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NMR STUDY OF PROTON DYNAMICS IN THE HYDKOGEN BONDS I N  THE 
THERMOCHROMIC CRYSTALS OF N-SALI CYLI DENEANILI NE DERIVATIVES 

SADAMU TAKEDA' AND HIDEAKI CHIHARA 
Depar tment  of Chemis t ry ,  F a c u l t y  of Sc ience ,  Osaka 
Un ive r s i ty ,  Toyonaka, Osaka 560, J a p a n  

TAMOTSU INABE. TADAOKI MITANI AND YUSEI MARUYAMA 
I n s t i t u t e  f o r  Molecular  Sc ience ,  Myodaiji,  Okazaki  444. J a p a n  

Abst r a c t  The c r y s t a l s  of s e v e r a l  d e r i v a t i v e s  o f  N- 
s a l i c y l i d e n e a n i l  i ne  which c o n t a i n  NHO h y d r o g e n  bonds  in  t h e  
molecu le  show thermochromism. To i n v e s t i g a t e  t h e  r e l a t i o n  
be tween t h e  thermochromism a n d  t h e  p r o t o n  t r a n s f e r  i n  t h e  
h y d r o g e n  bond, t h e  p r o t o n  dynamics of r e m a r k a b l y  the rmochromic  
c r y s t a l  of BSP was p r e c i s e l y  s t u d i e d  by  s o l i d  s t a t e  NMR 
method. The behav io r  of p r o t o n  dynamics  i s  good c o n s i s t e n t  
with t h e  t e m p e r a t u r e  d e p e n d e n c e  of v i s i b l e  a b s o r p t i o n  s p e c t r a  
of t h i s  c r y s t a l .  This r e s u l  t i n d i c a t e s  t h a t  t h e  
thermochromism of t h i s  ma te r i a l  i s  a p r o t o t y p e  of " p r o t o n -  
e l e c t r o n  coope ra t ion" .  The t r a n s f e r  r a t e  of p r o t o n  i n  t h e  NHO 
h y d r o g e n  bond was s t r o n g l y  a f f e c t e d  by  some chemical modifica- 
t i o n s ,  e . g .  t h e  f a s t  t u n n e l i n g  in o n e  c a s e .  

INTRODUCTION 

In a molecular  system, i n  which h y d r o g e n  bonds  fo rm a p a r t  of an  
e l e c t r o n i c a l l y  q u a s i - c o n j u g a t e d  ne twork ,  t h e  s w i t c h  of p r o t o n  in  a 
h y d r o g e n  bond is accompanied with a modu la t ion  of e l e c t r o n i c  s t a t e  
of bonds  invo lved .  P a r t i c u l a r l y  in t h e  c a s e  of t h e  molecu le  which 
c o n t a i n s  chemica l ly  asymmetr ic  h y d r o g e n  bond, e . g .  NHO h y d r o g e n  
bond, t h e  swi t ch  of p r o t o n  p o s i t i o n  may i n d u c e  a r e m a r k a b l e  c h a n g e  
in t h e  e l e c t r o n i c  s t a t e s  r e l a t e d  with OH a n d  NH fo rms  of t h e  
h y d r o g e n  bond. The c o u p l i n g  be tween p r o t o n  a n d  e l e c t r o n  in t h i s  
s y s t e m  i s  a k e y  t o  c r e a t e  a new f u n c t i o n  a n d  new phenomena in  t h e  
molecular  sys tems.  P r o t o n - e l e c t r o n  c o u p l i n g  might be  p o s s i b l e  t o  
c o n t r o l  t h e  p r o t o n  motion, i . e .  p r o t o n  t u n n e l i n g .  Taking  i n t o  
c o n s t r u c t  ion  of t h e  i n t e r  molecular  i n t e r a c t  i on  f o r  p r o t o n - e l e c t r o n  
c o u p l e d  sys tem,  t h e  motion of t h e  p r o t o n s  may become c o l l e c t i v e  a n d  
c o o p e r a t e  c l o s e l y  with e l e c t r o n  s y s t e m  via  quan tum mechanical 
i n t e r a c t i o n .  

