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A detailed comparison between three-dimensional classical surface hopping calculations and quantum
mechanical calculations is presented for the photodissociation of water intthied Accurate coupled diabatic
potential energy surfaces are used in these calculations. Tully’s “fewest switches” method using an adiabatic
representation for the electronic states is applied for the surface hopping procedure. Studied are the energy
dependence of the branching ratios for the possible fragmentation channels, including electronically nonadiabatic
channels, and the probabilities for particular vibrational or rotational product states of the electronically excited
OH(A) fragment. Although the classical results generally agree well with the quantum results, some serious
errors in the classical calculations were detected. First, it is found that the calculated fractions for the
O('D) + H, and OfP) + H + H fragments are too large. Second, the absence of quantization of the vibrational
energy in classical mechanics has consequences for the details of the rotational product state distribution of
the OH(Ap=0) fragments. This is important for the “singhé phenomenon”, an experimentally observed
strong preference for populating the highest rotational product state for which the rotational barrier energy is
lower than the available energy (S. A. Harich, X. F. Yang, R. van Harrevelt, and M. C. van H&hgst,

Rev. Lett, 2001). For a two-dimensional model, where the above-mentioned problems of classical trajectory
calculations do not occur, excellent agreement between classical and quantum results is found. Classical
trajectories were followed to explain the singdlgphenomenon and the origin of the experimentally observed
vibrational excitation of OH(A) fragments.

I. Introduction There are many classical trajectory studies of photodissocia-
_tion reported in the literature, with or without surface hopping:

This paper concerns quasi-classical surface hopping calcula X ) PE
see, for example, refs19. In particular, the photodissociation

tions for the electronically nonadiabatic photodissociation of . ~ - i . .
water in the Bband. This study has two objects. The first aim ©f water in the Bband was studied extensively with classical
is to test the accuracy of classical results by comparing with trajectory calculation:® At the time that these calculations

accurate quantum mechanical results. Although classical me-Were performed, an accurate three-dimensional potential energy
chanics is an approximation that is subject to zero point errors, Surface for the Bstate was not yet available, except for ref 5.
to excessively chaotic dynamics, and to potentially important AlSO, three-dimensional quantum mechanical calculations on
approximations in the treatment of electronically nonadiabatic COUPIed potential energy surfaces were not yet possible at that
effects, the classical calculations are much easier to programtime. Only for a two-dimensional electronically adiabatic model
than quantum mechanical calculations and are in most casest COmparison between quantum and classical results was given.
computationally less demanding. Thus, if the classical descrip- Weide and Schinkefound good agreement between classical
tion is proven to be adequate in this case, it may be used for@nd quantum resuits for the OH(A) rotational distributions. The
other similar photodissociation processes. photodlssomatpn of water in t.he. Aand is much simpler
The second purpose is to use classical mechanics to gainbecause the direct photodissociation process proceeds on one

insight into the photodissociation dynamics. For simple pro- single potentiall energy surface. Thrge-dimensional classical
cesses, the expectation values of the quantum mechanical timeSalculations, using an accurate potential energy surface for the
dependent wave packet provide a clear picture of the photo-~ State, are presented in ref 3. The classical rotational and
dissociation dynamics. But for processes where the wave packet\"brat'onal distributions were shown to agree well with quantum
splits into various components, or where the dynamics is "eSults for the same surface.

strongly energy-dependent, as is the case in the process studied The present classical surface hopping study differs from the
in this paper, this type of an analysis of quantum dynamics is Previous studies on the following points. First, we use an
less useful. In those cases classical trajectories provide a moreaccurate set of three-dimensional coupled potential energy

transparent picture of the dynamics than quantum mechanicalsurfaces, the DobbyrKnowles (DK) surface$?!Comparisons
wave packets. between experimental and quantum results for OH(A) rovibra-
tional distribution? indicate that this surface is better than the
* Corresponding author. E-mail: hemert_m@chem.leidenuniv.nl. Fax; Surfaces used in previous studies. Second, classical results are
(+31)-71-527 4488. always compared with results of accurate three-dimensional
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guantum calculations on coupled potential energy surfaces, as
discussed in ref 13. Third, we discuss quantities such as the
branching ratios for different fragmentation channels, and the
probability for a particular rotational or vibrational state, as a
function of the photon energy. This is particularly important
because quantum mechanical branching ratios and probabilities
as a function of the energy usually show interference structures.
In this work, Tully’s ‘Fewest Switches’ (TFS) algoritifis
used to calculate the probability of surface hops. This method
is developed to minimize the number of surface hops. Since x (Co)
every surface hop implies an unphysically abrupt change of the Figure 1. Dobbyn—Knowles potential energy surface for the adiabatic
momenta, the TFS method is expected to be more accurate tharB state, for a fixed OH1 distance of 1. The O and H1 atoms are
other surface hopping techniques. Most of the calculations use'ac’rf:’itr‘??J r?ltég’f) e:Ie(c(i.r?)’n ebqt)s?ggr(;t(l)ﬁ a;{i)ﬁgéog} éejr%‘\eﬂ‘ﬁ% SE”frgigs
an adlabatlc_ replfesentatlon of the electrqnlc states; however’9.5, and 10 eV. The Franetéondon point, where all trajector,ies, sta;t, '
results for diabatic states are briefly considered. As far as we ig ingicated with X.
know, the TFS method has not yet been applied to photodis-

