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Abstract

We present the results of experimental and theoretical studies of the speed-dependent spin–orbit state distributions of chlorine

photofragments produced in the photodissociation of thiophosgene (CSCl2) at 235 nm. Three-dimensional imaging has been em-

ployed for observing chlorine photofragments in their ground (Cl) and excited (Cl�) spin–orbit states. The kinetic energy distri-

butions for Cl and Cl� fragments reflect excitation of several electronic states of the partner fragment CSCl. The spin–orbit

branching ratio of P(Cl�)/[P(Cl) +P(Cl�)] was found to depend on the kinetic recoil energy increasing from 0.1 for low kinetic energy

to 0.8 for high kinetic energy.

The theoretical interpretation is based on the computation of the CSCl2 potential energy surfaces (PES) along the C–Cl bond.

Two completely different methods of determination of the PES were applied for small and for large values of the C–Cl bond

separation R. In case of small and intermediate R values time-dependent density-functional theory has been used. In case of large R

values we used an asymptotic method of computation of the PES, which is a generalisation of the Heitler–London approach for

many-electron systems. Basis molecular wavefunctions with definite values of the total spin S and the spatial and spin reflection

symmetry rv with respect to reflection of the total electronic wavefunction in the molecular plane were used. The developed the-

oretical approach was used for the assignment of the molecular states involved in the photodissociation and for the qualitative

explanation of the non-statistical population of the spin–orbit states of the chlorine photofragments as function of the kinetic

energy. The spin–orbit branching ratio of P(Cl�)/[P(Cl) +P(Cl�)] predicted by the theory strongly depends on the quantum state of

the CSCl fragment. It is large in case of the CSCl(~X)+Cl and CSCl(~A)+Cl channels and small in case of the CSCl(~B)+Cl channel

which explains the experimental results.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Photodissociation processes of polyatomic molecules

that produce open shell atoms such as chlorine are
widespread and have intensively been studied for de-

cades because of their relevance for atmospheric chem-

istry (see, e.g. [1] and references therein). We will further

denote such a molecule as RCl, where Cl is the chlorine

atom and R is a polyatomic radical. There is essential

complexity in understanding the underlying dynamics,
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because the photodissociation process usually involves

several excited state surfaces. The first excited state of

the chlorine atom is the 2P1=2 state which lies only

882.4 cm�1 higher than the 2P3=2 ground state. There-
fore, the photodissociation of chlorine containing mol-

ecules generally produces a mixture of ground state

Cl(2P3=2) atoms and spin–orbit excited Cl�(2P1=2) atoms.

Moreover, the quantum yield and the recoil anisotropy

of Cl and Cl� photofragments usually depend strongly

on their velocity distribution [2–7].

These features have recently been investigated in the

photodissociation of alkyl chlorides [2,3], phosgene
(COCl2) [4,6], thiophosgene (CSCl2) [7], carbon tetra-

chloride (CCl4) [5], nitrosyl chloride (ClNO) [5], thionyl
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Fig. 1. Equilibrium geometry of the planar thiophosgene CSCl2(X
1A1)

ground state. Values are taken from the microwave study of [15].

214 L. Sch€afer et al. / Chemical Physics 301 (2004) 213–224
chloride (SOCl2) [5], and others. Many of these studies

have given qualitatively similar results. For instance, in

most cases the primary Cl� atoms are: (1) less abundant

than Cl atoms, (2) faster, and (3) more anisotropically

distributed if there are no symmetry restrictions [5]. In
spite of rapid recent developments of calculation meth-

ods the explanation of these features by direct ab initio

methods is so far problematic. A three-state model

based on Mulliken�s treatment of alkyl halides [8] has

been employed to interpret such results [5]. However,

this simple model is not sufficient to understand the

dissociation of more complex polyatomic molecules of

reduced symmetry, especially if high lying excited elec-
tronic states might be involved.

The main idea of our paper is to develop a theoretical

model which allows understanding of the general find-

ings in the dissociation of polyatomic molecules con-

taining chlorine atoms. We present experimental studies

of the CSCl2 photodissociation including the determi-

nation of the absorption spectrum of the parent thio-

phosgene molecule and the interpretation of our
experimental results and of results reported elsewhere

[7]. The theoretical interpretation is based on the com-

putation of the CSCl2 PES along the C–Cl bond. Two

completely different methods for determining the PES

were employed for small and for large values of the C–

Cl bond separation R. For small and intermediate R

values time-dependent density-functional theory

(TDDFT) was used. Vertical excitation energies were
provided along with state symmetries. Additionally,

scans of excited state PES along one dissociating C–Cl

bond in thiophosgene (CSCl2 + hm!CSCl +Cl) were

performed within the Franck–Condon region in order to

yield a deeper insight into the photodissociation process.

For large R values we used an asymptotic method of

computation of the PES, which is a generalisation of the

Heitler–London approach for many-electron molecular
systems. Using basis molecular wavefunctions with

definite values of the total spin S and the spatial and

spin reflection symmetry rv with respect to reflection at

the molecular plane, we diagonalised the Hamiltonian H

and identified the molecular states involved in the pho-

todissociation process. Note that the spatial and spin

reflection symmetry rv coincides for singlet states with

the conventional spatial Cs symmetry, but unlike Cs

symmetry it remains a good symmetry when spin–orbit

coupling is present. Particularly, it was shown that a

non-statistical population of the spin–orbit chlorine

states observed in the experiment can be explained by

considering the transitions between molecular PES un-

der the influence of strong non-adiabatic interactions

and non-planarity at small recoil distances R. The spin–

orbit branching ratio P(Cl�)/[P(Cl) +P(Cl�)] predicted
by the theory strongly depends on the quantum state of

the CSCl fragment. It is large in case of the

CSCl(~X)+Cl and CSCl(~A)+Cl channels and small in
case of the CSCl(~B)+Cl channel which fits our experi-

mental results. The developed theoretical model is gen-

eral and can be used for interpretation of results in other

polyatomic molecules containing chlorine atoms.

