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Abstract

The analysis of the local distribution of the electric field, induced by localized surface
plasmon resonance (LSPR), is crucial for selecting the morphology of gold nanoparticles
(AuNPs) for specific applications. The reported study is based on LSPR-induced near-field
two-photon photopolymerization (NF2P) reaction. The initiation of NF2P is triggered by
LSPR enhanced near-field light, while in the far-field, oxygen inhibits this reaction. The
spatial extend of NF2P reaction is compared to the local electric field distribution depending
on AuNP morphologies, established by numerical simulations. Overall, our results
demonstrate that the photopolymerization is not only driven by the local near-field

enhancement but also strongly depends on the topologies of nanoobject and



photopolymerization extend was more confined in anisotropic and sharp structures compared
to isotropic ones. Additionally, we showcased its capability to confine polymerization
reactions within nanoscale volumes, with the possibility of controlling the localization of

polymer lobes at a single triangle apex, for instance, via light polarization.

Keywords: localized surface plasmon resonance, near-field photopolymerization, electric

field localization, two-photon polymerization.
Introduction

Plasmonics has proven to be a real source of innovation in fields as diverse as medicine™?,
photocatalysis®*, electronics®® and detection’®. Localized surface plasmon resonance is
influenced by a variety of parameters® such as the nature of the metal™, the dielectric
environment' and the shape of the particles'?. Much theoretical research has focused on these

crucial aspects®*

. Excitation and decay of localized surface plasmons produces three
remarkable effects'®: near-field light enhancement, hot electron transfer, and thermal effects*®
24" A major challenge today is to be able to take profit of these effects to induce chemical

reactions and control their spatial extend at the nanometer scale.

The near-field description of the plasmon-matter interaction at the nanometer scale therefore
seems to be a major challenge, justifying the different approaches of photochemical near-field
imaging developed in recent years*®*?*?. The first proof of concept was shown with
photoisomerisable polymers®’. Briefly, near-field light enhancement causes isomerization of
azobenzene, leading to migration of the material under the gradient of light intensity®®?*%,
Field map was then visualized through induced topography monitored by atomic force

microscopy (AFM).

In parallel with this approach, near-field polymerization has shown interest both in elucidating
fundamental phenomena and in moving toward applications in photonics or

photocatalysis''*%°

. Near-field polymerization can occur through either electrochemical
process®”?®, facilitated by hot electron transfer, or photon-induced mechanisms*®??, driven by
enhanced absorption of near-field light. The goal is to take a snapshot of the near-field during
irradiation, assuming that the polymer formed corresponds to the zone where the field was
locally enhanced. It can be analyzed by various microscopy techniques such as AFM or

scanning electron microscopy (SEM).



Currently, most metallic nanoparticles (MNPs) used or studied in the literature are synthesized
colloidally®®. This synthesis method offers precise, roughness-free geometry control of MNPs,
in contrast to substrate-based nanostructure fabrication by electron beam lithography (EBL).
Up to now, most studies that have used chemistry to map electric field distribution have used
MNPs synthesized by EBL?* %31 |n addition, the use of AFM as an observation method
makes the effect of shape less straightforward to analyze. Recently, new approaches have
been proposed, including the deposition of colloidal MNPs on substrates and the observation

of near-field polymerization by transmission electron microscopy (TEM)™*® or SEM?*32,

In this study, we relied on an approach recently developed by Kameche et al.'°. Plasmon-
assisted nanophotopolymerization was carried out directly on TEM grids (SisN4 thin film
substrates), allowing us to experimentally study, via high resolution TEM imaging, the shape-
dependent distribution of polymer around colloidal Au nanoparticles (AuNPs). The advantage
of this approach is that NPs can be observed at the end of the different stages. A large number
of NPs are deposited on the grid, enabling the selection of objects with identical geometries,
which are verified by TEM. Here, near-field two-photon photopolymerization (NF2P) was
used. To this end, NF2P is systematically applied to AuNPs of different morphologies under
controlled irradiation conditions, including polarization. The distribution of the polymer was
observed by TEM and its spatial distribution around AuNPs was compared with near-field
maps derived from numerical simulations. The aim is to determine the conditions that allow
localization and confinement of the polymerization reaction at the nanometer scale. This is of
interest not only on a fundamental scale to improve our understanding of plasmon-matter
coupling, but also for applications in nanophotolithography and the fabrication of hybrid
nanoparticles (metal-polymer) with control over the positioning and size of the polymer

patches.

