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The chlorosulfanyl thiocyanate molecule, CISSCN, was generated in the gas phase through heterogeneous reaction
of SCl, on the surface of finely powdered AgSCN for the first time. The reaction products were detected and
characterized in situ by ultraviolet photoelectron and photoionization mass spectrometry. The molecular geometry
and electronic structures of CISSCN were investigated by a combination of PES experiment and theoretical calculations
with the density functional theory and ab initio methods. It was found that the outermost electrons of CISSCN
reside in the CI-S antibonding sz orbital, predominantly localized on the sulfur atom, and the experimental first
vertical ionization potential of CISSCN is 10.20 eV. The dominant fragment SSCN* in the mass spectrum indicates
that the CISSCN cation prefers the dissociation of the CI-S bond.

1. Introduction S—S bond, NCSSCN, was synthesized byd&dak in
1918% Various polysulfides NCEN (n < 9) have been
studied by Raman spectroscdpYhiazyl thiocyanide NS-
SCN was generated by an on-line process using NSCI passed
over heated AgSCN and studied by gas-phase FTIR spec-
troscopy’

We have a long-standing interest in the generation,

Recently, considerable attention has been paid to the Structurespectroscopy,.and elef:tronlc structure of small stablg and
and conformational preferences of simple disulfides. Geo- unstable species. In this work, we present the generation of

metric gas-phase structures of noncyclic disulfides XSSX chlorosulfanyl thiocyanate CISSCN and its subsequent detec-

are characterized by a gauche conformation around ## S tion qnd_cha_lracterization by uItravioI_et photoelectron af.“‘
bond. Structural studies of nonsymmetrically substituted photq|on|zat|on mass spectrom_e'Fr_y with the_help of de_n_s ity
disulfides of the type XSSY are less common. Recently, functional th_eory (DFT) an_d ab initio calc_ulatlons. Thejomt

experimental studies on the structure of FC(O)SS$EE- spectroscopic and theoretical study provided useful informa-

(0)SSCH, and FC(0)SSC(O)GFhave been performed in tion about the molecular structures, stability, ionization,
the gas piwas‘é reaction, and dissociation properties of the interesting

Thiocyanates with a SCN group attached directly to sulfur, unstable CISSCN molecule.
XSSCN, which possess a sulftsulfur bond, have long been 2. Experimental Section

known. The first unstable thiocyanate containing a single 2.1, Generation. Silver thiocyanate was found to be an ideal
precursor for the preparation of thiocyanatésin this work,

The sulfur-sulfur bond is a structural feature of wide-
spread occurrence in both organic and inorganic sulfur
chemistry. Because of the frequency of disulfide bridges in
the structure of many proteins, enzymes, and antibiotics, it
plays an important role in stabilizing the structure and in
determining the biological activity of the molecules.
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CISSCN was generated by passing S@bor over finely powdered Table 1. Total Molecular Energy (au) and Geometric Constants (A,
AgSCN at 40°C, and in situ photoelectron and mass spectra were deg) for the Equilibrium Structure of CISSCN at Different Theoretical

recorded. The precursor S@¥as prepared according to a previous -6V€!S
report!® and its PE spectrum is identical to that recorded previ- B3LYP/ B3LYP/ MP2/ MP2/
ously* AgSCN was purchased from the ACROS Company, and 6-311rG* 6-31LGEdf) 6-314G*  6-311HG(3df)
its purity was better than 99%. Before reaction, silver thiocyanate EI < ;11%‘;9-498357—21323-536166—21%@1-560489—233376777085
A 4 N - . . . .

was dried in a vacuum (k¥ 10 Torr) for 2 h at 60°C. ss 5080 5039 5056 5018

2.2. Instrumentation. The experimental apparatus used in this S-C 1.709 1.702 1.701 1.697
work has been described previou#ly3Briefly, the photoelectron ~ C~N 1158 1155 1181 1176

d photoionizafi . ¢ i Cl-S-S  106.2 106.4 104.7 104.9
and photoionization mass spectrometer consists of two parts; oneg_g" ¢ 1031 1039 1010 1021
part is the double-chamber UPS-II machifi¢he other is a time- S-C—N 175.7 176.5 175.2 177.2
of-flight mass spectrometer. The photoelectron (PE) spectrum was CI-S-S-C 87.37 86.92 85.05 84.60

