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The adsorption of chlorobenzene (CIPh) on the Si(11%)-7 surface has been investigated with the B3LYP

density functional method. All possible adsorption configurations of chlorobenzene have been investigated.

Binding energies including zero-point vibrational energy correction of different adsorption configurations
were calculated at the B3LYP/6-31G(d,p) level of theory. It was found that mdniading states are very
instable. They will quickly transfer to the more stablecdbinding states. Upon heating, the alibonded
chlorobenzene will desorb and then break its@ bond to form a Si-Cl bond. Upon further heating, the
desorbed chlorobenzene will break the i@ bond to form a StH bond. All four types of bindings prefer the
unfaulted half of the unit cell and the center-rest atom adsorption sites. The most staliiending state is
a 2,5 binding configuration. The calculated binding energy for this configuration is 23.73 kca, inajood
agreement with the experimental desorption energy barrier of 23.30 kcat.mol

1. Introduction direct information regarding the structure of the chemisorbed
molecules on the surface. Combined with the previous STM
work and their own HREELS and TDS results, they proposed
that the chemisorbed CIPh is stereoselectivelyr dionded
through its 2,5 carbon atoms to a pair of neighboring adatom
and rest atom of the Si(111)-% 7 surface, yielding a

The adsorption of aromatic molecules on silicon surface plays
an important role in photochemical etching for device fabrica-
tiont2 or as precursors in low-temperature chemical vapor
deposition (CVD) of diamond coatings on various nondiamond
substrate$.A detailed understanding of the binding state and

X - - ; ) 2,5-chlorocyclohexadiene-like complék.
adsorption mechanism of aromatic molecules with well-defined . . .
. . . : - . It has been well established both experimentally and theoreti-
surfaces is of great importance in developing these industrial

. cally that the adsorption of benzene on the Si(11%)-7 surface
. . llows a precursor-mediated mechanism: the molecule is first
molecules to study the photon- or electron-induced chemistry

. . o physisorbed and later chemisorbed by transferring to a more
of adsorbates on various surfaces of great industrial |mportance.Stable die bindina state forming a cvclohexadiene-like complex
The Si(111)-7x 7 surface is ideal in this sense since it has g gacy piex.

rich and complex active sites and has been studied b variousRecemly’ two_theoretical works have studied one of the
. P . y adsorption configurations of CIPh, a 1,4 aliconfiguration
experimental and theoretical methdds.

. . forming C1-Si and C4-Si bonds, on the Si(111)-% 7

As a prototype of aromatic molecules, the adsorption of surface?22 Jiang et al. have also studied the possible dissocia-
benzene on the Si(111)-% Lsurface have be%?léntenswely tion pathway of this dis configuration into chemically bonded
studied both expenmentaﬁy and .theoretlcally.. On the phenyl and chlorine atom on the surf&eNo adsorption
contrary, studies on the adsorption of substituted benzenemechanism and other monotype binding states as that of the
molequlgs on the S'(lll?'i ’ surface are scarce. Due to the adsorption of benzene have been systematically studied. The
§ubstltutlon, the adsqrptlon of substituted benzene mOIGCU|esstereochemistry, the mechanism of the adsorption, and the
is much more complicated than that of benzene. Chen et al.

have investiaated the adsorption of chlorobenzene (GIPh) on modification of the adsorption on the electron structure of the
ave Investig € adsorption ot chior zen ( ) surface have not been well understood. A systematic study on
Si(111)-7 x 7 at room temperature using scanning tunneling

