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Plasmon-mediated surface functionalization: new horizons for the
control of surface chemistry at the nanoscale
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tLCBPT, UMR CNRS 8601, Université de Paris, 45 rue des Saints-Péres, 75006 Paris, France.
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ABSTRACT: The combination of plasmonics and surface chemistry is a fastgrowing field of research, with promising pro-
spects for a wide range of applications, including analytical chemistry, sensing, photocatalysis, photovoltaics and nanomedi-
cine. It takes advantage of the confined electromagnetic fields, local heat generation and hot carrier excitation, that accom-
pany plasmon resonances to incorporate molecular functionalities into engineered nanomaterials with a spatial control at
the nanoscale. This review aims to provide a concise overview of the main plasmon-mediated surface functionalization strat-
egies developed so far, and explains how it renews the toolbox of surface chemistry approaches. Plasmon-mediated surface
functionalization appears to offer an unprecedented fast and cheap large scale “bottom-up” approach to trigger site-selective
surface functionalization and place molecules/nanomaterials into highly reactive regions (reactive spots) or high electromag-

netic field regions (hot spots).

1. INTRODUCTION

Nanoplasmonics is a fastgrowing field of research, since the
discovery of surface-enhanced Raman scattering (SERS) ef-
fect in the mid-1970s.[!1 The SERS effect provides a strong
enhancement of the Raman spectra of molecules adsorbed
on noble metal nanostructures [2-5], It arises from the excita-
tion of localized surface plasmon (LSP) modes by electro-
magnetic waves in the UV to near infrared range, due to the
collective oscillations of conduction band electrons at the
particle surface [¢-8l. These strong enhancements of the elec-
tromagnetic field were also widely exploited for metal-en-
hanced fluorescence (MEF) and surface-enhanced infrared
absorption (SEIRA) [¢, providing powerful tools for the
identification of analytes at low concentrations, moving the
detection limits down to the single molecule level. Besides
strong field enhancements, plasmonic nanostructures also
exhibit intense extinction bands (absorption and scatter-
ing) in the visible and near-infrared spectral region, which
peak wavelength Amax depends on the nanoparticle (NP)
size, shape, chemical nature and local dielectric environ-
ment. This sensitivity to their close environment allows
them to act as transducers for real-time chemical and bio-
logical sensing [°! since the binding of analytes to the particle
surface induces changes in the local refractive index that
can be detected through spectral shifts of the LSP wave-
length. Absorption of light by plasmonic nanoparticles can
also be nonradiatively relaxed, resulting in a highly local-
ized heat energy release in the close proximity of NPs. Plas-
monic NPs can thus be used as nanosources of heat for pho-
tothermal therapy applications 9. In addition, charge car-
riers with high energy are generated upon nonradiative
plasmon decay ['1l. The resulting hot electrons and holes
were shown to induce chemical reactions and activate bond
formation and/or dissociation, opening up promising pro-
spects in photocatalysis and industrial applications [12] [13],
Plasmonic properties were also widely exploited for cut-
ting-edge applications in photovoltaic 4], imaging [15], and
optical trapping [1¢l. Besides, these recent years have wit-
nessed the development of a new research field emerging

from the combination of plasmonics and surface chemistry.
It takes advantage of the confined electromagnetic fields, lo-
cal heat generation and hot carrier excitation, that accom-
pany plasmon resonances to incorporate molecular func-
tionalities into engineered nanomaterials with a spatial
control at the nanoscale. While a variety of techniques have
been reported to spatially control chemical functionalities
on nanostructures, such as dip-pen lithography ['7], inkjet
printing [18] and direct laser patterning ['%], these methods
are time-consuming and can hardly achieve sub-50nm res-
olutions. Plasmon-mediated surface chemistry offers an un-
precedented fast and cheap large scale approach that uses
the nano-localized plasmonic properties surrounding
nanostructures, to trigger site-selective surface functionali-
zation and place molecules/nanomaterials into specific re-
active spots.
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Figure 1. General scheme of plasmon-mediated surface func-
tionalization and incorporation of surface functionalities de-
rived from small molecules, polymers, nanomaterials or bio-
molecules.

This tutorial review aims to provide a concise overview of
the main plasmon-mediated surface functionalization strat-
egies developed so far for the control of surface chemistry
at the nanoscale (Fig. 1), from hot-carrier driven processes
and thermally activated surface modification to photopoly-
merization. The various plasmon-driven strategies will be
divided into three main sections, focusing on the grafting of:



(i) molecular entities; (ii) polymer grafts; (iii) nanomateri-
als and macro-biomolecules (proteins, DNA). Perspectives
of plasmon-mediated surface chemistry for future re-
searches are also provided.

2. MECHANISMS OF PLASMON-DRIVEN
SURFACE FUNCTIONALIZATION

The generation of strong electric field in the vicinity of plas-
monic NPs upon LSP excitation, as well as hot carrier re-
lease and heat dissipation can be exploited to induce surface
functionalization. The main mechanisms are illustrated in
Fig. 2, and can be summarized as follows [20].
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Figure 2. After LSP excitation of a metal nanostructure (a), hot
carrier generation (b), and heat dissipation (c) take place. Sur-
face functionalization can be induced through the following
processes: (d) a direct intramolecular excitation (i), and charge
transfer (ii); (e) an indirect hot-electron transfer, and (f) a local
heating. Reproduced with permission [20. Copyright 2019,
Wiley-VCH.

