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Time-resolved infrared diode laser absorption spectroscopy has been used to probe CO internal 
excitation following 193 nm photolysis of 300 K H&CO2 samples. Vibrations and rotations 
are colder than statistical, i.e., Eint (CO) is only - 1500 cm-’ even though - 10 000 cm-’ is 
available for product excitations, assuming modest collisional deactivation of the hot H atoms 
that undergo reaction. A [U = 1 ] / [ u = 0] ratio of - 0.4 is obtained and there is essentially no 
population at v)2. Both the u = 0 and 1 rotational distributions are cold, peaking at J,,, - 11 
and 13, respectively. The vibrational distribution is nascent while the rotational distributions 
may be partially relaxed, but not enough to alter the main conclusions. Combined with earlier 
results for OH internal excitations and center-of-mass (CM) kinetic energies, we conclude that 
at high collision energies there is a propensity toward product CM kinetic energy. In this 
regime, the reaction cross section rises rapidly with energy and statistical unimolecular rate 
theory is not applicable, even with a HOC07 intermediate. 

I. INTRODUCTION 

The reaction of hydrogen atoms with carbon dioxide 
H + COa-+CO + OH AH,,, = 8960 cm-’ (1) 

has been studied thoroughly both experimentally and theo- 
retically (see Fig. 1) .*-lo Interest derives from several fac- 
tors. The reverse reaction is the predominant pathway for 
the formation of carbon dioxide in the combustion of hy- 
drogenous systems,” and plays a role in the upper-atmo- 
sphere chemistry of HO, species.” Also, because the system 
involves only light elements, an accurate ab initio potential 
energy surface can be calculated, checked against thermo- 
chemical data, and used in dynamical studies that model the 
many experimental results. Thus thii system enables an ex- 
cellent comparison to be made between experiment and cur- 
rent dynamical theories. 

Many studies of reaction ( 1) have used photolytically 
prepared H atoms and have detected nascent OH by laser- 
induced fluorescence (LIF). The first was by Quick and 
Tiee’ at a center-of-mass (CM) collision energy of 2.4 eV, in 
which OH was measured in u = 0, 1, and 2 following 193 nm 
HBr photolysis. Kleinermanns et al.’ subsequently mea- 
sured u = 0 rotational distributions for both 1.9 and 2.6 eV 
collision energies. The distributions peaked at J,,, - 7 and 
11, respectively, and both were colder than statistical with 
rotational surprisal parameters of OR = 2.8 & 0.3 (Ref. 2). 
Jacobs et al. determined a reaction cross section of 0.4 * 0.2 
A’ for 1.9 eV collisions.’ Radhakrishnan et al, found that the 
u = 0 and 1 rotational distributions deriving from photoex- 
cited CO,-HBr complexes were colder than for 300 K bulk 
(i.e., single-collision, arrested-relaxation) conditions and 
obtained [v = l]/[v = 0] -0.4 (Ref. 4). Rice et al. then 
measured OH distributions following 193 nm H2S photoly- 
sis under both bulk and complexed conditions, the former 
yielding a v = 0 distribution with J,,, -6 for 300 K sam- 
ples.5 Cooling the sample in an uncomplexed expansion (i.e., 
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low-temperature bulk conditions) left the OH distributions 
unchanged. With CO,-H$ complexes, however, OH rota- 
tional excitation was reduced markedly ( Jmx - 2 ) . Scherer 
et al. measured the appearance of OH using a picosecond 
pump-probe system, in which the precursor was the 
CO,-HI complex and the quantity hv - D,, was varied from 
1.79 to 2.20 eV.6 The rising portions of the time-resolved 
signals were fit using an exponential function with two time 
constants, the smaller ranging from 0.7 to 1.2 ps and the 
larger ranging from 1.1 to 4.4 ps as h.v - D, was varied from 
2.20 to 1.79 eV. These measurements confirmed the role of 
an intermediate as opposed to a rapid stripping process. 

CO distributions have been reported by Rice et al., who 
used vuv LIF to measure the u = 0 and 1 rotational distribu- 
tions following 193 nm H,S photolysis.’ For 300 K bulk 
conditions, they found J-X - 13 for v = 0, while for low- 
temperature bulk conditions, J,,, for u = 0 was seen to de- 
crease by a few quanta depending on the expansion tempera- 
ture. They also reported Jwx -26for v = 1, with an inverted 
rotational distribution. The v = 0 and 1 concentrations were 
estimated to be comparable when using 300 K samples. 

