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ABSTRACT: The ability to control chemical reactions involving
molecules attached to plasmonic nanoparticles requires informa-
tion about vibrational energy flow. We compute the energy flow
quantum mechanically in 5 substituted benzenethiols, including 4-
nitrobenzenethiol (NBT), attached to plasmonic nanoparticles as
well as rates of energy transfer to the surroundings. The lifetimes
computed for Raman-active modes match those measured
experimentally and are found to mainly result from intramolecular
vibrational energy redistribution. Variation in lifetimes among the
molecules arises from the tuning of resonances via different
chemical groups. The lifetime of the NO stretch of NBT, which
when excited can facilitate reaction, is computed to be close to the
measured value and depends largely on resonances involving 3
other modes. We find that, upon comparison with the results of recent picosecond time-resolved measurements, the plasmonic
resonance transfers energy to an excited electronic state, followed by rapid internal conversion to the ground state and vibrational
cooling.

1. INTRODUCTION
The ability to facilitate chemical reactions via interactions
between light and molecules attached to or near metal
nanoparticles has motivated many studies of photochemical
and photophysical processes in these systems.1−14 Plasmonic
nanoparticles catalyze, e.g., dimerization, dissociation, and
reduction of chemisorbed 4-nitrobenzenethiol (NBT),15−18

accelerate enzyme catalysis,19 and can trigger reactions with
medical applications.20−22 While detailed mechanisms for the
catalysis of these reactions remain unclear, there is evidence
that vibrational energy flow plays a central role in the kinetics
of many of them. The NO stretch of NBT has been the subject
of particular interest, as selective excitation of this mode has
been recently observed to drive dissociation, where the extent
to which the reaction can be accelerated by selective excitation
depends on vibrational energy flow.16 Picosecond time-
resolved surface-enhanced Raman spectroscopy (SERS)
carried out on NBT and other substituted benzenethiols
attached to metal nanoparticles has provided information
about vibrational dynamics and energy flow in these
molecules.23,24 Still, intriguing trends in the lifetimes of some
of the vibrations that have been measured for different
substituted benzenethiols remain unexplained, as do the
relative contributions of intra- and intermolecular energy
flow to the observed energy dynamics. In this letter, we report
the results of quantum mechanical calculations of vibrational
energy flow in NBT and four additional substituted
benzenethiols attached to metal nanoparticles. We examine

and clarify the contributions of intra- and intermolecular
energy flow and their mechanisms, compare the computational
results to recent experiments23,24 that have monitored
population dynamics, and discuss implications for the selective
reactivity of NBT.

There has been much debate about mechanisms by which
chemical reactions can be catalyzed by plasmonic nano-
particles, often focusing on the roles of hot charge carriers
transferred to nearby molecules and photothermal effects.25−33

Excitation sources include the plasmonic electric field, hot
carriers, and local heating, and the nature and shape of the
nanomaterials can impact reaction progress.14 Regardless of
how energy is introduced to the molecule attached to the
plasmonic nanoparticle, vibrational dynamics and relaxation
mediate chemical reaction kinetics.34−43 The connection
between vibrational relaxation and dissociation of NBT
following plasmonic excitation has been made strikingly clear
in a recent study by Kim and co-workers,16 who have
demonstrated selective excitation of the NO stretch of NBT
attached to gold. The excess population depends sensitively on
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the lifetime of this vibration. It is therefore important to
examine the origin of the lifetime and what properties of NBT
and other substituted benzenethiols control it. Beyond the
lifetimes of the vibrational modes, the population dynamics of
the vibrations in response to photothermal heating of the
attached nanoparticles and comparison with experiments can
provide a strong indicator of their role, if any, in initiating the
reaction.