S-S-C-N 179.7 178.8 176.3 172.7

recorded on the double-chamber UPS-II macHindiich was built

specifically to detect transient species at a resolution of about 30 3. Results and Discussion

meV as indicated by the A(?Ps;,) photoelectron band. Experi-

mental vertical ionization energies are calibrated by the simulta- 3.1. Molecular Structure. Geometry optimizations were

neous addition of a small amount of argon and methyl iodide to performed for CISSCN using the DFT and ab initio methods.

the sample. Mass analysis of ions is achieved with the time-of-

flight mass analyzer mounted directly to the photoionization point.

The relatively soft ionization is provided by single-wavelength Hel

radiation. The PE and PIMS spectra can be recorded within seconds

of each other under identical conditions.

2.3. Computation.Electronic structure calculations were carried

out using the Gaussian series of progrdhiBhe geometries of the

CISSCN molecule were optimized with BLYP and MP2 methods ~ The structural parameters are depicted in Table 1 (for

at the 6-31#G* and 6-31H#G(3df) basis set levels. To assign the further geometric constraints, see the Supporting Informa-

PE spectrum of CISSCN molecule, we applied the outer-valence tion). It is well-known that the B3LYP method and the MP2

Green'’s function (OVGF) calculations with a 6-3tG* basis set, approximation with small or intermediate basis sets predict

which include sophisticated correlation effects of the self-energy, s—5 S-CI, S-F, S-0, etc., bonds longer than they actually

to the molecules to give accurate results of the vertical ionization gre As demonstrated in test calculations fe€lS the values

energle§.6The adiabatic ionization energy was calculated by taking derived with the MP2 method using a large basis set are

the difference between the energy of the neutral molecule and the . .
expected to be close to the experimental values. Comparing

ion at the CBS-QB3 level of theoif.Three-dimensional MO plots . . . .
were obtained with the GaussView program. Each orbital displayed the predicted CtS bond with the experimentally determined

with the 0.08 isodensity value was oriented in a way that allowed bond_ length of some similar molecules, yve can see that the
predicted C+S bond length of CISSCN is close to that of
the SC}!8 (2.015+ 0.002 A) and $CI,° (2.057+ 0.002
(8) Frost, D. C.; Kirby, C. Lau, W. M.; MacDonald, C. B.; McDowell, A) moIeches. In several molecules containing .triatomic
C. A; Westwood, N. P. CChem. Phys. Lett198Q 69, 1—5. pseudohalide groups, e.g., SCN, NCO, NNN, etc., it has been
(9) Yimin, L.; Zhimin, Q.; Qiao, S.; Jincai, Z.; Haiyang, L.; Dianxun, W. ; ;
Inorg. Chem2003 42, 84468448, estab!lghed 'that the atoms are not collimégt. V.Vh.en
(10) Brauer, G., Edskandbook of Preparatie Inorganic Chemistry2nd combining with CIS, the SCN angle shows aboutgviation
an %%l?oﬁﬁf‘dsmgoz;?j:: PN_‘EE’OI"()V'&%?%&F??? 81“’&1‘-1974 26 20- from linearity, which is similar to those of XSCN (% CN,%?
DY r ’ s ’ SCNE& CI?3). The calculated SC and C-N bond lengths

(12) Yao, L.; Zeng, X. Q.; Ge, M. F.; Wang, W. G.; Sun, Z.; Du, L.; Wang, are also close to the previous reported values. Particularly

for the best view.

