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Vibrational Energy Pooling in CO on NaCl(100): Simulation and Isotope Effects$
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The phenomenon of vibrational energy pooling in a CO monolayer on a NaCl(100) surface is investigated
using a kinetic simulation approach. The kinetic Monte Carlo (KMC) method requires as input the rate constants
for each available channel of vibrational energy flow in the system: laser excitation; vibrational relaxation
to the substrate; vibrational energy transfer between nearest neighbor CO molecules on the surface; radiation.
These rates were computed using perturbation theory and available experimental information. Our simulations
predict a dramatic isotope effect in which energy is seen to preferentially pool on heavier isotopomers of CO
if a natural abundance sample of CO is optically pumped. Simulations of an isotopically pure CO/NaCl(100)
system continuously pumped by a laser source demonstrate that vibrational energy pools containing more
and more quanta can be formed by using more intense lasers until a theoretical crossover is reached where
vibrational relaxation rates become faster than vibrational energy pooling rates. This crossover ateurs at

18 for 12C1€0. Finally, the effect of temperature on the vibrational dynamics in the CO/NaCl(100) system is
explored with the result that finite temperature facilitates energy redistribution within the monolayer, hastening
the overall vibrational relaxation dynamics.

I. Introduction occur. Anharmonicity in the bond vibration of the molecules
results in the products being lower in energy than the reactants,
the excess energy being transferred to the translations and
rotations of the molecules after the collision. Thus, anharmo-
nicity provides a thermodynamic driving force for vibrational
energy pooling provided the molecules interact strongly for the
vibrational exchange to occur, and there is an available channel
to dissipate the excess energy. In a CO monolayer on the NaCl-
(100) surface the molecules are close enough to interact with
nearest-neighbor separation of 3.96%and the phonons of
the NaCl substrate provide a bath to soak up the excess energy
from vibrational energy pooling reactions. Furthermore, the
tremendous mismatch between the vibrational frequency of the
CO molecule £2100 cnt?) and the highest phonon frequency

CO adsorbed onto the (100) face of the NaCl crystal has been
referred to as a model for the study of physisorbed molecule/
surface system’s? At temperatures above 35 K, polarized
infrared spectroscopic (PIRS} measurements along with
helium atom scattering (HA8gxperiments have revealed the
monolayer to have a (% 1) disordered structure containing 1
CO molecule/unit cell. On average, the CO molecules are
adsorbed perpendicular to the NaCI(100) surface directly above
Na' ions with the carbon end of the CO molecule closest to
the surfacé? Below 35 K the monolayer undergoes a phase
change to an ordered (% 1) structure which contains 2
distinguishable CO molecules/unit cell each tilted by roughly
25° to the surface normal in opposite directions. Using this L2 )
experimentally determined structural information, accurate (~223 cnt’)*¢ make wprqﬂonal relaxation .to the .sub:.;trate
potential energy surfaces have been devised and used to condudefficient and slow providing more opportunity for vibrational

molecular dynamics (MD) simulations to further investigate the EN€rgy pooling to occur. Evidence for vibrational energy pooling

nature of the (2x 1) — (1 x 1) phase transitiok12 These in the CO/NaCl(100) system was obtained in an experiment by
g N . .
simulations suggest dynamical effects in the(2) monolayer ~ ©hang and Ewing? In their experiment, a carefully prepared

are responsible for the order/disorder transition manifested asMonolayer of“C0 held at 22 K was pumped with a 28
temperature is increased above 35 K. pulse of 2107.40 cmi light for 5 us. Following the excitation

The CO/NaCI(100) has also served as a model system forPulse the overtone fluorescence emanating from the surface was

exploring the dynamics of vibrational energy flow at surfaegs. ~Monitored as a function of time to reveal an exponential decay
Extensive time-domain infrared spectroscopic measurements byVith @ long time constant of 4.3 ms, providing an indication of

Ewing and co-workers have revealed some interesting propertiegUSt Now long energy persists in the CO monolayer before
of vibrational energy flow within the CO monolayer on the relaxation. When spectral filters were used to block overtone

NaCI(100) surface, including the phenomenon of vibrational fluorescence from reaching the _detector, it was determined that
energy poolind®1” A mechanism for vibrational energy most of the fluorgspence was in the range 3{!@209 cnrl
pooling in a gas phase system of diatomic molecules being @1d must have originated from CO molecules in the# 2 to
optically pumped by a laser tuned to their fundamental N = 15 vibrationally excited states.

vibrational absorption frequency was first proposed in 1968 by ~ Following our previous work simulating Chang and Ewing’s
Treanor et at¥ When a pair of diatomic molecules each in their experiment? our strategy is to identify all of the relevant
first vibrationally excited state collide, a vibrational exchange Vibrational energy flow pathways in CO/NaCl(100) system,
reaction of the type AB(1)+ AB(1) — AB(0) + AB(2) can calculate their rate constants, and then use a kinetic Monte Carlo
method~25 to simulate the overall vibrational dynamics in the

T Part of the special issue “R. Stephen Berry Festschrift”. monolayer. A similar approach was taken by Lee et al. to
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analyze the results of their experiment in which gaseous mixturestally determined value fok;, the rates for single quantum
of No/CO and N/CO/Q;, were optically pumpeé€ The vibra- fluorescence as a function of initial quantum statean be
tional energy flow pathways in the CO/NaCl(100) system are calculated.
as follows: (1) Optical absorption occurs, whereby a CO  This treatment assumes that vibrational dephasing is fast
molecule is excited from its vibrational ground state= 0 to relative to other rate processes. It has been determined that the
its vibrational excited state= 1 by absorption of infrared light, ~ Position and line width of the infrared absorption of CO on
CO(0)— CO(1). We make the assumption that= 0 — 1 is NaCl(100) both display the same exponential dependence on
the only possible absorption process, and its rate Cons,&,jmttemperaturé?3 This observation is consistent with vibrational
depends on the laser intensity and incident angle for the deph_asing_ being the primary broadening mechanism_, anq thus
experiment being modeled. (2) Vibrational relaxation occurs, the Ilne. width g;\zles a reasonable measure of the V|brat|qnal
whereby a CO molecule relaxes from vibrational state n — dephasing ratét32Temperature-dependent infrared absorption
1 by emitting phonons in the NaCl(100) substrate, GO¢ line width measurements have revealed a vibrational dephasing
) i ~116 i i ; i
CO(n — 1). Multiple quantum transitions in the CO molecule rate of approximately 16 5™’ Rapid vibrational dephasing

