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ABSTRACT: Understanding, predicting, and controlling plas-
mon−molecule energy transfer are important for improvements to
plasmonic photocatalysis and photothermal therapies. Here, we use
continuous wave surface-enhanced anti-Stokes and Stokes Raman
spectroscopy to quantify the vibrational kinetic energy, equivalent
to a molecular temperature under a Boltzmann approximation, of
Raman-active vibrational modes of molecules at plasmonic
interfaces. In previous work from our group, we observed an
anomalous steady-state reduction in vibrational kinetic energies in
benzenethiols absorbed onto the surface of gold nanoparticles. To
further explore this effect, here, we quantify the wavelength
dependence of vibrational energy in plasmon−fluorophore
systems, where molecules can undergo electronic transitions with
resonant excitation. We used three excitation wavelengths and
three molecules with varying electronic resonance energies. We observe wavelength-dependent vibrational energy distributions,
which we attribute to competing effects of on-resonance heating and off-resonance decrease in the population ratio. This work thus
quantifies the resonance wavelength dependence of vibrational energy in plasmon molecular systems and helps to suggest future
applications of tailored systems with controllable energy transfer pathways.

■ INTRODUCTION
Plasmonic materials are a class of metal and metal-like
nanomaterials that are characterized by their large optical
cross-sections and localized electric field enhancements.1−5

These desirable characteristics make them ideally suited for
applications, such as plasmonic photocatalysis and photo-
thermal therapy. However, in order to optimize a specific
plasmonic nanomaterial for a specific molecular interaction, we
need to understand the fundamental pathways of energy flow
in plasmon−molecule systems. Numerous pathways involving
the flow of energy and charge have been studied with
plasmonic materials,6−11 with applications relevant to photo-
catalysis16,17 and spectroscopic sensing.12−15

To make plasmonic photocatalysis commercially viable,
better guidelines for the design and optimization of selective
plasmon−molecule interactions are necessary. To further
understand relevant energy transfer processes in this regime,
we used Raman thermometry to prove vibrational kinetic
energy distributions in proximal molecular adsorbates. The
intensities of anti-Stokes and Stokes Raman scattering are
proportional to the population at excited vibrational and
ground vibrational states, respectively. Taking the ratio of these

intensities allows for quantification of the ensemble-averaged
vibrational kinetic energy of the molecular systems, in an
approach termed Raman thermometry.18−20 In plasmonics,
Raman thermometry has proven itself as an effective tool to
understand photothermal effects in plasmonic catalysts,23,24

probe charge transfer of methylene blue on silver nanoparticles
by studying excitation-dependent anti-Stokes Raman inten-
sities,21 and uncover the mechanism of plasmon-driven
dimerization.22

Previous work in our lab showed a surprising reduction in
the anti-Stokes to Stokes Raman scattering ratio under certain
steady-state conditions, equivalent to molecular cooling.25 This
initial work focused on aromatic thiolated molecules bound to
a range of plasmonic substrates in various solvating conditions
and laser excitation wavelengths. Under 633 nm excitation, the
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authors found that all molecules experienced a decrease in the
population ratio regardless of solvent and the plasmon
resonance spectrum of the substrate. These results were
attributed to either true molecular cooling caused by
plasmon−molecule interactions or by undetermined differ-
ences in SERS, surface-enhanced Raman spectroscopy, out-
coupling efficiencies on the Stokes and anti-Stokes sides. These
past findings merit further investigation, and here, we extend
this work to probe the effects of molecular electronic
resonance on the vibrational kinetic energy distributions.

■ RESULTS
Our SERS substrates for these experiments consist of
approximately 80 nm citrate-capped gold nanospheres
supported on cellulose (filter paper) substrates. The structure
of the filter paper supports the aggregation of gold nano-
particles into dimers, trimers, and higher-order aggregates,
facilitating the formation of a heterogeneous distribution of hot
spots. Our SERS measurements probe the plasmonic−
molecular interactions in these most active hot spots.26

These substrates are deliberately highly heterogeneous in an
attempt to adequately sample all relevant interactions as well as
to mimic realistic catalysts that would need to be manufactured

on scales larger than easily possible with lithographic
approaches.
For this study, we use rhodamine B (RB), oxazine 170

