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The computationally simple quantum mechanical method (VSCF-DWB-IOS) has been applied to studying the 
Ar-CO2 vibrational predissociation phenomenon. The new methodology utilizes the vibrational self-consistent 
field method to determine the vibrational structure of the van der Waals complex, the distorted-wave Born 
approximation for dissociating process, and the infinite-order sudden approximation for the continuum 
dissociating product of CO2. The dissociation due to the coupling of the symmetric stretching vibrational 
motion of CO2 with the motion of the Ar van der Waals mode has been extensively investigated. The lifetimes 
of transient excited vibrational states, linewidths of absorption peak, and the rotational state distributions of the 
product, CO2 have been computed. It has been found that the lifetime of the Ar-CO2 in excited vibrational state 
is very long compared with that of triatomic van der Waals complexes and the product CO2 carries a major 
portion of dissociation energy as a rotational energy.
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Introduction

The study, both experimentally and theoretically, on intra
molecular energy transfer within a van der Waals complex 
has become an interesting research subject. The vibrational 
predissociation is one of important phenomena caused by 
intramolecular energy transfer. For large van der Waals 
complexes the identification and distributions of vibrational 
predissociation products have been a major subject to 
investigate, while very detailed dynamics of vibrational 
predissociation has been pursued for small complexes. 
Particularly the vibrational predissociation of triatomic 
(atom-diatom) van der Waals complexes has been exten
sively studied.1 The detailed predissociation dynamics of 
large complexes (larger than triatomics) have not been 
studied much because of the complexity of the systems. 
Therefore it is still challenging to determine the full 
(including highly excited states) vibrational structure of 
large van der Waals complexes as well as their dynamics.

One of the tetra-atomic systems that has received a lot of 
experimental and theoretical attention is the Ar-CO2 com
plex. Many theoretical investigations have focused on the 
potential energy surface (PES) of the ground electronic state 
of the Ar-CO2 complex because its vibrational dynamics is 
very sensitive to the details of the PES.2-12 With those 
theoretical PES, the equilibrium structure and properties of 
Ar-CO2 have been investigated but the full dynamics and/or 
composite vibrational structures were not studied yet. And 
the previous PES studies concentrated on the van der Waals 
interaction of Ar with CO2 ignoring the dependency of 
potential energy on vibrational motion of CO2, i.e., CO2 is 

assumed to be rigid. Experimental studies on infrared 
spectra, Raman pressure broadening, scattering phenomena, 
transport properties, and nuclear spin relaxation of Ar-CO2 

have also been reported.13-29 All these studies were for 
understanding mainly either the interaction of Ar with CO2 

or the nature of the van der Waals bond. The vibrational 
predissociation of Ar-CO2 has been rarely studied. Long 
time ago Miller’s group reported two works on the 
vibrational predissociation but they reported only vibrational 
and rotational propensity rules, e.g., the distribution of the 
CO2 product, and thus studied the structure of the complex 
for the sole purpose of deducing a reasonable PES.26,27

Here we present a quantum mechanical study on the vibra
tional predissociation of Ar-CO2. The infrared irradiation 
excites the vibrational motion of Ar-CO2, mainly the 
incident photon energy flows into the vibrational motion of 
CO2. Then the excited state relaxes into a lower level to 
dissociate the van der Waals bond by releasing the relaxation 
energy. It is the V t T (vibrational to translational) energy 
transfer and called the vibrational predissociation process. 
The dissociation occurs via the coupling of CO2 vibrational 
motion with the van der Waals motion of Ar. To study this 
vibrational predissociation we should accurately determine 
the vibrational structure of the system, i.e., wave functions 
and energies of excited vibrational states must be calculated. 
Ar-CO2 has 6 vibrational degrees of freedom so that accu
rate quantum mechanical calculations of excited vibrational 
states are still a formidable task.30 Moreover in this dynamics 
work we have to evaluate the continuum wave functions of 
dissociating products, which is too complicated to handle 
when all the 6 degrees of freedom are included. To reduce 
the dimensionality of the system we decide to concentrate on 
the vibrational predissociation by the symmetric stretching 
motion of CO2 only. The two bending motions and the 
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antisymmetric stretching motions of CO2 are ignored so that
our Ar-CO2 has only 3 vibrational degrees of freedom. CO2, 
as a matter of fact, is a very rigid molecule so that the
couplings among CO2 vibrational modes are very small. 
Therefore our approach in which the symmetric stretching 
motion is free from other vibrational modes does not impose 
any serious errors. Only limitation of this approach is that 
we do not study the predissociation caused by the anti
symmetric stretching or bending motions of CO2. Of course, 
the stretching and bending motions of Ar atom against CO2 

