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We report a theoretical study of nonadiabatic transitions within the first-tier ion-pair states of molecular
iodine induced by collisions with GFWe propose a model that treats the partner as a spherical particle with
internal vibrational structure. Potential energy surfaces and nonadiabatic matrix elementsfoCigeslystem

are evaluated using the diatomics-in-molecule perturbation theory. A special form of the intermolecular
perturbation theory for quasi-degenerate electronic states is implemented to evaluate the corrections to the
long-range interaction of transition dipole moments of colliding molecules. The collision dynamics is studied
by using an approximate quantum scattering approach that takes into account the coupling of electronic and
vibrational degrees of freedom. Comparison with available experimental data on the rate constants and product
state distributions demonstrates a good performance of the model. The interaction of the transition dipole
moments is shown to induce very efficient excitation of the dipole-allowsdnd v, modes of the CF

partner. These transitions proceed predominantly through the near-resenasngrgy transfer. The resonant
character of the partner’s excitation and the large mismatch in vibrational frequencies allow one to deduce
the partner’s vibrational product state distributions from the distributions measured for the molecule. The
perspectives of the proposed theoretical model for treating a broad range of molecular collisions involving
the spherical top partners are discussed.

. Introduction the (DO products formed in the collision-induced nonadia-
Studies of gas-phase energy transfer involving polyatomic Patic transition (CINAT) on the Cfpartner exhibit a well-
molecules are still challenging for molecular collision theory. [€Solved structure associated with and v, vibrational exci-
Collisions with the spherical top (ST) molecules (most com- tations. These results provide a unique opportunity for developing
monly CH,, CF4, or SR) can be considered as a relatively simple @nd testing theoretical models for energy-transfer processes
case due to high symmetry facilitating approximate treatniénts.  involving ST partners.
ST molecules are known to be quite specific and efficient It is important to emphasize that CINATS between IP states
acceptors of energy in various quenching and relaxation of molecular iodine are interesting by themselves. A number

processes. For instance, experimental studies of t#)@nd of studies devoted to the CINATS’ dynamics of the ion-pair
N,(A) vibrational relaxation on some ST partners indicate the (IP) states of molecular iodirie'® (earlier bibliography can be
predominant role of the near-resonantV energy transfe#; found in refs 9 and 19) indicates that these processes provide a
time-of-flight measuremeriteind semiclassical modelihgvi- unique model for understanding the kinetics and mechanisms
dence efficient vibrational excitation of the GHCFs, and Sk of electronic energy transfer in dense manifolds of vibronic
by atomic ions, and manifestation of the-E contribution can states

be seen in the quenching of electronically excited atbims. In iodine, as well as in other halogen molecules, the IP states

some of these papers, speculations were made about the longyie just above the valence electronic states and correlate to the
range (LR) near-resonant mechanism of the partner’s vibrational;gnized I+ + |- dissociation limit<0-21 According to the

e>_<citatior). Howeve.r, this mech.anism is difficult to elucidqte asymptotic energy determined by the electronic state ofthe |
without direct experimental probing or state-resolved theoretical -4iion the IP states fall into several tiers of strongly bound
calculations of the vibrational product state distributions (VPDs) potential energy curves with very similar, although not exactly

of Itthte partnetr.th ‘ ble stat lution for th . equal, molecular constants. The first tier correlates to the |
urns out that reasonable state resolution for the partner (3P2) + 17(1Sy) limit and consists of the six stateléog, D0u+,

may _be achieved without any experlm_enta_l complication in Bly v, D'2, and 62, classified within the Hund case (c)
collisions of heavy molecules whose vibrational quantum is . . . . .
coupling scheme. Populating different vibronic levels and

much less than those of the partner. The VPDs measured fordetectin the product fluorescence, one can gain an insight into
such molecules may reveal the structure associated with the 9 P ’ 9 9

partner’s vibrational excitations. It is exactly the case analyzed the defrpent(_jence Olf the n donadlal_oancf[;)ﬁthlwayls on Tyn;m_?;ry,
by Pravilov et al. for collisions of iodine molecules excited to wave function overiap, and energies of Ine levels involved. The

R +78 oo . straightforward access to tHe state via the opticatoptical
ion-pair (IP) stateEQ;."® Measured vibrational distributions of double resonance (OODR) excitation and relatively short

