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ABSTRACT: Knowledge of vibrational energy transfer on a metal
nanoparticle/liquid interface is essential for understanding the energy
conversion process involved in many heterogeneous nanocatalyses. In this
study, we investigate mode-specific vibrational energy transfer between
CO molecules on different adsorbate sites on a 1 nm platinum metal
nanoparticle/liquid interface by using ultrafast two-dimensional IR
spectroscopy. The vibrational energy transport is found to be induced
by vibration/vibration coupling with very little surface electron/vibration
mediation. The energy transfer rate is determined to be about 1/140 ps™"
from the atop site CO to the bridge site CO, and the specific rate is around
1/400 ps™' between the two nearest adsorbates. The energy transfer
between different adsorbate sites can be described by the dephasing
mechanism reasonably well. The mechanical coupling may contribute to
the transfer, but analyses suggest that the role of dipole/dipole interaction

is a more important factor for the energy transfer.

1. INTRODUCTION

The reaction selectivity and reaction rate are critical parameters
to assess the performance of a heterogeneous catalyst." In
general, these two reaction properties are determined by the
energy barrier of each possible reaction pathway, the local
temperature, and the ability to cross the energy barriers."”> The
energy barriers are determined by static parameters, e.g. the
molecular structures of the reactants and the detailed
interactions among reactants, catalysts, and the environment.
The local reaction temperature and the ability to cross the
barriers are associated with dynamic processes, such as
molecular energy transfers and dissipations among the
reactants, catalyst, and solvent molecules.” Metal nanomaterials
are typically the central component of the catalysts as the
catalyzed reactions often occur on their surfaces.”> On the
surface of a metal nanoparticle, the molecular energy transfer
and dissipation dynamics can be very unique, different from
those in bulk liquids or solids because of the existence of a
particle/liquid or particle/gas interface and the possible
electron/vibration coupling between the surface free electrons
of the particle and the vibrations of the surface molecules.’ The
importance and fascinating complexity of energy transfer
dynamics on metal nanocatalyst surfaces have drawn many
research efforts from both experiments and theory to
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investigate practical systems, model particle systems, and
model clean surface systems using various approaches.”” '
Knowledge on this topic has reached an unprecedented
level>'"'* However, many fundamental questions remain
open: For example, is the electron/vibration coupling"
between surface molecules and metal particle substrates
ubiquitous? What is the relative importance between
electron/vibration coupling and vibration/vibration coupling
in mediating the vibrational energy dissipations of surface
molecules? Which dominates the energy transfers among the
vibrations of the surface molecules: the phonon compensation
mechanism or the dephasing mechanism?'*~"*

Our previous studies of thiol molecules and CO molecules
on the surfaces of a series of Au, Pt, and Pd nanoparticles
demonstrated that both vibration/vibration and vibration/
electron couplings are important to dissipate the vibrational
energy of the molecules on the surfaces of these metal
nanomaterials: (1) vibrations of a thiol molecule are 0.3 nm, or
further, from the particle surface, and the vibration/vibration
coupling dominates the dissipations;'” (2) vibrations of
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Figure 1. Structural and spectra information on CO coated 1 nm Pt sample. (A) Two views of the 1 nm Pt particle (purple, Pt; gray, C; red, O). (B)
Structure of each triangular layer. (C) Structure between two layers. (D) FTIR spectrum of a 1 nm Pt particle powder sample in a vacaum. (E) FTIR
spectrum of the 1 nm Pt particle in solution after the DMF solution background subtraction, showing the CO stretch frequencies. A picture of the
solution sample is inserted. (F) FTIR spectrum of the 1 nm Pt particle without DMF background subtraction. Four peaks show up in the frequency
range of the CO stretches. Peaks I and III are the mixtures of CO stretches and combination bands (or overtones) of DMF. Peaks II and IV are

combination bands (or overtones) of DMF.

chemical bonds that directly interact with the surface electrons
within the surface distance of about 0.2 nm, and the surface
electron/hole pair transition dominates the relaxations.?’

