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The conical intersection connecting the B 24’ and A 24’ states of the H,O" ion is studied. The two potential
energy surfaces are calculated ab initio by the SCF/CI method within the C point group. The nonadiabatic
coupling matrix elements (4|a/ag|B> are computed for several cross sections throughout the potential

energy surfaces. A transformation to the diabatic representation is performed. The linear model is found to be
a good approximation in the region close to the apex of the cone. The global functions ¢(s) and 7(S) governing
the nonadiabatic transition probability are calculated; their shapes are those predicted by the Landau—Zener
model (in the Nikitin bidimensional version). A dynamical study is undertaken by means of classical

trajectory calculations on the upper adiabatic potential energy surface. An averaged transition probability P,
is derived. Excitation of rotation or of the bending mode of H,O before photon impact has no influence on P,
Excitation of the symmetrical or antisymmetrical valence modes of H,O lowers P,.. The shape of In (1 — P,
as a function of time indicates the existence of two distinct regimes at short and intermediate time ranges,
characterized by two different rate constants k, and k,, respectively. The rate constants are of the order of
10" s~". k, exhibits 2 maximum as a function of the absorbed energy E,,, whereas k, decreases as a function

of E ..

{. INTRODUCTION

Classical trajectory calculations constitute a power-
ful tool for studies in chemical dynamics."? Most of
the effort to date has dealt with adiabatic processes,
i.e., situations where the Born—-Oppenheimer approxi-
mation is valid everywhere, so that the problem is re-
duced to studying classical nuclear trajectories on a
single potential energy surface. Such calculations have
provided a direct illustration of the difference which
exists among the reactivities of diatomic and polyatomic
molecules,

The problem is far more complicated when surface
crossings are considered., Such nonadiabatic pro-
cesses, * which involve transitions between two (or pos-
sibly more) neighboring potential energy surfaces are,
however, of common occurrence both in uni- and bi-
molecular reactions. Low-energy nonadiabatic col-

lisions have been studied® by Tully and reviewed® by him.

Nonadiabatic unimolecular processes®!! have received
so far much less attention. In both cases, the solution
requires the following steps:

(i) Calculation of two (or more) potential energy sur-
faces, preferably by means of ab initio configuration
interaction (CI) methods;

(ii) Calculation of the off-diagonal (nonadiabatic)
coupling matrix elements which bring about transitions
between electronic states;

(iii) Calculation of a suitable set of nuclear trajec-
tories;
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(iv) Calculation of the nonadiabatic transition prob-
ability for each trajectory, either by numerical integra-
tion of the classical-trajectory equations (vide infra) or
by some suitable closed-~-form formula;

(v) Calculation of a microcanonical rate constant by
Monte Carlo averaging of the previous results as a
function of the total energy.

The calculations can be done in either of the two
available kinds of representations—adiabatic or dia-
batic, 1213

As an example, we have chosen to study the conical
intersection which exists between the B ’B, and AA,
states of the H,0" ion, and which plays an essential
role in the unimolecular dissociation of H,0'., This
crossing has already a long story. In 1966, Fiquet-
Fayard and Guyon“ interpreted the fragmentation of the
water ion as predissociations of the B 2B, state by two
repulsive states—a quartet state for OH* production
and a doublet state for H* formation. Ab initio calcula-
tion of the potential energy surfaces at the SCF level, 15
followed by a crude application of Fermi’s Golden
Rule, !® demonstrated the plausibility of the model,
Shortly afterwards, Eland was able to study the behavior
of energy-selected ions by the photoion-photoelectron
coincidence technique. !’ He suggested that the presence
of strong vibronic interaction between states Aand B
could lead to a radiationless transition and could play an
important role in the dissociation mechanism. Thus,
according to Eland’s interpretation, one has
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H,0(X '4,) + hv ~ H,0*(B 2B,/*A") ~ H,0*(4 %A, /24’

where the photon energy hv ranges between 18. 0 and
20,2 eV.

A number of potential energy surface calculations then
appeared.”!8-% The valence-bond calculation of
Balint-Kurti and Ya.rdley18 demonstrated the presence
of a conical intersection between states A and B. This
was confirmed at the CI ab initio level, first by some of
us, ? then quite recently by Jackels*? with a large-scale
calculation,

The purpose of this paper is to present a detailed
study of the nonadiabatic coupling around the conical
intersection and particularly to examine its conse-
quences on the dynamics of reaction (1.1).

The paper is organized as follows. In Sec. II, we
briefly describe our CI calculations and find them to
agree essentially with those calculated by Balint-Kurti'?
and by Jackels.? In Sec. III, we examine the region
of strong nonadiabatic interaction around the apex of
the double cone, and calculate ab initio the coupling
matrix elements, 1In Sec. IV, we transform our ab
initio results into the diabatic representation and com-
pare them to the linear model.'* In Sec. V, we calculate
the global functions #(s)** and 7'(S)!"!! and show the non-
adiabatic transition probability to be correctly accounted
for by Nikitin’s bidimensional version of the Landau~-
Zener model.? The theoretical background of an overall
three-dimensional dynamical study (by means of classi-
cal trajectories plus quantum-mechanical evaluation of
the transition probability) of the passing through the
conical intersection connecting states Band 4 is pre-
sented in Sec. VI. The numerical results are given
in Sec. VII and discussed in order to investigate the
dyn mics of the dissociation process suggested by
Eland.

Il. POTENTIAL ENERGY SURFACES

Since the calculation of the potential energy surfaces
is only a first step in our study, it was decided, in order
to keep the computational effort within reasonable
limits, to look for the best compromise between sim-
plicity of the wave function and accuracy in the de-
scription of the problem. Our AO basis set consisted
in a Huzinaga® (9s 5p|4s) basis set with Dunning’s
[3s 2p2s] contraction.? The influence of the AO basis
set was checked, however. Inclusion of Rydberg dif-
fuse AQ’s had virtually no effect on the position of the
crossing, whereas inclusion of 3d, and 2py polariza-
tion functions changed the angle of crossing from 71, 6°
to 75, 4° (i.e., close to the value calculated by Jackels??),
but otherwise had no influence on the shape of the non-
adiabatic coupling function (to be defined in Sec. III).

Cumbersome nonorthogonality problems in the calcula-
tion of the off-diagonal matrix elements were avoided by
calculating the wave functions of the 4 and B states
(which belong to the same 24’ representation in the C,

) ~0H*+H
SH+O0H’
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(1.1)

r

point group) as two roots of the same CI matrix in the
C; point group. This procedure requires an expansion
in the same basis set of molecular orbitals. To avoid
any known bias in the relative accuracy of the two
states, we adopted the MO’s of the closed shell ground
state of neutral H,O represented by configuration &,:

X '4,/'4" : (1a,/1d")(2a,/24")*(1b,/30a")?
x(3a/%' ) (16,/1d"")* . (@y)

Comparing configuration ¢; with the leading terms in the
CI expansion of states A and B of the ion {configurations
&, and &;, respectively)

A A/2A" :(1a/1d )4 (2a,/2d' )2 (1b,/3d )
x(3a,/4a’)'(1b,/1d'")? ,

B *B,/*A’ : (1a,/1d' )X(2a,/2d ) (1b,/3d )}
x(3a,/4d ) (16,/14")? , (®3)

one sees that configurations &, and ¢, differ from &, by
the occupation number of 3a; and 1b,, respectively.
Therefore, adopting the MO’s of configuration &, to
describe states A and B amounts to adopting the inter-
mediate configuration (also termed the intermediate
Hamiltonian) technique, 28

(&)

The CI expansion was truncated after inclusion of all
monoexcited configurations of &, and ®;. This generated
69 CSF’s. As a check, a cross section of the potential
energy surfaces was also calculated with the inclusion of
all doubly excited configurations. This extended the
size of the CI matrix to 568 CSF’s but had no influence
on the position of the crossing and on the shape of the
coupling function.

All the calculations were performed with the MOLALCH
system of programs.27

Throughout the paper, the nuclear positions will be
described by a set of three internal symmetry co-
ordinates R, », and a, where

R=3(Ri+R;)), 7=(Ri-Ry), (2.1)

R, and R, being the two OH bond lengths (see Fig. 1) and
« the valence angle.

When the two OH bond lengths are equal (r = 0; C,,
point group), states A and B belong to the 2A1 and ZBZ
representations, respectively. Their potential energy
curves cross. When the antisymmetrical stretching
coordinate 7 is different from zero, i.e., when the two
OH bond lengths are unequal, these two states both
belong to the 24’ representation of the C, point group
and avoid crossing. A schematic view is given in Fig.
2, where the potential energy surfaces are plotted as a
function of the internuclear valence angle « and the anti-
symmetric stretching coordinate ». As a result, a
region of strong nonadiabatic interaction is centered
around the apex of the double cone.
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FIG. 1. Definition of the internal coordinates Ry, R;, and &
in the body fixed frame,

It was also noticed that the two interacting states A
and B are well separated in energy from the remaining
ones. In other words, one is dealing here with a two-
state conical intersection problem, In the terminology
of our previous paper, !! 7 is the symmetry-lowering
coordinate y, whereas R and a qualify equally well as
the symmetry-conserving coordinate x (see below).

A total number of 250 ab initio calculations was per-
formed to generate graphically a three-dimensional grid
of points. Energy contour plots are represented in
Figs. 3-6. In particular, it appears (Figs. 5 and 6) that
the position of the apex of the double cone is a function
of the two totally symmetrical coordinates R and «.

