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We investigate, with a combination of ultrafast optical spec-
troscopy and semiclassical modeling, the photothermal proper-
ties of various water-soluble nanocrystal assemblies. Broadband
pump-probe experiments with ~100-fs time resolution in the vis-
ible and near infrared reveal a complex scenario for their transient
optical response that is dictated by their hybrid composition at
the nanoscale, comprising metallic (Au) or semiconducting (Fe304)
nanostructures and a matrix of organic ligands. We track the
whole chain of energy flow that starts from light absorption by
the individual nanocrystals and subsequent excitation of out-of-
equilibrium carriers followed by the electron-phonon equilibra-
tion, occurring in a few picoseconds, and then by the heat release
to the matrix on the 100-ps timescale. Two-dimensional finite-
element method electromagnetic simulations of the composite
nanostructure and multitemperature modeling of the energy flow
dynamics enable us to identify the key mechanism presiding over
the light-heat conversion in these kinds of nanomaterials. We
demonstrate that hybrid (organic-inorganic) nanocrystal assem-
blies can operate as efficient nanoheaters by exploiting the high
absorption from the individual nanocrystals, enabled by the dilu-
tion of the inorganic phase that is followed by a relatively fast
heating of the embedding organic matrix, occurring on the 100-ps
timescale.

supracrystals | photothermal properties | hot carriers | nanocrystal
assemblies | pump-probe spectroscopy

he last decade has witnessed an explosive growth of

interest in the photothermal properties of nanostructures,
for both fundamental and applied aspects (e.g., ref. 1 and
references therein). A striking application is photothermal
therapy for cancer, in which light, following irradiation of
nanocrystals (NCs), is converted to cytotoxic heat to selec-
tively kill cancer cells and minimize the invasive injury to
normal tissues (2-7). Another notable example of the high
impact of nanoparticles’ photothermal properties is repre-
sented by the demonstration of novel solar photodevices for
water vapor generation (8, 9) and direct sunlight-driven desali-
nation (10).

Most of the studies in the field deal with Au nanoparticles. The
development of novel and possibly more effective photothermal
agents requires the understanding of the energy flow upon opti-
cal excitation of the nanostructure. For plasmonic NCs, this is
well known to be governed by a cascade of dynamic relaxation
processes, namely electron—electron scattering, electron—phonon
scattering (and subsequent dephasing of acoustic vibrations), and
phonon—phonon scattering, the latter culminating in the heat
transfer from each nanoparticle to its microenvironment (11).
However, unexpected and novel reactions of the medium upon
light irradiation and subsequent electron relaxation have been
observed in more complex systems (12-14): The combination of
multiple scattering processes induces formation of either steam
or a liquid vapor phase within a reduced volume even when

www.pnas.org/cgi/doi/10.1073/pnas.1817850116

the temperature of the bulk fluid volume remains far below its
boiling point. Furthermore, hot-electron-induced photodissoci-
ation of H, was demonstrated by Au nanoparticles supported
on SiO». These recent data clearly indicate that the heat release
mechanisms in composite nanomaterials are far from being fully
understood and several open questions remain. This is partic-
ularly true for NC assemblies, as the interaction between NCs
and the heat transfer through molecular linkers can, in principle,
strongly change the thermal properties of these nanostructures
and, subsequently, the dynamics of the photothermal energy
conversion (1).

