
Direct measurement of eigenstate-resolved unimolecular dissociation rates of HOCI
M. R. Wedlock, R. Jost, and T. R. Rizzo 
 
Citation: The Journal of Chemical Physics 107, 10344 (1997); doi: 10.1063/1.474227 
View online: http://dx.doi.org/10.1063/1.474227 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/107/23?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
A classical trajectory study of the intramolecular dynamics, isomerization, and unimolecular dissociation of HO2 
J. Chem. Phys. 139, 084319 (2013); 10.1063/1.4818879 
 
The barrier height, unimolecular rate constant, and lifetime for the dissociation of HN 2 
J. Chem. Phys. 132, 064308 (2010); 10.1063/1.3310285 
 
Vibrationally resolved rate coefficients and branching fractions in the dissociative recombination of O 2 + 
J. Chem. Phys. 122, 014302 (2005); 10.1063/1.1825991 
 
State-to-state unimolecular reaction dynamics of HOCl near the dissociation threshold: The role of vibrations,
rotations, and IVR probed by time- and eigenstate-resolved spectroscopy 
J. Chem. Phys. 111, 7359 (1999); 10.1063/1.480058 
 
State selected unimolecular dissociation of HOCl 
J. Chem. Phys. 107, 3730 (1997); 10.1063/1.474729 
 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.88.90.110 On: Sat, 20 Dec 2014 20:16:13

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/327320036/x01/AIP-PT/JCP_ArticleDL_101514/PT_SubscriptionAd_1640x440.jpg/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=M.+R.+Wedlock&option1=author
http://scitation.aip.org/search?value1=R.+Jost&option1=author
http://scitation.aip.org/search?value1=T.+R.+Rizzo&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.474227
http://scitation.aip.org/content/aip/journal/jcp/107/23?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/139/8/10.1063/1.4818879?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/132/6/10.1063/1.3310285?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/1/10.1063/1.1825991?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/111/16/10.1063/1.480058?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/111/16/10.1063/1.480058?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/107/9/10.1063/1.474729?ver=pdfcov


COMMUNICATIONS

Direct measurement of eigenstate-resolved unimolecular dissociation
rates of HOCI

M. R. Wedlock
Laboratoire de chimie physique mole´culaire (LCPM), École Polytechnique Fe´dérale de Lausanne, CH-1015
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Double-resonance overtone excitation prepares HOCl molecules in single rovibrational states above
the unimolecular dissociation threshold in the ground electronic state. Detecting the OH dissociation
fragments allows us to observe which reactant states lie above or below the dissocation threshold
and determine that threshold to be 19 290.360.6 cm21 . Dissociation rates from single,
well-characterized eigenstates of the parent molecule exhibit fluctuations of more than an order of
magnitude. ©1997 American Institute of Physics.@S0021-9606~97!04047-6#

I. INTRODUCTION

The most rigorous tests of unimolecular reaction rate
theories come from experiments in which one specifies com-
pletely the initial state of the reactant molecule and detects
individual state~s! of the products. Such state-to-state experi-
ments have the potential to critically test bothab initio cal-
culations of molecular potential energy surfaces as well as
techniques for predicting the dynamics on such surfaces.
Several groups have measured unimolecular dissocation
rates from single eigenstates of a highly excited reactant
molecule on the ground potential energy surface, either by
linewidth analysis of transititions to quasibound states as in
the case of D2CO,1,2 HCO3–5, and DCO,6,7 or by spectro-
scopically probing the decay of the excited reactant, as in the

of HFCO8 and CH3O,9,10 or by spectroscopic detection of the

dissociation fragments as in the case of HN3.11,12One theme
that has been emerging from these studies is that at this level
of detail, the unimolecular dissociation rates depend on the
vibrational character of the reactant state, either in a mode
specific manner8 or from the statistical nature of the highly
excited eigenstate.2,10,13,14

We report here direct time-resolved measurements of the
unimolecular dissociation of HOCl molecules prepared in
single eigenstates near threshold with carefully controlled
vibrational character and completely defined rotational quan-
tum numbers. By using double-resonance vibrational over-
tone excitation, we put HOCl molecules in single rotational

levels of 6n1 ~OH stretch!. The vibrational density of states
of HOCl at this energy is approximately 0.1 per cm21 ,and
the overtone spectra presented herein show no perturbations
due to coupling to other vibrational levels. We can therefore
consider the dissociation process to be the decay of a pure
6n1 level into the dissociative continuum. We measure the
dissociation rate directly by time-resolved laser-induced
fluorescence detection of the OH products. Our results indi-
cate that the unimolecular dissociation rates exhibit large
fluctuations even with such well-defined vibrational eigen-
state preparation.

