Open Access Article. Published on 06 August 2014. Downloaded on 8/28/2025 9:17:13 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

CrossMark
& click for updates

Cite this: Phys. Chem. Chem. Phys.,
2014, 16, 19258

Received 4th June 2014,
Accepted 17th July 2014

DOI: 10.1039/c4cp02464h

www.rsc.org/pccp

1 Introduction

Controlled amino-functionalization by
electrochemical reduction of bromo and nitro
azobenzene layers bound to Si(111) surfacesf

Daniela Ullien,® Peter C. Thiine,:° Wolter F. Jager,® Ernst J. R. Sudhélter® and
Louis C. P. M. de Smet*®

4-Nitrobenzenediazonium (4-NBD) (4-BBD)
electrochemically onto H-terminated, p-doped silicon (Si) surfaces. Atomic force microscopy (AFM) and

and 4-bromobenzenediazonium salts were grafted
ellipsometry experiments clearly showed layer thicknesses of 2—7 nm, which indicate multilayer forma-
tion. Decreasing the diazonium salt concentration and the reaction time resulted in a smaller layer thick-
ness, but did not prevent the formation of multilayers. It was demonstrated, mainly by X-ray photoelectron
spectroscopy (XPS), that the diazonium salts not only react with the H-terminated Si surface, but also with
electrografted phenyl groups via azo-bond formation. These azo bonds can be electrochemically reduced at
Ereqg = =15V, leading to the corresponding amino groups. This reduction resulted in a modest decrease in
layer thickness, and did not yield monolayers. This indicates that other coupling reactions, notably a biphenyl
coupling, induced by electrochemically produced phenyl radicals, take place as well. In addition to the azo
functionalities, the nitro functionalities in electrografted layers of 4-NBD were independently reduced to
amino functionalities at a lower potential (E,.q = —2.1 V). The presence of amino functionalities on fully
reduced layers, both from 4-NBD- and 4-BBD-modified Si, was shown by the presence of fluorine after
reaction with trifluoroacetic anhydride (TFAA). This study shows that the electrochemical reduction of azo
bonds generates amino functionalities on layers produced by electrografting of aryldiazonium derivatives.
In this way multifunctional layers can be formed by employing functional aryldiazonium salts, which is
believed to be very practical in the fabrication of sensor platforms, including those made of multi-array
silicon nanowires.

chemically attached to an amino-functionalized (sensor) sur-
face via carbodiimide chemistry.>

Proteins, antigens and DNA are the main target molecules for
biosensors. An important aspect in achieving selectivity of such
sensors is the attachment of the appropriate receptor molecules
to the sensing layer. Depending on the field of application and
the type of sensor platform this may require chemical attach-
ment. Amide bond formation is one of the most important
strategies among different approaches for the chemical immo-
bilization of receptors like antibodies or complementary DNA."
For example, receptors carrying a carboxylic acid group can be
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Silicon-based electronic devices have found increasing
importance in sensor development since they can be built
reproducibly at large scales and at low cost, using standard
semiconductor technologies. Moreover, by making use of dif-
ferent doping levels one can tune the semiconducting behavior
of silicon. For example, silicon nanowire-based, field-effect
transistors (SINW FETs) have shown a rapid, label-free, sensi-
tive detection of biological and chemical species.** The surface
modification strategies that have been explored on Si include
silanization and hydrosilylation on oxide or H-terminated Si
surfaces, respectively.>® In this latter reaction, 1-alkenes or
1-alkynes react with Si-H groups at the surface to form Si-C
bonds, which are more stable than the Si-O bonds on silicon
oxide surfaces as these are susceptible towards hydrolysis and
are thermally labile.” In addition, in the case of Si-C bond
formation true monolayers are formed, and the sensing event
(target-analyte interaction) takes place closer to the conducting
surface, which increases the sensitivity of the device.’
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Scheme 1 Schematic representation of the surface etching of Si(111) (step a) and the electrografting of 4-NBD onto the H-terminated Si surface (step b),
forming biphenyl-coupled (box 1) and azo-coupled products (box Il). The dashed lines indicate the further growth of the layers, both via biphenyl
coupling and the formation of azo bonds. For matter of clarity, only one example of each coupling is drawn, but the attached structures can also be
branched and contain both types of coupling. Next, a two-step electroreduction yields amino groups from the azo-bond (oval; step ¢) and from the nitro
groups (step d). The formed amino groups are modified with TFAA, which results in amide formation (step e). The reported voltages represent the minimal
voltages applied during the electrografting (step a) and the electroreduction (steps ¢ and d). All values reported are relative to the standard calomel

electrode (SCE).

