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ABSTRACT: Radical cations of selected low molecular-weight
silicon model compounds were obtained by photoinduced
electron transfer. These radical cations react readily with a
variety of nucleophiles, regularly used in monolayer fabrication
onto hydrogen-terminated silicon. From time-resolved kinetics,
it was concluded that the reactions proceed via a bimolecular
nucleophilic attack to the radical cation. A secondary kinetic
isotope effect indicated that the central Si—H bond is not
cleaved in the rate-determining step. Apart from substitution
products, also hydrosilylation products were identified in the
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product mixtures. Observation of the substitution products, combined with the kinetic data, point to an bimolecular reaction
mechanism involving Si—Si bond cleavage. The products of this nucleophilic substitution can initiate radical chain reactions leading
to hydrosilylation products, which can independently also be initiated by dissociation of the radical cations. Application of these data
to the attachment of organic monolayers onto hydrogen-terminated Si surfaces via hydrosilylation leads to the conclusion that the
delocalized Si radical cation (a surface-localized hole) can initiate the hydrosilylation chain reaction at the Si surface. Comparison to
monolayer experiments shows that this reaction only plays a significant role in the initiation, and not in the propagation steps of

Si—C bond making monolayer formation.

H INTRODUCTION

Over the past two decades, extensive research has been
performed on the formation of self-assembled organic mono-
layers on silicon and silicon-related surfaces. Typical examples
are addition of alkenes and alkynes onto silicon' ¢ and
germanium.é’7 The passivation and functionalization of flat
silicon surfaces has attracted a lot of attention because of
their potential application in electronic devices.” *®® In
search of increasingly milder and faster attachment conditions,
several fabrication methods were develoPed, making use of
elevated temperatures,”'® UV irradiation, '~ '* hydrosilylation
catalysts, %> Grignard and alkyl lithium reagents,"”'® electro-
chemistry,"~*' and chemomechanical scribing.* >* These
methods, however, still require a substantial input of energy to
initiate monolayer formation, which can trigger side reactions.
The search for lower energy input has led to the development of
the mildest method yet for fabrication of high-quality mono-
layers, which can be performed at room temperature in the
dark.*® Recent studies showed that alkynes react faster than
alkenes, and lead to higher packing densities.””*® Also the
exclusion of oxygen during the fabrication process brings oxida-
tion of the surface well below the detection limit of X-ray
photoelectron spectrometry (XPS),” which opens the way for
electronic devices.** 2> However, the reaction times, in the
range of hours, are too long for industrial application. To speed
up monolayer formation, more detailed mechanistic knowledge
is required.
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For methods using UV irradiation (4 < 350 nm), it has been
shown that a radical chain reaction is initiated by homolytic
cleavage of Si—H bonds at the surface.®® Recently, it was
indicated that UV irradiation also causes photoemission of
electrons from the Si surface into electron-acceptor levels in
adjacent alkenes.'? Mild attachment of 1-alkynes, however, takes
place under conditions that will not allow regular crossing of high
activation barriers, rendering direct cleavage of a Si—H bond
unlikely. In earlier work from our lab, we proposed a
mechanism®” in which holes originating from excitons migrate
to the surface forming delocalized radical cations. These radical
cations are then attacked by nucleophiles. Upon alkylation, the
resulting 3-radical in the alkyl chain abstracts hydrogen atom
from a neighboring Si—H site, leaving a radical at the silicon
surface (Figure 1). A radical chain reaction similar to the
mechanism described above is then initiated. This mechanism
was further supported by island formation, observed with scan-
ning tunneling microscopy (STM),** *° during monolayer
fabrication. A dedicated mechanistic study of radical cation
initiation via measurements and analysis of the kinetics has,
however, not been undertaken yet.

The goal of the current work is to provide more detailed
kinetic and product-based information regarding the reactivity of
Si-based radical cations using small molecular models (Si,, Sis,
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Figure 1. Monolayer formation onto H-terminated Si: radical cation-induced initiation,*” followed by the radical chain mechanism.
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Figure 2. Representation of the selection of the models used in the current study (1—3) and the subsequent study of the silyl radical cations. Note: TMS =

Si(CH,)s.

and Siy derivatives). Examples of radical cations of disilanes,*"**

and cyclic and linear oligosilanes*’ are known in literature.** The
models in this study, however, require a central Si—H site to
mimic the top layer of the hydrogen-terminated silicon surface,
and silicon atoms connected to this site to mimic the bulk
(Figure 2, top). To our knowledge, radical cations of these
branched silanes have not been studied before.
Tris(trimethylsilyl)silane (1), a Si, derivative, has proven its
use in modeling surface reactions,***>*® although the stability of
the radical cation may be problematic due to its relatively small
silicon backbone structure (branched Si,; TMS = Si(CH3)5).
Therefore, the model was extended by using a Sij structure with a
central Si—H center, which was either appended with four or six
TMS groups (compounds 2 and 3, respectively; Figure 2,
bottom), to combine a more extended delocalization with a
tailor-made variation of the steric bulk around the Si—H site.

B RESULTS AND DISCUSSION

1. Formation and Identification of Silyl Radical Cations.
Both 2 and 3 were synthesized according to modified literature
procedures.*” Silyl-potassium intermediates were prepared from
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tetrakis(trimethylsilyl)silane and methyl-tris(trimethylsilyl)-
silane and potassium tert-butoxide.*® Branched oligosilane struc-
tures were obtained by reaction of the resulting silyl-potassium
building blocks with methyldichlorosilane. Efficient generation
of the radical cations of 1—3 for time-resolved absorption
measurements was achieved via photoinduced electron transfer
using a positively charged sensitizer and toluene (1 M) as co-
sensitizer: irradiation of N-methyl quinolinium (NMQ; 355 nm)
in the presence of toluene yields the formation of toluene radical
cation in high yields even in apolar solvents,* which can
subsequently oxidize 1—3 to yield the silane radical cations
1", 2", and 3°" (see Supporting Information for details). This
method is highly superior over direct irradiation of the silanes,
which yields significant amounts of photochemical side products,
as below 300 nm photoionization competes with direct homo-
lytic Si—H bond cleavage.

