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THE GROWTH OF ORGANIC SOLID STATE CHEMISTRY: 
A PERSONAL PERSPECTIVE 

GEORGE ADLER 
Brookhaven Na t iona l  Labora tory  

Upton, New York 11973* 

ABSTRACT: Some a s p e c t s  of t h e  development of o r g a n i c  
s o l i d  s t a t e  chemis t ry  a r e  d e s c r i b e d  from t h e  p o i n t  of view 
of one of t h e  p a r t i c i p a n t s .  

I have been asked t o  make t h i s  p r e s e n t a t i o n  on 
o r g a n i c  s o l i d  s t a t e  chemis t ry  from a h i s t o r i c a l  p o i n t  of 
view, I presume, because I am one of t h e  o l d e s t  h e r e ,  
having  su rv ived  a t  t h i s  game a long  t ime ,  and because  
t h e r e  is l i t t l e  e l s e  t h a t  a r e t i r e d  chemis t  can  do  a t  
t h e s e  mee t ings .  I t  i s  e a s i e s t  f o r  me t o  p r e s e n t  t h i s  
l i t t l e  d i s c o u r s e  from a pe r sona l  p e r s p e c t i v e ,  f o r  which I 
hope you w i l l  f o r g i v e  me. Pe r sona l  p e r s p e c t i v e  means, of 
c o u r s e ,  t h a t  I won ' t  have t o  r ead  a l l  t h e  l i t e r a t u r e  
a g a i n ,  mainly my own s t u f f .  That i s  punishment enough. 

I f i r s t  stumbled upon t h i s  l i n e  of work i n  t h e  e a r l y  
1950 ' s .  Compared t o  o u r  knowledge today  o r g a n i c  s o l i d  
s t a t e  chemis t ry  was i n  a p r i m i t i v e  s t a t e .  Large  s c a l e  
computer f a c i l i t i e s  were no t  y e t  wide ly  a v a i l a b l e .  Doing 
a s t r u c t u r e  d e t e r m i n a t i o n  by d i f f r a c t i o n  even on a r a t h e r  
sma l l  o rgan ic  molecule was s t i l l  a s i g n i f i c a n t  t a s k ,  o f t e n  
done w i t h  a mechanical c a l c u l a t o r  and Beevers-Lipson 
s t r i p s ( 1 ) .  Publ i shed  s t u d i e s  on o r g a n i c  s o l i d  s t a t e  
r e a c t i o n s  were few and f a r  between and d e a l t  mos t ly  w i t h  
t h e  chemical a s p e c t s  ( 2 ) .  K i t a i g o r o d s k i  and h i s  group had 
begun t h e i r  work on o r g a n i c  c r y s t a l  chemis t ry  ( 3 ) .  
S t u d i e s  on spec t roscopy  and energy  t r a n s f e r  i n  s o l i d s  had 
begun t o  be more f r e q u e n t ,  f u e l e d  l a r g e l y  by t h e  develop- 
ment of b e t t e r  i n s t r u m e n t a t i o n  and a n  i n t e r e s t  i n  o r g a n i c  
s c i n t i l l a t o r s  and photography. S ince  World War I1 t h e r e  
had been an i n c r e a s e  i n  i n t e r e s t  i n  t h e  e f f e c t s  of 
r a d i a t i o n  on o r g a n i c  m a t e r i a l s .  Th i s  was f u r t h e r  enhanced 
upon d i s c o v e r y  of t h e  Van Al l en  r a d i a t i o n  b e l t s  and 
concern  f o r  t h e  o rgan ic  components of s a t e l l i t e s  such  a s  
e l e c t r i c a l  i n s u l a t i o n .  However, pub l i shed  s t u d i e s  on t h e  
mechanism of o rgan ic  s o l i d  s t a t e  r e a c t i o n s  and t h e  e f f e c t  
of t h e  c r y s t a l l i n e  environment on them were few and f a r  
between. 

