7 ROYAL SOCIETY
PN OF CHEMISTRY

RSC
Applied Interfaces

View Article Online

View Journal | View Issue

Patterned organic layers on gold surfaces
prepared by electro-grafting of photolabile-
protected aryl diazonium saltsy
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The electroreduction of aryl diazonium salts is a powerful technique for functionalizing many surfaces. To
widen the use of aryl diazonium salts in many more applications, new strategies allowing their use with
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classical photolithography techniques are essential. Herein, we describe the synthesis and properties of an
aryl diazonium salt protected by a photolabile group. The photolabile protecting groups allow the facile
patterning of an organic layer on gold substrates by photolithography upon exposure to soft UV light (365
nm). The
electrochemical microscopy (SECM).
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resulting patterned films are characterized using optical microscopy and scanning
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Introduction

The electroreduction of aryl diazonium salts' is now a
common technique used to functionalize various materials
including conductors, semiconductors and insulating
surfaces.>® It has the advantage to produce robust interfaces
in a short time frame (second to minutes).* The reduction of
an aryl diazonium salt leads to the formation of aryl radicals
that are highly reactive intermediates. These intermediates
react with the substrate, but also attack the already attached
aryl groups, leading to multilayered disordered organic films.
For many applications, control of the film structure at the
monolayer scale is an essential pre-requisite. Hence, for
almost a decade, some novel strategies to deposit only
monolayer films via the reduction of aryl diazonium salts
have been proposed,®™° including our groups."*™* In general,
the patterning of surfaces is very important for the fabrication
of devices as biosensors’® or in electronics.’® For these
purposes, there are many strategies to pattern monolayers
deposited on gold"”™° or silicon®>*" surfaces and even, to a
less extent, on carbon materials.>*

Patterning with aryl diazonium salts is relatively new, and
there is only a limited number of publications describing
patterning of organic films grafted by aryl diazonium salt
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reduction. Previously, we reported on the use of atomic force
microscopy (AFM) combined with aryl diazonium salt
grafting to obtain patterned organic films deposited onto flat
carbon materials.”® Here, an AFM probe tip was used to
intentionally remove a section of the electro-grafted organic
layer, leaving exposed carbon that was functionalized with a
second modifier. More recently, Zambelli and coworkers used
microfluidics in association with AFM (FluidFM) for a similar
purpose.®® Here, they created patterns with diverse shapes
and topologies by confining the aryl diazonium ion solution
in the microchannel of FluidFM probes. Other scanning
probe microscopies have been used to pattern surfaces in
combination with aryl diazonium ion reduction, notably
scanning electrochemical microscopy (SECM). For instance,
to avoid unwanted spontaneous grafting, Cougnon et al.*
described the in situ production of aryl diazonium ions
through the electrochemical reduction of nitrophenyl to
aniline derivatives (in the presence of sodium nitrate) under
the SECM tip. If a sufficiently negative potential is applied to
the substrate, it allows the controlled deposition of organic
films just under the SECM tip. Other techniques, generally
adapted from methods developed for other modifiers, have
been successfully applied to pattern substrates with aryl
diazonium ion reduction. We can cite inkjet printing,*
microcontact printing (uCP)*” or nanosphere lithography®® as
remarkable examples of methods used successfully to pattern
surfaces with aryl diazonium ion reduction.
Photolithography®’ is one of the most popular techniques
in industries and laboratories to pattern surfaces with a high
degree of precision. Even though this was developed decades
ago, it continues to be improved. Unfortunately, while
reduction of aryl diazonium ions can be triggered by light in

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the presence of photosensitizers,® due to their instability,
they can spontaneously graft surfaces® which is a major
drawback considering photolithography applications. One
possibility is to use iodonium salts instead of aryl diazonium
salts. They are much more stable in regards with their low
reduction potentials, and direct photopatterning using deep-
UV light (254 nm) or with the help of photosensitizers in
solution has been reported.’***  Regarding other
technologies, as self-assembled monolayers (SAMs) of
alkanethiols on coinage metals®® or silanization at oxide
surfaces,”® many examples in the literature can be found
where photolithography has been successfully used to pattern
monolayer films.**>* Diverse photolabile functional groups
have been described in the literature for this purpose as
diazoketo®® or  p-methoxyphenacyl derivatives,”>  but
o-nitrobenzyl derivatives®*° are by far the most used. Their
synthesis largely described in the
literature.

