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Synthesis  of  Mono-, D i - ,  and Polynitroxides.  C l a s s i f i c a t i o n  of ESR 

Spectra of F lex ib le  Dini t roxidee  Diesolved i n  Liquids and Glassee 

P. ~ e r r u t i , '  D. ~ i 1 1 , ~  M. P. Klein, H. H. wangV3 G. Eht ineB4 and M. Calvin 

Laboratory _af Chemical Biodynamics , Lawrence Radiation Laboratory a& 

Department af Chemist=, Unive r s i ty  af Cal i fo rn ia ,  Berkeley, Ca l i fo rn ia  

94720' - 
Abetract t  The s y n t h e s i s  of f l e x i b l e  b i r a d i c a l  etrain-gauge8 which could 

be anchored o n t o  two e i t e s  of  a  defonnable b i o l o g i c a l  e t r u c t u r e  had been 

a t  tempted. Q u a l i t a t i v e  r e l a t i o n s h i p s  between t h e  poss ib le  conformatione 

of the  b i r a d i c a l e  and the  observed ESR s p e c t r a  provide guidel ines  f o r  

f u r t h e r  s y n t h e t i c  work. Some of t h e  n i t r o x i d e e  ayntheeized and 
2 

charac te r i zed  are :  b C O $  (CH2),,-!kO-R, where R is 1-oxyl-2,2,6,6- 

te t ramethyl  pyr ro l ine  bonded a r  the  %posi t ion ,  n - 2.3 and R1,2 * OH; 



I n t r o d u c t i o n  

Spin  is  one of t h e  r e p o r t e r  group techniques  o f  molecular 

b io logy9  i n  which e t a b l e  f r e e  r a d i c a l s  a r e  e x t r i n s i c a l l y  app l i ed  t o  

b i o l o g i c a l  specimens which are then a t u d i e d  by ESR spectroscopy.  The 

a t a b l e  f r e e  most commonly used f o r  s p i n  l a b e l i n g  a r e  the  

ne thy l -p ro t ec t ed  iminoxylr  6*9-11 ("ni t roxides")  , i n  which chemical  

s t a b i l i t y  i s  combined wi th  a i m p l i c i t y  o f  t h e  ESR spectrum. 

Pa i rw iee  s p i n  i n t e r a c t i o n s  have been mani fes t  i n  t h e  ESR s p e c t r a  

of  b i r a d i c a l s  by t h e  appearance of  new component l i ne s14 ,17  and a 

correepondence has been found between the i n t e n s i t y  of the  spin inter- 

a c t i o n s  and t h e  conformation of  f l e x i b l e  b i r a d i c a l s  

B iophys i ca l  a p p l i c a t i m e ,  i n  which conformatione can be  deduced 

from t h e  f e a t u r e 6  of ESR s p e c t r a  which depend on t h e  i n t e n s i t y  o f  t h e  

p a i r w i s e  s p i n  i n t e r a c t i o n s ,  have been proposed and demonetrated, 22-24 

The p r e s e n t  au tho r s  have proposed24 a f l e x i b l e  b i r e d i c a l  s t r a i n -  - ( ~ e o m e t r i c a l  p robe) ,  which would be a t t a c h e d  t o  a b i o l - o i i c a l  

eample at two points, deform t o g e t h e r  w i t h  t h e  suppor t ,  and t ranaduce  

t h e  e t r a i n  i n t o  t h e  in te rac t ion-dependent  f e a t u r e s  o f  t h e  ESR spec t r a .  

The p r e p a r a t i o n  and a p p l i c a t i o n  o f  t h e  s t  rain-gauge b i r a d i c a l s  

r equ i r ed  t h e  p re l imina ry  work r epo r t ed  here :  

(a )  t h e  s y n t h e s i s  o f  s e v e r a l  b i r a d i c a l e ,  each  equipped w i t h  two 

f u n c t i o n a l  groups f o r  cova l en t ,  non-covalent o r  i o n i c  bonding t o  

b i o l o g i c a l  samples; 

(b) mbdeling of the o p e c t r a  expected from t h e  b i r a d i c a l  s t r a i n -  

gauge, and 

(c) t h e  eyn thes i e  o f  mono-, bi-, and p o l y r a d i c a l a  not d i r e c t l y  

related t o  t h e  s t ra in-gauge  p r o j e c t .  
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O u t l i n e  of  t h e  P r e p a r a t i v e  Chemistry 

N i t roxy l  r a d i c a l s  i n  t he  p i p e r i d i n e  s e r i e s .  S t ab l e  f r e e  r a d i c a l s  

de r ived  from s u i t a b l y  s u b a t i t u t e d  1-oxyl-2,2,5,5=tetramethyl p i p e r i d i n e  

have been u s e f u l  i n  e tudying  molecular  o r d e r i n g  i n  nematic r n e ~ o ~ h a e e s . ~ ~ ~  

17*18*20*25*26 I n  t h e s e  s t u d i e s  t h e  long  molecular  a d s  o f  t h e  s o l u t e  

r a d i c a l  i e  r e q u i r e d  t o  co inc ide  w i t h  one o f  t h e  p r i n c i p a l  axes  of rhe 

a n i s o t r o p i c  up in  i n t e r a c t i o n e .  Some r a d i c a l 6  f i t t i n g  t h i s  d e s c r i p t i o n  

(Table I, IV-VI)  have been synthes ized .  

S e l e c t i v e  a c y l a t i o n  o f  t h e  primary amino groups of  2 ,2 ,6 ,6- te t ra-  

methyl-4-amino p i p e r i d i n e  (I) w i t h  p-octyloxybenzoic a c i d  by t h e  carbo- 

d i imide  methodt7 gave t h e  expected 2,2,6,6-tetrame thyl-4- (p-octyloxy) 

benzoylaminopipetidine25 (11) : 

Q -H20 
g-C8H1 70C6H4COOH + H2N- H (I) -3 E-C8H170C6H4CONH- Q -H (11) 

S e l e c t i v e  a c y l a t i o n  of (I) w i t h  t a r e p h t a l o y l  c h l o r i d e  gave N,N-bie-4- 

(2 ,2 ,6 ,6=tetramethyl)  p i p e r i d y l  t e rephtha lamide '  (111) 1 

The c a t a l y t i c  o x i d a t i ~ n * ~  of  (11) gave r a d i c a l  ( I V )  (Table I), t h e  

chemietry o f  which hae been desc r ibed  The c a t a l y t i c  oxida- 

t i o n  of (111) pave a  mix ture  of t he  r a d i c a l  (V) and the  b i r a d i c a l  (VI) 

 able I). These two l a t t e r  r a d i c a l s  can be s e p a r a t e d  e a s i l y  s i n c e  

on ly  (V) is  s o l u b l e  i n  a c i d i c  aqueous s o l u t i o n s .  

N i t  roxyl  r a d i c a l s  i n  t he  hyd ro~ena ted .  p y r r o l e  s e r i e s  . K e  prepared 

a  number of mono-, bi-, and m u l t i r a d i c a l s  d e r i v i n g  from s u b e t i t u t e d  

1-oxyl-2,2,6, &- te t ramethyl  py r ro l ine .  28'31 These r a d i c a l s  have been 

used to  e tudy  ne rve  membranea , 2  4 



Table I. Piper id ine-der ived  mono-nit rox ides  (IV, V) and a  d i n i t r o x i d e  (VI) . 
Name S t r u c t u r a l  Formula 

I V  1-oxyl-2,2,5,5-tetramethyl- 

4- (p-octy1oxp)benzoyl 

amino-pipertdine 2 2 

p i p e r i d y l  te rephtha lamide  

VI #,N'-bis-4-(1-owl-2,2,6,6- 

t e t r ame thy1)p ipe r idy l  O i  

t e rephtha lamide  -- ? 

ESR o f  (1V)-(VI) i n  nemat ic  e o l ~ e n t s , ~ ~ ~ ~ ~  a s  w e l l  a e  s imu la t ion  by space- 

f i l l i n g  models i n d i c a t e  t h a t  t he  r i n g  aseumee an average p l a n a r  c o n f i g u r a t i o n  i n  

which t h e  N-0 bond d i r e c t i o n  i e  n e a r l y  p a r a l l e l  t o  the  long moleculaq axio. 

Conformational exchange is  no t  p o s s i b l e  between t h e  ni t roxl .de subun i t s  o f  

V I  because t h e  molecule l o  r i g i d .  Dipolar  i n t e r a c t i o n ,  however, i e  ev ident  

i n  t h e  broadening of  t h e  " three- l ine" spectrum of V I  i n  d i l u t e  eo lu t iona .  
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A,  Nonoradicale 

A r a d i c a l  was ob t a ined  by coup l ing  imidazole  wi th  1-oxyl-2,2,6,6- 

tetramethyl-3-carboxypyrrollne (VII) ,  t h e  l a t t e r  ob ta ined  by t h e  procedure 

o f  Rozanteev and ~ r i n i t z k a ~ a . ~ ~  

(VII) (VII I )  

N-(1-oxyl-2,2,6,6-tetramethyl pyrroline-3-carboxy)imidazole (VIII)  

We used 1-ethyl-3-(3-N,N-dimethylaminopropyl) carbodi imide hydrochlor ide  

a s  t h e  coup l ing  agent.  The same product  may be ob ta ined  from ( V I I )  and 

N,NV-carbonyl d i i ~ n i d a r o l e , ~ ~  bu t  w i t h  a  lower y i e l d .  

Due t o  t h e  g e n e r a l  r e a c t i v i t y  o f  t h e  ca rboxy l i c  ac id . imidazo l ides  

towards pr imary and secondary amines,  a l c o h o l s  and phenols ,  r a d i c a l  

(VI I I )  i s  a very  u s e f u l  chemical  i n t e r m e d i a t e  a s  w e l l  as a p o t e n t i a l  

s p i n  l a b e l  fo r  b i o l o g i c a l  s y s t e m .  For example, t he  condensat ion o f  

(VIII) w i t h  g l y c i n e  r e s u l t s  i n  t h e  new r a d i c a l  a c i d  (IX). 

