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The photodissociation of CO, at 157 nm was studied by the photofragment-translational spec-
troscopy technique. Product time-of-flight spectra were recorded and center-of-mass transla-
tional energy distributions were determined. Two electronic channels were observed—one
forming O(} D) and the other O(°*P). With previously determined anisotropy parameters of
B=2 for the O(*P) channel and B=0 for the O(' D) channel, an electronic branching ratio
of 6% +=29%0(*P) was obtained, consistent with previous results. The translational energy
distribution for the CO(v) +O(3P) channel was very broad (over 30 kcal/mol) and ap-
peared to peak near CO(v=0). The value of =2 for the O(3P) channel was confirmed by
comparing Doppler profiles, derived from our measured translational energy distribution,
with previously measured Doppler profiles. This suggests that the O(*P) channel arises from
a direct transition to an excited triplet state. The O(!D) channel had a structured time-of-
flight which related to rovibrational distributions of the CO product. The influence of the
excitation of the CO,(v,) bending mode was investigated and shown to have a small but not
negligible contribution. Based upon a comparison of our data with a previous vacuum-
ultraviolet (VUYV) laser induced fluorescence study, we obtain as our best estimate of the
vibrational branching ratio, CO(v=0)/CO(v=1)=1.9, for the CO(v) 4+0('D) channel.

INTRODUCTION

The vacuum-ultraviolet (VUV) photochemistry of
CQ, is an intriguing and important problem. Not only is
CO, an important atmospheric constituent, but its relative
simplicity should allow for detailed study and comparison
with theory. For wavelengths in the range 140-170 nm,
CO, dissociation has two open channels,

CO,('25)~Co('=%)+0(' D), (D

CO,('2})->CO('=*)+0(P). (2)

The latter channel, reaction (2), represents a spin-
forbidden process.

Earlier work! in a gas bulb indicated that the quantum
yield for reaction (1) is unity at 131 and 147 nm, consis-
tent with the expectation that a spin-forbidden process
should be very unfavorable in a triatomic molecule consist-
ing of carbon and oxygen atoms (i.e., relatively small spin—
orbit coupling). Although O(3P) was observed, it could be
cor?pletely accounted for via collisional relaxation of
oC Dy,

0('D)+C0,('2})-CO,('2/)+0(P). (3)

It is well known that O(! D) is quenched by atmospheric
molecules® with near gas kinetic efficiency. The weak spin—
orbit coupling, however, suggests that such processes
should be inefficient in simple encounters: The observed
high quenching efficiency arises from the formation of a
long-lived complex (i.e., several vibrational periods), in-
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creasing the probability of spin transition via multiple
crossings of the singlet—triplet intersection region.

Recently, the photolysis of CO, at 157 nm was inves-
tigated using a chemical scavenging technique.? It was sug-
gested that the primary photoprocess producing O(*P) [re-
action (2)] contributes about 6% to the quantum yield. A
subsequent study of the O(3Pju j”=2,1,0) state distribu-
tion and Doppler profiles in a molecular beam experiment*
confirmed the primary character of this channel. The Dop-
pler profiles were analyzed to give an anisotropy parameter
of B=2. A B value of two is usually expected for a very
direct dissociation from a linear excited state wherein the
recoil velocity vector is parallel to the electronic transition
moment vector.

Most recently, the vibrational and rotational distribu-
tions of the CO(!S1) product were measured in a pump-
and-probe experiment via VUV (vacuum ultraviolet) laser
induced fluorescence.’ The CO product was found to have
a highly excited rotational distribution, terminating
abruptly at the energetic limit. This is indicative of disso-
ciation occuring from a bent excited state. Consistent with
this was a measurement of an anisotropy parameter of
B=0, corroborating the suggestion that the excited state is
bent. If the molecule bends strongly as it dissociates, the
recoil velocity vector will be at a large angle relative to the
transition moment vector and, hence, the 8 parameter will
be small.

The excited states of CO, are very complicated.® There
are two weak bands between the C02(12+) ground state
and the group of {ll'Ig, 137, 'A,, and IEg } excited states
that occur in the range 120200 nm and all are electric

" dipole forbidden (D, symmetry). The electronic transi-

tion, however, can be vibronically induced by a bending
vibration. The first band, beginning around 6 eV with a
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FIG. 1. A schematic drawing of the photofragment spectrometer. (1)
heated molecular beam nozzle, (2) source chamber, (3) differential
chamber, (4) main chamber, (5) laser interaction point, (6) ionizer, (7)
quadrupole mass spectrometer, (8) detector.

maximum near 8.4 eV, is irregular and diffuse and no as-
signments have been made. Excitation at 157 nm corre-
sponds to this transition. At higher energy, the second
transition is sharper and more regular, peaking near 9.3
eV. The first optically allowed transition appears around
11.1 eV. High accuracy electronic structure calculations’
for CO, have been performed in the Franck—Condon re-
gion (ie., linear D, structures) for the lowest singlet
excited states: IHg , 12; , and IAu. It was shown that in the
Franck—Condon region between 120 and 170 nm, the
nearly overlapping 'A, and IS states are involved in con-
ical intersections with the 1Hg state. (This most likely ex-
plains the irregular, unresolved structure in the first ab-
sorption band.) Thus, the photophysics of CO, is very
complex and cannot be described within the Born—
Oppenheimer approximation. Along the bending coordi-
nate, the electronically degenerate IIIg and 'A,, states split
into Renner-Teller pairs of !4, and IBZ symmetry. These
are strongly stabilized by bending, as is the nondegenerate
IS, state. The bent !B, component of the 'A, state has
been analyzed (i.e., the carbon monoxide flame bands®)
and the OCO bond angle was found to be 122°—very
strongly bent.