The oxidation potentials of 1—3 were obtained by cyclic
voltammetry to ensure efficient electron transfer from the silanes
to toluene™™ (E,, (toluene) = 2.32 V vs Ag/AgCl).50 From the
results in Table 1, it becomes clear that all three compounds have
a sufficiently lower oxidation potential than toluene (peak
potentials E,, from 1.34 to 1.67 V vs Ag/ AgCl). In more detalil,
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Table 1. Oxidation Potentials of Molecular Models 1,2, and 3

1 2 3

E,* 1.67 +0.01 1.34 4 0.01 1.42 £0.01
P, 190 172 173
IPoopmans 154 143 146

“Peak potential in V vs Ag/AgCl (3 M KCl), 60 mv s 1. "Vertical
ionization potential (in kcal molfl; B3LYP/6-311++G(2d,2p)//
B3LYP/6-311G(d,p) calculations); “Ionization potential according to
Koopmans’ theorem (in kcal molfl; B3LYP/6-311++G(2d,2p)//
B3LYP/6-311G(d,p) calculations).

it shows that 1, with the smallest silicon ‘backbone’, has the
highest potential. Interestingly, 3 has a slightly higher oxidation
potential than 2, while having more silicon atoms. This may be
explained by differences in the effective conjugation lengths,
which is highly dependent on the conformation of the silicon
backbone. Anticonformation of the silicon atoms contributes
the most to conjugation, whereas small dihedral angles (syn to
gauche) do not contribute significantly.”' Because of steric
hindrance of the bulky TMS groups, 3 cannot fully optimize
the o delocalization to the degree available for 2. This steric effect
is visible in the bond angle between the central Si and the two
adjacent Si atoms. For 2 and 3, this was calculated (B3LYP/6-
311G(d,p)) to be 118° and 132° (experimental value: 128.3°),*
respectively, that is, significantly larger than the 109° for un-
strained sp® Si atoms. Calculated vertical ionization potentials
(Table 1), obtained from the difference in absolute energies
between the optimized neutral species and the corresponding
radical cation in that geometry, confirm the significantly higher
oxidation potential found for 1. For 2 and 3, the calculated
potentials are close to each other, with the ordering in line with
the experimental data. Finally, also the orderin§ of the ease of
oxidation obtained using Koopmans’ theorem®” (Table 3, bot-
tom row) correlates nicely with the oxidation potentials found.

The effect of the steric hindrance is also visible in Figure 3, which
shows the relaxed geometries of the radical cations. In 1", two of
the three Si—Si bonds are lengthened significantly more than the
third bond (from 2.38 A in the neutral precursor 1 to 2.50/2.50 and
2.40 A, respectively). The charge is also predominantly present on
the TMS moieties that are bound by a more lengthened Si—Si
bond (from 0.027 in the precursor molecule 1 to 0.38S and 0.202
for the more and less lengthened Si—Si bonds, respectively). Also
the angle £ Si2—Sil—Si3 becomes smaller going from 113° to 99°
as the radical cation is formed, while the other angles,
£ Si2—Sil—Si4 and £ Si3—Sil—Si4, increase from 113° to 118°.

Also 2°" (and 3°") shows relaxation of the central angle
£ Si2—Si1—Si3, as it decreases from 118° (132°) to 107°
(119°). Most charge is localized on the TMS groups that are
part of the w-shaped silicon chain (e.g., SiS—Si2—Sil—Si3-Si7 in
2). This is also shown by the Si—Si bond orders, which are about
0.77 in this chain and 0.89 for the remaining two Si—Si bonds.
Also bond lengths are increased from 2.38 to 2.44 A in this chain,
whereas the other bonds are only marginally lengthened to 2.40
A. The w-shape (dihedrals: 7—3—1—2, 143°; 3—1—2—35, 147°)
is distinctive for the previously mentioned ¢ conjugation in
silicon chains. Silicon atoms bound in this conformation can
attribute to the conjugation and thus stabilize the molecule, while
bonds that not significantly involved in the sigma conjugation are
only slightly longer than in the neutral molecule (see Supporting
Info for a more extensive discussion).

Time-resolved absorption measurements were performed in a
laser transient absorption setup. To avoid interference of absorp-
tion of the NMQ radical, these experiments were performed in
oxygen-saturated solutions of 1,2-dichloroethane (DCE) and
hexafluoro-isopropanol (HFIP). Oxygen reacts rapidly with the
NMQ radical (diffusion controlled) to photoinactive products.
HFIP was reported to stabilize radical cations,> and silane radical
cations specifically.*” As shown in Figure 4 (left), toluene radical
cation can be observed with absorption maxima at 425 and
825 nm. Upon addition of 3, the absorption of toluene radical
cation disappears, while a new transient appears at 690 nm. This
indicates electron transfer between toluene radical cation and 3.
The transients resulting from 1, 2, and 3 (A is 520, 670, and
690 nm, respectively) are depicted in Figure 4 (right). The
stability of the transient in the presence of oxygen points toward a
radical cationic transient, since organic radical cations typically
react slowly with oxygen. To exclude the possibility of a radical
mechanism, 1-bromohexane was added to the mixture, as
bromoalkanes are known to react very fast with silicon-centered
radicals.”** This addition did not lead to any quenching and the
lifetime of the transient remained the same, thus, excluding the
involvement of a radical transient and supporting the assignment
of the transients in Figure 4 (right) to 1", 2°%, and 37,
respectively.

