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A novel step-by-step method employing microwave-assisted Sonogashira coupling is developed to grow fully
conjugated organosilicon structures. As the first case study, p-(4-bromophenyl)acetylene is covalently conjugated to a
p-(4-iodophenyl)acetylene-derived monolayer on a Si(111) surface. By bridging the two aromatic rings with C=C, the
pregrown monolayer is structurally extended outward from the Si surface, forming a fully conjugated (p-(4-
bromophenylethynyl)phenyl)vinylene film. The film growth process, which reaches 90% yield after 2 h, is characterized
thoroughly at each step by using X-ray reflectivity (XRR), X-ray standing waves (XSW), and X-ray fluorescence (XRF).
The high yield and short reaction time offered by microwave-assisted surface Sonogashira coupling chemistry make it a

promising strategy for functionalizing Si surfaces.

Introduction

The integration of silicon with functionalized organic mole-
cules is of great interest in the development of chemical and
biological sensors.' * In particular, coupling sp> or sp-hybri-
dized organic molecules to Si surfaces should facilitate interaction
between the external environment and silicon-based electronics
through delocalized electron transport over the C & to Si o
conjugation bridge.* To this end, we recently demonstrated that
aryl-substituted acetylenes can be used to functionalize a Si(111)
surface under mild UV irradiation, forming a fully conjugated
monolayer structure with sp>-conjugated moieties directly con-
nected to surface Si atoms.” When p-(4-bromophenyl)acetylene
(BPA) is used as the modifier in this chemistry, the halogen is
preserved at the top of the monolayer, in contrast to the previous
deployment of monolayers based on undec-10-enoic acid
2-bromo-ethyl ester,® providing a ready handle for sequential
substitution chemistry through Pd-based couplings, such as the
Sonogashira reaction.”®

Although Sonogashira coupling has been widely used in
solution-phase chemistry® to extend the conjugated structure of
aromatic halides through C=C bridges, its application to the solid
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phase has been rare.”!” Herein, we report a detailed stepwise
study of a microwave-assisted Sonogashira coupling to a Si(111)
surface possessing an sp>-conjugated monolayer, resulting in a
more extended conjugation structure. Specifically, p-(4-bromo-
phenyl)acetylene (BPA) is coupled to a p-(4-iodophenyl)acetylene
(IPA)-derived monolayer on Si(111) to form a (p-(4-bromophe-
nylethynyl)phenyl)vinylene layer on a Si surface (Scheme 1). The
increased thickness of the Si-supported molecular layer can be
clearly observed by X-ray reflectivity (XRR) analysis, confirming
the successful conjugation. The extent of coupling is directly
assessed via X-ray standing wave (XSW) and X-ray fluorescence
(XRF) measurements of the iodine and bromine contents of the
surface. Because alkyne handles can be readily incorporated into a
wide range of bioactive compounds,' "' the present Sonogashira
coupling chemistry may provide a facile strategy for coupling
Si-based electronic devices to a wide range of biomedicinal
applications.

In a typical Sonogashira reaction, the sp—sp” coupling between
the aryl-halide and alkynes usually takes place in the presence of a
base.® Conventional Sonogashira coupling often requires an
extended reaction time'*'* or high reaction temperature.'*'* In
contrast, microwave-assisted Sonogashira coupling can proceed
more rapidly while affording higher yields that are beneficial in
solid-phase reactions.*'® As such, we employed microwave-
assisted conditions in our study to accelerate the reaction rate
and promote the coupling yield between the IPA-derived film on
Si(111) (IPA/Si(111), sample S1) and BPA (Scheme 1). For
comparison, we also separately prepared a (p-(4-bromophenyl-
ethynyl)phenyl)vinylene monolayer film on a Si(111) surface
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Scheme 1. p-(4-lodophenyl)acetylene-Based Monolayer First
Grown on a H-Passivated Si(111) Surface and Subsequently Coupled
to p-(4-Bromophenyl)acetylene via a Microwave-Assisted
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Figure 1. XRR data for the respective H—Si(111), IPA/Si(111)
(S1), [IPA/Si(111) + BPA] Sonogashira-prepared (S2), and stan-
dard BPPA/Si(111) (S3) thin films (triangles, circles, diamonds,
and squares, respectively). The solid lines are theoretical fits based
on Parratt’s recursion method!'® using a two-layer/Si model (i.c.,
halogen and hydrocarbon layers). The structural parameters from
the fits are listed in Table 1. For purposes of clarity, S1, S2, and S3
are vertically offset by 10°, 10°, and 10°, respectively.

