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ABSTRACT: We present temperature-dependent (from room temper-
ature to 80 °C) absorption spectra of Au/SiO2 core−shell nanoparticles
(NPs) (core diameter: ∼25 nm) in water in the range from 1.5 to 4.5
eV, which spans the localized surface plasmon resonance (LSPR) and
the interband transitions. A decrease in absorption with temperature
over the entire spectral range is observed, which is more prominent at
the LSPR. These changes are well reproduced by theoretical calculations
of the absorption spectra, based on the experimentally measured
temperature-dependent real (ε1) and imaginary (ε2) parts of the
dielectric constant of Au NPs and of the surrounding medium. In
addition, we model the photoinduced response of the NPs over the
entire spectral range. The experimental and theoretical results of the
thermal heating and the simulations of the photoinduced heating are
compared with the ultrafast photoinduced transient absorption (TA)
spectra upon excitation of the LSPR. These show that while the latter is a reliable monitor of heating of the NP and its environment,
the interband region mildly responds to heating but predominantly to the population evolution of charge carriers.

■ INTRODUCTION
Noble metal nanoparticles (NPs) have intensely been studied
since the 1990s due to their potential and actual applications
in areas such as photovoltaics (in the case of NP-sensitized
transition-metal oxides),1−3 photocatalysis,4−6 medical imag-
ing,7−9 cancer therapy,10,11 and so forth. The key aspect of
these applications is the exploitation of the intense localized
surface plasmon resonance (LSPR) absorption band in the
visible range and the physical phenomena ensuing its
excitation by light. Because noble metal NPs can be
engineered in different shapes and sizes, there is a degree
of flexibility in tuning the LSPR band energy and width, in
order to suit a given application. Furthermore, the fact that
the environment also affects the LSPR adds an extra degree
of freedom to the tuning.
The above applications are fundamentally governed by the

generation of charge carriers and heat upon the photo-
excitation of the LSPR band. Indeed, photoexcitation
generates charge carriers above the Fermi level of the
metal, which after electron−electron (few tens to hundreds of
femtoseconds) and electron−phonon scattering (few pico-
seconds) transfer their energy to the lattice. The latter then
dissipates it to the environment at longer times.5 Depending
on the type of application, either charge carrier generation or
heat generation are favored. In particular, in the case of the
heat generation under optical irradiation, numerous promis-
ing applications are envisioned or already implemented in
energy conversion,12,13 catalysis,5,14 and medicine.10,11 One of

the exciting aspects of these studies is that the NP can be a
nanolocal source of heat.
The heating of noble metal NPs under either continuous

or pulsed irradiation of the LSPR has been investigated by
several authors.12,15−21 In these studies, the LSPR band itself
is used to monitor the temperature of the NPs, either
dissolved in a colloidal solution or embedded in a matrix
(glass, sol−gel, mesoporous film, or other).22−33 Ultrafast
spectroscopy has been (and still is) the most frequently used
tool to investigate the details of the electron and thermal
evolutions in metallic materials, either in the bulk, or NP
form.5,21,24,34−43 In these studies, monitoring the LSPR
response was achieved by transient absorption (TA) in the
case of NPs or transient reflectivity (TR) in the case of bulk
materials, using a broadband continuum probe. The
measured transient signal is the difference ΔA (ΔR) of the
absorption (reflectivity) after excitation with the signal before.
Usually, a depletion of the LSPR band around its center (i.e.,
a negative signal) and the appearance of positive features in
the wings characterize the response, pointing to a broadening
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of the LSPR band.21,35,36 Most of the signal recovers on a 2−
3 ps time scale, leaving a weak component decaying in tens
to hundreds of picoseconds. More recently, O’Keeffe et al.43

used an approach combining the post-processing of the fs TA
measurements guided by the so-called semiclassical extended
two-temperature model, allowing the isolation of the purely
non-thermal contribution to the pump−probe experimental
map recorded for 2D arrays of Au nanoellipsoids. They thus
demonstrated the intimate correlation between electron
energy and probe photon energy on the ultrafast time-scale
of electron thermalization. However, their study was limited
to the region of the LSPR.
While the LSPR band is dominated by the Drude part of

