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A collinear reactive study of the ion-molecule system (Ar+H, *, Art + H,, ArH" + H) is presented. The
main emphasis was directed towards the two reactions Ar* + Hy(v = 0)—ArH" + H and Ar+ H, *(v' = 2)
—ArH* + H, which exhibit avoided-crossing features. It is shown that reactive transition probabilities
obtained from an exact collinear treatment which incorporated a large number of vibrational states to ensure
convergence are reproduced by simple reactive curve-crossing models.

L. INTRODUCTION

The process whereby electronic transitions are
induced during an atom-diatom collision has re-
cently become the subject of many theoretical
studies.’ The ion-molecule reaction

(Ar* +H,=Ar+H])~ArH" +H (1)

provides an example of the importance of elec-
tronic transitions in reactive systems.?”!° In the
asymptotic region of the reactants (Ar - - - H,)"

the two lower surfaces cross along the vibrational
coordinate 7 of the two hydrogen nuclei at low
energy. Therefore the adiabatic description of this
region is clearly inadequate as it implies an abrupt
change in the electronic structure. In the diabatic
picture the two surfaces correspond asymptotically
to the electronic states Ar*(*P,,) +H,(*Z,) and Ar
('S) +H;(®Z,) and define the two channels on the
left-hand side of reaction (1). In the asymptotic
region of the products (ArH - - - H)* the two sur-
faces lie far apart, the lower one leads to a stable
molecule ArH* (X 'Z) +H and the upper is repul-
sive and corresponds to ArH(®Z) +H*. It therefore
seems that the diabatic picture is the best repre-
sentation to describe reaction (1). However,

Kuntz and Roach'' have shown that as the ground
state of ArH" dissociates into Ar +H*, only the
reactant state Ar +H, correlates with the ground
state of ArH'. Thus maintaining the diabatic
representation and ignoring the diabatic coupling
terms would imply that of the two reactions

Ar* +H,~ArH' +H, AE=-1.65¢V; (2a)
Ar +H}=ArH' +H, AE=-1.30eV; (2b)

only the second is possible, while the first as

well as the charge-transfer reaction
Ar +H; = Ar* +H,, AE=-0.35eV, (2¢)

are not allowed. :

In fact experimental evidence shows that reac-
tions (2a) (Refs. 2—6) and (2¢) (Ref. 7) have large
cross sections, or rate constants, indicating that
considerable mixing between the diabatic electron-
ic states should exist.

In what follows we shall show that the coupling
or the mixing of the two states is indeed most
important. However, it will also be shown that
the mixing takes place only for large values of the
translation coordinate R in the entrance channel.
This fact calls for a simplified model which as-
sumes surface crossing in the reactant channel
before the strong interaction region is reached so
that the probability for reaction will, in fact, be
the probability for reaching this region. A similar
model is employed in the Langevin theory for ion-
molecule reactions' and has also been applied for
treating crossing problems of the type described
above® 2% Recently Baer presented a preliminary
comparison between results obtained from an ex-
act collinear quantum-mechanical treatment and
such a model.'® The results show good qualitative
agreement, in spite of the fact that only two (vi-
brational) states were incorporated in the model.

In this work we presen't a complete report of
exact and approximate calculations for the col-
linear model of reaction (1) using the DIM surfaces
derived by Kuntz and Roach in the energy range
0.5 <E <0.8 eV (E is the total energy of the reac-
tants). The adiabatic surfaces, as well as an out-
line of the method used to obtain the best diabatic
surfaces for numerical integration purposes, are
given in Sec. II. Then the results of the exact
calculations are reported and discussed. In Sec.
IV a simplified model for this process is pre-
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sented and, finally, in Sec. V the results are sum-
marized.