In this study, we employ the technique of
photofragment-translational spectroscopy to study the
photodissociation dynamics of CO, at 157 nm in a molec-
ular beam. The existence of the O(’P) channel further
suggests that triplet surfaces must also be involved in the
dissociation dynamics. The excited states are calculated to
be strongly bent and this feature should be revealed in the
product state distributions.

EXPERIMENT

The high resolution rotating source photofragment-
translation spectrometer has been described previously in
detail.’ A brief description follows; a schematic drawing of
the apparatus is shown in Fig. 1. A molecular beam is
formed by passing gas through a heatable nozzle, (1) into
a source chamber (2), where it was skimmed, passed into
a differential chamber (3), skimmed again and finally
passed into the main interaction chamber (4). A pulsed
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FIG. 2. A time-of-flight distribution for O, photodissociation at 157 nm.
At a lab frame angle of 52° (perpendicular to the molecular beam velocity
vector in the center-of-mass frame) the narrow, single kinetic energy re-
lease peak serves to determine the instrumental response function which
was used in all subsequent convolutions.

laser crosses the molecular beam at (5), which is also the
viewing axis of the triply differentially pumped quadruple
mass spectrometer. Time-of-flight spectra are obtained by
recording the distribution of arrival times of photodissoci-
ation product molecules at the detector. Angular distribu-
tions are obtained by rotating the molecular beam about
the point (5).

In high resolution photofragment-translational energy
spectroscopy, it is important to determine the instrumental
response function (i.e., the time response of the instrument
to a S-function input). This is best done by dissociating a
diatomic molecule. In this case, we chose O, which absorbs
well at 157 nm and has a unit quantum yield for dissocia-
tion into O(ID) +0O(CP) at this wavelength.10 This chan-
nel has a single kinetic energy release of 18.84 kcal/mol. A
seeded mixture of 0.5% O, in He was expanded through a
175 pm nozzle (at 105 °C) and determined to have a lab
velocity of 1.69x 10° cm/s with a speed ratio of 13.3. It is
important to reduce the effect of this small spread in beam
velocities on the determination of the instrumental re-
sponse function. We chose, therefore, the lab frame detec-
tion angle which was perpendicular to the molecular beam
velocity vector in the center-of-mass frame. For O, photo-
dissociation at 157 nm and a beam velocity of 1.69x 10°
cm/s, this corresponds to a lab frame detection angle of
52°. In Fig. 2, we show a time-of-flight (TOF) spectrum
for O atom recoil at a lab angle of 52°. The narrow peak
serves to determine the instrumental response function
(i.e., the ionizer width) which was subsequently used in
the analysis of the CO, photodissociation data.

In an ultrahigh vacuum chamber, such as the detector
of the present apparatus, the most abundant background
gases are typically H, and CO which evolve naturally from
stainless steel. This means that the detection of CO™ (m/
e=28), OF (m/e=16), and C* (m/e=12) in a photof-
ragmentation experiment is quite difficult. Although we
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did a considerable amount of signal averaging at m/e=28
(e.g., over 10° shots) in order to detect >CO recoil from
12C0,, it was found that the signal-to-noise ratio could be
improved by orders of magnitude when using isotopically
substituted carbon—13C02. In this case, the detected mass
is m/e=29 and the background signal is very small.

Seeded mixtures of isotopically substituted carbon di-
oxide (5% *CO,, 95% He) with a stagnation pressure of
200 torr were expanded through a 175 um diam nozzle,
which was heated to 115 °C. The expansions were typically
characterized by a lab velocity of 1.6 10°> cm/s and a
speed ratio of 11. The heated nozzle ensured that no clus-
ters were present. This was checked by looking for parent
BCO, molecules recoiling from the molecular beam at
small angles: If a cluster, (CO,),, was photodissociated,
there should be a monomer unit, CO,, recoiling from the
beam due to fragmentation of the cluster. No evidence of
cluster formation was found. The bending frequency of
13C0, in the ground state is rather low (v,=654 cm™h)
and doubly degenerate. Therefore, at room temperature
CO,(v,=1) constitutes around 8% of the ground state
population, whereas at 115 °C, it constitutes about 17%.
There may, however, have been some relaxation of this
mode during the supersonic expansion.

