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Abstract: Ab initio molecular orbital and hybrid density functional theory methods are employed to
characterize the structure, bonding and properties of several cyclic dithia radical cation systems, particularly
in the context of intra molecular two-center three-electron (2c— 3e) bonding between two sulfur atoms. The
calculated results are able to interpret the time-resolved transient optical spectra obtained from pulse
radiolysis technique for these positively charged dithia systems in aqueous solution. Visualization of the
appropriate molecular orbital (MO) in the systems is able to depict the presence of a 2c—3e bond between
two sulfur atoms and its sigma character. Geometry optimizations of these doublet systems are carried out
at restricted open shell Becke’s half-and-half (BHH) nonlocal exchange and Lee—Yang—Parr (LYP) nonlocal
correlation functionals (BHHLYP) with 6-311+G(d,p) basis set including solvent effects adopting Onsager’s
reaction field model. Hessian calculations are done at the same level to check the nature of the equilibrium
geometry. Energy data are further improved by performing MP2/6-311+G(d,p) calculations on these radical
cation systems. Excited-state calculations are done following configuration interaction with single-electron
excitation (CIS) method and the optical transition wavelength from the highest doubly occupied molecular
orbital (HDOMO) to the lowest singly occupied molecular orbital (LSOMO) is seen to correspond and match
to the position of the absorption maxima (Amax) obtained from the experimental spectra for all these radical
cation systems in aqueous solution. These calculations are able to resolve a long-standing ambiguity in
the assignment of intra molecular 2c—3e bonding in the case of the 3-methyl-2,4-dithiapentane radical
cation system and to provide new insights into bonding features of this odd electron system as well as of
other cyclic dithia systems studied.

Introduction bonding is also possible with the interaction of a singly occupied
sulfur p orbital and lone pairs of O, N, P, or halogen atoms by

Single-electron oxidation of organic sulfide generates a sulfur- . . . 28 .
intra or inter molecular interaction& 28 For intra molecular

centered molecular radical catiom;S'*, with the unpaired
electron being located in the sulfur p orbital. This species is ) ) !

. (8) Asmus K.-D. InSulfur-Centered Radicglé\Ifassi, Z. B., Ed.; John Wiley
known to be highly unstable and has a strong tendency to & Sons: New York, 1999; p 141.

stabilize by association with a free electron pair of an unoxidized (©) Sng?rrmtTerang ﬁggg%n;g” D. K. C.; Norman, R. O. L.Chem. Soc.,
sulfur atom from the same molecule or from a second sulfide (10) Symons, M. C. RJ. Chem. Soc., Perkin Trans.1®74 1618.
molecule byintra or inter molecular interactions, respectively. (1) ?gﬁés‘;”lg?g'-zzg‘e'son D. J.; Symons, M. CJRChem. Soc., Perkin
The p orbital overlapping results in making a newS bond (12) Gara, W. B.; Giles, J. R. M.; Roberts, B.R.Chem. Soc., Perkin Trans.
involving three electrons having two electrons in theonding (13) %&?ﬁ?zééﬁl P.; Micheaut, J. P.; RoncirCan. J. Chem1988 66, 3050.
orbital and one electron in the* antibonding orbital. This is (14) Gilbert, B. C. InSulfur-Centered React Intermediates in Chemistry and
also known as @10* two-center three-electroor simply 2¢- ?ggg%gh%g;"'agolgé%_c" Asmus, K--D., Eds.; Plenum Press: New York,
3e bond and traditionally shown asS[0 S—.1721 Such 2e-3e (15) Becker, D.; Plante, K.; Sevilla, M. D. Phys. Chem1983 87, 1648.

(16) Champagne, M. H.; Mullins, M. W.; Colson, A.; Sevilla, M. D. Phys.

Chem 1991, 95, 6488
* To whom correspondence should be addressed. E-mail: dkmaity@ (17) Sevilla, M. D.; Summerfield, S.; Eliezer, I.; Rak, J.; Symons, M. CJR.

magnum.barc.ernet.in. Phys. Chem1997 101, 2910 and references therein.

(1) Asmus, K.-D.Acc. Chem. Red979 12, 436 and references therein. (18) Gauduel, Y.; Marignier, L. J.; Belloni, J. Phys. Chem. A997 101, 8979.
(2) Asmus, K.-D.; Bahnemann, D.; Fischer, C.-H.; VeltwischJDAm. Chem. (19) Gauduel, Y.; Gelabert, H.; Guilloud, F.Am. Chem So200Q 122, 5082.
So0c.1979 101, 5322. (20) Maity, D. K.; Mohan, H.J. Chem. Soc., Perkin Trans.1®93 2229.

(3) Bonifacic, M.; Asmus, K.-D.J. Chem. Soc., Perkin Trans.1®8Q 758. (21) Maity, D. K.; Mohan, H.; Mittal, J. PJ. Chem. Soc., Faraday Trarik994

(4) Chaudhri, S. A.; Asmus, K.-DAngew. Chem., Int. Ed. Engl981, 20, 90, 703.
672. (22) Asmus, K.-D.; Bahnemann, M.; Bonifacic, M.; Gillis, H. Aaraday

(5) Asmus, K.-D InSulfur-Centered Reace Intermediates in Chemistry and Discuss. Chem. So&978 63, 213.
Biology, Chatgilialoglu, C., Asmus, K.-D., Eds.; Plenum Press: New York, (23) Bonifacic, M.; Asmus, K.-DJ. Chem. Soc., Perkin Trans.188Q 758.
1990; Vol. 197, p 155. (24) Hiller, K.-O.; Asmus, K.-D.nt. J. Radiat. Biol.1981, 40, 583.

(6) Asmus K.-D. InMethods in EnzymolozyPacker, L., Ed.; Academic (25) Hungerbuhler, H.; Guha, S. N.; Asmus, K.-D. Chem. Soc., Chem.
Press: Orlando, 1990; Vol. 105, p 167. Commun.1991, 999.

