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PREFACE

In  a tte m p tin g  t o  r e c o n s tru c t  a p ic tu r e  o f  th e  emergence o f  m acro- 

m olecu lar ch e m is try , I  have focussed  my in v e s t ig a t iv e  e f f o r t s  on th e  

s c i e n t i f i c  work and a c t i v i t i e s  o f  Hermann S ta u d in g e r , W allace Hume 

C a ro th e rs , and t h e i r  re s e a rc h  groups in  Germany and th e  U nited  S t a t e s .

The r o le s  o f th e  two s c i e n t i s t s  and t h e i r  schoo ls  were i r r e f u ta b ly  

c e n tr a l  to  th e  t h e o r e t i c a l ,  p r a c t i c a l ,  and i n s t i t u t i o n a l  foundations o f  

t h i s  new f i e l d  o f  chem ical sc ie n c e  d u ring  th e  in te rw a r  p e rio d . Not only  

does t h i s  study  d e s c r ib e  t h e i r  t h e o r e t i c a l  developm ent, b u t i t  a ls o  aims 

to  i l lu m in a te  and c o n tr a s t  th e  s c i e n t i f i c  e n te r p r i s e  o f  th e  two founders 

from v a rio u s  a n g le s , such as t h e i r  s c i e n t i f i c  p e r s o n a l i t i e s ,  s ty le s  in  

ch em is try , and th e  p e c u l ia r  i n s t i t u t i o n a l  and s o c ia l  m ilieu x  in  which 

th ey  pursued  t h e i r  s c ie n c e . In  t h i s  r e s p e c t ,  I  hope th a t  th is 'c o m p a ra ­

t i v e  study  sheds l i g h t  on c o n tr a s t in g  c h a r a c te r i s t i c s  between German and 

American sc ie n c e  in  th e  e a r ly  tw e n tie th  c e n tu ry  as w e ll .

Many people  a t  th e  U n iv e rs ity  o f  Oklahoma have a id ed  in  com pleting  

t h i s  d i s s e r t a t io n .  I  w ish to  express my deep g r a t i tu d e  to  my m ajor 

p ro fe s s o r  Mary Jo  Nye (A sso c ia te  P ro fe sso r  o f  th e  H is to ry  o f  S cience) 

fo r  h e r c a re f u l  re a d in g  o f  t h i s  t e x t  and fo r  h e r  c o n s tru c tiv e  c r i t i c i s m ,  

d i r e c t io n ,  and con tinuous encouragem ent. To Kenneth L. Taylor (A sso c ia te  

P ro fe sso r  o f  th e  H is to ry  o f  Science  and th e  Chairman o f  th e  Department 

o f  th e  H is to ry  o f  S c ie n c e ) , I  owe a g re a t  deb t f o r  h is  prompt comments
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and h e lp fu l  s u g g e s tio n s . The o th e r  members o f  my com m ittee , Thomas M. 

Smith (P ro fe sso r  o f  th e  H is to ry  o f  S c ie n c e ) , David B. K i t t s  (P ro fe s so r  

o f  th e  H is to ry  o f  S c ie n c e ) , S teven  J .  L ivesey (A s s is ta n t  P ro fe s s o r  o f 

th e  H isto ry  o f  S c ie n c e ) , and R obert A. Nye (P ro fe sso r  o f  H is to r y ) ,  a lso  

gave me u s e fu l  comments from  which I  have b e n e f i t t e d .  I  am v e ry  g r a te f u l  

t o  Duane H. D. R o lle r  (P ro fe s s o r  o f  th e  H is to ry  o f  S c ience  and th e  

C urator o f th e  H is to ry  o f  S cience  C o lle c tio n s )  and M arcia M. Goodman 

(L ib ra r ia n  o f  th e  H is to ry  o f  Science and Rare Book C o lle c tio n s  and A ss is ­

t a n t  P ro fe sso r  o f  B ib lio g rap h y ) fo r  t h e i r  v a lu a b le  a s s is ta n c e  w h ile  

c a rry in g  out my d o c to ra l  r e s e a rc h  in  th e  H is to ry  o f  S c ience  C o lle c tio n s  

a t  th e  U n iv e rs ity  o f  Oklahoma. With th e  f r ie n d ly  h e lp  o f  th e  p e rso n n e l 

o f  th e  Chem istry L ib ra ry  a t  th e  U n iv e rs ity  o f  Oklahoma, I  was a b le  to  

c o n su lt a la rg e  amount o f  chem ical l i t e r a t u r e  p u b lish e d  betw een th e  

n in e te e n th  cen tu ry  and th e  f i r s t  h a l f  o f  t h i s  c e n tu ry . I  have th e  

p le a s a n t duty  o f  acknow ledging th e  p e rso n a l support and encouragem ent o f  

M arilyn O gilv ie  (A s s is ta n t  P ro fe s s o r  o f  N a tu ra l S c ie n c e , Oklahoma B a p tis t  

U n iv e rs ity )  and my fe llo w  g rad u a te  s tu d e n ts  in  th e  Departm ent o f  th e  

H is to ry  o f S cience  a t  th e  U n iv e rs i ty  o f  Oklahoma.

S p e c ia l th an k s  a re  due to  th e  Department o f  H is to ry  o f  S cience a t 

th e  U n iv e rs ity  o f  Oklahoma fo r  g ra n tin g  me a G raduate A s s is ta n ts h ip  

d u rin g  my d o c to ra l  s tu d y . The t r a v e l  and re s e a rc h  g ra n ts  from th e  Gradu­

a te  C ollege a t  th e  U n iv e rs i ty  o f  Oklahoma and from th e  E le u th e r ia n -M ills  

Hagley Foundation enabled  me to  examine a  r ic h  s to r e  o f  un p u b lish ed  

sources on C aro thers  and th e  Du Pont Company a t  th e  E le u th e r ia n  M ills  

H is to r ic a l  L ib ra ry  i n  W ilm ington, D elaw are, in  th e  s p r in g  o f  1982. In  

t h i s  c o n n ec tio n , I  would l i k e  to  exp ress  my thanks to  R ichard  R. W illiam s



(D ire c to r  o f  th e  E le u th e r ia n  M ills  H is to r i c a l  L ib ra ry ) and th e  E le u th e r ia n  

M ills  L ib ra ry  s t a f f  f o r  t h e i r  c o rd ia l  a s s is ta n c e  and su p p o rt. I  am a ls o  

g r a te f u l  to  F ra n c is  E. Parsons (L ib ra r ia n  o f th e  L a v o is ie r  L ib ra ry , E. I .  

du Pont de Nemours and Company) fo r  a llo w in g  me access to  th e  C aro the rs  

F i l e  a t  th e  L a v o is ie r  L ib ra ry  in  th e  Du Pont E xperim enta l S ta t io n ,  and 

to  A deline B. C. S tran g e  in  W ilm ington, who lo an ed  me h e r c o l le c t io n  o f  

C a ro th e rs ' l e t t e r s  and m an u scrip ts  in  which I  was e s p e c ia l ly  in te r e s t e d .

As l iv in g  w itn e s s e s , Herman F. Mark (Dean E m eritu s , P o ly te c h n ic  I n s t i t u t e  

o f  New Y ork), J u l i a n  W. H i l l ,  and G erard  J .  B erchet p rov ided  me in v a lu a b le  

in fo rm a tio n  about S ta u d in g e r , C a ro th e rs , and t h e i r  own ex p e rien c e s  in  

th e  1920s and th e  1930s th ro u g h  my in te rv ie w s  w ith  th e se  polym er c h e m is ts . 

To th o se  who gave me k in d  ad v ice  and a s s is ta n c e  re g a rd in g  r e s e a rc h  

m a te r ia ls ,  I  owe p a r t i c u l a r  th a n k s . They a re  J e f f r e y  L. S tu rc h io  (A ss is ­

t a n t  P ro fe sso r  o f th e  H is to ry  o f  S c ien c e , New J e rs e y  I n s t i t u t e  o f  Tech­

n o lo g y ), John K. Smith (Ph.D. c a n d id a te  in  th e  H is to ry  o f  T echnology, 

U n iv e rs i ty  o f  D elaw are), John W. Servos (A s s is ta n t  P ro fe sso r  o f th e  

H is to ry  o f  S c ien c e , P r in c e to n  U n iv e r s i ty ) ,  George Wise (H is to r ia n ,

G eneral E le c t r ic  Company), and Claus P r ie s n e r  (H is to r ia n , D eutsches 

Museum, M unich).

For German and French q u o ta tio n s  in  t h i s  d i s s e r t a t i o n ,  I  have used  

a v a ila b le  E n g lish  t r a n s la t io n s  when, in  my judgm ent, th ey  were s a t i s f a c ­

t o r y .  The rem ain ing  t r a n s la t io n s  from  fo re ig n  lan g u ag es , th o se  fo r  

which no p u b lish e d  so u rces  a re  c i t e d ,  a re  my own. My a p p re c ia t io n  i s  due 

t o  T ibor J .  Herezeg (P ro fe s so r  o f  Astronomy, U n iv e rs ity  o f  Oklahoma), 

f o r  h is  m eticu lo u s re a d in g  o f  my t r a n s la t io n s  from German passages  and 

fo r  h is  h e lp f u l  s u g g e s tio n s .
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F in a l ly ,  I  w ish to  ex p ress  an e s p e c ia l  thanks to  my p a re n ts ,  

Yoshiko and Masatoyo Furukawa, f o r  t h e i r  u n d e rs ta n d in g , encouragem ent, 

and e n d le ss  a f f e c t io n .
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INTRODUCTION

The emergence o f  m acrom olecular c h e m is try , th e  chem istry  o f  macro­

m olecules or la rg e  m o lecu le s , marks an epoch in  th e  h i s to r y  o f  tw e n tie th -  

cen tu ry  sc ie n c e . New concep tions in h e re n t in  t h i s  f i e l d  have n o t only 

expanded th e  th e o r e t i c a l  and m ethodo log ica l o u tlo o k  o f  chem ical s c ie n c e , 

bu t a ls o  have p rov ided  b ases  f o r  th e  grow th o f  new s c ie n c e s ,  n o tab ly  mole­

c u la r  b io lo g y  and m o lecu la r p h y s ic s . The p r a c t i c a l  a sp e c ts  o f  t h i s  sc ience  

a re  e s p e c ia l ly  f a m il ia r  to  th e  p u b lic ;  s y n th e t ic  f i b e r s ,  s y n th e t ic  ru b b ers , 

a n d .a  wide v a r ie ty  o f  p l a s t i c s ,  on which our modem c u ltu re  has come to  

depend, stem  from a p p lic a t io n s  o f th e  ch em istry  o f  m acrom olecules.

D esp ite  i t s  s ig n if ic a n c e  in  modern s c i e n t i f i c  developm ent, th e  

h i s to r y  o f  t h i s  f i e l d  has n o t y e t re c e iv e d  adequate  a t t e n t io n  from h i s t o r ­

ia n s  o f  s c ie n c e . G eneral tex tbooks on th e  h i s to r y  o f  modern chem istry  

have g iven  few re fe re n c e s  to  t h i s  s u b je c t .  Some o f  them , which b a re ly  

cover t h i s  s c ie n c e , have t r e a te d  m acrom olecular sc ien ce  a t  b e s t  sim ply as 

a  b ranch  o f  i n d u s t r i a l  o r  a p p lie d  c h e m is try .^  While only  re c e n tly  a few 

works have thrown l i g h t  on some a sp ec ts  o f  th e  h i s to r y  o f  t h i s  s p e c ia l ty ,

a  f u l l - s c a l e  study  r e f l e c t i n g  th e  whole p ic tu r e  o f  th e  e a r ly  development
2o f  t h i s  s c i e n t i f i c  d i s c ip l in e  has no t appeared  th u s  f a r .

This p re se n t study  seeks th o rough ly  to  expound d e t a i l s  o f  th e  emer­

gence o f  m acrom olecular chem istry  between 1920 and th e  m id-19^ 0s ,  and to  

f i l l  th e  v o id  in  h i s t o r i c a l  s c h o la rsh ip . S p e c ia l emphasis i s  p laced  upon

1



th e  s c i e n t i f i c  work and a c t i v i t i e s  o f  th e  German c h e m is t, Hermann S taud in ­

g e r  (1881- 1965) ,  and th e  American c h e m is t, W allace Hume C aro th e rs  ( 1896-  

1937 ) ,  b o th  o f  whom l a i d  a  la rg e  p r o t io n  o f  .th e  t h e o r e t i c a l  and p r a c t i c a l  

fo u n d a tio n s  o f  t h i s  f i e l d .  In  i n t e l l e c t u a l ,  s o c ia l ,  and in d iv id u a l  dimen­

s io n s ,  I  s h a l l  examine and c o n tr a s t  th e  o r ig in s  and developm ent o f  t h e i r  

s c i e n t i f i c  th o u g h t, and i l lu m in a te  th e  way in  which th e y  and t h e i r  German 

and American fo llo w e rs  e le v a te d  t h e i r  working f i e l d  in to  a  new branch o f 

chem ical sc ien ce  tow ard  th e  19^0s.

M acrom olecular chem istry  i s  a  s u b je c t-b a s e d  f i e l d  o f  s c ie n c e , 

s in c e  i t  d e a ls  w ith  a  c la s s  o f  su b s tan ces  w ith  s p e c ia l  p r o p e r t ie s  (such  as 

c o l lo id a l  phenomena in  s o lu t io n  and f ib ro u s n e s s  o r  e l a s t i c i t y  in  th e  s o l id  

s t a t e ) .  The su b s tan ces  now a re  o f te n  c a l le d  h igh  polym ers and a re  exemp­

l i f i e d  by ru b b e r , c e l l u lo s e ,  p r o te in s ,  s ta r c h ,  r e s i n s ,  and numerous syn­

t h e t i c  polym ers. In  a narrow er s e n s e , th e  f i e l d  f a l l s  w ith in  a branch 

(a lth o u g h  an im portan t b ranch) o f  o rg an ic  c h e m is try , s in c e  th e  la rg e  

m a jo r i ty  o f  th e  h ig h  polym er c la s s  b e longs to  o rgan ic  compounds. However, 

t h i s  i s  not to  say t h a t  m acrom olecular ch em istry  a ro se  m erely  as a conse­

quence o f th e  c u l t iv a t io n  o f  an unexp lo red  a re a  o f  ig n o ra n c e . R a th e r, i t  

emerged from a fundam ental rec o n c e p tio n  o f  e x is t in g  o b je c ts  o f  in q u iry .^

C hapter I  i s  devo ted  to  an exam ination  o f  co n c ep tu a l developm ents 

in  th e  study  o f one c la s s  o f  su b s tan ces  from th e  n in e te e n th  cen tu ry  th rough  

th e  1920s. Because o f  t h e i r  p e c u l ia r  p r o p e r t ie s ,  b io lo g ic a l  s ig n i f ic a n c e ,  

and p r a c t i c a l  u t i l i t y ,  n a tu r a l  p ro d u c ts  such as ru b b e r , c e l lu lo s e ,  and 

p r o te in s  drew much a t t e n t io n  from s c i e n t i s t s  du ring  th e  p rev io u s  c e n tu ry . 

W ith in  th e  framework o f  n in e te e n th -c e n tu ry  c h e m is try , th e s e  compounds were 

i d e n t i f i e d  as "polym ers" in  which th e  m olecule  i s  b u i l t  up from th e



re c u rre n c e  o f  th e  same atom ic g ro u p s . Yet th e r e  were marked d if f e re n c e s  

o f  view s on th e  c o n s t i tu t io n  o f  polym ers among s c i e n t i s t s .  Throughout 

t h i s  s tu d y , I  s h a l l  i l l u s t r a t e  th e  d iv e rg e n t p o in ts  o f  view in  l i g h t  o f  

two t r a d i t i o n s  em bracing d i s t i n c t  approaches to  polym eric su b s ta n c e s .

One o f  th e s e  t r a d i t i o n s  i s  what we may c a l l  th e  p h y s ic a l i s t  t r a d i t i o n ,  as 

re p re s e n te d  by th e  c o l lo id  d o c tr in e  o f  Wolfgang Ostwald and i t s  o f f s p r in g , 

th e  s o - c a l le d  ag g reg a te  th e o ry  o f  c o l lo id a l  s u b s ta n c e s . A ccording to  t h i s  

v iew , po lym eric  compounds a r e  th e  p h y s ic a l  a g g re g a te s  o f  sm all m olecu les 

h e ld  to g e th e r  by c e r t a in  p h y s ic a l  fo rc e s  ; c o l lo id a l  p a r t i c l e s  in  a  so lu ­

t io n  a re  an example o f  th e s e  a g g re g a te s . The p h y s ic a l i s t s  h e ld  t h a t  th e  

s p e c ia l  p r o p e r t ie s  o f  th e s e  compounds, such as t h e i r  c o l lo id a l  n a tu re ,  

cou ld  be s u f f i c i e n t l y  ex p la in ed  in  term s o f  m a tte r  and fo rc e s .  T h is view 

re c e iv e d  s tro n g  su p p o rt in  s c i e n t i f i c  c i r c l e s  d u r in g  th e  e a r ly  decades o f 

t h i s  c e n tu ry .

The o th e r  t r a d i t i o n  we w i l l  c a l l  th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n ,  

which c la im ed  th a t  th e  p h y s ic a l  and chem ical p r o p e r t ie s  o f  t h i s  c la s s  o f 

compounds can b e s t  be u n d e rs to o d  in  term s o f  th e  i n te r n a l  s t r u c tu r e  o f th e  

o rg an ic  m o lecu le . Rooted i n  th e  s t r u c tu r a l  th e o ry ,  which was developed  in  

th e  second h a l f  o f  th e  n in e te e n th  cen tu ry  by August Kekule and o th e r s ,  

t h i s  approach became th e  b a s ic  p r in c ip le  o f  o rg an ic  ch em is try . The p o ss ib ­

i l i t y  o f  l a r g e  m olecu les fo r  polym ers was assumed by s e v e ra l  c h e m is ts , 

in c lu d in g  Kekule h im s e lf ,  w i th in  t h i s  o r g a n ic - s t r u c tu r a l  t r a d i t i o n . ^

The s t r u c tu r a l  approach  to  o rg an ic  compounds cu lm ina ted  in  th e  

work on p ro te in s  by Emil F is c h e r  a t  B e r lin  around th e  tu rn  o f  th e  c e n tu ry . 

However, in  e x p la in in g  th e  c h a r a c t e r i s t i c s  o f  po lym ers, th e  s t r u c tu r a l  

chem ist F is c h e r  em phasized th e  in te r n a l  g e o m e tric a l arrangem ent o f  atoms



in  th e  m olecule r a th e r  th a n  th e  la rg e  numbers o f  atom s. A cco rd ing ly , 

o rgan ic  chem ists fo llow ed  h is  c la im  th a t  compounds o f a m o lecu la r weight 

h ig h e r  th an  5,000 m ight n o t e x i s t .  The e a r l i e r  concept o f  la r g e  m olecules 

was th u s  d isc a rd ed  as su p e rf lu o u s  w ith in  th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n .  

The a g g reg a te  th e o ry  o f  polym ers g ra d u a lly  came to  p r e v a i l  among chem ists , 

.and  th e  p h y s ic a l i s t  t r a d i t i o n  appeared  triu m p h an t in  s c i e n t i f i c  academic 

c i r c l e s  in  th e  1920s .

C hapter I I  ana ly zes  th e  o r ig in s  and developm ent o f  S ta u d in g e r 's  

m acrom olecular th eo ry  and th e  complex n a tu re  o f  th e  m acrom olecular debate 

d u rin g  th e  1920s. In  th e  e a r ly  1920s, r e j e c t i n g  th e  w idespread  aggregate  

th e o ry , S tau d in g er proposed  h is  th e o ry , acco rd in g  to  which polym ers a re  

composed o f  very  lo n g -c h a in  m olecules o r  M akrom olekule. C oncep tually  and 

m e th o d o lo g ic a lly , he belonged  to  th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n .  In  

h i s  view , c o l lo id a l  p a r t i c l e s  a re  them selves m acrom olecules w hich a re  made 

up o f  even m illio n s  o f  atoms l in k e d  to g e th e r  by "Kekule" v a le n c e  bonds, in  

accordance w ith  K ekule ' s s t r u c tu r a l  th e o ry . Hence, th e  s tu d y  o f  c o llo id s  

i s ,  he i n s i s t e d ,  a  b ran ch  o f  o rg an ic  c h e m is try , and no t a p a r t  o f  p h y s ic a l 

o r  c o l lo id  ch em is try . His argum ents soon evoked s tro n g  o p p o s itio n s  among 

h is  co n te m p o ra rie s , in c lu d in g  no t only  p h y s ic a l  ch em is ts , c o l lo id  chem ists , 

and p h y s ic i s t s ,  b u t a lso  o rg an ic  ch em is ts , b i o lo g i s t s ,  and X -ray c r y s ta l -  

lo g ra p h e rs . In  th e  ensu ing  decade, S ta u d in g e r , along  w ith  h is  s tu d e n ts  

a t  Z u rich  and F re ib u rg , sought to  e s ta b l i s h  ex p erim en ta l ev idence  fo r  the  

e x is te n c e  o f  m acrom olecules, S ta u d in g e r 's  ev idence depended on p u re ly  

o rg an ic -ch em ica l m ethods, w hereas h is  opponents defended th e  ag g reg a te  

th e o ry  on th e  b a s is  o f  p h y s ic a l  methods such as th e  X-ray d i f f r a c t i o n s .

The i s s u e  came to  no r e s o lu t io n  fo r  th e  tim e  b e in g .
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Here ag a in , th e  polem ics la r g e ly  p re s e n t  a  p ic tu r e  o f  c o n f l i c t  

betw een th e  o r g a n ic - s t r u c tu r a l  approach and th e  p h y s ic a l i s t  approach .

The m acrom olecular deb a te  co n tin u ed  u n t i l  th e  m iddle o f th e  1930s when 

S ta u d in g e r ' s concept met w ith  s ig n i f ic a n t  accep tan ce , owing p a r t i c u l a r l y  

to  C a ro th e rs ’ work on th e  mechanism o f  p o ly m e riz a tio n . The v ic to r y  o f  

th e  m acrom olecular th e o ry  meant th e  trium ph o f  th e  s t r u c tu r a l  t r a d i t i o n  

over th e  p h y s ic a l i s t  sc h o o l. The conclud ing  s e c t io n  o f C hapter I I  w i l l  

e la b o ra te  t h i s  p o in t and s t r e s s  th a t  th e r e  w ere , however, some im p o rtan t 

d i f f e re n c e s  in  h is  concept from  th e  c l a s s i c a l  s t r u c tu r a l  approach and 

F i s c h e r 's  v iew s. In  e x p la in in g  p ro p e r t ie s  o f  compounds, S ta u d in g e r  d id  

d e p a r t  from th e  c l a s s i c a l  concep t o f m o lecu la r s t r u c tu r e .  He cla im ed  

t h a t  p h y s ic a l  and chem ical p r o p e r t ie s  o f  polym ers a re  no t on ly  de te rm ined  

by th e  i n te r n a l  s t r u c tu r e  o f  th e  m olecule b u t more s ig n i f ic a n t ly  by i t s  

e x te r n a l  s t r u c tu r e ,  such as i t s  la rg e  s iz e  and shape—a f a c e t  which c la s ­

s i c a l  o rg an ic  chem istry  had n o t embraced. I t  was th is  p o in t  o f  d e p a r tu re  

from th e  t r a d i t i o n a l  s t r u c t u r a l  approach t h a t  enab led  him to  e s t a b l i s h  so 

f irm ly  th e  m acrom olecular v iew , in  c o n tr a s t  t o  th e  n in e te e n th -c e n tu ry  id ea  

o f  la r g e  m olecules th a t  e a r l i e r  had been dropped from th e  o r g a n ic - s t r u c t ­

u r a l  t r a d i t i o n .

C hapter I I I  in v e s t ig a te s  C a ro th e rs ' e d u c a tio n a l background and th e  

American c o n te x t o f  polymer s tu d ie s  b e fo re  h i s  tim e . I t  exam ines, as 

w e l l ,  th e  d e ta i l s  o f C a ro th e r s ' s tudy  o f  polym ers and p o ly m e riz a tio n  a t  

Du F o n t 's  E xperim ental S ta t io n  in  W ilm ington, Delaw are, betw een 1928 and 

1937. In  a l l  l ik e l ih o o d , C aro th e rs  adopted  S ta u d in g e r 's  m acrom olecular 

concept th rough  h is  rea d in g  o f  German p ap e rs  around 1927, when he was a 

H arvard i n s t r u c to r .  As an o rg an ic  c h e m is t, he shared  w ith  S ta u d in g e r



th e  s t r u c tu r a l  approach to  polymers h u t developed  h is  study  in to  a  d i f ­

f e r e n t  d i r e c t io n .  A c lo s e  exam ination o f  h i s  background shows th a t  th e re  

were no d i r e c t  t i e s  between C aro thers and S tau d in g e r or h is  German sch o o l. 

Recent h i s t o r i c a l  l i t e r a t u r e  on th e  emergence o f  American sc ie n c e  has 

focussed  a t te n t io n  on th e  tra n sm iss io n  o f  German s c i e n t i f i c  d i s c ip l in e s  

in to  th e  U nited  S ta te s ,  A common p a t te r n  f o r  t h i s  mechanism i s  th a t  Amer­

ica n  s tu d e n ts  who were t r a in e d  a t  German u n iv e r s i t i e s  im ported  a  newly 

emerging s p e c ia l ty ,  founding  re se a rc h  sch o o ls  in  American u n i v e r s i t i e s .

The r i s e  o f American m acrom olecular ch em istry  does no t f i t  w ith  t h i s  con­

v e n tio n a l p a t te r n .^

With no background in  German chem ical ed u ca tio n  from which many 

e a r l i e r  g e n e ra tio n s  o f  American chem ists had b e n e f i t t e d ,  C aro thers  was a 

p roduct o f  American p ragm atic  ed u ca tio n  under Roger Adams im m ediately 

a f t e r  World War I .  Here we f in d  c lu e s  fo r  u n d e rs ta n d in g  C a ro th e rs ' s ty le  

in  ch em istry  and h is  approach to  m acrom olecules, which s h a rp ly  c o n tra s t  

w ith  th o se  o f  S ta u d in g e r . C a ro th e rs ' approach to  polym ers was c h a ra c te r ­

i s t i c a l l y  s y n th e t ic ,  in  c o n tr a s t  to  S ta u d in g e r 's  a n a ly t ic  approach . 

