J. Phys. Chem. R005,109, 55375544 5537

Vibrational Relaxation of Molecular lons at Low Temperatures: O, (v=1) + Ar
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The vibrational relaxation of oxygen molecular ions trapped in an argon cage in the temperature range 10
85 K has been studied using semiclassical procedures. The collision model is based on the trapped molecule
undergoing the restricted motions (local translation and hindered rotation) in a cage formed by its 12 nearest
argon neighbors in a face-centered cubic arrangement. At 85 K in the liquid argon temperature range, the
relaxation rate constant of;Qv=1) is 1130 s*. The rate constant decreases to 270a 50 K and to 3.90

s 1at 10 K in the solid argon temperature range. In the rangeBBK, the rate constant closely follows the
temperature dependenke] T?7. Energy transfer pathways for the trapped molecular ion are vibration to
local translation, argon phonon modes, and rotation (both hindered and free).

I. Introduction induction energy deepens the attractive potential well over the
neutrat-neutral interaction and modifies the slope of the

Vibrational relaxation of molecular species trapped in a cluster repulsive part of the interaction energy on which the efficiency

environment is strongly dependent on the nature of-hgsest of energy transfer depends sensitivElyMolecular ions have

Interaction and the type of motion that.the guest gndergoes Ny ibrational frequencies and bond distances different from their
the restricted space. When the interaction system is maintained

at or near the cryogenic environment, the motion of the guest neutra| counterparts. The frequency change leads to a change

. e . in the amount of energy to be transferred from the excited
is severely limited to a narrow space in the cage surrounded by . .

- . . molecular ion, whereas the bond distance change alters the space
many solvent layers, providing an opportunity to study the time

scales of energy transfer pathways associated with the restrictecﬂ\;?#;blet;gr.rt]ge cgt%?msferllr:erthe C%grgi.g:alﬁ’rgheseighriliéa;é?s’
motion of the guest. When the guest is a diatomic molecule y: inducti gy, vibrali quency,

trapped in one full shell of a face-centered cubic (fcc) arrange- distance, are mainly responsible for molecular ions rglaxilng at
ment or an icosahedral arrangement of argon afofhshe a much dlf_ferent rate from uncha_rged molecules. Vibrational
molecule finds enough space to translate in the cage, but a stron elaxation in condensed phases mvolves_ a number of energy
repulsive wall builds up when it moves away significantly from ransfe_r pathways_ and one of the major problems in the
the center of the cage. The interaction of the molecule with relaxqtlon process fétlt;e t'm.e s_cale of energy transfgr pathways
host atoms in the repulsive region is responsible for causing to various m_o_t|0n§: . For ionized guests, such a time scale
perturbation of molecular vibration, thus leading to vibrational ¢2n be significantly different from that of neutral molecules.
relaxation. For example, the spectroscopic data of HCN in the The guest is in intimate contact with the host atoms, suffering
Ar, Kr, and Xe matrixes indicate that the molecule is trapped at least 18 cplllspns per secqnd._ Despite such a high goII|S|on
in a substitutional site of the fcc configuration at the cryogenic Treduency, vibrational relaxation in condensed phases is known
environment: Such an Ar matrix environment has been used {0 be very slow compared to the gas-phase proesdjcating
in theoretical studies of the addition dynamics of @ that thesg numerous CO||ISIOn.S, eaph of W.hICh. acts to pgrturb
cis-ethylened, and the subsequent decomposition of the vibra- the vibrational motion, are highly ineffective in transferring
tionally excited 1,2-difluoroethané»5 Among other studies ~ €N€rgy-: Ano_ther problem is the role of_ host in th_e relaxation,
involving the fcc structure s the calculation of the phonon ~ Which is unique to the processes taking place in condensed
thermal conductivity of the Lennard-Jones (LJ) argon crystal media. Evenin a one-she!l enqunmgnt, the vibrational mopon
between 20 and 80 K using molecular dynamics simulatiéns. of host atoms can contribute significantly to the relaxation
For the guest molecule confined to such a closely packed Process. In the condensed phase, thgreforg, there can be several
arrangement, the substitutional site is not large enough for theimportant energy transfer pathways involving restricted trans-
molecule to undergo free rotation and translation. Furthermore, lational and rotational motions as well as phonon modes, and
the rotational motion is under the influence of a strong potential the efficiency (or inefficiency) of each energy transfer pathway
field, which leads the guest to experience a periodic or nearly depends sensitively on the nature of interactions between the
periodic field as it rotates. Thus, both translational and rotational guest and host atoms, so the determination of time scales for
motions of the guest in the cage are hinderatblecular ions energy transfer processes warrants detailed interpretation of all
as large as Br and b~ are also known to be caged in an argon these motions involved.
or CO, environment, the systems that have been considered to In the condensed phase, time scales for vibrational relaxation
study the microscopic nature of anion solvation and the effects for simple molecules are known to vary by many orders of
of solvation on elementary chemical reactidfss* magnitude. For example, the lifetime of vibrationally excited
When the guest is charged, the induction energy can modify states N(A 3%,%) in an argon matrix at 1730 K is as long as
greatly the hostguest interaction, thus affecting the mechanisms 3 s1¢2%and the lifetime of Q(X 3=7) in liquid mixtures with
of vibrational relaxation especially at low temperatures. The Arand N\ at 77 K is in the range of millisecond$!8whereas

