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We report quantum mechanical calculations on a one-dimensional model of a chemical reaction with an
electronically excited exciplex funnel over the saddle point to study the competition between direct reflection
from the upper diabat and metastable trapping (resonances). Particular emphasis is placed on the effect of the
funnel on transition probabilities and delay times as a function of energy and as a function of the magnitude of
the energy gap at the saddle point. Quantum dynamics calculations of energy-dependent transition
probabilities for a series of energy gaps reveal a regime where the main effect is diabatic reflectivity in direct,
short-lived collisions and another regime where the main effect is a series of collisional resonances.

I Introduction

Our fundamental understanding of electronically non-
adiabatic reactions, i.e., those occurring on coupled potential
energy surfaces, is less fully developed than the theory of elec-
tronically adiabatic reactions occurring on a single surface.
Electronically nonadiabatic reactions are often studied by
photochemistry (electronically excited reactants) or chemilu-
minescence (electronically excited products). The study of such
reactions by simulations involving converged quantum
dynamics has become feasible in recent years.!™* An inter-
esting phenomenon about which such calculations can
provide new insight is the effect of a funnel® in a low-energy
excited surface on the reaction probability of a ground-
electronic-state reaction* or inelastic collision.” A particularly
interesting case is where the minimum of the excited surface
occurs at a geometry similar to the ground-state saddle point,
a situation that might occur when the ground-state saddle
point can be modeled as an avoided crossing of two diabatic
valence bond configurations.*®° For example, the saddle
point of A + BC — AB + C results from the interaction of the
configurations ¢, ¢ p(af — Pajo and ¢, P Pca(af — P,
where ¢y is an atomic orbital on center X. The resulting
energy gap between the adiabatic potential energy surfaces
may be small if the rearrangement is disallowed by orbital
symmetry'® or orbital phase!! considerations. If there is a
small gap, a system approaching the saddle point on the lower
surface may make a transition to the upper surface and reflect,
resulting in a lower transmission coefficient. This has been
postulated to occur in both electron transfer reactions!? and
Woodward-Hoffmann forbidden rearrangements!? (the latter
is a specific case where both surfaces are excited, but the idea
is the same). For weak adiabatic coupling, a system, once
excited, may actually be trapped in the funnel, forming a
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metastable system that can be called an exciplex funnel
resonance’ if it decays before a third-body collision or an exci-
plex funnel intermediate if it lives long enough to suffer colli-
sions. So far there is no experimental evidence for funnel
exciplexes associated with saddle point transit, but exciplex
funnel resonances have been observed spectroscopically as
predissociating states.!*

Dating back to the first decade of quantum mechanics,
there have been many studies of quantum mechanical nuclear
motion in two coupled electronic states, especially by employ-
ing analytic and semiclassical methods for the analysis of scat-
tering by coupled one-dimensional potential curves.!> We
draw the reader’s attention to several studies of reduced-
dimensionality systems that are especially relevant to the
problem of a funnel over a saddle point. Baer and Child!®
studied resonances in one-dimensional model systems with an
excited-state minimum over a ground-state barrier. Shin and
Light!7 studied transmission probabilities in one-dimensional
barrier problems in which an excited state has a minimum
over the saddle point, and they also extended their study to a
collinear three-body model with the lower surface similar to
H + H, and again an excited-state minimum over the saddle
point. Qi and Bowman'® extended the study of the one-
dimensional model system of Shin and Light to higher ener-
gies and observed funnel resonances for several values of the
parameters. They found that making the region of strong elec-
tronic coupling narrower (in the reaction coordinate) or
making the gap (in energy) smaller led to broader resonances.
Zhu and Nakamura derived semiclassical formulas for the
scattering matrix of two-state linear curve-crossing
problems!® as well as general two-state?? and general multi-
state?! curve-crossing problems. An especially interesting case
they treated is the two-state case of a one-dimensional excited
adiabatic potential having a minimum lying over the
maximum of a lower adiabatic potential energy curve; they
call this the nonadiabatic tunneling case.!®~22

The work reported in the present paper was motivated by
the observation of exciplex funnel resonances in three-
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dimensional three-body model systems with the lower surface
similar to Cl+ H, and an excited-state surface having a
minimum over the saddle point.* This may be called the
avoided-crossing saddle-point case, or it may be called the
nonadiabatic tunneling case, in analogy to the one-
dimensional case treated by Zhu and Nakamura.!'°—22 In
order to better understand the quantum mechanical conse-
quences of a funnel situated vertically over a saddle point, in
this paper we will consider a sequence of one-dimensional
model systems consisting of a lower adiabatic potential curve
with a barrier, an upper adiabatic potential curve with a
minimum representing the exciplex (excited-state funnel over
the ground-state saddle point), and various magnitudes of the
minimum adiabatic gap. We will systematically vary the
parameters such that the gap E,,, over the saddle point takes
on values in the range from 10 to 400 cm ™! (1.2-50 meV). We
will then calculate accurate transmission probabilities, delay
time matrix elements and lifetime matrix elements as functions
of the total energy E of the collision. We will also calculate the
complex energies of the poles of the scattering S matrix rep-
resenting funnel resonances’ as well as their partial widths.
The effect of barrier resonances?3:2# will also be considered.

Section II presents the fundamental theory for scattering by
coupled potential energy curves. Section III presents the com-
putational methods used for calculating transmission prob-
abilities, delay times and lifetime matrix elements as well as
for locating S matrix poles. Section IV presents the model
potential curves. Section V presents a discussion of the results
of scattering calculations and resonance pole determinations
for a range of energy gaps. Section VI contains concluding
remarks.