the dielectric function, at energies higher than the LSPR, the
absorption spectrum of Au NPs is due to the so-called
interband region (Figure S1), which originates from band-to-
band transitions. In a recent paper, we presented for the first
time ultrafast TA studies of typically 20 nm diameter aqueous
Au NPs, monitoring the response of the interband
transitions.39 This response consisted of positive and negative
TA bands that were characterized by a temporal evolution
comparable to that of the LSPR. The TA features were
interpreted using the band structure (BS) diagram of bulk
Au, considering that the quantum size effects in Au occur for
particle sizes below ∼4 nm.44,45 It was concluded that the
response reflects a slow cooling of the charge carriers, which
is concurrent with the thermal cooling of the lattice, that is
on the order of 150−250 ps. Our analysis assumed the linear
response, that is, the interband transitions are affected by the
transient electron and hole occupation numbers. However, in
a study of the TR of Au films probed in the region of the
LSPR, Kruglyak et al.46 rationalized the response of the
system by calculations that account for the full dependence of
the reflectivity on the electron occupation number. They
concluded that the bipolar behavior of the reflectivity signals
does not necessarily contain a contribution from non-
thermalized electrons, as had previously been assumed.47

However, the latter is not self-consistent because TR and
transmission signals appear to have a different temporal
shape48 and hence cannot be both proportional to the same
function of time, for example, the transient electron
temperature. Further to this, Stoll et al.49 investigated the
response of the environment to the cooling of LSPR-excited
Au NPs and showed that depending on the probe
wavelength, different kinetics arise due to the involvement
of the environment, which they successfully modeled using
the thermal conductance at the metal−liquid interface and
the heat diffusion in the liquid.
The studies by Kruglyak et al.46 and Stoll et al.49 raise

questions as to whether the photoinduced TA changes in the
region of interband transitions may also be due to the
temperature-induced changes of their dielectric function and/
or a response of the environment.
The complex interplay between the electronic and thermal

effects in the LSPR response of photoexcited Au NPs, can
best be tackled by performing temperature-dependent steady-
state absorption spectra of the NPs, comparing them to
photoexcited spectra. This was recently done by Ferrera et
al.21 who carried out an ultrafast study of the optical response
of 2D arrays of Au NP (20−25 nm) films in the region of the
LSPR and compared them to temperature-dependent studies.
The temperatures ranged from room temperature (RT) to
660 K. By comparing the differential temperature-dependent

spectra (difference of the steady-state spectrum at a given
temperature minus that at RT) with the TA spectra at
different pump fluences, they could extract a thermometric
calibration scale of ultrafast processes in the NPs. This was
further supported by an independent model of the temper-
ature-dependent differential spectra. The comparison and the
modeling assume that the energy deposited in the NPs by
light excitation is all converted into heat.
The major difference between the temperature-induced and

light-induced effects is that in the latter case, electrons are
transferred above the Fermi level and heat is generated by
way of electron−electron and electron−phonon scattering,
while in the temperature-driven case, the lattice is at a
thermal equilibrium with the heated solvent and any changes
that occur should reflect the thermally induced modifications
of the dielectric function of the NP. Apart from the above
study by Ferrera et al.,21 few groups have investigated the
temperature-dependence of the absorption of Au NPs in
detail.21,44,50,51 The overall effect of heating is a decrease of
absorption intensity of the LSPR, accompanied by weak red
shifts of a few 10 s meV and broadenings spanning ∼100
meV. These observations were rationalized using a theoretical
model that accounts for the electron−phonon scattering in
the NP, its thermal expansion, and the temperature
dependence of the dielectric permittivity of the host
material.50

The temperatures used in the above-mentioned stud-
ies21,44,50,51 were well above the boiling point of water.
However, in view of the various biomedical applications
(imaging, cancer therapy, etc.), it is crucial to characterize the
NP response in aqueous media. Surprisingly, such studies are
almost completely lacking, except for two partial reports.20,52

Therefore, in this work, we present for the first time a
systematic study of the temperature dependence of the
absorption spectrum of aqueous colloidal Au NPs between 20
and 80 °C, over the entire spectral range encompassing the
LSPR and the interband transitions. Due to the difficulties
(in particular, aggregation) in investigating bare colloidal Au
NPs in water, we focus on aqueous Au/SiO2 NPs (Figure
S2). The experimental results show that the temperature-
induced changes are dominant at the LSPR band while the
interband region is less affected. This is confirmed by the
very good agreement with the simulated temperature-
dependent spectra, which were carried out using recently
reported53 temperature-dependent spectroscopic ellipsometry
results of ∼20 nm Au NPs. We also simulated the
photoinduced response in the UV−visible absorption
spectrum of the NP following ref 49, which further confirm
that temperature effects (whether by quasi-static heating or
impulsive laser heating) on the dielectric response of the
interband transitions are negligible in the photoinduced TA
spectra, supporting our previous conclusion of slow charge
carrier cooling.39 The overarching conclusion of this work is
that while the LSPR response is a reliable monitor of the
various heating mechanisms of photoexcited NPs, the
interband transition region is mostly sensitive to charge
carriers and shows barely any effects due to heating.

