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Variable angle, electron-impact energy-loss spectra of CS,, OCS, and SO, have been obtained at incident
electron energies of 25, 40, and 70 ¢V for CS,, and 30 and 55 eV for OCS and SO,. Singlet—triplet
excitations are observed with peaks at transition energies of 3.36 ¢V in CS,, 4.94 eV in OCS, and 3.40
eV in 8O,. A feature which peaks at 3.65 eV in CS, is observed to have singlet—triplet character. The
C8, and OCS spectra do not confirm the existence of several spin-forbidden transitions reported in solid
phase ultraviolet absorption studies of these molecules. In SO,, no evidence is found of transitions to the
134, and 1°B, states, believed to lie near the well-known d B, state.

I. INTRODUCTION

The excited electronic states of the three sulfur-con-
taining triatomic molecules carbon disulfide (CS;), car-
bony! sulfide (OCS), and sulfur dioxide (SO,) have been
the subjects of extensive experimental investigations, 1=22
However, due to the complexity of the observed band
systems, and the lack of accurate abd initio calculations
of the electronic state energies, few state assignments
are certain. Considerable information about singlet
- triplet transitions in these molecules is avail-
able, %~ 10:1215,24,22 yyt 5 comparison of recent stud-
ies!® 2422 jndicates that knowledge of such forbidden tran-
sitions is quite incomplete. Furthermore, CS,, OCS,
and SO, have been used extensively in photochemical
electronic energy transfer experiments, 7% and inter-
pretation of these investigations would be facilitated by
more detailed information about the number, location,
and identity of low-lying transitions in these molecules.
In order to obtain such information, we have used the
technique of low energy, variable angle electron-impact
spectroscopy®*~ to study the electronic transitions of
CS,, OCS, and SO,.

The spectrometer employed in these experiments has
been described in detail previously.®* ™% Basically, it
consists of five sections—a multistage electron gun, a
hemispherical electrostatic energy monochromator, a
flexible collision chamber, an energy-loss analyzer
identical to the monochromator, and an electron multi-
plier with associated pulse counting equipment. Pulses
are counted and stored by a 1024 channel scaler. A
given spectrum is obtained by sweeping the spectrome-
ter repeatedly through the chosen energy-loss range,
at a preselected incident electron energy and scattering
angle of detection. Typically, each molecule is studied
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at eight-ten different scattering angles (6) in the range
0°-80°, and at two or more impact energies (E,). It is
usually possible to identify transitions as spin-allowed
or spin-forbidden by measuring the dependence of the
inelastic scattering intensities on impact energy and
scattering angle, 30~

In the present work, spectra of CS, were obtained at
incident electron energies of 25, 40, and 70 eV, while
OCS and SO, were studied primarily at impact energies
of 30 and 55 eV. The energy-loss range which was in-
vestigated extended to 20 eV, 2®) but we report in this
paper only the low-lying transitions. In addition, rela-
tive differential cross sections (DCS) in the scattering
angle range 10°~80° were obtained for a number of low-
lying transitions. The incident electron beam current
was chosen to lie in the range 10-100 nA, while the sam-
ple pressure in the collision chamber was estimated to
be approximately 5 mTorr, on the basis of the measured
background pressure (5x10°7 Torr) in the vacuum cham-
ber. Previous experience with many other polyatomic
gases, where the scattering chamber pressure gauge
was used, indicates that the scattering chamber pres-
sure is typically four orders of magnitude larger than
the background pressure. The usual sample pressure
measuring Schulz—Phelps gauge was not used in this
study because it was found that sulfur-containing com-
pounds quickly destroyed the gauge filament. Most of
the spectra were obtained with a selected energy resolu-
tion of 0.10-0. 15 eV, as measured from the full width
at half maximum (FWHM) of the elastically scattered
peak. However, a number of spectra were obtained
using a better resolution of 0,06-0.08 eV FWHM. The
transition energies presented below, corresponding to
the peaks of the observed excitations, have an estimated
uncertainty of 0.03 eV.

