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Abstract: Recent experiments on the addition of alkene and alkyne molecules to H-terminated silicon
surfaces have provided evidence for a surface chain reaction initiated at isolated Si dangling bonds and
involving an intermediate carbon radical state, which, after abstraction of a hydrogen atom from a neighboring
Si-H unit, transforms into a stable adsorbed species plus a new Si dangling bond. Using periodic density
functional theory (DFT) calculations, together with an efficient method for determining reaction pathways,
we have studied the initial steps of this chain reaction for a few different terminal alkynes and alkenes
interacting with an isolated Si dangling bond on an otherwise H-saturated Si(111) surface. Calculated
minimum energy pathways (MEPs) indicate that the chain mechanism is viable in the case of C;H,, whereas
for C,H,4 the stabilization of the intermediate state is so small and the barrier for H-abstraction so (relatively)
large that the molecule is more likely to desorb than to form a stable adsorbed species. For phenylacetylene
and styrene, stabilization of the intermediate state and decrease of the H-abstraction barrier take place.
While a stable adsorbed species exists in both cases, the overall heat of adsorption is larger for the alkyne
molecules.

Introduction on the prototype case of H-Si(111), where, depending on the
The modification of silicon surfaces by the attachment of experimental conditions, the reaction with terminal alkynes and

unsaturated organic molecules has been a topic of increasing®/Kénes has been shown to lead to the formation of densely

interest over the last 10 yedr$ The idea that combining packed monolaye#$ or islands® of molecules attached through

organic chemistry with semiconductor technology could bring C—Si bonds. _ _
new advances and/or applicatiénsas been an important On the bulk-terminated Si(111) surface, each surface atom

motivation for the activity in this field. The ability of organic ~ c&rTies one dangling bond (db) containing one electron with

molecules to absorb and emit light at certain frequencies, to €N€rgy approximately halfway between the bulk valence and
sense molecules, or to recognize biological samples are example§onduction band edges. Dangling bonds are highly reactive, and
of some applications that could be translated to silicon technol- térefore the surface rearranges (‘reconstructs”) in such a way
ogy? Methods for preparing films of organic molecules on &S t0 reduce their number. This is the main mechanism behind

different silicon surfaces have been developed, involving both the well-known (2x 1) and (7x 7) reconstructions which are

wet chemical and ultrahigh-vacuum (UHV) approach@s. observed under UHV conditions; in both structures, the atomic
Among these, a particularly promising approach is a radical- positions.at the surface are quite different from those of't.he
initiated reaction of terminally unsaturated molecules with Pulk-terminated surface. Hydrogen adsorption strongly modifies
hydrogen-terminated Si surfaces. Slightly different versions of the energetic balance. A monolayer of hydrogen saturates the
this basic reaction have been reported for the Si @#4pnd dangling bonds of the bulk-terminated Si(111) surface, thus

(001)-1* surfaces and for porous silicdrHere we shall focus syppre.ssing the dri.ving fgrce of surfacg recpnstrgction. This
gives rise to a practically “ideal” surface in which Si atoms are

() kggingkyv G. P.; Wayner, D. D. M.; Wolkow, R. Alature 200Q 406, very close to the regular bulk positioR&? Since all dangling

(2) Wayner, D. D. M.; Wolkow, R. AJ. Chem. Soc., Perkin Trans.2002 bonds are saturated, the surface has a wide energy gap and is
23-34. i i i

(3) Buriak. J. M.Chem. Re. 2002 102, 12711308, very unreactive. Hovv_ever,f ia H vacancy on an othemlse

(4) Bent, S. FSurf. Sci 2002 500, 879-903. hydrogen-saturated Si(111) surface is present, a dangling bond

(5) Hamers, R. J.; Coulter, S. K.; Ellison, M. D.; Jovis, J. S.; Padowitz, D. F.; i i o ; ; i P
Schwartz, M. P.. Greenlief, C. M.. Russel, J. N.Alec. Chem. Re200Q with a s!ngle spln unpalred electron is formed, which can readily
33, 617. react with an incoming molecule.

(6) Wolkow, R. A.Annu. Re. Phys. Chem1999 50, 413-441.

