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We use infraredÈvisible double-resonance overtone excitation to prepare HOCl molecules in single,
well-characterized rotational levels of the high OH stretching states and This work extendsvOH \ 7 vOH \ 8.
our recent studies on HOCl dissociation dynamics to higher energies above the dissociation threshold on the
ground potential energy surface. In spite of a rapid increase of the vibrational coupling with unimolecularvOH ,
dissociation is still limited by the rate at which energy initially deposited in the OH stretch leaks out into the
reaction coordinate. We observe that the increased coupling is not sufficient to put the molecule in the
statistical limit, even at the energy of which is 5000 cm~1 above the dissociation threshold. ThisvOH \ 8,
implies that a microcanonical ensemble of HOCl molecules prepared even at an energy substantially higher
than the dissociation threshold should exhibit non-exponential decay, contrary to the assumptions of statistical
theories.

I. Introduction
While the notion that unimolecular dissociation is intimately
related to vibrational energy redistribution dates back almost
three quarters of a century,1h3 the ability to observe directly
the connection between these two phenomena has only recent-
ly become possible. If intramolecular vibrational energy redis-
tribution (IVR) is fast and complete on the timescale of
chemical bond breaking, the dissociation rate of molecules in
individual states usually falls within a narrow interval around
the average rate, which can be calculated to a sufficient accu-
racy by statistical theories.4,5 While unimolecular reaction
studies performed in a non-state-resolved manner reveal dis-
sociation rates that appear to be in good agreement with the
predictions of such theories, the distribution of reactant ener-
gies prevents one from directly establishing the relative time-
scales of IVR and unimolecular dissociation. In the case that
IVR is slow and/or incomplete on the timescale of chemical
bond breaking, di†erent states can have widely di†erent disso-
ciation rates, depending on how well their vibrational energy
couples to the reaction coordinate. It is only in the last 15
years that advances in experimental techniques have allowed
the study of unimolecular dissociation at the fully state-
resolved level, which is necessary to observe these widely
varying rates. Such studies provide the most stringent test of
unimolecular reaction theories, since the loss of information
caused by averaging over the ensemble of initially prepared
molecules is eliminated.

A variety of techniques have been used to investigate
unimolecular reactions at the state-resolved level with the goal
of determining the limits of statistical assumptions :6h18 line-
width analysis of transitions to quasi-bound states of H2CO,

HCO; spectroscopic probing of the disappearance ofD2CO,
the excited reactant from single states of HFCO and CH3Oprepared by SEP; and spectroscopic detection of the disso-
ciation fragments of selectively excited andCH2CO, HN3HOOH. Recently, both our group19h21 and that of Sinha22h24
have investigated the unimolecular dissociation dynamics of
HOCl from highly-excited vibrational states prepared by
double-resonance vibrational overtone excitation. These

studies demonstrate that dissociation rates are slow and
limited by IVR when the molecule is initially prepared with 6
quanta in the OH stretching mode. We attributed this to weak
coupling between the initially prepared state and the bath of
all other vibrational states, particularly those highly excited in
the dissociation coordinate. However, studies such as these
over a small range of vibrational energy leave important ques-
tions about the intramolecular dissociation dynamics unan-
swered : Is the IVR-limited dissociation rate a general
property of states prepared with all the excitation in the OH
stretch, or is it speciÐc to the (6,0,0) state, which is just above
the dissociation threshold? If it does persist at higher energy,
where does the transition to statistical behavior occur? In
order to answer these questions and further test our modeling
of the dissociation dynamics, we have undertaken an investi-
gation of HOCl excited to the (7,0,0) and (8,0,0) levels. The
results and ideas presented here build on previous experimen-
tal and theoretical work on HOCl spectroscopy, potential
energy surface and dynamics.19h56

Given the tight connection with our previous work, analysis
of the current results is based in a straightforward way on the
models and concepts presented therein. In particular, we
employ the same notation as in papers I and II of this
series.20,21 When referring to vibrational states of HOCl, we
use the notation to indicate the number of quanta(n1, n2 , n3)in the OH stretching, HOCl bending and OCl stretching
modes respectively. These states are zeroth-order statesÈthat
is they are not eigenstates of the full Hamiltonian, but only of
an approximate Hamiltonian that is separable in the above-
mentioned coordinates. We use J, and to label rota-K

a
K

ctional states, although since HOCl is nearly a symmetric top,
simply J and are often sufficient.K( \ K

a
)