are fully accounted.
The details of the theoretical method called VSCF-DWB-

IOS have been reported already.31-33 In this method the 
predissociation is viewed as a half-collision process. We 
start with determining the excited vibrational states of Ar- 
CO2. The excited state of Ar-CO2 is obtained by infrared 
irradiation and this absorption process is very fast compared 
to dissociation process. Therefore we start our calculation to 
determine the vibrational wave functions of the bound Ar-
CO2 in excited state. To have the wave functions we employ 
the vibrational self-consistent field approximation (VSCF) 
of which validity is verified.34 The continuum wave function 
of the dissociating Ar + CO2 should also be evaluated and 
the infinite-order sudden (IOS) approximation is adopted for 
this purpose. Then the dissociation rate is evaluated using 
distorted-wave Born (DWB) approximation that is essenti
ally identical with the well known Fermi’s golden rule. This 
VSCF-DWB-IOS method is relatively new so that the test of 
the methodology itself is one of the purposes of this work. 
The quantities we calculated are the predissociation rates, 
the lifetimes of the transient excited vibrational states of Ar- 
CO2, the linewidths of absorption peaks, and the rotational 
state distributions of the dissociation product CO2.

Theory

CO2 has four vibrational modes - a symmetric stretching, 
an antisymmetric stretching, and two bending modes. In this 
work we concentrate only on the symmetric stretching mode 
(excluding the other three modes). Then the Ar-CO2 has 3 
vibrational degrees of freedom. They are the symmetric 
stretching motion of CO2, the stretching and bending motions 
of Ar with respect to CO2. Consequently the triatomic CO2 

can be treated as a pseudo diatomic molecule and the Ar- 
CO2 (atom-triatom system) becomes an atom-diatom system. 
We have already developed the VSCF-DWB-IOS method 
for atom-diatom system and thus it can be applied to the 
current Ar-CO2 predissociation study without any change.31-33

When CO2 vibrates in symmetric stretching mode, the 
center carbon atom is stationary and the two oxygen atoms 
move inward and outward in a symmetric fashion. Math
ematically it is identical with the vibrational motion of 
diatomic O2 molecule. The only difference is the potential 
energy function. Therefore, from now on, we simulate the 
symmetric stretching vibration of CO2 with a vibration of 
pseudo-O2. Using the Jacobi coordinates system, the distance 
vector between the two oxygen atoms is denoted r, the vector 

from the carbon atom to the argon atom is denoted R, and 
the angle between R and r is 0.

The reduced Schrodinger equation for the vibrational 
motion is

H(r, R,0)甲(r, R,0) = EW(r, R,0) (1)

where the reduced Hamiltonian can be written as

H( r, R,6)= 1 d 1 d" j2 i2
---------------_ -------- -------- + —----  + -------  
2卩* 2肉dR 2卩1 r 2滨 (2)

+ V1 (r) + V2(r, R, 0)

where p, 1 is the reduced mass of two oxygen atoms, and 卩2 is 
the reduced mass of CO2 and Ar atom. j and l are the two 
angular momenta associated with r and R, respectively. 
When J = j + l = 0,

j2 =12 = 그嶽in0动. ⑶

The total potential eneigy of the system can be divided as V 
(r, R,0) = V，(r) + V2(r, R,0) where V1(r) is the potential 
energy function responsible for the symmetric stretching of 
CO2 (or the potential function of pseudo-。?)and V勺(r, R, 0) is 
the rest of the total potential function.

The Eq. (1) is solved for a bound vibrational state by using 
self-consistent field (VSCF) approximation and for a dissociating 
continuum state by using the infinite-order sudden (IOS) appro
ximation. When the bound state solution is designated as W2u3 

(r, R, 0) and the dissociating state solution as 中f( r, R, 0), 
the dissociation rate R is under the distorted-wave Born

R(U]UU3 t Uj)=

뜸PE)|〈 吧j(r, R, 0)| VC 咒挪r, R, 0)〉|2 (4) 

(DWB) approximation. Ui is the vibrational quantum number 
of Ar-CO2 (see below). v' is the quantum number associated 
with free CO2 symmetric stretching vibration, and j is the 
quantum number associated with free CO2 molecular 
rotation. The Vc and p (E) will be defined later.

