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The structure of eight-carbon monolayers on the H-terminated Si(111) surface was investigated by
a molecular simulation method. Molecular mechanics calculations showed that the best substitution
percentages on the Si(111) surface were 50% for octene or octyne-derived monolayers and 40% for the styrene
or phenylacetylene-derived monolayers. These values are in good agreement with the experimental results.
After a two-dimensional cell containing alkyl chains and four layers of Si atoms was constructed, the densely
packed and well-ordered monolayer on the Si(111) surface can be shown at the molecular level. At the same
time, the thickness of the monolayers and the tilt angle of the alkyl chain were also calculated. Additionally, the
theoretical calculations showed that the C==C bond of the alkyne only reacts once with the H-terminated Si(111)
surface, that is only one Si–C bond per organic molecule is formed on the Si(111) surface, which verifies the
experimental results. It is thus shown that molecular simulation can provide otherwise inaccessible microscopic
information at the molecular level, and may be considered as a useful adjunct to experiments.

1. Introduction

The preparation of monolayers on silicon surfaces is of grow-
ing interest for potential applications in biosensor or semicon-
ductor technology. Alkyl-modified Si(111) surfaces can be
obtained using the thermal, catalyzed, or photochemical reac-
tion of hydrogen-terminated silicon with alkenes,1–4 Grignard
reagents,5–8 aldehydes,9 or by the electrochemical reduction of
aryldiazonium ions.10 The properties of the monolayer on
Si(111) surfaces have been studied by a variety of experimental
methods such as X-ray photoelectron spectroscopy (XPS),11–14

Fourier transform infrared absorption spectroscopy
(FTIR),15,16 scanning electron microscopy (SEM),4 ellipsome-
try,8,17 Auger electron spectroscopy (AES),18 and scanning
tunneling microscopy (STM).19–21 These experimental results
can help us to understand the densely packed, well-ordered
monolayer on Si(111) surfaces.
Besides the experiments above, some theoretical calculations

have also been performed to investigate the structures on small
Si surfaces using quantum mechanics methods.22–24 These cal-
culations can give the microscopic properties of the organic
monolayer at the atomic level, such as the interaction energy
or bond length between two atoms on the Si(111) surface.
However, it is difficult to investigate the structure of a big
monolayer system containing several hundred atoms in a
quantum mechanics calculation. Recently, several molecular
simulation methods were developed to investigate the geometry
of alkyl monolayers on Si(111) surfaces,25,26 and some interest-
ing results were obtained. For example, it was found that the
substitution percentage of C18 alkyl monolayers, that is the
ratio between the number of H-atoms and the number of alkyl
chains on the first layer of the Si(111) surface, was approxi-
mately 50%, in good correlation with the available experiment
data. Zhang et al.also discussed the detailed packing structures
of C18 alky monolayers and the temperature effect on the prop-
erties of alkyl monolayers.26 These molecular mechanics

calculations can offer some microscopic information on the
monolayer at the molecular level.
In 2000, Cicero et al. reported the photoreactivity of H–

Si(111) with dioxygen and terminally unsaturated hydrocar-
bons (1-octene, 1-octyne, styrene and phenylacetylene) and
experimentally determined the monolayer thickness and substi-
tution percentage on the Si(111) surface,27 but theoretical
investigations on the microscopic structure properties corre-
sponding to Cicero’s work have not been reported. In this
paper, we will study the molecular packing structures, substitu-
tion percentage and packing energies of monolayers of eight-
carbon adsorbates using the molecular mechanics method.

