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Extreme high rotational excitation of ClO
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We observed the population of extremely high non-thermal rotational states of ClO (Jmax ~ 130.5) upon

photodissociation of Cl2O. State-resolved and isotope-specific detection of nascent ClO is performed by

observing single colour (2z 1) resonance enhanced multiphoton ionisation (REMPI) spectra following

excitation in the wavelength range from 336 to 344 nm. The REMPI spectrum is assigned to the ClO(C2S2,

v’~ 0B X2PV, v~ 0) transition. The non-thermal population of rotational states is highly inverted, peaking

at J ~ 107.5. The photodissociation of Cl2O is a classical example for the pure impulsive model, as a

consequence of the Cl2O mass distribution and a weak dependence of the upper potential energy surface on the

bond angle. Cl2O can thus be used as clean source for laboratory generation of highly excited ClO molecules

with a defined non-thermal rotational population. In kinetic studies using ClO from Cl2O as precursor the high

rotational excitation needs to be considered carefully.

Introduction

Highly rotationally excited states of small (diatomic) molecules
reflecting Boltzmann (thermal) or non-thermal state popula-
tions have been observed in the cosmos and high altitudes of
our atmosphere,1 though few accounts for laboratory gener-
ated highly rotationally excited molecules can be found in the
literature. Iodine is thermally populated up to J ~ 200, yet
the ensemble of molecules with J w 100 makes up only 16%.
Cossart-Magos and Cossart observed non-thermal distributed
CO excited up to J ~ 120 in a cooled electric discharge.2 The
maximum of the rotational distribution of N2 from the photo-
dissociation of N2O can be found at J~ 74.3–5 Hanisco and
Kummel reported for the photodissociation of N2O around
202 nm an average rotational energy of N2 of 1.4 eV, i.e. 57%
of the available energy.3 Tanaka et al. have observed high
rotational excitation uponphotodissociation ofCl2O at 235 nm.6

For laboratory production of highly rotationally excited
species via photodissociation a bent molecule of type A–B–A
is favoured, with mA & mB. Such an intramolecular mass
distribution will induce high rotation in the molecule AB upon
fragmentation. Therefore, Cl2O is an ideal candidate for the
laboratory generation and observation of high rotational states
of ClO. Using the resonance enhanced multiphoton ionisation
(REMPI) method to study the photofragmentation of Cl2O
one is able to distinguish between signals from the two pro-
minent ClO isotopes (35ClO and 37ClO).7 Thus, isotopically
pure spectra can be observed, greatly simplifying the complex
ClO spectra and facilitating their interpretation.
The present paper describes the generation of extremely

rotationally excited ClO from the photodissociation of Cl2O in
the wavelength range from 336 to 344 nm. For the first time, for
the photodissociation of Cl2O, isotope selective spectra for
35ClO and 37ClO are measured. The ClO fragment is com-
pletely characterised by its rotational and spin–orbit states
using (2z 1) REMPI. Using computer simulation the highly

inverted non-thermal rotational state population of ClO is
determined.

Experimental

ClO is studied in a one-colour experiment consisting of two
elementary steps. First, Cl2O is dissociated by absorbing one
UV photon (between 336 nm and 344 nm). The resulting ClO
fragment is then detected via a (2 z 1) REMPI process.8,9

Ground state ClO (X2PV,V ~ 1/2,
3/2, v ~ 0, J) is excited to the

upper electronic C state (C2S2 v’~ 0, J’B X2PV, v ~ 0, J) by
absorption of two UV photons and subsequently ionised by
one photon. Both the Cl2O photolysis wavelength and the ClO
detection wavelength were delivered by the same tuneable dye
laser (FL 3002, Lambda Physik) pumped by a XeCl excimer
laser (Radiant Dyes RD-EXC-200). The experimental set-up,
including the linear time-of-flight (TOF) spectrometer, is des-
cribed in detail elsewhere.10 Briefly, it consists of a vacuum
chamber evacuated to a base pressure of 1026 mbar where a
pulsed supersonic gas jet is crossed by the laser beam. Ionised
fragments are accelerated towards a double-stage multichannel
plate assembly where the signal is read out to a digital oscil-
loscope and integrated by a boxcar averager. Isotope-specific
spectra were observed simultaneously by adjusting two boxcar
gates at the respective arrival times of 35ClO and 37ClO while
scanning the dye laser. For the preparation of gaseous dichlo-
rine monoxide (Cl2O) the method of Cady11 was used.

