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The unimolecular dissociation of HOCl has been examined by accessing several rotational resonances of the
6νOH vibrational level using overtone-overtone double resonance. An examination of the energetic thresholds
for opening various OH fragment rotational states allows us to determine the dissociation energy for the
Cl-O bond to beD0 ) 19 288.8( 0.6 cm-1 as well as confirm the absence of any appreciable barrier (e2
cm-1) along the reaction coordinate. Time-resolved measurements of the unimolecular dissociation rates
arising from excitation to selected|J,Ka〉 quantum states of the 6νOH vibrational level are found to be substantially
slower than that expected on the basis of RRKM theory, and as a function of energy, these rates exhibit
recurrent maxima that approximately correlate with the rotational energy level spacings of the OH(2Π3/2)
manifold. The OH fragment product state distributions resulting from near-threshold unimolecular dissociation
are found to be hotter than those predicted by phase space theory.

Introduction

A central assumption of RRKM theory is that energy flow
within a vibrationally excited molecule is complete on a time
scale much faster than dissociation.1 State-selected unimolecular
dissociation of small polyatomic molecules where vibrational
state mixing is restricted, and hence IVR rates are slow, provides
a critical test of the limits of statistical behavior. In this paper
we present initial results on thestate and time-resolved
unimolecular dissociation of HOCl near its energetic threshold
corresponding to excitation of various rotational resonances of
the fifth O-H stretching overtone (6νOH). The low vibrational
state density in HOCl combined with the large disparity in the
vibrational frequency between the O-H (3600 cm-1) and Cl-O
(700 cm-1) stretching coordinates suggests that energy flow
within the molecule may be restricted when the system is
energized through vibrational overtone excitation. As a result
the unimolecular reaction rate for this system can potentially
exhibit nonstatistical behavior. In addition, because the dis-
sociation process generates two radical fragments, OH+ Cl,
the potential energy surface is likely to be barrierless along the
reaction coordinate and hence allows an examination of the
extent to which the product state distribution behaves statisti-
cally. There are many examples of nonstatistical behavior that
have been observed in the dissociation dynamics of van der
Waals molecules, where the frequency of the van der Waals
bond is substantially lower than those of the other bonds in the
system.2 For covalently bonded molecules, however, statistical
theories have, in general, done a remarkable job in describing
the dissociation dynamics even for molecules as small as NO2.3,4

Below we present results of an experiment using overtone-
overtone double resonance that measures the unimolecular
dissociation rate and product state distribution resulting from
excitation of selected|J,Ka〉 resonances in HOCl and examines
the extent to which these findings agree with statistical theories.

Experimental Section
The apparatus and vibrational overtone-overtone double-

resonance excitation scheme used in the present experiment are
similar to that described in our earlier work on the 7νOH band

of HOCl.5 Briefly, HOCl molecules at room temperature are
first excited to the 2νOH vibrational state using infrared light
from an OPO (∼10 mJ, 0.3 cm-1). The energized molecules
are subsequently further excited to selectedJ,Ka rotational
resonances of the 6νOH vibrational state using a dye laser
operating in the region of 830 nm (∼30 mJ, 0.08 cm-1). The
OH fragments resulting from the dissociation are probed by
laser-induced fluorescence using the frequency-doubled output
of a third Nd:Yag pumped dye laser system. Although we do
not detect the chlorine atom in these experiments, they are
expected to be formed in the2P3/2 spin-orbit state. The excited
Cl(2P1/2) state lies∼882 cm-1 higher in energy and is not
accessible in these near-threshold measurements. We typically
operate at a total pressure of∼20 mTorr and keep the time
delay between the two vibrational excitation lasers at∼ 20 ns.
Monitoring a particular quantum state of the OH fragment as
the frequency of the dye laser (corresponding to the second step
of the double-resonance process) is scanned generates an action
spectrum of HOCl revealing the resonances that produce OH
fragments in the interrogated quantum state. Varying the time
delay between the probe laser and the dye laser initiating the
2νOH f 6νOH excitation provides the means for characterizing
the dissociation rates. The absolute frequency of both vibra-
tional excitation lasers involved in the double resonance are
calibrated relative to H2O transitions using photoacoustic
spectroscopy.6

