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Gaseous ionized carbonyl sulfide/ozone mixtures have been studied by mass spectrometric techniques and
theoretical calculations. The evidence obtained points to this system as an effective route tg tiom,SO

which in turn promotes a rich ion chemistry leading tg0S (n = 2—5) and §" (n = 2—9) ions via
oligomerization processes.

Introduction converted to aerosols in the troposphere. The B@s produced
Carbonyl sulfide, COS, is the most abundant sulfur gas in in thi_s way can subsequer_ul_y react with the ubiquitous CO.S’

the atmosphere. It is rather uniformly distributed throughout y|eld|ng ot_her sulfur-containing cations, and eventually their

the troposphere, and it is thought to be the main source of neutralization products.

stratospheric sulfur. In contrast with other sulfur-containing ) .

compounds that are rapidly oxidized in the troposphere, and EXPerimental Section

consistent with its long lifetime of more than one year, it shows  Mass Spectrometry.A ZABSpec oa-TOF mass spectrometer

a sufficiently low reactivity to be transported into the strato- of EBE TOF configuration (Micromass Ltd., Manchester, UK)
spheré- There, the progression from COS toward more oxidized was used to generate the species of interest by chemical
species, such as SO, g@nd HSO,, is driven by hydroxyl jonjzation (ClI) performed at pressures of ca.-6012 Torr.
radicals, Q@ and Q. As revealed by rocket and aircraft Typical operation conditions were as follows: accelerating
measurements, gaseous ions also are present in the StratOSphe\l}@nage 8 kV, emission current 0.5 mA, repe"er Vo|tage oV,
and the troposphere, where ionization, largely caused by source temperature 150C. The mass-selected ions were
lightning, radioactive emanation, and cosmic rays, produgés O  structurally assayed by mass selected ion kinetic energy (MIKE)
by primary processes. A rich ionic chemistry is known to occur, and collisionally activated dissociation (CAD) mass spectrom-
involving in particular species that have low ionization potentials etry. In the latter case, He was admitted into the collision cell
and easily undergo charge-transfer proced&sseous ions are  at such a pressure as to reduce the beam intensity to 70% of its
of additional interest in the Stratosphere and trOpOSphere aSOrigina| value. MS/MS experiments were performed by record-
powerful probes for neutral gas detection, since selective jng the CAD/TOF spectra of mass-selected daughter ions. The
reactions of naturally occurring ions with trace gases lead to kinetic energy releases were measured by the average of about
characteristic ionic prOdUCtS. Surprisingly, although the impor— 400 scans, at the energy resolution of 1.5 eV of main beam
tance of aerosols in climate and Stratospheric ozone ChemiStrywidth. The Fourier transform-ion Cyc|0tr0r‘| resonance (FT_|CR)
has recently intensified interest in sources and sinks of COS, experiments were performed with a 47e Apex instrument
and deSpite recent studies of the ionic Chemistry of ofdne, (Bruker Spec[rospin AG, Bremen, Germany) equipped with an
the ionic chemistry of gases containibgth COS and @ has external ion source, a pulsed valve, a cylindrical “infinity” cell,
not yet been investigated. We therefore have undertaken theand a Bayard-Alpert ionization gauge, whose readings were
study of ionized mixtures containing COS ang, @iluted in corrected for its different sensitivity to the gases usdthe
atmospheric gases fGand Nb), by mass spectrometric and jons generated in the source were transferred into the ICR cell
theoretical methods. Remarkably, the evidence obtained unrav-and isolated by the standard procedure based on the “soft”
elled an ion chemistry essentially promoted by the"san, ejection of all the unwanted ions. The ions were then allowed
leading to the charged products,(8 (n = 2-5), of higher {0 react with the neutral reagent continuously admitted into the
sulfur content than those obtained from the oxidation of neutral Ce||, in order to reach stationary pressures, typ|ca||y of the order
COS. Several of thef®* ions (1 = 3—5) were experimentally  of 10-8 Torr. All chemicals were research-grade products from
detected for the first time in this study and are currently under aAldrich Chemical Co., and were used without further purifica-
further investigation. The result proves particularly significant, tion. Ozone was prepared by passing UHP grade oxygen
revealing that the ionic COSA3ystem is the source of the SO (Matheson 99,95 mol %) through a commercial ozonizer; it was
ion in the atmosphere, since other conceivable precursors, sucltollected in a silica trap cooled to 77 K and released by
as SQ and related sulfur-containing compounds, are rapidly controlled warming of the trap.