The radical cationic nature of these transients was further
confirmed by investigating their ability to oxidize tris-p-tolyla-
mine (TTA), a well-known electron donor with a low oxidation
potential,*” to yield the highly stable TTA radical cation (. =
670 nm*®). Directly after the laser pulse, electron transfer occurs
primarily between sensitizer (7 mM) and the co-sensitizer
toluene (1 M), because of their higher concentrations. Subse-
quently, toluene radical cation will quickly oxidize a silane,
yielding a still relatively fast build-up of the silyl radical cation
concentration and a simultaneous depletion of toluene radical
cation. Under the conditions used, this process is finished after
ca. 20 ns. Finally, after this process is nearly complete, TTA,
which is present in a much lower concentration (1 uM), will
transfer an electron to the silyl radical cations. As depicted in the
left and right panels of Figure S, a clear shift from 520 — 670 nm
(from 1" to TTA*") and 695 — 670 nm (from 3** to TTA"™"),
respectively, indicates electron transfer and TTA to 3°". This
confirms that the transients in Figure 4, right panel, can be
attributed to the silyl radical cations.

2. Reactivity of Silyl Radical Cations. The lifetime of 1" was
measured in an oxygen-saturated solution to minimize the
interference of NMQ’, and was found to be 50 & S ns. This
proved to be too short to accurately determine the kinetics of
reactions with nucleophiles using the current setup. Reproduci-
bility of the lifetime measurements proved highly dependent on
small amounts of water present. To prepare ultradry solutions, all
samples were prepared under water-free conditions in a glovebox
under argon atmosphere. The maxima of 2°* and 3°" did not
overlap with the absorption of NMQ’, and the exclusion of
oxygen did not affect the lifetimes. Under these conditions, the
lifetimes for 2" and 3°" were found to be 1250 & 150 ns and 367 &
17 ns, respectively. These lifetimes correlate with the ease of
oxidation (Table 1) and the degree of delocalization that followed
from the quantum chemical calculations: increased delocalization
of the charge leads to decreased reactivity, that is, prolonged
lifetime.

The rate of reaction of both transients was subsequently
studied with a series of nucleophiles, which were selected based
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Figure 3. Silicon backbones and relevant carbon and hydrogen atoms of relaxed geometries of 1"",2°" and 3°". Bond distances and Wiberg bond
orders (between parentheses) are depicted near the corresponding bonds (B3LYP/6-311++G(2d,2p)//B3LYP/6-311G(d,p) calculations).
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Figure 4. (left) UV—vis absorption spectra of the mixtures of NMQ (7 mM) and toluene (1.0 M) in 1,2-dichloroethane in presence (10 mM)
and absence of 3 in the reaction mixture (30 ns after laser pulse at 355 nm). (right) UV—vis absorption spectra of 1", 2"", and 3°" (50 ns after 355 nm

laser pulse).
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Figure 5. Absorption spectra of 1°" (left) and 3°" (right) in the presence of TTA recorded at increasing intervals after the laser pulse.

on their relevance for monolayer formation onto H-terminated
silicon surfaces.’ The decay of both transients was monoexpo-
nential (Figure 6, left), while the lifetimes of the radical cations
became linearly shorter with increasing nucleophile concentra-
tion (Figure 6, right). This dependence on nucleophile concen-
tration indicates a bimolecular reaction, since the silyl radical
cation concentration is constant as this is only determined by the
(near-constant) intensity of the laser pulse.

5001

The reaction rate constants obtained from a Stern—Volmer
type plot are pseudo-first-order constants (Table 2). From
entries 1 and 2, it becomes clear that 1-alkynes react approxi-
mately a factor two faster with both silyl radical cations than
1-alkenes, which resembles the faster monolayer formation for
1—a1kynes.27729 Entries 3—6 show that water, alcohols, acids and
aldehydes, which are generally better nucleophiles than unsatu-
rated carbons, react significantly faster with silyl radical
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Figure 6. Decay of 2" and 3°" in the absence or presence of 0.44 M 1-decyne (left) and; Stern—Volmer type plots obtained for 2°* and 3 in the

presence of 1-decyne (right).

Table 2. Pseudo-First-Order Rate Constants for the Reac-
tions of 2°" and 3°" with Various Nucleophiles

entry nucleophile k* ks*
1 1-Decene 0.24+0.02 1.7 £0.06
2 1-Decyne 0.61£0.05 3.5+02
3 H,0 - 33+£02
4 1-Undecanol 9.7+02 25+04
N 1-Undecanal 224+0.7 41+£2
6 1-Undecanoic acid 6.5+ 0.04 22+04
7 1-Decanethiol - >100"
8 1-Bromohexane - <0.1°
9 10-Undecenoic acid - 25+04
10 10-Undecynoic acid - 21+1
11 10-Undecenal - SS+1
12 10-Undecynal - 45+1

“Rates + standard deviation (in 10° M ' s 1), ¥ Rates too high to
measure accurately with the setup used. “Rates too low to measure
accurately with the setup used.

cations.***” This increased reactivity of these nucleophiles is
similar for 2°* and 3°", and nucleophilic attack onto the radical
cation is further substantiated by the high reaction rate of
1-decanethiol with 3°". The significant difference in reactivity
of 2" and 3°" parallels the stability of the radical cations, and
apparently outweighs the reduced steric hindrance around the
Si—H site in 2°". As was discussed earlier, bromoalkanes (entry
8) show no significant reactivity toward the radical cations,
excluding a radical reaction.