Also, they can be cleaved easily with soft UV light at 365
nm. They have been used for various purposes ranging from
hydrophobic/hydrophilic switching®” to protein
immobilization and patterning.****®

In this study, as a proof of concept, we present the
synthesis and characterization of a new aryl diazonium salt
bearing a photolabile protecting group (Scheme 1). We have
chosen o-nitrobenzyl derivatives as photolabile groups to
protect 4-hydroxybenzenediazonium salts. As the maximum
absorption of o-nitrobenzyl is in the UV-B region, we
introduce a 3,4-methylenedioxy substituent, as others,”” to
shift the maximum absorption to the UV-A region. After
exposure to soft UV light (365 nm), o-nitrobenzyl derivative
protecting groups are cleaved and organic films constituted
of phenol are obtained (Scheme 1). Patterning of the
deposited organic layer is performed wusing classical
photolithography techniques and imaged by scanning
electrochemical microscopy (SECM) and optical microscopy.

is well-known and

Results and discussion

The new aryl diazonium salt 1 (Fig. 1) possessing a
photolabile protecting group was synthesized in 4 steps.

First,  3,4-methylenedioxy-6-nitro-benzyl =~ bromide was
synthesized as previously described®® then used in the
esterification of Boc-protected aminophenol (see the

Experimental section). Selective deprotection of the Boc
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Fig. 1 Five consecutive cyclic voltammograms of 10 mM aryl
diazonium 1 in an acetonitrile solution containing 01 M
tetrabutylammonium hexafluorophosphate (TBAPFg) as a supporting
electrolyte on a gold electrode. Scan rate = 50 mV s, First scan (black
curve), second scan (red curve), third scan (blue curve), fourth scan
(green curve) and fifth scan (wine curve) are presented.

-0.8

group was achieved using TFA under dark conditions. Finally,
diazotization of the obtained aniline derivatives was
performed in acetonitrile using NOBF, as a diazotization
agent. Fig. 1 shows the electrochemical reduction of this new
aryl diazonium salt on a gold electrode. During the first scan
(Fig. 1, black curve), we clearly observe two irreversible
reduction peaks centered at 0.25 V and -0.1 V vs. SCE with
no associated oxidation peaks. This behaviour is ascribed to
the one-electron transfer from the electrode material to the
aryl diazonium salt followed>® or concerted® with the cleavage
of the N, group leading to the corresponding aryl radical. On
gold electrodes, it has been demonstrated that the
observation of multiple peaks during the electroreduction of
aryl diazonium salts is due to the reduction of the molecules
on different gold facets.>” Successive potential scans do not
show additional electroactivity in this potential range and is
characteristic of an insulating organic film deposited onto
the electrode surface blocking further electroreduction of the
salt.

The electrochemical properties of the gold electrode
surface were monitored using dopamine as a redox probe in
solution. On the bare gold electrode (Fig. 2, black curve), we
observed the expected reversible electrochemical signal of
dopamine oxidation at half-wave potential E;, = 0.480 V vs.
SCE with a peak-to-peak separation AE = 42 mV. After the
electroreduction of 1 (Fig. 2, blue curve) as presented in

o A=365nm
—_—

e

Scheme 1 Schematic representation of aryl diazonium 1 and of the grafting process and the resulting organic deposit after deprotection.
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Fig. 2 a) Cyclic voltammograms of 1 mM dopamine aqueous solution
(+0.1 M H,SO,4) on a bare gold electrode (black curve) and on a gold
electrode functionalized with aryl diazonium 1 before (blue curve) and
after (red curve) photo-deprotection at 4 = 365 nm for 5 min (power:
40 mW cm™). Scan rate = 100 mV s % b) Scheme of dopamine
oxidation.

