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This paper presents the first test of the popular trajectory surface-hopping (TSH) method against accurate
three-dimensional quantum mechanics for a reactive system. The system considered is a model system in
which an excited atom with an excitation energy of 0.76 eV reacts with or is quenched by thelétule.

The electronically nonadiabatic collisions occur primarily near a conical intersection of an exciplex with a
repulsive ground state. The accurate quantal results are calculated using the outgoing wave variational principle
in an electronically diabatic representation. Four variants of the TSH method are tested, differing in the
criteria for hopping and the component of momentum that is adjusted in order to conserve energy when a
hop occurs. Coupling between the ground and excited surface occurs primarily in the vicinity of a conical
intersection and is mediated by an exciplex found on the upper surface. We find that the overall TSH quenching
probabilities are in good agreement with quantum mechanical results, but the branching ratios between reactive
and nonreactive trajectories and many of the state-selected results are poorly reproduced by trajectory
calculations. The agreement between trajectory surface hopping and quantal results is on average worse for
the relatively more “quantum mechanicgl®= 0 initial state and M+ H, quenching process and better for

the relatively more “classicaf’= 2 initial state and MHt- H' reactive process. We also perform a statistical
calculation of overall quenching probability and unimolecular rate of the nonadiabatic decay of the exciplex.
We find that only about 10 % of trajectories can be described as “statistical” and that statistical calculation
overestimates the total quenching rate significantly.

1. Introduction The model system has two coupled electronic states with the

Trajectory surface hoppiddTSH) has become established S3M€ general topology as the widely studied alkali-metal-plus-
as the most universally applicable dynamical model for elec- H2 Systéms. The ground diabatic potential energy surface
tronically nonadiabatic processes in molecules, and various cOrrelates with Mis) and is purely repulsive, similar to rare-
versions of the basic scheme have been proposed throughou@aS-Plus-H-potentials. The excited-state diabatic potential
the years. Trajectory surface-hopping methods have been teste§N€rgy surface correlates to M), with excitation energy 0.76
against accurate quantum dynamics for an electronically nona-€V, in the reactant arrangement and to MHE™) + H in the
diabatic collision process in full three-dimensional space for Product arrangement, which is 0.70 eV endoergic fronmsji(
one small-gap (fine-structure) problénand one large-gap 1+ Hz and 0.06 eV exoergic from Mp) + Hz. This surface
problem? In the latter case, which is of more interest here, we Shows aC, minimum (excited-state complex or exciplex) that
considered the quenching of Na(3p) by, Hnd we reported IS bound by about 0.40 eV with respect to the reactant asymptote
tests of twd®S of the most general TSH algorithms. Both and by 0.34 eV with respect to the product asymptote. (All
methods agreed well with accurate quantum dynamics on thethese values are potential energies excluding zero-point ener-
average. Inthe present paper we report a test of these trajectorygies.) The excited-state surface is very flat in the bending degree
surface-hopping algorithms, plus two variants, against accurateof freedom, with the minimum-energy configuration as a
guantum dynamics for a three-dimensional reactive collision function of the Jacobi anglg (the angle between the H-to-H
process. In particular we consider a model system in which vectorf and the M-to-center-of-mass-of;hectorR) varying

nonreactive quenching competes with reaction: by only a few hundredths of an eV ggsincreases from 0
M(ns) + Ha(2'", ") (collinear) ton/2 (Cy,). Along a crossing seam that passes near
M(np) + Hy(v, j) _,{ MH(' . 1) er H’ Q) the C,, exciplex minimum, the excited diabat intersects the

g o ground surface conically fo€,, geometries, with the lowest
where M denotes a model metal atom withrar— np excitation energy conical intersection 0.39 eV belowng] + Ha. Asin

energy of 0.76 eV and mass equal to that of L dénotes a  oyr previous model of Nagf7 the model system is assumed
diatomic molecule with realistic parameters for representiig H {5 have no electronic angular momentum and no momentum
v, ¢, and " denote vibrational quantum numbers; &g, coupling between the diabatic electronic states. All other terms
andj" denote rotational quantum numbers. in the Hamiltonian for a three-body system are fully included.
* Department of Chemistry and Supercomputer Institute. Section 2 presents the potential energy surface, section 3
*NASA Ames Research Center. presents the method used for quantum dynamics, and section 4
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Figure 1. Diabatic (dashed lines) and adiabatic (solid lines) potential

energy curves along an approximate reaction path (see text). Geometries

and several lowest vibrationatotational energy levels of the ground-
state (Mfs) + Hy) and the excited-state (Wg) + H,) reactants, and
of the products (MH+ H) are also shown, as well as the geometry
and classical energy of the minimum on thg diabatic potential energy
surface.

presents the four TSH algorithms to be tested. Section 5
describes the calculations, section 6 discusses the results, an
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Figure 2. Contour plot of theU,, diabatic potential energy surface
for C,, geometries. The seam of conical intersections is shown by a
thick solid line, the lowest-energy conical intersection is shown by a
dolid dot, and the minimum dfl,; is shown by a cross. Gradients of

section 7 presents some concluding remarks. Details not needeghe diabatic potential energy surfaces at the minimum-energy conical

for understanding the results are presented in supporting
information.