II. Experimental approach
The experimental approach for the work presented here is
similar to that described in our recent report on the
eigenstate-resolved spectroscopy of HOCl in the region of
(6,0,0),20,21 and only the relevant changes are discussed in
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detail here. BrieÑy, an infrared laser pulse promotes HOCl
molecules in a static gas cell to a speciÐed rovibrational state
of the (2,0,0) level. Approximately 20 ns later, a second pulse
from a visible dye laser promotes the pre-selected molecules to
single rovibrational states of the desired vibrational state,
(7,0,0) or (8,0,0), which lie above the threshold for dissociation
into HO ] Cl. The resulting OH fragments are then probed
by laser-induced Ñuorescence (LIF) via the AÈX band. In a
typical experiment, the frequencies of the IR state-selection
laser and of the UV probe laser are set, respectively, to
prepare a HOCl reactant molecule in the desired rotational
state of (2,0,0) and to detect OH products in a convenient
state. The frequency of the overtone dissociation laser is then
scanned over the region of interest for each intermediate state,
producing a photofragment excitation spectrum.

While this scheme works well for investigating the (6,0,0)
and (7,0,0) regions, several factors conspire to render signal-to-
noise ratio unsatisfactory for excitation to (8,0,0). First, the
oscillator strength of the vibrational transitions from the
intermediate state decreases roughly exponentially with the
di†erence of vibrational quanta between the initial and Ðnal
state. Moreover, the amount of energy deposited in the frag-
ments upon dissociation increases with the energy of the ini-
tially prepared reactant state, populating a broader
distribution of product states. Since we probe only one
product state at a time, most of the dissociation fragments
inevitably escape detection. Thus, the broader product state
distribution at higher energy leads to reduced detection sensi-
tivity. Finally, broadening of the linewidths, as discussed in
Section III.B, further decreases the transition probability,
since the oscillator strength is distributed over a larger fre-
quency range. To compensate for this loss of sensitivity, we
employ a double resonance scheme that uses the (4,0,0) level
as the intermediate vibrational state. Compared to the pre-
vious scheme, the 300-fold smaller oscillator strength of this
Ðrst transition40 is partially compensated by the 10-fold
increase in available laser power in the corresponding fre-
quency region. Moreover, the transition strength for the
second transition is larger, and the available laser power
remains roughly the same, thus giving a signiÐcantly better
signal-to-noise ratio for the double-4m1^ 0, 8m1 ^ 4m1resonance scheme.

The laser pulses for the various excitation steps are gener-
ated as follows. For pumping the transition, we mix2m1 ^ 0
the output of a Nd:YAG pumped dye laser with the single
mode output of the YAG in a crystal to produce 2È4LiNbO3mJ infrared pulses in the range 6600 to 7300 cm~1. For the

transition, we operate the dye laser on LDS751 to4m1^ 0
produce 50 mJ of visible radiation, which is used without
further mixing. Operating the laser with an intra-cavity etalon
narrows the linewidth to 0.02 cm~1, and this value is largely
preserved after mixing. For dissociating the state-selected mol-
ecules, a second dye laser, operating on LDS698 (7m1 ^ 2m1),Rh610] Rh590 or LDS925 provides(8m1 ^ 2m1), (8m1 ^ 4m1),pulse energies of 50 mJ within a linewidth of 0.15 cm~1. When
required, we reduce this to 0.02 cm~1 by inserting an intra-
cavity etalon. Finally, for LIF detection of the resulting OH
fragments, we use the frequency-doubled output of a
Nd:YAG pumped dye laser, operating with Rhodamine 640.

We prepare HOCl in situ by Ñowing and at aH2O Cl2pressure of several mTorr in a glass column packed with glass
beads and yellow HgO. The resulting products Ñow contin-
uously through a glass Ñuorescence cell at a typical working
pressure of 20È50 mTorr.

III. Results
A. Overview and spectroscopic analysis

Fig. 1 and 2 show stacks of typical double-resonance spectra
obtained for the bands, respectively. For7m1 ^ 2m1, 8m1 ^ 4m1

each spectrum in the stack, we Ðx the state-selection laser fre-
quency to prepare HOCl molecules in a single rovibrational
level characterized by rotational numbers J@ and K@ as indi-
cated in the Ðgure. We then scan the frequency of the overtone
excitation laser over the region of interest while collecting the
total OH Ñuorescence induced by the probe laser. In spite of
an obvious similarity in overall appearance, the two regions
investigated show important di†erences. We discuss the
general spectroscopic analysis Ðrst, and then separately
discuss the speciÐc features of each spectral region.

