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CONSPECTUS: The heating of matter upon interacting with light is a I EEED
fundamental process ubiquitous in the natural world. With the rise of o
nanotechnology over the past decades, a variety of nanomaterials capable of

converting light into heat have been discovered and their physicochemical

Real-time bioassay

Organic synthesis

properties investigated. Perhaps the most exotic is the photothermal heating of o eaton” » 4
metallic nanocrystals via surface plasmons. Here an incoming electromagnetic j @Tempo R e enoartice
wave triggers the oscillation of the nanoparticle’s electron cloud. When in M4
resonance, this generates an enormous increase to the absorption coeflicient, .
enabling more energy to dissipate as heat. The plasmonic phenomenon has an 2> "

incredibly diverse range of functions, from the vibrant coloration of medieval Pesmonc photathermalheaing
stained-glass windows to the localization and enhancement of light at the

nanoscale level. Plasmonic heating or thermoplasmonics is a relatively new

addition that has gained popularity mainly through applications in therapeutics and biotechnology. With this Account, we aim to put
a spotlight on the use of thermoplasmonics to drive chemical synthesis, a rapidly expanding area of research with immense potential.
Throughout the long tradition of chemical synthesis, chemists have rarely deviated from the typical oven or hot plate to set and
maintain a homogeneous temperature within the reaction vessel. In contrast, the use of thermoplasmonic nanomaterials can
introduce heterogeneity to the heating profile of a reaction by forming steep temperature gradients near the surface of nanoparticles.
Additionally, photothermal conversion enables heat activated processes to benefit from the advantages of light initiation, e.g,
contactless activation and spatial control. Thus, thermoplasmonics offers an attractive alternative to the long-standing norm.
Several early studies demonstrated the power of this method, taking advantage of the localized heating to carry out reactions with
minimal change to the bulk temperature of the surrounding medium. However, tapping into this potential can be very challenging as
colloidal solutions tend to aggregate even with small changes to the environment. Different strategies have been utilized to overcome
this obstacle, for example embedding particles into glass or other heterogeneous substrates. Our group has experimented with
coating gold nanostructures with a silica shell. This ensures the structural and colloidal stability that is critical for thermoplasmonic
chemistry. Recently, we applied this methodology to advance olefin metathesis, the synthesis of iron oxide (10), palladium (Pd) and
silver (Ag) nanoparticles, and the formation of various metal—organic frameworks (MOFs). In addition, highly stable hybrid
materials could be isolated as composites of plasmonic particles with polymers, MOFs, and other nanostructures. The large variety of
reaction conditions and the different precursors, additives, and catalysts that our method proved to be compatible with highlight the
versatility that silica encapsulation provides. The unique properties of plasmonic heating coupled with the added stability can open a
wide range of opportunities for more efficient reactions and altogether new reactivity along with the formation of novel composite
materials.
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Metathesis Enabling Photoresponsive Materials. Nat.
Chem. 2023, 15 (4), 475—482.” Using gold nanoparticles’
plasmonic photothermal response to activate latent Ru-based
catalysts enabled light-induced olefin metathesis across visible
and infrared regions. This approach improved catalyst
activation and reaction efficiency, forming polymer—nano-
particle composites with enhanced mechanical properties.

Biswas, A.; Lemcoff, N.; Shelonchik, O.; Yesodi, D,
Yehezkel, E.; Finestone, E. Y.; Upcher, A.,; Weizmann, Y.
Photothermally Heated Colloidal Synthesis of Nano-
particles Driven by Silica-Encapsulated Plasmonic Heat
Sources. Nat. Commun. 2023, 14 (1), 6355.> The
thermoplasmonic capability of Au bipyramids was harnessed
to initiate the growth of nanoparticles and control the
formation of intricate assemblies. This method enabled
working with low reaction temperatures and provided higher

yields.

Shelonchik, O.; Lemcoff, N.; Shimoni, R.; Biswas, A,
Yehezkel, E.; Yesodi, D.; Hod, I; Weizmann, Y. Light-
Induced MOF Synthesis Enabling Composite Photo-
thermal Materials. Nat. Commun. 2024, 15 (1), 1154.*
The study led to a robust, versatile, and rapid light-induced
MOF synthesis using photothermal materials, providing an
alternative to energy-intensive solvothermal methods and
enabling composite formation for photothermal desorption,
and MOF activation.

