
Isomers of OCS 2 : IR absorption spectra of OSCS and O(CS 2 ) in solid Ar
Wen-Jui Lo, Hui-Fen Chen, Po-Han Chou, and Yuan-Pern Lee 

 
Citation: The Journal of Chemical Physics 121, 12371 (2004); doi: 10.1063/1.1822919 
View online: http://dx.doi.org/10.1063/1.1822919 
View Table of Contents: http://scitation.aip.org/content/aip/journal/jcp/121/24?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
Isomers of N C O 2 : IR-absorption spectra of ONCO in solid Ne 
J. Chem. Phys. 123, 174301 (2005); 10.1063/1.2062267 
 
Experimental and theoretical studies of rate coefficients for the reaction O ( P 3 ) + C H 3 O H at high
temperatures 
J. Chem. Phys. 122, 244314 (2005); 10.1063/1.1924390 
 
Experimental and theoretical investigations of rate coefficients of the reaction S ( 3 P )+ O 2 in the temperature
range 298–878 K 
J. Chem. Phys. 121, 8271 (2004); 10.1063/1.1792611 
 
Tetrasulfur, S 4 : Rotational spectrum, interchange tunneling, and geometrical structure 
J. Chem. Phys. 121, 632 (2004); 10.1063/1.1769372 
 
Isomers of HSCO: IR absorption spectra of t- HSCO in solid Ar 
J. Chem. Phys. 120, 5717 (2004); 10.1063/1.1648634 

 
 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

140.113.38.11 On: Wed, 30 Apr 2014 06:26:58

http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/586982248/x01/AIP-PT/JCP_CoverPg_101613/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=Wen-Jui+Lo&option1=author
http://scitation.aip.org/search?value1=Hui-Fen+Chen&option1=author
http://scitation.aip.org/search?value1=Po-Han+Chou&option1=author
http://scitation.aip.org/search?value1=Yuan-Pern+Lee&option1=author
http://scitation.aip.org/content/aip/journal/jcp?ver=pdfcov
http://dx.doi.org/10.1063/1.1822919
http://scitation.aip.org/content/aip/journal/jcp/121/24?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/123/17/10.1063/1.2062267?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/24/10.1063/1.1924390?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/122/24/10.1063/1.1924390?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/17/10.1063/1.1792611?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/17/10.1063/1.1792611?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/121/2/10.1063/1.1769372?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jcp/120/12/10.1063/1.1648634?ver=pdfcov


Isomers of OCS 2 : IR absorption spectra of OSCS and O „CS2…

in solid Ar
Wen-Jui Loa)

Department of Nursing, Tzu Chi College of Technology, 880, Sec. 2, Chien Kuo Road, Hualien 970, Taiwan

Hui-Fen Chen and Po-Han Chou
Department of Chemistry, National Tsing Hua University, 101, Sec. 2, Kuang Fu Road, Hsinchu 30013,
Taiwan

Yuan-Pern Leeb)

Department of Applied Chemistry and Institute of Molecular Sciences, National Chiao Tung University,
1001, Ta-Hsueh Road, Hsinchu 30010, Taiwan, and Institute of Atomic and Molecular Sciences,
Academia Sinica, Taipei 106, Taiwan

~Received 17 August 2004; accepted 30 September 2004!

Irradiation of an Ar matrix sample containing O3 and CS2 with a KrF excimer laser at 248 nm
yielded new lines at 1402.1~1404.7!, 1056.2 ~1052.7!, and 622.3~620.5! cm21; numbers in
parentheses correspond to species in a minor matrix site. Secondary photolysis at 308 nm
diminished these lines and produced mainly OCS and SO2. Annealing of this matrix to 30 K yielded
a second set of new lines at 1824.7 and 617.8 cm21. The first set of lines are assigned to CvS
stretching, O–S stretching, and S–C stretching modes of carbon disulfide S-oxide, OSCS; and the
second set of lines are assigned to CvO stretching and OCS bending modes of dithiiranone,
O~CS2), respectively, based on results of34S- and18O-isotopic experiments and quantum-chemical
calculations. These calculations using density-functional theory~B3LYP/aug-cc-pVTZ! predict four
stable isomers of OCS2: O~CS2), SSCO, OSCS, and SOCS, listed in order of increasing energy.
According to calculations, O~CS2) has a cyclic CS2 moiety and is the most stable isomer of OCS2.
OSCS is planar, with bond angles/OSC>111.9° and/SCS>177.3°; it is less stable than SSCO
and O~CS2) by ;102 and 154 kJ mol21, respectively, and more stable than SOCS by;26 kJ mol21.
Calculated vibrational wave numbers, IR intensities,34S- and18O-isotopic shifts for OSCS and
O~CS2) fit satisfactorily with experimental results. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1822919#

I. INTRODUCTION

The reaction of O atom with CS2 is important in the
atmosphere, especially for the sulfur cycle.1,2 Three product
channels have been reported:

O~3P!1CS2→CS1SO, DH +5281 kJ mol21 ~1a!