A c l a s s  of N-sal icy1 idenean i l  i n e  d e r i v a t i v e s  with NHO h y d r o g e n  
bonds  shows thermochromism and  i s  b e l i e v e d  a s  a n  s t a r t i n g  ma te r i a l  
of p r o t o n - e l e c t r o n  c o o p e r a t i o n  system. P r e c i s e  i n v e s t i g a t i o n  of 
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236 S. TATEDA ET AL. 

n u c l e a r  magnet ic  r e s o n a n c e  of p r o t o n  of BSP (N,N'-bis(sa1 icy1 i d e n e )  
-p-phenyl enediamine)  a n d  DNP (N,N'-di(B-hydr oxy-1-napht hyl idene)-p- 
phenylenediamine)  is e x p e c t e d  t o  p r o v i d e  d e t a i l e d  i n f o r m a t i o n  of 
p r o t o n  dynamics in  t h e  h y d r o g e n  bond in t h e  c r y s t a l l i n e  s t a t e .  In 
t h i s  p a p e r ,  w e  mainly r e p o r t  t h e  r e l a t i o n  be tween p r o t o n  dynamics  
and thermochromism of BSP a n d  we b r i e f l y  d i s c u s s  t h e  NMR r e s u l t  of 
DNP t o  e l u c i d a t e  t h e  effect of chemical mod i f i ca t ions  on  t h e  p r o t o n  
dynamics in  t h e  NHO h y d r o g e n  bond.  

RESULTS AND DISCUSSION 

The s p i n - l a t t i c e  r e l a x a t i o n  r a t e  TI - '  of p r o t o n  was d e t e r m i n e d  by 
90"-train-T-90° p u l s e  s e q u e n c e .  The m a g n e t i z a t i o n  r e c o v e r y  c u r v e  
was d e s c r i b e d  by a s i n g l e  e x p o n e n t i a l  f u n c t i o n  f o r  a l l  
t e m p e r a t u r e s .  Thus t h e  s p i n  t e m p e r a t u r e  is e s t a b l i s h e d  be tween t h e  
p r o t o n  in  t h e  h y d r o g e n  bond a n d  o t h e r  p r o t o n s  p r e s e n t  in  t h e  
c r y s t a l  a n d  t h e  dynamics of p r o t o n  in  t h e  h y d r o g e n  bond c a n  be  
d i r e c t l y  e s t ima ted  f r o m  t h e  o b s e r v e d  Ti-'  c u r v e .  The t e m p e r a t u r e  
dependence  of T I - '  of p r o t o n  of BSP a t  9.2 (0) a n d  37.5 ( 0 )  MHz 
is shown in  Fig. 1. in which two maxima a p p e a r e d  n e a r  70 K a n d  170 
K. Both  maxima were a s s i g n e d  t o  t h e  s w i t c h i n g  motion of p r o t o n s  i n  
t h e  NHO h y d r o g e n  bonds ,  which will be  d i s c u s s e d  l a t e r .  

T / K  
300 100 50 30 

I I I I 

0 

0 

. .  
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1  

10 20 30 
lo3 T -'I K-' 

FIGURE 1 The t e m p e r a t u r e  d e p e n d e n c e  of s p i n - l a t t i c e  r e l a x a t i o n  
r a t e  o f  p r o t o n  of BSP a t  9.2 a n d  37.5 MHz a n d  m.p. i n d i c a t e s  t h e  
mel t ing  po in t  (485.5 Kf. 
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PROTON DYNAMICS OF A'-SALICYLIDENEANILINES 237 

The s l o p e  of  Ti-' b e l o w  50 K i s  v e r y  s m a l l .  I f  t h e  
A r r h e n i u s  r e l a t i o n  i s  a p p l i e d  i n  t h i s  t e m p e r a t u r e  r e g i o n ,  t h e  
a c t i v a t i o n  e n e r g y  i s  d e t e r m i n e d  t o  b e  0.5 kJ /mol  (40 cm-1). The 
o r i g i n  of  t h i s  s p i n - l a t t i c e  r e l a x a t i o n  i s  n o t  c l e a r .  P o s s i b l y  some 
p a r a m a g n e t i c  c e n t e r s  might  c o n t r i b u t e  t o  t h e  s p i n - l a t t i c e  
r e l a x a t i o n  i n  s u c h  l o w  t e m p e r a t u r e  r e g i o n ,  which  i s  n o t  t a k e n  i n t o  
p r e s e n t  d i s c u s s i o n .  The c o n t r i b u t i o n  of t h e  l o w  t e m p e r a t u r e  
r e l a x a t i o n  was s u b t r a c t e d  a s  a s t r a i g h t  l i n e  f r o m  t h e  o b s e r v e d  
v a l u e s  i n  F ig .  1 a n d  f u l l  a n d  o p e n  t r i a n g l e s  (A f o r  37.5 MHz a n d  

f o r  9.2 MHz) w e r e  o b t a i n e d .  
The c o m b i n a t i o n  of t w o  p o s s i b l e  f o r m s ,  OH a n d  NH f o r m s ,  of  t w o  