In the subspace r = 0, this locus coincides with the
“seam”*'5 %2 petween diabatic surfaces.

. COUPLING IN ADIABATIC REPRESENTATION

The semiclassical approximation®~%?-1? is especially

convenient for a description of the nonadiabatic coupling
which results from the breakdown of the Born-Op-
penheimer approximation in the vicinity of the apex of
the cone. In this approximation, the nuclear motion

is described by a classical trajectory, whereas the
electronic coordinates are treated quantum mechanical-
ly. Since the ab initio calculations reported in the pre-
vious section indicate that the problem under study can
be described as an interaction between two electronic
states only, the electronic wave function can be expanded
in two terms:

2 1
¢~1(r)=Z ak('r)n,,exp[— (i/7) f H,,,,dr] 3.1)
k=l 0

e

FIG. 2. Perspective draw-

ing of the B 2B, and A%4, po-

tential energy surfaces in the
E adiabatic representation,
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FIG. 3. Potential energy surface of the lower adiabatic sur-
face E as a function of coordinates » and o, with R=1,15 A.
The contour interval is 0,01 a,u. Additional contours have
been drawn in dashed and dotted lines. Dashed lines—addi-
tional contours at — 75, 435, —75.439, — 75.441, and — 75, 442
hartree. Dotted lines—additional contours at — 75,4393 and
— 75,4395 hartree. The reported energies are the absolute
energies to which a constant value of +75 hartrees have been
added. Point C is the apex of the cone (at an energy equal to
— 75,4385 hartree,). Point M is the energy minimum of the

-~

B B, state and lies at an energy of — 75.4435 hartree.

where T is the time, H is the electronic Hamiltonian,
ay and a, are expansion coefficients in a certain basis
set of electronic functions 7, and 7,. Two such basis
sets are especially convenient. One of them is dis-

\
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FIG. 4. Potential energy surface of the upper adiabatic surface
E, as a function of coordinates r and @, with R=1.15 KA. The
contour interval is 0, 01 hartree. Point C is the apex of the
cone and lies at an energy of - 75,4385 hartree. This is the
potential with which all the trajectory calculations have been
done, The reported energies are the absolute energies to which
a constant value of +75 hartrees has been added.
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FIG. 5. Lower adiabatic energy surface Eq as a function of
coordinates R and «, for »=0. The contour interval is 0, 01
hartree. The reported energies are the absolute energies of
the CI calculation to which a constant quantity of +75 hartrees
has been added. Point M is the energy minimum of the B B,
state and lies at an energy of - 75,4456 hartrees, The discon-
tinuous nature of this surface is clearly exhibited on this pic-
ture and the locus of the discontinuity (which corresponds to the
apex of the cone or to the seam between the diabatic surfaces)
is represented with a dash-—dot line,

cussed below, The other will be considered in Sec. IV.

The most straightforward choice consists in adopting
the set of eigenfunctions |2) of the electronic Hamil-
tonian H:

H|k)=E,|k) , (3.2)

This choice gives rise to the so-called adiabatic repre-
sentation. The nonadiabatic coupling is then due to the
off-diagonal matrix elements of the 8/8¢, operators:

g;=(2|8/8g,|1) . (3.3)

In a polyatomic molecule, these quantities can be
considered as the elements of a (3N-6)-dimensional
coupling vector g.!!

k=1, 2,

The expansion coefficients are solution of a system
of coupled differential equations (the so-called clas-
sical-trajectory equations)’~5+10-12,

é1=a28-€1exp[—(i/ﬁ) ff AEd‘r] ,
Gy = -dts'dexp[(i/it) ff AEd‘r] . (3.4)

A nonadiabatic coupling matrix element g, can be
calculated by numerical differentiation of the LCAO and
CI coefficients as described in Refs. 8 and 11. Let the
CI expansion of the two adiabatic states by represented

by
[1)= 2 Apd,, |2)=D B,&,,

where the #’s are linear combinations of Slater de-

(3.5)

1249

terminants chosen to be eigenfunctions of spin and
symmetry and called configuration state functions (CSF).
The coupling matrix element g is split into two con-
tributions:

2=(2[8/0q|1)=3 (84n/0q)Bp+ 3 3 ApB,(24|0/0q |@p)

m#n
(3.6)

g results from the derivative of the CI coefficients,
1t is calculated by differentiating a five-point Lagrange.
polynomial fitted to the CI coefficients. As a check, we
also used spline differentiation, ¥*»2% The two methods
were found to practically give the same result. The ac-
curacy is estimated to be better than three (and in most
cases four) significant digits.

Egcx+gm .

The second term appearing in Eq. (3. 6) includes ma-
trix elements (&, |8/8¢|&,) where &, and &, are CSF’s.
They are reduced to the form (¢, |8/8¢1¢,) where ¢,
and ¢, are MO’s by means of a transition matrix for-
malism;

£°=2 E AnB,(®,)8/8q|®,)
m#n

=§‘: ; T ($i]8/2q )0, . (3.7
vy

T;; is an element of the so-called first-order transi-
tion matrix,?® For a given pair of CSF’s &, and &,, the
matrix which gives the contribution of the different Slater
determinants which make up &,, and &, can be extracted
from the list of symbolic energy matrix elements which
calculated once for all in the MOLALCH gystem of pro-
grams.®® The matrix elements (¢,|8/8g1¢,) are calcu-
lated by the “double molecule” method,®!* A finite dif-
ference approximation is used for the derivative; this
leads to the calculation of a differential AO overlap
matrix. There is an optimum value for the finite dif-

145
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095

I} i 1

50 100

e(.l( deg.)

FIG, 6. Upper adiabatic energy surface E, as a function of co-
ordinates R and @ for »=0. The contour interval i{s 0, 01 har-
tree. The reported energies are the absolute energies of the

CI calculation to which a constant value of +75 hartrees has
been added. Point M is the energy minimum (energy =— 75. 4385
hartrees).
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ference Aq which gives rise to a compromise between Fdeg - P
the accuracy of the derivative and the rounding-off er- ST

rors due to the finite computer word size. The follow- ]
ing values were chosen: Aa=0.06° and Ar=10"* A. The
resulis are then accurate to four or five significant digits FIG. 8. Total nonadiabatic cou-
pling matrix element g, for two dif-
ferent cross sections at R =1,15 A,

~
T

The transition matrix formalism offerstwo advantages. 3l

Firstly, it considerably speeds up the calculation of | R

w . A . Black dots: numerical values of
g'°, especially for large CI matrices, Secondly, in- g, for 7=0.005 &; the solid line is

. PR . . o ° !
spection of the transition matrix T, allows one to im- 2L a Lorentzian fitted to them,
mediately detect the particular MO’s which provide the Crosses: numerical values of g,
largest contribution to g*. Large contributions were : OO for 7=0.02 A; the dashed line is a
found to resuit from avoided crossings between molecu- o a2\ Lorentzian fit to them.
lar orbitals. This is readily understood if the matrix J X
element is expressed in terms of orbital energies ¢; and olg—-z o i - x
T T 1
¢; of a closed-shell structure, Then, one has approxi~ 70 71 72 73
mately degq.
(& | 8/8q ’ ¢;> = (E; - €,~)'1 (¢¢ lBH’“/aql by (3.8)

(this result is strictly true when the basis is complete). resulting total function g, has a Lorentzian shape with a

unique maximum centered at the crossing between the

In the case of H,0*, when R is equal to 1,15 A, such
two surfaces, as it should (Fig. 8).

an avoided crossing between the (15,/34') and (3q,/44d')

MO's takes placg at a = 77.5°, whereas the cross'mg Five such functions g, were calculated at »= 0. 005,
between electronic surfa;::)zs takes place at &= 71,6 0.02, 0.04, 0.1, and 0. 2 A (although, for the sake of
(Fig. 7). Asa .result, g exhx.b1ts a Spurlous. extre- brevity, only two of them are reported in Figs. T and 8).
mum at the orbital crossing which, however, is partly Along the other direction, five functions g, were cal-
cancelled by an extremum of opposite sign of g€, The culated at &= 65°, 70°, 71.5°, 74°, and T7°

> . H ’ .

Along direction », both g¢! and g¥° are symmetric
with respect to »=0. Their sum g, has again a unique

€ maximum and a Lorentzian shape, although the two con-
- tributions sometimes add and sometimes subtract. g,
I ! is found to be positive at values of o smaller than a,
-035] 3 and negative for o larger than a, (Fig.9), where a,
| denotes the value of the valence angle at the apex of the
- N cone.
1
i ' The closer the cross section to the apex of the cone,
-0.401 . X :. . the narrower the g function. In the case where the
E| ! cross section goes through the apex of the cone, the
- , E linear model predicts (Ref. 11 and Sec. IV B below)
i i :
1 ; i
-O'LSF ' :
L ! !
! |
L .' |
[ | i
H 1
OSOL 1 i ! - : L &
S| cl T
9 % f
i : 3
L i DM
: 3 432°
ol ! 4
i : [ 2
" L : 1 W4
65 70 75 80 o (deg.)
1
FIG. 7. Upper part: Energies §; of two Slater determinants
corresponding to configurations &, and &; (before CI diagonaliza-
tion) as a function of valence angle & for R =1.15 and »=0,005 A, 0 L4y “ . ., . oy Ly

showing an avoided crossing at « =77.5°, Middle part: Adia- -0.2 00 o &2 -g0z 00 , 002 -02 00 , 02
r r(A)

batic energies E (after CI diagonalization) for the same set of (A) r(A)
coordinates showing an avoided crossing at @ =71.6°, A con-

stant value of +75 hartrees has been added to the energies, FIG. 9. The two components of the nonadiabatic coupling ma-
Lower part: Nonadiabatic coupling matrix element g, for » trix element g5! and g¥° as a function of r for different values
=0.005 A and R=1.15 IQX, showing the partial cancellation of its of . Left frame: o =70°, Middle frame: « =71.5". Right
two contributions—gS® (solid line) and g4° (broken line). frame: o =74,
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that the g function should become a Dirac delta function,
ForR=1.154

lim(2|8/0a|1)= 6(a~T1.6 T, (3.9)
r-0

lim _(2|8/8r|1)= 6(r) % . (3.10)
a-"71.6

A comparison between Figs. 8 and 9 shows that it is
seemingly the case.