2. Methods

All molecular mechanics calculations were performed using the
MSI program Cerius2. The Minimizer module was used to
calculate the energies of different simulation systems. The
structures were optimized using the universal force field28

(UFF) and the ‘‘Smart Minimizer ’’ method with ‘‘high-con-
vergence ’’ criteria.25 At the same time, in order to compare
with some of the simulation conclusions, another force field,
COMPASS,29,30 was also used. However, in the case of COM-
PASS, the ‘‘ ignore undefined terms ’’ program option was
selected, as this force field does not contain inversion para-
meters for the Si atoms with a dangling bond at the bottom
of the Si crystal (please see Fig. 1). This reduction of the system
does not affect the optimization of the monolayer.
Firstly, a crystal structure of silicon containing 8 Si atoms

was constructed; then the Si(111) surface was cleaved from
the crystal lattice, and four layers of Si atoms were selected
on the surface; an alkyl chain was linked to the Si atom in
the first layer. Finally, a 3.840 Å� 3.840 Å� 28.000 Å small
unit cell for molecular mechanics studies was built, which con-
sists of one alkyl chain perpendicular to the Si(111) surface
and four Si atoms that represent the atoms in the four-layer
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structures of the Si(111) crystal (Fig. 1). The unit cell can be
repeated in the x and y directions to generate one-dimensional
(for example: 1� 2, 1� 3) or two-dimensional (for example:
2� 4, 4� 8) simulation cells.
After the input geometries of different substitution patterns

have been constructed in the simulated cells, the structures of
the one-dimensional or two-dimensional simulated systems
are optimized, and the energy (E) of the systems can be calcu-
lated by molecular mechanics. When all the alkyl chains in the
simulated cells are substituted by H atoms, the energy (E0) of
the Si atoms in the systems can be calculated. Thus, the energy
(E1) per alkyl chain is obtained via the following formula:

E1 ¼
E � E0

N
ð1Þ

where N represents the number of alkyl chains in the simulated
system.

3 Results and discussions

3.1 Molecular substitution percentage

Alkyl monolayers on Si surfaces are obtained by the following
experimental steps: firstly, native oxides from Si(111) are
removed by an aqueous NH4F etch and a hydrogen-termi-
nated silicon(111) surface is obtained; then, the hydrogen
atoms on the Si surface are substituted with unsaturated
hydrocarbons via an alkylation procedure. Thus, the hydrophi-
lic Si surface can be converted into a hydrophobic surface.
In this alkylation procedure, different substitution percentages
on the Si surface are obtained when different experimental
technologies are used. For example, Terry et al. found that the
pentane molecular substitution percentage was 60%;31 but
Effenberger et al. indicated that the octadecane molecular sub-
stitution percentage was 97%.9 The difference obtained in the
experiments are mainly due to the use of different techniques,
not the number of carbon atoms in the alkyl chain. A molecu-
lar mechanics simulation25 has shown that octadecane molecu-
lar substitution is about 50%. This result is in good agreement
with the Linford’s experiment.1 In this paper, we discuss the
same problem for monolayers of eight-carbon adsorbates.
Different one-dimensional simulation cells including 1� 1,

1� 2, 1� 3 and 1� 4 simulation systems were designed
through the unit cell, which are repeated in the x direction.
These simulation cells, in which some alkyl chains are

substituted by hydrogen atoms, represent different molecular
substitution percentages from 20% to 100%. Fig. 2 shows the
molecular energy per alkyl chain as a function of the molecular
substitution percentages. Obviously, as shown in Fig. 2(a) and
(b), the lowest energy per molecule for the octene- or octyne-
derived monolayers was found at a substitution percentage
of 50%, which implies that the best substitution percentage is
50%; for the same reason, the best percentage is 40% for the
styrene- or phenylacetylene-derived monolayers. In order to
verify the conclusion above, the COMPASS force field was
used to calculate the energy per alkyl chain for octene- or
octyne-derived monolayers. In Fig. 2(c), we can conclude that
the energy at 50% substitution is still the lowest. Because the
UFF and COMPASS force fields give the same results, both
can be used to study the substitution percentage, pattern and
the other parameters on Si(111) surface. However, the COM-
PASS requires expensive CPU time for the big simulation

Fig. 2 The energy per alkyl chain vs. substitution percentage. (a)UFF-
calculated energy per alkyl chain for octene- (I) or octyne-derived
(II) monolayer systems; (b) UFF-calculated energy for styrene-
(III) or phenylacetylene-derived (IV) systems; and (c) COMPASS-
calculated energy for octene- or octyne-derived monolayer systems.

