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ESR spectra and electronic structure of the C12 0" + radical cation 
and the paramagnetic C12002+ dication and Cj2002- dianion 
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Electronic structure of the Ci20" ~- radical c~tion and the paramagnetic Cl?o O2+ dication 
and Ci2002- dianion m the triplet state was calculated by the MNDO/PM3 method in the 
valence approximation. The density distributions of the unpaired electrons in these systems 
~ere found and the ESR spectra of the above species were interpreted. 
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Syntheses of  dimers,  ol igomers,  and polymers based 
on fullerene C60 have s t imulated investigations of  the 
molecular  and e lect ronic  structure of  the derivatives of  
these novel carbon compounds  ! -3  and their radical 
anions and cations. 4-7 Recently,  the ESR spectra of  
paramagnetic  species C120"*, 4 C140+, 5 and Ct200 2~ 6 
have been studied. The ESR data for the C[?00 2- 
dianion in the triplet state have been r epo r t ed )  

Radical cations Cv, o "+ and Cl40"* were synthesized 
t~sing concentrated H2SO. ~ ~s both oxidant and solvent, 4-6 
while the Cj200 2- dianion was generated in the electro- 
chemical reduction of  Ci200 in o-dichlorobenzene using 
tetrabutylammonium perchlomte as electrolyte. 7 The ESR 
spectrum of the Ct20 + cation is characterized by three 
constants of  hyperfine interaction (HFI)  with 13C nuclei 
(a I = 0.175 roT, a? = 0100  roT, and a 3 = 0.030 mT). 4 
It should be noted that close values of  constants of  HFI 
with 13C nuclei have been observed recently ~ in ESR 
spectra of  radical anions of  mono-  and bisfunctional 
flfllerenc derivatives C 6 0 [ C ( C O O E t ) 2 l , ' -  (n = I, 2). 

The fullerene fragments of  C[20 and C60[C(COOEt)2] 
molecules have 58 n-e lec t rons  each and are structurally 
close. The constants  of  HFI  with 13C nt,clei in the 
C120 "+ radical cat ion and C 6 o I C ( C O O E t ) 2 ] ' -  radical 
anion indicate that the density distribution of  the un- 
paired electrons in the polyhedral  fragments of  these 
systems appreciably differ from the spherically symmet-  
ric distribution observed in the cation and anion of  
fullerene C60. 

The ESR spectra of  the C~200 2+ dication and Ct200 2- 
dianion correspond to the triplet state of  these species and 
are cha rac te r i zed  bv fine s t ructure  constants  D of  
2.95 mT 6 and 1.3 roT, 7 respectively. ] 'he effective dis- 
tahoe (r~) between the unpaired electrons, calculated using 
the point model  of  d ipo le -d ipo le  interact ion (D = 
3g2j~2/(2r3), ') where ,~ is the spectroscopic splitting factor 
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Fig. 1. Structure of ~-flamework of radical cation I. The 
atoms with spin populations higher than 0.01 au are num- 
bered. 

and ff is the Bohr magneton),  is 7.8 A iq t h e  C12002. 
dication and 13 A in Cl?00  2- dianion.  If in the first case 
the r value it close to the distance between the centers of  
the polyhedral fragments (8.5 A), in the second case it 
approaches the linear size of  the molecu le  (16 A). 

When analyzing the ESR spectra  of  radical cations 
and anions of  the fullerene C60 derivatives discussed 
above, the problem arises o f  the s t ructure  of  the molecu-  
lar orbitals (MO)  on which the unpaired e lect rons  are 
localized. To solve this p rob lem,  in this work we per- 
fotnted quan tum-chemica l  s tudies of  the density distri- 
bution of  the unpaired e lec t ron in the Ct20 '+ radical 
cation ( I ,  Fig. 1) and in the Ct200 2~- dicat ion (2, 
Fig. 2) and Cj200 2- d ianion (3, see Fig. 2) in the 
triplet state. 

