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Angular distributions and pair-correlated translational energy distributions have been measured for OH(V′ )
0, N′ ) 1), produced through the reactive scattering of hot H atoms by CO2 at 300 K and mean collision
energies of 1.8 eV and 2.5 eV. The new measurements, together with those reported previously for the
OH(V′ ) 0, N′ ) 5, A′/A′′) products of the reaction at 2.5 eV, reveal that the differential cross sections
depend strongly on collision energy and product quantum state. For the OH(V′ ) 0, N′ ) 1) channel, the
angular distribution changes from broad forward scattering to pronounced backward scattering as the collision
energy is raised from 1.8 to 2.5 eV. The angular distributions at the higher collision energy shift from being
backward to nearly isotropic, with forward-backward peaks, as the OH angular momentum is increased
from N′ ) 1 to N′ ) 5. Although somewhat less dramatic changes are evident in the pair-correlated kinetic
energy release data, the measurements confirm that the CO internal energy distributions are considerably
colder than those predicted by statistical phase space theory. The results are discussed in light of earlier
theoretical and experimental studies, particularly the results of femtochemical kinetic measurements.

1. Introduction

There is a vast experimental and theoretical literature1,2

relating to the kinetics and dynamics of the important combus-
tion and atmospheric chemical reaction

The role of HOCO as a quasibound reaction intermediate is
firmly established,1,2 but many uncertainties remain regarding
the dynamics of its unimolecular decomposition as well as the
possible role of HCO2 configurations at elevated collision
energies, particularly those necessarily employed in photo-
initiated studies of the endothermic reaction

Direct measurements by the Wittig group3,4 of the rates of
unimolecular decomposition of HOCO (generated within a van
der Waals complex) to OH(V′ ) 0, 〈N〉 ∼ 10) + CO indicated
lifetimes,τ(E), in the range 0.1-1.0 ps for excess energies,E,
in the range 40-100 kJ mol-1 (measured with respect to the
zero-point level at the OH+ CO asymptote). Remarkably, these
were in close agreement with RRKM lifetime estimates, which
might be taken to indicate very fast intramolecular vibrational
redistribution (IVR); the agreement should be qualified, how-
ever, by concerns regarding the “effective” value ofE in the
complex and uncertainties about its well depth,5 rotational
angular momentum,J, and density of states,F(E, J).1 Further
concerns relate to an apparent dependence of the lifetime on
the quantum state of the probed OH(V′ ) 0, N′). An earlier
“real-time” measurement,6 conducted with laser pulses of
picosecond duration, indicated a longer delay for dissociation
into OH(V′ ) 0, N′ ) 1) than (V′ ) 0, N′ ) 6), while the later

measurements,3,4 conducted with pulses of femtosecond duration
with a frequency spread which probedall levels in OH(V′ ) 0,
N′ ) 2-20), indicated decay times one order of magnitude
shorter than those measured into OH(V′ ) 0, N′ ) 1). Assuming
that all product channels,N′, are generated by the same
dissociation mechanism for the complex, these results are
inconsistent with rapid IVR during the lifetime of the excited
molecule.

Additionally, measurements of the internal energy distribution
among the CO molecules7 and of the state-averaged8-10 or
product pair-correlated translational energy distributions10,11all
indicate internal energy distributions in the scattered CO
molecules that are much “colder” than those predicted by phase
space theoretical calculations. Better agreement can be obtained
via quasiclassical trajectory (QCT) calculations12 on a modified
version of the semiempirical potential energy surface originally
developed by Schatz, Fitzcharles and Harding.13 The principle
modifications included a “tightening” of the HO‚‚‚CO transition
state and a slight lowering of the surface corresponding to
reaction via HCO2 collision geometries. Quantum calculations
(in reduced dimensions) have also predicted a long series of
Feshbach resonances in HOCO, with lifetimes (widths) lying
in the range 0.1-1.0 ps, continuing to energies>40 kJ mol-1

above the HO+ CO dissociation limit.14-16 The lifetimes
obtained from these reduced dimensionality quantum mechanical
(QM) calculations are broadly consistent with the results from
the full dimensionality QCT calculations.