10.1021/jp051002e CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/08/2005



5538 J. Phys. Chem. A, Vol. 109, No. 25, 2005 Shin

the lifetime of heteronuclear species NHZH) in Ar or OH/
OD(A 2=%) in Ar is only about 108 s in the temperature range
4.2—-25 K1821Even in the latter systems, the time scale is much
longer than the gas-phase values. Studies show that the
relaxation rate constant of vibrationally excited oxygen mol-
ecules in argon is in the range of centi- to millisecopds®
Although vibration-to-rotation (VR) energy transfer is the
principal pathway for the relaxation of hydrogenic heteronuclear
diatomic moleculed?23the pathway of vibration-to-translation
(VT) energy transfer rather than the VR mechanism plays a
leading role in relaxing vibrationally excited homonuclear
diatomic molecules such as@nd N in Ar.31°When the guest (@) (b)

is an ion, the attractive energy term introduced by the-ion  Figure 1. (a) Face-centered cubic structure, where 12 nearest neighbors
atom interaction can significantly modify the translational occupy the midpoints of the 12 edges of a cube. Argon atoms 1, 2, ...,
motion, thus enhancing the perturbation of the vibrational 6 areinone plane; 7, 8, and 9 are above that plane; 10, 11, and 12 are
motion. In a narrow cage space, the modified interaction energy gﬁ'(?"t"ﬁétb)o?':%iﬁe;ntﬁﬁ T :‘?oenﬂps cé%ﬁ)ﬁggmﬁepgiﬁﬁ)ﬁzgte{hi

can aﬁe.Ct the |anue_nce of the po'FentlaI field on rotation. displaced atom is expressed by a filled circle. The argon 1 to c.m. of
Translation and rotation, both of which are confined to close o, gistance is | and that to cage center distance.isAlso shown
proximity of the cage center, can now enhance vibrational are the Ar-O distancesy; andz..

relaxation over the neutral guest. Thus, these modified transla-

tions and rotations as well as the phonon modes of host atomshindered and free) by multirotational quantum processes, and
should be Carefu”y considered in Studying the vibrational the phonon modes of host atoms.

relaxation of molecular ions in condensed media. We choose Ar atom 1 to be in tiaxis so thah measures

In the present paper, we study the relaxation ef(@=1) the rotation of the molecular axis from this axis apds the
using an interaction model for the molecule that is trapped in @ 57imuth on thexy plane. The coordinates needed to derive the
cage environment formed by 12 nearest argon neighbors, hencejnteraction energy are shown in Figure 1b. The displacement
a face-centered cubic arrangement. Our approach includes all.g, pe expressed in terms lof, |1, and p1. The instantaneous
atom-atom interactions for the guest and host atoms and usesy,nq distance of @ is d + x, wherex is the displacement of
the semiclassical perturbation theory, which relates the energyine pond distance from its equilibrium value Thus, we
transfer probability to the Fourier integral of the time-dependent ;.0 4uce the spherical coordinate systeqo( ¢) into 24 O-Ar

distances to set up the overall interaction energy. In determining

force?* The time dependence of the interaction energy is
determined from the solution of the equation of motion for 4 ie of the cage space available for the motion of, @e

translation, which is localized in the neighborhood of the cage note the crystal radius of 1.92 A for &AFso the Ar-Ar distance

center. In addition to local translation, the motions responsible or the distance between Ar and the center of cage=is3.84
for sharing the energy released by thg"(@=1) vibration are A. Because the bond distance ofCand orbital radius of O

D O ol oM LOV: e 135 A and 0,45 A especivel. e argon and oxyger

tiligr?-lying ones are free. We treat the vibrational and (lhindered orbitals are sgparated by at least 0.80 A when the center of mass

and free) rotational mofions of O and the phonon modes of (c.m.) of Q" is at the cage center. Wher‘gt.)t.ranslates _close

host atoms quantum mechanically in formulating energy transfertO argon atoms, it éncounters a sharply rising repulsive wall,
where the perturbation of the vibrational motion occurs.

probabilities.
II. Model [ll. Interaction Energies
The interaction model for ©-Ar has been reported in ref 3. The interaction model for ©+ Ar has been reported in ref

We briefly recapitulate the essential aspects of the model and3 and the same procedure will be adopted here whenever
the effects resulting from inclusion of the induction energy. The applicable. Both atoms of the guest molecular ion interact with
positions of 12 Ar atoms in a fcc arrangement are shown in all host atoms. |nC|Uding all these 24-@r interactions, the
Figure 1a. The configuration corresponds to the atoms occupyinginduction energy and the argeargon interaction terms, we
the midpoints of the 12 edges of a cube. Each atom of the guestcan express the overall interaction energy in the form
molecular ion (Q or Og) encounters the repulsive field created

by the host atoms when O moves around in the cage. The 12 2 12

two atoms undergo a series of collisions with the host atoms asU(LyX,0,¢) = ZZVni[Zni(Ln!X-Gvd))] + ) Vind(Ly) +

the vibrationally excited guest translates and rotates. Each atom == n=

of O, interacts with the 12 Ar atoms. Thesea®—Ar ;VAr(zk,) (1)
interactions are represented by the LJ+{82 potential. The

Ar—Ar interaction energies are also represented by the LJ

potential. The overall interaction potential energy is then the wherel, is the distance between timth Ar and the c.m. of
sum of these atomatom interactions and the induction energy. Oz, which will determine the value o for local translation

