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Abstract: Multi-reference as well as single-reference quantum mechanical methods were adopted to study
the potential energy surface along three possible surface reaction mechanisms of acrylonitrile on the
Si(100)-2×1 surface. All three reactions occur via stepwise radical mechanisms. According to the computed
potential energy surfaces, both [4+2] and [2+2]CN cycloaddition products resulting from the reactions of
surface dimers with the CtN of acrylonitrile are expected, due to the negligible activation barriers at the
surface. Another possible surface product, [2+2]CC, requires a 16.7 kcal/mol activation energy barrier. The
large barrier makes this route much less favorable kinetically, even though this route produces the
thermodynamically most stable products. Isomerization reactions among the surface products are very
unlikely due to the predicted large activation barriers preventing thermal redistributions of the surface
products. As a result, the distribution of the final surface products is kinetically controlled leading to a
reinterpretation of recent experiments. An intermediate Lewis acid-base type complex appears in both
the [4+2] and [2+2]CN cycloadditions entrance channels, indicating that the surface may act as an
electrophile/Lewis acid toward a strong Lewis base substrate.

I. Introduction

With the advances of new experimental techniques and the
development of increasingly sophisticated quantum mechanical
methods and computational hardware, increasing effort is being
expended to develop synthetically modified semiconductor
surfaces. Among the goals in these endeavors are the pursuit
of enhanced properties for microelectronics, sensors, biologically
active surfaces, and nonlinear optical materials.1 Many saturated
and unsaturated organic and organometallic compounds are
actively being tested for the creation of new interfacial chemical
bonds that would potentially add new functionalities to the
semiconductor technology.

Surface reactions of unsaturated organic compounds with the
Si(100)-2×1 reconstructed surface have attracted particular
interest. Surface reactions of alkynes and alkenes with the Si-
(100)-2×1 surface are examples of [2s+2s] cycloadditions,
which are formally orbital symmetry forbidden.2 Thus, a large
reaction barrier is expected along the symmetric reaction
pathway. In fact, it is known from carbon solution chemistry
that even the low-symmetry reaction pathway has a high reaction
barrier, mainly due to unfavorable geometric configurations
along the reaction path.3 However, the rules governing [2+2]

additions on surfaces are apparently different, since many
instances of formally forbidden reactions have been reported.
Early experimental4 and theoretical5 studies have shown that
ethylene, propylene, and acetylene easily chemisorb on Si(100)-
2×1 yielding [2+2] products and are able to resist temperatures
of up to 600 K.

Theoretically, Liu and Hoffmann5b have found a low-
symmetry pathway that contains aπ-complex precursor and a
biradical intermediate that has a low energy barrier to [2+2]
cycloaddition products, substantiating the experimental findings.
Recent experimental6 and theoretical7 studies identified other
possible surface products of acetylene, adding a new complexity
to the surface reactions of ene systems.

Diene systems have also been actively studied. In the case
of 1,3-butadiene and 2,3-dimethyl-1,3-butadiene, theoretical and
experimental studies have shown8 that the surface dimer can
act as a good dienophile, yielding “Diels-Alder” or [4+2]-
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cycloaddition products, in which a conjugated diene reacts with
the silicon surface dimer to form a six-membered ring.

Reinvestigation of the 2,3-dimethyl-1,3-butadiene reaction on
the Si(100)-2×1 surface by Hamers and co-workers9 supported
the observation that the Diels-Alder product represented 80%
of the surface products. However, they noted a minor (20%)
[2+2] product as well. In the case of 1,3-cyclohexadiene, they
observed 55% of the [4+2] products, 35% of [2+2] produc,t
and 10% unknown, strongly indicating the existence of competi-
tion between [4+2] and [2+2] reactions of the diene on the
Si(100) surface. Attempts to convert the product distribution to
the thermodynamically more stable product by annealing to
higher temperatures failed. Subsequent theoretical studies10

provided further support for the existence of the competing
reactions by showing that there exists a low-energy [2+2]
cycloaddition pathway on the Si(100) surface, and that the
surface isomerization reaction connecting [4+2] and [2+2]
products is very unlikely due to a high activation barrier.

