold sites of an ideal Au(111) different metal surfaces (Au, Ag, and Pt), and its dependence
substrate (yellow circles). The vectors represent the nearest-neighboron chain length. The novelty of this modeling approach entails
(NN) (dashed lines) and next-nearest-neighbor (NNN) (dotted lines) di- i, the systematic investigation of the effect of the substrate on
rections. The unit cell of the Au(111) plane is also shown with the thick the structure of the formed monolayer and the different degrees

solid orange lines. (b) Sketch of the/T x v/7) RI0. structure. o i organization that can be achieved by switching from
Yellow circles represent the Ag atoms, while the black and gray circles
one substrate to another.

represent the S atoms residing on the top and threefold hollow sites, - i ) . )
respectively. The paper is organized as follows: Section B discusses details

of the simulation technique (simulation tools used in the work
and description of the force field development). Results
concerning the structure of a number of alkanethiol SAMs
characterized by different chain lengths on the three metal
surfaces are presented in section C. The paper concludes with
section D summarizing the most important results of the work.

B. Simulation Methodology

1. Ab Initio First-Principle Calculations. The ab initio (first-
principles) calculations were performed with a £+6 molecule
adsorbed on the (111) planes of a Au, Ag, or Pt surfdead
allowed us to extract information about the favorable adsorption
X sites for each surface, the strength of the suiBurface bonding

(adsorption energy), and its geometrical characteristics. They

were carried out with the density-functional-based finite-
Figure 2. Schematic illustration of the angles defining the orientation electronic temperature method (FEM‘@)mplemented in the
of an adsorbed alkanethiol moleculé;, is the tilt angle of the chain, plang-wave-based CPMD cogfeln this method, the el_eCtror!
¢ is the twist angle for rotation about the chain axis, aridl the tilt density and the HellmannFeynman forces are determined via
direction (precession) angle. a subspace diagonalization of the high-temperature electron

density matrix. The subspace was expanded in a plane-wave

various models and approximations have been proposed and dasis set with a cutoff of 60 Ry (this turned out to be sufficient
number of atomistic molecular dynamics (MD)?* and Monte after test runs using higher cutoff values, up to 90 Ry). We
Carlo (MC¥223 simulations have been carried out addressing employed norm-conserving-type pseudopotentials, generated
aspects related mainly to the bonding of the S atoms on the Auaccording to the TroullierMartins scheme, except for S where
surface and the thermal behavior of the monomolecular film. we made use of a Goedecker-type. All of the pseudopotentials
In the majority of the cases, these simulations were started fromwere accurately tested to provide correct predictions of the bulk
an initial configuration where the initial setup of the system and surface properties of the metals, and of the structural
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i the most stable one, after optimization of the whole structure,
was used to model the adhesion of the molecule to the surface.
For this work, in particular, only the data of the most stable
configurations were used (see Table 1). A more detailed
Carbon description of the ab initio study will be presented elsewRere.
a 2. Force Field DevelopmeniThe second stage of our
simulation approach refers to the development of an accurate
Sulfur classical force field for the sulfarmetal interaction. For this,
we are using the data from the ab initio calculations, presented
in the previous section. Our classical simulations use a flat
Metal surface model; that is, metal molecules are not explicitly present.
The interaction of the substrate with the sulfur head group is
considered as a function of two contributions; the filgz),
Y describes the-dependence of the interaction between S and
Figure 3. Drawing of the metatS—CH, anglea. and the minimum metal, while the secondj(a), describes interactions associated

distancehs, of the S atom from the surface, as defined in the ab initio with the orientation of the molecule:
(first principles) calculations with the adsorbed £+$ molecule on

the three surfaces. Vmetaksulfur = V(Z) + Vb(a) (1)
TABLE 1: Data Acquired from the Ab Initio (First Thez-dependent distan_ce potenti(z), is described by a 123
Principles) Calculations for the Stable Geometries of the Lennard-Jones potential of the form
CH3—S Molecule Adsorbed on the (111) Planes of the Au,
Pt, and Ag Surface$ Vi Cp, C; )
Au Pt Ag @)= A2 A (2)
Eaas(kcal/mol) —40.6 (fcc) —61.8 (fcc) —44.8 (fcc) o
hs(A) 1.7 1.6 1.8 where G, and G are parameters characterizing the strength of
o (deg) 0.85 13.1 22.4 the potential. To calculate;€and G, we use the CPMD data
aThe favorable adsorption sites are given in brackets. about the adsorption enerdass Of the methanethiol (Ckt

