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Abstract: Lewis acid mediated hydrosilylation of alkynes and alkenes on non-oxidized hydride-terminated
porous silicon derivatizes the surface with alkenyl and alkyl functionalities, respectively. A very broad range
of chemical groups may be incorporated, allowing for tailoring of the interfacial characteristics of the material.
The reaction is shown to protect and stabilize porous silicon surfaces from atmospheric or direct chemical
attack without compromising its valuable material properties such as high porosity, surface area and visible
room-temperature photoluminescence. The reaction is shown to act on alkenes and alkynes of all possible
regiochemistries (terminal and internal alkynes; moois-, andtrans., di-, tri-, and tetrasubstituted alkenes).

FTIR as well as liquid- and solid-state NMR spectroscopies show anti-Markovnikov additiorciand
stereochemistry in the case of hydrosilylated terminal alkynes. Material hydrosilylated with long-chain
hydrophobic alkynes and alkenes shows a substantially slower surface oxidation and hydrolysis rate in air as
monitored by long-term FTIR monitoring and chemography. BJH and BET measurements reveal that the surface
area and average pore size of the material are reduced only slightly after hydrosilylation, indicating that the
porous silicon skeleton remains intact. Elemental analysis and SIMS depth profiling show a consistent level
of carbon incorporation throughout the porous silicon which demonstrates that the reaction occurs uniformly
throughout the depth of the film. The effects of functionalization on photoluminescence were investigated and
are shown to depend on the organic substituents.

Introduction optical interferometric biosensor for quantifying streptavidin and
. . . . a complementary strand of DNA, respectively, as shown by
Porous silicon is a high surface area morphology of hydride ggjor and Ghadirf. Recently, Buriak and Siuzdak discovered
terminated silicon whose efficient room-temperature lumines- o+ porous silicon can replace the organic matrix in MALDI
cence has attracted much interest for a wide range of applica-(mayrix-assisted laser desorption ionization) mass spectrometry
tions: Initial excitement in the early 1990s focused upon the \yhich allows for high sensitivity and remarkable salt tolerance,
potential to use light-emitting silicon in optoelectronic devices it the added advantage of integration of the porous silicon
that could be easily integrated with existing silicon-based niq sjlicon wafer-based microfluidic devices for on-chip
technology: While still heavily debated in the literature, light 551 si Widespread application of porous silicon is contingent,
emission most likely results from quantum confinement effects 1,,vever, upon the stabilization of the material which deterio-
within silicon nanocrystallites and nanowires imbedded within o+e< in ambient conditions due to oxidation and adsorption of
the porous matrix Since the discovery of light emission, porous  jmnrities from the aif. Corrosion of porous silicon in aqueous
silicon has been shown to serve as the platform for a broad g4|tion, and especially in simulated biological conditions,

range of applications, such as sensing and bioanalysis, utilizing oc\,rs even more rapidly, and thus a general method to stabilize
a n_umber of different signal transduction sqhe_mes. For instance ihe surface is crucial for some applications such as biosensing
Sailor and Harper demonstrated the sensitivity of the photolu- 4 piofiltration8 Ideally, the methodology should not only
minescence (PL) efficiency with respect to NO concentration renqer the surface robust but should also allow for incorporation
in Ar, rendering porous silicon a useful chemosensor for this o 5 proad range of chemical functionalities upon demand to
compound and other gaseBy functionalizing oxidized porous  ailor the surface for specific applications. The ability to
silicon surfaces with biological molecules such as biotin and controllably and permanently attach organic molecules to
single-stranded DNA, porous silicon can act as an effective \anocrystalline silicon surfaces is also interesting within the

T Purdue University burgeoning field of nanotechnology and for creation of molec-
*DERA. ular-scale architectures on semiconductor substrates.
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a Native surface is hydride-terminated, and in the presence of the Lewis acid Etii§drtion of an alkyne or an alkene takes place, resulting

in alkenyl- or alkyl-terminated surfaces, respectively.

to result in extremely stable flat surfacka, similar approach
has been pursued on porous siliédithe nanoscale architecture
of porous silicon is inherently fragile, and thus rapid and

analogous soluble, solution-phase compounds have been made
to further substantiate their structures.

The consequences of monolayer formation on the high surface

efficient syntheses under room-temperature conditions are 5req network and average pore size of porous silicon have been

preferable. Previous approaches taken toware CSibond
formation on porous silicon include reactions with methyl
Grignard under electrochemical conditiodsalkyl and aryl-
lithium and Grignard reagents in the absence of electronicbias,
and thermal hydrosilylation of alkynes and alkeh&¥/e have
found that hydrosilylation of unsaturated carbararbon bonds

on the native hydride-terminated porous silicon can be induced

by the Lewis acid EtAIGI* or white light illumination (on
photoluminescent samplé%)at room temperature in a matter

of minutes or hours, depending upon the organic fragment, as
outlined in Scheme 1. Insertion of alkenes or alkynes into surface

Si—H groups vyields alkyl or alkenyl termination, respectively.
Both chemistries are remarkably tolerant of a wide range of
chemical functionalities and are complementary, which allows
for flexibility in choosing specific surface properties. The
hydrophobic surfaces capped with a monolayer of long alkyl

measured by BrunaueEmmett-Teller (BET) and Barrett
Joyner-Halenda (BJH) gas adsorption methods which show that
functionalization occurs without changing its porous structfire.
Secondary ion mass spectrometry (SIMS) depth profiling,
indicates that hydrosilylation takes place uniformly throughout
the material. In our earlier contribution, we had only demon-
strated increased resistance with respect to alkali. In this work,
enhanced stability with respect to oxidation in ambient, labora-
tory conditions in air through both FTIR and chemographic
means is revealed. The effects of the functionalization on the
intrinsic photoluminescence are also detailed here.

Results and Discussion

The Hydrosilylation Reaction. Hydrosilylation of alkynes

chains were reported to be dramatically stabilized under Mediated by the Lewis acid EtAl©ivas initially communicated,
chemically demanding, basic conditions as compared to un- Ufilizing soluble, molecular trisubstituted silanes such as trieth-

functionalized porous silicon. In this paper, we thoroughly
explore the scope of the Lewis acid hydrosilylation reaction
and utilize FTIR and solid-staféC CP/MAS NMR to charac-

terize the surface bound organic moieties. Surface hydrosilyl-

ations mediated by EtAlGlact upon terminalgis- andtrans

disubstituted, trisubstituted, and tetrasubstituted alkenes and

terminal and internal alkynes. The stereochemistry of the
hydrosilylation of terminal alkynes and alkenes has been
investigated with IR and NMR techniques, and through the

latter, strong evidence for the covalent attachment of organic

functionalities to a silicon surface via silicercarbon bonds is

ylsilane, (CHCH,)3SiH.18 The reaction in solution adds exclu-
sively trans in an anti-Markovnikov fashion, and thus with a
terminal alkyne, yields theis product as determined b\H
NMR.

=R + HSR; CAC2, P g,
&

The solution-phase reaction conditions are extremely gentle,
which initially suggested that this reaction would be ideal for

revealed. Corrrelations of the proposed surface species withthe fragile porous silicon surfaces. By adapting these conditions

(9) Organic monolayers on flat silicon, demonstrating increased stabil-
ity: (a) Sieval, A. B.; Demirel, A. L.; Nissink, J. W. M.; Linford, M. R;
van der Maas, J. H.; de Jeu, W. H.; Zuilhof, H.; Sudholter, E. lLaRgmuir
1998 14, 1759-1768. (b) Linford, M. R.; Fenter, P.; Eisenberger, P. M;
Chidsey, C. E. DJ. Am. Chem. S0d.995 117, 3145-3155. (c) Bansal,

A.; Li, X.; Lauermann, |.; Lewis, N. S.; Yi, S. I.; Weinberg, W. B. Am.
Chem. Soc1996 118 7225.

(10) For a general review of organometallic chemistry on silicon surfaces,
see: Buriak, J. MJ. Chem. Soc., Chem. Commad999 1051.

(11) Ozanam, F.; Vieillard, C.; Warntjes, M.; Dubois, T.; Pauly, M.;
Chazalviel, J.-NCan. J. Chem. EndL998 76, 1020.

(12) (a) Song, J. H.; Sailor, M. J. Am. Chem. S0d.998 120, 2376.