■ METHODS AND MODELS
Sample Preparation. Preparation of Bare Au NPs. The

Au NP samples were synthesized through a seed-mediated
growth method.54 Specifically, a cetyltrimethylammonium
bromide (CTAB) solution (0.1 M, 9.75 mL) was first
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mixed with a HAuCl4 solution (0.01 M, 0.25 mL), followed
by the rapid injection of a freshly prepared, ice-cold NaBH4
solution (0.01 M, 0.60 mL) under vigorous stirring. The
resultant solution was kept under gentle stirring for 3 h at
RT. The as-prepared seed solution (0.24 mL) was injected
into a growth solution made of the CTAB solution (0.1 M,
19.5 mL), deionized water (380 mL), HAuCl4 (0.01 M, 8
mL), and ascorbic acid (0.1 M, 30 mL) afterward. The
reaction mixture was gently mixed well and left undisturbed
overnight at RT. The resultant Au NP samples were washed
and concentrated three times by centrifugation and re-
dispersion into water for further use.
Preparation of the Au/SiO2 NPs. CTAB molecules

adsorbed on Au NPs were first replaced by thiol-terminated
methoxy poly(ethylene glycol) (mPEG-SH). The Au NP
solution (100 mL) was centrifuged and re-dispersed in water
(20 mL). Then, mPEG-SH (molecular weight: 5000, polymer
chain concentration 1 mM) solution (2 mL) was
subsequently added. The resultant solution was kept
undisturbed at 25 °C for 12 h and then centrifuged twice
to remove the excess mPEG-SH polymers. The obtained
mPEG-coated Au NPs were re-dispersed in a solution
mixture containing 4.5 mL of water, 15 mL of absolute
ethanol, and 0.3 mL of NH3·H2O (30 wt %). After that, 0.08
mL of the silica precursor solution (5 vol % tetraethylortho-
silicate in absolute ethanol) was injected into the Au NP
solution under ice-cold and ultrasonication conditions for 1.5
h. For the temperature-dependent absorption measurements,
the Au/SiO2 NPs were sonicated for 3 h to eliminate
agglomeration.
The morphology of the samples was observed by

transmission electron microscopy (TEM) on an FEI Tecnai
Spirit microscope operated at 120 kV. Figure S2 shows
representative TEM images of the Au/SiO2 NPs, which were
synthesized by growing SiO2 shell on pre-grown Au NPs.
They show well-defined core−shell nanostructures with a
clear boundary between the Au core and the SiO2 shell. The
diameter of the NPs is ∼65 nm with a ∼25 nm diameter Au
core and ∼20 nm thickness SiO2 shell.
Steady-State Spectroscopy. Temperature-Dependent

Steady-State Spectra. The steady-state absorption spectra
were recorded with a commercial UV−vis spectrometer
(Shimadzu, UV-3600). In order to vary the temperature of
the sample, we used a temperature controller connected with
a heating unit inside the spectrometer chamber. A water flow
was used to adjust and stabilize the temperature. A diagram
of the top and side views of the heating unit is shown in
Figure S3. The cuvette used here is a commercial Starna 10
mm UV-quartz rectangular cell with a small glass-coated
magnetic stir bar inside. The absorption spectra were
recorded from RT (∼25 °C) to 80 °C in steps of 10 °C,
while the NPs in solution were magnetically stirred.
To convert the nm scale of the absorption spectra into an

eV scale, we followed the Jacobian conversion method.55 The
wavelength was converted to energy using E = hc/λ, and the
signal values themselves must be scaled by (hc/E2), where E
represents the photon energy, h is the Planck constant, c is
the light speed, and λ represents the wavelength.
Modeling the Temperature-Induced Spectral Re-

sponse of NPs. To rationalize the temperature-dependent
steady-state spectra, we simulated them taking into account
the temperature dependence of the complex dielectric
function of Au NPs.53 For relatively small NPs (∼25 nm in

diameter), such as those used in the present experiments, the
absorption coefficient is written as56,57

