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In this paper we present a theoretical study of vibrational predissociation (VP) on the ground state potential
surface of van der Waals complexes consisting of polyatomic molecules. The intermolecular interaction was
represented by separate contributions of atom-atom interactions, which were expressed in terms of Morse
potentials. The VP process was handled utilizing the distorted wave approximation to describe a zero-order
Hamiltonian, which is separable in the intramolecular and in the intermolecular motion, while the residual
interaction, which induces the reactive process, corresponds to the deviations of the intermolecular
interaction from its value at the frozen intramolecular equilibrium configurations of the two constituents.
Model calculations of the VP dynamics were performed for the He---N,O complex and for the (N,0), dimer,
where the N,O unit is initially excited to the (001) vibrational state. These calculations were performed for the
linear configuration as well as for the T-shaped configuration of the complexes. We have considered three VP
channels; (1) the ¥—T process, (2) the intramolecular ¥—V + T process and (3) the intermolecular
V—V + T process. For He--N,O channels (1) and (2) prevail, while for (N,0), all three channels are open.
For collinear He---N,O a second-order process of type (2) dominates the VP, while for the T-shaped He--N,O
complex the first-order process (1) is not efficient. In both cases the VP lifetimes, 7 is 7 ~107°-107* sec. For
the collinear (N,0), dimer a ¥—V + T process of type (2) dominates, with 7 ~10""-10"* sec, the
inefficiency of this process being attributed to a large mass effect. For the T-shaped (N,0), dimer the most
effective VP channel involves simultaneous intermolecular and intramolecular V—V + T process with low
AE =355 cm™' translational energy, which is characterized by 7 ~107°-107° sec. These results provide

guidelines for the analysis of the infrared spectra of the (N,0), complex.

l. INTRODUCTION

Experimental'™” and theoreticai®™? studies of vibra-
tional predissociation (VP) of van der Waals (vdW) mol-
ecules provide important information regarding the basic.
problem of intramolecular vibrational energy flow and
vibrational energy redistribution in polyatomic molecules.
In this context the following basic VP processes will be
exhibited with increasing complexity of the molecular
constituents of the vdW complex:

(i) For a triatomic X—-AB vdW molecule, where AB
is a conventional diatomic molecule and X represents
a rare-gas atom, the VP process involves the conver-
sion of vibrational energy of AB to translational energy
of the AB and X fragments, i.e., a V-~ T pro-
cess, 1113141619 The yP of the Hel, vdW mole-
cule!~* 131416 o5h he semiquantitatively accounted for
in terms of the V- T process.®

(ii) For a vdW dimer AB-CD, where AB and CD are
both normal diatomic molecules, the VP channels in-
volve the V- T process as well as the conversion of the
vibrational energy of one molecule to vibrational energy
of the other, while the energy balance is made up by
translational energy. The V-~ T process determines
the VP mechanism of a homodimer such as Cl,~Cl,. !’
Intermolecular vibrational energy exchange, constituting
an intermolecular V—~ V + T process may considerably
enhance the VP rate of some vdW heterodimers.'"'®

(iil) For a vdW molecule X~A, where X is a rare-
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gas atom and A is a polyatomic molecule, two VP chan-
nels should be considered. First, the conventional

V- T process prevails. Second, one should consider
the intramolecular degradation of a vibrational quantum
of A to a lower frequency vibration of the same mole-
cule, the energy balance being made up by translation.
This process involves an intramolecular V~V + T ex-
change. This intramolecular process bears a close
analogy to collision-induced vibrational energy redis-
tribution in polyatomic molecules.

(iv) Inthe case of a vdW complex A -B, consisting of
a pair of polyatomic molecules A and B, the VP process
can involve conventional V- T as well as additional chan-
nels which correspond to vibrational energy exchange.
Two types of such VP decay mechanisms accompanied
by vibrational energy exchange should be considered.
First, in complete analogy to the case of the hetero-
dimer, !™ we can consider the intermolecular conver-
sion of the vibrational energy of A to the vibrational en-
ergy of B, i.e., an intermolecular V- V + T process.
This intermolecular process bears a close analogy to
V-V transfer in collisions® and was considered also
in relation to the broadening of infrared absorption bands
in liquids.® Second, we can envisage the intramolecular
energy exchange within the initially excited molecule A,
resulting in the degradation of a vibrational quantum of
A to a vibration of a lower frequency of the same A
molecule, i.e., an intramolecular equivalent to the
V-~V +T exchange in the VP of X~A considered in point
(iii).
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In this paper we consider the problem of the inter-
play between intermolecular V- V+ T and intramolecu-
lar V-V + T in the vibrational predissociation of vdW
complexes, consisting of polyatomic molecules, in an
attempt to assess the relative importance of these decay
channels. The problem of intermolecular and intramo-
lecular vibrational energy exchange in such systems is
of interest because of the following reasons:

(a) The fragmentation of the vdW bond provides a
unique example for VP on a single electronic potential
surface. A complete understanding of the role of vibra-
tional energy exchange in VP will elucidate the nature of
a basic molecular relaxation process.