S) and the perpendicular distantg, of the S atom from the
properties of the thiol molecule. The PBE generalized gradient surface from the ab initio calculations described in the previous
approximation was also appliégl. section (see also Table 1). The values of the derived parameters

The prototype system consisted of a (111) surface, modeledare shown in Table 2. Note th&,gs is very high andV(2)
with four layers with the bottom two being kept fixed during describes the Smetal bond. TheVy(a) term describes the
the geometry optimization process, and a methanethiol molecule,orientation of the bond connecting the S atom with the first
on which we carried out a full geometry optimization. We CH, group of the alkanethiol molecule with respect to the metal
employed supercells of lateral dimensions corresponding to surface through the angte(see Figure 3); the equilibrium value,
arrays of 3x 3 atoms. Geometry optimizations were carried o, of this angle is directly available from the ab initio
out at each high-symmetry site of the 111 surfaces (that is, atop,calculations with the Ck& molecule (see Table 1). A harmonic
bridge, fcc hollow, and hcp hollow). For each site, several potential is used to describe the thermal fluctuations associated
molecular orientations were considered as initial geometry and with the metal-S—CH, angle,a

TABLE 2: Interaction Parameters of the Molecular Model Used in our Simulations

type of interaction and

potential function type of interacting sites
bond-bending interactions CH,-CH,»-CH, metal-S-CH
Vbend(g) = 1/2kb(0 - 00)2 (X =2, 3) S-CH-CH, Au Ag Pt
6o (deg) 109.5 114.4 0 22 13
ko (kcal moltrad>) 124.2 124.2 124.2

dihedral angle interactions

n

i X-CHz-CHy-CH;
Vior () = o008’ (9) (X =S, CH, CH)
i=0

o (kcal mot?) 0o = 2.217hy = 2.9054, = —3.135
0 = —0.731hy = 6.271hs = —7.527

nonbonded interactions -5
Vi (rij) = 4€ij [(O‘ij/l’ij)12 — (ai,-/rij)ﬁ] Au Ag Pt S—CHZ S—CH3 CHZ—CHZ CHZ—CHg CH3—CH3
g (A) 4.428 4.205 4.241 3.7233 3.7233 3.905 3.905 3.905
€ (kcal mol?) 0.2504 0.1719 0.2094 0.118 0.1437 0.1751
atom—surface interactions -Smetal CH—metal CH—metal
Vmetar= C12/242 — Co/Z Au Ag Pt Au Ag Pt Au Ag Pt
C12(10" kcal A-12mol?) 0.846 2.397 0.579 158.208 192.722

Cs (10 kecal A-3mol?) 2.707 3.778 3.375 0.783 0.953
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Figure 4. Time evolution (in MC iterations) of the tilt angle for theidS system on the three metal substrates.

TABLE 3: Systems Studied and Simulation Details

simulation details and surface properties

systems simulated

CHa(CHp)-SH,n= 9, 15, 21

Au Pt Ag
surface cell dimensions (A) 54.67 43.041 52.36x 41.223 51.92< 40.876
S-S lattice spacing (A) 4.97 4.76 4.72
temperature (K) 300 300 300
number of alkanethiol molecules 110 110 110
1 2 parameters taken from the literatdfeFinally, to restrict the
Viy(@) = 2 k(o = 0to) ®) mobility of S atoms, which is quite high due to the flat surface

where the constark, was chosen to be equal to that used to
describe the interaction of the GHCH,—CH, bending angle

model, and stabilize their spacing to its experimental value, a
larger value (compared to the Hautmaflein model) of the
core size for the SS interactions (different for each surface)

(see Table 2). This (bending) potential is intended to describe was used? Note that the classical force field developed here is

all of the contributions from the interaction of the first gH
group with the metal surface; that is, the first £gtoup is not
interacting additionally with the substrate.

the first step in a hierarchical modeling scheme for the
simulation of these highly organized systems, which combines
guantum, first-principles calculations and classical simulations.

