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ABSTRACT: Thiols and disulfides contacts have been, for decades, key for connecting organic molecules to surfaces and nanoclus-
ters as they form self-assembled monolayers (SAMs) on metals such as gold (Au) under mild conditions. In contrast, they have not
been similarly deployed on Si owing to the harsh conditions required for monolayers formation. Here, we show that SAMs can be
simply formed by dipping Si—H surfaces into dilute solutions of organic molecules or proteins comprising disulfide bonds. We
demonstrate that S—S bonds can be spontaneously reduced on Si—H, forming covalent Si—S bonds in the presence of traces of water,
and that this grafting can be catalyzed by electrochemical potential. Cyclic disulfide can be spontaneously reduced to form complete
monolayers in 1 hour and the reduction can be catalyzed electrochemically to form full surface coverages within 15 minutes. In
contrast, the kinetics of SAM formation of the cyclic disulfide molecule on Au was found to be three folds slower than that on Si. It
is also demonstrated that dilute thiol solutions can form monolayers on Si—H following oxidation to disulfides under ambient condi-
tions; the supply of too much oxygen, however, inhibits SAM formation. The electron-transfer kinetics of the Si—S enabled SAMs on
Si—H is comparable to that on Au SAMs, suggesting that Si—S contacts are electrically transmissive. We further demonstrate the
prospective of this spontaneous disulfide reduction by forming a monolayer of protein azurin on a Si—H surface within 1 hour. The
direct reduction of disulfides on Si electrodes opens new capabilities for a range of fields, including molecular electronics, for which
highly conducting SAM—electrode contacts are necessary, and for emerging fields such as bio-molecular electronics as disulfide
linkages could be exploited to wire proteins between Si electrodes, within context of the current Si-based technologies.

1. INTRODUCTION

Silicon-based technology has been the corner stone of the
electronics industries, owing to its fabrication feasibility, low
cost and abundance in nature.!”* Parallel to this progress, mo-
lecular electronics has been developed and it is anticipated that
future electronics will involve the use of molecules as active
components. The development of molecular and Si electronics
technologies suggest that the time has come to integrate the
electrical properties of semiconductors with the chemical diver-
sity of organic molecules to unlock powerful and miniaturized
electronic components.*® The outcomes have the potential to
revolutionize the Si-based electronics sector, through creating
unprecedented capacity for miniaturization and integration of
new device properties — the properties of organic molecules.

One of the challenges in Si-based molecular electronics is that

the naturally grown oxide layer on the surface of crystalline Si
produces insulating properties that shadow its semiconducting

properties.” '° Therefore, Si wafers require etching of the native
oxide layer to expose conductive Si—H surfaces, which then
must be protected by chemical modification to prevent re-oxi-
dation.* "' Such processing is intrinsically more complicated
than thin film modification of metal surfaces such as Au, pro-
cesses that have dominated the field of molecular electronics'®
4 and many other applications.!>!® Although the formation of
thiol-based self-assembled monolayers (SAMs) on Au is simple
and involves spontaneous self-assembly,?* 2! 22 these monolay-
ers show limited mechanical stability and can adopt a very wide
range of structural motifs owing to the dominant van der Waals
characteristics of surface Au—S bonding.?*-%

Formation of SAMs on Si—H surfaces utilizing Si—C bonding
is established as an alternative that can deliver chemically and
thermally stable organic molecular films.'" %32 Most hydrosi-
lylation protocols for the formation of covalent Si—C bonding
on Si—H require a radical initiators obtained using UV radia-
tion,> 34 visible light,* heat,’*® or chemical reagents.3% 34!



These protocols produce high quality monolayers on Si sur-
faces.’® 445 Here, we explore alternative chemistries to func-
tionalize Si surfaces, and turn our attention to the Si—S contact.
As an indication of its potential, Si—S bonds have a high disso-
ciation energy (619 kJ mol™) compared to Au—S (418 kJ mol™)
and Si—C (450 kJ mol™") contacts.?3!

