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New Approaches Toward the Formation of
Silicon-Carbon Bonds on Porous Silicon

Michael P. Stewart and Jillian M. Buriak
Department of Chemistry, Purdue University,
West Lafayette, IN

Porous silicon is a material of intense technological and fundamental
interest, due to its high surface area, quantum confinement effects, light
emission, and complex nanoscale architecture. There is a strong desire to
be able to control the surface properties of this versatile material at will
through functionalization with monolayers bound through the stable
silicon-carbon bond. Incredibly, the surface chemistry of porous silicon is
often very different from that of a silicon-based molecule, or a flat surface,
due to interesting electronic effects resulting from both the semiconduct-
ing and nanoscale characteristics of the material. Recent results outlining
the rapid progress of silicon-carbon bond formation on porous silicon
surfaces will be described.

Keywords: porous silicon; photoluminescence (PL); hydrosilylation; nanocrystallites;
electrografting; silicon-carbon bonds; excitons; nanotechnology; band gap; high surface
area; monolayer

NEW DIRECTIONS FOR THE CHEMISTRY OF SILICON
SURFACES IN THE 21ST CENTURY

At the beginning of the 20th century, the science of measurement was at
its zenith as the classical view of the universe was just beginning to fray at its
edges. Scientists of the day labored to define physical constants to the highest
level of precision, exploring the limits of classical theory, and encountering
frustrating barriers. Meanwhile, the new field of quantum mechanics was
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being created by the cooperation of many scientists to explain this inherent
abstruseness of the world of the very small. Electronic delocalization,
discrete energy levels as opposed to continua, and fundamental uncertainty
run afoul of the intuitive world we are used to seeing and feeling.
Pedagogical simplifications like “particle in a box,” “Schrodinger’s cat,”
and GellMann’s “eightfold way” have led to a view of quantum mechanics
almost as mystical in its ability to confound linear thought.!!

Such strange phenomena in atoms and molecules, familiar to chemists and
physicists, have been studied and reconciled with theories for a long time, but
usually have not been implemented in “real world” applications. As we enter
the 21st century, however, we find that we are able to make materials with
features on the scale of molecules, whose properties are dramatically more
diverse than their bulk phase counterparts. Nanoparticles and composite
materials using them are finding their way into such everyday applications as
automotive plastics™ and golf clubs.””) With chemists making ever larger
molecules, and engineers making ever smaller materials, a new world has
been discovered where physical and electronic properties depend primarily
on size. The nanoscale (mesoscale) world, which is now being more actively
investigated than ever, is encroaching on the field of applied science as
quantum mechanics did with respect to pure science almost 100 years ago.

In the past 25 years, there has probably been no single element whose
application has changed the world more than that of silicon. Certainly, the
predominance of silicon-based integrated circuit (IC) technology is now so
pervasive as to be practically unavoidable in the industrialized world. Since the
onset of IC mass production near 1970 (whose growth has been described by
Moore’s Law)," process engineering has enabled a five orders of magnitude
increase in circuit density, six orders of magnitude increase in computational
throughput, and at least four orders of magnitude increase in energy
efficiency.”! It is now routinely possible to grow perfect single-crystal ingots
of silicon that are on the length scale of meters and hundreds of kilograms in
weight, refined to 99.9999999% purity. Hundreds of millions of 150
nanometer features can be created simultaneously on polished 300 millimeter
wafers with a total surface heterogeneity of less than half of one micrometer (a
human hair is about 100 micrometers in diameter). Although these amazing
advances in performance and efficiency have been accomplished by
engineering the bulk properties of silicon (as well as other aspects of the IC
fabrication process), we are fast approaching a new paradigm, wherein simple
refinement of existing processes will not provide greater performance.!®!

For example, solid-state transistors are actuated by a switching electrode
called a gate. The gate is isolated from the transistor itself by a layer of
dielectric (insulating) material. This dielectric is usually silicon oxide but
newer, low dielectric constant polymers are coming into use. Due to scaling
demands the distance that is covered by this gate oxide, soon to be in the range
of 1 nm, will become susceptible to quantum tunneling current, no matter how
efficient its dielectric barrier may be.!”! Although 1 nm is an infinitesimal
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distance in terms of mass fabrication by machines, for synthetic chemists and
surface scientists it is actually a fairly convenient distance. Soon, materials
performance issues may be dependent on the qualities of an individual or small
number of chemical bonds at a surface interface. In molecular chemistry™®' as
well as heterogeneous chemistry,””! charge-transfer interactions at this length
scale and shorter are already described by theory and experiment.

Although some of the fundamental knowledge about silicon was
discovered long before the solid-state transistor was ever conceived, due to
research and development efforts we now know more about its {)hysical and
electronic properties in the condensed phase than any element.''”! Now, as
progress in miniaturization approaches the physical limits of our current
technology, the dominant effects determining device performance are more
frequently dependent on molecular and atomic properties of silicon rather
than only the bulk properties. A new scheme for fabrication using molecules
as components and chemical bonds as wires may arise to complement the
current model."'"! The techniques of manipulating silicon at this level will be
investigated by organic and inorganic chemists, providing essential guidance
in the development of new mesoscale devices.

The majority of the chemically self-assembled surfaces, or self-assembled
monolayers (SAMs), that have been studied are made by one of two reaction
types: chloro- and alkoxysilanes on silicon oxide,'"?! and organothiols on gold,
outlined in Figure 1.'* The reasons for this predominance are related to the
simplicity, economy, and reliability of the reactions. People far outside the
area of surface chemistry can prepare high-quality surfaces by following a
recipe that chemists and engineers have perfected. However, in terms of
applications related to efficient charge transport (e.g., molecular wires and the
like), there are serious deficiencies presented by these reactions. Organic
SAMs from chlorosilanes and alkoxysilanes use glass, an insulator, as a
foundation. Monolayers made using the organothiol chemistry are attached by
moderately strong''* (170 kJ mol™") gold-sulfur bonds, which have the
majority of their electron density localized at sulfur. This provides a small
degree of current rectification but conductance is limited by the relatively high
work function of gold (about 5.1 eV)."">! The gold-thiol SAMs are kinetically
labile when subjected to moderate temperatures, chemical attack, or applied
potentials.!'® Another less investigated system is alkyl monolayers on
silicon."”! Viewed purely from the perspective of SAMs, monolayers using
silicon-carbon bonds would have high strength, moderate polarity, and very
low kinetic liability. This stability is hoped to render them tolerant to a wide
range of chemical conditions, therefore permitting complex organic synthesis
directly on the surface. The interface of the silicon surface could be tailored
for a broad spectrum of applications, including bioanalysis, n-TAS (total
automated systems), microelectronics, and others. The potential for a direct,
electronically conjugated bonding motif to silicon is also intriguing to
interletg]e the many molecular wires and devices that have been synthesized to
date.



