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Nonadiabatic unimolecular reactions. lll. Dissociation mechanisms

of methylnitrite and deuterated methyinitrite ions

B. Leyh-Nihant® and J. C. Lorquet®
Département de Chimie, Université de Liege, Sart-Tilman, B-400 Liége 1, Belgium

(Received 13 November 1987; accepted 21 January 1988)

At low energies, methylnitrite ions dissociate via two channels giving rise to CH;0 + NO™ or
to [CH,0*] + NO fragments. Peculiar characteristics have been detected in the dissociation
of energy-selected parent ions, viz., remarkably low rate constants, one of which is found to
remain insensitive to an increase of the internal energy, and large isotope effect. These
peculiarities are accounted for by a statistical, nonadiabatic model. 4b initio calculations,
confirmed by multipolar expansions reveal that the potential energy curves which correlate to
these two dissociation asymptotes cross. The crossing takes place at a large value along the
reaction coordinate R, indicating a long-range interaction. Production of the CH,O + NO*
fragments results from a simple bond cleavage taking place on a single diabatic surface. On the
other hand, production of [CH;0™"] + NO fragments is brought about by a transition from
one diabatic surface to the other. It leads to deformed methoxy ions which immediately
rearrange to the much more stable H,COH™ structure. The nonadiabatic rate constant has
been calculated by a statistical method. The contribution of each channel is weighted by a
transmission coefficient which is equal to the nonadiabatic transition probability.
Implementation of this statistical treatment requires partitioning the set of degrees of freedom
as follows: {R, y, d, v}. It is necessary to withdraw the isomerization mode y from the
statistical treatment, because the equilibrium positions along this coordinate are very different
in each electronic state. Physically, this means that the reaction involves tunneling from one
surface to the other along the displaced degree of freedom y. The large isotope effect has a
double origin: part of it (a factor of ~9) results from tunneling along y; the remainder (an
additional factor of 3) comes from the usual RRKM-like effect on the densities of states. The
degrees d constitute a set of four low-energy bending modes which form a sink for the internal
energy. The nonadiabatic transition probability is determined by the off-diagonal matrix
element V,,(R.). Effective potential energy curves have been calculated by extending the
Quack and Troe method to nonadiabatic reactions. It turns out that the excitation of the set d
leads to a decrease of ¥,,(R,.) and hence to a decrease of the nonadiabatic transmission
coefficient. This accounts for the weak dependence of the rate constants kg o+ and kcp o+ VS
the energy (at least above a certain energy threshold).

I. INTRODUCTION

The unimolecular dissociation of the methylnitrite ion
has aroused great interest among several groups.'~® Surpris-
ing effects have been observed, and the point at issue is
whether they indicate a breakdown of the basic assumptions
of the statistical theory of unimolecular reactions’ (RRKM
theory—also termed QET by many mass spectrometrists).
Does the system reach a state of microcanonical equilibrium
before reacting? Does one have to deal with some unconven-
tional transition state? Is the reaction nonadiabatic, i.e., does
it involve participation of several electronic states?

The basic experimental information is a PEPICO study
carried out by Meisels ez al.! This method**!° allows a
determination of the breakdown diagram (giving the yield of
fragmentation ), sometimes also of the dissociation rate con-
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stants, as a function of the internal energy of the molecular
ion. At low internal energies, two channels are open,

CH,ONO* - [CH,0]* + NO (A4E=10.69¢V),
(L.1)

(AE =10.83 eV).
(1.2)

[For the time being, we do not wish to discuss the exact
structure of the charged fragment produced in reaction
(1.1) and we use brackets to indicate that we consider its
global formula only]. The energetic data have been slightly
revised by Baer and Hass.*

The remarkable features exhibited by this pair of reac-
tions, which have been recently reinvestigated by Baer and
Dutuit,? can be summarized as follows:

(a) Although both reactions have similar thermody-
namic thresholds, there is an unexpected degree of specific-
ity in favor of reaction (1.2), i.e., in favor of the most endoer-
gic reaction. This is very surprising if both channels have the
same reaction coordinate. Reaction (1.2) is thought to take
place via simple bond cleavage without any reverse energy

CH,ONO* - CH,0 + NO*

© 1988 American Institute of Physics
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barrier,? but the situation is much less clear for the other
channel.

(b) Collision induced dissociation of the charged spe-
cies produced in reaction (1.1) reveals®* that these ions have
the structure H,COH*. Hence, in contradistinction to reac-
tion (1.2), the low-energy channel is not a simple bond clea-
vage but involves some rearrangement. However, Burgers
and Holmes point out® that the transient production of
methoxy CH,O™ ions cannot be ruled out. This turns out to
be an essential point in the mechanism which will be studied
in detail below.

(c) A comparison between the breakdown diagrams of
CH,ONO™* and CD;ONO™ reveals a surprisingly strong
isotope effect. The relative abundance of [CH;0] ™ reaches
a maximum value of 60% at 10.85 eV and decreasg¢s rapidly
to a value of zero. In sharp contrast, the [CD,0] ™ ions are
produced with a maximum yield which, according to Gil-
man et gl.’s measurements, is of 5% only at 11 eV.

(d) Reaction (1.1) take place with a rate constant of
about 10%s~. Since the dissociation energy is of the order of
0.5 eV only* or even less,! such a small rate cannot be ac-
counted for by RRKM theory, at least in its usual version.

(e) Even more surprising is the comparison between the
rate constants kcy o+ and kcp o+ of channel (1.1). The lat-
ter is found to remain constant over a large range of internal

energies. (However, this range is certainly less extended
than that indicated in Ref. 1: distortion by an apparatus
function certainly takes place).!! Again, such a behavior is
at odds with RRKM theory which predicts a regular in-
crease of the rate constant with the internal energy. More-
over, the data of Ref. 1 suggest an isotope effect which in-
creases with the internal energy.

(f) Reactions (1.1) and (1.2) are characterized by dif-
ferent rate constants, as shown by the shape of their time-of-
flight peaks."® The former falls into the microsecond time
scale, whereas production of NO* ions takes place with a
much smaller lifetime (10~ s or less). According to the
laws of macroscopic kinetics, this is evidence that the two
fragmentations do not take place from a common intermedi-
ate.

Meisels et al.! conclude that reactions (1.1) and (1.2)
cannot be described by the RRKM/QET theory and involve
probably a surface crossing. However, Ogden ef al.? con-
clude from kinetic energy release measurements that pro-
duction of NO™ ions can be accounted for by a statistical
theory. Ferguson’ has made a crude estimate of the isotope
effect and proposes an alternative explanation for effect (c).
He suggests that the ions of mass 34 formed in the dissocia-
tion of the perdeuterated isotope be D,NO* rather than
D,CO* or D,COD™.

