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The radical cations of t,4-dithiin, 1,4-benzodithiin and thianthrene have been prepared 
and their electron-spin resonance spectra measured at room temperature in concentrated 
sulphuric acid solution. Spin densities for these radicals have been calculated using McLAeg- 
LA~r'S extension of the Hfickel molecular orbital method with neglect of overlap and using two 
models for the sulphur atom, one with and the other without the participation of the 3d-orbi- 
tMs. It  is concluded that the 3d-model gives significantly better results although qualitatively 
a similar distribution is predicted by both models. Appropriate values for the sulphur atom 
parameters are those used by LO~GV~T-HmGIXS in his discussion of thiophene. Owing to the 
probable non-planarity of these radicals the improvement arising from the inclusion of d- 
orbitMs may in fact be due, at least in part, to interaction of the carbon 2p~ orbitMs with the 
antibonding carbon-sulphur a orbitMs. 

Die RadikM-Kationen yon 1,4-Dithiin, Benzo-l,4-dithiin und Thianthren wurden darge- 
stellt und ihre Elektronenspin-Resonanz-Spektren bei t~aumtemperatur in konzentrierter 
Schwefels~ure gemessen. Die Spindichten fiir diese drei I~adikale wurden nach der Methode 
yon MeLAe~LA~ unter Verwendung yon zwei Modellen ftir das Schwefelatom berechnet; das 
eine Modell n i t  und das andere ohne Beteiligung yon 3d-OrbitMen. Es ergab sich, dal~ dutch 
das 3d-Modell eine bessere quantitative Ubereinstimmung erzielt werden kann, obwohl beide 
Modelle eine ghnliche qualitative Verteilung ergeben. Die geeigneten Werte ffir die Parameter 
des Schwefelatoms sind die yon LO~GVnT-I-IIc~GI~S in seiner Diskussion fiber Thiophen be- 
nutzten. Da diese Radikale wahrscheinlich nieht planar gebaut sind, kSnnen, jedenfMls teil- 
weise, die durch die Einbeziehung der d-OrbitMe erzielten Verbesserungen yon einer Wechsel- 
wirkung der Kohlenstoff 2p~-Bahnen mit den nichtbindenden Kohlenstoff-Scbwefel-a-Orbi- 
talen herriihren. 

Les radieaux cationiques de 1,4-dithiin, 1,4-benzodithiin et de thianthr~ne ont 6t6 pr6pa- 
r6s et leurs spectres de r6sonanee 61ectroniques mesur6s & temp6rature ambiante en solution 
d'acide sulphurique concentr6. Les densit6s de spin pour ces trois radicaux ont 6t6 cMcul6es 
selon la m6thode de McLAe~r~A~r en utilisant deux modgles pour l'atome de soufre; Fun avec 
et l'autre sans la participation des orbitMes 3d. I1 en r6sulte que le modgle 3d donne un meil- 
leur accord quantitatif, quoique les deux donnent une distribution quMitativement semblable. 
Les vMeurs appropri6es des parambtres de l'atome de soufre sont eelles utflis6es par LO~-GV~T. 
I-ImGINS dans sa discussion du thiophbne. A cause de la non-planarit6 de ces radicaux, l'am6- 
lioration apport6e par les orbitMes d pourrMt 6tre due, du moins en partie, s l'interaction des 
orbitMes 2p~ du carbone avec les orbitMes antiliantes a carbone-soufre. 

I. Introduction 

The s tudy  of the  hyperfine s t ructure  in electron-spin resonance spectra as a 

means of  de termining  the  unpai red  spin d is t r ibut ion  in free radicals and the  

corre la t ion of these resul ts  wi th  those predic ted  by  quan tum-meehan icM calcu- 

la t ions has been the  subjec t  of a number  of recent  papers  and of  two reviews [3, 
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20]. For homonuclear systems excellent agreement between theory and experi- 
ment  has been obtained [15], so a method is afforded for the determination of 
the best description of heteroatoms in conjugated systems. An example of a 
successful application of this kind is a recent investigation of the electron-spin 
resonance spectra of various nitrogen-containing heterocycles [4]. 