(7) Moller, S.; Pelov, C.; Jackson, W.; Taussig, C.; Forrest, $l&ure2003 (10) Cicero, R. L.; Chidsey, C. E. D.; Lopinsky, G. P.; Wayner, D. D. M.;
426, 166-169. Wolkow, R. A. Langmuir2002 18, 305-307.

(8) Linford, M. R.; Chidsey, C. E. DJ. Am. Chem. S0od 993 115 12631 (11) Sieval, A. B.; Optiz, R.; Maas, H. P. A.; Shoeman, M. G.; Meijer, G.;
12632. Linford, M. R.; Fenter, P.; Eisenberger, P. M.; Chidsey, C. B.D. Vergeldt, F. J.; Zuilhof, H.; Sudholter, E. J. Rangmuir200Q 16, 10359~
Am. Chem. Sod 995 117, 3145-3155. 10368.

(9) Cicero, R. L.; Lindord, M. R.; Chidsey, C. E. Dangmuir200Q 16, 5688 (12) Ho, K. M.; Cohen, M. L.; Schluter, MPhys. Re. B 1977, 15, 3888~
5695. 3897.

15890 = J. AM. CHEM. SOC. 2004, 126, 15890—15896 10.1021/ja046702w CCC: $27.50 © 2004 American Chemical Society



Surface Reaction of Alkynes with H-Si(111) ARTICLES

It is now widely accepted that the interaction between the attachment of the molecule to the surface and for the successive
alkene/alkyne molecule and the surface initiates at such anH-abstraction process by the carbon radical, as well as the
isolated Si dangling bond of the otherwise H-terminated evolution of the electronic charge and spin densities and of the
Si(111) surfacé? Here the molecule binds to the surface through electronic energy levels in the course of the reaction. While
a Si—C bond and gives rise to a surface-bound organic group contributing to a better fundamental understanding, these results
with a carbon-centered radical. It has been further inferred that may be useful for improving the ability to control the formation
the highly reactive carbon radical abstracts a hydrogen atomof functionalized silicon structures.
from a neighboring Si-H group to produce a new silicon 2> Method
dangling bond;1%which can act as attachment site for another =
alkyne or alkene molecule, thus leading to a surface chain Periodic DFT calculations have been performed within the-Car
reaction. However, various aspects of this mechanism, particu-Parrinello approack:?” using the gradient-corrected Perdew, Burke,
larly the structures and energies of the (meta)stable and transitiorfnd Enzerholf (PBE functional. Electrorion interactions are
states along the reaction pathway, are not well understocdl yet, 4escribed using a TrouliemMartins™ pseudopotential for Si and
For instance, recent STM measurements under UHV conditionsumagmct p.SEUdOpOtem'érqur C. an.d H. The electronic states are

! . . expanded in plane waves with kinetic energy cutoffs of 25 and 200 Ry
have found that styrene on H-Si(111) forms small islands

- . . for the wave function and charge density, respectively. As the systems
nucleated at each Si dangling bond $ft€he authors attributed  of jnterest have a spin-unpaired electron, both spin-restricted and spin-
these islands to self-limited surface chain reactions, but also ynrestricted calculations have been carried out.
mentioned the possibility of an alternative explanation based In our periodic supercell approach, the surface is modeled as a slab
on styrene polymerization, which would lead to oligostyrene of six (111) layers with eight silicon atoms per layer, forming a
molecules attached to the surface by a singleCGSbond. For (4 x 3) surface cell in the (111) plane. Molecules are adsorbed on the
a fully unambiguous assignment of the observed structures, aupper surface of the slab, where a monolayer of H atoms is also present
detailed knowledge of the pathway would be clearly desirable. to sgturate part of the Si dangling bonds. On the slab’s bgttom surface,

On the theoretical side, besides a few force field calculations 2/l Si do’s are saturated by H atoms. The four topmost Si layers of the
of the structure of full alkyl monolayef&work on the reactions slab as well as the H monolayer and the adsorbed molecules are fully