→OCS1S, DH +52228 kJ mol21 ~1b!

→CO1S2, DH +52348 kJ mol21,
~1c!

with a total rate coefficient of ;3.6310212cm3

molecule21 s21;3 the enthalpy changes of these reactions are
derived from JANAF thermochemical tables.4 Reaction~1a!
is the major channel; it proceeds via direct abstraction to
form two reactive species CS and SO.5,6 Reaction~1b! is
responsible for converting CS2 into OCS in the atmosphere,
and for production of S atoms in combustion processes.2 The
reported branching ratio of reaction~1b! varies from 0.015 to
0.30,7–9 but a more recent investigation supports a value

;0.09.10 The branching ratio of reaction~1c! is reported to
range from 0.03 to 0.20.9–11 All reactions~1a!–~1c! are im-
portant in modeling the CO chemical laser system that uti-
lizes the reaction,12

O~3P!1CS→CO* 1S~3P!, DH +52363 kJ mol21.
~2!

In such a system, all three channels of reaction~1! are im-
portant: Reaction~1c! produces vibrationally excited CO, re-
action ~1b! produces OCS that enhances the population in-
version of CO because OCS efficiently quenches CO in its
lower vibrationally excited states, and reaction~1a! produces
CS that directly participates in reaction~2!. The small
branching ratios of reactions~1b! and ~1c! indicate that bar-
riers for these reactions might be large and that the adduct
OCS2 plays an important role. Similarly, OCS2 might also
play an important role in the reaction

S~3P!1OCS→CO1S2, DH +52121 kJ mol21, ~3!

which is important in combustion systems.
Froese and Goddard performed quantum-chemical cal-

culations on reaction~1! and located five stable isomers of
OCS2.13 Jones and Taube14 photolyzed Ar and Xe matrices
containing O3 and CS2 with several conventional light
sources and observed products OCS, SO2, and SO3, with

a!Author to whom correspondence should be addressed. Electronic mail:
wjl@tccn.edu.tw

b!Author to whom correspondence should be addressed. Electronic mail:
yplee@mail.nctu.edu.tw

JOURNAL OF CHEMICAL PHYSICS VOLUME 121, NUMBER 24 22 DECEMBER 2004

123710021-9606/2004/121(24)/12371/8/$22.00 © 2004 American Institute of Physics

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

140.113.38.11 On: Wed, 30 Apr 2014 06:26:58

http://dx.doi.org/10.1063/1.1822919


CO being produced in minor proportion. These authors sug-
gested that the primary channels for O(1D)1CS2 are pro-
duction of OCS1S and CO1S2, and that with OCS as sub-
strate the primary products are CO21S and CO1SO; no
evidence was found for species OCS2.

Utilizing selective photodissociation with a laser to
avoid secondary photolysis on species of interest,15–17 we
produced numerous sulfur compounds that are difficult to
form either in the gaseous phase or with a conventional light
source.18–26 Here we report a theoretical investigation of
possible isomers of OCS2 and the experimental production
and infrared identification of OSCS and O~CS2) by irradia-
tion of Ar matrix samples containing O3 and CS2 with laser
emission at 248 nm and 308 nm.

II. EXPERIMENTS

The experimental setup is similar to that described
previously.18,23 A copper plate coated with platinum and
cooled to ;13 K serves as a substrate for a cold matrix
sample and as a mirror to reflect incident infrared~IR! beam
to the detector. Typically gaseous mixtures of 6 mmol of
O3 /Ar ~1/200! and 3 mmol of CS2 /Ar ~1/200! were code-
posited over a period of 2 h. A KrF excimer laser~248 nm,
operated at 10 Hz with energy;4 mJ pulse21! was em-
ployed to photodissociate O3. A XeCl excimer laser~308
nm, operated at 10 Hz with energies;4 mJ pulse21! was
used for secondary photolysis. IR absorption spectra were
recorded with an evacuable Fourier-transform infrared
~FTIR! spectrometer~Bomem, DA8! equipped with a KBr
beam splitter and a Hg/Cd/Te detector~cooled to 77 K! to
cover the spectral range 500–4000 cm21. Typically 600
scans with resolution of 0.5 cm21 were recorded at each
stage of the experiment.