2. Potential Energy Surfaces

The potential energy surfaces were modeled similarly to our
previous two-state modelfor Na + H,. In the diabatic
representation of ref 6 the Hamiltonian is equal to

=2
P
2ml +

I?’ZR Ull(R, r, X) Ulz(R, r, X)
2t UiR 1,7) UadRry) | @

whereR andT are the unscaled center-of-mass Jacobi coordi-
nates, andPr andp, are their conjugate momenta. The potential

H

energy surfaces depend only on internal coordinates, which are

taken to beR =|R|, r =[], and angley between theR andt
vectors. Another choice of internal nuclear coordinates that is
used in the discussion consists of the bond coordiratgs—

r (distance between the two H atomB),4, andRy (distances
between the metal atom and each of the hydrogen atoms). In
eq 2,u is the reduced mass for the relative motion of M and
H,, mis the reduced mass of,Hand1 denotes a 2< 2 unit
matrix. Adiabatic potential energy surfac¥sandV,, are given

in terms of the diabatic surfaces as

V1(2) = 1/2(U11 +Uy,T \/(Uzz - U11)2 + 4U122) (3)

intersection are shown as soli©J;;) and dashedW{U,,) arrows. (The
relative length of the arrows is meaningful, but the absolute length is
not.) The contour lines are 0.4, 0.5,0.6,0.7,0.8,0.9,1.1,1.4,1.8, 2.3,
and 2.9 eV.

C,, geometries ¥ = 90°) the diabatic coupling is zero by
symmetry, so that the adiabatic and diabatic representations are
identical, and the adiabatic potential energy surfaces cross.
The seam of conical intersections and the point of the
minimum energy conical intersection are shown in Figure 2 on
a contour plot of thdJ,, diabatic potential energy surface in
they = 90° coordinate plane. The point of minimum-energy
conical intersection lies on the reactant side of the potential
minimum, which is also located gt= 90° and is marked by a
cross in Figure 2. The minimum-energy conical intersection
and theU,, minimum are located 0.372 and 0.360 eV above
the M(ns) + H; classical asymptote, respectively, and their
geometries are listed in Table 1. The minimum-energy conical
intersection coincides with the minimum-energy configuration
on the excited-state adiabatic potential energy surface. At both
the minimum-energy conical intersection and the minimum-
energy point orlJy,, the H-H bond is only slightly stretched
from its equilibrium length in our model fHtliatomic molecule
(by 0.004 and 0.002 A, respectively) while the-M bond is
stretched significantly from its equilibrium value in the MH
product (by 0.42 and 0.25 A, respectively). Thus the minimum
U,, structure shown in Figure 1 lies almost but not quite on the

where the minus sign corresponds to the ground-state adiabatiGeaction path used for that figure.

potential energy surfac#/;, and the plus sign corresponds to
the first-excited-state adiabatic potential energy surfdgelhe

At C,, geometries derivatives of potential energy surfaces
with respect to the, angle are equal zero by symmetry, and

equations defining the surfaces and all their parameters are giverhe gradient vector lies in theR(r) coordinate plane. The

in the supporting information. In the rest of this section we
describe the critical features of the model system.

Figure 1 shows diabatic and adiabatic potential curves along
an approximate reaction path. This reaction path is defined by
joining two one-dimensional cuts through the potential energy
surfaces: one foRyy = RS, with ¥y = 90° (reactant channel)
and another foRyy = R‘f,,H with the M—H—H' bond angle
equal to 90 (product channel).R},, andR},, are the equilib-
rium interatomic distances in the corresponding diatomic
molecules and are equal to 0.747 and 1.34 A, respectively. At

gradients of the diabatic potential energy surfaces):; and
VU, calculated at the point of minimum-energy conical
intersection are shown in Figure 2 by dashed and solid arrows,
respectively. These vectors have opposite directionsVahd
is 5.5 times larger in the absolute magnitude tRay, since
U1 changes much faster in this region (cf. Figure 1).