(13) '\D('aQ('EP&;,;%”%%@;&%O%é?’ééﬁﬁ %}.7 L sun 7 wang, imPportant parameters are the-S bond length and GiS—
D. X.; Liang, F.; Qu, H. B.; Li, H. Y.Anal. Instrum.2006 1, 5-9. S—C dihedral angle as the joint between the CIS and SCN
(14) Zhu, X. J.; Ge, M. F.; Wang, J.; Sun, Z.; Wang, D. Xagew. Chem.,  moijeties. Comparison of the-S5 bond length in $ (X

Int. Ed. 200Q 112 2016-2019. .
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m. AB.; ChteerecmanM,_lf. R.;JM&nt?omery, JS.A.T; Vrevenj Tis; Kudln,VK- is a typical $—S" bond (2.04-2.06 A). The dihedral angle

.; Burant, J. C.; Millam, J. M.; lyengar, S.; Tomasi, J.; Barone, V.; . . -
Mennucci, B.; Cossi, M.; Scalmani, G.; Rega, N.; Petersson, G. A; Cl—S—-S—C that determines the molecular symmetry is in
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Figure 1. Photoionization mass spectra of (a) CISSCN and (b) the gaseous
products of the reaction at 7.

S(SCN))

close agreement with the experimental values of 8882,
83.5+ 1.1°, 90.6+ 0.5° found for SCl,,'° S;Br,,%” and SH,,
respectively?®

3.2. Photoionization Mass SpectrometryThe reaction
process for generating CISSCN was monitored by photo-
ionization mass spectrometry. The ultraviolet photoionization
mass spectra of the reaction products of gaseous &l
AgSCN at different temperatures are shown in Figure 1.

Figure la depicts the mass spectrum of the reaction at 40

°C, which shows a typical fragmentation distribution of
CISSCN cation. The peaks in the spectrum are SGCI,
SSCN, S,CIt, and CISSCN, respectively, with the domi-
nant features being the SS€ldnd parent CISSCNpeaks.
The appearance of the CISSCN molecular ion confirms its
generation and identification. Normally, Hel photoionization
produces a fragmentation distribution that is very similar to
the distribution observed using electron-impact ionization.
This may be rationalized by a similar energy deposition

mechanism for the two methods, because the interaction

energies (approximately tens of electronvolts) are compa-
rable. As the strongest peak in the Hel PIMS of CISSCN,
the SX* (X = SCN) fragment is analogous to that of the
electron-impact spectra of other CISX molecules=XClI,
SCI, and CHCHj),2° which mostly result from the direct
dissociation of the CtS bond in the CISX parent ions.
Figure 1b illustrates the photoionization mass spectrum
of the gaseous products of the reaction at°@) which
reveals features for SCNSSCN, (SCN)*, and S(SCN)',
respectively. Other fragments came from the dissociation of
molecular ions (SCN)Y and S(SCNy". Several attempts

(24) Palmer, K. JJ. Am. Chem. S0d.938 60, 2360-2369.

(25) Stevenson, D. P.; Beach, J. ¥.Am. Chem. Sod.938 60, 2872~
2876.

(26) Crawford, M.-J.; Klaptke, T. M.; Klifers, P.; Mayer, P.; White, P.
S.J. Am. Chem. So@00Q 122, 9052-9053.

(27) Hirota, E.Bull. Chem. Soc. JprL958 31, 130-138.

(28) Winnewisser, GJ. Mol. Spectroscl972 41, 534-547.

(29) NIST Chemistry WebBopkinstrom, P. J., Mallard, W. G., Eds;
National Institute of Standards and Technology: Gaithersburg, MD,
2001.
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Figure 2. Hel photoelectron spectrum of CISSCN.