The 157 nm laser used in this experiment was a
Lambda-Physik VUV excimer LPF 205. Specifically opti-
mized for operation at 157 nm, it was capable of producing
over 100 mJ/pulse at 50 Hz with a gas lifetime of 300 000
shots. These features proved important in a small-signal
experiment such as photofragment-translational spectros-
copy. The laser power was continuously monitored during
the experiments by a vacuum-adapted Scientech power
meter. The beam path between the excimer and the vac-
uum chamber consisted of a copper tube which was evac-
uated to approximately 10~3 torr. A 2 in. diam, 50 cm f.1.
VUV-grade MgF, lens (Janos) was used to focus the ex-
cimer output to a 3 mmX5 mm spot at the interaction
region. The copper tube could be isolated and small
amounts of air could be leaked in, providing a simple neu-
tral density filter when it was necessary to attenuate the
laser.

The 157 nm excimer laser operated at two narrow
VUV lines (approximately 1 cm~! bandwidth). The main
line (85%) lases at 157.63 nm (64 440 cm™~! or 181.34
keal/mol). Dy(O3C-+-0) was taken to be 171.20 keal/
mol for the O(' D) channel and 125.88 kcal/mol for the
O(CP) channel (i.e., corrected for Bc isotopic shifts).!!
The available energies for the various fragmentation chan-
nels are given in Table I. The Newton diagram illustrating
these center-of-mass recoil energies is shown in Fig. 3. The
lab angles of 10° and 30° were used most frequently in
recording the TOF spectra as these two angles were most
sensitive to the slower and faster components, respectively,
of the O(1 D) translational energy distributions. The (01672
channel is better resolved at larger angles (30°).

Time-of-flight spectra consisting of 300 000-1 100 000
co-added shots were recorded. Product center-of-mass
translational energy distributions were extracted using the
forward convolution technique.’
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TABLE L. *CO, energetics for 157.6 nm photodissociation. The available
translational energies of the fragmentation channels for CO, dissociation
at 157.63 nm. The O(*P) and O(! D) channels are given, as well as the

o( ! D) channel for dissociation of the hot molecule.

Parent Product Energy available
BCO,(v,=0) BCo(w=0)+0(P) 55.458 kcal/mol
Bco(w=1)+0CP) 49.467 keal/mol
BCo(v=2)+00P) 43.548 kcal/mol
BCo(v=3)+0(P) 37.701 kcal/mol
Bco(r=4)+0(P) 31.928 kcal/mol
B3CO,(v,=0) BCo(v=0)+0('D) 10.142 kcal/mol

Beow=1)+0('D) 4.151 kcal/mol

BCO,(vy=1) BCO(v=0)y+0('D)
BCo(w=1)+0('D)

Bco(v=2)+0('D)

12.011 kcal/mol
6.020 kcal/mol
0.101 kcal/mol

RESULTS

Time-of-flight spectra for the BCO photofragment at
lab angles of 10° and 30° are shown in Figs. 4 and 3, re-
spectively. Two channels are clearly identified. The large,
structured feature at later times corresponds to the O(ID)
channel-—reaction (1). Definitive evidence for the spin-
forbidden O(3P) channel—reaction (2)—is seen in the
small, fast peak at early times in Figs. 4 and 5. Without
making any assumptions about internal energy distribu-
tions, these two channels were fit to obtain the overall
product translational energy probability distribution func-
tion, P(E), for each channel. The best fit P(E) for reaction
(1) is shown in Fig. 6. All the features seen in this P(E)
are required in order to fit the data at both angles. The best
fit P(E) for reaction (2) is shown in Fig. 7. Due to the
poor signal-to-noise ratio for this channel and the compres-
sion of the peak due to its high lab frame velocity, we were

=0) + OC'P)

=3) + OCP)

v=0) + O(' D)

v=1) + O(C'D)

8x10” cm s

FIG. 3. Newton diagram showing the relationship between lab frame and
center-of-mass frame velocities for CO,—»CO(v) +O(*P,! D) at 157 nm.
The lab frame velocity of the beam is given by the bold arrow, as indi-
cated. Product CO recoil velocities are shown as circles centered at the tip
of the arrow.
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FIG. 4. A time-of-flight distribution at a lab angle of 10° for the *CO
fragment from '*CO, photolysis at 157 nm. The two electronic channels,
O(*P) and O(' D), are indicated. The solid line shows the fit to the O(! D)
channel whereas the dashed line shows the fit to the O(®P) channel.

unable to resolve any structure. It is clear, however, that
the 13CO product is formed with a broad range of internal
energies.

In order to obtain the OCP)/O('D) electronic
branching ratio, we preserved the form of each P(E) while
varying their ratio so as to best fit the data. We found, as
shown in Fig. 8, an O(CP)/O('D) electronic branching
ratio of 6% =:2%, agreeing well with previous results.®
This result was based upon two assumptions. The first is
that the anisotropy parameter, 3, describing the angular
distribution of photoproducts is 8=0 for the O(! D) chan-
nel, as was obtained using the VUV laser induced fluores-
cence technique.® The second assumption was that f=2
for the O(*P) channel, based upon Doppler profile mea-
surements on the O(3P) product atom. However, the anal-
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FIG. 5. A time-of-flight distribution at a lab angle of 30° for the 3CO
fragment from 3CO, photolysis at 157 nm. The two electronic channels,
O(*P) and O(' D), are indicated. The solid line shows the fit to the O(' D)
channel whereas the dashed line shows the fit to the OC*P) channel.
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FIG. 6. The translational energy distribution, P(E), for the
'3C02—» BCO(v) +O(' D) channel used to fit the large feature in Figs. 4
and 5. The thresholds for the formation of CO(v=0) and CO(v=1) from
both the hot and cold CO, molecule are indicated.