(b) The understanding of VP of polyatomic vdW mole-
cules is relevant for establishing the general features
of bond-breaking processes in chemical systems.

(c) These processes will determine the VP mechanism
and the internal energy content of the polyatomic frag-
ments A + B, resulting from the fragmentationof a vi-
brationally excited vdW complex interrogated in a su-
personic beam. ™7

(d) Vibrational energy exchange in vdW complexes is
central for the understanding of the mechanism of col-
lision~induced vibrational relaxation, particularly at low
translational temperatures. Recent studies of such®'®
atom-diatom vibrational relaxation should be extended
to low-energy collision of polyatomic molecules.

(e) The problem of vibrational relaxation of guest
polyatomic molecules in host matrices may also benefit
from the understanding of vibrational energy exchange.
Specific chemical interactions of the vdW type have a
profound effect on the vibrational relaxation of some
diatomic radicals in mixed rare-gas solids.® The role
of V=V +T transfer in the VP of vdW complexes may be
important for the elucidation of vibrational relaxation of
polyatomic molecules in a monoatomic or polyatomic
host matrix.

(f) It was suggested 30 years ago? that VP of hydro-
gen-bonded complexes may result in the line broadening
of the infrared (IR) absorption bands of such complexes.
Several workers have considered® ''!® the V- T decay
channel, concluding that the inefficiency of the latter
process precludes any appreciable line broadening. In-
tramolecular and intermolecular vibrational energy ex-
change will be crucial for the understanding of the in-
tramolecular dynamics of hydrogen-bonded complexes
and may be important for the broadening of their ir ab-
sorption bands.

In what follows we present the results of model calcu-
lations for VP of two model systems on their ground po-
tential surface. We shall consider the VP of the
He « - - N,O complex as well as the VP of (N,0), dimer,
which consists of a vdW molecule containing two linear
triatomic molecules. The major goal of the present
study is to explore the relative efficiency of the three
VP channels, (1) V- T, (2) intermolecular V-~V +T,
and (3) intramolecular V- V+ 7. For the He--- N O
complex, channels (1) and (2) prevail, while for the
(N;0), dimer, which was experimentally investigated, 8
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all three channels are open. In our model calculations
we have considered both the linear He - - - O~N~N and
N-N-Q-.-. O=-N-N complexes, as well as the T -shaped
complexes

0 (0]
He---N and O-N-N---N .
N N

The choice of these linear and T -shaped structures was
motivated by two kinds of reasoning. First, from the
practical point of view the structure of the (N,0), com-
plex is as yet unknown. Second, from the point of view
of general methodology, the comparison of the resuits
of the model calculations for the linear and the T -shaped
vdW complexes will provide information concerning the
role of low frequency out-of-plane vibration of the linear
triatomic in the process of vibrational energy redistri-
bution. In the first part of the calculation the N,O mole-
cule is treated in the harmonic approximation. Subse-
quently, the role of anharmonicity of the N,O molecule
in the dynamics of VP will be considered.

il VIBRATIONAL PREDISSOCIATION OF A
POLYATOMIC VAN DER WAALS MOLECULE

We consider a vdW molecule A - - - B, where A and B
represent two polyatomic molecules. We shall denote
by | Rl the distance between the centers of mass of the
two molecules (Fig. 1). The total Hamiltonian of the
system, after separation of the motion of the center of
mass of the entire system, is

H=-(n2/2u) Vi +H, +Hg +Uypp , (1

where H, and Hp are the internal Hamiltonians for the
“free” molecules A and B, respectively, while U, is
the intermolecular interaction. Finally, p=M,Mp/
(M, +My) is the reduced mass for the relative motion
of A and B. We now invoke the dumbbell model for the
intermolecular interaction, representing U,p in terms
of a sum of atom~atom interactions

UAB = Z' Unta'(| Ly ' ) ’ (2)

ol &

where |r,_, | is the distance between atom & on mole-
cule A and atom o’ on molecule B. In general we have

Tow “R~p +pw (3)

where p, and p, are distances of the atoms a and o'
from the centers of mass of the molecules A and B, re-
spectively. Denoting by p, and p, the corresponding
equilibrium distances, we then have