Alkyl thiol monolayers have been assembled on Si—H only
with the assistance of external stimuli such as UV light*6*? or
by implementing a tailored experimental set-ups such as using
ultra-high vacuum® or continuous flow of supercritical carbon
dioxide(SCCO,).>* The mechanism of forming sulfur-based
SAMs on Si—H has been demonstrated to involve a radical
chain reaction. Buriak et al*’ demonstrated that a radical initia-
tor such as diazonium salts is required to generate a silyl radical
Si® that initiates a radical chain reaction forming a Si—S based
SAM. Also, Sugimura and co-workers*® have shown that
Si(111)—H surface heated in a high boiling point solvent re-
sulted in forming a Si—S bonded SAMs through initiating Si®
radicals on Si—H surface and propagating thorough a radical
chain. In a previous report, we demonstrated that solutions of
straight-chain alkyl thiols, exposed to air during the grafting,
forms dense monolayers on Si.* These results were interpreted
in terms of the reaction of thiols RSH with dissolved oxygen to
form disulfides (RSSR) that would be in equilibrium with trace
amounts of thiyl radicals (RS®) in solution. Calculations using
density functional theory (DFT) were used to predict that the
thiyl radical intermediates could barrierlessly abstract a Si—H
hydrogen to form a surface radical that could then participate in
a free-radical polymerization reaction with solution alkyl thiols
to form SAMs under ambient conditions.

Previous investigations of the reduction of disulfides in solu-
tion demonstrated that cyclic disulfides are highly prone to re-
duction, and thus they are easily reduced in solution as com-
pared to linear disulfides.*

These properties established five-membered ring disulfides,
such as alpha lipoic acid, as antioxidants and radical scavengers
in biological systems.*! 5

(a) Molecules

In this work, we investigate the reaction of Si—H with disul-
fides to form SAMs, and the dependence of conversion of the
linear alkyl thiol into disulfides on oxygen exposure, with con-
trolled oxygen being reasoned to lead to significant conversion
of thiol to disulfide in solution — can disulfides react directly to
contribute to SAM formation? We also ask the question as to
whether proteins comprising disulfide bonds can be covalently
connected to Si electrodes spontaneously. Returning to the gold
analogy, we note that disulfides also form SAMs on Au, first
through strong physisorption and then by chemisorption follow-
ing S-S homolytic bond cleavage,” 2* 37 both under ambient
conditions®® *° and under electrochemical control.*® It is mostly
agreed that disulfides are physisorbed first then undergo hemo-
lytic cleavage on Au surfaces forming Au—S bonds.®! However
on Si, there is no evidence of strong physisorption of sulfur con-
taining compounds.

Here, we demonstrate the formation of monolayers using di-
sulfide containing molecules (1 and 2) utilizing 1,2-dithiolane-
3-pentanoic acid (known as alpha lipoic acid), see Figure 1. We
assess the kinetics of the spontaneous reduction of the disulfide
bond and investigate the reaction catalysis electrochemically.
We further demonstrate that alkyl thiols (3) that are first con-
verted to disulfides, can form SAMs on Si—H significantly
faster than freshly prepared solutions. In addition, we investi-
gate the experimental conditions needed to convert thiols to di-
sulfides to facilitate a rapid SAM formation on Si—H and inves-
tigate the covalent attachment of the protein azurin (4) via its
sulfide moieties. The SAMs are characterized by X-ray photo-
electron spectroscopy (XPS), X-ray reflectometry (XRR) and
atomic force microscopy (AFM) to determine the structure of
the monolayers, and electrochemically to determine the electron
transfer kinetics and the molecular coverages on both Si and Au
electrodes.

(b) SAM formation methods

Si(111)

Figure 1. (a) Structures of the molecules studied. (b) Schematic illustration of the grafting process on Si(111)—H electrodes. (i) Cleaning
Si wafers with piranha solution (3:1 (v:v)) mixture of concentrated sulfuric acid and 30% hydrogen peroxide, respectively), then etched
with 40% NH4F to form Si—H surfaces. Molecules 1-4 are grafted by spontaneous (ii) or electrochemical grafting (iii). 4 represents the
protein azurin with a disulfide (yellow dots) at one end and the copper centre (blue dot) impeded inside the protein matrix at the opposite

end.



2. MATERIALS AND METHODS

2.1 Chemicals and Reagents. All chemicals used were of ana-
lytical grade from Sigma Aldrich, unless otherwise stated, and
were used without any further purification. Sulfuric acid (Pura-
nal TM, 95-97%), hydrogen peroxide (30 wt. % in water) used
piranha treatments step were of semiconductor grades from
Sigma Aldrich. Ammonium fluoride (Puranal TM, 40 wt. % in
water) used in Si etching step was bought from Sigma Aldrich
as well. (+)-a-Lipoic acid > 98.0 %, ferrocenemethanol 97%,
N,N'-dicyclohexycarbodiimide (DCC) 99% and N,N-dime-
thylpyridin-4-amine (DMAP) > 99% were obtained from Sigma
Aldrich and used as received. The dichloromethane (DCM), ac-
etonitrile (ACN), isopropyl alcohol, and ethanol solvents were
purified by distillation before use. Glacial acetic acid, > 99.85
%, used in preparing the SAMs, was purchased from Sigma Al-
drich. Silicon wafers were purchased from Siltronix, S.A.S.
(Archamps, France). The P-type silicon was boron highly
doped, with resistivity ca. 0.007 Q cm or 10 Q cm (for low
doped), and wafer thickness of 500 + 25 pum oriented £ 0.5°
away from (111) plane. N-type silicon was phosphorous doped
with resistivity of 0.001 Q cm (for highly doped). Tetrabu-
tylammonium hexafluorophosphate 98%, used in electrochem-
ical reduction, was purchased from Sigma Aldrich. Milli-Q wa-
ter (>18 MQ cm) was used for all the cleaning procedures and
the electrolytes preparation. The protein azurin from Pseudo-
monas aeruginosa, lyophilized powder, was bought from Sigma
Aldrich.

