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Spatially controlled plasmon-induced
photopolymerization at the apex of gold
nanobipyramids: paving the way for 3D
nanofabricationt
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In this study, we investigate near-field photopolymerization at the tips of gold nanobipyramids (AuNBPs)
under linearly polarized irradiation conditions with femtosecond pulses in the near infrared region. TEM
was used to visualize the localisation and spatial extend of the polymer resulting from the near-field
photopolymerization. The single-tilt mode in TEM provides 3D information of the position of the
nanoparticle on the substrate and the polymer lobes. In particular, we demonstrate that
photopolymerization is localized mainly at the tips of AuNBPs, in line with the electromagnetic field
distribution expected by simulations. We observed experimentally that when AuNBPs lie on the substrate
via a facet, asymmetrical polymerization occurred: while polymerization is constrained by the substrate on
the side in contact with the surface, we showed the possibility of fabricating a nano-sized polymer volume
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in 3D via near-field photopolymerization. These results illustrate the great control of photopolymerization
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Introduction

It is well established that the distribution and intensity of the
electric field around metallic nanoparticles (MNPs) under
irradiation depend strongly on the dielectric properties of the
surrounding medium, as well as on the size, shape and
orientation of the nanoparticle."® These parameters, repre-
sented by the aspect ratio, directly influence the position of
the localized surface plasmon resonance (LSPR) bands and the
extinction values.””® Understanding the distribution and inten-
sity of the electric field is crucial for optimizing applications
such as sensing,” " photocatalysis'>*™** or photonics."™"”

One of the specific features of gold bipyramidal nanoparticles
(AuNBPs) compared with other nanoobjects (nanospheres,
nanorods, plates, nanocubes, etc.) is that two distinct possible
orientations are observed when deposited on a substrate: either
in contact along a facet or with its principal longitudinal axis
parallel to the substrate. The optical properties of AuNBPs then
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at the nanoscale and represent a major step towards 3D fabrication at nanometer resolution.

depend on their configuration. For example, the orientation of
AuNBPs has a direct influence on the surface enhanced Raman
spectroscopy (SERS) signal.® Furthermore, recent works have
revealed the appearance of multipolar modes of plasmon reso-
nance depending on the orientation of the MNPs and their
contact with the substrate, thus increasing light enhancement
and sensitivity to refractive index variations.”*%>*

In this study, we investigate the near-field photoinduced poly-
merization under 800 nm excitation around AuNBPs (Fig. 1). The
near-field photoinduced polymerization (NFPP) method has
aroused interest for exploration of LSPR phenomena via reactions
that are photosensitive to light."**”>* Our recent work has revealed
that the polymerization is more efficient at angular ends of
nanostructures, highlighting the importance of geometry in plas-
monic interactions." These studies have always been limited to 2D
analyses, as the NPs are deposited on a substrate and the TEM-
based observation mode offers a 2D projection.

In this study, we investigate the electric field distribution for
AuNBPs deposited on a SizN, substrate, studying the orienta-
tion of isolated particles on the surface as well as the localiza-
tion of NFPP on the AuNBP surface. This analysis is carried out
using transmission electron microscopy (TEM) in single-tilt
mode, in order to precisely visualize the polymer distribution
around the AuNBPs in 3D. These experimental results are
compared with simulations of spectra and intensity maps
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Fig. 1 (a) The possible orientations of AuUNBPs on the substrate surface (i) in contact along a facet or (ii) with the main axis of the AUNBP parallel to the
substrate. (b) Scheme illustrating the AuNBP irradiation method and TEM imaging. (c) Schematic of the polymerization process.

obtained through the Metallic NanoParticles Boundary Element
Method (MNPBEM).>>%¢

Experimental section
Synthesis of AuNBPs

The AuNBPs used in this study were synthesized via a colloidal
route following a previously reported procedure.>” This method
produces particles that are monodisperse, with target dimen-
sions of 94 nm + 6 nm in length, 29 nm + 3 nm in width at the
particle center, with a curvature radius at each tip of 5 nm.

Deposition of AuNBPs

To ensure the study was performed on single particles and avoid
coupling effects, AuNBPs were deposited from dilute solutions
onto TEM grids. TEM observation is performed at the level of 1500
pm x 100 pm rectangular windows of 50 nm-thick Si;N, mem-
branes (Ted Pella). The surfactant present in the colloidal solutions
was removed by dilution and centrifugation. Next, AuNBPs depos-
ited on the TEM grid were subjected to UV/ozone treatment for
2 hours (ProCleaner Plus UV, Bioforce) to remove surfactant
residues, followed by rinsing with water. After this procedure, no
surfactant layer was observable via TEM imaging (ARM200F JEOL).

