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ABSTRACT: Visible light exposure of films containing
silver nanoparticles (AgNPs) shows that the enhanced field
around AgNPs in a thin film containing an azo free radical initia-
tor (AIBN) and a triacrylate selectively cross-links the triacrylate
within the plasmonic region around the particles. The cross-
linked polymer is less soluble than its precursor and behaves as a
solubility switch. After the film is developed with ethanol,
polymer-encapsulated nanoparticles are preserved on the sur-
face. The 8—10 nm polymer structure that encapsulates the
particles effectively maps and preserves the morphology of the
plasmon field in AgNP-controlled nanostructures.

‘When excited in the plasmon region, metal nanoparticles
have intense localized electromagnetic fields in the direct
vicinity of the particles." The plasmon fields that characterize
noble metal nanoparticles can influence the spectroscopic and
thermal behavior of molecules in close proximity (<20 nm) to the
metal surface. Such effects can result in enhanced fluorescence,”
surface-enhanced Raman signals (SERS) ;* and enhanced triplet for-
mation,* as well as thermal processes characteristic of high-tempera-
ture behavior.>® In a recent example, plasmon-assisted processes
were used to release fluorophores by triggering retro-Diels—Alder
chemistry.” In this Communication we explore the possibility of
using plasmon-mediated chemistry to initiate polymerization pro-
cesses that encapsulate particles in a way that effectively “maps” the
plasmon field surrounding silver nanoparticles (AgNPs); we show
that the enhanced field around AgNPs can be excited by nonpolar-
ized light in a thin film containing AgNPs, an azo free radical initiator
(2,2-azo-bis-isobutyronitrile, AIBN), and a triacrylate. Plasmon
excitation results in cross-linking of the triacrylate within the
enhanced electromagnetic field around the AgNP. The cross-linked
polymer is less soluble than its precursor and works as a negative
image in which only the polymerized regions remain fixed to the film
after washing with ethanol.

The choice of AgNP (rather than, e.g, AuNP or CuNP)
deserves comment. The absorption coefficient of metal nanoparticles
has an inverse relationship with the imaginary part of the dielectric
constant, so smaller imaginary dielectric constants give rise to large
absorption coefficients. Silver has the lowest dielectric constant
among Ag, Au, and Cu at the corresponding resonance frequency,
making Ag a great candidate for high absorption of visible light. When
the surface plasmon absorption is excited, there is a resultant elec-
tromagnetic field around the particles that enhances the electronic
transition of molecules in the direct vicinity of the particles.® The
intensity of the electromagnetic field is related to conductivity, and
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Chart 1. Chemical Structures of AIBN Used as an Initiator
for Plasmon-Enhanced Polymerization and the Monomer,
TMPTA, Used as an Efficient Cross-Linker
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Ag is known to have the highest resultant electromagnetic field
among these elements. Overall, Ag has a high absorption coefficient
and a high resultant electromagnetic field enhancement when excited
at ~400 nm (for spherical nanoparticles), and it is this field that leads
to an enhancement of electronic transitions in neighboring mol-
ecules, in our case an azo photoinitiator. It is noteworthy that Au
generally has higher stability against oxidation, and it may be possible
to have the same effect with Au, as what is described for Ag here. Agis
simply chosen for its superior photophysical properties for this
application.

Our experiments have been performed using small AgNP
seeds (~3.3 nm) prepared photochemically,” followed by slow
growth to achieve ~40 nm particles using an ascorbic acid reduction
process described in detail in the Supporting Information (SI). The
average diameter of the particles as prepared was determined to be
383 nm (sd = 6.0 nm) by drop-casting onto a quartz plate and
imaging by SEM. An azo compound (AIBN) was used as a free
radical initiator and a triacrylate (trimethylolpropane triacrylate,
TMPTA) as the monomer; these structures are shown in Chart 1.
After several tests for compatibility of the various materials and the
ability to produce good spin-coated films, acetonitrile was selected as
casting solvent. The triacrylate used has the ability to cross-link
extensively and thus produces rather insoluble polymeric structures,
effectively acting as a solubility switch where polymerization occurs."®