. ! . relaxed, whereas the two lowest Si layers and the saturating H atoms

,Of ur,]saturateq hydrocar,bons W_'th hydrogengted §|I|c0n Surfacesare fixed at the ideal positions in order to simulate a bulklike
is still r'ather limited. A light-activated hydrosilylation reaction  onvironment (the SiH distance was previously optimized). To check
on a SpoHo4 quantum dot has been recently studiétdpwever finite size effects, stable and metastable configurations have been
this reaction is directly related to quantum confinement effects reoptimized using a larger slab model with 12 Si atoms/layer. The
and has no counterpart in the chemistry of bulk Si surfaces. A results are found to be very similar to those obtained with the smaller
number of DFT calculations have been carried out for the supercell. In the geometry optimizations, the residual forces acting on
reactions of a few different alkene molecules with H-Si- all mobile atoms are always smaller tharri@tomic units.
(100):11.1517 and H-Si(111).18 using either slalf or, more T(_) study thg reaction pathyvays and activation e_nergie_s, we have
frequently, clustélo.11.15161§nodels. However, very few studies applied the string methdd,as implemented b)_/ Kanai et @I.|n the
examined the full reaction pathwayfsi6a1718nd, to our best context of the CarParrinello molecular dynamics. The string method

knowledge, no such investigation has been performed for alkyneaIIOWS one to determine the minimum energy pathway (MEP) in a
’ s reaction where both the initial (A) and final (B) states are known. Let

molecules on hydrogenatgd silicon Surfaces' Moreover, the us callg a generic path (string) connecting A and B, which are usually

agreement between the available calculations, as well as betweel,ca| minima in the potential energy surface of the system of interest.

calculations and experiments, is not fully satisfactory. For By definition, a MEP is a patkp* which satisfies

instance, H-abstraction barriers much higher than desorption

barriers have been sometimes predittefidr molecules for

which stable adsorbed species are experimentally observed.

(WIg*) =0 1)

. . - . N where V)Y is the component of the potential energy gradient
In this paper, we present a first-principles DFT investigation orthogonal top*. A local maximum on the MEP is a saddle point on

of the reaction _Of alkyne and a_llkene moleculgs with the the potential energy surface of the system and thus corresponds to a
hydrogenated Si(111) surface. Given the established role of4nsition state (TS) of the reaction.

isolated surface dangling bond (db) sites for initiation of the

It is convenient to describe the path using a parametric representation

reaction, we assume from scratch that one unsaturated Si db isn terms of a scalar variable. defined along the patlpy = ¢(a).

present on the surface. Using a recently prop&seuhd
implementeé® method for finding chemical reaction pathways,

Following ref 19, we choose to be the normalized arc length along
the path: in this case Ga <1, and the two end-states and B

we study important aspects of the addition reaction that are notcorrespond ta. = 0 ando. = 1, respectively. A simple way to determine
easily accessed by experiments, such as the barrier for the initiath® MEP is to evolvey using a steepest descent dynamics:

@ = — [VWV(@(es)]” + Aesd)t(ast)

)

Here the time labels string configurations during the dynamigs=
aplot, t = de/da/|dp/da| = @of|@« IS @ unit vector tangent to the
string, andi(o;t) is a Lagrange multiplier that is introduced to satisfy

(13) (a) Sieval, A. B.; van den Hout, B.; Zuihof, H.; Sudholter, E. JL&gmuir
200Q 16, 2987-2990. (b) Sieval, A. B.; van den Hout, B.; Zuihof, H.;
Sudholter, E. J. RLangmuir2001, 17, 2172-2181.

(14) Reboredo, F. A.; Schwegier, E.; Galli, G.Am. Chem. So003 125,
15243-15249.

(15) Kang, J. K.; Musgrave, C. B. Chem. Phys2002 116, 9907.

(16) (a) Kruse, P.; Johnson, E. R.; DiLabio, G. A.; Wolkow, R.Mano Lett.
2002 2, 807-810. (b) Tong, X.; DiLabio, G. A.; Clarkin, O. J.; Wolkow,
R. A.Nano Lett 2004 4, 357—360. (c) Tong, X.; DiLabio, G. A.; Wolkow,
R. A. Nano Lett 2004 4, 979-983.

