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Abstract

y Ž .An electron photodetachment spectrum of Cl is reported for 193 nm 6.42 eV excitation. The spectrum was assigned3
y Žusing high-level ab initio calculation for the Cl radical and the Cl ion. A broad band centered around 1.25 eV electron3 3

. yŽ 1 q. Ž 2 . Ž 2 q.kinetic energy has been assigned to the Cl X S ™Cl X P and Cl 1 S transitions. Vertical photodetachment3 g 3 u 3 g

accesses the transition state region for the Cl exchange reaction: ClqCl ™Cl qCl. A narrow doublet band at 0.55 eV is2 2
yŽ 1 q. Ž 2 .assigned to the Cl X S ™Cl 1 P transition, split by spin–orbit interaction. q 1999 Elsevier Science B.V. All rights3 g 3 g

reserved.

1. Introduction

Indirect evidence for the existence of bound Cl3

was originally derived from studies of Cl atom re-
w xcombination kinetics 1 . However, recent theoretical

studies have shown that the ground state Cl is very3
w xweakly bound 2–5 . It is best thought of as a

Cl PPP Cl van der Waals complex. The low-lying2

excited states of Cl are also unstable, with the3

exception of one state that has a linear symmetric
Ž 2 . w xequilibrium geometry 1 P 4 . There is no clearg

evidence that neutral Cl has ever been observed3
w x4,6 . The weakness of binding in the ground state,
less than 1 kcalrmol, makes it a challenging case for

) Corresponding author. Fax: q1 404 727 6586; e-mail:
morokuma@emory.edu

w xIR techniques 4,7 . The absence of stable excited
states that are Franck–Condon accessible makes Cl3

w xchallenging for UV studies 4 .
Anion photodetachment spectroscopy provides a

more promising means for observing the ground and
low-lying states of Cl . The Cly anion is stable in3 3

w xthe ground state 3 and can be studied experimen-
w xtally in the gas phase 8–10 . The ground state has a

linear symmetric structure with a bond length of
˚ w x;2.3 A 3,11,12 . Vertical photodetachment from

this geometry is expected to access the ground state
at a geometry appreciably displaced from the van der
Waals minimum, and the 1 2

P state near the bottomg

of its potential energy well. In this Letter we report a
photodetachment spectrum for Cly taken using 1933

nm excitation. Results from high-level ab initio cal-
culations have been used to assign this spectrum.
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2. Technical details

2.1. Experimental

The negative ion photoelectron spectrometer used
in these experiments has been described in detail

w xpreviously 13 . A mixture of 5% Cl in Ar was2

expanded through a pulsed nozzle. Negative ions
were generated by a 1 keV electron beam, which
crossed the expansion close to the nozzle. Cly an-3

ions were mass-selected by time-of-flight, and pho-
todetached by an excimer laser operating at a wave-

Ž .length of 193 nm 6.42 eV . Photoelectrons were
detected at the end of a 1 m long field-free flight
tube. Electron kinetic energies were determined from
the flight times. Extensive signal averaging was used
to obtain the spectrum, which was recorded using
240000 laser pulses.

2.2. Considerations in electronic structure calcula-
tions

In our previous theoretical study of the trichlorine
w xradical 4 , we learned that a high-level electron

correlation method is essential for predictions of
low-lying electronic states with near quantitative ac-
curacy. Such properties as term energies and internu-
clear distances could only be obtained with good
accuracy by a multireference configuration interac-
tion method combined with an extensive basis set.
Furthermore, diffuse orbitals are required to ade-
quately describe the anion. In the present study of

ythe Cl qe§Cl excitation spectrum, we used the3 3

multireference internally contracted singles and dou-
w xbles configuration interaction 14,15 with Davidson
w x Ž .correction for size-consistency 16,17 . MRSDCI D ,

to calculate the potential energy curves of both the
anion and the neutral. We used the Dunning correla-
tion-consistent valence triple-zeta polarized basis set

w xaugmented with diffuse orbitals, cc-avtz 18 . The
Ž .molecular orbitals MO , were generated using the

Žcomplete active space self-consistent field CAS-
. w xSCF 19–21 method. This included 21 electrons

Ž .22 for the anion distributed among 12 molecular
orbitals consisting of 3s3p orbitals on each chlorine
atom. State-averaging was used in the CASSCF pro-
cedure to generate orbitals of the radical. Conse-
quently, the three spatial components of X 2

P andu

1 2
S

q states of Cl were state-averaged with equalg 3

weights to generate reference wavefunctions for the
MRSDCI procedure. In a separate calculation, the
1 2