. . acts to localize vibrational energy onto specific CO molecules
are neglected throughout this work because they are forbidden,er conerent excitation of the monolayer from the external

in the dipole approximation. In section IIA we present the rates |5ser source. However, vibrational dephasing occurs so quickly
of single quantum vibrational relaxation as a function of initial  that explicit consideration of this effect does not alter the
vibrational quantum state for *2C*%0 and**C'®O. The details  yjprational population dynamics in this system. This justifies

of how these rates were obtained are contained in a separatghe |ocalized excitation hopping model employed here.
publicationz%2’ These rates were obtained for a model in which  Vibrationally induced desorption is ignored in this work. The
the CO molecule is treated as a Morse oscillator, and the NaCl- rate of desorption of CO molecules from the NaCl(100) surface
(100) phonon bath is treated as a collection of harmonic after excitation with a »J infrared pulse for s was estimated
oscillators with a spectral density described by the Debye modelto be <1074 s~ by Chang and Ewing’ This process occurs so
coupled to the deformation potential approximatt®a? Fol- slowly that it also does not affect the vibrational population
lowing the work of Egorov and Skinn&r on multiphonon dynamics. The slow vibrationally induced desorption rate is also
vibrational relaxation rates in solids, we obtain a closed-form indirect evidence that vibrational energy in CO molecules does
analytical expression for the vibrational relaxation rate using not couple efficiently to the frustrated translation and rotations
perturbation theory (3) Nonresonant Sing'e_quantum Vibrationa' Of the CO m0|eCU|eS ThIS a||0WS us to |eaVe these mOtIOI’]S out
energy transfer occurs, where two CO molecules, assumed tcof our models completely, because they do not contribute as

be nearest neighbors on the NaCl(100) surface, exchange strongly as phonon excitation to any of the vibrational energy
single quantum of vibrational energy, QQ CO(m) — CO- dissipation processes relevant in the CO/NaCl(100) system. This

(n — 1) + CO(M+ 1), and the products are different in energy _has be(_an demqnstrated by molgcular dynamics gimulé%i_and
than the reactants i’en ~m- 1. In section IIA the rates of is consistent with the observation that no vibrationally induced

\ co desorption is detected in this systém.
single quantum nonresonant vibrational energy transfer as a

functi f initial " iat d ted. Th In the time-dependent fluorescence experiment on the CO/
unction ofiniial quantum statesandm are presented. These NaCl(100) by Chang and Ewirig,an isotopically pure sample
rates were obtained for a model in which two Morse oscillator

: of 13C180 was used. In other experiments performed on gaseous
CO molecules, assumed to be nearest neighbors and exactlynq solig CO samples containing a natural abundance concen-

perpendicular to the NaCl(100) surface, interact laterally through tration of the various CO isotopomers, 98.66361°0, 1.10%

a dipole-dipole potential. The underlying NaCl substrate is 13c160, and 0.24% of the other isoméfE€170, 12C180, 13C170,
agail’l treated as a collection of harmonic oscillators with a Debye and 13C18C)' vibrational energy was seen to preferentia”y p00|
density of states, and the rates are calculated using perturbationo the heaviest isotopes in the sam#té Diatomic molecules
theory. The details of these calculations were presented in acontaining heavier isotopes have slightly lower vibrational
separate publicatiof?:?’ (4) Resonant single quantum vibrational ~energy levels than their lighter counterparts. In particular, for
energy transfer occurs, where again two CO molecules, assumedCO,

to be nearest neighbors on the NaCl(100) surface, exchange a

single quantum of vibrational energy, where the net effect of 12165 A2 = ~25¢M? 1217 Aw = 722 M7 13~16 Aw = ~4CM Y
the single-quantum energy transfer is @3{ 1) + CO(n) — 1218~ Ao =—48cml 13 18
CO() + CO( + 1). Since the reactants and products are CO—C0@
isoenergetic in this class of W energy transfer, no energy
dissipation is necessary for this process to occur. As described
in section IIA we estimate the rates of single-quantum resonant
V—V energy transfer as a function of initial quantum state

for a model in which two Morse oscillator CO molecules,

assumed to be nearest neighbors on the NaCl(100) surfacewe discuss rate constants for vibrational relaxation and vibra-

interact laterally through a dipo’:&ﬁpqle potential. (5) Singlg tional energy transfer for a system containtAgLé0 and3C160
quantum fluorescence occurs, by which a CO molecule radiatesygjecyles adsorbed on the NaCI(100) surface. With these rates

Therefore, pooling energy in the heavier isotopes is preferred
over pooling in the lighter isotopes. Rate constants have been
calculated for vibrational energy transfer between different CO
isotopomers in the gas phae¢ Following our previous work
simulating the Chang and Ewing experiméhin section IIA

a photon and relaxes from vibrational stat¢o staten — 1, i hand, we were then able to simulate a pulsed laser experiment
COM) — CO(n — 1). The fluorescence rate for the relaxation for CO/NaCI(100) containing roughly 99%¢C60 and 1%
of a CO molecule from its first vibrationally excited state= 13C160 with a kinetic Monte Carlo (KMC) method outlined in

1 to its ground vibrational state = 0 has been determined  section IIB. The results of the simulations are presented in
from a measurement of the fundamental infrared absorption section IIIA and predict a significant isotope effect in the

cross section of CO on NaCl(100) &= 10.9 s1.17 Using vibrational energy pooling dynamics in the CO/NaCl(100)

standard spectroscopic relationships, along with the experimen-system.
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TABLE 1: Bond Vibration Parameters for 1?C'60 and
13C160 on NaCl (100), Assuming a Morse Potential Having
the Form V(x) = D(e 72 — 2g~)a

cm L% andT(w) is normalized to the dimensionless empirical
parametei = 0.552, which governs the overall strength of the
system-bath coupling.A is the single free parameter in the

param  2C%O  13C!°O param 12C1%0  13C'*0 model and was self-consistently chosen such that decay constant
a (A1) 221 2.21 wp(cml) 21548  2107.4 for the fluorescence intensity decay curve simulated using KMC
D (eV) 12.2 12.2 w2 (cm™)  2130.7 20844 methods agrees with the experimental value measured by Chang
u(amu)  6.86 7.17 and Ewing for'3C%0 on NaCl(100) at 22 K after irradiation

with a 25uJ pulse of 2107.4 cnt infrared laser light for &us.
The choice of the parametéris discussed at greater length in
a previous publicatiof? Finally, the form of the potential energy
which binds the CO molecule to the NaCl(100) surface and is
ultimately responsible for the relaxation of energy from the CO
bond vibration and the NaCl b&th*° is assumed to be of the

aIn the equationx is the displacement of the bond from its
equilibrium value,D is the dissociation energy of the molecutejs
an empirical constant, andis the reduced mass of the molecule.
anda were chosen such that the transition frequeneigs= E; — Eo
andwy; = E; — E; precisely agree with their experimentally measured
values for'3C*%0 on NaCl(100).

In section IlIB we turn our attention to simulating an
experiment that has not been performed on the CO/NaClI(100)
system, one in which a continuous-wave (CW) laser vibra-
tionally excites CO molecules from= 0 ton = 1. Vibrational

Morse form

V= D'{ exr{—Za’(M&x - z)] -2 ex;{—a'(M&x - z)]}
energy is continuously pumped into the system, but at the same 0 0 4
time energy is being dissipated to the NaCl(100) substrate. After

some time has passed, these two processes balance one anothgh e e; is the displacement perpendicular to the substrate surface

and the vibrational state of the system will reach a steady state. ¢ \he Na ion directly beneath the CO moleculp!

The effect of the CW laser intensity on the steady-state
vibrational population distributions is explored.
Finally, in section IlIC we return our attention to the time-

is the
energy required to desorb the CO molecule (0.168 eV),cend
is an empirical constant of the Morse potential (0.82%)A
primes are used to distinguish from the CO bond vibration

dependent fluorescence experiment to study the effect of finite ;4 .qo potential energy parameters is the mass of the oxygen

temperature on the vibrational dynamics in the CO/NaCl(100)
system. Energetically uphill energy hops, @P¢ CO(0) —
CO(n — 1) + CO(1), not possible at zero temperature, are
identified as providing a mechanism by which vibrational energy
may be redistributed within the monolayer. This redistribution
of vibrational quanta within the monolayer leads to accelerated
dissipation of energy from the CO monolayer into the underlying
NaCl substrate. Concluding remarks are made in section IV.