Laa' ATOM @'
fa S) '
) 3& x: C.MofB
CM.of A s R
S2
MOLECULE A MOLECULE B

FIG. 1. Coordinate system used to describe the motion of two
triatomic molecules A and B coupled through a van der Waals
interaction.
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.rmu,‘ :[IR—EG+EN'|Z+‘Apﬂ—Apu'|Z
—2(R =P, +Dy) (Bpe—Apg))V?, (4)
where ap, and 4p, are the displacements of atoms a
and o' from their respective equilibrium positions. Ex-

panding Eq. (4) and retaining only up to the linear terms
in Ap, and Ap,., we obtain®

lraa' = lR—5a+5a" —f‘aa' . (APQ'APL{) 3 (5)

where the unit vector #,, is defined by

Fo =R ~Po+pp)/ |R=Pa+Puwl - (6)

In general, we can express the displacements ap, and
Ap, interms of two sets of internal coordinates® {s,}
and {s%,} for molecules A and B, respectively,

Apa=2(aa,§+b“,§;+ca,§)s‘ ’
t
(1)
apy, =Z (@ ¥ 4Bl ¥ +Clppe B) S,
f‘
where a,, b,,, and c,,, as well as aly,., by, and cl p
represent the elements of the appropriate transformations.
Equation (2), together withEqs. (5)and (7), specify the in-
termolecular interactions in terms of the intermolecular
distance R and the internal coordinates {s,} and {s}}.

To proceed with the description of the intermolecular
dynamics we have to define an appropriate zero-order
Hamiltonian. To accomplish this goal we use the dis-
torted wave treatment where the zero-order Hamiltonian
is
Hoy=—(n%/2)Va+ Hy +Hy + U, g(|R~p 5o |) (8)

where the intermolecular interaction U, corresponds
to the two molecules frozen at their equilibrium nuclear
configurations. The residual interaction

V=H-Hy=U,p{|r o) ~UssR - +Pur|) (9)

induces the nonradiative intramolecular VP transitions.
The zero-order Hamiltonian, Eq. (8), is separable and
its eigenstates correspond to the discrete states

wvA-vB.l({st}’ {slt'}’ ‘RD :XVA({st}) xvg({s:'}) (pl(l R| )

and to the continuum states

Popromrc@seh 1shh 1RD =x,,ds, D xpdsi D o (IRD . (11)

Here the rotational degrees of freedom are not consid-
ered so that Eqs. (10) and (11) represent vibrational
wave functions for a fixed angular configuration. The
functions x,,{s,}) and x,5{s}}) represent general vibra-
tional eigenstates of the molecules A and B, respective-
ly. These nuclear eigenstates are characterized by the
collection of nuclear vibrational quantum numbers v,
and vy, and by the energies E,, and E so that

(10) -

vy’

HA|va>:EvA|va> ’ (12)
HB‘ xva> :Eusl XUB> *
The eigenstates ¢,{(IRl) and ¢.(I Rl ) correspond to a
bound state and to a continuum state of the vdW bond,
respectively, ! is a discrete quantum number character-
izing bound states of the vdW bond with energies E,,
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while € is the relative kinetic energy of A and B. The
VP dynamics on the ground state potential surface can
be adequately described™ by defining a “preparation”
process, where a single wv”B, discrete state is amen-
able to infrared optical excitation or to collisional exci~
tation.!” The VP rate is essentially dominated by dis-
crete~continuum (d—-c) resonance interaction, while the
effect of continuum-—continuum coupling terms is rela-
tively small. Accordingly, the decay rate L,,,,; of the
metastable state 3} ; is given by the Golden Rule

YAVB

Tyont =7 00 2 | Wopomt] V]dokobed |2 (13)
vA VB

where the relative kinetic energy ¢ is now taken on the
energy shell

(14)
while the interaction V, Eq. (9), which induces the VP

process, can be expressed with the help of Eq. (2) in the
form .

€ =E0A+EuB+E, "Evk -Ey ,

V= Z, [Uaa‘(‘raa'l)'Uaa'(\R"Ba +Ba'\)] . (15)

Equations (13)-(15), together with Eq. (5), constitute
a comprehensive and quite complete theory of VP of
polyatomic vdW complexes. What remains to be done
is to specify explicitly the atom-atom interaction poten-
tials appearing in Eq. (15). These will be represented
in terms of Morse potentials

)=Dau’{exp(_ ZBaa’ Hraa‘ ])
- 2exp(- Baar || Tasr | = |Faur | DY, (16)

where D, .. is an effective dissociation energy, while
B+ denotes a characteristic inverse length, The use of
a superposition of Morse potentials, Eg. (16), to repre-
sent the intermolecular interaction is quite adequate as
our previous model calculations for the Hel, vdW mole-
cule!® have indicated that the VP dynamics are dominated
by the short-range part of the intermolecular interaction
potential. In particular, the diserete—continuum cou-
pling terms are essentially determined by the details of
the potential in the region of the minimum R=R. We
therefore expand