ysis which yielded a result of B=2 rested upon the assump-
tion of a single O(*P) recoil energy. As can be seen from
the broad distribution in Fig. 7, this is clearly incorrect.
The assumption of =2 for the O(®P) channel needs to be
further justified. This is discussed in a following section.
In order to confirm the fits to the *CO recoil data of
Figs. 4 and 5, we measured product TOF spectra for the
%0 fragment. Due to conservation of momentum in the
center-of-mass frame, the Bco P(E) must fit the °0 atom
data without adjustment. This is shown in Fig. 9. Unfor-
tunately, due to the higher background, the signal-to-noise
ratio is much worse. Furthermore, the TOF data are con-
taminated by a feature near 200 us which does not trans-
form with angle. This is due to the photodissociation of
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FIG. 7. The translational energy distribution, P(E), for the

13C02—>'3C0(v)+()'(3P) channel used to fit the small, fast feature in
Figs. 4 and 5. The thresholds for the formation of various CO vibrational
states are indicated. It is seen that the distribution of internal energies is
very broad.
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FIG. 8. A time-of-flight distribution at a lab angle of 30" for the 1’CO
fragment from '*CO, photolysis at 157 nm, showing in greater detail the
electronic channel O(3P). The solid line shows the fit to the O(®P) chan-

nel using the P(E) of Fig. 7. We estimate the electronic branching ratio
to be 6% +2% O(C’P).

background O, in the main chamber and is shown clearly
(with the molecular beam off) in the middle figure. Once
the subtraction of this background is performed, shown in
the bottom figure, the momentum matching is satisfactory.

Most experiments described here were carried out us-
ing isotopically substituted carbon dioxide—"*CO,. How-
ever, in order to ensure that isotopic substitution doesn’t
adversely affect the photodissociation dynamics, we also
studied normal '2CO,. The TOF spectra for 2CO (m/e
=28) recoil are shown in Fig. 10, corresponding to lab
detection angles of 20° (top) and 30° (bottom). It can be
seen that, despite the poor signal-to-noise ratio, the P(E)’s
from Figs. 6 and 7 fit the data quite well without adjust-
ment. This indicates that the product translational energy
distributions for *CO recoil from *CO, and CO recoil
from '2CO, are quite similar.

In order to avoid the formation of clusters, the nozzle
tip was heated to 115 °C during the experiments. Due to
the doubly degenerate low frequency bending mode (v,
=654 cm™ '), there was some hot CO, in the molecular
beam. In fact, as can be seen in Fig. 6, a small contribution
from CO,(v,=1) dissociation is required to match the
leading edge of the O('D) peak in Figs. 4 and 5 and to
account for the slow shoulder of the O(! D) peak near 240
us in Fig. 5. This is discussed further in a subsequent sec-
tion. To demonstrate the effect of CO,(v,=1) photodisso-
ciation on the TOF data, we measured '°O recoil from
12C0, at two disparate temperatures. These are shown in
Fig. 11, corresponding to nozzle temperatures of 25 °C
(top) and 300 °C (bottom). In the top figure, the data are
fit using the P(E) from Fig. 6. The fit is quite good, indi-
cating that the fraction of hot CO, in the beam has not
decreased much as compared with 115°C. The leading
edge corresponds to the formation of CO(v=0, J) from
CO,(v,=1), whereas the small peak near 150 us corre-
sponds to the formation of CO(v=1, J) from CO,(v,=1).
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FIG. 9. (top) A time-of-flight spectrum for the 180 recoil partner at a lab
angle of 30°. The data are contaminated by a background peak near 200
ps. (middle) A time-of-flight spectrum showing the 160 background with
the molecular beam off, due to 02—»0(1D) +O(3P) in the main chamber.
This signal is independent of angle (bottom). A time-of-flight spectrum
for the '°O recoil partner at a lab angle of 30° with the background

subtracted. The momentum matching is good, confirming the accuracy of
the P(E) in Fig. 6.

When the nozzle temperature is increased to 300 °C, shown
in the bottom of Fig. 11, the fit is not as good. It can be
seen that the leading edge of the data is now too fast and
that the small peak near 150 us appears too small. This is
consistent with greater concentrations of CO,(v,=1) in
the expanded beam. We suspect that there is significant
relaxation of the hot molecule in the beam expansion. As
the excited state is strongly bent, the Franck—Condon fac-
tors for CO,(v,=1) should be much greater than for
CO,(v,=0) and, therefore, the former should contribute
disproportionately to the TOF data. As can be seen, this
contribution is small and therefore we suggest that the
concentration of CO,(v,=1) in the fully expanded beam is

‘minimal but not negligible.
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FIG. 10. (top) A time-of-flight distribution at a lab angle of 20° for the
2CO fragment from >CO, photolysis at 157 nm. (bottom) A time-of-
flight distribution at a lab angle of 30° for the '2CO fragment from '*CO,
photolysis at 157 nm. Using the P(E) from Fig. 6 for '*CO, photolysis,
we see that the dynamics are not much affected by isotopic substitution.

