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Chemical modification of semiconductor silicon surfaces by using Scheme 1. Possible Pathways for the [2 + 2] Cycloaddition of a
organic molecules with various functionalities has received much Simple Alkene with a Si=Si Dimer of Si(100) Surface

attention in the recent years as a result of the importance of >H<
semiconductors in microelectronics technology. The availability of 0
a large number of organic molecules to form strong, uniform, and lg_g\

controlled organic silicon interfaces has been exploite@f g
particular interest is the attachment of alkenes on Si(100) surface, a N //
which has been shown to lead to a controllable organic monolayer

on the surface with quite strong organic silicon bindin§Rather

interesting cycloaddition chemistry has been disclosed experimen-

tally between simple alkenes and the=Si dimers of the

reconstructed Si(100)-2 1 surface. That is, quite facile [2 2] with a monoe bonded transition state, but no diradical intermediate,

cycloaddition, which seemingly “conflicts” with the Woodward  \yas predicted for these conjugated dienes on Si(0)t remains
Hoffmann rules, occurs between the=C bond of an alkene and  ynclear whether the adsorption of an alkene on Si(100) would adopt
a SFSi dimer of Si(100) surface. Several possible reaction g similar reaction mechanism and whether there is a diradical
mechanisms (see Scheme 1) have been proposed to account foftermediate in the reaction pathway. Accordingly, we performed
such a “symmetry-forbidden” pericyclic reactién’® Controversy  density functional cluster model calculations to explore the reaction
exists in the literature regarding the mechanism of such “symmetry- pathway for ethylene adsorption on the=Sii dimer of Si(100)

forbidden” pericyclic gassurface reactiof? In this communica- surface.
tion, we show the reaction_ foII_ows_ a diradi_cal pathway, via a Al calculations were performed with Gaussiar®8A SigH1»
mT-comlex precursor and a diradical intermediate. cluster model was used to represent the=Sii dimer of Si(100)

Among the four possible pathways given in Scheme 1, the direct, surfacel0141922Geometries were fully optimized at the (U)B3LYP/
concerted pathwag and the antarafaciat- superafacial pathway  6-31G* level23 Reported energies are zero-point energy (ZPE)-

b are either symmetry-forbidden or sterically hindered and thus corrected. The predicted intermediates, transition states, and product
can be safely excludeédAs the Si-Si dimer is buckled at low are depicted in Figure 1.

temperaturé}-*2it is possible to have a low-symmetry pathway The adsorption of ethylene is initiated by the formation of a
in which the incoming alkene formsracomplex intermediate with weakly bondedr-complexLM1 , which is 1.6 kcal/mol lower than
the Si=Si dimer, followed by the formation of the [2 2] product® the isolated reactants in energy. IlM1, a weak dative bond is
The last one, pathwag, is a diradical mechanism, i.e., a diradical  formed between tha-bond of ethylene and the electron-deficient
intermediate is first formed and followed by ring-closfBathway buckled-down Si atord12the shortest SiC distance is 2.401 A.

c was believed to be stereospecific, i.e., the stereochemistry of theBy overcoming a barrier height of 5.8 kcal/mol at transition state
reactant alkene is retained in the reacfievhereas pathwagt that TS1, a singlet diradical intermediateM2 is formed.LM2 is 3.3

allows rotation of the radical-end group in the diradical intermediate kcal/mol lower in energy than the isolated reactantd. M2 , the
should be less stereospecific. On the basis of their IR experimentsethylene moiety is moneo-bonded onto a Si atom with a-SC
on the adsorption oftis- and trans1,2-dideuterioethylene on  bond length of 1.951 A. The CH; radical end group in the ethylene
Si(100), Liu et al. believed that the interaction of ethylene with moiety is far away from the unreacted Si atom of the Sii dimer
Si(100) is stereospecific and would follow the low-symmetry with a C—Si distance of 3.945 A. FroraM2 ring-closing to form
pathwayc.? In contrast, the recent scanning tunneling microscopy the final product]. M3 is slightly activated with a small barrier of

(STM) experiments revealed that for the adsorptiontrahs-2- 0.2 kcal/mol at transition staf€S2.