Schatz, Fitzcharles, and Harding (SFH) calculated the 
HOCQ potential surface using ab initio techniques.“‘“’ Once 
a global surface was fit, trajectories were run in which the 
CM kinetic energy, E, , was either 1.9 or 2.6 eV. At EcM 
= 2.6 eV they found (z+. ) = 1.2, ( JcO ) = 25, 

(uOH) = 0.5, (JOH) = 11. A oyagi and Kato also calculated 
the potential surface ab initio,gcb) and were able to fit ther- 
mally averaged data over a wide temperature range using 
RRKM theory. 

In the present study, results of reactive collisions at 
E,, ~2.4 eV are reported, with product CO monitored state 
selectively. Section II describes the experimental arrange- 
ment in which hot H atoms were generated by 193 nm H,S 
photolysis, and CO product was monitored by time resolved 
ir absorption spectroscopy using a tunable diode laser probe. 
Section III outlines the model used to extract P:‘,R distribu- 
tions from the absorption signals; rotational distributions for 
u = 0 and 1 are presented and are fit to surprisal parameters. 
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FIG. 1. Reaction coordinate diagram for the HOC0 system showing CM 
collision energies appropriate to the experiments. For nascent II atoms de- 
riving from 193 nm H,S photolgsis, different SH vibrational levels corre- 
spond to different H-atom speeds. 

Section IV examines the SFH surface and discusses factors 
thzzt may influence energy disposal. A summary is given in 
sec. v. 

II. EXPERIMENTAL 

The experimental arrangement is shown schematically 
in Fig. 2. The reaction cell was a 190 cm by 15 cm diam. 
stainless steel tube with MgF2 windows. Gas mixtures were 
introduced at the ends of the cell and evacuated with a me- 
chanic.al pump. A mixture of 20% H,S (Matheson, 99.5%) 
in CO:! (MG Industries, 99.S%) was premixed and flowed 
through the cell at a mite of approximately 1.4 t”s ’ at a total 
pressure of 200 mTorr. Because the excitation volume was 
small relative to the cell volume, it was not. necessary to com- 
pletely flush the cell of reactive products between laser fir- 
ings at the 10 Hz repetition rate. 

Hydrogen atoms were prepared by 193 nm excimer laser 
photolysis of H,S. The excimer laser (Lambda Physik, 
EMG 201) was enclosed in a Faraday cage to reduce rfinter- 
ference. Steering of the uv beam was done with fused silica 
prisms. The uv beam was passed through a 1 cm iris in front 
of the reaction cell resulting in a total irradiated volume of 
150 cm?, which is small compared to the 34 000 cm3 volume 
of the cell. 193 nm H,S photolysis produces H atoms with a 
distribution of kinetic energies, corresponding to vibrational 
excitation of the HS fragment. Namely, 68% of the H atoms 
produced have a kinetic energy of 2.4 eV in the H + CO, 
CM system, corresponding to SH( L’ = 0). The remainder 
are associated with a number of SW vibrational states, corre- 
sponding to lower CM kinetic energies.‘” 

The distribution of Chl kinetic energies needs to be mul- 
tiplied by the relative rates ofreaction, which increase steep- 
ly with collision energy in this region, to obtain the distribu- 
tion for reacting H atoms. Collision energies and reaction 
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FIG. 2. Schematic of experimental arrangement. D, is a 0.25 mmX0.25 
mm InSb detector; D, is a 1 cmX 1 cm InSb detector; F is two 3.5-6.5 ,um 
bdndpass filters; L is a 10 cm f.1. CaF, lens. 

cross sections are shown in Fig. 3 for the case of nascent H 
atom speeds. Although only <is% of the H atoms have the 
maximum collision energy of 19 170 cm- ’ , approximately 
96% of the reacthe H atoms have this kinetic energy (see 
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FIG. 3. (upper) Reaction probability vs E,, , showing the marked increase 
with E,:,; (lower) distribution of H-atom speeds from 193 nm H,S photo- 
lysis; only those in excess of Aliare shown. 
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TABLE I. H-atom distribution and H -t CO, CM collision energies deriving from 193 nm H,S photolysis 
(single collision conditions). The relative amounts of reactive H atoms (last column) are proportional to the 
reaction rate times the nascent H-atom concentrations produced by H,S photolysis (see Fig. 3). Note the bias 
toward high collision energies brought about by the steep variation of the reaction rate with cohision energy. 

