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Abstract

Coriolis and centrifugal vibration—rotation coupling in the unimolecular dissociation of ground electronic state NO, has
been examined by using classical trajectories. The time evolution of the projection K, of the rotational angular momentum
N in a body-fixed frame is analyzed. The main result is a relation between the decomposition lifetime and the degree of
K -mixing. For example, less than 30% of the available X, space becomes populated for an average lifetime of 3 ps. This is
consistent with the conclusions, based on time-resolved experiments, that rotation—vibration transfer is slower than reaction

except just above the threshold. © 1998 Elsevier Science B.V.

1. Introduction

The issue of intramolecular redistribution is cen-
tral to the use of transition state theories to predict
unimolecular reaction rates [1]. Namely, such theo-
ries are premised on the assumption of unbiased
access to the phase space that includes all participat-
ing (coupled) degrees of freedom [1]. Implicit in this
is that intramolecular redistribution is much faster
than dissociation. Numerical studies have shown that
this is usually true for vibrations of even triatomic
molecules [1,2]. provided that the modes are strongly
coupled and the density of vibrational states is high.
As a consequence of extensive experimental studies
[2], progress in the field of nonlinear mechanics (see,
for example, Ref. [4]), and computer experiments [5],
transfer between vibrational degrees of freedom is
now reasonably well understood both classically and

quantum mechanically. Far less is known about exci-
tation transfer between vibrational and rotational
degrees of freedom (see, Refs. [6] and [7]).

Rotation increases the phase space volume by a
factor of roughly (2N + 1), where N is the quantum
number for the rotational angular momentum. V.
This increase is due to different orientations of N
relative to a body-fixed axis. Were the rotational
degrees of freedom decoupled from vibrations. this
increase would have no effect on the reaction rate.
However, vibration—rotation (VR) coupling is al-
ways present and its efficacy dictates which portions
of the phase space participate in reaction [1]. Thus,
one may anticipate a change of the dissociation rate
with N.

For prolate symmetric tops (7, </, =1}, signifi-
cant changes in rotational energy are associated with
K ,, the projection of N on the body-fixed a-axis [8].
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Of course, if K, changes on the time scale of the
experiment, it is obviously not a good quantum
number. This is referred to as K -mixing.

The issue of K -mixing in the unimolecular dis-
sociation of NO, has becn examined in the early
statistical treatments of the reaction [9]. Recently, the
issue has been the focus of renewed attention, and
conclusions have been drawn from different experi-
ments carried out near reaction threshold, i.e. time-
resolved pump-probe measurements [10] and spec-
troscopic studies [11,12]. For example, following the
initial work of Miyawaki et al. [11], Abel et al. [12]
examined product yield spectra and concluded that
K -mixing is almost complete, whereas lonov et al.
[10]. examined NO buildup times and concluded that
K ,-mixing is incomplete. Note that the degree of
K ,-mixing usually eludes direct experimental obser-
vatior, though a few counter-examples exist [1].
Most frequently — and this applies to the experi-
ments mentioned above - conclusions about K -
mixing are based on indirect evidence such as count-
ing lines in spectra of reactive resonances or statisti-
cal analyses of dissociation rates.

In this Letter, K -mixing brought about by Corio-
lis and centrifugal VR coupling is examined in NO,
dissociation by using a global potential energy sur-
face (PES) for the ground electronic state and classi-
cal mechanics for the dypamics. It is found that the
extent of K ,-mixing is related to the decomposition
rate. The results are consistent with both the time-re-
solved [10] and the spectroscopic studies [11,12], i.e.
K -mixing is incomplete under the conditions of the
former and nearly complete under the conditions of
the latter.

2. Vibration-rotation coupling in NO,

The spectroscopy and photodissociation of NO,
have been studied extensively [13-21]. The optically
accessible states of concern have mixed 2A,/:Bz
character due to coupling of the zeroth-order zAI
ground and le excited states above their conical
intersection [15.20]. Spectroscopic studies have con-
firmed that K -mixing is substantial just below the
dissociation threshold D, [14,15.18].

When NO, is excited above D, the goodness (or
lack thereof) of K, as a quantum number becomes

less obvious, mainly because the timescale over
which VR coupling can mnduce K, changes is lim-
ited to the unimolecular decomposition lifetime. In
the time-resolved experiments [10] the dissociation
rate has been measured as a function of N for
average excess vibronic energies of 18 and 53 cm™ .
The corresponding spectral widths of the laser pulses
were 30 and 100 cm™', respectively. In fitting the
observed rates to RRKM models, the assumption of
minimal K -mixing yielded the best agreement. This
led the authors to conclude that K -mixing is incom-
plete. However. the most recent spectroscopic exper-
iments [12] accessed the first 8 ecm~' above the
threshold. A preliminary analysis of the line density
indicated almost complete K -mixing, and fitting the
observed resonance widths by using SACM provided
further support that K -mixing is strong.