(b) Song, J. H.; Sailor, M. Jnorg. Chem1999 38, 1498. (c) Kim, N. Y.;
Laibinis, P. E.J. Am. Chem. S0d.998 120, 4516.

(13) Bateman, J. E.; Eagling, R. D.; Worrall, D. R.; Horrocks, B. R;
Houlton, A. Angew. Chem., Int. EA.998 37, 2683.

(14) Preliminary communication: Buriak, J. M.; Allen, M. J. Am.
Chem. Soc1998 120, 1339.

(15) Stewart, M. P.; Buriak, J. MAngew. Chem., Int. EA998 37, 3257.

to freshly etched hydride-terminated porous silicon, hydrosilyl-
ation of alkynes rapidly takes place { h) at room temperature,

as evidenced by the decrease in intensity oft(f@i—H,) stretch
centered around 2100 cthand appearance of new vibrations
in the transmission FTIR spectrum which correspond to the
alkenyl substitution, shown in Figure ta. Lewis acid mediated
hydrosilylation of alkenes also occurs but requires longer
reaction times, on the order of at least 12 h at room tempera-

(16) (a) Heino, R. InProperties of Porous SilicgrCanham, L. T., Ed.;
INSPEC: London, 1997; pp 8%6. (b) Barrett, E. P.; Joyner, L. G;
Halenda, P. PJ. Am. Chem. Sod.95], 73, 373.

(17) Canham, L. T.; Houlton, M. R.; Leong, W. Y.; Pickering C.; Keen,
J. M. J. Appl. Phys1991, 70, 422.

(18) (a) Asao, N.; Sudo, T.; Yamamoto, ¥. Org. Chem.1996 61,
7654. (b) Sudo, T.; Asao, N.; Gevorgyan, V.; YamamotoJYOrg. Chem.
1999 64, 2494.
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Figure 1. Transmission FTIR spectra of porous silicon upon Lewis
acid mediated hydrosilylation with EtAlgkand an alkyne or alkene.
(a) Sample of freshly etched,-SiHy terminated porous silicon, prepared
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Figure 2. Examples of the surface terminations possible through Lewis
acid mediated hydrosilylation on porous silicon.

ture1® These hydrosilylation conditions are tolerant of a wide
range of functional groups within the alkyne or alkene, as
demonstrated by the range of surfaces prepared, shown in Figure
2. Lewis basic functionalities require an excess of Lewis acid
since one equivalent complexes the Lewis base. Late transition
metal complexes, commonly used for solution-phase hydrosi-
lylation reactions, are inferior to the Lewis acid EtAJ®ecause
they induce total quenching of photoluminescence and substan-
tial oxidation, presumably due to deposition of reduced metal
on the surfac@® The hydrosilylation reaction is successful on
all porous silicon samples tried thus far, regardless of initial
doping. A wide range of morphologies have been tried and
tested, including micro-, meso-, and macroporous saniples.
In all cases, little oxidation is noted in these reactions which is
extremely advantageous for the production of stabilized surfaces.
The ability of the Lewis acid to scavenge trace water which
could otherwise add across weak-Sii bonds is almost certainly

an important factor in reducing competing, concomitant oxida-
tion.2?

Other Lewis acids were not found to be as effective as these
aluminum based compounds. For instance, tris(pentafluorophe-
nyl)borane is a strong Lewis acid catalyst that has been shown
to be effective for hydrosilylation of ketone substrates in solution
and was therefore tested for hydrosilylation reactions on porous
silicon23® Utilization of tris(pentafluorophenyl)borane (0.4 M
solution in hexane) as the Lewis acid mediator for phenylacetyl-
ene hydrosilylation was only mildly effectiveminor incorpora-
tion of styrenyl moieties on the surface was noted by FTIR.
BFs-etherate was also shown to be ineffective for mediating
surface hydrosilylation of alkynes.

FTIR Analysis. Hydrosilylation of alkynes on porous silicon
yields surface bound vinyl groups as revealed by the observation
of a strong vibration in the transmission FTIR spectrum at

through etching procedure D(a) (Experimental Section) with no further ~1600 cn1?, indicative of a monosilyl-substituted carben
reaction. (b) The sample from (a) upon reaction with 1-pentyne, carbon double bond (SiC=C).2° As shown by Figure 1b and
resulting in pentenyl derivatization. (c) Difference spectrum of spectrum ¢, the surface-bound vinyl group formed upon hydrosilylation

(a) subtracted from sample (b), indicating disappearanee(8f—Hy)

intensity and appearance of features corresponding to the pentenyl

termination. (d) The sample from (b) upon hydroboration with THF
BHs, resulting in complete disappearance of th€SiC=C) at 1595

cm L. (e) A porous silicon sample prepared through etch D(a) upon

of 1-pentyne appears at 1595 chand a corresponding vinylic
hydrogenv (C—H) stretch can be observed at 3040 ém
Hydrosilylation of other terminal alkyl alkynes yields a similar

(19) (a) Oertle, K.; Wetter, HTetrahedron Lett1985 26, 5511. (b)

reaction with 1-pentene, resulting in pentyl termination. (f) Porous Yamamoto, K.; Takemae, Msynlett199Q 259.
silicon prepared through etch A and reacted with phenylacetylene, (20) Buriak, J. M.; Holland, J. M.; Allen, M. J. Allen, Stewart, M. .
resulting in styrenyl termination. The same porous silicon sample was Solid State Chenl999 147, 251. )
used for the spectra (afd) and etched and reacted in a homemade _ (21) Microporous samples prepared through etching procedures E,
Teflon cell which doubled as an IR sample holder. This enabled the MR oroUs through A, B, C, and D, and macroporous through ref 5.

. p . ’ . (22) Canham, L. T.; Saunders: S. J.; Heeley, P. B.; Keir, A. M.; Cox,
same spot to be analyzed each time, allowing for meaningful com- 1 | Ady. Mater. 1994 6, 865.
parisons of changes in absolute intensity. (23) Parks, D. J.; Piers, W. B. Am. Chem. S0d.996 118 9440.
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feature in the FTIR spectra. In the case of aryl alkynes such as

phenylacetylene (Figure 1f), the vinyl group overlaps with

various v (C=C) aromatic ring modes and thus cannot be

distinguished unambiguously. a)
To affirm the identity of the surface bound vinyl (SiC= ‘

C), the related molecular compound, 1-[tris(trimethylsilyl)silyl]-

(2)-pentene, the exclusivas-olefinic compound formed from b)
EtAICI,-mediated hydrosilylation of 1-pentyne with tris[(tri-
methyl)silyl]silane, was synthesized. The carbaarbon double

bond v (SiC=C) stretch appears at 1594 th(shown in c)
Supporting Information) which is almost identical to the 1595
cm! observed on the porous silicon surface. The absence of

the characteristic strongans-olefinic out-of-plane modey,,-
(—CH=CH—)ans in the FTIR at~970 cnr! in both the
molecular model compound and in the porous silicon spectra Chemical Shift (ppm)
is consistent with theis form of the alkenyl groug# At much
higher reaction temperatures (31800°C), hydrosilylation can
be induced thermally?2° and formation of the more thermo-
dynamically favoredransform is observed. When a dodecenyl-
terminated surface is prepared ki 2 h reflux in neat
dodecyne, hydrosilylation occurs as evidenced by the appearance
of the v (SiC=C), clearly visible at 1601 cri, as well as a \ ‘ |
1l

160 150 140 130 120 110100 90 80 70 60 S0 40 30 20 10 0 -10

vibration at 979 cm® which is absent in EtAIGI mediated d)
hydrosilylation and is presumably thg(—CH=CH—)yans(S€€
Supporting Information). In the spectra of EtAjGhediated
alkyne hydrosilylation, a similar out-of-plane mode consistently
strong in 1,1disubstituted alkenes which appears at 890tm
is also not present and therefore supports anti-Markovnikov €)

addition, as is observed in solutidhAs would be expected, .
the surface-bound vinyl group of the pentenyl terminated surface —_—
reacts as a double bond, undergoing hydroboration with excess 160150140130 120110100 90 80 70 60 50 40 30 20 10 0 -10
BH3-THF at room temperature (Figures 1d anq 3d). Alkenes Chemical Shift (ppm)

are hydrosilylated to yield surface alkyl groups; the reduction
in intensity ofv (Si—Hy) and absence of the olefinic(SiC=

C) stretch substantiates this claim.