In the following, we describe the method used to deposit AuNPs on the TEM grid, the
photopolymerizable formulation used, and the different AuNP shapes used. Finally, the
polymer distributions around the AuNPs are compared with the electromagnetic field maps to
discuss the agreement between the two and, more generally, to discuss photopolymerization

processes at the nanometric scale.
Methods

Synthesis of AuNPs: The AuNPs used were prepared by colloidal synthesis in aqueous

solution. Four types of objects were used in this study: Au nanodisks (AuNDs), Au
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nanohexagons (AuNHs), Au nanorods (AuNRs) and Au nanotriangles (AuNTSs). For the
synthesis of disks, hexagonal and triangular nanoparticles, nanoplates with a thickness of 15
nm (comprising a mixture of triangular and hexagonal shapes) were initially prepared.
Subsequently, AuNDs were obtained through mild oxidation of these hexagonal plates,

following our previously published protocol®

. The AuNRs were synthesized according to the
protocol specified in the reference®* . Synthesis methods are chosen to generate AuNPs that
are monodisperse in size. In our approach, TEM is used to verify that the nano-objects
selected for photopolymerization are of the correct size. For AUNDs, a diameter of 80 £ 5 nm
with a thickness of 13 £ 2 nm, checked by AFM, was targeted. For AuNHSs, the NP edge is 80
+ 5 nm and the height is 15 £ 2 nm. Reference AuNRs have a diameter of 25 £ XX nm and a
length of 75 £ 12 nm. On these objects, other dimensions and shapes are used and mentioned
in this case (AuNRs: 22.5 nm x 65 nm; 27 nm x 75 nm and 32 nm x 85 nm). Finally, AUNTSs
are 75 = 15 nm in edge with a thickness of 15 + 2 nm. These dimensions were chosen to
enable a plasmon resonance at a wavelength of 800 nm. Simulated scattering, absorption and

extinction spectra of these AuNPs are shown in Figure S1.

Deposition of AuNPs: The aim here is to study the response of individual AuNPs. The
different types of AUNP are deposited on a TEM grid with a low concentration to avoid any
coupling between NPs. This grid consists of two rectangular windows (1500 pm x 100 pum)
covered with a 50 nm thick SisNs; membrane (Ted Pella Inc.). Surfactant
(cetyltrimethylammonium bromide — CTAB) is removed from colloidal solutions by dilution
and centrifugation.

After AuNP deposition, the TEM grid was exposed to UV-ozone (Bioforce Procleaner Plus
UV) for 2 h and then rinsed with deionized water. The absence of surfactant on the edges of
the NPs was verified by TEM (ARM200F JEOL high-resolution transmission electron
microscope) as shown in Figure 1. Due to shading effect, the surfactant is still present under
the NPs. For this reason, an organic layer of 1 nm (typical thickness of such self-assembled
monolayer) between the NPs and the SisN,4 substrate was considered for numerical simulation.
Preliminary experiments were conducted to check that no topological changes in the polymer
lobes were induced during analysis due to the e-beam probe. To this end, images of AuNPs
were compared at different e-beam exposure times. The results showed excellent stability of
the hybrid nanoparticles with the TEM imaging conditions. Interestingly, the hybrid NPs
showed a remarkable stability, with same structure of both metal and polymer parts after

several weeks.



