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Abstract: 

The state-to-state photodissociation of CO2 is investigated in the VUV range of 11.94-12.20 eV by 

using two independently tunable vacuum ultraviolet (VUV) lasers and the time-sliced 

velocity-map-imaging-photoion (VMI-PI) method.  The spin-allowed CO(X
1
Σ

+
; v = 0-18) + O(

1
D) and 

CO(X
1
Σ

+
; v = 0-9) + O(

1
S) photoproduct channels are directly observed from the measurement of 

time-sliced VMI-PI images of O(
1
D) and O(

1
S).  The total kinetic energy release (TKER) spectra obtained 

based on these VMI-PI images shows that the observed energetic thresholds for both the O(
1
D) and O(

1
S) 

channels are consistent with the thermochemical thresholds.  Furthermore, the nascent vibrational 

distributions of CO(X
1
Σ

+
; v) photoproducts formed in correlation with O(

1
D) differ significantly from that 

produced in correlation with O(
1
S), indicating that the dissociation pathways for the O(

1
D) and O(

1
S) 

channels are distinctly different.  For the O(
1
S) channel, CO(X

1
Σ

+
; v) photoproducts are formed mostly in 

low vibrational states (v = 0-2), whereas for the O(
1
D) channel, CO(X

1
Σ

+
; v) photoproducts are found to 

have significant populations in high vibrationally excited states (v = 10-16).  The anisotropy β parameters 

for the O(
1
D) + CO(X

1
Σ

+
; v = 0-18) and O(

1
S) + CO(X

1
Σ

+
; v = 0-9) channels have also been determined 

from the VMI-PI measurements, indicating that CO2 dissociation to form the O(
1
D) and O(

1
S) channels is 

faster than the rotational periods of the VUV excited CO2 molecules.  We have also calculated the excited 

singlet potential energy surfaces (PESs) of CO2, which are directly accessible by VUV excitation, at the ab 

initio quantum multi-reference configuration interaction level of theory.  These calculated PESs suggest 

that the formation of CO(X
1
Σ

+
) + O(

1
S) photoproducts occurs nearly exclusively on the 4

1
A′ PES, which is 

generally repulsive with minor potential energy ripples along the OC-O stretching coordinate.  The 

formation of CO(X
1
Σ

+
) + O(

1
D) photofragments can proceed by non-adiabatic transitions from the 4

1
A′ 

PES to the lower 3
1
A′ PES of CO2 via the seam of conical intersections at a near linear OCO configuration, 

followed by the direct dissociation on the 3
1
A′ PES.  The theoretical PES calculations are consistent with 

the experimental observation of prompt CO2 dissociation and high CO(X
1
Σ

+
) rotational and vibrational 

excitations for CO(X
1
Σ

+
) photoproducts.  
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 3 

I.  Introduction 

The atmospheric concentration of carbon dioxide (CO2) is increasing annually due to 

anthropogenic activities such as the combustion of fossil fuels and deforestation.  This elevation of CO2 

concentration is considered a strong driver to global warming.  The motivation for the present VUV 

photodissociation study of CO2 stems in part from a desire to unravel and understand key primary 

photochemical processes of CO2 induced by solar VUV excitation in the Earth’s thermosphere.
1
  The 

photodissociation of CO2 can be considered as a sink of CO2.  Primary photodissociation channels 

identified in the present study are applicable for modeling the chemical evolution in CO2-heavy 

atmospheres of solar planets, such as Venus
2
, Mars

3
 and comets

4
.  

 Carbon dioxide has negligible photoabsorption at photon energies below ≈ 6.2 eV; and the CO2 

absorption bands in the VUV photon energy [hν(VUV)] range of 6.2-11.0 eV are also very weak.  The 

major photodissociation processes of CO2 are expected to occur at hν(VUV) > 11.00 eV, where CO2 has 

significantly higher absorption cross sections.
5
  The energetically accessible CO + O photoproduct 

channels from CO2 photodissociation at hν(VUV) < 12.0 eV are listed below in Processes (1) - (4) along 

with their corresponding energetic thresholds: 

 

CO2 + hν(VUV) → CO(X
 1
Σ

+
) + O(

3
P)  hν(VUV)  5.45 eV   (1) 

CO2 + hν(VUV) → CO(X
 1
Σ

+
) + O(

1
D)  hν(VUV)  7.42 eV   (2) 

CO2 + hν(VUV) → CO(X
 1
Σ

+
) + O(

1
S)  hν(VUV)  9.64 eV   (3) 

CO2 + hν(VUV) → CO(a
 3
Π) + O(

3
P)   hν(VUV)  11.46 eV   (4) 

 

 Currently, the photodissociation channels of CO2 adopted for the simulation of atmospheric 

evolutions of CO2-heavy solar planets are based on previous VUV photodissociation studies of Lawrence
6, 7

 

and Slanger et al.
8
  Their studies indicate that the quantum yield for the formation of the spin-allowed 

CO(X
1
Σ

+
) + O(

1
S) [Process (3)] and CO(a

3
Π) + O(

3
P) [Process (4)] channels is close to unity in the 

hν(VUV) excitation range of 11.3-13.8 eV (90-110 nm).
9
  The direct experimental observation of the 

CO(X
1
Σ

+
) + O(

1
D) channel [Process (2)] has not been reported until the recent detection of O(

1
D) from CO2 

photodissociation at hν(VUV) = 13.45 eV (92.21 nm) using the VUV laser velocity-map-imaging-photoion 

(VMI-PI) method.  In the latter experiment, Pan et al. used a single tunable VUV laser beam to perform 

both photodissociation of CO2 molecules and photoionization detection of nascent O(
1
D) atomic 
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 4 

photofragments.
10

  Using the same VUV laser VMI-PI apparatus, Song et al. have later examined CO2 

photodissociation at hν(VUV) = 13.540-13.678 eV (90.6-91.6 nm) and have successfully detected 

additional energetically accessible CO + O photoproduct channels, including CO(a′
 3
Σ

+
) + O(

3
P), CO(d

3
∆) 

+ O(
3
P), CO(e

3
Σ

-
) + O(

3
P), and CO(a

3
Π) + O(

1
D).

11
  However, the lowest photodissociation channel 

[Process (1)] was not detected in the latter experiment. 