Both the spectroscopic and time-resolved meu-
surements yield threshold rates, the former just above
D, and the latter averaged over the laser linewidth.
Theoretical modeling should be consistent with these
observations. The present modeling is focused on the
destruction of K, as a good quantum number. Possi-
ble mechanisms are listed below.

(1) Coriolis and centrifugal interactions arise
through dynamical distortions of the equilibrium
molecular geometry. They are enhanced by large-
amplitude motion in the highly vibrationally excited
states which are involved in dissociation [13]. Matrix
elements of the Coriolis interaction couple states
with AK = +1, leaving N intact.

(2) Spin-rotation interaction was found to be the
nmain source ol rovibronic interaction when states
with J=1,/2 and 3/2 were examined [18.22]. It
splits levels according to J = N + §, where § is the
spin of the unpaired electron and couples states with
AN=0,+1 and AK = +1. Therefore. spin-rota-
tion interaction destroys the goodness of both N and
K, quantum numbers. Its average matrix elements
were found to be approximately 0.3 cm ™' [18].

(3) Asypumetrv. NO, is not a symmetric top: the
two large moments of inertia differ by approximately
49 . This asymmetry causes transitions between states
with AK, =0, + 2 {8]. However, this coupling is t0o
weak to account for the effects observed in the
spectra [13].

(4) Hyperfine interaction couples N and S to the
nuclear spin, destroying J as a good quantum num-
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ber. However, the matrix elements are small (=
0.0025 cm ', Ref. [14]) and this coupling does not
play a significant role.

Coriolis, centrifugal and spin-rotation interactions
cause K -mixing below D, and this is presumed to
also be the case above D,,. Actually, it can be argued
that Coriolis and centrifugal interactions may be
stronger above D, as a consequence of more pro-
nounced large-amplitude motions. An important point
is that the VR coupling time is finite above D, in
the sense that the mixing process competes with
dissociation. Thus, even if K, is destroyed in the
bound molecule, there are reasonable arguments for
expecting less effective K -mixing above dissocia-
tion threshold.

3. Trajectory calculations

In this Letter, K -mixing in unimolecular dissoci-
ation is studied on the lowest adiabatic PES of NO,.
This PES has been calculated by ab initio methods
and has mainly the character of the ground electronic
state [23]. The focus is on Coriolis and centrifugal
interactions. The nature of the PES and the classical
trajectory method give no way of taking the spin-
orbit interaction [18] into account. With just Coriolis
and centrifugal interactions included, K -mixing is a
direct measure of the VR interaction strength. An
adiabatic description 1s plausible for NO, near the
threshold. Note that the characteristic mixing time
for the :A] and sz states is = 50 fs [15]. which is
two orders of magnitude shorter than the dissociation
time. Calculation of the Lyapunov exponents has
shown that one of the main features of the near-
threshold vibrational dynamics, i.e. the strong trregu-
larity [18]. is reproduced with only the lowest PES
laken into account.

The adiabatic three-dimensional (3D) PES  de-
scribing both the inner and the asymptotic regions
was calculated at the CASPT?2 level using the natural
orbitals obtained from CASSCF calculations. Details
will be presented elsewhere [23]. The potential was
slightly rescaled in order to reproduce the known
experimental values for the fundamental transition
frequencies and [J,. The PES has two minima. a
deep global one, corresponding to the ground elec-
tronic state and a relatively shallow local minimum,

= 1.6 ¢V above the former. The local minimum is a
result of the 233 state. The two minima are separated
by a small barrier, which reflects the conical inter-
section between the two electronic states. At the
equilibrium geometry, the moments-of-inertia (in au)
are [ °= 12554 < [,° =272850 = [° = 285403 and
the «-axis passes through the midpoint of each NO
bond. The energy associated with the transition K
=0— K, =1 is approximately 8 cm "' for the equi-
librium geometry. The potential along the O-NO
interfragment distance is barrierless, and the zero-
point energy of the NO fragment is 895 cm™ '
According to classical variational RRKM calcula-
tions, NO. vibrationally excited up to 100 c¢m '
above threshold has a loose transition state at = 6.4,
[23].

Numerical schemes for performing classical cal-
culations including overall rotation are well devel-
oped [1] and initial conditions are usually imposed in
the bound region [24]. In the present work. the initial
conditions are imposed on the separated fragments
and the reverse reaction is studied, i.e. recombination
followed by subsequent dissociation (see, for exam-
ple, Ref. [25]). This lessens the problem of non-con-
servation of the zero-point energy of the NO frag-
ment, since the classical NO vibrational energy cun
be set at 0.5 wy,. The central question, namely.
what extent is the phase space associated with KA
mixed, is not affected by this approach.

