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New radicals containing sulfarsulfur bonds are detected in the gas phase: disulfur hydroxide SSOH and
thiosulfenoxide HSSO, stable toward dissociation by ca. 50 and 40 kcal,mespectively. Energetic, structural
features and fragmentation pathways of thes®F§ radicals and their charged speciegd8l]" and [SOH]~

are experimentally and computationally investigated by mass spectrometric techniques and ab initio calculations.
[S:OH]* is obtained by various ionmolecule reactions leading ta@ protonated on the oxygen and end-
sulfur atoms, whose proton affinity is computed at different levels of theory. The first detectiopgGHI[S

the conjugate base of the oxatrisulfane HSSOH, is also reported.

Introduction Experimental Section

The rich inventory of sulfur compounds containing hydrogen A, Mass Spectrometric Methods.All experiments were
and oxygen atoms displays only a few known [H, 8]+~ performed using a modified ZABSpec oa-TOF instrument (VG
species. The HSO and SOH radicals and their cations and anionsvicromass) of EBE-TOF configuration, where E and B stand
are the well-known, most simple species of this farhifydams for electric and magnetic sectors, respectively, and TOF stands
et al. suggested the existence of the SSOH radical as a neutrafor orthogonal time-of-flight mass spectrometeiThe instru-
product of the reaction of 5 with some organic acids and  ment was fitted with a EI-CI ion source, a gas cell located in
alcohols? However, withn = 2, only the cation has been the first field-free region, and two pairs of gas cells located
observed on a few occasions as a fragment in mass spectra okfter the magnet in the second field-free region and in the TOF
sulfur specie$. So far [H, S, O] and [H, S, O] are still sector, respectively. Typical operating conditions were as
unknown species. follows: accelerating voltage, 8 keV; source temperature,

As a continuation of our interest in sulfur-rich compoufids, 433 K; repeller voltage, 0 V; emission current, 1 mA; nominal
in this work we report the first experimental detection of disulfur  electron energy, 50 eV; and source pressure ranging from ca.
hydroxide SSOH and thiosulfenoxide HSSO. The study was 0.02 to 0.2 Torr, as read inside the source block by a Magnehelic
performed by mass spectrometric techniques augmented bydifferential pressure gauge. High-resolution Cl mass spectra
theoretical calculations of the relevant species, henceforth were recorded at 15000 full width at half maximum (fwhm).
formally denoted [gOH]%*/~. The aim of the study is (i) to  The CAD/TOF spectra were recorded at 0.8 keV in the TOF
generate and structurally characterize isomeric catiof@H$" sector of the instrument, after mass and energy selection of the
using different ior-molecule reactions, (ii) to generate SSOH, jon. The 8 keV CAD spectra were recorded with fully open
investigate its isomerization to HSSO, and determine the source and energy slits. Helium was utilized as the target gas

minimum lifetime, (iii) to generate the correspondingQ8i]~ in the CAD experiments; it was admitted into the collision cell

anions, the conjugate bases of the oxatrisulfangdh® In this at such a pressure to achieve 80% transmittance.

contest, the proton affinity of the electron-rich,(5 was The neutralizationreionization (NR) experimenits were

computed at different levels of theory and examined in relation performed at high (8 keV) and low (0.8 keV) collision energy,

to the analogous moleculeg@nd SQ. in the pair of cells located in the second field-free region and
The title species prove to be the simplest [H, 8] in the TOF sector of the instrument, respectively. In the first

compounds containing sulfsulfur bonds, whose potential  ¢ojlision cell, the mass-selected parent cation undergoes a
interest as building blocks in organic and biological molecules yertical, one-electron reduction by collision with Xe. All ions
adds to their fundamental relevance. SSOH is a sulfur analoguegre removed at the exit of the cell by a pair of high-voltage
of OsH and SGH, the suggested intermediates of the atmo- deflecting electrodes. A beam containing only neutrals enters
spherically relevant reactions Ok)(+ O ~H + Ozand OH  the second cell, where it is reionized undergoing a vertical, one-
+ SO— H + SG.*" The existence of SSOH as a stable species glectron oxidation by collision with §(high-energy"NR*) or
in the gas phase may encourage the study of the reactipn OHar (low-energy*NR*). No signal was obtained by switching
+ S — H + S0 and of the possible role 0bSH radicals in  the deflector on without the reionizing gas. The neutral beam
sulfur-rich planetary atmospheres and sulfur-doped flaini®s.  may contain fragments and intact neutral molecules, the latter
_are reionized provided that they survive for the time necessary
giu*”;%ep‘gt?g%un‘?gﬁjﬁgndence should be addressed. E-mail: {q trayel from the first to the second cell. The detection of intact
T Universita“La Sapienza’. neutral species is proved by detection of a “recovery” peak at
* Universitadi Perugia. the samen/z ratio as the original ion. ITNR~ experiments,
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the neutrals undergo a vertical, one-electron reduction by 122 M
Hiedtre : 1575 sl 2,018

collision with Xe. In charge reversaf CR™) experiments the 0.980 13589 _
parent ion undergoes a two-electron reduction by collision with 1-8471 1001179y 133%09.8 1»435/1 13.8 94-8\1'359
Xe in only one collision cell. All gases were admitted into the S o H
cells at such a pressure to achieve a beam transmittance of 80%, 1 2 3
under near-single collision conditions. All NR spectra were ‘A’ 0.0 (0.0,0.0) 'A’0.3(0.3,0.01)  'A’9,5(10.2,10.6)
averaged over 100 acquisitions to improve the signal-to-noise - o
ratio. The recovery peaks of the high-enefgyR*™ and*NR~ /1_358 |1-429 643
spectra were analyzed in the TOF sector (He, collision gas). g 2054 134311102 ‘ﬁ%; 99.7