The organisation of the paper is as follows. In Section
2, we briefly present the results of previous studies of

thiophosgene which are of relevance to the subject of the

paper. Particularly, these are the geometry and the

electron configuration of the ground and the lowest

excited states of the molecule and details of the pho-

tolysis dynamics in the UV spectral range. In Section 3,

we present the results of our experimental investigation

of the thiophosgene photodissociation at 235 nm, in-
cluding determination of the absorption spectrum and

the speed distribution for ground state Cl and excited

state Cl� chlorine photofragments. Sections 4 and 5

present the main results of the theoretical interpretation

of the experimental results. Section 4 contains a detailed

explanation of our method of constructing the thio-

phosgene potential surfaces in the long range of the in-

terfragment separation R for different dissociation
channels, including different excited states of the mo-

lecular photofragment CSCl as well as the spin–orbit

states of the atomic chlorine photofragments. Section 5

contains a qualitative analysis of the speed distributions

of the chlorine photofragments and a comparison with

experiment.
2. Thiophosgene molecule: previous studies

The structure and the gas phase photochemistry of

thiophosgene have been the object of extensive study [9–

15]. The structure of its ground state (X1A1) is shown in

Fig. 1. Here and later we denote the quantum states of

the parent CSCl2 molecule by the capital letters without

tilde, i.e., X, A, B, while the quantum states of the
molecular fragment CSCl will be denoted by capital

letters with tilde, i.e., ~X, ~A, ~B. The CSCl2 molecule in the

ground state is planar and belongs to the C2v symmetry

group. The electron configuration of the ground state

has been determined by photoelectron spectroscopy to

be [core] (9a1)
2(10a1)

2(6b2)
2(11a1)

2(7b2)
2(3b1)

2(12a1)
2

(2a2)
2(13a1)

2(8b2)
2(4b1)

2(9b2)
2, where the 11a1, 7b2, and
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Fig. 2. Velocity-dependent spin–orbit state distributions of Cl photo-

fragments produced in the photodissociation of thiophosgene at 235

nm. Circles show the branching ratio obtained from the spin–orbit

state-specific speed distributions which are shown by solid lines.
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12a1 molecular orbitals (MOs) contain the r bonding

electrons, the 3b1 and 4b1 MOs contain the p bonding

electrons and the Cl(3pp) lone pair which strongly mix

with each other, and the 2a2, 13a1, 8b2, and 9b2 MOs

contain the remaining chlorine and the sulphur lone pair
electrons all of which are essentially non-bonding [16].

The low excited states of thiophosgene have been

studied by optical absorption/fluorescence spectroscopy

and by electron impact energy loss spectroscopy. The

weak absorption in the visible has been assigned to the

excitation of the first singlet excited state

A ðA1A2  X1A1Þ, which corresponds to a dipole-for-

bidden p�  n (5b1 9b2) electron promotion and is
accompanied by the corresponding a3A2  X1A1 sin-

glet–triplet excitation at somewhat longer wavelengths.

This excitation is very well understood. Absorption in

the strong band system in the near-UV region populates

the second excited singlet state, B, which mainly arises

from the promotion of a 4b1 electron to the 5b1 MO. The

p�  p, Bð1A1Þ  Xð1A1Þ transition results in lowering

the C–S bond order, lengthening the C–S bond by about
0.5 �A and decreasing the Cl–Cl bond angle from 111.2�
to 103� [15,17]. Farnworth�s and King�s analysis [10] of
the absorption bands between 250 and 290 nm indicated

that the B state has a pyramidal structure with an equi-

librium out-of-plane angle of about 20� and an inversion

barrier of about 126 cm�1. Below 257 nm no vibrational

structure in absorption and no fluorescence could be

recorded. Excitation of the molecule in this spectral re-
gion results mainly in fast photodissociation to

CSCl +Cl as indicated by Okabe [11] and shown in direct

experiments by Ondrey and Bersohn [13] at 248 nm and

by Einfeld et al. [7] at 235 nm.

The Bð1A1Þ  Xð1A1Þ transition bears several in-

triguing features which made it the subject of a large

number of theoretical as well as experimental studies

[18]. First, the spectrum is very complex and conse-
quently difficult to analyse because of the drastic geo-

metrical change of the molecule upon excitation.

Second, fluorescence from the second excited singlet

state is unusual in principle. Third and most important,

experimental evidence was found for another dark state

in the vicinity of the B(1A1) state, the nature of which

has still not been identified beyond doubt [18].

As far as photochemistry is concerned, ab initio cal-
culations of the vertical excitation energies of the 10

lowest electronic states of the CSCl radical performed by

Hachey et al. [14] have shown that the electronic ground

state and two low-lying excited doublet states of CSCl,
~X, ~A, and ~B, are accessible in the UV photolysis of

CSCl2.

This prediction has recently been employed by Ein-

feld et al. [7] who determined the relative yield of these
three electronic states in CSCl2 photodissociation at 235

nm for each of the Cl and Cl� channels together with the

speed distributions for both spin–orbit states and the
respective anisotropy parameters b. The relative yields

were found to be: PClð~XÞ :PClð~AÞ :PClð~BÞ ¼ 2 :32 :19 and

PCl� ð~XÞ :PCl� ð~AÞ :PCl� ð~BÞ ¼ 3:5 :33:5 :10. Thus, the fast

chlorine fragments correlating with the CSCl(~X) channel

are mostly produced in their spin–orbit excited state
2P1=2, while the slow chlorine fragments correlating with

the CSCl(~B) channel are mostly produced in their

ground state 2P3=2. The Cl fragments at intermediate

speeds correlating with the CSCl(~A) channel have their

spin–orbit states populated approximately equally. This

result is illustrated by Fig. 2 where the relative number

of the Cl� atoms depends dramatically on the fragment

recoil velocity varying from 0.1 for low speeds to 0.8 for
high speeds.

Each of the CSCl quantum states ~X, ~A, and ~B has a

singly occupied orbital of either r or p character. The

vertical excitation energy calculation of the CSCl radical

[14] yielded the following configurations and vertical

excitation energies of the quantum states:

~X : ð1a0Þ2ð1a00Þ2 � � � ð15a0Þ2ð4a00Þ216a0; Eð~XÞ ¼ 0;

~A : ð1a0Þ2ð1a00Þ2 � � � ð15a0Þ2ð4a00Þ25a00; Eð~AÞ ¼ 1:58 eV;

~B : ð1a0Þ2ð1a00Þ2 . . . ð14a0Þ2ð4a00Þ215a0ð16a0Þ2;
Eð~BÞ ¼ 3:14 eV:

Therefore, the singly occupied orbital in the ground

state ~X is of a0 symmetry having the main character of a

r(C) atomic orbital. The singly occupied orbital of the

first excited state ~A is of a00 symmetry having p�(C–S)
main character. Finally, the singly occupied orbital of
the second excited state ~B is of a0 symmetry having r(S)
main character.

