Showcasing research from Professor F. Lagugné-Labarthet’s
laboratory, Department of Chemistry, Western University,
London, Ontario, Canada in collaboration with Professors
N. Félidj and C. Mangeney, Université de Paris.

Three-color plasmon-mediated reduction of diazonium salts
over metasurfaces

Metastructures that exhibit multiple plasmon resonances
can be utilized to spatially control surface functionalization
using polarization state and resonant wavelengths. This
work highlights how three distinct wavelengths are used
to spatially pattern diazonium salts in distinct fashions in
the vicinity of individual gold structures. This opens future
applications in sensing, colour control and surface chemistry
where multiplexed patterning of distinct molecules around

a given nanostructure plays a key role.
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Three-color plasmon-mediated reduction of
diazonium salts over metasurfacest

Denis A. B. Therien,? Danielle M. McRae,? Claire Mangeney, ©° Nordin Félidj ©® <
and Francois Lagugné—Labarthet@*a

Surface plasmon-mediated chemical reactions are of great interest for a variety of applications ranging from
micro- and nanoscale device fabrication to chemical reactions of societal interest for hydrogen production
or carbon reduction. In this work, a crosshair-like nanostructure is investigated due to its ability to induce
local enhancement of the local electromagnetic field at three distinct wavelengths corresponding to three
plasmon resonances. The structures are irradiated in the presence of a solution containing diazonium salts
at wavelengths that match the resonance positions at 532 nm, 632.8 nm, and 800 nm. The resulting grafting
shows polarization and wavelength-dependent growth patterns at the nanoscale. The plasmon-mediated
reactions over arrays of the crosshair structures are further investigated using scanning electron
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Accepted 20th February 2021 microscopy and supported by finite domain time domain modelling revealing wavelength and
polarization specific reactions. Such an approach enables nanoscale molecular printing using light

DOI: 10.1035/d0na00862a source opening multiplexing applications where different analytes can be grafted under distinct opto-
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Introduction

Excitation of localized surface plasmon resonances (LSPRs) is
an effective method for enhancing the local optical fields which
can in turn be used for a variety of applications such as in
enhanced spectroscopies and plasmonic sensing where both
sensitivity and spatial resolution can be drastically improved
through a plasmon effect.'™ In discrete nanostructures, LSPRs
are generally spatially confined in specific areas and can be
excited with a selected set of wavelengths and polarization of
the impinging field. In ideal opto-geometric configuration, the
electric field is typically enhanced by a 10-100 fold factor which
is enough to yield large enhancement factors and which can in
turn be used for a variety of sensing applications through
surface enhanced mechanisms in Raman,>**” infrared,*™*°
fluorescence,"”** and nonlinear optical measurements.*>**
This spatial confinement can also be used to promote
chemical reactions through the generation and ejection of hot
electrons.' Metallic nanomaterials that contain LSPRs have
shown wide applicability for plasmon-mediated reactions.>*>
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Such reactions include chain-linking of gold nanoparticles,*
fabrication of biosensors,* plasmon mediated drilling,** and
performing surface chemistry such as CO, reduction,**” water
splitting for hydrogen production,*®*° single oxygen produc-
tion,™ and artificial photosynthesis.** Multiplexed functionali-
zation is of particular interest when several analytes can be
spatially grafted over metallic structures solely using light
irradiation. Such reactions have been studied on gold nano-
disks by grafting both a carboxyphenyl diazonium salt and
a hydroxyethyl phenyl diazonium salt to a single surface using
orthogonal irradiation polarizations.** A polymer formulation
containing two different light-emitting quantum dots was
grafted to the surface of a nanomaterial at two different polar-
izations, highlighting the possibility of grafting quantum dots
in orthogonal directions keeping at a nanoscale resolution.*
Other plasmon-mediated reactions include local polymeriza-
tion in the vicinity of metallic nanostructures and temperature-
responsive gold/polymer hybrid structures.*** Such light-
induced nanoscale printing opens many perspectives in
device fabrication. The main limitation in multi-analyte func-
tionalization is the number of plasmon resonances that can be
tackled independently with different wavelengths. A nano-
structure with n discrete resonances will theoretically open the
possibility of using n wavelengths of irradiations. Each reso-
nance being associated with a unique spatial pattern of the
electromagnetic confinement will subsequently yield a defined
pattern upon irradiation with the matching wavelength. Such
structures with multiple resonances have been demonstrated in
fractal structures with resonances ranging from the visible to
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the mid-infrared and highlighting the hybridization between
the successive fractal generations.>>"*¢

In the present work, we focus on arrays of gold meta-
structures with crosshair geometries and that display three
resonances in the visible range. The nanostructures were made
by electron beam lithography and display three resonances
centered around 532, 632 and 785 nm. Specifically, we investi-
gate the spatial grafting of 4-nitrobenzenediazonium tetra-
fluoroborate that has shown excellent reactivity when subjected
to light irradiation in the vicinity of metallic nanostructures and
forms a thin polymer film that can be readily observed by
electron microscopy.

