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Although a two-center three-electron (2c-3e) bond between homonuclear atoms is well characterized, this is
not the case for the[SO bond, especially in neutral radicals resulting from the addition of a hydroxyl group

on various sulfur substrates. A structural, energetical, and topological study is presented for prototypical
radicals, ionic and neutral, RSOHRRSOH,", and RRSOH, with R, R=H, CHs. Three calculation methods

have been applied, BH&HLYP, MP2, and CCSD(T), with different basis sets to determine the domains of
accuracy of the more approximate ones to use them for larger systems. Qualitative and quantitative criteria,
defined from the topological analysis of the electron localization function, are proposed to characterize such
a 2c-3e bond. They specify the number and type of basins and their hierarchy of bifurcation, the global
charge transfer between the fragments, the localization of the integrated spin density, and the electron
delocalization between the lone pairs of the interacting atoms. Surprisingly, the neutral radicals show an
intermediate behavior between the pure 2c-B&ond in anions and the electrostatic interaction in cations,
despite the low energy of bond formation. As in the radical anions, the substitution favors the formation of
a 2c¢-3e bond.

I. Introduction importance for understanding the mechanism of the DMS
. . . . ) . oxidation in the gas phase and in solution.
After irradiation of biological systems by high-energy radia- 1 purpose of the present work is not to study the two

tion, many sulfur-centered radicals are obtained, resulting from y4ihways but first to discuss the presence or absence of a stable
the action of solvated electrons or hydroxyl radicals as products 54quct and second to have an insight on the nature-@-S

of the decomposition of water. Among these radicals, many ponded sulfuranyl radicals. This has been the subject of several
three-electron-bonded systems are observed, especially in I0NIGyrevious investigatiort213put until now, there is no agreement
forms (anions and cations), but several are neutral (for more peqyeen the results of ab initio calculatiéfid®to elucidate if

details., see refsj15 and references therein). These ragicals are this bond is a two-center three-electron (2c-3e) bond or a purely
short-living species so they are not easy to characterize as wellg|ectrostatic interaction.

experimentally as theoretically. Therefore we have to rely on Let us therefore recall the definition of 2c-3e bonds, first
simpler molecular models, for instance, oxidation of dimethyl §ascribed by Linus Paulidj in the 1930s and attracted
sulf.lde (DMS) in gqueouslsolutlon for the reactions of hydroxyl - ¢onsiderable attention in recent years. In molecular orbital (MO)
radicals formed in _body t'_SSlfe' _ ) terms, this type of bond is characterized by two electrons located
Indeed the reaction of dimethyl sulfide (DMS) with hydroxyl  in a bondingo orbital and one electron in an antibonding
radical has been the subject of many experimental and theoreticabrbital and is traditionally represented by the symbol,
investigations. It is of crucial importance for oxidations of introduced in the literature by AsmésAlternative names for
organic sulfides in the gas phase and in solution, refsL.G this interaction are™* bond'5-7 or hemi bond. Since the bond
and references therein. A number of kinetic studies have beenorder is one-half or less, the dissociation energy of a 2¢c-3e bond
carried out and lead to the assumption that the first step of thejs expected to be roughly half (or less) that of a 2c-2e bond
oxidation consists of competitive attacks of OH at the carbon and the bond distance should be longer than a corresponding
and sulfur atoms. So the two initial pathways are the addition 2c-2e bond. These predictions have proved to be correct in
of OH to the sulfur atom to form the sulfuranyl radical DMSOH  several prior studies of the one-electron reduction of lysozyfme,
and the abstraction of a hydrogen from a carbon atom by the of sulfur-containing radical ion¥,and of HX 0 YH ™ radical
hydroxyl radical. The H-abstraction channel can occur after (or anjions (X, Y= ClI, S, P, F, O, N} In the valence-bond (VB)
in competition with) the formation of the addition complex formalisml4 the stability of the 2c-3e-bonded radical &8

DMSOH, which was first proposed by Hynes et al. in their results from a resonance between two limiting Lewis structures
kinetic studie$:1! For Instance, stable addUCIS%H can be that are mu[ua”y related by a Charge transfer as

formed by pulse radiolysis of an aqueous solution and their
transient formation can be pointed out by the observation of a
UV absorption band around 340 rimiThe question of the

stability of the adduct and its dissociation energetics is of critical

A":B<—A:'B Q)

where the eventual charge of the radical and of the fragments
has not been indicated for the sake of generality. In such a
resonance situation, the energy difference between the two
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To distinguish between a 2c-3e bond or electrostatic inter- TABLE 1: Electron Affinities (EA) and lonization Potentials
actions, we have chosen to carry out a comparative study of (IP) of the Fragments and Their Difference, in eV

the S--O bond for prototypical anion, cation, and neutral RSOH EA(RS) EA(OH) A(EA)
radicals (the-- notgtion will be used as long as the 2c-3e nature HSOH- 237 189 0.48

of the weak bond is not clearly established). These species are, cH,sOH 1.8F 1.8 0.04

respectively, the RSOH the RRSOH,", and the RRSOH

radicals. We will first analyze the bonding for R and R H RRSOH;* IP(H0) IP(RRS) A(IP)
and then investigate the effect of methyl substitution on the H,SOH,™ 12.69 10.46 1.19
sulfur center. From previous theoretical studies, the 2c-3e nature HCH380Hz++ 12.658 9.45 3.20
of the 310 bond in the complexes is unambigud@3t The (CHy)2SOR 12.6% 8.69 4.04
cationic complexes, and more precisely the nonsubstittied RRSOH IP(RRS) EA(OH) IP-EA

the disubstituted speci@%,have been considered as three-

electron-bonded radicals for a long time. However, recent EZCSF?EOH 18'22 i'gg g'gg
calculation$®2*suggest that, for fBOH,", the lone electron is (CH3)3280H 8.69 18% 6.86
localized on the sulfur atom whereas, from the VB description
(eq 1), a large resonance energy requires that the electron is,
delocalized between the two moieties. The topological analysis
of the electron localization functiott,already applied on 2c- s expected to decrease as the difference in electron affinity
3e radical anion3??° offers the opportunity of reinvestigating  petween the fragment&(EA) increases, with\(EA) = EA-

the formation of all these-5O bonds. We will see that several  (Rs)— EA(OH) ~ AE.

topological criteria allow us to distinguish unambiguously the  For the neutral radicals, a 2c-3818 bond would imply the

aReference 53? Reference 54°Reference 55 Reference 56.
Reference 57\ Reference 58! Reference 59.