II Theory

We consider the case of a particle moving in one dimension x
governed by a 2 x 2 potential matrix. Our calculations are
carried out in a diabatic representation in which the potential
energy matrix is given by

_ V11(x) Vi(x)
V= (V21(x) sz(x)> @

where V;; and V,, are called the diabatic potentials, and V,
is called the diabatic coupling and is equal to V,,; by hermiti-
city. The two-state problem has four channels labelled as
follows: (1) state 1 at x = + o0, (2) state 1 at x = — o0, (3) state
2 at x = 4+ o0, and (4) state 2 at x = —o0o. The Schrodinger
equation for this problem is

d’Y 2u

@+F(EI— NY(x)=0 V)]

where p is the reduced mass, E is the scattering energy, I is the
identity matrix, and Y is the column vector solution

— Yl
()

Let
& = Vi;(x = + o) (4a)
& = Viy(x = — ) (4b)
&3 = Vyy(x = + ) (4c)
and
&4 = Vol = —0) (4d)
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We consider the curve-crossing case where ¢; < E < ¢&; and
&, < E < ¢, . In this case the boundary conditions are

L [A__exp( — kyx) + A_ ,exp(k, x)] (5a)

Yi(x) ~
X — 2
1 . .
ni(x) ~ - LA —exp(—ik, x) + A, cexp(ik, )] (5b)
x>+ 0 1
1 . .
Yy(x) ~ P [B_ _exp(—ik,x) + B_ ,exp(ik,x)] (5¢)
X — 4

Yix) ~ — [B, _exp(—ksx) + B, cexp(ks ] (5d)

+ k3

where the first subscript of each coefficient refers to the
boundary (x - =+ o0), the second subscript refers to a positive
or negative exponent in the exponential, and the asymptotic
wavenumbers are given by

ky =</ 2E — &,)/h (62)

for open channels 1 and 4, and

ky =</ 2ue, — E)/h (6b)

for closed channels 2 and 3. In addition to the physical, real
values of E, we will consider the analytic continuation to
complex E. We will consider the case where ¢, =0 and ¢, <
&;. Then physical scattering energies have E > 0, and reso-
nances lie in the fourth quadrant of the complex energy plane.
When E is real, k, is taken as the positive root; when E is in
the fourth quadrant, then k, and k, are in the fourth quadrant
and k, and k, are in the first quadrant.

Since only two of the channels are open, we focus on the
2 x 2 unitary scattering matrix S, which relates the coeffi-
cients of the outgoing waves to the coefficients of the incoming

waves:
<A++>=<S11 S14><A+) o
B__ Sa1 Saa/\B-+

Note that in the S matrix, the subscripts on the matrix ele-
ments do not indicate the row and column locations but
rather are indices for channel designations. The transition
probability for the transition from channel n to channel m is
given by?>

Py = | Syl ®

The Schrédinger eqn. (2) can be solved at complex, as well
as real, energies E. Quantum mechanical resonances corre-
spond to poles in the S matrix at complex energies>®

E=E, —iI'2 9)

where Ej is the real part of the resonance energy and I’ is the
resonance width (real and positive by definition). For each
resonance energy, all matrix elements S,,, have poles at E = E.
We search for poles in S by directly solving eqn. (2) at
complex energies, as was done previously.2427

To characterize a resonance, we use the lifetime matrix Q
and the delay-time matrix Az, whose elements are given by?®

Qum =ik ). S,/(dS}%,/dE) (10
1
and
ds
— -1 SPmn
At,,, = Im(h(Smn) dE ) (11

The eigenvalues g, of the lifetime matrix can be associated
with the exponental decay times of (long-lived) metastable
states when the values of ¢,, are large.?® The channel-to-



channel delay time At,,, represents the time difference between
a pulse being injected into channel n and a pulse appearing in
channel m, relative to the same time difference in the absence
of a potential. At real energies E in the proximity of Eg, the
scattered particle will experience a delay time, which is large if
the resonance width I” is small.

In the vicinity of an isolated resonance, the scattering
matrix element S,,, can be written?¢-2°

Ym¥n

E)=S%(E) —i —"
SunlB) = SpE) i g

12)

where SC,(E) is the nonresonant background contribution to
the scattering matrix element, and y, is the partial width
amplitude for channel n. In the case of an isolated, narrow
resonance (INR) for which y,, y,,, and S2, are independent of
energy and SO, is a negligible contributor to S,,, one can
show that the delay time has a maximum at E = Eg, at which

At,, T =2h (13)

In addition, for a single-channel mechanical system having an
INR centered at Eg, the 1 x 1 collision matrix @ is given by?8

Q(EQI = 4n (14)

The “partial width” TI', for either entering the metastable
resonance from channel n or leaving the resonance to go into
channel n is given by |y,|%. For an INR, it has been shown
that?6-2°

S rI,=r (15)

and practical experience shows that this equality is a sensitive
test of whether a resonance may be treated as an INR.3°

III Computational methods

We seek the solution Y to eqn. (2) subject to the boundary
conditions [eqn. (5a)—(5d)]. We consider problems where the
diabatic potentials decay to their asymptotic values exponen-
tially fast, and the diabatic coupling decays to zero exponen-
tially. In such cases it is reasonable to assume that eqn. (5b)
and (5d) hold to within an acceptable numerical accuracy for
X > Xx,, and that eqn. (5a) and (5c) hold to within acceptable
numerical accuracy for x < —x,, where x, and x, are positive
numbers. All numerical results must be converged with respect
to increasing x, and x, .