* To whom correspondence should be addressed. Pheife495 939 lifetimes of the IP states greatly facilitates the state-resolved
22 86. Fax: +7 495 939 24 13. E-mail: alexei@classic.chem.msu.su.  experimental studies of the CINAT under the single-collision
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conditions, although the overlapping spectral bands may com-wherer is the internuclear distance andis the reduced mass,
plicate the fluorescence analy8is. j corresponds to the total molecular angular momentum within
The IP states possess few important specific features. Theirthe Hund case (c) coupling schemé,e' is the electronic
electronic structure can be described by a resonant chargeHamiltonian, andgq;, denotes collective coordinate of all
separation modél?? It implies that the IP states of the same electrons formally assigned to thenholecule. The Hamiltonian
spatial symmetry but opposite permutation parity u/g (EkeD, of the molecule A is represented as
B—y, andD'—0 pairs in the first tier) are connected by the giant
transition dipole moment:23These moments can couple with |3|A = 'T'(Q) + Fli' (Q; gn) 3)
the instantaneous, permanent, or transition electric moments of
the collision partner, thus providing a strong dependence of the whereT is the nuclear kinetic energy operat@y,denotes the
long-range intermolecular interactions on the nature of the jnternal nuclear coordinates, aftj' is the electronic Hamilto-
partner. Pravilov and co-workeérfollowed by other®*were  njan that depends amp, the collective coordinate of all electrons
the first to analyze the contributions of such long-range assigned to A.
interactions to the nonadiabatic couplings. The asymptotic solutions of the S¢kiinger equation with

Collisions with the rare gas atoms (Rg) represent the simplestthe Hamiltonian (eq 1) can be expressed in terms of the
case when only the instantaneous dipole moments contribute.gigenfunctions of Hamiltonians (egs 2 and 3)

The resulting induction-like correction to the interaction potential
energy surfaces (PESs) was derived in refs 10 and 11. The

H, InQow;,v, jmC= E,, InQow;vjm0]
I2(E) + Rg collisions were thoroughly analyzed both experi- : !

mentally and theoretically.The most refined theoretical ap- Hal fuadMKE= €, 5l f,v,JMKD 4)
proach%11.14combines the diatomics-in-molectffé*and long-

rangé®!! perturbation theories for the diabatic PESs and and

couplings with an approximate quantum scattering method

adapted to collisions of heavy molecules obeying the Hund case E. o = E,, | + €f,3 (5)

(c) coupling schem@?2>
Nonadiabatic transitions induced by collisions with molecular are the respective asymptotic channel energies. The eigenfunc-
partners were also investigated experimentally. The state-tions (eq 4) are represented as the products of electronic,

resolved OODR measurements were performed for collisions rotational, and vibrational parts. For iodine

with Iz(XO(;r), N,,7817 and CR"%18 molecules. Their results

qualitatively confirm the importance of long-range interactions
between the IP transition moment and the moments of the

partner and the significant role of the energy transfer.
VPDs observed for the GRprovide an especially clear picture
of the partner’s vibrational excitation.

INQow;v, jm= [nQowlv, 0 jmQ0 (6)
wheren is the electronic state labé&R andm are the projections
of j onto the molecule-fixed (MF) and space-fixed (SF) axes,
respectively,o is the parity with respect to reflection in the

The aim of the present study is threefold. First, we develop molecular planew specifies the permutation symmetry, and
a practical theoretical model for studying the quantum dynamics is the vibrational quantum number. For A

of the L(E) + CF,; collisions and test it against available

experimental data. Second, we analyze the long-range interac-
tions in this system and show that the coupling between the

electronic and vibrational transition dipole moments of two
molecules is responsible for efficient near-resonanVEenergy

If:0, JMKE= | fv, 0 IMKO @)

wheref labels the electronic states, andJ are vibrational
and rotational quantum numbers, ahd and K specify the

transfer. Manifestations of this mechanism are also discussedpProjections ofJ onto the SF and MF axes, respectively. In the

in relation to previous findings for the(E) + Rg collisions.

frame of the scattering problem, we will consider only the

Third, we consider overall performance of the model and its ground electronic state of A & 0). _
perspectives for the broader range of energy transfer processes 2. Quantum Scattering Equations.To solve the scattering

involving spherical top partners.