The outline of VSCF procedure is as follows. We assume 
that the bound state wave function can be approximated as

*"盘r,R, 0)~ KM(r,R, 0)=此(r冷二俄)诚,(0)

(5) 
and

HSCF(r, R, 0) ^^«3(r, R, 0) = E^^^Sr, R, 0) (6)

The quantum number U1 corresponds to the symmetric 
stretching motion of CO2, V2 is the quantum number for the 
stretching motion of Ar with respect to CO2, and V3 is the 
bending motion of Ar with respect to CO2.

Then the modal wave functions w should satisfy

HSCF(r,R, 0) = h1(r) + h2(R) + h3(0) ⑺

h1 (r) wU1 (r) = £^1( r) (8)

h2( R)V22(. R) = MW^R) (9)
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h3(0)>3(。)=成诚3 (0) (10)

where, £：, E22, and 島3 are modal eigenvalues, and

hi (r)

h2 (R)

ha (6)

i d1 i ...
-三土 + -스一2〈j2〉。+ Vi(r) +〈 V2(r, R, 6)〉R,e
2 卩 idr2 2“ 1r2 '

(11)
1 d2 1 . *--I「으+ 土〈I% +〈 V2(r,R, 6)〉" (12) 

2“2 3r2 2“2r2 '

〈2丄〉〉,j2 +〈 l2 +〈 V2(r, R, 6)〉”,r .
“L (13)

The subscripts after bracket < > indicate that the quantity is 
an integral over the modal functions which the subscript 
designates. The total VSCF energy for the (Ui, U2, U3) bound 
state is

EU1V2V3 n 丘*丄3= £； + *2 + W + Ecor (14)
where the correction energy Ecor is

Ecor = -〈 I J〈j2〉6 -〈 I〉〈「〉6
2“ 1r r 2“我 r (15)

-2〈 V2(r, R, 6)〉小,。

We turn to determination of a final state wave function, 
爲.(r, R, 6) where Uf and j indicate the symmetric stretch

ing vibrational and the rotational quantum number of free 
CO2, respectively. Here we use a vibrationally adiabatic 
approximation, which is

W歸(r, R, 6)n )(r)R, 6) (16)

where )(r) is the symmetric stretching vibrational wave 
function of the state v' of CO2, which is a solution of the 
vibrational Schrodinger equation of CO2 (or pseudo-O2).

「 1 d 1 - - _ 厂一，_ _
-而--方 + -—"-지 (J + 1)+ BJ (J + 1)L 2“函 2“2r2 (19)

+ V；( R;6)- E] ) (R;6) = 0

where B is a rotational constant of CO2 at the symmetric 
stretching vibrational state vf [the third term in Eq. (18)], 
V2 (R;6) is the averaged V2 integral over )(r) [the fourth 
term in Eq. (18)], E is the translational energy which is 
E\ 1 v2 v3-E*，, and )E(R;6) parametrically depends on angle 
6.

The dissociation process is assumed to be due to mode
mode coupling which causes energy transfer (and predisso
ciation) from vibrational motion of Ar-CO2 to kinetic 
motion of Ar (V — T). The coupling, V is generally so weak 
that a perturbative approach could be suitable (see Eq. 4) 
and, consequently, V could be regarded as

Vc = H - Hscf

- —1— ：2 /—1—\ -2 —1—/：2\ , —1— .2
=孕3」-〈心丸」「心-〈J〉6 WR 1

,1 . . 1,0、 一
-〈掃R J〈 D 6 + V(r, R, 6)
-〈V2(r, R, 6)〉R, 6 -〈 V(r, R, 6)〉,, e

一〈V2( r, R, 6)〉r, R 一 Ecor
(20)

The density of final state at energy E, p(E), is unity when the 
energy-normalized continuum wave function is used.