II. EXPERIMENTAL APPROACH

The experimental approach for these double-resonance
overtone spectroscopy experiments, shown schematically in
Fig. 1, has been described previously.15,16Briefly, an infrared
laser pulse, generated by difference frequency mixing the
output of a narrowband~0.02 cm21 Nd:YAG pumped dye
laser with the single mode output of the YAG in a LiNbO3

crystal, is used to prepare molecules in single rovibrational
states containing two quanta ofn1 ~OH stretch vibration!.
Approximately 15 ns later, a second Nd:YAG pumped dye
laster ~0.02 cm21 bandwidth! promotes these preselected
molecules to single rovibrational states of 6n1 . If the excited
rovibrational state is above the energy needed to break the
O–Cl bond, the molecule will dissociate to produce OH1
Cl. We detect the overtone absorption by monitoring the OH
dissociation fragments via laser-induced fluorescence~LIF!
in the A–X band using the frequency doubled output of a
third Nd:YAG pumped dye laser. The delay between the
second and third lasers is variable but typically set to;15

a!The Grenoble High Magnetic Field Laboratory is ‘‘Laboratoire conven-
tionne aux universites UJF et INP de Grenoble.’’
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ns. The frequencies of the dye lasers are calibrated using a
Burleigh WA-4500 pulsed wave meter. As shown in Fig. 1,
we denote the rotational quantum numbers in the ground
vibrational state with double primes and those in the inter-
mediate state with single primes. The quantum numbers for
the dissociating molecules are unprimed.

Because the 2n1 band of HOCl is sufficiently sparse,17

we can pick out single rovibrational states from a low-
pressure sample at room temperature. Moreover, the high
resolution of the state-selection laser allows us to resolve the
chlorine isotopes in the first step, and hence we observe vi-
brational overtone spectra of single rotational states of a
single isotopic species. The data presented herein pertain ex-
clusively to the35Cl isotope.

We prepare HOCl by simply mixing Cl2O, which is syn-
thesized according to the method of Schack and Lindahl,18

with H2O in a 1:1 ratio. Equilibrium is rapidly attained be-
tween these two species and HOCl, with the latter having a
fractional concentration of 14%.19 The resultant mixture
flows from a glass bulb through a glass fluorescence cell at
approximately 40–50 mTorr as measured by a capacitance
manometer. The total OH fluorescence emission passes
through a visible-blocking colored glass filter and is imaged
onto a UV sensitive photomultiplier tube. The resulting sig-
nal is integrated and transferred to a 486 computer via a
CAMAC interface.

III. RESULTS AND DISCUSSION

A. Photofragment spectra and assignments

Figure 2 shows a series of double resonance vibrational
overtone excitation spectra in the 6n1←2n1 band of HOCl

obtained by preparing molecules in single rovibrational
states of 2n1 in the first step and then scanning the frequency
of the second laser while collecting the total OH fluorescence
emission induced by the third laser. For the data shown in
this figure, the infrared state selection laser prepares HOCl
molecules in 2n1 with K853, andJ8 ranging from 6 to 15,
and the laser induced fluorescence probe laser excites the
Q1(1) line of the OH products. Because each of these spec-
tra that terminate on the 6n1 vibrational level originates from
a single rotational state in 2n1 , one observes only three tran-
sitions: QP3(J8),QR3(J8), and a weakerQQ3(J8) transition
that decreases rapidly in intensity with increasingJ8.The fact
that there are noDK561 transitions indicates that the tran-
sition moment is parallel to theA axis. The simplicity of the
spectra testifies to the state selectivity of the double-
resonance technique and makes the assignment of the spectra
straightforward. Moreover, the lack of splitting of these
bands indicates that the final states reached are not perturbed.
Although the transition frequencies shown Fig. 2 appear as
expected for a parallel band of a prolate symmetric rotor, as
is discussed below, the transition intensities are not.