In the region of strong repulsive interaction, the vibrational (Liis shown in Figure 1b), ang} is the distance between argon
motion couples with local translation and rotation as well as kandl. The second sum is for the interaction between the charge
the motion of host atoms; thus all these motions participate in of O~ and the dipole moment induced in Ar. For thi& argon

the vibrational relaxation of © as energy accepting modes. atom, when two ArO distances are distinguished by the indices
The vibrational relaxation process is viewed as energy flow from n; andn; (i.e.,i = 1 and 2) in the first term, the distances
the high-frequency mode to local translation, rotation (both between the O atoms and 12 Ar atoms are
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= [L,2+ ,(d + 7 F Ld + Xf (0.7 (2)

where the angle factors determining the orientation of the
molecular axis with respect to the host atoms are

f(0,¢) = cos[( — 1)x/3]cosh +

sin[(n — 1)/3]sin 6 cosp forn=1—-6

f.(0,¢) = —3 Y42"?sin¢ — cos(/6) cosh —
cos(t/6) sinf cosg]
f.(0,9) = —3 Y422 sin¢ — cos(51/6) cosh —
cos(51/6) sin6 cosg]
f,(6,¢) = —3 Y422 sin ¢ — cos(91/6) cosh —
€0s(91/6) sin6 cosg]
f,4(0.¢) = —3 422 sin ¢ + cos(31/6) cosh +
€0s(31/6) sin6 cosg]
f,,(6.9) = —3 422 sin ¢ + cos(71/6) cosh +
cos(¢t/6) sin6 cosg]
f,,(0,¢) = —3 42" sin ¢ + cos(11/6) cosh +
c0s(11x/6) sinf cos¢)

To describe the many-body dynamics in the present model, we
first note that the c.m. of © moves around the center of the
cage hyo, as shown in Figure 1b. When the c.m. is positioned
at the cage center, the values of lgllare equal to each other
and coincide witH. In terms of the coordinates defined in Figure
1b, we can express the distance betweemtheAr atom and
the c.m. of Q asL, = [I,2 + 62 — 21,0 cospn] Y2 wherel, =

[12 4+ g2 — 2lgn cosyn]Y2 and p; is shown in Figure 1b. The
angle y, measures the direction of the displacemgnfrom
the axis of the cage center tah argon. Thus, we have two
other sets of anglep{ andy, and their azimuths) in addition
to the molecular rotation angle8, (@), but these sets describing
the position of the c.m. of © and the displacement of Ar from
its equilibrium position have no effect on the molecular rotation,
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energy transfer. The equilibrium distance betweera@d the
host atom is ¥ = 3.92 A, whereo = 3.49 A?7 The values
of o ande for O, + Ar needed in determining the first term of
eq 3, are obtained frorn/k =119.8 K,eo,/k = 117.5 K, oar

= 3.405 A, andro, = 3.58 A using the usual combination rules
for mixtures?” Note that the equilibrium distance betweesrO
and Ar is significantly shortened from the,@ Ar value given
above because of the contribution of the induction energy.

The functionU(L,x,0,¢) depends on the pertinent coordinates
in a complicated manner, but we can recast it in a form that
shows the coupling of the molecular vibration with the rest of
the coordinate system in an explicit form for the present study,
which employs semiclassical perturbation procedures. The Ar
Ar interaction energy in eq 3 is not directly coupled to the
internal motions of the molecule, but its ateratom distance
depends on the displacemept determining the frequency and
in turn the amount of energy transfer from Qo the phonon
modes. Equation 3 can now be written in the Taylor expansion
for a function of three variables as

U= U(Lnnxrei‘P)lx:O,{q}:O,é:O +

i(l/s!)

where {q} is a collective notation forg;, O, ..., Q12 the
derivatives are evaluated at= 0,6 = 0, and{q} = 0, andL,

is dependent o and g,. The operation produces the terms
containing co3 p,, which is/3 when averaged over the solid
angles. In averaging cgg, we note that each Ar atom on the
cage directs its interaction t0,Q so its inward motion ranges
from O tosr and its azimuthal from O tos2 The average of cos
¥n in this inward angle range i%,. Though the one-quantum
transition of Q- requires the presence of the coordinater
1— 0 and the phonon modsp for phonon transitionk — k +

1, the displacement of local translation is quadratia)jnso
after straightforward differential operations, we arrive at the
perturbation energy term

n ( )| = =0,0= ( )
X—+o0—+ g U(L,,X,0,0)|,— —os—q (4
X 5 n x=0{q}=0,0=0

n,

so they do not contribute to the relaxation process. Therefore, e
the effects of these two sets can be replaced by their orientation-— — — —U(L,,,X,0,¢) [, s— 06— _0gx=
averaged values. 4! 90X 9q, g2

