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The state-to-state rate of vibrational energy relaxation of the OH-stretch fundamental is investigated via

perturbative methods. The system is separated into an 11 degree of freedom methanol molecule and the
surrounding bath. Notably, the large amplitude torsional motion is considered a bath degree of freedom, and
the 11 small amplitude normal modes are expanded in a Fourier series of the torsional angle. The methanol-
bath coupling is computed through the use of a molecular dynamics simulation, and the results are computed

using Landau Teller and time dependent perturbation theory. Results are compared to the ultrafast pump
probe experiments of L. K. lwaki and D. D. Dloti.[Phys. Chem. 200Q 104, 9101].

I. Introduction solute couplings. Given these couplings, one must then calculate
the vibrational energy levels of the solute and compute the many
solvent correlation functions. As the molecular systems of
interest increase in size and chemical complexity, these tasks
become increasingly challenging.

Vibrational energy relaxation (VER) in liquids is a central
component of reaction dynamiés® The ability of molecules
to redistribute energy into internal degrees of freedom following
reactions or laser excitation is a key component in product )
stabilization. Understanding this relaxation from a molecular N this paper, we apply Landaureller theory to the study

perspective will shed new light on the fluctuating forces a solute _of vibrational relaxation following excitation of the_OH s'_[retch
molecule experiences in its liquid environment. in neat methanol. There are several reasons for this choice. Neat

of methanol and HOD in BD share several features, and hence

information on VER! Studies have ranged from deuterated W& Can expect to build on the results of previous rese#r¢h.
watef 8 and the azide ichto watching energy flow spatially Methanol and water both have broad OH stretch fundamental

along molecular backbond&The role of the density of states ~Pands due to hydrogen bonding. They also have OH bending
and intramolecular couplings have been highlighted by examin- vibrations of apprommatel_y the same energy. The _relaxatlon of
ing VER trends for the iodomethaHend haloform serid3 16 the OH stretch of HOD in BD has been theoretically pre-
as well as by comparing VER following fundamental and dictecf:3*to proceed via excitation of the overtone of the bend,
overtone excitatio? The influence of solvertsolute couplings & {ransition referred to as/w = 3 process as the OH stretch
has been probed by varying solute polarity for iodomethEnes and overtone bend differ by three quanta of excitation. We can

and by varying solute concentrations of hydrogen bonding anticipate that a similar pathway_ will apply_ for methanol_.
species that span monomeric or small clusters in apolar Methanol, however, has a much higher density of states, with

solventd8-22 all the way to neat hydrogen bonding liquids such the result that many states lie within the broad band feature of
as methanof? Detailed comparisons of gas- and liquid-phase the OH fundamental. Thus, MeOH relaxation might be more
VER?425have underlined the sometimes important contribution Similar to that found for CHGl where there is a flow of energy

of intramolecular vibrational relaxation in the gas phase to VER 10 @ nearly degenerate state that involves:a= 4 process?

in liquids. While this is not a comprehensive list, it does indicate ©ONe can anticipate that the situation is even more complicated

In the past few years, experiments have yielded a wealth

the variety of problems being investigated. since the large solvent-induced energy level fluctuations will
On the theoretical side, VER has been studied using centroid!€ad to avoided crossings between the OH fundamental and

dynamic&®27 and instantaneous normal mod@she former background states. Under these circumstances it is unclear

allows one to include quantum effects in the solvetime whether the average energy difference used in LT theory will

correlation functions, and the latter allows insights into solute ~ 18ad to accurate rates. For this reason we also solve the time-
solvent interactions. By far the most prevalent method, however, dependent Schidinger equation (TD) as an alternative approach
for treating realistic systems has been Landaaller theory to calculating rates.

(LT). This is due to its simplicity and success at explaining a  While water is the liquid of life, MeOH is often easier to
variety of VER phenomena in polyatomic molecut&8:3 In investigate because of the fewer number of hydrogen bonds per
this theory, which is based on linear response theory, populationmolecule and the fact that the methyl group in MeOH allows it
is transferred between the quantum mechanical energy levelsto be dissolved in a wider variety of apolar solvents. This has
of a solute molecule due to the time-dependent perturbationsled to a variety of experimental studies. Dilute MeOH in €Cl
between the solute and the classical solvent. The challenge inexperiment®-3¢shows that VER is intimately related to hydro-
applying this theory is that one needs accurate descriptions ofgen bond dynamics. Not only i§OH) vibrational excitation

the intermolecular solutesolvent couplings and intramolecular  able to disrupt hydrogen bond networks, but also the relaxa-
tion time scale for monomeric MeOH is a factor of nihand
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neat liquid MeOH which appears to be about one picosedbnd. TABLE 1: Comparison of Theoretical and Experimental

Even in the neat liquid, Iwaki and Dlott have shown that by Vibrational Energies (in cm™) for Methanol®

tuning the IR-pump laser they can excite subsets of molecules gas phase liquid phase

w_|th different environments as revealed by the remarkably g te motion harmonic  2nd expt. 2nd  adjusted expt.

different VER associated with the IR-pump frequeRgy. . woH 38838 36863 30853 35354 34001 3400
We find that the relaxation time constants are 2.7 and 3.1 ps 21 5§(CH)) 3014.1 28318 2838.6 28331 2833.8 2834

for LT and TD, respectively. Inclusion of a quantum correction 3, §(CH) 1489.9 1453.0 1453.3 1468.4 1468.3 1466

factor in the LT result reduces the lifetime to 1.6 ps. Despite 4, o(OH) 1367.9 1349.2 1320.6 1379.8 1381.7 1381

the similarity of results, there are notable differences at the level 5 »(CO)  1068.3 1036.0 1028.4 10529 1033.9 1034

of state-to-state relaxation dynamics. These differences are due 6: ga((g:)) iécl’g-g ii%‘-g iigz-g fgg‘;-i igg‘?‘-g igj‘ll

_i i 1 al . . . . .

to the solvent-induced energy level fluctuations of the solute 0a(CHs) 11145 1082.6 1073.2 1115.6 11159 1117

molecule. Our results are slower than the experimentally g v(CH) 3092.2 2958.6 2955.1 29755 2975.4

observed ©-1 ps time constari€ but strongly interacting solutes 10, 0CH) 1514.2 1474.7 1473.9 1486.6 1486.6

have consistently been slower in calculatiéh%!We find that 11; pa(CHg) 1187.0 1160.9 11505 11725 1172.4

relaxation of the OH fundamental occurs mainly throqgh the aTheoretical energies are calculated with second-order perturbation

OH bend overtone; however, near degenerate combination stategneory.> From ref 61,vy; ref 62, ve, v2, andwve; ref 63, vy; ref 64, vs

contribute significantly to the relaxation with the result that all andw.; ref 65, v4; refs 66 and 67ys, vs, andvis. ¢ From ref 23.

modes are excited in the initial onset of relaxation as is found

© o N
=

experimentally?? In the TD approach, laser excitation is included (a) e ¥ 5(CH) 1531 cm”  @8(OH) 1382 cm ™
to prepare the_ initial state SO f[r_]at one can gvo_id any approxima- m 5 (CH) 1466 cm? A P(CH,) 1117 cm’
tions made with regard to initial state excitation. We are also - ) X v(CO) 1034 cm!
able to selectively excite subsets of states by tuning the g OV (CH) 2944 cm
frequency of the excitation laser. We find an enhancement of £ Ov(CH) 2834 cm’
the bend population for the red-shifted laser excitation that is é
consistent with that found experimentatfy. g V(OH) pump

