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Abstract

The photodissociation of collinear HF PPP Na van der Waals complexes is investigated by quantum mechanical wave
packet propagation and by five semiclassical trajectory methods. For this system, with strongly avoided crossing, none of the
semiclassical theories is qualitatively correct for either half-lives or the branching ratios. Quantum calculations show a
substantial isotope effect. q 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

In the discussion of quantum effects, it is often
useful to distinguish two dynamical regimes – the
quasiclassical regime and the deep quantum regime.
In the former, classical mechanical methods require
only mild quantitative corrections or add-ons of sim-
ple quantal features, whereas in the latter classical
mechanics fails even qualitatively. Sometimes, for
example in the realm of vibrational-to-translational

w xenergy transfer 1,2 or multidimensional tunneling
w xof hydrogen atoms 3–6 , it is possible to derive

semiclassical methods that provide useful quantita-
tive results in the deep quantum regime, but in other
cases that challenge has not been met. There is
considerable current interest in extending the quanti-

) Corresponding author. E-mail: ronnie@fh.huji.ac.il

tative techniques of molecular dynamics to electroni-
cally nonadiabatic processes, especially photochem-

w xistry 7–18 . That effort has so far been concentrated
on quasiclassical systems with conical intersections
w x Ž . w x10–17 zero energy gap or small gaps 8–10
Ž .-0.5 eV . The present communication extends this

Ž .work to a large-gap system E f1 eV in the deepgap

quantum regime. The wave packet calculations show
that qualitatively unexpected quantum effects emerge
which are not reproduced by the semiclassical meth-
ods examined.

We present the results of quantum mechanical and
semiclassical calculations for the collinear reactive
and non-reactive photodissociation of Na PPP HF van
der Waals complexes. This system has been studied
experimentally using photodepletion spectroscopy
w x w x19 . In previous work 20 we used configuration

Ž . w xinteraction CI methods 21 to develop potential
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energy surfaces for the ground and first excited
states. These calculations suggest that the minimum
reaction path corresponds to a bent Na PPP FH com-
plex. The collinear approximation used in the present
study is expected to qualitatively describe the main
physical features. The Hamiltonian for this 2-state
system is given by

ˆ 2 ˆ ˆP U U11 12ˆ ˆHs Iq 1Ž .
2m ˆ ˆž /U U12 22

ˆwhere I denotes a 2=2 unit matrix. The nuclear
ˆcoordinates and their conjugate momentum P repre-

sent the mass-scaled distance R between Na and the
center of mass of HF and the mass-scaled distance r
between H and F, m is the reduced mass for the

ˆnuclear motion, U is the adiabatic coupling, and12
ˆ ˆU and U are the diabatic potential energy sur-11 22

Ž .faces PES . In the product arrangement, NaFqH,
the ground adiabatic electronic surface V corre-2

ˆsponds to the upper diabatic potential U . The reac-22
Ž ) .tant channels NaqFH and Na qFH are located

ˆ ˆ w xon U and U , respectively, when R™` 20 .11 22

The quantum mechanical calculations were car-
ried out by propagation of a wave packet on a
two-dimensional grid. The grid size was 64=64
points with grid spacing in the r and R directions of
0.07 and 0.156 a respectively. This grid spacing is0

w xsufficient to carry 2.7 eV of kinetic energy 22 . The
Chebychev propagator was used for the time evolu-
tion. A flux integrator was included in each of the
asymptotic channels with absorbing boundary condi-