Materials and methods
Finite domain time domain (FDTD) modelling

Simulations throughout this study were performed using
Lumerical FDTD solutions (Vancouver, Canada). The properties
of the structures and substrate simulated were set using the
standard Palik titanium and gold indices of refraction.’” The
structures were inscribed on a glass coverslip. The symmetric
structures were inscribed using a thickness of 3 nm for the
titanium adhesion layer and 20 nm for the gold. An array of
structures was set up with an average of 800 nm between indi-
vidual structures in both the x- and y-directions, with periodic
boundary conditions, and perfectly matched layers along the z-
axis. In order to reduce the computation time, the symmetry of
the structure was exploited by applying symmetry and anti-
symmetry boundary conditions appropriately. The amplitude
of the input planar wave field was set to 1 V m ™" for the simu-
lations, and an input light source with a wavelength range of
400 to 1000 nm was used. The near-field maps were calculated
at the surface of the nanostructure at wavelengths of 530, 630,
and 800 nm meanwhile the scattering spectrum was calculated
in the far-field.

Electron beam lithography (EBL)

EBL was used to prepare the crosshair nanostructures in arrays
on (22 x 22) mm? glass coverslips (Thermo Fisher Scientific,
ON, CA). The glass coverslips were cleaned using an O, plasma
cleaner. Following this, poly(methyl methacrylate) in anisole
(PMMA A2 950A resist, MicroChem Corp. MA, USA) was spin
coated onto glass slides at 3000 rpm, corresponding to a thick-
ness of 200 nm. Then, a conductive polymer layer (AquaSAVE,
Mitsubishi Rayon America) was spin-coated over the resist to
prevent loss of resolution during lithography due to charging
effects. The samples were then loaded into a scanning electron
microscope (LEO 1530) and EBL was performed using the
ELPHY Quantum nanolithography and nanofabrication soft-
ware from Raith Nanofabrication. Following irradiation, the
samples were developed in methyl isobutyl keto-
ne : isopropanol (MIBK : IPA, 1 : 3 [v : v], Microchem Corp., MA,
USA) for three minutes to generate the mask of the structures.
Subsequently, the samples were immersed in isopropanol (VWR
International LLC., ON, CA) for three minutes to stop the
development process. Metal deposition was performed using an
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electron beam evaporation instrument (Angstrom Engineering).
A 3 nm titanium adhesion layer was added at a rate of 0.8 As™*
to ensure that the gold would adhere to the surface of the glass,
followed by 20 nm of gold at a rate of 1 A s*. Finally, a lift-off
procedure in acetone was used to remove the mask and excess
metal, leaving the desired arrays.

Diazonium salt grafting

A 5 mM solution of 4-nitrobenzenediazonium tetrafluoroborate
was prepared in Milli-Q water (18.2 Q) and drop-casted over the
surface of the platforms positioned onto an inverted micro-
scope. A rubber O-ring was used to keep the solution on top of
the array during irradiation and to prevent the samples from
drying. After irradiation, the samples were washed with copious
amounts of Milli-Q water and dried under a gentle flow of
nitrogen gas.

Irradiation was performed using CW wavelengths at 532 nm
and 632.8 nm. Irradiation at 800 nm was performed with
a femtosecond laser (pulse width ~ 200 fs, repetition rate 80
MHz). The beam size was approximately 1 pm for the 800 nm
irradiation and about 8 um for the 532 nm and 632.8 nm lasers.
The laser irradiance at the sample plane was 1.79 x 10° W cm >
for 532 nm, 1.17 x 10* W cm ™2 for 632.8 nm, and 1.27 x 10° W
cm™> for 800 nm.

Scanning electron microscopy (SEM)

SEM was performed using a LEO (Zeiss) 1530 field emission
SEM. Since all samples were inscribed on glass coverslips,
samples were coated with 5 nm of osmium prior to SEM
imaging to prevent charging on the surface.

Results and discussion

Crosshair-like nanostructures, dendrimer-like structures with
C, symmetry, were first designed and simulated using FDTD
calculations, allowing their plasmon resonances to be fine-
tuned prior to fabrication.

