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I. INTRODUCTION 

In recent years there has been a considerable increase in interest in the study of the microstrueture of 
solutions, liquid crystals, biological membranes, and macromolecules by the spin probe (SP} method [1-7]. 
This method is ba sed  on the r e c o r d i n g  of the e lec t ron  spin r e s o n a n c e  (ESR) spec t r a  of pa ramagne t i c  spin probes  
spec ia l ly  introduced into the s y s t e m  being studied in o rde r  to r e f l ec t  var ious  a spec t s  of the p r o c e s s e s  taking 
p lace  in the ma t r ix .  Usual ly ,  s table  n i t roxide  monorad ica l s  a r e  used  as p robes .  The theory  of the ESR s p e c t r a  
of these  r ad i ca l s  is wel l  developed and makes  it poss ib le  to obtain expe r imen ta l ly  extensive  informat ion on the 
p r o p e r t i e s  of the s y s t e m  being studied. The data which can be obtained by the SP method can be divided into 

f ive  main  groups:  

1) the point of loca l iza t ion  of the r ad i ca l  in mul t icomponent  or  he te rophase  s y s t e m s  and the po la r i ty  of its 
envi ronment  - f r o m  the magni tude of the hyperf ine  coupling constants  (HFC) in liquid solut ions ( a )  o r  
in solut ions f rozen  at 77~ (All)  [3-5]; 
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2) the ro ta t iona l  mobi l i ty  of the r a d i c a l s ,  the degree  of a n i s o t r o w  of the rotat ion,  and the influence ex-  
e r ted  on these  f ac to r s  by s t ruc tu ra l  r e a r r a n g e m e n t s  in the s y s t e m  being studied - f r o m  the magnitude 
of the co r r e l a t i on  t ime  ~c of ro ta t iona l  diffusion over  a wide r ange  of f requencies  [2, 4, 5] and the 
an iso t ropy  p a r a m e t e r  of the ro ta t ion  ~ [4, 5]; 

3) the t r ans la t iona l  mobi l i ty  of the p robes ,  the f requency  of the i r  eol l is ions act ive in spin exchange v e, 
�9 and the influence of s t e r i c  or  o ther  f o rms  of hindrance on the magnitude of ~e - f r o m  the m e a s u r e -  

ment  of the b imolecu la r  r a t e  constant  for  spin exchange k e [6]. The "spin l a b e l i n g - s p i n  probe"  
method is based  on the m e a s u r e m e n t  of k e [2]; 

4) the degree  of c rys t a l l i n i ty  of the f rozen solution or po lymer  being studied [4, 7], the degree  of o r i en ta -  
tion and d~mamics of the s t r u c t u r e s  of liquid c r y s t a l s  [5, 7, 8] and b i o m e m b r a n e s  [2, 5, 7-9]; 

5) the c h a r a c t e r i s t i c  fea tu res  of the spa t ia l  dis t r ibut ion of the probes  in the ma t r ix ,  the cha rac t e r i s t i c  
f ea tu res  of the crystall izati[on of solutions and p o l y m e r s  - f r o m  a compar i son  of the local  C l and 
a v e r a g e  C O concent ra t ions  of the p robes ,  de te rmined  f r o m  the exper imenta l ly  m e a s u r e d  values of k e 
in liquid solutions [4, 11] or  f r o m  the broadening of the l ines of the s p e c t r u m  as a r e su l t  of d i p o l e -  
dipole in teract ion between the r ad ica l s  in f rozen solutions [11-13]. 

A l a rge  number  of ni t roxide monorad ica l s  which differ  cons iderab ly  in the i r  solubi l i t ies  in var ious  so l -  
vents  and which make it poss ib le  to c a r r y  out se lec t ive  s tudies  of var ious  types of molecu la r  s y s t e m s  have now 
been synthesized.  An extens ive  group of s table  ni t roxide b i rad[ca l s  - molecu les  containing two pa ramagne t i c  
ni t roxide N - O  f r agmen t s  - is a lso  well l~low~ [4, 14]. In spi te  of the avai labi l i ty  of compounds of this type and 
the p r o m i s i n g  poss ib i l i t i es  which they provide  as spin p robes ,  their  use  up to the p re sen t  has been e x t r e m e l y  
r e s t r i c t e d .  The explanation is that unt[1 r ecen t ly  it was  imposs ib le  to c a r r y  out a suff icient ly comple te  in te r -  
pre ta t ion  of speci f ic  "b i rad iea l"  ESR spec t ra .  

B[rad ica ls  have a number  of advantages  over  monorad ica l s  as p robes .  By studying the motion of the 
molecule  of the b i rad ica l  as a whole or  by obse rv ing  its in t e rmoleeu la r  in terac t ions ,  it is poss ib le  to obtain 
the s a m e  data as a r e  obtained using monorad ica l s .  In addition, however ,  it a l so  becomes  poss ib le  to study the 
in t r amolecu la r  mobi l i ty  and t h r ee -d imens iona l  s t r u c t u r e  of the b i rad ica l ,  and these  a r e  genera l ly  mos t  s ens i -  
t ive to change in the s ta te  of the matr ix .  The study of [n t ramolecu la r  p r o c e s s e s  in b i rad ica l s  makes  it poss ib le  
to studj, the followh]g specif ic  fea tures :  

6) the c h a r a c t e r i s t i c  f ea tu res  of in t ramolecu la r  spin exchange and the t h e r m o d y n a m i c s  of in t ramoleeu la r  
mot ion; 

7) the number  of conformat ions  in which the b i r ad ica l  ex is t s ,  and the c h a r a c t e r i s t i c  f ea tu res  of t r a n s i -  
t ions between the col~formations when the s y s t e m  is subjected to different  influences;  

8) the s tudy of d i p o l e - d i p o l e  in teract ion between the p a r a m a g n e t i c  N - O  groups of the b i rad ica l  makes  
it poss ib le  to m e a s u r e  suff ic ient ly  accu ra t e ly  the d is tance  r between them and to o b s e r v e  the change 
in r in conformat iona l  r e a r r a n g e m e n t s .  In some  ca se s  it is poss ib le ,  by de te rmin ing  r and the mutual  
or ienta t ion  of the N - O  f r agmen t s ,  to es tab l i sh  the t h r e e - d i m e n s i o n a l  s t r u c t u r e  of the molecule  di- 
r e c t l y  in the solution. 

The p resen t  r ev iew was made n e c e s s a r y  by the fact  that  publ ished data on the s tudy of b i r ad ica l s  by the 
ESR method a r e  widely s c a t t e r e d  ( sys temat ic  theor ies  of the in te rp re ta t ion  of the ESR s p e c t r a  of n i t roxide b i -  
r ad i ca l s  have been developed only recent ly)  and may  not be f a m i l i a r  to r e s e a r c h  w o r k e r s  involved in applied 
s tudies .  Exist ing r ev i ews  [15-17] and monographs  [4-6] dealing with the p rob l ems  of the in te rpre ta t ion  of the 
ESR s p e c t r a  of b [ rad ica l s  do not deal with this p rob l em at the level  of unders tanding now reached ,  with one ex-  
ception [10]. 

The i n t r amolecu l a r  in teract ions  of the unpaired e lec t rons  of a b t rad ica l  a re  usual ly  divided into two 
types :  an[sot ropic  d i p o l e - d i p o l e  in teract ion,  which is usual ly  the in teract ion of magnet ic  dipoles;  and the in- 
dependent [sotropic  exchange interact ion,  a r i s ing  as a r e su l t  of the ove r l ap  of the wavefunetions of the unpaired 
e lec t rons  [4, 10, 15, 18]. 

D i p o l e - d i p o l e  in teract ion can be detected only in solut ions with a high v i scos i ty ,  or ien ted  s t ruc tu r e s  (for 
example  the nemat i c  phase  of liquid c r y s t a l s ) ,  or  in f rozen  solutions;  suff icient ly r ap id  ro ta t ion  of the mole -  
cules  of the b i r ad ica l s  leads to comple te  averag ing  of the d i p o l e - d i p o l e  in teract ion (together with the an iso-  
t rop ic  Zeeman  and hyperf ine  in teract ions) .  Thus in the ESR s p e c t r a  of solutions with a suff ic ient ly  low v i s -  
cos i ty ,  it is poss ib le  to detect  only [sotropic  exchange interact ion.  
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Thus the study of the anisotropic and isotropic ESR spectra  of biradicals makes it possible to obtain 
qualitatively different information on the molecule of the biradieal.  We shall subsequently examine in detail 
only the cases of dilute liquid solutions of low viscosi ty and dilute polycrystalline solutions. 

In the present  review we shall formulate the basic principles of the analysis of the ESR spectra  of liquid 
and vitreous solutions of nitroxide biradicals ,  methods for calculating the values of the exchange integrals and 
the thermodynamic parameters  character izing the intramolecular motion in biradicals,  and methods for m e a -  
suring the distance between the N - O  fragments of biradicals.  We shall then examine briefly various charac-  
ter is t ic  features of the use of the molecules of biradicals as SP, and also the chief resul ts  obtained in the study 
of specific biological systems.  

Problems associated with the study of biradicals by double e l ec t ron -e l ec t ron  resonance [19], the elec-  
t ron spin echo method [20, 22], and chemically induced electron polarization [23], and also the study of biradi-  
cals by the ESR method in single crystals  [17, 24-29] and liquid crysta ls  [4, 10, 30-35] will not be discussed in 
the present review, because of the specific features of these methods and lack of space. 

I I .  S T U D Y  OF B I R A D I C A L S  IN D I L U T E  

L I Q U I D  S O L U T I O N S  

1. E l e m e n t s  of  t h e  T h e o r y  of  E l e c t r o n  Sp in  E x c h a n g e  

in  B i r a d i e a l s  

It is well known [4, 5, 14] that the isotropic ESR spectra of nitroxide monoradicals in dilute liquid solu- 
tions withalow viscosi ty consist of three  lines of approximately equal intensity and with a splitting a ~-14-16 Hz 
(~ 3.108 rad / sec ) ,  due to the interaction of the unpaired electron of the nitrogen nucleus i4N (nuclear spin IN= 1). 

The exchange interaction of the unpaired electrons in the biradicals leads to delocalization of the unpaired 
electron f rom one radical  fragment onto the other. It is natural that for a very strong exchange interaction 
the electrons are  found to be, as i twere ,  equally divided between the two radical  centers [36]; in this case,  in- 
stead of the t r iplet  of lines character is t ic  of the monoradical we should observe a spectrum consisting of five 
components with intensity rat io 1 : 2 : 3 : 2 : 1 and with a splitting between the lines equal to a/2 (Fig. 1). 

This ' ,delocalization ~ interpretation of a complex quantum-mechanical effect is of course extremely a r -  
b i t r a r y .  The exchange interaction can be described more  cor rec t ly  by the operator  [18]: 

Y~exch = JS(')SC'), (1) 

where S (k) denotes the spin operator  o f thek- the lec t ron  (S (k) =1/2). The quantity J is a character is t ic  of the 
~strength" of the exchange interaction and is called the exchange integral.~ The value of J is determined by 
the overlap of the wavefunctlons ~a and ~b of the radical  fragments:  

Strictly speaking, in quantum mechanics the exchange integral is usually the name given to the quantity J0 = 

- J / 2  [37]. 

a 

Fig. 1. Characterist ic spectra of liquid 
toluene solutions of nitroxide mono- and 
biradicals: a) monoradical of 2,2 ' ,6 ,6 ' -  
te t ramethyl-4-hydroxypiper idine- l -oxyl ,  
b) biradical H, c) biradical XLIV. 
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(r12 is the distance between electrons 1 and 2). 

General ly speaking, it is not known beforehand how the over lap of the wavefunctions of the unpaired elec-  
t rons  takes place in the bi radical  (by direct  over lap through a vacuum or indirectly,  involving the atoms of the 
biradical  itself or solvent molecules).. Thus the determination of the mechanism of electron exchange interac-  
tions r ep resen t s  a separa te  theoret ical  and experimental  problem. 

a) F o r m  of the ESR Spectrum of a Biradical  with One Conformation 

In the case where J is independent of t ime (for example the bi radical  exists in only one conformation) , the 
influence of exchange interact ions on the ESR spec t rum of the biradical?  can be calculated exactly [4, 15, 30]. 

Since in a liquid with low v iscos i ty  the d ipo le -d ipo le  interact ion of the e lec t rons ,  the anisotropic hyper-  
fine interaction,  and the anisotropic Zeeman interaction a re  eompletely averaged,  the spin Hamiltonian 
should take account of only the isotropie hyperfine and Zeeman interactions.  In the most interest ing situation, 
when the two radical  f ragments  a re  identical and each have only one nucleus with nonzero nuclear  spin I, 

= ~ (s(~) + s ~ 2 ) ) + ,  r ~ m r ( ~ )  . ~-~)~<~)~ , ~ . ~ ) . ~ 2 )  (2) 

where the spin Hamiltonian is wri t ten in f requency units, and the supersc r ip t s  1 and 2 r e fe r  to different radica l  
f ragments ;  w e =gfleH0 [4, 30]. 

The " c o r r e c t ,  wavefunctions corresponding to the spin Hamiltonian (2) can be expressed  in t e r m s  of the 
electron spin functions ~ and fl : 

% =  ~ [(~p . -  ~a) + ;~ ( ~ p -  pcz)), (3)  
' v ~  

% = pp, 

w h e r e  ,k =a  (m 2 - m~) /23 and m 1 and m 2 a re  the p ro j ec t i ons  of the nuc lea r  sp ins.  

The  ene rg ies  c o r r e s p o n d i n g  to these wave func t i ons  a r e  equal  to 

s  = --g~eHo - { -  ( 1 / 4 ) J  + (I/2)a(m i -~ m~), 

E.. = (1/4)J - (I/2){] -- lZJ ~- T ~'~(,,~-m~)'-}, 
E~ : g~JeHo "4- ( l / 4 ) Y  -- (t/2)a(m i -+- m~), 

E, = --(3/4)J r 4- (1/'2){3" -- "1/5 ~ -i- ae(mz--m~)~}. (4) 

For  each pair of values of m 1 and m2, four t ransi t ions  a re  observed  with AM s =-4- I: the t ransi t ions  1 ~ 2 
and 2 *-~  3, which cor respond  to t ransi t ions  between "tr iplet"  (for IJI >>a[ m s - m2] ) s tates and which a r e c a l l e d  

? T h e  calculation of the ESR spect ra  of t r i r ad ica l s  is d iscussed in [31, 71, 72]. 
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Fig. 2. Dependence of the position of the lines in the ESR spec t rum of a nitroxide biradieal  
on the ra t io  I J / a l  �9 

Fig. 3. Dependence of the integral  intensity of the ESR lines for  the nitroxide biradieal  on the 
rat io I J / a l .  The f igures  co r r e spond  to the numbering of the components in Fig.  2. The intensity 

of  the component "0" is taken as equal to unity. 
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T t rans i t ions ,  and t rans i t ions  i ~ 4 and 3 -  4, which co r r e spond  to t rans i t ions  between , t r i p l e t ,  and "s inglet"  
s ta tes  and which a r e  cal led S t rans i t ions .  The f requencies  of these  t rans i t ions  a r e  equal to 

~ = ~ e - -  (i/2)a(mL'~-m2) +- ( i / 2 ) ( / - -  ] / j 2  _~ a..(mi__rn2)9, 

c% = ~e--Ci/2)aCrn1-{-me) +_ (I/2)(J -]- ]/[/~ -j- aZ(.h--m2)~-}. (5) 

In the usual case for nitroxide biradicals ]Jl<<kT, the intensities of the transitions are determined by the 

square of the matrix element < r +Sr j> and are equal to 

PT = (i/2){1 + j / ] / j 2  + a~(mL__m2)._,}, 

p~ = (~/2){1 - JIVJ'-~ ~ ( ~ - , , ~ 2 ) ' }  (6)  

(the total  in tensi ty  of all  four  t rans i t ions  is constant  and equal to two) [4]. 

It may  be noted that the posit ion of the components  of the isotropic  ESR spec t r a  of b i radica ls  depends only 
on the absolute magnitude of the ra t io  I J/a I ; exper imenta l ly ,  the sign of this ra t io  can be found only be analyz-  
ing the anisot ropic  ESR spec t r a  [30].% 

F r o m  Eqs. (5) and (6) it follows that the i sot ropic  ESR spec t r a  of b i rad ica ls  with identical rad ica l  f r ag -  
ments  should always contain components  cor responding  to the ESR spec t rum of the noninteract ing rad ica l  

�9 f ragment .  These  components  co r r e spond  to the situation m~ =m2, and the i r  intensi ty is independent of the mag-  
nitude of J and amounts  to 1/9 of the total  integral  intensi ty  of the spec t rum.  We shall call  these  components  
"bas ic"  or  "monoradica l . "  The cha rac t e r i s t i c  components ,  which have positions different  f r o m  those of the 
main components  and which a re  due to the exis tence  of exchange interact ion,  a re  usually cal led "bi radieal"  [4]. 

The analyt ical  express ions  making it possible  to de te rmine  the magnitude of IJI f rom the position of the 
b i rad ica l  components  in the exper imen ta l  spec t rum a r e  s imple  and can read i ly  be found independently f rom 
Eqs. (5). For  convenience we give in Fig. 2 a graph showing the dependence of the position of the lines in the 
ESR spe c t rum of a n i t roxide  b i rad ica l  on the magnitude of I J /a  I �9 The intensi ty of the separa te  l ines of the 
spec t rum is bes t  compa red  with the intensi ty of the basic  l ines "0" (see Fig. 2). F igure  3 gives agraph ica l  r ep-  
resen ta t ion  of the dependence of these  re la t ive  intensi t ies  of the lines in the spec t rum on the magnitude of 
I J/a ] ; this r e l a t ionsh ip  was obtained by means of Eqs. (6). 

It should be emphas ized  that for  the c o r r e c t  de terminat ion of I J /a  ] , one value of ]JI should c o r r e c t l y  
descr ibe  the posi t ion and in tegra l  intensi t ies  for  all  l ines of the spec t rum simultaneously.  

b. Model of the In t r amolecu la r  Motion of a Biradical  [45] 

The case  of constant J examined  above cannot often be applied d i rec t ly  to the descr ip t ion of r e a l  b i rad i -  
cals .  In fact ,  s ince the exchange in terac t ion  is shor t - l ived  and its magnitude is de te rmined  by  the over lap  of 
the wavefunctions of the unpaired e l ec t rons ,  even smal l  d isplacements  of the atoms in the molecule  during 
t h e r m a l  motion should lead to apprec iab le  modulation of the value of J ,  and this in turn  should influence the 

f o r m  of the ESR spec t rum.  

A useful and apparent ly  suff ic ient ly  accura te  model of in t ramolecula r  motion in a b i radica l  is that in 
which it is a s sumed  that the b i rad ica l  has a definite number  N of conformat ions ,  and that each conformat ion "j" 
can be c h a r a c t e r i z e d  by an average  l i fe t ime ~:j and a re la t ive  concentra t ion Pj ( that is ,  the proport ions  of the 
molecules  p resen t  at a given moment  of t ime  in the conformation "j") ,  and that the t rans i t ions  f ro m  the confor -  
mat ion "j"  to another  conformat ion " l "  takes  place abruptly with an a r b i t r a r y  probabi l i ty  Pjl �9 

For  the quantit ies Pj and Pjl defined in this  way, the following normal iza t ion  conditions shouldbe fulfilled: 

(7) 
~=i 

% In the l imit ing si tuation,  when I J t>> a and in addition the absolute value of J is comparab le  with the t he rma l  
energy ( I J l ~ k T ) ,  the sign and magnitude of J can be de te rmined  by studying the t e m p e r a t u r e  dependence of the 
paramagnet ic  suscept ibi l i ty  of the spec imen or  the integral  intensi ty of the ESR spec t rum of the b i radica l  [24- 
27, 38-43]. In fact ,  under these  conditions a signal is obse rved  only f r o m  the t r ip le t  s ta te  of the biradical ;  the 
probabil i ty  PT of being found in the t r ip le t  s ta te  is r ead i ly  obtained f r o m t h e  condition for the rma l  equil ibrium: 

pr =3/{3+exp (I/kT)}. 

The integral  intensi ty (I) of the ESR signal will  then be I "~PT/T (see [44]). 
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(8) ~ pj~ = t. 
I = t ,  tr 

The quanti t ies  ~-, P, and p a r e  not independent p a r a m e t e r s ,  s ince in the s t a t iona ry  e a s e f o r  conformat ional  
t r ans i t ions  the pr inc ip le  of detai led equi l ib r ium should be fulfi l led:  

P /p /z / ' c t  = PlPl/ / 'Cl .  (9) 

Thus Eqs. (7)-(9) show that for  a comple te  descr ip t ion  of the in t r amolecu la r  conformat ional  motion of the 
b i rad ica l  with N conformat ions  it is n e c e s s a r y  to l~mw (2N - 1) independent dynamic p a r a m e t e r s .  Subsequently, 
we shall  use  the values  of Pj and ~-j as these  p a r a m e t e r s .  

It should be noted that in fact  the number  of independent dynamic va r i ab le s  may  be s l ight ly sma l l e r .  Thus 
for  N=2,  P I P 2 =  7t/~-2, so that ,  for  example ,  it is poss ib le  to take as independent quanti t ies only ~'1 and ~-2. 

In another  case  impor tant  for  subsequent  ana lys i s ,  where  N=3 ,  we r ead i ly  obtain f r o m  Eqs. (7)-(9) 

P j l  = (P f f z j  - -  P l / r l  - -  P n / z n ) z / 2 P y  

(Here and subsequent ly ,  j, l , n = l ,  2, 3; j ~ l  , n; / ~ n ) .  

Since the condition P j l _  0 mus t  be fulf i l led,  we have for  the values  of Pj/~-j the " t r iangle  inequality" 

(lO) 

p l / y  l -1. p n / r  n >~ p / , / , r ]  >1 IPt.~TI - -  P n  / zn l '  (11) 

which in a number  of c a se s  (for example  for  Pn/~-n << Pl / ' r l  ) can effect ively  d e c r e a s e  the number  of independent 
dynamic p a r a m e t e r s .  

