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Surface-enhanced Raman scattering (SERS) is a fascinating
process by which normally weak Raman signals can be
amplified by 8–10 orders in magnitude.[1] These large
enhancements are mainly caused by the strong, light-induced
electromagnetic fields (E-fields) at the surface of a metallic
nanostructure.[2] The superb sensitivity of SERS has shaped
the mainstream view of this method as one primarily to be
implemented for trace detection. Yet, SERS does not need
single-molecule sensitivity to be useful. This is because SERS
can reveal the structural information of molecules adsorbed
on the surface of a Au or Ag nanoparticle. These surfaces
continue to gain importance as nanoparticle engineering and
surface functionalization become evermore sophisticated to
meet the demands of new applications. One application where
this surface plays a pivotal role is the photothermal (PT)
effect. The PT effect occurs when a metal nanoparticle
absorbs light and releases it as heat.[3] This heat can affect the
molecules on the nanoparticle�s surface and heat up the local
environment, both of which have been actively exploited for
drug delivery,[4] cancer therapy,[5] and lithography applica-
tions.[6] In the PT effect, a nanoparticle�s surface plays a key
role in its utilization as molecules are often released from this
surface or change as a result of the released heat. Quantifying
the heat released and the temperature gradients generated by
the PT effect is therefore essential for engineering the
nanoparticle and its surface for the aforementioned applica-
tions. While an array of techniques have been developed to
quantify the PT effect over varying timescales, these
approaches rely on indirectly inferring the heat generated
by the PT effect through bubble formation,[7] ice melting,[8]

computations,[9] and ultrafast absorption techniques.[10]

Herein we show, for the first time, that SERS can be
employed as a sensitive tool to probe the PT effect, leading
to direct examination of the heat generated at the nano-
particle�s surface.

Both SERS and the PT effect share the same fundamental
mechanism of plasmon excitation that generates strong local
E-fields for SERS and heat for the PTeffect, respectively. This
same origin makes SERS a very simple and attractive
technique for probing the PT effect without the involvement
of sophisticated equipment or analysis. This simplicity is also a
big advantage for nanoparticles having complex shapes,
morphologies, and compositions, where modeling is rather
complicated and assumptions about the nanoparticle�s
parameters may become untenable. Figure 1 shows SEM
and TEM images of the Ag nanocubes and Au–Ag nanocages
used in the present work and their corresponding localized

Figure 1. SEM and TEM images of the a) Ag nanocubes and b–d) Au–
Ag nanocages used in this study. The scale bars are 500 nm and
100 nm for the SEM and TEM (inset) images, respectively. e) Absorb-
ance spectra taken from the Ag nanocubes and Au–Ag nanocages. The
Au–Ag nanocages were prepared from the Ag nanocubes in (a) by
galvanic replacement and the LSPR peak was tuned to b) 525 nm,
c) 620 nm, and d) 790 nm. The vertical lines in (e) correspond to the
wavelengths of the excitation sources used for SERS. The well-defined
LSPR peaks indicate that the particles were well dispersed in the
solution phase although they may aggregate upon drying (as seen in
the SEM images) due to the capillary force.
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surface plasmon resonance (LSPR) spectra. Nanocages have
been engineered as PT transducers for destroying cancer
cells,[11] as carriers for controlling drug release,[12] and as
contrast agents for optical imaging.[13] For these applications,
pulsed or modulated lasers were typically used. These kinds of
lasers are ideal for generating heat localized at the nano-
particle�s surface, ~Tnano, when the laser pulse is shorter than
the time scale needed for the thermal fields of neighboring
nanoparticles to overlap.[14] In the present work, the contin-
uous wave (cw) lasers of a Raman microscope were used to
excite the nanoparticles for both the SERS and PT effect.