*Presen t  addres s :  Shoreham, New York, 11786, U.S.A. 
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2 G .  ADLER 

I n  t h e  e a r l y  5 0 ' s  s y s t e m a t i c  s t u d i e s  of o r g a n i c  s o l i d  
s t a t e  r e a c t i o n s  r ece ived  an impetus from two r a t h e r  d i s p a -  
r a t e  l i n e s  of r e s e a r c h .  One was t h e  c l a s s i c  work of 
Gerhard Schmidt and h i s  group on t h e  a n i l s ,  t h e  cha lcones  
and, p a r t i c u l a r l y ,  on t h e  s o l i d  s t a t e  d i m e r i z a t i o n  of 
cinnamic a c i d  and r e l a t e d  s u b s t a n c e s  ( 4 ) .  The r e s u l t s  of 
t h i s  s tudy  r e i n f o r c e d  t h e  b e l i e f  t h a t  t h e  cour se  of r eac -  
t i o n  and t h e  n a t u r e  and o r i e n t a t i o n  of t h e  p roduc t  
molecules  would be governed by and r e f l e c t  t h e  p o s i t i o n ,  
n a t u r e  and o r i e n t a t i o n  of t h e  r e a c t a n t  molecules  i n  t h e  
i n i t i a l  c r y s t a l ,  a r e a c t i o n  cour se  w e  now c a l l  topochemi- 
c a l .  That i dea  stems from t h e  premise t h a t  mo lecu le s  a r e  
c l o s e l y  packed and more o r  l e s s  r i g i d l y  h e l d  i n  t h e  
l a t t i c e  and t h a t  l a r g e  d e v i a t i o n s  from of t h e  geometry of 
t h e  pa ren t  c r y s t a l  would be i n h i b i t e d .  T h i s  l e d  t o  t h e  
conc lus ion  t h a t  t h e  r e a c t i v e  c e n t e r s  should  be c l o s e  
t o g e t h e r ,  no more t h a n  a c e r t a i n  maximum d i s t a n c e  a p a r t ,  
and p r o p e r l y  o r i e n t e d  i f  t h e  r e a c t i o n  is t o  be f avored  i n  
t h e  s o l i d .  Thus t h e  amount of atomic motion and d i s t o r -  
t i o n  of t h e  l a t t i c e  r e q u i r e d  by t h e  r e a c t i o n  would be 
minimized. These i d e a s  have a c e r t a i n  e l e g a n t  l o g i c  and 
i n t u i t i v e  appea l .  Th i s  approach has  been and c o n t i n u e s  t o  
be ex t remely  u s e f u l  and has  l e d  t o  much impor tan t  work. 

The second l i n e  of r e s e a r c h  d e a l i n g  w i t h  r e a c t i o n  
mechanisms, which developed independen t ly ,  had s o l i d  s t a t e  
po lymer i za t ion  a s  i ts  theme. I t  w a s  i n i t i a t e d  f o r  a 
r a t h e r  c u r i o u s  r eason .  Nuclear  power r e a c t o r s  were begin- 
n ing  t o  be impor tan t  a t  t h a t  t ime .  Reac to r s  produce 
r a d i o a c t i v e  f i s s i o n  p roduc t s .  Something had t o  be done 
w i t h  t h e s e .  One proposa l  was t o  pu t  a l l  t h a t  r ad ioac -  
t i v i t y  t o  work i n  i n d u s t r i a l  p r o c e s s i n g ,  p o s s i b l y  a s  an 
i n i t i a t o r  f o r  chemical r e a c t i o n s .  U n f o r t u n a t e l y ,  when a l l  
t h e  necessa ry  c o s t s  were accounted f o r ,  i n c l u d i n g  t h e  
r e q u i r e d  s h i e l d i n g  and p r o t e c t i o n  f o r  p e r s o n n e l ,  it proved 
t o  be an expens ive  p r o p o s i t i o n .  However, i f  a c h a i n  
r e a c t i o n  could  be i n i t i a t e d ,  t h e n  a l i t t l e  r a d i a t i o n  could  
go a long way. Thus po lymer i za t ion  s u g g e s t s  i t s e l f .  