B. Materials. The chemicals were research-grade products 1.43%11 2o 1e33 s 55.5(%2——55%\1.,366
with the following stated purity: HgS (Aldrich, 99.999 mol %), 9 s : ~H
elemental sulfur-S (Aldrich, 99.998 mol %), elemental sulfur- 4 5 6
34S (Aldrich, 99.5% %S atoms), and K80 (Isotec, 97% 1A 8.8 (9.5,9.8) 1A°38.9 (38.4,383)  'A46.9 (44.9,47.1)
180 atoms). All other chemicals were research-grade products
with a stated purity in excess of 99.95 mol %. Elemental sulfur H
and HgS were introduced through a direct insertion probe and ., ] osss o1
heated in vacuo at temperatures not exceeding 400 and 500 K, 1.792 oﬂs/mﬁ 1642
respectively. Note that slightly different spectra from that 71'\ 1.56y127.7 1457ygzg—s\1.361
reported in Figure 4B were obtained by heating HgS at S0 S 4 g BN
500 K (showing small signals corresponding tg &nd S*). 7 8 9

$,0 was prepared in situ by reaction of thionyl chloride SOCI 1,5 563 (53.7,56.4) 'A’54.9(558,58.8) 'A’55.5(56.1,60.0)
and silver sulfide AgS heated in a pyrex tube to 423%K.

C. Computational Methods. Density functional theory, using FRLELLUPN 2.385
the hybrid B3LYP functional, was used to localize the stationary 2.01% 99.9 112,087 1.45%13_2 94.7 \1.359
points of the investigated systems and to evaluate the vibrational H H
frequencieg? Although it is well-known that density functional s 37 33
methods using non-hybrid functionals sometimes tend to 34 28.0 (31.8, 34.3) 3A 41.6 (46.9, 50.1)

overestimate bond length$hybrid functionals such as B3LYP . . . . .

- - . Figure 1. B3LYP optimized geometries and relative energies (kcal
u;ually prowdg geomet_ncal parameters in excelle_nt agreementmol,l) at 298 K of [SOH]* ions, shown in parentheses are CCSD(T)
with the experiment® Single-point energy calculations at the g CBS-Q relative energies.
optimized geometries were performed using the coupled-cluster
single and double excitation method with a perturbational rotational, and vibrational contributions. All calculations were
estimate of the triple excitation [CCSD(T)] approach, to include performed using Gaussian 3.
extensive correlation contributio$.Transition states were . .
located using the synchronous trangjtided quasi-Newton  Results and Discussion
method of Schlegel and co-workéfsThe correlation-consistent Ab Initio Structures and Energies. First we examine the

valence-polarized set aug-cc-pVTZ, developed by Dunning and computational results as a framework for discussing the
co-workers, was useé A tight d function with exponent 2.457  energetic and structural features of the ionic and neutral species
for S and 6.942 for O was added to this basis set, as suggeste@jetected in this study. With the exception of one SCF study of
by Bauschlicher and Partrid@%.lt is known that ab initio protonated &?7 to our know|edge, no pre\/ious theoretical
calculations with both split-valence and correlation-consistent studies exist.