Il. Theoretical Model

1. Hamiltonians and Channel Functions.The total electror
nuclear Borr-Oppenheimer Hamiltonian for the + A system,
where A is a ST molecule, can be written as

~ 1 9 9 i2
= R
+2,uR2

Hoo 2uRP IR R
where R is the center-of-mass separation of the colliding
particles| is the orbital angular momentum for the collision,
is the reduced mass of the colliding partich¢ss the interaction
potential, andH;, andHa denote the Hamiltonians of isolated
I, and A molecules, respectively. The Hamiltonian of the |
molecule is

+H +H,+V (@)

h—_ 1 000, [
2 ompRar or

+——+H ()

2mr @

problem, one needs to expand the total scattering wave function
over the channel functions introduced above and insert it into
the time-independent Schdimger equation to obtain the system
of close-coupled (CC) equations, which determines, asymptoti-
cally, the scattering amplitudes adnatrices for each patrtial
wavel. Numerical solution of the resulting system is, however,
extremely demanding due to the large number of coupled
scattering channels. For much simpler collisions with the atomic
Rg partner, it is possible only when an approximate treatment
is invoked for the rotational degrees of freedom %% The
most accurate method available in this case, the so-called EVCC-
IOS approximation, uses the CC treatment of the electronic and
vibrational degrees of freedom of the molecule and the
infinite-order sudden (I0S) approximation for rotational mo-
tion.?> We employed the same approximation here and, in
addition, disregarded the rotational motion of the partner A,
considering it as a spherical particle. RepladiiigKCby |000])

one eliminates the dependence of the interaction operator on
the orientation of the partner with respect to tReaxis and
arrives at the same system of EVCC-10S equations as b&fore,
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with the only difference that the transitions between the interaction potential operator (eq -Qliabatic PESs and
vibrationally excited levels of the A molecule are included couplings—resembles that developed previously for theRg
system$11.16|t combines the first-order diatomics-in-molecule

o 1(1+1) perturbation theory (DIM PT#} with the perturbative treatment
T kﬁvni_vA o, vA(R 0) = in the spirit of the so-called “diatomics-in-ionic-systems” model
dr? R by Last and Georg#®?® formulated perturbatively (see, e.g.,
2u Vs o o nQ - (R 0) (8) refs 30-32). The short-range DIM PT1 model treats the partner
nebmw, A as an effective atom and is therefore the same as that for the

I,—Rg interaction§1116|n contrast, the treatment of the long-
Here,l andj are the effective average values of the correspond- range interaction accounts for the specific features of the system
ing angular momentum operators which parametrize the 10S under study.

approximatior? 6 is the angle between the andr vectors, Long-Range Interactio®/ery strong dipole coupling between
and Viv,vame, @re the matrix elements of the interaction the IP states of the same symmetry and opposite permutation
operator parity has been already mentionef:22To elucidate the effect

of this feature on the long-range intermolecular interaction, we
have developed a special form of the intermolecular perturbation

Vit ot g (RO) = B D' [V R, T, 0, Qv v, 0
) theory1915 Here, we apply it for interaction with the GF

n an‘U AynV”'U

where molecule.
In terms of the spherical tensor operators, the lowest-order
ViR T1,Q,0)= dipole—dipole interaction can be written &s

QoW E=0V (R, 6,Q; q., qy)lf = 00nQow (10 sl A
o'wW| IV ( Q qa, aa)l O (10) A o3 1/2#("'Q|2)d(Qan) N 110
The wave vectokﬁv 70, = 2U(E — Eny; — €osy0) depends on Vaa= 8 3 R £L \m-mo
the total energye and "the channel energies given by eq 4. v (Q )Y (Q Y. (Q) (15)
The radial functlonﬂz'rﬁm ., depend on the angle only Il ] T mitAr 720
arametrically through the ‘anisotropy of the potential matrix A oA A . . .
2Iements Th)(/a syste?n ofeq 8 is so[I)\yed at f|>6£dalues and  Where the angleR, Q,, and{2 specify the orientation of the
the scatteringS matrix (6) is defined by the standard IOS electronic distribution of the;land CR fragments with respect

to their own quantization axes and the interfragment &is
boundary conditions applied to the radial solutiéifs,, , q g =

respectively,Ym are the spherical harmonics, and the dipole
the asymptotic regioff?” Expanding thes matrix elements OVer  moment operators of,land Ck are denoted ag and d
the reduced Wigned functions ’

respectively.
i B 7 , The matrix elements of the operator (eq 15) in the asymptotic
Sn'sz'vna»A,nQvnvA(@) = Z Sn'sxvn,vA,nmnvA;zdS,gv—Q (cosf) (11) channel basisQowwv,f = Oualkontribute to the interaction
potential matrix (eq 9). For simplicity, we first consider the
integrals over the electronic and vibrational coordinates and then
include the angular factors.
For the b fragment, all of the diagonal elements vanish

and identifyingl with the initial orbital momenturi® one defines
the electronically inelastic cross sectiango v anovjva S

