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The unimolecular dissociation of the OH stretching states of HOCl:
Comparison with experimental data
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The unimolecular dissociation of the (v1,0,0) pure OH stretching states of hypochlorous acid
~HOCl! in the ground electronic state is investigated forv156 – 9. The dynamics calculations are
performed on an accurate potential energy surface and employ filter diagonalization in connection
with an imaginary absorbing potential. The dependence of the linewidth~or dissociation rate! on the
total angular momentum is emphasized. Resonance enhancements due to mixings with other
vibrational states, which have substantially larger rates, are clearly observed—inqualitative
agreement with recent measurements. The average width increases, inquantitativeagreement with
experiments, by four orders of magnitude, from 1024 cm21 for v156 to about 1 cm21 for v159.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1412602#
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I. INTRODUCTION

Hypochlorous acid, HOCl, is a prototype system for
vestigating bond breaking on ground-state potential ene
surfaces~PES! without reaction barriers and has been t
subject of intense research in the past few years~see Refs.
1–4, and references therein!. Because of the relatively wea
intramolecular coupling between the HO stretch~moden1!
on the one hand, and the OCl stretch~mode n3! and the
bending mode (n2), on the other hand, the dynamics is r
markably regular, even at energies around the HO1Cl disso-
ciation limit.5,6 As a consequence, the pure HO stretch
states (v1,0,0) ~the ‘‘bright’’ states! have simple wave func
tions and good Franck–Condon overlaps with the vibratio
ground state, and therefore can be selectively excited
overtone pumping.

The rotationless state~6,0,0! is bound by;160 cm21.
However, rotational excitation of the parent molecule lifts
energy above the dissociation threshold and ultimately
ables breaking of the O–Cl bond. The dissociative lifetim
t(J,K), depends on the amount of rotational excitatio
whereJ is the rotational angular momentum quantum nu
ber andK is the projection quantum number ofJ on the
body-fixeda-axis, which is essentially the O–Cl axis. Sin
the vibrational-rotational coupling is exceedingly weak, t
lifetimes of the highly excited (6,0,0uJ,K) states are very
long, in the range of 1029– 1026 s.2,3

Using overtone–overtone double resonance spect
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copy Callegariet al.2 and Duttonet al.3 were able to measure
the decay rate,k(J,K)51/t, of state~6,0,0! for many rota-
tional quantum numbersJ and K. The main observation is
the large fluctuation ofk(J,K) by up to two orders of mag-
nitude as a function ofJ. These fluctuations are ascribe
to—mainly accidental—mixing of the ‘‘bright’’ state~6,0,0!
with nearby ‘‘dark’’ states (v1,6,v2 ,v3). The vibrational
state dependence of the rotational constants causes
‘‘bright’’ state to tune in and out of ‘‘resonance’’ with ener
getically close ‘‘dark’’ states asJ is varied.

Recently, the experimental investigations have been
tended by Callegariet al.4 up to v158. The main observa-
tions are: First, the average rate increases by about two
ders of magnitude fromv156 to 7 and again by two order
of magnitude fromv157 to 8. Second, the fluctuations
when J is varied, are considerably smaller than forv156;
for v158 rather clear resonancelike maxima are observe

HOCl is small enough to allow a rigorous theoretic
investigation and the experimental data of Callegariet al.2,4

and Duttonet al.3 provide excellent ground for testing th
ability of state-of-the-art quantum dynamics calculation
High-level globalab initio PES, including all three interna
degrees of freedom, have been determined by two group6–9

These potential energy surfaces subsequently have been
in two sets of dynamics calculations. Both sets exploi
imaginary absorbing potentials; however, different numeri
methods for obtaining the complex eigenstate energies, f
which the decay widths are determined, have been
0 © 2001 American Institute of Physics
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8881J. Chem. Phys., Vol. 115, No. 19, 15 November 2001 Unimolecular dissociation of HOCl
ployed. While Bowman and co-workers10–12 used a
truncation/recoupling~TR! scheme, which is global in en
ergy, Schinke and co-workers6,13,14calculated the resonanc
energies by means of the filter diagonalization~FD!
method.15–17 The FD method is in practice more accura
because the set of basis functions used for diagonalizing
Hamiltonian are adapted for a particular energy windo
thus, the dimension of the Hamiltonian matrix to be diag
nalized is small. Storing the basis function, which is nec
sary for calculating after the diagonalization the eigenfu
tions, may require a large memory. If that is the case,
energy window can be made very narrow so that only
manageable number of basis functions suffices. In the
approach, on the other hand, energy independent basis
tions are employed and therefore a rapidly increasing n
ber of functions are required for converging the results
high energies; the dimension of the Hamiltonian mat
quickly becomes too large for a direct diagonalization.