basis sets may give an inaccurate description of structures and [S,0OH]*. The most stable isomer is the cis SSOln 1
energies of some sulfur specf®Moreover, isomerization and (Figure 1). The trans isomélies only 0.3 kcal mot? higher
dissociation energies can be overestimated in systems havingn energy. The optimized geometry and the Mulliken population
multiconfigurational charactéf. We have compared the dif-  analysis suggest an almost doubleSSbond and a single-S0
ferences between the computed dissociation limits with the bond. The positive charge is mostly localized on the central
known experimental values. They generally agree within 2 kcal sulfur atom, and the single-80 bond accounts for the low
mol~! whereas a larger deviation is observed in some reactionsbarrier (6.9 kcal mai?) for the cis-trans isomerization (Table
involving S0, where the best results are achieved with the 1). At higher energy, we located the HSS®ns3 and4, where
CBS-Q method? As an example, the experimentsH° of the the sulfur atom coordinated to the oxygen bears most of the
reaction $ + OH — S0 + H is —1.1 kcal mot*, 2 and the  positive charge+1.0 e), and the other sulfur atom also carries
computedAH® values are 8.9 (B3LYP), 4.6 (CCSD(T)), and a not negligible positive charge-0.2 e). Moreover, a significant
0.7 (CBS-Q) kcal mol!, respectively. Likewise, the experi- negative charge<0.5 e) is localized on the oxygen atom. This
mentalAH® value of the reaction SH+ SO— S0~ + H is charge distribution and the optimized geometry imply the
14.6 kcal mot, 2 and the computed\H° values are 18.0  presence of a partial double-® bond. The S'S bond is not
(B3LYP), 17.7 (CCSD(T)), and 13.3 (CBS-Q) kcal myl a pure single bond, which explains the presence of a barrier
respectively. Intrinsic reaction coordinate (IRC) calculatidéns  (18.0 kcal mot?) for the cis-trans isomerization (Table 1). The
were performed at the B3LYP level of theory for selected SSOH" and HSSO ions were found to isomerize through the
transition structures, to ascertain that they connect the identifiedtwo cis forms1 and 3, by overcoming a barrier of 36.9 kcal
reactants and products. The analysis of the transition states wasnol~ that lies below the lowest-energy dissociations of SSOH
performed using the program Molekél.Zero-point energy and HSSO (Table 1). At higher energy with respect to ions
corrections evaluated at the B3LYP level were added to the 1—4, we found the HS(S)®ion 5, two nonplanar ring species
CCSD(T) energies. Th0 K total energies of the species of (6 and 7) and two SOSH ions @ and 9). A high barrier
interest were corrected to 298 K by adding translational, characterizes théd — 5 isomerization (54.8 kcal mo}), and
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TABLE 1: Energy Changes and Barrier Heights (kcal
mol~1, 298 K) Computed at the B3LYP/aug-cc-pVTZ+d,
CCSD(T)/aug-cc-pVTZ+d, and CBS-Q Levels of Theory for
Selected Dissociation and Isomerization Processes of 84+

AH?

barrier height

process B3LYP CCSD(T) CBS-Q B3LYP CCSD(T)
1—2 0.3 0.3 0.01 6.8 6.9
3—4 -0.7 -0.7 -0.8 195 18.0
1—3 9.5 10.2 106 387 36.9
4—5 30.1 28.9 285 56.9 54.8
81—233 13.6 15.1 158 36.1 38.5
1— S+ OH 69.6 70.4 74.9
1—SOH"(CA")+S 95.1 95.1 101.3
1—S0"+H 99.6 101.1 1021
1—OH"+ S, 154.0 151.8 157.8
1—H* 4 S,0° 173.3 173.3 1718
3— SH" + SO 76.9 76.6 815
3—SO" + SH 79.1 77.0 81.8
5—HSO"(*A")+S 68.9 66.6 70.3
SSt+HO—1+H 46.1 46.4 44.1
S+HO"—1+H -242 -26.6  -30.3

2 The dissociation products are all considered in their ground state.
b173.0 kcal mot! (G3(MP2B3)) and 172.9 kcal mol (G3), see text.
¢ The singlet-triplet difference of 26.4 kcal mot has to be added to
AH.28
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Figure 2. B3LYP optimized geometries and relative energies (kcal
mol?) at 298 K of [SOH] species, shown in parentheses are CCSD-
(T) and CBS-Q relative energies.

even more prohibitive barriers separate SSGtdm the ring
speciess and7 (66 kcal moft) and SOSH isomers (82 kcal
mol™1). Finally, two nonplanar species of SSOH and HSSO
connectivity,31 and=33, were located on the triplet surface.
[S20OH]. The most stable radical is the cis SSQHI (Figure

de Petris et al.

TABLE 2: Energy Changes and Barrier Heights (kcal
mol~1, 298 K) Computed at the B3LYP/aug-cc-pVTZHd,
CCSD(T)/aug-cc-pVTZ+d, and CBS-Q Levels of Theory for
Selected Dissociation and Isomerization Processes opCH
and S,OH~

AH? barrier height
process B3LYP CCSD(T) CBS-Q B3LYP CCSD(T)
S;0H
1n—3n 5.3 6.0 7.1 299 28.6
3n—5n 22.7 23.2 250 337 331
In— S+ OH 50.0 51.2 55.4
In—S0+H 58.9 55.8 56.1 59.9 58.5
In—SOHEA")+S 770 741 813
3n— SO+ SH 40.6 40.4 44.4
5n—HSOPA")+S 445 42.3 43.5
S;OH~

la—3a 5.8 7.2 89 264 24.9
3a—b5a -1.3 -2.4 -50 215 21.2
%la—*3a 4.2 -5.8 27.5 22.7
la—S0 (2A)+H 507 53.7 51.4
la—S, (Il +OH 521 556  57.7
la—S +SOHEA") 66.8 70.4 74.5
la—SOH (*A')+S 80.2 78.9 84.5
3a—SO (AI)+SH 53.2 56.6 56.3
5a— S +HSO @A") 57.9 63.0 65.0
5a—HSO (*A")+S 79.6 79.3 85.5
Sla—OH (M) +S, 274 23.0
%3a—SH (!z*)+SO 159 12.5

2 The dissociation products are all considered in their ground state.
b The singlet-triplet difference of 26.4 kcal mot has to be added to
AH.?%8

above3n, which shows a very small vibrational frequency of
30.2 cnTl. The barrier for the isomerization of this species to
3nis as low as 0.03 kcal mot at the B3LYP and CCSD(T)
levels and disappears once we include the zero-point energy
correction. For this reason, this species will not be considered
any further. SSOH.n isomerizes to HSS@n by overcoming
a barrier of 28.6 kcal mol, lying below the lowest dissociations
of SSOH and of HSSO (Table 2). At higher energy, two
nonplanar species were located as followsn of HS(S)O
connectivity andn having a pseudo-cyclic SOS unit. The cis
conformer of SOSH connectivity shows an imaginary frequency
at both the CBS-Q and MP2 levels, and only the tr&ns
conformer is reported in Figure 2.