Unfo r tuna te ly  even t h i s  approach  had problems. 
Though po lymer i za t ion  cou ld  be e a s i l y  ach ieved ,  t h e  
polymers produced i n  t h e  f l u i d  phases  g e n e r a l l y  had no 
b e t t e r  p r o p e r t i e s  t h a n  t h o s e  r e s u l t i n g  from t h e  u s u a l  
cheaper  i n i t i a t o r s .  However, i f  po lymer i za t ion  cou ld  be 
i n i t i a t e d  i n  a c r y s t a l l i n e  monomer, t h e  thought  was t h a t  
t h e  polymer i t s e l f  would be c r y s t a l l i n e  due t o  a topo- 
chemical r e a c t i o n  mechanism and would t h u s  have s u p e r i o r  
p h y s i c a l  p r o p e r t i e s .  I n i t i a t i o n  i n  c r y s t a l l i n e  s o l i d s  is 
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HISTORICAL PERSPECTIVE 3 

difficult to achieve by ordinary means. On the other 
hand, with penetrating radiation it was a simple matter to 
create free radicals. If these would initiate 
polymerization within the crystal, the result might be a 
superior product perhaps worth the cost. 

One of the early extensively studied crystalline 
monomers was acrylamide. Several papers had been pub- 
lished on the kinetics and presumed polymerization 
mechanism of this and a few other monomers. The mechanism 
was thought to be well enough understood so that, reason- 
ing backwards from a presumed topotactic mechanism, a 
crystal structure for acrylamide was proposed but never 
published. 

It was at this point I blundered into the problem. I 
was offered the job of cleaning up the problem by actually 
determining the crystal structure of acrylamide. This was 
considered to be relatively short term project and I was 
to go on afterwards to other matters. Since at the time I 
needed a job, I accepted even though it did not seem a 
very promising career. 

Soon after I started two observations were made that 
radically changed our perspective. In the radiation 
induced reactions then known, the primary chemical proc- 
esses were believed to be essentially over in a matter of 
milliseconds at most. Acrylamide was the first of a long 
list of solids we found in which the reaction could keep 
on going for months, perhaps even years, after removal of 
the material from the radiation field ( 5 ) .  This became 
known as the post irradiation effect. It created some 
interest, particularly among radiation and polymer people. 
It also threw into question much of previously determined 
kinetic data on solid state polymerization. For me it 
meant that I could observe the reaction closely without 
becoming part of the radiation experiment myself. It 
allowed the use of standard techniques without the need 
for specially designed equipment. 

The second observation was perhaps more interesting. 
When the polymerization of acrylamide was complete, what 
was left was a bit of polymer roughly the same size and 
shape as the original crystal. Strangely, it was comp- 
letely amorphous. Every monomer of the dozen or so we 
tried, including ionic compounds, yielded amorphous 
polymer. The only polymerizing ring compound I knew of at 
the time, hexamethyl-cyclotrioxane (6), also yielded a 
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4 G. ADLER 

non-crystalline polymer. It seemed to be a general 
phenomenion (5). I learned later that in the case of 
acrylamide this had been previously reported by R. B. 
Mesrobian, P. Ander, et al., (7). Unfortunately little 
attention was paid to this. 

There were now two extreme types of reaction, one the 
epitome of a topochemical process and the other seemed to 
be as far from topochemical as it was possible to get. An 
interesting problem now arose. How does it go from a 
rigid, well ordered crystal to a completely disoriented 
structure without disrupting the crystal during the 
process? To make the puzzle more acute, I first met 
Gerhard Schmidt at this time and we became aware of each 
other's work, work which seemed to produce such strangely 
disparate results. 

To shorten the story, the explanation eventually 
arrived at was that of the reaction product tended to 
nucleate as a separate phase, preferentially at defect 
sites such as dislocations (8). This was demonstrated by 
several techniques. The initiating radicals were found to 
be oriented in the crystal in a manner consistent with the 
crystal structure. The reaction, which involved going 
from the Van der Waals distance between molecules to the 
much shorter single bond length, would cause considerable 
net shrinkage, especially in the reaction direction. As 
each monomer unit was added to the growing polymer 
molecule the reactive chain end became more and more out 
of step with the surrounding lattice until the nearest 
neighbor to the active chain end was no longer in the 
originally preferred direction. Also, the amorphous 
polymer is less dense than the crystalline and therefore 
minimizes the build up of strain which could inhibit the 
process. The result was disorder and nucleation as a 
second phase. According to these ideas, the surroundings 
of the active site, even at defects, would still influence 
the reaction, largely by affecting the extent and type of 
motion possible. Furthermore, once reaction occurred at a 
given site, the environment at the site became altered to 
some extent and this would influence further reaction 
resulting in nucleation of a new phase. In this view, the 
difference between our polymerization results and the 
results of Schmidt's and other groups working with 
non-polymerization reactions was due to the fact that 
their reaction product was a particular small molecule 
which could fit more easily into the lattice and would 
normally be crystalline. With polymer, on the other hand, 
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HISTORICAL PERSPECTIVE 5 

each  r e a c t i o n  s t e p  inc reased  t h e  mismatch w i t h  t h e  s u r -  
rounding l a t t i c e .  I n  t h a t  s ense ,  t h e  e f f e c t  w a s  a d d i t i v e .  