These results will be discussed in more detail within
the framework of the linear model (Sec. 1IV). Neverthe-
less, we already note that the g; functions which we cal-
culate have an area

qfpax

F
A! - —/;;nln

which is very close to the theoretical value of 7/
(the integral is taken over the entire space where g is
different from zero). The deviations (9% in the most

unfavorable case) give an indication of the accuracy of
our coupling matrix elements.

g:(q,) dq, (3.11)

p) 8,10,11

IV. COUPLING IN DIABATIC REPRESENTATION
A. Diabatic states

In the diabatic representation, the electronic Hamil-
tonian H is no longer diagonal. The potential energy
surfaces are defined as the diagonal elements H;; and
H,,. They can cross freely and are coupled by an off-
diagonal matrix element H{,. In the semiclassical ap-
proximation, the diabatic basis is defined as the basis
that diagonalizes the vectorial operator

R I
8y 777 Bqaw g

(Ref. 11). In the quantum mechanical formalism, 48
the diabatic basis is defined as the basis for which all
the couplings are of potential nature. Such a basis can
be derived from the adiabatic one only under certain
conditions!?*%-% inyolving a relationship between the
coupling matrix elements, If these conditions are ful-
filled, the transformation matrix exists and is ortho-
gonal. In the two-state approximation under study, this
is very nearly the case’. One has then

[1) cos® sing X1
20/ T \ -sine cosd X2/’

—50

(4.1)
where
6 = (1/2) arctan[2H,/(Hyy = Hy)] - (4.2)
Furthermore, one has'!
g;=96/%q, (4.3)

The numerical procedure to integrate Eq. (4. 3) and
define the diabatic states is not arbitrary. For ex-
ample, in the two-dimensional (let us say » and @) case
the solution must verify the relationship

r @
6= f drg,(r,a) + f dag,(ry, @), (Ref. 48).
0 ag

In the present case, this can be ensured as follows:

r L
n .
4
01 . A A
(4 °
0.0 0=0 0:=T1/2
e -
-01 3n
4 a
1 1 I 1
68 70 72 7% 7 ol
FIG. 10. Locus of points where 6 =constant, Each particular

value of 8 (module 7/2) is represented by a different symbol

(0 =0.1: open circles; 6 =0,2: filled circles; 6 =0,4: open tri-
angles; 6 =0,6: filled triangles; 6 =1: open squares; § =1, 2:
filled squares; 6 =1,4: open diamonds; 6 =1, 5: filled dia-
monds). Coordinate R is fixed at R=1.15 A,

Eq. (4.3), which defines an angle 6 which is a function
of the three internal coordinates R, », and a, was
numerically integrated for a fixed value of R=1.15 A
(i.e., close to the equilibrium value of the B state),
thus reducing the problem to two dimensions, » and a.
The integration grid consisted of 25 points, obtained
from five points along direction @ and five points along
direction 7 (cf. Sec. III). The integration constant was
determined by assigning to 8 a value of zero along the
negative part of the symmetry-conserving axis a, thus
wherever =0 and < 71.6°, The solution was then
propagated by numerical integration of the ab initio cal-
culated g, matrix elements. The value of 6 at a par-
ticular point was in many cases checked to be in-
dependent of the integration path followed. The results
are given in Fig. 10. One checks that a complete loop
around the apex of the cone increases @ by a value of 7.
In other words, 6 is a multivalued function defined (as
usual) modulo 7. This does not alter the orthogonal
transformation relating diabatic and adiabatic states.

The multivaluation of the function is due to the fact
that the functions g, and g, present a singularity at («
=171.6° »=0 A). As a consequence, the value of 8 at
the point (@, ») depends on the path selected to connect
the point (@, 7) to the point (ay, #,) in the path integral
giving 6. 52,53

Once 6 is known as a function of the internal coordi-
nates, it is not difficult to obtain the diabatic energies
H;, and H,, and the coupling matrix element H,, by in-
verting the orthogonal transformation (4.1).!! The cor-
responding diabatic representation is hereafter called
the “canonical diabatic representation.” A schematic
view of the diabatic surfaces H,; and H,, is given in Fig,
11. The numerical errors inherent in the calculation of
the g functions are of little influence on the values of
H,y; and H,,, but more deeply affect the value of H,,.
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<

i

FIG. 11. Perspective drawing

of the B and A states in the
diabatic representation. The
seem is represented by a dot-
ted line,

E

B. The linear model
The linear model of a conical intersection®!! amounts
to neglecting higher-order terms in the Maclaurin ex-
pansion of the diabatic quantities around the apex of the
cone
Hy -Hp=Fla-a,),
Hy,=(1/2)F, 7.

It should be kept in mind that a, is a function of R.

(4. 4)
(4, 5)

As a consequence, one has!!

8{a,r) =(1/2) arctan{F,»/F (a=a)], (4. 6)
_({98 _ -F,/(2F ¥)

ga(a)—(aa )R,r— 1+(Fa /Fr'r)z(a"ac)Y ’
_ /88 a F./[2F (0 ~a)]

g'(r)— (§;>R,a— 1+[Fr/Fa(a—acﬂ27- ) (4.7)

Thus, for a given value of 7, g, is a Lorentzian
function of a centered at a,, and conversely for the
other case.

Equations (4. 6) and (4. 7) were used to check the
validity of the linear model by comparison with numeri-
cal calculations reported in Sec, IV A for a value of R
equal t0 1.15 A (i.e., close to the equilibrium value of
the B state), Equation (4. 6) predicts a series of
straight lines around the apex of the cone for the locus
of constant 8, This is borne out by the calculations
(Fig. 10). In particular, the seam between diabatic
states (i.e., their line of intersection) corresponds to
thelocus Hy; = H,y, or 6 = (n/4) + (k1/2). To a very good
approximation, it is found to coincide with axis » at
a=T1.6°

According to Eqs. (4.7), the closer the cross section
to the apex of the cone, the sharper the resulting
Lorentzian, Figures 8 and 9 show that this is qualita-
tively the case. Quantitatively, a better fit was ob-
tained for g, than for g,. This indicates that the dia-
batic surfaces are locally planes in the immediate
neighborhood of the apex of the cone, as predicted by
Eq. (4.4), but exhibit some curvature further away
(Fig. 11).

Using the linear model minimizes the effort, since
the situation can be described by two parameters only:
F, and F,. F, can be read directly on a cross section
along axis « at r= 0, since the diabatic and adiabatic
surfaces then coincide. The result is F, = 4,5 10°3
hartree/deg. A value of 4.2 10°3 hartree/deg was ob-
tained by Jackels. 2 F, can be determined'! from the

TABLE 1. Numerical values of &,
(degrees), F, (hartree/degree) and F,
(hartree/A) for several values of R(A).

R @, Fy F,
0. 90 61,5 0. 00547 0.12
0,95 63.5 0. 00547 0.20
1,05 67.5 0,004 85 0.25
1.15 71.6 0. 00450 0,09
1.25 75,0 0, 004 20 0,08
1.35 78.5 0. 00370 0,07
1,40 79.5 0,00338

1.45 81.2 0. 003 20

1,60 86.0 0, 00233

1.90 95.5 0, 00272 0,04

shape of the adiabatic curves along axis », via Egs.
(4. 5) and (4. 8),

AE= -2H,,/sin28 , (4.8)

where AE is the energy difference between the adiabatic
curves, One finds F, = 0, 045 hartree/bohr, compared
to a value of 0, 054 obtained by Jackels.

1t was thus decided to assume the validity of the
linear model for all values of R. F, and F, are deter-
mined as described in the previous paragraph. They
are then functions of R. Numerical values are reported
in Table I.

V. NONADIABATIC TRANSITION PROBABILITIES

The semiclassical calculation of transition prob-
abilities through a conical intersection involves two
steps:

(i) transformation of the canonical diabatic repre-
3,11,
b2

sentation into the Nikitin diabatic representation
(ii) selection of an appropriate model on the basis
of the shape of the global functions #(s) and T(S), 101123

Let us characterize a linear trajectory by its slope
v and by I, the nearest approach distance to the apex
of the cone (Fig. 12). Let & and » be the nuclear velo-
cities along axes a and », respectively. Along such a
trajectory, the angle 8 varies from an initial value 6 .
to a final value 0,,. Then, 16,,-6_.1=7/2. Nikitin
defines®!! for each trajectory an additional diabatic
basis (x,x3) calculated by applying a constant unitary
transformation to the canonical diabatic basis (y;,x2)
defined by Egs. (4.1). (X1, Xy) are then related to the
adiabatic basis (}1), |2)) by an angle 8= 8 + ¢, with ¢
chosen so that 6_, =0, Then, automatically, 6,., = 1/2
and we are brought back to the diatomic case.