1. INTRODUCTION

The heating of materials upon exposure to light is a process of
fundamental importance, most familiar to us through the feel of
sunshine on a sunny day. Over the past several decades,
advances in nanotechnology have enabled the discovery and
development of a wide range of nanomaterials that show an
exceptional capability for this light-to-heat conversion.” Photo-
thermal nanoconverters are often classified into three main
categories by the physical mechanism of conversion: thermal
vibrations, nonradiative relaxation and surface plasmon
resonance. Polymers and carbon-based materials (graphene,
carbon dots, etc.) absorb photons through the excitation of
large, conjugated pi systems that can relax through thermal
vibrations generating heat.”” The second category includes
semiconductor nanoparticles (NPs) that can be excited and
subsequently undergo nonradiative relaxation, again trans-
forming photons to heat.” Finally, metallic nanostructures
particularly of noble metals can have huge absorption cross
sections and a potent photothermal response via the localized
surface plasmon resonance (LSPR) effect.”'" Each class of
materials offers different advantages, such as the low cost of
carbon-based materials, the catalytic nature of semiconductor
NPs and the tunability of the activation wavelength in metallic
NPs, utilizing them to their best effect is an ongoing effort.’
Plasmonic materials came to prominence not for their use as
nano heaters, but for their ability to concentrate light into
extremely small nanoscale pockets.' " Initially, the Joule heating
resulting from collective oscillations of the plasmonic NP’s
electron cloud was thought of as an unwanted byproduct. At a
certain frequency the oscillating cloud reaches a state of
resonance known as LSPR leading to a great increase in the
absorption and thus in the subsequent heating. The large
photothermal conversion concentrated into the dimensions of a
nanostructure can create steep temperature gradients between
the NP surface and its surroundings.'”'”'® This unique
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environment is characterized by localized thermal effects and
altered physicochemical properties. The realization that the
photothermal side effect could play a central role came around
the turn of the century, with the publication of two pioneering
works. The first, published in 2002, introduced the concept of
plasmonic photothermal imaging'* while the second, coming
shortly after, showed targeting of cancer tumors by plasmonic
hyperthermia."> In both studies the authors made use of the
remote activation and spatial resolution provided by light
induced heating, features that are absent from conventional
heating methods. Moreover, photothermal imaging depends on
the formation of nanoscale hotspots around the plasmonic
photothermal agents to determine their position, a phenomenon
distinctive to photothermal nanomaterials.

In the following decades the interest in plasmonic heating has
steadily grown leading to the development of diverse
applications.'® Sterilization of surfaces,'” "’ the release of
cargoes such as small molecule drugs or genes at specific
locations®”*" and seawater desalination”” are some examples
where thermoplasmonics were utilized. In parallel a theoretical
framework has been established, aimed to produce predictive
tools and thus improve the understanding and design of a given
system.”'”'>*® This together with techniques in nanother-
mometry”* have enabled some insight into the temperatures at
the surface of the photothermal agents and the gradient going
into the surrounding medium. Nonetheless, there are still
debates as to the true nature of these localized hotspots mainly
due to the difficulty in gathering reliable temperature measure-
ments at the nanoscale. Harnessing photothermal heat to
advance chemical reactions is an emerging field in this landscape
with huge potential”>~>’ However, until recently, limited
attention has gone into it, with most research staying within
the biomedical realm,”**” hardly deviating from the outline set
by the seminal works described.'”"> Thus, thermoplasmonics
offers many opportunities for innovative research especially
when looking beyond the aqueous environments and low
temperatures of a biochemical setting.

Gold nanoparticles (AuNPs) are by far the most popular
choice when searching for a potential thermoplasmonic
material. The relatively simple synthesis of different nanostruc-
tures enables control over the LSPR wavelength all through the
visible and near-infrared (NIR) regions.‘?’0 Gold is also renowned
for being relatively inert providing chemical stability and
biocompatibility, considerably expanding the scope of applica-
tions.”*”! Furthermore, noble metals show exceptional photo-
thermal properties with anisotropic structures such as nanorods
or bipyramids reaching extremely high conversion efficiencies
and surface temperatures.”” These make AuNPs ideal candidates
for many thermoplasmonic applications, however other nano-
materials such as silver, copper and titanium nitride have been
utilized as well.*>**

In this Account we aim to provide an overview of the progress
made utilizing plasmonic heating to drive chemical synthesis and
introduce the versatile approach of encapsulating gold nano-
particles in silica. We start by describing the project that led us
onto this path and giving our assessment of the fundamental
advantages of photothermal sources encapsulated in silica. Next,
the Account is divided into three sections briefly describing the
state-of-the-art in the application of thermoplasmonics in
organic, nanocrystal and MOF synthesis. Finally, an outlook
on the future of this emerging field is given including potential
pathways for development.

https://doi.org/10.1021/acs.accounts.5c00072
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Figure 1. (a) Illustration of localized surface plasmon resonance in gold nanoparticles, demonstrating the way oscillations of the electron cloud occur
upon interaction with an incident electromagnetic wave resulting in heat generation. (b) Illustration highlighting the unique properties of gold

bipyramids making them ideal candidates for thermoplasmonic synthesis.
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Figure 2. Impact of silica encapsulation on nanoparticle stabilization and the introduction of surface functionality for thermoplasmonic chemical
reactions under versatile conditions, including high temperatures, extreme pH, and oxidative environments, enabling efficient synthesis. A bipyramidal
structure is illustrated; however, these principles apply to any Au geometry that can be encapsulated.