Both sets of calculations gave only fair~order of magni-
tude! agreement with the experimental rate constants
~6,0,0!, the only data available at that time; finer details we
not satisfactorily reproduced. Because of the smallness o
resonance widths, the results are extremely sensitive to i
curacies of both the PES and the numerical procedures.
PES used in the calculations of Hauschildtet al.14 slightly
overestimates the dissociation energy with the result that
tually more rotational quanta are required to lift state~6,0,0!
above the threshold than in reality. In addition, the le
structure of the experimentally known vibrational states,
pecially in the region of~6,0,0!, is not reproduced with the
required precision. The PES employed by Skokov a
Bowman12 is more accurate in this respect.

In the present study we describe calculations, wh
combine the best of each venture: the PES of the Bowm
group, further improved by a perturbative inversio
approach,9 and the FD method for solving the Schro¨dinger
equation. It will be shown, that the gross features, i.e.,
J-averaged rates and the tremendous increase of the
from v156 to 8 by about four orders of magnitude are qua
titatively reproduced. The resonancelike features due to c
pling with nearby dark states are only qualitatively d
scribed; the calculations reproduce them, but not alway
the correctJ values.

II. DYNAMICS CALCULATIONS

The dynamics calculations in the present study emp
the version of the FD method of Refs. 17 and 18. In the fi
step a set of optimal, energy-window adapted basis funct
C i is generated by applying the Green’s functionĜ1(Ei)
5(Ei2Ĥ1 iW)21 with Emin<Ei<Emax as a filtering opera-
tor onto an initial wave packetx, where iW represents a
complex absorbing potential. The filtering is done by e
panding the Green’s operator in damped Chebysc
polynomials,16 which is an extension of approaches d
scribed in Refs. 19–21, that did not implement damping.
the second step, the spectral information in the small ene
window @Emin ,Emax# is extracted by diagonalizing the fu
Hamiltonian in the basis$C i%. The FD method has the ad
Downloaded 20 Sep 2002 to 134.121.44.19. Redistribution subject to A
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vantage that the eigenenergies and corresponding wave f
tions can be fully converged, irrespective of the energy ra
studied. The downside is, that many energy windows hav
be considered in order to sample a larger energy range. H
ever, in the present investigation we solely concentrate
the vicinity of one and only one particular vibrationa
rotational state, (v1,0,0uJ,K50), and the energy window
can be chosen to be very small.

The discrete variable representation is employed for r
resenting the wave functions. As in previous calculations14

we adopt the following grids: 2.5a0<R<14.0a0 with 220
potential optimized points,22 1.0a0<r<3.5a0 with 30 po-
tential optimized points, and 70 Gauss–Legendre quadra
points23 in the interval 0<g<180°. Here,R is the distance
from Cl to the center-of-mass of HO,r is the HO separation
and g is the corresponding Jacobi angle withg5180° cor-
responding to linear HOCl. All points with energies excee
ing a certain limit Elim are discarded from the grid:Elim

52 eV for ~6,0,0! and 2.4 eV for the other calculations. En
ergy is measured with respect to OH(r e)1Cl. The large
number of grid points inR accounts for the fact, that th
heavy Cl atom is split off. The form of the optical potenti
iW is explicitly given in Refs. 6 and 16. It contains tw
parameters,Rdamp, the distance at which the complex pote
tial is switched on, andD0 , the strength of this potential. In
the present study,Rdampis chosen to be 12a0 andD0 is taken
as 0.1~Ref. 14!.