O2 ~99.99%, Scott Specialty Gases!, 18O2 ~MSD Iso-
topes, isotopic purity.96.5%!, and Ar~99.999%, Scott Spe-
cialty Gases! were used without further purification. CS2

~99.9%, Tedia! and 34SC34S ~Cambridge Isotope Laborato-
ries, listed isotopic purity of 90%! were degassed at 77 K.
Scrambled32S- and34S-isotopic species were produced by
mixing 32SC32S and34SC34S in equal proportions in a Pyrex
vacuum manifold followed by electric discharge with a Tesla

coil for a few minutes. O3 was produced and collected at 77
K after electric discharge of a small amount of O2 with a
Tesla coil.

III. COMPUTATIONAL METHOD

The equilibrium structure, vibrational frequencies, IR in-
tensities, and energies were calculated with theGAUSSIAN03

program.27 We used density-functional theory~DFT! for cal-
culations; the B3LYP method uses Becke’s three-parameter
hybrid exchange functional,28 and a correlation functional of
Lee, Yang, and Parr,29,30 with both local and nonlocal terms.
Dunning’s correlation-consistent polarized valence triplet-z
basis set, augmented withs, p, d, and f functions ~aug-cc-
pVTZ!, was used in all methods. Analytic first derivatives
were utilized in geometry optimization and vibrational fre-
quencies were calculated analytically at each stationary
point.

IV. RESULTS AND DISCUSSION

A. Experimental observations and assignments

1. Experiments with O 3 and CS 2 in natural abundance

The IR spectrum of a sample of O3 /CS2 /Ar ~2/1/600! at
13 K exhibits multiple lines due to O3 ~1039.2 and 703.6
cm21! ~Ref. 31! and CS2 ~2825.5, 2323.6, 2178.0, and
1528.8 cm21!.20,32Lines at 2248.6, 2127.8, and 1478.4 cm21

are due to13CS2,20 whereas lines at 2803.7, 2318.1, 2165.2,
and 1525.2 cm21 are due to32SC34S.32 A partial spectrum of
the matrix sample before and after photolysis is shown in
traces~a! and ~b! of Fig. 1, respectively; trace~b! is a differ-
ence spectrum after irradiation of the matrix sample at 248
nm for 15 min. The difference spectrum was derived on sub-
tracting the spectrum recorded in the preceding stage of
irradiation/annealing from a new spectrum; a positive feature
indicates production, whereas a negative feature indicates de-
struction.

After irradiation, lines at 2048.7, 858.8, and 522.5 cm21

are readily assigned to OCS, lines at 1351.8, 1150.3, and
519.0 cm21 are assigned to SO2,19,33 and a line at 1270.9
cm21 is readily assigned to CS;34,35 weak lines due to SO3
~1384.3, 528.9, 489.7 cm21!, S2O ~1157.6, 673.7 cm21!,24,36

FIG. 1. Partial IR absorption spectrum of an
O3 /CS2 /Ar ~2/1/600! matrix sample before irradiation
~a!, difference spectrum after irradiation at 248 nm for
15 min ~b!, difference spectrum after further irradiation
of the matrix at 308 nm for 1 min~c!, and difference
spectrum after annealing of the matrix sample at 30 K
for 10 min ~d!. New lines of groupA andB are marked
asd and↓ in traces~b! and ~d!, respectively.

12372 J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Lo et al.
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and SO~1138.5 cm21! ~Ref. 37! are also identified. New
lines at 1404.7, 1402.1, 1056.2, 1052.7, 622.3, 620.5 cm21

@group A, markedd in Fig. 1~b!# diminished slightly after
the temperature of the matrix was raised to;30 K for 10
min. Because relative intensities of the doublets at~1402.1,
1404.7!, ~1056.2, 1052.7!, and~622.3, 620.5! cm21 vary with
deposition conditions and annealing, they are likely due to
site splitting; wave numbers listed first in each pair are asso-
ciated with the major site. Further irradiation of the matrix
sample with laser emission at 308 nm for 1 min diminished
these new lines nearly completely, as illustrated in the differ-
ence spectrum shown in trace~c! of Fig. 1; OCS appeared as
a major product and SO2 as a minor product~not shown!.
After annealing of the irradiated matrix to 30 K, new lines at
1824.7 and 617.8 cm21 @group B, marked↓ in trace~d! of
Fig. 1# enhanced; these lines were present but with small
intensities upon irradiation at 248 nm and diminished after
further irradiation at 308 nm. Wave numbers of these new
lines are listed in Table I.