Under light excitation (Fig. 2a), LSP leads to the emission of
both photons by radiative decay and hot electrons and holes
by non-radiative decay (Fig. 2b). These processes are very
fast, with the generation of hot carriers after only 1-10 fs
following LSP excitation. Then, heat dissipation from NPs to
the surrounding environment takes place, as a result of
thermal conduction (Fig. 2c). From these radiative and non-
radiative decays, distinct processes of plasmon-induced
surface functionalization have been proposed. A direct in-
tramolecular excitation mechanism (Fig. 2d (i)), can take
place.Itis based on an electronic transition from the highest
occupied molecular orbital (HOMO) to the lowest unoccu-
pied molecular orbital (LUMO) of molecules, provided that
the excitation of LSP is resonant with the transition energy
of the two electronic levels of the molecules. In this process,
LSP excitation acts as a local source of light to excite the
molecules near the NP surface [?1] and induce surface func-
tionalization (221,

Another mechanism depends on a charge transfer between
the metal surface and the molecules, from the metal energy
states close to the Fermi level, to the LUMO of the adsorbed
molecules (Fig. 2d (ii)). This transfer is possible provided
that the energy of LSP corresponds to the energy gap be-

tween the LUMO and the metal states (near the Fermi level)
[23],

Indirect hot-electron (Fig. 2e) or hot-hole transfer mecha-
nism can also drive surface functionalization. The hot carri-
ers generated upon LSP excitation are transferred from the
metallic NPs to the molecules. In the case of hot electron
transfer, the reaction is based on an inelastic electron tun-
neling to the adsorbed molecule, yielding a transitional neg-
atively charged ionic state [24]. Similarly, the energetic holes
of electron-hole pairs can be ejected from the plasmonic
NPs into solution and take part to photo-oxidation reactions
[25], However, the lifetimes of hot holes are very short. Their
accumulation at active sites, such as impurity, defects or ad-
sorbed molecules is thus a key point for most hot holes-
driven oxidation reactions [26],

The use of nano-localized heat dissipation following LSP ex-
citation is another route to trigger surface functionaliza-
tion. The temperature increase can be high enough to cross
the potential energy barrier and activate surface reactions
(Fig. 2f), such as thiol-ene click chemistry in the vicinity of
gold nanostructures [27],

3. INCORPORATION OF
MOLECULAR FUNCTIONALITIES
PLASMON-MEDIATED CHEMISTRY

Control of surface chemistry of engineered nanomaterials is
a critical issue for innovative applications in (bio-)sensing,
catalysis and optics. Spatial control on the nanoscale of sur-
face-grafted molecular species is particularly important in
order to optimize the coupling between molecular function-
alities and the underlying nanostructures. Several ap-
proaches, described below, were proposed to functionalize
the whole surface or selective area of plasmonic nanostruc-
tures, using plasmon-mediated nano-localized hot carrier
release.

SURFACE
USING

3. 1. Plasmon-assisted surface grafting of molecular enti-
ties.

Literature has a wealth of different examples of spontane-
ous functionalization strategies in order to modify the sur-
face of plasmonic nanostructures by organic molecules.
Common methods [28 rely on the use of self-assembled
thiol-based monolayers, carboxylate ligands, amines, aryl
diazonium salts [2°] and carbenes 3%.In contrast, the surface
grafting of molecular entities promoted by LSPR excitation
is an emerging research field and only few examples have
been reported in the literature up till now. For example, a
plasmon-mediated approach was proposed as a new way to
facilitate the surface modification of gold-coated optical fi-
bers by iodonium salts [31. While classical approaches for
surface modification by iodonium salts require complicated
procedures (aggressive agents, strong bases), the plasmon-
mediated strategy offers an alternative convenient ap-
proach that can be performed under mild reaction condi-
tions. The mechanism relies on the plasmon-induced cleav-
age of the C-1 bond of iodonium salts, generating highly re-
active aryl radicals able to bind to the gold surface via cova-
lent gold-carbon bonds, as proven by surface enhanced Ra-
man spectroscopy (vauc at ca. 436-453 cm-1). This strategy



was employed to modify macroscopically the surface prop-
erties (hydrophobicity, antifouling properties) of optical fi-
bers, using di-[3,5-bis(trifluoromethyl) phenyl]liodonium
tetrafluoroborate. The grafting of fluorine-rich organic lay-
ers resulted in surface hydrophobicity, water repellence,
and antifouling properties. All these characteristics are val-
uable for minimizing surface contamination of optical fibers
used as biosensors in biological media, preventing biofoul-
ing and limiting their loss of activity in the long-term. Be-
yond macroscopic surface modification approach, LSP exci-
tation could also trigger regioselective surface functionali-
zation 13234, This was achieved for example via the site-se-
lective hot-electron mediated reduction of aryl diazonium
salts, generating aryl layers covalently attached on gold
nanostructures through Au-C linkages and located specifi-
cally in the regions of maximum near field enhancement
(see Fig. 3). For example, the plasmon-induced grafting of
aryl layers derived from bisthienylbenzene diazonium salts
on Au nanotriangles was performed under visible-light illu-
mination in a few minutes, without requiring the presence
of any reducing agent [32l. As observed in Fig. 3a, the grafting
process was highly enhanced on the triangle apex and be-
tween adjacent AuNPs, corresponding to the plasmonic
hotspot area. The localization of the grafted layers was
found to depend directly on the polarization of the incident
light. Control of light polarization thus allows constraining
the localization and anisotropic growth orientation of the
deposited polyaryl layer on the nanotriangle surface, open-
ing promising prospects in the field of “plasmonic electro-
chemistry”. Gold nanowires 133 and nanorods 34 were also
functionalized using plasmon-mediated reduction of aryl
diazonium salts, resulting in a regioselective grafting of or-
ganic patches around the nanostructures. This strategy
showed several advantages compared to common classical
approaches: (i) the grafting under plasmon excitation is
very quick, with lengths of time that vary typically between
few seconds to few minutes, while usual methods require
several hours; (ii) the thickness of the organic coating can
be varied from thin (ca. 1-3 nm) to thick poly(aryl) layers
(up to 40-80 nm); (iii) the organic patches are spatially con-
fined on the hot spot regions around the nanoparticles, i.e.
the regions of maximum field enhancement. The incident
light energy and LSP wavelength appeared to be critical fac-
tors to control the localization and thickness of the attached
organic layers derived from diazonium salts. Extension of
these strategies to the multi-functionalization of surfaces
was proposed as a major breakthrough in surface chemis-
try, with the possibility to attach various chemical functions
onto distinct nanoscale regions [35. The multifunctional
grafting under plasmonic near-field excitation was trig-
gered by the change of polarization of incident light. As a
proof of concept, the surface chemical properties of plas-
monic gold nanodisks was patterned by two different types
of functional polyaryl layers, bearing either carboxyl or hy-
droxyethyl pendant groups. The regioselective grafting of
the polyaryl layers on the gold nanodisks occurred specifi-
cally in the regions of maximum field enhancement along
the polarization direction, as shown in SEM images Fig. 3b-
¢, in good agreement with discrete-dipole approximation