[S:OH]~. The most stable anion is the SSOlén 1a, having
an almost cis conformation, whereas HSS& and HS(S)O
5a are nonplanar species (Figure 3). All bonds of the anions
la, 3a and5acan be classified as single bonds. The negative
charge is mainly localized on the end-sulfur atomlafand
the oxygen atom of3a, respectively. In HS(S)O 5a, the
negative charge is distributed on the oxygen and end-sulfur
atoms, whereas the central sulfur atom carries a significant
positive charge £0.53 e). At higher energy, we found the
species’awith a central oxygen atom and two SOSHnions
of the trans and pseudo-cis conformatioBaand9a. Finally,
on the triplet surface, we located two cis planar spedits,
and®3a, of SSOH and HSSO connectivity, respectively.

2). The optimized geometry and the charge analysis suggest a Proton Affinity (PA) of 80. The SO molecule has three sites

bond order of 1.5 for the SS bond. The unpaired electron is
distributed on the two sulfur atoms. The corresponding trans
isomer, less stable by 1.7 kcal mél shows a small imaginary
frequency (92.1 cmt) and is not considered any further. The
HSSO radical3n is a nonplanar species where the unpaired
electron is distributed on the oxygen and central sulfur atoms,
suggesting a bond order of 1.5 for the @ bond. At the B3LYP
level, we found a trans planar HSSO species only 0.7 kcatinol

of different proton affinity, whose protonation yields SSQH
HSSO", and HS(S)O ions. The most basic site is the oxygen
atom; the end and central sulfur atoms have PA values lower
by 10 and 38 kcal mot, respectively (Figure 1). Very close
PA values were obtained at the B3LYP, CCSD(T), and CBS-Q
levels of theory (173.3171.8 kcal mot?, see Table 1). Similar

values, 173.0 and 172.9 kcal ma| were obtained at the G3-

(MP2B3) and G3 levels of theory usually utilized for PA
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Figure 3. B3LYP optimized geometries and relative energies (kcal
mol™1) at 298 K of [SOH]~ ions, shown in parentheses are CCSD(T)
and CBS-Q relative energies.

calculationg?® To further check the results, we computed the
PA of H,S and SQ. We obtained 169.3 kcal mol (H,S) and
152.5 kcal mot! (SO,) at the G3(MP2B3) level. The PA of
H,S agrees well with the experimental value of 168.5 kcal
mol~1,232and the PA of S@agrees with the experimental value
of 150.9 kcal mot? obtained by Szulejko and McMahdh,
whereas it is quite different from the value of 160.7 kcal mol
reported in the NIST databa$® The PA of SQ was then
computed at different levels of theory, obtaining again closely
similar values: 153.2 (B3LYP), 153.1 (CCSD(T)), and 151.0
kcal mol~1 (CBS-Q). The computed PA of the electron-ricio$S
173.3 kcal mot?, appears satisfactorily in line with the PA of
SO, and Q. Notably, the experimentally derived PA of30O
(148.0 kcal mott)3tais anchored to the PA of SQaken as
150.9 kcal mot!, and it is in good agreement with the
theoretical value obtained by Schaefer et al. (149.5 kcal
mol~1).31p

Formation and Analysis of the [SOH]™ lon. [S,OH]* was
obtained by protonation of ,® from Brinstead acids AH,
utilizing Hy, CHa, C;He, and CECOOH as reagent gases under
chemical ionization (CI) conditions.

TABLE 3: CAD Spectra of [S;OH] ™ lons

J. Phys. Chem. A, Vol. 111, No. 28, 2005529

S0+ AH" —[S,0H]" + A (1)

AH" =H," (H,/Cl), CH;" and GH," (CH,/CI),
C,Hs" (C,Hg/CI), CF,COOH," (CF,COOH/CI)

Variable amounts of Spand HO were present in the ClI
plasma, since & is unstable and difficult to prepare with high
purity.12

The [SOH]" ions were structurally analyzed by CAD mass
spectrometr§? under high-resolution conditions, to separate
[S:OH] " from isobaric peaks. The spectra, reported in Table 3
(entries 1-4), were recorded in the TOF sector of the instrument
at 0.8 keV collision energy. They display™S(m/z 64) as the
most abundant fragment, together witsOS (m/z 80), SOH
(m/z 49), SO (m/z 48), SH™ (M/z 33), and S (M/z 32). S*
and SOH can be traced to the dissociation of SSOKO"
and SH can be traced to the dissociation of HSS@he CAD
spectra are quite similar with the exception of that obtained by
Ho/CI (first entry). The differences show that a mixture enriched
by HSSO is formed by H/CI as follows: thenvz 49/48
(SOH'/SO") ratio decreases by a factor of 3.9 and thie 33
fragment (SH) increases by a factor o3 (e.g., compared
with entry 4).