Since SERS directly measures the chemical structures of
molecules on a metal nanoparticle, this technique can be used
to determine the temperature at a nanoparticle�s surface by
employing probe molecules with measurable, temperature-
dependent structural changes. Self-assembled monolayers
(SAMs) of alkanethiolates are sensitive to temperature
changes and, as demonstrated recently, can serve as a
molecular “thermometer” in the context of vibrational
spectroscopy.[15] Figure 2 shows the SERS spectra of a

1-dodecanethiolate (1-DDT) SAM chemisorbed on Ag nano-
cubes (suspended in water). The 1-DDT SAM on Ag
nanocubes has been characterized elsewhere and can be
considered a highly ordered structure similar to that of an
alkanethiolate SAM on an extended Au surface.[16] Figure 2a
shows the SERS spectra acquired at different temperatures by
manually increasing the temperature of the aqueous suspen-
sion containing 1-DDT-covered Ag nanocubes. The spectra
show a clear change in relative intensity for the gauche (G, at
1080 cm�1) and trans (T, at 1125 cm�1) carbon–carbon stretch
bands, n(C�C). As shown in previous studies, these two bands
are sensitive to the conformation of the SAM with the n(C�
C)T or T band associated with a low-energy conformation and
indicative of a well-ordered monolayer. The G band is a high-
energy conformation that can arise when the SAM becomes
disordered due to an increase in temperature.[17] As the
temperature of the solution was manually increased from 26

to 61 8C, the intensity of the n(C�C)G band increased while
the n(C�C)T band decreased (see the plots in Figure 2b). This
sensitive dependence suggests that SERS could be employed
to detect small variations in temperature at a nanoparticle�s
surface.

In Figure 3 the SERS spectra of 1-DDT SAMs adsorbed
onto Au–Ag nanocages are shown at two different excitation
wavelengths. What is immediately evident is the large
discrepancy between the T and G band intensities at 514

and 785 nm excitations for all of the nanocage samples. This
dependency demonstrates that the SAMs adopt different
conformations contingent on the excitation wavelength.
When the excitation overlaps with the LSPR of the nanocage,
the SAMs become more disordered. The observed changes in
intensity for the T and G bands cannot be attributed to the
differences in excitation and LSPR wavelengths (as SERS can
be sensitive to both parameters) because these two bands are
only about 50 cm�1 apart. Furthermore, our recent SERS
studies with Au-based nanocages found no such relationship,
in which neighboring bands would change intensities with
different excitations.[18] In Figure 3a, nanocages with an LSPR
at 525 nm show significant disorder for 514 nm excitation but
not 785 nm excitation. For the nanocages in Figure 3b, the
LSPR was tuned to 620 nm and when excited with 514 nm
laser the T/G intensity ratio decreased relative to the 785 nm
excitation. Comparing the T and G bands in Figure 3a and b,
more disorder is evident for nanocages tuned to 525 nm than

Figure 2. a) The SERS spectra of 1-DDT-covered Ag nanocubes in
water at four solution temperatures with 514 nm excitation. The
temperature of the solution was adjusted with a temperature-con-
trolled stage. Each spectrum contains the gauche (G, at 1080 cm�1)
and trans (T, at 1125 cm�1) carbon–carbon stretch of the 1-DDT SAMs
with the scale bar corresponding to 10.8 adu mW�1 s�1. b) The relation-
ship between temperature and peak intensities of the T and G bands,
where an increase in the solution temperature causes the T band to
attenuate and the G band to increase.