The CS, used in these experiments was obtained from
Allied Chemical Company, and had a stated boiling point
range of 46.1-46.6 °C. The OCS and SO, were both ob-
tained from Matheson Gas Products, and had stated
minimum purities of 97.5% and 99.98%, respectively.
All samples were vacuum-degassed prior to use.

1. CARBON DISULFIDE

Table I summarizes the transition energies of the
low -lying energy-loss features observed in this investi-
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Low-lying excited electronic states of CS,, OCS, and SO,,

Transition energy (eV

Molecular Electron impact
Excited orbital
Molecule state transition? Optical Threshold E,-100 eV® Present work
3A,(134,)d Ty Th 3.26-3.66¢ 3.3,23.47 - 3.36
Triplet® Tk e e e 3.65
carbon AzL1A) Tk 3.659 e .
disulfide 'B,(1'a)? e 3.89h 3.8,£3,9¢ 3.9 3.91
I, ® 4.53,14.1,-4.59 6.1%° .
o, & 5.13% 5.0,% 5.5¢ .
IBy(1lzpht m—my” 5.81,'6.29" 6.3 6.27
o, ® T, nS G, 6.81,"6.82™ 6.6,°6.85" 6.8 6.79
B hs Tk 4,3%° .
3pk0 - ¥ 4, 7™
iptk T 4.85,k4, 98 ... 4.94
Carbonyl !at Tk 5.54,h5, 73" 5.35,% 5,67 5.5, 5.53
Sulfide ssad e 585_596‘1 ves 587 ..
cenp .- 6.05—6.67% 6.3 .
Ehi g—m* 8 6.9" 6.8,%6.9" ...
Bk o— 7% 7.44,h7.57" 7.35,%7.50 7.4 7.36
lp+h = T* (8.01,8.12)" 8.05,% 8,21 (8.0,8.1) (8.02,8.11)
ig,* 8a;— 3b, 3.31% X 3.40[3.04-3.7,]
g?éi‘:ge 1B,,"'4,%  8a,—~3b,,5b,—3b; 4.28" . 4.2 4.31[3.75~5. 3]t
'B, la,— 3by 6.19" .. 6.1 6.20(5.3~7.3]*

2A11 assignments for CS, and OCS are from Ref. 10. Those for SO, are from Ref. 40.
bMost of the transition energies listed correspond to the maximum intensity of the given band system. If this

value was not determined, the Franck—Condon limits of the transition are given.

are vibronic bands of the electronic transition,

€All values listed are from Ref, 11.

interpolation from the spectra which appear in that paper,
dReference 15,
°Reference 13(b).
fReference 22.

®The orbital symmetry or valence/Rydberg character of the excited state is uncertain. See text for further dis-

cussion.

"Reference 10.
iReference 21(b), solid state transitions. .
iThese transition energies were determined from a graph in Ref. 14 of uv absorption of CS, in an isopentane—
cyclohexane glass at 77 K.
kReference 13(a).
IReference 7(b).
MReference 1(a).
%Reference 21(a), solid state transitions.
°The existence of this feature has not yet been confirmed.
PThese features may represent impurity absorptions.
Reference 1(b).
TReference 12.
SReference 2.
tvalues in brackets are estimated Franck—Condon limits of the band system.
YReference 17(b).
YReference 20.
¥Reference 5.
*References 17(a) and 17(c).

gation. It also includes some of the results of numer-
ous ultraviolet absorption studies of CS;, OCS, and SQ,,
as well as those of other electron-impact investiga-

tions

11,13, 22

Values enclosed in parentheses
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With the exception of the 6.3 eV transition in CS,, they were obtained by
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ofthese molecules, As a basis for the discus-
sion of the low-lying excited states of CS,, we note that
the valence shell orbital occupancy of ground state CS,,
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FIG. 1. Electron energy-loss spectrum of carbon disulfide at
ah impact energy (E;) of 25 eV and a scattering angle (8) of 50°;
22 namp incident electron current; 0.13 eV energy resolution
(FWHM).

in the molecular orbital (MO) notation,'® is

(02 (0,02 (0.2 (m,)4 (m,)*(7%)°. Electron promotions of
the type m,~ m¢ lead to *3z;, 13a,, and 13z, excited
electronic states, and it is these states which we expect
to form the basis for interpreting the low energy-loss
region of the electron-impact spectrum.

