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The study of the motion of stable iminoxyl radicals  of the type ~ ) " t ~ "  in macromolecu la r  com-  
[" 

0 
pounds by the ESR method [1-3] makes it possible to obtain new information on the supermolecu la r  packing 
and dynamics of polymeric  molecules ,  par t icular ly  in the theoret ical  analysis of the ESR spec t ra  [4, 5]. 
The analysis  makes it possible to  se lec t  a c o r r e c t  model for  the rotat ional  movements  of the radical ,  and 
f rom the  fo rm of the spec t rum to de te rmine  the effective f requencies  of these motions.  The solution of 
this problem is also ex t remely  important  for  the c o r r e c t  interpretat ion of a large  number  of exper iments  
on the study of biomolecules  in solution by the "spin labeP ~ method using the iminoxyl radical  as label. 

The corresponding calculations,  however,  encounter  a number  of methodological difficult ies [4, 5], 
which can be dec reased  considerably if the radical  containing the 15N isotope (0.38 %) is used in place of 
the radical  with the most  common isotope t<N (99o62%). The spin of the 15N nucleus is equal to 1/2, instead 
of 1 fo r  14No Thus the number  of possible combinations of the HFS levels is sma l l e r  for  tSN than for  14N 
(as a consequence,  the number  of equations is also smal ler ) .  Moreover ,  we would hope that the use of the 
iminoxyl radica l  containing 15N would make it possible to explain the na ture  of the previously detected ex- 
plicit breakdown of the s imple isotropic  model of the rotation of the radical  in solid polymers  [1-3]o 

In o r de r  to solve these problems,  we prepared  and isolated in the crys ta l l ine  state the iminoxyl rad i -  
cal I containing the 15N isotope 

0 

r 
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(in [6, 7], the iminoxyl radical  containing 15N was not isolated f rom solution). The preparat ion was ca r r i ed  
out by the condensation of chromatographical ly  pure phorone with subsequent catalytic oxidation of the r e -  
sulting t r iace toneamine  to give 2 ,2 ,6 ,6 - te t ramethy l -4 -oxopiper id ine- l -ox ide  [8-10]: 
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Fig. 1. ESR spectra  of the crysta l l ine  radical  
I containing 15N (a) and the radical  dissolved in 
GKZh-94 oil (b), T = 296~ 

The radical  isolated in crysta l l ine  form, like 
the radical  containing taN, is obtained as a yellow 
powder with mp = 36~ which pract ical ly  coincides 
with the melting point of the radical  containing taN. 
The ESR spectra  of the crysta l l ine  radicals  contain- 
ing tSN and SaN, recorded  on an R]~-1301 spec t romete r  
(~, ~ 3 cm)~ coincide. The spec t rum of the crysta l l ine  
radical  (Fig. 1) consis ts  of a line nar rowed by ex- 
change, with width AH = 12.5 Oe and g = 2.0066 • 
0~176 For  a densityp -~ 1.1 g /cm 3 in the f i rs t  rough- 
est approximation of the isotropic a r rangement  of the 
radicals ,  the average distance between the spins in the 
c rys ta l  is equal to 6.4/k;  the second dipole moment is 
AH~ -~ 2000 Oe 2, and the effective frequency of ex- 
change, determined f rom the width of the ESR line 
by means of the A n d e r s o n - W e i s s  equation [11], in 
the crysta l l ine  radical  is v e ~ 5.5 ~ sec - t  (hve/k - 
0.2~176 The spec t rum of the radical  containing tSN in 

the state of a dilute solution with low viscosi ty consis ts  of a doublet corresponding to the project ions of the 
nuclear  spin I = • 1/2 (Fig. lb). The distance between the components is equal to the contact interaction 
constant a = 21.4 Oe. The ESR spect ra  of a radical  which has migrated f rom the vapor into polyethylene at 
296~ are given in Fig. 2. The isotropic constants a of the radicals  in silicone oil (Fig. 1, b) and in poly- 
ethylene pract ical ly  coincide. 