For the classical simulations, a united atom model was used, It is also very promising that the results obtained about the
which distinguishes between three different types of atomistic structural properties of the formed SAMs (see the next section)

units: methyl (CH), methylene (Ch), and mercaptan (SH).

are in very good qualitative and quantitative agreement with

The rest of the atomistic model includes the bonded and the available experimental data. However, the assumption of a
nonbonded interactions between interacting units and is basedlat surface model imposes certain limitations on the predictive

on the united atom representation of Hautman and Ki€ihe

capability of the model, especially for length scales down to

bonded part of the force field includes bond bending and one atomic diameter from the substrate2-3 A). For this
dihedral angle interactions (bonds are kept fixed, equal to 1.84 reason, in the future, a more detailed classical force field should

and 1.53 A for the SC and all C-C bonds, respectively),

be developed with individual metal molecules being explicitly

whereas the nonbonded interactions are described through aaken into account. The possibility of sulfur atoms forming

standard Lennard-Jones potential. As far as the a@ttl Ch

dimers on the metal surface should also be examined and

units are concerned, their interactions with the surface were analyzed by performing ab initio calculations with more than

described via a standard 42 Lennard-Jones potential with

Figure 5. Final configuration of the @S/Au system. The yellow

one CH—S molecule.

The values of all of the parameters of the developed classical
force field are summarized in Table 2.

3. Atomistic Simulations and Systems StudiedTo equili-
brate the initial configurations of the alkanethiol molecules on
the three metal surfaces and study their structural properties,
MC simulations were carried out using the developed force field.
The corresponding MC algorithm is based on the implementa-
tion of various, widely known moves, which were modified here
to account for the different structural parameters along an

spheres represent the S atoms, while the C atoms are depicted by darkalkanethiol chain. The MC moves employed in the atomistic

gray spheres.

simulations of the present study are the following:
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Figure 7. Normalized distributions of the molecular tilt angly, in the GeS/Au, GeS/Pt, and GS/Ag systems.

TABLE 4: Selected Results from the Monte Carlo Simulations

properties simulated systems
Au Pt Ag
CiS CieS G2S CiS CieS &S CioS CieS S
<Zai> (A) 12.8+0.17 19.1+0.24 26+ 0.31 13.8£0.21 20.6+0.24 27.3t0.24 14.4+0.14 21.3+0.36 28+ 0.22
experimentakzgq> (A) 12.5-15.6 18.3-22.0 24.0-32.0 13.6 21.4 29.2 215
<6m> (deg) 294420 309+18 29.7+1.6 17.1+4.2 20.2+3.0 22.2+1.8 7.7+33 16.8+£50 20.1+1.8
<x> (deg) 11.9 14.1 24.0 16.7 221 235 14.6 18.8 23.6

(1) Theflip move, which involves the rotation of an internal monomer in the cut segment in a biased fasifoti,(4) the
atom along an alkanethiol chain about the axis connecting the bias reptationmove, which is a variant of thgeneralized
two atoms on the two sides of the selected atom, by altering reptationmove accounting for the sulfur atom. Upon selection
the corresponding dihedral angle, (2) teed atom rotation of this move, the two end atoms (S, @ralong an alkanethiol
move, which also consists of changes in the dihedral angle of chain are extracted and the gatom is regenerated in the place
a chain’s end atom and its rotation about the axis of the bond of S atom; at the same time, the type of thes@itbm is changed
prior to the last one, (3) theonfigurational biasedCCB) move, to CH, and the S atom is rebuilt over the new £ionomer,
which involves the deletion of a number of monomers along and finally (5) theconcerted rotatio(CONROT) move8:3?
an alkanethiol chain and a step-by-step regeneration of everywhich involves removing a trimer of consecutive internal atoms
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Figure 9. Percentage of bonds in the gauche configuration for dihedral angles along the adspfetdhs on the three different metals. The
first dihedral angle coincides with the third bond and involves the S headgroups.

in the alkanethiol chain and driving the two neighboring to the of gauche defects near the chain ends. We discuss all of them
trimer atoms through a change in the pertinent dihedral angles.in detail in the next section.

Given the new positions of the two driven atoms, a new trimer

is constructed between them in such a way that the bonds ofC. Results and Discussion

the altered segment preserve their equilibrium lengths. A more

detailed description of the MC algorithm will be presented S_y_stem_ Equilibratiqn. AS an indicz_ation of th_e system
elsewher@? equilibration, we plot in Figure 4 the time evolution (in MC

Th di lassical simulati isted fsteps) of the tilt angle as a function of the number of MC
110 elksystehmsl us? |r|1 our ¢ iﬁ'ca sw;:u atlogs consisted Ofjiaations for the @S system for the three different substrates

alkanethiol molecules {SCn—Hzn1) Whose adsorption on a4 \yere used in our MC simulations. It is obvious that the tilt
the three metal substrates (Au, Ag, and Pt) was studied for three