We consider the case in which channel 1 is the incident
channel; therefore, B_, = 0. We also require that Y;(—x,)
and Y,(x,) be well-behaved; therefore, A__ = B, , = 0. The
boundary conditions therefore become

[A- +exp(k; x)]

1
v - | vk

1
x> — o B__ —ik
\/kj[ exp(— ik, x)]

1 . .
— [A4, _exp(—ik;x) + 4, ,exp(ik;x)]

Y ~ Vi (16b)

x>+ 1
’ ——= [B —exp(—k; x)]

NG

Since the ratio of the coefficents A_, and B__ is as yet
undetermined, we do not know a priori the solution vector Y
at x = —x;. Therefore, we can not directly propagate Y from
—Xx,; to x,. Instead, we consider two linearly independent

(16a)

solutions, ¥, and Y, , which satisfy the boundary conditions

1
N exp(k; x)
Y ~ 2 (17a)
* o 0
0
Y, ~ 1 (17b)
772\ —= [exp(—ik, x)]
N
The desired solution is
Y=A_,Y,+B__Y, (18)

which has the correct x > — oo asymptotic behavior of eqn.
(16a). The linearly independent solutions ¥, and Y, are
numerically propagated from x = —x; to x = x, with stepsize
Ax using a numerical integrator.

To ensure that the two numerical solutions remain linearly
independent, we invoke the Gram-Schmidt orthonormaliza-
tion procedure3! on the 4 x 2 matrix

Y, (x + Ax)

Z(x, x + Ax) = < Y, Bylx + Ax))

Yy() as)

in which the first column vector of Z is normalized, and the
second column vector is made orthogonal to the first normal-
ized column vector and then is itself normalized.

The x > + oo asymptotic forms of the two solutions can be
written in general as

Y, ~
1
——= [a, —(Dexp(—ik,x) + a. . (1)exp(ik,x)]
\/1k—1 (20a)
ﬁ [b+ —()exp(—k3 x) + b +(1)exp(ks; x)]
Y, ~
1
——= [a+ —(2exp(—ik,x) + a. . (2)exp(ik;x)]
\/kT (20b)

L by _@exp(—ksx) + b+ Qexplks x)]

NG

where (1) and (2) on the coefficients correspond to the first and
second linearly independent solutions, respectively. By using
the values of Y, and ¥, at both x =x, and x =x, — Ax
obtained via numerical integration, we can obtain the eight
coefficients shown in eqn. (20a)—(20b). The desired linear com-
bination, eqn. (18), has the x > + oo asymptotic form

1

[(A_ia, () +B__a, _(2)e

B

Y~ +(A_ta, (1) + B__a, .(2)e*] (21)
1

NG

[(A-+by—(1) + B__b, _(2)e™"*

+(A_1by (1) + B__b, ,(2))e"]
which implies that [see eqn. (16b)]

A,_=A_,a,_(1)+B__a,_(2) (22a)
Ayy=A_ja,,()+B__a,,(2 (22b)

B, =4 ,b, ()+B__b, (2 (22¢)
0=4_,b,,(1)+B__b,,(2 (22d)
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From eqn. (22d), we compute the ratio, R, defined as

B__ b, .1
R— _ b

Ay b, .2
From R we can determine the matrix elements S,,; for scat-
tering from incident channel 1. In particular, the scattering
matrix elements are given by

Ayy A_ja, ()+B__a, (2

(23)

S T A e ()1 B4, @
_ a4 +(1) + Ra, ,(2)
“a ()t Ra,_@ (242)
S — B_ _ _ B__
A, Aya, ()+B__a,_(2)
R (24b)

“a,_() + Ra, _(2)

Scattering matrix elements are obtained using the matrix
Numerov integrator3? which propagates both linearly inde-
pendent solutions Y, and Y, simultaneously; we typically use
X, =X, =12a, and Ax =5.0 x 10™* a,. The values of x,
and x, required for convergence are reduced to 12 a, by using
the local wavenumbers, \/ 2u[E—V(x)] and \/ 2ulV(x)—E],
rather than the asymptotic wavenumbers [eqn. (6a)—(6b)] in
the boundary conditions.

The Gram-Schmidt procedure is performed at every inte-
gration point; i.e. for all matrices Z, including Z(—x,,
—Xx; + Ax) but excluding Z(x, — Ax, x,). By maintaining
linear independence of the two propagated solution vectors,
we are able to obtain matrix elements S;,; converged to better
than 0.1%. However, because of the Gram-Schmidt pro-
cedure, we can no longer directly compare the magnitudes of
the solution vectors at x = + oo to those at x = — o0, and
therefore, attempts to get converged values of S,, via eqn.
(24b) were not successful. Therefore, another procedure is
used, as described below.

Before we discuss the procedure for determining S,;, we
discuss the calculation of S,, (since, as we will see, it is needed
for computing S,,). To compute S,,, we use exactly the same
algorithm as described in this section for computing S,, but
instead of the diabatic potential matrix ¥ of eqn. (1), we use
the modified potential matrix V,,,, given by

_(Va2(=x) Via(—x)
Vinod®) = <V12(—x) V11(—x)>

When the Schrodinger eqn. (2) is solved with the potential
Vmoa» the quantity computed by eqn. (24a) will be S,,.
Although the matrix elements S,, and S,, are not, in general,
equal, the symmetry of the scattering matrix requires that
P,, = P,,, which was confirmed numerically using the com-
puted values of S;; and S, .