P degenerate components were state-averagedg

for the subsequent MRSDCI calculation. The refer-
ence function for MRSDCI was the converged
CASSCF wavefunction, whose size varied from 70

Ž .to 90 configuration state functions CSF for the
radical and 20 CSFs for the anion. Electronic config-
urations and potential energy surfaces for Cl were3

w xpresented in Ref. 4 .
Spin–orbit interaction for the radical was calcu-

lated using a perturbation theory approach, as de-
w xscribed in Ref. 22 . We considered interactions be-

tween the X 2
P , 2

S
q , and 2

P states, resulting in au g g

10=10 spin–orbit CI matrix. For evaluation of
spin–orbit matrix elements we used CASSCF wave-

w xfunctions with a smaller basis set, TZ2P 23 . Non-
Ž .relativistic calculations spin-free Hamiltonian were

w xperformed with the MOLPRO 24 package version
96.4, while spin–orbit calculations were performed
using version 98.1.

3. Results and discussion

3.1. Photodetachment spectrum

The spectrum appearing in Fig. 1 represents the
kinetic energy distribution of the detached electrons

Fig. 1. The 193 nm photodetachment spectrum of Cly. The3

horizontal axis is the kinetic energy of the detached electron in
eV. The vertical axis is proportional to the flux of electrons. The
arrow indicates the threshold for ionization. The structure to the
left of the sharper peak is probably due to noise.
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y Ž .after photolyzing Cl at 193 nm 6.42 eV . The3
Ž .resolution of this spectrum f0.01 eV was deter-

mined by the bandwidth of the excitation source. The
relationship between the kinetic energy of the de-

Ž .tached electron E and the corresponding energykin

of the vibronic level of Cl relative to ground state3
y Ž .of Cl E can be written as,3 Cl 3

hnyE s IPqE ,kin Cl 3

where hn is the photon energy, and IP is the lowest
adiabatic ionization potential of Cly. In the follow-3

ing, energies derived from Fig. 1 are given as E ,kin

with IPqE in brackets.Cl 3

Note that the entire photodetachment spectrum
represents excitation to Cl levels that have enough3

w xenergy to dissociate to Cl qCl. Nizzi et al. 8 .2

reported a dissociation energy of 1.03"0.05 eV for
Cly™ClyqCl. Given the photon energy of the3 2

Ž . w xlaser 6.42 eV and the electron affinity 25 of Cl
Ž .3.61 eV , features in the photodetachment spectrum
at electron kinetic energies -1.78 eV corresponds
to states of the neutral with enough energy to disso-
ciate.

There are two well-defined features in Fig. 1: a
w xbroad band centered at 1.25 5.17 eV and a sharper

w x Ždoublet at 0.55 5.87 eV. The width 0.35 eV
.FWHM and shape of the broad feature suggests

Žexcitation to repulsive region of the Cl state or3
.states involved. The sharper structure of the doublet

suggests excitation to bound levels. The doublet
Ž .splitting 0.066 eV could be interpreted in terms of

transitions to two separate electronic states, vibra-
tional structure, or spin–orbit splitting.

3.2. Comparison with ab initio calculations

The method used to generate Cly should produce3

vibrationally cold anions, so we assume that the
main features in the spectrum arise from the zero-

yŽ 1 q.point vibrational level of Cl X S . We also as-3 g

sume that the spectrum represents a vertical ioniza-
Žtion process i.e., the nuclei do not move during

.photodetachment . To make comparisons with the ab
initio calculations, we consider cuts through the po-
tential energy surfaces along the symmetric stretch

yŽ 1 q.coordinate. Fig. 2 shows cuts for Cl X S and3 g
Ž 2 2 qselected low-lying states of Cl X P , 1 S , and3 u g

2 .1 P . The energy zero is defined at the minimumg

yŽ 1 q.of Cl X S . Our calculations show that the D3 g `h

structure is the true minimum for Cly, with a bond3
Žlength of 4.41 bohr and dissociation energy relative

Ž2 . yŽ1 ..to 2Cl P qCl S of 3.04 eV. The dissociation
Ž . yenergy relative to Cl X qCl can be determined2

from the 2ClqCly dissociation energy less the
Ž . Ž .Cl X bond energy 2.36 eV . This cycle yields an2

estimate of 0.68 eV, as compared to the experimental
w xvalue of 1.03 eV 8 . The error is surprisingly large,

given that the present calculations accurately predict
Žthe electron affinity of Cl 3.61 eV calculated, 3.62

w x.eV measured 25 . No doubt, better results could be
obtained using a larger basis set, but the accuracy of
the present calculation is sufficient for assignment of
the photodetachment spectrum.