Simple molecules containing a sulphur a tom in the conjugated system have not 
so far been extensively studied, although the sulphur atom is particularly interest- 
ing in view of its often-invoked possibility of making use of its vacant 3d-orbi- 
tals [18]. I t  has recently been shown, however, that  the radicals produced when 
thianthrene is dissolved in concentrated sulphurie acid are the corresponding 
radical-cations [19, 12] and tha t  this property is a general one for the i,4-dithiins. 

Following the method previously employed for the determination of the best 
parameters for the oxygen atom in the p-benzosemiquinones [21, 2], the radicals 
of i,4-dithiin, ~,4-benzodithlin and thianthrene have been prepared and their 
electron-spin resonance spectra measured. Parallel experiments on substituted 
molecules have made possible the assignment of the observed coupling constants 
to the particular protons in the parent radicals. 

Molecular orbital calculations of initially the odd-electron distribution by  the 
Hfickel method, neglecting overlap, and finally the spin-density distribution by 
McLACl~LA~'S extension of this technique [15] were carried out using two models 
for the sulphur atom, i. e. with and without 3d-orbital participation, and a variety 
of values for the various parameters describing the sulphur atom and the sulphur- 
carbon bond. In  this way it was hoped tha t  it would be possible to determine the 
best description of the sulphur a tom in these systems. 

II. Experimental Results 
a) Experimental Techniques 

i,4-dithiin and 1,4-benzodithiin were prepared according to the methods of PARFIA~ et al. 
[17]; 6-methyl-t,4-benzodithiin was prepared as in reference [12]. 2,6-dimethyl-thianthrene 
[5] and 2,6-dichloro-thi~nthrene [1] were prepared by standard methods. Thianthrene was 
purified commercial product. 

The spectr~ were measured on a modified ,,Microspin" spectrometer in ~ field of 3.300 
gauss. The field was calibrated at regular intervals ~gainst potassium naphthalenide in di- 
methoxyethane. 

b) Experimental Results 
The radicals were produced either by dissolving the parent compound in 

concentrated sulphuric acid or by adding a slight excess of ant imony pentachloride 
to a solution of the parent compound in a 2:1 mixture of benzene and nitro- 
methane. Both solutions were deoxygenated by  bubbling nitrogen through them. 
At room temperature  the spectra in sulphuric acid were much sharper than those 
in the benzene-nitromethane mixture which, however, become noticeably sharper 
on cooling. This is presumably a further example of the increased resolution often 
afforded by more viscous solvents, observed by t I A v s s ~  [6], and which is thought 
to be due to exchange effects [16, 8]. The splitting constants reported in Tab. i 
were those measured in sulphurie acid at room temperature,  but  they did not 
noticeably differ from those measured in benzene-nitromethane. In  neither 1,4- 
benzodithiin and thianthrene was it possible to resolve the splitting due to the 
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smallest coupling constant 
and the figure given is an 
upper limit indicated by the 
line-width. The spectrum of 
t,4-benzodithiin is shown in 
Fig. 1. 

e) Assignment  o/ Splitting 
Constants 

The reasonable assump- 
tion is made tha t  the largest 
splitting constant in 1,4- 
benzodithiin is due to the 
protons in the 2,3 positions 
and the observed spectrum 
of nine bands for 6-methyl- 
t,4-benzodithiin indicates 
tha t  the splitting of 1.05 
gauss must  be assigned to 
the protons in the 6,7 posi- 
tions. Had  this splitting 
been due to the 5,8 protons, 
then the spectrum would 
probably have only consist- 
ed of three bands and the 
overall width would have 
remained at about 8.5 
gauss, in stead of the 12.0 
gauss observed. The three- 
line spectrum of 2,6-di- 
ehlorothianthrene and the 
nine-line spectrum of the 
2,6-dimethyl derivative 