The high surface area network of porous silicon is terminated
with Si—Hy (x = 1,2,3) bonds. Because the-Si stretching
region around 2100 cnt becomes substantially broadened and
featureless after hydrosilylation, the individual stretches corre-
sponding to=SiH, =SiH,, and —SiH;z can no longer be
distinguished, and as a result, it has not been determined if the
reaction exhibits any selectivity with respect to the—Bj
functionalities. It is important to note, however, that the
dissociation energy of the SH bonds is known through studies
on solution phase silanes to differ in the order=efiH < =
SiH, < —SiHz due to silicon substituent electronic inducti#n.
This suggests that the=SiH groups may have a higher -
propensity to react selectively based on thermodynamic con- 50 45 40 35 30 25 20 15 10 5 0
si_derations, although the SiH3 groups are the least sterically Chemical Shift (ppm)
hindered and so may react more rapidly.

Solid-State 13C NMR. While the FTIR analyses strongly ~ Figure 3. **C NMR spectra. (a) Solution-phase spectrum in G|

support organic surface-bound moieties resulting from hydrosi- the coupling product of hydrosilylation of 1-pentyne with tris-
lylation of an alkyne or alkene, solid-stat& NMR provides (trimethylsilyl)silane, catalyzed by EtAlgl (b) Solid-state CP/MAS

more detailed information with which to characterize the spectrum of a porous silicon sample upon hydrosilylation of 1-pentyne.

. . . . (c) Solid-state CP/MAS spectrum after hydroboration of the sample
interfacial species. Previously, EELS and FTIR have been usedg ., (b) with BHyTHF. (d) Solution-phase spectrum in CROF the

to attempt to provide direct proof of SC bond formation on  A|gN-mediated hydrosilylation of 1-pentene with tris(trimethysilyl)-
- - - - silane. (e) Solid-state CP/MAS spectrum of a porous silicon sample
(24) For the out-of-plane deformation dfans-disubstituted olefins: . . . . .
Bellamy, L. J.The Infrared Spectra of Complex Molecyl@hapman and ~ UPon hydrosilylation of 1-pentene. (f) The aliphatic region of the
Hall: London, 1975; pp. 5051. This band has been used extensively to SPectrum shown in (e) with a fit (dotted line) to the data. The

differentiate betweenis- andtrans-disubstituted olefins and 1;tlisubsti- decomposition of the fit is shown below and displays 5 distinct
tuted olefins. For the out-of-plane deformation of'idisubstituted ole- resonances.
fins: ibid, p 57.

(25) (a) Walsh, RAcc. Chem. Red.981 14, 246-252. (b) Kanabus- -avidi i i
Kaminska, J. M.; Hawari, J. A.; Griller, D.; Chatgilialoglu, &.Am. Chem. nc.m O’F"?"Ze‘.j silicon surfaces, but these teChmque.s are .fratht
Soc.1987 109, 5267-5268. (c) Chatgilialoglu, CAcc. Chem. Re4992 with difficulties due to the low energy and weak intensity of

25, 188-194. the v (Si—C) and its corresponding bending modeés With
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solid-state'3C CP/MAS NMR, on the other hand, the resonance porous Si from the liquid state spectrum, 124.8 ppm, has a line

for the surface silicon-bound carbon should be clearly distin-

guishable and would also allow for verification of the structure

width of nearly 500 Hz while the other olefinic carbon resonance
has a line width of about 400 Hz. The broadening of these

of the surface-bound organic moieties. Solid-state NMR has resonances is most likely due to site heterogeneity at the porous
been utilized previously to study hydride-terminated and Si surface. The aliphatic resonance at 37.1 ppm also has a line
oxidized porous silicon samples as well as adsorbed species orwidth of over 400 Hz, while the remaining aliphatic carbon,

porous silicor?’ In the present work, we focused primarily on

22.8 ppm and the methyl carbon, 12.6 ppm, have narrower line

the 13C NMR of the chemisorbed organic species as it showed widths of about 200 Hz. The smaller line widths are due to
better resolution than is typically observed in the Si spectra of increased motional averaging and are indicative of the carbons
porous silicon, due to its heterogeneous character. Because largat the end of the propyl group.

masses of porous silicorr (00 mg) are required for sufficient
signal-to-noise ratios in th&C CP/MAS NMR spectra, four

Because of the large line widths of the olefinic peaks in the
solid-state'3C NMR spectrum, unambiguous assignmentisf

30 mg samples of porous silicon were etched according to or trans stereochemistry is extremely difficult. Previous work

etching procedure D(a) (Experimental Section).

As a representative alkyne, hydrosilylation of 1-pentyne,
mediated by EtAIG), was carried out. The observédC CP/
MAS NMR spectrum for the derivatized porous silicon was
compared to thé3C solution phase NMR in CDgbf a related
soluble, molecular equivalent formed from hydrosilylation of
the same alkyne by tris(trimethylsilyl)silane. The pentenyl
fragment should have very simil&iC NMR profiles since they

are both covalently bound to a trisilicon-substituted silicon atom.

= =
Qe QI Qi AN f /
Si SII Si /Si\\-S‘hSi\

G BN

porous silicon  molecular equivalent

The molecule formed from 1-pentyne hydrosilylation with
tris(trimethylsilyl)silane has the expecté#C NMR peaks of
the two olefinic carbons ai 149.3 and 119.9 ppm, as shown

by Chatgilialoglu indicates that the olefinic carbonse and
trans-alkenes formed through AIBN mediated hydrosilylation
of 1-hexyne with [tris(trimethyl)silyl]silane have almost identical
13C chemical shifts, differing by only~1 ppm28 The FTIR
evidence (vide supra), however, suggests exclusive formation
of the cis-olefin on porous silicon.

To verify that the two carbons appearing at 151 and 125 ppm
in the porous silicon sample are indeed olefinic, the material
was submitted to hydroboration. Addition of one of the B
bonds across the olefin would result in its disappearance, thus
demonstrating definitively through chemical means that the two
peaks do correspond to a vinyl group. Room-temperature
soaking of the pentenyl terminated porous silicon sample for
16 hin 1.0 M BH-THF leads to the spectrum of Figure 3c in
which the two peaks at 151 and 125 ppm are almost entirely
absent, proving that this is clearly an olefin. The aliphatic region
from 20 to 70 ppm becomes somewhat more complicated due
to the conversion of the olefinic carbons to aliphatic methylene
and organoborane species as a result of the reatids.
observed by transmission FTIR, hydroboration also results in

in Figure 3a. The peak at higher field is attached directly to the quantitative disappearance of the purported surface-bound vinyl

silicon atom, as indicated by the observatior?®8i coupling
(5% abundance}Jsi-c = 23 Hz. The remaining three carbons

group of the pentenyl moiety, as shown in Figure 1d.
To demonstrate that hydrosilylation also occurs with alkenes,

of the propyl aliphatic chain can be seen at 37.7, 23.0, and 14.0a representative alkene, 1-pentene, was examined by NMR in

ppm.H NMR confirmed exclusive formation of th&) olefin,
formed throughtrans addition of the SH moiety in an anti-
Markovnikov fashion® The strong peak at 1.2 ppm is due to
the nine methyl groups bound to silicon atoms in the tris-
(trimethylsilyl)silane fragment.

Thel3C CP/MAS solid-state NMR spectrum of the 1-pentyne
functionalized porous Si is shown in Figure 3b. A good

a similar fashion. The soluble, molecular equivalent [izH
Si]sSi(CH,)4CHs was synthesized through an AIBN catalyzed
addition of [tris(trimethyl)silyl]silane to 1-pentene. It was found
that the EtAIC} reaction proceeded only t950% conversion

at best and was always heavily contaminated by the unreacted
silane as a result. This result is not surprising since the
hydrosilylation of alkenes with porous silicon is also sluggish,

correlation can be drawn between the peaks in the CP/MAS requiring longer reaction times than for alkynes and a large

spectrum and the peaks in the liquids spectrum of the tris-

(trimethylsilyl)silane analogue. Because of the high similarity
of the solid-staté3C NMR and the soluble, molecular equiva-

excess of olefin to drive the reaction. The solution ph&ge
NMR of [(CH3)3Si]3Si(CH;)4CHj3 of Figure 3d is rather simple
as expected: the five aliphatic carbons of the pentyl moiety

lent, the solution phase and surface reactions appear to beappear at 36.5, 28.9, 22.2, 14.1, and 7.5 ppm and are ac-
occurring in an identical manner, yielding the same organic companied by the nine methyls of the [tris(trimethyl)silyl]silane

fragment bound through a covalent-& bond. Broad reso-

portion of the molecule at 1.2 ppm. The peak at 7.5 ppm

nances from the olefinic carbons are evident at 149.9 and 124.8corresponds to the carbon attached directly to the silicon since
ppm. The carbon that is believed to be bonded directly to the 2°Si coupling can be seefJ§i_c = 32 Hz).