Results and discussion

An overview over the observed 35ClO REMPI spectra resulting
from the one-colour experiment in the dissociation of Cl2O is
represented in Fig. 1. The upper part (a) of the figure shows
a spectrum for both spin–orbit manifolds of the 35ClO iso-
tope, the lower part (b) shows a simulated spectrum for the
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2P3/2 spin–orbit system of the 35ClO isotope for reference.
The scan range from 336 nm to 344 nm covers the rotational
branches ofClO(C2S2, v’~ 0B X2P3/2, v~ 0) and ClO(C2S2,
v’~ 0B X2P1/2, v ~ 0). The onset of the 2P3/2 system at
341.6 nm in the figure is indicated by the band heads of the P
and O branches. The other spin–orbit system, 2P1/2, starts at
about 343.6 nm. At room temperature both electronic systems
are well separated (spin–orbit coupling constant AO ~
2321.79 cm21).12 In the Cl2O dissociation, due to the high
rotational excitation, transitions from high rotational states of
the 2P1/2 system overlap with transitions from the 2P3/2 system.
High rotational excitation is also present in excited vibrational
states of ClO obscuring the bandheads of the 2P1/2 system at
343.6 nm in the overview of Fig. 1. The complex spectrum of
the two-photon (0–0) transition in Fig. 1 consists of 20 main
and satellite branches. Regarding the smallness of the spin-
splitting constant c ~20.0129 cm21 of the upper C2S2 state,
the one-photon laser linewidth of 0.2 cm21 and the intensity
ratios for main and satellite lines it is expected that the satellite
lines are only resolvable for high J quanta (Jw 30). Neglecting
the overlap of the 2PV spin manifolds, the spectrum below
341.6 nm (2P3/2 bandhead) is contributed to by ten resolvable
branches, namely the oO11,

pP11(
pO21),

qQ11(
qP21),

rR11(
rQ21),

sS11(
sR21) and

tS21 branches. The satellite branches overlapping
with the respective main branches (for J v 30) are given in
parentheses (notation DNDJF ’F@). The Q branch intensities for
two-photon 2S B 2P transitions are negligibly small.13,14 The
simulation used was generated using the molecular constants
given in Table 115,16 and calculated Hönl–London factors.13,14

The agreement between the simulation and the experiment is
excellent. Note the contribution of the high J transitions of the
overlapping 2P1/2 spin system.
The simulated 35ClO spectrum was obtained by fitting the

centrifugal constant D and the sextic centrifugal constant H of
the upper state 2S2, assuming that the constants for the ground
state 2P3/2 and the rotational constant B of the upper state
are well known.12,15,16 For the calculation of the energy levels
of the 2P state the formula from Sheasley and Matthews was
used.17 A least squares fit of the simulation to the experi-
mental spectrum yielded for the C state the values 1.12933 6
1026 cm21 for D0 and 22.566 10213cm21 for H0. The popula-
tion of the rotational states (cf. Fig. 2) was extracted from the
simulated spectra.
It shows a Gaussian distribution peaking at J ~ 107.5, with

a full width at half maximum (FWHM) of DJ ~ 26.6. The

distribution P(J) is strongly inverted and ClO is essentially
formed in rotational states above J ~ 90. The graph clearly
depicts that about 71% of the total rotational population of
ClO is situated in between the FWHM limits of the distribution
[94.5v Jv 120.5]. Such extremely high rotational states (up
to J ~ 130) in a diatomic have never been observed in the
laboratory before. The low J population (J v 30) is due to ClO

Fig. 1 Experimental (a) and simulated (b) excitation spectra of 35ClO in the one-colour photodissociation study of Cl2O between 336 and 344 nm:
ClO(X2P1/2,3/2, v~ 0) + 2 hnA ClO(C2S2, v’~ 0). For the simulated spectra (b) only the rotational branches of the 2P3/2 spin-manifold are given.
Molecular constants for the simulation were taken from ref. 12, 15, 16.

Table 1 Molecular constants for 35Cl16Oa

35Cl16O 2P3/2
2S2

B0/cm
21 0.620505704b 0.6952c

D0/10
6 cm21 1.328b 1.71c

H0/10
13 cm21 25.00b —

A/cm21 2320.31494b —
AD/cm

21 9.7216455b —
c/102 cm21 — 21.29c

p0/10
2 cm21 22.2552569b —

q0/10
5 cm21 3.34898b —

ve/cm
21 853.72446b 1077.74d

vexe/cm
21 5.579573b 6.365d

aB: rotational constant, D: centrifugal distortion, H: sextic centrifu-
gal distortion, A: spin–orbit coupling constant, AD: centrifugal dis-
tortion of A, c: spin rotation coupling constant, po: lambda doubling
constant, qo: lambda doubling constant, ve: vibrational constant, xe:
anharmonic constant. bRef. 15, 16. cRef. 12. dRef. 16.