(7) Hungerbuhler, H.; Guha, S. N.; Asmus, K.-D. Chem. Soc., Chem. (26) Musker, W. K.; Surdhar, P. S,; Ahmad, R.; Armstrong, DCAn. J. Chem.
Commun 1991, 999. 1984 62, 1874.
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interaction, the two atoms (S and S, O, N, P, or halogens) must Scheme 1 .
be able to adopt a suitable geometry for significant p orbital —]—J— o
overlapping to make a short-lived transient of a-3e bonded
ion—molecule complex.
The experimental characterization of-2e bonding has often l
been indirect, and the transient optical absorption maximum _|_‘ ’_H_S
(Amax is being used as an indicator for such bondifi&ulfur-, N
nitrogen-, and halogen-centered-Ze bonded radical cation . P
complexes are easily formed in aqueous (neutral or acidic, “hJ-@—"G
depending on the system) and hydrocarbon solution which give S .S
rise to extremely broad and structureless UV/visible absorption DQ DQ
band with high extinction coefficiente) values. Optical
absorption spectra, and in particular the positio,efy, and
lifetimes ¢1/2) of these bands have been used to provide indirect
information on the nature of 2e3e bonds and the structure of
radical cation complexes. However, on many occasions, just
by following optical spectra, assignment and characterization
of a 2c-2e bonded sulfur-centered radical cation remain
ambiguous: 258 Low-temperature matrix isolation and time-
resolv Ise radiolysi led to optical detection techni
heassoofteednpgjeséi l?sde?j )t/g fnzgiﬂridth%c;%s%?pﬂgrffngximizn (que time probing of a 2e-3e bonded sulfur system has also been
in the UV/visible region for many sulfur-centered radical cation performed fOHOW'r_‘g femtosec.ond laser spectrosc%?p)_/. )
systemsimaxis described to correspond the energy gap between Quantum- chemical calculations have played a major role in
the doubly occupied bonding orbital and singly occupiett understanding the nature of such bondifig* A simple
antibonding orbital, and this is often being correlated to the Molecular orbital representation of this form of bonding can be
strength of the 2€3e —S0 S— bond. Admax value in the blue described by the potential energy diagram in Scheme 1.
region has been described to indicate a large separation between The MO diagram suggests that the-Be bond energy should
the doubly occupied and singly occupied* orbitals due to be approximately half that of a normiao-center two-electron
a strong interaction of the corresponding p orbitals resulting in bond (2¢-2e) and the corresponding bond length should be
a strong 2e-3e bond and dmax value in the red region fora ~ much longer than a 2e2e bond as the antibonding orbital is
small separation between the doubly occupiednd singly occupied by a single electron. The bond order of such a bond
occupiedo* orbitals due to a weak interaction of the corre- should be 0.5, and thus this type of chemical bond is also known
sponding p orbitals resulting in a weak-28e bond. A direct ashemibond?3 It must be recognized that this is only a nominal
measurement of the 28e bond strengths has also been made description. The actual bond strength ofiana molecular 2e-
following mass spectroscopic studies of gas-phasefioolecule ~ 3€ bond is expected to depend on the combined effects of
association equilibrium to measure the bond enthalpipter structural parameters, substitution patterns, and electronic
molecular 2e-3e bonded sulfur-centered dimer radical interactions. The combined effects will control the extent of p
cations?®-32 However, these studies have been restricted to only orbital interaction that in turn is expected to influence the
a very few systems. Moreover, the question remains to be :
answered if the complexes studied in those experiments weregflg S R S e S B
bound by a 2e-3e bond or not. Electron spin resonance (ESR) (35) (a) Hiberty, P. C.; Humbel, S.; Archirel, B. Phys. Chem. A994 98,
has provided valuable information on the nature of bonding in oo’ (b)Y Harcourt, R. 0. Phys. Chem. 4997 101, 2496 and references
sulfur radical cation systems by probing the degree of localiza- (36) Clark, T.J. Comput. Cheni981 2, 261;ibid. 1982 3, 112;ibid. 1983 4,
tion of the unpaired electron under steady-state flow conditions 37y a1l /M W, Weateral b Radord. 0. Am. Chem. So0.989 111
as well as in low-temperature solid matriXés!3 The strength 2782. _
of the intra molecular 2e-3e bond should be sensitive to the 883 ﬁﬂkg’e“ﬂ,. \(V 'N?C%?o?g? ’A_L;J@;};Qm‘fﬂ?rxﬁ?;%gff 51389‘;23111'8 10571
details of the geometry, electronic interactions, and substitution (40) é\/lﬁclig%!\{lbila-igg?-gshifgé l;eltﬂ99l 179 559;J. Phys. Chem. A992
patterns. The geometry of the cyclic dithia radical cation systems (41) maity, D. K. J. Phys. Chem. 42002 106, 5716.
WhICh a”OW an |nteract|on between the Correspond|ng p Orb”:a's (42) Carmichael, IActa Chem. Scand 997, 51, 567 and references there in.

. L. . (43) Aida, M.; Inoue, F.; Kaneko, MJ. Am. Chem. S0d.997, 119, 12274,
of two sulfur atoms accounting for steric hindrances due to ring (44) Humbel, S.: Ct, I.; Hoffmann, N.; Bouquant, J. Am. Chem. S0d999

resulting radical cation system increases to a few microseconds
from nanosecond for the sulfur-centered radical cation systems
which do not form such 2e3e bonds. The absorption maxima
for such 2e-3e bonded sulfur radical cation systems are
typically in the range of 400650 nm with very high extinction
coefficient values¢ ~ 4000 dn? mol~! s1) compared to the
absorption maxima of~300 nm for sulfur-centered radical
cations not bonded by such-28e bond$.Very recently, a real-

; ; ; 121, 5507.
formation leads to the formation of antra molecular 2;:—30 (a5) llies, A, 3. Nichols, L. S.: James, M. AL Am. Soc. Mass. Spectrom.
bond between two sulfur atoms. As a result, the half-life of the 1997, 8, 605.