The scattered product angle-velocity distribution provides
another dynamical indicator, as well as a (albeit indirect) means
of estimating the average lifetime of the intermediate collision
complexes. In these experiments, the “clock rate” is determined
by the rotational period of the complex the two key time scales
are those for IVR within the complex and for its eventual

OH + CO f HOCOf H + CO2

H + CO2 f OH(V′, N′, f) + CO ∆rH0
Q ) 102 kJ mol-1

(1)
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dissociation (which are reflected in the product translational
energy and quantum state distributions and the shape(s) of the
angular distribution(s)). A globally averaged differential cross
section (DCS) for the exothermicreVersereaction, determined
under cross-beam conditions by Casavecchia and co-workers17,18

at a collision energy of∼60 kJ mol-1, was moderately biased
in favor of forward scattering (of CO2 with respect to OH);
this was interpreted in terms of an average lifetime,τ(E),
comparable to the mean rotational period of the complex,τR,
estimated to be∼0.6 ps. A subsequent measurement by our
own group11 of theproduct state-resolVedDCS for OH(V′ ) 0,
N′ ) 5) produced through the endothermic reaction 1 gave,
remarkably, almost the identical result, although the collision
energy (referenced to OH+ CO) was some 90 kJ mol-1 higher.
At these energies, the complex lifetime,τ(E) , 0.6 ps, was
expected to be much shorter than the rotational periodτR. In
addition, the pair-correlated translational energy distribution was
peaked well above a phase space theoretical prediction, possibly
consistent with incomplete IVR during the brief lifetime of the
collision complex. The appearance of both forward and
backward scattering in the DCS was taken to reflect dynamical
constraints rather than rotational averaging.

The present paper explores this interpretation through a series
of new measurements of the product state-resolved angular
distributions and pair-correlated translational energy distributions
for reaction 1. New data are presented for the scattering of
OH into (V′ ) 0, N′ ) 1) at mean collision energies of 1.8 and
2.5 eV,∼70 and 140 kJ mol-1 above the zero-point level of
the OH+ CO asymptote, the former being close to the collision
energy employed in the cross-beam study of thereVersereaction.
Sections 2 and 3 outline the experimental method and summarize
the procedures employed to analyze the experimental data; the
results and their discussion are presented in section 4, where
they are compared with the earlier data for OH(V′ ) 0, N′ ) 5)
determined at a collision energy of 2.5 eV. The interim
conclusions and some future pointers are presented in section
5.

2. Experimental Section

The experimental procedures, which follow those described
in some detail earlier,11 are only outlined here. The reagent
gases, HBr or HCl and CO2, in a ratio of 1:5, were flowed
through the reaction chamber at a total pressure of 13.3 Pa.
Reaction was initiated through photodissociation of the HCl or
HBr precursor, using polarized radiation at 193 nm from an
ArF excimer laser. The OH(V′, N′, f) fragments scattered from
the subsequent collision of the “hot” H atoms (providing mean
collision energies of 1.8 eV (HCl) or 2.5 eV (HBr)) with the
300 K CO2 “target” molecules were detected after a delay of
80 ns, using a tunable, line-narrowed, polarized, and frequency-
doubled dye laser to excite fluorescence via absorption into
individually resolved spectral features in the∆V ) 0 sequence
of the A r X system.

Doppler-resolved rotational line contours for OH(V′ ) 0, N′
) 1) were recorded on either the P12(1)v or R22(1)v transitions
in coaxial (case A or B) and perpendicular geometries (case
D).19 To ensure the absence of distortions associated with
saturation, the linearity of the laser-induced fluorescence signal
with respect to the laser intensity was regularly monitored and
the laser powers were kept within this regime. The absence of
collisional relaxation was ensured by controlling the total
pressure and maintaining an optimum probe delay time. In
contrast, the bandwidth of the probe laser was determined by
recording Doppler profiles of the scattered OH under fully

relaxed conditions: typically∼13 µs delay at a total pressure
of ∼26 Pa. After deconvolution for thermal broadening at 300
K, the full width at half-maximum for the frequency-doubled
etalon-narrowed laser radiation was determined to be 0.10(
0.015 cm-1.