In order to assign the main transitions in each spectrum, we
use our knowledge of the rotational assignment of the inter-
mediate state together with the relevant selection rules. Addi-
tional features could originate from either splitting of the main
transitions by vibrational coupling of the bright state to dark
states, or to incomplete state selection in the Ðrst step. Being
able to distinguish these two cases is of critical importance, as
vibrational coupling reÑects the IVR dynamics of the initially
prepared state while incomplete state selection is simply an
artifact of our experimental procedure. The use of com-
bination di†erences, in which we compare spectra that termin-
ate on the same Ðnal state from di†erent intermediate states,
allows us to classify these additional features and decide
accordingly whether or not to include them in our analysis.

Further information about vibrational coupling comes from
quantitative analysis of the line positions using a standard
vibrationÈrotation Hamiltonian. As discussed in papers I and
II in this series, this approach provides sensitive information
about presence of perturbations (i.e., vibrational coupling),
which in turn allows us to interpret the dynamics. Observing
deviations of the energy levels from their expected position
provides the means to detect couplings between vibrational
levels that may be too weak to result in additional spectral
features. Moreover, the molecular constants obtained from the
Ðt (band origin, rotational constants, etc.) help characterize
the identity of the observed vibrational states. SpeciÐcally, we
Ðt the spectra to WatsonÏs s-reduction Hamiltonian including
terms up to fourth order :57,58

H \ H0 ] B1 J2] (A[ B1 )J
z
2] D(J2̀ ] J~2 ) [ (D

J
)(J2)2

[ (D
JK

)J2J
z
2[ (D

K
)(J

z
2)2

B1 \
B] C

2

D\
B[ C

4
(1)

Comparison with the molecular constants of previously mea-
sured lower OH stretching overtones helps us further charac-
terize the nature of the initially prepared state.

1. The (7,0,0) region. Each spectrum displayed in Fig. 1 is
characterized by two prominent spectral features accompa-
nied by a few weaker ones. The identity of these transitions is
readily determined : the strong transitions correspond to P
and R branches of a parallel band, and the weaker(*K

a
\ 0)

ones to the perpendicular component. It is inter-(*K
a
\ ^1)

esting to note the large intensity ratio ([10 : 1) between the
parallel and perpendicular components of the transition.
According to the selection rules, this corresponds to a tran-
sition dipole moment oriented mostly along the a-axis, which
corresponds approximately to the OÈCl bond. This Ðnding is
far from unexpected, in spite of the fact that a bond-dipole
model would predict a band that was polarized almost
entirely perpendicular to the OÈCl bond. The experimentally
observed trend for lower overtones of HOCl,20,28h30,36 as well
as for HOD,59 HOOH18 and shows the parallelCH3OH60
component increasing with the number of OH vibrational
stretch quanta. It is clear that pulling the H atom away to
inÐnity would change the electronic distribution of the
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Fig. 1 Representative double-resonance spectra of the 7m1^ 2m1band of HOCl.

resulting free radical along the remaining bond coordinates,
which in the case of HOCl would be the OÈCl bond. Thus, for
a Ðnite OH bond elongation, one can expect the dipole
moment to change along the OÈCl bond axis.

A few spectra, most notably those at K \ 0, show addi-
tional features that are readily identiÐed by combination dif-
ferences as spurious transitions arising from incomplete
state-selection. Once these are eliminated, it becomes clear

that unlike the spectra in the (6,0,0) region, the (7,0,0) spectra
show no obvious sign of splitting due to vibrational coupling.
Further evidence pointing in this direction comes from quanti-
tative analysis of the spectra with the asymmetric rotor Ham-
iltonian of eqn. (1). As is shown in Table 1, the data set
available for (7,0,0) allows determining all molecular constants
in eqn. (1) to good accuracy. No sign of perturbation is
evident from the residuals of the ÐtÈout of 152 measurements
corresponding to about 30 di†erent rotational states, only two
deviate more than 0.1 cm~1 from their calculated value. For
the remaining measurements, the rms deviation amounts to
2.4] 10~2 and 0.8 ] 10~2 cm~1 respectively for line posi-
tions extracted from medium resolution (0.15 cm~1) spectra
and high resolution (0.02 cm~1) scans of individual lines. In
paper I we discussed how, in the (6,0,0) region, patterns of
deviation in the residuals of the Ðt reveal the presence of per-
turbing states.20 These dark perturbing states have di†erent

Table 1 Molecular constants (cm~1) of HO 35Cl for the (7,0,0) and
(8,0,0) states. Uncertainty in the last digit corresponding to one stan-
dard deviation is given in parentheses

(7,0,0) (8,0,0)

E 21 709.2166(36) 24 101.89
A[ B1 14.730 49(272) 13.92
B1 0.495 551 1(148) 0.4945
B[ C 0.016 585(38) 0.025
D

J
] 106 0.4861(267) 2.0

D
JK

] 104 0.611(58) 0.4065a
D

K
] 102 1.190(61) 0.4333a

a Fixed to ground state value.

