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We report the results obtained from the application of our previously proposed linearized semiclassical method
for computing vibrational energy relaxation (VER) ratds Phys. Chem. 2003 107, 9059, 9070) to neat

liquid oxygen, neat liquid nitrogen, and liquid mixtures of oxygen and argon. Our calculations are based on

a semiclassical approximation for the quantum-mechanical fdfaree correlation function, which puts it in

terms of the Wigner transforms of the force and the product of the Boltzmann operator and the force. The
calculation of the multidimensional Wigner integrals is made feasible by the introduction of a local harmonic
approximation. A systematic analysis has been performed of the temperature and mole-fraction dependences
of the VER rate constant, as well as the relative contributions of centrifugal and potential forces, and of
different types of quantum effects. The results were found to be in very good quantitative agreement with
experiment, and they suggest that this semiclassical approximation can capture the quantum enhancement, by
many orders of magnitude, of the experimentally observed VER rate constants over the corresponding classical
predictions.

I. Introduction As was pointed out by several authors, replacing the quantum-
mechanical force autocorrelation function by its classical
counterpart is in general unjustified. This is because in most
cases, the frequency of the relaxing vibrational mode is either
comparable to or larger thagT/h. Indeed, discrepancies by

Vibrational energy relaxation (VER) is the process where an
excited vibrational mode equilibrates by transferring its excess
energy into other intramolecular and/or intermolecular degrees

of freedom (DOF). VER is prevalent in many systems of d ¢ itude h b db .
fundamental, technological and biological importance, and plays many orders of magnitude have been reported between experi-

a central role in determining chemical reactivity. It is therefore mentally measured VER_ rates and correspor_ldlng pred_|ct|ons
not surprising that the measurement and calculation of VER that were based on classical molecular dynamics (MD) simula-
rates have received much attention over the past few deteles. tions. At the same time, the exact calculation of real-time

Recent theoretical and computational studies of VER have beenduantum-mechanical correlation functions for general anhar-
mostly based on the LandaiTeller formulal54748which gives ~ monic many-body systems remains far beyond the reach of
the VER rate constant in terms of the Fourier transform (FT), currently available computer resources, due to the exponential

at the vibrational frequency, of thguantum-mechanicauto- scaling of the computational effort with the number of DOF.
correlation function of the fluctuating force exerted on the The most popular approach for dealing with this difficulty, in
relaxing mode by the other DOF. the case of VER, is based on multiplying the classical prediction
for the VER rate constant by a frequency-dependgr@ntum
* Corresponding author. E-mail: eitan@umich.edu. correction factor(QCF).7-59-65 |n fact, a variety of different
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approximate QCFs have been proposed in the literature.liquid oxygen at 77 K. The VER rate constant obtained via the
Unfortunately, estimates obtained from different QCFs can differ LHA—LSC approximation was found to be 4 orders of
by orders of magnitude, and particularly so when high-frequency magnitude larger than the corresponding classical prediction,
vibrations are involved. Thus, the development of more rigorous and in very good quantitative agreement with experiment.
methods for computing VER rate constants is clearly highly In this paper, we present a detailed analysis of VER rates, as
desirable. obtained via the LHA-LSC approximation, in neat diatomic

In two previous paper®;5’we have proposed a more rigorous liquids and diatomic-atomic liquid mixtures. The following
approach for calculating VER rate constants, which is based aspects, that were not discussed in previous papers, are
on linearizing the forwarebackward action in the path integral considered: (1) the temperature dependence of the VER rate
expression for the quantum force autocorrelation function (the constant (in the case of neat liquid oxygen); (2) the mole fraction
linearization is with respect to the difference between the dependence (in the case of argaxygen liquid mixtures); (3)
forward and backward patf®. It should be noted that the same the relative importance of different quantum effects; (4) the
approximation can be derived in several other ways, including relative contributions of centrifugal and potential forces. In
linearization of the forwargbackward action in the semiclas- addition, we also report the results obtained via the EH/AC
sical initial value representation approximation for the correla- approximation for the VER rate constant in liquid nitrogen at
tion function®-75 and starting from the Wigner representation 77 K. A comparison to the experimental results and the
formalism?6 The resultinglinearized semiclassicgLSQ ap- corresponding predictions obtained by using QCFs is also
proximation for a general real-time quantum mechanical provided.
correlation function, is given by [here, as in the rest of this paper, The structure of the remainder of this paper is as follows.
we use boldface symbols for vectors, and capped symbols (e.g.,The model Hamiltonian of a liquid atomiaiatomic mixture

A) for operators]: and theoretical framework for VER calculations are outlined
. B in section Il. An overview of our LHA-LSC method for

Tr(e Mg MhA) ~ calculating VER rates is given in section Ill. The simulation
1 techniques used for calculating the LHASC approximation

f dago f dpo(Ae ﬂH)w(%v po)Bw(qgcb, PSCD) (1) for the force autocorrelation functions are described in section
IV. The results for VER in neat liquid oxygen, neat liquid
nitrogen and argonoxygen liquid mixtures are reported and
analyzed in section V. We conclude in section VI with a
summary of the main results and some discussion on their
. ipAR X~ significance. Explicit mathematical expressions for quantities
Aw(a.p) = f dAe [+ A/2| Alg — A/20 (2) required for the evaluation of the LHALSC approximation

are provided in the Appendix.