Lifting state ~6,0,0! above the dissociation threshold r
quires a large amount of rotational energy. For example,
first open state forK50 hasJ518 and the range studie
experimentally extends toJ530. The high degree of rota
tional excitation poses a severe numerical problem, beca
exact calculations, in which allK-blocks fromK50 through
K5J are included, are prohibitively large for the size of gr
described above.~K is the quantum number for the projec
tion of the total angular momentum vector onR;
R-embedding.! In the present study we consider only stat
with K50, and therefore it should suffice to take into a
count a limited number ofK-blocks fromK50 to Kmax. In
Ref. 14 we checked the convergence with respect toKmax for
J525 and found that the inclusion of three blocks (Kmax

52) converged the energy of state~6,0,0! within 0.2 cm21;
increasingKmax by one led to an energy change of on
0.01 cm21. Because of its smallness, the dissociation r
k(J,K) is more difficult to converge with respect toKmax.
Comparing the results forKmax52 and 3, is was concluded
that the rate is converged within a factor of 2 forKmax52.
Nevertheless, restricting the number ofK-blocks in the cal-
culations is a severe source of error. In all calculations
v156 discussed belowKmax52 is used. The calculations fo
the higher OH stretching quantum numbers,v157 – 9, use
only theK50 block for reasons to be discussed below.

Including moreK-blocks drastically increases the com
puter time. First, the number of floating point operatio
grows linearly with Kmax. Second, the density of state
grows linearly with each additionalK manifold and as a
consequence the number of Chebyschev iterations also h
grow. For example, if threeK values are included, abou
400 000 iterations have to be performed in order to estab
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE I. Calculated resonance energiesE, resonance widthsG, and dissociation ratesk for vibrational states
~6,0,0! and ~4,4,2!.

J

~6,0,0! ~4,4,2!

Ea G k E G k

19 19 311.63 1.0(25)b 1.9 ~0! 19 319.57 1.7(23) 3.2 ~2!
20 19 331.34 5.6(26) 1.0 ~0! 19 338.68 2.2(22) 4.1 ~3!
21 19 352.02 2.3(24) 4.3 ~1! 19 358.80 4.2(22) 7.9 ~3!
22 19 373.69 4.3(24) 8.1 ~1! 19 379.79 1.5(22) 2.8 ~3!
23 19 396.33 5.7(26) 1.1 ~0! 19 402.13 2.9(23) 5.5 ~3!
24 19 419.95 1.9(24) 3.6 ~1! 19 423.81 9.8(23) 1.8 ~3!
25 19 444.54 3.0(24) 5.6 ~1! 19 446.63 7.9(23) 1.5 ~3!
26 19 470.10 1.8(23) 3.4 ~2! 19 470.12c 2.2(23) 4.1 ~2!
27 19 496.64 5.6(24) 1.0 ~2! 19 499.59 1.8(22) 3.4 ~3!
28 19 524.13 4.8(24) 9.0 ~1! 19 526.07c 1.1(21) 2.1 ~4!

aEnergies and widths in cm21, rates inms21. The energies are measured with respect to~0,0,0! andJ50.
bNumbers in parentheses indicate powers of 10.
cThe ~4,4,2! state is strongly mixed with another state.
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an appropriate basis, compared to 180 000 iterations w
Coriolis coupling is not taken into account.

All calculations are done on a CRAY T3E parallel com
puter including 16 CPUs and using Message Passing In
face ~MPI! software. The basis functionsC i constructed by
applying the Green’s operator to an initial wave function a
equally distributed among the 16 CPUs. This allows one
store all functions in the core memory. In order to achiev
significant speed up in CPU time, the multiplication of t
Hamiltonian matrix with the Chebycheff vector is distribute
among the processors so that each processor has to pe
roughly the same number of floating point operations. For
processors a speed-up factor of nearly 10 is achieved.

III. RESULTS

A. State „6,0,0…

We will first discuss the calculations for state~6,0,0!,
which are the most extensive ones. They are performed
J519– 28 using energy windows withDE'50 cm21. Rea-
sonable windows can be chosen by extrapolation fromJ to
J11 using the rotational constant for the~6,0,0! state. The
calculated value isB̄50.493 cm21 as determined from the
energies forJ519 and 20. The experimental1 value is
0.495 cm21. Since the density of states is high, it is essen
to visually inspect the wave function in order to identify th
correct state.

