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Nonadiabatic photodissociation dynamics of ICN in the A continuum:
A semiclassical initial value representation study
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In this paper we investigate the nonadiabatic photodissociation dynamid€Nofin the A
continuum, using a semiclassical initial value representation method which is able to describe
electronically nonadiabatic processes through the quantization of the classical electron—nuclear
model Hamiltonian of Meyer and MillefJ. Chem. Phys70, 3214 (1979]. We explore the
capabilities of this semiclassical technique as applied to studyiniiiebsorption spectrum, and

the CN rotational distribution, through direct comparison of our semiclassical results with
experimental data, and with full quantum mechanical calculations. We find that the Meyer—Miller
Hamiltonian, quantized according to the semiclassical prescription, describesICiNe
photodissociation dynamics in excellent agreement with full-quantum mechanical calculations.
© 2000 American Institute of Physids$0021-9606800)01113-3

I. INTRODUCTION CN rotational distribution is not very sensitive to the initial
temperature of the parent molecule but strongly wavelength

Understanding the effect of electronic nonadiabatic tran'dependent, with* production accounting for approximately

sitions in the photodissociation dynamics of polyatomic SYS5205 of the total product at 266 nm, but much less at both
tems is a fundamental problem of much current research ir\bwer and higher photoexcitation energfs

terest in studies of chemical reaction dynamics. The effects Much of the earlier experimental and theoretical work

B elec_tromc rela_xat|on Processes on _molecular PhOt_OfragaeveIoped for understanding the photodissociation dynamics
mentation dynamics are also ideally suited to detailed mves-f ICN via its & . has b ized by T
tigations using new computational methods for simulating’ viaits A continuum I@a_szg \?virc]) Sg;?rrig?j”zit riéor?)rlljr;or,

chemical reactions. This paper reports the first application oMorolguma ;nd co—worked . ulati
semiclassical initial value representatioiSC-IVR) time-dependent quantum dynamics simulations as wedbas

methodd 2*to study the effect of electronic nonadiabaticity initio calculations of the electronic excited state potential
in the state-to-state photofragmentation dynamictCM in energy surfaces where nuclear and electronic relaxation dy-
the gas phase namics takes place after photoexcitation of the system. Other

Experiments have shown that theN molecule has a theoretical studies of théCN photodissociation dynamics

broad continuum absorption in the 200—300 nm rafege  can be found in Refs. 29-31.

Fig. 1). Photolysis of thdCN molecule at the peak of thi _ Bxact quantum dynamical methods have also made sig-
. . nificant progress in the understanding of many other chemi-
continuum(e.g.,~266 nm produces two peaks in the trans-

. 2 . . _
lational photofragment spectra, which are assigned to twgal reactions:” However, these rigorous computational tech

. L - . . niques are currently limited to systems with only a few
photodissociation pathways that produce iodine atoms in thge rees of freedom, since they usually require computational
1(2Py,,) and1*(2P4,) spin—orbit states, respectively, along “<9 ’ Y yred P

with the CN radical in the ground electronic state effort and storage space that scales exponentially with the
CN(X23"), as indicated below number of coupled degrees of freedom. The extensively in-

vestigatedCN photodissociation reaction is therefore, ideal
ICN+Aw—1*(?Pyp)+ CN(X23H) to explore the capabilities of alternative computational meth-
ods to model excited state quantum reaction dynamics.
—(*Pg) +CN(X?X ™), (1.9 Since classical trajectory methods have been extremely
where fw is the photoexcitation energy. Little vibrational successful for describing diabatic dynamics of molecular
excitation is found in th&€N fragment(>98% inv=0), but  systems with many degrees of freedom, it is natural to try to
the rotational distribution ofCN involves highly excited extend such approaches to treat nonadiabatic dynamics in-
states and exhibits a bimodal structésee Fig. 2 TheCN  volving several potential energy surfaces. Approximate tech-
fragment is formed rotationally cold—i.e., with rotational niques for including nonadiabatic effects have been devel-
distributions that peak at low quantum numbers—when disoped in terms of effective path methotis;® and surface
sociation of the molecule produces excited state iodine atomisopping algorithm& 4" that were successfully implemented
1*(°P,,»), while the channel forming ground state iodinein various studies of ultrafast photodissociation
| (?Pg,) produces rotationally ho€N fragments. Experi- dynamics®®>* However, the development of a rigorous
ments have also shown that the* branching ratio in the method for generalizing classical molecular dynamics tech-
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FIG. 1. ExperimentalCN absorption spectrur(Ref. 76.
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nigues to incorporate quantum mechanical effects correctly o2

is still a goal of current investigations.