NC assemblies have attracted increasing interest in the past
few years (see, e.g., ref. 15 for an overview). Advances in colloidal
synthesis have enabled the manufacturing of NCs with uniform
size, shape, chemical composition, and crystallinity, which in
turn allowed their self-assembly in 3D ordered structures. Such
assemblies, with a well-defined lattice configuration [e.g., face-
centered cubic (fcc), body-centered cubic (bce), etc.], are similar
to atoms in crystals and are thus referred to as supracrystals
(16). Depending on the experimental conditions, amorphous
3D aggregates can also be produced (17). The growth mech-
anism of these assemblies involves several factors (18) leading
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Fig. 1. (A) TEM image of Au NC assemblies produced with 10 h nucleation

time and 8 min growth process time. (B-D) Samples of the FFT pattern of
individual assemblies, corresponding to the areas highlighted in A. (E) TEM
image of a drop of the colloidal solution of Au NCs. (F and G) Measured (F)
and simulated (G) absorbance of the sample. G also shows the calculated
absorption and scattering efficiencies from (solid lines) the square lattice
model in Fig. 4A and (dashed-dotted lines) a triangular lattice model with
the same density of NCs.

to a complex and hard to predict behavior in the formation of
shaped supracrystals that depends on the affinity between the
solvent and the coating agents (19, 20). Being difficult to sta-
bilize in aqueous solution, supracrystals are typically available
and widely investigated in dried configurations, i.e., supported
on a substrate. This poses a severe limitation on the develop-

ment of real-world photothermal agents based on supracrystals,
to be operated in vivo.

Very recently, some of the authors created hybrid structures,
freely diffusing in water. They consist of hydrophobic inorganic
NGCs that self-assemble in either disordered or ordered structures
due to the presence of hydrophilic organic materials (vesicles,
surfactants, colloids). The synthesis of these structures exploits
two basic concepts: (i) NCs standing at the interface between
two immiscible liquids are highly mobile and can rapidly reach
equilibrium through assembling. This enabled the demonstration
of ferrite colloidosomes, i.e., shells of ferrite NCs, spherical fcc
supracrystals, and egg structures, i.e., a supracrystal trapped in a
colloidosome (21). (if) The packing is governed by interdigitation
processes in the organic chains of the matrix ligands. This led to
the first demonstration of thermodynamically stable supraself-
assemblies, i.e., supraaggregates (22-24), and water-dispersed
clustered structures of hydrophobic NCs and organic molecules
(25, 26).

To the best of our knowledge, the energy flow upon opti-
cal excitation in water-soluble assemblies of hydrophobic
NCs is largely unexplored. Here we study the specific heat
release properties of 100-nm-size Au clustered structures, fer-
rite (FesO4) supraparticles (spherical fcc supracrystals), and
Au/ferrite eggs, i.e., (Fe3O4)Au;s assemblies trapped in ferrite
colloidosomes. Our results indicate that the light-heat conver-
sion in these kinds of nanomaterials is governed by a specific
mechanism that relies on the intrinsic hybrid composition of the
assembly involving optically active inorganic NCs and a matrix of
organic ligands with relatively high heat capacity, embedded in a
water environment.

Results and Discussion

Spherical assemblies of Au NCs with ~ 5.5-nm diameter embed-
ded in a matrix of 1-octadecane-thiol (C1sH37SH) were syn-
thesized (Materials and Methods). The average diameter of
the assemblies was measured to be 160+50 nm (Fig. 14).
The fast Fourier transform (FFT) pattern of the transmission
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Fig. 2. Measured (A and B) and simulated (C and D) differential transmission maps AT /T (Top) and map cross-sections at selected time delays (Bottom) for
the water-dispersed Au clustered structures. The dotted curve in C and D is the result of a simulation which does not take into account the thermo-optical
effect in the organic matrix. The dashed-dotted curves in C and D are calculated from a triangular lattice model with the same density of NCs as in the

square lattice in Fig. 4A.
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electron microscopy (TEM) image of individual assemblies
shown in Fig. 1 B-D indicates a local ordering of the NCs.
This is confirmed by the TEM image obtained after deposi-
tion of a drop of the colloidal solution (Fig. 1E), which shows
that the Au NCs are well ordered in a compact hexagonal
network.

The linear optical response of Au clustered structures dis-
persed in aqueous solution was characterized by extinction mea-
surements with a standard spectrophotometer. The measured
absorbance (Fig. 1F) exhibits a pronounced peak around 600 nm,
which, according to a previous study (26), is ascribable to a pho-
tonic (i.e., collective) mode of the assembly, since its spectral
position scales linearly with supracrystal size.