A' 
N- (1-0x371-2,2,6,6- t e t rame thylpyrroline-3-carboxy) glyc ine  (1x1 

B. B i r a d i e a l o  

C o u p l i n ~  of  t he  a c i d  r a d i c a l  (VII)  w i t h  a  diamine by t h e  carbo- 

d i imide  method warn found t o  be a u i t a b l e  f o r  synthesizing a l a r g e  number 



o f  b i r s d i c a l s  o f  v a r y i n g  p h y s i c a l  and chemica l  p r o p e r t i e s :  

B i r a d i c a l e  o b t a i n e d  by t h i s  method, w i t h  R' and R" b e i n g  H o r  a l k y l  groupo 

and R b e i n g  an a l k y l e n e  c h a i n ,  a r e  l i s t e d  i n  Table  11. The ESR s p e c t r a  

o f  r a d i c a l s  (X), ( X I ) ,  and  (XIV) have been p u b l i s h e d  p r e v i o u s l y , 2 4  The 

ESR s p e c t r a  o f  r a d i c a l e  (XII)  and ( X I I I )  show v a r y i n g  d e g r e e s  o f  s t e r i c  

i n t e r f e r e n c e  w i t h  c o l l i s i o n a l  exchange similar t o  t h o s e  r e p o r t e d  i n  

Ref. 21. 

The c o u p l i n g  of (VIL) w i t h  t h e  d i e t h y l  e s t e r  o f  N,N'-ethylenedfamine- 

N,N1-diaminediacet ic  a c i d  (XV) enab led  us  t o  t o  o b t a i n  b i r a d i c a l  s p i n  

l a b e l s  w i t h  s p e c i f i c  c h e m i c a l  f u n c t i o n s ,  H y d r o l y s i s  o f  t h e  r e s u l t i n g  

d i e t h y l  e s t e r  o f  t h e  N,N-bis-(1-oxyl-2,2,5,5-tetramethylpyrroline-3- 

carboxy)  e t h y l e n e  diawine-N,N'-diacetic a c i d  (XVI) y i e l d e d  t h e  f r e e  a c i d  

(XVII). T h i s  d i a c i d  b i r a d i c a l  (XVII) was,  i n  t u r n ,  coupled w i t h  

2-dimethylaminoethylamine t o  give i t s  N,N'-bis-(2-dimethylaminoethyl)- 

diamide  (WVIII), Trea tment  o f  (XVIIL) w i t h  methyl i o d i d e  f i n a l l y  gave 

t h e  c o r r e s p o n d i n g  b i s - q u a t e r n a r y  ammonium o a l t  (XIX). The a forement ioned  

r e a c t i o n s  are summarized i n  Tab le  111. 

The t h r e e  a fo rement ioned  r a d i c a l e  (XVIZ, X V I I I ,  and XIX) a r e  

e x p e c t e d  t o  ionize i n  aqueous s o l u t i o n s ,  t h u e  p r o v i d i n g  charged func- 

t i o n a f  group@, These charged  groups  are i n t e n d e d  t o  p r o v i d e  coulombic 

i n t e r a c t i o n  w i t h  c h a r g e d  s i te6 o f  b i o l o g i c a l  e t r u c t u r e a .  



Table I I ,  Lyophyl i c p y r r o l  i ne d e r i  ved d i n i  t r o x i  des ,  

No. 

X 

X I  

X I  I 

carboxy) - l  ,2-di ami noethane 

N,N1-bis-(1-oxyl -2 ,2,5,5- 

carboxy ) -1,3-^di'ami noethane . 

N,N'-dimethyl-N,N1-bis(l-oxyl- 

2,2,5,5-tetramethylpyrrol i n e  

-3-carboxy)- l  ,2-di arni noethane 

N-n-octadecyl-N - ,N1-bis-(1 - o x y l -  

2,2,5,5-tetrarnetnylpyrrol i ne -  

3-carboxy)-1 ,2-di ami noethane 

1,4-bis-(1-oxyl-2,2,5,5-tetra- 

methyl -3-carboxy)-p i  pe rdz i  ne 

S t r u c t u r a l  Form; a 

C o ~ n a r f i t i v e  masure ren ts  of t he  d i r e c t  exchanne i n  s o l u t i o n s  oC X and X I  

i n d i c a t e  t h a t  t he  i n t e r a c t i o n  weakens w i t h  t h e  lennthen ino  o f  t h e  chain - 
v:nich separates the  r a d i c a l  subuni ts .  XI11 has a lonn a l i p h a t i c  chain f o r  

a t tach rwn t  t o  1 i p i  d mat r ices .  



-:I- 

Table 111. Pyrroline-derivcd d i n i  troxides equipped with a )  t~ I o n i z a b l e  

nrnups ( X V I I - X I X )  which would bond ionically t o  charned s i t e s  on racro- 

molec~~les ,  and b )  twn imldazolide ornups ( X X )  which bond eovalentlg to  

s ide chains o f  prote4ns. 

x v i  r I 

x i x  

Structural Fornu la  

6 .  0 
(Continued on next p w e  1 
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Table I 1 1  (Continued) 

B i r a d i c a l  X V I  I i s  t h e  start incr mater ia l  f o r  t h e  synthesis.  B i  r a d i c a l s  

X V I  11-XIX i n  aqueous so lut ions  have displayed an i n t e r e s t i n o  pH dependence 

of the d i r e c t  exchanm interaction. I o n i z a t i o n  i ntmduces a repuls ive  

e l e c t r n s  t a t i  c force  between the i o n i  tab1 e rlroups which br inas the  

n i t r o x i d e  amups c l o s e r  than i n  the n e u t r a l  molecule, a s i t u a t i o n  described 

i n  e n t r y  D o f  Table IV. 

A r e a c t i v e  b i r a d i c a l  wi th  two imidazole  groups a t  each end of t he  

molecule was a l s o  prepared  by r e a c t i n g  one p a r t  of  t h e  d i a c i d  ( X V I I )  

 able 111) w i t h  two p a r t s  of imidazole  i n  t h e  presence  o f  carbodi imide 

(us ing  t h e  same procedure  a s  i n  t he  eyn thea i s  o f  VIII). The d i imidazole  

(XX) of (XVII) was ob ta ined  ae a s t i c k y  ye l lowi sh  o i l .  

. C. P o l y n l t r o x i d e s  

A t e t r a n i t r o x i d e  has  been cons t ruc t ed  by condeneing t h e  r a d i c a l  

acid (VII) with t r i e t h y l e n e - t e t r a m i n e  by ueing t h e  carb0diimi.de method. 

The product  was N,Nf ,N",N"Ltetra- (1-oxyl-2,2,5,5~tetramethylpyrroline- 

3-carboxyl) t r i e thy l ene - t e t r amine  (XXI). 

-4 C3H4N2 
H ~ N ( c H ~ ) ~ N H ( C H ~  ) 2 N H ( C H 2 ) 2 ~ ~ 2  + 4 (VII I )  > 

b' 
The ESR apectrum o f  t h e  t e r r a r a d i c a l  ie ehown i n  Fig. 9. 



Table I V .  Qualitative correlation of observed ESR spectra of f lexible  dini troxides with the conformations 
and tumblino rates  i n  various solvents. 

- ~ & - - - - . . - - - - - . - - . - - - -  -- ----. . - . -  - ,-----.---a-- 

Tllelniaf l p  Acti vatcd 

Con fonna t ions 

'Five-linen spectrum. . 

Spin exchange by ther- 
mal l y  activated confor- 
mational coll  isions o f  
the subuni i s .  
(Fig. 6,180°C) 

The i deal doubl y-anchore 
bi radical strain-gauge 
(geometrical probe), 

Straight  

-- 8. - . - 
"Three-1 ine" spectrum. 
No exchange because of 
conformati onal hindrance 
Transforms i n t o  F upon 

9 radual freezing. 
Fig. 1, 40°C). 

Powder pattern spectrum 
identical t o  tha t  of di- 
luted monorni troxi de fro- 
zen i n  a glass. 
(Fig; 3, 24°C.) 

"Three-li nen spectrum. 
Transforms in to  G upon 
gradual freezing. 

Powder superposi ti on of 
spectra,  the hyperfine 
components which are  
s p l i t  by dipolar inter-  
ac t i  on; 
(Fig. 5, 20°cj 

"Five-1 inen spectrun. 
Exchange is ass i s ted  by 
frozen, bent c o n f o r n t i e z  
and weakens when s t r a i  si l t  
conformations are  actil;z- 
ted. [Fig. 4, pH = 10.2). 

I 
The spectrum consis t i  f i ~  
of one broad l i ne  wi t h  
two weak and broad s a t s l -  
l i t e s  i s  c m t r i  buted by ' 
a l l  t h e  interactions ~ r 2 -  
sent  i n  biradicals.  
(Fig. 6, 24"C;, Fig. 7). 