Early theoretical studies ofCN photodissociation dy-
namics were focused on interpreting the cold vibrational dis-
tributions of CN fragments using collinear modets.>More

0.15 -

recently, classical molecular dynami¢MD) simulations 0.1

were also carried out to obtain the rotational distribution of
CN fragments using various model potential energy surfaces.o_
In general, classical MD simulations studies that included the
description of nonadiabatic effects were based on the
Meyer—Miller classical-analog method in an assumed diaba-

tic basis set representatiéh>®®° (b)

The classical analog-mod&is an effective path method
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FIG. 3. Comparison between quantysymbolg and classical-analog cal-

that propagates electronic and nuclear degrees of freedogjiations (solid lines for the CN rotational distributions in thé and I*
according to classical equations of motion, and accounts forhannels, individually normalized, adapted from Ref. @).266 nm; (b)

the multiple surfaces by means of an average potettial. 248 nm-

Guo and Schatz tested the validity of the classical-analog
method for describing th€CN photodissociation dynamics

by comparing its results with accurate quantum mechanicéf@l potential energy surfaces developed by Goldfetlel. in

results obtained by solving the time-independent Schro@n early study ofCN photodissociation dynamics in terms of
dinger equation for the excited state scattering wavéhe Meyer—Miller classical-analog methdtiErom the com-
function® These calculations were carried out using empiri-Parison with full-quantum mechanical results for thi

Population (arb. units)

Rotational Level

FIG. 2. ExperimentalCN rotational distributions associated with two pos-
sible photofragmentation channels as described in the text. Experiment

30

quantum vyields, the bimodal rotational distribution, and the
total cross section, Guo and Schatz concluded that the
classical-analog calculations were not accurate enough to de-
scribe thelCN photodissociation dynamics properly, prob-
ably due to the inherent weakness of the Meyer—Miller
method where trajectories were governed by an average po-
tential even in the asymptotic regiasee Fig. 3%° In this
paper we explore to what extent semiclassical quantization
of the classical Meyer—Miller Hamiltonian is able to over-
come the shortcomings of the totally classical formulation,
by incorporating nuclear coherence and interference effects
within the description of the SC-IVR.

The SC-IVR is a generalization of classical molecular
dynamics simulation methods that combines the quantum su-
perposition of probability amplitudes with real-valued clas-
sical trajectories in the computation of the quantum mechani-
cal propagatot.In recent years there has been a rebirth of
;pterest for developing new implementation methodologies

data was obtained from low resolution LIF spectra after 266 nm photolysiOf these approaches, including the Herman—KIHK)

of 300 KICN (Ref. 79. fiw is the photoexcitation energy.

SC-IVR? the linearized L)SC—IVR method!®*the time
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average approadi, and forward—backwardFB)SC—IVR  Il. METHODS
techniques:*®®' These methods aim to provide a more trac-p The semiclassical approach
table alternative to exact quantum mechanical methods for
dynamics calculations as well as an intuitive understandin?
of complex quantum dynamics associated with chemical re- ©
actions in terms of classical mechanics, but where quantum
coherence effects are included correctly and naturally. The q’t(q’):f dqKy(a',q)¥o(q), 2.9
comparison with state specific quantum mechanical results, ) .
presented in this paper, provides perhaps the most detaildf1€red denotes the\ coordinates of nuclear and electronic
and rigorous possible test of these new SC-IVR technique egrees of freedom coll?ctlvglg/|(je infra), and th'e time
for simulating nonadiabatic excited state photofragmentatio ependent propagatcbft(q ) |s'5|mply the evolution op-
. . erator in coordinate representation,

dynamics of a real polyatomic system.

