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It has been  es tab l i shed  previously  [1, 2] that the s t rength  of H complexes  of diamagnet ic  molecules  
depend to a l a r g e r  extent on the e lec t ron ic  nature  of the molecule  of the base  than on the molecule  of the acid. 
A s im i l a r  phenomenon should apparent ly  be obse rved  in pa ramagne t i c  H complexes  fo rmed  in a f ree  r a d i c a l -  
d iamagne t ic  polar  molecule  s y s t e m  in which the f r ee  radica l  acts as a base .  F u r t h e r m o r e ,  in such s y s t e m s  
the influence of the e lec t ronic  s t ruc tu re  of the f ree  radica l  on the the rmodynamics  of complex - fo rma t ion  and 
the degree  of t r a n s f e r  of the spin density f r o m  the rad ica l  to the diamagnet ic  molecule  may be shown. It mus t  
be obse rved  that at the presen t  t ime only a few publications a re  known on invest igat ions of the c o m p l e x - f o r m a -  
tion of f ree  radica ls  of var ious  e lec t ronic  na tures  with diamagnet ic  ligands [3], and it is p rac t i ca l ly  imposs ib le  
to compare  the resu l t s  of these  invest igat ions,  since they were  obtained under  di f ference exper imen ta l  condi-  
t ions (medium, ligand, t empera ture} .  

In the p re sen t  work we have invest igated the complex - fo rma t ion  of a romat i c  and aliphatic ni t roxyl  rad ica l s  
having var ious  s t ruc tu r e s  (I-VII) (Table 1) with 2 ,6 -d i - t e r t -bu ty l -4 -me thy lpheno l  (Ionol). The hyperf ine s t r u c -  
ture (hfs) constants  a N for  these rad ica l s  range between 9 and 17 Oe [3, 4]. I fwe  employ the re la t ion  connecting 
the values of the hfs cons tanta  N in ni t roxyl  rad ica l s  with 7r-electron densi ty on the ni t rogen atom that is f r e -  
quently used in prac t ice ,  a N = 35.5 p ~  [3], the value of o ~  for  these rad ica l s  va r i e s  between 0~25 and 0.47. 
The wide va r ia t ion  of the e lec t ronic  s t ruc tu re  of the ~ 1 ( / - 6  rad ica l s  invest igated,  and also the exis tence  of 
the se l f - a s soc ia t ion  of the Ionol in solution [5] made these s y s t e m s  convenient models  for  studying the influence 
of the e lec t ronic  nature  of the f ree  rad ica l  on assoc ia t ive  in terac t ions  with a d iamagnet ic  molecule .  

We have studied the concentra t ion and t e m p e r a t u r e  dependences of the chemica l  shift  7 OH in s y s t e m s  
consis t ing of one of the rad ica l s  (I-VII), Ionol, and CC1r by the NMP method.  The concentra t ion of radica ls  
was va r i ed  in the range  of 10-3-10 -i  M and of Ionol between 0.05 and 0.5 M, and the t e m p e r a t u r e  was v a r i e d  
between - 1 0  and +60~ The exper imen ta l  r e su l t s  obtained f rom the NMI~ s p e c t r a  were  t r ea t ed  by the method 
desc r ibed  previous ly  [6] using the re la t ion  

A = K A . c -  K A D  o, (1) 

where  A is the tangent of the angle of slope of the l inear  re la t ionship  5 T OH = f (R0), where 6 T iS the change in 
the chemica l  shift T OH at the given concentra t ion of Ionol caused by the addition of the rad ica l  to the sys t em,  K 
is the equi l ibr ium constant  of the fo rmat ion  of the r a d i c a l - I o n o l  complex,  D o and R 0 are  the initial  eoncen t ra -  
tions of Ionol and of the radica l ,  r e spec t ive ly ,  and A z is the chemica l  shift  due to complex - fo rma t ion .  

As an example ,  Fig.  I gives re la t ionships  descr ib ing Eq. (1) for  the rad ica l  (III)-Ionol-CC14 s y s t e m  at 
var ious  t e m p e r a t u r e s .  S imi lar  re la t ionships  have been obtained for  all the s y s t e m s  invest igated in this work.  
The heat  AH and ent ropy AS of fo rmat ion  of the r a d i c a l - I o n o l  complexes  were  de te rmined  f rom the t e m p e r a t u r e  
dependence of the equi l ibr ium eonstants  K and the values  of the hfs constants  a OH ealeula ted  f r o m  the r e l a -  

tion [71 
aO H = _ _  A'~ OH (Hz) .TO]< ( O e ) .  (2) 
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Fig. 1. Dependence of the values of A on AD o for  
the radical  I I I - I o n o l  sys tem:  1) 315~ 2) 297~ 
3) 281~ 4) 270~ 

Fig. 2. Dependence of the s t rength of the r a d i c a l -  
Ionol complexes:  a) on the half-wave potential of 
the oxidation of the radicals ,  E~/2; b) on the value 
of hfs constant  a OH in the complex. 