C aro thers  was concerned  w ith  th e  fo rm atio n  p ro cess  o r mechanism o f g ia n t 

m o lecu les , w h ile  S tau d in g e r was p r im a rily  concerned w ith  th e  a n a ly s is  o f  

f i n a l  p ro d u c ts . Thus, C a ro th e rs ' re s e a rc h  program  a t  Du Pont was no t a 

mere im p o rta tio n  o r e x te n s io n  o f  th e  S ta u d in g e r  sc h o o l; h is  approach depar­

te d  from th a t  o f  h i s  German c o u n te rp a r t from th e  o u ts e t  o f  h i s  re s e a rc h . 

This h e lp s  e x p la in  why American r e s e a rc h , th rough  C a ro th e rs ' work, now 

re c ip ro c a te d  Germany's t r a d i t i o n a l  c o n tr ib u tio n s  to  American chem istry .

His s tu d y  had a f re s h  and new impact on German chem ical c i r c l e s .

The p u b lic  image o f C aro thers  as th e  in v e n to r  o f  s y n th e t ic  f ib e r ,



ny lon , and o f s y n th e t ic  ru b h e r , neoprene, has o f te n  overshadowed th e  r o le  

o f  h is  t h e o r e t i c a l  work on m acrom olecnles. In  what fo llow s in  C hapter I I I ,  

an a n a ly s is  o f  th e  nylon  d isco v e ry  (1931-1935) by h is  group i s  g iv en  in  

o rd e r  to  show how h is  t h e o r e t i c a l  study  le d  to  a  p r a c t i c a l  a p p lic a t io n  

w ith in  th e  framework o f  th e  Du Pont c o rp o ra tio n . E v id e n tly , ny lon  was an 

u n fo re se en  consequence o f  C a ro th e rs ' own b a s ic  r e s e a rc h . I t  was th e  

Company's d e l ib e r a te  e f f o r t s  t h a t  c re a te d  th e  i n d u s t r i a l i z a t i o n  o f  m acro- 

m o lecu lar sc ie n c e  in  a rem arkably  sh o rt p e r io d . In  tu r n ,  th e  ny lon  adven­

tu r e  tu rn e d  ou t to  be a  f u l l - s c a l e  t e s t  which proved  th e  v a l i d i t y  o f  h is  

th e o ry  o f  co n densa tion  polym ers. C a ro th e rs ' m acrom olecular s y n th e s is  

convinced h i s  co n tem p o ra rie s , in c lu d in g  German c h e m is ts , o f  th e  macromole- 

c u la r i t y  o f  polym eric su b s tan ces  as w e ll as th e  g re a t  p o s s ib i l i t y  o f  

a p p lic a t io n s  in  t h i s  f i e l d .

C hapter IV d e sc r ib e s  th e  Faraday S o c ie ty  m eeting  h e ld  in  1935 in  

Cambridge, which marked th e  end o f  th e  decade-long  co n tro v e rsy  betw een 

m acrom olecular and a g g re g a te  th e o ry , and i l lu m in a te s  th e  r o le s  o f  S ta u d in -  

g e r 's  German schoo l and C a ro th e rs ' c i r c l e  fo r  th e  emergence o f macromole­

c u la r  ch em istry  as a new s c i e n t i f i c  s p e c ia l ty  tow ard  th e  p e rio d  o f  World 

War I I .  Thanks to  th e  two i n i t i a t o r s ,  S ta u d in g e r  and C a ro th e rs , Germany 

and th e  U n ited  S ta te s  won p a r t i c u l a r l y  e a r ly  re c o g n i t io n  fo r  t h i s  chem ical 

s c ie n c e . B u t, as su g g ested  e a r l i e r ,  S ta u d in g e r 's  schoo l a t  Z u rich  and 

F re ib u rg  and C arothers* W ilmington schoo l e x h ib i t  a  s t r i k in g  c o n tr a s t  in  

c h a ra c te r .  W hile th e  focus h e re  i s  on th e  a n a ly s is  o f  i n s t i t u t i o n a l  and 

s o c ia l  s e t t in g s  in  which s c i e n t i s t s  in te r a c te d ,  my d isc u s s io n  n e c e s s a r i ly  

in c lu d e s  p e rso n a l f a c to r s  in  th e  l iv e s  o f  th e  two le a d e rs  o f  th e  macromole­

c u la r  schoo ls  (such as s c i e n t i f i c  p e r s o n a l i t ie s  and le a d e rs h ip  c h a ra c te r -
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i s t i c s ) ,  which a f f e c te d  th e  o rg a n iz a t io n a l  modes o f t h i s  sc ie n c e  in  Ger­

many and America. The c h a rism a tic  German p ro fe s s o r ,  S ta u d in g e r  used 

every  means a t  h i s  d i s p o s a l ,  th rough  a la r g e  number o f  advanced s tu d e n ts  

and P r iv â t  D ozenten, h i s  l e c t u r e s ,  and h i s  c o n tro l  o f  p u b l ic a t io n  o u t l e t s ,  

to  p ro p ag a te  m acrom olecular ch em istry  in  th e  German chem ical community.

H is i n t e r e s t  rem ained p r im a r i ly  in  pure  s c ie n c e , and a p p lie d  re se a rc h  was 

n o t w ith in  th e  scope o f  h i s  im m ediate re s e a rc h  program . The impact o f  the  

S ta u d in g e r  schoo l on in d u s try  was le s s  d i r e c t  th an  on academ ic c i r c l e s .

In  c o n tr a s t  to  th e  c h a r is m a tic  le a d e r  S ta u d in g e r , C aro the rs  se rved  as a man o f  

id e a s  in  Du F o n t 's  r e s e a rc h  o rg a n iz a tio n . While working w ith  a  modest 

number o f  co -w orkers, th e  i n d u s t r i a l  r e s e a rc h e r  C aro thers  d id  no t t r a i n  

s tu d e n ts ,  u n lik e  th e  u n iv e r s i ty  man S ta u d in g e r . Yet under h is  in f lu e n c e , 

th e r e  emerged th e  f i r s t  g e n e ra tio n  o f  polym er chem ists in  American u n iv e r­

s i t i e s ,  who in c lu d e d  P a u l J .  F lo ry  and C a rl S. M arvel. American macro­

m o le c u la r  ch e m is try , w hich f i r s t  stemmed from a fundam ental re se a rc h  p ro ­

gram in  in d u s try ,  was th u s  e s ta b l is h e d  as a s c i e n t i f i c  d i s c ip l in e  in  

academ ia by th e  19^0s. The postw ar p e rio d  saw th e  U nited  S ta te s  runn ing  

ahead bo th  acad em ica lly  and in d u s t r ia l ly ,  in  p r o d u c t iv i ty  o f  polymer 

r e s e a rc h .

In  th e  c o n c lu s io n , a  few rem arks w i l l  be made concern ing  th e  emer­

gence o f  m acrom olecular chem istry  in  re g a rd  to  th e  two m ajor th e se s  in  

t h i s  s tu d y  , nam ely, th e  r o le  o f  co n cep tio n s  in  th e  developm ent o f  chem ical 

s c ie n c e  and th e  i n te r a c t io n s  betw een c h e m is try , in d u s try ,  and so c ie ty  

w hich marked e a r ly  tw e n tie th -c e n tu ry  sc ie n c e .
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zur G rosse und S tru k tu r  d e r  Makromoleküle (Weinheim; D e e rf ie ld  Beach, 
F lo r id a ;  and B ase l: V erlag  Chemie, 198C ). The American co n tex t o f  po ly­
mer ch em is try  and C a ro th e rs ' work has not been f u l ly  s tu d ie d . The e a r ly  
h is to r y  o f  m acrom olecular chem istry  has been b r i e f l y  o u t l in e d  by p ra c t i t io n ­
e r s  o f  t h i s  f i e l d  in  t h e i r  p e rso n a l r e c o l le c t io n s  o r rev iew s: Hermann
S ta u d in g e r , A rb e itse rin n eru n g en  (H eide lberg : Dr. A lfre d  H ilthig V erlag
GmbH., 1961) ,  e s p e c ia l ly  pp. 77-93; W allace Hume C aro th e rs , "Polym eriz­
a t i o n ,"  Chem. Reviews, 8 (1931): 353-426; P au l F lo ry , P r in c ip le s  o f  Poly­
mer C hem istry  ( I th a c a ,  New York: C o rn e ll U n iv e rs i ty  P re s s , 1953), pp. 3-
28 ; Frank C. McGrew, " S tru c tu re  o f S y n th e tic  High Polym ers," J .  Chem.
Educ. ,  35 (1958 ) : 178- 186 ; Herman F. Mark, "Polym ers—P a s t ,  P re s e n t ,
F u tu re ,"  in  Polymers (P roceed ings o f  th e  R obert A. Welch F oundation  Con­
fe re n c es  on Chemical R esea rch , X), ed . W. 0. M illig a n  (H ouston, Texas:
The R obert A. Welch F oundation , 1967) : 19-43 ; "The E a rly  Days o f  Polymer
S c ien c e ,"  J .  Chem. Educ. ,  50 (1973): 757-760; "Polymer C hem istry : The
P ast 100 Y e a rs ,"  Chem. Eng. News, 54 (1976), no . 15: 176- I 89 ; "Polymer
Chem istry in  Europe and America—How I t  A ll  Began," J .  Chem. Educ. ,  58 
(1981) :  527-534; C arl S. M arvel, "The Development o f  Polymer Chem istry
in  America—E a rly  D ays," i b i d . : 535-539; G. A llan  S ta h l ,  e d . .  Polymer
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Chemical S o c ie ty , I 98I ) ; and Raymond B. Seymour, e d . .  H is to ry  o f  Polymer 
Science and Technology (New York and B ase l: M arcel Dekker, I n c . ,  1982).

3
The f i e l d  o f  m acrom olecular chem istry  i s  now more o f te n  c a lle d  

polymer ch em is try  in  E n g lish -sp ea k in g  c o u n tr ie s ,  s in c e  polymers a re  known 
to  be m acrom olecular compounds. The term  polym er, as w i l l  be d isc u sse d
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below , has been used s in c e  th e  p rev io u s  c e n tu ry , and n in e te e n th -c e n tu ry  
chem ists  d id  study  polym ers such as ru b b e r , c e l lu lo s e ,  and p r o te in s .  But 
th ey  were no t "polym er chem ists"  in  th e  sen se  t h a t  we use  th e  term  to d ay . 
A f te r  th e  rec o n c e p tio n  o f  polymers as m acrom olecules in  th e  f i r s t  h a l f  o f 
t h i s  c e n tu ry , th e  chem istry  o f  polymers became id e n t ic a l  w ith  th e  chemis­
t r y  o f  m acrom olecules. In  o rd e r  to  a v o id  co n fusion  in  te rm in o lo g y , I  
adopt in  t h i s  study  S ta u d in g e r 's  o r ig in a l  te rm  fo r  t h i s  f i e l d ,  macromole­
c u la r  chem istry  (m akrom olekulare Chemie) , which indeed  rem ains s t i l l  
v a l id .

S im ila r  c o n c ep tu a l c o n fro n ta tio n s  e x is te d  in  v a rio u s  phases o f 
developm ent o f chem ical s c ie n c e , b io lo g y , and p h ilo so p h y . H is to r ia n s  o f 
s c ie n c e  have examined th e  c o n f l ic t s  betw een "mechanism" and "m a te ria lism "  
in  e ig h te e n th -c e n tu ry  Newtonianism (S c h o f ie ld ) ,  between "chem ical t r a d i ­
t io n "  and " p h y s ic a l i s ts "  in  e ig h te e n th -c e n tu ry  chem istry  and m a tte r  th eo ­
r i e s  (T hackray), betw een "m echan istic  m a te ria lism "  and " h o l i s t i c  m a te r i­
a lism "  in  e a r ly  tw e n tie th -c e n tu ry  physio logy  (A lle n ) , and betw een "chemi­
c a l  t r a d i t i o n "  and " p h y s ic a l i s t  t r a d i t i o n "  in  e a r ly  tw e n tie th -c e n tu ry  
p h y s ic a l  chem istry  (S e rv o s ) . Robert E. S c h o f ie ld , M ech^ism  and M a te ri­
a lism : B r i t i s h  N a tu ra l Philosophy in  an Age o f  Reason (P r in c e to n , New
J e rs e y :  P r in c e to n  U n iv e rs i ty  P re s s , 1970); A rnold Thackray, Atoms and
Powers: An Essay on Newtonian M atte r Theory and th e  Development o f  Chem­
i s t r y  (Cambridge. M assach u se tts : H arvard U n iv e rs ity  P re s s ,  1970); G arland
E. A lle n , L ife  Science  in  th e  T w entieth  C entury  (New York, London, Sydney, 
and T oronto! John W iley & Sons, I n c . ,  1975); John W. S e rv o s, "P h y s ic a l 
C hem istry in  Am erica, 1890-1933: O rig in s , Growth, and D e f in i t io n s ,"
(Ph.D . d i s s e r t a t io n ,  Johns Hopkins U n iv e rs i ty , 1979); and "A D is c ip l in a ry  
Program  That F a i le d :  W ilder D. B ancro ft and th e  Jo u rn a l o f  P h y s ic a l  Chem­
i s t r y , 1896- 1933,"  I s i s , 73 (1982) :  207- 232 . Of c o u rse , my dem arcation  
betw een o r g a n ic - s t r u c tu r a l  and p h y s ic a l i s t  t r a d i t i o n s  i s  a  r e l a t i v e  d i s ­
t i n c t i o n .  None o f  S ta u d in g e r ' s con tem poraries  would have claim ed to  be 
one-hundred p e rc e n t w ith in  a  s o -c a l le d  " o rg a n ic - s t r u c tu r a l"  t r a d i t i o n  
n o r one-hundred p e rc e n t w i th in .a  s o -c a l le d  " p h y s ic a l i s t"  t r a d i t i o n .  While 
re s e a rc h e rs  in  th e  polymer f i e l d  o f te n  openly  ex p ressed  t h e i r  p o s i t io n s  
one way o r  a n o th e r , however, i t  i s  c le a r  t h a t  th e re  was much d ivergence  
o f  o p in io n  w ith in  each t r a d i t i o n .

^C f. ,  e . g . , M argaret W. R o s s i te r ,  The Emergence o f  A g r ic u l tu ra l  
S c ien ce : Ju s tu s  L ieb ig  and th e  A m ericans, I 8UO-I88O (New Haven, Connec­
t i c u t ;  and London: Yale U n iv e rs ity  P r e s s ,  1975); Owen Hannaway, "The
German Model o f  Chemical E ducation  in  Am erica: I r a  Remsen a t  Johns Hopkins
( 1876- 1913 ) , "  Ambix, 23 ( 1976) :  11+5-161:; R. G. A. Dolby, "The Case of 
P h y s ic a l  C hem istry ,"  in  P e rsp e c tiv e s  o f  th e  Emergence o f  S c i e n t i f i c  D is­
c ip l in e s , ed s . G erard Lemaine, Roy MacLeod, M ichael Mulkay, and P e te r  
W eingart (The Hague and P a r is :  Mouton; Chicago: A ld in e , 1976); "The
T ransm ission  o f  Two New S c ie n t i f i c  D is c ip l in e s  from Europe to  N orth  Amer­
ic a  in  th e  L ate  N in e teen th  C en tury ,"  Annals o f  S c ience , 3I: (1977): 287-
310; John W. S ervos, "P h y s ic a l Chem istry in  A m erica"; R obert S. K ohler,
From M edical Chem istry to  B iochem istry : The Making o f  a  B iom edical D isc ip ­
l in e  , ( Cambridge, London, New York, New R o c h e lle , M elbourne, and Sydney: 
Cambridge U n iv e rs ity  P re s s ,  1982); and George W ise, " lo n i s t s  in  In d u s try :  
P h y s ic a l Chem istry a t  G eneral E le c t r i c ,  19OO-I915 ,"  I s i s ,  j h  (1983 ) : 7- 21 .



CHAPTER I

BACKGROUND: THE RISE AND DECLINE OF THE CONCEPT OF

LARGE MOLECULES IN CLASSICAL ORGANIC CHEMISTRY

C hem istry , d e a lin g  w ith  th e  n a tu re  and changes o f  m a t te r ,  was 

bo th  i n t e l l e c t u a l l y  and i n s t i t u t i o n a l l y  a d i s t i n c t  and r a p id ly  m aturing  

sc ie n c e  in  th e  n in e te e n th  c e n tu ry . One o f  th e  most rem arkab le  f e a tu re s  

o f  t h i s  development was th e  growth o f  o rg an ic  ch em is try . The o u tlo o k  o f 

o rg an ic  chem istry  went th rough  a s e r i e s  o f  d r a s t i c  changes th ro u g h o u t th e  

co u rse  o f  th e  c e n tu ry . Organic c h e m is try , d u rin g  th e  f i r s t  h a l f  o f th e  

n in e te e n th  c e n tu ry , was e s s e n t ia l ly  a n a ly t ic ;  p r a c t i t io n e r s  o f  t h i s  f i e l d  

devo ted  them selves t o  i s o l a t i n g  o rg an ic  s u b s ta n c e s , to  d e te rm in in g  t h e i r  

co m p o sitio n , and to  in v e s t ig a t in g  t h e i r  p r o p e r t ie s .  Toward th e  second 

h a l f  o f  th e  c e n tu ry , o rg an ic  chem ists w ere s h i f t i n g  t h e i r  em phasis from 

th e  com position  to  th e  s t r u c tu r e  o f  m o le c u le s . S t ru c tu ra l  r e p r e s e n ta t io n  

o f  m olecu les became a  le a d in g  approach t o  th e  problem  o f su b s tan ces  

a s s o c ia te d  w ith  o rg an ic  o r ig in s .  Chemical v i ta l i s m  l o s t  i t s  wide popula­

r i t y  in  th e  m iddle o f  th e  c e n tu ry , as ch em ists  embarked on th e  a r t i f i c i a l  

s y n th e s is  o f numerous o rg an ic  compounds from  in o rg a n ic  su b s ta n c e s , u sh e r­

in g  in  th e  epoch o f  o rg an ic  s y n th e s is .  Through t h i s  t r a n s i t i o n ,  o rgan ic  

ch em istry  expanded i t s  d e f in i t io n  from th e  ch em is try  o f p ro d u c ts  in h e re n t 

in  l iv i n g  th in g s ,  such as p la n ts  and a n im a ls , t o  th e  chem istry  o f carbon

11
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compounds.

Some t h e o r e t i c a l  e lem en ts , which shaped th e  emergence o f  th e  macro­

m o lecu lar th e o ry ,  can be seen  in  t h i s  n in e te e n th  c e n tu ry  c o n te x t .  Such 

concep ts  as po lym ers, p o ly m e riz a tio n , and c o l lo id s  a ro se  d u rin g  t h i s  p e rio d  

from v a r io u s  phases o f  in v e s t ig a t io n s  in  th e  domain o f  o rg an ic  ch em is try . 

Chem ists ex tended  t h e i r  in q u i r ie s  in to  th e  e lu c id a t io n  o f  th e  s t r u c tu r e  

and p r o p e r t ie s  o f a c la s s  o f  o rg an ic  su b s tan ces  w ith  c o l lo id a l  n a tu re ,  

now known as h ig h  po lym ers, in c lu d in g  ru b b e r , c e l lu lo s e ,  s t a r c h ,  p r o te in s ,  

and s y n th e t ic  po lym ers. The p o s s ib i l i t y  o f  v e ry  la rg e  m olecu les f o r  

th e s e  compounds was su g g ested  by a number o f  s c i e n t i s t s  w ith in  th e  fram e­

work o f  o rg an ic  s t r u c tu r a l  ch em is try . However, th e  concept d isa p p e a re d  

from th e  main s tream  o f  s c ie n c e  in  th e  e a r ly  p a r t  o f  th e  tw e n tie th  cen­

t u r y ,  when s t r u c tu r a l  chem ists  began to  doubt th e  e x is te n c e  o f  th e  b ig  

m olecu les and when th e  ag g re g a te  th e o ry  o f  c o l l o id a l  su b s tan ces  f lo u r i s h ­

ed . C onsequen tly , th e  i n te r p r e ta t io n  o f  polym ers and p o ly m e riz a tio n  was 

b rough t in to  a s ta g e  o f  r a d ic a l  change in  chem ical c i r c l e s .

In  t h i s  c h a p te r ,  I  s h a l l  examine th e  e a r ly  developm ent o f  polymer 

chem istry  s in c e  th e  n in e te e n th  c en tu ry  th ro u g h  th e  1920s—around th e  

tim e o f  S ta u d in g e r  and C a ro th e rs—in  o rd er t o  i l lu m in a te  th e  r i s e  and 

d e c lin e  o f  th e  la rg e -m o le c u la r  concept in  th e  l i g h t  o f  changing view s 

and approach in  c l a s s i c a l  o rg an ic  ch em is try .

Polymers, C ollo ids, and the Concept o f Large Molecule

The te rm  "polym er" o r ig in a te d  in  th e  work o f  th e  Swedish ch em is t, 

Jons Jacob B e rz e liu s  (1779-18^8), who rec o g n ize d  th e  e x is te n c e  o f  com­

pounds w ith  th e  same p ro p o r t io n a te  com position  bu t hav ing  d i f f e r e n t  num­

b e rs  o f  c o n s t i tu e n t  atom s. In  1833 he proposed  th e  name "po lym eric"
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(p o ly m erisch e , from th e  Greek itoXvSj many) f o r  such compounds, d i f f e r e n ­

t i a t i n g  th e  id e a  from  h i s  n o tio n  o f " iso m eric"  ( iso m e risc h e , from th e  

Greek ùoopepns, composed o f  e q u a l p a r t s )  w hich d e s ig n a te d  th e  case  o f 

compounds w ith  th e  same com positions and th e  same number o f  atoms bu t

h av in g  d i f f e r e n t  p r o p e r t ie s .  The examples he gave were o l e f i a n t  gas
2 U fi

(CH as he p u t i t )  and F a ra d a y 's  v o l a t i l e  o i l  "W einol" (C H ) . These a re

p o ly m eric , f o r  th e  r e l a t i v e  number o f carbon  and hydrogen atoms i s  th e

same, b u t th e  a b so lu te  number d i f f e r e n t .  The d if f e re n c e  in  t h e  p ro p e r t ie s

o f  th e s e  su b s tan ces  was th e r e fo r e  a t t r i b u t e d  to  th e  d i f f e r e n c e  in  th e

a b s o lu te  number o f  th e  c o n s t i tu e n t  a tom s.^  B e rz e l iu s ' polym er concept

was soon b ro u g h t in to  th e  g e n e ra l use o f  n in e te e n th -c e n tu ry  ch em is try .

Thus, in  a w e l l - c i r c u la te d  chem ical d ic t io n a r y  o f  th e  l8 6 0 s , "Bodies a re

s a id  to  be polym eric  when th e y  have th e  same p e rcen tag e  com p o sitio n , bu t

d i f f e r e n t  m o lecu la r w e i ^ t s ;  th e  d e f i n e s  f o r  exam ple. . .

E ncyclopedic  w r i t e r s ,  such as Leopold Gmelin (1788- I 853) ,  com piled  l i s t s
3

o f  many exam ples o f  po lym eric  compounds around th e  m iddle o f  th e  cen tu ry .

In  h i s  p a p e r , "L iq u id  D iffu s io n  A pp lied  to  A n a ly s is ,"  p u b lish ed  

in  1861 in  th e  P h ilo s o p h ic a l  T ran sa c tio n s  o f  th e  Royal S o c ie ty , London, 

th e  S c o t t i s h  chem ist Thomas Graham ( I 805- I 869 ) r e p o r te d  t h a t  c e r ta in  

n a tu r a l ly -o c c u r r in g  po lym eric  su b s tan ces  in  s o lu t io n  showed a  p e c u lia r  

b e h a v io r , nam ely, an e x trem e ly  slow o r even n e g l ig ib le  r a t e  o f  d if fu s io n  

th ro u g h  membranes such as  parchm ent. He w ro te , "The co m p ara tiv e ly  ' f ix e d ' 

c la s s ,  as re g a rd s  d i f f u s io n ,  i s  re p re s e n te d  by a d i f f e r e n t  o rd e r  o f chem­

i c a l  s u b s ta n c e s , marked o u t by th e 'a b s e n c e  o f  th e  power to  c r y s t a l l i z e ,  

which a re  slow in  th e  e x trem e ."  He c a l le d  such  su b stan ces  " c o l lo id s "

(from  th e  Greek koXXo, g lu e ) ,  as d is t in g u is h e d  from " c r y s ta l lo i d s ,"  th a t
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i s ,  norm al su b s tan ces  t h a t  can e a s i l y  c r y s t a l l i z e  and possess  a  h ig h  d i f -  

f u s i b i l i t y .  C ry s ta l lo id s  and c o l lo id s ,  he s t a t e d ,  "appear l ik e  d i f f e r ­

en t w orlds o f  m a t t e r . I n  Graham 's view , th e  c o l lo id  p r o p e r t ie s  have 

much to  do w ith  th e  in tim a te  m o lecu la r c o n s t i tu t io n  o f  c o l lo id s .  F u r th e r ­

more, he reco g n ized  t h a t  such c o l lo id a l  su b s tan ces  have a h ig h  degree  o f  

polym eric c o n s t i tu t io n :

The e q u iv a le n t o f  a  c o l lo id  appears to  be alw ays h ig h , a lth o u g h  
th e  r a t i o  betw een th e  e lem en ts o f  th e  su b s tan ce  may be s im p le . Gum- 
mic a c id ,  f o r  in s ta n c e ,  may be  re p re s e n te d  by C22H11O22 , b u t ju d g in g  
from  th e  sm all p ro p o rtio n s  o f  lim e and p o ta sh  which s u f f ic e  to  n e u tra ­
l i z e  t h i s  a c id ,  th e  t r u e  numbers o f  i t s  fo rm ula  must be s e v e ra l  tim es  
g r e a te r .  I t  i s  d i f f i c u l t  to  avo id  a s s o c ia t in g  th e  in e r tn e s s  o f  c o l ­
lo id s  w ith  t h e i r  h igh  e q u iv a le n ts ,  p a r t i c u l a r l y  where th e  h i ^  number 
appears to  be a t ta in e d  by th e  r e p e t i t io n  o f  a  sm a lle r  number. The 
in q u iry  su g g e sts  i t s e l f  A e th e r  th e  c o l lo id  m olecule  may n o t be con­
s t i t u t e d  by th e  group ing  to g e th e r  o f  a number o f  sm a lle r  c r y s t a l l o id  
m o lecu le s , and w hether th e  b a s is  o f  c o l l o id a l i t y  may no t r e a l l y  be 
t h i s  com posite c h a ra c te r  o f  th e  m olecule.®

Graham, how ever, su sp ec ted  t h a t  c o l lo id s  r e p re s e n te d  a s t a t e  o r c o n d itio n

of m a tte r  : t h e  same su b s tan ces  can e x is t  in  a  c r y s t a l l o id a l  o r c o l lo id a l

s t a t e .  As he b e lie v e d , " in  n a tu re  th e re  a re  no a b ru p t t r a n s i t i o n s ,  and
Y

. . . d i s t i n c t io n s  o f  c la s s  a re  n e v e r  a b s o lu te ."  For t h i s  rea so n ,

Graham assumed th a t  th e  " c o l lo id  m olecule" m ight be made up o f  many 

sm a lle r  c r y s t a l l o id  m o lecu les .