2.2 Chemical synthesis of 2. Molecule 2 was synthesized using
DCC/DMAP coupling, using a reaction adopted from Limoges
and co-workers.%? Briefly, to a solution of (+)-a-Lipoic acid
(247 mg, 1 mmol) in dry CH>Cl, (40 mL) was added ferro-
cenemethanol (216 mg, 1.2 mmol) and DMAP (40 mg, 0.35
mmol). The mixture was then stirred at room temperature for
30 min and then cooled down to 0 °C. A solution of N,N’-dicy-
clohexycarbodiimide (DCC) (0.226 mg, 1.2 mmol) in CH>Cl,
was then slowly added. The solution was stirred at room tem-
perature for 24 h. The organic phase was then filtered, dried in
a rotary evaporator, and the crude product was purified using
hexane: ethyl acetate (8:2) solvent mixture running through a
silica gel column. The retention factor (Rf) of ferrocenemetha-
nol (on silica TLC) was about 0.1, the alpha lipoic acid, 1, stays
at the baseline, and the product moves with an Rf of ~0.7.

2.3 Preparation of Si—H electrodes and disulfide molecules
SAMs. Si electrodes were prepared by cutting the wafers into
pieces (approximately 1x1 cm?), then treated with piranha so-
lution (a 3:1 (v:v)) mixture of concentrated sulfuric acid and
30% hydrogen peroxide, respectively) at 130 °C for 30 minutes.
After piranha cleaning, the Si electrodes were rinsed with water
and etched with a deoxygenated 40% aqueous ammonium flu-
oride solution, containing traces of sodium sulphite scavenger,
for 13 minutes. For spontaneous grafting, the freshly etched
Si—H electrodes were dipped in a 5 mM solution of 1, 2 or 3
dissolved in acetonitrile (ACN) for 1 hour to allow spontaneous
formation of the SAMs (Note: 3 was prepared then left for 24
hours at ambient conditions before grafting). For electrochemi-
cal grafting, 5 mM of 1 or 2 was dissolved in ACN containing
0.1 M tetrabutylammonium hexafluorophosphate (NBus PFe) .
A potential of —0.8 V versus an Ag/AgCl reference electrode
was then applied, for 15 minutes, to the Si—H electrode as the
working electrode, immersed in ACN solution containing the
electrolyte salt (NBus PFe) . After either spontaneous or elec-
trochemical SAM grafting, the electrodes were washed using

DCM, followed by drying under a stream of Ar gas before fur-
ther analysis.

2.4 Preparation of azurin protein monolayer on Si. The
freshly etched Si—H surface was covered with a droplet of 100
mM ammonium acetate of pH 4.6 containing the protein azurin
(200 pM) for 1 hour, then washed thoroughly with the buffer
solution and water before measurement.

2.5 Electrochemical Measurements. All electrochemical
measurements were performed with a CHI650 (CH Instru-
ments, USA) electrochemical workstation, using a conventional
three-electrode system. Cyclic voltammetry measurements and
square wave voltammetry were carried out in 1 M NaClOy so-
lution.

2.6 Atomic Force Microscopy imaging. AFM topography im-
ages were acquired using a Bruker dimension microscope, op-
erating in tapping mode. All images were recorded using silicon
nitride cantilevers (TESPA from Bruker, with a spring constant
of 20 N m-1) at room temperature, in air.

2.7 X-ray photoelectron spectroscopy (XPS) analysis. XPS
measurements were performed on a Kratos Axis Ultra DLD
spectrometer, using a monochromatic Al-Ka (1486.6 eV) irra-
diation source operating at 150 W. Spectra of Si 2p (90-110
eV), C 1s (277-300 eV), and S 2p (163—164 eV) were taken in
normal emission at or below 7 x 10-9 Torr. Data files were pro-
cessed using CasaXPS© software, and the reported XPS ener-
gies are binding energies expressed in eV. After background
subtraction (Shirley), spectra were fitted with Voigt functions.
To correct for energy shifts caused by adventitious charging, all
peak energies were corrected with a rigid shift to bring the C 1s
emission to 284.8 eV.