Formulation and irradiation of AuNBPs

The photopolymerizable formulation used in this study (named
Fpapo) includes a photoinitiator, bis(2,4,6-trimethylbenzoyl)

Phys. Chem. Chem. Phys.

phosphine oxide (BAPO) from Sigma-Aldrich, and the mono-
mer pentaerythritol triacrylate (PETA), used in previous
studies." The BAPO concentration was 1.5 wt%. BAPO exhibits
single-photon absorption between 360 and 400 nm, but in our
experiments, it is used as a two-photon photoinitiator at
800 nm using a Ti:sapphire laser (Chameleon Ultra II, Coher-
ent), emitting 140 fs femtosecond pulses at a repetition rate of
80 MHz. We called Fpgrs the monomer PETA alone.

Once prepared, the TEM grids are placed on a glass slide and
a drop of the photocurable formulation is applied (Fig. 1). This
is then mounted on a 3D piezoelectric stage, enabling the
sample to be moved to the laser focal point. Irradiation para-
meters, such as laser power and exposure time, are computer-
controlled. A Zeiss Axio Observer D1 inverted microscope,
equipped with a high numerical aperture objective (NA 0.95,
x40), focuses the laser beam to obtain a spot 1.2 £+ 0.3 pm in
diameter at 800 nm. The samples are moved using the piezo
stage under the linearly polarized beam at a speed of 10 um s~ 7,
exposing each spot for 100 ms. Laser power is adjusted using an
acousto-optic modulator.

Determining the photopolymerization threshold dose (D)

The photopolymerization threshold dose (D) corresponds to
the minimum energy required to initiate the polymerization
reaction at the focal point under far-field conditions. It was
determined by irradiating the formulation with line patterns on
the TEM grid without the presence of nanoparticles, modulat-
ing the incident power to determine the threshold time (¢1) at a
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given fluence (expressed in mW cm™?). In our study, D, was
measured at 18 k] cm™ 2. Subsequent experiments were con-
ducted with doses between 8.5% and 26.5% of this threshold
value to eliminate any far-field-induced polymerization reac-
tion. The formulation without the photoinitiator does not
polymerize for D, with and without nanoparticles, which con-
firms that the mechanism is photochemical. The threshold can
be visualized by the change in the refractive index due to
polymerization.

Experimental procedure and observation

After D determination, TEM grids with AuNBPs were irradiated
at doses below the threshold dose, depending on the percen-
tage of D, applied. After irradiation, the grids were immersed in
an acetone and ethanol bath to remove the unpolymerized
formulation, before being carefully dried for observation. TEM
images for each condition were acquired, and for each situa-
tion, at least five particles were analyzed. A representative
image is provided.

Numerical simulations

Simulations of absorption, scattering and extinction cross-sections,
as well as electric field maps, were carried out using the Metallic
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NanoParticle Boundary Element Method (MNPBEM)™?® in
MATLAB. The AuNBPs were modeled as a bicone with a hemi-
spherical tip. The dimensions of the simulated AuNBPs were 94 nm
in length and 29 nm in diameter with a radius of curvature of 5 nm
for the tips, corresponding to the dimensions determined using
TEM. The refractive index of Au is taken from the study by Johnson
and Christy,”® and the refractive index of the surrounding medium
was set at 1.48 (refractive index of the photopolymerizable formula-
tion). The particle is placed 1 nm from the SizN, substrate
(mimicking the remaining CTAB layer between the NP and the
substrate), whose refractive index is 2.02, and considered an
infinite substrate. The AuNBP is illuminated from the substrate
under normal incidence with linear polarization. The field maps
have been generated with illumination at 800 nm wavelength. All
maps show the squared modulus of the electric field. All simula-
tions are carried out in retarded mode.

Results and discussion

The AuNBPs studied in this work are deposited on a TEM-grid
SizN, substrate and surrounded by the Fpspo formulation
(Fig. 1). It is known that isolated AuNBPs can orient themselves
on the substrate surface in two orientations: (i) in contact along
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Fig. 2 Numerical simulation of the absorption, scattering and extinction cross section of an AUNBP deposited on a facet. (a) Intensity field map for
illumination at 800 nm with a polarization along the AUNBP in the meridian plane through the tips (b), in the plane parallel to the substrate through the tip

at the top (c) and through the tip at the bottom (d).
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a facet or (ii) with the main axis of the AuNBP parallel to the
substrate.”