(22h)"

whereN is the number of DOFgo = (qo,..., ™) andpg =
(pgl),..., pf)N)) are the corresponding coordinates and momenta

is the Wigner transform of the operatdy,’” and g =
a““Y(qo,po) andp!® = p“)(qo, po) are propagatediassically  1I. Model
with the initial conditionsge and po. The major advantage of
the LSC approximation has to do with its computational
feasibility (although computing the Wigner transform in systems
with many DOF is not trividi®67.79. The LSC approximation
has the additional attractive features of being exatta0, at
the classical limit, and for harmonic systems. Its main disad-
vantage has to do with the fact that it can only capture quantum
dynamical effects that arise from short-time interferences
between the various trajectories (the longer time dynamics is
purely classicalfl However, it should be noted that in A=Hh
condensed phase systems in general, and in the case of high- q
frequency VER in particular, the quantities of interest are often
dominated by the short-time dynamics of the correlation where
functions. -

In prgctlce, using the LSC approxmatlon, eq 1 requires the A = b + 1 w2q2 (4)
calculation of the phase-space integrals underlying the Wigner 4 2u 2
transforms. The numerical calculation of those integrals is
extremely difficult in the case of many-body anharmonic IS the intramolecular vibrational Hamiltonian of the relaxing
systems, because of the oscillatory phase factdtyé, in the diatomic molecule , p, » and w are the corresponding
integrand. In refs 66 and 67, this problem was dealt with by qoordinate, momentum, reduced mass, and frequency, respec-
using a local harmonic approximation (LHA), which allowed tively);
for an analytical evaluation of the Wigner integral. The emerging

The atomie-diatomic liquid mixture model that we used has
been adopted from ref 78, where it was used for calculating
VER rate constants within the framework of the QCF approach.
We consider a liquid mixture that consists Nf atoms and
Nm + 1 diatomic molecules, where one of the molecules is
vibrationally excited, while the rest are assumed to be rigid (the
case ofN; = O corresponds to a neat diatomic liquid). The
overall Hamiltonian is given by

A

+H, — oF ©)

LHA —LSC approximation has been tested on several benchmark N (PY)?  Na [(PO)> {0y
problems in ref 66, and it was found to be in very good H, =) —+ Z —+—]+
agreement with the exact results or their best estimates. It was &M, &\ 2M, 2

also observed that high frequency VER is dominated by a purely Nm=1l Nm 2

quantum mechanical term which is not accounted for in classical Z Z Grr(IF99 — P +
MD simulations. The first application of the LHALSC method =0 k571 o=

to a molecular liquid was reported in ref 67, where it was used Na=1 Na Na Nm 2

for calculating the extremely slovkg— = 395 s'*) and highly Z ¢aa(|f(j) — 70 + Z 20 Z ¢am(|f(j) — k) (5)
guantum-mechanicahf/ksT = 29) VER rate constantin neat =1 k571 =150 6=
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is the overall Hamiltonian of the translational and rotational
DOF [M, is the atomic masdVi, is the molecular mass, is
the moment of inertia of the diatomic moleculed is the
momentum of thgth atom,ls(r{]) isAthe center of mass momen-
tum of thejth diatomic moleculel () is the angular momentum
of thejth diatomic moleculef® is the position of thgth atom,
andf (% is the position of thex site on theth diatomic molecule
(o.= 1, 2)]; —&F is the coupling between the relaxing vibrational
mode and the other DOF. .

The main quantity of interest I8, which corresponds to the
force exerted on the vibrational mode of the relaxing molecule
by the translational and rotational DOF. This force consists of
a sum of potentid?—81 and centrifugd?83terms Fy and Fr,
respectively). Identifying the zeroth molecule as the relaxing
molecule, those terms are explicitly given by

Nm 2 2(a) _ 2(08)y,y(08)
. 1 y . (f )0
Fu=32 ; e e
251 =1 |f‘(Jﬁ) _ f(oﬂ)|
OECOWNCD

1l (

ro70) _ 2(08)
- f f 6
22, 2 dunl e ©

where((®) corresponds to a unit vector pointing from the center
of mass of the relaxing molecule to its siteand

(LO)?