Table 2. Experimental and Calculated lonization Energ§iasd MO
Characters for CISSCN

band exp calcd MO character
1 10.20(V) 9.86(AJ 10.19(V} 10.24(VF¥ 31 mmpcis)
2 10.83 10.84 10.86 30 7Tnn(scn)
3 1191 11.93 11.88 29 snb(cisyt Tb(scN)
4 13.01 12.92 12.97 28ncy, b (cN)
13.07 12.99 27 Nei, 7b (CN)
5 13.65 13.66 13.68 26 mp(cis)
6 14.07 14.05 14.03 25 mmy(cis)t+ b (scn)
7 1476 14.60 14.56 24 0cn

a All energies are in eV units; (V¥ vertical ionization energy; (AF
adiabatic ionization energy; if no symbol is listed the vertical ionization
energy is implied? £0.01 eV.¢ CBS-QB3.9 ROVGF from the geometries
of MP2/6-31H1G*. ¢ ROVGF from the geometries of B3LYP/6-315G*.

were made to maximize the intensities of S(SE&Npy
raising the reaction temperature, but they all failed untij CS
appeared, the product of pyrolysis for AGQSCN. A possible
reaction route is illustrated by the following sequence

SClyg*AgSCN(, —» CISSCN(g+AgClq)
CISSCN(g)'FAgSCN(S) —_— S(SCN)Z (g)+AgCl(5)

(SCN)2 (+S(s)

In a word, by analyzing the results of ultraviolet photo-
ionization mass spectrometry, we confirmed the generation
of CISSCN under our experimental conditions. And the
dominant fragment SSCNfound in the mass spectrum
indicates that the CISSCN cation prefers the dissociation of
Cl—S bond.

3.3. Photoelectron Spectroscopylhe Hel photoelectron
spectrum of CISSCN is shown in Figure 2 (for that of the
gaseous products of the reaction between 868l AQSCN,
see the Supporting Information). It exhibits seven ionization
bands in the low-energy region. We attempted to obtain the
PE spectrum of S(SCR)of which the crystal structure has
been determined by X-ray metho##qut found that gaseous
S(SCN} is highly unstable and very easily decomposes into
(SCN), and S. The PE spectrum of the gaseous products of
the reaction at 70C, corresponding to the mass spectrum
in Figure 1b, shows the typical bands of (SGR)

The experimental and calculated ionization energies as well
as the molecular orbital character of CISSCN are listed in
Table 2. It is noted that the ROVGF results are in good

(30) Fehie, F.; Linke, K.-H.Z. Anorg. Allg. Chem1964 327, 151-158.
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agreement with the experimental d&t&> Considering the

PE spectra of £1,° and (SCN),2 we can characterize the

chlorosulfanyl thiocyanate by its bands that are attributed to

thesr systems of the CIS and SCN moieties, the nonbonding

orbitals of chlorine atom, and the-@N bond. Therefore, the

study of these bands may reflect the extent and character of

the intramolecular interactions. The MO calculation predicts

that the first three transitions for CISSCN belong to an

antibonding electron from the CIS and SGN\systems.
The first band, at 10.20 eV with an ionization onset of

9.88 eV, corresponds to the ionization process of CISSCN

(X*A) — CISSCN (X?A). The experimental result is in good

agreement with the calculated vertical IPs. The first band is

due to ionization of an electron from thetype of C-S

antibonding orbital, predominantly localized on the sulfur

atom. Itis similar to the first ionization band of the analogous Figure 3. Characters of the first eight highest occupied molecular orbitals

molecule SGJ, CISCNZ2333 Because there is more S 3p fO?QSS'CN. g P

involvement in the first orbital of CISSCN, its first IP is

lower than that of CISCN (10.52 eV). ejection from orbitals containing considerable amounts of
The second band is localized at 10.83 eV, which is in chlorine 3p character. The ionization of nonbonding electrons