A d e c r e a s e  in the effect ive  number  of dynamic p a r a m e t e r s  can undoubtedly a lso  be expected for  the ca se  
whe re  N > 3. 

c. Calculat ion of the F o r m  of the ESR Spec t rum of DynamVC Bi rad ica l  Sys tems 

Within the f r a m e w o r k  of th is  dynamic model  of the b i rad ica l  we can r ead i ly  c a r r y  out the comple te  ca lcu-  
lation of the f o r m  of the ESR spec t rum.  We a s s u m e  that each conformat ion  co r r e sponds  to a definite value of 
the exchange integral  J j ,  and that I Jjl<<kT, that i s , t ha t  exchange in teract ions  do not influence the dynamics  of 
the conformat iona l  t r ans i t ions .  The dynamic equations for  the combined (pai red)spin  densi ty  m a t r i x  p j ,  de-  
s c r  ibing the j - th  conformat ion,  can then be wr  itten in the following f o r m  [18, 45, 46]: 

N 

~j : ~ ~, ~P~ ~ _  ~v~ +~ r,oj,,~!. (12) 

In a ro ta t ing  s y s t e m  of coord ina tes ,  the spin Hamiltonia~n of the conformat ions  is 

Z j ---- x('~ _ -J"~ ~r + (~(2) -- (0) S~ + -S "( ,),(i)r -z :) L. a('2)I~ c ) J  "~'~:) :- Ji s(1)S(2) ~-' -s"(1);(~)-x --', ~ ~ , (13) 

where  w~ k) is the r e s o n a n c e  f requency  of the e lect ron;  a j  ~k) is the HFI constant  of the s p e c t r u m  in the confor -  
mat ion j; and w(~) is the Zeeman  f requency  of the e lec t ron  in the r ad io f requency  f ield )~ =1, 2 gives the num-  
be r ing  of the r ad i ca l  cen ters ) .  The ope ra t o r  R takes  account  of the linewidth (1/T2) ~ not r e l a t ed  to spin ex-  
change. 

Without going into the deta i ls  of the calculat ion [45, 46], we would point out that  the f o r m  of the ESR spec -  
t r u m  is given by the exp re s s ion  

N z ( l )  I ( 2 )  
_, c(:) __-~(i) ~ (14) 

z2J \ -mt / r tz  ~ marlt.~ ' ~lrrzz , rn,rtl_o]j 
m t = - - l ( i )  m 2 = _ _ 1 ( 2 )  

+ + 

where  the quant i t ies  bmlm2, ~mlm2 , Cmlm2 , and~mlm2 can be found by solving the l inear  s y s t e m  of equations 
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Here,  

N 

a ( ~  =_ ~, (~(2) :i- o("~,.~- ~) ' .  n, = * ~ ( r A  ~), 
uj ~ J j~i/2, X ~. o~sth(o)e/2kT)/(21(t) -}- 1)(2I(-~) ~- 1). 

(15)~ 

It can r ead i ly  be seen that when there  is in t ramoleeular  motion, the overa l l  ESR spec t rum of the b i rad i -  
cal ,  as in the stat ic  case ,  cons is t s  of the superposi t ion of the solutions of the s y s t e m  of equations (15) for all 
possible  combinations of the pai rs  m I and m 2. Thus for  an analysis  of the influence of conformational  t r ans i -  
t ions on the f o r m  of the spec t rum it is sufficient to examine only one pair  of values m s and m2; for a fixed value 
m I and m 2 the bi radieal  can be r e g a r d e d  as a sys t em containing unpaired e lect rons  with fixed resonance  f r e -  
quencies:  

~ = ,~(J) + ~(~)m~, (o.~ = j 2 )  + ~(2),,~; 0 6 )  

in the absence of exchange interact ions  the cor responding  ESR spec t rum will consis t  of two lines with positions 

w 1 and w 2. 

The influence of in t ramolecular  motion on the fo rm of the ESR spec t rum can be demonstra ted most  
c l ea r ly  for the case  of the s imples t  situation when the hypothetical b i radical  has only two conformations "1" and 
"2" and its dynamics a r e  descr ibed  only by the pa rame te r s  ~1 and T 2 [46]. 

Analysis  of the solution of Eqs. (15} makes it possible to dis t inguish two ranges  of values of the p a r a m -  
e t e r s  ~'1 and ~'2 in wMch the s t ruc tu re  of the ESR spec t ra  of the bi radical  shows charac te r i s t i c  qualitative 

fea tures .  

Equations (15) make it possible  to take account of the possibil i ty of change in the value of the constant a of the 
isotropic  hyperfine interact ion with change in the value of the exchange integral  J. Nevertheless ,  we shall not 
d iscuss  a number  of in teres t ing phenomena which would be observed  if the re  existed a corre la t ion  between a 
and J, s ince at present  the re  a re  no experimental  data on the existence of a cor re la t ion  of this kind. 

Weak 

~ S~ong 

Weak 
IJl<'la~l I 

~ Suong 

'E, >> ~"2 *~'~ ~ %-2 %-7<< T2 

i I 

Fig.  4. Dependence of the fo rm of the ESR spec-  
t r u m  of a hypothetical  b i radica l  made up of two 
rad ica l s  with resonance  frequencies  w (i) and co ~) e 
without HFI on the s t rength and ra te  of exchange. 
F o r  slow exchange it is assumed that IJll << ,xo0. 
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Fig. 5. Al te rna ted  broadening  of the l ines  of a b i r ad lca l  with two conformat ions  and I J ' !>>a.  

Fig. 6. Compar i son  of the effects  of chemica l  and spin exchm~ge. The heavy a r r o w s  show what must  
be r ega rded  as exchange p r o c e s s e s  (it is a s s u m e d  that  the conditions for s t rongly  dephashlg exchange 
a r e  fulf i l led (J2 72) 2-> 1). Pij is the probabi l i ty  of a t rans i t ion  between the cor responding  energy  leve ls ,  
a n d F  is a function of J2 and r 2. 

Thus in the case where 

A ~ . m a x  {~, %} > i (17) 

(Ace --- Is;1 - e:21 ), the f requency  of the i n t r amolecu l a r  motion is too smal l  to have any significant influence on the 
ES1R s p e c t r a  of the individual conformat ions .  In this ease  the posit ion and intensi t ies  of the components  of the 
s p e c t r a  of the s e p a r a t e  conformat ions  a re  desc r ibed  by the s ta t ic  re la t ionsh ips  (5) and (6), and the overa l l  ESR 
s p e c t r u m  of the b i rad tca l  cons i s t s  of the superpos i t ion  of the s p e c t r a  of the two conformat ions ;  the supe rpos i -  
lion takes  account of the cor responding  s ta t i s t i ca l  weights Pl and Pz of the conformat ions  (in this case  the s ta -  
t i s t i ca l  weight is a lso p ropor t iona l  to the values  of r 1 and z 2). The widths of all the components  of the spec-  
t r u m  for slow motion a r e  p rac t i ca l ly  independent of r and equal to one another .  

In the case  where  

_~co.max {rl, ~2] < 1, (18) 

rap id  in t r amolecu la r  motion leads to ave rag ing  of the ES1R s p e c t r a  of the two conformat ions ,  and we o b s e r v e  
the ESR s p e c t r u m  of one "ef fec t ive"  conformat ion ,  and the ESR p a r a m e t e r s  of this s p e c t r u m  a re  a v e r a g e  
values ,  taking account of the s t a t i s t i ca l  weights of the different  conformat ions .  Thus the position of the l ines in 
the s p e c t r u m  is desc r ibed  by the ave r age  exchange integral  

-~ - -  J I P I  - -  ]..P,,. = &rl -: J~a (i 9) 
Pi 7- Pe % ~- T~ 

Thus the interpretation of the ESR spectra of biradicals should depend to a significant extent on whether 

condition (17) or condition (18) is satisfied. In accordance with the physical significance, these conditions are 
convenient]y described as the conditions of slow and rapid exchange respectively. 

For  the qual i ta t ive cha rac t e r i za t i on  of the fo rm of the ESR s p e c t r u m  of the b i rad tca l ,  it is a lso convenient 
to use  the concept of s t rength  of exchange.  Thus for  s t rong  exchange 1 Jjl  ) 2xcc (for slow exchange) or  I ~jl ~ 
Ace (for rapid  exchange),  the ESR s pec t rum  being d i scussed  genera l ly  shows m o r e  than two l ines .  Fo r  weak 
exchange (I Jj[ << Ace or  I ~  I << Ao:), only two "monorad ica l "  l ines a r e  obse rved .  

A comple te  s chem e  for  this c lass i f ica t ion  of the ESR s p e c t r a  of the hypothet ical  b i r ad tca l  being d iscussed  
accord ing  to the r a t e  and s t reng th  of the exchange in teract ion is given in Fig. 4 [46]. 

Rapid exchange is a s soc i a t ed  not only with ave rag ing  of the exchange tntegTat but a lso  with another  i m -  
por tant  phenomenon, f ami l i a r  in the l i t e r a tu r e  as a l t e rna ted  broadening of the HFS components  of the b i rad ica l  
[45, 47, 48]. We shall  cons ider  this effect  in s l ight ly m o r e  detail.  

In r e a l  b t r ad i ca l s ,  as a r e su l t  of the exis tence  of HFI,  the vaIue of the quantity ~cc will be different  for 
different  combinat ions  of the pro jec t ions  of the nuc lear  spins ml  and m2; the extent to which conditions (17) and 
(18) a r e  fulfi l led will t h e r e f o r e  also be different .  It is easy  to see  how this influences the f o r m  of the ESR 

spec t rum.  
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For  the ca se  where  

a~.max {~i, ~} ~,~ I, (18a) 

in spite of the fact that the condition for rapid exchange is fulfilled, the averaging of the spectra of the two con- 
formations is not complete. Thus the lines will be extensively broadened, in spite of the fact that their position 
is described by the averaged value J-. 

Fo r  the ca se  where  

A0).max {TI, Tel << i (18b) 

(which is always fulfilled for the "basic" components for which Aw = 0) complete averaging is observed, and the 
width of the ESIR lines is independent of the relationship between r and Aw and is d e t e r m i n e d  by a factor which 
is not related to conformational transitions, 

Thus in the case of rapid exchange the biradical lines due to those combinations m s and m 2 for which Aw 
is greatest are also broadened to the greatest extent. With increase in the rate of exchange, all the biradical 
lines become narrower, and their alternated broadening disappears (Fig. 5). 

Numerical calculations show that appreciable alternated broadening does not alter the integral intensity 
of the components of the spectrum relative to the values calculated from the static equations (6) (but naturally 
using the value of J') [47, 48]. 

The p r o b l e m  of the analyt ical  calculat ion of the width of the ESR lines showing a l t e rna ted  broadening for  
a two-confo rma t ion  b i rad ica l  has  been d i scussed  many  t imes  in the l i t e r a tu re  [10, 47-50], but it cannot yet  be 
r e g a r d e d  as ful ly solved.  This is due to the fact  that all  the works  ci ted d i scussed  the effect of a l t e rna ted  
broadening within the f r a m e w o r k  of Redf ie ld ' s  r e laxa t ion  equations [4, 51], which a r e  appl icable  only in the 
case  where  the t ime  theo ry  of pe r tu rba t ion  is appl icable .  For  b i rad ica l s  with e lec t ron  spin exchange this is 
equivalent  to the condition that  the change in the phase  of the p r ece s s ion  of the spins as a r e su l t  of the exis tence  
of the b i r ad ica l s  in the conformat ion  "j" with Jj (equal in o rde r  of magnitude to the magnitude of the product  
Jj Tj) is smal l ;  in other  words ,  the condition of weakly  dephasing exchange 

o o 

should be  fulfilled. In this case  the broadening of the l ines can be calcula ted using the spec t r a l  densi ty function 

t q-r162 
1 (~) = ~ S [] (0) --Yl [] (t) --71 cos ~t~t, 

where  J(t) is the value of the magni tude of the exchange integral  at the moment  of t ime  t, which depends on the 
model  of i n t r amoleeu la r  motion used [4, 10, 47-50]. 

The broadening of the T l ines is desc r ibed  by the expres s ion  [50] 

A(i/T z = j(0) sin 4 (l) ~- ](A.Q) sin e 2r (20) 

and that of the S l ines by the exp re s s ion  

a(i/T2) = 1(0) cos' (I) -~- j(hq) sin ~" 2(I)/4, (21) 

where  tan 2~ =a  (m 1 - m g ) / J - ,  

AO = 7/cos 20 -~ a(ml - -  m2) sin 2(0. 

For  many  b i r ad i ca l s  having typica l  , ,biradical"  s p e c t r a  with I J'] ~ a ,  ] ~ I < 45~ so that  the coefficient  of j (0) in 
Eq. (20) is s m a l l e r  than tlmt in Eq. (21). Thus the Width of the S l ines is m o r e  sens i t ive  to modulation than the  

width of the T l ines.  

In the ca se  where  r ap id  exchange takes  place between two conformat ions  A and B [4], 

�9 A~ x (22) 

whe re  
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Fig. 7 Fig. 8 

Fig. 7. Influence of the ra te  of exchange on the fo rm of the ESR spec t rum of a b i radical  with 
two conformations.  ~-2/~-1=1, Jl =0, J2=33a ,  a (T2)0=9. 

Fig. 8. Influence of the ra te  of motion within the cage on the fo rm of the ESR spec t ra  of a b i -  
rad ica l  with tlu'ee conformat ions:  Pl =0.5, P2 = P3=0.25, a~r~=60, ~r2=.r3, Jt=J2 =0, J 3 =300a, 
a (T2)0 = 9. 

In the case  where l J I >>a , the al ternated broadening of the observed T lines is descr ibed by the expres -  
sion [4, 47] 

• = ~2(,,~ _ ,,2)2](AO.)Ay~. (23) 

Equations (20)-(23) become unsuitable, however,  when the condition of weakly depbasing exchange is no longer 
fulfilled. In this case ,  which is encountered frequently,  Eqs. (20)-(23) decrease  considerably  the width of the 
broadened ESR lines. 

The al ternated broadening of the lines in the general  case apparently cannot be expressed analytically;  
moreove r ,  an exact analytical  expression of this kind may also prove to be useless  for the interpretat ion of ex- 
per imental  spec t ra ,  in view of the need to take account of the intrinsic width of the components and the d i s to r -  
tion produced by the superposi t ion of different lines; all this makes it nece s sa ry  to use the computer  for the 
detailed analysis  of the spectra .  In this case it is undoubtedly more  rat ional  not to use analytical  equations but 
to use the sys tem of equations (15) direct ly .  We shall never theless  put forward some considerat ions  which may 
prove to be useful in the semiquantitat ive analysis  of al ternated broadening in the case  where I'ffl>> a .  

Since dynamic electron spin exchange in bi radicals  is associa ted with coaformat ional  t rans i t ions ,  it is 
possible in the calculation of the linewidths to use the analogy between chemical  and dynamic spin exchange. 
This analogy is not obvious, in spite of the fact that the transi t ion f rom one conformation to another is o rd inary  
chemica l  exchange. There  is considerable  misunderstanding of this question in the l i t e ra ture  devoted to n i -  
t roxide b i radica ls ,  so that we shall consider  this problem in some detail (see also [18]). 

In the case  of chemical  exchange, when one spin jumps between two states and the difference in the Zee- 
man frequencies  is A~, while the average l ifet imes of the states a re  ~'1 and v2 respec t ive ly  (Fig. 6), the fo rm 
of the ESR spec t rum is effectively descr ibed by modified Bloch equations [52, 53]. This is a c lass ica l  sys tem 
and it is well known [52] that for this sy s t em the condition for averaging of the two components of the spect rum,  
that is, the condition for rapid exchange, is given by 

(A~)~[~1~2/(~ + ~2)1 -~ < l ,  (24)  

and the broadening of the Lorentzian line obtained on averaging is equal to 

A (l/T~) chem. exch. = (ha))~21T~l(~i q- r~)3. (25) 
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In the b i rad ica l ,  however ,  we have a case  of spin exchange,  involving two spins s imul taneously .  We can 
cons ider  the p rev ious ly  examined  s imp le s t  model  of a hypothetical  b i rad ica l  with two conformat ions  and with 
spin r e s o n a n c e  f requenc ies  wl and ~ 2. F o r  s imp l i c i ty  we shal l  a s s u m e  that  I J l l < < / ~ ,  IJ2]>>&w, and T2<<~- 1 
(see Fig. 6). We shal l  a l so  a s s u m e  that  the exchange in tegra l  is suff ic ient ly  l a rge  for significant  changes in the 
phase  of the p r e c e s s i o n  of the spins to take  place  in a t i m e  in terva l  T 2 (in other  words  the condition for  s t rongly  
dephasing spin exchange is fulf i l led (J2T2)2_> 1). Using the language of chemica l  exchange for  the descr ip t ion  of 
spin exchange in the b i r ad ica l ,  we should say  that the p r o c e s s  de te rmin ing  the f o r m  of the s p e c t r u m  is the ex-  
change of the r e s o n a n c e  f requenc ies  0~ 1 and w 2 by  means  of the exchange interact ion J2 in a t ime  T 2. It can be 
seen  f r o m  Fig. 6 that  in this c a s e  the p ic ture  of spin exchange coincides with the p ic ture  of chemica l  exchange,  
but the t r ans i t i ons  take p lace  between s t a t e s  with equal l i fe t imes .  Both of these  t imes  axe equal to T i F ,  

where  F -<1/2 is de t e rmined  by  the dephasing ,s t rength, ,  of the spin exchange and is given by F = 2 tl-i-(J~2)'l 

(see  f o r e x a m p l e  [6, 54, 55]). F o r  (J2"r2)2>>l, F ~ 1 / 2 .  F r o m  this it can be  seen  that  in the ca se  of s t rong ly  de-  
phas ing spin exchange being d i scussed ,  the condition for r ap id  exchange is the inequali ty ~.~2~-~<<1 (or in m o r e  
genera l  f o r m  At0. m a x  {T1, ~'2} << 1), and not the condition ~t~. rain {T1, T2}<<l , as follows f r o m  Eq. (24). 

Here ,  the b roaden ing  of the l ines A(1/T2) , ca lcu la ted  by means  of Eq. (25) for  chemica l  exchange,  is 
found to be  equal to 

A(I/T.~)spi n exch. = (~~ (27) 

More  r i go rous  ca lcula t ion using the dynamic equations for  the spin densi ty  ma t r i x  leads to the s a m e  resu l t .  
Equation (27) is appl icable  for  [J[ >> ~ for  both s t rong ly  and weakly dephasing exchange. In the case  where  
r2-> ~-1, s imple  exp re s s ions  of this  kind could not be  obtained for  A(1/T2) , but n u m e r i c a l  calculat ions using Eqs.  
(15) show [18, 45] that  in this ca se  Eq. (27) apparen t ly  st i l l  r e m a i n s  ful ly appl icable.  

F r o m  this it may  be concluded that  the a l t e rna ted  broadening  A(1/T 2) of the ESR lines of r e a l  b i rad ica l s  
is convenient ly  desc r ibed  (at l eas t  for  I J1 >> a)  by means  of an effect ive value reff ,  which has the sense  of the 
t i m e  between two s u c c e s s i v e  exchange interactions** 

a(i/r2) = (a~o)-~effL~. (28)  

In the ca se  where  the b i r ad i ca l  has a l a rge  (N_> 3) number  of conformat ions ,  the c lass i f ica t ion  of the spec -  
t r a  developed for  the s i m p l e s t  model  of the b i r ad i ca l  cannot be applied d i rec t ly .  This  is due to the fact  that to 
de t e rmine  the r a t e  of exchange it is now n e c e s s a r y  to take account  of not only the values  of Tj but a l so  the 
values  of the p robabi l i t i e s  of the t r ans i t ion  pj/ into o ther  conformat ions .  This may  lead to a si tuation in which 
it is poss ib le  to divide all  the conformat ions  of the b i r ad ica l  into s e p a r a t e  groups ,  within which rap id  (with 
freqt tencies  '~jz = P#~/z~ ~ A~) ave rag ing  motion takes  place ,  while the t r ans i t ions  between different  groups will 
c o r r e s p o n d  to the conditions of slow exchange (vjz < ho~). In this  ca se  the ove ra l l  ESR s p e c t r u m  of the b i rad ica l  
is roughly  the superpos i t ion  of the ESR s pec t r a  of s e p a r a t e  groups of conformat ions  with the p rope r t i e s  indi- 
cated.  The posi t ion of the ESR lines of each group of conformat ions  with rap id  exchange within the group can 
be desc r ibed ,  as in the ca se  of the two-confo rma t ion  model ,  by the ave r aged  exchange integral  

y = ]~'JjP~/E'P $, (29) 

where the prime denotes summation over all conformations of the group with rapid exchange within the group. 
It should be noted that the averaging in Eq. (29) is carried out with respect to the relative concentrations of the 
conformations, and not with respect to their lifetimes, as is frequently postulated in the literature [47, 48]. 

As an illustration, Figs. 7 and 8 give the spectra of dynamic biradicals with two or with three conforma- 

tions, calculated on a computer using Eqs. (15). 

2 .  I n t e r p r e t a t i o n  o f  t h e  E x p e r i m e n t a l  E S I I  S p e c t r a  o f  L i q u i d  

S o l u t i o n s  o f  B i r a d i c a l s .  E f f e c t i v e  C o n f o r m a t i o n s  

The difficulty of  in te rpre t ing  the i so t ropic  ESR s p e c t r a  of liquid solut ions of b i r ad i ca l s  is a s soc i a t ed  

chief ly  with two fea tu res .  