Results and Discussion

The first requirement for implementing the double-resonance
scheme involves characterization of the intermediate vibrational
state. For HOCl, we have examined the 2νOH vibrational level
using the technique of vibrationally mediated photodissociation.7

In a separate set of experiments, HOCl molecules at room
temperature are first vibrationally excited to the 2νOH level using
infrared light from the OPO and then subsequently photodis-
sociated using UV light at 355 nm from a Nd:Yag laser.
Monitoring the yield of a particular quantum state of the OH
fragment resulting from photodissociation, as the frequency of
the OPO is varied, generates the action spectrum shown in
Figure 1a. The spectrum consists of both perpendicular and
parallel transitions characteristic of a hybrid band of a near-X Abstract published inAdVance ACS Abstracts,November 1, 1997.

8374 J. Phys. Chem. A1997,101,8374-8377

S1089-5639(97)02668-6 CCC: $14.00 © 1997 American Chemical Society



prolate symmetric top. The assignments shown are based on
the earlier work of Cavazza et al. using high-resolution
absorption spectroscopy.8 Having determined the location of
various spectral features belonging to the 2νOH level, we are
able to implement the double-resonance technique to investigate
unimolecular reaction.
Figure 1b shows the results of parking the OPO on transitions

belonging to thePQ3 stack of the 2νOH intermediate vibrational
state and then scanning the dye laser corresponding to the 2νOH
f 6νOH excitation step. Figure 1c shows the analogous data
with the OPO parked on thePQ4 stack of the 2νOH band. By
parking the OPO on various otherKa-stacks of the 2νOH
spectrum shown in Figure 1a and then scanning the dye laser,
we can effectively decompose the 2νOH f 6νOH excitation
spectrum into itsKa components. For both spectra in Figure
1b,c the probe laser monitors population in the lowest rotational
level of the OH fragment, theN) 1 state of the2Π3/2manifold.
As can be seen from comparing the spectrum in Figure 1a with
those of Figure 1b,c, the double-resonance approach allows
access to rotationally resolved spectra of the 6νOH vibration even
though state selection in the 2νOH intermediate state is incom-
plete due to the modest line width of our OPO (∼0.3 cm-1).
The rotational assignment shown in Figure 1b,c has been verified

by checking known intermediate state combination differences
as discussed in our 7νOH work.5 As Figure 1b shows, in addition
to detecting transitions belonging to the zeroth-order 6νOH state,
we also observe transitions to yet unassigned “dark” background
states in the region. The 6νOH state, which involves O-H
stretching motion, is the “bright” zeroth-order state that carries
the oscillator strength in the overtone transition. Coupling of
this zeroth-order “bright” state to nearby “dark” states containing
excitation in other vibrational degrees of freedom allows us to
see the “dark” states through intensity borrowing.
Since the band origin of the 6νOH vibrational level is below

the dissociation threshold, energy constraint limits the rotational
states seen in the action spectrum to those having sufficient
energy to dissociate. Consequently, by monitoring the energetic
threshold where thelowestrotational level of the OH fragment
just turns on, it is possible to obtain an estimate of the HO-Cl
bond dissociation energy. Of course in these double-resonance
experiments we are unable to vary the energy of the parent
molecule continuously and rely on the “comb” of rotational
resonances accessible within eachKa-stack. The upper trace
in Figure 2a is an expanded view of the P-branch region of the
Ka ) 3 stack obtained by monitoring the OH(N)1;2Π3/2)
quantum state as the 2νOH f 6νOH excitation is scanned. The
position of the first observed HOCl rotational transition in this