The central  regions of the spect ra  (Figs. lb and 2b) show an HFS line with m I = 0, corresponding to 
a small  quantity of the radical  containing the tan isotope. The fact that this line lies exactly in the middle 
of the doublet shows that the paramete rs ,  averaged by rapid rotation, of the tensor  of the g factor  for  the 
unpaired electron go = 1/3 (gxx + gyy + gzz) for  the two radicals  coincide; the experimental  value is 
go = 2.0062 • 0.0004. With decrease  in temperature ,  the ESR spect rum becomes appreciably broader ,  be-  
cause of the decrease  in the frequency of the rotational movements  of the radical,  and at a sufficiently low 
tempera ture  it acquires  the fo rm charac te r i s t ic  of completely re ta rded  rotations (Fig. 3b). For  comparison,  
Fig. 3a gives the spect rum of the completely re tarded rotations for the radical  containing 1aN. 

For  the interpretation of the ESR spect rum of a radical  in viscous media, it is neces sa ry  to know the 
pa ramete r s  of the tensor  of the g factor  and the tensor  T of the hyperfine interaction of the unpaired elec-  
tron. Their  values can be obtained by comparison with the corresponding values of the pa ramete r s  for  the 
radical  I containing 14N, determined ea r l i e r  [12]. The spin Hamiltonian for  the interaction of the unpaired 
electron with an external field H and the nucleus is written in the fo rm 

----- [ ~ I ~gH + h (AsJz + Ssxlx + Cs~Iv), ( 1 ) 

where A, B, and C charac te r ize  the hyperfine interaction, and/3 is the Bohr magneten. As shown in [12], 
for  the iminoxyl radicals  the principal axes of the ~ and T tensors  coincide. It is natural  to assume that 
the density of the distribution of the unpaired electron is not affected by isotopic substitution. As will be 
seen below, this is confirmed indirectly by the experimental  results~ The components of the electronic 
tensor  for  the radicals  containing tSN and tan then coincide and a re  close to those measured  in [12] (a d is -  
erepaney may ar ise  as a consequence of the influence of the medium); 

g , x =  2.0089, gvu= 2.0061, g = =  2.0027. 

This is confirmed by the faet, indicated above, that the values of go for  the radicals  coincide~ 

To determine A, B, and C we make use of the fact  that 
A = A a + a ;  B = - B a + a ;  C - = C a + a ,  (2) 

a =-= 1/3 (A + B + C), (3) 

where a is the constant of the isotropic Fermi  interaction, and Ad, B d, and C d are  the anisotropic dipole 
parts  of the hyperfine interaction. By mitking use of the famil iar  expressions for  the constants of the con- 
tact  and dipole-dipole hyperfine interaction [13, 14], it can readily be shown that the rat io of the constants 
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Fig.  1. ESR s p e c t r u m  of the rapid  ro ta t ions  of radica l  I in polyethylene,  
T = 296~ a) rad ica l  containing tiN; b) radica l  containing tSN. 

Fig. 2. ESR s pec t rum  of comple te ly  r e t a rded  rota t ions  of radica l  I in 
polyethylene,  T = 77~ a) rad ica l  containing taN; b) radica l  containing 15No 

a and Ad, B d, and C d fo r  the t4N and tSN isotopes is equal to the ra t io  of the nuc lea r  gN fac to r s  or  the 
gyromagne t ic  ra t ios  of the nuclei  TN. F o r  t4N, TN = 307.7 sec  -1 Oe - t ,  and for  15N, TN = 431.6 sec -1 Oe - I  
[15], that is  the ra t io  T15N/Tt4N = 1.402. Thus the ra t io  of the constants  of the hyperf ine in teract ions  a, 