Fig. 2 Double-resonance spectra of the band of HOCl. Left panel : K \ 0 ; right panel : K \ 1, lower asymmetry splitting component.8m1^ 4m1Peaks marked with a dot belong to the qP and qR parallel branches and reÑect vibrational coupling between the bright state and dark bath states.
Unmarked peaks arise from the weaker perpendicular transitions or from incomplete selection in the intermediate step and do not reÑect
vibrational coupling, as explained in the text.
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rotational constants than the bright state, hence they tune in
and out of resonance at di†erent rotational quantum
numbers. The lack of this kind of perturbation does not imply
that (7,0,0) is not mixed with other vibrational states. If this
were the case, molecules promoted to this level would not dis-
sociate. The correct interpretation is that within our detection
limits, vibrational mixing is uniform across the range of rota-
tional states probed in the experiment. In other words, none
of the states that come into resonance with the bright state is
sufficiently strongly coupled to it to produce a detectable dis-
placement from its expected position.

On the other hand, non-resonant coupling (i.e. coupling
with states that remain far in energy across the whole range of
rotational states investigated) can often be detected through
unphysically large distortion constants, even if the perturbing
state is not visible in the spectrum. These account for the high
order terms in the rotational energy dependence of a state
arising from interaction with a perturbing state with a di†er-
ent set of rotational constants. In this particular case, the
value of obtained from the Ðt is almostD

k
\ 1.19] 10~2

three times larger than the ground state value, while the
extrapolation from lower overtones20,28h30 would predict a
28% decrease. This strongly suggests the presence of such
non-resonant coupling.

2. The (8,0,0) region. Comparison between the spectra in
the (7,0,0) (Fig. 1) and (8,0,0) (Fig. 2) regions reveals a number
of extra peaks in the latter. Combination di†erences conÐrm
that most of these peaks arise from splitting of the zeroth-
order bright state and not from incomplete state selection. As
shown in Fig. 3, we further verify this assessment by compar-
ing the two sets of spectra that access the (8,0,0) level via dif-
ferent intermediate vibrational states (i.e., the and8m1 ^ 4m1bands). The strong similarity of the additional spec-8m1^ 2m1tral features (i.e., line positions and width) indicates that they
reÑect splittings of the (8,0,0) level. The poor agreement
obtained from a Ðt of the (8,0,0) spectra with the asymmetric
rotor Hamiltonian of eqn. (1), with discrepancies of the order
of a few cm~1, reinforces this conclusion and conÐrms the
existence of signiÐcant coupling between the bright state and
certain bath states.

Fig. 3 Comparison between double-resonance spectra of the 8m1^
(bottom) and (top) band of HOCl. The two spectra2m1 8m1^ 4m1reach the same Ðnal state (8,0,0) via di†erent intermediate vibrational

states, (2,0,0) and (4,0,0) respectively, hence, their common spectral
features reÑect solely the properties of the Ðnal state. Notice the better
signal-to-noise obtained with the second excitation scheme.

We previously found that the vibrational interaction
between the (6,0,0) level and the bath of dark states is weak
compared to the average level spacing, and hence at most one
bath state at a time perturbs signiÐcantly the bright state.21 In
this case the interaction can be modeled by a 2] 2 matrix
and the perturbing state can be included in the Ðt. The same
treatment applied to the (8,0,0) spectra does not dramatically
improve the Ðt, however. This indicates that the average coup-
ling strength is comparable with the average level spacing, and
that quantitative agreement can be obtained only if inter-
action between all vibrational states is taken into account by
diagonalizing the full Hamiltonian. Unfortunately the amount
of information provided by the spectra is not sufficient for this
task, since we observe only a handful of levels.

B. Linewidths and dissociation rates

The unimolecular dissociation rates of HOCl molecules pro-
moted to the (6,0,0) level are sufficiently slow that we were
able to measure them by scanning the time delay between the
dissociation and probe laser while monitoring the appearance
of OH fragments.21 The same is not true for dissociation from
the (7,0,0) and (8,0,0) levels investigated here, as the
unimolecular dissociation processes occurs on a time scale
that is too fast to be resolved by the convolution of the two
5È8 ns laser pulses. However, the Lorentzian linewidth, C, that
arises from the Ðnite lifetime of the initially prepared quasi-
bound state, is sufficiently large compared to our spectral
resolution that we can determine it directly from our fre-
quency resolved spectra. This Lorentzian linewidth can be
directly related to the unimolecular reaction rate k :

k \ C/+ B 1.88] 1011 s~1C/cm~1 (2)