A shortcoming of the present work is that it will not correctly 2 (3250 em’)
treat vibrational relaxation that leads directly to breaking of the 5
hydrogen bond. This relaxation mechanism for the OH stretch
in HOD/D,O has been theoretically investigated using simple
models that treat the hydrogen bonding mode quantum me- 0 5 10 15 20
chanically3” The results suggésthat this mechanism may be delay time (ps)
operative for HOD/RO. Experimental results suggest that this
pathway for relaxation is not relevant for OH relaxation in neat (b) v 5(CH) 1531 cm” @ 3(OH) 1381 cm’!
methanoPk? m 5(CH) 1466cm™ A p(CH,) 1117 cm’

The paper is laid out as follows. We begin by providing ' X V(CO) 1034 cm
background material for the methanol system and describe the % © V,(CH) 2944 cm
methods that are used in this work. These methods include the e o v(CH) 2834 cm
isolated molecule quantum calculation, the molecular dynamics §
simulation, and outlines of the Landaireller theory and time- a -
dependent theory. Having presented the models we then present 3
and discuss the results. %

- 'V(OH) pump

II. Background ‘(34000m'1)

To understand energy flow in MeOH we begin with a review 0 3 10 15 20

of the nature of the vibrations themselves. The gas- and liquid- delay time (ps)
phase vibrational frequencies of MeOH are compared in Table Figure 1. Population in the spectrally distinct normal modes as a
1. The 11 small amplitude vibrations include 5 stretches, 4 function of time following excitation of the OH fundamental. Results
bends, and 2 rocking modes. The symhol§, andp distinguish are those of Iwaki and Dlott (a) Corresponds to 3250 cr‘nexcitation_;
these respective motions. Although the symmetry of the (b) corresponds to 3400 crhexcitation. See text for further details.
vibrations is defined with respect ©; symmetry with ars or transitions and simultaneous signal from overtones, combination
a subscript, the numbering is not. The most noticeable changebands, and fundamentals, each of which has a different
between the gas- and liquid-phase is thatit{@H) shifts from frequency due to anharmonicities.
a sharp peak at 3686 crhto a several hundred wavenumber The results of Figure 1 are for IR-pump frequencies (top)
broad peak around 3400 cf this being a typical signature of 3250 and (bottom) 3400 cr, respectively. The OH relaxation
hydrogen bonding. (not shown) occurs within one picosecond for both measure-
Iwaki and Dlott investigated VER pathwayand time scales  ments, this being near the temporal detection limit. There are
in neat MeOH via an IR pump/Raman probe experiment. The two key similarities between these two figures. First, all
experiment monitors population in all the molecular vibrations, vibrational modes exhibit excitation within 1 ps. This is in
since they are all Raman active. The results in Figure 1 arise contrast to excitation of the(CH)’s at 2870 and particularly at
from pumping thev(OH) with a mid-IR pulse and probing the 2970 cnt1.23 In those cases, there was no initial buildup of
anti-Stokes Raman signal with a 532 nm laser. Both laser pulsespopulation in the lower energy(CHsz) andv(CO) modes, and
have a duration of approximately 0.8 ps. It should be noted most of the energy was deposited idt(OH). Second, thé-
that it is nontrivial to obtain the relative populations from the (OH) vibration has the largest relative population, while the
anti-stokes intensity; there is both overlap of the vibrational (CH)'s have the smallest relative population. The central
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4000 . In contrast toAv = 3, there is no gap in thAv = 4 states
3500 L % at energies near 3400. As one progresses up this stack of states,
= one proceeds from states that have three quanta of excitation
3000 [ I in the CO stretch and rocking modes to states that have two
s 2500 L | guanta of excitation in these modes and one quanta of excitation

in an OH or CH bend. At the higher energies there are states
with one quantum in either the CO stretch and rocking modes
and two quanta in the bending modes. Any transition between
these states only requires a small amount of energy transfer to
or from the low-frequency bath states, thus we anticipate that
these states may have an important role in the relaxation
pathway.

The experimer suggests that all of the above processes are
occurring to some extent, since all the modes light up at short
times. They also suggest that the = 2 is least likely. In the
following sections, we calculate the eigenstates, that correspond
to the eigenvalues shown in Figure 2, and then calculate the
rate of flow into these states by determining the time-dependent
solute/solvent coupling between them.

2000
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Figure 2. Schematic of vibrational energy levels organized Aw;,
the total difference in vibrational quanta between a given state and the
OH fundamental.

difference between the two figures is tldgOH) is more readily
excited with the lower frequency pump laser.

The goal of this paper is to elucidate the above findings using
a combination of LT and TD theories. Our study focuses on
the initial stage of vibrational relaxation, as this is where the
perturbation theory treatments are amenable. Moreover, in the
early stage of transfer, vibrational energy transfer to other
molecules (VET) is an exceedingly small component of the
dynamics. Iwaki and Dlott examined this with the same pump/
probe setup, but this time using a solution of 75% MeOH and
25% CC} and monitoring three vibrational modes of GCI
Regardless of pump frequency or mode monitored, full ,CCI
buildup happened within 20 ps with no initial burst of buildup
at time zero. This results suggests that the initial dynamics are

lll. Landau —Teller and Time-Dependent Approaches

Landau-Teller theory is a perturbation theory based on linear
responsé:3° It allows one to use equilibrium dynamics to
describe a nonequilibrium system based on correlation functions
and their spectral Fourier transforms. To obtain the LT rate,
one computes the rate constant as the Fourier transform of the
interaction autocorrelation function at the frequency difference
of the states of interest, thus

almost entirely intramolecul&?. This is consistent with the T Clom)

theoretical model of Sta#®who examined near resonant transfer K = Q(wmn)—hz 1)
of OH excitation among methanol molecules. The relaxation

rate out of the OH stretch was found to be significantly slower where

than the observed rate. As the model contains only a single

degree of freedom per molecule, the OH stretch, Staib concluded Clw) = f:o dt e“‘"twmn(t) V,(0)0 2)

that the near resonant transfer to overtones and combination

bands must be decisive. Here Vin, = [|V|nOis the bath-dependent coupling obtained
To introduce the ideas of VER out ®{OH), and to show by integrating the solute/bath coupling over the solute degrees

which particular overtones and combination bands are likely to of freedom wherdmOand |[nCare the initial and final solute

be important we show Figure 2 in which vibrational energies eigenstates, respectively. The average energy difference between

of liquid MeOH are plotted versus the change in vibrational these states i5mn, andQ(wmn) is the quantum correction factor

guantum number from the(OH), at 3400 cm?, to the other
vibrational eigenstates of the small amplitude motions between
1000 and 4000 cr.

In this window, the Av = 2 processes correspond to
transitions to the other 10 fundamentals. If the intermolecular

(QCF) evaluated abmp.

Implementation of the theory requires that we partition the
Hamiltonian into its various components, find the quantum
eigenstatesn(Dof the vibrational Hamiltonian, and carry out the
MD simulation for the bath.

couplings to these modes were the same, then one would expect A. Partitioning the Hamiltonian. As in previous vibrational

thev(CH)’s to be the most important states, since these modes
have the highest frequency. However, in a ball and spring picture
the v(OH) and thev(CH)’s are indirectly coupled through the
1(CO), and so one can anticipate small couplings.

