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Predicting and Probing the Local Temperature Rise Around
Plasmonic Core–Shell Nanoparticles to Study Thermally
Activated Processes
Johannes C. J. Mertens,[a] Benjamin Spitzbarth,[a] Rienk Eelkema,[a] Johannes Hunger,[b] and
Monique A. van der Veen*[a]

Ultrafast spectroscopy can be used to study dynamic processes
on femtosecond to nanosecond timescales, but is typically used
for photoinduced processes. Several materials can induce
ultrafast temperature rises upon absorption of femtosecond
laser pulses, in principle allowing to study thermally activated
processes, such as (catalytic) reactions, phase transitions, and
conformational changes. Gold–silica core–shell nanoparticles
are particularly interesting for this, as they can be used in a
wide range of media and are chemically inert. Here we
computationally model the temporal and spatial temperature

profiles of gold nanoparticles with and without silica shell in
liquid and gas media. Fast rises in temperature within tens of
picoseconds are always observed. This is fast enough to study
many of the aforementioned processes. We also validate our
results experimentally using a poly(urethane-urea) exhibiting a
temperature-dependent hydrogen bonding network, which
shows local temperatures above 90 °C are reached on this
timescale. Moreover, this experiment shows the hydrogen bond
breaking in such polymers occurs within tens of picoseconds.

Introduction

Ultrafast pump–probe spectroscopy is an important technique
used to directly probe ultrafast ((sub)femtosecond to nano-
second) dynamics. Originally, it was used in photochemistry to
study photoactivated processes and directly observe photo-
excited states, charge transfer, and short-lived reaction
intermediates.[1] In this technique, two pulses of light are used:
first a pump pulse that collectively starts a large number of the
same processes at the same time, and subsequently a probe
pulse to detect the progress of these chemical processes. By
varying the time between these pulses, a chemical process can
be followed over time, and due to the collective starting,
species that normally elude detection can be measured.[2] Using
femtosecond laser pulses, this allows for a subpicosecond time
resolution, which can even be pushed to the subfemtosecond
domain when using attosecond laser pulses.[3–7] On this time-
scale, a variety of processes can be studied, such as electron

dynamics, nuclear dynamics such as reactions or conformational
changes, and thermal transport processes.[7,8]

Since a light pulse is used as pump, this technique is mostly
limited to photoactivated processes. Various other techniques
can be applied to non-photoactivated processes, but these lack
the time resolution of pump–probe spectroscopy. For example,
reactions can be studied by using a pulsed stream of molecules
delivering one of the reactants as the pump. The time
resolution is however limited to the microsecond timescale.[9]

Techniques like operando spectroscopy in heterogeneous
catalysis are limited by the velocity by which concentrations of
reactants or the temperature can be increased. Therefore, these
techniques are generally limited to the millisecond regime and
only longer lived intermediates can be observed.[10–12] Reaction
monitoring by mass spectrometry on microdroplets allows for
capturing intermediates with microsecond lifetimes and time
dynamics on a similar scale.[13–15] Phase transitions have been
studied on the submicrosecond timescale using indirectly
heated switches, which provide fast electrical heating of
hundreds of degrees.[16] However, none of these techniques
extend to nanosecond or picosecond timescales.

A more general approach is to use an ultrafast temperature
jump induced by the optical pump pulse, such that pump–
probe spectroscopy can also be used to study processes that
are thermally initiated. An important class is that of reactions,
since most reactions can be thermally activated, but other
processes such as phase transitions, mass transport, and
reactive crystallization are thermally initiated as well. Various
approaches to achieve this have been used in literature,
generally by employing a light pulse that is absorbed and
converted into thermal energy. This usually results in rapid
temperature rises on the order of 10 °C, but some allow for
greater temperature jumps. For example, direct heating of a
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catalyst supported by alumina by light has been used in the
more traditional step-scan Fourier-transform infrared (FTIR)
spectroscopy to measure on the submicrosecond timescale,
allowing to elucidate an intermediate with a 2 μs lifetime.[17] In
water, using the pump–probe scheme, various types of light
have been used for ultrafast temperature rises. Terahertz pulses
allow for temperature rises of hundreds of degrees of water and
its solutes within a picosecond.[18,19] Nanosecond far-infrared
pulses have been used to excite hydroxyl vibrations in water to
increase the temperature, but this was only used on the
millisecond timescale.[20] Using near-infrared hydroxyl vibrations,
this was achieved on the picosecond timescale.[21,22] As an
alternative not limited to aqueous solutions, organic dyes can
be employed that result in heating on the picosecond time-
scale. This can be done both via pump pulses in the visible[23] or
in the near-infrared,[24] where a larger temperature jump of
around 100 °C was achieved. This method is applicable to a
wide range of media, yet has a few disadvantages limiting its
applicability. Organic dyes have a large amount of vibrations in
the mid-infrared range, making dye heating less appropriate for
use with mid-infrared probes. Moreover, the dyes may not be
chemically inert which can interfere with the phenomenon to
be probed, e.g. when studying chemical reactions.

In order to make the ultrafast temperature jump more
generally applicable, we want to employ nanoheaters that can
achieve high temperature rises in various environments, that
have no specific vibrations in the mid-infrared range and that
are chemically inert. Plasmonic nanoparticles show a photo-
thermal effect with which they convert light into heat,[25] can be
encapsulated in inert shells like silica,[26] and can be deployed in
a variety of environments,[25–27] making them prime candidates
for nanoheaters. When plasmonic nanoparticles are illuminated
by a femtosecond light pulse, energy is absorbed due to local
surface plasmon resonance. This quickly generates out-of-
equilibrium hot carriers, which are thermalized through elec-
tron–electron scattering within a picosecond. The raised
electron temperature then leads to an increase of the lattice
temperature of the nanoparticle through electron–phonon
scattering on the scale of multiple picoseconds. Subsequently,
this heat is dissipated from the nanoparticle to its
environment.[25] It has even been proposed that employing this
photothermal heating effect via repetitive ultrashort light pulses
can increase thermocatalytic conversion.[28] This heating is
spatially confined to near the nanoparticles when compared to
techniques directly heating the solvent. While this means a
smaller volume is heated, this can be compensated by system
design and a larger penetration depth of the light. Additionally,
this facilitates heat dissipation between pump pulses and thus
reduces heat accumulation, allowing for higher pulse energies.