From the computed PA of,® (173.3 kcal mot?) and the
known PA values of the bases utilized in reactiof#3gne can
approximately evaluatdH® = —72.4 kcal mot! (A = Hy),
—43.4 kcal mot! (A = CHy), —10.7 kcal mof? (A = CyHy),
and —3.2 kcal mot! (A = CRCOOH). In agreement, the
experimental evidence shows thaC8s protonated by kI on
both the oxygen and the end-sulfur atoms giving SSQidd
HSSO" ions33 Conversely, a population of SSGHons is
obtained by GHg/Cl and CRCOOH/CI, although a selective
protonation on the oxygen atom cannot be expected. Vibra-
tionally excited reactants are able indeed to protonate the end-
sulfur atom, less basic than oxygen by only 10 kcal Tho”A
signature of this process is the presence of a fraction, though
small, of SQH* and HO™ ions (PA HO = 165 kcal mot?).232
A mixture enriched by SSOHions is also obtained by C¥ClI
that gives a quite similar CAD spectrum, likely because of mild
protonation channels from abundaniHgt and SQH™ ions.
The outlined picture thus indicates that the majority of the ions
generated under these conditions have the SS&tlcture,
whereas a mixture enriched by HSS@ns is obtained by the
most exothermic process.

A different and effective preparation of{SH]" is illustrated
in Figure 4. [SOH]*T (m/z 81) was generated by chemical
ionization of a gaseous mixture containing elemental sulfur and
H,O (Figure 4A). This route allows one to utilize isotopically
labeled reactants, namely, elemerit&l and H%O. lons atm/z
83 (S180OH™), 85 @*S,0H™), and 87 $4S,'80H") were obtained

system mz (% )2

0.8 keV SO/H, CI 80(9.6) 64(48.0) 49(13.8) 48(13.8) 33(6.5) 32(8.3)
S,0/CH, CI 80(8.8) 64(43.6) 49(23.1) 48(9.6) 33(3.5) 32(11.4)
S,0/C;Hs ClI 80(7.9) 64(52.3) 49(21.8) 48(6.0) 33(1.8) 32(10.2)
S,0/CRCOCH ClI 80(9.1) 64(45.7) 49 (26.3) 48(6.8) 33(2.3) 32(9.8)
el-S/HO ClI 80(9.2) 64(46.2) 49(25.1) 48(7.3) 33(2.5) 32(9.7)
HgS/H:0 CI 80(9.1) 64 (45.8) 49(24.2) 48(7.0) 33(2.4) 32(11.5)
*NR*/CAD 80(7.4) 64(52.0) 49(9.5) 48(13.4) 33(6.5) 32(11.2)

8 keV el-S/HO ClI 80(8.8) 64(41.7) 49(21.5) 48(11.0) 33 (r4) 32(12.8)
HgS/H0 CI 80(8.6) 64(42.2) 49(21.3) 48(10.9) 33 (~4)P 32(13.0)

aUncertainty£10%.° Unresolved peak.
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Figure 4. Cl spectra of (A) el-S/KO and (B) HgS/HO mixtures. The
insets display the high mass ranges: (A &nd SH* (n = 5-9)
ions and (B) Hg multiplet.

which ruled out isobaric contaminations.

Alternatively, a mixture of HgS and water was utilized (Figure
4B). While several $(n = 2—12) allotropes can be found in
the vapor produced by heating elemental sulfur, depending on
the pressure and temperature, it has been shown tlaat8unts
for about 90% of the sulfur species in the vapor produced by
decomposition of Hg$? Consistent with this, 8 is the most
significant $* ion observed in the CI spectrum, showing that
[S:0H]" ions atnVz 81 are effectively formed under these
conditions as well.

Accordingly, a conceivable route toJSH]" in both the el-
S/H,O and HgS/HO mixtures is the following reaction (eq 2).
Reactions of higher 8/ reactants if > 2) can be in fact
disregarded, since jOH]" is effectively formed even in HgS/

mZz——

Figure 5. CAD spectra of (A) [8OH]* (m/z 81) from el-S/HO CI
(8 keV collision energy) and (BF{S*0H]* (mVz 87) from 34S/H,*%0
ClI (8 keV collision energy). The inset shows the unresolved peaks at
m/z 34 and 35, corresponding St and 3‘SH". (C) CAD/TOF

. . spectrum of [8OH]* (m/z81) from el-S/HO CI (0.8 keV collision energy)
by CI of various mixtures of labeled and unlabeled compounds, and (D) NR-CAD spectrum of the JOH]* recovery peak fromiNR.
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Figure 6. *NR* spectrum of [8OH]* (m/z 81). Partial"NR* spectra
of [S;*0H]* (inset A), B*‘S;OH]" (inset B), and *S;*%0H] " (inset C)
showing the recovery peaks @iz 83, 85, and 87. Inset D shows the
partial "TNR* spectrum of [8OH]* (m/z 81) recorded at 0.8 keV.