F i r s t l y ,  it is not known beforehand  whether  the s p e c t r u m  is the superpos i t ion  of the s p e c t r a  of different 
conformat ions  or  whether  it r e p r e s e n t s  a p ic ture  a v e r a g e d  by r ap id  in t ramoleculax  motion. Simple inspection 
of the s p e c t r u m  is often insufficient to r e s o l v e  this  p rob l em,  s ince ,  as noted above and as  can be seen  f r o m  
Figs .  7 and 8, the qu~aIitative f o r m  of the ESR s p e c t r a  m a y  be  the s a m e  for  c a s e s  of r ap id  and slow exchange. 
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Secondly, it [s general ly  not known how many conformat ions  the b i radica l  possesses ,  and what should be 
an accura te  dynamic model. It ls known that even for compara t ive ly  simple nitroxide biradicals  it is possible 
to distinguish six or  more  conformations [30]. l~Ioreover, the marked orientat ional  dependence of the magnitude 
of the exchange interactions [56] leads to a situation in which even rotat ional  i somers  [57] of the molecule with 
identical distances between the N - O  fragments  can be r ega rded  as different conformations f rom the ESR view- 
point. 

The f i rs t  of these problems can in principle always be resolved.  In fact, a charac te r i s t i c  feature of rapid 
exchange is that the ESR spec t rum consis ts  of a l ternate ly  broadened lines, the position of which is descr ibed by 
the averaged value of the exchange integral  J-. By changing the conditions of the experiment,  for example by 
changing the t empera tu re  of the specimen,  it is possible to produce a significant change in the averaged value 
J', that i s , to  change the positions of the biradical  components of the spectrum.  In the case of slow exchange 
(and natural ly  in the case where there  are  no side factors  such as the formation of chemical  compounds by the 
molecules  of the biradical  and the solvent), change in t empera tu re  should not influence the position of the bt-  
radical  lines. Moreover,  the superposi t ion of spect ra ,  that i s , the  existence of slow exchange, can be detected 
f rom the deviation of the integral  intensity of the components f rom the relat ionship given by Eqs. (6), and also 
f r o m  the presence  in the spec t ra  of a l a rger  number of lines than predicted by Eqs. (5). Thus a co r rec t ly  de- 
signed experiment will give a sufficiently unambiguous answer to the question of whether rapid or slow ex- 
change is taking place. 

The problem of the adequacy of the dynamic model is much more  complicated. This problem can ap- 
pa tent ly  be resoh ,  ed (more or less completely) only within the f ramework  of the concept of the effective con- 
format ions  of the biradical .  

The baste idea of the method of effective conformations is as foIlows [18, 58]. We assume in the s implest  
case that the complete set of conformations of the real  molecule of the biradical  can be divided into two groups 
{ l a ,  lb . . . . .  lnl} and { 2a, 2b . . . . .  2n2} (see Fig. 9), and also that: 

a) the exchange integrals in each group have s imi lar  values,  for example 

IY[i 1 << a and Y~i "~ Y"-' (30) 

b) the frequencies  of the conformational  t ransi t ions  v tnt within each group are  much grea te r  than the 
frequency of the t ransi t ions  between conformations f r o m  different groups,  that i s , for  the energies  of activation 
of the t rans i t ions  the following relat ionship applies: 

(see Fig. 9). 

If in addition 

q, e~ << e (31) 

Vin t >> a, (32) 

it is impossible  to determine by the ESR method how many conformations (one or more) are  in fact present  in 
each g-roup, since,  as indicated above (p. 110), with condition (32) each group will behave as a single effective 
conformation (denoted "1" and "2" respect ively) .  Conditions (30) and (31) also make the conformations within 
each group thermodynamica l ly  indistinguishable (naturally, within a definite t empera tu re  range).  

Effective Effective 
conformation conformation 

1 2 

4 /% ......................... i 2 

1, t~ I 314  

Fig. 9. Determination of 
the effective conforma-  
tion. 
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Each of the two effect ive  conformat ions  can be ass igned  its own l i fe t ime ~-j, and when condition (31) is 
fulf i l led the r a t io  ~ 2/v 1 is desc r ibed  by the Ar rhen ius  equation 

�9 2!~ = exp { A S l R  ~ A H / n r } .  (33) 

He re ,  AS and AH a r e  constants  having the s ignif icance of the d i f fe rence  in the en t rop ies  and enthalpies of the 
ef fec t ive  conformat ions .  With condition (3D 

~, -, (34) 
A H  ~ ~.~ H2jP2j--~. J HtlPtl 

5=I /=i 
and 

a s  = ~ s2?2j- ~ s .p . ,  (35) 

where  S and H a r e  the en t rop ies  and enthalpies  of the r e a l  conformat ions ,  and P r e p r e s e n t s  the no rma l i zed  r e l -  
a t ive  concent ra t ions  in each  group;  

~! 71z 

l=i  j=! 

(compare with the averaging of Eq. (29)). 

For the lifetime v i the following relationship is fulfilled: 

z I ~ % e x p { s / R T } ,  (36) 

whe re  T o is the c h a r a c t e r i s t i c  t i m e  for  the motion by means  of which a t rans i t ion  would take place between the 
ef fec t ive  conformat ions  in the absence  of an energy  b a r r i e r  between them.  

As a consequence  of condition (30), each  effect ive  conformat ion  is desc r ibed  by the exchange integTals 

$ll ~Z 

J1 = l~__i JiZPiZ and J s  =J~----i J2jP2J' 

which a r e  independent of  t e m p e r a t u r e .  

A notewor thy  fea tu re  is that  conditions (30)- (32) a r e  n e c e s s a r y  and sufficient  for the rea l i za t ion  of the 
Ar rhen ius  r e l a t ionsh ips  (33) and (36). Thus if the f o r m  of the ESR s p e c t r u m  of a r e a l  b i rad ica l  is desc r ibed  
suff ic ient ly  ef fec t ive ly  by  the s y s t e m  of Eqs.  (15) for  the two-conformat ion  model ,  then the expe r imen ta l ly  ob- 
ta ined Ar rhen ius  r e l a t ionsh ip  (33) for  the ra t io  ~2/v l  will provide  a s t rong  a rgument  for  the appl icabi l i ty  of 

the two-confo rma t ion  model .  

This  r e l a t ionsh ip  in the ease  of slow exchange is de te rmined  f r o m  the s t a t i s t i ca l  weights of the s p e c t r a  
of the different  e f fec t ive  conformat ions  (by means  of Eqs.  (6)), and in the case  of r ap id  exchange it is d e t e r -  
mined f r o m  the b roaden ing  of the b i r ad ica I  components  of the s p e c t r u m  or  the d i sp lacement  of the l ines  as a 
consequence of change in the m e a s u r e d  ave rage  exchange in tegra l  ~ (19). 

The concept  of effect ive  conformat ions  is na tura l ly  a lso  appl icable  in the ca se  where  the ESR s p e c t r u m  
of a r e a l  b i r ad iea l  cannot be desc r ibed  by the s imp le s t  two-conformat ion  model .  In this case  the t e r m  effec-  
t ive  conformat ion  is used to d e s c r i b e  that  group of r e a l  conformat ions  of the b i rad ica l  for  which conditions of 
types  (30)-(32) will  be  appl icable .  The effect ive  conformat ion  "j" is c h a r a c t e r i z e d  by the exchange integral  J j ,  
the a v e r a g e  l i f e t ime  l-j, and the r e l a t i ve  concentra t ion  Pj (E Pj = 1) (compare  with the previous  section).  

The following p r o c e d u r e  can be p roposed  for  the exper imen ta l  separa t ion  of the individual effect ive con- 
fo rma t ions  [18, 58]: In the ESR s p e c t r u m  of the b i r ad ica l  it is n e c e s s a r y  to dis t inguish groups of l ines ,  the 
posi t ions  of which a r e  desc r ibed  by Eqs.  (5). As a l r e a d y  noted, the p r e s e n c e  of s e v e r a l  such groups in the 
s p e c t r u m  indicates  the  superpos i t ion  of s p e c t r a ,  that  i s ,  that t he r e  is slow motion (for n i t roxide  b i r ad ica l s  

u<a  ~ 3 .108 r a d / s e c  ~-5 .10 ? Hz) in the b i rad ica l .  

If  with change in t e m p e r a t u r e  the posit ion of the l ines of any group r e m a i n s  unchanged, and the width is 
the s a m e  for  al l  l ines of this  group and the r e l a t i v e  intensi t ies  of the l ines a r e  desc r ibed  by Eqs.  (6), this  
group of l i nes  mus t  be  ass igned  to a s ingle  effect ive  conformat ion  with a co r respond ing  exchange integral .  As 
a consequence  of condition (30), this  in tegra l  c h a r a c t e r i z e s  suff ic ient ly  ef fec t ively  the cor responding  r e a l  con-  
fo rmat ions  of the b i rad ica l .  We cannot exclude the poss ib i l i ty  that  superpos i t ions  of the s p e c t r a  of effect ive 
conformat ions  with identical  Jj  m a y  be o b s e r v e d  (the probabi l i ty  of this  s i tuat ion is pa r t i cu l a r l y  high for [~l << 

116 



a or ] Jj I>>a). These conformat ions  can be distinguished only by careful ly  verifying the applicability of r e -  
lationships of types (33) and (36) between the experimental ly  determined Tj and Pj. 

If  the position or width of the lines changes with change in t empera tu re ,  the effect of rapid int ramoleeular  
motion is being observed,  and the given group of lines cor responds  to not one but two or m o r e  effective con- 
format ions.  To determine the t rue  number  of effective conformations taking part  in rapid exchange, it is again 
n e c e s s a r y  to c a r r y  out a detailed analysis  of the displacement  or broadening of the lines with change in t em-  
pera ture  and to study the applicabil i ty of Eqs. (33) and (36). 

To conclude this section it may be noted that the study of b i radicals  by the ESR method loses sight of 
conformat ions  with a smal l  s ta t is t ical  weight and with any value of J,  if they a re  not taking part  in rapid ex- 
change. In the case  where conformations of this kind a re  involved in rapid exchange, even a low concentration 
of these conformations may produce an appreciable influence on the values of, for example, J ' and  &(1/T2). 
Thus f rom the viewpoint of the study of the in t ramolecular  dynamics of biradicals  or the use of biradicals  as 
SP, the use of b i radicals  with rapid exchange is general ly  preferable .  For  this purpose it is par t icu la r ly  con-  
venient to use biradicals  with I J'[ ~ a and rapid exchange - the simultaneous study of the change in the position 
and width of the biradical  components of the spec t rum can give the most  complete information on the state of 
the molecule of a biradical  in solution. 

3. S t u d y  o f  I n t r a m o l e c u l a r  M o t i o n  in B i r a d i e a l s  

In the present  section we examine specific examples of the analysis  of the dynamics of the intramolecttlar 
motion of nitroxide b i radica ls .  

a. Examples of Rapid and Slow Exchange in Biradicals  

The spec t ra  of a toluene solution of b i radical  I, r e co rded  at different t empera tu res  [59], a re  given in Fig. 
10. It can read i ly  be seen that the ent ire  set of b i radical  lines "1, ~T "2," and "3" of each spec t rum in Fig. 10 is 
effectively descr ibed by Eqs. (5) with a single value of I J I (compare with Fig. 2). With change in t empera tu re ,  
however,  the bi radical  lines a re  displaced (Fig. 10). As noted above, the explanation for this displacement of 
the lines is that the position of the components of the spec t rum is determined by the averaged value of the ex- 
change integral  J-. Thus the bi radicals  I provide a typical  example of a b i radical  with rapid exchange. The 
rapid (~ > 5 �9 107 Hz) in t ramolecular  motion apparent ly cor responds  to rotat ion about the S - O  bond, since these 
rotat ions a re  not assoc ia ted  with a high activation energy. 

It is reasonable  to assume that fulfillment of the conditions of slow exchange can be detected in bi radicals  
for which conformationaI  t ransi t ions  a re  hindered by high activation energies .  

An example of a b i radical  of this kind is provided by the biradical  II [59], which is s imi lar  to biradical  I, 

~ N~- O,o/O~N--O ~ 
fl 
0 

1 

Fig. 10. ESR spec t ra  of a tol-  
uene solution of b i radical  I. 
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Fig. 11. ESR spec t ra  of 
a toluene solution of b i -  
radica l  II. 
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Fig.  12. T e m p e r a t u r e  dependence of the m e a s u r e d  value of J for  
the b i r ad ioa l  II in different  solvents :  . . . .  ) data [70] for  CHC13 , - - )  
data  [48] for:  1) CHC13, (for CHBr 3 the va lues  of J a r e  the s a m e  
[48]), 3) d i m e t h y l f o r m a m i d e  (the points �9 c o r r e s p o n d  to the data 
f r o m  [30] for  the s a m e  solvent) ,  4) CS 2 (for CH3I , Si(CHa)4, CH3OH , 
CH2C12, and CH3CC13 the va lues  of J a r e  the s a m e  [48]), 5) i sopen-  
tane,  6) n-hexane;  . . . )  data  [59, 61] for  toluene,  benzene,  CC14, 
acetone,  and C2H5OH; C)) data [70] for:  7) wa te r ,  8) CH3COOH, 9) 
acetone ,  10) d ime thy l fo rmamide ,  d imethyl  sulfoxide, and CH3OH, 
11) xylene,  12) hexane.  The  broken  pa r t  of cu rve  3 c o r r e s p o n d s  to 
m e a s u r e m e n t s  f r o m  the posi t ion of the T r e sonance  l ines 2 and 3 
(see Fig .  11) without c o r r e c t i o n s  for  ove r l ap  of the l ines .  

and for  which ro ta t ion  about the C - O bond is h indered  by the ca rbonyl  oxygen atom. The changes in the ESR 
s p e c t r a  of a toluene solution of b i r ad i ca l  II  with change in t e m p e r a t u r e  a r e  shown in Fig. 11. It can be seen  
f r o m  Fig. 11 that  the posi t ion of the b i r ad ica l  l ines is again ef fec t ive ly  desc r ibed  by Eqs. (5) for [ J I = 1.8a.  In 
con t r a s t  to the  s i tua t ion  for  b i r ad ica l  I, however ,  for  b i r ad ica l  II  the posi t ion of the b i rad ica l  l ines "2" and "3" 
is p r ac t i c a l l y  independent of t e m p e r a t u r e  (see Fig. 12).~ Moreover ,  it can be seen  that  with i nc rea se  in t e m -  
p e r a t u r e  the r e l a t i ve  in tensi t ies  of the l ines "2" and "3" d e c r e a s e  c o m p a r e d  with the intensi ty of the bas ic  l ines 
"1." The d e c r e a s e  in the in tens i t ies  of the l ines "2" cannot be explained on the bas i s  of a l t e rna ted  broadening 
of the components  of the s p e c t r u m ,  s ince in the t e m p e r a t u r e  r ange  273-338~ the ra t io  of the intensi t ies  of the 
l ines  "1" and "2" changes  by a f ac to r  of a lmos t  two (Fig. 11) while the widths of these  l ines r e m a i n  constant  
(within the l imi t s  of a c c u r a c y  of the m e a s u r e m e n t s ) .  Thus in the ESR s p e c t r a  of b i rad ica l  II, superpos i t ion  of 
the s p e c t r a  of different  conformat ions  is obse rved ,  and this is an indication of slow (; < 5- 107 Hz) i n t r a m o l e c -  
u la r  mot ion  in b i rad ica l  II. He re ,  the value of t J ] ~  1.8 a ,  which is m e a s u r e d  f r o m  the s p e c t r a  and which is 
independent of  t e m p e r a t u r e ,  is a p a r a m e t e r  c h a r a c t e r i z i n g  the effect ive  (in the sense  of conditions (30)-(32)) 
conformat ion  of this  b i rad ica l .  

Analys is  of the t e m p e r a t u r e  dependence of the value of J for  the b i rad ica l  I and the r a t io  of the intensi ty 
of  the b i rad ica l  component  "2" to the intensi ty  of the bas ic  component  "1" for b i r ad ica l  II  makes  it poss ib le  to 
r e a c h  ce r t a in  conclusions  r e g a r d i n g  the r e l a t i v e  t h e r m o d y n a m i c s  of the conformat ions  in these  b i r ad ica l s  [18, 

61]. 

In fac t ,  for  b i r ad i ca l  I ,  with d e c r e a s e  in t e m p e r a t u r e  ! J I  ~ 0 ,  indicating the ex is tence  of conformat ion  "1" 
with I J l l  << a .  Since t he r e  a r e  grounds for  a s suming  the exis tence ,  in this b i rad ica l ,  of another  conformat ion  
"2" with I J2] ~ (7.4 • 0.5)a (see below, p. 137), Eqs .  (19) and (33) can be  used within the f r a m e w o r k  of the 

~'The r e p o r t e d  [38, 48] s ignif icant  i nc r ea s e  in J for  b i r ad ica l  II  when the spec imens  a r e  heated above 60~ (see 
Fig.  12) is p robab ly  not r ea l .  This  m a y  be due to the fact  that at suff icient ly low t e m p e r a t u r e s  the m e a s u r e -  
ment  was  c a r r i e d  out f r o m  the posi t ion of outer  sa te l l i t e s  (S l ines) ,  which make  it poss ib le  to m e a s u r e  J with a 
high accuracy .  The rap id  d e c r e a s e  in the intensi ty  of  the S l ines  (cor responding  to the d e c r e a s e  in the intensi ty  
of  the T l ines) with i nc r ea s e  in t e m p e r a t u r e  makes  it n e c e s s a r y  to use  for  the m e a s u r e m e n t  of  J the posit ion of 
the l ines "2" (T l ines) .  As a consequence  of the poor  r e so lu t ion  of the s p e c t r u m  and the low intensi ty  of the 
l ines  "2" at t > 60~ the values  of I J] ca lcula ted  f r o m  the obse rved  posi t ion of the l ines "2" a r e  found to be  
app rec i ab ly  too high, without an a p p r o p r i a t e  c o r r e c t i o n  for  the ove r l ap  of the components  of the s p e c t r u m  (see 

for  example  [60]). 
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two-conformat  ion model to find the ra t io  ~- 2/T 1 and obtain the est imate AH = (3.0 �9 0.1) kcaDZmole andAS = ( -  0.2 ~= 
0.1) eu. It should be noted that the ra t io  ~-2/~-1 is given by a s traight  line on Arrhenius  coordinates ,  and this 
apparent ly  indicates that the two-conformat ion  model is applicable to the descript ion of the change in bi radical  
I. Thus for b i rad[cal  I the difference in the l ifet imes of the conformations is determined pract ica l ly  ent irely by 
the difference in their  enthalpies,  and the thermodynamica l ly  most  favorable conformation is that with the smal l  
I JI �9 Assuming T0~ 10 - l l  sec,  we obtain f r o m  condition (18) for rapid exchange the est imate  e< 6 kca l /mole .  

For  b i radica l  II, again assuming the existence of two conformations - "1" with J l = 0  and "2" with I J~-I = 
1.8a - and using Eqs. (6), we can readi ly  determine the change in the s tat is t ical  weights of the different confor-  
mations with change in t empera tu re  and hence find the t empera tu re  dependence of 72/T t. This re la t ionship is 
also given by a s traight  line on Arrhenius  coordinates ,  and AH =(-- 3.1 ~: 0.1) kca l /mole  and AS = (8 J: 1) eu. 
F r o m  condition (17) for slow exchange, the activation energy e for the conformational  t ransi t ions  in this b i radi -  
cal  can be es t imated as a > 4 kca l /mole .  Thus for b i radical  H the energet ica l ly  most  favorable conformation is 
that with high I J! , but it is not favored by entropy. 

b. Mechanism of Spin Exchange in Long-Chain Biradicals  

The establ ishment  of the fact of rapid exchange in biradical  I was favored by the fact that for this biradical  
F J I ~ a ,  and change in t empera tu re  is accompanied by a marked displacement of the bi radical  components of the 

spect rum.  Unfortunately, for a considerable  number of b i radicals  which have been synthesized,  the observed 
ESR spectra correspond to the case of very strong exchange (I Jl >>a), and this excludes the possibility of ob- 
serving an appreciable displacement of the lines in the case of rapid exchange (see Fig. 2). 

These characteristic five-line spectra (Fig. 13) are typical of nitroxide biradicals with a long chain (8-10 
or more -CH 2- fragments), in which exchange interactions between the radical centers of the molecule take 
place by direct collisions of the N-O fragments [4, 14, 62-67] (the values of the exchange integral I J l ~ 10i~ 
I0 II rad/sec [24-27, 38-43]). 

A detailed analysis has been carried out [68] for the ESR spectra of the long-chain biradicals 

B60CO(CH2)4S(CH2)4C00R 6 Ill R~OCO(CH2)6S(CH2)~COOBe IV 
R~NHCO--(CH~)~--CONHR~ V and R~--(O--Si(CH~)~)I~--0--R 6 u 

(Here and subsequently,  % = - / ~ •  

The marked dec rease  in the width of the b i radica l  lines 2 and 2' for these b i radica ls  with increase  in 
t empera tu re  (see Fig. 13) indicates unambiguously that there  is rapid modulation of the exchange interaction by 
in t ramolecular  motion. At t empera tu res  when the width of the thaes 2 and 2' is c lose  to the width of the lines 
1 and 1', however,  the distr ibution of the line intensities in the spec t rum differs  appreciably  f rom the ra t io  
1 : 2 : 3 : 2 .. 1 (see Fig. 13), predicted by the model of the biradical  with two conformat ions  and with s trong rapid 
exchange. The measured  ra t io  of the integral  intensities indicates the superposi t ion of the spec t ra  of different 
conformat ions ,  that is,  slow exchange. 

Thus for a sufficiently co r r ec t  interpretat ion of in t ramolecular  motion in long-chain biradicals  it is 
n e c e s s a r y  to take account of at least  th ree  different conformat ions .  

In fact, we can a s sume  that there  exists an "elongated" conformat ion "1," in which Jt =0, and that there  
also exist conformat ions  "2" and "3," in which the rad ica l  f ragments  approach one another,  and that in confor-  

,J 
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J 
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/ 

70 ~ 

,J 
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Fig. 13. Tempera tu r e  dependence of the 
f o r m  of the ESR spec t rum of a dimethyl 
sulfoxide solution of the long-chain b i r ad -  
ical  VI. 
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Fig.  14. D i a g r a m  of the  p roposed  "cage,, m e c h a n i s m  of exchange in terac t ions  in long-chain  n i t r o x i d e b i -  
r a d i c a l s .  