The heating provided by plasmonic nanoparticles after
femtosecond-pulsed illumination has been studied both com-
putationally and experimentally in literature, most of which
focusing on aqueous media. Both approaches show for gold
nanoparticles that those with a diameter of approximately
effect the largest temperature increase in their surroundings:
this is an optimum because while larger nanoparticles are
favored because they have less surface area with respect to

their volume, this only holds while their absorption cross
section scales linearly to their volume, which is no longer the
case when nanoparticles get above a certain size.[29,30] The
studies on the time in which these temperatures are reached
are mostly computational, and study how this depends on the
size of the nanoparticle. For small gold nanospheres (10 nm
diameter) the maximum temperature of the directly surround-
ing water is reached in tens of ps, while for larger gold
nanospheres (200 nm diameter) this happens in hundreds of
ps.[30] Gold nanorods show similar time dynamics, and can be
approximated with nanospheres with some loss of accuracy.[31]

In contrast to metals such as gold, transition metal nitrides have
much faster electron–phonon coupling, resulting in a conver-
sion of absorbed photons into heat in less than 100 fs.[32] The
dissipation of heat to the surrounding water happened
gradually on the order of magnitude of 100 ps, similar to gold
nanoparticles. Yet, the faster electron–phonon coupling com-
pared to gold holds promise for a faster initial temperature rise
of the environment.[32] Mid-infrared transient absorption (MIR-
TA) spectroscopy has been used to measure time dynamics of
the temperature of the medium after femtosecond-pulsed
illumination, specifically for gold nanorods in water. The time
constant with which bare nanorods heat water was shown to
be 350 ps.[33]

Bare plasmonic nanoparticles also influence their surround-
ings in addition to providing heat. During excitation of the
nanoparticle by the pump pulse, the electromagnetic field near
the nanoparticle is greatly amplified, which can enhance nearby
optical processes and drive photochemical reactions.[25,36] Addi-
tionally, out-of-equilibrium hot carriers are generated after
excitation, which can inject into molecules or materials in
contact with the nanoparticle and mediate reactions in these
materials.[25,36] While these effects are of great relevance for
plasmon-mediated photocatalysis, plasmonic nanoparticles
used for ultrafast heating should be designed to minimize these
effects. This can be done by encapsulated them in an inert shell,
such as a silica or alumina shell. This prevents the injection of
hot carriers and reduces or removes the enhanced electric field
outside the shell, allowing only the photothermal effect to be
studied (Figure 1). This is similar to the shell-isolated nano-
particles used in shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS).[26]

Inert shells also increase the thermal stability of
nanoparticles[37,38] but can slow down heat transfer, since
electric insulators are generally poor heat conductors. In
contrast to previous work, we here therefore computationally
study the effect of inert shells on the heat transfer of plasmonic
nanoparticles to their surroundings. For this, we use gold–silica
core–shell nanoparticles, which are often used in SHINERS and
other ultrafast plasmonic applications.[25,26,37–40] We consider
these in a range of media, namely air, water and organic
materials, to evaluate the expected temporal and spatial
temperature profiles when using gold–silica core–shell nano-
particles as nanoheaters in different pump–probe spectroscopy
experiments. Additionally, we experimentally verify the temper-
ature rise for gold–silica core–shell nanoparticles embedded in
an organic material using MIR-TA. We chose a poly(urethane-
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urea) (PUU) as the infrared spectrum of this polymer exhibits
non-linear temperature dependence. This allows us to deter-
mine whether fast and high temperature rises around these
core–shell nanoparticles indeed do occur experimentally, and
whether the technique can be used to follow thermally
activated processes.

Modeling Framework

To study the heat transfer from plasmonic core–shell nano-
particles to their environment, we use a model based on the
work of Baffou et al.[41] and Metwally et al.[30] The original model
was limited to gold nanoparticles in water. We extend the
model in this work to more materials and, most importantly,
more layers to allow for core–shell nanoparticles. In this section
the model will be briefly described, a more complete
description can be found in section S1. In this model we
consider a single spherical nanoparticle and assume the nano-
particle and its environment can be treated as spherically
symmetrical, i. e. each point at distance r from the center has
identical material properties and an identical temperature. This
allows us to neglect collective heating effects and spatially
discretize the nanoparticle into layers (Figure 2a) where we can
assume that each layer is uniform and can be described by a
single temperature.

Since we base the model on Fourier’s law,[42] the heat
transfer within a material is defined by the partial differential
equation (PDE):

1ici
@Tðr; tÞ
@t ¼ ki~r

2T r; tð Þ þ p r; tð Þ (1)

where the temperature T depends on the material properties
density 1, specific heat capacity c and heat conductivity k of
the material i. We assume these to be temperature-independent
for the range reached during the simulation (Table 1). The
production function p is the heat generation in the core of the
plasmonic nanoparticle due to light illumination. For nano-

spheres, Mie theory[43,44] can be used with literature optical
constants[45] to analytically calculate the total absorbed energy,
which is distributed evenly over the core.[46] Since a femto-
second excitation pulse is short in comparison to the electron–
phonon scattering transferring the energy absorbed by the
electrons to thermal energy, the time dynamics under femto-
second excitation are determined by the latter.[30] It therefore
follows an exponential decay like:

p r; tð Þ /
e�

t
te� p for r � R ðinside of coreÞ and

0 for r > R ðoutside of coreÞ

8
<

:
(2)

with the electron–phonon scattering time constant te� p and
nanoparticle core radius R.

