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ABSTRACT: We report on the covalent binding of acetonitrile
(CH4CN) on Si{111}-(7 X 7) at ~300 K studied by scanning
tunneling microscopy, thermal desorption spectroscopy, and first-
principles theoretical calculations. The site-specific study makes it
possible to unravel the site-by-site and step-by-step kinetics. A
polarized CH;CN prefers to adsorb on the faulted half more
frequently compared to on the unfaulted half. Moreover, a molecular
CH;CN adsorbs four-times more preferably on the center adatom-
rest atom (CEA-REA) pair than on the corner adatom-rest atom
(COA-REA) pair. Such site selectivity, the number ratio of reacted-
CEA/reacted-COA, depends on the number of reacted adatoms in
the half-unit cell. The site selectivity and the resulting reacted-adatom
patterns are understood well by considering a simple model. In this simple model, the molecular adsorption probability changes step-
by-step and site-by-site with increasing reacted adatoms. Furthermore, our theoretical calculations are overall consistent with the
experimental results. The site-selectivity of the adsorption of CH;CN on Si{111}-(7 X 7) is explained well by the chemical reactivity
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depending on the local conformation, the local density of states, and the interaction between polarized adsorbates.

1. INTRODUCTION

Although new concepts of microelectronics have been
developed in various technologies today, silicon still plays a
unique role in the development of various kinds of semi-
conductor devices. Studies on silicon-based surface chemistry
have attracted a lot of attention from the perspective of basic
science.'~” A lot of research works have been performed for
the molecular adsorption on Si surfaces,” " where the various
types of molecules, from simple to complex ones, are used for
exploring new functions of surfaces. Several works have
concerned mainly on the molecules with unpolarized C=C
or C=C, 12 multiple-membered aromatics, >~ '>?*%° some
unsaturated cyclic hydrocarbons,'®'”*® zwitterionic organic
molecules,®">* and benzene and its related mole-
cules.'¥7?1?%3173% The adsorption behavior of polarized
molecules with C=N function, the simplest nitrile of
acetonitrile, was reported on Si{100}.**7*° For acetonitrile, it
was su%%ested in several experimental’”*® and theoreti-
cal’”**~* works that a [2 + 2] cycloaddition reaction through
the C=N function occurred (di-c model). The acetonitrile
adsorbed molecularly on Si{100} in a di-c configuration,
holding a C=N functionality, followed by further multiple
reactions.”* ¢

It is expected that a relatively simple adsorption mechanism
occurs on Si{111}-(7 X 7), primarily involving the adatom-
rest-atom pair behaving as a diradical (electrophilic and
nucleophilic atoms). The Si{111}-(7 X 7) is schematically
represented in Figure l1a.*®
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The 19 dangling bonds are located at 7 spatially inequivalent
types of Si atoms of Si{111}-(7 X 7), i.e.,, corner adatoms
(COAs), center adatoms (CEAs), and rest atoms (REAs) on
both faulted and unfaulted halves and the corner-hole atom
(CHA).*” Each REA or CHA has a formal charge of —1. On
the other hand, each adatom has an electron occupancy of 5/
12, resulting in a formal charge of about +7/12. Moreover, two
neighboring REAs are related to each CEA, while each COA
has only one neighboring REA. The charge transfer from the
CEA to the REA amounts to roughly twice as much as that
from the COA. As a result, the COA possesses higher electron
density than the CEA, inducing their difference in the chemical
reactivity. Thus, the Si{111}-(7 X 7) surface is much polarized.
The inherent electronic differences of these atoms are readily
observable in the STM image in Figure Ib.