h y d r o g e n  b o n d s  i n  a BSP m o l e c u l e  may l e a d  t o  f o u r  t a u t o m e r i c  f o r m s ,  
i . e .  [OH,OH], [NH,OHl, [NH,NHl a n d  [OH,NHl f o r m s  which  a r e  n u m b e r e d  
by 1 t h r o u g h  4 i n  o r d e r  a s  s h o w n  i n  Fig. 2. Two of f o u r  t a u t o m e r s ,  
[OH,NH] a n d  [NH,OH], a r e  p r o b a b l y  t h e  same o r  v e r y  c l o s e l y  l o c a t e d  
in  e n e r g y  e v e n  i n  t h e  c r y s t a l l i n e  s t a t e ,  b e c a u s e  c r y s t a l l o g r a p h i c a l  
i n v e r s i o n  s y m m e t r y  e x i s t s  a t  a c e n t e r  of t h e  molecule1 .2 .  

Energy 
Difference 

Act iva t 10 n 
3 [NH,NH] Energy - 

A 

FIGURE 2 Schematic v i e w  of t h e  p r o t o n  d y n a m i c s  of  BSP a n d  t h e  
e n e r g y  v a l  u e s  o b t a i n e d  b y  NMR. 

A c c o r d i n g  t o  t h e  e x p e r i m e n t a l  r e s u l t s 1 V 2 ,  OH f o r m  i s  more  p o p u l a t e d  
a s  t e m p e r a t u r e  d e c r e a s e d  f r o m  r o o m  t e m p e r a t u r e  t o  108 K a n d  t h e  OH 
f o r m  a s s u m e s  more  s t a b l e  s t a t e  t h a n  t h e  NH form.  A model of p r o t o n  
d y n a m i c s  s h o w n  i n  F ig .  2 i s ,  t h e r e f o r e ,  e m p l o y e d .  T h e  r a n d o m  
s w i t c h i n g  of  t w o  p r o t o n s  l e a d s  t o  t h e  t r a n s i t i o n s  b e t w e e n  f o u r  
t a u t o m e r s .  I n  t h i s  model ,  t h e  t w o  t a u t o m e r s ,  [OH,NHl a n d  [NH.OH]. 
a r e  assumed t o  b e  d e g e n e r a t e  i n  e n e r g y  a n d  t h u s  t h e r e  a r e  t h r e e  
e n e r g e t i c a l l y  d i f f e r e n t  s t a t e s .  The p r o b a b i l i t y  of c o m p l e t e l y  
c o n c e r t e d  s w i t c h i n g  of  t w o  p r o t o n s ,  i . e .  [OH,OH]+A[NH,NH] a n d  
[OH,NHl++[NH,OH], i s  a l s o  assumed t o  b e  n e g l i g i b l y  s m a l l  c o m p a r e d  
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238 S. TATEDA ET AL. 

with t h e  independen t  swi t ch ing  shown in  Fig.  2. The d e p e n d e n c e  o f  
TI - l  of BSP on t e m p e r a t u r e  a n d  o n  Larmor f r e q u e n c y  shows no 
e v i d e n c e  of t u n n e l i n g  of p r o t o n  in  t h e  v i b r a t i o n a l  g r o u n d  s t a t e .  
Suppos ing  t h e  c l a s s i c a l  A r r h e n i u s  p r o c e s s  f o r  e a c h  p r o t o n  
swi tch ing ,  t h e  dynamics of p r o t o n s  i s  d e s c r i b e d  by  two e n e r g y  
d i f f e r e n c e s ,  Dl and  D2, and  two a c t i v a t i o n  e n e r g i e s ,  Eal and  Ea2; 
t h e  t r a n s i t i o n  r a t e s  of t h e  e l e m e n t a r y  p r o c e s s e s  t a k e n  i n t o  
a c c o u n t  a r e  d e s c r i b e d  by 

W 1 2  = W l n  = W ~ I  exp(-Eal/RT),  

and  

w32/w23 = W 3 4 / W 4 3  = exp(De/RT). 

The s p i n - l a t t i c e  r e l a x a t i o n  of p r o t o n  in t h e  h y d r o g e n  bond i s  
dominated by t h e  d i p o l e  i n t e r a c t i o n  be tween p r o t o n  a n d  1 4 N  n u c l e u s ,  
because  a d i s t a n c e  be tween H a n d  N in t h e  h y d r o g e n  bond i s  v e r y  
s h o r t  compared  with d i s t a n c e s  be tween a p r o t o n  in  t h e  h y d r o g e n  bond 
and  o t h e r  p r o t o n s  p r e s e n t  i n  t h e  c r y s t a l .  The s p i n - l a t t i c e  
r e l a x a t i o n  formula  r e l a t e d  t o  p r o t o n  dynamics was d e r i v e d  f rom t h e  
g e n e r a l  e x p r e s s i o n  of s p i n  r e l a x a t i o n d .  The d e t a i l e d  fo rmula  o f  
t h e  TI-1 i s  no t  p r e s e n t e d  in t h i s  pape r  a n d  o n l y  t h e  r e s u l t  of 
c a l c u l a t i o n  i s  p r e s e n t e d .  