These new experimental and theoretical studies indicate that
the final surface reaction products are determined during the
initial stage of the surface reactions, and that they are not subject
to further thermal redistributions or isomerizations among
surface products. This provides very strong evidence that the
control of the surface selectivity toward a diene is determined
by the reaction kinetics rather than the thermodynamics.

In this regard, the surface reactions of acrylonitrile, which
has both a CtN bond and a CdC bond, with the Si(100)-2×1
surface is of interest. It has been established11 that the CdC
bond of acrylonitrile acts as a dienophile with the electron-
withdrawing CN group in traditional solution chemistry. How-
ever, it is possible that, on the Si(100)-2×1 surface, acrylonitrile
may behave differently, since there is no diene to react with.

Three possible relatively stable reaction products are presented
in Figure 1, where (a) represents the reactants, (b) represents

the [4+2] type product, in which Si1-C6 and Si2-N3 bonds
are formed making an allenic N3dC4dC5 configuration, (c)
represents the [2+2]CN product with the formation of Si1-C4

and Si2-N3 bonds, and (d) represents the [2+2]CC product with
Si1-C6 and Si2-C5 bonds being formed. Recent experiments
by Tao et al.12 suggest that acrylonitrile reacts only through the
CtN bond with Si dimers via a [2+2] cycloaddition mecha-
nism, yielding exclusively the [2+2]CN surface product. This
conclusion is in contrast to the surface reactions of the
homonuclear conjugated diene systems as considered earlier,
for which both [2+2] and [4+2] products were observed.

The question regarding whether and why only one of the
many possible products is exclusively formed ultimately bears
on the chemical selectivity of the Si(100)-2×1 surface toward
conjugated diene systems, homonuclear and heteronuclear alike.
By studying the factors that govern the reactivity of these
species, one hopes to gain control over these surface reactions
to an extent that eventually leads to a technique to tailor the
reaction selectivity. In this paper, an extensive theoretical study
of the potential energy surface of the reaction mechanisms is
performed to elucidate the nature and origin of the Si(100)-
2×1 surface selectivity toward acrylonitrile, a heteronuclear
diene.

II. Computational Details

Two basis sets were used in this work. The SBKJC effective core
potential (ECP) and basis set13 are used, augmented byd polarization
functions14 on all heavy atoms. This is referred to as SBK(d). To study
basis set effects, a mixed basis set, referred to as MIXED, comprised
of SBK(d) for Si and 6-31G(d) for C and N, was tested. In addition,
the all-electron 6-31G(d)15 basis set was also used. The minimum energy
reaction paths were determined by first optimizing the geometries of
the minima and transition states. Then, each stationary point was
characterized by computing and diagonalizing the Hessian matrix
(matrix of energy second derivatives). To follow the minimum energy
path (MEP), the Gonzalez-Schlegel second-order method16 was used
with a step size of 0.3 amu1/2‚bohr.

Various points on the reaction paths, particularly transition states
and intermediates, are often inherently multi-configurational. Therefore
CASSCF (complete active space SCF)17 wave functions were primarily
used to describe these species. The selected orbitals for the active space
are now discussed in detail. For the study of the reaction paths leading
to the products [4+2] and [2+2]CN, an (8,8) active space was used.
This active space is constructed from the 6 electrons in the three sets
of π andπ* orbitals of acrylonitrile, plus the 2 electrons andπ andπ*
orbitals of the surface Si dimer. For the study of the reaction path
leading to the product [2+2]CC, a (6,6) active space is used consisting
of the 2 electrons and theπ andπ* orbitals of the acrylonitrile CdC
bond, plus the 4 electrons associated with theπ, π* , σ, andσ* orbitals
of the surface Si dimer. A smaller active space is chosen in this case,
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Figure 1. Reactants and three possible surface products: (a) the reactants;
(b) the [4+2] product; (c) the [2+2]CN product; and (d) the [2+2]CC product.
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since the CN group does not participate in this part of the reaction
surface. Inclusion of the silicon surface dimerσ bond is necessary,
since it is broken during the reaction. For the study of the surface
isomerization reactions, the larger (8,8) active space is used.