The initiator, AIBN, is known to generate carbon-centered
radicals either photochemically or thermally, in the latter case
with an activation energy of 34.1 kcal/ mol.'! In our system we
reasoned that plasmon-mediated excitation could promote AIBN
decomposition in the vicinity of the AgNP and that this, in turn,
would initiate localized polymerization. The films were produced
by spin-coating (3500 rpm, 30 s) a solution containing 20 wt %
TMPTA, 1 wt % AIBN, and >0.2% silver in the form of AgNP in
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Figure 1. UV—vis absorption spectra of AIBN and AgNP. Normalized
UV —vis absorption spectra of AIBN (blue) and AgNP (red) in aceto-
nitrile, with dashed lines showing the position of the absorption
maximum, especially highlighting the fact that AGNP can be excited at
A > 400 nm, where AIBN is transparent without plasmon enhancement.
Note that the absorbance at 250 nm (marked *) for the AgNP solution is
due to traces of products derived from the I-2959 photoinitiator used to
reduce the Ag" salt while making AgNP.
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Figure 2. UV—vis absorption spectra of a film for plasmon-enhanced
polymerization. UV—vis absorption spectra for a freshly prepared AgNP
film (blue), a film irradiated with 405 nm light for 60 min (red), showing
little change upon irradiation, the irradiated film after washing with
ethanol (black), and a spectrum of a freshly prepared film that was washed
without irradiation (green), showing that AgNPs do not persist on the films
when washed with ethanol if they are not irradiated to induce plasmon-
enhanced polymerization. The black spectrum has a residual absorption for
AgNDs that have been “fixed” to the film by 405 nm excitation. Note that the
absorbance values are very low (0.025 max), which also results in a poor
signal/noise ratio, which is anticipated since the films are only 100 nm thick.
An equivalent concentration of AgNP in a 1 X 1 cm cuvette would
correspond to a nominal absorbance of 2500.

ACN/DMF. Typical film thickness was ~100 nm, as determined by
interferometry (see SI). Films were irradiated with a single 405 nm
light-emitting diode (LED) with a light flux of ~207 W/ m* In
principle, AIBN can also be decomposed by direct photolysis, but it is
essentially transparent at 405 nm, the wavelength of the LED used for
excitation. Figure 1 shows the corresponding spectra recorded in
solution.

The effect of LED AgNP excitation on the film spectroscopy
and dissolution is illustrated in Figure 2, and shows clearly that
while exposure does not change the optical properties of the film,
it dramatically changes its dissolution behavior. Thus, ethanol
washing of the unexposed film totally removes the AgNP, as
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Figure 3. Histograms of AgNP size with and without polymerization
and a representative SEM image of a polymerized AgNP film. Bottom:
representative SEM image of AgNP after polymerization and washing
with ethanol, showing the particles that remain on the film. Top:
histograms of the AgNP sizes as measured from SEM images for particles
drop-cast without monomer (red, left) and for particles after the
polymerization and washing as in the SEM image (blue, right).

evidenced by the absence of the 400 nm plasmon band following
ethanol treatment; in contrast, in the exposed film, about 50% of
the AgNP absorption remains after ethanol treatment.

In order to establish if the observation of Figure 2 was a true
indication of plasmon-localized phenomena, a series of experi-
ments were performed using SEM and AFM imaging techniques.
SEM demonstrated that AgNPs were retained on the surface;
further, these particles were larger than those initially deposited,
with an average size of 54 nm, compared with 38.3 nm initially,
or a growth of approximately 16 nm, suggesting that a layer
of ~8 nm has been deposited on the AgNP (Figure 3).

We noted in the SEM data some indication that particles in
pairs or groups had a higher probability of being preserved in the
films. Our AFM data confirm this observation. Several images
have been included in the SI, while Figure 4 illustrates particles
with a clear two-particle definition. The measured size of the
particles by SEM was larger for the polymerized particles, as
stated above, and to confirm this finding the height of AgNPs
from the polymerized films was compared with the height of
drop-cast AgNPs (as determined from cross sections such as
those in Figure 4). We note that the height determination was
performed on a random selection of particles (all particles
imaged in AFM) with and without polymerization, and no
preference was given to measuring dimers, trimers, or any
aggregates of AgNPs. The line scans are a measure of the AFM
topography in a line that is assigned over the particles, whereby
the particle height is measured as the maximum minus the
minimum in the line scan and indicated by the arrows in the
line scans of Figure 4. The AFM data are summarized in the SI,
but it is worth noting here that the average height of the
polymerized AgNP was 53.6 nm, compared to 44.9 nm for the
original particles, indicating a ~10 nm size increase upon
polymerization.
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Figure 4. AFM image of a polymerized AgNP film. Main panel:
representative topographic AFM image (scanning range 1.5 um X
1.5 um) of AgNPs after plasmon-enhanced polymerization and ethanol
washing. Inset graphs: height profiles taken for two separate clusters of
AgNP on the film. The height of AgNP by AFM was determined as the
difference between the maximum/minimum of the cross section, as
indicated by the arrows.