1. Linewidths of transitions to (7,0,0). The (7,0,0) spectra
we observed exhibit relatively narrow features, consistent with
a previous study of Barnes and Sinha,23 which cited an upper
limit of 0.05 cm~1 for the contribution to the linewidth from
lifetime broadening. It thus requires special care to separate
lifetime broadening from other sources of spectral broadening
of comparable magnitude. Apart from pressure broadening,
which is negligible on the timescale of the experiment, and
Doppler broadening, which is accounted for exactly, there are
two other potential sources contributing to the spectral width
that must be consideredÈpower broadening and Ðnite laser
linewidth. Power broadening arises from saturating the spec-
tral transition, and we control it simply by decreasing the
power of the dissociation laser with neutral density Ðlters to a
sufficiently low level. In paper I we determined that the contri-
bution of power broadening to the linewidth of the 6m1^ 2m1transition is negligible at 4 mJ pulse energy.20 Since the

band is weaker, power broadening of the linewidths7m1^ 2m1at the same pulse energy will be even less.
We use an intra-cavity etalon to reduce the laser linewidth

for these measurements from 0.15 to D0.02 cm~1, which is
comparable with the Doppler broadened linewidths. We verify
the laser linewidth using a spectrum analyzer, although not
simultaneously with our measurements. We take a conserva-
tive estimate of ^0.01 cm~1 for the uncertainty of the actual
laser width at the time of the experiment. Combined with
0.025 cm~1 Doppler broadening, this gives an instrumental
linewidth of between 0.027 and 0.039 cm~1. We extract the
lifetime broadened linewidth of spectroscopic transitions by
Ðtting their proÐles to a Voigt function61,62 that accounts for
Doppler broadening and Ðnite laser linewidth. The dominant
source of error in the deconvolution process is the uncertainty
of the laser width, hence the results of the deconvolution have
the same ^0.01 cm~1 uncertainty.

All of the 15 lines investigated have a Lorentzian width
falling in the range 0.015È0.035 cm~1, which is just below the
0.05 cm~1 upper limit of Barnes and Sinha and compares well

2248 Phys. Chem. Chem. Phys., 2001, 3, 2245È2252
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with the results of recent theoretical calculations by SchinkeÏs
group63 and BowmanÏs group55 who report values of 0.025È
0.035 and 0.01 cm~1 respectively. The dissociation rates corre-
sponding to our measured linewidths fall between 2.8] 109
and 6.6 ] 109 s~1, faster than the average rates observed at
(6,0,0), but still three orders of magnitude lower than the
average rate calculated with the statistical adiabatic channel
model (SACM).42

In contrast to the observed behavior at (6,0,0),21 the mea-
sured dissociation rates at (7,0,0) do not exhibit prominent
variations with rotational quantum numbers. The rates for
dissociation from K \ 1 and 2 levels fall in a small interval
around their average, while those from K \ 0 levels increase
slowly and smoothly with J. As is discussed more fully below,
this lack of strong state-to-state rate variations is expected,
partly because of the smaller set of rotational states investi-
gated at (7,0,0), and partly because of the larger number of
product channels available for dissociation.8,64

2. Linewidths of transitions to (8,0,0). The bottom panels
of Fig. 4 show the measured widths of transitions to (8,0,0) for
the states with K \ 0 (left) and K \ 2 (right). Putting one
additional vibrational quantum in the OH stretching coordi-
nate increases the width of the transitions by 1È2 orders of
magnitude compared to those at (7,0,0), yielding linewidths in
the range from 0.2 to 2.5 cm~1, with an average of 0.75 cm~1.
Remarkably, the widths do not exhibit the same kind of uni-
formity observed at (7,0,0) ; neither do they exhibit the strong
state-to-state Ñuctuations observed at (6,0,0). Rather, at K \ 0
the plot of linewidth vs. J exhibits several peaks, suggestive of
perturbations from individual dark states that tune into and
out of resonance. Fig. 4 conÐrms this notion by showing
together the J dependences of reduced energies (top panels)
and widths (bottom panels) of the states investigated. This
Ðgure clearly demonstrates a correspondence between the pat-
terns in the top and bottom panels, although the presence of
several perturbing states makes this correspondence less intu-

itive than in the simple case of interaction with a single per-
turbing state. A peak in the bottom panel corresponds to a
sudden displacement of the reduced energy from a smooth line
in the upper panel, as would be expected for such a pertur-
bation. The left side of Fig. 4 shows that a similar pattern is
there for K \ 2, and in this case the number of perturbing
states and the strength of their coupling is smaller, thus
leading to an even clearer pattern.