(46) James, M. A.; lllies, A. JJ. Phys. Chem. A997 101, 8979.

(47) lies, A. J.; Livant, PJ. Am. Chem. S0d.99], 113 1510.

(27) Hiller, K.-O.; Masloch, B.; Gobl, M.; Asmus, K.-Dl. Am. Chem. Soc. (48) Livant, P.; lllies, A.J. Am. Chem. S0d.991, 113 1510.

1981 103 2734. (49) Maity, D. K.; Mohan, HChem. Phys. Lettl994 230, 351;Phys. Chem.
(28) Steffen, L. K.; Glass, R. S.; Sabahi, M.; Wlison, G. S.; Schoneich, C.; Chem. Phys2001, 3, 5505.

Mahling, S.; Asmus, K.-DJ. Am. Chem. Sod.991, 113 2141. (50) Maity, D. K.; Mohan, H.; Chattopadhyay, S.; Mittal, J.JP.Phys. Chem.
(29) James, M. A.; McKee, M. L.; lllies, A. JJ. Am.Chem. Sod.996 118 1995 99, 12195.

7836. (51) Brada, B.; Hiberty, P. C.; Savin, Al. Phys. Chem. A998 102, 7872.
(30) Deng, M. A,; lllies, A. J.; James, M. A.; McKee, M. L.; Peschke, M. (52) Brada, B.; Lauvergnat, D.; Hiberty, P. Q. Chem. Phys2001, 115 90.

Am. Chem. Sod 995 117, 420. (53) de Visser, S. P.; de Koning, L. J.; Nibbering, N. M. MAm. Chem. Soc.
(31) Ekern, S.; lllies, A.; McKee, M. LJ. Am. Chem. S0d.993 115, 12510. 1998 120, 1517.
(32) de Visser, S. P.; Bickelhaupt, F. M.; de Koning, L. J.; Nibbering, N. M. (54) de Visser, S. P.; de Koning, L. J.; Nibbering, N. M. 8.Phys. Chem.

M. Int. J. Mass. Spectron1998 179/18Q 43 and references therein. 1995 99, 15444.
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strength of the newly formed bond. However, it was pointed respective fully optimized geometries. Frequency calculations
out that the strength of a 28e bond, in general, does not vary are performed, and the stretching frequency of the newly formed
linearly with orbital overlag? This is due to the fact that the inra molecular—S S— bond is identified in all these radical
destabilizing effect of the antibonding* electron becomes  cation systems and reported here.

increasingly large relative to the stabilizing effect of the two
bondingo electrons for positive overlap integral values. In the
valence bond (VB) formalism, the p orbital interaction is  Previous reports have shown that Becke’s half-and-half (BHH)
depicted as a resonance between two VB structures:*St— nonlqcal exchange and _LedanmParr (LYP) nqnlocal correlation
~ —*S: S—. The energy of a 2e3e bond increases with the functionals (BHHLYP) with the 6-31+G(d,p) basis set under ROHF

resonance enerav. and the resonance eneray is larae if the tw formalism performs well to describe such open shell systBiiis.
9y, . T gy 9 BHHLYP functional includes 50% Hartreé=ock exchange, 50% Slater
VB structures are close in energfyEarlier, it was reported that

} _exchange, and the additional correlation effects of the LYP functidnal.
the strongest 2e3e bond is expected between the systems with A complete search has been performed to determine the geometries of
the same ionization potential (IP) values, that is, the strongestthe most stable conformer of different dithia radical cation systems
inter molecular 2e-3e bond is expected to be observed in dimer without any symmetry restrictions. The gas-phase geometries are further
radical cations of the type (AA)*".36 This can be explained optimized, including solvent effects following the Onsager reaction field
as the energy difference between the VB structures may bemodel with the cavity radius calculated on the basis of the gas-phase
approximated as the difference between the ionization potentialsOPtimized geometry. To verify the reliability of the computation on
of two counterparts. Additional insights, based on ab initio MO fnus‘igbi@tzr:‘;l:rf;emae"3;m'2| tzzlcfjcl);ttii)r(\ts O&‘Ir;hzl Ssg'”:;g;’ézre\;ﬁ]”g
studies or Com.bmed theory and eXpe”mer!tal results, toward symmetry restriction, and the absolute energies for the structures with
the understand|.ng of 2e3e bonding behaV|or. in sulfur systems and without symmetry restriction are compared to find the geometries
have been proyldeﬁf“s However, the analysis of such bonding  yith the lowest energy. Bond order between two atoms has been
has been restricted to either the knowledge of bond length or cajculated by following the definition of Mayé&f.According to this
binding energy. The analysis of such odd electron bonding, definition the generalized bond ordeBy) between a pair of atoms
based on bond length or strength, is not general and fails for (X and Y) is given by
many systems. Bond order calculated following semiempirical ey ey
qguantum chemical methods has been found to be a good By = 5 (DS),,(DS),, + S (D°S),,(D°S),
indicator to test the presence of sucth@mibond in halide xY /; e ; " a
radical cation systenf$:%°It has also been shown that ab initio _ o _
quantum chemical bond order can be used as an index to testhere the one-electron density matrig) (in AO basis has been
the existence of a 2e3e bond with the exception of a few cases. partitioned into D and B) D is the part of the one-electron density due
. . . to the core or the doubly occupied orbitals; i the density due to
Localization of the appropriate molecular orbitals has been found

ide the definiti id h oy singly occupied orbitals, and S refers to overlap matrix between two
to provide the definitive evidence on the presence dve- orbitals. Hessian calculations are done at BHHLYP level of theory with