) the adsorption of CIPh is undoubtedly helpful to understand
9

m|croscop¥ (S;M)l' tlr: was found dtk:at the c%n:ﬁr a]}dalttogshalrfe fthe adsorption properties and mechanism of CIPh itself and other
more reactive than the corner adatoms, and the tautted nait ol g, ,o4itted benzene molecules as well.
the unit cell is more favored compared to the unfaulted side.
Later, Polanyi et al. and Sloan et al. studied the electron-inducedy ' computational Details
reaction of CIPh to the Si(111)-% 7 surface?®~22 Under the _
impact of electrons, they observed chemically bound chlorine  On the Si(111)-% 7 surface, there are four types of adatoms,
atoms on the surface. Recently, Xu and co-workers have the comer and the center adatoms at the faulted half and
performed a systematic investigation of the adsorption of unfaulted half of the unit cell, respectively, and two types of
benzene, CIPh, and other substituted aromatic molecules on botH€St atoms, rest atoms at the faulted and unfaulted half of the
clean and the deuterium-modified Si(111)<77 surface with unit cell, respectively. Therefore, four cluster models were used

HREELS and TDS423-28 Their HREELS experiments provided to model the different adsorption sites of the Si(111)77
surface: Corner adatom and rest atom at thafaulted half

*To whom correspondence should be addressed. F&86-21- (CoU) andfaulted half of the unit cell (CoF)Center adatom
65643977. E-mail: knfan@fudan.edu.cn. and rest atom at thenfaulted half (CeU) andaulted half of
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Figure 1. The silicon cluster model (8112) used in the present study. . -
L
TABLE 1: Distances between Si Atoms (in A) Used for the -~
Bare SiH;, Cluster Shown in Figure 12
parameters CeU CoU CeF CoF

Si(1)-Si(2) 4.559 4.568 4.566 4576 2b-1
Si(1)-Si(2)0 1.060 1.100 1.090 1.130 2b-2
Si(1)-Si(3) 2.494 2.534 2.524 2.564

aFrom ref 29.

. «
the unit cell (CeF). The four types of adsorption sites are : : P
modeled by a SHi» cluster as shown in Figure 1, varying its
geometry according to the experimental geometry of the

corresponding adsorption site (Table?AHydrogen atoms were

used to terminate the dangling bonds except for the adatom anc 2¢c-1

the rest atom. The SiH bond was fixed to 1.5 A. Only the 2¢-2
two Si atoms on the top of the cluster were allowed to move

during the optimization. A larger cluster model was not used ,

in this study since our previous study on the adsorption of the o

benzene molecule showed that results obtained using a cluste Py
model of SiH;, agree well with those using larger modéds.

CIPh can form either one€Si or two C—Si bonds with the
Si(111)-7x 7 surface, i.e., mono; and 2,5, 1,4, 1,2, 2,3, 3,4
di-o binding states. For the monobinding state, there are 8 2d-1
types of possible binding configurations for each adatoest 24-2
atom site (Figure 2). For 2,5 and 1,4 binding states, there are 4
types of possible binding configurations (Figure 3). Although Figure 2. Mono- adsorption of CIPh on the Si(111)>7 7 surface.
there are 6 types of binding configurations for all the 1,2, 2,3, For simplicity, the terminating hydrogen atoms on Si atoms are ignored.
3,4 binding states, we just considered one 3,4 binding config-
uration as shown in Figure 3 (3c-1), since due to a geometry
mismatch these binding configurations are highly impossible
and have not been observed in any experiments. The dissociative
binding configurations, in which either the-& or C—Cl bond
of CIPh is broken to form a chemisorbed phenyl group and a
H—Si or CI-Si bond, are shown in Figure 4. For the dissociative
binding states, only those breaking the -4 bond were
considered. Therefore, a total of 4448 + 1 + 2 + 2) = 68
binding configurations were generated. For each configuration,
geometry optimization was first performed and then followed
by harmonic vibrational frequency analysis. Binding energies
(BEs) corrected by zero-point vibrational energy (ZPE) scaled
by 0.9614° were calculated by BE= Ecipn + Eciuster — Esystem

All the geometry optimizations and harmonic vibrational
frequency calculations were performed with the B3BYP*
density functional method in combination with the 6-31G(d,p)
basis set. For all the mono-binding states, the pure gbii»
clusters, and the transition states, unrestricted open-shell wave
functions were used. All the calculations were completed with
the Gaussian 98 suite of prografis.