. o - - - Computational Details. Density functional theory, using the
* Corresponding author. E-mail: depetris@axrma.uniromal.it. . . s . .
$ Universita“La Sapienza’. hybrid” B3LYP functional® was used to localize the stationary
t Universitadi Perugia. points of the investigated systems and to evaluate the vibrational
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frequencies. Although it is well known that density functional 1
methods using nonhybrid functionals sometimes tend to over- S& T
estimate bond lengtifshybrid functionals such as B3LYP 04 /C
usually provide geometrical parameters in excellent agreement pd c S

with experimental dat# Single point energy calculations at o1 x >ﬁ
the optimized geometries were performed using the coupled- 05——04 %

cluster single and double excitation metHédayith a perturba- ¢ 0s
tional estimate of the triple excitations [CCSD(T)] appro&th, 1 2
in order to include extensive correlation contributidh$ransi-

tion states were located using the synchronous transit-guided
quasi-Newton method developed by Schlegel and co-wotkers.

The 6-311#-G(2d) basis sét was used. Zero point energy
corrections, evaluated at the B3LYP/6-31G&(2d) level, were
added to the CCSD(T) energies.€l' K total energies of the

1
54‘ (\.Z\K

04

species of interest were corrected to 298 K by adding transla-

/

tional, rotational, and vibrational contributions. The absolute TZ Se—— (s
entropies were calculated by using standard statistical-mecha- O

nistic procedures from scaled harmonic frequencies and mo-

ments of inertia relative to B3LYP/6-3#1G(2d) optimized 3 TS 2—3)

geometries. All calculations were performed using Gaussiéh 98 Figure 1. Optimized geometries of the localized minima on the

on a SGI Origin 2000 computer and a cluster of IBM RISC
/6000 workstations.

Results
The Reaction of COS with O3. High-resolution chemical

ionization (Cl) spectra of COS were recorded with a ZABSpec
oa-TOF mass spectrometer, which was equipped with a high-

pressure Cl source. Utilizing HDN,, and Q/O, or Oz/O,/N,

mixtures as the reagent gases, major peaks were observed

m/z 60 (COS) and 32 (8), traceable to the charge-transfer
process

M* +COS— COS" +M
M =0,, N,, O,

1)

and the subsequent dissociation of the excited COHs
formed. In addition, a major peak @iz 48 was detected when
employing Q-containing mixtures. The peak was unambigu-
ously identified as SO, conceivably formed from the reaction
0,"(0,) + COS (COS)—SO"+0,+CO (2
whereas no [COS£" complexes were observed.
Likewise, Q", No*, and QT ions were generated in the

potential energy surface of the CO8; system. TSZ — 3) is the
transition state for th@ — 3 isomerization.

by 6.0 kcal mot?! than 1. The transition state for th2 — 3
isomerization is also illustrated in Figure 1.

The Reaction of SO with COS. In the high-pressure £
chemical ionization of COS, [COSSOJ" and [COS-S,0]t
adducts were observed and structurally assayed by MIKE, CAD,

nd MS spectrometry. In particular, the elemental composition

f the ions assayed, as well as of their decomposition products,
was assigned on the basis of the combined information that was
derived from the CAD and M%5spectra of thé®*S-containing
isotopomers. All spectra are reported in Tables 3 and 4. The
[COS-SOJ" and [COS-S,0]" adducts show common spectral
features, the most salient being the following: (i) the CAD
spectra display [M— CO]J* ions, namely 0™ and SO™, as
the major fragments from the dissociation process