The calculations were carried out using the coor-
dinate system proposed by Karplus et al. [26] It
consists of the Cartesian coordinates ot the Jacobi
vectors R (which connects the O atom with the
center-of-mass of the NO fragment) and r (which
connects the N and O atoms in the diatomic frag-
ment) [27]. The total energy is approximated by:
E,=¢€+BNN+1)+ (A, —B)K. (N
where €, is the excess vibronic energy of the non-
rotating molecule [10] and A, =#>/21° and B, =
#2/21° are the equilibrium rotational constants. Ini-
tial conditions were selected as per Ref. [26]. The
orientation of the diatom in space and its angular
momentum were selected randomly and the impact
parameter and fragment velocity in the center-of-mass
system were adjusted to give the desired values of ¥

and E_ . The initial distance |R,| was chosen to be
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14 g, in all of the calculations: at this distance the
interfragment potential is practically zero.

Dynamics are recorded once |R| drops below 7
a,. which is about 1 ¢, larger than the RRKM
transition state distance for the nonrotating molecule
[23]. This region is the border between the inner part
of the PES and the product space. In what follows,
the ‘clock’ is set to zero when the system crosses
this line. To define K (7). the inertial tensor [28] is
diagonalized at every integration step and the direc-
tion of the tensor axis a, corresponding to the lowest
moment of inertia is found. Finally, N is projected
onto the a-axis. The scheme for selecting the initial

conditions creates a near-Gaussian distribution of

initial values K (0), which has a maximum at K (0)
= (). The number of trajectories calculated is suffi-
cient to enable us to compare K -mixing for difter-
ent values of K (0). Trajectories are integrated until
IR| or |r| passes the dividing line at 7 a,. The time
spent in the inner region of the potential is referred
to as the lifetime 7.

There is no rigorous definition of the K -mixing
degree for a single trajectory. Therefore, we use two
figures-of-merit. The degree of K -mixing is obvi-
ously related to 7 and theretore we define:

AK"=KK,) =K, (0)], (2)
where

1 .-
<K“>=;j;l((r)dz (3)

is the average of K (r) taken over the entire trajec-
tory. This is a ‘mild" criterion, as the (possible)
sharp fluctuations in K, are smoothed out. However,
these fluctuations are used in the second figure-of-
merit based on the maximum (K 7*) and minimum
(K™") values of K, along the trajectory:

A K{(IZ') . K(r[]mx o K(llnin ) (4)

Eq. (4) gives the largest possible degree of K,
destruction. Note that while AK" is bound by N,
AK is bound by 2N.

The excess vibronic encrgy €, was chosen in the
calculations to be approximately 15 cm ', which is
close to the experimental conditions of Ref. [10] and
calculations were performed for N = 1,5.10,15 and

20. A fifth-order Runge—Kutta integration scheme
[29] with an initial time increment of 0.24 fs was
used to solve the equations of motion. Energy and
angular momentum were conserved to the 7th signif-
icant digit. For each N value, 20000 trajectories
were calculated and analyzed.

4. Results

The first point to note is that almost all trajecto-
ries are strongly irregular. The Lyapunov exponents
for 100 randomly selected trajectories were all found
to be greater than 10 ps ', which indicates that
randomization within the vibrational phase space
occurs on a time scale of roughly 100 fs [30]. This
irregularity is also reflected in the fluctuations of
K (r). It is significant that K rarely changes sign.
which is probably a consequence of the fact that the
rotational perind is close to the dissociation time. As
a result, the averaging in Eq. (3) does not contain
significant cancellations of positive and negative
contributions. Otherwise the definition of AK!"
given in Eq. (2) would not be meaningful.

The average lifetime 7 was found to be almost
independent of N. For example. for K (0) =0 the
lifetime grows slightly with N. but the change is less
than 10% over the range 1 <N < 20. This is in
qualitative agreement with the experimental rate con-
stant, which was found to be almost independent of
N [10]. However. since the present calculations are
not suited for determining rate constants, this result
could be fortuitous.

The cxtent of K -mixing based on Eq. (2) is
presented in Figs. I and 2. Fig. | shows distributions
of AK'" averaged over all trajectories, i.e. with the
initial distributions of K _(0) values taken into ac-
count. The continuous A K, scale was binned at
half-integer and integer values. Two facts are appar-
ent. First, every distribution peaks at AK!" =0,
Second, the distributions become broader with N,
indicating that VR coupling grows with N. Nonethe-
less, even for the largest angular momenta studied,
modest AK!" values dominate. It was also found
that the change of K () along the trajectory does
not depend much on the initial value K (0). There-
fore, in the subsequent discussion we select only
trajectories with K (0) necar zero, which anyway
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Fig. |. Distributions of A K", Eq. (2) for different values ot the
rotational angular momentum N: (a) N=35; (b) N=10: (¢}
N =15 (d) N =20.

have the largest weight in the distribution of initial
values.

