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PHOTOCHEMISTRY

Evidence for direct molecular oxygen
production in CO, photodissociation

Zhou Lu,' Yih Chung Chang,’ Qing-Zhu Yin,> C. Y. Ng,”* William M. Jackson*

Photodissociation of carbon dioxide (CO,) has long been assumed to proceed exclusively
to carbon monoxide (CO) and oxygen atom (O) primary products. However, recent
theoretical calculations suggested that an exit channel to produce C + O, should also be
energetically accessible. Here we report the direct experimental evidence for the C + O,
channel in CO, photodissociation near the energetic threshold of the C(3P) + 02(X3}:g')
channel with a yield of 5 + 2% using vacuum ultraviolet laser pump-probe spectroscopy
and velocity-map imaging detection of the C(°P,) product between 101.5 and 107.2
nanometers. Our results may have implications for nonbiological oxygen production in

CO,-heavy atmospheres.

t is widely accepted that the rise of the
oxygen-rich atmosphere on Earth, known as
the “Great Oxidation Event,” occurred at ~2.4
billion years ago via multistep photosynthetic
processes (Eq. 1) (7, 2)

CO, + HyO + hv — (CH,0) + 0, (1)

Here, /2 is Planck’s constant and v is the frequency.
Over the past 40 years, biologists and paleontol-
ogists have proposed that free oxygen molecules
must have been available in small quantities before
the rise of oxygenic photosynthesis in Earth’s pre-
Dbiotic primitive atmosphere (3). The only known
abiotic production mechanism was through solar
vacuum ultraviolet (VUV) photodissociation of
CO, to form CO + O in the early Earth strato-
sphere, followed by the three-body recombination
reactions shown in Egs. 2 and 3

CO, + hv(VUV) — CO + O 2)
O0+0+M—0,+M 3)

Here, M is a third body for carrying off the excess
energy involved in the formation of the O,

chemical bond (4-6). Decades of experimental
and theoretical photochemical studies of CO,

!Department of Chemistry, University of California, Davis, CA
95616, USA. “Department of Earth and Planetary Sciences,
University of California, Davis, CA 95616, USA.
*Corresponding author. E-mail: cyng@ucdavis.edu (C.Y.N.);
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have been focused on the detection and under-
standing of the CO + O photoproduct channels.
Recent theoretical calculations (7, 8) suggest
that an exit channel to produce C + O, upon VUV
photoexcitation of the CO, molecule is possible.
The ab initio calculation (7) has provided the
dissociation pathway on the ground-state singlet
potential energy surface of CO,, leading to the
formation of the C(°P) + 0,(X’%,") products
(where X is indicative of the ground state) (path-
way 1 of Fig. 1). If the electronically excited singlet
CO, molecule initially produced by photoexcita-
tion undergoes internal conversion to the ground-
state singlet potential surface, the O atom could
migrate through a cyclic CO, complex [c-CO,(*A;)]
and form a colinear COO('L") intermediate be-
fore dissociation to C(°P) + O5(X’%,"), as shown
in pathway 1. The theoretical calculation (7) pre-
dicts no potential energy barrier for this dissoci-
ation pathway. Grebenshchikov (8) calculated the
singlet ground and excited potential energy sur-
faces of COO, with the O-O bond distance fixed at
2.3 bohr. His calculations indicate that the singlet
ground and excited surfaces are connected by
conical intersections, and his results support
Hwang and Mebel’s conclusion (7) that there is
no potential energy barrier via the COO colinear
state to yield C(°P) + 0,(X’Z,") on the ground-
state singlet surface. Despite these theoretical
results, to our knowledge there has been no ex-
perimental verification of the C + O, channel
in CO, photodissociation. Here we present the
experimental evidence of C(°P) + O,(X°%,)
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products based on VUV-pump and VUV-probe
velocity-map imaging (VMI) measurements of
C(°P,) atoms. Direct detection of O4(X’%,") photo-
products is not feasible, in part due to the sub-
stantial number of O,* background ions produced
by photoionization of ambient O, molecules in
the experimental chamber. Furthermore, state-
selected VUV photoionization of Oo(X’%,") photo-
fragments would result in a much lower signal
intensity compared with that of C(®P;) atoms
because a small fraction of OQ(XSZg’) products at
a single rovibrational state is detected among the
nascent OZ(XSZg‘) produced in a wide range of
rovibrational states, whereas the C(°P;) atoms
are only formed in three spin-orbit states.