An interesting alternative to the hydrosilylation of 1-alkenes
and 1-alkynes on the H-terminated Si surface is the electro-
grafting of aryl diazonium salts onto these surfaces. In this
reaction—which has been reported on carbon and metal sur-
faces as well—the diazonium salt is reduced via the uptake of
an electron from the surface upon which N, is released. Sub-
sequently, two resulting aryl radicals react with the surface, the
first to abstract a hydrogen atom and the second to react with
the thus formed surface radical, to form a stable Si-C bond.?
Very recently, diazonium chemistry has been employed to graft
antibodies targeted against a prostate cancer risk biomarker
onto SiNW surfaces, resulting in resistor-mode biosensors.’ In
contrast to silanization and hydrosilylation, the diazonium
electrochemical reaction allows one to attach organic mole-
cules to specific areas of a surface. For example, adjacent wires
that are part of multi-array devices can be modified with
different functionalities by addressing individual nanowires
electrochemically. Very recently, a novel method for the selective
surface modification of SiNWs with metal particles by nanoscale
Joule heating was demonstrated.’® With light-initiated hydro-
silylation,"" in combination with masking techniques also pat-
terns can be made, but this templating cannot be performed at
nm-level resolution.

Electrochemical grafting of diazonium salts onto carbon
materials,'®> metals'® or semiconductors*® has been known for
more than 20 years."® 4-Nitrobenzenediazonium (4-NBD) was
electrografted for the first time onto oxide-free silicon surfaces
by de Villeneuve in 1997.'* Later, this type of functionalization
was used to obtain aminobenzene-terminated Si surfaces via
the chemical reduction of the nitro groups, enabling the
chemical attachment of amine-terminated, single-stranded

This journal is © the Owner Societies 2014

DNA via glutaraldehyde coupling, making the surface ready
for hybridization experiments.'®

The electrografting of diazonium salts onto carbon, metal
and semiconductor electrodes leads to the formation of layers that
are thicker than one monolayer.>'”"*® Biphenyl coupling and the
formation of azo bonds are common side reactions that have been
demonstrated on Si(111) surfaces, metals and C-electrodes."®
X-Ray photoelectron spectroscopy (XPS) studies of the Ny
emission clearly indicate the presence of azo bonds,"®*° which
point to the formation of phenyldiazene (‘azo’) structures.
Recently, the electrochemical reduction of azo bonds to amines
was demonstrated for electrografted layers on gold.”!

Herein we describe the electrografting of 4-bromobenzene-
diazonium (4-BBD) and 4-NBD onto H-terminated Si(111) sur-
faces and the independent electrochemical reduction of azo
bonds that are present in these layers (Schemes 1 and 2). This
methodology enables the fabrication of surfaces with amino
functionalities in addition to the substituents at the 4-position
of the benzenediazonium compound that was grafted onto the
surface. We demonstrated the utility of the electrochemically
generated amino functionalities by the reaction with trifluoro-
acetic anhydride.

2 Experimental section
2.1 Materials and reagents

4-Nitro and 4-bromobenzenediazonium tetrafluoroborate, sul-
furic acid, and acetonitrile (ACN, HPLC grade, >99.9%) were
purchased from Sigma-Aldrich. Ammonium fluoride, tetra-
butylammonium tetrafluoroborate ((Bu,N)BF,) and trifluoroacetic
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Scheme 2 Schematic representation of the electrochemical reduction of 4-BBD-modified Si(111) surfaces (step a), followed by the functionalization of
the resulting amino groups (step b). Boxes | and |l represent the biphenyl and azo-coupled products, respectively. The oval highlights the amino
functionality obtained from the electrochemical reduction of the azo bond. All values reported are relative to the standard calomel electrode (SCE).

anhydride (TFAA) were purchased from Fluka. All chemicals were
used as received. All aqueous solutions were prepared in MilliQ
water (resistivity > 10 MQ). Boron-doped (0.001-0.005 Q cm ")
silicon (Si) (111) wafers, with a thickness of 500-550 pum and
covered with native oxide, were obtained from Siltronix.