 Recently, we have implemented a second independently tunable VUV laser to the VUV laser 

VMI-PI apparatus, and have observed significant enhancement in experimental sensitivity for performing 

state-to-state photodissociation measurements of simple atmospheric molecules, such as CO2, by using the 

VUV-pump and VUV-probe approach.  Employing this newly established VUV-VUV laser VMI-PI 

apparatus, we have introduced the two-color VUV-visible (VUV-VIS) or VUV-ultraviolet (VUV-UV) laser 

(1+1) and the single-photon VUV-excited-autoionizing-Rydberg (VUV-EAR) detection schemes for the 

measurement of fine-structure distributions of nascent C(
3
P0,1,2) and O(

3
P0,1,2) atomic photofragments 

produced by CO2 photodissociation.  The latter experiment has yielded spin-orbit resolved branching 

ratios for the spin-forbidden CO(X
1
Σ

+
) + O(

3
P0,1,2) and spin-allowed CO(a

3
Π) + O(

3
P0,1,2) channels from 

CO2 photodissociation at hν(VUV) = 12.145 eV.
12

  Furthermore, in the most recent VUV-VUV laser 

VMI-PI study of CO2, Lu et al. has provided convincing experimental evidence for the formation of 

correlated C(
3
P0,1,2) + O2(X

3
g

-
) photoproducts at hν(VUV) = 11.566-12.215 eV (101.5-107.2 nm),

13
  This 

series of VUV and VUV-VUV laser VMI-PI experiments suggests that many newly identified 

photoproduct channels should be included in the CO2 photodissociation network used for modeling the 

chemical evolution of planetary atmospheres. 

  Despite of the theoretical advances in the development of accurate ab initio quantum computation 

procedures and chemical dynamics calculations for small molecules, it remains a challenging task to predict 

the branching ratios of photodissociation channels of simple molecules from first-principle theoretical 

calculations.  In addition to the practical utilization of atmospheric simulations, an important goal of the 

present photodissociation study of CO2 is to provide reliable state-to-state data for benchmarking 

state-of-the-art theoretical photodissociation dynamics calculations.   

  Parallel to the experimental studies, theoretical efforts have also been made to calculate reliable 

CO2 potential energy surfaces (PESs) involved, aiming to provide insight into the pathways of CO2 

photodissociation.  Hwang and Mebel have performed ab initio calculations of the lowest singlet and 

triplet PESs of CO2 at the G2(MP2) level of theory.
14

  Their calculation predicts the direct formation of 
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 5 

molecular oxygen O2 on the singlet ground state PES via a cyclic [c-CO2(
1
A1)] and a linear [COO(

1
Σ

+
)] 

intermediates.  More recently, Schmidt et al. have constructed the CO2 PESs in the VUV energy range of 

5.90-8.27 eV at the internally contracted multi-reference configuration interaction (MRCI) level of theory 

in order to elucidate the dissociation pathways, leading to the formation of the spin-allowed CO(X
1
Σ

+
) + 

O(
1
D) and the spin-forbidden CO(X

1
Σ

+
) + O(

3
P) channels.

15
  Partly due to the valence-Rydberg nature of 

the excited states, the calculation of the PESs can be difficult.  Very recently, Grebenshchikov reported on 

the 3-dimensional PESs of six singlet valence electronic states between 7.75 and 10.33 eV.  These 

calculations show that non-adiabatic dissociation mechanisms may involve multiple conical intersections or 

seams of conical intersections.
16, 17

  At sufficiently higher photodissociation energies, where many PESs 

and photodissociation channels are involved, the photodissociation dynamics for even diatomic or triatomic 

molecules can be exceedingly complex and must be considered as a complex system.   

The present article is concerned with a detailed study of the CO2 photodissociation dynamics 

leading to the formation of the CO(X
1
Σ

+
) + O(

1
D) and CO(X

1
Σ

+
) + O(

1
S) channels at hν(VUV) = 

11.95-12.22 eV.  By recording the O(
1
D) and O(

1
S) VMI-PI images observed at selected VUV excited 

CO2 dissociative states, we have determined the vibrational state distributions of the counter CO(X
1
Σ

+
; v) 

photofragments.  The VMI-PI images thus obtained also allow the determination of the anisotropy β 

parameters for the O(
1
D) and O(

1
S) channels, which in turn provide the estimates of the CO2 

photodissociation lifetimes with respect to the rotational periods of the VUV excited CO2* molecules.  In 

this work, we have also performed high-level MRCI ab initio calculations on the excited singlet potential 

energy surfaces (PESs) of CO2, which are directly accessible by VUV excitation.  The features of the 

calculated PESs are consistent with the state-to-state experimental results observed in the present 

VUV-VUV laser VMI-PI study and have provided valuable insight into the dynamics of CO2 

photodissociation. 

 

II.   Experimental considerations 

The experimental arrangement and procedures of using the VUV-VUV laser VMI-PI apparatus have 

been described in detail previously.
10-13, 18-20

  Briefly, the apparatus consists of two independently tunable 

VUV lasers, a molecular beam production system, and a VMI-PI detector.  In general, an Even-Lavie valve 

(EL-5-2004, nozzle diameter = 0.2 mm) operating at 30 Hz was used to generate a supersonic molecular 

beam consisting of ~10% CO2 seeded in He.  The skimmed molecular beam was irradiated by two tunable, 
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 6 

unfocused VUV lasers, which are designated as VUV1 and VUV2 laser beams, in the 

photodissociation/photoionization (PD/PI) center of the VMI-PI apparatus.  The VUV1 laser beam is used to 

excite CO2 molecules to a specific excited CO2* dissociative state, i.e., CO2 + hν(VUV1) → CO2* → CO + O.  

The VUV2 laser beam is tuned to selectively photoionize O(
1
D) or O(

1
S) atomic photofragments via the 

VUV-EAR scheme.  Both VUV1 and VUV2 laser systems have a similar design and are generated by 

two-photon resonance-enhanced four-wave sum and difference-frequency mixings, 2ω1 ± ω2, using a pulsed 

Kr or Xe jet as the nonlinear medium.
19

  The VUV laser outputs have an optical bandwidth of 0.4 cm
-1 

(full-width at half-maximum, FWHM).  In this experiment, the 2ω1 frequency corresponds to the 

two-photon resonant frequency of Xe at 249.629 nm or Kr at 202.316 nm and 212.556 nm.  The employment 

of the VUV2 photoionization laser pulse was delayed by 10-20 ns with respect to the VUV1 photodissociation 

laser pulse.  The photoions resulting from the intersections of the CO2 molecular beam and the VUV1 and 

VUV2 laser beams were accelerated by a set of ion imaging lenses down a 75 cm flight tube onto a 

position-sensitive dual microchannel plate detector.  Individual O(
1
S) and O(

1
D) VMI-PI images were 

accumulated for 30,000 and 90,000 laser shots, respectively. 