3. Analytical Procedures

Linear combinations of Doppler-resolved contours, obtained
using the alternative pump-probe configurations, were em-
ployed to construct twocomposite Doppler profiles,11 which
depend solely on specific moments of the laboratory (LAB)
frame velocity distribution. The two composite profiles which
are of relevance to the study of rotationless OH(V′ ) 0, N′ )
1) products are (i) that dependent on the OH LAB speed
distribution20

and that dependent on the OH LAB translational anisotropy

In both equations, the profiles have been expressed in terms of
the OH LAB speed,V, and the component of the OH LAB
velocity, W, along the propagation axis of the probe laser,Vp,
which is proportional to frequency shift. ThePk1(...) are the
Legendre polynomials. Theâ0

k1(k1, 0; V) term represents
rescaled LAB frame bipolar moments20,11averaged over the full
spread of atomic and molecular reagent velocities. These bipolar
moments may be expressed directly in terms of the OH center-
of-mass (CM) angular and kinetic energy release distributions
of interest.20

The CM frame joint probability density functionP(σt, w) ≡
(2π d2σ)/(σ dωt dw) for obtaining OH radicals at a CM scattering
angle,θt, and CM speed,w, can be written in terms of a double
Legendre moment expansion in scattering angle and the fraction
of available energy released into translation,ft 21

where

and E′t,max, the maximum possible kinetic energy release, is
given by

M in these equations is the total mass, andECO2 and EOH,
appearing in the final expression, are the average internal energy
of the thermal CO2 target molecules and thefixedinternal energy
of the probed OH level, respectively. Note thatft (≡E′t/E′t,max)
is the fraction of the energy available to the particular probed
OH(V′, j′) product which is released into translation. The
analysis assumed the moments of the CM distribution to be

D0
0(0, 0;Vp) ) ∫V)Vp

∞ 1
2V

â0
0(0, 0;V) P0 (Vp

V ) dV (2)
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2(2, 0;Vp) ) ∫V)Vp
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V ) dV (3)

P(θt, w) ≡ P(θt, ft)|dft/dw|
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independent of the comparatively narrow spread of reactant
relative speeds,k.

The moments of the CM distribution were extracted from
the composite Doppler profiles by expressing the experimental
contours as expansions in sets of basis functions,

with the expansion coefficients determined by simultaneous
least-squares fitting to the two experimental composite profiles
identified above. Each (n, m) Legendre polynomial basis
function was obtained by simulating Doppler contours setting
the appropriateanm Legendre moment in eq 4 to unity and the
others to zero. The basis functions accommodated the full,
three-dimensional spread of reagent velocities20,11and included
the effects arising in the photon initiation step from the
population of both spin-orbit states of the halogen atom with
different translational anisotropies.22 They also took account
of the excitation function for the H+ CO2 reaction, determined
experimentally by Wittig and co-workers,23 and the laser line
shape function. The analysis generated the Legendre moments
of the joint P(θt, ft) distribution, which on integration overft
yielded the (conventional) angular distribution

and on integration over scattering angle yielded theP(ft)
distribution

In practice, satisfactory fits to the data could be obtained
assuming a joint distribution of separable form

for which theanm coefficients may be set equal toan × bm (≡an0

× a0m). Importantly, theaVerageangular andP(ft) distributions
derived from fits whichdid notassume separability were found
to be the same as those which assumed separability, within the
combined errors of the analyses. Further details about the
determination of the CM distributions, together with a discussion
of the Monte Carlo error analysis procedures employed,24 will
be given elsewhere.25