Table 1
Product and reactant yields, average energy and lifetime

Initial state Reaction channel Quantal TFS-g TFS-d BT-g Ehrenfest Meyer–Miller

Ž .c 0,0 NaqHF 99.8% 13% 14% 0% 8% 11%H
² :E NaFqH 0.2% 87% 86% 100% 92% 89%

Ž .2.1 eV t ps 172 0.7 0.7 170 36 1.1

a aŽ .c 0,0 NaqDF 76% 23% 26% 21%D
a a² :E NaFqD 24% 77% 74% 79%

4 4Ž .2.0 eV t ps 6.6 2 2 )4=10 )3=10 70

Ž .c 0,6 NaqHF 100% 17% 18% 0% 9% 18%H
² :E NaFqH 0% 50% 50% 9% 19% 31%

Ž .2.3 eV t ps 33 3 3 16 10 3

Ž .c 1,0 NaqHF 99.6% 5% 4% 2% 7% 3%H
² :E NaFqH 0.3% 94% 95% 98% 91% 97%

Ž .2.4 eV t ps 107.5 0.12 0.12 0.5 0.4 0.13

Ž .c 1,0 NaqDF 64% 12% 11% 2% 22% 13%D
² :E NaFqH 36% 85% 86% 98% 78% 86%

Ž .2.3 eV t ps 1.5 0.5 0.5 70 3 0.8

Ž .c 1,0 NaqHF 0%H

ˆ² :E NaFqH 100% U s012
Ž .2.1 eV t ps 6.6

Ž .c 3,0 NaqHF 0.002% 0.07% 0.0% 0.9% 2% 0.5%H
² :E NaFqH 99.9% 99.1% 99.9% 99.1% 97% 99.3%

Ž .3.1 eV t ps 29 0.07 0.07 0.10 0.14 0.08

Ž .c 4,0 NaqHF 0.0009% 0.2% 0.0% 0.3% 3.% 0.4%H
² :E NaFqH 99.9% 99.7% 100% 99.7% 96% 99.4%

Ž .3.4 eV t ps 27 0.06 0.06 0.08 0.12 0.06

a None of the trajectories dissociated in 5=104 steps.
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w xtions 23,24 . Typical runs were carried out up to 1
ps with time steps of 0.25 fs.

The initial state was constructed on the ground-
state diabatic potential energy surface in a separable

Ž . Ž .approximation: Csf r f R x where n andn n 1 11 2

n are the vibrational quantum numbers for the HF2

stretch and the Na–FH van der Waals stretch, re-
spectively, and x denotes the electronic wave func-k

tion for the diabatic state k. The single-mode wave
functions were calculated by the relaxation method
w x25 on one-dimensional cuts of the ground diabatic
potential energy surface through the minimum-en-
ergy point.

The dynamics was initiated by instantaneously
replacing x by x corresponding to a vertical1 2
Ž .Franck–Condon transition between the diabatic
states. This method of initialization leads to a wide
range of total energies. The corresponding initial
conditions for the semiclassical calculations were
constructed as follows: the semiclassical energy of a

ˆgiven initial vibrational state on U was calculated11

in a separable approximation. The quasiclassical dis-
tribution at that energy was used to obtain initial

w xvalues of nuclear coordinates and momenta 26 .
These values were used as initial conditions for the
semiclassical trajectories, which were initialized on

ˆthe excited diabatic surface U . Thus, each semi-22

classical trajectory has a different total energy, but
the average energy of the ensemble of trajectories

Ž .was in all cases very close within 2% to the
average energy of the corresponding quantum wave
packet. Average energies for both quantum and

Žsemiclassical calculations are shown in Table 1 all
.energies are relative NaqHF .

Five different methods were used for semiclassi-
Ž .cal calculations: two self-consistent potential SCP

methods involving mean-field approximations,
w xnamely the Ehrenfest method 27,28 and the

w xMeyer–Miller method 28 , and three trajectory sur-
Ž . Ž .face hopping TSH methods: the Blais–Truhlar BT

w x29 and two versions of Tully’s fewest switches
Ž . w xTFS method 30 . The two versions of the TFS
calculations involve two different prescriptions for
adjusting nuclear momenta after hops. In the first

w xprescription 29 , the nuclear momenta were adjusted
in the direction of the gradient g of the energy gap
between the adiabatic potential energy surfaces; in

w xthe second prescription 30,32,31 , they were ad-

justed in the direction of the nonadiabatic coupling
vector, d.

These semiclassical methods have been recently
tested against accurate quantum mechanical results
for several fully three-dimensional nonadiabatic col-

w xlisional systems with conical intersections 9–11 .
Here we test the same methods for the more chal-
lenging case of a system with a strongly avoided
crossing.

The minimum energy gap between the adiabatic
potential energy surfaces in the collinear Na PPP FH
system exceeds 0.64 eV, for V (3 eV and exceeds2

0.86 eV for V (2 eV, and the potential energy of2

the excited adiabatic electronic state along the seam
of avoided crossings does not drop below 2.15 eV.
In the configuration space spanned by the initial

ˆwave packets the nonadiabatic coupling U is rela-12

tively weak, therefore the adiabatic and the diabatic
representations are similar in this region. Hence, the
propagation of the nuclear degrees of freedom in the
TSH methods can be initialized on the upper adia-
batic potential. Trajectories were propagated until the

Ž .products NaFqH or NaqHF were separated by
4 Žat least 15 a or for 5=10 steps which corre-0

.sponded to about 25 ps , whichever happened first.
The average time step for trajectory integration var-
ied with initial state but in general was on the order
of 0.1–1.0 fs. More details of the semiclassical
methods and the numerical techniques used for tra-

w xjectory integration can be found elsewhere 9–11 .

