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’ INTRODUCTION

Functionalization of semiconductor surfaces to tailor the
physical and chemical properties is an important goal of surface
science because of the significance of these materials in the
fabrication of electronics, sensors, and other devices.1Much atten-
tion in this regard has been directed toward Si�C bond forma-
tion on silicon surfaces [Si(100)�Hx/Si(111)�H “flat silicon”1c,2,3

and nanocrystalline/porous2o,p,4,5]. Hydrosilylation of hydrogen-
terminated silicon is a common route to functionalization of
the surface;2a�l,3�6 irradiation with UV or visible light is a
typical method of initiating this reaction and has been the sub-
ject of many mechanistic studies since the original report of
these reactions on flat2c,7 and nanocrystalline porous silicon4a

(hereafter “PS”) in the 1990s. Figure 1 shows four proposed
mechanisms for photoinitiated hydrosilylation: (i) Si�H bond
homolysis, (ii) photoemission, (iii) plasmon-mediated, and (iv)
exciton-mediated. For UV-initiated hydrosilylation, two mecha-
nisms have been proposed: Si�Hbond homolysis and subsequent
radical-based hydrosilylation (Figure 1 i),2c and more recently,
photoemission that generates positive charges on the surface
(Figure 1 ii).3 Visible-light initiation of hydrosilylation on flat
silicon2f,6b,8 and nanocrystalline silicon5 is proposed to involve the
formationof plasmons (Figure 1 iii) andquantum-confined excitons
(localized electron [e�]/hole [h+] pairs; see Figure 1 iv), respec-
tively. Visible light has insufficient energy to break the Si�Hbond,
and thus, homolytic cleavage of this bond is not implicated.2c

In each case, the next step in the reaction is attack of the positive
charge on the surface by the alkene π-electrons to form the Si�C
bond.9 Visible-light initiated hydrosilylation on flat silicon is
substantially slower than the visible-light initiated reaction on
PS (several hours vs minutes).2f The present study investigates
exciton-mediated hydrosilylation on PS (Figure 1 iv),5 allowing a
comparison with the nonexciton photoemission mechanism de-
scribed by Hamers and co-workers for Si(111)�H (Figure 1 ii).3

In each case, the presence of electron acceptors in proximity to the
surface increases the efficiency of hydrosilylation; however, with
PS, electron acceptors with much higher reduction potentials
(Ered) are required to remove the electron from the electron/hole
pair, presumably because it is necessary to overcome the exciton
binding energy.10

Since the first report on the properties of PS by Canham in
1990,11 this form of hydrogen-terminated silicon continues to
capture the attention of researchers attempting to take advantage
of its porosity, high surface area, biocompatibility, and photo-
luminescence.12 For example, PS has been studied for potential
utilization in drug delivery,13 various biological applications,14

solar cells,14b,15 and optical devices.16 When PS is excited by a
photon with an energy exceeding the band gap (∼1.8 eV),17 the
resulting exciton is relatively long-lived due to quantum confinement
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ABSTRACT: White-light initiated hydrosilylation of nanocrystalline
porous silicon was found to be far more efficient (in terms of both
kinetics and yield) in the presence of electron-accepting molecules with
suitably high reduction potentials, particularly halocarbons. It is known
that absorption of visible light by nanocrystalline silicon results in the
formation of excitons (electron/hole pairs) and that this exciton can be
harnessed to drive a hydrosilylation reaction with an alkene; the Si�C
bond forms as a result of attack of the π-electrons of the alkene on the
positively charged holes. In order to better understand the white-light
initiated mechanism through which this reaction takes place, and to compare with UV-mediated photoemission on Si(111)�H, a
series of electron acceptors were screened for their effect on surface alkene hydrosilylation. A very strong correlation between
reduction potentials (Ered) of the oxidant and reaction efficiency was observed, with a minimum “turn-on” Ered required for an
increase to take place. The oxidant appears to accept, or remove, the electron from the nanocrystallite-bound exciton, favoring attack
by the alkene on the positively charged Si nanocrystallite, leading to Si�C bond formation. Radical reactions were discounted for a
number of reasons, including lack of effect of radical traps, no apparent Si�Cl bond formation, lack of oxidation of the surfaces, and
others. Unlike with other oxidants such as nitro-aromatics, halocarbons do not cause additional surface reactions and promote very
clean, fast, and selective hydrosilylation chemistry.
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effects, and one result of the recombination of the e�/h+ pair is
photoluminescence.18 In addition to the technological applica-
tions, harnessing the exciton can be used to drive chemical
reactions on PS including polymerization,19 surface oxidation,20

and hydrosilylation.5With respect to hydrosilylation, only photo-
luminescent PS was found to undergo efficient white-light
mediated reaction pointing to the central role of the excitons
in the chemistry.5 The proposed exciton-mediated mechanism is
shown in Figure 1 iv: upon excitation, h+ is attacked by the alkene
π-electrons, which leads to Si�C bond formation. A hydride
from the silicon is transferred to the resulting β-silyl cation, com-
pleting the reaction.