The semiclassical methoglology implemented .in this pa- Kt(q,,q)5<q/|e—iﬁtm|q>_ 2.2
per removes the drawbacks inherent in the classical version
of the Meyer—Miller approach. It has been successfullyHereH is the Hamiltonian operator of the molecular system.
tested for the three one-dimensional model problems sugfhe Herman—KIiuk(HK),"* or coherent state IVR for the
gested by Tully for testing nonadiabatic dynanfitsnd for ~ time evolution operator, is
the spin-boson model for dissipative systéth® However, " "
the only application to date for a real molecular system has KtHC(q’,q)=(27rh)*Nf dpof dqgg gqt,pt(q’)
been our nonadiabatic MD simulation of the ultrafast photo- o o
dissociation dynamics of ozoridn that work the semiclas- ><Ct(po,qo)ei5t<poﬂo>/ﬁgq0’po(q)*, (2.3
sical methodology was implemented ab initio potential
energy surfaces and the photofragmentation dynamics waghere the integration variablepq,do) in Eq. (2.3) are the
simulated on the lower lying excited states'af’ symmetry initial conditions for clas_sical trajectorieq,;zgt(po,qo) and
that are coupled by a conical intersection. The capabilities oPt=P:(Po,Go) are the time-evolved coordinates and mo-
the SC—-IVR were demonstrated for simulating the Chappui@enta' ar)th(po,qo) the plassmal action along Fh's trajec-
absorption band, by comparing our semiclassical results d|1-0ry’ obtained by integrating the following equation:
rectly with experimental data, and with full-quantum me- d _
chanical calculations. gt~ P G H(p G- 2.9

In this paper we extend our semiclassical calculations to
compute not only the photoabsorption spectrum@i,, but along with the usual classical equations of motion,
also the rotat_lonal distributions &EN photofragments and dq(j) dH(q,p) dp(j) JH(q,p)
the asymptotic nuclear wave packet components that are ai 3001 and TR 2a0) (2.5
even more demanding quantities. The rotational distribution
provides a more detailed description of dynamics and is par- The HamiltonianH(p;,q;), in Egs. (2.4 and (2.5
ticularly challenging to calculate not only because it involvesabove, is the Meyer—Miller classical analog model for the
the evaluation of a high dimensional integral with an oscil-system with total angular momentudr=0.
latory integrand, but also because it is determined by the K2 E |2
asymptotic shape of the nuclear wave packet components H(R,K,8,1,p,x)= m+ WJF T
and is sensitive to how various different potential energy

The time-dependent wave functiok; can be obtained
m the initial state of the systeflf, according to

surfaces are populated according to the details of the elec- 12 2
tronic coupling between the excited electronic states and the t5 > 2 [BOB(K)
. . . k=1 k=1
speed with which the system moves through the coupling
regions at the conical intersection. It is shown in this paper +x(k)x(k")JH k' (R, 6)
that the HK version of the SC—IVR methodology, together L2
v_\nth s_tatlonary phase Mont_e Ca_rlo methods, can be _effec- _ = 2 Hek(R,6). (2.6)
tively implemented as described in Ref. 2 to obtain semiclas- 21

sical results that are in excellent agreement with full-

quantum mechanical calculations. ~(x,p), and Jacobi nuclear coordinateR,§) and momenta
The paper is organized as follows. In Sec. Il we flrst(KJ)’ assuming the rigid rotor approximation for t@N
outline our semiclassical approach for modeling the phOtOTragment with equilibrium bond length. As illustrated in
dissociation dynamics, the calculation of the absorptior]:ig_ 4, the Jacobi coordinaf is the distance between the
spectrum, and the rotational distributions ©N photofrag- jiodine atom and th€N center of mass, anK is its corre-
ments. Section Il then summarizes our results and compargponding momentunt) is the Jacobi angle, arlds its cor-
them with full-quantum calculations. Section IV summarizesresponding canonical conjugate variabM. and m, intro-
and concludes. duced by Eq.(2.6), are thel—CN and C—N reduced

written in terms of cartesian electronic degrees of freedom
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The time-dependent nuclear wave function of electronic
statek,\lff(R,G), is obtained from the total time-dependent
| O\ r wave function¥(x,R, #), by projecting out the correspond-
R \ ing electronic statepX,
N VR0 [ (@ R(cR 0w, (2.10
FIG. 4. Definition of the Jacobi coordinateR,®) for the ICN molecule.R .
is the distance between the iodine atom and@hecenter of mass. with
2 2
PN(X) =x,e” YAXLTX2), (2.11)

masses, respectively. The diabatic electronic Hamiltoniany,(q), in Eq. (2.10), is obtained by substituting Eq2.3)
matrix elementH, (R, ), in Eq.(2.6), are assumed to be into Eq.(2.1),
real and symmetric.