(DDA) calculations (Fig. 3d-e). This double functionaliza-
tion strategy opens up promising perspectives in molecular
sensing, nanooptics and nanoelectrochemistry.
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Figure 3. (a) SEM image of Au triangles after 4 min irradiation
with visible light, in the presence of bisthienylbenzene diazo-
nium salt aqueous solution. Reproduced with permission.[32l.
Copyright 2017, American Chemistry Society. (b,c) SEM images
of Au NPs after plasmon-induced grafting of (b) carboxyphenyl
layers derived from aryl diazonium salts, along the vertical di-
rection and (c) additional hydroxyethyl phenyl layers along the
horizontal axis. (d, ) Mapping of the near-field intensity en-
hancement upon illumination along the vertical axis (d) and
both horizontal and vertical axes (e), using the DDA method. (b-
e) Reproduced with permission.[35! Copyright 2018, Royal So-
ciety of Chemistry.

Another strategy based on “plasmonic stamps” was pro-
posed to achieve nanopatterned surface chemistry on sili-
con [3¢], The plasmonic stamps were made of gold nanopat-
tern arrays embedded within a PDMS stamp. Under plas-
mon excitation, the stamps could trigger the nanolocalized
hydrosilylation of alkenes or alkynes on a hydrogen-termi-
nated silicon surface (see Fig. 4a). The interfacial hydrosi-
lylation reaction was supposed to proceed via the genera-
tion of a proximal electric field in the silicon surface upon
plasmon excitation, resulting in the production of charge
carriers. Hexagonal arrays of nanoscale alkyl and alkenyl
patches, with sub-100 nm pattern resolution, could be
formed on the silicon surface using this approach, mirroring
the topographic features of the parent gold nano-arrays. A
subsequent thiol-ene coupling with 1,6-hexanedithiol on
the free terminal alkene groups followed by electroless dep-
osition of gold from aqueous HAuCls solution and ascorbic
acid (Fig. 4b) allowed clearly visualizing the created nano-
patterns (see SEM image in Fig. 4c). The use of plasmonic
stamps [37] thus appears as a valuable cost-effective alterna-
tive to photo-lithography of semi-conductor surfaces.



White light (a)
Plan view

Band-pass filter

i) Stamp
Plasmonic stamp i) llluminate

iii) Rinse

)_.>
Alkene or Alkyne A R

ol

r
| Flat Si(111)-H =R

(b) g

MMM

Resulting plan view

Figure 4. (a) Representative scheme of plasmon-induced hy-
drosilylation on silicon Si(111)-H surface using plasmonic
stamps. Light illumination through the transparent PDMS
stamp allows LSPR excitation of Au nanopatterns, resulting in
localized hydrosilylation of alkenes or alkynes. (b) Scheme of
plasmonic stamping followed by thiol-ene coupling and elec-
troless gold deposition. (¢) SEM micrographs of the resulting
gold nanopatterns. Scale bars is 200 nm. Reproduced with per-
mission.[36l. Copyright 2016, American Chemical Society.

3.2. Plasmon-assisted surface post-functionalization. Aside
from directing the grafting of molecular entities on na-
noscale regions of bare uncoated nanostructures, as de-
scribed in the previous section, plasmon excitation can also
be used to modify and post-functionalize the surface chem-
istry of molecular entities already grafted on the surface.
For example, plasmonic properties were exploited to induce
localized thiol-ene “click” chemistry reactions on gold
nanostructures functionalized with allyl mercaptan self-as-
sembled monolayers (SAMs) [27. The “click” reaction was
based on the addition of the thiol end groups of thiophenol
to the alkene groups of SAMs. While this kind of reaction is
usually performed under UV light or thermal activation, in
the presence of a radical initiator, the nanoplasmonic effect
allowed obtaining thiol-ene coupling in the visible range,
even under unfavourable experimental conditions. This ex-
periment thus demonstrated that the combination of plas-
mon-induced photonic and thermal effects can be exploited
to induce nano-localized surface click chemistry.

In another example, chiral plasmonic nanostructures were
used as nanosources of heat to induce thermal transfor-
mation of thermally responsive protective thiol SAMs, mod-
ifying their conformation from helical to elongated form,
thus freeing up space for adsorption of ligands and biomol-
ecules (see Fig. 5a) 38]. Although thermoplasmonic phenom-
ena are well-known to generate fast heat dissipation and
uniform temperature at the nanostructure surface, they
also lead to temperature gradients in surrounding water
(Fig. 5b) which were exploited in this original strategy.
Pulsed laser irradiation of the SAMs-coated plasmonic

nanostructures resulted in localized water heating and spa-
tially localized deprotection, promoting subsequent ad-
sorption of nitrilotriacetic acid ligands. This plasmon-medi-
ated chemical strategy based on thermal gradients in the
solvent around nanostructures opens up promising pro-
spects for the nanoscale control of chemistry over macro-
scopic areas.
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Figure 5. (a) Scheme of the protection/deprotection steps us-
ing a nanosecond pulse laser, and subsequent adsorption of ni-
trilotriacetic acid (NTA) ligands and proteins. (b) Stacked sur-
face plot of thermal gradients in water at 8 ns (pulse end), with
increasing height Z. Reproduced with permission.38l. Copy-
right 2016, Nature Publishing Group.