The high reactivity of alcohols, acids and aldehydes is, at first
sight, not in line with monolayer-forming experiments, where
these moieties are commonly used for further functionalization
of the monolayers. Also the reactivity of water is striking, because
it is commonly used to rinse hydrogen-terminated Si samples
after etching steps. For a better comparison with these mono-
layer experiments, the reactivity of doubly functionalized alkenes
and alkynes was tested, as can be seen in entries 9—12. From
these results, it becomes clear that the reactivity of these doubly
functionalized nucleophiles is similar to the reactivity of the
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monofunctionalized aldehydes and acids (Table 2, entries S and
6), and that the contribution of alkene and alkyne moieties is
small. This implies that if the radical cation reaction would be the
rate-limiting step in the attachment to the silicon surface, the
monomers would attach via the aldehyde and acid functionalities
rather than via the alkene or alkyne moieties. This is in contrast to
what was found for example for aldehyde-functionalized mono-
layers prepared from w-unsaturated-1-aldehydes.”® These mate-
rials were reported to show 90% attachment via Si—C bonds, and
only 10% attachment via Si—O—C bonds. Even more so, in the
case of acid-functionalized monolayers, prepared from w-unsa-
turated-1-acids, close to 100% attachment via Si—C bonds was
reported.”* %% According to these monolayer-forming experi-
ments, at least the large majority of chains attaches via the alkene
and alkyne moieties.

These data, thus, show that alkenes and alkynes do react
rapidly with delocalized Si-centered radical cationic materials,
which is consistent with efficient initiation of monolayer forma-
tion onto H-terminated Si via a Si-centered radical cation. In the
case of Si surfaces, the absolute rates are, of course, expected to be
significantly lower due the larger extent of delocalization, but the
current experiments show that surface-localized radical cations
on the H—Si surfaces can in principle initiate the reaction with
1-alkenes and 1-alkynes. The still much higher reaction rates of
oxygen-centered nucleophiles with these Si-centered radical
cations additionally show that, while initiation via this route
may be feasible, the largest fraction of monolayer-forming
molecules does not react via this mechanism, as this would yield
extensive Si—O—C formation with w-unsaturated-1-carboxylic
acids and w-unsaturated-1-aldehydes, which is not observed. The
majority of Si—C bonds in a monolayer must therefore be
formed via a different reaction.

To obtain more information about the exact reaction mechan-
ism, kinetic isotope effects (KIEs) were studied. Therefore, the
hydrogen at the central Si—H site of 3 was replaced by deuterium
to give 3-D. This did not cause noticeable changes in the
absorption spectrum or in the lifetime of the radical cation in
the absence of added nucleophiles. The results of the kinetics
experiment of 3-D with 1-decene and 1-decyne are depicted in
Table 3. It becomes clear that the reactions of 3 are a factor 1.2
faster than reactions of 3-D. This excludes Si—H bond cleavage

dx.doi.org/10.1021/ja110844e |J. Am. Chem. Soc. 2011, 133, 4998-5008



Journal of the American Chemical Society

Table 3. Kinetic Isotope Effects for Reactions of 3°" with
1-Decene and 1-Decyne (in DCE/HFIP; 20 °C)

entry nucleophile ksi—u® ksip” KIE
1 1-Decene 1.72 +0.06 14240.17 1.21+0.12
2 1-Decyne 3.53+0.17 3.014+0.28 1.17+0.11

“Rates + standard deviation (in 10° M~ s 1).

in the rate-determining step, as then typically a grimary isotope
effect with kyy/kp > 2 would have been observed.®® This thus also
excludes a concerted mechanism with simultaneous Si—H bond
cleavage and Si—C bond formation.®* On the other hand, a KIE
of 1.2 indicates a secondary kinetic isotope effect (SKIE), which
places the hydrogen connected to the reaction center (a-
position) or next to it (f-position). The SKIE can be caused
by a change in hybridization, going from sp> to sp” in the
transition state, or by hyperconjugation as deuterium is less able
to stabilize the resulting cation. From these kinetic results, it is
not possible to determine the exact reaction center, but Si—H
bond cleavage in the TS of the substitution reaction is unlikely,
which points to Si—Si cleavage as the bond-breaking process that
accompanies Si—C bond formation.

3. Product Analysis. To substantiate this hypothesis, the
reactivity of the radical cations of 1—3 was subsequently studied
by their reaction with 1-decene and 1-decyne, and the reaction
products were analyzed with GC—MS. Photochemical reactions
(Aexe = 350 nm) were performed in identical reaction mixtures
(NMQ_sensitized) as the transient absorption experiments.
Product studies are typically performed with neutral sensitizers
such as 9-cyanoanthracene and 9,10-diciyanoanthracene as they
give less products of side reactions. However, it is well-docu-
mented that the nucleophilic reaction with the silyl radical cation
competes with return electron transfer in the radical ion pair,
resulting in the neutral sensitizer and silane.®® In addition, it has
been shown that disilanes are fragmented in a dissociative return
electron transfer (DRET) process, resulting in the formation of
radicals.* After confirming this for a 9-cyanoanthracene-sensi-
tized test reaction (see below), we resorted to NMQ sensitization
in these preparative reactions, specifically of 1, as in the NMQ-
sensitized reactions of 2 and 3 side reactions again precluded
identification of reaction products resulting from nucleophilic
attack. The reactions with 1 yielded reaction products in larger
amounts, which could be analyzed and identified by GC—MS
after independent synthesis of the most likely structures as
reference compounds. Co-injection on the GC—MS and com-
parison of the mass spectra confirmed the identity of the
products (Figure 7). The reaction of 1 with 1-decene resulted
in a substitution of the silicon-bound hydrogen (4a) or a TMS
group (4b) in a ratio of 2:1. The reaction of 1 with 1-decyne,
yielded similar hydrosilylation (Sa) and substitution products
(5b) (Figure 7b). In addition, the ratio of cis/trans isomers was
similar to the products of radical reactions performed with 1.**
This observation of 4a and Sa seems at variance with the findings
of the kinetic study discussed earlier, as the secondary kinetic
isotope effect indicates a bimolecular nucleophilic attack on the
silicon backbone and rules out substitution of the Si—H in the
reaction of the radical cations with nucleophiles. However, it is
likely that 4a and Sa are the products of a hydrosilylation side
reaction, which proceeds via a radical mechanism. In a 9-cya-
noanthracene-sensitized test reaction with alkenes and alkynes,
only hydrosilylation products 4a and Sa were found. This can be

explained by DRET, which results in the efficient formation of
silyl radicals that can subsequently react with unsaturated
moieties. The absence of the substitution products in these
product mixtures indicates that such substitution products are
formed via a different route than a radical reaction, and the
question arises whether the substitution products 4b and 5b
are the result of a nucleophilic attack onto a radical cation.