2 2

Fig. 1, the cyclic voltammogram of dopamine oxidation
becomes irreversible with a peak-to peak separation AE = 259
mV and a decrease of the peak current intensity. This is
consistent with the deposition of a thin insulating organic
film onto the electrode surface, with a layer thickness thin
enough to still allow electron transfer through
tunnelling.""*®

In order to estimate the organic layer thickness, we
performed ellipsometry and AFM scratching experiments.””
While ellipsometry is an optical and non-destructive
technique, AFM scratching intentionally damages the organic
film with the AFM tip removing a section of the film back to
the gold substrate. Then, an AFM image is acquired and a
line profile across the scratch is recorded to estimate the
layer thickness. All estimated layer thicknesses are presented
in Table 1. They are equal to 2.3 + 0.6 nm and 2.1 + 0.3 nm
by ellipsometry and AFM experiments, respectively. Both
values are close to each other and reinforce the conclusions
based on the electrochemical data. In addition, as the length
of the deposited molecule can be estimated to 1.3 nm, the
electroreduction process leads to the deposition of a
multilayer organic film on the gold surface although the
orientation of the film is unknown, for example,
perpendicular or tilted.

Deprotection of the o-nitrobenzyl protecting group was
achieved by exposing the functionalized gold surface to soft

Table 1 Estimated layer thicknesses of organic films deposited on the
gold surface via the electroreduction of aryl diazonium 1 before and after
photodeprotection by ellipsometry and AFM scratching experiments

Protected film Deprotected film

AFM
Ellipsometry

2.1+ 0.3 nm
2.3 £ 0.6 nm

1.2 + 0.3 nm
1.2 £ 0.1 nm
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UV light (4 = 365 nm) for 5 minutes and should lead to an
organic film composed of only phenol end groups. The
electrochemical properties of the deprotected surface were
investigated using dopamine as previously demonstrated.
Compared to the cyclic voltammogram of dopamine on the
modified surface before deprotection, we observed an
increase of the peak current intensity and a decrease of the
peak-to-peak separation equal to AE = 200 mV
(Fig. 2, red curve). This is indicative of a faster charge
transfer at the modified surface due to a decrease of the film
thickness as expected after deprotection. This is also
confirmed by ellipsometry and AFM scratching experiments
on the deprotected surface which give an average film
thickness of 1.2 nm (Table 1).

The estimated length of a phenol molecule is 0.6 nm, and
hence the gold surface after deprotection is composed of a
multilayer phenol film. To further evidence the efficiency of
the deprotection process, the hydrophilic/hydrophobic
properties of the organic film before and after photo-
deprotection  were investigated by contact angle
measurements. As shown in Fig. 3, the static contact angle
on the protected film is equal to 64° + 5° and decreases to
44° + 2° after photo-deprotection, as expected for a phenol
multilayer film exhibiting a higher hydrophilic nature.

XPS experiments were also performed on the
functionalized gold surface before and after photo-
deprotection. The survey spectra showed photoelectron peaks
corresponding to elemental species C, O and Au as main
components (Fig. S1f). The contribution due to the N 1s
photoelectron is weakly visible before photodeprotection (1-
1.5 at%) but still significant, and almost invisible after the
deprotection step (Fig. S17). Fig. 4 displays the XPS core level
spectra in the N 1s region for gold samples modified with 1
before and after irradiation. Two peaks were clearly identified
for the sample before irradiation. The peak at the highest
binding energy at ca. 406 eV is assigned to the NO,
group.®”®! The second component located at 399.9 eV is due
to the amino group,°”®" which could originate from
contamination by atmospheric nitrogen as already reported
and/or from the reduction of the nitro group under the X-ray
beam during the XPS experiment.®"*> Such a phenomenon is
very likely in our experiments since a large number of scans
and an important dwell time was required for obtaining the
N 1s signal with a good signal-to-noise ratio because of its
weak contribution. When the modified gold sample
undergoes 5 min irradiation at A = 365 nm, the XPS signal
exhibits a very different feature, with the disappearance of

7L=365 nm

r-e3

64° £ 5°
Images and contact angle measurement values of a 2 uL drop

of pure water on the gold functionalized surface before and after
photo-deprotection at A = 365 nm for 5 min (power: 40 mW cm™).