The direction of the electron beam in the TEM is identical to that of the light propagation used
to irradiate the NPs (surface normal). This direction is also used in simulations. TEM
observations thus correspond to the projection in the substrate plane, e.g. perpendicular to the

direction of light propagation.

a)

b)

c)

d)

Figure 1: TEM images of AuUNDs (a), AuNHSs (b), AuNRs (c) and AuNTs (d). 3D schematic
representation of the different NP structures in which AuNDs (a"), AuNHs (b*), AuNRs (c")
and AuNTs (d") are deposited on the SizN4 substrate (refractive index (RI): 2.02), considering
a remaining layer of CTAB (thickness: 1 nm, RI: 1.48), and a surrounding by the
photopolymerizable formulation (Fgapo, RI: 1.48). Field intensity map under X polarization:
AuUNDs (80 nm) (a'), AuNHSs (80 nm) (b""), AuNRs (27 nm x 75 nm) (c'") and AuNTs (75
nm) (d*). Field intensity map under Y polarization: AuNDs (80 nm) (a"*"), AuNHs (80 nm)



(b™), AuNRs (27 nm x 75 nm) (c'") and AuNTs (75 nm) (d"*). Excitation at 800 nm

wavelength under normal incidence.

Photopolymerizable formulation: The formulation used in this study comprises phenyl
bis(2,4,6-trimethylbenzoyl) phosphine oxide (BAPO, Sigma Aldrich) as photoinitiator (PI)
and pentaerythritol triacrylate (PETA) as monomer (Figure S2). BAPO is a Pl that exhibits
single-photon absorption in the wavelength range between 360 and 400 nm. It is used here as
a two-photon photoinitiator®™ using a laser delivering femtosecond pulses at 800 nm
(Ti:Sapphire mode-locked oscillator Coherent, Chameleon Ultra Il) with a pulse duration of
150 fs and a repetition rate of 80 MHz.

Exposure conditions: Once the AuNPs are deposited on the TEM grid, the grid is mounted
on a glass slide. Next, a drop of the BAPO formulation (Fgapo) is deposited on the grid, and
the whole assembly is mounted on a 3D piezoelectric stage that allows the sample to be
moved laterally in the laser focus. All sample movements and light parameters such as
excitation power and exposure times are computer controlled. Irradiation is performed with a
3D lithographic microfabrication tool using a Zeiss Axio Observer D1 inverted microscope.
Irradiation is performed at constant time and variable power under normal incidence. It is
important to note that the laser used is linearly polarized. The incident beam is focused
through a 0.95 NA (x40) objective, inducing a spot with an estimated diameter of 1.2 £ 0.3
pum at the excitation wavelength of 800 nm. The beam scans the surface of the sample at a
lateral speed of 10 pum/s and the exposure time is set to 100 ms. The dose received at each

point is modulated by changing the laser power using an acousto-optic modulator.

Photopolymerization threshold dose: Determination of the photopolymerization threshold
dose (Dy) is a prerequisite for near-field experiments. This D; represents the energy required to
initiate the far field photopolymerization reaction at the focal point (2F2P). It is determined by
depositing a drop of Fgapo on the TEM grid and irradiating it in the absence of AuNPs by
modulating the incident power. In practice, D; is measured by tracing polymer lines on the
substrate with laser beam at a speed of 10 pum/s. D; was measured at 71.3 kJ/cm? on the TEM

grid.

Once D is determined, Fgapo is deposited on TEM grids with AuNPs and irradiated at doses
below the threshold dose, expressed as % of D. After irradiation, the TEM grid is immersed
in an acetone and ethanol bath to remove any unpolymerized formulation and then carefully

dried before observation.



For each chosen dose, a minimum of 4 comparable particles were imaged by TEM (Figure
S3-S6). Below, a representative image is shown and the thickness of the polymer layer is
evaluated using ImageJ software on an average of 5 different particles. Error bars are deduced
from the standard deviation of thickness measurements. Note that verification experiments
were performed to ensure that unreacted photopolymer was perfectly removed from the
substrate and that AuNPs did not move on the TEM grid surface throughout the procedure.
Thanks to the different TEM contrasts between the metal NPs and the polymer, it is possible
to precisely determine the NP cross-section in the plane of the substrate, and to verify their

characteristic sizes and shapes, which is another advantage of the method used in this work.