12:18 15 January 2011

Downl oaded At:

182 M. P. Stewart and J. M. Buriak

Reactions on Oxidized Silicon Surfaces (Glass) H)j/l/:((:((r

SIRz SIHz Slnz ,SIHQ
0Ho Moo e SiR,(OEY) 0-5-0-&-0
S @ IS DN TR S 1 H3(H2)7I2 t B 5 ML N G N i 1)
-] S' or CHa(CHp),SIR,Cl S 5' S' S'

Glass or silica

Thiols on Gold ((:(r((
2599 ¢

excess

!* ! CHa(CH,)7SH

Gold

Si-C Bond Formation on Si-H, Terminated Silicon

R R R
1 de

—8i-Si-Si-Si-Si-Si-Si— —Si=Si-Si-Si- Si-Si-Si—

various chemistries S ' -

organic compounds

FIGURE 1 Approaches toward the preparation of self-assembed monolayers on
glass, silica, gold, and hydride-terminated silicon surfaces. The reaction on glass or
silica requires a reactive alkoxy- or chlorosilane, producing Si-O-Si linkages. Thiols
on gold spontaneously form thiolates on the gold surface through a chemisorptive
process. Various chemistries, discussed here, lead to Si-C bond formation on hydride
terminated porous silicon, allowing incorporation of virtually any function group.

In this review, new reactions that efficiently form silicon-carbon bonds on
porous silicon surfaces are discussed, along with their attendant benefits to
material stability, performance, and versatility. Si-C bond formation on flat
silicon surfaces has been recently reviewed.!'’

POROUS SILICON

Porous silicon was first studied by the husband and wife team of Ingeborg
and Arthur Uhlir at Bell Labs in the 1950s./"”) They were studying ways of
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electropolishing clean silicon surfaces using aqueous solutions of HF. They
found that, at low current densities, polishing was uneven, sometimes giving
colored, spongy material, matte in finish, and definitely not well polished.
Their assumption was that the material was a suboxide or oxyfluoride deposit
and they did not pursue further investigation. In the 1970s, Japanese workers
revealed the porous nature of the material, as well as its true composition
(silicon hydride), but were content to use it as a precursor for making high
dielectric (low ) barriers. (201 Although improved photolurninescence (PL)
efﬁcrency from porous silicon at 4.2K had been observed in 1984 by
Pickering,””!! it was not until a modest report in 1990 by Canham that
worldwide attention was drawn to porous silicon.'*?! His description of room
temperature—visible PL, and proposal that its origins were due to quantum
confinement effects, were extremely timely. During the 1980s, the
development of efficient light-emitting devices (LEDs) and study of
nanoparticles and quantum dots had matured greatly, just in time for a
silicon-based model that combined both aspects. Where some people saw an
economical way to integrate light-emitting devices into ICs, others saw an
easy way to study silicon nanoparticles that were embedded in the material.
Within the 10 years following this report, almost 4,000 papers had been
published relating to porous and nanocrystalline silicon, compared to less
than 200 in all of the years before it.** In addition to progress in studying the
light emission, completely new applications have emerged for porous silicon,
such as biosensing, DIOS mass spectrometry, catalytic growth of carbon
nanotubes, and substrates for neuron growth.”** Due to the myriad of reches
to make porous silicon via electrochemical, (251 chemical (stain etching), (26
photochemical?”! etching, porous silicon is an easily accessible material for
most researchers.

Porous silicon is a high surface area material (hundreds of m’ per cm?),
made of a silicon skeleton ‘[passivated with Si-H, bonds (x =1,2,3), as shown
schematically in Figure 2a.?%! In Figure 2b, the scanning electron micrograph
is shown, clearly indicating the high surface area and anisotropic nature of the
material. It is different from other high surface area silicon materials such as
porous silica, aerogel, or zeolite, because it contains only trace amounts of
oxide. This allows some degree of conductance, due to the extensive Si-Si G-
conjugation in the skeleton.!*”! However, like silicon hydrides in molecular
chemrstry, porous silicon is susceptible to oxidation from being handled in
air.®® This oxidation degrades the PL rapidly (timescale of hours), so
researchers began looking at ways to improve the stability of the light
emission.

Although quantum confinements effects are widely accepted to the basis
of porous silicon light emission, the details of mechanism for the PL are still
heavily debated, as it is believed to involve multiple pathways.”*!! Typical
porous silicon samples are able to emit orange-yellow light (700-640 nm or
1.8-2.0 eV) at room temperature as shown in Figure 3 along with the
corresponding PL spectrum, which is greater than the bandgap of crystalline



12:18 15 January 2011

Downl oaded At:

184 M. P. Stewart and J. M. Buriak

a)

HF@g) W' W A Sisisit
ﬁ electrochemical, ~ —Si-gj H Wﬁu, Si~
native oxide chemical or Sjw Si_S:

capped Si(100)  photochemical etch Si-H, terminated porous silicon

FIGURE 2 a) Schematic of the preparation of hydride terminated porous silicon.
The native surface is capped with mono-, di-, and trihydride species to satisfy the
tetravalency requirements of silicon. b) Cross-sectional scanning electron micrograph
(SEM) of a porous silicon sample, revealing the anisotropic nature of the etch. The bar
represents 10 pm.
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silicon (1.12 eV). It is even possible, by using variations in the etching
procedures, to make samples whose PL is green-blue (~ 2.7 eV).1*?! The
efficiency of the light emission from porous silicon is ~1%-5%, while
from crystalline silicon it is less than 10~ °%.%*! A hypsochromic shift
(blueshift) in the energy gap is a hallmark of quantum confinement effects.**
Additionally, very highly etched silicon lattice would have many inclusions,
bottlenecks, and isolated regions of crystalline silicon. The hydride
passivation of the surface is a fair dielectric (€~7 vs. 4.5 for SiOz),[3 3l
which enables these isolated regions to trap charged excited states.