The rnws characterize the turnblfna motion of . the0bi rad ica l  mlecules  as e i t he r  f ree  or  frozen. The columns 

grossly specify the conformation a s  s t r a i a h t  ( l ame  r )  o r  bent (swall r). A fur ther  subdivision relates  t o  

t h e  tnternal denrees of freedor which f a c i l i t a t e  d i rec t  soin exchancle by the overlap of the singly occuoied 

o rb i t a l s  In the bent - bfradical. -. .- - 
L 



The r a d i c a l  i rn idazo l fde  ( V I I I )  was used a s  an a c y l a t i n p  r e a g e n t  t o  

o b t a i n  r a d i c a l  polymers.  I n  f a c t ,  t r e a t m e n t  of s u i t a b l e  macromolecular 

compounde c o n t a i n i n g  a c y l e h l e  f u n c t i o n s  w i t h  ( V I I I )  i n  e x c e s s  r e s u l t s  i n  

a lmos t  complete a c y l a t i o n  w i t h o u t  s i d e  r e a c t i o n s .  The r e s u l t  in% r a d i c a l  

polymer i e  e a s i l y  p u r i f i e d  from i m i d a z o l e  and t h e  e x c e s s  of ( V I I I ) ,  as 

w e l l  ae f rom r a d i c a l  a c i d  (UI I )  which may be formed as a  a i d e  p roduc t  by t h e  

h y d r o l y s i s  o f  a p a r t  s f  ( V I I I )  when t h e  r e a c t i o n  is  performed i n  an aqueous 

medium, 

By the above method, we have p r e p a r e d  poly-N-(l-oxyl-2,2,5,5-tetra- 

methylpyrroline-3-carbo~) ethyleneimine (XXII): 

We have o  p r e p a r e d  poly-0- ( l -  

ca rbow)-L- ty roe ine  (XXI 11) and poly-N- (l-oxyl-2,2,5,5-tetramthyl- 

pyrroline-3-carboxyl)-l-lysine (XXIV): 

X C3H4S2 
(-NHCHCO-)x+x (VIII) > 

I 



Experimental 

N,N-bio-4-(2,2,6,6-tetramethyl) p ipe r idy l t e r eph ta l amide  (111). A 

s o l u t i o n  of 2.03 g t e r e p h t a l o y l  c h l o r i d e  i n  40 ml chloroform was added 

dropwise i n t o  a s t i r r e d  s o l u t i o n  of 3.12 g of  (I) i n  35 ml chloroform, 

cooled  a t  ice temperatura .  The r e a c t i o n  mix ture  was s t i r r e d  1 hour while  

warming a t  room tempera ture ,  and then r e f luxed  f o r  a few minutes ,  Af t e r  

coo l ing ,  t he  wh i t e  d ihyd roch lo r ide  o f  (111) was f i l t e r e d  and d i seo lved  

i n  300 m l  o f  aqueous 0.5 hyd roch lo r i c  ac id .  The base was t hen  p rec ip i -  

t a t e d  w i t h  excees  of  sodium hydroxide,  f i l t e r e d  and r e c r y s t a l l i z e d  from 

iaoprapyl a l c o h o l ,  

H. P I  : 308-310. (dec). 

Yield; 3.0 g (68%). 

Analysies  N ,  12.77% (CZ6b2N4O2 c o n t a i n s  N 12.66%). 

N-4- (1-oxyl-2,2,6,6-terrarnethyl) piper idyl-N'-4-  (2.2.6.6-te t ramethyl )  

g i p e r i d y l t e r e p h t a l a m i d e  (V) and ~,N'-bis-4-(l-oxyl-2,2,6,6-tetramethyl~ 

pi~eridy1t.erephtalami.d.e. (VT) . One m l  of 30% hydrogen peroxide s o l u t i o n  

was added t o  a s t i r r e d  ouspeneion o f  0,2% g of  (I), 0.05 g EDTA and 0.05 g 

sodium t u n g s t a t e  i n  10 m l  methanol. A f t e r  e t i r r i n g  a t  room t empera ture  

f o r  7 daye, t h e  mixture  war, poured i n t o  150 m l  of  0.5 aqueous hydro- 

c h l o r i c  ac id .  The r e e u l t i n g  suspens ion  was then extracted 15 t imes  w i t h  

4Q aa3 partione o f  chloroform,  



The aqueous phase was f i l t e r e d  and made a l k a l i n e  wi th  sodium 

hydroxide, The r e s u l t i n g  p r e c i p i t a t e  was recovered by f i l t r a t i o n  and 

d r i e d  t o  give 0.03 g (11.5%) of (V), whish wao then r e c r y e t a l l i z e d  from 

methanol. 

Analysis :  C, 67,762; H, 9.19%; N, 11.94% (C26H41N403 conta ina  

The o rgan ic  phase wae washed w i t h  d i l u t e d  hydrochlor ic  a c i d ,  water 

and s a t u r a t e d  aodium c h l o r i d e  s o l u t i o n e  be fo re  dry ing  over  anhydroue 

sodium s u l f a t e . .  The s o l v e n t  was then  removed i n  vacuo t o  g ive  0.21 g 

(78.5%) of  (VI), which was r ec rye t a l l l i zed  wi th  eome loeees from laopropyl  

a lcohol .  

M.P.: 274-276" (dec). 

Analysis :  C, 66.22%; H, 8.28%; N, 11.90% (C26H40N404 con ta ine  

C, 66.07%; H, 8,532; N, 11.86%). 

1-(1-oxyl-2,2,5,5-tetremethylpyrrolin~) imidazole ( V I I I ) .  

A s o l u t i o n  of  0.92 g of (VII), 1.15 g of  1-ethyl-3-(3,N,N-dimethylamino- 

propy l )  carbodi imide hydrochloride* and 0.34 g of  imidazole i n  30 m l  

chloroform w a s  s t i r r e d  a t  ice  temperature f o r  1 hour,  followed by 8 houro 

of  e t l r r i n g  w h i l i  warning st: room temperature.  The yellow mixture was 

f i l t e r e d  and e x t r a c t e d  2 times wi th  50 m l  por t ion8  of  water,  then d r i e d  

over  anhydrous sodium s u l f a t e .  A f t e r  f i l t r a t i o n  t o  r e m v e  the dry ing  

a g e n t ,  t h e  s o l u t i o n  wae concent ra ted  i n  vacua t o  y i e l d  1.10 g (94%) of 

*In the  d a s c r i p t i o n e  which follow i n  subsequent  p repa ra t ions  the term 

-"carbodiimidet' refers t o  t h i e  p a r t i c u l a r  compound. 



yellow c r y e t a l l i n e  aoXid, which was recrystallized from n-hexane. 

Yellow needleo. 

M.P.: 101-102*C. 

Analysio: C,  61.36%; H ,  7.16%; N,  17.98% (cl2Hl6N3o2 con ta in s  

C, 61.52%; H, 6.88%; N,  17.94%). 

By adding (VII) a t  room temperature  t o  a s l i g h t  excess  of  1,l'- 

carbonyld i imidazole  i n  chloroform,  s t i r r i n g  a t  room temperature  f o r  

30 min and then  working up t h e  s o l u t i o n  as prev ious ly  descr ibed ,  

(VI I I )  i s  ob ta ined  i n  75X y i e l d .  

N- (l-oxyl-2.2 5 5 - t e t  ramethylpyrroline-3-carboxy) ~ l y c i n e  ( 1 2 .  

A mixture o f  0.300 g of g lyc ine ,  1.6 m l  aqueous 10X NaOH and 3 1 g of 

i c e  was t r e a t e d  w i t h  0.20 g of (VII I ) .  The mix ture  was vigorouoly 

s t i r r e d  whi le  warming a t  room temperature  u n t i l  a c l e a r  s o l u t i o n  was 

ob ta ined ,  then l e f t  a t  room temperature  f o r  1 hour. The s o l u t i o n  wao 

t hen  a c i d i f i e d  w i t h  hyd roch lo r i c  a c i d  and e x t r a c t e d  3 t imes  w i t h  chloro- 

form. After  d ry ing  w i t h  anhydroue sodium s u l f a t e ,  t h e  e o l u t i o n  was 

concen t r a t ed  in vacuo t o  y i e l d  0.085 g (40% based on V I I I )  o f  yel low 

o i l  which s lowly  c r y s t a l l i z e s  by rubbing under  co ld  n-hexane. I t  wae 

r e c r y s t a l l i z e d  by d i e o o l v i n g  i n  t he  minimum amount o f  b o i l i n g  e t h y l  

aceba t eh -hexane  1:2 (v/v), then adding two more v o l u m e  of n-hexane 

and keeping f o r  awh i l e  a t  room temperature.  Yellow powder. 

M.P.: 130-131.C. 

Anelyoie r C, 55.09%; H, 7.21%; N, 11.264 (CllH17N204 conta ina  

C, 54.762; He 7.10%; N p  11.61%). 

methane CX). A mixture  o f  1.84 g of (VIX) , 2.30 g of carbodi imide  and 



0.30 g of ethylenediarnine i n  30 m l  chloroform wae s t i r r e d  a t  ice tem- 

pera tu re  f o r  2 hours, followed by 8 houre of s t i r r i n g  while warming 

a t  room temperature. The yellow reac t ion  mixture was f i l t e r e d  and 

washed with water ,  2 g s u l f u r i c  a c i d ,  water ,  5% eodium c h l o r i d e  so lu t ion  

before drying over anhydroue eodium eu l fa te .  Af ter  removing t h e  drying 

agent ,  the  f i l t r a t e  was concentrated i n  vacuo t o  give 1.41 g (72%) of (X), 

which may be r e c r y s t a l l i z e d  from chlorofonn/ethyl  e ther .  Pale  yellow 

needles. 

M.P. : 226-227.C (dec). 

Analyeis: C, 60.90%; H, 8.43%; N, 14.17% ( c ~ ~ H ~ ~ N ~ ~ ~  contain8 

N,Nf-bis.(l-oxyl-2, 2.5.5-tetramet hylpyrroline-3-carboxy)-l . 3-diamino- 

propane (XI). A mixture of  0.92 g of (VII) ,  1.15 g carbodiimide and 

0.185 g 1,3-propylenediadne i n  15  utl chloroform was procereed as pre- 

v ious ly  described,  The product wee recrymtal l ized  from benzene. Y e l l o w  

powder. 

M.P. : 180°C (dec). - 

Yield: 0.5 g (494). 

Analysis : N, 13.64% (C21H34N404 conta ins  N 13.79%). 

~.~'-dimethyl-~~~~-bis(1~oxy1-2,2,5~5-tetramthylpyrroline-~- 

carboxy)-1.2-diaminoethane (XIIL. A mixture of 0.46 g of (VII),  0.57 g 

carbodiimide and 0.11 g 1.2-bie (methylamino) ethane i n  10 m l  chloroform 

wae processed as previouely described.  The product wae r e c r y e t a l l i z e d  

by d ieso lv ing  i n  w a r m  chloroform and d i l u t i n g  wi th  encesa of e ther .  

Pa le  yellow powder. 

M.P.: 260.C (dec). 

Yield: 0.31 g (61,5%). 