As mentioned above, the crossing seam is located on the
reactant (MH Hy) side of theU,, exciplex minimum. Because
of that the ground-state adiabatic potential energy surface has
an intermediate minimum separated from reactants by a small
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TABLE 1: Geometries, Energies, Vibrational Frequencies, and Vibrational Periods at Potential Minima
Rwn R Run w1 (eV) w2 (eV) w3 (eV) 71 (fs) 72 (fs) 73 (fs)
surface A A A E (eV) (H=H) (bend) (M—Hy) (H=H) (bend) (M—H>)
Uz, 1.59 1.59 0.749 0.360 0.3324 0.0689 0.0554 12.4 60.1 74.6
Vi 1.35 2.18 0.824 0.345 0.3469 0.0425 0.1363 11.9 97.5 30.3
V, 1.72 1.72 0.751 0.372

2 Relative to the Migs) + H, asymptote? Doubly degenerate.
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Figure 3. Diabatic (dashed lines) and adiabatic (solid lines) potential

energy point on this seam which is located at 0.362 eV. The
energy gap between the adiabatic potential energy surfaces at
the latter point is equal to 0.31 eV.

Contour plots of both diabatic and adiabatic potential energy
surfaces in theRun, Ruwr) coordinate plane for MH—H' bond
angle fixed at 99 are shown in the supporting information for
this paper.

Vibrational frequencies; (in energy units, i.e., multiplied
by A) and the corresponding vibrational periods at the
minimum energy configuration od,, and at the intermediate
minimum on the ground-state potential energy surface are listed
in Table 1. The vibrational periods are defined by

7, = 21l (4)

energy curves along an approximate reaction path confined to collinear From this table we can see that the-H vibrational mode in
(x = 0°) geometries (see text). Geometries and several lowest vibrational the exciplex is much faster than the-\l, Jacobi stretch and

energy levels of the ground-state (M} + H,) and the excited-state
(M(ns)+ H,) reactants, and of the products (MHH) are also shown,

as well as the geometry and classical energy of the minimum on the

ground-state adiabatic potential energy surface.
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Figure 4. Contour plot of the excited-state adiabatic potential energy

surface at collinear geometries. The seam of avoided crossings is shown

by a thick solid line, the lowest-energy avoided crossing is shown by

the bending modes which have vibrational frequencies 3-10
times smaller than the HH vibrational frequency. Since the
minimum on the upper adiabatic potential surface is located on
the seam of conical intersection, vibrational frequencies are
undefined at this minimum.

3. Accurate Quantum Dynamics

The quantum mechanical calculations were carried out by
time-dependent scattering theory using the outgoing wave
variational principlé’. The problem was formulated in the
diabatic electronic representatfd as explained in detail
elsewherél12 In this representation geometric phase effécts
are included implicitly. The scattering wave function is a sum
of a regular solution for a nonreactive rotationally coupled
distortion potentidf!>and an outgoing wave determined by
the full potential. The complex outgoing wave is expanded in
a multiarrangement basis set of total angular momentum
eigenfunctions, symmetry adapted to take advantage of parity
and A+ B, homonuclear symmetip.

The basis set consists of basis functions associated with
asymptotic channels. In some convergence checks these were
augmented by a set of basis functions associated with a two-
dimensional grid irr, R space; each of these is a product of a
two-dimensional gaussian in R times a rotationatorbital
function in arrangement 1. However, the two-dimensional grid
was not used for the final runs. Unlike the NaHroblem

a solid dot, and the minimum is shown by a cross. The contour lines Studied earlier, for the present problem faster convergence was

are 0.6, 0.7,0.8,0.9,1.1,1.4,18, 2.3, and 2.9 eV.

barrier. This minimum is located at collinegr= 0°, geometry

achieved with only channel basis functions than with a
combination of channel basis functions and basis functions
defined on a two-dimensional grid. Each channel basis function

and its energy is equal to 0.345 eV relative to the ground-state consists of a linear combination of products of a channel internal

M(ns) + H, classical asymptote. Diabatic and adiabatic

function times a relative translational radial basis function. Each

potential energy curves along a reaction path similar to that of channel internal function is a product of an electronic’kétl2