To investigate the energy flow upon light irradiation, we per-
formed pump-probe experiments with ultrashort laser pulses.
A 100-fs pump pulse at 400-nm wavelength, generated by fre-
quency doubling the output of an amplified Ti:sapphire laser
system (27), is used to excite the sample. A broad-band laser
pulse focused on the sample at a given time delay ¢ with respect
to the pump pulse is used to dynamically probe the transient
optical response. The differential transmission (AT/T) spec-
tra are recorded as a function of ¢ and the probe wavelength
A. The results are shown in Fig. 2 A and B for visible and
near-infrared probing, respectively. On the initial timescale of
10 ps, the transient signal resembles the typical AT /T map
recorded for plasmonic nanoparticles [spheres (28) or rods (29,
30), for example]. In particular, the map cross-sections at early
time delays (black and red traces in Fig. 24, Bottom) show the
characteristic transient spectra of isolated NCs which are dom-
inated by shift and broadening of the plasmonic resonances
(30). Moreover, these spectra exhibit a decay constant of a few
picoseconds (Fig. 24) that is the timescale of electron—phonon
scattering in noble metals (31). See also Fig. 34 for the dynam-
ics at selected probe wavelengths for delay times up to 10 ps.
This demonstrates that in the ultrafast optical response the Au
assemblies keep the fingerprint of their building blocks (26).
However, on the longer timescales, the AT/ T of Au clustered
structures exhibits very distinct features which, to the best of our
knowledge, have not been reported in any metallic nanostruc-
ture: Instead of a monotonic decrease over time, we observe
the buildup of a positive signal which is red shifted by about
100 nm (blue and magenta traces in Fig. 24 and B, Bottom) com-
pared with the early spectra. The temporal dynamics at selected
probe wavelengths, reported in Fig. 3B, detail the onset of this
broadband transient signal within about 100-150 ps. To ascer-
tain that the observed buildup is a phenomenon that cannot be
ascribed to mechanical oscillations [which, in Au NCs, are well
known to have a strong impact on the ultrafast optical response
on this timescale (11)], we performed pump—probe measure-
ments on the nanosecond timescale. The results, reported in
Fig. 3C, confirm that after the buildup the signal remains con-
stant on the nanosecond timescale. However, we see a clear-cut
fingerprint of mechanical oscillations with an oscillation period
Tose ~ 300 ps. We assign that oscillation to a breathing mode of
the whole assembly by assuming an average speed of sound v,
of the order of 1 km/s (i.e., Tose ~2D /vs, with D =160 nm),
which makes sense considering the hybrid metal-organic com-
position (vs in bulk gold being about 3.2 km/s). Finally, note
that this transient signal was not observed in dry Co assem-
blies deposited on highly oriented pyrolytic graphite (HOPG)
substrate (32).

To understand the origin of the observed optical features and,
in particular, of the unexpected transient optical response on the
100-ps timescale, we developed a model to simulate the opti-
cal experiments. A 2D model of the supracrystal, based on the
morphology detailed in Fig. 14, is reported in Fig. 44. Finite-
element method (FEM) electromagnetic simulations retrieve the
same wavelength position as in the experiment for the extinction

Mazzanti et al.