sociation, but various comparisons between the TFS andy,yeyver, smaller, and therefore the DK surfaces are in general
quantum results for reactive scattering are very encourdgify,  ore accurate than the Leiden surfaces, in particular with respect
and very recently, the TFS approach has been used to study the electronic threshold energies for various fragments (OH-
guenching and reaction in OH(A) H collision using the same (X) + H, OH(A) + H, O(D) + H,, and OFP)+ H + H). For
potential surfacé$ used in the study presented in this paper. gyample, the DK value for the electronic threshold energy for
Many interesting experimental results for photodissociation o) + H (9.42 eV), is closer to the experimental value (9.52
of water in the Boand have recently become available. Kinetic g\27) than the Leiden result (9.34 eV). Because the OHA)
energy release (KER) experiments have provided detailed  yhreshold energy is within the energy range of the dissociating
|n_for_mat_|on on the electronic and rovibrational product state ;e packet, the dynamics are quite sensitive to this threshold
distributions of OH or OD fragments fromz8, DO, or HOD energy. Also, a comparison between quantum results with
moleculeS photolyzed with 121.6 nm light. These experiments gyperimental datd for the vibrational distributions of OH(A)

revealed interesting phenomena in the rotational product Statefragments indicates the DobbyKnowles surface for thé Btate
distributions of the diatomic fragments: interference structures s more accurate than the LeidensBriace.

in the rotational distributions of the OH(¥0) fragments from
H,0> and the “singleN phenomenon” for the OD(A=0)
fragments from HODG! In the singleN phenomenon there is a
strong preference for populating the highest possible rotational
product state for which the rotational barrier energy is lower
than the available energy. In another recent experimental
study*222 the wavelength dependence of the rovibrational
distribution of the OH(A)/OD(A) fragments was studied sys-
tematically, by measuring the fluorescence of the diatomic
fragments. In this paper, we will use classical trajectories to
study the origin of the vibrational excitation of the OH(A)
fragments. We also present a classical analysis of the siihgle
phenomenon.

Finally, we want to stress that some experimentally observable
features are purely quantum mechanical in nature and must
accordingly be described quantum-mechanically. For example,
resonances in the absorption speétrayhich are related to
Feshbach resonances on the adiabatist&e?* Also, the
interference pattern observed in the OH(X) rotational distribu-
tion?® is a typical quantum phenomenon.

In a previous study of photodissociation of water in the A
band?8 we have compared the DK and LeidersArfaces. We
used a simple empirical correction function to correct the OH-
(X) threshold energy. Remarkably, from comparisons between
theoretical and experimental OH(X) vibrational distributions,
we concluded that the corrected Leidensrface ismore
accurate than the corrected DK surface, in contrast to the
indication that the Leiden Burface islessaccurate than the
DK B surface. We have not used empirical corrections for the
B state surfaces, because the dissociation dynamics on the B
surface is significantly more complex than the dynamics on the
A surface and is therefore more sensitive to minor details of
the correction function.

Besides the accuracy, an additional advantage of the DK
surfaces is that they are available in analytical forms, which is
convenient for classical calculations. In Figure 1, we show a
two-dimensional contour plot of the potential energy surface
for the adiabatic Bstate, which explains the main characteristics
of the photodissociation dynamics. One OH bond length is fixed
at 1.8. All trajectories start on the Btate at the point indicated
Il. Details of the Calculations with the cross, the FranekCondon point. The trajectories move

IlLA. Potential Energy Surfaces. The Dobbyr-Knowles toward the deep well at the linear HOH region= 0). The
(DK) coupled diabatic potential energy surfates are used HOH minimum is the conical intersection, where many trajec-
in the present dynamical calculations. Adiabatic potential energy tories hop to the ground state surface and end at OH{(X).
surfaces for the Bind X states were calculated using the multi- Trajectories that are not transferred to the ground state, may
reference single and double excitations configuration interaction directly go to OH(A)+ H, or move toward the well at the linear
(MRD-CI) method, with a large atomic basis set and a large HHO geometry, which is also a conical intersection.
number of selected configurations. The transformation fromthe  The coupling between the adiabatic a0d B states arises

adiabatic electronic states ahd Bto diabatic state§I andX from the nonadiabatic coupling vectgr= [dx|Vesl] where
was done with help of ab initio matrix elements of the electronic ¢x and ¢g are Borr-Oppenheimer wave functions and is
angular momentum operat8t. the gradient operator with respect to all nuclear degrees of