3+ 1)y, 2+ 1
kﬁQvnj-UAgvA 4 2+1

. ,
‘(]o 0 Jo)sé'wnvj'v'A,nom;a

[BQowlii(r;q, ) InQowI= Mla|nC= 0 (16)

On'Ovn.j'1)’A,n0vnjz)A =

while among the nondiagonal elements, we retained only those
(12) that connect strongly coupled states’ of the same symmetry
and opposite permutation parities

[ (r;0 ) IKO= Oyt (1) I 1(r;0 ) IKES Oyt (1) (17)

if Q" =0 and as

'7-[(2J, + l)gv' 21 +1
A
T 7 For the CR fragment in the ground electronic stdite 0, all
kfmvnj-vAgvA +1 of the diagonal matrix elements also vanish

j! ] 2 [l = 0]d(Q;gu)If = 00w, =0 18
(_JQr i )[gnQ VyUp,N0V UA ngrj‘n’—Q'an)A,nOvnvA;l] (13) A| | (Q qA)| D}UA ( )

if Q"= 0. Here,n can take the values af1 according to the
parity of the molecular functions (see ref 25), anddhefactors
account for the degeneracy of the vibrational state of the partner.
These two equations hold f& = 0, for example, for initial
state Eog. Rotationally summed cross sections are expressed
as

X

Among the nondiagonal matrix elements, especially important
(and the only ones known) are those associated with vibrational
excitations from the initial ground levely

[l = 0]d(Q;0,)If = O, = diy (19)

wherei = 3 and 4 correspond to the ¢R-active fundamentals
4) vz andvg; therefore,dgz = 1.02 D anddgs = 0.14 D are the
dipole moments of the [0,0,1,0]f [0] (1283 cnT?!) and
[0,0,0,1]6 < [0] (631.2 cnTY) transitions, respectivelf3°Both
3. Diabatic PESs and Couplings for the J(E)—CF, System. excited states are triply degenerate; therefore= g,, = 3
The model used to approximate the matrix elements of the andg,, = 1 in egs 12 and 13.

On'anUA,n'an'UA = Z On’Q'vn.j'v'A,HOanvA (
J
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The explicit expression for the dipotelipole coupling matrix
elements is

ol Vi i 0=
_ﬂnnrdOi

R’

where the angle® and g specify the orientation of thd
vector with respect to thR axis. These matrix elements cannot
be defined within the approximate model of rotational motion
of CF, used in this work, while the simple averaging ovar
and pa completely eliminates the matrix element (eq 20).
Holtermann et af® suggested to “maximize” the dipotalipole
term by fixing 6o at zero. We use a slightly different
approach®”and perform the averaging with the weighting factor
cosfa. It gives

(2cos6 cosb, — sinf sinf, cosp,) (20)

_Zunﬂ(r)doi co
3R

Equation 21 represents the LR limit of the diabatic coupling
between then and n' states connected by the large dipole
moment.

The second-order LR correction can be approximated in
exactly the same way as that reported before for theRb
systemg?11In brief, we disregard the vibrational structure of
the CR partner but take into account electronic excitations to
thef = O states. These states perturb the pair of IP state's
of I, through the dipole-dipole interaction. Using the van Vleck
transformation (see, e.g., ref 38) one obtains

LR1
Vnr‘r,vov

‘(r,R,G) = s6 (22)

[0|d|fCI|d|0C]
V=0 V& =V 0wl 20— (22
dd,nri dd,an ™ Vddrn - Hnn 2y E —E, +e5— 6

whereE;,, Ey ande, ¢; denote the electronic energies of the |
and CR fragments, respectively. Taking into account that for
close-lying IP statefE, — Ey| < ¢t — €0, One can estimate the
sum in eq 22 through the static dipole polarizability of the;CF
fragment

(0| d|fCIf| d|oC]

S E,—E,te—¢

o|d/ffdon 3

=——Q,

= Ef - EO
Evaluation of the angular part and averaging over the angles
0 andga give

_#ﬁn(")aA

ViRA(r,RO) = Vi (r,R0) = p=

(3cos0 + 1) (23)

This equation defines the LR correction for the DIM PT1
interaction PESs. We used the valuenaf= 19.51 au from ref
39.

