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A uniformly convergent propagation scheme designed for non-Hermitian Hamiltonian operators is
presented. The method is based on a Newtonian interpolation polynomial which is created by a
recursive application of the Hamiltonian operator on an initial wave function. The interpolation
points used to construct the Newtonian polynomial are located in the complex eigenvalue space of
the Hamiltonian. A new algorithm is developed to construct the interpolation points. Both time
dependent and time independent quantities can be obtained using the same polynomial expansion.
The method is particularly useful when negative imaginary potentials are used. The
photodissociation dynamics of I3

2 is studied as an example of the utility of the scheme to gain insight
on a dynamical encounter. The bond cleavage is followed in time simultaneously with the
calculation of the Raman spectra. The study addresses the role of vibrational excitation of the
reactant I3

2 on the nascent I2
2 spectral modulations and Raman spectra. ©1995 American Institute

of Physics.

I. INTRODUCTION

When a UV light pulse is applied to triiodide in solution,
it either absorbs the light leading to fragmentation to I2

21I,
or emits light in a Raman or fluorescence process. Since both
the fragmentation and the Raman processes are governed by
the same ground and excited potential energy surfaces, cross-
ing the information gained from the two independent mea-
surements leads to enhanced insight on the photodissociation
event. The elucidation of the dynamical encounter requires a
quantum framework. The purpose of this paper is to present
a unified quantum computational scheme which simulta-
neously addresses the dynamics of photodissociation and the
absorption and Raman cross sections.

The main idea behind the quantum simulation is that the
ground state wave function is a common starting point for
calculating all relevant observables. From this starting point
the Hamiltonian generates all dynamical behavior. This
means that by recursively applying the Hamiltonian to the
initial wave function all the dynamical behavior can in prin-
ciple be reconstructed. For this procedure to work, a uni-
formly convergent method has to be applied to sum the
power series into the different final results. The Chebychev
polynomial expansion has uniform convergence properties
and therefore has been utilized in both time dependent and
time independent calculations starting from the same initial
wave function. The need to limit the size of the spatial de-
scription and to impose outgoing boundary conditions has
led to the use of negative imaginary potentials. This in turn
creates a non-Hermitian Hamiltonian. The purpose of this
paper is to develop a simple uniformly convergent global
propagation technique applicable to non-Hermitian opera-
tors. With this method time dependent and time independent
properties can be calculated simultaneously using the same
expansion.

The photo-induced processes of the I3
2 system in differ-

ent solvents has been the subject of extensive experimental

and theoretical studies.1–5Of importance to this study are the
coherent vibrations of the I2

2 product synchronized with the
photo-excitation pulse.1,2,6 In conjunction with this process
the leftover I3

2 reactant is also coherently excited due to the
dynamical ‘‘hole’’ left on the ground surface.3,5 This vibra-
tion can be correlated to the Raman spectra of I3

2 .
To date the theoretical analysis of the triiodide experi-

ments has proceeded along two paths. Both classical molecu-
lar dynamics4 and quantum simulations were initiated,2 em-
ploying the same model for intramolecular potentials in both
studies. The rationale behind conducting both efforts was the
following. The quantum mechanical simulations allow one to
envision the photodissociative dynamics of an isolated triio-
dide ion determined by to the model potentials, including full
quantum detail of the matter light interactions. This serves
not only for critically appreciating the intramolecular conse-
quences of impulsive optical excitation, but also serves as a
chemical dynamical standard against which the results of
molecular dynamics simulations may be contrasted in order
to understand the effects of the solvent bath upon the reac-
tion dynamics in solution.

In previous publications2 quantum simulations were re-
ported which provided the functional form and parameters of
the potential surfaces, and presented initial simulations for
temporal evolution of the zeroth vibronic ground state level
upon instantaneous promotion to the excited reactive surface.
The simulations presented here are aimed at improving three
crucial points in modeling the reaction dynamics: to include
the effects of the finite duration of the excitation and probing
pulses, and that of starting the reaction with vibrationally
excited reactants, into the previously described scheme. The
latter is clearly of great importance in view of the fact that
the quanta of all three vibrational modes are substantially
lower than the thermal excitation energykT at room tem-
perature. After including these improvements an effort has
been made to actually calculate the transient transmission
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spectra for delayed probe pulses, which is the experimental
observable collected in the laboratory.

II. PROPAGATION SCHEMES

Iterative propagation schemes have become the methods
of choice in quantum dynamical modeling and simulations.
The reason is their superior efficiency when the size of the
problem increases. These schemes are based on the ability to
perform numerically the elementary mapping step of a wave
function induced by the Hamiltonian:

f5Ĥc. ~2.1!

The propagators are defined by their recursive application of
the elementary mapping step.7 This amounts to approximat-
ing a function of the Hamiltonian as a polynomial.

Different methods have been developed to perform the
elementary mapping. In the present study the Fourier
method8,9 is employed to calculate the mapping of the wave
functionc induced by the Hamiltonian.

