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Si(100)-(2×1) surface: theoretical predictions
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Abstract

First-principles electronic structure calculations have been used to study the structure, energetics and vibrational spectra of the
chemisorption products of several unsaturated hydrocarbons on the Si(100)-(2×1) surface. The calculations use a hybrid non-local
density functional theory and a cluster model of the surface. Ethylene and acetylene react by a [2s+2s] cycloaddition mechanism.
Conjugated dienes (1,3-cyclohexadiene, 1,3-butadiene, 2,3-dimethyl-1,3-butadiene) and benzene can also react by a novel [4s+2s]
cycloaddition, or Diels–Alder mechanism. For each diene, the Diels–Alder product is energetically favored over the more strained
[2s+2s] product. The reaction mechanism for Diels–Alder addition, other competing reactions, and the effects of post-hydrogenation
are all discussed. Comparisons to experimental observations are made throughout. © 1998 Published by Elsevier Science B.V. All
rights reserved.
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1. Introduction organic monolayers may serve as an interface
between silicon and other organic materials, partic-
ularly if monolayers with a variety of chemicalReactions of hydrocarbon molecules with silicon
functionality can be produced. Coupling of silicon-surfaces have a wide variety of potential applica-
based materials to organic materials is likely to betions in materials chemistry. Unsaturated hydro-
useful in nonlinear optical materials, optoelectron-carbons are used as precursor molecules for
ies, sensors, low dielectric materials, lithography,chemical vapor deposition (CVD) of silicon car-
and molecular electronics.bide and diamond-like films on silicon surfaces.

Motivated primarily by CVD applications, thereHydrocarbon films may be useful as low dielectric
have been many studies of small hydrocarbon.materials for microelectronics, and would be
adsorption on Si(100) [1]. Most of this work hasespecially useful if such films can form covalent
concerned ethylene and acetylene, though recentlybonds to the surface that chemically and electri-
many other unsaturated hydrocarbons have beencally passivate the surface. Covalently bound
studied. While alkanes do not react on the
clean Si(100) surface, unsaturated hydrocarbons

* Corresponding author. Fax: +1 302 831 6335;
havea high chemisorption probability [2–5].e-mail: doren@udel.edu
Spectroscopic evidence indicates that p-bonds in1 Current address: Department of Chemistry, Cornell

University, Baker Laboratory, Ithaca, NY 14853-1301, USA. alkenes and alkynes react readily with the surface

0039-6028/98/$ – see front matter © 1998 Published by Elsevier Science B.V. All rights reserved.
PII: S0039-6028 ( 98 ) 00554-8
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dangling bonds to form a pair of C–Si s-bonds undergo [2s+2s] cycloaddition to form products
with two Si–C bonds in a four-member ring. These[6–9]. Other molecules containing p-bonds appear

to react in a similar way on Si(100) [2,10,11] and products have molecular analogs that have been
structurally characterized, providing some furthereven benzene will chemisorb in a di-s bonded

configuration on the (100) surface [12–14]. insight into the surface reaction and allowing tests
of the accuracy of our electronic structure meth-There has been little work on formation of well-

defined organic layers on the Si(100) surface, ods. Section 3 concerns adsorption of conjugated
dienes. In addition to the [2s+2s] cycloaddition,despite the potential technological applications.

Linford et al. [15] prepared alkyl monolayers these molecules can react by the Diels–Alder mech-
anism, a [4s+2s] cycloaddition. This latter reactionon hydrogen-terminated Si(111) surface from

1-alkenes using a free-radical mechanism. Hamers results in a six-member ring with two C–Si s-
bonds. The mechanism and activation energyet al. [10] reported formation of monolayers of

cyclopentene on the Si(100) surface. Scanning of the Diels–Alder reaction are also discussed.
Some alkenes can also undergo the ene reaction,tunneling microscopy (STM) and infrared spectro-

scopy show that these layers are ordered both which yields a product with one C–Si bond and a
H–Si bond. This reaction is illustrated fortranslationally and rotationally and exhibit mea-

surable anisotropy in optical properties. 1,3-cyclohexadiene, and the reaction energy is com-
pared with that of the [2s+2s] and [4s+2s] cycload-We have recently described a novel surface reac-

tion that may be useful in forming covalently ditions. We then turn to chemisorption of benzene,
where both [2s+2s] and [4s+2s] cycloaddition pro-bound organic layers on the Si(100) surface, the

surface analog of the classic Diels–Alder (DA) ducts are possible, but more weakly bound than
the corresponding products of nonaromatic dienes.reaction [16]. The weak p-bond between the dan-

gling bonds of the surface dimer can act as a Several experimental groups have exposed hydro-
carbon adsorbates to atomic hydrogen as a tooldienophile in a reaction with a conjugated diene,

as illustrated in Fig. 1 with 1,3-cyclohexadiene as for analyzing hydrocarbon adsorption products.
We show in Section 3 that post-hydrogenation cana prototypical diene. Other conjugated dienes, such

as 1,3-butadiene or substituted dienes, go through cause isomerization of the adsorbate complex,
complicating the interpretation of experimentalanalogous reactions, so that a wide variety of

organic monolayers can be produced from this results. The concluding discussion includes a guide
for qualitative predictions of the relative energeticsreaction. The product of this cycloaddition reac-

tion suggests novel applications, since it saturates for the different reactions.
the surface dangling bonds while retaining the
potential for further controlled chemical modifica-
tion at the carbon–carbon double bond. 2. Theoretical models and methods

In this paper we describe and compare the
thermodynamics of chemisorption for a variety of The calculations reported in this paper have

been carried out using density functional theoryunsaturated hydrocarbons. In Section 2 we discuss
adsorption of ethylene and acetylene, which can with the B3LYP functional [17,18] and split-

Fig. 1. Schematic mechanism of the surface Diels–Alder reaction.
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valence 6-31G** or 6-31G* basis sets [19]. Some that the cycloaddition product is the result of
additional calculations have been also performed ethylene or acetylene adsorption. Some further
with the more extensive 6-311G** basis set [19]. comparisons to experimental work are made in
Energy and derivative calculations have been car- Section 3.3.2.
ried out with the Gaussian 94 series of programs We find that the lowest energy non-dissociative
[19]. chemisorption products of ethylene and acetylene

A Si9H9 cluster has been used to model the on the Si(100) surface are the [2s+2s] cycloaddi-
surface. This is the smallest cluster that can repre- tion products with intact dimer bonds. The energy-
sent a realistic Si(100)-(2×1) surface without arti- minimized structures, optimized at the
ficial geometric constraints. Bonds to sub-surface B3LYP/6-31G* level, are shown in Fig. 2. The
silicon atoms are terminated with hydrogen atoms. geometric and energetic parameters are summa-
This cluster model gives energetic and geometric rized in Table 1. We have also performed a full
predictions in good agreement with experiment optimization of these complexes using the more
and other theoretical methods at reasonable com- extensive 6-311G** basis set with the B3LYP
putational cost, though it neglects interactions with functional, but there were no significant changes
adjacent dimers [20,21] in geometry: bond lengths predicted with the two