In a previous study of the photodissociation of water, we used freedom. This coupling can be determined from the DK dia-
the older Leiden potential energy surfaégswhich were batic potential energy surfacdg; and Vs and the coupling
constructed in a manner similar to that for the DK surfaces. Vps. Diagonalization of the electronic Hamiltonian in the
The basis set and the number of selected configurations wasdiabatic basis results in the Ber®ppenheimer potential energy
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surfacesVx and Vg. The mixing angle is defined as = tion completely failed in providing a realistic description, in
1, arctan¥/ns/|Vnn — Vs|) and is related t@ according tog = particular with respect to product state distributions, in contrast
Vo Note that it is assumed that the matrix elemenVan the to the good results obtained with the adiabatic representation.
diabatic basis is zero, which is in general not true for polyatomic This is easily understood from the shapes of the potential energy
systemg? surfaces. In the diabatic representation, the interaction between
I1.B. Quasi-Classical Surface Hopping Calculations.For the diabatic states is spread out over a wide range of nuclear

the quasi-classical trajectory (QCT) surface hopping calculations, geometries, where the molecule has a bent geometry. Because
the procedure as reported by Gray et%b followed. Gray et in these regions, the diabatic states are completely different in
al. studied nonadiabatic effects on the'D)+ H; reaction on character, a strong change in the nature of the trajectory occurs
the same set of surfaces as used in the present calculationsafter a successful hop, which is unphysical. This may be
Modifications of this procedure for photodissociation processes particularly important because all trajectories start at bent
are described below. geometries.

In the classical calculations, Cartesian Jacobi coordinmates
andR are used, whereis the OH vector, an® is the H-OH
vector. In this paper we will only consider nonrotating water
molecules § = 0): hence all atoms remain in a fixed plane,
and we have four nuclear degrees of freedom. Actually, there
are only three independent degrees of freedom, due to the
;g?;ee:é?éﬁ)lgr ?(]; ttr:]ee n:: ;rg&ol;re ;Itar?(fe,ttr)]l?t V%ggdu;ar: 0,[” l? Srgetmg rlrr1] half of these trajectories at the collinear HOH region, and the

the classical calculations. Three independent degrees for freedon‘l)th_er half at the cplllnear HHO region. _Surface hops at_ the
are, for exampleR, r, andy, the magnitude oR andr, and collinear HOH region are strongly localized at the conical
the,angle betweer; these tv,vo vectors, respectively ' intersection seam. Surface hops at the collinear HHO region

To determine the initial values of the components' @nd have a wider distribution, because theaxd B surfaces are
R, and the conjugate momenta, we follow the Wigner ap- almost degenerate in this region. About half of the trajectories
proach303L First, we calculate variationally the ground-state to OH(A) have no surface hop at all. For the other trajectories,

vibrational wave functiony(Rr,cos/) for J= 0, Then this wave & nop from Bto X is almost immediately followed by a hop

In the adiabatic representation, the interaction is more
localized at the seam of the conical intersection at the linear
geometry, where the adiabatic states are nearly degenerate.
When surface hops occur in this region, there is no or little
change in the character of the trajectory. Trajectories to
OH(X) + H usually have only one single surface hop, about

function is fitted to the following functional formy(Rr,cosy) back to the Bsurface. Therefore, the nature of the trajectorles
— Yr(R) ¥1(r) Yoo (COSY), Where the functiony (x=r,R or 10 OH(A) + H are hardly changed by surface hopping.

cosy) has the form:y(x) = W exp(—ox(X — X¢?). The Thus for the present problem an adiabatic representation of
momenta conjugate to and R are denoted ap and P, the electronic states appears necessary for a realistic description

respectively. The momentum space representations of the waveof the photodissociation dynamics. At first sight this seems to
nctons ko fave a Gaussn for) = (Y 0o COMEt e usage of e dabtc epresentaton ue:
exp(—p'?4ay), wherep' is P or p. The angular momentum th P t of | dy tential P ; ¢ t%
conjugate toy is denoted a$. The angular momentum space € same set of coupled potential énergy surfaces as for the