COS-SO" (COS-S,07)—S,07(S,0) +CO (3)
(i) [M — COy]" fragments from the metastable transition
4)

display dish-topped peaks (Figure 2), whose kinetic energy

COS-SO" (COS-S,07)—S," (S;) + CO,

external Cl source of the FT-ICR mass spectrometer, isolatedreleases amount to 866 30 meV (S*) and to 620+ 10 meV
by selective ejection techniques, and allowed to react, after a(S;*). For comparison purposes [COSO]" and [COS-S,0]*
cooling period of 3 s, with COS that was admitted into the model ions were generated in the absence phythe SQ/CI

resonance cell, to a stationary pressure of 2078 Torr. The

of COS, and their spectra, also reported in Tables 3 and 4, are

charge-transfer reaction (1) was the only process observed fromindistinguishable from those of the species under study. Finally,

O;* and N, whereas the & ion promoted, in addition,

S0 (n=1-5) and §" (n = 1—-9) ions were also detected in

reaction 2, as demonstrated by accurate mass measurements @fie Q; chemical ionization of COS.

the isobaric reagent and product ions.

Confirming evidence was obtained by FT-ICR mass spec-

As for the theoretical results, Figure 1 reports the computed trometry, whereby the SDion, generated from neat $@n
optimized geometries of the minima localized on the potential the external ion source, isolated and then thermalized, was

energy surface of the [COSD;]* system. The total energies

allowed to react with COS in the resonance cell, at pressures

and frequencies are reported in Table 1, whereas the energeticganging from 4x 1078 to 1 x 107 Torr. The reactions
of the relevant processes, computed at the CCSD(T) level, are

reported in Table 2. The ioh, located 58.1 kcal mot below

electrostatic iormolecule complex, containing a SGon
solvated by the CO andQmolecules. The ior2, less stable
than1 by 28.2 kcal mot?, results from a two-center coordination

the energy level of the reactants, can be described as an
SO" + COS

of two oxygen atoms of ozone with the carbon and sulfur atoms

of COS, and can isomerize to the iBnwhich is more stable

ks +COS

$0" + CO —p S;0" + CO (5)

S" + CO (6

ke

were observed, leading tos@" and S* as the major final



1146 J. Phys. Chem. A, Vol. 105, No. 7, 2001

Cacace et al.

TABLE 1: Total Energies, Geometries, and Vibrational Frequencies (Intensities) of the [COSg)*™ Species: Total Energies in

Hartree, Bond Lengths in

, Angles in Deg, Frequencies in crrt, Intensities in km/mol

1 2 3 TSp—3)
EgsLvp —736.797663 —736.746697 —736.801153 —736.730078
ZPE 0.014783 0.018281 0.016683 0.016926
Eccspm 735.589059 735.544609 735.599336 735.527715
22.6(0.7) 63.5 (3.8) 24.5(0.7) 503.1
51.4 (0.2) 149.0 (5.9) 43.9(1.7) 95.8
77.2(0.2) 327.8(10.1) 58.8 (6.6) 177.7
108.3 (10.1) 431.9 (45.2) 79.1(4.7) 273.1
118.2 (18.4) 511.8 (6.1) 179.2 (25.6) 324.7
173.2 (27.9) 550.2 (9.4) 370.6 (8.3) 494.6
205.7 (2.8) 590.6 (4.8) 503.0 (1.9) 543.1
210.4 (3.6) 720.8 (15.0) 647.3 (30.9) 669.2
373.4(13.8) 841.3 (3.5) 660.3 (23.1) 768.5
1251.2 (54.1) 885.8 (12.4) 1035.2 (71.1) 789.2
1598.9 (186.5) 962.4 (48.1) 1347.7 (58.3) 1099.2
2298.4 (37.1) 1989.7 (377.3) 2372.8 (955.6) 2194.7
1 2 3 TSP—3)
r(C:01) 1113 1.158 r(C:01) 1.146 r(C:01) 1.410
r(SsCo) 2.189 1.905 r(0sCy) 1.178 r(0sCy) 1.253
0(SsC,01) 178.1 126.6 0(0sC,01) 179.3 0(0sC,01) 154.0
1(0sSs) 1.445 1.592 r(S40) 2.583 r(0403) 1.563
0(0sSCy) 107.0 93.0 0(S40:Cy) 137.2 0(0405C) 112.0
0(04S:C,01) 14.4 -177.1 0(S405C-01) 180.0 0(0405C,0) 156.4
r(0s0s) 3.083 1.490 r(OsSy) 1.650 r(0s0s) 1.408
0(0s04Ss) 66.4 113.2 0(0sS403) 91.7 0(0s0403) 108.3
0(0s04%:C2) 84.6 2.0 0(0s40:C2) 180.0 0(0s0405Cy) 65.7
r(OcOs) 1.201 1.382 r(OcOs) 1.275 r(S6Os) 1.617
0(0c0s04) 74.2 110.6 0(0s0sSs) 125.1 0(Ss0504) 113.5
0(060:04S5) 173.3 -10.3 0(06055:03) 0.0 0(S6050403) —-57.1
aZero point energy.
TABLE 2: Thermochemical Data (kcal mol~1, 298 K) L
Relevant to the COS/03; System, Computed at the 0\ 01
CCSD(T)/6-31H-G (2d) Level of Theory 2
process AH° barrier height 2
COS +05—1 —58.1 3 g,
1— CO+ SO+ 0, (334") 6.7 S :
COS ' +03—2 —29.9 65/84
2—3 —-34.2 9.7 os—S4
3— CO; + SO0 5.9
SOO" — SO" + OCP) -2.1 4 5
wOW OI\C
M 1 \ 3
______ o 7
5 4\05 ':: .
o
50 6 TS4 —5)
(K
3
- -
61 62 63 64 65 66 miz