Three states of Cl neutral correlate with the3
Ž 1 q. Ž2 .Cl X S qCl P . The lowest state in D sym-2 g `h

2 Ž .metry, X P , is 4.96 eV above zero, at r Cl–Cl su

4.36 bohr. The surface displays a standard Renner–
2 ŽTeller pattern splitting into A unstable lower com-1

. 2 Ž . w xponent and B stable upper component 2 . In C1 2v

symmetry the lower component, which becomes
X 2A and correlates with the van der Waals global1

minimum, has a stationary point with the angle of
˚ w x1468 and the bond of 4.16 A 4 . The structure is

unstable with respect to the antisymmetric stretch
while the minimum in the remaining coordinates

Ž .ensures the transition state at 4.59 eV for the
ClqCl ™Cl qCl exchange reaction. The global2 2 & 2Ž .minimum for the surface C , XL P , is at 4.35`n

eV. The upper Renner–Teller component is stable
with respect to the bending coordinate. This surface
supports a linear transition state for the exchange
reaction. Almost degenerate with X 2

P , the 1 2
S

q
u g

state is bound with respect to bending and the sym-
metric stretch, but it is not stable with respect to

w xasymmetric displacements 4 . It represents another
linear transition state for the exchange reaction.

Of the low-lying excited states, only 1 2
P isg

significantly bound. This state has a linear symmetric
equilibrium geometry with a bond length of 4.54
bohr. As can be seen in Fig. 2, the minimum of

2 yŽ 1 q.1 P is 5.60 eV above Cl X S .g 3 g

The curves shown in Fig. 2 can be used to assign
the 193 nm photodetachment spectrum of Cly. Verti-3

cal transitions to the Cl X 2
P and 1 2

S
q states3 u g

should produce features in the spectrum near 1.4
w x5.0 eV. These features should be broad and over-
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y Ž .Fig. 2. The Cl and Cl potential energy curves calculated with MRSDCI D ravtz in D symmetry. The horizontal axis is the distance3 3 `h

between two adjacent chlorine atoms in bohr. The vertical axis is the energy in eV, relative to the minimum of Cly,X1
S

q . Numbers in bold3 g
Ž . Ž .represent energies eV of specific states of the radical, the asymptotes, and the photon energy marked with a long-dashed line .

Ž .lapped as they terminate on repulsive unbound
regions of the two states. The high energy cut-off for

w xthe broad band is predicted to be at 2.07 4.35 eV,
&

although a transition to the minimum of Cl XL will2

have a very small Franck–Condon density. Clearly,
these predictions are in reasonable agreement with
Fig. 1. Part of the 0.15 eV discrepancy between the
predicted and observed center for the broad feature
must be associated with the underestimation of the
Cly bond energy.3

w xThe doublet at 0.55 5.87 eV is consistent with a
vertical transition to 1 2

P . Our calculations predictg
w xthis feature at 0.82 5.60 eV. Correcting for the

underestimated Cly bond energy gives good agree-3

ment between theory and experiment. As there are
no bound states overlapping 1 2

P , we can discountg

the possibility that the doublet structure is due to
transitions to nearby states. The comparable intensi-
ties of the peaks suggest spin–orbit splitting, rather
than a vibrational progression. As Cly and Cl have3 3

such similar bond lengths, we expect that a transition
to a vibrationally excited level would be significantly
weaker than the origin band. The observed doublet

Ž .splitting 0.066 eV is in reasonable agreement with
the spin–orbit interval of 0.074 eV calculated at
rs4.54 bohr.
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4. Conclusions

The photodetachment spectrum for Cly has pro-3

vided the first unambiguous spectroscopic data for
the ground and low-lying states of Cl . The spectrum3

is rather simple, in that it shows only two prominent
structures. However, both the simplicity of the spec-
trum and the characteristics of the bands are in good
agreement with the predictions of ab initio calcula-
tions. Previous theoretical calculations indicated that
the lowest energy states of Cl are not bound, and3

the broad origin band in the photodetachment spec-
trum is consistent with a transition to a repulsive
state. Within the energy range examined, calcula-

Ž 2 .tions predict only one bound state 1 P that wouldg

be accessible. The energy and contour of the second
band in the spectrum are entirely consistent with a
transition to 1 2

P .g
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