Analysis: C ,  62.352; H, 8.45%; N ,  12.97% ( c ~ ~ H ~ ~ N ~ ~ ~  containe 

C,  62.83%; H ,  8.632; N ,  13.322). 

ctadeeyl-N,Nq-bis(l-oxyl-2,2,5,5-tetramethylpyrroline-3- 

carbaxy)-1.2-diaminoe thane (XIII). A mixture of 0.92 g of (VII) , 
1.15 g carbodiimide and 0.78 p of N - ~ O C  tadecyl-1 ,2-diaminoe thene33 

i n  30 m l  chloroform and 30 m l  pyr id ine  was s t i r r e d  f o r  1 hour a t  i c e  

temperature,  followed by 24 hours of s t i r r i n g  while warming a t  room 

temperature. The s o l u t i o n  was t h e n  d i l u t e d  f u r t h e r  with 30 m l  chloro- 

form, f i l t e r e d  and washed twice with water ,  twice with 2 - N a c e t i c  ac id ,  

w i t h  water ,  wi th  cold  0.5 eodium hydroxide, with water ,  and with 

s a t u r a t e d  sodium ch lo r ide  eolu t ion  before  drying over anhydroue sodium 

s u l f a t e .  A f t e r  evaporat ing the  so lven t  & vacuo the crude product w a a  

a yellow o i l .  The o i l  war dieeolved i n  warm n-hexane and l e f t  a t  room 

tempereture f o r  2 hours, A c r y s t a l l i n e  s o l i d ,  homgeneous by T.L.C. 

(Si02/CHC13) p r e c i p i t a t e d  ou t  and was r e c r y s t a l l i z e d  from n-hexane t o  

g ive  0.35 g (21.7%) o f  (XIII), Pa le  yellow powder, 

M.P.8 84-85*C. 

Analyeis s C, 70.45%; H, 10.71%; N, 8.774 (C38H68~404 containe 

1.4-bis (1-oxyl-2,2,5,5-tetramethylpyrrolne-3-carbo) piperaz ine  

J X I V ) .  A mixture of 1.67 g of (VII),  2.10 g enrbodiimide and 0.39 g 

of f r e s h l y  r e c r y s t a l l i z e d  p iperaz ine  i n  30 m l  chloroform was processed 

ae descr ibed i n  t h e  prepara t ion  of (X). The c r y s t a l l i n e  product 

(1.45 g, 76.5%) wae r e c r y e t a l l i z e d  by d ioeolving i n  warm chloroform 

and d i l u t i n g  wi th  an excess of e ther .  Yellow needlee. 

M.P. r 260eC (dec), 



Analysis :  C, 63.162; H ,  8.13%; N ,  13.39% (C22H34N404 con ta in s  

C ,  62.94X; H, 8.13%; N, 13.55%). 

Die thy l  e a t e r  of  ethylenediamine-N,N'-diacetic a c i d  (XV).  A auspen- 

s i o n  o f  5 g ethylenediamine-N,N'-diacetic a c i d  (purchaoed from KbK) i n  

350 m l  a b s o l u t e  e t h y l  a l c o h o l  was s a t u r a t e d  w i t h  gaseoue hydrogen 

c h l o r i d e  and r e f l u x e d  f o r  1 0  hours. An a l m e t  c l e a r  s o l u t i o n  was 

obtained.  The s o l u t i o n  was f i l t e r e d  wh i l e  hot  and then  c h i l l e d  i n  an 

ice b a t h  f o r  1 hour. The hydrochlor ide  o f  (XV) c r y o t a l l i z e d  ou t  am 

wh i t e  l e a f l e t s  and waa r e c r y s t a l l i z e d  from a b e o l u t e  e t h y l  a l coho l ;  

M.P. r 170.C (dec).  

Yield: 4.4 g  (50%). 

Analysiea N,  9.00% ( C ~ O H ~ ~ N ~ O ~ C ~ ~  c o n t a i n s  N ,  9.18%). 

- The above hydroch lo r ide  wae t r e a t e d  i n  chloroform wi th  t r ie thy lamine ;  

t h e  e o l u t i o n  was f i l t e r e d  and poured i n t o  excess  d i e t h y l  e t h e r .  Af t e r  

f i l t r a t i o n  of t h e  resulting t r i e thy l amine  hydrochlor ide ,  by evapora t ing  

t h e  s o l v e n t s  & vacuo, compound (XVI)  was ob ta ined  a s  a c l e a r  o i l .  This  

was used i n  t h e  subsequent  s t e p  wi thout  f u r t h e r  p u r i f i c a t i o n .  

Die thy l  ester of  N,N'-b1.s (1-oxyl-2.2.5.5-tetramethyl~yrroline-3- 

carboxy) ethylenediamine-N,N'-diacetic a c i d  (XVI). A mixture of  1.38 g 

o f  ( V I ~ ) ,  0.87 g ( X V I )  and 1.75 g carbodi imide i n  20 ml CHC13 wae s t i r r e d  

1 hour a t  i c e  tempera ture ,  followed by s t i r r i n g  8  hours a t  room tempera- 

t u r e .  The r e s u l t i n 8  c l e a r  e o l u t i o n  was washed w i t h  wa te r ,  2  2 e u l f u r i c  

a c i d ,  water ,  5% eodium b ica rbona te  s o l u t i o n ,  water  and s a t u r a t e d  sodium 

c h l o r i d e  s o l u t i o n .  A f t e r  d ry ing  ove r  anhydrous sodium e u l f a t e  and 

f i l t e r i n g ,  t h e  a o l u t i o n  was evaporated t o  dryness  i n  vacuo t o  yield 

1.15 g (54%) o f  (XVI )  as an orange-red o i l ,  homogeneous by T.L.C. 
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(Si02/CHC13) which was d i r e c t l y  hydrolyzed t o  ( X V I I )  wi thout  f u r t h e r  

p u r i f i c a t i o n .  

~,N'-bis(l-oxyl-2,2,5,5-~etramethylpyrroline-3-carbo) ethylenediamine- 

N,N'-diacet ic  a c i d  ( X V I I . 1 .  A mixture  of  0.72 R of  (XVI) and 2.8 m l  of 

methanol ic  1 g potassium hydroxide was s t i r r e d  2 hours a t  40°C;  water  

(5 ml) warn added and t h e  mixture  wne r e f luxed  1 min. A f t e r  c o o l i n g  and 

adding  more wa te r  (15 m l ) ,  t h e  mixture  wae e x t r a c t e d  twice w i t h  e t h e r ,  

and t h e  e t h e r e a l  e x t r a c t s  d i scarded .  The r e s u l t i n g  c l e a r  aqueous solu-  

t i o n  wae a c i d i f i e d  w i t h  hyd roch lo r i c  ac id  and e x t r a c t e d  twice  w i t h  

chloroform. The combined chloroform e x t r a c t s  were waehed w i t h  s a t u r a t e d  

sodium c h l o r i d e  n o l u t i o n  and d r i e d  ove r  anhydrous sodium e u l f a t e .  A f t e r  

f i l t r a t i o n  t o  remove t h e  d ry ing  agen t  t he  f i l t r a t e  was evapora ted  t o  

dryneee i n  vacuo, The r e s idue  was d ioeolved  i n  25 m l  of chloroform/methanol,  

1 0 1 1  (v/v) and t h e  s o l u t i o n  poured i n  400 ml of  e the r /pe t ro l eum e t h e r ,  

1810 (v/v) t o  y i e l d  0,24 g (36.3%) o f  pu re  (XVIII). P a l e  ye l low powder. 

M.P. r 250.C (dec). 

Analys i s :  C, 56.49%; H ,  7.11%; N, 11.29% (C24H36N408 con ta in8  

C,  56,682; H,  7.14X; N, 11.022). 

N,N'-bis(2-dimethylamino) e thyld iamide  of  (XVIII), A mixture  of 0.152 g 

of (XVII), 0.052 g 2-dimeehylaminoethylamine and 0.150 g carbodi imlde- in  

3 m l  chloroform was etirred 1 hour a t  i c e  temperature  followed by 1 0  hour6 .. 

of  s t i r r i n g  a t  room temperature .  The r e s u l t i n g  c l e a r  s o l u t i o n  was d i l u t e d  

w i t h  15  ml chloroform,  waehed w i t h  wa te r ,  0 . 1 g  sodium hydroxide,  water  

and s a t u r a t e d  sodium c h l o r i d e  b e f o r e  d r y i n g  o v e r  anhydrous sodium 

s u l f a t e .  The dry ing  agen t  was removed by f i l t r a t i o n  and t h e  s o l u t i o n  

w a s  evapora ted  to  drynese An vacuo t o  g ive  a yel low o i l  which p a r t l y  

c r y s t a l l i z e d  by rubbing under n-hexane. The product  wee d ieeo lved  i n  
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e t h e r  (about  5 ml) and poured i n  a l a r g e  excess of  n-hexane c h i l l e d  a t  

Q'c. Thi s  procedure was repea ted  twice t o  y i e l d  0.1 g (42.6%) of (xVIII) 

which s o f t e n s  a t  63-65'~ and melts completely a t  80-82°C. 

Analyois:  N ,  16.93% (C32H56~8~6  c o n t a i n s  N 17.27%). 

Dimethiodide o f  (XVIII), (XIX). A s o l u t i o n  o f  0.08 g of (XVIII) i n  

1 r n l  chloroform was t r e a t e d  w i t h  0.1 m l  methyl i o d i d e  and l e f t  a t  room 

tempera ture  P hour w i t h  o c c a s i o n a l  s t i t r i n g . .  A p r e c i p i t a t e  was formed. 

The susnens ion  wae d i l u t e d  w i th  2 m l  e t h e r ,  and t h e  c r y e t a l l i n e  (XIX)  

f i l t e r e d  and washed thoroughly w i t h  e t h e r .  Yield: 0.110 g (95.62). 

The product  beg ins  t o  decompoee a t  about 140°C and melts completely w i th  

decomposi t ion a t  205-210°C. 

Analys i s :  N, 11.77% (C34H62~80612 c o n t a i n s  N 12.01%). 

~,~',N",~"'-tetra(l-oxyl-2,2,5,5-tetramethylpyrroline-3-carboxy) 

t r i e t h y l e n e t e t r a m i n e  ()[XQ, A mixture of 0.097 g t r i e t h y l e n e t e t r a m i n e ,  . 

