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Lewis Acid Mediated Functionalization of Porous
Silicon with Substituted Alkenes and Alkynes
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Silicon surface chemistry is of fundamental importance because
of the ubiquitous role of silicon in modern technology and yet is
only just beginning to be investigatédVirtually all microproces- i | s =5
sor chips in electronic products are based upon crystalline silicon 1588 cm™’ 1596 cm™' 1592 cm™’
wafers? Control of silicon surface chemistry is crucial to allow  Figure 1. Functional groups covalently bound to the surface of porous
access to technologically interesting thin films for fabrication of silicon through EtAIC} mediated hydrosilylation of alkynes and alkenes.
new electronic devices.Canham and co-workers showed in 1990 The numeric values correspond to th€C=C) of the surface-bound vinyl
that silicon wafers could be etched to produce a microns-thick group as measured by transmission FTIR.
porous layer (termed porous silicon) which exhibits photolumi-
nescence upon exposure to UV lighPotential applications for
porous silicon include use as chemical sen8mptoelectronic
devices$ such as electroluminescent displdysotodetector&and
as a matrix for photopumped tunable laserds a result,
modification and characterization of photoluminescent porous
silicon surfaces has become an area of intense int€rdatthis
work we report a mild and general approach for covalent
modification of the surface of porous silicon through EtAICI
mediated hydrosilylation of readily available alkynes and alkenes
which yields surface bound vinyl and alkyl groups, respectively,
as outlined in egs 1 and*2.

Hydrosilylation of olefins and alkynes proceeds under a wide
variety of reaction conditions. Commonly used late transition
metal catalysfé were avoided because of the potential for
activation of the weaker SiSi bond$® on the surface (bond
strengths: SiSi = 340 kJ/mol, Si-H = 393 kJ/mol)}* Lewis
acid catalyzed or mediated reactions seemed ideal for function-
alization of porous silicon because of the mild reaction conditions
involved!®> AICI; is known to be an effective catalyst for
hydrosilylation of both alkyné8 and alkene$’ Since EtAIC}
is soluble in nonpolar solvents whereas AltSInot, it was chosen
as the Lewis acid to avoid multiphasic reactions on the surface
of porous silicort® Addition of 10 uL of a commercial 1.0 M
hexanes solution of EtAIGI(10 umol) to a 0.28 crh area of

H H . .
_gi_gi_zi_ porous silicon (galvanostatically etched, n type, P-doped, (100)
porous a‘i{?é’.” surface orientation, 0.83 ohrem resistivity Si wafer, 75 mA/cfcurrent
+ 2

density with illumination by a 300 W tungsten filament bulb, 1:1
solution of EtOH/49% aqueous HF) followed by @& of
1-dodecyne (14mol) under nitrogen resulted in clean incorpora-
tion of dodecenyl groups on the surfacelih atroom temperature

as shown by transmission FTIR (Figure 2a). The resulting
disubstituted carboncarbon double bond appears at 1595 &m
Neither the stereochemistry nor ratio of possible regioisomers of
. ) . ) ) surface-bound olefins were determined, but molecular hydrosi-
This method is tolerant of a wide variety of funct_lonal groups yjation of alkynes catalyzed by EtAlglields exclusively cis

as has been demonstrated through the formation of nitrile, 51enes with perfect regioselectivity when the alkyne is terminal
hydroxy, and ester terminated surfaces (Figure 1). Porous 5_'|'C°n(100% anti-Markovnikov addition), as are all the alkynes exam-
functionalized with hydrophobic groups using this technique jneq herelé The G=C stretching frequency of the surface bound
demonstrates remarkable stability to such adverse conditions agjodecenyl group correlates well with that reported for the related
boiling aerated water and boiling aqueous KOH (pH 10). molecular compound, (Z)-1-triethylsilyl-1-dodecene (1605 &m
also produced through hydrosilylation of 1-dodecyne with tri-
ethylsilane catalyzed by EtAIgi® Other pertinent features
observed by FTIR include the (C—H) stretches of the decyl
chain between 2960 and 2850 chandd (C—H) methylene and
methyl bending modes at 1466 and 1387-émHydrophobic

(12) (a) Chalk, A. J.; Harrod, J. B. Am. Chem. Sod.965 87, 16. (b)
Lewis, L. N. J. Am. Chem. Socl99Q 112 5998. (c) Speier, J. LAdv.
Organomet. Cheml979 17, 407.