The wave functions for the coherent states in EQ3) \I;t(q):(Zﬂ.ﬁ)*fo dpofw do g o.(a)
are given by —oo —o Py

X Cy(Po, ) €'SiPo-%0 " p9( gy py), (2.12

where¥9(qg,po) is the coherent state transform of the ini-
tial wave function,

N 2(j) 1/4
gqt,pxq):Hl(yT“) exp(—y(j)[q(j)—q«j)]z

J':

i
+5pt(j)[q(1)—qt(j)]), (2.7)
‘Ifg(qo,po)=f dq’ gp,,q,(d")* Wo(q'). (2.13

The total photoabsorption cross sectief)), as a func-
tion of the photolysis wave length, is calculated by the
Fourier transform of the survival amplitudgt)

and similarly forgqo_po(q). The Gaussian functions intro-
duced by Eq(2.7) are numerically convenient but not rigor-
ously valid as functions of the Jacobi coordinates
(R,0)—i.e., they are not periodic functions 6f, and they

extend to unphysical negative values Rf However, these 1 o ot
functions are assumed to be sufficiently localized, so thatthe (M) =5— jﬁwdt &(t)e', (2.14
error introduced by this approximation is expected to be neg-
ligible. with @=2mc/\, and
The pre-exponential factor in the integrand of E2.3) 4
is given by E()=(Wole MM W)= (Wo|Wy), (2.19
whereV is the initial ground state wave function multiplied
Ci(Po, o) = Vdef{M], (2.9 0 9 P

by the constant transition dipole mome@ondon approxi-
where g=(R, 6,x) and p=(K,l,p) denote the nuclear and mation.

electronic variables collectively, ard is a linear combina- As presented above, the computational task is to evalu-
tion of components of the monodromy matrix, ate a rather high dimensional phase space average over initial
1/ dan(k 0 ap(k 1 I0.(k conditions defined as follows
M0 3 S0 * 70 503} 2R 70 [ g [
&(t)=(2mh) NJ_mdpof_mon W9 (q,py)
—2ih (j)[?qt—(k) (2.9 i
o)) X Cy(po, o) €SP0 %0/ M W9 g, po). (2.16

wherey(j) are the constant parameters in the Gaussian wavia order to damp out the most oscillatory regions of the
packets of Eq(2.7). The various time dependent partial de- integrands, which make little contribution to the value of the
rivatives are obtained by numerical integration of the follow-integrals in Eqs(2.12 and (2.16), we have utilized a sim-

ing equations for the stability matrix: plified version of the Filinov®"* or stationary phase Monte
, 5 Carlo (SPMO method!? which is described in Ref. 2.
E(ﬁpt(')) _ I"H (P, G IPe(k) The time evolved wave packgt(K) in the K—J rep-
dtl az(j) k=1 \ ap(k)agy(i) az(j) resentationwhereK is the nuclear momentum ardis the

rotational quantum number oEN), contains the rotational
product distributions at all energies, and is given by

&ZH(pt,qt) 3Qt(k))
aqu(k)aqi(i) az(j) )’

_ Iirv=a [ drl "oy : KRk
E(ﬁ%(')): N ( PH(p, a0 Ipi(k) x: (K) Afo deO dOY3,(0)sin(O)e”""VT(R,0),
dtl dz(j) =1\ dpy(k)ap(i) 9z(j) (2.17
PH(p,q) 99:(K) Wher'eA is a normalization constant,. and the spherical har-
S0 (Koo 2D | monic Y;0(0) represents thdth rotational state of th€N
a(K)apy(i) dz(}) fragment in the plane of theCN molecule. The rotational
wherez=pg or qg. product distributions are obtained at different energiesn

Downloaded 08 May 2001 to 130.132.58.224. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



5570 J. Chem. Phys., Vol. 112, No. 13, 1 April 2000 Coronado, Batista, and Miller

terms of the square of the asymptotic wave packet amplitudehere W (R, 0) is defined by Eq(2.19 andk denotes the
x{(K) along the different elliptical cuts defined as a functioninitially populated excited electronic state. The electronic
of K andJ by the following formula: wave function in Eq(2.20 is a product of one dimensional
R2K2  523(J+1) harmonic oscillator wave functions, since these are the
+ —, (2.18 eigenfunctions of the part of the quantum Hamiltonian that
2M 2mr models the electronic degrees of freedarh Eq. (2.6)]. The
whereE; is the initial energy of the wave functiom is the ~ €lectronic wave function for state is a ground state har-

photon energy, ani, is the asymptotic energy of the frag- monic oscillator wave function for all electronic modes ex-
ments. cept thekth one, which has one quantum of excitation.