The predissociation rate R from the (U1, V2, V3) initial Ar- 
CO2 state to the ( vj, j) final CO2 state can be evaluated 
using Eq. (4). The full width at half-maximum (FWHM), r 
is

r( U1 v 2 v 3 TV J ) = hR ( U1 v 2 v 3 TV J)
r( v1 v2 v3 )= (v1 v2。3 T v J )

(21)
(22)22

v j

[一2“1 흐2+ V1 (r)] )，( r) = E*，)，( r) (17)

where E*，is the U symmetric stretching vibrational energy 
of free CO2.

The continuum wave function )E(R, 6) consists of two 
parts; one is the rotational (j) motion of CO2 and the other 
is a relative translational motion of CO2 with respect to Ar. 
The Schrodinger equation for )E(R, 6) is

-2上흐 + 元느12 +〈)*(r) - J )d (r)〉j2

L 2“2dR 2“2r 2“ 1r2

+〈)，(r)| V(r,R, 6)|)(r)〉- (E, v, -E，))(R, 6)=0

(18)
Under IOS, we set j2 = j (j + 1) = l2 because total 
angular momentum is fixed as zero, then the scattering 
equation we obtain is one-dimensional, i.e.,

And a predissociation lifetime of the (v1, s, 4) state, T is

， 、 h
T( v1仇v3)=页司房面. (23)

Potenti지 Energy Surface and Computations

Various types of ab initio and semiempirical calculations 
on the potential energy function of Ar-CO2 have appeared in 
literatures and also many fitted potential functions using 
experimental data have been reported.2-12 However all these 
studies concentrated on the van der Waals interaction 
potential between CO2 and Ar. The CO2 in Ar-CO2 was 
always assumed to be a rigid rod in equilibrium linear 
geometry. In this work, since we are interested in the 
stretching vibrational motion of CO2, the potential energy 
surface which should depend on the C-O internuclear 
distance is required. Therefore we constructed a new 
potential energy function for Ar-CO2 using the already 
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published potential energy functions as follows.
The total potential energy function for Ar-CO2 is approxi

mated as the sum of several interactions. That is,

V(r, R, 8) = Vco”)+ Va_c(R) + 2""。(尸,R, 0). (24)

Here the r coordinate represents the CO2 symmetric 
stretching vibration, R is the distance from the C in CO2 to 
Ar atom, and 0 is the angle between the R and r. For details 
of the coordinates, please refer to the Theory section. The 
zero of the potential energy is set to be the complete 
dissociation limit of Ar + C + O + O.

In spectroscopic experiment the vibrational energy of CO2 

is expressed in a virial form,35

G(Vi, V2, V3)=幼(Vi+1/2) + 处(V2+I/2)+奶(V3+I/2)

+ Xii(Vi+1/2)2 + X22(V2+I/2 )2+ X33(V3+1/2 )2

+ Xi2(Vi+I/2)(v2+I/2) + x23(v2+I/2 )(V3+I/2)

+ Xi3(Vi + i/2)(V3+i/2) + … (25)

where Vi, V2, and V3 are the symmetric stretching, the bend
ing, and the antisymmetric stretching vibrational quantum 
numbers of CO2, respectively. If we ignore the bending and 
antisymmetric stretching motions and also the interactions 
among the modes, we have the energy expressions only for 
the symmetric stretching vibration of CO2 in a second virial 
form,

G(Vi)-幼(Vi + i/2) + Xii(Vi + i/2)2 (26)

where 他=i354.07 cm-i and xii = -3.i0cm-i. As well 
known, this form of vibrational energy expression can be 
readily obtained when a potential function between two 
atoms in diatomc molecule is a Morse type function.36 
Therefore the symmetric stretching potential of CO2 is 
assumed to be a Morse type function, i.e.,

Vco2( r) = Di (i-exp[ -&( r -咨)]}2— Di . (27)

The r is the distance between the two end oxygen atoms 
because the center carbon atom is stationary in the 
symmetric stretching vibration. As mentioned before, the 
CO2 is viewed as a pseudo-O2 molecule. With the experi
mental values (働 and xii), the dissociation energy Di is 
calculated to be 0.6737i5 au (=i47863 cm-i) and the 
exponential factor 旗 to be 0.64i8 au-i. Marshall et al.6 
reported that the C-O equilibrium bond length of CO2 is 
2.i94 au so that the equilibrium internuclear distance (rie) 
between the two oxygen atoms in pseudo-O2 is 4.388 au.