representatio(l) does not have a Gaussian form. Numerical photqd|s§omatlon of wate_r: the @:0 + Hp —~ OH .+ H
tests, however, indicate thafl) fluctuates around a Gaussian 'eaction;”and the electronic quenching of OH(A) radicals due

function of the same form ag(p'), and we therefore can make to collisions with H20 but it should be taken into account that
: these processes are quite different from the photodissociation

the approximationp(l) & y//,ttes 7 €Xpt- |%/4acos). Initial ot water. For the ) + H, — OH + H reaction it was found
values ofr, R, cosy, p, P, andl are generated with a probability  ,5¢ 5 giabatic representation was modestly better than the
given by tzhe ngr;er functionPu: PW(R,r,co?_,P,p,I) - adiabatic representation in describing transitions between the
¥(Rr,coy)* ¢(P,pl)*. The Box_—MoIIer met_hoé IS _useq to same states that are considered in the present calculation. In
generate random numbgrs W'th a Gausggn distribution. Thethat case the coupling was weaker in the diabatic representation
cpordgates_o(f) the_nuclel,_vvlr/uch alway; If Ilg tymplage,_aée due to the constraint in the reactive trajectories to near collinear
glc:/sen Pyr:y E si,nrz — rj’cpgs_/Rr’apr?d_P p,: Iégos er: }/’co;_/R HHO geometries as a result of a barrier that must be surmounted
Fin;/liy ythe ene}r/gy of aynéw trajfectory isycalculatgd. .The before Fhe con_ical i_ntersection _is sampled. I_n VieW. of t_hese
traject(;ry is integrated if the energy lies within a specified comparisons (d|at_3at|c pe_tter for linear geometries, ad'fabat".: best
for bent geometries), it is not clear whether the adiabatic or

interval. . . s ) .
For some calculations, one OH bond lengthig fixed to an diabatic representation is preferred in theIOH(A).-I coII|§|on
study reported in ref 20 where all possible orientations can

arbitrary value, which reduces the complexity of the photodis- . . .
sociation process. This is achieved using the Lagrange muItipIiercomrIbUte to the electronic quenching process.
method, as described in ref 33. A subtle point in surface hopping methods is the constraint
In accurate quantum mechanical calculations, the results Of energy conservation during a surface hop. To impose energy
should not depend on the representation, diabatic or adiabatic.conservation, the component of the momentum parallel to the
The surface hopping method, however, is more a trick than a honadiabatic coupling vectgris adjusted to conserve energy.
theoretical algorithm. For example, the sudden, discontinuous When the potential energy increases during a surface hop
switch from one surface to the other is clearly an unphysical attempt, it may occur that the projection of the momentum on
process. Furthermore, the method is justified only for transitions the vector is too small to be adjusted. This “frustrated” surface
between degenerate electronic states. As a consequence, thkop is always rejected during the trajectory integration. It is a
success of the method critically relies on the representation of common practice to reverse the component of the momentum
the electronic states, as was demonstrated in previous stdies. alongg in the case of a frustrated hop. For the present problem
We performed test calculations for the photodissociation of we found that the momentum reversal does not change the
water, and found that surface hopping in the diabatic representa-results of the surface hopping calculations significantly, as also
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. . . Figure 3. Branching ratio for the OH(X) channel, obtained from 2D
Figure 2. Branching ratios for the OH(X)- H, OH(A) + H, and  cajcylations withr = 1.8 a. Only OH(X) and OH(A) fragments are
non-OH-+ H channels, as a function of the photon energy. Solid lines hsssible. Solid line: quantum results. Open circles: classical results.
are results from quantum calculations; the points are quasi-classical . . . . .
results. not only to excessively high vibrational excitation of the OH(A)

fragmentsi? but also to a large fraction of the wave packet

found by Hack and Truhla€ Therefore, we have not applied ~missing the well in the collinear HOH region. This fraction of
momentum reversal in our calculations. the wave packet reaches the conical intersection seam with

When the trajectory has finished, the continuous rotational Smaller kinetic energy, and therefore the probability of a surface
angular momentunlcon; = | and the continuous semiclassical hop to the ground-state surface is smaller.
vibrational action vonare calculated for the OH fragmetsont The quasi-classical branching ratios agree quite well with the
is given byNeont= [rxpl, andveon= — Y + #p dr, where the guantum mechanical results, except that the classical results
integration is carried out over a complete vibrational period. overestimate the branching to the4oH, and O¢P) + H + H
Note tha[vcom > —1/2. The equations of ref 35 have been used channels, in particular at energies above 10 eV. This can be a
in evaluatingveon: TO assign trajectories to discrete integer consequence of the surface hopping method, but quantum effects

valuesN and v, the continuous values Mot and veon: are could also contribute. In a calculation in which the nonadiabatic
truncated. For exampléNcont = 19.7 is assigned tdl = 19. coupling between the electronic states was switched off, only
The advantage of truncation is that classical and quantum barrieOH(A) + H and O{D) + H, fragments are possible. The
energies are almost equal. calculated fraction of GD) + H; fragments at 10.2 eV are