2c-3e bond from the electrostatic one. . _ existence of the following resonance
The organization of this paper is as follows: section Il is
dedicated to theoretical considerations, including the VB picture RRS: ‘OH< RRS"'* :OH” (6)

of the S10 bond (Il.A), the foundations of the topological

analysis (I1.B.1), its application to the 2c-3e bonds (11.B.2), As already mentioned by McKee et & the dissociation energy
and finally the calculation methods (I1.C). Section Ill is devoted D, of RRSOH, i.e., the energy of the reaction

to the results; the applicability of the methods and basis sets is

studied for perhydro-ionic species in section Ill.A, and the RRSOOH—RRS: + "OH @)
compared analysis of the nature of the-® bond in all the

radicals is presented in section I1l.B. We present our conclusionsis expected to decrease as the difference between the IP'8f RR

in section IV. and the EA of HO increases, with IP- EA ~ AE.
The experimental values of IP, EA, and their differences are
Il. Models, Concepts, and Methodology displayed in Table 1 and will be discussed in section Ill.B.2

together with our theoretical results.
II.B. The Topological Approach to the 2c-3e Bond.
[1.B.1. Resume of the Topological Analysis of the Electron

IILA. VB Descriptions of the 2c-3e Bond $JO Bond in
lonic and Neutral Radicals. The picture of the chemical bond

provided by the VB formalism is generally easier to compare o . . . .
to the topological results than the MO picture. Thus the VB Locallzatlon Function (ELF.) Gragllent F|elql. The tOpOIOQ'CaI.
analysis of the ELF gradient field provides a mathematical

descriptions of the potential 2c-3e SO bonds in cation, anion, . i .
. . - ." model enabling the partition of the molecular position space
and neutral radicals, as well as the experimental difference in.

energyAE between the limiting Lewis structures, will be the Into basins of attractors, Wh.'Ch present in principle a-ooee
; : ) correspondence with chemical local objects such as bonds and
starting point of this study.

For the eventual 2c-3e-bonded R OH,* cation radicals, Ion_e pairs. These basins are eith_er core basins, Iabele_d CX.
the two VB structures may be the following which encompass _the nuclei >_<_W|th Z 2, or valence basins,
V(X,Y, ...), which fill the remaining space. The latter ones are
+ . - oAt characterized by their coordination number with core basins,
RRS™ :OH, = RRS: "OH, 2) which is the synaptic order. Monosynaptic basins thus cor-
respond to conventional lone pairs, disynaptic basins to two-
center bonds, and polysynaptic basins to multicenter bonds.
Series of articles have been published concerning the theoretical
foundations of this methd@27-3! or its applications to the
RR'S OH2+—>RR’S‘++ :OH, ©) understanding of the chemicql structure of molgcule§ and
solids?8:32-41 thus here we will just recall some major points.

is expected to decrease exponentially as the difference in A localization domain is a region of space encompassed with

ionization potential between the fragment(IP), increases, &N ISOELF surface (a value around 0.8 is commonly chosen,
with A(IP) = IP(H,0) — IP(RRS) ~ AE. delimiting volumes within which the Pauli repulsion is rather

The RSJOH- anion radicals can be described by a resonance weak). It is called reducible when it contains more than one
between the two following VB structures attractor. The bifurcation tree diagram describing the evolution
of the localization domains with the ELF values is specific of

As first pointed out by Clark in his leading work on 2c-3e radical
cations!’ the dissociation energ. of RRSOOH;™, i.e., the
energy of the reaction

RS~ OH< RS :‘OH 4) the type of interactions in the molecular system. For example,

it allows the build up of a scale for the weak and medium

By analogy with the cations, the dissociation eneidy of hydrogen bond by defining a core valence bifurcation (CVB)
RSJOHT, i.e., the energy of the reaction index, as introduced by Fuster and Sit¥iThis index is negative

when the first bifurcation creates two molecular-reducible
RSIOH — RS + OH’ (5) domains (for weak H-bonded complexes) and positive when
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the core-valence separation is the first bifurcation occurring II.C. Methods of Calculation. Concerning theoretical meth-
in the reduction of the localization process (for medium H-bond ods, several studies have shown that it is difficult to obtain a
complexes, which can thus be considered as single molecules)fully accurate description of the 2c-3e-bonded radical species.
Beyond this rather descriptive aspect, quantitative properties The most commonly used density functionals (including B3LYP)
are further extracted by integrating the related property densitiessystematically fail to quantitatively describe these systems by
over the localization basins. For example, the integration of the overestimating the binding energies and the equilibrium dis-
one-electron densityg(r) inside a given basif2, provides the tances as first shown by Bda et al. for the cationic dimers
average population of this basin and is conventionally denoted H,X XH,".42 This has been verified more recently by Car-
N(Ra). When dealing with radicals, it is also informative to michael for several perhydrido species—radical containing

consider the integrated spin density odd electron bonds as SS anions and cations, SN cations, and
SO cations, from a variety of ab initio molecular orbital
_1 o B techniques and density functional thedfyOnly the BHLYP
[51@23 2f9a (p™(r) = () ar (8) functionaf® provides equilibrium distances and dissociation

energies of 2c-3e-bonded radical cations in good agreement with

which locates the unpaired electrons. For resonant bonds, ofreference calculations or experimental results, except for the
particular interest is the variance of the basin population which rare gas dimer& However, the performances of this method
is a measure of the quantum mechanical uncertainty of the basinyith the 3e-bonded radical anions are much more erfa#a
population. Its decomposition in terms of pair covariaftes alternative solution would be to optimize the radicals within
allows the definition of a topological indeXa,0,, whichis a  the Mgller-Plesset many-body perturbation theory at the second
measure of the delocalization between the ba€ipand€2;,.2° order (MP2). The MP2 method has been used for numerous