We present calculations of lifetimes of vibrational modes of
5 substituted benzenethiols: NBT, 4-methylbenzenethiol
(MBT), 4-chlorobenzenethiol (CBT), biphenyl-4-thiol
(BPT), and benzenethiol (BT). The lifetimes are computed
quantum mechanically via a Fermi’s golden rule approach.
Mode frequencies and anharmonic constants used in the
calculations are computed with MP2 for each molecule. While
we compute the lifetimes of all vibrational modes of NBT, we
focus on the three Raman-active modes of NBT studied
experimentally by the Frontiera group.23,24 For the other
substituted benzenethiols, we again focus on the Raman-active
modes studied experimentally. We find that the computed
lifetimes of the 5 substituted benzenethiols are reasonably
close to measured values and that the lifetime is largely
mediated by intramolecular vibrational relaxation (IVR), not
by energy transfer to other molecules, the rate of which we also
determine computationally. Differences in lifetimes are found
to arise from shifts in mode frequencies for different
substituents attached to the benzenethiol.

Population dynamics of several modes of NBT in response
to the excitation of plasmonic resonances of gold nanoparticles
have been measured on the ps time scale.23,24 To examine the
population dynamics of NBT following photothermal heating
of an attached metal nanoparticle, we adopt a master equation
simulation approach, where rates of energy transfer between
different vibrational states are computed using Fermi’s golden
rule, while rates of energy transfer between the molecule and
surroundings are estimated using the results of nonequilibrium
molecular dynamics (MD) simulations. Those simulations
have been carried out in two parts. For NBT attached to gold
(Figure 1), we simulate the temperature profile following rapid
heating of gold to determine the rate of thermal transfer
between the gold and NBT and snapshots of the temperature
profile of any surrounding solvent molecules at different times
during the simulation. For those temperatures, we then, in the
second part, determine the time of vibrational energy transfer

from a hot NBT molecule into the solvent, which in our
simulations is either toluene, ethanol, or water.

From the results of the MD simulations, we obtain time
constants for energy transfer between the hot metal and NBT
as well as time constants for energy transfer between NBT and
surrounding molecules. These time constants are introduced
into the master equation to model the population of
vibrational modes of NBT attached to hot metal nanoparticles
in contact with other molecules. We shall see that even with
considerable heating of the attached metal, the population
dynamics of NBT appear consistent with those found in the
SERS23,24 experiments only at very short times, within about 5
ps, after which the results are very different. We therefore
conclude that the molecules are initially excited electronically,
possibly by transfer of hot charge carriers.

In the following section, we provide information about the
computational methods used in this study. In Section 3 we
present and discuss the results. Concluding remarks appear in
Section 4.

2. COMPUTATIONAL METHODS
2.1. Mode Lifetimes. The initial geometries of NBT,

MBT, CBT, BPT, and BT were optimized using MP2/6-
31G(d), followed by MP2/6-31G(d,p), and finally optimized
with MP2/6-31G(2df,2p). The vibrational mode frequencies,
anharmonic constants, and Raman spectra of all five molecules
were calculated with MP2/6-31G(2df,2p) for the final
geometries. All calculations were performed using the Gaussian
16 software package.44 The superfine integration grid and a
two-electron integration calculation accuracy of 10−13 were
applied in all calculations.

The rate of relaxation of excess vibrational quanta in a mode,
α, is determined in terms of mode frequencies, the anharmonic
interactions with other modes of the molecule, computed with
the MP2 calculations, and interactions with the environment of
the molecule, obtained by MD simulations (below). The
relaxation rate (W) arising from intramolecular interactions
was estimated in terms of third-order anharmonic interactions
using Fermi’s golden rule calculation. In this approximation,
the rate is the sum of two contributions, i.e., W = Wd +
Wc

45−48
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where subscripts d and c refer to decay and collision,
respectively. Wd accounts for the rate of loss, or decay, of a
vibrational quantum from mode α with the addition of quanta
to modes β and γ. Wc accounts for the rate of loss of
vibrational quanta from modes α and β with the addition of a
quantum to mode γ. The analogous process in a solid involves

Figure 1. Illustration of NBT attached to a gold substrate, which can
be gold nanoparticle or surface. In the MD simulations, NBT
molecules are attached to gold surfaces in the presence of solvent, as
depicted in this illustration as blue dots.
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the collision of phonons of modes α and β to generate a
phonon in mode γ.49 Φαβγ are cubic anharmonic constants for
coupling between modes αβγ. The values of the cubic
anharmonic constants are obtained from the ab initio
calculations, as discussed above. Γβ is the damping rate of
mode β due to coupling to other modes and to the
environment, nα is the population of mode α, taken to be