The uny functions are not known exactly, but the resonant
charge separation model, as well as the experimental®8ata,
suggests a simple expression

Un(1) = €T (24)
wheree is the unit charge.

First-Order Diatomics-in-Molecule Perturbation Theorin
the DIM PT1 method, the total electronic Ber@ppenheimer
Hamiltonian is separated into the zero-order term

Suleimanov and Buchachenko

Hom = H(ria,) + HR(Qia,) (25)

and perturbation

\A/DIM(R!er;qIZ!qA) =
[Ha-, — AT = HR] + [HA, — A — H3] (26)

wherea andb distinguish identical iodine centers. The electronic
Hamiltonians in eq 25 were incorporated into the Hamiltonians
of the isolated fragments (egs 2 and 3); therefore, the perturba-
tion term (eq 26) gives the interactio in eq 1. The
eigenfunctions of the zero-order electronic Hamiltonians (eq 25)
are therefore the products of theQowlland [f0Jfunctions
introduced by egs 6 and 7. In what follows, we will ignore the
dependence of thg = Olfunction on the internal coordinates
Q. The matrix elements of th€p operator (eq 26) can be
then evaluated in the same way as that for theRg systems.
The corresponding procedure is well documerft&te In
brief, the|nQowfunctions are expanded, asymptotically, over
the products of atomic electronic functions describing the iodine
centers in the charged staté¢*P,) and I"(1Sp). This expansion
allows one to evaluate th&Qow;f = O|Vpm|n'Q'a'wW;f = 00
integrals analytically, using three parameters, namely, the
effective nonrelativistic interaction potentials of the-& (3I1),
A—=IT(GY"), and A-1-(*3 ) fragments oV, Vs, andV_, as
the functions of the distances, between the particle A and
the iodine centea. = a,b. The list of formulas relevant for all
first-tier IP states can be found in ref 9. For example, the matrix
elements for the ED pair of states are expressed as

M __ M __ M __
VEE _VBD =vat V[E)D =Va= W

1

1 o o 1 o o o
Ve =15V T V) — 7 (VR — V) cosp, +5VE (27)

whereV}{ = Va(po) andV® = V_(po); A = 3, [, B« is the
angle between the and p, axes,o. = a,b.

Effective diatomicVp, Vs, andV- potentials for A= CF,4
were obtained using the correlation relations proposed for the
Rg—I* systems with Rg= He, Ne, and Af%41The equilibrium
properties fe andDe) were estimated through the atomic radii
and polarizabilities of the atoms and ions involved. The
potentials were obtained by scaling the corresponding ab initio
Ar—I* potentialé!

CF4

e

Ar
De

Ar

(pAr ‘P)
e
Vv CF,
Pe

Valp) = A (28)

where the upper indexes distinguish the parameters of the Ar
I+ and CR—I* potentials.

The so-defined CFI+ effective potentials should be modi-
fied for use within the DIM PT1 modéF2829 They contain
the charge-induced dipole interactions, which are nonphysical
for the whole Cg—I; system. Therefore, the terms proportional
to —aa/p* were eliminated from the diatomic potentials.

Full Interaction Matrix. The DIM PT1 and LR expressions
for the interaction PESs and couplings are additive and provide
the parametrization of the full interaction matrix (eq 9) that
enters the EVCC-IOS scattering eq 8. To avoid spurious
behavior of the interaction PESs at short range, wherdttie
dependence of the LR correction may overpower the DIM PT1
repulsion, the LR term was dumped by the function
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5 (RIRY ™

gG(R=1- ; m exp(—R/Ry) (29)

whereRy = 0.4 A guarantees the correct behavior of the PESs
at R— 0 and minor changes of interaction energieRatose
to the equilibrium distanc&e.