. . . angle for each one of the three systemgsBTAU, GS/AQ,
dlffer_er_lt_ chain '?”gth?" equal o= 10’.16’ af‘d 22, respectively. C16S/Pt) has reached its equilibrium value in the course of the
The initial configuration is the one in which the S atoms are

di h | latti d th lecul q q MC run and thus can be calculated accurately by averaging over
arranged in a hexagonal lattice and the molecules adopted aly,q 4ccymulated configurations in the equilibrated regime. The
all-trans configuration with the planes of the C backbones in a

herrinab he alk hiol chai ame trend was observed for the rest of the structural properties
erringbone arrangement. The alkanethiol chains were arrangeq,, 5 mined here. A typical example of the final configuration

in an orthorhombic simulation box yvith 'differer}t dime.nsi.ons for the S—Cie—Haa System on the Au(111) substrate is shown
Ly, Ly, andL, along thex, y, andz directions, with periodic in Figure 5 (side view).

boundary conditions being applied only in the surface plane. Mean Atom Height and Monolayer Thickness @ai). The

Thel, f%”d Ly values were dlffe_rent for gach metal surface; on average atomic distances of @8 chain from the three different
the basis of the experimental information about the molecular surfaces is depicted in Figure 6. In all cases, the averaged
. . - Qiistance is observed to vary linearly with atom ranking number,
L and Ly oﬂmensmps were calculated to comply with the typical of a fully extended chain conformation in the formed
corresponding packing (3 x +/3)R30" for Au and Pt, and monolayer. The fact that-RSH chains on Ag appear to be more
(V7 x VT)R10.9 for Ag) and for a given lattice spacing. A stretched than on Pt and especially on Au is directly related to
summary of all simulated systems is given in Table 3. All the different tilt angle characterizing the simulated systems in
simulations were carried out at the temperaflire 300 K in the three cases, as discussed in more detail below. Also,
the canonical (NVT) statistical ensemble. irrespective of the chain length, thadistance of the last CH
The simulations were executed until all properties of the group in the chain indicates a thicker monolayer for the film
systems under study were observed to fluctuate around aformed on the Ag substrate. The averagg.i> values for all
constant average value characteristic of a system at the state obf the simulated systems are summarized in Table 4 and are
thermodynamic equilibrium. The next step was to average over fully consistent with the available experimental d&té42 for
a large number of fully relaxed accumulated configurations to the same chain lengths and substrates. Noteworthy in the data
accurately predict their structural and conformational properties of Table 4 is the relatively wide range of the reported experi-
as a function of metal surface and chain length. The propertiesmental data for<z,> for SAMs adsorbed on the Au(111)
that are of interest in this work are the ones defining the surface.
molecular orientation of the alkanethiol self-assembled mono- Metal Surface Dependence of Tilt Angle €,,). Table 4 lists
layer, namely, the tilt angled(,), the tilt direction or precession  the average values of the molecular tilt andlg, for all nine
angle §), the thickness of the monolayer, and the percentage simulated systems. The tilt angle follows the same trend
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irrespective of the type of the metal substrate and/or the C3S) the distributions of the tilt angle on the Pt and Ag metal
molecular length of the system; the alkanethiol monolayers surfaces are broader than those on the Au one, reflecting a
formed on the Ag substrate tilt less than those formed on the smaller degree of uniformity of the tilt structure for these
Pt or Au ones (30.9for Au, 20.2 for Pt, and 16.8for Ag on substrates. As the chain length increases, the distributions
average). This is also shown in Figure 7, where the normalized become less broad; that is, the uniformity increases.
distributions of the tilt angle for the S system are presented Gauche Defects for Different Metal SurfacesTo determine
for all three metal surfaces. As expected, the tilt angle follows whether or not the alkanethiol molecules are predominantly in
a normal distribution, which is consistent with the interplay of the all-trans configuration, we investigated the percentage of
chain packing and-Smetal interaction: an increase of the lattice gauche defects as a function of bond ranking number along the
spacing (going from Ag, to Pt, to Au) leads to a less dense R—SH chains. One would expect that most of the defects would
packing of the monolayer and thus to higher tilting of the$H occur in the last bond because the methyl tail group has more
chains. freedom of rotation compared to the internal atoms. This was
Tilt Direction (Precession) Angle ). Figure 8 shows the  indeed observed to be the case for all simulated systems. In
normalized distributions of the precession angfg ¢btained Figure 9, for example, we show the distribution of gauche
from the MC simulations for the three metal substrates: Part a defects along a {gS chain and how it varies with changing the
corresponds to the6S system, part b to the;6S system, and metal surface. In fact, one can observe an oscillation in the