In a detailed analysis, Baer and Hass* postulate straight
away that the ions react in a state of microcanonical equilib-
rium. They start from observation (f) and suggest that the
CH,ONO™ ions should exist in at least two isomeric struc-
tures, each of which giving rise to a specific reaction channel.
Their mechanism involves a competition between a direct
fragmentation represented by Eq. (1.2) and isomerization
toward some more stable structure dissociating into
H,COH™. They carried out ab initio calculations which re-
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veal indeed that a particular structure HNC(OH) ;" is char-
acterized by a surprising stability [see also Ref. 5(b)]. How-
ever, the height of the barrier along the isomerization path
could not be estimated and had to be treated as an adjustable
parameter in the RRKM calculations. Such a mechanism,
which involves four rate constants instead of 2, has been
shown in earlier studies*'® to account for the behavior of
several other ions. This is certainly an interesting suggestion,
but it is doubtful that this mechanism can also account for
the isotope effect and for the constancy of kcp o

Very recently, Baer and Dutuit® have remeasured the
breakdown graphs with a better energy resolution using dis-
persed synchrotron radiation as a light source. Their results
are sometimes very different from those obtained by Meisels
etal. (Thediscrepancies will be discussed later onin Sec. X.)

In conclusion, in front of such a complex problem, it is
interesting to see whether another model could not turn out
to be more appropriate.

1. THE NONADIABATIC MODEL

The fact that the products of reactions (1.1) and (1.2)
differ by the location of the positive charge suggests an anal-
ogy with the celebrated alkali halide problem'? in which the
dissociation process is controlled by a curve crossing be-
tween a covalent and an ionic structure. As a matter of fact,
the products of reactions (1.1) and (1.2) must correlate to
two different electronic states of the methylnitrite ion. How-
ever, for the reaction to proceed through a nonadiabatic in-
teraction, the diabatic potential energy curves must cross in
a region which is visited by the reactive trajectories. Let R
be the distance at which this crossing takes place, measured
along a coordinate R which is the separation between the
centers of the two fragments. The larger R, the weaker the
interaction between the diabatic curves. Conversely, the
smaller R, the more appropriate the adiabatic representa-
tion.

A precious first indication can be obtained as follows,
Consider the situation where the fragments are separated by
an infinite distance. The CH,O radical is known to exist in
two stable structures'*: H,CO and H,COH. The potential
energy curve along the isomerisation reaction path (which
involves migration of a hydrogen atom from carbon to oxy-
gen) has been determined by reliable ab initio calcula-
tions.'>'* On the other hand, the CH,O™ ion can exist in the
methoxy H,CO™ geometry in the triplet state only. The low-
est singlet state is unstable for this geometry and collapses
into the very stable hydroxymethylene H,COH™ structure
without an activation energy barrier.>!>!8

The set of diabatic potential energy curves when the
pairs of fragments are separated by an infinite distance is
represented in Fig. 1. There is indeed a crossing between
them. As the partners draw nearer, the diabatic potential
energy surfaces are shifted and deformed, but the crossing
between the first two electronic states of CH,ONO™ sub-
sists.

A complementary piece of information comes from a
study of the long range forces between the fragments (Fig.
2). Starting from the lower dissociation asymptote (1.1), the
positive charge on the [CH,0] ™ ion interacts with the small
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FIG. 1. Diabatic potential curves along the isomerization coordinate when
the pairs of fragments are separated by an infinite value of coordinate R.

dipole moment of the NO radical: the corresponding poten-
tial energy curve can be expected not to depend strongly on
the coordinate R used in the multipolar expansion. On the
other hand, for the upper dissociation asymptote (1.2), the
positive charge carried by the NO™ ion interacts strongly
with the large dipole moment (2.1 D !%) of the CH,O radical.
This gives rise to a stabilizing charge-dipole interaction
which varies as — R ~2 Now, just as in the alkali halide
problem,'? the energy difference AE , between the asymp-
totes (1.1) and (1.2) is very small (0.14 eV according to
Gilman et al.,! 0.09 eV according to Baer and Hass*). An
intersection is thus expected for a rather large value of the
reaction coordinate R (Fig. 2).

Therefore, we propose a model based on a weak interac-
tion between two diabatic potential energy surfaces. The

AE

(3¢)2 (loe)‘

1

e [cH307s No

| >
>

Re R

FIG. 2. Schematic potential curves along the distance R between the centers
of mass of the fragments. The value of AE_ is equal to 0.14 eV according to
Ref. 1 and to 0.09 eV according to Ref. 4.
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fragments CH,0 + NO™* corresponding to the higher as-
ymptote (1.2), result from a simple bond cleavage taking
place on a single diabatic energy surface. On the other hand,
production of [CH,0]* + NO fragments [the lower as-
ymptote (1.1)] is induced by a transition from one diabatic
surface to the other. From the position of the crossing along
the isomerisation coordinate (Fig. 1), one expects the
[CH,0] ions to be born with a deformed geometry, inter-
mediate between a C;, methoxy and a bridged structure, and
to rearrange immediately to the more stable hydroxymethy-
lene isomer H,COH™, as suggested by Burgers and
Holmes.? In order to put this mechanism on a firmer basis, a
few ab initio calculations have been carried out.

in. A8 INIfIO CALCULATIONS

All our calculations have been done with the MOLALCH
system of programs? in the point group C,. The AO basis set
for the carbon, oxygen, and nitrogen atoms was the standard
Huzinaga-Dunning®' (9s5p/3s2p) set of Cartesian Gaus-
sians. For the hydrogens, the (4s/2s) set was used with a
scaling factor of 1.2. Since the interaction to be studied takes
place at large values of the reaction coordinate, it is appro-
priate to adopt as a one-electron basis set the SCF molecular
orbitals (MOs) of the fragments. The Slater determinants
constructed on these MOs are then introduced into a config-
uration interaction (CI) calculation. In order to get symme-
try-consistent results, we have carried out our SCF calcula-
tions on fictitious electronic configurations with noninteger
occupation numbers, i.e., (7a’)** (2a”)°* for the NO frag-
ment and (7a’)"* (2a”)!* for the CH,O radical. Two basis
sets of MOs were used (corresponding either to the frag-
ments CH,0 and NO™, or to the fragments [CH,O]* and
NO). The latter choice can be expected to generate better
results than the former, because the MOs (14¢’) and (4a”)
(which are occupied in CH;ONO™) result from the occu-
pied (7a') and (2a") MOs of the NO fragment.

In the C;, point group, the leading electronic configura-
tion of CH,ONO™ along the higher asymptote (1.2) is
(3e); it correlates diabatically with the ground state X 2E
(Fig. 2). Along the lower asymptote (1.1), the leading term
in the CI expansion is (3e)? (4e). It correlates diabatically
with the first 2E excited state of CH,ONO™. The surface
crossing which has been discussed in Sec. II results from this
correlation. It persists in the C; point group within both the
24'and %4 " representations when the molecule is deformed.