By using the fact that .S is symmetric and unitary, it can be
shown that, to within a multiplicative factor of +1,

(25)

S4. =FG+iF (26)
where
F=+/1—-P )/l +G (27a)
_ Im(S, ;) + Im(S4,)
B _<RG(S1 )+ Re(S44)) (27b)

Therefore, S,; is known to within a real phase factor. The
phase ambiguity is resolved in the following manner. First, the
scattering matrix element S,, and its phase were computed
using the positive root in eqn. (27a). Then we empirically
determined a triad of energies E; , ; for which the phase of
S, changed from slightly less than = at E; and E, to slightly
greater than zero at E;. Over the entire energy range studied,
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this situation occurred three times for each potential matrix V.
Each time this occurred, we fixed the phase of S,; by multi-
plying the matrix element by —1 for all energies E > E5. The
second modification needed occurred in the vicinity of the
resonance energy Ep . Since, as we will discuss below, P, goes
through a zero at E = E;, there must be a simultaneous sign
change in both the real and imaginary components of S,,(E)
as we traverse the resonance energy. Having already found Eg
from analyses of the poles of S;; and S,,, we know precisely
where the simultaneous sign changes in the real and imagin-
ary parts of S,, are required. By taking S,, = S,,, we now
have the complete S matrix.

The computational program for numerically determining
S11(E) was tested with the model potentials from ref. 18. The
reaction probabilities and resonance energies computed via
this program are in agreement with the results of that refer-
ence.

All the dynamical quantities of interest are computed from
the S matrix. Scattering calculations are performed at 54 001
energies equally spaced from 0.006 E, (0.16 eV) to 0.06 E, (1.6
eV), the energy interval being AE = 1075 E, (0.027 meV).
(Note that E, =1 hartree.) Transition probabilities P,, are
computed at real energies E using eqn. (8). The small magni-
tude of AE is necessary to ensure the accuracy of finite differ-
ence calculations of the derivatives of the scattering matrix
elements needed in eqn. (10) and (11) for the matrices @ and
At. Delay times At,, are determined at real energies as pre-
viously described.?* In particular, scattering matrix elements
are fit at three consecutive energy values to the form

Sum(E) = (¢ + ¢, E + ¢ E?)
x exp[i(c, + ¢5s E + ¢ E?)] (28)

where ¢, are real fitting parameters. Then the delay time at the
central energy of the triad is obtained by

At, (E) = hics + 2¢6 E) (29)

For the lifetime matrix elements, in order to numerically
obtain a hermitian matrix Q and real eigenvalues g,,, we
moved beyond a three-point fit of scattering matrix elements
to a five-point fit, yielding more accurate numerical deriv-
atives of §. The derivative of the scattering matrix element at
the central energy of the pentad is given by

S*(E—2AE)—8S*(E — AE)
+8S*(E+ AE)— S*(E +2AE)
12AE

S
dE

(E) = (30)
The eigenvalues g,, are easily obtained from the well-known
analytical formula for the eigenvalues of a 2 x 2 matrix. Since
the eigenvalues of Q should be real, as a measure of the degree
of hermiticity of the numerical lifetime matrix, we computed
from g,,(E) the ratio of its imaginary to real part,
Im(q,,)/Re(q,,). For the energy range from 0.01 E, (0.27 eV) to
0.06 E, (1.6 eV), in which two funnel resonances are found and
in which all local maxima in q,,(E) appear, the maximum
value of this ratiois 3 x 1076,

Poles of the scattering matrix corresponding to resonances
are located by numerically searching for zeroes in 1/S;, and
1/S,, at complex scattering energies. This procedure has been
previously described.>* In brief, we use a modified form of the
International Mathematical and Statistical Library subroutine
ZANLY, which utilizes Muller’s method*? to quadratically
interpolate among three energy values to get the next estimate
of the root. The root-finding algorithm is stopped when the
relative difference between two approximate successive roots
is within a parameter ERRREL, which we typically set to
107 1%, The values of I and Ej are converged with respect to
numerical integration parameters to at least eight significant
figures.



To confirm that indeed we have found first order poles of
the scattering matrix and to determine partial widths of the
resonances, we compute (E— E)S,,, for many complex energies
in the vicinity of E. For an isolated resonance, at complex
energies very close to E (such that the background contribu-
tion S2, is negligible), we see from eqn. (12) that

Therefore, for first order poles and E close to the resonance
energy, the above product should be approximately constant
and should be equal to the residue at the pole. For all the
funnel resonances identified in the present study, we were able
to find square paths in the complex energy plane around E for
which the calculated value of the product is constant to at
least four significant figures. From the residues for S;; [S,.],
the partial width amplitudes y, [y,] and partial widths I',
[I",] of each resonance are determined.

IV Potentials

We study the two-state chemical reaction whose ground state
is similar to Cl+ H, and for which accurate three-
dimensional quantum mechanical calculations on coupled dia-
batic potential energy surfaces have recently been performed.*
In the three-dimensional studies, the lower adiabatic surface
was very similar to the G3 potential energy surface;® the
excited adiabatic surface had a broad minimum (a funnel) in
the saddle point region of the lower surface. The scattering
calculations utilized diabatic surfaces and, in particular, five
sets of coupled diabats were used, such that the gap (i.e., the
minimum separation) of the corresponding adiabats ranged
from 10 to 400 cm™!. The five surface sets were designated
I-V, and we will use the same designations here.

In our study, we use one-dimensional potential functions to
model the three-dimensional diabatic surfaces along the col-
linear minimum enegy path (MEP). The variable x represents
the reaction coordinate with x = 0 at the saddle point of the
ground-state adiabat. Fig. 1(a), (b) and (c) show, respectively,
the two adiabats, the two diabats, and the diabatic coupling
along the MEP for case V of ref. 4 in which the adiabatic
energy gap was 400 cm~!. We describe below the one-
dimensional functional forms we use to represent the poten-
tials in Fig. 1 (as well as those for cases I-1V).