For vibrational relaxations that are dominated by vibration/
vibration couplings on particle surfaces, after the initial
intramolecular relaxations the energy eventually needs to
transfer from one molecule to another to reach the final
thermal equilibrium. In this work, we address a further
question. If the particle system is in the liquid phase, how
does this particle/liquid interfacial intermolecular energy
transfer occur? Is it similar to those in crystalline solids, those
in liquids, or something between? Our previous studies on
model systems have suggested that, for noncoherent energy
transfers which are defined as transfers with the energy donor/
acceptor coupling strength smaller than the dephasing width of
the donor/acceptor coherence,”’ resonant energy transfers in
both liquids and solids can be described by the dephasing
mechanism.'” For nonresonant energy transfers which are
defined as transfers with the central value of the energy
distribution of the donor different from that of the acceptor,
both the dephasing mechanism and phonon compensation
mechanism play significant roles.”’ In crystalline solids, the
phonon compensation mechanism can be dominant because
the phonons with energy of the donor/acceptor gap can be
abundant and the phase match conditions of phonons with the
donor and acceptor have very few fluctuations.'”*' However,
the role of phonon compensation mechanism can be very
minor in liquids."> In liquids, even if phonons, e.g.
instantaneous normal modes,>' with energy matching the
donor/acceptor gap exist abundantly, the phonon compensa-
tion efficiency can still be very low. This is because during an
energy transfer not only the total energy but also the total
momentum needs to be conserved. The fast molecular motions,
e.g. a donor and an acceptor switching their relative locations,
result in a very similar modulation on both the donor and
acceptor by a phonon which diminishes the phonon
compensation efficiency.'® An effective phonon compensation
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requires different modulations on the donor and the acceptor
by the same phonon because the only possible way to convert
two different things (donor/acceptor) to be the same is to
make sure the actions on the two are different from each
other.'> The essential difference between the two energy
transfer mechanisms is that, in the phonon compensation
mechanism, the transfer is a one-step process where the donor
transfers its energy to the acceptor of different energy and the
donor/acceptor energy gap is compensated by emitting or
absorbing phonons.”' In the dephasing mechanism, the transfer
is a “two-step process”, in which the donor or acceptor first
fluctuates to reach the same energy because of dephasing which
is caused by molecular collisions and then energy resonantly
transfers between them. In the dephasing mechanism, the
energy fluctuation amplitude of the donor or acceptor does not
have to match the phonon spectrum of the bath as molecular
collisions that cause dephasing do not necessarily transfer their
energy exclusively to change the energy of the donor/acceptor
vibrational modes. On a particle/liquid interface, on one hand,
the phonons of the particle can compensate the energy gap of
the donor/acceptor bound on the particle surface. On the other
hand, the solvent molecules in the liquid can cause the energy
of the donor and acceptor to fluctuate and lead the dephasing
energy transfer to occur. Therefore, it is not immediately clear
which mechanism is more important for a nonresonant energy
transfer on a particle/liquid interface.

In this work, we investigate nonresonant energy transfers on
a liquid/particle interface by directly measuring the vibrational
energy exchange dynamics between CO molecules on two
different surface sites of an ~1 nm Pt particle in solution. We
selected the 1 nm particle rather than the larger particles we
previously studied® for the following two reasons: (1) The
vibrational lifetimes of the CO molecules on the surface of 1
nm Pt particles are much longer than those of CO on the larger
particles. On the larger Pt particles, the vibrational relaxations
of CO are very short, lasting only a couple of picoseconds,
because of the surface electron/vibration coupling. Due to the
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Figure 2. Time evolution of 2D IR spectra of the 1 nm Pt particle solution. The growth of the cross peak pairs (S, 6, 7, 8) indicate vibrational energy

has exchanged between CO molecules on the atop and bridge sites.

very short lifetimes, the signals of slow direct vibrational energy
exchanges among CO molecules on different surface sites are
overwhelmed by heat signals. The much longer lifetimes of CO
on 1 nm Pt particle allow the relatively slow energy exchange
dynamics between CO molecules on different surface sites to
be experimentally detected. (2) CO molecules on the 1 nm Pt
surface have well-defined coordination sites on the surface. This
is essential for our detailed analysis of the energy transfer
process.