(17) Cho, J.-H.; Oh, D.-H.; Kleinman, [Phys. Re. B 2002 65, 081310 (R).

(18) Pei, Y.; Ma, J.; Jiang, YLangmuir2003 19, 7652-7661.

(19) Weinan, E.; Ren, W.; Vanden-Eijnden, Bhys. Re. B 2002 66, 1-4.

(20) Kanai, Y.; Tilocca, A.; Selloni, A.; Car, R. Chem. Phy2004 121, 3359~
3367.

(21) Car, R.; Parrinello, MPhys. Re. Lett. 1985 55, 24712474,

(22) Laasonen, K.; Pasquarello, A.; Car, R.; Lee, C.; VanderbilPlys. Re.
B 1993 47, 10142-10153.

23) Perdew, J. P.; Burke, K.; Ernzerholf, Mhys. Re. Lett. 1996 77, 3865-
3868.

(24) Troullier, N.; Martins, J. LPhys. Re. B 1991, 43, 1993-2006.

(25) Vanderbilt, D.Phys. Re. B 199Q 41, 7892-7895.
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Table 1. Calculated Bond Lengths (A) and Bond Angles (deg) for T T

the Molecules of Interest in This Work?a .~ ©
c-C C-H OH-C-H OH-C-C ! *  spin restricted
= . in un-restricted

CoH> 1.21 1.08 o ¢ spi

(1.203) (1.06)
CoHa 1.34 1.10 117 @ 0

(1.339) (1.087) (121.3) &
phenylacetylene 1.21 1.08 c
styrene 1.35 1.10 117 114 -%

qk

aExperimental results, in parentheses, are taken fktendbook of C%

Chemistry and Physic83rd ed., CRC Press, Boca Raton, 2002.

the constraint that the parametrization is preserved when the string
deforms. This constraint is expressed byod/d/do ¢(o)| = 0, which
states that the infinitesimal change in the arc length is constant along
the string, thus ensuring that the local elastic stretching energy is 00
distributed uniformly along the string.

In practice, the continuous string(a) is represented by a discrete
set of “replicas” ¢(n), with integersn = 0, ..., P. In most of our
calculations, 10 replicas were used. The Lagrange multipliers are T T
calculated iteratively by imposing the constra&hand a second-order I
damped dynami@&is used instead of the steepest descent dynamics
of eq 2. The electronic and nuclear degrees of freedom are simulta-
neously optimized using the CaParrinello damped dynamics equa-
tions of motion, and the potential energy is obtained “on the fly” from
the DFT energy functional. A detailed description of our implementation
of the string method is given in ref 20.

As a reference for the results to be presented below, in Table 1 we
summarize the main structural parameters of the molecules of interest
in this work. Experimental bond distances and angles are satisfactorily
reproduced by our calculations, particularly the Ctriple- and double-
bond lengths.

-
T

*  spin restricted
®  spinunrestricted

Reaction Energy (eV)
(=]

3. Results

(( 1 1 1 L
3.1. Reaction Pathway for GH,. The potential energy 00 JJ 05 06 o7 04 0.8 10
profile and selected configurations along the MEP for the (B) Normalized arc length
addition of GH, to a H-terminated Si(111) surface with one Si

dangling bond are shown in Figure 1A, where the results of Figure 1. Potential energy profile along the MEP for the reaction of (A)

both spin-unpolarized and spin-polarized calculations are pre- acetylene, and (B) ethylene with the H-Si(111) surface. Black and red lines

sented. While the energetic and structural results of the two correspond to the spin unpolarized and spin polarized calculations,
. L7 respectively. The zero of energy corresponds to the noninteracting surface

calculations are very similar along most of the pathway, there | mqlecule system. Silicon atoms are blue, carbons are red, and hydrogens

are nonnegligible differences in the activation barriers. Thus in are white.

the following, when mentioning energy values, we shall always

refer to the more realistic spin-polarized results.