FIG. 1. Energy level schematic for 2←0, 6←2 double-resonance overtone
excitation used to access single rovibrational eigenstates in the 6n1 band of
HOCl.

FIG. 2. Series of double-resonance vibrational overtone excitation spectra of
the 6n1←2n1 band of HOCl. Rotational states in the 2n1 intermediate level
preselected in the first step haveK853 andJ856 – 15. The total OH fluo-
rescence is recorded as a function of the frequency of the dissociating laser.
The dotted lines indicate the progression of theQP3(J8),QQ3(J8), and
QR3(J8) transitions from each intermediate state.
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B. Dissociation energy

Because we measure vibrational overtone action spectra
by detecting the OH dissociation product of the highly ex-
cited molecules, only transitions to final states that are above
the dissociation threshold will appear in the spectrum. This
allows us to precisely determine the dissociation energy for
the O–Cl bond in HOCl. In Fig. 2, the spectra resulting from
excitation out of theK853;J8.7 intermediate states con-
tain all three expected transitions,QP3(J8), QQ3(J8), and
QR3(J8), although the transition intensities are not as ex-
pected. The spectrum resulting from excitation via theK8
53; J857 intermediate state contains only theQQ3(7) and
QR3(7) transitions that reach final states withK53 andJ
57 and 8, respectively. The disappearance of theQP3(7)
transition indicates that theK53; J56 rotational level in
the 6n1 vibrational level is below the dissociation threshold
and does not dissociate. We confirm this by measuring the
spectrum obtained by excitation via theK853; J856 inter-
mediate state in which we observe only theQR3(6) transition
to theK53, J57 final state. We therefore conclude that the
dissociation threshold lies somewhere between the energies
of the 6n1 K53, J56 rotational state and theK53, J57
state.

We determine the dissociation threshold more precisely
by measuring spectra in otherK manifolds. In theK52
manifold, for example, we find that the dissociation thresh-
old occurs between theJ514 andJ515 final states. The
interleaving of energy levels in theK52 andK53 mani-
folds allows us to place the dissociation threshold between
the energy of theK53, J57 state~19 290.84 cm -1!, which
leads to dissociation and the state withK52, J514
~19 289.66 cm21!, which does not dissociate. We therefore
determine the dissociation energy to be 19 290.360.6 cm21 .
The final state energies are determined by adding the excita-
tion wave number of the second laser to the eigenvalue of the
intermediate state, as determined from the infrared spectra of
2n1 of Cavazza and co-workers.20

C. Dissociation rates

As previously noted, transition intensities in the spectra
of Fig. 2 are not as expected for a parallel band of a near
prolate symmetric top. For example, theR transition arising
from theK853; J858 level ~Fig. 2! appears to be anoma-
lously weak when compared to theP andQ transitions from
the same intermediate state. This results from collecting
spectra with a short~;15 ns! delay between the dissociation
and probe lasers. If a molecule falls apart slowly compared
to this short delay, its intensity will appear smaller than ex-
pected. Indeed, the dissociation rate for theK53; J59 final
state is substantially smaller than that for the other two states
reached via theK853; J858 intermediate state~i.e., J57
and J58.) This distortion of spectral intensites occurs
throughout the set of spectra shown in Fig. 2. In measure-
ments with longer delays between the overtone pump laser
and the probe laser, all the transitions approach their ex-
pected intensity.

The upper panel of Fig. 3 shows the early portion of the
time evolution of the unimolecular dissociation obtained by
fixing the frequencies of the state-selection laser and the
overtone excitation laser to produce parent HOCl molecules
in two different initial states, fixing the probe laser on the
Q1~1! transition of the OH product, and scanning the time
delay between the overtone pump laser and the LIF probe
laser. As the HOCl molecule decays producing OH frag-
ments in the probed level, the LIF intensity increases with a
rate that reflects the unimolecular dissociation rate of the
parent. The total pressure in the fluorescence cell for these
experiments was 50 mTorr. At this pressure, the hard sphere
gas kinetic collision rate is approximately 53105 per sec-
ond, corresponding to one collision every 2ms. Rotational
relaxation of parent molecules could conceivably occur as
much as 20 times the hard sphere rate or one rotational state
changing collision every 100 ns. We therefore estimate dis-
sociation rates by a single exponential fit of the early portion