Fig. 1 Structure of the repeating unit (including one alkyl chain
perpendicular to the Si surface and four Si atoms that represent the
atoms in the first four layers of the Si surface).
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system. Therefore, only the UFF force field will be used in the
following calculations.
Comparing Fig. 2(a) with Fig. 2(c), one can see that the

energies per alkyl chain are different at the same substitution
percentage of octene- or octyne-derived monolayers, and the
UFF-calculated energy is positive, while the COMPASS-calcu-
lated energy is negative. It is easy to understand that the energy
values could be different using different force field methods
although the same simulation system was selected, and the
energy should be only a relative value, not the absolute value.
So we concentrate on the variation in the energy per chain with
the increase of substitution percentage and make comparisons
within the same series in this paper.
In Fig. 2, it is shown that the substitution percentage

of octene- or octyne-derived monolayers is bigger than that
of the styrene- or phenylacetylene-derived monolayers.The
energy per chain of the octene- or octyne-derived monolayer
at 50% [Fig. 2(a)] is obviously the lowest compared with the
energy at other substitution percentages from 20% to 80%.
In the other words, curves I and II [in Fig. 2(a)] have an
obvious energy trap around 50% substitution. In contrast,
curves III and IV [in Fig. 2(b)] relative to the styrene- or phe-
nylacetylene-derived monolayers vary little from 20% to 60%.
At small substitution percentages, the disordered and long
alkyl chains of the octene- or octyne-derived monolayers
occupy a larger space than the disordered and short alkyl
chains of the styrene- or phenylacetylene-derived monolayers.
The difference between the curves in Fig. 2(a) and (b) is mainly
due to the steric effect of hydrocarbon chain. For octene- or
octyne-derived monolayer, maybe 50% substitution can be
easily obtained in experiments, while for styrene- or phenylace-
tylene-derived monolayers, 30–40% substitution has a similar
possibility, that is the percentage obtained in the experiment
maybe has an uncertainty error.
The thickness and substitution percentages for H-modified

Si(111) surfaces from molecular simulation and experiments
are given as pairs of data in Table 1. These data indicate that
the calculated substitution percentages are in good agreement
with the experimental results. It is difficult to draw the molecu-
lar structure on a Si(111) surface at 52% or 38% substitution
percentage when designing the simulated cells, so the final
simulation results may have small errors, and the calculated
results can only qualitatively explain some experimental
phenomena.

3.2 Molecular substitution pattern for octene- or
octyne-derived monolayers

In the discussion above, the best substitution percentage of
octene- or octyne-derived monolayers on a Si(111) surface is
50%, which is similar to the experiment results of 45� 3%.27

Because it is difficult to design structures at 48% or 42% sub-
stitution for the calculations on Si(111) surfaces,27 a substitu-
tion percentage of 50% is a very convenient choice, and will
be used below. Fig. 3 shows some simulation cells with differ-
ent substitution patterns on the Si(111) surface. The designed
simulation cells have different substitution patterns a–k, which
are in the (2� 2), (2� 3) and (2� 4) simulation cells,

respectively. The energy per chain for these substitution
patterns as calculated by molecular mechanics is listed in
Table 2. As noted above, the energies should be viewed as
relative energies, which can only be used to compare among
different substitution patterns for series of monolayers.
As shown in Table 2, the energy per alkyl chain of pattern i