(O170), and 3,3′-diethylthiatricarbocyanine (DTTC) as our
analyte molecules, which have different absorbance spectra, as
shown in Figure 1. In particular, their absorption maxima fall
close to commercially available laser wavelengths of 532, 633,
and 785 nm, which are the excitation wavelengths we use in
this study. We note that adsorption to plasmonic surfaces is
known to shift molecular resonances by several tens or even
hundreds of meV, depending on the strength of the
interaction.27−30 Further, we selected molecules that are
unlikely to undergo significant plasmon-driven chemical
reactions, as verified by the lack of changes in Raman spectra
throughout the measurement.
Since temperature is a physical quantity used to characterize

equilibrated systems, we instead report the population ratios,
given that these systems are not at equilibrium. Population
ratios are equivalent to the molecular vibrational kinetic energy
and can be converted directly to temperatures via a form of a
Boltzmann distribution, as shown in eq 1.

Figure 1. Surface-enhanced anti-Stokes and Stokes Raman spectra for rhodamine B (a, b), oxazine 170 (d, e), and 3,3′-diethylthiatricarbocyanine
(g, h), respectively. The indicated wavelengths represent the laser excitation wavelength. We also show the molecule structure and absorbance
spectra for rhodamine B (c), oxazine 170 (f), and 3,3′-diethylthiatricarbocyanine (i) dissolved in Milli-Q water.
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k
Temperature(K)

Energy of Vibration(J)

ln( )
Cb
Intensity

Intensity
anti Stokes

Stokes

=
× × (1)

where C equals (ωanti‑Stokes/ωStokes)3, a normalization factor that
describes the wavelength dependence of the Raman scattering
cross-section. We use a cubic relationship since we are
comparing Stokes and anti-Stokes intensities with the same
excitation wavelength, as previously described by Yu et al.25

We define the anti-Stokes and Stokes intensities, as shown in
eqs 2 and 3, respectively.

Intensity
Vibration Mode Peak Area

Detector Response Extinction

anti Stokes
anti Stokes

L vib

=
× + (2)

Intensity
Vibration Mode Peak Area

Detector Response ExtinctionStokes
Stokes

L vib

=
×

(3)

where we determine the extinction coefficients for the anti-
Stokes and Stokes wavelengths by measuring the extinction
spectrum of the same substrate used for SERS measurements
and the detector response using toluene, cyclohexane, and
chloroform as standards. Thus, we define the population ratio
as shown in eq 4.

C
Population Ratio

Intensity

Intensity
anti Stokes

Stokes

=
× (4)

In Figure 1, we show the anti-Stokes and Stokes spectra for
RB (Figure 1a,b), O170 (Figure 1d,e), and DTTC (Figure
1g,h). Further, we show the molecular absorbance of RB
(Figure 1c), O170 (Figure 1f), and DTTC (Figure 1i) in Milli-
Q water. For visual comparison, we normalize all the Stokes
spectra to the same intensity. Qualitatively, we can see that the
anti-Stokes signal intensity varies immensely for different
excitation wavelengths. For RB, the 785 nm excitation has a
much lower anti-Stokes intensity compared to its 633 nm
excitation. Additionally, we observe that the 622 cm−1 mode of
RB broadens by 8 cm−1 when comparing 633 to 785 nm
excitation. For O170, the 785 nm excitation has a much higher
anti-Stokes signal intensity when compared to the 633 and 532
nm excitations. For DTTC, both the 785 and 633 nm
excitations have lower intensity anti-Stokes signals, with the
785 nm excitation being slightly higher in anti-Stokes intensity
compared to the 633 nm excitation. We cannot obtain 532 nm
excitation data for RB and DTTC because of bulk solution
molecular fluorescence from unabsorbed molecules in the
sample matrix. In particular, for RB, the fluorescence intensity
saturates our detector in the 500 nM−5 μM concentration
range, which is near the detection limit for SERS.31−33 For
DTTC, we similarly see a broad and intense fluorescence
background in our Raman spectra.34 This likely results from
the formation of H-aggregates, which cause a blue shift in the
fluorescence of the molecules, as previously observed in a
similar system.35,36