Our original propagation scheme10 was developed to
solve the time dependent Schro¨dinger equation. The evolu-

tion operatorÛ(t)5e2 i Ĥt/\ was approximated as a polyno-
mial. A spectral expansion based on the Chebychev orthogo-
nal polynomial was used leading to

c~ t !5e2 i /\Ĥtc~0!

'e2 i /\~DE/21Emin!t (
n50

Nch21

anS DEt

2\ DTn~Ĥnorm!c~0!,

~2.2!

where the expansion coefficients become
an(a)5 i n(22dn0)Jn(a) and Tn(x) are the Chebychev
polynomials:Tn(cosu)5cos(nu).7 For stability in Eq.~2.2!
the Hamiltonian is normalized:Ĥnorm52(Ĥ2H̄)/DE where
H̄5(Emax1Emin)/2 is the center of the eigenvalue spectrum
and DE5(Emax2Emin) is the eigenvalue range ofĤ. The
normalized Hamiltonian has its eigenvalues distributed on
the real axis between21 to 1.

Examining Eq.~2.2! it can be noticed that the time vari-
able only appears in the expansion coefficientsan . The com-
putationally intensive part, which is the evaluation of the
mapping induced by the Chebychev polynomial
fn5Tn(Ĥnorm)c(0), is time independent. This observation
has led to the development of propagation schemes for other
functions of the Hamiltonian. Examples include the Green’s
function, allowing the calculation of Raman spectra,11 or re-
active scattering cross sections,12,13 the delta function, allow-
ing the calculation of absorption spectra14 and density of
states,15,16 and propagation in imaginary time17 and filter
diagonalization18–20 allowing the calculation of eigenstates.
The method can be classified as a spectral expansion of a
function of the Hamiltonian operator.

For approximating an analytic functionf (z) the spectral
expansion possesses exponential convergence.10 Comparison
of the Chebychev propagator to other propagation schemes
has shown that the Chebychev expansion is usually superior
in both accuracy and efficiency to other methods.21

These findings have led to a prolification of the use of
the algorithm and to the exploration of its range of validity. It
was found that the original Chebychev algorithm can be-
come unstable when the Hamiltonian operatorĤ is not Her-
mitian. A complex non-Hermitian Hamiltonian arises natu-
rally when absorbing boundary conditions are
introduced.22–28The reason for the instability is that support
for the Chebychev polynomials is on the real axis. Although
the Chebychev method can tolerate some complex
character23 large complex eigenvalues of the Hamiltonian
cause severe instability. Complex eigenvalues are also ob-
tained for the Liouville operator in a dissipative
environment.29,30 Solving the Liouville von Neumann equa-
tion for dissipative open systems was the motivation for de-
veloping an alternative propagation scheme which could tol-
erate complex eigenvalues.31

The new propagator was based on the Newtonian inter-
polation polynomial. The support points or interpolations
points were located on a polygon in the complex plane there-
fore tolerating complex eigenvalues of the Liouville operator
which are contained within the polygon. Using the theory of
interpolation in the complex plane it can be shown that a
uniform converging interpolation in a domainD is obtained
when the interpolation points are located on the circumfer-
ence of the domain.

The choice and ordering of the points is crucial to the
stability of the algorithm. If two points are very close there is
a division by a number close to zero in the divided difference
algorithm Eq.~2.7!. Evenly distributed points on the exterior
of the polygon were obtained by a conformal mapping of the
polygon onto a circle where evenly distributed points are
easily obtained by symmetry considerations. An inverse
transform distributed the points back onto the polygon. Or-
dering the points was found to be crucial to the stability of
the algorithm, influencing directly the calculation of the di-
vided difference coefficients. It was found that to obtain sta-
bility a complete staggering of points was required.31 The
scheme was applied to the evolution operator in simulating
photo-induced processes in solution32,33 and photo-induced
desorption from metal surfaces.34 Another application has
been the calculating of theS matrix in reactive scattering
using absorbing boundaries.35,36

In practical applications the Newtonian based propagator
was found to be hard to use. The difficulty could be traced to
the Schwartz–Christoffel conformal mapping algorithm37

which is required to obtain the uniformly distributed points
on the circumference of the interpolation domain. The map-
ping algorithm severely limited the order of the Newtonian
interpolation polynomial in the complex plane. This is in
contrast to Newtonian interpolation on the real axis where no
limit to the order of the polynomial was found.7,38 The
present paper presents a new approach to defining the inter-
polation points termed Leja points,39 which is able to over-
come the difficulty in locating the interpolation points.