We also employed alternative matrix hosts to explore the
possibility of eliminating multiple matrix site splitting of
group A but were unsuccessful. Multiplet structures~in de-
creasing order of intensity! were observed at~1402.6,
1404.5, 1406.6, 1410.7!, ~1049.6, 1046.6, 1047.9!, and 624.0
cm21 for a N2 matrix host, and at~1396.1,1398.3!, ~1051.5,
1047.8!, and 619.9 cm21 for a Kr matrix host; these obser-
vations also support the assignment of multiple lines to site
splitting. Hence all isotopic experiments were performed
with Ar as a matrix host.

2. Isotopic experiments and assignments of group A
34S-isotopic experiments. An isotopic mixture containing

32SC32S, 32SC34S, and34SC34S in approximate proportions
1.00:1.10:1.07 was used in one experiment. An expanded
difference spectrum of the32S-, 34S-mixed O3 /CS2 /Ar ~2/1/
600! matrix sample in regions 606–626, 1005–1025, 1044–
1062, and 1381–1417 cm21 after laser irradiation at 248 nm
is shown in trace~b! of Fig. 2. Trace~a! of Fig. 2 depicts the
corresponding difference spectrum of an O3 /CS2 /Ar ~2/1/
600! matrix sample in natural abundance. Line positions of
34S-substituted species are listed in Table I.

The doublet at 1402.1 and 1404.7 cm21 splits into six
lines. After deconvolution, we located four doublets having
similar intensity ratios, shown as stick lines in trace~b! of
Fig. 2; a detailed deconvolution plot is also shown below the
trace. The wave numbers for the three additional doublets are
~1400.7, 1402.8!, ~1396.4, 1398.6!, and ~1394.9, 1397.0!
cm21. The34S-isotopic pattern indicates that two nonequiva-
lent S atoms are involved in this mode. The34S-isotopic ratio
1394.9/1402.150.9949, defined as a ratio of vibrational
wave number of the isotopically labeled species to that of the
most naturally abundant species, is near to the theoretical
values of 0.9919 for CS and 0.9954 for CS2(n3) than values
of 0.9901 for SO or 0.9701 for S2 . It is likely that this mode
is associated with a SCS moiety.

The doublet at 1056.2 and 1052.7 cm21 splits into two
doublets, but the one with the smaller wave number was
overlapped by intense absorption of O3 ; the only observed
additional line lies at 1045.9 cm21. The 34S-isotopic pattern
indicates that mainly one S atom is involved in this mode.

FIG. 2. Partial difference IR absorption spectra of lines in groupA from
O3 /CS2 /Ar matrix samples with isotopic variants after irradiation at 248
nm for 15 min. ~a! O3 /CS2 /Ar ~2/1/600!, ~b! O3 /32SC32S/32SC
34S/34SC34S/Ar ~;6/1/1/1/1800!; deconvolution of lines in the region 1390–
1410 cm21 is also shown below, and~c! 18O3 /CS2 /Ar ~2/1/600!.

TABLE I. Wave numbers~in cm21! of lines observed for O3 /CS2 /Ar matrix samples after irradiation at 248
nm.

GroupA CvS stretch (n1) O–S stretch (n2) S–C stretch (n3)

16O 32SC32S 1402.1~1404.7! 1056.2~1052.7! 622.4~620.5!
16O 34SC32S 1400.7~1402.8! 1045.9a 615.1
16O 32SC34S 1396.4~1398.6! 1056.2~1052.7! 618.1
16O 34SC34S 1394.9~1397.0! 1045.9a 610.7
18O 32SC32S 1401.7~1403.9! 1018.0~1015.1! 620.0

GroupB CvO stretch (n1) OCS bend (n3)

16O~C 32S2) 1824.7 617.8
16O~C 32S34S) 1824.7 617.5b

16O~C 34S2) 1824.7 617.0b
18O~C 32S2) 1787.4 613.8

aLines associated with the minor site are overlapped with lines of O3 .
bDeconvolution of overlapped lines.
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The 34S-isotopic ratio of 1045.9/1056.250.9902 is near the
theoretical value of 0.9901 for SO.

The line at 622.4 cm21 split into four lines with addi-
tional lines at 618.1, 615.1, and 610.7 cm21; the 34S-isotopic
pattern indicates that two nonequivalent S atoms are in-
volved in this mode. The34S-isotopic ratio of 610.7/622.4
50.9812 is smaller than the theoretical value of 0.9919 for
CS, but greater than a value of 0.9701 for S2 ; this mode
might involve mixed normal modes.