Figure 1 but confined to thg = 0° coordinate plane are plotted

in Figure 3, and Figure 4 contains a contour plot of the ground-

state adiabatic potential energy surface gor= 0°. On this
figure we also marked the intermediate potential minimum

a diatomic vibrationatrotational function, a spherical harmonic
for atom—diatom orbital motiond? The relative translational
radial basis functions are taken as channel components of
rotationally coupled half-integrated Green’s functibii$ or

discussed above, the seam of avoided crossing (defined for thisdistributed gaussiak%in open channels and as distributed

plot as the curve along whicl;; = Uyy), and the minimum-

gaussians in closed channels.
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The regular functions and half-integrated Green'’s functions
are determined by the finite difference boundary value method
with high-order (11-point) finite difference operatdbs Matrix

elements over the basis functions are determined by a combina- j

tion of angular momentum algebra and multidimensional
numerical integration involving products of repeated Gauss
Legendre quadraturé$. The coupled equations for the coef-
ficients of the basis functions and scattering matrix elements
are reducet-?°to a large real set of equations solved by the
UDUT algorithn?! and a smaller complex set of equations solved
by our complex implementation of the stand&rdU decom-
position algorithm.

4. TSH Methods

The two basic variants of TSH that we studied are Tully's
fewest switche’s(TFS) algorithm and the BlaisTruhlar* (BT)
algorithm. Full details of both methods are presented else-
where3~523 The coupled equations for coordinates, momenta,
electronic state coefficients, and phases were integrated by th
Bulirsch—Stoer metho#?*with polynomial extrapolation. The

equations for the electronic state coefficients and phases involve

the momentum coupling matrix elements in the adiabatic

J. Phys. Chem. A, Vol. 102, No. 10, 1998569

TABLE 2: Reaction and Quenching Probabilities for
Collisions of M(np) with Hy(z = 0,j = 0 or 2)?

reaction nonreactive quenching

method  probability probability sum
0 quantum 0.80 0.07 0.87
BT-g 0.47 0.29 0.76
TFS-g 0.68 0.22 0.90
BT-d 0.46 0.29 0.76
TFS-d 0.68 0.20 0.88
quantum 0.72 0.19 0.91
BT-g 0.46 0.39 0.85
TFS-g 0.64 0.30 0.94
BT-d 0.45 0.40 0.85
TFS-d 0.66 0.27 0.94

a For trajectory surface hopping results the standard deviations are
less than 0.01 in all caseésSummed before rounding.

in the potential energy surface corresponding to the hop. In
our previous papet following ref 4, we setN equal tog/[g|
where

€

§=V(V,— V) (6)

representation and these were obtained from the derivatives of Thusg is the gradient of the gap. An alternative choice that

the diabatic Hamiltonian matrix elements by the method of
Preston and Tully? which is exact for our model. Final-state

analysis was based on the histogram method as discussed

elsewheré?

The original TSH metho& due to Tully and Preston,
involved predefined crossing seams where the hopping prob-
ability was calculated by the Landadener expression with
parameters fit to numerical solutions of the coupled equations
for the complex adiabatic state coefficients. Hopping was only
allowed at the preidentified seams, and the momentum was
adjusted in the component normal to the seam.

The two methods® examined here both allow for hops at

has been proposeéf for the directionN is the nonadiabatic
coupling directiond/|d|, where

d=[yv|20 (7)

and where|10and |200denote the adiabatic electronic wave
functions. In the present work we study both TSH algorithms
with both choices oN. This yields four variants labeled TFS-
g, TFS-d, BT-g, and BT-d.

5. Calculations

We considerv = 0 andj = 0 and 2 in eq 1, total enerdy

any position in space, and they are based on integrating the= 1.10 eV [whereE is measured with respect to M) infinitely

coupled equations for the complex adiabatic state coefficients
along with the trajectories. No fitting is required, and no

far from H, without zero-point energy and at its classical
equilibrium separation], and total angular momentdins O.

particular topography of the surfaces is assumed. Thus theFor thej = 0 initial state, the initial relative translational energy
methods are not even restricted to localized seams. Atany giveng,, is 0.076 eV, and the initial relative translational orbital

point in space and time, the probability of being on surfisise
given by

Pi(t) =la(t)? ()
wheret is the time.

The BT method always integrates the classical equations on
a surfaca with Pi(t) > 0.5. When this probability falls to 0.5,
a surface hop decision is made on the basis of random number
and the complex state coefficient for the new surface (which
may be the same as the old surface) is reinitialized to unity.
Tully’s fewest-switches method allows hops for any value of
Pi(t), and the hopping probability is determined by the require-

ment that one makes the fewest “switches” (i.e., hops) consistent™/0
with an algorithm in which the ensemble average of fractional @S

state populations converges to the setRift). The state
coefficients are not reinitialized after hops. As a result, a
trajectory may propagate for long periods of time on a surface
for which Pi(t) < 0.5. N

The TSH algorithms require specifying a directibinsuch

that, when a hop occurs, the momentum required to be added

or withdrawn from nuclear motion to conserve total energy is
added or subtracted in the component paralleNf&?” The
directionN may be considered to represent a normal to a step

angular momentunh is 0. For thej = 2 initial state,Ejy is
0.032 eV and is 2.