0.491 g (VIL) and 0.65 g carbodi imide  i n  1 0  ml chloroform wae proceosed 

as prev ious ly  deec r ibed  i n  the p r e p a r a t i o n  of t h e  b i r a d i c a l  (X). Yield,  

0.08 g (15.22) of a c r y s t a l l i n e  product  which may-be r e c r y s t a l l i z e d  

from benzene. 

M.P.: 216-217OC. 

Analys ie t  N, 13.98% (C4ZH66~808 c ~ n t a i n e  N 13.82%). 

Poly-N- (l-oxyl-2,2,5&-tet rame t h y l p y r r o l - 3 - c a r b o )  ethylene- 

imine (XX11.1. Polyethylenoimine (0.06 g) of  M.W., 10,000 was d i s so lved  

in 1 0  nnl of a  d ioxane-water  mixture ,  c o n t a i n i n g  t h e  minimum amount of 

water necee ra ry  t o  keep the polymer i n  s o l u t i o n ,  and 0.350 g of  (VIII) 

was added, The s o l u t i o n  was e t i r r e d  two weeks a t  room temperature.  

The r e a c t i o n  mix ture  wan then  evaporated t o  dryneoe 2 vacuo, t h e  



r e s i d u e  was d i soolved  i n  a b s o l u t e  methanol and poured i n t o  excess  of  

e t h e r / p e t r o l e u m  e t h e r ,  1:2 (v/v) .  The p r e c i p i t a t e d  (XXII) i s  thoroughly 

washed w i t h  e t h e r  and d r i e d  a t  room temperature  under vacuum. 

Yie ld ;  0,325 g (80.6X). 

Analysie:  N ,  13.592 ([CllH17N202]x con ta in s  N 13.39%). 

The a n a l y s i s  sugges t s  t h a t  t h e  degree of  a c y l a t i o n  i e  p r a c t i c a l l y  quant i -  

t a t i v e  ( t h e  n i t r o g e n  c o n t e n t  o f  pobyethyleneimine is  32.52%). 

Poly-B-(1-oxyl-2,2,5.5~tetrameghylpyrroline-3-carbo~)-L-tyro6ine 

(XXIIX). Poly-L-tyrosine (01150 g )  of  M.W., 100,000 was d i s so lved  i n  

5 m l  o f  anhydroue dimethylformamide and 0.3 g (VII I )  wee added. A f t e r  

~ t i r r i n g  48 houra a t  room temperature  t h e  r e a c t i o n  mixture  was poured 

i n t o  50  m l  e t h e r ,  The p r e c i p i t a t e d  (XXIII) wae d i s so lved  aga in  i n  

dimethylformamide and r e - p r e c i p i t a t e d  w i t h  excess  o f  e t h e r ,  thoroughly 

washed w i t h  e t h e r  and d r i e d  a t  room tk?mp@ratur€! under  vacuum. Yie ld t  

0,095 g (97.4%). The produc t  n e i t h e r  d i a so lved  n o r  ewel led i n  aqueous 

sodium hydroxide, This  i n d i c a t e e  t h a t  t h e  a c y l a t i o n  wae p r a c t i c a l l y  

q u a n t i t a t i v e .  

Poly-N-(1-oxyl-2,2,5,5-tetrameehylpyrroline-3-carbo~)-L-lysine 

(XXIV), Poly-I,-lyoine hydrobromide (0.035 g) of  H.W., 100,000 was d ia -  

eolved i n  2 ni l  water ,  and t h e  s o l u t i o n  wae made a l k a l i n e  w i t h  0.1 m l  

t r i e t h y l a m i n e ,  While a t i r r i n g  v igo rous ly ,  0.1 R of  s o l i d  (VII) wee 

added; a f t e r  a few aeconds a  p r e c i p i t a t e  began t o  appear.  Dioxane 

( 4  ml) was then  added i n  o r d e r  t o  have a homageneoua mixture;  a f u r t h e r  

q u a n t i t y  (0,03 g) o f  (VIII) was a l s o  added and t h e  r e s u l t i n g  c l e a r  

e o l u t i o n  was ~ t i r r e d  a t  room tempera ture  f o r  12 hours. The r e a c t i o n  

mix tu re  was t hen  poured i n t o  e l a r g e  volume of water ;  t h e  p r e c i p i t a t e d  
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(XXKIT) was thoroughly  waehed with water, d i e s o l v e d  i n  d imethy l  forma- 

mide and  r e - p r e c i p i t a t e d  i n  e t h e r .  A f t e r  washing s e v e r a l  t i m e s  w i t h  

e t h e r ,  t h e  polymer wae d r i e d  a t  room t e m p e r a t u r e  under vacuum. Yie ld r  

0.068 g ( 8 4 . 5 % ) .  The p r o d u c t  n e i t h e r  d i o n o l v e d  n o r  s w e l l e d  i n  aqueous 

h y d r o c h l o r i c  acid. Thia  i n d f c a t e e  a p r a c t i c a l l y  q u a n t i t a t i v e  d e g r e e  of 

a c y l a t i o n .  

ESR S p e c t r a  

The s p e c t r a  d e s c r i b e d  h e r e  have been t a k e n  a t  X-band i n  a  Var ian  

E-3 s p e c  t romerer .  

Mono-nit rox ides .  The ESR s p e c t r a  of i s o l a t e d  methyl-pro t e c  t e d  

n i t r o x i d e e  c o n s i s t  of t h r e e  cotnponent P i n e e  e e p a r a t e d  by t h e  a n i s o t r o p i c  

h y p e r f i n e  i n t e r a c t i o n  between t h e  e l e c t r o n  and t h e  n u c l e a r  s p i n  o f  

n i t r o g e n  and c e n t e r e d  st a f i e l d  v a l u e  de te rmined  by the a n i s o t r o p i c  

g- tensor .  6-11 When t h e  r a d i c a l e  a r e  f r o z e n  i n  a g l a s s ,  t h e  ESR spectrum 

assumes a broad "powder p a t  t e rn .  "34 Molecu la r  motion narrows t h i e  

specerum which,  i n  the l i m i t  of r a p i d  i e o t r o p i c  tumbling,  c o n s i a t a  of 

t h r e e  eharp l i n e s  s e p a r a t e d  by t h e  i e o t r o p i c  average  of t h e  1 4 ~  hyper- 

fine t e n e o r  and c e n t e r e d  a t  a f i e l d  value de te rmined  by t h e  i s o t r o p i c  

average o f  the g-tensor .  34 

D i n i t r o x i d e s .  Each o f  t h e  d i n i t r o x i d e e  d e s c r i b e d  h e r e  c o n t a i n s  

two r a d i c a l  groups  connected by a  f l e x i b l e  s a t u r a t e d  hydrocarbon c h a i n  

(Tab les  1-111). The e l e c t r o n  s p i n s  o f  t h e  n i t r o x i d e  e u b u n i t s  may i n t e r -  

a c t  i n  a way which markedly modi f i ee  t h e  ESR s p e c t r a ;  t h e  range dependence 

o f  t h e  observed  i n t e r a c t i o n s  c a n  be used i n  a n  i n v e r s e  manner t o  deduce 

t h e  c o n f o r m a t i o n  o f  the biredlca1.17,22,24 



Thi s  p r o p o s i t i o n  is complicated by t h e  f a c t  t h a t  t h e  two known typea 

o f  pa i rw iee  s p i n  i n t e r a t i o n a  depend n o t  o n l y  on t h e  e e p a r a t i o n  d i s t a n c e ,  

r ,  between t h e  s u b u n i t s  but  a l s o  on e x t e r n a l  o r  on i n t e r n a l  coo rd ina t e s  

n o t  obvioue ly  r e l a t e d  . t o  r. 

The dependence on r a s  w e l l  a a  on e x t e r n a l  angu la r  coo rd ina t e s  is 

e v i d e n t  i n  t h e  d i p o l a r  i n t e r a c t i o n  which i s  e f f e c t i v e  i n  s p l i t t i n g  each 

hype r f ine  component o f  t h e  ESR spectrum when t h e  tumbling motion of t h e  

b i r a d i c a l  i e  a r r e s t e d .  With t h i s  cond i t i on  f u l f i l l e d ,  t he  e f f e c t i v e  

range o f  d i p o l a r  i n t e r a c t i o n s  measurable by ESR can be a s  l a r g e  as 

1 7  11.17*18 When t h e  molecule  tumble5 i a o t r o p i e a l l y ,  t h e  i n t e r a c t i o n  

does nor  s p l i t  t h e  hype r f ine  componentm o f  t h e  spectrum but  does con- 

t r i b u t e  t o  t h e i r  wid ths ,  

The i n t r a m o l e c u l a r  Heisenberg s p i n  e x c h a n ~ e  i n t e r a c t i o n  i s  brought 

about  by t h e  d i r e c t  o v e r l a p  o f  t h e  f r e e  r a d i c a l  s u b u n i t s ,  due t o  confor- 

m t i o n a l  c o l l i ~ i o n e , ~ ~ ' ~ ~ * ~ ~  o r  i n d i r e c t l y  by t h e  distribution of  

unpaired e l e c t r o n  a p i n  d e n s i t y  through the backbone of t h e  b i r a d i c a l  

molecule,  I n d i r e c t  exchange u s u a l l y  p r e v a i l s  i n - b i r a d i c a l s  i n  which 

the number of bonds s e p a r a t i n g  t h e  s u b u n i t s  i a  small and/or  when t heee  

bonds a r e  conjuga ted . l l  Thie l a t t e r  type  of exchange is n e g l i g i b l y  

small i n  t h e  b i r a d l c a l s  r epo r t ed  here.  

