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The effect of the ionic composition and the concentration of the components of a mixed w a t e r -  
dimethylformamide medium on the ~-e lec t ron  s t ruc ture  of anion radicals  of the ni trofuran 
se r ies  was studied. The formation of ion pairs  with the cations and hydration of the anion 
radicals  somewhat increase  the hyperfine s t ruc ture  constants in their  ESR spect ra ,  e spe -  
cial ly those caused by the nitrogen atom of the nitro group, and this should be taken into ac -  
count in high-accuracy quantum-chemical  calculat ions.  A mathematical  descript ion of the 
change in the hyperfine s t ruc ture  constants in mixed wa te r -d ime thy l fo rmamide  media is 
given, and a number  of empir ica l  regular i t ies  that link the magnitudes of the constants with 
the electronic effects of substituents and media factors  are presented.  

Anion radicals  II, which have sufficient stability for their  detection by ESR even in aqueous media 
[2,3], are formed in the one-e lec t ron e lec t rochemica l  reduction of 5-ni t rofuran and its derivat ives (I). Our 
previously  determined hyperfine s t ruc ture  (HFS) constants  of the ESR spect ra  of II, which cha rac te r i ze  the 
distribution of the density of the unpaired electron in the investigated anion radicals  (II), the e lectrophi l ic i -  
t ies of the individual positions of the s tar t ing I molecules  [4,5], and the polarographic potentials for the ad- 
dition of the f i rs t  e lectron have served as an experimental  basis  for the calculation of the molecular  orbi t -  
als of the ~-e lec t ron  sys tem of 5-ni t rofurans by the H~ckel method [1, 6]. Our subsequent investigations 
have demonstra ted that when 5-ni t rofurans  undergo one-elect ron e lec t rochemical  reduction in dimethyl-  
formamide �9 their  half-wave potentials and the HFS constants of II differ markedly  f rom the c o r r e -  
sponding values for  the same anion radicals  in aqueous media [7]. In this connection, a question arose  as 
to how adequately the quantum-chemical  calculations made on the basis of s tar t ing pa ramete r s  selected 
f rom the experimental  data in aqueous media reflect  the true ~-e lec t ron  s t ruc ture  of the 5-ni t rofuran sys -  
tem and whether effects of solvation, formation of ion pairs ,  etc.,  are introduced in this case .  The effect 
of the medium (ion composit ion,  fraction of the organic component in the aqueous organic mixture) on the 
HFS constants  of the ESR spec t ra  of anion radicals  II and, consequently, on the ~-e lec t ron  s t ruc ture  of this 
sys tem was therefore  studied in detail in the present  paper .  

The effect of the ionic composit ion of the medium on the ESR spect ra  of anion radicals  II was followed 
by means of the one-e lec t ron e lec t rochemica l  reduction of 5-ni t rofurans  I in DMF according to the reaction 

0 \~-x 

I a-f - II a-f (I) 
aX-CH3; bX II; cX-Cool l ;  dx CN: ex  COCII3; fX ClIo 

When the nature of the indifferent salt  ( tetraethylammonium halide) changes,  an insignificant (<0 .30e)  
decrease  in the aN, 5 value is observed in the case of anion radicals  IIa as the anion (CI-, Br - ,  I-) radius 

*See [1] for communication II. 
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F ig .  1. Changes  in the HFS cons tan t s  (aN, 5) o f  the ESR s p e c t r a  of anion r a d i c a l s  II  as  a 
function of the ca t ion  r a d i u s :  1) I Ia ;  2) IIb; 3) I Ic ;  4) IIe;  5) IIf .  

F ig .  2. ESR s p e c t r a  of anion r ad i ca l  IIa at va r ious  concen t r a t i ons  of w a t e r  in a w a t e r - D M F  
m e d i u m :  1) 0 M H20; 2 )  10 M HzO; 3) 56 M H20. 

F ig .  3.  Changes  in the HFS cons tan t s  of the ESR s p e c t r a  of  anion r a d i c a l s  II  as  a funct ion of 
the m o l a r  concen t ra t ion  of w a t e r  in a w a t e r - D M F  m e d i u m :  1) IIb,  aN,5; 2) IIa,  aN,s; 3) IIe,  
aN,5; 4) IIa,  all,4; 5) IIb, all,4; 6) IId, all,4; 7) lib, a l l ,  3 [the points  a re  the expe r imen t a l  va lues ,  
while the dot ted l ines  a r e  the c u r v e s  ca lcu la ted  f r o m  Eq.  (3)]. 