From the Marshall et al.’s Ar-CO2 potential6 and the 
Cybulski et al.’s Ar-O2 potential functions,37 we constructed 
the Morse type potential energy function for the Ar-C 
interaction energy. The difference between the interaction 
energy of Ar-CO2 and that of Ar-O2 is assumed to be equal 
to the interaction energy between Ar and C. And the 
parameters are adjusted to reproduce the energy difference 

accurately. The resulting Ar-C potential function is

VAr-c(R) = D2( i-exp[-p2(R -R2e)]}2 -D2 (28)

where D2 = 4.06i x i0-4 au, §2 = 0.8i69 au-i, and R2e = 6.58 au.

The potential function for the Ar-O pair is also approxi
mated as a Morse type function, i.e., 

2VAr-O(r,R, 0)

=D3( i - exp[—§3( J尸/4 + R2 一 rRcos0- 0)]『-D3

+ D3( i - exp[-§3(Jr2/4 + R2 + rRcos0 -腿)]}2-D3 .
(29)

The parameters are generated to fit the Cybulski et al.’s Ar- 
O2 potential function accurately.37 The best fitted para
meters are: D3 = 2.649 x i0-4 au, §3 = 0.843i au-i, and 腿= 
6.936 au.

The greatest error in our newly suggested potential 
function may stem from using the sum of several Morse type 
functions. To reduce this error we have performed a fitting to 
obtain the Morse parameters. The new potential function at r 
= rie is plotted in Figure i. We have reproduced the correct 
T-shape equilibrium geometry and our fitted potential 
function is found to be exactly identical with the ab initio 
potential6 within the range of R = 6.i5-7.3i au and theta 
0=72-i08o. It suggests that at least the low vibrational 
levels of Ar-CO2 can be accurately determined using our 
new potential. Note that our potential function explicitly 
includes and expresses the interaction energy between the 
CO2 stretching and Ar atom.

We first concentrate on determining the vibrational 
structure of the Ar-CO2 complex with our new potential 
energy surface. The vibrational state of Ar-CO2 is denoted as 
(Ui, U2, U3) where Ui is related with r representing the 
symmetric stretching motion of CO2, and U2 (or R) and U3 (or 
0) represent the stretching and bending vibrational motion of 
the Ar atom with respect to the CO2. The vibrational states 
are calculated using the suggested VSCF method where 
relevant equations are numerically and iteratively solved.

For the r and R coordinates, the starting point of numerical 
integration is well inside the classically forbidden region. 
The integration ends at very large distance where the bound 
state wave function converges to zero and the continuum 
wave function becomes a plane wave, free from the interac
tion. For the angle(0) coordinate, the discrete variable repre
sentation is adopted and the 8i Legendre functions, that is, 
8i grid points are used. The masses of C, O, and Ar atoms 
are i2, i6, and 40 amu, respectively.

Within the electronic ground state of Ar-CO2, the 
vibrational predissociation can be written as Ar-CO2 (Ui, U2, 
U3) — CO2(U) +Ar where U is less than Ui usually. The 
equa-tions presented in the previous Theory section are 
nume-rically solved one-by-one in order to obtain the 
dissociating wave functions (IOS used by setting j = j ), 
the couplings, and then the predissociation widths of 
absorption peaks and rotational state distributions of the
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Figure 1. The contour plot of the potential energy surface (cm-1) 
when r = r1e = 4.388 au.

product CO2. Same calculations are repeated for various (5 
S, S) levels and various uf CO2 symmetric stretching 
levels, that is, many dissociation channels are investigated.

Results and Discussions

To assess the accuracy of the potential energy function 
used, we have calculated the symmetric stretching vibra
tional levels of CO2 which are listed in Table 1. Overall our 
theoretical values are in very good agreement with experi
mental ones and the agreement is better for the low vibra
tional levels. The calculated levels with our new Morse type 
potential function are generally lower than the correspond
ing experimental ones. The errors stem from mainly the 
neglect of coupling between the antisymmetric stretching 
and/or bending motion with the symmetric stretching motion. 
But the errors are generally very small (less than 0.002%) so 
that such discrepancy does not impose any serious problems 
in our dynamics calculations. We study the predissociations 
involving only the lower levels of CO2.