For setting up the 24 ' CI matrices, four reference config-
urations were defined: (13a’)! (3a”)% (13a’)! (3a")!
(4a”)%; (13a’)? (14a’)'; and (144’)" (3a”)2. All the single
excitations generated from these four reference configura-
tions (excluding the four core orbitals and the top four vir-
tual MOs) were included to generate a first >4 ' matrix built
on 1609 configuration state functions (CSFs). A second ?4
matrix was generated which, in addition, included all the
doubly excited configurations generated in the (134', 3a”,
14a’, and 4a" ) shell. This gave rise to a set of 2510 CSFs. The
corresponding >4 " matrices were generated in a similar way.

These are relatively crude calculations which, for very
large values of the reaction coordinate R (say from 26 to 5

J. Chem. Phys., Vol. 88, No. 9, 1 May 1988
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FIG. 3. Bending motions for large values of R: the angle @ is measured re-
spective to the line connecting the centers of mass of the fragments.

A), should generate potential energy curves of SCF (or
slightly better than SCF) quality. Since the wave functions
are generated by acommon CI calculation, it will be possible
(in Sec. V) to estimate the off-diagonal matrix element re-
quired for the calculation of the transition probabilities. No
attempt was made to estimate the energy gap AE  between
the two asymptotes (1.1) and (1.2). This would require a
much larger basis set of AOs and a better calculation of cor-
relation energies.

A. R dependence

Several cross sections along the distance R between the
centers of mass of the two fragments (henceforth referred to
as the reaction coordinate) were calculated with R ranging
between 5 and 26 A. This was done, first, fora C;, geometry
of the CH,ONO* supermolecule. Secondly, for a C, geome-
try in which one of the HCO angle was given a value of 85°,
roughly corresponding to the deformed geometry at which
the [CH,O] ™ ion is supposed to be generated (see Fig. 1).
Several sets of CI calculations were carried out. As expected,

Erel (eV)
0.251.

0.201
0151
0.10}-

0.051-

(3e)2(4e)!
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the asymptotic energy gap AE _ was found to depend very
sensitively on the possible options in the calculation (size of
the CI matrix, nature of the MOs and internal geometry of
the CH;0 or CH,O™ fragment). However, the potential en-
ergy curves generated by the various combinations remained
remarkably parallel in the range of internuclear distances
indicated.

Although our calculations are totally inadequate to de-
termine AE _, they give us nevertheless a good approxima-
tion of the shape of the diabatic potential energy curves. If
the latter are translated so that AE _ is equal to 0.14 eV, the
two curves are found to cross at a value R, ~8 A,ie., avalue
at which our calculations can be expected to be reliable. Fur-
thermore, as explained in Sec. IV, the results are consistent
with a multipolar expansion.

B. Angular dependence

A second series of cross sections was calculated as a
function of 8, the angle between a line joining the centers of
mass of the two fragments and the principal axis of these
fragments (Fig. 3). This bending motion, which later on will
be found to play a leading role in the dynamics (Sec. VII),
splits the degeneracy of the 2E states and transforms them
intoa pair of 24 ' and 24 " states. As shownin Fig. 4, the effect
on the (3e) state is much more pronounced than that on the
(3e)? (4e)’ state. Here again, these ab initio results can be
accounted for by a multipolar expansion, as shown in the
next section.

IV. MULTIPOLAR EXPANSIONS

At the large internuclear distances which have been
considered so far, exchange contributions can be neglected
and the interaction energy can be expressed as a multipolar
expansion. The purpose of the present section is to check the

FIG. 4. Potential energy curves along
the bending coordinate 6 calculated
for R = 8 A. The crosses and open cir-
cles represents the results of ab initio
calculations for the A’ and A” states,
respectively. The full curves result
from the multipolar expansions [Eqgs.
(4.2) and (4.4), respectively].

P
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FIG. 5. Multipole expansions of the ab initio potentials ¥;(R) and V,(R)
[Eqs. (4.1) and (4.3)] for the two states (3¢)> and (3e)? (4e), respective-
ly. The predominant contributions are represented in broken lines.

internal coherence between these expansions and ab initio
cross sections calculated along R and 6.

A. The (3e)? configuration

The potential energy curve calculated ab initio as a func-
tion of R (Fig. 5) can be fitted by the expansion

Vi(R) = — 1.0642R 2 — 2.1993R % — 0.1472R ™,
(4.1)

where ¥ and R are expressed in atomic units. Figure 5 shows
that the contribution of the — R ~2 term (which describes
the charge—dipole interaction) is by far dominant.

The complete expression for a charge—dipole interaction
including angular dependence is

V(R,0) = uqR ~* cos 6. 4.2)

Figure 4 shows that for a value of R = 8 A, thereis good
agreement between Eq. (4.2) and the ab initio results. A
value of 2.7 D for the dipole moment of CH,O can be de-
duced from this comparison, in satisfactory agreement with
the value 2.12D calculated by Jackels."®

B. The (3e)2 (4e)1 state

Our ab initio calculations can be fitted in a similar way
to the expansion (with ¥'and R in a.u.)

V,(R) = 0.0973R ~? — 1.9314R —* — 0.0705R ~*.
(4.3)

Figure 5 shows that the first two terms dominate and,
moreover, cancel each other so that the resulting potential
curve is remarkably flat over a large range of internuclear
distances. The positive term in R ~2 accounts for an interac-

TABLEI. Absolute values of the coupling matrix element for different posi-
tions of the crossing point.

R: (A) |V (an)
5.33 53x10~*
7.33 2.1x107¢
9.33 2.3x10~"

11.33 1.7x 107

tion between the positive charge carried by the CH,O* point
charge and the weak dipole moment of 0.25D (polarized
N*O7). This compares well with previous SCF calcula-
tions which predict a dipole moment of 0.27D (N*O~ po-
larity ).?? As frequently observed, the introduction of CI (in-
cluding doubly excited configurations) reverses the sign of
the dipole moment and predicts values of 0.12D and
0.14D?** with N~O™ polarity. This comparison agrees
with our view that the present calculations generate poten-
tial energy curves at the SCF level only.

The angular dependence raises a more difficult problem
since it is determined by two contributions. The R ~3 term
results from both dipole—dipole and charge—quadrupole in-
teractions. For both of them, at least in the particular case of
the motions described in Fig. 3 (i.e., both dipoles in the same
plane with 8, = + 6,), the angular dependence is given by
(3 cos? @ — 1). Thus, dropping the last term in R ~*, the
potential energy of the (3e)? (4e)’ configuration can be fit-
ted to the expression (¥, and R in a.u.)

V,(R,6) = 0.0973R ~?cos 6 — (1.9314/2R*) (3 cos’ 6 — 1).
(44)

For R = 8 A, this potential goes through a minimum at
6 =0 and 6 =7, and reaches a maximum at & = 75.3".
Comparison with the ab initio calculations is very satisfac-
tory (Fig. 4).

In summary, the coherence between the ab initio calcu-
lations and the laws of the multipole expansion is satisfac-

-3 Landau -Zener
2.10

L E— N —>

Weak Coupling

1.10°

1 1 1 1 i 1

i n
001 [E-Eclev

)
0005

FIG. 6. Single-crossing transition probability as a function of the internal
energy in the reaction coordinate for a value of R =7.18
(]¥,2| = 3.3 107 % a.u.). The Landau-Zener approximation is compared
with the weak-coupling formula. The full and broken curves correspond to
the normal and deuterated compounds, respectively.