II. POTENTIAL ENERGY SURFACES

The potential energy surfaces used here are the
DIMZO (diatomics in molecules with zero overlap)
surfaces given by Kuntz and Roach.!! Only the
doublet states are considered and if spin-orbit
and rotational effects are neglected, then in the
collinear configuration the Hamiltonian factors
into a 4 X 4 block and two other 2 X 2 blocks. We
consider here the two lower adiabatic surfaces of
this Hamiltonian and the nonadiabatic coupling
terms obtained from the derivatives of the DIMZO
Hamiltonian matrix H (Ref. 8):

(Vz - Vl) ’

ol
(3)

where |,/ is the mth electronic eigenfunction and
V.. and C, are the mth eigenvalue and eigenvector
of H, respectively, and x stands for » and R, the
two nuclear coordinates. The equipotential plots
of the two adiabatic surfaces V, and V, as a func-
tion of the internuclear coordinate Ryy and Ram
are given in Fig. 1. It can be seen that the lower
surface which leads from reagents to products is
exothermic, whereas the upper one behaves like a
typical inelastic surface. To get a deeper insight,
two cuts along the vibrational coordinate for two
different R values in the entrance channel are
shown in Fig. 2. The two surfaces are in general
seen to be far apart except for a short 7 interval
in the vicinity of » ~0.82 A. Also as R increases
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FIG. 1. Equipotential contour lines as a function of interatomic distances for the (ArH,)* system,
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the two surfaces approach each other, and in fact
as R -~ they “almost” touch. The line along R

* which combines all the # points where the two sur-

(R

Distance H-H

faces are closest to each other is called the seam.
In Fig. 2 the vibrational nonadiabatic coupling term
7,(7, R) is also given. It can be seen that 7,(7, R)
peaks at the seam and that the peak becomes
sharper as R increases. Indeed it has been
shown®! that for large R Vvalues 7,(7, R) becomes

4)

lim Tr(,r, R) = %7}'6( v - Tc) ’
R
where 7, is the pseudo crossing point. This be-
havior is expected, as will be explained later.
The translational coupling term 74(7, R) is in
general much smaller than 7, (7, R) and for large -
values of R it becomes zero.

Although the information concerningthe potentials
and the cbupling terms is given in the adiabatic
representation the corresponding diabatic repre-
sentation was found to be more convenient for per-
forming the calculations.??”® The main reason
is that the adiabatic Schrddinger equation contains
terms which involve first derivatives of the wave
function. This prevents one from using the very
efficient methods of integration now available.

The transformation from the adiabatic represen-
tation to the diabatic is made through a matrix

A (7, R) in such a way that if V (7, R) is the dia-
gonal adiabatic potential matrix with elements

V, and V, then the corresponding diabatic potential
matrix W (7, R) is given by

W(r, R) = W(v) =A3(r, R)V(7, R)A (7, R), (5)

where 4, is a rotation matrix with angle v,

6.00+ (b)
4.00F
2.00F
o 1 1 - 1 1 1
0 2.00 4.00 ~ 6.00
Distance Ar-H R

(a) The ground .

adiabatic potential surface. (b) The first excited adiabatic potential surface.
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and the elements of W(v) are

W, (¥) = V, cos®y + V, sin’y,

Wyo(¥) = V, sin®y + V, cos?y, W)

le('}/) = Wzl('y) = %( V1 - Vz) sin2y .

09 10

The transformation given in (5) and (6) eliminates
the first derivativesfrom the Schrédinger equation,
which now takes the simple ordinary form

(Z+W)e=Ey, (8)

where T is the usual kinetic energy operator.
With the transformation (7) now at hand, we can

continue the discussion related to the asymptotic

region. We shall assume that 7, given in Eq. (6)
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is smaller than 7, [see Eq. (4)] and that

WPg< ¥ey Ry==)=0. (9)
Then from Eq. (4), and using the fact that
lim TR(T, R) =0 ) ’ (10)
R
we obtain
0, <7,
y= { ’ (11)
M, Y> 7,

and consequently Eq. (7) yields

V. <7
w.. = 1 c
11_{

Uy ¥>7¢;

2. <
W{ m TS (12)
vy, ¥>7%;;

Wy, =W, =0;

where W, and W,, are the correct diatomic poten-
tials of the H, and the H; molecules.