Figure 2 shows that there are no near resonant states with
Av = 3. In fact theAv = 2 CH fundamentals are more nearly
resonant. There is a window almost 1000 ¢énwide centered
around the excitation frequency of the OH stretch. Below 3400
cm™1, the transitions to the overtones and combinations of CH
and OH bends have the smallest energy mismatch. Of thes
states, we anticipate that the overtone in the OH bend is likely
to be most important, based on the HOD results of Rey and
Hynes! and Lawrence and Skinnét.The states above 3400
cm! include combination bands with one quantum of CH
stretch and one quantum of a rocking mode or CO stretch.

Transitions to these states are unlikely, as they require the bath

to supply about RT of energy.

relaxation studies that have used Landadeller theory, the
system is comprised of a solute molecule interacting with a bath
of solvent molecules. As such, the Hamiltonian must be
expressed as a sum of three contributions
H=H,+H,+V 3)

describing the solute MeOH vibrational Hamiltonian, the bath
Hamiltonian, and the interactions between them, respectively.
In this section we describe how we implement this division.

e will consider the kinetic and potential contributions in order.

To express the kinetic contribution to the Hamiltonian in the
form of eq 3, we begin with a kinetic energy operator describing
N MeOH molecules

N
T= TTmOI
i

(4)
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Here Tm is the kinetic energy contribution in Cartesian has essentially no effect on the initial rate, this is due to a

coordinates for each molecule. These operators can be writtenfortuitous cancellation of potentialCoriolis and Coriolis-

in the form Coriolis coupling terms each of which contributes almost 30%

_ to the lifetime of the OH stretch in HOD relaxation. Since this
Tl = b 4 otter 4 (5) coupling scales with the components of the inverse moment of
inertia of the molecule roughly perpendicular to the HOD plane

following relatively standard treatments in which the atomic in water or COH plane in MeOH,we have neglected the coupling

positions are reexpressed as functions of the normal, torsional,here.

rotational, and translational coordinates. With the exception of ~ To express the potential in a form analogous to that of eq 3,

certain Coriolis and centrifugal coupling terms, this separation i-€.,

is exact. We further assume that intermolecular vibratienal

vibrational energy transfer is not important. With this ap- U=Us+ UtV (8)
proximation, we can choose to focus on e molecule by

neglecting the vibrational kinetic energy of the remainihg- we begin by writingU as a sum of two contributions

1 MeOH molecules by setting the vibrational kinetic energy

equal to zero. Ux) = U™(Q.1) + W(b,Q,7) 9)

To write the kinetic energy in the form of eq 5, we take as
our starting point the kinetic energy contribution to MeOH \yhereQ are the normal coordinates of tjte molecule, and
rotation—vibration—torsion Hamiltoniarf%-42 For theith mol- is the torsional variable. With the specia| role th-aMayS in
ecule, it takes the form the molecular potential energy, we are explicitly noting it in
the form of the potential even though it will always be
T{ﬂol = 1‘(JT — (I — ) + 1 PP+ T (6) considered a bath degree of freedom. As such, we could have
2 2 includedz in the vectorb. For the present StudijmO'(Q,r) is
chosen to be the gas-phase molecular MeOH potential. The
remaining term\W includes all other interactions.
The vibration-torsion potential is expressed as

Here angular momentum operatodsand 7 have a fourth
element, the momentum conjugate to The i subscript is
omitted on the momentum terms to simplify notation. We
neglect both the Coriolis and centrifugal terms by setiihgr

mol _ 110 3c 3s o
= 0 andu = ue, respectively. With these approximations, eq 6 Uj (Qr) =U"+U%cos(3) +Usin(3)  (10)

becomes . . - .
where the Fourier expansion coefficients are functions of the
mol _ L 1 1+ 1.1 " normal coordinates. In contrast to the usual approach where the
T =5PPHomugm +5 ud + T, @) normal coordinates are defined by diagonalizingf@matrix

at each value of the torsional coordinate and where the

Here the first two contributions constitufé® and are included  instantaneous equilibrium configuration is a functionrpive
in Hs for i =j. While the latter two constitut&* " + T." and diagonalize thé&=G matrix whereF is the torsionally averaged
are included inHy. With this division, our solute Hamiltonian ~ force constant matrix defined with respect to an equilibrium
contains the kinetic energy due to the small amplitude vibrations configuration that reflects the 3-fold symmetry of the molecule.
of a single MeOH molecule, while the kinetic energy due to While this separation increases vibratiatorsion coupling, it
the torsions, rotations, and translations of all the molecules arehas several advantages. In implementing LT theory, it is
included in the bath Hamiltonian. necessary to calculate the forces along the normal modes. To

In this separation, the torsional motion is included in the bath. do so requires that one transforms from space-fixed forces to
We expect that the motion of the torsion is more strongly body-fixed forces and finally to normal modes. This second
coupled to the surrounding molecules than it is to the vibrations transformation is a function of the torsional coordinate, since

of the same molecule. Moreover, in LT theory the bath degrees our displacement coordinates are defined with respect to a body-
of freedom are treated classically, and since the torsion fixed frame that depends on the torsional coordinate as well as

frequency is low, a classical treatment is reasonable. the three Euler angles. The torsional dependence of the second
We have made two approximations in the derivation of the transformation is relatively simple if we assume a torsionally
kinetic energy. First, the vibrational kinetic energy of thie- averaged force constant matrix. The advantage of using torsion-

1 bath MeOH molecules is set to zero. This is equivalent to ally averaged bond lengths and angles is that the rotation
ignoring intermolecular vibrationvibration transitions in the  torsion motion included in the molecular dynamics simulation
early stage of the relaxation. Previous studies that have is that of a rigid-twister where bond lengths and angles do not
Compared rates with and without this approximation find that have to be readjusted at each value of the torsional coordinate.
it is generally valic®43 Moreover, as discussed above, lwaki The gas-phase contribution to the potential is written as
and Dlott see no heating of the bath on the time scale of the
initial relaxation out of the OH stretch. The second reason Ujm°'(Q,r) =U%+ U¥ cos(3) +
for making this approximation is computational. Since the bath 3 3 3 o
consists ofN molecules each with rotational, torsional, and [U™ - Uec]cos(Sc)+ U™ sin(3r), (11)
translational degrees of freedom, any one molecule serves . . .
equally well as the solute molecule. As such, in an MD v_vhere the SUbSC”@ d_enotes evaluation of the Founer_ coef-
simulation we can follow all molecules at the same time and f|C|ent_ at the equilibrium value of the normal coordinates.
average rather than following a single trajectory for a long C°MPining egs 9 and 11, we can now wriieas a sum of
time. three contributions. They are

The second approximation is neglecting Coriolis coupling. , 0
Lawrence and Skinn&rhave shown that while Coriolis coupling Us=U
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U, = Ugc cos(3) + W(b,Q = 0,7) TABLE 2: MeOH Structure Parameters in A and Degrees
I'oH 0.9557
V' = [U¥ — U¥cos(&) + U*sin(3) + feo 133@8
CH .
[W(b,Q,7) — W(b,Q =0, 7)] (12) OCOH 109.7
[OHCO 109.0

With this partitioningUy is the torsionally averaged isolated

molecule potentialJ, describes all potential interactions when  of the states relevant to relaxation out of the OH stretch can be
the molecules are constrained to their equilibrium configurations, converged with a basis of just 364 functions.

