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State-to-state vibrational energy relaxation (VER) rates of the OH-stretch fundamental to select vibrational
modes of liquid methanol are presented. The rates are calculated via a modified, fluctuating+Beltku

(FLT) theory approach, which allow for dynamical vibrational energy level shifts. These rates are then compared
to previously published results from Gulmen and Sibé&rffhys. Chem. 2004 108 2389] for the traditional
Landau-Teller (LT) method as well as results calculated through time-dependent perturbation theory (TD),
which naturally allow for the fluctuation. For the first time, this method is applied to a polyatomic molecular
system, and the FLT theory greatly reduces the discrepancy between the LT and TD results or, at a minimum,
is comparable to the LT approach with very little additional computational cost.

I. Introduction mechanical effects in time correlation functions (TCF). How-
ever, LT theory has been the predominant method to calculate
VER rates. This is due to the simplicity of the implementation
of the method while still possessing a good description of VER
phenomena for a variety of polyatomic molecular systéms.

Nothing is more fundamental to the study of chemistry than
understanding how molecules interact with each other and
learning to manipulate reactions. Both of these topics are
interrogated in vibrational energy relaxation (VER) studies in limitati fthe LT thod is th . t that th
the condensed phase. Since VER rates are affected by théA. imitation of the method 1s he requirement that the
solvent, we are given clues as to the nature of these interaétions, ViPrational energy levels do not vary in time.

Likewise, it is possible to prepare a nonequilibrium distribution ~ While fixed energy levels are a qualitatively good approxima-
of vibrational energy to promote a specific reaction path#ay, tion for a weakly interacting liquid like neat chlorofotfthis
which is limited by the rate of relaxation. approximation is more problematic for strongly interacting

There are several methods by which one can calculate VER hydrogen bonded liquids such as liquid methahot HOD in
rates: instantaneous normal mode théoegntroid molecular ~ D20.1%*2In the case of CHGlthe relaxingy(CH) fundamental
dynamics*5 and Landau Teller (LT) theory®? All of these is red-shifted tens of wavenumbers from the gas-phase value
methods have been successfully utilized in VER studies and with a comparable spectral width, while thgOH) fundamental
each have their advantages. Instantaneous normal mode theorin these hydrogen bonded liquids red-shift hundreds of wave-
is particularly adept at allowing for an investigation of soldte ~ numbers with a breadth to match. This implies the distribution
solvent interactions which aid the relaxation process; centroid of molecular environments the chromophore experiences is quite
molecular dynamics allows for the inclusion of quantum broad, and for HOD/BO the v(OH) frequency shift has a

characteristic 170 fs time scale associated with the movement

* Address correspondence to this author. E-mail: sibert@chem.wisc.edu. of a few molecules and a slower 1.2 ps time scale for collective
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movement? Both of these time scales for frequency shifts are sentially, the method allows one to calculate the rate of
important in VER of HOD/BRO, since they occur on a similar  relaxation between a set of solute vibrational eigenstgifes
0.7—0.9 psT, lifetime 1516 MeOH, by nature of also having an  driven by the interactiolV which evolves under the time
isolatedr(OH) involved in hydrogen bonding, has a similar VER  evolution of the solvent HamiltoniaHy, with eigenstate§a} .
lifetime!” and should have similar frequency fluctuation dynam-  The rate expression for transition
ics.

Energy level separation has been shown to effect the VER _ 2_7T P IV. 25(E —E >
rate of MeOH?3 and HOD/DO'8 via time-dependent perturba- kj = hz% ol Viajsl 0(Eic. = Ejp) @)
tion theory (TD) calculations. Comparison of the LT rates with *
ones obtained through TD, which naturally incorporates the p.ween states and j from Fermi's Golden Rule can be

fluctuations in the energy levels, shows occasional disagreementmanipulated to the more useful, Fourier transformed, spectral
and sometimes complete disagreement. In the case of thedensity equation