The near-field distribution of the EM field around the
structure has been calculated at 530 nm, 630 nm and 800 nm for
a horizontal polarization over the crosshair structures that are
composed of orthogonal major rods with a length of 800 nm
and with two minor rods across each arm of the structure.
Irradiation at 530 nm (Fig. 1a) shows confinement of the field
along all rods, major and minor, that are orthogonal to the
polarization. At 630 nm (Fig. 1b), the two minor rods located in
the middle of the branch orthogonal to the input polarization
display field confinement while at 800 nm (Fig. 1c) the two
minor rods located at the extremity of the branch on the arms
perpendicular to the polarization direction concentrate the field
the most. The isowavelength map shown in Fig. 1d provides
a snapshot of the different zones where the field is locally
enhanced for the three selected wavelengths. The dark blue,
green and red colors indicate the field confinement at 532 nm,
632 nm and 800 nm, respectively. The structure being isotropic
with a C, symmetry axis, a rotation of the polarization by 90°
will rotate the distribution pattern accordingly.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Distribution of the near-field at 530 nm (a), 630 nm (b) and 800 nm (c) for a horizontal polarization. The corresponding isowavelength map
is shown in (d) and represents the spatial distribution of the field for wavelengths varying from 500 nm to 800 nm with a crosshair structure

outlined in black.

Two distinct optical setups were used to investigate the three
LSPRs. An 800 nm femtosecond-pulsed laser is used to irradiate
a single structure at a time without burning or destroying them.
This setup also uses a piezoelectric nanopositioning stage
combined with a 100x objective (N.A. = 0.95). This combina-
tion allows the 1 um laser spot to be precisely positioned onto
a single structure at a time. The CW lasers at 532 nm and
632.8 nm were coupled to a distinct setup that uses a 20x
objective (N.A. = 0.5) that is slightly defocused producing a spot
size of approximately 8 pm and irradiating multiple structures
at the same time. While this setup has the advantage of irra-
diating many structures at once, the Gaussian nature of the
beam produces varying results from the center of the spot
towards the edge, which will be discussed further. A typical
irradiation experiment is shown in Fig. 2a together with a single
nanostructure produced by electron-beam lithography (Fig. 2b).

Diazoni
salts in wi

Gold

Structures

Fig. 2

© 2021 The Author(s). Published by the Royal Society of Chemistry

Using electron beam lithography, arrays of structures were
produced in (50 x 50) um® patches, as shown in Fig. 3a. The
individual crosshair major axes measure 800 nm in length with
90 nm and 140 nm minor notches oriented perpendicularly to
the longer branches (Fig. 2b). Three broad plasmon resonances
can be identified in the far-field FDTD modelling at central
wavelengths of 530 nm, 630 nm, and 800 nm (Fig. 3b). The
experimental extinction spectrum only shows 2 resonances
including a broader one centered at 610 nm that shows
a shoulder around 550 nm.

The crosshair structures were first irradiated at 800 nm for
60 seconds at a power of 10 mW. The material grafted is
composed of a thin film formed from 4-nitrobenzenediazonium
tetrafluoroborate,*® through either a cationic or a radical
plasmon-induced polymerization pathway.*® Briefly, in the
cationic process, heating under room temperature conditions

(a) Depiction of a grafting experiment. (b) Produced individual structures.

Nanoscale Adv, 2021, 3, 2501-2507 | 2503
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(a) Representative SEM image of an array of dendrimers used for grafting with a single structure shown in the inset. (b) FDTD far-field

scattering for ideal (defect-free) and real structures (as shown in Fig. 1b) and experimental absorption measurements for a linearly polarized light

oriented horizontally or vertically with respect to the structure axes.

or light-induced decomposition of the solution-containing salt
induces the formation of cations by heterolytic dediazoniation
that react with gold surfaces. Other aryl cations present in
solution further react with the first grafted groups forming
a polyaryl layer on the surface.*® This cation-induced reaction is
generally referred to as a spontaneous grafting and may lead to
the formation of a monolayer at the surface of the substrate.®>**
In the radical process, plasmon-induced electron transfer from

J°a/3al)boj
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Fig. 4 SEM images of the dendrimers after irradiation with an 800 nm
fs-pulsed laser, for both (a) horizontally and (b) vertically polarized
light. (c) FDTD modelling of the near-field distribution upon irradiation
at 800 nm for the real structure with a horizontal polarization.