The combination of the functional polarity of a molecule
with an unsaturated bond and the electronically inequivalence
of the surface dangling bonds of the Si{111} gives an arising of
interesting chemistry. Acetonitrile is a candidate because of the
simplest nitrile having a large dipole moment of 3.92 D.*
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Figure 1. (2) Dimer adatom stacking fault model of the Si{111}-(7 X 7). (b) Topographic image of clean Si{111}, which was measured at the tip
bias of +1.7 with a tunneling current of 0.25 nA at room temperature. (c) Tip-bias dependence of topographic images for the 3 L-CH;CN exposure
on Si{111}-(7 X 7) at ~300 K, obtained at the tip bias of —1.7—1.0, +1.0, and +3.0 V with a constant 0.25 nA tunneling current, respectively. Type
X and Y adatoms are indicated by black and white arrows, respectively (see text). Reproduced with permission from ref 43 Copyright 2021

American Chemical Society.

It was reported that the acetonitrile was adsorbed on
Si{111}-(7 X 7) through a di-o bonding involvinﬁ the coupling
of an adatom-rest atom pair and the 7y The slight
dissociation of CH;CN on Si{111} was also reported.”” Recent
work of scanning tunneling microscopy (STM) and density
functional theory (DFT) calculations suggests that the
acetonitrile on Si{111}-(7 X 7) may also have a more complex
aspect than explained only by the molecular chemisorption.**
In the present paper, we report the site-by-site and step-by-step
adsorption of CH;CN on Si{111}-(7 X 7) by analyzing the
reacted-adatom patterns measured by STM and their related
theoretical calculations. We found that the adsorption of
CH,CN on Si{111}-(7 X 7) can be described well by the
model involving the formation probability of various reacted-
adatom patterns. Then, it is concluded that the adsorption of
CH,CN on Si{111} depends on the local conformation of the
chemical bonds, the adsorbate—adsorbate interaction, and the
local density of states (LDOS) of surface atoms.

2. EXPERIMENTAL AND CALCULATIONAL METHODS

The vacuum system consists of two UHV chambers; one
chamber for the preparation of the samples as well as to their
exposure to CH;CN, and the other for the scanning tunneling
microscope (UMS-901S, UNISOKU Co.) and quadrupole
mass spectrometer for thermal desorption spectroscopy
(TDS). The base pressure of both chambers is below 1 X
107 Pa. We measured the STM images at ~300 K with a tip
made of Pt—Ir. The CH,CN gas was introduced into the UHV

chamber after purification with freeze—pump—thaw cycles.
The purification of CH;CN was confirmed by the quadrupole
mass spectrometer.

The Si{111} (P-doped n-type, 0.4—0.6 Q cm™') sample
mounted on the Mo sample holder was cleaned by heating it to
1473 K repeatedly. The density of the defects on the Si{111}-
(7 X 7) surface amounts to less than 0.5% after the sample
cleaning.

We performed first-principles calculations using the Vienna
ab initio simulation package (VASP) to study the configuration
of CH,CN on Si{111}-(7 x 7).**** The Perdew—Burke—
Ernzerhof (PBE) functional in the generalized gradient
approximation (GGA)*® was employed for exchange—
correlation electron interactions. Electron—ion interactions
were described using the projector augmented-wave (PAW)
method with a plane wave basis set and a cutoff energy of 400
eV."”*® van der Waals (vdW) corrections were accounted for
using Grimme’s DFT-D3 approach.”’

The Si{111}-(7 X 7) surface with CH;CN adsorption was
modeled by a slab using a supercell, which includes adsorbed
CH,CN molecules, seven Si atomic layers (including one
adatom layer), and a H passivating layer. The dimer—adatom—
stacking fault (DAS) model, as shown in Figure la,””" was
used to describe Si{111}-(7 X 7). During the optimization, the
bottom H atom layer and two Si atom layers were fixed, while
the other Si atoms and CH;CN molecules were allowed to
relax. The optimized surface structure reached equilibrium
when the Hellman—Feynman force was less than 0.02 eV/A.

https://doi.org/10.1021/acsomega.3c05604
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For Brillouin-zone integration, we used a 3 X 3 X 1 grid in the
Monkhorst—Pack special point scheme. Gaussian broadening
with a width of 0.02 eV was employed to accelerate
convergence in the k-point sum. The asymmetric slab model
was used to consider the dipole corrections.