2. HOW IT STARTED

Our group’s first experience with thermoplasmonics came
almost a decade ago through our interest in nucleic acid
amplification techniques." We had the idea to utilize photo-
thermal conversion to rapidly achieve the temperature cycles
necessary to perform a polymerase chain reaction (PCR). This
powerful amplification method is normally carried out with
heavy heating blocks controlled by expensive Peltier devices and
has no point-of-care alternative. Thus, we successfully developed
a custom device based on gold nanobipyramids (AuBPs) with
LSPR bands at around 850 nm capable of ultrafast real-time
quantitative PCR and isothermal amplification assays. Un-
beknownst to us then, the choice to work with AuBPs that
absorb in the NIR would follow us throughout our journey
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utilizing thermoplasmonics (Figure 1la). When starting this
project, the relatively narrow LSPR bands that could easily be
pushed to the NIR by controlling AuBP size were our main
consideration. These features ensured the photothermal NPs
could fulfill their role without photobleaching the standard
fluorescent dyes needed for real time assays. Another challenge
was maintaining the structural and colloidal stability of AuBPs
under the harsh conditions typical to PCR, including temper-
atures above 95 °C and high ionic strength. Here silica
encapsulation served as an ideal fix, stabilizing the bipyramidal
structure and completely preventing aggregation. Additionally,
PEGylation of the silica shell could be achieved by a simple
silanization procedure with methoxy-poly(ethylene-glycol)-
silane, effectively preventing any nonspecific binding of DNA

https://doi.org/10.1021/acs.accounts.5c00072
Acc. Chem. Res. 2025, 58, 1424—1434
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or other biomolecules and adding to the stability of the shell,
which may be prone to degradation in certain aqueous
conditions.”> Thus, the nanoparticles become inert in the
solution, efficiently heating the PCR without interfering,
eliminating the need for an external heating source.

Overcoming the obstacles in the detailed project and
achieving highly efficient light induced heating with a simple
custom-built setup motivated us to look further into
thermoplasmonics (Figure 1b). At the time few studies had
utilized elevated temperatures and explored different solvents
beyond an aqueous medium. During our work we realized our
method was not limited by the stability of the photothermal
agent and could be expanded beyond the biological environment
of popular applications such as photothermal therapy.

3. ADVANTAGES OF SILICA ENCAPSULATION

In retrospect the encapsulation of AuBPs with silica served as a
key that opened for us a wide range of possibilities for
thermoplasmonic chemistry. This simple technique was first
introduced for AuNPs in 1996 by Liz-Marzan et al., who utilized
an amino functionalized silane as a primer from which a silica
layer could grow.’® Since then, this technology has rapidly
evolved with different strategies enabling control over porosity,
thickness and functionality including selective deposition in
anisotropic structures.””*® In our work, we utilize a two-step
protocol initially covering the AuNP with a thick layer of
mesoporous silica and subsequently forming a thin dense layer
by applying the Stober method. Although silica NPs are not
impervious to aggregation or degradation, especially in aqueous
and saline conditions,* this protocol has afforded remarkably
stable NPs under the extremely harsh conditions described in
the following sections of this Account.

As we view it, there are three critical advantages brought on by
the presence of a silica shell enabling the exceptional versatility
of the described methodology (Figure 2):

I. Structural stability. The geometry of plasmonic nano-
particles has a direct influence on their optical properties
and thus on their photothermal conversion. Nonspherical
structures tend to undergo deformation when exposed
even to mild oxidizing conditions including exposure to
air, leading to a blue shift in the LSPR. This effect is
enhanced at elevated temperatures where melting can also
occur. When utilizing a laser or LED with a narrow
wavelength distribution, minor changes in structure lead
to a detrimental loss in photothermal conversion,
preventing the use of complex structures in any reaction
that is exposed to the atmosphere. Silica encapsulation
prevents the degradation of the structure under extremely
harsh conditions. In our research we have been able to
carry out photothermal reactions at above 200 °C and
hold this temperature for several hours with minimal
etching of AuBP tips.”’