The properties of critical points of the potential bases differ by no more than 0.01 Å and bond
surface have been determined by optimizing the angles differ by no more than 1°. The calculated
cluster model (without constraints), and charac- adsorption energies are lower at the
terized by computing the second derivative matrix. B3LYP/6-311G** level (Table 1). This is not sur-
Reported vibrational frequencies have been calcu- prising, since large basis sets tend to converge to
lated at the B3LYP/6-31G* level using fully opti- lower reaction energies.
mized B3LYP/6-31G* geometries. The reported The predicted structure resulting from ethylene
frequencies have been scaled by a factor of 0.94

chemisorption has two Si–C s-bonds and an intact[22].
Si–Si dimer bond. The ethylene C–C bond
stretches upon adsorption to 1.57 Å (compared
with 1.34 Å in molecular ethylene). The longer3. Results and discussion
bond results primarily from rehybridization as the
C–C bond changes from a double bond to a single
bond; the product C–C bond length is only slightly3.1. Ethylene and acetylene
longer than the C–C bond in ethane (1.54 Å). The
Si–Si–C angle (78.4°) is far from the tetrahedralIt is known experimentally that alkenes and
value and indicates significant ring strain. Inalkynes chemisorb readily on Si(100) [1,6,10,11]
response to this strain, the Si–Si–C–C ring in thethough there has been some controversy about the
ethylene adsorbate complex puckers slightlystructure of the product. One possible reaction of
(Si–Si–C–C dihedral angle=7.4°). The Si–Sia C–C p-bond with the Si(100) surface dimers is
dimer bond is 2.36 Å which is slightly shorter thana [2s+2s] cycloaddition, leaving the surface dimer
the dimer on the monohydride surface (2.39 Åbond intact. However, a variety of experimental
according to B3LYP/6-31G* calculations). Theobservations have been interpreted as evidence
reaction energy for adsorption of ethylene on thethat ethylene adsorbs by insertion into the dimer,
Si(100) surface is −43.2 kcal mol−1 with thecleaving the dimer bond and leaving two dangling
largest basis set. The experimental estimate of thebonds on each dimer [4,7,8]. Theoretical calcula-
desorption energy (from temperature programmedtions have called the initial interpretation of the
desorption) is −38.0 kcal mol−1 [4]. Agreementexperiments into question [23–28]. First-principles
between the theoretical prediction and experimentcalculations support the [2s+2s] cycloaddition
is reasonable, though far from perfect. The differ-(with an intact dimer bond) as the energetically
ence probably results from several sources: asidefavored product of ethylene or acetylene adsorp-

tion [25–28]. We provide additional evidence here from experimental uncertainty, the cluster model
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Fig. 2. B3LYP/6-31G* optimized product geometries of adsorption of: (a) ethylene; and (b) acetylene on Si(100) surface.

Table 1 Detailed comparisons of the various theoretical
Structural parameters for products of adsorption of acetylene predictions are not possible as they were all
and ethylene on the Si(100) surface as calculated at the

obtained with different DFT methods. Of theseB3LYP/6-31G* level. Adsorption energies are also reported for
predictions, only the present ones include gradientB3LYP/6-311G** level
corrections to DFT self-consistently. The present

Ethylene Acetylene calculations are the only ones that predict a non-
planar Si–Si–C–C ring, though there is experimen-Si–Si (Å) 2.360 2.368
tal evidence for an adsorbate configuration withSi–C (Å) 1.953 1.909

C–C (Å) 1.570 1.353 local C1 symmetry [6,9].
Si–C–C (°) 101.4 105.5 Similar to ethylene, acetylene forms a di-s
Si–Si–C (°) 78.2 74.4 bonded adsorbate complex on the Si(100) surface,
Si–Si–C–C (°) 7.4 0.0

though the acetylene product retains a C–C doubleDE (kcal mol−1) −45.7 −66.1
bond (Table 1). The C–C bond length in the(B3LYP/6-31G*)

DE (kcal mol−1) −43.2 −60.2 adsorbate complex is typical of a double bond
(B3LYP/6-311G**) (1.35 Å compared with 1.34 Å in ethylene) and the
DE (kcal mol−1) −38.0±1.54 −46.1±2.0a,5 Si–Si bond distance is slightly shorter than on the(Experiment)

monohydride surface (2.37 Å). The Si–Si–C and
a See discussion about this value in the text. Si–C–C ring angles are farther from their optimal

values (109.5° and 120°, respectively) than in the
ethylene complex. In contrast to ethylene, theused here does not completely account for the
Si–Si–C–C ring is planar and the product hasstabilization of the bare surface by buckling and
C2v symmetry. Again, there is some experimentalthe basis set is probably not completely converged
evidence in favor of a structure with local C1(correcting each of these errors would make the
symmetry [3,9] though in our calculations, explicitpredicted reaction energy less negative). There
searches for low symmetry minima always led backhave also been other theoretical predictions of
to the C2v structure. As shown below, the differencethe reaction energy: Fisher et al. obtained
in ring twisting predicted for the two surface−36.2 kcal mol−1 [27] and Pan et al. obtained

−41.7 kcal mol−1 [28], using periodic slab models. complexes is also seen in the predicted and experi-
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mental structure of two molecular analogs, so the
difference has verified precedents which are repro-
duced by theory. More detailed comparisons of
theory and experiment will be needed to resolve
the apparent differences between the predicted and
observed structural properties of the acetylene
complex. The calculated adsorption energy for
acetylene is −66.1 kcal mol−1 (B3LYP/6-31G*),
far from the reported experimental value of
−46.1 kcal mol−1 [5]. However, the measured
value is obtained from a thermal desorption experi- Fig. 3. Schematic picture of highest occupied molecular orbital
ment, in which only a few percent of a monolayer (HOMO) of the surface and lowest occupied molecular orbital

(LUMO) of: (a) the ethylene; and (b) 1,3-cyclohexadiene.of acetylene desorbs, while the majority
decomposes. It is likely that this experiment is not
an accurate probe of the majority-species binding have a high activation barrier on a symmetric

reaction path. The observation that chemisorptionenergy.
The difference in calculated binding energy for is facile suggests that the reaction path is nonsym-

metric, involving a buckled surface dimer.ethylene and acetylene is 20 kcal mol−1 with the
6-31G* basis (17 kcal mol−1 with the 6-311G** Although it is useful to think of the interaction

between dangling bonds on the Si(100)-(2×1)basis). This is a consequence of two effects: the p-
bonds are weaker in acetylene than ethylene, and surface as a weak p-bond, the thermal [2s+2s]

cycloaddition that occurs so readily on the surfacebonds to sp2 carbon (as in the acetylene complex)
are stronger than bonds to sp3 carbon (as in the is not feasible for a typical C–C p-bond. The facile

nature of the [2s+2s] addition on the Si(100)ethylene complex). The shorter, stronger Si–C
bonds in acetylene reflect the greater contribution surface illustrates the high reactivity of this surface,

a consequence of the fact that surface danglingof the carbon s orbitals (relative to carbon p
orbitals) to the bonding orbital. In Section 3.1.1, bonds interact weakly rather than forming a strong

p-bond.we study molecular analogs of these surface com-
plexes and show that there is no substantial differ-
ence in ring strain in the ethylene and acetylene 3.1.1. Molecular analogs of the surface [2