2.8 XRR analysis. A Panalytical Ltd X'Pert Pro was used to
record X-ray reflectometry (XRR) at the solid-air interface with
a tube source (Cu Ko radiation, A = 1.54 A). The X-ray beam
was focused using a Gobel mirror and collimated using fixed
slits of 0.1 mm.

3. RESULTS AND DISCUSSION

As detailed, in Methods, SAMs of 1-4 on p-type highly
doped Si(111)—H are produced and characterized. Two differ-
ent formation processes are used for 1 and 2 from acetonitrile
solution: spontaneous grafting achieved at open circuit potential
in ambient conditions, and electrochemical grafting achieved by
applying an electrochemical potential, which catalyzed the re-
action enabling the SAM formation to proceed to completion in
a relatively shorter time. SAMs of 3 are grown, after air expo-
sure for 24 hours, spontaneously similar to 2.

3.1 Si—S covalent bonding. Detailed XPS characterization was
performed to determine the chemical bonding of the Si—S-based
monolayers on Si electrodes. The results indicate that SAMs of
1 and 2 on Si—H were successfully formed. Figure 2 shows re-
sults obtained for SAMs of 1 formed spontaneously under am-
bient conditions. The survey spectrum shown in Figure 2a indi-
cates the presence of the atomic components of 1: C, S and O
atoms. Elemental analysis for the XPS survey spectrum (Figure
2a inset) shows that the atomic ratios C: O is 4:1, reflecting
comparable theoretical elemental compositions of molecule 1
(CsH140:8S,). The S 2p spectral envelope can be fitted in terms
of three components, as shown in Figure 2b. Two components,
centred at 163.1 eV and 164.28 eV, have an apparent 2:1 height
ratio, similar width, and a splitting of 1.18 €V, consistent®® with
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Figure 2. XPS analysis for a SAM of 1 formed by spontaneous
grafting on p-type highly doped Si(111)—H. a) Survey spectrum
showing the elemental analysis of the SAM on the Si surface, re-
flecting the C, S and O atomic ratios as expected from the chemical
composition of molecule 1 (Inset table). b) S 2p envelope, with an
emission between 161 and 166 eV characteristic of covalent Si—S
bonding, with the doublet centred at 163.1 eV assigned to the
bound thiolate (marked with blue lines) and the red marks labelling
the expected position for the unbound disulfides. ¢) C 1s emission
between 284 and 290 eV, with C atoms in three different environ-
ments, with the peak at 284.8 eV corresponding to C—C/C—S bond-
ing, the peak at 285.7 eV assigned to the particular carbon adjacent
to the COOH group, and the peak centred at 289.3 eV assigned to
the COOH carbon, indicating the presence of all the components
of 1, C, S, and O in the formed monolayer. d) Si 2p emission be-
tween 99.3—106.0 eV, with the absence of peaks around 103.5 eV,
indicating that no detectable oxide is present on Si—H functional-
ized surface and the SAM is well protecting the Si.

expectations for the S 2ps»and S 2py, orbitals, under the con-
ditions of Si—S covalent bonding, respectively. The broad peak
at 168 eV is assigned to the Si plasmon loss that results from
strong interactions between Si-surface electrons and the emitted
photoelectron.®* % From the observed spectra, there is no evi-
dence to suggest that the two S atoms on the adsorbate molecule
are in different chemical environments, and hence it is most
likely that both sulfurs bind to the Si surface, similar to that ob-
served for thiol SAMs on copper which have similar electro-
negativity to Si, 67 with no evidence for a free thiol or unbound
disulfide, that have a slightly higher binding energy (position
marked in figure 2b).%

Shown in Figure 2c, emission in the C 1s region indicates that
carbon atoms have three different chemical environments. The
largest resolved peak centred at 284.8 eV is assigned to carbon
atoms with only single bonds to C or S atoms. From amongst
this band can be seen a peak centred at ca. 285.7 eV. This is
assigned to the particular carbon adjacent to the COOH group.
In addition, a small but well-resolved band centred at 289.3 eV
is observed and assigned to the COOH carbon.

In Figure 2d, high-resolution Si 2p spectra reveal one asym-
metric band centered at 99.4 eV that is deconvoluted into two

components. These components are separated in energy by 0.63
eV, have similar widths and an area ratio of 2:1, and are as-
signed to be Si 2ps» and 2p1, spin orbital split. Of most signif-
icance, no signal is observed in the 103—106 eV region, indicat-
ing that no detectable silicon oxides are present.