18O-isotopic experiments. Experiments with18O3 were
performed. An expanded difference spectrum of the
18O3 /CS2 /Ar ~2/1/600! matrix sample after laser irradiation
at 248 nm is shown in trace~c! of Fig. 2; line positions of
18O-substituted species are listed also in Table I. The doublet
at 1402.1 and 1404.7 cm21 shifts to 1401.7 and 1403.9
cm21. The 18O-isotopic ratio 1401.7/1402.150.9997 is near
unity, indicating that the O atom is only indirectly involved
in this mode, consistent with the34S-isotopic pattern show-
ing that this mode is likely associated with a SCS moiety.
The doublet at 1056.2 and 1052.7 cm21 shifts to 1018.0 and
1015.1 cm21. The 18O-isotopic ratio of 1018.0/1056.2
50.9638 is near the theoretical value of 0.9623 for SO. The
line at 622.4 cm21 shifts to 620.0 cm21. The 18O-isotopic
ratio of 620.0/622.450.9963 indicates that the O atom is
involved only indirectly in this mode.

Assignments. Jones and Taube photolyzed a similar ma-
trix with a medium-pressure Hg lamp, a low-pressure Hg
lamp, and a Cd lamp, but they observed no evidence of ab-
sorption by OCS2.14 The most intense new band observed at
1402.1 cm21 in this work overlapped with a broad feature
that was assigned to SO3 by Jones and Taube. In our previ-
ous work on photolysis of SO3 we observed absorption of
SO3 at 2438.7, 1385.2, 527.1, and 490.3 cm21; hence the
possibility that observed new lines are due to SO3 is posi-
tively eliminated.18,38

Photodissociation of O3 at 248 nm forms O and O2.
Reaction between CS2 and O in a matrix is expected to pro-
duce various isomers of OCS2, in addition to CS1SO,
OCS1S, or CO1S2 from the three channels observed in the
gas phase. Because observed isotopic patterns indicate that
the species contains a S–O bond and a SCS moiety with
nonequivalent S atoms, and because the observed C–S
stretching wave number~1402.1 cm21! is smaller than 1528
cm21 of CS2 (n3) but greater than 1271 cm21 of CS, the new
species is most likely OSCS rather than O~CS2), SOCS, or
SSCO. The nearly zero18O shift for the line at 1402.1 cm21

and a small18O shift for the line at 622.3 cm21 is consistent
with a structure with the O atom bonding to an S atom of
CS2 so that the CvS bond~at 1402.1 cm21! remains nearly
intact whereas the wave number of the C–S stretching mode
~at 622.3 cm21! is slightly decreased upon18O substitution.
Quantum chemical calculations provide further support for
this assignment.

3. Isotopic experiments and assignments of group B
34S-isotopic experiments. An expanded difference spec-

trum of lines in group B from the 32S-, 34S-mixed
O3 /CS2 /Ar ~2/1/600! matrix sample, with 32SC32S,
32SC34S, and 34SC34S in approximate proportions

1.00:1.10:1.07, in regions 610–640 and 1780–1830 cm21

after annealing of the matrix irradiated at 248 and 308 nm is
shown in trace~b! of Fig. 3. Trace~a! of Fig. 3 depicts the
corresponding difference spectrum of an O3 /CS2 /Ar ~2/1/
600! matrix sample in natural abundance. Line positions of
34S-substituted species are listed in Table I.

The line at 1824.7 cm21 does not shift, indicating that S
atom is not directly involved in this mode. The line at 617.8
cm21 shifts to 617.5 cm21 and its width increases from 0.85
to 1.99 cm21. This broad feature may be deconvoluted to
three lines at 617.8, 617.5, and 617.0 cm21 with '1:2:1 in
intensity. The wave number and the34S-isotopic pattern in-
dicate that S atom~s! is/are involved in this mode and this
mode is likely associated with a nonstretching motion.

18O-isotopic experiments. An expanded difference spec-
trum of lines in groupB from the 18O3 /CS2 /Ar ~2/1/600!
matrix sample after laser irradiation and annealing is shown
in trace~c! of Fig. 3; line positions of18O-substituted species
are listed also in Table I. The line at 1824.7 cm21 shifts to
1787.4 cm21, indicating that the O atom is directly involved
in this mode. The18O-isotopic ratio 1787.4/1824.750.9796
is near the theoretical value 0.9759 for CO. The line at 617.8
cm21 shifts to 613.8 cm21; the 18O-isotopic ratio of 613.8/
617.850.9935 and the value of the wave number indicate
that this mode is likely a bending mode involving the O
atom.