Calculation procedure 

Calctdations were performed in the valence approximation 
by the semiempir]cal quantum-chemica l  M N D O / P M 3  
method 10 on a DEC 3000 AXP-40OX workstation using the 
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Fig. 2. Structure of ~7-framework of dication 2 and dianion 3 
in the triplet state. The atoms with spin populations higher 
than 0.035 at, for 2 and 0.05 au for 3 are numbered. 

GAMESS program package. II Systems with open electron 
shells were studied in the fiamework of the ROHF scheme. 
The calculations were performed taking into account that the 
C60 dinaers were formed as a result of [2+2]-cycloaddition 
reaction. This reaction proceeds with involvemcnt of either 
bonds common  to two adjacent  s ix-mcmbered cycles 
(6,6-bonds) or bonds common to adjacent five-membered and 
six-membered cycles (5,6-bonds). 

Among fullerene C@ dimers formed as a result of [2+2]-cy- 
cloaddition on 6,6/6,6; 6,6/5,6: and 5,6/6,5-bonds, we chose 
the most stable 6,6/6,6-isomer 1,12 with D2h symmetry, whose 
structure corresponds to the experimental data. 13 In such a 
CI20 cluster, two C60 monomers are bonded through the four- 
membered cycle. One 6,6-bond of each of the C60 molecules 
(see Fig. 1) participates in the formation of this cycle. Calcu- 
lations of the density distribution of the unpaired electron in 
the Ct20' ~ radical cation were pefformcd ignoring a possible 
effect of the SO 3- counterion. 

To calculate the MO of the Ci20 O2+ dication and C,20 O2- 
dianion, we chose the most stable isomer with C2,, symmeto', t'~ 
Sinmlation of the density distributions of tile unpaired elec- 
trons in Ci20 O2+ and Ci2oO 2- species was carried out ignoring 
the presencc of SO 3- anions and tetrabutylammonium cations, 
respectively. 

Results and Discussion 

Radical cation Ci2 o'+. T h e  popula t ions  of  the un-  
paired e lec t ron  on c a r b o n  a toms  of  the CI20" + radical 
ca t ion ( the n u m b e r i n g  o f  a toms  is shown iq Fig. I) and 
the cons t an t s  of  HFI  with 13C nuclei ,  es t im' t ted  using 
tile pa rame te r s  of  equa t ions  tha t  describe HF1 in p lanar  
,-t-electron radicals ,  are s h o w n  in Table  I. t5 Such a 
procedure  tbr  e s t ima t ing  is, to some extent ,  based on  the 
results 16 of  analysis  of  the  cons tan t s  of  HFI  with 13C 
J~ticlei i n t h e  C{,oCMe 3 radii~al2 

M e n t i o n  has been made  16 that  the HFI  with 13C 
nuclei  does ,lot differ apprec iab ly  from tha t  charac ter is -  
tic of  p lanar  : r -e lectron radicals. Our  ca lcula t ions  showed 
tha t  an a s y m m e t r i c  s t r u c t u r e  c o r r e s p o n d s  to tile 
energy m i n i m u m  iu tile case of  radical ca t ion CI2 0" +. 
This  is re l lcc ted  in tile dens i ty  d is t r ibut ion  of the un-  
paired e lec t ron .  F'n}m the  data  listed in Table 1 it 
Ibllo\vs that  this  d i s t r ibu t ion  is a symmet r i c  and the 
populat ions  are mostly (0.S0 au} localized on onh '  15 car- 

Table I. Spin populations on atoms (p) calculated by the 
MNDO/PM3 method and constants of HFI with 13C nuclei 
(a) in tile Ct20 "+ radical cation 

A t o m *  p a Atom* p a 

/au** /roT lau** /roT 

C(1) 0.14 0.42 C(9) 0.02 0.003 
C(2) 0.14 022 C(10) 0.02 0.20 
C(3) 0.13 0.22 C(I 1) 0.02 0.05 
C(4) 0.13 0.02 C(12) 0.01 0.03 
C(5) 0.05 0. I I C(13) 0.01 0.03 
C(6} 0.05 0.08 C(14) 0.01 0.04 
C(7) 0.03 0.09 C(15) 0.01 0.04 
C(8) 0.03 0.06 

* The numbering of atoms is shown in Fig. I. 
** The p values equal to or larger than 0.01 au are listed. 