Ei+ﬁw—E0=

B. Sample preparation and photoexcitation . RESULTS

In our simulations trajectories are initialized through MC ~ Results are presented in three sections. First, Sec. Il A
sampling of coordinates and momenta according to localize@resents the semiclassical results for the photoabsorption
phase space distributions determined by the coherent sta$ectrum compared with that given by full-quantum me-
transforms of the initial excited state wave functions, create@ghanical calculations. Section Ill A also shows the compari-
under the assumption that the photolysis event promote0n between the survival amplitude components obtained ac-
molecules instantaneously from the ground electronic state tgording to the semiclassical methodology presented in Sec.
the optically allowed excited states which are resonant witH!. @nd the corresponding reference results from full-quantum
the excitation wavelengttFranck—Condon approximatipn mechanical simulations. Section Il B presents the semiclas-

We assume that the dominant contributions to the exSical results for theCN rotational energy distributions asso-
cited state relaxation dynamics result from parallel transiciated with the two possible photofragmentation channels,
tions from the ground statkS ; potential energy surface to and the comparison with the corresponding full-quantum me-
the excited electronic state wiffil; symmetry, and perpen- chanical calculations, for photoexcitation to thy+ elec-
dicular transitions to théIl,, and3II, excited electronic tronic excited state at two different energies. Section IIIB
states. This assumption is based am initio calculations also presents the comparison of the semiclassical results for
showing that the ratios of the transition intensities to theth€ individual wave packet components, in e-J repre--
31, M1,, and®M, are 0.66:0.28 and 0.06, respectivély. Sentation, W|th_ the corresponding fuII—qu_antum mechanical
Ab initio calculations also show that tRél; potential en- Wave packets in théll,+ and*I1, electronic excited states.
ergy surface has an attractive well of about 0.45 e\Rat ThiS complete comparison of the individual wave packet
—4.92a.u., and is significantly coupled only to tHé, ex- ~ components alsp provides a comp.rehenswt_a understa_mdmg of
cited state, by a conical intersection Rt 6.42a.u. There- the spectroscopic features in the fidzl rotational distribu-
fore, in addition to the ground electronic state information,tions. Finally, in order to make a direct comparison between
we include in our simulations the two excited state surfacesQUr semiclassical calculations and the classical-analog results
3[1¢ and™l,, and the coupling between these two surfacespbta'ned_by Schatz_ an_d co-workers, we present in Sec. IlIC
In our simulations we calculate the values of the excited statf® rotational distributions, and the wave packets compo-
potential energy surfaces and the couplings between therfl€NtS in theK —J representation, obtained according to the
according to analytic expressions taken from Ref. 73. oufmPpirical potential energy surfaces developed by Goldfield

simulations, therefore, model nonadiabatic dynamics on fulfnd co-workers. Full-quantum mechanical results are ob-

ab initio potential energy surfaces without relying on any tained using the fast Fourier transfotfFT) method with an

approximate model potential. extended grid of 512 points in both tikeand© coordinates,
The nuclear wave function that represents the initialdefined in the range of coordinatf®—9| a.u<5a.u., and

population in theX state is assumed to be the harmonicl©|<27 radians.

ground state, i.e., A. Absorption spectrum and survival amplitude
v (R,0)= @R lMex _ ﬁ(R—R 2 @9 v Figure 5 shows the comparison of the semiclassical re-
grith P 2 0 sults for the total photoabsorption spectr(solid lineg with

the total absorption given by full-quantum mechanical calcu-
Xexp{ _ @(9_ 90)2}' (2.19 Ia}tions (dashey as well as the comparison of the semiglas.—
2 sical and the full-quantum mechanical results for the indi-

5 H 1 3
whereag and e are obtained from théCN stretching and ~ vidual absorption components to tfi#lo+, 'I;, and®Il,
bending force constanté,and the equilibrium values of the €lectronic excited states.