  

III.   Computational considerations 

All ab initio quantum calculations were carried out using the MOLPRO program suite in the Cs 

point group.
21

  For these calculations, the generally contracted aug-cc-pV5Z basis of Dunning and 

co-workers were used for the description of C and O atoms.
22-25

  It results in 381 contracted Gaussian type 

functions.
22

  In the present study, we have mapped the PESs of the lowest singlet states of CO2, including 

the four lowest A′ and three lowest A″ states.  These PESs have been generated using the complete active 

space self-consistent field (CASSCF)
26-28

 method, followed by the internally contracted MRCI approach.
29, 

30
.  In CASSCF calculations, the three lowest a′ orbitals were optimized but kept doubly occupied, in order 

to reduce the size of these calculations.  This results in more than 35 x 10
3
 Configurations State Functions 

(CSFs) to be considered in each symmetry of the Cs point group.  All valence electrons were correlated.  

In these calculations, the electronic states having the same spin multiplicity were averaged together using 

the averaging procedure implemented in the MOLPRO program.  For MRCI calculations, all 

configurations having a weight  0.05 in the CI expansion of the CASSCF wavefunctions were taken into 

account as a reference.  This leads to more than 1.6 x 10
8
 (2 x 10

7
) uncontracted (contracted) CSFs to be 
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 7 

considered per Cs symmetry.  The energies were then fitted using bi dimensional spline functions.  The 

root mean square of the fit achieved was smaller than 1 meV. 

 

IV.  Results and discussion 

A. Comparison of the O(
1
S) and O(

1
D) photofragment excitation and CO2 absorption spectra 

 Figures 1(a), 1(b), and 1(c) depict the respective high-resolution photoabsorption spectrum of CO2 

recorded by Archer et al.,
31

 the O(
1
S) photofragment excitation (PHOFEX) spectrum, and the O(

1
D) 

PHOFEX spectrum in the photon energy range of 11.945-12.215 eV.  The O(
1
S) and O(

1
D) 

photofragments were probed by tuning the VUV2 laser radiation to the respective autoionization transitions 

of O*[2s
2
2p

3
(

2
P°)3s (

1
P°1)] ← O(

1
S) and O*[2s

2
2p

3
(

2
D°3/2)3d (

1
D°2)] ← O(

1
D).  To our knowledge, the 

detection of the O(
1
D) + CO(X

1
Σ

+
) channel [Process (2)] from CO2 photodissociation in the hν(VUV) range 

of 11.495-12.215 eV (101.5-103.8 nm) has not been reported previously.  The PHOFEX spectra of Figs. 

1(b) and 1(c) have been normalized by the VUV1 laser intensities, which were measured by recording the 

C2H2 photoionization efficiency spectrum and comparing it to that reported previously by Dibeler and 

Walker.
32

  Thus, the O(
1
S) and O(

1
D) PHOFEX spectra shown in Figs. 1(b) and 1(c) represent the relative 

photodissociation cross sections for the formation of O(
1
S) and O(

1
D), respectively, from different VUV1 

excited CO2* dissociative states.   

 The CO2 absorption bands covering the VUV region of interest here have been assigned previously 

by Cossart-Magos et al. to the vibrational progression of the symmetric stretching mode of the 4s and 

3p
1
Πu Rydberg states of CO2.

33
  Since one quantum of the CO2 symmetric stretching frequency is in near 

energy resonance with two quanta of the CO2 bending frequency, Fermi resonance interactions occur 

between these vibrational modes of CO2, resulting in the excitation of the combination of the symmetric 

stretching and bending modes.  The photoabsorption spectrum of Fig. 1(a) mainly consists of two CO2 

absorption bands.  The higher energy band (peaked at 97,955.7 cm
-1

) has been assigned as the excited 

CO2* [4s(10
1
)] Rydberg state.  The lower energy band may consist of three states.  As marked in Fig. 

1(a), the absorption peak and the center of this band were assigned as the 4s and 3p
1
Πu (10

4
) Rydberg states, 

respectively.  The high energy shoulder at 96,667.3 cm
-1

 of this absorption peak was noted by 

Cossart-Magos et al. as a possible excited CO2* predissociative state; but the nature of this shoulder peak 

has not been assigned.
33
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 8 

 The PHOFEX spectra of O(
1
S) and O(

1
D) shown in Figs. 1(b) and 1(c) are in excellent agreement 

with the CO2 photoabsorption spectrum of Fig. 1(a), except that the 4s and 3p
1
Πu(10

4
) Rydberg peaks of 

CO2 at 11.960-12.010 eV that are observed in the absorption spectrum is strongly distorted in the O(
1
S) and 

O(
1
D) PHOFEX spectra due to a strong dip in the VUV1 tuning curve centered at the 3p

1
Πu(10

4
) Rydberg 

peak position.  As a result of the lack of VUV1 output, the PHOFEX spectra for O(
1
S) and O(

1
D) at this 

position appeared as a pronounced artificial dip.  Furthermore, we find that the intensity of the 4s Rydberg 

peak identified in the O(
1
S) and O(

1
D) PHOFEX spectra is also significantly suppressed.     

 The PHOFEX spectra of Figs. 1(b) and 1(c) also reveal three intense, sharp O
+
 atomic ion 

resonances at 97,261.4, 97,330.1, and 97,488.5 cm
-1

, which have been identified previously to arising from 

two-color VUV-VIS (1+1') photoionization of O(
3
P0,1,2) via the intermediate O* atom Rydberg states 

O*[2s
2
2p

3
(

4
S°)3d (

3
D°1,2,3)].  The observation of these intense resonances reveals the highly sensitive 

nature of the VUV-VIS (1+1') photoionization method for the detection of O(
3
P0,1,2) atomic 

photofragments.  

B.  The formation of the O(
1
S) + CO(X

1
Σ

+
; v) photoproduct channel 

 The time-sliced VMI-PI images for O(
1
S) measured in the photodissociation of CO2 at hv(VUV1) = 

12.125, 12.145, and 12.150 eV are presented in Figs. 2(a), 2(b), and 2(c), respectively.  These VUV1 

photon energy settings [marked by red downward pointing arrows in Fig. 1(b)] are chosen to examine the 

dissociation dynamics of the excited CO2*[4s(10
1
)] Rydberg state.  The observed O(

1
S) VMI-PI images 

reveal discernible anisotropic ring structures, suggesting that CO2 photodissociation to form O(
1
S) + 

CO(X
1
Σ

+
) photoproducts takes place on a time scale shorter than the rotational period of the VUV1 excited 

CO2* [4s(10
1
)] state.  Two detection schemes (I) and (II), corresponding to the autoionization transitions, 

of O*[2s
2
2p

3 
(

2
P°) 3s (

1
P°1)] ← O(

1
S) and O*[2s

2
2p

3 
(

2
P°) 4d (

1
P°1)] ← O(

1
S), were used to measure the 

time-sliced VMI-PI images for O(
1
S).  The O(

1
S) VMI-PI images thus obtained using these two schemes 

are found to be in excellent agreement, ensuring the reliability of the CO(X
1
Σ

+
) vibrational state 

distributions deduced from the images.  The detection scheme (I) relies on the photoionization of O(
1
S) 

photoproducts using the VUV difference-frequency (2ω1 - ω2) = 82,125.5 cm
-1

 (10.182 eV), whereas the 

detection scheme (II) requires the photoexcitation of O(
1
S) photofragments using the VUV sum-frequency 