Il. Methods

A. Rate Constants. There are two primary pathways of
vibrational energy flow in the CO on NaCl(100) system,
vibrational relaxation, CQ{) — CO(n — 1), and vibrational

atom, andMco is the mass of the entire CO molecule. The
quantity no/Mco)x — z represents the distance between the
carbon atom of the CO molecule and the™Nan, assuming
the center of mass of the CO molecule remains statioredry.
was chosen such that the first vibrational transition frequency
of the entire CO molecule oscillating perpendicular to the NaCl-
(100) surface matches the value 69 éndetermined from
molecular dynamics simulatiod$,assuming a reduced mass
appropriate for3C%0Na" (12.8 amu). The rate constants for
single quantum vibrational relaxation were obtained by closely
following the work of Egorov and Skinn&and specializing
their perturbation theory results to our model Hamiltonian. The
details of how these rate constants are calculated are the subject

energy hopping between nearest neighbor CO molecules, CO-of a separate publicatici:?

(n) + CO(mM) — CO(Mn + 1) + CO(m — 1). To simulate the
vibrational energy flow within the entire CO monolayer we must

The filled circles and squares in Figure 1 are the vibrational
relaxation rate constantey,, for 12C160 and!3C!®O shown as

have at hand the rate constants for both of these processes as @function ofn, the initial vibrational state of the CO molecule.

function of the vibrational quantum numbersand m.

The approximations used to arrive at the rate constants for

In the rate constant calculations we begin by assuming a multiphonon vibrational relaxation of a CO molecule on NaCl-
model whose Hamiltonian can be separated into the convenient(100) require (1) that the temperature of the bath be sufficiently

form
H=Hg+Hg+V (2)

When the vibrational relaxation of a single CO molecule on

low such that few phonons are thermally active in the NaCl
crystal and can be involved in phonon absorption processes and
(2) that the relaxation process be mediated by more than roughly
3 phonons. Both requirements are well satisfied since the
experiments we are interested in simulating were conducted at

the NaCl(100) surface is considered, the system part of the 55 (keT = 15.3 cnmd) and, for all of the relevant vibrational

Hamiltonian,Hs, is taken to be that of a Morse oscillator with
parameters as listed in Table 1. The bath part of the Hamiltonian

collection of harmonic oscillators with the conventional choice
of spectral density,I'(w), for problems involving energy
relaxation by acoustic phonons, namely the Debye model
coupled with the deformation potential approximati8d’

3
4w
A— 02w 2w
Wp

0

[(w) = ®)

W = Wp

wherewp is the Debye frequency of the NaCl substrate, 223

states of CO on NaCl(100) in this study,4 n < 30, the

. 'minimum number of phonons needed to relax a single quantum
Hg, represents the underlying NaCl substrate modeled as a

of CO vibration isp = 7.

There are several features to note regarding the vibrational
energy relaxation rates shown in Figure 1. The vibrational
relaxation rates for both isotopomers are very nearly exponential
and increase as a function ef This is because, asincreases,
wn, the energy gap between vibrational stateandn — 1,
decreases, meaning the energy can be dissipated by a lower
order phonon process in the bath. The nearly exponential growth
in the relaxation rate as a function of decreasing energy gap
agrees with phenomenological exponential energy gap laws seen
in a wide variety of relaxation experimer#s*=47 The vibra-
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electrostatic interaction between the two CO molecules is

10°

At"’ dipole—dipole having the form
7| A:. g_"
10 A:‘ .== V= p1(Xpua(%,) (5)
ne® = - =
64 3° | R
10 s
[ L]
S A‘o‘“x’._::' where 11 and u, are the electric dipoles moments of CO
107 4 e j molecule 1 and 2, which depend on their respective bond
) L vibration coordinateg; andx,, andR is the spatial separation
o 104F "' between the molecules. The separatioan be written as a
10 . .
& _-.' sum of the average equilibrium displacemBgtand a relative
3| "' I T | displacementy = y; + y», resulting from the lateral motion of
10 .’ ‘e the Na ions directly beneath each CO molecule. The interaction
"o * potential energy depends on the two system coordinatasd
10°F  as® | e W,(co Lo X2, as well as the bath coordinatgsandy,, and will allow for
"e = w (“co nonresonant vibrational energy hops between the two molecules.
10k e * W, (*co-"co _ Perturbation theory can again be applied to obtain the rate
. s w,, (%co-"co constants for single quantum vibrational energy hopping. The
0 ‘ A details of how these rate constants are calculated are the subject
10°g 5 10 15 20 25 30 of a separate publicatic:>”

The filled diamonds and triangles in Figure 1 are a particular
Figure 1. Rate constant®/, for single-quantum vibrational relaxation, class of single-quantum vibrational energy hopping rate con-
CO() — COM — 1), for 22C10 (filled circles) and®C0 (filled stants,Wi 5. The energy transfer_ raté/ n represents the rate
squares) on the NaCl(100) surface. Also shown are the rate constantd0r & CO molecule in it first vibrationally excited state to donate
W, 1 for single-quantum vibrational exchange between nearest neighborits vibrational quantum to a neighboring CO molecule. This is
CO molecules on the NaCl(100) surface, @0¢ CO(1) —~ CO(n + the principle mechanism for the formation of vibrational energy
fz)cfeocqo)' for 12C1%0 — 12C1%0 (filled diamonds) and’C'°0 — pools, CO(1)+ CO(1)— CO(0) + CO(2), as well as for their
) (fllle_d tnangles). Thgse results were_obtalrjed using the methods subsequent growth, CO(# COM) — CO(0) + COM + 1).

described in section IIA with parameters listed in Table 1. . : - .

In Figure 1 the rates depicted by the filled diamonds are for
energy hops between a pair &IC%0O molecules and those
depicted by the filled triangles are for energy transfer from the
lighter isotopomer!2C10, to the heavier isotopomerCléo.

The first thing immediately noticeable about both sets of
vibrational energy hopping rates are the discontinuities in the
rate constant curve as a function of vibrational quantum number
n. These discontinuities result because the energy that needs to
staten = 1 to its ground vibrational level is determined to be be dissipated to the batlmn1, suddenly exceeds the Debye
5.69 si. This result is much slower than the mean 233 s  frequency of NaCl substrate and, thus, needs to be dissipated
fluorescence intensity decay rate observed in Chang and Ewing'sby successively higher order phonon processes. For a more

Vibrational Quantum Number (n)

tional relaxation rate of the heavier isotoponiég1€0, is faster
for all values ofn. 13C160, being the heavier isotopomer, vibrates
at a slightly lower frequency thaAC'60. This means the energy
gap, wn, is slightly smaller for3C'60 than2C'%0O and, thus,
vibrational relaxation rates f3#C%0O should be faster than those
for 12C1%0 as is seen in Figure 1. Finally, the fundamental
vibrational relaxation rate fo¥3C60 to relax from vibrational

experiments since the latter is dominated by highemolecules
which relax faster.

We also need to consider the second primary channel of
vibrational energy flow in the CO/NaCl(100) system, vibrational
energy hopping within the CO monolayer, Gp¢ CO(m) —
CO(n — 1) + CO(m + 1). Once again, the starting point is to

realistic density of states the discontinuities would much less
pronounced.