2.2 Electrochemical equipment

All 3-electrode electrochemical reactions were performed using
a CH Instruments potentiostat (model CHI600D) equipped with
a picoamp booster with Faraday cage (model CHI200B). In this
configuration, Si(111) samples were used as the working elec-
trodes (WE) and mounted in a home-made Teflon cell with a
Viton O-ring with an area of 0.25 cm?. The back contact (BC)
was achieved via scratching InGa eutectic on the back side of
the Si sample. A Pt wire and a standard calomel electrode (SCE)
were used as a counter electrode (CE) and reference electrode
(RE), respectively.

2.3 Sample treatment

Cleaning and etching of the surface (Scheme 1, step a).
Si dies of ~1 cm X ~1 cm were cleaned in acetone and water
according to manufacturer’s specifications to remove the poly-
mer coating preventing silicon chips from contaminants, fol-
lowed by drying in a stream of nitrogen. The following steps
were performed after the sample was mounted in the O-ring cell
(see Section 2.2). Etching was performed in 40% NH,F (aq) for
15 minutes to prepare a H-terminated Si surface. The etching
solvent was removed via a decanting step, which was followed
by a rinsing step with MilliQ water and a drying step using a
stream of nitrogen.

Electrografting (Scheme 1, step b). A solution of 2.5 mM of
diazonium salt in 25 mM (BuyN)BF, in ACN was added to the
cell and electrografting experiments were carried out by apply-
ing a voltage scan from 0.20 V to —0.60 V at 0.05 Vs~ * (step b in
Scheme 1). Afterwards, the samples were rinsed with ACN,
ethanol, and water prior to analyses or further modification.
In the experiments described in Section 3.1 three different
concentrations of 4-BBD were used (0.025, 0.25 and 2.5 mM)
and also different electrografting times have been used (5, 20
and 200 s). The samples described in Section 3.2 were treated as
described above using 2.5 mM diazonium salt and 200 s of
electrografting time. Samples modified with 4-NBD and 4-BBD

19260 | Phys. Chem. Chem. Phys., 2014, 16, 19258-19265

without any post-treatment steps are referred to as 4-NBD- and
4-BBD-modified Si samples, respectively.

Electroreduction (Scheme 1, steps ¢ and d; Scheme 2, step a).
Further electroreduction of the resulting samples was performed in
25 mM (Bu,N)BF, in ACN by applying a voltage scan from —0.60 to
—1.5 0r —2.2 Vat 0.05 Vs~ *. Subsequently, the samples were cleaned
with ACN, ethanol, water and dried with a stream of dry nitrogen gas.

Reaction with TFAA (Scheme 1, step e; Scheme 2, step b).
A solution of 30 uL of TFAA in 1 ml of toluene was allowed to
react with the electrochemically reduced samples for 2 h at room
temperature. Then the samples were washed with toluene,
ethanol and water and dried with a stream of dry nitrogen gas.

2.4 XPS

The XPS measurements were carried out on a Thermo Fisher
Scientific, K Alpha model, equipped with a monochromatic Al
Ko X-ray source. XPS measurements were taken in normal
emission with a spot size of 400 pm at a pressure of 10~ ° mbar.
During all XPS measurements the flood gun was enabled to
compensate for the potential charging of surfaces. The spectra
were analyzed using Avantage processing software.

2.5 Atomic force microscopy (AFM)

The AFM experiments were carried out in air using an NTEGRA
AFM (NT-MDT) equipped with an NSG30 series silicon tip
(resonance frequency 240-440 kHz, force constant 22-100 N m™ ).
First, height images were collected in the tapping mode. Then the
scratching mode was applied to remove the soft, grafted layers,
followed by a tapping-mode measurement again. The thickness
of the removed layer was determined by comparing the profile
heights between scratched and unscratched areas (3 samples
per modification condition).

2.6 Ellipsometry

Ellipsometry measurements were performed using an M-2000F
spectroscopic ellipsometer (J. A. Woollam Co., Inc), equipped with
a 75 W Xe arc light source. The experiments were performed at
an incident angle of 70°. The optical thickness was determined
using a standard model available in the CompleteEase software,
i.e. Siwith a transparent film on top of it. This model makes use
of the optical parameters for Si as reported by Herzinger et al.,”*
while for the transparent film (modelled as a Cauchy film) the
following values have been used: n = 1.5 and & = 0.