2. EXPERIMENTS

2.1. Optical Setup. The optical setup used for the ultrafast
measurements has been described in our previous work.””
Briefly, the ~80 MHz oscillator synchronizes two amplifiers (a
picosecond amplifier and a femtosecond amplifier) with the
same seeding pulse. By pumping an optical parametric amplifier
(OPA), the picosecond amplifier produces ~0.8 ps mid-IR
pulses with a bandwidth of 10—35 cm™ in a tunable frequency
range of 500—4000 cm ™' with energy ranging from 1 to 40 uJ/
pulse at 1 kHz. This picosecond IR beam is the pumping beam
in the pump—probe measurements. The probe pulse (~100 fs
mid-IR pulses with a bandwidth of ~200 cm™ in a tunable
frequency range of 500—4000 cm ™" with energy ranging from 1
to 40 uJ/pulse at 1 kHz) is generated by the femtosecond
amplifier. The signal detected is the probe beam intensity
change, with the pump beam on and off. Two polarizers are
positioned on the probe beam pathway (one of them is located
immediately behind the sample) to selectively measure the
parallel signal (I,,,) or perpendicular (I,,) polarized signal
relative to the excitation beam. In particular, the pump focus
beam spot is around ~300 pm and the pump pulse energy is
around 5—10 yJ at 2047 cm™". The signal intensity presented
here is the rotation-free data (ISigml = Lo + ZIperp)‘ Because the
sample is air-sensitive, the sample cell is placed in a vacuum
chamber. The sample cell spacer is around 50 pm. Each
nonlinear IR measurement is finished within a few hours.

2.2. Preparation of 1 nm Pt Nanoparticle. The sample
preparation follows the reported method.”” To summarize, 0.5
mL (0.1 M) aqueous solution of chloroplatinic acid (H,PtCly:
6H,0) dissolved in 10 mL of dimethylformamide (DMF) was
reduced under CO atmosphere (1.5 atm) at room temperature
for 28 h in a glass pressure vessel. Over the course of the
reaction, the color of the solution changed gradually from
yellow to blue-green. The final dark-green product in DMF was
characterized by collecting the Fourier transform infrared
(FTIR) spectrum (Figure 1A). The FTIR spectrum of the solid
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sample confirmed the formation of two CO species. However,
the solid powder sample is not stable enough to perform
ultrafast measurements. In this work, the measured dynamic
data is from the sample in a solution of DMF.

3. RESULTS

3.1. Structure of the CO-Coated 1 nm Pt Particle.
According to Longoni and Chini,”* the structure of the CO-
coated 1 nm Pt particle (H,[Pt;(CO);(u,-CO), ) is illustrated
in Figure 1A. The particle contains five layers of Pt;(CO);(u,-
CO), shown in Figure 1B. The distance between two layers is
3.03 A (Figure 1C). On each layer, three Pt atoms form an
equilateral triangle with the side length of 2.66 A. One CO
molecule (atop CO) binds on the top of each Pt atom with a
Pt—C distance of 1.8 A. Another CO molecule (bridge CO) sits
between two Pt atoms with a Pt—C distance of 2.0 A (the
surface distance is ~1.55 A). In a solid powder sample, the CO
stretch frequency on the atop site is 2066 cm ™, and that on the
bridge site is 1887 cm™' (Figure 1D). In a DMF solution, the
frequencies are slightly shifted to 2047 and 1860 cm’,
respectively (Figure 1E). These two CO stretch peaks overlap
with dark modes (combination bands or overtones) of DMF
(Figure 1F). Different from the FTIR measurements, the dark
modes produce negligible signals (compared to those of CO) in
two-dimensional (2D) IR measurements (Figure 2) and do not
interfere with the CO signals. This is because the signal
intensity of FTIR is proportional to the product of
concentration times the transition dipole moment squared
and that of 2D IR is proportional to the product of
concentration times transition dipole moment to the fourth
power.”> The concentration of DMF is larger than that of Pt
particles, but the transition dipole moments of the dark modes
are much smaller than those of the CO stretches. Therefore, in
the FTIR spectra, the dark mode peaks can have similar or even
larger intensities than those of CO stretches, but their signals in
2D IR spectra are much smaller.