Toward th e  second h a l f  o f  th e  n in e te e n th  c e n tu ry , o rg an ic  chem ists 

were s h i f t in g  t h e i r  emphasis from  chem ical com position  to  m olecu lar con-^ 

s t i t u t i o n .  A f te r  a p e r io d  o f  co n fu sio n  in  th e  use o f  te rm ino logy  and 

d isc u s s io n s  a t  th e  K arlsru h e  Congress ( th e  f i r s t  in te r n a t io n a l  chem ical 

congress h e ld  in  i 860) ,  chem ists  a r r iv e d  a t  a g e n e ra l  agreem ent on th e
g

d i s t i n c t io n  betw een atoms and m o lecu les . T h e re a f te r ,  o rgan ic  chem istry  

became p r im a r i ly  th e  sc ie n c e  which d e a ls  w ith  th e  m o lecu le , th e  s m a lle s t
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p o r tio n  o f  a  substance  capab le  o f  e x is t in g  in d ep en d en tly  and r e ta in in g  

th e  p r o p e r t ie s  o f  th e  o r ig in a l  su b s ta n c e . O rganic r e a c tio n s  ta k e  p la c e  

a t  th e  m olecu lar l e v e l .  M olecules were ta k e n  as th e  e n t i t y  from which 

stemmed a l l  chem ical and p h y s ic a l  p r o p e r t ie s  and w ith  Tdiich o rg an ic  chem­

i s t s  p r im a r i ly  ought t o  b e  concerned. The concept o f  isom erism , which 

B e rz e liu s  had proposed as e a r ly  as th e  l8 3 0 s , in d ic a te d  t h a t  p r o p e r t ie s  

o f  m a tte r  depend no t on ly  on i t s  com position  b u t a lso  on th e  arrangem ent 

o f  th e  c o n s ti tu e n t  atoms in  th e  m olecule. The key to  th e  u n d e rs ta n d in g  

o f  d i s t i n c t  p ro p e r t ie s  o f  o rg an ic  substances  now appeared to  l i e  in  th e  

e lu c id a t io n ■o f  th e  i n t e r n a l  s t r u c tu r e  o f  th e  c a rb o n -ric h  o rg an ic  m olecu les.

In  1858 th e  German o rg an ic  ch em is t, F r ie d r ic h  August Kekule 

( 1829- 1896 ) proposed some im portan t p r in c ip le s  concern ing  th e  a r c h i te c ­

tu r e  o f  o rgan ic  m olecu les: one p r in c ip le  was th a t  carbon i s  t e t r a v a l e n t

o r  o f  f o u r fo ld  s a tu r a t in g  c a p a c i ty ;  a n o th e r , t h a t  atoms o f  carbon can
g

combine to g e th e r ,  form ing carbon-carbon  l in k s .  This s o -c a l le d  valency

th e o ry , in  which no e x p la n a tio n  was g iven  fo r  th e  cause o f  th e  v a len ce

fo rc e s ,  as he th o u g h t, p ro v id ed  a new p ic tu r e  o f  th e  co n n ec tio n  o f  atoms

in  a m olecule . He w rote l a t e r  t h a t .

Die e in ze ln en  Atome e in e r  M olekel s te h e n  n ic h t a l l e  m it a l l e n  o rd er 
a l l é  m it einem in  V erbindung, ,1edes h a f t  e t  v ielm ehr nur an einem 
o rd e r  an wenigen Hachbaratomen, so w ie i n  d e r  K ette  G lied  an G lied  
s ic h  r e i h t .iu

From th e  valency  concept fo llow ed  th e  s t r u c tu r a l  th e o ry  acco rd in g  to  

which th e  p ro p e r t ie s  o f  carbon compounds depend on th e  arrangem ent o f  th e  

atoms in  th e  organ ic  m olecule  more than  on th e  k inds o f  component a to m s .^  

I f  one a c cep ts  K ekule',s th e o ry , th e . q u e s tio n  o f  how many atoms 

can be combined in  one m olecule o ccu rs . Kekule h im se lf  d id  n o t p la c e  any 

upper l im i t  on m olecu lar s iz e .  Indeed, th e r e  was no reaso n  to  deny th e
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p o s s i b i l i t y  o f very  la r g e  m olecules in  which th e  atoms a re  l in k e d  to g e th ­

e r  by  th e  Kekule bond. In  18TT he rem arked:

. . . e in  b e t r a c h t l i c h  g ro sse  Anzahl von E inzelm olekeln  s ic h  durch 
m ehrw erthige Atome zu n e tz -  und, wenn man so sagen  w i l l ,  schwammarti- 
gen Massen v e re in ig e n  konne, um so je n e  d e r D iffu s io n  w id ers treb en d en  
M olecularm assen zu erzeugen , d ie  man, nach Graham's V o rsch lag , a ls  
c o l lo id a l  b e z e ic h n e t .12

Although Kekule d id  not c a r ry  h is  argument any f u r th e r ,  th e  p o s s i b i l i t y

o f  th e  fo rm ation  o f  a  g ia n t  chem ical s t r u c tu r e  o f  Graham's " c o l lo id a l

m olecu le" seemed im p l ic i t  in  h is  s t r u c t u r a l  scheme.

K ekule' s su g g e s tio n  o f  ve ry  la rg e  m olecules was employed by a few 

c o n tem p o ra rie s , in c lu d in g  h is  c o lle ag u e  Eduard F r ie d r ic h  W ilhelm P flü g e r  

( 1829- 1910) . These g ia n t  m o lecu les, P f lü g e r  assumed, may compose th e  

"elem en ts o f th e  form" (Form elelem ente) o f  l iv in g  o r g a n i s m s . K e k u l e  

e x h ib i te d  a c a u tio u s  a lth o u g h  a p p re c ia t iv e  a t t i t u d e  tow ard P f lü g e r 's  

id e a s  : "Es h ie s s e  in d esse n  den Boden des T h a tsa c h lic h e n  a l lz u s e h r  v e r la s -

s e n , w oU te  man d e r a r t ig e  S pecu la tionene  schon j e t z t  we i t e r  v e rfo lg e n .

Follow ing B e rz e l iu s ' d e f in i t io n  o f  polym erism , th e  n o tio n  o f  

p o ly m e riz a tio n  was in tro d u c e d  in  th e  s y n th e s is  o f  po lym eric compounds in  

th e  second h a l f  o f  th e  c e n tu ry , th e  epoch o f  th e  la b o ra to ry  s y n th e s is  o f 

o rg a n ic  su b s ta n c e s . In  i 860 , th e  French m aste r o f  o rg an ic  s y n th e s is ,  

M a rc e llin  P ie r re  Eugene B e r th e lo t (182T-190T), c a l le d  "polym eric t r a n s ­

fo rm atio n "  ( t ra n s fo rm a tio n  polym erique) th e  conversion  r e a c t io n  o f  c e r ta in  

compounds (such  as s ty re n e )  to  t h e i r  p o l y m e r i d e s . L i k e w i s e ,  s e v e ra l  

c a se s  o f  po lym eric tra n s fo rm a tio n  were r e p o r te d  by th e  end o f  th e  n in e ­

te e n th  c e n tu ry , and chem ists  commonly r e f e r r e d  to  t h i s  p ro cess  as "poly­

m e r iz a tio n "  d e s ig n a t in g  a union o f  two o r more m olecules (o f  th e  same 

k in d )  to  form la r g e r  m o l e c u l e s . T h e  p o ly m e riz a tio n  p ro d u c ts , n o tab ly
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th o se  p rep a re d  under d r a s t ic  c o n d it io n s ,  e x h ib i te d  p r o p e r t ie s  co rrespond ­

in g  t o  Graham 's c o l lo id s .  They were g e la t in o u s  and co u ld  n e i th e r  be c ry ­

s t a l l i z e d  from  s o lu t io n  nor d i s t i l l e d  w ith o u t decom position . Dubbed 

"g rease  c h e m is try ,"  th e  study  o f  th e s e  su b s tan ces  d id  not th e n  always 

a t t r a c t  p r a c t i t io n e r s  o f o rgan ic  c h e m is try , s in c e  th e s e  p ro d u c ts  d id  n o t 

respond t o  th e  e s ta b l is h e d  methods fo r  i s o l a t i o n ,  p u r i f i c a t i o n ,  and a n a l­

y s i s —th e  methods t h a t  h e a v ily  r e l i e d  on c r y s t a l l i z a t i o n  o r d i s t i l l a t i o n .

A f te r  1880 , th e  p o s s ib i l i t y  o f  la r g e  m olecules was d isc u sse d  

o f te n  in  th e  l i g h t  o f  m o lecu lar w e i ^ t  measurements o f n a tu r a l ly -o c c u r r in g  

polym ers. In  1882 F ranço is-M arie  R aou lt (183O-I9O I), P ro fe s s o r  o f  Chem­

i s t r y  a t  th e  U n iv e rs i ty  o f  G renob le , dem onstra ted  t h a t  th e  d e p re ss io n  o f

th e  f re e z in g  p o in t  o f  a  s o lu t io n  was in  p ro p o rtio n  to  th e  m o lecu lar con-

17c e n tr a t io n  o f  th e  d is s o lv e d  su b s ta n c e . His s tu d y  le d  t o  th e  e s t a b l i s h ­

ment o f  th e  f i r s t  q u a n t i ta t iv e  method f o r  d e te rm in in g  th e  m o lecu lar 

w eights o f  su b s ta n c e s  in  s o lu t io n s .  Soon, chem ists employed R a o u lt 's  

method to  measure th e  m olecu lar w eigh ts  o f  c o l lo id a l  s u b s ta n c e s , o b ta in ­

ing  s u r p r i s in g ly  h ig h  v a lu e s . For exam ple, as e a r ly  as 1888 th e  E n g lish  

chem ists H orace T a rb ere r  Brown (18U8-1925) and George H a rr is  M orris 

(1858- 1902 ) r e p o r te d  to  th e  Chemical S o c ie ty , London:

The a p p l ic a t io n  o f  t h i s  new method to  s ta r c h ,  and to  th e  non- 
c r y s t a l l i s a b l e  p ro d u cts  o f i t s  t ra n s fo rm a tio n , s o lu b le  s ta r c h ,  th e  
d e x tr in s  and m a lto -d e x tr in , seemed f u l l  o f  p rom ise , s in c e  chem ists 
a re  s t i l l  d iv id e d  in  t h e i r  o p in io n s  as to  th e  t r u e  n a tu re  o f  th e s e  
confounds, and as to  w hether th e  d i f f e re n c e s  in  th e  p r o p e r t ie s  o f  th e  
d e x tr in s  a re  such as to  j u s t i f y  th e  view  t h a t  th e y  a re  p o ly m eric , o r , 
on th e  o th e r  hand , compounds hav in g  th e  same m o lecu la r w e ig h t, b u t  
d i f f e r in g  in  c o n s t i tu t io n .

C e r ta in  d i f f i c u l t i e s  h av e , how ever, a r is e n  a t  t h i s  s ta g e  o f  our 
in q u iry , owing to  th e  very  h ig h  m o lecu la r w e i ^ t  which th e s e  su b s ta n c ­
es e v id e n t ly  p o sse s s . As a  r e s u l t  o f  t h i s ,  th e  f r e e z in g  p o in t  o f 
even v e ry  s tro n g  s o lu tio n s  i s  d e p re sse d  to  such a  sm all e x te n t as to  
ren d e r  i t  n e c e s sa ry , b e fo re  we can a s s ig n  any app rox im ate ly  a c c u ra te
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n u m erica l v a lu e  to  our r e s u l t s , t o  de te rm ine  th e  l im i t s  o f  e r r o r  o f 
th e  m ethod, which m a n ife s tly  in c re a s e  w ith  th e  m o lecu la r w eight o f 
th e  s u b s ta n c e . We h av e , however, convinced  o u rse lv e s  t h a t  th e  mole­
c u la r  com plex ity  o f  th e s e  compounds i s  v e ry  g re a t  in d ee d , and we hope 
t o  l a y  c e r t a in  r e s u l t s  b e fo re  th e  S o c ie ty  a t  an e a r ly  d a te .

In  1O89 th e y  a r r iv e d  a t  a  v a lu e  o f  32,U00 fo r  th e  m o lecu lar w eight o f

" so lu b le  s ta r c h "  from t h e i r  experim ents o f  f re e z in g  p o in t  d e p re s s io n s ,

and th u s  gave th e  polym er form ula 5 ( C ^ 2 ^ 2 0 * ^ 1 2 ^ 2 0 t h e  same y e a r

John H all G ladstone  (1827-1902), Graham's s tu d e n t ,  and W alter H ib b e rt

a p p lie d  R a o u lt ' s method to  ru b b e r , r e p o r t in g  v a lu e s  o f  6,500

to  "ex trem ely  h ig h ."  They f u r th e r  drew th e  g e n e ra l c o n c lu s io n  t h a t  th e

20m olecule o f  a  c o l lo id a l  su b s tan ce  c o n ta in s  a v e ry  la rg e  number o f  a tom s.

Follow ing  th e  s tu d y , c a r r ie d  out in  I 88T -I888 by th e  Dutch chem ist Jacobus
21H enricus v a n 't  Hoff ( 1852- I 91I ) ,  th e  osm otic p re s s u re  method f o r  th e  

d e te rm in a tio n  o f  th e  m o lecu lar w eight was a ls o  a p p lie d  t o  c o l lo id a l  sub­

s ta n c e s .  U sing t h i s  m ethod, Hermann Rodewald ( I 856- I 938 ) and A. K a tte in

in  1900 o b ta in e d  a s im i la r ly  h ig h  m o lecu la r w eight o f  about 
2238,000  f o r  s ta r c h .  By th e  tu r n  o f  th e  c e n tu ry , th e n , ve ry  h igh  v a lu es

o f  m o lecu la r w eigh ts fo r  such c o l lo id a l  su b s ta n c e s  as s ta r c h ,  ru b b e r ,

23c e l lu lo s e ,  and p ro te in s  were b e in g  r e p o r te d  (se e  F i g l . l ) , and a number 

o f  chem ists were le d  t o  su sp ec t t h a t  th e s e  su b s tan ces  a re  indeed  composed 

o f  ve ry  la r g e  m o lecu les .
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F ig u re  1 ^ . M olecular W eights o f C o llo id a l  S u b stan ces , 
R eported  between l88c and 1900

Date Author Substances Method Mol. Weighi

1886 Zinoffsky haemoglobin* Q.A. 16,700

1889 Brown and Morris soluble starch D.P. . 32,100

1889 Gladstone and Hibbert rubber D.P. 6 , 500-

1891 Sabanijeff and Alexandrov egg albumin* D.P. 11,000

1893 Linter and Dull amylodextrin* D.P. 17 ,500

1900 Rodewald and Kattein starch O.P. 38,000

1900 Nastukoff c e llu lo se E.P. 5 , 700- 12,000

Note: D.P. = d e p re s s io n  o f  f re e z in g  p o in t ;  E .P . = e le v a tio n  o f  b io lin g
p o in t  ; O.P. = osm otic p re s s u re ;  Q.A. = q u a n t i ta t iv e  a n a ly s i s .
* = p ro te in

Em il F is c h e r  and th e  R iesenm olekulen 

These r e p o r ts  o f  h igh  m olecu lar w e ig h ts , however, w ere n o t fo llow ­

ed by a wide accep tan ce  o f  th e  concept o f  la r g e  m olecules in  s c i e n t i f i c  

c i r c l e s .  On th e  c o n tr a ry ,  many o rgan ic  chem ists were in  no p o s i t io n  to

support t h i s  concept p o s i t iv e ly ,  and i t  d e c lin e d  in  th e  e a r ly  decades o f

t h i s  c e n tu ry  w ith in  th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n .

One o f  th e  most i n f l u e n t i a l  chem ists  who r e je c te d  th e  id e a  o f 

v e ry  la rg e  m olecules was th e  German o rgan ic  chem ist Emil Hermann F isc h e r  

(1852- 1919)» th e  s tu d e n t o f  Kekule and Adolf von Baeyer (1835-1917)' 

Follow ing Kekule, th e  s t r u c tu r a l  th eo ry  became th e  p r in c ip a l  approach to

th e  study  o f  o rgan ic  compounds. Around th e  tu rn  o f  th e  c e n tu ry , t h i s

approach cu lm inated  in  F i s c h e r 's  work on th e  s t r u c tu r e  o f  s u g a rs , enzymes,
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p u r in e s ,  and p r o te in s .  In  e lu c id a t in g  th e  c o n s t i tu t io n  o f  th e s e  n a tu r a l  

p ro d u c ts  p re se n t in  o rgan ism s, h is  method was c h a r a c t e r i s t i c a l l y  sy n th e ­

t i c .  From sim ple m o lecu les , he h u i l t  up complex ones o f  known s t r u c tu r e  

c lo s e ly  s im u la tin g  th e  n a tu r a l  compound in  q u e s tio n . This was fo llow ed  

hy a comparison between th e  p r o p e r t ie s  o f  h i s  s y n th e t ic  p ro d u cts  and 

th o se  o f  th e  n a tu r a l  p ro d u c ts . In  t h i s  way, F isc h e r  a ttem p ted  to  e s ta b ­

l i s h  th e  p re c is e  s t r u c tu r e  o f  s u g a rs , enzymes, p u r in e s , and p r o te in s .  He 

argued  th a t  t h i s  s y n th e t ic  approach sh a rp ly  c o n tra s te d  w ith  th e  tendency  

o f  p h y sic s  to  examine m a tte r  on ly  by d iv id in g , su b d iv id in g , and re - s u b d iv i­

d in g :

Die M oleku larphysik  w ird  deshalb  gu t tu n ,  b e i  dem Studium  hoch- 
m o lek u la re r S to ffe  s ic h  an d ie  s y n th e tis c h e n  P rodukte b ek an n te r 
S tru k tu r  zu h a l te n .  Ich  werde darum d ie  V ersuche zum Aufbau von 
R iesenm olekulen m it H i l fe  des g e s c h i ld e r te n  V erfahrens f o r t s e tz e n .

S ic h e r l ic h  gewahrt es auch noch in  a n d re r  Beziehung e in en  g ro sse n  
R e iz , d ie  L e is tu n g s fa h ig k e it  u n se re r  Methoden zu p ru fen . B ek an n tlich  
1 s t  d ie  moderne P hysik  bemuht, d ie  M aterie  in  immer k le in e re  Stiicke 
zu  z e r s p l i t t e r n .  Uber d ie  Atome i s t  man la n g s t  h in a u s , und wie lan g e  
d ie  E lek tronen  fu r  uns d ie  k le in s te n  M assen te ilch en  s e in  werden, l a s s t  
s ic h  n ic h t  absehen. Demgegenuber s c h e in t  m ir d ie  o rgan ische  Syn thèse 
b e ru fe n  zu s e in ,  das G e g e n te il zu l e i s t e n ,  d . h . immer g ro sse re  
Massen in  dem M olekul anzuhaufen , um zu se h en , wie w eit d ie  Kompres- 
s io n  de r M aterie  im Sinne u n se re r  h e u tig e n  V o rs te llu n g en  gehen kann ,^^

Although F isc h e r  though t t h a t  p ro te in s  c o n s is t  o f r e l a t i v e ly  la r g e  

m olecu les or what he c a l le d  " g ia n t m olecu les" (R iesenm olekulen) , th e  r e ­

p o r te d  va lue  o f  th e  m o lecu la r w eight fo r  p r o te in s  seemed to  him too  h i ^ .

He doubted th e  v a l i d i t y  o f  th e  c o n v en tio n a l method which a t ta c k s  th e  p rob­

lem o f  p ro te in  s t r u c tu r e  on th e  b a s is  o f  m o lecu la r w eight m easurement. 

R e je c tin g  some re p o r te d  e s tim a te  o f  a m o lecu la r w eight o f 12,000 to  15,000 

f o r  p r o te in s ,  F isc h e r  c la im ed  in  1907s "nach m einer Meinung beruhen d ie s e  

Z ahlen a u f  seh r u n s ic h e ren  V orausse tzungen , da uns jed e  G aran tie  d a fu r 

f e h l t ,  dass d ie  n a tu r l ic h e n  P ro te in e  e in h e i t l i c h e  Substanzen s in d ." ^ ^
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As fo r  c r y s t a l l in e  hem oglobin, which on th e  e m p ir ic a l form ula

Ng^l^FeOg^^) by Oscar Z ino ffsky  (1848-1889) had a  m o lecu la r w eigh t o f

some 16 , 000 , F is c h e r  commented in  1913:

A lle rd in g s  h a t  man fu r  das Oxyhamoglobin, das b e k a n n tl ic h  hubsch 
k r y s t a l l i s i e r t ,  aus dem E ise n g e h a lt  e in  M olekulargew icht b is  zu 
16000 a b g e l e i t e t ,  ab e r gegen so lc h e  Berechnungen l a s s t  s ic h  immer de r 
Einwand machen, dass d ie  E x is ten z  von K ry s ta lle n  a l l e i n  keinesw egs 
d ie  chem ische I n d iv id u a l i t a t  g a r a n t i e r t ,  sondern dass e s  s ic h  auch 
um isomorphe Mischungen handeln  kann , w ie s ie  uns das M in e ra lre ic h  in  
den S i l i c a t e n  so  m annigfach d a r b ie te t .  Solche Bedenken f a l l e n  weg 
b e i  den s y n th e tis c h e n  P roduk ten , deren  B ildung durch  A n a lo g ie re a k tio n -  
en k o n t r o l l i e r t  werden kann.

F isc h e r  u rg ed  t h a t  p ro te in s  a re  n o t composed o f  po lym eric  mole­

c u le s  c o n s is t in g  o f r e g u la r ly  r e c u r re n t  g roups, b u t ,  u n lik e  o th e r  c o l l o i ­

d a l  su b s ta n c e s , th e  m olecules a re  made up o f  many d i f f e r e n t  u n i t s ,  i . e . , 

d i f f e r e n t  k in d s  o f  amino a c id s .  As he s t a t e d ,  "d ie  N atur n iem als  lange  

k e t te n  aus den g le ic h e n  Aminosauren h e rv o r b r in g t , sondern  d ie  gem ischten

28Formen b e v o rz u g t, b e i  denen d ie  Aminosauren von G lied  zu G lied  wechsein."

In F i s c h e r 's  v iew , p ro te in s  a re  composed o f  "p o ly p e p tid e s"  in  which many 

d i f f e r e n t  amino a c id s  a re  l in k e d  to g e th e r .  His s tu d y  o f p ro te in s  was 

th e r e fo r e  d i r e c te d  to  th e  sy n th e s is  o f  v a rio u s  p o ly p e p tid e  c h a in s . In 

working on th e  c o n s t i tu t io n  o f  p o ly p e p tid e s , th e  s t r u c tu r a l  chem ist 

F is c h e r  made use o f  th e  B e rz e lia n  concept o f  isom erism ; t h a t  i s , t h a t  

compounds o f  th e  same com position  hav ing  th e  same m o lecu la r w eight can 

e x h ib i t  d i f f e r e n t  p r o p e r t ie s  in  accordance w ith  t h e i r  s t r u c tu r a l  d i f f e r ­

ence. A p o ly p e p tid e  i s  made up o f  up to  t h i r t y  d i f f e r e n t  amino a c id s .

The number o f  p o s s ib le  isom ers o f  a p o ly p e p tid e  ch a in  c o n s is t in g  o f  th e

32 29t h i r t y  d i f f e r e n t  u n i t s  was in  h is  e s tim a te  2 .653  x 10 . The la rg e

number o f  p o s s ib le  iso m ers , he th o u g h t, would s u f f i c e  to  e x p la in  th e  wide 

v a r i a t io n  in  th e  p r o p e r t ie s  o f  n a tu r a l  p r o te in s .  Hence, th e r e  i s  no need
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t o  assume th e  e x is te n c e  o f  very la r g e  n a tu r a l  p o ly p ep tid e s!

F is c h e r  ad m itte d  a m olecu lar w eigh t o f  1+021 f o r  a  s ta r c h  d e r iv a ­

t iv e  (^22^11+*^58^1+^2^ which he and h i s  s tu d e n t K arl Freudenhurg ( t .  1886) 

s y n th e s iz e d . At th e  V ienna m eeting  o f  th e  N aturforscher-V ersam m lung,

h e ld  in  1913 j he d e c la re d  th a t  t h i s  v a lue  o f  1+021 was th e  h ig h e s t  molecu­

l a r  w eight found fo r  any o rgan ic  su b s tan ce  o f  known s t r u c tu r e  d e riv e d  

w holly by s y n th e s is  and fo r  n a tu r a l  p r o t e i n s . F i s c h e r ' s  a u th o r i ty  made 

very  i n f l u e n t i a l  among o rgan ic  chem ists  th e  c la im  t h a t  compounds o f  a  mole­

c u la r  w eight g r e a te r  th a n  5000 do not e x i s t .  Thus, th e  concept o f  th e  

very  la r g e  m olecu le  became su p e rf lu o u s  w ith in  th e  t r a d i t i o n  t h a t  emphasiz­

ed th e  s t r u c tu r e  o f  o rg an ic  m o lecu les .

In  a d d i t io n ,  th e  th eo ry  o f  la rg e  m olecu les was a p p a re n tly  made 

even more u n te n a b le  to  s c i e n t i s t s  as a  consequence o f  th e  s o -c a l le d  

ag g re g a te  th e o ry  o f  c o l lo id a l  su b s ta n c e s , to  which we s h a l l  now tu r n .  I t  

i s  not s u r p r i s in g  t h a t  some o f  th e  le a d in g  ch em ists  who adopted  and dev­

e loped  t h i s  th e o ry  were F is c h e r 's  s tu d e n ts  a t  th e  U n iv e rs i ty  o f  B e r lin .