For the SH calculations, a time step of 1 au (0.024 fs) is 0.3 and 0.6 for the quantum and classical calculations, respec-

used. For calculations in which the coupling betweentlem@&  tively. Thus, even without surface hopping, the branching to
X states is neglected, a larger time step of 5 au is sufficient. the O{D) + H channel is too large, which indicates that in
I1.C. Quantum Mechanical Wave Packet Calculations.The the classical calculations the energy flow in the triatomic
wave packet calculations, using a diabatic representation of thecomplex is more efficient. The excess of the non-GHH
electronic states, have been described in detail in ref 13. Forchannels in the coupled classical treatment is probably due to
the analysis of the singld phenomenon, a larger grid for the the same effect.
R coordinate was necessary. A grid of 144 points between 1  Two-dimensional calculations in whighwas fixed at 1.8
and 15a, was found to be adequate for sufficiently converged have been performed in order to test the accuracy of the surface
results. In contrast to the calculations in ref 13, the total angular hopping method without the complication of the presence of
momentum was zero in the quantum calculations presented inthe non-OH+ H channels. The quantum and classical prob-
this paper, because the classical description is also for zeroabilities for OH(X), presented in Figure 3, are in excellent

rotational angular momentum of the;® complex. agreement. This proves that the surface hopping procedure used
in the present calculations is quite accurate and suggests that
Ill. Results the deviations between the classical and quantum branching
III.A. Branching Ratios. Quantum and classical branching ratios for the three-dimensional case are not due to an inaccurate
ratios for the OH(X)+ H channel, the OH(A} H channel, treatment of the nonadiabatic transitions.
and the total branching ratio for the non-OH H channels In Figure 4, separate branching ratios for thé@(+ H,

(O(D) + H, and OfP) + H + H) are shown in Figure 2, as and OfP) + H + H channels are shown. The strong increase
functions of the photon energy. Note that the electronically of the non-OH channels above 10 eV is mainly due to the
nonadiabatic channel to OH(X) H is dominant in the entire OCP) + H + H channel. The trajectories to both non-OH
energy range. Experimentally, branching ratios are only known channels almost always have their first surface hop at the
for a photon energy of 10.2 e¥0.66 (OH(X) + H), 0.13 collinear HHO well region. This suggests that for those
(OH(A) + H), and 0.21 (other channels). The experimental trajectories that pass the collinear HHO well region, the
branching ratios are in good agreement with the quantum results.O(!D) + H, and OfP) + H + H dissociation channels are
The quantum branching ratios as presented here agree bettecompetitive. However, in both the classical and the quantum
with the experimental data than previous results reported for calculations, the branching ratio for @)+ H + H is probably

the Leiden surface's for which the fraction of OH(A) fragments ~ overestimated at the expense of thell)(+ H, channel,
(0.3) is too large. The origin of the difference between the DK because only two electronic statesXd B are considered in
and Leiden results is probably a difference in the symmetric the model. This is related to the following problem at the
stretch potentials in the vicinity of the Franelcondon region. asymptotic H + O region.

For the Leiden surfaces, the initial symmetric stretch motion is  The problem is the crossing of the potential energy surfaces
more strongly excited than for the DK surfaces. This gives rise corresponding to GD) + Hx(X Z4") and OfP) + Ha(a 3%, 1).
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X and Bstates, as functions of the-HH distance, for an infinitely far
oxygen atom. Solid line: X surface. Dotted line:sBrface. A schematic
potential energy curve for the repulsivé®,* state of H, correlating
with OCP), is indicated with the broken line.

When the O atom is infinitely far apart, the potentials corre-
sponding to these fragments cross at-aHHdistance () of

3.1 ap, because the energy of ) is about 2 eV lower than
the energy of D). This is illustrated in Figure 5. As a
consequence, the ground state) @urface has OD) + H;
(X=4M) character forryy < 3.1 ag and OFP) + Hy(a®=,")
character forpy > 3.1 ap at the asymptotic region. This is
clearly seen in Figure 5. The intersectiomai = 3.1 should

be a sharp kink, but due to the fitting of the surface with an
analytical function, the sharp kink is rounded off. For the B

van Harrevelt et al.
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Figure 6. Vibrational product state probability for the OH(A)
fragments, as a function of the photon energy,fer 1 andv = 2.
Solid lines: quantum results. Points: classical results.

the quantum results. The OH(X) rotational and vibrational
distributions are hardly energy dependent. We found small
deviations between quantum and classical vibrational distribu-
tions for OH(X): the quantum vibrational distribution is
somewhat sharper peaked:at= 0. For example, at 10.2 eV,
the quantum mechanical probabilities are 0.56= 0), 0.05

(v = 1), 0.06 ¢ = 2), and 0.05 £ = 3). The corresponding
classical probabilities are 0.4 & —1 andv = 0), 0.10
(v=1), 0.07 ¢ = 2), and 0.05 4 = 3).