(26) Sung, M. M.; Kluth, G. J.; Yauw, O. W.; Maboudian, Eangmuir
1997 13, 6164.

(27) (a) Yoshida, S.; Hanada, T.; Tanabe, S.; Sogal. WMater. Sci.
1999 34, 267. (b) Tsuboi, T.; Sakka, T.; Ogata, Y. H.Electrochem. Soc.
1999 146, 372. (c) Tsuboi, T.; Sakka, T.; Ogata, Y. Phys. Re. B 1998
58, 13863. (d) Mamykin, A. I.; Moshnikov, V. A.; I'in, A. Y.Semiconduc-
tors 1998 32, 322. (e) Watanabe, A.; Fujitsuka, M.; Ito, O.; Miwa, Jpn.
J. Appl. Phys., Part 21997, 36, L1265. (f) Petit, D.; Chazalviel, J.-N.;
Ozanam, F.; Devreux, RAppl. Phys. Lett1997 70, 191. (g) Brandt, M.
S.; Ready, S. E.; Boyce, J. Bppl. Phys. Lett1997 70, 188. (h) Chang,
W. K.; Liao, M. Y.; Gleason, K. KJ. Phys. Chem1996 50, 19653. (i)
Pietrass, T.; Bifone, A.; Roth, R. D.; Koch, V. P.; Alivisatos, A. P.; Pines,
A. J. Non-Cryst. Solid4996 202 68. (j) Tennis, R. F.; Li, F.; Kirk, W. P.
Physica B199Q 165and 166, 609.

The most notable feature of the solid-state spectrum for the
1-pentene functionalized porous Si in Figure 3e is the chemical
shift range of the observed resonances. There are apparently
no olefinic resonances, and all of the observed lines are within
the aliphatic/methyl region of the spectrum. The three sharp

(28) Kopping, B.; Chatgilialoglu, C.; Zehnder, M.; Giese, B.Org.
Chem.1992 57, 3994.

(29) It is expected that the borane will add to the least hindered carbon,
that is, the carboys to the surface silicon atom, but a mixture @fand 8
addition products cannot be ruled out. Pelter, A.; Smith, K.; Brown, H. C.
Borane ReagentsAcademic Press Limited: San Diego, 1988; pp 166
167.
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Table 1. Relative Efficiencies [Decrease in(Si—H,) Intensity] of
the Hydrosilylation Reaction of Various Substrates as Determined
by the % Decrease of SHy Intensity by Transmission FTIR

lowering of local order at the surface and an increase in chemical
variability. In many cases, the exact mode(s) of Biaddition
is (are) ambiguous. For instance with 2-hexyne, the silicon atom

hydrosilylated substrate average efficiefie{%)* may bind to either the 2- or 3-position, as has been seen for the
1 1-pentyne 19 solution phase hydrosilylation of this substrate with triethylsi-
2 1-dodecyne 17 lanel® Unfortunately, FTIR cannot distinguish easily between
3 2-hexyne 14 a mixture of two very closely related species and thus these
‘5" 1:33323(:”;6 22% ratios remain undetermined. By comparing the % consumption
6 cis—2-pentene 20 of Si—Hy groups, however, the overall relative efficiency of
7 trans—2-hexene 11 the hydrosilylation reaction can be determined, allowing for
8 2,3-dimethyl-2-pentene 11 meaningful comparison between different substrates.

To summarize Table 1, the hydrosilylation reaction is
sensitive to the regiochemistry and stereochemistry of the
substrate molecule. The overall efficiency of alkenes is greater
than alkynes, presumably because tie stereochemistry of
the resulting alkenyl group on the surface formed through alkyne
hydrosilylation occupies more space than the corresponding

analogue spectrum. The peak near 28 ppm in the solid-stateyy i 4roup with the same number of carbons and cannot pack
spectrum agrees with the liquid spectrum resonance appearing,< \val|

at 28.9 ppm. Line shape analysis also indicates that there is an
additional, fifth resonance in the solid spectrum near 17.3 ppm
[see Figure 3f].

The only major discrepancy between the solid-state and
liquid-state NMR spectra comes from the assignment of the
carbon directly bound to the surface silicon atom. For the liquid-
state analogue, this resonance was found to be at 7.5 ppm and
is noticeably absent in the solids spectrum. However, the solid-
state spectrum contains a broad resonane@0Q Hz) that
appears at 17.3 ppm. This resonance is likely to be the carbon
bonded directly to porous Si, broadened by the heterogeneity

aConditions: The efficiency is an average of 2 runs, with an
error of £5% of the calculated efficiencies. The porous silicon samples
were prepared by etching procedure A (see Experimental Section).

resonances at 36.7, 22.9, 12.5 ppm (line widthig00 Hz)
compare well with the resonances observed in the liquid

=
-+-8i~Si=8i--
__.Sli...

~+-8i~8i-§i--
...S'i...

porous silicon porous silicon

of the surface sites. It is also plausible that the two broad
resonances at 17.3 and 27.9 ppm (line widtG50 Hz) are
composed of signals from several carbon environments, indica
ing the possibility of both Markovnikov and anti-Markovnikov
hydrosilylation addition pathways. This latter possibility is also
supported by th&%Si spectrum (see Supporting Information),
which contains two additional resonances-dR2.5 and—49.8

A comparison of entries 1 and 4 in Table 1 which contrast
the efficiencyE for 1-pentyne and 1-pentene reveal 19 and 28%

i efficiencies, respectively. The length of the alkyl chain has only

minor effects on the efficiencies, as shown by entries 1 and 2
for 1-pentyne and 1-dodecyne. A clear distinction can also be
made betweeris- and trans-alkenes: examination dafis-2-

pentene andrans2-hexene as substrates indicates lower ef-

ppm (relative to TMS) that are not present in the spectrum for ficiency (entries 6 and 7: 20% vs 11%) and slight oxidation

untreated, porous Si. Double and triple resonahi-2°Si

occurred with therans-2-hexene sample, while reaction with

NMR experiments are planned that should shed COnsideramythecis—2-penten(_a showed no oxidf_;\tion. In_ternal alkynes incor-
more light on the detailed nature of the bonding of such organic Porate less readily as compared with terminal alkynes, as shown
species to the porous Si surface. through the hydrosilylation of _1-pentyne _and_2-hexyne (entries
Surface Functionalization with Alkynes and Alkenes of 1 and 3: 19 vs 14%), and minor oxidation in the case of the
Differing Substitution Patterns: Reaction Scope.The ob- |r!ternal alkyne. Hydr_osﬂylat_lon of the tetra:_supstltut_ed olef!n 233-
served integrated intensity of theSil, (x = 1,2,3) region dimethyl-2-pentene is possible but gave s_lmllar_mlnor_ oxidation
diminishes following hydrosilylation, indicating consumption @nd showed one of the lowest hydrosilylation efficiencies (11%).
of Si—H bonds of the surface to afford the covalent attachment. The minor oxidation noted could be due to a decreased reaction
Different substrates lead to consistent variation in the amount raté with the more sterically hindered substrates which allows
of decrease, suggesting that the efficiency of the reaction is ©Xidation caused by trace,@Or H,O to compete. Alternatively, -
related to the alkyne or alkene. The-$iy stretch region can the creation of strained surface k_Jonded species due to the hlgh
therefore be used as a relative index of reaction progress inSteric requirements of the organic fragments may react rapidly
absorbance mode FTIR. The efficiereys related to the change ~ UPON €xposure to air.
in the integrated intensit} of the Si-H region (2006-2200 Although the limiting factor for the hydrosilylation is not
cm™1) after the hydrosilylation: known, the remaining IR-apparent-Sil bonds are inaccessible
to catalytic hydrosilylation. After a sample was hydrosilylated
E= (A, — A)/A, with 1-dodecyne E; = 18%), quenched, rinsed, and scanned
in the FTIR, it was immediately subjected to the hydrosilylation
where Ay and A; are the baseline to peak areas of the freshly treatment again. After the second reaction procedure, no further
etched sample and the hydrosilylated sample, respectively. TheSi—H consumption or incorporation of dodecenyl groups was
data in Table 1 allow a comparison of the reaction efficiencies observed in the FTIR spectruref= 0%). It has been suggested
under the assumption that the intensities of the various previously that solution phase hydrosilylation with aluminum
hybridizations of the SiHy bonds are approximately the same, based Lewis acids proceeds through an intermediate involving
and that adjacent bonding of alkyl groups will not change the a silane-Lewis acid complex which is then attacked by the
relative intensities. Although the 2110 cnt! peak broadens  alkyne/alkené® Treatment of the porous silicon surface with
to a certain degree after reaction, this can be expected due tdEtAICI; and then washing gently with hexanes before adding
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the alkene leads to no reaction, indicating that this purported 25 V(C-H)