3.2. Vibrational Energy Exchange 2D IR Spectra. Figure
2 displays the time evolution of 2D IR spectra of the 1 nm Pt
particle DMF solution. Using 2D IR spectroscopy to observe
vibrational coupling and vibrational energy exchange has been
thoroughly described for various systems, and further
explanation can be found in refs 16 and 25—28. At time zero,
only two diagonal peak pairs (peaks 1 and 2 and peaks 3 and 4)
are observed in the 2D IR spectrum (Figure 2A). Peaks 1 and 2
are the 0—1 and 1-2 transition signals of the CO stretches on
the atop site, respectively. Peaks 3 and 4 are the 0—1 and 1-2
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transition signals of the CO stretches on the bridge site,
respectively. The blue peaks 2 and 4 shift to lower frequencies
along the y-axis from the respective red peaks because of
vibrational anharmonicity, which causes a higher order
vibrational transition to have a lower frequency than a lower
order transition; e.g. the 1-2 transition frequency is smaller
than that of the 0—1 transition of either CO stretch. In contrast
to small metal carbonyl compounds,” the vibrational coupling
cross peaks are very small in the 1 nm Pt particle system. They
do not appear in Figure 2A because their relative intensities are
less than 10% of the diagonal peak intensities. This 2D IR
spectrum is distinctive in that the red peaks (0—1 transition) do
not have a similar shape and intensity as their corresponding
blue peaks (1—2 transition);”" the blue peaks in Figure 2A are
elongated along the y-axis and have smaller intensities,
compared to the red peaks. The shapes of the blue peaks do
not change with time (Figure 2B—D). These observations are
similar to a Fermi resonance that occurs on the second excited
state of an OD stretch that was described in detail previously.”'
Therefore, we tentatively attribute the unusual shapes of the
blue peaks to Fermi resonances that occur on the second
excited states of the CO stretches. It is also very likely that the
feature is caused by ladder climbing in which CO is excited to
higher excitation states. However, the higher order excitation
will not affect our kinetic analysis because the vibrational
lifetime used for the analysis is the measured value which is
phenomenological.

With the increase in waiting time, vibrational energy begins
to exchange between the CO molecules on the two surface sites
and two cross peak pairs, S and 6 and 7 and 8, gradually grow
(Figure 2B—D). The growth of peaks S and 6 shows that the
vibrational energy has transferred from CO on the atop site to
CO on the bridge site. Their excitation frequency (x
coordinate) is 2050 cm™', which is the 0—1 transition
frequency of CO on the atop site, indicating that the vibrational
excitation originates from the excitation of the CO stretch on
the atop site. Their detection frequencies (y coordinates) are
1860 cm™" (peak S5) and 1836 cm™" (the upper part of peak 6),
which correspond to those of the 0—1 and 1-2 transition
frequencies of CO on the bridge site, indicating that the
detected vibrational excitation is that of CO molecules on the
bridge site. Therefore, the growth rate of peaks 5 and 6
represents how fast the vibrational excitation transfers from the
atop CO to the bridge CO. Similarly, the growth of peaks 7 and
8 indicates that the vibrational energy has transferred from the
bridge CO to the atop CO. As discussed previously,” the
vibrational energy exchange cross peaks are different from those
of the chemical exchange cross peaks™ in that the growth rate
ratio of energy exchange cross peaks is determined by the
detailed balance while that of chemical exchange cross peaks is
1:1. For the 1 nm Pt particle sample, the frequency difference
between the two CO stretches is 187 cm™'. At room
temperature, the Boltzmann factor (e_AE/ RT — =187/ 206) is
0.40, indicating that the energy transfer rate constant of the
energy transfer process from the bridge CO to the atop CO
must be only 40% of that from the atop CO to the bridge CO.
Therefore, the upper cross peak pairs 7 and 8 should always be
smaller than the lower peak pairs S and 6 at a given waiting
time (Figure 2B—D). The location exchange between the two
CO molecules is not observed within the time frame of our
experiments (~200 ps). This is due to two reasons: (1) The
binding energy of CO on Pt is much larger than S kcal/
mol.”** According to our previous studies on the correlation
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of binding energy and dissociation time,>>® such a binding