(2ω1 + ω2) = 109,596.7 cm
-1

 (13.588 eV).  The relative O
+
 ion intensities observed by using detection 

schemes I and II are found to be about 10 : 1.   
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Figures 2(d), 2(e), and 2(f) show the total kinetic energy release (TKER) spectra for the formation 

of the CO(X
1
Σ

+
) + O(

1
S) channel transformed from the corresponding O(

1
S) VMI-PI images depicted in 

Figs. 2(a), 2(b), and 2(c).  These TKER spectra reveal a series of partially resolved vibrational peaks with 

the energy spacing of about 0.27 eV.  Since this spacing is equal to the vibrational frequency of CO(X
1
Σ

+
), 

we have assigned the vibrational peaks to the formation of CO(X
1
Σ

+
; v = 0-9) vibrational states.  

Furthermore, the onsets of these TKER spectra are in excellent agreement with the known thermochemical 

threshold of Process (3), indicating that the CO(X
1
Σ

+
; v = 0-9) photofragments are produced in correlation 

with the O(
1
S) atomic photoproducts.  By employing similar procedures used by Chen et al.

34
, we have 

simulated the rotational distributions of individual CO(X
1
Σ

+
; v) vibrational bands resolved in the TKER 

spectra of Figs. 2(d)-2(f).  The simulation uses a Gaussian instrumental line profile with a FWHM = 0.07 

eV for the kinetic energy resolution.  This represents a conservative estimate for the kinetic energy 

resolution achieved in the present experiment.  The kinetic energy resolution is expected to be better for 

lower kinetic energy release.  Here, this Gaussian instrumental profile with FWHM = 0.07 eV is used as 

the energy profile for single rotational excitations.  The PGOPHER program
35

 is employed to generate the 

best fitted Boltzmann rotational distributions [shown by blue dotted curves in Figs. 2(d)-2(f)] for individual 

CO(X
1
Σ

+
; v) vibrational bands observed in the TKER spectra.  We note that the rotational fits are not 

unique.  In a fast dissociative process, the rotational populations of CO(X
1
Σ

+
; v) might not reach 

equilibrium, and thus the rotational distribution of CO photoproducts might not be able to be characterized 

by a rotational temperature.  The simulated TKER spectra [red curves of Figs. 2(d)-2(f)] represent the sum 

of the best rotational distribution fits of the vibrational bands associated with the same TKER spectrum.  

The simulation reveals that the CO(X
1
Σ

+
; v = 0-9) photoproducts are rotationally hot with the FWHMs fall 

in the range of 0.2-0.3 eV.  This observation of high rotational excitations is consistent with the picture 

that the VUV excited CO2* molecules undergo some degree of bending vibrational motion along the exit 

pathways before departing to form CO(X
1
Σ

+
; v) + O(

1
S) photoproducts.   

Figure 3(a) compares the vibrational state distributions for CO(X
1
Σ

+
; v = 0-9) photoproducts 

associated with the formation of O(
1
S) in CO2 photodissociation determined based on the rotational 

simulations of vibrational bands observed in the TKER spectra of Figs. 2(d), 2(e), and 2(f).  At the lowest 

photolysis energy, hν(VUV1) = 12.125 eV, the CO(X
1
Σ

+
; v = 0-9) vibrational state distribution is found to 

peak at the v = 1 state, whereas at slightly higher photon energies, hν(VUV1) = 12.145 and 12.150 eV, the 

vibrational distributions are found to have the population peaked at the v = 0 state.  The observation of the 
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highest intensity for v = 1 at hν(VUV1) = 12.125 eV can be considered as consistent with the formation of 

the CO2*[4s(10
1
)] predissociative state.  Since the excited CO2* molecule resulting from the 

Franck-Condon excitation in this VUV region has one vibrational quantum in the symmetric stretching 

mode, this vibrational excitation of CO2 may affect the final vibrational distribution of CO(X
1
Σ

+
; v) 

photoproducts, favoring the formation of the v = 1 state.  Nevertheless, as the VUV excitation energy is 

increased, the CO2 wave-packet may move to a different part of the excited PES giving rise to a 

monotonically decreasing population with increasing the CO(X
1
Σ

+
; v) vibrational state.   

Figure 3(b) compares the plots of the measured anisotropy β parameters for Process (3) versus the 

CO(X
1
Σ

+
; v) vibrational levels determined at the three photon energies, hν(VUV1) = 12.125, 12.145, and 

12.150 eV.  The anisotropy β parameter plots observed at these three VUV1 energies are found to have 

similar trends, decreasing roughly monotonically from the values of 1.9-2.0 at v = 0 to 1.0-1.3 at v = 9.  

The observed β values are consistent with parallel transitions, indicating that the dissociation of excited 

CO2* [4s(10
1
)] states at hν(VUV1) = 12.125-12.150 eV are prompt with dissociation lifetimes shorter than 

the rotational periods of excited CO2* molecules.  The differences in the vibrational populations of 

CO(X
1
Σ

+
; v) photofragments formed at the three energies, hν(VUV1) = 12.125, 12.145, and 12.150 eV, are 

likely the reflection of sampling different parts of the excited CO2* PES.  Nevertheless, the observation of 

similar β values at these VUV1 energies is consistent with the conclusion that the same excited CO2* 

[4s(10
1
)] state is accessed at the photon energy range of hν(VUV1) = 12.125-12.150 eV.  

 In order to further examine the dynamics for the formation of the CO(X
1
Σ

+
) + O(

1
S) channel, we 

have also recorded the time-sliced VMI-PI images of O(
1
S) recorded at lower CO2 VUV1 excitation 

energies, hν(VUV1) = 11.964, 11.989, and 11.994 eV, as depicted in Figs. 4(a), 4(b), and 4(c), respectively.  

We have also marked these VUV1 photon energies by downward pointing red arrows in Fig. 1(b).  As 

pointed out above, the VUV1 excitation of CO2 at these energies is expected to populate the CO2*(4s) 

Rydberg state at 11.967 eV and the unassigned absorption shoulder band at 11.985 eV.
33

  Due to the lack 

of VUV1 output at 11.974 eV, the excited CO2*[3p
1
Πu(10

4
)] state cannot be examined here.  Similar to the 

observation at the excited CO2* [4s(10
1
)] state, the VMI-PI images of Figs. 4(a)-4(c) also reveal that the 

formation of CO(X
1
Σ

+
) + O(

1
S) photoproducts is more rapid than the rotational period of the VUV1 excited 

CO2* molecules.   