Fig. 15. Dependence of the values  of (~-cage/T) and aTeff ,  ca lcu la ted  f r o m  Eqs.  (40)-(42),  on the f o r m  of 
the  ESR s p e c t r a  of b i r a d i c a l s  with t h r e e  conformat ions .  Fo r  al l  the  s p e c t r a  I)1=1/3 ( (Tcage/T) theo r =2),  
a~1=60 ,Jl=J2=O,J3=3OOa, a(T2)0=9,  a) P 2 = l / 3 ,  a~-2=0.6 , a T 3 = 0 . 6 , ( T c a g e / 7 ) e x p t = 0 . 6 , a ~ e f f = 0 . 3 1 ;  
b) P2=0.6,  a~-2=0.6 , a 73=0.0667,  (Tcage/7)expt=0.55, aTef f=0 .35 ;  c) P2=0.0667, a ~-2=0.0667, a73= 0.6, 
(~-cage/~-)expt =2.0,  aTe f  f = 0.04. 

mat ion  "2," J2=0,  and that  in conformat ion  "3," I J31 >> a (Fig. 14). In other  words ,  it is a s sumed  that  when 
they  app roach  one another ,  the r a d i c a l  f r a g m e n t s  enter a common  "cage ,"  in which they may  or  m a y  not i n t e r -  
act .  I f  the l i f e t ime  of the r ad i ca l  f r a g m e n t s  is ~'cage in the cage,  and ~- outside the cage,  it follows that for  
suf f ic ient ly  long l i f e t imes  ~'cage and ~ (a �9 max{Tcage,  ~'}> 1) superpos i t ion  of the EStl s p e c t r u m  of the cage and 
the ESR s p e c t r a  of the r a d i c a l s  outs ide the cage  will  be o b s e r v e d  (with s t a t i s t i ca l  weights 7 c a g e / ( T c a g  e + ~-) 
and T / ( ' r c a g  e + f )  r e spec t ive ly ) .  He re ,  in the c a s e  of r ap id  mot ion of the  r ad i ca l  f r a g m e n t s  within the cage  the 
ESR s p e c t r u m  of the cage  is  de sc r ibed  by the model  of r ap id  exchange.  

Thus the change in the width of the l ines 2 and 2'  mus t  be a t t r ibu ted  to changes in the conditions of modu-  
lation of the exchange in tegra l  only  within the cage ,  whe rea s  the o b s e r v e d  r a t io  of the intensi t ies  of the l ines is 
due to the superpos i t ion  of the ESR s p e c t r a  of the cage and the r ad i ca l s  outside the cage.  

The fact  that  the width of the l ines  2 and 2' is due en t i r e ly  to motion Within the cage  is conf i rmed  by the 
fact  that  in ident ical  so lvents  in b i r ad i ca l s  with s i m i l a r  s t r u c t u r e s  the width of the l ines 2 and 2' depends only 
on t e m p e r a t u r e ,  but not on the  chain length [68]. At the s a m e  t i m e  the r e l a t i ve  intensi ty  of these  l ines de-  
c r e a s e s  with i n c r e a s e  in the chain length, s ince t he r e  is a d e c r e a s e  in the r a t io  Teage /% and hence in the s t a -  
t i s t i ca l  weight of the s p e c t r u m  of the cage.  

The appl icabi l i ty  of the qual i ta t ive  cage  model  for  the in te rp re ta t ion  of the ESR spec t r a  of long-chain  b i -  
r a d i c a l s  is con f i rmed  by  ana lys i s  of the f o r m  of the s p e c t r u m  of the s y s t e m a t i c  t h r e e - c o n f o r m a t i o n  model  of 

the b i r ad i ea l  [18, 45]. 

In fact ,  if  for  the s t a te  "1" of  the b i rad iea l  outs ide the cage the inequali ty a~- 1 >>1 is fulfi l led, then in the 
e a s e  of r ap id  motion within the cage ,  a~2, aT 3 < 1 and 

1- -  Pl (37) P~ -P P3 ~1 
~c age = lrl Px = P~ 

F o r  those  b i r a d i c a l s  for  which b i r ad i ca l  l ines  a r e  o b s e r v e d ,  1~ z +P3 ~ P~, and, s ince  ~ >> ~2, T~, Eq. (11) leads 
n e c e s s a r i l y  to the r e l a t ionsh ip  

P~I'~ ~ PaITs. (38) 

ThUS the dynamics  of i n t r amoleeu l a r  motion in the p roposed  model  of long-chain  b i r ad ica l s  a r e  desc r ibed  
in p r inc ip le  by  four independent p a r a m e t e r s ,  fo r  example  

Ti, Ir~, "It 8 and Px. (39) 
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Fig. 16. T e m p e r a t u r e  dependence of the obse rved  values  of: a) 
r c a g e / T  and b) a r e f  f for  b i r ad ica l s  I I I-VI.  | B i rad ica l  III  in DMSO, 
�9 III  in benzene ,  e) III  in toluene,  ~) IV in DMSO, D) V in benzene,  
A) VI in DMSO. 

Here ,  as expected,  the s p e c t r a  obtained by calculat ion using Eqs.  (14) and (15) give all the c h a r a c t e r i s t i c  
f ea tu re s  of the exper imen ta l  ESR s p e c t r a  of long-chain  ni t roxide b i rad ica l s .  For  example ,  Fig. 8 demons t r a t e s  
the influence of the r a t e  of exchange within the cage on the f o r m  of the overaI1 ESR spec t rum.  

Detai led ana lys i s  [45] of the poss ib i l i ty  of a comple te  in te rpre ta t ion  of the exper imenta l  ESR spec t r a  of 
long-chain  b i r ad ica l s  showed that ,  unfortunately,  it is imposs ib le  to de te rmine  all the p a r a m e t e r s  of the in t r a -  
mo lecu l a r  dynamics  and exchange d i rec t ly  f r o m  the ESR spec t r a ,  s ince in addition to the p a r a m e t e r s  (39) the 
ESR s p e c t r u m  is a lso  desc r ibed  by  the intr insic  width (1/T2) 0 of the ESR lines ((1/T2) 0 = f ~ . A H  1 -- see  Fig. 15), 
and by the value of the exchange in tegra l  J3, which is not known a p r io r i .  Moreover ,  the calculat ions show that 
for suff ic ient ly  rap id  motion within the cage  the c h a r a c t e r i s t i c  fea tu res  of the motion within the cage (for ex-  
ample  long and shor t  durat ion of exchange interact ions)  cannot be de te rmined  in pr inciple  (see Fig. 15), and the 
in te rpre ta t ion  of the expe r imen ta l  s p e c t r a  is mos t  comple te  within the f r a m e w o r k  of the cage model.  

Since the cage  is desc r ibed  by one a v e r a g e d  conformat ion  with s t rong  rap id  exchange (that is i J I >> a ) ,  
the expe r imen ta l  ESR s p e c t r a  can r ead i l y  be used to find the r a t io  r c a g e / r ,  by compar ing  the integral  in tensi -  
t i e s  11 and 12 of the l ines 1,1' and 2,2' r e s pec t i v e ly .  The o rde r  of magni tude of the r a t io  of 11 to 12 can be es t i -  
ma ted  f r o m  the s imple  re la t ionsh ip  

It dl (AH1) 2 
12 - d2 (An~)~ ( 4 0 )  

Since the obse rved  s p e c t r u m  is the superpos i t ion  of two s p e c t r a  (tr iplet  (the symbols  a r e  defined in Fig. 15). 
and quintet) we obtain 

reage = Mfl_____!_. ~ (41) 
"r 2 - -  I~ / I  1 

Nurnerlua! ca lcula t ions  show (see Fig. 15) that for  a width of  the b i rad ica l  components  "2" c lose  to the width of 
the bas ic  components  "1," the calculat ion of r c a g e / T  f r o m  Eqs.  (40) and (41) gives a suff ic ient ly  accu ra t e  r e -  
sult ,  and that even in the  ca se  of ex tens ive ly  broadened  b i rad ica l  l ines these  equations give the c o r r e c t  (al- 
though s l ight ly  high) o r d e r  of magnitude of 7 c a g e / r .  Fo r  a m o r e  accura t e  de te rmina t ion  of the values  of 
7 c a g e / r  it is n e c e s s a r y  to use n u m e r i c a l  modeling of the a l t e rna te ly  b roadened  s p e c t r u m  of the b i rad ica l ,  for 
example  with the a s sumpt ion  that we a r e  obse rv ing  the superpos i t ion  of two s p e c t r a  with l ines of Lorentz ian  
fo rm,  b roadened  in acco rdance  with Eq. (28). 

TABLE 1. P a r a m e t e r s  AH, AS, T0, and e for  the Long-Chain Bi-  
r ad i ca l s  I I I -VI  ( f rom the data in [68]). 

Biradical 

Ill 
Ill 
Ill 
IV 
V 

VI 

Solvent 

Benzene 
Toluene 
Dimethyl sulfoxide (DMSO) 
DMSO 

Benzene 
DMSO 

AH, 
keal/mole 

<0,5 
<0,5 

2,7+-__t,5 
t,3+_1 

<0,5 
2,4+-0,5 

AS, eU 

4,t+_2 
2,94-2 

il,8+4 
2,0+-2 
2,9+-2 
9,0+-2 

I - log (TO)~ I, 
TO, see 

i i , 5  

i i , 7  

12,2 ' 

11,7 
t2,t 
it.7 

-3 i 0 . 6 ,  
~cal/mole 

3,2 
3,4 
4,2 
3,7 
3,5 
2,9 
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Fig. 18. Schematic represen ta t ion  
of rapid  ( ) and slow ( - - - - )  confor-  
mational t ransi t ions  detected in bi-  
rad ica l s  VII-X. 

TABLE 2. Charac te r i s t ics  of the Transi t ions  
�9 between the Conformations for the Biradicals  
VII-X (from the data in [58]) 

Biradical AH, kcal/mole 

VII 
VIII 0,6:]:0,i 

IX 0,5+0,i 
X 2,3• 

AS 0.5, eu 

m 

1,2 
--l,0 

i,i 

S, kcal/mole I(-T01)~ 

2-4-0,2 I 10,7 4,8=]=0,8 i3,2 
> 5  

m 
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Using the concept  of effect ive  t ime  ~eff  (see Eq. (28)) of the modulation of the exchange interact ion,  it is 
poss ib le  to r e a c h  ce r t a in  conclusions r ega rd ing  the motion of the r ad ica l  f r a g m e n t s  within the cage. 

Fo r  the cage  model  being examined ,  - r e f  f is a complex  combinat ion of the p a r a m e t e r s  ~z, T~, and J3, and 
its s ignif icance  c o r r e s p o n d s  to that  of the t i m e  between two succes s ive  exchange in terac t ions  within the cage. 
With al lowance for  Eq. (28) and the fact  that the f o r m  of the l ines is c lose  to Lorentz ian ,  we obtain 

a'ref f = 3.46(Rile- AH1)/a. (42) 

The values  of the quanti t ies 7cage/~- and aTeff for  the b i r ad ica l s  I I I -VI ,  ca lcula ted  f r o m  Eqs. (40)-(42), 
a r e  given in Fig. 16a on Ar rhen ius  coord ina tes .  An in te res t ing  fea tu re  is that, as expected,  ~-cage/T depends 
v e r y  l i t t le  on t e m p e r a t u r e ,  s ince for long b i r ad i ca l s ,  en t ry  into the cage is de te rmined  chief ly  by s t e r i e  f ac to r s  
(that i s , e n t r o p y  fac to r s ) ,  and not energy  fac to r s .  

Table  1 gives a s u m m a r y  of the en t ropy AS and enthalpy AH of the cage,  found f r o m  Fig. 16, and a lso  the 
p a r a m e t e r s  70 and ~, desc r ib ing  the t e m p e r a t u r e  dependence of ~-cage/ r  and ~'eff with the assumpt ion  that 

and 

Xcag e H = exp{hS/R--AE/RT} 

~:eff = % exp[e/RT} 

(compare  with Eqs. (33)-(36) for " r ea l "  effect ive  conformat ions) .  

An in te res t ing  f ea tu re  is that the obs e rved  values  of ~0 for the b i r ad iea ! s  I I I-VI a r e  p rac t i ca l ly  indepen- 
dent of the na ture  of the solvent  and a r e  equal to ~ 10 -1~ see ,  c h a r a c t e r i s t i c  of the ro ta t ion  about s imple  ~r 
bonds. 

e. Study of Complex Conformat ional  Equi l ibr ia  in Solutions of Nitroxide Bi rad ica l s  

The above examples  of b i r ad i ea l s  in which the i n t r amolecu l a r  motion obse rved  by the ESI~ method is 
desc r ibed  suff ic ient ly  accu ra t e ly  by the two-  or  t h r e e - c o n f o r m a t i o n  model a re  the mos t  typical .  Never the less ,  
t he re  a lso  exis t  n i t roxide  b i r ad ica l s  for  which the descr ip t ion  of the ESR s p e c t r a  r equ i r e s  a l lowance for at 
leas t  five different  conformat ions .  

Studies have been made [58] of the b i r ad ica l s  

N NHCH2R6 
P.I,~N VII 

N NHCH~R 6 

12 l , - ~ :  HR6 IX 

N ~NHR 6 

.Np~ NHCH2R6 
Cl,"-~N VIII 

N "NHR 5 

N NHR5 

C b ' ~ N  X 
HR 5 

(Here and subsequently, Rs=~U--" 0 ). 

The spectrum of biradical IX (Fig. 17c) consists of a quintet of lines "i" and "2," characteristic of the long- 
chain biradicals examined above. The broadening of the biradical lines observed with decrease in temperature, 
and also their low relative intensity, indicates the existence in this biradica! of at least three different effective 

eonfor mat ions: "C," ', D," and ' E," with I JC I << a, [ JD I -<a and I JE i >> a, and tlm.t rapid trans it ions (with ~ > 
5 �9 10 7 Hz) take place between conformations nD" and "E," whereas conformation ~C ~ undergoes only slow intra- 
molecular motion. 

The ESR s p e c t r a  of b i r ad ica l s  VII and VIII (Fig. 17a and b), in addition to the grou.ps of l ines "1" and 
"2," a l so  show other  groups of l ines "3." The posi t ion of t hese  groups is desc r ibed  by Eqs.  (5). Since the 
posi t ion of the l ines "3" changes  with change in t e m p e r a t u r e ,  these  groups of l ines must  c o r r e s p o n d  to at l eas t  
two conformat ions  "A" and "B" (l JAl<<a and [ JBI  > 0.4a) with rap id  t r ans i t ions  between them. Thus for  the 
descr ip t ion  of the ESR s p e c t r a  of liquid solut ions of b i r ad ica l s  VII and VIII it is n e c e s s a r y  to take into account 
at l eas t  f ive different  conformat ions .  

The ESR s p e c t r a  of the b i rad ica l  X di f fers  f r o m  the s p e c t r a  of b i r ad ica l s  VII and VIII only in that in place 
of the l ines "2" the re  is obs e rved  a group of l ines "4" (Fig. 17(t), the posi t ion of which does not change with 
change in t e m p e r a t u r e ,  that i s , t he  l ines "4" c o r r e s p o n d  to one effect ive conformat ion  '~F ~' with [ JF  i = (3.3 
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0.2)a.  The d i sp ropor t iona te ly  high r e l a t i ve  intensi ty  of the l ines "1" indicates the p r e s e n c e  in the b i rad ica l  of 
another  ef fec t ive  conformat ion  "C" with I JCI  <<a , with slow t r ans i t i ons  f r o m  it. Thus the ESR s p e c t r a  of the 
b i r ad i ca l  X a r e  desc r ibed  by a model  taking account of four effect ive conformat ions .  

D iag rams  of the o b s e r v e d  conformat iona l  t r ans i t i ons  in b i r ad ica l s  VII-X axe given in Fig. 18. Various 
t h e r m o d y n a m i c  p a r a m e t e r s  of the o b s e r v e d  conformat iona l  t r ans i t ions  have a lso  been de te rmined  [58]. Equa-  
t ion (41) has been used to find the r a t io  of the to ta l  l i f e t ime  (~'DE) of the b i r ad ica l s  in the conformat ions  D and 
E to the l i fe t ime (~'R) of the b i r ad i ca l  in al l  other  conformat ions .  Table  2 gives the values  of AH and AS found 
f r o m  these  r a t i o s  using Eqs.  (33), and the p a r a m e t e r s  e and ~-0, which w e r e  de t e rmined  f r o m  Eqs. (36) and (42) 
and which desc r ibe  r a p i d  t r ans i t i ons  between the conformat ions  D and E. 

The m e a s u r e d  t e m p e r a t u r e  dependence of the value Of the exchange in tegra l  I 71 , cha r ac t e r i z i ng  rap id  
t r ans i t i ons  between the conformat ions  A and B, made  it poss ib le  to e s t ima t e  the d i f fe rence  in the enthalpies  
AHAB between these  conformat ions .  In fact ,  f r o m  Eqs.  (19) and (33) with the condition I J A i<< a it follows that 

. R RT ~ ~' 

w h e r e  ~(T) is the m e a s u r e d  value  of the ave r aged  exchange in tegra l ,  which depends on the t e m p e r a t u r e  T. The 
value  of JB is unknown, so that  it is poss ib le  to e s t i m a t e  app rox ima te ly  only the r a t io  of the values  of AHAB for 
di f ferent  b i r a d i c a l s ,  s ince  the t e m p e r a t u r e  dependence of In I "J/al is de te rmined  chief ly  by the enthalpy t e r r a  
of Eq. (43). It was  found that  AHAB (VII) ~ AHAB (VIII) ~. 2.4 AHAB (X), that  is ,  the differ  ence in the enthalpies of 
the conformat ions  A and B is much  g r e a t e r  for  p ipe r id ine -oxy l  b i r ad i ca l s  than for  py r ro l id ine -oxy l  b i rad ica l s .  

4.  M e c h a n i s m  o f  E x c h a n g e  I n t e r a c t i o n s  in  S h o r t  N i t r o x i d e  

B i r a d i c a l s  

An impor tan t  s tage  in the study of b i r ad ica l s  is the invest igat ion of the m e c h a n i s m  of the e lec t ron  ex-  
change in terac t ions  of the unpa i red  e lec t rons .  In pr inc ip le ,  exchange in terac t ions  a r e  shor t - l ived ,  and it is 
often postula ted  that spin exchange r e q u i r e s  the c lose  approach  (to ~ 3-5A) of the N - O  f ragments .  It is un- 
doubtedly the c a s e  that  for  b i r ad i ca l s  with widely s e p a r a t e d  N -  O f r agmen t s  (for example  for  the long-chain  
b i r ad i ca l s  examined  above),  this  approach  is in fact  n e c e s s a r y .  As a l r eady  noted,  however ,  in addition to ex-  
change by the d i rec t  ove r l ap  of the wavefunct ions of the unpai red  e lec t rons ,  it is a l so  possibl, e in pr inc ip le  to 
have the  par t ic ipa t ion ,  in the t r a n s f e r  of exchange in te rac t ions ,  of the a toms  of the b i rad ica l  i tself  ( , indi rec t  

exchange mechan i sm")  or  a , ,bridge" of solvent  molecu les .  

The poss ib i l i ty  of the ex is tence  of an indirect  m e c h a n i s m  of spin exchange in the molecules  of n i t roxide 
b i r a d i c a l s  has been  d i scussed  p r a c t i c a l l y  s ince  the i r  or ig ina l  synthes is  [4, 67]. ~ Neve r the l e s s ,  dist inct  expe r i -  
men ta l  p roof  of the ex i s tence  of indirect  exchange was obtained only c o m p a r a t i v e l y  recen t ly .  

Studies have been made [18, 61] of a number  of shor t  b i r ad ica l s  of s i m i l a r  s t r u c t u r e ,  in which piper id ine  
r ings  a r e  joined to one another  by one C, S, Si, or  P a t o m  or  two O (or N) a toms .  

R~--O--S--O--R e XI Ra--O--S--O--R, XII 
, / 2% 

0 O O 
R,--O--P--O--Ra XIII R6--O--P--O--Re XIV 

R~--O--P--O--R6 XV Ra-- O--P--O--R s Ci XVI 

0 2 U \ / CH=C--CeH~ 
R~--0--Si--0--tl~ XVII R6__0__Si--0--I~ 6 XVIII 

/ \ / \  
H5C6 C6H~ H~C CH3 
Re--O--Si--O--R 6 XIX R6--NH--C--NH--R8 XX 

I 
HhCl ~C2H, o 

It was  indicated above that  the behavior  of the EsR s p e c t r a  of b i r ad ica l  II is desc r ibed  by the slow ex-  
change model .  Fo r  r ad i ca l s  XVII-XX it is known that  the magni tude of the m e a s u r e d  1 J I is independent of 
t e m p e r a t u r e  [69, 70]. Fo r  b i r ad ica l s  XI-XVI in the r a n g e  17-70~ no apprec iab le  change in the ESR s p e c t r a  
was  o b s e r v e d  [61]. The  r e l a t i ve  in tens i t ies  of the b i r ad ica l  l ines of the i r  s p e c t r a  coincide with the theo re t i ca l  
va lues ,  so that the b i r ad ica l s  XI-XVI a r e  p re sen t  in solut ion in p rac t i ca l l y  only one conformat ion .  Thus the 
values  of 1 J I de t e rmined  f r o m  the ESR s p e c t r a  of b i r ad i ca l s  II and XI-XX r e f e r  to definite effect ive c o n f o r m a -  

t ions;  t hese  values  of I J I  a r e  s u m m a r i z e d  in Tab le  3. 
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T A B L E  3. E x c h a n g e  I n t e g r a l s  at  25~ and D i s t a n c e s  b e t w e e n  the  
I m i n o x y l  F r a g m e n t s  at  77 ~ for  T o l u e n e  Solu t ions  of  t he  B i r a d i c a l s  
I ,  II ,  X I - X X  ( f rom the  d a t a  in [18, 61, 70]) 

Biradical 

II 
XXt 

I 
XI 

XII 
XlII 
XlV 
XV 

XVI 
XVII-- 
XIX 

Con - 
i l e c t -  
ing 
atom 

C 
C 
S 
S 
S 
P 
P 
P 
P 

Si 

e0 .2G 

15,3 
t5,2 
t5,3 
i5,3 
15,3 
t5,3 
15,4 
t5,3 
t5,3 

t5,6 

IZlal 

t,8 
t.2 
0,45 
7,6 
7,t 
6,4 
6,5 
6,7 
6,5 

8 -9  

from the 
second 
moment 

tt,2 

t t , t  
t0,8 
10,7 
t0,6 
10,3 

�9 t0,7 
lO,O 

o 
::~ 0.7 A 
from the 
flipole-- 
dipole i 
;plitting ; 

tl,6 
12,0 
tt,9 
10,6 
t0,9 
t0,7 
ti,6 

r~0.5A I 
from ] 
AMs=2 ] 

Ii,7 

t0,8 

I0,3 

t0,2 

r m i n §  

7+15 

8--13 
8+13 
8+t3 
8+13 
8--t3 

~In b i r a d i c a l  XX the  O a t o m s  of  t he  c o n n e c t i n g  b r i d g e  a r e  r e -  
p l a c e d  b y  NH g r o u p s .  The da t a  w e r e  t a k e n  f r o m  [70] fo r  a s o l u -  
t ion  in x y l e n e  and in a c e t o n e .  
SAs a c o n s e q u e n c e  of r a p i d  e x c h a n g e ,  the  g iven  v a l u e  of  J is  in 
f ac t  J-. 