4. Results and Discussion

Figures 1 and 2 show the experimental composite Doppler
profiles for the OH(V′ ) 0, N′ ) 1) reaction products at the
two collision energies, 1.8 and 2.5 eV. The signal-to-noise ratios
on the speed dependent composite profiles are excellent. The
quality of the anisotropy dependent profiles (the bottom panels
of Figures 1 and 2) is less good, but this a consequence of the
very low LAB frame OH translational anisotropies observed
for the OH(V′ ) 0, N′ ) 1) products of reaction 1 at these
collision energies. These low anisotropies reflect the combined
effects of the scattering dynamics and the kinematics and
energetics of the state-resolved reaction.11 The plots also show
the fits and residuals obtained using the procedures described
in section 3. For the lower collision energy data, which has
slightly poorer signal-to-noise ratios, three moments in both cos
θt andft were employed, while fits to the higher collision energy
data were obtained with four moments in scattering angle and

three inft. The truncation of the expansion given in eq 5 was
determined by the point at which negligible reduction inø2 for
the fit occurred upon increasing the parameter space. For both
sets of data, the qualitative features of the CM distributions of
interest (see below) were insensitive to inclusion of higher
expansion moments.

The angular distributions and fractional kinetic energy release
distributions (P(ft)) obtained at the two collision energies are
shown in Figures 3 (1.8 eV) and 4 (2.5 eV). The error bars
represent two standard deviations from the mean. Within these
errors, the OH(V′ ) 0, N′ ) 1) products at a collision energy of
1.8 eV are scattered over a wide range of angles primarily into
the forward hemisphere (with respect to the incoming H atoms),
while the higher collision energy data display pronounced
scattering into the backward hemisphere. The kinetic energy
release data also show variations with collision energy, but the
most striking feature of both data sets is the fact that theP(ft)
distributions peak at much higher kinetic energy releases than
predicted on the basis of phase space theory (see Figures 3 and
4) 1. (The phase space theoretical population distributions were
calculated using a maximum orbital angular momentumLmax

∼ 100p, but were found insensitive toLmax in range∼10-100
p). Sinceft ) 1 - f int

CO (wheref int
CO is the fraction of the energy

available for the CO coproducts of OH(V′ ) 0, N′ ) 1) which
is released into CO internal excitation), the data reveal that the
pair-correlated COinternalenergy distributions at both collision
energies are considerablycolder than phase space theory
prediction, a conclusion which is in general accord with the
(OH state-averaged, global) CO internal state populations
determined by Rice and Baronavski.7 The results are also
consistent with our previous measurements of the internal energy

D0
k1(k1, 0; Vp) ) ∑

n,m

anmG0
k1(k1, 0; Vp; n, m) (5)

2π

σ

dσ

dωt

≡ 1

σ

dσ

d cosθt

)
1

2
∑

n

an0 Pn(cosθt) (6)

P(ft) ) ∑
m

a0m Pm(f′t) (7)

P(θt, ft) ) P(θt) P(ft) (8)

Figure 1. Doppler-resolved speed (a) and translational anisotropy
dependent (b) composite Doppler profiles of the OH(2Π1/2, V′ ) 0, N′
) 1) products of the H+ CO2 reaction at a most probable CM collision
energy of 1.8 eV. The smooth dark lines are the fits to the data using
the procedures outlined in section 3. The experimental data are shown
as a thin light line, and the offset residuals are plotted as circles at the
bottom of each profile.
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distribution of the CO coproducts of OH(V′ ) 0, N′ ) 5, A′/
A′′), generated via reaction 1 at 2.5 eV.11

The dramatic variations in state-resolved scattering dynamics
with increasing collision energy are summarized in the form of
polar plots of the jointP(θt, w) distribution (see Figure 5). The
data have been convoluted to account for the modest spread in
reactant relative speed,k, induced by thermal motions in the
precursor (HCl/HBr) and target (CO2) molecules. The new OH-
(V′ ) 0, N′ ) 1) results are compared in the figure with those
for OH(V′ ) 0, N′ ) 5, A′) from our previous study of reaction
1 at a collision energy of 2.5 eV.11 Note the OH(V′ ) 0, N′ )
5, A′) state-resolvedangular distribution11 is nearly isotropic,
with peaks in both forward and backward directions, in marked
contrast to the angular distribution of OH(V′ ) 0, N′ ) 1) at
the same collision energy (2.5 eV). We note that our previous
study found the OH(V′ ) 0, N′ ) 5) angular distribution to be
insensitive to OHΛ-doublet level.11