FIG. 3. Dissociation rates of HOCl in the 6n1 vibrational band. The upper
panel shows the change in laser-induced fluroescence from the OH disso-
ciation product as a function of the delay between the overtone pump and
LIF probe lasers for the 6n1 K53; J58 andK53; J59 states of HOCl.
Exponential fits to the early portion of the data are shown as solid lines. In
the lower panel dissociation rates are plotted versus the amount of excess
energy above the dissociation threshold. Rates for final states withK53 and
J57 – 22 are shown. The dotted vertical lines indicate excess energies at
which new OH product rotational levels become energetically available.
From left to right the dotted lines are, respectively, the energetic thresholds
for the 2P3/2(N52),2P1/2(N51),2P1/2(N52) and2P3/2(N53) OH prod-
uct states.
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of the curves. These should be of sufficient accuracy to show
the strong dependence of the dissociation rate on the initial
state of the parent molecule, although it is less accurate for
the slower decays. In a full publication to follow, a complete
kinetic analysis of the pressure-dependent curves will fit both
the rising and falling portions.

From the two time evolution curves shown in Fig. 3, one
can see that the unimolecular dissociation rate of HOCl mol-
ecules from the state withK53; J58 is about 15 times
faster than that at the next higher rotational level,K53; J
59. The lower panel shows the disociation rate as a function
of energy for the states withK53 and J ranging from 7 to
22. It is clear that over the 225 cm21 range shown in this
figure, the dissociation rate varies sharply and nonmonotoni-
cally with energy and angular momentum. The sharp
changes in dissociation rate are not directly correlated with
the availability of new rotational levels for the OH product.
Dashed vertical lines in the figure represent the energies at
which new OH product rotational states become energeti-
cally accessible~see the figure caption!.

Not shown on the plot of Fig. 3 are the dissociation rates
for HOCl molecules with otherK states. We have measured
the dissociation rates of HOCl parent molecules from a few
states withK50 and find them to be as much as four times
faster than the fastest rate measured for molecules withK
53. We also observe, however, thatK50 lines are per-
turbed by mixing with two other zeroth-order vibrational
states. It is not yet clear whether the higher rates inK50 are
evidence of an inverse dependence on theK quantum num-
ber or the result of mixing with other vibrational modes that
couple more strongly to the dissociative continuum. If the
latter is true, the variations that we observe atK53 might
result from small components of other vibrational states with
intensities too small for us to observe spectroscopically but
that dissociate significantly more rapidly than the pure 6n1

eigenstates. Measurements in progress on the otherK mani-
folds will help clarify the dependence onK as well as the
effect of vibrational state mixing.

IV. CONCLUSIONS

Double-resonance vibrational overtone excitation allows
us to obtain eigenstate-resolved spectra of molecules in
highly excited vibrational states. By applying this technique
to the HOC1 molecule we precisely determine the dissocia-
tion energy for the O–Cl bond to be 19 290.360.6 cm21 .
Measurements of the dissociation threshold for differentK
manifolds at a range ofJ values are consistent, implying that
centrifugal barriers to dissociation do not have a significant
impact on our determination.

We also directly measure unimolecular dissociation rates
for single, well-characterized eigenstates of HOCl lying near
the dissociation threshold. These measurements show wide
variations in the dissociation rate over a range of 225 cm21

and variations of as much as a factor of 15 for states differing
in J by only one. These fluctuations do not vary monotoni-
cally with increasing energy and do not directly depend on
the opening of new product channels. Our initial measure-
ments show a strong negativeK dependence to the dissocia-
tion rate. There is also some evidence of an increase in the
dissociation rate for states that have mixtures of other zeroth-
order vibrational modes.

With eigenstate-resolved unimolecular dissociation mea-
surements, a molecule as small as HOCl should provide criti-
cal tests both of calculations of potential energy surfaces as
well as of the dissociation dynamics on such surfaces.
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