R «

FIG. 12, Definition of the parameters Y and for a linear tra-
jectory in two dimensions.

J. Chem. Phys., Vol. 78, No. 3, 1 February 1983

Downloaded 09 Jul 2008 to 139.165.210.244. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



Dehareng et al.: Nonadiabatic unimolecular reactions

In order to determine the most appropriate one-
dimensional model for the calculation of the transition
probability, the global functions!®!! of the trajectory
must be calculated, This concept was introduced by
Delos and Thorson®® who showed that in the semiclassical
approximation, a curve crossing problem was com-
pletely characterized in the diabatic representation by a
single function hereafter called the Delos—Thorson
function #s). This means that the transition probability
does not depend upon the detailed properties of the four
diabatic quantities Hyy, Hjy, Hy,, and 4 considered
separately, but only on a global function of them #(s) or
Hs - s;) where

t==-cot26, (5.1)

T
s= [ Womar (5.2)
and s, is the value of s at the crossing point.% Each
model (Landau-Zener, Rosen—Zener, Delos~Thorson,
Nikitin, or Bandrauk) is completely characterized by its
own function #s).'® In other words, aparticular crossing
may correspond, e.g., to the LZ model, even if the
specific conditions which define the L.Z model (H,; and
H,, linear, Hy, and ¢ constant) are not fulfilled. The
only condition!®?3 ig that ¢ should be a linear function of
s

PE(s=s)=(4/8) (s ~s) ,

where ¢ is the usual Massey parameter, 3!

(5.3)
(i)

A corresponding function T(S), called the Massey
function, also exists!® in the adiabatic representation
and has similar properties

T=AE/hq-g= AE/H8 , (5.2)
S=@-m/4. (5.3)

The Massey function offers the advantage that it can

tis-scl

- ——
-

r =0.005 3

-000k 0 0004 0008(s-s)
FIG. 13. Delos~Thorson function ¢(s~s_) for »=0, 005 & and
R=1,15 A, The full line is the function (4/£) (s —s.). The
dashed line is obtained by calculating ¢ and (s ~s,) from numeri-
cal values of 6. The dots are derived by calculating ¢ and (s —s,)

from an analytical expression for 6.

1263

T(s) . ]
0161 r =0.005 A ,
]
- ;
a :
012} i
[ [}
] t
] 1]
¢ !
i 5
008 1" :
H i
: :
i i
\ i
004 ! ]
; :
L /
00|
1

1 S J I | 1
-0.4 00 04 S
FIG. 14, Massey function T(S) for »=0,005 & and R =1.15 A,
The dots are the values obtained by the analytical expression
£/cos®(2s). The full line is obtained with a Lorentzian fit for
8y. The dashed line is obtained with numerical values of g,.

be obtained in a straightforward way from the ab initio
calculations reported in the previous sections. Once
T(S) has been calculated in the adiabatic representation,
it is easy to derive the corresponding global function
Hs —s,) in the diabatic representation, As already
noted, 3 #(s) and T(S) are calculated for each particular
cross section in the potential energy surface, and thus
relate to the Nikitin diabatic representation, Subse-
quent transformation to the canonical diabatic repre-
sentation is, however, possible. More details are given
in Refs. 10 and 11, Results are given in Figs, 13-16.

Global functions depend on the nuclear velocity and
thus on the total energy of the system, as shown in Figs.
15 and 16.% On the whole, Massey functions T(S) are
found to be well described by the function &/cos’(2S)
whereas Delos-Thorson functions #(s) obey Eq. (5. 3).
This implies'®!! that the LZ model is valid, and that
transition probabilities can be calculated by means of the
Nikitin formula

t(s-s¢)
2_(5 S¢

-1k

-2}

-02 a0 0.2 04

FIG. 15, Delos—Thorson function #(s —s.) for @ =70¢° and R
=1,15 A,, obtained for two different initial kinetic energies.
The full lines represent the theoretical functions (4/¢) (s —s)).
The dots are obtained with numerical values for 8, Curve (a):
Ef& (r*=0,1 A)=0,23 eV (¢ =1,039); Curve (b): E{ (+*=0.1
R)=1.05 eV (£=0.544),
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1Sk T(S)
{a)
oL
5| {b)
0 1 1
-05 -025 O 025 05 S
FIG, 16, Massey function T'(s) for ¢ =70° and R =1.15 A, ob-

tained for two differential initial kinetic energies. The full
lines represent the theoretical functions £/cos’(25), The dots
are obtained with numerical values for g,. Curve (a): ER
(r=0,1 R)=~0,23 eV (£ =1.039); Curve (b): E (»2=0.14)
=1,05 eV (£ =0,544),

T(FyaF, 7 [(r/7) = (a = a)/aT
MFL ol + FER)

More details will be given in Sec. VIF.

p= exp{-— } . (5.4

The calculation of the global functions can be done
either with numerical values of the g function, or with
a Lorentzian fit to it. There are deviations with respect
to the LZ model for large values of S and s - s, if nu-
merical values of the g function are used. The devia-
tions are slight for the Massey function, but are large
for the Delos=Thorson function. This sensitivity can
be understood as follows: The function ¢ is equal to
—cot(28), and hence should tend towards a limit of
+o as §~7/2., However, 6 is obtained by numerical
integration of a calculated g function, and its limit value
may differ from the theoretical value of 1/2 by a few
percent. If, e.g., the area of the g function is equal
to 87°, the ¢ function will level off at a value of —cot(2
x87°% = 9.5 instead of + « (cf. Fig. 13).

Vi. DYNAMICAL STUDY: THE MODEL

Some of the technical ingredients used in the dy-
namical study of the photodecomposition under con-
sideration are summarized below. As many articles

r(A)

04f

0.2

0.0

i A i A '

7 80 85 90 95
ol (deg.)

FIG. 17. Classical trajectory started from the cross (1 =0)
and ended for 7=1000 a,u, of time, showing the variation of
A vs & (deg) for E,;,=18.5 eV, =3, vy=v,=v3=0,

Dehareng et al.: Nonadiabatic unimolecular reactions

RI&
15}
1AL
l
FIG. 18, Same classical tra~
2 jectory as in Fig. 17, but show-
5 ing the variation of R (&) vs
a(deg).
o
1].
1 1 1 A1
80 85 90 95
ol (deg.)

have appeared which review in detail the technical pos-
sibilities in the various aspects of the problem, we re-
strict ourselves to what is specific for the present
treatment, For what is of a more standard use, only
references will be given,

A. Interpolation of the potential energy function

To map the potential energy surfaces of the Aand B
states (Figs. 3-6), 180 points were computed in the
range {ae[50°, 120°], r¢[0°, 0.3 A], Re[0.85 4,1.35 A]}.
This is, however, insufficient for dynamical calcula-
tions, because, as a consequence of the centrifugal and
whirlpool effects and of the strong coupling between all
the modes of distortion of the molecular system, all
the points of the upper adiabatic potential energy sur-
face (whose topography is that of a cone) can be reached
by the representative point of a trajectory after whirling
a long time in the cone (see, e.g., Figs. 17 and 18).
Additional points were therefore calculated in the range
{ae[50°,140°), re[0,1 A], Re[0.85 &,1.9 A]}. Further-
more, locally interpolated values were added to the
three-dimensional grid of the computed values of the
potential. For the final results, 250 ab initio points
were used for each state and 8778 points (for the upper
adiabatic surface only) were used in the grid,

Various formulas were tested to analytically inter-
polate the potential energy function of the B state,
either in diabatic or in adiabatic representation, None
of them was satisfactory everywhere. Thus, we turned
to the technique of the three-dimensional cubic spline
fitting. 128 The analytical method and the program
used are due to Leforestier; they work within the con-~
text of the intrinsic spline interpolation. The basic
ideas are:

(i) the values of the function which has to be inter-
polated——and they only—are given at the mesh points of
the three-dimensional grid;

(ii) the partial derivatives on the boundaries of the
grid—that are necessary to completely specify the spline
function—are estimated by local interpolation (four point
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TABLE II, Transition probability values for the onwards and backwards trajectories, obtained by the

AM and BS algorithms and relative error,

AM BS
Onwards Backwards Relative error Onwards Backwards Relative error
0.1x10°% 0,084x10°3 19% 0.341x107% 0.332x107 2,%

Lagrange interpolation);

(iii) all the first partial derivatives as well as second-
and third-order cross partial derivatives are computed
at each mesh point of the grid;

(iv) then, computing the interpolated value of the
function at any point just requires the determination of
the elementary cube inside which the point lies and the
application of the formula of the elementary cubic spline
function;

(v) in the case of coordinate 7, the potential is sym-
metric with respect to »=0. All the intermediate cal-
culations are to be done over a doubled grid to take the
symmetry into account explicitly., For storage of the
numerical values of the function and its derivatives, the
grid can be halved.

The estimated standard deviation thus generated is
2x10-% hartree.