Colloidal stability. Perhaps the greatest challenge of
employing nanoparticles as photothermal heat sources is
dispersing them in a solution and maintaining their
stability throughout the reaction. This problem is not
exclusive to thermoplasmonic chemistry, nanoparticles
are popular catalysts for a variety of reactions. The
traditional strategies to overcome this can be roughly
divided between the selection of proper ligands and the
use of a heterogeneous system in which the NP catalyst is
usually attached to a solid phase. In the context of

IL

1427

thermoplasmonics the scope of possible ligands is very
limited due to the intense temperatures at the surface of
the photothermal source and the relatively weak bonds
that connect them to NPs. Thus, most studies
demonstrating a thermoplasmonic source utilize hetero-
geneous systems. For example, gold spheres embedded
into glass or polymeric substrates*”*' or PANPs within
large MOF crystals.”” These and similar studies are
important, however a homogeneous methodology can
provide improved efficiency and greater control.
Encapsulation with silica allows for exceptional colloidal
stability in a wide range of solvents with very different
properties. In our work we demonstrate reactions in
hydrophobic solvents such as toluene and octadecene in
addition to highly polar solvents like dimethylformamide
and ethanol. Furthermore, the silica shell can tolerate
highly acidic conditions and a wide range of functional
groups. This versatility opens the possibility to explore an
enormous scope of photothermal reactions without the
need to adjust conditions for a stable dispersion.

III. Surface functionalization. Silica surfaces can be modified
by a relatively simple procedure with a variety of readily
available organosilanes. Essentially any type of function-
ality can be added to the thermoplasmonic NP in this
manner. On a conceptual level it is similar to the
chemistry developed by attaching thiolated ligands to the
surface of AuNPs,"™** with the advantage that the Si—C
or Si—O bonds provide a stronger link than the Au—S§
bond. Thus, the surface chemistry of the silica
encapsulated AuNPs (AuNP@SiO,) can be tuned to
best suit the system of interest. In our work, we utilized
this feature to improve the solubility of AuNPs in apolar
conditions by attaching alkyl silanes. Additionally, we
varied the surface chemistry to test whether the surface
played arole in the reaction mechanism. Looking forward,
the modular nature of this system could become a
platform for a variety of applications. Thinking of
thermoplasmonic chemistry we envision this becoming
a tool to increase the effective concentration of reactants
in the vicinity of the photothermal source where the
temperature is high. A concept that can be seen as the
inverse of the PEGylation we utilized to deter binding of
biomolecules to the polar silica surface in our project on
photothermal PCR. In addition, methodologies for
selective deposition of silica could be harnessed to
introguce different environments via dual functionaliza-
tion.

4. PLASMONIC HEATING IN ORGANIC SYNTHESIS

Organic chemistry is a pillar of modern chemistry and a
discipline that has changed society as we know it. The long and
impressive tradition of reactions and synthesis procedures, many
of which necessitate thermal initiation, almost exclusively relies
on bulk heating of reactant solutions. Thus, photothermal
organic reactions, in particular with thermoplasmonic nano-
particles enabling localized heating, can provide a powerful
alternative to the long-standing paradigm. An early report by the
Branda group hints at the potential of this method by
demonstrating a retro-Diels—Alder reaction without any
noticeable change in the bulk temperature. In their report, a
small molecule connected by a thiolated linker to the AuNP
surface is detached by decomposition of the linker into a

https://doi.org/10.1021/acs.accounts.5c00072
Acc. Chem. Res. 2025, 58, 1424—1434


pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.5c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

a

[2])

N S— S

) 5

>

e

<

HO o 0 £
Heat £

O / or o
0 light =

<

o

o

ﬁ»

Fluorescent
. ADMET
— —
ot
cis-Caz-1
AuBP Red LED
660 nm 660 nm ROMP
—_— —
AuBPs
cis-Ru-P(OBn),
n
AuBP IRLED EtO,C CO,Et
850 nm 850 nm RCM
-
AuBPs
Z X cis-RuSCF,