center three-electrow bond, and it has been suggested to be pHH| YP/6-311+G(d,p)-optimized geometry to check the nature of
considered as the signature of sudieaibond on the basis of  stationary geometries and to find the stretching frequency of the newly
the results of a series of radical cation systems stutlied. formed—SOS— 2c—3e bond. Single-point energies are recalculated
Visualization of appropriate localized molecular orbitals in cyclic at MP2/6-31%G(d,p)//BHHLYP/6-31#G(d,p) level of theory under
dithia radical cation systems should be able to provide a more restricted open shell (ROHF) formalism to avoid any error in energy
authentic and clear picture on the nature of the interaction dué to spin-contaminated wave function. MP2 energy may not be very
between the two sulfur atoms. To address the nature of bondingaccurate since electron correlation effects are very strong in such three-

o R
between two sulfur atoms for cyclic dithia radical cation systems electron bonded SySte"ﬁé However, applying higher levels of theory_

in detail h ied out DET and ab initi | | to such large systems is beyond the scope at present. CIS calculations
in detal N we have carrie .ou and a |n|' 10 .mg ecu gr are performed to find out the excitation wavelength to excite an electron
electronic structure calculations on selected cyclic dithia radical ¢y, the highest doubly occupied bonding orbital to the lowest singly

cation systems. We paid special attention to resolving the occupied antibonding orbitab(— o*) of 2c—3e bonded complexes
ambiguity in characterization dfitra molecular 2e-3e bonding with the BHHLYP/6-31H#G(d,p)-optimized geometry. To include the
in the case of the 3-methyl-2,4-dithiacyclopentane radical cation solvent effect in the CIS calculation the optimized geometries and
system based on spectral features and kinetic parameter% only_orbitals including solvent effects have been used to find out the

The geometry of the isolated radical cation systems is fully absorption maxima Ay in solution. All these calculations are
. . . performed adopting GAMESS suite of program on a PC-based LINUX
optimized to determine the most stable conformer at restricted i -
hell (RO lated | ld ity f . Lth cluster platforn®’ Visualization of the relevant molecular orbitals are
opens g (ROHF) correlated non Qca ensr.fy unct|ona.t epry done following MOLDEN program systef.
(DFT) with the 6-311G(d,p) basis sets with a polarization _ .
function on heavy atoms. These optimized geometries are Results and Discussion

refined further by including solvent effects following the  Theintra molecular 2e-3e interactions are studied in single-
Onsager reaction field model, and the HDOMOs and the electron oxidized cyclic dithia systems where the two sulfur
LSOMGOs are visualized. The bond order between the two sulfur
atoms has also been calculated at this level of theory and(55) Becke, A. D.J. Chem. Phys1993 98 1372.

. . . 56) Mayer, I.Chem. Phys. Lettl983 97, 270;ibid 1985 117, 396.
reported. The excited-state calculations are performed following (573 sd%/midt, M. W.: Ba?/dridge, K. K.: Boatz. J. A.: Elbert, S. T.: Gordon, M.

Theoretical Method

1 i i i i i i _ _ S.; Jensen, J. H.; Koseki, S.; Matsunaga, N.; Nguyen, K. A;; Su, S. J.;
cpnf]guratlon mtgractlon calculatlor}s with §|ngle electr.on ex Windus. T.L.: Dupuis. M. Montgomery. 3. Al Comput. Cherr1993
citation (CIS) to find out the absorption maximusg,) which 14, 1347. The GAMESS program is available at http://www.msg.ameslab-

; ; ; .gov/GAMESS.
CorreSpondS_to the hlghe_St doubly Occumanobcu'ar_orbltal (58) Schaftenaar G.; Noordik, J. 8. Comput.-Aided Mol. De200Q 14, 123.
— lowest singly occupiedo* molecular orbital with the The program is available at http://www.cmbi.kun.nl.
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Table 1. Experimental® Absorption Maxima (Amax), Extinction
Coefficients (¢) in Optical Spectrum and Half Life (ti,) of Selected
Cyclic Dithia Radical Cation Systems Including (H2S),** and
(3-Methyl-2,4-dithiapentane)**

Amax €max tuz

system® nm dm® mol~tcm™t us
(H2S)* 370 1600 60
(2-methyl-1,3-dithiacyclopentarg)  >650 - <0.2

(3-methyl-2,4-dithiapentane) 570 2500 -
(2-methyl-1,3-dithiacyclohexarre) 600 1650 300
(1,4-dithiacyclohexane) 650 1070 25
(1,4-dithiacycloheptang) 470 3500 650
(1,5-dithiacyclooctaney 400 5800 500
(1,6-dithiacyclodecant) 425 4900 500

aReferences 2 and 8 Cartesian coordinates for the respective molecular
structures are provided in Supporting Information.

Table 3. Calculated Vibrational Frequency (v) for the S—S
Stretching Mode and the Optical Transition Wave Length (Amax) for
the Electronic Transition from the Highest Doubly Occupied ¢ MO
to the Lowest Singly Occupied o* MO in the Most Stable
Equilibrium Geometry in Aqueous Solution

system v, cm™1 Amax, M
(HzS)+ 215 370
(2-methyl-1,3-dithiacyclopentarre) 301 645
(3-methyl-2,4-dithiapentane) 277 570
(2-methyl-1,3-dithiacyclohexarre) 270 560
(1,4-dithiacyclohexane) 320 635
(1,4-dithiacycloheptant) 285 490
(1,5-dithiacyclooctaney 273 380
(1,6-dithiacyclodecant) 253 4153

a2The CI calculation is performed with 6-315(d,p) basis set.