B. Numerical integration

Two different integrators have been tested for numeri-
cal integration of the individual trajectories®:

(i) a seventh order Adams~Moulton-Bashforth (AM)
predictor iterative corrector method, *® based on nu-
merical integration of the numerically interpolated
function f(r,y) in the equation

xR
Yo+ B -y = [ tr,ym)ar
x
which is the integral form over the propagation interval
(x, x + &) of the differential equation dy/dr = £ (r,y(1));

(ii) the Bulirsch—Stoer (BS) algorithm® which is based
on the deferred approach to the limit of an infinitely
small integration step, obtained by extrapolation, de-
veloped by Richardson.

Several tests were introduced to check the numerical
accuracy provided by these two methods:

st test: Time reversal

A trajectory is integrated onwards from given initial
conditions up to time 7. From that time on, conserving
the positions but inverting the conjugate momenta, the
same trajectory is integrated backwards. Then it is
checked whether or not the trajectory reaches back the
initial conditions after time 7. A typical example is
as follows, Starting with the initial conditions R!?
=0.9572 &, »'*= 0, a!®=104,52° and all conjugate mo-
menta equal to zero, the trajectory is inverted after
T= 2000 a.u. (time step of 10 a.u.). The backwards
trajectory obtained by BS works very poorly (it reaches

back the area of the initial conditions after only ~1930
a.u. of time; we did not look at the accuracy of the dy-
namical variables). On the other hand, the AM al-
gorithm works very well: after 2000 a.u. of time, one
ends up with a situation within 2x10" a.u. for the
coordinates and 7x10-% a.u. for the conjugate momenta.

2nd test: Transition probabilities

The probability of remaining on the adiabatic upper
surface after 2000 a.u. of time (with the same initial
conditions as above) has been calculated for both the
onwards and backwards trajectories. The results are
given in Table II.

3rd test: Energy and angular momentum conservation

With both methods, the total angular momentum is
conserved to more than six significant digits, As far
as the total energy is concerned, its value is extremely
well conserved by BS (within ~10-® kcal/mol). To ob-
tain the same accuracy by AM, it is necessary to re-
duce the time step down to 6 a.u. Then the probability
of remaining on the adiabatic upper surface is 0.111
x10°2% after 2000 a.u. of time and strictly the same for
the onwards and backwards trajectories.

The concluding test is therefore to compare the
computer CPU time (IBM 370/168) required by BS with
A7 =10 a.u. and AM with A7 =6 a.u. For a given
trajectory, a typical result is—8 s for BS vs 2. 8 s for
AM.

We thus decided to use the Adams~Moulton integra-
tor.

C. Hamiltonian and equations of motion

(3N-3) = 6 generalized coordinates are used to de-
scribe the three-dimensional triatomic system including
overall rotation—three Euler angles 0, ¢, x defined as
usually (Fig. 19) and associated with the overall rota-
tional motion, and three internal coordinates R, », and
a defined in Eqs. (2.1). The body-fixed frame bound to
the molecular system is defined in Fig. 1.

By application of the matrix method introduced by
Chapuisat et al.**® and Nauts*®® to derive the Hamil-
tonian H and the equations of motion of a highly deform-
able polyatomic system described in terms of general-
ized coordinates, the following results were readily ob-
tained;

Let us define the six auxiliary quantities

= My

= — = - = — 2
Y Mg + ZmH y Y1=1=2y, ¥.=1-2ycos

olR

J. Chem. Phys., Vol. 78, No. 3, 1 February 1983

Downloaded 09 Jul 2008 to 139.165.210.244. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



1256 Dehareng et a/.: Nonadiabatic unimolecular reactions

FIG. 19. Definition of the Euler angles (x, ¢, 8). XYZ is the
space fixed frame; xyz is the body fixed frame. 7 is the plane
containing the axes X and Y¥; w is the plane containing the axes
x and y. OM is the intersection between these two planes; NP
is the intersection between the 7 plane and the plane containing
the axes X and Z,

g 7
y,=1-2ysmz-2- s R’=y,Rz+-yc-4-,

-m-T
R =R 3

(a) The Hamiltonian function is
1
=~ {3(Gar i+ Grtrt Gaaa) * Gy, Ppby

+ GRGPRPU + G'ﬂ p'p¢}+ %(wax + Jywy+ glw‘)
+ VR, 7, @)

=§;<p|c|p>+%<«ﬂ|w>+v, (6. 1)

where

b= myy R
and

. 7
GRR=(Y.23R2+YIZ /2 » Gp= 26«3’”3 -4-)

2

Ggy = -y*Rrsin’a , Gro = ~vys,Rsina ,

{6.2)

Gaa = 2reYs »

G, =7Y.rsina ,

2 . r
Je=d+ F[YSIHQR' (Z Pa'*‘RPr) —(I-Y)RrpuJ s
R2+y 7_'2_ 6.3)
1 L4 Rr
w:= p P Jx—(l -7) Jy ’
ucos—z- cos E SlnE
2. 7
V1 R+
w,= —2 (1=y) —2 g+ a8,
v smE cos sin 3
(6. 4)
R
We= J,.
Moreover,
v=2myy (R, (6.5)
J,=8inyp,~cscbcosyp, +cotbcosypy , (6. 6)
J,=cosyp,+cscésinyp, —cotdsinyp, , J,=py .

(b) The equations of motion may be written as:

.1
R= E(GRRPR+GRrPr+GRuPa) ’

. 1
7=; (GRrPR+GrrPr+GraPa) ’ (6'7)
. 1
a= I(GRmPR+GraPr+GuaPa)
(which fit in with the general relation ulg)= G IP)*)
b=, ¢=w/sing, x=-~wecotd+w,, (6.8
where
Py =pp+myyr sinaw,,
P,=p,-myyRsinaw, , (6.9)
Pa =Pu T mﬂ(l —Y)Rrws ’
W =sinyw,+cosyw,, w=~cosyw,+sinyw,.
(6.10)
In addition,
pp=—0H/8R, p,=—0H/br, p,=-—oH/0a
(6.11)

(which may straightforwardly be expressed in terms of
the partial derivatives of the G’s, the w’s, J, and the
potential energy function)

139= w(cos 8p, —A)/Sinze s [30 =0,

Py = why = (p,~cOSOp)/SING . (6.12)

D. Initial conditions

The formation of H,0* (B %4’) is described by Eq.
(1.1). Define the absorbed energy E, = E(H,0")
~ E(H,0). In the third band of the photoelectron spec-
trum of H,0, E,, ranges between 17,2 and 20,2 eV.

According to the Franck—Condon principle, there is
no change in the coordinates and conjugate momenta due
to electronic transitions. Thus, the distribution function
which characterizes the configurational state of the H,O"
ion formed is the same as that of H,O before the photon
impact.

To initialize a trajectory, three kinds of variables
must be specified:

(i) Phase variables that are not physically observable
because of the uncertainty principle. Such variables are
in the present case the initial vibrational elongations,
Euler angles, and orientation of the total angular mo-
mentum vector;

(ii) The most important observable quantity (which is
actually measured) in Eg,;

(1ii) In addition, there exist several variables which
are physically observable, but which could not be mea-
sured in the actual experiment. Such variables are the
vibrational and rotational quantum numbers v,, vy, v3,
and J. Since these quantities are physically informative,
the numerical results will, in what follows, be dis-
cussed as a function of these quantities.

The initial conditions must describe not only the initial
molecular conformation but also the initial dynamical
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AN Q3

FIG. 20. Upper part: symmetry modes, The S;'s are the
displacements of the hydrogen atoms in the {th symmetry mode,
In the second and third symmetry modes, the displacements of

the oxygen atom are equal to (2my/mg) S, and (2mg/mg) sin(a/2)S;,

respectively, Lower part: normal modes. The @,’s are the
displacements of the hydrogen atoms in the ith normal mode,
The displacements of the oxygen atom are equal to (2myg/mg)
xsiny; Qy, (2myg/mp) 8inv,Q,, and (2my/mg) sin{a/2)Q;, re-
spectively.

Sta’te’ i'e" R‘n) rln’ a‘n’ P}‘an’ "‘" p;" d"n) e‘n! xln,

pi®, p5° t4°, where the p’s denote the conjugate momenta.

Clearly ¢'®, 9'*, x'® are arbitrary as the overall molec-
ular orientation is of no influence on the dynamical out-
put of a trajectory; thus for all the trajectories, the
values ¢'*, 6'%, x*® may be taken the same. On the con-
trary, due to possible vibration-rotation coupling ef-
fects, pi® pi® pi® are not arbitrary at all. There re-
main therefore nine variables to initialize.

The three vibrational normal modes of H,0 (X '4’)
are assumed to be harmonic, We restrict the sampling
of initial values of the normal coordinates @, (I=1, 2, 3)
to a finite range [- @™, + @] (for the choice of the
Q™*s, see below Sec., VI E), inside which the @’s are
randomly selected (cf. Sec. VIE),

To transform the normal coordinates @;, @,, @;in-
to the internal coordinates R, 7, and @, we make use
of the usual symmetry coordinates S,, S, and S, (Fig.
20), and for small amplitude deformations only, the
result is

Q=NaS+5y), @=N(bS+S5), Q=NS;.