Direct e x c h a n ~ e  occu r s  when the  f r e e  r a d i c a l  subgroupe p h y s i c a l l y  

approach t o  w i t h i n  a  range o f  6 o r  less, 2' The conformations which 

a  f l e x i b l e  d i n i t r o x i d e  must assume i n  o r d e r  t o  ach ieve  i n t r amolecu la r  

d i r e c t  exchange occur  by bending and, i n  a d d i t i o n ,  by t w i s t i n g  u n t i l  

t h e  s ingly-occupied Np, o r b i t a l s  o f  t h e  nitroxj.de aubuni te  a r e  n e a r l y  

c 0 1 1 i n e a r . ~ ~  The s c a l a r  exchange i n t e r a c t i o n  doe. not depend on 
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e x t e r n a l  angu la r  coo rd ina t e s  and i s  f u l l y  e f f e c t i v e  i n  r a p i d l y  tumbling 

molecules.  On t he  o t h e r  hand, i n t e r n a l  angu la r  coo rd ina t e s  n o t  uniquely 

r e l a t e d  t o  r a r e  involved i n  t h e  process ,  I n spec t ion  of s p a c e - f i l l i n g  

CPK molecular  models, ae w e l l  a s  t h e  obse rva t ion  of  ESR s p e c t r a ,  con- 

v inced  us t h a t  n e i t h e r  one o f  t h e  very f l e x i b l e  b i r a d i c a l s  X-XX would 

be a good s t ra in-gauge ,  because t h e  d i s t a n c e  between the  f r e e  r a d i c a l  

s u b u n i t s  does n o t  uniquely r e p r e s e n t  t he  d i s t a n c e  between two anchoring 

groups. A8 a r e s u l t  of  t he  freedom t o  t w i a t  about  t h e  -CH2-CH2-bonds, 

t he  models i n d i c a t e  t h a t  t h e  r a d i c a l  s u b u n i t s  a r e  l i k e l y  t o  be i n  " t rans"  

conformations (observed i n  models). 

In  s p i t e  of  t he se  shortcomings,  b i r a d i c a l s  X-XX provided p a r t i a l  

answers  t o  t he  fo l lowing  ques t i ons :  (1) Can the  merit of  t h e  doubly- 

anchored b i r a d i c a l  s t ra in-gauge  be i n f e r r e d  from t h e  appearance of  pa i r -  

w i se  i n t e r a c t i o n e  i n  t h e  ESR e p e c t r a  i n  s o l u t i o n ?  (2)  l h i c h  o f  t h e  two 

p a i r w i s e  i n t e r a c t i o n s ,  d i p o l a r  o r  exchange, would be  more useful a s  a 

conformat iona l  i n d i c a t o r  i n  a  doubly-anchored s t ra in-gauge? (3) Are t h e  

ESR s p e c t r a  of  f rozen  b i r a d i c a l s  r e p r e s e n t a t i v e  of t h e  s p e c t r a  o f  t h e  

same b i r a d i c a l s  when double anchored t o  a f l e x i b l e  suppor t?  

The common f e a t u r e  of most o f  t h e  b i r a d i c a l s  (X, X I I - X I L I ,  XVI-XX) 

is  t h e  -cONH-(CH~)~-NHCO- connec t ing  chain.  This  cha in  was found t o  

permi t  conformational  a p i n  exchange i n  s o l u t i o n .  L a t e r  t h e  b i r a d i c a l s  

were appl ied  t o  deformable suppor t s  such a s  rubber  (X and X I I I ) ,  i o n  

exchange r e s i n e  (XVII-XIX), po lypept ides  (W() and b i o l o g i c a l  samples.  

ESR s p e c t r a  were taken whi le  t h e  suppor t s  were deformed, The s p e c t r a  

d i d  _not i n d i c a t e  any f e a t u r e  c l e a r l y  a s c r i b a b l e  t o  pa i rw i se  i n t e r a c t i o n e  

and d i d  n o t  t raneduce the s t a t e  of s t r a i n  of t h e  support .  Thus, t h e  



performance of t he  anchored s t ra in-gauge  cannot be i n f e r r e d  from i t o  

s p e c t r a  i n  s o l u t i o n ,  

The l inewidtha  of t h e  b i r a d i c a l  s p e c t r a  i n  e o l u t i o n  were broader 

than  those  of t h e  corresponding monoradicals and were sometimes reduced 

i n  t h e  anchored b i r a d i c a l s .  We asc r ibed  t h e  broadening i n  s o l u t i o n  t o  

e l e c t r o n - e l e c t r o n  d i p o l a r  f l u c t u a t i o n e  which subsided when t h e  b i r a d i c a l e  

w e r e  anchored. S t rong  immobil izat ion was then  brought about by f r eez ing  

and t h e  accompanying broadening was a s c r i b e d  t o  s e c u l a r  i n t e r a c t i o n s .  

The absence of exchange i n  the  anchored b i r a d i c a l s  i n d i c a t e s  t h a t  

no th ing  s h o r t  of d i r e c t  c o l l i e i o n  of t h e  NO subun i t s  would permit  t h i s  

i n t e r a c t i o n .  Dipolar  i n t e r a c t i o n  was no t  observed, probably because of 

t h e  r e e i d u a l  mob i l i t y  of t h e  b i r a d i c a l s ,  

A t  t h i s  p o i n t  i t  became c l e a r  t h a t  new s t r u c t u r a l  c r i t e r i a  have to  

be de f ined  f o r  a train-gauge molecules,  

Conformational i n f e r e n c e s  from observed b i r a d i c a l  s p e c t r a  can be 

v i t i a t e d  by p a r t i a l  chemical d e s t r u c t i o n  which would l eave  a  su rv iv ing  

popula t ion  r i c h  i n  monoradicals.  Thie phenomenon was encountered i n  

pure formic a c i d ,  i n  hea ted  g lyce ro l  and i n  numerous b i o l o g i c a l  samples. 

I n t e n s i t y  measurements would, o f  course,  i d e n t i f y  chemical des t ruc t ion .  

Gradual f r e e z i n g  of t h e  sample gave rise t o  t h ree  types of  b i r a d i c a l  

s p e c t r a l  a )  thoae  showing no pa i rwiee  i n t e r a c t i o n ,  b )  d i p o l a r - s p l i t  ones,  

and c )  s p e c t r a  of  b i r a d i c a l s  i n  which both i n t e r a c t i o n s  are ope ra t ive .  

We chose t o  summarize the  con format iona l  s i g n i  f i cance of t h e  observed 

s p e c t r a  i n  Table I V ,  i n  which t h e  rows a r e  d e e c r i p t i v e  of  the e x t e r n a l  

angu la r  degrees of  freedom (tumbling) and t h e  columns enumerate the  

con formational  ( i n t e r n a l )  degrees  of freedom. The arrangement o f  column8 
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is complicated because one f i r s t  has t o  d i e t i n g u i s h  between l a rge - r  

and small-r  conformations and then the small-r conformatione must be 

subdivided i n t o  those  which a r e ,  and those  whish a r e  n o t ,  favorable  t o  

s p i n  exchange, A l l  the degrees  of freedom a r e  c o a r s e l y  c l a e e i f i e d  a s  

f r e e  o r  f rozen ,  depending on whether o r  no t  they can he a c t i v a t e d  a t  

t h e  temperature under which the  experiment i e  run. 

Table IV is subdivided i n t o  ehe e i g h t  fo l lowing  e n t r i e s  (A-H): 

A: A l l  t h e  deg rees  o f  f readomare f u l l y  a c t i v a t e d  and t h e  b i r ad ica lo  - 
undergo r ap id  and unhindered tumbling and bending through con f o r m  t iono , 

many of which a r e  f avo rab le  t o  e p i n  exchange. Spin-exchanging encounters 

of  t he  n i t r o x i d e  s u b u n i t e  are f r equen t ,  and t h e  epectrum aseumes t h e  

ut f i v e  l i n e "  appearance r epor t ed  by numerous author8 12-21,24 
(Fig* 6, 

loweet apectrum). 

B t  The b i r a d i c a l s  tumble f r e e l y  but  t h e i r  i n t e r n a l  degrees  of - 
freedom a r e  frozen i n  a e t i f f  c o n f o r m t i o n  of  maximum r, i n  which 

exchange doee n o t  occur and the d i p o l a r  i n t e r a c t i o n  i s  minimal. The 

s p e c t r a  c o n e i s t  s f  t h r e e  l i n e e  only  and a r e  i d e n t i c a l  t o  t hose  of 

r a p i d l y  tumbling non- in t e rac t ing  mono-nitroxidee. Type B s p e c t r a  

have been obeerved i n  t h r e e  cases:  a )  i n  ~ o l u t i o n e  o f  r i g i d  moleculeo 

i n  which the  n i t r o x i d e e  a r e  s epa ra t ed  by a r i n g  s t r u c t u r e ;  15*24 b) i n  

eo lu t icms of  f l e x i b l e  b i r a d i c a l s ,  the bending motion of  which is 

hindered a t  low tempera tures ;17  c )  t h e  s o l u t i o n s  of f l e x i b l e  b i r a d i c a l e  

which a r e  st  i f  fened by a s p e c i f  i c  i n t e r a c t i o n  wi th  t h e  eo lvent12  

(Figs. 1.2). Gradual f r e e z i n g  would t raneform t h e  B epectrum i n t o  an 

F spectrum. 

C: The biradtcaPe tumble f r e e l y  wh i l e  be ing  cons t r a ined  i n  a bent - 
( sho r t - r )  conforwation i n  which, however, exchange i e  weak because the 
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r a d i c a l  s u b u n i t s  a r e  no t  over lapping ,  The only  way t o  d i s t i n g u i o h  t h e  

C s p e c t r a  from the  B s p e c t r a  i e  by gradua l  f r eez ing ,  ae a  r e s u l t  of 

which B passee  i n t o  F whi l e  C pasoee i n t o  G (Table I V ) .  We do no t  

p r e s e n t  a t y p i c a l  C spectrum, 

Dr The b i r a d i c a l s  tumble f r e e l y  wh i l e  t h e i r  i n n e r  degrees  of 
L 

freedom a r e  f rozen  i n  a s h o r t - r  conformation favorab le  t o  exchange. 

The spectrum i s  i n d i s t i n g u i s h a b l e  from t h a t  of c a s e  A, y e t  i t  may 

d i f f e r  from A i n  i t s  temperature  dependence. The bent  b i r a d i c a l s  

would s t r a i g h t e n  by thermal  a c t i v a t i o n  and t h e i r  exchange would then 

dec rease ,  o r  a t  l e a s t  no t  i n c r e a s e  a t  the  same r a t e  a s  i n  c a s e  A. 