In this CO, photodissociation experiment, the
VUV photoexcitation energy Av(VUV) is distrib-
uted between the C(3PJ) and 02(X3Zg‘) product
translational energy (E..,s) and internal energy
(Emp), where E; [C®Py)] is due to excitation of
the spin-orbit state; and the correlated OZ(ngg‘)
photoproducts can be both rotationally and vi-
brationally excited. The VMI technique can be
used to determine the recoil velocity distribution
of the C(®Py) photofragments from the radii of
the resolved ring structures in the velocity-map
image. The velocities are converted to a total
Kinetic energy release (TKER) spectrum of the
CCPy) + 04(X’%,") channel by using Eq. 4 based on
the conservation of linear momentum and energy

hv(VUV) = Do + Ein CCPy)] + Ein[ 05°%; )] +
Eurand CCPy) + 0o(X°Z, )] @)

Here, D, = 11.44 €V is the thermochemical thresh-
old for the formation of the C’Py) + 0(X°%,")
products from CO, dissociation (7). Equation 4
can also be used to determine the internal ro-
tational and vibrational energy populations of
0,(X’%,;") photofragments from the TKER spectrum.

In the present experiment, a skimmed and
pulsed supersonic molecular beam generated
from ~10% CO, seeded in He was irradiated by
two counter-propagating unfocused VUV laser
beams, hereafter designated as “VUV;” and “VUV,”
(9, 10). The VUV, laser output was used to direct-
ly excite CO, to a dissociative rovibronic state.
C(®P;) photofragments were then selectively ion-
ized via a VUV,-visible (1+1') resonance-enhanced
photoionization scheme, which has been shown
to achieve substantially higher detection sensi-
tivities for C(°P;) detection compared with those
observed using a direct VUV photoionization
method (9).

The ion species formed by photoionization in
the interaction region were accelerated by the
ion imaging optics into a time-of-flight (TOF)
spectrometer for mass analyses and detected by a
dual microchannel plates detector. Figure 2 depicts
three TOF spectra in the mass range of 10 to 20
atomic mass units (amu) observed in CO, photo-
dissociation at 2o(VUV) = 11.832 €V (95,430.0 cm ™)
under different photoexcitation conditions. The
top red trace shows the C* ion peak from C(°P,)
observed at 12 amu when both VUV; and VUV,
were turned on in the interaction region. No C*
ion was observed upon tuning of the VUV, laser
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off-resonance (black trace) or blocking of the
VUV, beam in the interaction region (blue trace).
The data thus clearly demonstrate that the ob-
served C* ion intensity depends on both the VUV,
photoexcitation of CO, and the VUV, photo-
ionization of C(®P,) photofragments. The ion peak
at 18 amu, which was observed in all three mass
spectra, is attributed to background H,O" ions
produced by VUV photoionization of ambient
H,O0 vapor in the photoionization chamber.

In Fig. 3, panels A to C compare the CO, photo-
absorption spectrum reported by Archer et al. (11)
to the photofragment excitation spectra obtained
by detecting the C(°P,) or the O(S) fragments
while tuning the VUV, over the energy range
11.562 t0 12.212 eV (93,250 to 98,500 cm ™). The
photoabsorption spectrum of Fig. 3A shows the
vibrational progressions of the 3p'Il, and 4s
Rydberg states, which were identified previously
by Cossart-Magos et al. (12) and Kuo et al. (13).
The C(P,) and O(*S) photofragments were detected
by VUV,-visible (1+1') photoionization and VUV,
excited autoionizing Rydberg state schemes with the
excited C*[2s°2p3d (°D°3)] and O*[2s*2p°(*P°)3s
(*P°,)] Rydberg states, respectively, as VUV, reso-
nant intermediate states. As shown in Fig. 3, A to
C, the photofragment excitation spectra of C(°Py)
and O('S) are in excellent agreement with the CO,
photoabsorption spectrum, except that the 4s
Rydberg peak of CO, at 11.967 eV (96,522 cm ™)
resolved in the spectrum of Fig. 3A is strongly
perturbed or distorted in the C(®P,) and O('S)
photofragment excitation spectra due to a strong
dip in the VUV; tuning curve in this energy re-
gion. Because the O('S) + COX'T") channel is

C(*P,) photofragment

excitation spectrum v

12.2 —— " 1200
<121 A 12.1
9, H
B 12.0 i 12.0
5119 11.9
(=}
M8 11.8

1.7 ' 1.7

llA1

CO,(X'Z,")