With this, the heat transfer within materials is sufficiently
defined. For the heat transfer between layers of different
materials, we need to take the interfacial conductance G, also
known as the Kapitza conductance, into account.[30] A finite G
results in a temperature discontinuity described by:

Figure 1. Depiction of the processes a gold–silica core–shell nanoparticle undergoes after excitation by a femtosecond light pulse. First there is a local electric
field during the pulse, and hot electrons shortly thereafter. Due to electron–phonon scattering the nanoparticle heats up, and with it its surroundings. The
high local temperatures generated can result in the thermal activation of processes near the nanoparticle, depending on the material surrounding the
nanoparticle.

Figure 2. Depiction of (a) nanoparticle and spatial discretization in model
and (b) resulting temperature profiles, showcasing temperature jumps due
to interfacial conductance.
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ki
@Tðr; tÞ
@r

�
�
�
�
ri

¼ Gi;j T ri; tð Þ � T rj; t
� �� �

¼ kj
@Tðr; tÞ
@r

�
�
�
�
rj

(3)

and also depicted in Figure 2b. The values used for the various
interfaces are shown in Table 2.

The system of PDEs can be transformed to a system of
ordinary differential equations (ODEs) after spatial discretization
using the finite difference method, which can be numerically
integrated using an ODE solver. We also extend the equidistant
grid in both space and time used by Baffou et al.[41] to allow for
variations in either dimension. In space we allow for multiple
layers that have different spacing between discretized points in
space. By using a smaller spacing in places where the gradients
are high, such as near the nanoparticle in space and near the
beginning of the simulation in time, a better balance can be
achieved between accuracy and computation time.

Results and Discussion

Modeling

Using this model, we compare the bare 30 nm gold nano-
particles with core–shell nanoparticles with a gold core of the
same diameter and a silica shell in water by focusing on the
temperature at the various interfaces and the radial temper-
ature profiles at several points in time (Figures 3a–d). A silica
shell thickness of 2 nm was chosen as, while thin shells are in

principle desirable for the fastest temperature rise, this is thick
enough to be able to be synthesized without pinholes.[26,52] For
these calculations, we use a fluence of 16 Jm� 2 to ensure the
maximum temperature of the silica shell is at most 300 °C when
heated from room temperature, as at this temperature thin
silica shells are stable while degradation has been observed at
higher temperatures in literature.[52] The material properties
used in the calculations are given in Table 1 and the used
values for the interfacial conductance G are given in Table 2. A
more complete overview of values found are tabulated in
Table S1. The variability in these values and their impact on the
modelling results is discussed further in the text.

While the temperature profile of the core is similar for both
nanoparticles in aqueous environment (Figures 3a and c, blue
lines), the temperature profile of the water at the interface with
the nanoparticle is pronouncedly different (same figures, red
lines). In the presence of a shell, there is a delay before the
occurrence of any significant temperature rise, and the temper-
ature rises more slowly. This results in a maximum temperature
increase that is both lower (from 93 °C to 68 °C) and reached
later (from 72 ps to 105 ps). This can be interpreted as the silica
acting as a thermal insulator, delaying the heat transfer from
the core to the water which results in a slower temperature rise
and the maximum temperature being reached later. The
maximum temperature is lower for two reasons. First, while the
heating is slower, the cooling capacity of the water is not
affected. Secondly, because the water interface has a larger
surface area over which the heat is dissipated for the core–shell
nanoparticle.

Applications in gas atmosphere offer an environment where
the material properties governing heat transport differ signifi-
cantly from that in liquid environments. Therefore, the same
bare and core–shell nanoparticle as for water were also
modeled using air as the environment (Figures 3e–h). When
compared to nanoparticles in water, the maximum temperature
increases are clearly higher for both bare (compare Figures 3a
and e) and core–shell (compare Figures 3c and g) nanoparticles,
and the temperature decreases much more slowly afterwards in
air (Figure S3). It also takes longer in air to reach the maximum
temperature, in particular the duration of reaching the last
10%. Excluding the final 10% and focusing on the time the
main temperature rise takes, to 90% of ΔTmax (Table 3), we see
that for the bare nanoparticles this rise is much faster in air

Table 1. Material properties used in the model: the heat conductivity k, density 1, and specific heat capacity c, as well as the properties derived from these:
the volumetric heat capacity 1c and thermal diffusivity α=

k

1c.

Material k (Wm� 1K� 1) 1 (kgm� 3) c (J kg� 1K� 1) 1c (kJm� 3K� 1) α (mm2s� 1)

Gold[34] 317 19300 129 2490 127

Silica[34] 1.4 2196 739 1623 0.863

Water[34] 0.60652 997 4181 4169 0.146

Air[34] 0.02638 1.161 1007 1.169 22.6

Ethanol[34] 0.167 789.3 2438 1924 0.0868

Polyurethane[35] 0.19 1100 2500 2750 0.069

Table 2. Values of the interfacial conductance G used in the model. For
interfaces marked with * no literature data was available, and that of
similar interfaces was used as explained in section S2.2.

Interface G (MWm� 2K� 1)

Gold $silica[47] 134

Gold $water[48] 105 (15)

Gold $air[49] 4 (4)

Gold $ethanol[49] 32

Gold $polyurethane*[49] 32

Silica $water[50] 330

Silica $air*[49] 4 (4)

Silica $ethanol*[51] 87

Silica $polyurethane*[51] 87
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compared to water (14 ps versus 30 ps), while the opposite is
true for nanoparticles with a shell (66 ps versus 53 ps).

As water has relatively unique thermal properties, the
modeling was repeated for other solvents, as well as a polyur-
ethane system similar to the PUU used as the experimental

Figure 3. Modeled temperature profiles of bare and core–shell nanoparticles in water or air, with left the temporal profiles at the interfaces and right the
radial profiles, and with the radial position of the temporal profiles indicated at the top. (a) Temporal and (b) radial temperature profile of a bare nanoparticle
in water. (c) Temporal and (d) radial temperature profile of a core–shell nanoparticle in water. (e) Temporal and (f) radial temperature profile of a bare
nanoparticle in air. (g) Temporal and (h) radial temperature profile of a core–shell nanoparticle in air.
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system, although less literature on accurate values of G exists
for these materials. For organic solvents, we focus here on
ethanol (Table 3) which shows similar results as other organic
solvents (Table S2) but for which the most literature on G was
available.[49,51] In its temperature profiles (Figure S2) ethanol
shows a maximum temperature intermediate to that in both
water and air, but a slower main temperature rise than these
media. These temperature profiles also show that for ethanol
the cooling rate of the core is intermediate to that of water and
air (Figure S3). Interestingly, the main temperature rise of
ethanol is practically identical with and without a silica shell.
For the polyurethane system, no data on G was found in
literature, and values for ethanol were used (Table 3). Given
that other, more hydrophobic, organic solvents have similar
values (Table S2), this is a reasonable approximation that can be
used to highlight the differences in material properties between
ethanol and polyurethane. The maximum temperature for
polyurethane is intermediate to water and ethanol, but the
main temperature rise is slower than in these media.