Figure 1 shows that the lowest energy electronic
transition which we observe in CS, peaks at 3.36 eV.
The relative DCS for this feature (Fig. 2), at an impact
energy of 40 eV, is relatively isotropic in the 10°-80°
scattering angle range. Similar behavior was observed
at E,="70 eV. A DCS of this type is highly characteris-
tic of spin-forbidden excitations,™® ™ and we therefore
assign the 3.36 eV feature to a singlet— triplet transi-
tion in CS,. Consistent with this assignment is the fact
that it is more than two orders of magnitude weaker than
the optically allowed X'£;~ 1'3; transition at 6.27 eV.
Analysis of ultraviolet observations'® of the weak spin-
forbidden band system indicates that it represents ex-
citation of a 4, state which is the lower Renner -Teller
component of the linear 134, state. The location of the
upper component (’Bz) of the 134, state is not yet known,
nor is the location of the *B,(1°x;) state, which is pre-
dicted to be the lowest energy triplet state.'>%

A second peak, with maximum intensity at 3,65 eV,
can be seen in Fig. 1. Because this feature could not
be resolved adequately from the adjacent peaks in a
number of the spectra, no DCS curve for this transition
is shown in Fig. 2. However, the data which were ob-
tained®?® concerning the angular dependence of the
scattering intensity of this feature indicate that one or
more singlet — triplet transitions occur in this region.
At E¢=40 eV, for example, the intensity of the 3.65 eV
feature relative to that of the optically allowed 6.27 eV
transition increases by a factor of 25 as ¢ increases
from 30° to 80°. However, this behavior of the DCS ra-
tio is much less pronounced at both Ey=25 eV and E¢=70
eV. 80 that the singlet — triplet assignment must be
considered tentative, It seems probable that several ex-
cited triplet states which have not yet been detected, such

Flicker, Mosher, and Kuppermann: Low-lying electronic states of CS,, OCS, and SO,

as the 3B,(1%4,), ®B,(132;), and *A,(1°%;) states, have ex-
citation energies in the vicinity of the 3.65 eV peak.’

In uv absorption, a spin-allowed transition with maxi-
mum intensity at about 3.65 eV has been identified as an
excitation to the 14,(1'a,) state.’ This state, which is
the singlet analogue of the 34, one at 3.36 eV, is the
lower Renner-Teller component of the linear 1'a,
state. Although the A, state may be excited weakly in
our electron-impact spectra, we do not believe that it
contributes appreciable intensity to the 3.65 eV feature
shown in Fig. 1 because of the relatively large scatter-
ing angle used to obtain that spectrum. However, at
low scattering angles, it is possible that the transition
to the 'A4, state has significant electron-scattering in-
tensity.

A transition observed at 3.91 eV (Fig. 1) has a DCS
(Fig. 2) with a quantitative behavior different from that
of either of the two lower energy features. At all im-
pact energies investigated, the DCS for the 3.91 eV
transition is peaked in the forward scattering region.
However, as can be seen in Fig. 2, it is considerably
less forward peaked than the optically allowed 6.27 eV
transition. In addition, the ratio of the intensities of
the 3.91 and 6.27 eV transitions shows slight oscilla-
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FIG. 2. Relative differential cross sections (DCS) as a func~
tion of scattering angle (8) for several inelastic transitions in
carbon disulfide at an impact energy (E;) of 40 eV. The maxi-
mum intensity transition energy is shown next to each DCS
curve. The arbitrary units used were the same for all transi-
tions in this molecule and were determined by setting the DCS
value for elastic scattering at 40° to 1.0, The curve for the

3. 36 eV transition has been multiplied by a factor of 10, while
that for the 6. 27 eV transition has been multiplied by a factor
of 0.1,
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FIG. 3. Electron energy-loss spectrum of carbonyl sulfide at

an impact energy (E;) of 55 eV and a scattering angle (8) of 40°;
65 namp incident electron current; 0.15 eV energy resolution
(FWHM).

tions with scattering angle. 3® Such behavior is fre-
quently observed in excitation of spin-allowed, electric
dipole—forbidden transitions. "% These results are
therefore consistent with the uv absorption assignment®
for this transition, X's;~1B,(1'4,). In this band sys-
tem, the !B, state is the upper Renner-Teller compo-
nent of the 114, state.