 Figures 4(d), 4(e), and 4(f) show the TKER spectra (black curves) for CO(X
1
Σ

+
) + O(

1
S) 

transformed from the respective O(
1
S) VMI-PI images of Figs. 4(a), 4(b), and 4(c) along with the best 
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simulations (red curves) of the TKER spectra.  Similar to the TKER spectra of Figs. 2(d)-2(f), the onsets 

of the TKER spectra of Figs. 4(d)-4(f) are found to be in excellent accord with the known thermochemical 

threshold of Process (3).  By employing the simulation procedures described above, we have assigned the 

TKER spectra of Figs. 4(d)-4(f) to the population of CO(X
1
Σ

+
; v = 0-9) vibrational states as marked on top 

of the spectra.  At hν(VUV1) = 11.964 eV, the vibrational population of the v = 0 state is higher than those 

of all other CO(X
1
Σ

+
; v) vibrational levels.  At higher hν(VUV1) = 11.989 and 11.994 eV, the v = 1 state 

becomes the most populated.   

 The CO(X
1
Σ

+
; v) vibrational state distributions (deduced based on the rotational simulation 

described above), which correlate with the formation of O(
1
S) at hν(VUV1) = 11.964, 11.989, and 11.994 

eV, are compared in Fig. 5(a).  This comparison shows that the measured anisotropy β parameters and 

their vibrational dependences also decrease from 1.8-1.9 to 1.1-1.4 as the vibrational state is increased from 

v =0 to 8.  This trend is similar to that observed for the CO2 [4s(10
1
)] predissociative state.  Since the CO2 

(4s) Rydberg state and the unassigned absorption band are very close in energy, the observations of having 

similar CO(X
1
Σ

+
; v) vibrational populations as well as β parameters may imply that the O(

1
S) VMI-PI 

images are resulted from sampling the same excited CO2*(4s) electronic state or a similar local potential 

region.  The comparison of the vibrational distributions of Figs. 3(a) and 5(a) shows that although both the 

vibrational distributions resulted from VUV1 excitation at 12.125-12.150 and 11.964-11.985 eV favor the 

populations of the v = 0 and 1 states, the populations of higher vibrational states are found to become more 

favorable at higher VUV1 energies. 

C.   The formation of the O(
1
D) + CO(X

1
Σ

+
) photoproduct channel 

 The O(
1
D) VMI-PI images are also recorded by employing two O(

1
D) autoionization detection 

schemes: O*[2s
2
2p

3
(

2
D°3/2)3d (

1
D°2)] ← O(

1
D) at hν(VUV2) = 13.446 eV and O*[2s

2
2p

3
(

2
D°3/2)4d (

1
F°3)] 

← O(
1
D) at hν(VUV2) = 14.118 eV transitions.  These two detection schemes generate similar O

+
 ion 

intensities.  As expected, that the CO(X
1
Σ

+
; v) vibrational distributions obtained from O(

1
D) ion images 

are found to be independent of the detection schemes used.  The time-sliced VMI-PI images of O(
1
D) 

photoproducts observed from CO2 photodissociation at hν(VUV1) = 12.125, 12.145, and 12.150 eV are 

shown in Figs. 6(a), 6(b), and 6(c), respectively.  These O(
1
D) VMI-PI images reveal well-resolved 

anisotropic outer ring structures, which are indicative of relatively narrow rotational distributions for the 

low CO(X
1
Σ

+
; v) vibrational states.  The brighter inner circles imply that the rotational distributions are 

broader for higher CO(X
1
Σ

+
; v) vibrational states.    
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  Figures 6(d), 6(e), and 6(f) depict the O(
1
D) TKER spectra (black curves) transformed from the 

corresponding O(
1
D) VMI-PI images of Figs. 6(a), 6(b), and 6(c).  The observation that the onsets of these 

TKER spectra are consistent with the thermochemical threshold for Process (2) indicates that these TKER 

spectra are associated with the formation of O(
1
D) + CO(X

1
Σ

+
; v).  The TKER spectra reveal a series of 

vibrational bands with spacing of about 0.27 eV.  We have assigned these bands to populations of the 

CO(X
1
Σ

+
; v = 0-18) vibrational states as marked on top of the TKER spectra.  We have also performed 

rotational fits to individual vibrational bands following the procedures described above.  The simulated 

TKER spectra (red curves) represent the sum of all the simulated vibrational bands (blue curves) shown in 

Figs. 6(d)-6(f).  The FWHMs for the best fit to the rotational distributions for the observed CO(X
1
Σ

+
; v) 

vibrational bands were found to be in the range of 0.3-0.35 eV.  Since these FWHM values are wider than 

those found for CO(X
1
Σ

+
; v) vibrational bands associated with for the O(

1
S) + CO(X

1
Σ

+
; v) channel, we 

may conclude that CO(X
1
Σ

+
; v) photofragments formed by Process (2) are rotationally hotter than those 

produced by Process (3).  The observation of rotationally hot CO(X
1
Σ

+
; v) photofragments implies that 

VUV1 excited CO2* molecules may undergo finite bending vibrational motion, resulting in a OCO bond 

angle smaller than 180
◦
 during the dissociation to form O + CO photoproducts. 

  The extended vibrational excitation of v = 0-18 for the O(
1
D) channel compared to that of v = 0-9 

for the O(
1
S) channel can be attributed to lower energetic threshold of Process (2).  The vibrational 

populations of CO(X
1
Σ

+
; v) resolved in the TKER spectra for Process (2) shown Figs. 6(d)-6(f) are 

significantly more complex than those observed in the TKER spectra for Process (3) of Figs. 2(d)-2(f) and 

4(d)-4(f).  Contrary to the CO(X
1
Σ

+
; v) vibrational distributions observed for the O(

1
S) channel, which 

peak at low v = 0 and 1 levels, the vibrational populations for CO(X
1
Σ

+
; v) associated with the O(

1
D) 

channel are found to peak at high (v = 11-16) vibrational levels.  The more complex vibrational profiles 

for CO(X
1
Σ

+
; v = 0-18) observed in Figs. 6(d)-6(f) indicate that the dissociation dynamics for Process (2) is 

distinctly different from that for Process (3).  The vibrational populations for CO(X
1
Σ

+
; v = 0-18) obtained 

based on the rotational simulation of vibrational bands observed in the TKER spectra of Figs. 6(d)-6(f) are 

compared in Fig. 7(a).  This comparison shows that the vibrational populations for CO(X
1
Σ

+
; v = 0-18) are 

highly sensitive to the VUV1 excitation energy for CO2, and thus should offer a sensitive probe of the CO2 

PESs.      