Simulations: The absorption, scattering, extinction cross sections and field maps presented
here were obtained by numerical simulations using the MATLAB toolbox Metallic
Nanoparticles Boundary Elements Method (MNPBEM, version 17)*%®, In order to be as
close as possible to the experimental values, numerical simulations were performed for the
following AuNPs: AuNDs (diameter 80 nm, thickness 13 nm), AuNHSs (edge 80 nm, thickness
15 nm, radius of curvature of apexes 9 nm), AuNRs (22.5 nm x length 65 nm, 27 nm x 75 nm,
32 nm x 85 nm), and AuNTSs (edge 75 nm, thickness 15 nm, radius of curvature of apexes 17
nm). For each AuNP, simulations were performed considering a single AuUNP in a medium of
refractive index RI = 1.48 (corresponding to the index of Fgapo). This particle is located 1 nm
above the substrate (corresponding to the thickness of the remaining CTAB under the
AUNPs). The substrate with RI = 2.02*° is considered infinite. The refractive index of Au is
taken from Johnson and Christy®’. The AuNP is illuminated from the substrate under normal
incidence with linear polarization whose in-plane angle can be adjusted. All simulations are
performed in retarded mode. The field maps have been generated with illumination at 800 nm
wavelength. All maps show the squared modulus of the electric field; top view in the
equatorial plane of each AuNP.

Results & Discussion
Investigation of the distribution of near-field light enhancement by NF2P

Figure 2 summarizes the principle of the experiments at molecular and nanometer scales. By
irradiating AuNPs immersed in the photopolymerizable formulation under D < Dy of 2F2P,
photopolymerization cannot be induced without interaction with the nanoparticles. The
absence of 2F2P under D < D can be explained by the existence of an inhibition pathway that

annihilates the excited stated of the PI and the first radicals formed. Oxygen dissolved in the
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medium plays this role under our conditions, as shown in Figure 2. R° radicals react with

oxygen to form peroxide radicals, which are inactive for radical polymerization®".

On the other hand, in the vicinity of AuNPs, the enhancement of the electromagnetic field
allows D; to be locally exceeded. Thus, in these zones, polymerization can become
competitive with inhibition and the polymerization reaction occurs quantitatively enough for

polymer to be observable after development.
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Figure 2: Schematic of NF2P: for D < Dy, NF2P is only triggered on the surface of AUNPs
through light enhancement in near field. In far field, the presence of oxygen inhibits the 2P

reaction due to low irradiation energy.

This method should not only reveal the near-field enhancement, but also characterize its
spatial confinement, assuming that the polymerization reaction is itself confined. By staying
sufficiently far away from D;, we can limit the concentration of radicals formed, which a
priori limits the spatial extent of the polymerization. Indeed, just as primary radicals formed
far from the Au surface are consumed by oxygen, the propagation of radical polymerization

away from the Au surface is limited by the same inhibition reaction.



In the following, we consider the four types of nano-object presented in the experimental
section to investigate how NF2P follows field profiles. This study also allows us to compare
the nano-objects with each other. The objects were chosen to have a resonance around the
irradiation wavelength used (800 nm). The effective cross-sections (shown in Figure S1)
show different values between the different objects. The field intensities are also very

different, as shown in Figure 1.

As previously stated, depending on the experimental conditions, there are three possible
explanations for the polymerization mechanism observed here. Purely thermal polymerization
was ruled out by experiments showing that monomer without photoinitiator did not
polymerize under the conditions used in this study. As for the contribution of hot carriers,
although not completely excluded, the near-field polymerization thresholds are consistent
with the far-field polymerization thresholds corrected for the exaltation factor. Moreover,
polymerization of the monomer without initiator is not observed under these power
conditions, which means that the polymerization is triggered by a mechanism implying the
BAPO. In our conditions, the BAPO photoinitiator is diluted in the monomer at a
concentration of 36 mM, which corresponds to 15 BAPO molecules in the polymerized
volume. This concentration is extremely low which makes it very unlikely to initiate a
polymerization reaction via electron transfer. Indeed, such process requires an electron
acceptor species in the surrounding medium, in high concentration and close vicinity to the
metal surface since the charge transfer can only occur at short distance and before electron
thermalisation. In literature, ionic polymerization processused NPs covered by a layer of
electron acceptors. 2* In our conditions, the evanescent wave penetration depth (12 nm)

appears suitable to trigger the polymerization by photochemical process.
Nanodisks (AuNDs)