We observe no transitions in the 4.3-5.5 eV energy-
loss region of CS,, in spite of a careful search. This is
in agreement with gas phase uv absorption data, 1014
moderate energy electron-impact spectra, 1 and one
threshold electron-impact study,? However, studies
of solid phase absorption spectral®?'® indicate the pres-
ence of at least one or possibly two*® electronic tran-
sitions in this region of the spectrum. In addition,
Hubin-Franskin and Collin'*®’ reported a weak feature
beginning near 4.5 eV and peaking near 5 eV in their
deconvoluted threshold electron-impact spectrum of CS,
in the gas phase. More recently, these authors!’® re-
ported additional CS, spectra in which there is no tran-
sition below 5 eV, but they do observe a shoulder near
5.5 eV. Bajema, Gouterman, and Meyer14 observed a
number of very weak bands between 4.1; and 4.5; eV in
an investigation of uv absorption by CS; in an isopentane-
cyclohexane glass at 77 K. These bands were not ob-
served in similar studies of pure solid CS,, nor in ma-
trix-isolated CS,.!* More recently, Monahan, Russell,
and Walker?!® reported the observation of transitions
at 4.53 and 5.13 eV in the uv absorption spectra of solid
CS, films. They assigned the excited states of these
features as °Il, and !T1,, respectively. It is not clear
whether these assignments refer to valence (o,~ m¥)IT,
states or to Rydberg (m, ~ ns0,)II, states, although the
valence assignment would appear to be preferable, based
upon the appearance of these features in the solid phase
spectra and their low transition energies. However,
Monahan ef al. correlate these states with !11, Rydberg
(m¢~ 3s0,) states analogous to those described in a theo-
retical investigation®® of the CO, electronic spectrum.
The validity of the solid state assignments is challenged
by threshold electron-impact data, %% which show a

3913

transition at 6.1 eV, presumably involving excitation of
a %11, state, again of unspecified nature.

A very intense transition in CS, is observed with a
maximum intensity at 6.27 eV energy loss (Fig. 1). On
the basis of a partial rotational analysis of the uv band
system,”® this excitation has been assigned to the fully
allowed X'z;~ 1z} transition. In agreement with this
assignment, the DCS of the 6.27 eV transition (Fig. 2)
is strongly forward peaked. At 6.79 eV, a transition is
observed which has been previously identified as the
first member of a symmetry forbidden 7, -~ nso, Rydberg
series. ° However, this transition has a relatively
large optical oscillator strength (f=0.086), and the
shape of its DCS (Fig. 2) is virtually identical to that of
the optically allowed X'z~ 1'%; transition at 6.27 eV.
This is strongly suggestive of the possibility that this
6.79 eV feature is due to an optically allowed transition.

I1l. CARBONYL SULFIDE

The uv absorption spectrum of OCS has also been
studied by a number of investigators!®*48=10.21(2) a4
three electron-impact studies have been reported. 1+ 13@»
In Fig. 3, we display the 4,4—8.7 eV energy-loss region
of the OCS spectrum. The lowest observed feature has
a maximum intensity at 4.94 eV, and its relative DCS
(Fig. 4) is that of a spin-forbidden transition. In addi-
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FIG. 4. Relative differential cross sections (DCS) as a func-
tion of scattering angle (8) for carbonyl sulfide at an impact
energy (E;) of 55 eV. The DCS curve for the 4. 94 eV transition
has been multiplied by a factor of 10, while that for the 8. 11
eV transition has been multiplied by a factor of 0.1. For ad-
ditional remarks, see Fig. 2 caption.
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FIG. 5. Electron energy-loss spectrum of sulfur dioxide at
an impact energy (Eg) of 30 eV and a scattering angle (8) of 60°;
55 namp incident electron current; 0.18 eV energy resolution
(FWHM).