For n < 12 the rate of vibrational energy transfer from a
light CO molecule to a heavy CO molecule exceeds the rate of
energy transfer among light CO molecules. This is because, for
small values oh, the energy to be dissipated in a nonresonant

assume a model whose Hamiltonian can be separated intoenergy pooling eventy1, can be dissipated by exciting a single
system, bath, and interaction pieces as shown in eq 2. The battphonon in the bath. Since the Debye density of states grows
part of the Hamiltonian describing the underlying NaCl substrate with increasing frequency, the process that requiteseenergy

is the same as was described above for the vibrational relaxationto be dissipated by a single phonon will have a faster rate.
model, a collection of harmonic oscillators with frequencies Becausé3CO vibrates at a lower frequency th&C*0, w1y,
distributed according to a standard Debye density of states. Theis larger for!3C1%0 than it is for'2C®0, and thus energy transfer
system part of the Hamiltonian, however, must be modified to from the lighter isotopomer to the heavy isotopomer will occur
include a pair of anharmonic CO molecules. We assume thatwith a faster rate as is seen in Figure 1. This also means that
vibrational energy hopping can only occur between two CO energy should preferentially begin pooling €0 versus
molecules that are nearest neighbors on the CO separated by?C®O, a conclusion which is confirmed in our KMC simula-
an average distand® = 3.96 A and that these molecules are tions discussed below. By contrast, for larger values tfie
aligned exactly parallel to each other and perpendicular to the energyw1,, exceeds the Debye frequency of the NaCl substrate
NaCl(100) surface. The bond vibration coordinate for both CO and must be dissipated by multiple phonons. In this case, having
molecules is described by a Morse oscillator Hamiltonian with to dissipate more energy is a hindrance and causes the
parameters listed in Table 1. For the two CO molecules to vibrational energy transfer events among light CO molecules
exchange a vibrational quanta of energy and at the same timeto occur more rapidly than vibrational energy transfer from light
dissipate excess energy into the NaCl(100) substrate if theto heavy CO molecules.

vibrational energy hop is nonresonant, the CO molecules must Note that in Figure 1 the first discontinuity in thw ,, rate

be coupled to each other and to the bath. The lowest orderconstant curve occurs at a smaller value of the vibrational
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qguantum numben for 13C%0 than it does fo#2C1%0; n = 7 vibrational relaxation shown in Figure 1. Th&,00— |0,1

for 13C1%0 compared tm = 9 for 12C160. This first discontinuity ~ vibrational energy transfer process is no longer resonant if it is
in the rate constant curve represents the transition from between &2C'%0 and3C!0, because of the slightly different
nonresonant energy hops where the excess enexgyis vibrational level structure in the two isotopomers. This is
dissipated by two phonons as opposed to one. The location ofsignificant because a single quanta of vibrational energy will
the discontinuity also signifies a dynamical bottleneck in the constitute a stable pool of energy if3€%0 molecule when it
vibrational energy pooling process. The result of a process with is surrounded by2C%0 molecules, as opposed to the two quanta

rateW , is to produce a CO molecule in vibrational state- of vibrational energy constituting a stable pool in the surround-
1. If energy is relatively scarce in the system, such as the caseing 2C'%0 molecules.
in the experiment of Chang and Ewing, few CO molecules will  sjnce the resonant rates are much larger than all other energy

be pumped much beyond this bottleneck. Thus, in a systemflow rates in the system, it is found that the KMC simulations
composed mostly of2C*%0 with just a few!*C'°0 molecules  of the vibrational dynamics of the CO/NaCI(100) system are
it is expected that energy pools #C'%0 molecules willbe @ aimost completely insensitive to the exact value of the resonant
bit more intense than if°C'°0 molecules. Simulation results  transfer rates over several orders of magnitude. Thus, our crude
presented in section IlIA demonstrate this aspect of the isotopeestimate for the resonant energy transfer rates is sufficient to
effect in vibrational energy pooling in a mixed-isotope sample. capture the qualitative effect of the resonant energy transfer rates
Rate constants for the nonresonant energy transfer eventsyn, the overall vibrational dynamics in the CO/NaCI(100) system.
between CO molecules on the NaCl(100) surface were computed B. Kinetic Monte Carlo Methods. Kinetic Monte Carlo
for all combinations of initial vibrational states and m for (KM.C) methods can be utilized t.o simulate the detailed

ﬁgagv?re ‘%r;irlgv\%atr?j"b\?ib?last?cl)%éz;tlegnfr thehga;hir\]/ve\;i,higﬂsltrl]\;e. vibrational dynamics within the CO monolayer on NaCl(100)
’ gy hop by numerically solving the Master equation for the time

system must extract an activation energy from the bath are alsoy . iion of the vibrational population distributid®y(t).212°
possible at finite temperatures. The backward rates were - - o .
) . Pr(t) is the average probability of finding a CO molecule in
computed from the forward rates using the detailed balance .~ : . . .
' vibrational staten at timet. The Master equation for the time
relation . . . . ) .
evolution of Py(t) is consistent with the choice of a particular
©6) dynamical model in which the individual random microscopic
events that contribute to the evolution Bf(t) occur indepen-
dently, i.e., Poisson processes. In other words, we are assuming
that no cooperative or coherent energy transfer processes occur
within the system. For Poisson processes it is possible to devise
a kinetic-based Monte Carlo method to solve the Master
equation for which a clear relationship between Monte Carlo

Wn,m = va—l,m—legwnym
The important role of backward vibrational energy hops will
be explored in section IlIB.

A final channel of vibrational energy flow in the CO/NaCl-
(100) system we have not yet fully discussed in this section is
resonant vibrational energy hopping. As energy is introduced " ' : )
into the CO monolayer from an external laser source, a certain St€PS and real physical time can be established, thus making
fraction of CO molecules is excited to its= 1 vibrational dynamical simulation using KMC possible.
state. These vibrational quanta first localize onto specific CO ~ KMC allows us to construct stochastic “trajectories” of the
molecules because of rapid vibrational dephasing occurring onVibrational state of the entire systefui(t)}, whereu; is the
a 10 ps time scale. The next fastest vibrational energy flow Vibrational state of CO moleculeat timet. A two-dimensional
process available in the system is the resonant energy transfegquare array ofN adsorbed CO molecules with periodic
processes CO(H CO(0)— CO(0)+ CO(1). The presence of  boundary conditions was defined. The KMC algorithm pro-
this type of resonant process implies that single quanta of ceeded as follows: (1) The initial vibrational state of each CO
vibrational energy can flow almost freely via rapid resonant molecule in the system is chosen from a thermal Boltzmann
energy transfer between singly excited CO molecules and moredistribution, noting, however, that at 22 K the probability of a
abundant ground state CO molecules. The mobility of energy CO molecule being vibrationally excited is negligible, and so
in the monolayer contributes greatly to vibrational energy the initial state of the system {s5(0)} =0 foralli =1, ...,,N.
pooling. (2) Given the current vibrational state of the systémyt)}, an

