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UNDOPED TRANS - (CH), : MAGNETIC RESONANCE AND STRUCTURE 

K. HOLCZER: C. MATHIS,and M. ZILIOX 
Centre de Recherches su r  l e s  Macromol@cules, C.N.R.S. 
6, Rue Boussingault,  67083 Strasbourg Cedex, France 

Abstract  Arguments a re  given t h a t  s o l i t o n  cond i t ions  migh t  
be bes t  rea l i zed  a t  t he  surfaces o f  the f i b r i l s  c o n s t i t u t i n g  
the Shi rakawa polyacetylene. The imp1 i c a t i o n s  o f  t h i s  hypothe- 
s i s  on the i n t e r p r e t a t i o n  o f  magnetic resonance and o the r  
experiments are discussed. 

Ever s ince the p ropos i t i on  o f  the s o l i t o n  model by Su, 
S c h r i e f f e r  and Heeger (SSH) '  t o  account f o r  the p roper t i es  o f  

t rans  - polyacetylene, (CH),, i t s  a p p l i c a b i l i t y  was always a sub- 

j e c t  o f  controversy. The SSH model deals w i t h  an i dea l  s i t u a t i o n :  

i t  describes a s ing le  polymer chain w i t h  a two-fold degenerate 
dimerized ground s ta te ,  which gives the  p o s s i b i l i t y  o f  mobi le 

paramagnetic neut ra l  s o l i t o n s  , corresponding t o  the domain-walls 

between the two ground s t a t e  conf igura t ions .  Polyacetylene, as i t  

i s  prepared by the Shirakawa technique, i s  f a r  from being i d e a l :  

i t s  i n t r i n s i c  p roper t ies  can be e a s i l y  hampered by i t s  f i b rous  mor- 

phology, incomplete c r y s t a l l i n i t y  and chemical impur i t i es .  Confron- 

t a t i o n  o f  the model w i t h  the  r e a l i t y  i s  no t  an easy task:  attempts 

t o  observe the topo log ica l  defects d i r e c t l y  by c rys ta l l og raph ic  
means have f a i l e d  up t o  now. Soph is t i ca ted  magnetic resonance tech- 

niques have been used t o  spy o u t  " s o l i t o n  p roper t i es "  through the  
sp in  dynamics i n  (CH),; t h e i r  o f t e n  complicated i n t e r p r e t a t i o n  can 

e a s i l y  be misled i f  one does no t  pay enough a t t e n t i o n  t o  the  ac tua l  

*Permanent address : Central  Research I n s t i t u t e  f o r  Physics , 
H-1525 Budapest, POB 49, Hungary. 
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432 K. HOLCZER. C. MATIUS AND M. W O X  

nature o f  the mater ia l .  

t i ons  coming from magnetic resonance, morphological and c r y s t a l l o -  
graphic studies and t o  consider t h e i r  imp l i ca t i ons  together. Our 
a i m  i s  t o  t ry  t o  show up " s o l i t o n  proper t ies"  as we l l  as the  l i m i -  
t a t i ons  imposed by the  r e a l  (CH)x upon t h e  a p p l i c a b i l i t y  o f  t he  SSH 
model. We sha l l  consider the  " s o l i t o n  s t o r y "  f i r s t  from magnetic 
resonance, then from a s t r u c t u r a l  p o i n t  o f  view. We would l i k e  t o  
show t h a t  several su rp r i z ing  phenoma and complications could have a 
common simple reason: look ing  f o r  special  one-dimensional effects, 
we th ink  tha t  we deal w i t h  a three-dimensional s o l i d  and we observe 
surface phenomena. We t h i n k  t h a t  the  i dea l  "so1 i ton cond i t ions"  
might be best rea l i zed  a t  the surfaces o f  the  f i b r i l s ,  The conse- 
quences o f  t h i s  assumption are discussed. 

