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ABSTRACT

Self assembled monolayers (SAM) of dodecyltrichlorosilane (DTS) and octadecyltrichlorosilane
(OTS) on silica are studied by molecular dynamics simulations at 298 K, 1 bar. The coverage
(number of alkylsilane molecules per surface area) is systematically varied. The results yield
insight in the properties of the alkylsilane SAMs, which complement experimental studies from
the literature. Relationships are reported between thickness, tilt angle, and coverage of
akylsilane SAMs, which aso hold for akylsilanes other than DTS and OTS. They are
interpreted based on the information on molecular ordering in the SAMs taken form the
simulation data. System size and simulation time are much larger than in most former simulation
works on the topic. This reduces the influence of the initial configuration as well as the periodic
boundary conditions, and hence minimizes the risk of artificial ordering. At the same time, more
reliable statistics for the calculated properties can be provided. The evaluation of experimental
datain the field is often based on strongly simplified models. The results from the present work
suggest that some of these lead to errors which could be avoided by introducing more realistic

models.



INTRODUCTION

Self-assembled monolayers (SAMs) are widely used for modifying substrate surfaces. Bigelow
et al.! first reported on self-assembled monolayers on a substrate in the late 1940s. The covalent
binding of molecules to a suitable substrate and the self-assembly process leads to a very dense
and robust monolayer. A large variety of surfaces can be modified by silane molecules, as for
instance silicon?, glass®, metal®, mica® or polydimethylsiloxane®. Depending on its end group, the
silane transforms those substrates into hydrophobic or hydrophilic substrates. Silane SAMs on
silicon wafers are a common model system because of their highly controllable properties. A
dense silane monolayer forms an extraordinarily homogeneous surface, both chemically and
topographically. By choosing the end group of the silane, the surface wettability can be tuned. A
silane SAM with a hydrophobic tail group such as CHsz on a formerly hydrophilic silicon-oxide
surface, can result in water contact angles larger than 100°. At the same time, silane SAMs are
mechanically robust and thermally stable up to at least 250 °C’®. After silanization with a
hydrophobic tail group, the surface tension is significantly reduced, and therefore these surfaces
can be easily cleaned and handled, e.g. for studying adsorption of proteins or bacteria™® ™,

polymer dewetting™, or selective area atomic deposition®.

Lessel et al.? recently published a recipe for a wet chemical production process for silanizing
silicon wafers with CHs-terminated molecules such as dodecyltrichlorosilane (DTS) and
octadecyltrichlorosilane (OTS). Although they provide insightsinto the surface parameters of the
prepared silane SAMSs, it is not clear how the silane molecules arrange on the substrate. In a
recent study, Gutfreund et al.'* developed a model for the molecular arrangement of the
alkylsilanes based on X-ray scattering experiments. They employed an empirical three layer

model to relate their experimental results to the molecular structure of the silane SAM, and found



that the actual height of the silane layer is lower than the theoretical length of an elongated silane
molecule, from which they concluded that the silane chains are tilted with respect to the
substrate. However, the main property that can be measured with X-ray scattering is the electron
density, which does not provide direct information on molecular arrangement. The geometrical
characteristics of silane SAMs on the nanometer scale determine their macroscopic properties.
Although many authors characterized the surface properties of alkylsilane monolayers in terms
of roughness, surface energy, and layer thickness using different experimental techniques' 2,

the description of the monolayer at molecular level isstill lacking.