3c-1
Figure 3. Di-o adsorption of CIPh on the Si(111)s¢ 7 surface.

3. Results and Discussion

3.1. Monos Binding States. The ZPE corrected binding
energies of all mone-binding states are listed in Table 2. For It is well-known that the reactivities of ortho, para, and meta
the binding states shown in Figure 2 (2a-1 and 2a-2), after carbon atoms of substituted benzene are different. However,
geometry optimization, we finally obtained two dissociated which one is higher in activity depends not only on the
products, which will be discussed in Section 3.4. substituent, but also on the attacking group itself. The chlorine
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4a-2
da-1 a

4b-1

Figure 4. Dissociative binding states.

4b-2

TABLE 2: Binding Energies (in kcal mol 1) after ZPE
Corrections of the Mono-¢ Binding States

bond adatom rest atom
site formed binding state binding state
CeU C2-Si 0.04 3.36
C3-Si 242 3.63
C4-Si 0.22 —4.92
CoU C2-Si 0.16 —3.59
C3-Si 0.10 1.04
C4-Si 0.36 1.55
CeF C2-Si 1.08 1.68
C3-Si 0.78 1.96
C4-Si 1.44 2.23
CoF C2-Si —1.48 —0.65
C3-Si -1.79 —0.38
C4-Si —-1.12 —4.36

atom is axr electron provider and thus will make the C2 and
C4 have morer electrons than C3. Therefore, a nucleophilic
group will prefer to react with C3 rather than with C2 and C4

J. Phys. Chem. B, Vol. 108, No. 37, 20084051

TABLE 3: Binding Energies (in kcal mol 1) after ZPE
Corrections of the Di-o Binding States

2,5 binding 1,4 binding 3,4 binding
site state state staté
CeU 23.73 21.13 —18.63
22.80 21.29

CoU 20.52 17.96 —24.17
19.7% 18.42

CeF 20.06 19.49 —18.75
21.12 19.7¢

CoF 19.09 16.57 —19.37
18.08 16.68'

aC2 of CIPh is bonded to the adatofiC2 of CIPh is bonded to
the rest atom¢ C1 of CIPh is bonded to the adatoAC1 of CIPh is
bonded to the rest atorAC3 of CIPh is bonded to the rest atom.

that to the corner adatonrest atom cluster. The former finding

is in contradiction to our common sense that CIPh may be easier
to access the outmost adatom. Careful examination of the
Mulliken spin density on the two Si atoms indicates that in all
the SpH;; clusters the rest atom always has higher spin density
than the adatom. For example, for the CeU cluster, the spin
density on the rest atom i50.970e, while that on the adatom

is just—0.626e. Therefore, the rest atom is expected to be more
reactive than the adatom.

3.2. Dis Binding States. The binding energies of all the
di-o binding states after ZPE corrections are collected in Table
3. Due to a geometry mismatch, 1,2, 2,3, and 3,4 binding
configurations are all very high in energy. The energies of all
four 3,4 binding configurations we considered here are higher
than those of the free reactants by more than 18 kcai-ol
(Table 3). In these configurations, to match the short-C3
distance, the distance between the adatom and the rest atom is
greatly shortened, from 4.561.58 A (Table 1) to 3.853.87
A. Similar to the monas bindings, the 3,4 binding of CIPh
with the CeU site is the strongest, and the binding to the center
adatom-rest atom site is preferred. In a recent theoretical work,
Lu et al. reported a 1,2 adsorption configuration formed between
benzene and the Si(111)s¢ 7 surface. This configuration is

of CIPh. Table 2 shows that the reactivity of the dangling bond Slightly lower in energy than the free reactattslowever, they

of the Si atom at the different adsorption site is different. For relaxed all the Si atoms during the geometry optimization,
the CeU adsorption site, CIPh prefers to bind with the Si atom résulting in a very short adatormest atom distance shortened
using the C3 atom. The most stable binding state is the binding Y more tha 1 A than the ordinary distance (Table 1), which
of C3 with the rest atom of the surface. However, this binding Perhaps is impossible in the real surface reactions. Fixing the

configuration is not dominant since it is just slightly lower in

bottom layer atoms in modeling surface reactions by using

energy than the binding configuration in which C2 is bonded cluster and slab models is probably more realistic.