A t r a d i t i o n a l  Kekulean s tru c tu a d  c h e m is t, F is c h e r  p lac e d  th e  upper l im i t  

in  th e  s iz e  o f  th e  R iesenm olekulen by s t r e s s in g  isom ers , and th u s  paved 

th e  way tow ard  th e  r i s e  o f  th e  a g g re g a te  th e o ry .

The R ise o f th e  A ggregate Theory 

The a g g re g a te  th eo ry  a ro se  in  th e  f i r s t  decade o f  t h i s  cen tu ry  

and soon became predom inant in  th e  s tu d y  o f  th e  n a tu re  and s t r u c tu r e  o f 

c o l lo id a l  s u b s ta n c e s . A ccording to  t h i s  th e o ry ,  c o l lo id a l  s u b s ta n c e s , 

such a s  c e l l u lo s e ,  ru b b e r , s ta r c h ,  p r o te i n s ,  and r e s i n s ,  a re  th e  p h y s ic a l  

ag g reg a te s  o f  sm a ll m olecules h e ld  to g e th e r  by some in te rm o le c u la r  fo rc e s .^



23

There were two im portan t e lem ents in  th e  developm ent o f  th e  ag g reg a te  

th e o ry : f i r s t ,  th e  c o l lo id  d o c tr in e ,  developed  in  th e  e a r ly  p a r t  o f  the

tw e n tie th  c e n tu ry ;  and second , th e  concept o f  "secondary"  o r  " p a r t i a l "  

v a len ce  f o r c e ,  in tro d u c e d  around  1900.

G raham 's concept o f  c o l lo id s  was a l t e r e d  and en la rg ed  in  th e  ex­

te n s iv e  s tu d y  o f  c o l lo id a l  system s by Wolfgang Ostwald (1883-19^3) a t  

L e ip z ig . His approach t o  c o l lo id s  no doubt e x h ib i te d  a  c h a ra c te r  o f  th e  

p h y s i c i a l i s t  programme prom oted by h is  f a th e r ,  W ilhelm F r ie d r ic h  Ostwald 

( l8 4 0 - l8 8 9 ) ,  a  n o ta b le  p h y s ic a l  chem ist. A grow ing s c i e n t i f i c  d i s c ip l in e ,  

p h y s ic a l  c h em is try —o r " g e n e ra l  chem istry" ( a lleg em e in e  Chemie) as 

W ilhelm Ostwald c a l le d  i t — aimed a t  in v e s t ig a t io n s  o f  th e  p h y s ic a l  n a tu re  

and b e h a v io r  o f  chem ical compounds by ap p ly in g  th e  methods and th e o r ie s  

o f  p h y s ic s , such a s  k in e t ic s  and therm odynam ics, to  chem ical phenomena. 

According to  Wilhelm O stw ald , th e  c u rre n t o r g a n ic - s t r u c tu r a l  approach i s  

to o  d e s c r ip t iv e  and s t a t i c  t o  e x p la in  dynamic chem ical p ro ce sse s  and sy s­

tem s. He was th e  f i r s t  to  em phasize th e  l i t t l e - k n o w n  p u b lic a tio n s  o f  

Jo s ia h  W illa rd  Gibbs (1839-1903) and th e  v a lu e s  o f  th e  phase r u le  and 

therm odynam ics. Thus, he e x e r te d  a  pow erfu l in f lu e n c e  in  r e d i r e c t in g

c h e m is ts ' a t t e n t io n  tow ard  h i s  p h y s ic a l i s t  scheme th a t  in te r p r e te d  chemi-

33c a l  phenomena in  term s o f  m a t te r ,  fo rc e s , and en e rg y . In  f a c t ,  W ilhelm 

Ostwald h im s e lf  s t r e s s e d  c o l lo id  s tu d ie s  as one o f  th e  most im p o rtan t new 

f ie ld s  t o  be ex p lo red  by p h y s ic a l  ch em is ts . I t  was h i s  son Wolfgang who 

p r a c t i c a l l y  c u l t iv a te d  t h i s  a re a  w ith  W ilhelm 's id e a l s .

The founder o f  th e  K o llo id  G e s e lls c h a f t  (1922- ) ,  and e d i to r  o f

th e  two le a d in g  German Jo u rn a ls  in  t h i s  f i e l d ,  Z e i t s c h r i f t  f u r  Chemie und

I n d u s t r ie  d e r  K o llo ide  (founded in  1907) and K ollo idchem ische B e ric h te



(founded in  1909 ) ,  Wolfgang Ostwald was re sp o n s ib le  fo r  th e  fo u n d a tio n  o f.

c o l lo id  ch em istry  a s  "an independen t d iv is io n  o f p hysico -chem ica l 
3I1

s c ie n c e ."  As he d e c la re d  in  1914,

Physics has u n t i l  r e c e n t ly  b u s ie d  i t s e l f  c h ie f ly  w ith  th e  p r o p e r t ie s  
o f  m a tte r  in  m ass; c h e m is try , on th e  o th e r  hand , has d e a l t  c h ie f ly  
w ith  th e  sm a lle s t  p a r t i c l e s  o f  m a tte r  such as atoms and m o lecu les . 
R e la tiv e ly  sp e ak in g , we know much o f  th e  p r o p e r t ie s  o f  la r g e  masses 
and we t a l k  much, a ls o ,  o f  th e  p ro p e r t ie s  o f m olecules and atom s. I t  
i s  because o f  t h i s  t h a t  we have been le d  to  re g a rd  e v e ry th in g  about 
us from th e  s ta n d p o in t o f  p h y s ic a l  th eo ry  or from t h a t  o f  m o lecu lar 
o r atom ic th e o ry . We have e n t i r e ly  overlooked  th e  f a c t  t h a t  betw een 
m a tte r  in  mass and m a tte r  in  m olecular form th e r e  e x is t s  a rea lm  in  
^ i c h  a whole w orld  o f  rem arkable  phenomena o c c u r, governed n e i th e r  
by th e  laws c o n tr o l l in g  th e  b eh av io r o f  m a tte r  in  mass nor y e t  th o se  
which govern m a te r ia ls  p o ssessed  o f  m olecu lar d im ensions. . . .  We 
have on ly  r e c e n t ly  come to  le a r n  th a t  every  s t r u c tu r e  assumes s p e c ia l  
p r o p e r t ie s  and a  s p e c ia l  b e h a v io r  when i t s  p a r t i c l e s  a re  so sm all 
t h a t  th e y  can no lo n g e r  be recogn ized  m ic ro sc o p ic a lly  w h ile  th e y  a re  
s t i l l  to o  la rg e  to  be c a l le d  m olecu les. Only now has th e  t r u e  s ig n i ­
f ic a n c e  o f  t h i s  reg io n  o f  th e  c o l lo id  d im ensions—THE WORLD OF NEGLEC­
TED DIMENSIONS—become m an ifes t to  u s . 35

Ostwald d e f in e d  c o l lo id s  as d isp e rs e d  systems c o n s is t in g  o f  p a r t i c l e s  o f

36a s iz e  ran g in g  betw een 1 /10 ,000  and 1 /1 ,000 ,000  m il l im e te rs .  These

d isp e rse d  p a r t i c l e s ,  he th o u g h t, a re  no t them selves m olecules b u t r a th e r

t h e i r  a g g re g a te s . U nlike Graham and s t r u c tu r a l  chem ists  such  as  F is c h e r ,

he r e je c te d  th e  m o le c u la r - s t ru c tu ra l  approach to  c o l lo id s ,  i n s i s t i n g  th a t

th e re  e x is t s  "no d e f in i te  connection  between chem ical c o n s t i tu t io n  and a 

37c o l lo id  s t a t e . "  A c o l lo id  i s  a p h y s ic a l s t a t e  o f m a tte r  in to  which any 

substance  m ight be b r o u ^ t  ; under a p p ro p ria te  c o n d itio n s  any compound can 

form a c o l lo id a l  s o lu t io n . At t h i s  p o in t ,  he r a th e r  f o r c ib ly  ex tended  

Graham's b e l i e f  in  th e  u n i ty  o f  m a tte r . The p r o p e r t ie s  o f  c o l lo id s ,  

Ostwald th e r e fo r e  su g g ested , a re  determ ined n o t by  th e  m o lecu la r s t r u c tu r e  

b u t by th e  degree o f d is p e r s io n . For Wolfgang Ostwald and th e  ad h e ren ts  

o f  t h i s  s c h o o l, th e  o rd in a ry  laws o f  c h em is try , in c lu d in g  R a o u lt ' s laws 

o f  b o i l in g  p o in t d e p re ss io n  and v a n 't  H o ff 's  laws o f  osm otic p r e s s u re .
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a re  not a p p lic a b le  t o  c o l lo id a l  su b s ta n c e s , s in c e  a c o l lo id a l  s o lu t io n  i s  

n o t a  r e a l  chem ical s o lu t io n  b u t a  su sp en sio n . Hence, th e  m olecu lar 

w eights fo r  c o l lo id s ,  m easured on th e  b a s is  o f  such chem ical law s, do not 

show th e  r e a l  va lu es  f o r  t h e i r  o rg an ic  m olecu les. Thus, th e  O stw aldian 

d o c tr in e  o f c o l lo id s  p ro v id ed  a  ground fo r  th e  view o f  th e  p h y s ic a l  aggre­

g a te s  o f  c o l lo id a l  su b s ta n c e s .

The concep ts o f  "secondary  va len ce"  and " p a r t i a l  v a len ce"  a ls o  

p lay ed  an im portan t r o le  in  th e  r i s e  o f  th e  ag g reg a te  th e o ry . In  th e  1890s 

some chem ists re c o n s id e re d  th e  n a tu re  o f  K ekule' s v a len ce  fo rc e ,  a s  th ey  

examined th e  s t r u c tu r e s  o f  in o rg a n ic  compounds and th e  n a tu re  o f  some un­

u s u a l p r o p e r t ie s  o f  v a r io u s  o rg an ic  compounds. In  I 89I ,  a t ta c k in g  

K ek u le 's  concept o f  r i g i d ly  d i r e c te d  v a le n c e s , th e  in o rg a n ic  chem ist 

A lfre d  W erner (1866-1919), Pi o f e s so r  o f  Chem istry a t  Z ü rich , co n s id e red

chem ical a f f i n i t y  as an a t t r a c t i v e  fo rc e  from th e  c e n te r  o f  an atom , a c t -

39in g  e q u a lly  in  a l l  d i r e c t io n s .  In  1902 he in tro d u c ed  th e  concept o f 

"secondary  va len ce"  (N ebenvalenz) ,  as d is t in g u is h e d  from K ekule ' s v a lence  

o r what Werner c a l le d  "prim ary  v a len ce"  (H auptvalenz) . The secondary  

v a le n c e , he su g g e s te d , i s  th e  r e s id u a l  a f f i n i t y  l e f t  in  th e  atom a f t e r  

th e  fo rm ation  o f  th e  p rim ary -v a len ce  bondings in  th e  m o lecu le . In  h is  

view , such r e s id u a l  fo rc e s  a re  s tro n g  enough to  h o ld  s e v e ra l  m olecules 

to g e th e r  to  form "m olecu lar compounds" ( Mo le  k ü la r v e  rb  indun gen) A. s im i­

l a r  concept can be seen  in  th e  n o tio n  o f  " p a r t i a l  v a len ce"  (P a r t i a lv a le n z ) 

which F r ie d r ic h  K arl Johannes T h ie le  ( 1865- I 918 ) in tro d u c e d  in  1899 to  

e x p la in  th e  unusual r e a c t i v i t y  o f  a l i p h a t i c  compounds. He s ta te d :

Ich  nehme nun an , dass b e i  d e r K orpern, welchen e in e  Doppelbindung 
zugeschrieben  w ird , th a t s a c h l ic h  zwei A f f ir i i ta te n  von jedem der 
b e th e i l ig te n  Atome zur Bindung d e rse lb en  verw endet w erden, dass ab e r—
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wegen der A d d it io n s fa h ig k e it  d e r  D oppelbindungen— d ie  A f f in i t a t s k r a f t  
n ic h t  v o l l i g  v e rh ra u c h t i s t  und an jedem d e r  Atome noch e in  A f f in i -  
t a t s r e s t  oder e in  P a r t ia lv a le n z  vorhanden i s t ,  e in e  Annahme, d ie  
s ic h  auch th e rm isch  hegrunden l a s s t .

In  d e r Formel konnte man das ausdrücken

C=C C=0 C=N N=N U . S . W . ,« •
•  •  •  •
•  •  •  •

Wo das Zeichen . . . d ie  P a r t ia lv a le n z  anden ten  s o i l .  In den P a r t i a l ­
valenz  en sehe ic h  d ie  Ursache d e r  A d d i t io n s fa h ig k e it .^ ^

What th e  th e o r ie s  o f  W emer and T h ie le  su g g ested  to  t h e i r  con tem poraries

was t h a t  th e re  a r e  secondary fo rc e s  o th e r  th a n  K ekule ' s va lence  fo rc e s ,

and t h a t  th e s e  a f f i n i t i e s  can a c t  a s  in te rm o le c u la r  fo rc e s . T h ie le  in

p a r t i c u l a r  a t t r ib u t e d  th e  o r ig in s  o f  th e  secondary  fo rc e s  to  th e  double

bonds in  th e  m o lecu le . The concept o f  secondary  o r p a r t i a l  v a len ce  was

soon adap ted  by th e  exponent o f  th e  a g g reg a te  view  to  e x p la in  th e  a s s o c i -

h2a t io n  o f  m olecules in  th e  c o l lo id a l  p a r t i c l e s .

Between I9OO and th e  1920s th e  ag g reg a te  s t r u c tu r e  was proposed 

by C arl D ie tr ic h  H a rrie s  (1866-1923) and R udolf Pummerer (1082-1973) fo r  

ru b b e r , by Kurt Hess ( 1888- I 961 ) and Paul K a rre r  (1889-1971) fo r  c e l lu ­

lo s e ,  by Hans P ringsheim  (1076-19^0) and Max Bergmann (l886-19kb) and

K arre r fo r  s ta r c h ,  and by  Emil A bderhalden (1057-1938) and Bergmann fo r

, H 
44

43p r o te in s .  Among th e s e  s c i e n t i s t s ,  H a r r ie s , H ess, P ringsheim , Bergmann,

and A bderhalden were Emil F i s c h e r 's  s tu d e n ts .

A b r i e f  exam ination  o f  H a r r ie s ' view  o f  ru bber s t r u c tu r e  i l l u s ­

t r a t e s  th e  g e n e ra l grounds o f  th e  a g g reg a te  th e o ry  o f  polym eric compounds. 

S ince th e  p rev ious c e n tu ry , n a tu r a l  ru b b e r , an e l a s t i c  s o l id  o b ta in ed  

from a  m ilk lik e  f lu id  o f  c e r ta in  t r o p i c a l  t r e e s ,  had aroused  th e  i n t e r e s t  

o f  chem ists because  o f  i t s  unique p r o p e r t ie s  and p r a c t i c a l  u t i l i t y .  With
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th e  background o f  a  r a p id  expansion  o f th e  ru b b er in d u s try  in  Europe in  

th e  e a r ly  decades o f  th e  c e n tu ry , a  number o f  in v e s t ig a to r s ,  in c lu d in g  

John D alton  (iTôô-lSU U ), M ichael Faraday (1791-1867), and Ju s tu s  von 

L ieb ig  ( l8 0 3 - l8 7 3 ) , worked on th e  chem ical a n a ly s is  o f  t h i s  o rg an ic  sub­

s ta n c e , o f te n  w ith  th e  a id  o f  th e  d e s tr u c t iv e  d i s t i l l a t i o n  t h r o u ^  which 

ru b b er was broken  down in to  i t s  f r a c t i o n a l  p a r t s .  By H a r r ie s ' d ays , 

i t  had been  found th a t  ru b b er i s  made up o f  on ly  two e le m e n ts , carbon and 

hydrogen , th e  p ro p o rtio n s  o f  which a re  r e s p e c t iv e ly  f iv e  to  e ig h t .

H arrie s  t h o u ^ t  t h a t  t h i s  " iso p re n e "  u n i t  o r  th e  C^Hg u n i t ,  which might 

be a c o n s t i tu e n t  o f  th e  ru b b er m olecu le , can be ex p ressed  by th e  fo llow ­

in g  s t r u c t u r a l  fo rm ula :

ÇH3
—CHg—C=CH—CHg— 

iso p re n e  u n i t

The a p p a re n t t o t a l  absence o f  end groups in  h is  chem ical a n a ly s is  seemed 

to  p rec lu d e  th e  id e a  o f  any l in e a r - c h a in  s t r u c tu r e  and t o  in d ic a te  a 

r in g  s t r u c tu r e  o f  th e  rubber m olecu le . In  1905 he th e r e fo r e  proposed 

th e  fo rm ula  o f  an eight-m em bered c y c lic  m olecule (d im e th y l-c y c lo o c ta d ie n e ) , 

c o n s is t in g  o f  two iso p re n e  u n i t s ,  f o r  n a tu r a l  ru b b e r. C o llo id  p a r t i c l e s  

in  a ru b b er s o lu t io n  a r e ,  in  h i s  o p in io n , th e  ag g reg a te s  o r " p h y s ic a l 

m olecu les" o f  th e  c y c l ic  "chem ical m olecules" h e ld  to g e th e r  by T h ie le 's  

p a r t i a l  v a le n c e s . The p a r t i a l  va lence  fo rc e s  a re  d e riv e d  from th e  carbon- 

carbon double  bonds in  th e  "chem ical m o lecu les .
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d im e th y l-c y c lo o c ta d ie n e  
c o n s is t in g  o f  2 iso p re n e  u n i ts

Although H a rrie s  l a t e r  made m inor a l t e r a t io n s  in  th e  s iz e  o f h i s  r in g

form ula, he m a in ta in ed  th ro u g h o u t th e  course  o f h is  in v e s t ig a t io n s  h is

i n i t i a l  id e a  o f  c y c l ic  s t r u c tu r e  fo r  rubber and th e  e x is te n c e  o f  th e  aggre-

UTgate  fo rc e s  h o ld in g  to g e th e r  th e  r in g  m o lecu les .

The r i s e  o f  th e  a g g re g a te  th e o ry  a f f e c te d  th e  usage o f term ino logy  

among chem ists  o f  th e  tim e . On th e  s y n th e t ic  s id e ,  th e  word "po lym eriza­

t io n "  was used  as a  synonym fo r  m olecu lar a g g re g a tio n . Thus, r e f e r r in g  

to  th e  p o ly m e riz a tio n  p ro cess  o f  k e te n e s , Georg S c h ro e te r  (1869-19^3), 

P ro fe s s o r  o f  C hem istry  a t  th e  T ie ra rz t l ic h e n  H ochschule in  B e r l in ,  s ta te d  

in  1916 :

Es i s t  a b e r  m. E. d ie  andere  Auffas sung d e r M olekülaggregate 
n ic h t  au fzugeben , dass d ie  e in fach en  M oleküle in  Komplexen ih re
S e lb s ta n d ig k e i t  n ic h t  v e r l i e r e n ,  sondern  dass d ie  M oleküle a l s
R é su lta n te  a l l e r  in  ihrem  Atomverbande chem isch wirksamen K ra fte  
K r a f t l in ie n  aussenden , deren  Wirkung den V alenzen d e r Atome a ls  
M oleku larvalenzen  s e lb s ta n d ig  an d ie  S e i te  g e s t e l l t  werden konnen; 
d ie s e  M oleku larvalenzen  v e rm itte ln  d ie  V ere in igung  d e r e in z e ln e n  
M oleküle e in e s  polym eren M olekuls oder P o lym o lekü ls .

L ikew ise, "m o lecu la r w eigh t"  r e f e r r e d  to  th e  w eight o f  th e  p h y s ic a l  aggre­

g a te  o r a  c o l l o id a l  p a r t i c l e .  Thus, th e  ap p a ren t h igh  m olecu lar w eights

o f  polymers were g e n e ra lly  n o t tak en  l i t e r a l l y  as th e  w eigh ts o f  th e  r e a l

chem ical m o lecu le s . In  t h i s  s e n se , Bergmann c a l l e d  c o l lo id a l  sub stan ces  

" p s e u d o -h i^  m o le c u la r  su b s ta n c e s"  ( Pseudo-hochm olekulare S to f f e ).



29

Although Bergmann was a  s tu d e n t o f  Emil F isch e r  a t  th e  U n iv e rs ity  o f

B e r l in ,  he became a  su p p o rte r  o f  th e  ag g reg a te  th e o ry  in  ta k in g  over

UqF is c h e r 's  r e s e a rc h  on ca rb o h y d ra te s  and p ro te in s .  In  1926 he in s i s te d  

t h a t  th e  c l a s s i c a l  s t r u c tu r a l  th e o ry  i s  not s u i ta b le  to  th e  study  o f 

p se u d o -h i^ i m o lecu la r su b s ta n c e s , s in c e  th e  s t r u c tu r a l  th e o ry  i s  based 

on A vogadro's m olecule in  gaseous phase and th e  s t r u c tu r a l  form ula in  

t h i s  th e o ry  th u s  g ives l i t t l e  in fo rm a tio n  about v a r ia t io n s  th a t  th e  mole­

cu le  u n d e rtak es  in  s o l i d i f i c a t i o n ,  l iq u e f a c t io n ,  and s o lu t io n  p rocesses.

The cause o f  c o l lo id a l  p r o p e r t ie s , he s a id ,  l i e s  la r g e ly  in  th e  m agnitude 

o f  th e  a g g re g a tin g  fo rc e s— a f a c to r  to  which th e  c l a s s i c a l  s t r u c tu r a l  

th eo ry  cannot be a p p lie d . He concluded:

Darum i s t  d a s , was d e r Chemie der pseudo-hochm olekularen S to ffe  
gegenw artig  besonders n o t tu t ,  d ie  Entw icklung e in e r  S tru k tu r -  und e in e r  
Raumchemie, deren  G egenstand a u sse rh a lb  des M oleku ls, a u sse rh a lb  der 
In d iv id u a lg ru p p e  l i e g t —e in e  S tru k tu rch em ie , e ine  Raumchemie der 
agg reg ierenden  rfrafte und der A g g reg a te .51

In  t h i s  way, Bergmann d e p a rted  from th e  t r a d i t i o n a l  s t r u c tu r a l  approach 

on which F is c h e r  based  h is  s tu d y .

The agg reg a te  th e o ry  g a in ed  fu r th e r  su p p o rt from X-ray c r y s ta l ­

log raphy  in  th e  1920s when X -ray d i f f r a c t i o n  was employed to  examine th e  

s tr u c tu r e  o f  polym ers. This ty p e  o f  re se a rc h  was c a r r ie d  out in te n s iv e ly  

a t  th e  K aiser W ilh e lm -In s ti tu t  fu r  F a se rs to ffc h e m ie , founded in  1920 in  

B erlin-D ahlem , where R eginald  O liv e r Herzog (1878-1935) d i r e c te d  a  number 

o f p h y s ic is ts  and p h y s ic a l  c h e m is ts , in c lu d in g  M ichael P o lany i (1891-1978),

K arl W eissenberg (1893-1978), E r ic h  Schmid ( b . 1880 ) ,  Rudolf B r i l l
52

(1899-  ) ,  and Herman. F ra n c is  Mark (1985-  ) .  Rubber (when s tre tc h e d )

and a  p a r t  o f  c e l lu lo s e  were th en  known to  e x h ib i t  a  c r y s t a l l i n e  form to  

which X-ray a n a ly s is  was a p p lic a ,b le . T heir study  o f  th e s e  polymers
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showed t h a t  th e  u n i t  c e l l s —th e  r e c u r r in g  atom ic groups in  th e  c r y s t a l ­

l i n e  l a t t i c e — a re  a s  sm all a s  th e  s iz e  o f  o rd in a ry  m o lecu les . During 

t h i s  p e r io d , many c ry s ta llo g ra p h e rs  assumed th a t  th e  m olecule cou ld  no t 

be l a r g e r  th a n  th e  u n i t  c e l l s .  From t h i s ,  some s c i e n t i s t s ,  in c lu d in g  

H erzog, concluded  t h a t  th e  m o lecu lar s iz e  o f th e  polym ers i s  lik e w ise  

s m a l l . T o  th e  exponents o f  th e  a g g reg a te  th e o ry , t h i s  appeared as c l e a r -  

c u t e m p ir ic a l  ev idence fo r  t h e i r  view o f  th e  ag g re g a te  s t r u c tu r e  o f  p o ly ­

m eric su b s ta n c e s .

As we s e e ,  th e  a g g reg a te  th e o ry  was la r g e ly  fo rm u la ted  w ith in  th e  

p h y s ic a l i s t  programme Trtiich s t r e s s e d  th e  c o l lo id a l  s t a t e  o f  m a tte r  and 

in te r a c t in g  fo rc e s . I t  com pelled a l t e r a t i o n s  in  th e  c l a s s i c a l  concept o f 

polymers and p o ly m e riz a tio n  as w e ll  as in  th e  o r g a n ic - s t r u c tu r a l  approach 

t h a t  had en joyed  i t s  s tro n g  h o ld  in  th e  p rev io u s  c e n tu ry . T h e o re t ic a l ly  

and e x p e rim e n ta lly  su p p o rted , th e  ag g reg a te  th eo ry  as a  u n i ta r y  th eo ry  o f 

polymers convinced  no t only  c o l lo id  chem ists and p h y s ic a l  c h em is ts , b u t 

a ls o  th e  m a jo r ity  o f  o rg an ic  chem ists  o f  th e  tim e , a s  i l l u s t r a t e d  by th e  

ca ses  o f  H a r r ie s  and Bergmann. These o rg an ic  chem ists  were indeed  le a d in g  

exponents o f  th e  th e o ry  tow ard th e  m id-1920s. The a g g re g a te  s t r u c tu r e  o f  

c o l lo id a l  su b s tan ces  was now overw helm ingly accep ted  in  s c i e n t i f i c  c i r c l e s .  