interaction between the catalyst and surfacetbiresidues is a) x

weak. 2 / v(C=C)
Stability of Hydrosilylated Surfaces: Chemical Resistance, N

Chemography, and FTIR Monitoring in Ambient Air. The 1.6 v(Si-H) S(GH)

native Si-H terminated porous silicon surfaces do not provide I 2

adequate stability for most potential applications of the material. 17 /

Stabilization of porous silicon through introduction of a tunable o5

monolayer would be extremely useful not only for technological
applications, but for fundamental study of the origin of the 2+ b)
observed light emission properties and quantum confinement
effects of the embedded silicon nanocrystallites as well.

As demonstrated previously, hydrophobic porous silicon
surfaces hydrosilylated with long chain or aromatic alkynes and
alkenes are resistant to hydrolysis over a wide range of*pH. 1
We reported that a dodecenyl-terminated surface can withstand
at leas 4 h of boiling in an aerated aqueous KOH solution of

1.5

@
o
pH 10. To further test the resistance of the derivatized material s 05
to basic treatment, the range of pH from 10 to 14 has been S c)
investigated. Because pH 434 is often utilized in existing 2 15
silicon-based chip manufacturing processes, an understanding 125 v(8i-0)
of the behavior of derivatized porous silicon at in this higher ]
pH range is essential. As shown in Figure 4a, little appearance 1 \
of oxidation is noted when either a 1-dodecyne or 1-dodecene
treated porous silicon surface (etching procedure A) is boiled 0.75.
for 30 min at pH 12; as expected, identical spectra result from
boiling 30 min in pH 10 and 11 KOH solutions. At pH 13, 1
however, the porous silicon layer detaches from the bulk silicon, d) _
the particles of which are then observed to float on the solution 0.8 V(SO —_
surface. The porous layer is able to withstand 5 min of boiling
at pH 13 with little oxidation as shown in Figure 4b. At pH 14, 0.6
5 min of boiling results in appearance of th€Si—0O) stretch
although the IR profile remains essentially unchanged [Figure 0.4+
4c]. After 5 min, however, rapid fragmentation and detachment
of the porous layer occurs. To contrast with the behavior of the B A L RS LS I A

native, Si-H terminated sample, destruction of the porous layer 4000 3500 3000 2500 2000 1500 1000 500

occurs in~3, 2, 0.75, 0.33, and 0.25 min at pH 10, 11, 12, 13, om’

and 14, respectively. The FTIR profile of an-3i terminated Figure 4. Stability studies of porous silicon (etching procedure A)

sample of porous silicon after 5 min of boiling in pH 14 KOH upon boiling in aqueous, aerated solutions of pH-12: (a) 30 min

is shown in Figure 4d. Complete disappearance ofitligi— boiling of a dodecenyl-terminated surface in pH 12 solution; (b) 5 min

H,) centered around 2100 crhis observed, demonstrating that ~ boiling of a dodecenyl-terminated surface in pH 13 solution; (c) 5 min

these unprotected surfaces are thoroughly destroyed under thesgiling of a dodecenyl-terminated surface in pH 14 solution. (d) 5 min

conditions. Therefore, functionalization with long alkyl chains P0iling of a native, hydride-terminated porous silicon sample in pH 14
. . . . . _solution.

results in a dramatic lengthening of the possible exposure time

of porous silicon to caustic basic treatment. ) - )
Oxidation of native SiH terminated porous silicon in samples derived fromptype silicon (etching procedure B) were

ambient air commences in tens of minutes and as a result, thecompared in an environment of 100% humidity, as shown in
surface characteristics, luminescence behavior, resistivity of theFigure 5. After 1 h, the SiH terminated sample has heavily
porous layer, and a host of other features continually changereduced the photographic plate, leading to a dark spot. The
with time3°In 1994, Canham and co-workers demonstrated that dodecenyl-derivatized sample, however, leaves only a very faint
porous silicon emits gaseous silanes in air which create imagestrace, indicating that the rate of silane emission from this sample
on photographic plates through reduction of the silver halide in is much slower. Only aftea 4 h exposure time does the
the photographic emulsidfi Silane emission is due to hydroly-  dodecenyl terminated surface begin to show a light, circular
sis of the St-SiH;z bond, releasing Sii pattern. These results point to two possible effects of the surface
e o o ci . hydrosilylation reaction: (i) the rate of hydrolysis of the surface
=SI=SiH; + H,0 = =Si-OH + SiH, Si—Si bonds is greatly diminished, leading to substantially less

Because the increase in optical density of the spot will depend surface PX|dat|on as |nd|c§ted .by the Iolng-term FTIR studies,
on the rate of silane emission from the porous silicon, chemog- 2nd/or (ii) that the hydrosilylation reaction consumes a large
raphy of porous silicon could qualitatively serve as a rapid fraction of the surfac_e h)_/drldes 0ﬂS|H3 subs_tltuents, leading
screening technique of the relative rates of deterioration. As a {0 an overall reduction in the quantity of silanes that can be
comparison, StH and dodecenyl-terminated porous silicon released. Even if & SiHs substituent were converted to-&5iRs
— substituent, the resulting silanes&H, would still be expected
(30) (a) Grosman, A.; Ortega, C.; Siejka, J.; ChamarroJMyppl. Phys.

1993 74, 1992. (b) Grosman, A.; Ortega, C.Rioperties of Porous Silicgn to I.’edljlcle the photographic plate if the-Si bond, through
Canham, L. T., Ed.; INSPEC: London, 1997; p #45%3. which it is bound to the surface, were to hydrolyze.

1
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1h 4h

dodecenyl—>

Si-H,—>

Figure 5. Chemography studies of dodecenyl- and silicon hydride-
terminated porous silicon under 100% humidity after 1 and 4 h

exposures. The top sample in each frame is the dodecenyl-terminated

surface, while the bottom sample corresponds to the underivatized
sample.

=Si—SiHR 3y + H;0 — =Si—OH + SiHy,1Ri3

Thus, it appears that the chemography results point to a
dramatically reduced rate of surface hydrolysis and oxidation
under ambient conditions upon derivitization with a long chain

hydrophobic monolayer.