The radial profile for the bare nanoparticle in water
(Figure 3b) shows that the high temperatures in the water are
initially confined to a thin layer around the nanoparticle, where
in the couple of nanometers closest to the nanoparticle much
higher temperatures are reached than further away from the
nanoparticle. Over time, the excess heat dissipates over a
greater volume. It is known that femtosecond illumination leads
to more confined heating than continuous-wave illumination.[41]

Considering all radial profiles (Figures 3b, d, f and h and
Figures S2b and d), we can see that there is a large difference
between those in water and those in air: a much larger volume
of the environment is heated for the latter. For ethanol a
smaller volume of the environment is heated in comparison to
water, but the difference is less stark than between water and
air. When comparing bare and core–shell nanoparticles with the
same surrounding environment, the spatial temperature distri-
bution of the environment is similar for bare and core–shell
nanoparticles for all three media, with the main differences
being due to the slower heating of the environment when a
shell is present.

The interfacial conductance G is an important factor in the
temperature profile of both bare and core–shell nanoparticles.

The values used for the calculations are shown in Table 2, with
a more complete overview of values in literature in Table S1.
Since the values for the various interfaces of nanoparticles
suspended in water are the most studied, we focus on the
nanoparticles with water as their environment for this dis-
cussion. For the gold–water interface in bare gold nanoparticles,
the value of G is more than twice as high with a hydrophilic
surface functionalization compared to hydrophobic one.[51] For
gold nanorods, the interfacial conductance can vary from
45 MWm� 2K� 1 to 450 MWm� 2K� 1,[53,54] and simulations using G
values in this range show a large variation in resulting temper-
ature profiles (Figure S4): both the heating rate and maximum
temperature of the water are greatly increased with higher
values of G, while in turn the nanoparticle itself cools more
rapidly. Comparisons with literature and experimental results
should therefore focus on trends rather than precise values,
unless care has been taken to match the interfacial conduc-
tance, e.g. through fitting to theoretical models.[53–55]

The interfaces present in core–shell nanoparticles in water,
gold–silica and silica–water, are less studied than the gold–
water interface. Because these values are obtained by molecular
dynamics or experimentally for layered systems instead of
nanoparticles, the applicability to synthesized core–shell nano-
particles should therefore be determined experimentally. As for
the gold–water interface, literature values for the gold–silica
and especially the silica–water interface vary greatly, from
39 MWm� 2K� 1 to 222 MWm� 2K� 1 and from 220 MWm� 2K� 1 to
2380 MWm� 2K� 1, respectively.[50,56–58] Applying different combi-
nations of these values in the model yields pronouncedly
different temperature profiles (Figure S5). The temporal temper-
ature profile of the core is determined for an important part by
the interfacial conductance of the gold–silica interface, both
because this interface is in direct contact with the core and
because its values are relatively low, making it the limiting
factor in heat dissipation in an aqueous environment. On the
other hand, the temperature profile of the water at the interface
with the silica shell is influenced greatly by both interfacial
conductances, and a higher value of either one means the
maximum water temperature is higher and is reached earlier in
time.

Various of the observed differences between model systems
discussed can be explained by differences in the material or
interface properties, as given in Tables 1 and 2. For example,
the radial temperature profile in the medium is mostly
determined by the thermal diffusivity of that medium: since
that of air is two orders of magnitude larger than that of water,
a much larger volume is heated significantly (Figures 3b and f).
That the reached temperatures in air are still much higher than
in water, is because much less heat is extracted from the
nanoparticle to reach these high temperatures in the environ-
ment, due to the volumetric heat capacity of air being three
orders of magnitude smaller than that of water. Other proper-
ties also influence the maximum temperature, such as the
interfacial conductance, but these do not explain the differ-
ences between materials. These trends also extend to ethanol
(Figure S2) and polyurethane, which have intermediate volu-

Table 3. Maximum temperature increases (ΔTmax) and the time in which
90% of this is reached (Δt0.9max) for a fluence of 16 Jm� 2.

Environment Shell ΔTmax (°C) Δt0.9max (ps)

Water No 93 30

Yes 68 53

Air No 236 14

Yes 187 66

Ethanol No 121 79

Yes 114 78

Polyurethane No 104 87

Yes 99 81
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metric heat capacities and lower thermal diffusivities compared
to air and water.

Experimentally, time-resolved techniques can be used to
study the temperature profiles of both plasmonic nanoparticles
themselves as well as their environment. The former is more
common, as this can readily be measured using transient
absorption spectroscopy in the visible domain. In comparisons
between gold nanoparticles with and without a silica shell, the
core temperature decay was faster when a shell was present.[59]

For other inert shells, such as polyelectrolyte multilayer coat-
ings, the core temperature decay is faster for bare
nanoparticles.[55] In our work, the core temperature without
shell (Figure 3a, blue line) decays slightly more slowly compared
to when a shell is present (Figure 3c, blue line), but the
difference is minimal and less than reported previously.[59] This
can be because the experimental silica shells are porous, or
because the interfacial conductances between gold and silica in
our model are smaller than for the these reported core–shell
nanoparticles. Figures S4 and S5 show that there are values of G
that explain a faster decay when a shell is present.