AuPd nanorod

Pd nanocube

CuPd nanocube activation of PANPs

Wm%

Et0,C CO,Et

Hydrogenation
© NS
ik I

/ZIF-8
. X B(OH)2
= =
R@ RE |
Photothermal X X

X =1,Br, R = 0OMe, Me

‘ m o
m 20°C

ON

Figure 3. (a) Photothermal activation of the retro-Diels—Alder reaction enables the controlled release of fluorescein dye molecules from the surface of
silica-gold core—shell and spherical gold nanoparticles. (b) Photothermal activation of PANPs for hydrogenations and carbon cross-couplings, with
hybridization/encapsulation providing stability and enhanced photothermal properties. (c) Scheme showing plasmonic visible—near-infrared
photothermal activation enabling olefin metathesis reactions. (d) Photothermally prepared p-DCPD rectangles: PPCy4 (left), p-DCPD (No AuBPs,
center), and PPCgs (right), alongside thermal camera images during irradiation with 660 nm (top) and 850 nm (bottom) light. On the far right is a
temperature scale. Scale bars: 10 mm. (e) High-resolution printing of DCPD/cis-Ru-P(OBn);/AuBPgs, formulation with a thermal camera image
during irradiation with 850 nm light. Scale bars: 10 mm. (f) SEM image of plasmon-cured PPCgs, with high glass transition temperatures and tensile
strength. Scale bar: 1 gm. Images are reproduced with permission from ref 2. Copyright 2023 Springer Nature.

maleimide and a furan. A drawback that was pointed out by the
authors was the partial dissociation of thiols from the surface
resulting in reactive species problematic for the biological
applications they imagined (Figure 3a).*® A later approach,
aimed more for application in organic synthesis, is the
photothermal activation of PANPs. The combination of both
photothermal conversion in the visible region and catalytic
activity for hydrogenations and cross couplings situates PANPs
74 To compensate for the relatively
poor photothermal conversion of Pd, different groups used
hybrid structures with Au or Cu, allowing for an increased
photothermal response while still benefiting from palladium’s
catalytic properties (Figure 3b).*”**° Recently, Stache and co-
workers have excellently reviewed the progress achieved within
this emerging field, telling this story in more detail >’

Based on our results from the development of the photo-
thermal PCR, we reasoned that the impressive stability of the
AuNP@SiO, could be leveraged to introduce an added level of
complexity to the relatively narrow scope of photothermal
organic reactions. To this end, we collaborated with the Lemcoff
group and developed a thermoplasmonic method to advance
olefin metathesis reactions.” Our strategy was to activate
thermally latent, Ru-based olefin metathesis catalysts with the

as attractive candidates.
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photothermal response of SiO, encapsulated AuBPs and gold
nanorods (AuNRs). By tuning the size of the AuNPs control
over the photothermal activation wavelength was gained, leading
to unprecedented reactivity in far-red and NIR wavelengths.
Additionally, photothermal reactions showed improved con-
versions at identical bulk temperatures including particularly
difficult reactions such as the formation of tetra-substituted
olefins. After an in-depth analysis we concluded that this was the
result of an increase in catalyst activity which we attributed to
elevated local temperatures around the AuNPs (Figure 3c).
Thermoplasmonic reactors as shown in the aforementioned
studies can also be recycled by filtration or centrifugation.
Recycling coupled with reducing the temperature of important
reactions hints at the potential of thermoplasmonics to impact
green chemistry. In addition, decreasing reaction temperatures
could also open the possibility to test reactions in solvents with
lower boiling points, perhaps unlocking new reactivity and
simplifying workup steps.
4.1. Photothermal Polymerizations

In our work on olefin metathesis we demonstrated that the
thermoplasmonic method could be applied for ring opening
polymerization (ROMP) of dicyclopentadiene and acyclic diene
polymerization (ADMET) of jojoba oil (Figure 3c). Here too

https://doi.org/10.1021/acs.accounts.5c00072
Acc. Chem. Res. 2025, 58, 1424—1434
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Figure 4. (2) Plasmon-assisted local temperature control using Au-coated or Au-lined glass/quartz substrates for catalysis, nanoscale patterning, and
microcrystal growth through CVD or solvothermal reactions. (b) Depiction of a contact-free, solution-phase, photothermal growth process for
nanowires (ionic/covalent) conducted on the benchtop in a quartz cuvette utilizing various metal nanocrystal seeds under 1070 nm laser excitation.
(c—e) Photothermal heating enables the colloidal synthesis of IONPs using AuBP@SiO, or AuNR@SiO, under 660 or 850 nm LED irradiation. This
process leverages localized nucleation and growth, followed by nanoparticle release into the solution. The approach facilitates large-scale production of
nanoparticles, including a variety of sizes, shapes, and core—satellite structures, with high yields and at reduced temperatures. (d) Comparison of
photothermally synthesized nanoparticles with those produced via conventional heating for a particular size: ~5 nm particles at 180 °C and ~10 nm
particles at 200 °C (with standard deviation shown as error bars). (e) IONP synthesis results include: (i) ~2—4 nm particles and (ii) ~15 nm
nanoplates synthesized at 200—300 °C. (f—k) Generality of this concept was further explored in the synthesis of various other nanoparticle
morphologies and their core—satellite structure/assembly, including Ag and Pd: (f) AuBP@IONP, (g) AuBP@AgNP, (h) AuBP@Pd-nanocube, (i)
AuNR@IONTP, (j) Pd assemblies, and (k) AuBP@Pd. Scale bars: g, j: SO nm; f, h, k: 100 nm; i: 20 nm. Images are reproduced from ref 3 (available
under a CC-BY license. Copyright 2023, Aritra Biswas et al,, Springer Nature) and ref 61 (Copyright 2021 American Chemical Society).