The MRSD-CI geometry optimisation of the ground

state and the lowest excited state of CSCl has been done

in [14] and led to the following result. ~X2A0 state:
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RX
CS¼ 158.0 pm, RX

CCl¼ 168.8 pm, and aX(CSCl)¼
134.1�. ~A2A00 state: RA

CS¼ 158.8 pm, RA
CCl¼ 165.1 pm,

and aA ¼ 180�. Therefore, the lowest excited state ~A2A00

is expected to be linear.
3. Experiment

The absorption spectrum of thiophosgene (purity

97%) was measured in the range from 650 to 200 nm at

room temperature for a vapour sample using a com-

mercially available UV/VIS/NIR spectrometer (Perkin–

Elmer, Lambda 900). A quartz absorption cell with an
optical path length of 10 cm was evacuated and purged

with thiophosgene several times. The measurement was

carried out at a pressure of 137 mbar in the visible

spectral range and at 1.13 mbar in the UV spectral

range. Pressures were determined by a differential ca-

pacitance gauge (MKS, Baratron 221). The observed

absorption spectrum is shown in Fig. 3. Well-known

structured absorption between 560 and 390 nm was
observed and several overlapping absorption bands in

the range below 280 nm were found [19]. To our

knowledge the data below 240 nm are reported for the

first time.

The photodissociation dynamics of thiophosgene

(CSCl2) at a wavelength around 235 nm were studied by

three-dimensional imaging employing resonance en-

hanced multi-photon ionisation (REMPI) in an appa-
ratus consisting of a single-field time-of-flight (TOF)

mass spectrometer and a position-sensitive detector

(PSD). The experimental set-up is described in detail

elsewhere [6,20,21]. The apparatus was evacuated to a

base pressure of ca. 10�7 mbar. Thiophosgene was see-

ded in argon as buffer gas and fed into the spectrometer

via a continuous supersonic molecular beam. By cooling

thiophosgene to )15 �C the concentration of the pre-
pared mixture was ca. 0.5% CSCl2 in argon. The tem-
Fig. 3. Absorption spectrum of the CSCl2 molecule.
perature of the molecules under the given conditions

(nozzle diameter 20 lm, stagnation pressure �1.5 bar,

working pressure �10�6 mbar) is about 8 K, determined

by a rotationally resolved calibration spectrum of the

V1Rþ(v0 ¼ 12,J 0) X1Rþ(v ¼ 0; J ) transitions of HCl.
The dissociation and state-selective detection of chlorine

atoms were performed in a one-colour experiment using

the second harmonic of a dye laser (Lambda Physik,

Scanmate) pumped by the third harmonic of a Nd:YAG

laser (Coherent, Infinity 40–100). The polarisation of the

frequency-doubled light could be changed by a half-

wave plate. A 200-mm lens was used to decrease the

reaction volume to 5� 10�4 mm3. In order to prevent
transfer of kinetic energy to the fragments due to space

charge effects and saturation of the dissociation step the

energy per pulse was carefully adjusted to an amount of

ca. 50 lJ. To verify the desired perpendicular overlap

between laser beam and molecular beam HCl was

monitored by REMPI at 235.99 nm at regular intervals.

In the CSCl2 photodissociation experiments, the (2 + 1)-

REMPI process yields chlorine ions from ground state
Cl(2P3=2) and excited state Cl�(2P1=2) fragments, which

were accelerated by a voltage of typically 450 V, corre-

sponding to a field of 9 kV/m. Chlorine atoms in the

ground state were state-selective probed via the

(2D3=2 2P3=2) transition at 235.336 nm. The excited

state, which lies 882.4 cm�1 above the ground state due

to spin–orbit coupling, was probed by the

(2P1=2 2P1=2) transition at 235.205 nm. By scanning
the dye laser over a range of �0.003 nm around the

centres of the transitions the Doppler broadening was

taken into account. Signals from the PSD, digitised by

time-to-digital converters, were saved to a personal

computer. Measuring both the position of every indi-

vidual particle on the detector and its TOF, we deter-

mined the full three-dimensional velocity distribution

and extracted the complete information about the ki-
netic energy distribution and the velocity-dependent

anisotropy parameter b.
In the case of thiophosgene the determined value of

the b parameter both for Cl and Cl� is close to zero in

the whole recoil velocity range. The speed dependence

of the branching ratio as well as the kinetic energy dis-

tributions for chlorine atoms in the ground and excited

states are shown in Fig. 2.
4. Vertical excitation energies and potential energy

surfaces

We consider the interaction between a Cl atom in its

ground state configuration 3p5 and a doublet radical R

in the quantum state described by a wavefunction of 2r
or 2p character. The complexity of constructing PES

for this system and of understanding the underlying

photodissociation dynamics is due to a large number of



Table 1

Planar ground state (equilibrium) geometry: calculated CSCl2 vertical

excitation energies (TD-B3LYP/6-311+G(3df))a

DE (eV) Oscillator strength

CSCl2 singlet electronic stateb

11A2 ! 11A00 (A) 2.72 0.0000

21A2 ! 21A00 4.88 0.0000

21A1 ! 21A0 (B) 4.92 0.1053

11B2 ! 31A0 (C) 5.03 0.0034

11B1 ! 31A00 5.51 0.0009

21B2 ! 41A0 5.76 0.0614

21B1 ! 41A00 6.02 0.0000

31B2 ! 51A0 6.40 0.0411

31A1 ! 61A0 6.73 0.3349

CSCl2 triplet electronic stateb

13A2 ! 13A00 (a) 2.25

13A1 ! 13A0 (b) 2.78

13B2 ! 23A0 4.64

23A2 ! 23A00 4.73

23B2 ! 33A0 5.07

13B1 ! 33A00 5.19

23B1 ! 43A00 5.61

23A1 ! 43A0 5.82

aGround state optimised at UB3LYP/6-311+G(3df) level of theory.
b Cs symbols refer to a planar ground state with one elongated C–Cl

bond (see Table 3). Commonly employed state labels are given in

parentheses.
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molecular excited state surfaces, which are involved in

the photodissociation process, and due to multiple in-

teratomic interactions, which occur between the

photofragments. Particularly, the Cl atom in its ground

state configuration can exist in six different jXj

(j ¼ 1=2, 3/2) quantum states. Therefore, the total

number of molecular states is 12 in the Cl +R(r)
channel and is 24 in the Cl +R(p) channel. In order to

consider the P(Cl�)/[P(Cl) +P(Cl�)] branching ratio the

spin–orbit interaction in the chlorine atom fragment

must be taken into account simultaneously with the

intermolecular interactions which complicates the

problem. However, as we will show in this paper an
appropriate representation of the molecular wavefunc-

tions can greatly reduce the number of states under

consideration and gives a simple predictive model of

the photodissociation process.