(6.03 eV)

known to be a major nascent photoproduct chan-
nel in CO, photodissociation in this VUV energy
range, the excellent agreement between the photo-
fragment excitation spectra of C(°P,) and O('S)
and the photoabsorption spectrum of CO, indi-
cates that the C(®P,) fragments are also nascent
photoproducts in CO, photodissociation. The
identification of C(°P,) as a nascent photofrag-
ment clearly shows that the correlated O, photo-
product is formed in the VUV photodissociation
of CO,. The current photodissociation measure-
ments on CO, were performed under molecular
beam conditions to ensure that secondary colli-
sions were unimportant. As pointed out above,
the direct detection of C(®P,) photofragments
allows the measurement of the Ej,; distribution
of the O, coincident photofragments using the
VMI method. Because the photofragment excita-
tion spectra of Fig. 3, B and C, have been normal-
ized by the photodissociation VUV; laser intensity,
which was monitored by measuring the photo-
ionization efficiency spectrum of acetylene (C,H,)
(14), the relative intensities of the C(*P,) and O('S)
photofragment excitation spectra can be used
to determine the relative yields of the C(®P,) +
04(X’%,") and O('S) + COX'x") photodissociation
channels, respectively, in the CO, photodisso-
ciation energy range of ho(VUV) = 11.562 to
12.212 eV. Previous experimental studies suggest
that the yield of the O('S) + CO(X’Z*) channel
increases as the VUV photodissociation energy
decreases (15), which is in good agreement with
the CO, absorption spectrum and the observed
0('S) photofragment excitation spectrum of Fig. 3C.
In comparison with the CO, absorption spectrum,

Roaming
Pathway2 @-@ @
_
C(CP) + O,(X°%,)

°?

(11.44 V)
x Singlet
(7.13 V) Pathway 1

Fig. 1. CO, photodissociation pathways. Schematic potential
energy diagram and ball-and-stick model (C, gray; O, red) of the dis-
sociation pathways leading to the formation of the CCP) + 0,(X°%,")

products. The singlet potential energy pathway (pathway 1) is
predicted to involve the formation of the c-CO,(*A;) and COO(*s*) intermediates situated at 6.03 and
713 eV above the COg(XIZg*) ground state. Pathway 2 illustrates the roaming mechanism. The photoexcitation
of a CO, molecule is indicated by the upward arrows to CO, absorption bands manifested by the C(°P.)
photofragment excitation spectrum in the energy range of 11.655 to 12.212 eV.
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the observed C(°P,) photofragment excitation spec-
trum of Fig. 3B shows that the yield of the C(°P,) +
Oz(f’Zg’) channel decreases as the VUV photo-
dissociation energy decreases toward the ther-
mochemical threshold for the formation of C°P,) +
02(X32g’) at 11.44 eV. These observed dependences
of the C(®P,) and O(’S) intensities on the VUV
photodissociation energy suggest that the branch-
ing ratio of the C(°P) + 0,(X’%,") channel relative
to the O('S) + COX’E*) channel is expected to
increase as the VUV photodissociation energy
increases. Based on the detection efficiencies for
C(®P,) and O('S) in the present experiment and
the measured C(°P, ) fine structure distribution
produced from CO, photodissociation, we have
obtained an estimate of 5 £ 2% for the intensity
of the C(®P) + 0,(X°%,") channel compared with
that of the OCS) + COX'") channel formed in
CO, photodissociation in the current VUV photo-
dissociation energy range near the energetic
threshold of the C(°P) + 04(X°%,") channel (10).