AuND:s are considered first. As shown in Figure 1, they are the objects with the lowest field
intensity (600 V2/m?2) among the nano-objects tested (pole plasmon resonance). Note that the
AuNDs presented here have a resonance around 750 nm. Their symmetry results in a response
that follows the polarization direction of the incident field. AUNDs were irradiated at different
doses below Dy (between 8.5% and 35.5% D; for the whole study) according to the protocol

described above. TEM images of AuNDs after irradiation and rinsing are shown in Figure 3.
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Figure 3: Effect of dose on NF2P on AuNDs, TEM imaging: (a) 8.5% Dy, (b) 17.5% D, (c)
26.5% Dy, (d) 35.5% Dy, and (e) variation of the near-field polymer thickness as a function of

irradiation power (%Dy). The red arrow indicates the light polarization.

Irradiation of AuNDs at 8.5% D did not reveal the presence of polymer, indicating that the
polymerization threshold was not reached (Figure 3.a). In addition, we verify in this image
that the method of rinsing the AuNDs with ethanol and acetone completely eliminates the

unreacted Fgapo.

The NF2P was observed around the AuNDs starting at 17.5% Dy, with a gradually increasing
thickness to reach 5 nm at 35.5% D (Figure 3.b-g).

In these experiments, the light is linearly polarized in the direction of the red arrow in Figure
3. The simulations in Figure 1.a show an anisotropic distribution of the electric field on the
surface of the AuNDs, with regions of maximum exaltation in the direction of polarization.
For all doses, polymerization is observed homogeneously over the entire circumference of the
AUND.

This result is therefore surprising and contradicts the results of Ge et al.*

who observed an
anisotropic distribution of polymer around circular nanostructures. It should be noted that in

this study the AuNPs were larger (disk diameter ~ 100 nm) and prepared by electron beam
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lithography®?. This difference will be discussed further after analyzing the results of other

shapes of AUNPs.

Nanohexagons (AuUNHS)

As shown in the field maps in Figure 1, maximum of field intensity is expected at the apexes
of the hexagon. The amplitude and the distribution of the field are slightly different depending
on the polarization direction of the incident light. The field intensity is more important than in

the case of AUNDs. The NF2P results of AuNHSs are shown in Figure 4.
a) b) c) d)
i b o
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Figure 4: Effect of the dose on NF2P on AuNHSs (75 + 10 nm), TEM imaging: (a) 8.5% Dy,

(b) 17.5% D, (c) 26.5% Dy, (d) 35.5% Dy, and (e) the variation of near-field polymer
thickness as a function of irradiation power. The red arrow denotes light polarization.

As for AuNDs, no NF2P was observed for AuNHs at 85% D; (Figure 4.a).
Photopolymerization is observed from 17.5% Dy, demonstrating that the enhancement around
the AuNHs makes it possible to initiate the reaction in the near field. As with AuNDs,
polymerization is not localized, but a polymer layer is observed all around the AuNHs. At
higher doses, the thickness of the polymer in the near field remains around 6 nm (Figure 4.b-
e). Thus, the reaction is well confined at the NP surface. This result confirms the simulations
that show a very strong decrease in the intensity of the evanescent field as the distance from
the NP increases.®® Note that this thickness, like all those reported in this work, is much