As in our previous investigations [6, 8], the value of the constant a OH in the paramagnet ie  complexes studied 
decreases  l inearly with a r ise  in the t empera tu re .  The spect ra l  and thermodynamic  pa ramete r s  of the com-  
plex-format ion of the radicals  (I-VII) with Ionol found in this way are given in Table 10 

The presence  of four methyl or  two phenyl groups close to the~. N-(5  f ragment  and also the strong s ter ic  
screening of the hydroxyl group of the Ionol by the voluminous o r tho- te r t -bu ty l  substituents gives grounds for 
assuming that a substantial  influence on the pa ramete r s  of complex-format ion  in the sys tem must  be exerted 
by the s ter ic  factor .  In actual fact, it has been shown previously for diamagnetic [9] and paramagnet ic  [8] 
complexes that both the length of hydrogen bond and the strength of H complexes depend to a large degree on 
the s ter ie  screening of the react ion centers  of the interacting molecules .  

To evaluate this influence f rom information on the geometr ica l  s t ruc tures  of the radicals  (I-VII) [3] and 
of the Ionol molecule and taking into account van der Waals radii of the methyl, phenyl, and ter t -butyl  groups,  
we have calculated the minimum distances RO...O to which the molecules in the complex may approach. For  
all the r a d i c a l - I o n o l  pairs  studied, this distance proved to be pract ical ly  the same (of the o rder  of 3.0 • 0.1 ~ ,  
so that the observed changes in the values of AH and a OH are not due to a change in the distance RO... O between 
the radical  and the Ionol. This is shown by the l inear  relationship that we have found between the values of 
AH and AS 

l--  A/-/I = 0.05 ,-i- 0.31 I--  AS I , (r = 0.987) (3) 

which is genera l ly  observed in the interaction of molecules with comparable  s ter ic  fac tors .  In addition, the 
changes found in the s t rength of the paramagnet ic  complexes of radicals  (I-VII) with Ionol do not cor re la te  with 
the changein the 1r-electron density on the oxygen and nitrogen atoms of the ~. N - O  fragments  of the radicals  [3]. 

The explanation of the observed changes in AH and a OH must apparently be sought in the different e lec-  
t ron-donating capacit ies of the nitroxyl radicals  investigated, as a measure  of which the ionization potential 
I is usually used. Unfortunately, information on the ionization potentials of free radicals  is ex t remely  l imited 
[3]. We therefore  evaluated their  e lectron-donat ing proper t ies  in solution on the bas i s ' o f  the values of the half- 
wave potentials of polarographic  oxidation E1/2, which are  proport ional  to the energy of detachment of an e lec-  
t ron f rom the highest occupied molecular  orbital  and, in the case of revers ib le  one-e lec t ron  oxidation, are con- 
nected with the ionization potential by the relation [10] 

El/2 = I + AEsolv + const, (4) 

in which the te rm AEsolv takes the influence of the solvent into account. 

To find the value of El/2 for the oxidation of the radicals  we used the method of vo l tamperomet ry  at solid 
e lec t rodes .  Since in all measurements  we used the same solvent, the contribution of AEsolv to the value 
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TABLE 1. Spectral  and Thermodynamic Charac ter i s t ics  of the Format ion of Complexes Between Nitroxyl 
Radicals and Ionol 

Radical ~1/2, V 

0,51 

0,64 

3,65 

a N, O e  

10,1 

~AH,  
kcal/mole 

5,3 

--AS, e .U.  

17,4 

--a OH, O e  

0,048 
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/ \  

[ CH~ C H  a 
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CH~ O" CHa 
\ /  

VII IO- - /~ \N~-O  ' 
I - \ - 7 , ( .  

*Value of u E calculated f rom Eq. (6) 

3,69 

0,79 

0,81 

0,8~ 

15,1 

15,7 

14,6 

14,2 

9,5 

14,6 

4,8 

4,4 

4,1 

3,6 

2,5 

2,6 

14,2 

14,3 

13,4 

11,8 

8,3 

8.6 

0,038 

0.036 

0,032 

0,026 

0,018 

0,014 

l~ R, D 

3,85 

3,14 

3,08 

3,12 

2,90* 

0,8" 

I',36 

PAHDA, 
kcal/mole 

3,6 

3,4 

3,0 

2,9 

2,3 

2,1 

1,8 

of El/2 may be considered as pract ical ly  constant, wMch permits  the assumption of a l inear  interrelat ionship 
between E l/2 and I. The stability of the nitroxyl radicals  investigated in the electrolyte solutions used was 
conf i rmed by the invariabili ty of the ESR signals in control  exper iments .  

It has been shown [3] that the unshared pair of e lectrons of the oxygen atom of the radical  (electron donor) 
and the I s  orbital of the hydrogen atom of the proton~donating group (electron accepter) part icipate in the for-  
mation of paramagnet ie  complexes of a nitroxyl radical  and a diamagnetic molecule containing OH, NH, or  SH 
groups.  It must  be mentioned that with a fall in El/2 of the radical  the conditions for the t r ans fe r  of electron 
density f rom the unshared pair  of the oxygen atom or the radical  to the vacant orbital  of the accepter  (Ionol) 
in donor -accepte r  complexes become more  favorable [11]. At the same time, the s trength of the complex must  
increase  which is in harmony with the experimental  resul ts  (see Table 1). 

