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Angular distributions and pair-correlated translational energy distributions have been measuredifor OH(

0, N' = 1), produced through the reactive scattering of hot H atoms by &@00 K and mean collision
energies of 1.8 eV and 2.5 eV. The new measurements, together with those reported previously for the
OH(' = 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 &H], 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 forwardackward peaks, as the OH angular momentum is increased
from N' =1 toN = 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 measurements? conducted with pulses of femtosecond duration
with a frequency spread which probatl levels in OH¢' = 0,
N’ = 2—-20), indicated decay times one order of magnitude
shorter than those measured into @H€ 0, N' = 1). Assuming
that all product channelsN', are generated by the same
OH+ CO—HOCO—H + CO, dissociation mechanism for the complex, these results are
inconsistent with rapid IVR during the lifetime of the excited
The role of HOCO as a quasibound reaction intermediate is molecule.
firmly established; but many uncertainties remain regarding  Additionally, measurements of the internal energy distribution
the dynamics of its unimolecular decomposition as well as the among the CO moleculésand of the state-averaged® or
possible role of HC@ configurations at elevated collision  product pair-correlated translational energy distributib&sall
energies, particularly those necessarily employed in photo- jndicate internal energy distributions in the scattered CO

There is a vast experimental and theoretical literdttire
relating to the kinetics and dynamics of the important combus-
tion and atmospheric chemical reaction

initiated studies of the endothermic reaction molecules that are much “colder” than those predicted by phase
. ° 1 space theoretical calculations. Better agreement can be obtained
H+ CO,— OH(',N',f) + CO  AHy = 102 kJ mol via quasiclassical trajectory (QCT) calculatiéhsn a modified
(1) version of the semiempirical potential energy surface originally

developed by Schatz, Fitzcharles and Hardihg@.he principle
modifications included a “tightening” of the HOCO transition
state and a slight lowering of the surface corresponding to
reaction via HCQcollision geometries. Quantum calculations

in the range 46100 kJ moft (measured with respect to the (in reduced dimensions_) have also_pre_dic_ted a Io_ng serie_s of
zero-point level at the OH- CO asymptote). Remarkably, these F€shbach resonances in HOCO, with lifetimes (widths) 1Iy|ng
were in close agreement with RRKM lifetime estimates, which N the range 0.31.0 ps, continuing to energies40 kJ mof

might be taken to indicate very fast intramolecular vibrational @Pove the HO+ CO dissociation limit#~1¢ The lifetimes
redistribution (IVR); the agreement should be qualified, how- obtained from these reduced dimensionality quantum mechanical

ever, by concerns regarding the “effective” valuebbin the (QM) calpulatio_ns are broadly consi_stent with the results from
complex and uncertainties about its well deptiotational ~ the full dimensionality QCT calculations.

angular momentum], and density of stateg(E, J).> Further The scattered product angle-velocity distribution provides
concerns relate to an apparent dependence of the lifetime onanother dynamical indicator, as well as a (albeit indirect) means
the quantum state of the probed QHE 0, N'). An earlier of estimating the average lifetime of the intermediate collision
“real-time” measuremertt,conducted with laser pulses of complexes. Inthese experiments, the “clock rate” is determined
picosecond duration, indicated a longer delay for dissociation by the rotational period of the complex the two key time scales
into OH@' = 0, N' = 1) than ¢’ = 0, N' = 6), while the later are those for IVR within the complex and for its eventual

Direct measurements by the Wittig gréifpof the rates of
unimolecular decomposition of HOCO (generated within a van
der Waals complex) to Okl{ = 0, INC~ 10) + CO indicated
lifetimes, 7(E), in the range 0.£1.0 ps for excess energids,
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dissociation (which are reflected in the product translational relaxed conditions: typically-13 us delay at a total pressure
energy and quantum state distributions and the shape(s) of theof ~26 Pa. After deconvolution for thermal broadening at 300
angular distribution(s)). A globally averaged differential cross K, the full width at half-maximum for the frequency-doubled
section (DCS) for the exothermieversereaction, determined  etalon-narrowed laser radiation was determined to be &.10
under cross-beam conditions by Casavecchia and co-wéfkérs  0.015 cnrl.

at a collision energy of-60 kJ mof'l, was moderately biased

in favor of forward scattering (of COwith respect to OH); 3. Analytical Procedures

this was interpreted in terms of an average lifetimég),
comparable to the mean rotational period of the compigx,
estimated to be-0.6 ps. A subsequent measurement by our
own group? of the product state-reseed DCS for OH@' = 0,