To recover the dynamic electron correlation, and to ensure that all
parts of the reaction path are treated equivalently, multi-reference
second-order perturbation theory was used, since the level of accuracy
for such methods is at least comparable to that of MP2 when single
reference methods are appropriate.18 The particular version of this
method used in the present work is referred to as MRMP2 (multi-
reference second-order perturbation theory).19 For comparison with the
results of these multi-reference calculations, calculations have also been
performed with three single-reference methods: Hartree-Fock (HF),
density functional theory (DFT) with the B3LYP20 exchange-correlation
functional, and second-order Møller-Plesset perturbation theory (MP2).21

The GAMESS (General atomic and molecular electronic structure
system)22 program was used for all of the computations.

The all-quantum mechanics (QM) calculations were performed using
the Si9H12 silicon cluster model shown in Figure 2a. To study the surface
size effect, a hybrid quantum mechanics/molecular mechanics (QM/
MM) method called SIMOMM23 (surface integrated molecular orbital
molecular mechanics) was used. The SIMOMM cluster is composed
of a C3NSi9H15 quantum region embedded in a C3NSi48H52 cluster.
MM324 parameters were used for the molecular mechanics optimization
part of the computations. Figure 2b illustrates the SIMOMM model,
where the quantum mechanical Si atoms are in purple. All of the
computations were done without imposing symmetry unless otherwise
specified.

III. Results and Discussions

A. Surface Products.Fully optimized geometric parameters
and relative energetics of the most likely surface products were
calculated with various methods. Only the CASSCF and

MRMP2 results are presented in Table 1. More extensive data
can be found in the Supporting Information.

In the table, energies of [4+2] and [2+2]CN products are given
relative to that of [2+2]CC. Bond lengths obtained using the
various methods are all in reasonable agreement with each other
(see Supporting Information). In particular, the geometric
parameters obtained with the SIMOMM method are consistent
with those predicted by the full ab initio models, indicating that
the 9-silicon model may describe the actual experimental system
reasonably well.

With regard to relative energies, most methods and basis sets
are in good agreement with each other, but B3LYP consistently
underestimates the stabilities of [2+2]CC with respect to [4+2]
and [2+2]CN by 7-8 kcal/mol compared with the other methods
(see Supporting Information). The relative energies obtained
with the SIMOMM model, which includes a larger surface
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Table 1. Geometric Data (Å) and MRMP2 Energetics (kcal/mol) of the Products, Intermediates, and Transition States

bond lengths ∆ Ea

1b, [4+2] 2.411 (Si1-Si2) 1.852 (Si2-N3) 1.234 (N3-C4) 1.328 (C4-C5) 1.527 (C5-C6) 1.982 (Si1-C6) 9.8 (19.4)b

1c, [2+2]CN 2.331 (Si1-Si2) 1.853 (Si2-N3) 1.295 (N3-C4) 1.471 (C4-C5) 1.343 (C5-C6) 1.999 (Si1-C6) 14.2 (21.5)b

1d, [2+2]CC 2.347 (Si1-Si2) 2.000(Si2-C5) 1.160 (N3-C4) 1.466 (C4-C5) 1.567 (C5-C6) 1.983 (Si1-C6) 0.0 (0.0)b

-30.4 (-30.8)c

3a, I[4+2]-[2+2]CN 2.400 (Si1-Si2) 1.965 (Si2-N3) 1.151 (N3-C4) 1.442 (C4-C5) 1.342 (C5-C6) -4.3 (-1.8)c

3b, TS[4+2] 2.341 (Si1-Si2) 2.086 (Si2-N3) 1.184 (N3-C4) 1.387 (C4-C5) 1.381 (C5-C6) 2.916 (Si1-C6) 3.3 (23.9)c

3c, TS[2+2]CN 2.395 (Si1-Si2) 1.866 (Si2-N3) 1.193 (N3-C4) 1.451 (C4-C5) 1.339 (C5-C6) 2.849 (Si1-C4) 4.0 (16.5)c