Hermann S ta u d in g e r  in tro d u c ed  h i s  m acrom olecular th e o ry  in  t h i s  h i s t o r i c a l  

c o n te x t ,  am idst th e  co n tinued  growth o f  th e  ag g reg a te  th e o ry . I t  i s  t h e r e ­

fo re  u n d e rs ta n d ab le  t h a t  h i s  m acrom olecular concept was a t  f i r s t  r e je c te d  

as lau g h ab le  by many o f  h i s  c o lle a g u e s .
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"For th e  b e a u t i f u l ly  c r y s t a l l in e  oxyhem oglobin, as i s  w e ll 

known, a m olecu lar w eigh t o f  l6 ,0 0 0  has been d e riv e d  from i t s  i ro n  con­
t e n t ,  b u t a g a in s t  such c a lc u la t io n  th e  o b je c t io n  can always be made, th a t
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th e  e x is te n c e  o f  c r y s ta ls  in  no way g u a ra n tee s  chem ical i n d iv id u a l i ty ,  
p a r t i c u l a r l y  s in c e  i t  can he reg ard ed  as an isom orphous m ix tu re , such as 
th e  m in e ra l kingdom so o f te n  p re s e n ts  to  us in  th e  s i l i c a t e s .  Such ob­
je c t io n s  v a n is h  w ith  s y n th e t ic  p ro d u c ts , whose fo rm ation  can be c o n tr o l le d  
by analogous r e a c t io n s ,"  F is c h e r ,  "S ynthèse von D epsiden ,"  p . 3288,

28 "N ature  never c re a te s  long c h a in s  o f  th e  same amino a c id s , bu t 
fav o rs  th e  mixed forms in  which amino a c id s  change from member to  member 
Emil F is c h e r ,  " P ro te in e  und P o ly p e p tid e ,"  Z. angew, Chem, ,  20 ( 1907): 
913- 917 , on p . 916 ; Emil F is c h e r , " P ro te in s  and P o ly p e p tid e s ,"  Source 
Book in  C hem istry , 1900-1950, t r a n s .  and ed . Henry M. L e ic e s te r  (Cam­
b r id g e , M assa c h u se tts : Harvard U n iv e rs i ty  P r e s s ,  1968) ,  269- 276 , on p.
275 .

29
Em il F is c h e r ,  " Isom eries der P o ly p e p tid e ,"  S itz u n g sb e r . P re u s s . 

Akad. W iss. B e r l i n , Halbbd. 2 (1916) :  990-1008; Emil F is c h e r ,  Emil
F isc h e r  gesam m elte Werke: U ntersuchungen ilber Aminosauren, P o ly p ep tid e  
und P ro te in e  I I . ed . Max Bergmann (B e r l in :  V erlag  von J u l iu s  S p r in g e r ,
1923) :  2 2 -42 , on p . 2k f f .

^ ^ F is c h e r , "Synthèse von D epsiden ,"  p . 3288, See a ls o  Emil 
F is c h e r ,  "Uber das Tannin und Synthèse a h n lic h e r  S to f f e .  I I I .  Hochmole- 
k u la re  Verbindungen," B e r. , 46 (1913): I I I 6- I I 38 , on pp. 1119-1120.

31I t  may be a lso  n o ted  he re  t h a t  some p h y s ic i s t s  and p h y s ic a l  
chem ists e x p re sse d  doubts about th e  p o s s i b i l i t y  o f  la rg e  m olecu les from 
a  d i f f e r e n t  s ta n d p o in t  t h a t  i f  a  m olecule were ve ry  la rg e  and complex, 
c o n ta in in g  s e v e r a l  thousand  atom s, i t  would be to o  u n s ta b le  and f r a g i l e  
to  e x i s t .  As th e  French p h y s ic a l  chem ist Jean  B a p tis te  P e r r in  (1870-1942) 
s ta te d  in  1913,

On c o n ç o it  d 'a i l l e u r s  que des m olécu les t r è s  com pliquées p u is s e n t 
ê t r e  p lu s  f r a g i l e s  que le s  m olécules f a i t e s  de peu d 'a to m e s , p a r  s u i te  
p u is s e n t  a v o ir  moins de chances de se  p r é s e n te r  à 1 'o b s e rv a t io n . On 
co n ç o it a u s s i  que s i  une m olécule e s t  enorme (album ines?) l 'e n t r é e  
ou l a  s o r t i e  de peu d 'a tom es ne m o d ifie  pas énormément se s  p ro p r ié té s  
e t  que l a  s é p a ra tio n  de corps pu rs  c o rre sp o n d an t à  des m olécules 
somme to u te  peu d i f f é r e n te s  p u isse  d e v e n ir  in e x t r ic a b le .  Et c e la  
encore a c c r o î t  le s  chances pour q u 'u n  co rps  pur f a c i l e  à p ré p a re r  
s o i t  f a i t  de m olécules formées de peu d 'a to m e s .

(We would e x p e c t, m oreover, t h a t  v e ry  co m p lica ted  m olecu les would be 
more f r a g i l e  th an  m olecules composed o f  few atoms and t h a t  th e y  would 
th e r e fo r e  have few er chances o f  coming under o b s e rv a tio n . We should  
a ls o  expect t h a t  i f  a m olecule were v e ry  la r g e  (album ins?) th e  e n try  
o r e x i t  o f  a  few atoms would no t g r e a t ly  a f f e c t  i t s  p r o p e r t ie s  and, 
m oreover, t h a t  th e  s e p a ra tio n  o f a pu re  su b s ta n c e  co rresp o n d in g  to  
such m olecu les would p re se n t no l i t t l e  d i f f i c u l t y ,  even i f  i t s  i s o l a ­
t io n  d id  n o t become im p o ss ib le . And t h i s  would s t i l l  f u r th e r  in c re a s e  
th e  p r o b a b i l i ty  t h a t  a  pure su b s tan ce  easy  to  p rep a re  would be com­
posed o f  m olecu les c o n ta in in g  few atom s).
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Jean  B. P e r r in ,  Les Atomes ( P a r i s :  L ib r a i r ie  F e l ix  A lcan, 1913), p . l 6 ,
n . 1 ; Atoms, t r a n s .  D. LL. Hammik (London: C onstab le  and Company L td . ,
1916 ) ,  p . 11 , n . 1 . On P e r r i n 's  work, see  Mary Jo  Hye, M olecular R e a l i t y :
A Perspective on the S c ie n t if ic  Work o f Jean Perrin (London: MacDonald;
New York: E ls e v ie r ,  1972).

^ T b e  ag g reg a te  th e o ry  was a ls o  sometim es c a l le d  " a s s o c ia t io n  
th eo ry "  by  some ch em is ts .

33John W. Servos has g iven  a f in e  account o f  W ilhelm O stw ald 's  
view o f a llg em ein e  Chemie i n  h i s  "P h y s ic a l C hem istry  in  Am erica, 189O- 
1933: O r ig in s , Growth, and D e f in it io n "  (Ph.D . d i s s e r t a t i o n ,  Johns
Hopkins U n iv e rs i ty , 1 9 7 9 ), Ch. I .  See a ls o  D ic tio n a ry  o f  S c i e n t i f i c  Bio­
g raphy . v o l. 15 , Supp. .1 (1978 ) ,  s .v .  "O stw ald , F r ie d r ic h  W ilhelm ," by ■ 
Erwin N. H ie b e rt and Hans-G im ther Kcrber.

3I+
C a rl Wilhelm Wolfgang O stw ald, An I n tro d u c tio n  t o  T h e o re t ic a l  

and A pplied  C o llo id  C hem istry : The World o f  N eg lected  D im ensions, t r a n s .
M artin  H. F is c h e r  (New York: John W iley and Sons, I n c . ;  London: Chapman
and H a ll, L td . ,  1917), p . 76 . T h is work was based  on h is  s e r ie s  o f  l e c ­
tu r e s  in  America d u rin g  1913-191^, and f i r s t  p u b lish e d  in  German in  191^: 
Die Welt d e r v e fn a c h la s s ig te n  Dimensionen (L e ip z ig , 1 9 lk ) . Wolfgang 
O stw ald 's  works on c o l lo id s  a ls o  in c lu d e  "Zur S y stem atik  d e r  K o llo id e ,"
Z. Chem. In d . K o llo id e . 1 (1 9 0 7 ): 291-300, 331-3^1; G rundriss  d e r K o llo id -
chemie (D resden: T. S te in k o p f f ,  1909); and K le in es  Praktikum  d e r  K o llo id -
chemie (D resden and L e ip z ig : T. S te in k o p f f , 1920). On Wolfgang O stw ald ,
see  A. L o tte rm o se r, "W olfgang Ostwald 60 J a h re  a l t , "  K o llo id -Z . ,  103, 
no . 2 (19^ 3 ) :  89 -9^ ; E rn s t A. H auser, "The H is to ry  o f C o llo id  S c ien ce :
In  Memory o f  Wolfgang O stw ald ,"  J .  Chem. Educ. .  32 (1955): 2 -9 , e s p e c i­
a l l y  on pp . 1 -2 ;  and D ic tio n a ry  o f  S c ie n t i f i c  B iography , v o l .  10 (19 7 5 ), 
s .v .  "O stw ald, C arl W ilhelm  W olfgang," by Hans-G unther K orber.

35Wolfgang Ostwald, Introduction, pp. 218-219.

^^I b i d . , p . 3h.

37I b i d . ,  p . 6 .

I b id . , p . 7 6 .

3^A lfre d  W erner, " B e itrâ g e  zu r T heo rie  d e r  A f f in i t a t  und V alenz: 
Uber S tereochem ie des S t i c k s to f f s  in  de r Benzhydroxam saureihe,"  V ie r t e l -  
. ia h r s s e h r i f t  der Z ü ric h e r  N atu rfo rschenden  G e s e l l s c h a f t , 36 ( I 89I ) :  129-
1 6 9 ; A lfre d  W erner, " C o n tr ib u tio n s  to  th e  Theory o f  A f f in i ty  and V a len ce ,"  
t r a n s .  George B. Kauffman, Chymia, 12 (1967) :  l8 9 -2 l6 .  See a ls o  George
B. Kauffman, "A lfred  W ern e r 's  H a b i l i t â t i o n s s c h r i f t , "  i b i d . : 183-187.

1+0A lfre d  W em er, "Ueber Haupt- und N ebenvalenzen und d ie  C o n s titu ­
t io n  d e r Ammoniumverbindungen,"  L ieb igs Ann. Chem., 322 (1902): 26I - 296 ,
e s p e c ia l ly  p . 268 f f . Werner d is t in g u is h e d  th e  m o lecu la r compounds from 
"v a len ce  compounds" (V alenzverb indungen) o r o rd in a ry  compounds which a re  
c o n s t i tu te d  by K ekule ' s p rim ary  valence  bonds. See a ls o  C. A. R u s s e ll ,
The History o f  Valency (L eicester: L eicester U niversity P ress, 1971),
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pp. 213-223.

now assume t h a t  in  b o d ies  to  which a  double bond i s  a s s ig n e d , 
a c tu a l ly  two a f f i n i t i e s  o f  each  o f  th e  p a r t i c i p a t i n g  atoms a re  used  fo r  
b in d in g  th em se lv e s , b u t  t h a t — owing to  th e  a d d it iv e  power o f  th e  double 
bond— th e  s tr e n g th  o f  th e  a f f i n i t y  i s  no t f u l l y  u se d , and on each atom 
th e r e  i s  s t i l l  an a f f i n i t y  r e s id u e ,  o r a p a r t i a l  v a le n c e , an assum ption  
which can a ls o  be based  on th e rm a l grounds.

"in form ulas t h i s  can be exp ressed

C = C C =  0 C =  N N =  N e t c . .

where the sign ••• s ig n if ie s  the p a rtia l valence. In the p a r tia l valence 
I see the orig in  of the additive power." Johannes T hiele, "Zur Kenntnis 
der ungesattigten  Verbindungen," Leibigs Ann. Chem. , 306 (1899): 87-1^2 ,
on p. 89; translated  in  A Source Book in Chemistry. lUOO-1900 (New York, 
Toronto, London: McGraw-Hill Book Company, In c ., 1 952), ed. Henry M.
L eicester and Herbert S . K lick ste in , p. 510.

k2Although T h ie le  h im se lf  d id  no t develop  th e  ag g reg a te  th e o ry , 
he  su sp ec te d  t h a t  p erhaps in  such compounds as p o ly s ty re n e  th e  m olecules 
o f  s ty r o l  a re  bound to g e th e r  by p a r t i a l  v a le n c e s . T h ie le , "K e n n tn is ,"  
p . 92.

U3C arl D. H a r r ie s ,  Zur K enntn iss d e r  K au tschukarten : Ueber
Abbau und C o n s t i tu tio n  des P arak au tsch u k s ,"  B er. , 38 (1905): 1195-1203;
U ntersuchungen u eber d ie  n a tu r l ic h e n  und k ü n s tl ic h e n  K au tschukarten  
( B e r l in :  V erlag  von J u s tu s  S p rin g e r , 1919); R udolf Pummerer and P e te r
A. B urkard , "Uber K autschuk ,"  B e r . ,55 (I9 2 2 ):3b58 -3b72 ; R udolf Pummerer, 
H ilde  N ie lse n , and W olfgang Gundel, "K ryoskopische M oleku largew ich ts- 
Bestimmungen des K au tschuks,"  i b i d . .6 0  (1 9 2 7 ):216T-2175; Rudorf Pummerer 
and A lb e rt Koch, "Uber e in en  K r y s ta l l i s i e r t e n  Kautschuk und u b e r Hydro- 
K autschuk," L ieb ig s  Ann. Chem. , U38 (192U): 29^-313; Rudorf Pummerer and
W olfgang Gundel, "Uber D a rs te l lu n g  und M oleku larg ro sse  des Iso k a u tsc h u k -_  
n i t r o n s , "  B er. ,  6l  (1928): 1591-1596; Kurt H ess, "Über C e llu lo s e ,"
L ieb ig s  Ann. Chem. , U35 (192^): 1 - ilU ; Kurt H ess, Die Chemie d e r  Z e llu -
lo s e  und ih r e r  B e g le i te r  (L e ib z ig : Akademische V e r la g s g e s e l ls c h a f t  m .b .h .,
1928) ;  Paul K a rre r , "Zur K enntnis d e r P o ly sa c c h a rid e  I .  M ethy lierung  de r 
S ta rk e ,"  H elv. Chim. A c ta , 3 (1 9 2 0 );620-625; Pau l K a rre r , Polymere Kohlen- 
h y d ra te  (L eipzig:A kadem ische V e r la g g e s e lls c h a f t  m .b .H ., 1925 ) ; Hans 
P ringshe im , "Über d ie  Chemie Complexer N a tu r s to f f e ,"  N a tu rw iss . ,  13
(1925 ) : IO8I-IO 9O; "Abbau und Aufbau der Polysaccharide," Ber. , 59
(1926 ) :  3008- 3018; Max Bergmann, "Über den hochmolekularen Zustand der 
Proteine und d ie Synthèse protein-ahnlicher Piperazin-Abkoramlinge," 
Naturwiss. , 13 (1925): 10^^5-1050; Max Bergmann, "Allgemeine Strucktur-
chemie der komplexen Kohlenhydrate und der Proteine,"  Ber. , 59 (1926 ):
2973- 298I ;  Emil Abderhalden, "Das Eiweiss a ls  s in e  Zus ammenfas sung 
a s so z iie r te r . Anhydride anthaltenden Elementarkomplexe," Naturwiss. , 12
(192k): 716- 720 .
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1+li
B iog raph ies o f  th e se  s c i e n t i s t s  a re  in  J .  C. P oggendorff, 

B io g ra p h is c h -L ite r is c h e s  H andvorterhuch zur G esch ich te  d e r  exakten N a tu r-  
v is s e n s c h a f te n  (L e ip z ig : V erlag  von Johann Amhrosius B a rth ; L eipzig
and B e r l in :  V erlag  Chemie GmbH; B e r l in :  Akademie V erlag , 1863- ) ,  7 v o ls ;  on 
H a r r ie s , see  v o l .  4: 587-588 and v o l .  5: 500-502; on H ess, v o l. 5: 530-
531, v o l .  6: 1101-1103, and v o l.  J:  467-^70; on P ringshe im , v o l. 5,
p . 1006, v o l. 6 : 208I - 2082 , and v o l .  7 , p . 633; on Bergmann, v o l. 6:
185-187  and v o l. 7 ,  p . 151; and on A bderhalden , v o l. 5: 2 -3 , v o l. 6:
2 -11 , and v o l.  J : 1 -5 .

^5 John D a lto n , "O bservations on c e r t a in  L iqu ids o b ta in e d  from 
Caoutchouc by D i s t i l l a t i o n , "  P h i l .  Mag. , s e r .  3 , 9 ( I 836 ) : 1+79-U83;
M ichael Faraday , "On Pure Caoutchouc, and th e  Substances by which i t  i s  
accompanied in  th e  S ta te  o f  Sap, o r  J u ic e ,"  Q uart. J .  S c i .  A r ts . 21 
( 1826 ) :  19-28; and J u s tu s  von L ie b ig , "Bemerkung über d ie  Methoden d e r
D a rs te llu n g  f lü c h t ig e r ,  durch tro ck en e  D e s t in a t io n  o rg a n isc h e r  M aterien  
e rh a l te n  P ro d u k te ,"  L ieb ig s  Ann. Chem. , I 6 ( l8 3 5 ) :  61-62 . The name
" iso p re n e "  was g iven  by C harles G re v il le  W illiam s (1829-1910) in  i860 .
C. G re v il le  W illiam s, "On Isoprene  and C ou tch ine ,"  Phi l .  T ra n s . ,  150 ( I 86O): 
2U I-2 5 5 , on p . 2kk.  W illiam s ' iso p re n e  form ula C ^^S  vas l a t e r  a l t e r e d  
a s  C5H9 . See a ls o  M. Gustave B ouchardat, "Sur l e s  p ro d u its  de l a  d i s t i l ­
l a t i o n  sèche du cao u tch o u c ,"  B u ll. Soc, chim . ,  2k ( l8 7 5 ) :  1 1 1 - llk . The
e a r ly  h i s to r y  o f  ru b b er-co m p o sitio n  s tu d ie s  was b r i e f ly  o u t l in e d  in  G. S. 
W hitby and M. K atz, " S y n th e tic  R ubber," Ind . Eng. Chem. , 25 (1933): 1201-
1211 and 1338-1318, on pp. 1201-1205; and H arry L. F is h e r ,  "The O rig in  
and Development o f  S y n th e tic  R ubber," Symposium on th e  A p p lica tio n s  o f 
S y n th e tic  Rubbers (P h ila d e lp h ia :  American S o c ie ty  fo r  T e s tin g  M a te r i a l s , -
19I I ) :  3-16 , on pp. 3 -1 . But th e r e  i s  no r e l i a b l e  h i s t o r i c a l  study o f
t h i s  s u b je c t .

^^C arl D. H a r r ie s , "Zur K enn tn iss  d e r K a u tsch u k a rten ,"  p . I I 96 .
In  o rd e r  to  t e s t  h i s  th e o ry , H a rrie s  a tte m p te d  to  decompose rubber th rough  
a tre a tm e n t o f  ozone. The com position o f  th e  ozonized p ro d u c t was, he 
found, C]_QH]_gOg, and i t s  m olecu lar w eight seemed in  accordance  w ith  t h i s  
e m p ir ic a l  form ula i t s e l f .  From t h i s  he co n sid e red  th e  o z o n id e 's  s t r u c tu ­
r a l  form ula to  b e :

CH_
I 3
C— C H g -C H g -C H -O  

0 '^ 0  '

C H -C H g -C H g -C —

This r e s u l t ,  H a rrie s  th o u g h t, dem onstra tes  t h a t  th e  ru b b e r  m olecule i s  
d im e th y l-cy c lo o c ta d ie n e . H a r r ie s ,  i b i d . , p. I I 96 . Cf_., C arl H a rrie s ,
"Über den Abbau des P arakau tschuks v e r m i t t e l s t  Ozon," B e r . , 37 (190I ) :
2708- 2715 , on p . 2709 .

I7H a rrie s  l a t e r  proposed a l a r g e r  r in g  o f f iv e  iso p ren e  u n i ts
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( l 9 l k ) ,  and e v e n tu a lly  o f  seven iso p ren e  u n i t s .  C a rl H a r r ie s , "B e itrâ g e  
zur K enntnis der K o n s titu tio n  des Kautschuks und verw andter V erbindungen, " 
L ieb ig s Ann. Chem. ,  406 (1914 ): 173-226; Chem. A b s tra c ts , l6  (1922),
3232; and H a r r ie s , Unter suchungen. On th e  developm ent o f  H a r r ie s ' rubber 
form ula, se e  G. S ta f fo rd  W hitby, "Recent Work o f  H arrie s  on C aoutchuc," 
India-R ubber J . ,  617 (F ebruary  12 , 1921): 313-315.

48
"The concept o f  m o lecu la r ag g reg a te s  cannot be abandoned,

"Which means t h a t  s in g le  m olecu les do no t lo s e  t h e i r  autonomy in  a com­
p lex . M olecules em it l in e s  o f  fo rc e s  as  a r e s u l t  o f  a l l  ch em ica lly  
a c tiv e  fo rc e s  in  t h e i r  atom ic g roups. These fo rc e s  o f m o lecu la r v a len ces  
have an independence from th e  atom ic v a le n c e s . M olecular v a le n c e s  enab le  
s in g le  m o le c ^ e s  to  form a  polymer m o lecu le , i . e . ,  a  po ly m o lecu le ."  Georg 
S c h ro e te r , "Uber d ie  Beziehungen zwischen den polym eren Ketenen und dem 
C yclobu tan -1 , 3 -d ion  und se in en  D e riv a te n ,"  B e r . , 49 (1916): 2697-27^5,
on p . 2697 .

49A fte r  r e c e iv in g  th e  Ph.D. in  1911 from th e  U n iv e rs i ty  o f  B e r lin , 
Bergmann rem ained th e r e  as an a s s i s t a n t  to  F is c h e r  u n t i l  F i s c h e r 's  death  
in  1919 . See, e . g . . D ic tio n a ry  o f  S c i e n t i f i c  B iography, v o l. 2 (1970) ,  
s .v .  "Bergmann, Max," by Joseph  S. F ru to n . See a ls o  re fe re n c e s  in  n . 44.

^^Bergmann, "A llgem eine S tru k tu rch e m ie ,"  p . 2973.

^ ^ 'T h e re fo re , what i s  e s p e c ia l ly  needed a t  th e  p re se n t tim e  fo r  th e  
chem istry  o f  p s e u d o -h i^  m o lecu la r su b s tan ces  i s  th e  development o f  a 
s t r u c tu r a l  and s p a t i a l  c h em is try  th e  o b je c t o f  which l i e s  o u ts id e  th e  
m olecu le , o u ts id e  th e  in d iv id u a l  group— a s t r u c t u r a l  ch e m is try , a s p a t i a l  
chem istry  o f  ag g re g a tin g  fo rc e s  and o f  a g g re g a te s ."  I b id . , p . 298I .

52For th e  X-ray re s e a rc h  a t  th e  K a ise r W ilhelm -I n s t i t u t  fu r  
F a se rs to ffc h e m ie , see M ichael P o la n y i, "My Time w ith  X-rays and C r y s ta ls ,"  
in  F i f ty  Y ears o f X-ray D i f f r a c t io n , ed . P. P. Ewald (U tre c h t:  I n te r ­
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CHAPTER II

HERMAKN STAUDINGER AUD THE EMERGENCE 

OF THE MACROMOLECULAR THEORY

T rotz  der g ro sse n  Zahl von o rg an isc h en  K orpem , d ie  w ir h eu te  
schon kennen, s te h e n  w ir so e r s t  am Anfang d e r Chemie d e r  e ig e n t-  
l ic h e n  o rg an isch en  Verbindungen und haben n ic h t  etwa e in en  A bschluss 
e r r e i c h t .

— Hermann S ta u d in g e r ,
"Die Chemie d e r hochm olekularen 
o rg an isch en  S to f fe  im Sinne der 
K ekuleschen S t r u k tu r le h r e ,"
1926.

I t  i s  no s e c r e t  th a t  fo r  a lo n g  tim e  many c o lle a g u e s  r e je c te d  
your view s which some o f  them reg a rd e d  a s  a b d e r i t i c . Perhaps t h i s  
was u n d e rs ta n d a b le . In  th e  w orld  o f  h ig h  polym ers alm ost ev e ry th in g  
was new and u n te s te d .  Long s ta n d in g , e s ta b l is h e d  concep ts  had to  
be r e v is e d  o r  new ones c re a te d . The developm ent o f  th e  macromolecu- 
l a r  sc ie n c e  does no t p re se n t a p ic tu r e  o f  a  p e a c e fu l i d y l l .

—A. F redga,
P re s e n ta tio n  Speech to  S taud inger 
a t  th e  Nobel C e le b ra tio n  in  Stockholm , 
December 10, 1953.

. . .  I  was most im pressed  by h is  C S ta u d in g e r 's ]  trem endous en thusiasm  
and energy  and h i s  pow erfu l p e r s o n a l i ty ,  w hich, I  im ag ine , would make 
him a  most fo rm id ab le  opponent in  any argum ent.

— C. H. Bamford,
quo ted  in  V. E. Y a rs le y ,
"Hermann S ta u d in g e r ,"  196?.

The m acrom olecular th e o ry  was p roposed  s h o r t ly  a f t e r  th e  F i r s t  World 

War by th e  German c h e m is t, Hermann S ta u d in g e r  ( I 88I - 1965) a t  th e  g re a t Tech- 

n isc h e  Hochschule in  Z u rich , Assuming th e  e x is te n c e  o f  m acrom olecules w ith

39
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an a lm ost a r b i t r a r i l y  l a r g e  s iz e ,  he e x p la in ed  c o l lo id a l  su b s ta n c e s , such 

as ru b b e r  and c e l lu lo s e ,  a s  b e in g  formed by th e s e  very  la rg e -c h a in  molecu­

l e s .  On th e  one hand, in  h i s  approach to  po lym ers, he proved 

h im s e lf  to  be a s taunch  d i s c ip le  o f  th e  n in e te e n th -c e n tu ry  chem ist K ekule.