Table 1. Hyperfine splitting constants (M gauss) o/ 1,4- 
dithiinium radicaLcations. The assignment to particular pro- 

to~s is discussed in the text 

[~>  = 2.80 • 0.05 

s 1 \ +  

o ..J U / 
[a~] b = 3.20 • 0.05 

[a~p < 0.5 
[a~'p = 1.05 • o.o5 

s ] \ +  

61 tf fr lfl 
[ a ~ ]  ~ ~ 0 . 5  

[a~]~ = 1.3o • 0.05 

7 ~ S ~ _ \  a 2 ~ a 3 ~ 1.5 
H H 

a 7 ,~, a M e  ~ ,  3.0 6 3 

I-~sO 5 4 / a5  ' a s  ~ 0 . 5  

8 1 2 \ §  
7 / ~ j s N / ~ / ~  

/ [~f>, [=f> < 0.5 
[a~p = 1.3 

8 9 1 \ q -  
~ / ~ / s N / ~ / ' o H ~ \  [af]b, [a~]b < 0.5 

/ ~ / \ s / ~ / '  / [~I  b ~ [G2  ~ ~ ~.4 
CH~ 5 10 4 

Coupling constant due to 4 equivalent protons; 
b Coupling constant due to 2 equivalent protons. 

leave no doubt tha t  the splitting constant 
of 1.30 gauss in thianthrene is due to the 
protons at  the 2, 3, 6, 7 positions. 

III .  The  Shape  of the  Di th i in  Rad ica l  Cations 

The crystal structure of t,4-dithfin [7] 
and of thianthrene [13] reveals tha t  these 
molecules are bent about  the line joining 
the two sulphur atoms, the dihedral angles 
being 137 ~ and f28 ~ respectively. The 

SGauss 

Fig.  1. E S R  spec t rum of  1,4-benzodi~hiin 

molecular orbital calculations to be discussed in the following section indicate that  
in the cation the formal charge is of the order of 0.25 on each sulphur atom, 
so that  reduced electron repulsion might be expected to favour a larger dihedral 
angle. The principal components of the g-tensor of the thianthreneantimony 
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pentachloride adduct, measured on the polycrystalline solid according to the 
method of I(NEUttgrttL [9],  a r e  2.0048, 2.0086 and 2.0142, which certainly do 
not favour a completely planar structure, although large deviations from 
spherical symmetry  would be expected for a radical in which there is such a high 
spin density on the sulphur a tom [14]. In  the absence of more definite information, 
it must  be assumed, therefore, tha t  the radical-cations are non-planar. 

IV. Molecular Orbital Calculations 

In  the absence of a plane of symmetry  through the conjugated system a classi- 
fication of the orbitals into o- and n-types is no longer strictly possible. The mole- 
cules can, however, be considered to be built up from ethylene and or benzene 
units, so it is assumed initially that  in the carbon framework the usual a-~ separa- 
tion is justified. Orbitals on the sulphur a tom are then sought which can interact 
with the n-system. In  both 1,4-dithiin [7] and thianthrene [13] the C S C angle 
is approximately 100 ~ The sulphur orbitals bonded to the carbon ~ bonds are 
thus given by  

(2a--t) p~ 

l - - c t  
where - tan 5 ~ 

and can be seen to be almost pure orbitals. Of the remaining two lone pairs, one 
is in an almost pure s-orbital and the other is in a Pz orbital perpendicular to the 
C S C plane, and thus at an ~ngle to the =-orbitals of the carbon system. The 
coordinate system is shown in Fig. 2. 

For a planar molecule there are two d-orbitals of the appropriate n-symmetry,  
dxz and dyz. Bending of the molecule permits the other d-orbitals to interact with 

~U 
i 

I 

Fig. 2. Co-ordinate system 

the z-system, but  it will always be possible to con- 
struct just two d-orbitals suitably oriented for maxi- 
mum overlap. In  his t rea tment  of thiophen Lo~GvnT- 
HIGGINS [11] hybridised these two with the 3 Pz 
orbital and thus obtained two hybrids suitably orient- 
ed to interact with the carbon 2pz orbitals. For the 
present purpose, at  least, this obscures at  this stage 
the way in which these two orbitals interact with the 
n-system for they are respectively symmetric and 

antisymmetrie with respect to reflection in the molecular symmetry  plane through 
the sulphur atoms in 1,4-dithiin and thianthrene. 