When carried out in an inert atmosphere, exciton-mediated
hydrosilylation with 1-dodecene on PS results in reaction of 13(
5% of the Si�Hx bonds with minimal surface oxidation.5 When
the same reaction is carried out in air, the rate of hydrosilylation
increases despite a substantial increase in surface oxidation.5 As a
good electron acceptor, O2 may be accelerating the hydrosilyla-
tion reaction by trapping the electron of the exciton, leaving h+

more susceptible to nucleophilic attack by the alkene. Rehm et al.
have shown that the photoluminescence of PS is quenched in the
presence of molecules with suitable reduction potentials (nitro-
substituted aromatics in their experiments), suggesting that electrons

can be extracted from the excitons of nanocrystalline silicon.18e

Hamers and co-workers have shown that when electrons photo-
ejected from Si(111)�H reduce a molecule with a high electron
affinity in proximity to the surface, the yield of hydrosilylation
increases (vide infra).3 Presumably then, photohydrosilylation
reactions on PS performed in the presence of a sacrificial oxidant
should also result in a greater yield of hydrosilylation. Our experi-
ments employed a series of oxidizing agents with a wide range of
reduction potentials21 as mediators to increase the rate and yield
of hydrosilylation reactions on PS without a concomitant increase
in surface oxidation.

’RESULTS AND DISCUSSION

Photoluminescent PS was formed via anodic etching of n-type
silicon in 1:1:2 HF/H2O/EtOH with simultaneous white-light
irradiation.5 All photochemical reactions were performed in a
nitrogen-filled glovebox. The hydrosilylation reaction was achieved
by coating the sample with a small volume (40 μL) of the neat
alkene or the alkene/oxidant mixture and irradiating the sur-
face with white light from a standard halogen 300 W ELH
projector bulb. Changes to the surface chemistry of PS can be
monitored by transmission FTIR spectroscopy. Figure 2a shows
a baseline corrected IR spectrum of freshly prepared PS, while
Figure 2b shows the same sample after undergoing white-light
hydrosilylation with 1-dodecene (hereafter “dodecene”) to full
completion, which in this case is a reaction efficiency (%E, vide
infra) of∼10% of the Si�Hx bonds. Two terms in the literature
used to quantitate the amount of surface grafting are percent-
efficiency4b (%E; eq 1) and the normalized CHx absorption

2d

(ACH,norm; eq 2). The percent efficiency estimates the number of
SiHx bonds that have undergone hydrosilylation, assuming the
SiHx absorption intensities do not change when adjacent to alkyl
groups. The advantage of %E is that it is independent of the
alkene/alkyne used,22 but the disadvantage is that at very low
conversions, the SiHx area changes very little; this problem is
compounded by the broadening of the SiHx peak as the yield of
hydrosilylation increases, coupled with the curved baseline typi-
cally associated with these PS samples. An accurate measurement
is therefore difficult to obtain and typically we found the absolute

Figure 1. Four mechanisms previously proposed for the photoinitiated hydrosilylation on hydrogen-terminated silicon surfaces.

Figure 2. Transmission FTIR spectra of (a) freshly prepared porous
silicon and (b) the same sample after undergoing exciton-mediated,
white-light hydrosilylation with 1-dodecene. (Irradiation time 20 min,
∼175 mW cm�2.)
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error of this measurement to be(3�5%.With the normalized CHx

absorption, the focus is on a region that undergoes substantial change
at low conversion, so obtaining accurate numbers is less of a concern;
division ofΔACH by ASiH,0 accounts for the fact that not all samples
have the same initial concentration of SiHx bonds. Additional cor-
rections would be necessary in order to compare different reactants
(e.g., 1-hexene vs 1-octene).2d In our experiments, dodecene was
chosen as our standard alkene and the hydrosilylation yields are
reportedusingACH,norm although%E is also givenwhere appropriate.