(BPPA/Si(111), sample S3) via the photoinduced hydrosilylation
of (p-(4-bromophenylethynyl)phenyl)acetylene (BPPA) by
H-passivated Si(111) (H—Si(111)).!” This S3 sample, which is
prepared in only a single step, has the same monolayer composi-
tion as the S2 Sonogashira-prepared sample and will therefore
serve as a standard for evaluating our Sonogashira-coupling
chemistry method.

Experimental Section

The details of the sample preparation and experimental mea-
surements are provided in the Supporting Information.

Results and Discussion

Figure 1 shows the XRR analysis of the film after each step in
our Sonigashira-based organic film growth process, as well as that
of the standard S3. In contrast to the smooth Fresnel-like decay of
the H—Si(111) interface, the IPA/Si(111) (S1) and the Sonoga-
shira-prepared (S2) films show clear interference thickness oscil-
lations. In addition, the antireflection dip in the Sonogashira-
prepared sample is shifted to a lower value (0 = 0.17 AT
compared to S1(Q = 0.23 A™"). Because the antireflection dip in
the XRR measurement is sensitive to the thickness of the organic
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Table 1. XRR Two-Layer/Si Model-Determined Relative Electron
Density (p = prayer/ psi), Thickness (z), and Interfacial Roughness (o)

of Each Layer”
I3 (A) P3 5] (A) P2 01, (A) 023 (A) 034 (A)
S1 86 05 0.7 2.1 32 1.8 2.4
S2 14.4 0.6 0.3 2.2 6.7 5.1 3.7
S3 141 0.7 09 2.5 4.0 2.5 2.0

“Layers 1—4 are air, halogen, hydrocarbon, and Si, respectively.
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Figure 2. 111 XSW analyses showing the experimental and theo-
retical angular dependences for the X-ray reflectivity and the X-ray
fluorescence for the IPA/Si(111) film (S1), the [IPA/Si(111) +
BPA] Sonogashira-prepared film (S2), and the standard BPPA/
Si(111) film (S3).

film on Si and a smaller Q for the dip corresponds to a thicker
film,'® the initial organic layer in S1 has clearly been extended
outward from the Si surface in S2 (i.e., after the reaction). The
observation that the antireflection dips occur at the same Q for
samples S2 and S3 serves to confirm the expected final BPPA-
derived (p-(4-bromophenylethynyl)-phenyl)vinylene monolayer
structure for S2 as shown in Scheme 1. Referring to the XRR
analysis'’ in Table 1, monolayers S2 and S3 have equivalent
thicknesses (defined as the height of the center of the halogen
layer, 15 + /5, = 14.6 A), as would be expected for isostructural
films.

Under our surface Sonogashira coupling scheme (Scheme 1), it
is possible that the Sonogashira-formed (p-(4-bromophenylethy-
nyl)phenyl)vinylene monolayer could have undergone further
coupling with BPA. In addition, BPA could have undergone
self-coupling in solution to generate BPPA. Given that the
Sonogashira couplings between phenylacetylene and iodo-aromatics
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Figure 3. Ball-and-stick models for IPA-derived (left) and
BPPA-derived (right) covalent monolayer on Si(111) surfaces.
The XSW-determined heights of iodide (4;) and bromide (/)
are measured with respect to the Si substrate d,; spacing. Py, =
h/ dlll modulo-1.

are much faster than the analogous reactions with bromo-
aromatics, the coupling between BPA and the iodine-terminated
monolayer on S1 should occur in a more facile fashion over both
of the aforementioned possibilities during our short reaction time.
Further support for this hypothesis was provided by our observa-
tion that BPA did not couple to a Br-styrene-derived monolayer
on Si(111) under identical microwave-assisted Sonogashira cou-
pling conditions and BPPA was not found to be a side product in
the synthesis of S2 (Supporting Information, SI). These results
suggest that the selective patterning of organic molecules on a
Si(111) surface via surface Sonogashira coupling may be possible
via the judicious deployment of organic monolayers with different
halide termination.