.E, (SH) E. P%‘Wtota, 4 ~,tW/lW,,,,, 
u(SH) (cm-‘) (cn?’ ) (arb. units) (normalized to unity) 

0 0 19 170 0.68 14.4 0.964 
1 2647 16 660 0.05 5.7 0.024 
2 5 198 14 230 0.08 1.5 0.009 
3 7651 11910 0.04 1.0 0.002 
4 10 007 9 670 0.07 
5 12 267 7 530 0.05 
6 14 429 5 470 0.02 
7 16 494 3 510 0.01 

Table I). Thus the experiment is biased toward the highest 
collision energies. 

CO was monitored using an infrared tunable diode laser 
(Laser Analytics, SP5740) with a beam diameter of -0.5 
cm. Laser mode and coarse wavelength selection were ac- 
complished with a 0.5 m monochromator (Laser Analytics, 
SP5151). The ir beam was split with a coated Ge flat and 
- 60% was directed through the reaction cell; the remainder 
passed through a reference cell which provided exact wave- 
length calibration. It was necessary to monitor CO in u = 1 
as well as LI= 0 to obtain the u = 0 population, since absorp- 
tion spectroscopy measures population differences. There- 
fore, u = 1 was generated in a reference cell by maintaining a 
glow discharge in a water-cooled Pyrex vessel sealed at the 
ends with CaF, windows. The discharge was stabilized with 
a constant-current control circuit that enabled the current to 
be adjusted independently of the high voltage setting. A mix- 
ture of -0.5 Torr CO (MG Industries, 99.5%) and -2 
Torr He (MG Industries, 99.999%) was flowed through the 
reference cell (typically 5 kV and 5 mA). The reference 
beam was monitored with an InSb photovoltaic detector 
(Spectronics, I cm’, response time - 1 ps> . 

Using this reference configuration, CO in both u = 0 
and v> 1 could be monitored. The TDL output was locked to 
a CO transition line center using the internal function gener- 
ator of the laser control module to obtain a 2.5 kHz triangle 
wave superimposed on the TDL current. The triangle wave 
amplitude was adjusted to correspond to a dither of 0.015 
cm-’ in the TDL output. The output of the reference detec- 
tor preamplifier was connected to a lock-in amplifier whose 
phase was adjusted to produce a first derivative signal of the 
reference detector output. The lock-in output was attenuat- 
ed by a factor of 100 and connected to the external current 
input of the laser control module. This feedback scheme pro- 
duced a correction signal that locked the TDL wavelength to 
the center of the desired transition. 

The ir probe beam was separated from the uv beam by a 
quartz flat mounted at an angle of 23” to the uv path. Signals 
were obtained with an InSb photovoltaic detector (Santa 
Barbara Research Center, EC63 ) having a 0.25 mm X 0.25 
mm active area. The ir beam was focused onto the detector 
with a CaF, lens, and filtered from reflected uv and visible 
light by two 3.5-6.5 pm bandpass filters. The output of the 

detector preamplifier (Perry, 750) was connected to a unity 
gain line driver (Perry, 49 l-50). The detector, preamplifier, 
and line driver were all contained within a Faraday cage. 
The signal was amplified by a 40 dB, 200 Hz-60 MHz vol- 
tage amplifier and filtered by a 7.1 kHz-4.8 MHz bandpass 
filter. The response time of the detector and amplifier combi- 
nation was 250 ns. The signal output was connected to a 10’ 
samples s - ’ transient digitizer. Signal averaging was per- 
formed by the crate controller, and the data acquisition 
hardware was controlled using drivers written in the ASYST 
language which were developed in this laboratory. Averaged 
signals were transferred to a computer for storage and analy- 
sis. The timing of the excimer-laser and transient-digitizer 
triggers was controlled by a dual channel master clock. Data 
were collected at 10 Hz, and 1500 transients were typically 
averaged for each wave form. 