The potential energy function for the ground-state CIH,
adiabatic curve is taken to be an unsymmetric Eckart function
of the form

Vlem(x—xﬂ V2 eﬁl(x—xl)
(1 + eﬁl(x—x1))2 (1 + eﬂl(x—xi))

and the values of the numerical parameters, given in Table 1,
are chosen so that the asymptotes match those of the CIH,
G3 surface and the potential has a maximum value of
yad-max = (0,012584458 E, (0.34244067 eV or 2761.9693 cm 1)
at x =0 in agreement with the value along the MEP of the
G3 surface. The potential is shown in Fig. 2. Note that the

Villx) = (32)

Table 1 Values (in atomic units) of parameters in potential energy
functions®

For V3.
V, = 4.0167971782296 x 10~ 2
B, =55

x, = —4.364721325998 x 10~ 2
V, =4.79833373 x 103

For V3d:
Vieym = 361196179 x 10~
V, =9.8998917754 x 10!
B, = 49818195151
x, = 50012635420 x 102
V, = 1122019 x 10~2
Vs = 7.9781762366 x 10~ !
B3 = 23471780470
X3 = —7.6042693477 x 10~ 1

For V;,:
B, = 1.0487590725
x, = 8.1790045179 x 10!

“1 E, = 272113961 eV = 219474.63 cm ™!

x — — oo asymptote of V3¢ sets the zero of energy for the scat-
tering calculations.

The potential energy function for the excited-state CIH,
adiabatic curve is of the form

Vad(x) _v 3 V3 eh2(x—x2) 3 V4 ehalx—x2)
2 asym 1+ eﬁz(x—xz))z 1+ eﬂz(x—xz))

Vs ehf3x—x3)

T4 Py Viower (33)

with the values of the numerical parameters also given in
Table 1. When V., = 0, this potential function, also shown
in Fig. 2, is representative of the upper adiabat for case V of
ref. 4 and it has asymptotes of V, ,, at x = —o0 and Vg,
—V, at x = + o0. The potential of eqn. (33) has a minimum
at x = 0 which, depending on the value of V., can range
from 10 to 400 cm ™! greater than V3% ™¥ the maximum of
the ground-state adiabat. The values of V.., and the corre-
sponding gaps between the saddle point maximum in V3¢ and
the funnel minimum in V% are given in Table 2. As seen, we
have successfully provided one-dimensional potential func-
tions that model the three-dimensional potential energy sur-
faces of ref. 4 along the MEP. The case labels in Table 2

Table 2 Case labels, V.., values and adiabatic gaps

ower

Case Viewer/En Egppfem ™
1 1.777 x 1073 10.99
1I 1367 x 1073 100.97
111 9.11267 x 10™# 200.99
v 4.5563 x 1074 300.99
A\ 0 400.99
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Reaction coordinate / a,

Fig. 1 Energies of the CIH, potential surfaces along the minimum energy path for case V of ref. 4. (a) Ground- and excited-state adiabatic

potentials; (b) diabatic potentials; (c) diabatic coupling.
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follow those used in that earlier reference.

For the diabatic coupling, we use the functional form*7-1#
Via(x) = —/fA =NV = Vi) (34)
where
f(x) = 3[1 — tanh(B4(x — x,))] 3%)

with the numerical parameters given in Table 1. The coupling
is shown in Fig. 3. The corresponding diabatic potential
energy functions are then given by

Vil =1 =NVt + 1V
Vor¥) =V + (1 = f)V5

Fig. 4 shows the two diabatic curves for case V.

For all five cases (I-V), the same diabatic coupling V;, and
ground-state adiabat V3¢ are employed in the scattering calcu-
lations; V;; and V,, vary from case to case depending on the
value of V., chosen for V3(x). The adiabatic and diabatic
potential curves for case I are depicted in Fig. 5 and 6, respec-
tively.

We note here in passing that attempts to first find simple
functional forms for the CIH, diabatic potential curves of ref.
4 were unsuccessful in that they did not yield adiabatic poten-
tials that are smooth. Therefore, we fit the adiabats as above
and then using the fit for the diabatic coupling, we imme-
diately obtained the diabats via eqn. (36a)—(36b).

(36a)
(36b)

V Results and discussion

The Schrodinger eqn. (2) is solved in the diabatic basis using a
reduced mass of 3474.057 m, corresponding to 33CIH,. Scat-
tering calculations are performed at real energies in the range
from 0.16 to 1.6 eV. The three-dimensional calculations of ref.
4 considered energies from 0.4 to 1.0 eV and characterized one
funnel resonance. By extending the range of energies, we will
locate two funnel resonances in the one-dimensional calcu-
lations.

Transition probabilities P,; = P,, are shown in Fig. 7(a)
and (b) for cases I and V, respectively. (It is not necessary to
show P,, = P,; =1— P,,.) Delay times At,, are shown in
Fig. 8 and 9 for these two cases as well. Eigenvalues g, of the
Q matrix as well as the trace of Q are shown in Fig. 10 and 11
for these same cases. Results for cases II-IV are similar and,
therefore, are not plotted.