bond order between two sulfur atoms with 643&(d,p) basis

centers are separated by a chain of methylene links and whereset is same as the intuitive value of 0.50 fdnemibond. It is
experimental results are available to be compared with the found that Mayer bond ord&rdepends on the size of the basis
present calculated ones. Table 1 displays the sulfur-centeredset and is higher than the intuitive value with larger set of basis
radical cation systems studied with their experimental absorption functions especially with the addition of diffuse functions. This

maxima @max), €xtinction coefficientsd), and the half-life {;,)

is explainable as the Mayer bond order is based on a Mulliken-

values. Before going to the actual systems of interest at presenttype population analysis. The frequency for the stretching mode

let us discuss the results on a well-studied small systepS){H
havinginter molecular 2e-3e interactions. This small system

of this newly formed 2e-3e bond is calculated to be 215 thn
at BHHLYP/6-311-G(d,p) level and shown in Table 3. Since

has been taken up as a model system to obtain guidance for thehe only experimental observation of 6] SH,)™ is in aqueous

larger systems to decide on the best cost-effective electron-

correlated DFT functional or ab initio method with electron

solution and the experimental characterization is mainly through
absorption maximaiqay), theoretical calculations have been

correlation to be adopted to obtain experimental results on the carried out to predict the position dfnax including solvent

position of absorption maxima. It is to be noted that no

effects. The calculatethaxvalue corresponding to the transition

imaginary frequency is obtained from the Hessian calculations from the HDOMO to the LSOMO following CIS procedure is
on any of the equilibrium structures reported at present, showing 370 nm as displayed in Table 3 and this is the lowest electronic

the reliability of the calculated data.
(H2S)**. This particular dimer radical cation system have

transition for this doublet system. This CIS/6-31G&(d,p)
calculation is performed with the solvent-modulated BHHLYP/

been attempted by several previous theoretical researchers mag-3114+G(d,p) optimized geometry and orbitals. The calculated
be due to its small size and the reported gas-phase bindingimax value is exactly same as the reported experimental alue

energies ranging from 26.5 to 29.6 kcal/m®I38 The gas-phase
SO'S distance is 2.835 A at the MP2/6-31G(d) level of theory,
while the present calculated distance is 2.86 A at BHHLYP/6-
311+G(d,p) level including solvent effects following Onsager’s
reaction field model with a cavity radius of 3.47 A. The present
calculated MP2 binding energy is 29.7 kcal/mol, and the
solvation energy for thignter molecular 2e-3e bonded dimer
radical cation system is calculated to be 46.0 kcal/mol. The
atomic spin population is calculated to be equally distributed

and 4 nm lower than the calculated value without solvent-
modulated orbitals. Thus, it is concluded that solvent effects
should cause &max blue-shifted. The previous reported theoreti-
cal Amax value for (HS)* 4H,0O is ~20 nm lower than the
present value and also observed similar solvent effécts.
However,Amax Value does not indicate the presence of a2e

o bond. Figure la displays the HDOMO plot which clearly
indicates the head-on mixing of two p orbitals from two sulfur
atoms and the formation of anter molecular 2e-3e ¢ bond.

over two sulfur atoms, and the values are displayed in Table 2 The highest singly occupied MO is displayed in Figure 1b,
along with other calculated molecular properties. The computed showing the antibonding nature of the orbital as the two sulfur

Table 2. Calculated Properties of Selected Cyclic Dithia Radical Cation Systems Including (H2S).** and (3-Methyl-2,4-dithiapentane)** at

Their Most Stable Equilibrium Geometry

atomic spin
population®
systems rss (A)? BOgs? S S, a, (A Eoy (kcal/mol)e

(H2S)* 2.86 0.50 0.49 0.49 3.47 46.0
(2-methyl-1,3-dithiacyclopentarté) 2.62 0.63 0.49 0.49 3.92 41.1
(3-methyl-2,4-dithiapentaneg) 2.69 0.51 0.48 0.48 4.42 40.8
(2-methyl-1,3-dithiacyclohexarre) 2.67 0.57 0.48 0.48 4.27 39.4
(1,4-dithiacyclohexane) 2.70 0.53 0.48 0.48 4.07 40.8
(1,4-dithiacycloheptang) 2.70 0.56 0.47 0.47 4.20 37.3
(1,5-dithiacyclooctane) 2.73 0.54 0.46 0.46 4.34 35.9
(1,6-dithiacyclodecant) 2.76 0.43 0.51 0.54 4.69 35.1

arggrefers to the calculated bond distance between two sulfur atv@aiculated bond order between the two sulfur atoms with 6@ basis set.
¢ These are Mulliken atomic spin population<#3) and are~0.02 unit larger than the corresponding Lowdin valigSavity radius calculated with the
gas-phase optimized geometPyEsqy refers to the energy of solvation calculated at BHHLYP level of theory. This is calculated from the difference in total
energy with the optimized geometry with solvent effect and without solvent effect.
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Figure 1. (a) Plot of the HDOMO showing the head-on mixing of two c d
valence p orbitals from sulfur atoms to fornirder moleculartwo-center Figure 2. (a) Plot of the HDOMO for the most stable conformer of

three-electrony bond between two sulfur atoms with the maximum contour > _mnethyl-1,3-dithiacyclopentane radical cation with the maximum contour

value of 0.1 following MOLDEN visualization program. (b) the plotofthe 51ye of 0.08 showing the presence of a weak-center three-electron

LSOMO showing the antibonding nature of the orbital. bond formation. The plot does not show any mixing of the p orbitals when
the contour value cut off is chosen to be 0.1, reflecting only a very weak

: : : : interaction between the two valence p orbitals under this strained geometrical
p orbitals oriented toward each other with opposite symmetry. configuration. (b) Plot of the LSOMO for 2-methyl-1,3-dithiacyclopentane