Dynamic nuclear p o l a r i z a t i o n  (DNP) and nuclear s p i n - l a t t i c e  
re laxa t i on  t ime (TI) measurements showed the  existence o f  h i g h l y  

mobile e lec t ron i c  spins i n  trans-(CH)x.2 The motion was found high- 
l y  anisotropic,  w i t h  d i f f u s i o n  constants o f  D/,% l o m 3  cm2/sec and 

CIA% cm2/sec respec t ive ly  along and perpendicular t o  the  poly-  
mer chain: values support ing the  previs ions o f  the  SSH model. ESR 
studies revealed however many compl i ca t i ons3 ,  leading t o  the suppo- 
s i t i o n  t h a t  a f rac t i on  o f  the  paramagnetic centers observed i n  
trans-polyacetylene i s  
spins was found t o  vary from sample t o  sample and t o  be very sensi- 
t i v e  t o  oxygen contamination. It was proposed t h a t  ESR propert ies,  
l i k e  l ine-w id th  (AH) and line-shape, wetemainly sens i t i ve  t o  f i xed  
spins ( t h e i r  own l ine-w id th  would be several Gauss), wh i l e  mobile 
spins v i s i t i n g  many proton s i t e s  dominate t h e  re laxa t ion ,  keeping 

TI f a i r l y  reproducible. These observations gave the  p o s s i b i l i t y  t o  
use ESR l i ne -w id th  asa measrreof q u a l i t y  from the  " s o l i t o n  p o i n t  o f  
view". We want t o  remind the fo l l ow ing  observations: 

l./ The smal lest  ESR l i ne -w id th  can be a t ta ined  by the  quick- 
e s t  thermal isomerization, heat ing the sample a t  the  highest tem- 

I n  t h i s  cont r ibu t ion ,  we t r y  t o  summarize r e s u l t s  and informa- 

The r a t i o  o f  immobile t o  mobile 
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UNDOPED TRANS - (CH),: MAGNETIC RESONANCE AND STRUCTURE 

peratore (200-210 "C j u s t  f o r  one minute), which i s  no t  necessar i l y  
the  best from o ther  po in ts  o f  view, producing h igh  sp in  concentra- 
t i o n s  (1 spin f o r  1000 CH un i ts ) . "  

trapped. The temperature dependence o f  t he  number o f  mobi le spins 
i s  no t  a s i n g l e  energy ac t i va ted  form; an approximate desc r ip t i on  
needs t o  suppose a continuous d i s t r i b u t i o n  o f  t rapp ing  energies 
from E o  % -650 K t o  zero.5 

433 

2./ Cooling down the (CH)x, the mobi le spins are  gradua l ly  

3./ Mobi le spins get trapped upon oxygen exposure too: a p a r t  
o f  t h i s  e f f e c t  i s  instantaneous and reve rs ib le  by pumping o f f  t h e  
oxygen. 

Although the i n t e r p r e t a t i o n  o f  T1 requ i red  t o  take  i n t o  ac- 
count the second observation', the re laxa t i on  t ime was found t o  be 
less  s e n s i t i v e  t o  these t rapp ing  e f f e c t s .  The reason i s  t ha t ,  as 
long as a common sp in  temperature f o r  the  nuc le i  i s  establ ished, 

t h e i r  re laxa t i on  i s  governed by the mobile spins and gives t h e i r  
co r rec t  d i f f u s i o n  constant."19 We add two NMR r e s u l t s  t o  the  above 
l i s t  o f  observations: 

t h a t  t h e i r  re laxa t i on  i s  inhomogeneous. The f a s t  p a r t  o f  the  r e l a -  
xat ion,  which can be assigned t o  d i r e c t  re laxa t i on  on the  mobi le 
spins, concerns on ly  30 % o f  the nuc le i . "  

5 . 1  An NMR nu ta t i on  experiment showed t h a t  double and s i n g l e  
bond lengths are  no t  averaged ou t  by the  f a s t  motion o f  the  s o l i -  
tons, i .e. there  are no s o l i t o n s  on most o f  the  chains." 

Now we t u r n  t o  discuss some morphological and s t r u c t u r a l  as- 
pects of trans-(CH)x. As i t  i s  w e l l  known, the Shirakawa synthesis 
o f  (CHlx gives a f i b rous  mater ia l ,  w i t h  a f i b e r  th ickness vary ing  
from about 100 t o  1000 A. This morphology r e s u l t s  i n  an enormous 
s p e c i f i c  surface o f  the order  of 10 t o  100 m2/g. I n  o the r  words, 
wh i l e  i n  an ord inary  s o l i d  the f rac t i on  o f  atoms s i t u a t e d  i n  the  
f i r s t  surface l aye r  i s  o f  the  order  o f  lo-", i n  case o f  (CH)x 5 t o  
20 % o f  the chains are a t  t he  surface. This pecu l i ' a r i t y  has been 

4.1 I n  case o f  weakly coupled nuclei,13C o r  'H, i t  was found 
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434 K. HOLCZER, C. MATHlS AND M. ZILlOX 

extens ive ly  discussed i n  the  context  o f  poss ib le  use o f  (CH), as 
electrode mater ia l  i n  a ba t te ry ,  b u t  i t  has r a r e l y  been considered 
t o  p lay  an important r o l e  i n  the  proper t ies  o f  the  undoped mate- 
r i a l .  