This journal is © the Owner Societies 2014
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3 Results and discussion
3.1 Electrografting onto H-terminated Si(111)

4-NBD and 4-BBD were electrografted onto H-terminated
Si(111) electrodes. Fig. 1a presents the typical Cyclic Voltam-
metry (CV) results. Grafting of 4-NBD and 4-BBD takes place at
—0.18 V and —0.52 V vs. SCE, respectively (Fig. 1a, cycle i). The
major contribution to the different electrografting potentials is
the difference in the nature of the functional group of the
diazonium salt: stronger electron withdrawing groups like nitro
groups facilitate the reduction. When the samples were exposed
to a subsequent second cycle under the same conditions, no
electroreduction peaks were observed (Fig. 1a, cycle ii). This
suggests that no electrografting of diazonium takes place after
the first CV cycle, which is in line with reports from others.™
The electrografting of the 4-substituted benzenediazonium
salts onto Si was monitored by XPS, concentrating mainly on
the N;¢ region spectra. The N;; binding energies of the
[CeH5(N,)]BF, salt are reported to be 405.1 eV and 403.8 eV.>
After the grafting of 4-NBD onto Si the Ny region spectrum
shows three contributions at ~400 eV, ~402 eV and ~406 eV
(Fig. 1b, blue circles). The major peak near 406 eV is attributed
to the NO, functionality of 4-nitrobenzene grafted onto Si. The
minor peak near 402 eV is assigned to the tetrabutylammonium
(TBA") cation used in the procedure.>* The peak near 400 €V is

a) i
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Fig. 1 (a) CV data on the electrografting of 4-NBD (blue solid) and 4-BBD
(red dashed) in ACN onto H-terminated Si(111), where i and ii refer to the
cycle number, and (b) XPS Ny region spectra of 4-NBD- and 4-BBD
modified Si(111) (blue and red, respectively). The dashed line represents the
baseline, the deconvoluted peaks are given in grey solid lines and the black
solid line represents the envelop.
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attributed to the azo group (-N=N-)* which is formed in a
subsequent electrophilic aromatic substitution reaction of aryl-
diazonium ions with already grafted aryl moieties on the sur-
face.’ In the literature multiple assignments for the 400 eV
peak have been given. It is mainly referred to as the ‘reduced
form of nitrogen’, or even to the amino groups that are formed
upon the reduction of the nitro group during the electrograft-
ing procedure.'****¢ Depending on the intensity of the X-ray
source, the exposure time and likely also the photon energy,
photoreduction of the nitro groups to amino groups can take
place during XPS analysis.>” We verified the Ny, signal under
our experimental conditions and no detectable change was
found (time-resolved data are provided in Fig. A1 of the ESIf).
Although the XPS peak of 4-aminobenzene appears at around
400 eV, we have demonstrated that the reduction of nitro
groups in ACN takes place at a more negative potential so that
no amino groups are present at this stage, vide infra. Moreover,
this peak is also present when 4-BBD is used, albeit at slightly
lower binding energy (Fig. 1b, red circles, 399.5 eV). This lower
electron binding energy may be due to the difference in electron
withdrawing properties of Br versus NO,. In the case of Br the
electron-withdrawing effect is smaller, making it easier to emit
Ny, electrons, which results in a lower binding energy.

Since the 400 eV peak indeed reflects the presence of azo
bonds, the Ny, region spectrum of grafted 4-BBD can be used to
calculate the amount of azo bonds present in the grafted layer.
Typical XPS results obtained under standard electrografting
conditions of 2.5 mM aryldiazonium salt and 200 s of reaction
time showed 24% Si, 56% C, 5.3% Br and 1.3% N,oo. The
averaged ratio No0/Br (measured for 5 samples under the same
electrografting conditions) was found to be 0.24 + 0.08, ie.
24 nitrogen atoms per 100 bromide atoms. Based on the structure
depicted in Scheme 2, this means that on average 24% of all aryl
groups present in 4-BBD-modified Si are attached via an azo bond.

In this work we performed experiments using different diazo-
nium salt concentrations and electrografting reaction times and
analyzed the thickness of the resulting layers with ellipsometry
and AFM (Fig. 2). The measurement of the layer thickness with
AFM is possible by comparing the profile height of scratched
vs. unscratched surfaces as described in Section 2.5.