energy suggests that the dissociation time of CO from the Pt
surface must be slower than 1 ns. (2) All surface sites are
occupied, meaning there is no room for location exchange
unless CO desorption and readsorption occur very quickly,
which is practically unlikely. The heat-induced cross
peaks”>*>*7 are not observed in the system either. This is
probably because the vibrational lifetimes are relatively long
(40—50 ps) and the heat can dissipate rapidly into the solvent
in which the concentration of the particles is very dilute (~300
uM). In addition, the heat response of the CO stretches that is
determined by temperature dependence FTIR measurements is
relatively small (see Supporting Information).

3.3. Vibrational Energy Exchange Kinetics. 3.3.1. En-
ergy Exchange between One CO on One Site and All COs on
the Other Site of the Same Particle. Similar to our previous
vibrational energy transfer experiments,38_40 we construct a
kinetic model to quantitatively analyze the vibrational energy
exchange rate constants between CO molecules on the two
surface sites. In our experiments, at most 1% of the CO
molecules at each site are excited by the laser. Therefore,
considering a single 1 nm Pt particle, the probability for only
one CO molecule to be excited is much greater than that for
multiple CO molecules to be excited. Detailed discussions are
in the Supporting Information. Estimated from our previous
experiments,””” the nonresonant vibrational energy exchange
between CO molecules on a surface site of one particle and CO
molecules on another surface site of another particle must be
slower than 1 ns in a dilute solution (300 £M). Therefore, the
cross peaks 5—8 in Figure 2 are mainly from the vibrational
energy exchange between CO molecules on different sites of
the same particle. The excitations can also decay because of
vibrational relaxations. In addition, the vibrational excitation of
one CO molecule can also resonantly transfer to another CO
molecule on the same surface site, which is much faster than the
nonresonant transfer between CO molecules on different
surface sites. However, such a resonant transfer does not cause
the decrease of the vibrational excitation signal of the same CO
species. The resonant energy transfer is not included.
Therefore, in our energy transfer kinetic model, we use
rotation-free data to analyze the nonresonant energy transfer
rate constant from one CO molecule on one surface site to all
CO molecules on the other surface sites. The kinetic model is
depicted in Scheme 1.

Scheme 1. Excited Population Kinetic Model

kco, k ke

COBridge Bridge-Atop O ptop
¢ Dpridge . —r L RN
COBrtdge € o COAtop

Atop-Bridge

Two differential equations can be derived from the kinetic
model:

d[COpigee)
ridge
T =- (I<C05ndge + KBridge—Atop) [COBridge]
+ KAtop—Bridge[COAtop] (1)
and
d[COy,p)
op
dt == (I<Atop—Bridge + I<COAMP) [COAtop]
+ KBridge—Atop[CoBridge] (2)
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where kpigge—atop a0 Kaiopprigge are the energy transfer rate
constant from the bridge CO to the atop CO and the energy
transfer rate constant from the atop CO to the bridge CO,
respectively, and

k :
Bridge — Ato, —_ -
g P AE/RT 187/206 0' 10

kAtop—Bridge

kco.. and kg, are the vibrational relaxation rate constants of
Brdige Atop

the bridge and atop CO. [COpygpe] and [COpyp] are the
respective time dependent vibrational excitation populations of
the bridge and atop CO modes. These excitation populations
are obtained from the rotation-free intensities of the peaks in
Figure 2. To determine kyopprigger [COatop] 15 the intensity of
peak 1 or 2 at each waiting time, and [COpge.] is the intensity
of peak § or 6 at each waiting time. To determine Kgigge—atops
[COpop) is the intensity of peak 7 or 8 at each waiting time,
and [COBridge] is the intensity of peak 3 or 4 at each waiting
time. Calculations based on eqs 1 and 2 fit the experimental
results well (Figure 3) and show that the energy transfer time
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Figure 3. Rotation-free vibrational excitation populations and kinetic
calculations. (A) Normalized intensity of peaks 1 (black) and 3 (red).
(B) Normalized intensity of peaks S (black) and 7 (red). Dots are
experimental data, and lines are calculations.

constant from the atop CO to the bridge CO is
L =140 + 40 ps. The details of the fitting parameters

kAtop—Br&dgc
are listed in the Supporting Information.