By a c a l c u l a t i o n  of t h e  TI-1 with u s i n g  t h e  c r y s t a l  s t r u c t u r a l  
data1.2,  t h e  s o l i d  and  t h e  b r o k e n  c u r v e s  were  o b t a i n e d  f o r  37.5 a n d  
9.2 MHz r e s p e c t i v e l y .  In t h i s  c a l c u l a t i o n  t h e  q u a d r u p o l e  s p l i t t i n g  
of I 4 N  n u c l e u s  i s  i g n o r e d .  The q u a d r u p o l e  s p l i t t i n g  might be 
n e g l i g i b l y  small compared  with 37.5 MHz of p r o t o n  f r e q u e n c y 6 .  whi le  
f o r  9.2 MHz i t  i nduces  a v i s i b l e  d i f f e r e n c e  between t h e  c a l c u l a t e d  
b roken  c u r v e  and  t h e  o b s e r v e d  v a l u e s  (0,n). I t  was c o n c l u d e d  
t h a t  t h e  maximum of TI-' n e a r  70 K i s  mainly i n d u c e d  by t h e  
t r a n s i t i o n s  be tween [OH,OH] a n d  [OH,NHI ([NH,OHl) t a u t o m e r s .  while 
t h e  maximum of Ti -1  nea r  170 K i s  i nduced  by t h e  t r a n s i t i o n s  
between [OH,NH] ([NH,OH]) and  [NH,NH] t a u t o m e r s .  Two a c t i v a t i o n  
e n e r g i e s ,  Eal = 10 kJ /mol  (840 c u r 1 )  a n d  Ea2 = 25 kJ /mol  (2090 c m -  
I ) ,  and  two e n e r g y  d i f f e r e n c e s ,  DI = 4 kJ/mol (330 c m - 1 )  a n d  D2 = 

8.5 kJ/mol (710 c m - l ) .  were  d e r i v e d  f rom t h e  s l o p e s  of T1-l in 
b o t h  h igh  and  low t e m p e r a t u r e  s i d e s  of t h e  maxima of TI -1  a n d  
from maximum v a l u e s  of T1-I measured  a t  37.5 MHz. The p r e -  
e x p o n e n t i a l  f a c t o r s  were  de t e rmined  a s  t h a t  We1 = We2 = 4.5X1012 
s-1. The e n e r g y  v a l u e s  a s s o c i a t e d  with t h e  p r o t o n  dynamics a r e  
summarized in Fig. 2. 

The t e m p e r a t u r e  d e p e n d e n c e  of v i s i b l e  a b s o r p t i o n  s p e c t r a  i s  
be l i eved  t o  p r o v i d e  a n  in fo rma t ion  of a c h a n g e  of e l e c t r o n i c  s t a t e  
which i s  accompanied with t h e  p r o t o n  swi t ch ing  d i s c u s s e d  above .  
The s p e c t r a  of BSP a t  s e v e r a l  t e m p e r a t u r e s  a r e  shown in  f ig .  3. At 
4.2 K an  a b s o r p t i o n  e d g e  i s  o b s e r v e d  r i s i n g  s h a r p l y  a r o u n d  2.8 
eV (22600 cm-1) which is a s s i g n e d  t o  a t r a n s i t i o n  in t h e  most 
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PROTON DYNAMICS OF N-SALICYLIDENEANILINES 239 

s t a b l e  t a u t o m e r ,  [OH,OH]. As t h e  t e m p e r a t u r e  i n c r e a s e d  a b o v e  150 
K, t h e  a b s o r p t i o n  band a t  2.4 e V  (19400 cm-1) r e m a r k a b l y  g r e w  up, 
which i s  r e l a t e d  t o  i n c r e a s e  of t h e  p o p u l a t i o n  of m e t a s t a b l e  
t au tomers .  [OH,NH], [NH,OHl and  [NH,NH]. From t h e  e v o l u t i o n  of t h e  
s p e c t r a  with t e m p e r a t u r e  a n  e n e r g y  d i f f e r e n c e  be tween t h e  t a u t o m e r s  
was e s t i m a t e d  t o  be 9 kJ/mol (800 c m - 1 ) ' .  which i s  l a r g e r  t h a n  D1 
but  sma l l e r  t h a n  D1+D2. This i n d i c a t e s  t h a t  t h e  t e m p e r a t u r e  
d e p e n d e n c e  of t h e  a b s o r p t i o n  s p e c t r a  i s  i nduced  by o v e r l a p p i n g  two 
p r o c e s s e s ,  D1 and  D2, which a r e  c l e a r l y  d i s t i n g u i s h e d  b y  t h e  NMR 
expe r imen t .  