Although quantitative interpretation of the results summarized
in Figure 5 must await OHstate-resolVed QCT or QM
calculations, it is tempting to speculate on the origins of the
collision energy and OH quantum state dependent scattering.
The measured angular distributions probe most sensitively the
relatiVe time scales for complex rotation and dissociation, both
of which are likely to depend on total energy and (total and
OH product) angular momentum. In this context, the OH(V′ )
0, N′ ) 1) angular distribution at 2.5 eV appears most readily
interpretable in terms of low impact parameter, near collinear
reactive collisions, leading to the formation of state-specific
products on time scales much shorter than the rotational period
of the collision complex. On the basis of the (largest) moment
of inertia of the trans-HOCO intermediate13 (as employed

previously by Casavecchia and co-workers17,18in their estimate
of the rotational period of the HOCO complex formed during
the reverse OH+ CO reaction), an impact parameterb ∼1.5 Å
(cf. the equilibium bond length of CO in the reactant CO2, re )
1.2 Å), equivalent to an orbital angular momentum|L| ∼45p,
would generate a complex with a rotational period of∼1.0 ps.
The observation ofbackwardscattering suggests that rather
lower impact parameter collisions are responsible for generating
the OH(N′ ) 1) products in question, and any intermediate
complex formed is likely to rotate with an even longer period,
τr > 1 ps. Given, in addition, that the experimentally determined
HOCO lifetimes are between 0.23,4 and 0.6 ps6 at an excess
energy of∼1.1 eV above the OH+ CO asymptote, the highly
anisotropic, backward scattering of OH(V′ ) 0, N′ ) 1) at the
higherexcess energyE ∼1.4 eV (i.e., a mean collision energy
2.5 eV) is not surprising. It is interesting to note that the
preferential production of low rotational states of OH(V′ ) 0)
via low impact parameter collisions would also provide an
attractive rationale for the enhanced population of lowN′ levels
found by Wittig and co-workers26 in their study of the photolysis
of HBr bound to CO2 in a van der Waals complex.

The above conclusions, regarding the OH(V′ ) 0, N′ ) 1)
products of the H+ CO2 reaction at a mean collision energy
of 2.5 eV, are consistent with thedynamicalinterpretation of
the scattering into the (more probable) OH(V′ ) 0, N′ ) 5) +
CO11 channel at the same collision energy (see section 1 and
Figure 5). Although it is attractive to associate the forward-
backward peaking DCS in this channel with “long-lived”
complex behavior, the dissociation and rotational time scales,

Figure 2. Doppler resolved speed (a) and translational anisotropy
dependent (b) composite Doppler profiles of the OH(2Π1/2, V′ ) 0, N′
) 1) products of the H+ CO2 reaction at a most probable collision
energy of 2.5 eV. The smooth dark lines are the fits to the data using
the procedures outlined in section 3. The experimental data are shown
as a thin light line, and the offset residuals are plotted as circles at the
bottom of each profile.

Figure 3. The OH(V′ ) 0, N′ ) 1) angular distribution (a) and the
distribution in the fractional energy release into translationP(ft) (b)
from the H+ CO2 reaction at a collision energy of 1.8 eV. The center-
of-mass scattering angleθt in the upper panel is that between the CM
velocities of OH and the reactant H atom. The best fit results are shown
as bold lines, while the 95% confidence limits, based on a Monte Carlo
error analysis, are shown as dashed lines. Also shown in the lower
panel as a thick gray line is the phase space predictedP(ft) distribution.
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based on the data currently available, are difficult to reconcile.
Impact parameters in the rangeb g 8-3 Å would be required
to bring the rotational period down to HOCO lifetimes in the
rangeτ e 0.2-0.6 ps (see above). Theseb valuesexceedthe
largest impact parameter employed in the trajectory calculations
of Schatz and co-workers,12 and seem unlikely to be involved
based on current knowledge of thegroundstate PES.12,13