To further distinguish between the radical and the radical cation
reaction, the radical reaction was considered first. From the
literature, it is known that silyl radicals react rapidly with alkenes*®
and even faster with bromine-containing compounds,™* such as
1-bromohexane. To obtain a better insight, radical reactions of 1°
with 1-decene, 1-bromohexane and l-undecanol were per-
formed. A thermal radical initiator, 1,1’-azobiscyclohexanecar-
bonitrile, was used to generate 1°.% First, reaction with alkene
did not result in any Si—Si cleavage (Figure 8a): only a
hydrosilylation product was formed, which after co-injection
proved to be identical to 4a. In a second reaction, 1-bromohex-
ane reacted very fast with 1°, resulting in exclusive formation of
6. Again no products resulting from cleavage of the Si—Si bond
were observed (Figure 8b). The third reaction of 1° in the
presence of l-undecanol demonstrates that alcohols do not
react with silyl radicals, since 8, which was synthesized inde-
pendently to function as reference compound, was completely
absent from the reaction mixture (Figure 8c). The only product
present in the mixture is the termination product (7) of two silyl
radicals. To distinguish between radical and radical cation
products, 1-undecanol was also reacted with 1", resulting in
Si—Si cleavage products 9 and 10 (Figure 8d). These products
can only be the result of a reaction with the silyl radical cation, as
the previous reaction showed that 1-undecanol does not react
with silyl radicals.

After identifying the trapping products of the silyl radical
cation, it is possible to look more detailed at the substitution at
the central Si atom. For alkenes and alkynes, it becomes clear that
nucleophilic attack to the silyl radical cation results in dissocia-
tion and the formation of a TMS cation. The resulting 3-carbon
radical can subsequently initiate a radical chain reaction via
abstraction of a hydrogen atom from a neighboring silane,
yielding substitution products 4b and 5b and the silicon-centered
radical 1°. In the case of 1-alkenes and 1-alkynes, the mechanism
of this reaction is likely to be similar (Figure 9a,b). However, for
alcohols, a different mechanism must be in effect since two
substitution products (9 and 10) are observed. Nucleophilic
attack on the central Si—H moiety in the radical cation leads loss
of a TMS radical and formation of 9 (Figure 9c). However, attack
on the TMS group will result in the formation of 10 and silyl
radical 11 (Figure 9d). Routes 9c and 9d again show how a
parallel radical chain reaction can be initiated. The observed 1:1
ratio of 9 and 10 suggests that both substitution pathways are in
this case equally likely to occur.

These substitution reactions involving radical cations are
much more facile than reactions that proceed via concerted
Si—H bond cleavage and attachment of organic species onto the
Si sites. For example, Chabal and co-workers studied the attach-
ment of methanol onto H—Si(111) under prolonged heating at
elevated temperature (65 °C, 12 h).%” This reaction, which does
not involve Si—Si bond cleavage, cannot take place under the
currently studied reaction conditions given the calculated activa-
tion barrier of 33.7 kcal mol %% analogous to calculated barriers
for the concerted attachment onto H—Si(111) of alkenes and
alkynes (64.6 and 57.7 kcal mol ™", respectively).*” Estimates for
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Figure 7. Products found in the reaction mixture for 1-decene (a) and 1-decyne (b).
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Figure 8. Products of reactions of 1° (a—c) and of 1°* with 1-undecanol (d).

the activation energies of reactions toward, for examle, silicon-
based radical cation 3°" range from 7 to 9 kcal/mol (see
Supporting Information for more details), and thus indicate that
the radical cation reactions proceed via a different, low activation-
energy pathway.

Besides radical formation as a result of nucleophilic attack on
the radical cation, also several other routes for initiation of the
radical reaction could in principle be operative (see Figure 10).
For instance, instability of 1°" may result in spontaneous
dissociation. Loss of HT, resulting in the silicon-centered radical
1" (Figure 10a), may be a viable option, although it can only
occur as a side reaction, since otherwise products 9 and 10 would
not predominantly form. A second option is the dissociation of a
TMS™ group, resulting in the silicon-centered radical 11°

5004

(Figure 10b). The T™MS™ fragment would in turn react with
1-undecanol to form 10, but the radical fragment cannot react
with the alcohol to form 9. Since both products 9 and 10 are
present in equal amounts in the reaction mixture, also this
pathway can only occur as a minor side reaction. The third
possibility, a TMS radical splitting off, yielding the silicon-
centered cation 117 is also unlikely (Figure 10c), as the resulting
TMS radical would react rapidly with 1-decene, and the product
of this reaction was not observed. Also this pathway would lead to
unequal amounts of 9 and 10, which is not the case, as described
above. Finally, dissociation may also occur as a result of return
electron transfer from the sensitizer to the silane (Figure 10d). As
mentioned earlier, dissociative return electron transfer (DRET)
is the major mechanism in the degradation of radical cations of
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Figure 10. Dissociation pathways of 1" due to instability (a—c) or
return electron transfer (d).

disilanes to monosilyl radicals.*" Since this mechanism would
also generate a TMS radical that should lead to products that
were not observed, this mechanism is in our case unlikely as well.
The above observations indicate that the Si radicals are pre-
dominantly formed by nucleophilic attack to the Siradical cation,
rather than by spontaneous dissociation or DRET. This also
demonstrates the feasibility of the formation of silicon-centered
radicals at the silicon surface by nucleophilic attack to a deloca-
lized radical cation. Such formation of radicals as a result of an
initiating radical cation process has been hypothesized before,>”

and the data above provide further support for such a route. This
more detailed mechanistic insight will be valuable to attempts to
further improve monolayer formation onto hydrogen-terminated
Si surfaces, both with respect to the rate of the reaction as well as in
regard of the quality of the monolayer. Such studies are currently
ongoing in our laboratories.