Assignments. The 34S-isotopic pattern provide insuffi-
cient information on how many S atoms are associated with
this new species and we only know that the species contains
a C–O bond and one or more S atoms. If we assume that this
species is also an isomer of OCS2, it is likely O~CS2) rather
than SSCO, SOCS, or OSCS because the observed C–O
stretching wave number~1824.7 cm21! is much smaller than
2048.7 cm21 of OCS and 2071.1 cm21 of OCS1 ~Ref. 39!,
but greater than 1646.4 cm21 of OCS2.39 The absence of34S
shift for the line at 1824.7 cm21 and a small34S shift for the
line at 617.8 cm21 are consistent with a structure with the O

FIG. 3. Partial difference IR absorption spectra of lines in groupB from
O3 /CS2 /Ar matrix samples with isotopic variants after irradiation at 248
nm for 15 min and at 308 nm for 1 min, followed by annealing at 30 K for
10 min. ~a! O3 /CS2 /Ar ~2/1/600!, ~b! O3 /32SC32S/32SC34S/34SC34S/Ar
~;6/1/1/1/1800!, and~c! 18O3 /CS2 /Ar ~2/1/600!.

12374 J. Chem. Phys., Vol. 121, No. 24, 22 December 2004 Lo et al.
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atom bonding to a C atom of CS2. Quantum chemical cal-
culations provide further information on the assignment.

B. Comparison with calculations

We performed calculations using the B3LYP/aug-cc-
pVTZ method to find four stable isomers of OCS2: O~CS2),
SSCO, OSCS, and SOCS, listed in order of increasing en-
ergy. Geometries and energies predicted for these species are
shown in Fig. 4, with those predicted previously with
second-order Møller–Plesset calculations~MP2/6-31G* ! by
Froese and Goddard listed parenthetically for comparison.13

Froese and Goddard predicted also a fifth isomer oxathi-
iranethione S~COS! with a cyclic COS structure and a S
atom doubly bonded to the cyclic moiety via the C atom, but
we could locate no stable configuration for this species with
B3LYP/aug-cc-pVTZ. The most stable isomer dithiiranone
O~CS2) has a cyclic CS2 structure and an O atom doubly

bonded to the cyclic CS2 moiety via the C atom. All three
chain isomers have angular structures with a nearly linear
triatomic moiety and we list the atom unassociated with the
linear structure first. Isomers SOCS and SSCO, lying;180
and 52 kJ mol21 above O~CS2), have a nearly linearO–C–S
moiety, whereas carbon disulfide S-oxide, OSCS, lying
;154 kJ mol21 above O~CS2), has a nearly linearS–C–S
moiety. The MP2/6-31G* method predicts structures similar
to this work except for SOCS, for which the MP2 predicts a
longer S–O bond~2.00 Å! and a smaller/SOC ~114.9°!
than those values~1.86 Å and 146.3°! predicted in this work
with the B3LYP/aug-cc-pVTZ method. Both OSCS and
SOCS are characterized by a short terminal C–S bond
~;1.55 Å! similar to a double bond~cf. 1.54 Å for SCS and
1.56 Å for OCS!;40 the S–O bond length of OSCS~1.51 Å!
is much smaller than that of SOCS~1.86 Å!. In contrast, both
SSCO and O~CS2) are characterized by a short CvO bond
of length 1.15–1.18 Å.

Tables II and III list vibrational wave numbers, approxi-
mate mode description, and infrared intensities~in parenthe-
ses! of four isomers of OCS2 predicted with B3LYP and
MP2 methods. Observed vibrational wave numbers of lines
of groupA at 1402.1, 1056.2, and 622.3 cm21 are near values
~1437, 1031, 618 cm21 from B3LYP and 1413, 1085, 597
cm21 from MP2! predicted forn1 ~CvS stretching!, n2

~O–S stretching!, andn3 ~S–C stretching! modes of OSCS,
respectively, but distinct from values predicted for other iso-
mers of OCS2; then3 mode is mixed with some OSC bend-
ing motion. The observed ratio of integrated intensities for
n1 :n2 :n3 , ;12:17:1, agrees satisfactorily with the ratio
17.6:16.5:1 for OSCS predicted with the B3LYP method.

Observed vibrational wave numbers of lines of groupB
at 1824.7 and 617.8 cm21 are near values~1876, 610 cm21

from B3LYP and 1783, 631 cm21 from MP2! predicted for
n1 ~CvO stretching! and n3 ~OCS bending! modes of
O~CS2), respectively, but distinct from values predicted for
other isomers of OCS2. The observed ratio of integrated in-
tensities forn1 :n3 , ;4.7:1, agrees satisfactorily with the

FIG. 4. Geometries and relative energies~in kJ mol21! of isomers of OCS2
calculated with the B3LYP/aug-cc-pVTZ method. Relative energies are cor-
rected with zero-point energies; the unit of bond length is in angstroms.
Results from MP2/6-31G* are listed in parentheses.