peak in the simulated absorbance (black curve in Fig. 1G). Note
that, different from the effective index approximation of ref. 26,
the present model fully mimics (even though in 2D) the nano-
structuring of the assembly: A square lattice arrangement of Au
NCs is embedded in the C18H37SH matrix and surrounded by
a thin (3-nm) layer of dipalmitoylphosphatidylcholine (DPPC)
(Fig. 44). For comparison, we also performed numerical simula-
tions of a triangular arrangement of NCs with the same density
(SI Appendix). The static optical response turned out to be
similar to that retrieved from the square lattice configuration
(compare solid curves with dashed-dotted curves in Fig. 1G).
This result indicates that our assemblies behave as metaparti-
cles, rather than finite arrays of NCs, as the collective effects are
not dominated by Bragg scattering mechanisms, but rather by the
onset of an effective medium, in agreement with the approxima-
tions made in ref. 26. Interestingly, despite the thickness of the
assembly, the power absorbed per unit volume p at the 400-nm
excitation wavelength (Fig. 4B) is more uniform compared with
that in a Au nanosphere of the same diameter. This is due to
the higher penetration depth of light in the supracrystal struc-
ture (about 60 nm, which is almost four times larger than in bulk
Au at the same wavelength) in view of the dilution of the metallic
phase. If and how the organic phase in the assembly contributes
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organic matrix, whereas the dashed-dotted curve in F is calculated from a
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in Fig. 4A.
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pump-probe experiment, with each of the four dynamical variables giv-
ing rise to a separate contribution to the permittivity of the two phases.
(D and E) Numerical solution of the 4TM (N normalized to the peak of
A©¢ for better reading) on (D) the short timescale and (E) the long
timescale.

to the energy flow dynamics and thus to the performance of the
supracrystal as a nanoheater is the main subject of the study
detailed below.

The model of the ultrafast spectroscopy experiments is
sketched in Fig. 4C. The pump pulse is absorbed by the
metallic phase of the supracrystal with a power density (per
unit volume) pq(t) (SI Appendix). The pump absorption ini-
tiates a chain of energy transfer processes. In the spirit of
the semiclassical models reported for plasmonic nanomateri-
als [noble metals (33) and heavily doped (34) and even all-
dielectric (35) semiconductors] a set of dynamical variables
(usually temperatures) describing the different energy degrees
of freedom is introduced and coupled together in a sys-
tem of rate equations. For the hybrid metal-organic structure
of Au assemblies we adopted the following four-temperature
model (4TM):

N =p,(t) — aN, (1]
’Y@E@E:(IN—Q(@E_@L), [2]
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CLQL:g(@E*@L)*go(@L*@O), [3]
feco®0=go(©1 —O0). [41

In Egs. 1-4, the dot indicates the first derivative with respect to
time, and N, © g, O, and © respectively are the energy density
of the out-of-equilibrium electrons in the metal, the tempera-
ture of thermalized electrons in the metal, the temperature of
the metal lattice, and the temperature of the organic subsystem
(C18H37SH) embedding the NCs.

Note that Eqs. 1-3 basically represent the three-temperature
model (3TM) which successfully describes the relaxation dynam-
ics of AuNCs, being v = 68 J-m ~*-K 2 the electrons’ heat capac-
ity constant, c;, =2.5 x 10° J.-m3.K~! the lattice heat capacity
of gold, g=2.2 x 10'® W.m~?.K™"' the electron—phonon cou-
pling constant, and a = 15 THz the hot electrons’ heating rate at
400-nm pumping (33). The 3TM of gold is then coupled to a fourth
equation, Eq. 4, that models the energy dynamics of the organic
matrix of lattice heat capacity co =1.917 x 10° J-m~3.K~* (36),
with go the coupling rate between gold phonons and the phonons
of the organic matrix (to be fitted on the experimental data). In
Eq. 4, f = Vo/Vau~2 is the ratio between the volume of the
organic matrix Vo and the volume of the metallic phase Va, =
nV;, with n being the estimated number of NCs in the assem-
bly (SI Appendix), with V; = (4/3)nr?, i.e., the average volume
of each NC. With the numerical solution of Eqgs. 1-4 at hand
(Fig. 4 D and E), the permittivity change of the metallic and of the
organic phases of the assembly is then computed as a function of
the probe wavelength and time delay. In brief, N (¢) and © g (¢) are
responsible for a modulation of the interband transitions in gold,
which is dominated by the Fermi-smearing mechanism due to the
hot electrons at temperature Oz (t) >> 300 K; ©(t) accounts
for a variation of the Drude permittivity belonging to gold free
electrons, whose scattering rate with phonons linearly increases
with the lattice temperature; and finally, © ¢ (¢) translates into
a variation of the refractive index no of the CisHs7SH matrix
due to the thermo-optical effect. The corresponding Aey, Aeg,
and Aey, are retrieved by following the same approach detailed
in previous papers on the 3TM of gold (e.g., ref. 33 and refer-
ences therein). Regarding the permittivity variation induced in
the organic matrix, this is computed as Aep =2nonAB o, with
n=dno/dOo being a negative thermo-optics coefficient, of the
order of —10~* K1 (37) (to be fitted on the experimental data),
and AOo being the increase of the matrix temperature. Starting
from the total permittivity change in the metal, Aea, = Aey +
Acg + Aer, and in the organic matrix, Aep, induced by the
pump pulse, the variation of the sample transmittance is retrieved
perturbatively by FEM numerical analysis (SI Appendix).