The measured HOCO dissociation times at the energy
appropriate for complex formation from H+ CO2 at thelower
collision energy (1.8 eV) range from 0.63,4,17,18to 4.0 ps.6 These
time scales appear to be sufficiently long to allow significant
rotation during the lifetime of the complex at these energies.
Indeed, the change in OH(V′ ) 0, N′ ) 1) angular distribution
from slightly forward (1.8 eV) to strongly backward (2.5 eV)
peaking might be taken to indicate the formation of a transitory
collision complex which, at the lower collision energy, survives
on average for half a rotational period (i.e., withτR ∼ 1.2-8.0
ps). Despite these longer time scales, dynamical factors
(presumably exerted in the OH+ CO exit channel of the
reaction) still influence the CO coproduct internal energy
disposals, although not as profoundly as those observed in the
isoelectronic, but highly exothermic, H+ N2O reaction21).

The foregoing discussion assumes that all product channels
are generated via reaction on the ground electronic potential
energy surface. Although low-lying excited states are known
to be accessible at the collision energies of the present
experiments, particularly at HCO2 configurations,5 their role in
the reaction is uncertain. Simple correlation arguments suggest
that the ground electronic state of the reactants and the HOCO/

HCO2 intermediate correlates adiabatically with only one of the
two spin-orbit states of the products OH(2Π) + CO(1Σ).
Strong exit channel couplings between the ground and excited
electronic surface would cloud this picture, and the involvement
of higher electronic potential energy surfaces cannot be dis-
counted at this stage. Future studies of the dependence of the
angular and energy release distributions on OH spin-orbit state
should clarify this point.25

5. Conclusions

Angular distributions and pair-correlated translational energy
distributions have been measured for OH(V′ ) 0, N′ ) 1),
produced through the reactive scattering of H by CO2 at 300 K
and mean collision energies of 1.8 eV and 2.5 eV. The new
measurements, together with those reported previously for the
OH(V′ ) 0, N′ ) 5, A′/A′′) products of reaction at 2.5 eV, reveal
that the differential cross sections depend sensitively on collision
energy and product quantum state. Although less dramatic
changes are evident in the pair-correlated kinetic energy release
data, the measurements confirm that the pair-correlated CO
internal energy distributions are considerably colder than those
predicted by statistical phase space theory. The new results
obtained at a collision energy of 2.5 eV support our previous
findings that the product quantum state distributions, energy
disposals, and angular distributions are primarily under dynami-
cal control, while the results obtained at the collision energy of
1.8 eV are consistent with the intermediacy of a short-lived
HOCO complex whose lifetime is comparable to its rotational
period. The latter conclusions support those reached by
Casavecchia and co-workers,17,18 based on their study of the
(state-averaged) angular distributions in thereVerseOH + CO

Figure 4. The OH(V′ ) 0, N′ ) 1) angular distribution (a) and the
distribution in the fractional energy release into translationP(ft) (b)
from the H+ CO2 reaction at a collision energy of 2.5 eV. The center-
of-mass scattering angleθt in the upper panel is that between the CM
velocities of OH and the reactant H atom. The best fit results are shown
as bold lines, while the 95% confidence limits, based on a Monte Carlo
error analysis, are shown as dashed lines. Also shown in the lower
panel as a thick gray line is the phase space predictedP(ft) distribution.

Figure 5. Polar scattering maps of the CM scattering angle-velocity
distribution,P(θt, w), for the OH(V′ ) 0, N′ ) 1) products of the H+
CO2 reaction at collision energies of 1.8 eV (a) and 2.5 eV (b). Panel
c shows the polar map for the OH(V′ ) 0, N′ ) 5, A′) products of the
reaction at the collision energy of 2.5 eV determined in reference 11.
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reaction, at comparable total energies. Work currently in
progress, to be reported elsewhere,25 is exploring more fully
the collision energy and OH (rovibrational and spin-orbit) state
dependence of the reactive scattering unveiled in this interim
report. However, it is already clear that the observation of
highly anisotropic scattering in the present, state-resolved study
of the H + CO2 reaction at 2.5 eV, will provide a demanding
test for ab initio theory.
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