Assuming the photodissociation process to be fast

compared to the time of molecular rotation, we con-

struct a one-dimensional correlation diagram of the

planar CSCl2 molecule and its separated dissociation
fragments, starting from the equilibrium geometry of

C2v symmetry in Fig. 1 and increasing the length of one

dissociating C–Cl bond which transforms the molecular

geometry to Cs symmetry.

Note that in fact the excited states of the CSCl2 mol-

ecule are apparently not planar, but have a pyramidal

structure [10]. However, the planar model above is useful

because it allows to correlate the results of TDDFT cal-
culations of the PES for the Franck–Condon region to

the results of the Heitler–London type approximation

calculations for the asymptotic region (see below). Also,

using the reflection symmetry rv reduces the number of

the molecular wavefunctions which should be considered

simultaneously in the asymptotic region by a factor of 2.

In this representation the out-of-plane equilibrium ge-

ometry of the molecular excited states leads to transitions
between the excited potential surfaces of a0 and a00 sym-

metry occurring during the dissociation process, which

can be taken into consideration by introducing phe-

nomenological transition probabilities.

4.1. Vertical excitation energies and oscillator strengths

The ground and electronically excited states of CSCl2
for small and intermediate values of the distance R be-

tween the photofragments have been computed using

time-dependent density-functional theory [22] based on

the hybrid functional B3LYP [23]. Vertical excitation

energies are provided along with state symmetries. Ad-

ditionally, excited state potential surface scans along one

dissociating C–Cl bond in thiophosgene (CSCl2 + hm!
CSCl+Cl) have been performed for small and inter-
mediate values of R. All calculations have been carried

out using the Gaussian 98 program package [24] using

the 6-311+G(3df) basis set.
Vertical excitation energies and the corresponding

oscillator strengths along with electronically excited

state symmetries are given in Table 1. The arrows in the

first column indicate the correlation between the irre-

ducible representations of the equilibrium C2v geometry
of the molecule and the Cs non-equal C–Cl bonds ge-

ometry arising due to the molecular dissociation. The

CSCl2 ionisation threshold was calculated to be 7.3 eV.

According to Casida et al. [25], an excitation has to fulfil

the following criteria in order to be correctly described

by TDDFT. First, the excitation energy should be sig-

nificantly smaller than the ionisation energy. Second, the

excitation should not involve major contributions from
promotions to virtual orbitals which are only weakly

bound or even unbound in the selected functional. Thus,

excitations to energetically low lying states are usually

described reasonably well by TDDFT, also in the case of

thiophosgene. Both criteria are fulfilled quite well for the

lower CSCl2 excited states, but become more and more

violated for the higher states.

The relationship between excited states of thio-
phosgene shown in Table 1 and those known from

previous studies (see, e.g. [18]) is most likely as fol-

lows: 13A2 () a3A2, 1
3A1 () b3A1, 1

1A2 () A1A2,

21A1 () B1A1, and 11B2 () C1B2. Note that excita-

tions from the 1A1 ground state to 1A2 excited states are

dipole-forbidden within the framework of C2v symme-

try. Singlet–triplet transitions are also forbidden.

According to Table 1 only two excited molecular
states, namely 21A1 and 11B2, can contribute to optical



Table 3

Asymmetric C–Cl stretching mode/planar geometry: calculated CSCl2
singlet state vertical excitation energies (TD-B3LYP/6-311+G(3df))

C

S

Cl

Cl

1.91 A
1.56 A

CSCl2 electronic statea DE (eV) Oscillator strength

11A00 ð11A2Þ 2.75 0.0000

31A0 ð11B2Þ 4.31 0.0053

21A00 ð21A2Þ 4.73 0.0000

21A0 ð21A1Þ 5.19 0.1286

31A00 ð11B1Þ 5.32 0.0001

41A00 ð21B1Þ 5.40 0.0008

41A0 ð21B1Þ 5.57 0.1314

51A00 ð31B2Þ 6.05 0.0394

aC2v symbols in parentheses refer to Table 1.
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excitation from the 11A1 ground state of thiophosgene

molecule at 235 nm. In view of the accuracy of TDDFT,

a possible participation of the 11B1 and the 21B2 states

need also to be considered. The data shown in Table 1

have been calculated assuming the planar equilibrium
geometry of the molecular ground state of C2v (1A1)

symmetry which is shown in Fig. 1. However, vertical

excitation from a non-equilibrium geometry of the mo-

lecular ground state can also be important. To explore

this possibility we computed the vertical excitation en-

ergies for two non-equilibrium configurations of the

thiophosgene ground state.

Results of this calculation for the pyramidal 11A0

ground state geometry with out-of-plane angle of 10�
are shown for singlet excited states in Table 2. Note that

the symmetry reflection label (A0 or A00) of the same

excited states in Tables 1 and 2 is not always the same,

because the plane of reflection in Table 1 is perpendic-

ular to the plane of reflection in Table 2. As seen from

the comparison between Tables 1 and 2 the pyramidal

geometry of the ground state does not change the os-
cillator strengths or the vertical excitation energies

dramatically. However, the oscillator strengths for the

31A00 ð11B2Þ and 31A0 ð11B1Þ states in Table 2 become

comparable to each other, and therefore, the four

21A0 ð21A1Þ, 31A00 ð11B2Þ, 31A0 ð11B1Þ, and 41A00 ð21B2Þ
excited states need to be considered to contribute to the

absorption at 235 nm.