part ¢ to the GS system. Tilt direction angles can be defined fraction of the gauche defects between a maximum and
with respect to the nearest neighbor (NN) or next nearest minimum value for every other bond. This kind of arrangement
neighbor (NNN) vectors (see Figure 1a). In this work, we define among a system of densely packed molecules is energetically
x as the angle formed by the projection of the chain end-to-end favorable over a random distribution of trans and gauche defects
vector on the surface with respect to the NN direction vector because it leads to conformations with no overlaps between
(Figure 2). For a perfect two-dimensional hexagonal lattice, one neighboring molecules and it has also been observed else-
expects it to fluctuate in the interval between 0 and &@th where!”19In all cases, the percentage of gauche defects is very
the two boundaries corresponding to the nearest and next nearesgmall (at most 4%) for all bonds, except the last one. The higher
neighbor cases, respectively. Taking into account this notation, gauche defects of the first even-numbered bonds (mainly the
it is obvious from Figure 8 that the various systems do not fourth and the sixth ones) compared to the rest of the bonds is
display the same behavior, especially the shorter ones: there isexpected due to the constrained meta+CH, bond-bending
a clear preference (see Figure 8b and c) for the alkanethiol angle, which makes it more difficult for these bonds to be in
SAMs formed on Ag and Pt substrates to tilt toward the next the trans state. However, a clear quantitative difference is
nearest neighbory(~ 25°), which increases slightly as the observed between the different substrates for the defects of the
molecular length increases. Alternatively, there are different last bond. For the Au surface, the percentage of gauche defects
aspects characterizing the behavior of tilt angle direction on is larger (around 6.3%) than that for the Pt and Ag ones (around
the Au surface, as can be seen in Figure 8a and b, for the two2.5-3%). This is directly related to the different values of the
smaller molecular lengths (€S and GgS), alkanethiols on Au S-S lattice spacing constant; that is, a largerSsdistance for
tilt toward the nearest neighboy & 10°); however, as their ~ the Au substrates leads to more free volume in the system and
length increases, chains show a strong tendency to orient towardo higher probability of the gauche states for the last bond.
the next-nearest-neighbor direction £ 25°). This trend has Chain Length Dependence of the Tilt Angle @n,). The
also been observed in experimental measuremeésimarized distributions of the tilt anglefn,, are presented schematically
in Table 4 are the average values of the precession angles foin Figures 10 and 11; the latter shows the chain length
all of the systems studied in the present work. It is also dependence of the average tilt angle for all studied systems.
interesting to observe (compare, for example, the tilt direction There is a striking difference in the variation of the tilt angle
graphs in Figure 8a to c) that for the shorter systemg@nd with molecular length for the case of the Au surface compared
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to the other two (Ag and Pt): As can be seen both from Figures utilized in order to attach different kinds of molecules above a
10b, 10c, and 11 and from the average value@,ph Table 4, metal surface (e.g., to immobilize biomolecules) by altering the
the tilt angle increases as the chain length increases for Ag andfunctional endgroup while simultaneously initiating the growth
Pt. This chain length dependence of the tilt structure reflects of the adlayer toward a structure with, for example, a certain
the competition between interchain forces, which, for a fixed molecular orientation. In addition, if we take into account the
substrate type, are increased with increasing chain length. Onquantum-based parametrization of our classical modeling ap-
the other hand, the behavior of the tilt angle on Au is more proach, and also the very good agreement with the experimental
complex: the tilt angle does not change dramatically with data, then this simulation methodology can be used as a
increasing molecular length as for the case of silver and platinum modeling tool for predicting properties of SAMs systems, for
surfaces. It is also interesting that, overall, all three systems different chain lengths, temperatures, and substrates.
(C10S, G6S, and G;S on the gold substrate) exhibit very similar
tilt angle values (around 3 Experimentally, as far as the Au Acknowledgment. We are grateful to R. Caputo and L. M.
surface is concerned, the tilt angle is found to vary from 33 to Ghiringhelli for helping us with the ab initio calculations. Very
29 as the chain length increases from 10 to 25 carbon atoms. fruitful discussions with N. van der Vegt and M. Praprotnik
To the best of our knowledge, there is no experimental are greatly appreciated. O.A. acknowledges the funding of the
information about the tilt angle dependence on chain length for international Max Planck Research School as well as the
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