3. RESULTS AND DISCUSSION

3.1. CH;CN Configurations on Si{111}-(7 x 7). The
CH;CN-coverage dependence of STM images measured on
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Figure 2. Thermal desorption spectra of CH;CN on Si{111} for 1, 3,
S, and 10 L exposures.
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Figure 3. Schematic ball models of CH;CN chemisorbed on Si{111}-
(7 x 7) for configurations (a) P and (b) Q. CH;CN chemisorbed
adatoms and the remaining atoms are indicated with black circles. The
pair of adjacent adatoms and rest atoms occupied by the CH;CN
chemisorption (including its derivatives) is connected by a line.

Si{111} at ~300 K was already reported elsewhere.*’ Figure 1c
demonstrates the tip-bias dependence of the topographic
image at the 3L (1 L = 1.33 X 10~* Pa's) CH;CN exposure on
Si{111}.* The dark appearance of adatoms at the tip bias of
+1.0 V is classified into several types. One is the CEA (denoted
by X) that becomes bright at the tip bias of +3.0 V. The
brightness was similar to that of the nonreacted adatoms. The
second is the CEA (denoted by Y) that stays dark even at the
tip bias of +3.0 V. The others are also stated in ref 43. The X
adatom makes a pair most likely with the Y adatom. The pair
of Y adatoms was rarely observed, and their population is
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Figure 4. Reacted-adatom-number dependence of the distributions of
half-unit cells on CH;CN chemisorbed Si{111}-(7 X 7), measured
with varying the CH;CN exposure.
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Figure S. Center-to-corner population ratio of the reacted adatoms.
Experimental data for 1, 2, and 3 reacted adatoms in a half-unit cell
are indicated with circles, squares, and triangles, respectively. The
corresponding simulations are shown as full, dashed, and dotted lines,
respectively (see text). Center-to-corner population ratio of the
reacted adatoms takes individual constant values depending on the
number of reacted adatoms in a half-unit cell.

about 10% of the X—Y pair. No pair of X adatoms was
observed.

Although the populations of CEAs X and Y are large, the
very recent theoretical calculations of STM image failed to
assign them to the specific molecular species and structures,*’
where the STM image of an isolated reacted site is calculated
and discussed. Taking the most possible di-c bonding of CN to
the pair of an adatom and an adjacent rest atom into
consideration, it is reasonable that the adsorption occurs on
the pair, resulting in the reacted-adatoms-pattern formation.
The previous report’’ demonstrated the various spectroscopic
evidence of C=N and C—-C of CH;CN on Si{l111}.
Furthermore, thermal desorption spectroscopy (TDS) dem-
onstrates the significant molecular CH;CN desorption in
Figure 2, suggesting the molecularly adsorbed species for X
and Y. Therefore, we assume that the X + Y pair configuration
occurs dominantly in molecular CH;CN adsorption.

Two possible configurations can be considered for the two
reacted CEAs in a half-unit cell, as demonstrated in Figure 3,
depending on the selection of a pair of CEA and REA. For
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Figure 6. Adsorption patterns for 2 and 3 adsorbates on a half-unit
cell in the left and right panels.
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Figure 7. Formation probability of adsorption pattern in Figure 6 for
(a) 2 adsorbates and (b) 3 adsorbates. Markers and lines correspond
to the experimental data and simulations (see text).

configuration P in Figure 3, one of the reacted CEAs is
surrounded by the two reacted REAs, while the other is
surrounded by one. Considering the charge redistribution due
to the adsorption of a strongly polarized CH;CN, the two
CEAs may possess possibly different charge density. As a
result, the tip-bias dependence of the STM image appears
differently on the two reacted center adatoms. On the other
hand, for the configuration Q_in Figure 3, the surroundings of
the two reacted CEAs are the same, and thus, the same tip-bias
dependence of the CEA appearance is expected. The long-
range dipole—dipole interaction between the polarized
molecules may reduce the population of the configuration Q.
Here, we assume P and Q having a most stable geometry of an
adsorbed CH;CN with the C and N atoms bonded to the rest
atom and the nearest adatom, respectively.”’ (Note that
configurations P and Q_are described without distinction as
type 2A in Figure 6 below. More specifically, P and Q_ are
denoted as types 2A and 2A* in Table 1.)