The vibrational energy levels of Ar-CO2 which are calculated 
using the vibrational self-consistent field approximation are 
listed in Table 2. The levels are, in this work, denoted as 
(Ui, U2, U3) where Ui indicates the symmetric stretching of 
CO2, U2 represents the stretching of Ar with respect to CO2, 
and U3 is for the bending motion of Ar with respect to CO2. 
U2 and U3 describe the so called van der Waals vibrational 
modes. For each value of Ui, there are four U2 stretching 
states found and for each of U1 and U2, four U3 bending states 
are found. For example, when Ui = 0, there are 16 bound 
states found; they are (0,0,0), (0,0,1), (0,0,2), (0,0,3), (0,1,0), 
(0,1,1), (0,1,2), (0,1,3), (0,2,0), (0,2,1), (0,2,2), (0,2,3), 
(0,3,0), (0,3,1), (0,3,2), and (0,3,3). Usually the bending 
states lie lower than the stretching states, e.g., the (0,0,1) 
state lies lower than the (0,1,0) state. In Table 2 only some of 
these levels, i.e, (U1,0,0), (U1,1,0), and (U1,0,1), are listed.

The ground vibrational state (0,0,0) of Ar-CO2 has the 
vibrational energy of -172.07 cm-1 with respect to the 
ground Uf = 0 state of CO2. This value is cited as the 

dissociation energy Do for the van der Waals interaction in 
literatures. The reported theoretical values6,8,12 for Do are in 
the range of -183.51〜-160.01 cm-1, and the experimental 
value26 is -166 cm-1. Our value is slightly lower than the 
experimental one but has certainly a comparable accuracy 
with other theoretical values. Since the well depth of Ar + 
CO2 interaction potential (De) used is 9.359 x 10-4 au 
(=205.4 cm-1), the zero point energy turns out to be 33.3 

-1cm-1.
The first excited vibrational state that lies higher by 24 

cm-1 than the ground (0,0,0) state is the van der Waals 
bending state (0,0,1). And the next state is the van der Waals 
stretching (0,1,0) state which is higher by 37 cm-1 than the 
ground state. From this we are able to understand the vibra
tional motion of Ar-CO2, i.e., the Ar atom moves inwards 
and outwards against CO2 with large amplitude while the 
bending motion of Ar atom is rather tight. For the excited 
vibrational levels of Ar-CO2, we can not find any reported 
values to compare with.

The “van der Waals (vdW) energy” can be defined as the 
energy difference between the energy of free CO2U' = U1) 
and that of Ar-CO2(U1, U2, U3). The calculated vdW bond

Table 1. The energy levels (cm-1) of the symmetric stretching 
vibration (U) of CO2. Experimental data are from Ref. 35.

U' This work Experimental Difference
0 -147187.23 -147187.09 -0.14
1 -145839.83 -145839.22 -0.61
2 -144498.99 -144497.55 -1.44
3 -143164.71 -143162.08 -2.63
4 -141836.98 -141832.81 -4.17
5 -140515.80 -140509.74 -6.06
6 -139201.14 -139192.87 -8.27
7 -137893.01 -137882.20 -10.81
8 -136591.40 -136577.73 -13.67
9 -135296.30 -135279.46 -16.84

10 -134007.71 -133987.39 -20.32

Table 2. Vibrational energy levels (cm-1) of CO2 and Ar-CO2. The 
zero of energy is the U-0 ground symmetric stretching state of
CO2.

U/U1 CO2(u) Ar-CO2(U1,0,0) Ar-CO2(U1,0,1) Ar-CO2(U1,1,0)
0 0.00 -172.07 -147.95 -134.69
1 1347.40 1175.35 1199.45 1212.72
2 2688.24 2516.20 2540.29 2553.56
3 4022.52 3850.49 3874.57 3887.85
4 5350.25 5178.23 5202.30 5215.58
5 6671.43 6499.43 6523.49 6536.78
6 7986.09 7814.09 7838.15 7851.44
7 9294.22 9122.24 9146.28 9159.57
8 10595.83 10423.86 10447.89 10461.19
9 11890.93 11718.97 11742.99 11756.30

10 13179.52 13007.59 13031.59 13044.90
11 14461.63 14289.71 14313.70 14327.02
12 15737.25 15565.34 15589.32 15602.65
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energies in cm-1 are, for example, 172.07 for the Ar- 
CO2(0,0,0) state, 147.96 for (0,0,1), 134.69 for (0,1,0), 
172.05 for (1,0,0), 172.04 for (2,0,0), 172.00 for (5,0,0), and 
171.93 for (10, 0,0), etc. As the states go higher, the vdW 
energy gradually decreases. It obviously suggests that the 
weaker van der Waals bond at highly excited states may 
easily dissociate.