(6.13)
The normalization coefficients N; (i = 1, 2, 3) as well as
the coefficients ¢ and b are tediously, but straightfor-
wardly obtained by solving the usual secular equation
for the ground state of the neutral molecule. The in-
tramolecular potential used is the valence-force po-

tential of Bartlett et al.3® The numerical values are
N;=37.310auwn'’/?, N,=52.337 aum!/?,
Ny=62,922 aum!/?, ¢=1.32252, b=-0.672118.
Hence,

R'"=R, - @{"[Asin(a,./2) + Bcos(a,,/2)]

+ 4" D sin(a, /2) + Ecos(a,,/2)], »'"=Fu@i*,

(6.14)

1257

alr= o, +2{Q{*[Bsin(a,./2) - A cos(a,,/2)]
Q;"[-Esin(a.q/z) + DCOS(QN/Z)]}/RQQ ’
where
A=l@a-oN]', B=-bua,
E=—quD, F=2N;,
= 1+ sin®*(a,,/2)(2my) /mg, |

and my and m, are, respectively, the hydrogen and oxy-
gen atomic masses. R,, and a, are, respectlvely, the
OH bond length and valence angle of H,0(X) at equilib-
rium,

D=[(a-bN, ]!,

u= 1+ (2mg)/my , (6.15)

On the other hand, the momenta conjugate to R, 7,
and a are obtained from

3 3 o
A AP WS p %, R,
where the P,’s are the momenta conjugate to the normal
coordinates Q,’s
Hence,
pi= (a = D)NNy{P{*[ - E sin(a,./2) + D cos(a,./2)]
- Pi*Bsin(a,/2) ~Acos(a,./2)]}/u, pi*=Py/(vF)
(6.16)
pa*= R, (b - a)NyN, {P{"[D sin(a,,/2) + E cos(a,,/2)]
+ P} A sin(a,,/2) + Beos(a,/2)]}/2 .
The three P}™s are selected from quasirandom num-
ber sequences (see Sec. E). For the @{¥s, two of them

only can be selected in this way, since the value of the
third one must verify the relationship

a'®) = Vo (R, 712, ') + B,
(6.17)

according to the Franck~Condon principle, Thus, satis-
fying the FC principle clearly restricts the range of the
possible initial conformations (see Fig. 21).

w (pin D
Vnzo*(a)(R Ny

As far as the overall rotational motion is concerned,
once the values of the Euler angles are fixed, there re-
mains to specify the total angular momentum vector J,

r

FIG. 21, Application of the Franck—Condon principle leads to
possible initial conformations of H,0* which are located on the
curve ABC, i.e., on the intersection between Vg jo* and (Vnzo
+E gp) .
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In terms of the rotational quantum number J, this is
given by

N =rvdg+1) .

The orientation of J can be specified by means of two
randomly selected polar angles © and & (cf. paragraph
E), so that:

Jir= {1 Jll sin®'®cos &'* |
Ji2= (|3l coso!® ,

Jir=||Jll sin ©'®sin '° ,

The quantities actually needed to initialize the equations
of motion [see Eq. (6.1)] are pi*, pi®, pi®. According to
the usual transformation®® the result is

pir= sing'siny'"Ji* - cosx' Wit + cot 6'2J1Y)

pi=siny'*Ji*+ cosy'™it, pit=Jit. (6.18)

E. Average over the individual trajectories
1. Numerical integration

The numerical results are to be integrated over the
range of variation of variables of types (i) and (ii) in
order to obtain average values. In particular, the over-
all transition probability for the nonadiabatic process
B-A4, P, is at given E,:

[dwf(w;vy, vy, v3,d, Ep)p(T; w)

Idwf(w;vl’vb U3’J;Eﬂu) ’

(6.19)

where T is the time, w a set of initial conditions for
phase variables, f(w;vy, vy, v3,J, Eg,) the statistical
weight of the trajectory proceeding from the initial con-
ditions w, whose transition probability throughout the
time is p(t;w). In addition, from P, (7;vy, vy, v3,J, Eg,)
it is possible to derive k(vy, vy, v3,J, Ey,), the rate con-
stant of process B~ A at given E,,, (see below, Sec.
VIG). The average rate constant k(v;, vy, vy, J) is Ob-
tained by integration over E,:

_ ,f dEm k(vj, Ug, Vs, J, EﬂI)I(EI!I!
k(vl’ Upy U3y J) J- dE‘b,I(E.b,) ’

where I(E,,) is the intensity of the photoelectron spec-
trum at E,.

Er(‘l’;vl, Uy, Ugyd, E.b.) =

(6.20)

Equation (6. 19) involves a multiple integration pro-
cess. The integrand is not known analytically, but
numerically for various values of w. In such a case,
it is most efficient to numerically integrate by using a
Monte Carlo type method®’:

11 1
I= f[ f Flxy, x9. .. x) dxy dxg + » + dx,,
o /b 0

=N12. Flu,xf o), (6.21)

i=.
where the N points (x},x}...x}) (i=1,...N) are randomly
selected inside the unit hypercube. Obviously, it is al-
ways possible to reduce an integral over a nonunit in-
|
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terval to one over a unit interval by means of scaling
factors. Unfortunately, the series in Eq. (6.21) con-
verges rather poorly. Thus, in order to improve the
convergence, various methods have been proposed,
based on either quasirandom or nonrandom sequences.
In what follows, we have chosen the Halton se-
quences, 34! rather similar to the Hammersley se-
quences, which generate quasirandom numbers in the
range 0~1, Let us denote a set of £ Halton sequences
associated with k variables and running over N points
[ef. the series in Eq. (6.21)] by

{cb; r=1,2...k; i=1,2...N},
where ! lies in the range [0, 1].

Within the context of the present dynamical study,
the Halton sequences randomly select initial conditions
from which trajectories are run. The numerical re-
sults of all these trajectories are to be averaged by
taking into account the statistical weight of each tra-
jectory.

The initial conditions in terms of normal coordinates
and conjugate momenta are randomly selected as fol-
lows (for the sth trajectory out of a set of N trajec-
tories):

:n= x:' Q:‘nu(— l)ur ’ (T= 1’ 2) »

Pirs o, PP~ )42, (r=1,2,3),
e'"= 274, (6.22)
o'"=2mxt,

where u, = 1if x,;<0.5 and u, = 0 if x,;,>0.5 (r=1,
2...5) in order to take into account the fact that the @’s
and P’s can be either positive or negative. As shown
above (cf. Sec. VI D) the initial conditions in terms of
the variables used to propagate the trajectories can be
obtained from Eqs. (6.14), (6.16), and (6.17). Up to
now 12 random numbers have been used; a 13 one is
needed to specify the plus or minus sign of 7'*, the
third initial coordinate obtained by Eq. (6.17) to satisfy
the FC principle.

2. Distribution functions and statistical weights

Because of the isotropy of space, all the orientations
of J are equally probable. Therefore, the statistical
weight to be associated with a given trajectory depends
(vy, vq, v3,J, and Eg, being fixed) only on the initial
values of the vibrational coordinates and conjugate mo-
menta. It is by now well established that the Wigner
“distribution function”*? works reasonably well in such
a case, in spite of the drawback that it may not be posi-
tive everywhere. Its main advantage is that, integrated
over the momenta, it gives the correct quantum me-
chanical density function for the coordinates and, inte-
grated over the coordinates, the correct density func-
tion for the momenta. In our case, it is defined by

Worson, 5@ @ @0, Py P P = 10 [ [ dyadyadys 95, um,05(@1+ 31, Q2 % 32, @+ 99)

XYy, v9,05(@1 = V1, @2 = V2, @3 = ¥3) exp[2i(Pyyy + Pyyy + Pyyy)/n] .
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TABLE I, Results for HyO in its vibrational ground state with
the potential used taken into account,

i QP (a.u.) PP (a,u,)
1 Symmetric stretching 13.1 0,230
2 Bending 19,8 0.152
3 Antisymmetric stretching 12,9 0,232

For harmonic vibrations, Bartlett and Moyal*? have
shown that the Wigner function associated with one nor-
mal mode is

Wu‘(QnPl) = ("ﬁ)-i("‘ l)”‘Lv‘(ZXi) exp(-Xl) ’
where

X, = (2 12PN, A = 4n%W?

and w; is the vibrational frequency of the ith normal

mode, L, denotes a Laguerre polynomial of degree
v,. Clearly, because of the separation of the normal
vibrations,

Wul,vz,v3(Q1; st Qs’ Pl: PZ’ Ps)
= Wul(QbPl) sz(Qz’Pz) st(Q!b PS) .

For the fundamental vibrational state, the Wigner func-
tion happens to be the product of the true density func-
tion for the coordinates by that for the momenta.

Recently, Heller*® showed that using the Wigner
function results is a much better pseudoclassical dy-
namical method than the purely classical dynamical
treatment. Moreover, Fiquet-Fayard et al.* compared
quantum-mechanical results with various classical re-
sults for the same problem; they concluded that only the
classical method that made use of Wigner functions
led to results in good agreement with the quantal re-
sults.

Last of all, the boundaries @{®* and PP** for given
v; which appear in Egs, (6. 22) are determined from the
study of the variations of the functions W, (Q;,0) and
W,,,(o, P,), in the following way: the maximal values
of these two functions being calculated, @** and P7**
are chosen in those variation domains where the func-
tions monotonically tend to zero, in such a way that
W, (@™, 0)/max[W, (Q,, 0)] and W, (0, P /max[W,, (0,
P,)] <0.05. For H,0 in its vibrational ground state and
taking into account the potential used, the results are
listed in Table III.