s
+2

s
]

addition complexescomplexes.
We have searched for energy minima corre- Cycloadditions of ethylene and acetylene to disi-

lene (Si2H4) yield molecular analogs of the surfacesponding to di-s bonded complexes with a cleaved
Si–Si dimer bond by starting optimizations with complexes described above. The products of these

reactions are 1,2-disilacyclobutane (C2Si2H8) andthe Si–Si bond stretched to 4.0 Å (the Si–Si dis-
tance in the unreconstructed ideal surface is 1,2-disilacyclobut-3-ene (C2Si2H6). We have per-

formed full optimizations of these molecules to3.84 Å) [29]. No minima near this starting config-
uration were found, and geometry searches for make comparisons between Si(100) surface chem-

istry and molecular chemistry of the Si–Si doubleboth ethylene and acetylene led back to the adsor-
bate complexes described above, with intact Si–Si bond [31,32]. These calculations also permit cali-

bration of our theoretical methods since X-raydimer bonds. Other theoretical studies have also
concluded that there is no stable minimum corre- diffraction structures have been determined for a

substituted disilacyclobutane [33] and a substi-sponding to a broken Si–Si dimer bond [25–28].
We have not calculated the reaction path tuted disilacyclobutene [34]. The structural predic-

tions for the C2Si2H8 and C2Si2H6 molecules,for ethylene or acetylene adsorption. The
[2s+2s] cycloaddition reaction is orbital symmetry together with measured values for the substituted

molecules are presented in Table 2. There is goodforbidden (Fig. 3a) and, according to the
Woodward–Hoffmann rules [30], is expected to agreement between the calculated and experimen-
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Table 2
Structural parameters and reaction energy for products of adsorption of acetylene and ethylene on the Si(100) surface as calculated
at the B3LYP/6-31G* level

1,2-disilacyclobutane 1,2-disilacyclobut-3-ene

Calc. Exp.a Calc. Exp.b

Si–Si (Å) 2.343 2.344 2.349 2.359
Si–C (Å) 1.928 1.932 1.894 1.882
C–C (Å) 1.567 1.463 1.357 1.357
Si–C–C (°) 99.1 100.3 101.5 105.4
Si–Si–C (°) 76.7 75.1 78.5 74.5
Si–Si–C–C (°) 26.2 21.6 0.0 0.0
DE (kcal mol−1) (B3LYP/6-31G*) −49.7 −70.6

a X-ray determined (Ref. [33]) geometry of 1, 1,2,2-tetraphenyl-3,4-bis[bis(trimethylsilyl ) methylene]-1,2-disilacyclobutane.
b X-ray determined (Ref. [34]) geometry of 9,9,10,10-tetrakis[2-(dimethylaminomethyl )phenyl ]-9,10-disilabicyclo[6.2.0]dec-1(8)-ene.

tal geometries, with the only substantial difference bate complex is not energetically significant. The
calculated reaction energies for the [2s+2s] cyclo-being in the value of the C–C bond length in

1,2-disilacyclobutane. This can be attributed to additions of ethylene and acetylene to disilene
(Table 2) are only slightly more favorable (byelectronic and steric effects of substituents on the

Si–Si–C–C ring in the experimental structure that 4 kcal mol−1) than for the corresponding surface
reactions (Table 1). Given the similar geometrieswere not included in the calculated molecule.

The calculated bond lengths and bond angles and reaction energies of the surface complexes and
their molecular analogs, it appears that the strainfor C2Si2H8 and C2Si2H6 are very similar to those

of the corresponding surface complexes. In particu- is similar in the two environments.
Since the difference in reaction energy betweenlar, the Si–Si–C–C ring is nonplanar in C2Si2H8

(the analog of adsorbed ethylene) while the ring is the two molecular reactions is nearly the same as
that between the corresponding surface reactions,planar in C2Si2H6 (the analog of adsorbed acety-

lene). If out-of-plane twisting relieves ring strain the molecules make a convenient model for under-
standing the origins of this energy difference. Anin species with C–C single bonds, it appears that

there is no energetic advantage to twisting species estimate of the difference in reaction energies can
be reached by comparing heats of reaction fromwith a C–C double bond, reflecting the differences

in hybridization in the two cases. The most signifi- group additivity arguments [35]. Walsh [36 ] has
determined the group contribution to heats ofcant difference between the molecules and their

surface analogs is that the Si–Si–C–C ring in formation for Si(C)2(H) (a Si bound to two Cs
and a H) and Benson [35] gives a value for1,2-disilacyclobutane is twisted out of plane, with

a larger dihedral angle than the twisted ethylene C
d
(C )(H) (a C that participates in a double bond

and is also bound to a C and a H). These valuesadsorbate complex on Si(100). To determine the
reduction in strain energy that results from twisting can be taken as estimates for Si(C)(Si)(H) and

C
d
(Si)(H), respectively. The resulting predictionsthe ring, we have optimized 1,2-disilacyclobutane

with C2v symmetry, where the Si–Si–C–C ring is for heats of formation are −12.5 kcal mol−1 for
the ethylene complex (C2Si2H8) and +12.8constrained to lie in a plane. The constrained

molecule is only 1.1 kcal mol−1 (B3LYP/6-31G*) kcal mol−1 for the acetylene complex (C2Si2H6).
Comparison to the heats of formation for ethylene,higher in energy than the unconstrained molecule

with the twisted ring, so the energetic effect of ring acetylene and disilene (+12.5, +54.0 and
+66.2 kcal mol−1, respectively) shows that thetwisting in the molecule is small. Moreover, this

result indicates that the difference in dihedral heats of reaction for the [2s+2s] cycloadditions to
disilene are −91.2 kcal mol−1 for ethylene andangles in the molecular model and surface adsor-
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−107.4 kcal mol−1 for acetylene. The difference 3.2.1. 1,3-Cyclohexadiene
We have optimized the product of a Diels–Alderin heats of reaction, 16.2 kcal mol−1, is close to

the difference in reaction energies for the surface reaction (the [4s+2s] product) between
1,3-cyclohexadiene and the Si(100)-(2×1) surfacecycloadditions. In the group additivity calculation,

no corrections for ring strain or other effects have dimer at the B3LYP/6-31G** level. This nondis-
sociative adsorption reaction forms two new Si–Cbeen included. Thus, ring strain does not need to

be invoked to account for the the difference in bonds and one C–C p-bond, while simultaneously
breaking the weak surface Si–Si p-bond and twoheat of reaction for ethylene and acetylene.