However, there is still a disadvantage in using
the diabatic picture as it stands for the numerical
treatment. From Eq. (7) it is seen that the dia-
batic coupling term W, ,(7) increases with the dif-
ference between the two potential surfaces. Since
in the present case one surface is attractive and
the other repulsive, the difference becomes large
and causes instabilities in the numerical integra-
tion. One way to avoid this problem is occasional-
1y to perform an additional transformation similar
to Eq. (5) with a constant angle (-7,). This trans-
formation yields a new potential matrix in each
interval®

W =W(y=7). (13)

If v, is chosen to be equal to one of the y’s along
7 for each R, namely, ¥,=%7»(R), R), then this
procedure decreases the off-diagonal term in the
whole interval. This procedure defines what has
been termed as the most adiabatic-diabatic poten-
tial matrix.'®* The reason for this terminology is
that for each R value there is at least one point
where the diabatic and the adiabatic potentials
coincide (the point where y=y,). The line » =#(R)
along which the two potentials coincide is termed
as the adiabatic path in the diabatic representa-
tion.*®

III. SOLUTION OF THE SCHRODINGER EQUATIONS

The Schridinger equation (8) is solved by apply-
ing an integrator which was developed for this
purpose by Top and Baer®® and was successfully
applied to the (H,)* system.?! It should be noted

that although Eq. (8) is written in terms of the po-
tential _V_V(r, R) the exact calculations are per-
formed with W(», R) =W(y-1v,). To do this, Eq.
(8) is not solved in the original system of coor-

_dinates but in the one rotated by an angle y,. This

change, however, forced us to propagate x (7, R)

-and not ip_(r, R) where the two are related by the

transformation
x(7, R)=A(v)¥ (7, R). (14)
Here A (y,) is the transformation matrix such that
W(r, R) =A(y) W(r, R)AX(x,). (15)

More details on this procedure can be found in
Ref, 21,

Most of the calculations were performed with
48 states of which 18 belong to the upper surface
and 30 to the lower one. Some of the states are
presented as a function of the reaction coordinate
in Fig. 3. The calculations were performed in the
(total) energy range of 0.502-0.80 eV. Here E
=0.502 corresponds to the threshold for the colli-
sion of Ar* +H,(v=0). The lower states in the
(Ar - H,)" asymptotic region are shown in Fig. 4.
It can be seen that for the Ar" +H, system at
most three states are open, whereas for the Ar*
+H, only one state is open.

Figure 5 shows the total transition probabilities
asafunctionof translational energy T for the reac-
tion '

Ar® +Hy(v=0)—~ArH" +H, (16)
as well as for the charge-transfer reaction
Ar® +Hy(v=0)—~Ar +H; . (17

The main features are (a) a long threshold region
0< T<0.1eV, (b) large reactive transition proba-

ArH' () + H

Total energy (eV)

Ar+Hy (V)

At +H, (v)

Reaction coordinate s (R)

FIG. 3. Vibrational levels of the two surfaces as a
function of the reaching coordinate s. (——) Vibrational
levels of the lower surface Wy(v, R); (---) Vibrational
levels of the upper surface Wy (7, R).
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FIG. 4. Schematic picture of the asymptotic vibrational
energy levels for the two diabatic potential surfaces.

bilities (~1.0) for 7> 0.1 eV, (c) a sharp negative
spike in the reactive probability function at 7=0.11
eV and a corresponding peak in the charge-trans-
fer probability function, (c) low charge-transfer
probabilities (< 0.1).

The transition probabilities as a function of
total energy E for the reactions

Ar +H}(v'=0,1,2)~ArH* +H (18)

are presented in Fig. 6. It can be seen that in the
energy range studied the transition probabilities
for v’ =0,1 are consistently close to unity. A long
threshold region 0.0 <7 <0.1 eV is evident for
v’ =2, similar to that for reaction (16).
Qualitative explanations for most of the listed
features can be obtained from Fig. 3. First we
note that the reaction probability from these
states is always close to 1 because the two lowest