%E ¼ ðASiH, 0 � ASiH, tÞ 3 100
ASiH, 0

¼ ΔASiH
ASiH, 0

ð1Þ

ACH,norm ¼ ðACH, 0 � ACH, tÞ
ASiH, 0

¼ ΔACH
ASiH, 0

ð2Þ

Dodecene solutions containing 0.5 M of an oxidizing agent
(various halocarbons, two nitroaromatics, and N,N-dimethyltri-
fluoroacetamide [Me2TFA]) were prepared. PS samples were
coated with a small volume of either neat dodecene or the
dodecene/oxidizing agent solution and irradiated with visible
light under identical conditions. Infrared spectra taken after only
60 s of white-light exposure to emphasize the differences in rate
are shown in Figure 3, while the resulting yields and the reduction
potentials of the oxidizing agents are given in Table 1. Compared
to the yield of hydrosilylation observed with neat dodecene
(Figure 3a), the presence of molecules with reduction potentials
less than ∼�0.6 V (vs SHE) do not bring about any significant
change in the yield nor is any additional surface chemistry
observed (for example, Figure 3b,c). In the presence ofmolecules
with reduction potentials greater than�0.6 V, however, there is a
clear increase in the yield of hydrosilylation (Figure 3d�h).

The white-light hydrosilylation reaction on PS with alkenes and
alkynes generally reaches its maximum yield within 20�30 min

(e.g., Figure 2) with an efficiency of 10�20%.5 In the present case,
the highest yield was obtained in the presence of CBr4 (E ≈
55�60%; see Supporting Information, Figure S4), the halocarbon
with the highest reduction potential of those studied; furthermore,
the maximum conversion is achieved within 5�8 min. Because of
the morphologically complex nature of PS relative to flat silicon,
themaximumpossible coverage onPS for alkyl groupsmaybe slightly
greater than the∼55%maximum coverage for flat Si(111)�H.23

Figure 3. Transmission FTIR spectra of PS samples coated with (a) dodecene, (b�h) 0.5 M oxidizing agent in dodecene and exposed to white light
(∼175 mW cm�2) for 60 s.

Table 1. Hydrosilylation Yields (ACH,norm) on Samples of
Photoluminescent PS Hydrosilylation Coated with 0.5 M
Oxidizing Agent in Dodecene and Exposed to White Light
(∼175mW cm�2) for 60 s; Reduction Potentials (Ered vs SHE
in Acetonitrile) of the Electron Acceptors Are also Given

oxidant ACH,norm
a yield (rel)b Ered/V

c

none 0.13 ( 0.03 1 <�3 d

C6F6 0.12 ( 0.02 0.9 ( 0.2 �1.98 e

Me2TFA 0.17 ( 0.02 1.3 ( 0.2 ∼�1.9 f

4-nitrotolueneg � � �1.19 h

CH2Cl2 0.13 ( 0.02 1.0 ( 0.2 �0.86

CDCl3 0.24 ( 0.03 1.9 ( 0.2 �0.66

C6H5CH2Cl 0.27 ( 0.04 2.1 ( 0.3 �0.49

C2Cl6 0.59 ( 0.04 4.5 ( 0.3 �0.42 i

trinitrobenzeneg � � �0.41 j

CCl4 0.61 ( 0.02 4.7 ( 0.2 �0.40

CBr4 0.99 ( 0.03 7.6 ( 0.3 �0.24
a Each yield is the average of 2�4 runs. b (Yield with 0.5 M oxi-
dant)/(Yield with neat dodecene). cUnless otherwise stated, data from
reference 24. dReference 25. eReference 26. f Estimated from the data in
references 27 and 28. gThe surface undergoes oxidation and other
reactions. See text. hReference 18e. iEstimated on the basis of the
difference in the reduction potentials of C2Cl6 andCCl4 in water given in
reference 29. jReference 30.
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To ensure that these reactivity differences could not be attri-
buted to heat from the lamp, the light was passed through infra-
red filters (see Experimental Section ). The use of a 400-nm long-
pass filter also ruled out any UV from the halogen lamp as the
cause of the observed reactivity. The oxidizing agents employed
do not absorb visible light (Supporting Information, Figure S3),
and no hydrosilylation was observed when PS was coated with
the dodecene/oxidizing agent mixtures and kept in the dark.