Instead, this difference must be due to differences C–C p-bonds in the alkene (Fig. 4). The calculated
adsorption energy is −54.0 kcal mol−1.in the group contributions in the reactants and

products. These differences in group contributions Structural data for the [4s+2s] adsorbate com-
plex are presented in Table 3. The Si–Si bond iscorrespond to differences in the p-bond strength

in ethylene and acetylene, and differences in the stretched upon adsorption to 2.37 Å [compared
with 2.22 Å on the bare Si(100) surface]. This isstrength of Si–C bonds for singly and doubly

bonded carbons, the same effects noted in again slightly shorter than the similar Si–Si bond
in a monohydride on the Si(100) surface (2.39 Å).Section 3.1.
The Si–C distances are 1.95 Å, similar to the Si–C
bond lengths in ethylene and acetylene adsorption
products on Si(100) and their molecular analogs3.2. Diels–Alder addition
(Tables 1 and 2). The Si–Si–C angle (96.6°) is
smaller than the ideal tetrahedral value, althoughThe Diels–Alder reaction is a [4s+2s] cycloaddi-

tion between a conjugated diene and a ‘‘dienoph- this angle is less distorted than similar angles in
the ethylene or acetylene adsorption complexesile’’, which in this case is the Si(100) surface dimer

(Fig. 1). The product has a cyclic structure, with (Table 1). The B3LYP/6-31G* calculated vibra-
tional frequencies in the C–H stretching region forthe organic molecule bound to the surface by two

Si–C bonds. There is a C–C double bond in the the [4s+2s] product are reported in Table 4.
The Diels–Alder reaction is not the only mecha-product which may also allow further controlled

chemistry on the surface. The initial discussion nism by which 1,3-cyclohexadiene can react with
the Si(100) surface. Similar to the surface reactionhere uses 1,3-cyclohexadiene as a prototype

because its cyclic structure allows only one confor- with ethylene, dienes can adsorb on the surface in
a [2s+2s] fashion, involving only one carbon–mational isomer, and only one stereoisomer is

possible in the product. The structure and ener- carbon p-bond. Indeed, in analogous disilene reac-
tions, the Si–Si double bond preferentially reactsgetics of the Diels–Alder product are discussed

and compared with products of some other pos- with dienes by the [2s+2s] mechanism: when simple
conjugated dienes are exposed to disilenes, thesible reactions. This is followed by a description

of the reaction mechanism and activation energy. [4s+2s] product is not found [31,32].
We have optimized the [2s+2s] cycloadditionNext we turn to reactions of other dienes.

Since the assignment of vibrational spectra for product of 1,3-cyclohexadiene on the Si(100) sur-
face. The structure of the adsorbate complex ischemisorbed cyclohexadiene is not as simple as for

some other dienes, the first experimental studies depicted in Fig. 5. Structural data are presented in
Table 3. The Si–Si bond is shorter than in theof the Diels–Alder reaction on Si(100) have been

done with 1,3-butadiene and 2,4-dimethyl- [4s+2s] complex, indicating greater ring strain.
One of the Si–C–C angles (121.8°) is distorted1,3-butadiene, so we have included a discussion of

the adsorption products of these molecules. from the optimal tetrahedral configuration, as are
the Si–Si–C angles (78.1°, 77.9°). Judging fromFinally, there is experimental evidence that ben-

zene chemisorbs on Si(100), and we explore the these values and from the twisted Si–Si–C–C ring
(Fig. 5), the ring strain in the [2s+2s] product ispossibility that this reaction is also of the

Diels–Alder type. more severe than in the [4s+2s] product. Note that
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Fig. 4. Product of 1,3-cyclohexadiene adsorption on the Si(100) surface through Diels–Alder mechanism as calculated at the
B3LYP/6-31G** level. A view along the [11:0] and [110] directions.

Table 3 Table 4
The calculated vibrational frequencies for the [4s+2s], andStructural parameters for products of adsorption of

1,3-cyclohexadiene on Si(100) surface as calculated at the [2s+2s] cycloaddition adducts o£ 1,3-cyclohexadiene
B3LYP/6-31G** level and reaction energies with several basis

Group Symmetry Frequency (cm−1)sets

[4s+2s][4s+2s] complex [2s+2s] complex
–CH2– a 2859
–CH2– s 2872Si–Si (Å) 2.373 2.353

Si–C (Å) 1.953 1.965, 1.975 –CH2– a 2888
–CH– a 2896C–C (Å) 2.823a 1.576

Si–C–C (°) 109.7, 105.4 121.8, 110.0 –CH– s 2897
–CH2– s 2909Si–Si–C (°) 96.6 78.1, 77.9

Si–C–H (°) 110.5 111.9, 103.0 –CHNCH– a 2983
–CHNCH– s 3003DE (kcal mol−1) −54.1 −38.8

(B3LYP/6-31G*)
DE (kcal mol−1) −54.0 −38.8 [2s+2s]
(B3LYP/6-31G**) –CH2– s 2832
DE (kcal mol−1) −52.6 −37.1 –CH2– a 2838
(B3LYP/6-311G**) s 2841

–CH–, –CH2–a Distance across the ring, between two carbons bonded to sili- a 2858
con atoms. –CH–, –CH2–

–CH2– a 2872
–CH2– s 2888the ethylene addition product is more strongly –CHNCH– a 2958

bound (by about 5 kcal mol−1) than the ana- –CHNCH– s 2981
logous [2s+2s] cyclohexadiene adsorption com-
plex. This difference can be attributed to the loss
of resonance energy in the reaction of the conju- dynamically preferred. The energy difference

between these products can be attributed entirelygated diene.
The energy of the [2s+2s] complex is to the difference in ring strain. A group additivity

approach would predict that both products should15.2 kcal mol−1 higher than the energy of the
[4s+2s] complex, so the [4s+2s] product is thermo- have the same energy (although actual values for
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Fig. 5. Fully optimized geometry of the product [2s+2s] cycloaddition of 1,3-cyclohexadiene on the Si(100) surface as calculated at
the B3LYP/6-31G** level. A view along the [11:0] and [110] directions.

group contributions are not available, the same reactions. Thus, we predict with a high degree of
confidence that the [4s+2s] addition product isgroups are present in both molecules). If the strain

energy is taken as the difference between the actual more thermodynamically stable than the [2s+2s]
product.heat of formation and the heat of formation

predicted from group additivity [35], then the The B3LYP/6-31G* calculated vibrational fre-
quencies for the [2s+2s1 adduct are reported indifference in stability of these two products is

necessarily a difference in strain energy. Table 4. The most notable difference between the
vibrational spectra of the [4s+2s] and [2s+2s1As a further test of the basis sets used, we have

also carried out a full optimization of the [4s+2s] products is that the range of the C–H stretch
region for the [4s+2s] product (2859–3003 cm−1)and [2s+2s] products with different size basis sets.

Specifically, we have used the 6-31G* basis and is shifted higher than the range for the [2s+2s]
product (2832–2981 cm−1).the triple-zeta 6-311G** basis. The geometric

parameters of the calculated complexes did not While [2s+2s] cycloaddition may compete with
the Diels–Alder addition for any 1,3-diene, in thechange significantly (they agree within 0.01 Å and

1°), nor did the adsorption energies (Table 3). case of cyclohexadiene there is also another poten-
tial competing reaction, the ‘‘ene’’ reactionOverall, these calculations provide strong evidence

that the Diels–Alder product is more stable than (Fig. 6). The reaction energy for the ene reaction
is −43.64 kcal mol−1 (B3LYP/6-31G**), makingthe [2s+2s] addition product. The result that the

four-membered ring in the [2s+2s] product has this product 4.8 kcal mol−1 more stable than the
[2s+2s] addition product, but 10.4 kcal mol−1 less15 kcal mol−1 more ring strain than the six-memb-

ered rings in the [4s+2s] product is completely stable then the [4s+2s] product. The reaction
requires breaking a C–H bond, so it is likely toconsistent with chemical experience. The B3LYP

functional is generally reliable for predicting bond
energies to within a few kcal mol−1, which is much
smaller than the energy difference calculated here.
Moreover, the [4s+2s] and [2s+2s] products are
isomers related by an isodesmic reaction (the two
isomers have the same number of the same types
of bonds). Energy differences calculated for isodes-

Fig. 6. Schematic mechanism of the surface ene reaction.mic reactions are more reliable than for general
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have a significant activation barrier. In any case, If this reaction occurs on a symmetric path, it will
be the first known example of such a mechanismthese calculations predict that the Diels–Alder

product is lower in energy than either of the on Si(100).
We have performed a transition state searchalternative reactions.