TABLE 1. HFS Cons tan ts  of the ESR Spec t r a  of Anion Rad ica l s  IIb 
in DMF Containing Va r i ou s  Cat ions  

Cation 
aN,5 

Na+ 11,5 
K + 10,8 

(C2Ha)4N + ' 10,1 
(C4II9)4N + ] 10,1 

HFS constants, Oe 

tTH,4 alI ,3  

5,8 1,l 
5,7 1,0 
5,5 1,0 
5,5 0,9 

a I1,2 

4,3 
4,t 
4,0 
3,9 

T A B L E  2. HFS Cons tan ts  of the ESR Spec t ra  of Anion Rad ica l s  II 

CH3 
H 

COOH 
CN 

COCH3 
CHO 

lS2neCtrum, gth, Oe 

DMF H20 

38,1 48,3 
30,1 38,5 
25,8 31,1 
21,1 31,6 
21,1 
17,0 25,6 

aN ,5 

DMF H=o 

10,2 13,2 
9,9 13,2 
9,8 12,1 
6,9 I 1,6 
6,2 
5,3 9,2 

HFS constants Oe 
QT[,4 a l t ,3  

DMF I H20 DMF! H,O 
i 

5,8 6,5 0,9 / 0,8 
5,6 6,1 1,0 1 0,9 5,1 5,6 ,1,0 1,2 
4,4 5,6 1,0 1,5 
3,7 1,2 
3,4 ~4 2,0 ~5 

aH(N],2 

DMF I H=O 

3,9 } 4,8 
4,0 4,7 

1,3 -- 
0,8 1,3 

d e c r e a s e s  [8] (Fig. 1). However ,  this  s o r t  of effect  was  not  o b s e r v e d  for  the o ther  anion r a d i c a l s  s tudied.  
The HFS cons tan t s ,  which  c o r r e s p o n d  to the d i s t r ibu t ion  of the dens i ty  of the unpa i red  spins on the r ing  c a r -  
bon a toms ,  p roved  in all  c a s e s  to be absolu te ly  insens i t ive  (within the l imi t s  of the r e so lv ing  power  of the 
s p e c t r o m e t e r )  to a change in the na tu re  of the anions in the o r d e r  CI - ,  B r - ,  I - .  This  so r t  of weakly  e x -  
p r e s s e d  effect  of the anions on the 7r-e lect ron s y s t e m  of II  is expla ined by mutua l  r epu l s ion  because  of  like 
c h a r g e s .  

The effect  of va r ious  ca t ions  on the HFS cons tan t s  of II  in DMF is i l l u s t r a t ed  in the c a s e  of  the anion 
r ad i ca l  of 5 -n i t ro fu ran  (IIb): the aN, 5 cons tan t  i n c r e a s e s  in the o r d e r  Na +, K +, (C2Hs)4N +, (C4Hg)4N + as  the 
volume of the s ing ly  c h a r g e d  cat ion d e c r e a s e s  (Table 1). This  s o r t  of effect  is expla ined by the fact  that  a 
d e c r e a s e  in the ca t ion vo lume fac i l i ta tes  i ts  approach  and also p r o m o t e s  a s t r o n g e r  in te rac t ion  with the 
anion rad ica l ,  which has  the opposi te  c h a r g e .  P r o c e e d i n g  f r o m  this  s o r t  of concept ,  it is p r e f e r a b l e  to use  
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indifferent sal ts  that contain cations with a large  radius or have a substi tuent-shielded cation charge (tetra- 
alkylammonium salts ,  for  example) to decrease  the perturbation of the v -e l ec t ron  sys tem of anion radicals  
by the medium during their  e lec t rochemica l  generation (ECG). 

The most  pronounced changes in the ESR spec t ra  occur  on passing f rom protogenic (H20 , CH~OH, 
C2H5OH) to aprotic media  (acetonitrile, DMF) [9-11]. In view of this, we decided to follow the manner  in 
which these changes are real ized and the factors  responsible  for them on passing f rom a protogenic to an 
aprotic solvent,  i.e.,  in mixed media containing different concentrat ions of water  in DMF. In the case of 
the ESR spec t ra  of the anion radicals  of 5-n i t ro-2-methyl furan  (IIa) (Fig. 2), it is seen that ~the ESR spec t ra  
are  gradually elongated, and the resolution of the components improves  as the concentrat ion of water in 
DMF inc reases .  The same thing is also observed for other anion radicals  II. A gradual change in the 
composition of the medium makes it possible to follow the change in the components of the ESR spec t ra  and 
thereby facil i tates the interpretat ion of the HFS of the ESR spect ra .  