to the rest atom (3.63 vs 3.36 kcal m¥l. The binding of the
C4 of CIPh with the rest atom of CeU is mostly disfavored in

The binding energies of 1,4 and 2,5abinding configura-
tions are much larger than those of mamand 3,4 die binding

energy. On the contrary, for the CoU adsorption site, the binding configurations. Examination of Table 3 shows that for each half
between C4 and Si is slightly preferred in energy than other of the unit cell, the binding of CIPh with the center adatem

configurations. The binding of the C2 with the rest atom of

CeU is mostly disfavored. For the faulted half of the surface,

the binding of CIPh with CeF is similar to the binding with
CoU, and it also slightly prefers to bind using the C4 atom.

rest atom site (CeU or CeF) is more stable than the binding
with the corner adatomrest atom site (CoU or CoF), in good
agreement with the observation of Polanyi e¥&CThe authors
pointed out that this preference of CeU/CeF over CoU/CoF may

Unlike other adsorption sites, all the bindings between CIPh be due to the local electron density or the strain energy

with CoF do not gain in energy. Similar to the binding of CIPh
with CeU, the binding of C4 with the rest atom of CoF is mostly
disfavored in energy.

Examination of Table 2 indicates that the most stable mono-
binding configuration is the binding of CIPh to the rest atom of
the center adatormrest atom site (CeU or CeF). In our study

difference between the center adatom and corner actém.
early theoretical calculation on the Si(111)« 7 surface
indicates that center adatoms have slightly larger local density
of states above the Fermi lev@&IThis is in accordance with
the present study. The spin density on the center adatom of the
unfaulted half is—0.626e, whereas it is0.620e on the corner

on the adsorption of benzene it was also found that the binding adatom. For the faulted half, the spin density-i6.629e on
of benzene to the rest atom is more stable than its binding tothe center adatom an€0.619e on the corner adatom. Since

the adatont® Moreover, for each half, in general, the binding
of CIPh to the center adatonmest atom site is more stable than

the adsorption of CIPh and benzene molecules is more likely a
radical addition process with surface Si atoms acting as a
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radicali® via a stepwise mechanism, more spin density on the TABLE 4: Binding Energies (in kcal mol~?) after ZPE
attacking Si atoms will certainly result in a more stable binding Corrections of the Dissociative Binding States Breaking the

state. C—Cl Bond

The binding of CIPh with the CeU site is the most stable in ___2adsorption site Clon adatom Clonrest atom
all the binding configurations, for both 2,5 and 1,4 bindings. CeU 89.58 90.89
This is very similar to the adsorption of benzene. The STM CoU 82.27 81.88
experiments of Polanyi and co-workers indicate that CIPh prefer ggllz SZ'% gg'é(l)

to adsorb on the unfaulted half when the occupation number of
the half unit cell is below 3, which is the number of rest atoms TABLE 5: Binding Energies (in kcal mol~2) after ZPE

per half unit cell!®-2! Since the dis adsorption of CIPh uses  Corrections of the Dissociative Binding States Breaking the
two Si atoms, 3 is the highest number of CIPhudbonded to ~ C—H Bond

a half unit cell. Therefore, it seems when the coverage is low, adsorption site H on adatom H on rest atom
CIPh prefers to adsorb on the unfaulted half. The preference of CeU 5730 60.17
the faulted over the unfaulted half under higher coverage may CoU 54.72 57.60
be due to a cooperative enhancement between the adsorbed CIPh CeF 55.60 58.46
molecules. Unfortunately, due to the limited computational CoF 55.12 57.98

power, it is still prohibitively expensive to calculate the o .
adsorption of more than one CIPh molecule on the complex 2nd the rest atom) and the terminating H atoms to an arbitrary
Si(111)-7 x 7 surface. 1000.0 atomic unit to eliminate the effect of the-Sii vibration