The pathway in Figure 1A consists of two parts separate
by an intermediate metastable state (a local minimum in the >0 - -
system's potential energy surface). It was determined by barrier is related to the breaking ofrabond in the molecule
performing two separate string calculations, each involving 10 and the subsequent change in hybridization, from sp3disat
replicas, one from the initial to the metastable state and the otherthe carbon gtom closer to the. surfage must ulndergo to become
from the metastable to the final state. The initial state is a Ponded to it. The (,:_&C bond in the intermediate state has a
configuration with the @H, molecule lying parallel to the €ngthde—c~ 1.29 A, a value between a double and a triple

surface at a distance of 15 A above it. At this position, the 20nd, and istilted by ~ 37° with respect to the surface plane,

molecule and the surface are completely decoupled: for example,VNilé the C-Si bond length is 1.92 A. The activation barrier

the C—C and C-H distances in the molecule are the same as 0f hydrogen abstraction (saddle point (d)) is 0.54 eV, substan-
in the isolated molecule. The intermediate state, shown in the fidlly 1arger than the first one, so that it is this process that
inset (c) of Figure 1, corresponds to aSIH=CH radical and represents the_ rate-limiting step_for t_he reaction. _T_h_e energy of
no Si db’s present on the surface. This state is found to be 0.64the H-abstraction TS, however, is still below the initial zero of

eV more stable than the initial one, while the final state, shown €Nergy (see also Table 2), indicating that the process of
in the inset (e), is as much as 2 eV more stable than the initial H-abstraction is more likely than the desorption of the adsorbed

state. In the final state the original empty Si db site is replaced radical ba(_:k into the vacuum. Thus the ad§orbe§i radical will
transform into an adsorbed-SCH=CH, species, with a huge

It appears from Figure 1 that the,ld; molecule has to
g overcome a very smal0.15 eV) energy barrier to attach to
the surface and reach the intermediate metastable state. This

by a vinyl-silicon species (SiCH=CH,), while a new empty

Si db is formed at a nearest neighbor surface site stabilization energy of almost 2 eV with respect to the initial
state. In the final state, the calculateeC bond length and tilt
(26) Tassone F.; Mauri, F.; Car, Rhys. Re. B. 1994 50, 10561-10573. angle aredc—c ~ 1.34 A and6 ~ 40°, respectively.
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Table 2. Local Minima and Transition State Energies (eV) in the

Addition Reaction of Alkynes and Alkenes to the H-Si(111) (A)
Surface?
1st 2nd
initial transition intermediate transition final
state state state state state
CoH2 0.0 0.15 —0.64 —0.10 -1.97
CoHg 0.0 0.04 —0.38 0.33 —1.30
phenylacetylene 0.0 - -0.97 -0.72 —1.89
styrene 0.0 0.0 —-0.81 —0.51 —1.02

aFor each molecule, the energy zero corresponds to the noninteracting
molecule+ surface system.

[ 45

In the MEP of Figure 1A, the initial, intermediate, and final
states were chosen so as to have theObond of the organic
molecule lying in a plane perpendicular to the surface and (B)
passing through adjacent surface Si atoms. Since in the initial
state the molecule and the surface are completely decoupled,
the initial relative orientation of the molecule is not important.
However, for the transition from the intermediate to the final
state the relative orientation of the molecule may change the
energy barrier. We have thus calculated the MEP for metastable
and final configurations rotated by 3Qvith respect to those
shown in Figure 1A. The resulting MEP is qualitatively similar,
except for a slightly 0.1 eV) larger H-abstraction barrier, due
to the larger distance between the H adatom and the unpaired
electron of the radical. This does not change our conclusions
on the viability of the investigated pathway for the formation )
of a stable adsorbed SCH=CH; species. No sizable barrier ;'(%'rfBZ)', Je%tgltg;airge: (I?Ia_n; ’ggr;eﬂg%lggr’ o (1hsé’ 'Qlﬂg)cg g‘n(? passing
between different orientations of the molecule in the final state through the G-C molecular bond. The charge density plots refer to the
is found. states in the inset of Figure 1A. The spin density plots include an additional