We propose a method for determining the orientation of the
AuNBPs on the substrate: a 12 nm gold film was deposited by
evaporation on the AuNBPs previously deposited on the TEM grid.
The AuNBPs create a shadow effect underneath them since the
gold cannot be deposited under the AuNBPs. The surfaces are
then imaged by TEM at different orientations in order to observe
the area without gold. Fig. S1 (ESIT) shows a typical example. Two
images of the sample in the same area are compared with angles
(+30° —30°), and the shadow zone is shifted asymmetrically
for the two apexes. This reveals a different distance from the
substrate and confirms therefore that the AuNBPs are mainly
deposited on one facet. The apex circled in red is suspended
above the substrate. We observed that most NBPs were deposited
in this configuration (i) in contact along a facet. We will therefore
only consider this configuration in the following.

In order to describe the optical properties of the nano-
particles in this environment, simulations were carried out.
Cross-section and intensity field distribution maps are pre-
sented in Fig. 2.

Simulations of the electric field intensity at 800 nm excita-
tion with a linear polarization along with the axis of the
AuNBPs show, as expected, that the field enhancement is
mainly localized at the tips of the AuNBPs (Fig. 2b). It is
interesting to note, however, that the tip in contact with the
substrate has a larger field strength than that exposed only to
the formulation (Fig. 2c and d). This difference of a factor of 1.8
is due to the difference in refractive indices between Fgapo and
Si3;N,, with the latter having a higher refractive index. This
result is consistent with studies by Vu et al.*®

These simulation results of the electric field distribution are
compared with the experimental results obtained by NFPP.
A drop of formulation was deposited on the AuNBPs (Fig. 1)
and irradiated at doses below the threshold dose for two-
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photon photopolymerization. As explained previously, these
conditions do not allow photopolymerization to be initiated
without the assistance of nanoparticles, particularly due to the
presence of oxygen, which inhibits polymerization reactions.
However, in the near field, the light is amplified by the AuNBPs,
thus making it possible to exceed the threshold dose. As oxygen
is consumed in this region, the polymerization reaction is
initiated.**" The study as a function of irradiation power is
shown in Fig. 3.

The first line in Fig. 3 concerns the Fpapo formulation
(PETIA + BAPO 1.5 wt%). It can be seen that at powers less
than or equal to 8.5% Dy, no polymerization reaction was
observed. However, from 17.5% D,, the NFPP reaction was
initiated on the surface of AuNBPs. Polymer lobes are formed
at the ends of the AuNBPs, which is consistent with the field
maps shown in Fig. 2. At 26.5% D, an extension of the
polymerized zone is observed, not only at the tips but also
along the sides of the AuNBPs.

In order to demonstrate the photochemical nature of near-
field polymerization, a control is performed using a drop of
pure PETA (without the BAPO photoinitiator) deposited on the
substrate and irradiated at the same doses as the Fgapo
formulation. TEM images show the absence of the polymer
on the surface of AuNBPs at all three power levels tested,
particularly at 17.5% D, and 26.5% D;. These results confirm
the role of the photoinitiator (BAPO) in the near-field polymer-
ization process. We confirm the photochemical nature of the
polymerization observed in the case of Fgapo.

Thermal polymerization could account for the formation of
a thin polymer layer all around the nanoparticle surface.
However, we do not think this explanation very plausible in
our excitation conditions. Indeed, we verified that the thermal
polymerization temperatures of PETA alone and PETA-BAPO
were very close (determined by DSC: 216 °C for PETA and 208 °C
for PETA-BAPO). The absence of the polymer with PETA alone

8.5% D,

17.5 % D,

26.5 % D,

FBAPO

\
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om o
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Fig. 3 Study of near-field photopolymerization as a function of power for Fgapo and Fpera. Excitation at 800 nm, and the red arrow shows the direction

of polarization.
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a) b)

Fig. 4 Impact of polarization direction on NFPP (26.5% D,) at 810 nm: (a)
polarization along the transverse axis, (b) polarization along the long-
itudinal axis.