The classical calculations reported in this paper confirm the
picture presented by Dixérior the OH(X) vibrational distribu-
tion. He showed that for those trajectories that have their first
surface hop close to the collinear HOH region, the OH(X)
fragments are predominantly formed with= 0 andv = 1. In
contrast, when the trajectory has the first surface hop at the
collinear HHO region, the final vibrational quantum number
can be very large (more than 10). The origin of the strong
vibrational excitation for these trajectories is the collision
between the OH fragment and the H atom.

For the OH(A) fragments, only vibrational levels with< 3
are energetically accessible for energies below 10.4 eV. Classical
and quantum probabilities far= 1 andv = 2 are presented in
Figure 6. Agreement between classical and quantum results is
good. Figure 7 shows typical trajectories to OH{AQ) and
OH(A,»=2). For the trajectory te = 0, the vibrational energy
increases smoothly when the trajectory moves toward the
collinear HOH region. For most trajectories #o= 2, on the
contrary, the vibrational excitation results from a ©H
collision at the collinear HHO region, the same mechanism
responsible for the high vibrational excitation of the OH(X)
fragments.

For the OH(X) fragments, the ratio of the< 0 andv = 1

surface, this problem does not occur, because there is onlyProbabilities is larger than for the OH(A) fragments. This is

one electronic state of'Asymmetry correlating with GP) +
H+ H.

probably because the trajectories with a large vibrational action
miss the deep HOH welk (= 1.8 ag), and therefore reach the

As a consequence, on the ground-state surface the followingconical intersection seam with a lower kinetic energy. Since

dissociation process may occur: *0f + H, — OCP) + H +
H. For an infinite G-H, distance, this process is an artifact of

the potential energy surface model, since this process can of

the probability of a B-X surface hop increases with the kinetic
energy, the OH(X) fragments have less vibrational action.
IlI.C. The Single N Phenomenon.In ref 21, a combined

course never occur in nature. In a correct treatment, one shouldexperimental and theoretical study on the siriglghenomenon

include an electronic state correlating with both3@)(+
Ho(a%Z,"), and O{D) + H + H. This is the fifth state of A
symmetry, or the second state of, Bymmetry for Cy,
geometries. The coupling between this state and thataXe,
which for C,, geometries also has,Bharacter in the H+ O

in the photodissociation of HOD at Lymam (10.2 eV) was
presented. In both the experiment and the calculations a very
large probability was found~0.5) for the highest possible
rotational state for which the rotational barrier was lower than
the available energy. Rotational barriers, which arise from the

region, should be included in this correct treatment. The N(N + 1)/(2urR?) term in the Hamiltonian, were shown to play

complexity of such a treatment is, however, prohibitively large.
111.B. Rovibrational Distributions of the Diatomic Frag-

ments. In general, the classical rovibrational distributions for

the OH(X) and OH(A) fragments are in good agreement with

an essential role.

The rotational barrier energies can be calculated quantum
mechanically as follows. For a grid dR values, the two-
dimensional Hamiltonian for the remaining degrees of freedom,
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Figure 8. Left panel: Pys as a function of the total energy (photon
energy plus zero point vibrational energy). Solid line: quantum result.
Open circles: standard classical trajectory results. Closed circles:
classical trajectory result for a.n interval of —0.05 to+0.05. The
vertical dashed lines indicate barrier energiesNer 25 andN = 26.
Right panel: Py(E) as a function ofN, for E = 11.02 eV. Crosses:
quantum results. Closed circles: classical trajectory result faga
interval of —0.05 to+0.05.
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R {as) R (o9 is largest for thisN value. The quantun®y(E) function rises
Figure 7. Two trajectories to OH(A) fragments for a photon energy rapidly with the energy above the barrier energy, but decreases
of 10.2 eV. In upper panel& andr are plotted, in the lower panefs again above the barrier energy correspondingNto= 26.
andy. TrajectoriesA_and B are typical trajectories to OH(AQ) and Consequently, th@,s function has a maximum at an energy
OH(A,v=2), respectively. between the barriers fdi = 25 and 26. At this energy (11.01