and the cou_pling/' includes all remainin_g terms. The no_rmal To calculate the gas-phase and liquid-phase energies, the
mode functional dependence of the interaction tevinis potentialsU, and Us of eq 13 are used, respectively, with the
obtained by expanding it in a Taylor series to seconrd order. exception that the gas-phase potential includes the second two
With the above partitioning there is no constant ternVin terms in eq 10 averaged over the gas-phase ground-state
This partitioning can be refined by averagiy of eq 12 torsional wave function.
over the bath coordinates to obt&il] This term contains linear C. MD Simulation. The classical dynamics were computed
and quadratic terms in the normal coordinates. Adding and ysing a MD simulation. The classical equations of motion are
subtractinglV'Cifrom Us' and V', respectively, gives propagated in time; if long enough trajectories are performed,
U,=U.+ VD the appropriate phase space should be sampled. In the current

MD simulation, 108 MeOH molecules were placed in a
V=V — V' (13) simulation box at 300 K and at the appropriate density of 0.79
g/cm. The bond lengths and angles were held fixed via the

thus giving us the partitioning of eq 8. Here the solute potential SHAKE algorithm?* while the torsional motion was allowed

includes the gas-phase potential plus additional terms due tot0 €volve in time according to a hindered 3-fold rotational
the average forces acting on the molecule in the ||qu|d barrier. Ewald perIOdIC conditioAswere used to Compute the

environment. electrostatic forces. The geometric parameters for the MeOH,

B. Vibrational Calculation. The solution of the vibrational ~ ©Obtained from the equilibrium geometry of the torsionally
Hamiltonian closely follows that used in a recent gas-phase studyaveraged= matrix, are given in Table 2.
of MeOH by Castillo and Sibeft In both studies, Van Vleck The intermolecular potential is comprised of a Lennard-Jones
perturbation theory is used to find a representation with reducedand electrostatic point charges, which reasonably reproduce the
coupling among the vibrational degrees of freedom. Although MeOH radial distribution functions. The potential is that of
the gas-phase study used curvilinear normal coordinates andvang et al’ and is in fairly close agreement with the AMBER
this study uses rectilinear normal coordinates defined with potential for MeOH.
respect to body-fixed frame that depends on the instantaneous The time step for propagation via the velocity Verlet
torsional coordinate, the implementation of Van Vleck perturba- algorithm was 0.2 fs with terms in the interaction calculated
tion theory is essentially identical. The potential is the same to every 2 fs. After equilibration for 200 ps, a 200 ps production
the order at which the perturbation theory is carried out. Since run was performed. A subsequent reequilibration and production
Van Vleck perturbation theory changes the vibrational repre- run was performed to check the stability of the results. The
sentation, it is necessary to transform accordingly the solute largest difference of a state-to-state rate calculated via Landau
contribution to the solutesolvent couplingV of eq 3. This Teller theory between the first run and the average of the two
transformation is straightforward and follows the approach used runs was 0.0053 ps for state 511;. The first derivatives were
by Sibert and Rey? calculated analytically via a rotation from the lab-fixed simula-
At each stage in Van Vleck perturbation theory, one has the tion frame to the molecular fixed frame. The second derivatives
option of whether to transform away a specific coupling term. were calculated via numerical differentiation of the first deriva-
Following Castillo and Sibeft we base this decision by stating  tives. The numerical derivatives were found to be stable over a
that our final Hamiltonian is defined by two polyad quantum relatively wide range of displacements.
numbers Due to the finite time of the simulation run there are noise
issues that include minor fluctuations in the long-time tails of
N, = ZM” n, the time correlation functions (TCF's). To reduce this noise and
] the associated noise in the Fourier Transform (FFT), we multiply

. I . i ) the TCF with a Gaussian to ensure that its tail smoothly
wheren; is the vibrational quanta in mogedefined in Table 1 55r6aches zero at long times. Minor fluctuations still remain

and where in the FFT, so to extract a rate at a frequengy, we average
6632263 5 FFT points in a 5 cnt* window around this frequency. One
M 2(6 633363 3 (14) additional manipulation of the data is performed for the

transitions that are larger than 1200 dmwith the interactions

If a coupling term couples two states with either the same value calculated every 2 fs, the high frequency tail in the spectral
of N1 or Np, then that coupling isiot transformed away. The  density behaves incorrectly past approximately 1500%cifio
constants inM are chosen so that our final Hamiltonian has calculate rates at transition energies larger than this, the high-
direct couplings to the important states in Figure 2 corresponding frequency tail is fit to a single exponential between 1200 and
to Av = 2, 3, and 4. The form of the Hamiltonian used in the 1500 cnt2. Since there is no fast vibrational motion in the MD
gas-phase studyis slightly different. There calculations were simulation, we expect the spectral density to approach zero
carried out to fourth order, whereas here we obtain results atrapidly, and the exponential fit provides a good description of
second order. We use second order since less accuracy is needdtie data over the frequency window mentioned.

in the liquid-phase work. Although the Hamiltonian is not block- D. Quantum Correction Factors. With the use of a quantum
diagonal, the representation is good enough that the eigenvaluesime correlation function, detailed balance is satisfied. However,
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with the use of a classical TCF, that is not the case and the 100 ¢ | | | 3
. oSl . . . i HOD/D,0 —— ]
expectation that excitation is energetically unfavorable is not = 10E MeOH - - - 4
upheld. Thus, various quantum correction factors (QCF’s) have A - 1
been utilized to bridge the gap between the quantum and %
classical regimes. While several QCF’s have been shown to be 3
exact for certain model problems, in general there is no QCF rey F
that works for all cases. We utilize the Harmonic/Schoenfeld 0.001 L ' ' ! !
QCF 0 200 400 600 800 1000
w (em™1)
Q) = ghhol4 pho \12 (15) Figure 3. Comparison ofc(w)/h2 [cf. eq 2] for relaxation from the
1 — g Fho OH fundamental to the OH bend overtone for HOBZDand methanol

as a function of energy separation. The former data is from Lawrence

because it works well for multiphoton processes and has been@nd Skinne?? The circles correspond to the separations used by
successfully used in previous wotkWhile the effect of the ~ that study and in the current work.

QCF can be rather dramatic for processes that involve large
changes in energy, with the number of states within a couple
hundred wavenumbers one might expect that if those states
dominate the relaxation pathway that the effect and choice of a
QCF might make little difference in the overall rate.

E. Time-Dependent Perturbation Theory. We follow the This section is subdivided as follows. We begin by presenting
approach of Sibert and R&and solve the time-dependent the vibrational energies as calculated using the methods
Schralinger equatiods + V of eq 3. The bath contribution to  described above. The vibrational energies are compared to
V is treated as a time-dependent contribution. This approachexperiment. We then present state-to-state rates calculated via
does not allow for the classical bath to respond to changes inLT theory and subsequently via TD theory. The TD results are
the solute, and as such is more approximate than the mean fieldcompared to the LT results, and the key differences are
approach used by Terashima et*ato describe population  highlighted. Finally, both LT and TD results are compared to
relaxation of CNr® in an aqueous solution. In both approaches, experiment.
one calculates single molecule population transfer between A. Vibrational Energies. In Table 1, we list both the
various states and then ensemble averages many single moleculearmonic and fundamental frequencies obtained from the
results in order to compare to experiment or LT results. perturbative calculations. The resulting calculated gas-phase

An advantage of the TD approach is that it allows one to energies qualitatively agree with experiment, although one
include the solvent-induced frequency shifts. When the results calculated energy differs by 30 cth This agreement is
for chloroform were ensemble average, the average relaxationsatisfactory considering that the gas-phase potential is ab initio
for the CH stretch was found to be in close agreement with LT and is torsionally averaged assuming the torsion is in its ground
theory33 There, however, the solvent-induced frequency shifts state.

wherec is the speed of light and the parametgysT, E,, and
w_ define the laser pulse.