This antibonding orbital causes destabilization on the newly agical cation. (c) Plot of the HDOMO of 3-methyl-2,4-dithiapentane radical
formed 2e-3e bond between the two sulfur atoms and makes cation with the maximum contour value of 0.1 showing the head-on mixing

thehemibond weak relative to Bwo-center two-electrobond of two valence p orbitals from two sulfur atoms to forniné&ra molecular
between two sulfur atoms. The present results suggest that theg’-v o-center three-electron bond. (d) Plot of the LSOMO of 3-methyl-2,4-
ithiapentane radical cation.
BHHLYP method can be used in combination with Onsager’s
reaction field model to get the information on the geometry of forms, one three-membered and one four-membered ring
2c—3e bonded sulfur systems and that the adopted CIS configurations arise which are not favorable due to high steric
procedure is excellent to provide information on the lowest constraint. Due to the high steric strain and low orbital overlap,
electronic transitions for such doublet systems. Moreover, the the absorption band arising due to HDOM& LSOMO
calculated results provide a definite indication of the presence electronic transition should be very weak and red-shifted as was
of a two-center three-electromond in these radical cation observed in pulse radiolysis experiment. The calculated absorp-
systems. We follow the same procedure in the following cyclic tion maxima for the transition from the HDOMO to the LSOMO
dithia radical cation systems to study the bonding and spectralis 645 nm when the experimental reported value w&50 nm.
features, and the performance of the adopted method will be The absorption band is also expected to have a low lifetime
examined further. due to weak formation of the bond and justifies the reported
2-Methyl-1,3-dithiacyclopentane**. On single-electron oxi- half-life (t1/2) value of less than 2 ns (see Table 1). Frequency
dation of 2-methyl-1,3-dithiacyclopentane in aqueous solution, for the stretching mode of this partially formed-28e S1S
a very broad weak optical absorption band with red-shifted bond is calculated to be 301 ¢ The highest singly occupied
absorption maximalay > 650 nm was observed followinga MO is displayed in Figure 2b, showing the repulsive nature of
time-resolved pulse radiolysis experimé@nthe formation of the two sulfur p orbitals, showing the antibonding behavior. It
this weak band was explained on the basis of the rigid natureis worth pointing out that the geometry optimization of this
of the molecule preventing appreciable p orbital overlap to form radical cation system was also tried under symmetry restriction,
a S1S o bond, and the assignment of this band twa-center and this led to the geometry of higher energy compared to the
three-electrorbonded radical cation remained ambiguddifie present one.
two sulfur atoms are 2.62 A apart in the most stable conformer  Now, if the C1-C2 bond is cut, the closed molecular system
of the fully optimized structures of this radical cation. The becomes open-chain and flexible. The fully optimized structure
atomic spin populations are calculated to be evenly distributed of the new open-chain dithia radical cation system, namely,
over the two sulfur atoms, and the values are shown in Table 3-methyl-2,4-dithiapentaire keeps the two sulfur atoms sepa-
2. The bond order between the two sulfur atoms is calculated rated by 2.69 A. Although the-SS distance is longer than the
to be 0.63 when the expected value is 0.50 fdreani bond. cyclic system by 0.07 A, the valence p orbitals of the two sulfur
The HDOMO of the fully optimized geometry is depicted in atoms oriented more favorably to make a better overlap, and a
Figure 2a showing only a partial mixing between the two sulfur new SJ1S ¢ bond is formed. This is clearly seen from the
valence p orbitals. This is due to unfavorable angular orientation HDOMO shown in Figure 2c. The atomic spin population is
of the respective p orbitals because of the rigid nature of this again equally distributed between the two sulfur atoms, and the
radical cation system. The valence p orbitals over the sulfur calculated bond order for the new28e bond is 0.51. The
atoms are almost perpendicular to the molecular plane of present theoretical absorption maximum for the electronic
SSC1C2. Moreover, as thél$ three-electrom bond (partial) transition of HDOMO — LSOMO is 570 nm, and this is
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Figure 3. Plot of the HDOMO for the most stable conformer of 2-methyl-
1,3-dithiacyclopentane radical cation with the maximum contour value of
0.08 showing the partial mixing of two valence p orbitals from sulfur atoms
to form a weakintra moleculartwo-center three-electron bond between
two sulfur atoms. The plot does not show any mixing of the p orbitals
when the cut off for the contour value is chosen to be 0.1, reflecting only
a weak interaction between the two valence p orbitals.

matched with the reported value based on the pulse radiolysis / \
experiment. The present results support the reported broad

absorption band with an apprecialklealue of 2500 drfiimol~! (&) Plot of the HDOMO plot for th ble chai ‘
_q . - Figure 4. (a) Plot of the plot for the most stable chair conformer
cm . These two systems definitely demonstrate the requirement all trans) of 1,4-dithiacyclohexane radical cation with the cut off contour
Yy

of proper angular orientation of the valence p orbitals to make yajye of 0.1 showing that the two valence p orbitals from sulfur atoms are
a 2c-3e o bond possible. The highest singly occupied MO is far apart to have any interaction. (b) Plot of the HDOMO for the
displayed in Figure 2d showing the two sulfur p orbitals oriented corresponding boat conformeal( cis) with the maximum contour value
toward each other with opposite symmetry, indicating the of 0.1 showing the head-on mixing of two sulfur valence p orbitals to form

) ’ : ] anintra molecular 2e-3e ¢ bond in the boat structure.
antibonding character of the orbital. It is to be noted that the
symmetry constraint geometry optimization was also carried out the two bulky sulfur atoms are far apart. This chair structure is
on this radical cation system, and this produced the geometrymore stable than the corresponding boat structure by 10.3 kcal/
of higher energy. mol calculated at the MP2/6-3315(d,p)//BHHLYP/6-311#-G-