tion, the relative intensity of this feature is greater at
a lower impact energy (E;=30 eV) than'at a higher one
(Ey=55 eV), for all scattering angles observed. This
dependence on incident electron energy confirms the
singlet - triplet assignment, ¥~3 The transition was
first reported in threshold excitation experiments'®®» 2
and it has been suggested!3® that the excited state (pre-
sumably 32*) might be populated in Hg °P, photosensiti-
zation of OCS.? There is some indication from thresh-
old electron-impact data®® that the 4.9 eV feature may
actually be a composite of several transitions, since
the peak shifts from 4.9 to 5.1 eV with increasing trap-
ping potential.

The next higher energy transition which can be ob-
served in Fig. 3 peaks at 5.53 eV, The DCS of this
feature (Fig. 4) is qualitatively similar to that of the
3.91 eV transition in CS,, in that both are forward
peaked, but less so than the DCS curves of fully allowed
transitions in the respective molecules. Both the weak-
ness and the angular dependence of the scattering inten-
gity suggest that the 5.53 eV transition is spin allowed,
but electric dipole forbidden. Although both 'z~ and *a
states have been invoked as assignments for the excited
state,® %% the forward-peaked nature of the DCS at low
angles (6<20°) permits us to exclude the '5” assign-
ment. The basis of this exclusion is a rigorous elec-
tron-impact selection rule*®3? which states that lyratye
transitions should have vanishing intensity in both for-
ward and backward scattering directions. In such
cases, the DCS in general decreases with decreasing 6
when 0 is less than 20°. Our assignment of the state at
5.53 eV as the 'A state agrees with the assignment of
Rabalais et al.®

Intense transitions in OCS are observed with peaks at
7.36 and 8.11 eV, and their relative DCS curves (Fig.
4) confirm their fully allowed nature. Rabalais et al.,"
who studied these features by uv absorption, have as-
signed them to X'z*~'M and X'z*~1'3* transitions,
respectively. Accurate theoretical calculations on OCS
would be helpful in determining whether the 'II state at
7.36 eV is valence (g, 7*) or Rydberg (7, ns).

As in the case of CS,, a number of new transitions in
OCS have been reported recenily in uv absorption stud-
ies of solid films.?‘® In gpite of a careful search for
these features, we did not find them. Among the tran-
sitions observed in the solid phase spectra were peaks
at 4.3, 4.7, 6.9, and 7.57 eV, and these were assigned
as excitations to the *z*, 34, °1, and !II states, respec-
tively. 21@) Recent thréshold electron-impact spectra of
0OCS? support the assignments of the 6.9 and 7.57 eV
solid phase uv features. However, the assignment of
the 4.7 eV feature was a tentative one, and it is cur-
rently being reexamined in view of the present experi-
mental results. *® An alternative interpretation of the
solid phase transitions in OCS can be based on the as-
sumption that the excited states corresponding to the
4,7, 6.9, and 7.57 eV features may have considerable
exciton character, If this were the case, transitions to
these states in the solid phase might be slightly red
shifted (rather than blue shifted) with respect to their
gas phase analogs. We could then identify the 4.7, 6.9,
and 7,57 eV solid phase features with the 4.94, 7.36,
and 8.11 eV electron-impact transitions to the *=*, ',
and !Z* states, respectively. With these assignments,
the only unresolved discrepancy is the presence of a
transition at 4.3 eV in the solid phase spectra which has
no analog in the electron-impact studies.