bon  a toms,  the  greatest  part  of  which  belongs  to one  o f  
tile C60 f ragments  (see Fig. 1). The  r ema in ing  popu la -  
t ions (0.20 au) are d is t r ibuted  over  105 Zzarbon a toms .  
The  above popula t ions  of  the  unpa i red  e l ec t ron  cor re-  
spond  to one  of  the  a s y m m e t r i c  s t ructures .  It is obvious  
tha t  an  energet ica l ly  equ iva len t  state shou ld  also exist, 
in which  the  unpa i r ed  e l ec t ron  is most ly  local ized on 
a toms  o f  the  o the r  part  of  the cat ion.  

D y n a m i c  t rans i t ions  o f  the SO 3- c o u n t e r i o n  be tween  
the  ful lerenyl  f ragments  of  the  Cl20'  + radical  ca t ion  can  
lead to de loca l iza t ion  o f  the  unpa i red  e tec t rou  over  the  
en t i re  molecule .  It shou ld  be no ted  tha t ,  previously,  4 
HFI  with 13C nuclei  in El20 + was observed at an el- 
evated t e m p e r a t u r e  (330 K) and  the total  in tens i ty  of  
the c o m p o n e n t s  of  hyperf ine  s t ruc ture  (HFS'~ due to 
HFI  with 13C nuclei  co r r e sponded  to the  d i s t r ibu t ion  of  
the unpaired e lect ron over  ~30 ca rbon  atoms.  This  inca,as 
tha t  in fact the  unpa i red  e lec t ron  is de loca l ized  over  
bo th  fullerenyl f r agments  and,  hence ,  the  ca lcu la ted  
values of  popu la t ions  and  HF�91 cons tan t s  shou ld  be 
halved when  c o m p a r i n g  t h e m  with expe r imen ta l  data .  
Men t ion  should  be made  that  for the  C60[C(COOEt)2]"  - 
radical an ion ,  the  c o n s t a n t  of  HF[  with 13C nucle i  is 
0.09 m T  and  that  the n u m b e r  of  a toms  par t i c ipa t ing  in 
the in te rac t ion  with the  unpa i red  e lec t ron  is 15. 8 

The  apprec iab le  n o n u n i f o r m i t y  of  the  d i s t r ibu t ion  o f  
the unpa i red  e lec t ron  over  the  ful lerenyl  f r agment  and 
the shift of  the  e lec t ron  dens i ty  toward the  cyc lobu t ane  
bridge are the most  i m p o r t a n t  results ob t a ined  in our  
calcula t ions .  

The  ca lcula ted  and  measured  values o f  HFI  c o n -  
stafftg a r e o f t i l e  s a n t e o r d e r  Of m a g n i t u d e  Lliid the:re is 
little poiut  in pe r fo rming  a deta i led  c o m p a r i s o n  of  t he i r  
values. It shou ld  be no t ed  tha t  the  measu red  values or" 
HF1 cons tan t s  are most  likely averaged over  groups  o f  
appn)x ima te ly  equ iva len t  a toms  ra ther  t h a n  be ing  the  
true values co r r e spond ing  to par t icular  groups  of  equiva-  
lent atoms.  This  conc lus ion  is conf i rmed  by tile fact tha t  
tile width of  the compol~cnts  of  HFS due to HFI  with 
13C m~clei ix m u c h  larger t han  that  of  the  cent ra l  l ine 
that contains no t lFS  compoi lents .  
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The high electron density on the C( I )  atom in the 
right fldlercnyl fragment /see F ig  I) is a consequence  
of asymmetry of  the structure of  the calculated Ci2ii + 
radical cation. In the case o f  migration of  the SO3- 
anion and delocal izat ion of  the unpaired electron over 
the enttre molecule  the distribution should become sym- 
n te t r izcd  