(13) Sharma, H. K.; Pannell, K. hem. Re. (Washington, D.C.}1995
95, 1351.

(14) Lee, E. J.; Bitner, T. W.; Ha, J. S.; Shane, M. J.; Sailor, M. Am.
Chem. Soc1996 118 5375.

(15) The effect of aluminum-based Lewis acids on electroluminescence of
native porous silicon has previously been investigated: Zhang, L.; Coffer, J.
L.; Xu, D.; Pinizzotto, R. FJ. Electrochem. S0d.996 143 1390.

(16) Asao, N.; Sudo, T.; Yamamoto, ¥. Org. Chem1996 61, 7654.

:)y \:i:(?
el L

—S§i— Si—Si—
(eq 2)

(1) Waltenburg, H. N.; Yates, J. Them. Re. (Washington, D.C.}1995
95, 1589.

(2) Turton, R.The Quantum DotOxford University Press: New York,
1995.

(3) Linford, M. R.; Fenter, P.; Eisenberger, P. M.; Chidsey, C. EJD.
Am. Chem. Sod 995 117, 3145.

(4) Canham, L. TAppl. Phys. Lett199Q 57, 1046.

(5) (a) Lin, V. S. Y.; Motesharei, K.; Dancil, K. P. S.; Sailor, M. J.; Ghadiri,
M. R. Sciencel997 278 840. (b) Harper, J.; Sailor, M. Anal. Chem1996
68, 3713.

(6) Hamilton, B.Semicon. Sci. Techndl995 10, 1187.

(7) Doan, V. V.; Sailor, M. JSciencel992 256, 1791.

(8) Sailor, M. J.; Heinrich, J. L.; Lauerhaas, J. MBemiconductor
NanoclustersKamat, P. V., Meisel, D., Eds.; Elsevier Science: New York,
1996; Vol. 103.

(9) Canham, L. TAppl. Phys. Lett1993 63, 337.

(10) For a thorough review of the field, see: Sailor, M. J.; Lee, MAd].
Mater. 1997, 9, 783.

(11) Hydrosilylation with a platinum complex on the surface of hydrogen

(17) (a) Oertle, K.; Wetter, HTetrahedron Lett.1985 26, 5511. (b)

terminated (100) silicon with 3,4-dichlorobutene as the substrate has recently Yamamoto, K.; Takemae, Msynlett 199Q 259.

been reported: Zazzera, L. A.; Evans, J. F.; Deruelle, M.; Tirrell, M.; Kessel,
C. R.; McKeown, PJ. Electrochem. Sod.997, 144, 2184.

S0002-7863(97)04012-2 CCC: $15.00

(18) Asao et al. showed that EtAKCEnd AICk work equally well as
catalysts for hydrosilylation of alkynes (see ref 16).

© 1998 American Chemical Society

Published on Web 01/30/1998



1340 J. Am. Chem. Soc., Vol. 120, No. 6, 1998

60

50

v(C=C) 8(CH,)
1595 cm' 1465 cm™
v(Si-H,)
2116 cmy}

40

/

v{C=C)
1595 cm” |
v (B-O)
1334 cm’

30

% Transmission

20

1 0 e e

4000 3500 3000 2500 2000 1500 1000 500

cm’’

Figure 2. FTIR (transmission mode) of monolayers prepared through
(a) hydrosilylation of 1-dodecyne mediated by EtAlGh porous silicon
resulting in covalent attachment of a dodecenyl group and (b) hydrobo-
ration of the olefin of the dodecenyl group with 0.8 M BRHF.

alkynes incorporated onto the surface in a similar manner include
phenylacetylene and the bulkgrt-butylacetylene. In all cases,
thev (Si—H) centered around 2100 crhdiminishes in intensity,
indicating that Si-H groups are consumed in the hydrosilylation
reaction (see Supporting Information section). Preferential disap-
pearance of one type of silicon hydride group over another was

not noted, as has been observed in other reactions on porou§

silicon!® The reaction did not proceed in the absence of EtAICI

To clearly demonstrate that the stretch observed at 159% cm
is indeed an olefinic stretch, the dodecenyl terminated surface
was hydroborated with excess 0.8 M BHHF in THF under
nitrogen followed by quenching of the surface in air and rinsing
with excess THF?