XPS spectra obtained following electrochemical grafting of
1 and the spontaneous grafting of 2 to Si(111)—H (Figure S1-
S2) show similar chemical bonding to that detailed above fol-
lowing spontaneous of a SAM of 1 under ambient conditions,
indicating that the monolayer obtained from different prepara-
tion methods have the same chemical bonding. In addition, the
presence of the Fe 2p signal and the S 2s signal of 2 on Si con-
firming the covalent bonding of 2 to Si (Figure S2).

3.2 Disulfide reaction to produce smooth SAMs on Si. Figure
3a shows AFM topography imaging of Si electrodes function-
alized with SAMs of 1 made by spontaneous grafting on p-type
highly doped Si(111); related images scanned over larger areas
of different regions are shown in supporting information (Fig-
ure S3). The results depict large flat terraces with smooth
atomic edges, with peak-to-peak surface roughness within indi-
vidual terrace of ca. 0.24 nm, consistent with other alkyl chain
SAMs on Si-H.%® Such small surface roughness indicates the
formation of monolayers that are smooth on the length scale of
the AFM tip. Results obtained for electrochemically grafted
SAMs of 1 shown in Figure 3b are similar to those obtained
from the spontaneously formed SAMs, with a relatively lower
roughness of ca. 0.2 nm. Nanoscale oxidation appearing as
white spots where visible on the Si surface for both methods,
and is more pronounced for the spontaneously prepared sam-
ples. The thickness of the SAM of 1 on Si—H surface is ~1 nm
using XRR measurements (Table S1), consistent with the theo-
retical length of 1 (Figure 3c).

Figure 3d shows Si 2p XPS spectra of SAMs formed from 1
on both n-type highly doped Si(111) and p-type highly doped
Si(111)—H, formed by both spontaneous and electrochemical
grafting methods, with no detectable oxide signal, a feature at-
tributed to the amount of oxide present being too small to be
detected by XPS, a notation that should be taken into account
in the Si-based molecular electronics. Only significant amounts
of oxides that are observed in AFM images can be detected by
XPS.7

3.3 Spontaneous versus electrochemical grafting of disul-
fides to Si. In order to electrochemically assess the formation
of SAMs, 2, which has a distal ferrocene moiety, was synthe-
sized according to previously reported procedures®> 7' with
slight modifications, detailed in Methods, with NMR analysis
shown in Figure S4 and Figure S5. Figure 4a and Figure 4b
show cyclic voltammograms (CVs) at the same scan rate (1
Vs™), for SAMs produced from 2 in solution by spontaneous
grafting for 1 hour, and electrochemical reduction for 15
minutes, respectively. The surface coverage has been controlled
by time in the spontaneous grafting (Figure 4d) and controlled
by both time and applied potential in electrochemical reduction
(Figure 4e).

Spontaneous grafting of 2 in dry solvents showed signifi-
cantly less surface coverage as compared to grafting in wet sol-
vents (Figure S6). Although the mechanism remains unclear,
the spontaneous grafting can be attributed to several factors in-
cluding nanoscale oxidation of the Si surface by traces of water
present in the grafting solvent.” Electrons released from the sil-
icon can break the disulfide bonds into a thiyl radical (RS*®) and
a thiolate anion (RS™) ® which can then react with the Si surface
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Figure 3. (a) and (b) are AFM topography images of 1 grafted to p-type highly doped Si(111)—H by spontaneous and electrochemical
grafting, respectively. (c) XRR spectrum for 1 on p-type highly doped Si(111)—H, raw data (black line) and logarithmic fitting (red line).
(d) XPS spectra of Si 2p emission for a SAM of 1 on p-type Si(111)—H spontaneously grafted (black), p-type Si(111)—H grafted electro-
chemically (red), n-type Si(111)—-H grafted spontaneously (blue) and n-type Si(111)—H grafted electrochemically (green). Si etching
terraces are clearly visible indicating a smooth SAM formation, with limited surface oxide appearing as white spots, in both spontaneous
and electrochemical grafting methods, marked with blue circles as shown in (a) and (b).

to form a SAM (Figure S7). An alternative explanation is water
catalyzing the reaction by interfering directly with the primary
transition state of the direct reaction of disulfides with Si—H. In
parallel to the suggested mechanism above, an oxygen-facili-
tated radical chemistry can also be a contributor in the grafting
process,* however this mechanism can not exclusively explain
the surface coverage dependence on the water content.