The result of the calculations for the asymmetric C–Cl
stretching mode planar ground state geometry is shown

for singlet excited states in Table 3. In this case the order

of the states is changed, but the states 21A0 ð21A1Þ and
31A0 ð11B2Þ are still likely to give the major contribution

to the absorption intensity at 235 nm.

4.2. Calculation of the potential energy surfaces

The interaction between the Cl atom and the CSCl

fragment and the corresponding electron wavefunctions

can be represented in different forms depending on the

distance R between the centres of mass of the photo-
Table 2

Pyramidal ground state geometry

CSCl2 electronic statea DE (eV) Oscillator strength

11A00 ð11A2Þ 2.70 0.0001

21A00 ð21A2Þ 4.81 0.0000

21A0 ð21A1Þ 4.87 0.1011

31A00 ð11B2Þ 5.06 0.0026

31A0 ð11B1Þ 5.49 0.0031

41A00 ð21B2Þ 5.72 0.0618

41A0 ð21B1Þ 6.05 0.0001

51A00 ð31B2Þ 6.42 0.0415

Calculated CSCl2 singlet-state vertical excitation energies (TD-

B3LYP/6-311+G(3df)).
a C2v symbols in parentheses refer to Table 1.
fragments (see, e.g. [26]). Later, we use the body-fixed

frame XYZ with the Z-axis parallel to R and the Y -axis
perpendicular to the molecular plane. The free-fragment

states (FFS) at R!1 can be represented as a product

of the free fragment wavefunctions in the body-fixed

frame. These wavefunctions are the zero-order eigen-

functions of the molecular electronic Hamiltonian Hel

for the distances R, where the interfragment interaction
DVmol is smaller than the spin–orbit interaction DVSO.
For these states good quantum numbers are those of

total angular momentum of the Cl atom j, the modulus

of the projection jXjj of j onto the Z-axis, the internal

electronic state ~N of the CSCl fragment, 1 and rv, where

rv ¼ �1 is the reflection symmetry of the total elec-

tronic molecular wavefunction with respect to reflection

of spatial and spin coordinates of all electrons in the
molecular plane XZ.

The weakly perturbed states (WPS) are those whose

wavefunctions are the zero-order eigenfunctions of Hel

for the R distances where the intermolecular interaction

DVmol is larger than the spin–orbit interaction DVSO, but
still smaller than the energy intervals DVfrag ¼ Eð~BÞ
�Eð~AÞ, Eð~AÞ � Eð~XÞ between the electronic states of the

molecular fragment: DVSO < DVmol < DVfrag. For these
states good quantum numbers are those of the orbital

angular momentum of the Cl atom L, (L ¼ 1), ~N, rv, and

S, where S is the total spin of the CSCl2 molecule.

Finally, the strongly perturbed states (SPS) are those

which are relevant for small R distances, including the

Franck–Condon region where DVSO < DVfrag < DVmol.

Good quantum numbers for this region are S and rv.

Two different methods have been used for con-
structing the one-dimensional molecular PES for SPS

and WPS–FFS regions.
1 Here and later we neglect the spin–orbit interaction in the CSCl

molecular fragment.
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4.2.1. SPS region

The PES in the SPS region have been obtained in two

steps: First, the geometry at each point on the PES was

optimised along a C–Cl bond at the UHF/6-311+G(d)

level for the ground state. Second, single-point energy
calculations at each optimised geometry of the ground

state were performed at the TD-UB3LYP/6-311+G(d)

level of theory for prediction of the excited singlet states.

The zero energy was taken to be the minimum of the

ground state PES.
4.2.2. WPS–FFS region

The PES in the WPS–FFS region have been calcu-
lated by an asymptotic method which is a generalisation

of the Heitler–London approach for a many-electron

molecular system [27]. The effective electronic molecular

Hamiltonian Heff can be presented as

Heff ¼ Horb þ VSO þ VC; ð1Þ

where Horb and VSO are the pure orbital and spin–orbital

Hamiltonians, respectively, while the term VC represents

the long-range Coulomb (multipole) interaction between

the fragments.

Five equivalent valence p electrons of the Cl atom
and one singly occupied atomic p orbital of the CSCl

fragment of the r, or p character have been taken into

consideration in the electron orbital operator Horb in Eq.

(1) which was used in the following form:

Horb ¼
X6

i¼1

�
� 1

2
Di �

5

ri � Rj j �
1

ri

�

þ
X6

i¼1

X6

k>i

1

ri � rkj j þ
5

R
; ð2Þ

where ri and Di are the radius vector and the kinetic

energy operator of the ith electron, and R is the inter-

fragment distance. The origin in Eq. (2) is on the centre

of the quasi-atomic singly occupied orbital of either r,
or p character in the CSCl fragment. This orbital can be
associated with the unpaired molecular orbital centred

on either the C or the S atom, or even on the C–S bond

(see discussion in the end of Section 2).

The model is approximately restricted to large R
values where the intermolecular interaction DVmol is

smaller than the energy intervals between the electronic

states of the molecular fragment DVfrag. However, the

exact region of validity of the model can be determined
only by comparing with the results of full quantum

chemical calculations.

When electron 1 belongs to the molecular fragment

and electron 2 is one of the five equivalent electrons of

the Cl atom, the operator Horb in Eq. (2) can be repre-

sented as Horb ¼ H0 þ Hint, where
H0 ¼
X6

i¼3

�
� 1

2
Di �

5

ri � Rj j

�
þ
X6

i¼3

X6

k>i

1

ri � rkj j ; ð3Þ

Hint ¼
X2

i¼1

�
� 1

2
Di �

5

ri � Rj j

�
þ
X6

i¼1

1

ri

þ
X2

i¼1

X6

k>i

1

ri � rkj j þ
5

R
: ð4Þ

The operator H0 in Eq. (3) is the Hamiltonian of the

fragment ionic cores and the term Hint in Eq. (4) repre-

sents interaction of the electrons 1 and 2 with both

cores, between each other, and interaction between the
cores. Separation of the operator Horb in two parts, H0

and Hint, is useful because the operator H0 matrix ele-

ments result only in a global shift of all PES and

therefore need not be calculated explicitly.