Dicat ion e l20 Oz+. Thc calculated populations of  the 
unpaired electrons on the atoms of  the CI2002+ dication 
in the triplet state are listed in "l'ablc 2. ,ks follows from 
the data listed in Table 2 and shown m Fig. 2, these 
populat ions are localized for the most part m the "north- 
ern" (uppe r )hemi sphe re s  of  the polyhedral fragments of  
the dication. At the same time, ment ion should be made 
of the approximate ly  symmetr ic  density distribution ol  
the unpaired electrons about the twofold syrnnletO' axis 
passing through the O atom perpendicular  to the C - C "  
bond connec t ing  the tv, o C6o fragments. The distribt)- 
tion obtained is in quali tat ive agreement  with the value 
of  the effective distance between the unpaired electrons 
(78  A). Most likely, the contr ibut ion of  the populations 
of  the unpaired electrons on the atoms located between 
the planes perpendicular  to the horizontal symmetry 
axis of  the Ct20 O24- dication and passing through the 
"centers" of  the fullerenes to the D value is appreciably 
larger than that of  the densities of  the unpaired electrons 
on the a toms located outside these planes. 

l ) i an ion  Ct200  -'!-. The calculated spin populations 
on the atoms in the Cl?002- dianion are also listed in 
Table 2 ,-'ks can be seem the spin density distr ibution in 
this dianion is also asymmetric. The highest spirt poptl- 
httions are localized on the atoms located in the frag- 

Table 2. Spin populations on atoms (p) of 
the Ci2002+ dication and CI20 O2- dianion m 
the triplet .,,rate. calculated by the 
M N DO/PM3 method 

CI20 ~ el20 O2- 
Atom a p/au t' Atom" p/au c 

C(2) 0137 
C(81 0123 
C{3) 0 123 
C(9) 0.t36 
C(41 0O71 
CII0) 0.071 
C(5} 0.092 
C( 1 I ) 0.092 
C(6) 0.056 
C(12) 0 056 
(-(7) 0.035 
C(13) 0035 
C( I ) 0 085 
C(14) 0085 

C(15) 0108 
C t l l )  0.106 
C(4) 0.104 

C(10) 0.098 
C(16) 0.065 
C(17) 0.07t 
C~ t 81 0 062 
C(19) 0 05 I 
C(2 1 ) 0 f)6t) 

': Fhc numberitlg of,)toms is shown ill Fig 2 
b The 0 v;]ltle5 Cqlltll It) OF larger than 0 035 
rill .ll'C l i m e d  
' The ? v;thtc'; equal It) o f  1;Irt._'.cl than I) t)J an 
,uc hMcd 

mcnts marked by dashed lines in Fig. 2, which is in 
agreement  with an increase in the effective distance 
between the t,npaircd electrons in the ,,llal|ion (t ip to 
13 A) as compared  to the dicat ion 

Thus, the spin density distr ibut ions in the Ci2002+ 
dication and Ct20 O2- dianion are in qualit . , t ive agree- 
illel/t with the effective distances between the unpaired 
electrons,  calculated using the point  model  o f  dipole-  
dipole inter,action. Strictly speaking,  since tiffs model  
gives no reasonable idea of  the true distribt,tion of  the 
unpaired electrons in the case o f  paramagnct ic  systems 
containil tg a large ,mmbcr  of  conjugated bonds, quan-  
tum-chemica l  calculations acquire parlicular significance. 

The above comparison of the results ofcalculat i , )z ls 
wi th the experimental  data has demonstrated their good 
agreement. This makes it possible to draw a conclusion 
that the ESR spectral p;,rameters of  paramagnetic spe- 
cies C I 4- ~ " , a l l d  ' -  2(} , el20 O - t  Ci2oO" are mostly deter-  
mined by electronic  l\~ctors and that the effects of  
solvation, formation of ion pairs, and tempera ture  are 
insignificant. Of  fundamental  impor tance  is theoret ical  
conf i rmat ion of  substantial violat ion of  spherical sym- 
metry of  the spin density distr ibut ion on the C~) frag- 
ments in the C i 2 0 '  radical cat ion.  Compar i son  of the 
parameters of ESR spectra with the results of  calcula-  
tions shows the eflqciency of  using the M N D O / P M 3  
method in the simulat ion of the electronic structure of  
paramagnet ic  species generated from d ime ,s  of  fullcrene 
C60 and their derivatives. 
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