Uaa‘(‘Araa'

~|Foar

\R_T)a‘*‘aa'lu‘§-5a+5d"+;aa"AR ’ (17)

where AR is the displacement of the intermolecular dis-
tance R from the equilibrium distance R, and 7,/ is the
unit vector defined in Eq. (6) evaluated at the equilibrium
configuration. Using Egs. (5)-(7), (10), and (11), to-
gether with Egs. (15)-(17), the discrete—continuum cou-
pling can be written in terms of products of intramolec-
ular contributions and of intermolecular terms

(wvAvB!] Vl vkv{,e) = Z' Daa' [Ax()i)vg.vkv'g(a) QI)B(tf)(a, CY')
aa

__2A(1)

vAvB.u'Au'g(a)al)B(lP(a, CY')] ) (18)

where the intramolecular contributions are

Atgx),a') =(XuApBl{exP[j Bom’ ';uoz’ * (Apm _pa:')] - 1} \ Xv"‘v'5> ’
i=1,2, (19a)

with Ap, and 4p,. given by Eq. (7), while the intermo-
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lecular contributions are given by

Bgé).a’)j =eXp[- jBaa‘(l ﬁ —sb_oz +I—’a' - I;aat l )]
X(¢1| expl~ jBuat Faas " AR][de), 7=1,2 .(19b)
The eigenfunctions ¢,;(IR!) and ¢.(/R|) of the vdW bond

can be obtained by fitting the potential U, (/R!) in Eq.
(8) to the Morse form

Urs(|R|) =D (expl- 28(|R| - |R|)] - 2exp[- 8(| R| - |R|))) .

(20)
The explicit expressions for the intermolecular matrix
elements (¢,! exp[-n(IR! = IRI) ]l ¢.) have already been
provided®

n - - 1
(6ol expl=(|R| ~ [R[} [ = (arr (L EEZ 21T

X (= 1) [u sinh(270)]'/2 | T (z - K - 48)| @K)™/*
H

T e )
with the definitions

K=Y 2uD)/%=2D/lw , (21b)

B = (HB) Y (2ue) /2= 2(De)! 2 /hw (21c)

Equations (13) and (17) constitute a comprehensive, quite
complete, and practical theory of VP of polyatomic vdW
molecules. It should be emphasized at this point that all
the approximations introduced up to the present stage es-
sentially pertain only to the description of the intermo-
lecular interaction, while the intramolecular vibrational
states X,, 4, and X4 of the individual molecules are re-
tained in a general form without alluding to any specific
approximation. An approximate description of the in-
tramolecular potential in terms of a harmonic potential
will considerably simplify the analysis for specific model
system which will now be considered.

{1l. MODEL SYSTEMS

We have considered four model systems corresponding
to the collinear and perpendicular VP of atom-linear tri-
atomic and of linear triatomic~linear triatomic vdW mol-
ecules. The relevant schemes are portrayed in Fig. 2.
The internal coordinates for the linear triatomic mole-
cules (see Fig, 2) are s, and s,, corresponding to the
displacements from equilibrium of the distances between
atoms 1 and 2, and 2 and 3, respectively, and s; which
corresponds to the variation of the bending angle. The
coefficients ag,, by, and c,, of Eq. (7), relating the in-
ternal coordinates to the displacements Ap, from the
center of the mass are given by {choosing the z axis along
the molecular axis) :

b13=a13=—mamalz/N ’
bgs =g =my mg(ly +1,)/N
b33=a33=—m1mzll/N ’ @2)
cr=—(my +mg)/M , crp=—my/M=cy ,
ca=my/M=cyy, Cyp=(my+mp)/M ,

where my, m,, and m, are the masses of the atoms, [,
and [, are the equilibrium distances of the two bonds,
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FIG. 2. Model systems of linear and T-shaped van der Waals
molecule of atom—linear triatomic complex and a dimer of two
triatomic molecules.