IV. Discussion
A. Summary of current results and previous work

We have now investigated the dissociation dynamics of HOCl
with di†erent amounts of vibrational energy deposited selec-
tively into the OH stretch coordinate. As explained above, the
dynamics in these three energy regions exhibit remarkably dif-
ferent features :

At (6,0,0), which is just above the dissociation threshold, we
observe extremely slow dissociation rates (2 ] 106È3 ] 108
s~1) and large state-to-state variation with rotational
quantum number. Weak vibrational coupling is apparent
from the spectra.

At (7,0,0), which is D2400 cm~1 above the threshold, we
measure dissociation rates in the range 1È4 ] 109 s~1. No
prominent rate variation is apparent over the small number of
rotational states investigated, and there is no evidence of
vibrational coupling from the appearance of additional spec-
tral features, although the large distortion constant suggests
uniform non-resonant coupling across the entire band.

At (8,0,0), which is D4800 cm~1 above threshold, the disso-
ciation rates are fast and exhibit clear patterns with increasing
J over the range of rotational states investigated. Strong
vibrational coupling is apparent from spectral splittings and
from perturbations in the expected line positions.

As a starting point for interpreting the dynamics after
excitation to (7,0,0) and (8,0,0), we use the physical
model introduced in our previous work for (6,0,0). There, the

Fig. 4 Observed rotational dependence of energy (top panels) and width (bottom panels) of HOCl states. In order to better show thevOH \ 8
e†ect of perturbations, the energy of a rigid rotor with the constants of Table 1 has been subtracted from the total energy and the resulting
reduced energy plotted. Hence, if no perturbation were present, all rotational states would have zero reduced energy, within the experimental
uncertainty. The e†ect of interaction with perturbing states (solid line) has been modeled with the Hamiltonian in eqn. (5) and the following
parameters (in cm~1) : at K \ 0, 1.2, 2, 1.5, 3 ; [0.3, [0.05, [0.15, [0.25 ; at K \ 2,C00\ 0.25 ; C

i
0\ 10 ; W0i \ 1.2, B

i
[ B0\[0.2, C00\ 0.04 ;

1.5 ; 0.4 ; [0.01.C
i
0\ 2, W0i \ 0.4, B

i
[ B0\[0.2,
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spectroscopic evidence, together with calculated
wavefunctions47 using ab initio potential energy surfaces, indi-
cates that the initially prepared states largely preserve their
zeroth-order character. In the zeroth-order approximation
where the three vibrational modes are separable along the OH
stretching, HOCl bending and OCl stretching coordinates, the
pure OH stretching levels do not dissociateÈit is only
through vibrational mixing with states that have sufficient
energy in the dissociation coordinate that they acquire a Ðnite
lifetime. Thus, the long lifetime of (6,0,0), as well as the sharp
state-to-state Ñuctuations observed, arise from weak, non-
uniform mixing with rapidly dissociating states.

B. Vibrational character of (7,0,0) and (8,0,0)

Before interpreting the dynamics of the (7,0,0) and (8,0,0)
levels, one must ask if the zeroth-order description of the ini-
tially prepared state is still appropriate at these high energies?
The answer is clear for (7,0,0), where the Ðt of line positions
and the lack of additional spectral features suggest that the
initially prepared state maintains most of its original OH
stretch character. For the (8,0,0) level, the appearance of many
perturbing states in the spectra indicates that assumption of a
pure OH stretch begins to break down. We can get informa-
tion on the degree of this breakdown from the analysis of the
vibrational dependence of the molecular constants. The ener-
gies of the (v,0,0) OH stretch band origins are expected to
follow the formula

l0(v)\ av] bv2 (3)

as long as the potential along this coordinate is well approx-
imated by a Morse function. As shown in Fig. 5 top panel, a
BirgeÈSponer plot of vs. v gives an excellent Ðt to thel0/vdata, indicating that the Morse approximation holds well as
high as While linearity of the BirgeÈSponer plot invOH \ 8.
itself is not evidence for a localized OH stretch, the similarity
of the parameters to those obtained for other OH containing
molecules18,65h67 and for the OH radical itself68 indicates
that the OH stretch behaves like a local mode. Similar infor-
mation is obtained from the vibrational dependence of the
rotational constants. Since HOCl is almost a symmetric top,
with the a-axis nearly coincident with the OÈCl bond, the
value of A[ B is mostly determined by the OH bond length
and the HOCl bending angle. Anomalous changes of this con-
stant would signal a change in the nature of the initially pre-
pared state. The nearly linear progression of A[ B displayed
in Fig. 5, bottom panel, is an indication that the initially pre-
pared state maintains a substantial fraction of its zeroth-order
OH stretch character, even at vOH \ 8.