To supplement the short-term chemography data with actual
long-term studies done in ambient air in the absence of light,
the formation of oxygen back-bonded-Fiy moieties in freshly
etched porous silicon samples derived from p-type wafers
(etching procedure C) was examined. Porous silicon terminated
with Si—H and dodecyl and dodecenyl groups was left under
ambient conditions in air and FTIR spectra were taken periodi-
cally over 114 days. The samples were held during this time in
an IR cell to directly compare intra-sample intensities accurately.
The relative rate of formation of oxygen back-bonde(Si—

H,) centered around 2240 ctversus the disappearance of
native, non-oxidized SiHy at 2100 cm* was contrasted. With
these hydrosilylated samples;17 and 28% of the silicon-

Buriak et al.

oxygen
back-bonded
Si-Hy native Si-Hy

a)

114 days

J005A
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Figure 6. Long-term oxidation studies of the-SHy region of hydride-
and dodecenyl-terminated surfaces in ambient air. (a) The native,
hydride-capped surface. (b) The dodecenyl-terminated surface.

standing porous silicon layers, identical to those utilized for the

hydrides are consumed for 1-dodecyne and 1-dodecene, respecolid-state NMR measurements, were prepared frorsilcon

tively, and thus incorporation of surface oxide can be observed according to etch D(b) in the Experimental Section. A free-
through formation of oxygen back-bonded-$1 groups of the standing StH terminated porous silicon disk of a diameter of
remaining 83 and 72% of surface hydrides. As shown in Figure 2.4 cm was split in half; one side was left as is and the other
6a, only thev (Si—H,) stretches can be seen in the freshly etched hydrosilylated with 1-pentyne. By using the same sample in
hydride-terminated sample. After 114 days, however, the this manner, inter-sample variation due to slight deviations from
intensity of the @SiH and QSiSiH stretches equals that of the one preparation to another is avoided. Brunatt&nmet-Teller
non-oxygen back-bonded silicon-hydrides. In contrast, the (BET) and BarrettJoyner-Halenda (BJH) nitrogen adsorption/
porous silicon surfaces hydrosilylated with 1-dodecyne in Figure desorption analyses were then carried’§to dramatic effects
6b shows only weak oxygen back-bonde(Si—Hy) stretches on either the surface area nor average pore size were noted.
after 114 days, indicating little apparent incorporation of surface The surface area (BET) and average pore size (4V/A by BET)
oxide. The 1-dodecene treated surface gave an almost identicabf the native silicon-hydride terminated surface before hydrosi-
profile as compared to 1-dodecyne, as shown in the Supportinglylation were 262 g and 14.1 nm, respectively. Upon
Information. hydrosilylation with 1-pentyne, slight decreases in surface area
Effect of the Hydrosilylation Reaction on Porous Silicon and pore size to 237 #y and 12.9 nm were noted, as would
Morphology. An important factor that must be considered is Pe expected by capping the pore walls with a short organic
whether the reaction induces any major changes in the morpho|_fragment§1 These results indicate that the porous structure is
ogy of the material. To demonstrate that the reaction takes placeMainly unaffected by the hydrosilylation chemistry. .
exclusively on the surface and does not promote rearrangement Because porous silicon is a heterogeneous, anisotropic
of the porous structure, measurements of surface area andnaterial, the extent of hydrosilylation within the porous structure
average pore size before and after the reaction were taken. Largéeeds to be determined. If the hydrosilylation only occurs on
alterations in these data would indicate a restructuring or the surface layer, then the utility of functionalized porous silicon
degradation of the silicon skeleton. Hydrosilylation of the small for applications such as biosensors is extremely limited since
alkyne, 1-pentyne, was chosen as the test reaction since it shouldhe vast surface area of the material would be underutilized.
bring about only small decreases in surface area and pore size (31) The corresponding pore sizes by BJH before and after hydrosi-
through formation of a thin monolayer on the surface. Free- lylation are 13.7 and 12.7 nm, respectively.
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Figure 8. Photoluminescence spectra. Photoluminescence spectrum:
(—) before functionalization (hydride-terminatedy;-(—-—-) following
hydrosilylation, and +-) hydrosilated surface after a 30 min soak in a
1:1 49% HF (aqueous)/EtOH solution. (a) Hydrosilylation of phenyl-
acetylene, yielding a styrenyl-terminated surface. (b) Hydrosilylation
of 1-dodecene, yielding a dodecyl-terminated porous silicon.
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10714
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109
F area of these porous silicon samples was not determined due to
the thinness of the sample, these SIMS spectra cannot be used
to determine an exact elemental analysis.

Influence of Surface Termination on Photoluminescence.
The influence of the hydrosilylation reaction on the light-
emitting properties has been investigated. Previously, the

Concentration (atoms/cm®)

10%)

10‘7:

i P T T VU T T T termination of porous silicon has been demonstrated to play a
0 005 01 015 02 025 03 035 04 very important role in the photoluminescence efficiency of
Depth (micron) porous silicort22.,3233The effects of hydrosilylation of 1-dode-

Figure 7. Depth-profiled secondary ionization mass spectra (SIMS) Cyne, 1-dodecene, and phenylacetylene on the photolumines-
of (a) the native, hydride-capped surface and (b) a dodecenyl-terminatedcence of n-type porous silicon prepared through etch A were
surface of an otherwise identical mesoporous layer, fabricated by etchingexamined since these three substrates result in different classes
procedure B. of terminations— alkyl, vinyl, and conjugated vinyl. As we

. o . - . and others have previously noted, conjugation of a phenyl
To determine th.e dls.trlbutlon.of the organic moieties derl\{ed through either a viny# or alkynyR2aunit is highly detrimental
from the hydr(_)snylanon reaction through the porous mate_n_al, to the photoluminescence efficiency, as shown for the styrenyl
secon_dary lonization mass spectrometry (SIMS) depth profiling termination in Figure 8a, produced £hrough hydrosilylation of
experiments were C"%‘F”e" out on-§i, do_decyl-, and qlpdecenyl- phenylacetylene. An extended 30 min soaking in HF does not
terminated porous S|I!con. A 275 nm thick porous silicon sample bring about any photoluminescence recovery. The dodecyl
formed through e_tchlng procedure_B was cutin h"’."f? one-h_alf (shown in Figure 8b) and dodecenyl derivatized surfaces
was left underivatized and the remaining half hydrosilylated with pro duced through hydrosilylation of 1-dodecene and 1-dodecyn o
1-dodecene. As can be seen by comparing Flgurg 7aandb, th fespectively, both show a reduction in photoluminescence
amognt (.)f carbon observe.d Incréases substantially upon hy'efficiency to about 25 and 15%, respectively, as compared to
drosilylation. Importantly, Figure 7b indicates that the level of the freshly etched samples term’inated with XS’itEln the other
carbon throughout the sample is remarkably constant, showing

that the hydrosilylation reaction does not take place exclusivel hand, 30 min of contact with HF in room light induces partial
y y P . Y restoration of the photoluminescence in both cases, as demon-
on the surface layer. Rather, excellent penetration by the

. strated in Figure 8b and the Supporting Information. In the case
hydr(_)phob|c reagents, _EtAIQIand 1-dodecene, allows for of the 1-dodecene- and 1-dodecyne-treated surfaces, the pho-
consistent functionalization down the length of the pore. An

almost identical set of profiles is observed with a 1-dodecyne ™ (32) Lauerhaas, J. M.; Sailor, M. Sciencel993 261 1567.
reacted surface (Supporting Information). Because the surface (33) Buriak, J. M.; Allen, M. JJ. Lumin.1999 80, 29.
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toluminescence returns to 58 and 37% of the observed intensityExperimental Section

befo!‘e functionalization, respectively. Thls effeCt has been General Methods.THF and CHClwere purified using the Grubbs/
previously observed for freshly etched Sitérminated porous o\ chemical solvent purification systethWater (18 M2) was
silicon and may be due to a light-induced, secondary, in situ purified with a Millipore filtration system. All alkynes and alkenes were
etch3435a conclusion substantiated by the fact that the 1-dode- sparged with dry nitrogen or argon, filtered over anhydrous alumina
cyne-treated surface only shows a restoration of photolumines-under inert atmosphere to eliminate water and peroxides, and stored at
cence intensity to 21% in the dark, as opposed to 37% in the —35 °C under nitrogen in absence of light. Air-sensitive procedures

- . were carried out in a nitrogen-filled Vacuum Atmospheres glovebox
light. Comparison of FTIR spectra before and after HF treatment (<1 ppm HO, Oy) or with standard Schlenk techniques (ChemGlass

reveals no significant ch_anges in intensity of MQS'_HX) ~ grease-free dual manifold vacuum/argon lines). Hydrosilylation of
stretch, however, suggesting that the amount of etching achievedi -pentyne and 1-pentene with molecular silanes, mediated by EtAIC
under these conditions is low as compared to the already highor AIBN, was carried out according to previously published proce-
surface area of the electrochemically etched surface. When aduresi®**2%The pH was measured with a Cole Parmer instrument,
1-dodecyne treated surface is exposed to an analogous ethanolif?ede! number 5900200.

solution of HCI in either room light and in the dark for 30 min, _FTIR Spectra. A Perkin-Eimer 2000 FTIR spectrometer was used