Conceptually, resonant energy hopping is simpler than inventory of all of the possible ways in which vibrational energy
nonresonant hopping since there is no need for the pair of COmay flow into, out of, or within the CO monolayer is taken,
molecules to dissipate energy to the bath to undergo an energyand the rate constants for these possible microscopic events are
transfer. In general, for a single quantum vibrational energy hop summed R is their sum). (3) One of the possible energy flow
to be resonant the initial state of the system musgi e |n + events is chosen to occur. This is done by arranging their rate
1,nOwith a corresponding final stai€Cl= |n,n + 10 wheren constants as intervals on a line from ORoA random number
> 0. Taking|lOand|FCas a resonant two-level system with an  u-R, whereu is a uniformly distributed random number between
interaction potential energy given by eq 5, it is easy to show 0 and 1, will correspond to one of the possible events. Events
that the probability of remaining in statéJafter some time with large rates will occur more frequently than events with
has passed oscillates coherently ag@4st), whereVg is the slow rates. (4) A time interval is obtained by evaluatitg=
matrix element of the interaction potential energy given by eq — In(u)/R, whereu is again a uniformly distributed random
5; Vg = [F|V|IL Rapid vibrational dephasing destroys the number between 0 and 1. This formula provides the appropriate
coherent oscillation of population betwegnand|FCallowing distribution of time intervals between Poisson events that occur
us to define a crude rate for the transition as the inverse of theat a rateR.?* (5) The vibrational trajectory is updated frojm;-
time it takes for the population in the initial state to decay by (t)} to {ui(t+At)}. (6) Steps 25 are repeated to construct the
1/e. For the case wheitel= |1,00the rate is 6.37 100 st entire dynamical trajectory. Once these trajectories are formed,
for a pair of2C1%0 molecules and 6.28 10'°s~1 for a pair of the time-dependent average vibrational population distribution
13C180 molecules, which is several orders of magnitude larger function,Py(t), can be computed by simply forming a histogram
than the rates of nonresonant vibrational energy transfer andof the vibrational state of all the CO molecules in the system,
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{w(t)}, at the appropriate timeand ensemble averaging over
a sufficient number of trajectories.

I1l. Results

A. Isotope Effect.Chang and Ewing have extensively studied
the CO/NaCl(100) system at 22 K using an isotopically pure
sample of3C1%0 and pumping the = 0 — 1 13C10 vibrational
transition with a 25J pulse of 2107.4 cri laser light with a
temporal duration of s 13 They then observed the subsequent
fluorescence emanating from surface of the NaCl crystal as a
function of time to learn about the vibrational dynamics of the
CO monolayer. By using a series of optical filters to block
fluorescence from reaching their detector, Chang and Ewing
were able to infer the presence of CO molecules vibrationally
excited in the range Z n < 15. In a previous publication we
used the vibrational energy flow rates and the KMC methods
discussed in section Il to simulate their experiment and obtain
time-dependent vibrational population distributioRg(t). The
simulated time dependent vibrational population distributions
show CO molecules excited over a similar range of quantum
numbers observed in Chang and Ewing’s experiment. We turn
our attention now to the simulation of an experiment that has
not been yet been performed, one in which the monolayer of
CO molecules on the NaCl(100) surface contains more than
just a single isotopomer of CO.

All of the simulations discussed in this paper were performed
on a 16x 16 square lattice with periodic boundary conditions.
The lattice was found to be sufficiently large that simulations
with larger lattices produced identical results for short-time test
calculations of Py(t). Energy transfer rate constants were
computed as discussed above, except that the rates of resona

energy transfer events were decreased by a factor of 1000. Even

with this much slower rate, the singly excited CO molecules
still make a sufficient number hops to be completely randomized
before any other energy flow event takes place. This simplifica-

tion leads to a tremendous computational benefit and was shown

to converge to essentially the same results.

To illustrate the isotope effect on vibrational energy pooling
in the CO/NaCl(100) we conducted simulations on a system
containing 25412C1%0 molecules and 23C%0 molecules,
approximately mirroring natural abundance. The pa#?6te0O

molecules were placed as far apart from one another as is

possible in the 16<x 16 square lattice of CO molecules that
constitute our simulation box, remembering that periodic
boundary conditions were employed. Energy enters the CO
monolayer by exciting only thos¥C0 molecules in their
ground vibrational state) = 0, to their first excited statey =

1. For the first 5us of the simulation the rate constant for
absorption of laser lighkaps Was chosen to be @ 10* s 1 to

match the absorption rate in Chang and Ewing’s time dependent

fluorescence experimeht.After the laser pulse duration of 5
us passedkapswas set to zero eliminating further possibility of
energy flowing into the CO monolayer.

The KMC algorithm provides a method for obtaining the
time-dependent vibrational population distributid®(t), rep-
resenting the probability of finding a CO molecule in vibrational
staten at timet in the monolayer. Knowledge d?,(t) allows
us to calculate the fluorescence intensity decay cu(t)eusing
the formula

POk,

n=

N
I(t) =— (7)
A

whereN = 256 is the number of molecules in the simulation
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Figure 2. Simulation results for the integrated fluorescence intensity,
I(t), from $2C160 and*3C!%0O on NaCl(100) after being irradiated by a
25 uJ pulse for 5us, calculated using eq 7. The results shown are
averages of 1000 independent 12 ms trajectories of the vibrational
dynamics in a 16x 16 square lattice of 254°C'%0 and 213C!¢O
molecules using periodic boundary conditions. The inset focuses on
the short time behavior dft).

cell, Ais the area of the 1& 16 lattice of CO molecules (4.01

x 10718 cnP), andk, is the rate constant for single-photon
fkuorescence of a CO molecule from vibrational stat® n —

, all of which can be obtained using standard spectroscopic
relationships and the experimentally measured optical cross
section for CO on the NaCl(100) surfage & 9.8 x 10718¢cm
molecule).17 I(t) represents the flux of photons emanating from
the surface at timeé and has units photorsl-cm™2 The
population distribution function, the fluorescence rate constants,
and the number of molecules in the simulation cell are each
different for the two isotopomers of CO, which allows us to
calculate the fluorescence intensity decay appropriate for each.
Shown in Figure 2 is the result for the fluorescence intensity
decay,l(t), for both 12C'60 and3C!%0 computed using eq 7.
The time-dependent population distributio®(t), needed to
computel (t) were constructed from 1000 independent vibrational
state trajectories obtained using KMC methods, and the zero
of time in the plot ofl(t) was taken from the end of the 5
pump pulse. Immediately apparent is that the flux of photons
emanating fron#3C1%0 molecules in the monolayer represents
a sizable fraction of total fluorescence (10.7% & 0 ms and
23.2% att = 12 ms) despite the fact3C!%0O molecules
comprised a mere 0.78% of the CO molecules in the simulation
cell, 2 of 256. This observation suggests tHat'®0O molecules
preferentially receive more vibrational energy than do the much
more abundar?C10 molecules. The inset in Figure 2 focuses
on the behavior of(t) during and shortly after the &s period

in which kapswas nonzero, and thddC'%0 molecules could be
excited from vibrational stateé = 0 to n = 1. For 12C'60
molecules,I(t) grows nearly linearly fort < 0 as 2C%0
molecules are directly excited by the laser. When the laser is
turned off, thel(t) curve for2C'%0 undergoes an initial decay
as energy rapidly pools and the total number of excié&%0
molecules in the monolayer diminishes. For bé&G0 and
13C160 I(t) decays on a millisecond time scale as energy is
dissipated to the NaCl substrate. The initial growtH (i) for

the heavy isotopoméefCl®0 is qualitatively different because
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Figure 3. Simulated vibrational population distributionB,(t), rep-