N’ = 5) produced through the endothermic reaction 1 gave

remarkably, almost the identical result, although the collision .o of relevance to the study of rotationless @H¢ 0, N' =

energy (referenped to Ot CO) was some 90 kJ mof higher. 1) products are (i) that dependent on the OH LAB speed
At these energies, the complex lifetimgE) < 0.6 ps, was distributior?®

expected to be much shorter than the rotational periodin
addition, the pair-correlated translational energy distribution was w 177 v
peaked well above a phase space theoretical prediction, possibly Dg(O, O;up) = fy ) —ﬁg(O, 0;2) P, (—p) dv (2
consistent with incomplete IVR during the brief lifetime of the Py v
collision complex. The appearance of both forward and
backward scattering in the DCS was taken to reflect dynamical
constraints rather than rotational averaging. e 13 v

The present paper explores this interpretation through a series D3(2, 0;v,) = f;:y 2—[3(2)(2, 0;v) P, (—p) dv  (3)
of new measurements of the product state-resolved angular Py v
distributions and pair-correlated translational energy distributions |, poth equations, the profiles have been expressed in terms of
for reaction 1. New data are presented for the scattering of ihe OH LAB speedy, and the component of the OH LAB
OH into (' = 0, N' = 1) at mean collision energies of 1.8 and velocity, », along the propagation axis of the probe lasegr,

2.5 eV,~70 and 140 kJ mof above the zero-point level of  \hich is proportional to frequency shift. THa(...) are the
the OH+ CO asymptote, the former being close to the collision Legendre polynomials Thékl(kl 0; v) term represents
. 0 ’ ’

energy employed in the cross-beam study ofitersereaction. oqcaled LAB frame bipolar momertélaveraged over the full

Sections 2 and 3 outline the experimental method and summarizeg, o o g of atomic and molecular reagent velocities. These bipolar
the procedures employed to analyze the experimental data; th oments may be expressed directly in terms of the OH center-

results and their disqussion are presented in section 4, wher€ys nasq (CM) angular and kinetic energy release distributions
they are compared with the earlier data for @H€ 0, N' = 5) of interest20
determmed at a collision energy of 2.5 eV. The ntenm —— the oM frame joint probability density functid®(o, w) =
conclusions and some future pointers are presented in sectlorth &0)/(o do, dw) for obtaining OH radicals at a CM scattering
S. angle,f;, and CM speedy, can be written in terms of a double

. . Legendre moment expansion in scattering angle and the fraction
2. Experimental Section of available energy released into translatifAL

The experimental procedures, which follow those described
in some detail earlieft are only outlined here. The reagent
gases, HBr or HCIl and CQin a ratio of 1.5, were flowed 1
through the reaction chamber at a total pressure of 13.3 Pa. = /4za1mpn(C059t) Pu(f ) Idf /dw| 4)
Reaction was initiated through photodissociation of the HCI or nm
HBr precursor, using polarized radiation at 193 nm from an

Linear combinations of Doppler-resolved contours, obtained
using the alternative pumiprobe configurations, were em-
ployed to construct twa@omposite Doppler profiles which
depend solely on specific moments of the laboratory (LAB)

' frame velocity distribution. The two composite profiles which

and that dependent on the OH LAB translational anisotropy

P(0,, W) = P(6, f)|df/dw|

ArF excimer laser. The OHI{, N, f) fragments scattered from where

the subsequent collision of the “hot” H atoms (providing mean fr=(2f — 1)

collision energies of 1.8 eV (HCI) or 2.5 eV (HBr)) with the t t

300 K CO “target” molecules were detected after a delay of df’ Mo

80 ns, using a tunable, line-narrowed, polarized, and frequency- L Ty ol ,W

doubled dye laser to excite fluorescence via absorption into dw Meo E't max

individually resolved spectral features in the = 0 sequence

of the A— X system. and E'tmax the maximum possible kinetic energy release, is
Doppler-resolved rotational line contours for QHE 0, N given by

= 1) were recorded on either the,PL)t or Ryx(1)t transitions o

in coaxial (case A or B) and perpendicular geometries (case E'tmax= AHo + B+ Eco, — Eon

D).1® To ensure the absence of distortions associated with

saturation, the linearity of the laser-induced fluorescence signalM in these equations is the total mass, dfg, and Eop,

with respect to the laser intensity was regularly monitored and appearing in the final expression, are the average internal energy
the laser powers were kept within this regime. The absence of of the thermal C@target molecules and tlixedinternal energy
collisional relaxation was ensured by controlling the total of the probed OH level, respectively. Note tiigt=E'V/E't may)
pressure and maintaining an optimum probe delay time. In is the fraction of the energy available to the particular probed
contrast, the bandwidth of the probe laser was determined by OH(2', j') product which is released into translation. The
recording Doppler profiles of the scattered OH under fully analysis assumed the moments of the CM distribution to be
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independent of the comparatively narrow spread of reactant 3.0 w
relative speeds.