All of the delay time curves show three peaks; in Table 3,
we give the values of the local maxima in At,,, and the corre-
sponding energies. Similarly, all of the plots of the trace of the
Q matrices have three peaks. In Table 4, we give the values of
the local maxima in Tr(Q) and the energies, called E,,,, at
which these maxima occur; we also give the individual values
of the eigenvalues at these energies.
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For each of the five cases I-V, we have found and charac-

terized two resonances by performing scattering calculations
at complex energies. We will denote the resonance with the

lower (higher) value of Ey as funnel resonance 1(2). In Table 5,

we present the resonance parameters E; and I', as well as the

partial widths I'y and I',.
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1.4422 402.58 1.4422 402.32 1.4422 402.06
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A% 0.33467 9.084 0.33236 9.031 0.3299%4 8.990
0.76124 549.24  0.76124 54994  0.76124 550.64
14670 41797 14670 417.71 14670  417.52
Table 4 Local maxima in the trace of Q at energies E,_,, and eigen-
values at E_,,
Emax/ Trace Q/ q1 1/ ‘122/
Case eV fs fs fs
I 0.33239 18.066 14.972 3.094
0.71280 1028.18 1026.77 1.402
1.4186 776.88 776.48 0.399
II 0.33233 18.065 14972 3.093
0.72399 1043.51 1042.16 1.355
1.4298 789.90 789.51 0.393
111 0.33236 18.064 14972 3.092
0.73639 1061.48 1060.17 1.306
1.4422 804.71 804.32 0.388
v 0.33233 18.063 14972 3.091
0.74883 1080.39 1079.13 1.260
1.4546 819.91 819.53 0.382
\% 0.33236 18.061 14972 3.090
0.76124 1100.07 1098.86 1.217
1.4670 835.51 835.13 0.377
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Fig. 10 Eigenvalues and trace of the lifetime matrix Q as a function of energy for case I; (a) eigenvalue g, ,; (b) eigenvalue q,,; (c) trace of Q.

respect to the maximum in the ground-state adiabatic curve;
recall that this maximum has the same value in all five cases.
Funnel resonance 1 is narrower by about 25% than funnel
resonance 2; this is consistent with the former lying deeper
within the well of the excited-state adiabatic curve. For a
given funnel resonance, as we proceed from case I through to
case V, the value of E; increases; furthermore, the magnitude
of this increase is remarkably close to the change in the value
of V,wer and the adiabatic gap from case to case. In addition,
for a given funnel resonance, the width slightly decreases as
we move from case I to case V; the larger the adiabatic gap,
the narrower (and longer-lived) is the metastable state, consis-
tent with earlier results.!® The observation that the width of a
given funnel resonance does not change very much as we
proceed from case I to case V can be understood in terms of
the golden rule. Since the coupling in the diabatic representa-
tion is relatively strong (compare the magnitude of the dia-
batic coupling V;, to the values of the potential energies V;,
and V,,), the coupling in the adiabatic representation is rela-
tively weak. Since the latter coupling is weak, the decay of the
funnel resonance should be described approximately by the
golden rule,3* in which case the width is proportional to the
square of the adiabatic coupling matrix element. In the sim-
plest possible application of this rule, we approximate the
nuclear-motion matrix element by the value of the (diabatic)
electronic coupling near the center of the funnel. Since the dia-

very slight raising of the effective barrier.>®> After the initial
decrease of P, for the coupled potential problems, there are
then two sharp peaks due to the two funnel resonances; the
energies at which P,; reaches unity are in close agreement
with the values of Eg . The feature due to funnel resonance 2 is
slightly broader than that due to funnel resonance 1, consis-
tent with the larger width for the former. (The complete reflec-
tion observed at resonance in the two-state curve-crossing
system has been discussed in relation to the topic of molecular
switching.3)

The transition probability P,, very nicely illustrates the
competition between direct reflection from the diabatic curve
V;, and metastable trapping (due to resonances). At low scat-
tering energies, below V3% ™ the particle is reflected off the
diabat and P, ~ 1. As the scattering energy approaches and
surpasses the energy of the ground-state adiabatic barrier, the
coupling between the diabats lets significant flux pass into
channel 4 of the diabat V,, and P,, approaches unity.
However, at the energies of the funnel resonances, P,, drops
sharply to zero before returning to 1.

All of the delay time plots show two extremely sharp peaks
due to the two funnel resonances. There is close agreement, as

Table 5 Energies and partial widths of the funnel resonances

ry Iy

Ey— Vit 1)

-1

batic coupling is the same in all cases I to V, we expect the Case  cm cm™! cm”™ cm ™ 2 Iyr
resonance width to show little variation. . Funnel resonance 1
Table 5 also presents, for each funnel resonance, the ratio pf I 2987.097 20707 1036 10.40 1.003
the sum of the partial widths to the total width. This ratio in I 3077.288 20400 1021 10.24 1.002
all cases is very close to unity; the funnel resonances can 111 3177.527 20.053 10.03 10.07 1.002
indeed be considered ideal narrow resonances [see eqn. (15)]. v 3277.733 19.700 9.858 9.886  1.002
As seen in Fig. 7, the transition probability P,,; smoothly v 3371.925 19344 9.680 9.705 1.002
decreases from 1 to 0 as the energy approaches and surpasses Funnel resonance 2
yad-max Tp fact, this initial decrease is, to within plotting accu- 1 8680.018 27.361 13.70 13.69 1.001
racy, indistinguishable for the two cases shown (and for all 1! 8770.074 26910 1348 13.46 1.001
five cases). In Fig. 12, we compare the results of scattering off LI 8870.168 26414 1323 1321 1.001
. ad . v 8970.236 25.924 12.98 12.97 1.001
the uncoupled ground-state adiabat Vi® at low energies to
. . . v 9070.297 25.439 12.74 12.72 1.001
those for case I. It is clear that the coupling has resulted in a
1150 ¢ T 1 T L T 5¢ 1 T T T T e M50 e e g
1050 £(@) i st 3 1050:(©) 3
950 £ : B/ . 1 950% 3
850 £ E ) 1 850¢ E
750 £ i TE 1p750% E
2850 e 15650 -
550 ¢ | iy-5f g 550 E
S 450 £ LT -7h 18450
350 i -9 17350
250 ¢ (I 250
150 ! | i 1 150 1
505 S A 1080 |
50t P e ST S . ‘ . . , P S e D P PR

0.15 0.35 0.55 0.75 0.95 1.15 1.35 1.55

0.15 0.35 0.55 0.75 0.95 1.15 1.35 1.55

0.15 035 0.55 0.75 095 1.15 1.35 1:55

Energy / eV

Fig. 11 Same as Fig. 10 but for case V.