Ir

)

T
e

wherer.is the equilibrium bond length of the diatomic molecule.
The termH,, in eq 5 involves three types of pair potentials:
(1) atom—atom interaction potentiagaa(r); (2) diatom-diatom
site—site interaction potentialpmn(r); and (3) atom-diatom
interaction potentiaban(r). Following ref 78, we assume that
all of those pair potentials are of the Lennard-Jones (LJ) type:

GIst)
r r
The following parameters were employed in the case of liquid
mixtures of oxygen and argome = 1.208 A, emm= 48.0ks K,

Omm = 3.0060 A, €am — 758(8 K, Oam — 3.2325 A, €aa —
119.&%s K, 0aa = 3.4050 A. It should be noted that the values
of enmandommwere adopted from ref 84, and they are different
then those originally used in ref 78. It should also be noted that
for the pair potential employed, the two sites coincide with the

equilibrium locations of the oxygen nuclei (which is not the
case for the potential used in ref 78). In the case of neat liquid

)

#;(r) = 4e;

nitrogen, we have employed the same values of the parameter:

as used in ref 57, namelg = 1.094 A eqmm= 37.3¢ K, and
omm= 3.310 A. The values of the mole fractions, temperatures,
and densities used in the simulations are shown in Table 1.

Ill. The Linearized Semiclassical Approximation

In this study, we focus on the relaxation from the first excited
vibrational state to the ground state of a homonuclear diatomic
molecule. We will also assume that the rate constant for this
process is given by the Landaiieller formuld®#7 (the as-

sumptions underlying this expression have been discussed by

many authors; e.g., see the discussion in ref 85):

o1 = 5 CC@) ©)
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TABLE 1: Values of the Mole Fractions, Temperatures and
Densities Used in the Simulations

system mole fraction temp (K) density (nf) ref
neat N 1.0 77 17.37 90
neat Q 1.0 60 24.13 91
1.0 65 23.71 91
1.0 70 23.28 91
1.0 77 22.64 91
1.0 80 22.41 91
1.0 85 21.96 91
1.0 90 21.50 91
OJ/Ar 0.30 77 22.15 78
0.50 77 22.29 78
0.70 77 22.43 78
0.85 77 22.50 78
where

o) = [ déc(t) = T;-ﬂhw [ dt cos@t)C(t) =

4
1— e—ﬁﬁw

J5 dtsin@t)C,(t) (10)

and
C(t) = Cy(t) +iC,(t) = DF(H)oF =
ZibTr[e*/’“bei“b”haf:e*i“b‘/haf:] (11)

is the quantum-mechanical foreéorce correlation function
(FFCF). Here[AO= Tr[e "M:A]/Z,, Z, = Trle %] and oF =
F — FOJEquation 9 gives the VER rate constaqt, s, in terms
of the FT, at the vibrational frequenay, of the FFCFC(t). It
should be noted thag(t) and Ci(t) in eq 10 are the real and
imaginary parts of the FFCF, respectively.

The LSC approximation of the quantum-mechanical FFCF,
eq 11, assumes the following forfr:68

1 1
Zo (2"

C(t) ~ f dQg f dP, [5|A:e_/mb]w (Qo: Po)

OF(a Py (12)

1
b

Here,Q = Q{°)(Qq, Po) andP{® = P)(Qy, Pg) correspond

to the Cartesian coordinates and momenta of all the atoms,
which are propagated classically with the initial conditi@s
andPy. A direct calculation of this approximation in the case
of an anharmonic many-body system, would require the
calculation of the multidimensional Wigner phase-space integral
in eq 2. Unfortunately, it is extremely difficult to perform this
calculation via conventional Monte Carlo (MC) techniques, due

o the oscillatory phase factor; &A™, in the integrand. This

problem can be circumvented by employing a local harmonic
approximation (LHA), whereby one effectively expandstdl
second order aroun@y, followed by an analytical integration
of the resulting Gaussian integral ovkr The resulting LHA-
LSC approximation for the FFCF assumes the following form:

1/2

[Qo|eiﬂHb|QoD N

C)~ [ dQ dp, )
f ° b f ° D aV7h2
(PYY?
exp — ——[[0Fy(Qq) + 0F(P, o) + Dy(Qo,Pro) +
K2 ¥

Dr(Qo, P, )IlOF,(QY) + oF (P (13)
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Here, {PY} are mass-wighted normal mode momenta, as TABLE 2: koy/s™* for Neat Liquid O » and Neat Liquid N
obtained from the expansion bf, to second order arour@o at77 K

(the LHA), ando® = Q0 coth[ghQW/2)/k, where{(Q®)2Z} 0, N

are the eigenvalues of the corresponding Hessian matrix (explicit experimente 395+ 18 (1.8+ 0.5) x 10°2

expressions of the potential derivatives underlying the LHA for classical (285E 31) x 104 (3.1+£0.4)x 1071

the model considered here are provided in the appendix). The [I;HA-LS_C 783+ 62 %gi (1).33 X igj
rms D1(Qo,Pn.0) and Dy(Qo,Pn ), Which originate from the armonic 8.3:0.4 8+ 1.0)x

te 1(QoPno) u(QoPno) 9 Egelstaff 1373t 113 (3.6+ 0.7) x 10°

centrifugal and potential forces, respectively, are purely guantum-
mechanical [i.e., they vanish at the classidal¢ 0) limit].