Using MIR-TA spectroscopy, the solvent around the nano-
particles can be probed to measure the temperature of the
surroundings. Literature experiments using this technique show
that for gold nanorods in water, porous silica shells slow down
the heat transfer to the environment.[33] Our simulations also
show much slower heating of water when a shell is present
(Figure 3c, red line) compared to a bare nanoparticle (Figure 3a,
red line). A slower heating of the surroundings while the core
cools down more rapidly is possible because the silica shell acts
as a heat sink that is heated by the core before it can in turn
heat its surroundings.

Experimental

While the modeling in the previous section shows a main
temperature rise is possible in tens of picoseconds, we also
want to probe how quickly high temperatures can be reached

in the nanoparticle surroundings experimentally. In order to do
this, we study a thermally activated process in this work, where
the spectrum changes above a certain temperature, and use
MIR-TA to measure the time dynamics of these spectral
changes. For this purpose, we employ a PUU, namely PHTD
(Scheme 1a), as these can show temperature-dependent
changes in their hydrogen bonding network.[60,61]

Variable-Temperature Fourier-Transform Infrared Spectroscopy

Experimentally, the temperature-dependent spectral changes
associated with changes in the hydrogen bonding network of
PHTD were first assessed using transmission variable-
temperature Fourier-transform infrared (VT-FTIR) during multi-
ple heating cycles. Here, we focus on a single heating cycle and
the C=O stretch vibrations (see section S3.2 for other cycles and
other vibrations). The C=O stretch vibrations are present from
around 1750 cm� 1 to 1600 cm� 1 (Figure 4a) and can be divided
into the urethane C=O stretch vibrations around 1700 cm� 1 and
the urea C=O stretch vibrations around 1630 cm� 1.[62,63] Of these,
the former shows a clear blueshift when heated. This can be
seen as a decrease in hydrogen-bonded urethane C=O stretch
signal at 1690 cm� 1 and an increase in free urethane C=O
stretch intensity at 1720 cm� 1, with an isosbestic point at
1703 cm� 1.[62–64] Most of this spectral change is abrupt, happen-
ing from 70 °C to 90 °C, which can be most clearly seen from
the absorbance against temperature at the edges of these
peaks, where the change in absorbance is maximal (Figure 4b).
In particular, the decrease at 1680 cm� 1 is abrupt, which can
also be seen in the calculated difference spectra (Figure 4c). The
abrupt change occurs simultaneously with the decrease of
hydrogen-bonded N� H stretch vibrations and increase of the
corresponding free vibrations (Figure S12), further indicating
that the spectral changes are indeed due to a partial break-
down of the C=O···H� N hydrogen bonding network of those
moieties (Scheme 1b). Such a sudden shift in absorbance has
also been observed for other PUUs,[60,61] for example at the

Scheme 1. Structure of poly[(hexamethylene diisocyanate)-alt-(triethylene glycol; N,N’-di-tert-butylethylenediamine)] (PHTD): (a) structure of the polymer,
indicating the urethane and urea moieties containing C=O bonds and (b) breaking of hydrogen bonds of urethane at higher temperatures.
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melting temperature,[61] but not all polymers in this class show
this behavior.[62] During cooling, the changes in absorbance
appear to be fully reversible, but the reversal occurs at the
lower temperature of 50 °C (Figures 4b and S12). This observed
hysteresis was not expected as it is generally occurs when
stronger hydrogen bonding motifs are present.[65]

Due to the bulky tert-butyl group on the urea, this urea
contains a dynamic covalent bond that can be broken at
elevated temperatures.[66] This was observed at higher temper-
atures than the change in hydrogen bonding network, and only
in low amounts (Figures S9 and S12). As a result, the effect on
absorption in the C=O stretch region of this was negligible.

Mid-Infrared Transient Absorption Spectroscopy

For MIR-TA experiments, a film of PHTD containing gold–silica
core–shell nanoparticles was studied with a pump at 400 nm
and a probe in the mid-infrared around the C=O stretch region.
Based on the VT-FTIR spectra in this region (Figure 4a), the
expected difference spectrum due to heating can be calculated
for different temperatures (Figure 4c). At lower temperatures,
this shows a weak positive signal above 1703 cm� 1. From 90 °C
and above, this shows a strong positive signal above and a
strong negative signal below the isosbestic point at 1703 cm� 1

for the urethane C=O stretch, as well as weak negative signals
at 1630 cm� 1 and 1520 cm� 1 for the urea C=O stretch. This can
be combined with modeling the heat transfer of the nano-
particle in a polymer matrix using the previously presented
methodology to determine the expected time profile in the
MIR-TA data (Figure 5). The temporal profile (Figure 5a) shows a
fast temperature rise, and the radial profile (Figure 5b) shows
high temperatures are only reached close to the nanoparticle
itself. The latter suggests any collective heating effects would
be minimal, which was confirmed to be the case for the used
experimental conditions (see section S3.3).[67] Since the absorb-
ance of the polymer changes significantly at 90 °C, the temporal
profile of the volume of the polymer reaching a temperature of
at least 90 °C was determined for various fluences (Figure 5c), as
this is expected to determine the magnitude of the measured
transient signals for a major part. This shows a short delay in
the order of tens of ps before any polymer reaches this
temperature, followed by a rapid rise in volume of this
temperature. On the order of 100 to 100s of ps, the maximum
volume is reached, after which the volume declines on the
same time scale.

In the MIR-TA spectra (Figure 4d), a spectrally uniform
induced absorption is visible at short time delays. Over time,
this signal decays, and additional spectral features appear: an
induced absorption at 1750 cm� 1 to 1700 cm� 1 and a bleaching
at 1700 cm� 1 to 1650 cm� 1. These features start to appear
between 40 ps and 100 ps and are most pronounced towards
longer delay times, especially in the spectrum at 800 ps. We
assign the initial wavelength-independent induced absorption
to the gold nanoparticles themselves, since the increased
electron temperature after excitation can lead to induced
absorption via processes like Fermi smearing.[68,69] While the

Figure 4. Infrared results of PHTD around the C=O stretch vibration. (a) The
VT-FTIR spectra while heating from 20 °C to 130 °C. (b) The VT-FTIR
absorption as a function of temperature for 1730 cm� 1 and 1680 cm� 1 while
heating from 20 °C to 130 °C and subsequently cooling to 50 °C. (c) The
difference spectra during heating between elevated temperatures and room
temperature calculated from (a). (d) Measured MIR-TA difference spectra at
various time points and (e) spectral components of the fit of Eq. (6) to these
spectra, with shaded areas indicating estimated error.
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electron temperature is most increased immediately following
excitation, it remains higher than room temperature during the
experiment, as it follows the cooling of the nanoparticle once
the electron and lattice temperature are in equilibrium after the
first picoseconds. The spectral features at longer delay times are
in agreement with the expected difference spectrum from
PHTD upon heating based on VT-FTIR experiments (Figure 4c).