If the etching conditions are appropriate to make these isolated regions on
the scale of a few nanometers (nanocrystallites), smaller than the mean free
path of an electron in silicon,® quantum confinement effects become
significant. If we consider the form for article in a spherical 3-D box:

n*h?

n =

8mr?
we see that the energy of the confined state increases as the size of the sphere
gets smaller. In the specific case of the “quantum dot””!

n’h?  1.8¢

8mr? er

E,=E,+

the overall energy involves a bulk bandgap term, a quantum confinement
term, and a coulombic attraction term (which is always very small). For large
values of r, the energy converges to E,, as shown schematically in Figure 4.
For small values of r, the bandgap energy is superceded by the quantum
confinement term. As shown in Raman spectroscopy and TEM images of
photoluminescent porous silicon, the nanocrystallite size is 25 nm.?*’ Note
that it is possible to make highly etched porous silicon samples that have no
PL whatsoever. These nanocrystallites, specifically the ones in the 2-5 nm
size range, are required for light emission.

The high surface area of porous silicon, as with other nanocrystalline
systems, makes the energy gap behavior very sensitive to surface phenomena.
This has led to the use of porous silicon as a sensor material for gases, liquids,
and biomolecules, where PL. modulation upon adsorption and other signal
transduction pathways can be used as a quantitative analytical technique.'**>%!
However, it also leads to a much greater propensity to oxidize, degrading the
PL and other interesting properties by introducing midgap surface states that
allow nonradiative relaxation of the excited state (Shockley-Reed-Hall
recombination).”**! Although high quality oxide films prepared through rapid
thermal oxidation (~ 1000 °C) of porous silicon can actually increase and
prolong its PL efficiency,*°! ambient oxidation introduces radicals from Si-Si
bond scission, which are highly deleterious to light emission and
conductivity."!" Aspects of the relationship between surface states and
chemical bonds at the surface could help in bandgap engineering for
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Si nanocrystallite

conduction band

hv
valence band

FIGURE 4 Schematic of light emission from a silicon nanocrystallite. An incoming
photon (hv) with an energy higher than that of the band gap () leads to promotion of
an electron from the valence to the conduction band. Radiative recombination of this
exciton leads to emission of a photon of lower energy (hv'). Reproduced with
permission from reference 68b.

nanocrystalline silicon, as well as in the formation of molecular assemblies
(molecular wires, recognition elements, etc.) on silicon surfaces in general.
We have been exploring new ways of chemically substituting the air-sensitive
surface residues with organic functional groups, both to protect the light
emission and for fundamental investigation of silicon surface chemistry.

REACTIVE GROUPS ON POROUS SILICON: Si-Hx
AND Si-Si BONDS

A freshly etched sample of porous silicon has a native Si-H, terminated
surface with little oxidation. As seen in the transmission FTIR spectrum
of Figure 5, the surface is remarkably simple, with only the v(Si-H,)
stretching vibrations at ~ 2100 cm~ ! and the bends, 8(Si-H,) vibrations
around 900 and 600 cm™ '. As a result, the porous silicon surface has two
chemical handles through which functionalization can be carried out, the Si-
H, and Si-Si bonds. Because the bond strengths and other characteristics of
molecular silanes have been extensively studied, they will be discussed to
provide insight as to the reactivity of these groups on the porous silicon
surface. Unlike hydrocarbons, which are very weakly acidic due to the lower

FIGURE 3 a) Sample of porous silicon (1 cm in diameter) emitting orange light upon
irradiation with 365 UV light. The surface has been photopatterned through the
chemistry described in Section 5. b) Typical PL spectrum of porous silicon, showing
the broad range of wavelengths emitted. The excitation wavelength is 440 nm from
Hg arc lamp illumination.
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FIGURE 5 Absorbance FTIR for a porous silicon sample. The peak at 2100 cm ™ ! is
the Si-H, stretching peak v(Si-H,), and the lower energy modes around 800 and
600 cm ~ ' correspond to bends.

electronegativity of silicon versus carbon (1.8 and 2.6 on the Pauling scale),
silanes are weakly basic.'**! In Table 1, homolilnc bond dissociation energies
for silicon and carbon centers are compared[ 3 In normal silanes, the Si-H
bond is in the same range of strength as a C-H bond. Silyl substituents,
however, greatly reduce the strength of Si-H bonds,**! as is the case in
silicon surface Si-H bonds. For surface Si-H, bonds (assuming the other
substituents are silicons), the relative strengths are Si-Hz > Si-H, > Si-H.
This is also the case for Si-Si bonds, which are much weaker in a silicon
lattice* than in disilane, due to extensive silyl backbonding. Carbon shows
a similar effect with respect to carbon backbonding, but to a lesser extent.
The difference between lattlce Si-Si bonds and that of hexamethyldisilane is
greater than 120 kJ mol ~ '! Silicon molecules and materials are susceptlble
to oxidation as well, by large thermodynamic and kinetic (autocatalytic)™*®
driving forces. Silicon-carbon bonds (1.9 A) do not show the sensitivity to
backbonding substituents that the C-C (1.5 A) and Si-Si (2.3 A) bonds do.
Moreover, the covalent Si-C bond is stronger than either of the homoatomic
bonds, and less reactive than the Si-O or Si-F bonds. The Si-C bond is weakly
polarized, with carbon bearing slightly more electron density than silicon.
The stability and low polarization of the Si-C bond and its low polarization
renders it both thermodynamically and kinetically stable. It is therefore seen
by many as the ideal bond through which organic monolayers can be directly
linked to the underlying silicon substrate.

Many syntheses for organosilanes have been descrlbed in the literature,
sufficient to make nearly any functional group attainable."*”! Several of these
approaches have been utilized to functionalize porous silicon surfaces, both
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TABLE 1 Comparative Bond Strengths for Carbon and Silicon'

43]

Typical bond dissociation energy (kJ mol ~")

-H -F -Cl -0

Element -C -Si
C (hydrocarbon) 292-360 370
Si (silane) 370 270-335
Si (surface) 370 210

385-410 480 340 340
335-376 670 470 540
320 670 470 540

flat single crystals and porous silicon. On the other hand, a series of reactions
have been published on porous silicon that have no congeners with molecular
silane chemistry. In certain cases, the underlying nanostructure can have such
a dramatic effect that unique Si-C bond forming reactions can take place. In
others, the electronically conductive porous silicon can be used to drive Si-C
bond formation, again setting this approach apart from traditional silane
chemistry. This report will contrast those functionalizations that are similar to
those seen in the molecular literature, summarized in Figure 6, with the