Furthermore, for the 2,5 binding states, the calculated binding and the terminating SiH vibration. The vibrational frequencies

energies are even very close to the binding energies of benzen re tabulateql in Table S.l of the_ Su_pportmg Information.

with the four types of adsorption sites (23.39, 20.20, 21.69, and . ompared with the prenmentql V|b_rat|onal mode_s observed

18.65 kcal mot for binding with CeU, CoU ’ CeF z;md Co'F in the HREELS experimen the vibrational frequencies of the

respectively)8 It seems that the substitution of the chlorine atom 2,5 b_mdm_g state are cIo_ser to experimental va_Iue_s. Nevertheless,

does not have a substantial effect on the binding energy of thethe \/_lbra_tlonal frequencies between t_he two binding states show

benzene ring. However, due to the substitution effect, the no big difference except for a few vibrational modes, such as
: ' ' . ' -~ the C-Cl stretching (657 vs 593 cmd), C—Si stretching (671

adsorption of CIPh shows a slight preference of 2,5 binding vs 721 cnmY), out-of-plane sBCH bending (842 vs 793 cTd)

over 1,4 binding, in agreement with the experimental work of out-of- Iane,stH tF))endin (1042 vs 933 cr#), and s&CI—i

Cao et aP® The slightly larger binding energy of the most stable P 9 ’

binding configuration for CIPh than that for benzene (23.73 vs sj[retc_hlng (2977 vs 3053 ch) .modes. Among the f'V.e
23.39 kcal motl) is in good agreement with the TDS vibrational modes, the only experimental observed mode is the

experimental results of Cao et al., where they found that the very strong out-of-plane $gCH bending mode at 862 crh

. . . which is one of the strongest vibrational modes calculated for
desorption peak of CIPh is20 K higher than that of benzef#. the 2.5 binding state (842 crf) while the strongest mode is

The t?ind_ing energy for the most stable t_)in_dm configuration, 5iculated for the 1,4 binding state (793 cin The better
a 2,5 binding state, is 23.73 kcal mél This is in very good  jgreement between the theoretical vibrational spectrum of the
agreement with the experimental results of Cao et al., where 5 5 inging state and experimental results indicates that the 2,5
the desorption energy barrier they obtained for the Chemlsorbedbinding is indeed the dominant configuration of the adsorption
CIPh is 23.30 kcal mof- 2 If the energy barrier for the transfer ¢ ~1ph However. due to the closeness of the vibrational
of the precursor to this chemisorbed 2,5-chIorocyclohexadiene-SpectrumS and als:o the binding energies of the two binding
like surface adduct is very low, the desorption energy barrier giate5 one cannot rule out the existence of the less favorable
can be directly compared with our theoretical binding energy. 1 4 binding configurations.
In our calculations, it was indeed found that the energy barrier '3_3_ Dissociative Binding StatesResuilts for breaking €CI