IV. Results and Discussion

were relatively small. Here, this is not the case. The liquid-phase results show greater disparities with experi-
In its matrix form, the TD equation takes the form ment, particularly for the OH bond where the hydrogen bonding
} leads to a significant red shift in the liquid. Our solvent averaged

iht =[Hs+ V]c (16) potentialUs of eq 13 predicts a shift of 101 crhcompared to

) _ o o the actual shift of 238 cni. This is an indication that the
Sibert and Re$# assumed unit probability in the initially  average solvent forces along the OH stretch coordinate in the
prepared vibrational state. This approach cannot explain thepmp simulation are weaker than those of the true liquid.
enhancement of the bend population upon red shift of the T pring our results into better agreement with experiment,
excitation pulse. In general, if the energy fluctuations are slow \ye decreased the harmonic frequencies oft@H) andv-
enough, this opens up the possibility of observing frequency- (cO) modes by 173.5 and 20.0 cirespectively. The/(CO)
dependent rates of VER.Lawrence and Skinngrdeveloped  frequency was also adjusted because of its important contribu-
a theory for frequency-dependent rates based on calculating rategon to the relaxation. The resulting energies are shown in Table
for specific sub-ensembles of molecules identified by an energy 1. The agreement is now good with the exception of dge
mismatch. The frequency-dependent rates were calculated usingcH) fundamental, which is still about 50 cthtoo low in
time-dependent methods assuming static values of this mis-energy. As will be shown, this state is not as important a

match. vibration in the relaxation pathway, and hence it has not been
We have not used that approach here as the effects of theagjusted.

fluctuations can be expected to be more acute for MeOH than B | andau—Teller Rates. Landau Teller rates depend on
they are for HOD. For the nearly degenerate = 4 states of  the spectral density. In Figure 3, we present the spectral density
MeOH, the relative size of the fluctuations compared to the fgor the transition from the/(OH) to the 5(OH) overtone for
average separation is much greater than that found in HOD. qyr methanol system and for the HORMsystem of Lawrence
For this reason, we include the frequency fluctuations dynami- gnd Skinne? There are features that are common in both
cally by including the diagonal contributions to eq 16 and by \yorks. There is a low-frequency bump200 cnt! which
incorporating an excitation laser pulse in the TD calculation. roughly corresponds to a hydrogen bond stretch. Since MeOH
The laser excitation is explicitly included by assuming that s heavier, this motion is lower in energy. There is a second
population is initially in the ground state, the dipole moment pymp, which is not quite as noticeable for HOD on this scale,
operator is linear ifQ; the normal coordinate of the OH stretch, zround 600 cm® which corresponds to an OH librational
and the time dependence of the laser field is given by motion. For MeOH, the bump is slightly blue-shifted and also
P corresponds to librational motion. This motion is more correctly
E(t) = E, exp[(t — t,)/T"]cos(2rcw,t) (7) described has hydrogen-bond constrained libration about the CO
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TABLE 3: Landau-Teller Results both with and without the the OH fundamental and states with eithebX; or 495,X;,
Quantum Correction Factor for States with Lifetimes z¢'s whereX is any of the low-frequency modes.

less than 500 ps (States are listed in order of decreasingmn, : . .
the energy difference (in cn?) between the OH-stretch The fa§t rate to the;8, state is an artlf_act of using an average
fundamental at 3400 cnt! and the state in question.) energy difference between two states in calculating the LT rate.

In reality, there are large energy fluctuations as functions of

no QCF with QCF time. We shall see in the next subsection that the time-dependent

state omn  ratelps’  tJ/ps  rate/ps'  z/ps approach allows us to include these fluctuations in a natural
5 1347.8  0.0049 202.94  0.0622 16.09 way, and that the fluctuations essentially unmix the states. As
4,5, 999.3  0.0077 130.52  0.0552 18.13  such, we will not attempt to “patch up” LT theory by decoupling
4, 6653  0.0336  29.78  0.1348 742 the mixed states. Instead we simply report lifetimes with and
gﬁ% 222'3 8'8822 i;gi 8-8112 gg-gé without inclusion of the 4, state in the total transition rate.
61 3956 00039 25375 00094 10630 The resulting time without this state is 2.72 ps, which is slower
5, 3451 00093 106.96 0.0201  49.70 than observed in the ID experiment, but not unreasonable
5,8 2495 0.0330 3027 0.0581 17.21  considering the many approximations that have been made along
511 191.6 0.0447 22.40 0.0693 14.44  the way.
5:8; 153.6  0.0027 37558 0.0038  263.45 In the final two columns of Table 3, we include the Harmonic/
8 56.8  0.0094 106.61  0.0107 9326  gchoenfeld QCF. This quantum correction factor increases the
51l 403 00036 279.08  0.0039  253.72 56 14 states with energies below 3400érand decreases the
811 —-4.9 0.0023 434.80 0.0023 439.94 . . .
4,5, 55 208014 0.05 205286 005 rate to states with energies above 3400 &rVe see that with
8,11, —60.4 0.0021 46547 00019 53836 the QCF thed(OH) overtone rate increases by a factor of 4 to
4,58, —97.9 0.0498 20.06 0.0393 25.45 become the dominate state in the relaxation manifold. This
3.5 —108.1  0.0288 34.68 0.0222 45.11  assumes that we continue to neglect tf® 4tate. The increase
5271 —130.4  0.0150  66.74  0.0109 91.76  for the 4 state contrasts to the corresponding overall rate
510, —133.7 00197 5064 00142 70.20  jncrease of a modest factor of 1.6. Evidently, the competing
2121111 :igi'g 8'8323 12%‘22 8'8323 223;'112 flow of probability to nearly degenerate states with smaller

102 . . . . . .

4,5, -3390 00117 8564 00049 20242 correction factors tempers the overall effect of the QCF.
345, —454.2 0.0107 93.35 0.0033 302.40 C. Time-Dependent RateslIn this subsection, we compare
2151 —475.7 0.0050 200.31 0.0015 689.00 Landau-Teller and time-dependent results for the OH relax-
45,10, —484.0 0.0056 176.99 0.0016 623.04 ation. Sibert and Réycarried out a similar comparison for CH
457 —4843 00034 291.47 0.0010 1026.92  relaxation of chloroform and found that the ensemble averaged
listed 21.1473 0.05 21.1018 0.05 time-dependent results were statistically equivalent to the LT
total 21.1691 0.05 21.1623 0.05 results. Lawrence and Skindémade similar comparisons for
listed w/o 45, 0.3459 2.89 0.5732 1.74  the OH relaxation in HOD and also found little difference in
total w/o 45, 0.3677 2.72  0.6337 158  the OH relaxation rate, although differences were found for other

transitions with faster LT rates.
bond®2 One can see that for most of the frequency range, the  We are motivated to pursue a similar comparison here, since
HOD rate is faster. There is a minor difference between the Figure 2 suggests and Table 3 predicts that there are near
methods used to calculate the two spectra, our spectrum wagesonant states, i.e., states with small valueswgf, that
calculated with the Fast Fourier Transform algoritfimyhile contribute to the relaxation. This separation, which is the average
the HOD spectrum was computed using the Wiener-Khintchine separation, is comparable to the size of the instantaneous energy
theorem with Hanning window?>* The resulting HOD spec-  level fluctuations
trum has slightly less noise than the MeOH spectrum.