vibrational states of H, are below the upper sur-
face and no potential barrier is encountered. The
threshold behavior for the systems H, (v’ =2) +Ar
and H,(v=0) +Ar" can be attributed to the avoided
crossing related to the two states. In the pure
diabatic picture reaction (16) should not happen at
all and reaction (18) for v’ =2 should be direct
with a short energy range for the threshold. How-
ever, due to the diabatic coupling terms reaction
(16) becomes allowed but the long threshold re-
gion is a result of the potential barrier formed by
the avoided crossing. The Ar +Hj (v’ =2) system
is first prohibited by the above avoided crossing
but then becomes allowed due to the avoided cross-
ing formed with »’=3. Again the barrier that is
created in this process is responsible for the long
threshold region. A detailed quantitative study of
this problem is presented in Sec. IV.

The sharp dip in the reaction probability function
around £=0.11 eV is probably due to a quasibound
state which exists at the close interaction region
(s ~0). From the width we can estimate its life-
time to be of the order of 1072 sec which is three
orders of magnitude larger than any vibrational
period in this system. Although Fig. 3 suggests
the possibility of bound states along the reaction
coordinate for high vibrational levels, the pseudo
potential well still seems to be too shallow to
yield the spike. It is more likely that the quasi-
bound state is the result of the formation of a com-~
plex in the turning region involving vibrational
motion along and perpendicular to the reaction -
path.

For the sake of completeness two final vibra-
tional distributions due to reaction (16) are pre-
sented in Fig. 7. The first is for 7=0.099 eV and
the second for 7°=0.299 eV, It can be seen that a
strong vibrational inversion is encountered simi-
lar to those obtained in other exothermic reactions
based on LEPS potentials. We shall not extend
the discussion on these results because they were

Transition probability

FIG. 5. Reactive and
charge-transfer probabil -
ities as a function of trans-
lational energy 7. ( )
Ar* +Hy (v =0) —~ArH" + H;
(-==-) Ar*+H, (v =0)—~ Ar
+Hj .

0.05 0.10 0.15 0.20

Translational energy (eV)

0.25 0.30
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FIG. 6. Reactive transition probability as a function of
total energy. ( ) Ar+Hj (@ =0)—~ArH" +H; (---) Ar
+H} w=1)—ArH"+H; (-*+) Ar+Hj (v=2)—~ArH" +H.

not stable enough with respect to variations of
certain numerical parameters which define the
integration. Although the inverstion was consis-
tently observed, the results tend to change. Thus
we found for instance in a different calculation that
the vibrational distribution for 77=0.099 eV was
peaking at v=6 instead of at v=5,

IV. CURVE-CROSSING MODEL FOR THE Ar* + H, (v=0)
AND Ar + Hj(»'=2) REACTIONS

In this section a simplified model of curve
crossing for reaction (16) and the reaction

Ar+H(v'=2)~ArH'H (18

is presented. As already mentioned the region
where electronic nonadiabatic transitions occur
is in the reactants channel and is well separated
from the strong interaction region (s ~0). If we
assume that the strong interaction region as well
as the products channel have only a minor effect

Reactive transition probability

FIG. 7. Vibrational distribution of products. Results
for the reaction: Ar®+H, (v =0)—~ArH*(v,) +H; (-—-)
translational energy T'=0.099 eV; ( ) translational
energy T=0.299 eV.

on the reactive transition probability, then the
probability for a reaction to occur is equal to

the probability for the reactants to pass the elec-
tronic interaction region. This model was already
tested before,’ i,e., two curves were included in
the model and applied to reaction (16), and it was
found that such a simplified treatment would re-
produce the threshold behavior of this reaction.
Now the model has been extended: more states
are included, improved coupling terms are em-
ployed, and reaction (18’) is studied as well.