The reason  I b r ing  up t h i s  a n c i e n t  h i s t o r y  is because 
t h e s e  r e s u l t s  proved so  unexpected t h a t  it s t i r r e d  up some 
con t rove r sy .  For a wh i l e  t h e  approaches were cons ide red  
by some workers t o  be complementary and by o t h e r s  t o  be 
compe t i t i ve .  Th i s  was f o r t u n a t e  f o r  it he lped  s t i m u l a t e  
i n t e r e s t  i n  t h e  f i e l d  and l e d  t o  much impor tan t  work. A 
s i z e a b l e  f r a c t i o n  of t h i s  work was f u e l e d  by t h e  i n t e r e s t  
s t i r r e d  up by t h e  amorphous c h a r a c t e r  of t h e  polymer and 
i t s  i n t e r p r e t a t i o n .  I ,  f o r  one, am g r a t e f u l  f o r  t h e  
con t rove r sy  because it kep t  me working i n  a f a s c i n a t i n g  
f i e l d  I might o therwise  have l e f t .  A s i z e a b l e  volume of 
v a l u a b l e  work from l a b o r a t o r i e s  around t h e  wor ld ,  n o t a b l y  
inc lud ing  ou r  h o s t s  a t  t h i s  meeting, appeared a t  t h i s  t ime 
some of which had a d i s t i n c t l y  a p p l i e d  s l a n t .  I n  t h e  
Uni ted  S t a t e s ,  bes ides  myse l f ,  f o r  l a c k  of space  and t ime 
I w i l l  mention only  t h e  group l e d  by Herber t  Morawetz ( 9 )  
which produced s i g n i f i c a n t  po lymer i za t ion  r e s u l t s .  I 
should  add t h a t  n e i t h e r  Gerhard Schmidt nor  I saw any r e a l  
c o n f l i c t .  I f e l t  t h a t  we were working a t  t h e  o p p o s i t e  
ends  of a whole spectrum of p o s s i b i l i t i e s .  Gerhard put  it 
more e l e g a n t l y ,  s ay ing  w e  w e r e  looking  a t  t h e  o p p o s i t e  
p o l e s  of t h e  a x i s  around which t h e  f i e l d  revolved .  

Meanwhile t h e  o t h e r  a s p e c t s  of o rgan ic  s o l i d  s t a t e  
chemis t ry  were f a r  from being neg lec t ed .  John  Sherwood 
was producing some i n t e r e s t i n g  r e s u l t s  on d i f f u s i o n  i n  
c r y s t a l s  (10 ) .  John Thomas publ i shed  f a s c i n a t i n g  e l e c t r o n  
microscopic  s t u d i e s  on c r y s t a l s  and t h e i r  d e f e c t s  a s  w e l l  
a s  s t u d i e s  of some r e a c t i o n  mechanisms (11). And, of 
c o u r s e ,  t h e  group a t  t h e  Weizmann I n s t i t u t e  expanded t h e i r  
work and kep t  on g e t t i n g  b e a u t i f u l  r e s u l t s  consonant w i t h  
t h e i r  o r i g i n a l  i d e a s .  

Some of t h e  ideas  on mechanism l e d  n a t u r a l l y  t o  t h e  
concept of r e a c t i o n  i n  a c a v i t y  whose s i z e  and shape  was 
de f ined  by t h e  sur rounding  molecules  whether a t  a d e f e c t  
s i t e  o r  i n  t h e  i n t a c t  l a t t i c e .  I had sometimes p i c t u r e d  
it a s  r e a c t i o n  i n  a cage wi th  s l i g h t l y  e l a s t i c  w a l l s  and 
w i t h  l i m i t e d  f r e e  space .  I b e l i e v e  t h i s  t o  be a develop- 
ment of t h e  o l d e r  concept of t h e  cage r e a c t i o n  which had 
been used t o  e x p l a i n  c e r t a i n  a s p e c t s  of r a d i a t i o n  and 
photochemis t ry .  These i d e a s  were made more e x p l i c i t  by 
Mendel Cohen ( 1 2 )  and g iven  a more q u a n t i t a t i v e  form by 
Gavezzo t t i  ( 13 ) .  McBride, a t  Yale,  began t o  produce h i s  
b e a u t i f u l  s t u d i e s  d e f i n i n g  t h e  motion r e q u i r e d  and t h e  
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6 G .  ADLER 