Molecular Example

HC s oy HG
a) Hac-/S|—Sl—CH3 —_— HgC'/SI—CHa
HiC CH3 HiC
oo /CHa
+ LIt "Si—CHs
CH,
AN i
b) HSi(Et)(PCI ——— A SiER(PIC
A
4 . =—R
c) Bu(Me)oSiH __— = o . /N
EtAICI, Bu'(Me),Si R
R = CH3(CHy)e

o) o]
d) “/U\OEt + HSI(Et) M‘; l)\OEt
Ny Si(Et)s

Porous Silicon Surface Reactions
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FIGURE 6 Comparison of the four Si-C bond forming reactions carried out on
porous silicon that have parallels with the molecular silane literature. A molecular
example is given on the left, and the schematic of the reaction on porous silicon is
shown on the right. The reactions are cited in the text.
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FIGURE 7 Four Si-C bond forming reactions on porous silicon that have no apparent
parallels with the molecular silane literature. In these cases, three of the reactions
utilize the electrode nature of porous silicon (both anodic and cathodic), and one the
stabilized exciton that forms in imbedded nanocrystallites.

growing group of reactions on porous silicon that have no parallels with
solution phase silane chemistry, outlined in Figure 7.

ORGANIC MONOLAYER FORMATION ON POROUS
SILICON: INSPIRATION FROM THE ORGANOSILANE
LITERATURE

Although many different surface terminations were experimented with,
most of the initial attempts at protecting the porous silicon surface from
oxidative destruction either were controlled oxidation steps or coating the
material with a vapor phase thin film agent.**~" Although these surfaces are
useful in their own right, this overview pertains more specifically to surface
reactions that will give organic monolayers, covalently attached through Si-C
bonds.
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Carbanion Attack

It is known that carbanions from alkyl lithium or Grignard reagents attack
disilanes such as hexamethyldisilane, cleaving the Si-Si bond, and resulting
in formation of a Si-C bond.'"*! Experiments with these reagents showed that
organometallic alkylating reagents could form Si-C bonds directly on
hydride-terminated porous silicon, as outlined in Figure 6a.°* Because the
nucleophilic attack produces a silyl anion, this provides a chemical handle
through which further reactions may be carried out; exposure of the
carbanion-treated surface with electrophiles such as acyl chloride result
in Si-C(O)CHj; formation. Examples of surfaces prepared via this method are
shown in Figure 8.

Thermal Hydrosilylation

High temperature (T > 150 °C) hydrosilylation of alkenes and alkynes,
similar to that performed on hydride-terminated flat crystalline silicon
surfaces,”* has been carried out with porous silicon surfaces by several
research groups, as outlined in Figure 6b.”>>! These reactions are carried out
in a sealed flask or ampoule, completely excluding oxygen or moisture, at or
near the reflux temperatures of the long chain organic molecules. The heating
times are often quite long, sometimes 16 hours or longer, and preservation of
light emission from porous silicon is not clear due to conﬂicting reports.
Examples of surfaces produced through this method are shown in Figure 9.
Thermal hydrosilylation with solution phase molecular silanes is known™®
but catalytic reactions are [[)referred due to the lower temperatures required
for the reaction to proceed.

?g\H\

—S8i— —Si— —Si— —Si— —Si— —Sl— i—

FIGURE 8 Examples of porous silicon surfaces prepared through carbanion attack.
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FIGURE 9 Examples of porous silicon surfaces prepared through thermal
hydrosilylation.

Metal Mediated Hydrosilylation and Related Reactions

In 1998 it was reported that organically functionalized porous silicon
could be prepared via room temperature Lewis acid-mediated hydrosilylation
of alkenes and alkynes (Figure 6¢).°”% Using a Lewis acid catalyst EtAICl,,
previously shown to promote alkene and alkyne hydrosilylation with
molecular silanes,'®®’ porous silicon samples could be very cleanly
functionalized with organic groups within an hour (using alkynes) or
overnight (using alkenes) at room temperature. This reaction interested many
researchers because it was useful for a large variety of hydrosilylation
substrates, gave very high chemical stability, caused almost no oxidation, and
showed a trend in PL efficiency depending on what kind of molecule was
covalently bound to the surface.[°” This reaction permits a rational and
systematic approach to covalent porous silicon functionalization reactions to
researchers equipped with standard organometallic and inorganic inert
atmosphere apparatus, such as Schlenk lines and glove boxes. Examples
of surfaces produced via this method are shown in Figure 10. In addition to
transmission FTIR characterization, 13C solid state NMR characterization
was shown to be a very useful technique.ﬁg] Alkyl- and alkenyl-terminated
porous silicon surfaces prepared by this method are stable to extremely
chemically demanding conditions such as extended (h timescale) boiling in
aerated, aqueous pH 12 solutions, conditions under which hydride terminated
porous silicon corrodes in seconds.

Late transition metal compounds have been tested for hydrosilylation and
related reactions on porous silicon due to the widespread use of these metal
complexes in solution phase, molecular systems.[61:621 Use of RhCI(PPhs)3
(Wilkinson’s catalyst) and a Pt’-based catalyst, Karstedt’s catalyst, led to
blackening of the surfaces and loss of all light emission, presumably due to
metal reduction and deposition on the surface. Oxidation was also extremely
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FIGURE 10 Examples of porous silicon surfaces prepared through Lewis acid—
mediated hydrosilylation.

difficult to avoid, in spite of considerable precautions. On the other hand, if
Rh,(OAc), is used as a catalyst with heating to promote insertion of carbenes
from diazo compounds into surface Si-H bonds, little oxidation by
transmission IR is observed, which suggests that this method may have
synthetic utility (Figure 6d)./°*! This reaction is known to function in solution
with molecular silanes such as triethylsilane.'®!

ORGANIC MONOLAYER FORMATION ON POROUS
SILICON: HARNESSING THE UNIQUE ELECTRONIC
PROPERTIES OF THE MATERIAL

Porous silicon is not simply an inert surface that can be approximated
by R groups, as in R3SiH. It is a semiconducting material that can act
as an electrode, thus bringing in a whole new pair of reactants into the
equation, the electron and the hole. In addition, as will be shown here, unique
reactions based upon interesting effects of the nanocrystallites imbedded
within the porous silicon matrix can be observed; these reactions have no
close relatives with the chemistry of either molecular silanes or flat silicon
surfaces.
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Electrografting of Carbanions

The first published study of Si-C bond formation on porous silicon in 1996
utilized anodic electrochemical grafting in the presence of methyllithium and
methyl Grignard reagents (see Figure 7a).!°*! An organic electrolyte in ether
permitted transmission of charge between the porous silicon anode and
platinum cathode. The anisotropic electric field at the surface of the silicon
electrode activates the surface Si-H bonds by creating a local electron
deficient surface state. The electron-deficient silicon is especially vulnerable
to nucleophilic attack by the methyl anion of the Grignard or alkyl lithium,
resulting in Si-C bond formation. Although it is assumed that this reaction
liberates HMgBr as a byproduct, it was not characterized. The authors
reported a Si-C bond by FTIR evidence, citing the characteristic methyl
rocking mode p(SiCHj3) near 1260 cm~ ! and a Si-C stretching mode v(Si-C)
near 775 cm—!. This technique, they later reported, consumed 80% of the
available surface sites and is limited by steric hindrance at the surface.'®”
Issues relating the surface chemistry to material properties such as PL
stability were not systematically addressed.