An analytical lit to the SFH surface was provided by 
Schatz,*‘“’ The energy of the separated, ground state 
H + CO, reactants was assigned the value zero. In most 
cases, the geometry of the OCO “molecule” was fixed, and 
the H atom was moved along constant energy lines to pro- 
duce contour maps. Analogous contours for the reacting 0 
atom were obtained by fixing the positions of the other atoms 
and moving the 0 atom. 

III. RESULTS 

To interpret the transient absorption signals, a model is 
needed that includes the relevant formation, energy transfer, 
and removal processes involved in the temporal evolution of 
CO ( u,J) concentrations. Many of these processes are listed 
below in simplified form, 

H,S + hv( 193nm) dH* + SH, (21 
H* + CO,-CO(v,J) + OH, Gal 
H* + CO,-+CO(v’,J’) + OH, (3b) 
H*+CO,-.H+CO,, (4) 
H* + H,S-+H, + SH, (5) 
H*+H,S+H+H,S, (6) 
H* -+ travels out of observation region, (7) 
8,,CO(u’,J’) + M-+CO(u,J) + M, @a) 
CO(u,J) + M+2,.,,.CO(u”,J”) f M, (8b) 

where H* refers to translationally hot H atoms. Reaction 
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(3a) is the reaction of interest, producing a specific CO( u,J) 
level. 

The physical situation behind Eqs. (2 )- ( 8) is compli- 
cated and extract.ing information from the observed tran- 
sient signals requires care. Fortunately, the probability of 
reaction (3) varies strongly with collision energy as shown 
in Fig. 3. Namely, collisionally deactivated H atoms un- 
dergo a loss of reactivity, thus biasing observations toward 
reflecting the highest hydrogen atom speeds. Since some 
collisional deactivation of hot H atoms inevitably occurs, we 
cannot accurately assign the experimental collision energies, 
although such quenching favors contributions from nascent 

reactants. It is also possible to separate the production and 
removal rates for the probed CO( v,J) levels. Even though 
state-to-state rotational energy transfer cross sections are 
large, our measurements are sensitive only to net changes in 
the concentrations being monitored. The decay times of the 
transients are relatively slow compared to the risetimes, with 
the production of CO manifest in the risetimes. Details are 
given below. 

By modeling CO rotational energy transfer as a two- 
level process in which exchange occurs between the moni- 
tored CO( v,J) level and a “bath” level, an expression for the 
time-dependent CO( u,J) concentration can be derived 

[ CO(u,J) ] It> = [~*h[COzl~k,, - rr(k,a + k,,)kx, [Ml~iexp~ _ t,7 
cr,-- ’ - 3-c ‘} 8 

) _ exp( _ t,7 
c 
)I 

-I- rrrs(k~n -I ks,)k,, [Ml [H*],,[C02]{l - exp( _ f/T8)}, (9) 

where r;;- I = t(k,, -I- k,, + k,) [C&l + Ck, f k,) /H,Sl 
+ k71s and rsP ’ = (k,, + k,, ) [Ml. The rate constant for 

reaction ( 3 ) is given by k, = Lri ui, where ai is the reactive 
cross section at. IJ~. A maximum cross section for nascent H 
atoms of -2 A” is determined by interpolating the data 
shown in Fig. 3.‘“*” However, the value calculated from 
trajectories on the SFH surface is - 0.3 A’.a This large dif- 
ference makes it impossible to accurately determine the con- 
tribution of reaction (3 ) to 7, ‘, although it provides a range 
of3-20X10’s”“‘. 

In the present experiments, the mean free path of nas- 
cent H atoms is - 1 mm, i.e., less than the probe beam diame- 
ter. Some collisions of II atoms with CO2 will be elastic with 
only the direction of the velocity altered, resulting in diffu- 
sion of hot H atoms out of the probed volume. For the cylin- 
drically symmetric geometry of overlapped laser beams, the 
hot H atom concentration drops to e ~~ ’ of its original value 
within the probe beam in - 5 p,s. Thus the diffusion contri- 
bution lies near the low end of the estimated range for reac- 
tion ( 3) contribution. 