Fig. 2 Strongly inverted rotational state distribution of 35ClO(v = 0)
generated in the photodissociation of ClOCl around 340 nm. The data
were extracted from a fit to the experimental spectrum (cf. Fig. 1).
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originating from the photodissociation of ClO2 which is always
present as a small impurity (1%) in Cl2O samples18 and is
characterised by a Boltzmann distribution with a temperature
parameter of 650 K.19 For the fit it was assumed that the signal
intensity depends on the third power of the laser intensity, since
the transitions using two photons in the REMPI scheme and
the fragmentation were not saturated, whereas the final
ionisation was. In principle, there are three possible sources
for the observed high rotational excitation: Overall rotation of
the parent molecule in the electronic ground state, bending
vibration within the parent molecule, and finally, the torque
generated by the anisotropy of the upper potential energy
surface (PES), i.e. exit channel dynamics. The influence of
the first effect can be excluded, since our experiments were
measured under molecular beam conditions (Trot v 10 K). The
effect of zero-point vibration of the bending mode of Cl2O on
the rotational distribution of ClO has been calculated to be
smaller than ten rotational quanta around the maximum of
J~ 107.5. Dynamic induction of rotational energy onto the
diatomic fragment generated from the photodissociation of a
triatomic parent molecule must be viewed in Jacobi coordinates
r, R, and c. Here, r is the internuclear distance in the diatomic,
characterising vibrational excitation, R is the distance between
the atomic fragment and the centre of mass of the diatomic
characterising the separation dynamics, hence the translational
energy of the system, and c denotes the angle of r with R, thus
characterising the rotation of the diatomic. For ClO the Jacobi
coordinates r, R and c are related to the natural coordinates
(rClO, rCl’O) and a:

r~rClO (1)

R~(r2szr2Cl’O{2rsrCl’O cosa)0:5 (2)

c~ arcsin (rCl’OR
{1 sin a) (3)

where rClO and rCl’O are the distances between the central O
atom and the terminating Cl atoms, rs is the distance between
the central O atom and the centre of mass of the ClO diatom
and a is the bond angle. Cl’ denotes the departing atom whereas
Cl remains bound to O in the ClO fragment. The amount of
rotational excitation can be evaluated by integrating the
gradient Fc ~ 2(hV/hc) of the upper PES along the dissocia-
tion coordinates in natural coordinates. Then Fc can be
separated into two parts:20

Fc~{(
LV
LrCl’O

)(
LrCl’O
Lc

){(
LV
La

)(
La
LV

)~F (1)
c zF (2)

c (4)

where the first part F
ð1Þ
c describes the rotational excitation

induced by the impulsive model21 where any PES dependence
on bond angle a is neglected. Often the dynamic part F

ð2Þ
c , i.e.

the bond angle dependence of the upper PES, dominates the
rotational angular momentum transfer onto the diatomic
products. However, especially for a triatomic parent molecule
with a light central and two heavy terminating atoms like Cl2O
the impulsive part F

ð1Þ
c becomes more important due to a large

value of (hrCl’O/hc). If no data are known for the upper PES the
so-called pure impulsive model can be used to describe the
amount of rotational excitation of the fragment.20 In the case
of the ClOCl molecule this model assumes that the O–Cl bond
breaks instantaneously with Cl merely playing the role of a
spectator. The sudden repulsion between Cl and O–Cl
generates a torque which induces rotation of O–Cl about its
centre of mass. The rotational energy of the fragment Erot is
related to the excess energy Eexc by

Erot~Eexc
m2

Clsin
2a0

m2
ClO{m2

Clcos
2a0

(5)

where Eexc ~ hn2 D0 is given by the difference of the photon

energy of the dissociating laser and the dissociation energy D0,
mCl and mClO are the atomic masses of the fragments and a0 is
the initial Cl–O–Cl bond angle at the time when the O–Cl bond
breaks. If a0 is chosen to be the equilibrium angle in the
electronic ground state, eqn. (5) defines the most probable
final angular momentum state of the fragment, using the
simple relation Erot ~ BrotJ(Jz 1)2 Drot(J(Jz 1))2. In our
case (a0 ~ 110.886u) the pure impulsive model yields for the
excess energy of 2.2 eV a value of 0.96 eV for Erot, respectively
J~ 112.5, i.e. the rotational energy is about 44% of Eexc. With
respect to the rotational population derived from the experi-
ments, peaking at J~ 107.5, Cl2O can therefore be seen as a
classical example of a molecule showing high non-thermal
rotational excitation upon photodissociation. The observed
width of the rotational distribution DJ ~ 26.6 (FWHM) is
likely due to dynamical effects on the PES other than discussed
above.

Conclusion

For the first time isotope- and state-specific spectra of ClO
generated in the near UV photodissociation of Cl2O have been
measured by one-colour (2 z 1) REMPI under background-
free conditions. A narrow non-thermal population of extremely
high rotational states of the diatomic ClO has been observed
opening up the possibility to use the Cl2O photodissociation as
a clean source for high angular momentum diatomics. The high
rotational excitation induced in the Cl2O photodissociation is a
typical case for a pure impulsive fragmentation model. The
high rotational excitation of ClO obtained from Cl2O as
precursor needs carefully to be considered in kinetics studies
involving the ClO radical.
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