The full interaction matrix takes the form

Vor o (RO) = 0, , (B [ Vor ' (r,R.0) v, [+

(R [V (1, RO) v, ) (30)
Vitsop (RO = 0y, Gy IV (1, RO) v,

£, Ty Varrs o (6RO) v, 0 (31)

if n, n' correspond to the dipole-coupled IP stateEoeD, f—v,
andD'-¢ and

V

DIM
n'vn.ni.,nvnvi(Rie) = 6vi,ui|]'n'|vnr{ (T,R,0)|Vn|:| (32)
otherwise. Note théti' = 0, 3, 4 and,,, = §vp, = 1, Whereas
51131;4 =0.
4. Computational Details.All calculations were performed

at the fixed collision energye, = 300 cntl, and the rate

constants were obtained using the hard-sphere approximation

kﬂ’vnvvi,,nvnvi (T) = (8kT (33)

1/2

%) O-n'vn.vi,,nvnvi(EO)
where the temperatur€ roughly corresponds to 300 K. This
approximation was found to be reasonable fdiE) + Rg
collisions?-11

Two choices of the rovibronic channel basis were used. In
the first one, hereafter the CC(18) model, vibrationally excited
levels of the CE were combined with all electronic states of
the b molecule; in the second, CC(6), &£€xcitation was only
allowed in theE andD electronic channels. In both cases and
for all initial vibrational excitationsvg, the number of 4

vibrational levels considered in each electronic channel was

chosen to provide all partial cross sections converged to within
10%.
The vibrational problem for the Imolecule for each IP state

J. Phys. Chem. A, Vol. 111, No. 37, 2008963

TABLE 1: Total Room-Temperature Experimental and
Theoretical Vibrationally Summed CINAT Rate Constants
(in cm3/sy

model

Ve final state CC(6) CC(18) experimént

0 D 6.5(-11)  7.9¢11)  1.14+0.1(-10)
D’ 9.5(-11)  3.8¢10) 2.3+ 0.2(-10)
B 45(-11)  7.4(11) 2.7+£0.2(-10)
y 7.3(-13)  8.5(-13)

2 D 1.2(-10)  1.4(10)  1.440.1(-10)
D’ 43(-11)  2.8¢10)  2.5+0.2(-10)
B 24(-11)  1.2¢10) 3.1+ 0.2(-10)
y 1.3-11)  4.0€12)
0 49-12)  1.1¢11)

2 The values in the parentheses designate the power of ten.

recently reported by Stephenson and co-work&m.addition

to theE — D CINAT, these authors analyzed transitions to the
B andD’ states. These experiments gave the partial CINAT rate
constants

kn’(VE) = Z Z kn'vn.vi,,Evao (34)
and VPDs resolved in the(h') vibrational state
Pn’(VE'ﬁVn’) = Z kn’vnvlv,EVEvD/kn'(’VE) (35)

vy

The majority of the measurements were performed with rota-
tionally excited b(E, vg, j = 55) molecules. We used the same
value ofj in our calculations.

1. Low-v Results.The CINAT atveg < 2 occurs at relatively
low product state density and can be studied at the most
sophisticated level. It provides an opportunity for quantitative
assessment of the present model.

Partial CINAT rate constants are presented in Table 1. The
level of agreement achieved for the CC(18) model is surprisingly
good, taking into account a variety of approximations involved.
Theory qualitatively reproduces the similarity in the population
of the lowest IP state®’, 5, and D, though it gives the
preference to th®' rather than to thg channel. Theory also
predicts that the efficiency of the CINAT to highgrand ¢
states increases withe, but no analysis of the corresponding

was solved using the Numerov method and a set of Spectroscopigygrescence was made in ref 18. Noteworthy, the inclusion of

potentials described in ref 9. The resulting wave functions were
converted to Gausd.egendre quadrature to calculate the
integrals in eqs 30632. The system of the EVCC-10S eq 8 was
solved by the modified log-derivative algorithm of Manolopou-
los*2 on the grid of 2000 sectors froR = 2 to 30 A. Twenty
Gauss-Legendre nodes from Q2 were found to be sufficient

to represent the IOS matrix elements as functions of ttte
angle (eq 11). Up to 400 partial waves linvere included to

the vibrationally excited CFstates in all electronic channels is
essential for correct determination of the CINAT branching
ratios.

Vibrational product state distributior®,(ve, vy) for the D',
f, andD states are shown in Figures 1 and 2. The results of
CC(6) and CC(18) calculations are presented together with
experimental data and Franekondon (FC) factors. The
vertical dotted line marks the energy of the initial level, while

compute the cross sections by eq 12 or 13. The calculationsy, o <4id line indicates the energy of the excitation of Ch

were performed at each 10th partial wave, and the result was

multiplied by 10. We verified that this procedure gives accurate
results.

Ill. Results

CINATSs between the IP states of thenholecule in collisions
with the CF partner were investigated using the OODR
spectroscopy by two groups. Pravilov and co-work&exam-
ined theE — D channel for a wide range of initial vibrational
excitationsvg = 8—30. For brevity, we will refer to these data
as the highw results. The low data forvg = 0—2 have been

relative to the initial energy.