J. Chem. Phys., Vol. 88, No. 9, 1 May 1988



B. Leyh-Nihant and J. C. Lorquet: Nonadiabatic unimolecular reactions. Ill 5611

tory. The analytical expressions (4.2) and (4.4) provide a
convenient expression as a function of both radial and angu-
lar degrees of freedom.

V. NONADIABATIC COUPLING

Since the nonadiabatic interaction takes place at large
internuclear distances, the diabatic basis set y, provides the
best zeroth-order description. This implies a small value for
the transition probability. The value of the latter is deter-
mined by the off-diagonal matrix element ¥V, between the
two diabatic functions.

A CI program calculates the eigenfunctions of the elec-
tronic Hamiltonian H ¢, i.e., the adiabatic wave functions ;.
However, adiabatic and diabatic wave functions coincide far
away from the coupling zone.?*~2¢ Therefore, the CI expan-
sions valid at R = 26 A have been equated with the diabatic
functions and have been used as follows:

Via(R,) = <X1|H21(Rc)|X2>
= (,(R =26 A)|H*R,)
X | (R=26 A)). (5.1)

The results, calculated at several values of the internu-
clear distance R,, are given in Table 1. The coupling matrix
element is seen to be quite small and to decrease very rapidly
as a function of R,. Thus, even a slight modification of R,
has important consequences on the magnitude of the transi-
tion probability and thus on the rate constant. As will be seen
in Secs. VI and VII, this has important physicochemical con-
sequences.

Since one has to deal with a weak coupling between two
diabatic functions, at internal energies close to the threshold,
the so-called weak coupling formula?®?? is known to give
much better results than the Landau-Zener equation. A
graph giving the value of the single-crossing transition prob-
ability as a function of the internal energy in the reaction
coordinate is given in Fig. 6 for a value of R, =7.18 A
(|¥12| = 3.3107%a.u.). The probability of leaving the initial
diabatic electronic state [i.e., of switching from the (3¢)> to
the (3e)? (4e)! configuration or vice versa] is seen to be
quite small, of the order of 10~>. Futhermore, the isotope
effect is seen to be completely negligible. The explanation of
the important effect detected experimentally has to be found
elsewhere.

VL. EFFECTIVE POTENTIAL ENERGY CURVES

A fruitful approximation consists in applying an adiaba-
tic separation, somewhat akin to the Born—-Oppenheimer ap-
proximation, between the reaction coordinate R and the re-
maining degrees of freedom u to reduce the dimensionality of
the problem.?®? If, as in the present case, the frequencies of
the degrees of freedom u other than the reaction coordinate
change slowly as they evolve from reactant to product, it is
possible to treat them just as the electronic motion. The aver-
age potential, later on referred to as an effective channel
potential, which is responsible for the motion of the slow
coordinate R is then

V,(R)=V(R) + E,(R), (6.1)

where V(R) is the electronic potential and w is an energy
label which is a combination of the internal quantum
numbers associated with the degrees of freedom u.

The simplest way of calculating the quantities E,, (R)
has been proposed by Quack and Troe*® for an adiabatic
reaction. Very briefly summarized, the channel energies re-
sult from an interpolation between the situation valid
around the equilibrium position of the reactant and that val-
id for an infinite value of the reaction coordinate. This mi-
mics the gradual conversion of some oscillators into rota-
tions or translations. Two conservation laws are introduced:
(i) conservation of the vibrational quantum numbers of the
degrees of freedom which remain bound over the entire reac-
tion path, and (ii) conservation of the total angular momen-
tum.

Coming back to the case of the methylnitrite ion, we
have to calculate these effective potential energy curves for
each of the two electronic states involved in the problem. At
large internuclear distances, the most important bending
modes are those represented in Fig. 3. Both of them are dou-
bly degenerate. At the values of R which will be considered,
little error is incurred by considering them as a fourfold de-
generate bending motion which transforms into rotation of
the fragments as R — «. The remaining degrees of freedom
are intrafragment modes which remain practically un-
changed when R varies from =5 A to o.

The calculation of the effective potential energy curves
will thus involve the transformation of the four quasidegen-
erate bending modes depicted in Fig. 3 plus the overall rota-
tion into rotation and orbital motion of the fragments. For
the (3e)> state, the bending modes result from the angular
motion in an ion—dipole interaction [Eq. (4.2)], i.e., corre-
spond to a hindered rotor. Since no analytical solution to the
Mathieu equation exists,*® we have parameterized it by a
Poschl-Teller expression

V(8) = — V,/cosh?*(8/a) (6.2)

which admits a simple analytical solution.>' The parameter
a defines the curvature of the potential well. The interpola-
tion formula which has been used to calculate the effective
potential curves for the (3¢)* diabatic state is

VI(R) = — 1.0642R % + (n + 2)Av(R)
— (n 4+ m+2)(#/4 4y a%)
+ [iGi+ 1) + 1 + D1/ 2 gy)
X[1 = C(R)] + P(P+ 1) [#/2I(R)].
In this equation,
V(R) = (W/8mLya){[ 161y, Vo(R)a /%] + 1}
(6.4)

V,(R) is the potential barrier [Eq. (4.2) and (6.2)],

n =23 n;,and m = 3 n?, where n, is the vibrational quantum
number of a particular member of the fourfold degenerate
oscillator. Several moments of inertia have to be defined. For
large values of the distance R, the molecular ion has been
approximated by a set of two identical rigid rotors XY (Fig.
7 ) b

(6.3)

Iy = mymyray/(my + my) 6.5)
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FIG. 7. The CH,ONO™ ion approximated, for large values of R, by a set of
two rigid rotors XY,

with m, = 15 daltons, m, = 15.5 or 17 daltons for the nor-
mal and deuterated compounds, respectively. The distance
rey =122 A

I(R) =2my(R/2 — GX)* 4+ 2my(R /2 + GY)?,
(6.6)

where GX and GY are defined in Fig. 7.

The quantum numbers j, and j, are introduced for the
angular momenta of each fragment, Jand / for the total and
orbital angular momenta. Conservation of angular momen-
tum is expressed by the vectorial equation

J=ji+i.+1 (6.7)

Pis a rotational pseudoquantum number?® obtained by
interpolation

P=JCR)+I[1-C(R)] (6.8)

The remaining problem concerns the specification of the
switching function C(R) which determines the way a vibra-
tional degree of freedom is turned into rotation as R in-
creases

Y(R) = C(R)¥(R.)

with the conditions C(R.. ) =1 and C(w ) = 0. In their
work on neutral systems,% Quack and Troe have used an
exponential switching function reminiscent of a Morse po-
tential,

C(R) =exp[ —a(R—R.)], (6.10)

where a is an empirical parameter. However, for systems
involving long-range forces, the transition between vibration
and rotation is much more gradual and other choices are
preferable.>? In the problem at hand, it is easy to deduce
from the properties of the Péschl-Teller potential®! a func-
tion having the desired properties

C(R) = [V(R,0)/D 13, (6.11)
where D is the dissociation energy of the CH;ONO™ ion in
the diabatic (3e)? state.