2-Methyl-1,3-dithiacyclohexang*™. The calculated SS (d,p) level of theory. The conversion of the boat conformer to
distance in the fully optimized geometry of this cyclic system the corresponding chair conformer is calculated to be barrierless
is 2.67 A. If a S-S three-electrons bond forms in this and passes throughhaistedstructure which is more stable than
substituted chairlike structure, one three-membered and one five-the boat structure by 2.2 kcal/mol. What happens to the structure
membered ring configurations arise. Thus, steric constraint is if an electron is removed from this system? The time-resolved
expected to be a little less, compared to that of the previous pulse radiolysis study revealed that the corresponding radical
cyclic dithia system as a five-membered ring formation is cation system has a pronounced absorption at 650 nm with a
energetically favorable. Moreover, due to the presence of onelifetime (t12) of 25 us in agueous solution and on the basis of
more methylene linkage, the system is expected to be less rigidthese results it was characterized to have a3xo bond
compared to 2-methyl-1,3-dithiacyclohexane radical cation between two sulfur atoms. This is possible only if the two sulfur
system, making the p orbitals mixing possible. Figure 3 displays atoms are in close proximity to make the overlapping of two
the plot of the HDOMO which demonstrates that there is a sulfur valence p orbitals possible, and this can be achieved if
mixing of the p orbitals from two sulfur atoms but not fully the radical cation system takes the boat structure. Energy gained
due to restricted angular orientation of the respective orbitals. upon 2¢-3e SIS bond formation should be able to make the
This supports the experimental estimation of low extinction boat structure stable to be detected. Figure 4a depicts the
coefficient. The calculated-SS bond order is 0.57, and the HDOMO of the fully optimized radical cation in the chair
atomic spin population is evenly distributed over the two sulfur structure, and this clearly indicates that the two valence p orbitals
atoms. Due to less steric strain and better orbital overlap, theare far off {ss = 3.42 A) for mixing and fail to make aemi
lifetime of this 2¢c-3e bonded radical cation system should be bond. However, when this charged system is in the boat form,
higher than that of 2-methyl-1,3-dithiacyclopentgheand the the distance between two sulfur atoms becomes 2.70 A, and
reportedt;, value was 30Qs for the present system. Excited- the structure is calculated to be more stable over the corre-
state calculation predicts the position of the absorption maxima sponding chair structure by 13.2 kcal/mol at MP2/6-3GLE
(Amax for the transition from the HDOMO to the LSOMO to  (d,p) level of theory. The conversion of the chair conformer to
be 560 nm which is 40 nm smaller than the reported experi- the corresponding boat conformer is calculated to be barrierless
mental value. The solvation energy for this—Re bonded and passes throughhaistedstructure which is more stable than
system is calculated to be 39.4 kcal/mol. Hessian calculation the chair structure by 3.8 kcal/mol. The bond order between
and normal-mode analysis predict the frequency &fSS two sulfur atoms in the boat configuration is calculated to be
stretching mode to be 270 crh 0.53. The atomic atomic spin population is equally distributed

1,4-Dithiacyclohexané¢™. The most stable geometry of over the two sulfur atoms. The HDOMO in the boat configu-
unoxidized 1,4-dithiacyclohexane is the chair structure where ration is shown in Figure 4b, and this clearly depicts the mixing
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Figure 5. Plot of the HDOMO for 1,4-dithiacycloheptayie in the most
stableall cis configuration (envelope structure) with the maximum contour
value of 0.1 showing the head-on mixing of two sulfur valence p orbitals
to form anintra molecular 2e-3e o bond in this configuration of one four-
membered and one five-membered rings.

of two sulfur valence p orbitals to form antra molecular 2e-
3e 91S ¢ bond. On the formation of the nelaemibond, two

Figure 6. Plot of the HDOMO for the stablall cis configuration (envelope
structure) of 1,5-dithiacyclooctane radical cation with the maximum contour
value of 0.1 showing the formation of antra molecular 2e-3e o bond

with two five-membered ring configurations in the envelope structure.

made to get the optimized structure of this radical cation in an
all trans configuration. However, in all the cases the final fully
optimized geometry is the sara# cis (envelope) structure with

four-membered ring configurations arise. Due to the steric strain SOS bond distance of 2.73 A. The formation of th&l'S o
because of these four-membered ring configurations, this boatbond is evident from the plot of the HDOMO displayed in

configuration is expected to have a low lifetime. In fact, the
experimental estimation df, for this system was 2&s. The
calculated absorption maximéy(s) for the electronic transition
from the HDOMO to the LSOMO is 635 nm which is 15 nm

Figure 6. Calculated bond order does support the formation of
thehemibond. The atomic spin population is also calculated to
be distributed equally over the two sulfur atoms. The formation
of the newhemibond makes this envelope structure to have

smaller than the reported experimental data (see Table 1). Fromtwo five-membered ring configurations. Due to the proper
the calculated geometrical parameters (see Supporting Informa-angular orientation of the two p orbitals, a significant orbital

tion for geometrical parameters), one can see that+tt@ ISonds
are stretched by 0.4 A and that the-C bonds are shortened

mixing is achieved. These combined effects make this structure
quite stable. The reported absorption maxithag was at 400

by 0.3 A in the boat structure compared to those in the chair nm with a lifetime () of 500 us. The calculated absorption
structure in this radical cation system. These essentially makemaxima ¢may for the electronic transition HDOM&- LSOMO

the formation of the nevintra molecular $1S 2¢-3e ¢ bond

possible bringing two sulfur atoms closer.
1,4-Dithiacycloheptané'*. The calculated most stable ge-

ometry of 1,4-dithiacycloheptane radical cation is #ikecis

is 380 nm. The stretching frequency for tthemi bond is
calculated to be 275 cm, and this is in the same range in other
radical cation systems.

1,6-Dithiacyclodecang¢™. Geometry of 1,6-dithiacyclohep-

structure where the two bulky sulfur atoms are quite close. This tane radical cation system @l cis structure is calculated to be

structure is energetically favorable over #ilktrans structures
where the two bulky sulfur atoms are far apart by 17.8 kcal/
mol. This is possible by the extra stability gained due to the
formation of $1S o bond in theall cis structure. The calculated
bond order of 0.56 for 8S ¢ bond suggests the formation of
a new hemi bond. The calculated electron density for the
HDOMO is plotted in Figure 5 and the formation of a covalent
o bond between two sulfur atoms by the head-on mixing of
two p orbitals is clearly visible. The atomic spin population is
also equally distributed over the two sulfur atoms. Table 3

more stable over thall trans structure by 25.4 kcal/mol at MP2
level. This geometry makes the distance between the two sulfur
atoms to be 2.76 A. The time-resolved pulse radiolysis study
revealed that on reaction by OH radicals in aqueous solution it
had a pronounced absorption at 425 nm with a lifetitgg) Of
500us. Since the OH radical is known to react by one-electron
oxidation, the optical absorption band was assigned to have
originated from the formation of 1,6-dithiacycloheptihéound

by a 2¢c-3e S1S ¢ bond. The calculated molecular properties
do support this interpretation as can be seen from the plot of

presents the calculated vibrational frequency for the stretchingthe HDOMO shown in Figure 7. Again, the calculated S

mode of thehemibond to be 285 cm which is close to such
hemi bonds in the other cyclic dithia radical cation systems.