A correlation of the yield with the reduction potential of the
oxidizing agent is observed (Figure 4). Once the reduction
potential is more positive than∼�0.6 V, the yield of hydrosilyla-
tion increases rapidly. Except in the case of 4-nitrobenzene and
1,3,5-trinitrobenzene, the reaction is not accompanied by in-
creased surface oxidation. Rehm et al. noted that nitroaromatics
with reduction potentials more positive than∼�0.9 V are capa-
ble of quenching the PS photoluminescence and that the effective-
ness of the quencher is positively correlated with the reduction
potential of the quencher.18e A related study byGermanenko et al.
using silicon nanocrystals reached similar conclusions.31 In our
experiments, irradiation of PS surfaces coated with dodecene
containing nitro-substituted aromatics, particularly trinitroben-
zene, results in increased surface oxidation, along with additional
surface reactions. Reaction of the PS surfaces with nitroaromatics
(both in the dark and upon photolysis) has been reported by

Sailor and co-workers32 and our spectra are qualitatively similar
(see Supporting Information).

Further support for electron transfer from the surface comes
from an experiment in which a PS surface was coated with 0.5 M
C2Cl6 in hexanes and irradiated for 60 s with white light. In
comparison, a sample coated with neat hexanes and irradiated for
the same time period showed a higher degree of surface oxidation
(see Supporting Information, Figure S6). These results are con-
sistent with a h+ that is more susceptible to nucleophilic attack
(by adventitiously formedO2

�) in the presence of the halocarbon
oxidant.20

The rate of hydrosilylation on PS coated with dodecene, 0.5M
CCl4 in dodecene, and 0.5 M C2Cl6 in dodecene was monitored
over the course of several minutes (Figure 5). The data were fit to
the first-order growth equation (eq 3),33 where At is the normal-
ized CHx absorption (ACH,norm) at time t and Amax is the maxi-
mumvalue ofACH,norm reached over the course of the experiment.
The observed rate coefficients are listed in Table 2. Hydrosilyla-
tion is approximately twice as fast in the presence of CCl4 and
C2Cl6 (at 0.5 M); the maximum yield is also increased.

At ¼ Amaxð1� e�ktÞ ð3Þ

The yield of hydrosilylation increases with increasing concen-
tration of C2Cl6, particularly over the range of 0�0.5 M C2Cl6
(see Figure 6); above this concentration the yield is relatively
constant (dodecene becomes saturated with C2Cl6 at∼1.7M).34

Reduction of halocarbons is often dissociative, yielding an alkyl
radical and halide anion (eq 4),21 and thus a number of experi-
ments were carried out to explore the possibility of a radical-
based hydrosilylation

RX þ e� f ½RX� 3� f
:
R þ X� ð4Þ

Figure 4. Yield of exciton-mediated hydrosilylation on PS after 60 s of
photolysis plotted against the reduction potential of the halocarbon. The
dashed line is an estimate of the trend.

Figure 5. Plots of the growth of ACH,norm on PS coated with the
dodecene solutions listed and exposed to white light (∼175 mW cm�2).
The solid lines are the fit of the data to eq 3.

Table 2. Rate Coefficients (kobs) Calculated for the White-
Light Initiated (∼175 mW cm�2) Hydrosilylation Reaction of
Dodecene on Photoluminescent PS at ∼25 �Ca

oxidant kobs/10
�3 s�1

none (1-dodecene) 6 ( 1

0.5 M CCl4 in dodecene 10 ( 2

0.5 M C2Cl6 in dodecene 11 ( 2
a Errors are reported as (σ.

Figure 6. Effect of the concentration of C2Cl6 on the amount hydro-
silylation yield on PS after 90 s of white-light photolysis.
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reaction.21 First, the yields of hydrosilylation reactions in the pres-
ence of C2Cl6 were not affected by the presence of the radical
trap 2,6-di-tert-butyl-4-methylphenol (BHT) over the concen-
tration range of 0.05�1.0 M BHT, suggesting that, if alkyl
radicals are formed, they do not play a major role in the surface
reactionmechanism. Second, benzyl chloride as an oxidizing agent
provides a handle to determinewhether the oxidant itself becomes
incorporated into the surface via a Si�C bond; the lack of aro-
matic infrared CHx stretching (>3000 cm