 Figure 7(b) presents the anisotropy β parameters determined for different CO(X
1
Σ

+
; v = 0-18) 

vibrational states based on the O(
1
D) VMI-PI images recorded at hv(VUV1) = 12.125, 12.145, and 12.150 
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eV.  These vibrational dependences of β parameters for the O(
1
D) channel are generally similar to those 

observed for the O(
1
S) dissociation channel shown in Figs. 3(b) and 5(b), revealing a roughly decreasing 

trend with increasing the CO(X
1
Σ

+
; v) vibrational state.   

Figures 8(a) and 8(b) depict the respective O(
1
D) VMI-PI image and the corresponding TKER 

spectrum recorded in the photolysis of CO2 at hν(VUV1) = 11.989 eV.  Similar to the observation of the 

TKER spectra of Figs. 6(d)-6(f), we find that the onset for the TKER spectrum of Fig. 8(b) is in good 

agreement with the thermochemical threshold of Process (2).  The simulation of the TKER spectrum 

allows us to assign the formation of CO(X
1
Σ

+
; v = 0-17) vibrational states as marked in Fig. 8(b), and to 

determine the relative vibrational distribution of CO(X
1
Σ

+
; v = 0-17) as plotted in Fig. 9(a).  This 

CO(X
1
Σ

+
; v) photoproduct vibrational population is similar to that observed in Fig. 7(a), which are found to 

have the maximum at CO(X
1
Σ

+
; ν = 11-13).  Furthermore, the measured vibrational dependences of the β 

parameters plotted in Figs. 7(b) and 9(b) are also alike, possibly indicates that the dissociation mechanisms 

are for the formation of the O(
1
D) + CO(X

1
Σ

+
) are similar.  

C.   Theoretical results and interpretation 

We have examined
36

 the one-dimensional cuts of the MRCI/aug-cc-pV5Z PESs of the singlet 

electronic states of CO2 by lengthening one CO distance [r1(CO)] distance for several OCO bond angles 

with the other r2(CO) distance held constant in the range of 2.0-2.9 Bohr (1 Bohr = 0.53 Å).  These 

calculations show that the major electronic states involved in the present photodissociation experiment, 

which is concerned with the formation of the spin allowed O(
1
D) + CO(X

1
Σ

+
; v) and O(

1
S) + CO(X

1
Σ

+
; v) 

channels, are the 3
1
A′ and 4

1
A′ PESs. 

Figures 10(a)-10(j) displays the MRCI/aug-cc-pV5Z two-dimensional evolutions of the 3
1
A' and 

4
1
A′ PESs of CO2 calculated as a function of the r1(CO) distance and the OCO bond angle, with the other 

r2(CO) distance fixed at 2.0, 2.1, 2.2, 2.3 and 2.4 Bohr.  The OCO bond angle range covered in these PESs 

is from 160
◦
 to 180

◦
.  The 3

1
A' PESs are shown in Figs. 10(a), 10(c), 10(e), 10(g), and 10(i), while the 4

1
A′ 

PESs are presented in Figs. 10(b), 10(d), 10(f), 10(h), and 10(j).  The 3
1
A′ and 4

1
A′ PESs asymptotically 

correlate to the O(
1
D) + CO(X

1
Σ

+
; v) and O(

1
S) + CO(X

1
Σ

+
; v) channels, respectively.  The energies of 

these PESs are measured with respect to the energy minimum of the potential energy curve for the 

CO2(X
1
g

+
) ground state.  Here, the lower singlet A' and the singlet A" states are not shown in Figs. 

10(a)-10(j) because they are not of directly relevance to the present photodissociation study, which are 

concerned with the formation of the O(
1
D) + CO(X

1
Σ

+
; v) and O(

1
S) + CO(X

1
Σ

+
; v) channels.  The region 

Page 13 of 33 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



 14 

on the 4
1
A′ excited PES that can be accessed by the Franck-Condon (FC) excitation from the ground state 

of CO2 is marked with a yellow star in the PESs of Figs. 10(d) and 10(f)].  This position of the excited 

4
1
A′ PES can be considered as the starting point of the CO2 dissociation, which is expected to give the 

O(
3
P), O(

1
S) and O(

1
D) atomic photofragments via Processes (1)-(4) at the hν(VUV1) of 11.95-12.22 eV.  

Since the formation of the O(
3
P) channels [Processes (1) and (4)] has been reported previously

12
, the 

present study is focused on the production of O(
1
D) and O(

1
S), i.e., Processes (2) and (3).  The formation 

of the O(
3
P) + CO(X

1
Σ

+
) channel necessarily involves the triplet manifolds of CO2 PESs.  As shown below, 

the present MRCI calculations show that the formation of O(
3
P) + CO(a

3
Π) is correlated to the 3

1
A" PES of 

CO2.      

Figures 10(a)-10(j) show that the shapes of the 3
1
A' and 4

1
A' PESs are not regular.  The 4

1
A′ PES 

is generally downhill with ripples of minor potential energy barriers as r1(CO) is increased.  The ripple of 

minor potential energy barriers are resulted from avoided crossings between the close lying A' states.  

Considering that the slope of the 4
1
A′ PES in the vicinity of the FC accessed region is large, rapid CO2 

predissociation is to be expected.  Without detailed dissociation dynamics calculations, the calculated 4
1
A′ 

PES suggests that the dissociation pathway may follow the down-hill direction as marked by the yellow 

arrows in PESs of Figs. 10(d), 10(f), 10(h), 10(j), leading to the formation of O(
1
S) + CO(X

1
Σ

+
; v). 

A key feature of the 3
1
A' and the 4

1
A' PESs shown in Figs. 10(a)-10(e) is the seam of conical 

intersections of the two PESs located at r(CO) ~3.5 Bohr.  This gives rise to a ridge of potential energy 

barrier at a range OCO bending angles on the 3
1
A' PES and the corresponding trench on the 4

1
A' PES at 

r1(CO) ~3.5 Bohr.  A ridge of minor potential energy barriers is also observed in the 4
1
A' PES at slightly 

larger r1(CO) distance.  This small potential energy barrier of the 4
1
A′ state almost vanishes for r1(CO) 

~3.5 Bohr, r(CO)2 ~ 2.1-2.2 Bohr, and bending angles of ~165°-170°.  Both the conical intersection 

between the 3
1
A' and the 4

1
A' states and the minor potential barrier on the 4

1
A' state are found to be at 

higher energies if the fixed CO distance r2(CO) is < 2.1 or > 2.3 Bohr.   

