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ABSTRACT: We report herein the design of plasmonic
hollow nanoreactors capable of concentrating light at the
nanometer scale for the simultaneous performance and
optical monitoring of thermally activated reactions. These
reactors feature the encapsulation of plasmonic nano-
particles on the inner walls of a mesoporous silica capsule.
A Diels−Alder cycloaddition reaction was carried out in
the inner cavities of these nanoreactors to evidence their
efficacy. Thus, it is demonstrated that reactions can be
accomplished in a confined volume without alteration of
the temperature of the bulk solvent while allowing real-
time monitoring of the reaction progress.

The unprecedented ability of plasmon-resonant metallic
structures to concentrate light at the nanometer scale1,2

has propelled their use in a vast array of photonics technologies
(plasmonics) and research endeavors. Together with the
electromagnetic near field generated upon exposure of the
metallic nanostructures to the appropriate light (i.e., localized
surface plasmon resonances, LSPRs),3,4 the intense optical
absorption at the surface plasmon resonance frequency is also
responsible for strong heat generation through an efficient
light−heat conversion.5−7 This effect has recently opened
multiple opportunities, such as photothermal therapy,8 drug
delivery,9 and fluid motion control.10 Interestingly, by
controlling the size, shape, composition, and structure of the
plasmonic structures, it is possible to maximize these effects
(heating and sensing) in certain regions of a whole volume
while preserving the rest unaltered. This precise control gives
rise to the possibility of performing heat-activated reactions and
simultaneous optical monitoring in temperature-sensitive media
such as biological environments. Plasmon-assisted sensing
processes offer exceptional possibilities,11 as in the case of
catalytic reactions.12 Nevertheless, only a few approaches
combining chemistry, material science, and optics have been
addressed so far for the development of plasmonic probes for
catalytic reactions that can operate under realistic conditions.
Among them, antenna-enhanced hydrogen sensors at the
single-particle level were designed by placing a palladium
particle close to the tip of a gold nanoantenna and then

measuring the shift in the scattered spectrum.13 Following a
different strategy, changes in surface coverage of reactants along
the progress of various catalytic transformations were
monitored through optical spectroscopy, with the catalyst
supported on gold nanodisk arrays.14

We report herein the design, fabrication, and application of
plasmonic nanoreactors (PNRs) for the simultaneous perform-
ance and monitoring of thermally induced confined chemical
processes (Figure 1). These PNRs function as heat nanosources

upon external illumination, promoting the conversion of
reactants into products. These systems allow specifically
activating the confined volume while avoiding temperature
alterations within the bulk solution. Furthermore, since the
thermal effect is induced by the excitation of the LSPR inside
the reactors, the electromagnetic field generated can be
exploited for in situ surface-enhanced Raman spectroscopy
(SERS) monitoring of the process.
Preparation of the nanoreactors requires a special type of

hollow capsules based on inorganic porous membranes that
encapsulate plasmonic nanoparticles (NPs) in optimized
configurations.15,16 Given the high permeability of mesoporous
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Figure 1. Schematic cross-section view of the PNR developed in this
work where reactants and products diffuse through the mesoporous
silica shell and NIR laser irradiation promotes the chemical reaction,
allowing simultaneous in situ SERS monitoring of the process.
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silica, this material was selected as an appropriate shell allowing
an effective exchange of reactants between the inner cavity and
the bulk solution.17 Likewise, its thermal insulation capacity
constitutes an additional advantage.18

The Au seeds (2−3 nm) were first deposited onto 550 nm
positively charged polystyrene particles, obtained through
electrostatic layer-by-layer self-assembly.16 After that, the
polystyrene@Au particles were coated with a homogeneous
mesoporous silica layer by using tetraethoxysilane in ethanol.19

The polymeric core was then removed by calcination (550 °C,
8 h) (see experimental details in the Supporting Information).
Figure 2a,b shows transmission electron microscopy (TEM)
images of the as-prepared nanoreactors after calcination. These
images clearly illustrate the silica shell and the individual Au
seeds in their inner cavity. The gold seeds can be selectively
overgrown by a catalyzed epitaxial reduction of gold ions with
formaldehyde (Figure 2c,d). STEM and XEDS (Figure S1)
provide further evidence on the exclusive AuNPs growth in the
inner space of the silica capsule, as no trace of gold was
detected on the outer surface. Additionally, the focused ion
beam cross-section analysis of the PNRs confirms the
morphological configuration of plasmonic NPs supported on
the inner walls of the mesoporous shell (Figure 2e). This
controlled growth represents a unique strategy that allows
optimizing the optical properties of the plasmonic reactor for
both plasmonic-assisted heating and SERS sensing. Figure 2f
shows how the LSPRs red-shift and broaden as the particles
increase in size, demonstrating an efficient plasmon coupling
and, thus, the formation of hot spots (1 mg/mL capsule
dispersions).
In order to test the optical efficiency for SERS and to