When we use the LJ (£26) potential, the overall interaction 12 2

energy becomes

12 2 o\12 12 1 eZOL
U(L,X0,0) = 2¢ -
== ( ) ( ) =147 2L ¢
O’Ar):L2 GAr 6
4€ArZ — == O3
[\ 4 4y

where the interaction and spectroscopic constantearew/2x

= 1090 cnT, wexe = 8.1 cnT?, bond distancel = 1.35 A26
ande/k = 118.6 K27 In the induction energy, is the vacuum
permittivity, a. is the polarizability of Ar, which is 1.64 A28
ande is the electronic charge. Because the induction energy is
independent of the molecular bond displacement and orientation,
it does not contribute to the perturbation energy, which is
responsible for vibrational and rotational transitions. However,
the induction energy introduces a significant attractive energy
in the overall interaction energy, thus creating a deeper attractive
well for the molecule to “speed up” toward the host atoms; i.e.,
it modifies the collision trajectory to increase the efficiency of

gl o of o )
e i o e R
sl o) o
oo+
Wwﬁ@& ,

el
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e
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where Gn = [1 F (d/)f(0,9) + (d/21)q] with i = 1 for the
upper sign and = 2 for the lower and, = f,(0,¢) for brevity.
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IV. Transition Probabilities
The probability of energy transfer from,Qv=1) to local

translation, rotation, and phonon modes can be determined from

the solution of the time-dependent Sctlirmer equatiof24-29

0

iha—lf = [Ho + U'(0.{ G} X0.0)]% ©)

where Hg = HgP + Hg™© + H™, the Hamiltonian of the

unperturbed system. The time evolution of the interaction system

is described by the trajectory of local translatid(), which is
the solution of the equation of motion for the guest molecule
in the cage written as= WI2)1’2f§0[E — U(0)]7Y2do, where

u is the reduced mass of the;G-Ar system andE is the
translational energy in the cage. To determine the trajectory
(), we need the)-dependent energy(d), which includes the
contribution of the induction energy. When eq 2 is substituted
in eq 3, the leading term of each interactiorLjs'2 andL,5,
which can be expanded in a power series ofi)( which
converges rapidly because= 3.84 A and ¢/l) < 1. The
resulting expression is a function of and p,. When thep,,

Shin
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Figure 2. Dependence of the interaction energy @ifior eq 3 with
= 0 andL, = 1. Theu, = 0 and 1 levels of the libration motion are
indicated. The dotted curve for,G- Ar is shown for comparison.

0 60 120

evaluate the Fourier integral in eq 9, we note that the c.m. of
O, undergoes a one-half period oscillation out of the cage
center during which the two oxygen atoms interact with the
host atoms: i.e., the oxygen atoms sample the entire interaction
field produced by the host atoms. This period corresponds to

dependence is averaged over the solid angles as mentioneghe interval from the lower limit-Y,z to the upper limit+Yaz,

above following eq 4, the result appears in the quadratic form
U(0) = Vo(6/1)%, whereV, is an energy constant containing the
inverse-power terms ih, Vo = 12[22(/1)*2 — 5(c/l)® — (1/
47eo)(€2a/21%)]. The lower integration limit is themo = I(E/
Vp)¥2, so the integration of the equation of motion yields the
oscillatory function
(1) = 1(EV)™ cos[(2Vg/u) " At)] @)

The local translational motion in a free volume of the cage is
then a periodic function of time with the periad= 7l(2u/
Vo)l/Z_

The general solution of eq 6 appears in the standard form

Wx0.0) = > Cimd®) ¥,(X) Yin(6.6) §(an)

Il

exp[-(i/h)(E," + E"* + E/) (8)

wherey,(X) is the vibrational wave function andm(0,¢) is

for which the integral can be readily evaluated.

In treating the role of rotational motion in the relaxation
process, we note an important situation: motion is hindered,
especially in low-lying energy levels. When there is a barrier
to rotation, motions corresponding to low-lying energy levels
may become hindered and transform into libration. The height
of such a barrier is dependent on the strength of interaction
between the guest molecule and host atoms. At low temperatures
considered in the present study, only such low-lying levels are
significantly populated, so the initial state of rotational motion
can be dominated by libration; i.e., rotational transitions
transform into hinderee~ hindered and hindered- free, as
well as free— free for sufficiently high-lying levels. In Figure
2, we plot the first part of eq 4 as a function @ffor ¢ = 0.

The plot shows the barrier height & = 101 cnt?, which
changes negligibly whea is varied. For example, fap = 0°,

45°, and 90, AE™ = 100.80, 100.80, and 100.77 ci
respectively, where we show five significant figures for
comparison. That is, hindered rotation is essentially independent

the spherical harmonics, the energies satisfying the eigenvalueys ¢. Thus we refer the part to &&(6). If the barrier to rotation

equationdH"®y,(X) = E,YPy,(x), Ho®Yim(6,0) = EYm(6,9)
andHg"&(gn) = E*"Ek(an). The expansion coefficients,jmi-

(t) provide a complete description of the dynamics throughout
the interaction, and they can be explicitly determined by
substituting eq 8 in eq 6:

5¢
; @' |x| oK' | g, kOx

CU']'TT’{k”,Ujmjk(t) = _(|/h)(—

8l
Bm ij(g)

where AEj kk is the amount of energy transfer from vibration
to local translation (see below). The vibrational matrix element
for 1 — 0 is [0|x|10= (A/2Mw)*2, whereM is the reduced mass
of O,~. Assuming the harmonic oscillation, we obtak| g, k(]

= (k + )Yh/12Marwar)Y? for K = k + 1, whereMy, is the
mass of Ar andv,, is the frequency of the phonon mode. The
relaxation leads to ©(v=1) releasing energf; — Eo = hw,
whereas rotation shareEj(— Ej) and argon’s phonon modes
take Ex — Ex), so the amount of energy transferred to local
translation isAExx = hw — (B — E) — (Ex — EJ). To