for octene- or octyne-derived monolayers is the lowest. The
energies of patterns g and k for the octene-derived monolayer,
and of g for the octyne-derived monolayer are relatively low.
So one conclusion is that patterns i and g are stable structures
in contrast to the other patterns for octene- or octyne-derived
monolayers. Alkyl chains in the substitution patterns g and k
are packed very closely and molecular interactions twist the
chains, which results in disordered packing structures in our
simulation. Therefore, in the following, substitution pattern i
for the C8 alkyl chain is used for further study on how mole-
cular orientation affects the structures of octene- or octyne-
derived monolayers on a Si(111) surface. In previous
studies,25,26 pattern i for the C18 alkyl chain was also selected
for more in-depth discussions. Table 2 also shows that the
loose patterns containing at least two nearby alkyl chains have
relatively low energies, such as patterns d, e, g, i and k. This
means that the interaction between alkyl chains is very impor-
tant for the loose substitution patterns. However, the energies
of the concentrated substitution patterns, such as f and j, are
relatively high. The energy of substitution pattern j containing
four alkyl chains in a square configuration is the highest. This
indicates that not only van der Waals interactions among alkyl
chains on the Si(111) surface but also the steric effects of alkyl
chains are important to the structures of alkyl monolayers.

Table 1 Surface composition

Adsorbate

%

Substitutiona
Thicknessa /

Å

%

Substitutionb
Thicknessb /

Å

Octene 44 9 50 11

Octyne 45 10 50 11

Styrene 34 10 40 8

Phenylacetylene 36 10 40 8

a Experimental results.27 Errors in substitution percentage are �3% and in

thickness are �2 Å. b Molecular mechanics calculated results.

Fig. 3 Simulation cells of different substitution patterns at 50% sub-
stitution for octene- and octyne-derived monolayers. These cells are
considered as (2� 2), (2� 3) and (2� 4) simulation cells, respectively.
The black dots represent alkyl chains and the white dots represent
hydrogen atoms on the first Si surface.

Table 2 The energies per alkyl chain on the Si surface for different
substitution patterns at 50% substitution

Energy per chain/kcal mol�1

Substitution

pattern

Simulation

cell Octene-derived Octyne-derived

a (2� 2) �4.828 �10.694

b (2� 2) �2.568 �8.378

c (2� 3) �1.948 �10.717

d (2� 3) �3.412 �9.171

e (2� 4) �3.667 �15.727

f (2� 4) �1.546 �7.886

g (2� 4) �10.329 �19.243

h (2� 4) �2.783 �6.476

i (2� 4) �12.301 �20.857

j (2� 4) 1.568 12.339

k (2� 4) �11.643 �8.7409
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3.3 The explanation of substitution patterns of the
ocetene-derived monolayer on a Si(111) surface

It is well-known that how an alkyl monolayer on a Si(111) sur-
face is formed can be interpreted using a free radical mechan-
ism under conditions of UV illumination.27,32 A terminal olefin
molecule is first added to a silicon radical to form a covalent
C–Si bond. A neighboring surface hydrogen atom is then
abstracted by the resulting secondary carbon radical to regen-
erate a new silicon radical. This process can be repeated many
times to yield many adsorbates per initiation event.27Scheme 1
shows the free radical mechanism for addition of a terminal
octene or octyne to silicon radicals on a Si(111) surface
containing native oxides.
The energy per alkyl chain of the different substitution pat-

terns can be used to discuss the substitution process. As shown
in Fig. 4, a platform of a (4� 4) simulation cell can reflect
the substitution process of the free radical mechanism on an