The small number o f  Bragg r e f l e c t i o n s  observed i n  d f f f r a t i o n  
experiments on the  trans-(CH)x does no t  a l l ow  a f u l l  ref inement 
o f  the s t ruc tu re .  Many ambigui t ies concern the value o f  the  bond 
a1 te rna t i on  and i t s  perpendicular o rder ing  i n  the c r y s t a l  s t ruc tu re ;  
The d i f f e r e n t  p o s s i b i l i t i e s  f o r  in-phase and o u t  o f  phase a l te rna -  
t i o n  o f  neighbor ing chains change the symmetry o f  the  elementary 
c e l l  as we l l  as the value o f  the ca lcu la ted  l a t t i c e  energy. On the 
o ther  hand, moving s o l i t o n s  would destroy the perpendicular o rder  
o f  the bond a l te rna t i on ,  g i v i n g  r i s e  t o  the a p p a r i t i o n  o f  the  
otherwise absent (001) (chain d i r e c t i o n )  r e f l e c t i o n  i n  the form o f  

one dimensional (uncor re la ted  i n  the  perpendicular d i r e c t i o n )  d i f -  
fuse sca t te r ing .  This has no t  been c l e a r l y  observed ye t .  

energy f o r  d i f f e r e n t  perpendicular o rder  conf igura t ions .  They poin- 
ted ou t  t h a t  t h i s  i n te rcha in  i n t e r a c t i o n  l i f t s  the  two- fo ld  degene- 
racy associated w i t h  the bond a1 te rna t i on  i n  an ordered c r y s t a l ,  
i n h i b i t i n g  the f ree  motion o f  so1 i tons .pred ic ted  by the  s i n g l e  
cha in  SSH m d e l .  While i n  a s i n g l e  chain model, chain-ends and 
breaks i n  the conjugat ion represent a repu ls i ve  p o t e n t i a l  f o r  the 
so l i tons ,  pushing them t o  the middle o f  the chains, the  i n t e r c h a i n  
i n t e r a c t i o n  forces t o  l o c a l i z e  them a t  the  chain-ends ( o r  push 
them out  o f  the chains i f  i t  i s  possible).  I n t roduc ing  a s o l i t o n  
a t  a chain-end and moving i t  on the cha in  needs a l i n e a r l y  d i ve r -  
g ing  energy propor t iona l  t o  the  distance from the  chain-end. The 
existence o f  a f i n i t e  number of  sp in  ca r ry ing  bond a l t e r n a t i o n  de- 
fec ts  i n  the  rea l  mater ia l  b r ings  about d fsorder  f R  the  c r y s t a l ,  
reducing the  a c t i v a t i o n  energy o f  the motion t o  a few hundred o f  
degrees o f  Ke lv in  f o r  the sp in  concentrat ion p r a c t i c a l l y  observed. 

We would l i k e  t o  p o i n t  ou t  the existence o f  an o the r  f a c t o r  

Baughman and Moss” ca lcu la ted  the  i n te rcha in  e l e c t r o s t a t i c  
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UNWPED TRANS - (CH),: MAGNETIC RESONANCE AND STRUCTURE 435 

wh ich  he lps  t o  overcome t h e  t r a p p i n g  e f f e c t  o f  t h r e e  d i m e n s i o n a l i -  
ty: i t  i s  t h e  f a c t  t h a t  seve ra l  p e r c e n t  o f  t h e  cha ins  a r e  a t  t h e  

su r face .  Chains a t  t h e  s u r f a c e  exper ience  a c o n s i d e r a b l y  reduced 

e l e c t r o s t a t i c  f i e l d  o f  t h e  o t h e r  chains,  compared t o  those  i n s i d e  