Il.B.2. Topological Signatures of the Three-Electron Bond.  cationid®17as well as for several anionic 3e-bonded radié&ls.
The topological ELF analysis has already been applied on |t has appeared to be the only candidate for calculating chemical
disulfide anion$® and on a series of anion radicals of the properties of hemi-bonded species since it includes the essential
HXOYHp ™ type, including HE1OH~. 2 Three rules have been  dynamical correlation at a rather economical cost. However,
elaborated from these studies and a fourth one is added in thiSBra:ida et al. have brought to |ight and ana|yzed an unsuspected
work: defect of the Mgller-Plesset methods in the treatment of the

1. There is no V(X,Y) basin associated with alX bond, 3e bonds, that is to say, the symmetry-breaking (for homonuclear
which can be interpreted as the effect of the Pauli repulsion of 3e bonds) or near-symmetry-breaking artifact (for disymmetric
the two same-spin electrons (one ima@rbital, the otherina  systemsf147 In some cases, the predictions made at the MP2
o* orbital). In other words, the topology of 2c-3e-bonded |evel are even completely erroneous. When the, Eifproachs
complexes is composed of the union of the basins of the isolatedfail, one possible alternative for introducing dynamical correla-
fragments. Since the same pattern is obtained for all systemstion is the coupled-cluster theory, with inclusion of all single
formed without electron pair sharing, as ionic and hydrogen- and double excitations and pertubative treatment of triple
bonded complexes, some other rules are required to characterizexcitations (CCSD(T)J8 However, because of its computational
the 2c-3e bond. cost, this approach is applicable to small-model systems only,

2. The extra electron density (and consequently the spin as those investigated in this paper. Thus, we will use the results
density) is mainly localized within the monosynaptic basins of the coupled-cluster approach calculations as a benchmark
V(X) and V(Y). The strongest 2c-3e bonds are characterized against which to assess the reliability of MP2 and BHLYP
by well-balanced sharing of the spin density between the two methods. In view of possible applications to larger systems of

moieties. biological interest, our choice should be the best compromise
3. The electron fluctuation between the two fragments, which petween efficiency and practicability.

is a central phenomenom in three-electron bonds, occurs mainly
between the lone pairs of the two atoms X and Y. It can be ;| results and Discussion
quantified by the delocalization inde#vxv(), which is
maximal for homonuclear bonds and decreases as the difference IIl.A. Preliminary Study of the Nonsubstituted lonic
in electronegativity of the fragments increases. Radicals: Influence of Methods and Basis Set# double<
4. Similar to H-bonded complexes, a CVB ind&@X3e), can polarized basis is the required minimum for reproducing the
be defined for 2c-3e-bonded complexeS B (where A and B dissociation energy of three-electron bonds, which should be

may be two molecular species), as augmented by diffuse functions for the anion and neutral
radicals. The geometry optimizations of the nonsubstituted ionic
0(3e)=n(rag) — 7(rey) 9) radicals (HSOH and HSOH") have been performed with

three standard basis sets (6-31G*, 6F&*, and 6-31#+G-

wheren(rag) is the value of the ELF at the saddle connection (3df,2pd)) to examine whether the conclusions are dependent
of the V(A) and V(B) monosynaptic basins of the two fragments on basis-set improvements. With each basis set, the very accurate
and(rey) the lowest value of the ELF for which all the core  CCSD(T) level has been taken as the reference against which
basins of the composed system are separated from the valencehe other methods (MP2 and BHLYP) are evaluated. All the
As it was suggested for HBSH™ by Berges et al.?> the CVB theoretical methods have been used in their spin-unrestricted
indices of all BXOYH,,~ radical anions are positive, which ~ forms. The frozen core approximation and the PMP2 level,
means that these complexes can be considered as singlevhich annihilate spin contamination by projection, have been
molecular species. More precisely, the valuesy(8e) range used. We performed all the calculations with the Gaussian98
from 0.10 to 0.15 and decrease as the difference in electrone-software?® The S-O equilibrium distances, resulting from a
gativity of the fragments increases. It is noteworthy that the full optimization in every method/basis combination, are
CVB index should be considered as a semiquantitative one, sincedisplayed in Table 2 and in Figure 1a. First, for the anion radical,
it is not related to integrated properties such as the basinwe verify the requirement of introducing diffuse functions in
populations. the basis set: no geometry minimum is found at the BHLYP/
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Figure 1. Optimized structures for the anionic, cationic, and neutral radicals (adducts) at the CCSD{F8-&iel for (a) R=R'=H, (b) R=H

and R=CHjs, and (c) R=R'=CHjs. The nonsubstituted systems have been fully optimized. For the substituted species, only the indicated coordinates
have been optimized at the CCSD(T) level, the other ones being kept at their MP2 values (in parentheses). The distances are in Angstroms, and the
angles are in degrees.