In contrast to XRR, which measures the “averaged electron
density” profile for the organic/Si interface structures,'® the 111
XSW analysis, with the XRF modulation observed while scan-
ning through the Si(111) Bragg reflection (Figure 2), directly
measures the spatial distribution of the fluorescence marker
atoms (Br and/or I) with respect to the lattice of the single-crystal
substrate (i.e., dj;; spacing, Figure 3). As a result, XSW is
element-specific and has subangstrom resolution.”*"> The
XSW results for the IPA/Si(111) starting film (S1), the Sonoga-
shira-prepared film (S2), and the standard BPPA/Si(111) film
(S3) are shown in Figure 2 and Table 2. The differences between
the Br Kot (S2) and I L, (S1) XSW modulations indicate the
variance in the vertical distributions of the halogen atoms before
and after the Sonogashira reaction. The coherent fraction f;,; and
coherent position Pjj; in the XSW analysis measures the dis-
tribution width of the XRF-selected fluorescence species and the
location of the distribution center, respectively.”*> The smaller
coherent fraction f; from S2 compared to S1(Table 2) suggests a
broader vertical distribution of Br atoms in Sonogashira-
prepared sample S2 than for I atoms in IPA/Si(111) monolayer
S1. This is consistent with the fact that the Br atoms in the former
are set further away from the Si surface than the I atoms in the
latter by an extended spacer group after Sonogashira coupling
(Figure 3).
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Table 2. XSW and XRF Results for the IPA/Si(111) Film (S1), the
Sonogashira-Prepared Film (S2), and the Standard BPPA/Si(111)
Film (S3)

iodide bromide

Cov (ML) Jin P Cov (ML) Jin P

SI 0.15(1) 0445 0.773)
S2  0.010(5) 0.143)  0.194) 0.73(3)
S3 022(2)  0.17(4)  0.70(2)

The agreement in the XSW-obtained f; and P;; values for Br
in S2 and S3 is consistent with the previously discussed XRR
results, which contained an identical film thickness (and hence
molecular structure) on the Si surface regardless of the growth
method. In conjunction with the longer-length-scale XRR mea-
surement,”® the XSW analysis yields the height of Br in Sonoga-
shira-prepared sample S2 to be hig, = [4 + Py11]di1 = 14.8 A. For
comparison, the height of the / atom in sample S1 before the
coupling reaction is iy = [2 + Piy1)diy = 8.7 A (Figure 3). For
S3, hg, = 147 A.

In our surface Sonogashira coupling scheme (Scheme 1), the
terminal iodide from the IPA/Si(111) monolayer in sample S1 is
replaced by a BPA group in creating sample S2. Hence, the coupling
reaction yield can be determined by measuring both the loss in
iodide coverage and the gain in bromide coverage. The XRF-
calibrated iodide and bromide coverages (Table 2) show an iodide
loss equivalent to a bromide gain of 0.14 monolayer (ML) after
microwave-assisted Sonogashira coupling. Compared to the initial
0.15 ML of iodide, this amounts to ~90% yield for the reaction.

Conclusions

We have demonstrated that a microwave-assisted surface
Sonogashira coupling reaction can be employed to construct
extended conjugated organic structures on Si(111) surfaces. In
this manner, halide-terminated alkenyl monolayers on silicon can
be systematically functionalized with a wide range of substituted
alkynes, providing an entry point for integrating biosensing with
Si-based electronics.
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