Itis evident that ave = 0, thev, mode of the partner can be
excited through the near-resonart¥ mechanism only in the
D' CINAT channel, while ave = 2, it can be excited in thg
andD' channels. In other cases, as well as always forthe
mode, more or less substantial translational energy transfer is
required to excite the partner. Decomposition of the computed
partial rate constants shows that the contribution of the/E
transfer amounts to 5530% of the total CINAT efficiency,
whereas the contribution of the transitions assisted by transla-
tional energy is significantly lower.
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Figure 1. Measured and calculated vibrational product state distributions and Fr&uridon factors of thex(E) + CF, collisions in the final

statesD, D', andf atve = 0. Bars represent the experimental results, and squares and circles represent the calculations with the CC(6) and CC(18)
models, respectively; the triangles are the FC factors. Vertical dotted lines indicate the positions of initial levels, and solid lines initidite exc
energies of the CFvibrational modes.
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Figure 2. Same as Figure 1 but for = 2.

Both measurements and calculations show that the branchingenergy gap law, which gives the preference to the near-resonant
ratios for transitions to thB', 3, andD states in collisions with  transitions with the minimum translational energy gain or
CF, are not far from those in collisions with A#13 However, release. The measurdd — D distributions exhibit clear
according to experiment, overall CINAT efficiency for £ signatures of the FC trerid while the calculated ones follow

higher by an order of magnitude. The CC(18) model gives a the energy gap law that manifests itself in the near-resonant
factor of 15 for the total rate constants and 5 for the transitions ,avima. By contrast, for the H Ar collisions, both experiment

WithOUtt IEX energy t;?nt?f(terd-gh?ﬁ,t thle enhancemerr:t Wit? and theory give broade — D VPDs that do not show a
respect to Ar can be atlributed both 1o longer range charac erprevalence of any trend. Stephenson and co-wotkergued

of the Cha—l, interaction due to larger effective size and that the internal degrees of freedom of Both rotational and

polarizability of the partner and to additional contribution of = ™ " ? .
the E-V processes in the GReollisions. vibrational, should increase the role of FC factors acting as a

Figures 1 and 2 shows that agreement between experimentafes_erVOir for translatiqna] energy. In addition, they havelprovided
and theoretical VPDs is not as good as that for the total rate evidence for the excitation of the low-frequengyvibrational
constants. The actual shape of VPDs can be understood as &10de of the Ckpartner at 435 cm. Neither rotations nor the
result of a compromise between the FC principle, which tends v2 vibration uncoupled from the ground state under the dipole
to maximize the population of the final states whose wave approximation are included in the present model. Although
functions have maximum overlap with the initial one, and the indirectly, the near-resonant character of the calculated VPDs,
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Figure 3. Experimental and calculated [model CC(6)] vibrational 0,2-
product state distributions (normalized to unity at the maximum) for
E, ve — D, vp transitions in collisions with CFatve = 8, 11, 13, and
22. Vertical dotted lines mark the positions of the initial state, and the 0.01s T T T T T T T
solid lines mark the excitation energies of theand v, modes with 8 0 12 14 16 18 20 22
respect to the initial state. v

Figure 5. Populations of the; and v, vibrational levels of the CF
together with the previous experience with Arsupports the ~ fragment after the collisions with the(E, vg) molecule.
conclusions of ref 18. - -

. partner. The overlap between themiig is negligibly small;

The CC(6) and CC(18) moqels agree with each other for the therefore, each feature can be reliably assigned to a certain final

E — D but not for thek = D’ andE = f CINATS. In the o406 of the partner. It can be stated théD) VPDs are also
former model, the levels c]ose to the resonance with the ground'resolved in the vibrational states of the partner; probing one
state partner (.dOttEd vertical marks in Figures .l and 2) f_ﬂlwa_ys product, it is possible to obtain the vibrational distributions for
dominate, while the latter model reduces their population in

o P both. The distributions for the roduct defined as
favor of the states close to thg excitation. This is in much G
better agreement with experimental results, indicating that CF

Po(vgv,) = - Evo KoV 36
vibrations can be excited even in the absence of the direct o) % Ko Even Ko (V) (36)
dipole—dipole interaction with the initial level, presumably
through the asymptotically closed(D) + CFs(v4) channels. is easy to obtain from the calculated rate constants. For