Only spin–orbit interaction in the chlorine atom has

been taken into consideration in the operator VSO.
The operator VC in Eq. (1) contains contributions

from the two leading terms of the multipole expansion:
the dipole–quadrupole (DQ) and the quadrupole–

quadrupole (QQ) interaction between the photofrag-

ments, VC ¼ VDQ þ VQQ [28]:

VDQ ¼
6

R4

X1

q¼�1

1

ð1� qÞ!ð1þ qÞ!ð2� qÞ!ð2þ qÞ!½ �1=2

� Q1
qMQ

2
�qA; ð5Þ

VQQ ¼
24

R5

X2

q¼�2

1

ð2� qÞ!ð2þ qÞ!Q
2
qMQ

2
�qA; ð6Þ

where QKA

qA and QKM

qM are spherical components of the

corresponding multipole operators for the molecular

(M) and the atomic (A) fragment, respectively. They are

given by the expression

QK
q ¼

X
i

qirKi

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4p

2K þ 1

r
YKqðhi;uiÞ; ð7Þ

where qi, ri, hi, and ui are the charge and spherical

coordinates of the ith particle (electronic or nuclear),

where the Z-axis is parallel to the vector R, the origin

is in the centre of mass of the corresponding frag-

ment, and YKqðhi;uiÞ is a spherical harmonic. The

summation in Eq. (7) runs over all charged particles of

the fragment.

Calculating the Hamiltonian Heff matrix elements in
Eq. (1), we used a basis set of molecular wavefunctions

with definite values of the total molecular spin S and

reflection symmetry rv with respect to reflection of the

spatial and spin coordinates of the electrons at the mo-

lecular plane. These wavefunctions were those related to

the WPS region and can be presented in the following

general form,



Table 4

Components of the dipole moment of the CSCl radical

MX 0 (Debye) MZ0 (Debye)

0.2216 0.0275

Table 5

Components of the quadrupole moment of the CSCl radical

QX 0X 0

(Debye�A)

QY 0Y 0

(Debye�A)

QZ0Z0

(Debye�A)

QX 0Z0

(Debye�A)

)0.9910 )0.1452 1.1362 1.1825

X 0Y 0Z 0 frame: CSCl molecule is in the X 0Z 0 plane, SC is in the

negative part of the Z 0-axis, C is in the origin, Cl is in the positive X 0Z 0

quarter. The ground state was optimised at UB3LYP/6-311+G(3df)

level of theory to be RCS ¼ 157:02 pm, RCCl ¼ 169:33 pm, and

aðSCClÞ ¼ 135:51�.

220 L. Sch€afer et al. / Chemical Physics 301 (2004) 213–224
Wmol ¼
1

tk
LAXA;XM; Slijð � LAj � XA;� XM; S � liÞ;

ð8Þ

where LA and XA are the orbital angular momentum of

the atomic fragment and its projection onto the Z-axis,
XM is the angular momentum projection of the unpaired

p orbital of the molecular fragment, and S and l are the

total electronic spin of the molecule and its projection.

The normalisation factor tk in Eq. (8) is equal to tk ¼
ffiffiffi
2
p

in case of k 6¼ 0 and tk ¼ 2 in case of k ¼ 0, where

k ¼ jXA þ XM þ lj. The wavefunctions jLAXA;XM; Sli
in Eq. (8) are transformed under reflection in the mo-

lecular frame rv as

r̂m LAXA;XM; Slij ¼ pApMð�1ÞS�lþLA�XAþLM�XM

� LAj � XA;� XM; S � li; ð9Þ

where pA ¼ �1 and pM ¼ �1 are the parities of the

atomic and molecular fragments A and M, respectively,

and LA ¼ LM ¼ 1.

Later, we introduce the group symmetry label

ð2Sþ1AÞ0=ð2Sþ1AÞ00, where S ¼ 0; 1, denoting the molec-
ular states which are associated with the spatial and spin

symmetry index rv ¼ þ1=� 1, respectively. For singlet

molecular states this label is equivalent to the conven-

tional Cs point group symmetry label 1A0=1A00 which is

associated with reflection of the spatial electron coor-

dinates only, e.g., (1AÞ0 � 1A0 and ð1AÞ00 � 1A00. How-

ever, in the whole WPS–FFS region we will use the

symmetry labels (2Sþ1AÞ0=ð2Sþ1AÞ00 because the conven-
tional Cs point group symmetry labels are mixed by the

spin–orbit interaction.

The interaction operator Hint, which dominates in the

region R6 3 �A, is diagonal in the representation (8) over

the quantum numbers S and l. Thus, simple assignment

of the singlet and triplet quantum states is possible in

this region as well as their matching with the molecular

states computed for the SPS region. The spin–orbit in-
teraction operator VSO and the long-range Coulomb

operator VC are in general non-diagonal in the repre-

sentation (8) over the quantum numbers S and l,
however, they do not mix the molecular wavefunctions

with opposite reflection indices rv. Therefore, within the

planar molecular geometry the basis set in Eq. (8) in the

whole range of R values is divided in two non-interacting

groups of molecular wavefunctions with respect to re-
flection in the molecular plane.

Taking into account the indistinguishability of all six

electrons the multi-electron matrix elements of the op-

erators Hint and VSO over the wavefunctions from Eq. (8)

were presented as sums containing one- and two-elec-

tron matrix elements. These matrix elements have been

evaluated following the method given in [27,29] with the

program Maple 8 over the asymptotic one-electron
atomic wavefunctions [30],
wi ¼ Cr 1=að Þ�1
i e�ari with a ¼

ffiffiffiffiffi
2I
p

; ð10Þ
where I is the atomic ionisation potential of either the Cl

or the C or the S atom.

The matrix elements of the long-range Coulomb in-
teraction operator VC have been calculated directly using

the WPS molecular wavefunctions basis (8) and the

Wigner–Eckart theorem [31]. The quadrupole moment

of the Cl atomic fragment QCl 	 1:47D �A has been cal-

culated following the method given in [32]. The compo-

nents of the dipole and quadrupole moments of the CSCl

fragment were calculated using the standard DFT

method. These components related to the electronic
ground state ~X of the fragment are shown in Tables 4 and

5. They were used for determining the values of the re-

duced matrix elements of the dipole–quadrupole and

quadrupole–quadrupole interactions. The values of the

components for the excited ~A and ~B fragment states are

similar to that for the ~X state in Tables 4 and 5. Our

calculations have shown that the contribution from the

matrix elements of the operator VC to the resulting PES
below can be neglected compared with the contribution

from the operators Hint and VSO.
The advantage of the basis set in Eq. (8) is that it

allows to group the quantum states according to their

multiplicity which greatly simplifies the analysis. For

instance, the total number of molecular states in the

Cl +R(r) channel is 12, however, six states of ðAÞ0
symmetry and six states of ðAÞ00 symmetry can be con-
sidered separately from each other. Moreover, only

three of them are singlet in the WPS region: two of (1AÞ0
symmetry and one of ð1AÞ00 symmetry. These states can

most likely be populated by optical excitation of the

parent molecule and they are mostly important for the

following analysis.