TABLE 2: S—0 Equilibrium Distance (in angstroms) for
the Nonsubstituted lonic Radicals Optimized at the BHLYP,
MP2, and CCSD(T) Level$

ability of BHLYP to compensate the self-interaction error in
cationic species and on the other hand the reliability of the
unrestricted HartreeFock level in what concerns the description

species BHLYP MP2 CCSD(T) of the sharing of the positive charge among the two fragments.
HSOH- 2.2 253 In view of the effect of the basis set on the structural parameters,
2.48 2.17 2.37 we have chosen the 6-31* one for investigating the larger
. 2.46 2.17 2.34 systems. Even though some weaknesses of the BHLYP and MP2
H.SOH, 2.38 2.39 242 have been identified by studying the nonsubstituted systems, it
2.41 2.45 2.46 . S yiees .
241 240 242 is still difficult to choose between these methods so we continue

with the three methods to study the neutral species. The MP2
and BHLYP structures have been fully optimized, as well as
the CCSD(T) structures of the nonsubstituted radicals, whereas
the CCSD(T) structures of the substituted species have only
6-31G* level and, at the CCSD(T) level, a large shrinking (0.16 Peen partially optimized (Figure 1). Concerning the topological
R) of the distance is found when augmenting the basis from analysis of the ELF gradient field, the calculation of the variance
6-31G* to 6-31-G*. Further improvement of the basis does of the basin population which is necessary to carry out the
not induce any noticeable modification of the bond length, analysis of the delocalization, requires that the wave function
whatever method is employed. Nevertheless, the structuraliS €xpressed in terms of a single determinant built on Hartree
features are very sensitive to the choice of the method. The Fock or Kohn-Sham orbitals. Thus, the wave function of each
bond length is found 0.12 A too large at the BHLYP level, which radical has been calculated at the BHLYP/6+&3* level using
indeed shows the erratic performances of this method mentionedthe CCSD(T)/6-33G* geometry. The TopMod package of
above. The MP2 results are even worse, as it has been pointedrograms developed in our laboratétyas then used to perform
out by Bréda et al. in a previous study on three-electron-bonded the calculation of the ELF on a grid, the partition of the
anion radical@! It is noteworthy that, since they are likely to molecular space into basins, their attribution, as well as the
overestimate the delocalization due to the self-interaction defect,integration of the property densities described in section I1.B.1.
the DFT methods are less sensible to this overlocalization of 11l.B. Compared Analysis of the Nature of the S--O Bond

the charge. At contrast with HSOHthe equilibrium structure in lonic and Neutral Radicals. The following paragraphs are

of H,SOH,™ significantly depends neither on the method nor devoted to the detailed analysis of the-© bond in the anionic,

on the basis. Indeed, the 6-31G* basis set fulfills the minimum cationic, and neutral radicals. We begin with the RSOH
requirements recalled previously for describing 3e-bonded radicals, which constitute our reference systems for th&©S
radical cations. Now for a given basis set, the bond distances2c-3e bond. Then we investigate the 'BRH," complexes,
provided by the BHLYP and the MP2 methods are both very which have been considered as 2c-3e-bonded systems since a
close to the CCSD(T) result. This confirms on one hand the long time. We then finish by the RROH complexes, for which

aFor each system, the first line is obtained with the 6-31G*, the
second one with the 6-31G*, and the last one with the 6-31HG-
(3df,2p) basis sets.
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TABLE 3: Variation of the Total Basin Population of the TABLE 4: Structural and Energetical Parameters of the
Sulfur-Centered Fragment with Respect to the Isolated Anion, Cation, and Neutral Radicalst
Fragment fo'r the Arnomc, Cationic, and Neut[al Radicals BHLYP MP2 ccsp(m) it
Anion Radicals AN(RS) species R D. R D. R D. R D.
ga%‘gH_ :8‘512 HSOH 2.48 15.7 2.17 22.1 237 20.2 2'38
s ’ CH3SOH- 2.42 19.9 223 29.4 235 255 2955
Cation Radicals AN(RR'S) H,SOH,"™ 241 24.7 245 22.6 246 224 2%2 23.F
H.SOH," 0.15 gig’? 217
HCH;SOH,* 0.04 2'454
(CH3).SOH,* 0.03 - .
Neutral Radicals AN(RRS) HCH;SOH*™ 254 18.7 2.60 18.7 2.62 18.3
S SOH 0.05 (CH3),SOH," 2.68 15.1 2.73 16.0 2.74 15.7 2"88 16.8
HCH.SOH 021 H>SOH 2.80 32 312 3.0 292 34 25170.2
(CHa)2SOH —029 HCH;SOH 257 45 211 35 239 50 239329
(CHs3).SOH 242 6.4 207 86 230 84 232674
the nature of the S-O bond will be established by comparison 2.047 gg‘

with the ionic complexes. In each case, we first analyze the
structural and energetical parameters and then the results of the *Re is the S-O equilibrium distance in angstroms, abd is the
topological analysis. It is noteworthy that we adopt for the latter dissociation energy of the complex (see text) in kcal ol The
a different point of view than the one used in our previous paper (éalculanqns have been carried out using the 861 basis set

. . . ymmetric species have been optimized withisymmetry.> CCSD(T)/
on three-e_lectron-bonded radical anidhthere we considered 6-31+G(d)2L ©BHLYP/6-31++G(d,p)® 9 MP2/6-31-+G(d,p)Z
the formation of the three-electron bond as a result of an electrone Mp2/6-311G(2d,p)° f QCISD/6-311G(2d,p)? 9 MP2/6-31G(d)L6
attachment, whereas now we compare the topology of the "HF/6-31G(d? ' B3LYP/cc-pVTZ (G2 methody | MP2/6-3H-G(2d)?
complex with those of both isolated fragments (RS and"OH ¥ QCISD(T)/6-31G(2d)//MP2/6-3%G(2d)/
for the anions, RFSt and HO for the cations, and RR and
OH for the neutral). In this context, it is interesting to investigate the bond length under substitution, there is a significant increase
the global charge transfer from one fragment to another, of the dissociation energy from 20.2 to 25.5 kcal mollt is
resulting from the formation of the radical. For the anions, we noteworthy that, in contrast with the discrepancies observed for
thus define the variation of population of the sulfur-centered the bond lengths, the MP2 predictions@fare in surprisingly