We calculated transition rates out of th@H) eigenstate to Aw = ot Awg (18)
all eigenstates under 4000 cin In Table 3, we report only
state-to-state rates that have time constagisless than 500  where Aws is the contribution relative to the average. The
ps without a QCF. There are two obvious features of this table. subscripts m and n are omitted, since it is clear to which states
First, there is only onév = 2 and sixAv = 3 transitions; the we refer. The size ohws changes significantly as the OH forms
remaining are 1Ay = 4 transitions. Second, thg5} state, and breaks hydrogen bonds. These fluctuations are not included
which is nearly resonant in energy with th@H) at 3400 crm? in LT theory.
has a rate 3 orders of magnitude faster than any other rate. These fluctuations are calculated via

We have previously commented on the expected order of state
coupling to the various tiers in MeOH, so it is a little surprising Awg = [nV/hejm— m[V/hc|nl] (19)
that the relaxation pathway is dominated by the = 4 tier,
not only in quantity but also in magnitude. In fact the only state Here m and n are the initial and final states, respectively, and
with bothAv < 4 andr. < 100 ps is the 4state, this being the  V is the solvent-bath coupling of eq 13.
dominant acceptor state in HOD/D.31:34Within the Av = 4 We begin by considering a 3-state model that includes the
tier, there are many states that contribute to the OH decay. Weground state, the ;10H fundamental, and the,40H bend
can rationalize some of the trends by recognizing that tbe 4  overtone. Figure 4 shows that the time-dependent results are
state plays a special role. Relaxation to this state is orders ofabout a factor of 2 faster than the corresponding LT results
magnitude faster than any other state due a combination of weakwithout the quantum correction factor. There are several possible
coupling and its near degeneracy with the OH fundamental. This reasons for this difference, one of them being the instantaneous
degeneracy causes the OH fundamental to have sgbpeeto- fluctuations of the energy levels. To verify that these fluctuations
order character via state mixing. This mixing leads to the lead to the faster rates, we recalculated the time-dependent rates,
secondary effect of stronger than expected coupling betweenreducing by a factor of 15 the magnitudes of those terms that



2396 J. Phys. Chem. A, Vol. 108, No. 13, 2004 Gulmen and Sibert

T T T 7 T T T T T T T
f\ 1.6 S | | ]
0.08 " \\ 4 14+ 0.08 ; - 4
| \ 7 121 0.04 | 14
e ] CUF NG Enceuy
| \ 0 S 08| J_ KRS
0.04 ’ \ e® . ~ |
| L 4 0.6 |- -0.04 (|, , . e
ooz} | | e 1 04 L I 240 -120 0 120 |
V/ o i |
j _/-\O O 0.2
0 1 1 1
0 0.5 1.0 15 0 | = | ) | ==
tps) 4400 -300 -200 -100 0 100 200
Figure 4. Relaxation results for the three-state time-dependent Aw,

calculation that includes the ground state, thetate, and the4state.

. . - .
The time-dependent laser field, given by eq 17 ks 0.25 ps.T — Figure 5. Rate k"™®(Awg) is binned and plotted as points (0) as a

) function of Aws [ cf. eq 20] wherek™(Aws) is rate (ps?) of goin

0.05 ps, ando. = 3400 cm. _The tempora! W'qth _cor_r_espondsMu from the 4 OH s[tretchqfund]amental '[O('[hQ )bend ove(ﬂon)e evgalua%ed

= 360 cn1'. The near impulsive pulse, which is significantly narrower atAws. HereAw = 665.3+ Awsis the instantaneous energy difference

(in time) than that used by Iwaki and Dlott, allows easier comparison p . een these states. The error barsiarh/N whereN is the number

to LT results. The curve (- - -) is the rate of probability flow from the ¢ yata noints per bin and is the standard deviation. The rate is

OH fundamental to the COH overtone. The curve (...) is the rate of . 0 ated as the time rate of change of probability of being in the 4
probability flow between the same states but the diagonal couplings gate a5 calculated using the three-state, time-dependent model discussed
have been redl_Jce_d by a factor of 15. The points correspond t0 thejp he text. The rate dramatically increases as the separation decreases.
Landau-Teller lifetime result of 29.8 ps of Table 4. Also shown are the LandatTeller rate constarit-"(Aws) (thick line)

as a function ofAws and the frequency distributid®(Aws) (thin line)

TABLE 4: MD Results for the Average Force along plotted as a function ohws (in cm™). The latter curve, which is double

OH-Stretch Coordinate Normalized with Respect to the

Wang et al#7 Potential for Four Choices of Charges (in humped, was obtained using eq 19. The normalization is arbitrary.
electrons) (Dipole moments (in Debye) and angle® (in

degrees) between the dipole moment and the OH bond are cmtare 2.67 and 3.47 ps, respectively. The LT rate for this
also listed.) latter bin is only 0.29 pst.

Jo OHo U 0 FO The averaged LT result yields a lifetime of 31.8 ps; this is
-0.5 0.3 1.92 67.3 0.29 essentially identical to the lifetime of 29.8 ps given in Table 3.
—0.6 0.4 2.14 55.9 1.00 Therefore, the factor of 2 ratio between averaged TD and LT
—0.7 0.5 2.43 46.9 1.99 rates is due to a few trajectories in the tail of the energy
—-0.8 0.6 2.76 39.9 3.61

separation distribution that is shown in Figure 5. In contrast to

lead to the fluctuations, these being the diagonal coupling terms.th® TD result, the weighted LT result does not include the
These rate results, also shown in Figure 4, are in excellent COrrelation between large negative valuegofs and large off-
agreement with LT theory. We conclude that the difference diagonal forces that lead to population transfer. Moreover, even
between LT and TD rates is due to the energy fluctuations being thoughAw never reaches zero, a separatioof ~ 200 cnt*
neglected in the former. is sufficiently small that we can conjecture that the accepting

To quantify the importance of these fluctuations, we write Path mode involves a hydrogen bond motion and not the
the time-dependent rate constant for the probability of going torsional motion.

from the OH stretch to the bend overtone as We now consider the results of a three-state model that
includes the ground state, the dtate, and the &, state, this
K'P = f “ dAw, P(Aw) KP(Aw)) (20) latter state having the fastest LT rate in Table 3. Given that

= — 5.54, the fast rate is not surprising. From a time-dependent

where P(Aws) is the probability of an instantaneous energy pers_pective this near resonant state will undergo repeated
separations + Aws, andk™(Aw,) is the rate at that separation. avoided crossings with the, btate asAw fluctuates between

The procedure can be compared to an energy-weighted LT ratePOsitive and negative values as a function of time. The results

also obtained using eq 20, but replacikB(Aws) with the of the TD calcula'tion are given in Figure 6. The. dgshed line
analogous LT ratétT(Aws). The ratek™(Aws) is obtained in results show rapid energy flow during the excitation pulse
the TD calculation obtained by evaluating the appropriataf followed by a slower increase. This initial rise is a consequence
eq 16 every 0.025 ps and binning the results as a function of Of the 45, eigenstate having some 2ero-order character; the
Aws. The analogous LT rate is obtained by replacing, with rapid flow is due to direct coupling via the laser field with the