=
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B
. We use Γβ = 6 cm−1 for each mode,

corresponding to a damping rate of ≈1 ps−1. The damping rate
is due mainly to coupling to the metal, which we find in the
MD simulations to give rise to a 1.3 ps lifetime, as discussed
below. Other contributions include the ≈0.2 ps−1 rate of
intramolecular energy transfer and ≈0.12 ps−1 rate of
intermolecular energy transfer, the latter also found in the
MD simulations. We note that we found in earlier work on
solvated cyanophenylalanine that the results of eq 1a do not
change significantly using a range of values from 0.2 to 1.5
ps−1.47 For relaxation from higher frequency modes, eq 1a
contributes much more to the rate than eq 1b. We also plot the
vibrational densities of states coupled by cubic anharmonic
interactions in Figure S1.

A criterion for estimating the vibrational lifetime with
Fermi’s golden rule is that the product of the average coupling
via anharmonic coupling and the density of states coupled by
such modes be of order 1.34 We have therefore checked that
this criterion has been met for the molecules studied here at
the energies we consider. Resonant coupling can be
characterized by the relative magnitude of the cubic
anharmonic constant to the frequency mismatch of the
coupled modes (Δω), defined as |ωγ + ωβ − ωα|. The ratio
of the magnitude of the anharmonic coupling to Δω is the
third-order Fermi resonance (TFR) parameter defined as47,48

=TFR
(2)

We drop the subscripts for the TFR parameter and discuss the
modes that are coupled in what follows. Modes are resonant
when the TFR parameter is of order 1 or larger.

2.2. Master Equation Simulations of Population
Dynamics. We model the population dynamics using a
master equation approach to examine vibrational dynamics
prior to the onset of steady-state thermal transport. Steady-
state thermal transport in molecular interfaces and junctions
has been extensively studied,50−64 as has the onset of steady-
state transport for some specific systems.65−76 We calculate the
population change with time arising from cubic anharmonic
interactions within the molecule and linear coupling between
the molecule and the nanoparticle and solvent. With cubic
coupling, there are 4 terms that contribute to population
change: (1) one quantum of mode α is converted to 2 quanta,
one in mode β, and the rest in mode γ (where β and γ may be
the same mode, so a 2:1 resonance); (2) one quantum of
mode α combines with a quantum in mode β to add a
quantum to γ; (3) one quantum is added to mode α from
mode β and mode γ (where β and γ may be the same mode);
and (4) one quantum is added to mode α and mode β from
mode γ. The rate of process (j) is Γ(j), given by golden rule
formulas (see Supporting Information) combining to give
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The rate constants wm and ws correspond to population
transfer between the metal and molecule and the molecule and
surroundings, respectively. Their values have been set as for eq
1a, using the results of the MD simulations (below). The
equilibrium population at the temperature of the metal
(surroundings) is ⟨nα⟩m (⟨nα⟩s), and the Debye frequency
(or a cutoff frequency) of the metal is ωD, roughly 120 cm−1

for gold. We use a slightly higher value of 150 cm−1 to allow for

Figure 2. IVR lifetimes of the ≈1060 cm−1 mode computed (circles) for 5-substituted benzenethiols, shown with the modes themselves, and
comparison (×) with experimental values from ref 24. For this mode, the molecules are listed from the shortest to the longest computed lifetime
(left to right). Trend is nearly the same for the measured results. NO stretch of NBT at 1326 cm−1 and another mode at 1502 cm−1 is shown to the
right with experimental values from ref 23.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.4c01873
J. Phys. Chem. C XXXX, XXX, XXX−XXX

C

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c01873/suppl_file/jp4c01873_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.4c01873/suppl_file/jp4c01873_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01873?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01873?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01873?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.4c01873?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.4c01873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


coupling to additional modes of the molecule, allowing for a
broader phonon spectrum for the nanoparticles as compared to
bulk systems; somewhat broader spectra have been used in
other studies.60 The rate constants Γ(j) depend on cubic
anharmonic constants that are computed with MP2 (above).
The initial population of each mode corresponds to the
equilibrium population at 300 K.