fragmentAN(RS) as good agreement with the CCSD(T) ones, as already mentioned
B ~ - by Braida et al. in the case of the dihalogen radical anf@ns.
AN(RS)= N, dRS) = No(RS") (20) return, the BHLYP values are underestimated, in agreement with

the overestimation of the equilibrium distance. Finally this

WhEFENcomp(RS) is the sum of the basin populations of the RS strengthening of the bond, which was expected from the
fragment in the RS OH~ 2¢-3e-bonded complex amtk(RS") decrease oAEA (see Table 1), could result from the electron
the sum of the basin populations of the isolated R&gment release of the methyl group; indeed, if one considers the
(obviously AN(OH) = —AN(RS)). Similar quantities can be  formation of R§]OH™ by the approach of RS and*OH, the
calculated for the cation and neutral radicals, and the resultssubstitution takes place on the fragment that bears the lone pair;
obtained for all the species under scrutiny are gathered in Tablethe ability of RS~ to transfer electron density toward the
3. hydroxyl fragment may thus be enhanced.

II1.B.1. The RSOH ~ Anion Radicals. As already mentioned On a topological point of view, the RSOHanions verify
by Brada et al., “the RS (R= H, CHs) and OH fragments are  the first of the four rules recalled in the previous section (i.e.,
good candidates for fragments that could possibly form 2c-3e- absence of disynaptic basin between the two moieties in
bonded anions RSOH~ because they are good electron interaction), as shown in Figure 2a for HSOHt is worthy to
acceptors and display comparable EAWe enlarge their study  note the lateral orientation of the lone pairs basins of the two
by examining the dissociation energies and the topological interacting atoms, in view of the comparison with the cationic
features of these species. The-@ bond lengths and the and neutral systems. Let us now consider the quantitative
dissociation energies of HSOtand CHSOH™ as obtained with topological properties. First, on a global point of view, the
the three methods are reported in Table 4 together with the formation of the HEIOH™ anion radical is acccompanied by a
results of previous works. What has been said in the previous charge transfer of 0.47 e from the H$o the OH fragment
paragraph concerning the weakness of the MP2 and BHLYP whereas for CE5[1 OH™ the charge transfer is equal to 0.53 e,
methods for the prediction of the equilibrium geometries remains as shown by the variations of the gross population of the RS
valid for the substituted systems: the bond length remains too fragment displayed in Table 3. This charge transfer occurs
short at the MP2 level and too long at the BHLYP level. mainly between the lone pairs of the interacting atoms; thus
However, the effect of substitution, though in the opposite senseonly the integrated properties of the monosynaptic basins have
for both methods (the MP2 bond length increasing and the been reported in Table 5. Concerning the isolated fragments,
BHLYP one decreasing), leads to values of theCsdistance the populationN of the V(O) basin (5.28 vs 5.0 e from the
closer to the one obtained within the reference CCSD(T) Lewis structure ofOH) reflects the large electronegativity of
method. One notices that the substitution has nearly no effectthe oxygen atom, whereas the population of V(S) imHSin
on the CCSD(T) SO bond length, which decreases by only better agreement with the three lone pairs of its Lewis structure.
0.02 A. The corresponding structures are depicted in Figure 1a,lt increases by 0.06 e in GBS~ due to the electron-releasing
together with relevant geometrical data. We note differences character of the Cklsubstituent. It is noteworthy that th&,[]
with the previous result&, essentially on the angles, due to the value of V(O) corresponds to 84% of the spin density, the
full geometry relaxation. Despite the absence of variations of missing 16% being distributed among V(H,S) (11%) and C(S)
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(a) (b) (c)

V(0) V(0)

V(0)

Figure 2. ELF isosurfaces for (a) HSOH (b) H;SOH", and (c) HSOH. Actually, for all the radicals, the V(O) basin corresponds to the union
of two monosynaptic basins whereas the V(S) basin corresponds to the union of two monosynaptic basins only for the anions and the neutral
radicals.

TABLE 5: Topological Parameters of the Anion, Cation, 2. The integrated spin densities remain quasiequally shared
and Neutral Radicals and Their Fragments (BHLYP/ among V(S) and V(0), which means that both VB structures
ggﬂg* (Ssmgle-Pou;t Energy Calculation at the CCSD(T)/ of resonance (4) are nearly equiprobable. The small variations
- eometry)
of dv(s),v(0) and¥(3e) result from the strategy adopted for the
V(S) V(0) topological analysis (BHLYP single-point calculation on the
N &0 N GO dvusvo)  9(3e) CCSD(T) geometry) and, consequently, can be neglected.
OH 528 042 I11.B.2. The RR'SOH," Cation Radicals.One notices that,
HS- 6.12 as for HSOH,™, the two approximate methods, and especially
CH,S™ 6.18 the MP2 one, provide bond lengths for the substituted systems
(H:EOS%H' gg% 8-%}1 g;g 838 8-22 8-%2 which are in very good agreement with the reference CCSD(T)
s - i : . i i ones (see Table 4). Conversely to the anions’ case, the
OH, 471 substitution has a large effect on the-Q distance, which
:Zcﬁ:ssF g'gg g'gj increases by 0.16 A from 4$OH* to HCH;SOH,* and by
(CHy):S* 319 033 0.12 A from HCHSOH," to (CH3)SOH,' in the 'CCSII.)(T).
HoSOH, 3.07 030 4.45 0.06 0.22 0.06 framework. The corresponding structures are depicted in Figure
HCH,SOH, 3.08 031 460 0.02 0.12 -0.02 1b, together with pertinent geometrical data. Though th©HS
(CHs),SOH; 317 032 461 0.02 0.10 -0.04 or C3O valence angles are similar to the ones obtained for the
H.S 432 radical anions, the H® angles are much larger, ranging from
2 . . .
HCHsS 4.38 about 118 to 124. However, in 2c-3e-bonded systems, typical
(CH3):S 4.46 values of the valence angles range from 80 to°1($8e Figure
H,SOH 426 0.02 531 040 0.12 -0.07 1 for the anions and ref 47 for the cations) and thus favor an
HCH,SOH 405 010 545 032 038 0.07  efficient overlap of the lone pairs of the two interacting
(CH;3),SOH 4.00 0.13 552 0.28 0.48 0.13

