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To explore the reactivities of alkene-CH=CH,) and carboxy £ COOH) group with H-Si under UV
irradiation, the addition mechanism for the reactions of ;Si&tical with propylene and acetic acid was
studied by using the B3LYP/6-3#1+G(d,p) method. Based on the surface energy profiles, the dominant
reaction pathways can be established; i.e.;Sittls to the terminal carbon atom of the alker€H=CH,)

to form an anti-Markovnikov addition product, or adds to the oxygen atom of the carboxy gr@@Q@H)

to form silyl acetate (Ck-COOSIH;). Because the barrier in the reaction of the carboxy group (39.9 kJ/
mol) is much larger than that of alkene (11.97 kJ/mol), we conclude that the reaction of bifunctional molecules
(e.g.,w-alkenoic acid) with H-Si under irradiation condition is highly selective; i.e., the alkene gret@H=

CH,) reacts with SiH substantially faster than the carboxyl groupQOOH), which agrees well with the
experimental results. This provides the possibility of preparing carboxy-terminated monolayers on silicon
surface fromw-alkenoic acids via direct photochemical reaction.

Introduction

0
Ordered organic monolayer films on silicon surfaces have <
received much attention not only for industrial purposes but
also because of scientific interds€ Since the seminal work
reported by Chidsey and co-workers a decade ago, many H H
et

methods for preparing hybrid organisilicon systems have been

developed, involving wet chemical and ultrahigh-vacuum (UHV)

approache&:26 Among these, a particularly promising approach 0

is a radical-initiated reaction of terminally unsaturated molecules ; 1 g /\(V’J_L
with a hydrogen-terminated silicon surface because of its = e OH
simplicity in operation, mild reaction conditions, and high

selectivity. It has been inferred that this surface reaction occurs hv o
via a chain mechanisA%;13i.e., after abstracting a hydrogen =il s
atom from a neighboring SiH unit, alkene/alkyne molecules

react with the silicon dangling bond to form an intermediate — IJ_EI
carbon radical state, which abstracts a hydrogen atom from a

neighboring Si-H unit to form a stable adsorbed species plus
a new Si dangling bond.

Very recently, Y& and Boukherrout§*® explored the The present paper gives a first-principles investigation of the
reaction of b|fu_nct|onal moleculgs (e.@ralkenoic acid) with reaction of alkene (propylene) and carboxy group (acetic acid)
hydrogen-terminated silicon (Figure 1). They demonstrated it SjH, radical, which provides fundamentals involving

experimentally that the alkene group@H=CHy) reacts with  optimized structures, the reaction pathway, and relative energies.
hydrogen-terminated silicon substantially faster than the car-

boxyl group (COOH). This affords a facile method to prepare Computational Method
w-carboxylic group terminated silicon surfaces, which has

enormous potential for biotechnological applications such as
the fabrication of silicon-based DNA chips.

On the theoretical side, some density functional theoretical
calculations have been carried out for the reactions of alkene
with H—Si(100§-30-35 and H-Si(111)}336:37 using slab or
cluster models. However, a comparable study of alkerieH=
CH,) and carboxy group-{COOH) is still required.

Figure 1. Schematic illustration of the two possible orientations when
w-alkenoic acids react with hydrogen-terminated silicor-@&).

All calculations were carried out by using the Gaussian 98
program package. The geometric parameters of the reactants,
intermediates, and transition states were fully optimized at the
B3LYP/6-31H+G(d,p) level and confirmed by vibrational
analysis. On a potential energy surface all optimized geometries
correspond to a local minimum that has no imaginary frequency
mode or to a saddle point that has only one imaginary frequency

mode.
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Figure 2. Possible reaction pathways for reactions of Sigtlical with—CH=CH, and —COOH functional groups. (a) SiWwith propylene; (b)
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Figure 4. Profile of potential energy surface for the addition reaction
DSiC(1)C(2)C(3)=-89.1

of propylene with SiH at B3LYP/6-311+G(d,p) level.
DSIC(1)C(2)C(3)=-90.2
DH(1)C(1)C(2)C(3)=173.6 DH(1)C(1)C(2)C(3)=150.3 i i iti
DH)C(1)C2)C(3)=9.7 DHQ)C(CRCR)=-170.6 form secondary carbon radicals; fnd M, via transition states
TS, M,

TS; and TS or with a middle carbon atom to form terminal
carbon radicals Mand M via transition states T:5and TS,
respectively. In the reaction of acetic acid, Sigacts with either
the carbon or oxygen atom of the carboxy group as shown in
pathways 1b and 2b, respectively. The pathway of silyl radical
attacking the hydroxyl oxygen in the carboxylic acid was also
examined. However, our calculation results indicated that this
pathway does not lead to any transition state or intermeéfiate.