3. RESULTS AND DISCUSSION
3.1. Mode Lifetimes. We have computed the lifetimes of

the vibrational modes of NBT, CBT, BT, BPT, and MBT using
eq 1a. The results are plotted in Figure 2, where we focus on
the modes for which the lifetimes have been measured
experimentally.23,24 The lifetimes of other modes of NBT,
which are used in the master equation simulations discussed
below, are listed in the Supporting Information. In addition to
lifetimes, we also show in Figure 2 images of the displacements
of atoms for the vibrational modes that are listed.

Consider first the lifetimes computed for modes near 1060
cm−1. The computed frequencies for this ring-breathing mode
vary from 1053 cm−1 (BPT) to 1071 cm−1 (BT), somewhat
lower than the experimental values near 1080 cm−1. Despite
this modest shift compared to experiments, we find the
computed lifetimes to be reasonably close to those found
experimentally. For CBT, BPT, NBT, MBT, and BT, we obtain
lifetimes of 2.4, 3.2, 4.1, 5.5, and 5.9 ps, respectively. This can
be compared with experimentally measured values of 3.3, 3.7,
3.8, 5.5, and 4.7 ps, respectively.24 In addition to lifetimes that
agree quite well with the experimental measurements, the
trend that is seen, where the lifetime of CBT (2.4 ps) is the
shortest and for BT (5.9 ps) and MBT (5.5 ps) is the longest,
is nearly the same as that found in the experiments. We focus
on this trend and its origins in what follows.

The golden rule calculation (eq 1a) explicitly accounts for
coupling among intramolecular degrees of freedom, and the
lifetimes are largely due to IVR. We note that eq 1a contributes

much more to the rate of IVR of the ring-breathing modes
than eq 1b, with the latter contributing on average 8% to the
rate. The origin of the differences among the 5 lifetimes is due
to frequency shifts of a relatively small number of modes,
which when combined form a resonance with the ≈1060 cm−1

mode due to third-order anharmonic coupling. Resonant
coupling via third-order anharmonic interactions appears to be
stronger for CBT than the others. We analyze modes that
primarily mediate the lifetime of the ≈1060 cm−1 mode of each
molecule, then return to the other modes of NBT that appear
in Figure 2.

We plot in Figure 3, the TFR parameter for modes coupled
to the ≈1060 cm−1 ring-breathing mode of each molecule we
study, as well as the NO stretch of NBT, where values of 0.2 or
greater are indicated. The parameter values are also listed in
Table S3. Consider first coupling to the ≈1060 cm−1 mode.
For CBT, the largest TFR is for the 2:1 resonance with the 523
cm−1 mode. For BPT, the largest values include coupling with
various pairs of modes, including 450 and 619, 473 and 576, 92
and 964 cm−1, and a 2:1 Fermi resonance with the 519 cm−1

mode. For NBT, the largest TFR values are for 137 and 927,
388 and 655, and 255 and 809 cm−1. For MBT, the largest
value corresponds to 286 and 760 cm−1. For BT, it is large for
378 and 632 cm−1 and for 392 and 666 cm−1. For modes
coupled to the NO stretch of NBT (1326 cm−1) the largest
TFR, also plotted in Figure 3, is for 507 and 808 cm−1, and a
somewhat smaller TFR for the 2:1 Fermi resonance of with the
655 cm−1 mode. We note that a small shift in the frequency of
the 655 cm−1 mode, which can change slightly with a different
basis set size, has a significant effect on the TFR parameter.
Using the smaller MP2/6-31g(2df,p) basis set, the mode
frequency shifts to 651 cm−1 and even with only a small change
in the anharmonic coupling constant (≈10%), the TFR
parameter increases by a factor of ≈6 due to the small
frequency change. Overall, we see that a relatively small
number of modes pair to form a resonance with either the