In order to analyze these signals more quantitatively, fitting
of the spectrum can be used. Since the absorbance is depend-
ent on local temperature rather than photoexcited charge
transfer, standard kinetic models used in pump–probe spectro-
scopy do not necessarily apply. For the signal from the gold
nanoparticles over time, it has been shown in literature that the
heat dissipation can be empirically approximated using a
stretched exponential:[70]

DAAu tð Þ / e�
t

tAuð Þ
bAu

(4)

with two temporal parameters: a time constant tAu and a
stretching parameter bAu. In some studies a double exponential
is used instead,[59] but the stretched exponential uses a smaller
number of parameters and fits simulated electron temperature
better for plasmonic nanoparticles.[32]

The signal of PHTD is a combination of heat diffusion from
the nanoparticle to the polymer and thermal switching
behavior of the polymer. Fitting this therefore requires different
methods than those used for thermalization in molecular
systems.[71] We propose, based both on theoretical consider-
ations and numerical simulation as described below, one minus
a delayed exponential:

DAPHTD tð Þ / 1 � e�
max 0; t� qPHTDð Þ

tPHTD (5)

again using two temporal parameters: a time constant tPHTD and
a time offset qPHTD. This time offset represents the delay before
the surroundings are heated above the temperature where the
absorption spectrum changes, and the time constant how
quickly the volume of the polymer where this temperature is
reached increases. The choice for this function is motivated by
using a limited number of parameters, and describing the
switching behavior of the polymer observed qualitatively. The
heat transfer modeling of a nanoparticle with polymer
surroundings, as described above, shows that this function
reasonably approximates the increase in volume that reaches a
certain temperature (Figure 5c). The decrease of the volume
above this temperature at longer times due to heat dissipation
is not incorporated because no transient signal decrease is
observed experimentally on the given timescale and also not
expected to due to the hysteresis displayed by the polymer
(Figures 4b and S12).

Eqs. (4) and (5) can be combined to show the MIR-TA signal
can be modeled as:

DA ~n; tð Þ ¼ aAu ~nð Þe�
t

tAuð Þ
bAu

þ aPHTD ~nð Þ 1 � e�
max 0; t� qPHTDð Þ

tPHTD

� �

(6)

with, in addition to the four parameters describing the temporal
dependence, two spectra a ~nð Þ to describe the spectral depend-
ence.

Using a constrained fit (see section S3.4), the temporal
parameters (Table 4) and two spectra (Figure 4e) can be fit.
When considering the spectra, aAu describing the stretched
exponential is spectrally uniform as expected, while the
expected difference spectrum from the VT-FTIR experiments

Figure 5. Modeling results of a plasmonic gold–silica core–shell nanoparticle
with a diameter of 30 nm and a shell thickness of 1.5 nm in a polyurethane
matrix after femtosecond illumination at 20 Jm� 2. (a) Temporal temperature
profile at the interfaces. (b) Radial temperature profile at different times at
distance d from the nanoparticle over time. The maximum temperature and
temperature under continuous wave illumination (scaled to the same
temperature at the nanoparticle surface) are also shown. (c) Volume of the
polymer above 90 °C for different fluences over time. Dotted lines indicate
fits of Eq. (5) to the volume rise.

Table 4. Fit parameters and coefficient of determination for Eq. (6).

Parameter Fit value

tAu (ps) 499 (21)

bAu 0.54 (2)

tPHTD (ps) 45 (13)

qPHTD (ps) 60 (9)

r2 0.876
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(Figure 4c) is visible in aPHTD of the delayed exponential. The
time traces of this fit (Figures 6a–c) show both the fit of only
the stretched exponential fit component (dotted lines) and the
complete fit of Eq. (6) (continuous lines), showing how the fit
component of the delayed exponential explains part of the
observed data at the positive and negative peaks of aPHTD. To
examine the contribution of the latter more closely, only that fit
component is plotted in Figure 6d by subtracting the contribu-
tion from the stretched exponential. This shows the delayed
heating is visible in the data at 1720 cm� 1, but the data quality
at 1676 cm� 1 is too poor to distinguish between heating
starting only from after a delay or directly after excitation. A
perfect fit would in any case not be expected, since Eq. (5)
assumes highly monodisperse nanoparticles and that PHTD
shows only a change in absorbance at a single temperature,
which are both only correct by approximation. The kinetics of
the hydrogen bond breaking are also assumed to be negligible

in comparison to the heating process, and the observed fitting
shows that the dynamics of hydrogen bond breaking is at least
not significantly slower than the heating rate. This may indicate
that the breaking of hydrogen bonds is not accompanied by
significant conformational changes of the polymer, such as
rotation of molecular units around the polymer backbone, as
these are expected to be slower. Rather, such conformational
changes may occur only after the hydrogen bond breaking, or
they may be very limited. In total, the determined time
dynamics of the hydrogen bond breaking of PHTD shows that a
femtosecond light pulse can induce a thermal process in the
surroundings of a gold–silica core–shell nanoparticle on the
time scale predicted here numerically.