H-terminated Si surface. In the first layer of the silicon surface,
four neighboring atoms form a rhombus with an obtuse angle
of 120� (see Fig. 4), in which the lengths of the two diagonals
are different, with the length of the short diagonal being equal
to the side length of the rhombus. Therefore, a short distance is
favorable to the formation of the secondary silicon free radical
when only the steric effect is considered. So, the possibilities
in which a hydrogen atom on the neighboring Si atom is
abstracted by the carbon atom in the alkyl chain along the side
of the rhombus should be equal to that along the short diago-
nal. The probability of producing another free radical along
the long diagonal is lower than that along the short diagonal
or the side of the rhombus. That is, the next-nearest Si atom
is favored for the free radical substitution Thus, a random
H atom on a Si(111) surface abstracted by the terminal C
atom in the alkyl chain has six possibilities, which are equally
probably. In Fig. 4(A), the second substitution is selected to
represent one of the probabilities.
The third alkyl substitution on the Si(111) surface has three

possibilities [see Fig. 4(B), (C) and (J)]. But the distance
between the hydrogen atom at the (iii, ii) site and the first alkyl
substitution site (ii, i), is shorter than that between the first
alkyl substitution site and the hydrogen atom site at (ii, iii)
or (iii, iii). In addition, a short distance between the first and
the third substitution site is unfavorable to alkylation due to
steric repulsion effects. Thus, the calculated energy shows that
the energy per alkyl chain of substitution pattern J is higher
than that of patterns B or C (see Table 3). Thus, only two
substitution probabilities, B and C, for the third abstracted
hydrogen atom on the Si(111) surface are viable.

Scheme 1 Photoinitiated free redical mechanism for the reaction of a Si surface containing native oxides with octene or octyne. Silicon surface
dangling bonds are formed by UV light illumination. Reactions (a) and (b) show the normal alkylation procedure, i.e. a secondary carbon radical
abstracts a neighboring hydrogen to produce a new surface dangling bond.

Fig. 4 Sketch map of the substitution process for an alkyl chain on
the Si(111) surface.

Table 3 The energies per alkyl chain on the Si surface for sequential
substitutions of the octene-derived monolayer

Substitution pattern Energy per chain/kcal mol�1

A �25.681

B �30.168

C �30.696

D �10.507

E �24.258

F �24.120

G �26.884

H �27.092

I �27.083

J �29.461

New J. Chem., 2003, 27, 626–633 629
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For the substitution pattern B, there are also three possibi-
lities for the fourth substitution sites when considering the
short distance effect between the forth and the first or the sec-
ond alkyl chain, that is, substitution patterns D, E and F.
Table 3 shows that the highest energy is found for a linear
4-alkyl pattern Fig. 4(D)], which indicates that the probability
of substitution pattern D is the lowest and this pattern
unfavorable.
Similarly, for substitution pattern C, there are three possibi-

lities the fourth substitution site with the considerations above:
G, H and I. As listed in Table 3, one can see that the energies
of substitution patterns G, H and I are lower than those of
substitution patterns D, E and F. This indicates that choice
of the third substitution, B or C, can affect the fourth substitu-
tion site, and the substitution pattern C should be more favor-
able for radical substitution when only considering the energy
per alkyl chain. The free radical mechanism can be summar-
ized as follows: (1) the third site of free radical substitution
should adopt the next-nearest rule and be far from the first
substitution site due to steric effects; (2) patterns containing
two or three nearby alkyl chains are favorable to sequential
substitution; (3) the fourth substitution must change direction
if the former ones are in-line on the Si(111) surface. From the
discussion above, the substitution pattern i in Fig. 3 should
have a high probability.

3.4 The effect of the number of alkyl chains in
simulation cells

After pattern i of octene or octyne-derived monolayer had
been selected, it was necessary to search for the size-appropri-
ate simulation cell, in which the micro-structure and other
information on the alkyl monolayer on the Si(111) surface
can be obtained, the appropriate cell meaning one for which
little CPU time is needed. In other words, we need not spend
expensive CPU time on the big system, and our aim is to look
for a small Si surface that reflects the properties of the big sys-
tem. In our simulations, domain boundaries were used to
restrict the simulation cell. This indicates that the alkyl chains
at the boundaries and those in the center have the same envir-
onment. Thus, although the two-dimensional cells have limited
spaces, theoretically speaking, the analysis for small simulation
cells can represent the properties of big simulation systems. In
the presence of boundary conditions, the (2� 4), (4� 4),
(4� 8), (8� 8) and (8� 16) two-dimensional simulation cells,
in which the numbers of alkyl chains range from 4 to 64, can
be designed by repeating the (2� 4) unit cell in the x and y
dimensions. Fig. 5 shows the relationship between the number
of alkyl chains in the simulation cells and the energy per alkyl
chain or the tilt angle of the alkyl chain in these simulation