A. The model

The Schrodinger equation for the general diab-
atic two-surface case is written

[T, +W (R,7) - E]x (R, ) =0, (19)

where W (R, 7) given in Eq. (13) is the modified
diabatic 2 X 2 potential matrix, E is the total en-
ergy, and 7T, takes the form

1 a2 1 o2
- 2( ——
T, =-7 (2# 322" om 8'}'2> . (20)

Here u and m are the reduced masses
U= (Mg 5) /(Mg +M1,); =My Py
(21)

Expanding X; (R, 7); £=1,2 in terms of a basis set
iRy 7); $=1,2; 2=0,1,2,...,1.e,,

Xi (R, 7’) = Z nni(R)¢ni(R’ V) ’ (22)
n=1
where ¢,;(R, 7) are the solutions of the equation
7z 82 —
(——2;;1— 57 Wi (B, 7) = €m~(R)> Oni(R,7)=0.

(23)

One obtains, assuming that the ¢,;(R, 7) are only
weakly dependent on R, the set of coupled equa-
tions

(2 em-sh
+ 20 0m | Wil =0,
(24)

(5 577 <R = E i
+ Z (Dua | W 13| br) iy =0.

The validity of the assumption concerning the
dependence of ¢,;(R,7) on R is only justified out=
side the strong-interaction region (s ~0). Conse-
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quently this model can be applied only when the
electronic nonadiabatic transitions occur in a
region which is far enough from that region as in
the (Ar +H,)" system.

Let us now introduce a matrix w such that

_u_)II(R)=€ni; i=1, 27 ”=O, 1921"' H

(25)
Wry =(¢pni l Wis ' ¢n'i'> (1=54.);
and a wave function ¢ such that
gl:nm’; i=1,2, n:Oyl’z;'°' . (26)
Then Eq. (24) becomes
7z 8? )
<——271- 5}5+Q—E>g=0 27)

which is now the ordinary set of Schrédinger equa-
tions usually encountered in curve-crossing prob-
lems.

Equation (27) is also solved like an ordinary
inelastic curve-crossing problem, however, with
one difference which is related to the “reactive”
nature of some of the curves, Open states are
not only expected on the right-hand side of the
electronic. interaction (the ordinary asymptotic
region) but also on its left-hand side.

Thus since R is assumed to vary in the range
- o SR s, for R—« we have for the open states
the ordinary asymptoFic conditions: i.e.,

§11,= 00, exp(—tk, R)/VE, +Ryy exp(ik,R)/ Ve,

(28)
and for R—= -
E11, = Tui, xp(~ik} R) /VE] . (29)
Here
k;={(2H/h2)[E—wll(R‘eo)]}l/27 (30)

ki ={@u/m)E-wi (R~ -},
and R;,  and T, are related to the transition
probabilities

Pﬁo:,Ruolzy P{‘IO:ITIIO'Z; .(31)

where Pf,o is the inelastic transition probability
and P’,",0 is the reactive transition probability.

B. Results

In what follows w is a matrix either of order
2X2 or 3x3. The first diagonal term always
stands for the state v=0 of the A* +H, system
(surface 2) and the other diagonal elements stand
for the vibrational states v’ =2, 3 of the Ar +H;
system (surface 1), Thus

Wy = €g25

Wy =€y; n=2,3, 1=2,3.

w,, and w, are the electronic coupling terms
which are assumed to be different from zero, w,,,
which is the coupling term between two states
that belong to the same manifold, is usually small
and is therefore ignored.

To perform the numerical calculations all the
matrix elements were presented in analytical
forms

w,,=0.5+0.19 exp[ —4.5(R — 4.4)],

w,, =0.68tanh[2.11(R - 3.5)|,

Wa, =W,, +0.24, (32)
wy, =w,, =14.52 exp[-1.15R],

w,, =0,

The numerical values of the various parameters
were determined in such a way to make a best fit
with the vibrational states (see Fig. 3) and the
coupling terms that were extracted from the exact
calculations. All the energies are given in eV
and the distances in A. The curves representing
the diagonal elements (diabatic potentials) and the
corresponding adiabatic potentials obtained after
diagonalizing w are plotted in Fig. 8.