In parallel to these developments the original Chebychev
expansion was generalized first by shifting the support from
the real axis to a line shifted into the complex plane.16 This
shift greatly enhances the stability of the method. The do-
main of stability becomes an ellipse in the complex plane.
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Another alternative is to modify the recursion relation of the
Chebychev polynomial by adding a damping term.40 A more
rigorous fix to the problem is to define a spectral expansion
in the complex plane. The Faber polynomials which are a
generalization of the Chebychev polynomials constitute such
a set. With the use of the Faber polynomial it has recently
been shown that a stable uniform approximation in the com-
plex plane is possible.41

Before continuing a brief comparison of the two meth-
ods is appropriate. If for the Newtonian propagator the zeros
of the Chebychev polynomial are chosen as sampling points
the two methods are numerically equivalent.7 Formally, if the
expansion coefficients in the Chebychev series are calculated
by a Gaussian–Chebychev quadrature rule then the expan-
sion becomes an interpolation formula mathematically
equivalent to the Newtonian interpolation formula.7 For the
practitioner it will be shown that the Newtonian method is
more flexible when different functions of the Hamiltonian
are required simultaneously.

The Newtonian method will be applied to calculate the
mapping of a wave function by functions of the Hamiltonian
operatorĤ, such as

c~ t1t8!5@e2 i /\ Ĥt8#c~ t !, ~2.3!

which is a mapping of a wave function from timet to time
t1t8, and

R~EL!5F E
0

`

ei /\ ~EL1Ei2Ĥ!t8e2g~ t !dtGc i , ~2.4!

which is the mapping of an initial ground surface vibrational
state with energyEi to a Raman function governed by the
excited surface Hamiltonian, induced by the excitation fre-
quencyvL5EL/\ and damping functiong(t).

To summarize, the basic idea underlying the algorithm is
that approximating a function of the Hamiltonian is equiva-
lent to approximating a scalar function in the domain of ei-
genvalues ofĤ.

A. Newtonian interpolation method

The propagation method is based on the Newtonian in-
terpolation formula in which an analytic functionf (z) is ap-
proximated as a polynomial:

f ~z!'PN21~z![ (
n50

N21

an)
j50

n21

~z2xj !. ~2.5!

By definition on the sampling pointsxj , f (xj )[P (xj ). The
coefficientan is thenth divided difference coefficient42 de-
fined as

a05 f @x0#5 f ~x0!,

a15 f @x0 ,x1#5
f ~x1!2 f ~x0!

x12x0
, ~2.6!

ak5 f @x0 ,x1 ,...,xk#5
f ~xk!2P k21~xk!

P j50
k21~xk2xj !

. ~2.7!

To construct a propagator the interpolation formula is
applied to the Hamiltonian operator:

f ~Ĥ!'PN21~Ĥ!

5a0Î1a1~Ĥ2x0Î !1a2~Ĥ2x1Î !~Ĥ2x0Î !1•••

5 (
n50

N21

an)
j50

n21

Q̂j5 (
n50

N21

an )
j50

n21

~Ĥ2xj Î !. ~2.8!

We still have the freedom to choose the functionf (z). The
choice and order of the interpolation points,xj is the crucial
step in the algorithm.

B. Choosing interpolation points

The first step is to establish the domainD of eigenvalues
of the Hamiltonian operatorĤ. Once the domain is defined
the algorithm used to generate the interpolation points can
begin.

~1! A line encircling the domainD in the complex plain
is defined. For practical purposes it will be chosen as a poly-
gon. The domain is scaled in size, without changing its
shape, to make the interpolation process stable. While its
exact size will be fixed in step 4, initial coordinates should
be of the order of 1.

~2! Trial points$yi% are calculated to be equally distrib-
uted on the circumference contour of the domainD. The
number of trial points is 1.5–3 times the number of requested
interpolation points.

~3! The interpolation points$xi% i50
N21 are chosen from

$yi%. The first interpolation point can be chosen arbitrarily:

x05y0 . ~2.9!

To avoid dividing by very small numbers, other interpolation
points are chosen so they maximize the denominator of Eq.
~2.7!. After choosingn such points, the product

J ~yi !5 )
j50

n21

uyi2xj u ~2.10!

is calculated for each trial pointyi . The trial point for which
J , Eq.~2.10!, is maximal becomesxn . If ~2.10! goes to zero
or infinity for largen’s, the size ofD should be adjusted to
correct that@e.g., scaled down if~2.10! overflows#.

~4! The optimal interpolation points are calculated by
normalizing the size ofD. A point z in the center of the
domain is chosen arbitrarily, and a normalizing factor is cal-
culated by

r5 )
j50

N21

uz2xj u1/N. ~2.11!

Each of thexj ’s is then divided byr, to yield z̃j . The result
is N sampling points on the contour of a scaled domainD̃.
The normalization is essential to keep~2.5! stable. IfD̃ is too
small this will result in divergence of the divided differences
~the ak’s!, while if it is too large it will diverge the product
term in ~2.5!.

C. Propagation algorithm

After choosing the interpolation points, The Hamiltonian
operator is shifted and scaled so all of its eigenvalues reside
inside the domainD̃:
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H̃5~Ĥ2H̄ !•
1

s
. ~2.12!