t h e  c r y s t a l .  Moving s o l i t o n s  a r e  e a s i l y  c r e a t e d  on these  c h a i n s :  
t h i s  r e s u l t s  i n  a “d i so rde red  s u r f a c e  l aye r ‘ ’  which g i v e s  a d i s o r -  

dered ( p a r t i a l l y  averaged o u t )  e l e c t r o s t a t i c  f i e l d  o n l y  t o  t h e  

n e x t  i n n e r  l a y e r ,  t he reby  f a c i l i t a t i n g  t h e  e x i s t e n c e  o f  moving so- 
l i t o n s  i n  t h e  second l a y e r  too.  We expec t  t h e  t r a p p i n g  energy co- 
ming f rom t h e  i n t e r c h a i n  i n t e r a c t i o n  

10 atomic l a y e r s )  w h i l e  g e t t i n g  deeper i n t o  t h e  f i b e r s  t o  t h e  abo- 

ve es t ima ted  va lue.  

t o  b u i l d  up s l o w l y  ( i n  5 t o  

Keeping i n  mind t h a t  a few atomic s u r f a c e  l a y e r s  can e a s i l y  
rep resen t  even 1 /2  o f  t h e  m a t e r i a l ,  t h e  above arguments l e a d  us t o  
propose t h a t  moving s o l i t o n s  observed i n  t rans-(CH)x a r e  i n  t h e  

f i r s t  few atomic l a y e r s ,  a t  t h e  s u r f a c e s  o f  t h e  f i b r i l s , I 3  where 
c o n d i t i o n s  o f  t h e  one d imensional  phys i cs  desc r ibed  by t h e  SSH mo- 
d e l  a r e  b e s t  approximated. 

A1 though thermodynamics i s  h a r d l y  a p p l i c a b l e  t o  d i scuss  v a r i a -  

t i o n s  on t h e  s c a l e  o f  50 l a t t i c e  cons tan ts ,  t o  g a i n  some q u a l i t a -  

t i v e  i n s i g h t  i n t o  t h e  i s o m e r i z a t i o n  process, we adopt  t h e  argumen- 

t a t i o n  o f  Baughman and Ftoss.’* For a g i v e n  c o n j u g a t i o n  l e n g t h  L 
and i n t e r c h a i n  i n t e r a c t i o n  E o  ( s o l i t o n - l a t t i c e  i n t e r a c t i o n  energy 

i n  t h e i r  n o t a t i o n ) ,  a c r i t i c a l  temperature i s  d e f i n e d  

above which t h e  t r a n s  polymer formed i s  d i so rde red ,  w h i l e  below 

t h e  bond a l t e r n a t i o n  o f  t h e  cha ins  a r e  ordered,  For  b u l k  m a t e r i a l  

t h i s  temperature i s  es t ima ted  t o  be o f  t h e  o r d e r  o f  200 t o  1000 K, 

depending on t h e  s t r u c t u r e .  We expect  E O  t o  b e  sma l l  a t  t h e  s u r f a -  

ce and t o  i n c r e a s e  s l o w l y  up t o  t h e  b u l k - v a l u e  g e t t i n g  deeper i n t o  
t h e  f i b e r s  o f  t h e  r e a l  m a t e r i a l ,  As E o  i s  s p a t i a l  dependent, To 

becomes s p a t i a l  dependent too.  I n  t h e  m idd le  o f  t h e  f i b e r s ,  To w i l l  
b e  h i g h e r  t h a n  t h e  temperature Ti we use t o  i s o m e r i z e  o u r  cis-(CHlx 

T o  = LEo/2R l n 2  
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436 K. HOLCZER, C. MATHIS AND M. ZILIOX 

t o  trans, b u t  To c Ti c lose t o  the  surface. 
Q u a l i t a t i v e l y  we expect t o  have ordered polymer i n s i d e  the  fi- 