For the (3e)? (4e)’ configuration, the potential energy
surface is very flat in the range of interest. Therefore, the
energy levels will be modeled by a system of two free rotors.
This amounts to setting C(R) equal to zero in Eq. (6.3). One
then gets

Vi (R)
= —0.0973R "2 —1.9314R 3 + [ j;(ji + 1)

+L(h+ 1] [#/ZIXY] + (1 + 1) [#/2I(R)].
(6.12)

(6.9)
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FIG. 8 Effective potential energy curves of the CH,ONO™ ion along coor-
dinate R. Heavy line: w = 1; broken line: w = 611; dash—dots: w = 4600;
dots: w = 8000; light line: w = 10 300. The energies are measured from the
asymptotic value of the (3e)® potential energy curve (with inclusion of its
zero-point energy).

Numerical values of v(R) [for electronic state (3e)?]
and of B(R) = [#/2I(R)] [for electronic state (3e)>
(4e)'] are given in Table II.

The effective potential energy curves of the 10 300 low-
est energy channels of CH;ONO™ in both electronic states
have been calculated for a fixed value of J = 0. A few of them
are represented in Fig. 8. For the lowest possible channel
(w = 1), the crossing takes place at 7.18 A. It is most impor-
tant to note that, as w increases, R, first shifts toward
smaller values (down to 6.16 A for w~4000), and increases
again up to a value of 7.16 A for w = 10 300. The statistical
treatment to be described in Sec. VII requires a knowledge of

the coupling matrix element ¥V, (which is a sensitive func-
tion of R,—see Table I) as a function of E,, that part of the
internal energy which goes into the four degenerate bending
modes. [Since E; = nhv(R) is a function of R, it was decid-
ed to determine it at a value of R = 6.7 A, i.e., right in the
middle of the range of variation of R, ]. The results given in
Fig. 9 for CH,ONO™ show that the nonadiabatic transition
probability can be expected to depend very sensitively on E,.
This fact will be found to play a decisive role in the explana-
tion of the constancy of the predissociation rate constant
[point (e) of the introduction]. The same calculations were
repeated for the CD,;ONO™ isotopomer. The curve corre-
sponding to Fig. 9 is very slightly displaced, but the practical
consequences of this shift on the transition probability are
insignificant.

VII. THE PREDISSOCIATION RATE CONSTANT
A. The statistical formulation

The off-diagonal matrix element ¥, which determines
the transition probability between the two diabatic surfaces
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has been seen (Table I) to be very small. However, even a
weak interaction can give rise to a substantial value of the
rate constant if the region of nonadiabatic interaction is
crossed many times by the nuclear trajectories. During the
time lag necessary for enough energy to flow into the reac-
tion coordinate, the system executes a complicated Lissajous
motion in the course of which the seam between the diabatic
surfaces is crossed many times. This problem has been stud-
ied by Zahr, Preston, and Miller** and more recently by us**
to obtain a simple statistical expression of the rate constant
of a nonadiabatic unimolecular reaction.

Two related quantities, viz., the frequency +** at which
the seam is crossed, as well as the nonadiabatic (predissocia-
tion) rate constant k P*?(E) can be expressed as phase space
integrals over a microcanonical ensemble. This finally re-
duces to very simple expressions involving densities of states.
In the simplest possible case, a distinction is introduced be-
tween the reaction coordinate R and a set of n, degrees of
freedom u, which we call “spectators™. (The exact meaning
of this term will be discussed later on). Consider a potential
energy curve (resulting from a cross section along the reac-
tion coordinate R) which admits a dissociation asymptote at
energy E,, and assume that it is further crossed by a second
potential energy surface at energy E,. At a given internal
energy E, the frequency of crossing the seam " is given by>*

v(E) = {2G3(E — E.) — G%(E — Eo) }/hN(E).
(7.1)

In this formula, which closely resembles the RRKM
equation,” the integrated density of states G * (E) is equal to
the total number of states of a fictitious system having »,
degrees of freedom between 0 and E.

E
G*(E) =J- dE, N*(E,). (7.2)
0

The asterisk indicates that, just as in conventional transition
state theory,® the densities of states are to be calculated with
vibrational frequencies and moments of inertia evaluated at
the crossing point R,..

The predissociation rate constant then adopts a very
simple expression®*

kP(E) = v (E)(p) g, (7.3)

where (p) ; represents a microcanonical average of the prob-
ability p of undergoing a transition between the two weakly
coupled diabatic states. In the present case, p can be calculat-
ed?®? either by the simple Landau-Zener equation (which
is known to fail at low internal energies) or, preferably, by
the weak coupling formula. One gets

E_E,
(,,)E=[2J dE, N}(E,)p(E—E, —E,)

0

E— E,
0

{2G*(E—E,) —G*(E—E,}. (7.4)
Another equivalent form is possible:

5613
kP (E)

= [1/AN(E)] [2 f

0

E—E

dEu N:(Eu )p(E"'Ec —Eu)

E—E,
—f dE, N*(E,)p(E —E, —E.,)]. (1.5)
0

Equations (7.4) and (7.5) are very similar to the funda-
mental equation of RRKM theory,” valid for adiabatic reac-
tions, and reduce to it in limiting cases.

E—E,
k RREM(Ey _ [1/hN(E) ] f dE, N(E,)
(1]

=G} (E—E,)/hN(E). (7.6)

In both adiabatic and nonadiabatic reactions, the rate con-
stant is expressed as a ratio, whose denominator is equal to
hN(E), where N(E) is the density of states (in units ener-
gy~ 1) of the reactant. The numerator implies in both cases a
summation over all the possible exit channels. The crossing
seam between the two diabatic states is found to play a role
similar to that of the usual transition state. However, in the
RRKM theory, it is sufficient to count the number of open
channels. In the extension to nonadiabatic reactions, the
contribution of each channel is weighted by a transition
probability which plays the same role as the transmission
coefficient introduced by Eyring and nearly always disre-
garded since.’

B. Displaced degrees of freedom

However, there exist severe conditions for Egs. (7.1),
(7.3), and (7.5) to be valid. Firstly, the interaction has to be
sufficiently weak for the global probability of staying in the
initial diabatic state to be equal to a product of individual
probabilities. Secondly, the statistical treatment is enor-
mously simplified if the seam can be represented by the sim-
ple equation R = R.. This is true only if the diabatic poten-
tial energy surfaces are locally identical around the crossing
seam along all coordinates u other than the reaction coordi-
nate R. In particular, the equilibrium position of all the de-
grees of freedom u must be identical in both electronic states.

The first condition is fulfilled in our case, but the second
is not. As shown in Fig. 1, the equilibrium positions of one of
the bending motions are very different in each electronic
state.