T A B L E  4. Va lues  of J and  a ,  M e a s u r e d  fo r  B i r a d i c a l s  II  
and XX in V a r i o u s  Solvents at 22~ 

Solvent 

Isopentane 
Hexane 

Benzef l~  

Toluene 
Xylene 

CCl~ 
CHsCI s 
Ctt3CCls 
CHsI 

Biradical II ]Biradical XX Literature cited 

CS 2 
Dimethylformamide 

Dimethyl sulfoxide 
Acetone 

C2HsOH 
CH3OH 

CHaCOOH 
CHCI~ 

CHBr a 
Water 

[481 
[7o1 
[is] 
[6i1, 
[6il, 
ITOl 
[sil, 
[is] 
[isl 
[isl 
[48] 
[701 
[30], 
[701 
[701 
[591, 
[6tl, 
[70] 
[48] 
[701 
[70] 
iisl  
[48] 
[701 

[59] 
[591 

[59] 

[481 

[611 
[59] 

A n o t e w o r t h y  f e a t u r e  is  tha t  fo r  b i r a d i c a l s  I I  and  X I - X I X  t h e  m a g n i t u d e  of  t he  exchange  i n t e g r a l  J for  the  
e f f e c t i v e  c o n f o r m a t i o n  d e p e n d s  l i t t l e  on the  n a t u r e  of t he  s u b s t i t u e n t s  a t  t he  c o n n e c t i n g  a t o m  (thiS m a k e s  p o s -  
s i b l e  t he  a s s u m p t i o n ,  u s e d  a b o v e ,  t ha t  in b i r a d i c a I  I t h e r e  is  an  e f f e c t i v e  c o n f o r m a t i o n  wi th  J2 c l o s e  to  the  
v a l u e s  I J]  = (7 .1 -7 .7 )a  fo r  b i r a d i c a l s  XI-XII ) .  M o r e o v e r ,  fo r  b i r a d i c a l  I I  t he  m a g n i t u d e  of  t he  exchange  i n t e -  
g r a l  J2 d e p e n d s  v e r y  l i t t l e  on the  n a t u r e  of  t he  s o l v e n t  ( see  F i g .  12 and T a b l e  4). F o r  b i r a d i c a l s  HI -VI I I  a l s o ,  
J s h o w e d  no a p p r e c i a b l e  d e p e n d e n c e  on the  s o l v e n t .  

An  i m p o r t a n t  c h a r a c t e r i s t i c  o f  a c o n f o r m a t i o n  is  t h e  d i s t a n c e  r b e t w e e n  the  N - O  f r a g m e n t s .  T a b l e  3 
s u m m a r i z e s  the  r e s u l t s  of t he  m e a s u r e m e n t  of  t h i s  d i s t a n c e  ( see  below) in t o lue ne  s o l u t i o n s  v i t r i f i e d  at  - 196~  
It c an  be  s e e n  f r o m  T a b l e  3 tha t  t he  v a l u e s  of r a r e  s i m i l a r  fo r  a l l  t he  b i r a d i c a l s  d i s c u s s e d  and  axe  g r e a t e r  
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than the min imum possible  values  r m i  n (Table 3) obtained f r o m  an examination of S t u a r t - B r i e g l e b  molecular  
models .  

The  weak dependence of J on t e m p e r a t u r e  and the solvent  for b i r ad ica l s  I I  and XI-XX indicates that the 
m e a s u r e m e n t s  in liquid solut ions give a s ta t ic  va lue  of J co r r e spond ing  t o  a definite conformat ion  of the b i -  
r ad ica l .  Moreove r ,  the r e s u l t s  of the d i rec t  i n t e rp re t a t ion  of the s p e c t r a  of the f rozen  solutions (see below) 
indicate  that  in v i t r eous  to luene solut ions of the b i r ad i ca l s  II,  XI, and XII the  conformat ions  s tabi l ized  a r e  ap-  
pa r en t l y  those  for  which the va lues  of J a r e  m e a s u r e d  in the  liquid. Thus spin exchange in b i r ad ica l s  II  and 
XI-XX takes  p lace  in the  absence  of .d i rec t  "co l l i s ions"  of the N - O  groups ,  s ince  the values  of J r e f e r  to con-  

o 

format ions  with r > 10 A. 

In view of the v e r y  l a rge  d is tance  (~ 11-12A) between the N - O  f r agmen t s ,  spin exchange by d i rec t  o v e r -  
lap of the unpa i red  e lec t ron  clouds is e x t r e m e l y  unlikely.  It is difficult to r e c o n c i l e  e x c h a n g e t h r o u g h a " b r i d g e "  
of so lvent  molecu les  [73, 74] with the weak dependence of J on the na ture  of the solvent.  At the s a m e  t ime ,  none 
of the expe r imen ta l  data cont rad ic t  a m e c h a n i s m  of exchange along the chain of (r bonds of the molecule  of the 
b i rad ica l .  This  a l so  explains the unambiguous dependence of the magni tude of J on the na ture  of the connecting 
a tom.  The  fact  that  the va lues  of I J I in the b i r ad ica l s  XI-XIX a r e  g r e a t e r  than that  in the b i r ad ica l  II can be 
a t t r ibu ted  to the par t ic ipa t ion  of the d o rb i t a l s  of the Si, P, or  S a toms  in the delocal izat ion of the unpai red  e lec -  
t rons .  S imi lar  r e s u l t s  for  the c o m p a r a t i v e  , ' e lec t ronic  conductivi ty" of the C and Si a toms  in the molecu les  of 
s tab le  monorad ica l s  w e r e  obtained by the NMI~ method [75]. An in te res t ing  f ea tu re  is that  the "e lec t ron ic  con-  
duct ivi ty" of N a toms  is lower  than that  of O a toms ;  this can  be seen  by compar ing  the values  of J for the b i -  
r a d i c a l  II  and the b i rad ica l  XX [70], which differs  f r o m  II only in the r e p l a c e m e n t  of the O a toms of the connect -  
ing b r idge  (see Tables  3 and 4) by NH groups ,  and in which slow exchange is a lso  observed .  

I f  m o r e o v e r  it is a s s u m e d  that  a s ignif icant  r o l e  is p layed by  the  hyperconjugat ion m e c h a n i s m  in the 
t r a n s f e r  of exchange in terac t ions ,  it b ecom es  poss ib le  to explain the dependence of the magnitude of J on the 
angle  of ro ta t ion  of the p iper id ine  r ings  about the S - O  or C - O  bonds in the b i r ad ica l s  I and IL 

It  is n e c e s s a r y  to emphas i ze  spec ia l ly  the long- range  act ion of the exchange in terac t ions  in b i r ad ica l s  I,  
IT, and XI-XX. In spi te  of the fact  that  the unpai red  e l ec t rons  in these  b i r ad ica l s  a r e  s epa ra t ed  by ten (!) 
bonds ,  the ene rgy  of the e lec t ron ic  exchange in terac t ions  along the chain of  t hese  bonds r e a c h e s  4" 10 s Hz. 
F r o m  the analogy between e lec t ron ic  spin exchange and the p r o c e s s  of e lec t ron  t r a n s f e r  [74], in a number  of 

TABLE 5. Change in the Magnitude of the Ex-  
change In tegra l  with Change in the , 'Bridging" 
Groups Connecting the Radica l  F r a g m e n t s  ( f rom 
the data in [18, 61, 69, 70, 79, 80]) 

Si  

C 
S 

P 

Connecting atom 
or group Biradical 

XVII 
II 

XI, XII 
XIII-- 
XVI 

IJ/al 

t,8-~0,t 
7,4~0,3 
6,54-0,2 

O ~ E ~  v 
~ 0 0  

Si i 
Si 4,54-0,5 
si i,t+_0,2 
si i,2• 

0 
NH 
( - )  
(--) (CH= CH--) 

(--) (CH~.CH--)~ 
(--)(CH==CH--), 

ii 
x x  

xxvI I  

xxvII I  
X-XIX 
XXX 

XXXI 

t,8+0,i [ o t 
us-_+o,tl 0 1,~24-0,t. 
io+t (--) i 

_ ~ - )  t , 7 +  . 
+-6,2 $ 

3,t+0,2 (--) 3,24-0,5 
i,8~-0,i (--) 5,6+i 
1,74-0,1 (--) 6 ! i  
2,7~0,2 (--) 3,7+_0,5 

SFor  the  b i r a d i c a l s  XXVII-XXXI the va lues  of 
I J / a l  r e l a t e  to the a v e r a g e d  value of Ya t  20~ 
$Obtained by  compar ing  T for  the b i r ad ica l s  
XXVII, XXVHI, and XXIX. 
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c a s e s  it is poss ib le  to expect  an apprec iab le  probabi l i ty  of e lec t ron  t r a n s f e r  ove r  l a rge  d is tances  along acha in  
of cr bonds,  and this may  be signif icant  for  an unders tanding of a number  of b iochemica l  p r o c e s s e s .  

In addition to the b i r ad ica l s  I, II, and XI-XX, a number  of  s h o r t e r  r ig id  b i r ad ica l s  a r e  a l so  known (for 
example  [4, 14, 28, 29, 76]) 

l" N 0 ~ N  .V "0 
/k__0~ N- ~ XKIH N XX,V 

0 ~ 
I" 
0 

in which exchange interactions undoubtedly take place along a chain of atoms in the birad[cal itseJ•. In the 

rigid molecules of the biradicals 

R~--(C_~_~--C)2--R , 

OH HO 

\ / 
(c~c)2 

Rs--N=CH--CH =N--R e 
Rs--N = CH--(CH = CH)2--CH = N--R~ 

Rs--N = CH--(CH = CH)3--CH = N--R~ 

Rs-N----CH ~0H=N--R 5 XXX 

~CH =N-R 5 XXXI RS--N=CH 

(see [77-80]), which contain unsa tu ra ted  double or  t r i p l e  bonds in the connecting b r idges ,  the indirect  mech a -  
n i sm of exchange is o b s e r v e d  at even g r e a t e r  d is tances  than in b i r ad ica l s  of types  I,  17, and XI-XX. 

The ava i lab le  expe r imen ta l  data make  it poss ib le  to e s t ima t e  the "quenching" (T) of  the exchange integral  
J with delocal iza t ion of the unpai red  e lec t rons  through different  a toms  or groups of a toms  and bonds. An ana l -  
y s i s  of the data in [18, 61, 70, 79, 80] is given in Table  5. For  the b i r ad ica l s  II, XI-XX, the ca lcu la ted  p a r a m -  
e te r  T is the r a t i o  of the values  of the exchange in tegra ls  of the individual conformat ions ,  and for  the b i r ad iea l s  
XXVII-XXXI it is the r a t i o  of the values  of the a v e r a g e  exchange in tegra ls  ~ at the s a m e  t e m p e r a t u r e  (in these  
b i r ad i ca l s ,  r ap id  spin exchange is observed) .  In pr inc ip le ,  the las t  c o m p a r i s o n  is not a s t r i c t l y  c o r r e c t  p r o -  
cedure ,  s ince  the exact  va lues  of Jj and Pj for  the co r re spond ing  effect ive conformat ions  a r e  not known, and a 
deta i led s tudy of the t e m p e r a t u r e  dependence of Y is n e c e s s a r y .  In view of the weak t e m p e r a t u r e  dependence 
of J in the r ange  15-65~ for  the b i r ad i ca l s  XXVII-XXXI [79-80], however ,  the ca lcula ted  values  of T s_re ap-  
pa ren t ly  f a i r ly  accu ra t e .  

Fur  +-he b i r ad ica l s  II and XI-XX the values  obtained for  T c h a r a c t e r i z e  the d e c r e a s e  in J r e l a t i v e  to the 
Si (or O) a tom;  for the b i r ad i ca l s  XCKVIT-XXXI the values  of T c h a r a c t e r i z e  the absolute  d e c r e a s e  in the ex-  
change in tegra l  when the co r r e spond ing  group of a toms  and bonds is int roduced into the chain. 

To conclude the p r e s en t  sec t ion  we shal l  cons ider  poss ib le  r e a s o n s  why the value of J depends l i t t le  on 
t e m p e r a t u r e  and on the na ture  of the solvent ,  noted for  the b i r ad ica l  II, which has been mos t  ex tens ive ly  
studied [30, 48, 61, 70]. It can be seen  f r o m  Fig. 12 and Table  4 that an app rec i ab l e  i nc rea se  (up to 30-40%) in 
I J t  is o b s e r v e d  in s t rong ly  po la r  so lvents  (water ,  ch lo ro fo rm,  b r o m o f o r m ,  ace t ic  acid). In [70] it was  pointed 

out that the mos t  p robab le  r e a s o n  for  the i nc r ea se  in J in these  solvents  is an i nc r ea se  ha the "e lec t ron ic  con-  
ductivi ty" of the b r idge  of ~ bonds as a consequence  of the fo rmat ion  of weak b i r a d i c a l - s o l v e n t  complexes  with 
hydrogen bonds at the C = O  group of the br idge .  The impor tance  of complex  fo rma t ion  at the C----O group, and 
not the N - O  group,  is indicated by the d i f ference  in the ef fec ts  of the solvent  on J and a (see Table  4). The 
s a m e  qual i ta t ive influence of the n a t u r e  of the  solvent  on J is o b s e r v e d  for  the b i rad ica l  XX, which is s i m i l a r  
to the b i r ad ica I  IT [70]. 

The slight (_< 10% at 1009 i n c r e a s e  in the m e a s u r e d  value of I J] with d e c r e a s e  in t e m p e r a t u r e  m a y  be 
due, on the  one hand, to an i nc r ea s e  in the extent of the above complex  fo rmat ion ,  and on the other  hand, to the 
fact  that  the i n t r amolecu l a r  motion in b i rad ica l  II, which co r r e sponds  to the c r i t e r i on  of slow exchange at t e m -  
p e r a t u r e s  __ 0~ n e v e r t h l e s s  leads to s l ight  ave rag ing  of the m e a s u r e d  value of J.  Final ly ,  a th i rd  r e a s o n  for  
the i nc r ea se  in ] J I m a y  be that the o b s e r v e d  effect ive  conformat ion  with I J I "~ 2a in fact  cons i s t s  of s e v e r a l  
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conformat ions  with s imi l a r  values of J and that with d e c r e a s e  in t e m p e r a t u r e  a conformat ion with sl ightly 
g r ea t e r  exchange in terac t ion  is s tabi l ized.  

5.  I n f l u e n c e  o f  t h e  I n t e r a c t i o n  o f  t h e  M o l e c u l e  o f  t h e  B i r a d i c a l  

w i t h  t h e  S o l v e n t  on  t h e  D y n a m i c s  o f  C o n f o r m a t i o n a l  T r a n s i t i o n s  

As a l r eady  noted,  it is most  convenient to use as  SP b i rad ica l s  with rapid  exchange and I J] ~ a .  In [81] 
a b i rad ica l  of this kind was used to demons t ra te  the sensi t iv i ty  of the the rmodynamics  of the in t ramolecula r  
motion of these  b i rad ica l s  to the na ture  of the mat r ix .  A study was made of the b i rad ica l  

BsNHCH~CH21ts XXXII 

with rapid  exchange and I JI ~ a ,  r e ad i l y  soluble in water  and organic  solvents .  The t em p e ra tu r e  dependence 
of the me a su re d  value of J f o r  this b i rad ica l  in var ious  solvents  is shown in Fig. 19. It can be seen f r o m  the 
f igure  that all  the solvents  studied can be divided into th ree  groups accord ing  to the i r  influence on the value of 
J': a) polar  solvents  - a lcohols ,  b) the nonpolar  toluene and dioxane, and c) water .  The t em p e ra tu r e  dependence 
of J is the same  within each group,  within the l imi ts  of exper imenta l  e r r o r .  

It was shown that the obse rved  t e m p e r a t u r e  dependence of ~ for  the b i rad ica l  XXXII is descr ibed  fa i r ly  
ef fect ively  by the dynamic model with two conformat ions .  Since the fo rm  of the ESR spec t ra  shows that at low 
t e m p e r a t u r e s  ] J]<< a ,  it may be a s sumed  that ] 31[ << a ,  so that 

F r o m  Eqs. (33) and (44) it follows that 

(44) 

AS A// (45) 
In = --J~--- RT -~-In 

SO that ,  in pr inciple ,  the unknown values of J2, AH, and AS can be de te rmined  f ro m  the deviation of t h e t e m p e r a -  
t u r e  dependence of J f r om the Arrhen ius  re la t ionsh ip  at high t e m p e r a t u r e s .  The express ions  giving the exper i -  
mental  t e m p e r a t u r e  dependence of J for ethanol,  dioxane,  and water  were  t r ea t ed  on a computer  by the method 
of leas t  squa res  using Eq. (45). The opt imum p a r a m e t e r s  AS, AH, and J2, found by minimizat ion of the d i sper -  

sion 

o ' =  

a r e  given in Table  6. It m a y  be noted that AH is obtained with the g rea tes t  accuracy ,  s ince it is de te rmined  
chief ly  by  the slope of the curves  at low t e m p e r a t u r e s  (see Fig. 19). The value of J2 is obtained with the lowes t  
( logarithmic) a c c u racy ,  s ince  the obse rved  deviations of the t e m p e r a t u r e  dependence of ~ f ro m  the Arrhenius  

re la t ionsh ip  a r e  small .  

0,6 J 

0,4- 

0,'2 

0 

--D~2 i I t i i I"-- 
2~5 ~,9 3,5 5~7 

l / r .  so ~ 

Fig.  19. T e m p e r a t u r e  dependence of the m e a -  
su red  value of the exchange in tegra l  for  the 
b i rad ica l  XXXII in different  solvents:  A)wa- 
t e r ,  O) dioxane, t)  toluene,  O) methanol,  [3) 
ethanol,  A) n-butyl  alcohol,  I) isobutyl  a l -  
cohol.  

128 



TABLE 6. Opt imum Values of 
AH, ~S , and log l J2 / a  I for the Bi-  
r ad i ca l  XXXII in Different  Sol- 
vents  

Solvent ~ 
o 

JA 

Dioxane t 3.8 / 12,i 0,62 
Ethanol 4.3 10,0 0,9'~ 
Water 5,6 i6,7 0,70 

~Within the l imi t s  of a c c u r a c y  of 
the exper imen t ,  the set  of opt i -  
m u m  p a r a m e t e r s  found for  di-  
oxane also appl ies  to toluene,  and 
that for  ethanol also appl ies  to 
methanol  and butanol.  

I t  follows f r o m  the data in Table  6 that the values  of J2 a r e  the s a m e  in all  the so lvents ,  within the l imi ts  
of a c c u r a c y  of the m e a s u r e m e n t s .  The apparen t  r e a s o n  is that in the shor t  b i r ad ica l  XXXII, as in the b i rad ica l s  
I,  lI ,  and XI-XX, spin exchange takes  p lace  along a chain of ~ bonds,  and not by col l is ions of the N - O  f ragments .  
The indi rec t  m e c h a n i s m  of exchange in the b i r ad ica l  A_q4:XII is con f i rmed  by the fact  that J2 ~ 5- 108 r a d / s e c  is 
app rec i ab ly  s m a l l e r  than the value 101~ r a d / s e c ,  c h a r a c t e r i s t i c  of exchange involving col l is ions  (see above). 

The na tu re  of the  solvent  has a cons ide rab le  influence on the values  of AH and AS. The di f ference  in the 
enthalpies  AH m e a s u r e d  in nonpolar  solvents  is c lose  to the value c h a r a c t e r i s t i c  of ro ta t iona l  s t e r e o i s o m e r s .  
At the s a m e  t ime ,  in polar  so lvents  (pa r t i cu la r ly  aIcohols  and wate r ) ,  the molecu les  of w h i c h c a n f o r m h y d r o g e n  
bonds with the molecu le  of the b i r ad ica l  XXXII, the d i f fe rence  in the enthalpies  of the conformat ions  "1" and "2" 
is much g r e a t e r .  A notewor thy fea ture  is the l a rge  d i f ference  in the ent ropies  of the conformat ions  in all  the 
solvents .  This  p robab ly  indicates  that  the conformat ion  "2" is much less  ex tens ive ly  solvated than the confor -  
mat ion "1 ." 

6. Summary 

To conclude the present section, we can summarize briefly the conclusions regarding the information 
which it is possible in principle to obtain by studying the isotropic ESR spectra of liquid solutions of nitroxide 
biradicals. 

1. It is possible to observe transitions between conformations with different values of the exchange in- 
tegral, and it is possible to determine the minimum number of conformations between which transitions are 
observed. 