Recent STM studies of 1,3-cyclohexadiene along the reaction path for the [4s+2s] cycloaddi-
tion, exploring both concerted and stepwise mecha-adsorbed on Si(100) show that two different pro-

ducts are formed, and the images are consistent nisms. Searches on symmetric (CS) paths yield an
apparent transition state on the concerted mecha-with these being the [4s+2s] and [2s+2s] species

[37]. Given the difference in energy between these nism reaction hypersurface, though frequency
analysis reveals this to be a second-order saddletwo products, this observation implies that the two

reactions compete kinetically, but that the thermo- point (SOSP) (Fig. 7). A SOSP is not a true
transition state since there must be lower energydynamic product distribution has not been

reached. It may be possible to obtain a surface paths from reactants to products through a first-
order saddle point. Nevertheless, this calculationwith only the thermodynamically favored

Diels–Alder product by annealing the initially establishes an upper bound to the energy of the
true transition state. This SOSP is onlyformed product distribution, or by desorbing the

weakly bound [2s+2s] product and readsorbing 0.34 kcal mol−1 (B3LYP/6-31G**) higher then the
energy of the separated, CS-symmetric reactants.additional cyclohexadiene.
This number is small enough to suggest that there
is no chemically significant barrier to the3.2.2. Reaction pathways of surface Diels–Alder

reaction Diels–Alder reaction on a symmetric pathway.
Although the CS path is not the lowest-energyThe Diels–Alder reaction is the most widely

used and best known pericyclic reaction. Despite path, it is not kinetically forbidden, consistent with
the expectation from orbital symmetry arguments.a long history of experimental [38–40] and theoret-

ical studies [41–47], the mechanism of this reaction However, several caveats must be applied in
interpreting this calculation. While the theoreticalhas been controversial, even in the simple case of

the reaction between butadiene and ethylene. In methods used here are generally reliable, they may
underestimate the activation barrier by as muchprinciple, two reaction mechanisms are possible,

involving different transition state (TS) structures as a few kcal mol−1. Furthermore, in their lowest-
[46 ]: a concerted mechanism, where the two bonds
in the TS are formed in one step either simulta-
neously (symmetric reaction path) or sequentially
(asymmetric reaction path); or a stepwise mecha-
nism that begins with the formation of a diradical
or a zwitterion intermediate. The best evidence
now indicates that a concerted path is favored in
the reaction between butadiene and ethylene [47].
Diels–Alder addition of a diene on a Si(100)
surface can also occur in principle by either con-
certed (symmetric or asymmetric) or stepwise
mechanisms. Whereas most other adsorption reac-
tions on Si(100) follow strongly asymmetric paths
[48], orbital symmetry allows the Diels–Alder reac-
tion to proceed on a symmetric reaction path. As
shown in Fig. 3b, there is a positive overlap
between the highest occupied molecular orbital Fig. 7. Geometry of the second order transition state on
(HOMO) of the surface and the lowest unoccupied the symmetric reaction pathway as calculated at the

B3LYP/6-31G** level. The Si–C distance is 3.37 Å.molecular orbital (LUMO) of 1,3-cyclohexadiene.
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energy configuration, the dimers on the physical that are strongly asymmetric. However, we were
not able to locate a transition state or an intermedi-Si(100) surface are buckled rather than, symmet-

ric. The small cluster model used here inherently ate with di-radical character along a stepwise
mechanism reaction pathway. This is not to sayunderestimates the energy difference between buck-

led and symmetric dimers [21,49]. We can estimate that strongly asymmetric reaction paths are forbid-
den. Indeed, if the diene is placed in an asymmetricthe energy difference from calculations on larger

clusters [21,49] or extended surfaces, [50–53] configuration at a distance above the surface where
there are no significant chemical interactions,which indicate that buckled dimers are

2–4 kcal mol−1 lower in energy than symmetric energy minimization leads directly to the
Diels–Alder product through a concerted asym-dimers. Thus, the symmetric dimer SOSP is actu-

ally a few kcal mol−1 higher than the energy of metric path. However, we have not found evidence
for a pathway with a metastable diradicalthe reactants when the surface is in its lowest

energy surface structure, and searches restricted to intermediate.
symmetric reaction paths do not include the distor-
tion energy required to symmetrize the dimer. 3.2.3. 1,3-Butadiene and

2,3-dimethyl-1,3-butadieneFinally, the DFT methods used here fail to predict
van der Waal’s forces accurately. Neglect of disper- Several experiments have now verified the pre-

diction that the Diels–Alder complex should besive forces may artificially raise the energy of
weakly interacting complexes, like that at the the dominant product of the reaction between a

diene and the Si(100) surface. Teplyakov et al.symmetric saddle point. By neglecting the surface
distortion energy and dispersive forces, our search [54,55] used multiple internal reflection infrared

spectroscopy to determine that 1,3-butadiene andalong symmetric reaction paths makes two approx-
imations which can each alter the apparent activa- 2,3-dimethyl-1,3-butadiene react with the Si(100)

surface to form the [4s+2s] addition product.tion energy. However, the errors in these
approximations are both small (each amounting Hovis et al. [37] have applied infrared spectroscopy

and scanning tunneling microscopy to the adsorp-to a few kcal mol−1) and are in opposite directions.
Accounting for these errors, we can estimate that tion products of 1,3-butadiene and have found

evidence that a small amount of the [2s+2s] pro-the energy of the symmetric SOSP is no more
than 4 kcal mol−1 higher than the lowest energy duct is also formed. To make direct comparisons

with these experiments, we have optimizedconfiguration of the isolated surface and diene. As
noted above, there must be a lower energy asym- [4s+2s] and [2s+2s] cycloaddition products of

1,3-butadiene and 2,3-dimethyl-1,3-butadiene onmetric reaction path that does not go through the
SOSP, so the true activation energy is still less the Si(100) surface. Structural parameters and

adsorption energies are presented in Tables 5 andthan the estimate from the SOSP. Thus, if there is
a barrier to the Diels–Alder reaction, it is only a 6, the optimized geometries of [4s+2s] and

[2s+2s] 1,3-butadiene complexes are shown infew kcal mol−1, and at room temperature it should
not prevent the reaction from occuring at a useful Fig. 8, respectively. The two dienes adsorb

in similar fashion, the [4s+2s] product is thermody-rate. Nevertheless, if [4s+2s] addition has even a
small barrier, it may allow [2s+2s] addition to namically more stable in both cases, by

25.6 kcal mol−1 (1,3-butadiene complex) andcompete kinetically. If surface distortion is
required along the low energy reaction paths, then 28.8 kcal mol−1 (2,3-dimethyl-1,3-butadiene).