H̄ is the center of the domain of eigenvalues ofĤ, ands is
a scaling factor. To compensate for the change fromĤ to
H̃, the interpolation polynomial is used to approximate a
scaled functionf̃ (z)5 f (zs1H̄):

f ~Ĥ!c[ f̃ ~H̃!c

'P̃N21~H̃!c

[a0c1a1~H̃2 z̃0!c1a2~H̃2 z̃1!~H̃2 z̃0!c

1a3~H̃2 z̃2!~H̃2 z̃1!~H̃2 z̃0!c1••• ~2.13!

with the z̃k’s residing on the contour ofD̃, and theak’s
calculated by

a05 f̃ ~ z̃0!, ~2.14!

ak5
f̃ ~ z̃k!2a02( l51

k21al~ z̃k2 z̃0!•••~ z̃k2 z̃l21!

~ z̃k2 z̃0!•••~ z̃k2 z̃k21!
. ~2.15!

To calculate the product terms in~2.13! a recursive rela-
tion is used:

f05c,

f15~H̃2 z̃0Î !f0 , ~2.16!

fn115~H̃2 z̃nÎ !fn .

The final result is obtained by accumulating the sum:

f5 (
n50

N21

anfn . ~2.17!

The sum is truncated when the residumaNuufNuu is smaller
than a prespecified tolerance. Since the quality of the ap-
proximation of the functionf (Ĥ) is equivalent to a scalar
function in the domainD before performing the actual cal-
culation the accuracy can be checked on the scalar function.
Figure 1 shows contour maps of the accuracy of the interpo-
lation for some test cases.

A few guidelines for choosing the interpolation points
can be deduced from experience and from these figures.

~1! It becomes obvious that when using interpolation
points residing only on the real axis~as in the original Che-
bychev algorithm! the domain of stability is a small region
around the real axis. Choosing the same number of points on
the circumference of a rectangular domain leads to a much
better coverage in the complex plain. If the domain contains
all of the eigenvalues of the interpolated operator stability is
assured for very long time steps. Figures 1~a! and 1~b! show
the domain of convergence of the Chebychev scheme.

~2! The number of trial points has to exceed the number
of actual interpolation points. If too few trial points are used
the interpolation becomes inaccurate, especially in the vicin-
ity of the sharp corners of the domain. Higher order interpo-
lation polynomials require more trial points, since the density
of the points increases making the divided difference terms
more sensitive to the choice of the interpolation points. The
actual number of trial points needed for a low order~N, 100

terms! polynomial is 1.5 times the number of trial points,
while for higher order polynomials the ratio will be bigger
~for an 800 term polynomial a ratio of 1:3 was needed!. Too
many trial points will slow the calculation, but this calcula-
tion is performed only once before the propagation cycle.
Figures 1~c! compared to 1~e! and 1~d! compared to 1~f!
show the effect of not choosing enough trial points on the
convergence domain.

~3! Employing more interpolation points than is required
for obtaining the desired accuracy inside the domain ham-
pers the calculation. As a result the stability area shrinks and
if some eigenvalues reside outside, but close to, the domain
the accuracy is degraded. This is the reason why the Cheby-
chev algorithm is stable only for short time steps when an
absorbing potential is employed, but diverges when using
larger time steps which require higher order polynomials.
For comparison, the results in Section III D were calculated
using 2000 a.u. time steps~700 terms in the polynomial!.
The same calculations carried out with the Chebychev algo-
rithm diverged for time steps larger than 100 a.u.~64 terms!.
This effect can be seen by comparing Fig. 1~a! to 1~b! or 1~c!
to 1~d!.

FIG. 1. Contour maps for the accuracy of the Newtonian interpolation. The
approximated function is a propagator with a time step of 100 a.u. and a
Hamiltonian withdE50.5 a.u. The inner line is the boundary of the domain
in which the relative error of the interpolation is less than 1025; the outer
line is for relative error larger than 1~stability boundary!. ~a! and ~b! were
calculated with the Chebychev algorithm, with interpolation points on the
real axis;~c!–~f! were calculated with Newtonian interpolation, with inter-
polation points on the dotted rectangle. The number of points used in each
map is~a! 64, ~b! 128, ~c! 64 chosen from 96,~d! 200 chosen from 300,~e!
64 chosen from 67, and~f! 200 chosen from 210.
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III. PHOTODISSOCIATION DYNAMICS

The purpose of the calculation is to follow the photodis-
sociation events of I3

2 from the initial thermal state on the
ground surface to the final product I2

21I. The dynamics stud-
ied by the experiment is carried out in solution; therefore
solvent degrees of freedom are also involved in the process.
A full simulation requires the inclusion of many degrees of
freedom. The approach followed in this study is to set a
model of the encounter involving a limited number of de-
grees of freedom. Within this model a fully converged quan-
tum mechanical calculation is carried out. Insight into the
photodissociation process can be obtained by comparing the
calculated observables with the experiment. Discrepancies
between experiment and the model will point to the missing
degrees of freedom in the calculation.