The cha rac t e r  of the change with the composit ion of the w a t e r - D M F  medium for var ious HFS con-  
stants of the ESR spec t ra  of anion radica ls  IIb is presented in Fig. 3. The same type of change is also 
pecul iar  to the remaining anion radicals  ffI) studied: a cha rac te r i s t i c  sharp increase  in the aN, 5 and all, 4 
HFS constants is observed as the concentration of water  in the mixed medium increases .  An increase  in 
the HFS constant,  which is due to splitting in the nitrogen atom of the ni tro group r is observed at 
water  concentrat ions above 10 -2 M in DMF. A change in this HFS constant possibly also occurs  at lower 
water  concentrat ions ,  but we did not observe this because of the inadequate resolving power of the ESR 
spec t romete r  and because the water  content during ECG of f ree radicals  may reach  a concentrat ion of the 
o rder  of 10 -~ M as a resul t  of manipulations with anhydrous DMF [12]. 

Changes in the a H HFS constants caused by splitting in the protons of the furan ring are  observed only 
when the water  concentrat ion in a sample is about 10 M. By comparing the HFS constants for the same 
form of ion radicals  II with one another and the change in these values on gradual  t ransi t ion f rom DMF to 
an aqueous medium, one can observe approximate symbatic charac te r  between these values (Fig. 3), i.e.,  
the l a rger  the HFS values,  the g rea te r  the changes that they undergo on passing f rom one medium toanother .  

A compar ison of the HFS constants of anion radicals  in DMF and in water  is presented in Table 2. By 
compar ing  the HFS constants  due to the protons,  we see that the all, 4 constant and thereby the density of the 
unpaired e lec t ron  [13] in the 4 position can change by up to 30% of the initial density in this position, m e a -  
sured in DMF, for anion radica ls  II on passing f rom DMF to water .  In the II se r ies ,  the changes in the HFS 
constants as a function of the medium for the same ion radical  are  in ter re la ted  (Fig. 4). This is evidence 
that the effect of the medium on the anion radicals  is not r e s t r i c t ed  only by the "react ion center"  (i.e., the 
solvation center) but is distributed over  the entire ~r-electron sys tem.  By compar ing the magnitudes of the 
HFS constants  due to the protons of the benzene [10] and furan r ings,  respect ively ,  for the anion radicals  of 
ni t robenzene and ni t rofuran,  one may  note that the changes in these values on passing f rom DMF to water  
are  g rea te r  in the case  of n i t rofuran.  This conf i rms our previous conclusion, drawn on the basis  of the 
cha rac te r  of the PIVIR spec t ra  [14], that the ~-e lec t ron  sys tem of the furan ring is more  mobile than the ~r- 
electron sys tem of benzene.  The changes in the HFS constants (redistribution of the density of the unpaired 
electron) for various anion radicals  II on passing f rom DMF to water  are  inversely  proport ional  to the HFS 
values measu red  in DMF (Fig. 3) ; i .e. ,  the mobil i ty of the unpaired electron in the ~ sys tem increases  as 
the electrophil ici ty of substituent X inc reases .  Interaction of anion radicals  II with water  molecules  fixes 
the ~-e lec t ron  sys tem and makes it less  susceptible to the effect of substituent X than is the case with DMF 
The slope of the curves  that r ep resen t  the changes in the HFS constants with the nature of the substituent in 
DMF and water  (Fig. 5) at tests  to this .  The changes in the HFS constants as a function of the nature  of sub-  
stituent X in DMF proved to be g rea te r  by a factor  of 1.2 than in water .  

The decrease  in the effect of substituent X on the v - e l ec t ron  sys tem of anion radicals  II on passing 
f rom DMF to water  and the cha rac t e r  of the change in the HFS constants during this t ransi t ion (which is 
s imi la r  to the cha rac t e r  of the changes in these values as the cation radi i  decrease)  are  evidence that anion 
radica ls  II are  more  s t rongly solvated by water  molecules  than by DMF molecules .  