The quantum mechanical state-to-state transition probabilities
were converged to 1% or better with respect to all basis set and
numerical parameters. Our final results are based on a calcula-
tion with 34 open channels and 323 closed channels. The
channel basis set used for the outgoing wave contairs330
coupled-channel half-integrated Green’s functions in each open
channel and 3631 single-channel distributed Gaussians in each
closed channel. Further details of the basis set and numerical
parameters are given in the supporting information, along with
the results of convergence checks.

For each of the four variants of TSH, and for each of the

initial states, we calculated 6000 trajectories with local
olute truncation error of I& and minimum step size 16

ap. Trajectories were started with the atom at least 13.2 A
from the diatom and were propagated until the final atom
diatom distance exceeded = 13.2 A. The results are well-
converged with respect to varying these parameters.

6. Results and Discussion

Quantum mechanical transition probabilities, summed over
final rotational states for a given initial state, process, and final
vibrational quantum number, are presented in Table 2. The
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TABLE 3: Average Vibrational and Rotational Quantum TABLE 4: Average Deviations of First Moments of Product
Numbers and Transition Probabilities for Producing a Given Vibrational Distributions from Accurate Quantum Ones?
Vibrational Level for Collisions of M( np) with Hy(v = 0, ] = . —
0 or 2) 1=0 1=2
probability of a given reaé:_'lt_lon 3% 14%
final vibrational state TFS 16% 206
<y'>or <j'>or Jorv'= Jorv= nonreactive quenching
j product method <u">" <j">" 0 1 BT 90% 58%
0 MH+H quantum  0.35 4.5 0.52 0.28 TFS 91% 46%
BT-g 0.34 5.8 0.31 0.16 a Average of g and d prescriptions.
TFS-g 0.41 5.3 0.40 0.28
BT-d 0.33 5.8 0.31 0.15 TABLE 5: Total Quenching Probability from Statistical
TFS-d 0.40 54 0.41 0.27 Calculation
0M +H It 0.72 3.9 0.02 0.05 -
(v YBTg 007 08 o021 o002 iy O S kot faern - duenching
TFS.g 007 11 0.21 0.01 ev) @& A  (s) (ps  (ps?)  probability
BT-d 0.07 1.1 0.28 0.02 0.005 0.0053 5.8 1.140.06 29.1+0.3 25.2+0.3 0.96+ 0.02
TES-d 0.07 1.0 0.19 0.01 0.005 0.0053 7.5 0.990.07 22.3:0.3 19.3+0.3 0.95+ 0.03
2 MH+H quantum 0.34 5.1 0.47 0.24 0.005 0.0053 9.0 0.7 0.06 18.6+0.3 16.14+0.3 0.95+ 0.04
BT-g 0.37 54 0.29 017 0.003 0.0053 5.8 1.1#0.02 29.8+0.1 25.8+0.1 0.96+ 0.01
TFS-g 0.33 58 0.43 0.21 0.003 0.0053 7.5 0.940.02 23.1£0.2 20.0+:0.2 0.96+0.02
BT-d 040 5.4 0.27 0.18 0.003 0.0053 9.0 0.7%0.02 19.1+0.2 16.5+0.2 0.96+0.02
TFs-d 033 5.6 0.44 0.22 0.003 0.0026 7.5 0.9%0.02 23.1:0.2 20.0+0.2 0.96+0.02
2 M(ns)+ H2 quantum  0.29 3.2 0.14 0.06 tions deviate from the corresponding quantum mechanical values
BT-g 0.11 4.9 0.35 0.05 o . L. o
TFS-g 0.15 52 0.25 0.05 by 16-28% for reactive collisions and by #79% for non-
BT-d 0.13 4.6 0.35 0.05 reactive quenching. The deviations are slightly smaller for the
TFS-d  0.17 4.9 0.23 0.05 j = 2 initial state: 4-12% and 4162%, respectively.