2504 | Nanoscale Adv., 2021, 3, 2501-2507

the gold structures to the diazonium cation yields the formation
of aryl radicals that in turn react with the surface to form an aryl
molecular layer. Other radicals react with the first layer to form
a thin polymer film whose thickness varies with the irradiation
conditions and local field enhancements. Both mechanisms
presumably yield the formation of polymer thin films in the
area where the field is maximum. However, the local heating
effect from a cationic process will dissipate very quickly in the
solution and because of the good thermal conductivity of the
gold structures, the grafting will be more homogeneous over the
surface of the structure. Additionally, the light decomposition
of the salts occurs predominantly in the ultra-violet range and
should be limited upon exposure at 800 nm. The grafting at
800 nm should essentially be driven by a radical mechanism.
Fig. 4a and b show the SEM images after irradiation at 1 =
800 nm with a horizontal and vertical polarization, respectively.
Polarization dependence is the most apparent here, where the
orthogonal irradiations produced similar grafting patterns
rotated by 90°. These experimental results can be compared to
the FDTD calculations shown in Fig. 1c and 4c for ideal and real
structures, respectively. The plasmon-induced grafting of the
diazonium salts is predominantly localized around the two
minor notches on the perpendicular branch with respect to the
input polarization. While the irradiance is higher on the 800 nm
setup (by a factor of 100-1000), the femtosecond pulses allow
the structures to be irradiated without burning or melting them.
The same localized molecular patterning can be performed over
an array of structures irradiated under similar conditions, as
shown in Fig. S1,1 highlighting the reproducibility and homo-
geneity of the plasmon-induced reaction.

Furthermore, as shown in the inset of Fig. S17 with a refer-
ence structure immersed with the same solution but without
any laser irradiation, this experiment indicates that there is no
evidence of spontaneous grafting at the surface of the cross-
hairs and that the grafting is only plasmon-driven, as expected.

Similar structures were irradiated with a continuous-wave
laser at 632.8 nm with a spot size of approximately 8 pm in

© 2021 The Author(s). Published by the Royal Society of Chemistry
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diameter. A manual control stage was used, allowing for the
irradiation of multiple structures at a time. This led to some
variety in the grafting development based on the energy dose
that each structure received relative to its position in the laser
spot.

Fig. 5a and b show the polarization dependent grafting
spatial distributions for both horizontally (Fig. 5a) and vertically
(Fig. 5b) polarized fields. The grafted material has been color-
ized for the corresponding polarizations in Fig. 5¢ and d.
Remarkably, the grafting occurs on both axes. However, the
major axis orthogonal to the input polarization shows the
thicker grafting. This is again in agreement with the FDTD
calculations in Fig. 1b for the ideal and real structures and
Fig. 5e for the real structure where both major axes show areas
of large confinement yet with larger confinement on the axes
orthogonal to the input polarization. In order to estimate the
effect of the irradiation power over grafting, functionalized

(,I°a/al)bo)

-0.6

Fig. 5 SEM images of the structures after irradiation using a 632.8 nm
continuous-wave laser, for both (a) horizontally and (b) vertically
polarized light. (c and d) The same images but colorized in red to
highlight the areas on which grafting mainly occurred. (e) FDTD
modelling of the near-field distribution upon irradiation at 630 nm for
the real structure with a horizontal polarization.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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areas were imaged at the center of the beam and in the outer
edge of the Gaussian beam.

At the center of the 632.8 nm beam (Fig. S2a, b and S3a, b¥)
grafting is homogeneous over the whole structure and it is
difficult to differentiate the areas with different field enhance-
ments. In contrast, Fig. S2a, c and S3a, ct correspond to the area
at the edge of the 632.8 nm Gaussian beam; the functionaliza-
tion is partial and shows grafting along the orthogonal axis up
to the first notch and around the larger notch of the axis parallel
to the input polarization, in good agreement with Fig. 1b. This
indicates that the threshold for plasmon-mediated grafting is
relatively low. By fine tuning the energy density at the surface,
the amount of material grafted can be controlled. This can be
achieved by either reducing the irradiation time or the
irradiance.

Finally, the last experiment was performed with an irradia-
tion at 532 nm, a wavelength for which FDTD predicts a third

-0.6

Fig. 6 SEM images of the crosshairs after irradiation using a 532 nm
laser both (a) horizontally and (b) vertically polarized. (c) and (d) the
colorized images of (a) and (b), respectively, with the outline of the
cross in black as a guide for the eye. (e) FDTD modelling of the near-
field distribution upon irradiation at 530 nm for the real structure with
a horizontal polarization. The reference background image used to
generate (c) and (d) is provided in Fig. S4.1

Nanoscale Adv, 2021, 3, 2501-2507 | 2505
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but weaker resonance. The extinction spectra (Fig. 2b) show that
the resonance appears to be superimposed with a broader
resonance centered at 630 nm.