A stratagem will now be proposed, which bypasses the
second requirement. It consists in going back to another
treatment of the electronic predissociation of polyatomic
molecules developed by Caplan and Child®> (also valid for
weak interactions only). The predissociation width I'(1#x)
(or the rate constant) of a particular vibronic initial state
(1n) (the symbol 1 refers to the electronic state, whereas n,
represents a collection of vibrational quantum numbers) is
given by a summation over all the possible final states of the
other electronic state (labeled 2)

C(in) =ZI‘(1n,2m). (1.7)

When the coupling is weak, each contribution
I (1n,2m) is given by an extension of Fermi’s golden rule.>*
When the electronic matrix element ¥, is constant, or can at
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least be replaced by an average value in the region of nona-
diabatic interaction, the Condon approximation can be in-
voked. Moreover, according to an approximation widely
used in chemical kinetics, the remaining multidimensional
Franck—Condon integral can be split (totally or partly) into
a product of one-dimensional overlap integrals between vi-
brational wave functions. It is then possible, if the behavior
of a certain degree of freedom is particularly troublesome, to
split off its contribution and to express the rate constant as a
product between two factors. The first one is a Franck—Con-
don factor. The second factor is the rate constant of a ficti-
tious molecule having one degree of freedom less than the
original molecule, and for which the statistical treatment
described in Sec. VII A can be applied. To be more specific,
let us consider a particular degree of freedom characterized
by different equilibrium positions in the two electronic
states, and let us call y its internal coordinate. Thus, the set q
of the internal degrees of freedom is partitioned as follows:
q = {R,p,u}. If, as in the present case, the coupling matrix
element ¥, can be considered to be independent of y, then

L(1n,2m) = |(v,|v;)|’T (1n',2m"). (7.8)

The total width (or rate constant) then follows from the
previous equations

k¥ =T (1n)/%= (l/ﬁ)z C(1n,2m). (7.9)

The microcanonical rate constant k(E) we are looking
for is given by an average over all the initial states 1n having
the same energy. The symbols # and m represent a collection
of vibrational quantum numbers (with v, being part of » and
v, being part of m). Ifit turns out that all the possible combi-
nations which occur in practice give rise in the microcanoni-
cal average to the same Franck—-Condon factor |(v,|v})|?
then it is possible to factorize it out and to write

kP(E) = |(v,|v})|*k(E), (7.10)
with k(E) being a statistical predissociation rate constant
relative to a fictitious molecule having (3¥V — 7) degrees of
freedom (including the reaction coordinate R but excluding
the displaced degree of freedom y).

Such a factorization is possible in the particular case
studied here. In the CH;ONO™ problem, the degree of free-
dom y is the motion which transfers a hydrogen atom from
carbon to oxygen (Fig. 1). Its probable frequency is above
1000 cm ™, i.e., very high with respect to the low energy
(=40 cm™") fourfold degenerate bending mode (Table IT).
The latter degrees of freedom thus absorb nearly all of the
internal energy. Therefore, at least not too far above the
threshold, the excitation of these fourfold degenerate bend-
ing modes will be overwhelmingly favored on a statistical
basis, whereas that of the displaced degree of freedom can be
neglected. Thus, for all practical purposes, vy = 0, and Eq.
(7.10) can be written

kP(E) = [{0]v,)|> k(E). (7.11)

A crude estimate of the Franck—Condon factor can be
obtained as explained by Bandrauk and Laplante.>® The
slopes of the potential energy curves have been estimated
from ab initio calculations.'>'® The vibrationless level v,

=0 is below the crossing point. The following values are
obtained for the Franck-Condon factor: 1.4 10~ for the
normal compound and 1.6 X 102 for the deuterated species.
The isotope effect is equal to 8.8. This number is very ap-
proximate, but its physical meaning is clear. This fairly large
ratio results from the fact that the overlap describes a tunnel-
ing process which leads to a much smaller value for the deu-
terated compound.

C. Energy dependence of the crossing point

It has been seen in Sec. VI that the excitation of the
fourfold degenerate bending motion induced a change in the
position of the crossing point R, (Fig. 9). Since the coupling
matrix element ¥, depends critically on R, (Table I), this
has important consequences on the transition probability.
Therefore, in order to take care of this additional complica-
tion, the internal degrees of freedom q have to be partitioped
as follows: q = {R,y,d,v}. In this notation, R is the reaction
coordinate, y is the degree of freedom which has a different
equilibrium position in the two electronic states (the HCO
bending mode), d represents the internal degrees of freedom
whose excitation modifies V;,, and v the remaining spectator
degrees of freedom which just increase the phase space. The
fictitious rate constant k(E) pertains to the pseudomolecule
{R,d,v}. The derivation of the rate constant has been given
elsewhere.>* One obtains as a final result
E—E,

kP=(E) = [l/hX’(E)]I(Olv;)sz dE, N*(E,)

0

E—E —E,
x{z f dE, N%(E)p[R.(Es)]

0

E"EO_EIJ
_J; dE, N:(Ed)P[Rc(Ed)]]
(7.12)

R(A)

6.0 ]

| s
01 0.2 EgleV)

FIG. 9. Position of the crossing point R, as a function of the energy E,, in the
four quasidegenerate bending modes for CH,ONO™.
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TABLE II. Values of the fundamental frequency of the fourfold degenerate
bending motion [in the electronic state (3e)?] and of the rotation constant
B(R) [of the electronic state (3¢)?(4e)'] for different values of the coordi-
nate R.

RIA] ¥(R) [em™] B(R) [em™']
5 62 0.077
6 52 0.048
8 39 0.024
10 31 0.014
12 26 0.010
15 20 0.006
20 15 0.003
25 12 0.002

In this expression, the tilde affixing the symbol N(E) in
the denominator is a reminder of the fact that the density of
states has to be calculated for a (3N¥ — 7) dimensional sys-
tem, i.e., after withdrawal of degree of freedom y which is
excluded from the statistical treatment. The symbol
P[R.(E;)] denotes the nonadiabatic transition probability.
It can be calculated either from the Landau-Zener equation
or, preferably, from the weak coupling formula.?%?” The ap-
propriate nuclear velocity is [2(E — E; — E, — E,)/u]".

VIll. THE CH;0+NO* CHANNEL

This reaction takes place on a single (diabatic) surface,
that of electronic configuration (3e)>. The predissociation
rate constant can thus be studied by the conventional
RRKM theory [Eq. (7.6) ]. Since the potential energy curve
of the (3e)? state raises continuously without going through
a maximum (Fig. 5), there is no obvious position for the
transition state. The crudest version of the variational transi-
tion state theory, i.e., the method of Bunker and Pattengill®’
which consists in minimizing the numerator of Eq. (7.6) has
been adopted. This requires a knowledge of the variation of
the frequency of the fourfold degenerate bending mode with
the coordinate R; this has been given in Table II. The other
frequencies remain constant as a function of R. They are
intrafragment frequencies which have been taken from Refs.
14 and 38 (Table IIT). The adaptation to the deuterated
compound has been inspired from a standard compilation.?®

As expected from previous calculations,*’ the position
of the transition state turns out to be energy dependent. The
lower the internal energy E, the looser the transition state. In
the present example, the transition state is found to be ex-
tremely loose close to threshold (RY =38 A at
E = E, + 0.004 V). As E increases, the abscissa R* of the

TABLE IIL Intrafragment frequencies'****° of Ch,0, CD,0, and NO+
(inem™1).