Those terms represent quantum nonlocality, and can be traced Once the FECF is obtained, its T is calculated. All of the

B i ; s -
back to the fact thatHe "], = [Flw x [e~/™],. Explicit results reported below were based on the cosine transform of

expressions for those terms can be found in ref 67, and somey, . o4 part of the FFCF [see eq 10]. The FT of the FFCF at
detailed expressions of quantities required for their evaluation very high vibrational frequencies of diatomic molecules like

(for the model under discussion) are pro_vided in the Appendix. oxygen (1553 cm?) and nitrogen (2327 crd) is a very small
Another quantum-mechanical effect is introduced by the fact number, and therefore very difficult to compute directly.

that the initial sampling of the positions and momenta is Following the common practice, we instead extrapolate the

nonclassical. More specifically, the initial sampling of the exponential gap law, which usually emerges at low frequencies,

posgtlzr)l; IS;I based on t_r}ﬁ exa&; qu?]r)ltunr\] rr_le_c_h‘lanlcal I‘_)Os't'cmto much higher frequenci€2° Assuming that this extrapolation
probability density[Qole™""s|QolAZy, while the initial sampling g yhe major source of error, we evaluated the error bars reported

of'\}he momenta Is based %n the npnclassical probability denSityfor the VER rate constants based on the least-squares fit to the
Mi=1 (HoWrh2)12 expl—(Png)h2ad)]. corresponding linear frequency dependence of the VER rate
constant (on a semilog scale).

mixed harmonic-Schofield 67% 27 (1.4£0.2) x 1078

IV. Simulation Techniques

The computational algorithm employed for calculating the V- Results
approximate FFCF in eq 13 is similar to that described in refs e start out with a detailed analysis of VER in neat liquid
66 and 67 and follows the following steps. oxygen and neat liquid nitrogen, at 77 K. The results obtained
1. In the first step, we sample the initial positions of all the for the VER rate constant via the LHALSC method are
atoms in the simulation cell via a PIMD simulation, based on presented in Table 2, alongside the experimental rédudisd
the probability density Proko) = [Qo|e #"|Qol7Zy. It should predictions based on the best performing QCFs (cf. ref 66 for
be noted that the initial configurations sampled must also satisfy the explicit definitions of those QCFs). It should be noted that
the constraints imposed by the rigidity of the moleciifeg/e the results for oxygen are slightly different then those reported
performed such PIMD simulations with an overall number of in our previous pape¥. The difference between the results is
500 atomsand molecules in the simulation cell. Each atom mostly due to more extensive averaging and the somewhat more
(either belonging to a molecule or not) was represented by arefined extrapolation procedure employed in the present paper.
chain polymer consisting of 16 beads. Thermalization was As can be seen, the LHALSC-based prediction for the VER
imposed by attaching a Nose-Hoover chain thermostat to eachrate constant in neat liquid oxygen is larger by a factor of about
of the beads, and the dynamics has been computed by usingwo than the experimental result. This represents a dramatic
the velocity Verlet algorithn¥® The sampling was performed  improvement in comparison to the classical prediction which
by choosing random beads from snapshots of the isomorphicis smaller than the experimental result by a factor of abofit 10
liquid of cyclic polymers. It should also be noted that the Egelstaff and mixed harmenic
2. In the second step, we randomly select one of the moleculesSchofield QCFs happen to yield predictions of similar quality
in the simulation cell and designate it as the relaxing molecule. to the one based on LHALSC.
Next, the 26-30 atoms and molecules which are closest to the  In the case of neat liquid nitrogen, the classical prediction
relaxing molecule are identified, and form the “active clusbér’.  for the VER rate constant is smaller by a factor off 10
The next 66-80 closest atoms and molecules are then identified, comparison to the experimental value. This can be attributed
and their positions are kept fixed throughout the rest of the to the significantly higher vibrational frequency of nitrogen. At
simulation (those frozen atoms and molecules serve as a statiche same time, the LHALSC-based prediction for the VER
cage which prevents the cluster from falling apart). rate constant turns out to be smaller only by a factor of 10 in
3. In the third step, we calculate the normal-mode frequencies comparison to the experimental value. In fact, it has been argued
and transformation matrix for the atoms in the active cluster, that the rate of nonradiative VER in neat liquid nitrogen is so
via the Jacobi metho#,and use them in order to sample the slow, such that the experimentally measured value is actually
initial normal mode momenta. Here too, we restrict ourselves dominated by radiative VER®” If so, the nonradiative VER
to normal-mode displacements which satisfy the constraints rate constant should in fact be smaller than the experimental
imposed by the rigidity of the moleculé&s. value. The LHA-LSC-based prediction is consistent with this
4. In the fourth step, the cluster atoms and molecules are point of view, as well as with the reported estimated upper
allowed to evolve in time via a classical MD simulation (still bound for the nonradiative VER rate constant (0.004).5
maintaining the constraints imposed by the rigidity of the Finally, here too, one observes that the Egelstaff and mixed
molecule&’), to obtain the force on the relaxing molecule at harmoniec-Schofield QCFs yield predictions which happen to
time t. The velocity Verlet algorithm with a time step of 4 fs  be of similar quality to LHA-LSC.
has been used in the simulations reported here. In Figures 1 and 2, we show the FFCF in the time and
5. Steps +4 are repeated for many initial cluster-cage frequency domains (the latter is shown on a semilog plot), as
configurations, and the results are averaged in order to obtainobtained via the LHA-LSC method, for neat liquid oxygen and
the desired FFCF. The results reported below are based omeat liquid nitrogen at 77 K. Figures 1la and 2a also show the
averaging (+4) x 1 initial cluster-cage configurations. contributions to the FFCF from the classickl[+ Fr][Fu(t)
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liquid oxygen on regular (upper panel) and semilog (lower panel) scales.
Shown are the results obtained via the LHBSC method, as well as