We must also consider inelastic scattering in which CO, 
and H,S vibrational and rotational levels are excited. Flynn 
et al. have examined such processes in detail for CO,. ” Al- 
though the total inelastic cross section has not been mea- 
sured, calculations on the SFH surface suggest it is much 
larger tl~an the reactive cross section.x” A principal effect of 
inelastic collisions is to lower the reaction probability by 
lowering the H + COz collision energy, as shown in Fig. 3. 
For example, collision al excitation of CO2 (00 1) reduces the 
reaction probability of the inelastically scattered H atoms to 
- l/3 the value for nascent H atoms. Unfortunately, abso- 
lute cross sections for such processes are not accurately 
known and there are discrepancies between experimental 
and theoretical values for both reactive and inelastic scatter- 
ing cross sections.“*“*“*‘” Thus it is not possible to quantify 
the overall contribution of inelastic scattering to rr I, al- 
though it will exceed that of reaction (3). The variation 
shown in Fig. 3 discriminates against H atoms that have 
been slowed by inelastic scattering. 

I 
The rate constant for H + H,S-+H, + SH is approxi- 

mately 1.7 X 10 - ‘r cm’ molecule - ’ s - ’ at the present col- 
lision energies. *’ Thus this process does not contribute sig- 
nificantly. 

Since the rate for CO(u = 1) vibrational relaxation by 
CO, is 4 orders of magnitude less than the collision frequen- 
cy, it can be neglected. Ix However, CO/CO, rotational ener- 
gy transfer rates have not been measured, and nascent CO 
has an average speed of - lo5 cm s - r and a collision fre- 
quency of - 2 X 10” assuming a 30 A2 cross section. Even if 
state-to-state rotational energy transfer rates are gas kinetic, 
what we observe is the net change in letrelpopulations. These 
can vary more slowly than state-to-state rates because popu- 
lation is transferred both out of and into the probed levels. 
This can be observed in the transient absorption signals (see 
Fig. 4). The rise is linear for over 1 ps following photolysis 
and decays with a longer time constant, attributed to relaxa- 
tion into and out of the pair of states involved in the transi- 
tion. Thus the distributions we report reflect some rotational 
relaxation, but we believe not enough to alter the conclu- 
sions. 

The above considerations lead to an expression for the 
CO( v,J) density at short times 

[CO(u,J) 1 (t) = {k,(G) [H*l,[CO,l]-f. (10) 

The state-specific rate coefficients, k,(Q), are proportional 
to the initial slope of [ CO(LI,J) ] vs t. Thus signals such as 
those shown in Fig. 4 were fit to straight lines for about 1 ps 
following excimer laser firing to obtain values of 
k, ( u,J) - k, ( u,‘J ’ ) 

Signala [CO(u,J)] - [CO(tr’,J’)] 

= Ck,(u,J) - k,(u’,J’)}[H*],,[COz].t. (11) 

Since we find no population with ~22, the v = 0 and 1 popu- 
lations were obtained straightforwardly: 2 t 1 transitions 
yield k( 1,J) values and 1-O transitions then yield k,(O,J) 
values. Results are shown in Fig. 5. The main assumptions 
are (i) Doppler widths do not change appreciably from one 
transition to the next, (ii) CO spatial anisotropy can be ne- 
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FIG. 4. Transient ir absorption signals: (a) 1-O R(10); (b) 2t 1 R( 16). 
Negative signal indicates absorption. The vertical axis is in the same arbi- 
trary units for each plot. 

glected, (iii) net CO rotational relaxation is slower than the 
sum of the rates for hydrogen diffusion, reactive scattering, 
and inelastic scattering, and (iv) vibrational levels with u>2 
are unpopulated. The Doppler width assumption is justified 
because most of the available energy goes into CM transla- 
tion, so changes in the CO state being monitored and/or the 
corresponding OH internal states do not alter the Doppler 
width enough to warrant corrections at the presentS/N. The 
assumption of no CO spatial anisotropy is justified in terms 
of the limited S/I? and small anisotropies characteristic of 
such systems. 

Most of the uncertainty is due to modest S/N and re- 
peatability (see Fig. 4). Initial slopes were fit to straight lines 
using a least squares routine and were normalized for uv 
photolysis energy and ir probe power. Thus by measuring 
such traces for a range of 1-0 and 2~ 1 rotational transi- 
tions, the distributions shown in Fig. 5 were determined. 