Both the [4s+2s] and [2s+2s] complexes ofat reduced surface temperature, incident molecules
are less likely to encounter the surface in a suitable 2,3-dimethyl-1,3-butadiene are slightly less stable

than the corresponding complexes of the unsubsti-configuration, which may prevent the Diels–Alder
reaction. In fact, there is experimental evidence of tuted diene, as reflected in the lower adsorption

energy (by 2.6 kcal mol−1 for the [4s+2s] complexa barrier to adsorption at low surface temperatures
(see below). and by 5.8 kcal mol−1 for the [2s+2s] complex) of

the substituted diene. Note that the binding ener-There may also be low energy reaction paths
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Table 5 gies here are given relative to the cis isomer of the
Structural parameters and reaction energy for cycloaddition butadiene. While the trans isomer is slightly more
products of 1,3-butadiene on Si(100) surface as calculated at

stable in the gas phase, the energy differencethe B3LYP/6-31G* level
quoted is more directly comparable with that for

[4s+2s] complex [2s+2s] complex cyclohexadiene. Moreover, the rate-limiting step
in desorption would presumably be the formation

Si–Si (Å) 2.375 2.366
of the cis isomer, so that the energies quotedSi–C (Å) 1.938 1.946, 1.979
should be a good estimate of desorption energies.C–C (Å) 3.101 1.563

Si–C–C (°) 109.3 100.1, 101.3 To help assign vibrational spectra, we have
Si–Si–C (°) 100.8 77.3, 78.0 calculated vibrational frequencies of [4s+2s] and
DE (kcal mol−1) −67.5 −41.9 [2s+2s] complexes for both dienes. The calculated
(B3LYP/6-31G*)

C–H stretch frequencies for 1,3-butadiene and
2,3-dimethyl-1,3-butadiene are reported in Tables 7
and 8, respectively. In each case the predicted
vibrational spectra for the [4s+2s] and [2s+2s]Table 6

Structural parameters and reaction energy for cycloaddition products are clearly distinguishable, since the sym-
products 2,3-dimethyl-1,3-butadiene on Si(100) as calculated metric stretch of the vinylic CH2 in the [2s+2s]at the B3LYP/6-31G* level product (at 3048 cm−1) occurs at much higher

frequency than any of the modes in the [4s+2s][4s+2s] complex [2s+2s] complex
product. Moreover, the experimental spectra

Si–Si (Å) 2.368 2.354 [54,55] show excellent agreement with the pre-
Si–C (Å) 1.935 1.945, 1.997 dicted spectra for the [4s+2s] product, confirmingC–C (Å) 2.961 1.573

that the Diels–Alder complex is the dominantSi–C–C (°) 110.1 98.2, 120.5
product of the reaction.Si–Si–C (°) 98.8 77.6, 78.1

DE (kcal mol−1) −64.9 −36.1 Near edge X-ray absorption fine structure
(B3LYP/6-31G*) (NEXAFS) measurements by Teplyakov et al. [55]

on the absorption product of 2,3-dimethyl-1,

Fig. 8. Fully optimized geometry of (a) the product [4s+2s] and (b) [2s+2s] cycloaddition of 1,3-butadiene on the Si(100) surface
as calculated at the B3LYP/6-31G** level.
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Table 7 the four carbon atoms in the ring lie in a plane
The calculated vibrational frequencies for the [4s+2s] and that is tilted by 120° from the Si–C bonds. If we
[2s+2s] cycloaddition adducts of 1,3-butadiene

assume that the effective orientation of the p
orbitals is perpendicular to the plane of the fourGroup Symmetry Frequency (cm−1)
carbon atoms in the Diels–Alder ring, and that

[4s+2s] the Si–C bond is parallel to the surface normal,
–CH2– s 2846

then the angle of the p orbitals is predicted to be–CH2– a 2853
30° from the surface normal. This is in reasonable–CH2– a 2923

–CH2– s 2923 agreement with the experiment, given the assump-
–CH– a 2969 tions involved and the possibility that this angle is
–CH– s 2989 affected by interactions with adjacent dimers that

are not included in the cluster model used here.[2s+2s] Teplyakov et al. [55] have shown that–CH2– s 2834
2,3-dimethyl-1,3-butadiene does not chemisorb at–CH2– a 2875

–CHN 2922 100 K (by either [4s+2s] or [2s+2s] addition) at a
NCH2 2941 surface temperature of 100 K, though chemisorp-
–CH2– s 2978 tion occurs readily at 300 K. This is consistentNCH2 a 3048

with the suggestion above that some activation of
surface modes is required for the Diels–Alder
reaction. Moreover, this result indicates thatTable 8

The calculated vibrational frequencies for the [4s+2s] and [2s+2s] addition of the diene is activated as well.
[2s+2s] cycloaddition adducts of 2,3-dimethyl-1,3-butadiene

Group Symmetry Frequency (cm−1)
3.2.4. Benzene

[4s+2s] Taguchi et al. [12] have observed that benzene
–CH3 a 2846 chemisorbs on Si(100) at room temperature. They
–CH3, –CH2– s 2847

found two peaks in thermal desorption spectra–CH3, –CH2– s 2850
which they assigned to species with approximate–CH2– a 2854

–CH3 a 2885 binding energies of −28 and −32 kcal mol−1.
–CH3 a 2885 Electron energy loss spectroscopy was consistent
–CH3 a 2916 with a di-s bonded configuration, and they pro-
–CH2– s 2916

posed likely binding structures that can be–CH3 a 2958
described as [4s+2s] and [2s+2s] cycloaddition–CH3 s 2976
products. However, they could not distinguish

[2s+2s] between these possibilities. Two semiempirical
–CH3 s 2849 studies have explored these and other proposed
–CH3 s 2853 structures, and suggested that benzene may–CH2– s 2875

interact simultaneously with two surface dimers–CH3 a 2897
[56,57]. These calculations do not yield plausible–CH3 a 2911

–CH2– a 2925 binding energies or other direct comparisons with
–CH3 s 2940 experiment. Recent work by Lopinski et al. [13]
–CH3 a 2944 provides evidence from STM, infrared spectro-NCH2 s 2982

scopy and semiempirical theory for a [4s+2s] addi-NCH2 a 3054
tion product on a single dimer and another, more
stable product that interacts with two dimers.
Finally, Gokhale et al. [14] have used thermal3-butadiene indicate that the angle between the p

orbitals and the surface normal is near 40°. In the desorption spectroscopy, photoelectron spectro-
scopy and density functional theory to determinepredicted structure for the Diels–Alder product,
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that adsorbed benzene has the structure of the the [2s+2s] adduct, but not the Diels–Alder pro-
duct. This result is surprising, in light of the fact[4s+2s] addition product.