B CONCLUSIONS

Small Si—H centered models (with 4, 7, and 9 Si atoms,
respectively) were prepared and studied to gain insight in the
mechanisms of formation of Si—C linked monolayers by 1-alkenes
and l-alkynes onto hydrogen-terminated silicon surfaces. Si-
centered radical cations of these Siy, Si, and Siy compounds react
with high rates (k, ~ 10° M ' s ') in a bimolecular reaction with
1-alkynes and 1-alkenes, but do not react with 1-bromoalkanes.
The reactivity with alkenes and alkynes is in line with initiation of
Si—C linked monolayer formation by 1-alkenes and 1-alkynes
onto H-terminated silicon surfaces via positively charged
surfaces.”” Such a bimolecular reaction is expected to yield a cation
and a radical as products.

Better, oxygen-centered nucleophiles (aldehydes/carboxylic
acids) react appreciably faster with the Si radical cations. These
increasing reaction rates for stronger nucleophiles contrast with
the small to insignificant reactivity of these moieties observed in
the preparation of aldehyde-functionalized and acid-functionalized
monolayers onto H-terminated Si. A radical cation mechanism
does not account for the Si—C bond formation on H-terminated
Si surfaces that is predominant also for w-unsaturated 1-carboxylic
acids and -1-aldehydes. This shows that the majority of mono-
layer-forming materials yields Si—C formation via another
mechanism. The observation of hydrosilylation products for
the model systems under current study indicates a radical side
reaction. This radical formation proceeds predominantly via
nucleophilic attack on the silyl radical cation, and only to a
minor degree to spontaneous dissociation of the radical cations
or dissociative return electron transfer. Radical cation-initiated
attachment onto a H-terminated Si surface thus is the rate-
limiting step in Si—C attached monolayer formation, but the
majority of molecules is attached via a purely radical propaga-
tion reaction.

B EXPERIMENTAL SECTION

Materials. Toluene and THF were distilled from CaH, and Na/
benzophenone, respectively, before use. The nucleophiles that were
commercially available were analyzed by GC—MS and did not need any
further purification except for the aldehydes which were purified by
column chromatography (Si-60, hexane/ethylacetate). 10-Undecynyl
aldehyde was synthesized according to literature procedures.”® Hexa-
fluoro-iso-propanol (HFIP), 1,2-dichloroethane (DCE), and tris-
(trimethylsilyl)silane were used as obtained from Sigma-Aldrich.
NMQ_ was synthesized according to a literature procedure, and
recrystallized before use. All solutions were stored over molecular sieves.
All sample preparations were performed in a glovebox to ensure dry and
oxygen-free conditions.

Equipment. Low-resolution mass spectra were obtained using an
Agilent technologies 7890A GC, equipped with Alltech ATTM-5 ms
column, in conjunction with a 5975C VL Mass Selective Detector. High-
resolution mass spectra were obtained by direct probe measurements on
a Fisons (VG) 7070. Nanosecond flash photolysis studies were carried
out at 355 nm using the third harmonic of a Nd:YAG laser (Brilliant,
Quantel, Inc.) Transient spectra were obtained with an LP920
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spectrophotometer (Edinburgh Instruments Limited) fitted with a 450
W Xe arc lamp as probe-light source and a red-sensitive photomultiplier
(R928, Hamamatsu) and ICCD camera (DH720, Andor technology) as
detectors. All NMR spectra were recorded on a Bruker Avance IIT with
an inverse broadband probe running at 400 MHz, with C4Dy as solvent.

Cyclic voltammograms were recorded on a uAutoLAB type III
Potentiostat/Galvanostat (Eco Chemie BV). The working electrode
consisted of an inlaid glassy carbon disk (2.0 mm diameter). A glassy
carbon rod served as a counter electrode. To ensure nonaqueous
conditions, a double junction Ag/AgCl electrode was used. The inner
chamber was filled with a 3 M KCl solution and the outer chamber with
0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile.

Transient Absorption Spectroscopy. For each data point, a
4 mL vial was filled with NMQ in DCE (0.8 mL 2.0 O.D. solution in
DCE), silane (0.8 mL 40 mM in toluene), DCE (0.8 mL) and HFIP
(1.6 mL) and the required amount of nucleophile (max. 100 L). The
sample was taken out of the glovebox immediately before starting the
experiment. After loading the sample in a S mL syringe, it was connected
to the flow cell in the laser setup. The cell was flushed with 1.5 mL of the
sample and then the experiment was started. A typical data point was
collected by averaging a series of six consecutive measurements which
consisted of 12 scans and 12 background scans.

Calculations. All calculations were performed with the B3LYP
functional,”" using the Gaussian 09 suite of programs.”* All geometries
were optimized at the 6-311G(d,p) level and were shown to be global
minima on the potential energy surface by frequency analysis. The
energies were determined by single-point calculations at the
6-311++G(2d,2p) level and corrected with the zero-point energy
determined from the 6-311G(d,p) geometry. The lowest-energy con-
formers for 2 and 2" were found by stepwise rotations of the TMS
groups and preoptimizing at the B3LYP/3-21G level, before optimiza-
tion of each rotamer at the B3LYP/6-311G(d,p) level of theory.

Cyclic Voltammetry. In a glovebox under argon atmosphere, a CV-
cell was filled with a 5 mL solution of tetrabutylammonium hexafluor-
ophosphate in acetonitrile (0.1 M). The counter and working electrode
were placed and the cell was closed. After taking the cell from the box, it
was immediately connected to a nitrogen line to keep the solution dry.
The reference electrode, which was kept in dry acetonitrile stored over
mol sieves, was placed in the CV cell under nitrogen flow. After recording
the baseline, 40 uL of a silane solution in toluene (10 mM) was added
with a syringe. Measurements were performed in single cycles.