F. The nonadiabatic transition model

It has been shown above (cf. partIV) that the transi-
tion probability B-A reasonably obeys the Nikitin for-
mula [Eq. (5.4)]. This means that, for a particular
trajectory, the transition probability must be calculated
with quantities evaluated at the particular point where
the difference between the adiabatic states (i.e., AE)
is minimal, Only in the case of a Jahn~Teller interac-
tion does this point coincide with the point where the
distance of nearest approach to the apex of the cone is
minimal.

1259

As the lower adiabatic surface E; is not stored in our
case, AE cannot be known. AS a consequence, the
elementary transition probability must be evaluated at
another point of the trajectory. Two models were com-
pared.

In the first model, the quantities in Eq. (5. 4) were
evaluated at the seam a = a (R) for every passage
through it, For those trajectories that never cut the
seam, the transition is localized at the point (R, 7, a)
which minimizes the distance to the apex of the cone
d=[R¥a - a(R)*+ #]'2

In the second model, these quantities were evaluated
at the distance of nearest approach to the apex of the
cone, calculated for every half-oscillation of the internal
coordinate a.

The calculations were performed at time 7= 600 a.u.
and E,, = 18.5 eV. The results are as follows: In the
case of the first model, P, = 0,66 and in the case of
the second model, P, = 0.63. The difference is not
important and the first model was adopted for all the
other calculations.

The transition probability B~ A associated with a
given trajectory under initial conditions w is;

Ptr(w, T) =1~ H [1 -pi(w)] ’

when 7, indicates how many times the seam has been
gone through and p,(w) is the elementary transition
probability obtained as explained above. p,,is a func-
tion of time because the longer the trajectory lasts the
larger n, is.

For a set of N trajectories whose initial conditions
w, (j=1,2,...,N) bhave been randomly selected, the
averaged time-dependent transition probability is given
by:

N
_ Z Wv1vzv3(aj)ptr(wl;r)
P, (7501, vy, 03,4, Eyg = izl . A —
Z vazva(w’)
jal

where w, denotes (Q1%, @i", @i®, Pi*, Pi*, PI for the
jth trajectory and w, is w, plus pi®, pi®, pi®. It should
be emphasized that w; is implicitly a function of J and
E g, Obviously, lim, ., [P, (r,...)]=1 because the
flow from B to A will necessarily be complete at long
last.

G. Rate constant for the nonadiabatic process 58— A

If the nonadiabatic process B~ A can be treated as a
unimolecular reaction, the flow to the lower surface
will obey a rate equation of the form

ln([A]/[AJO) = - kT y

where k is the rate constant and the concentrations [4]
and [A]; correspond to the population of the B state at

time 7 and 7= 0, respectively. Within the framework
of the present study, this assumption leads to

In[1 =P, (7;01, vy, v3,J, Egy) 1= = k(vy, vy, v3,J, Eg)T ,
(6.2)
In(1 = P,) being proportional to 7, or not, will be a
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test of validity for the unimolecular character of the
decay.

The rate constant averaged over the energy range of
the third band of the photoelectron spectrum of H,0 (X,
E(vy, vy, v3,J) can be derived from Eq. (6. 20).

Dehareng et al.: Nonadiabatic unimolecular reactions

VIl. DYNAMICAL STUDY: NUMERICAL RESULTS

Although the experimental results we have at our
disposal were not obtained for given initial internal
states of the water molecule, the photochemical
process which we discuss below can be written as

]
nonadiabatic
P E ~ t iti -
H,0(X;J, vy, vg, v3) —22 HyO* (B)—=2astion | H,0*(4) - produets ,

i.e., a completely determined process. The discus-
sion below deals with the various aspects of this reac-
tion, namely: (i) a study of the influence of the initial
internal state of H,0O, specified by J, vy, v;, and vy;
(ii) a study of the efficiency of the nonadiabatic transi-
tion process and a derivation of a rate constant; and
(iii) a study of the influence of E,, on the value of this
rate constant, over the whole range of the third band
of the photoelectron spectrum of H,O.

A. Influence of the initial internal state of H,0

The present study is based on transition probabilities
calculated at a particular time 7= 400 a.u., because
the cumulative transition probability is then in most
cases of the order of 0.5, and at an energy E,,, equal
to 18.5 eV, corresponding to the maximum intensity of
the third band of the photoelectron spectrum.

The influence of vy, vy, v3, and J on the transition
probability is then studied by considering a number of
cases:

(i) vy, vy, v3= 0, and J successively equal to 0, 1, 2,
3, 5, 6, 8, 10, 20;

(ii) v3=v3=0; v;=0and3; J=3and 10;
(iii) vy=v,=0; v3=0,1,3and5; J=3 and 10;
(iv) vy=v3=0; v,=0and5; J=3 and 10.

The number of trajectories used to calculate P,,
ranged between 130 and 220; this ensured an accuracy
of 2%. The results are presented in Table IV.

Case (a): Influence of J. The influence of the initial
rotational state of H,O was found to be almost negligible
in all cases, except when v3=5, i.e., when the anti-
symmetric stretching mode is strongly excited.

Case (b): Influence of vy. The excitation of the sym-
metric stretching mode of H,O from ;=0 to vy =3
lowers the transition probabilities for J= 3 as well as for
J=10. This can be traced back to the fact that, the
higher v,, the larger the average absolute value 7, of
the intercept of the trajectory with the seam (¥, ~0. 19
or 0.36 A for v, = 0 or 3, respectively). In other words,
this effect is due to the coupling between the symmetric
and the antisymmetric stretching modes induced by
the potential.

Case (c): Influence of vs. The excitation of the anti-

|

symmetric stretching mode lowers the transition prob-
ability, but the effect is much more pronounced than in
case (b)., The same kind of argument (increase of 7,)
can be invoked. However, in the previous case, the
influence is due to coupling effects and therefore is in-
direct. In the present case, the increase of 7, is a
direct consequence of the excitation of the antisym-
metric mode. Indeed, 7,=0.19 A for vy=0, and 7,
=1,27 A for v3=5. As a result, the transition prob-
ability falls off by a factor of ten.

Case (d): Influence of vy. An increase of v, from 0 to
5 has an almost negligible influence on 7, (0.19 and 0. 21
.&, respectively). Consistently, the influence on the
transition probability is very small, This is indicative
of a small potential coupling between » and a.

B. Rate of decay

In order to test the unimolecular character of the
decay, In(1 - P,) was computed and plotted asa func-
tion of time according to Eq. (6. 23). Results at three
energies E,, are given in Figs. 22-24. The nonlinear
character of these curves clearly indicates that our
previous assumption (Sec. VIG) of the decay being pure-
ly unimolecular is somewhat oversimplified. This
clearly results from the fact that we could study the

TABLE IV, Numerical values of P, at
7=400 a,u, and E,, ,=18,5 eV, for several
values of the quantum numbers J, vy, v,,
vy of HyO before photon impact.
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FIG. 22. Function ~In{l1 —P ) vs time T(s) for Ey, =17.2 eV.
The dots are the numerical values and the full line is the best
straight line fit to them, ¢;=y¢,=v;=0andJ =3 are, respectively,
vibrational and rotational quantum numbers.

14 s.

system only up to a time equal to 2,5x10° The

kinetic regime is thus not yet established.

The behavior of the curves in Figs. 22-24 can, how-
ever, be rationalized as follows. Several parts, with
different slopes, can be distinguished in these curves.

At very short times, the slope is negligible since no
trajectroy has yet reached the region of the conical in-
tersection. No transition thus occurs.

Next, at short times, the slope rapidly increases.
This is due to those trajectories that have a negligible
amount of energy in the » degree of freedom and thus
reach very rapidly the region of nonadiabaticity. P,,
is then very large as these trajectories pass close to
the apex of the cone [cf. Eq. (5.4)]. Hence, the in-
crease of the slope. Within the framework of the surface
hopping model, this type of trajectory does not undergo
branching at the crossing region. This is schematically
represented in Fig. 25(a). This behavior persists up to

-In{1-P,
29 1P
Eqps = 18.5 ¢V

200

os} g

L .
20 o5

FIG. 23. Function —In(1~P,,) vs time 7(s) for E,,,=18.5 eV.
The dots are the numerical values and the dashed lines are the
best straight line fits obtained for the short time and inter~
mediate time ranges, respectively. v, =yp;=y;=0 and J =3 are,
respectively, vibrational and rotational quantum number,
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Ds;ln(!-ﬁ,)
03
L
mr Eqps = 20 &V

FIG. 24, Function —1n(1 —P,) vs time 7(s) for E; =20 eV,
The dots are the numerical values and the full lines are the

best straight line fits obtained for the short time and inter-
mediate time ranges. v;=v,=v3=0 and J=3 are, respectively,
vibrational and rotational quantum numbers.

about 5x10-!% s, corresponding roughly to the time dur-
ing which the HOH valence angle closes from its initial
value (=105° down to its value at the seam (=~ 80°).