Aw in eq 1. These rates are plotted as points and a thick line, ground' state. This rovy wogld occur even in the limit that the

respectively, in Figure 5. Also shown is the double humped dynamic solvent coupliny is zero.

plot of P(Aws) versusAws. A more direct comparison to experiment would be to calculate
Strikingly, one finds that over most of thews range the LT the probability of observing anti-Stokes transitions as a function

results and time-dependent results are in good agreement, albeiof time. If we make the assumption that the transition operators

with large uncertainties. This is seen most clearly in the inset are linear in the normal mode coordinates giving the= 1

of the figure. Only for small separations (large negatives normal mode selection rule, then the relevant quantity to
values) are time-dependent rates substantially faster. The time-calculate theoretically is the probability of being in either the
dependent rate in the bin centeredvais = —380 cn1lis 1.24 zero-order 1 or 45, state as a function of time. Energetics is

ps ! compared to the LT rate of 0.12 s Although not shown not an issue, since both these states have essentially the same
in the figure, the rate for the bins centered-at20 and—460 energy.
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Figure 6. The relaxation results for the three-state time-dependent
calculation that includes the ground, thg &nd the 45, eigenstates.
The Gaussian curve is the amplitude of the time-dependent laser
excitation pulse. The curve (- - -) is the rate of probability flow into
the 45, state. Due to the near degeneracy with the OH fundamental
and the resulting state mixing, this state carries oscillator strength, and
hence rapid probability flow appears during the laser excitation. The
curve (...) results if we take the appropriate admixtures of the above o
eigenstates to form states that closely resemble zero-orderdl45,
states. The observed lifetime of 66 ps is significantly slower than the
Landau-Teller lifetime of 0.05 ps given in Table 4. The laser pulse is
the same as in Figure 4.

The present situation is one with substantial mixing between L -
the zero-order states, due to the near degeneracy. It is particulary 0.0 05 1.0 15
easy to calculate the probability of being in a zero-order state, ¥ps)
since this is an isolated resonance, and one can take lineafFigure 7. (a) The relaxation results for thencoupled9 state time-
combinations of the two eigenstates in question to form dependent calculation discussed in the text. The ordering in the figure
approximations to the zero-order states. Diagonalizing the full key corresponds to the order of the importance of the 7 accepting states,

. . ; - the greatest flow occurring for the& states. Plot (b) is the same as
molecular Hamiltonian to obtain the eigenstatesiobf eq 3, plot (a) with the exception that the states are fully coupled. As discussed

we find that the two eigenstates used in the above three-statgn the text, the role of the,8: is greatly diminished in the fully coupled
model have the following description model. The laser pulse is the same as in Figure 4.

|1,0=0.931,(9 — 0.274,5,(9 + --- state, and a nearby state whose identity is given in the key of
the figure. The states in the key are listed in order of decreasing
(21) rates as one goes down the list. The TD (LT) lifetimes
corresponding to each of these states is 9.4 (30.3), 13.9 (29.8),
where |1, and |4:5,[9 are the basis states of the zero-order 14.9 (20.1), 38.0 (160.1), 65.9 (0.05), 156 (616), and 425 (807)
contribution ofHs after applying Van Vleck perturbation theory.  ps, respectively. The differences between the LT and TD results
(Note, these zero-order states look almost the same before andirise for reasons that are similar to those invoked above in the
after the application of Van Vleck perturbation theory, since discussion of flow of probability into the bend overtone Figure
we are not removing any resonant interaction with the perturba- 4. The correlation plots for these states are similar to that of
tion theory.) We take linear combinations of the above two Figure 5. The 45, state is an exception. The reason for its
eigenstates to obtain good descriptions of the zero-order statesgreatly reduced TD rate has been explained above.
since 95% of the eigenfunctions are accounted for by these two In Figure 7b, we show results analogous to those of Figure
zero-order states. Having already carried out the TD calculation 7a. The difference is that in the former calculation all states
in the eigenstate representation, we know thg) values with the exception of the ground state are coupled to each other
corresponding to the two eigenstates. We take the linear via the solvent interactions. The results are qualitatively similar.
combinations of these values (including the usual ] The most notable exception is that the role of th®; State is
factors, wherek; are the eigenvalues dfls) to calculate the significantly reduced from that of the uncoupled model. In the
probabilities of being in the decoupled states. Following this fully coupled model, we have taken the appropriate linear
approach, we obtain the dotted line result in Figure 6. Not combinations of theslstate and the:&, state as described above
surprisingly, the zero-order OH stretch state is the bright state; in explaining Figure 6. The dynamical fluctuations lead to a
it is the state that is initially excited. The corresponding lifetime decoupling of these two zero-order states with the new result
for the zero-order OH stretch is 66 ps, which is in stark contrast that the 58; now plays a less significant role. In the LT results
to the 0.05 ps LT result for the lifetime of the associated discussed above and the three-state TD model, the bright state
eigenstates. Even with multiple avoided crossings, 48,9 has some ¢, character. This component allows coupling of
state only plays a minor role in the overall relaxation process. the bright state to the,B; state viaAv = 2 transition.
Finally, we note that the transformation of representations has Motivated by the experiment of Iwaki and DIGftwe have
essentially no effect on the rate of probability change between repeated the nine-state calculation using laser pump frequencies
states after the laser field has been shut off since the lines inof 3250 cnt! and 3400 cm'. Here we use laser pulses that
Figure 6 run parallel to each other after 0.5 ps. have much narrower spectral widths than were used above. This
In Figure 7 a, we show the results of 7 different three-state 50 cnt! width is comparable to the 35 crhvalue of the
models. Each result was obtained using the ground state; the 1 excitation pulse used in the experiment. Compared to the shorter

14,5,0= 0.281,9 + 0.934,5,[9 + -
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0.10 ™ T T When considering where the energy goes after the initial
excitation, some care must be taken when comparing with the
experiments. The experiments do not actually measure the
probability of being in a given eigenstate as a function of time.
The experimental results of Figure 1 show population in the
various modes as functions of time. To obtain these populations,
Iwaki and Dlotf® converted the anti-Stokes transients into
populations. Since there is spectral overlap of the transitions,
they had to deconvolute the overlapping transitions by assuming
Voigt line shapes for each of the individual transitions. Finally,
they convert intensities of the transients into populations being
sure to distinguish 2—v; from vj—~groundtransitions.

On the theoretical side, we are at present limited to short
time dynamics, and hence cannot compare to the full time scale
of experimental results. The TD calculation does not adequately
treat relaxation processes where the solute molecule loses
vibrational quanta directly to the bath degrees of freedom. Large
guantum corrections factors are needed, and it is not clear how
to include these in the TD approach. One can look at the longer
time dynamics with the LT approach by constructing a full
master equation of rate constants between all the |é¥dlst
given the high density of states this is beyond the scope of the
present paper. Here, we look only at the short time dynamics
where there is rapid redistribution of energy within the solute
so that solute energy is maintained relatively constant.