A t r a d i t i o n a l  o rg an ic  c h e m is t, S tau d in g e r be longed  to  th e  o r g a n ic - s t r u c tu r a l  

t r a d i t i o n  which in te r p r e te d  p r o p e r t ie s  o f  m a tte r  s o le ly  in  term s o f th e  

s t r u c tu r e  o f  o rg an ic  m o lecu le s . In  h is  v iew , c o l lo id a l  p a r t i c l e s  a re  in
o

many c a se s  them selves g ia n t  m olecules which a re  composed o f  betw een 10 and 

10^ atoms l in k e d  to g e th e r  by th e  "Kekule" bonds. M acrom olecular compounds 

a re  th u s  s t r u c tu r e d ,  he c la im ed , on th e  same p r in c ip le s  as th o se  o f c l a s s i ­

c a l  o rg an ic  c h e m is try , namely acco rd in g  to  K ekule?s s t r u c tu r a l  th e o ry . In  

t h i s  way, he s tro n g ly  opposed th e  predom inant p h y s ic a l i s t  approach to  

c o l lo id s .  However, S ta u d in g e r  was no t a d e fen d e r o f  th e  s t r u c tu r a l  t r a d i ­

t io n  o f  h i s  t im e . As we have se en , by h is  t im e ,  th e  F is c h e r  schoo l and 

K e k u le 's  German su c c e sso rs  had d e l ib e r a te ly  e lim in a te d  th e  c l a s s i c a l  concept 

o f  b ig  m olecu les from t h e i r  s t r u c tu r a l  scheme. A lthough ro o te d  in  th e  o rgan ic - 

s t r u c t u r a l  t r a d i t i o n ,  h i s  m acrom olecular concep t d e p a rted  from t h i s  path  

in  some c r u c ia l  p o in ts .

The appearance o f  S ta u d in g e r 's  th e o ry  in  th e  e a r ly  1920s soon 

provoked a n tip a th y  among h is  c o n tem p o ra rie s , and he met v ig o ro u s o p p o s itio n  

from b o th  s id e s ,  p h y s ic a l i s t s  and s t r u c t u r a l  o rg a n ic  ch em ists  a l i k e .  The 

storm y c o n tro v e rsy  over th e  m acrom olecle c o n tin u ed  fo r  th e  n ex t f i f t e e n  

y e a rs  u n t i l  h i s  th e o ry  began to  re c e iv e  s ig n i f i c a n t  accep tan ce  around 

th e  mid 1930s. The emergence o f  th e  m acrom olecular concept was indeed an 

i n t e l l e c t u a l  upheaval in  th e  Grrman s c i e n t i f i c  community d u rin g  th e  Weimar 

p e r io d .
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Young S tau d in g e r; E ducation  and C areer 

Hermann S ta u d in g e r  was bom  in  Worms, Germany on March 23, l 8 8 l .^  

H is f a th e r ,  Franz S ta u d in g e r  (18^9-1921), was a te a c h e r  a t  th e  Gymnasium 

in  Worms. A w ell-know n neo-K an tian  p h ilo so p h e r , Franz S ta u d in g e r  i n s t i l ­

le d  in  h i s  son b ro ad  i n t e r e s t s  in  c u l t u r e ,  h i s to r y ,  a r t s ,  l i t e r a t u r e ,  and 

2s c ie n c e . In  Worms S ta u d in g e r  s tu d ie d  a t  h i s  f a t h e r 's  Gymnasium and com­

p le te d  h is  q u a li fy in g  exam ination  (A b i tu r ) in  1899. As a young s tu d e n t ,  

he w ished to  s tudy  b o tan y , a  su b je c t which had c a p tu red  h is  i n t e r e s t  from 

an e a r ly  age. He e n ro l le d  a t  th e  U n iv e rs i ty  o f  H a lle  to  s tu d y  t h i s  f i e ld  

under th e  b o ta n is t  Georg A lb rech t Klebs ( l8 5 T -1 9 l8 ). S im u ltan eo u sly , he 

s t a r t e d  work th e re  on a n a ly t i c a l  ch em is try  in  th e  la b o r a to r y  o f Jacob 

V olhard  (183^-1910), s in c e  h i s  f a th e r  was adv ised  th a t  S ta u d in g e r should 

have a  thorough t r a i n in g  in  chem istry  in  p re p a ra tio n  f o r  a fu tu re  c a re e r  

i n  b o tan y . I r o n i c a l ly ,  th e s e  "p re lim in a ry "  s tu d ie s  in  c h e m is try  tu rn ed  

ou t to  be th e  making o f  h is  p ro fe s s io n a l  c a r e e r ,  a lth o u g h  h is  i n t e r e s t  in  

th e  b io lo g ic a l  f i e l d  co n tin u e d  th ro u g h o u t h is  l i f e .  He was always a t  

p a in s  to  f in d  and p u rsu e  th e  co n n ec tio n s  betw een b io lo g y  and chem ical in ­

v e s t i g a t io n s ,  as i s  seen in  h i s  l a t e r  s tu d y  o f  m acrom olecular chem istry . 

A f te r  a b r i e f  p e r io d  a t  H a lle , he com pleted h is  f i r s t  t r a i n in g  in  a n a ly t i ­

c a l  chem istry  a t  th e  T echn ische  H ochschule in  D arm stadt. He sp en t th e  

n e x t two sem esters in  A dolf von B a ey e r 's  la b o ra to ry  a t  th e  U n iv e rs i ty  o f 

M unich, s tu d y in g  o rg an ic  ch em is try  under Oskar P i lo ty  (1866-1915), 

B a e y e r 's  so n -in -law .

A fte r  r e tu r n in g  to  H a lle  in  1901, S tau d in g er w ro te  h i s  d i s s e r ta ­

t i o n  on th e  m alonic e s te r s  o f  u n s a tu ra te d  compounds. T his w ork, done
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under th e  d i r e c t io n  o f  D an ie l V orlander (186T-19^1)> was com pleted  in  

1903.^  He se rv ed  as a s s i s t a n t  (U n te r r ic h ts a s s i s ta n t  ) to  Johannes T h ie le  

in  S tra s s b u rg  in  th e  fo llo w in g  fo u r y e a rs  (1903- I 9OT). D uring th e  p e rio d  

betw een 1901 and 1907, b o th  V orlander and T h ie le  gave S ta u d in g e r much in ­

s p i r a t io n  in  th e  f i e l d  o f  t h e o r e t i c a l  o rg an ic  ch e m is try . As we have seen 

in  C hapter I ,  T h ie le  had j u s t  proposed h i s  th e o ry  o f  p a r t i a l  v a le n c e s  

which appeared  t o  e x p la in  th e  unusual n a tu re  o f  u n s a tu ra te d  o rg an ic  com- 

pounds. Under th e  d i r e c t io n  o f  V o rlan d e r, S tau d in g er a ttem p ted  to  t e s t  

T h ie le 's  th e o ry  w ith  r e s p e c t  t o  a d d it io n  p ro d u c ts  o f  u n s a tu ra te d  m alonic 

e s t e r s .^  As an o rg an ic  c h e m is t, he was a ls o  much concerned w ith  th e  c la s ­

s i c a l  s t r u c tu r a l  th e o ry  d u r in g  t h i s  p e r io d . For exam ple, as e a r ly  as 

1905 , he though t c r i t i c a l l y  about th e  developm ent o f  benzene th e o ry  from 

th e  id ea s  o f  Kekule to  th e  view s o f  h is  own con tem poraries  in c lu d in g  

B aeyer, T h ie le , and V o rlan d er. This rev iew , w r i t te n  in  h i s  no tebooks, 

e x h ib ite d  S ta u d in g e r 's  c a u tio u s  and c r i t i c a l  a t t i t u d e  tow ard c u rre n t 

th e o r ie s  in  o rgan ic  c h e m is try , a c h a ra c te r  which he l a t e r  showed more 

f u l ly  in  h i s  s tu d y  o f  h i^ - m o le c u la r  o rg an ic  su b s ta n c e s .^

In  1905 S ta u d in g e r made h is  f i r s t  d isco v e ry  o f h ig h ly  r e a c t iv e  

u n s a tu ra te d  compounds, k e te n e s ,  which formed th e  s u b je c t o f h i s  H a b i l i ta ­

t i o n  in  th e  s p r in g  o f  1907. A ppointed a s s o c ia te  p ro fe s s o r  a t  th e  Tech­

n isc h e  Hochschule in  K arlsruhe  in  1907, he con tinued  h is  in v e s t ig a t io n s  on 

k e te n e s , s tu d y in g  th e  p re p a ra tio n  o f  v a rio u s  k e ten es  and t h e i r  r e a c t i v i t y .

He, a lone  and to g e th e r  w ith  h i s  d o c to ra l  s tu d e n ts ,  produced 57 papers
7

in  t h i s  f i e l d  in  th e  nex t two d ecad es. His f i r s t  book Die Ketene 

(1912 ) ,  was th e  f r u i t  o f  th e s e  e f f o r t s ,  a work which won wide r e a d e r -
g

sh ip  as a  s ta n d a rd  tex tb o o k  on ketene ch e m is try . D uring t h i s  p e r io d .
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he a ls o  c a r r ie d  out r e s e a rc h  on a l ip h a t i c  d iaz o  compounds and o x a ly l  c h ro -  
0

l i d e s ,  and th e s e  s tu d ie s  in  K arlsruhe  s u f f i c i e n t l y  won h is  e a r ly  r e p u ta ­

t io n  as  a co n v en tio n a l o rg an ic  chem ist.

In  1912 S ta u d in g e r became P ro fe s so r  a t  th e  E idgenossische  Tech­

n isc h e  Hochschule in  Z u ric h , succeed ing  R ichard  W i l l s t a t t e r  (1873-1942), 

th e  fu tu re  Nobel l a u r e a te ,  who had moved to  th e  newly e s ta b l is h e d  K a iser 

W ilh e lm -In s ti tu t  fu r  Chemie in  B erlin-D ahlem . S tau d in g e r rem ained th e re  

fo r  th e  nex t fo u rte e n  y e a rs  u n t i l  h is  c a l l  t o  th e  U n iv e rs ity  o f  F re ib u rg  

im  B re isg au  in  1926. In  Z iirich  S ta u d in g e r’ s l e c tu r e  a t ta in e d  p o p u la r i ty  

among s tu d e n ts .  A ccording to  W illem Q u arle s ' s ta te m e n t, S ta u d in g e r 's  

s tu d e n ts  " a l l  came under th e  s p e l l  o f  t h i s  t a l l  German [about 6 f e e t  4 

in ch es] who, w ith  h is  c u r t  nervous g e s tu re s  and w h ispering  v o ic e , p e n e tra ­

te d  in to  th e  m y ste rie s  o f  th e  carbon atom and k in d le d  a  love f o r  th e  

s tra n g e  o rgan ic  w o r l d . A n o t h e r  s tu d e n t r e c a l l e d ,  "S tau d in g er as I  knew 

him was what i s  p o p u la r ly  d e sc rib ed  as a f in e  f ig u r e  o f  a man. R obust, 

g e n ia l  and k in d ly , I  looked  on him very  much as a  f a th e r  f ig u re  . . .

As a  r e s e a rc h e r ,  he conducted  h is  work w ith  trem endous en thusiasm ; he 

p a id  m eticu lous a t t e n t io n  t o  d e t a i l  and was a  c a r e f u l  p lan n er o f  h i s  ex­

p e rim e n ta l work. At th e  same tim e , as one o f  h is  con tem poraries  p u t i t ,

S ta u d in g e r was "no t e x a c t ly  a  g e n tle  and compromising p ro ta g o n is t  o f  h is  

12work" — a s c i e n t i f i c  p e r s o n a l i ty  which he e x h ib i te d  in  the  m acrom olecular 

d eb a te  d u ring  th e  1920s and 1930s.

D uring World War I ,  when th e re  was a  sh o rta g e  o f  food in  Germany, 

S ta u d in g e r  worked on th e  sy n th e s is  o f  a pepper s u b s t i tu te  and on th e  

aroma o f  ro a s te d  c o ffe e . As a s t r u c tu r a l  c h e m is t, he e s p e c ia l ly  i n v e s t i ­

g a ted  th e  r e l a t i o n  betw een p ro p e r t ie s  o f  th e s e  su b s tan ces  (e . g . , th e
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13t a s t e  o f  pepper and c o ffe e  f la v o r )  and t h e i r  chem ical c o n s t i tu t io n s .

He a ls o  con tinued  h is  r e s e a rc h  on k e te n e s . But i t  was d u r in g  t h i s  p e rio d  

th a t  he  f i r s t  developed  h i s  i n t e r e s t  in  th e  study  o f po lym ers . Because 

o f  h i s  growing i n t e r e s t  in  t h i s  f i e l d  d u r in g  th e  l a s t  y e a rs  o f  h i s  s ta y  

in  Z urich  ( e s p e c ia l ly  betw een 1920-1926), he  s e t  a s id e  h i s  in v e s t ig a t io n s  

on k e te n e s  and o th e r  low -m olecular compounds. When he moved to  th e  Uni­

v e r s i ty  o f  F re ib u rg  in  1926 , he v i r t u a l l y  d isc o n tin u e d  th e  work o f h is  

e a r ly  re s e a rc h  a re a s  and devoted  h im se lf  to  th e  s tu d y  o f  polym ers. P e r­

haps i t  i s  no t s u r p r i s in g ,  given th e  su c ce ss  o f  h is  e a r ly  work in  the  

f i e l d  o f  low -m olecu lar ch e m is try , t h a t  h is  c o lle ag u e s  were s k e p tic a l  

about t h i s  change. S ta u d in g e r  r e c a l le d :

D ie je n ig en  Fachgenossen , denen meine friih e ren  P u b lik a tio n e n  a u f  dem 
G ebiet d e r n e id e rm o lek u la ren  Chemie bekannt waren , f r a g te n  m ich, warurn 
ic h  d ie s e  schonen A rb e its g e b ie te  v a r ia s s e  und mich m it so u n e rf re u -  
l ic h e n  und wenig d e f in ie rb a re n  V erbindungen, wie m it Kautschuk und 
sy n th e tis c h e n  Polym eren, b e s c h a f t ig e ,  d e re n  V erh a lten  man damais v i e l -  
fac h  a ls  Schm ierenschem ie b e z e ic h n e te .l4

However, i t  was in  t h i s  u n p leasan t f i e l d  o f  g rea se  ch em istry  (Schm ieren-

chem ie) t h a t  S tau d in g er b rough t about an upheaval in  modern chem istry

and e v e n tu a lly  e s ta b l is h e d  h i s  r e p u ta t io n  as th e  founder o f  a  new s c ie n c e ,

m acrom olecular c h e m is try . While e n te r in g  in to  an e n t i r e l y  new f i e l d ,  i t

was h i s  background as a  c l a s s i c a l  o rg an ic  chem ist th a t  p lay ed  an im portan t

r o le  in  th e  developm ent o f  h i s  i n te r e s t s  and id ea s  in  t h i s  s u b je c t , as

w i l l  be  d isc u sse d  below .

The O rig ins and Develonmenu o f  S ta u d in g e r 's  M acrom olecular Theory 

S tau d in g e r began h i s  study o f  polym ers in  1920 a t  th e  age o f  

t h i r t y - e i g h t  when he was P ro fe s so r  o f  C hem istry a t  th e  E idgenossische  

T echnische Hochschule in  Z u rich . In  t h i s  y e a r  he proposed h is  g e n e ra l



view o f  th e  s t r u c tu r e  o f  lo n g -c h a in  m olecu les fo r  polym eric compounds 

and embarked on a  s e r i e s  o f  in v e s t ig a t io n s  on th e  e x is te n c e  o f  th e s e  

g ia n t  m olecules o r  m acrom olecules

S tau d in g e r had developed  some i n t e r e s t  in  th e  polymer s t r u c tu r e  

a lre a d y  in  th e  e a r ly  1910s when he was in v e s t ig a t in g  k e ten e  compounds.

He observed  t h a t  h ig h ly  r e a c t iv e  k e te n e s  r e a d i ly  polym erize  to  fo u r-  

membered c y c lic  d im ers, d e r iv a t iv e s  o f  cy c lo b u tan e . Such four-membered 

r in g  m olecu les were e a s i l y  s p l i t  by p y r o ly s i s .  This o b se rv a tio n  induced 

him to  examine th e  p y r o ly t ic  decom position  o f  o th e r  r in g  sy stem s, p a r t i ­

c u la r ly  th o se  o f  th e  six-membered r in g s  such as te rp e n e s  In

1911 S ta u d in g e r  r e p o r te d  t h a t ,  among te r p e n e s ,  lim onene and i t s  isom er, 

d ip e n te n e , decompose w ith  very  good y ie ld  (up to  about J0%) in to  iso p ren e  

(C^Hg), a substance  known as th e  b a s ic  u n i t  o f  n a tu r a l  ru b b e r .

(lim onene and d ip en te n e )  ( iso p re n e )

f   J. >

C CH

A  X
HgC CHg HgC CHg

T h ere fo re  i t  i s  u n d e rs ta n d a b le  t h a t ,  s h o r t ly  a f t e r  t h i s  s tu d y  (p robab ly  

around 191I ) ,  S ta u d in g e r perform ed experim en ts  to  polym erize  iso p re n e  to  

p o ly is o p re n e , t h a t  i s ,  s y n th e t ic  ru b b e r . However, he found th a t  w h ile  

s y n th e t ic  rubber resem bled  n a tu r a l  ru b b e r , i t  d i f f e r e d  in  a number of 

p r o p e r t ie s  such as c o l lo id a l  n a tu r e . A ccording to  S ta u d in g e r 's  r e c o l le c -
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t io n s , "Gerade d iese Unterschiede in  machen Eigenschaften [zvischen syn-

thetischem  und naturlichem Kautschuk] regten d ie Bearheitung d ieses

G ebietes, hauptsachlich d ie Untersuchung der kollo iden  Losungen d ieser  
17S to ffe , an." In short, from the work on ketenes originated Staudinger's 

in terest in  isoprene and i t s  polym erization, which in turn stim ulated  

h is developing in tere st in  rubber structure in  the early 1910s.

S ta u d in g e r 's  1911 p a p e r  on iso p re n e  b r i e f l y  r e f e r r e d  w ithou t c r i ­

t ic is m  to  C arl D ie tr ic h  H a r r ie s ' i n te r p r e ta t io n  o f  th e  ag g reg a te  s t r u c -  
l8tu re  f o r  ru b b e r. However, we f in d  t h a t  s ix  y e a rs  l a t e r ,  he r e je c te d  

i t  and f i r s t  exp ressed  a  view  in  fav o r o f  th e  lo n g -c h a in  s t r u c tu r e  fo r  

ru b b e r . In  a  l e c tu r e ,  "Über Iso p re n  und K autshuk: K au tschuk-S yn these ,"

g iven  in  O ctober, 1917, b e fo re  th e  32th g e n e ra l  m eeting o f  th e  

Schw eizerischen  G e s e lls c h a f t  f u r  chemische I n d u s t r ie ,  S ta u d in g e r 

rem arked ;

Bei se in e n  w ic h tig e n  A rb e iten  über d ie  Einwirkung von Ozon a u f  
o rg an isch e  Substanzen  konnte  H a rrie s  im Ja h re  1904/1905 dem E in b lic k  
den Weg bahnen, w ie s ic h  d ie  Isoprenm oleküle  zu dem Kautschuk 
zusammenlagern. Auf s e in e  a n fa n g lic h e  u n r ic h t ig e  Annahme, dass dem 
Kautschuk e in  K o h len w assers to ff de r C y c lo o c ta d ie n re ih e  zugrunde 
l i e g e ,  w i l l  ic h  h ie r  n ic h t  naher e ingehen . Ich  nehme a n sc h lie s se n d  
an d ie  A rb e iten  von P ic k le s  an , dass b e i  d e r  K autschukbildung s ic h  
d ie  Isoprenm olekü le  an den Enden, a ls o  in  1 -4 -S te llu n g  zusammen- 
g e la g e r t  haben und d ass  H underte von Is  o p renm olekülen d ie  g ro ssen  
K autschukm oleküle, d ie  d u rch  das U ltram ikroskop  s ic h tb a r  gemacht 
werden konnen, und d ie  d ie  k o l lo id a le n  E ig e n sc h a fte n  des Kautschuks 
bed ingen , g e b ild e t  h a b e n .19

It i s  c lear  from th is  statement that he followed the view proposed by

the English rubber chemist, Samuel Shrowder P ick les (1878- I 962 ).

A r e la t iv e ly  unknown researcher at the Imperial In st itu te  in  

South Kensington, P ick les had expressed views at variance with Harries' 

theory at the York meeting o f the Chemical Section o f the B ritish  

A ssociation as early as I 906 . His d iscussion  at the meeting was not
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p r in te d  and not w idely  known u n t i l  h is  p a p e r , "The C o n s t i tu tio n  and Syn­

th e s i s  o f Caoutchouc," appeared  in  1910 in  th e  Jo u rn a l o f  th e  Chemical 
20

S o c ie ty . This paper was p r im a r i ly  d i r e c te d  a g a in s t  H a r r i e s ' view of 

ru b b er s t r u c tu r e  as th e  p h y s ic a l  a g g re g a te s  o f  d im e th y l-cy c lo o c ta d ie n e  

m olecules c o n s is t in g  o f  two iso p re n e  u n its  (C^Hg). A ccording

to  P ic k le s ,  H a r r ie s ' fo rm ula  i s  u n s a t i s f a c to r y ,  "as i t s  arrangem ent de­

mands vague and u n n ecessa ry  concep tions o f  p o ly m e r is a tio n ."  "The s in g le  

m olecule [d im e th y l-c y c lo o c ta d ie n e ] ,"  he w ro te , " is  reg a rd e d  [by H a rrie s ]  

as th e  ' chem ical' m o lecu le , and th e  po lym erised  ag g reg a te  as th e  'p h y s i­

c a l '  m olecule . The e x te n t o f  p o ly m e risa tio n  . . .  i s  undefined ."  I f  rub ­

b e r  i s  ag g reg a tes  o f  sm a ll m olecules h e ld  to g e th e r  by lo o se  p h y s ic a l 

f o rc e s ,  one shou ld  o b ta in  th e s e  sim ple m olecules by h e a tin g  o r through 

' chem ical tre a tm e n ts  o f  ru b b e r , such as  th e  s a tu r a t io n  o f  th e  double bonds 

in  th e  m o lecu les. However, P ic k le s  u rged , t h i s  i s  c o n tra ry  to  chem ical 

e x p e rien c e . P o in tin g  ou t t h a t  th e  p o ly m e riz a tio n  o f  iso p re n e  in to  rub­

b e r  i s  no t p h y s ic a l  b u t " s t r i c t l y  c h em ica l,"  he su g g ested  an a l t e r n a t iv e  

view  t h a t  th e  iso p re n e  u n i t s  a re  u n i te d  in  long  cha ins o f th e  s tr u c tu r e  : 

Me Me Me Me

. . . .  CHg.C:CH.(CHg)2.C:CH.(CHg)g.C:CH.(CHg)g.C:CH.(CHg)^ . . . .

P ic k le s ' form ula w as, however, no t a  l i n e a r  chain  s t r u c tu r e .  As he added,

" th e  two ends o f  th e  c h a in  should  be l in k e d  to g e th e r ,  w hich , o f  c o u rse ,

le a d s  to  th e  fo rm ation  o f  a r in g  . . . Rubber p robab ly  c o n ta in s  a t  l e a s t

21e ig h t CjHg complexes . . . "  Thus, P ic k le s  shared  w ith  H a rrie s  th e  

id e a  o f  r in g  s t r u c tu r e  f o r  th e  ru b b er m olecu le ; th e  d i f f e re n c e  between 

t h e i r  op in ions a p p a re n tly  la y  in  th e  r in g  s iz e .  While soon going in to  

th e  ru b b er m anufactu ring  in d u s try  as a p r a c t i c a l  c h e m is t. P ic k le s  d id  no t
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pursue  f u r th e r  dem onstra tions on t h i s  i s s u e .  N e v e r th e le s s , h is  1910 

paper drew p a r t i c u l a r  a t t e n t io n  from some o f  h is  c o n tem p o ra rie s , p a r t i ­

c u la r ly  from S tau d in g e r.

Although S tau d in g er d id  not a c ce p t P ic k le s ' assum ption o f  th e  

c lo se d  c h a in  fo rm ula , he d id  adopt some o f  th e  im portan t argum ents in  

P ic k le s ' p a p e r , namely t h a t  th e  p o ly m e riz a tio n  o f  iso p ren e  i s  a  p u re ly  

chem ical p ro c e s s , and t h a t  th rough  t h i s  p ro ce ss  th e  iso p ren e  m olecules 

u n i te  to  form very  long  c h a in s . In  h i s  1917 l e c tu r e ,  m entioned above, 

S ta u d in g e r suggested  a  long  c h a in  form ula in  which hundreds o f  iso p re n e  

u n i t s  b u i ld  up th e  la rg e  m olecu les o f  n a tu r a l  ru b b er:

C H , C H - C H - C H -
I  ,  I  I  ^  I  ^

- C H g -  -C H g -C H = C -C H g - '-C H g -C H = C -C H g -  -C H g -C H = C -C H g -  -C H g -C H = C -C H g -  - C H g -
' ' T~v-------------- '-----r-v----------

iso p ren e  iso p re n e

He proposed  a s im ila r  bu t s l i g h t l y  d i f f e r e n t  s t r u c tu r e  fo r  th e  s y n th e t ic

ru b b e r p re p a re d  from is o p re n e :

CĤ  CH. CĤ  CHg

-CHg!-CHg-CH=C-CH2 -CHg-C=CH-CH2 .C H g -C H = C -C H g |-C H 2 -C H = C -C H 2  j - C H ^ - . ^ ^
"V------------  v~

iso p re n e  iso p re n e

U nlike n a tu r a l  ru b b e r , in  th e  fo rm ation  o f  s y n th e t ic  ru b b e r , th e  iso p re n e  

u n i ts  a re  th u s  n o t a rran g ed  s id e  by s id e  r e g u la r ly .  For t h i s  re a so n , 

s y n th e t ic  ru b b e r , he th o u g h t, e x h ib i ts  p r o p e r t ie s  d i f f e r e n t  from th o se  

o f  n a tu r a l  ru b b e r . As we can s e e , S ta u d in g e r 's  view  o f  ru b b er was based 

w holly  upon K ekule' s c l a s s i c a l  s t r u c tu r a l  th e o ry  acco rd ing  to  which th e  

p r o p e r t ie s  o f  compounds depend on th e  arrangem ent o f atoms in  th e  mole­

c u le .