The object of this s tudy was to see if it was possible on the basis of the elec- 
tron-spin resonance results to choose between the two models for the conjugation 
of the sulphur atom, i. e. with and without the participation of the 3d-orbitals. 
This object will only have been achieved if it is possible to show tha t  for one of the 
models it is either impossible to achieve agreement with experiment or tha t  very 
unhkcly values of the sulphur a tom paranieters are required. A preliminary 
survey of the energy levels of these molecules showed tha t  in all three cases the 
odd-electron was in a totally symmetric orbital. For i,4-dithiin and thianthrene 
this can contain no contribution from the 3dyz orbital so that,  by calculation of 
the odd-electron density, no distinction can be made between the two models as 
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the contribution of the 3dx~ orbital is absorbed into that of the 3pz orbital. For 
t,4-benzodithfin there is no plane of symmetry through the sulphur atoms and 
different odd-electron densities are predicted by the two models. 

In  the calculation of spin densities by McLAcHLAN'S method [15] a correction 
is applied to the odd-e]eetron distributions which in general has the effect of 
increasing the spin densities at positions of high odd-electron density and decreas- 
ing and even making negative the spin densities at positions of low odd-electron 
density. Because these corrections involve contributions from all the occupied 
orbitals the two models for ~,4-dithfin and thianthrene now no longer give identi- 
cal results. 

The following approach was therefore adopted. For 1,4-dithiin and thianthrene 
odd-electron distributions were calculated in the p-orbital model for various 
values of the sulphur Coulomb integral, cos --~ c~ § dfi, and the sulphur-carbon 
resonance integral, t ics  ~-- 7t ~, where ~ and/~ are the Coulomb and resonance 

Table 2, Theoretical splitting constants/or 1,g-dithii~s 
For the p-model as = cr + 1.0 fi, tics = 0.566 fl 

d-model as = ac, flss" = fl, tics = 0.8 fl 
For the calculations according to McLAcm~AN'S method ), = 1.0 Q = 24.0 for both methods. 

Molecule 

1,4-dithiin . . . . . . . . . . . . . . . . . . .  
J,4-benzodithiin . . . . . . . . . . . . . .  

thianthrene . . . . . . . . . . . . . . . . . .  

Splitting 
constant 

4 
a~ 
af 
a~ 
a~ 
a~ 

H~CKEL 

p d 

3.00 3.00 
3.8O 3.16 
0.39 0.47 
0.78 0.98 
0.37 0.37 
t .06 1.06 

MeLAcHLAI~ 

p d 

2.42 3.00 
3.92 3.59 
0.2t 0.20 
0.34 0.74 
0.14 0.08 
0.75 0.98 

Experiment 

2.90 
3.20 

< 0.5 
1.05 

< 0.5 
1.30 

integral of the carbon atom and carbon-carbon bond respectively. Bearing in 
mind the effect of the correction to be applied for a calculation of spin density 
an appropriate region of parameter space was thus chosen to give agreement with 
experiment for these two molecules. 

Odd-electron densities for 1,4-benzodithfin were then calculated using both 
the p-orbitM model and the LOSGVET-HmGISS 3d orbital model for the sulphur 
atom [ t l ]  in order to limit the area of parameter space even further. In  the latter 
ease three parameters are required to describe the sulphur atom, ~ = r +#fi, 
/~s = ufl and fl's8 = 0/~' For the two symmetrical molecules these parameters give 
identical results to the p-orbital model if d = # § 0 and), V2= v. As here/~ and 
cannot be separated, ~ was assigned the value of t.0 used by LONGUET-HmGINS 
and the calculations for 1,4-benzodithfin were performed for variations of only 
# and u. Finally spin densities were calculated in this region, using a value of the 
parameter X in the McLAcHLAX procedure [15] of 2 = 1.0. 

As a result of the odd-electron density calculations, it became apparent that  
appropriate values of the parameters were 

0 . 4 < y < 0 . 7  and 0 . 7 < d ~ <  1.2 

In  Tab. 2 are shown the results of both the odd-electron distributions and the 
spin densities for all three molecules in both models for a representative set of 
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values of the parameters.  I t  can be seen tha t  the d-orbital model gives a some- 
what better  agreement with experiment than tha t  using p-orbitals alone. 