we observed a more efficient reaction for both materials, leading
to polymers with improved thermomechanical properties. The
Lear group working on the formation of polyurethanes by
irradiating gold nanospheres with a 532 nm laser, also reported
increased cross-linking and amazingly a billion-fold polymer-
ization rate improvement.52’53 Furthermore, the increased
degree of polymerization was also demonstrated for meth-
acrylate and epoxy resins working with AgNPs.”* Thus,
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thermoplasmonic polymerizations can serve as an excellent
technique to improve the properties of polymeric materials.

A consequence of utilizing the photothermal approach is the
entrapment of the plasmonic particles within the polymer matrix
once the reaction is complete. In our project on olefin metathesis
we demonstrated that the hybrid material took on the
photothermal properties of the AuBP@SiO, resulting in what
is known as a plasmonic polymer composite (PPC).>> The
photothermal heating of the composite proved to be incredibly
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shell, creating a photoresponsive composite (AuNP@UIO-66) with retained photothermal properties. Repeated photothermal activation maintained
both MOF structure and heat efficiency, enabling ultrafast MOF activation, and photothermal desorption.

stable and was activated only by the LSPR wavelength, again
enabling tunability (Figure 3d—f). Another advantage of
transforming a process to light activated is the spatial resolution
that can be obtained. In the context of polymerization this has an
added value as it opens a path to 3D printing applications.
Fedoruk et al. showed an example of this by optically trapping a
gold nanosphere with a laser that corresponded to its LSPR
wavelength. Thus, the authors could “print” nanoscale objects of
polydimethylsiloxane.*®

5. THERMOPLASMONIC SYNTHESIS OF INORGANIC
NPs

The fabrication of nanomaterials through the localized heating
of plasmonic NPs has also attracted considerable interest. First
reports precede photothermal organic synthesis by several years,
however, the accumulative effort is less comprehensive with
reports being more sporadic. In 2006, a pioneering study by
Boyd et al. presented a system where chemical vapor deposition
onto a glass surface embedded with AuNPs enabled the
patterning of PbO and TiO, by locally heating the AuNPs
with alaser (Figure 4a).”” Normally the synthesis of metal oxides
and other semiconductor nanoparticles proceeds via thermal
decomposition of metal complexes containing the relevant
atoms. Transforming the decomposition to a light-induced
process allows exceptional spatial control of these highly
applicable materials. Following studies developed this idea to
include more materials and different conditions.”® For example,
Brongersma et al. expanded the use of a gas—solid interface to
the thermoplasmonic lithography of Si nanowires and carbon
nanotubes (Figure 4a).”” A more recent work by the Baffou
group utilized AuNPs on a glass substrate in an aqueous
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environment to advance the hydrothermal synthesis of indium
hydroxide microcrystals (Figure 4a). Notably, here the authors
could estimate the temperature gradient around the NP by
analyzing the spatial distribution of the product, they concluded
that a temperature exceeding 200 °C was reached.”’ As
mentioned previously, attempting to translate the photothermal
formation of nanocrystals to homogeneous dispersions results in
major stability issues, especially when the decomposition of
precursors necessitates elevated temperatures. Recently Pandres
and co-workers demonstrated a first example of this reaction, in
which they utilize bismuth and indium nanoparticles to grow
CdSe and Ge nanowires (Figure 4b). They utilize a high-
powered laser to rapidly elevate the local temperature around
the metallic NPs inducing nanowire formation from their
surface.’’