Ad, B d, and C d, and hence of A, B, and C for  the r ad ica l s  containing 15N and 14N is a lso  equal to 1.4. 
This  conclusion is conf i rmed exper imenta l ly .  For  the r ad ica l  I containing 14N, a = 14.8 Oe (see Fig.  
2) and the ra t io  of the constants  is a l s N / a t ~  N = 1.4. To de te rmine  A, B, and C for  the rad ica l  con-  

taining 15N f r o m  the exper imen ta l  r e su l t s ,  it is sufficient to make use of the quali tat ive conclusion [12] 
that B and C a r e  equal, that is that the hyperf ine  interact ion of the unpai red  electron has axial  s y m m e t r y .  
Exact  calculat ion [5] shows that the d is tance  between the e x t r e m e  max ima  in the spec t r a  of the re ta rded  
rota t ions  (see Fig.  3) is equal to 2Ao F r o m  this we find A = 31o5 Oe, and, by making use  of Eq. (3), a = 
14.8 Oe and B = 6~ Oeo Thus, for  the rad ica l  containing tSN, A = 44~  and B = 9.1 Oeo Comparison of 
the values  of these  p a r a m e t e r s  fo r  tan with the p a r a m e t e r s  obtained f r o m  m e a s u r e m e n t s  fo r  dilute single 
c r y s t a l s  of rad ica l  I [12] shows that the hyperf ine interact ion constants  in the po lymer  a r e  a l te red  slightly.  

To conf i rm these  conclusions regard ing  the magnitude of the constants  for  the radica l  containing tSN, 
in addition to the data on the quant i t ies  a and go, it is poss ib le  to use  the ra t io  of the products  of the e lec-  
t renic  anisot ropy p a r a m e t e r s  

0 

Fig. 4. ESR s p e c t r u m  of rad ica l  I in 
g lycero l ,  T = 293~ a) radica l  contain- 
ing tSN: b) rad ica l  containing 14N. 

of the rad ica l s  containing t~N and 14N, which appear  in 
Kive lson ' s  equation [16] fo r  the re laxat ional  width of the HFS 
l ines for  rotat ion of the radica l  in a v iscous  medium (in the 
range  of rapid rotat ions) .  F o r  this purpose  we analyzed the 
ESR spec t rum of the rad ica l s  containing 15N and 14N in g lycerol  
at 296~ (Fig. 4)~ I t  may be noted that the constants  for  the 
rad ica l s  in the dipolar  liquid g lycerol  a r e  slightly higher  than 
those in polyethylene and si l icone oil ag4N = 16.2 Oe, a~lSN = 

23Oe~ for  the radical  containing t4N, the t r a n s f o r m e d  Kivelson 
equation is writ ten in the f o r m  [1-3] 

av (M) 1 4 TebAyHo b=~:c M 2, (4) 
'Av(0)' - -  15 av(0).~V~,, M +  8~#~Av(0) 

211 



where  M = + 1o0 r e p r e s e n t s  the spin projec t ions  of the 14N nucleus,  Av is the dis tance between the max ima  
of the der iva t ive  absorpt ion line, T c is the cor re la t ion  t ime  of the rotat ional  movements  of the radical ,  and 
H 0 = 3300 Oe is the external  magnet ic  field. The applicabil i ty of Eqo (4), that  is the i so t ropic  na ture  of the 
rotat ion of the radical ,  is conf i rmed by the fact  that  the t imes  Tc~ and fc  ~, calculated f r o m  the values of 
the coeff ic ients  for  M and M 2, coincide within the l imi ts  of exper imenta l  e r r o r .  By making use  of the 
numer i ca l  values  of b and A7 for  the radica l  containing lCN in g lycerol  at  293~ we obtain T c = 1.3 x 10 -8 
sec~ F o r  the rad ica l  containing 15N, the equation cor responding  to Eqo (4) (high-field approximat ion)  is 
writ ten in the f o r m  [16] 

4 ~c 
hv-I/~ - -  AV+Jl2 - 15 ~ ]/~ bA~Ho' (5) 

where  Av+_V~ r e p r e s e n t s  the widths of the components  with M = • 1/2. With the assumpt ion  that the c o r -  
re lat ion t imes  ~'c for  the two rad ica l s  coincide, it can readi ly  be found f r o m  Eqs. (4) and (5) that the ra t io  
(Ayb)isN/(Ayb)14N = 1.4, as  expected.  

In conclusion we thank A. V. Laza rev  for  drawing our  attention to the use  of the rad ica l  containing 
isN, A. K. Shilova fo r  kindly providing a spec imen containing 15N, and I. V. Aleksandrov and I. F. Shchegolev 
for  d iscuss ion.  
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