y andr, is diagonalized, using a Fourier grid fomnd a basis eV), the r_otational population distribution !s strongly peaked at
set expansion in Legendre polynomii§cosy). The coupling N = 25! in other words, we observe the singlephenomenon.
between the motion for andy is neglected. The eigenvalues This is illustrated in the right panel of Figure 8, where
form the set of rovibrationally adiabatic potentialsn(R); Pn(E=11.01 eV) is plotted as a function of.
V,n() is equal to the energy of OKN) + H. The adiabatic The classicaP,5(E) function is included in Figure 8 (open
potential energy curves have barriers for sufficiently high circles). Deviations between classical and quantum results,
values. The locations of the barriersRat 6 ag, are far enough  clearly visible in this figure, are due to the averaging omgk
outside the strong interaction region to justify the approximation Petween 0 and 1 for the classical results. A very simple solution
of decoupling motion in th&k, r, andy degrees of freedom.  to this problem is to only consider trajectories for which the
The barrier energies are significantly higher than the threshold continuous vibrational actioon lies in a small interval around
energies, i.e., the asymptotic values of ¥hg(R) curves. For veont = 0, €.9.,—0.05 = wont = 0.05. ThePy function for this
example, the OH(A=0,N=25) threshold and barrier energies vcont interval is included the left panel of Figure 8 and is in
are 10.9 and 11.0 eV respectively. excellent agreement with the quantum result. This function still

Quantum wave packet calculatidhwith the Leiden potential ~ has a lower maximum than the quantum function, because of
energy surface indicate that singephenomenon occurs at  the averaging oveNcon: between 25 and 26, and because the
various energies around 10.2 eV for various rotational quantum quantum  function shows an interference structure, which
numbers, not only for the OD fragments of HOD but also for €nhances the maximum probability.
the OH fragments from 0. An important difference between In the right panel of Figure 8, the classical rotational
the HO and HOD cases is, however, that the single distributions forueontintervals of—0.05 to+0.05 are included,
phenomenon occurs at higher energies fe®H10.25-10.75 for energies where thigzs function has a maximum (11.02 eV).
eV) than for HOD (10.6-10.5 eV), due to the difference inthe  The single N phenomenon is reproduced by the classical
rotational constants of OH(A) and OD(A). Therefore, an calculations forueon: interval of —0.05 to+0.05, but not for
experimental detection of the singhkt phenomenon may be  the standard interval-01. For the standard vibrational action
easier for HOD than for bD. Furthermore, at energies higher interval, the maximum of théy function disappears in the
than 10.2 eV the effect of higher electronic states thanthe B process of averaging ovegon, because the maximum of the
state may complicate the photodissociation dynamics. Pn function shifts to higher energies with increasing.. For

In the previous study} we used the Leiden surface. New example, for aiontinterval of 0.4-0.5, the maximum has shifted
calculations with the DK surface confirm the picture obtained to 11.22 eV.
from calculations with the Leiden surface, both for HOD and For trajectories withygont between—0.05 andt+0.05, we found
H20. In this paper we present DK results fop® both for a good agreement between quantum and classical results. We
full three-dimensional (3D) and a two-dimensional (2D) treat- therefore conclude that the singlé phenomenon can be
ment in whichr was fixed at 1.8&. In the following, we discuss  described classically. However, because we throw away many
the energy andN dependence of thBy(E) function, i.e., the trajectories withveoncOutside the selected interval, a large amount
probability that the OH(A;=0) fragment has rotational angular  of trajectories, about 200 000, must be calculated for statistically
momentun for a total energf. The total energy is the photon  accurate results for they(E) function. The required computer
energy plus the zero point vibrational energy ofdH0.57 eV time is then comparable to the computer time for a quantum
for the 3D case). calculation. Therefore, the narrow vibrational action interval

Before presenting the classical results for BR¢E) function, procedure is not suitable for practical applications.
we first discuss the quantum results. The quantum result for In the two-dimensional model, wheres fixed at 1.8ay, the
P2s(E) as a function of the energy is presented in the left panel OH vibration problem does not occur. Therefore, the quantum
in Figure 8. We chosbl = 25, because the maximum Bf(E) and classicaP,4 functions, presented in Figure 9, agree well.
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Results of classical calculations in which the coupling between R ¢
Qo)

the electronic states was neglected, included in Figure 9, agree
very well with the fully coupled results. Since the main features Figure 10. Three typical single surface trajectories for the 2D model.
of the single N phenomenon are also found in the two- On the panels on the lef; andR are plotted, on the panels on the

dimensional single surface model, this simplified model is used 9Nt N andR The labels of the trajectories (A, B, and C) correlate
dv th hani f the si h with the three types of trajectories, as discussed in the text. A contour

to study the mechanism of the sindiephenomenon. of the 2D potential is indicated in the panels on the left. The contours