The energies, resonance widthsG, and corresponding
dissociation ratesk are summarized in Table I and the rat
are separately shown in the lower panel of Fig. 1 in comp
son to the experimental values. The energy of the rotation
excited state~6,0,0! is barely above threshold. This and th
generally weak coupling of the pure OH overtone states
the dissociation mode, causes the bond rupture to be exc
ingly slow. The large fluctuations over more than two ord
of magnitude result from energy ‘‘resonances,’’ i.e., mixin
with near-by~‘‘dark’’ ! states, which have considerably larg
dissociation rate constants; this was first noted by Sko
and Bowman in Ref. 12. As a consequence of the quite
ferent structures of their wave functions, the various vib
tional states have different rotational constantsB̄, which is
ep 2002 to 134.121.44.19. Redistribution subject to A
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approximately associated with rotation of the OCl ent
about its center-of-mass. Therefore, asJ is varied the energy
separations between neighboring states varies also. Bec
the degree of mixing between different~zero-order! states
depends strongly on their energy separation, it is not surp
ing to find, that the width of a particular state fluctuat
strongly with J. The fluctuations due to interactions wit
other states are obviously most severe for states havin
very small rate anyhow. If the rate is larger, the influence
coupling with another state becomes, in relative terms,

FIG. 1. Comparison of measured and calculated dissociation rates for s
~4,4,2! ~upper panel! and ~6,0,0! ~lower panel! for K50. The open circles
are the results of Duttonet al. ~Ref. 3! and the open squares denote th
results of Callegariet al. ~Ref. 2!. The arrows in the upper panel indicat
that the widths are larger than 103 ms21 ~Ref. 3!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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prominent and the variation withJ more ‘‘regular’’ ~see be-
low!.

The mixing between two states can be accidental, if
rotational constants of the two states are drastically differ

or it can be more gradual, if theB̄ values differ by only a few
percent. In the first case, the rate constants show a m
random behavior as function ofJ, while in the second case
more systematic variation, extending over severalJ values,
is expected. An example of a systematic resonance has
analyzed in detail in Ref. 14. The corresponding wave fu
tions clearly revealed, which ‘‘dark’’ state was coupled to t
‘‘bright’’ state. Noteworthy was the observation, that the co
pling can be efficient even if the two wave functions ha
very different nodal structures. In the case investigated
Ref. 14, state~4,2,6! was coupled to a state with zero quan
in the OH mode and many quanta in the dissociation mo
In addition to the overlap of the two wave functions, t
energy mismatch is also extremely important. Other
amples of mixing effects for HOCl are discussed in Ref.

The fluctuations for the lowerJ values in Fig. 1 are due
to more accidental couplings with vibrational states who
wave functions differ markedly from the~6,0,0! wave func-
tion. Analysis of the bound and resonance states near
dissociation threshold5,6 has revealed that many of the stat
with zero or only one quantum of OH stretch have comp
cated nodal patterns in the other two coordinates,R and g.
Although a large number of these states can be assigned
assignment is completely different from a normal-mode ty
assignment. The admixture of such states to~6,0,0! may be
very small. However, because they have considerable ex
tion in the dissociation mode and therefore much larger
cay constants than the~6,0,0! level, their effect on the~6,0,0!
rate can be large.

The broader maximum at largerJ values, on the othe
hand, must be ascribed to a systematic interaction with s
~4,4,2!.1–3 For J50 the energies of these two states differ
only 13 cm21 with ~4,4,2! being the higher one~Table I!.
State~4,4,2! has a rotational constant of 0.478 cm21 ~experi-
mental value: 0.480 cm21, Ref. 1!, which is only 3% smaller
than the constant for~6,0,0!. As J increases, the energy o
state~6,0,0! rises slightly faster than the energy of~4,4,2! as
can be seen in Table I. AtJ526 the two states are almo
degenerate. Inspecting the~6,0,0! wave function confirms
that the admixture of~4,4,2! character gradually increase
with J and again decreases beyond 26. As a consequence
width has a pronounced maximum aroundJ526. Actually,
for J526 the two states are so strongly mixed, that a cle
cut assignment is ambiguous; the two widths are alm
identical. The large contribution of~6,0,0! character to state
~4,4,2! explains the minimum aroundJ526. Because eithe
the ‘‘bright’’ or the ‘‘dark’’ state or both states are addition
ally coupled to other states, the variations of the~6,0,0! rate
across the maximum is not smooth, like in other cases wh
the densities of states are considerably smaller.24,25