To establish comparisons to the dienes described that the spectra prior to hydrogenation agree well
with the predictions for the [4s+2s] addition pro-above, and to the calculations from other groups,

we have optimized the geometries of [4s+2s] and duct and show no evidence of the terminal methy-
lene characteristic of the [2s+2s] product. To[2s+2s] addition products of benzene on our

single-dimer cluster model of Si(100), using the understand these observations, we have calculated
the energy of species that are likely to be formedB3LYP functional and the 6-31G* basis. Again,

the Diels–Alder product is the more stable, with a by hydrogenation of the adducts. Post-hydrogena-
tion of the ethylene and acetylene [2s+2s] additionbinding energy of −21.5 kcal mol−1. These calcu-

lations employ a surface model with only one products has been shown to produce Si–H bonds
at low exposures [7,8]. By analogy, we expect thedimer, so interactions with an adjacent dimer are

not included. The predicted binding energy of the initial products formed by post-hydrogenation to
be co-adsorption products of hydrogen with the[4s+2s] product is lower than the estimated experi-

mental binding energy, and the difference may be cycloaddition adducts. We will show that hydrogen
atoms can induce bond breaking and isomerizationdue to neglecting such interactions. Lopinski et al.

predict a similar binding energy (−24.5 of the cycloaddition products even before the
double bond is reduced.kcal mol−1) for the [4s+2s] product on a larger

cluster, while Gokhale et al. find a binding energy We have fully optimized products of
co-adsorption of the [4s+2s] and [2s+2s] adductsof −32.2 kcal mol−1 on a larger cluster. The

differences among these predicted binding energies of 1,3-cyclohexadiene with two hydrogen atoms
(Fig. 9). The calculated structural parameters ofreflect differences in theoretical approximations as

well as differences in cluster size. We calculate that the co-adsorbate complexes are presented in
Table 9. In both complexes, the Si–Si bond isthe [2s+2s] product has a binding energy of only

−4.7 kcal mol−1, and is not likely to be important. broken after hydrogenation, relaxing to 4.73 and
3.89 Å in the [4s+2s]/2H and [2s+2s]/2H complex,The difference in binding energy between the

[4s+2s] addition products of benzene and cyclo- respectively. The Si–Si distance in the [4s+2s]/2H
complex is unreasonably long and the hydrogenshexadiene is about 32 kcal mol−1. This is essen-

tially the resonance energy in benzene, so it appears bonded to the surface silicon atoms are rotated
out, so as to be almost collinear with the axisthat the weak binding of benzene to the surface is

simply a consequence of the aromatic stabilization connecting the two surface dimer atoms. This
extreme relaxation clearly cannot happen on a realin benzene. The difference in energy between the

[4s+2s] and [2s+2s] addition products of benzene extended surface (the Si–Si distance on the unre-
constructed surface is 3.84 Å) [29]. Thus, theis 15.3 kcal mol−1, which is close to the analogous

difference for cyclohexadiene. Again, we attribute energy of the [4s+2s]/2H complex is unrealistically
low as a result of this over-relaxation of the smallthis difference to greater ring strain in the

[2s+2s] product. cluster model. Nevertheless, the [2s+2s]/2H com-
plex is lower in energy (by 5.5 kcal mol−1) than
the [4s+2s]/2H complex and accounting for over-3.3. Effects of post-hydrogenation
relaxation in the [4s+2s]/2H complex will increase
the relative stability of the [2s+2s]/2H complex.3.3.1. Hydrogenation of 1,3-cyclohexadiene

adsorption complexes Thus, while the [4s+2s] Diels–Alder product is
energetically favored as the initial product of dieneTeplyakov et al. have studied the effect of

exposing diene adducts to atomic hydrogen [55]. adsorption, these calculations predict that post-
hydrogenation will cause isomerization to theInfrared spectra of the post-hydrogenated

1,3-butadiene adduct show the presence of methyl [2s+2s]/2H product.
We have also optimized products ofgroups on the surface. This observation would be

consistent with reduction of the double bond in co-adsorption of the [4s+2s] and [2s+2s] com-
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Fig. 9. Products of co-adsorption of two hydrogen atoms with cycloaddition products of 1,3-cyclohexadiene: (a) the [4s+2s]/2H
complex; and (b) the [2s+2s]/2H complex, as calculated at the B3LYP/6-31G** level.

Table 9 displaces a Si–C bond, resulting in a product with
Structural and energetic parameters for co-adsorption products an intact dimer bond and a single Si–C bond
of two H atoms with the [4s+2s] and [2s+2s] addition products

(Fig. 10a, Table 10). On the other hand, in theof 1,3-cyclohexadiene, as calculated at the B3LYP/6-31G**
[2s+2s]/H co-adsorbate complex, both Si–C bondslevel
remain intact while the Si–Si dimer bond is cleaved,

[4s+2s]/2H complex [2s+2s]/2H complex resulting in a di-s bonded complex (Fig. 10b,
Table 10). The di-s bonded [2s+2s]/H complex isSi–Si (Å) 4.726 3.887
10.2 kcal mol−1 higher in energy than the mono-Si–C (Å) 1.952 1.946, 1.938

C–C (Å) 3.011a 1.555 s bonded [4s+2s]/H complex. The reaction ener-
Si–C–C (°) 116.5, 111.6 121.4 gies for addition of a hydrogen atom to the adsor-
Si–C–H (°) 99.8 103.4, 99.2 bate complex are reported in Table 10. In both
Si–H (Å) 1.497 1.496

cases, formation of the hydrogenated surface radi-C–Si–H (°) 106.1 105.7, 104.1
cal intermediate has a strong energetic drivingDErel (kcal mol−1) 0.0 −5.5

DErxn (kcal mol−1) −115.1 −135.8 force in the presence of H atoms.
Based on these calculations, we propose the

The difference in total energy between the hydrogenated com- following mechanism for hydrogen-induced isom-
plexes (DErel) and the reaction energy for adding two H atoms

erization of a Diels–Alder adduct on Si(100).to the initial cycloaddition product (DErxn) are reported.
Fig. 11 illustrates the essential features of thea Distance across the ring, between the two carbons bonded to

silicon atoms. mechanism in the case of 1,3-cyclohexadiene (for
clarity, some additional isomers that are possible
for the cyclohexadiene adduct are not shown; theplexes with one hydrogen atom to understand the
species shown all have analogs in the butadienemechanism of the isomerization induced by hydro-
adduct). Adsorption of the diene via thegenation. We have started from a fully optimized
Diels–Alder mechanism forms a di-s bondedstructure of the [4s+2s] or [2s+2s] adsorbate com-
[4s+2s] complex (I ). Adding the first hydrogenplex and added one hydrogen atom on the top-
radical breaks one of the Si–C bonds in themost silicon atom. Surprisingly, the two optimiza-
[4s+2s] complex. The resulting mono-s radicaltions followed quite different paths. In the

[4s+2s]/H complex, formation of a Si–H bond complex has the resonance structures, II<II∞. The
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Fig. 10. Products of co-adsorption of one hydrogen atom with cycloaddition products of 1,3-cyclohexadiene: (a) the [4s+2s]/H
complex; and (b) the [2s+2s]/H complex, as calculated at the B3LYP/6-31G** level.