In some of the OCS spectra obtained at low scattering
angles (4<10°), we detect a very weak shoulder with a
maximum intensity at 6.2-6.3 eV energy loss. Elec-
tronic transitions in the range 5.85-5.96 eV and 6. 05~
6.67 eV were observed in gas phase uv absorption by
Price and Simpson,!® and weak features in these same
regions were observed in the electron-impact investiga-
tion of OCS gas by Foo et al.!! No such features were
reported in the threshold electron-impact spectra, !3®»%
nor in solid phase uv absorption.?'® Although we can-
not preclude the possibility that the feature which we ob-
serve is a strongly forward-peaked transition in OCS,
it is also possible that it is an impurity transition,
since three of the most likely impurities—CS,, SO;, and
H,S—have strong transitions with maxima in the range
6.2-6.3 ev. 3™

IV. SULFUR DIOXIDE

In recent years, the uv absorption spectrum of SO,
has received considerable attention,®5:12:17:2% Much of
this research was stimulated by the desire to understand
mechanisms for the removal of SO, from the atmosphere.
Dissociation of SO, into SO and atomic oxygen is endo-
thermic by 5.69 eV, and detailed studies have made it
apparent that the photochemistry of SO, in the absorption
region below this energy is due to reactions, other than
unimolecular decomposition, of the electronically excit-
ed states of SO,.%° Unlike CS, and OCS, SO, has a bent
configuration in its ground electronic state, due to the
presence of two extra valence electrons, As a result,
low -lying states involve ay — by(n~ 7%), by = by(n—~ 1*),
and a; ~ by (71— 7*) electron promotions. *°

The lowest energy feature observed in the energy-loss
spectrum of SO, (Fig. 5) peaks at 3.40 eV. This transi-
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FIG. 6. Relative differential cross sections (DCS) as a func-

tion of scattering angle (8) for sulfur dioxide at an impact en-
ergy (E,) of 55 eV. The DCS curve for the 3.40 eV transition
has been multiplied by a factor of 10. For additional remarks,
see Fig. 2 caption.

tion has a DCS (Fig. 6) and an impact energy dependence
which confirm that it is spin-forbidden. Rotational anal-
ysis®® of the 0~0 band of the weak (f~ 10) uv band
system in this excitation energy region has shown that
the excited state is @ 3B,. However, higher vibronic
bands of the X~ & transition are heavily perturbed,'2®™
and vibronic interactions with a nearby 34, state, as
well as rotational-electronic interactions with a neigh-
boring ®B, state have been postulated to explain these
observations.!*™® Three close-lying triplet states have
also been postulated to explain the results of some pho-
tochemical self-quenching and energy-transfer experi-
ments. 2°% Kelley, Meagher, and Heicklen®® suggested
that photolysis of gas mixtures containing SO, and acet-
ylene involves the reactions of two triplet states and one
excited singlet state. However, their conclusion has
recently been questioned by Su and Calvert. **® Our
spectra indicate the presence of only one low-lying sin-
glet ~ triplet transition, and we feel that it is not likely
that there are any transitions below 3.2 eV which have
an intensity comparable to that of the X — & excitation.
However, we cannot preclude additional singlet — triplet

contributions to the high energy side of the 3.40 eV fea-
ture.

We also detect separate electronic transitions in SO,
with maxima at 4.31 and 6.20 eV (Fig. 5). Both fea-
tures have the intensity and angular dependence of fully
allowed transitions. On the basis of uv absorption da-
ta,'”®2% it seems that both X 'A; ~ A, (7~ 1*) and X4,
- 1Bl(n-— ) transitions contribute to the intensity of the

3915

4.31 eV feature. Several bands in the low energy tail
(<5.77 eV) of the 6.20 eV transition have been assigned
to the X A, — 'By(n~ 7*) excitation.'”® This transition
is believed to extend to beyond 7.5 eV excitation ener-

17(c)
gy.

V. CONCLUSION

In summary, we have used the technique of variable
angle electron-impact spectroscopy to confirm the ex-
istence of singlet - triplet transitions with maxima at
3.36 eV in CS,, 4.94 eV in OCS, and 3.40 eV in S0;.
We suggest that a feature we observe at 3.65 eV in CS,
has singlet - triplet character. We were unable to de-
tect in CS, and OCS several low-energy features which
were previously reported in solid phase uv absorption
spectra.
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