relaxation rate of the(OH) fundamental of MeOH to the nearly

degeneraté(OH) 2v(CO) combination band, the LT and TD A 1 oo ot

rates disagree by 3 orders of magnitdéi&he disagreement is Clw) = h_z‘f_“’ dte Wij(t)\/ji(o)@ 3)

due entirely to the dynamical energy level fluctuations, and

guantitative agreement can be realized for the .LT and TD rate whereVj(t) = explHyt/i]V; exp[-iHgtA]. The rate constant

constants l/;/hen the energy levels are held fixed in the TD 5 equal to the spectral density evaluated at the average energy

calculation: o . differencek; = C(wj). Thus, the rate depends on the frequency
Wh|Ie_ the TD method is quite useful, it is a more costly  gifference between the two vibrational stateg and the

calculation because one has to solve the time-dependentnieraciion TCF traced over the bath states. However, this

Schidinger equation. Also the TD method does not lend itself gy ession assumes that the effect of the dynamical solvent

to the use of a quantum correction factor (QCF) to help bridge j,qyced vibrational energy level shifts of the relaxing solute

the difference between the classical and quantum *CF. . Jiecule may be neglected.

Therefore, we will take advantage of the fluctuating Landau To include the change in energy of the vibrational state over

Teller (FLT) method of Bakkéf and apply that to the  ime we follow the prescription of Bakk&rand incorporate

calculation of VER rates of liquid MeOH and show, for the o diagonal interaction term in the energy expressigr= E;

first time, that this method ameliorates the previous discrepan- Es + Viaie. Inclusion of the diagonal interaction term leads
cies between the LT and TD results. In particular, the 3 order 4 the FLT'equation

of magnitude difference between thgH) 2v(CO) combination
band is reduced to less than a factor of 2.

The energy flow pathways and time scales described in our
previous study of the vibrational energy relaxation of the
(OH) fundamentd? are not altered appreciably by the new FLT  Now, the diagonal elements dfare included in the evolution
results presented here. Since that study allowed for a qualita-gperator; however, we no longer have the same evolution
tively good description of the experimental results of Iwaki and gperators acting on the off-diagonal interaction terms.

Dlott,' the focus of this paper is on the significant discrepancies with the use of time-dependent perturbation theory again,
that we found between the LT and TD results for several state- e factor the exponential operator

to-state rates where energy fluctuations were seen to play a

critical role. The purpose of this paper is to show that the theory _—iHy,+vi)vh _ _—iHutk i Y ae JHTRy  —iHt R

of Bakker2° for including the energy fluctuations in LT, is easy € -€ exp I(j:) dr €™ Ve ViR] - (5)

to implement for realistic systems and provides good results.
In the remainder of this article we will explain how the

fluctuations are introduced into the LT calculation and how they

are applied to the OH stretch relaxation of liquid MeOH. Finally,

we will discuss the results of the FLT method.

k“ _ #L/:oow dt eiw”t@(Hb+V”)t/hVij e*i(Hb+Vu)t/h\/ji m (4)

where exg[:-] is the time-ordered exponential. While this result
is formally exact, there is no guarantee of convergence. After
retention of all terms in the expansion series, the rate of
relaxation becomes

Il Method kij _ F%Z f_oom ot ei(uijt@oi fotdt'vii(t')/hvij (t)eo—ifo‘dt'vjj(t')/hvji(O)m (6)
The traditional LT method has been in the literature for over

two decade$,and the FLT of Bakkef? while much younger,  For a simpler notation, we define a modified interaction operator
is also available in the literature. For the sake of brevity in this

paper, we will not rederive the methods; we refer the reader to Vi) =e i.fotdr Vi (') [eiHbtJhV__efiHbt/h]e —ifodtV;(t')/h @

the work of Oxtob§ and Bakke?° for details. The TD and LT ! © I ©

calculations for MeOH relaxation have already been presented,¢q that we can recast the expression in the form of eq 3 where

so the authors refer the reader to Guimen and Sibfat the we replaceV with V'. Time symmetrization of the TCF vyields
molecular specifics of this system.