Table 10 calculations show that each step in this mechanistic
Structural and energetic parameters for co-adsorption products scheme is energetically favored. Since the Si–C
of one H atom with the [4s+2s] and [2s+2s] addition products bond in the [4s+2s] complex breaks after hydro-of 1,3-cyclohexadiene, as calculated at the B3LYP/6-31G**

genation, both the the [4s+2s] and [2s+2s] cycload-level
dition products can yield IV after post-

[4s+2s]/H complex [2s+2s]/H complex hydrogenation. Thus, evidence for the presence of
IV after post-hydrogenation does not imply thatSi–Si (Å) 2.401 3.813
the [2s+2s] product had been present beforeSi–C (Å) 1.954 1.946, 1.939
hydrogenation.C–C (Å) 3.011a 1.556

Si–Si–C (°) 120.2, 115.2 120.4 In fact, III is lower in energy than IV by
Si–C–C (°) 117.6, 109.2 7.9 kcal mol−1, so III is the thermodynamically
Si–C–H (°) 102.5 102.9, 99.9 preferred isomer. It may not be possible to distin-
Si–H (Å) 1.491 1.498

guish III and IV by vibrational spectroscopy, andC–Si–H (°) 104.0
either product would be consistent with the cur-DErel (kcal mol−1) 0.0 +10.2

DErxn (kcal mol−1) −44.3 −49.4 rently available experimental results: post-hydro-
genation of the 1,3-butadiene adduct produces

The difference in total energy between the hydrogenated com- vibrational spectra characteristic of CH3 groups,
plexes (DErel) and the reaction energy for adding an H atom to

but methyl groups would be present after reducingthe initial cycloaddition product (DErxn) are reported.
the butadiene analogs of either Ill or IV [15]. Ina Distance across the ring, between two carbons bonded to sili-

con atoms. any case, post-hydrogenation causes substantial
isomerization which prevents it from being useful

next hydrogen radical can add either to the cyclo- for distinguishing among isomers present before
hexene radical in the mono-s complex (Mechanism hydrogenation.
A, Fig. 11) or to the unhydrogenated surface atom
(Mechanisms B, B∞, Fig. 11). Mechanism A leads 3.3.2. Hydrogenation of ethylene and acetylene
to the mono-s bonded complex, III. Mechanism adsorption complexes
B results in the di-s complex, IV, which is identical It has previously been proposed that hydrogena-

tion of ethylene and acetylene complexes onto the hydrogenated [2s+2s] addition product. Our
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Fig. 11. Proposed mechanism for hydrogen-induced isomerization of a [4s+2s] cycloaddition complex of a diene on the Si(100)
surface. The mechanism is illustrated for the case of 1,3-cyclohexadiene, where some isomers are possible in addition to those shown.
The isomers shown are those that have direct analogs in butadiene adducts.

Si(100) breaks the Si–Si dimer bond in those values. However, the Si–C–C angle (127.7°) is
more distorted than in the ethylene adsorbatecomplexes [23,27,28]. To compare the mechanism

of hydrogenation of the cycloaddition products to complex. Apparently, the energy gain from the
favorable bond rearrangement of the top-mostthat of the ethylene and acetylene complexes, we

have calculated the energies of these complexes silicon atoms upon post-hydrogenation is partially
compensated by unfavorable distortions in thewith co-adsorbed hydrogen.

The optimized geometry of the co-adsorption carbon environment. The reaction energy for the
co-adsorption of two H atoms per dimer isproduct of ethylene with two H atoms

(C2H4/2H) is shown on Fig. 12, with selected −138.0 kcal mol−1, similar to the corresponding
value for the [2s+2s] addition product ofgeometric parameters given in Table 11. The Si–Si

dimer bond is cleaved after hydrogen adsorption, cyclohexadiene.
The geometry of the hydrogenated acetylenewith the silicon–silicon distance being 3.91 Å. The

carbon–carbon distance is essentially unchanged complex (C2H4/2H) is similar to that of the corre-
sponding ethylene complex. The structural databy hydrogen adsorption. Bond angles around the

top-most silicon atoms are near the tetrahedral are reported in Table 11. The carbon–carbon bond
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than the structures with intact Si–Si dimer bonds.
This further supports the assertion that the di-s
adsorption complexes with the Si–Si bond cleaved
are not stable.

4. Conclusions

We have carried out a detailed study of
[2s+2s] and [4s+2s] cycloadditions of several
unsaturated hydrocarbons on the Si(100) surface.
For 1,3-dienes or benzene, where both types of
addition are possible, the [4s+2s] product is consis-
tently more stable than the [2s+2s] product by
15–29 kcal mol−1. The primary reason for the
difference is the greater ring strain in the [2s+2s]Fig. 12. B3LYP/6-31G* optimized geometry of product of
product. Substituents (as in 2,3-dimethyl-1,co-adsorption of hydrogen and ethylene on the Si(100) surface.
3-butadiene) or constraints in the diene itself (as
in 1,3-cyclohexadiene) play a secondary role in

Table 11
determining the relative energy of the two cycload-Structural parameters and reaction energy for the co-adsorption
dition products. It may be possible to take advan-products of two H atoms with acetylene and ethylene on Si(100)

surface, calculated at the B3LYP/6-31G* level tage of such effects to enhance the selectivity for
[4s+2s] addition.

[4s+2s] complex [2s+2s] complex The differences in binding energy among the
various [2s+2s] addition products are primarilySi–Si (Å) 3.905 3.936

Si–C (Å) 1.921 1.894 determined by the energy of the p-bond in the
C–C (Å) 1.559 1.349 reactant. Acetylene binds more strongly than ethy-
Si–C–C (°) 127.7 133.1 lene because the p-bond is weaker in acetylene;
H–Si–C (°) 102.8 105.0

[2s+2s] addition products of 1,3-dienes are moreSi–Si–CNC (°) 2.1 0.0
weakly bound than ethylene because the resonanceDErxn (kcal mol−1) −138.0 −142.6
energy in the diene is lost; benzene binds most

The reaction energy for adding two H atoms to the initial cyclo- weakly of all because it has the greatest resonance
addition product is also reported. stabilization.

Experiments have shown that heating the
adsorption products of acetylene or a butadienedoes not change upon co-adsorption and the

Si–C–C angle is larger than that in the acetylene results primarily in decomposition, while adsorbed
ethylene and benzene desorb intact. The bindingadsorbate complex (and larger than the optimal

value of 120° for sp2 hybridization). The reaction energies calculated here are consistently less favor-
able than −45 kcal mol−1 for adducts that desorbenergy for post-adsorption of two H atoms per

dimer is −142.6 kcal mol−1. and more favorable than −50 kcal mol−1 for
adducts that decompose. This suggests that theAs another attempt to estimate relative energies

of adsorption complexes with a cleaved Si–Si dimer observed difference in chemical behavior is deter-
mined by simple competition between desorptionbond, we have calculated single point energies

using the optimized geometries of the hydrogen and decomposition pathways, and that the barrier
to decomposition is somewhat more thanco-adsorption products with the hydrogens

removed. The ethylene and acetylene adsorption 45 kcal mol−1.
We have located a second-order saddle pointcomplexes with the silicon–silicon bond cleaved

are 53.0 and 49.0 kcal mol−1, respectively, higher on the symmetric path leading to [4s+2s] Diels–
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