�1) and bendingmodes
(1400�1600 cm�1) indicates it does not (Figure 3e). Third, in
terms of the reactivity of a silicon-based radical in a competi-
tive situation with alkyl chlorides and alkenes, previous work by
Chatgilialoglu et al. suggests that Si�Cl bond formation would
be observed. This groupmeasured the absolute rate constants for
the chlorine-abstraction and addition reactions of silyl radicals
with halocarbons and alkenes, respectively.35 For example, the
rate constants at 300 K for the reactions of •SiEt3 with 1-hexene,
CH2Cl2,CHCl3, andCCl4 are4.8� 106M�1 s�1, 7.1� 107M�1 s�1,
2.5� 108M�1 s�1, 4.3� 109M�1 s�1, respectively.35a,b The rate
constants of the halocarbons with •SiEt3 are at least an order of
magnitude faster than the Si�C bond-forming reaction with the
alkene. We would therefore expect at least some Si�Cl bond
formation (even despite the higher concentration of the alkene)
on the surface in the event that surface radicals were being formed
to any great extent. In terms of direct observation of Si�Cl bonds
via infrared spectroscopy, the ν(Si�Cl) appears∼520�580 cm�1

in the fingerprint region of the spectrum,36 and although this
region does not appear to change significantly after reaction in
the presence of halocarbons, the absence of change alone is not
convincing. In the event that Si�Cl bonds were formed, they
would rapidly oxidize upon exposure to air, leading to an increase
in the intensity of the Si�O absorbance by FTIR,37 which is not
observed. Finally, oxidation of the silicon (as determined by the
Si 2p signal) in X-ray photoelectron spectroscopy (XPS) is also
not observed.

XPS of the PS surfaces after hydrosilylation with 0.5 M C2Cl6
in dodecene shows, however, the presence of chlorine (see Sup-
porting Information, Figure S7). No chlorine signal was observed
on a dark control sample that was exposed to 0.5 M C2Cl6 in
dodecene for 10 min in the dark and then rinsed with DCM.
AToF-SIMS depth profile of a similar sample shows the intensity
of the chlorine signal is less than but tracks that of carbon (see
Supporting Information, Figure S8b), suggesting either that the
chlorine is attached to an alkyl chain or that the alkyl chains atta-
ched to the PS assist in the gettering of the halocarbon. To test
the latter possibility, a sample of PS underwent exciton-mediated
hydrosilylation with neat dodecene and was then coated with a
solution of 0.5 M C2Cl6 in dodecene and kept in the dark for
5 min; the sample was rinsed twice with DCM prior to analysis.
ToF-SIMS depth analysis of this sample also showed a strong
chlorine signal and that the chlorine intensity tracked that of
carbon (see Supporting Information, Figure S8c). These surface
analyses suggest the source of chlorine is likely adsorbed halo-
carbon rather than chlorine chemically bonded to the alkyl
chains or the PS surface.

In order to chemically demonstrate the central role of the
exciton in the hydrosilylation mechanism, a molecule known to
quench the exciton and halt the hydrosilylation reaction was
employed.5 Ferrocene (Eox = +0.66 V vs SHE)38 will quench the
exciton through donation of an electron to the surface39 and
suppress the white-light mediated hydrosilylation reaction on PS
through this charge-transfer mechanism. Ferrocene was added at

concentrations of 14mM and 25mM to solutions of 0.5MC2Cl6
in dodecene, and the photolysis experiments were carried out in
the usualmanner. In the presence of 14mMand 25mMferrocene,
the yield of hydrosilylation decreases by a factor of 2�3 relative
to the yield obtained in the absence of ferrocene (see Supporting
Information, Figure S9), thus supporting an exciton-driven
mechanism.

Electron extraction and transfer from the exciton of PS to the
LUMO of the oxidizing agent is shown in Figure 7. While such a
representation is an oversimplification of the range of band
energies of the morphologically complex PS, the energy of the
PS conduction band as determined from the “turn on” potentials
using the oxidizing agents in this study (∼�3.6 ( 0.2 eV) is in
good agreement with the value reported by Rehm et al. (�3.3(
0.2 eV).18e Upon generation of the exciton, the electron can only
be transferred to those molecules with a LUMO energy below
that of the PS conduction band; only in these cases can the
exciton-binding energy be overcome. The exciton-binding en-
ergy is a result of the Coulombic attraction between e� and h+

and for porous silicon with its distribution of nanocrystallite sizes,
it ranges from a predicted 1.4 to 0.15 eV in silicon nanocrys-
tallites of radius 0.4 to 2 nm, respectively.40 As the LUMO energy
of the acceptor decreases, it is able to accept the electron from a
larger fraction of the PS excitons, in turn generating more
positive charges on the surface. The positively charged surface
(h+) is susceptible to attack by the π electrons of the alkene, as
shown schematically in Figure 8. The initial attack presumably

Figure 7. Energy level diagram showing the valence and conduction
bands of PS and the LUMOs of select oxidizing agents. PS valence and
conduction band energies from reference 18e; the shaded region is the
lower limit of the conduction band energy based on these experiments.
LUMO energies of the oxidizing agents are based on the reduction
potentials in Table 1.