Two 6� 6 matrices which correspond to the effective

electron molecular Hamiltonian Heff for the Cl +R(r)
channel have been diagonalised using the programMaple

8 providing the PES for the wholeWPS–FFS region. The
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resultant PES of ðAÞ0 and ðAÞ00 symmetry calculated for

the Cl +R(~X) channel are shown in Figs. 4 and 5, re-

spectively. As mentioned in Section 2, in this case the

bonding r orbital of the CSCl fragment is mainly local-

ised on the carbon atom [14]. Similar PES were obtained
for the Cl +R(~B) case when the orbital is mainly localised

on the sulphur atom [14]. One can see fromFig. 4 that one

of the possible ð1AÞ0 states in the WPS region adiabati-

cally correlates with the lower spin–orbit state of Cl atom

at large R values, while the other ð1AÞ0 state adiabatically
correlates with the upper spin–orbit state. Also, the sin-

glet states have the lowest and the highest energies, while

all four triplet ð3AÞ0 states lie in between. The lowest ð1AÞ0
PES evidently correlates with the ground state of the

CSCl2 molecule. It is seen from Fig. 5 that the only ð1AÞ00
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Fig. 4. Long-range PES for Cl(2Pj) + CSClð2rÞ: ðAÞ0 symmetry states.

The PES are shown for the Cl +CSCl(~X) product channel. The situ-

ation is identical for the Cl +CSCl(~B) product channel (not shown

here).
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ation is identical for the Cl +CSCl(~B) product channel (not shown

here).
state adiabatically correlates with the upper spin–orbit

state of the Cl atom having the largest energy, while all

five ð3AÞ00 states lie below.
The PES of ðAÞ0 and ðAÞ00 symmetry related to the

Cl +R(pÞ channel obtained by diagonalisation of the
corresponding 12� 12 Hamiltonian matrices are shown

in Figs. 6 and 7. This dissociation channel leads to

population of the ~A quantum state of the molecular

fragment [14]. There are six singlet molecular states

correlating with the Cl +R(p) fragments: three of them

are of ð1AÞ0 symmetry and three of ð1AÞ00 symmetry. It is

easy to see from Fig. 6 that two of the singlet ð1AÞ0 states
adiabatically correlate with the lower spin–orbit state of
the Cl atom, while the third ð1AÞ0 state correlates with the

upper spin–orbit state. In case of the ðAÞ00 states in Fig. 7
2.0 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

en
er

gy
 / 

eV

C-Cl distance / Å

9(3A)'

2(1A)'

3(1A)'

1-5(3A)'

6,7,8(3A)'

1(1A)'

Cl(32P
3/2

)+CSCl(2π)

Cl*(32P
1/2

)+CSCl(2π)

V
SO

 = 0.109 eV

Fig. 6. Long-range potential energy curves for Cl(2Pj) +CSClð2pÞ: ðAÞ0
symmetry states, applicable to the Cl +CSCl(~A) product channel.
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two of the singlet ð1AÞ00 states adiabatically correlate

with the upper spin–orbit state of Cl atom and the third

ð1AÞ00 state correlates with the lower spin–orbit state.

4.2.3. Composite PES

The composite PES, including the results of both

short-range and long-range calculations, are shown in
Fig. 8. Only the singlet states of 1A0 and 1A00 symmetry

are shown in this figure, because optical excitation to the

triplet states is much less intensive in the CSCl2 case. The

excited PES in the SPS region are presented for R values

from 1.5 to 2.2 �A and those in the WPS–FFS region are

presented for R values from 3.3 to 4.5 �A, including the

ground state surface which is not shown in the SPS re-

gion. In the intermediate range (2:2 �A6R6 3:3 �A),
where both calculation methods we used are not reliable

enough, the potential curves from the SPS region are

connected with those in the WPS–FFS region with

straight dashed lines using the non-crossing rule of the

potential curves of the same symmetry.
5. Discussion: fragment spin–orbit branching ratio and
kinetic energy distribution

We assume that the spin–orbit interaction is not im-

portant at small and intermediate recoil distances R and

consider the manifold of the singlet PES shown in Fig. 8.

As shown in Fig. 8, the following excited states of the

parent molecule can be excited optically by 235 nm UV

photons: 21A2, 2
1A1, 1

1B2, 1
1B1, and 21B2. Although the

oscillator strength for the 21A1 excited state is much

larger than that for other excited states (see Table 1), the

nontrivial shape of the absorption profile in the vicinity

of 235 nm excitation wavelength in Fig. 3 indicates that

photodissociation of thiophosgene can occur via several

different excited states. Optical excitation from the par-

ent molecule ground state X1A1 to the 21A2 excited state
is dipole-forbidden within the framework of C2v sym-

metry and according to our calculations (see Tables 2

and 3) it is negligible also in the non-equilibrium geom-

etries. Although this is not the focus of the present work

this state might also play a role in the discussion about
the dark state associated with the 11B2 state. Two of the

remaining four states, 21A1 and 11B2, have
1A0 symmetry

and according to the data in Table 1 they can be excited

optically from the equilibrium ground state molecular

geometry. They are to be identified as the B1A1 and the

C1B2 states in the CASSCF calculations of Gruebele and

coworkers [18]. According to our calculation the third

state 11B1 has
1A00 symmetry and will mainly be excited

from non-equilibrium ground state geometry only (see

Table 2). Analysis of the experimentally determined b
parameter does not allow to unambiguously establish the

upper excited state: the reported small positive value of

b7 can be explained either by population of the 21A1 state

only [13], or by simultaneous population of the11B1 state

together with the 11B2 or the 21B2 state with roughly

equal intensities. We prefer the latter possibility because
previous studies have proven that the 21A1  X1A1

transition is associated with the structured long wave-

length wing of the strong absorption feature peaking at

250 nm. Also, the effect of the huge difference in the

calculated oscillator strengths for the 21A1 and 11B2,

11B1 quantum states in Table 1 can be reduced by taking

into account the corresponding Franck–Condon factors.