Figure 4c shows the evolution of the current density as a func-
tion of the grafting time at applied potentials of —0.8V (black

Further, the open circuit potential (OCP) for the reduction
process of 2 in organic electrolyte ( 0.1 M NB4uPFg in acetoni-

line) and —0.9V (orange line), indicating that more negative po-
tential produces more reductive current, and consequently a
higher surface coverage in the voltammetric waves (Figure 4f).

trile) is measured and was found to range from —0.7 V and —

0.65 V, while the OCP for Si—H electrode in the same electro-
lyte only, ranges from —0.73V to —0.7V (Figure S8).

The shift in OCP toward more positive values in the pres-
ence of 2 can be explained by the formation of a more corrosion
resistant surface upon the formation of a monolayer. The sur-
face becomes passive with no further shift in the OCP once the
SAM is formed and the occupation of the Si surface by the
formed monolayer stops the Si from further oxidation, con-
sistent with OCP measurements of monolayer formation on car-
bon electrodes.”*’® The OCP analysis is further supported by
experiments showing that, applying potentials more positive
than the OCP do not accelerate the grafting reaction, by show-
ing similar surface coverage at two different potentials, —0.1 V
and —0.4 V (Figure S9). At these potentials the SAM formation
happens spontaneously.

Table 1. Values of surface coverage (I') calculated from cyclic voltammetry for both Au and Si.

Substrate Molecule Preparation Time (h) Potential (V) T'(10"3 molecule cm™2)
Si-H 2 spontaneous 1 None 5.2£1.5

Si-H 2 electrochemical 0.25 -0.8 5.9+0.3

Au 2 spontaneous 3 None 5.6+0.8

Au 2 spontaneous 24 None 10.2+0.2
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Figure 4. CVs of 2 on p-type highly doped Si (111)—H. a) CV for a SAM of 2 grafted on Si by the spontaneous grafting method for 1 hour
with a scan rate of 1 Vs™'. b) CV for a SAM of 2 grafted on Si electrochemically at —0.8V for 15 min, with a scan rate of 1 Vs™\. ¢)
Chronoamperometric current for the grafting of 2 electrochemically at two different applied potentials,—0.8V (black) and —0.9V (orange)
for 30 seconds. (d) Surface coverage as a function of time for 2 grafted to Si electrode spontaneously at different times. e) Surface coverage
as a function of time for 2 grafted to Si electrode electrochemically at —0.8V at different times. f) CV from monolayers formed by applying
—0.8V (black) with a coverage of 9.5+0.8x10'! molecule cm ™ and 0.9V (orange) with a coverage of 3.6+0.2x10'2 for 30 seconds showing
that a more negative applied potential led to more amperometric current in (c) and consequently more molecular coverage.

Apart from p-type highly doped Si (111), a solution of 2 en-
abled forming a monolayer on both n-type highly doped Si(111)
and p-type lowly doped Si(111) (Figure S10), suggesting that
the SAM formation process is independent of doping type and
concentration. Table 1 shows that the surface coverage is con-
trolled by time and potential, and highlights the difference in
the grafting reaction kinetics between Si and Au. Spontaneous
grafting on Si at ambient conditions enabled achieving a surface
coverage of 5.24+1.5 x10'* molecule cm and this is the maxi-
mum surface coverage obtained even after increasing the graft-
ing time to 24 hours. On the other hand, electrochemical reduc-
tion accelerates the reaction and enables the formation of a
SAM with a surface coverage of 5.94:0.3x10'* molecule cm™ in
only 15 minutes The reason for the relatively lower maximum
coverage in the spontaneous grafting can be attributed to the lo-
cal oxidation of Si occupying some sites on the surface, whereas
in electrochemical reduction, less oxide is generated. This is
consistent with the large variation in the molecular coverage of
the spontaneously formed SAMs versus those formed electro-
chemically (Figure 4d and 4e). This is also consistent with the
observation of more local oxide by AFM (observed as spots) for
the spontaneous grafting method.

In contrast, SAMs of 2 on Au electrode needs at least 3 hours
to reach a comparable coverage to that obtained on Si in 1 hour
(5.6£0.8 x10'* molecule cm™2). However, leaving an Au surface
in the disulfide solution for 24 hours leads to ~40% higher cov-
erage (10.2£0.2x10'3 molecule cm™) than the maximum ob-
tained on Si, and that is probably due to the different mechanism

of spontaneous SAM formation of disulfides on Au that re-
quires no oxidation of the surface,” *° and therefore has more
unoccupied surface sites for the molecules to assemble on.