 To further illustrate the PESs that are important for understanding the CO2 photodissociation 

mechanisms, we show in Fig. 11 a one-dimensional evolution of the lowest singlet electronic states of CO2, 

including the 1
1
A', 2

1
A', 3

1
A', and 4

1
A', and the 3

1
A' as well as the 1

1
A", 2

1
A" and 3

1
A" PESs along the 

r1(CO) distance at a close to linear OCO configuration, where the r2(CO) distance is fixed to its equilibrium 

value of 2.2 Bohr in the CO2(X
1
g

+
) ground state.  This figure shows that with the exception of the 1

1
A' 

PES, all other states have irregular shapes, resulting from avoided crossings.  The 1
1
A', 2

1
A', and 3

1
A' 
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states, the 1
1
A", and 2

1
A" states also correlate with the O(

1
D) + CO(X

1
Σ

+
) channel. 

 
Figure 11 also shows 

that the formation of CO(a
 3

Π) + O(
3
P) [Process (4)] is predicted to correlate with the 3

1
A" state.  The 

location of the conical intersection between the 3
1
A' and the 4

1
A' states is shown by the dotted circle; and 

the minor potential energy barrier of the 4
1
A′ state is marked by the red downward pointing arrow in Fig. 

11.  The dotted vertical line shows the center of the FC vertical transition region from the CO(X
1


+
) 

ground state.  Both features evolve along the r1(CO) and r2(CO) distances and the OCO bending angle as 

shown in the 3
1
A' and the 4

1
A' PESs of Figs. 10(a)-10(e).   

The existence of the conical intersection seam at r1(CO) ~3.5 Bohr is expected to facilitate the 

transition of the excited CO2* complex from the 4
1
A' to the 3

1
A' PES.  As a result, two dissociation 

pathways may be expected for CO2* dissociation beginning from the FC accessed region of the 4
1
A' PES.  

As pointed out above, one is to follow the reaction path along the 4
1
A' PES as indicated by the yellow 

arrows in Figs. 10(d), 10(f), 10(h), and 10(j), which should lead to a rapid, direct fragmentation mechanism, 

giving rise to the formation of CO(X
1
Σ

+
) + O(

1
S) photoproducts.  The other mechanism may involve 

non-adiabatic transitions of excited CO2* from the 4
1
A' to the 3

1
A' PES via the seam of conical 

intersections.  The formation of CO(X
1
Σ

+
) + O(

1
D) photoproducts should follow by the downhill pathways 

as marked by the blue arrows on the 3
1
A' PESs of Figs. 10(c), 10(e), 10(g), and 10(i).  The higher 

rotational and vibrational excitations observed for the CO(X
1
Σ

+
) photoproducts associated with the O(

1
D) 

channel as compared to that for the O(
1
S) channel are consistent with the theoretical prediction that excited 

CO2* complexes with a wide range of OCO bending angle (165°-180°) are formed by the conical 

intersection transitions from the 4
1
A' to the 3

1
A' PES.  The subsequent dissociation pathways of these 

CO2* complexes along the 3
1
A' PES (marked by blue arrows) is expected to result in the formation of the 

O(
1
D) channel with a wide range of rotational and vibrational excitations for the counter CO(X

1
Σ

+
) 

photoproducts.  The photodissociation mechanisms presented here for the formation of the O(
1
S) + 

CO(X
1
Σ

+
) and O(

1
D) + CO(X

1
Σ

+
; v) channels imply that the dissociation lifetime for the O(

1
S) channel is 

shorter than that for the O(
1
D) channel.  This implication is consistent with the experimental anisotropy β 

parameters obtained for Processes (2) and (3). 

 

IV. Conclusion 

 By combining two independently tunable VUV laser sources with a time-sliced velocity-map 

imaging detector, we have detected the spin-allowed CO(X
1
Σ

+
) + O(

1
D) and CO(X

1
Σ

+
) + O(

1
S) 
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photoproduct channels from CO2 photodissociation at hν(VUV) = 11.94-12.20 eV.  For the CO(X
1
Σ

+
) + 

O(
1
S) dissociation channel, most of CO(X

1
Σ

+
; v) photofragments are found to populate low (v = 0-2) 

vibrational states.  For the CO(X
1
Σ

+
; v) + O(

1
D) channel, the majority of CO(X

1
Σ

+
; v) photoproducts are 

shown to populate high (v = 11-16) vibrationally states.  The β parameters measured from the O(
1
S) and 

O(
1
D) VMI-PI images indicate prompt CO2 photodissociation with the dissociation lifetime shorter than the 

rotational period of the VUV excited CO2* complex.  The comparison of the β parameters observed for 

the O(
1
S) and O(

1
D) photofragments reveals that the dissociation lifetime for the CO(X

1
Σ

+
) + O(

1
S) channel 

is generally shorter than that for the CO(X
1
Σ

+
) + O(

1
D) and channel.  The singlet 3

1
A' and 4

1
A' PESs, 

which are relevant to the present photodissociation study, have been calculated at the MRCI level of theory.  

The PESs thus obtained support the experimental observation that the CO2 dissociation to produce the 

O(
1
S) and O(

1
D) channels are prompt.  The calculated PESs also suggest that the formation of the O(

1
S) 

channel occurs predominantly on the essentially repulsive 4
1
A′ PES, whereas the O(

1
D) channel may be 

produced by non-adiabatic transition from the 4
1
A' to the 3

1
A' PES via conical intersections followed by the 

rapid formation of CO(X
1


+
) + O(

1
D) along the 3

1
A' PES. 
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Figure captions: 

Figure 1. Comparison of the high resolution absorption spectrum of CO2 recorded by Archer et al. 

shown in (a) with the O(
1
S) PHOFEX spectrum in (b) and the O(

1
D) PHOFEX spectra in (c).  

The VUV1 photodissociation laser energy was scanned between 96,300 and 98,500 cm
-1

.  

The VUV2 photoionization laser energy was selectively tuned to probe O(
1
S) and O(

1
D) 

photoproducts via the respective autoionization transitions of O*[2s
2
2p

3
(

2
P°)3s (

1
P°1)] ← 

O(
1
S) and O*[2s

2
2p

3
(

2
D°3/2)3d (

1
D°2)] ← O(

1
D).  The VUV1 photodissociation laser 

energies used for recording the O(
1
S) and O(

1
D) VMI-PI images are marked by red arrows in 

(b) and (c).    

Figure 2. Time-sliced VMI-PI images for O(
1
S) photofragments recorded at CO2 photodissociation 

energies of (a) 97,797.7 cm
-1

 (12.125 eV), (b) 97,955.1 cm
-1

 (12.145 eV), and (c) 97,998.1 

cm
-1

 (12.150 eV) and their corresponding TKER spectra (black open-circle curves) shown in 

(d), (e), and (f).  Black drop lines on the TKER spectra designate the vibrational levels of 

the CO(X
1
Σ

+
; v = 0-9) product.  The vibrational state assignments are based on the 

simulated vibrational distributions (red curves), which represent the sum of individual 

simulated vibrational peaks (blue dashed lines).   