C. Vibrational state dependence of IVR and unimolecular
dissociation dynamics

1. Increasing average dissociation rate. Having established
that the (7,0,0) and (8,0,0) levels largely retain their zeroth-
order OH stretch character, we now discuss the evolution of
the observed rates shown in Fig. 6 as a function of the OH
stretch quantum number. Two features become immediately
evident with increasing the average of the rates that wevOH :
measure increases by two orders of magnitude per OH
quantum and the distribution of rates narrows. Given our
earlier conclusion that dissociation rates at (6,0,0) are limited
by IVR, the increase of the average dissociation rate implies a
corresponding increase in the IVR rate. Qualitatively, this is
not surprising, since the IVR rate is proportional to the
density of states and the mean square coupling, both of which
are expected to increase with energy. Since the density of
states does not increase dramatically55 (about a factor of 2 per
each additional quanta of OH stretching vibration), most of

Fig. 5 Vibrational dependence of HOCl molecular constants. Top
panel : BirgeÈSponer plot. Bottom panel : A[ B.

the di†erence is likely due to increased coupling strength.
Using FermiÏs golden rule

CIVR \ 2pw2o (4)

with a density of states55 o \ 0.36 states per cm~1 yields
coupling matrix elements wD 0.08È0.12 cm~1 for (7,0,0).
Given the small magnitude of the coupling compared to
average level spacing, together with the relatively small range
of rotational levels investigated, it is not surprising that no
perturbations are visible in the measured energy of rotational
levels. Using a density of states55 of 0.6 per cm~1 for the
energy region of (8,0,0), the same expression gives w in the
range 0.23È0.8 cm~1, with a rms value of 0.45 cm~1, only
slightly smaller than the average level spacing. Given the non-
uniform nature of the vibrational state distribution, this
Ðnding agrees well with our observation of spectral pertur-
bations in this energy region.

While our estimates for the average coupling matrix ele-
ments are consistent with our spectral observations, it is not
clear why these couplings, and hence the dissociation rates,
should increase so sharply with Scaling of the couplingvOH .
matrix elements with the number of vibrational quanta cer-
tainly plays a role, but this is not nearly sufficient to account
for the 5-fold average increase between (7,0,0) and (8,0,0), par-
ticularly if only low-order couplings are considered. We can
gain some insight into this question by looking at the HOCl
potential energy surface (Fig. 4 of ref. 41 and Fig. 1 of ref. 54).
In particular, by examining the surface in the plane oneROHÈh
can deduce the degree of interaction between the OH stretch-
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Fig. 6 Vibrational dependence of HOCl unimolecular decay rate dis-
tribution and comparison with RRKM calculations. Each thin hori-
zontal line corresponds to the observed rate of an individual J,K
rotational state, while the boxes indicate the distribution expected
under the assumption of validity of RRKM theory (complete state
mixing). At only rotational states for which a single productvOH \ 6,
channel is energetically accessible have been included in the experi-
mental distribution. The theoretical distribution is a s2 distribution
with as many degrees of freedom as the number of open channels (1,
11 and 24, respectively at 7 and 8) and average given by thevOH \ 6,
RRKM theory. For the number of open channels a lower estimate has
been used, counting one channel per each rotational state of the OH
fragment energetically accessible, without including the di†erent spinÈ
orbit states of the fragments. Note that a more realistic estimate
would further increase the discrepancy between the observed and cal-
culated distributions.

ing and HOCl bending motion. While the surface is regular at
low energy, at energies above 55 kcal mol~1, signiÐcant dis-
tortion is apparent in the range and h \ 50ÈROH \ 2.3È3 a070¡ where the pathway to the HClO isomer is located. The
energies of the 7 and 8 levels are, for this two-vOH \ 6,
dimensional oscillator, about 61.6, 69.0 and 75.8 kcal mol~1
respectively, above the potential minimum, so one can expect
that the distorted region plays an increasingly important role
in the stretchÈbend energy redistribution.

It is important to note that despite the strong increase in
dissociation rate with increasing displayed in Fig. 6, thevOHaverage rate is still 1È2 orders of magnitude slower than the
predictions of statistical theories.