The calculated rates are in reasonable agreement
the measured ones; the overall magnitude and the main
ture, namely the resonance maximum aroundJ526, are sat-
isfactorily reproduced by the calculations. In order to app
ciate the degree of agreement, one has to consider
Downloaded 20 Sep 2002 to 134.121.44.19. Redistribution subject to A
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tininess of the rates and the related extreme sensitivity
details of the calculations: the PES, the size of the grid, C
riolis coupling, etc. Right at threshold, the energy in the d
sociation mode is extremely small~i.e., the de Broglie wave-
length is very long! and converging the rate would require
very large grid inR. Thus, the large disagreements for 1
and 20 are not unexpected. For the remainingJ values, ex-
cept forJ523, the calculated rate is within a factor of 5 o
the experimental result.

The interaction with~4,4,2! aroundJ526 is reasonably
well reproduced. This is not surprising, because both lev
were included in the correction of the PES in the perturbat
inversion scheme.9 However, details of this mixing are no
correctly described. While the energy mismatch betwe
~6,0,0! and ~4,4,2! in the calculations is almost zero atJ
526, in experiment it is never smaller than 10 cm21 or so
~Fig. 10 of Ref. 3!.

The experimental method used to determine the dis
ciation rate does not allow one to measure larger rates. W
Callegariet al.2 quote a detection limit of 0.353103 ms21,
Dutton et al.3 give an upper limit of rates, which can b
unambiguously determined, of 103 ms21. For this reason a
comparison with the experimental rates for~4,4,2! is re-
stricted ~upper panel of Fig. 1!. Nevertheless, the order o
magnitude is reproduced. According to Duttonet al.3 most of
the experimental rates are larger than 103 ms21, and that is
fully consistent with the calculations.

Calculations have been also performed using the
scheme. The energies are in very good agreement with th
in Table I. For~6,0,0! the transition energies calculated wi
the FD method are systematically 1 – 2 cm21 larger than
those obtained from the TR method; the origin of this m
match is very likely the different ways by which Corioli
coupling is approximated. While Bowman and co-worke
treat overall rotation in an adiabatic approximation,26 in the
present study a limited number ofK-blocks is directly incor-
porated. The resonance widths are in the same order of m
nitude and show similar fluctuations withJ and the interac-
tion with the ~4,4,2! state as the ones given in Table
however, the numbers for the individualJ states differ con-
siderably. The rates presented in Table I on the whole ag
better with the experimental rates.

B. States „7,0,0…–„9,0,0…

Recently Callegariet al.4 extended the measurements
v157 and 8 and observed a rapid increase of the dissocia
rate with each additional OH stretching quantum. Also,
general appearance of theJ dependence changes as the d
gree of OH vibration is increased. The large fluctuations s
for v156 are significantly damped and more regu
resonance-like structures occur.

We performed calculations in the same way as for~6,0,0!
for v157 – 9, with one exception: Coriolis coupling is com
pletely ignored, i.e., onlyK50 is considered. In view of our
limited computer resources the inclusion of threeK-blocks
would not be practicable. In addition to this purely technic
aspect, there are two other arguments why the inclusion
Coriolis coupling may not be as important at these high
citation energies as it is just at the threshold. First, the li
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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TABLE II. Calculated resonance energiesE and resonance widthsG for vibrational states~7,0,0!, ~8,0,0!, and
~9,0,0!.

~7,0,0! ~8,00! ~9,00!