² : <² Ž . < Ž .: < 2Fig. 1. Projection on the initial state: P s c 0 c t one

Û as a function of time for the excited NaF–hydrogen complex.22
Ž .Three different masses for hydrogen are used: H a.u.s1 Ha

Ž . Ž . Ž .a.u.s1.5 and D a.u.s2 . The initial state is c 1,0 .
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Quantum mechanically the time evolution of the
system is followed by projecting the wave packet on

Ž .the excited diabatic surface. The projection, P t se
² Ž . < Ž .:c 0 c t is plotted as a function of time in Fig. 1
for three different hydrogenic masses. It shows slow
decay modulated by fast oscillations. By smoothing

w Ž . xthis decay and fitting it to exp y ln 2 trt the1 r 2

half-life t of the excited state is estimated. A1 r 2

similar procedure was used in all calculations. In
general, the decay need not be exponential, and
non-exponential decay was typical in the semiclassi-
cal calculations. The half-time t was then esti-1 r 2

mated as the time that it took for 50% of the
trajectories to dissociate. For some initial states,
although trajectories were integrated for 5=104

steps, less than half of them dissociated. In these
cases t was assigned as1 r 2

t ln 2max
t s1 r 2 ln N r N yNŽ .0 0 diss

where t is the average time interval correspond-max

ing to 5=104 steps, N is the total number of0

trajectories calculated for the given initial state, and
N is the number of trajectories that dissociated.diss

The decay of the excited complex leads to the
formation of three dissociation products: NaqFH,
Na) qFH, and NaFqH. Reaction probabilities were
calculated by integrating the flux in the quantum

Ž .calculations Fig. 2 and by counting the number of

Fig. 2. Accumulated flux on the product channel as a function of
time for different initial states and masses. The almost vertical line
represents the product flux when the nonadiabatic coupling is
turned off.

trajectories in each asymptotic arrangement channel
in the semiclassical calculations. The probabilities of
of decomposition products for various initial vibra-
tional states and half-lives is summarized in Table 1;
the probability of formation of Na) qFH is negligi-
ble .

2. Quantum dynamics

The dynamics of the process depends crucially on
the initial vibrational state. The excitation of the

Ž .ground initial state c 0,0 has more than sufficient
energy to form products. When energy is channeled
into the Na–FH mode, a very long lived complex is
formed on the excited state, and it almost exclusively
dissociates into the reactant channel. Due to the large
difference in the frequencies associated with the
H–F and the Na–FH bonds, exciting the HF bond
has significantly more energy. When energy is chan-
neled into the FH vibration the lifetime is shortened

Ž .and reaction products are formed Table 1 .
This energy dependence of the reaction product

yield is explained by the nonadiabatic character of
the system. At low energies the wavepacket that
moves toward the reaction product channel encoun-

ˆters the lower diabatic potential U . Due to the11

strong diabatic coupling in this region and the non-
local character of the wavepacket it is reflected back

ˆto U . As a result the wavepacket is trapped for a22

long time. The part of the wavepacket directed to-
ward the reactant channel encounters a weak transi-

ˆtion which transfers a finite amplitude from U to22

Û where the system dissociates to NaqFH. To11

verify this mechanism a calculation was carried out
ˆwith the U s0. As expected the excited state com-12

plex dissociated immediately to form exclusively
Ž .reaction products NaFqH . By exciting the FH

mode to higher vibrational states the dynamics be-
comes diabatic due to the increase in velocity toward
the crossing seam in the reaction products channel.

When hydrogen is substituted by deuterium, the
lifetime is significantly shortened and the yield of
reaction product increases by more than two orders
of magnitude. Fig. 1 shows the autocorrelation of the
wavefunction for increasing mass of hydrogen. This
increase from 1 to 1.5 to 2 a.u. suppresses the
nonadiabatic oscillations and markedly decreases the
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lifetimes. The reason for this huge isotope effect is
that the heavier deuterium is much more localized
than hydrogen. Hence, is in closer analogy with the
surface hopping results where the nuclear motion is
completely localized.