TABLE II. Vibrational wave numbers~in cm21! and infrared intensities of OSCS and O~CS2) predicted with
two theoretical methods.

Species Vibrational mode
Reference 13
MP2/6-31G*

This work
B3LYP/aug-cc-pVTZ

This work
/Ar matrix

OSCS n1 , CvS stretch 1413a ~71!b 1436.6~194!b 1402.1, 1404.7
n2 , O–S stretch 1085~168! 1031.1~181! 1056.2, 1052.7
n3 , S–C stretchc 597~23.3! 617.6 ~11! 622.3, 620.5
n4 , OSC bendc 456 ~9.4! 483.0 ~5!
n5 , out-of-plane bend 238~7.4! 283.1 ~5!
n6 , SCS bend 125~3.5! 129.8 ~4!

O~CS2) n1 , CvO stretch 1783 ~427! 1876.2~563! 1824.7
n2 , CS2 sym. stretch 637~17.9! 660.6 ~11!
n3 , OCS bend 631~148! 610.3 ~114! 617.8
n4 , out-of-plane bend 486~5.0! 521.1 ~3!
n5 , SCS bend 401~0.2! 441.8 ~0!
n6 , CS2 asymmetric bend 357~5.4! 360.2 ~6!

aScaled by 0.95, as listed in Ref. 13.
bIR intensities~in km mol21! are listed in parentheses.
cMixed mode.
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ratio 5:1 predicted for O~CS2) with the B3LYP method.
Table IV lists predicted34S- and18O-isotopic ratios of

four isotopomers of OSCS and O~CS2). Predicted isotopic
ratios for OSCS and O~CS2) are nearly the same as those
determined experimentally~deviations,0.002, except forn3

of O 34SCS and O34SC34S that deviates up to 0.003!. 34S-
and 18O-isotopic ratios predicted for SOCS and SSCO are
listed in Table V for comparison; they do not agree with our
experimental results. Hence, based on observed34S- and
18O-isotopic shifts and comparison with vibrational wave
numbers and isotopic ratios predicted with theoretical calcu-
lations, we conclude that new absorption lines of groupA at
1402.1 ~1404.7!, 1056.2~1052.7!, and 622.3~620.5! cm21

are associated with CvS stretching (n1), O–S stretching

(n2), and S–C stretching (n3) vibrational modes of OSCS
isolated in solid Ar, and new absorption lines of groupB at
1824.7 and 617.8 cm21 are associated with CvO stretching
(n1) and OCS bending (n3) vibrational modes of O~CS2)
isolated in solid Ar.

C. Mechanism of formation of OSCS

The absorption cross section of CS2 at 248 nm is small,
hence its photodissociation is relatively unimportant.41 Pho-
todissociation of O3 at 248 nm forms O(1D) and O2 with a
quantum yield of 0.9160.06.42,43 O(1D) might react with a
nearest neighbor CS2 to form CS1SO and other products
before it relaxes to O(3P). After irradiation at 248 nm, pro-

TABLE III. Vibrational wave numbers~in cm21! and infrared intensities of SOCS and SSCO predicted with
two theoretical methods.

Species Vibrational mode
This work

B3LYP/aug-cc-pVTZ
Reference 13
MP2/6-31G*

SOCS n1 , CvS stretch 2021.0~761!a

n2 , C–O stretch 901.2~17!
n3 , OCS bend 490.2~43!
n4 , out-of-plane bend 439.6~2!
n5 , S–O stretch 296.5 ~0!
n6 , SOC bend 67.8 ~9!

SSCO n1 , CvO stretch 2089.0~824! 1963b ~629!
n2 , S–C stretch 720.9 ~4! 732 ~11!
n3 , S–S bendc 494.9 ~6! 456 ~2!
n4 , SCO bendc 446.0 ~10! 418 ~12!
n5 , out-of-plane bend 402.6~2! 367 ~3!
n6 , SSC bend 110.7 ~5! 83 ~7!

aIR intensities~in km mol21! are listed in parentheses.
bScaled by 0.95, as listed in Ref. 13.
cMixed mode.

TABLE IV. Experimental and calculated34S- and18O-isotopic ratios, defined as the ratio of vibrational wave numbers of a substituted isotopomer to that of
the corresponding32S, 16O species, of OSCS and O~CS2).