By 1920 S tau d in g er ex tended  h is  id e a  o f  lo n g -c h a in  s t r u c tu r e  o f
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ru b b e r to  th e  g e n e ra l th e o ry  o f polym er s t r u c tu r e .  This y e a r  he pub­

l i s h e d  h is  landm ark p a p e r , "Über P o ly m e r isa tio n ,"  in  th e  B e r ic h te  d e r

23deu tschen  chemischen G e s e l l s c h a f t . In  t h i s  paper he suggested  th a t  

th e  p o ly m e riz a tio n  p ro d u c ts  can be e x p la in ed  s a t i s f a c t o r i l y  by norm al o r 

Kekule v a le n c e s . He d id  n o t th in k  i t  n e c e s sa ry  t o  assume th a t  th e  mole­

c u la r  compounds a re  h e ld  to g e th e r  by s ec ond ary -v a le  nee fo rc e s :

Und doch glaube i c h ,  dass nach dem v o rlie g en d e n  Beobachtungs- 
m a te r ia l  so lc h e  Annahmen [von M olekiilverbindungen, d ie  durch 
Nabenvalenzen zusam m engehalten werden] zu r  E rk la rung  des E nstehens 
d e r P o ly m e risa tio n sp ro d u k te  n ic h t  gemacht zu werden b ran ch en ; v i e l -  
mehr konnen d ie  v e r s c h ie d e n a r t ig s te n  P o ly m e risa tio n p ro d u k te , w ie 
ic h  im Folgenden ze ig en  m ochte, durch norm ale V alenzform eln e in e  
genugende E rk la ru n g  fin d e n ; und gerade in  d e r o rg an isch en  Chemie w ird  
man so lange  wie m oglich  s ic h  bemühen, d ie  E ig en sch a ften  d e r V erb in ­
dungen durch FormeIn m it N orm alvalenzen w iederzugeben .2^

M ain ta in in g  th e  B e rz e lia n  d e f in i t io n  o f  polym erism , S tau d in g er a s s e r te d

t h a t  p o ly m e riz a tio n  i s  a chem ical r e a c t io n  in  which two o r more

m olecu les combine in to  a  p ro d u ct o f  th e  same com position , b u t w ith  a

25h ig h e r  m olecu lar w e ig h t. In  t h i s  way, he gave lo n g -c h a in  fo rm ulas fo r  

such p o ly m e riz a tio n  p ro d u c ts  as paraform aldehyde (polyoxym ethylene) and 

m e ta s ty ro l  (p o ly s ty re n e )  a s  w e ll a s  ru b b er:

Hp Hp Hp Hp Hp Hp
I I r  I I I

Paraform aldehyde . . . .  C.O.C.O.C.O. . . . C.O.C.O.C.O. . . .

26M e ta s ty ro l . . . .  CH.CHg.CH.CHg.CH.CHg.CH.CHg.CH.CHg. .

The c o l lo id a l  p r o p e r t ie s  o f  th e s e  su b stan ces  were a t t r ib u t e d  e n t i r e l y  to  

th e  s iz e s  o f  t h e i r  p rim ary  v a lence  m o lecu les , which he guessed m ight con­

t a i n  on th e  o rd e r  o f  a  hundred u n i t s . In  c o n t r a s t  to  th e  r in g  s t r u c tu r e  

which formed th e  b a s ic  co n c ep tio n  o f  th e  ag g re g a te  th e o ry , S ta u d in g e r 's  

c h a in  form ulas appeared  to  c o n ta in  th e  problem  th a t  th e re  m ight e x i s t
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unsaturated atomic groups at the ends o f the long chain. Yet he simply

suggested that those free  valences at the ends o f  very long chains would

he unreactive owing to  the s iz e  o f the molecule:

Nehmen wir z. B. hunderte von Molekulen Formaldehyd, so haben wir im 
unpolymerisierten Zustand zweimal hunderte reaktionsfahige Atome. 
Nehemen wir an, dass d iese  hunderte von Molekulen s ich  zu einem Para- 
formaldehyd-Molekül polym erisiert haben, so haben wir dort nur zwei 
u n gesattig te  S te lle n , d ie  R eaktions-fahigkeit i s t  a lso  mehrhundert- 
fach geringer. Dies stimmt mit der Beobachtung ilberein, dass d ie  
hochmolekularen Verbindungen weit weniger reaktionfahig sind a ls  d ie  
monomolekiilaren Ausgangsprodukte, dass s ie  aber noch zum T eil die  
Reaktionen der monomolekiilaren Korper z e i g e n .

Staudinger's 1920 paper did not carry any substantia l experimen­

t a l  support for h is  concept o f long-chain molecules o f polymeric com­

pounds . Unlike ea r lier  exponents o f the idea o f large molecules (such
28as Horace T. Brown and John H. Gladstone), he did not use the data o f

the molecular weights o f c o llo id s  as evidence. At th is  stage, he rather

pointed out the tech n ica l d i f f ic u l t ie s  in  measuring the molecular weight
29of these substances. I t  was not u n t il two years afterwards that he 

proposed what he ca lled  "the f ir s t  evidence for the ex istence o f macro­

molecules" ( erste  Beweise fur d ie Existenz von Makromolekulen 

Perhaps, as h is  contemporary Herman Francis Mark la te r  sta ted ,

Staudinger "had postulated  in tu itiv e ly "  an idea o f  long-chain molecules 

before developing h is  e v i d e n c e . T h e  idea occurred to  Staudinger 

f i r s t ,  and i t s  experimental evidence or ju s t i f ic a t io n  came la te r . Yet, 

as we have seen in h is  1917 lecture and 1920 paper, h is  " in tu itiv e  pos­

tulate" was conceptually grounded on h is firm b e l i e f  in the c la s s ic a l  

stru ctu ra l approach, as opposed to  the p reva ilin g  p h y sica list  views o f  

polymers.

Staudinger's evidence in 1922 was based on an experiment on the



51

h y d ro g en a tio n  o f ru b b er which he c a r r ie d  out w ith  h i s  s tu d e n t, Jakob 

F r i t s c h i .  As m entioned e a r l i e r ,  C arl D. H a rrie s  had concluded 

t h a t  c o l lo id a l  p a r t i c l e s  in  a rubber s o lu t io n  a re  ag g reg a te s  o f  r e l a t i v e ­

ly  sm all m olecules o f  r in g  s t r u c tu r e .  The p a r t i a l  v a len ces  ho ld ing  

th e s e  m olecules to g e th e r ,  H a rrie s  th o u g h t, a re  g e n e ra te d  from th e  un­

s a tu r a te d  double bonds o f  th e  m o lecu les . H a r r i e s ' th e o ry  p re d ic te d  t h a t  

hyd rogenation  o f  ru b b er sh o u ld  y ie ld  a  norm al low m olecu lar su b s ta n c e , 

because s a tu r a t io n  would occur and d e s tro y  th e  p a r t i a l  v a len ces  betw een 

th e  m olecu les. In  t h e i r  experim en t, however, S ta u d in g e r and F r i t s c h i  

o b ta in e d  a c o n tr a d ic to ry  r e s u l t .  The p r o p e r t ie s  o f  th e  s a tu ra te d  hydro­

ru b b e r , th ey  found, were q u i te  s im ila r  to  th o se  o f  n a tu r a l  ru b b e r; i t  

d id  n o t c r y s t a l l i z e  b u t  gave a  c o l lo id a l  s o lu t io n  l ik e  ru b b e r . Thus, 

th e y  concluded t h a t  c o l lo id a l  p a r t i c l e s  o f  ru b b er a re  n o t th e  a g g reg a te s  

o f  sm all m olecules h e ld  to g e th e r  by p a r t i a l  v a le n c e s , b u t are  in s te a d

g ia n t  m o lecu les. They now used  th e  term  M akromoleküle to  d e s ig n a te  such

32m olecu les fo r  th e  f i r s t  tim e . In  1921+ S ta u d in g e r  d e fin e d  m acrom olecule

in  o r g a n ic - s t r u c tu r a l  term s as fo llow s :

Für so lch e  K o l lo id te i lc h e n , b e i  denen das M olekül m it den P r im a r te i l -  
chen id e n t is c h  i s t ,  b e i  dem a lso  d ie  e in z e ln e n  Atome des K o llo id -  
m oleküls durch norm ale V a lenzbe tâ tigung  gebunden s in d , sch lagen  w ir  
zum U n te rsch ied  d ie  Bezeichnung Makromolekül v o r . D era rt k o n s t i -  
t u i e r t e  K o l lo id te i lc h e n , d ie  en tsp rech en d  d e r  B in d fah ig k e it des 
K o h len s to ffs  vo r a lle m  in  d e r o rg an isch en  Chemie und in  der o rg a n is ­
chen Natur a u f t r e t e n ,  b i ld e n  d ie  e ig e n t l ic h e n  k o llo id e n  S to f fe .
H ier s in d  d ie  K o llo id -E ig e n sc h a fte n  eben du rch  den Bau und d ie  
G rosse des M oleküls b e d in g t . . .33

He s t r e s s e d  th a t  Thomas Graham, th e  founder o f  c o l lo id  ch e m is try , had 

su sp ec te d  th a t  th e  c o l l o id a l  n a tu re  i s  de te rm ined  by th e  chem ical s t r u c ­

tu r e  o f  th e  su b s ta n c e . C o llo id a l  p a r t i c l e s ,  S tau d in g e r claim ed,, a re  

them selves g ia n t  o rg an ic  m o l e c u l e s . H e n c e ,  acco rd in g  to  him, th e
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in te r p r e ta t io n  o f c o l lo id a l  phenomena should  he hased  on th e  p r in ­

c ip le s  o f  o rgan ic  chem istry  r a th e r  th an  th e  d o c tr in e  which exp la in ed  

c o l lo id a l  phenomena in  p h y sico -ch em ica l te rm s, th e  a g g re g a tio n  fo rc e s  

and th e  u n ity  o f  m a tte r . S ta u d in g e r  th u s  r e in te r p r e te d  Wolfgang 

O stw ald 's  realm  o f  c o l lo id a l  d im ensions by c o n s id e r in g  i t  to  be a f i e l d  

w ith in  o rgan ic  ch em is try .

T h ro u ^  th e  1920s S ta u d in g e r con tinued  to  in v e s t ig a te  s y n th e t ic  

polymers as model su b s ta n c e s  which he b o ld ly  th o u g h t would se rv e  to  ex­

p la in  th e  s t r u c tu r e  and b e h a v io r  o f  th e  more complex n a tu r a l  po lym ers.

For exam ple, th e  in so lu b le  po lym eride , polyoxym ethylene, was used as a 

model fo r  c e l lu lo s e ,  and p o ly s ty re n e  fo r  ru b b er. He p rep a red  v a rio u s  

degrees o f  th e s e  s y n th e t ic  polym ers from sim ple compounds and showed 

t h a t  p h y s ic a l  p r o p e r t ie s ,  such as  th e  v is c o s i ty  o f  t h e i r  s o lu t io n s ,  c o r­

r e l a t e  w ith  th e  degree  o f  p o ly m e riz a tio n — a c h a r a c t e r i s t i c  shared  w ith  

th e  homologous s e r ie s  o f  o rd in a ry  p a ra f f in  hydrocarbons. T his r e s u l t

seemed to  him to  su p p o rt h i s  view  o f  th e  m acrom olecular s t r u c tu r e  o f

35c o l lo id a l  su b s ta n c e s . He a ls o  su b je c te d  th e se  p o ly m e riz a tio n  p ro d u cts  

to  chem ical r e a c t io n s ,  such as h y d rogena tion , m é th y la tio n , and n i t r a t i o n ,  

b u t he found th a t  th e  deg ree  o f  po ly m eriza tio n  was not a f f e c te d .  In  

o th e r  w ords, th e  polym ers w ere co n v erted  in to  t h e i r  d e r iv a t iv e s  w ithou t 

t h e i r  s iz e s  be ing  changed. The method whereby such conv ers io n s a re  made, 

l a t e r  c a l le d  "polymer analogous r e a c t io n ,"  a c q u ired  growing s ig n if ic a n c e  

fo r  S taud inger as a  d em o n stra tio n  o f  m acro m o lecu la rity .

Der en tsch e id en ce  Beweis fü r  d ie  E x is ten z  d e r  Makromoleküle 
wurde nach den Methoden d e r  k la s s is c h e n  o rg an isch en  Chemie durch 
polym eranaloge Umsetzungen g e fu h r t ,  a ls o  dadu rch , dass e in  makro- 
m oleku larer S to f f  in  D e riv a te  verw andelt w ird , ohne dass s ic h  s e in  
P o ly m erisa tio n sg rad  dabe i a n d e r t . Die B ew eisk raft w ird  noch e rh o h t,
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V e n n  d e ra t ig e  polym eranaloge Umsetzungen an h o h e r-  und n ie d e rp o ly -  
meren G liedern  e in e r  polymerhomologen Reihe du rchgefü h r t  w erden, wie 
es in  v ie le n  F a l le n  geschah . D iese Bew eisführung fü r  d ie  E x is te n z  
d e r  Makromoleküle b a s i e r t  a u f  den g le ic h e n  Ü berlegungen, wie e in  
Jah rh u n d e rt f ru h e r  d e r Beweis fu r  d ie  E x is te n z  von k le in e n  M olekulen 
in  d e r  o rgan ischen  Chemie: Wohler und_Liebig . . . konnten 1832 b e i
ih re n  U ntersuchungen ü b er das R adikal A thyl und Benzoyl o rg an isch e  
S to ffe  in  D eriva te  m it ganz anderen E ig e n sc h a fte n  ü b e rfü h re n , wobei 
e in  g ro sse r  T e i l  des M olekü ls, das R ad ik a l, in  s e in e r  Grosse 
u n v eran d e rt b l ie b ,  was damais se h r ü b e rra sch en d  war. Bei g e e ig -  
n e te n  chemischen Umsetzungen m it Makromolekülen kann in  d e r g le ic h e n  
Weise nachgew iesen w erden, d ass  deren „M aJsroradikale" in  d e r 
v e rsc h ie d e n e r  D e riv a ten  in  u n v e ra n d e rte r  G rosse e r h a l te n  b le ib e n .3 °

Thus, by u s in g  p u re ly  c l a s s i c a l  tec h n iq u es  o f  o rg an ic  ch em is try  fo r  

o rd in a ry  compounds, S ta u d in g e r  a ttem p ted  to  show t h a t  c o l lo id a l  su b s ta n c e s  

a re  composed o f  m acrom olecules in  which atoms a re  l in k e d  to g e th e r  by 

pow erfu l main v a lence  f o rc e s .  The c o n se rv a tiv e  o rg an ic  chem ist 

S ta u d in g e r  was undoubtedly  q u ite  co n ten t w ith  h is  app roach , fo r  he be­

l ie v e d  t h a t  problem s o f  o rg an ic  compounds must be so lv e d  only  by means 

o f  o rg an ic  ch em istry . D e sp ite  h i s  co n fid en ce , t h i s  th e o ry  provoked 

a n tip a th y  among h is  c o n te m p o ra rie s , in c lu d in g  in o rg a n ic  c h e m is ts . X -ray 

c ry s ta l lo g r a p h e r s , c o l lo id  c h e m is ts , p h y s ic a l  chem ists  as w e ll  as o rg an ic  

c h e m is ts . Thus began a d ecad e-lo n g  co n tro v e rsy  over th e  e x is te n c e  o f  

th e  m acrom olecule.

The M acrom olecular D ebate, 192^^-1930 

The l in e  o f  ev idence  which S tau d in g er m arsh a lled  was not enough 

to  conv ince many o f  h i s  co n tem p o ra ries . I n s te a d ,  he encoun tered  t h e i r  

v ig o ro u s  o p p o s itio n . In flu e n c e d  by Emil F i s c h e r 's  o p in io n  a g a in s t  th e  

e x is te n c e  o f very  la rg e  m olecu les and th e  predom inant ag g re g a te  th e o ry  

o f  polym ers, many chem ists o f  th e  tim e co n s id e red  S ta u d in g e r 's  view  un­

te n a b le .  S ta u d in g e r 's  c o lle a g u e , H ein rich  W ieland (1877-1957)» th e  1927 

Nobel P r iz e  w inner in  c h e m is try , adv ised  him:
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L ie b e r  H err K o lleg e , l a s s e n  S ie  doch d ie  V o rs te llu n g  m it den g ro ssen  
M olekulen , o rgan ische  M olekiile m it einem M olekulargew icht über 5000 
g ib t  es n ic h t .  R einigen S ie  Ih re  P ro d u k te ,w ie  z . B .,d e n  K autschuk, 
dann werden k r i s t a l l i s i e r e n  und s ic h  a ls  n ied e rm o lek u la re  S to ffe  
erw eisen.'3T

In  d e fe n se  o f  h is  th eo ry  o f  th e  ag g reg a te  s t r u c tu r e  o f  ru b b e r , H a rrie s  

in  1923 s t a t e d  sim ply th a t  S ta u d in g e r ’s c o n c lu s io n , drawn from th e  exper­

iment on hyd rogenation  o f r u b b e r , was "prem ature" ( v e r f r iih t  ) ,  s in c e  th e  

ex p e rim e n ta l c o n d itio n s  appeared  to  him to  be i n s u f f i c i e n t .

From th e  p e rs p e c tiv e  o f  X -ray c ry s ta l lo g ra p h e rs  l ik e  Johann 

Rodorf Katz (l880 -19S 8), S ta u d in g e r 's  argum ents c o n tra d ic te d  t h e i r  i n t e r ­

p r e t a t i o n s .  Katz r e c a l le d :

At th e  m eeting o f  th e  N aturforscherversatm nlung in  Innsbruck  in  
Septem ber, 1924, I  f i r s t  heard  him [S taud inger] defend t h i s  th e o ry  
[o f  m acrom olecules1, e s p e c ia l ly  fo r  th e  c a se  o f  po lyoxym ethy lenes, 
b u t a ls o  some o th e r  c a s e s . N e ith e r  I  m yself n o r some o th e rs  to  whom 
I  spoke were convinced by h i s  v e ry  i n te r e s t in g  e x p o s it io n . His con­
c e p tio n  seemed p o s s ib le ,  b u t ,  many o f  us th o u g h t, no t proved . And 
th e  whole su b je c t  d id  n o t y e t  look  a t t r a c t i v e  to  many o f u s . 39

S ta u d in g e r  r e c a l l e d  a m eeting  o f  th e  Z ü ric h e r  chem ischen G e s e lls c h a f t

h e ld  in  th e  fo llo w in g  y e a r :

Als ic h  . . . 1925 e in en  lan g e ren  V ortrag  h i e l t  und g la u b te , an den 
B e is p ie le n  des K autschuks, des P o ly s ty ro ls  und Polyoxym ethylens den 
Beweis f ü r  e in en  m akrom olekularen Bau e rb ra c h t  zu haben, da s tan d  
der bekann te  M ineraloge P a u l N ig g li au f und sa g te  a ls  e in z ig e  
D isskussionsbem erkung: „So etw as g ib t  es n ic h tI" 4 0

The p r in c ip a l  o b je c tio n  to  S ta u d in g e r’s view which emerged d u rin g  th e  

m eeting  a g a in  came from th e  d a ta  o f X -ray a n a ly s is  t h a t  appeared  to  sug­

g e s t t h a t  th e  m olecules o f  polym ers a re  s m a l l . I n  c o n t r a s t ,  S tau d in g e r 's  

argum ents fo r  th e  m acromolecule were based  s o le ly  on th e  p r in c ip le s  and 

methods o f  c l a s s i c a l  o rgan ic  c h e m is try , w ith  few re fe re n c e s  to  th e  new 

p h y s ic a l  te c h n iq u e . X-ray a n a ly s i s .  Indeed , to  s u p p o rte rs  o f th e  agg re­

g a te  th e o ry  such as Paul N ig g li  (1888-1953), S ta u d in g e r 's  th e o ry  flew  in
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th e  fac e  o f  r e s u l t s  o b ta in e d  th ro u g h  procedures based  on th e  X -ray d i f ­

f r a c t io n — r e s u l t s  th a t  o s te n s ib ly  were b e t t e r  e s ta b l is h e d  s c i e n t i f i c a l l y .  

The i s s u e  came to  no r e s o lu t io n ,  as a w itn ess  r e p o r te d :

A lle  anwesenden G rossen: d e r  O rganiker K a r re r ,  de r M ineraloge N ig g li,
d e r  K ollo idchem iker W iegner, d e r  P h y sik er S c h e rre r  und de r Rontgeno- 
graph  (und nachm alige Z e llu lo sech em ik e r) O tt t r a c h te t e n  v e rg e b lic h , 
S ta u d in g e r  von de r U nm oglichkeit s e in e r  K onzeption zu überzeugen , 
w e il  s ie  im W iderspruch zu exak ten  w is s e n s c h a f tl ic h e n  Daten s ta n d .
D ie s tü rm isch e  S itz u n g  ende te  m it e in e r  „H ier s te h e  ic h ,  ic h  kann 
n ic h t  a n d e rs"—H altung  S ta u d in g e rs .

In  th e  m iddle o f  th e  1920s, S tau d in g e r found h im se lf  i s o la te d

in  th e  fa c e  o f  c r i t i c i s m .  However, i t  shou ld  be remembered th a t  he was

an o rg an ic  chem ist o f  e s ta b l i s h e d  p r e s t ig e  who had a lre a d y  worked in

d i f f e r e n t  f i e l d s  (such as k e te n e s )  and along  c o n v e n tio n a l l i n e s .  Thanks

to  t h i s  r e p u ta t io n ,  h is  o p in io n s  demanded c a re f u l  c o n s id e ra tio n  in  any

g a th e r in g . In  Z urich  betw een 1920 and 1926, he worked on m acrom olecules

w ith  sev en teen  d o c to ra l  s tu d e n ts  who, under h is  d i r e c t i o n ,  p i le d  up a

mass o f  d a ta  on p o ly m e riz a tio n  and th e  s t r u c tu r e s  o f  ru b b e r , c e l lu lo s e ,

Usp o ly sa c c h a r id e s , polyoxym ethylene, p o ly s ty re n e , and p o ly indene . Moving 

to  th e  U n iv e rs i ty  o f  F re ib u rg  in  1926, S ta u d in g e r  co n tinued  h is  re s e a rc h  

w ith  a  s tro n g  c o n v ic tio n  t h a t  h is  th e o ry  was v a l id .  By t h i s  tim e th e  

deb a te  betw een th e  m acrom olecule and ag g reg a te  co n cep tio n s  had become 

w ide ly  known in  Germany, and th e  G e s e lls c h a f t  D eu tscher N a tu rfo rsc h e r  und 

A rz te  a rra n g e d  a symposium on th e  su b je c t  a t  i t s  annual m eeting in  

D ü sse ld o rf in  Septem ber, 1926.

At t h i s  symposium Max Bergmann and Hans Pringsheim  

p re s e n te d  s e v e ra l  argum ents in  fa v o r  o f  th e  a g g re g a te  s t r u c tu r e  o f  p ro ­

t e i n s ,  i n u l i n ,  and o th e r  p o ly sa c c h a r id e s . They s t r e s s e d  th e  s ig n if ic a n c e  

o f  th e  a g g re g a tio n  fo rc e s  which m ight de term ine  th e  p ro p e r t ie s  o f  th e s e
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kk
c o l lo id a l  su b s ta n c e s . On th e  o th e r  s id e ,  S tau d in g er defended  h is  th e ­

ory  u s in g  th e  d a ta  o f h i s  experim ents on homologous s e r ie s  o f  v a rio u s  

polymers and th e  hydrogenation  o f  ru b b e r , polyoxym ethylene, and p o ly in ­

dene. Em phasizing th e  c l a s s i c a l  concept o f  th e  m o lecu le , he a g a in  i n s i s ­

te d  t h a t  such polym eric compounds a re  b u i l t  up acco rd ing  to  K ekule ' s 

s t r u c tu r a l  th e o ry . "D ie M oglichke it d e r E x is ten z  der M akro-M olekule,"  

he d e c la re d , " l a s s t  s ic h  aus ganz a llegem einen  B etrach tungen  a b le i te n ." ^ ^  

S tau d in g e r now added p ro te in s  t o  h is  l i s t  o f  m acrom olecular compounds 

fo r  th e  f i r s t  t im e . Aware o f  th e  b io lo g ic a l  im p lic a tio n  o f  h i s  work, he 

c lo se d  h i s  speech w ith  th e  fo llo w in g  rem ark b e fo re  an aud ience  o f  s e v e ra l  

hundred o rg an ic  chem ists :

Die W elt d e r o rg an isch en  Verbingungen l i e g t  gew isserm assen zwischen 
den e in fa c h s te n  K oh lensto ff-V erb indungen , dem Methan, den Kohlenoxy- 
gen, dem Cyan, und den a l le rg r o s s e n  M olekulen, dem hochpolym eren 
K o h le n s to ff. . . .

Troz d e r  g ro ssen  Zahl von o rgan ischen  Korpern, d ie  w ir h eu te  
schon kennen, s te h e n  w ir so e r s t  am Anfang d e r Chemie d e r  e ig e n t­
l ic h e n  o rgan ischen  Verbindungen und haben n ic h t etwa e in en  Abschluss 
e r r e i c h t .%

A nother speaker a t  th e  s e s s io n  in  D ü sse ld o rf was Herman F ra n c is

Mark who had  been working fo r  th e  l a s t  fo u r  y e a rs  on th e  X -ray a n a ly s is

o f  o rg an ic  su b s tan ces  a t  th e  K aiser W ilh e lm -In s ti tu t  fü r  F a se rs to ffc h em ie

k lunder R eg inald  0. Herzog. W ell aware o f  th e  is s u e s  o f  th e  co n tro v e rsy  

over th e  e x is te n c e  o f  m acrom olecules, F r i t z  Haber (1368-193^) had asked 

Mark to  speak a t  th e  symposium about th e  q u e s tio n  o f  w hether X -ray s t r u c ­

tu re  exam inations a re  in  c o n f l i c t  w ith  th e  concept o f  ve ry  la r g e  mole­

c u le s . A lthough Mark a p p a re n tly  belonged  to  th e  schoo l o f  th e  agg rega te  

th e o ry , h i s  p o s i t io n  a t  th e  m eeting  tu rn e d  out to  be n e u t r a l .  He r e f e r ­

red  to  th e  work by A lfre d  J .  R eis (1082-1951) and K arl W eissenberg (1093- 

1976) which suggested  t h a t  th e re  a re  some cases  in  which th e  m olecule
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can t e  l a r g e r  th a n  th e  c r ys ta l lo g r a p h ic  u n i t  c e l l .  He rem arked t h a t

th e s e  cases cou ld  happen when p rim ary  va len ces  p e n e tra te  th rough  th e

whole c r y s t a l .  T h e re fo re , he th o u g h t, th e  f a c t  t h a t  th e  u n i t  c e l l s  a re

sm all does n o t exclude th e  e x is te n c e  o f  m acrom olecules; nor does i t

k9prove t h e i r  e x is te n c e .