The simulated AT/T maps with best-fit parameters,
90 =08¢g=1.76x 10" Wm™3.K™!, n=—-7x10"" K%, are
reported in Fig. 2 C and D. Note the good agreement with the
experimental maps in Fig. 2 4 and B. In particular, the model
is capable of reproducing both the derivative behavior of the
early spectra (on the first few picoseconds timescale) and the
onset of the long-lived broadband positive signal on the 100-ps
timescale. It should be noted that in the numerical simulations
we assumed a much lower pump fluence, F ~0.3 mJ/cm?,
compared with the experimental value of 2.75 mJ/cm?. We
believe that this discrepancy is mostly due to the simplification
introduced with our 2D model of the supracrystal, which
cannot achieve a quantitative match with the measurements,
in terms of absorption and extinction cross-sections. However,
the spectral (Fig. 2 C and D, Bottom) and temporal (Fig. 3
D-F) cross-sections of the simulated maps further confirm
the capability of the model to reproduce the dynamics of the
transient optical response on the various timescales and on the
very broad range of wavelengths explored in our experiments. In
particular, the key role of the organic matrix is ascertained and
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its thermo-optical response turned out to be crucial to provide
a consistent interpretation of the nonlinear response of the Au
clustered structures. Neglect of this contribution results in a poor
agreement with the experiments, both for the spectra (dotted
magenta curve in Fig. 2 C and D) and for the dynamics (dotted
curves in Fig. 3 E and F), as the model is unable to reproduce
the rise of the signal observed on the 100-ps timescale. Note that
its prominent contribution to the AT/ T is a clear-cut indication
of the high temperature increase, of about 15 K according to our
simulations (Fig. 4F), attained after the absorption of a single
pump pulse at a moderate fluence (2.75 mJ/cm?). This is made
possible by the specific collective regime of photo-temperature
generation exploited in the assembly, in agreement with what is
reported in a pioneering work by Govorov et al. (38), where it has
been theoretically shown that for clusters the photo-temperature
is expected to increase fast with the number of NCs. On the
contrary, the lattice arrangement seems to play no role, since
the simulated traces of the AT/ T map retrieved by a triangular
configuration (dashed-dotted curves in Figs. 2 C and D and 3F)
are almost superposed to the corresponding traces computed
from the square configuration (solid curves in Figs. 2 C and D
and 3F).

According to our model, the delayed buildup of the AT/ T
signal on the few hundred picoseconds timescale is the sig-
nature of the final step in the light-heat conversion process
that ultimately results in the heating of the matrix of organic
ligands. As such, this dynamical feature in the transient opti-
cal response is expected to be an intrinsic property of any
hybrid assembly of hydrophobic NCs, regardless of the pecu-
liar nature (i.e., plasmonic or not) of their building blocks. To
test this hypothesis we considered two other kinds of water-
dispersed assemblies, namely ferrite supraparticles and eggs of
Au/ferrite (295).