The AFM images reveal that polymer-coated particles have
remained on the surface and that no polymer debris is observed
in regions free from AgNP. Further, many particles are frequently in
pairs or groups—many more than observed in nonpolymerized
drop-cast samples—as already noted for the SEM data. Interestingly,
the particles seem to grow (based on AFM height) about 10 nm,
similar to the observation by SEM. We speculate that growth occurs
on both sides of the particle in the x and y directions, while in the
vertical or z direction growth occurs only above the particle, with little
or no growth in the contact area between the substrate and the
particle. XPS measurements (see SI) show that there is a significant
amount of carbon on the polymerized films even after washing with
ethanol, as expected. Also, upon Ar-ion etching to remove the
polymer, the carbon content decreases, and there is a small enhance-
ment in the exposed Ag detected by XPS, which is consistent with the
prediction that the polymer is coating the AgNP from the plasmon-
directed polymerization process.

The results presented in this Communication demonstrate
that it is possible to take advantage of localized plasmon fields to
trigger spatially controlled chemical reactions in molecules that
are not chemically bound to the surface; quite simply, the intense
electromagnetic field in the immediate vicinity of the particle(s)
selects the molecules for reaction. The LED 405 nm light was
specifically chosen to excite the maximum absorption for spherical
AgNP while avoiding excitation of AIBN that is not in the near
vicinity of the particles. It is the plasmon-induced excitation of AIBN
near AgNP that causes initiation of polymerization by photodegrada-
tion of AIBN and, therefore, selective cross-linking of the monomer
only in the enhancement region. The formation of a highly insoluble
cross-linked vinyl polymer acts as a solubility switch; further, these
processes remain delicately confined to a well-defined region con-
trolled by the plasmon field. Interestingly, it has been reported that
the 2-cyano-2-propyl radical from AIBN shows transient binding to
gold nanoparticles;  if a similar effect occurs with AgNP, this may

assist to retain the geometric definition of the plasmon-intensified
region as the polymerization occurs. The polymeric features observed
are 8—10 nm in dimension, and are obtained with noncoherent
405 nm low-intensity excitation, and are over an order of magnitude
smaller than achievable by diffraction-limited processes. Further,
SERS and nanoantenna studies suggest that plasmon fields are
greatly intensified in the interparticle regions,"”'* a property that
has been utilized to advantage in the design of antennas."> The
apparent preference for particle aggregates of a few particles suggests
that plasmon-mediated polymerization follows similar preferences.
Of course, irradiation does not cause aggregation of particles in the
films, but rather that the particles on the films that randomly exist in
close proximity have very intense EM field intensities between them
that cause intense polymerization in these highly enhanced regjons.
Therefore, these particles have a higher probability of inducing
significant cross-linking in the interparticle space, and thus a higher
probability of being retained on the films. This suggests that the effect
is electronic rather than thermal.®” The same has been observed in
nanogaps designed with top-down strategies.* Further, from the
statistical analysis of the AFM and SEM data (see SI), the standard
deviation (sd) values, as an estimate of the variance of the population
(%) in the heights and diameters, are different for drop-cast versus
polymerized films.

While our work has taken advantage of random particle
positioning resulting from the coating process, the results suggest
that nanostructures in masks with well-defined geometric arrays
could be used as plasmonic templates to generate custom litho-
graphic features with a resolution of a few nanometers, potentially
extending the lithographic limits well beyond those achievable with
current top-down lithographic technologies. Thus, bottom-up self-
assembly in the synthesis of nanostructures and in the polymerization
stage could be combined with top-down mask design to achieve high
resolution. Our work shows that plasmonic fields can be mapped and
preserved by taking advantage of enhanced fields to initiate chemical
processes capable of converting transient fields into permanent
nanostructures.
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