4. PLASMON-ASSISTED
POLYMERIZATION

SURFACE

The design of plasmonic nanoparticles with surface-grafted
polymers has been the subject of many studies in a variety
of fields, from (bio-)sensor devices [°! to drug delivery sys-
tems (10 and environmental decontamination. There are
two pathways to elaborate a plasmonic surface coated with
a polymer layer: in the first process, polymers can be
“grafted to” the surface through a bearing group such as
thiol or disulfide molecule. Yet, this process will not be dis-
cussed in this review to focus solely on processes that can
be coupled with the excitation of plasmonic particles. In the
second process, the polymerization is “from” the surface
where active species initiate the covalent polymerization.
Plasmon-induced “grafting from” polymerization tech-
niques allow controlling the site-selectivity and polymer
growth orientation, thereby expanding polymerization and
nanofabrication toolbox. Different mechanisms can be en-
hanced by plasmonic effects, from free radical photopoly-
merization to controlled radical polymerization and hot car-
riers-initiated polymerization. In the following section, we
review these various “grafting-from polymerization” meth-
ods that can be promoted by localized surface plasmon res-
onance (LSPR) excitation in order to obtain nano-localized
polymer grafts on the surface.

4.1. Plasmon-mediated free-radical photopolymerization.
Photoinduced free-radical polymerization is routinely used
for the elaboration of commercial coatings, adhesives and
for photolithography. It is based on the photoinduced pro-
duction of radical reactive species able to initiate polymeri-
zation. In the last decade, questions have been raised about



the possible confinement of this process on plasmonic NPs:
can the enhanced electromagnetic fields generated upon
LSP excitation trigger a nanoscale photopolymerization
process on the surface? The possibility to exploit the near-
field enhancement to achieve nano-localized photopoly-
merization was studied in numerous papers using different
nanostructures, such as silver spheres, cubes, and gold tri-
angles. These studies evidenced several key parameters in-
cluding the wavelength, polarization and energy of the inci-
dentlight [3%40], For example, Bachelot et al. showed that the
spectral overlap between the LSPR and the absorption of
the photoinitiator is part of the prerequisite experimental
conditions to trigger plasmon-assisted photopolymeriza-
tion [*11, Additionally, knowledge of the incident light energy
dose threshold (Dw), which corresponds to the lowest en-
ergy required to induce photopolymerization is of great im-
portance. Indeed, energy doses higher than Dw result in a
complete coating of the surface [22. In order to induce the
polymerization process locally by plasmon-mediated mech-
anism, the incident light energy dose should be set under
Dwn. Remarkably, using an energy dose four times weaker
than Dw, and playing on the incident light polarization, the
authors succeeded to generate two well-separated organic
lobes around silver nanospheres,[*?] as observed by AFM
(Fig. 6a-b). The organic coating was made of polymeric
patches adsorbed on the surface via non-covalent interac-
tions. The spatial extent of the patches was found to coin-
cide perfectly well with the two-lobe pattern characteristic
of a dipolar near-field distribution, as calculated by finite-
difference time-domain (FDTD) calculation (Fig. 6c¢). This
resulted in a controlled breaking of the symmetry, from Cocv
before plasmon-induced polymerization 42 to C2v after the
growth of the two polymer lobes, inducing the breakdown
of SPR spectral degeneracy with the appearance of two ar-
tificial plasmon eigenmodes. The polarization response of
LSPR was strongly correlated with the anisotropic polymer-
ization around the particles. This approach thus provides a
means for covering the NPs with a dielectric ellipsoid na-
noscale coating and controlling by this way their optical be-
havior.

a b (c)
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Figure 6. (a,b) AFM images of Ag NPs obtained after plasmon-
mediated free-radical photopolymerization, under polarized
light. (c) FDTD calculation of the electric field intensity distri-
bution around Ag NPs (A = 514 nm). The white arrow indicates
the incident light polarization. Reproduced with permis-
sion.[*0l, Copyright 2007, American Physics Society.

Besides, the strong localized field enhancement in the vicin-
ity of lithographic NPs could be used for photolithographic
imprinting to yield ultrasmall (<30 nm) SU8 photoresist
nanodots, via two-photon polymerization [#3 441, Although
the feature size reached with this nanolithography method
is higher than the one that can be achieved using electron

beam lithography (down to 10 nm), the photo-pattern res-
olution is very low, corresponding to <A /25. One feature of
particular interest is the possibility to address different res-
onances in one plasmonic system by the appropriate wave-
length and polarization selection, allowing a single mask to
provide various organic patterns. This offers promising pro-
spects for programmable lithography.

Photolithographic imprinting was used also as a convenient
method to quantify field strength distribution in plasmonic
nanostructures. For example, Misawa et al. achieved a quan-
titative measurement of the near-field enhancement around
gold nanotriangles, using two-photon polymerization [51.
The NPs were first deposited on a surface and covered by a
resist film (SU-8). After exposure to laser pulses, the resist
was developed and the sample imaged by SEM. The nonlin-
ear character of two-photon polymerization allowed high
spatial resolution. The authors could correlate the thresh-
old of SU-8 two-photon polymerization on the surface of the
nanostructures with the Gaussian intensity profile of the
pulsed laser, giving new insights into the near-field inten-
sity around nanotriangles.

4.2. Plasmon-mediated controlled radical polymerization.
Compared to conventional free radical polymerization, con-
trolled radical polymerization (CRP) methods allow the
preparation of well-defined polymers with controlled mo-
lecular weight and chain architecture, low polydispersity
and site-specific functionality [#¢], thus offering unprece-
dented opportunity in material chemistry. In these ap-
proaches, the long lifetime of growing chains offers new op-
portunities in polymer design, such as chain end-function-
alization and chain extension. Among CRP approaches, ni-
troxide-mediated polymerization (NMP) is a reversible de-
activation radical polymerization technique based on a ni-
troxide initiator, acting as a control agent (persistent radi-
cal) to generate well-defined functional and complex mac-
romolecular architectures with very low polydispersity in-
dex. However, because the initiation requires thermal C-ON
bond homolysis of the alkoxyamine initiators to form car-
bon-centered radicals and nitroxide, NMP is usually per-
formed at elevated temperatures, above 100 °C, which con-
stitutes the main limit of this technique. Plasmon-mediated
homolysis of alkoxyamines was proposed as an alternative
by O. Guselnikova et al. 471 to get over this difficulty. The
alkoxyamine groups were first attached via covalent Au-C
bonds to gold gratings through the electroreduction of the
corresponding aryl diazonium salts (Fig. 7a, step A). The
plasmon-induced homolysis and initiation of NMP were
then triggered, at room temperature, by simple irradiation
of the gratings with sunlight or with a laser beam under
mild experimental conditions, allowing the preparation of
poly(N-isopropylacrylamide)-co-4-vinylboronic acid block
copolymers (step B and C, Fig. 7a). As derivatives of boronic
acids are attractive recognition units for the sensing of car-
bohydrate derivatives, [48 491 the obtained polymer-coated
gold grating platforms were evaluated as smart SERS-
sensors for the detection of biologically relevant glycopro-
tein. a-1 glycoprotein was chosen as the target analyte as it
is a useful biomarker of clinical outcome in various diseases
(501, Thanks to the thermoresponsive character of PNIPAM
[51-53], the carbohydrate moieties could be entrapped in the
vicinity of the plasmonic surface at elevated temperature,