a For trajectory surface-hopping results: standard deviations are less The tablt_as _and figur(_as S_hOW very little differencg between
than or equal to 1 in last digit quoted in all caseSummed over the two criteria for adjusting the momentum, so in further

rotational states. discussion of the results we will usually consider the average
of the g and d prescriptions.
same transition probabilities obtained from TSH calculations  In order to understand the probability of nonadiabatic events
are also shown in this table and can be compared to the quantunbetter we carried out a statistical calculation, using the new
ones. statistical method we have recently presefftddr strongly
In the system studied here chemical reaction and quenchingcoupled diabatic surfaces (weakly coupled adiabatic surfaces).
occur only in electronically nonadiabatic collisions. Table 2 In this method the quenching probability is equal to the ratio
shows that 8791% of the collisions are electronically nona- of the quenching rate constamuencE, J), to the total rate
diabatic, depending on the initial rotational state. The TFS constant for the decay of the exciplex that is equal to the sum
algorithm yields 88-94% for this quantity, in excellent agree- of the quenching rate constant and rate constant for the
ment with accurate quantum dynamics, while the BT algorithm dissociation of the exciplex back to the reactants without
yields only 76-85%, significantly worse. The branching of deexcitationkqis(E, J),
this flux into reactive and quenching probabilities provides a
steeper test of the semiclassical theories. The accurate branching P.(E, J) = KquenchE: J)
ratio is about 12 fof = 0 and 4 forj = 2. The TFS algorithm Qv kquencr(E7 J) + kydE. J)
yields about 3 and 2, respectively, while BT algorithm yields
about 1.6 and 1.1, respectively. Although neither algorithm is The quenching and dissociation rate coefficients were obtained
quantitatively accurate the TFS algorithm is closer to accurate by performing numerically the microcanonical phase-space
guantum dynamics. An analysis of the trajectories in the BT averaging of the corresponding fluxs.Forj = 0 or 2, there
calculations showed that under the conditions studied here, lesds essentially no barrier in the entrance channel, and therefore,
than 17% of the trajectories reflect without ever reaching a the quenching probability depends slightly on the positign
surface hop decision. of the dividing surface separating exciplex from the electroni-
First moments ot andj" for quenching collisions and of  cally excited reactants Mp) + H,. Table 5 contains the results
v" andj’ for reactive collisions are given in Table 3. This table for several different values &.. Parameterég andigin Table
tests the ability of the semiclassical methods to predict final 5 are numerical parameters which should be sufficiently small
state distributions. The partitioning of flux into ground and for the calculation to converge. Table 5 demonstrates that our
excited vibrational states for reactive collisions is predicted quite results are converged with respect to these parameters.
well. In particular, the average values of the MH final The statistical calculation predicts 96% nonadiabatic pro-
vibrational quantum number for the accurate, TFS, and BT casescesses. It is not clear how to divide this between reactive and
are, respectively, 0.35, 0.40, and 0.34 jfer 0 and 0.34, 0.33, quenching probabilities, but statistically half the quenching
and 0.39 fo = 2. Agreement between average final vibrational would have negative M-to-FHmomentum and half would have
guantum numbers is summarized in Table 4; it is much worse positive M-to-H momentum. One would expect all the former
in the more quantum (due to the higher vibrational frequency ones and some nonzero fraction of the latter to lead tosy(

(8)

and rotational constant ofAtompared to MH) M+ H, channel + H,. Thus the statistical reaction-to-quenching ratio would
with an error equal to about 90% fpr= 0 and 50+ 10% for be <1. Thus the statistical model cannot explain the observed
thej = 2 initial state. The rotational partitioning is on average branching ratios.

not well reproduced. For the= 0 initial state the average Further insight into the statisticality of the collisions, or lack

rotational quantum numbers obtained from trajectory calcula- thereof, can be obtained from the lifetime distributions of
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qguenched trajectories (i.e., trajectories that end on the ground

electronic state) in Figure 5. Distributions calculated forjthe
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TABLE 6: Quenching Rates from Collision Lifetime
Distributions of Quenching Trajectories

number of statistical

initial state method  k(E, J) (ps™?) trajectories (%)

v=0,j=0 BT 9.9+ 0.6 7.8+0.3
TFS 11.3+ 0.7 9.5+ 0.3

v=0,j=2 BT 10.3+0.3 153+ 04
TFS 12.9+ 0.5 13.5+£ 0.3
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<} =3 =}
53 @ =

probability density
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40
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60 80

Figure 6. Distribution (histogram) of the angle at the moment of
hopping. Triangles, BT method; diamonds, TFS method. Filled markers
connected by solid line correspond to the= 0, j = 0O initial state,
hollow markers connected by short-dashed lines correspond to the
=0, = 2 initial state. Results of the statistical model are shown by
the squares connected by long-dashed lines.