In Figure 2, we show the molecular absorbance of RB
(Figure 2a), O170 (Figure 2b), and DTTC (Figure 2c) in
aqueous solution overlaid with the population ratios
determined from our Raman thermometry analysis. For RB,
O170, and DTTC, we show the 622, 597, and 515 cm−1

modes, respectively. We obtain the error bars from triplicate

measurements and report a 90% confidence interval. We
express the data in this manner to facilitate a direct comparison
of the solvated molecular electronic transition energies with
the wavelength-dependent SERS population ratios. A clear and
distinct wavelength-dependent population ratio occurs in RB,
O170, and DTTC. For RB, we observe a population ratio
increase at 633 nm excitation and a decrease at 785 nm
excitation. For O170, we observe a population ratio decrease at
532 and 633 nm excitation (on-resonance) and an increase at
785 nm excitation (off-resonance). For DTTC, we observe a
population ratio decrease at 633 and 785 nm excitation, both
of which are on-resonance wavelengths.
In Table 1, we show the results of our Boltzmann analysis of

our population ratios for RB, O170, and DTTC at the 622,
597, and 515 cm−1 modes, respectively. We collect spectra for
multiple powers for excitation wavelength, where the 532, 633,
and 785 nm lasers achieve 5, 8, and 37 mW maximum power at
the sample, respectively. For comparison, we use 5 mW power
as the standard across each excitation source to account for the
detector’s wavelength-dependent response. We obtain the

Figure 2. Absorbance spectra overlapped with the population ratios at
each excitation wavelength for RB (a), O170 (b), and DTTC (c). RB
and O170 are 5 μM in water, and DTTC is sparingly soluble in water.
The gray dotted line represents room temperature population ratios
for each vibrational mode.
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error for each value by taking the measurements in triplicate
and using a 90% confidence interval. We note that the
population ratios for a given molecule at a given excitation
wavelength are similar for all of the measured modes.

■ DISCUSSION
Upon further inspection of Figure 2, we see a general trend
when comparing the absorption spectrum of the molecules in
solution and the wavelength-dependent population ratios with
one exception. When the excitation wavelength is in resonance
with the absorption, we typically see a decrease in the
vibrational population ratio. For O170 and DTTC, off-
resonant excitation results in an increase in the population
ratio. For RB, we similarly see an increase in the population
ratio for the off-resonant 633 nm excitation, but for the 785 nm
off-resonant excitation, we observe a decrease in the
population ratio, the only data point that does not match the
general trend.
We selected molecular absorbates that weakly bind to the

surface of the gold nanoparticles. This is done such that the
HUMO−LUMO energy gaps of the absorbates likely do not
change by more than 100 nm upon adsorption, which is less
than the energy difference between our excitation sources.37,38

While it is challenging to determine molecular electronic
transitions on a highly heterogeneous plasmonic surface with a
vast range of possible adsorption geometries, the nature of the
molecule−plasmon interaction and the lack of significant
changes in Raman frequencies upon adsorption support our
use of solution-based absorption measurements as an estimate
for molecular electronic transitions.
With the exception of 785 nm excitation of RB, we observe a

suppression of vibrational population ratios when exciting on
resonance with molecular electronic transitions and an increase
in the vibrational population ratios when exciting off
resonance. The off-resonance behavior is likely explained by
photoinduced heating of the plasmonic surface, as has been
well-established for photothermal therapy applications39 as
well as in ultrafast SERS measurements.22 However, the on-
resonance behavior is more surprising, given that in this
regime, the molecules are more likely to directly adsorb and be
involved in resonant energy transfer processes. Regardless,
these results are similar to our previously published work,
which showed suppression of excited vibrational state
populations in benzenethiol derivatives on gold surfaces
when excited with visible wavelengths. In that work, we
proposed that resonant conditions could lead to charge
transfer between the metal and adsorbed molecules, which
would result in a reduction of vibrational excited states. Such a
charge transfer process would need to be endothermic, and as

such, the depopulation of the vibrational energy levels provides
the necessary energy to facilitate the charge transfer process,
resulting in the observed population ratio decrease. A similar
mechanism may be involved here, and this work provides
additional support for the resonance conditions required for
such charge transfer to occur.
The exception to the general trend of population ratio