The layer thickness data obtained from AFM and ellipsometry
measurements correlate well. The data show that the thickness of
the grafted material decreases with a decrease in the electrografting
time. Under the conditions used by us we could not reduce the
thickness to a sub-nanometer monolayer level, even by decreasing
the concentration 100 times. Even for concentrations as low as
0.025 mM of 4-BBD, the observed layer thickness corresponds to 3 to
4 phenyl groups. The time-dependent results suggest that the
grafting is not specific, ie. before all possible Si-H sites are
occupied, side reactions—biphenyl and azo coupling—already occur
(boxes I and II in Schemes 1 and 2, respectively). In the next section
we describe the results of the electroreduction of the azo bonds.

3.2 Electroreduction of grafted layers

After electrografting, the samples were immersed in ACN and
exposed to a second CV cycle, during which a more negative

Phys. Chem. Chem. Phys., 2014, 16, 19258-19265 | 19261
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Fig. 2 Concentration- and time-dependent data on the layer thickness
from ellipsometric and AFM analysis of BBD-modified Si. In the cases of 5,
20 and 200 s time of CV cycle, 2.5 mM of 4-BBD was used. In the cases of
0.25 and 0.025 mM of 4-BBD, 200 s of electrografting time was applied.
The ‘reduced’ sample shows the thickness after electroreduction, step a in
Scheme 2 of the 2.5 mM 4-BBD for 200 s of electrografting.

potential was applied down to —2.2 V (Fig. 3). The overall
reduction is irreversible. In the reduction of 4-NBD grafted
layers (Fig. 3, blue solid line) peaks are observed at —1.5 V and
—2.1 V. In the case of 4-BBD (Fig. 3, red dashed line) one peak at
—1.65 V is observed. It is proposed from these observations to
attribute the peak at —1.5/—1.65 V to the reduction of the azo
linkage, and the peak at —2.1 V to the reduction of the nitro
substituent to an amino group. The small difference in the
reduction peak of the azo bonds in the 4-nitro and 4-bromo
substituted molecules can be understood from the higher
electron affinity originating from the nitro group. The thickness
of the grafted layers has decreased after the reduction (Fig. 2).
For example, with AFM we measured the average thickness of
grafted layers of 7.0 + 0.4 nm, and after the electroreduction
the average layer thickness was 5.3 & 0.3 nm, i.e. a reduction of
25%. Upon electroreduction the rms roughness value increased
from 1.1 nm to 1.5 nm for a 1 x 1 um? scan (ESI,} Fig. A2).
The electrochemical activity of the azo groups is thought to
depend strongly on the layer structure and density. Previous
studies of self-assembled monolayers of azobenzenethiols on
gold®® and nitroazobenzene films on carbon'® suggest that

1,8
1,4
< NO,-Ph-Si
T 1,0 (solid)
Z ’
- 2
§ 0,6 %
=
S A
© o2 - Br-Ph-Si
------- (dashed)
0,2 . . . . .

0,6 0,8 1,0 1,2 1,4 1,6 1,8 2,0 2,2
Potential / V vs. SCE

Fig. 3 Electroreduction of electrografted layers on silicon (111) prepared
from 4-NBD (blue solid) and 4-BBD (red dashed).
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densely packed layers severely inhibit the ion penetration into
the layers and, in turn, reduce the accessibility of the azo groups,
making them less electro-active. Our work on azobenzenes on Si
and a recent study of Jung et al.*' on azobenzenethiols on gold
show the possibility of electrochemical cleavage of azo groups
that are present in films, most likely due to a lower layer packing.

By comparing the surface areas of the peaks in Fig. 3 one can
estimate the percentage of the azo-bond formation. The ratio
between the surface area of the peak of the NO, to NH,
reduction and the one of the azo-bond cleavage is ~7. Taking
into account that the azo-bond and nitro reduction require
4 and 6 electrons,”>*® respectively, the extent of azo-bond
formation is 22%, assuming that both reduction processes
are complete. This number is similar to the one obtained by
the XPS results on 4-BBD, showing that 24% of the bromo-
benzene is attached via an azo bond.