Simulation studies are able to characterize SAMs at molecular level by the use of molecular
models or quantum chemistry calculations. Yamamoto et al.*® performed Monte Carlo (MC)
simulations of cross-linked OTS SAMs on silica, finding that the number of anchoring bonds is
aways much larger than the number of cross-linking bonds, and that cross-linking has a large
effect on the lateral packing of the alkylsilane molecules. Zhang et al.®’ used ab-initio and
molecular dynamics (MD) simulations at different temperatures to look for the optimal packing
structure of OTS SAMs on silica, finding that intermediate packing densities have the lowest
energy. Zhan et al.** performed MD simulations of hydroxilated alkylsilane SAMs on a planar
silica substrate, showing that the molecular tilt angle is not only determined by coverage, but
also by the specific molecular arrangement of the silane molecules on the substrate. Barlow et
al.? observed that the bonded OTS layer on silicais essentially crystalline near the substrate, but
more disordered and fluid-like far from it. Barriga et al.”> ran MD simulations of OTS SAMs on
silica at different high coverage, molecular arrangement of the molecules bonded to the
substrate, molecular orientation, and temperature. The OTS molecules aligned nearly vertically

due to close packing. In dense systems, different molecular arrangements led to large packing



energy differences. Finally, the tilt angles did not change with temperature, but gauche defects
increased with increasing temperature. Dickie et al.** used geometric modeling techniques
together with the rigid rod scanning method to map the packing potential energies of different
silane SAMs on silica. They found that the interaction between CH, groups, which dominate the

energy and geometry of the monolayers, increase the energetic stability of longer chains.

The tribological and wettability properties of alkylsilane SAMs on silica have also received
much attention and were investigated by molecular simulation. For example, Chandross et al.®
anayzed the influence of molecular disorder on the tribological properties of alkylsilane SAMs
of different length, observing stick-slip motion at maximum coverage, which disappeared in
disordered monolayers. Pastorino et al.® studied shear of a polymer between two silane SAMs
using a coarse grained bead-spring model, finding fluid-like layering effects and a tendency of
the molecules to dign in the direction of the shear. Cione et al.* studied the deposition and
wettability of ionic liquids on different tail-substituted alkylthiol and alkylsilane monolayers
attached to gold and silica substrates. Hydroxyl-terminated surfaces decreased the attraction

forces between the ions in the outer shells and reduced the local surface tension.

In this work, MD simulations of DTS and OTS alkylsilane monolayers on a silicon oxide
substrate at ambient conditions (298 K, 1 bar) are performed. The resulting tragjectories are used
to analyze molecular arrangement of the akylsilanes in the monolayers. Different monolayer
properties are determined from simulation data and compared to experimental results, finding
relationships between thickness, tilt angle and coverage, and revealing the underlying molecular
ordering. It is shown that the detailed information provided by molecular simulations is also
interesting for evaluating experimental data. It could replace some of the crude, oversimplified

models which are presently used for that purpose.



SIMULATION DETAILS

MD simulations in the isobaric-isothermal ensemble (NPT)?’ were performed for different DTS
and OTS self-assembled monolayers on silicon oxide at 298 K and 1 bar with the Gromacs
simulation package®, version 4.6.2. The supporting substrate was modeled as a flat B-cristobalite
(10 1) surface (placed normal to the y axis) with the dimensions (11.5 x 11.1) nm? and thickness
of about 2.3 nm. Cristobalite is commonly used as a model substrate for this type of systems
instead of an amorphous SiO, surface™ %, as the order of amorphous SiO, films on silicon is
similar to the cristobalite structure™. The superficial hexagonal arrangement of oxygen atoms in
cristobalite, and the superficial oxygen-oxygen distance, are similar to those for amorphous
silica®™. The simulation box length was 10 nm in the direction perpendicular to the surface. This
value was chosen to avoid interactions of the monolayer with the periodic image of the bottom
side of the substrate. The cristobalite atoms were initially placed at their crystalographic
positions®. The density of surface reactive groups (silanols, i.e. =Si-OH) is 5.52 groups/nm?,
which is also the maximum density of silane substituents on the selected cristobalite substrate.
The number of substituents per surface areais called coverage in the following, and measured in
units of nm2. To obtain akylsilane SAMs with coverage between 1.0 and 5.52 nm?, the
corresponding number of DTS or OTS molecules was bonded to randomly selected oxygen
atoms on the top side of the substrate. Every bonded molecule was initially placed perpendicular
to the surface in a random orientation and an all-trans conformation. Different alkylsilane SAMs
generated randomly with this procedure and the same coverage produced the same results within
the error bars of the ssimulation. Figure 1a shows a view of the superficial oxygen atoms of the
substrate, indicating which of these atoms are bonded to alkylsilane molecules in one simulation