DISCUSSION
O(®P) channel anisotropy parameter

In order to obtain the O(3P)/O('D) electronic
branching ratio, the anisotropy parameters, 3, must be well
known for each channel. The 8 parameter for O(3P) recoil
was suggested to be S=2 by a fit to a Doppler profile in a
collinear pump—probe configuration.* However, as both the
anisotropy and the translational energy distribution con-
tribute to the Doppler line shape, it is not possible to un-
ambiguously determine the B parameter with a single
pump—probe configuration. The assumption of a single
O(3P) recoil energy is not a good one. We wondered if the
Doppler profile shown in Fig. 3 of Ref. 4 could also be fit
with a smaller 8 parameter and a larger spread of transla-
tional energies. Since we measured the translational energy
distribution for O(3P) recoil (Fig. 7) we can reconstruct a
Doppler line shape for a given choice of 3 parameter.

In a collinear pump~probe configuration, the Doppler
line shape function for a single kinetic energy would appear
as a rectangle for the case of =0 and an inverted parabola
for the case of f=2. In Fig. 7 we have a point-wise repre-
sentation of the translational energy distribution, P(E), for
the O(®P) channel. After transforming P(E) into a veloc-
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FIG. 11. (top) A time-of-flight distribution at a lab angle of 30° for the
2CO fragment from 2CO, photolysis at 157 nm with a nozzle tempera-
ture of 25°C. We note that the fit is quite good, indicating that the
concentration of hot CO,(v,=1) molecule in the fully expanded is close
to that at 115 °C. (bottom) A time-of-flight distribution at a lab angle of
30° for the 1>CO fragment from >CO, photolysis at 157 nm with a nozzle
temperature of 300 °C. The fit is not as good, indicating that the concen-
tration of hot CO,(v,=1) molecule in the fully expanded is greater than
at 115 °C. We note, in particular, that the leading edge of the data is now
too fast, indicating a greater contribution from CO,{v,=1).

_ ity distribution P(v), using the Jacobian E 172 we can do a

point-wise transformation of the P(v) into a Doppler line
shape in order to allow comparison with Fig. 3 of Ref. 4. In
the case of =0, each point of the P(v) transforms into a
rectangle with width proportional to the kinetic energy
represented by that point. The overall lifie shape, therefore,
would be a weighted sum of rectangles. In the case of =2,
each point of the P(v) transforms into an inverted parab-
ola. The overall line shape in this case would be a weighted
sum of inverted parabolae.

In order to compare with Fig. 3 of Ref. 4, we consider
the case of fine structure transitions originating from the
O(2p P 'mn=2) state. The relative two-photon transition
strengths to the O(3p°P ') excited states (where
7'=0,1,2) have been determined previously.12

For the case of =0, the derived Doppler line shape (a
weighted sum of rectangles) in shown in Fig. 12. For the
case of f=2, the derived Doppler line shape (a weighted
sum of inverted parabolae) is shown in Fig. 13. By com-
parison with the measured Doppler line shape of Ref. 4,
retraced in these figures as a narrow solid line, we see that
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anistropy parameter $=0. By comparison with Fig. 3 of Ref. 4, retraced
here as the narrow solid line, we conclude that the overall linewidth of our
construction is too broad, and that the 8 parameter for the O(P) channel
must be greater than zero.

the assumption of B=0 leads to an overall width that is
much too broad. By contrast, the assumption of B=2 leads
to an overall width very similar to that in Fig. 3 of Ref. 4.
We therefore confirm that the 3 parameter for the oép)
channel should be close to a value of B=2.

An anisotropy parameter of B=2 for the spin-
forbidden O(®P) channel is surprising. In contradistinc-
tion, an anisotropy parameter of 3=0 was measured for
the spin-allowed O(ID) channel and rationalized on the
basis that the molecule bends strongly in the excited state
before dissociating. A value of =2 for the O(’P) channel
connotes two conclusions. The first is that the O(SP) chan-
nel must arise from a direct transition to an excited triplet
state and not from a complex surface-hopping trajectory
originating on an excited singlet surface.> Were the latter
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FIG. 13. A Doppler line shape for two-photon O(3Pl«r=2) detection
constructed from the translational energy distribution of Fig. 7 with an
anistropy parameter S=2. By comparison with Fig. 3 of Ref. 4, retraced
here as the narrow solid line, we see that the overall linewidth of our
construction is quite similar to the measurement and, therefore, the 8
parameter for the O(*P) channel must be close to two.
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to be the case, the anisotropy parameter would be the same
for both channels—i.e., §=0. The second conclusion is
that the dissociation on the triplet surface must be direct
and that the molecule hardly bends during the dissociation.
If the molecule were to bend significantly, the B parameter
would be reduced from the limiting value of two.