While the cooling of plasmonic nanoparticles after femto-
second illumination is often studied in literature,[32,55,59,72–74] few
studies focus on directly probing the heating of the environ-
ment. The immediate environment can be probed by Raman
spectroscopy of adsorbates directly on gold nanoparticles,
which shows heating and cooling within picoseconds.[75] This is
likely due to direct energy transfer from the photoexcited
plasmon to the vibrational levels of these adsorbates.[75] Using
MIR-TA spectroscopy, the environment can be probed collec-
tively, for example using a temperature-dependent vibrational
mode of water.[33] In comparison to our work, this study
observes a heating signal without delay, and slower heat
transfer,[33] which can both be attributed to the studied
processes being linearly dependent on temperature, without
switching behavior. Thermal switching behavior induced by
plasmonic nanoparticles has been researched in polymers
where such a delay is observed, but on a hydrogel where water
is ejected during the phase transition, which is therefore a
slower processes happening after tens of nanoseconds,[76] while
we show a process with a much shorter delay.

Conclusions

Previous work on numerically integrating the heat equation to
calculate temperature profiles for bare gold nanoparticles was
extended to core–shell nanoparticles, and a wider range of
surrounding media, to determine their potential as ultrafast
nanoheaters. In all cases, the main temperature rise occurred
within the order of tens of picoseconds, also when a 2 nm thick
silica shell was present, showing that such a shell does not
majorly impair the heating potential of a plasmonic nano-
particle. For both water and air, the heating of the environment
is delayed, slower, and reaches a lower maximum temperature
increase when a shell is present compared to a bare nano-
particle. Yet, in some cases where the interfacial heat
conductance between gold and the surrounding medium is
significantly lower than that between silica and the surrounding
medium, a silica shell may actually accelerate the heating of the
surrounding medium. When comparing water with air as
surrounding medium, the latter shows a higher maximum
temperature increase for the same fluence, for both bare and
core–shell nanoparticles, due to the lower volumetric heat
capacity of air. As a result of the lower thermal diffusivity of

Figure 6. Time traces of MIR-TA data of PHTD at different wavenumbers
around the C=O stretch vibration, including fits to Eq. (6). (a) Data and fit at
1796 cm� 1, with no PHTD contribution. (b) Data and fit at 1720 cm� 1, with a
positive PHTD contribution. (c) Data and fit at 1676 cm� 1, with a negative
PHTD contribution. (d) The same fits, but only the component of Eq. (5) to
highlight the differences due to heating.
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water, the heating effect of water in particular is largely
confined to several nanometers from the surface of the nano-
particle, while surrounding air will be heated over a much larger
volume. Organic materials such as solvents and polymers show
temporal and spatial temperature profiles roughly in between
that of air and water, but closer to the latter.

To experimentally validate whether these time scales can
also be achieved in practice, gold–silica core–shell nanoparticles
embedded in a matrix of the polymer PHTD were used for MIR-
TA spectroscopy. This poly(urethane-urea) was shown to under-
go significant changes in its hydrogen bonding network at
90 °C, which is reflected in changes in its infrared spectrum.
Using MIR-TA spectroscopy, the polymer with nanoparticles
embedded showed a clear heating signal of the polymer on top
of the cooling signal from the gold nanoparticles in the C=O
stretch region. This signal seems to exhibit a delayed appear-
ance, unlike literature studies on linear processes, which
followed the expected time dynamics of the temperature
increase. These results demonstrate that a femtosecond light
pulse can be used to quickly initiate a thermal process in the
surroundings of a plasmonic nanoparticle. Interestingly, this
also shows experimentally that the kinetics of the hydrogen
bond breaking are faster than the heating kinetics (which takes
tens of picoseconds). This may indicate that the breaking of
hydrogen bonds doesn’t occur concerted with significant
conformational changes of the polymer, such as rotation of
molecular units around its backbone, as these are expected to
be slower.

A temperature rise occurring in the order of tens of
picoseconds shows the potential to use gold–silica core–shell
nanoparticles to study other thermally initiated processes, e.g.
to elucidate short-lived reaction intermediates with lifetimes in
the nanosecond regime, or down to higher end of the
picosecond regime. In contrast to previously reported methods
to optically induce ultrafast temperature, these can be used in a
wide range of media (as opposed to terahertz, far- or near-
infrared light for heating aqueous media), and are chemically
inert (as opposed to heating via organic dyes). This article
shows what kind of temporal and spatial temperature profiles
can be expected when using gold–silica core–shell nano-
particles in femtosecond-pulsed pump–probe spectroscopy in
different media.

Experimental Section

Modeling

The heat transfer model as described in section S1 was run with
certain parameters on different nanoparticle geometries as
described hereafter. A gold nanoparticle with a diameter of 30 nm
in water was used as a basis for the studied systems. To look at the
effect of the presence of a silica shell, we consider this particle with
and without a 2 nm silica shell around it. Additionally, this was
repeated with air, ethanol, or polyurethane as the environment
instead of water.

The heat generated in the nanoparticle is entirely dependent on
the energy absorbed, which is determined by the absorption cross

section and the fluence. The absorption cross section of the
nanoparticle is dependent on the refractive index of its surround-
ings and therefore changes based on the surrounding solvent or
gas, as well as a potential silica shell. In order to compare the effect
of different geometries on the heat transfer and not the effect on
the absorption cross section at a certain wavelength, a constant
absorption cross section of 797 nm2 – that of a bare 30 nm gold
nanoparticle in water at 400 nm – was used for all calculations. A
single fluence of 16 Jm� 2 at 400 nm was used, as obtained
temperature profiles can be scaled to other fluences using
Eq. (S24).

For comparison with the experimental system, the model was also
used on a gold–silica core–shell nanoparticle with a core diameter
of 30 nm and a shell thickness of 1.5 nm embedded in a polyur-
ethane matrix. Heat transfer with the described nanoparticle was
modeled under both femtosecond and continuous wave illumina-
tion at 400 nm. The linearity between modeled temperature and
input fluence or irradiance was used to determine temperature
profiles for different fluences/irradiances using Eq. (S24).

Synthesis

Chemicals and solvents were commercially acquired from Merck,
TCI and Alfa Aesar and used without further purification.