In order to solve the coupled diabatic equations
we use the same method as in the exact treatment.
The interval of integration is divided into subin-
tervals. In each subinterval a transformation @
is defined such that -

D-Q*wg D)

is diagonal in the middle point. In this way N solu-
tions n;, ¢=1,2,..., Nare formed, where 7; is
the solution in the Zth subinterval of the coupled
Schrédinger equations: '

h2 82
(—-2——11——8-1?-+2i—E)ﬂi=0. (34)
The 7; eigenvectors are related to the original

&; eigenvectors by

i = Qg (35)

and the transformation from n;(R) to n;.,(R) at the
matching point R =R; is given as

T’i+1(R =Ri) =Qi+ 1_Q_1*ﬂi (R :Ri) . (36)

The results of the model calculations are pre-
sented in Figs. 9(a) and 9(b) where they are com-
pared with the exact results for reactions (16) and
(18’). For both cases we applied the two- and
three-state models. For reaction (16) the two-
state model yields results which qualitatively fit
the exact results (see also Ref. 19), however, the
fit is improved by adding the third state and the
two curves almost overlap along the entire energy
range studied, except for the spike at 7=0.11
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1.5}
V'=a FIG. 8. Diabatic and the
—~ adiabatic curves as a func-
tion of the translational
$1.0 V=3 coordinate R, The dia-
2 = batic curves are obtained
5 from Eq. (32) and the adia-
;E, V'=2 batic ones are the eigen-
< values of the w matrix.
a V =0 ( ) Diabatic curves;
0.5 (---) Adiabatic curves.
0 | ]
3.0 35 4.0 4.5 50" 5.5
Distance (A)
eV. For reaction (18’) the two-state model did V. SUMMARY
not yield any reactive transition probabilities due
to the avoided crossing between v=0 of the Ar* In this work we presented the results of the
+H, system and v’ =2 of the Ar +H, system. Add- exact and model calculations two-surface collinear
ing the third state improved the situation drama- (Ar +H;,Ar* +H,, ArH* +H) reactive system.
tically (due to the avoided crossing of v=0 and The exact calculations were performed by a me-
v’ =3 of the Ar +H; system) although the fit with thod which was previously developed and applied
the exact results is not as good as in the previous to the (H, +H*, H, +H) reactive system. The es-
case. sence of the method is the reduction of an z-sur-
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FIG. 9. Reactive transition probabilities. A comparison between exact results and model calculation results for the
reactions: (a) Art +H, (v =0) ~ArH" + H; (——) Exact results; (- -*) two state approximation; (---) three state approxi-
mation; (b) Ar+Hjf (v’ =2) —~ArH" + H; (—) exact results; (---) three state approximation,
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face problem (n> 2) given in the diabatic frame-
work to a two-surface problem. This procedure is
rigorous with minimal loss of information. It was
applied to the H; system, where the DIM method
yields three surfaces, and to the present case,
where the DIM yields four surfaces. The exact
results were obtained by incorporating 40-50 vi-
brational states to ensure convergence.

The model employs diabatic reactive curves
(instead of surfaces), which are the vibrational
states of the original systems given as a function
of the reaction coordinate, and the diabatic coup-
ling both extracted from the exact program. Both
the diabatic curves and the coupling terms were
fitted to known functions and then used in the
model calculation.

The emphasis in this study was on the evolution
of the reactive process through the electronic non-
adiabatic region which couples the two surfaces.
It was found that the exact reactive transition
probability function for the reaction

Ar* +Hy(v=0)—-ArH* +H

was reproduced by the model whereas the fit for
the reaction

Ar +H; (v'=2)-ArH' +H

was less satisfactory but still reasonably close.

These results have important implications for
future treatments of ion-molecule interactions in
three dimensions, If the electronic nonadiabatic
coupling region is well separated from the close
distance interaction region (around s =0) one may
assume the existence of one interaction channel
and treat the reactive process as an inelastic
one., The only change will be the imposition of
different boundary conditions on the close dis-
tance side. The fact that the results due to the
model are so reliable gives hope that in the future
the main effort in such studies will be devoted to
the preparation of the diabatic curves (the corre-
sponding vibrotational states) and the diabatic
coupling terms and the amount of work needed for
solving the scattering process will be negligibly
small.
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