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,

Dgi(ky, 0; v) = Zanmegl(k ,0; vy 0, m) (5)

(0,0,v,)

0
0

D

with the expansion coefficients determined by simultaneous

least-squares fitting to the two experimental composite profiles

identified above. Eachn( m) Legendre polynomial basis -1.0 : ‘
function was obtained by simulating Doppler contours setting -6 -03 00 = 03 06
the appropriatenm Legendre moment in eq 4 to unity and the Av/em

A e e O O SN it

others to zero. The basis functions accommodated the full, 0.20
three-dimensional spread of reagent velocifiésand included
the effects arising in the photon initiation step from the 0.10

population of both spirrorbit states of the halogen atom with

different translational anisotropiés. They also took account

of the excitation function for the H CO, reaction, determined >
experimentally by Wittig and co-worke#8,and the laser line 3
shape function. The analysis generated the Legendre moments B> 010
of the joint P(6,, f;) distribution, which on integration ovey :
yielded the (conventional) angular distribution -0.20

o)
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Figure 1. Doppler-resolved speed (a) and translational anisotropy

and on integration over scattering angle yielded () dependent (b) composite Doppler profiles of the &H(, v = 0, N
distribution = 1) products of the H- CO;, reaction at a most probable CM collision
energy of 1.8 eV. The smooth dark lines are the fits to the data using
P(f) = zao P (f') (7) the procedures outlined in section 3. The experimental data are shown
L mTm as a thin light line, and the offset residuals are plotted as circles at the

bottom of each profile.
In practice, satisfactory fits to the data could be obtained three inf. The truncation of the expansion given in eq 5 was

assuming a joint distribution of separable form determined by the point at which negligible reductiony#rfor
the fit occurred upon increasing the parameter space. For both
P(6,, f) = P(6) P(f) € sets of data, the qualitative features of the CM distributions of
) . interest (see below) were insensitive to inclusion of higher
for which thea,n, coefficients may be set equaldg x b (=ano expansion moments.
x aom). Importantly, theaverageangular and(f;) distributions The angular distributions and fractional kinetic energy release

derived from fits whictdid notassume separability were found  gjstriputions P(f)) obtained at the two collision energies are
to be Fhe same as those which assumed separabl]lty, within thegpown in Figures 3 (1.8 eV) and 4 (2.5 eV). The error bars
combined errors of the analyses. Further details about theepresent two standard deviations from the mean. Within these
determination of the CM dlstnbut!ons, together with a d|sc_ussmn errors, the OH{ = 0, N' = 1) products at a collision energy of
of the Monte Carlo error analysis procedures employaill 1.8 eV are scattered over a wide range of angles primarily into
be given elsewher®. 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
Figures 1 and 2 show the experimental composite Doppler release data also show variations with collision energy, but the
profiles for the OH{' = 0, N' = 1) reaction products at the = most striking feature of both data sets is the fact thatR{ig
two collision energies, 1.8 and 2.5 eV. The signal-to-noise ratios distributions peak at much higher kinetic energy releases than
on the speed dependent composite profiles are excellent. Thepredicted on the basis of phase space theory (see Figures 3 and
quality of the anisotropy dependent profiles (the bottom panels 4) 1. (The phase space theoretical population distributions were
of Figures 1 and 2) is less good, but this a consequence of thecalculated using a maximum orbital angular momentLiax
very low LAB frame OH translational anisotropies observed ~ 100A, but were found insensitive lonmaxin range~10—100
for the OH@' = 0, N' = 1) products of reaction 1 at these h). Sincefi=1 — f -C (wheref - is the fraction of the energy
collision energies. These low anisotropies reflect the combined available for the CO coproducts of O#(= 0, N' = 1) which
effects of the scattering dynamics and the kinematics and is released into CO internal excitation), the data reveal that the
energetics of the state-resolved reacfibrlhe plots also show  pair-correlated C@nternal energy distributions at both collision
the fits and residuals obtained using the procedures describecenergies are considerablgolder than phase space theory
in section 3. For the lower collision energy data, which has prediction, a conclusion which is in general accord with the
slightly poorer signal-to-noise ratios, three moments in both cos (OH state-averaged, global) CO internal state populations
0, andf, were employed, while fits to the higher collision energy determined by Rice and BaronavgkiThe results are also
data were obtained with four moments in scattering angle and consistent with our previous measurements of the internal energy