1244 Phys. Chem. Chem. Phys., 1999, 1, 1237-1247



TR e m el e oo e S SN
1.0
09§
0.8
0.7
0.6

o= 0.5
0.4
0.3
0.2
0.1

SN D S E

-~¥r0.310.320.330.340.350.360.37

o TN [ I L v 3
0.1 0.20 0.25 0.30 0.35 0.40 0.45

Energy / eV

Fig. 12 Transition probability P,, at low scattering energies. The
solid line is for scattering by the uncoupled adiabatic potential V29,
and the dotted line is for scattering by the coupled potentials of case 1.
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seen in Table 6, between the energy of the maximum in At,,
and the value of E; of the resonance associated with the delay
time feature. For each case, the energies of the local maxima
in Aty,, At,, and At,, coincide (see Table 3). The first peak of
the two has a larger maximum, due to funnel resonance 1
being narrower. Table 6 also gives the product (in units of #)
of the local maximum in the delay time and the width of the
associated resonance. The results in Table 6 are consistent

Table 6 Product (in atomic units) of the resonance width I" and the
local maximum in the delay time at energy E_,, associated with the
resonance energy Ep

Case Eg/eV E_./eV At I At T At,, T

Funnel resonance 1
I 0.712794
I 0.723 976

0.71280 2.001 2.005 2.009
0.72399 2.001 2.005 2.008

111 0.736 403 0.736 39 2.001 2.004 2.007
v 0.748 828 0.748 83 2.001 2.004 2.007
\' 0.761 250 0.76124 2.001 2.004 2.006
Funnel resonance 2
I 141863 14186 2.003 2.002 2.000
I 1.42979 14298 2.003 2.002 2.000
11 1.44220 1.4422 2.003 2.002 2.000
v 145461 14546 2.003 2.002 2.000
\' 1.46702 1.4670 2.003 2.002 2.001

Table 7 Ratio of the local maximum in the trace of Q and the local
maximum in the delay time At,,,

Case Energy/eV Trace (Q)/At,, Trace (Q)/At,, Trace (Q)/At,,

I 0.33239 “ 2.000 “
0.71280 2.004 2.000 1.997
1.4186 1.999 2.000 2.001
II 0.33233 2.000
0.723996  2.004 2.000 1.997
1.4298 1.999 2.000 2.001
111 0.33236 2.000
0.736 39 2.003 2.000 1.997
1.4422 1.999 2.000 2.001
v 0.33233 2.000
0.748 83 2.003 2.000 1.998
1.4546 1.999 2.000 2.001
v 0.33236 2.000
0.76124 2.003 2.000 1.998
1.4670 1.999 2.000 2.001

* Blank entries signify that the maxima in Trace(Q) and At,, did not occur at
the same energy.

with our description of the funnel resonances as isolated
narrow resonances [see eqn. (13)].

All of the delay times also show a peak of about 9 fs at an
energy of 0.33 eV. For this feature, however, the energies of
the peaks in the three delay times At,,, do not coincide as seen
from Table 3. However, for a given At,,, the values of Ejn,
and the delay time maximum change insignificantly from case
to case. This is consistent with this delay time feature being
associated with the maximum in the ground-state adiabatic
curve of energy V3% ™ Previous one-dimensional quantum
mechanical scattering calculations on wuncoupled potential
energy curves have shown that passage over a potential
barrier is associated with a broad barrier resonance.?* Thus,
we conclude that this broad, weak maximum in the delay time
at low scattering energies is due to a barrier resonance associ-
ated with the maximum in V3% Attempts to locate a pole in
the scattering matrix for scattering by the coupled diabats at
complex energies (with a real part of 0.33 eV) were not suc-
cessful; the present numerical algorithm is presumably unable
to find resonances so far off the real energy axis, and further
investigation is needed. However, we did locate the barrier
resonance for scattering off the uncoupled ground-state adia-
batic curve; the complex resonance energy (in eV) is
0.32742055 — 10.08746875 in excellent agreement with the
analytical result for an unsymmetric Eckart barrier derived by
Ryaboy and Moiseyev.3”

As for the lifetime matrix, the plots of the first eigenvalue
q,, and the trace of Q show features very similar to those
discussed above for the delay time matrix elements. In particu-
lar, both display prominent peaks at energies E; and a broad,
weak maximum at lower energies. At the funnel resonance
energies (see Table 4), g,, is the predominant contributor to
the trace; the contribution of ¢,, to the sum at Ey is less than
0.14%. For each case, funnel resonance 1 has a larger value of
the trace of Q than funnel resonance 2, and for both reso-
nances the trace of Q increases from case I to case V. The
second eigenvalue g,, displays a broad, small maximum at
low scattering energies and a steep drop-off to negative values
at even lower energies. For each case, the trace of Q shows a
maximum of 18.1 fs at virtually the same energy; for this
feature, q,, makes a significant contribution to the sum.