systems. One can see that the energy per alkyl chain and tilt
angle of octene-derived monolayers are invariable when the
number of alkyl chains is equal to 32 or 64. Therefore,
the (8� 8) or (8� 16) simulation cell can be used to study
the structures of alkyl monolayers. For the other systems, such
as octyne-, styrene or phenylacetylene-derived monolayers on
a Si(111) surface, the values of the energy per chain and the tilt
angle of the alkyl chain show that the (8� 8) or (8� 16) simu-
lation cell can also be used to investigate the micro-structural
properties on a Si surface via molecular mechanics calcula-
tions. So, in the following discussions, an (8� 16) simulation
cell will be selected.

3.5 Alkyl chain geometry of an octene-derived monolayer
on a Si surface

Before optimization, the input geometry of the substitution pat-
tern i in a (8� 16) simulation cell contains 64 hydrogen atoms
and 64 alkyl chains, which are perpendicular to the first layer
of the Si(111) surface. After optimization using molecular
mechanics, all the alkyl chains tilt towards the Si surface
[Fig. 6(a)]. The tilt angle is around 10� and the calculated thick-
ness is 10.8� 0.2 Å, in good agreement with the 9� 2 Å reported
in the literature (see Table 1).27 In addition, an interesting
phenomenon can be found in the optimized monolayer on the
Si surface. The input geometry of the alkyl chains on the Si sur-
face before optimization took on a ‘‘z-form’’ [top view shown in
Fig. 6(b)]; however, the distribution of alkyl chain became
uniform when the molecular mechanics optimization was per-
formed [Fig. 6(c)]. This distribution is the result of steric effects
and the interactions between alkyl chains. The ordered geometry
of the alkyl monolayer is favorable to the macroscopic proper-
ties, some experiments have proven the existence of densely
packed, well-ordered monolayer structures on the Si(111)
surface.14,27 Molecular mechanics results can reproduce
the steric structures of alkyl monolayers on Si(111) surface at
the molecular level and support the experimental results.

Fig. 5 Alkyl chain number in simulation cells versus energy per chain
and the tilt angle of the alkyl chain.

Fig. 6 Alkyl monolayer on a Si surface before and after optimiza-
tion: (a) side view of the optimized geometry, (b) and (c) top view of
the input and optimized geometries.

630 New J. Chem., 2003, 27, 626–633
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3.6 The possible formation of alkyne-derived monolayers on
Si surfaces

Some literature reports have shown that the C==C bond of
alkyne can react either once1,27,32,33 or twice34 with a surface
Si–H group, depending on the reaction conditions. On a
Si(100) surface or porous silicon, the thermal or catalyzed
reaction of alkyne has been reported to give two Si–C bonds
per molecule,34meaning that C=C bonds are not found in
the alkyne-derived monolayers. However, on a Si(111) surface,
only one Si–C bond per molecule is formed using thermal or
photochemical reactions.1,27 Cicero et al. observed a weak
C=C bond stretch vibration by infrared spectra,27 which
indicates the formation of only one Si–C bond per alkyne
molecule. The reason for these differences in the reactivity of
1-alkynes is unclear. Sieval et al. postulated that the second
Si–C bond has to be formed to the next-nearest Si surface
atom on the H-terminated Si(111) surface,35 which would give
rise to a five-membered ring structure, in which considerable
deformation of the the Si–C bonds is required. This can prohi-
bit the formation of two Si–C bonds per molecule on this
surface.
In this section, we will discuss the other possible structures