To monitor the formation and breaking of bonds during the State. marked as d1, for which the system HOMQMO gap (see Figure

o . . 4) attains its minimum value along the MEP. In B, plots (c) and (d) have
addition reaction, we have analyzed the electronic charge andgjterent color scales, due to larger spin densities.
spin densities for selected atomic configurations along the MEP.
We consider the atomic configurations in Figure 1, plus an surface with one dangling bond (top panels), in (a) we show
additional configuration near the second transition state. In the total density of states (DOS), where the black and red lines
Figure 2A, we present contour plots of the total charge density, refer to the up- and down-spin electrons, respectively. Note that
p(F) = p(F) + pu(F), wherepr(r) andpy(r) are the charge densities  the only difference between the two curves is close to the gap:
for spin up and down electrons, respectively. The charge densityfor up-spin electrons the dangling bond is occupied, while in
in the initial state, shown in panel (a), clearly reflects the strong the down-spin DOS the dangling bond is empty. In panel (b),
triple bond between the two carbon atoms. Panels (b) and (c)the DOS projected onto the 2p orbitals of theand-carbon
show the charge density at the transition and intermediate atoms is shown. Since in the initial state, the two atoms are
metastable states, respectively. A reduction of the electron equivalent, their projected DOS (PDOS) are identical. Also,
density between the carbon atoms can be observed, indicatinghere is no difference between spin-up and spin-down states.
a weakening of the €C bond. In panels (d) and (e), due to the The molecular highest occupied molecular orbital (HOMO)
abstraction of the nearby hydrogen atom, theG@hbond is corresponds to the 2-fold degeneratdonding states, while

0.8 0,02 0.05

0.02 0.05 -0.02

further weakened, now becoming a double bond. the lowest unoccupied molecular orbital (LUMO) corresponds
The evolution of the total spin density(r) = pi(f) — pu(F), to thes* antibonding states.
along the MEP is shown in Figure 2B. In the initial and final The picture is quite different in the intermediate state (middle

states the spin density is localized at the hydrogen vacancy. Atpanels of Figure 3). Tha- and-carbon atoms are no longer
the first transition state (by; is distributed between the hydrogen equivalent, and due to the presence of the spin-unpaired electron,
vacancy and the outef) carbon atom of the organic molecule. there are differences between spin-up and spin-down PDOS.
At the intermediate state, the spin densityis completely Panel (d) shows that all peaks in the carbon PDOS are broadened
localized at thef-carbon atom of the acetylene molecule, by the interaction with the Si substrate. For {fearbon, in
indicating the presence of a radical. At the second transition particular, the highly reactive radical gives rise to peaks close
state (d-d1), o is again distributed between the organic molecule to the edges of the H-Si(111) band gap.
and the new hydrogen vacancy, until it becomes completely In the final state (bottom panels of Figure 3), there is again
localized at the silicon db site in the final state. no difference in the carbon spin-up and spin-down PDOS; by
To gain insight into the electronic properties, it is also useful contrast, the presence of a Si dangling bond gives rise to
to consider the evolution of the electronic density of states different up- and down-spin total DOS near the band gap. With
(namely the distribution of KohaSham eigenvalues) along the respect to the isolated acetylene molecule, the peaks in the
MEP. Starting from the noninteracting molecuteH-Si(111) carbon PDOS are broadened and shifted by the interaction with

J. AM. CHEM. SOC. = VOL. 126, NO. 48, 2004 15893
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Figure 3. Density of states for selected atomic configurations along the MEP for the addition of acetylene to the H-Si(111) surface with one unsaturated

Si db. Top panels: initial state, corresponding to the noninteracting sutfacmlecule system. Middle panels: intermediate metastable state. Bottom
panels: final state. Panels (a), (c), (e): total DOS. Panels (b), (d), (f): DOS projected onto the 2p states ahdfecarbon atoms. Vertical lines indicate
the band gap of the fully hydrogenated Si(111) surface.