Trajectories for which there is some energy in co-
ordinate » reach the nonadiabatic region after the pre-
vious ones, and furthermore undergo splitting since
their distance of nearest approach to the apex of the cone
is larger [see Fig. 25(b}]. As a consequence, depopula-
tion of the upper state is less rapid, which accounts for
the relative flatness of the curve in Fig, 23 up to about
1.510" s,

As shown in Fig. 25(c), this limit of 1.5x10" g
corresponds to a time when the trajectories which re-
main on the upper adiabatic potential (the only ones
which were actually calculated) come back towards the
zone of nonadiabatic interaction with dynamical con-
ditions which allow them to branch to the lower sur-

FIG. 25, Schematic view, at four different times 7, of the
evolution of the flux of trajectories on the potential energy sur-
faces (represented in one dimension only). The dashed line
represents the evolution of the set of trajectories that are ini-
tially the most efficient and which rapidly reach the region of
strong coupling. The full line represents the evolution of the
other set of trajectories which are less efficient and which
reach the region of strong coupling more slowly.
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face. [We neglect here the first bounce back on the
steep inner wall of the upper surface which takes place
at ~7x10"1® g, The reason is that, since the potential
is very steep, the dynamical conditions remain practi-
cally unchanged (Fig. 26). Hence, if the inward motion
could not bring about a substantial nonadiabatic transi-
tion, the same situation will prevail for the outward pas-
sage which takes place immediately after. ]

Therefore, a substantial source of depopulation of the
upper state sets in at times larger than 1.5X% 1074 s,
Hence, the slope of the graph [Eq. (6.23)] suddenly in-
creases after this time (Fig. 23). However, this ef-
fect might be spurious, since it is counteracted by an
opposing effect which was not taken into account in our
calculations, It turns out that trajectories which re-
sult from motion on the lower adiabatic surface come
back in the vicinity of the apex of the cone at about the
same time (1.5x10* s), The population of the upper
state increases by this nonadiabatic effect, i.e., it de-
creases less rapidly than predicted by our calculations,
In other words, the slope calculated at times longer
than 1.5% 10" s is overestimated. It is conceivable
that the two effects cancel to a larger degree and that no
change in the slope would appear in a more exact cal-
culation. If the trajectories had been calculated during
a longer period of time with all the opposing effects
duly taken into account, a correct value of the slope
would have been obtained. However, there is little
point in attempting to study the behavior of the system at
longer times, because, owing to the great efficiency of
the mechanism, the upper state depopulates very fast,

C. Influence of £, on the rate constant

As explained before and as shown in Figs, 23 and 24,
it appears that the depopulation of the upper adiabatic

o
:

L
100 of

FIG. 26. Upper part: variation of the averaged value of r(3)
vs the averaged value of a (deg), for a set of trajectories
whose initial conditions have been randomly selected with J =3,
vy =vy=v3=0, Ea‘-= 18.5 eV and 7=740 a, u.
tion of the averaged value of R(A) vs the averaged value of
a (deg) for the same set of trajectories as in the upper part.
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TABLE V. Rate constants (s™) for short
time range (k) and intermediate time range
(29) for five values of Ep, (eV).

Ea‘u kl kz

17.2 1.46x104 1.46x10M4
17.8 2. 00x 10 0.80x10M
18.5 1,51%10M 0,28x10M
19.1 1.33x 10 0.15x 1014
20.0 0.81x10M 0.05x10M

Lower part: varia-

state E, towards the lower state E; presents two dis-
tinct regimes, for short and intermediate time ranges,
respectively. This is the reason why the graphs in
Figs. 23 and 24 are approximated by two segments of a
straight line, the slopes of which are denoted by %,
(short time range) and k, (intermediate time range).
The values of k; and k, are calculated for five values of
E,, and are presented in Table V.

1. Short time range: k,(E,,.)

From Table V, it appears that &, first increases, then
decreases as a function of E,,.

As discussed before, k; represents the efficiency of
a few trajectories that are characterized by very little
internal energy in the r coordinate. Since 7 remains
negligible throughout, such trajectories pass very close
to the apex of the cone, just as in a diatomic case where
the trajectories would pass through the intersection
between the two states under consideration, Thus, it
can be said that those trajectories have a diatomiclike
behavior. Hence, as Eg, (i.e., the total internal ener-
gy) increases, the nuclear velocity in the coupling re-
gion increases too, and so does the transition prob-
ability. This accounts for the initial increase of %, as a
function of E,.

However, when the total internal energy becomes suf-
ficiently large, a substantial part of it can convert to
potential energy stored in the » coordinate, which thus
can take larger values. The system tends to pass far-
ther away from the apex of the cone and the depopulation
of state E, slows down. This accounts for the subse-
quent decrease of ky as a function of E,,.

2. Imermediate time range: K,(E . )

As explained before, most of the trajectories reach the
coupling region with a large “impact parameter” to the
apex of the cone. These trajectories have a typical poly-
atomic behavior.

As E,, increases, r is allowed to take larger values,
i.e., the impact parameter to the apex of the cone in-
creases and, correspondingly, the transition prob-
ability decreases. Thus, k, decreases as a function
of E,,, as may be seen in Table V.

3. Average over E_,,

The averaged rate constants k; and &, over Eg, are
obtained by integration
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TABLE VI. Percentage x, of trajectories for
which n percents of the internal energy, initially
in R and a only, have been converted into poten-
tial energy of the r coordinate, for three values
of time T (a.u.).

T X25 %33 %50 %80

200 19% 15% 9% 1%
400 49% 40% 27% 15%
600 50% 40% 27% 16%

5 = [dE gy b (EpJI(E )
! JdE 4 I(E,) !

where I(E,,) is the intensity of the photoelectron spec-
trum of H,O, at given E_,. Numerical integration leads
to the following numerical values:

Bi=1.53x10% s, % =0.36x10" 5!,

i=1, 2,

D. Energy randomization

The optical selection rule allows the two totally sym-
metric vibrational degrees of freedom @, and @, (cor-
responding roughly to R and a@) to receive internal en-
ergy from the photon field, whereas @, cannot do so for
symmetry reasons. The question then arises how fast
will energy flow into the optically inactive degree of
freedom @3 as a result of the anharmonic nature of the
potential energy surface ?

To answer this question, we have calculated, as a
function of time 7, the fraction x, of trajectories for
which coordinate v reaches at least once a value such
that #% of the total internal energy has converted into
potential energy stored in the r coordinate, For ex-
ample, at Eg,=18.5 eV, a value of »= 0,56 A means
that the 7 coordinate has received all of the available
internal energy. A value of = 0.4 A means that 50%
of the internal energy has flowed into ;. Values of
7=0.34 and 0. 3 A correspond to the conversion of 33%
and 25%, respectively, of the internal energy into po-
tential energy of the » coordinate.

Calculations were done for three values of T equal
to 200, 400, and 600 a,u. (i.e., 0.48, 0.97, and 1. 45
x10"' 5). Results are given in Table VI.

The system cannot be said to be randomized unless
at least one-third of the total internal energy has flowed
into the » coordinate as potential energy. This is a
necessary but not sufficient criterion for energy ran-
domization.

Table VI shows that after a time 7=600a.u. = 1,45
x10" s, i.e., after a time which is of the order of a
typical vibrational period, 40% of the trajectories have
already satisfied this requirement. But the further
evolution is seen to be much slower, and a state of full
randomization might be only obtained after a consider-
ably longer period of time, provided, of course, that
the system has not dissociated before. Obviously, this
particular example represents an “easy case” since
energy has to get randomized among three degrees of

freedom only, out of which two have already received a
substantial amount of energy at time 7 = 0 (photon im-
pact) as a result of the optical selection rules.

Vill. CONCLUSIONS

The importance of conical intersections in accounting
for the reactivity of excited electronic states has been
repeatedly demonstrated. 3-5:8-1146 p the present ar-
ticle, we have tried to extend to unimolecular reactions
the effort which has been directed towards understanding
bimolecular processes.*? Although it is not advisable to
draw too many conclusions from only one example, we
list here our principal findings:

(i) The accuracy of the linear model (cf. Fig. 10) over
a fairly important range of coordinates in spite of the
curvature of the diabatic surfaces. This conclusion is
corroborated by similar tests on other molecules®®”!!;

(ii) The validity of the Landau-Zener model in
Nikitin’s bidimensional version as demonstrated by the
appropriate behavior of the global functions #(s) and 7YS)
(cf. Figs, 13-16);

(iii) The magnitude of the unimolecular rate constant
describing the internal conversion from the upper cone
to the lower adiabatic surface. The high value obtained
(~10" s7!) is typical of a fast radiationless process;

(iv) The relative insensitivity of this rate constant to
the initial amount of rotational and bending vibrational
energy (whereas excitation of the stretching modes
lowers the transition probability).

(v) An entirely unsuspected bimodal behavior of this
radiationless transition for which the existence of two
regimes was recognized (cf. Figs. 23 and 24);

(a) a short-time regime corresponding to a fast,
nonstatistical, diatomiclike process;

(b) a somewhat slower regime, presumably due
to the multidimensional character of the trajectories;

(vi) A rapid initial tendency towards energy ran-
domization followed by a slower evolution towards a
state of microcanonical equilibrium. This suggests
that a statistical treatment might be applied, at least
in cases where the dissociation process is not too
rapid. This possibility is currently investigated in this
laboratory.

As far as the photodecomposition of H,O at v ~18.5
eV is concerned, it seems now well established that
the nonadiabatic passing through the conical intersec-
tion between the B and A states of H,0* plays an im-
portant role in producing the surprisingly large amount
of H* observed. It seems to be at least competitive with
the previously proposed electronic predissociations of
the B state of H,0" by two repulsive states, 24’ and
4", for production of, respectively, H* and OH".
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