Figure 3. a–c) The SERS spectra of 1-DDT-functionalized Au–Ag nano-
cages in water with 514 nm (red) and 785 nm (black) excitation,
respectively. The LSPR of the nanocages was tuned to a) 525 nm,
b) 620 nm, and c) 790 nm. d) The SERS spectra of 1-DDT-covered
nanocages (LSPR: 525 nm) with 514 nm (red) and 785 nm (black)
excitation in continuous cycles, showing the reversible nature of the
trans–gauche conformational change. e) SERS spectra of 1-DDT-cov-
ered nanocages (LSPR: 525 nm) showing other bands associated with
the 1-DDT SAM with 514 nm (red) and 785 nm (black) excitation. The
scale bars correspond to 14.0 adu mW�1 s�1. For all spectra, t =120 s
and Plaser = 4.5 mW for 514 nm, and 5.2 mW for 785 nm.
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620 nm under 514 nm excitation. In contrast, these excitation
dependencies are not seen at all with Ag nanocubes (see
Supporting Information, Figure S1) due to their poor ability
to convert light into heat (i.e., scattering is the dominant
process).

When the LSPR of the nanocages was tuned to 790 nm in
Figure 3c, 785 nm excitation resulted in a disordered mono-
layer. For the 514 nm excitation, no SERS spectrum could be
obtained. This has been a subject of an earlier study,[18] suffice
to say here that with increasing Au content in the nanocages,
interband transitions would effectively dampen the plasmon
and attenuate the SERS signals.

For all the nanocages studied here, the excitation-
depended changes seen in the spectra were reversible.
Figure 3d shows five acquisitions taken in sequence of 1-
DDT-covered nanocages. The reversible nature of this
process shows that the collective heat generated by the
nanoparticles was only limited to specific acquisitions and no
increase in the solution�s temperature, ~Tglobal, occurred (see
also Figure S2). Otherwise, we would expect the T/G band
intensities to decrease with the number of acquisitions, even
with off-resonance excitation. This reversibility also suggests
that the SAMs were not being irreversibly damaged, only
perturbed, during the PT process. This is further supported by
Figure 3e, which shows an extended SERS spectrum of the
1-DDT-covered nanocages for both excitation wavelengths.
What is apparent from these similar spectra is the relatively
minor disorder induced by the PTeffect for the 1-DDT SAM:
no SAM desorption is evident, bands associated with the
n(C�S)T at 706 cm�1 and the n(C�S)G at 632 cm�1 remain
essentially unchanged, and the band intensity of the CH3

rocking mode associated with T conformations at 890 cm�1

decreases, as expected. With laser powers of 4–5 mW being
focused to a level of approximately 4 kWcm�2, the power
densities in this experiment were high enough to produce
significant ~Tnano.

[8,14] However, due to the continuous
excitation, thermal fields of neighboring particles most
likely overlapped contributing to the disorder of the SAMs.
In this sense, SERS is a very inclusive technique with regard
to monitoring the PT effect because it is sensitive to the heat
from both the nanoparticle itself and its neighbors. Separating
the contribution from thermal fields of neighboring particles
from our SERS measurement would require pulsed or
modulated lasers and consideration of the particle concen-
tration. We are currently investigating such modifications to
the conventional Raman instrument in an effort to better
quantify the PT effect of Au-based nanocages. Additionally,
changing the laser power had an effect on the T/G ratios of
the nanocages as seen in Figure S3, where decreasing the laser
power resulted in larger T/G ratios or less heat generated.

The SERS measurements could be used to quantify the
temperature changes experienced by the 1-DDT SAMs on
Au–Ag nanocages. In addition, a molecular dynamics (MD)
simulation was also performed to complement the exper-
imental data taken with the nanocubes. Coupling the exper-
imental and simulation data of the conformation of the 1-
DDT SAMs over a range of temperatures can provide an
accurate ruler to establish the temperature near a nanocage
surface. Figure 4a shows the optimized alkyl chain config-

uration of a 1-DDT SAM on an extended Au surface at
different temperatures. At higher temperatures the planar
nature and the all-trans configuration was perturbed and
gauche n(C�C) conformations were formed. This trend is
exactly what our SERS experiments have revealed. In
Figure 4b, we plot together the experimentally and theoret-
ically derived T/G ratios, confirming the cogency of the
experimentally determined T/G–temperature relationship.
Both simulation and experimental data are consistent with
current understanding of SAM decoupling and concomitant
disordering.[19, 20]