The data were also fit to Lagrange multipliers that con- 
strain the energy entering the CO rotational degree of free- 
dom, i.e., the approach developed by Levine, Bernstein, and 
co-workers. I9 Using continuous functions for translation 
and rotation and counting vibrations directly, the Prior dis- 
tributions are given by 

P(u,J) = (2Jm + 1) c {l --j-~~-f;~--jy33/~, 
o(OHf 

(121 
wherefzH is the fraction of the total energy in the OH vibra- 
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FIG. 5. CO rotational distributions for (a) u = 0 and (b) u = 1. Solid lines 
are from surprisal analyses (upper right inset ); 0, = 7 and 9 for u = 0 and 
1, respectively. 

tional degree of freedom, and so forth. The solid lines super- 
imposed on the data shown in Fig. 5 are the rotational distri- 
butions resulting from surprisal analyses of the 
experimentally determined populations, P( v,J) . The sur- 
p&al plots (i.e., - In [ P( u,J)P” (v,J) ] vs the fraction of the 
available energy in rotation, gR ) are shown as insets in Fig. 
5. The large positive surprisal parameters (0, = 7 for u = 0 
and 8, = 9 for u = 1) indicate substantial bias against CO 
rotation. The fit for CO( u = 0) is not good, but still indicates 
significant bias. The most probable rotational levels for 
u = 0 and 1 are J,.,,,, = 11 and 13, respectively. The 
[u = 1 ]/[ u = 0] ratio was estimated by integrating the area 
under the rotational distribution for each vibrational state 
and resulted in [u = 1 ]/[ u = 0] -0.4. These results and 
those of Rice et al. are summarized in Table II. 

TABLE II. CO u = 0 and 1 reIative populations; results of Rice and CO- 

workers are in parentheses (Ref. 7). J,,,, refers to the peak of the rotational 
energy distribution; 0, is a surprisal parameter. 

” J mar: Rel. population 

0 II (12) 7.2 1.0 (1.0) 
1 13 (23) 9.0 0.4 (1.0) 

($,, (CO)) = 1540 (2070) cm-’ 
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IV. DISCUSSION 

The reaction of hydrogen atoms with carbon dioxide 
proceeds via a HOC0 intermediate. It is impossible for the 

%  
%  
CQ (1’ 
8 
3 
02 11 

R 

kl) 

6L 

4 .- 

2 

I) - 

-2 c 

-4 - 

cl= 

lb1 

cm -I 

I- L” i I I 
-2 0 2 4 6 

Distance (Bohr) 

-Ori / I I I 
-2 0 2 4 6 

Distance (Bohr) 

light H atom to simply strip away an 0 atom as it flies past. 
The H atom must slow considerably, and while this neces- 
sarily involves an “intermediate,” it does not insure a statis- 
tical unimolecular decomposition mechanism.“’ The energy 
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F’KG. 6. R-atom energy contours for several OCO geometries: (a) the equilibrium geometry of free CO,; (b) Boc., = 165”, R,:,, = 2.30 bohr; (c) &.., 
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available to product degrees of freedom is - 10 000 cm ‘- ’ , 
of which an average of - 1500 cm - * appears as CO internal 
excitation. The rotational surprisal parameters of BR = 7 
and 9, for u = 0 and 1, respectively, indicate that the rota- 
tional distribution is colder than expected from a statistical 
(i.e., 8, = 0) distribution of the available energy. 

In previous studies, nascent OH rotations were found to 
be colder than statistical;2A e.g., for 193 nm HBr photolysis, 
the OH( o = 0) average rotational energy is - 1350 cm- ’ 
(Ref. 4). In addition, Hoffmann et al. measured the CM 
kinetic energy using sub-Doppler techniques following 193 
nm HBr photolysis, obtaining an average CM kinetic energy 
of -9800 cm-’ for several OH(u = O,low-J) levels.‘” 
When monitoring a specific OH ( u,J) level, the energy avail- 
able to the remaining 6 degrees of freedom is given by 
hv - D,( HBr) - Ei,,, (OH), and in the Chen et al. experi- 
ments E,, (OH) was small. Thus the CM kinetic energy 
averaged over the entire ensemble of OH product states will 
be lower than 9800 cm - ’ . An exact comparison cannot be 
made between these previous studies and the present work, 
since 193 nm HBr photolysis provides more energy than 
does 193 nm H,S photolysis. However, it isclear that energy 
is released preferentially into CM kinetic energy. 