We see from eqn. (13) and (14) that for an isolated narrow
resonance in a single channel scattering problem, the ratio of
Q to At at an energy Ey is two. In Table 7, we have presented
the ratio of the trace of Q to the local maximum in At,,,. For
each of the two funnel resonances, which we have noted above
are isolated narrow resonances, the maxima in the trace, in
the first eigenvalue, and in the delay times coincide in energy,
and the ratio of the trace to the delay time is very nearly 2.
We should also note that since the second eigenvalue makes a
negligible contribution at the funnel resonance energies Eg,
the ratio of the first eigenvalue g,, to At,, will also be very
nearly 2. This is consistent with the comment that the eigen-
values, when large, are related to the decay times of metasta-
ble states.’® As for the feature in the trace at low scattering
energies, only the maximum in At,, occurs at the same
energy. And, although this feature should be attributed to a
broad barrier resonance, even here the ratio of the trace to the
delay time is 2, showing that this value of the ratio does not
require an extremely narrow resonance.

VI Concluding remarks

We have demonstrated the effect of funnel resonances on tran-
sition probabilities and on elements of the delay time and
lifetime matrices At and @ in one-dimensional scattering
calculations involving coupled potential energy curves. The
funnel resonances produce dramatic changes in the dynamics
over a relatively-narrow energy range centered at the reso-
nance energy Eg.
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The funnel resonances are closely related to the bound
states supported by the uncoupled upper adiabatic potential
curve. We have computed the bound eigenstates supported by
the excited-state adiabat. (These eigenenergies, with respect to
the bottom of the well of V3, are invariant to the gap between
the two adiabatic potential curves.) The (rotationless) v = 0
and v = 1 energies are in very close agreement with the (real
parts of the) resonance energies of the funnel resonances found
in the coupled potential scattering calculations. In particular,
the first and second vibrational states are lower than the first
and second resonance energy values E of case V by 6.930 and
14.465 cm ™!, respectively. The v = 0 to v = 1 splitting is thus
within 0.13% of the separation (along the real energy axis) of
the two funnel resonance states. The close agreement between
the resonance energies E; and the vibrational eigenstates is
consistent with the findings of Qi and Bowman,'® who
analyzed the small differences in their model systems between
the energies calculated from the upper adiabat and the reso-
nance positions in terms of the diagonal, nonadiabatic kinetic
energy operator. In their earlier work, Baer and Child!® found
oscillatory behavior in the transmission probabilities that was
correlated with the position of the eigenvalues in the upper
adiabatic curve. Zhu and Nakamura!®°~2° also found oscil-
latory behavior in the transmission probabilities for the non-
adiabatic tunneling case; the dramatic features in the
transmission probabilities were the narrowest for the strong
diabatic coupling regime. (In the present study involving a
strong diabatic coupling, we also observe very sharp features
in the transmission probabilities.) And, perhaps most signifi-
cantly, oscillatory behavior has also been seen in three-
dimensional reactive scattering.*

The funnel resonances characterized in our work can be
described as isolated narrow resonances by virtue of (i) the
sum of their partial widths being the total width and (ii) the
product of the maximum in the delay time and the total width
of the associated resonance equalling two. The funnel reso-
nances are clearly responsible for long-lived scattering colli-
sions as evidenced by the large maxima in the sharp delay
time features. On the other hand, there are broad, small
maxima in the delay times at low scattering energies near the
potential maximum of the ground-state adiabat. These short-
lived collisions are associated with broad, barrier resonances
as studied previously in collinear?* and three-dimensional
scattering. Consistent with the same ground-state adiabat
being used in all cases I-V, these delay times features are very
similar in magnitude and are found at virtually the same
energy for a given At,,, .

It is interesting to compare some of our one-dimensional
results to the three-dimensional quantal calculations of ref. 4.
In the full multidimensional study, the funnel resonance
occurred at approximately the same energy relative to the
minimum of the excited adiabatic surface. From Tables 2 and
5 which give, respectively, the adiabatic gap and the value of
Eg referenced to the ground-state adiabatic maximum, we see
that the same is true in our reduced-dimensionality study. Sec-
ondly, the widths of the first funnel resonance characterized in
ref. 4 were close in magnitude to each other; similarly, from
Table 5, we see the widths of funnel resonance 1 in all five
cases show little variation, as is also true for the widths of
funnel resonance 2. Finally, compared to the dynamical calcu-
lations carried out on only the ground adiabatic surface, the
cumulative reaction probability for the coupled three-
dimensional potential surfaces rose from 0 to 1 at a slightly
higher energy. Likewise, in our one-dimensional study P,;,, at
low scattering energies, increases from 0 to 1 at a slightly
higher energy for the coupled case compared to the uncoupled
ground-state adiabat. This behavior was also observed in pre-
vious one-dimensional studies.!”-8 Although the comparison
between the one- and three-dimensional calculations clearly
has limitations, e.g., complete reflections occur at resonance
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energies in our 1-dimensional cases whereas the multidimen-
sional study of ref. 4 reveals partial reflections at resonance, it
is encouraging that the results and conclusions of the full-
dimensional studies can be understood in part from our
simpler reduced-dimensionality models.

By studying the occurrence of resonances associated with
an exciplex funnel situated over a ground-state saddle point,
we have provided insight into the conditions responsible for
direct reflection of ground-state systems due to diabatic cross-
ing of the saddle point and those responsible for trapping in
the exciplex, both of which lower the transmission coefficient
for reaction on the ground-state surface.
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