y < 90° as compared to the Nalystem?® A typical trajectory
from the left part of the lifetime distribution changes electronic
surfaces at its first crossing of the seam region, and then directly
proceeds toward the MH H' asymptote. Obviously, such
trajectories are poorly described by a statistical model which
assumes that the system is trapped for a long time in the exciplex
well and gets completely randomized. Trajectories from the
long-lifetime tail of the distribution spend more time in the

= O initial state with the BT and TFS methods are presented in gy ciplex well, and the statistical model might be applicable to

Figures 5a,b, respectively. The plots for= 2 are similar to
those forj = 0 and so are not shown. The collision lifetime of
a trajectory is defined &%

(p, ', E, J, ...)
= LI_TO [T(o, 0, E I, ...) — To(p, o', E, J, ...)]
p'ﬁoo
= Lmo [T(o, 0", B, J, ...) = plvg — 'V el (9)
p'—o0

wherep is the initial separation between k) and H, o' is
the final separation between k) and H or MH and H, v
anduie are initial and final relative velocitieg, is the time of
the collision, andTy is the time that the particles would have

this part of the distribution. For unimolecular statistical decay
of a complex32the lifetime distribution is exponential

P(E, J, 7) = k(E, J) exp[—k(E, J)7] (10)
and can be used to extract the unimolecular rate cond@dt,
J).2% Indeed, within the numerical error bars of our calculation,
the larger part of the lifetime distributions in Figure 5 can be
fit to the exponential function of eq 10. Table 6 lists the fraction
of trajectories belonging to the exponential part of the lifetime
distribution and the resulting exponenk$k, J), which in this
case give the quenching ratdguencE, J). On average the
guenching rates are equal to about 11'pand only about 10%
of trajectories lie in the region of the lifetime distribution that
is linear on the logarithmic plots of probability density ws.

spent between the initial and final points of the trajectory in shown as inserts in Figure 5. By comparing Tables 5 and 6 we
the absence of interaction potential. Due to the repulsive partcan see that our statistical model overestimates the rate of
of the potential at short internuclear distances, most of the quenching by at least a factor of 2. This is similar to the results
trajectories have negative collision lifetimes. As discussed in for the Na(3p)+ H, nonreactive collisiorf8 where the statistical
section 2 the seam of conical intersection and the hyperplanemodel also predicted quenching rates®time larger than those

of avoided crossings are located on the reactant side of theextracted from trajectory lifetime distributions. The discrepancy
exciplex minimum on thé&J,, diabatic potential energy surface can be explained by the neglect of multiple electronic transitions
(see Figures-t4). This can be compared to the Nasystem in the statistical calculation, although the above analysis of the
studied earlierwhere the minimum-energy conical intersection lifetime distributions indicates that statistical approximation itself
almost coincided with thdJ,, minimum. Because thé&;; is completely inadequate for the present system.

function dies off rapidly as we move from the interaction region ~ Figure 6 shows the distribution of hops as a function of
to the reactant asymptote, the diabatic coupling is relatively weak scattering angle as obtained from trajectory calculations and
at the seam of crossing betwedi andU,, surfaces even for from the statistical model. Figure 7 is similar to Figure 6 but
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Figure 7. Distribution (histogram) of the energy gapE) between

the adiabatic potential energy surfaces at the moment of hopping.
Triangles, BT method; diamonds, TFS method. Filled markers con-
nected by solid line correspond to the= 0, ] = 0 initial state, hollow
markers connected by short-dashed lines correspond t0+h6, ] =

Topaler et al.

although such problems as the inability of trajectory calculations
to account for tunneling effects and zero-point energy restrictions
can lead to large errors for some systems. On average the errors
are smaller for heavier particles, for more averaged quantities,
and further from energetic thresholds and quantum reson&hces.
Here and in our previous pagesn nonreactive quenching
collisions of Na(3p) and K we extend the comparison of
guantum mechanical and trajectory methods to the case of
electronically nonadiabatic reactions. For both nonadiabatic
systems that we have studied (the present one and the Na(3p)
+ Hz quenching collisiord trajectory surface hopping methods
seem to be able to predict average quenching probabilities at
least qualitatively correctly (although, unsurprisingly, oscillations
of quantum mechanical probabilities as functions of energy
could not be reproducéd However, unlike the nonreactive
collisions of ref 3, the reactive system studied here presents an
opportunity to test the ability of TSH methods to predict more
detailed information such as the branching ratios between the

2 initial state. Results of the statistical model are shown by the squarestwo different product channels.

connected by long-dashed lines.