Photon energy I eV 

FIGURE 3 Tempera tu re  d e p e n d e n c e  of a b s o r p t i o n  s p e c t r a  of s i n g l e  
c r y s t a l  of BSP. 

The a c t i v a t i o n  e n e r g i e s  of two p r o c e s s e s ,  Eal and  Ea2, a r e  
r e m a r k a b l y  d i f f e r e n t  a s  shown in Fig. 2. In t h e  f i r s t  p r o c e s s  
shown in  lower  p a r t  of Fig. 2, t h e  p r o t o n  swi t ch ing  o c c u r s  f rom OH 
t o  NH fo rm in  a h y d r o g e n  bond. k e e p i n g  a n o t h e r  h y d r o g e n  bond t o  be  
"OH form". The v a l u e  of Eat i s  10  kJ /mol .  The s e c o n d  p r o c e s s  
shown in uppe r  p a r t  of Fig. 2 i s  a p r o t o n  s w i t c h i n g  u n d e r  t h e  "NH 
form" of t h e  o t h e r  h y d r o g e n  bond. The a c t i v a t i o n  e n e r g y  Ea2 i s  25 
kJfmol which i s  more t h a n  twice  of Eal.  This r e s u l t  s u g g e s t s  t h e  
p r e s e n c e  of t h e  i n t e r a c t i o n  be tween two h y d r o g e n  bonds  in  a 
molecule  t h r o u g h  r e a r r a n g e m e n t  of t h e  c o n f i g u r a t i o n  o f  n - e l e c t r o n s  
which i s  s e e n  by a b s o r p t i o n  s p e c t r a .  This t y p e  of p r o t o n - e l e c t r o n  
i n t e r a c t i o n  may be a n  o r i g i n  of p r o t o n - e l e c t r o n  c o o p e r a t i o n  a n d  c a n  
be c o n t r o l l e d  by chemical modi f ica t ions .  

One of examples  of d e r i v a t i v e s  of BSP i s  DNP which h a s  two 2- 
hydroxy-1 -naph thy l idene  g r o u p s  o n  t h e  head  a n d  t h e  t a i l  of t h e  
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molecule  i n s t e a d  of t w o  s a l i c y l i d e n e  g r o u p s  of BSP. The scheme of 
p r o t o n  dynamics of DNP i s  s imi l a r  t o  Fig. 2 bu t  i n c l u d e s  t u n n e l i n g  
e f f e c t .  D1, D2, Eal a n d  Ea:! of DNP a r e  much s m a l l e r  t h a n  t h o s e  of 
BSP, which was conf i rmed  by t h e  measurement of Ti- '  of p r o t o n .  Eag 
is f i v e  t imes  l a r g e r  t h a n  Eal f o r  DNP. This  r e s u l t  s u g g e s t s  t h a t  
t h e  p r o t o n  moves much more e a s i l y  by t u n n e l i n g  e f f e c t  a n d  t h e  
p r o t o n - e l e c t r  o n  coup1 ing  becomes re1  a t  i ve l  y more dominant f o r  t h e  
p r o t o n  dynamics i n  DNP t h a n  i n  BSP. S y s t e m a t i c  s t u d i e s  of t h i s  
sys t em us ing  t h e  effect  of chemical mod i f i ca t ion  i n c l u d i n g  t h e  
c o n s t r u c t i o n  of a n  i n t e r m o l e c u l a r  i n t e r a c t i o n  o n  t h e  p r o t o n  
dynamics will p r o v i d e  u s  wi th  i n f o r m a t i o n s  on a p p r o a c h i n g  new 
phenomena of p r  o t o n-el ec t r o n  c o o  pe r  a t  ion.  

The a u t h o r s  would l i k e  t o  e x p r e s s  t h e i r  t h a n k s  t o  Drs. N. 
Hoshino, 1. Gaut i e r -Luneau ,  H, Okamoto a n d  Mr. K. Okaniwa f o r  t h e i r  
c o n t r i b u t i o n s  t o  sample  p r e p a r a t i o n  a n d  o p t i c a l  measurement.  
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