of DTS at 4.5 nm™ coverage. Figure 1b shows the arrangement of the DTS substituents after 20



ns simulation time. In Figure 2, the arrangement of DTS SAMs at 1.0, 2.5, and 4.5 nm'? coverage
is adso shown. Periodic boundary conditions in al directions were used in the simulations.
Theoretical analysis indicate that even at large coverage there are few, if any, multiple bonds of
each molecule with the substrate, and a low number of cross linking bonds between silane
molecules'® *. Therefore, the study was limited to the simplest case: no cross-linking and one
single covalent bond per molecule, where the rest of the chlorine atoms are substituted by OH
groups. For molecular simulation results which include cross-linking, the reader is referred to the

works of Osnis et al.* and Kong et al.*

The OPLS all-atom force field® was used for describing the atomic interactions, with additional
potential parameters and partial charges for modeling the silica bulk®’. Lennard-Jones potentials
were truncated at a cutoff distance of 1.5 nm, and isotropic tail corrections (which contribute to
the energy, but not to the force) were added to these potentials™’. Electrostatic interactions were
calculated with the Particle Mesh Ewald method®” with a relative tolerance of 10°. The force
field parameters and the potential functions can be found in the Supporting Information (Tables
T1-T4). In the OPLS potential, the L ennard-Jones interaction between unlike atoms is defined by

a geometric mixing rule in both the o and the ¢ parameters®. The energy parameter &; between

unlike atomsi and j can be modified by a mixing factor ¢

g =(-J& € «y

The mixing factor was equal to 1, except in a series of simulations in which that factor was
varied for all the interactions between the silane molecules and the substrate. The equations of
motion were integrated using a leapfrog algorithm with a time step of 1 fs. The temperature of

the system was kept fixed at 298 K using a velocity rescaling thermostat with a stochastic term



and a time constant of 0.1 ps. The pressure was kept at 1 bar by using Berendsen pressure
coupling® with a time constant of 0.5 ps. The initial system configuration, described previously,
was first subjected to an energy minimization using the conjugated gradient method. Afterwards,
velocities were assigned to each atom from a Maxwell distribution, and the system was
equilibrated during 11 ns. Finaly, production runs were performed for 10 ns. The trgjectories
generated in the production runs were analyzed to calculate system properties, and error bars
were estimated using block analysis and considering simple standard deviations™’. In simulations
of large, complex systems like the present one, the relaxation time needed to reach equilibriumis
large. Figure S1 in the Supporting Information shows that the relaxation time can exceed even
the long simulation times of the present study. The remaining differences between the properties
obtained in this work and the equilibrium properties are minor, and do not affect the discussion
and conclusions presented here. As an example, system properties were calculated by ensemble
average at different time intervals of several 40 ns long simulations, and the values obtained
changed only slowly with time, and usually within the error bars (Table T5 in the Supporting

Information).

Geometric properties that are commonly used to characterize silane SAMs were determined by
post-processing the MD trgjectories. This includes the thickness, the roughness, the gauche
factor, the radius of gyration (Ry), the superficial radial distribution function (RDF), the electron
density profile, distance autocorrelations, and molecular orientation. The relative value of a
property is defined as the property divided by the maximum value it can take. The roughness is
defined as the standard deviation of the thickness™, and the gauche factor as the number of
torsions in the molecule that differ more than ten degrees from 180° (trans torsion), divided by

the total number of torsional degrees of freedom® 2. The electron density was calculated



assuming a Gaussian distribution of electrons over the characteristic length scale corresponding

to the atomic van der Waals radius™.