3d, TS1[2+2]CC 2.643 (Si1-Si2) 2.374 (Si1-C6) 1.391 (C5-C6) 2.199 (Si1-C5) 3.605 (Si2-C5) 13.3 (28.9)c

3e, I[2+2]CC 4.379 (Si1-Si2) 1.904 (Si1-C6) 1.535 (C5-C6) 1.943 (Si1-C5) 4.067 (Si2-C5) 13.1 (8.5)c

3f, TS2[2+2]CC 3.057 (Si1-Si2) 1.885 (Si1-C6) 1.531 (C5-C6) 2.263 (Si1-C5) 2.523 (Si2-C5) 16.7 (28.6)c

3g 2.370 (Si1-Si2) 2.364 (Si2-N3) 2.177 (Si2-C4) 2.465 (Si2-C5) 1.967 (Si1-C6) 37.6 (43.0)d

3h 2.430 (Si1-Si2) 2.870 (Si1-C4) 1.981 (Si1-C5) 2.290 (Si1-C6) 1.790 (Si2-N3) 42.4 (58.1)d

a Values in parentheses are CASSCF(8,8)/MIXED energies, except3d, 3e, and3f energies are obtained with CASSCF(6,6)/MIXED theory.b Values
represent the relative energies with respect to1d. c Values are energies relative to separated reactants (acrylonitrile+ bare silicon surface).d Energies relative
to 1b product.

Figure 2. (a) The C3NSi9H15 quantum model and (b) the SIMOMM model
composed of a C3NSi9H15 quantum region embedded in a C3Nsi48H52 cluster.
The quantum mechanical atoms are in purple.
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effect, agree with the corresponding fully QM results to within
1-2 kcal/mol. All calculations predict that [2+2]CC is the most
stable surface product followed by [4+2] and [2+2]CN with
relative MRMP2/MIXED energies for the latter two of 9.8 and
14.2 kcal/mol, respectively. The remaining discussion will focus
on this level of theory.

There is not an obvious rationale for the relative stabilities
of [4+2] and [2+2]CN. Although [4+2] has a less strained six-
membered ring, it also has a destabilizing allenic moiety. In
contrast, [2+2]CN has a strained four-membered ring. As a result
of these competing factors, [4+2] is calculated to be more stable
than [2+2]CN by about 5 kcal/mol. From a thermodynamic point
of view, the [2+2]CC product would be the most likely to exist
on the surface followed by [4+2] and [2+2]CN. Recent DFT-
(B3LYP/6-31G(d) and PBP/DN** ) results reported by Tao et
al.12 predict [2+2]CN to be more stable than [4+2] by about 5
kcal/mol, in contrast to the results reported here. It is not clear
why those authors’ B3LYP/6-31G(d) results differ from those
reported here.

The MRMP2(8,8)/MIXED energy of [2+2]CC with respect
to the reactants (acrylonitrile+ the bare surface), also presented
in Table 1, is predicted to be-30.4 kcal/mol. In fact, all of the
multi-reference methods predict the stability of this product to
be in the 30-38 kcal/mol range. In contrast, all single reference
methods overestimate the stability of this product. The CASSCF
natural orbital occupation numbers (NOON) for the active space
orbitals, a good measure of multi-configurational character, are
1.94, 1.94, 1.90, 1.66, 0.34, 0.10, 0.06, and 0.06 for the reactants,
while those of [2+2]CC are 1.98, 1.98, 1.94, 1.94, 0.06, 0.06,

0.02, and 0.02. Clearly, reactants have stronger multi-configu-
rational nature, primarily due to the significant diradical
character of the surface Si dimer.25 As a result, all single-
configurational methods fail to predict the correct relative
stabilities of products with respect to reactants. However, the
relative stabilities among the products are predicted relatively
well by most single-configurational methods, since the products
are all less multi-configurational. It is also found that MRMP2-
(8,8)/SBK(d) overestimates the stability of [2+2]CC by 7.8 kcal/
mol as compared to MRMP2(8,8)/MIXED. This is consistent
with previous results that suggest effective core potentials may
be suspect for the lightest elements.26