Since as a consequence of the presence of an unpaired electron in the p~  orbital  of the radical  the electron 
density on the unshared pair  of e lectrons of the oxygen atom is sp in-polar ized  [12], it must  be expected that 
on complex-format ion with one and the same proton donor a symbatic relationship will be observed between the 
values of El/2 and the constants a OH in the hydroxy group of the Ionol. Such a relationship is in fact observed 
and has a l inear nature 

I - a ~  I = 0.099-- 0.1 El/2, (r = 0.989) (5) 

which may be evidence in favor  of the d o n o r -  accepter  model of the H bond in the paramagnet ic  nitroxyl r a d i c a l -  
phenol complex. 

It was mentioned above that in the parade agnetic associates  investigated the distance between the oxygen 
atoms of the radical  of the Ionol is about 3.0 A. It is usually assumed [11] that a t suchd is tanees  the contribution 
of d o n o r -  accepter  interaction (shor t - range,  i.e., requir ing the overlapping of the orbitals  of the molecules 
forming the complex) to the s t rength of a H complex is very  smal l  and the contribution of the e l e c t r o s t a t i c -  
l o n g - r a n g e -  interaction is predominating.  The l inear  relationship that we have observed  between the vsJue~ 
of a OH and El/~ (5) is one of the few indications of the existence of a d o n o r -  accepter  bond between molecules 
located at large distances f rom one another. 

For  paramagnet ic  d o n o r - a c c e p t e r  complexes,  as for diamagnetic complexes [11], one should apparently 
expect a l inear  relationship between the values of A H and El/2 which, however, is not observed experimental ly  
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(Fig.  2). The g r e a t e s t  deviation f r o m  l inear i ty  is obse rved  in the region of l a rge  values of El/2, i .e . ,  in the 
region of smal l  d o n o r - a c e p t o r  in te rac t ions .  This shape of the I -2xHI =f (El/2) re la t ionship  is probably  due 
to the fact  that a d i p o l e -  dipole (e lect ros ta t ic)  in teract ion also makes  a contr ibution to the s t rength  of the 
r ad i ca l - Iono l  complex,  and at the s a m e  dis tance between the molecules  in the complex  with one and the same  
proton donor this mus t  be propor t iona l  to the dipole moment  of the molecule  of the base  (the radical ) .  In actual 
fact ,  it follows f rom the f igures  given in Table 1 that the s t reng th  of complexes  of the rad ica l s  (I-VII) with Ionol 
fal ls  with a dec r ea s e  in the dipole moment  of the radical ,  PR, but there  is no l inear  re la t ionship  between these  
magni tudes .  

The exis tence  of an e l ec t ros t a t i c  contr ibut ion to the heat  of format ion  of pa ramagne t i c  H complexes  of a 
rad ica l  and Ionol is also in ha rmony  with the absence  of a l inear  re la t ionship  between the magnitude AH and 
a OH (Fig. 2b). As has been shown prev ious ly  [8] the value of the l a t t e r  is due to the t r a n s f e r  of spin density 
f rom the rad ica l  to the Ionol as a consequence of over lapping between the 2pa-hybr id ized  ( in termedia te  between 
t r igonal  and te t ragonal)  mo lecu l a r  orb i ta l  of the unshared  pa i r  of the oxygen a tom of the radica l  and the l a  
orb i ta l  of the hydrogen atom of the phenolic hydroxyl,  i .e. ,  it is determir/ed only by d o n o r -  acceptor  in teract ion.  

We have es tab l i shed  that  the interconnect ion between the magnitude aM-I, El/2, and #tl is descr ibed  by the 
re la t ion  

[ - -  AH I = 6.27 m 5.14E~/2 ~- 0.45~n, 

in which the f i r s t  two m e m b e r s  co r r e spond  to the d o n o r -  accep tor  contr ibution (2XHDA) and the th i rd  to the 
e l e c t ro s t a t i c  contr ibution (AH~). It can be seen  f r o m  Table 1, that, as was to be expected [11], with a r i se  in 
El/2, i .e. ,  with a dec r ea s e  in the donor capaci ty  of the rad ica l s ,  the value of AHDA d e c r e a s e s ,  which also 
explains the obse rved  dec r ea s e  in the degree  of t r a n s f e r  of spin densi ty f r o m  the radica l  to the Ionol molecule .  
In actual  fact ,  the values  of a OH and 2XHDA are  connected with one another  by the l inear  re la t ion  

--aOH I _= m 0.019 + 0.181--AHDA], (r = 0.996) (6) 

the value of the f ree  m e m b e r  of which is apparent ly  due to the change in the hfs constant  a OH both through 
the deloeal izat ion of the spin densi ty f rom the hydroxy group to the a romat i c  r ing of the Ionol [6] and through 
the e l ec t ros t a t i c  in terae t ion  of the dipole moments  of the rad ica l  and the Ionol. 
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