to form the monas binding states and the energy barrier for 504 c4-H honds are tabulated in Tables 4 and 5, respectively.
its subsequent transfer to theT more stable d[nqling stqtes is For the binding states obtained by cleaving the@Z bond
very low. We will discuss this in more detail in Section 3.4. ;. the c—H bond, the geometries of the configurations with
The agreement between the experimental binding energy andthe chlorine/hydrogen atom chemically bonded to the rest atom
the present theoretical result is better than the earlier calculationare different from those of the configurations with the chlorine/
of Jiang et al., where they calculated one 1,4 binding config- hydrogen atom bonded to the adatom (Figure 4). In the formal
uration using the ONIOM(B3LYP/3-21G*HF/3-21G¥)%* binding configurations, the chlorine/hydrogen atom and the
method with a much larger 5-layer cluster model with 3 adatoms phenyl group are coplanar, with the €8 bond of the phenyl
(2 center and 1 cornef}.The binding energy they obtained is  group pointing toward the chlorine/hydrogen atom. On the other
just 10.84 kcal mol?, about half of the experimental value. In hand, in the later configurations, the chlorine/hydrogen atom is
a subsequent theoretical study on the adsorption of the benzengacing the phenyl plane. It is possible that the weak interaction
molecule on the Si(111)-% 7 surface using a smaller 3-layer petween ther orbital of the phenyl group and the charged
cluster model with B3LYP/6-31G(d) method, they obtained a chlorine/hydrogen atom, which is common between ions and
binding energy of 22.37 kcal mol,*’ in good agreement with  aromatic rings, plays an important role in these resulting
the previous experimental resuftd® and other theoretical  configurations.
results!®18 This indicates that the size of the cluster plays a  Compared with moneand die binding states, the binding
less important role in calculating the binding energy of aromatic energies of the dissociative binding states are much larger in
molecules on the Si(111) surface. A cluster model with one value, simply due to the retaining of the aromatic benzene ring
adatom and one rest atom is good enough. in the dissociative binding states. The dissociation of th&oC
We have calculated the harmonic vibrational frequencies of bond is most exothermic, for which the calculated binding
the most stable 2,5 and 1,4 binding states, which were obtainedenergies are between 82 and 90 kcal ThoDn the other hand,
by setting the atom weight of the Si atoms (except the adatom the dissociation of the €H bond is less exothermic, whose
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TABLE 6: Energy Barriers (in kcal mol ~1) to Form Binding Configurations on the Center Adatom—Rest Atom Adsorption Site
of the Unfaulted Half?2

product to form (transition state)

monoo 2,5div 3,4div C—Cl breaking C—Cl breaking C—H breaking
(Figure 5a) (Figure 5b) (Figure 5¢) (Figure 5d) (Figure 5e) (Figure 5f)
energy barrier 0.41 —2.09 22.73 3.42 3.73 20.14

a All energy barriers are ZPE corrected and are all relative to the energy of the free reactants.

binding energies are between 54 and 58 kcalthdrhis is not
unexpected since breaking a€ bond is known to need much
more energy than breaking a-Cl bond.

The two types of dissociative binding states both show a
similar trend that the configurations with the hydrogen/chlorine
bonded to the rest atom are preferred over states with the
hydrogen/chlorine bonded to the adatom. The only exception
is the dissociative binding of CIPh to the CoU site. For both
types of dissociative binding states, the configuration with the
hydrogen/chlorine bonded to the rest atom of the CeU site is
the most stable state. Similar to the manand dio adsorptions,
the dissociative bindings energetically prefer the unfaulted half
of the unit cell. In the experiment of photon-induced dissociation @
of CIPh, Jiang et al. found that after photon irradiation, the
coverage on the faulted half decreases much more rapidly than
that on the unfaulted hatf, indicating the desorption of CIPh
from the unfaulted half is more difficult than that from the
faulted half. However, the final coverage of the faulted half is
still slightly higher. This is due to the “localized atomic reaction”
nature of the dissociation induced by photon irradiaffotius
the dissociated fragments would bind to the faulted half first
and then diffuse to the energetically preferred unfaulted half
on condition that adequate energy is provided. However, one
should take the comparison between the present theoretical
results and the experimental results of the electron- or photon-
induced dissociation of CIPh with cat&,?? since the dissocia-
tion under these experimental conditions may involve excited
states or the negatively charged surface species, whereas the (e)
p_resen_t theoretlcal_results are better to be compared with therma‘:igure 5. Transition structures. Bond lengths shown are in A.
dissociation experimental results.