Fig. 6a and b show the SEM images of individual nano-
structures after irradiation in the presence of the diazonium
solution with a horizontal and a vertical polarization, respec-
tively. Fig. 6¢c and d show treated images obtained by subtract-
ing the bare non-functionalized structure (Fig. S41) and that
show the spatial distribution of the polyaryl films. Both major
arms appear to experience grafting yet with predominant
grafting along the major arms that are orthogonal to the input
polarization. In both cases the gold structure is entirely covered
by the polyaryl layers derived from the diazonium salt which
appear thicker than when irradiated at 800 or 632.8 nm. Inter-
estingly, the irradiation at 532 nm appears to induce polymer-
ization on the substrate as well, as shown by the numerous
aggregates located around the structures. The presence of such
aggregates is not observed in any of the experiments performed
at 632 nm and 800 nm. Presumably the presence of these
aggregates over the gold structure and the glass surface is
facilitated by spontaneous grafting enabled by the higher
energy 532 nm photons that would yield more thermally
induced decomposition and subsequent grafting through the
cationic process.

The LSPR present at 532 nm originates from the width of the
structures themselves (Fig. 1a and 6e), which is perpendicular to
the irradiation polarization. This can be seen by the growth
occurring on all the outer features, and predominantly on the
entire arm, perpendicular to the irradiation polarization as
highlighted in red in Fig. 6a-d where the notches cannot be
distinguished anymore since they are completely covered by the
polyaryl layer.

The polarization dependent grafting demonstrates the
effectiveness of the nanostructure's response upon irradiation.
Fig. S5, shows a series of crosshair structures located at the
edge of the irradiation beam polarized vertically (Fig. S5at) and
horizontally (Fig. S5bt) with intensity increasing from left to
right.

The bare structures on the left-most of Fig. S5a and bt are
out of the beam while they transition to irradiation with the
highest power on the right. These experiments show again that
the major axes oriented perpendicular to the polarization of the
impinging beam experience the most functionalization where
the grafted molecules completely cover the major axis masking
even the two smaller orthogonal notches.

The progression of grafting across the surface indicates that
the density of hot electrons generated upon irradiation at
532 nm is proportional to the energy dose. It can also be seen in
these images that the structures on the left have no molecules
adhered to either the surface of the structures, or the glass
substrate itself. On the right, however, there is a large grafting
visible on the structures as well as organic aggregates adsorbed
on the surface. This demonstrates that all the grafting is
occurring due to the irradiation, and not spontaneously. While
the 532 nm grafting had the lowest irradiance of the three tests
at 1.79 x 10> W em >, grafting was more prominent for equiv-
alent irradiation times (60 s). This is caused by the LSPR, which

2506 | Nanoscale Adv, 2021, 3, 2501-2507
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covers a larger surface area of the crosshair structure than the
other two resonances, in synergy with the cationic process as
evidenced by the numerous organic deposits observed at the
surface of the glass coverslip closer to the center of the laser
spot.

In summary, the different grafting patterns based on the
irradiation wavelength are shown. The electromagnetic
enhancement hotspots from the plasmon resonances play an
important role when comparing these different grafting
patterns. By changing the irradiation source as well as polari-
zation, molecules were grafted to specific areas of the surface.
Although this work considers only a selected diazonium salt,
there is potential to use these structures to graft up to six
different molecules onto the same surface using three wave-
lengths and two polarization states. This versatility can be taken
advantage of for molecular patterning. This opens new avenues
in molecular electronics and biosensing where distinct grafted
molecules within a nanoscale structure can display different
functions.

Conclusion

Crosshair nanostructures with three plasmon resonances were
designed and fabricated in order to facilitate plasmon-mediated
reactions in the visible wavelength region. The structures were
successfully employed for the surface specific grafting of a dia-
zonium salt to the surface using wavelengths of 532 nm,
633 nm, and 800 nm. For each of the wavelengths, distinct
grafting patterns can be observed around the structures. The
polarization dependence of grafting was also tested for these
three wavelengths to which the structures responded according
to incident polarization. These nanostructures offer a platform
for a multitude of applications in both chemistry and nanoscale
surface patterning due to the possibility of spatially controlling
the functionalization of distinct molecules with a selected set of
wavelengths and polarizations. Based on this approach, optical
sensing devices with multiplexed specificity or bioconjugation
could be developed.
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