fragments. Concomitantly, with the increase of the-CB
aPopulation isN, integrated spin density of the monosynaptic basins distance, the dissociation energy decreases by methyl substitu-
V(S) and V(O) islELlindex of delocalization between these two basins  tion. This was expected from the increasenfP) (see Table
is dv(s)vion and the CVB Index ig)(3e). 1). Furthermore these values are very large as compared to the
A(EA) of the anions and should not favor the resonance (2).
(5%). When HS]OH- is setting, the V(S) population decreases Similarly as in the anions’ case, the Weakening of the bond could
by 0.51 e whereas the V(O) population increases by 0.45 e. also be understood by the electron releasing of the methyl group;
This discrepancy from the global value results from small however, the effect is reversed because the methyl substltuthn
rearrangements between the other basins. A quasiequal sharing©€S not take place on the fragment that bears the lone pair.
of the spin density among the lone pairs of the two fragments | he comparison with the results of previous reports, gathered
is thus obtained, as specified by the rafe2, the V(O) basin 1 Table 4, shows that the bond energy of the nonsubstituted
being only slightly preferred. This gives rise to a large value of tsa/sterr;n, as thetﬁqglllg)bngm siructurbe_, 'St. Wealidy dependfnt on
the delocalization indegys),v(o0), consistent with the rule® 3. e chosen method/basis set combination. Forgf&30H;",

) = where the HF/6-31G(d) dissociation energy is surprisingly
Indeed, valqes b ‘f"“’“”d 0.6 are typical for.,BK[IYH_m 3e- correct, the bond length is overestimated. These results do not
bonded radical anions, the largest one being obtained for the

h | lex CICI- with & = 0.7. Finallv th correspond to the expected performances of the HF method on
omonuclear compiex oWl = O.f. minally the 2c-3e complexes, which are to provide qualitatively correct
positive value of¥(3e), 0.13, is in agreement with the ruié

. ht N geometry and largely underestimated bond enétdsinally,
4. The investigation of the sul_oshtuﬂon of H by €ldn the though the bond lengths and energies are consistent with what
sulfur atom leads to the following remarks:

is expected for 2c-3e-bonded radical cations, several indices,
1. The V(S) population remains unchanged contrary to the as largeA(IP) or large valence angles, make the 2c-3e nature
V(O) one, which is enhanced by 0.09 e. The electron-releasing of the S:-O bond in the RRSOH," complexes questionable.
character of the methyl group thus results in a greater electron  The qualitative topological description is provided by the ELF
transfer from the sulfur atom to the more electronegative oxygen isosurface, which is displayed for,BOH" in Figure 2b. The
atom, which might explain the stabilization of the anion under rulen® 1 is verified for this cation as well as for the substituted
substitution. ones. The presence of two protonated disynaptic basins con-
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TABLE 6: Localization ([5,0) and Delocalization ©) %(3e) becomes negative, which means that in B&B™ and
Topological Parameters, as Well as the CVB Index for the (CH3);SOH,*, the two fragments keep their individuality.
H2XYH " Cation Radicals (X, Y = S, OF Therefore, the 2c-3e-type interaction, even ¥8BH;", is only
HoXYH 2+ By Bhy)  Oveovm oxy  1¥(3e) a minor contribution of the bonding, which should be best
H,S+++OH,* 0.30 0.06 0.22 0.40 0.06 described by an electrostatic interaction, this latter contribution
H,O0 OH,* 0.17 0.17 0.28 056  0.18 increasing with the substitutions. We have now to our disposal
HzSO SH, " 0.19 0.19 0.36 064 020 some structural and topological data for the 2¢-38C5
a9xy quantifies the electron delocalization between all the basins interaction in the radical anion complexes, and for the mainly
of the HX* and the HY moities. electrostatic interaction-SO in the radical cation complexes.

_ ) ~ So we will investigate the nature of the-& bond in the neutral
nected to C(S) as well as to C(O) results in a relative axial radical complexes.

orientation of the lone-pair basins of the interacting S and O ||| B 3. The RR'SOH Neutral Radicals. Eirst. one notices
atoms. This has to b_e compared to the lateral orientation in the 4t HSOH presents very specific features, because #©'S
anionic systems, which could appear as the optimal one for the yigiance is surprisingly ‘large whatever is the method of
electron fluctuation. More quantitative topological properties - iation (see Table 4): 2.92 A within CCSD(T), which is
will lead us to a firm conclusion concerning the nature of the 1o madiate between 2 86 A.(BHLYP) and 3.12 A (i\/lP2) The
S++0 bond in the radical cations. As shown by Table 3, the ' ccop ) structure is depicted in Figure 1a, and it is interesting
formation of the radical gives rise to a global charge transfer to compare it with the structures of HSOHINd HSOH;™. In

of 0'15 N frpm j[he kO to the HgSffragmer.]t, namely, n the both species the interaction is mainly between the S and O
oppos!te direction than n the anions. This transfer is nearly atoms, which point toward each other, whereas in the neutral
nonexistent f_or the substituted systems. The data of Table 5one the hydrogen atoms of theHfragment are directed toward
bring to light in more details the differences between the cases . ’oxygen of the hydroxyl group (HB= 66.0°). The reason

of the cations af‘d anions. At first, concerning the fragme;nts, could be that this complex is stabilized by a hydrogen bond or
_the V(O) population in KO, as compareq to the V(S) population a van der Waals interaction and not by a 2c-3@Csbond.