Figure 2. Dish-topped peak atvVz 64 from the metastable decomposi-
tion of the [SO-COSJ" adduct.

products. Furthermore, the@" generated in the source by/O
Cl of COS, isolated and allowed to react with the COS in the
cell undergoes the reaction

k.
S0" +Ccos—-s,0" +Cco @)

confirming the role of 80" as a precursor of ®* indirectly
suggesting the transient formation of the [GOS]" and [COS

TS(4 —6)

Figure 3. Optimized geometries of the localized minima on the
potential energy surface of the S.QTOS system. TH(— 5) and TS¢
— 6) are the transition states for tde— 5 and4 — 6 isomerizations.

S,0]*" adducts, undetectable at the low pressures typical of the
ICR experiments due, to their complete dissociation in the
absence of efficient collisional stabilization. The measured rate
coefficients amount tés ~ ks = (2.1 £ 0.3) x 101%°cmé s!
molecule™, theks/ks branching ratio being ca. 0.94 0.1, and

Kz = (1.9£ 0.3) x 10 °cm® s~ molecule™. From thekapo
reaction rate constants, all the above values correspond to
collisional efficiencies of ca. 10%.
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TABLE 3: Collisionally Activated Dissociation (CAD) and MS?2 Spectra of [COSO0]™ lons from Different Sources

CAD
Cos/Q COS/SQ
m'z 108 m'z 110 m'z 108 m'z 110 mMs3a

m'z | (%) nm'z | (%Z) m'z | (%Z) nm'z | (%X) parent daughter fragment
80 22.7 82 22.9 80 23.2 82 21.8 108 80 64, 48, 32
64 8.1 66 7.5 64 7.0 66 7.5 64 32

62 11.6 62 11.2 60 44,32,28, 12
60 23.4 60 11.6 60 24.2 60 11.2

50 18.4 50 194 110 82 66, 50,48, 34, 32
48 38.3 48 21.4 48 38.9 48 21.2 66 34,32
46 <1 46 <1
44 1.3 44 <1 44 1.0 44 <1

34 2.9 34 3.2
32 5.3 32 2.9 32 4.9 32 34
28 0.9 28 0.8 28 0.8 28 11

a Significant spectra only are reportetvz of the [COSO]™ and [CG*SSOJ parent ions¢ Percentage of the fragments intensity with respect
to the total fragments intensities, standard deviatioh0%.