Figure 3. (a) TFR parameter values for some of the modes that mediate lifetimes of the roughly 1060 cm−1 mode. All parameter values at least 0.2
are indicated. However, significant contributions to IVR typically involve larger values, ≈1 or larger. The dashed line indicates the sum of the two
frequencies plotted on the axes being 1060 cm−1 and the dotted line 1326 cm−1, which correspond to the ring-breathing modes and NO stretch,
respectively. Largest TFR parameters lie along these lines, as these are closest to resonance. Displacements of atoms of some of the modes involved
in sizable TFR parameters are plotted in (b) 524 cm−1 mode of CBT, which mediates energy relaxation from the 1043 cm−1 mode via a 2:1 Fermi
resonance; (c) 507 cm−1 mode combines with (d) 808 cm−1 mode to mediate the lifetime of the NO stretch of 1326 cm−1; and (e) 655 cm−1 mode
also contributes to lifetime of NO stretch via 2:1 Fermi resonance.
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≈1060 cm−1 of these molecules or the NO stretch of NBT, and
that the largest TFR values lie where the modes are nearly
resonant. These modes largely mediate rates of energy transfer,
as we now discuss.

The nature of some of the modes that give rise to large TFR
parameter values is also shown in Figure 3. The 523 cm−1

mode of CBT is depicted, which is close to half the frequency
of the 1049 cm−1 mode, as shown in Figure 2. The relatively
short lifetime of the 1049 cm−1 mode of CBT, compared to the
ring-breathing mode of the other molecules, is due to the 2:1
Fermi resonance with the 523 cm−1 mode, which accounts for
about 70% of its lifetime. Another resonance, due to the cubic
anharmonic coupling of the 1049 cm−1 mode with the 273 and
785 cm−1 modes of CBT, accounts for most of the rest of the
lifetime.

The lifetime of the 1053 cm−1 mode of BPT, 3.2 ps, is
somewhat longer than the 2.4 ps lifetime of the 1049 cm−1

mode of CBT. A mode very similar to the one most
responsible for the lifetime in CBT shifts to 519 cm−1 in
BPT, so that the 2:1 resonance between the 1053 cm−1 mode
of BPT and the 519 cm−1 mode of BPT is more detuned than
the corresponding modes of CBT. In addition to this 2:1
resonance, anharmonic coupling between the 1053 cm−1 mode
and the 450 and 619 cm−1 modes of BPT also contributes to
the lifetime of the 1053 cm−1 mode.

The corresponding ring-breathing mode ≈1060 cm−1 of the
other molecules relaxes significantly more slowly in MBT and
BT, where the mode frequencies are 1054 and 1071 cm−1,
respectively. There is no mode that appears like the 524 cm−1

mode of CBT in those molecules anywhere near 500 cm−1.
Instead, one finds the frequency of a similar mode of MBT to
be 599 cm−1 and of BT to be 389 cm−1. There is therefore no
2:1 resonance with these modes that can contribute to the
lifetime of the 1054 and 1071 cm−1 modes. For MBT, the
lifetime is mediated by anharmonic coupling to a pair of modes
with frequencies 286 and 760 cm−1, as well as a second pair,
377 and 689 cm−1. For BT, the lifetime is mediated by the
anharmonic coupling to a pair of modes with frequencies 392
and 665 cm−1. The combinations of modes that most influence

the lifetimes of the ring-breathing modes are listed in the
Supporting Information (Table S4).

We now consider the higher frequency modes of NBT, as
shown in Figure 2. We compute the lifetime of the NO stretch
(1326 cm−1) with eq 1a to be 2.6 ps, which is reasonably close
to the measured value of 3.4 ps. We find two major pathways
for energy flow from this mode that mediate its lifetime. One is
a 2:1 Fermi resonance with a 655 cm−1 mode, which is shown
in Figure 3. A second is via anharmonic coupling with the 507
and 808 cm−1 modes of NBT, also shown in Figure 3. All these
modes involve significant displacement of NO2.

We note that the NO stretch can be selectively excited by
plasmonic excitation of the attached metal, which can be
exploited to facilitate a NBT decomposition reaction.16 The
extent to which the population of the NO stretch can be
enhanced and the reaction accelerated depends sensitively on
the lifetime of this mode. The population of the mode, nNO,
exceeds the equilibrium population, ⟨nNO⟩ by the ratio of the
rate of excitation, wex, to the rate, wrel, of relaxation rate due to
IVR, nNO − ⟨nNO⟩ = wex/wrel.