Figure 4 demonstrates the CH;CN-exposure dependence of
the distribution of the half-unit cells having reacted adatoms. If
the adsorption of CH;CN is limited only on the adjacent pair
of an adatom and a rest atom, it is expected that the maximum
number of reacted adatoms in a half-unit cell is three. About
10% of the reacted half-unit cells contain more than 4 reacted
adatoms. The number of such half-unit cells is smaller in the
unfaulted halve than in the faulted halves and is also larger than
anticipated from the number of pre-existing defects, suggesting
the dissociation of some part of CH;CN, possibly into CH,CN
and H****! and/or further dissociation.

3.2. Site-Selectivity of CH;CN on Si{111}-(7 x 7). A
statistical counting of reacted adatoms elucidates the site
selectivity in the acetonitrile adsorption, as already discussed in
ref 43. It is evident from the CH;CN-uptake curves obtained
by the STM that CH;CN adsorbs preferably on the faulted half
of the unit cell.”” The LDOS of adatoms in which the stacking
fault increases can be distinguished in the filled-state STM
image. Compared to the total coverage of 0.42 (the coverage is
defined as the ratio of the reacted adatoms to the total
adatoms), about 61% of the reacted adatoms are in the faulted
half, while 39% are in the unfaulted half. The slightly higher
LDOS of the faulted halves may contribute to the higher
reactivity.

The site selectivity, the number ratio of reacted-CEA/
reacted-COA, depends on the CH;CN coverage. As we
reported previously,™ the ratio of reacted-CEA/reacted-COA
= 4 for the early stage of the exposure of CH;CN, and it
decreases from 4 to 2 monotonously with increasing exposure.
The total coverage dependence of the ratio of reacted-CEA/
reacted-COA obtained for each half-unit cell with the same
number of reacted adatoms is shown in Figure S. The ratio
reveals a constant value of 4, 3, and 2, as demonstrated in
Figure S.

3.3. Kinetics of CH;CN Adsorption on Si{111}-(7 x 7).
Here, we consider the case that the adsorption of a CH;CN
occurs molecularly only on the pair of an adatom and its
adjacent rest atom. The possible reacted-adatom patterns of
type 2A ~ 2D and type 3A ~ 3E for the 2 and 3 CH;CN
adsorbates on a half-unit cell, respectively, are shown in Figure
6. The pattern-formation probability reveals remarkably
constant values, which are independent of the total coverage
of the reacted adatoms, as shown in Figure 7. Furthermore, the
adsorption probability changes step-by-step and site-by-site
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Figure 8. Adsorption pattern (right) for one CH;CN in a half-unit cell. Adsorption probability of CH;CN assuming the adsorption occurs only on
a pair of an adatom and its nearest rest atom in a half-unit cell. P, [route (A)] and P, [route (B)] correspond to the adsorption probability for one
of the CEAs and one of the COAs on the virgin Si{111} (left). Numerical expressions in the right panel represent the conditional probability for
the adsorption of the second CH;CN, where « is a parameter corresponding to local conformation and f and y are parameters on the interaction
induced by the nearest adsorbate (see also text). Large and small circles indicate the Si adatoms and rest atoms. Full-black and dashed circles
indicate the reacted atoms and adatoms losing their capability of reactions, respectively. Cross-hatched and hatched circles indicate the nearest Si
CEAs to the reacted CEAs, with and without changes in the conformation, respectively. Gray circles indicate the available COA nearest to the
reacted CEA in route (A) and the available CEAs nearest to the reacted COA in route (B).

with increasing reacted adatoms, as shown in Figures 4, 5 and
7.