We have measured the C(°P,) velocity-map ion
images (Fig. 4) at five selected CO, predissocia-
tive states, as marked by the red downward point-
ing arrows in Fig. 3B. As shown below, the
analysis of these C(®P,) ion images provides fur-
ther support for the direct formation of O, molecules
in CO, photodissociation. The radial distribution
of the C(®P,) ion image (Fig. 4) provides a mea-
sure of the recoil velocity distribution of C(®P,)
photofragments produced at a specific VUV fre-
quency for CO, excitation. The central donut-
shaped ring structures of the C(°P,) ion images
originate from the formation of C(°P,) + 0(X’%,")
in the photodissociation of CO,. As the VUV,
photon energy increases, the figures show that
the radii of the ring structures observed for the
C(®P,) photofragments increase as expected. Based
on the conservation of energy (Eq. 4) and lin-
ear momentum, the measurement of the C(°P,)
photofragments’ recoil velocities can be used
to determine the Ei..,s distribution of the O,
counter-fragments and, thus, the TKER of the
C(’P,) + 05(X°%,") product channel. The TKER
spectra (Fig. 4, A to E) exhibit vibrational struc-
tures, from which we simulated the vibrational
excitations of 0,(X’Z,") in the range of v = 0 to 3,
as marked in the figures (10). The best fit to
the observed vibrational profiles indicates that
02(X3Zg’) photofragments are also rotationally
excited, with a rotational temperature well above
500 K. The onset energies of the TKER spectra
are in excellent agreement with the thermochem-
ical threshold (i.e.,, Dy = 1144 eV) for the for-
mation of the C(°P,) + O4(X°%,) products from
CO, photodissociation. The agreement of the
Py + 02(X3Zg’) onset energies and the obser-
vation of the OZ(X3Zg') vibrational distributions
are the most unambiguous evidence for the for-
mation of the molecular oxygen channel in the
VUV photodissociation of CO,. Taking into ac-
count the theoretical results, we may rationalize
that the production of molecular oxygen at photon
energies near the energetic threshold proceeds
mostly via the c-CO,(*A;) and COO(C'E") intermedi-
ates on the singlet ground-state potential energy
surface (pathway 1 in Fig. 1), which is predicted

SCIENCE sciencemag.org

to have no potential energy barrier by the theo-
retical calculations (7, 8).

The C(®P,) ion image measurements reveal
not only the Ei.,,s distribution of the photo-
product channels, but also the angular distribu-
tion of the photofragments, which is characterized

by the anisotropy B parameter (16). The angular
distribution measurements provide information
about the photodissociation rates for the forma-
tion of specific photofragments, as well as the
geometry of the excited molecule at the time of
its dissociation. The upper electronic states for the

Fig. 2. Time-of-flight T T

mass spectra from CO, HO'
photolysis at a VUV, - —— CO,+VUV +VUV, 2 .
energy of 11.832 eV — CO,*+VUV +VUV (off resonance)

95,430.0 cm™). The -
( ) CO,+VUV,

top red trace indicates
the detection of a C* ion
from C(3P,) with both
VUV, and VUV, turned
on. The black and blue
traces below represent
the background spectra
observed by tuning the

lon intensity (arb. units)

VUV, frequency off
resonance and turning
off the VUV, laser beam,
respectively.

T T
14 16 18 20

10 12
mass (amu)
Energy (eV)
11.6 11.7 11.8 11.9 12.0 121 12.2
T T I T T T I T I T T T I
_A Absorption -
3011 1 s 4s 4s...1

1 II 3pII1 |—| 1

1 141 p e p v 3p1Hu13

3p ll_Iu1O2O |

Relative intensity (arb. units)

T T
94000 95000

T T T
96000 97000 98000

VUV (cm™)

Fig. 3. Photofragment excitation spectra. Comparison of (A) the CO, absorption spectrum, (B) the
photofragment excitation spectrum for C(°P5), and (C) the photofragment excitation spectrum for O(*S) in
the VUV, energy region 11.562 to 12.212 eV (93,250 to 98,500 cm™) illustrates that the C(°P») and O('S)
photofragments are observed only when CO, is photoexcited to an absorption band. The absorption
spectrum was recorded by Archer et al. at an optical resolution of 1.15 cm™ (full width at half maximum)
(11). The red downward arrows mark the VUV, photodissociation energies at which C(°P.) ion images were
collected. The photofragment excitation spectra shown in (B) and (C) have been normalized by the

corresponding VUV, laser intensity (14).
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images in Fig. 4, A to C, are assigned as 3p'Il,
(12, 13). Thus, perpendicular distribution of the
C(®P,) atoms with respect to the CO, photolysis
laser polarization is expected if CO, dissociates
in a linear geometry. However, the C(°P,) ion im-
ages reveal modest parallel distributions with re-
spect to the transition dipole moment in Fig. 4, A
to C. This result suggests that the electronically ex-
cited CO, molecules dissociate in a bent geometry
for the formation of C(°P,) + Oy(X’%,) products
due to vibronic interaction. The parallel distribu-
tion of the photofragments has been observed in
other triatomic molecules in perpendicular tran-
sitions due to vibronic interactions (17-19). The
3p'Il, Rydberg state of CO, is known to involve
bending vibrational coupling (20), which is caused
by the Fermi resonance between the excitation
of one quantum of symmetric stretching (v;) and
two quanta of bending (2v,) vibrational modes
(2D). Thus, the inclusion of vibronic interactions
would account for the experimental observation
of CO, dissociation in a bending geometry. The
increase of the B value of 0.72 + 0.07 in Fig. 4C to
0.97 + 0.09 in Fig. 4D can be attributed to the
symmetry change of the upper electronic states
from 3p'Il, to 4s.