bers covered by a f i n i t e  thickness o f  d isordered laye r .  The h igher  
the isomeri7at ion temperature, the  t k k e r  the disordered laye r .  ( O f  
course we do no t  expect a c l e a r  phase separat ion a t  t h i s  small  d i s -  
tance scale.). The o ther  e f f e c t  o f  thermal t reatment i s  the crea- 
t i o n  o f  paramagnetic centers, the  mechanism o f  which i s  no t  exac t l y  
known. Chemical react ions,  l i k e  c ross - l i nk ing  o r  reac t ions  w i t h  i m -  
p u r i t i e s  etc.,  i n t e r r u p t  the 71 e lec t ron  conjugation, producing bond 
a l t e r n a t i o n  defects. The higher the temperature and the  longer the 
thermal treatment, the h igher  the  produced s p i n  (de fec t )  concentra- 
t i o n .  This adds f u r t h e r  disorder,  inc reas ing  the  thickness o f  the  
disordered region and reducing e f f e c t i v e  i n te rcha in  i n t e r a c t i o n  i n -  
s ide  the f i b r i l s .  Although i t  i s  no t  evident,  f o r  the sake o f  sim- 
p l i c i t y  we suppose here t h a t  a homogeneous s p i n  d i s t r i b u t i o n  i s  
created by thermal isomerizat ion.  Spins c lose  o r  a t  t he  surfaces 
w i l l  be mobile, wh i l e  spins i n s i d e  the f i b r i l s  w i l l  be trapped by 

the i n te rcha in  i n t e r a c t i o n .  
This p i c t u r e  gives a na tu ra l  explanat ion f o r  the  coexistence 

o f  mobile and f i x e d  spins, whose r a t i o  w i l l  depend on the f i b e r  
diameter and isomer iza t ion  temperature Ti, i n  agreement w i t h  obser- 

va t ion  1./. Moreover a na tu ra l  d i s t r i b u t i o n  o f  t rapp ing  energies 
i s  found as a func t i on  o f  d istance from the surface, from 0 t o  se- 

vera l  hundreds degrees K, i n  agreement w i t h  observat ion Z , / .  We 
note t h a t  t o  produce a t t r a c t i v e  p o t e n t i a l  f o r  the  s o l i t o n ,  one 
needs t o  imagine chemical defects l i k e  hydrogene s u b s t i t u t i o n  w i t h  
some o ther  groups, leav ing  t h e r c o n j u g a t i o n  i n tac t . ' "  I t  i s  un l i ke-  
l y  t o  have an important concentrat ion o f  t h i s  k i n d  o f  defects i n  

(CH) . The i n t e r p l a y  of surface d isorder  and i n t e r c h a i n  i n t e r a c t i o n  
of fers a na tura l  explanat ion f o r  the observed t rapp ing  phenomena 
w i thout  evoking chemical impur i t i es  o f  exo t i c  nature. 

between the  spins, as o r i g i n a l l y  proposed." However i n  the present 

X 

The s ing le  ESR l i n e  r e s u l t s  from asmall exchange i n t e r a c t i o n  
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UNDOPED TRANS - (CH),: MAGNETIC RESONANCE AND STRUCTURE 437 

p i c t u r e ,  t r a p p i n g  o f  t h e  s p i n s  upon c o o l i n g  i s  accompanied by a 

more and more impor tan t  s p a t i a l  s e p a r a t i o n  between m o b i l e  and f i -  

xed sp ins,  as t h e  " c y l i n d e r "  o f  mob i l e  s p i n s  becomes t h i n n e r  and 
t h i n n e r .  Th i s  i n c r e a s i n g  inhomogeneity may h e l p  t o  e x p l a i n  t h e  i n -  

homogeneous broadening o f  t h e  ESR l i n e  as w e l l  as t h e  coex is tence  
o f  s o l i d  s t a t e  and Overhauser e f f e c t s  i n  DNP below 150 K. 

The r e v e r s i b l e  p a r t  o f  oxygen t r a p p i n g  ( o b s e r v a t i o n  3 . / )  was 

i n t e r p r e t e d  as a consequence o f  s u r f a c e  a b s o r p t i o n  o f  ~ x y g e n . ~  A 
complete d e s c r i p t i o n  o f  oxygen e f f e c t  a t  room temperature r e q u i r e s  

t o  t a k e  i n t o  account  d i f f u s i o n  o f  O2 molecules i n t o  t h e  f i b r i l s  
and i r r e v e r s i b l e  r e a c t i o n s  as w e l l .  Below 200 K however, t h e  oxygen 

e f f e c t  i s  comp le te l y  r e v e r s i b l e '  and i t  concerns as much as 60 % 

o f  t h e  sp ins  a t  t h i s  temperature. Decreasing t h e  temperature,  i t s  

r e l a t i v e  impor tance i s  g r a d u a l l y  dec reas ing  due t o  t h e  thermal  
t rapping. .These obse rva t i ons  suppor t  s t r o n g l y  t h e  above developped 

image o f  decreas ing th i ckness  s u r f a c e  " c y l i n d e r "  o f  mob i l e  sp ins .  