The mechanism of the interaction of the medium with anion radicals  II, which determines  the r e d i s -  
tribution of the unpaired e lect rons  in these par t ic les ,  does not change basical ly  on passing f rom DMF to 
water  (Fig. 4). The dynamics of the interaction of the anion radica ls  with the solvent molecules  can be r e p -  
resented mathemat ica l ly  by an equation of the change in the aN, 5 constants ,  which are  quite accura te ly  
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Fig. 5. Interrelat ionship between the 
I-IFS constants of anion radicals  in 
DMF and water:  1) IIb; 2) IIa; 3) IIc; 
4) IId; 5) IIe; 6) IIf. 

measured  experimental ly.  In conformity with the concepts in 
[15], we assume that f ree  anion radical  II in DMF and H20 forms 
the relat ively stable solvates (II)DMF and (II)H20 with molecules  
of each of the solvents and that the solvated complexes are  in 
equilibrium in the mixed media:  

ht 
( I I ) D M Y  + H 2 0  ~ ( l I )  + DMF h, .:o (2) 

If resolvation in a mixed medium were accomplished s low- 
ly, overlapping of the ESR spect ra  of two forms - one c o r r e -  
sponding to anion radicals  II solvated by water  molecules  and 
the second corresponding to II solvated by DMF molecules - 
should be observed [16]. However, this sor t  of additional spli t-  
ting of the ESR spect ra  is not observed for anion radicals  II. 
This is evidence that the lifetime (T) of the individual solvates is 
much less than the difference all2 O - aDM F expressed  in rec ip -  
rocal  frequency units, i.e.,  ~- << 10 -? sec.  In this case ,  in con-  
formity  with [14], the observed aN, 5 constant in a mixed medium 
can be expressed  by Eq. (3): 

a=!/2(aDMF +am.o)+l/2[(K~ )' (3) 

where aDM F and all2 O are the aN,s constants in pure DMF and 
in pure water ,  respect ively ,  ~ = CH20/CDM F is the rat io of the 
mola r  concentrat ions of the solution components,  and K = k l / k  2 
is the solvation equilibrium constant.  

The experimental ly found aN, 5 values (Fig. 3) lie sa t i s -  
factori ly on the calculated [from Eq. (3)] curves  that ref lect  the 
dependence of the aN, 5 HFS constants on the molar  concentrat ion 
of water in the mixed medium. Side phenomena such as the in- 
stability of the anion radicals  and the admixture of water  in the 
s tar t ing DMF samples introduce a certain inaccuracy  into the 
HFS constants .  The K values for anion radica ls  IIa, lib, and IIe 
prove to be 1.86 , 1.80, and 1.5, respect ively,  f rom which it fol-  
lows that the stability of the hydrates  increases  somewhat as the 
e lec t ron-donor  proper t ies  of substituent X increase .  

It follows from the present  "investigation that the previously 
[1,6] calculated 7r-electron s t ruc ture  of the 5-ni trofuran sys tem 

to a f i rs t  approximation qualitatively ref lects  the t rue distribution of the ~r electrons,  since the solvation ef -  
fects change symbatical ly  with the effect of substituent X on the distribution of the ~ -e lect ron density in 
various media  (pure water ,  pure DMF, and mixed w a t e r - D M F  media ). However, as a consequence of spe-  
cific solvation and the formation of ion pairs  of anion radicals  with cations, there  is a cer tain redistr ibution 
of the 7r-electron density, and this should be taken into account in h igh-accuracy  quantum-chemical  ca lcula-  
tions of the sys t ems .  

EXPERIMENTAL 

The anion radicals  of the investigated compounds were obtained by ECG on the surface of a m e r c u r y  
drop in a microce l l  installed in the H0i t cylindrical+resonator of an ESR spec t romete r  [17]. For  this, solu-  
tions of the indicated substances were prepared in a solvent ~ M F ,  water ,  w a t e r - D M F )  in a concentrat ion 
of 10 -3 M containing 10 -t M of an indifferent salt  [NaI, Ki, (C2Hs)4NI , (C2Hs)r , (C2Hs)tNC1 ]. The e lec t ro -  
chemical  generation of the anion radicals  was accomplished at the plateau potentials of the limiting cur ren t s  
of the f i r s t  polarographic wave. The ESR spect ra  of the anion radicals  were recorded  with an P~-1301 
spec t romete r  with a resolving power of about 0.4 Oe. The magnetic-field scanning was cal ibrated f rom the 
ESR spec t rum of ni trobenzene anion radicals  [18]. 
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