2. Narrower rate Ñuctuations at higher energies. The
second important feature of the observed distribution of disso-
ciation rates (Fig. 6) is a narrowing spread about the average
value with increasing While for (7,0,0) this is, at least invOH .
part, due to the small sample of rotational states investigated,
the same argument does not hold for (8,0,0). In paper II we
had reasoned that the dissociation rate of each rovibrational
state is determined by the extent of its mixing with fast-
dissociating bath states. In turn, the relative position of these
states, and hence the extent of this mixing, changes with J and
K since they have slightly di†erent rotational constants. In the
case of (6,0,0), the weak coupling, low density of bath states
and narrow widths would imply that the actual rate is deter-
mined primarily by interaction with a single bath state at a
time. Hence, a sharp increase in the rate is observed whenever
the bright state is ““accidentally Ï in resonance with a bath
state. We propose a similar mechanism to explain our results
at (7,0,0) and (8,0,0), taking into account certain important dif-
ferences expected in these higher energy regions. At higher
values of the stronger coupling of the bright state to thevOH ,
bath states, together with a slightly higher state density and

an increased average width (determined by the dissociation
rate) suggest that the bright state dissociation rate will be con-
trolled by mixing with several bath states at a time. Moreover,
the distribution of unimolecular dissociation rates is expected
to narrow at higher energies above dissociation threshold as
more independent product channels become available.8,64 In
the light of these di†erences from the (6.0.0) region, we suggest
that the rate Ñuctuations from one rotational state to the next
still arise from di†erences in the slight degree of mixing
between the bright state and bath states, but that the various
coupling pathways are more equivalent to one another, par-
tially washing out the sharp rate Ñuctuations.

3. Correlation between unimolecular dissociation rates and
spectral perturbations. Fig. 4 clearly reinforces this interpreta-
tion for the rate Ñuctuations that we observe at (8,0,0) by
demonstrating their direct correspondence with the spectral
perturbations that reÑect vibrational coupling. Our treatment
of these Ñuctuations is analogous to that used to explain the
dynamics at (6,0,0), however in the present case we must con-
sider several perturbers simultaneously. We use for this
purpose a Hamiltonian of the form

E00[ i
C00
2

W01 É É É W0n

H\
W01 E10 [ i

C10
2

0
(5)

< }

W0n 0 E
n
0[ i

C
n
0

2

q n

t t

t t

t t

t t

t t

t t

t t

s p

In this model, the bright state (identiÐed by the subscript
i \ 0) and the bath states (identiÐed by the subscript i\ 1É É Én)
have zeroth order energies and decay widths OnlyE

i
0 C

i
0.

coupling between the bright state and the bath states is(W0i)considered. The energies are J-dependent through E
i
0\

i.e. the relative position of the statesE
i
0 o

J/0 ] B
i
J(J ] 1),

changes with J.
Using the above Hamiltonian we can satisfactorily establish

a correspondence, albeit only qualitative, between the tuning-
in resonance of dark perturbing states and the peaks in the
dissociation rate observed at K \ 0 and K \ 2, as shown in
Fig. 4. The inability of this model to reproduce quantitatively
the experimental observations comes from the fact that it does
not allow for interaction between the bath states, which we
believe to play an important role at these energies. Unfor-
tunately, the number of adjustable parameters grows rapidly
with the number of states in a fully coupled model, thus
making it unmanageable for our purposes. On the other hand,
having been able to reproduce the main features of the experi-
mental data with such a simple model shows that even at the
high energies involved here, the vibrational dynamics that
mediates the dissociation still preserves a large degree of regu-
larity, in spite of the rapid increase of the couplings with the
number of quanta.vOH

V. Summary and conclusions

We have investigated the spectroscopy and unimolecular reac-
tion dynamics of HOCl prepared in single rotational states
with 7 and 8 quanta of OH stretching vibration. Together
with our previous work at (6,0,0), these results give us a
broader view of the interplay between intramolecular vibra-
tional energy redistribution and unimolecular dissociation.
The dissociation rates at (6,0,0), which are 4È6 orders of mag-
nitude slower than predicted by statistical theories, appear to
be dominated by the slow IVR rate. As we deposit 7 or 8
quanta into the OH stretch, we observe a rapid increase in the
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dissociation rate that approaches the statistical limit without
reaching it at (8,0,0). Consistent with the increased IVR rate at
the higher energies, we observe numerous, strong pertur-
bations at of the (8,0,0) level, indicating substantial mixing
between the zeroth-order vibrational modes.

The fact that HOCl dissociation dynamics is not well
described by a statistical model, even at energies as high as
5000 cm~1 above the dissociation threshold, has important
consequences for unimolecular reaction theories that are
based on this assumption, most notably, the fact that a micro-
canonical ensemble of molecules would not decay exponen-
tially as predicted by such theories.
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