A. Simulation setup and initial wave functions

The model assumes I3
2 to be collinear and centrosym-

metric. The bending motion is ignored; therefore only two
degrees of freedom are considered. The rotation of the mol-
ecule is excluded from the calculations since a separation of
time scales exists between the rotational and vibrational mo-
tion. This is true also for the bend modes. The influence of
solvent degrees of freedom will be considered in a future
study.43

Three potential energy surfaces are required to simulate
the photodissociation dynamics. The process is initiated on
the ground electronic surface of I3

2 . A harmonic potential in
the symmetric and antisymmetric stretch modes is used. The
harmonic frequencies are adjusted to the measured values or
to ab initio calculations.44 Only small differences exist be-
tween these two sets of data. This description is appropriate
for low excitation energies but considering the possibility of
recombination events, where high excitation of the ground
surface vibration is anticipated, the present description is not
sufficient.

The excited potential energy surface was chosen to be in
a LEPS form used previously.2 The asymptotic I2

2 channels
are fitted to a Morse potential form. This form fits well with
spectroscopic measurements andab initio calculations.

The excited surfaces are split due to spin–orbit interac-
tion. The present calculations include only the transition to
the upper excited surface. The vertical distance between the
ground and the upper excited surface was adjusted to the
absorption spectra. Attempts to calculate the vertical distance
by ab initio methods were unsuccessful.

In order to simulate an experiment carried out at room
temperature the simulation was assembled from a set of ini-
tial wave functions. These wave functions were calculated on
the ground surface potential by the relaxation method.17 All
vibrational levels up to an energy of 300 cm21 were calcu-
lated. This means that at room temperature 61% of the popu-
lation was accounted for in the simulation. It will be shown
that this subset of the population is dominant in the experi-
mental observations~see Tables I and II!.

B. Pump pulse

The first step in the photodissociation event is induced
by the pump pulse. Starting from a stationary state on the

ground potential@Fig. 2~a!# amplitude is transferred to the
excited surface potential by the coupling to the radiation
field. The process is simulated by solving the coupled time
dependent Schro¨dinger equation:

i\
]

]t S ce

cg
D 5S Ĥe 2em̂

2e* m̂ Ĥg
D S ce

cg
D , ~3.1!

where initially all the amplitude is in the ground surface
c(0)5cg in an initial vibrational eigenstate.Ĥe/g are the
surface Hamiltonians.m̂ is the electronic transition dipole
and e5e(t) is the time dependent field. Using a rotation
framee(t)5 ē(t)e2 ivt the excited state potential can be low-
ered by an amount equal to the laser’s frequencyv resulting
in a real crossing point with the ground potential surface.
The resulting coupling between the shifted surfacesē(t)m̂
becomes a slowly varying Gaussian field of 60 fs FWHM. To
account for time ordering in the propagator due to the non-
stationary Hamiltonian during the pulse a first order Magnus
approximation was used.45

Under the experimental conditions the intensity is large
enough that a significant fraction of the population is trans-
ferred to the excited surface. Considering individual initial
vibrational states, the fraction transferred depends primarily
on the symmetric stretch excitation. This effect is summa-
rized in Table I.

The pump pulse used in the experiment was long in
comparison to dynamics in the symmetric stretch mode on
the excited surface. Significant coupling is present for a du-
ration of; 180 fs@Figs. 2~b!–2~d!#. This means that photo-
dissociation dynamics proceeds while amplitude is still fed
to the excited surface. Most of this motion is along the sym-
metric stretch mode as opposed to dynamics leading toward
bond cleavage, i.e., motion along the antisymmetric stretch,
which is small.

The wave packet remaining on the ground electronic sur-
face also becomes excited by the pulse creating a dynamical
‘‘hole.’’ 33 Since the previous analysis of this effect included
only the symmetric stretch degree of freedom we explicitly

TABLE I. The influence of the initial vibrational excitation on the popula-
tion transferred to the excited surface. Excitation wavelength was 308 nm.

A\S 0 1 2 3

0 18.6% 41.6% 27.3% 5.0%
1 17.1% 40.4%
2 15.8%

TABLE II. The Boltzmann distribution of the initial vibrational states. Total
population with up to 3 quanta in each mode is 82%.

A\S 0 1 2 3

0 20.5% 12.0% 7.1% 4.1%
1 10.3% 6.0% 3.5% 2.1%
2 5.2% 3.0% 1.8% 1.0%
3 2.6% 1.5% 0.9% 0.5%
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looked for possible excitation of the antisymmetric stretch
mode in this two dimensional calculation. With the fre-
quency, duration and intensity of the pulses used experimen-
tally, no significant excitation of the antisymmetric stretch
occurred on either potentials.

C. Raman spectrum

A complementary probe of the first stages of the disso-
ciation dynamics is provided by the Raman spectra.46 The
Raman cross section is calculated from the half Fourier
transform of the correlation function.47,46This amounts to the
overlap of the Raman wave function Eq.~2.4! with the final
vibrational state:

s i f ~EL!5
8pES

3ELe
4

9\6c4
u^Ri~EL!um̂uc f&u2, ~3.2!

whereEL is the excitation energy andES is the scattered
energy. For each initial vibrational statec i a Raman wave
functionRi(EL) was calculated using the method of Section
II, based on interpolating Eq.~2.4!. The dampingg(t) func-
tion was taken from Ref. 48; its inclusion changed the ob-
served spectrum very slightly. The Raman wave function
shown in Fig. 3 is very similar to the wave packet created by
the pump pulse@Fig. 2~c!#. Thus the Raman spectra and the
resonative impulsive stimulated Raman scattering~RISRS!
experiment carry complimentary information on the initial
stage of the photodissociation.