Fig. 8 shows that the 21A1, 1
1B2, and 11B1 excited states

adiabatically correlate with the Cl�(2P1=2) +R(~X),

Cl(2P3=2) +R(~A), and Cl�(2P1=2) +R(~A) fragments, re-

spectively. Therefore, population of other multiple

fragment states reported in experiment [7] must be due to

non-adiabatic interaction and non-planarity in the mo-

lecular excited state.

A possible mechanism for the non-planarity can be

the out-of-plane vibration of the excited molecule which
mixes states of A00 and A0 symmetry. Non-adiabatic in-

teraction mechanisms resulting in mixing states of the

same symmetry are also possible. In order to estimate

the probability of the non-adiabatic transitions between

different spin–orbit states in the long range, we calcu-

lated the Massey parameter [33] as

g ¼ DR � VSO
m�h

P 6; ð11Þ

where DR is a characteristic interaction distance (DR 	 1
�A), VSO is the spin–orbit interaction in the Cl fragment

(VSO ¼ 0:109 eV), and v is the relative fragment speed

(v 	 3000 m/s).

A large value of the Massey parameter g in Eq. (11)

manifests that the probability of the non-adiabatic

transitions is small, that is the molecular system behaves
almost adiabatically at large recoil distances R. There-
fore, the non-adiabatic transitions and non-planarity

between different molecular states occur mainly at small



Table 6

Relative population of the CSCl2 quantum states in photodissociation

Molecular energy level groups Relative population

X1A1 2

21A1 þ 11A2 3.5

21A2 þ 11B2 þ 21B2 32

11B1 þ 21B1 þ 31B2 33

31A1 19

? 10

The group of high-lying states indicated by (?) have not been cal-

culated in this work.
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and intermediate recoil distances. The probability of

these transitions can be determined within the solution

of the complex dynamic photodissociation problem us-

ing multidimensional PES which are not available now.

However, some important conclusions about the disso-
ciation process can be obtained by considering the

one-dimensional PES in Fig. 8. Below, we discuss each

dissociation channel separately.

In the following paragraphs the Cs notation always

refers to the wavefunctions in the WPS–FFS region as

shown in Figs. 4–7, while C2v notation always refers to

the parent molecule wavefunction in the SPS region. In

case of the energetically lowest Cl(2Pj) +CSCl(~X) dis-
sociation channel which produces fast chlorine photo-

fragments the singlet 1ð1AÞ0 state resulting in the

Cl(2P3=2) fragments correlates with the parent molecule

ground state X1A1 (see Figs. 4, 5 and 8). We assume that

this singlet state can be populated only weakly in pho-

todissociation through the non-adiabatic transitions and

that the Cl(2Pj) +CSCl(~X) channel is mainly populated

via two other singlet states, 2ð1AÞ0 and 1ð1AÞ00, giving
the spin–orbit excited Cl�(2P1=2) atoms. One of them, the

2ð1AÞ0 state, can be directly populated via the

CSCl2(3
1A1) CSCl2(X

1A1) optical excitation, while

the other one can be populated only indirectly, by non-

adiabatic interaction and non-planarity. Therefore, we

come to the conclusion that the photodissociation re-

sulting in ground state molecular fragments CSCl(~X)

produces chlorine atoms predominantly in their upper
2P1=2 spin–orbit state.

The energetically highest Cl(2Pj) +CSCl(~B) dissocia-
tion channel producing slow chlorine photofragments

can also be treated with Figs. 4 and 5, if the CSCl(~X)

product state is replaced by CSCl(~B). In this case,

however, all three singlet states can be populated only

indirectly by non-adiabatic and non-planarity interac-

tion. The lowest ð1AÞ0 state giving the ground state
Cl(2P3=2) fragments can have the major contribution to

the photoprocess, as two other singlet states lie too high

and are unlikely to be populated effectively. Therefore,

the photodissociation channel resulting in the excited

state fragments CSCl(~B) produces chlorine atoms pre-

dominantly in their lower spin–orbit state 2P3=2. Both

the above conclusions are in qualitative agreement with

the experimental result in Fig. 2.
Interpretation of the intermediate energy Cl(2Pj) +

CSCl(~A) channel is more complicated because in total

there are as many as six singlet states which can be

populated either directly or by non-adiabatic interac-

tions and non-planarity (see Figs. 6 and 7). According to

the correlation diagram in Fig. 8 the 21A2, 1
1B2, and

21B2 states correlate adiabatically with the Cl channel,

while the 11B1, 3
1B2, and 21B1 states correlate with the

Cl� channel. Each of the lower and upper chlorine spin–

orbit state can directly be populated optically via the

11B2 and the 11B1 molecular quantum states, respec-
tively. Assuming approximately the same population of

both three-level manifolds above, we come to the con-

clusion that the intermediate kinetic energy Cl and Cl�

atoms which are produced in this channel have ap-

proximately the same concentration in agreement with
the experimental data in Fig. 2.

Having in mind almost adiabatic behaviour of the

molecular system at large internuclear distances, one

comes to the important conclusion that the branching

ratios of the Cl and Cl� atoms corresponding to different

states of the CSCl fragment contain direct information

about the relative population of the molecular states in

the SPS region by photons and following non-adiabatic
transitions and non-planarity. These relative popula-

tions which were obtained using the correlation diagram

in Fig. 8 and the experimental branching ratios given

above in Section 2 are presented in Table 6.
6. Conclusion

A theoretical approach has been developed for the

interpretation of the kinetic energy-dependent spin–orbit

state distributions of chlorine photofragments produced

in the photodissociation of a polyatomic chlorine-

containing molecule. The approach was used in the case

of thiophosgene dissociation at 235 nm. It is based on the

computation of the CSCl2 PES along the C–Cl bond

using the basis molecular wavefunctions with definite
multiplicity and spatial and spin reflection symmetry rv.

The theory predicts almost adiabatic dissociation of the

parent molecule at large recoil distances and strong de-

pendence of the spin–orbit state branching ratio of the

chlorine atoms on the quantum state of the CSCl partner

fragment. The developed theoretical model is general and

can be used for the interpretation of results in other

polyatomic molecules containing chlorine atoms.
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