Figure 3. (a) Comparison of the relative vibrational state populations of CO(X
1
Σ

+
; v = 0-9) observed at 

CO2 photodissociation energies of 97,797.7 cm
-1

 (12.125 eV) in black, 97,955.1 cm
-1

 (12.145 

eV) in red, and 97,998.1 cm
-1

 (12.150 eV) in blue.  (b) Comparison of the vibrational state 

dependences of the β parameters for the formation of CO(X
1
Σ

+
; v = 0-9) + O(

1
S) 

photoproduct channels transformed from the measured O(
1
S) VMI-PI images at CO2 

photodissociation energies of 97,797.7 cm
-1

 (12.125 eV) in black, 97,955.1 cm
-1

 (12.145 eV) 

in red, and 97,998.1 cm
-1

 (12.150 eV) in blue. 

Figure 4. Time-sliced VMI-PI images of O(
1
S) photofragments observed at CO2 photoexcitation 

energies of (a) 96,495.7 cm
-1

 (11.964 eV), (b) 96,697.5 cm
-1

 (11.989 eV), and (c) 96,738.8 

cm
-1

 (11.994 eV) and their corresponding TKER spectra (black open-circle curves) shown in 

(d), (e), and (f).  Black drop lines on the TKER spectra designate the vibrational levels of 

the CO(X
1
Σ

+
; v = 0-8) product. The vibrational state assignments are based on the simulated 

vibrational distributions (red curves), which represent the sum of individual simulated 

vibrational peaks (blue dashed lines).   
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Figure 5. (a) Comparison of the relative vibrational state populations of CO(X
1
Σ

+
: v = 0-8) at CO2 

photodissociation energies of 96,495.7 cm
-1

 (11.964 eV) in black, 96,697.5 cm
-1

 (11.989 eV) 

in red, and 96,738.8 cm
-1

 (11.994 eV) in blue.  (b) Comparison of the β parameters for 

individual CO(X
1
Σ

+
; v = 0-8) vibrational states transformed from the O(

1
S) VMI-PI images at 

CO2 photodissociation energies of 96,495.7 cm
-1

 (11.964 eV) in black, 96,697.5 cm
-1

 (11.989 

eV) in red, and 96,738.8 cm
-1

 (11.994 eV) in blue. 

Figure 6. Time-sliced VMI-PI images of O(
1
D) photofragments recorded at CO2 photoexcitation 

energies of (a) 97,797.7 cm
-1

 (12.125 eV), (b) 97,955.1 cm
-1

 (12.145 eV), and (c) 97,998.1 

cm
-1

 (12.150 eV) and their corresponding TKER spectra (black open-circle curves) shown in 

(d), (e), and (f).  Black drop lines on the TKER spectra designate the vibrational levels of 

the CO(X
1
Σ

+
; v = 0-18) product. The vibrational state assignments are based on the simulated 

vibrational distributions (red curves), which represent the sum of individual simulated 

vibrational peaks (blue dashed lines).   

Figure 7. (a) Comparison of the relative vibrational state populations CO(X
1
Σ

+
; v = 0-18) observed at 

CO2 photodissociation energies of 97,797.7 cm
-1

 (12.125 eV) in black, 97,955.1 cm
-1

 (12.145 

eV) in red, and 97,998.1 cm
-1

 (12.150 eV) in blue.  (b) Comparison of the β parameters for 

individual CO(X
1
Σ

+
; v =0-19) vibrational state measured from the VMI-PI images of O(

1
S) 

photofragments observed at CO2 photodissociation energies 97,797.7 cm
-1

 (12.125 eV) in 

black, 97,955.1 cm
-1

 (12.145 eV) in red, and 97,998.1 cm
-1

 (12.150 eV) in blue.  

Figure 8. (a) Time-sliced VMI-PI image of O(
1
D) photofragments recorded at CO2 photoexcitation 

energy of 11.989 eV.  (b) The TKER spectrum (black, open-circle curves) for the formation 

of O(
1
D) + CO(X

1
Σ

+
; v = 0-17) deduced from the O(

1
D) images of (a).  The CO(X

1
Σ

+
; v = 

0-17) vibrational state assignments are marked on top of the TKER spectra.  The simulated 

TKER spectrum (red curves) represents the sum of all rotational-simulated vibrational peaks 

(blue dotted curves) of the same TKER spectrum.   

Figure 9 (a) Relative CO(X
1
Σ

+
; v = 0-17) vibrational populations derived from the 

rotational-simulated experimental TKER spectrum.  (b) The anisotropy β parameters for 

individual CO(X
1
Σ

+
; v =0-17) vibrational bands obtained from the analysis of O(

1
D) VMI-PI 

image of (a).  
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Figure 10. Bi-dimensional evolutions of the MRCI/aug-cc-pV5Z PESs of the 3
1
A′ and 4

1
A′ states of 

CO2 along the r1(CO) and the OCO bending angles, where the distance is fixed in the range 

of 2.0-2.4 Bohr.  The 3
1
A′ PESs calculated at r2(CO) = 2.0, 2.1, 2.2, 2.3, and 2.4 Bohr are 

shown in (a), (c), (e), (g), and (i), and the 4
1
A′ PESs calculated at r2(CO) = 2.0, 2.1, 2.2, 2.3, 

and 2.4 Bohr are shown in (b), (d), (f), (h), and (j).  The energies are given with respect to 

the energy of CO2 ground state.  The yellow star shows the Franck Condon accessed region 

by VUV1 photoexcitation from the ground state of CO2.  The yellow arrows illustrate the 

possible dissociation pathway leading to the formation of O(
1
S) + CO(X

1
Σ

+
; v).   

Figure 11. One-dimensional evolution of the PESs of the lowest singlet electronic states of CO2 along 

the r(CO) distance for close to linear configuration and where the other CO distance is fixed 

to its equilibrium value of 2.2 Bohr in CO2(X
1
g

+
). The dash-dot line FC marks the center of 

the Franck-Condon transition region.  The blue circle highlights the conical intersection 

between the 3
1
A′ and the 4

1
A′ states. The black rectangle points out the small potential 

barrier of the 4
1
A′ state along the CO(X

1


+
) + O(

1
S) channel.  Both features evolve along 

the CO distances and the bending angle. This is given for the 3
1
A′ and the 4

1
A′ states in 

Figure 10. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Figure 9 
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Figures 10(a)-10(j) 
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Figure 11 
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