J Ea G J E G J E G

0 21 725.9 4.98(24)b 0 24 173.3 1.9 0 26 431.5 1.08
5 21 741.0 1.3(23) 2 24 176.5 2.1 2 26 434.2 1.2
10 21 781.3 1.2(23) 4 24 183.5 2.6 4 26 441.9 6.9(21)
13 21 817.5 3.7(23) 6 24 194.6 3.3 6 26 452.5 9.0(21)
14 21 831.5 3.2(22) 8 24 210.3 3.8
15 21 846.6 2.5(22) 10 24 230.0 2.7
16 21 862.7 1.6(22) 12 24 252.6 2.1
17 21 879.7 3.0(22) 14 24 280.5 1.0
18 21 897.6 8.1(22) 16 24 311.2 5.5(21)
19 21 917.6 8.5(22) 18 24 346.2 1.7(21)
20 21 937.5 3.4(22) 20 24 385.2 3.7(21)

aEnergies and widths in cm21. The energies are measured with respect to~0,0,0! andJ50.
bNumbers in parentheses indicate powers of 10.
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widths are much larger than the~6,0,0! widths and therefore
much less sensitive to details of the calculations like error
the potential or in the dynamical calculations. Second,
effect of Coriolis coupling is essentially a shift of the ene
gies by a few cm21. This little shift was important for rea
sonably describing the~6,0,0!/~4,4,2! resonance; remembe
both levels were used in the iterative correction of theab
initio PES and their energies are perfectly reproduced by
calculations.9 That does not apply, however, to the high
members of the OH stretch progression~see below!, which
were not used for improving the PES. Thus, because
energies of these high levels are not as well reproduced a
the ~6,0,0! region, an additional inaccuracy of a few cm21 is
not believed to matter much.

The calculated results are summarized in Table II. B
cause of the limitations of computer time, not everyJ value
has been calculated.v159 has been considered in order
check whether the strong increase fromv257 to 8 is contin-
ued beyondv258. In each calculation, includingv159, the
(v1,0,0) state could be clearly identified. The experimen
transition energies for~7,0,0! and~8,0,0! are4 21 709.2 cm21

and 24 102.1 cm21, respectively. The deviation of 17 cm21

for v157 rises to 71 cm21 for v158. Considering that the
perturbative correction procedure did take into account o
levels up to~6,0,0!, these deviations are quite small. Th
calculated rotational constant is 0.503 cm21 for v157 ~deter-
mined from the energies forJ50 and 5! and 0.490 cm21 for
v158 ~determined from the energies forJ50 and 2!; the
experimental values are 0.496 cm21 and 0.493 cm21.

In full agreement with the experimental data, the widt
strongly increase fromv156 to 7 and again fromv157 to 8.
However, the~9,0,0! widths are of the same overall magn
tude as thev158 widths, which indicates that the couplin
to the continuum does not significantly increase beyondv1

58. A further increase by a factor of 10–50 certainly wou
have brought thev159 width to a range, where it were we
above the mean spacing between the levels—in other wo
where a state~9,0,0! would not exist any longer because
the supposedly strong coupling between neighboring sta
Callegari et al. report widths for ~7,0,0! in the range of
0.015– 0.035 cm21 for J513– 19. For~8,0,0! experimental
ep 2002 to 134.121.44.19. Redistribution subject to A
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widths between 0.5 cm21 and 2.6 cm21 for J between 0 and
;30 can be read off Fig. 4 of Ref. 4. In both cases t
agreement between theory and experiment is good, as fa
the average magnitude is concerned.

In Fig. 2 we depict the rates for~7,0,0! and ~8,0,0! as a
function of J. The width forv157 still shows some sizable
fluctuations, which certainly have the same origin as
fluctuations in the case of~6,0,0!. A pronounced maximum
occurs atJ519, which is caused by the tuning in and tunin
out of resonance with a nearby state with a shorter lifetim
The wave functions show some admixtures, but a clear
signment of the perturbing state is not possible. Due to

FIG. 2. Calculated resonance widthsG as function ofJ for vibrational states
~7,0,0! and~8,0,0!. The projection quantum number isK50. The horizontal
lines indicate the ranges of the measured resonance widths, Ref. 4.
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few data points for lowJ values conclusions about the d
gree of fluctuations in this range are not possible. A cl
resonance structure extending over a large range ofJ values
is obtained for~8,0,0!. The experimental~8,0,0! width also
shows a broad maximum, however at a slightly higheJ
value,J515.