M is the total mass of the triatomic molecule, and

N = (mymy B2+ mymg(ly+ L +my mgly) + mamg 13)/11 1, .
(22a)
All other coefficients are zero. We now have to specify
the vibrational eigenstates of the fragments. In the
model calculations presented in this section we have
adopted the harmonic approximation for the intramolec-
ular motion. The eigenstates are thus products of nor-
mal mode wavefunctions, i.e.,

(23)

{
[Xoa) =080y 08800, > |08 e -+

where @y, @,, ..., etc., are the normal coordinates,
The relationbetween the internal coordinates s, and the
normal coordinates @, is given by the linear transforma-
tion®®

st=;L,th . (24)

For the case of linear triatomic molecules, expressing
the intramolecular potential as

W=% (f1g S%+ f1z S1 52+ faz Sg*‘fas %), (25)

results in the normal frequencies vy, vy, and v;, with

4nz(ui+va)=i&-+ﬁ""—— 2 f12
Hiz M3 My

167* V% V§ =(f11Se2 — fgz)M/ml myms ,

4q2 2 = L33 [B/my + B/ my + 1y + L) /m,]
2 li lg ’

(26)

where pyp=mymy/(my+m,) and iyg =my my/(my +my) are
reduced masses. The coefficients L,, for the transfor-
mation between normal modes and internal coordinates,
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|O—4 - -
S
<«
il
[
~5
107>
He...N,0(00N—~He+N,0(100)
Io’s —
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FIG. 3. Lifetimes for VP of a collinear He ***N,0O complex

initially exited at (001) of the N,O constituent. The potential
parameters for the van der Waals bond, Eq. (20), are 8=2.5
A”, while the dissociation energy is varied in the range 10~-70
cm™!. Calculations were performed for the channels (27) and
(28).

Eq. (24), are given by standard methods.® We have
considered the linear molecule N,O with force constants
and equilibrium distances taken from the literature. 3%
We shall now proceed to discuss the different model sys-
tems portrayed in Fig. 2.

A. Collinear He --- N,O

The intermolecular interaction, Eq. (2), is represented

in this case by a simple atom—atom interaction between
the nearest atoms of the two molecules, i.e., between
atoms 3 and 1 (see Fig. 2). This is sufficient for the
understanding of the general qualitative behavior of the
VP dynamics, in view of our poor knowledge of the de-
tails of the interaction potential. In the normal mode
description of N,O there will then be no coupling between
the bending mode and the other degrees of freedom. We
consider an initial state after photon absorption corre-
sponding to the excitation of N,0O, the other two modes
being in their ground states. This state will be denoted
by (001); i.e., v;=0, v,=0, and py=1.

Two VP processes are then possible;

V-~T; He--- N,0(001)-He +N,0(000), AE =2224 cm™,
@7

involving the conversion of vibrational energy in mode

3 to translational energy of the fragments, and

V~V+T; He:-. N,0(001)~He + N,0(100), AE =939 cm,

(28)
corresponding to the intramolecular degradation of the
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vibrational quantum in mode 3 to the lower frequency vi-
bration y,, the excess energy being transformed into
translational kinetic energy. Reaction (28) corresponds
to a second-order process and, therefore, the intramo-
lecular coefficients A'? [see Eq. (19a)] will be smaller.
On the other hand the excess energy AE being smaller,
in this case the intermolecular terms B'Y [see Eq. (20)]
will be larger according to the energy gap law.*3% The
competition between these two opposite effects will final-
ly determine which one of the two processes, (27) or
(28) will provide the most efficient decay channel.

We have calculated the lifetimes 7 for processes (27)
and (28), evaluating the VP rate, Eq. (13), and using
the relationship 7 =7%/2I'. The results for some typical
intermolecular potential parameters are presented in
Fig. 3. From the calculations two conclusions emerge
First, we note that the intramolecular V-~V + T pro-
cess, Eq. (28), is about an order of magnitude more ef-
ficient than the simple first order V- T process, Eq.
(27). Second, for reasonable parameters of the vdW
bond the calculated VP lifetime for the more efficient
V-V +T process is 7~10"1-10" sec.

B. 7-shaped He --- N,O molecule

In this case we cannot get away by considering only the
nearest-neighbor interatomic interaction. If we only con-
sider the interaction between nearest atoms, i.e., the
two atoms 2 and 1’ in Fig. 2(b), there will be no coupling
between the intermolecular vibration and the Q; mode
(in the harmonic approximation for N,0). We have there-
fore considered both the interaction between nearest
atoms as well as the interaction between the helium atom
and the two end atoms of N,O. We assume the same pa-
rameters 8 and D for all the pairwise Morse potentials,
Now, we will have in addition to the V-~ T process (27)
and the intramolecular V -V + 7 process (28) the following
additional intramolecular V-V +T channels:

He ... N;O(001) - He + N,0(010), AE=1635 cm™ , (29)
He - - . N,0(001)~ He + N,0(020), AE=1046 cm™ , (30)
He - -+ N,0(001)~He + N,0(030), AE =457 cm™ , (31)
He -+ - N,0(001)~He + N,0(110), AE=350 cm™ . (32)

All of these new intramolecular V~V + T channels in-
volve the bending excitation of the N,O fragment, Pro-
cess (29) is a second-order process similar to the one