2. For the observable conformational transitions it is possible to reach unambiguous conclusions as to 
whether they correspond to the conditions of rapid (u > 5 �9 10 7 Hz) or slow (~ < 5" 10 7 Hz) exchange. 

3. In the case where slow conformational transitions are observed, it is possible to determine the rela- 
tive statistical weights of the effective conformations, and in a number of cases this makes it possible to 
establish the differences in the enthalpies and entropies of these conformations. 

4. In the case where rapid intramoleeular motion is observed from the alternated broadening of the ESR 
lines it is possible to determine the characteristic frequency of this motion and its corresponding activation 
energy. Unfortunately, the values determined cannot be related unambiguously to the time parameters of the 
eonfor mat [onal transitions. 

5. In the case where the observed rapid motion Corresponds to the averaged value of the exchange integral 
[ ~I ~ a, it is usually possible to estimate the difference in the enthalpies and entropies of the conformations 
between which the transitions take place, and also to estimate the magnitude of the exchange integral in the cor- 
responding separate effective conformations. 

6. If the ESR spectra make it possible to carry out accurate measurements of the value of the exchange 
integral, it is possible in a number of cases to reach a sufficiently unambiguous conclusion regarding the way 
in which the exchange interactions take place, and in some cases to relate the observed values of the exchange 
integral to a definite three-dimensional biradical structure. 
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7. C o m p a r i s o n  of the dynamic and t h e r m o d y n a m i c  p a r a m e t e r s  of i n t r amolecu la r  motion in different  so l -  
vents  makes  it poss ib le  to r e a c h  conclus ions  r e g a r d i n g  the extent of the solvat ion of the molecule  of the b i r ad i -  
cal  and the pa r t  p layed by its influence on the different  types  of i n t r amolecu l a r  motion.  

I I I .  T H E  S T U D Y  OF B I R A D I C A L S  

I N  D I L U T E  V I T R E O U S  S O L U T I O N S  

When a solution is f rozen ,  the ESR s p e c t r a  of the b i r ad ica l s  r e v e a l  not only the i so t ropic  exchange in t e r -  
action but a lso  the magnet ic  d i p o l e - d i p o l e  in teract ion of the r ad i ca l  f r agmen t s .  Since the magnitude of this 
in te rac t ion  is c lose ly  r e l a t e d  to the  d is tance  between the pa ramagne t i c  c en t e r s  of the  b i r ad ica l s  (it is  under -  
s tood that  the solut ions of the b i r a d i c a l s  a r e  suff ic ient ly  dilute to exclude the poss ib i l i ty  of d i p o l e - d i p o l e  i n t e r -  
act ion between different  molecu les ) ,  the c o r r e c t  in te rpre ta t ion  of the ESR s p e c t r a  of b i r ad ica l s  in f rozen  so lu-  
t ions makes  it poss ib le  to obtain e x t r e m e l y  impor tant  informat ion on the s t r u c t u r e  of the b i rad ica l  and on the 
influence of the solvent  m a t r i x  on this  s t r uc tu r e .  

The f o r m s  of the ESR s p e c t r a  of v i t r eous  solutions of ni t roxide b i r ad ica l s  a r e  e x t r e m e l y  va r i ed  (see Figs.  
22, 26-28). Neve r the l e s s ,  the de te rmina t ion  of the magnitude of the d i p o l e - d i p o l e  in teract ion f r o m  these  spec -  
t r a  now p r e s e n t s  no pa r t i cu l a r  diff iculty,  s ince  s e v e r a l  independent methods of m e a s u r e m e n t  a r e  knowaa. The 
de te rmina t ion  of the r e l a t i ve  spa t ia l  or ien ta t ion  of the pa ramagne t i c  f r a g m e n t s  and the magnitude of the in t r a -  
mo lecu l a r  exchange in te rac t ions  in v i t r eous  solut ions is much m o r e  compl ica ted;  even these  p r o b l e m s ,  how- 
eve r ,  a r e  now being succes s fu l ly  r e so lved .  

1.  I n f l u e n c e  o f  D i p o l e -  D i p o l e  I n t e r a c t i o n  on  t h e  E S R  S p e c t r u m  

o f  a R a d i c a l  P a i r  in  a V i t r e o u s  S o l u t i o n  

The s imp le s t  model  which makes  it poss ib le  to follow the influence of the magnet ic  d i p o l e - d i p o l e  in te r -  
act ion in b i r ad i ca l s  on the ESR s p e c t r u m  is the model  of a r ad i ca l  pair~ with pa ramagne t i c  cen te r s  exhibiting 
low an i so t ropy  (compared  with the magni tude of the d i p o l e - d i p o l e  interact ion) of the g fac tor  and the magni -  

tude of the HFI.  

The  Hamil tonian  of the dipole-dipole:~ in te rac t ion  of the pa i r  can be wr i t t en  as follows [88-90]: 

~dd ---- g2[~2e e |/S(I)S(2)3 ~(rl~(t))~(rl~(2))l (46) 

where  r l z  is the vec to r  connect ing the  two e l ec t rons  "1 'T and "2" ,  and the o p e r a t o r s  S (~) and S (~) r e l a t e  to the 

f i r s t  and second e lec t rons .  

In the c a s e  being cons ide red ,  as a consequence  of s t rong  e l e c t r o n - e l e c t r o n d i f f r a c t i o n ,  the , c o r r e c t "  
spin wavefunct ions a r e  desc r ibed  by the to ta l  spin S= S (2) + S(2). For  r ad i ca l s  with e lec t ron  spin S k = l / 2  t he r e  
exis t  one s inglet  wavefunct ion with Stotal = 0 (~s = ( i / V ~ ) ( a ~ -  ~a)) and t h r ee  t r ip le t  functions with Stota 1 = 1: 

~r(--i) = [313 , ~T(0) =(11]/~)(a[$+ [~a) and ~T(t) = ~r (47) 

In ESR, t r ans i t i ons  a r e  o b s e r v e d  between the t r ip le t  wavefunctions:  two allowed t rans i t ions  with AMs= 
1 (the t r ans i t ions  ~z(--t) ~ ~T(0) and ~r(0) ,~ ~r(t)) and one , fo rb idden"  t r ans i t ion  with AMs = 2 (the t rans i t ion  

~'r( - i )  ~ ~rO)). 

By se lec t ing  the "dipole" s y s t e m  of coord ina tes  in such a way that the Z axis  is d i rec ted  along the vec tor  
r12 , it is poss ib le  to obtain for  the ns e lec t rons  f r o m  the Hamil tonian (46) a spin Hamil tonian of s imple  f o r m  

[88-901 

~ d d  = D (S~ --  (~]~) S (S ~- t)). (48) 

where  

"~ The  po lyc rys ta l l ine  ESR s p e c t r a  of t r i r a d i c a l s  a r e  d i scussed  in [82-86]. 
H e r e  and subsequent ly  we shal l  not cons ider  the pseudodipole par t  of the e l e c t r o n - e l e c t r o n  in terac t ion  [15, 

44, 87] I)pseudo = (- 1/8)J{ (1/4} (g If - 2)2(g J - -  2)~,.  which for  the va lues  of the an i so t ropy  of the g f a c to r s  (Ag < 
0.01) and values of t h e  exchange in tegra ls  (! J I  -< 10~u Hz) typica l  o[ ni~romae b i r ad ica l s  is apprec iab ly  s m a l l e r  

than the magnitude of the t rue  d i p o l e - d i p o l e  interact ion.  
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D = 3 - 2 a 2 ,  3 (49) 
2 g e P e / r t 2  

(D is expres sed  in f requency  units.) 

In the genera l  case ,  when the unpaired e lec t rons  cannot be r e p r e s e n t e d  in the f o r m  of point dipoles,  the 
spin Hamiltonian of the d ipo le -d ipo le  in teract ion can be obtained using the one -e l ec t ron  molecular  orbi ta ls  of 
the f i r s t  and second rad ica l  cen ter  (a and b respec t ive ly)  [88, 89, 91]. The comple te  t r ip le t  wavefunction ~ is 
equal to the product  of the an t i symmet r i c  spatial  wavefunction 

= (I/Y~) [a(i)b(2) -- b(t)a(2) ] 

(the f igures in paren theses  r e l a t e  to the e lect rons)  and the spin t r ip le t  function (47) 

= (p . ~ T ( M s ) ,  

where  M S = - 1 ,  0, 1. Inthe case  of rea l  functions a and b the spin Hamiltonian 7Odd , obtained f r o m  the Hamil-  
tonian (46), has the f o r m  

~ d d  = < a(l)b(2)lV ddla(i)b(2)) - -  <b(l)a(2)lvddla(i)b(2)>" (5 0) 

The spin Hamiltonian (50) r e p r e s e n t s  a mat r ix  containing all  possible combinations of pa i red  products  
SiSj, where  i, j =x, y, z. By diagonalizing this mat r ix  it is possible  to find the principal  "dipole" sys t em of co- 
ordinates  X, Y, Z in which the spin Hamiltonian takes the s imple  fo rm  

( 2 ' (51)  ~ ,~d = D \ S  z - -  -~ 

In the pr incipal  sy s t em of coordinates  

and 

I 3z22 
D = (3/4)~21~2<r r~2 r~2 I q~) (52) 

I 2 x2 I g2~2/~ ~12-- ,2 ~>, (53) E = (3/4) , ,  \ ~, r~2 

where x12 , YI2, and zi2 are the components of the vector ~12. In the case where the two radical centers are 
separated from one another by a distance which is greater than the dimensions of the range of delocalization of 
the unpaired electrons, the axis Z is directed along the straight line joining approximately the centers of gravity 
of the clouds of the unpaired electrons. It can be seen from Eq. (53) that for radical pairs exhibiting a suf- 
ficiently high symmetry with respect to the Z axis, E =0. 

In principle, the values of D and E can be calculated with a high accuracy by examining only the two-cen- 
ter Coulomb integrals. Here it is possible to use data on the distribution of the spin density (pi)oftheunpaired 
electrons and model descriptions of the atomic orbitals [10, 91]. 

In fact, in the case where the unpaired electrons are localized on different molecular groups, the second 
term in Eq. (50) can be neglected, so that ~Cdd can be calculated as the classical dipole-dipole interaction be- 
tween two dipoles distributed in space with a probability density equal to the probability density of finding the 
unpaired electron at a given point. For the simplified calculation of ~dd in the case where the molecular or-  
bitals are represented in the form of LCAO, it was suggested in [28] that simple models be used to replacethe 
real three-dimensional electron density distribution of the atomic orbitals (AO). In particular, it is suggested 
that the "dumbbell" np-AO (the unpaired electrons in organic radicals are generally distributed in 2p-AO [4]) 
be replaced by two l~int half-charges qil =Pi/2, situated at a certain distance h i on either side of the atom"i" 
along the direction of the np-AO (l = 1, 2). 

From Eqs. (46) and (50) in this case we obtain the simple expression 

_ 2 2 .(I).(2) f$(I)$(I) 3 (rij$(1))(r/j$(2)] 
~'da - g,~,~ _---'7---- - -  - (54) 

l,p 

where  the summation is c a r r i e d  out ove r  all  thechaxges  modeling the AO, r i j  is the vector  connecting the 
charges  qil qjp (l , p = l ,  2), and the supe r sc r ip t  r e l a t e s  to the cor responding  rad ica l  center .  The spin Hamil-  
tonian (54) is brought to the fo rm  (51) by the method descr ibed  above. 
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I/ If ~ 

!' i 

Fig .  20. Absorpt ion s p e c t r u m  (above) and 
i t s  f i r s t  de r iva t ive  (below) for  a r ad ica l  
pa i r  with an i so t rop ic  g fac tor  without HFI:  
a) E =  0, b) E # 0 .  

The comple te  spin Hamil tonian of the r ad ica l  pai r  (the HFI is here  r e g a r d e d  as a per turbat ion)  is wr i t ten  
in the f o r m  [29, 88, 93] 

= + s ( s  + + - (55)  

By solving the cubic equation co r respond ing  to the secu la r  de te rminan t  of the spin Hamiltonian (55), we 
find that  the t r ans i t i ons  , r ( - - l )  ,-)~r(0) and ~Pr(O) ~ r ( t )  c o r r e s p o n d  to two magne t i c  field in tensi t ies  H 1 and H 2 
r e spec t i ve ly .  In the c a s e  where  the ESR is o b s e r v e d  at a constant  f requency  v 0 of a superhigh f requency  field,  
the posi t ion of the l ines  of the s p e c t r a  in the ze ro th  approx imat ion  is given by the express ion  [89] 

H,0, = H • ( ( Y -  3~Ze/2 + ( i f+  3~)mV2 -- fine}, (56) 

where  H = h v o / g f l  e ,  ~)---- D/gefle, E E/gefle ,  $=[g~xz2+g~Ym'+# ~ n'l tn -= zz I and l ,  m, and n a r e  the di rect ion cos ines  
of the dipole s y s t e m  of coord ina tes  r e l a t i ve  to the ex te rna l  magnet ic  field. For  ESR in the X range  (v 0 ~ 9.5 
GHz) the v i s ib le  d i p o l e - d i p o l e  spl i t t ing d = l Hi-H21 is desc r ibed  suff icient ly ef fec t ively  by the zero th  approx i -  
mat ion even for  l a rge  values  of the d i p o l e - d i p o l e  in te rac t ion  [29, 94] 

d(0, cp) = I'D(3 cos20 -- i) + ~'.3 sin ~ 0 cos 2r (57) 

Here ,  0 and ~p a r e  the sphe r i ca l  coord ina tes  of the dipole s y s t e m  of coordina tes  r e l a t i ve  to the di rect ion of the 
constant  magnet ic  f ield H 0. 

Thus in the case  of a s ingle c r y s t a l  the Z axis  of the dipole s y s t e m  de t e rmines  the m a x i m u m  spli t t ing 
I 2DI , the X axis the spl i t t ing I - D  +3Ei and the V axis I D +3E 1. 

The po lycrys ta l l ine  ESR s p e c t r a  of r ad i ca l  p a i r s ,  taking account of the r andom or ienta t ion of the r ad ica l  
p a i r s  in po lycrys ta l l ine  spec imens ,  we re  ca lcula ted  in [88]. The absorp t ion  s p e c t r a  cor responding  to the cases  
E=0 and E ~ 0 a r e  given in Fig. 20. It can be seen that in the case  where  E =0 the ESR s p e c t r u m  of the pair  
should show two "para l l e l "  components  of the s p e c t r u m  with a spl i t t ing between them t 2DI , co r respond ing  to 
the or ienta t ion of the pa i r s  Z II H0, and two "perpend icu la r"  components  with a spl i t t ing between them I D[ , 
co r re spond ing  to the or ienta t ion Z.LH 0 (see Fig. 20a). In the case  where  E ~ 0, each "perpend icu la r"  component  
is spli t  into two (Fig. 20b). 

The obse rved  magnitude of the components  of the g t ensor  (g) is ca lcula ted  f r o m  the ave r age  field inten- 
s i ty  H= (H i +H 2)/2 and the r e l a t ionsh ip  h v 0 =gfl e H. In the case  where  the d i p o l e - d i p o l e  in teract ions  a r e  suf -  
f ic ient ly  l a rge ,  the t rue  values  of gXX, gYY, and gZZ (it should be r e m e m b e r e d  that these  e lements  of the g 
t enso r  he re  c o r r e s p o n d  to the dipole s y s t e m  of coord ina tes  and may  not be the c h a r a c t e r i s t i c  values  of the g 
tensor )  can be found f r o m  the expe r imen ta l ly  de te rmined  values  of gXX, gYY, gZZ,  D, and E by means  of the 
s imp le  exp res s ions  [29, 95] 

gxx = ~xx{1 - ~" +"~),18~) , (58) 
g y y  = ~ y y ( 1  - ( ' B - - % e 1 8 ~ ' } ,  

gzz = gzz{ i - ~12~}. 

The p r o b l e m s  as soc ia t ed  with the p r o c e d u r e  for  de te rmin ing  the p a r a m e t e r  D in the ea se  of un i form and 
nonuni form broadening  of the ESR s p e c t r a  of r ad i ca l  p a i r s ,  and a lso  in the case  of sa tura t ion  of the signal  
AIVIs= 1 , a r e  examined  in [91, 96-98]. 

If  it is a s s u m e d  for  s impl i c i ty  that the two r ad i ca l  f r a g m e n t s  a r e  or iented  in s y m m e t r i c a l  fashion r e l a -  
t ive  to the axes  X, Y, and Z, and if the hyperfhle  s t r u c t u r e  f r o m  the 14N nucleus is r e g a r d e d  as a per tu rba t ion  
[29], it is foRnd that  the X, Y, and Z components  of the ESR s p e c t r a  a r e  spli t  into t h r ee  l ines of equal intensi ty  
(the case  I Jl<< I Aiil , whe re  Aii r e p r e s e n t s  the components  of the HFI tensor)  or  f ive l ines with intensi ty ra t io  
1 : 2 : 3 : 2 : 1 (case I J l >> I Aii I ) (the case  D ~ [ J I ~ I Aii l is e x a m ~ e d  in a s e p a r a t e  section).  Here ,  the m a g -  
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nitude of the splitting is equal to AXX , A y y ,  and AZZ or AXX/2, A y y / 2 ,  and AZZ/2  respec t ive ly  (the compo- 
nents of the A tensor ,  like the components of the g tensor ,  a re  here  given not in the principal  axes of coordi -  
nates of these  tensors ,  but in the axes of the dipole sys t em of coordinates) .  

The existence of the d ipo le -d ipo le  interaction makes the "forbidden" t ransi t ion with AMS=2 allowed 
[90, 99, 100]. As a consequence of this,  in the "half" field [101] 

s00  = [~0 - (4/3) D2]~/2/2g~6 (s 9) 

a weak signal cor responding  to g g 4 is observed.  The form of this signal cor responds  to the signal with ~IV/S = 
1 in the absence of d ipo le -d ipo le  interaction [28, 90, 102]. 

The rat io of the integral  intensit ies 11 and 12 of the signals with AM S = 1 and AM S = 2 depends on the magnitude 
of D [99, 100]; for  a polycrys ta l l ine  specimen this rat io is given by [44, 100, 103] 

a = I ~ = 2 i g ~ o o )  2 I ~  i5 " (60) 

For  I JI  ~kT ,  the two integral  intensities I~ and 12 show the same  t empera tu re  dependence (see footnote to p. 
108), so that r should be independent of t empera ture .  

2. E l e c t r o n i c  S t r u c t u r e  a n d  A n i s o t r o p y  o f  t h e  g a n d  ~k T e n s o r s  

o f  t h e  N -  O F r a g m e n t s  o f  N i t r o x i d e  R a d i c a l s  

a n d  t h e  R e l a t i o n s h i p  b e t w e e n  t h e  P a r a m e t e r  D 

a n d  t h e  D i s t a n c e  b e t w e e n  t h e  N - O  F r a g m e n t s  

An important  feature facil i tating the interpretat ion of the polycrysta l l ine  ESR spec t ra  of nitroxide b i radi -  
cals is that in the study of the ESR spec t ra  of single c rys ta l s  [4] and x - r a y  diffraction data [4, 104] it has been 
establ ished that the N - O  f ragments  in nitroxide b i radica ls  have the same electronic  s t ruc tu re  as the N - O  
f ragments  of the cor responding  monoradica ls ,  and hence analogous p a r a m e t e r s  of the ~ and ~ tensors .  It has 
been establ ished that the N - O  bond can with a sufficient degree of accu racy  be regarded  as lying in the plane 
C - N - C  [4, 104], and that the unpaired electron is prac t ica l ly  completely  localized in the 2p orbi tals  of the N 
and O a toms (the spin densit ies on the atoms a re  pN=0.3  -~ 0.1 and PO=0.7 • 0.1 [4] respect ively) .  

As a consequence of this,  the principal  axes of the ~ and ,~ tensors  prac t ica l ly  coincide and can be r e -  
lated to the s t ruc tu re  of the N - O  fragment  as shown in Fig. 21a. Typical values of the pa rame te r s  of these 
t ensor s  (for the case of the di- t -butyl  rad ica l  [4, 105]) a re  as follows: 

gxx = 2.006i, gyg = 2,0089, gzz = 2.0027, 

Axx= 7 G, Ayy = 5 G, Azz= 32 G. 

(the values of the analogous pa rame te r s  for  other  ni troxide rad ica ls  a re  indicated in [30, 106-111]). 

As shown above (Eqs. (52)-(54)), the values of D and E depend on the distribution of the electron density 
of the unpaired e lect rons  between the paramagnet ic  centers .  As a consequence of this ,  the distance r de ter -  
mined f r o m  Eq. (49) is a quantity charac te r i z ing  the paramagnet ic  centers  as a whole. The re la t ionship be-  
tween the magnitude of r and the dis tances between the separa te  par ts  of the paramagnet ic  N - O  fragment  s was 
d iscussed  in [28, 92, 102, 112]. 

It was shown that for r _> 4 A the magnitude of r determined f rom Eq. (49) cor responds  with a high ac-  
cu racy  to the distance between the cen te rs  of the N - O  fragments .  

a b 
z % qo 

x % go 

Fig.  21. Pr incipal  axes of the g and A t ensor s  
of the N - O  fragment  in nitroxide radica ls  (a) 
and the modeling of the e lectron densi ty d is -  
tr ibution in the N - O  f ragment  by means of 
four point charges  {b). 
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F o r  a m o r e  deta i led in t e rp re t a t ion  of the magni tude of r ,  a descr ip t ion  of the N - O  f ragment  based  on the 
Hei t le r  - L o n d o n  approx ima t ion  was  p roposed  [28, 92]. The wavefunct ion (p in this  approximat ion  is given by 

* * r e p r e s e n t  the ant ibonding v - m o l e c u l a r  o rb i ta l s  of the two unpaired e lec t rons  on each N -  O whe re  ~r A and 7r B 
group.  F o r  the group k (k=A or ]3) in the s imp le s t  approximat ion  of LCAO, the antibonding orb i ta l  7ri~ is de-  
s c r i b e d  by the following e x p r e s s  ion: 

whe re  PNk and POk a r e  the e l ec t ron  populat ions of the 2py orb i ta l s  of the Nk and Ok a toms  r e spec t ive ly .  F ig-  
u re  21b gives  a s impl i f i ed  model  (see p. 132) of the dis tr ibut ion of e lec t r i c  cha rges  in the N - O  f ragment .  
A g r e e m e n t  between the ca lcu la ted  and expe r imen ta l ly  m e a s u r e d  va lues  of D was o b s e r v e d  [28, 92] for  qN = 
0 . 1 3 5 - 0 . 1 5 ; q o = 0 . 3 6 5 - 0 . 3 5 ,  l = 1 . 3 A ;  h = 0 . 6 - 1 / ~ .  