3.4 Conversion of thiols to disulfides. It has been demon-
strated that alkane thiol solutions, in deoxygenated solvents
form poor quality SAMs on Si—H at very low coverage,
whereas thiol solutions exposed to ambient oxygen form SAMs
on Si—H within 24 hours timescale.*’ Thiols can be oxidized to
disulfides in solution,”” 7® but not known to be able to form
SAMs on Si, and here we demonstrate this process, using Fou-
rier-transform infrared spectroscopy (FTIR), by exposing the
linear-alkane thiol 3 to varying amounts of oxygen. First, Figure
Sa shows FTIR spectra for the disulfide 2 and the thiol 3. Peaks
observed at 480-550 cm™! are assigned to the S—S stretch of 2
and are absent in the spectrum of a freshly prepared solution of
3. Instead, the spectrum of 3 manifests the S—H stretching fre-
quency at 2570 cm!. Figure 5b shows that exposure of the thiol
solution to ambient air for 24 hours leads to the near-complete
conversion of 3 to its disulfide, as evidenced by the appearance
of a S-S signal between 480-550 cm™! and the disappearance of
the S—H signal at 2570 cm™.”° Further bubbling of O, for 1 hour
led to the loss of the disulfide signal and the appearance of ab-
sorption at 1070 cm™! characteristic of =S=O species (Figure
5b). The sharp peak in the FTIR spectrum of 2 is assigned to the
C=0 stretching present in this ester molecule, consistent with
that observed in Nikoli¢ et al.** The region between 700 and
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Figure 5. FTIR spectra for disulfide and thiol solutions under different oxygen conditions, and CV for a SAM of 3 with different oxygen
conditions (a) The difference between disulfides and thiols solutions, with red depicting the IR spectrum of the dithiolane 2, and black
depicting the IR spectrum of the freshly prepared thiol 3. (b) IR spectrum of a thiol solution of 3, exposed to ambient air (blue trace), bubbled
with oxygen 1 hour (black trace), and bubbled with oxygen for 10 minutes (red trace). The green band indicates the position of S—S stretching
and the blue band indicates the position of SH stretching. ¢) CV, at 50 mVs™!, for 3 pre-exposed to ambient air for 24 hours then grafted
spontaneously to Si(111)—H electrode for a duration of 1 hour, d) CV, at 50 mVs™', for 3 bubbled with Oz for 1 hour then grafted spontane-
ously to Si(111)-H electrode. (¢) CV, at 50 mVs ™!, for 3 bubbled with Oz for 10 minutes, then grafted spontaneously to Si(111)-H electrode.

(f) CV, at 50 mVs™!, for 3 freshly prepared and saturated with Ar gas for 1 hour then grafted spontaneously to Si(111)—H electrode.

1500 cm is attributed to the C—C and C—H stretching and
bending modes.

Consistent with FTIR measurements, exposing a thiol solu-
tion of 3 to air for 24 hours showed high coverages of ferrocene
molecules in cyclic voltammetry, indicating a high density
monolayer (Figure 5c). However, bubbling oxygen for 1 hour
showed no ferrocene signals (Figure 5d). Excess oxygen (bub-
bling for 1 hour) leads to the formation of sulfoxide species that
are not capable of forming a monolayer. Only when bubbling
O, was reduced to 10 minutes, ferrocene signals were obtained
but at a slightly lower coverage (Figure 5e).

However, a freshly prepared solution of 3 bubbled with Ar for
1 hour did not show a ferrocene signal (Figure 5f) suggesting
that absence of oxygen inhibits the SAM formation. Therefore,
we conclude here that exposing the thiol solution to ambient air
for a duration sufficient for a conversion to disulfide enabled
the formation of a complete SAM within 1 hour, in contrast to
fresh thiols which needed 24 hours to form a complete mono-
layer at ambient conditions.*’

3.5 SAMs on silicon versus SAMs on gold. For the purpose of
comparison with standard electrodes that are typically used with
thiols and disulfides, a SAM of 2 was assembled onto an Au
electrode (Figure 6a). Figure 6b and 6¢ show CV waves, at the
same scan rate, for a SAM of 2 spontaneously and electrochem-
ically grafted onto the Au electrode, respectively. The kinetics
of SAMs formed on Au is investigated by calculating the sur-
face coverage at different spontaneous grafting times (Figure

b
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Figure 6. SAM formation of 2 on Au electrode. a) Reaction
schemes for a SAM of 2 on Au b) CV at a scan rate of 1 Vs™! for
2 grafted on Au by spontaneous grafting method for 3 hours. c)
CV at scan rate of 1 Vs™! for a SAM of 2 grafted electrochemi-
cally to Au electrode at —0.8V for 15 minutes. d) Surface cover-
age as a function of time for a SAM of 2 grafted on Au electrode
spontaneously.
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Figure 7 Formation of azurin monolayer on Si—H. a) Square wave voltammogram for a monolayer of azurin , 4, assembled to p-type highly
doped Si(111)—H surface by spontaneous grafting for 1 hour, showing a redox peak, centred at —0.1V vs Ag/AgCl reference electrode, in
ammonium acetate buffer (100 mM, pH=4.6), for the copper centre in azurin. b) Square wave voltammogram for Si—H electrode incubated
in ammonium acetate buffer (100 mM, pH=4.6) for 1 hour ¢) AFM topography image for Si—H surface in ammonium acetate buffer for 1
hour, showing clear Si terraces with few local oxide spots. d) and e) are AFM topography images for Si—H electrode after azurin grafting

in ammonium acetate buffer for 1 hour.