.considered before in Eq. (28), the only differgnce being

that the final state of N,O involves bending rather than
symmetric stretch vibration, Processes (30) and (32)
are third-order processes in which two quanta are
created, while process (31) is a fourth-order process
in which three quanta of the bending vibrational mode
are excited, Thelifetimes for all these processes as

a function of the dissociation energy parameter D are
plotted in Fig. 4. The following features of the numeri-
cal results should be noted. Firstly, for the T-shape
vdW molecule the first-order V — T process, Eq. (27),
is more efficient than any of the second-order V-V +T
processes, Eqs. (28)-(32). The efficiency of the V~T
channel for the T-shaped configuration is in contrast
with the characteristics of the linear molecule where
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FIG. 4. Lifetimes for VP of a T-shaped He ***N,O complex

initially excited at (001) of the N,O constituent. The potential
parameters are identical to those of Fig. 1. Calculations were
performed for the channels (27)-(32). The curves correspond
to the following processes: (1) V— V+T: He ***N,0O (001) — He
+N,0(030); (2) V—=V+T: He:** N,0O(001)— He+ N,0(020); (3)
V- V+T: He-***N,0(001)— He+ N,0(100); (4) V—=~V+T:

He * **N,0 (001) —~ He + N,O(110); (5) V—=V+T: He---N,0(001)
— He + N,O (010); (6) V—T: He***N,0(001)— He+N,0 (000).

the V-V +T process, Eq. (28), dominates the VP dy-
namics, Secondly, the VP lifetimes for the V- T chan-
nels of the T-shaped and of the linear configurations of
the He ... N,O are very similar. Accordingly, the VP
process of the T-shaped vdW molecule is less efficient
by about one order of magnitude than that of the linear
molecule,

C. Collinear (N,0), dimer

In complete analogy with the He .. - N,O case, we have
the V- T process, Eq. (27), and the V-~V +T process,
Eq. (28), with the He atom being replaced by another
N;O molecule in its ground state, However, the inter-
molecular dissociation energy parameter D is much
larger in this case. Also, the reduced mass for inter-
molecular relative motion is larger. These two changes
affect the VP lifetimes in opposite ways. While the in-
crease of D usually decreases the VP lifetimes, !* the
increase of the reduced mass results in an increase of
the VP lifetimes. %% In Fig. 5 we have presented the
two processes, the V-~ T process (000) - -+ (001) - (000)
+ (000) and the V-V + T process (000)--- (001)—- (000)
+(100), as a function of the dissociation energy param-
eter D, We note that the V-V +T process is faster than
V -~ T predissociation in complete analogy with the situa-
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tion for the collinear He - - - N,O molecule. On the other
hand, the absolute values of the lifetimes for (N,0), col-
linear dimers are much larger than the corresponding
values for collinear He .- N,0O, demonstrating the strong
effect of the reduced mass'*?2 on the VP dynamics.

D. 7-shape (N,0), dimer

In this case we have the following VP pro-
cesses:

(000) - - - (001)—~ (000) + (000), AE =2224 cm™ (33)
(000) - - - (001) - (010) + (000), AE =1635 cm™ , (34)
(000) - - - (001) ~ (020) + (000), AE =1046 cm™ , 35)
(000) - - - (001)~ (030) + (000), AE =457 cm™! | (36)
(000) - - - (001) - (000) + (100), AE =939 cm™ , (37)
(000) - - - (001)~ (010) + (100), AE =350 cm™ , (38)

Equation (33) corresponds to the usual V —~ T process,
while Egs. (34)-(36), correspond to intermolecular

V-V +T processes in which vibrational energy in one
molecule is converted in vibrational energy of the other
molecule forming the dimer. Equation (37) corresponds
to an intramolecular V-V + 7T process. Finally, Eq.
(38) describes a mixed V -~V + T process in which the
initial vibrational quantum in the mode y; is converted
into one vibrational quantum in the mode v, of the same

10®
(N;0), Collinear B:=25 A-!
105 _
V—-T
Io4_ (000)...(001)—{000)+(000)|
~ 103+
o
@
L
o
& L
-1
10 V—=V+T
(000)...(001)—(000)+(I100)
1072 -
-3 1 | |
10 "j00 150 200 250 300
D(cm-1)
FIG. 5. Lifetimes for VP of the collinear (N,0), dimer initially

excited at the (001) state of N,O. The atom—atom potential
parameters, Fq. (20), are 3=2.5 A", while the dissociation
energy of the van der Waals bond was varied in the range D
=100-300 em™!. Calculations were performed for the V— T
channel and for the intramolecular V— V+ T channel.