A
p

c
( )

9 ( ) ( )
( ) 2 ( ) ( )

d
3/2

2

1 d
2

2
2ω

ε ω ωε ω
ε ω ε ω ε ω

=
[ + ] + (1)

where εAu(ω) = ε1(ω) + iε2(ω), ω is the energy. p is the
particle volume fraction and is very small (≪1) for particles
dispersed in a colloidal solution and εd is the dielectric
constant (a real quantity) of the surrounding medium, which
is water and SiO2 in the present case. The change in the Au
NP sample absorption ΔA depends on changes of ε1, ε2, and
εd. We use the recently reported53 detailed temperature-
dependent spectroscopic ellipsometry study of 2D arrays of
∼20 nm Au NP closely packed in parallel rows and
supported on a nanopatterned LiF substrate under high
vacuum. The temperature was varied from RT to 350 °C and
the spectral range spanned from 245 to 1450 nm. The
temperature dependence of the experimental real and
imaginary parts of εAu reported are shown in Figure S4a,b.
Note the very different scales of the real (ε1) and imaginary
(ε2) parts of the permittivity. However, the scale of the

Figure 1. (a) Absorption difference spectra of Au/SiO2 NPs,
obtained by taking the difference of a spectrum at high temperatures
minus that at RT (∼25 °C). The red dots represent the UV-probed
TA spectrum recorded at 10 ps;39 (b) calculated differential
absorbance of Au NPs from the measured real (ε1) and imaginary
(ε2) parts of εAu at temperatures varied from 75 to 350 °C; and (c)
calculated TA response upon impulsive heating, reflecting the
temperature evolution of the Au NP and the environment.
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change is similar for both but the trends are opposite in that
the (ε1) decreases, while (ε2) increases with temperature.
Note that in the region of the LSPR (2.2−2.6 eV), the
changes of (ε2) are generally more prominent at the red end
than at the blue one, while in the interband transition region,
the changes are only significant around 3.5 eV.
The calculation of the absorption spectra based on the

above equation neglects the temperature dependence of the
εd of the surrounding medium as it was shown to play a
negligible role in the temperature range 17−915 °C48 but
accounts for its wavelength dependence.55−61 As surrounding
medium, we only consider water because the volume fraction
due to the SiO2 shell is negligible.
Modeling the Photoinduced Spectral Response of

NPs. The calculation is based on the model established by

Stoll et al.49 A uniform NP temperature Tp is assumed, whose
evolution is given by

T t k Rg T

u
u Rg kRg u kRgu

u

( ) 2/ ( )

e
( (1 ) ) ( )

d
hu t R

p
2

0

0

2 /

2 2 3 2

2 2

∫

πΔ = Δ

×
+ − + −

+∞ −

(2)

where ΔT0 (an initial temperature of 100 °C was used in the
simulations) is the initial temperature increase of the NP
after the optical pump excitation of the metal electron gas
and internal thermalization with the lattice, h = Λm/cm, k =
3cm/cp, and g = G/Λm, the related parameters are taken from
ref 49.
For the environment, the temperature evolution is given by

i
k
jjj
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{
zzz( )( ) ( )

T r t T R r k Rg
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u Rg kRg u kRgu
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2
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2 2 3 2

2 2 2
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− − + −

(3)

where r is the environment distance to the NP core, in
practice, we used r = 1.5R, 2R, 2.5R, and 3R. Because the
actual cooling dynamics lead to the nonuniform temperature
distribution in the environment, it can be modified into

A T t( ) ( )
i

N
i i

1
m probe m∑ λ Δ

= (4)

with ΔTm
i being the temperature increase in the i shell in the

above equation and Am
i its associated weight.