In a previous papéf we have interpreted the singld are for energies between 11.5 and 6.5 eV, with an energy difference of

phenomenon in terms of dynamically constraint trajectories, i.e., 0.5 between each contour line.
trajectories that have turning points in the dissociation coordinate
R due to the rotational barrier. We have argued that this leads = I B T
to a preference for the highest fifdivalue for which the barrier
is below the available energy. The classical calculations confirm
this picture and make it possible to study this mechanism in
more detail than is possible in a quantum mechanical study.
We have followed single surface trajectories for the 2D model,
in which r was fixed at 1.8a. The energy of the trajectories
was chosen in a bin of 11-411.2 eV, where the rotational
distribution shows a singll phenomenon foN = 24. Three
typical trajectories are shown in Figure 10. In the panels on the
left, R andy during a trajectory are plotted, and on the panels
on the right,R and the rotational angular momentuxa The
trajectories first go to the region of the collinear HOH well, 0
. . 12 16 20 24

where the rotational angular momentum reaches a maximum. N
When the trajectories go to the other collinear region (HHO), Figyre 11. Probability for the trajectory to have type T (A, B, or C)
N initially decreases because the potential energy increases withand end with a rotational quantum numiéras a function oN. The
decreasing HOH bond angle, but after= 50°, the potential types of the trajectories are discussed in the text. The energy bin was
decreases again. Depending on tRevalue at which the 11.1-11.2 eV.
trajectory passes the collinear HHO regi®no, the rotational
angular momentum reaches a second maximum when thelabel the trajectories not only with the final angular momentum
trajectory arrives at the collinear HHO region. The increase of N, but also with the type of the trajectory. Probabilities for a
N is larger for trajectories with loweRqpo values. For trajectory ~ rotational stateN and a particular type T (F A, B, C), are
A (Ryno = 4.7 ag), N increases to such an extent that the presented in Figure 11, for an energy bin H11.2 eV. The
rotational barrier prevents direct dissociation, and the motion rotational distributions for type A and type C trajectories are
in R has a turning point. For trajectory Byno is a larger, and strongly inverted but do not show the singNgghenomenon. In
althoughN has a maximum at the collinear HHO region, the contrast, the rotational distribution for type B trajectories shows
rotational barrier is low enough. This trajectory ends at the single an extreme singl&l phenomenon. We therefore conclude that
N (N = 24). No substantial increase of rotational angular the singleN phenomenon originates from type B trajectories,
momentum occurs when trajectory C approaches the collineari.e., trajectories that pass the collinear HHO region withRhe
HHO region, sinceRypo is quite large (7.3x). values low enough to produce a visible increasél,mwithout

The trajectories can be divided into three types, depending being trapped due to the rotational barrier.
on the value ofR at which the trajectories pass the collinear I11.D. Comparison with the OH(A) + H Collision Process.
HHO region for the first time: those witR < 5.5 (A), with It is interesting to compare the photodissociaton process
55a = R = 6.5a (B), and withR > 6.5 g (C). The three discussed in this paper with scattering of OH(A) on H, since
trajectories in Figure 10 are typical examples of the three types both processes occur on the same set of coupled potential energy
of trajectories. Type A trajectories are always indirect. We now surfaces. A quasi-classical trajectory study of collision of OH(A)

probability
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with H has been reported recenfyTo compare photodisso-  with a small vibrational action interval. An analysis of 2D
ciation with the collision process, we performed OH(#)H trajectories indicates that the trajectories leading to the single
calculations for zero impact parameter, corresponding to a zeroN are those trajectories that pass the collinear HHO region with
overall rotation of the complex, for aHOH translational energy  just the rightR value for an optimal increase of the angular
of 0.09 eV (2 kcal/mol). The calculated OH(>¢) H/OH(A) + momentum without the trajectory being trapped due to too high
H/O(*D) + H, branching of 0.78/0.07/0.15 is close to the a rotational barrier.

branching for the photodissociation process at 9.2 eV (see Figure Our final conclusion is that for photodissociation processes
2). This is surprising, since the photodissociation and the classical results do not always agree quantitatively with quantum
collision processes are quite different, as is evident from the results. In the absence of quantum results, the classical results
large difference between the OH(X) product vibrational and should be handled with skepticism. But a classical treatment is
rotational population distributions. For photodissociation, the realistic enough to mimic the qualitative aspects of the photo-
vibrational distribution is sharply peaked at peaked &t 0. In dissociation process. Classical calculations accompanying quan-
contrast, the vibrational population distribution of the OH(X) tum calculations will always increase the insight into the
fragments from the collision is much broader. The rotational dynamics.
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