Electrografted Si samples that were exposed to subsequent
reduction cycles to reduce the nitro and azo groups were also
analyzed by XPS. Fig. 4a shows the typical Brsq4 region spectra of
4-BBD-modified silicon samples. Upon reduction down to
—2.2 V the intensity of the Bryy XPS peak decreases, which
indicates that Br-substituted aryl derivatives are released from
the surface. The average degree of Br reduction was found to be
43% (ESL, 1 Fig. A3). This decrease is attributed to the azo-bond
reduction in the thin films of 4-BBD-modified Si samples.

While only ~25% of the linkages are azo bonds, up to 40%
of the material is lost upon the electrochemical reduction. This
may indicate that—on average—the azo bonds are closer to the
surface than the biphenyl bonds. Another peculiar observation
is that the 40% loss of the layer material results in a layer
thickness reduction of only ~25%. Presumably the layer is
rather rigid as for fluid materials the layer thickness would be
proportional to the amount of deposited material as the layer is
expected to collapse in that case.

The XPS results of 4-NBD-modified samples are presented in
Fig. 4b. As discussed in Section 3.1 the peak near 406 eV is
attributed to the nitro group and the 400 eV peak is attributed
to the azo and amino groups. For the electrografted nitroben-
zene that was not further reduced (Fig. 4b, red) the Ny peak
ratio of 406 eV/400 eV was found to be ~0.72. During the CV
cycle down to —2.2 V (Fig. 4b, orange) we expect both reduc-
tions, i.e. azo to amino and nitro to amino, to happen. After this
cycle the 406 eV/400 eV ratio was found to be ~0.09. The
decrease of the NO, peak is a signal for the loss of the NO,-
substituted aryl derivatives like in the case of 4-BBD-modified Si
and also an indication for the transformation of the nitro
group. The NO, signal does not disappear completely. Appar-
ently a small amount of these groups—which may be connected
to the surface via biphenyl coupling (Scheme 1, box I)—is not
easily reduced.

Fig. 4b also shows the results of the electroreduction of
the 4-NBD-modified Si in the range between —0.6 and —1.5V
vs. SCE (blue), thus only the reduction of the azo units and no
reduction of the nitro groups. First it is noted that the
intensity of the 406 eV (NO,) peak is higher compared to
the one obtained after the reduction in the range between

This journal is © the Owner Societies 2014
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Fig. 4 (a) Brsg region spectra of 4-BBD-modified Si (red) and after the
reduction down to —2.2 V (blue). The spectrum of the unmodified surface
is also given (ref, green), (b) N5 region spectra of the unmodified surface
(ref, green), 4-NBD-modified Si (red), after the reduction down to —1.5 V
(blue) and —2.2 V (orange).

—0.6 and —2.2 eV vs. SCE. The peak ratio of 406 eV/400 eV
in this case was found to be ~0.47 (Fig. 4b, blue). This value
is in between the results obtained for the non-reduced and
fully reduced 4-NBD-modified Si surface. Some of the origin-
ally present NO, groups that were connected to the surface
via the azo bond are lost upon the reduction to —1.5 V. As
shown by the XPS data the grafted layer still does contain NO,
groups, which have not been reduced yet to amines. This
is because the potential for the NO, to NH, reduction (i.e.
—2.1 V) was not applied yet. In acetonitrile the two processes,
the reduction of azo bonds and the nitro to amino conversion,
can be separated. This confirms the earlier proposition that
the two different types of reduction take place at different
voltages.

Electrochemical analysis and XPS show that the reduction of
nitro to amino groups and the azo cleavage can also occur in
aprotic media such as ACN. These processes can only take place
in the presence of protons. This may be explained by small
amounts of water, possibly present in the ACN as well as in the
hydration layer of the grafted layers, which is sufficient to
supply this demand for protons.