44° £ 2°

Photodeprotection

Fig. 3

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 High resolution XPS core level spectra of the N 1s region of the

functionalized gold surface before and after photo-deprotection at 4 =
365 nm for 5 min (power: 40 mW cm™).

the component at 406 eV and a very small contribution at
399.9 eV. The latter could be due to contamination or to the
presence of residual amino groups, produced upon the
reduction of the nitro groups before the photodeprotection
step. Interestingly, we also observed a decrease in intensity
for C and O species while the contribution of the gold signal
is increasing after irradiation (Fig. S2 and Table S1f). These
observations clearly indicate the departure of the
o-nitrobenzyl moiety upon 5 min irradiation.

Then, we have gone ahead to wundertake the
photopatterning of the organic layer using a UV-LED
masking system as a proof of concept for demonstrating
the usefulness and versatility of the strategy. We employed
a classical chrome mask consisting of lines of 25 um
width and 25 pm spacing. To reveal the photopatterning,
we employed two different methods. First,
scanning electrochemical microscopy (SECM) in feedback
mode and under unbiased conditions to image the
patterned organic layer. In the feedback mode, SECM
provides a chemical view of the surface from the solution
side. It uses the interaction of an electrogenerated probe
(redox mediator) that diffuses from a tip electrode to the
sample. The image contrast is provided by the differences
between the charge transfer properties of the redox
mediator toward different areas of the modified surface.
As previously demonstrated by voltammetry (Fig. 2), the
electron transfer properties of dopamine are sensitive to
the variation of film thicknesses before and after
deprotection, making it a very good probe to monitor the
occurrence of the photodeprotection, even at a localized
scale. Hence, we used dopamine as a redox mediator in
SECM to image the patterned organic layer where the
SECM tip scanned the surface at a fixed distance. As
shown in Fig. 5a, we were able to observe the pattern
constituted of lines of 25 pm width and 25 um gap. The
green lines correspond to the photo-deprotected area, with
a higher current, and the blue lines represent the
protected film. Taking advantages of the different
hydrophilic/hydrophobic properties of both areas, optical
images of the patterned organic film under

we used

a wet
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Fig. 5 (a) Scanning electrochemical microscopy (SECM) image of the
patterned functionalized gold surface using dopamine (1 mM) as a
redox mediator in 0.1 M H,SO,4 aqueous solution. The tip was a 5 um
radius disk Pt microelectrode and was maintained at 8 um from the
substrate. (b) Photograph of the patterned organic film via optical
microscopy.

atmosphere were also recorded (Fig. 5b). As expected, we
can easily observe the same patterns as those observed by
SECM, demonstrating the efficiency of the method to
produce ultrathin patterned organic films. Furthermore, as
the electroreduction of aryl diazonium salts can be
performed on a wide range of substrates, either
conductors, semi-conductors or insulators, this method
can be easily transferred to other metals or even to
carbon materials, those latter being particularly difficult to
pattern.

Conclusions

In this work, we describe the synthesis of a new aryl
diazonium salt bearing a photolabile group. Reductive
electrochemical grafting is classically performed, leading to a
protected multilayered film whose terminal group could be
removed wupon exposure to UV light. Subsequent
photopatterning of such a modified surface could be easily
achieved as demonstrated by SECM and optical imaging
experiments. Because of the high versatility of the diazonium
grafting procedure, the strategy paves the way toward the
patterning of a wide range of materials through a very simple
method using UV-A light that preserves the quality of the
grafted moieties.

Experimental
Chemicals and reagents

Commercially available reagents were used as received
without  further  purification. = N-Boc-4-aminophenol,
dopamine, tetrabutylammonium hexafluorophosphate
(NBuPF) and a gold coated silicon wafer were purchased
from Sigma-Aldrich. 3,4-Methylenedioxy-6-nitro-benzyl
bromide was synthesized as previously described.”