resenting the average probability that a particular CO molecule on the

NaCl(100) surface is in vibrational statet timet after being irradiated

by a 25uJ pulse for 5us. The results shown are averages of 1000
independent trajectories of the vibrational dynamics in & 16 square
lattice containing 2542C%0 and 23C'®0 molecules using periodic
boundary conditions: (a) short-time vibrational population distributions;
(b) long-time vibrational population distributions. All times are
measured from the conclusion of the laser pulse.
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TABLE 2: Total Probability, Peyt), of Finding a CO
Molecule in the KMC Simulation of CO on NaCl(100) of the
Specified Isotope and at the Specified Time irAny
Vibrationally Excited State (n = 1) Computed Using Eq 8

time 12C160 13C160 time 12C160 13C160
0.0us 0.074 0.666 1.2ms 0.033 0.642
5.0us 0.041 0.721 10.2ms 0.010 0.319

aThe simulation cell contains 254C*®0 molecules and 2°C*¢O
molecules, and the results shown represent the average of 1000
independent KMC trajectories. Times are measured relative to the
conclusion of the Gus laser pulse.

for the isotopomer under consideration. The total vibrational
excitation probability,Pex(t), for both isotopes and each time
slice in Figure 3 are listed in Table 2. A= 0.0us itis already
9.0 times more likely for &3C'%0 molecule in the sample to
be vibrationally excited than for #C%0O molecule. For short
times after the ms excitation period the probability that a given
12C180 molecule in the sample is excited decreases from 0.074
att = 0.0 us to 0.041 at = 5.0 us as vibrational energy is
rapidly pooling decreasing the total number of vibrationally
excited'C1%0 molecules in the sample. By contrast, in the same
time period, the probability that a givel¥C%0O molecule in
the sample is excited increases from 0.666 to 0.721 as these
heavier molecules continue to receive vibrational energy
indirectly from neighborind2C®0 molecules. At longer times
it becomes increasingly likely that'&C'%0 molecule is excited
relative to al2C%0 molecule, 19.5 times more likely at= 1.2
ms and 31.9 times more likely &t= 10.2 ms.

Two important conclusions regarding the effect of isotopes

13C160 molecules are not directly excited by the laser but rather on vibrational energy pooling in CO on NaCl(100) can be drawn
can only receive vibrational energy through nonresonant energyby considering the results in Table 2 and Figures 2 and 3. (1)

transfer events with neighboring vibrationally excit&€¢0
molecules. Thus, the initial growth Iit) for 13C160 is quadratic,

which is characteristic for a second-order excitation mechanism.

Vibrational energy preferentially pools on the heavier isoto-
pomer,3C0, and (2) vibrational energy persists for a longer
time in13C1%0. The observation that vibrational energy persists

Also, the fluorescence intensity does not reach a maximum aslonger in13C%0 molecules seems to contradict the fact that for

the laser is turned off at= 0 for 13C160 as it does fot2C'¢0.
The maximum ir (t) for 13C10 occurs at roughly 2fs because
it takes time for the energy to pool into the heavier isotope.
Finally, note thatl(t) does not have an initial sharp decay for
13C160 as it does fo2C0. The fast initial decay fot2C6O
is due to the rapid removal of laser excited= 1 molecules
via pooling. Thet3C1%0 molecules are not excited by the laser.
More can be learned about the isotope effect in vibrational
energy pooling in CO on NaCl(100) by considering the
normalized time-dependent vibrational population distribution
function, Py(t). In Figure 3aP(t) is shown for boti2C1%0 and
13C160 at short times (0 and&s) measured from the conclusion
of the 5us excitation period in the simulation; longer times

every value of the vibrational quantum number n the vibrational
relaxation rate oft3C10 from vibrational staten ton — 1
exceeds that 0f2C1%0. This apparent paradox can be resolved
by noting that the most probable vibrational energy pool in a
12C180 molecule contains 10 vibrational quanta, and the most
probable vibrational energy pool intéC%0 molecule contains

8 vibrational quanta. This means that although vibrational energy
preferentially pools oA3C'%0 molecules, on average these pools
contain fewer quanta than pools &C%0 molecules. Because
the vibrational relaxation rate for &2C'%0 molecule in
vibrational staten = 10 exceeds the vibrational relaxation rate
for a 13C160 in vibrational staten = 8, on average vibrational
energy persists longer i*C'%0 molecules than int?C60O

(1.2 and 10.2 ms) are shown in Figure 3b. The results shown molecules.
represent averages of 1000 independent KMC trajectories, and  Not coincidentally, the most probable number of vibrational
the peaks corresponding to the probability of finding a CO quanta in a pool corresponds to the location of the first

molecule in its ground vibrational staty(t), have been omitted
from each of the plots oP(t) for clarity. Qualitatively, it is
clear that for all times shown in Figure 32C%0 molecule

discontinuity in the fundamental vibrational energy pooling rate,
Wi, as can be seen in Figure 1. F&IC0 the fastest
vibrational energy pooling rate &4 o. The microscopic energy

chosen at random in the system is much more likely to be found transfer event corresponding to this raté4s160(1) + 12C60-

in an excited vibrational state than'C%0O molecule. More
guantitatively, the total probability of a CO molecule of a given
isotopic composition being found in an excited vibrational state
is given by

00

Po(D) =1 — Py(t)

n=

Pe(t) = 8)

where the vibrational population distributi®i(t) is appropriate

(9) — 12C160(10) + 12C180(0), which forms'2C160 molecules
with 10 vibrational quanta. Similarly, fo¥3C1®0O the fastest
vibrational energy pooling rate W&} 7, corresponding t&°C16O-

(1) + 13C80(7) — 12C'0(0) + 13C0(8), which forms3Ct60
molecules with 8 vibrational quanta. For vibrational quantum
numbers beyond the discontinuity in the fundamental vibrational
energy pooling rate curve, vibrational relaxation can compete
more effectively with vibrational exchange and begin attenuating
vibrational energy pooling. At the modest excitation laser
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Figure 5. Simulation results of the steady-state integrated fluorescence
intensity,I(t), from a monolayer of pur&C0 on NaCl(100) computed

2 using eq 7 for three different CW laser intensities, 5 mijs(= 90
s71), 10 MW (aps= 180 s1), and 25 mW Kaps= 450 s1). The results
0 shown are averages of 500 independent 12 ms trajectories of the

vibrational dynamics in a 16 16 square lattice 0f*C'*O molecules
using periodic boundary conditions.

Figure 4. Two snapshots from a single KMC trajectory showing the
vibrational states of the CO molecules in the:16L6 simulation cell
containing 254°C*0 and 2'3C%0 molecules at (af)= 10 us and (b)

t =5 ms, measured from the conclusion of the laser p@sdentifies
the two 3C*%0 molecules.