0,
12 2

ZZU'<e,¢>f_‘tcosz[(zvo/ml’zﬂéAEﬁ'W”hdt'

is higher than the rotational energy, then the rotation is hindered
and the guest molecule librates about the minimaJg(®),
which occur atn/6, 37/6, ..., 1In/6, satisfying the 6-fold
symmetry. Also shown in Figure 2 for comparison is the curve
for the & + Ar case, where the barrier height is only 39.8
cm13 The difference in these two systems is not from the
induction energy, which is independent &f rather from 24
atom—atom interaction energy terms that are dependent on the
bond distance as shown in eq 2. It is important to note that the
curve fits perfectly to the potential functid(0) = Y/,AE™[1

+ cos(®)]. The first eight rotational levels are hindered, i.e.,
gt < AE™, and the emerging motion is libration in tlag =

0 and 1 states. To the harmonic oscillator approximation we
then find the frequency of the hindered motion to bg =
6(AE™Y21)1/230 giving 64.8 cnt! or the lowest level of the
hindered motion:, = 0) being 32.4 cm!. Herel is the moment

of inertia of G;~. On the other hand, IAE™ < E!, then the
rotation is free and the transition from the librational levgl

= 0 or 1 to such a high-lying free rotational level is a hindered-
to-free process. Thus, the rotational motion of @ the cage

at and near cryogenic environments now leads to hindered-to-
hindered, hindered-to-free, and free-to-free transitions. These
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transitions will accompany vibration-to-local translation and (T), the sum of which ovejj'mmnikK is the overall energy
vibration-to-argon’s phonon mode energy transfer processes.transfer probabilityPo:(T).

By use of the linear variational method, we obtain the wave

functions for the lowest and first excited states of the hindered V. Results and Discussion

motion as

6
q)z/h(e) = Nz/h V4 Ez/hi(e)

(10)

where Zgi(0) = (a/m)Y* exp[—Y0(0 — ixl6), Z1(0) =
(Wm)420)1V%0 — inl6) explYoa(d — i)Y, o =
[1lU"(0)|p=0]¥¥h, and the normalization constants,, =
{/T°2,,i(0)]2 O} ~Y2 are 0.4081 and 0.4105 for, = 0 and 1,
respectively.

From eq 9, the probability of transition fromvjmkto

|'j'm kK Owith AE;j;kk transferred to local translation in the limit

t — o is then

_ 2
POj’mk',ljmk(E) = |Coyml<,1jm|2(°°)| (11)

where we seb = 1 andv' = 0 for the relaxation process. To

A. Energy Transfer Probabilities. Several energy transfer
pathways operate in the relaxation o O They are energy
transfer from the excited molecular ion to local translation,
phonon modes, and rotation. As noted above, low-lying
rotational states are hindered, thus transforming rotational
transitions to hindered-to-hindered and hindered-to-free, as well
as free-to-free transitions. The energy transfer probalitty
(T) given by eq 12 is expressed for the rotation undergoing free-
to-free transitions, which are associated with the matrix element

12 2
m”ﬂz U'(60,9)lim=

12 2

OZTff\G'm(H,@Z U'(6.6) Yin(6.0) sin6 d6 d (13)

In this pathway, the amount of energy transfer to rotation is

derive the energy transfer probability and in turn the relaxation (Ey — Ei), to phonon modes iss¢ — Es), and the rest of the
rate constant, we have to average eq 11 over the thermalvibrational energyAE;;ji, deposits in local translation.

distribution of E and sum the resulting expression over the

Forj = 0-8, " < AE™ and the rotational states have

rotational states of © and the phonon states of host atoms. transformed into the vibrational state= 0 and 1, so the energy

From eq 9, we note that the probabil®n 1m(E) is propor-

transfer pathway hindered-to-hindered transitions (namety, 0

tional to E2. Because the molecule confined in the cage travels 0, 0— 1, 1— 1) with the inelasticityAE,,,,kk = fiw — (Eyy

at low velocities, we carry out thE-integration from zero to
the average translation ener@ = 3/kT for the molecule

— E,) — (Ex — Ex), whereuvy andwy’ now replace the rotational
guantum numbers$, j'. In this case, the energy released by

translating in the three-dimensional cage. In treating free-to- relaxing Q~(v =1) is transferred to local translation, phonon
free or free-to-hindered transitions, we note that the role of initial Mmodes, and libration, so the rotational matrix element given
relative angular momentum can be replaced by its classical above should be replaced by

analogue, the impact parameter A reasonable approach to
introduce the impact parameter in such transitions is to replace
E by E(1 — b41?), the modification which is known as the
method of modified wavenumber, first introduced by Takay-

12 2 12 2

13 S VO f;‘”fbuh,(e)z > U(0.9) ®,,(0) do

anag?! in the calculation of rotational transition probabiliti&s.
This approach leads tBomi,ym(E,b), which then has to be
averaged oveb as ztfg*Poj’mk”j_jmk(E,b)b db/(r1?) along with

(14)

Because the value of the integrand wih, (6) given by eq 10
decreases rapidly asmoves away from the minimaz(6, 37/

the thermal average. The upper limit of the integration range 6, ...) shown in Figure 2, we set the integration range of eq 14

represents the maximum distance the c.m. of €an travel in
the cage, which iSmax = I(E/Vo)Y2 from eq 7. With these

from +oo to -co. Furthermore, for this pathway we have to
modify eq 12 to account for the participation of hindered motion.