The s t r o n g  d i p o l a r  c o u p l i n g  between p ro tons  a l l o w s  t o  overco-  

me t h i s  s p a t i a l  inhomogeneity and t o  e s t a b l i s h  a common s p i n  tem- 

p e r a t u r e  i n  t h e  whole f i b r i l .  T h i s  common s p i n  temperature i s  how- 
e v e r  e a s i l y  des t royed  by reduc ing  t h e  p r o t o n  c o n ~ e n t r a t i o n . ~  As 

homonuclear c o u p l i n g  o f  "C o r  *H i n  e n r i c h e d  samples i s  weaker, 

we can suppose t h a t  o n l y  n u c l e i  b e i n g  c l o s e  t o  o r  i n s i d e  t h e  mobi- 
l e  sp ins  c o n t a i n i n g  reg ions  r e l a x  f a s t .  Thus t h e  o b s e r v a t i o n  4./ 

t e l l s  us t h a t  t h i s  volume i s  about  30 % o f  t h e  t o t a l  volume.'' I n  
case o f  200 A t h i c k  f i b e r s ,  t h i s  corresponds t o  a 5 l a t t i c e  cons- 

t a n t s  t h i c k  mob i l e  sp ins  c o n t a i n i n g  s u r f a c e  l a y e r !  Acco rd ing  t o  
o b s e r v a t i o n  5 . / ,  n o t  a l l  t h e c h a i n s  a r e  s o l i t o n  b e a r i n g  even i n  

t h i s  volume. 
From a s t r u c t u r a l  p o i n t  o f  view, i t  i s  b e t t e r  t o  s t u d y  h i g h l y  

c r y s t a l l i n e  samples, l i k e  t h e  one o b t a i n e d  by  t h e  Durham s y n t h e s i s  
a t  120 O C 1 ' ,  b u t  i t  w o n ' t  p robab ly  c o n t a i n  moving s o l i t o n s .  We 

t h i n k  t h a t  t h e  l e s s  c r y s t a l l i n e  sample ( sma l l  f i b e r  d iameter ,  h i g h  
p r e p a r a t i o n  temperature)  may o f f e r  t h e  b e s t  chance t o  l o o k  f o r  t h e  
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(001) d i f f u s e  r e f l e c t i o n .  

means, has always been found t o  have small  t ime constants upon do- 
ping, g i v ing  the impression o f  f a s t  and homogeneous doping, wh i l e  

electrochemistry showed t h a t  the  d i f f u s i o n  o f  the dopant i n t o  the 
f i b r i l s  i s  very slow and i t  i s  near ly  impossible t o  a t t a i n  a homo- 
geneously doped mater ia l .  

I n  t h i s  paper, we proposed t h a t  many observations on trans-po- 
lyacetylene can be i n te rp re ted  as surface phenomena. The s p e c i f i c  

morphology o f  the Shirakawa (CH)x amp l i f i es  surface e f fec ts ,  which, 
i n  common s o l i d  s t a t e  physics, a re  % 10” times smal le r  than bu lk  
e f fec ts .  We argued t h a t  d i so rde r  introduced by bond a l t e r n a t i o n  de- 

fec ts  b r ings  about near ly  idea l  one dimensional cond i t ions  i n  the 
surface, which involves about 5 t o  30 % o f  the  mater ia l .  This i s  
why we be l ieve  t h a t  the physics described by the  s i n g l e  chain SSH 
model can be exper imental ly i n f e r r e d  on the  Shirakawa trans-(CH)x. 
I n  a bu lk  c r y s t a l l i n e  mater ia l ,  i n te rcha in  i n t e r a c t i o n s  should l i f t  
the degeneracy o f  the polymer’s ground state,  excluding the ex is -  
tence o f  moving so l i t ons .  The concept o f  d isordered surface was 
success fu l l y  used t o  r e i n t e r p r e t e  var ious magnetic resonance resu l -  
t s .  A more de ta i l ed  account w i l l  be publ ished elsewhere.16 

So l i t on  propert ies,  monitored e i t h e r  by magnetic o r  o the r  
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