r o l e  of s t r a i n  development i n  t h e  cour se  of some of t h e  
r e a c t i o n s  ( 1 4 ) .  

J u s t  when it was beginning t o  look  a s  i f  no t r u l y  
s p e c i a l  polymer would e v e r  be produced by s o l i d  s t a t e  
po lymer iza t ion ,  along came t h e  work of Gerhard Wegner and 
o t h e r s  on t h e  d i a c e t y l e n e s  (15) .  Not on ly  were t h e  
polymers b e a u t i f u l l y  c r y s t a l l i n e ,  t h e y  seemed t o  f i t  w e l l  
w i t h i n  t h e  pa ren t  l a t t i c e .  They a l s o  had f a s c i n a t i n g  
e l e c t r o n i c  p r o p e r t i e s .  Somewhat p r i o r  t o  t h i s ,  t h e  f i r s t  
of t h e  h igh ly  conducting charge  t r a n s f e r  complexes were 
found ( 1 6 ) .  These l i t e r a l l y  opened up a whole new hor i zon  
i n  s o l i d  s t a t e  chemis t ry  and phys ic s  and brought about  an 
exp los ion  of t h e o r e t i c a l  and exper imenta l  work. I n  
a d d i t i o n ,  it opened up t h e  p o s s i b i l i t y  of many new 
a p p l i c a t i o n s  i n  t h e  e l e c t r o n i c ,  photo-copying and s i m i l a r  
f i e l d s .  This  work grew r a p i d l y ,  an expansion t h a t  i s  
s t i l l  con t inu ing  and producing s u r p r i s e s .  T h i s  f i e l d  
a lone  grew l a r g e  enough f o r  i ts  own s p e c i a l i z e d  meet ings .  

A t  t h e  same time t h e  o l d e r  l i n e s  of r e s e a r c h  on s o l i d  
s t a t e  r e a c t i o n  mechanisms cont inued  t o  deve lop .  From t h e  
embryonic s t a g e  of t h e  5 0 ' s  we have come f a r  and f a s t .  
The advances i n  in s t rumen ta t ion ,  t h e o r y ,  d i f f r a c t i o n  t ech -  
n iques  and computer f a c i l i t i e s  have enabled  u s  t o  do 
t h i n g s  we could only  dream of back t h e n .  I b e l i e v e  we now 
have reasonably  secu re  founda t ions  on which t o  s t a r t  
b u i l d i n g  comprehensive t h e o r i e s  of r e a c t i v i t y  and e l e c -  
t r o n i c  p r o p e r t i e s .  We have come f a r  enough s o  t h a t  we can  
even speak of c r y s t a l  eng inee r ing  and a c t u a l l y  have it 
mean something. P o s s i b l e  a p p l i c a t i o n s  t o  i n d u s t r y ,  b io-  
medical r e s e a r c h  and s p e c i a l  s y n t h e t i c  methods have 
appeared and con t inue  t o  appear .  Organic s o l i d  s t a t e  
chemis t ry  began t o  a c q u i r e  more of an i n t e r d i s c i p l i n a r y  
n a t u r e .  