The vibrational predissociation of Ar-CO2 can be considered 
as the following reaction, i.e., Ar-COzhV, S’, U3) — Ar- 
CO2 (U1, U2, U3) — CO2(u) + Ar. The first step is the very fast 
absorp-tion process of radiation, for example, infrared. The 
Ar-CO2 at the initial (u「, u/, U3) state absorbs the photon 
energy and excites to the (U1, U2, U3) state. Then the Ar-CO2 

in the excited state undergoes spontaneous dissociation to 
the fragments of CO2 and Ar. This predissociation widens 
the homogeneous linewidth of absorption peak. The second 
step is relatively slow so that it determines the overall rate of 
dissociation. Therefore in this work only the latter step is 
considered (the so called half-collision model). Of course, 
also note that we consider only the U1 vibrational modes, i.e., 
the symmetric stretching motions of CO2.

When uf = U1-1, it will be called the Au = -1 process. 
Likewise, the Au = -2 process is when uf = U1-2, and so on. 
For the predissociation process of Au= -1, it can be viewed 
as follows. The vibrational relaxation of Ar-CO2(u1,0,0) 
occurs to the state of (U1-1,0,0) and the energy released from 
the relaxation may break the vdW bond of Ar-CO2(u1- 
1,0,0). The excess energy, which is left over from breaking 
the bond, flows into the internal rotational motion of product 
CO2(u' = u1-1) and the translational of CO2 and Ar. This is 
so called intramolecular V f T process.

The calculated energy difference between Ar-CO2(1,0,0) 
and Ar-CO2(0,0,0) is 1347.40 cm-1 which is larger than the 
vdW energy, 172.07 cm-1 of Ar-CO2(0,0,0). Therefore the 
vibrational predissociation of Ar-CO2(1,0,0) — CO2(0) + Ar 
spontaneously occurs. The same is true for any other (u1,0,0) 
or (u1, u2, u3) states as long as the vibrational relaxation 
energy is greater than the vdW bond energy. It is also true for

Table 3. Vibrational predissociation rates (106 s-1), lifetimes (10-6 
s), and absorption linewidths (10-6 cm-1) for the vibrational 
predissociation of Ar-CO2(U1,0,0) t CO2(U1-1)+Ar. U1 indicates the 
symmetric stretching vibrational mode of CO2

U1 Rate Lifetime Linewidth
1 0.36 2.81 1.89
2 0.74 1.36 3.91
3 1.14 0.88 6.06
4 1.57 0.64 8.36
5 2.03 0.49 10.80
6 2.52 0.40 13.39
7 3.04 0.33 16.14
8 3.59 0.28 19.06
9 4.17 0.24 22.15
10 4.79 0.21 25.41
11 5.44 0.18 28.87
12 6.12 0.16 32.51

the process of Au= -2, -3, etc.
The predissociation rates, lifetimes, and FWHM (full 

width at half maximum) linewidths of absorption peaks are 
listed in Table 3 for the low (U1,0,0) states for Au= -1 
process. The rates for Au= -2 process are the 6th order of 
magnitude smaller than those for the corresponding Au = -1 
process, which can be practically ignored when the 
vibrational predissociation from the lower vibrational level 
of Ar-CO2 is of interest. The rates for Au= -3 process are 
virtually zero. The dissociation rates increase as the U1 level 
increases. The vibrational energy gap between two adjacent 
levels decreases as the u1 increases. Therefore the vibrational 
relaxation into a lower level becomes much easier (energy 
gap law) to increase the dissociation rate.