The Raman spectrum was composed from a Boltzmann
average over the individual initial vibrations. Figure 4 shows
a stick Raman spectrum atT5300K.

Examining the spectrum it can be seen that the antisym-
metric stretch has a very small signature which increases for
higher Raman shifts corresponding to longer propagation
times on the excited surface. This is consistent with the
shape of the Raman wave function which only spreads
slightly in the antisymmetric direction. A similar picture is
obtained in the real time propagation during the excitation in
Sec. III B.

D. Dissociation dynamics

Once the pump pulse is over, the dynamics on the
ground and excited surfaces decouple. Since the focus of the
calculation is shifted to the products, free propagation of the
wave function is carried out on the excited surface alone.
The excited wave functionce(t f) induced by the excitation
pulse at timet f described in Sec. III B was used as the initial
state. The propagation was carried out by Eq.~2.3! with a
time step oft852000 a.u. Intermediate 50 fs snapshots of the
evolving wave function were stored. Figures 5 and 6 show
several snapshots starting from two different initial wave
functions.~Also see Table III.!

FIG. 2. Propagation of the wave packet during a 60 fs pump pulse. The
initial state shown is the first excited state of the antisymmetric mode.~a!
shows the wave function on the ground state at the very beginning of the
pulse. ~b! shows the excited surface wave function.~c! shows the wave
function at the peak of the pulse and~d! is the wave function after most of
the pulse is over. The scaling is in Ångstroms.

FIG. 3. The Raman wave function excited fromv51 in the antisymmetric
stretch. The excitation energyEL is on resonance with the transition. The
propagation was stopped at a time of 3000 a.u. The scaling is in Ångstroms.

FIG. 4. The simulated Raman spectrum atT5300 K of I3
2 in solution.
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At the early stage of the dynamics the motion is along
the symmetric stretch direction, down the potential slope,
across the saddle point and ‘‘uphill’’ in the direction of the
three body dissociation. Only when the wave function
crosses the saddle point does motion in the direction of the
antisymmetric stretch becomes significant. This is the stage
of the dynamics, leading eventually to bond cleavage.

The wave function that was initiated as an antisymmetric
eigenstate on the ground surface is ‘‘better suited’’ for such
motion, and enters the second stage earlier, falling rapidly
into the exit channels without ascending much into three
body dissociation@Fig. 5~a!#. On the other hand, the wave
function that is initially centrosymmetric continues ascend-
ing much further before bifurcating into the exit channels
@Fig. 6~a!#.

The wave function enters the exit channels with a sub-
stantial amount of excess energy (;1.2 eV!, which translates
into two asymptotic modes: vibration of the I2

2 fragment, and
translation of the I atom away from the I2

2 molecule. Coher-

ent vibrational motion of the antisymmetric wave function is
seen clearly in Fig. 5~b!, and less evidently in 6~b!.

After longer propagation, the wave function is no longer
compact because of the large distribution in translational en-
ergy which smears the wave packet into a long ‘‘snake’’
@Figs. 5~c! and 6~c!#. Due to the limited bandwidth of the
exciting pulse a strong correlation exists between the vibra-
tion and translation modes of the excited wave function. Ac-
cordingly the most rapidly propagating portions of the reac-
tive packet are least excited vibrationally and vice versa,
while the slower parts have greater vibrational energy.

Analysis of the energy distribution of the wave function
after it reached the asymptotic region of the potential is
shown in Fig. 7. The broader distribution for the symmetric
wave function comes from the higher ascent of this wave
function in the three body dissociation direction, which re-
sults in higher vibrational energy in the exit channel.

FIG. 5. Propagation of the wave packetce(t) generated by the pump pulse,
on the excited surface. The initial statecg(0) of the wave function is the
first excited state of the antisymmetric mode. The scaling is in Ångstroms.

FIG. 6. Propagation of the wave packetce(t) generated by the pump pulse,
on the excited surface. The initial statecg(0) of the wave function is the
first excited state of the symmetric mode. The first wave function in~b! is
‘‘chopped’’ at the top of the frame by an absorbing potential. The scaling is
in Ångstroms.
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E. Probe pulse

The probe pulse in the photodissociation experiment of
I3
2 is tuned to the absorption of the product I2

2 in the range of
600–800 nm. It is important to state at the outset that with
significant vibrational excitation the nascent product absorp-
tion spectrum should be significantly broadened. This transi-
tion is to a dissociative state of I2

2 . This means that the probe
is only sensitive to the vibrational motion of the product. To
obtain the absorption signal of the probe pulse the impulsive
limit can be employed in weak fields33 leading to

DE52\vDNg

52\vE
R
E
r
W ~r ,tpr!uce~r ,R,tpr!u2 dr dR, ~3.3!

where tpr is the probing time, and the window functionW
becomes

W ~r ,tpr!5~\Wtpr!
2S sin~D~r !tpr /\!