Figure 8. Proposed mechanism for the exciton-mediated PS hydro-
silylation facilitated by the presence of a halocarbon (RX). R0 = n-
C10H21.
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leads to a β-silyl cation, followed by a hydride transfer from the
silicon to the alkyl chain. Migration of the positive charge along
the surface allows for additional hydrosilylation reactions, analog-
ous to what has been proposed for hydride abstraction-initiated PS
hydrosilylation.4e

At this point, we considered whether sacrificial electron
acceptors might also be effective at increasing the yield of UV-
initiated hydrosilylation of hydrogen-terminated flat silicon. In
their recent study of UV-initiated hydrosilylation on hydrogen-
terminated flat silicon3 and the grafting of alkenes onto hydrogen-
terminated carbon,41 Hamers and co-workers employed several
terminal alkenes with different valence orbital energies and in each
case found that surfaces coated with the alkene N-(dec-9-enyl)-
trifluoroacetamide (TFAAD) gave the highest reaction yield. Of
the alkenes studied, TFAAD has the greatest electron affinity.

UV photons (254 nm) have sufficient energy to eject an electron
from the surface and it was rationalized that TFAADmost readily
captured the electron. Once the electron is captured, a positive
hole (h+) remains on the surface, which is then attacked by the
alkene (see Figure 1 ii). In principle, many of the halocarbons
used as oxidizing agents in the PS experiments should also result
in an increased yield of UV-initiated hydrosilylation on Si(111)�H
because they possess greater reduction potentials than TFAAD.
While the electron affinity is an enthalpic term measured in the
gas phase and the reduction potential is a Gibbs energy term
measured in solution,42 the two generally track together.43 Based
on their reduction potentials, CH2Cl2 and CHCl3 should also be
effective at trapping an ejected electron. These are also trans-
parent at high concentrations to 254 nm light (see Supporting
Information, Figure S10). An additional consideration is that UV
irradiation of the silicon surface is generally believed to lead to
the formation of radicals and there would be a competition
between the alkene and the halocarbon for reaction with the
radical (vide supra). Despite this possible complication, we opted
to investigate whether the presence of these halocarbons would
increase the yield of hydrosilylation of Si(111)�H.We also used
Me2TFA because, on the basis of the work of Hamers and co-
workers with TFAAD,3 it should lead to an increased yield of
hydrosilylation. The amide functional group of TFAAD accepts
the electron, and thus Me2TFA should be a reasonable model for
TFAAD; the additional N-methyl should result in only a minor
decrease in the electron affinity.44

11-Fluoro-1-undecene was used for flat silicon hydrosilylation
in order to allow the relative degree of grafting to be estimated by
the intensity of the F 1s signal by XPS. In an inert atmosphere,
Si(111)�Hwas coated with a small volume of the neat alkene or
alkene containing 1 M of the electron acceptor and irradiated
with 254 nm light. Samples were soaked twice in dichloro-
methane, removed from the glovebox, and immediately analyzed

by XPS. In the presence of Me2TFA, the yield of hydrosilylation
was∼2.5 times greater than with the neat alkene (see Supporting
Information, Figure S11), which is in agreement with Hamers
and co-workers.3 Chloroform also resulted in an increased yield
(∼2 times greater), but dichloromethane did not. We were
conscious of the volatility of dichloromethane, which prompted
us to attempt an alternate method in which the alkene/halocar-
bon mixtures were sealed directly onto the silicon surface with a
quartz slide. Although we cannot entirely rule out evaporation of
the solvent, the fact that CH2Cl2 did not lead to a greater yield
was surprising, given the reduction potentials. Figure 9 shows an
energy level diagram relevant to the experiments on Si(111)�H.
In principle, because the energy of the photoejected electron
exceeds that of the LUMOs of dodecene and all the halocarbons
employed in these experiments, all should act as effective electron
acceptors. On the basis of the LUMO energies, any of the
halocarbons added to the solution should more be more efficient
at capturing the electron than dodecene. It is therefore reason-
able that both Me2TFA and CDCl3 resulted in an increased yield
of hydrosilylation. XPS analyses of the surface did not indicate the
presence of chlorine (either through the 2s or 2p signals), nor
was oxidation of the silicon surface (based on the Si 2p spectra)
observed.45 Experiments to further our understanding of these
preliminary experiments on Si(111)�H are ongoing, but our
results nevertheless indicate that sacrificial electron acceptors
dissolved in the alkene result in an increased yield of hydrosilyla-
tion of flat surfaces as well as with porous silicon.