agreement with the ROVGF results. It can be described asShould raise a typical sharp intense band. However, the
a ey antibonding orbital primarily residing on the sulfur unusually large width of the fourth band suggests the
atom. This orbital can also be regarded as being the POSSibility that this band is actually @ composite of two
antisymmetric combination of the sulfur lone-pair amgl overlappmg transitions. And the_qalculated IPs of orblta_ls
orbital. In most cases, the spectra of pseudohalides are28 and 27 indicate that both trangmops are tool close to being
somewhat more complicated. The electronic structure of the "eSolved. Because of the extensive incorporation of the SCN
SCN group can be explained in two ways. One can assume3droup; both_ have primary MO ch:_;tracters that are a mixture
a single S-C bond and a triple €N bond. In this case, the ~ °f nonbonding orbitals of the chlorine atom and bondiag.
appearance of two new bands resulting from theNCx The remaining chI.0r|ne orbltals form MO 26, which is
bonds is expected in the low-energy region of the spectrum. Strongly S-Cl bonding. It raises a typical band at 13.65 eV
Another interpretation is that the SCN unit is considered to for ionization of electrons from bonding orbitals.

be two perpendicular four-electron, three-centesystems. The bands at higher energy 14.07 and 14.76 eV are due
Consistent with analogous XSCN (¥ CN23 SCN) to the ionization of bonding orbitals, corresponding to a
molecules, there are ionization events from te¢g orbitals combination ofzsci andzsen bonding and ascn bonding,

following the first band in CISSCN (Figure 3). Corresponding 'espectively (Figure 3).

to the secondrey orbitals, the third PE band at 11.91 eV is In a word, the outer molecular orbital structure of CISSCN
the ionization result of the combination afs and sy was studied through photoelectron spectroscopy and quantum
antibonding character. chemical calculations for the first time. The outermost

electrons reside in the €5 antibondingz orbital, predomi-
nantly localized on the sulfur atom. The halogen nonbonding
electrons are more tightly bound than the antibonding
electrons from the CIS and SCi systems.

The 3p nonbonding orbitals of the chlorine atoms are
expected to locate in the energy range-14 eV. The first
ionization potential (IP) of the Cl atom is 12.97 é¥and
that of chlorine-containing molecules exhibits an IP very
close to this value (e.g., €& 11.59%° HCI = 12.75% CIF 4. Conclusions
= 12.77 eV¥). On this basis, the fourth and fifth bands at . , .
13.01 and 13.65 eV are expected to be the results of electron 1€ novel transient species CISSCN was generated in the

gas phase for the first time through in situ heterogeneous
(31) Zeng, X. Q- Ge, M. .- Sun. Z. Wang, . Kiorg. Chem2005 44, reaction of gaseous SGkith AGQSCN. The gaseous reactiqn
9283-9287. products were detected and characterized by ultraviolet

(32) Zeng, X. Q.; Liu, F. Y.; Sun, Q.; Ge, M. F.; Zhang, J. P, Ai, X. C.; - photoelectron and photoionization mass spectrometry. The
Meng, L. P.; Zheng, S. J.; Wang, D. ¥org. Chem2004 43, 4799~ . . :
4801 geometric and electronic structures of CISSCN were inves-

(33) Colton, R. J.; Rabalais, J. W. Electron Spectrosc. Relat. Phenom.  tigated by a combination of PES experimental and theoretical

(30) Kimia, Ky oo zaki, T Achiba, YChem. Phys. Lette7a 55, Studies with the help of DFT and ab initio calculations. The

104-107. assignment of the PES bands is reasonably supported by

(35) Kimura, K., Katsumata, S.; Achiba, Y.; Yamazaki, T.; Iwata, S. previous studies on analogous molecules, as well as the
lonization Energies, Ab initio Assignments, and Valence Electronic . .
Structure for 200 molecules in the Handbook of Hel Photoelectron ROVGF and CBS-QB3 calculations. Both the spectroscopic

gpectra Tokoundfgnéintal Organic Compouniipan Scientific Society  and theoretical investigations have proved the formation of
ress: 10KyoO, . H
(36) Dyke. J. M.- Josland, G. D.; Snijders, J. G.; Boerrigter, PCidem. the chlorosulfanyl thiocyanate molecule and suggest that the

Phys.1984 91, 419-424. outermost electrons reside in the<3 antibondingr orbital,
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