5615

transition state along the reaction coordinate moves toward
shorter values (RY =15 A at E=E,+ 0.029 eV, and
R? =11AatE = E, + 0.054eV). Verysimilar valuesof R ¥
are found for CH,ONO™ and for CD,ONO™. The isotope
effect on the position of the transition state is found to be
insignificant [although the quantities G* (E — E,,) are obvi-
ously different].

IX. RESULTS

The basic expressions to be calculated are Eqgs. (7.12)
[for reaction (1.1)] and (7.6) [for reaction (1.2)]. The
following numerical data have been adopted™*: E, = 0.55
eV, E, = 0.69 eV (with energies measured from the equilib-
rium position of the ground state of CH;ONO™ ). The ener-
gy level densities have been calculated by the Beyer—Swine-
hardt exact counting procedure.*! Those which appear in
the denominator of Eqs. (7.6) and (7.12) have to be calcu-
lated from the same set of vibrational frequencies, appropri-
ate to the (3e)? state, except for the difference in the dimen-
sionality of N(E) and N(E). The numerical values (inspired
from spectroscopic results on the neutral molecules*?) can
be found in Table IV, The reaction coordinate has been treat-
ed as an anharmonic oscillator. The same thing applies to the

CH stretching vibrational energy levels which converge to
the CH,ONO*H asymptote. The frequencies of the CON
and ONO bending modes have been halved to account for
the double minimum effect.*® Finally, the CH,/CD, tor-
sional levels have been replaced by a free rotor. The partial
density of states N ¥ (E,) has been calculated from the ener-
gy levels of the anharmonic Poschl-Teller potential at a
fixed value of R = 7.18 A. For the calculation of N *(E, ) we
have used the intrafragment frequencies given in Table IIL.

The four rate constants k&5, (X=H or D) and
k Fo5™ from each isotopomer as well as the corresponding
branching ratios are represented in Figs. 10 and 11 as a func-
tion of the internal energy E. However, in order to compare
our calculated results with the experimental data,'® it is nec-
essary to convolute them first with a reasonable apparatus
function. The latter results from the fact that, among other
things, the energy of the analyzed photoelectrons is not
strictly equal to zero. The apparatus function which we have

. used is similar to that proposed by Stockbauer,** with a

width of 30 meV (FWHM) and a tail extending up to 300
meV.

X. DISCUSSION

Figures 12 and 13 show that this convolution brings the
breakdown graphs calculated in the present work in reasona-

TABLE IV. Frequencies (in cm ™) used for the calculation of N(E) and

N(E). The underlined frequency is that of the isomerization mode (called y
in the text).

CH,0: 2950,2930, 2870,1360, 1330, 1320, 1150, 1100, 1020.
CD,0: 2200, 2200, 2070, 960, 960, 940, 940, 880, 840.
NO*: 1609.

CH,ONO*: 3010, 2990, 2890, 1509, 1360, 1330, 1320, 786, 720,
510, 450, 210, 104, 49.
CD,ONO*: 2250, 2160, 2090, 1508, 960, 940, 920, 750, 680, 430,

380, 203, 99, 47.

J. Chem. Phys.. Vol. 88, No. 9, 1 May 1988



5616
log k
10 (NO*IH
5L
0
L ——
0.5 0.6 07 0.8

Internal energy (eV)

FIG. 10. Rate constants k ! and k **¥™ relative to each isotopomer as a
function of the internal energy.

ble agreement with those measured by Gilman et al.! Fur-
thermore, after completion of this work, we have received
information about the new experimental data obtained by
Baer and Dutuit.® Their breakdown graph indicates that a
third channel is open:

CX,0ONO*-CX,0ONO* +H (X=H or D)
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FIG. 11. Calculated breakdown curves corresponding to the dissociation of
the normal and perdeuterated compounds.
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FIG. 12. Convoluted breakdown curves corresponding to the normal and
perdeuterated compounds. The apparatus function has an asymmetric
shape characterized by a width of 30 meV and a tail extending up to 300
meV.

The ion yield curve for the [CH;01* ion (whatever its
structure) is very similar to that obtained by Gilman ef al.
Interestingly enough, that of [CD,0]™ is much more simi-
lar to our calculated results than to Gilman et al.’s measure-
ments: the ion yield rises to a maximum value of 12%,
whereas the maximum abundance obtained by Gilman et al.
never exceeds 5%.

However, there are discrepancies between the experi-
mental results obtained by the two groups. Baer and Dutuit
have tried to get rid of the thermal energy distribution by a
deconvolution operation. Although their original curves are
very similar to Gilman ef al.’s data and to our theoretical
predictions, their deconvoluted breakdown graph is much
less steep than our predictions: both fragments are present at
the same internal energy over a fairly large energy range.
The second point of disagreement concerns the rate con-
stants which are found to increase rapidly with internal ener-
gy.

When it comes to proving or disproving a mechanism, it
is always essential to distinguish carefully between the quali-
tative features of a model and the numerical calculations
which follow. In our case, our numerical calculations of den-
sities of states, of the matrix element ¥V, (TableI), of transi-
tion probabilities (Fig. 6), and of Franck-Condon factors
[Eq. (5.1)], are admittedly crude. Thus, for instance, the
exact value at which the rate constants level off (Fig. 10)
cannot be predicted accurately. With this in mind, we pro-
ceed to a discussion which follows point by point the order
adopted in the Introduction.
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FIG. 13. Breakdown curves corresponding to the dissociation of the
CH,ONO™ ion. Top: theoretical results; middle: the same after convolu-
tion; bottom: experimental results from Ref. 1.

(a) The weakness of the nonadiabatic interaction which
is responsible for the production of the [CH,0]™ ions ac-
counts for the specificity in favor of the NO* fragments. At
internal energies higher than the threshold of reaction (1.2)
the behavior of the system is in practice controlled by the
shape of the (3¢)? diabatic potential energy surface and the
effects of the nonadiabatic coupling become entirely negligi-
ble.

(b) The ions m/z=31 are born with a deformed
H,CO™ structure (intermediate between the C;, and the
bridged structure, see Fig. 1), but immediately rearrange to
the stable H,COH™ structure, a possibility envisaged by
Burgers and Holmes.?