Figure 1. (a) Action spectrum of the HOCl 2νOH vibrational state
obtained by photodissociating HOCl(2νOH) through electronic excitation
using 355 nm light while monitoring the yield of OH(V′′)2,N)2)
fragments as the vibrational excitation laser frequency is scanned. (b)
Action spectrum of the 2νOH f 6νOH transition with the IR laser
frequency set on thePQ3 stack shown in Figure 1a while probing the
OH(V′′)0,N)1,2Π3/2) state resulting from unimolecular dissociation.
The transitions labeled as “dark states” are as yet unidentified vibrational
states that appear as a result of intensity borrowing from the bright
6νOH stretching state. (c) Action spectrum of the 2νOH f 6νOH transition
with the IR laser parked on thePQ4 stack while probing the
OH(V′′)0,N)1,2Π3/2) state resulting from unimolecular dissociation.

Figure 2. (a) Action spectra for transitions belonging to theKa ) 3
stack. The upper trace is obtained by monitoring the OH(V′′)0,N)1,2Π3/2)
product state while the frequency of the 2νOH f 6νOH excitation step
is scanned. The lower trace is a scan over the same region obtained by
monitoring OH(V′′)0,N)2,2Π3/2). (b) Comparison of measured OH
fragment product state distribution with phase space theory resulting
from excitation of two nearby resonances. The distribution on the left
corresponds to excitation of theJ ) 15, Ka ) 3 resonance while the
one on the right corresponds to theJ ) 17, Ka ) 3 resonance. The
error bars shown reflect the(2σ limit. These distributions are
independent of the time delay between the state preparation and probe
lasers.
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action spectrum, theJ ) 7 resonance, provides a limit on the
threshold energy for dissociation. Similar threshold data have
been collected by monitoring the OH(N)1;2Π3/2) state while
scanning over transitions belonging to theKa ) 2 stack as well.
From the known energies of the transitions involved in these
“threshold” resonances, the Cl-O bond dissociation energy is
estimated to beD0 ) 19 288.8( 0.6 cm-1 for the dominant
HOCl35 isotope.
In addition to determiningD0, we have examined the

possibility of a barrier along the reaction coordinate by
monitoring the appearance threshold of OH rotational levels
lying above the OH(N)1;2Π3/2) state. In the absence of a
barrier, the difference in threshold energy for opening the lowest
energy product state and another product state lying above it is
expected to be identical with the corresponding energy level
spacing occurring in the isolated fragment. The presence of a
barrier, however, is expected toreduce this number by an
amount dictated by the barrier height. The lower trace in Figure
2a illustrates this approach for the OH(N)2;2Π3/2) state. The
energy difference between theN) 1 andN) 2 rotational states
in free OH is 83.9 cm-1. Thus the extent to which the measured
threshold energy for opening the OH(N)2) state agrees with
this value allows us to place stringent limits on the barrier height.
The fact that the HOCl resonance corresponding toJ ) 14,Ka

) 3, which lies 75.4 cm-1 aboveD0, has not turned on (see
lower trace of Figure 2a) and the first observed resonance to
turn on when OH(N)2) is monitored is theJ ) 15, Ka ) 3
state implies the absence of any barrier that is higher than 8.5
cm-1. Our inability to get a better bound on this number using
resonances in theKa ) 3 stack results from our inability to
vary the available energy continuously. However, doing the
same measurement, of monitoring the relative thresholds for
producing OH(N)1) vs OH(N)2), using resonances in theKa

) 2 stack allows us to get a slightly better estimate and conclude
that there are no barriers along the reaction coordinate to within
an uncertainty of 1.6 cm-1.
We note that apart from barriers arising from electronic

interactions there may also be contributions from centrifugal
barriers. We have examined this possibility and believe that
their effects are small for the range of angular momentum states
discussed above (i.e.J ) 7-15). That this is so can be seen
by treating the dissociation of HOCl as a two-body problem
and noting that for a given angular momentum state,J, the
magnitude of the associated centrifugal barrier is given by:

In the above expressionµ is the reduced mass of the OH and
Cl fragments,h is Planck’s constant, andC6 is the coefficient
describing the attractive part of the long range interaction arising
from dipole-induced dipole and dispersion forces. Using a value
of C6 ) 1.0× 10-77 J m6, which is a lower limit value that we
obtain from the results of the phase space calculations discussed
below, we find that for theJ ) 7 state the centrifugal barrier is
less than 0.41 cm-1 and this barrier rises to at most 3.6 cm-1

when considering theJ ) 15 state. Thus, effects due to
centrifugal barriers are rather small for the states considered
above.
Previous studies of unimolecular reactions occurring on a

barrierless potential have found that phase space theory9 is able
to accurately describe the product state distribution for excitation
energies near the dissociation threshold.10 We have begun to
examine these ideas for HOCl by measuring OH fragment
rotational state distributions resulting from excitation of different
rotational resonances. The bar graph on the left side of Figure
2b shows the product state distribution resulting from excitation

of the J ) 15, Ka ) 3 resonance (shown in lower frame of
Figure 2a), which is the lowest energy resonance that can
produce the OH(N)2,2Π3/2) quantum state and lies at an energy
of 90.2 cm-1 aboveD0. In contrast the distribution shown on
the right of Figure 2b arises from excitation of theJ ) 17,Ka

) 3 resonance lying 122.8 cm-1 aboveD0. Comparison of the
measured distributions with those predicted by phase space
theory reveals (see Figure 2b) that the measured distributions
are hotter than predicted with the deviation being larger for the
J ) 17, Ka ) 3 resonance. It is worth pointing out that the
value of theC6 coefficient used in the phase space calculations,
C6 ) 1.0× 10-77 J m6, was determined empirically by requiring
the results of the simulation to match the experimental distribu-
tion as closely as possible. We find that the value ofC6

coefficient that gives the best match with experiment is slightly
larger than that estimated from using the known dipole moment,
polarizabilities, and ionization potentials of the fragments.
Using the calculated value of theC6 coefficient,C6 ) 5.5×
10-78 J m6, in a phase space calculation generates rotational
state distributions that are substantially colder than what is
experimentaly observed. Using values of theC6 coefficient
larger thanC6 ) 1.0× 10-77 J m6 did not change the results of
the calculations. Thus it appears that the calculated value of
theC6 coefficient underestimates the long range attractive part
of the potential in HOCl; a similar trend has been also been
noted in NO2 and ketene.3c,10a In addition, we have examined
whether the measured distributions shown in Figure 2b depend
on the time delay between the state preparation and probe lasers
and find them to be independent of this parameter.
The dissociation rate of HOCl from the 6νOH vibrational state

is sufficiently slow as to allow a direct measurement of the time
evolution of the OH fragments using our nanosecond laser
system. Thus, we are able to determine the unimolecular
dissociation rates in this molecule as a function of the|J,Ka〉
quantum numbers. The various panels in Figure 3 illustrate
how these rates vary with the angular momentum quantum
number,J, within each indicatedKa-stack for energies ranging
from just below the dissociation threshold to∼201 cm-1 above
this limit. The first thing one notices is that the measured rates
are substantially slower than that expected on the basis of
RRKM theory, which expresses the energy dependence of the
rate ask(E) ) N#(E- E0)/hF(E).1 Application of this equation
to HOCl at threshold whereN# ) 1 and the density of vibrational
states isF ≈ 0.15 states/cm-1 giveskRRKM ≈ 2 × 1011/s. By
contrast the measured rate for theJ ) 7, Ka ) 3 resonance,
which corresponds to the state closest to the threshold, isk ≈
5 × 107/s. The magnitude of the measured rate suggests that
energy flow out of the OH stretching coordinate is extremely
slow in HOCl.
Previous unimolecular dissociation studies on singlet CH2-