{
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(NO), T-shaped 8=2.5A""

104}

T(sec)

i
200
D(cm-1})
FIG. 6. Lifetimes for VP of the T-shaped (N,0), dimer initial-
1y excited at the (001) state of N;O. The intermolecular poten-

tial was constructed from three atom—atom Morse functions,
each of which being given by Eq. (20) with g=2.5 A~ and D
=100-300 em~!, Calculations were performed for the channels
(33)—(37). The curves correspond to the following processes:
{1y V—T: {600) *~+{001)—{000)+(000); (2) V—V+T:

(000) * *+{001) —~ (010) + (000); (3) V—~V+T. (000} -~--(001)

— (020} + (000); (4) V—~V+T: (000)--+(001)— (030)+ (000),

(5) V= V+T: (000) *++(001) — (000) + (100),

10°3 1 1
oo 150 250 300

molecule and in an additional vibrational quantum in
mode v, of the second N,O molecule.

In Figs. 6 and 7 are present the results of model cal-
culations of the VP lifetimes for processes (33)-(38) for
different intermolecular potential parameters. We see
that, in general, the processes with smaller excess
translational energy AE are characterized by shorter
lifetimes. One exception, however, is the second-or-
der process (37), which is faster than the fourth-order
process (36), although it has a value of AE which is
twice as large. The most efficient VP channel involves
the mixed process (38) which is characterized by the
smallest of AE, From a cursory examination of the re-
sults of the model calculations presented in Figs, 5-7,
we conclude that for a wide range of reasonable poten-
tial parameters, which specify the vdW hond, the pre-
dicted features of the VP dynamics of the (N,O), dimer
are as follows:

(i) The major decay channel involves the third-order
process (38), which involves simultaneous intermolecu-
lar and intramolecular vibrational energy exchange and
is characterized by the lowest translational energy, in
accordance with the energy gap law.

6731

(ii) All other decay channels (33)-(37) are consider-
ably less efficient than the dominating channel (38). The
branching ratio between the two most efficient channels
(37) and (38) is 107,

{(iii) The VP lifetime of the T-shaped (N,0), vdW com-
plex is 107°-10" sec.

V. COMPARISON WITH EXPERIMENT

We now turn to the confrontation of our theoretical re-
sults with the experimental evidence, The (N;O), dimer
excited to the N,0(001) - - - N;O(000) state exhibits VP on
the ground state potential surface.® Gough, Miller, and
Scoles have measured the infrared spectrum of N,O di-
mers in a beam at low temperatures.® The VP lifetime
of the complex was estimated to be in the range 10712
<7 <10™ sec, and the lower limit was obtained from the
assignment of the entire width of the infrared absorption
band to lifetime broadening, while the upper limit was
estimated from a time of flight experiment. Recently,
Bernstein and Kolb® have performed a detailed analysis
of the inhomogeneously broadened absorption line shapes,
showing that there are 10*~10° lines/cm™ at the beam
temperature, Bernstein and Kolb® have attributed the
continuous absorption spectrum?® to arise from thermal
broadening rather than from lifetime broadening, and

(NZO)Z T-shaped
(000)..(001)—(010)+(100)

lo"r—

r(sec)

Tomud

1075

1 1 1 i
100 150 200 250 300 350
, Dicm-1)

FIG. 7. VP lifetimes for channel (38) of the T-ghaped (N,0),
dimer initially excited to the (001) state of N,O. The inter-
molecular van der Waals potential was constructed as a super-~
poistion of three atom—atom Morse potentials, each of which
being given by Fq. (20). The reciprocal length was varied in
the range §=1.5 A“‘, while the dissociative energy was varied
in the range D = 100-300 cm-!,
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have estimated the VP lifetimes to be in the range 10—
107 sec. It is apparent that at the present stage of de-
velopment of this interesting area theory will be ex-
tremely useful in providing general outlines for the un-
derstanding of the VP dynamics of such vdW complexes.
The structure of the (N,0), dimer has not yet been de-
termined, however, Bernstein and Kolb®® favor the 7'-
shaped configuration on the basis of spectroscopic evi-
dence. The numerical model calculations for the VP of
the T-shaped vdW complex provide a theoretical esti-
mate of 7 =107°-107° sec for the VP lifetime. This the-
oretical result is close to the lower limit of 7 set by
Gough et al.,® being in accord with the recent analysis
of the available experimental data.® We would like to
conclude this discussion of the VP dynamics of the
(N,0), dimer by pointing out that our model calculations
provide evidence for the efficiency of the simultaneous
intramolecular and intermolecular vibrational energy
redistribution accompanying the VP process and result
in explicit predictions regarding the vibrational energy
of the products, which can be subjected to an experi-
mental test,