To begin with, LT theory is based on perturbation theory, . . _ 2 , ,
and the Hamiltonian Y O%O8 = T g g O OL] @
H=H+H,+V ) to give the final FLT equation
is separated into the relaxing solute _vibration_al H_amiltonian, = 2 f,w dt eia)ijt%[viy' ), V. (0)]+u
the solvent bath and slow nuclear motion Hamiltonian, and the % #%(1 + exp(—phay)) V I !

interaction between the solute and solvent, respectively. Es- 9)
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TABLE 1: Time Constants (in ps) Out of the v(OH) State Are Presented for Several Methods: TD, LT without a QCF (LTy),
FLT without a QCF (FLT g), LT with the Harmonic/Schofield QCF (LT ys), FLT with the Standard QCF (FLT g), and FLT with
the Harmonic/Schofield QCF (FLTus)?

state w ™D LTo FLTo LTus FLTs FLTus
1 20(CO) p(CHs) 249.4 9.4 30.3 15.1 17.2 9.8 8.5
2 25(OH) 665.3 13.9 29.8 11.8 7.4 6.1 2.9
3 8(OH) ¥(CO) p(CHs) -98.0 14.9 20.1 15.1 25.4 19.7 19.3
4 5(OH) 20(CHs) ~191.6 38.0 160 46.3 81.3 79.8 74.8
5 5(OH) 2v(CO) —5.6 65.9 0.05 51.8 0.05 525 52.5
6 »(CH) 566.3 156 616 441 184 235 131
7 54(CH) 64(CH) 415.4 425 807 517 323 293 207
total 3.4 8.0 3.8 4.¢ 2.8 1.8

a2 The total VER time constant for these states is compared in the last row. The averagesesemrating the(OH) from the presented state
is in wavenumbers? Without the contribution from staté(OH) 2v(CO).

This expression is still completely quantum mechanical. To 5L TD e
utilize a molecular dynamics simulation, we repldie) with FLTp snanna

its classical analogu€®(w). The time ordered exponential is 4l
replaced with an ordinary exponential, and one finds

o L = g _
d d cL CL § ° é é H
E[Vij ®, Vji(o)]+m = [fcos 6; ()] V; () V;(0) g (10) Y - H = :
whered;(t) = /4 dt[Vi(t') — V;(t))/A is the additional quantity 1Th g g s Do g
needed to perform an FLT calculation. z z
For this work we chose the standard approach of replacing 0

1 2 3 4 5 6 7TOTAL
State

The factor that emerges from the symmetrization is often Figure 1. Comparison of the time constants for the TDoldnd FLT

the time symmetrized quantum TCF with the time symmetrized
classical TCF by assuming that they are approximately equal.

. results for the seven states listed in Table 1, as well as the total time
referred to as the standard quantum correction factor (QCF)'constant, normalized by the TD results. Refer to Table 1 for the state

While there is no exact means by which to replace the quantum gpqis.
TCF with a classical analogue, there are several suggestions

for how to make the switch and many r’?‘é?"’e lground & graphically in Figure 1 where the time constants have been
multiplicative QCFQ(w), whereC(w) ~ Q(w)C*H(w).1° An- normalized by the TD results.

other useful QCF is the Harmonic/Schofield W) = ; e :
SPAGRIL > o ) becavse t vas o 0 by i oL e SO el ot
particu_larly effective for transitions that involve r_nultiph_onon magnitude smaller because ®¢OH) 2(CO) state had a time
relaxa_ltlon%9 T_he most fundamental property associated W|_th any constant of 0.05 ps. Use of the F4nethod has considerably
QCF is that it ensures that the detailed balaigoe: kie s is lengthened the VER time constant of this transition to 51.8 ps
safisfied. and this compares well with the 65.9 ps TD time constant,