butene on Si(100), the [2 2] reaction is not stereospecific with Itis clear from our (U)B3LYP/6-31G* calculations that the rate-
a stereoselectivity of 98% and a small degree of isomerization, determining step for the [2- 2] cycloaddition reaction between

implying a diradical mechanism for the gasurface reactiof Ab ethylene and the SiSi dimer of Si(100) surface is the formation

initio calculations of the pathway for the adsorption of simple of the singlet diradical intermediateM2 but not the ring-closing
alkenes on Si(100) surface are not available, even though a lot of step. The activation energy for the overall reaction predicted at the
theoretical studies have been reported regarding the conformation(U)B3LYP/6-31G* level is 4.2 kcal/mol, in line with the experi-
and distribution of the adsorbed alkenes on the suffacé Two mental estimation of 2.9 kcal/mél.Since it involves both a
relevant papers have been reported concerning the mechanism forr-complex intermediate and a diradical intermediate, the reaction
the adsorption of 1,3-cyclohexadiene, thiophene, and furan on Si- pathway shown in Figure 1 can be better regarded as a combination
(100)1920 In addition to the barrierless [4- 2] cycloaddition of the previously proposed pathwayandd. With a small binding
pathway, a kinetically less favorable {22] cycloaddition pathway energy (1.6 kcal/mol), tha-complex precursor of ethylene would
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exploration of the diradical mechanism for the adsorption of
ethylene on C(100) and Ge(100) surfaces is under way in our
laboratory.
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Figure 1. (U)B3LYP/6-31G* optimized intermediates {11 andLM2),
transition statesT(S1, TS2, andTS3) and product (M3 ) for the [2+ 2]
cycloaddition of ethylene on &il1» cluster model. Energies\€ in kcal/

mol) relative to isolated ethylene andgSi, and the[$?Cvalues for the
wave functions of these stationary points are also given. Spin-projected
energies are given in parentheses.

display high mobility, accounting for the coverage-dependence of
sticking probability observed experimentatly.

Furthermore, a transition stafES3 which accounts for the
intramolecular rotation of the-CH, radical group around the-&C
bond in the diradical intermediateM2 has been located:S3 is
2.6 kcal/mol higher thaiM2 and 0.7 kcal/mol lower than the
isolated reactants in energy, indicating that the intramolecular
isomerization is plausible &M2 . Accordingly, the stereochemistry
of the reactant alkene can be altered in theH2] cycloaddition
on the S&Si dimer of Si(100), i.e., the reaction would not be
stereospecific. However, ring-closing fraoM2 to LM3 requires
much lower activation energy than does the intramolecular isomer-
ization atLM2, meaning that the probability for the reactant to
undergo intramolecular isomerization at the diradical intermediate
would be low. Hence, the gasurface reaction should still display
a high stereoselectivity. This is in full agreement with the previous
STM observation.

In summary, we predict, by means of density functional cluster
model calculations, that the adsorption of ethylene on Si(100)
surface follows a diradical mechanism, proceeding viacmplex
precursor and a singlet diradical intermediate. Our calculations
confirmed the recent STM observatfotihat the adsorption of an
alkene on Si(100) is not stereospecific, but highly stereoselective,
in nature. It is the rather weak-bonding (bond strength of-510
kcal/molf#ain the surface S¥Si dimer that facilitates the formation
of singlet diradical intermediate in such a heterogeneous &
cycloaddition reaction. Note that the diamond (100) and germanium
(100) surfaces, which display similars2 1 reconstruction to Si-
(100) surface, consist of %X dimers (X = C, Ge) with weak
m-bond strengths~28 kcal/mol for C(100%* and ~5 kcal/mol
for Ge(100%49. We believe the adsorption of alkenes on these
surfaces would follow similar diradical mechanisms. Such diradical
mechanism accounts well for the experimental observation that the
order of reactive sticking probabilities of alkenes on these surfaces,
i.e., C(100)< Ge(100)< Si(100), correlates negatively with the
order of ther—x* surface-state band gaps of 315 kJ/mol for C(100),
140 kJ/mol for Ge(100), and~110 kJ/mol for Si(100}¢25
Furthermore, the presence of the radical intermediate also implies
the probability for the formation of interdimer adspecies in the
adsorption of alkenes and alkynes on these surf&eé&Theoretical
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