(at both the apex and the side of the NP) shows that the
temperature increase is insufficient to initiate polymerization.
A more plausible explanation we propose is linked to a local
consumption of the inhibitor in the vicinity of the nano-
particles, which could locally lower the threshold dose for far-
field polymerization. Near the nanoparticle surface, the
enhanced near-field excitation leads to a more efficient activa-
tion of the photoinitiator compared to the far field. This results

b)

-35°
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in a higher generation of radicals that consume the molecular
oxygen acting as an inhibitor. Consequently, the inhibitor is
more significantly depleted near the nanoparticle surface,
triggering the onset of polymerization in this region. This result
is consistent with the results obtained previously with short
nanorods."

Excitation of the dipolar modes of AuNBPs depends on the
orientation of the AuNBPs with respect to the polarization
direction of the light. The response of an AuNBP with its
principal axis perpendicular to the direction of polarization is
shown in Fig. 4. This result is compared with the previous one,
using in both cases the same power for irradiation. TEM images
reveal the ON/OFF behavior of the NFPP reaction as a function
of light polarization. Specifically, when the polarization of the
incident light is perpendicular to the long axis of the AuNBPs,
no polymerization was observed, as the transverse mode of the
AuNBBPs is set at 520 nm and is much lower in intensity (Fig. S2,
ESIT), making it impossible to reach the polymerization thresh-
old by exciting at 800 nm.

Observation of TEM images of AuNBPs after photopolymer-
ization reveals that the two polymer lobes are not symmetrical
and show different contrasts (Fig. 3 and 4). A sharper contrast
can be seen on one of the two tips, suggesting that the volume

c)

+35°

Fig. 5 Observation of polymer distribution around AuNBPs in TEM: (a) tilt —35°, (b) tilt 0° and (c) tilt —35°. (@’), (b’) and (c’) are schematic representations

of images (a), (b) and (c), respectively.
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of polymer is greater on one of the tips than on the other. Since
the TEM images are shown in top view, tilt-mode TEM analyses
were performed to visualize the orientation of the two polymer
lobes on the two tips. The tilt-mode TEM images are shown in
Fig. 5.

The TEM image in Fig. 5a shows that the two polymer lobes
are well defined. However, a —35° rotation of the substrate
(Fig. 5b) reveals that the polymer lobe on the AuNBP side loses
contrast on its left half (see the orange arrows). Conversely, a
+35° rotation shows that the right half of the same lobe exhibits
reduced contrast. Notably, in both rotations, the lobe located
on the raised vertex remains well defined with no loss of
contrast.

The change in the appearance of this polymer lobe with
angle is consistent with the schematic shown in Fig. 5, corres-
ponding to a half hemisphere placed on the substrate at
the end of the AuNBP. As explained previously, this side of
the AuNBP corresponds to the greatest field exaltation, but the
polymerized volume is limited by the presence of the substrate,
which explains the formation of a half hemisphere in this area
of space.

As for the other lobe, the observation is different: firstly, this
lobe is better defined, with a sharper contrast that can be
interpreted by a greater polymer thickness. The position and
shape of this polymer lobe do not change as the angle changes,
showing that the polymer lobe is indeed in suspension,
attached to the end of the AuNBP and detached from the
substrate.

The absence of polymerization under the particle demon-
strates the very good spatial control of 3D polymerization.
These results demonstrate that NBPs are excellent nano-
object geometries for forming 3D-polymerized nanovolumes.
Suspended lobes have a diameter of less than 20 nm, a
resolution unprecedented for photopolymerized polymers.
These results complement our previous study comparing the
responses of a family of nanoobjects for which the contrast
generated between hot spots and low-field parts were correlated
with the resolution obtained in the near-field. Ultimately, we
demonstrate that this plasmon-assisted polymerization con-
cept can be applied to 3D nanofabrication on the scale of a
few nanometers and is not limited to 2D substrate nanofabrica-
tion demonstrations. These results open up infinite prospects
for 3D nanofabrication using this type of nanoobject.

Conclusions

In this study, we demonstrated the ability of gold nanobipyr-
amids (AuNBPs) to induce localized near-field photopolymer-
ization under femtosecond near-infrared irradiation.
Transmission electron microscopy analysis confirmed that
polymer growth occurs preferentially at the tips of AuNBPs, in
agreement with numerical predictions of electromagnetic field
intensification. In addition, we have highlighted a 3D light-
matter interaction, where the volume of polymer formed is
localized well at the end of the AuNBP, detached from the
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substrate. These results represent a significant step forward in
the development of nanoscale additive manufacturing techni-
ques, paving the way for new applications in nanophotonics,
sensors and functional nanostructures.
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