The recent experimental and theoretical evi-
dence of a “roaming” dissociation pathway (22-24)
has prompted us to speculate the involvement
of O atom roaming for the formation of C(°P,) +

OQ(XF’Zg’) products in CO, photodissociation
(pathway 2 in Fig. 1). The roaming mechanism
can be initiated via an incomplete OC-O bond
cleavage. The resulting molecular CO and atomic
O moieties interact via long-range forces on a flat
region of the potential energy surface until they
encounter a reactive site, leading to the formation
of C + O, products by intramolecular O atom
abstraction. Based on the theoretical calculation
from Grebenshchikov (8), the CO, potential energy
surfaces are relatively flat for the spin-allowed
CO@’) + OCP) and CO(X'E*) + O('S) dissocia-
tion channels. The formation of C(°P,) + 0y(X’%,")
products can result from the O atom roaming
with CO on these excited singlet surfaces in CO,
photodissociation, similar to the roaming dis-
sociation mechanism observed in NO3 photo-
dissociation (24).

Recently, Huestis et al. (25) suggested that the
source of O('S) day-glow emission observed from
the Mariner 4 and Mars Express missions origi-
nates from the dissociative electron-ion recombi-
nation reaction (Eq. 5)

0," +¢ — 0,5 > 0(8)+0CP) ()

even though O('S) atoms are known primary
photofragments of VUV CO, photodissociation
in the COy-dominated atmosphere of Mars. More
recent measurements by Herschel spacecraft and

TKER (eV)

0.0 0.2 04 06 0.8 1.0
C : T J T : T " T Y ]
1 0 A 11686 eV
L = _

B 11.761ev -
6 4

C 11.832¢eV

Relative intensity (arb. units)

12.145

-

0.6 0.8 1.0

TKER (eV)

Fig. 4. C(P,) velocity-map ion images and corresponding TKER spectra. VUV, photoexcitation of
CO, was tuned to the absorption bands peaked at the energies indicated above the ion image inserts.
TKER spectra are plotted as open circles. Angular anisotropy p parameters derived from these C(°P.) ion
images are (A)B=0.45+0.09, (B) p=045+0.08, (C)p=0.72+0.07, (D) 3=0.97+0.09,and (E) p=1.02 £
0.08.The simulation (red lines) shows that the threshold energies observed are consistent with the known
thermochemical threshold of 11.44 eV for the C(P) + O,(X®g,") channel, and O,(X°%,") photofragments
are formed in v = O to 3 vibrational levels, as marked on top of the TKER spectra of (A) to (E). The dashed
lines show the simulated rotational profiles of individual vibrational bands of 02(X3Zg’).
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Mars Science Laboratory’s Sample Analyses at
Mars provide O, abundance measurements of
1400 + 120 parts per million (ppm) (26) and
1450 + 90 ppm (27), respectively. The O('S) op-
tical emission poses an intriguing question about
the source of O, ", which can be produced by VUV
photoionization of O, and/or charge transfer
from CO," to O, in the CO,-dominated atmo-
sphere of Mars. Our study has provided unam-
biguous experimental evidence for the formation
of C + O, photoproducts in CO, photodissocia-
tion. We suggest that this pathway for generating
O, be incorporated into future photochemical
reaction networks and general circulation mod-
els of planetary atmospheres dominated by CO,.
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Editor's Summary

INluminating oxygen out of carbon dioxide

It has long been known that high-energy ultraviolet light can split carbon dioxide into CO and O
fragments. Lu ef al. have now uncovered a parallel pathway that appears to yield C and O instead (see
the Perspective by Suits and Parker). By precisely measuring the energy and trajectory of the carbon
fragment after CO, irradiation, O, formation could be inferred. The results introduce a potential
mechanism for abiotic oxygen production in CO »-heavy atmospheres of other planets.
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