Photochemistry Product Analysis. In a typical experiment for
GC analysis, NMQ (0.5 mL 2.0 O.D. solution in DCE), n-decane
(internal standard S uL), silane (0.5 mL of 40 mM in toluene) and
nucleophile were mixed in a 4 mL vial with screwcap. The vial was then
illuminated with a mercury lamp (4 &~ 340 nm) for the required time.
Afterward, the mixture was analyzed by GC and GC—MS.

Radical Chemistry Product Analysis. In a typical experiment
for GC analysis, 1,-azobiscyclohexanecarbonitrile (20 mg in 0.5 mL
toluene), n-decane (internal standard 5 L), silane (0.5 mL of 40 mM in
toluene) and nucleophile were mixed in a 4 mL vial with screw cap. The
vial was then placed in an oven at 100 °C for 1 h. Afterward, the mixture
was analyzed by GC and GC—MS.

Syntheses. Methyl-bis(methyl-bis[trimethylsilyllsilyl)silane ~ (2).
This compound was synthesized following a modified literature
procedure.*’” First, methyl-tris(trimethylsilyl)silane” and methyl-bis-
(trimethylsilyl )silyl-potassium*® were prepared according to literature.
The solvent was removed in vacuo and replaced by freshly distilled
toluene. After cooling the mixture to —78 °C, a solution of dichlor-
omethylsilane in toluene was added dropwise. The mixture was allowed
to warm to room temperature and stirred for another 2 h. The product
was purified by prep-HPLC (C18 reverse phase, methanol). >’Si NMR
(CsDg): —11.84 (Si(CHs); ~ 0.24 (*H)), —12.18 (Si(CH;); ~ 0.26
("H)), —67.06 (HSiCH;), —83.16 (Si(TMS),CHs.

Methyl-bis(tris[trimethylsilylisilyl)silane (3). This compound was
synthesized following a modified literature procedure.*’ First, tetra-
(trimethylsilyl)silane”* and  tris(trimethylsilyl)silyl-potassium®®  were
prepared according to literature. The solvent was removed in vacuo
and replaced by freshly distilled toluene. After cooling the mixture to
—78 °C, a solution of dichloromethylsilane in toluene was added
dropwise. The mixture was allowed to warm to room temperature and
stirred for another 2 h. The product was recrystallized from ethyl
acetate/acetonitrile: 2°Si NMR (C¢Dg): —9.49 (Si(CH;)3), —65.49
(HSiCH3), —124.61 (SiTMSs).

Deuterated Methyl-bis(tris[trimethylsilyl]silyl)silane (3-D). First,
[(Me;Si)3Si],SiHCIMe was prepared from 3 according to a literature
procedure.”® In the subsequent step, this compound was reduced with
an excess of LiAlD, in pentane until GC—MS showed complete
conversion. The mixture was then filtrated over a silica plug and the
solvent was evaporated, yielding pure 3-D. "H NMR (400 MHz, C4Dy):
035 (s, 54H), 0.59 (s, 3H); >C NMR (100 MHz, C¢Dg): —0.50
(HSiCH3), 348 (Si(CH,)3); *’Si NMR (CgDg): —9.35 (Si(CH3)3),
—24.73 (Si-(SiTMS3)3), —65.89 (DSiCH3) . MS (EI) m/z (%): 524 (1)
[M" — CH;), 464 (34) [M" — HSi(CH,)5], 232 (56), 217(100), 73
(80) [Si(CH5)5"].

Decane-tris(trimethylsilyl)silane (4a), Decane-bis(trimethylsilyl)-
silane (4b). A solution of tris(trimethylsilyl)silane (0.5 g, 2.0 mmol)
and potassium tert-butoxide (0.25 g, 2.2 mmol) in freshly distilled THF
(5 mL) was stirred for 1 h at room temperature. A solution of
1-bromodecane (0.5 g, 2.3 mmol) in THF (S mL) was added dropwise
and the reaction was left to stir for another hour. After removal of the
solvent, the solid residue was extracted with pentane, which after
evaporation gave a colorless oil. The products were isolated with
prep-HPLC (C-18 reverse phase, methanol). 4a: Characteristics were
similar to literature.** >’$i NMR (CgDy): —13.22 (Si(CHj);), —82.11
(Si-TMS3;). 4b: "H NMR (400 MHz, C4Dg): 3.90 (t, 1H), 1.51—1.58
(m, 2H), 1.29—1.40 (m, 14H), 0.86—0.93 (m, SH), 0.23 (s, 18H); 1*C
NMR (400 MHz, C¢Dy): 34.20, 32.69, 30.45, 30.43, 30.16, 30.12, 29.53,
23.46,14.71,7.87,0.73.*’Si NMR (C¢D): —15.87 (Si(CH,)s3), —66.66
(Si-TMS,). MS (EI) m/z (%): 316 (5) [M*], 301 (3) [M™ — CH,],
242 (11) [MT — HSi(CHj;);], 168 (31), 140 (36), 112 (33), 102 (74),
73 (100) [Si(CH;);"]. HR-MS (EI): 316.2442, calc. for [M]":
316.2438.