30
S0+ H,09) —[S,0H]" + H @)
The reaction of 8" and HO is computed to be endothermic
by 44.1 kcal maf! (CBS-Q) with respect to the formation of
the most stable ion SSOHL. This is consistent with earlier
studies reporting that thermally relaxeg"Ss unreactive with
H,0.35 However, thermal conditions are unlikely in our experi-
ments and low-lying electronically excited states (i.eT,(91y))

collision energy. In summary, the experimental evidence
provides the following most significant results:

(1) The analysis of the f®H]™ ions from reaction 1 discloses
are known to be also formed by electron impact gfefthough two distinctive fragmentation patterns, the one typical of
their lifetime is not knowr$4¢38|t must be noted that, to detect ~Mixtures enriched by SSOHions (CH,—CzHe—CFRCOOH/
the [SOH]™ ion, one has to work with a large excess of water Cl of $0) and the other one taken as a signature of HSSO
which causes extensive self-protonation byoF.. The reaction  ions (H/Cl of $,0).

2 of HO" and $ is computed to be exothermic by 30.3 kcal ~ (2) The [SOH]" ions obtained by el-S(HgS)4@ Cl display
mol~1 with respect to the formation df (CBS-Q), in such case  the fragmentation pattern typical of mixtures enriched by
the charge exchange te I8 expected to be a competing process SSOH' ions.

though the efficiency is not known. (3) This pattern does not change passing from 0.8 and 8 keV,

The structural analysis shows that the ionic population Which means thaho equilibration or change of composition
produced by el-S(HgS)4® Cl is identical to that produced by ~ occurs due to collisional activation.
the mildest protonation of ® (Table 3). Thanks to the absence Formation and Analysis of SSOH and HSSO.It is
of isobaric contaminations, the spectra were recorded in differentrecommendable in NR experiments to prepare the precursor ion
regions of the instrument and at different collision energies, in the absence of isobaric contaminations. Although the
namely, in the second field-free region at 8 keV (parts A and B contribution of33SSO" and $'7O™ to [S;OH]" is very small,
of Figure 5) and in the TOF sector at 0.8 keV (Figure 5C). For we rigorously submitted to the NR process only theQH]*
comparison purposes, the latter were recorded under the saméons formed by el-S(HgS)/4#® Cl in the absence of 8.
resolution conditions utilized for the §OH]* ions from reaction Figure 6 reports the 8 keVNR' spectra of SOHT, $!8-

1. Importantly, the CAD spectra recorded at 8 and 0.8 keV show OH™, 34S,0H", and 3S,’80H*. They exhibit very intense
very limited differences despite the different lifetime and recovery peaks (25%) at the same masses as the precursor
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Figure 7. (A) "NR~ spectrum of [gOH]* (m/z 81), (B) NR-CAD
mass spectrum of the {SH]~ recovery peak fromfiNR~, and (C)*CR~
spectrum of [gOH]* (m/z 81).

ions, m/z 81, 83, 85, and 87. Despite the fact that tHe¢R~
process is generally less efficient thaNR™, intense recovery
peaks are found also in tH&R~ spectra (Figure 7A). All these
findings prove the existence of JSH] gaseous species that
survive for the maximum observation time available to the
experiment, which is the time necessary to travel from the
first to the second collision cell. This time window sets the lower
limit of the neutral lifetime, that is>0.8 us for a species
travelling at 8 keV and having a molecular weight of 87 Da.
*TNRT experiments performed at low collision energy allowed
us to increase the observation time up to A9(inset D of
Figure 6). Finally, the"NR~ experiments specifically identify
the [SOH] radical as a species of high electron affinity and
also prove the existence of the,{3H]~ anion.
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TABLE 4: Vertical Excitation Energies (CCSD(T)), kcal
mol~1) of S,0H%*~ Species at the Geometry of the ©H*0
Species in Parentheses

SSOHH+- HSSO'-
to from energy to from energy
1n ) 6.0 3n (3) 5.6
1n 2 7.2 3n (4) 5.2
1 (1n) 4.7 3 (3n) 17.3
2 (1n) 4.4 4 (3n) 16.5
la (an) 6.8 3a (3n) 3.4
la 1) 24.4 3a 3) 24.8
la ) 26.4 3a 4) 25.0
81 (1n) 6.1 33 (3n) 7.9
Sla (1n) 23.1 %3a (3n) 32.1
%la 1) 27.5 %3a 3) 41.3

radical 1n have closely related structures. In agreement, a
difference of only 6.0 kcal mot is found between the computed
adiabatic and vertical recombination energies of SSQH
(Table 4, first entry). Such a difference plays a major role in
the excitation energy of the neutral, which is crucial to the
survival and detection of intact neutrals. A reasonably low-
energy excess, 7.2 kcal mé is also predicted for the formation
of the cis SSOHLn from the trans SSOHion 2.

Likewise, the reionization of SSOkh to the SSOH cations
(1—2) and the SSOHanion (La) is characterized by low vertical
excitation energy, 4.7 and 6.8 kcal mglrespectively (Table
4, entries 3-5). Consistent with this, the NR-CAD spectra of
the recovery peaks show that SSOkInd SSOH ions are
reformed by positive and negative reionization (Figures 5D and
7B). Both spectra show indeed the characteristic fragmentations
into S and SOH and into $~ and OH™ (see also Tables 1
and 2 and the next paragraphs) and conclusively demonstrate
the detection of SSOH.