As discussed in detail in an earlier study of the addition of
1,3-cyclohexadiene to the Si(100) surface,10 the relative ther-
modynamic energies of the final products need not be correlated
with the actual final product distribution, if the energetics are
dominated by kinetic effects, i.e., the barrier heights of compet-
ing mechanisms. To determine whether the same is true for the
system of interest here, the potential energy surfaces of the
possible reaction mechanisms are studied and presented in the
subsequent sections.

B. Reaction Mechanism Leading to the [4+2] Product
(1b). The intermediate and transition state structures for the
mechanism leading to the [4+2] product are presented in Figure
3. The corresponding fully optimized geometric data and relative

(25) (a) Redondo, A.; Goddard, W. A., IIIJ. Vac. Sci. Technol.1982, 21, 344.
(b) Shoemaker, J.; Burggarf, L. W.; Gordon, M. S.J. Chem. Phys.2000,
112, 2994.

(26) Jung, Y.; Choi, C. H.; Gordon, M. S.J. Phys. Chem. B2001, 105, 4039.

Figure 3. Intermediates and transition states along the surface reactions: (a) I[4+2]-[2+2]CN, an intermediate where N donates lone pair electrons to the
surface; (b) TS[4+2], a transition state that connects (a) and [4+2]; (c) TS[2+2]CN, a transition state that connects (a) and [2+2]CN; (d) TS1[2+2]CC, a transition
state that connects the reference point and (e); (e) I[2+2]CC, an intermediate along the [2+2]CC product mechanism; (f) TS2[2+2]CC, a transition state that
connects (e) and [2+2]CC; (g) TS[4+2]T[2+2]CC, a transition state that connects [4+2] and [2+2]CC; (h) TS[4+2]T[2+2]CN, a transition state that connects [4+2]
and [2+2]CN; and (i) IR, a transition state of the surface internal rotation.
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energies are listed in Table 1. In analogy with the “Diels-Alder”
reaction, one would expect a concerted reaction mechanism, in
which both Si1-C6 and Si2-N3 bonds are forming at the same
time. However, the initial surface product turns out to be the
intermediate I[4+2]-[2+2]CN (3a), which forms without any
activation barrier. In this intermediate, only the Si2-N3 bond
has been formed. The reactivity of N3 with the surface dimer is
apparently greater than that of C4, perhaps because N3 has lone
pair electrons. Therefore, even though the molecule might
initially approach the surface in a concerted fashion, it eventually
becomes I[4+2]-[2+2]CN. So, the surface can act as an electrophile
or a Lewis acid.

The MRMP2(8,8)/MIXED level of theory predicts a 4.3 kcal/
mol stabilization energy for intermediate3a. As discussed in
section A, single-configurational methods underestimate sig-
nificantly the stabilities of reactants due to the lack of nondy-
namical electron correlation. As a result, single-configuration-
based methods are not able to consistently provide accurate
relative energies across the entire part of the potential energy
surface of importance to the dissociation/adsorption reactions.
The relatively small MRMP2 stabilization energy of I[4+2]-[2+2]CN

indicates that the bonding of N3-Si2 is probably best described
as a weak Lewis acid-base complex.

Transition state TS[4+2] (3b), in which C6 is making a bond
with Si1, connects intermediate I[4+2]-[2+2]CN with final product
[4+2] (1b) with a forward activation energy of 7.6 kcal/mol
relative to the intermediate and 3.3 kcal/mol relative to the initial
reactants (Table 1). This small activation barrier suggests that
the [4+2] products will be present on the surface.