The extent of K -mixing is shown in Fig. 2.
which gives percentages of trajectories with A KD
< 0.2N and AK'" > 0.4N. For the former mixing is
said to be weak, whereas for the latter mixing is said
to be strong. Though subjective, these criteria pro-
vide a basis for classifying trajectories. More than
80% of the trajectories show weak mixing. whereas
< 10% mix K, strongly. These fractions are ap-
proximately independent of N. To rationalize this.
recall that the Coriolis force and the volume of K,
space both increase roughly linearly with N. The
former increases the degree of K -mixing, while the
latter decreases it. Since the average lifetime in the
calculations is almost independent of N, these ef-
fects act to cancel one another.

In addition to the VR coupling strength. the life-
time 7 is the main quantity that determines the
extent of K -mixing when the molecule dissociates.
This is clearly demonstrated in Fig. 3 showing the
fraction of K, space which is mixed (f) vs. 7 for all
values of N considered (with K (0) = 0). The crite-

ria given by Egs. (2) and (4) are used to define

fir):

STy =AK"/N. (5)
S (r)=AK/2N. (6)
where the fact that AK{" €(0,N) and AK€
(0.2N) has been used. The data points for f''7)
follow a single curve and the same holds true for the
function f*X(7). This reflects the independence of
the mixing process from N. The ‘dispersions’ of the
curves become significant only for long lifetimes.
which is likely to be due to the insufficient number
of long-lived trajectories (for example, only 50 tra-
jectories out of 20000 contributed to the maximum

(7 value for N = 20 in Fig. 3b). As expected. the

figure-of-merit defined in Eq. (4) gives higher de-
grees of K -mixing, especially for smaller lifetimes.
However, the difference between Eqs. (2) and (4)
decreases with 7. In both cases. substantial mixing 1s
observed only for trajectories living more than 8 ps
and the full mixing. i.e. "= 1. is achieved only
when 7 exceeds 12 ps. It is worth mentioning,
however, that the extremely small number of trajec-
tories with large AK' values leaves the time of
complete mixing poorly defined. For 7= 3 ps, which
is close to the experimental value [10], /%" = (.20
and [ = 0.30. i.e. 20% -30% of the K, space is
mixed.

Fig. 3 1s the main result of the present work. It
enables us to relate our observations to the conclu-
sions drawn from the spectroscopic and time re-
solved experiments. In the former, the widths of the

narrowest spectral features just a few cm ' above
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Fig. 2. The degree of K -mixing for trajectories with the initial
value of K 10)=0 as a function of the angular momentum N.
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Fig. 3. The degree of K, mixing f(7). as a function of the
rajectory lifetime: (@) 7). Eq. (5% () fSA7). Eq. (6).
Ditferent symbols refer to calculations with different rotational
angular momentum N (+) N= 1 (#) N =35 (@) ¥ =10 (&)
N=15:(a) N=20. Complete mixing corresponds to f''?=1.0.
The lifetime 7 s averaged over the trajectories “falling” in a
particular bin in AK . Because of AK binning, mixing cannot
be discerned for 7 < 2 ps.

threshold were used to determine dissociation rates.
The corresponding lifetimes range from about 10 to
50 ps. These resonances live long enough to allow
complete mixing of the K, space. This experiment is
essentially ‘blind’ to processes with significantly
shorter lifetimes, since broad widths blend into the
background. However, the time-resolved experi-
ments were carried out at slightly higher energies
and buildup times =5 ps were recorded. For such
timescales, K _-mixing is predicted 1o be modest.
Thus. there 1s no inconsistency: the difference re-
flects the different timescales to which the two ex-
periments are sensitive.

Comparing the experimental conclusions regard-
ing K -mixing with the results of the classical calcu-
lations on the basis of the f'(7) functions is more
meaningful than comparing near-threshold dissocia-
tion rates. The former comparison does not suffer
from the zero-point problem that plagues classical
theories.

In summary, K ,-mixing brought about by Corio-
lis and centrifugal couplings in dissociating NO, has
been examined. The central result is the observation
of a direct relationship between the extent of mixing
and the lifetime 7. Two different criteria used to
obtair  this relationship give consistent results.
Though classical mechanics was used, we are confi-

dent that the result is also valid quantum mechani-
cally. Fig. 3 is consistent with the experimental
inferences: strong mixing in the spectroscopic exper-
iments and weak mixing in the time-resolved experi-
ments. However, another important mechanism of
K -mixing - the spin—rotation interaction [18} — was
not considered in the present work.
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