6d). Compared to Si, Au needed longer time to form a SAM,
approximately 3 hours to reach a comparable surface coverage
to that achieved on Si in just 1 hour.

3.6 Electron transfer kinetics. Compared to Au, electrochem-
ical measurements of SAMs formed from 2 on Si showed simi-
lar adsorption process with current increasing linearly with scan
rate (Figure S11a, 11b and 11c). The position of the voltammet-
ric waves , of a SAM of 2 on Si, are shifted with increasing scan
rates and electron transfer rate constant (k.,) values were calcu-
lated using Laviron method,® ® and k. fitting parameters are
shown in Figure S12-S13.

Most importantly, the k. value of 2 on Si—H ca. 180+12 s,
only one third of those obtained for the same molecule on Au
electrodes which ca. 471+24 s! (Figure S13), suggesting that
Si—S contact in a monolayer platform is as conductive as that
formed on Au. Therefore, disulfide monolayers on Si could
prove useful in molecular electronic devices based on SAM:s.

3.7 Protein azurin on Si. In addition to functionalizing sur-
faces and possibly nanoparticles, direct reduction of disulfide
bonds on Si electrodes can be utilized to wire proteins to Si. As
a prove of concept, we grafted the redox protein azurin, that has
adisulfide bond at one terminal and a copper metal centre which
is located inside the protein at the opposite side to the disulfide
bond.®® The square wave voltammogram show a peak with a

redox potential of 0.1 V (Figure 7a). The low peak intensity is
typical of dense monolayers of azurin directly assembled on
bare Au electrodes without a hydrophobic monolayer that is
necessary to connect/penetrate the protein structure to the cop-
per center.

This is ascribed to the location of the copper centre being far
from the electrode and buried inside the protein matrix.* Square
wave voltammogram of bare Si—H electrode did not show any
redox peaks but rather a sharp increase in the current reflecting
significant Si oxidation in the absence of the protein monolayer
(Figure 7b).

The assembly of azurin was also visually assessed using AFM
topography imaging which showed a packed monolayer of az-
urin when the Si surface is incubated in the azurin solution for
1 hour (Figure 7c and 7d). The size of the azurin spots is about
20 nm, similar to what was reported for monolayers of azurin
on Au® and the Si(111) terraces are completely covered by az-
urin. In contrast, Si—H surfaces left resting in the same buffer
solution and for the same incubation time (1 hour) showed clear
uncovered Si(111) terraces (Figure 7e) with presence of few lo-
cal oxidation spots (Figure 7c).



4. Conclusions

We have demonstrated the reduction of disulfide bonds on Si—H
electrodes both spontaneously and electrochemically. Of partic-
ular note, the spontaneous grafting method involves only very
mild reaction conditions consistent with operations in industrial
silicon-chip manufacturing plants. The spontaneous reductive
grafting process is guided by traces of water generating local
nanoscale oxidation of the Si surface. Full monolayers are
achieved within 1 hour, without any external catalysis. The
grafting of disulfides shows significantly faster reaction kinet-
ics on Si—H than on the typical Au electrodes. Electrochemical
gating accelerates the grafting and enables a complete mono-
layer within 15 minutes. Further, dilute solutions of alkyl thiols,
widely used to form SAMs on Au, can be used to form mono-
layers rapidly on Si but need to be first oxidized to linear disul-
fides. Similarly, we show complete monolayer formation of az-
urin on Si during a period of 1 hour. Electron transfer rate con-
stants of SAMs formed on Si is comparable to that formed on
Au, suggesting that thiol SAMs that have been long used on Au
for (bio)electronic and electrochemical applications, can also be
implemented on semiconducting Si platforms with minimal
change in the conductivity of the monolayer—electrode inter-
face. For example, electron transport of proteins on gold elec-
trodes has been studied via anchoring protein disulfide bonds to
Au electrodes.® The disulfide spontaneous and electrochemical
reduction, reported here, offers new chemical plugs for wiring
proteins to semiconducting Si for bioelectronics applications.
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