The time- and probe wavelength (λprobe)-dependent
evolution of a NP is related to its ultrafast modifications
(via Tp and dielectric function, εAu(ω) = ε1(ω) + iε2(ω), the
dielectric data are taken from ref 62) and those of the
environment (via Tm and εm)
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■ RESULTS AND DISCUSSION
We performed a temperature-dependent steady-state absorp-
tion study under dark conditions. Figure S1 compares the
absorption spectra of bare Au and core−shell Au/SiO2,
normalized at the maximum of the LSPR. They are overall
analogous and both exhibit the LSPR band at ∼2.3 eV
although the core−shell NPs have a weak (∼0.03 eV) red
shift compared to bare Au NPs due to the presence of the
SiO2 shell, while the growing featureless continuous
absorption on the high energy side is due to interband
transitions and to scattering. The absorption spectra of core−
shell Au/SiO2 NPs measured between RT and 80 °C are
shown in Figure S5a. The temperature effect is overall weak

and is mostly visible in the region of the LSPR (Figure S5b),
where it shows a downward trend in intensity and a slight
broadening. The region around 3.5 eV also shows some
variations. The temperature effect is best visualized by
plotting the differential absorption spectra (spectrum at a
higher temperature minus that at RT). These spectra are
displayed in Figure 1a. They show a decrease in intensity at
the LSPR with increasing T, as well as a decreased intensity
over the entire UV region above 2.6 eV. Figure 2a zooms
into the region of the LSPR and Figure S6a shows a selection
of normalized spectra in the same region. One notes that the
intensity drop of the LSPR band increases by a factor of ∼3
between 40 and 80 °C. The minimum of the LSPR signal
shifts slightly to lower energies with increasing T and a weak
positive wing appears on the red side of the LSPR, with the
point where the signal is zero (i.e., ΔA = 0) shifting to lower
energies with increasing T. Finally, no positive wing shows up
on the blue side of the LSPR band. The trends shown in
Figure 1a are qualitatively similar to those reported by
Bouillard et al.51 for Au nanorods. They are also comparable
to those reported by Ferrera et al.21 on 2D arrays of NPs,
except that the blue wing in their differential spectra are more
prominent than the red one, contrary to our case.
The region of interband transitions in Figure 1a is much

less affected by heating than the LSPR region. It exhibits a
feature appearing at ∼3.5 eV and the changes in the
interband region are monotonous with a decrease of
absorption with temperature. The decreasing background
signal is likely caused by an increased scattering.
We used eq 1 to simulate the temperature-induced changes

of the steady-state spectra, and the result in Figure S7 shows
the simulated steady-state absorption spectra, whose
variations are exclusively due to the temperature- and
wavelength dependence of the dielectric functions. An overall
decrease in intensity with increasing temperature is observed
over the entire spectral range and is more pronounced at the
LSPR maximum (at ∼2.4 eV), while a weaker decrease is
visible around ∼3.4 eV. The calculated differential spectra are
shown in Figure 1b and a zoom in the region of the LSPR is
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presented in Figure 2b. Because the lowest two temperatures
reported by Magnozzi et al. are 25 and 75 °C,53 the first
differential spectrum is at 75 °C, which is close to the highest
temperature reached in our experiment in water. Further-
more, it should be stressed that the arrays of NPs, on which
the ellipsometry study was carried out,53 are quite different
from the present one because the NPs are closely packed
such that a strong electromagnetic coupling is present.63

Moreover, the substrate was nanopatterned on LiF. For all
these reasons, we cannot perform a quantitative comparison
between the experimental and calculated differential spectra.
However, the main goal here is in reproducing the trends.
Figure S6b shows the normalized calculated differential

spectra. From Figures 1, 2 and S6, one notes that the LSPR
minimum is somewhat slightly blue-shifted compared to the
experimental data, which reflects the shift reported in the
steady-state spectra of bare and core−shell Au/SiO2 NPs
(Figure S1). In addition, a positive feature appears on the red
side of the LSPR band, as in the experiment (though much
more prominent), and its ΔA = 0 point shifts to lower

energies with increasing temperature, as our experimental
trends show. However, in the temperature-dependent studies
of 2D arrays of Au NPs,21 the opposite was observed. On the
blue side, even though the experimental differential spectra
do not show a positive wing of the LSPR, the calculations
predict one, which is however much weaker than on the red
side, in agreement with the changes of ε2 in this range
(Figure S4b). The absence of a blue wing in the experimental
data is presumably due to the overall intensity decrease in the
range above the LSPR band (Figure 1a). The point at which
the differential signal is zero (i.e., ΔA = 0) in the simulated
spectra of the blue wing shifts to higher energies with
increasing T (Figure S6b).
The temperature-dependent studies of the absorption