Propylene. The optimized structures of the reactants R

(SiH3) and R (propylene), transition states (7&8nd TS), and

intermediates (M and Mg) are shown in Figure 3. For the

structure of propylene (I8, we used the most stable conforma-

DH(1)C(1)C(2)C(3)=156.1

tion shown in Figure 3. The profile of the potential energy
" surface is shown in Figure 4.
3

DH(1)C(1)C(2)C(3)=169.9
DH(2)C(1)C(2)C(3)=-14.2 DSIiC(1)C(2)C(3)= -123.7
DH(3)C(1)C(2)C(3)=159.0

TS3

As shown in Figures 3 and 4, two reaction pathways, 1a and
Figure 3. Optimized geometric parameters for species in the addition 2a, were considered in the reaction of propylene. When SiH
reaction of SiH with propylene at B3LYP/6-31t+G(d,p) level.
Lengths are in 0.1 nm and angles are in degrees.

radical attacks the terminal carbon atom)(@f the alkene group

(—CH=CH,) from the upper side of the plane H(1)H(2)C(1),

the transition state T:Swill be formed. In transition state ©S
with SiHs radical, as shown in Figure 2. For the reaction of the optimized SiC; distance is 2.707 A and the;€C, bond

propylene, SiH reacts either with the terminal carbon atom to length changed from 1.331 to 1.354 A. Because of the
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DC(1)C(2)0(1)O2)= 180
R

DC(1)C(2)O(1)O(2)= -166.0

Figure 5. Optimized geometric parameters for species in the addition reaction gfr&iital with acetic acid at B3LYP/6-3%1G(d,p) level.

Lengths are in 0.1 nm and angles are in degrees.

DC(1)C(2)O(1)OQ2)= 151.7
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M

DC(1)C(2)O(1)OQ2)= -138.3

interaction between SiHand G atom, the dihedral of H(1)C- Pathway Ib

(1)C(2)C(3) and H(2)C(1)C(2)C(3) changed from 1&®d O TS(TS,)

to 173.8 and 9.7, respectively. The unique imaginary frequency 15463 >~ M;(M) Pathrway 2b
of the transition state T;Ss 216.0i cn1, which therefore affirms ! 49.94

the transition state TSas a real one. Calculations of intrinsic / ) TS/(TSy)
reaction coordinates (IRC) and further optimization of the ! o0 39900

primary IRC results indicated that T8onnects the reactants
(Ry and R) and an intermediate (secondary carbon radical)
(|V| 1)_39

In intermediate M, the distance between Si and @&creased
to 1.913 from 2.707 A, and the dihedral of H(1)C(1)C(2)C(3)
changed from 173%t0 150.3. Because of the high reactivity,
M1 reacts readily with H radical to form the anti-Markovnikov .
product with a barrier-free reaction. (The results are not shown.) \
If the SiHs radical attacks the terminal carbon atom)@om ‘.|
the other side of the plane H(1)H(2)C(1), another transition state ‘M ™M)
(TSy) and intermediate () will be formed (the structures are =
not shown), which are isomers of T&nd M, respectively.

Figures 3 and 4 also show that Siay react with the middle
carbon atom (g to form transition states (ESand TS) and

intermediates (Mand M,). TS, and M are the isomers of TS pathway is the addition of Sifwith the terminal carbon of the

and M, respectively. The unique imaginary frequency of alkene group{CH=CH,) and the anti-Markovnikov products

transition state Tor TS is 290.6i cn1t, which affirms the  could be obtained, which is consistent with the experimental
two transition states as the real ones. According to the resuylts#0

calculation of IRC and further optimization of the primary IRC
results, Tgand TS connect reactants;Rnd R and intermedi-
ates My and M, respectively.

Relative Energy (kJ/mol)

Figure 6. Profile of potential energy surface for the addition reaction
of acetic acid with Sikdat B3LYP/6-311%+G(d,p) level.

Acetic Acid. To compare the reactions of SiWith propylene
and acetic acid, two possible reaction pathways (1b and 2b) in

the reaction of acetic acid were examined. The optimized
A comparison between the two reaction pathways indicates structures of the reactangRacetic acid), transition states (§S

that two reaction pathways compete with each other. The barrierand TS), and intermediates (Mand M) are shown in Figure

of TSYTS, in pathway 2a is 11.45 kJ/mol higher than that of 5. For the structures of acetic acid, we used the most stable
TSYTS; in pathway 1a. According to the exponential law of conformation. The profile of potential energy surface is shown
reaction velocity, the reaction velocity from %S, to M1/M, in Figure 6.

is approximately 102 times as fast as that from/TS, to Ma/ As shown in Figures 5 and 6, when SiHtttacks the carbon

M4 at normal temperature. Therefore, the dominant reaction atom (G) of the carboxy group{COOH), transition states 55
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TSs will be formed with the barrier of 54.63 kJ/mol. Because Supporting Information Available: Detailed description

of its larger barrier, the dominant reaction pathway should be of the potential energy surface profile and the results of IRC

2b. calculation. This material is available free of charge via the
In pathway 2b, transition states 78S were first formed Internet at http:/pubs.acs.org.
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