thus increasing significantly the SERS signal intensities of
the glycoprotein.

Another type of plasmon-activated “from surface” con-
trolled radical polymerization was reported by M. Erzina et
al. 54, based on reversible addition-fragmentation chain-
transfer (RAFT). RAFT polymerization usually employs thi-
ocarbonylthio compounds to control polymerization via a
reversible chain-transfer process. The RAFT agent was first
grafted at the surface of gold gratings through covalent Au-
C bonds, using aryl diazonium salts as coupling agents.
Then, plasmon excitation of the gold gratings functionalized
with the RAFT agent, allowed to efficiently activate a
polymerization initiator (AIBN) in the proximity of the
nanostructures and to induce surface-assisted growth of
PNIPAM (Fig. 7b). Interestingly, the mechanism of polymer
growth appeared to be self-limited, as evidenced through
time-dependent SERS and XPS measurements, providing
new means to produce ultrathin smart polymer layers with
well-defined structures.
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Figure 7. (a) Scheme of the strategy to achieve plasmon-in-
duced “from surface” polymerization and growing of
PNIPAM/PVBA brushes from alkoxyamine initiators-grafted
gold grating. Reproduced with permission.[#7l. Copyright 2019,
Royal Society of Chemstry. (b) SEM-EDX images of gold grat-
ings functionalized with a RAFT agent, recorded on A) the non-
illuminated area and B) the illuminated area (780 nm irradia-
tion), revealing the formation of grafted PNIPAM brushes. Re-
produced with permission.[>4 Copyright 2018, Wiley-VCH.

4.3. “Hot-carriers”-initiated polymerization

Hot-electron polymerization. Plasmon-induced polymeri-
zation via hot carriers provides the opportunity to initiate
locally most types of radical polymerization reactions. For
example, the initiator-free polymerization of divinylben-
zene (DVB), styrene and methyl methacrylate was achieved
by hot electron initiation under light irradiation at a laser
power lower than required for auto-initiation [551. The light-
triggered chain growth at the surface of plasmonic nanopar-
ticles involved the initiation of free radicals via hot-electron
transfer to monomers, in the absence of any initiators (see
top scheme Fig. 8). AuNPs deposited on SiOz/Si wafer were
used for hot electrons-initiated DVB polymerization, as il-
lustrated in Fig. 8a. The bare and functionalized NPs exhib-
ited distinguished optical properties, as observed under
dark field microscope (inset of Fig. 8b). The scattering spec-
tra of the coated AuNPs evidenced a red-shifted peak with
respect to bare ones, in agreement with an increase of the
refractive index due to the polymer coatings (Fig. 8b). These

experimental results were further supported by FDTD sim-
ulations (Fig. 8c). The covalently grafted polymeric layer
could be visualized under SEM (Fig. 8d).
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Figure 8. Top scheme and (a) Mechanism of hot-electron-initi-
ated surface polymerization from AuNPs deposited on SiOz/Si
wafer, using a pump laser (A = 640 nm, 2 mW, 60 s). (b) Scat-
tering spectra of AuNPs before (red) and after (blue) laser irra-
diation. The insets display the dark field images. (c) Simulated
scattering spectra of AuNPs before (red) and after (blue) laser
irradiation. (d) SEM image of AuNPs after plasmon-induced
polymerization of DVB. Reproduced with permission.[55! Copy-
right 2018, Springer.

The time- and power-dependent growth of this polymeriza-
tion process allowed controlling both the thickness and ori-
entation of the grafted polymer, which appeared to be
highly influenced by the near-field distribution around the
nanostructures and laser polarization. Interestingly, plas-
mon-mediated initiation of free radicals via hot-electron
transfer to vinyl monomers was used by Baumberg and
coworkers to enlarge locally the gap size between plas-
monic nanoparticles 56. Monomer polymerization within
the nanogaps of gold NPs deposited on a gold mirror was
shown to expand the nanogap volume, resulting in a strong
blue-shift of the plasmon resonances. When the plasmon
bands shifted too far away from the incident laser wave-
length, the polymer growth ended. This self-limiting mech-
anism offers the possibility to tune the plasmon resonance
bands to the desired spectral position.

Hot-hole polymerization. Instead of exploiting hot elec-
trons released under plasmon excitation, hot holes could
also be used to trigger oxidative polymerization, such as the
electro-oxidation of aniline to polyaniline 571 or pyrrole to
polypyrrole (581, Electro-polymerization of these monomer
starts with their oxidation to form radical cations, which
then react to form conductive polymers. As illustrated in
Fig. 8 in the case of aniline polymerization, the reaction is