The most important  defects of the p-orbital model arise in 1,4-dithiin and 1,4- 
benzodithiin. Here it does not seem possible to simultaneously obtain agreement 
with experiment for these two molecules for the errors are in opposite senses 
while, at least for the 2,3 position in t,4-benzodithiin, the spin densities vary  in 
similar ways as a function of the sulphur a tom parameters.  Moreover, a conside- 
ration of t,4-benzodithiin alone shows that  while it is possible to reduce the spin 
density at the 2,3 position, it is not possible to increase the density at the 6,7 
position for reasonable values of the parameters. 

I t  must  be concluded, therefore, tha t  the d-orbital model gives a significantly 
bet ter  agreement with experiment than  tha t  using only p -orb i taL  

D i s c u s s i o n  

The values of the parameters used for the results given in Tab. 2 are very 
similar to those used in previous calculations. Thus the parameters in the d-orbital 
model ( # - 0 . 0 ,  v =  0.8, @= 1.0) are those used by LO~CGUnT-HIGGI~S in his 
discussion of thiophen [11] while the equivalent values in the p-orbital model 
(~ = t.0, 7 = 0.566) are similar to those used by K ~ E v o u  [10] (~ = 0.82, ~ = 0.42) 
in a t rea tment  of 1,4-dithiin by the method of PAi~IS~n and PA~R. I t  is noteworthy 
tha t  with these parameters  the coefficient of the unexcited Hiickel configuration 
in the ground-state wave function is 0.998. 

Although it would appear tha t  the d-orbital model is a significantly bet ter  one 
for the sulphur a tom in these molecules, it must not immediately be concluded tha t  
the 3d-orbitals are in fact employed. All that  has been shown is tha t  the inclusion 
of a vacant  antisymmetrie orbital of energy approximately fi greater than tha t  
of the carbon 2pz orbital improves agreement with experiment. The probable 
non-planarity of these radicals prevents, however, an unambiguous identification 
of this orbital with 3duz orbital of sulphur for the 3pz orbitals of the carbon atom 
can now interact with the antibonding carbon-sulphur ~ orbitals [22] which have 
approximately the appropriate energy. I f  these are written as symmetric and 
antisymmetric combinations of the two ~ orbitals the antisymmetric one which 
interests us here becomes, in the numbering and co-ordinate system of Fig. 2 : 

1 1 
PY = 2 -  (0"1 - -  0"2)" 

This neglects the slight s-hybridisation of the sulphur 0" orbitals and assumes the 
equal electronegativity of the carbon and sulphur atoms. I f  direct overlap with 
el and a2 is neglected and a dihedral angle of 130 ~ a carbon-sulphur bond length 
of 1.77/~ and a C C S angle of 120 ~ are assumed, then the overlap integral inter- 
polated from the tables of MULLIKEN et al. has the value 0.087 to be compared with 
tha t  of 0.t45 for the 2pz-- 3pz overlap with the same molecular geometry. Thus 
the overlap is by no means negligeable and at least a part  of the orbital we require 
may  arise from this source. 

Conclusion 

I t  is concluded that  the 3d-orbital model of the sulphur atom gives a quantita- 
tively bet ter  description of the 1,4-dithiin radicM-cations, although qualitatively 
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a s imi la r  e lect ron d i s t r ibu t ion  is p red ic t ed  by  bo th  this  model  and  t h a t  using the  
3pz orbi ta l .  The su lphur  a toms '  use of  3d-orbi ta ls  m a y  in fact  only  be appa-  
rent  as the  p robab le  non -p l ana r i t y  of  these radicals  allows the  carbon z - s y s t e m  
to in t e rac t  wi th  the  ca rbon-su lphur  an t ibond ing  a-orb i ta l s  which qua l i t a t ive ly  
would  have  the  same effect as a 3d-orbi ta l  while the i r  energy and  over lap  wi th  the  
carbon 2pz orbi ta l s  make  i t  qui te  possible t h a t  this  in te rac t ion  p lays  a significant 
p a r t  in the  e lect ron s t ruc ture  of the  1,4-dithiins.  
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