We have been a b l e  t o  demonstrate  s p e c t r a  which f i t  t h e  d e s c r i p t i o n  o f  

D. These a r e  encountered i n  b i r a d i c e l s  X V I I  end X V I I I ,  each o f  which 

has  two i o n i z a b l e  groups i n  a d d i t i o n  t o  t h e  f r e e  r a d i c a l  subuni te .  

The p o l a r  groups can be i o n i z e d  by d i s s o l v i n g  b i r a d i c a l  X V I I  i n  a base 

o r  XVIPI i n  an acid.  The e l e c t r o s t a t i c  r epu l s ion  o f  t h e  i on i zed  groups 

constrains the  r a p i d l y  tumbling b i r a d i c a l s  i n t o  short-r confonnat ione 

i n  which exchange i o  enhanced (Fig. 4 ,  r i p h t ) ,  

E t  Thie e n t r y  d e f i n e s  t h e  a t t r i b u t e s  of the  d e e i r a b l e  b i r a d i c a l  - 
st ra in-gauge (geomet r ica l  p robe) ,  t h e  tumbling motion o f  which i e  

a r r e s t e d  by anchor ing ,  a t  two p o i n t e ,  t o  a deformable suppor t  whi le  

the i n t e r n a l  degreea of freedom a r e  unhindered BO t h a t  t h e  f l ex iono  o f  

t h e  b i r a d i c a l  fo l low those  of  t h e  suppor t .  E i t h e r  one o f  t h e  pe i tw iee  

i n t e r a c t l o n e  o r  t h e  combinat ion the reo f  would t ransduce t h e  R va lue  of 

t h e  b i r a d i c a l ,  A b i r a d i c a l  meeting t h e s e  e p e c i f i c a t i o n e  i s  s t i l l  awaited. 

F t  The f rozen  c o u n t e r p a r t  of B. The b i r a d i c a l e  a r e  f rozen  i n  a s t i f f  - 
conformation o f  mcnximum t. I f  t h e  eeparation d i s t a n c e  r l e  l a r g e r  than 



518 2, t h e  epec t r a  are s i m i l a r  t o  t hose  o f  non- in te rac t ing  mono-nitroxideo 

f rozen  i n  a  p laes .  Spec t r e  of f l e x i b l e  b i t a d i c a l s ,  s t i f f e n e d  by so lven t  

i n t e r a c t i o n  and f rozen ,  a r e  shown i n  Fig .  2 ,  t op ,  and Fig. 3, top. 

G: The f rozen  c o u n t e r p a r t  of  B o r  C. The only  e f f e c t i v e  pa i rwiee  - 
i n t e r a c t i o n  i e  t h e  d i p o l a r  one, which s p l i t s  each  of t he  hyper f ine  l i n e s  

i n t o  two components superimposed on a powder p a t t e r n  spectrum. Fig. 5 ,  

top ,  ehawe a r e p r e s e n t a t i v e  spectrum, from which r could be der ived  by 

comparison w i t h  computer s imula ted  spec t ra . ,  

H: The b i r a d i c a l s  a r e  ben t  and f rozen  and the  two types  of pa i rv ioa  - 
i n t e r a c t i o n s  a r e  p re sen t .  The ESR epectrum c o n s i s t s  of  a  broad l i n e  

(Fig. 6 ,  top) .  By broadly  modulating t h e  resonance of  (X) i n  f rozen 

p a r a f f i n  wax, w e  have observed two unreoolved,  broad wings (Fig. 7) .  

We were unable  t o  observe  t he  Am-2 s p i n  t r i p l e t  t r a n s i t i o n  a t  one-half 

t h e  magnet ic  f i e l d  a t  85'K. 

The H-type spectrum, i n  which the  hype r f ine ,  g- tensor ,  d i p o l a r  and 

exchange i n t e r a c t i o n s  c o n t r i b u t e  t o  t he  powder p a t t e r n ,  can be i n t e r -  

p r e t e d  o n l y  by computer e imula t ion .  

We conclude w i t h  a proposa l  for t he  s t r u c t u r e  of a b i r a d i c a l  mole- 

c u l e  which, a s  f o r  ae molecular  models i n d i c a t e ,  could be a workable 

s t ra in-gauge  (Fig. 8). The proposa l  draws from t h e  experience of Heia 23  

and P i e t t e ,  Rassa t  and ~ e ~ , ~ ~  Koemnn and ~ i e t t e , ~ ~  and ourse lves .  The 

weakly immobilized f r e e  r a d i c a l  subuni t  (F ig .  8a )  bounces f r e e l y  i n  t h e  

s o l i d  angle  a c c e s s i b l e  t o  i t .  Subunit  (b)35 a s  w e 1 1  a s  t h e  phenyl r i n g  

would be anchored to a  b i o l o g i c a l  sample by means of anchoring groups 

extended from t h e  two f r e e  cerboxyle.  With no s t r a i n  app l i ed  t o  t he  

carboxyle ,  t h e  p r o b a b i l i t y  of  s p i n  exchanging c o l l i e i o n s  i a  high.  Thio 

p r o b a b i l i t y  decreasee  markedly when t h e  carboxyle  a m  p u l l e d  a p a r t .  
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Spec t r a  of po lyn i t rox idee .  The s y n t h e s i e  and s p e c t r a  of s e v e r a l  

t e t r a r e d i c a l e  have been r epo r t ed  i n  t h e  l i t e r a t ~ r e . ~ ~ , ~ ~  In  the  casee  

r epo r t ed  t h e  i n t e n s i t y  of exchange wae equal  f o r  a l l  the  n i t rogen  n u c l e i  

bonded t e  t r a h e d r a l t y  i n  sytnme t r i c a l  t e  t r a r ad ica l e .  I n  t e t r a r a d i c a l e  of  

lower symmetry, t h e  quoted au tho r s  diecerned two d i f f e r e n t  i n t e n r i t i e e  

of exchange. 

We have d i s so lved  t e t r a r a d i c a l  (xXI) i n  l ,2-propyleneglycol  which 

is known t o  f r e e z e  the  b i r a d i c a l s  deedribed he re  i n t o  a  s t i f f  conforma- 

t i o n ,  i n  hope of  obeerving d i - f fe rences  between t h e  exchange i n t e r a c t i o n s .  

The expec ta t ion  d i d  n o t  m a t e r i a l i z e  and t h e  9-component spectrum i n d i c a t i v e  

o f  e q u a l i t y  o f  exchange between the four r a d i c a l s  was observed aa ehown i n  

F i g .  4. Thie w i l l  r e q u i r e  some underatanding,  s i n c e  an examination of 

t h e  s t r u c t u r a l  formula of  t h e  c e t r a r a d i c a l  c l e a r l y  shows t h e  presence of 

two d i f f e r e n t l y  e i t u a t e d  r a d i c a l  fragments (XXIa  and d ,  and XXIb and c )  

whose pa i rwi se  i n t e r a c t i o n o  should no t  be equiva len t .  We a l r eady  have 

some evidence  f o r  t h i e  i n  t h e  f a c t  t h a t  r a d i c a l s  (VI), (XIV), and (XVII), 

which would model t h e  pa i rwi se  i n t e r a c t i o n  of  (XXIb) with  (XXIc), show 

very l i t t l e  exchange ( t h a t  is, they  show a predominantly t h r e e - l i n e  

spectrum). The r a d i c a l  (XIII) m y  be taken ae a model of  the pairwioe 

i n t e r a c t i o n  between (XXP&.and b) [a l so  (XXIc and d ) ] ,  and it :  a l s o  showe 

on ly  a amal l  amount of i n t e r a c t i o n ,  a l though somewhat more than the  f i r s t  

s i t u a t i o n .  The f a c t  t h a t  t e t r a r a d i c a l  (XXI) seems t o  i n d i c a t e  an equiva- 

l e n c e  of  t h e  i n t e r a c t i o n  of  a l l  f o u r  r a d i c a l  s i e e e  imp l i e s  a mode of  

exchange t ransmiss ion  o t h e r  t han  those  which m y  go v i a  pa i rwi se  i n t e r  

a c t i o n  between (UIa)  and (XXIc) [a lso  (XXIb and d ) ] ,  and poss ib ly  

(XXLa) and ( x x I ~ )  as ve11.37,38 
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The ESR s p e c t r a  of  t h e  dense ly  l a b e l e d  po ly ty ros ine  (XXIII) i n  

DMF a r e  shown i n  Fig. 10 ( abso rp t ion  s p e c t r a )  and Fig,  11 ( f i r s t  

d e r i v a t i v e s  o f  analogous s p e c t r a )  a t  two temperatures .  C o r r e l a t i o n s  

of t h e s e  s p e c t r a  w i t h  o t h e r  macromolecular p r o p e r t i e s  wilt be repor ted  

elsewhere.  

Conclue i o n s  

1, Procedures  for t h e  p r e p a r a t i o n  of  d i n i t r o x i d e  s p i n  l a b e l e  

have been e l a b o r a t e d ,  

2. A q u a l i t a t i v e  correspondence ha8 been e e t a b l l e h e d  between t h e  

conformations and t h e  ESR s p e c t r a  of f l e x i b l e  d in i e rox idee  i n  var ioua 

eo lven r  s y s t e m  (Table I V ) .  

3, The i n t r a m o l e c u l a r  exchange i n t e r a c t i o n  i n  t h e  n i t r o x i d e o  

d e s c r i b e d  here i e  o f  t h e  d i r e c t  type. It 1s e f f e c t i v e  only when thu 

b i r a d i c a l  molecules f l e x  u n t i l  t h e  i n t e r a c t i n g  Rroupe are eepa ra t ed  by 

a  d i e t a n c e  s h o r t e r  than 6 8. 