As shown in Figure 2, accordingly the lifetime of the 
transient Ar-CO2(u1,0,0) decreases as the u1 increases, i.e., 
the highly excited states are less stable. The lifetimes are in 
the order of microseconds (10-6 s), for example, 2.81 您 for 
(1,0,0). They are much longer than those for halogen atom
diatom van der Waals complexes. It is partly because the 
vdW binding energy for Ar-CO2 is large. Nonetheless the 
lifetime seems to be extraordinarily long. We want to stress 
that, in this work, we considered only the relaxation from a 
symmetric stretching to another symmetric stretching mode 
of CO2. But, in reality, there are antisymmetric stretching 
and bending motions in CO2 so that the relaxation from a 
symmetric stretching level to an antisymmetric stretching or 
a bending level is possible. If the neglected modes are 
included in calculations, it is certain that the lifetimes 
become shorter. Therefore our lifetimes might be regarded 
as the upper bound. Experimental estimation of lifetime was 
once reported to be in the order of 50 ns.26 We have calcu
lated rates, linewidths, lifetimes, and rotational state distri
butions of product for many Ar-CO2 initial states and CO2 

final states. But, in the present paper, only partial data are 
reported to save the space. Full data can be obtained from

Figure 2. Predissociation lifetimes (10-6 s) of the transient Ar- 
CO2 (U1,0,0). The antisymmetric stretching and bending states of 
CO2 are excluded.
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Figure 3. Rotational state distributions of CO2(0) product from 
the Ar-CO2(1,0,0) vibrational predissociation.

the authors.
The rotational state distributions of the diatomic fragment 

of CO2 are presented in Figure 3 for the dissociation of Ar- 
CO2(1,0,0) — CO2(0) + Ar. The distribution shows a prominent 
maximum peak at rather high rotational state. The CO2 in 
either low j states or high j states are not produced from the 
predissociation of Ar-CO2. For higher 小 states, i.e.,小>1, 
the same pattern is found. This feature is somewhat different 
from other cases of predissociation. The frequently found 
rotational state distributions of the diatom product from the 
vibrational predissociation of atom-diatom van der Waals 
complex are two types; one is that the lowest j state populates 
most and the population gradually decreases as j goes higher, 
and the other is the case of bimodal distribution. Ar-CO2 has, 
even at the vibrational state of (1,0,0), has relatively large 
vdW bending zero point energy so that the outcoming CO2 

may have a lot of rotational energy. But, at the same time, 
Ar-CO2 has a vdW stretching zero point energy which can 
be directly transferred to the translational energy of the 
product CO2. The competition of the two types of vdW 
vibrational motions may compete. It accounts for the existence 
of the maximum in rather high j state. However, in order to 
fully understand the rotational state distributions, more studies 
on various atom-triatom systems will be necessary.

Summary and Conclusions

A new and simple Morse type potential energy function 
for Ar-CO2 is suggested. The suggested potential function is 
as accurate as already known potential energy functions but 
it exclusively includes the dependence of the potential 
energy on the CO2 symmetric stretching vibrational coordi
nates. With the potential energy function the VSCF-DWB- 
IOS approximate theoretical method has been applied to the 
vibrational predissociation of Ar-CO2. The dissociation rates, 
absorption linewidths, lifetimes of transient excited Ar-CO2 

species, and rotational distributions of the product CO2 are 

all computed. The self-consistent field (VSCF) calculations 
have revealed detailed and rich vibrational structures of Ar- 
CO2, i.e., many van der Waals stretching and bending 
vibrational levels exist. The VSCF method is found to 
reproduce the ground vibrational level accurately. For the 
excited states, the accuracy of the method could not be tested 
because no experimental values are available. The distorted- 
wave Born (DWB) and the infinite-order sudden (IOS) 
approximations seem not to impose serious problems.

We verified that the symmetric stretching mode of CO2 

can be effectively coupled with the van der Waals vibra
tional modes, which can bring the vibrational predissocia
tion of Ar-CO2. The lifetime of Ar-CO2(1,0,0) is calculated 
to be in the order of a microsecond. The rotational state dis
tributions of the product CO2(d) are found to be 
independent of symmetric stretching uf mode, and high 
rotational states are rather heavily populated. Generally the 
dissociation rates are found to be small. It is probably due to 
the neglect of the coupling of the symmetric stretching mode 
with the antisymmetric stretch and bending modes in CO2. 
Full calculations including all the four vibrational modes of 
CO2 will be pursued in the near future.
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