Anodic and cathodic electrografting of alkynes on porous silicont
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A versatile electrochemical grafting reaction connects conju-
gated molecules to porous silicon surfaces with either a
positive or negative bias.

Porous silicon, an interconnected network of silicon nanowires
and nanocrystallites,! is terminated by metastable silicon—
hydride groups (S—H,) and S-S bonds. There are now a
number of techniques utilized for chemical modification of
these species on the surface of porous silicon.2-6 Using the Si
surface as a semiconducting electrode, several workers have
reported electrochemical S—C bond formation by direct
grafting, an approach with few parallels to soluble, molecular
silane chemistry.”® Herein we report a system for electro-
chemically grafting terminal akynes to porous silicon which
gives two distinct surface derivatizations, depending on the
polarity of the surface bias. Cathodic electrografting (CEG)
directly attaches akynes to the surface, whereas anodic
electrografting (AEG) yields an akyl surface.
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FTIR anaysis of phenylacetylene CEG (surface 1, Fig.
SM3t) reveals S—Hy stretches which are broadened and
decreased in integrated intensity compared to unmodified
porous silicon. The absence of a v(=CH) mode around 3300
cm—1 and an observed sharp silylated alkyne v(C=C) at 2159
cm—1 is consistent with a Si—alkynyl surface and not simple
physisorption. For instance, the v(C=C) of 1-phenyl-2-(trime-
thylsilyl)acetylene appears at 2160 cm—1 while that of phenyl-
acetylene is observed at 2110 cm—1. Similarly, CEG of dodec-
1-yne (surface 2, Fig. SM1t) shows a v(C=C) at 2176 cm—1,
which isidentica to the silylated molecular analogue 1-trime-
thylsilyldodec-1-yne at 2176 cm—1; underivitized dodec-1-yne
appears at 2120 cm—1. Fig. 1(a) shows the pentynyl terminated
surface (surface 3) with the v(C=C) at 2179 cm—1. This surface
was hydroborated with a 0.5 M THF solution of di-
siamylboranel© to verify the presence of the silylated triple
bond. The appearance of a broad band at 1580 cm—1 and the
concomitant consumption of the v(C=C) is indicative of a
silylated, borylated double bond, which was verified by
hydroboration of 1-trimethylsilyldodec-1-yne and subsequent
FTIR analysis [V(C=C) at 1584 cm—1].

Covaent electrografting of alkynes also appears to occur
when an anodic potential is applied, although AEG surfaces
show complete reduction of all unsaturated bonds. The C=C

T Electronic supplementary information (ESI) available. Further details
concerning preparation of porous silicon and CEG, PL studies, and FTIR
spectra for all surfaces reported here (1-10) and for the product of
hydroboration of  1-trimethylsilyldodec-1-yne  (http://www.rsc.org/
suppdatal/cc/1999/2479/
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Fig. 1 Transmission FTIR of derivatized porous silicon: (a) CEG of pent-
1-yne (surface 3). (b) AEG of dodec-1-yne (surface 8).

triple bond is not observed, with only a weak vibration
corresponding to a hydrosilylated double bond mode (1600
cm—1) inthe FTIR spectra. In contrast to CEG, AEG of dodec-
1-yne[surface8, Fig. 1(b)] hasfeaturesrelating only to aliphatic
C—H bonds. In the spectrum of phenylacetylene AEG (surface
9, Fig. SM8T), ring breathing modes at 1599, 1493 and 1446
cm—1 compare closely with polystyrene films and differ from
those observed for the conjugated CEG surface 1 at 1596, 1489
and 1443 cm—1. Boiling of the surfaces functionalized through
AEG for 30 min in CHCI; results in no change in the FTIR
spectrum, suggesting covalent bonding as opposed to phys-
isorption. Based on the coincidence of the ring modes and the
saturation of the C=C bonds, we conclude that doubly
hydrosilylated (bis-silylation) or possibly oligomeric material
decorates the porous silicon surface (vide infra).
Photoluminescence (PL) spectra of CEG samples show
varying intensities depending on the surface type (Fig. 2).
Surfaces 24 (alkynyl groups) retain between ca. 5-15% of the
light emission, with a small red shift of ca. 10 nm relative to
freshly prepared porous silicon (Amax = 663 nm). The
phenethynyl surface 1 and other arynyl terminated surfaces
(surfaces 5 and 6) show no light emission whatsoever, as has
been observed by Song and Sailor previously.52 Similarly,
diphenylphosphinoethynyl surface 7 exhibits complete PL
quenching aswell. AEG sampleshave moreintense PL, with ca.
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Fig. 2 Representative surfaces prepared by CEG of akynes to porous
silicon. The bold numbersrefer to the numbering system in the text, and the
% values represent the % photoluminescence (PL) remaining after
functionalization through CEG.
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Fig. 3 Proposed mechanism for the CEG of alkynes to porous silicon.
Cathodic reduction of a surface Si—H group forms the active silyl anion

which initiates the reaction.

20% remaining for the alkyl protected surface 9 as compared to
the freshly etched hydride terminated surface.

Stability tests using boiling aqueous NaOH solution (pH 10)
demonstrate the chemical resistance of AEG and CEG samples
compared to unfunctionalized porous silicon. Unmodified
surfaces are destroyed under such conditions in ca. 180 s,3¢
whilst the CEG functionalized samples remain essentially
unchanged after 10 min except for an increase in the v(Si—-O)
mode at 1050 cm—1. Extended treatment with ethanolic HF
solution aso results in no change in FTIR spectra. The
combined stability with respect to both HF and alkaline
treatment isknown only for Si systemswith covalently attached
organic layers.20-d.11

We believe the CEG reaction proceeds via a silyl anion
intermediate formed by reduction of surface Si—H bonds in a
space chargelayer (Fig. 3) toyield either H- or, 1/2 H,. Thesilyl
anion species has been previoudly inferred for the mechanism of
alkyl halide grafting.8.12 The subsequent in situ generation of a
carbanion from deprotonation of the weakly acidic akyneleads
directly to nucleophilic Si-Si bond attack, as observed by
previous workers568 The silyl anion is quenched in the
presence of aproton source (0.1 M HCI indiethyl ether), leading
to no incorporation of akyne. Other weakly acidic moieties can
be grafted via this CEG reaction, such as dodecane-1-thiol
(surface 10, Fig. SM11t), presumably through a similar
deprotonation step and subsequent attack of Si—Si bonds by an
RS- species. Minor incorporation of butyl groups (2956, 2923
and 2872 cm—1), which may be due to tenacious physisorption
or electrochemical decomposition of the NBu,PFg electrolyte,13
is observed in al CEG reactions. The butyl groups are not
removed after 30 min in boiling chloroform.

Given the observations noted in FTIR of surfaces 8 and 9
(vide supra), it is likely that a surface-initiated cationic
hydrosilylation mechanism12.14 jsresponsiblefor the Si—-C bond
formation in AEG reactions (Fig. 4). Positive charges are
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Fig. 4 Proposed mechanism for the AEG of akynes to porous silicon.
Anodic oxidation of asurface Si—H group results in formation of the active
cationic silyl species.
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stabilized in the depletion layer at the semiconductor—el ectro-
lyte interface,15 which are attacked by alkyne monomers. This
can then be the starting point for a successive hydrosilylation or
cationic polymerization reaction.16

In conclusion, atechnique in which alkylation and alkynyla-
tion of porous silicon surfaces can be accomplished through
CEG and AEG is reported. Future work concerns the further
elucidation of the mechanisms via investigations using new
electrolyte systems and akynes, and the application of new
experimental apparatus.
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