Parallel to the present study, Zouet al.27 also calculated
the resonances forv157 and 8, however, only forJ50. The
potentials employed in the two calculations are the sa
The calculated transition energies are 21 725 a
24 172 cm21 and agree very well with the ones given
Table II. The widths are 0.01 and 0.6 cm21, respectively, and
also agree reasonably with the results quoted in Table II

IV. DISCUSSION

The sharp rise ofG from ~6,0,0! to ~8,0,0! is not untypi-
cal for a system with very regular intramolecular dynam
with one mode~OH in the case of HOCl! being very weakly
coupled to the dissociation mode. Another example is
dissociation of theSN2 system Cl2¯CH3Cl recently inves-
tigated by Schmatzet al.28 It is characterized by exceedingl
weak coupling between the fast CH3Cl intramolecular mode
and the slow Cl2¯CH3 intermolecular mode. The lowe
bound of the distribution of resonance widths—determin
basically by the overtones of the intramolecular mode—ri
by more than seven orders of magnitude from threshold
about 4000 cm21 above threshold. HCO is another molecu
which commonly is considered to belong to the wea
coupling case.29,30 Nevertheless, the increase ofG with the
CO vibrational quantum number is much more gradual a
certainly less rapid than for HOCl~Fig. 9 of Ref. 31!.

The reason for the difference in the behaviors of HO
and theSN2 system, on the one hand, and HCO, on the ot
may be the different degrees of adiabatic separability. In
dition to the coupling provided by the PES, the frequen
ratios are also relevant. The ratio of the frequency of
internal vibrational mode and the frequency of the dissoc
tion mode is merely;0.75 for HCO, whereas for HOCl it is
;5; for Cl2¯CH3Cl the equivalent ratio is even larger,;6.
In other words, a vibrationally adiabatic approximation32 is
expected to be much more accurate for HOCl than it is
HCO. In the following we will use the adiabatic picture
qualitatively rationalize the strong increase ofG for HOCl.

In the adiabatic picture one solves the one-dimensio
Schrödinger equation for the fast mode, i.e., the OH stret
ing mode in the present case for fixed value of the sl
mode,R; the bending angle is fixed at the equilibrium ang
of HOCl. In what follows the bending degree of freedom
not considered. This defines the adiabatic energiesev1

(R)
and the adiabatic wave functionsfv1

(r ;R). The one-
dimensional energy curves forv150 – 9 are displayed in Fig
3~a!. They are almost parallel to each other, which refle
the high degree of separability of these two degrees of f
dom. The energy of, e.g., state~8,0,0! is well approximated
by the lowest energy of the potential curvee8(R) and the
corresponding wave function is approximately given by
product f8(r ;Re) c (8,0)(R), where c (8,0)(R) is the wave
Downloaded 20 Sep 2002 to 134.121.44.19. Redistribution subject to A
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function of the lowest state in theR mode of vibrational state
v58.

In order to dissociate, a state (v1,0,0) must undergo a
sequence of nonadiabatic transitions until thev150 ‘‘tier’’ is
reached. The nonadiabatic transitions are promoted by
matrix elements,32

Qv1 ,v18
} K fv1

~r ;R!U ]

]RUfv18
~r ;R!L

r

, ~1!

where the integration is overr . The matrix elements con
necting neighboring states,Qv1 ,v121 , are shown in Fig. 3~b!.
The most distinct feature is their steep rising at small d
tances, in the repulsive branch of the PES. Around the e
librium and at largerR values the coupling elements a
smaller and lessR dependent.

The matrix element for a transition from the initial sta
state (v1,0) to state (v121,v3) is given by

^c (v1,0)uQv1 ,v121uc (v121,v3)&R , ~2!

where integration is overR. The final wave function
c (v121,v3) has to be considerably excited in theR coordinate
in order that its energy approximately matches the energ
the initial state. As a consequence, the overlap integral
~2! is essentially determined at smaller internuclear d

FIG. 3. ~a! Vibrationally adiabatic potential curvesev1
(R) for v150 – 9. The

bending angle is fixed at the HOCl equilibrium angle. The horizontal l
indicates the adiabatic energy for the lowest state forv58. ~b! Nonadiabatic
coupling elementsQv1 ,v18

~arbitrary units! for transitions 9→8, 8→7, etc.
The dashed–dotted curve is the wave function for the lowest state for
vibrational statev158.
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tances, near the inner turning points. At larger distances
final state wave function oscillates and positive and nega
parts cancel each other. In other words, the matrix eleme
mainly determined by the overlap of the inner most ma
mum of the final state wave function, the small-R branch of
the initial wave function and the coupling elementQv1 ,v121 .