) . o collect the porous silicon spectra in transmission mode against a

the photoluminescence increases only 6% above that observe

] i i SO - rystalline silicon background with a nitrogen purge. Sixteen scans were
for the functionalized surface. This result indicates that-acid  accumulated with a typical spectral resolution of 4&m

base neutralization of surface defects, potentially responsible NMR Spectra. Solution-phase NMR spectra were obtained on either

for photoluminescence quenching, may play a minor role under a Varian Gemini 200 MHz or INOVA 300 MHz instrument. The solid-

these conditiong® state NMR experiments were carried out on a Varian Unity Plus 300
MHz spectrometer using a Chemagnetics MAS probe. Approximately

) 120 mg of sample was loaded dn&d 5 mmpencil rotor and was spun

Conclusions at frequencies of 57 kHz. Solid-staté3C spectra were obtained using

1H—13C cross polarization wittH teo 2.75us and contact pulse widths
Hydrosilylation of alkynes and alkenes is efficiently mediated of 1-2.5 ms. The'H Ty's were relatively short, (43 s), allowing
by the Lewis acid EtAIGl on hydride-terminated porous silicon recycle delays of 35 s. Approximately 700810000 scans were
surfaces, yielding alkenyl and alky! derivatization, respectively. accumulated for each solid-state spectrum. Linear prediction was used

) : on the first three complex data points of each spectrum to remove a
The olefin of the alkenyl terminated surface appears to have broad probe background peak centered at 110 ppmisheesonances

(2) cis geometry since it results fromansaddition of the StH are reported relative to TMS by use of an external reference to HMB
group, as is the case with the equivalent solution-phase reaction(hexamethylbenzene), taking the aromatic peak to be 132.2 ppm
Detailed FTIR analyses were corroborated 8¢ solid-state downfield from TMS.

NMR experiments which substantiate the claim for silieon PhotoluminescencePhotoluminescence (steady state) measurements
carbon formation on the surface. Long-term stability studies Were carried out with an Oriel 250 W mercury arc lamp and a Bausch
under ambient laboratory conditions reveal that the surfaces@"d Lomb monochromator set to 440 nm with a 450 nm SWP

. . . filter (CVI SPF450) as the excitation source, giving an intensity of
hydrosilylated with 1-dodecyne and 1-dodecene are stabilized ;5 \v/icnt at the sample. Luminescence was passed through a 490

with respect to hydrolysis and oxidation, compared to native nm Lwp filter (CVI LP490) into an Acton Research Spectra Pro 275
hydride-terminated samples. The release of silanes from the0.275 m monochromator and a Princeton Instrumentsddéled CCD
surface as a result of hydrolysis is dramatically decreased duedetector, model LN/CCD-1024-E/1.

to the increased resistance of the hydrophobic, hydrosilylated Surface Area/Pore Size MeasurementsBJH and BET measure-
samples. The hydrosilylation reaction appears to affect the ments were carried out on a Micromeritics Accelerated Surface Area

surface of porous silicon and not the nanocrystalline skeleton and Porosimetry System (ASAP) 2000. The porous silicon samples
were pretreated at 15 under vacuum for 24 h before analysis.

Sl_nce the surface are_a and averagg pore S'Z_e decrease _onIy Secondary lonization Mass Spectrometry SIMS measurements
slightly due to the coating of the pore interiors with the organic \yere carried out on a Cameca IMS 4F instrument using a 10 nA 10
monolayer. Large changes in morphology are avoided, which kv Cs* ion beam, a rastered crater size of 158 diameter, with a
is crucial for future technological applications of this function- central analysis area of Z2n diameter.
alized material which utilize the intrinsic properties of the Chemography.Porous silicon samples with an area of 1.2evere
material, such as high surface area, quantum confinement effect§repared through etching pr(_)cedyre B and were fungtionalized accord-
of the nanocrystallites, and others. The hydrosilylation reaction "9 © the standard hydrosilylation procedure outiined below. The
. chemographs were taken using@% thick llford L4 nuclear tracking
takes place throughout the porous structure as determined byemulsion plates. Porous silicon samples were placed in direct contact
SIMS analyses as a result of the hydrophobic nature of the Lewis with the plate in air of 100% relative humidity at room temperature
acid and alkynes. While hydrosilylation with 1-dodecyne and for times ranging from 1d 4 h incomplete darkness. The plates were
1-dodecene result in quenching of about 75% of the photolu- then presoaked in deior)ized water, develo_ped gsing 3:1 diluted Kodak
minescence intensity, soaking in HF solutions can bring about zé?::i‘é‘?'gge;“fgr :””c‘)'f”tﬁggesgpselr ;ti':)dn;";‘jgré“Czinldﬂ'(';ézd;cg’%c
partial reco_very. The hydr_o§|.I3_/Iat|on chemistry descnbg_d abpve Subsequent washing in waterrid h was carried out at room
presents significant possibilities to address porous silicon in @ temperature. The plates were then printed onto photographic paper using
wide range of devices and will continue to provide avenues to a Fuiji Pictostat 300 running in transmission mode so that the black
explore fundamental issues involving hydride terminated silicon features shown here correspond to high exposure in the original plate.
surfaces. Porous Silicon Etching ProceduresBecause different analytical
techniques were better suited toward different porous silicon morphol-
(34) Li, K.-H.; Tsai, C.; Shih, S.; Hsu, T.; Kwong, D. L.; Campbell, J.  0dies and quantities, five different etching procedures were followed.

C. J. Appl. Phys1992 72, 3816. The known physical characteristics of the porous silicon material is
(35) Noguchi, N.; Suemune, Appl. Phys. Lett1993 62, 1429.
(36) Yablonovitch, E.; Allara, D. L.; Chang, C. C.; Gmitter, T.; Bright, (37) Pangborn, A. B.; Giardello, M. A.; Grubbs, R. H.; Rosen, R. K.;

T. B. Phys. Re. Lett. 1986 57, 249. Timmers, F. JOrganometallics1996 15, 1518.
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also described. In all cases, prime grade wafers of the (100) orientationquenched under inert atmosphere with THF, followed by:Cli and
are utilized (Transition Technology International). then removed to laboratory atmosphere, rinsed in air with EtOH, and
Etching Procedure A. Photoluminescent silicon samples were dried under an Nstream. The actual amounts of the EtAlGblution
prepared under ambient air according to previously published proceduresand alkyne/alkene depend on the wafer size and volatility of the
through a galvanostatic etéhA 0.28 cn? or 1.1 cn? exposed area of substrate, as described here. For porous silicon areas of 028rcm
a polished, crystalline n-type silicon wafer (prime grade, P-doped, 0.70 1.1 cn? utilizing relatively involatile alkynes or alkenes (bp60 °C):
Q-cm) was etched for 3 min in a Teflon cell at 75 mAR(positive 10uL (1075 mol) of the 1.0 M hexane solution of EtAICAnd 3ul of
bias) under 30 mW/cAwhite light illumination, derived from a 300  an alkyne or 5Q:L of an alkene. For porous silicon areas of 0.2&cm
W tungsten filament ELH bulb using 1:1 49% HF (aqueous)/EtOH as or 1.1 cn# utilizing relatively volatile alkynes or alkenes (bp 60
the electrolyte/etchant. After etching, the porous silicon samples were °C): 10uL (1075 mol) of the 1.0 M hexane solution of EtAlChnd
rinsed copiously with ethanol followed by pentane, and dried under a 100 uL of the alkyne or alkene. For porous silicon areas of 4.52 cm
gentle nitrogen flow. (formed from the etching cell with a 2.4 cm diameter), free-standing
Etching Procedure B.This etch yields thin275 nm thick), smooth or not and regardless of substrate volatility, 0.5 mLx(8.0* mol) of
and homogeneous samples which were utilized for chemography andthe 1.0 M hexane solution of EtAlglkand 0.4 mL of the alkyne or
SIMS applications. Psilicon (7.5-8.5 Q-cm, B doped) is etched in a alkene. Alkynes were generally left to react 2 h, and alkenes at least
1.1 cm diameter Teflon cell using the following conditions: 2 mA/ 12 h.
cne for 5 min in the dark with a 1:1 49% HF (aqueous)/EtOH etching Hydroboration. In all cases, the porous silicon sample was soaked
solution. The samples were rinsed with EtOH and, without allowing in 2.0 mL of a commercially available 1.0 M BH'HF solution in
drying of the surface, were rinsed copiously with pentane to prevent THF (Aldrich) under inert atmosphere for 16 h. In the case of the free-
capillary action from damaging the silicon architectéfe. standing porous layer, due to fragmentation of the fragile disk, the
Etching Procedure C.For the long-term stability studies, porous ~ Material was removed from the borane solution through 5 min of
silicon derived from p type silicon was utilized. The porous layer of ~ centrifugation (5000 rpm) and then washed with excess THF in a similar
these samples is thick enough to yield a significant absorbance for the manner.