smaller than that obtained in the SPR configuration on continuous Au films***.
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As can be seen from the TEM images, the radii of curvature at the apexes of the AUNHSs are
relatively large, which can explain that the spatial distribution of the polymer around the
AuNHs is close to that observed on the AuNDs. However, a closer look at some particles
shows a slight difference in the thickness of the polymer layer between the polarization
direction and the perpendicular direction. For instance, in Figure 4.c, the thickness is 6 nm in
the polarization direction and 4 nm in the perpendicular direction (see also zoom in Figure
S7). This difference in thickness in both directions is small, but it has been observed on
several nanohexagons, which is why we report the results here. It is noted that the polarization
in this case is across the edges of the hexagon, and the polymer is localized on these two
edges thus following the electric field intensity depicted in Figure 1. However, in the case
where the polarization is across two apexes, the polymer is more localized on these two
apexes exactly as shown in Figure 1. The field distributions correspond to the expected

plasmon eigenstates of dipolar character for a particle of hexagonal symmetry [33].

To further investigate the effect of shape on the spatial localization of photopolymerization,

we consider then nanorods.
Nanorods (AuNRs)

As shown in the field maps in Figure 1, the topology of the nanorods induces a very different
response depending on the angle between the AUNR and the polarization direction of the light.
The irradiation of AuNRs at different doses is shown in Figure 5. AuNRs oriented in a

direction close to the polarization direction were used in this part.
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Figure 5: Effect of dose on NF2P on AuNRs, TEM imaging: (a) 8.5% Dy, (b) 17.5% Dy, (c)
26.5% Dy, (d) 35.5% Dy, and (e) variation of near-field polymer thickness as a function of

irradiation dose. The red arrow indicates light polarization.

As for the other two types of nanoobject, at 8.5% D¢, no polymer was observed in the near
field (Figure 5.a). From 17.5% Dy, the NF2P is observed. The thickness of the polymer
increases slightly with irradiance between 17.5% and 35.5% Dy, reaching a thickness of 12 nm
(Figure 5.b-e), twice that observed for AuNDs and AuNHSs (Figure 3 and Figure 4).

Regarding the spatial distribution of the polymer, it is clearly localized at the ends of the
AuNRs when they are irradiated with a polarization aligned with their long axis. Comparing
the field maps shown in Figure 1, we conclude that for AuNRs, unlike AUNDs and AuNHs,
there is a much better correlation between the near-field distribution and polymerization

Zones.

As for the effect of the orientation of the AUNRs with respect to the polarization of the light,
this property is well verified by studying the effect of the orientation of the AuUNRs with
respect to the in-plane polarization direction of the light. Differently oriented AuNRs were

irradiated by fixing the polarization direction. The results are shown in Figure 6.
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Figure 6: Influence of the angle between the AUNR longitudinal axis and the in-plane
polarization direction on NF2P, TEM imaging. 15° (a), 45° (b) and 90° (c), irradiance: 26.5%
Ds. The red arrow indicates the in-plane direction of light polarization.. (d): |E]? map of
AUNRs (27 nm x 75 nm) as a function of the incident polarization angle, numerical

simulation. Excitation at 800 nm, normal incidence.

From Figure 6.c it is clear that when the light is polarized along the transverse axis of the
AuUNR, no polymerization is obtained, which is consistent with the simulations presented in
Figure 1. In fact, the transverse mode cannot be excited because it corresponds to a resonance
at 532 nm (Figure S1). However, as shown in Figure 6.a and Figure 6.b, when the light
polarization is parallel to the longitudinal axis or tilted (up to 60°), the NF2P is triggered. To
better understand this aspect, the field intensity was simulated as a function of the tilt angle
between the longitudinal axis and the polarization of the light. Figure 6.d shows that the field
intensity decreases with increasing angle until it disappears for an angle of 90° (Figure S8).
On the other hand, the AuNR tilted by 45° shows a better localization of the NF2P compared
to the AuNR parallel to the polarization, this is due to the weak exaltation in the center of the
AuNR (Figure S8.b). This suggests that the polarization of the incident light allows

anisotropic control of the functionalization of nanostructures®’.