Decene-tris(trimethylsilyl)silane ~ (5a). A solution of tris-
(trimgthylsilyl)silane (1.0 g, 4.0 mmol), I-decyne (2.5 mL, 14 mmol)
and 1,-azobiscyclohexanecarbonitrile (0.25 g, 1.0 mmol) in heptane
(20 mL) was refluxed for 2 h. Purification by flash column chromatog-
raphy (C-18 reverse phase, methanol/MTBE) yielded a 1:1 mixture of
cis/trans isomers. The isomers were isolated by prep-HPLC (C-18
reverse phase, methanol). HR-MS (EI): 386.2678, calc for [M]":
386.2677. (E): "H NMR (400 MHz, C¢Dy): 6 6.19 (m, 1H), 5.73 (d,
1H), 2.13 (g, 2H), 1.28—1.47 (m, 12H), 0.91 (t, 3H), 0.29 (s, 27H). 1*C
NMR (400 MHz, C¢Dg): 0 150.46 (=CH—CH,), 121.42 (Si-CH=),
3843, 32.62, 30.19, 30.13, 29.99, 29.77, 23.43,14.70 (CH,-CHj), 1.42
(Si(CHs)s3). *SiNMR (C4Dg): —13.24 (Si(CH3)3), —86.18 (Si-TMS3).
MS m/z (%): 386 (6) [M*], 371 (1) [M" — CH;], 313 (2) [M" —
Si(CH3)3], 297 (8), 174 (100) [Si(Si(CHs)3), "], 73 (63) [Si(CH3)5 ™.
(Z): "H NMR (400 MHz, CsDy): 6 6.49 (q, 1H, J = 13 Hz), 5.67 (2t, 1H,
J=13Hz),2.19 (q,2H), 1.28—1.45 (m, 12H), 0.91 (t, 3H), 0.29 (s, 27H).
3C NMR (400 MHz, C¢Dg): 6 150.30 (=CH—CH,), 120.32 (Si-
CH=), 36.56, 32.62, 30.64, 30.47, 30.44, 30.05, 23.43,14.70 (CH,-
CH,), 1.74 (Si(CHs)3). *Si NMR (C¢Dg): —12.64 (Si(CHs)s), —93.22
(Si-TMS;). MS (EI) m/z (%): 386 (7) [M*],371 (1) [M" — CH,], 313
(2) [M" — Si(CH3)3], 297 (9), 174 (100) [Si(Si(CH3)3), "], 73 (66)
[Si(CH3); ™).

Decene-bis(trimethylsilyl)silane (5b, E/Z). A mixture of decene-
tris(trimethylsilyl)silane (0.6 mmol) and potassium tert-butoxide (0.6
mmol) in THF (0.5 mL) was stirred for 1 h at room temperature. Then,
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a cooled solution of 10% HCI in water (10 mL) was added and the
mixture was stirred for another hour. The mixture was extracted with
ether, and the combined organic fractions were dried over magnesium
sulfate. Removal of the solvents gave a colorless oil which was purified by
prep-HPLC (C-18 reverse phase, methanol). HR-MS (EI): 314.2277,
calc for [M]™"": 314.2281. (E): "H NMR (400 MHz, C¢Dy): 0 6.28 (m,
1H, J = 18 Hz), 5.72 (m, 1H, ] = 18 Hz), 3.81 (d, 1H, J = 5 Hz), 2.12 (q,
2H), 1.26—1.45 (m, 12H),0.91 (t, 3H), 0.25 (s, 18H). *C NMR (400
MHz, C¢Dyg): 150.95, 119.99, 37.80, 32.28, 29.85, 29.75, 29.46, 29.38,
23.10, 14.35, 0.11. *°Si NMR (CgDy): —15.71 (Si(CHj)3), —70.20 (Si-
TMS,). MS (EI) m/z (%): 314 (23) [M*],299 (2) [M" — CH;], 255
(6) [M" — HSi(CH,)5], 141 (43), 116 (69), 73 (100). (Z): "H NMR
(400 MHz, C¢Dg): 6 6.52 (q, 1H, J = 13 Hz), 5.61 (m, 1H, ] = 13 Hz),
3.90 (d, 1H, J = 8 Hz), 2.27 (q, 2H), 1.26—1.45 (m, 12H), 091 (t, 3H),
0.25 (s, 18H). ">*C NMR (400 MHz, C¢Dy): 150.28, 119.11, 34.19, 32.28,
30.08, 30.01, 29.80, 29.72, 23.10, 14.35, 0.11. >>Si NMR (C¢Dg): —15.24
(Si(CH,)3), —81.94 (Si-TMS,). MS (EIL) m/z (%): 314 (24) [M "], 299
(2) [M" — CH;), 255 (7) [M" — HSi(CH;);], 141 (39), 116 (62),
73 (100).

Undeca-oxy-tris(trimethylsilyl)silane (8). In a 4 mL vial, chloro-
tris(trimethylsilyl)silane (0.25 g, 0.9 mmol) was dissolved in a mixture
of pentane (1 mL) and triethylamine (2 mL). After addition of
1-undecanol (1 mL), the mixture was shaken and left at room tempera-
ture for 2 h. After removal of the solvents, the semisolid residue was
extracted with pentane. Evaporation of the pentane yielded a colorless
oil which was purified by flash-column chromatography (Si-60, hexane).
'"H NMR (400 MHz, C¢Dy): 3.58 (t, 2H), 1.56 (p, 2H), 1.28—1.41 (m,
16H) 0.92 (t, 3H), 0.30 (s, 27H). '*C NMR (400 MHz, C4Dy): 68.46,
33.59, 32.34, 30.14, 30.08 (2 C), 29.94, 29.81, 26.41, 23.12, 14.37, 0.58.
2$i NMR (C¢D): 0.22 (Si-TMS;), —16.46 (Si(CH3)3). MS (EI) m/z
(%): 403 (8) [M" — CHs), 345 (8) [M" — Si(CHj)5], 263 (100), 191
(48), 175 (39), 131 (24), 73 (69) [Si(CH3);"]. HR-MS (EI) [M]™
4182941, calc for [M] " : 418.2939.

Undeca-oxy-tris(trimethylsilyl)silane (9). MS (EL) m/z (%): 331 (2)
[M* — CH;J,272 (2) [M" — His(CHj;)5], 159 (22), 117 (100), 73 (56).

B ASSOCIATED CONTENT
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(Gaussian 09), B3LYP/6-311G(d,p)-optimized geometries of
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