averaging and summing procedures, we now obtain the tem-The sums ovejj'mm as well asQ,«(T) in eq 12 have to be
perature-dependent deexcitation probability in the lengthy, but replaced by the corresponding sum over the librational motion,

straightforward, expressién

Poi(T) =

2r e—Ek/kTZ o BT il g %
(KT Qur(T) Q,mm; fi &

b* E* _
o J5 Popne ami(Eb)e FTEDE bdb (12)

whereQx(T) is the rotational partition function. For the argon

state sum, we have the thermal aver@ge = e 5T, where
the kk'-sum operates on gy k0P as well asAEjjkk in
Poymie imk(E,b) in addition to 5T, thus leading t@Qar Sk (K
+ 1)e kFHhonlkT for k — k', whereQj, is the partition function
for Ar oscillating with wa, about its equilibrium position. We
obtain war = 2.16 x 102 s71 or 11.5 cnt! from the force

which is Qjp~1Z,,,,se” Ut hewkT for , — 2 and the two-
state partition functioQ, = (1 + e ewkT)e=howkT At 85
K, the contribution of the 6~ 0 (hindered-to-hindered) transition
to the overall deexcitation probability given by eq 12 is 343
10719, The contribution is 9.25 10711 at 50 K and decreases
to a value as low as 1.5% 102 at 10 K. For 0— 1, the
corresponding three values are 75710712, 2.28x 10712 and
3.88 x 10714 respectively. Note that for ©- 0, as well as 1

1, (E, — E,) =0, so the entire vibrational energy is transferred
to local translation and phonon modestyx = Aw — (Ex —
Ey).

Next, we now consider transitions among high-lying free
rotational statesj (> 8) with jm = j'm’, where the amount of
energy transferred to local translationAgy and to the host
phonon modes isH¢ — Ex) as invy, — vy’ transitions discussed
above. In determiningPo1(T), we sumPgjmi,mi(T) over m

constant, i.e., the second derivative of eq 3 with respect to the (e.g, forj = 6, m = 0, &1, ..., +6), and average ovelj 2- 1
displacementqg,, and the matrix element for single-phonon myvalues. At 50 K, for example, the contributionjof j' = 9,

processesk + 1|gy k0= 1.92 x 1079k + 1)¥2 cm. TheE,b-
integrated quantity in eq 12 can then be expressé&das, jm

the lowest free rotational state, ®yy(T) is 9.62 x 10713,
whereas the contribution frojn=j' =11 is only 2.81x 10713,
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Whenj' > j, the rotational motion takes part of the vibrational
energy intramolecularly, thus causing a smaller amount of

energy transfer to local translation and phonon modes than the

jm=j'm case. The first of such free-to-free rotational transitions
isjm = 90— j'm = 100, but its probability is negligible. At
85 K, the contribution from thig\j = 1, Am = 0 case is only
1.63 x 10718, However, for 90— 110, the probability is 6.26
x 10712 which is about one-seventh of the leading contribution
coming from 90— 90, aAj = 0, Am= 0 case. A similar picture
emerges for the cases with= ', butm = m'. These results
indicate that the differences in probabilities are consistent with
the predictions of the selection rulesAf = 0, 2 andAm =
0, £2.

It is important to note that the selection rules hold for the
ideal interaction system with simple angle dependence. In the

present model, the angle between the molecular axis and the

center of cage-to-argon 1 axisfisbut the corresponding angles
for all other Ar atoms are different frond. If the latter
interactions were absent (i.e., a simple atedfiatom collision)

and if the perturbation energy was obtained by expanding the
atom—atom distances between argon 1 and @r small values

of x/l, we would find the angle dependence of the leading term
to be co8 0, for which the selections rules of free-to-free
rotational transitions are preciselyj = 0, £2 andAm = 0,

+2. In the present interaction system consisting of 12 host

atoms, we can view many-body interactions in the cage as a

sequential event. Consider that one of the oxygen atoms, e.g.
Oa, is the closest to argon 1 at one instant, and it then moves
to close proximity of another atom, e.g., argon 7, at the next
instant as @ rotates. At the first instance, thea©argon 1
interaction is the main event, but ag Qotates, the @—argon

7 interaction becomes the main event, and so on. A similar
sequence occurs at the other side fgr. ®he 6 dependence
seen in Figure 2 is the manifestation of such periodic behavior.
Even though thé, ¢ dependence di(L,,x,0,¢) given by eq 3
appears complicated, this behavior is embedded in the potentia
function, eventually leading to the selection rules that ap-
proximately follow the ideal relations mentioned above. The
transition probabilities ofim — j'm/, including jm = j'nt,
displayed above support this statement; for example, 421
1071 1.63x 10718 and 6.26x 10-*2for 90— 90, 90— 100,

and 90— 110, respectively. The probabilities of intermultiplet
transitions are significantly smaller than those & = 0.
Furthermore, for a given set ¢f, all contributions have to be
summed ovem and then averaged over, so the combined
contribution of thgm set is much smaller than the leading term
jo—jo.