16 It would thus be of interest to
explore ways to enhance the lifetime, perhaps by introducing
chemical groups that might shift the frequency of the 655 cm−1

mode out of 2:1 resonance with the NO stretch, a possibility
we are presently investigating.

The highest frequency Raman-active mode of NBT that has
been measured23 is computed to have a frequency of 1502
cm−1. For this mode, we calculate a lifetime of 4.6 ps, which
lies within the range of 3−5 ps found experimentally.23 We find
the lifetime to be determined mainly by anharmonic coupling
to a relatively low and relatively high frequency mode,
specifically the 179 and 1311 cm−1 modes, which, when
combined are nearly resonant with the 1502 cm−1 mode.

Just as small shifts in frequency obtained using basis sets of
different sizes can affect the value of the TFR parameter in
some cases, discussed above, they can also affect the value of
the lifetime. Using the smaller MP2/6-31g(2df,p) basis set, we
find the lifetime to change within 0.8 ps for all modes discussed
above, except for the ring-breathing mode of MBT, for which
the lifetime is longer by 1.6 ps using the smaller basis set. The
relative order of the lifetimes of the ring-breathing mode for

Figure 4. (a) Schematic energy diagram illustrating relative energies, including phonon band of gold, with cutoff frequency of 150 cm−1, vibrational
modes of NBT, where the Raman-active modes probed experimentally lie above 1000 cm−1, and the environment, indicated as solvent. The arrows
indicate the flow of heat at early times in the master equation simulations, as phonons are transferred from the hot metal to the molecules, in which
up-conversion occurs by anharmonic interactions, as energy transfers to the environment. (b) Master equation simulation results for population
dynamics of 3 Raman-active modes of NBT, indicated in the figure where the nanoparticles to which the molecules are attached are initially heated
(see text). The population of the mode relative to the population at 300 K is plotted to 20 ps, by which time it appears that steady state is reached
for the conditions of the simulations.
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the 5 benzenethiols follows the same trend as the experiments
and the same trend we found with the larger basis set. The
change in the NO stretch lifetime is shorter by 1.2 ps using the
smaller basis set. The mode lifetimes obtained using the two
basis sets for which results have been compared are listed in
Table S5.

3.2. Vibrational Population Dynamics. Having exam-
ined the lifetimes of vibrational modes of these molecules, we
turn to the population dynamics of modes of NBT in response
to photothermal heating of the attached nanoparticles and
comparison with experiments to examine their role, if any, in
initiating reactions. We have simulated the population
dynamics of 3 Raman-active modes of NBT probed
experimentally, which in the calculations are 1052, 1326, and
1502 cm−1. For the simulations that we carried out, the system
is assumed to have equilibrated to 300 K and photoexcitation,
at time t = 0, heats the gold nanoparticles to which NBT
molecules are attached. We find at early times that the
population dynamics mimic to some extent those observed in
the experiments of Frontiera and co-workers23,24 if, in the
simulations, the gold nanoparticles are initially heated by
several hundred kelvin. We illustrate this by heating them to
700 K initially, while the rest of the system, i.e., solvent
molecules in contact with NBT, is taken initially at 300 K.
Though over time, the nanoparticles will cool, even a single
nanoparticle comparable in size to those studied experimen-
tally requires more than 10 ns to cool,77 and clusters of them
cool over much longer times. These times are much longer
than the simulation times reported here. Population dynamics
we obtain from the master equation simulations to 20 ps are
shown in Figure 4.

Under the conditions applied in the simulations, we find the
population of the three modes to rise rapidly, in 5−10 ps, then
plateau as the steady state is reached. At very short times, only
low-frequency modes of the molecule are populated due to the
low Debye frequency of gold. Higher frequency modes become
populated via up-conversion due mainly to the anharmonic
interactions. The rise time that we observe in the population of
these modes is commensurate with what is observed
experimentally, also when allowing for limits in the
experimental resolution of a few ps. For example, the relative
population of the ≈1080 cm−1 mode is seen to rise by roughly
40−50% over the first few ps,24 comparable to the increase we
observe for the 1052 cm−1 mode in the first few ps. For the
other modes, for which the rise was reported as an effective

temperature in ref 23, the increase is commensurate with the
population increase we find in the first few ps.