However, the coupling element at small distances sign
cantly increases withv1 and therefore the transition matri
elements are expected to also strongly increase withv1 . Be-
cause a whole cascade of nonadiabatic transitions are
quired before dissociation is possible, it appears plaus
that the resonance width grows approximately exponenti
with v1—until the transition probability becomes too larg
for perturbation theory to be valid any longer. For HOCl, th
might be the case forv159.

The widths show pronounced structures when the ro
tional quantum numberJ is varied. These structures a
caused by mixings with other resonances, which have c
siderably broader widths. ChangingJ tunes this mixing into
resonance and out of resonance. Similar features have
seen in calculations for the unimolecular dissociation
HCO ~Refs. 25, 33, 34! and the photodissociation of HNO.24

The correct reproduction of these mixing effects requi
very precise dynamics calculations and extremely accu
potential energy surfaces. Both, for HOCl and HNO theab
initio PESs are not sufficiently accurate. Resonance eff
are observed in the calculations, but not at the right plac

As pointed out by Callegariet al.,4 the more accidenta
fluctuations are less pronounced in the high energy regi
We observe the same tendency in our calculations. The va
tion of G for v158 over a large range ofJ values is much
smoother than for 6 and 7. There are at least two reas
First, the average width is already so large at these h
energies that small perturbations are not so relevant
longer; in addition, the ratio of the widths of the bright sta
and the perturbing state is expected to be significa
smaller at higher energies than at lower excitations with
consequence that the relative increase is also smaller.
second reason has to do with the density of states, which
serve as perturbing states. Roughly speaking, one can d
three classes of resonance states: very narrow ones,
~8,0,0!, for example, very broad ones, and resonance st
with medium size widths, so-called ‘‘doorway’’ states. Th
very broad resonances have many quanta of excitation in
dissociation mode; they have no distinct identity and fo
the ‘‘background.’’ The coupling of the narrow resonances
the background changes in a gradual, not specific man
with energy and if no ‘‘doorway’’ state is in the vicinity,G
varies very smoothly with e.g.,J. Illustrative examples can
be found in Ref. 24. The coupling to the ‘‘doorway’’ states
more specific; it depends on the energy mismatch and
particular nodal structures of the wave functions. Mixi
with these states leads to the resonancelike structures o
width. With increasing energy, the average width gradua
increases, the overlap of resonances becomes more se
and the density of ‘‘doorway states’’decreases.4 As a conse-
quence, the variation ofG with J becomes smoother.
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V. SUMMARY

~1! Large-scale dynamics calculations have been p
formed for studying the unimolecular dissociation of t
pure OH stretching states, (v1,0,0), of HOCl in the ground
electronic state. The calculations use filter diagonalizat
and an absorbing potential. An accurate potential energy
face has been employed.

~2! The average width increases by four orders of m
nitude fromv156 through 9. This strong increase is rati
nalized in terms of a vibrationally adiabatic model and t
shape of the nonadiabatic coupling elements. It seems t
typical for molecules in which one degree of freedom is ve
weakly coupled to the other modes. The weak coupling is
consequence of the shape of the potential energy surface
the large mismatch between the three frequencies.

~3! The resonance widths show pronounced structure
function of the total angular momentum quantum numberJ.
These structures are due to mixings with nearby ‘‘doorwa
states. Because the rotational constants depend on the v
tional states, the energy gap between the bright and the
states is tuned asJ is varied. The structures become mo
regular and systematic with higher energies, which, proba
is the consequence of the lower density of ‘‘doorway’’ sta
in the high-energy regime.

~4! The agreement with the experimental resonan
widths is satisfactory. The average width, averaged with
spect toJ, is very well reproduced by the calculations. Th
more distinct resonance-like structures are only qualitativ
described: They are seen in the calculations, but not at
right J values, except for the~6,0,0!/~4,4,2! resonance around
J;26. The correct description of the mixings between d
ferent states requires a higher accuracy of the potential
ergy surface. Nevertheless, in view of the detailed exp
mental data, the potential energy surface calculations,
the various dynamical studies one can consider the uni
lecular dissociation to be basically understood.
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