of alkyne-derived monolayers on Si(111) surfaces using the
molecular mechanics method. Scheme 2 shows the possible
formation of two Si–C bonds per molecule (i.e., b and c in
Scheme 2). Perhaps theoretical calculations can provide further
insight into the way that 1-alkynes are bound to the Si(111)
surface. Considering the discussion above, an (8� 8) simula-
tion cell containing 32 organic molecules was designed.
For the octyne reacting with an H-terminated Si(111) surface,
three possible stuctures can be designed according to Sieval’s
work on the Si(100) surface, having:35 one Si–C bond (a in
Scheme 2), two Si–C bonds of a 1,2-bridge (b in Scheme 2)
or two Si–C bonds of a 1,1-bridge (c in Scheme 2). In the
molecular mechanic calculations, the best substitution per-
centage of 50% was selected, as above. The relative energy
per molecule calculated using eqn. (1) is given in Table 4.

As seen fromTable 4, the energy per molecule with one Si–C
bond is the lowest, and the higher energies are found in the 1,1-
bridge and 1,2-bridge structures. At the same time, a similar
conclusion is reached as concerns the three possible structures
of phenylacetylene reacting with an H-terminated Si(111) sur-
face; the energy with one Si–C bond is also the lowest. This
means that formation of one Si–C bond leads to the stablest
structure. These results can be used to explain why the C=C
bond is always found when an alkyne reacts with the H-termi-
nated Si(111) surface under thermal or photochemical reaction
conditions, that is, the alkyne C==C can only react once with
the H-terminated Si(111) surface. In Cicero’s work,27 the
C=C bond stretch vibration was observed. This means that
the possible structures b and c in Scheme 2 do not exist in their
experiments, which is also supported by our calculated energy
results. Like Sieval’s interpretation above,35 the double reac-
tion of the C==C bond is difficult when the Si(111) surface only
contains Si–H groups. H atoms may be essential to the reac-
tion of alkyne with the Si surface.

3.7 The structure of different derived monolayers on
a Si surface

Cicero et al. made different monolayers using photoreaction,
such as octene- or octyne-derived monolayers and styrene- or
phenylacetylene-derived monolayers.27 Some properties were
determined from the FTIR and XPS spectra. In the reaction
of the alkyne C==C bond with the H-terminated Si surface,
structures containing two Si–C bonds per molecule (i.e., 1,1-
bridge and 1,2-bridge) are not formed, according to the discus-
sion above. Thus, only alkyl monolayers containing a C=C
bond in the molecule are discussed in the investigation of struc-
tures on the Si(111) surface. Other monolayers besides the
octene-derived monolayer are discussed in the following. The
geometry of the octyne-derived monolayer (Fig. 7) takes on
an unordered structure in contrast to the octene-derived mono-
layer (see Fig. 6) when a substitution percentage of 50% and
substitution pattern i (in Fig. 3) are selected. This means that
the substitution percentage of the octene-derived monolayer

Scheme 2 Mechanism of the reaction of 1-alkyne with an H-terminated Si(111) surface, depicting the possible formation of 2 Si–C bonds per
molecule.

Table 4 Relative energies of the alkyne-derived monolayer structures
a, b and c inScheme 2 as obtained from molecular mechanics