The computed ionization energy (IE) and electron affinity

The vertical nature of the NR processes at 8 keV provides (EA) of SSOH are 8.50 and 1.78 eV, respectively. Due to the
indirect structural information on the detected neutrals, as thesepresence of the sulfur atoms, not unexpectedly SSOH is much
processes reasonably involve neutrals and ions of the samemore stable than the analogugHDlocated in a very shallow

structure. Accordingly, the SSOH radical is very likely to be

well.6 The lowest-energy dissociation, inte &d OH, is indeed

formed because the largest part of the ions submitted to theendothermic by 51.2 kcal mol (Table 2). Nonetheless, the OH

vertical neutralization has the SSOlstructure. Of course, the
neutralization of a minor fraction of HSSOions possibly

peak in the"NR™ spectrum is indicative of the dissociation of
SSOH into $ and OH and subsequent reionization of the

present in the ion beam cannot be excluded. Notwithstanding, fragments. OHi is in fact absent in the CAD spectrum of the

in this work, we have obtained direct information by reanalyzing
the “recovery” peaks, namely, thefSH]" and [SOH]~ ions
eventually formed by reionization of the survived (8]

precursor ion and in the NR-CAD of the recovery peak,
according to the relative energies of the exit channels for the
cation and the neutral (Tables-2). Notably, a barrier of 28.6

neutral. These NR-CAD spectra are reported in Figures 5D andkcal mol™?, lower than dissociation, characterizes the isomer-

7B, respectively.

As to the "NR* recovery peak, the analysis allows one to
compare the “starting” and “final” [$DH]* ionic populations
(parts C and D of Figure 5). The comparison shows that

ization of SSOHLn to HSSO3n that is described in the next
section.

HSSO Radical As anticipated, the “reionized” p®H]"
population proves to be a mixture significantly enriched by

significant changes occur during the NR process. Unlike the HSSO' ions with respect to the “starting” f®H]* population

precursor ions, the “reionized” }©H]* population is close to
that obtained by KICI of S0 (see also Table 3), which denotes
a larger amount of HSSOafter the NR process. In addition,
the comparative analysis of tHélR~, TCR~, and*NR~-CAD

spectra gives strong evidence for the HSSO radical (Figure 7).

We will illustrate first the formation of SSOH and then the
processes leading to HSSO in botNR*T and "NR™~ experi-
ments.

SSOH RadicalDue to the low barrier for the cistrans
isomerization (6.9 kcal mol), a mixture of cis and trans
SSOH' ions 1 and 2 is submitted to neutralization. Only the
cis form 1n of the SSOH radical is predicted to be a stable
minimum on the potential energy surface ofCH. Upon
inspection of Figures 1 and 2, it may be seen thatliamd the

(parts C and D of Figure 5). Moreover, the latter gives the same
CAD spectra irrespective of the collision energy and ion lifetime
(Table 3). As a consequence, such a change of the ion
composition intNR™ experiments does not occur at the ionic
stage by mere collisional activation of the,{8]* ion and has
to be traced to the energy involved in the NR process.

We have previously shown that both the neutralization of
SSOH" and reionization of SSOH are characterized by favorable
Franck-Condon factors. If a minor fraction of HSSGons in

the beam is considered, one notes that also H3%® formed
with low-energy excess (5:6.2 kcal mof?, Table 4 right

column) whereas the HSSCOons are reformed with higher
energy excess (17.3 kcal mé) compared with SSOH Finally,

the reionization to triplet ions SSOH?31) and HSSO (33) is
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SH* + 80 (86.8) into account the different collision energies, this finding suggests
] a likely, albeit not exclusive, role of HSSO radicals.
Conclusive evidence for HSSO is given by @R~ experi-
ment, where the two-electron reduction@#]t — [S,0H]~
takes place (Figure 7C). It is well-known that different peak
1 abundances ifNR~ and "CR~ spectra, recorded under the
(512) S, + OH same condition_s, are str_ongly indig:ative of_ processes traceable
— SO+ SH (464) to the neutral intermediafé. Consistent with this, the SO
28.6 abundance in th&CR™ spectrum amounts to 11% of the sum
0.0 6.0 of all the ions, whereas it reaches 18% in ti¢R~ spectrum.
n 3n The result is particularly telling, because extensive fragmentation
generally characterizes th&eCR™ process, here also justified

(70.4) S,* + OH

(65.6) S; + OH 52.0 by the poor FranckCondon overlap between the cation and
(623) S,+OH{ p953 [, | 235 anion surfaces (excitation energy of singlet and triplet SSOH