Jacobi coordinatesR,0) are Ry=4.99 Bohrs, and,=0.0 The first feature to note in this comparison is that the
radians respectively,. ' photoabsorption spectrum obtained according to the SC—

The total wave function for the initial state of the system VR methodology presented in Sec. Il is in excellent agree-

is the product of electronic and nuclear wave functions ment with full-quantum mechanical calculations in terms of
the shape and position of the absorption band, not only for

2 1 the total absorption spectrum but also for each individual
— _ Ty 2
Yor(x,R,0)= \[ka ex;{ 2 (X1+X2)}M"\Pgr(R'0)' contribution to the’Ily+, T1;, and®Il; electronic excited
(2.20  states. The small differences in the absorption intensities can
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FIG. 5. Comparison of théCN photoabsorption spectrum calculated in
terms of the semiclassical methodology described in Se¢sdlid lines,
with the corresponding full quantum mechanical res(d&shes Contribu- E
tions from the individual populated states are also displayed foflthg .
1., 311, electronic excited states. B
= e
be traced to small deviations in the survival amplitude enve- _-
lope, as discussed later in this section. The spectra presentei =
. . . . . . ko
in Fig. 5, obtained according to semiclassical and full- =
guantum mechanical methods are not only in excellent
agreement with each other, but also in very good agreement 1'0 1'5 0

with the experimental data presented in Fig. 1.

The individual contributions to the absorption spectra, Time [fs

3 1 3 ; ;

from_ the“Tlo+, Hl_’ and_ I1, electronic ex_CIted states, are_ FIG. 6. Comparison of the modulkng dashesand real partsolid line)
obtained as described in Sec. Il according to the Fouriegs the survival amplitudes associated with photoexcitation to Hg-,
transform of the survival amplitudes presented in Fig. 6. In'II,, ®, electronic excited states, calculated according to the semiclassical
order to check the accuracy and reliability of the semiclassimethodology presented in Sec. I, with the corresponding full-quantum me-
cal methodology described in Sec. II, Fig. 6 also compare§"anica! resultsdots for the first 20 fs of dynamics.
the real part and modulus of the semiclassical survival am-

pIitudesg(t) (solid lines to_the corresponding fuII—quantl_Jm Runge—Kutta algorithr®® using the parallel programming
mechanical resultidots. With the exception of small devia- ,,qe| described in Ref. 2. All forces and second derivatives
tions in the shape of the envelope of the survival amplitudes,ecessary for integrating the equations of motion presented
one sees that the semiclassical results are in excellent agrea-sec. | are calculated using finite difference expressions.
ment with full-quantum mechanical calculations, both inthe system of two Jacobi coordinates evolving on two elec-
terms of the frequencies and the relaxation times. The ulgqnic'syrfaces coupled by a conical intersection involves the
trafast decay within the first 10 fs after photoexcitation of thecomputation of an eight-dimensional integral with an oscil-

system, and the absence of recurrences in the survival aflyory integrand, for which it is necessary to propagate 73
plitudes at longer times, indicate that the photofragmentationy;iahjes that include nuclear and electronic coordinates and
process is direct, in the sense that the wave packet moves jomenta, the partial derivatives of each of them with respect
the space of nuclear coordinates directly towards dissocigy, he initial coordinates and momenta, and the classical ac-
tion. . - 1 tion. Since most of the degrees of freedom involved in the
Branchlng processes between o+ and “II; elec- equations of motion are rapidly changing variables, it is nec-
t_ronlc state populapons becomes significant only after t_heessary to employ a fairly small integration stép0.012 fs
first 20 fs of dynamics, when the system reaches the conicg, o der for the equations of motion to be integrated accu-
intersection. Therefore, nonadiabatic couplings have only &1y and to reinitialize the stability matrix every 0.12 fs to
minor effect on the absorption spectra, but play a crucial rolg 5 e jate the partial derivatives at longer times according to
in determining the pranchlng ratio _of .pho.tofragment yieldSihe chain rule. The values of the paramets(§) for the
and the corresponding rotational distributionsGi photo-  gjectronic degrees of freedojrare arbitrarily set equal to 1

fragments. . . _a.u., whiley(j) for the nuclear variables are a set equal to
The semiclassical method for computing the surwvala(j)/z introduced by Eq(2.19.