In the clean half-unit cell of Si{111}-(7 X 7), a CEA has two
adjacent REAs, while a COA has one adjacent REA. The
adsorption of CH;CN occurs via either route (A) or (B), as
described in Figure 8. The CH3CN adsorbs at one of the CEA-
REA pairs in route (A), while at one of the COA-REA pairs in
route (B). Experimental observation demonstrates that the
adsorption probability at the CEA-REA pair is about four times
larger than that at the COA-REA pair site in the initial stage.
The ratio of reacted-CEA/reacted-COA = 4 corresponds to
the relative balance of the routes (A,B). Thus, the adsorption
probability via route (A) is P, = 4/5, while that via route (B) is
P, = 1/5. After the first adsorption of CH;CN occurs on either
a CEA or a COA, the number of REAs available for the second
CH;CN adsorption is 0—2, depending on the adatom position,
as illustrated in Figure 8. When the first adsorption of a
CH,CN occurs in route (A), one of the COAs illustrated as a
dashed circle is inevitably ruled out as a candidate for the
second adsorption site because it has no available nearest REA,
as shown in Figure 8. Moreover, a CEA described by the cross-
hatched circle loses one adjacent REA. As a result, its local
conformation is the same as that of the nonreacted COA.
Therefore, the change in the LDOS and the local conformation
induced by the first preadsorbed CH;CN should be taken into
account for the adsorption of the second CH;CN. This kind of
model simulation was quite successful for the dissociative
adsorption of CH;OH on Si{111}-(7 X 7),”> and here we
apply it to the present CH;CN on Si{111}-(7 X 7).

We consider that both the local conformation (availability of
REAs) and the LDOS of adatoms are responsible for the site
selectivity, reacted-CEA/reacted-COA. As demonstrated in
Figure 8, the probability for the adsorption of the second
CH;CN at the hatched CEA is given by P,af, where a and

41552

are structural parameters depending on the local conformation
of the CEA-REA pair and a parameter reflecting both the local
interaction between the first and second CH;CN on the CEAs
and the related changes of the target adatom in LDOS,
respectively. On the other hand, in the case of the first CH;CN
on the CEA and the second on its nearest COAs [see the gray
circle in route (A) in Figure 8], we use a parameter ¥ in place
of f. If the adsorption probability of the second CH;CN does
not depend on the local conformation change and on the
interaction between adsorbates, then @ and f (y) would be
equal to 1. On the other hand, if the adsorption probability
strictly depends on the local conformation, @ would be 0.5 for
the cross-hatched adatom in Figure 8, because the number of
remaining atoms available for the second adsorption becomes
half. As such, the formulas of the site-by-site adsorption
probability of the second CH3;CN can be derived in the route
(A) as P,ap, P, P, and Py for the possible five adatoms.
Similarly, the reaction probability for the five adatoms in route
(B) is given by P,ay, Py, P, P, and P,. Five possible
adsorption patterns appear after the adsorption of the second
CH,CN in route (A), as shown in Figure 9a (see the filled-
black-atom patterns). It should be noted that one of the
available CEAs has two REAs. On the other hand, the six
adsorption patterns appear in route (B), as shown in Figure 9b
(see the filled-black-atom patterns). The formation probability
of each pattern of reacted adatoms is represented by the
equations of P,-Q,, (n = 1-5) and Py-Q,5 (n = 1-5), where
Q,a and Q, are the formation probability of each pattern in
the condition of selection of routes (A,B), respectively. Here, a
parameter of 6 is introduced in Figure 9a, corresponding to the
route selection (selection of one of two available REAs).