(ps) ' To compare our results with the short time dynamics of lwaki

Figure 8. Results for the 9 state model as Figure 4b but with different and Dlott* we map the populayons of our elgenstates. used in
excitation pulse. Laser frequencies in (a) and (b) are centered at both the LT and TD calculation onto mode populations by
3400 and 3250 cri, respectively. The temporal width, given By= assuming the modes are unmixed and the identity of the mode
0.3 ps in eq 17, yields a spectral fwhm of 50 TmThe probability is determined by the leading coefficient in the basis set
flow into the OH bend overtone is significantly enhanced compared to expansion. We then follow the standard procedtf#® of

the other states upon this lowering of the excitation frequency. assuming the overtones are observed via the-2, transitions

. with twice the amplitude of the;—groundtransition; combina-
temporal pulses, we are now able to probe molecules belonglngtion bandsv; + v; contribute to both thev—ground and

to different sub-ensembles characterized by absorption frequen- . s
cies. The results, shown in Figure 8, indicate that the lower- v—groundtransitions. As such, our population is calculated as
frequency pump excitation increases dramatically the role of .

the OH bending degree of freedom and to a lesser extent that population= z Py (22)

of the CH stretch. In fact, the bend appears to turn on with the n

excitation pulse, suggesting that this state appears to have more . . . o

bright character when excited at the lower frequency. This Where Pn is the time-dependent probability of being in an
behavior has been observed experimentally by Iwaki and Blott. eigenstate whose Ieadlng.coefflment corresponds to the basis
Finally we note that the difference between Figure 7b and Figure St&ten = {ny, nz,*-:nui}. Since thep(CHs), v4(CH), and oz

8a is more modest. This difference is due to the change in the (CH) modes each includes two nearly degenerate vibrations and

temporal width of the pulse maintaining. = 3400 cnt? for their populations cannot be frequency resol¥edve have
both. summed the contributions of each of these modes to obtain the

D. Comparison of LT and TD Theories with Experiment. results of Figure 9.
To obtain the lifetime of the OH stretch using the TD method,  Figures 9a and 9b show the TD and LT results, respectively.
we have performed a TD calculation that includes the ground The TD results correspond to the 3400 laser excitation of Figure
state and all the eigenstates in the energy window between 255¢; the LT results do not include the quantum correction factors.
and 3626 cm?, this range being sufficient to include all the These two approaches give relaxation times for the OH stretch
states that are predicted to be important by LT theory. We have that are nearly identical. All modes are excited to some extent
also deconvoluted the;Jand 45, states as described in the in the first picosecond in both calculations. T&©H), »(CO),
caption to Figure 6. We calculate a lifetime of 3.1 ps using the and p(CHs) are the most active acceptor modes in both, and
ultrashort laser pulse of Figure 4. This lifetime compares well the v{CH) and v4(CH) are populated the least. A notable
to the LT results with and without the quantum correction factors difference is that the LT result has th¢CO) stretch being the
of 1.6 and 2.7 ps, respectively. Clearly there is a cancellation dominant acceptor mode, whereas the TD calculation has the
of differences when summing the state-to-state rates. One mighto(OH) and p(CHs) as the dominant acceptor modes. This
have expected that the TD result would be faster, since the statedifference can be understood in terms of the results of Figure
by-state comparisons showed that the TD rates were faster.7 where one observes that the coupling of the states in (b) greatly
These faster rates, however, are offset by the reduced TD ratesliminished the importance of the% state from that given in
to states that have two quanta in the CO stretch. This effect isthe uncoupled model results of (a). Other states wifaX or
clearly seen in the comparison of Figure 7, parts a and b. 405,X3 will be similarly affected.
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Figure 9. Plots of population in each of the spectrally distinct normal modes as a function of time. (a) TD results for laser excitation 03400 cm
and an ultrafast temporal pulse 0.1 ps, (b) LT results without the quantum correction, and (c) LT results with the quantum correction factor.
The ordering in the figure keys corresponds to the ordering of the population in the modes after 1.6 ps. The points in (a) are exponential decay with
a lifetime of 3.1 ps. This time is in close agreement with the 2.7 ps and 1.6 LT lifetimes with and without the quantum correction factor. The LT
populations are scaled to aid comparison to TD results.

Figure 9c shows the LT result with the quantum correction. liquids. Handgraaf et & and Pagliai et a® have performed
These results are consistent with Table 4. The shorter lifetime Car-Parrinello molecular dynamics on MeOH and fully deu-
of 1.6 ps is mainly due to the faster rate of flow into H{©H) terated MeOH, respectively. They calculate-O radial distri-
overtone. bution functions that agree with experiméhf® They also

In comparing our results to those of Iwaki and Dlott, we find calculate average liquid dipole moment values of 2.54dnd
that the relaxation rate of(OH) is at least a factor of two to  2.64 D’® which are in good agreement with experiment.
three slower. In terms of where the energy goes, there is Moreover the distribution of dipole moments is found to span
qualitative agreement. The lower-frequency modes are all more1.7 to 3.5 D. This latter result clearly indicates that the
active than therg(CH) andvy(CH). The time-dependent results interaction of MeOH molecules is associated with dramatic
and experiment show an enhancement upon decreasing theharge rearrangement which cannot be reproduced by a static
frequency of the OH excitation pulse. charge MD potential as has been utilized in this work and in

Our results are slower than the-Q ps observed experimen- HOD.31.34
tally. While the experimental and theoretical difference between = The Wang et at’ intermolecular potential which we use has
the lifetime of the »(CH) in CHCK3® is small, strongly charges of-0.6 and 0.4 e on the oxygen and hydroxyl hydrogen
interacting hydrogen bonding systems (such as our work on sites, and this leads to a 2.14 D dipole moment per MeOH
MeOH and previous HO®-34 studies) underestimate the rate molecule which is similar to the 2.18 D dipole of TIP4P water.
of relaxation. One of the fundamental shortcomings of our This dipole, however, is substantially less than the above-
calculations is the form of the potential we used in the classical mentioned experimental and ab-initio MD values. The smaller

MD simulations; it does not include polarization. value is the result of the MD potential parameters being fit in
The importance of inductive effects has long been realized order to correctly predict pair correlation functions and equations
for line shapes of far-infrared specttaand dielectric relax- of state. This value of the dipole moment leads to an@D

ation56 The dipole moment of 1.7 D in the gas phase is radial distribution function that agrees with experimetfiC
substantially lower that the average liquid-phase value of 2.49 In a preliminary investigation of the effects of altering the
D. Recent work in condensed phase ab-initio quantum dynamicscharges on MeOH, we performed several MD simulations with
has shed new light on the electrostatics of hydrogen bonding different charges on the oxygen and hydroxyl hydrogen; some
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selected results are presented in Table 4. The final column inquantum correction factor is not. There are two advantages to
Table 4 shows the normalized force along #(@©H) coordinate the TD calculation: the ability to naturally treat the solvent-
with respect to the Wang et #l.potential. While we have induced energy fluctuations that can lead to avoided curve
obviously greatly simplified the situation by only changing the crossings, and the ability to selectively probe subsets of the
hydroxyl atoms point charges, we can see that relatively modestmolecules by including a pump laser in the calculation. Although
changes in the charges and dipole moments lead to fairly largethe LT and TD rates are similar, there are notable differences
changes in the average force. As a means of comparison, then the state-to-state rates. We have discussed several instances
average force due to the 6/4 charges leads@al) frequency where the two methods give different results in order to highlight

of 3585 cn1?, while the 7/5 charges, which lead to the correct the approximations of the methods.

dipole, nearly double the average force ale{@H). This choice

results in a frequency of 3483 crhthat is in much better Acknowledgment. This material is based upon work sup-
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