Finally, we would like to comment briefly on the VP
dynamics of the He - -+ N,O complex and its relation to
the VP of the He - -+ NO, molecule in the 2B electronical-
ly excited state of NO,. While our model calculations
for the VP of the linear He - - - N,O complex on the ground
state potential surface result in 7 =10"-10"® sec, the VP
lifetime of the electronically excited He - - - NO,(®B) is
r~10"Y sec.?* We would like to argue that our resuits
for the ground state He - -+ N,O are inapplicable to VP
in an electronically excited state of a polyatomic vdW
complex, where new mechanisms set in.**** The
He - - - NO,(B) vdW complex is expected to be charac-
terized by a moderately high density of vibronic levels,
resulting from interstate scrambling within the NO,
molecule with one state per 10-20 cm™, Now, the re-
strictions imposed by the energy gap law on the effi-
ciency of the VP process can easily be relaxed. Near-
resonance VP can occur as, in view of the congested
level structure of the molecular eigenstates, degrada-
tion of vibrational energy will occur between close -
lying states and the kinetic energy of the fragments will
be very low, i.e,, of the order of level spacing between
molecular eigenstates. The description of this process
involving induced vibrational energy exchange between
molecular eigenstates requires the incorporation of in-
tramolecular anharmonicity effects. These effects will
be considered inthe next section.

V. DISCUSSION

We have presented in this paper model calculations
for VP lifetimes of the vdW complexes, He : -« N,O and
N,O .-+ N,O, when the initial state corresponds to the
excitation of a y,; vibrational quantum of a N,O subunit,
These calculations rest on the following assumptions:

(i) we disregard rotatioml effects; (ii) we use a dumb-
bell model potential, the total vdW interaction being rep-
resented by separate contributions of atom-atom inter-
actions; (iii) the atom-atom interactions are repre~
sented by Morse potentials; and (iv) the intramolecular
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potential (i.e., the N,O potential) is represented in the
harmonic approximation.

Assumption (i) is a reasonable approximation for vdW
molecules containing N,0. If the VP process is rota-
tionally assisted, such process will be efficient only if
a substantial amount of the excess energy AE is trans-
formed to rotational energy of the fragments. This will
imply high rotational states of the N,O molecule whose
rotational constant is small. As the initial temperature
is low, this can be obtained only provided that the inter-
molecular vdW potential is highly anisoiropic, which is
certainly not the case. We conclude that, although rota-
tional effects may change fine details of the VP dynam-
ics, for molecules involving N,O or heavier molecules
they cannot provide a faster decay channel for VP, In
systems like (HF),, for example, the situations may be
drastically different,™

Assumption (ii) is likely to be a good approximation
for vdW molecules. We have already discussed the
validity of assumption (iii) in relation with our previous
results, '® demonstrating that the VP rates are essen-
tially determined by the details of the potential surface
in the region of the minimum where the Morse func-
tional form is adequate,

Assumption (iv) has to be examined in detail, If the
intramolecular anharmonic terms of the potential are
included, the vibrational wave functions x,, and x,, will
be given by linear combinations of the normal mode
wave functions, Eq. (23), i.e.,

1 3
|X0A> = E Cuu)v(z)"(Az)“, lvi ))Ql l“f«m)oz lU; " Q"
SAp(2) (3 e A A :
A A YA
(39)

and similarly for Ix,,). Equation (39) implies thata VP
process involving V-~V + 7, which in the harmonic ap-
pfoximation will be of third order in the intermolecular
coupling constant 8, may now be second order or first
order., However, in order that such reduction of the or-
der of the V— V + T process be effective, the mixing co-
efficient C,{v,{2,43)... should not be too small. We expect
that for low vibrational excitation, which is the case con-
sidered here, these coefficients will be rather small and,
therefore, the VP rates are determined mainly by the
intermolecular anharmonicity rather than by the intra-
molecular anharmonicity. For example, for the most
strongly coupled level to the initial state (001) in the

N,O molecule [which is the (200) level located at ~350
cm™! above the (001) level], the mixing coefficient is of
the order of 0.1. If we compare the rates of the direct
second-order process, in the harmonic approximation

(001) - (000) - (100) , 40)

with the first-order process in the anharmonic N,O mol-
ecule

[(001) + C (200)]~ (100) ,

we find that the latter process may be comparable in
some cases (depending on the intermolecular potential
parmeter B) to the former but is never expected to be
much faster. We conclude that for low vibrational ex-
citation intramolecular anharmonicity may contribute to

(41)
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the VP rates but will not provide the rate determining
mechanism, For higher excited vibrational states this

situation will be altered and intramolecular anharmonic~

ity effects will dominate the VP dynamics.
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