possible under an applied potential when there is an align-
ment of the electrode Fermi level and the highest occupied
molecular orbital (HOMO) level of the monomer (see violet
dash line in Fig. 93, corresponding to the threshold potential
to start the reaction, Eonset = 0.679 V). In contrast, this cannot
occur in open circuit potential conditions and in the dark
because the Fermi level is higher than the HOMO of the
monomers. Upon plasmon excitation under 561 nm laser il-
lumination (left panel, Fig. 9b), the oxidation reaction is
triggered at Eonset = 0.44 V (orange dashed line), evidencing
a 0.24 eV decrease of the energy required to start the
polymerization reaction. The generation of hot holes thus
facilitates electron transfer from the monomers, resulting in
site-selective deposition of conductive polymer patches, lo-
cated on the photoinduced oxidation active sites. It is no-
ticeable that when the experiment was conducted under off-
plasmon resonance illumination (633 nm), with increased
laser power to obtain heating effect similar to that observed
under plasmon excitation, the polymerization reaction was
trigged at 0.65 V (right panel, Fig. 9b), close to the reaction
potential in the dark. This result demonstrated that the
heating effect was not the major cause for polymerization,
but rather the generated hot holes.
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Figure 9. Schemes of aniline electro-oxidation reaction (a) in
the dark and (b) upon plasmon excitation at 561 nm or off-plas-
mon illumination at 633 nm. The violet dashed-line corre-
sponds to the threshold potential to start the reaction in the
dark, Eonset = 0.679 V. The orange dashed line corresponds to
Eonset (0.44 V) under plasmon excitation. The red dashed line
corresponds to Eonset (0.65 V) under off-plasmon illumination
conditions. Reproduced with permission.[57] Copyright 2019,
American Chemical Society.

Terahertz-driven polymerization. For all the above-men-
tioned plasmon-mediated polymerization approaches, the
optical excitation spectrum was limited from UV-visible to
near-infrared region. When nanostructures exhibit LSPR in
the longer wavelength range, the low energy of photons
makes it difficult to promote photochemical reactions. Nev-
ertheless, the possibility to extend plasmon-mediated
polymerization to the terahertz (THz) frequencies was ex-
plored by W. Park et al., using intense THz pulses to trigger
polymerization of resists in nanoantennas [5°l. The THz
waves in nanoantenna were shown to induce the release of
tunneling electrons in the area of high local field enhance-
ment (the center of bowtie), resulting in nano-localized re-
sist cross-linking (see SEM image in Fig. 10a and repre-
sentative scheme of the process in Fig. 10c). The electric
field profile was simulated using finite element method sim-
ulation (COMSOL), confirming that resist cross-linking oc-
curred specifically in the regions of enhanced local field due
to hot-electron emission (Fig. 10b). These results offer new
possibilities to combine nano-photochemistry and te-
rahertz optics.
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Figure 10. (a) SEM image of a bowtie antenna after terahertz-
mediated resist cross-linking. (b) COMSOL simulations of the
bowtie antenna evidencing high field enhancement in the cen-
ter of the antenna. (c) Scheme of terahertz illumination to in-
duce terahertz-mediated resist cross-linking. Reproduced with
permission. [591 Copyright 2018, Nature Publishing Group.

5. PLASMON-DRIVEN SURFACE CHEMISTRY
FOR SITE-SELECTIVE GRAFTING OF
NANOMATERIALS AND BIOMOLECULES

Triggering the site-selective surface functionalization is
crucial in order to place additional compounds, such as bio-
functional molecules (DNA, proteins, amino acids) or nano-
materials into specific locations. For instance, the strategies
discussed above can provide a strong confinement of cou-
pling agents for the subsequent growth of polymer brushes,
immobilization of gold nanoparticles [¢%, quantum dots [61]
or biomacromolecules [62 63, with high lateral resolution. In-
terestingly, such post-functionalization is expected to occur
exclusively on highly reactive or high electromagnetic field
regions, while leaving the other area unmodified, offering
new prospects for molecular sensing and nano-optics appli-
cations.

5.1. Site-selective immobilization of nanoparticles.

The very first attempt of site-selective immobilization of na-
noparticles, after a plasmon-mediated surface functionali-
zation, has been reported by K.H. Dostert et al. in 2012 [60]
on gold crescents-coated glass substrates. The glass surface
was functionalized by a photosensitive organosilane exhib-
iting a terminal amine functionality caged with a photore-
movable group. Upon gold crescents LSP excitation, the
near-field enhancement was shown to trigger locally the
photocleavage of the cage, leaving free amine groups on the
glass surface, in the vicinity of the gold nanostructures.
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Figure 11. (a) Multi-step strategy to achieve near-field driven
chemical nanopatterns and guide regioselective and controlled
assembly of gold colloids (b) Surface modification mechanism.
(c) SEM image of a gold crescent modified by gold colloids after
this multi-step strategy. Reproduced with permission. [60]. Cop-
yright 2012, American Chemical Society.



The scheme of this multi-step strategy is illustrated in Fig.
11a and the mechanism of surface functionalization is de-
scribed in Fig. 11b. The resulting near-field driven chemical
nanopatterns were used to guide the regioselective and
controlled assembly of gold colloids (see SEM image in Fig.
11c), offering outstanding perspectives to trigger assem-
blies at the nanoscale. Other types of nanoparticles, such as
quantum dots (QDs) could also be trapped at hot spots, as
described in a recent paper by X. Zhou et al. [¢1], resulting in
hybrid plasmonic-nanoemitters structures (see Fig. 12a).
The site-selective immobilization of pentaerythritol triacry-
late (PETIA)-grafted QDs was performed by LSP-triggered
two-photon nanophotopolymerization of a formulation
containing the quantum dots.
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Figure 12. (a) Schematic representation of the plasmonic
nanoemitters. (b,c) SEM images of gold nanodisks after LSP-
triggered two-photon nanophotopolymerization of a formula-
tion containing the QDs. The green QDs are immobilized along
the X axis, while the red QDs are trapped along the Y axis. Insets
show simulated dipolar near-field intensity (d,e) Far-field fluo-
rescence images upon illumination polarized along X and Y. (f)
Fluorescence spectra versus the incident polarization direc-
tion. Reproduced with permission. [61]. Copyright 2015, Ameri-
can Chemical Society.