C. Reaction Mechanism Leading to the [2+2]CN Product
(1c). Transition state TS[2+2]CN (3c), in which C4 approaches
Si1, connects intermediate I[4+2]-[2+2]CN with final product
[2+2]CN (1c) with a MRMP (8,8)/MIXED forward activation
energy of 8.3 kcal/mol relative to the intermediate and 4.0 kcal/
mol relative to the initial reactants. The latter is again rather
small, so that the [2+2]CN product is expected to be viable based
on kinetic considerations. Note that the [4+2] and [2+2]CN

products both arise from the same initial intermediate state
I[4+2]-[2+2]CN. However, they go through different transition
states, TS[4+2] and TS[2+2]CN, respectively.

Both channels require very small overall activation barriers,
strongly suggesting the existence of both products, at least in
the initial stages of adsorption processes.

D. Reaction Mechanism Leading to the [2+2]CC Product
(1d). To study this part of potential energy surface, the (6,6)
active space discussed earlier was employed. Fully optimized
geometric parameters and relative energies along the potential
surface are listed in Table 1.

Transition state TS1[2+2]CC (3d) connects the separated
reactants and the intermediate I[2+2]CC (3e) with a MRMP2-
(6,6)/MIXED forward activation barrier of 13.3 kcal/mol. In
TS1[2+2]CC, both C5 and C6 interact with Si1 with a concomitant
elongation of the Si1-Si2 distance by about 0.2 Å from its
original value. In the intermediate I[2+2]CC, both C5 and C6 have
formed bonds with Si1, and the Si1-Si2 distance is now>4 Å,
indicating that a diradical has been created. I[2+2]CC is less stable
than the reactants by 13.1 kcal/mol. So, this intermediate is
barely more stable than the preceding transition state. From this
point, only a small forward activation barrier of 3.6 kcal/mol
at the transition state TS2[2+2]CC (3f) separates the intermediate

I[2+2]CC from the final product [2+2]CC. In TS2[2+2]CC the Si1-
C5 bond is breaking and the new bonds Si1-Si2 and Si2-C5

are forming.
The overall reaction barrier to form the product [2+2]CC is

16.7 kcal/mol. This is significantly larger than those separating
the products [4+2] and [2+2]CN from the reactants. This
strongly suggests that the cycloaddition at the CdC center is
kinetically less favorable than the two competing mechanisms.
The overall reaction coordinates of the three competing mech-
anisms are comparatively illustrated in Figure 4. Since the actual
experiment was done at the very low temperature of 110 K, the
16.7 kcal/mol barrier is likely to be a significant obstacle. It is
possible that at high temperature, this channel can be activated.

In the previous calculation of the [2+2] cycloaddition of 1,3-
cyclohexadiene to the Si(100) surface,10 the overall reaction
barrier was calculated to be about 5 kcal/mol. This is smaller
than the analogous barrier obtained in this work. This difference
may be due to the different substituents. In particular, in the
current work, the strongly electron-withdrawing CtN group
would retard the reactions by removing electron density in the
ene group making it less nucleophilic.

E. Surface Isomerization Among Surface Products.The
initial surface products may undergo subsequent surface isomer-
ization reactions. If these isomerizations occur with small
barriers, the final product distribution may still be controlled
by the product thermodynamics. It is therefore necessary to study
the possible surface isomerization mechanisms. The relevant
data are summarized in Table 1.

First, consider the isomerization between [4+2] (1b) and
[2+2]CC (1d). The transition state TS[4+2]T[2+2]CC (3g) is reached
by breaking the Si2-N3 bond and forming the Si2-C5 bond.
This transition state connects final products [4+2] and [2+2]CC

with a MRMP(8,8)/MIXED forward activation barrier of 37.6
kcal/mol.27 Such a high barrier effectively prevents this isomer-
ization channel, except at very high temperatures.

The transition state TS[4+2]T[2+2]CN (3h), which connects
products [4+2] and [2+2]CN, is obtained by breaking the Si1-
C6 bond and forming the Si1-C4 bond. The forward activation
energy associated with TS[4+2]T[2+2]CN is 42.4 kcal/mol. There-
fore, one also expects that the isomerization reaction between
[4+2] and [2+2]CN is unlikely to occur, except at very high
temperatures. These large barriers are both higher than those

(27) Note that MRMP2/MIXED calculations are not necessary in this part of
the potential energy surface, since only the relative energies of the products
are of interest, not energetics involving the diradicaloid reactants.