In summary, these results show that in the presence of halo-
carbons with high reduction potentials (Ered > �0.6 V in aceto-
nitrile vs SHE), the rate and yield of PS exciton-mediated
hydrosilylation are increased without accompanying surface
oxidation. The proposed mechanism involves initial reduction
of the halocarbon by the exciton electron, followed by attack of
h+ by the alkene. Because the electron has been removed, h+ can
migrate along the surface, allowing further reaction. This not only
provides a method of increasing the yield of surface functionali-
zation but also more importantly provides insight into themecha-
nism of exciton-mediated hydrosilylation and the nature of the
excited state of PS. Preliminary results suggest that a similar pheno-
menon may take place in the presence of halocarbons with
UV-initiated flat silicon, in agreement with the experiments of
Hamers and co-workers.3 Although the experiments with PS and
Si(111)�H are similar in that the presence of an electron accep-
tor increases the yield of hydrosilylation, the difference is that
the PS requires a much stronger oxidizing agent because the

Figure 9. Energy level diagram showing the photoejection of an electron
from Si(111)�H and the LUMOs of the electron acceptors. Si(111)�H
valence and conduction band energies taken from reference 46.



495 dx.doi.org/10.1021/ja208604r |J. Am. Chem. Soc. 2012, 134, 489–497

Journal of the American Chemical Society ARTICLE

exciton binding energy10 must be overcome in order for the loss
of the electron to take place; with Si(111)�H, the binding
energy (which is much less than that of PS)47 is overcome by
absorption of the higher energy photon and ejection of the
electron. We are currently expanding our experiments to other
alkenes and alkynes on PS and flat silicon, exploring the stability
of the resulting alkyl monolayers prepared by these methods as
well as the general phenomenon of electron transfer from the PS
surface.

’CONCLUSIONS

The yield and rate of white-light initiated hydrosilylation on
PS increase dramatically in the presence of halocarbons with
reduction potentials Ered >�0.6 V (vs SHEMeCN). This observed
increase in reaction efficiency is due to the ability of the halo-
carbon to oxidize the exciton, rendering the positively charged
silicon nanoparticle more susceptible to attack by the alkene.
In a photoemission-based mechanism with UV irradiation
(λ = 254 nm= 4.9 eV) on Si(111)�H surfaces, the photon energy
exceeds the work function of the surface and thus leads directly to
photoemission and ejection of the electron (leaving a positive
charge on the surface to react). In the white-light exciton-based
mechanism, on the other hand (λmin = 400 nm = 3.1 eV) in a
silicon nanocrystallite, a stronger oxidizing agent is required to
remove the electron from the exciton to overcome the exciton
binding energy. Understanding and controlling charge transfer
from excitons is a key challenge for device function, and to further
harness their chemical reactivity;10b,48 these results provide insight
into exciton charge transfer on silicon nanocrystallites.

’EXPERIMENTAL SECTION

Equipment. White light used for the preparation of PS and the
hydrosilylation reaction was generated using a 500W halogen work light
and a 300 W ELH projector bulb, respectively. Light intensity was
measured with a Metrologic Radiometer. The current used in the PS
synthesis was controlled with an EG&G Princeton Applied Research
potentiostat�galvanostat model 363. FTIR spectra were collected with a
Nicolet Nexus 760 spectrometer with a DTGS detector and a N2-purged
sample chamber (32 scans, 4 cm�1 resolution); the area of the SiH and
CH signals were taken over 2000�2200 cm�1 and 2800�3050 cm�1,
respectively. Scanning electron microscopy (SEM) images were obtained
with a Hitachi S-4800 FE-SEM (P < 10�8 Torr) with an accelerating
voltage of 15 kV. X-ray photoelectron spectroscopy (XPS) data were
obtained on a Kratos Axis 165 X-ray photoelectron spectrometer (P <
10�8 Torr) using a monochromatic Al Kα with a photon energy of
1486.6 eV; ejected electrons were measured at 0� from the surface
normal. TheXPS signals were calibrated using theC(1s) signal (284.8 eV).
ToF-SIMS analysis was carried out with an ION-ToF (GmbH) 100
instrument. The dual-beam profiling mode was used sputtering with a
rastered Cs+ source at 1 keV led to a crater size of 200 μm � 200 μm,
with analysis by Ga+ at 25 keV, 30.3 μm� 30.3 μm. UV light (254 nm)
for Si(111)�H experiments was supplied by a UVP pen-lamp (∼4
mW cm�2 with the lamp 2 cm above the sample).
Materials. Silicon wafers (prime-grade, n-type, P-doped, 1�3Ωcm,