In our work on the polymerization of jojoba we found that the
AuNP@SiO, could elevate the solution temperature above 200
°C and maintain it for several hours. Thus, we were tempted to
test our method in highly demanding synthesis procedures
requiring harsh conditions. The formation of y-Fe,O; nano-
particles (IONPs) is such an example and provides a product
with outstanding magnetic properties used in a range of
applications. In this study, we consistently produced solution
temperatures of around 200 °C with silica encapsulated AuNRs
and two sizes of AuBPs (Figure 4c—e).” The formation of three
different morphologies of IONPs was demonstrated with higher
yields at considerably lower temperatures than conventional
heating methods. Interestingly, an analysis of the photothermal
sources showed that at the initial stages of the reaction, the silica
shell was densely decorated with IONPs and that a gradual
dissociation was occurring up to a point where the silica was
completely bare by the end of the reaction. We hypothesized
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Table 1. Photothermal Applications of AuNP@SiO,

surface wavelength photothermal stability,

Au structure functionality (nm) temp. (°C) environment recyclability chemical synthesis/application
bipyramid Si—OH, PEG 850 72-95 aqueous, buffer good, yes real-time quantitative PCR'
bipyramid, rod Si—OH 660, 850 80—-240 neat, apolar good, yes olefin metathesis,” polymerization,”

printing
bipyramid, rod Si—OH, CH;, 660, 850 70—-200 apolar, polar protic, aqueous good, yes nanoparticles,” superstructures’
NH,
bipyramid, rod, Si—OH 520, 660, 850 60—120 polar protic, aprotic, aqueous, good, yes MOFs,4 composites,4 MOF

sphere

acidic

activation

that a gradual reaction between the silica and the oleic acid
ligands occurred changing the surface chemistry leading to the
dissociation of IONPs. This was confirmed by modifying the
silica cap with a hydrophobic alkylsilane to mimic the surface at
the end of the process resulting in bare silica throughout the
reaction. Building on these results, the synthesis of Pd and Ag
NPs including cubes and wires was also accomplished. Overall,
five different solvents (toluene, ethanol, ethylene glycol,
oleylamine and 1-octadecene) with a range of different ligands
and precursors were utilized highlighting the incredible
versatility of AuNP@SiO,.

5.1. Formation of Superstructures

Notably, during the synthesis of both Pd and Ag NPs, nucleation
predominantly occurred on the silica coating of the
thermoplasmonic NPs. In all three examples, 10, Pd and Ag,
stable hybrid structures could be isolated and showed properties
of both the core gold and the peripheral particles (Figure 4f—i).
A similar idea was also proposed in the work by Panders et al."
where they suggest utilizing their method to introduce dopants
into the “matchstick” particles they produced. Another
interesting phenomenon we observed during the formation of
PdANPs, was the photothermal contribution of the just
synthesized structures. Pd can also act as a photothermal
agent thus by irradiating at a suitable wavelength it can in situ
become a photothermal source in the reaction, adding another
layer of complexity to the photothermal process (Figure 4jk).
Under suitable conditions this resulted in large assemblies
comprised of numerous small spherical PANPs. Moreover, by
further optimizing the conditions, the PANP assemblies formed
on the original AuUNP@SiO, photothermal sources. Normally,
structures of this kind require careful design of multiple steps
including different additives and ligands aimed to keep the
particles in a delicate balance between completely dispersing and
aggregating. These unique examples of highly sophisticated
superstructures may be the tip of the iceberg when it comes to
the scope of possibilities opened by thermoplasmonic synthesis.

6. THERMOPLASMONIC FORMATION OF MOFs

The successful syntheses of both organic and inorganic materials
pushed us to develop a photothermal alternative to MOFs
synthesis (Figure 5). As far as we know our work on the topic
was the first of its kind, with other groups taking directions such
as microwave heating and sonochemistry to innovate on the
traditional solvothermal methods.>** This study resulted in the
photothermal synthesis of four different MOFs (UIO-66, MIL-
88A, HKUST-1, and MOF-5) at three different wavelengths
(520, 660, and 850 nm) including the use of silica coated gold
nanospheres (AuNS), rods and bipyramids. Again, the
plasmonic heating yielded rapid reactions, sometimes cutting
the reaction from several hours to minutes. Notably, the
synthesis of the zirconium based UIO-66 was carried out in a
mixture of dimethylformamide and water in highly acidic
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conditions. Analysis of the photothermally prepared UIO-66
product showed increased surface areas matching reports where
crystal defects were intentionally induced to achieve this effect.
Put together with more evidence this led us to hypothesize that
the rapid formation and highly defected structure were a
consequence of localized heating generated by the NPs. Another
interesting aspect of this synthesis was the identification of an
interaction between the silica shell and the ZrCl, precursor that
occurred when conducting the reactions at temperatures above
100 °C. This facilitated the insertion of AuNPs into the MOF
matrix resulting in stable AuNP-MOF composites. Thus, the
photothermal process provided a light-mediated means to
control the formation of these highly functional hybrid
materials. Investigating the properties of the composites showed
that the photothermal capabilities were intact, elevating the
temperature of the dried MOF powder to roughly 250 °C
without compromising the unique MOF structure. The
possibility to form hybrids with MOF microcrystals completes
a series of advanced materials produced via our methodology
together with the bulk polymeric composites and the nanoscale
superstructures.