the corresponding experimental rate constants, and results obtained by
using a variety of QCFs.

way of representing the contribution of this nonclassical term
in the form of some sort of a multiplicative QCF.

Figures 1c and 2c show the contributions to the FFCF from
the terms, Fr + D+]F+(t) and [Fy + Dy]Fu(t)], which arise
from the centrifugal and potential forces, respectively (cross
terms are not shown explicitly, but can be deduced from the
difference between the overall FFCF and the diagonal contribu-
tions). The corresponding contributions in the frequency domain
are shown in Figures 1d and 2d. The VER rate is clearly
dominated by the potential force in both time and frequency
domains, and particularly so at high frequencies. This observa-
tion is reminiscent of similar observations made based on
classical simulations. However, a closer inspection reveals that
the main contribution to the FT at high frequencies comes from
the nonclassical potential force terBFy(t). Furthermore, the
contribution, at high frequencies, of the classical-like potential
term, FyFuy(t), appears to be comparable to, and even smaller
than, that of the classical-like centrifugal terisF(t) [see
Figures le,f and 2e,f]. This behavior, which is clearly different
from that observed in classical simulations, can be attributed
to the nonclassical sampling.

We next consider the dependence of the VER rate on
temperature. To this end, we calculated the VER rate constant

(the initial sampling is nonclassical in both cases). The contribu- for neat liquid oxygen at seven different temperatures between
tions of those two terms to the FT of the FFCF are shown in 60 and 90 K. Our choice of system and temperature range was
Figures 1b and 2b. While the classical term is observed to motivated by the availability of experimental results, which one
dominate the FFCF in the time domain, the nonclassical term can compare to in the lack of numerically exact benchmark
is observed to dominate the behavior of its FT, and therefore calculation$ The results obtained via LHALSC are shown
VER, at high frequencies. It is important to note that the on regular and semilog plots in Figure 3, alongside the
nonclassical term vanishes at the classical limit, and can experimental valuésand predictions obtained by using various
therefore not be directly accounted for by classical MD QCFs. Similarly to the experimental results, the LHASC-
simulations. Furthermore, there seems to be no straightforwardbased VER rate constant is seen to monotonically increase with
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Figure 5. Relative contributions of centrifugal and potential forces,
in the case of neat liquid oxygen. Shown are the VER rate constants
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Figure 4. Relative contributions of nonclassical sampling and quantum
nonlocal terms, in the case of neat liquid oxygen. Shown are the VER

rate constants obtained at different temperatures, by using nonclassica i h :
initial sampling and neglecting contributions from the nonlocal terms, account contributions from either only the centrifugal force, (squares),

Dy and Dy (white circles). Also shown, for the sake of comparison, ©F potential force (stars), or the cross terms (triangles). _The o_verall
are the LHA-LSC results (black circles) and classical results, i.e., with VER rate constants are also shown, for the sake of comparison (circles).
classical sampling and neglecting the nonlocal terms (stars).
contribution is characterized by relatively large error bars, which