The carbon beads of the alkylsilane molecules were numbered consecutively, bead 1 being the
carbon atom bonded to silicon, and bead 12 and 18 the terminal carbon atoms of DTS and OTS,
respectively. The definitions of the tilt angle ¢, the twist angle £, and the orientation angle ¥, are
illustrated in Figure 3. Details on Ry, the superficial RDF, the distance autocorrelation, and the

angle histogram can be found in the Supporting Information.



RESULTS AND DISCUSSION
Thickness

The silane SAM layer thickness measured by different experimental methods, such as
ellipsometry analysis, X-ray reflectivity, or infrared dichroism, show contradicting values in the
measured layer thickness™. There is some discussion on how to interpret the experimental layer
thickness from an atomistic point of view. The layer thickness is often considered to be the
average distance between the oxygen atom of the substrate bonded to the alkylsilane molecule
and the atom of its hydrocarbon tail further from the substrate, projected in the direction normal
to the surface. With this definition, the maximum layer thickness for OTS SAMs on SO,
(completely vertical, all-trans molecules), derived from standard bond lengths, atomic covalent
radii, and van der Waals radii*, is generally accepted to be 2.62 nm (1.863 nm for DTS). This
layer thickness is dightly larger than the maximum layer thickness possible with the model used
in this work (2.54 nm, 1.77 nm for DTS). Curiously, some authors have reported experimental
layer thicknesses for OTS SAMs of 2.95 + 0.15 nm, 2.8 nm, and 3.0 = 0.2 nm, which are larger
than these values'® ** 3, There are different possible causes which can be difficult to determine,
such as a poor estimates of the reflectivity index, or incomplete removal of non-attached
molecules after synthesis. Experimental studies at high coverage report layer thicknesses
between 2.4 and 2.7 nm for QTS>* 12 17:18.29.4%47 | oss data are available for DTS, for which the
layer thickness is reported to be about 1.4 nm by Cione et al.* and Booth et al.?, and 1.8 nm by

Lessd et al.?.

It is also possible to consider the thickness of the hydrocarbon chain of the molecules, or tail

thickness. The tail thickness is equal to the average distance normal to the surface between the
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silicon atom of the alkylsilane molecule, and the atom of its hydrocarbon tail further from the
substrate. With this definition, the tail thickness h; is always smaller than the layer thickness. In
the OPLS model, the maximum tail thickness h;max 1S 1.49 nm for DTS and 2.25 nm for OTS.
Figure 4 compares the relative DTS and OTS tail thickness hy/h; nex as a function of coverage c,
obtained by simulation, with experimental data. The thickness increases with coverage, as it has
been demonstrated experimentally®. It has been shown that, at a given coverage, the monolayer
thickness increases linearly with the alkylsilane chain length* **. Therefore, it is not surprising to
find that the relative tail thickness as a function of coverage is independent of the particular type

of alkylsilane. The data obtained in the present study was fitted to a quadratic law,

L:—o.117+o.37o-[ ¢ j—0.031-[ ¢ j (4)

nm-2 nm->

,max

This equation is not valid for coverages below 1 nm™. It can be used to estimate coverage, which
is a parameter difficult to determine accurately in experiments, when the tail thickness of an
alkylsilane monolayer is known. Tidswell et al.*® measured an OTS tail thickness of 2.13 + 0.05
nm in a SAM on silica with coverage of 4.5 + 0.3 nm™, which perfectly matches the simulation
data obtained in this work. The simulation results are also consistent with the data of Lessel et
al? for akylsilane SAMs with coverage larger than 4 nm? A paralel study was done
considering the layer thickness of the monolayer instead of the tail thickness, showing again
excellent agreement between the calculated layer thickness and both experimental and previous

simulation data (Figure S2 in the Supporting Information).