10 or 11 quanta. The snapshot in Figure 4b was takén-ab
ms. By this time a significant amount of vibrational relaxation
has occurred and 63 vibrational quanta remain in the system.

intensity used in the current simulation, the number of vibra-
tional quanta in the pools do not approach the ultimate limit,
which occurs when vibrational relaxation rates exceed vibra-

The energy remaining in the system is pooled inté?G*0O
molecules and one of the tw8C0 molecules.
B. Steady Stateln this subsection we explore the effect of

tional energy pooling ratesi(= 18 for 12C160 andn = 16 for
13C160). The effect of excitation laser intensity on vibrational

excitation laser intensity on vibrational energy pooling in CO
on NaCl(100) by simulating a hypothetical experiment in which
energy pooling in CO on NaCl(100) is explored more fully in a continuous-wave (CW) laser is used to excite CO molecules
section 1IB. from their ground vibrational state to their first excited

As time progresses, vibrational energy is lost to the underlying vibrational state. Vibrational energy is continuously pumped into
NaCl(100) substrate through vibrational relaxation processes.the system, but at the same time energy is being dissipated to
A manifestation of this energy loss is a decrease in the peak ofthe NaCl(100) substrate. After some time has passed these two
the time dependent vibrational population distributiom at 8 processes balance one another and the vibrational state of the
for 13C1%0 andn = 10 for 12C1%0O as time progresses. Note system will reach a steady state. This type of experiment, which
however as the system loses energy the pedk(t) does not has not yet been performed on the CO/NaCl(100) system, can
move to lower values of the vibrational quantum numbes be simulated using the KMC methods discussed in section 11B
might be expected. Explaining why the peak remains stationary with the condition that the absorption ratgys is constant for
is explored in section IlIC, but its stationarity implies that CO the entire simulation, i.e., that it is not set to zero after some
molecules do not uniformly relax from high vibrational states specified time to simulate a laser pulse. Different laser intensities
to their ground vibrational state. simply correspond to different values fRyps

The KMC algorithm used to simulate the dynamics of In Figure 5 we plot the fluorescence intensity cur®), for
vibrational energy flow in the CO/NaCl(100) system produces three different laser intensities, 5 ml§s= 90 s'1), 10 mW
trajectories describing the vibrational state of each CO molecule (kaps= 180 s1), and 25 mW Kaps= 450 s1). The simulation
in the simulation cell as a function of timéy;(t)}. A visual cell consisted of 2563C160 molecules arranged on a 1616
sense of the vibrational energy pooling phenomena can besquare lattice, and thKt) curves were computed from 500
obtained by considering snapshots of the vibrational state independent vibrational state trajectories using eq 7. In contrast
trajectory. Two snapshots chosen from a single KMC vibrational to the laser pulse simulations the fluorescence intensity curves
state trajectory are shown in Figure 4. The snapshot in Figure do not decay, but rather they grow as vibrational energy is put
4a shows the vibrational state of each CO molecule in the systeminto the system and eventually level off to a constant as a
10 us following the conclusion of the &s excitation period. signature of the system achieving a steady state. As expected,
All 129 quanta of vibrational energy put into the system during the time-dependent fluorescence intensity curves clearly dem-
the excitation period have pooled into just®C%0 molecules onstrate that more energy can be pumped into the system using
and 2%3C1%0 molecules. Note that botFC'%0 molecules in lasers with higher intensities and that it is possible to achieve
the simulation cell are vibrationally excited and that the pools a steady state in the time scale of the KMC simulation.
of vibrational energy o#43C%0 molecules both contain 8 quanta More insight into the effect of laser intensity on the dynamics
compared to the pools dAC'%0 molecules which contain either  of vibrational energy flow in the CO/NaCl(100) system can be
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Figure 6. Simulated steady-state vibrational population distributions
Pn, representing the average probability that a given CO molecule on
the NaCl(100) surface is in vibrational stateat steady state. Three
different laser intensities df=5 MW (Kaps= 90 ), 10 MW (Kaps=

180 sY), and 25 mW Kkans = 450 s%) were considered. The results
shown are averages of 500 independent trajectories of the Vibrationall:igure 7. Snapshots from KMC trajectories of a mono|ayer of pure
dynamics in a 16< 16 square lattice dfFC'°0 molecules using periodic 13160 on NaCl(100) showing the vibrational state of tHEO
boundary conditions. molecules in the 16< 16 simulation cell at steady state under CW

i iti = = 1 =
obtained by considering the steady-state vibrational population I(ak:irzmggsgule).s of (8) = 5 mW {kaws = 90 5 and (b)I = 25 mW

distributions shown in Figure 6. The large peak in the steady-

state vibrational population distributions present in the range taken from the KMC vibrational-state trajectories. In Figure 7
of vibrational quantum numbers from= 9 ton = 16 is clear snapshots depicting the vibrational state of each CO molecule
evidence for significant vibrational energy pooling. The mag- in the simulation cell are shown at the end of two separate and
nitude of this peak grows with increasing excitation laser randomly chosen 8 ms trajectories with two different excitation
intensity confirming that more vibrational energy pools are laser intensities, =5 mW andl = 25 mW. It is assumed that
present at steady state for higher laser intensities. In addition,these two snapshots are representative examples of the vibra-
the maximum in the peak is observed to move toward higher tional state of the CO monolayer at steady state. It is im-
vibrational quantum numbers with increased excitation laser mediately evident that there are more vibrational energy pools
intensity. Fol =5 mW the maximum in the vibrational energy  for the higher laser intensity (15) compared to the lower laser
pooling peak of the steady sta®g curve occurs ah = 10, the intensity (4). Furthermore, closer inspection of Figure 7 reveals
same place it is found in all of the time-dependent vibrational that the average vibrational energy pool for the higher laser
population distributions fol*C10 shown in Figure 3. At higher  intensity contains more vibrational quanta (11.7) than the
laser intensities, = 10 mW andl = 25 mW, the maximum in average vibrational energy pool for the lower laser intensity
the vibrational energy pooling peak shiftsrte= 11. Ultimately, (11.0).

the largest number of quanta that can pool on a single CO C. Finite vs Zero Temperature.In this subsection we return
molecule is limited by vibrational relaxation. Examination of our consideration back to the time dependent fluorescence shown
the rates of vibrational energy pooling and vibrational energy in Figure 3. Since the area under tRgt) curve represents the
relaxation for'3C160 on NaCl(100) shows that, for vibrational total number of vibrational quanta in the system, the dissipation
energy states above= 16, the rate of vibrational relaxation is  of vibrational energy to the bath is evidenced in Figure 3 by
faster than vibrational energy pooling. Therefore, a pool of 17 the decline in the peak at= 8 for 13C160 and atn = 10 for
vibrational quanta on &C®0 molecule on NaCl(100) cannot  12C%0. Although the overall area under the vibrational popula-
be sustained because the molecule can relax frem17 ton tion distribution is expected to decline over time via vibrational
= 16 more quickly than it can be excited by an energy pooling relaxation, it is unexpected that the maximum in the vibrational
process froom = 16 ton = 17. At low laser intensities there  population distribution should remain stationary. This implies
are simply too few quanta in the system to support vibrational that CO molecules are not uniformly relaxing back to their
energy pools approaching time= 16 limit, but at higher laser  vibrational ground state through a process QO CO(n —
intensities there are more vibrational energy pools present in1) — --- — CO(0), as this would cause the maximum in the
the system, and the average number of vibrational quanta invibrational population distribution to shift toward lower values

0

these pools is increasing to approach the= 16 limit. Note of the vibrational quantum number Vibrational state snapshots

that, even at the highest laser intensity shown in Figuie=5, of the CO monolayer, such as those shown in Figure 4, confirm
25 mW, there is essentially zero probability of finditig60O that the total number of vibrational energy pools in the system
molecules in vibrational state = 17 at steady state. decreases with time but that the number of quanta in the

To get a sense of the extent of vibrational energy pooling in vibrational energy pools left in the system remains relatively
the steady-state simulations, it is useful to consider snapshotsconstant as the system relaxes toward thermal equilibrium.
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Figure 8. KMC simulation results for the integrated fluorescence Vibrational Quantum Number (n)

intensity decay](t), from a monolayer of puré’C*%0 on NaCl(100)
atT=0KandT = 22 K after being irradiated by a 28] pulse for

5 us, calculated using eq 7 and normalized I(§). The simulation
results shown are averages of 1000 independent 12 ms trajectories o
the vibrational dynamics in a 16 16 square lattice dfC'%0 molecules
using periodic boundary conditions.