in H5S, reflects t_he larger electronegativity of th? OXygen alom. e affect was noticed earl@rwhen comparing the radical
Moreqvgr, the increase of the V(S) populatlon by methyl anion H31HS" to its protonated derivative 43,. Conversely
substitution reveals the electron releasing of the methyl sub- to the bond lengthDe is not sensitive to the method of
stituent. It is worthy to note the rather small contribution (68%) calculations we empI’o;ed and is very low, around 3 kcalthol

of V(S) to the total spin density, mainly due to the presence of i . .
two protonated V(H,S) basins. In consequence of the formation  S€cond, after one substitution, theS distance dramatically
of the S+-O bond in HSO,", the V(O) population decreases shrinks, which might indicate a change in the nature of the bond.

by 0.26 e, among which 0.11 flow into the V(O,H) basins. The For both substituted species, many similarities occur between
fact that the lone pair is provided by the fragment containing the neutral radicals and the anions. For instance, the BHLYP
the most electronegative atom might explain this weak rear- 21d MP2 values keep enclosing the CCSD(T) ones, but the
rangement. As a result, the spin density remains essentiaIIyBHLYP distance is now closer_ to th? CCSD(T) one. Morgover,

localized on the sulfur atom, and that involves a small electron the CCSD(T) geometries depicted in parts b and c of Figure 1
delocalization between the V(S) and V(0) basits)v(o) = are consistent with the one of the 2c-3e-bonded radicals. Also,

0.22, to be compared with about 0.6 in the radical anions. The W& notice that the MP2 dissociation energies are in good
CVB index is positive but very low as compared to the case of greement with the reference CCSD(T) ones, especially for the
the anions. These topological results are somehow surprisingdisubstituted species. Nevertherless, tfigsemain rather low.
considering the moderate value of tAdIP) index. So it is If we focus our attention on the relation with the experimental
interesting to compare the topological parameters S®H,* data, we notice that the IP-EA values are larger than\itie)
with the equivalent ones in the typical 2c-3e-bonded radical ©nes and much more larger than th¢EA) ones. Thus, at first
cations HO OH,* and HSI SH,* (see Table 6). Because of glance_, the situation does not seem very favorable for the
the large number of protonated basins in these three cations, dormation of a three-electron bond between'®Rnd theOH
better picture of the electron delocalization is obtained by radical. These large IP-EA values for the BRH radicals may
considering a globady vy index where X and Y, respectively, explain the small values db.. However, McKee et_gl. have
represent all the basins of theXt and HY fragments. For characterlged 2c-3e-lponded systems formed by addition between
H,SOH:, the electron delocalization remains rather smald the Ct radical and nitrogen bases, for which the IP-EA index
= 0.40). For HOO OH* and HSO SH,*, though the delocal-  reaches 6.5 e¥e This is not so far from the lowest value (6.9
ization between the monosynaptic basins alone remains moder£V) obtained for (CH),SOH. By substitutionDe increases up
ate, thedoo and dss values, as well as the(3e) ones, to 8.4 kcal mot?, as expected from the diminution of IP-EA.
corroborate the 2c-3e nature of thelO and $1S bonds. This Though this strengthening @ is similar to the one observed
is not the case for the-8O bond, which does not verify the ~ for the anions withA(EA), we notice that it follows the
rulesn® 2, 3, and 4. Our conclusions, based on a topological Shortening of the bond length.
approach, also agree with the results of Ma#yyho investi- Our results for the most-studied disubstituted radical are in
gated the nature of the binding in the radical cation complexes agreement with the first ones of McKébut they are somewhat
HoX:*YH,© by a population-based localization procedure contradictory with those of Tufe&®5? and of Wang and
applied to the highest doubly occupied molecular orbital. He Zhang!® Whatever method we used, we always obtained 2c-
showed that, for LBOH,* and some other disymmetric cations, 3e-type structures, whereas Tiek@and Wang and Zhang found
there was no orbital overlapping, contrary to all the symmetric different structures depending of the calculation method. Within
species. an MP2 framework, they obtained a structure with the H atom
The substitution amplifies the localization of the extra electron of the OH moiety pointing to the S atom of the DMS moiety
in the V(S) basin, and consequently still lowers the delocaliza- stabilized by a “dipole-dipole”-type interaction. The discrep-
tion index. This was expected from the increasaA@P). Finally ancies between our frozen-core MP2 and the full MP2 results
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of Tureek are not due to our approximation since we have IV. Conclusion

verified that inclusion of core electrons into the basis set leads o . .

to the same 2c-3e structure. Within a B3LYP/cc-pVTZ frame- Some criteria are proposed to differentiate a 2c-3e bond from
work, these authors obtained both structures. Surprisingly, theargje(l)ec}rosgatlc |.nterachon Oang ar% :;pplled tol tq; anion
2c-3e structure obtained by Wang and Zhang is in good RS OH", the cation RRS-OH,", and the neutral RfS--

agreement with our CCSD(T)/6-315* one. In that case, it SI:\Nradi(Eﬁlsl._ F_ti_rst,vtgeteX[t)erimetEta:Imdlh:efrent(;]e int_energy
seems that using very large basis set, but without the diffuse etween the limiting VB structures, that i§(IP) for the cations,

functions required by the resonance (6), balances the inherent‘A(EA) fo_r the_ a“'o,f‘s’ and IP'EA for the neutrals, is used as an
. . - energetical index” for the existence of a three-electron bond.
inadequacy of this DFT methdd.Hence, we had eliminated From the small values oA(EA), only the RS]OH- anion