4 .  The d i p o l a r  i n t e r a c t i o n  in t roduces  s p l i t t i n g  of each l i n e  i n  

t h e  ESR s p e c t r a  of  f rozen  samples. I f  t h e  asaumption i e  made t h a t  

g r adua l  freezing o f  a s o l u t i o n  does not change t h e  conformetion of 

s o l u t e  b i r a d i c a l a ,  t h e  d i p o l a r  s p l i t t i n a s  pe rmi t  t h e  measurement of  

t h e  a e p a r a t i o n  d i e t a n c e  r between the  eubgroupo of  t h e  b i r a d i c a l e .  The 

e p e c t r a  a p p r o p r i a t e  f o r  t h i s  analyaim (which should be made by compariaon 

w i t h  computer-eimulated s p e c t r a )  a r e  deecr ibed  tn e n t r y  G, Table I V  

( a l s o  Fig. 5 ) .  The appearance of  H-type s p e c t r a  (Table I V )  upon 

f r e e z i n g  i n d i c a t e e  t h a t  t h e  b i r a d i c a l  i o  c o i l e d  s o  t h a t  i t s  n i t r o x i d o  

nubun i t s  a r e  less than 6 2 a p o r t ,  

5. None of t h e  b i r a d i c a h  de rc r ibed  h e r e  i e  muirable f o r  s t r a i n  
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gauge appl icat ione  because there i s  no unique correspondence between the 

s t r a i n s  on the functional  groups and the separation diatance between the 

n i t rox ide  eubunits.  The s t r a i n  gauge would be  rea l i zed  by r e e t r i c t i n g  

the number of in terna l  degrees of  freedom. 

6, Deeign considerationo f o r  a workable b i r e d i c a l  s t r a i n  gauge 

are out l ined.  
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FIGURE CAPTIONS 

Fig ,  1, F i r s t  d e r i v a t i v e  ESR s p e c t r a  o f  b i r a d i c a l  X i n  n-octanol .  The 

s p e c t r a  a t  24.C and 40°C  t y p i c a l l y  r e p r e s e n t  c a s e  B of Table  IV, 

i n  which t h e  tumbl ing  of t h e  b i r a d i c a l s  is  r a t h e r  f r e e ,  w h i l e  

t h e  conformat ion  is s t r a i g h t  and s t i l l  f rozen.  The s t r a i g h t e n i n g  

e f f e c t  is t y p i c a l  o f  a l c o h o l  s o l v e n t e ,  The pure  " t h r e e  l i n e "  

a p p e a r a n c e  o f  t h e  s p e c t r u m  a t  40°C S n d i c a t e e  t h a t  i n d i r e c t  

exchange th rough  t h e  backbone o f  t h e  b i r a d i c a l  molecule  is  

n e g l i g i b l e .  The changes  i n  t h e  s p e c t r a  a t  8 0 ° C  and 120°C are 

due t o  d i r e c t  exchange b rought  abou t  by t h e  t h e r m a l l y  a c t i v a t e d  

bend ing  o f  t h e  b i r a d i c a l .  The a d d i t i o n  o f  w a t e r  l o o s e n s  t h e  

confonna t ionaL s t i f f n e s s  i n  t h e  a l c o h o l ,  and lowers  t h e  tempera- 

t u r e  a t  which exchange e f f e c t s  a p p e a r  i n  t h e  e p e c t r a .  

Fig. 2. F i r s t  d e r i v a t i v e  ESR e p e c t r a  o f  b i r a d i c a l  X V I I  i n  e t h y l e n e  

g l y c o l ,  

a )  The s p e c t r u m  a t  -120°C r e p r e s e n t 6  c a s e  F  i n  Tab le  I V  because  

i t  i e  i n d i s t i n g u i s h a b l e  from t h a t  of n o a - i n t e r a c t i n g  mono- 

n i t r o x t d e e  f r o z e n  i n  a glass, 

b)  A B-type spec t rum a t  room tempera tu re .  

c )  Exchange was observed  o n l y  a f t e r  t h e  a d d i t i o n  o f  up to  %30X 

wetex and heat in^ t o  70°C.  The e t r a i p h t e n i n g  o f  t h e  b i r a d i c a l s  

by t h e  (CH20H)2 e o l v e n t  ha4 been a o  firm t h a t  only t h e  a d d l t i o n  

o f  ~ 3 0 I  water and h e a t i n g  t o  70.C c o u l d  produce s h e  exchange 

e f f e c t s  i n  t h i e  f$gure .  



FIGURE CAPTIONS (Continued) 

Fig. 3. F i r s t  d e r i v a t i v e  ESR s p e c t r a  of  b i r a d i c a l  X i n  g lyce ro l .  The 

b a r r i e r  which h inde r s  t u m b l l n ~  i s  lower than t h a t  which hindera 

bending, i n  analogy t o  e o l u t i o n s  o f  o t h e r  a l coho l s ,  T h e  epectrum 

a t  24°C f i t s  t h e  d e s c r i p t i o n  o f  F i n  Table I V ,  t h e  70-100'C 

s p e c t r a  approximate ca se  B, and t h e  150.C spectrum i s  of  A type. 

Heated g l y c e r o l  chemical ly  reduces t h e  n i t r o x i d e  r a d i c a l s .  

Fig. 4. F i r s t  d e r i v a t i v e  ESR s p e c t r a  of X V I I  i n  wa te r  s o l u t i o n s  a t  pH 2.6 

( l e f t )  and pH 10.8 ( r i g h t ) .  A t  a c i d i c  pH ( l e f t )  t h e  carboxyl  

groups a r e  n e u t r a l  and t h e  b i r a d i c a l  aseumee conformatione i n  

which t h e  carboxyle  a r e  c loee  and t h e  n i t r o x i d e  eubuni te  a r e  

r e p a r a t e d .  I n  t he  b a e i c  environment ( r i g h t ) ,  t h e  carboxylo 

i o n i z e  and r e p e l  each o t h e r  s o  t h a t  i n  t h e  r e s u l t i n g  conforma- 

t i o n s  t h e  n i t r o a d d e  eubuni to  a r e  c l o s e ,  Direct exchange is thug 

more l i k e l y .  This  i e  a  s t r i k i n g  i l l u e t r a t i m  of ca se  D i n  

Table  IV. 

Fig. 5.  ESR s p e c t r a  o f  XIX i n  g lyce ro l ,  The spectrum a t  20.C i s  repre- 

s e n t a t i v e  of c a s e  G i n  Table IV-l .e . ,  t h e  powder p a t t e r n  

epectrum of d i n i t r o x i d e s  i n  which in t r amolecu la r  d i p o l a r  i n t e r -  

a c t i o n  i~ ope ra t i ve .  The abeence of exchange i n  t h e  low- - 
t empera ture  s p e c t r a  ie ev iden t  because t h i s  i n t e r a c t i o n  begine 

t o  be  a c t i v a t e d  on ly  a t  temperatures  above 100°C. The separa-  

t i o n  d i s t a n c e  R between t h e  n i t r o x i d e  eubun i t e  can be e x t r a c t e d  

from t h e  20.C e p e c t r a  by comparieon wi th  computer-generated 

s p e c t r a .  



FIGURE CAPTIONS (Continued) 

Fig .  6 .  F i r s t  d e r i v a t i v e  ESR s p e c t r a  of b i r a d i c a l  X i n  p a r a f f i n  wax. 

The spectrum a t  24'6 represents  case H i n  Table I V ,  i n  which a l l  

the  sp in  i n t e r a c t i o n s ,  inc luding exchange, a r e  present .  The 

e f f e c t i v e n e s s  of exchange i e  evident  i n  the  e t r a i  ght forward 

t r a n s i t i o n  of t h e  H epectrum i n t o  a type A spectrum upon melting 

(80.C). 

Pig, 7. ESR spectrum of b i r a d f c a l  X i n  frozen p a r a f f i n  wax a t  room 

temperature, taken a t  a  l a r g e  (25 gauss) modulation amplitude. 

Under these  condi t ions  t h e  absorption a t  the  wings i s  discerned. 

In  t h i s  powder p a t t e r n  epeetrum a l l  the  ep in  i n t e r a c t i o n s ,  

inc luding exchange, a r e  present .  

Pig. 8. A proposed e t r u c t u r e  of a  b i r a d i c a l  strain-gauge. Subunit (a) 

r a t t l e s  ine ide  a cone and c o l l i d e s  wi th  (b) i f  the two carboxyl 

groups a r e  relaxed. When the  carboxyle a r e  pul led  a p a r t ,  (b) io 

no more accees ib le  t o  c o l l i s i o n  wi th  (a). The carboxyle can be 

extended i n t o  t h e  anchoring groupe ou t l ined  i n  Tables XI and III. 

Fig. g 0  F i r s t  d e r i v a t i v e  ESR spectrum of t e t r a r a d i c a l  (XXI)  dissolved 

i n  1,2-propylene glycol a t  180.C. The nine equal ly  spaced com- 

ponente i n d i c a t e  t h a t  because of  the  e x c h a n s  i n t e r a c t i o n  the  

four  unpaired e lec t rone  i n t e r a c t  equal ly  wi th  four  N~~ nucle i .  

The e q u a l i t y  of i n t e r a c t i o n 8  is a l e o  obeerwd a t  room tempera- 

t u r e ,  but the  e p e c t r a l  components a r e  broadened by t h e  v iacooi ty  

of the  so lvent .  



FIGURE CAPTIONS (Continued) 

Fig. 10,  ESR absorption s p e c t r a  of  completely l abe l ed  po ly ty ros ine  

(XXIII) i n  s o l u t i o n  i n  DMF a t  24'C and a t  1206C. I n  t h i s  

s o l v e n t  t h e  polymer i s  expected t o  be a  rod-like a -he l ix  i n  

which t h e  s p i n  exchange i n t e r a c t i o n  i e  l i m i t e d  only  t o  nearest 

and next-nearest  neighbore. The broad peak a t  120°C can be 

a s c r i b e d  t o  t he  f r a c t i o n  i n  t h e  random c o i l  conformation. 

Fig. 11. F i r e t  d e r i v a t i v e  ESR s p e c t r a  of t h e  l a b e l e d  po ly ty ros ine  in 

DMF a t  100.C and 160°C, which euggeet  a  muperposition o f  

a-helix and random c o i l  con t r ibu t iono ,  
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