3.4. Dynamics.The adsorption of CIPh is similar to the
adsorption of the benzene molecule, following a stepwise
mechanism. A DielsAlder-like reaction mechanism simulta-
neously forming two € Si o-bonds seems unlikely to exist since
we could not obtain any TSs for this pathway. CIPh molecules
will first bind to the surface to form mono-binding states.
Then, the monar binding states will transfer to the more stable
1,4 and 2,5 dis binding states. We have optimized the TS to
form the most stable mone-binding state in which the C3
atom of the CIPh forms the-€Si bond with the unfaulted half
(Figure 5a). The energy barrier to form this mamdsinding
state &0 K is just 0.41 kcal mot! (Table 6). Energy barriers
to form other less stable monwbinding states will be slightly
higher according to the BellEvans-Polanyi principle’® The
energy barrier from mone-binding states to dir binding states
is very low. The energy of the transition state (Figure 5b) to

optimized transition structure to form the most stable 3,4 di-
binding state is shown in Figure 5c. In this TS, the -Sgi2
distance is greatly shortened. Its relative energy to the free
reactants is very high, 22.73 kcal mél On the other hand,
the barrier for the 3,4 dir binding state to release CIPh is just
4.10 kcal mot? (Tables 3 and 6). Therefore, theseodbinding
states are unstable both kinetically and thermodynamically, and
cannot be observed.

Upon further heating, electron impact, or photon irradiation,
as have been shown by experimental studies,liirding states
can be transferred to dissociative binding states. There are two
possible pathways for this process. The first one is a desofption
readsorption mechanism, in which chemically adsorbed mol-
ecules will first desorb, then break the-CIl/C—H bond to form
dissociative binding states directly from the gas-phase CIPh.

form the most stable 2,5 binding state (with CIPh bonded to The second one @s a direct dissociation_mechgnism in which
center adatomrest atom adsorption site of the unfaulted halfy the Cl or H atom is abstracted by the neighboring adatoms or
is actually lower than that of the free reactants (the surface and'est atoms as proposed by Jiang et'al.

the CIPh molecule) by 2.09 kcal mdl Thus, the formation of For the first pathway, we have obtained two TSs to break
the 1,4 and 2,5 dir binding states is almost barrierless. The the C-Clbond: a second-order TS as shown by Figure 5d and
monowo binding states on the pathway are very unstable a true TS as shown by Figure 5e. In the former second-order
intermediates, with too short a lifetime to be captured by the TS, the C-Cl bond is stretched from 1.761 to 1.806 A. The

present experimental techniques.
The formation of the 1,2, 2,3, 3,4 di-binding states is
unfavorable both kinetically and thermodynamically. The

forming C—Si bond is 2.399 A. This second-order TS is
calculated to be 3.42 kcal mdiat 0 K above the free reactants.
Slightly shortening the €Si bond and optimizing the structure
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will finally produce a dissociative binding state as shown in center adatomrest atom sites. Upon further heating, the
Figure 4 (4a-1). This is the reason we could not obtain mono- desorbed CIPh molecules will break their-8 bond, forming
binding configurations as shown in Figure 2 (2a-1 and 2a-2). a Si—H bond and chemisorbed phenyl group. Our calculation
The later true TS looks more like an atom abstraction TS by results are in good agreement with available experimental

radicals common in organic reactions. The breakirgdCbond results.
is stretched from 1.761 to 2.087 A, longer than the former
second-order TS. The forming-€Si bond is 2.431 A, also Acknowledgment. This work is supported by the National

longer. This TS is higher in energy @K than the reactants by ~ Natural Science Foundation of China (20273015), the Natural
3.73 kcal mot?, slightly higher than the former second-order Science Foundation of Shanghai Science and Technology
TS. Nevertheless, both TSs are higher in energy than the TSCommittee (02DJ14023), and the Major State Basic Research
forming the monas binding state, which will transfer to the  Development Program (2003CB615807).
more stable 1,4 or 2,5 di-binding state smoothly without _ . .
energy barrier. The 3 kcal ol energy difference betweenthe ~ Supporting Information Available:  Table of selected
TS breaking C-Cl bond and the TS forming mone-binding harmonic vibrational frequencies. This material is available free
state guarantees the adsorption of CIPh under mild conditionsof charge via the Internet at http://pubs.acs.org.
exclusively forms 1,4 and 2,5 di-binding states.
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