Electrografting of Alkyl Halides

In a very interesting approach, Sailor and coworkers showed that
commercially available and structurally diverse alkyl iodides and bromides
can be electrochemically reduced in situ, leading to Si-C bond formation on
porous silicon, as shown in Figure 7b.1°®! Solutions of the alkyl halide in THF
with an organic electrolyte, upon application of a negative bias to the porous
silicon electrode, result in Si-C bond formation within 2 minutes. Examples
of surfaces prepared through this method are shown in Figure 11. While more
work remains to be carried out to fully elucidate the mechanism, reduction of
the alkyl halide to the radical and halide anion is probable. Abstraction of a
surface hydrogen atom by the alkyl radical will lead to a surface silicon
radical (dangling bond). At this point, three possible things could happen: 1)
Re could react directly with Sie, forming the Si-C bond, 2) reduction of the Si*
with an electron to form Si~ could react in a nucleophilic fashion with RX,
leading to Si-R bond formation and release of X, or 3) in situ reduction of
Re to R, the carbanion, which could attack weak Si-Si bonds (vide supra).

Electrografting of Alkynes

Work from the Buriak group showed that alkynes can also be grafted to Si-
H-terminated porous silicon samples under negative bias (cathodic electro-
grafting, or CEG), as outlined in Figure 7¢.'*”? An Si-C bond is formed with
the terminal carbon of the alkyne, and in contrast to hydrosilylation, the triple
bond is not reduced. Examples of surface terminations prepared by this
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FIGURE 11 Examples of porous silicon surfaces prepared through electrografting of
alkyl halides.

method are shown in Figure 12. The alkyne C=C vibration, upon binding to
the surface, can be observed by transmission FTIR at 2179 cm™ ! for a
pentynyl or octynyl dervatized surface. The molecular analog 1-trimethylsi-
lyldodec-1-yne was prepared and its C=C stretch appears at 2176 cm— !, an
almost identical value. In order to definitively prove the alkynyl nature of this
vibration, the pentynyl surface was subjected to hydroboration conditions.

e TELnt
| A || N It

—8§i— —Si— —Si— —Si— —Si— —Si— —Si—

FIGURE 12 Examples of porous silicon surfaces prepared through electrografting of
alkynes.
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Exposure to disiamylborane, a borane-based reducing agent known to stop at
the borylalkene stage, leads to a new stretch at 1580 cm™ ', and complete
disappearance of the alkyne stretch. The new vibration at 1580 cm™ ' is of
the correct energy to be a silylated, borylated double bond. The molecular
equivalent, l-trimethylsilyldodec-1-yne, when hydroborated with the same
reagent, has a double bond stretch at 1584 cm™ '. These reactivity studies
prove that alkynes are grafted to the surface as a triple bond. The cathodic
electrografting approach allows for many of the synthesized organic
molecular wires to be grafted directly to a silicon device for testing and
characterization. The mechanism, while not yet elucidated, may be due to H,
formation (1/2 of an equivalent) upon reaction of the more electron-rich
hydride of a surface Si-H species (due to application of negative bias) with
the relatively acidic proton of the alkyne. Alternatively, formation of a surface
silyl anion could deprotonate the alkyne, leading to a carbanion that would
attack weak and susceptible Si-Si bonds, as is the case with alkyl lithium
reagents (vide supra).

Positive bias (anodic electrografting, or AEG) was also tried and was
found to lead to Si-C bond formation, but with total reduction of the bond
order of the alkyne to aliphatic groups as judged by the lack of C=C and
C=C stretching modes in the transmission FTIR.[°’} AEG, in contrast to
CEG, may be related to a solution phase electrochemical reaction between
carbon-carbon unsaturated bonds and silanes, in which the silane is oxidized
at the anode to [R;SiH] ™ *.1%%

Exciton Mediated Hydrosilylation

A very unusual reaction, it was found that simple white light of moderate
intensity (~25-40 mW cm~ %) could induce a hydrosilylation reaction on
porous silicon surfaces (Figure 7d).!°”! Because it has been clearly shown that
UV-irradiation with wavelengths shorter than 350 nm are required to induce
efficient, room temperature hydrosilylation of alkenes and alkynes on
hydride-terminated flat surfaces in a 30—60 minute time frame,[m] a different
mechanism was suggested to be in operation. In this white light—promoted
hydrosilylation reaction, only wavelengths in the range of 400-600 nm are
utilized. It was later found that only photoluminescent porous silicon samples
react, pointing to a common set of events linking this hydrosilylation
chemistry and light emission.

To explain the relatively low energy of the white light illumination
(A>400 nm, intensity 25-40 mW cm ~ 2) and PL requirement for
successful hydrosilylation, excitons generated in situ are proposed to drive
the surface chemistry, as opposed to Si-H homolysis, seen with UV
irradiation and thermal hydrosilylation, as outlined in Figure 13a. The
excitons are also responsible for PL in porous silicon,'”" which provides the
crucial link between the observed hydrosilylation reactivity and light
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a) UV Induced Hydrosilylation on Flat Surfaces
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b) White Light Mediated Hydrosilylation of Alkenes on Porous Silicon

nanocrystallite

FIGURE 13 The two mechanisms for light-induced hydrosilylation on hydride
terminated surfaces. a) Hydrosilylation on flat Si(111)-H surfaces requires UV
irradiation with wavelengths shorter than 350 nm in order to carry out the reaction at
room temperature in 1 h. The reaction is most likely radical, commencing with
homolysis of the Si-H bond. b) Photoluminescent porous silicon samples, on the other
hand, can be induced to undergo hydrosilylation with white light of wavelengths
longer than 400 nm. The requirement for light emission indicates a link between the
excitons formed and the hydrosilylation reaction. In this mechanism, holes on the
nanocrystallite surface are attacked by the alkene, forming the Si-C bond. The
remaining half of the exciton couple, the electron, can formally combine with a
surface hydrogen to produce a hydride, which can react with the carbocation, forming
the neutral surface-bound species.