TABLE 4: Collisionally Activated Dissociation (CAD) and MS? Spectra of [COSO]* lons from Different Sources

CAD
COSs/Q COS/SQ
m'z 140 m'z 142 m'z 140 m'z 142 Mssa
m'z | (%) m/'z 1 (%Z) n'z 1 (%Z) m'z | (%Z) parent daughter fragment
112 34.2 114 32.8 112 34.2 114 32.9 140 96 64, 32
96 14 98 15 96 1.6 98 1.8 64 32
82 22.6 82 22.6
80 34.0 80 11.0 80 35.3 80 115 142 98 66, 34
66 10.1 66 9.6 66 34,32
64 15.3 64 6.0 64 14.4 64 6.3 64 32
62 35 62 3.4
60 9.0 60 5.8 60 8.7 60 5.6
50 1.8 50 1.7
48 4.7 48 3.2 48 45 48 3.0
34 0.6 34 0.5
32 1.4 32 1.1 32 1.3 32 1.0

aSignificant spectra only are reportéthvz of the [COSO]* and [CG*SSO]™ parent ions¢ Percentage of the fragments intensity with respect
to the total fragments intensities, standard deviatioth0%.

Passing to the theoretical results, Figure 3 reports the atom donor, as well as with the general tendency of the charged
optimized geometries of the minima localized on the potential adducts formed to decompose, releasing good leaving groups.
energy surface of the [CGSSOJ" system. The total energies The presence of a preformed CO molecule in the €@&n
and frequencies are reported in Table 5, whereas the energeticgead to a prompt dissociation of the complex formed, which
of relevant processes, computed at the CCSD(T) level, areaccounts for the failure to experimentally detect [Ca] *.
reported in Table 6. The ion4, 5, and6 can be essentially The SO" Reactivity toward COS. As reported in a previous
described as [COSSO'], [CO—-S,0"], and [CQ—S;"] ion— paragraph, and consistent with a recent SIFT stiithe reaction
molecule complexes. loéis the local minimum, iong and5 of SO with COS yields 0™ and S+ as the primary products
being less stable by 31.5 and 52.8 kcal Mptespectively. The according to the sequences
transition states for thé — 5 and4 — 6 isomerization are also

illustrated in Figure 3. $,0" + CO €))
Discussion SO" + COS — [COS-SOT

The Formation of the SO' lon. The experimental and S, + CO, “)
theoretical evidence concur in identifying the reaction of COS
with Og as an effective route to the S@n. Although attempts This reaction pathway was firmly established by the detection

at detecting the [COSOs]* intermediate failed, the mass and the structural assay of the [COSO]" complex that, in
spectrometric results undoubtedly support the formation of such contrast with [COS-O5]*, is detectable under high-pressure Cl
an adduct as a transient species that is highly unstable towardconditions. However, the rich ion chemistry observed is only
dissociation. This evidence is supported by the computational primed by ST, as the 80" ion formed further reacts with COS
results reported in Table 2 and is outlined in the energy profile according to the general reaction sequences

of Figure 4. Both the precursor iorls,whose formation appears

entropically favored, an®, undergo dissociation processes 5 SwiO" + CO (®)
whose energetic requirements are largely met by the energy

released upon association of the reactants, and all eventuallyS,0" + COS —p [CO8,+O]" —]
lead to SO as the final product. The result is in line with — S’ + CO;  (9)
previous evidence on the ozone reactivity toward gaseous ionic

reagentd,that has characterized the @olecule as an oxygen  that can be viewed as chain oligomerization processes. Progres-
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TABLE 5: Total Energies, Geometries, and Vibrational Frequencies (intensities) of the [COSSO]" Species: Total Energies in
Hartree, Bond Lengths in A, Angles in Deg, Frequencies in cmt, Intensities in km/mol

4 5 6 TS@—5) TS@—6)
EssLvp —984.690538 —984.645297 —984.735077 —984.639902 —984.621189
ZPE 0.013193 0.011121 0.014029 0.010890 0.010980
Eccsom —983.260846 —983.225914 —983.312166 —983.212749 —983.195943

40.4 (4.4) 48.3(0.5) 18.8 (0.7) 298.8 142,17
103.7 (1.7) 73.1(2.1) 50.7 (1.9) 31.2 81.3
198.8 (6.2) 100.2 (3.1) 72.2 (14.1) 66.8 123.3
295.1 (49.5) 102.5 (2.1) 154.7 (25.8) 124.7 125.9
481.1 (4.3) 186.0 (21.8) 653.3 (31.3) 295.8 334.5
500.3 (6.9) 344.9 (4.3) 665.9 (27.0) 352.8 446.8
755.6 (35.8) 522.2 (44.4) 800.9 (10.4) 491.7 738.0
1220.1 (86.5) 1224.4 (87.2) 1353.3 (59.7) 1188.5 815.7
2195.9 (583.0) 2280.2 (56.6) 2388.5 (1080.0) 2228.6 2155.3