the B3LYP method after preliminary calculations with the three , 0Nty

standard basis sets (mentioned in section Ill.A) because we ha adicals present such a 2c-3e bond. So a set of five criteria was
. RS . o etermined from the topological study of the anionic species to
pointed out the well-known overestimation of the dissociation

characterize this type of bond. The absence of a disynaptic basin
energy. is a qualitative criterion, which is a common feature for all
Furthermore, we will also compare our results on the mono- interactions without electron pair sharing. It is thus comple-
and nonsubstituted radicals with the 2c-3e structures of Wangmented by a semiquantitative one, the CVB indé3e), which
and Zhang using the B3LYP method. The energy and geometryis positive for a 2c-3e-bonded complex and around 0.13 for the
of the monosubstituted radical are close to our CCSD(T) results, SJO bond. The radical anions evidently and, among the neutral
as for the DMS. However, for $3$OH, Wang and Zhang have radicals, the DMSI OH species verify these two rules, contrary
found a very weakly bonded structu®«(= 0.2 kcal mot?), to the RRS:--OH," radical cations. The quantitative criteria
the S-O bond length being 2.517 A, which is far from our allow us to specify (i) the charge transfexN, between the
result discussed previously. It must be noted that, even afterfragments involved in the formation of the-8D bond, (ii) the
full optimization at the CCSD(T)/6-311-+G(3df,2pd) level, we sharing of the spin density,[] and (iii) the electron delocal-
still get a large SO bond length of 2.83 A. ization dv(s)v(o) between the V(S) and V(O) monosynaptic
The topological results will help us to characterize the nature Pasins. For the anions (respectively, for the substituted neutrals),
of the S++O bond in the neutral radicals. At first, their ELF the charge transfer occurs from the sulfur-centered fragment to
the hydroxyl fragment and reaches 0.5 e (respectively, 0.3 e).
For the cations, the transfer is very low and occurs fros®H
to the sulfur-centered fragment. In all these radicals, as it was
Iready shown for radical anioA%the spin density is mainly

isosurface still verifies the rule® 1, as shown in Figure 2c for
the simplest HSOH. For the three neutral radicals, it is worthy
to note the “T” orientation of these basins, intermediate between
the lateral one observed in the anions and the axial one observe X o ; >

in the cations. For the quantitative analysis, we must differentiate g’ clallze%wnklun thehmonosynapt;]c basins. dHJ)wlever, ongy vx(/jell- d
the nonsubstituted and subsituted species, as it was noted for f"‘a“.ce values ¢ aractgnzg t (.3 pure .O -electron on. an
the structural and energetical results. As shown by Table-3, H give rise to a large delocalization index, I|k_e 0.58 for the anions
SOH behaves as the substituted radical cation since there isand 0.48 for DMSIOH, whereas the maximum value for the

. . cations is 0.22. The topological analysis allows us to calculate
nearly no charge transfer between the monosynaptic basins. Th‘?he weigths of the limiting VB structures by summing ti]

detailed analysis, see Table 5, shows that the V(O) and V(S) values over the whole basins of each fragment; for the anions

populations are not modified when the-® bond is setting. qeq resonance (4)), it gives rise to equally probable structures,
Consequently, the electron remains mainly localized into the \yhareas for the cations. the RS8R :OH, structure (see
V(O) basin as indicated by thés,[lvalue of 0.4. The low  regonance (2)) is always the dominant one, from 84% fer H
delocalization index and the negativ§3e) definitively cor- SOH,* up to 96% for the disubstituted species. For the neutral
roborate the electrostatic nature of the-® bond, as in the  ragicals, the nature of the-SO interaction is modified by

substituted radical cations. In return, the topological parametersgypstitution; it is clearly of the van der Waals type isS®H,

of the substituted species show several similarities with those wjth the neutral HS: *OH structure (see resonance (6))
of the anion radicals. As shown by Table 3, there is a contributing to 96%, and mainly of the 2c-3e type in the
nonnegligible charge transfer from the R¢3Hto the OH disubstituted species, the same structure contributing to 66%,
fragment in the substituted radicals, increasing from 0.21 e in whereas in the monosubstituted one there is a balance of both
HCH3;SOH to 0.29 e in (CH,SOH. From the population interactions.

analysis of Table 5, it can be deduced that the charge transfer afterward, we can conclude that, besides the energetical
mainly occurs from the V(S) to the V(O) basin (there is a index, topological criteria must be taken into account in order
discrepancy between the global charge transfer and the variationgo characterize a 2c-3e-bonded structure. Hence, the disubstituted
of the basin populations because of the flow of population to neutral radical, despite a low dissociation enebyy presents

the V(H,S) basin and to the V(S,C) one(s)). As a consequencesuch a 2c-3e SO bond. Furthermore, from a chemical point
of this greater charge transfer, tf®&[value of the V(S) basin  of view, the stabilizing effects of the substituents were pointed
decreases and reaches 0.28 in the disubstituted radical. Alsoput for the formation of the three-electron bond as well as for
the balancing of the spin density gives rise to an increase of the anions and the neutral radicals.

the delocalization index, up to 0.48 in the DM®H, and in By comparison with predictions from accurate CCSD(T)
the CVB index, up to 0.13, which is the same value as in the calculations in some simple model systems, BHLYP and MP2
anions. It is noteworthy that the evolution of the topological are shown to have difficulties for correctly describing the
features under substitution is consistent with the decrease ofelectronic structure of these radicals, more specifically neutral
the IP-EA index. Finally, these topological results bring into and anionic ones. Furthermore, knowing the systematic behav-
light the intermediate nature of the-8D bond in the substituted  iors uncovered in such comparative studies then allows calcula-
radicals; it is an interaction essentially electrostatic in HCH  tions within low-level methods using small basis sets to be
SOH but 2c-3e-bonded in DMSOH. cautiously applied to larger, presumably more chemically or
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biologically interesting, compounds, for which the CCSD(T)
treatment is computationally too demanding.
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