Since_ the FLT expression is_almost identical with the _LT especially considering that the b Tesult differed by 3 orders
expression, the former expression is readily calculated with a ¢ magnitude and is so small that it is not able to be seen in

margina] increase of computational effort due.to the evaluation Figure 1. This is consistent with the idea that even though the
of the diagonal elements and storage of the integrals. average separation between the two statesis cnr?, during
the lifetime of the excited vibration these states move out of
resonance and couple less strongly. Thus, the LT method that
Despite the succes$ed® of LT, our goal with this paperis  enforces the constant average energy differeaaverestimates
to demonstrate that the FLT method reliably incorporates the the rate, which can be seen for the .dnd FLT, spectral
effect of dynamical fluctuations, like the TD calculations, and densities for this transition in the ~ O region of Figure 2.
avoids the pitfalls of LT theory. We have chosen to calculate  Another important state in the VER of MeOH i9@H).
the state-to-state VER time constants for several states usingThis state is theoretically found to be the predominant energy
TD, LT, and FLT. To designate the different QCF’s, we shall accepting mode in the HODA systent®1? For strong
employ the convention of Lglfor no QCF, LTs for the standard hydrogen bonds the(OH) red shifts while the & OH) blue
QCF, and LTis for the Harmonic/Schofield QCF. The results shifts18 This decrease of separation between the states results
are presented in Table 1 in ascending order of their TD VER in faster relaxatiod®® lwaki and Dlotl’ confirmed?® via
lifetimes. experiment and TD calculations that the excitation of different
For the purposes of our discussion, since experimental state-subensembles of th€ OH) band lead to qualitatively different
to-state time constants are not available, the TD results will be dynamics; when the red side of the band was excited, more of
our guide for evaluating the methods. The TD method naturally the vibrational energy was transferred to th€QH) state.
includes the dynamical energy fluctuations, and it portrays a The TD and FL results are in good agreement for this state.
qualitatively correct picture of the VER phenomenon being LTy, on the other hand, has a time constant that is more than
investigated3 Since the TD results do not satisfy detailed double the previous results. Though Figure 2 contains the
balance, the natural results to compare to are those of the LT spectral density for théd(OH) 2v(CO) transition, the main
and FLTo. On inspection, the FLaresults agree more closely  features of the difference between thegldnd FLT, method
with the TD results in all cases. These results are presentedhold. Figure 2 shows that not only do you get a suppression of

I1l. Results and Discussion
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Figure 2. The spectral density for th& OH) 2v(CO) state calculated
through the use of LandatTleller (LTo) theory and the fluctuating
Landau-Teller (FLTo) theory are presented in units of the rate constant
(ps™Y) versus frequency difference (CA).

the rate arouna ~ 0, but there is also an enhancement when
|w| > 100 cntl, Bakkef® observed similar differences in test

Gulmen and Sibert

of MeOH are included in the calculation, the total relaxation
time constant from FLJ'is 1.6 ps and that drops to 1.0 ps for
FLTus. These numbers differ from the total relaxation lifetimes
of Table 1 since those values only include contributions from
the select states shown. Both are in good agreement with the
experimental lifetime of approximately 1 p5.

While QCF’s become increasingly important when the VER
dynamics is more quantum mechanical (large transition energy
and low temperature), the effect of fluctuations tends to be
equally important for near resonant energy transfer. This is seen
for the relaxation of the(OH) to thed(OH) 2v(CO) state, since
the LTo time constant was 3 orders of magnitude smaller than
that of the TD or FLb.

The FLT method displays the advantages of both the LT and
TD methods; FLT is able to describe polyatomic relaxation
processes for realistic systems using classical TCF’s that can
be improved upon with QCF’s and the method also allows for
dynamic energy level shifts which play an important role in
the dynamics.

calculations where the fluctuations were modeled as independent Acknowledgment. The authors would like to thank Profes-
Gaussian processes, moreover he was able to modulate thgors James L. Skinner for helpful conversations and James T.
magnitude of the suppression, enhancement, and crossover pointlynes for encouraging us to pursue this study. NSF grant No.

by altering the spectral width and bath correlation time.

In summary, the TD and FlgTmethods yield similar results
for the »(OH) relaxation. The biggest improvement of RLT
over LTy occurs for the)(OH) 2v(CO) mode; the FLFmethod

CHEO0315243 supported this work.
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