Interestingly, (as shown in SEM images (Fig. 12b-c) the
polymerization process was confined regioselectively on
two distinct areas around the plasmonic NPs, by playing on
the incident polarization, along the X or Y axis. These exper-
imental results were compared with the simulated dipolar
near-field intensity (insets Fig, 12b-c) demonstrating a good
agreement between the location of the deposited hybrid
layers and the regions of intense electric field. The use of
two different polymerizable solutions containing QD emit-
ters of various colors (green and red emission) resulted in
their selective immobilization along different orientations
around the NPs, as demonstrated in the far-field fluores-
cence images in Fig. 12d-e. These two-color plasmonic
nanoemitters thus display a dominant emission wavelength

that can be tuned by simply rotating the polarization of the
incident light, as shown in the fluorescence spectra rec-
orded at different incident polarization direction (Fig. 12f).
The approach could be transposed from highly symmetric
nanodisks to arbitrary shaped nanoparticles, such as nanos-
tars, offering promising outlook for producing switchable
plasmonic nanoemitters and developing addressable RGB
nanopixels.

5.2. Site-selective immobilization of biomolecules.

The enhanced local fields in hot spots were also ex-
ploited as the driving mechanism to trigger the na-
noscale immobilization of proteins. This strategy was
proposed as a way to maximize the interaction between
light and analytes and thus the efficiency of nanopho-
tonic biosensors. Indeed, electromagnetic fields gener-
ated under plasmon excitation are non-homogeneously
distributed at the surface of plasmonic nanostructures
and exhibit variable intrinsic properties. The possibility
to trap the target biomolecules within selected area
sustaining EM fields with optimized properties would
be a major advance. Towards this end, Kadodwala and
co-workers functionalized selective regions of chiral
plasmonic arrays through local heating of surrounding
water triggered by pulsed laser irradiation, as de-
scribed in paragraph 3.2. This strategy was used to im-
mobilize proteins in area sustaining EM fields of en-
hanced chiral asymmetry [38], thus improving biosens-
ing efficacy. Remarkably, attomole detection of pro-
teins such as Concanavalin A or His-tagged protein 5-
enolpyruvylshikimate-3-phosphate = synthase was
achieved using plasmonic polarimetry experiments [64],
while fully covered nanostructures resulted only in
femtomole detection levels. The site-selective immobi-
lization of proteins in hot spots could also be achieved
by multiphoton plasmonic lithography, as reported by B. B.
Raeeva et al 1631, This method allowed confining cross-linked
bovine serum albumin (BSA) hydrogel patches at the tips of
gold nanotriangles. Inter-protein crosslinking inside the hy-
drogel layers was achieved using Rose Bengal (RB) as a pho-
toinitiator. Interestingly, the photo-induced crosslinking re-
action appeared to be only efficient on the sites of maximum
electromagnetic field intensity enhancement, resulting in a
regioselective grafting around the nanotriangles. The inci-
dent laser polarization and intensity were shown to be crit-
ical parameters to control both site selectivity and extent of
hydrogel layer grafting. This approach thus offers a rapid
and single-step strategy for the formation of gold nanotri-
angle-BSA hydrogel complexes and more generally for the
nanoscale immobilization of proteins, opening up potential
applications in biophotonics and life sciences. BSA proteins
could also be immobilized into the nanometer-sized gap of
plasmonic dimers, using light-assisted molecular immobili-
zation (LAMI) via three-photon absorption, as shown by C.
M. Galloway et al. 1621, The LAMI approach is based on the
absorption of light by proteins, resulting in a disruption of
disulfide bridges and formation of thiol groups, able to bind
to the NP surface (see representative scheme in Fig. 13a). In
this example, the binding of proteins was triggered by the
enhanced plasmonic fields produced by the excitation of the



gold dimers at their LSPR. The nanolocalized grafted pro-
teins were then used as a scaffold to anchor in the region of
most intense field, additional nano-objects, such as
streptavidin-gold colloids (see SEM images in Fig. 13b-d).

streptavidin-coated
gold colloid

Figure 13. (a) Scheme of the plasmon-induced grafting of BSA
proteins, further used as scaffolds to anchor gold colloids.
(b,c,d) SEM images of gold dimers with one single Au NP
trapped inside their gap. Scale bar = 150 nm. Reproduced with
permission. [62] Copyright 2013, American Chemical Society.

Instead of exploiting the enhanced local fields in hot spots
to trigger nanolocalized photo-induced surface functionali-
zation, hot-electron-driven processes were also used to
achieve site-selective positioning of nano-objects. For ex-
ample, S. Simoncelli et al. [¢5] demonstrated the spatially-re-
solved cleavage of Au-S bonds in thiol self-assembled mon-
olayers, based on the highly localized light-to chemical-en-
ergy conversion of plasmonic gold nanorods. The localized
reductive desorption of thiolated molecules was governed
by the generation of hot-electrons and occurred only at the
location of the maximum field enhancement, leaving acces-
sible those locations for subsequent ligand replacement and
post-functionalization. Tuning the wavelength and polari-
zation of the incident light afforded on-demand patterning,
which could be further exploited for the selective position-
ing of fluorescently labeled DNA or gold colloids. (Figure 14
illustrates this concept with the plasmon-induced nano-lo-
calized desorption of thiol ligands at the surface of gold na-
norod trimers followed by their replacement by thiolated
biotin-terminal linkers and adsorption of streptavidin-
coated 50 nm AuNPs. SEM images evidenced (Fig. 14b-e)
the selective immobilization of AuNPs on one or two
rods, depending on the polarization of the incident light
used to desorb thiol ligands. These results demonstrate
the potential of plasmon-driven desorption processes
to design hierarchical nanoparticle assemblies.
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Figure 14. (a) Scheme of plasmon-induced selective desorp-
tion of thiols on gold nanorods and targeted modification by
gold colloids. (b—-e) SEM images of the Au nanorods obtained
after binding of 50 nm Au NP colloids. The white arrows indi-
cate the incident light polarization. Reproduced with permis-
sion. [65] Copyright 2018, American Chemical Society.

Hot-electron driven nanoscale patterning of surface chem-
istry could be performed as well on silver bowties and
rounded bar-dimer antennas (see Fig. 15), taking advantage
of the capacity of hot electrons to induce the local reduction
of 4-nitrothiophenol (4-NTP) self-assembled monolayers
covering Ag NPs [¢¢]. The plasmon-induced six-electron-me-
diated reduction generates locally 4-aminothiophenol na-
nopatterns able to react with specifically designed 15nm
AuNPs capped with a carboxylic-acid terminated molecular
layer to form interfacial amide bonds.