amplitude &(t), presented in Sec. Il, is a direct approach

based on Eq(2.16 which does not require the computation . N

of the time dependent wave function. The survival amplitudeB' Nascent CN rotational distributions
results, presented in this section, are converged withra0 In order to make a rigorous comparison between the
jectories integrated according to a standard fourth-ordesemiclassical and full-quantum mechanicaN rotational
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0.25 ' ' ' ' ' ' ' ] sees that for this photodissociation channel there are some
small differences between the semiclassical rotational distri-
butions and the full-quantum mechanical results, the overall
qualitative features are in excellent agreement with each
other in terms of the shape and position of the band, the
0.15 1 shape of the superimposed resonance structure at about
=5, and the trend of these spectroscopic features when the
excitation energy is increased from 266 nm to 248 nm—i.e.,
for both calculations the tail of the rotational distribution
becomes wider when the excitation energy is increased from
2660m 266 nm to 248 nm, extending out §e=40, while the super-
imposed resonance structure becomes less prominent due to
the increase of amplitude in the rotational distribution.

Figure 7 also shows the semiclassical rotational product
distributions(solid lineg associated with thé(?Pg,)+CN
0.5 ; ~ ' ' ' - ' ] photodissociation channel, with a maximum amplitude at
40<J=<50 for both photoexcitation energies. These results
are also compared to the corresponding full-quantum me-
chanical rotational product distributiorfdashed linesthat
result from parallel transitionX«°I1,+. Figure 7 shows
. that for this other photodissociation channel there is almost
gquantitative agreement between SC and full-quantum me-
chanical results at both photoexcitation energies. As men-
tioned above, we have included in our calculations only the
contributions of parallel transitionX—I1,+, in order to
248nm 4 present a clear and rigorous comparison. Therefore, the spec-
troscopic bands associated with #H{&Pg,) + CN photodis-
sociation channel result exclusively from population that
crossed from the initially populatetil,+ state to the'Il,
electronic state at the conical intersection. The agreement
FIG. 7. Contributions f(f)f para"ﬁl transitiods—°ITo+ to thgggtaﬂong' F;Tg' observed in this comparison, therefore, validates our semi-
ﬁﬁz.d'll'sr:(relb:(?l?dnslinegsdlarir?rr:(te F)sec:rt]?cel);zg?ct;nr:sntﬁg I?)-taine(r; 25( d)escribed h‘,1|aSS_IC61| _treatment_ and demons”ates that the Meyer—Miller
Sec. II, using theab initio potential energy surfaces. Dashed lines are the Hamiltonian, quantized according to the SC—IVR methodol-
corresponding full-quantum mechanical results. ogy, describes th#ECN photodissociation dynamics in excel-

lent agreement with full-quantum mechanical calculations.

In order to present a complete comparison of the SC and
distributions, Fig. 7 compares the contributions of parallelfull-quantum rotational product distributions at all energies,
transitionsX<—3H0+ to the totalCN rotational distributions as well as comprehensive understanding of the spectroscopic
at 266 nm, and 248 nm, respectively. The solid lines are th&atures in the finaCN rotational distributions, Fig. 8 com-
semiclassical results obtained as described in Sec. Il, frorpares the SC and full-quantum results for the contribution of
the time evolved wave function of the system in te-J parallel transitions to the time evolved wave packet in the
representation at 70 fs after photoexcitation of the systenK-J representation at 70 fs after photoexcitation of the sys-
The calculations of the time evolved wave function and ro-tem. These results are presented in pat@land (b) in the
tational distributions were converged withx20’ trajecto-  form of contour plots for the individual wave packet compo-
ries, propagated according to the programming model outrents associated with the populated electronic excited states
lined in Sec. IllA. The dashed lines are the correspondingly+ andIl,, respectively. Figs. @), and §b) also include
full-quantum mechanical calculations. Although the wavethe elliptical form of the energy contours defined by Eq.
function of the system in thi€ —J representation is not com- (2.18), as a function oK andJ at 266 and 248 nm, respec-
pletely in the asymptotic region at 70 fs, it differs only mod- tively, and show that the agreement between SC and full-
estly from the fully asymptotic wave function at 200 fs, a quantum mechanical results observed at these two energies
time at which the computational cost for totally convergingcan also be observed at any other photoexcitation energy.
the semiclassical calculations is forbidding. The lowest contour line, in Fig.(8), shows that there are