Species n1 n2 n3 n4 n5 n6

16O 34SC32S Calc. 0.9990 0.9904 0.9853 0.9953 0.9981 0.9970
Expt. 0.9990

~0.9987!a
0.9902

~0.9903!a
0.9883

16O 32SC34S Calc. 0.9959 1.0000 0.9935 0.9920 0.9974 0.9948
Expt. 0.9959

~0.9957!a
1.0000

~1.0000!a
0.9931

16O 34SC34S Calc. 0.9949 0.9904 0.9789 0.9871 0.9955 0.9919
Expt. 0.9949

~0.9940!a
0.9902

~0.9903!a
0.9812

18O 32SC32S Calc. 1.0000 0.9621 0.9974 0.9907 1.0000 0.9715
Expt. 0.9997

~0.9994!a
0.9638

~0.9643!a
0.9963

16O~C 32S34S) Calc. 1.0000 0.9929 0.9993 0.9995 0.9879 0.9902
Expt. 1.0000 0.9995

16O~C 34S2) Calc. 1.0000 0.9857 0.9986 0.9991 0.9754 0.9806
Expt. 1.0000 0.9987

18O~C 32S2) Calc. 0.9783 0.9809 0.9926 0.9902 0.9930 0.9808
Expt. 0.9796 0.9935

aIsotopic ratios for the species in a minor site are listed in parentheses.
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duction of CS and SO is clearly indicated. That annealing of
the matrix at 30 K decreases the intensity of OSCS slightly
indicates that O(3P) might not react with CS2. Theoretical
calculations with the fourth-order Møller–Plesset
~MP4SDTQ! method predict that formation of OSCS from
O(3P)1CS2(1Sg

1) has a barrier of 77 kJ mol21, whereas
that from CS(1S1)1SO(3S2) has a barrier of 71
kJ mol21;13 both barriers are too large for the reactants at low
temperature to overcome. Hence, formation of OSCS likely
involves reaction of O(1D) with CS2. Our observation of a
decrease in intensity of OSCS upon annealing of the matrix
at 30 K is consistent with the above mechanism; O(1D) re-
laxes to O(3P) shortly after irradiation at 248 nm.

When the O3 /CS2 /Ar sample irradiated at 248 nm was
irradiated further at 308 nm, lines due to OSCS disappeared,
whereas lines due to OCS increased substantially and those
due to SO2 increased slightly; lines due to CS2 remained
unchanged. This observation indicates that at 308 nm OSCS
likely photodissociates to form mainly OCS and S; S might
further react with nearby O2 to form SO2. Further investiga-
tions of electronically excited states of OSCS and their pho-
todissociation dynamics are needed.

Annealing of the above irradiated matrix enhanced lines
due to O~CS2), indicating that the formation mechanism of
O~CS2) is OCS1S rather than O1CS2. According to calcu-
lations, the barrier for O(1D)1CS2 to form O~CS2) is ;90
kJ mol21.13 The barrier for S(1D)1OCS to form O~CS2) is
expected to be small. Quantum chemical calculations on the
reaction of S(3P)1OCS to form O~CS2) was unreported, the
intersystem crossing might lead to a path to form O~CS2)
with a small barrier.

On the basis of spectral information of OSCS and
O~CS2) obtained in this work, further experiments in the
gaseous phase at low temperatures might be performed to
investigate the adduct formation and equilibrium of reaction
~1! so as to assess the importance of this reaction in atmo-
spheric or combustion chemistry.

V. CONCLUSION

We irradiated matrix samples of O3 /CS2 /Ar with a KrF
excimer laser at 248 nm and observed new IR absorption
lines at 1402.1~1404.7!, 1056.2~1052.7!, and 622.3~620.5!
cm21; wave numbers in parentheses are associated with a

minor site. These new features are attributed to CvS stretch-
ing (n1), O–S stretching (n2), and S–C stretching (n3)
modes of carbon disulfide S-oxide OSCS, respectively, based
on observed34S- and18O-isotopic shifts and theoretical pre-
dictions of line positions, infrared intensities, and isotopic
ratios for possible isomers of OCS2. The product OSCS was
likely formed mainly via reaction of O(1D) and CS2 in the
matrix; secondary photolysis at 308 nm depleted OSCS and
produced mainly OCS. Annealing of the above irradiated
matrix yielded new lines at 1824.7 and 617.8 cm21 that may
be attributed to dithiiranone O~CS2); these new features are
attributed to CvO stretching (n1) and OCS bending (n3)
modes, respectively. The product O~CS2) was likely formed
mainly via reaction of S and OCS in the matrix. This work
provides spectral information for future investigations of the
atmospheric reaction of O1CS2 or S1OCS at low tempera-
tures using IR detection of OSCS or O~CS2).
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