Figure 15. Top panels display FDTD simulations of near-field
distribution on Ag bowties excited at 633 nm. Below are the
SEM images of 15 nm AuNPs immobilized on 4-NTP-coated sil-
ver bowties after (a) 1 min and (b) 2 min of illumination at
633nm in 0.1M HCI, with parallel polarization. Scale bars, 100
nm. Reproduced with permission. [6¢] Copyright 2017, Nature
Publishing Group.



As shown in SEM images (Fig. 15) recorded after parallel il-
lumination during 1 min (Fig. 15a) or 2 min (Fig. 15b) in
0.1M HCI, the AuNPs are immobilized preferentially at the
tips of the nanostructures, in agreement with FDTD calcula-
tions, but also on the edges and corners. The conversion re-
action was found to be highly dependent on illumination
time, with an absence of AuNPs immobilization in the case
of only 30s illumination and a higher amount observed after
2 min compared to 1 min illumination. This simple, low-cost
and large-scale approach could be extended to a wide range
of plasmonic nanoantenna in order to confine nanomateri-
als into reactive spots or hot spots and further enhance the
efficacy of photocatalysis, energy conversion and (bio)-
sensing.

Table 1 summarizes the various plasmon-mediated
surface functionalization strategies described in this
review, for the immobilization of molecular entities,
polymers, nanomaterials and biomolecules.

Table 1. Plasmon-mediated surface functionalization
approaches.

Reaction/Mecha-

NPs nism

Surface agent Ref.

Immobilization of molecular entities

Au-coated fibers Reduction/hot e- Iodonium salts [31]
Au nanorods, trian- . i Diazonium [32-
gles, disks Reduction/hot e salts 35)
Au nanodisks Click chzr%l./EM & Thiophenol [27]
Chiral Au struc- Conformation .
[38]
tures change/AT NTA ligand

Immobilization of polymers

Ag NPs, Au dimer, [39-
Au nanocubes Photopol./ EM Polyacrylate a1

Two-photon pol./

i - [45]
Au nanotriangles EM SU-8
[47,
Au gratings NMP, RAFT/EM PNIPAM/PVBA 54
i 55,
AuNPs Radlcaler_")l'/ hot pg, pMma, PVB |,
Oxidative [57,
AuNPs pol./hot h* PANI, PPy s8]
Terahertz
i i [59]
Au Bowties pol./hot e- Polymer resist
Immobilization of nanomaterials and biomolecules
Au crescents Photocleav- Gold colloids [60]
age/EM
Two-photon
[61]
AuNPs pol./EM QDs
. Three-photon .
[62]
Au dimers pol /EM BSA, gold colloid
Au nanotriangles Cross-linking/EM BSA hydrogel [63]
Reductive
i [65]
Au nanorods des./Hot e DNA,gold colloid
Silver bowties Reduction/Hot e Gold colloids [66]
EM/AT = plasmon-induced electromagnetic field enhance-

ment/thermal effect. Chem. = chemistry. Pol. = polymerization.
Des. = desorption.

6. CONCLUSION AND OUTLOOK

This article provides an up-to-date review on the emerging
research field of plasmon-mediated surface functionaliza-
tion. The outstanding optical properties of localized surface
plasmons supported by metal nanostructures appeared re-
cently to offer the possibility of renewing the toolbox of sur-
face chemistry approaches by: (i) controlling the nanoscale
localization of surface molecular functionalities; (ii) regu-
lating the thickness of polymer grafts as well as their com-
position and growth orientation; (iii) positioning functional
molecules/nanomaterials on highly reactive regions (reac-
tive spots) or high EM field regions (hot spots), while keep-
ing most of the nanostructure surface chemically passive.
Remarkably, plasmon-mediated surface functionalization
techniques provide huge versatility due to the wide range of
surface molecular entities, from small molecules to poly-
mers, nanomaterials and biomolecules and the large choice
of nanostructures, with various compositions, sizes and
shapes. In addition, the manipulation of incident light char-
acteristics, such as laser wavelength, power and polariza-
tion offers another level of versatility to tailor the spatial
distribution of molecular functional layers. Interestingly,
the near-field enhancement and photothermal effects were
also exploited to perform plasmon-assisted nanolithogra-
phy, achieving pattern sizes smaller than the diffraction
limit expected in classical photolithography, without the
need of any additional equipment or mask design. Re-
versely, these approaches appeared to be a fascinating way
to map plasmon modes in nanostructures with a level of de-
tails comparable to that provided by advanced optical or
electron-based techniques. They can be thus considered as
indirect imaging methods, able not only to reveal the optical
near-field response but also trace the hot carrier quantity
and energy.

However, this fast growing field is still in its infancy regard-
ing practical and real world applications. There remain
many more challenges that need to be addressed before
plasmon-driven surface functionalization methods achieve
their full potential. From a theoretical point of view, much
is left to learn about the hot carrier energy distribution, the
various processes of energy transfer and the critical role of
the interface. It will be also crucial to get new insights into
the mechanistic details of plasmon-driven surface chemis-
try and to discriminate the contribution of hot carriers re-
lease from temperature effects and near-field enhancement,
which may all contribute to chemical surface transfor-
mations. From a practical perspective, the design of
nanostructure/organic layer interfaces with long-term sta-
bility in various environments and under plasmon excita-
tion should be given attention. In addition, although plas-
mon-induced chemistry allows confining the functional lay-
ers within nanoscale area on the nanostructure surface,
chemical passivation of the other parts of the surface still
remains difficult to achieve and constitutes another prom-
ising research direction. Combining organic functional lay-
ers with nanomaterials or biomolecules is also an intriguing
direction. With the huge quantities of emerging nanosized
materials, multi-composite interfacial layers with other na-
nomaterials such as quantum dots, oxydes or biosupramo-
lecular entities may offer distinct added-value properties.



Finally, efforts are still required to further improve the ana-
lytical performance of these advanced nano-interfaces for
(bio-)sensing applications and detection of trace amount of
analytes.
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