O('D) channel assignment
The total P(E) for the O(! D) channel is shown in Fig.
6. The highest energy peak, near 12 kcal/mol, corresponds

- to the formation of CO(v=0) from dissociation of the hot

CO,(v,=1) molecule. This peak is required in order to
match the leading edge of the O('D) TOF spectrum in
Figs. 4 and 5. The second (at 10 kcal/mol) and third (at
8 kcal/mol) highest energy peaks in Fig. 6 correspond to
the formation of CO(v=0) from the cold CO,(v,=0)
molecule: The second arises from the large, narrow feature
near 190 us in Fig. 5, whereas the third arises from the
small shoulder near 210 us. This double-peak structure in
Fig. 6 is related to the rotational energy distribution of the
CO(v=0) product. This will be discussed below. The
fourth peak in Fig. 6 (near 6 kcal/mol), corresponding to
the slow, broad shoulder near 240 us, is due to the forma-

- tion of CO(v=1) from the hot molecule, CO,(v,=1). As
can be seen from the Newton diagram of Fig. 3, CO(v=1)
product from the cold molecule cannot arrive at the 30° lab
angle of Fig. 5.

Referring now to Fig. 4 (10° lab angle), the first shoul-
der of the O(! D) TOF spectrum, near 145 us, originates
from the compression of the four above-mentioned peaks
in the P(E) of Fig. 6. The largest feature, near 200 us,
corresponds to the formation of CO(v=1) from the cold
molecule CO,(v,=0), as does the small shoulder near 240
us time-of-flight. Analogously, the double-peak feature is
related to the rotational distribution for CO(v=1) prod-
uct. This small second peak in the CO(v=0,1) P(E)’s
would correspond to a maximum at high J in the rotational
energy distribution. Such a phenomenon is not unprece-
dented and has been interpreted in terms of rotational rain-
bow scattering.!® This is plausible since the excited state is
known to be strongly bent; furthermore, it is consistent
with the measurement of B=0 for the O(' D) channel.’

Due to the overlap of the peaks in the P(E) of Fig. 6,
we are not able to unambiguously obtain vibrational dis-
tributions and rotational envelopes for the CO product in
the O(' D) channel. We can, however, compare our results
with the full |»,J) product state distributions as given in
Ref. 5. This will be discussed in a subsequent section. As a
preliminary, we can check our assignment of the peaks in

21 .. ... Fig. 6 by artificially dividing the P(E) into three compo-

nents: (1) a cold molecule CO(v=0), (2) a cold molecule
CO(v=1) component, and (3) a hot molecule contribu-
tion, as shown in Fig. 14. By assuming rotational distribu-
tions for v=0 and v=1 and a best fit vibrational branching
ratio, we can check our assignments. The component-wise
fit to the 10° data is shown in Fig. 15 (top), and for 30°
(bottom). Although the form of each component P(E) is
not unique, they have the constraint that their sum must fit
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FIG. 14. A decomposition of the overall P(E) for O(' D) formation of
Fig. 6 into components. Although the detailed shape of each P(E) cannot
be uniquely determined, their energetic thresholds are very well known
and their sum is constrained to be identical to the overall P(E). This helps
to assign the various bumps in the overall P(E) of Fig. 6. Shown are
P(E)’s for the formation of CO(v=0), top, CO(v=1), middle, and a
generic hot molecule contribution, bottom.

the data at both angles. As can be seen, the total fit is very
good.

The dotted line in Fig. 15 (top) corresponds to the
formation of CO(v=0) while the dashed line shows the
CO(v=1) product. The dot-dash line shows the hot mol-
ecule contribution [forming two peaks, CO(v=0) and
CO(v=1)]. Any CO(v=2) product, although it may be
formed, cannot reach the detector at the lab angles used in
these experiments. The hot molecule contribution was as-
sumed to be 10% here. Were it much greater than this, the
leading edge of the data would not match. Since the hot
molecule peaks do not contribute to the shoulder near 220
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FIG. 15. (top) A component-wise fit using the P(E)’s of Fig. 14 at a lab
angle of 10° for the *CO fragment. The dotted line represents CO(v=0),
the dashed line represents CO(v=1), and the dot—dash line shows the
contribution from the hot molecule. (bottom) A component-wise fit using
the P(E)’s of Fig. 14 at a lab angle of 30° for the *CO fragment. Again,
the dotted line represents CO(»=0) and the dot-dash line shows the
contribution from the hot molecule.

ps in Fig. 15 (top), the shoulder must arise from the spe-
cific forms of the rotational envelopes (i.e., the rotational
rainbow effect, as discussed in the following section). For
the purposes of this simulation, a vibrational branching

" ratio, CO(v=0)/CO(v=1)=1.13 was used. This ratio,

however, depends strongly on the assumed forms of the
rotational envelopes and cannot, therefore, be taken to be
conclusive.

The dotted line in Fig. 15 (bottom) again corresponds
to the CO(v==0) product. The CO(v=1) product from
the cold molecule doesn’t arrive at this angle (see Fig. 3).
The hot molecule contribution, the dot—dash line, accounts
nicely for both the leading edge of the data [i.e., forming
CO(v=0)] and the slow shoulder near 240 u s [i.e., form-
ing CO(v=1)].