Finally, the effect of the volume of the AuNRs was studied. We studied 3 AuNRs of distinct
volumes with the same spectral position of the longitudinal resonance (around 800 nm). Their

respective form factors were validated by BEM simulation to maintain a unique longitudinal
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resonance. (Figure S1.d-f). The images in Figures 7.a-c show that NF2P is effective for all 3
types of AuNRs. We observe a significant difference in the distribution of the polymer around
the AuNRs: the polymer is more localized on the AuNRs with the most distant ends. As the
ends get closer, more polymer is present in the middle part of the AuNR. This result should be

compared with the field maps generated for the 3 AuNRs (Figure 7.d-Q).
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Figure 7: Effect of size (a-c) of AUNRs on NF2P, TEM imaging: 17.5% D;. The red arrow
denotes light polarization (pas présente). |E|? maps of AUNRs, of various sizes, excited by X
longitudinal polarization at 800 nm: 22.5 nm x 65 nm (d), 27 nm x 75 nm (e), 32 nm x 85 nm

(F) and Field intensity (|E[]?) profiles for the 3 AUNRs along the object perimeters (g).

By analyzing the field intensity maps and profiles along the AuNRs (Figure 7.d-g), it is
observed that the smaller the AUNR (smaller end curvature radii), the higher the field intensity
at the ends and in the middle of the particle. For given irradiation conditions, this property

increases the probability of radical formation in the intermediate zone. At the same time, the
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probability of consuming oxygen in the center of the NP increases, and ultimately the

probability of triggering the NF2P also increases.
Nanotriangles (AuUNTS)

AUNTSs appear as a complementary and interesting shape due to the possibility of selectively
enhancing the near field at one or two apexes, depending on the direction of polarization
relative to the axis of the triangle [48] (Figure 1). The simulated spectra are shown in Figure
S1. The results of the NF2P study on AuNTSs are shown in Figure 8.

8.5%D, b) 17.5% D, ¢) 26.5% D, d) 35.5% D
10
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Figure 8: Effect of dose on NF2P on AuNTs of the same size (equilateral triangle of 75 + 15
nm edge size), TEM imaging: (a) 8.5% D, (b) 17.5% Dy, (c) 26.5% Dy, (d) 35.5% Dy, and (e)
variation of near-field polymer thickness as a function of dose. The red arrow indicates the

direction of polarization.

As for the previously studied forms, near field polymerization is not observed for 8.5% Dy in
the case of AuNTSs (Figure 8.a). NF2P is initiated at 17.5% D;. From this dose, the size of the

polymer lobes remains constant around 6 nm.

Regarding the localization of the polymerization, the NF2P was clearly anisotropic and
localized at the two excited apexes, which are on the edge aligned on the polarization. The
study of the effect of the polarization orientation showed that it is possible to localize the

NF2P on a single apex when the polarization is parallel to the in-plane triangle height, or on
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two apexes when the polarization is parallel to the edge (Figure 9). This location correlates
well with the field maps shown in Figure 1 and correspond to the two in-plane resonance

eigenvectors of a triangle*®,

30°

bl oo

Figure 9: TEM images depicting the effect of AUNTSs (75 £ 15 nm nm) orientation relative to
light polarization (red arrow): 17.5% D..

Although AuNTs show high field intensity (Figure 1), the small size of the polymer lobes
obtained here compare to those obtained with AuNRs. This can be explained by the extreme
confinement of the enhanced field zone in the case of AUNTs (small curvature radii at corner
positions). Thus, the production of radicals is effective in this volume, and the propagation of
the radical polymerization reaction beyond this volume is limited by the inhibition reactions,

which ultimately confine the polymerized volume.

To explain the location of the NF2P, we have plotted the distribution of field intensities

around the different AUNPs (shown on the same scale in Figure 10).
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Figure 10: |E|? contours of AuUNTs, AuNRs, AuNHs and AuNDs along the segments shown in

the diagrams on the right. Excitation at 800 nm and polarization in X direction.