(c¢) The predicted isotope effect is considerable and re-
mains large over an important energy range. We calculate a
value of 27 for the ratio (kcy,o0+ /Kcp,o+ ). Considering the
basic equation (7.12), we see that part of it (i.e., a factor of
3) comes from the wusual RRKM-like ratio
[N(E)]p/IN(E)]y between the densities of states.” The
remaining factor of 9 comes from the Franck—Condon factor
|(O|v; ) |? associated with the HCO isomerization mode. The
isotope effect on the value of the numerator of Eq. (7.12) is
insignificant, at least at low energies. This results from the
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fact that most of the internal energy is absorbed by the four-
fold degenerate bending mode whose frequency is not sub-
ject to a large isotope effect.

Thus, the existence of different equilibrium positions in
the two electronic states between which the surface hopping
occurs is at the origin of an important isotope effect, which is
being maintained over a large energy range, and which is
typical of nonadiabatic reactions. Conventional RRKM the-
ory’® can account for isotope effects which are large at thresh-
old but which rapidly fade away as E increases. Ferguson’s
model’ also involves tunneling along the isomerization coor-
dinate y to account for effects (c) and (d), but through an
adiabatic barrier.

In the next section, we shall discuss whether this consid-
erable isotope effect can serve as a criterion to identify a
nonadiabatic reaction.

(d) The low value of the rate constant of reaction (1.1)
results from the smallness of the transmission coefficient,
which is itself a consequence of the fact that the region of
nonadiabatic interaction is located at very large internuclear
distances.

(e) The rate constants K¢y o+ and kcp o+ are expected
to increase at first and then to reach rapidly a plateau whose
value is substantially higher for the normal than for the deu-
terated compound. But, as already said, the exact value of
these plateaux compared with the range where the rate con-
stants can be studied experimentally cannot be determined
accurately because of the uncertainties which affect our cal-
culations. It might very well turn out that kcp, o+ levels off at
an energy which is slightly higher than our predicted value
(Fig. 10). If so, both rate constants would be found to in-
crease in the metastable range where the measurements can
be carried out. The constancy of k¢yy o+ and of k¢p o+ above
a certain internal energy is accounted for by the shift of R,
towards larger vaiues (Fig. 9). Even a small increase of R,
can induce a large decrease of ¥, and hence of the transition
probability. Thus, as the internal energy increases above a
certain threshold, the number of reactive trajectories in-
creases as well, but the probability of undergoing the surface
hopping decreases. In other words, the phase space of the
transition state increases with the internal energy, but each
cell of this phase space is characterized by a nonadiabatic
transition probability which decreases with E. Still equiv-
alently, increasing the energy amounts to adding new but
inefficient channels.

(f) We now come to the final observation which no
doubt constitutes the most delicate point of the discussion.
According to the laws of macroscopic kinetics, when two
unimolecular reactions take place competitively from the
same precursor, the reaction products are formed in a yield
which is equal to the ratio of the rate constants (k,/k,), but
they both appear with the same rate constant (k, + k,).
This law is often considered as a test!*'%% for deciding
whether both reactions are competitive or whether it is nec-
essary to introduce an intermediate step (e.g., an isomeriza-
tion) into the kinetic scheme.

We submit that the nonadiabatic model which has ac-
counted for several remarkable features of the dissociation is
not disproved by this argument. Using a quantum mechani-
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cal formalism, Mies and Krauss*® have analyzed the validity
of the laws of macroscopic kinetics with particular reference
to the application of the transition state theory to mass spec-
trometric experimentation. They conclude that competitive
decay will take place with equal rates only when all the re-
sonances are characterized by the same total and partial
widths. This is a severe restriction. If so, this would cast
doubt about the significance of our calculated rate constants,
displayed in Fig. 10. Work is currently in progress in this
laboratory to investigate this point in more detail.

The calculation of breakdown diagrams is, however,
free from this criticism, because the statistical formalism de-
veloped in Ref. 34 and summarized in Sec. VII amounts to
calculating the microcanonical average of a branching ratio,
as opposed to the ratio of two individual microcanonical
averages which would lead to an incorrect result. We post-
pone the calculation of quantum laws expressing the (not
necessarily exponential) rates of decay to a future publica-
tion. Nevertheless, we feel that the present calculations re-
tain their value. The mechanisms which lower the value of
the nonadiabatic transition probability as E increases (i.e.,
which make the high-energy channels less easily predisso-
ciated) can be expected to operate as well in a more elaborate
quantum-mechanical calculation of the rates of decay.

XI. CONCLUSIONS

We now wish to depart somewhat from the particular
case of the methylnitrite ion and its experimental uncertain-
ties in order to discuss the problem in more general terms.
Can some of the intriguing features which have been detect-
ed in the reactions serve as a criterion to distinguish nonadia-
batic from adiabatic reactions?

First of all, we have to emphasize that the surprising
effects can be accounted for by a statistical theory, and even
by a transition state theory. There is no reason to express
doubts about the establishment of a state of microcanonical
equilibrium. The extension of the transition state theory
which we have developed for nonadiabatic reactions is based
on a classification of the internal degrees of freedom. It has
been necessary to maintain a distinction among: the reaction
coordinate R, the displaced degree of freedom y, the energy
acceptor modes d, and finally the remainder v which, until

fuller information is available, it considered as a set of pas-
sive spectators. In addition, there is the everlasting problem
of the external rotation which has been completely ignored
here, since only the J = 0 states have been studied.

Coming back to the original question, there is no doubt
that the nonadiabatic coupling can reduce the magnitude of
a rate constant with respect to a more normal value. How-
ever, spectacular effects such as the strong isotope effect
[point (c) ], and the constancy of k(E) [point (e) ], require
an interplay among three main factors: (i) the nonadiabatic
nature of the reaction, (ii) the displacement of the equilibri-
um positions of the two potential energy surfaces along a
degree of freedom y which involves the motion of a hydrogen
atom, and (iii) the looseness of the critical configuration
(i.e., the large value of R.) which creates a sink of low-
energy modes. The latter circumstance results itself (Fig. 2)
from the smallness of the asymptotic energy gap AE_ be-
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tween the dissociation asymptotes and from the fact that the
two crossing diabatic states differ in their nature: short range
for one, long range for the other. The classification of the
degrees of freedom {R,y,d,v} results directly from the exis-
tence of these three factors.

The strong isotope effect is due to a combination of two
circumstances which take place in parallel and reinforce
each other, i.e., the normal (RRKM-like) effect on the den-
sity of states N(E) and the tunnel effect due to the displace-
ment of the equilibrium positions of the two potential energy
surfaces. But the tunnel effect produces spectacular results
only because of the existence of a sink of low-energy modes
which maintains the motion along the displaced mode in the
tunneling regime where the isotope effect is largest.

Similarly, a shift in the values of the position of the
crossing point brings about a weak increase of the rate con-
stant k as a function of E. This results from the different
nature (short and long range) of the interaction potentials in
each of the two crossing electronic states. Here again, the
energy sink plays a leading role.

To summarize, one might say that the surprising effects
result from the nonadiabatic interaction [factor (i)], that
they are especially strong because of the difference in the
equilibrium positions along the tumbling motion y [factor
(ii) ], and that they persist over a wide energy range because
of the presence of a sink of low-frequency bending modes
[factor (iii)].
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