We conclude that our assignments of the peaks in the
O('D) P(E) shown in Fig. 6 is reasonable.

CO(v,J) product state distribution

The CO rovibrational product state distributions have
been measured by the pump—probe technique using VUV
laser induced fluorescence.’ The rotational distributions for
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FIG. 16. (top) The rotational distribution for CO(v=0) in the 157 nm
photolysis of CO,. (bottom) The rotational distribution for CO(v=1) in
the 157 nm photolysis of CO, (from Ref. 5).

the CO(v=0) and CO(v=1) product from Ref. 5 are re-
produced here in Fig. 16, as (top) and (bottom), respec-
tively. The vibrational branching ratio was measured to be
CO(v=0)/CO(v=1)=3.7=+1.2. Using these data, due to
conservation of energy, we can transform the CO product
rovibrational distributions into a product translational en-
ergy distribution with which we can compare our time-of-
flight data. )

We need to transform each rotational energy distribu-
tion, P(J), into a translational energy distribution, P(E),
and weight each according to the vibrational branching
ratio. The sum of these derived P(E)’s should fit our data.
In order to transform from P(J) to P(E), we must obtain
the Jacobian for this transformation:

E(J)=BJ(J+1), dE/dJ=B(2J+1), (6)
P(E)dE=P(J)dJ, P(E)=dJ/dE xP(J), (7N
P(E)=P(J))/[B(2J+1)]. (8)

The factor, 1/[B(2J+41)], is the transformation Jaco-
bian. This is equivalent to assigning all continuum states
between J, and J,,; to the state |J,). The probability of
continuum states, P(E), is therefore weighted inversely by
the size of the interval between J, and J,; (which in-
creases linearly with J). The result of the transformation of
Eq. (8) is shown in Fig. 17 (top) for CO(v=0) and in Fig.
17 (bottom) for CO(v=1). It can be seen that, due to the

A. Stolow and Y. T. Lee: Photodissociation dynamics of CO,

0.8 T T A
: P(E) = PQU)Y/[BQRI+D)]
0.7;— -
0.5 | ]
B oaf 3
[-9] r ‘
0.3;— ° E
0.2 b CO(v=0) ]
01 F o °°°o°°°°°°o° 1
[} :Qo L ooool . ] (- I
B 0 2 47 6 8 10 1?
VCTTTTBE) = POYIBRI+D]
0.8:— o —
Py 0.6 - [ —
5 ]
Rt
0.4_— L o -
0.2 - 0 © o°°° °° -
Leo® T CO(v=1)
o PR L PURPEN I SR S T S DU S 1 I
0 1 2 3 4 5

E (kcal/mol)
trans

FIG. 17. (top) The transformation, as discussed in the text, of the rota-
tional distribution for CO(v=0) from Fig. 16 into a translational energy
distribution. (bottom) The transformation, as discussed in the text, of the
rotational distribution for CO(v=1) from Fig. 16 into a translational
energy distribution.

increasing interval between J, and J,  ;, the high J states
contribute much less to the P(E) than the low J states.
Using a vibrational branching ratio of 3.7, we can now
compare directly with our TOF data without further as-
sumptions.

In Fig. 18 (top), we superimpose the derived P(E)’s
on our 10° TOF data. The fit is not that good. We note that
the CO(v=0) product, shown as the dotted line, is
weighted too heavily. The magnitude of the vibrational
branching ratio should be reduced. We can also see how
the CO(v=0) product at large J gives a second peak in the
TOF spectrum, as discussed earlier (rotational rainbow).
In Fig. 18 (bottom), the derived P(E)’s are superimposed
on the 30° TOF data. [Only CO(v=0) arrives at this an-
gle.] It is seen that the rotational envelope for the CO(v
=0) product is too narrow. This may suggest that there is
an excess of population in the lowest J states of the pump~
probe experiment measured by VUV laser induced fluores-
cence. Indeed, this was proposed in Ref. 5 and it was spec-
ulated that the excess population in the lowest J states
originated from CO, clusters in the beam. We also note
that the leading edge of the 30° data in Fig. 18 is too fast.
This is because we have not yet included any contribution
from the hot molecule present in our experiment due to our
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FIG. 18. (top) A fit at a lab angle of 30° for the '*CO fragment from
B3¢0, photolysis to the P(E)’s from Fig. 17 using a vibrational branching
ratio of 3.7 (from Ref. 5). (bottom) The same fit at a lab angle of 10° for
the BCO fragment from *CO, photolysis.

heated nozzle. Likewise, the slow shoulder near 240 us
should be accounted for by the hot molecule.

Following the suggestion in Ref. 5 that there is excess
population in the very lowest J states, we reduced the
weighting of the corresponding two highest energy points
in the derived CO(v=0) P(E) of Fig. 17 (top), leaving all
other points unchanged. This “reduced low J” transla-
tional energy distribution is shown in Fig. 19 (top). We
superimpose this P(E) on our 30° data in Fig. 19 (bot-
tom). The fit is much improved, although the hot molecule
contribution is still missing.