spectrum of Au NPs embedded in SiO2
50 and of 2D arrays

of NPs21 are overall consistent with an intensity drop of the
LSPR, accompanied by an intensity increase of both its red
and blue wings. Unfortunately, in ref 50, the authors did not
present differential spectra, which would have been preferable
for comparing the trends with our data. Nevertheless, in
Figure 3b, we present our simulations of the LSPR

differential spectra embedded in an SiO2 glass (the simulated
differential spectra over the entire spectral range are shown in
Figure S8). Contrary to the case of water but along the
trends on 2D arrays,21 a blue wing clearly shows up (even at
the lowest temperature above RT, see Figure S9), with an
almost isosbestic ΔA = 0 point and a comparable intensity
compared to the red wing. However, for the latter, the ΔA =
0 point moves to higher energies with increasing temper-
atures in the case of the 2D arrays.21 The results shown in
Figure 3 underscore the fact that the differential spectra are

Figure 2. Zoom in the LSPR region of the absorption difference
spectra of aqueous Au/SiO2 NPs: (a) obtained by taking the
difference of a spectrum at high temperatures minus that at RT
(∼25 °C); (b) calculated temperature-induced changes using the
measured real (ε1) and imaginary (ε2) parts of εAu at temperatures
varied from 75 to 350 °C; and (c) calculated photoinduced changes
using the same parameters as ref 49. The noise in the simulated
spectra is propagated from the original ellipsometry data shown in
Figure S6.

Figure 3. Calculated differential absorbance of Au NPs from the
measured real (ε1) and imaginary (ε2) parts of εAu, in different
surrounding media: (top) pure water and (bottom) SiO2. The
maximum of the red wings (at 350 °C) are normalized to 1 for
comparison.
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in addition strongly determined by the properties of the
medium and not just by those of the NP.
The observations in ref 50 had been rationalized using a

model that accounts for the electron-phonon scattering in the
NP, its thermal expansion, and the temperature dependence
of the dielectric permittivity of the host material. As the
temperature increases, so does the NP volume and therefore,
the density of free electrons decreases, which in turn leads to
a lower LSPR frequency, that is, its red shift. The rate of
electron−phonon scattering increases with temperature,
which implies an increased damping constant of the plasmon
oscillations and as a result a broadening of the LSPR band.
Finally, the increase of the dielectric permittivity of silica with
temperature also contributes to the red shift of the LSPR,
although the main contribution to this shift comes from the
volume expansion of the NP.50 A shift of the LSPR maximum
would give rise to a first derivative line shape, while a
broadening would give rise to a second derivative line shape,
which would be symmetric if the LSPR band is symmetric.
The calculated differential spectra confirm the weak

temperature dependence found in the steady-state experi-
ments (Figure 1a), except for the background, which we
believe is due to scattering contributions resulting from the
SiO2 shell and the solvent. The simulations also confirm the
occurrence of a negative feature around ∼3.35 eV, which
would correspond to the negative feature around ∼3.5 eV in
the experimental differential spectra (Figure 1a). It is
important to stress once more that the calculated spectra
span a much higher temperature range than the experiment
implying that heat only mildly affects the absorption in the
interband region.
Turning now to photoinduced TA, these have been

reported for Au NPs in SiO2 glasses,24 sol−gel matrix,23

embedded in mesoporous TiO2,
32,33 in 2D arrays,21 and in

water35,39,49,64,65 and ethanol49 or TR of bulk Au films.66 All
exhibit a profile with a decreased absorption of the LSPR and
red and blue wings, often (but not always) with an isosbestic
ΔA = 0 on the blue wing and on the red side and a shifting
one as a function of time.
In the case of NPs in SiO2 glasses,

24 the TA spectra were
nicely fit using the Mie scattering theory, in order to extract
the temporal changes of electron temperatures and effective
damping constants. It was concluded that at early times, the
nonlinear response originates mainly from the hot electron
system generated by the pump pulse but that the lattice
temperature also plays an important role even in these first
steps of the nonlinear response. Finally, the more recent
comparative study of the photoinduced and temperature-
induced LSPR absorption changes of Au NPs21 provided a
calibration of the light-induced heating. In the studies of Au
NPs in water and ethanol,49 it was found that the kinetics
around the LSPR depended on the probe wavelength, an
observation that was rationalized taking into account the heat
transfer from the NP to the solvent and the subsequent
evolution of the solvent temperature as a function of time
and distance from the NP center.
We repeated the calculations of ref 49 using the same