Back i n  1965, I v i s i t e d  Schimidt i n  I s r a e l .  I n  my 
d i s c u s s i o n s  w i t h  him, he brought up t h e  i d e a  of ho ld ing  an 
i n t e r n a t i o n a l  conference  on t h e  o rgan ic  s o l i d  s t a t e .  We 
knew of no p rev ious  meet ings  devoted t o  t h e  o r g a n i c  s o l i d  
s t a t e  except  f o r  a group of annual one day seminars  
organized  a t  t h e  F rank l in  I n s t i t u t e  by Mort Labes.  I 
agreed t o  t h e  i d e a  provided t h a t  t h e  meeting encompass t h e  
whole spectrum of o rgan ic  s o l i d  s t a t e  work and t h a t  it be 
l i m i t e d  i n  s i z e  so t h a t  t h e  p a r t i c i p a n t s  from t h e  v a r i o u s  
d i s c i p l i n e s  could  g e t  t o  know each  o t h e r .  We d i d  n o t  want 
a l a r g e  meeting wi th  p a r a l l e l  s e s s i o n s  which would only  
d e f e a t  ou r  purposes .  The f i r s t  meeting was he ld  i n  1968 
a t  Brookhaven Nat iona l  Labora tory  under t h e  j o i n t  
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HISTORICAL PERSPECTIVE 7 

sponsorship of t h e  l abora to ry  and t h e  S t a t e  U n i v e r s i t y  of 
N e w  York a t  Stony Brook. I had t h e  honor of being both 
t h e  chairman and t h e  e d i t o r  of t h e  proceedings of t h a t  
meeting (17) .  The r e s u l t s  seemed promising enough t o  
warrant  f u r t h e r  meetings.  We a r e  now a t  t h e  e i g h t h  of t h e  
s e r i e s  w i th  t h e  promise of more t o  come. I b e l i e v e  they  
have had cons ide rab le  value i n  promoting t h e  f i e l d .  

I t  seems t o  me t h a t  organic  s o l i d  s t a t e  chemistry is 
a d i s c i p l i n e  t h a t  has y e t  t o  reach f u l l  m a t u r i t y .  
Although important groundwork has been l a i d ,  t h e  f i e l d  is 
s t i l l  open. A s  t h i s  conference shows new d i s c o v e r i e s  a r e  
c o n s t a n t l y  being r epor t ed .  Our understanding of r e a c t i o n  
mechanisms has  grown enormously. S tud ie s  r e l e v a n t  t o  
e l e c t r o n i c s ,  biology and medicine, s y n t h e t i c  o rgan ic  
chemistry,  cont inue t o  appear.  Having watched t h e  growth 
of t h i s  f i e l d  f o r  over about 35 y e a r s ,  I f e e l  conf iden t  
t h a t  we can look forward t o  an i n t e r e s t i n g  f u t u r e .  

There a r e  many a spec t s  of o rgan ic  s o l i d  s t a t e  
chemistry I haven ' t  mentioned and many workers i n  t h i s  
f i e l d  I should have. I t  wasn't  f o r  l apse  of memory 
d e s p i t e  my age. Time and space forbade it. Had I done 
so,  t h i s  l i t t l e  d i scour se  would have been twice a s  long 
and t h r e e  t imes a s  boring.  I can on ly  apologize t o  those  
I haven ' t  mentioned and who made so many important 
c o n t r i b u t i o n s  t o  t h e  s u b j e c t .  

When I f i r s t  s t a r t e d  out  i n  t h i s  f i e l d ,  I had a 
l a b o r a t o r y  next  t o  t h a t  of some more t r a d i t i o n a l  s o l i d  
s t a t e  p h y s i c i s t s .  I w a s  p o l i t e l y  informed t h a t  I w a s  
wast ing my time on t h e  organic  s o l i d s .  They were t o o  
complicated,  t o o  unsymmetrical, t o o  d i f f i c u l t  f o r  u s e f u l  
t heo ry  o r  c a l c u l a t i o n s .  I would be b e t t e r  o f f ,  I was 
t o l d ,  s t i c k i n g  t o  simple s o l i d s  such a s  germanium o r  
sodium c h l o r i d e  where t h e r e  was a t  l e a s t  a chance of doing 
something u s e f u l .  N o  one has presumed t o  make such a 
s ta tement  t o  me for many yea r s .  Organic s o l i d  s t a t e  
chemistry has  become a we l l  recognized important f i e l d .  
I t  i s  s t i l l  a developing f i e l d  wi th  even g r e a t e r  promise 
f o r  t h e  f u t u r e .  I am proud t o  have been a p a r t  of i t  and 
t o  have made whatever c o n t r i b u t i o n  I could.  Now t h a t  I am 
r e t i r e d  and can look back a t  i t ,  I can say it has  been a 
rewarding c a r e e r  a f t e r  a l l .  D
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