decrease with on-resonance excitation is with the 785 nm
excitation of RB, and we attribute this to an adsorption-
induced change in the electronic resonance. Inspection of the
higher frequency modes of the Raman spectrum for RB at 785
nm excitation compared to 633 nm excitation shows new
peaks, specifically at 993 and 1103 cm−1. The full 633 and 785
nm spectra for RB, which include the higher frequency modes,
are given in the Supporting Information in Figure S4. Further,
the peaks are significantly broadened in the 785 nm
measurement compared to the 633 nm measurement. This is
apparent for the 622 cm−1 Raman-active mode during the 785
nm excitation, which is the mode we use for the thermometry
analysis of RB. The peak shoulder is red-shifted by
approximately 8 cm−1 in the 785 nm measurement compared
to the 633 nm measurement. Therefore, an alternate
equilibrium form of RB is either formed from the 785 nm
excitation or becomes on-resonance when excited with 785 nm
excitation induced from binding to the surface of the
nanoparticles.13,40 So, it is likely that RB is resonant with the
785 nm excitation and off-resonant with 633 nm excitation
when absorbed to the surface of gold. This could explain why
the 785 nm excitation of RB has a decrease in the population
ratio, even when it is off-resonance in terms of the molecular
absorbance in solution. Thus, the binding geometry of the RB
would be significantly different from the structures of the free
molecules in solution. As further support of the idea that
changes in the molecular structure of Rhodamine B cause a
shift in electronic conditions, which makes it resonant at 785
nm, we took Raman thermometry measurements of Rhod-
amine 6G under the same conditions (Figure S6). We observe
no changes to the vibrational frequency, indicating that
Rhodamine 6G should not be resonant at 785 nm. We also
find that the population ratio of the 650 cm−1 mode is
equivalent to a temperature of 370 ± 20 K, consistent with the
hypothesis that off-resonant excitation results in modest
heating.
Molecular binding and aggregation are known to alter the

electronic structure of molecules in the condensed phase, so it
is possible that RB is resonant with the 785 nm excitation and
off-resonant with 633 nm excitation when absorbed onto the
surface of gold. This would explain why the 785 nm excitation

Table 1. Population Ratios of Various Fluorophores as a Function of the Wavelength and Laser Powera

molecule

RB O170 DTTC

wavelength power population ratios

532 nm 5 mW 0.013 ± 0.003
633 nm 5 mW 0.07 ± 0.01 0.02 ± 0.01 0.020 ± 0.004

8 mW 0.11 ± 0.02 0.015 ± 0.002 0.020 ± 0.002
785 nm 5 mW 0.02 ± 0.01 0.10 ± 0.03 0.04 ± 0.01

8 mW 0.02 ± 0.01 0.10 ± 0.05 0.03 ± 0.01
37 mW 0.03 ± 0.03 0.12 ± 0.04 0.03 ± 0.03

aThe absorption maxima for RB, O170, and DTTC are 546, 624, and 765 nm, respectively. The Raman modes used for our thermometry analysis
for RB, O170, and DTTC are 622, 597, and 515 cm−1, respectively.
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of RB has a decrease in the population ratio, even when it is
off-resonance in terms of the molecular absorbance in solution.
From our results, it seems plausible that molecular

resonance has an effect on the decrease in the population
ratio. We hypothesize that when molecular resonance
conditions are met, we see a decrease in the population
ratio. When the HOMO−LUMO electronic energy gap of the
fluorophores is resonant with the LSPR, localized surface
plasmon resonance, both charge transfer and plasmon-induced
energy transfer could occur.21,41−43 Both of these processes
would allow for an increase in vibrational energy transfer
pathways.
Due to the uncertainty in our results and the complexity of

molecular-plasmonic systems, we express the need for further
experiments regarding the observed phenomena. Performing
similar measurements with additional excitation wavelengths
would offer insight into when a decrease in the population
ratio changes to an increase (and vice versa). Further,
complementary computation methods to determine the
molecular absorption of both thiolated molecules and
fluorophores upon absorption to plasmonic substrates would
help improve the certainty of our conclusions.

■ CONCLUSIONS
In this work, we probe the vibrational energy transfer in
plasmonic fluorophore systems. To do so, we conducted SERS
measurements followed by Raman thermometry analysis to
obtain vibrational population ratios, a direct measurement of
molecular kinetic energy. We determined that on-resonance
excitation leads to a decrease in population ratios in plasmonic
fluorophore systems, while off-resonance excitation leads to an
increase in population ratios. The plasmonic material facilitates
some energy redistribution, which uses vibrational energy for a
plasmon-induced charge transfer process. The wavelength-
dependent plasmon population ratio effect should be
considered when designing plasmonic photocatalysis, as
vibrational energy can be instrumental in the photochemical
outcome of plasmon-driven chemistry. Choosing an excitation
that aligns with the maximum of the plasmon resonance to
drive a reaction without considering the electronic structure of
the adsorbate could hinder reactivity or lead to undesired
products if the reaction is dependent on the vibrational energy
population.
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