Although diode laser probing of CO leads to larger fluc- 
tuations in the rotational distributions than with probes such 
as LIF and MPI, distinguishing gain from absorption is easy. 
Thus determining whether the [U = 1 ]/[ u = 0] ratio is larg- 
er or smaller than unity is straightforward unless the level 
densities are close or the L; = 0 and 1 rotational distributions 
differ markedly. As stated above, we observe only absorp- 
tion on 1 +O and 2- 1 transitions and find essentially no 
signals for 3 c 2 transitions. It is unlikely that the u = 2 and 3 
populations are such that there is fortuitously no population 
difference for the probed rotational levels. Thus we conclude 
that vibrational excitation is modest, with [ ZJ = 1 J < [u = 0] 
and little or no population at 022. 

Only approximate rotational distributions could be ob- 
tained from the databecause of limitedS/Nand the fact that 
CO transitions were accessible one at a time within each of 
the single-mode diode laser tuning curves. Lack of popula- 
tion at ~;a2 in consistent with all other measurements, and 
our [u = 1 J/[ u = 0] ratio of -0.4 agrees with that of Wes- 
ton and co-workers, I5 but disagrees with that of Rice et al.? 
Our u = 0 rotational distribution agrees with theirs, but their 
u = 1 rotational distribution shows an inversion while ours 
does not. Their data have reasonable S/N and the distribu- 
tions derive from straightforward analyses, so we assume the 
difference is real. It can be traced to their u = 1 high-Jpopu- 
lation, which accounts for the comparable u = 0 and 1 popu- 
lations as well as the inversion. In our experiments, there is 
some rotational relaxation, so we cannot rule this out as a 
means of reconciling the different u = 1 rotational distribu- 
tions. However, this would require a Iarge change in our 
u = 1 rotational distribution, so we believe that there is no 
rotational inversion. Also, [u = 1 ] / [ u = 0] -0.4 was con- 
firmed under conditions where rotational relaxation was 
considered complete. There is no way that we can get 
]v = 11 = [u = 0] from our data. 

Our est.imate of CO internal energy suggests a bias in 

which CC internal excitation is less than statistical, a conclu- 
sion also reached by Rice et ai. The calculations of Schatz et 
aL*@’ at acollision energy of 2.6 eV indicate somewhat more 
internal excitation, although it is not clear how much of this 

6- 

4- 

c 
2 
e *- 
8 
s 

.* 
x o-o 

0 

-2 - 

7500 cm-’ 

l 

C 

-“?y+j-- ’ 
I I I 

2 4 6 8 

(a) Distance (Bohr) 

T 

4 
I 

‘i;‘ 
2- 

% 
8 

8 
2 o- e 0 

.d 2 0 C 

-2 - 

m 

I I 1 I I I I 
-2 0 2 4 6 8 

(b) Distance (Bohr) 

FIG. 7. O-atom contours for fixed 0, C, and H positions: (a) H atom at cis 
saddle point; (b) H atom at minimum of trans well in Fig. 6(d). Contours 
are separated by 2500 cm - ’ . 
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is due to classical vs quantum differences. Combined with 
the earlier measurements of OH internal states and CM ki- 
netic energy, the composite picture is that at high collision 
energies there is a propensity toward CM kinetic energy at 
the expense of product internal excitations. 

Insight into the dynamics can be gained by examining 
the HOC0 potential energy surface. Figure 6 shows H atom 
energy contours at several fixed OCO geometries. For the 
OCO nuclei held at the CO,-molecule equilibrium geome- 
try, the closest thing to an attractive well is a shallow mini- 
mum along a broadside Csc,,, approach to the C atom [Fig. 
6(a) ] . As the OC-0 bond is bent and stretched, attractive 
wells at the c& and tram positions begin to form, deepening 
with increasing angle [Figs. 6(b) and 6(c) 1; the lowest en- 
ergy reaction pathway is for cis HOC0 [Fig. 6(d) 1. It is 
clear that the OC-O bond must be bent and stretched from 
its equilibrium position for the H atom to be trapped on the 
HOC0 surface. There are, however, only a limited number 
of approaches that will produce the changes in the OC-0 
geometry necessary to effect chemical reaction, the majority 
of collisions resulting in elastic or inelastic scattering. How- 
ever, in those collisions that lead to reaction, the H atom is 
left in the tram instead of the lower energy C~X position. The 
result is a dynamical barrier. This is consistent with the low 
reaction probability of 0.024 estimated at E,, = 2.4 eV,15 
as well as the variation of reaction probability with collision 
energy reported earlier.’ 