emission. In Figure 13b, a proposed mechanism for the light-promoted
hydrosilylation reaction begins with the formation of a complex between an
adsorbed alkene and the surface-localized hole. Attack by an alkene or alkyne
nucleophile at an electrophilic silicon center proceeds directly and
irreversibly to form the Si-C bond, resulting in a carbocation stabilized by
a f-silyl group.”? The high strength and low polarity of the nascent Si-C
bond should limit the reversibility of this step. The strongly acidic
carbocation can then abstract a hydride from an adjacent hydridic Si-H
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bond, forming a stronger and less polar C-H bond. This hydride could be
formally the product of a hydrogen atom and the electron half of the original
exciton e~ /h™ pair. This hydride abstraction step by a B-silyl carbocation is
proposed in mechanisms related to solution-phase hydrosilylation.!”?’
Experiments with known PL quenching agents such as ferrocene, 9,10-
diphenyl-anthracene, and decamethylruthenocene were examined, and were
found to prevent white light-promoted hydrosilylation. This work is of
special interest because it has no parallels with the chemistry of either bulk
silicon surfaces or molecular silanes. The reaction functions only as a result
of the nanoscale features of the porous silicon and is tied directly to the PL.

A prime advantage of this light-promoted reaction is that its products are
spatially localized on the sample according to where the surface is light
activated. As the alkenes and alkynes are not significantly reactive toward
porous silicon without the surface activation, only the illuminated regions
will react, opening possibilities for photopatterning multiple derivatizations
on one sample and lithographic formation of structures. Figure 14 shows a
sample made in laboratory atmosphere by three photopatterning steps, having

FIGURE 14 1 cm diameter porous silicon samples photoluminescing under UV
(365 nm) irradiation. a) A triply photopatterned porous silicon structure. The words
“l-decene,” “styrene,” and “1,5-COD” are the areas reacted with these same
reagents via a masking procedure. The area that spells out “1-decene” is a decyl-
functionalized surface; the “styrene,” area is a phenethyl surface; the “1,5-COD” area
is a cyclooctenyl surface. The reacted areas are slightly red-shifted and darkened as
compared to the PL of the unreacted regions of the sample. b) The same sample after
lithographic development using boiling pH 12 KOH solution, showing isolated
regions of photoluminescent derivatized porous silicon. The underivatized (Si-H
terminated) areas dissolve with the basic treatment and lose PL while the alkyl
terminated areas are protected, and retain their light-emitting properties. Reproduced
with permission from reference 68b.
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FIGURE 15 Examples of porous silicon surfaces prepared through white light—
mediated hydrosilylation.

on it three domains of separate derivatization. The spatially localized
hydrosilylation of 1-decene, styrene, and 1,5-octadiene result in terminations
of decyl, phenethyl, and 4-cycloctenyl derivatized areas, as demonstrated by
FTIR. Following brief exposure (~15s) to boiling pH 12 KOH, the
underivatized areas are destroyed. Irradiation of this surface to 365 nm UV
light indicates that the photopatterned areas are still photoluminescent,
whereas the unreacted areas are dark. The total time required to prepare this
sample was approximately 20 minutes. The length of illumination time to
induce hydrosilylation with each olefin was reduced to 5 minutes
(3 x5 mm=15 minutes), a period that allows enough incorporation
sufficient to protect the surface from hydroxide ion attack. Other examples
of surfaces prepared by this method are shown in Figure 15.

CONCLUSIONS

Porous silicon is a superb testing ground for various silicon surface
chemistries. For several years, it had been assumed that chemistry known to
function with silanes could be applied directly to both hydride-terminated



12:18 15 January 2011

Downl oaded At:

200 M. P. Stewart and J. M. Buriak

porous and flat surfaces. As the examples indicate, unique electrical
behaviors of porous silicon can be harnessed to drive chemistries that have
no direct relationship with organometallic molecular silane chemistry. These
tantalizing reactivities recently found point to a growing and exciting future
for porous silicon chemistry and applications.

ACKNOWLEDGEMENTS

Support from the National Science Foundation (Career Award CHE-
9875150) and Purdue University is gratefully acknowledged. J. M. Buriak is a
Cottrell Teacher-Scholar of Research Corporation (2000-2002), a Sloan
Foundation Fellow (2000-2002), and a holder of a Camille and Henry
Dreyfus New Faculty Award (1997-2002). M. P. Stewart acknowledges
support from the Link Foundation for an Energy Fellowship (1998-1999).

REFERENCES

1. (a) Stoppard, T. 1994. Hapgood. London: Faber and Faber. (b) Zukav, G. 1979. The
Dancing Wu Li Masters. New York: Morrow. (c) Capra, F. 1999. The Tao of Physics.
Boston: Shambhala.

2. National Science and Technology Council. 2000. National Nanotechnology Initiative (NNI
2000), Appendix A4.

3. National Science and Technology Council. 2000. National Nanotechnology Initiative (NNI
2000), Appendix AS.

4. Moore, G. E. 1965. Electronics, 38: 114.

5. International SEMATECH. International Technology Roadmap for Semiconductors 2000
(ITRS 2000).

6. (a) Keyes, R. W. 2001. Proc. IEEE, 89: 227. (b) Serry, F. M., D. Walliser, G. J. Maclay.
1995. J. Microelectromech. Syst., 4: 193.

7. Muller, D. A., T. Sorsch, S. Moccio, F. H. Baumann, K. Evans-Lutterodt, G. Timp. 1999.
Nature, 399: 758.

8. Marcus, R. A. 1993. Angew. Chem. Int. Ed. Engl., 32: 1111.

9. Bard, A. J., H. D. Abruna, C. E. Chidsey, L. R. Faulkner, S. W. Feldberg, K. Itaya, M.
Majda, O. Melroy, R. W. Murray. 1993. J. Phys. Chem., 97: T147.

10. Madelung, O. 1996. Semiconductors — Basic Data. Berlin: Springer-Verlag.

11. (a) Tour, J. M. 2000. Acc. Chem. Res., 33: 791. (b) Reed, M. A. 2001. MRS Bulletin, 26:
113.