CO11 and NO2,3a,bwhere RRKM theory has worked well, have
observed a stepwise increase in the reaction rate as a function
of excitation energy and have interpreted these “steps” as arising
from the sequential passing of energetic threshold for opening
vibrational levels of the transition state. In HOCl we find that,
for excitation energies ranging up to∼100 cm-1 above the
dissociation threshold, there is a peaking of the reaction rates
as the threshold for opening each OH(2Π3/2) product state is
crossed. However, unlike the situation in CH2CO and NO2,
we do not observe a leveling of the rates for excitation energies
lying between these thresholds. For example, in theKa ) 2
stack (see Figure 3a), we see that the rate starts out at zero for
energies below the threshold for dissociation, reaches a peak
value just as the threshold for generating OH(N)1,2Π3/2) is
crossed atJ ) 15, then starts to monotonically decrease untilJ

Vmax) (J(J+ 1)h2/4π2µ)3/2(1/3(6C6)
1/2)
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) 20 where it rises again as the threshold for making the
OH(N)2,2Π3/2) rotational state is crossed. In fact the dissocia-
tion rates forJ ) 15,Ka ) 2, andJ ) 20,Ka ) 2 are so large
that we are unable to measure them directly with our nanosecond
laser system. The error bars shown in Figure 3a for the rates
of these two resonances indicate the limits placed on their value
based on line width measurements (∆ν ≈ 0.08 cm-1) combined
with our inability to observe time evolution of the product faster
than the 5-10 ns level. Similar trends in the rates are again
observed for theJ levels belonging to theKa ) 3 stack (see
Figure 3b). Their rates are also observed to peak in the first
∼100 cm-1 as the energetic thresholds for opening OH(N)1,
2Π3/2) and OH(N)2,2Π3/2) product rotational states are passed;
although at energies between the amount required to open these
two product states substantially more fluctuation is observed
in the rates for resonances in theKa ) 3 stack than for those in
theKa ) 2 manifold (compare Figure 3a with Figure 3b). As
the density of vibrational states in HOCl is low, the observed
fluctuations most likely either reflect variation in state mixing

as some rotational levels of the “bright” 6νOH stretching state
happen to be more efficiently coupled to nearby “dark”
background states, thus enhancing their coupling to the dis-
sociative continuum, or the fluctuation may just reflect random
variation in the coupling matrix elements between the transition
state and final product states.12 Apparently, as the excitation
energy is increased, the spacings between the prominent maxima
no longer exactly match the rotational level spacing of the
OH(2Π3/2) manifold, and the next major peak that is observed
occurs at the (J ) 20, Ka ) 3) resonance, whose energy is
slightly below that required to open the OH(N)3,2Π3/2) state.
Although not shown in Figure 3, we have gone to even higher
excitation energies using resonances of theKa ) 5 stack and
find that the next peak in reaction rate occurs at an energy,E
) 19 640.58 cm-1, corresponding to the (J ) 16, Ka ) 5)
resonance, which is just below the threshold for opening the
OH(N)4,2Π3/2) state. One possible explanation for the observed
trends is that the peaks in the rates occur for those quantum
states which are sufficiently strongly coupled to facilitate
conversion of energy stored as rotation about the a-axis into
vibrational energy for motion along the reaction coordinate. Why
the location of the various maxima should roughly correspond
to the levels of the2Π3/2 spin-orbit manifold is an interesting
question which we hope to address in future work. We are
currently measuring dissociation rates at higher excitation
energies in order to test these ideas in greater detail.
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Figure 3. Variation in unimolecular dissociation rates of HOCl(6νOH)
as a function of energy for various angular momentum states,J, in the
(a) Ka ) 2 and (b)Ka ) 3 manifolds. Although not shown, the rates
for the (J ) 22, Ka ) 3) and (J ) 23, Ka ) 3) resonances are
substantially slower than that for (J ) 20, Ka ) 3). The rates were
determined by monitoring the time evolution of the OH(V′′)0,N)1,2Π3/2)
state and fitting the appearance curve to a single exponential.
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