0al ' T ' ' ] transition state (b), and an even larger reduction takes place
—e—HOMO et close to the second transition state (between d and d1).
o2 _f_t,?phg?,.ed state / \ 1 3.2. Reaction Pathways for Ethylene, Styrene, and Phe-
00 " | nylacetylene.The MEP for ethylene was calculated with the
R * * /

02} A same procedure used for acetylene. Although the two MEPs
S 04l v ] seem qualitatively similar (see Figure 1B), the quantitative
= @ b ©d (o differences in the energies and barriers are quite substantial (see
?0'6 - l(dﬂ ] Table 2). The initial attachment of,8, to the surface, where
L -08 - l‘ A A . A -’.(..i the molecularr bond breaks and a new-Gi bond is formed

A0F e oo - o--9 » between the molecule and the surface, is almost barrier-free.

12l N ‘b r,d—“o 1 However, the stabilization energy of the intermediate state with

\a respect to the initial one is found to be very small, only 0.38

AdE ,O ] eV, about one-half the corresponding value for acetylene. By

00 02 04 06 08 1.0 estimating the lifetime of the intermediate stateras: v~1
Nommalized arclengh exp(AE*4dKT), Where AE#esis the desorption barriet\Eges
Figure 4. HOMO and LUMO of the interacting molecute surface system = 0.42 eV, corresponding to the sum of the adsorption barrier,

along the MEP for the addition of acetylene to the H-Si(111) surface with

one unsaturated Si db. Empty circles show the spin-unpaired occupied state.o-04 eV, and the stabilization energy of the intermediate, 0.38

eV), andv is a typical attempt frequency that we assume of the
the Si surface, with some empty states showing up near theorder 163 s™%, we find 7 ~ 2 us at room temperature. On the
bottom of the conduction band. other hand, the activation barrier for hydrogen abstraction is
A more detailed view of the electronic structure around the rather largex~0.71 eV, indicating that it is very unlikely that a
gap is given in Figure 4. This shows the energies of the HOMO H-abstraction event will take place during the short lifetime of
and LUMO of the interacting surface molecule system along  the intermediate state, even if this may lead to an adsorbed
the MEP, as well as the energy of the occupied spin-unpaired complex about 1 eV more stable. Instead, the adsorbed radical
state, which corresponds to the silicon dangling bond in the is more likely to desorb back into the gas phase. This is
initial and final states of the transition. It appears that the typical consistent with recent experimental results for H-Si(100), where
HOMO—-LUMO gap is on the order of 1 eV. However, as in no stable structure was observed to form by the reaction with
most chemical reactions, the gap becomes narrower close togas-phase propylereOn the basis of DFT cluster calculations,
the transition states: a small reduction occurs at the first this finding was attributed to the low stabilization energy of
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00 T T T on H-Si(100)!516a14yhich may be due to a not fully optimized
(b) 1‘.;{* (d) 5} MEP in those studies (see also below). Thus our results provide
02 —— . | : . strong support for the interpretation that the styrene islands
| @) I observed in STM experiments arise from a surface radical chain-
< 04 $ i reaction®
> | ¥ As shown in Figure 5A, the structure of the styrene molecule
g 06 along the reaction pathway is quite interesting. The structures
o of both the intermediate metastable state and the transition state
=2 08l for H-abstraction are significantly different with respect to those
§ Pl reported in previous theoretical studi€g; which is likely the
_10'_ P reason for our lower calculated H-abstraction barrier. In the
' *  spin restricted intermediate metastable state, the molecule is slightly bent; the
/ ®  spin unresfricted aC—pSC bond has a lengttlc_c ~ 1.47 A, a value between a
12 Toa ' 06 ' 0B ' 10 single and a double bond, and is tilted - 25° with respect
Normalized arc length to the surface plane, while the-i bond length is 1.96 A; the

bond between thg-carbon atom and the closest carbon of the
phenyl group forms a 38&ngle with the surface. The structure

of the molecule is evidently such as to optimize its bonding
with the surface and also facilitates the successive abstraction
of a H atom from a neighboring Si-H group. Detailed structural
parameters for the intermediate and transition states are given
in the Supporting Information.