evidence the molecular transport through the mesoporous shell
(as a measure of the porosity), we designed an experiment
comprising three SERS probes with considerably different
molecular areas. Figure S2 shows the molecular structures and
dimensions, the SERS spectra, and the retention kinetics of
benzenethiol (BT), crystal violet (CV), and (5″-(4′-(methyl-
thio)-[1,1′-biphenyl]-4-yl)-[1,1′:4′,1″:3″,1″′:4″′,1″″-quinque-
phenyl]-4,4″″-diyl)bis(methylsulfane) (3S) on the AuNPs.
Although these three compounds yield strong SERS signals,
the adsorption rate of the probes on the gold surfaces decreases
with molecular size as a consequence of the pore size restriction
of the silica wall. Notwithstanding, this test clearly demon-

strates the diffusion of considerably large molecular systems (up
to 2.5 nm) through the capsule shell.
The temperature variation inside the capsule upon

illumination with near-infrared (NIR) light (785 nm) can be
estimated through theoretical modeling by the numerical
solution of the Poisson equations in a model material (Figure
S3).20 The nanoreactors are simulated considering a silica shell
with a diameter of 550 nm and thickness of 30 nm, covered in
its internal surface with a layer of spherical AuNPs with a
diameter of 40 nm and an average gap of 4 nm. In the
nanoreactor, the inner AuNPs are the unique thermal sources.
Since their thermal conductivity (κgold = 318 W m−1 K−1) is also
far larger than those of the other components (κsolvent = 0.6 W
m−1 K−1, κsilica = 0.05 W m−1 K−1),21 we can consider the
temperature uniform for the AuNPs.22 These calculations show
that, while the temperature inside the reactor increases 90 °C,
thermal heating of the exterior bulk solution is almost inhibited.
Nonetheless, although the conduction heat transfer is hindered
by the insulating silica shell, the convective transfer due to the
mesoporous nature of the shell is favored by the generation of a
thermal gradient between the interior and the solution, which,
in turn, may facilitate the diffusion of reactants to the
nanoreactors and the products to the bulk solution.
As a proof of concept, given its wide use in synthetic organic

chemistry and its pivotal importance as an atom-economic
process, Diels−Alder cycloaddition was performed in the
presence of the nanocapsules in order to assess their efficacy
as nanoreactors. The Diels−Alder reaction consists of an
interaction between a 1,3-diene and an alkene (also referred to
as a dienophile) to yield a cyclohexene-type structure. The
alkene is usually substituted by one or more electron-
withdrawing groups, while the diene may be substituted with
electron donors. In the absence of these groups, the reaction
rates are much slower and require heating. In our approach,
2,4-hexadienol (diene) and maleic anhydride (dienophile)
(Figure S4a) were added to a reaction vessel containing a
colloidal dispersion of capsules.
Equimolar concentrations (0.25 M) of the two reactants

were used at room temperature. Upon illumination of the
solution with a NIR laser, the plasmonic assemblies absorb
radiation and dissipate heat as a competitive mechanism that
governs the temperature distribution in metallic nanostructures.
Thus, in close proximity of the nanometallic surface, the hot
surfaces promote the chemical reaction inside the hollow cavity,

Figure 2. Typical TEM images of the PNRs (a,b) before and (c,d) after the controlled growth of the inner AuNPs. (e) SEM images of a complete
capsule and after slicing with a focused ion beam to observe the AuNPs on the inner silica wall. (f) Localized surface plasmon resonances of capsules
as prepared (pink) and after the two sequential overgrowths (red and blue).
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ending with the formation of 4-isobenzofurancarboxylic acid.
Simultaneously, the same laser source is used to monitor the
progress of the reaction. SERS spectroscopy (Figure S4b)
shows the spectrum of the maleic anhydride, characterized by
strong signals at 1844 cm−1 assigned to the CO stretching in
anhydrides (OCOCO) and at 1660 cm−1 attributed
to the CC stretching of ene bonds coupled to a carbonyl
group (CCCO). Notably, no signal in the spectra can
be ascribed to either the diene or the product due to their
aliphatic nature with the subsequent low SERS cross sections.23

SERS monitoring of these two bands shows a consistent
decrease in their intensity over time, due to the formation of
the product with complete disappearance of the reactant after
45 min (Figure 3a,b). It is worth noting that the temperature of

the bulk solution remained fairly constant over the entire
process. In order to compare our results with other
experimental configurations, the same reaction was carried
out with capsules without light, with light without capsules
present, and in the absence of both capsules (and therefore, the
AuNPs contained therein) and light. As shown in Figure 3c,
there is a remarkable increase in the reaction yield when the
cycloaddition reaction is performed in the presence of capsules
under laser irradiation. As observed, this improvement in the
reaction efficiency cannot be justified on the basis of a mere
catalytic effect due to the AuNPs or a laser-induced cyclation.
Not even the moderate increase (+8 °C) in the sample
temperature resulting from the heat dissipation of the AuNPs
through the isolating silica shell is enough to explain this
acceleration in the cycloaddition rate. Thus, by discounting the
effect of the temperature rising, a ∼300% increase in the
reaction yield is still found. This observation points to a Diels−
Alder cycloaddition taking place at a much higher temperature
than that measured for the bulk solvent.
In summary, we have described the preparation of plasmonic

nanoreactors and their use to trigger thermally activated

reactions in confined volumes without alteration of the
temperature of the bulk solvent. This could be of special
relevance in applications involving biological environments.
Additionally, these reactors can be used for real-time
monitoring of the process, providing an alternative to collect
real-time information about the course of chemical reactions,
critical indeed for the improvement of relevant chemical
processes.
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