bond order is close to that ofremi bondand the atomic spin
population is also distributed more or less equally over the two

The calculated optical transition wavelength for the electronic sulfur atoms. On the formation of the 28e bond, two six-

transition of HDOMO— LSOMO is 490 nm which 20 nm

membered ring configurations arise. Due to less steric strain

larger than the reported experimental value. The reported half-because of six-membered ring configurations, this envelope

life for this 2c—3e bonded system was 6B8. This high stability
may be due to the formation of the ndvemibond with one
four-membered ring and one energetically favorable five-
membered ring configurations. This is also reflected in the
calculated stabilization energy of thadl cis structure over the
all trans structure.

1,5-Dithiacyclooctané*™. The radical cation of 1,5-dithia-
cycloheptane prefers all cis (envelope) structure where the

configuration is expected to have a longer lifetime as was
observed in the experiment. The predicted electronic transition
wavelength for HDOMO— LSOMO is 415 nm, and the
frequency for the stretching mode oflS ¢ bond is 253 cm.
Due to the large size of the system, this CI calculation is done
with the 6-3HG** basis set.

In case ofinter molecular 2e-3e bonding in the BB dimer
radical cation, the bond distance between two sulfur atoms is

two bulky sulfur atoms are close enough to make a significant 2.86 A which is the longest among all these studied (see Table
orbital overlap to form a 2e3e o bond. Several attempts were  2), suggesting the weakest interaction between the two valence
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toward the singly occupied orbital of the second sulfur is the
strongest, making a large separation between the highest doubly
occupiedo MO and the lowest singly occupied* MO,
indicating no definite trend of calculated bond energy or
experimentalimax value with each methylene linkage addition.

In the case ofintra molecular bonding, the geometrical
parameters which decide an optimal p orbital interaction play
the decisive role in the stability and optical properties of the
three-electron bonded species. In other wordsjritra molec-

ular two-center three-electrobbond strength in cyclic dithia
systems is a compensation between the extent of the interaction
of p orbitals and the steric repulsion of the two bulky sulfur

Figure 7. Plot of the HDOMO for the most stab#l cis configuration of atoms.
1,6-dithiacyclodecane radical cation with the maximum contour value of )
0.1 showing the formation of amtra molecular 2e-3e ¢ bond in this Conclusions

envelope structure with two six-membered ring configurations following

MOLDEN visualization program. The nature ofintra molecular bonding between the sulfur

atoms in several mono positively charged cyclic dithia systems
p orbitals from two sulfur atoms among all the systems studied are studied. Visualization of the highest doubly occupied
at present. However, the experimental blue-shiftggl value molecular orbital in the equilibrium geometries of-22e bonded
suggests a strong interaction. In fact, this dimer radical cation Systems suggest that the sulfur valence p orbitals are mixed
system is expected to have the highe§] S— bond strength head-on, resulting in sigma character of the newly forme&S
due to the optimum p orbital overlap because of the flexibility bond. Calculated bond order between the two sulfur atoms in
in the molecular structure. The calculated strength for this three- these systems is close to the intuitive value of 0.5 féveeni
electron bond is~30.0 kcal/mol. The calculated bond distance bond, and atomic spin populations are equally distributed over
between two sulfur atoms is 2.62 A in the case of 2-methyl- two sulfur atoms. The frequencies of the stretching mode for
1,3-dithiacyclopentarie’, and this is the shortest among all the  intra molecular 2e-3e S1S bond in these cyclic systems are
cyclic dithia radical systems studied including@%"*, sug- calculated to be-300 cnt!. The optical transition wavelengths
gesting a strong interaction between the two valence p orbitals from the HDOMO to the LSOMO are calculated on the basis
from two sulfur atoms. However, in reality it is seen to have Of CIS procedure and found to be very close to the experimental
only a partial formation of 2e3e bonding from the plot of the ~ solution phasémax values with the only exception in the case
HDOMO. This is because of the fact that the angular orientations of 2-methyl-1,3-dithiacyclohexaite with a difference of 40
of the two p orbitals are not suitable to have an optimum overlap hm. Becke’s half-and-half (BHH) nonlocal exchange and+tee
due to the rigid structure. This is tested further from the results Yang—Parr (LYP) nonlocal correlation functionals (BHHLYP)
on the open chain system of 3-methyl-2,4-dithiapentareith have been found to describe-28e bonded systems well under
a longer $1S bond distance of 2.69 A. Thus, the calculated the restricted open shell formalism. It is concluded that in the
bond distances between the two sulfur atoms do not suggestcase ofintra molecular bonding, structural parameters of radical
conclusively the presence ofietra molecular 2e-3e bonds in cation systems which decide the angular orientation and the
these radical cation systems. The atomic spin population is extent of overlapping of the valence p orbitals play the decisive
distributed equally over the two sulfur atoms in all the radical role in the stability and optical properties of the three-electron
cation systems studied. This index is able to suggest the presencbonded species. Théntra molecular three-electron bond
of a 2c—3e o bond between the two sulfur atoms but fails to  Strengths in cyclic dithia systems are the compensation between
give any indication about the extent of the formation of such the interactions of the p orbitals and the steric repulsions of the
bond. The G-S bonds are symmetrically stretched~a.82 A two bulky sulfur atoms.
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