As shown in Fig. 54, spherical assemblies of ferrite NCs with
an average size in the range of 200 nm are produced. The
small-angle X-ray diffraction pattern (Fig. 54, Inset) confirms
the ordering of ferrite NCs in fcc supracrystals. These struc-
tures exhibit a pronounced extinction peak at around 400 nm

(Fig. 5B) which is mostly ascribable to absorption from ferrite
NCs. The differential transmission maps are reported in Fig. 5C,
with map cross-sections at selected probe wavelengths shown in
Fig. 5D. Note that after the exhaustion of the initial dynamics
that comprise both positive and negative signals (depending on
wavelength) within the first 10 ps, the longer timescale exhibits
a AT/ T that monotonically increases and reaches its maximum
within a few hundred picoseconds. These are precisely the same
dynamics observed in Au clustered structures (Fig. 3), the differ-
ences in the spectral profiles being related to the different kinds
of resonances that dominate the linear extinction of the two kinds
of assemblies.

A further evidence of the peculiarity of this mechanism
is provided by Au/ferrite eggs. A TEM image of the sam-
ple (Fig. 5E) shows formation of binary core (FesO4)Auis
supracrystals trapped into a ferrite colloidosome. The linear
extinction spectrum (Fig. 5F) is characterized by a shallow peak
at around 580 nm, ascribable to the plasmonic resonance of the
Au NCs. Actually, the AT /T map (Fig. 5G) resembles the one
reported for Au clustered structures, both on the short timescale
and on the long one (Fig. 24), indicating that the plasmonic reso-
nance from the metallic phase dominates on the absorption from
the semiconducting nanostructures. Also for this structure we
observe that the heating of the assembly takes place on the few
hundred picoseconds timescale (Fig. SH).

Conclusions and Perspectives

In this paper we have investigated the photothermal properties
of water-soluble hybrid nanoassemblies: Au clustered structures,
ferrite supracrystals, and Au/ferrite eggs. An extensive exper-
imental and theoretical investigation of the transient optical
response of these assemblies was performed with the aim of
tracking the energy flow in these kinds of nanomaterials fol-
lowing photoexcitation. Our results indicate that Au clustered
structures exhibit very peculiar features, never observed in Au
NCs or even larger (polycrystalline) gold nanoparticles or Co
assemblies deposited on HOPG substrate (32). In particular
we show that (i) due to the dilution of the metallic phase, the

02 04 06 08 10
wavelength A (um)

Fig. 5.
differential transmission maps AT/T. (D) Map cross-sections at selected probe wavelengths (pump fluence of about 10 mJ/cm? at 400-nm wavelength).
(E-H) Same as A-D but for Au/ferrite eggs. E, Inset details the structure of the core with (Left) the enlargement of the TEM image in E and (Right) the FFT
pattern and a sketch of the binary core (Fe304)Aus3 supracrystal.
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penetration depth of visible light is much greater than in homo-
geneous metallic nanoparticles of similar size, thus enabling a
high average thermal load in the whole assembly; (if) the organic
matrix, even though not directly absorbing, acts as an inter-
nal reservoir for efficient accumulation of energy within few
hundred picoseconds; (iii) for moderate excitation fluences we
estimated a temperature increase in the assemblies that is fully
compatible with hyperthermia (7); and (iv) the above features
are due to the collective regime of photo-temperature genera-
tion enabled by the assembling, since even though our model
was validated on Au clustered structures, a similar behavior was
experimentally observed with both Fe3O4 NCs self-assembled
in fcc spherical supracrystals (called supraparticles) and binary
supracrystals [(Fe3O4)Auis] trapped in colloidosomes. These
results provide a clear-cut indication that such hybrid nano-
structures can be operated as very efficient nanoheaters, with
enhanced biocompatibility due to their larger size, high stability
in water, and all of the fingerprints belonging to the NCs used as
building blocks.
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