The semiclassical rotational product distribution assocismall differences in the tail of the nuclear wave packet asso-
ated with thel* (?P,,)+CN photofragmentation channel ciated with electronic excited stafdl,-. This feature is
has a maximum peak d 5, and is shown in panelg) and  consistent with Figs. () and 7b), where the tail of the SC
(b) of Fig. 7 for photoexcitation energies at 266 and 248 nmfotational distributions are slightly smaller than the full-
respectively. These results are also compared in Fig. 7 to thguantum amplitudes al>10. The peak in the rotational
full-quantum mechanical rotational product distributions as-product distribution, observed in thle=1-3 range in Figs.
sociated with parallel transitions§«—3I1,+. Although one 7(a) and 7b), is slightly more prominent for the SC simula-
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FIG. 8. Contour plots of the time evolved wave packet in kheJ repre- (b) J

sentation at 70 fs after photoexcitation of the system tc’Ihg: electronic

excited state, obtained according to the semiclassical methodology presentEG- 9. Rotational product distributions at different photoexcitation ener-
in Sec. I (solid lines, and the corresponding full-quantum mechanical re- 9ies: (&) 266 nm;(b) 248 nm. The solid lines are the semiclassical calcula-
sults(dashed lings Panel(a) shows thé’ll,+ wave packet component, and tONS (_)btamed as described in Sec. I, and the_ dashed Ilne_s_are the corre-
the elliptical form of the energy contour defined by E2.18), as a function sponding full-quantum mechanical results, using the empirical potential
of K andJ at 266 and 248 nm, respectively. Pat®l shows the projection ~ energy surfaces from Ref. 59.

of the 1TT; wave packet component, and the corresponding elliptical energy

contour plots as a function &€ andJ at 266 and 248 nm, respectively.

responding full-quantum mechanical resultlashed lines
tions than for the full quantum calculations. This is consis-oPtained with empirical potential energy surfaces from Ref.

tent with the fact that the peak of the SC wave packet i29, at two different photoexcitation energies. One sees that
slightly more prominent than the full-quantum mechanicalWith exception of small differences the semiclassical rota-
wave packet at these low rotational quantum numbers. pitional distributions are in almost quantitative agreement with
nally, the origin of the resonance feature at abbuts, and full-quantum mechanical results for all populated rotational
the trend of this feature as the photoexcitation energy is inStates of theCN photofragments. Figure 9 demonstrates the
creased from 266 nm to 248 nm, can be traced to the shag@pPabilities of the semiclassical methodology presented in
of the wave packet at the intersection with the elliptic energy>€¢- !l for describing the photodissociation dynamic$Gi
contour lines al=5 in Fig. 8a). according to the empirical potential energy surfaces used in

The overall agreement between SC and full-quantun’PreViOUS theoretical studies, including those presented in
mechanical rotational product distributions for th@P,,) Fig. 3. _ _ o _
+CN channel can also be observed at any other photoexci- The semiclassical results presented in this section were
tation energy, in terms of the shape and position of the bangonverged with & 10° trajectories, after propagating the

since there is almost quantitative agreement between SC a@yStém for 50 fs according to the programming model out-
full-quantum calculations at all contour lines of thgl,  linedin Sec. IlA. We find that the empirical potential energy

wave packet component presented in Figp)8 surfaces are significantly different from tlad initio poten-
tial energy surfaces implemented in Sec. lll B, and the wave

function of the system in th& —J representation becomes
asymptotic in less than 45 fs.
Figure 10 shows contour plots of the time evolved semi-
Figure 9 shows the comparison between the semiclassélassical wave packet components in Kie J representation
cal rotational product distributionsolid line9 and the cor-  at 50 fs after photoexcitation of the system to thk)+ elec-

C. Results obtained with empirical potential energy
surfaces
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¥ T . . 100 dynamics ofICN using full ab initio PESs, and calculating
the ICN photoabsorption spectra, and the rotational energy
4 80 distributions of theCN photofragments.

Our SC results are in excellent agreement with full-
1 60 quantum calculations, demonstrating the potential of this

K semiclassical methodology for studying reactions involving

+ 40 nonadiabatic complex quantum dynamics in small poly-

atomic systems. In the spirit of the original formulation of
420 Meyer and Miller, the method treats nuclear and electronic
degrees of freedom on the same dynamical footing and in-
! 0 volves the propagation of deterministic classical trajectories

0 20 40 60 80 100

on an average PES. Here, however, the dynamics is treated
within the semiclassical IVR model rather than the more
primitive quasiclassical model used earlier. Therefore, quan-
tum coherence is incorporated within this description, and

' ' ' ' 100 any quenching of interference structure comes about via de-
structive interference, and red hocdephasing approxima-
180 tion needs to be introduced.
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