12.  Sagiv, J. 1980. J. Am. Chem. Soc., 102: 92.

13. (a) Nuzzo, R. G., D. L. Allara. 1983. J. Am. Chem Soc., 105: 4481. (b) Ullman, A. 1991.
Introduction to Thin Organic Films: From Langmuir Blodgett to Self-Assembly, Boston:
Academic Press.

14. Dubois, L. H., R. G. Nuzzo. 1992. Ann. Phys. Chem., 43: 437.

15. Yaliraki, S. N., A. E. Roitberg, C. Gonzalez, V. Mujica, M. A. Ratner. 1999. J. Chem.
Phys., 111: 6997.

16. Ullman, A. 1996. Chem. Rev., 1533.



12:18 15 January 2011

Downl oaded At:

17.
18.
19.
20.
21.

22.
23.

24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.

37.
38.

40.

41.

42.

Formation of Silicon-Carbon Bonds 201

(a) Buriak, J. M. 1999. Chem. Commun., 1051. (b) Buriak, J. M. Chem. Rev. in press. (c)
Song, J. H., M. J. Sailor. 1999. Comments Inorg. Chem., 21: 69.

Tour, J. M. 2000. Acc. Chem. Res., 33: 791-804.

Uhlir, A. 1956. Bell Syst. Tech., 35: 333.

(a) Watanabe, Y., T. Sakai. 1971. Rev. Electron. Commun. Labs., 19: 899. (b) Arita, Y., K.
Kato, T. Sudo. 1977. IEEE Trans. Electron. Devices, 24: 756.

Pickering, C., M. 1. J. Beale, D. J. Robbins, P. J. Pearson, R. Greef. 1984. J. Phys. C, 17:
6535.

Canham, L. T. 1990. Appl. Phys. Lett., 57: 1046.

From searching ISI's Science Citation Index. Canham’s 1990 paper was cited about 2,500
times in this time period.

For a contemporary review of porous silicon applications: Stewart, M. P., J. M. Buriak.
2000. Adv. Mater., 12: 859.

A. Halimaoui, in Properties of Porous Silicon. 1997. L. T. Canham, Ed. London: INSPEC,
p-12.

(a) Kelly, M. T., J. K. M. Chun, A. B. Bocarsly. 1994. Appl. Phys. Lett., 64: 1693. (b)
Coffer, J. L. 1997. Properties of Porous Silicon, L. T. Canham, Ed. London: INSPEC, p 23.
(a) Noguchi, N., I. Suemune. 1994. Appl. Phys. Lett, 62: 1429. (b) Anderson, O. K., T.
Frello, E. Veje. 1995. J. Appl. Phys., 78: 6189.

Cullis, A. G., L. T. Canham, P. D. Calcott. 1997. J. Appl. Phys. Rev., 82: 909.
Matsumoto, N. 1998. Jpn. J. Appl. Phys., 37: 5425.

Canham, L. T. 1997. Properties of Porous Silicon, L. T. Canham, Ed. London: INSPEC,
p. 44.

(a) Canham, L. T. 1997. Properties of Porous Silicon, L. T. Canham, Ed. London: INSPEC,
p- 249. (b) Fauchet, P. M. 1998. Semiconduct. Semimet., 49: 205.

Robohle, L., J. von Borany, D. Borchert, H. Frob, T. Gebel, M. Helm., W. Moller, W.
Skorupa. 2001. Electrochem. Solid State Lett., 4: G57.

Tsybeskov, L. 1998. MRS Bulletin, 23: 33.

Henglein, A. 1989. Chem. Rev., 89: 1861.

Grabtchak, S., M. Cocivera. 1995. Prog. Surf. Sci., 50: 305.

Tsu, R. 2000. Appl. Phys. A, 71: 391.

Murray, C. B. Ph.D. Thesis, Massachusetts Institute of Technology, August 1995.

(a) Letant, S. E., S. Content, T. T. Tan, F. Zenhausern, M. J. Sailor. 2000. Sensor Actuat.
B-Chem., 69: 193. (b) Letant, S. E., M. J. Sailor. 2001. Adv. Master., 13: 335. (c) Tinsley-
Bown, A. M., L. T. Canham, M. Hollings, M. H. Anderson, C. L. Reeves, T. I. Cox, S.
Nicklin, D. J. Squirrell, E. Perkins, A. Hutchinson, M. J. Sailor, A. Wun. 2000. Phys. Status
Solidi A, 182: 547. (d) Gao, J., T. Gao, M. J. Sailor. 2000. Appl. Phys. Lett., 77: 901. (e)
Content, S., W. C. Trogler, M. J. Sailor. 2000. Chem-Eur. J., 6: 2205. (f) Sohn, H., S.
Letant, M. J. Sailor, W. C. Trogler. 2000. J. Am. Chem. Soc., 122: 5399. (g) Janshoff, A., K.
P. S. Dancil, C. Steinem, D. P. Greiner, V. S. Y. Lin, C. Gurtner, K. Motesharei, M. J.
Sailor, M. R. Ghadiri. 1998. J. Am. Chem. Soc. 120: 12108.

Shockley, W. 1952. Phys. Rev., 87: 835.

Petrova-Koch, V., T. Muschik, A. Kux, B. K. Meyer, F. Koch, V. Lehmann. 1992. Appl.
Phys. Lett., 61: 943.

(a) Tischler, M. A., R. T. Collins, J. H. Stathis, J. C. Tsang. 1992. Appl. Phys. Lett., 60: 639.
(b) Tsai, C., K.-H. Li, J. Sarathy, S. Shih, J. C. Cambell, B. K. Hance, J. M. White. 1991.
Appl. Phys. Lett., 59: 2814.

Bassindale, A. R., P. G. Taylor. 1989. The Chemistry of Organic Silicon Compounds
Volume 1, S. Patai, Z. Rappaport, Eds. Chichester: Wiley, p. 809.



12:18 15 January 2011

Downl oaded At:

202

43.

44.
45.
46.
47.

48.
49.
50.
51.

52.
53.

54.

55.

56.

57.

58.

59.

60.

61.

62.
63.

64.
65.
66.

67.
68.

M. P. Stewart and J. M. Buriak

(a) Walsh, R. 1981. Acc. Chem. Res., 14: 246. (b) Dewar, M. J. S., G. Friedham, E. F.
Grady, J. J. P. Healy, J. P. Stewart. 1986. Organometallics, 5: 375. (c) Walsh, R., R.
Becerra. 1998. The Chemistry of Organic Silicon Compounds Volume 2, Z. Rappaport, Y.
Apeloig, Eds. Chichester: Wiley Interscience, pp. 153-180.