Tilt angle

11



Experimentally, the tilt angle is usually indirectly determined from the relative thickness of the
monolayer. This method is not very precise, especially at the small angles found at large
coverage™. Experimental studies have found that there is a strong dependence of the molecular
tilt angle on the type of substrate, but only if the substrates are composed of different chemical
species™ *>! |t is clear that the tilt angle is directly related to coverage™, and there have been
attempts to find an explicit relationship between these properties’™. Figure 5 contains the present
simulation results, which shows a clear quadratic dependence of the tilt angle a, measured in

degrees, on coveragec,

2
o =107.99— 29.47. ( ¢ j +1.86. ( ¢ j 5)
nm nm

Again this equation is not valid at coverages below 1 nm™. As before, it is found that an
important property of the layer, in this case the tilt angle, does not depend on the length of the
akylsilane molecule. Therefore, differencesin the tilt angle between DTS and OTS moleculesin
experiments performed at similar conditions should be explained by differences in coverage® **.

Experimental data at high coverage indicate a tilt angle lower than 20 degrees for OTS* 4 1> 4L

44.46.48,52 in complete agreement with the simulation results. The present simulations perfectly
match the simulation results of Kaushik et al.>, although they provide a tilt angle around 10
degrees smaller than experiments with known coverage. On the other hand, the ssimulated tilt
angle is lower than 15 degrees at the highest coverage, in agreement with the experimental work
of Tillman et al.*®. The simulation results of Barriga et al. at different coverage show very
small tilt angles, contradicting experimental observation. Therefore, they are not included in

Figure 5. Zhan et al.* found by molecular simulation that the tilt angle not only depends on

coverage, but also on the grafting pattern on the substrate. It might be possible that their
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simulations were too short (properties averaged over 250 ps), or their system too small (36

alkylsilane chains on a 2.748 x 2.954 nm? surface).

A quadratic relationship is also found between the relative tail thickness and the tilt angle (Figure
S3 in the Supporting Information). If the akylsilane chains were completely rigid, the curve
describing this relationship should be the arccosine function. In fact, most experimental data
follow this trend because the tilt angle is calculated from the ellipsometry-measured tall
thickness under the former assumption. This may explain the differences of around 10 degrees

found between the experimental and simulated tilt angles.
Radius of gyration and gauche factor

It is well known that akylsilane SAMs stay mainly in an all-trans conformation* ** °2, The
relative radius of gyration (Figure S5 in the Supporting Information) increases with increasing
coverage, and it is always larger than 0.85, which corresponds to largely stretched molecules. At
the same time, the number of gauche defects decreases with increasing coverage (Figure S6 in
the Supporting Information). A concentration of gauche defects at the terminal carbon atoms is
found (Figure S7 in the Supporting Information). This has been previously observed both
experimentally and by molecular simulation® *>*. As OTS has alarger number of carbon atoms
in the middle of the hydrocarbon chain than DTS, which is where the minimum number of

gauche defects is observed, the average gauche factor is lower for OTS than for DTS.
Roughness

Experimental values between 0.1 nm and 0.3 nm have been reported for the roughness of OTS

2, 14, 42, 45
c

and DTS monolayers at complete or very high coverag , which is consistent with the
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simulation results shown in Figure 6. It is important to note that the maximum coverage
reachable experimentally is of the order of 4 to 5 nm’?, as consistently reported in the literature
8. The OTS roughness is always larger than the roughness of DTS except at very high coverage,
which is also in agreement with experimental data®. As OTS is alonger molecule than DTS, the
differences in local thickness can be larger. The roughness has a maximum at intermediate
coverage, and the OTS maximum occurs at lower coverage than for DTS. Experimental
roughness measurements have to be analyzed with care, as it has been argued that they may
depend on the immersion time during synthesis, even when the times are long enough to generate
complete monolayers®. A plot of the layer thickness as a function of the carbon bead reveals that
the height increases monotonically with the carbon bead number (Supporting Information, Figure
S9). This indicates that the molecules do not bend back to the substrate. For extended
information on structural monolayer properties (superficial radial distribution, autocorrelation,

angle histograms), the reader is referred to the Supporting Information.
Influence of the alkylsilane-substrate interaction