The chemisorption of the third CH;CN demonstrates
totally 10 and 16 saturated adsorption patterns in the route
(A,B), as illustrated in Figure 10a,b, respectively. The available
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Figure 9. (a) Adsorption patterns of the Si adatoms and their formation probability in route (A). (b) Adsorption patterns of the Si adatoms and
their formation probability in route (B). Q,4 (n = 1-5) and Q,5 (n = 1—5) are the formation probability of each pattern in the condition of

selection of routes (A,B) in Figure 8, respectively.

adatoms for the third CH3;CN are marked in Figure 9
(similarly, most are left in Figure 10). The formation
probability for each pattern for the third CH3;CN adsorption
on the patterns for two CH;CN in Figure 9 (most left in
Figure 10) is described by the formula indicated below for
each produced pattern shown in Figure 10. The local
interaction of the third molecule with two preadsorbed
CH;CN molecules on the nearest adatoms should be
considered. Here, we assume that interaction with the nearest
CH;CN molecule plays a dominant role. The overall pattern-
formation probability for three CH3;CN groups can be
calculated by the conditional probability of each pattern
formation shown in Figures 8—10. For example, the formation
probability of the pattern surrounded by the dashed square in
Figure 10 can be described as P,-Q,5-P,ay/(P,ay + P, + P,af3)
= P2Quaay/(P,ay + P, + P,af). These equations can
reproduce the site selectivity and the pattern-formation
probability for each type of pattern shown in Figures S and 7.

Adjusting the parameters of @, f, 7, and § can reproduce
both the site selectivity and the pattern formation well, as
shown in Figures 5 and 7. To determine the best parameters of
a, p, v, and 0§, it is necessary that these parameters can

reproduce not only the site selectivity but also each pattern
formation. If we set # = y as in ref 52, the present experimental
data cannot be reproduced. The best parameters reproducing
the experimental data can suggest the following adsorption
physics. (1) a = 0.48: This value suggests that the adsorption
probability on an adatom depends strictly on the number of
adjacent REAs. (2) B = 0.85: The interaction between the
adsorbates on the CEAs is slightly repulsive, and/or the LDOS
change on the CEA is not preferred for the adsorption. (3) y =
2.3: The interaction between the adsorbates on the CEA and
its nearest COAs is strongly attractive, and/or the LDOS
change on the adatom is strongly preferred for the adsorption.
(4) 6 = 0.85: The selection of the configuration P in Figure 3 is
preferred due to the possible dipole—dipole interaction of two
adsorbates.

We proceeded with investigating the relative preferences of
different combinations of adsorbates, consisting of two or three
CH;CN molecules, by analyzing their adsorption energy using
DFT calculations. To assess the stability of the adsorption
configurations, we calculate the adsorption energies of
acetonitriles on the Si{111}-(7 X 7) surface. The adsorption
energy (E,q4,) per acetonitrile is defined as follows
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Figure 10. (a) Pattern formation probability of the reacted Si adatoms for the occupations corresponding to the saturation of CH;CN in route (A).
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Table 1. Adsorption Type and Corresponding Configurations of Two Acetonitrile Molecules”

adsorption type configurations (combination of sites) E,q (eV) relative preference
type 2A 2-5 3-6 5-8 6—9 8-2 9-3 1.58 1
type 2A* 2—-6 3-8 5-9 1.54
type 2B 1-4 4-7 7-1 1.46 4
type 2C 1-3 2—4 4-6 5=7 7-9 -1 1.54
type 2D 1-$§ 1-6 4-9 4-8 7-2 -3 1.50 3

“Their molecular adsorption energies per acetonitrile and relative preference of stability.

Table 2. Adsorption Type and Corresponding Configurations of Three Acetonitrile Molecules”

adsorption type configurations (combination of sites) E (eV) relative preference I relative preference II
type 3A 1-4-7 1.45 S S
type 3B 2-5-8 3—-6-9 1.59 1 3
type 3C 1-3-8 2—4—6 7-5-9 1.58 2 2
type 3D 1-3-6 1-8-5 4—-6-9 4-2-8 7=5-2 7-9-3 1.57 3 1
type 3E 1-3-7 1-5-7 4—6—1 4-8-1 7-9—4 7-2—4 1.52 4 4

“Their molecular adsorption energies per acetonitrile and relative preference of stability.