D~r !tpr /\
D 2, ~3.4!

where tpr is the width of the probe pulse,
2D(r )5Ve(r )2Vg(r )2\vpr is the difference between the
excited and ground surface potentials of I2

2 , andW is the
integrated intensity of the pulse.

Examining Eq.~3.3! it is immediately apparent that the
probe pulse is sensitive only the vibrational position density
at the point of resonance of the probe pulsevpr . Once the
evolving wave packet reaches the asymptotic channel it can
be decomposed into vibrational and translational eigenstates:

ce~r ,R,t !5(
n,i

cni~ t !fn~r !x i~R!. ~3.5!

These eigenstates can be propagated by phase shifting, al-
lowing propagation of the asymptotic wave function to very
long times with almost no computational cost. The accuracy

TABLE III. Typical parameters of propagation in a.u.

Ground potential surface for I3
2a

Vg(r ab ,r bc)5
1
2 k(r ab2r eq)21

1
2 k(r bc2r eq)21x(r ab2r eq)(r bc2r eq)

k50.04598 x50.01323 r eq55.480

Excited potential surface for I3
2a

Ve(r ab ,r bc ,r ac)5DE01Q11Q21Q32(J1
21J2

21J3
22J1J22J2J32J3J1)

1/2

Qi5
1
2 @1E(r i)1

3E(r i)#
1E(r i)5

1D@12e21b(r i2
1r eq)#221D

Ji5
1
2 @1E(r i)2

3E(r i)#
3E(r i)5

3D@11e23b(r i2
3r eq)#223D

1r eq56.104 1b50.6138 1D50.0404
3r eq55.637 3b50.5292 3D50.0371 DE050.1361

Excited potential for I2
2b

Ve(r )5D@12e2b(r i2r eq)#22D1DE0

r eq59.128 b50.7091 D53.67531024 DE050.1361

Absorbing potentialc

V( ȳ)52 i •A•N•e22/ȳ ȳ5(y2yi)/(yf2yi)
A50.018 N513.22 yi58.94 yf59.69

Electromagnetic field
e(t)5 ē(t)eivt ē(t)5Ae(22ln2/t2) (t2t0)

2

v50.1479 A52.531024 t52400 t054800
Dipole function m̂5a a53.7

Mass weighted grid
x5a•r ab1b•cosb•rbc y5b•sinb•rbc

a5A 2
3 b5A 2

3 b5
p

3
Dx51.231022 Nx51024 xmin56.24
Dy51.231022 Ny5512 ymin53.42
Mass M5127 a.m.u.

Propagation
With pulse Dt5100 Nt5100 Order5 55
Without pulse Dt52000 Nt510 Order5 700
Tolerance 1026

aSee Ref. 4.
bSee Ref. 50.
cSee Ref. 26.

FIG. 7. The product energy distribution of the photodissociation product. The probability density as a function of the vibrational–translational state is shown.
The contours depict a projection of the function on the vibrational–translational plane, and the bottom graphs show a projection on the vibrational–probability
plane. In~a! the initial state of the wave function is the first excited state of the antisymmetric mode. In~b! the initial state of the wave function is the first
excited state of the symmetric mode.
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of this procedure was checked by comparison to a direct
propagation and was found satisfactory~90% overlap for a
duration of 500 fs!. Integrating over the translational degrees
of freedom a reduced vibrational density operator is ob-
tained,r(v,v8). It was found that the simulated probe signal
was solely determined by the reduced vibrational density
once the wave function reached its asymptotic channel.

Examining Fig. 8 it is clear that the larger modulations
of the probe signal are induced upon excitation of the anti-
symmetric stretch mode. This must be associated with the
compact nature of the reactive packet generated from these
initial states. The phase of the signal is also shifted to earlier
times because the wave packet enters the exit channel earlier.

In general the signal decays in time due to the significant
anharmonic motion of the I2

2 vibration which is created in a
highly excited state. The modulations from the averaged
thermal signal are somewhat smaller since the individual
contributions are slightly out of phase.

IV. DISCUSSION

The calculation methods developed in this study are con-
structed in order to gain insight into the photodissociation
dynamics. The computation is designed to address more than
one experimental probe, in particular the relations between
frequency resolved probes and time dependent probes. The
simulation incorporated realistic pulse durations for the
pump and probe interactions. The drawback of the current
calculation is that the influence of the surrounding solvent is
absent. Within a quantum mechanical framework the influ-
ence of the solvent could be incorporated by a reduced de-
scription. This means solving the Liouville von Neumann
equation.33 The propagation methods developed in Sec. II are
suited for the dissipative Liouville propagation, which also
possesses complex eigenvalues. Work in this direction is in
progress.