3 .  I n t e r p r e t a t i o n  o f  t h e  E x p e r i m e n t a l  E S R  S p e c t r a  o f  V i t r e o u s  

S o l u t i o n s  o f  N i t r o x i d e  B i r a d i c a l s  w i t h  L a r g e  D 

The theo ry  of the po lyc rys t a l l i ne  ESR s p e c t r a  of r ad i ca l  pa i r s  given above was used in [28, 29, 92, 94, 
102,113,  114] to find the t h r e e - d i m e n s i o n a l  s t r u c t u r e  of the conformat ions  of ni t roxide b i r ad ica l s  s tabi l ized in 

g l a s s e s .  

As a typ ica l  example  we shal l  examine  the in te rp re ta t ion  of the ESR s p e c t r a  of a dilute solution of the 
biX'adical XXIII in n -bu ty l  a lcohol  at - 115~ [102] (Fig. 22). In the s p e c t r u m  of the al lowed t rans i t ion  AM S = 1 
we can r e a d i l y  d is t inguish  groups  of l ines r e l a t i ng  to the s i tuat ion where  the ex te rna l  field H 0 is pa ra l l e l  to the 
axes  X, Y, or  Z of the t enso r  of  the d i p o l e - d i p o l e  i n t e r a c t i o n .  We can examine  these  groups of l ines.  

a. The two outer  l ines  of the s p e c t r u m  with a spl i t t ing between t h e m  242 �9 2 G co r r e spond  to the si tuat ion 
whe re  H 0 II z.  Thus D=121 -~ 1 G. The center  of g rav i ty  of these  two lines c o r r e s p o n d s  to gzz =2.0063 • 0.0002, 
which is c lose  to the  value of gxx for  the co r re spond ing  monorad ica l s  [101, 105]. This  apparen t ly  indicates  that 
Z is d i rec ted  along the x axis  of the g t enso r .  Since f r o m  Eq. (49) r =6.12 A and with al lowance for  the above 
r e m a r k s  r e g a r d i n g  the r e l a t ionsh ip  between r and the d is tance  between the N - O  f ragment s ,  we can put fo rward  
for  the b i r a d i c a l  XXIII the t h r e e - d i m e n s i o n a l  s t r u c t u r e  indicated in Fig. 22. 

b. The r e m a i n i n g  l ines  of the  s p e c t r u m  c o r r e s p o n d  to the  s i tuat ion H0t I X and H011 Y. The r e m a i n i n g  l ines 
in the s p e c t r u m  a r e :  A) two intense  l ines with a width of app rox ima te ly  8 G, s epa ra t ed  by 134 G, and B) five 
l ines  of lower  in tens i ty  on e i ther  s ide  of the s p e c t r u m  (with a linewidth of approx ima te ly  5 G). 

This  indicates  that the  t r ip l e t  does not have axia l  s y m m e t r y  (E ~ 0). F r o m  Eqs. (57) we conclude that (l~ + 
3E) = 134 :~ 2 G, (D - 3E) = 112 ~- 2 G, that  i s ,  ~ = 3.5 • 1 G and D = 123 • 2 G, is followed f r o m  the l ines co r respond ing  

to z ll ~0.~ 
? According to the  data in [29], the  in t e r s t i t i a l  s ingle  c r y s t a l  for  this  b i r ad ica l  shows two conformat ions ,  one 
with 2 8 = 2 4 6  =~ 3 G and E =2.2 • 0.5 G, and the o ther  with 2D=393 • 5 G and E =2.0 • 0.5 G, which co r r e sponds  to 

r =6.09 and 5.20 ,~ r e s p e c t i v e l y .  

a 

~oll x , , I x ,  - ~, 5-3g 

Ho~lY ~ l  - d~. I .~§ 
gYv 

Y~ ,c~ 

/ '  O--'~t 

/ Fig.  22. Allowed (a) and "forbidden" (b) ESR 
s p e c t r a  of a n-butyl  alcohol  solution of the b i -  
r ad ica l  XXIII,  v i t r i f ied  at -115~ and its  con-  
fo rmat iona l  s t r u c t u r e  co r r e spond ing  to the 
given spec t r a .  
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The corresponding values of g for the groups of lines A and B are gA =2.0085 • 0.0002 and gB =2.0026 • 
0.0002. The average value gaver =I/3(gzz +gA +gB) =2.0058 • 0.0002 agrees with the value g0=2.0061 • 0.0002, 
obtained in the liquid solution. Comparison of gA and gB with the known values of gy57=2.0089 =~ 0.0001 and 
gzz =2.0021 ~ 0.0001 for the corresponding monoradical indicates that the group of lines A should be assigned 
to the situation H01 [ Y, and the group B to the situation H01 [ X (see Fig. 22). 

In the multiplets B, which correspond to II 0 II X, five lines separated by 16 G are observed; the intensities 
of these lines correspond approximately to the ratio 1 : 2 .= 3 : 2 : I. Thus this biradical corresponds to the case 
of strong exchange (I J l>> [Aii[) and AXX =32 G. Since inliquid solution for this biradical a = 14.5 G, it follows 
that AZZ and Ayy should be equal to approximately 6 G (Azz ~Ayy= (3a -Axx)/2), that is all the l~nes cor- 
responding to H0] 1 Y and H 0 !i Z should be split into five components with a splitting of 3 G. The observed line- 
width ~ 8-9 G agrees with this conclusion. 

An interesting feature is that the simplicity of the analysis of the hyperfine structure of this spectrum 
became possible as a result of the fact that the biradical XXIII is stabilized ~n a symmetrical conformation with 
axes X, Y, and Z directed approximately along the principal axes of the ~ tensors. 

The forbidden transitions AM S =2 for the biradical XXIII are observed ~n a field of 1670 G and have a five- 
line HFS (see Fig. 22), which corresponds, as it Should, to the case of strong exchange. The fact, observed in 
[102], that the intensity of the spectrum of the forbidden transition is independent of temperature in the range 
123~ < T < 223~ indicates that for the conformation of biradical XXIII with r =6.12 A the magnitude of the ex- 
change integral [ J[ < 20~ 

The intensity of the forbidden signal AMS=2 was found to be dependent on temperature [28] for the bi- 
radical XXIV with r = 4.8 A. Here it was found that J=-170 - 15~ that is, the ground state of the b[radica] 
XXIV is a triplet. 

4. Interpretation of the Polycrystalline ESR Spectra 

of Nitroxide Biradicals with I J I and/or I DI "~ I Aii i 

All the recommendations given above on the procedure for analyzing polycrystalline ESR spectra of 
nitroxide biradicals become inapplicable when the order of magnitude of ! J I and/or I D I is the same as that 
of I AH] , which is always the case at r _> 9/k. In this, firstly, the wavefunctions of the biradical cannot be 
divided into "purely" triplet and "purely" singlet functions (see Eq. (5)) and, secondly, it is necessary to take 
account of the mutual orientation of the radical fragments relative to one another and relative to the dipole sys- 
tem of coordinates. This orientation is given by means of five independent (and unknown beforehand) Eulerian 
angles al, fl~, a2 , f12, and ~/2-~I (Fig. 23). 

H 

5~2 3C2 

~z 

Fig. 23. Parameters of the spatial 
orientation of the radical fragments 
in the molecule of the birad[cal. 
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Fig. 24. Fo r m of the polycrystall ine ESR spectra  of nitroxide biradi-  
cals for different relat ive orientations of the radical  fragments for 
D=5 G (a), D=17 G (b), and D=20 G (c). For all the spectra,  J=0.  
Here and subsequently, the arrows indicate the positions of the com- 
ponents of the ESR spectrum of the monoradical (see Fig:28),  calcu- 
lated for the same va luesof  the parameters  of the g and A tensors .  
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Fig. 25. Dependence of the form of the polycrystalline ESR spectrum 
of a nitroxide biradical on the relat ive orientation of the radical  f rag-  
meats with exchange interaction ~= 90 G (a) and on the magnitude and 
sign of the exchange integral for the same relat ive orientation of the 
radical_fragments (b). For all the spec t ra ,  D=20 G. 

Since the parameter  E is small compared with D, the complete spin Hamiltonian of the biradieal can be 

written in t h e f o r m  [30, 115] 

= f%n~(i)s(t)+ B,n~(2)s(2) + sO)T1(t-)z(1) + s(2)2(~)i(2) + 

-{-J'~(i)$(2) + D0 {3 8(i)s(~2)z ,- -~ {S(OS(2) ). (61) 

In-Eq. (61) the quantization of the electron spin is car r ied  out along the direction of the field Ho, and not 
along an axis 0f the dipole sys tem of coordinates,  so that D o =D(1-3  cos20). 

The calculation of the corresponding energy levels and the probabilities of the transitions for a rb i t ra ry  
values of g, A, D, J and a ,  fl , ~  is given in [115]. The numerical  calculation of the polyerystalline spectra 
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Fig. 26. ESR spec t ra  of toluene solutions of biradicals  H, XI, and XII, vitr if ied at 77~K. 

Fig. 27. ESR spect ra  of toluene solutions of the bi radicals  I, XXXIIZ, and XXXIV vitr if ied at 
77~ and the suggested conformational  s t ruc tu res  corresponding to these spectra.  

TABLE 7. Pa rame te r s  of the Relative Orienta-  
tion of the Radical  Fragments  of the Biradicals  
I, :~X:XIII, and XXXIV [115] 

I Biradical 
I 

I I tt,8_+0,2 
XXXIII it,8+-0,2 
XXXIV i3,8+-0,3 

0,3+0,i 
0,35+--0,05 
0,54 

0,7_+0,1 
0,65+0,05 
0,54 

(72--%,,)/# 

0,5_0,25 
0,5!O,t 1 

under these conditions indicates that the form of the spectrum depends to a very marked extent on the relative 
orientation of the radical fragments, and also on the magnitude and sign of J (Figs. 24 and 25). It was shown 
that from the presence of the characteristic lines in the ESR spectrum of the biradical it is possible to reach 
qualitative conclusions regarding: the magnitude of [Jl �9 Thus for ~ ~ 15-20 G (r'~10-12.&) in the case where 
I~ I ~ 40 Hz (here and subsequently ~=J/gePe)either a quartet of lines in the center of the spectrum ('Fig. 25a) 
or characteristic satellites (Fig. 25a, curve I) are observed. Comparison of the experimentaIESR spectra of the 
biradicals II, XI, and XII (Fig. 26) with the theoretical spectra in Fig. 25 indicates that even in the vitrified 
soh,t[ons there is appreciable exchange interaction (J_> 40 G) between the radical fragments of these biradicals 
(this conclusion provides direct confirmation of the indirect mechanism of exchange in II, XI, and XID. 

When the condition I ~[<<40 G is fulfilled, the biradieal ESR spectra make it possible to determine the 
values of r, and also the angles fl and 3 ~. Table 7 gives these parameters for the three biradicals studied in 
[115], biradical I, 

~ C - - O - - R  6 

xxx~:: and RsOH--(CH~)~--!FIOR G XXXIV 

0 
vitrified in toluene at 77~K. The corresponding experimental polyerystalline spectra of these biradics~Is are 
given in Fig. 27. Figure 27 also gives the three-dimensional structure of the conformations of these biradicals, 
defined by means of the parameters r, /~, and %. 

From the data in [115] it follows that the biradical XXXIV has practically the same structure in the 
vitrified solution and in the single crystal [116]. This possibility of obtaining experimental data on the struc- 
tures of different nitroxide biradicals directly in frozen solutions apparently real%us it possib]e to observe and 
interpret even the small changes taking place in the biradicals when the system being studied is subjected to 
various influences. 
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TABLE 8 .  Comparison of t h e  Distances r between 
the N -  O Fragmen t s ,  F o u n d b y  Different  Methods 
f r o m  the ESR Spectra  of Solutions :Vitrified at 770K 
( the solvent is indicated in paren theses :  t - t o l u e n e ,  
e - ethanol,  m - me th an o l )  

rD, Ircomputer, 
Biradical ,r, A arM,," ~ %A ]~e 

X m )  ] - l o , s ] . -  ] t 2 , o  
XiI (O [ - -  t0,7 [ i0;3 [ tt,9 

XIII(t) I -- 10,6 ] -- I t0,6 
XIV(t) t -- t03 ~40,2 } t0,9 
xv(~) I - ,o,71 = 1'~ 

XVI(t) ] -- t0,0 / " / It,6 
II(t) ] tt,3 ii,2 ],11,7 ] 

x u v ( t }  I - 9,~ [ 9,3 / 
XXXII(t) ] -- t0,8 / 1t;5 / 

XXXIII(O J -- ii,5 l-it,2 } 12,7 I ti,8 
XLV* (t) [ t8,5 -- [ -- [ / 17,8 t9,5 

XLVI,(~) ] 13,~ ~2,9 I . -  ] / 
x x x i v ( ~ )  } ~3,: ~3,r | = | | i3,s 

VII(m)- ~ -- 13,9 [ -- ~ l t 13,0 
vm{m) ~ - , o , ~ | -  I / ' ~  

Ix{m)  | - u , 5 |  - I l ~ , a  
x x x v { ~ )  / - ~.a,5 1 - I / i~,7 / t~,,9 

a) r was calculated f rom x - r a y  diffract ion data [!04, 
116] for  s ing le  c rys t a l s  as the distance between the 
cen te r s  of the N - O  fragments;:  b) f r o m  the data in 
[61, 121, 123]; c) f r o m  the d~ta in [103]; d) f r o m t h e  
data in [61]; e) r co m p u te r  was ob ta inedbyeompar ing  
the exper imenta l  spec t r a  with the spec t r a  calculated 
on a computer  [1!5,122];  f) f r o m  the data in [ !21 ,123] .  
* Radical  XLV R6OOC(CH2)gCOOR 6. 
t Radical  XLVI R~(CH2)4R ~. 

In p rac t i ce ,  the magnitude of r s is usually de te rmined  f r o m  the dependence of a on the concentrat ion C 

of the b i rad ica l  [103]: 

= 38/r~, 4: i60C//ts. (63) 

Here ,  R(A) has the s ignif icance of the distance of g rea tes t  approach of the paramagnet ic  centers  of the two bl -  
r ad ica l s .  Measurement  of a makes it possible to calculate  two important  cha rac t e r i s t i c s  of the molecules  r s 
and R, but e x t r e me ly  high concentra t ions  of the b i rad ica ls  a re  r equ i red  (C _> 1019o spin/crn3}.o In [103] this 
method was used to de t e rmine  the values of r s for  seven b i rad ica l s  with 9.3 A_<r _<11.7 A; 

3. Since the d i p o l e - d i p o l e  interact ion splits the ESR lines of the allowed signal of mon0radicals ,  that is, 
i nc reases  the second moment  of the spec t rum,  the value of r can be de te rmined  d i rec t ly  f r o m  the magnitude of 
the second cen t ra l  moment- M 2 of the ESR spec t rum [90], Which by definition is equal to 

+co 
y (H--Ho)ZE(H) dH 

--= (64) 

where  F (H)gives  the f o r m  of the absorpt ion line of the spec t rum as a function of the intensity o f  the magnetic 
field H, and the center  of the s p e c t r u m  H 0 is found f ro m  th e  re la t ionsh ip  

+~ (65) 
S (H--Ho) F(H) dH = O. 
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5. Brief Summary of ~/ethods for Determining the Distance 

between the N - O Groups 

In addition to the methods indicated for the measurement of r by the direct determination of the dipole- 

dipole splitting or from the relative intensity of the forbidden signal AI%{ S =2, there also exist several methods 
which make it possible to determine r (and D) in those cases where the methods indicated above are inappli- 
cable. 

For  convenience  we shal l  s u m m a r i z e  in one place  the c h a r a c t e r i s t i c  f ea tu res  of the kno~wn methods for  
de te rmin ing  r between N -  O f ragments .  

The dis tance  r between the N - O  f r agmen t s  of b [ rad ica l s  can be m e a s u r e d  by the following methods.  

1. F r o m  the magni tude of the d i p o l e - d i p o l e  spl i t t ing D of the l ines of the ESR spec t rum.  In this case  

f 3 geneS. ~/3 30.3 (~)-~/3 (62) 

where  D is e x p r e s s e d  in G, and r in 5~. 

If the magnitude of the d i p o l e - d i p o l e  in terac t ion  in the b i rad ica l  is l a rge  (D_>200 G), it is poss ib le  to 
neglect  the an i so t ropy  of the s p e c t r u m  and to find expe r imen ta l ly  the value of 2D, f r o m  which it is poss ib le  to 
ca lcula te  r D _< 6-7 o .  

In the case  where  7 o _<r _< 13 A, the m e a s u r e m e n t  of D f r o m  the ESR s p e c t r a  Of v i t r i f ied  solutions of 
b i rad ica l s  is a compl ica ted  p rob lem,  s ince the product ion of additional Hnes (relat ive to the ESR spec t ru m of 
the monorad[cal)  may be due not only to d i p o l e - d i p o l e  spl i t t ing but also to sp in-exchange  in terac t ion  (if the 
magni tude of the exchange in tegra l  J!  _~ I AHI ) and the r e l a t i ve  or ienta t ion of the pr inc ipa l  axes  of the { and 

t e n s o r s  of the N - O  f r agmen t s .  

The calculat ion of the f o r m  of the ESR s p e c t r u m  of b i rad[ca t s  in v i t reous  solut ions,  c a r r i e d  out in [115], 
showed that in the case  where  J << 1 A i r  , for  spec t r a  in which it is poss ib le  to dist inguish an intense cen t ra l  
doublet of l ines ,  the spl i t t ing of the l ines of this doublet can with sufficient a c c u r a c y  be taken as equal to 
(see Fig. 24). 

2. F r o m  the r e l a t i ve  intensi ty  of the l ines of the ESR s p e c t r u m  of the "forbidden" t rans i t ions ,~  c o r r e -  
sponding to AMS=2 (g ~ 4) [100, 103] 

4 s 3++ 

+ - I ,  + ,+ k_  04 ] 

Here ,  11 and 12 a r e  the integ-ral intensi t ies  of the s p e c t r a  of the co r respond ing  t r ans i t ions ,  H 0 ~- 3200 G is the 
in tensi ty  of the constant  magnet ic  field,  and r s is e x p r e s s e d  in ~.  

The authors  of the p re sen t  r ev i ew  do not l~now of any s tudies  in which D (and r) for  ni t roxide b[ rad[ca ls  have 
been de te rmined  f r o m  the posi t ion of the signal AMS=2 (Eq. (59)). 

Fig. 28 

' 1 0  + 

H 

Fig. 29 

Fig. 28. ESR s p e c t r a  of solut ions v i t r i f ied  at 77~ ~ methanol  solution of the b i rad ica l  V]TI and 
toluene solutions of the b i r ad ica l s  XXXV and XLIV and the monorad ica l  2 , 2 ' , 6 , 6 ' - t e t r a m e t h y l -  
4-- hydr oxypiper  idine-  1 -oxy!  (R). 

Fig. 29. Dependence of the  f o r m  of the ESR s p e c t r a  of v i t r i f ied  solutions of ni t roxide b i r ad i -  
cals  on the value of D for the case  where  the r e l a t i ve  or ienta t ion  of the r ad i ca l  f r a g m e n t s  is a 
r a n d o m  function with an equa l -p robab i l i ty  dis tr ibut ion.  For  all  the spec t r a ,  J =  0, (1/T2) 0 = 4 G. 
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In [117] it was  showTl that  the contr ibut ion to M 2 due to d i p o l e - d i p o l e  in teract ion between the unpaired e lec t rons  
(AM 2) in a p o l y c r y s t a l l i n e - s p e c i m e n  is d i r ec t ly  r e l a t e d  to the  d is tance  r M between them: 

3 _2o2 S ( 6 6 )  A M  s ---- M~ ~ M~ (0) ---- y ge!~e (S  -~- t)  r ~  B 

or  

rM = 23-i(AM~)-x/8. (67) 

H e r e ,  M2(0) is the second m om en t  of the s p e c t r u m  of the monorad ica l  in the absence  of d i p o l e - d i p o l e  i n t e r ac -  
t ion,  r M i s  e x p r e s s e d  in A, and AM 2 in G 2. This r e l a t ionsh ip  is appl icable  for  ESR s p e c t r a  of any f o r m  and 
makes  it poss ib le  to m e a s u r e  r_< 15-16 ~. (see for  e x a m p l e  [61, 118]. 

It should be  noted that  Eq. (66) does not take  account  of the poss ib i l i ty  that  when the re  is exchange in te r -  
act ion the second momen t  of the s p e c t r u m  is not m e a s u r e d  Completely,  s ince for  l a rge  I J I (i J I>> ] Aii I ) the 
s p e c t r u m  contains widely Separa ted  components  of low intensi ty,  which a r e  usual ly  not r e c o r d e d  by the ins t ru -  
ment ,  so  that  they 'Tearry away, '  pa r t  of the second m o m e n t .  Var ious  quest ion s a s soc i a t ed  with this p r o b l e m  
a r e  d i s cus sed  in [119, 120]. Neve r t he l e s s ,  the use  of Eq. (67) is  fully appl icable  even for  an unknown value of 
J ,  s ince  t he  value of r M ca lcu la ted  f r o m  Eq. (27) depends v e r y  l i t t le  on the e r r o r  in the m e a s u r e m e n t  of AM 2. 