Figure 4. A schematic illustration of the reaction coordinates of the three
competing surface mechanisms.
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of the corresponding desorption barriers, so that desorption is
more likely to occur than these isomerizations. There appears
to be no direct path between the products [2+2]CC and [2+2]CN

without going through product [4+2].
In summary, even if sufficient thermal energy is provided to

the surface products, surface isomerization would not occur
among the possible surface products. This theoretical result is
consistent with the experimental observations that the features
related to chemisorbed species remain constant until around 450
K, above which desorption and decomposition occur.12

F. Internal Rotation of the Surface Product 1b.The CdC
bond of the surface product [2+2]CN can rotate internally
through the C4-C5 conjugated single bond via the transition
state TSR (3i) with a B3LYP activation barrier of 8.2 kcal/mol.
This internal rotation may be activated at high temperatures.

IV. Conclusions

Potential energy surface scans along possible reaction paths
leading to the final products, and the isomerization reactions
among them, were investigated with various quantum mechan-
ical methods including multi-configurational second-order per-
turbation theory.

Thermodynamically, [2+2]CC (1d) is the most stable surface
product, followed by [4+2] (1b) and [2+2]CN (1b). The latter
are 9.8 and 14.2 kcal/mol higher in energy, respectively.
However, the overall reaction barriers leading to [4+2],
[2+2]CN, and [2+2]CC products are calculated to be 3.3, 4.0,
and 16.7 kcal/mol, respectively, thereby making the [2+2]CC

product kinetically much less favorable. All three channels
constitute stepwise radical mechanisms. Due to the high
reactivity of the CN group, a concerted reaction mechanism
leading to the [4+2] product does not exist. Instead, a Lewis
acid-base complex-like intermediate I[4+2]-[2+2]CN (3a) is found,
in which the N atom acts as a Lewis base and the surface as a
Lewis acid. The [4+2] and [2+2]CN reaction mechanisms share
the same intermediate, I[4+2]-[2+2]CN.

Surface isomerization reactions among possible surface
products appear to be very unlikely due to the very large (∼40
kcal/mol) activation barriers.

Consequently, the theoretical results presented here strongly
suggest that there exists competition between the reaction
channels leading to the [4+2] and [2+2]CN products. So it is
expected that both the [4+2] and [2+2]CN products are formed

in the initial stages of these reactions and that they are not
subjected to subsequent surface isomerization reactions. There-
fore, it is concluded that the overall surface reactions of
acrylonitrile with Si(100)-2×1 are controlled by kinetics, rather
than by thermodynamics, as was found for homonuclear
dienes.10

The foregoing conclusions suggest the need for a reinterpreta-
tion of the recent experiments.12 The conclusion of the earlier
study was primarily based on the absence ofν(CtN) at 2245
cm-1 and the appearance ofν(CdN) at 1669 cm-1, and on the
preference for [2+2]CN predicted by DFT calculations. However,
the appearance ofν(CdN) at 1669 cm-1 alone cannot rule out
the existence of the [4+2] product. In fact, the experimental
facts are also consistent with the existence of the [4+2] product
since the [4+2] product also has a CdN double bond. Since
the intensity of the CdN stretch vibration and the frequency of
the cumulene structure (CdCdN) may be somewhat different
from the normal CdN stretch, a more detailed vibrational
analysis may be able to distinguish these two. In addition, the
earlier DFT calculations appear to be in error, based on the
exhaustive calculations reported here.

While single-configurational methods may be useful for
studying the relative energies of the products, they are not
appropriate to study the entire potential energy surface of
dissociation/adsorption reactions. This is due to the highly multi-
configurational nature of the reactants, as well as some of the
intermediates and transition states, necessitating the use of multi-
configurational descriptions to obtain reliable kinetic predictions.

It is clear from the current study that, to improve the surface
selectivity toward a particular product, one must be able to
control the kinetics. We are in the process of studying additional
surface reactions to determine the generality of this conclusion.
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