450�500 μm) were obtained from Virginia Semiconductor Inc. Acetone
(Fisher, reagent), carbon tetrabromide (Aldrich, 99%), ethanol (Fisher,
absolute), ferrocene (Aldrich, 98%), HF (49%, J. T. Baker), hexachloro-
ethane (Aldrich, 99%), pentane (Fisher, reagent), and alumina (Aldrich,
BrockmannNeutral I) were used as received. Benzyl chloride (Aldrich, 99%),
carbon tetrachloride (Aldrich, >99.9%), chloroform-d (Aldrich, >99%),
1-dodecene (Aldrich, >95%), hexafluorobenzene (Aldrich, 99%) were

passed as neat liquids through a column of alumina, sealed in a flask, and
deoxygenated with a fine stream of argon for at least 30 min. Dichloro-
methane and hexanes were obtained from a solvent purification system
(Innovative Technologies, Inc.). 11-Fluoro-1-undecene was prepared
following a literature procedure2f and passed as a neat liquid through
alumina prior to use. N,N-dimethyltrifluoroacetamide (Oakwood
Chemicals, >97%) was passed as a neat liquid through a column of
silica, a column of alumina, sealed in a flask, and deoxygenated with a fine
stream of argon for at least 30 min.
Preparation of Porous Silicon. Silicon wafers were cut into

1 cm2 pieces, sonicated in 1:1 acetone:ethanol for 10 min, rinsed with
ethanol, and dried with argon gas. PS was prepared following a literature
procedure,5 which is described briefly. Using 1:1 49% HF:EtOH as the
electrolyte/etchant, the silicon was anodized at 7.6 mA cm�2 for 90 s
and then 76 mA cm�2 for 120 s with full white-light illumination
(∼40 mW cm�2).49 The sample was rinsed with ethanol (but not
allowed to dry), immersed in pentane, and dried with and stored under
argon in the dark. This method produces photoluminescent PS, which
was confirmed using a hand-held 365-nm lamp. SEM images of the PS
are shown in the Supporting Information Figure S1. Infrared spectra
were recorded of each sample before and after photolysis.
Exciton-Mediated Hydrosilylation. All PS photolysis experi-

ments were performed within an inert atmosphere glovebox. Each wafer
was coated with 40 μL of the alkene or alkene/oxidant solution. White
light was focused on the sample using a PCX lens. Infrared filters were
placed above the lens and between the lens and the sample. (The
absorbance spectra of these filters are given in the Supporting Informa-
tion, Figure S2.) After photolysis, the wafers were soaked in dichloro-
methane within the glovebox to remove most of the organics. The
samples were then removed from the glovebox, rinsed againwith dichloro-
methane, and dried with argon gas prior to analysis.
Preparation and Functionalization of Si(111)�H. Si(111) n-

type, P doped (1�5 W cm; 381 ( 25 mm thick) wafers were cut into
1 cm2 pieces and cleaned using the standard RCA procedure.50 The
wafers were immersed in argon-saturated, aqueous NH4F (40%) for four
minutes, dipped in deionized water for 5 s (�2), and dried with a stream
of argon gas. All photolyses were performed within an inert atmosphere
glovebox. Samples of Si(111)�Hwere placed either (a) within a Teflon
sample holder (which allows a 7 mm diameter area to be exposed to the
light), coated with 30 μL of the neat alkene or alkene/electron acceptor
[The sample holder was sealed with a quartz slide. There is about 8 mm
of headspace between the sample and quartz slide. Samples were
irradiated for 30 min.] or (b) on a glass slide, coated with a 30 μL of
the neat alkene or alkene/electron acceptor, covered with a quartz slide
placed directly on top of the surface. Samples were irradiated for 2 min.
This method allowed amuch higher intensity of light to reach the surface
and was also used to prevent evaporation of the electron acceptor from
the alkene. In each case, samples were soaked in DCM, removed from
the glovebox, rinsed again with DCM, dried with a stream of argon, and
immediately analyzed by XPS.
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