Figure 4c shows the relationship between the temperature
of the 1-DDT SAMs, the LSPR of the nanocages and the
excitation wavelength. For clarity the change in temperature
(~T) during excitation from the ambient temperature is also
shown. Off-resonance excitation resulted in a small ~T,
approximately 5 8C, for nanocages with LSPR peaks at 525
and 620 nm. As excitation moves close to the LSPR, a
significant increase in temperature was measured, with ~T
values of 67, 55, and 37 oC for nanocages with LSPR peaks at
525, 620, and 790 nm, respectively. It is interesting to note the
decrease in magnitude for ~T is consistent with the increase
of Au in the nanocages. This result supports previous reports
with Au and Ag nanoparticles that found Ag nanoparticles
could release more heat in comparison with Au nanoparticles
when excited at plasmon frequencies, presumably due to a
stronger plasmon resonance.[3, 21]

Figure 4. a) Optimized alkyl chain conformation of a 1-DDT SAM on
an extended Au surface at three different temperatures as revealed by
molecular dynamic (MD) simulations. The cartoons are looking down
the chain toward the sulfur group where grey, white, and black colors
represent carbon, hydrogen, and sulfur (also labeled S), respectively.
When the temperature was increased, the torsion of the alkyl chains
increased and there was a higher population of end-gauche and gauche
conformations as evidenced by the increasing non-planar character of
the alkanethiolate molecule. b) A plot of the trans/gauche ratios of the
1-DDT SAM from experimental (&) and MD simulation (~) data.
c) Temperatures of the 1-DDT SAMs on the surface of nanocages
derived from the MD simulations for different excitation wavelengths
and LSPR peak positions and the corresponding increase in surface
temperature (DT) obtained from SERS data.
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The temperatures reported here are comparable with
those generated by cw irradiation of Au nanoshells,[22] Au
nanorods,[23] and, as expected,[7] significantly larger than the
values from small Au nanoparticles.[24] This simple method to
glean information about the temperature change at a nano-
particle�s surface can be extended to almost any type of
nanoparticle, and also provides additional information relat-
ing to excitation dependencies and PT heating, where for
large nanoparticles, some gaps between theory and experi-
ment exist.[25] In the long run, SERS is expected to grow
continuously in terms of its applicability and established
synergistic relationship with various plasmon-associated phe-
nomena. We hope this study provides insight and stimulus for
more investigation between SERS and the PT effect for both
fundamental understanding and practical use.

Experimental Section
The Ag nanocubes and Au–Ag nanocages were synthesized according
to our previously reported procedures.[26] All samples were charac-
terized by scanning electron microscopy (SEM, Nova NanoSEM 230),
transmission electron microscopy (TEM, Tenai G2 Spirit Twin), and
energy-dispersive X-ray spectroscopy (EDX).

Functionalization with 1-dodecanethiol (1-DDT, Aldrich) was
performed by suspending the Ag nanocubes or Au–Ag nanocages in a
1 mm solution of 1-DDT in ethanol for 24 h, followed by centrifuga-
tion and removal of the supernatant and re-disperal in water. The
1-DDT-functionalized particles were stable for several weeks before
settling out of solution. The SERS spectra were recorded from
solution phase using a Renishaw inVia confocal Raman spectrometer
coupled to a Leica microscope.

Molecular dynamics (MD) calculations were performed using the
Forcite module of Materials Studio (Accelrys Inc.). We chose a unit
cell of 100 alkanethiolates on a Au(100) surface with periodic
boundary conditions and lattice constants of a = 288.4, b = 288.4, and
c = 22.0 �. The simulations were conducted with the NVT ensemble
using the Forcite dynamic calculation scheme to calculate the
optimized structures of the alkanethiolate molecules at 0, 25, 50,
and 75 8C. See Supporting Information for more details.
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