(eq3)

As observed by transmission FTIR in Figure 2b, almost
guantitative disappearance of the stretch at 1595'cmas

observed with concomitant appearance of a new stretch at 1334°

cm! which corresponds to the -BO stretching frequencit
Cross-linked B-O groups may also be present because of their
high local concentration. The stereochemistry of the borane

addition has not been determined although it is expected that the

boron atom will add preferentially to the least hindered carbon,
that being the carbofi to the surface silyl grougf’

By using an excess of EtAlgl alkynes with coordinating
functional groups could also be incorporated onto the surface. It
was previously noted that if more than 1 molar equiv of Lewis
acid was added, alkyne substrates containing silyloxy and
benzyloxy groups could be hydrosilylated with triethylsilane. One
equiv of the Lewis acid complexes the coordinating group and
the remainder mediates the hydrosilylation reaction. In a typical
case, 0.2«L of alkyne (in all cases here, this amounts to less
than 3umol) were added to the 0.28 émorous silicon surface
previously treated with 1@L of 1.0 M EtAICI; in hexanes (10
umol) and allowed to react 2 h. Thus, hydrosilylation of 3-butyn-
1-ol, 5-cyano-1-pentyne, and methyl 10-undecynoate could be
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carried out smoothly, resulting in hydroxy, nitrile, and methyl
ester terminated surfaces, respectively. If more than 1 equiv of
5-cyano-1-pentyne or methyl 10-undecynoate is added with
respect to EtAIG], no hydrosilylation occurs because of quantita-
tive coordination of the Lewis acid to either the nitrile or methyl
ester. Since EtAlGIcoordinates to any Lewis basic sites in the
unsaturated substrate, it acts as a temporary protecting group,
preventing any side reactions. It was noted for 5-cyano-1-pentyne
that if trace oxygen was present, extensive oxidation of the porous
silicon surface occurred in the absence of EtAlGipparently
induced by the nitrile group. In the presence of excess EtAICI
however, hydrosilylation proceeded with no accompanying oxida-
tion. Excess EtAIG] could be removed easily at the end of the
reaction by rinsing with dry THF, EtOH, and Gél,.

Alkene hydrosilylation can also be carried out on the surface
of porous silicon to yield an alkyl terminated surface. 1-Hexene
and the hindered trisubstituted olefin 2-methyl-2-butene both react
with a porous silicon surface pretreated with 20 of 1.0 M
hexanes solution of EtAlGIto yield the corresponding alkyl
substituted surface. Because olefins are less active than alkynes,
a greater volume of substrate must be used (@0pand the
reaction allowed to proceed 16 h. The regioselectivity oftpi
addition to the alkene was not determined, but for molecular
hydrosilylation of trisubstituted olefins, quantitative anti-Mark-
ovnikov addition is observet® Control experiments indicated
that hydrosilylation did not proceed in the absence of EtAICI

The hydrophobic alkyl and alkenyl terminated porous silicon
surfaces are very stable under highly demanding conditions. For
xample, the alkyl substituted surfaces formed from hydrosilyl-
ation of 1-hexene and 2-methyl-2-butene are both stable to rinsing
with a 1:1 solution of EtOH/49% HF (aqg) and to bodir2 h in
aerated water (no change in IR spectra). Unmodified porous
silicon undergoes substantial oxidation and degradation after 1 h
in water at 100C .22 More remarkable, the surface formed from
reaction oftert-butylacetylene can withstand boiling in aerated
basic solutions (pH 10) of aqueous KOH and solutions of 25%
EtOH/75% aqueous KOH (pH 1%)for 1 h with only minor
changes in its FTIR spectrum (see Supporting Information).
Unsubstituted porous silicon dissolves rapidly under these condi-
tions. While surface coverage appears by IR to be incomplete
for both alkynes and alkenes as evidenced by the remaining
silicon-hydride groups left on the porous silicon, the stability of
these hydrophobic surfaces suggests that exposed areas of the
orous silicon are effectively capped. The remaining unreacted
silicon-hydride groups must be sterically inaccessible, even to
water and hydroxide ion.

In conclusion, this simple, one-step reaction methodology
allows access to porous silicon surfaces terminated with a variety
of functional groups. Highly stable porous silicon surfaces have
also been formed through incorporation of bulky aliphatic
substituents. We are further investigating the scope of this
reaction and utilizing the newly incorporated chemical function-
alities to carry out further chemistry on the surface.
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