parameters that apply to our case but extended the
simulations to the deep-UV spectral region. The calculations
are described in detail in the Methods and Models section
(eqs 2−5). The estimated increase of the lattice temperature
is ∼87 °C under our excitation conditions (see Supporting
Information, §S1) and in our simulations, we used an initial

temperature (upon photoexcitation) of 100 °C. The relevant
simulations plots are presented in Figures S11−S13. Figure
S12 shows the evolution of the simulated transient trans-
mission as a function of time for different probe energies,
decomposed into contributions from the NP, and the
environment. It can be seen that the most significant change
at 2.4 eV is due to the NPs, with a decay time of ∼250 ps,
exactly the value we reported in our previous contribution.39

At a probe energy of 3.5 eV, the evolution is somewhat
slightly slower due to a relatively more prominent
contribution from the environment. Figure S13 shows the
normalized temperature evolution of the NP and the medium
at different radii from the NP center. The simulated spectra
are shown in Figures 1c and 2c. They strongly resemble the
steady-state temperature-induced differential spectra (Figure
1b), even though we start off from a non-equilibrium
situation where the NP is at 100 °C at t = 0. In particular, we
note that the interband region is little affected, while the
LSPR is on the contrary strongly affected. The difference
with the photoinduced TA in the interband region39 is
striking. In the TA study,39 we observed very clear features in
the interband region, and the TA spectrum at 10 ps time
delay is plotted in Figure 1a. Contrary to the differential
temperature-induced spectra and simulated photoinduced
heating response (Figure 1b,c) that are generally featureless,
the photoinduced TA spectrum exhibits prominent negative
features at ∼3.8 and ∼4.4 eV and a positive one at ∼3.5 eV.
Following an initial decay on a ∼2−3 ps time scale (just as
for the LSPR), these bands exhibit longer decay times on the
order of 150−250 ps, along with coherent phonon
oscillations. We attributed them to transitions between
different points of the Brillouin zone in the BS diagram
(see Figure S10), namely, the interband transitions L2 → L1
(∼4.4 eV) and X4 → X1 (∼3.8 eV) and the intraband L6 →
L3/L5 → L2 (∼3.5 eV).
As already mentioned, the major difference between

thermodynamic and photoinduced heating is that in the
former case, the particles and the surrounding medium
temperatures are at equilibrium, while in the TA experiments,
only the electrons in the metal are excited, while the
surrounding medium is initially cold (Figures S12 and S13).
This was shown to affect the transients at probe wavelengths
away from the LSPR due to the gradual heating of the
medium.49 Based on Figure 1, one concludes that thermal
effects, be they temperature- or photoinduced, have little
effect on the interband transitions.
In summary, the good agreement between the experimental

and calculated temperature- and photoinduced differential
spectra (Figures 1 and 2) supports the conclusion that the
photoinduced TA spectra in the interband region cannot be
rationalized in terms of thermal effects on the dielectric
constants of the NPs or the environment. Therefore, we
confirm our previous interpretation of the deep-UV TA
changes as reflecting charge carrier relaxation.39

■ CONCLUSIONS
In summary, we presented a temperature-dependent (from
RT to 80 °C) investigation of the absorption spectrum of
Au/SiO2 core−shell NPs in the range from the visible (where
the LSPR band lies) to the deep-UV (where the interband
transitions are found). A decrease in absorption with the
temperature over the entire spectral range is observed that is
significantly more prominent in the region of the LSPR than
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that of the interband transitions. These changes are well
reproduced by the theoretical calculations of the absorption
spectra based on the experimentally measured temperature
dependence of the real (ε1) and imaginary parts (ε2) of the
Au NP dielectric constant and of the surrounding medium.
Comparing the temperature-induced experimental and
simulated absorption spectra and the simulated photoinduced
spectra, as well as those from the literature, and the
experimental photoinduced TA spectra suggest that the
response of the LSPR band is sensitive to temperature effects
on the dielectric function of the NPs reflecting heating of the
nanoparticle lattice and of the medium. However, in the
interband region, the strong deviation of the differential
spectra with the TA one suggests that the latter are
dominated by the response of the charge carriers, confirming
the interpretation given in ref 39, that is, the reflect a slow
charge carrier relaxation.
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