In order to obtain our best estimate of the CO(v=0)/
CO(v=1) vibrational branching ratio for the O( 1D) chan-
nel, we used three channels in the fit: (1) the “reduced low
J? CO(v=0) translational energy distribution of Fig. 19;
(2) the unaltered CO(v=1) translational energy distribu-
tion of Fig. 17; and (3) a generic hot molecule contribu-
tion as shown in Fig. 14 (bottom). Keeping these forms for
the P(E)’s, we used a nonlinear least-squares routine to
obtain the relative weighting which best fits the data. The
best fits are superimposed on the TOF data in Fig. 20, for
10° (top), and for 30° (bottom). With a fit of 13% to the
hot molecule contribution, we obtain our best estimate of
the vibrational branching ratio, CO(v=0)/CO(v=1)
=1.9 for the O('D) channel. This is smaller than the
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FIG. 19. (top) The probability of two highest energy points in the CO(v
=0) P(E) of Fig. 17 are reduced so as to decrease the effect of the excess
population in the lowest J states discussed in the text. All other data
points in the P(E) remain unaltered. (bottom) Using the reduced low J
P(E) from above, the fit to the 30° data is improved.

lower bound of this branching ratio from the VUV laser
induced fluorescence experiment.

CONCLUSION

The photodissociation of *CO, at 157 nm was studied
by the photofragment-translational spectroscopy tech-
nique. The existence of the spin-forbidden O(*P) channel
was confirmed and a translational energy distribution,
P(E), was obtained. A much larger, structured signal, due
to the CO(v=0,1)+0O(!D) channel, was also observed
and a P(E) was obtained, relating to the rovibrational en-
ergy distributions in the CO product. The accuracy of the
P(E)’s was checked by measuring time-of-flight spectra for
the momentum-matched %0 recoil partner. The molecule
12C0O, was also studied and it was shown that isotopic
substitution does not adversely affect the reaction dynam-
ics. The influence of excitation of the CO,(v,) low fre-
querncy bending mode was investigated by varying the tem-
perature of the nozzle and was shown to have a small but
not negligible contribution.

With assumptions of B=2 for the O(*P) and =0 for
the O(!D) channel anisotropy parameters, an electronic
branching ratio of 6% 2% O(’P) was obtained, agreeing
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FIG. 20. (top) for 10°. Using the reduced low J CO(v=0) P(E) from
Fig. 19 with the CO(v=1) P(E) from Fig. 16 and a generic hot molecule
contribution as shown in Fig. 14. A least-squares fit yields a 13% hot
molecule contribution and our best estimate of the vibrational branching
ratio for the O('D) channel is CO(v=0)/CO(v=1)=1.9. (bottom)
same for 30°

well with previous results. The translational energy distri-
bution for the CO(v) 4+ 0(CP) channel was very broad
(over 30 kcal/mol) and appeared to peak near CO(v=0).
The previous determination of the anisotropy parameter
for this channel rested upon the unfair assumption of a
single recoil energy. We independently confirmed the value
of the anisotropy parameter by deriving Doppler line
shapes based on our P(E) for two choices of 3, namely, O
and 2. We found that a choice of B=0 yielded a Doppler
linewidth that was much broader than the previously mea-
sured line profile of Ref. 4. A choice f=2 gave a linewidth
which compared favorably with that of Ref. 4. We con-
clude, based on their very different anisotropy parameters,
that the O(3P) and O(ID) products arise from different
electronic transitions. Furthermore, the process yielding
O(®P) must be a direct dissociation in which the excited
molecule hardly bends.

The P(E) for the O(' D) channel shows considerable
structure. Two peaks were identified relating to the forma-
tion of CO(v=0) and CO(v=1) from the hot CO,(v,=1)
molecule. Translational energy distributions for the forma-
tion of CO(v=0) and CO(v=1) from the cold
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CO,(v,=0) molecule were identified and discussed. These
distributions showed a secondary feature relating to a max-
imum in the rotational energy distribution (i.e., rotational
rainbow effect). Unfortunately, due to peak overlap, we
were not able to unambiguously obtain vibrational branch-
ing ratios and rotational envelopes. The assignment of the
peaks in the O('D) P(E) was checked by constructing a
component-wise fit to the overall line shape, based on the
well known energetics for the channels.

Product rotational distributions for CO(v=0) and
CO(v=1), as presented in Ref. 5, were transformed into

. translational energy distributions to allow for comparison

with our TOF data. It was found that the magnitude of the
vibrational branching ratio need to be reduced somewhat
to fit our data. Furthermore, we suggest that there was an
excess of population in the lowest J states for CO(v=0).
Our best estimate of the vibrational branching ratio for the
O(*D) channel is CO(v=0)/CO(r=1)=1.9, smaller
than the previously reported value.

We hope that these studies stimulate further investiga-
tions into the complex photochemistry of this simple mol-
ecule. Detailed ab initio studies of nonadiabatic effects in
the excited states, including the effect of singlet—triplet in-
teractions, will be valuable.
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