It  has been e s t a b l i s h e d  for  b i r a d i c a l s  of d i f ferent  s t r u c t u r e  that  a l I  the above methods of de te rmin ing  r 
give the  s a m e  values  of r within the l imi t s  of e r r o r  of the m e a s u r e m e n t ,  so that  any of t hem can be used (Table 
8). The fact  that  it is imposs ib le  to m e a s u r e  d is tances  r < i 5 - i 6  .~, h o w e v e r , ' i m p o s e s  a sigTlificant r e s t r i c t i o n  
on the methods l i s ted  above,  and p reven t s  the i r  e x t e n s i v e  appl icat ion for the study of mac romolecu l e s .  

4. In [121] it was  shown that  at d i s tances  r > 12 A the b i r ad i ca l s  have t h r ee - componen t  ESR spec t r a  (Fig.  
28), c h a r a c t e r i s t i c  of m onorad i ca l s ,  and that for  many  b i r ad ica l s  the ma~o-~itude of the empi r i ca l  p a r a m e t e r  
d l / d  d i f fers  cons ide rab ly  f r o m  (dl/d)0, c h a r a c t e r i z i n g  dilute solut ions of monorad ica l s  even when within the 
l imi t s  of a c c u r a c y  of the m e a s u r e m e n t s  the second m o m e n t  M 2 does not differ  f r o m  that for the monorad ica l  

M2(0). 
The s a m e  au thors  [121] m e a s u r e d  and c o m p a r e d  the Values of d l / d  and the d is tances  r ,  ca lcula ted  f r o m  

the values  of M2, for nine n i t roxide  b i r ad i ea l s  v i t r i f i ed  in different  m a t r i c e s :  toluene,  al iphatic a lcohols ,  and a 
50% w a t e r - g l y c e r o l  m i x t u r e .  The e m p i r i c a l  dependence of r on the p a r a m e t e r  A= (dl/d) - (did)0 was obtained,  

d e s c r i b e d  by  the r e l a t i onsh ip  [121] 

r d ~- 9.3 ~- 0.77/A, 

where  for b i r ad i ca l s  of the p iper id ine  s e r i e s  with the "cha i r  'T conformat ion  of the r ing  

A =  dl/d~-O.036 All --t'76i" A:II inG, rd in A. 

(68) 

(69) 

In  [121] it was  shown that  Eqs. (28) and (29) can be ex t rapo la ted  for  the  de te rmina t ion  of r in the r ange  

f r o m  13 to 30 .~. 

The f o r m  of the ESR s p e c t r a  of n i t roxide  b i r ad i ea l s  with values  of r f r o m  14 to 2 1 A  has also been ca lcu-  
lated [122] (Fig. 29) for  the ca se  where  the r e l a t i ve  or ienta t ion  of the i r  N - O  groups is a r a n d o m  p a r a m e t e r .  
The model  adopted for  these  ca lcula t ions  of b i r ad i ea l  s p e c t r a  is apparen t ly  appl icable  to some  extent for  the 
descr ip t ion  of the v i t r i f i ed  solut ions of b i r ad ica l s  which a r e  not v e r y  long but which a r e  f lexible - the fact  that 
the i r  po lycrys ta l l ine  ESR s p e c t r a  do not contain c h a r a c t e r i s t i c  b i r ad ica l  l ines indicates that s e v e r a l  c o n f o r m a -  
t ions a r e  s tab i l ized  s imul taneous ly  in the g l a s se s  (probably configurat ions with fa i r ly  c lose  values  of r ) .  The 
r e s u l t s  of the t r e a t m e n t  of the t heo re t i ca l  s p e c t r a  by  m e a n s  of r e l a t ionsh ip  (68) conf i rms  that the ext rapola t ion 
of this r e l a t ionsh ip  to r > 16 A, c a r r i e d  out in [121] is c o r r e c t ,  

Thus the me thods  at p r e s e n t  ava i lab le  make  it poss ib le i  for  dilute v i t r i f ied  solut ions,  to de te rmine  with 
a high a c c u r a c y  the d is tance  be tween the N - O  f r a g m e n t s  in b i r ad i ea l s  in the r a n g e  4 A _ r  --<30 ~.. As an i l lus-  
t r a t ion ,  T a b l e  8 gives the Values of r for  18 b i r a d i c a l s  de te rmined  by different  methods:  An in te res t ing  
f ea tu r e  is that in those  ca se s  where  it is poss ib le  to make  a ~ compar i son ,  the Values of r m e a s u r e d  in v i t r i f ied  
solut ions ag ree  within the l imi t s  of the e r r o r  in the m e a s u r e m e n t s  with the r e s u l t s  of the x - r a y  diffract ion 
s tudy of s ingle c r y s t a l s  of the s a m e  b i r ad ica l s .  
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I V .  A P P L I C A T I O N  OF B I R A D I C A L S  

AS S P I N  P R O B E S  

In conclusion we can examine the use of nitroxide bi radicals  for the study of specific biological sys tems.  
The l i te ra ture  on this topic is not yet ve ry  extensive, but it i l lustrates  the extensive possibil i t ies provided by 
bi radicaI  SP and paired spin 1abels (see also the rev iew [10]). 

The studies known to the authors of the present  review can be divided into three g-roups. F i rs t ly ,  b i radi -  
cals have been used as sensitive probes for the study of biological and model membranes [124-129]. The 
second gToup consists of studies in which biradical molecules have been used as specific inhibitors of the active 
centers of enzymes [130-132]. In the third g-roup of studies, the authors cited have combined two spin labels in 
one macrornolecule, and subsequently studied spin exchange or dipole-dipole interaction in this "biradical" 
[117, 118, 133, 134, 139]. 

The impertance of the use of biradicals or molecular probes is based on the fact that the characteristic 
features of their solvation, rotational diffusion, and tntermolecular spin exchange can be readily studied ex- 
per imentally. 

The paramag-netic N-O fragments of nitroxide biradica]s in solutions with different polarity are generally 
solvated by the solvent molecules in the same way as the monoradicals with the corresponding structure of the 
piperidine or p~rrolidine ring. As an illustration, Fig. 30 compares the dependence of the HFI constants a told 
A~I on the nature of the solvent (toluene, octm]ol, ethanol, methanol, and H20 ) for the monoradical 2,2',6, 6'- 
tetramethyl-4-hydroxypiperidine-l-oxyl and the biradical s I, V, XX, XXXII, and XXXV. 

COOa e ~ 
\ XXV O---'N~/~N ~ XXXVl 

COOR6 ). 
0 

The va lues  of a were  measured  at 25~ and the va lues  of All at 77~ The fact that the HFI constants a and 
A I1 for the mono-  and bi radica ls  in identical solvents a re  the same makes it possible,  by measur ing  a or A II , 
to investigate the localization of a biradical  probe in heterophase  sys tems  in the same way as when monorad i -  
cals a re  used [135]. 

The possibi l i ty of the exact determination of the cor re la t ion  t ime of rotat ional  diffusion T C for nitroxide 
b i radica ls  was analyzed in [124] for the case of the biradical  XXXVI (methods for determining T C by means of 
this b i radica l  a re  reviewed in [10]). 

alo 
15 f6 17 f8 

15 IA I t ~ I ~ 54 

32 34 36 38 
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c.to 3, M 
A .  ~ G ZlH 2 

Fig. 30 Fig. 31 

Fig. 30. Dependence of the values of a (at25~ (at 77~ for nitroxide mono- and biradicals  on 
the nature  of the solvent. Monoradical (R) 2 ,2 ' , 6 ,6 ' - t e t r ame thy l -4 -hydroxyp ipe r id ine - l -oxy l ;  b i radicals  
(~R): . )  xxxri ,  o) x~xv ,  A) I, A) v, •) xx.  

Fig. 31. a) ESR spec t ra  of the biradical  V at 28~ and concentra t ions:  a) 10 -4, b) 7.5 x 10 -3, c) 1.5 x 
10 -2 M. Solvent: 2% ethanol +98% toluene (by volume), b) Dependence of the re la t ive  intensity of the 
components of the ESR spec t rum of the biradicaI  V on its concentrat ion:  A) I2/I1, B) I2/I3, C) (I 2 +I t ) /  
(I1 +13 +I r  
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I t  has been  sugges ted  that b i r a d i c a l s  of type  XXXVI be  used as SP for the study of m e m b r a n e s ,  s ince the 
l a r g e  value of D=230 G (E=18 G<<D} is app rec i ab ly  g r e a t e r  than the an i s t ropy  of the g fac tor  and the HFI 
t e n s o r ,  and this  f ac i l i t a t es  the ana lys i s  of the changes in the ESR s p e c t r a  of b i r ad ica l  XXXVI. The authors  
c i ted examined  the change i n  the f o r m  of the s p e c t r u m  of b i r ad ica l  XXXVI with change in ~ / T  and put fo rward  
e m p i r i c a l  ca l ib ra t ions  which make  it poss ib le  to m e a s u r e  7 C for  the b i rad ica l  ove r  a wide range  of t imes  4. 
I0 -ll < ~'C < 10 -7 see .  

A study has been  made  [125] of the dynamic s t r u c t u r e  of the mice l l e s  f o r m e d  by sodium dodecyl sulfate  
(NaDS) in aqueous solut ions ,  Using b i r ad i ca l  ~X with slow exchange (see p. 124). It was found that  with in-  
c r e a s e  in the concent ra t ion  of NaDS above the c r i t i ca l  concentra t ion  of m i c e l l e  fo rmat ion  a d e c r e a s e  in the 
magni tude of the exchange in tegra l  J was  obse rved ,  and the broadening  of the "bas ic"  l ines indicated a d e c r e a s e  
in the r a t e  of ro ta t iona l  motion to va lues  of the o rde r  of ~C ~,~ 10 -9 sec.  It was shown that the exchange of the 
molecu les  of b i r ad i ca l  XX between the mice l l e s  in the aqueous phase  of the solution takes  place e x t r e m e l y  
slowly,  with a f requency  u_<10 T Hz. The p r o c e s s  of aggrega t ion  of the molecules  of the b i rad ica l  to f o r m  
mice l l e s  with i n c r e a s e  in the concen t ra t ion  o f b i r a d i c a l  XX in the solution above 10 -4 M was studied. The ef-  
f ec t s  of the  in te rac t ion  of the b t r ad i ca l s  with one another  must  be  taken into account in the study of the m e m -  
b r a n e s  in other  he t e rophase  s y s t e m s ,  s ince neglect  of i n t e rmolecu la r  in te rac t ions  may  lead to e r roneous  con- 
c lu s ions .  

It  is poss ib le  in pr inc ip le  to dis t inguish the contr ibut ions  of i n t r amolecu la r  and h l t e rmolecu la r  exchange 
in the ESR s p e c t r u m  of a b i r ad i ca l  [140]. We can d e m o n s t r a t e  this for  the case  of solutions of b i rad ica l  V. A 
typ ica l  change in the f o r m  of i t s  ESR s p e c t r u m  with change in Concentrat ion iS shown in Fig. 31a. It can be 
s een  f r o m  Fig. 31 that i nc r ea s e  in concentra t [0n leads  to a m a r k e d  change in the r e l a t ive  intensi ty of the "ex-  
change" and "bas ic"  components  of the spec t rum.  This  r e l a t ionsh ip  is r e p r e s e n t e d  quantitati~rely in Fig. 31b, 
whe re  

z~ _ d~ (AH0"- (69) 

d i and d k a r e  the in tens i t ies ,  and AH i and AH k the widths 0f the co r respond ing  components  (see  Fig. 31a). The 
fac t  that  the r a t io  (I1 +I4)/(I 1 +I 3 +I 5) is independent of concentra t ion  leads to the impor tant  conclusions that the 
[n t r amolecu l a r  spin exchange taking place  on the col l is ion of the N - O  f r agmen t s  of the s a m e  b i rad ica l  is not 
influenced by col l is ions be t ween  the pa ramague t i c  cen t e r s  of different  molecu les  (that is,  i n te rmolecu la r  ex-  
change),  that  is ,  it is in fact  poss ib le  to dis t inguish these  two p r o c e s s e s  exper imenta l ly ,  and the concentra t ion 
b roaden ing  of the cen t r a l  component  of  the s p e c t r u m  makes  it poss ib le  to de t e rmine  the magnitude of the r a t e  
cons tan t  o f  i n t e rmo lecu l a r  spin exchange k e. 

The influence of the ionic s t r eng th  and pH of the solution on in t r amoleeu la r  spin exchange has been 
s tudied [1.41] for  the b t r ad i ca l s  

XXXVH XXXYIll 

0 

c o n t a m ~ g  the ionizable  g r o u p s - C O O - o r - N I I  +(CI-I3)2. The changes  in the ESR spec t r s  a r e  d i scussed  within 
the f r a m e w o r k  of the model  of r ap id  exehange and it is sugges ted  that  b i r ad ica l s  of this  kind can be used for  
the study of p i t -dependent  eonformat iona l  changes in m e m b r a n e s .  

A new-highly an i so t r0p ic  b i r ad i ea l  spin label  XL, analogous to XXXVI, has been proposed  as a sens i t ive  
p robe  for  the s tudy of the s t r u c t u r e  of m e m b r a n e s  [114]: 

i XL XLI 
0 ='Z'N N 

I- I- 
0 0 
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The value 2 D ~ 4 5 5  G was used  to ca lcu la te  the d is tance  r between the N - O  groups,  equal to 5 A, and the 
g e o m e t r y  of b i r ad ica l  XL was ref ined:  The piper idine  r ing  in this b i rad ica l  has the "twist,, form.  The study of 
synthet ic  dipalmitoyl leci thin  m e m b r a n e s  sp in - labe led  with the b i rad iea l  XL showed that  the i r  use  as  a probe  is 
m o r e  effect ive than the use  of monorad ica l s  for  the invest igat ion of the or ienta t ion  and molecu la r  organizat ion 
of m e m b r a n e s ,  s ince the an i so t ropy  ~ -~ 200 G is much g r e a t e r  than the an i so t ropy  of the HFI (about 25 G). 

A number  of authors  [126-128] have r e c o r d e d  s t ruc tu ra l  t r an s fo rma t ions  in m e m b r a n e s  f r o m  the changes 
in the ESR spec t r a ,  a s soc ia ted  with a change in the in t r amolecu la r  exchange interact ion in b i rad ica l s .  

In [126] a study was made of the change in the f o r m  of the ESR s p e c t r u m  of the b i rad ica l  XLI in different 
so lvents  and the outer  m e m b r a n e s  of ne rve  ce l l s .  Unfortunately,  the authors  ci ted did not achieve the i r  main 
a im,  which was to r e c o r d  the eonformat ional  t r ans i t ions  in the m e m b r a n e  as an exci tat ion potential  pas sed  
through the nerve .  The explanation was that the probe  was s i tuated in reg ions  which did not undergo con fo rma-  
t ional  changes ,  namely  in the hydrophobic reg ions  of the lipid f rac t ion  of the m e m b r a n e .  

The confo rma t iona l t r ans i t i ons  in mi tochondr ia l  m e m b r a n e s  have been studied [127]. Changes in the ESR spec -  
t r a  of the probe  XLII w e r e  produ cedby  adding oxidizing s u b s t r a t e s  (succinate) and were  d e c r e a s e d  by adding inhibi tors  

�9 . 2 + of oxidative phosphory la tmn (Zn ions).  Unfortunately,  the calcula t ion of the kinetic c h a r a c t e r i s t i c s  - " f requencies"  - 
of spin exchange was not c a r r i e d  out co r r ec t ly ,  so that  only the qual i ta t ive in te rpre ta t ion  of the resu l t s  if  of i n t e r -  
est .  The s a m e  can be said of [128], which desc r ibes  a study of the conforraat ional  changes in m e m b r a n e  Na +, 
K + -dependent  A T P a s e .  

B6N HC0(CHe)2S(CH~)2CONHB~ XLII 

o R a ~ O  O ~ R a  

XLIII 

A study of the conformat ional  r e a r r a n g e m e n t s  in a photorecep tor  m e m b r a n e  by  means  of the b i rad ica l  
XLIV has been under taken [129]. The subsequent  development  of this work appea r s  e x t r e m e l y  promis ing .  

The next group of pape r s  [130-132] desc r ibed  the use  of the b i rad ica l  XLIII ,  which  is a specif ic  inhibitor 
of e s t e r a s e s  containing a s e r i ne  r e s idue  in the ac t ive  center  of the enzymes .  The p robe  XLIII  combines  with 
the OH group of the se r ine  and makes  it poss ib le  to obtain informat ion on the s t r u c t u r e  of  the ac t ive  center  and 
to m e a s u r e  the values  of the inhibition constants .  The following enzymes  w e r e  studied: a - c h y m o t r y p s i n  [130- 
132], cho l ines t e r a se  [130, 131], t ryps in ,  e l a s t a se ,  th rombin ,  and var ious  subt i l i s ins  [131]. Attention was drawn 
not only to the change in the mobi l i ty  of the probe  as a whole (and the re la t ionsh ip  between the degree  of r e -  
ta rda t ion  of the b i rad ica l  XLIII  and the poss ib le  s t r u c t u r e  of the ac t ive  cen te r ) ,  but a lso  to the change in the 
intensi ty and f o r m  of the "exchange,, components .  Although a quanti tat ive ana lys i s  of these  effects  was not 
c a r r i e d  out, it was  ccaeluded in [130] that  they a r e  highly sens i t ive  to the geome t ry  of the ac t ive  cen t e r s ,  s ince 
a definite r e l a t i ve  or ienta t ion  of the pa ramagne t i c  f r a g m e n t s  is n e c e s s a r y  for in t ramolecu la r  spin exchange to 
take place.  

The las t  group of pape r s  [117, 118, 133, 134, 139] desc r ibed  the pa i r ed  label ing of different  amino acid 
groups in pro te ins  and in enzymes  by monorad ica l  spin labels .  In the absence  of in te rmolecu la r  in teract ion 
between the m a c r o m o l e c u l e s ,  this  s y s t e m  is the analog of a b i rad ica l .  Measuremen t  of the d is tances  between 
the labels  makes  it poss ib le  to c h a r a c t e r i z e  quant i ta t ively the geome t ry  of the rnacromolecu le  and the changes 
which it undergoes  in var ious  r e a r r a n g e m e n t s  [117, 118, 133, 134], and the obse rva t ion  of spin exchange be -  
tween the pa i r  of labels  makes  it poss ib le  to r e a c h  conclusions r ega rd ing  the dynamics  of in t ramolecu la r  
motion in b iopo lymers  [133, 139]. 

Thus in [118] the dis tance between labels  a t tached to the SH-fl-93 group and the FG-4  hist idine r e s idue  
of human hemoglobin was m e a s u r e d ,  and a d e c r e a s e  of 3.5 A in this d is tance was o b s e r v e d  during the t h e r m a l  
denaturat ion of the protein.  In [117] an e s t ima te  was made of the d is tances  between different  functional groups 
in l y sozyme  (histidine, lys ines) ,  myoglobin (histidines),  and myosin  (SH groups).  An important  f ea tu re  is that 
the r e s u l t s  obtained for  hemoglobin show sa t i s f ac to ry  ag reemen t  with x - r a y  s t ruc tu r a l  models  of these  pro te ins  
[136-138]. 

In [133] the cycl ic  decapept ide  g ramic id in  S was studied by labeling the two orni thine r e s idues  in the 
molecule  with a cyanur ic  chlor ide  spin label  and hence obtaining an analog of a b i rad ica l .  At a t e m p e r a t u r e  
above +30~ spin exchange between the N - O  f r a g m e n t s  involving col l is ions was observed .  The study of the 
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tempera ture  dependence of the relat ive intensity of the "exchange" components, and measurement of the dis- 
tances between the N - O  groups in ethanol and chloroform, made it possible to reach  conclusions regarding the 
spatial arrangement of the side chains of the modified ornithine residues in these solvents. These data show 
good agreement with the existing model of gramicidin S. 

In [139], measurement of the broadening of the btradical components of the ESR spectrum of the doubly 
spin-labeled dtnucleotide of uridylic acid was used to find the frequencies of the character is t ic  intramolecular 
motion. 

Spin-labeled nucleosides have been synthesized by using an appropriate nitroxide spin label to acylate the 
2' (3')-OH groups of r ibose and the phosphate group in adenosine monophosphate (AMP) and guanidine mono- 
and diphosphates. Spin exchange in aqueous solutions of a biradical derivative of AMP has been studied [142]. 

The determination of the geometry of a macromolecule by means of the paired attachment of spin labels 
has been most fully and systematically used for the investigation of the eonformational state of the biologically 
active linear nonapeptide bradykinin [134]. Circular diehroism, 13C NMR, and potent tometrtc titration data 
were  used to c a r r y  out a theoretical  eonformational analysis of the bradykinin molecule. The four most ener-  
getically favorable s t ructures  of this hormone were determined. By attaching two labels to different amino 
acid groups, the authors cited [134] obtained six different "biradical,, derivatives. By comparing the expert-  
mentally measured distances between the labels with the resul ts  of the structural  conformational analysis, it 
was possible to establish the single conformation of the biradical formed in solution. 

V. CONC L U S I O N  

The data given in the present  review clear ly  indicate that the ESR spectra of nitroxide btradicals are  
extremely sensitive to even small changes in the conformational state of the molecules of the biradicals. By 
studying the character is t ic  features of spin exchange and the dipole-dipole interaction between the paramag- 
nettc centers in biradicals,  it is possible to extract  definite information on their  s tructure,  the dynamics and 
thermodynamics of conformational transit ions,  the delocalization of spin density (electronic "conductivity") 
along chains of bonds in the molecule, and the possibility of collisions (and hence chemical reactions) between 
groups separated in space in the same molecule. The use of biradtcals as spin probes and labels makes it 
possible to detect fine changes in biologically important systems and to obtain unique information on their 
intimate mechanisms. The subsequent extensive application of biradicals in these studies will probably provide 
the answers to many unsolved problems in molecular biology. 

The authors thank K. I. Zamaraev for interest  in the work and for valuable comments during discussion. 
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