Synthesis

O-[1-(6-Nitro-1,3-benzodioxol-5-yl)ethyl]-4-N-Boc-
aminophenol (2). 3,4-Methylenedioxy-6-nitro-benzyl bromide
(2 g 1.1 eq.), N-Boc-4-aminophenol (1.46 g, 1 eq.) and

RSC Appl. Interfaces, 2024,1, 734-740 | 737
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potassium carbonate (2.41 g, 2.5 eq.) were dissolved in 20 mL
N,N-dimethylformamide (DMF) then stirred under argon and
protected from light for 24 hours. The solvent is then
evaporated, and the mixture is extracted with
dichloromethane and washed with brine three times. The
organic phase is dried with MgSO,, filtered and evaporated.
The compound is obtained as a white powder after flash
chromatography using DCM:petroleum ether (1:1) as an
eluent in 69% yield. dy (300 MHz, CD3;CN) 7.65 (s, 1H), 7.31
(d, J = 9.2 Hz, 2H), 7.26 (s, 1H), 6.93 (d, J = 9.3 Hz, 2H), 6.15
(s, 2H), 5.35 (d, J = 0.8 Hz, 2H), 1.47 (s, 9H).
O-[1-(6-Nitro-1,3-benzodioxol-5-yl)ethyl]-aminophenol  (3).
O-[1-(6-Nitro-1,3-benzodioxol-5-yl)ethyl]-4-N-Boc-aminophenol
(2) (0.5 g, 1 eq.) was dissolved in 30 mL dichloromethane and
protected from light before 27 ml of TFA was introduced
dropwise. The reaction solution is stirred at ambient
temperature for 2 hours and quenched with pure water.
The solution was then carefully neutralized with NaHCO;
by portion before being extracted with dichloromethane.
The aqueous phase was then dried with MgSO,, filtered
and evaporated. The pure product was obtained as an
orange  powder by flash  chromatography  using
dichloromethane as an eluent in 95% yield. Jy (300 MHz,
CD,CN) 7.63 (s, 1H), 7.26 (t, J = 0.8 Hz, 1H), 6.80-6.74
(m, 2H), 6.62-6.55 (m, 2H), 6.14 (s, 2H), 5.28 (d, J = 0.8

Hz, 2H).
O-[1-(6-Nitro-1,3-benzodioxol-5-yl)ethyl]-hydroxybenzene
diazonium tetrafluoroborate (1). O-[1-(6-Nitro-1,3-

benzodioxol-5-yl)ethyl]-aminophenol (150 mg, 1 eq.) was
dissolved in 15 mL acetonitrile and then cooled down to —30
°C in a bromobenzene dry ice bath. NOBF, (63 mg, 1 eq.) was
then added in one portion and the solution is stirred at this
temperature for 2 hours. The solvent was evaporated at cool
temperature and the mixture was dissolved again in the
smallest amount of acetonitrile. Finally, diethyl ether is
added dropwise until complete precipitation of the product
that is filtered and washed with water and diethyl ether. After
drying, the aryl diazonium salt was obtained as a brown
powder in 62% yield. dy (300 MHz, CD3;CN) 8.41 (d, J = 9.4
Hz, 2H), 7.72 (s, 1H), 7.46 (d, J = 9.5 Hz, 2H), 7.25 (s, 1H),
6.19 (s, 2H), 5.66 (d, J = 0.7 Hz, 2H).

Electrochemical setup and procedures

All electrochemical measurements were performed with an
Autolab PGSTAT 101 (Metrohm) and a conventional three-
electrode system, comprising the modified substrate as the
working electrode, platinum foil as the auxiliary electrode,
and the (KCl saturated) SCE electrode (Metrohm) as the
reference. The gold electrodes were purchased from CH
Instruments, INC. (TX) as 2 mm-diameter disks. The
electrodes were electrochemically polished by cyclic
voltammetry with a 0.1 M sulfuric acid solution (H,SO,) from
-0.3 V to 1.2 V for at least 50 cycles, rinsed with water and
acetone and dried. The gold coated silicon wafers (Sigma-
Aldrich) were rectangles of 12 x 18 mm®.