temperature. Classical mechanics, as well as most QCFs, alsgs indicative of deviations from an exponential gap law (i.e.,
predict VER rate constants that monotonically increase with |inearity as a function of frequency on a semilog plot). One
temperature (the only exception is the Schofield QCF, where gbservation that can be made based on Figure 5, is that the
the VER rate constant is a monotonically decreasing function potential and cross terms dominate VER within the temperature
of temperature). The quantitative agreement between £tHA  range considered. However, it should be noted that the contribu-
LSC and the experimental results remains very good throughouttions from the potential and cross terms decrease rapidly with
the entire temperature range. The results obtained via the+HA temperature, while the contribution of the centrifugal term is
LSC method are also seen to be rather similar to predictions rather insensitive to temperature. This observation is qualitatively
based on the Egelstaff and mixed harmerfichofield QCFs.  different from the corresponding classical result, where the
Interestingly, when compared on a regular scale, EH&SC centrifugal term is seen to rapidly decrease with decreasing
seem to predict a temperature dependence which is significantlytemperature. Further analysis seems to suggest that this insen-
stronger in comparison to experiment (as do the Egelstaff andsitivity originates from nonclassical momentum sampling. In
mixed harmonie-Schofield QCFs). The specific origin for this  this context, it is interesting to note that the width of the
discrepancy is hard to trace, but could be conceivably due to momentum sampling function becomes insensitive to temper-
inaccuracies in the interaction potentials. ature at lower temperatures and higher frequencies [cf. eq 13],

We have also explored the relative importance of nonclassical and note that® — Q0/A whenphQU) > 1. Exploring whether
initial sampling as a function of temperature. To this end, we the centrifugal term becomes the dominant one at even lower
have recalculated the VER rate constants for neat liquid oxygentemperatures is not possible since oxygen freezes at 54.8 K.
within the temperature range (60, 90 K), without the contribu- ~ We next consider the dependence of the VER rate constant
tions from the nonlocal quantum terni3y and D+ (cf. Figure on the oxygen mole fraction, in oxygeiargon liquid mixtures,
4). As the results clearly demonstrate, nonclassical initial at 77 K. Here, too, the choice of system is motivated by the
sampling alone cannot quantitatively account for the enhance-availability of experimentally measured VER rate consténts.
ment of the VER rate relative to the corresponding classical The LHA—LSC results are presented in Figure 6, in terms of
result. More specifically, while the LHALSC VER rate the ratioko—1(X)/ko—1(1), whereko—1(X) is the actual VER rate
constant is about 4 orders of magnitude larger than the classicakonstant for a mixture where the oxygen mole fractiorx.is
result, nonclassical sampling can only account for an enhance-Also shown are the corresponding experimental results, and
ment by 2 orders of magnitude. To obtain a quantitative predictions based on classical mechanics and the Egelstaff QCF.
agreement with experiment, it is necessary to include the It should be noted that the other QCFs correspond to multiplying
nonlocal term®y andD+. We have also attempted a calculation the classical VER rate constant by a factor, which is independent
of the VER rate which included the nonlocal terms, but was of x, and therefore gives the same valuekgfi(X)/ko—1(1) as
based onclassical sampling. We have found that such a classical mechanics. The VER rate is seen to nonlinearly
treatment does not give rise to an exponential gap law at increase with increasing oxygen mole fraction, and the results
intermediate frequencies. Thus, in this case, it was not possibleobtained via all methods indeed follow this trend. The LHA
to obtain meaningful results by performing an extrapolation to LSC results are also seen to be in very good quantitative
higher frequencies. agreement with the experimental results, except at the lowest

Another interesting aspect of VER in diatomic liquids has to values of the oxygen mole fraction. While the agreement
do with the relative contributions of potential and centrifugal between the experimental results and classical predictions (as
forces. To this end, we recalculated the VER rate constant in well as the predictions of all QCFs, except for Egelstaff) is
liquid oxygen by only taking into account either the potential reasonable, it is clearly not as good as the agreement with the
force, the centrifugal force, or the cross terms. The results are LHA —LSC results. The predictions based on the Egelstaff QCF
presented in Figure 5. It should be noted that the centrifugal lie between the classical and LHA.SC predictions. It should
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Figure 6. Oxygen mole-fraction dependence of VER rates in liquid Figure 8. Relative contributions of centrifugal and potential forces,
mixtures of argon and oxygen, at 77 K. Shown are the results obtained n liguid mixtures of oxygen and argon. Shown are the VER rate
via the LHA—LSC approximation (circles), as well as the corresponding  constants obtained via LHALSC, at different mole fractions, by taking

experimental values (stars), and predictions based on classical mechanicgito account contributions from either only the centrifugal force,

(squares) and the Egelstaff QCF (triangles). (squares), potential force (stars), or the cross terms (triangles). The
. . . . overall VER rate constants are also shown, for the sake of comparison
3l | (circles).
e
ol /é/i | observation is also seen to be rather insensitive to the mole
® fraction [cf. Figure 7]. The results displayed in Figure 8 show
=, | that the contributions from the potential, centrifugal and cross
@ (}/é/é—@ terms increase with increasing oxygen mole fraction. Since the
_; ol —e—LHALsc | poter_mal contnbutl(_)n dominates VER at thg temperature
5 5 —0—D +D.<0 considered (77 K), it appears that the overall increase of the
° .l —+—Classical || VER rate with increasing oxygen mole fraction can be primarily
attributed to an increase in the number of intermolecular