7. CONCLUSION AND OUTLOOK

The use of plasmonic heating to initiate chemical reactions is an
emerging field that has been gaining traction with advancements
in the synthesis of plasmonic nanomaterials and our under-
standing of their properties. An inherent advantage of the
photothermal methodology is contactless activation and precise
spatial control, unlocking numerous possibilities for applications
development. Thermoplasmonic materials also enable the
heterogeneous heating discussed above, these hotspots have
been shown to introduce unique reactivity through thermal
effects without changing the reaction pathway. Our group has
contributed to this effort by encapsulating the photothermal
agents with silica shells drastically improving their stability and
in so greatly expanding the space of possible reactions. The
AuNP@SiO, system has served as a modular platform, enabling
control over activation wavelength and surface chemistry in a
diverse range of environments. This step forward in terms of the
method’s versatility is crucial for harnessing the unique
properties of thermoplasmonics in an ever-increasing number
of synthetic procedures (Table 1).

Nevertheless, as with any emerging technology there are still
challenges that remain. Among them is the reliable determi-
nation of temperature at the nanoscale, crucial for our
understanding of photothermal reactions. Current nano-
thermometry methods are often indirect, giving rough estimates
of the temperature that reactants at the surface may be exposed
t0.°%* Improving the accuracy of data would enable theoretical
models with better predictive abilities, giving a clearer view of
the true potential of this methodology. Another more practical
problem is the uncertainty over the scalability of thermoplas-

https://doi.org/10.1021/acs.accounts.5c00072
Acc. Chem. Res. 2025, 58, 1424—1434


pubs.acs.org/accounts?ref=pdf
https://doi.org/10.1021/acs.accounts.5c00072?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Accounts of Chemical Research

pubs.acs.org/accounts

monic reactions. When thinking of heating on an industrial scale
light-activation poses an obstacle and may be a disadvantage
when compared to the well-established conventional methods.
Perhaps flow reactors as shown in the work of Pandres et al.*’
could provide a means of facilitating the transition of
photothermal chemistry from lab to industry. Another setback
in comparison with conventional heating could be the added
cost of introducing a thermoplasmonic agent, here recycling the
NPs could greatly reduce the impact.

Thermoplasmonic systems that include a catalyst within the
thermal hotspot are especially interesting as this combination
can lead to impressive results. Looking forward, integrating the
versatility offered by silica coating into this type of system
presents an intriguing challenge. One option would be to utilize
porous silica or partial encapsulation by selective deposition to
allow access to the catalytic surface. However, exposing the
plasmonic nanostructures would also render them vulnerable to
etching. Utilizing silane chemistry to attach either a homoge-
neous catalyst or active NPs creating a reactive outer layer may
lead to highly potent materials, though the added complexity will
result in demanding syntheses. Another interesting prospect is to
modify the silica shell to enhance its affinity for the reactants,
thereby increasing their effective molarity within the high
temperature zone. This could be done by mismatching the
properties of the surface and the solvent to an extent that still
enables a dispersion but increases the probability of adsorption
to the modified silica surface. Lastly, changing the shell material
altogether is also possible as shown by the Wang group in their
work on titania encapsulations.”® Here the versatility of silica
modification is traded for a more reactive material according to
the requirements of the desired system.

Finally, throughout this Account we have elaborated on the
composite materials that the silica coated NPs could form with
practically any material that was produced. A full series from the
nanoscale superstructures to the microcrystalline MOF hybrids
and all the way to the bulk PPCs were demonstrated to be almost
inevitable. These highly valuable advanced materials could be
utilized in a wide range of applications, e.g,, plasmonic MOFs
have the potential to realize rapid photoinduced absorption—
desorption cycles of energy dense gases or serve to enhance the
outstanding inherent catalytic properties of MOFs.* PPCs have
also been shown to be highly applicable in 4D printing
techniques, shape-morphing devices and robotics, in addition
to the exciting idea of utilizing the entrapped particles to induce
photothermal depolymerization.*>*® Thus, as the pioneers of
this field thought to exploit the “unwanted” byproduct we think
this could be a major point of focus moving toward the future.
This methodology could be leveraged to facilitate access to
increasingly complicated materials without the degree of
chemical trickery that might be required otherwise. To
conclude, the use of plasmonic heating without needing to
alter reaction conditions to accommodate a colloidal dispersion
opens a sea of opportunities for creative research and innovation
that is sure to impact chemical synthesis in the coming years.
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