738 | RSC Appl. Interfaces, 2024, 1, 734-740
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Scanning Electrochemical Microscopy (SECM)

Scanning electrochemical microscopy (SECM) experiments
were carried out with a 920D Scanning Electrochemical
Microscope (CH Instruments, Inc.) equipped with an
adjustable stage for tilt angle correction. All experiments were
performed with a platinum ultra-micro-electrode (UME) (5
pum diameter) from CH Instruments as the working electrode,
a platinum wire as the counter electrode and a silver wire
coated with AgCl as the reference electrode. Probe approach
curves and SECM images were obtained in 0.1 M sulfuric acid
solution containing 1 mM of dopamine as the redox
mediator. The applied potential at the tip was chosen at the
diffusion plateau of the mediator. Prior to any experiment,
UME parameters (a and RG) were determined independently
from approach curves on an insulator sample (glass). Tilt
correction was performed by recording three approach
curves, one determining the (0, 0) position and the two
others at 500 pm in the x (500, 0) and y (0, 500) directions.
For SECM imaging, positioning of the UME at a fixed
distance was performed by recording an approach curve at
the (0, 0) position. Mira software, developed by Pr. Gunther
Wittstock, was used to analyze and fit the experimental curve
and extrapolate the distance from the substrate.®

Patterning

Organic layer patterning was carried out with a UV-KUB 2
(Kloe SA). The sample was covered with a mask wielding a 5
x 5 mm” square with bands of 25 um width. The covered
substrate was irradiated at 365 nm for 5 minutes then rinsed
with acetone and dried with argon gas flow.

Atomic Force Microscopy (AFM)

All atomic force microscopy (AFM) experiments were carried
out with an NT-MDT Ntegra microscope in tapping mode. An
ACL (AppNano Inc.) probe was employed for imaging.
Experiments were performed to estimate the thickness of the
organic layers by the AFM scratching procedure.’® The term
AFM scratching is used here to describe the intentional
damage to a modified layer on a relatively hard substrate. If
the applied force is sufficient to disrupt the organic layer but
not to damage the substrate, it is possible to remove a square
trench in the deposit layer only. On the modified gold
surface, a 0.5 x 0.5 um? scratch was made by moving the tip
into contact mode with a set-point frequency at around 100
kHz. Note that careful examination confirmed that scratching
of the underlying gold substrate did not occur. The images
shown were recorded in tapping mode after scratching, and
representative line profiles through each scratch are shown.
In all experiments, deposited layers appear as continuous
films with no obvious film segregation.

Spectroscopic ellipsometry measurements

All spectroscopic ellipsometry experiments were carried out
with an Alpha-SE (J.A. Woollam Co., Inc.). All samples were

© 2024 The Author(s). Published by the Royal Society of Chemistry
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rinsed with acetone and dried with argon gas flow before
measurement. To perform the thickness measurement, a
model of the substrate was created for each sample. These
models were used to measure the film permittivity
parameters n and k with the Cauchy dispersion law:

1, T) = (D)2 + (na(TY)/3*

k(, T) = (ky(T))/22 + (Ra(T))12

With these two parameters, we were able to measure the
organic layer thickness grafted on the gold substrate.®

Contact angle measurements

Static contact angle measurements were conducted with an
easy drop goniometer DSA25 (Kruss). The static contact
angles of 2 pL of Milli-Q water drops were measured on 5
different spots. The contact angles were determined using
tangent 1 and tangent 2 circle methods. Initially, a static
contact angle of 83.6° + 1.2° was determined for the bare
gold substrate.

X-ray photoelectron spectroscopy (XPS)

XPS data were collected with a NEXSA G2 (ThermoFischer
Scientific) spectrometer using an Al Ko X-ray source working
at 1486.6 eV and using a spot size of 200 um>. Survey spectra
(0-1000 eV) were acquired with an analyzer pass energy of
200 eV (1 eV per step); high resolution spectra used a pass
energy of 50 eV (0.1 eV per step). Binding energies were
referenced to the Au 4f;), peak at 84 eV. The peak areas were
normalized by the manufacturer-supplied sensitivity factors
(Scis = 1, Snis = 1.68, Sausr = 20.73, Sois = 2.88). For each
sample, XPS survey spectra were recorded on three different
locations, and we did not observe any difference.
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