A study was performed, in which the mixing factor ¢ defined in Equation (1) was varied between
0.1 and 1.4 for the interactions between the alkylsilane molecules and the substrate. In Figure 7,
the results for the layer thickness are plotted as a function of the mixing factor at low and high
coverage. At high coverage, there is hardly any influence of the mixing factor on the layer
thickness, as the molecules arrange approximately perpendicular to the substrate and interact
weakly with it. Even at low coverage, the influence of the mixing factor in the layer thicknessis
only large when the mixing factor differs more than 50% from unity. When the mixing factor
decreases, the layer thickness increases, as the alkylsilanes stick less to the substrate. Howevery,

typical values of the mixing factor that have been adjusted to reproduce experimental data, e.g.
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for vapor-liquid equilibria, are rarely smaller than 0.8 or larger than 1.2. The conclusion is that
the inter-chain interactions determine the geometrical properties of the monolayer, in agreement

15, 42

with results derived from experimental data™ *?, and previous simulation studies® .

Electron density

The electron density as a function of the height normal to the surface can be obtained from
reflectivity data by fitting to a multilayer model®. Figure 8 shows the eectron density as a
function of the coordinate perpendicular to the surface (y coordinate in the ssimulation) at
different coverage obtained from the simulations in the present work. The value of the y
coordinate at the origin is selected to be located at the center of the SiIO, substrate in the
simulation. The electron density of the monolayer in the vicinity of the substrate is similar for
DTS and OTS, as at that location there is no difference between the molecular geometry of both
systems. At high coverage, the electron density has a plateau at intermediate distances to the
substrate before falling to zero. The width of the plateau is larger for OTS than for DTS, and the
electron density falls to zero at longer distances from the substrate at the same coverage. This
can be explained by the larger size of OTS relative to DTS molecules. The drop to zero in the
electron density occurs at larger distances from the substrate at increasing coverage, the width of
the plateau and its height dlightly increase. This is a direct consequence of the decreasing tilt
angle with increasing coverage. The drop to zero takes place at distances larger than the layer
thickness because the electron distribution is described by Gaussian functions. The electron

density inside the substrate slightly decreases with increasing coverage, and increases at the
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substrate boundary. This is probably an artifact of the ssmulation, created by a substrate model

which overestimates the isothermal compressibility of silica

The simulation data are compared to the experimental electron density obtained by X-ray
reflectometry? in Figure 9. The y coordinates of the electron density from simulation and
experiment were matched by comparing the electron density profiles in the alkyl tail regions
(which are the most sensitive regions of the electron density with respect to coverage), regarding
simulations at different coverage. The best match was obtained assuming 3.75 nm™ coverage for
DTS, and 4.5 nm for OTS. This is in agreement with experimental results, which show that the
alkylsilane chain length that provides an optima molecular order in alkylsilane SAMsis close to
the chain length of OTS®. Therefore, experimental OTS would in general have larger coverage
than DTS SAMs prepared under the same conditions. The simulated electron density inside the

SO, materia perfectly matches the experimental data (~ 690 e/nm°).

Qualitatively, the experimental and the simulation results for the electron density agree in alarge
range of the y coordinate. The existence of a plateau for OTS and the absence of it for DTS are
predicted by the simulation. Quantitative differences, which are particularly large close to the
substrate interface, should not be over interpreted. The differences between the amorphous SiO;
and cristobalite model could explain some of the differences in the electron density at the
substrate interface. The larger height of the plateau in the experimental electron density may be
explained by agglomerations of carbon atoms between the chains, or unbound carbon chains on
top of the SAM, which would increase the electron density compared to the ‘clean’ simulation.
Besides uncertainty in the simulation, the evaluation of the experimental data relies on a
multilayer model, which assumes two different layers for the amorphous SiO2 substrate and the

silane head group, and reference values of the refraction index for every layer. It is aso difficult
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to quantify the influence of surface roughness both in the simulation and in the experiment,

which would affect the electron density mainly at the substrate interface.
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CONCLUSION