This is in line with the previous finding that in collisions with  experimental distributions); specifies the range ofp in the
rare gases, thB' andp states are populated indirectly through summation (eq 36). As the summation boundaries, we chose
the intermediatd® state??> the maxima (tentatively assigned to the+ v, CF4 excitation

2. High-v Results.The product state density rapidly increases not included in our modé)l between theyz andv, features and
with the initial excitationve. The number of channels to be minima between the, and vy features; see Figure 3. The
included in the CC(18) model becomes very large; therefore, populations of the boundary level were equally divided between
we resorted to the simpler CC(6) approach that correctly the adjacent; populations. These distributions are depicted in
describes th& — D CINAT channel, the only one for which ~ Figure 5. Good agreement between experiment and theory is
guantitative experimental information is availablevat= 8.78 indicative of the possibility of quantitative decomposition of

We start the discussion with the vibrational product state the L(D) distributions into the distributions of the partner.
distributions. Figure 3 compares the measured and calculated It is remarkable that theory and experiment agree with each
Po(ve,vp) (normalized to the highest population) for selected other in assigning 8095% of the totalE — D CINAT
initial excitations. All distributions exhibit sharp maxima probability to the transitions accompanied hy and v4
associated withv, andvs excitations of the partner (except the excitations of the partner. The average ratio of the/Eenergy
ve = 8 case, where; excitation requires large transfer of the transfer efficiency tovs and v4 levels is around 1.4, much
translational energy). Theory reproduces these peaks very wellsmaller value than the squared ratio of the corresponding
(remarkable deviations are evident only at the highest 22 transition dipole moments (ca. 50). The difference in dipole
excitation considered). excitation probabilities is compensated by the higher frequency

In Figure 4, the calculated VPD foz = 13 is decomposed  of the vz mode that requires the transfer of seven expra |
into the contributions related to the vibrational excitation of the vibrational quanta.
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initial vibrational excitations of the iodine molecule. The theory
provides a good agreement with available experimental results
for the vibrationally averaged CINAT rate constants and
1x10°% reasonably reproduces the vibrational product state distributions.
The long-range coupling between the transition dipole moments
of the colliding molecules strongly influences the CINAT
dynamics. It induces the nonadiabatic transitions accompanied
9x10™ j by the dipole-allowed excitations of the partner. Proceeding
through direct near-resonant® energy transfer, these transi-
. tions may contribute more than 80% to the overall CINAT
T probability. In contrast, translational energy transfer is inefficient
6x10™"° for the partner’s excitation. These findings are in line with the
o simple semiclassical analysis by Pravilov and co-workers.
The resonant character of the partner’s excitation and the large
1= : } o + mismatch in the vibrational frequencies inadnd CkR make it

. ‘= CC(6)
® Exptl

3
k(v,), cm'/s

possible to determine the vibrational product state distributions

for both particles from the single knowa VPD. This allows

isolation of the contribution of the-EV energy transfer without

: probing the final states of the partner.

8 10 12 #4 16 18 20 2 2 We suggest that the proposed theoretical model would be
Ve useful for studying a broad range of inelastic collision processes

Figure 6. Room-temperature vibrationally summéd— D CINAT involving the spherical top molecules as the partners (providing
rate constant as a function of initial vibrational excitation. Error bars that the corresponding PESs and couplings are known, especially
correspond to 30% accuracy, as indicated in ref 7. at long range). Here, we considered one of the most complicated
cases, electronic energy transfer in a diatomic molecule. It can

Agreement between theory and experiment is worse for the be easily reduced to the nonadiabatic collisions of atoms or
transitions that leave a GRragment in the ground state (the vibrationally inelastic processes in the diatoms. Present experi-
maxima nearby the dotted vertical marks). The former gives ence allows one to expect at least qualitatively correct results.
sharp maxima; the latter gives broader bell-like features. This However, our analysis indicates that the rotations of the ST
difference is in line with the results for the lowease and can  partner can play a significant role. Though at present we see
be viewed as proof that exaggerated propensity to the near-no way to take them into account without the great complica-
resonant transitions arises from the omission of the rotational tions of the scattering problem, well-known statistical ap-
degrees of freedom of the partner. Better agreement for theproximations or scaling laws could be attempted in seeking
processes accompanied by theandv, excitations results from  improvement.
much a weaker influence of the rotations, which is suppressed
by theAJ = +1 selection rule for the dipole-induced transitions. Acknowledgment. We thank Dr. T. V. Tscherbul, Professor
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