* . . . .
ol l/'é/*/ | vibration—rotation relaxation pathways.
sl | VI. Summary
. : . . Within the framework of the LandatiTeller formalism, VER
0.2 OI'\;I‘ | F‘i's ’ nO.?O 1.0 rates are dictated by the high frequency FT of the quantum-
ole Fraction ot &, mechanical FFCF. The latter is typically dominated by the short

Figure 7. Relative contributions of nonclassical sampling and nonlocal time dynamics of the FFCF, which the LSC approximation
terms in liquid mixtgres of oxygen and argon. Shown_are the VER appears to be able to capture accurately. In previous papers,
rate constants obtained at different oxygen mole fractions, by using we have demonstrated the accuracy and feasibility of the HA

nonclassical initial sampling and neglecting contributions from the .
nonlocal termspPy andD+ (white circles). Also shown, for the sake of LSC methodology in the case of several benchmark prolsfems

comparison, are the LHALSC results (black circles) and classical ~and for neat liquid oxygen at 77 ®.In the present paper, we
results, i.e., with classical sampling and neglecting the quantum nonlocal have extended the testing to other systems (neat liquid nitrogen
terms (stars). and liquid mixtures of argon and oxygen). We have also
provided a systematic analysis of the roles of nonclassical
be noted that Everitt and Skinrféhave previously reported a  sampling vs nonlocal terms and potential vs centrifugal terms,
better agreement between experiment and predictions based oas well as their dependence on temperature and the mixture
the Egelstaff QCF. However, this result was based on an olderconsistency. The predictions obtained via the LHASC
version of the oxygenoxygen pair potential and a different method were found to be in very good agreement with
extrapolation procedure. As it turns out, the agreement betweenexperiment in all of the cases considered, thereby demonstrating
the Egelstaff QCF and experiment becomes slightly worse whenits feasibility, flexibility and accuracy. The analysis also sheds
one employs a presumably improved pair potential developed new light on the quantum nature of VER. More specifically,
in a later paper by the same autifdrand our extrapolation  nonclassical sampling alone is unable to quantitatively account
procedure (it should be noted that a technical inconsistency doesfor the enhancement of the quantum mechanical VER rate
not allow for using the ansatz-based procedure employed in refrelative to its classical counterpart. However, quantitative
78 in the case of the new pair potential). predictions can be obtained by accounting for the quantum
Finally, we consider the relative importance of nonclassical nonlocal terms. Furthermore, whereas VER is seen to be
sampling, and of potential vs centrifugal forces, as a function dominated by the potential force, it is the nonclassical potential
of mole fraction. The corresponding results are displayed in force term which is responsible for it. The contributions of the
Figures 7 and 8. As in the case of neat liquids, we found that classical-like potential and centrifugal terms are observed to be
nonclassical sampling alone cannot capture the quantum me-negligible in comparison to this term, and turn out to be
chanical enhancement of the VER rate to its fullest extent, and comparable in size because of the nonclassical initial sampling.
that including the quantum nonlocal terms is essential for  The results of the present paper further establish the tHA
obtaining a quantitative agreement with experiment. This LSC method as an attractive alternative to the commonly used




5534 J. Phys. Chem. A, Vol. 109, No. 25, 2005

Ka et al.

approach, which is based on the use of QCFs. Applications to It should also be noted that the potential energy includes the

polyatomic molecular liquids, as well as the development of
more efficient computational tools, are currently underway in
our group and will be reported in future publications.
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Appendix: Useful Expressions for Calculating the
LHA —LSC Approximation of the FFCF

In this appendix, we provide explicit expressions of quantities
which are required for calculating the LHA_SC approximation

of the FFCF in eq 13. The treatment is specialized to the caseax(‘“)

of a liquid mixture which constitutes of atoms and homonuclear
diatomic molecules (cf. section II). The following notations and
conventions are used throughout:

1. Nact is the number of atoms and molecules in the active
cluster, whileN; is the overall number of atoms and molecules

in the active cluster and frozen cage. The atoms and molecules

are indexed such that= 0, ...,Nat — 1 correspond to the atoms

and molecules in the active cluster, ordered by their distance

from the tagged molecule & 0 corresponds to the tagged
molecule), whilei = Nagy, ..., Ni—1 correspond to the atoms and
molecules that constitute the frozen cage.

2. Atoms are treated as single-site molecules. The variable

ng(i) indicates the number of sites, such tingi) = 1 if the
indexi corresponds to an atom, whitg(i) = 2 if the indexi
corresponds to a molecule.

3. riwif = (@) — 1P js the vector that points from sifgon
thejth atom/molecule to site on theith atom/moleculexii?,
yiif andZ%i# correspond to the, y, andz coordinates of this
vector.ri®if = |rieif| corresponds to the distance between those
sites.