Figure 9. Shown are simulated vibrational population distributions,
Pn(t), representing the average probability that a given CO molecule
pn the NaCl(100) surface is in vibrational statat timet after being
irradiated by a 2%J pulse for fus. The results shown are averages of
1000 independent trajectories of the vibrational dynamics in & 16
16 square lattice of¥C*%0 molecules using periodic boundary condi-

Vibrational energy must be redistributing itself within the tons: () short-time vibrational population distributios= 0.2 ms
with (solid line) T = 0 K and (dotted line)l = 22 K; (b) long-time

system, such that some pools disappear while others remain fullyvibrational population distributions,= 7.9 ms with (solid line)l = 0

populated. K and (dotted line)T = 22 K. All times are measured from the
At Zero temperature an energy tranSfeI’ pI’OCGSS Of the typecondusion of the 543 laser pu|se.

CO(n) + CO(0)— CO(h — 1) + CO(1) is energetically uphill
and cannot occur. The simulations that produced Figure 3 weretemperature in the range 0 K T < 22 K, the time-dependent
carried out at 22 K, the temperature of the Chang and Ewing fluorescence experiment on a sample of pta@®O can be
experiments. At 22 K it is still possible for some energetically simulated atT = 0 K using T = 22 K rate constants for
uphill or “backward” vibrational energy hops to take place. The energetically downhill processes and simply not allowing any
rate of backward vibrational energy hops increases for smaller energetically uphill energy flow events to occur. In Figure 8
values of the vibrational quantum numbersince less thermal  we show the simulated time-dependent fluorescence emanating
activation energy is required for the energy hop to occur. In from the3C160/NaCl(100) system after it had been irradiated
contrast, the rate of vibrational energy relaxation decreases forwith a 5us pulse of laser light that delivers 28 of energy at
smaller values of the vibrational quantum numbefor a given T=0KandT =22 K. At T = 22 K the fluorescence intensity
temperature there is a critical point at which it is more likely decays considerably more quickly than it doesTat 0 K.
for the vibrational energy pool to break apart, a single quantum Furthermore, the fluorescence decay at finite temperature is
at a time, via backward vibrational energy transfer with nearly exponential, whereas at zero temperature the decay is
neighboring ground-state CO molecules, than for the molecule highly nonexponential. Both observations are consistent with
to undergo further vibrational relaxation. F&C%0 on NaCl- the argument that at zero temperature vibrational energy pools
(100) at 22 K the rate of backward vibrational energy transfer are completely stable and must decay uniformly to their
exceeds the rate of vibrational relaxation for all vibrational vibrational ground state, but as the molecules begin to relax to
guantum numbers < 9. Thus, if a vibrational energy pool on  lower vibrational states, the rate of vibrational relaxation
a 13C1%0 molecule in a puré3C®0 monolayer on NaCl(100)  becomes slower. Thus, it is completely expected that at zero
relaxes tn = 9, it becomes more likely that it will redistribute  temperature the overall fluorescence decay would be slower than
its quanta to the other pools present in the system than tothe finite temperature fluorescence decay and that the zero
continue to uniformly relax toward its vibrational ground state. temperature fluorescence decay would exhibit nonexponential
At finite temperature most of the energy that is dissipated from behavior because the overall relaxation rate is changing with
the CO monolayer into the NaCl substrate occurs from CO time. At finite temperature the general shape of the vibrational
molecules vibrationally excited abowe= 9. Redistribution of population distribution function remains stationary, and thus,
vibrational quanta allows the maximum in the vibrational there is a single overall vibrational relaxation rate that does not
population distribution to be maintained mt= 10 while the vary with time, which leads to the exponential fluorescence
total number of vibrational energy pools decreases with time. intensity decay observed in the experiment and in our simula-
To further explore the effect of finite temperature we tions.
simulated the time dependent fluorescence experiment of Chang In Figure 9 we contrast the vibrational population distributions
and Ewing as if it had been conducted at zero temperature.obtained for our simulation of the time-dependent fluorescence
Assuming that the rate constants for forward vibrational energy intensity experiment of Chang and EwingTat= 0 K andT =
hops and for vibrational relaxation are relatively insensitive to 22 K. Figure 9a shows vibrational population distributions 0.2
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(a)T=22K vibrational quanta in th& = 22 K simulation have dissipated
leaving just two pools with roughly the same number of quanta
t=0.2ms t=7.9 ms in each as the pools at= 0.2 ms. The = 7.9 ms snapshot of

12
IIU

8

12 the vibrational state of th& = 0 K system is very different in
10 that 17 of the original 19 vibrational energy pools remain, albeit
8 with less vibrational quanta in each.

L6

B IV. Concluding Remarks
2 In this paper we have explored the vibrational dynamics in
0 the CO/NaCl(100) system using kinetic Monte Carlo simulations

B

2

0
with theoretical rate constants for various channels of vibrational
(b)T=0K energy flow as input. We predict a dramatic isotope effect in
=09 mg R . which energy preferentially pools on heavier isotopomers of

CO if a natural abundance sample of CO is optically pumped.

1z Using simple optical pumping to preferentially pool energy onto
1 heavy diatomic isotopomers on a surface could cause these
8 species to be more chemically reactive than their lighter
6 counterparts and form the basis of a method for performing
4 isotopically selective chemistry. Our simulations of the steady-
2 state vibrational population distributions for a CO/NaCl(100)
0 system pumped by a continuous laser source demonstrate that
Figure 10. (a) Two snapshots from a single KMC trajectory showing vibrational energy poqls con.talnlng more and more quanta} can
the vibrational state of thC*0 molecules in the 16 16 simulation be formed by pumping with more intense lasers until a
cellatT =22 K att = 0.2 ms and = 7.9 ms. (b) Two snapshots from  theoretical crossover is reached where vibrational relaxation rates
a single KMC trajectory showing the vibrational state of tig'°0 become faster than vibrational energy pooling rates. This

molecules in the 16« 16 simulation cell aT = 0 K att = 0.2 ms and crossover occurs at = 18 for 12C160. Finally, the effect of
t=7.9ms. temperature on the vibrational dynamics in the CO/NaCl(100)
system was explored with the result that finite temperature
allows for energy redistribution within the monolayer, hastening
vibrational relaxation.

ms from the conclusion of the/s excitation period. Very little
vibrational relaxation occurs on this relatively short time scale,
but vibrational energy pooling is complete. Qualitatively, the
finite temperature distribution function is sharply peaked and
centered ah = 10, whereas the zero temperature distribution
is broad spanning the range2 n < 12. Once again, this
demonstrates the increased stability of vibrational energy pools
at zero temperature. At finite temperature a poolnof 2
vibrational quanta is not stable in the presence of other larger
pools; it will break apart into two single quanta that are free to References and Notes
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