4, Results and Discussion
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Figure 2. Doppler resolved speed (a) and translational anisotropy
dependent (b) composite Doppler profiles of the @, v/ = 0, N'

= 1) products of the H- CO; reaction at a most probable collision h =),
energy of 2.5 eV. The smooth dark lines are the fits to the data using from the H-+ CO;, reaction at a collision energy of 1.8 eV. The center-

the procedures outlined in section 3. The experimental data are shownegrggﬁzssg?gﬂlgg da%%%ér;;?:nmpaeérpnar}er:ésb?;tﬁtt) ?égﬁﬁ:;?:sﬁgﬂwn
as a thin light line, and the offset residuals are plotted as circles at the :

- - o . s
bottom of each profile. as bold I|nes_, while the 95% confidence _I|m|ts, based on a Monte Carlo
error analysis, are shown as dashed lines. Also shown in the lower

distribution of the CO coproducts of OH(= 0, N' = 5, A/ panel as a thick gray line is the phase space predR(i@dlistribution.
A'"), generated via reaction 1 at 2.5 éV.

The dramatic variations in state-resolved scattering dynamicspreviously by Casavecchia and co-workéfin their estimate
with increasing collision energy are summarized in the form of of the rotational period of the HOCO complex formed during
polar plots of the joinP(6;, w) distribution (see Figure 5). The  the reverse OH- CO reaction), an impact parameter1.5 A
data have been convoluted to account for the modest spread ir(cf. the equilibium bond length of CO in the reactant:CQ=
reactant relative spee, induced by thermal motions in the 1.2 A), equivalent to an orbital angular momentiyin ~45h,
precursor (HCI/HBr) and target (GPmolecules. The new OH-  would generate a complex with a rotational periochdf.0 ps.

(v = 0,N' = 1) results are compared in the figure with those The observation obackwardscattering suggests that rather
for OH(»' = 0, N' = 5, A) from our previous study of reaction  lower impact parameter collisions are responsible for generating

Figure 3. The OH@' = 0, N' = 1) angular distribution (a) and the
distribution in the fractional energy release into translatRgfy) (b)

1 at a collision energy of 2.5 e¥%. Note the OH{' = 0,N' = the OH(N' = 1) products in question, and any intermediate
5, A') state-resolvedngular distributiort! is nearly isotropic, complex formed is likely to rotate with an even longer period,
with peaks in both forward and backward directions, in marked 7: > 1 ps. Given, in addition, that the experimentally determined
contrast to the angular distribution of QM= 0, N' = 1) at HOCO lifetimes are between G:2and 0.6 p& at an excess

the same collision energy (2.5 eV). We note that our previous energy of~1.1 eV above the OH- CO asymptote, the highly
study found the OH( = 0, N' = 5) angular distribution to be  anisotropic, backward scattering of QHE 0, N' = 1) at the

insensitive to OHA-doublet level! higherexcess energg ~1.4 eV (i.e., a mean collision energy
Although quantitative interpretation of the results summarized 2.5 eV) is not surprising. It is interesting to note that the
in Figure 5 must await OHstate-resated QCT or QM preferential production of low rotational states of @HE 0)

calculations, it is tempting to speculate on the origins of the via low impact parameter collisions would also provide an
collision energy and OH quantum state dependent scattering.attractive rationale for the enhanced population of vevels

The measured angular distributions probe most sensitively thefound by Wittig and co-worke?8in their study of the photolysis
relative time scales for complex rotation and dissociation, both of HBr bound to CQ in a van der Waals complex.

of which are likely to depend on total energy and (total and  The above conclusions, regarding the @H€ 0, N' = 1)

OH product) angular momentum. In this context, the @K products of the H+ CO, reaction at a mean collision energy
0, N' = 1) angular distribution at 2.5 eV appears most readily of 2.5 eV, are consistent with thynamicalinterpretation of
interpretable in terms of low impact parameter, near collinear the scattering into the (more probable) @HE 0, N' = 5) +
reactive collisions, leading to the formation of state-specific CO!! channel at the same collision energy (see section 1 and
products on time scales much shorter than the rotational periodFigure 5). Although it is attractive to associate the forward

of the collision complex. On the basis of the (largest) moment backward peaking DCS in this channel with “long-lived”
of inertia of the trans-HOCO intermediate(as employed complex behavior, the dissociation and rotational time scales,
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Figure 5. Polar scattering maps of the CM scattering angle-velocity
distribution,P(6;, w), for the OH¢' = 0, N' = 1) products of the H+

CO; reaction at collision energies of 1.8 eV (a) and 2.5 eV (b). Panel
¢ shows the polar map for the O¥i(= 0, N' = 5, A') products of the
reaction at the collision energy of 2.5 eV determined in reference 11.