3. Semiclassical results

The semiclassical dynamics is markedly different
from the quantum dynamics. Quantal half-lives are
typically 1–2.5 orders of magnitude longer than the
corresponding semiclassical values, which corre-
spond to dissociation on a time scale of 1–40 H–F

Ž .vibrational periods Table 1 . There are also varia-
tions between the different semiclassical methods.
For the lower-energy initial states the Tully’s fewest
switches results differs significantly from the other
semiclassical methods. This can be explained by the
fact that most or all of the trajectories have insuffi-
cient energy to reach the seam of avoided crossings
and are, therefore, trapped in the excited-state well
for a relatively long time. In the TFS method the
trajectories can hop to the ground electronic state
even at very small values of the ground-state elec-

Ž .tronic probability, P t , as long as this probability is1
Žnon-zero on the other hand, for example, the

Blais–Truhlar trajectories can hop down only if the
probability of being on the excited electronic state

.drops to one half or less . Since the ground-state
electronic probability is still very small after the hop,
and the excited-state electronic probability is still
close to 1, the TFS trajectory will soon attempt to
make a transition back to the excited state. However,
by the time such an attempt is made, the trajectory
may have already left the avoided crossing region
where the two states approach each other most
closely, and transitions to the excited electronic state
might now be prohibited by the total energy conser-
vation law. Therefore, the trajectory might propagate
over long distances on the surface with negligible
probability amplitude, and even form the ground-
electronic-state products, despite the small value of
the ground-state electronic probability. For the
Na PPP FH system the self-consistency relationship
of the TFS method, which approximately equates the
number of trajectories being propagated on a given
potential energy surface to the average electronic
probability for this surface, breaks down completely.

However, it is more surprising that the SCP dynam-
Žics are also systematically less adiabatic i.e., decay

.faster than the quantum wave packets. The SCP
methods, like the fewest switches algorithm, attempt
to include electronic coherence, but the interplay
with nuclear coherence is crucial in this system. This
is evident since all five semiclassical methods fail,
emphasizing the deep quantum nature of the prob-
lem.

In the trajectory surface hopping calculations the
branching ratio is determined primarily by the direc-
tion of the nuclear velocity after the hop. Because
the frequency of the HF stretch is much higher than
the frequency of the van der Waals stretch the
nuclear velocity is aligned along the direction of the
HF stretch. This direction coincides with the direc-
tion in which reaction products, NaFqH, are formed.
Therefore, in the TSH calculations NaFqH prod-
ucts are preferably formed from all initial states
studied. Interestingly, the self-consistent potential
methods give branching ratios that are very close to
the branching ratios predicted by the TSH methods.
This indicates that, despite the fact that for the
present system a large amount of energy has to be
dumped into the nuclear momenta after each hop
from the excited to the ground electronic state, the
current TSH results are not determined by the choice
of the direction for the readjustment of nuclear mo-
menta after hopping. Table 1 confirms that the re-
sults of the TSH calculations are essentially indepen-
dent of this choice for the two most justifiable
prescriptions.

All semiclassical methods also fail to predict the
direction of the isotope effect on the lifetime of the
Ž . Ž .c 1,0 and c 0,0 wavepackets. Quantum mechani-

cally the deuterated Na PPP FD van der Waals com-
plexes decay faster than the Na PPP FH complexes,
while semiclassically deuterium substitution signifi-
cantly prolongs the lifetime of the excited state. The
rate of the dissociation of the semiclassical trajecto-
ries was found to be determined mostly by their total
energy, with higher-energy trajectories being able to
come closer to the seam of avoided crossings and,
therefore, decay to the ground electronic state faster.
The initial wave packet of the Na PPP FD van der
Waals complex has lower average total energy than
the initial wave packet corresponding to the same
vibrational quantum numbers of the Na PPP FH com-
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plex, and this explains the semiclassical result for the
isotope effect.

The main point we want to stress is that none of
the semiclassical methods provides a qualitatively
correct picture of the half-life, the branching proba-
bilities, or the isotope effects. We conclude that
Na PPP FH photodissociation shows unusually large
quantum effects, and we attribute this to the large
energy gap, ;0.9 eV in the most accessible region
of configuration space where nonadiabatic transitions
occur. This is considerably larger than the energy
gap in systems previously studied by accurate quan-
tum dynamics.
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