Still another energy transfer pathway is the hindered-to-free
type for which the initial state in eq 13 |80 In this case, the
jim-sum andQ,x(T) have to replaced b@yp~1Ze wntH2hwkT
andQyp = (1 + e wwkT)e="HowkT in eq 12 as in the hindered-
to-hindered case, but retaining tfiet-sum for the final state
of the free rotation case. The most important transition among
this type isvy, = 0 — j'm = 90, for which the probability is
1.04 x 10712 at 85 K. At 50 K, the probability decreases to
3.08x 107 and is as small as 5.26 10~ at 10 K. For 0—

91, the probability is only 2.5 10715 at 85 K but increases

to 4.17 x 10713 for 0 — 92. Although no specific selection
rules apply to these transitions, we note that the probability for
even m is much larger than that for odd'.

Shin
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Figure 3. Temperature dependence of the energy transfer probability
Poi(T) on a log-log scale.

of 0 — 1, in which part of the vibrational energy deposits in
the hindered motion, is far less important compared to those of
the 0— 0 and 1— 1 transitions. These two transitions are
followed by free-to-free transitions, in particular the transitions
of the typejm = j'mt, in which the energy is also transferred to
local translation and phonon modes. The relaxation process also
involvesjm = j'm rotational transitions, but the contribution
of such free-to-free transitions to the overall relaxation process
is not important. The least efficient pathway is hindered-to-
free transitions, in which the vibrational energy is transferred
to rotation intramolecularly via multiquantum transitions, in
‘addition to energy transfer to local translation and argon modes.
The sum of all these contributions is the overall energy transfer
probability Poy(T) defined by eq 12. The energy transfer
probability is 4.70x 10710 at 85 K and decreases to 1.32
10719, when the temperature is lowered to 50 K. At 10 K, it is
as small as 1.6% 10712 These results indicate that the energy
transfer probability varies 2 orders of magnitude over the
condensed-phase temperature range considered in the study. As
Ishown in Figure 3, the temperature dependence can best fit to
the linear relation in a loglog plot. This temperature depen-
dence is radically different from the well-known linear relation
log Poy(T) O T-%3, originally formulated by Landau and Teller
for vibrational relaxation in the gas pha%e.

B. Relaxation Rate ConstantsAn important quantity needed
in studying energy transfer processes is the vibrational relaxation
rate constank, which can be calculated by combinifgs(T)
with a collision frequency. Unlike in gas-phase collisions,
collision frequencies in the condensed phase are difficult to
estimate because the concept of a collision in the phase is less
well-known, especially for the guest trapped in a solid matrix.
In the condensed phase, it is unclear what constitutes an
individual collision as it is difficult to determine when the first
collision ends and the second begins in the environment of many
host atoms. Even if the occurrence of individual collisions is
established, it is not trivial to establish how such collisions affect
the outcome of the overall energy relaxation process. It is simple
to visualize in Figure 1a the situation that when the guest collides
with, e.g., argon 1, its interaction with nearby host atoms, i.e.,
atoms 2, 6, 7, and 10, is also important. The interaction of a
guest molecule with its host atoms is continuous, because each
guest-host collision is part of the overall encounter, leading to
vibrational relaxation in the condensed phase. In the cage
environment, what is important in determining the relaxation
process is not a well-defined single collision event but the

Our results reported above indicate the most important energyencounter that encompasses a series of collisions. As noted in

transfer pathway is the ©- 0 and 1— 1 hindered-to-hindered
transition, in which the vibrational energy ot Qv=1) transfers
to the local translational and phonon modes. The contribution

section 1V, the c.m. of @ undergoes a one-half period
oscillation around the cage center, and one of the two oxygen
atoms interacts with the host atoms in one hemisphere, whereas
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Figure 4. Temperature dependence of the relaxation rate conktant
on a log-log scale. The dotted curve is farcalculated with the cell-
model collision frequency in the liquid argon temperature range.

the other interacts with those in the other hemisphere. Thus,
the integration range of /47 to Y47 for the Fourier integral of
local translation is the time scale representing the frequency of
occurrence of such encounters in the rigid environment. The
excited guest transfers its vibrational energy to other modes
during this time interval, which i¥,t = (7l)(u/2Vo)Y2, so the
relaxation rate constant can be expressed as

k= (27) "Pou(T)

The numerical value of the frequency of collisions &) !

= 2.40x 10%s7%; i.e., in the cage environment the guest is in
contact with the host atoms suffering perturbation at a rate of
10™ times per second. The latter value is comparable to the
collision frequencies determined in other models. For example,

(15)

using the Slater equation for an assembly of quantized, energy-

weighted normal modes, Wiesenfeld has calculated the collision
frequency of 3.1x 10*2s™1 for HCI + Ar at temperatures-920
K_34

When we use (7)1 for the collision frequency, the
contribution of the G— 0 hindered-to-hindered transition to the
rate constant at 50 K is as large as 222; s.e., the energy
transfer occurs on a millisecond time scale. The next most
efficient pathway is they, = 1 — v, = 1 hindered-to-hindered
transition, which is 37.578, followed by 5.46 s! for 0 — 1
and 2.31 s! for thej = j' = 9 free-to-free transition. Note that
for the last case, ajin states are properly summed and averaged
overmandm as stated above. Fpr j' = 10, the rate constant
is 1.29 s, Itis only 0.740 s for the v, = 0— j’ = 9 transition.
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0, we find 21.95 nm3.193839Note that these density data are
obtained at 77 K, but the extrapolated values change only
slightly in the temperature range considered in the present study.
At 85 K, zis found to be 3.29«< 10'?s™1, which is about 40%
larger than the value ot/r)~1 given above. At the solid argon
temperature of 50 K, it is 3.52 10*?s1, which are comparable

to the value of ¥>7) 1. In Figure 4, we have extended the solid
curve obtained for the rigid environment to this narrow liquid
temperature range, e.g4-f) 1Poy(T) = 1130 s! versuszPy;-

(T) = 1540 st at 85 K. The dotted curve at the upper end of
the temperature range is obtained by using the cell model
expression, but its difference from the result of eq 15 is not
large. Note that if we apply the cell model expression near the
low end temperature end considered in Figure 4, the resulting
rate constant is significantly smaller than that obtained from eq
15. For example, at 10 K, we obtain 1.83'swhich is smaller
than the result of eq 15 by a factor of 2.