Finally, for phenylacetylene we considered only the last part
of the reaction, i.e., abstraction of the hydrogen atom from a
neighboring site. This pathway is found to be qualitatively
similar to that of styrene, with some quantitative differences,
which are summarized in Table 2 and shown in Figure 5A. The
intermediate state is more stable for phenylacetylene, 0.97 vs
0.81 eV for styrene, which can be related to the stronger bond
between the C and Si atoms (the-&l bond length is 1.93 and
1.96 A for the alkyne and the alkene, respectively). Also the
H-abstraction barrier is slightly lower for phenylacetylene, with

B the same trend found for theld, vs GH4 molecules. The larger
( ) difference between the two molecules is in the total exother-
Figure 5. Potential energy profile along the MEP for the reaction of (A) ~Micity of the reaction: for phenylacetylene thissl.9 eV,
styrene and (B) phenylacetylene with the H-Si(111) surface. For pheny- which is almost twice that obtained for the addition of styrene,

lacetylene, only the MEP for the H-abstraction from a neighboring Si-H i [ine with the exothermicity difference betweenHs and
species is shown. Black and red lines correspond to the spin unpolarizedC H

and spin polarized calculations, respectively. The zero of energy corresponds~2' '4

to the noninteracting surface molecule.

Reaction Energy

. . . . 4. Summary and Conclusions
the intermediate state for propylene adsorption on H-Si(100),

for which a value of 0.4 eV was calculated. This value is very  Using periodic DFT calculations, we have studied the addition
close to our result for g4 on H-Si(111), suggesting that an reaction of alkyne and alkene moleculesKig C,H4, phenyl-
instability similar to that observed for propylene on H-Si(100) acetylene, and styrene) to a hydrogenated Si(111) surface with
may be typical of short chain linear alkenes on hydrogenated one H-vacancy. Our results are in agreement with the available
silicon surfaces. experimental observations and provide detailed information on
Turning now to styrene, the potential energy profile together the reaction pathways and barriers. In particular, our calculated
with selected configurations along the MEP are shown in Figure reaction pathways confirm the suggesfiéhthat the reaction
5A. We started again with the molecule at large distance from occurs via an intermediate state with lower potential energy than
the surface and the molecular plane parallel to the surface, sothe noninteracting molecute surface system. This intermediate
that in the approach toward the surface the moleculbonds state is characterized by the presence of a carbon-based radical,
can more directly interact with the surface dangling bond. Not which may abstract a hydrogen atom from a neighboring surface
only does this result in an almost vanishing adsorption barrier Si-H group and thus give rise to the formation of a stable organic
for the initial attachment of the molecule to the surface, but group as well as a db at a neighboring Si site. It is essential
also the presence of the phenyl ring causes a strong stabilizatiorthat the intermediate is sufficiently stabilized with respect to
of the intermediate, 0.81 eV, as found as well in DFT cluster the initial state, and that the barrier for H-abstraction is lower
calculationsl® Moreover, the barrier for H-abstraction is reduced than that for desorption, for the stable organic group to be
to only 0.3 eV, indicating that this process should readily occur efficiently formed. This is not the case for ethylene, for which
at room temperature, leading to a stable adsorbed species. Wave find that the intermediate is rather shallow and, at the same
notice that our computed H-abstraction barrier is much smaller time, the H-abstraction barrier is quite high. A similar result is
than that found in previous theoretical investigations of styrene likely to hold for most short chain linear alkenes. In such cases
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no stable organic species can be formed, as indeed it has beehaboratory in Princeton. This work was partially supported by
experimentally observed for propylene interacting with the NSF through Grant DMR-0213706 to the MRSEC-Princeton
hydrogenated Si(100) surfaéeBy contrast, our calculations  Center for Complex Materials and Grant No. CHE-0121432.
indicate that the radical surface reaction mechanism is viable
for the phenyl-stabilized styrene and phenylacetylene molecules.
Howgver both the Ipyver H-abstraction barrier ‘”?‘”d Ia_r ger ove_rall metrical parameters of the initial, intermediate, transition, and
reaction exothermicity suggest that the reaction with terminal .. - .
final states along the minimum energy pathways for the reaction
alkynes should be faster and should also lead to a more stable . .
; of H-Si(111) with GH,, C;Ha, phenylacetylene, and styrene.
organic overlayer. . o . )
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