3.3.2. Vibrational Energy Exchange between the Nearest
Atop—Bridge CO Pair. The energy transfer rate constant
katop—Bridgge determined above is from one donor on one site to
all acceptors on the other site. This is because, on one particle,
only one CO molecule can be excited by the laser and this
excited CO molecule can transfer energy to all other CO
molecules on the same particle (see discussion in the
Supporting Information). Actually, on the 1 nm Pt sample,
the excited CO on the atop site can dissipate the vibrational
energy to a number of options. As shown in Figure 4, the first
atop CO (the first layer, first site, 11) can (1) directly transfer
energy to the nearby bridge CO (first layer, first site, 11) and
(2) directly transfer energy to second layer COs and third layer
COs on a bridge site. Equally, the excited bridge CO could
meanwhile donate energy to a nearby atop CO. (See detailed
expressions in the Supporting Information.) [COH]AmP
represents CO on the first layer of the first atop site. Similarly,
ki1atop-11Bridge a0 Kijatop—21Bridge Tepresent the nonresonant
energy transfer rate constant from this CO to CO on the first
and second layer first bridge sites, respectively. If we assume
that all atop COs have a same transition dipole and all the
bridge COs also have another transition dipole, the vibrational
energy transfer rate constant should be quantitatively related to
the orientation factor k and the distance 5, between the donor

@

11Atop-21 l}r“gc

Probe

Figure 4. Demonstration of nonresonant energy transfer from the atop
CO to the bridge CO (side view) on the 1 nm Pt sample. CO at
11Atop position is excited by an IR beam. The excitation energy then
transfers from 11Atop to 11Bridge with rate constant kjjatp—11Bridge
and to CO at 21Bridge with rate constant ky)ap—21Bridger

and acceptor based on the dipole—dipole coupling inter-
action,”" as follows:

2

2 K
ko froc —
DA (©)
With the calculation of kx and distance rp, from structural
information, we quantitatively obtain the relationship between
each donor—acceptor pair energy transfer rate and

kl 1Atop—11Bridge*
KAtop —Bridge = 33kl 1Atop—11Bridge

Experimentally, the kyop—prigge i around 1/(140 =+ 40) ps L
Thus, the energy transfer rate from first layer, first atop CO to
first layer, first bridge CO is around 1/(420 + 120) ps ™.

4. DISCUSSION

The above quantitative results allow us to explore the
mechanism for the nonresonant energy transfer on the
particle/liquid interface: whether it is similar to the phonon
compensation mechanism in some crystals or the dephasing
mechanism in some liquids, or the combination of both.

On one hand, if the energy transfer process is dominated by
the phonon compensation mechanism, the phonon modes
around 187 cm™" (the energy gap between the donor CO and
the acceptor CO) should be present. However, due to the limit
of our apparatus and the instability of the 1 nm Pt powder, we
were not able to collect the terahertz (THz) spectrum of the 1
nm Pt powder. The THz spectrum of the DMF solution was
collected, but there is no strong IR active phonon absorption in
this frequency range (Figure SS). All the low frequency
vibrations of the particle including Pt—Pt lattice vibration
(around 170 cm™") are overwhelmed by the DMF background.
In addition, phonons involved in the compensation for the
energy transfer can be IR inactive, though an energy transfer in
KSCN crystals previously studied is compensated by an IR
active mode.'® Therefore, the THz measurement does not
contribute useful information for us to estimate the possibility
of phonon compensation for the CO energy transfer.