A second feature of the HOC0 intermediate becomes 
apparent when forces on the reacting 0 atom are examined 
by moving the 0 atom while holding the other atoms fixed. 
The light H atom will not remain stationary while the heavy 
0 atom lumbers about. On the contrary, rapid H-atom mo- 
tion will result in an average potential acting to expand the 
OC-OH bond. Figure 7 shows the 0 atom potential at two 
different geomet,ries: (a) places the H atom at the calculated 
geometry of the cis saddle point while (b) places the H atom 
at the bottom the tram well of the potential shown in Fig. 
6 (d). In each case, the forces push the 0 atom away from the 
CO. Similar results were found for other H atom configura- 
tions. 

Much past experimental work has been interpreted in 
terms of reactants that form 3 HOCOt intermediate that 
lives for nrany vibrational periods before proceeding to prod- 
ucts. Indeed, the measurements of Scherer et al. seem to 
confirm this by showing that it takes a few picoseconds for 
OH to appear following photoexcitation of (X&-HI com- 
plexes.h To the extent that these measurements can be inter- 
preted in terms of H + CO, collisions, they underscore the 
role of a HOCOt intermediate. However, whether intramo- 
lecular vibrational redistribution (IVR) can be complete on 
so short a time scale is another question. In fact, estimates of 
unimolecular decay lifetimes for the high E,, values used in 
the present studies, based on standard statistical theories 
that assume complete TVR, yield values under 1 ps.” Fur- 
thermore, a distinction must be made between experiments 
performed under bulk conditions and those involving weak- 
ly bonded complexes. With the latter, the Br or I atom may 
remain near HOC0 and influence the reaction. Thus bulk 
and complex reactions may be mechanistically different. 

V. SUMMARY 

Modest CO internal excitation is observed and was an- 
ticipated on the basis of previous measurements of OH E:R 
excitation and CM kinetic energy.“‘?” This confirms that 
high collision energies favor product CM kinetic energy at 
the expense of internal excitations. The CO internal energy 
of -1500cm-’ is - 15% of the available energy, and the 
u = 0 and 1 rotational distributions are much colder than 
statistical. Our v = 0 rotational distribution agrees with that 
of Rice et al.,7 while our v = 1 rotational distribution differs 
from theirs. Ours is qualitatively similar to that of ti = 0, 
while theirs shows substantial high-J population. We detect 
absorption when probing a large number of l-0 transitions 
(i.e., O<;;J50), while the Rice et al. distribution would re- 
sult in gain for a broad range of J values. Despite this differ- 
ence, both sets of data indicate that CO intermal excitation is 
less than statistical. Examination of the HOC0 potential 
suggests a dynamical barrier, i.e., collisions that move the 
OCO nuclei to a reactive configuration do not leave the sys- 
tem near the lowest energy reaction path. 

The observed dynamical features, as manifest in nascent 
product excitations, constitute an example of nonstatistical 
behavior in a system undergoing reaction on a potential with 
3 prominent minimum, in this case corresponding to the 
HOC0 intermediate.* However, product state distributions 
are only part of the story. By themselves they do not permit 
conclusions to be drawn about the completeness of IVR. 
Also, what about rates? At the high collision energies where 
product state distributions are nonstatistical, RRKM theory 
cannot be applied because the IVR rate might not exceed the 
reaction rate, a necessary condition for the theory to hold. 
For example, RRKM estimates of reaction rates at energies 
- 13 000 cm - ’ above the OH + CO channel are near 1OL3 
S * ,I* out of the range where the theory applies. Also, it is at 
these high energies where the reaction cross section rises 
steeply with increasing collision energy.’ Experiments like 
those of bewail and co-workers, in which CO,-HI complex- 
es are excited and OH is detected, enable the OH temporal 
buildup to be determined with subpicosecond resolution6 In 
their experiments, buildup times of several ps were noted, 
much longer than calculated from statistical theories. To the 
extent that such measurements can be related to the corre- 
sponding H + CO, reaction, it may be possible to determine 
reaction rates directly in the high energy regime, thus eluci- 
dating reaction mechanisms. 
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