Poly[(Hexamethylene Diisocyanate)-alt-(Triethylene Glycol;
N,N’-di-tert-Butylethylenediamine)]

673 mg (4.0 mmol) of hexamethylene diisocyanate was dissolved in
4 mL anhydrous DMSO. Under argon and stirring, 230 mg
(1.33 mmol) N,N’-di-tert-butylethylenediamine was added to the
solution while cooling in an ice bath. The ice bath was removed
and 350 mg (2.66 mmol) anhydrous triethylene glycol was added to
the solution. The flask was sealed under argon and stirred at 60 °C
overnight. The obtained solution of PHTD in DMSO was used as
such in subsequent experiments.

Gold–Silica Core–Shell Nanoparticles

This method was adapted from a literature procedure.[77] All
solutions are in Milli-Q water unless otherwise specified.

0.5 mL of 0.2 M cetyltrimethylammonium bromide at 30 °C was
mixed with 0.5 mL of 0.5 mM chloroauric acid. To this, 10 μL of a
freshly prepared solution of 13.8 mg (365 μmol) sodium borohy-
dride in 594 μL Milli-Q water was added. The resulting “seed
solution” was aged for 30 min before use in the next step.
Meanwhile, 5.410 g (14.8 mmol) of cetyltrimethylammonium
bromide and 0.760 g (2.50 mmol) of sodium oleate were dissolved
in 150 mL of Milli-Q water under stirring at 35 °C. Once fully
dissolved, 1.8 mL of 32 mM silver nitrate was added, and sub-
sequently 150 mL of 1 mM chloroauric acid was added. The solution
was stirred for 1 h until it was colorless, and 0.9 mL of concentrated
37% hydrochloric acid was added. Under vigorous stirring, 100 μL
of a solution of 18.9 mg (107 μmol) l-ascorbic acid in 224 μL Milli-Q
water was added, followed by 60 μL of the “seed solution”
synthesized in the last paragraph. Once fully mixed, stirring was
stopped and the solution was aged overnight.

The aged solution was diluted by adding 300 mL of Milli-Q water.
Under vigorous stirring, 343 μL of a solution of 21.5 mg (97 μmol)
(3-aminopropyl)triethoxysilane in 4.158 g Milli-Q water was added.
After 20 min, the following solution was added: 1.28 mL of 27%
sodium silicate mixed with 60 mL of Milli-Q water and acidified to
pH 10.3 with a 0.1 M sulfuric acid solution. The pH of this solution
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was adjusted to 10.3 with a 0.5 M sodium hydroxide solution. After
15 min, the solution was placed in a pre-heated 90 °C oil bath for
1.5 h. The solution was centrifuged for 30 min at 6 krpm, decanted,
and the pellet was resuspended in 50 ml Milli-Q water. The
centrifugation step was repeated with resuspension in Milli-Q
water, which was used for characterization. For use in ir applications
together with PHTD, the centrifugation step was repeated followed
by resuspension in 5 ml DMSO.

The aqueous nanoparticle solution was characterized using a uvvis
spectrophotometer (PerkinElmer Lambda 40). For TEM character-
ization, a drop of aqueous nanoparticle solution was cast on a
carbon film on copper mesh TEM grid, dried, and analyzed on a
TEM (Jeol JEM-1400Plus). Obtained micrographs were analyzed
using ImageJ,[78] through its Analyze Particles and Measure function-
alities, to measure core size/shape and shell thickness, respectively.

Variable-Temperature Fourier-Transform Infrared
Spectroscopy

A CaF2 window (Crystran; 25 mm diameter, 2 mm thick) was
hydrophilized using plasma cleaning. Two drops of the PHTD
solution in DMSO as prepared above were cast on the hydro-
philized CaF2 window. The window was then dried, first under
nitrogen flow and then under vacuum.

The sample was analyzed by VT-FTIR spectroscopy on an FTIR
spectrometer (Thermo Scientific Nicolet 8700) equipped with a
temperature-controlled demountable liquid cell (Harrick) in trans-
mission. Atmospheric correction was performed on measured
spectra to minimize water vapor peaks.

Mid-infrared Transient Absorption Spectroscopy

A CaF2 window (Crystran; 25 mm diameter, 2 mm thick) was
hydrophilized using plasma cleaning. A 2 :1 mixture (v/v) of PHTD
and nanoparticle solutions, both in DMSO as prepared above, was
made and two drops of this solution were cast on the hydrophilized
CaF2 window. The window was then dried, first under nitrogen flow
and then under vacuum.

A Ti:sapphire regenerative amplified laser (Spectra-Physics Spitfire
Ace) provided pulses at 800 nm with a duration of 35 fs and a
repetition rate of 1 kHz. A fraction of this beam was used to pump
a OPA (Spectra-Physics TOPAS Prime) to generate signal and idler
beams, that were recombined in a NDFG stage based on a GaSe
crystal to generate tunable IR pulses with a duration of ~100 fs.
This IR beam was divided using a wedged CaF2 window into a
reference and a probe beam using the front and back reflections,
respectively. Another fraction of the 800 nm beam was modulated
using a mechanical chopper at 500 Hz and frequency-doubled in a
BBO crystal to yield pump pulses of 400 nm. These pump pulses
were delayed using a translational stage, which allowed for delays
up to 1.4 ns. The probe beam was focused on the sample using an
off-axis parabolic mirror, and the pump beam was partially focused
using a lens and spatially overlapped with the probe beam. The
probe beam was re-collimated and subsequently focused, together
with the reference beam, on the entrance slit of the spectrograph
(Horiba Scientific Triax 180), which focuses the spectrally dispersed
image of both beams on a 2×32 pixel MCT detector (Infrared
Associates).

Fitting of measured spectra was performed using SciPy[79] using the
method of least squares, and obtained covariance matrices were
used to determine both parameter and prediction uncertainty.[80]
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Gold–silica core–shell nanoparticles
can transform light into ultrafast tem-
perature rises. We show computation-
ally that they can heat the environ-
ment in tens of picoseconds in
different media and we also show ex-
perimentally that high local tempera-
tures can be reached on this
timescale. This shows the potential of
these nanoparticles as chemically
inert nanoheaters to study thermally
activated processes using pump–
probe spectroscopy.
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