However, in the experiments, the population of these modes
is observed to decrease sharply over the next 10 ps,23,24 in
contrast to the plateau seen in Figure 4, which reflects a new
steady-state population in the simulations. In fact, as we
discuss below and show in Figure 5, the surroundings can heat
up significantly over 20 ps, so that the population of the modes
plotted in Figure 4 would be expected to rise further. Due to
the difference in the simulated result, which accounts for
(substantial) photothermal heating, the experimental observa-
tion that the population decays at a rate that we have shown
above is consistent with IVR indicates that the modes are not
initially populated by photothermal heating.

We have also simulated the cooling rate of NBT due to
coupling to a molecular environment, which could correspond
to the solvent or other NBT molecules. The decay of energy in
NBT, heated to 700 K due to coupling to the hot gold, into
other molecules at different temperatures is plotted in Figure
5b. The decay of energy in Figure 5b, when fit to an
exponential, provides the rate constant for energy transfer to
the molecular environment from NBT at different environ-
mental temperatures. Near 300 K, the decay time is 8 ps and
changes somewhat as the temperature rises (Table S2). The
time for energy transfer from the hot metal to NBT, about 1.3
ps, is also shown in Figure 5b. The 1.3 ps time constant for
heating NBT by the gold and the 8 ps time constant for energy
transfer to the solvent are used in the master equation
simulations. There are modest differences in the cooling rate
with temperature (Table S2), and the temperature of the
molecules surrounding the gold nanoparticles changes on the
picosecond time scale in the simulations, as seen in Figure 5a.
However, the cooling rate would need to increase rapidly for
the mode populations plotted in Figure 4b to decrease with
time, as seen in the experiments, and such a rapid increase in
the cooling rate is not found in the results of the cooling
simulations.

4. CONCLUSIONS
In summary, plasmon-assisted catalysis has been found
experimentally to depend on the lifetimes of vibrational
modes that are selectively excited and can facilitate reactions.16

We have calculated rates of vibrational energy flow in 5
substituted benzenethiols attached to plasmonic nanoparticles
to identify molecular properties that influence the lifetime,
such as functional groups and their effect on resonances, as

Figure 5. (a) Time-dependent heating of solvent (toluene) due to thermal excitation. (b) Results of thermal cooling simulations of NBT in
toluene; inset shows heating of NBT molecules in response to heating of gold.
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well as the relative contributions of intra- and intermolecular
energy flow. For the calculation of rates of vibrational
relaxation, we have accounted for anharmonic coupling
among the vibrational modes of the substituted benzenethiol
and linear coupling to the attached metal nanoparticle and
other molecules in the environment. The lifetimes are largely
due to IVR and agree well with experimental values. Trends in
the lifetimes for the substituted benzenethiols observed in
experiments24 are reproduced and explained by shifts in
resonances involving a few vibrational modes due to the
different substituents.

We have also investigated the extent to which photothermal
effects trigger reactions by simulating what the population
dynamics of NBT would look like if the molecules were heated
by plasmonic nanoparticles. The results bear some resem-
blance to experimental measurements23,24 at very early times
but are inconsistent with experiments after about 5−10 ps. We
therefore conclude that the molecules are excited electroni-
cally, as suggested previously,23 probably via the transfer of hot
charge carriers from the metal nanoparticle to the molecule.

Finally, we have identified the modes of NBT that mediate
the lifetime of the NO stretch, the value of which is in good
agreement with the experiment. That lifetime mediates the
extent to which the chemistry of NBT can be controlled via
selective excitation of the NO stretch.16 It is of interest in
future work to identify factors that can shift the frequency of
modes into which energy flows from the NO stretch, such as
electric fields or substituents,48,78 and can potentially enhance
the lifetime of this mode and facilitate reaction. The ability to
shift pathways of vibrational energy flow may also help
facilitate other reactions in much larger molecules, such as
proteins.19,79
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