3.3 Functionalization of the reduced layers

The reduced layers were functionalized by reaction with TFAA,
yielding amides. Fig. 5 summarizes typical XPS data on the
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TFAA modification of different samples. In Fig. 5a we compare
three samples treated with TFAA: 4-NBD- and 4-BBD-modified
Si samples—which were further reduced in a voltage range of
—0.6 to —2.2 V vs. SCE (red and blue, respectively)—and as a
reference sample, 4-BBD-modified Si that was not further
electroreduced (green). The F;; region spectra show signifi-
cantly larger amounts of organic fluorine at 688 eV for the
electroreduced samples treated with TFAA (red and blue circles)
compared to the reference sample, which shows a peak at
686 eV (green). The last peak can be attributed to inorganic
fluorine and indicated the presence of the tetrafluoroborate ion
(BF, ) used in the procedure. In the red and blue plots this
peak appears as a shoulder of the larger peak at 688 eV.
The successful amide formation can also be seen by closely
examining the C;g region spectrum (Fig. 5b), since carbon
bound to elements with increased electronegativity like fluorine
will give signals at increased binding energies. In more detail,
the C;5 region of the electroreduced 4-NBD Si sample treated
with TFAA shows two C;s peaks at high bonding energies
referred to as C-F; and (C—O)CF; (Fig. 5b, peaks D and C,
respectively).>® It is noticed that the ratio of the these two peak

a)
IGOOO Counts /s NO,-Ph-Si
ref
696 694 692 690 688 686 684 682
Binding Energy (eV)
b) A
20000 Counts / s
296 294 292 290 288 286 284 282 280
Binding Energy (eV)
Fig. 5 (a) Fis region spectra of electrografted and electroreduced nitro-

benzene (red) and bromobenzene (blue) on Si samples (down to —2.2 V)
and a bromobenzene electrografted, but not reduced Si sample (ref,
green, down to —0.6 V). All samples were treated with TFAA; (b) Cys region
spectrum of an electrografted nitrobenzene on a Si sample down to
—22V, followed by the treatment with TFAA. Peak A refers to C-H/
C-C, B to C-N, C to (C=O0)CF3 and peak D to C-Fs. The dashed line
represents the baseline, the deconvoluted peaks are given in grey solid
lines and the black solid line represents the envelop.
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areas is not 1:1, which we contribute to small amounts of
sample contamination before any aryldiazonium treatment
(data not shown).

The presence of a certain amount of TFA groups on the
treated 4-BBD-modified Si sample can be rationalized by for-
mation of amino groups as a result of the azo-bond electro-
reduction at voltages around —1.5 V vs. SCE. Since both the
nitro and azo groups were reduced to amines in the case of
4-NBD-modified samples (Scheme 1, steps c and d), the amount
of amino groups per attached aryl derivative is higher as
compared to 4-BBD-modified samples, which is also observed
by XPS as presented in Fig. 5a.

4 Conclusions

The diazonium salts 4-NBD and 4-BBD were electrografted onto
H-terminated Si(111) at voltages of —0.18 and —0.52 V vs. SCE,
respectively. The electrografting reaction is not specific, ie.
only forming Si-C bonds, and does not stop at the monolayer
coverage. Instead, layers of 2-7 nm thickness are obtained.
The layer thickness increases with an increase in reaction time,
but hardly with an increase in aryldiazonium concentration.
For both diazonium salts it was concluded that 22-24% of the
aryl moieties are connected to the surface by azo-linkers.
Electroreduction at potentials that were more negative than
the grafting potential reduced the azo units to amino groups.
The required potentials were —1.5 and —1.65 V vs. SCE for
4-NBD and 4-BBD-modified Si, respectively. The reduction of
the azo bonds leads to slightly thinner layers, due to scission.
Monolayers, however, are not obtained due to the presence of
the biphenyl bonds that are not susceptible to electroreduction.
The nitro groups present in 4-NBD-modified Si have been
reduced to amino groups at about —2.1 V vs. SCE. Since the
azo groups can be reduced to amino groups, it is concluded
that amino-functionalized surfaces can be obtained from elec-
trografting of non-nitro containing aryldiazonium ions. The
presence of reactive amino functionalities after electroreduc-
tion of the azo units was proven by the formation of amide
bonds by reaction with TFAA.

Our research demonstrates that multifunctional organic
layers on Si surfaces can be formed by a straightforward and
well-controlled electrochemical process. When applied to sili-
con nanowires that are part of multi-array devices, amino
functionalities can be formed and functionalized individually.
This would result in easy fabrication of arrays with different
functionalities on the individual nanowires. In the case of BBD,
multifunctionality on a single nanowire can be achieved. The
aryl bromine can participate in reactions such as Suzuki or
Sonogashira coupling, while the azo-derived amino function-
ality can be used in the formation of imines or amides.

Current research in our laboratory is directed towards the
implementation of the described electrochemistry for the inde-
pendent modification of SINWs that are part of an array sensor
platform.
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