Our results presented in Figure 4 indicate that vibrational
relaxation time scales for£O(v=1) in an argon cage range from
millisecond to second in the temperature range. These values
are 2 orders of magnitude larger than the experimental and
calculated values of v=1) + Ar, but they still represent a
very slow relaxation process for the molecular ion in an argon
cage. For @+ Ar, the rate constant is known to be 23'sat
85 K and 5.1 s! at 50 K; it is as low as 0.015$ at 10 K3
Extrapolating their observed data for neat liquig &d high
mole fraction mixtures (@-+ Ar), Faltermeier, Protz, Maier,
and Werner estimated the optimum valuekah the limit Xo,

— 0 as 12 st at 77 K17 The rate constant estimated by Everitt
and Skinner at 85.5 K is 25-5!° For the near-homonuclear
molecule CO in Ar at 824 K, the rate constant is known to
be less than 1073.4° For G~ (X 2=4%) in Ar at the cryogenic
temperature range of #B0 K, the measurek is known to be
~6.8 s1.41 The rate constant of the present calculation varies
from 3.90 st at 10 K to 65.1 st at 30 K. The fundamental
frequency of G~ is 1781 cn1?,26 which is significantly larger
than that of the present system (1090¢émso a larger amount

of vibrational energy has to be removed from the excited
molecular ion; i.e., the relaxation is slower i Ccompared
O,~. However, the decrease is modest in the present model,
where the trajectory of local translation is a sinusoidal function,
giving the Fourier integral less strongly dependent on the
frequency compared to other models, such as the hyperbolic
trajectory of gas-phase collisiof&ln addition to the frequency
difference, we note that the bond distance of @& 1.268 A,
which is somewhat shorter than that of the present system (1.35
A). A smaller molecular ion can undergo less hindered motion

At higher temperatures, the contribution of free-to-free rotational " the cage, in which case free-to-free rotational energy transfer
transitions tends to become larger than that of the>01 becomes a significant energy transfer step but the step is less
hindered-to-hindered transition. The values of the overall rate €fficient in removing the vibrational energy than the transitions
constank, which include all these contributions, are presented involving hindered motions. Therefore, the differences in
by a log-log plot in Figure 4 over the temperature range of Vibrational frequencies and bond distances that lead to the

10—-85 K. At 70 and 85 K, the values d&f are 665 and 1130
s1, respectively. The rate constant is 270" &t 50 K and
decreases to a much smaller value of 3.88 & 10 K. The
plot shown in Figure 4 closely follows the linear relatikri]
T¢, i.e., logk O log T, wherec = 2.7 is an exponent characteristic

relaxation rate of the £ + Ar system in a cryogenic
environment are much smaller than those foer @ Ar, even
though both systems have the important contribution of the
induction energy.

To emphasize the importance of the induction energy in the

of the present condensed-phase relaxation process taking placgibrational relaxation of molecular ions, we note that the depth

at and near cryogenic temperatures.

The collision frequency in liquids can be determined in a
cell model az = (8kT/mu)V2(2V20~13 — o), 3537 wherep is
the number density anal. is the collision diameter. Extrapolat-
ing linearly the experimental densities 22.15 and 22.64%m
at the mole fraction¥o, = 0.3 and 1.0 for @+ Ar to Xo, =

of the attractive potential of the LJ interaction of Ar te B
0.0102 eV occurring at the equilibrium separation of 3.92 A.
On the other hand, when the induction energy is included for
O,~ + Ar, the well depth becomes as deep as 0.0801 eV
occurring at 3.40 A. Thus, for© interacting with 12 Ar atoms,

the contribution of the induction energy to the overall interaction
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potential can be particularly important. The induction energy free rotational transitions. The overall de-excitation probability
has two important effects on the vibrational relaxation: (a) it is on the order of 102, representing extreme difficulty of the
“speeds” up the translational motion o Otoward Ar so that excited molecule relaxing in the cage environment. The rate
the kinetic energy of the relative motion is increased, and (b) it constank of the relaxation process varies from 1130 at 85
increases the slope of the repulsive wall of the interaction K to 3.88 st at 10 K, a decrease by 3 orders of magnitude.
potential on which the probability of energy transfer depends Despite the high collision frequency of the order o461,
sensitively. These effects lead to the molecular ion reaching avibrational energy relaxation time scales for the molecular ion
deeper repulsive region, where the slope of the potential wall in an argon cage range from milliseconds to seconds. The
rises sharply, for a greater perturbation of the interaction modes,temperature dependence closely follows the linear relation of
which participate in the vibrational relaxation of; Q thus logk O log T.
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