Eads = _[Eacetonitriles/Si{111}—(7)(7) - ESi{lll}—(7><7)

- nEacetonitrile] /n

where Eacetonitriles/Si{l11}—(7)(7)) ESi{lll}—(7><7)! and E,ceronitrile repre-
sent total energies of the acetonitriles on the Si{111}-(7 X 7)
surface, the clean Si{111}-(7 X 7) surface, and the isolated
acetonitrile molecule, respectively. Here, n indicates the
number of adsorbed acetonitrile molecules.

For the examination of possible molecular adsorption sites of
CH,CN on the Si{111}-(7 X 7) unit cell, Figure S1 illustrates
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these locations along with the positions of adatoms and rest
atoms. The left and right halves of Figure SI are faulted and
unfaulted haves, respectively: the adatoms (green) are labeled
by a, b, ¢, d, e, and f, while the rest atoms (purple) are labeled
by g h, and i. We have a total of nine potential sites for
molecular adsorption, denoted as 1 to 9. The CH;CN
molecule on each site is adsorbed on the nearest adatom
and the nearest rest atom. That is, CH;CN on site 1 is located
on the COA a and the REA g, CH;CN on site 2 is on the CEA
b and the REA g, CH;CN on site 3 is on the CEA b and the
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REA h, etc. These sites are overall categorized into two groups:
sites 1, 4, and 7 belong to one group (G1), and sites 2, 3, S, 6,
8, and 9 belong to the other group (G2). Calculations show
that the molecular adsorption energies for the G1 and G2
groups are 1.47 and 1.54 eV, respectively.

If the adsorption of two molecules is considered, we have
four types of adsorption configurations, as shown in Table 1.
Type 2A has two kinds denoted here by type 2A and type 2A*
of which have very close adsorption energies (Table 1).
Considering the number of configurations giving the same
pattern, the relative preference of stability is in order of type
2A, type 2C, type 2D, and type 2B (see the column for
“Relative preference” of Table 1). Thus, our calculations
explain the experimental finding to show the trend for the
population of the adsorption pattern shown in Figure 7a.

For the adsorption of three molecules, we have five types of
adsorption configurations, as shown in Table 2. Considering
the number of configurations giving the same pattern, the
relative preference of stability is in order of type 3D, type 3C,
type 3B, type 3E, and type 3A (see the column for “Relative
preference II” of Table 2). Note that without counting the
number of configurations, the order of stability follows that of
adsorption energy (see the column for “Relative preference 1”
of Table 2). It is concluded that our calculations (i.e., Relative
preference II), taking both the adsorption energy and the
number of configurations into account, explain the exper-
imental finding to show the trend for the population of
adsorption patterns shown in Figure 7b.

It is worth extracting the intermolecular interactions from
the DFT results by subtracting each adsorption energy of a
single acetonitrile molecule from the adsorption energy of two
or three acetonitrile molecules. As a result, we obtain
intermolecular interaction energies of about 0.07 and 0.06
eV for type 2A and type 2C configurations, respectively, of two
acetonitrile adsorptions at the nearest distances. In addition,
we obtain intermolecular interaction energies of about 0.06 eV
for type 3C and 0.05 eV for type 3B and type 3D
configurations of the three-acetonitrile adsorption at the
nearest distances.

4. SUMMARY

The adsorption of a polarized CH;CN on Si{111}-(7 X 7) at
~300 K was studied with STM, TDS, and theoretical
calculations. The site-specific study enabled us to elucidate
the site-by-site and step-by-step adsorption kinetics. A
polarized CH;CN adsorbs preferentially on the faulted half
compared to the unfaulted half. Furthermore, the adsorption
on the CEA-REA pair is four times preferred to that at the
COA-REA pair in each half-unit cell at the initial stage. The
site selectivity and also the occurrence of the adsorption
pattern are reproduced well by considering the simple model
of the probability for each pattern formation. The site-selective
adsorption of CH;CN on Si{111}-(7 X 7) is understood well
by the chemical reactivity determined by the local
conformation, the local density of states, and the interaction
between polarized adsorbates. Detailed theoretical calculations
reproduced the experimentally observed patterns of reacted
adatoms and supported the interpretations of the reactivity of
CH,CN on Si{111}.
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