4 5 TS@—5) 6 TS(@A—6)

r(C,01) 1.132 1.117 1.119 r(S:Sy) 1.842 r(C01) 1.126

1(S:Cy) 1.626 2.687 2.185 r(0sS2) 2.592 r(0sC,) 1.760

0(S:C;01) 178.4 170.3 146.2 0(0:$:S) 106.7 0(05C,01) 122.8

1(SuSs) 2.447 1.999 2.025 r(C40s) 1.175 r(S40s) 1.586

0(S4S:Cy) 95.0 95.6 102.1 0(C405Sy) 1415 0(S405C2) 115.4

0(S4S:C201) —178.0 180.0 -115.8 0(Ca0:S:S) 180.0 0(S405C,01) 180.0

r(OsS:) 1.454 1.447 1.454 r(OsCs) 1.147 r(SsSs) 1.865

0(0sS4Sy) 108.5 115.8 114.0 [(OsC405) 179.4 0(S:S:05) 109.1

0(0sS4S:Cy) 89.3 0.0 34.0 0(0sC405Sy) 180.0 0(S5S:0:Cy) 180.0

aZero point energy.

TABLE 6. Thermochemical Data (kcal mol~1, 298 K)
Relevant to the SO/COS System, Computed at the

CCSD(T)/6-311G (2d) Level of Theory so'+ cos| — SZ‘:; =2

process AH° barrier height s . 5
SO + COS— 4 ~26.5 s
4—5 21.3 28.9
4—6 -315 39.2 .
5—CO+ S,0* 6.8 ' R
6—CO,+ S 5.7

S,* +CO,
=0y cos'roy
SO +0 6

Figure 5. Energy profile relevant to the potential energy surface of
28 the SO/COS system.

to COS!® The progression of reaction 9 over= 1 cannot be
directly demonstrated; nevertheless, both the complexes ob-
served, [COSSO] and [COSZO]*, undergo this process by
metastable transitions that are characterized by a large barrier
for the reverse reaction, which points to an extensive molecular

=~ 58.1

=342

SO rCoro reorganization. Interestingly, under ICR conditions'Stder-
S00* + CO, &7 goes both reactions 8 and 9 with COS, where#&¥tSindergoes
59 1 only reaction 8.

3 As for the process promoted by SOthe experimental

Figure 4. Energy profile relevant to the potential energy surface of branching ratio indicates that reactions 8 and 9 occur at a
the COS/O; system. comparable rate, in agreement with previous resdlfshe
sion of reaction 8 beyond = 1 is demonstrated by the actual theoretical results support the experimental evidence, as il-
observation of the [COSS,O]* complex and of its dissociation  lustrated by the energy profile of Figure 5, which shows that
product, SO, as well as by the observation of reaction 7 in reactions 8 and 9 involve ions that are formed upon isomer-
FT-ICR experiments. Further progress of reaction 8 is demon- ization of ion 4, like 5 and 6, that are structurally liable to
strated by the observation of the(8 and SO ions, although decomposition into 0" and S, respectively. In particular,
detection of their [COS.10]™ precursors proved difficult, even  the 4 — 6 isomerization is characterized by a barrier to the
under high-pressure conditions, since they become increasinglyreverse reaction as high as 70.7 kcal mMpldue both to the
unstable toward dissociation by processes such as (8) and (9)Jarge endothermicity and to a purely kinetic component that
as then value is increased their steady-state abundance isreflects the extensive molecular reorganization required. The
reduced. theoretically computed barrier is consistent with the fraction of
Unlike sequence (8), sequence (9) does not represent theenergy released as translational energy of the fragments,
exclusive route to the .S ions present in the source, the experimentally found to amount to ca. 20 kcal molIn
alternative pathway being the consecutive addition.@f'Sions addition, the difference, 10.3 kcal mé] between the theoreti-
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