On the other hand, for the dephasing mechanism, there are
three factors determining the transfer rate: the energy mismatch

DOI: 10.1021/acs.jpcc.6b03777
J. Phys. Chem. C 2016, 120, 25173-25179


http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b03777/suppl_file/jp6b03777_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b03777/suppl_file/jp6b03777_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b03777/suppl_file/jp6b03777_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.6b03777/suppl_file/jp6b03777_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.6b03777

The Journal of Physical Chemistry C

(Aw = 187 cm™"), the dephasing time (z), and the coupling
strength (f). In this work, under the dipole/dipole
approximation the coupling strength § was determined to be
about 4.8 cm™ between the first layer 11 atop CO and the 11
bridge CO with a given distance of 3.45 A between the two
molecules. The estimated dephasing time constant in solution
is around 0.37 + 0.06 ps by measuring the absorption line
shape of the atop CO (in Supporting Information). Based on
our previous work, if 7' (144 cm™') > # (4.8 cm™!), the
energy transfer rate constant can be described by eq 4.

2 5 1/t
e AT (Aw)? + 4B 4+ 772 (4)

k
AT

According to eq 4, kp, is calculated to be 1/(395 + 110)
ps~'. Compared with the experimentally determined value 1/
(420 + 120) ps™', the predicted value is consistent with the
experiment value. This simple calculation suggests that the
energy transfer process is likely through the dephasing
mechanism: (1) First, molecular collisions between DMF
solvent and CO induce the frequencies of COs on different
sites fluctuating to reach the same value; (2) Then, the donor
CO and acceptor CO exchange energy resonantly.

A couple of issues need to be clarified for the above
discussion. First, dependent on the correlation between the
dephasing events of the donor and acceptor, the dephasing line
width can vary from O (perfect correlation) to the donor/
acceptor line width sum (~29 cm™, no correlation). According
to eq 4, this dephasing line width range can give a very large
energy transfer rate variation. However, because the sample is
in a room temperature liquid, it is expected that the donor and
acceptor are not perfectly correlated. In addition, the donor/
acceptor distance is 3.45 A, which is close to the donor/
acceptor distance of 4.0 A in a previously studied system in
which the dephasing line width is 50% of the line width sum.'®
It is reasonable to assume that in the current sample the
dephasing line width should be similar or smaller. That is 7—14
cm™, resulting in kp, values varying from about 1/400 to 1/
800 ps™.

Second, in eq 4 the coupling strength f# can be through any
interaction,"* e.g. dipole/dipole or mechanical coupling. In eq
3, only the dipole/dipole interaction is considered. The
mechanical coupling is completely ignored. It is very likely
that both mechanical coupling and dipole—dipole coupling are
involved in the energy transfer. In the mechanical coupling
mechanism, the transfer rate constant may not be exactly
inversely proportional to r1,,°. The power of the distance can be
lower. To address this, we convert the experimental ki, pridge
into kyjatop—11Brigge based on the condition that the transfer rate
constant is inversely proportional to rp,% rpa’, or rps’. The
results are 1/714, 1/620, and 1/518 ps~’, respectively. Based
on eq 4, the pure dipole/dipole interaction gives 1/400—1/800
ps™" as discussed above. If the mechanical coupling strength is
the same as that of the dipole/dipole coupling strength, the
total rate contributed by both couplings predicted by eq 4 is 1/
100—1/200 ps~", which is much faster than the values derived
from measurements. Therefore, the experimental results cannot
exclude the contribution from the mechanical coupling, but at
the same time they also suggest that the experimentally
measured energy transfer rate is mainly contributed by the
dipole/dipole interaction.

5. CONCLUDING REMARKS

By using ultrafast 2D IR spectroscopy, we measured the mode-
specific vibrational energy transfer rate between COs on
different adsorbate sites on a 1 nm Pt nanoparticle surface. The
energy transfer between different adsorbate sites can be
described by the dephasing mechanism reasonably well. The
mechanical coupling may contribute to the transfer, but
analyses suggest that the role of dipole/dipole interaction is a
more important factor for the energy transfer.
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