Kopping, B., C. Chatgilialoglu, M. Zehnder, B. Geise. 1992. J. Org. Chem., 57: 3994.
Waltenburg, H. N., J. T. Yates. 1995. Chem. Rev., 95: 1589.

Salonen, J., V. P. Lehto, M. Bjorkqvist, E. Laine. 1999. Appl. Phys. Lett., 75: 826.

(a) Birkofer, L., O. Stuhl. 1989. The Chemistry of Organic Silicon Compounds Volume 1,
S. Patai, Z. Rappaport, Eds. Chichester: Wiley, pp. 655-762. (b) Brook, M. A. 2000. Silicon
in Organic, Organo-metallic, and Polymer Chemistry, New York: Wiley-Interscience.
Sailor, M. J., E. I. Lee. 1997. Adv. Mater., 9: 783.

Mawhinney, D. B., J. A. Glass, J. T. Yates. 1997. J. Phys. Chem. B, 101: 1202.

(a) Lauerhaas, J. M., M. J. Sailor. 1993. Science, 261: 1567. (b) Lauerhaas, J. M., M. J.
Sailor. 1993. Mat. Res. Soc. Symp. Proc., 298: 259.

Lee, E. J., J. S. Ha, M. J. Sailor. 1995. Mat. Res. Soc. Symp. Proc., 358: 387.

Rappaport, Z., E. B. Nadler. 1990. Tetrahedron Lett. 31: 555

(a) Song, J. H., M. J. Sailor. 1998. J. Am. Chem. Soc., 120: 2376. (b) Song, J. H., M. J.
Sailor. 1998. Inorg. Chem., 37: 3355. (¢) Kim, N. Y., P. E. Labinis. 1998. J. Am. Chem.
Soc., 120: 4516.

(a) Linford, M. R., P. Fenter, P. M. Eisenberger, C. E. D. Chidsey. 1995. J. Am. Chem. Soc.,
117:3145. (b) Sieval, A. B., A. L. Demirel, J. W. M. Nissink, M. R. Linford, J. H. van der
Maas, W. H. de Jeu, H. Zuilhof, E. J. R. Sudhélter. 1998. Langmuir, 14: 1759. (c) Sieval, A.
B., R. Opitz, H. P. A. Maas, M. G. Schoeman, G. Maijer, F. J. Vergeldt, H. Zuilhof, E. J. R.
Sudholter. 2000. Langmuir, 16: 10359.

(a) Bateman, J. E., R. D. Eagling, D. R. Worrall, B. R. Horrocks, A. Houlton. 1998. Angew.
Chem. Int. Ed. Engl., 37: 2683. (b) Boukherroub, R., S. Morin, D. D. M. Wayner, D. J.
Lockwood. 2000. Phys. Stat. Sol. (a), 182: 117.

Barry, A. J,, L. DePree, J. W. Gilkey, D. E. Hook. 1947. J. Am. Chem. Soc., 69: 2916.
Barry, A. J., L. DePree, D. E. Hook. 1949. British Patent 633,732; 1947. Belgian Patent
473,674. Barry, A. J., D. E. Hook.1953. U.S. Patent 2,626,271.

Buriak, J. M., M. A. Allen. 1998. J. Am. Chem. Soc., 120: 1339.

Buriak, J. M., M. J. Stewart, T. W. Geders, M. J. Allen, H. C. Choi, J. Smith, M. D. Raftery,
L. T. Canham. 1999. J. Am. Chem. Soc., 121: 11491.

(a) Oertle, K., H. Wetter. 1985. Tetrahedron Lett., 26: 5511. (b) Yamamoto, K., M.
Takemae. 1990. Synlett, 259. (c) Asao, N., T. Sudo, Y. Yamamoto. 1996. J. Org. Chem., 61:
7654. (d) Sudo, T., N. Asao, V. Gevorgyan, Y. Yamamoto. 1999. J. Org. Chem., 64: 2494.
Buriak, J. M., M. J. Allen. 1998. J. Lumin., 80: 29.

Buriak, J. M., J. M. Holland, M. J. Allen, M. P. Stewart. 1999. J. Solid State Chem., 147
251-258.

Saghatelian, A., J. Buriak, V. S. Y. Lin, M. R. Ghadiri. 2001. Tetrahedron, 57: 5131.

(a) Bagheri, V., M. P. Doyle, J. Taunton, E. E. Claxton. 1988. J. Org. Chem., 53: 6158. (b)
Landais, Y., D. Planchenault. 1994. Tetrahedron Lett., 35: 4565.

Viellard, C., M. Warntjes, F. Ozanam, J. -N. Chazalviel. 1996. Electrochem. Soc. Proc., 95:
250.

Ozanam, F., C. Viellard, M. Warntjes, T. Dubois, M. Pauly, J. -N. Chazalviel. 1998. Can. J.
Chem. Eng., 76: 1020.

Gurtner, C., A. W. Wun, M. J. Sailor. 1999. Angew. Chemie, Int. Ed., 38: 1966.

Robins, E. G., M. P. Stewart, J. M. Buriak. 1999. J. Chem. Soc., Chem. Commun., 2479.
Jouikov, V. V. 1997. Russ. Chem. Rev., 66: 509.



12:18 15 January 2011

Downl oaded At:

69.

70.

71.

72.

73.

Formation of Silicon-Carbon Bonds 203

(a) Stewart, M. P., J. M. Buriak. 1998. Angew. Chemie, Int. Ed., 37: 3257. (b) Stewart, M.
P., J. M. Buriak. 2001. J. Am. Chem. Soc., 123: 7821.

(a) Cicero, R. L., M. R. Linford, C. E. D. Chidsey. 2000. Langmuir, 16: 5688. (b) Terry, J.,
M. R. Linford, C. Wigren, R. Cao, P. Pianetta, C. E. D. Chidsey. 1997. Appl. Phys. Lett., 71:
1056.

(a) Canham, L. T. 1990. Appl. Phys. Lett., 57: 1049. (b) Fauchet, P. M. 1996. J. Lumin., 70:
294.

(a) Lambert, J. B., Y. Zhao, H. Wu. 1999. J. Org. Chem., 64: 2729. (b) Lambert, J. B. 1990.
Tetrahedron, 46: 2677. (c) Lambert, J. B., Y. Zhao, H. Wu. 1999. J. Org. Chem., 64: 2729.
Asao, N., Y. Yamamoto. 2000. Bull. Chem. Soc. Jpn., 73: 1071.