Structure Octyne-derived Phenylacetylene-dreived

One C–Si bond �16.451 �13.694

1,2-Bridging, two

C–Si bonds

+53.727 +72.333

1,1-Bridging, two

C–Si bonds

+114.638 +146.308
Fig. 7 The octyne-derived monolayer on the Si(111) surface after
optimization.
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should be larger than that of the octyne-derived monolayer,
despite its having the substitution percentage of 50%. But the
tilt angle of around 10� does not change . The unordered struc-
ture of the octyne-derived monolayer at 50% substitution
shows that the double bond of the alkyl chain is an important
factor affecting of the structure of alkyl chains on Si(111)
surfaces.
For the styrene- or phenylacetylene-derived monolayers, it

is difficult to design a 40% substitution pattern in a small
unit cell. When different (2� 5) unit cells were designed, sev-
eral tens of substitution patterns were used to find the best
structures. Fig. 8 shows four substitution patterns with the
highest or relatively low energies. The calculated results
show that substitution patterns with the lowest or highest
energies for the alkyl chain are the same for octene-,
octyne-, styrene- and phenylacetylene-derived monolayers.
For these substitution patterns, we see that substitution pat-
tern a has the highest energy and b has a relatively low
energy. This conclusion proves our discussion above, that
two or three neighboring alkyl chains are favorable for for-
mation of the alkyl monolayer on the surface. Thus, the
conclusion that substitution pattern i in Fig. 4 is the stablest
geometry is valid not only for octene- or octyne-derived
monolayers but also for styrene- or phenylacetylene-derived
monolayers (pattern b in Fig. 8). Furthermore, some struc-
tural properties of the alkyl monolayer can also be obtained.
The tilt angle of the styrene- or phenylacetylene-derived
monolayer is around 9�, and the substitution percentage is
perhaps slightly larger than 40%.
From our molecular mechanics calculations, the bond angle

of Si–C–C– in the octene-derived monolayer is equal to 119.0�,
which is bigger than the 109.5� in Zhang’s ab initio study.26

This difference is because Zhang’s model system is too small
to represent real alkyl monolayers on a Si(111) surface, and
his calculation could produce big errors in contrast to a big
system containing boundary conditions. For a single alkyl
chain system, the C and Si atoms in the Si–C–C system may
compose a tetrahedron, so the bond angle of Si–C–C should
be equal to 109.5�.26 But for a big system, for example, in an
(8� 8) simulation cell, each alkyl chain on the Si(111) surface
would experience steric effects from the other chains around it,
which would affect the structure of Si and C atoms on Si(111)
surface, meaning that an ideal tetrahedron geometry of Si and
C atoms would not be formed. Thus, the bond angle of Si–C–C
in a big simulation system should be different from that in a
small tetrahedral system.
Other bond angles and dihedral angles of organic mono-

layers are listed in Table 5. The values show that the bond
angles of octene- (or styrene-)derived monolayers are smaller
than those of octyne- (or phenylacetylene-)derived mono-
layers. This indicates that the double bond in the organic chain
can affect the steric structure. In the other words, the double
bond of Si–C=C–C is the main reason that the properties of
two organicmonolayers on Si(111) surface are different. In addi-
tion, steric effects are important in determining the structure
of the monolayer.

4. Conclusion

In the present work molecular mechanics simulations have
been performed to study the substitution percentage and the
substitution pattern of eight-carbon organic monolayers. The
basic conclusions drawn are as follows. (1) The substitution
percentage for octene- or octyne-derived monolayers on
Si(111) surface is equal to 50%, and 40% for styrene or pheny-
lacetylene-derived monolayers. These results are in good agree-
ment with the experimental results. (2) The stablest structures
of organic monolayers on a Si(111) surface obtained from
alkynes and alkenes have the same substitution pattern. (3)
The free radial theory shows that the steric effect of alkyl
chains on Si(111) surfaces is important in the formation of
the organic monolayer, besides van der Waals interaction
between different alkyl chains. (4) The (8� 8) or (8� 16) simu-
lation cells with boundary conditions can represent the micro-
structural properties of the monolayer at the molecular level.
The densely packed, well-ordered monolayer can be modelled
by the (8� 16) simulated cell. (5) To investigate the structural
properties of the big system containing boundary conditions,
molecular mechanics methods can give some results that
can also be obtained via ab initio calculations. Thus, mole-
cular simulations may be considered as a useful adjunct to
experiments.
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