4. p(riif) corresponds tgaa(r'®iF) or gan(ri®iF) or ¢pn(rieif),
depending on whether the sité% andri# belong to an atom or
a molecule.

5.1 = r({«08) corresponds to the vector pointing from the
site of the tagged molecule to the site on theith atom/
molecule x = x(®0), y = y(i©08) andz = Zi*%) correspond to
thex, y, andz coordinates of this vector, amd= |r| corresponds
to its length. ~

6.0 =3 — a (8 =3 — p), such that ifa. = 1, thena = 2
and vice versa.

7.7 = r(®%) corresponds to the vector pointing from the
site of the tagged molecule to the site on theith atom/
molecule X = x(i%00) y = y(i©0) andz = Zi*%) correspond to
thex, y, andz coordinates of this vector, afid= |f| corresponds
to its length.

8. u = u® is the unit vector pointing from the center of of
mass of the molecule to if$ site. uy, uy andu, are itsx, y, and
z components, respectively.

9. w(r) = r3¢"'(r) — 3r2p"(r) + 3rg'(r), v(r) = r2¢"(r) —
r¢'(r) andl (r) = r¢'(r), whereg'(r), ¢"(r), and¢'"'(r) are the
first, second, and third derivatives of the LJ pair potentié),
respectively.

With the above notations and conventions, one may write
the overall potential energy in the following way:

Nacrl Ni-1 ns(i) ns(j)

V= ; j;laz\;lqs(“‘(ia) _ r(Jﬁ)l) +

Nacrl

20 RIG0) 2ua*(r™ —r)? (A1)

intramolecular vibrational energy of the molecules in the active

cluster. The rigidity constraint imposed on those molecules is
reintroduced at a later stage by discarding the corresponding
high-frequency normal modes.

The LHA requires the calculation of the first and second
derivatives of this potential energy with respect to the Cartesian
coordinates of the atoms in the activated clu&t€fhose are
given by

N ng(j) (laJﬁ)
v & (rin
/Zl (IaJﬂ)
o (i,id)
o(ni), 2ua(r'™ —r)—— (A2)
r(l(l,l(l)
N
9 (ia)a ((i'a)
N ) SaiB)y i) &' (r%P)
;\5(0‘0‘) ) AAS Y Xy ———|+
(rifys plicci)
(io,id) (o ia')
o(ngi), 2uaw* ifi' =i (A3)
pliosio) (ocicr)
2V e xieiPy i)
ax('“>a ,(la) (r(ioujﬁ))4
plicip)
o(X, x)¢( Jﬂ)) ifi' =i (A4)

Here, &, X') correspond to any combination »fy, andz, and
d(a, b) is the Kronecke® function.

We next consider the calculation of the quantum nonlocal
term Dy(Qo,Pn,0)- The explicit expression of this term is given
in ref 67. As shown there, calculatinu(Qo,Pn o) requires
knowledge of the first and second derivatives of the potential
force with respect to the atomic coordinates. Explicit expression
of those derivatives are given below.

The first derivative of, with respect to the coordinate of
the atom at the§ site of the tagged molecule is given by

NI 1 ngi)
o' (r —r-u +
3X(0ﬁ) 2 lZ Z\ ()
Ux X X X
M- —+—Tut+—|=¢'{—| (A5
r 3 e, Tre

The first derivative of, with respect to the coordinate of
the atom at thex site of the other atoms or molecules is given

by

aFy
ifi=0

(A6)

Uy X
——+—ru
r 3

r

2 X
e =52 ® (f)r—zf'U —¢'(r)

Similar expressions can be obtained for the corresponding
derivatives with respect to theandz coordinates, by replacing
X with y or z
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The second derivative d¢f, with respect to thex coordinate those of the other atoms and molecules, by substituting the

of the atom at thes site of the tagged molecule is given by corresponding, y, andz coordinates.
Finally, the second derivatives &f, where both coordinates

82FU NeL nd) T\y(r)s@ + o(r)r? do not belong to the tagged molecule are given by
= — ru+
SIS 2t PRy 2 [win + o XU,
XU, o(rpe + 1(r)r2 —_—= —T1u+ (r)— (A13)
o) — — —( ) ") (A7) X0 A= 2r® r4
4 4
r r're
and
The second derivative oF, with respect to thex andy 5
coordinate of the atom at the site of the tagged molecule is Fy 2 [w(r)xy Xu, + yu,
given by — = ;1 ru+ o(r)———| (Al14)
XDyl & 2r® 2rt
OF NeL ) (yy(r)x XW, +yu p(r)x
v (Oxy ) Y — (Oxy Here too, similar expressions can be obtained for the other

—= Z Z reu + o(r)
Xy F1 = 2r° ort
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