Another alternative is to employ classical MD methods,4

or a mixture of quantum and classical methods. The draw-
back of the classical MD approach is that quantum interfer-
ences which determine the energy of the excited surface

wave packet induced by a long pulse are absent. The advan-
tage of MD is the facile implementation of solvent effects
including molecular details of the solvent.

It is important to reiterate that inclusion of vibrationally
excited states of the reactant into the model has proven to be
of utmost importance. The effects of vibrational excitation on
the reactants are important to incorporate into our modeling
and interpretation of the experiments. The extremely large
effect that the excitation in the asymmetric stretching motion
has on every aspect of the photochemical outcome, be it
vibrational excitation in the products, the emergence time of
isolated fragments, or the depth of modulation in the tran-
sient spectrum, underscores this clearly.

In the earlier report2 which considered instantaneous ex-
citation from the vibrational ground state, an effort was made
to predict the effects of solvation on the dynamics. The
emerging wave packet was qualitatively divided into ‘‘early
exiting portions’’ and ‘‘late exiting portions.’’ Furthermore
the hypothesis was presented that these somewhat ill-
separated portions of the density would fare very differently
with the solvent shell which surrounds the molecule. The
former which enters at an early stage into the exit channel,
i.e., rapidly decides which two nuclei will become I2

2 ,
should see moderate interference of the solvent in the vibra-
tional dynamics of the fragment. The latter, in contrast, could
be completely dephased by a head-on collision with solvent
along the symmetric stretch, and lead to negligible contribu-
tions to any vibrational coherence in the products.

Including the various vibrational states in the model am-
plifies this concept, and introduces an inhomogeneous aspect
into the dynamics, where at the outset we have well defined
subpopulations that are predicted to exhibit very different
reaction dynamics, including the effect of the solvent shell.
Thus, the excited vibrational levels along the asymmetric
stretch become the designated early exiting populations, and
the vibrationless asymmetric stretch population clearly the
late exciting portion of the population. It is found that after
the amplitude separated into the exit channels a reduced vi-
brational density is sufficient to describe the dynamics. This

FIG. 8. The transient absorption of the I2
2 products with a probe pulse of 60 fs and a wavelength of 620 nm:~a! a comparison of the signal originating from

different initial wave packets. All signals are normalized with respect to the excited state population. The solid lines represent the pure symmetric stretch
excitationsv50,1,2 which all bunch together. The antisymmetric stretch excitations are represented as broken lines:v51 in the antisymmetric stretch
~dotted!, v51 in the antisymmetric stretch andv51 in the symmetric stretch~dashed line!, v52 in the antisymmetric stretch andv50 in the symmetric
stretch~long dashed line!. ~b! Simulated transient absorption spectra at a temperature oft5300 K obtained by a Boltzmann average on six initial vibrational
states~61% of the population!.
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further allows us to predict that the contributions to the co-
herent vibrations and spectral modulations in triiodide disso-
ciation in liquids could be dominated by population initially
excited along the asymmetric stretch, which should in turn
be enhanced by increasing the temperature.

It is interesting to point out the distinct roles played by
vibrational excitation into the symmetric and asymmetric
stretches in molding both the dynamics and absorption spec-
troscopy of I3

2 . In light of dynamical interpretation of spec-
troscopy it is customary to assume that vibrational excitation
which leads to strong changes in the absorption spectrum
will have a large effect on the ensuing dynamics. Here we
are faced with the somewhat counterintuitive situation where
excitation in the dark mode is exclusively influential in the
dynamics.

But beyond considering the effect of vibrational excita-
tion alone, it is important to point out that while the source of
influence is the vibrational motion, the real driving force for
the diverging chemical dynamical paths here is the breaking
of molecular symmetry,49 prior to photoexcitation. While in
isolation the triiodide ion is predicted to be linear and cen-
trosymmetric, previous reports in the literature deal with
cases where solvation may lead to a breaking of symmetry.
In many crystal lattices the triiodide ion is either bent or
asymmetrically displaced leading to substantial changes in
the electronic spectrum. More recently Myers and
co-workers48 have studied the resonance Raman spectra of
I3
2 in several organic solvents, and have concluded that the
appearance of weak overtones of the asymmetric stretch in
the spectra of some of these solvents indicates that cen-
trosymmetricity may already be broken due to interactions
with the solvent or the counterions. In view of the results
presented here, it is hard to overemphasize the crucial effect
such a symmetry breaking might have on the dynamics of
triiodide dissociation in solution.

This study demonstrates the importance of quantum dy-
namical calculations in gaining insight on a complicated
chemical encounter even in solution. The main asset of the
computational methods developed in this study are their flex-
ibility to address different types of experimental probes.
These can be time dependent such as the spectral modula-
tions of the product, or time independent such as the absorp-
tion or Raman spectrum. The method can be extended be-
yond the perturbative limit of the light matter interaction.
Through the calculation of the expectation value of the di-
pole operator frequency and time resolved experiments can
be simulated.
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