Figure 4. The OH¢' = 0, N' = 1) angular distribution (a) and the
distribution in the fractional energy release into translatgfy) (b)

from the H+ CO; reaction at a collision energy of 2.5 eV. The center-
of-mass scattering angtk 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 predRidistribution. HCO, |r)terme_(j|ate correlates adiabatically with only one of the
two spin—orbit states of the products OHI) + CO(Z).

based on the data currently available, are difficult to reconcile. Strong exit channel couplings between the ground and excited
Impact parameters in the range= 8—3 A would be required electronic surface would cloud this picture, and the involvement
to bring the rotational period down to HOCO lifetimes in the ©f higher electronic potential energy surfaces cannot be dis-
ranger < 0.2—0.6 ps (see above). Thebealuesexceedhe counted at this stage. Future studies of the dependence of the
largest impact parameter employed in the trajectory calculations @ngular and energy release distributions on OH-spiiit state
of Schatz and co-worke#é,and seem unlikely to be involved ~ should clarify this poing>
based on current knowledge of tgeound state PES213

The measured HOCO dissociation times at the energy
appropriate for complex formation from # CO, at thelower Angular distributions and pair-correlated translational energy
collision energy (1.8 eV) range from G:6'7180 4.0 ps® These distributions have been measured for @HE 0, N' = 1),
time scales appear to be sufficiently long to allow significant produced through the reactive scattering of H by,@0300 K
rotation during the lifetime of the complex at these energies. and mean collision energies of 1.8 eV and 2.5 eV. The new
Indeed, the change in OK(= 0, N' = 1) angular distribution measurements, together with those reported previously for the
from slightly forward (1.8 eV) to strongly backward (2.5 eV) OH(s’ =0, N =5, A'/A") products of reaction at 2.5 eV, reveal
peaking might be taken to indicate the formation of a transitory that the differential cross sections depend sensitively on collision
collision complex which, at the lower collision energy, survives energy and product quantum state. Although less dramatic
on average for half a rotational period (i.e., with~ 1.2—8.0 changes are evident in the pair-correlated kinetic energy release
ps). Despite these longer time scales, dynamical factorsdata, the measurements confirm that the pair-correlated CO
(presumably exerted in the OH CO exit channel of the internal energy distributions are considerably colder than those
reaction) still influence the CO coproduct internal energy predicted by statistical phase space theory. The new results
disposals, although not as profoundly as those observed in theobtained at a collision energy of 2.5 eV support our previous
isoelectronic, but highly exothermic, H# N,O reactiof?). findings that the product quantum state distributions, energy

The foregoing discussion assumes that all product channelsdisposals, and angular distributions are primarily under dynami-
are generated via reaction on the ground electronic potentialcal control, while the results obtained at the collision energy of
energy surface. Although low-lying excited states are known 1.8 eV are consistent with the intermediacy of a short-lived
to be accessible at the collision energies of the presentHOCO complex whose lifetime is comparable to its rotational
experiments, particularly at HG@onfigurations, their role in period. The latter conclusions support those reached by
the reaction is uncertain. Simple correlation arguments suggestCasavecchia and co-workérst® based on their study of the
that the ground electronic state of the reactants and the HOCO/(state-averaged) angular distributions in taeerseOH + CO

5. Conclusions
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reaction, at comparable total energies. Work currently in (8) Jacobs, A.; Wahl, M.; Weller, R.; Wolfrum, Chem. Phys. Lett.
progress, to be reported elsewh@&és exploring more fully 198?9)153%&%15- A Volp, H-R.. Wolfrurm. Chem. Phys. Let1694 218
the collision energy and OH (rovibrational and sporbit) state 51 > A VOIPR, FLRS ’ SR
dependence of the reactive scattering unveiled in this interim  (10) Nickolaisen, S. L.; Cartland, H. E.; Wittig, G. Chem. Phys1992
report. However, it is already clear that the observation of 96, 4378. _ _ o

highly anisotropic scattering in the present, state-resolved studyphysligggc"ég“ko"é'” Lambert, H. M.; Rayner, S. P.; Simons, JVel.
of the H+ COZ reaction at 2.5 eV, will provide a demanding 12) Bradléy, K. S.; Schatz, G. CJ, Chem. PhysL997, 106, 8464.
test for ab initio theory. (13) Schatz, G. C.; Fitzcharles, M. S.; Harding, L.Fraday Discuss.

Chem. Soc1987, 84, 359.
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