According to Figure 10, the most localized and effective NF2P correspond to the strongest
and most localized exaltation effects (small curvature radii at corner, resp. end positions). The
light intensity contrast at the nanoscale is sufficient in the case of AuNRs and AuNTs to
generate localized polymer parts, while in the case of hexagons and disks, a continuous layer
is obtained between the hot spots. Polymerization occurs continuously between two hot spots

for the following reasons:
- Diffusion of radicals formed in areas of high |E|? toward areas of lower |EJ2.
- Propagation of radical polymerization initiated in areas of high |EJ? to areas of lower |EJ2.

- Diffusion of oxygen (quencher) from areas of low |EJ|? to areas of higher |E]2 where it is
consumed more rapidly. This effect lowers the polymerization threshold in areas of low |EJ,

resulting in homogeneous polymerization over the entire circumference.

On the other hand, the order of Au nanoparticles yielding a higher thickness is as follows:
AuNRs > AuNTs> AuNHs> AuNDs. The contours of simulated field intensity show a
correlation with the thicknesses of polymer. The electric field intensity follows the order of
polymer thicknesses among the four studied shapes. The polymer thickness follows thus the
trend exposed in ref 32 but this work also shows that the coupling with photopolymerization

makes the quantitative analysis more complex when considering different configurations.
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It has been noted that we were not able to correlate precisely the near-field polymerization
threshold with the enhancement factor, as it is difficult to detect the polymer layer at very low
thicknesses. We thus observe that the near-field polymerization threshold is in the 8.5% -

17.5% range for all nanostructures.

Using AuNTs as an example, we show that we can confine the polymerized zone to a layer
less than 10 nm thick with a space of 20 nm. These results go beyond what has been published
in the field of high-resolution photopolymerization and open new perspectives in
photochemical nanofabrication.

a) b)
> . )
c) d)
ol o)
Figure 11: Effect of AUNPs shape on the anisotropy of NF2P, TEM imaging: irradiation at

26.5% Dy. The red arrow indicates the polarization of light.

Note that special cases were observed on slightly deformed AuNDs or AuNHSs (Figure 11).
The deformed AuNDs showed NF2P localization (Figure 1l.a and Figure 11.c). For the
AuNHSs, hexagons with more pronounced tips (smaller curvature radii) were irradiated
(Figure 11.b and Figure 11.d), which allowed a better localization of the NF2P compared to
the previously presented AuNHs (Figure 4). These results highlight that the presence of a
defect in this type of high symmetry NPs makes it possible to induce the localization of the
NF2P. This result establishes the link with the results obtained on AuNRs, and also allows us
to understand the previous results obtained on nanoparticles prepared by electron beam
lithography®® 32, In the latter case, it is conceivable that the defects on the surface of the NPs

and the distorted geometries favor the localization of the field by acting as singularities that
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accentuate the field contrast between the direction parallel and perpendicular to the incident

polarization, inducing a localization of the polymerization.
Conclusions

In this study, near-field photopolymerization was used as an experimental imaging technique
to visualize the electric field distribution around different shapes of colloidally synthesized Au
nanoparticles. Through our experimental approach coupled with simulations and using
different shapes of AuUNPs, it was demonstrated that the localization of near-field
photopolymerization is different depending on the type of nano-object used. It was observed
that in the case of nanodisks and nanohexagones, contrary to what was expected from the
simulation, a homogeneous polymer layer is obtained at the periphery of the NP. On the other
hand, for triangles and nanorods, the geometry of the object allows a better localization of the
photopolymerization in the near field, this time in agreement with the simulations. These
results were interpreted in relation to the field contrast generated by each of the structures,
which more or less allows the generation of a chemical contrast from the field distribution.
These results contribute to a better understanding of the plasmonic properties of metal
nanoparticles and open perspectives for their improvement and future application, in

particular for nanofabrication applications.
Supporting Information

Simulated spectra by MNPBEM of NPs; UV-vis spectrum of FBAPO formulation; TEM
images of NPs after NFPP for different powers; Electromagnetic field maps and cross sections
for AUNRSs.
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