Molecular ssmulations were performed to analyze properties of akylsilane (DTS and OTYS)
monolayers on silica as a function of the coverage. Relationships are proposed for the relative
monolayer thickness and the tilt angle as a function of the coverage, which are found to be
independent of the alkylsilane chain length. The simulation results for the monolayer thickness
and electronic density agree with experimental data. Deviations which are observed for the tilt
angle probably result from invalid assumptions employed for evaluating the experimental data.
While the trends of the experimental and simulated electron densities agree, the results do not
match quantitatively. The deviations in this case are attributed to the simple layer model used to
interpret X-ray reflectometry data. It would be interesting to include the more detailed
information from the simulation in the evaluation of the experimental data. This will be the

subject of future work.
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Figure 1. a) Arrangement of the superficial oxygen atoms of 3-cristobalite (101). The minimum

oxygen-oxygen distance is about 0.44 nm. The oxygen atoms are either bonded to an alkylsilane

molecule (black circles), or not (grey circles). b) Arrangement of akylsilane molecules,

represented as rigid sticks connecting the atom bonded to the substrate and the terminal group of

the molecule. Both figure views were obtained from a MD simulation of DTS SAMs at 4.5 nm'>

coverage.
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Figure 2. Arrangement of DTS akylsilane molecules on a B-cristobalite (101) substrate,
obtained by molecular simulation at different coverage: 1.0 (top), 2.5 (center), and 4.5 nm. Red

atoms, oxygen; yellow atoms, silicon; blue atoms, carbon; white atoms, hydrogen.
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Figure 3. Geometric parameters describing the orientation of an alkylsilane molecule attached to
a surface normal to the y axis, measured as a function of a selected carbon atom. The selected
atom is marked by a white circle. The molecular axis for the selected atom is defined as the axis
joining that atom with the silicon atom of the molecule. Black, carbon atoms; white, hydrogen
atoms; grey, silicon atom. h, distance to the surface (see text for the different possible definitions
of the thickness); o, tilt angle of the molecular axis with the normal to the surface; £, twist angle:
rotational angle around the axis of the alkylsilane molecule, which is equal to zero when the
distance of the first carbon bead to the surface is maximal; ¥ orientational angle between the
projection of the molecular axis on the surface and the x axis. By convention, all angles are

defined counterclockwise, looking down from the substituents to the substrate.
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Figure 4. Relative tail thickness as a function of coverage. Results from molecular simulation
for DTS (squares) and OTS (triangles), and experimental data for OTS™ (circle); line, quadratic

fit. Error bars for simulation data are within symbol size.
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Figure 5. Tilt angle & as a function of coverage. Simulation data for DTS (squares) and OTS
(triangles); line, quadratic fit. Error bars are within symbol size. Experimental (closed symbols)
and other simulation (open symbols) data for OTS are also shown. Circle, Tidswell et al.*;

diamond, Tillman et al.*; triangle pointing down, Kaushik et al.*.
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Figure 6. Surface roughness as a function of coverage. Simulation data for DTS (squares) and

OTS (triangles). Error bars are within symbol size. Lines joining points are a guide to the eye.
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Figure 7. Layer thickness as a function of the mixing factor {. Results for DTS (sguares) and
DTS (triangles) at 4.5 nm™ coverage (closed symbols) and 1.5 nm™ coverage (open symbols).

Error bars are within symbol size.
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Figure 8. Electron density of SAMs, obtained by molecular simulation for DTS and OTS at
different coverage: 1 nm (solid line), 2 nm (dashed line), 3.25 nm™ (dotted line), 4.25 nm™

(dash-dotted line), and 5.52 nm@ (short dotted line).
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Figure 9. Simulated electron density. Squares, DTS at a coverage of 3.75 nm’?; triangles, OTS at

a coverage of 4.5 nm’; solid curve, experimental datafor DTS?; dashed curve, experimental data

for OTS>.
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