"SH +$50 (36.0) and HSSO ions 25-40 kcal mof?, Table 4).
= Formation and Analysis of the [SOH]~ Anion. The
. — ' S,0OH]~ anion generated in these experiments represents the
F 8. Simplified fil levant to the SSOM and [SC . .
ng;rguoxfsp::;%lsle: nfégf/ng;?;’eéégg\{%r;_ ome an conjugate base of the HSSOH acid, revealed in the gas phase
by flash vacuum pyrolysis technique$iSSOH is an isomer
of the thiosulfinic acids that have the HS(S)O skeletal, namely,

also characterized by good FrareRondon factors (Table 4).  HS(S)OH and HS(SH)O. The computed electron affinities of
These vertical excitation energies represent the minimum SSOH 1n and HSSO3n amount to 1.78 and 1.73 eV,
internal energy deposited into neutrals and ions upon neutraliza-respectively, which explains the efficiency of thdR~ process.
tion and reionization of ground-state species. Accordingly, if Moreover, both the anions SSOHa and HSSO 3a can be
only relaxed species are considered, one cannot expect arformed with low excitation energy from the radicdls and3n
enrichment of HSS®P nor a depletion of SSOFP species. (6.8 and 3.4 kcal mof, Table 4). Thus, the good overlap
The latter scenario is also very unlikely, not only on energetic Petween the cation, neutral, and anion surfaces also accounts
grounds but also because such a depletion of the main part offor the intense recovery peak detected in theR™ spectrum,
the beam should definitely give lower recovery yields than Which allows for further analysis of the reionizec(31]~ ions.
observed. The ions forming the recovery peak are thosgd8]~ ions

The observed results rely on the distribution of internal Not having sufficient energy to decompose in the time frame of
energies occurring in the neutral population, as a result of the the "NR™ experiment. Their NR-CAD spectrum (Figure 7B)
internal energy distribution of the precursor ion and the 8 kev displays the §/OH™ and SH/SO™ fragments, distinctive of
collisional reduction. The experiments show indeed that a SSOH and HSSO ions, respectively. Notably, the energy
significant portion of neutrals survives the process, a minor Profile of Figure 8 shows that SSOHons may dissociate also
fraction decomposes, and “non-decomposing” species haveby Way of HSSO. The predominance of the SHragment,
sufficient energy to isomerize during the microsecond time With respect to SO, suggests in fact that the fragmentation
flight.” The 1n — 3n barrier (28.6 kcal mol!) exceeds the  occurs on the triplet surface, where the SEE') + SO €3)
vertical excitation energy oin by ca. 22 kcal moi® likely products are formeql by the Iowest-engrgy channel (Table 2).
available to the hot fraction that isomerizes producing, in the The process most likely occurs by spin conversion along the

absence of collisional relaxation, a mixture of SSOH and HSSO dissociation path of the singlet HSSa (Figure 8). Poor
radicals. Franck-Condon factors feature indeed the reionization of SSOH

and HSSO to the triplet aniorida and33a (Table 4), which

are not expected to be a major part of the survivedDfH~
population. In agreement, the SOHragment (Wz 49) is
negligible in the NR-CAD spectrum of the reionized beam,
consistent with the dissociation energies on the singlet surface
where the S + SOH products are favored with respect te-S
SOH" (Table 2). Accordingly, the singlet SSOHla and
HSSO 3acan be assigned to the survived population forming
the recovery peak and subsequently analyzed by ¢AD.

31a

Wit
33a

00 3a (7.2)

The isomerization can be envisaged at the reionization stage
as well, if the ions formed by the vertical oxidation bfi and
3n have energy exceeding tlie~ 3 isomerization barrier (36.9
kcal moi1).38 The reionization to the triplet ion¥ and?33 is
not expected to play a significant role, as the dissociation into
S,* and OH competes at energies close to the isomerization
barrier (Figure 8, Table 1). Notwithstanding, the ionic population
detected after the NR process requires the intermediacy of
HSSO, since the precursor ion population does not show this
fragmentation pattern even under collisional activation.

Experiments involving negative reionization provide further
confirming evidence for HSSO (Figure 7). Let us first compare  An experimental and computational study of ,Q&],
the "TNR~ spectrum and the NR-CAD spectrum of the recovery [S;OH]*, and [SOH]~ species was performed by mass spec-
peak (parts A and B of Figure 7). The former displays trometric techniques and ab initio calculationgOS$rotonated
superimposed neutral and ionic fragmentations whereas the latteon the end-sulfur and oxygen atoms has been prepared by
displays only fragments from the dissociation of tmé& 81 chemical ionization mass spectrometry, and the PA has been
reionized [SOH]~ ion. Here the SH ion (m/z33), traceable to computed at various levels of theory. SSOH has been prepared
HSSO, is the most abundant fragment (Figure 7B). Note that by collisional electron transfer to SSOHIt is characterized
SO (m/z 48) is very small which indicates that HSSO by an ionization energy of 8.50 eV, an electron affinity of
dissociates almost exclusively into Skkee the next paragraph). 1.78 eV, an energy dissociation of 51 kcal mo{into S and
In contrast, th& NR~ spectrum shows SQas the most abundant  OH), and a minimum lifetime of 1.%s. Experiments that
fragment (Figure 7A). Although the comparison should take demonstrate the isomerization of SSOH to HSSO are reported.

Conclusions
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HSSO, less stable than SSOH by 6 kcal mpis characterized
by an ionization energy of 8.68 eV, an electron affinity of
1.73 eV, and an energy dissociation of 40 kcal Mdginto SO
and SH). SSOH and HSSO, the conjugate bases of HSSOH,
have been prepared by electron transfer to eitheD§ or
[S:OH]™.
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