for the hopping distribution as a function of the adiabatic energy
gap at the hop location. The hopping distributions obtained
with two TSH methods agree with each other very well.
However, there is a large difference, especially for angular
distributions, between the= 0 and thg = 2 results. Foj =

0 the probability of electronic transitions increases monotonically
with y, and the distributions look very similar to the ones
obtained earlier for Na(3p} H» nonreactive collision3® For

j = 2 the angular distributions have higher probability at small
values ofy compared to th¢ = 0 case, and they actually have
a maximum ay ~ 45°. The difference between thje= 0 and

Although there are no previous tests of the TSH method for
reactive collisions in 3-D, there is a relevant previous test for a
collinear system. In particular Bowman et al. studiethe
system

BaO*+ 28X AE~O0
BaO+ 28X AE=-0.2eV

where28X is pseudoatom of mass 28 and * denotes electronic
excitation. For a relative translational enefgy, in the range

of 0.1 eV, the probability of producing BaO* was (on average)
0.3 quantum mechanically but only 0.1 when calculated by the
original Tully—Preston TSH method. The authors concluded

Ba+ 0% X

thej = 2 cases is not caused by the difference in the translationalthat the TSH model was inadequate, despite the large masses

energy because an additionak 2 calculation with the same
relative translational energy as for the= O case (0.076 eV
translational energy and 1.143 eV total energy) produced
distributions similar to those from the originaE 2 calculation
(with translational energy of 0.032 eV). As discussed above,

of all nuclei.

One expects that semiclassical methods will often improve
in larger numbers of dimensions because of increased averaging,
and in the present case we find errors in the electronically
nonadiabatic reaction probabilities of only-95% for the TFS

most trajectories in this system are nonstatistical (i.e., they hop algorithm and~40% for the BT algorithm, as compared to 67%
to the ground electronic surface and leave the interaction regionfor the collinear example. However, our nonreactive quenching

right after they reach the crossing seam for the first time during
their initial approach from the reactant asymptote). Therefore,
the angular hopping distributions are probably strongly influ-

probabilities have more than 200% errors jor 0 and 406~
100% errors forj = 2, and the branching ratios are off by a
factor of 3.5-7.7 forj = 0 and factors of 1.53.3 forj = 2.

enced by the angular distributions of trajectories in the reactant The reaction probabilities have smaller relative errors in our
channel. This explains larger differences between the trajectorycase than in ref 47 because these probabilities are closer to 1.
results and the predictions of the statistical model then those But the absolute errors in the reaction probabilities are com-

observed for the Na(3p} H, nonreactive collisior8 where
about half of all trajectories were “statistical” (as opposed to
about 10% for the present system). We note that initial
distributions of reactants with respect to the anglare quite
different for thej = 0 and thg = 2 initial state because of the
difference in the distribution of the impact parameter corre-
sponding to thd = 0 and thel = 2 casesl(=j for J = 0,
wherel is the orbital angular momentum quantum numisér).
This difference in initial-distributions might also be the cause
of the difference between angular hopping distributions for the
two initial rotational states.

7. Concluding Remarks

For single-surface (electronically adiabatic) reaction dynamics

parable (0.120.34 forj = 0 and 0.06-0.27 forj = 2). Thus,
despite the “good’ agreement with accurate quantum dynamics
for the total nonadiabatic reaction probability, many of the state-
selected results are not well reproduced by TSH, although errors
are smaller for th¢ = 2 state than for the highly quantujn=
0 one. Especially fof = 0, the present results are no better
than those of ref 47. In general for the present reactive system,
the overall agreement between the results of trajectory surface
hopping and accurate quantum mechanical calculations seems
to be worse than for the nonreactive quenching collisions studied
in ref 3. Futher testing on a variety of systems will be required
to assess the generality of the qualitative trends.

We have also used a previously developed statistical model
to calculate the rate constants for the unimolecular decay of
the exciplex and the overall quenching probabilities. The

quasiclassical trajectory methods have been extensively testedstatistical quenching rates constants differ from those obtained
vs quantum mechanical results (for some of the most recentfrom TSH calculations by at least a factor of 2, which is not

work see, e.g., refs 3446). In general, agreement between

surprising since our analysis of the collision time distributions

guantum mechanical and quasiclassical trajectories is quite goodpf the trajectories showed that about 90% of them hop to the
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ground electronic state at their first passage of the crossing seam (18) Sun, Y.; Kouri, D. J.; Truhlar, D. Gducl. Phys 1990 A50§ 41c.

and proceed directly to products without getting trapped in the

exciplex well.
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