chemisorbed organic groups, and give well defined, sharpHSi FTIR Spectral Data of Surfaces Prepared through EtAICE-
stretches with little IR absorbance due to doping.siicon (7.5-8.5 Mediated Hydrosilylation. The data below correspond to porous
Q-cm, B doped) wafers are etched in 0.28am1.1 cn? Teflon etching silicon samples prepared through etching procedure A. Regardless of
cells in the dark for 30 min at a current density of 7.1 mAfamith a the etching procedure used, however, the FTIR profiles are extremely

1:1 49% HF (aqueous)/EtOH etching solution. As in etching procedure Similar.
B, the surfaces are rinsed with pentane to prevent cracking of the porous ~ 1-Pentyne hydrosilylation: 2961 cn* »(CHg), 2931 and 2876 cni
silicon skeleton. v(CHy), 2100 cnt? »(Si—H,), 1595 cnT! »(SiC=C), 1461 cm® o-

Etching Procedure D. This etch provides large quantities of free-  (CH2), 1379 cm* 6(CHg), 1070 cmi* »(Si—0), 905 cni* 6(SiH),
standing porous silicon samples for characterization via analytical 661 cnT* 6(SiH), 628 cn* 6(SiH,).
techniques which require substantial massessifcon (0.010Q-cm, 1-Dodecyne hydrosilylation; 2951 cnmr* v(CHs), 2924 and 2855
B doped) is etched in either a (a) 1.2 cm or (b) 2.4 cm diameter Teflon ¢M* ¥(CHz), 2103 cm* »(Si—H,), 1596 cm* »(SiC=C), 1465 cm*
cell using the following conditions. For (a): 37 mA/&ror 3 h with 0(CHy), 1376 cmi* 5(CHg), 1062 cm* »(Si—0), 903 cmi* 4(SiHy),
a 1:1 49% HF (aqueous)/EtOH etching solution, recycling the etching 661 cnT* 6(SiH), 623 cni* 6(SiH,).
solution every 20 min without shorting the current cell, followed by a  2-Hexyne hydrosilylation: 2051 cnt* »(CHs), 2924 and 2855 c
short, high-current etch of 0.4 A/énfor 5 min to release the porous ~ ¥(CHz), 2103 cni* »(Si—H,), 1596 cn* »(SiC=C), 1465 cm* o-
layer, resulting in a free-standing disk with a thickness of 360(as (CHy), 1376 cn* 6(CHg), 1062 cm* »(Si—0), 903 cnt* (SiH),
measured with a micrometer) and a mass of approximately 30 mg. The 661 cm™ 6(SiH), 623 cm* 4(SiHy).
samples were rinsed with EtOH and then pentane. Gravimetry indicated ~ 1-Pentene hydrosilylation:2962 and 2871 cnt »(CHs), 2925 and
a porosity of 66-70%2° For (b): current density, HF cycling and 2855 et »(CHy), 2103 cm* »(Si—H,), 1465 cm* 6(CHy), 1376
rinsing procedures are kept the same but the etching duration is reducedm * 9(CHs), 1062 cm* »(Si—0), 903 cm* §(SiH,), 661 cnt! o-
to 1 h. This yields 30 mg of material with a thickness ofi@ and a (SiH), 623 cnt! o(SiH,).
porosity, as determined by gravimetry, of 55%. As determined by BET ~ 1-Dodecene hydrosilylation:2944 cnmt v (CHy), 2923 and 2854
measurements, the surface area and average pore diamete2@e ~ CM ' v (CHp), 2102 cn* v (Si—Hy), 1466 cn1* 6 (CHy), 1378 cn?
m?g and 14 nm, respectively. Preparation (a) is used for solid-state 0 (CHa), 903 cnt? 6 (SiH,) 666 cnm* 6(SiH), 626 cnt* §(SiH,).
NMR, and preparation (b) for BET/BJH measurements. cis-2-Pentene hydrosilylation:2960 and 2872 crt v(CHs), 2925

Etching Procedure E. According to literature precedent, this ~ and 2855 cm! »(CH,), 2103 cm* »(Si—H,), 1460 cmi* 5(CHy), 1374
preparation yields microporous porous silicér®- silicon (7.5-8.5 cm ' 5(CHy), 1060 cm* »(Si—0), 904 cn* §(SiH,), 662 cnt! o-
Qcm, B doped) wafers are etched in 0.28an1.1 cnf Teflon etching (SiH), 622 cnm! O(SiH,).
cells in the dark for 30 min at a current density of 7.1 mAfamith a trans-2-Hexene hydrosilylation:2959 and 2874 cnit v(CH), 2930
49% HF (aqueous) etching solution. As in etching procedure B, the and 2850 cm! »(CH,), 2103 cnm* »(Si—Hy), 1461 cm* 6(CHy), 1380
surfaces are rinsed with pentane to prevent cracking of the porous siliconcm* 8(CHs), 1055 cn* »(Si—0), 906 cn* 5(SiH,), 660 cnT* 6-
skeleton. (SiH), 625 cm §(SiH,).

EtAICI ; Hydrosilylation on Porous Silicon. Hydrosilylation reac- 2,3-Dimethyl-2-pentene hydrosilylation:2966 and 2880 crit v-
tions were carried out according to the following general procedure: (CHs), 2923 and 2854 crit v(CH), 2110 cntt v(Si—H,), 1454 cn1*
a porous silicon sample is brought into the glovebox in a round-bottom (CHz), 1380 cn* 6(CHg), 1059 cmi* »(Si—0), 907 cm* 4(SiH),
flask, and then the flask is sealed with a septum. A 1.0 M hexane 664 cni* 6(SiH), 623 cm* 5(SiHy).
solution of EtAICk (Aldrich) was dropped onto the wafer surface with Styrene hydrosilylation: 3034 cn* v (CH) aromatic, 29362846
a microliter syringe through the rubber septum, followed by addition €M v (CH), 2112 cm™ v (Si—Hy), 1604 and 1492 cnt v (C=C)
of the alkene or alkyne, also via the rubber septum with a microliter Skeletal in-plane vibrations, 1450 cfd (CHy), 1064 cm™* v (Si—0),
syringe. The reaction was left to react at room temperature: alkynes 906 cnt* 0 (SiHz) 664 cnt* 5(SiH), 622 cn* 5(SiH,).

for 1 h, and alkenes for at least 12 h. Afterward, the sample was  Phenylacetylene hydrosilylation: 3061-3026 cnt* v (CH) aro-
matic, 2104 cmt v (Si—H,), 1598, 1587, and 1567 cthv (C—=C)

(38)hLee, E. J.; Bitner, T. W.; Ha, J. S.; Shane, M. J.; Sailor, M. J. skeletal in-plane vibratior alkenev (SiC=C), 1493 and 1444 cn
Am. Chem. Socl996 143 1390. . v (C=C) skeletal in-plane vibration, 1071 ciw (Si—0), 902 cnTt 6
INgl’DgI%gelll_eothc?dr:nf&)rgg?gl%g. Porous SilicgqnCanham, L. T., Ed.; (SiH,) 662 cnt 5(3.“_')] 529 et 8(SiHy).

(40) Halimaoui, A. InProperties of Porous SilicgrCanham, L. T., _Thermal Hydrosilylation of 1-Dodecyne. A sample of porous
Ed.; INSPEC: London, 1997; pp #22. silicon prepared through etching procedure A was covered with 5.0

(41) Canham, L. T.; Groszek, A. J. Appl. Phys1992 72, 1558. mL of neat 1-dodecyne under argon and refluxed for 2 h. After cooling
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to room temperature, the dodecenyl-terminated sample was washedResearch Corporation Cottrell Scholars program, and the A. P.
extensively with CHCI, and dried under an Nstream. Sloan Foundation (19992001) for support. L.T.C. was sup-

orted by the U.K. M.O.D. Corporate Research Program.
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