As happened in  1925, no agreem ent on th e  i s s u e  o f  m acrom olecules

was reach ed . But R ichard W i l l s t a t t e r ,  who p re s id e d  over th e  symposium,

was moved to  fav o r S ta u d in g e r 's  view . A ccording to  Mark,

W i l l s t a t t e r  thanked  a l l  l e c tu r e r s  and d isc u s s io n  sp eak e rs  in  f r ie n d ly  
words and s a id :  "For me, a s  an o rgan ic  ch em ist, th e  concept t h a t  a
m olecule can have a  m o lecu lar w eight o f  100,000 i s  somewhat t e r r i f y ­
in g , h u t ,  on th e  h a s is  o f  what we have h ea rd  to d a y , i t  seems t h a t  I  
s h a l l  have to  slow ly a d ju s t  t o  t h i s  th o u g h t . "50

In  S ta u d in g e r’ s own r e c o l le c t i o n s ,  W i l l s t a t t e r  was p a r t i c u l a r l y  im pressed

hy S ta u d in g e r 's  argument on th e  h yd rogenation  o f  p o ly s ty re n e .^ ^  Many of

th e  au d ien ce , however, seem to  have f e l t  more p e rso n a l d i s t a s t e  th an

W i l l s t a t t e r  f o r  such enormous o rg an ic  m olecules—m olecules which a re  a

thousand  tim es  la r g e r  th a n  th o se  which th e y  them selves were s tu d y in g  in

t h e i r  l a b o r a to r ie s .  Mark remembered one o f  them  s a y in g , "We a re  shocked

l ik e  z o o lo g is ts  would be i f  th e y  were t o ld  th a t  somewhere in  A fr ic a  an

52e le p h a n t was found who was 1500 f e e t  long  and 300 f e e t  h ig h ."  The

X -ray c ry s ta l lo g ra p h e r ,  Katz who a ls o  a tte n d e d  th e  D ü sse ld o rf symposium,

re p o r te d  t h a t  " S ta u d in g e r 's  co n cep tio n s  d id  n o t seem to  many o f us r e a l ly

c onv inc ing , no r was th e  d e c is iv e  v a lu e  which X -ray sp ec tro g rap h y  cou ld

53have fo r  th e  su b je c t  y e t  u n d e rs to o d  a t  t h i s  m eeting ."

S ta u d in g e r 's  l e c tu r e  a t  th e  D üsse ldo rf m eeting d id  n o t c o n ta in  

any d e c is iv e  argument as to  th e  problem  posed by many X -ray c r y s t a l l o -  

g ra p h e rs , a lth o u g h  he b e lie v e d  t h a t  he had given  s u f f i c i e n t  ev idence  fo r
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h i s  th e o ry  on th e  b a s is  o f  o rg an ic  chem ical m ethods. D uring th e  p e r io d

betw een 1926 and 1927, a c t i v i t y  in  th e  f i e l d  was s te a d i ly  expanding. In

keep ing  w ith  M ark 's co n c lu s io n s  some s c i e n t i s t s  r e j e c te d  th e  assum ption

th a t  th e  m olecu les o f polym ers must be sm a lle r  th a n  th e  X -ray e lem en tary

c e l l  o f  c r y s t a l s .  For exam ple, in  1926, th e  American b o t a n i s t s ,  Olenus

Lee S p o n sle r ( b . 1879 ) and W alter H a rrin g to n  Dore (1882-1956), p o in te d

ou t t h a t  th e  re p e a tin g  u n i t  m olecule o f c e l lu lo s e  (C^H^qO^) i s  ve ry  much

5Ul a r g e r  th an  th e  e lem en tary  c e l l .  In  1927 S ta u d in g e r 's  c o lle a g u e s  a t  

th e  U n iv e rs i ty  o f  F re ib u rg , Gustav Mie (1883-1952) and J o s e f  H engstenberg  

(1904- ) ,  w orking in  c lo s e  c o l la b o ra t io n  w ith  S ta u d in g e r , p u b lish e d

papers on th e  X -ray a n a ly s is  o f  po lyoxym ethy lene. They observed  th a t  

th e  X -ray d i f f r a c t i o n  p a t te r n  o f  polyoxym ethylene has a c h a r a c te r i s t i c  

in te r f e r e n c e  p a t t e r n  which v a r ie s  w ith  th e  number o f  CHgO- groups in  th e  

polym er. Thus, th ey  dem onstra ted  by X -ray a n a ly s is  th e  cha in  s t r u c tu r e  

o f  polyoxym ethylene, a lo n g  which th e  u n i t  CHgO- re p e a ts  i t s e l f .  The 

e lem en tary  c e l l  c o n ta in ed  only  fo u r  CH^O- groups ^ i c h  co rresponded  to  

on ly  a  sm all p o r t io n  o f  th e  e n t i r e  m o lecu le . T h e re fo re , th e y  conc luded , 

"Die MolekOlg ro sse  hochm olekular Kopper l â s s t  s ic h  danach n ic h t  nach d e r  

ro n tgenom etrischen  Methode b e s t i m m e n . T o  X -ray in v e s t ig a to r s  such as 

K atz , t h i s  work by H engstenburg and Mie seemed to  be " th e  f i r s t  d i r e c t

56ex p e rim en ta l ev idence o f  S ta u d in g e r 's  h y p o th e s is ,  and a d e c is iv e  o n e ."

57N ig g li a ls o  changed h i s  v iew po in t around t h i s  tim e . A fte r  1927 th e  

is s u e  o f  th e  sm all e lem en tary  c e l l  no lo n g e r  p lay ed  so im portan t a  p a r t  

in  m acrom olecular d e b a te , as i t  d id  b e fo re .

Although one o f  th e  argum ents fo r  th e  ag g reg a te  th e o ry  th u s  

a p p a re n tly  l o s t  ground, o p in ions o f  many o rg an ic  chem ists  rem ained
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unchanged. T h is i s  i l l u s t r a t e d  by S ta u d in g e r 's  re c o rd  o f  a  c o lle a g u e 's  

view around 1928:

Etwa 2 Ja h re  nach m einer Berufung nach F re ib u rg  s a g te  m ir 
d eshalb  e in  a l t e r e r  K ollege m einer F re ib u rg e r  F a k u l ta t ,  e r  habe aus 
E rlangen  g e h o rt, d ass  durch  Pummerers A rb e iten  d ie  Frage nach der 
K o n s t itu t io n  des Kautschuks abgesch lo ssen  und d ass  meine A uffassung 
dadurch h i n f a l l i g  s e i .  Ich  f r a g te  d ie s  en KoUegen d a ra u f , ob e r  und 
d ie  F a k u l ta t  nunmehr d e r  Meinung s e ie n , e in e  F eh lberufung  gemacht zu 
haben! 58

Mark seems to  have come over to  S ta u d in g e r 's  view o f  lo n g -c h a in
59m olecules s h o r t ly  a f t e r  th e  D ü sse ld o rf m ee tin g , ap p ly in g  th e  id e a  in  a 

d i f f e r e n t  fa s h io n . Moving to  th e  I .  G. F a rb e n in d u s tr ie  as a  head o f th e  

Ludwigshafen la b o ra to ry  in  e a r ly  1927, he worked w ith  Kurt H e in rich  

Meyer (1883-1952) on th e  c r y s t a l  s t r u c tu r e  o f  c e l lu lo s e .  From 1928 to  

1930, th e y  developed  a  th e o ry  w hich appeared  to  compromise between 

S ta u d in g e r 's  m acrom olecular th e o ry  and th e  ag g reg a te  th e o ry . According 

to  them , c o l lo id a l  p a r t i c l e s  in  a s o lu t io n  a re  not them selves macromole­

c u le s .  R a th e r, c o l lo id a l  p a r t i c l e s  a re  "m ic e lle s "  (M ic e lle n ) , a term  

which had been used  by th e  Swiss b o t a n i s t ,  C arl Wilhelm von N ageli ( l8 l7 -  

1891) ,  in  th e  p rev io u s  c e n tu ry  fo r  th e  c r y s t a l l i n e  b u i ld in g  b lo ck s  o f 

s t a r c h . B e c a u s e  Meyer and Mark co n sid e red  t h a t  th e  m ic e lle s  a re  th e  

a g g re g a te s  o f  p rim ary  v a le n c e  c h a in s  ( H au n tv a le n z k e tten ) o r lo n g -c h a in  

m olecules h e ld  to g e th e r  by " s p e c ia l  m ic e l la r  fo rc e s "  (besondere  M ic e lla r-  

k r â f t e ) , th e y  claim ed t h a t  th e  m o lecu la r concept may n o t be a p p lie d  to  

th e  m ic e l le ,  t h a t  i s ,  th e  c o l lo id a l  p a r t i c l e .  The w eigh ts  o f  th e s e  

p a r t i c l e s ,  de term ined  by p h y s ic a l  methods ( e . g . , osm otic p re s s u re  m easure­

m en ts ) , do n o t r e p re s e n t  m o lecu la r w e ig h ts , b u t " m ic e l la r  w eigh ts"

(M ic e lla rg e w ic h te ) . The m ic e lle s  a re  s ta b le  in  s o lu t io n  because  o f  th e  

c o n s id e ra b le  co hesive  power o f th e  Van d e r W aals-type m ic e l la r  fo rc e s .
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The c o l lo id a l  p r o p e r t ie s  a re  dependent on th e  m ic e l la r  s t r u c tu r e  o f th e  

c o l lo id a l  p a r t i c l e s  r a th e r  th an  on th e  s t r u c tu r e  o f th e  lo n g -c h a in  mole­

c u le s .  Meyer and Mark e s tim a ted  th e  s iz e  o f  th e  m ic e lle s  from th e  w id ths 

o f  th e  X -ray d i f f r a c t i o n  s p o ts .  For exam ple, a  c e l lu lo s e  m ic e l le ,  th ey  

su g g ested , i s  form ed by k0-60  p rim ary  v a le n c e  c h a in s , each o f  them  com­

posed o f  30-50 g lu co se  u n i ts  (O^H^gO^). T his m ic e l la r  s iz e  o f  30-50 

g lucose  u n i t s  was tak en  to  be th e  m o lecu la r le n g th  o f  c e l lu lo s e .  A 

m ic e lle  o f  40-60 c h a in  m olecules i s  l ik e  a m atch box; th e  match box is  

th e  same le n g th  as each match (see  F i g .2 .1 ) .^ ^

F ig . 2 .1 .

M eyer's  sk e tc h  o f  th e  m ic e lla r  s t r u c tu r e  o f  c e l lu lo s e .
Each box in d ic a te s  a  m ic e lle  in  which p rim ary  va lence  
c h a in s  (a) a re  a rran g ed  r e g u l a r l y .

S ta u d in g e r  reco g n ized  th e  p h y s ic a l i s t  approach in h e re n t in  what 

he c a l le d  th e  "new m ic e lle  th eo ry "  (n e u e r M ic e l la r le h r e ) o f Meyer and 

Mark, because  th e y  s t r e s s e d  m olecu lar coh esio n  and p h y s ic a l  m olecules in  

t h e i r  e x p la n a tio n  o f  c o l lo id a l  p r o p e r t ie s  o f  po lym ers. In  p u b lish e d  

papers and p e rs o n a l co rrespondence , S ta u d in g e r  opposed Meyer and Mark.

He b e lie v e d  t h e i r  e s tim a te  o f  th e  main c h a in s  to  be to o  s h o r t .  To 

S ta u d in g e r , th e  U0-60 cha in s  would b e , in  th e  m atch-box m odel, connected
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t h r o u ^  p rim ary  v a le n c e s  to  form a  ve ry  long  b u t t h in  c h a in -m o lecu le .

This le d  S tau d in g er to  deny th e  e x is te n c e  o f  th e  m ic e l le s .  The c o l lo id a l

p a r t i c l e  i s  i d e n t i c a l  w ith  th e  m acrom olecule which de te rm ines c o l lo id a l

p r o p e r t ie s  o f  th e  polym er. A gainst th e  c la im s o f  X-ray c ry s ta llo g ra p h y ,

S tau d in g er m ain ta ined  th a t  n e i th e r  th e  s iz e  o f  th e  e lem entary  c e l l  nor

th a t ,  o f  th e  c r y s t a l l i t e  b e a rs  any d i r e c t  r e l a t io n s h ip  t o  th e  le n g th  o f

th e  polymer m olecu le . Although th e y  were fundam enta lly  in  agreement

on th e  lo n g -c h a in  s t r u c tu r e s  o f  po lym ers, th e  d if f e re n c e  in  m ethodology

le d  S tau d in g e r to  a  more s e r io u s  a t t a c k  on Meyer and Mark. As Mark has

sa id  in  r e t r o s p e c t .

We [S taud inger and Mark] b o th  fav o red  th e  concept o f  lo n g -ch a in ed  
m o lecu les . He [S taud inger] d id ,  on th e  b a s is  o f  o rgan ic  ch em istry ; 
and I  d id ,  on th e  b a s is  o f  X -ray d i f f r a c t i o n .  He on ly  t r u s te d  
o rg an ic  ch e m is try . I  s a id  t r u s t  b o th  (techniques) ; we have two 
methods which do no t c o n t r a d ic t . My God, th e y  cou ld  have c o n tra d ic ­
ted'.®^

P erhaps, t h i s  s ta tem en t w e ll i l l u s t r a t e s  S ta u d in g e r 's  p o s i t io n  as a non- 

p h y s ic a l i s t  o rg an ic  chem ist th roughou t th e  d e b a te .

Meyer in  p a r t i c u l a r  responded s tro n g ly  to  S ta u d in g e r 's  a t t a c k ,  

which undoubtedly  l e f t  c o n s id e ra b le  b i t t e r n e s s  between th e  two chem ists 

Time and a g a in , th e y  made t h e i r  s ta n d p o in ts  c l e a r ,  em phasizing t h e i r  

d if f e re n c e  in  p e r s p e c t iv e s ,  r a th e r  th an  seek in g  to  f in d  common ground.

On c e r t a in  o c c a s io n s , S tau d in g er and Meyer argued w ith  each o th e r  more 

v ig o ro u s ly  th a n  w ith  th e  defender o f  th e  agg reg a te  th e o ry . One a sp ec t o f  

th e  deb a te  betw een them was th a t  i t  developed  in to  an argument o f  p r io r ­

i t y .  A greeing w ith  th e  e x is te n c e  o f  lo n g -c h a in  m o lecu les , Meyer used 

th e  term  "prim ary  v a len ce  ch a in s"  ( H au n tv a le n z k e tten ) in s te a d  o f  "macro­

m olecules" (M akromolekule). S tau d in g e r f e l t  t h a t  Meyer employed 

S ta u d in g e r 's  concept as i f  i t  were h is  own id e a . In  a l e t t e r  to  Mark
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d a te d  O ctober 31, 1928, S tau d in g e r w ro te:

Ich  kann ihm [Meyer] in  2 Punkten n ic h t  zustimmen. Einmal s in d  meines 
E rach ten s  d ie  Ausfiihrungen von K. H. Meyer n ic h t  neu , sondern  dec ken 
s ic h  im w e se n tlich e n  m it den A nsich ten , d ie  ich. s e i t  Ja iiren  v e r t r e t e 
und e x p e rim e n te ll  heg rundet hahe; dann ah e r g lauhe ic h ,  dass m it d e r 
E infuhrung von H au p tv a len zk e tten  s t a t t  M akromolekulen d e r KLarung 
d ie s e r  Frage n ic h t  g e d ie n t i s t . ° °

In  resp o n se  to  S ta u d in g e r , Mark suggested  t h a t  th e  "prim ary  v a len ce

c h a in s"  and th e  "m acrom olecules" a re  i d e n t i c a l ,  and t h a t  th o se  who ag reed

upon th e  concept o f  la rg e  m olecu les should  march hand in  hand to g e th e r

a g a in s t  th e  schoo l a t ta c k in g  t h e i r  common ground.

Ich  g lau h e , dass w ir h e i  der Stellungnahm e zu d ie s e r  Frage gemeinsam 
vorgehen und n ic h t  gew isse , m einer Meinung nach g e rin g e  D iffe ren z e n  
zw ischen unseren  e igenen  Anschauungen h e to n e n s o l l te n ,  so n s t konnte  
das hochpolym ere Lager l e i c h t  in  den F e h le r  v e r f a l i e n ,  d e r aus d e r  
P o l i t i k  n u r a l l z u  bekannt i s t ;  dass wegen k le in e r  D iffe ren z e n  
b e n a c h b a r te r  Meinungen e in  g ro ss e r  G esich tspunk t n ic h  geniigende 
Beachtung und n ic h t  n a c h h a ltic h e n  Ausdruck fand.^"^

However, t h i s  su g g e s tio n  was n o t fo llow ed . W hile S ta u d in g e r co n tin u ed  

t o  rep ro a c h  Meyer f o r  h i s  use  o f  th e  "prim ary  v a len ce  c h a in s"  and 

" m ic e l le s ,"  Meyer o b je c te d  t o  S ta u d in g e r 's  p re s e n tin g  M eyer's o p in io n s  

as h i s  own.^^ This was due to  th e  f a c t  th a t  S ta u d in g e r d id  no t exclude  

th e  p o s s i b i l i t y  o f  in te r-m acro m o lecu la r fo rc e s  (o f  th e  o rd e r  o f  th e  mag­

n itu d e  o f  th e  Van d e r  Waals f o r c e s ) ,  a t  th e  same tim e t h a t  he r e je c te d  

th e  p o s s i b i l i t y  o f  m ic e l la r  fo rc e s .  F u r th e r ,  S ta u d in g e r  h e ld  th e  id e a  o f 

c r y s t a l l i t e —a c r y s t a l l i n e  p a r t  o f  po lym eric su b s tan ces  w hich, he though t, 

c o n s is ts  o f  a bundle  o f  m acrom olecules—an id e a  which appeared  somewhat

s im ila r  t o  th e  concept o f  m ic e l le s .  T h e ir  po lem ics in v o lv in g  th e  p r io r -

69i t y  i s s u e  co n tin u ed  u n t i l  th e  m iddle o f  th e  1930s.

The emergence o f  th e  Meyer-Mark m ic e lle  th e o ry ,  which embraced 

a sp e c ts  o f  b o th  th e  m acrom olecular concept and th e  a g g re g a te  th e o ry , 

gave r i s e  t o  renewed deb a te  in  German s c i e n t i f i c  c i r c l e s .  On th e  one
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hand, th e  th e o ry  drew much fa v o ra b le  a t t e n t io n  from th e  advocates o f  th e  

ag g reg a te  th e o ry . On th e  o th e r  hand, th e  work o f Meyer and Mark p lay ed  

a  s ig n i f ic a n t  r o le  in  d is s e m in a tin g  w idely  th e  concept o f  lo n g -c h a in  

m o lecu le s , e s p e c ia l ly  among c e l lu lo s e  ch em ists .

Around 1930 th e  i n te r p r e ta t io n  o f  polym eric compounds d iv e rg ed  

betw een S ta u d in g e r 's  schoo l a t  F re ib u rg , Meyer and Mark a t  Ludw igschafen, 

and s u p p o rte rs  o f  th e  a g g re g a te  view who in c lu d ed  a la rg e  number o f  c o l ­

l o id  ch em is ts . C onsidering  t h i s  s i t u a t io n ,  th e  K o llo id -G e s e lls c h a f t  h e ld  

a  d is c u s s io n  m eeting on "O rganische Chemie und K ollo idchem ie" in  Frank­

f u r t  in  September 1930. W olfgang O stw ald, th e  German le a d e r  o f  c o l lo id  

c h e m is try , p re s id e d  over t h i s  m eeting . S ta u d in g e r , M eyer, Mark, H erzog, 

Kurt H ess, and R udolf Pummerer were th e  p r in c ip a l  s p e a k e rs .

In  h i s  l e c tu r e ,  "Uber hochpolym ere Verbindungen: O rganische

Chemie und K ollo idchem ie ,"  S ta u d in g e r  s tr e s s e d  b e fo re  an aud ience o f

c o l lo id  s c i e n t i s t s  t h a t  c o l lo id a l  substances  shou ld  be examined on th e

b a s is  o f  o rg an ic  c h e m is try , r a th e r  th an  re ly in g  on t r a d i t i o n a l  c o l lo id a l

d o c tr in e s ,  and th a t  th e  s tu d y  o f  th e s e  su b stan ces  r e p r e s e n ts  a new f i e l d
TO

w ith in  o rg an ic  ch em istry . On t h i s  o c c as io n , he p re s e n te d  th e  w e ll-  

known S tau d in g e r Law o f  V is c o s i ty  ^ i c h  expressed  a r e l a t io n s h ip  betw een 

th e  v i s c o s i ty  and th e  m o le c u la r  w eight o f  polymers in  d i l u t e  s o lu t io n s .

He had developed t h i s  concept in  e a r ly  1929, b rea k in g  w ith  th e  t r a d i t i o n  

o f  c o l lo id  s c i e n t i s t s ,  a c co rd in g  to  which th e re  i s  no l in e a r  r e l a t io n s h ip  

betw een v i s c o s i ty  and th e  m o lecu la r s iz e  o f  c o l lo id s .

The E in s te in  e q u a tio n  which r e l a t e s  m olecu lar w eight to  v i s c o s i ty  

was known to  be a p p lic a b le  on ly  to  s p h e r ic a l  m o lecu les. S tau d in g e r pu t 

two o f  h i s  s tu d e n ts  to  work on th e  problem . In  1929 and 1930, Ryuzaburo
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Nodzu (1892- 1957 ) and E i j i  O ch ia i , l o th  from Ja p an , e x p e ri­

m e n ta lly  confirm ed th a t  th e  E in s te in  eq u a tio n  does no t app ly  to  low-

m olecu lar l i n e a r  chain  compounds, b u t th ey  d id  f in d  t h a t  th e re  i s  a p ro -

71p o r t i o n a l i ty  betw een v i s c o s i ty  and ch a in  le n g th . The im p lic a tio n  was 

c le a r  to  S ta u d in g e r: v i s c o s i ty  depends on th e  shape and le n g th  o f  th e

m o lecu le , and he a p p lie d  t h i s  n o tio n  to  l in e a r  m acrom olecules. At th e  

F ra n k fu r t m ee tin g , u s in g  v a r io u s  d eg rees  o f  polym ers (p o ly s ty re n e , po ly ­

oxym ethylene, and decomposed c e l lu lo s e  and ru b b e r ) ,  S tau d in g er demon­

s t r a t e d  t h a t  t h e i r  m o lecu lar w e ig h ts , measured by end-group a n a ly s is  and

th e  d e p re s s io n s  o f  f re e z in g  p o in t ,  a re  in  p ro p o r t io n  t o  th e  v i s c o s i ty  o f  
72

s o lu t io n .  On th e  b a s is  o f  t h i s  r e l a t i o n ,  he was a b le  t o  o b ta in  th e  

m o lecu lar w e ig h ts  o f  h igh  polym ers (which cou ld  n o t be determ ined  p re ­

v io u s ly  by a v a i la b le  methods) sim ply by means o f  v isco m etry . A ccording 

to  h i s  e s tim a te  by th e  v i s c o s i ty  m ethod, n a tu r a l  ru b b er i s  composed o f  

m acrom olecules o f  about 1000 iso p re n e  u n i t s  (C^Hg), and a c e l lu lo s e  

m olecule c o n s is t s  o f  500 t o  1000 g lucose  u n i t s  (Cgli^QO^). C onfident o f 

h is  f in d in g s ,  S taud inger c o n tra s te d  h i s  m acrom olecular v iew po in t w ith  

th e  new m ic e lle  th eo ry  and th e  ag g reg a te  th e o ry : fo r  exam ple, th e  chem­

i c a l  form ula o f  rubber i s  (C^Hg)iooO t o  S ta u d in g e r; (C^Hg)^^^
73a c co rd in g  to  Mark; and (C^Hg)g in  Pummerer's view .

Meyer and Mark c o n fro n te d  th e  aud ience w ith  an im pressive  a r ra y
71

o f d a ta  on c e l lu lo s e ,  s ta r c h ,  s i l k  f ib r o in ,  and ru b b e r . A lthough t h e i r  

l e c tu r e s  were based  on th e  m ic e lle  th e o ry , th e y  s to o d  on S ta u d in g e r 's  

s id e  in  s u p p o rtin g  th e  concept o f  lo n g -c h a in  s t r u c tu r e  f o r  th e s e  c o l l o i ­

d a l  su b s ta n c e s . A fte r  th e  le c tu r e s  from th e  camp o f  la rg e  m o lecu le s , 

Herzog, H ess, and Pummerer defended  th e  ag g reg a te  th e o ry  o f  c e l lu lo s e
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75and ru b b er. R e a liz in g  t h a t  th e  a g g reg a te  view was fa c in g  a  d i f f i c u l t  

s i t u a t i o n ,  th e  c e l lu lo s e  chem ist Hess c lo se d  h is  l e c tu r e  w ith  th e  fo llo w ­

ing words :

Meine Ausfiihrungen bezw eckten n i c h t ,  d ie  A uffassung zu w id e r-  
le g e n , d a ss  d ie  Zahl d e r  Cg- Gruppen im Z e llu lo sem o lek iil seh r g ro ss  
s e in  kann. Es s o l te n  in  den vorangehenden Ausfiihrungen n u r d ie  
e x p e rim e n te lle n  E rscheinungen e in  wenig s c h a r f e r ,  a l s  es b is h e r  
m oglich w ar, b e le u c h te t  werden. Man w ird  s ic h  des E indurcks kaum 
e n tz ie h e n  konnen, dass d ie  Erscheinungen k o m p liz ie r te r  s in d , a ls  es 
zunachst den A nschein h a t  und dass neues V ersu ch sm a te ria l notw endig 
i s t ,  um s ie  w e ite r  zu k la re n .

In  diesem  Sinne b in  ic h  e in  Freund der in  n eu er Form durch d ie  
A rb e it d e r  H erren Meyer und Mark zu neuem Leben erw achten a l t en 
V o rs te llu n g  Emil F i s c h e r 's  und B ernard  T o lle n s , wenn s ie  zu neuen 
V ersuchen h e ra u s fo rd e r t  und f o r d e r t .  Moge dann d ie s e  V o rs te llu n g  auch 
e in e s  Tages w ieder v e r la s s e n  o rd er r e v i d i e r t  werden raCissen, ih re n  
g ro ssen  Wert w ird  s i e  b e h a lte n , denn a u f  diesem  schw ierigen  G ebiet 
g i l t  mehr a l s  f iir  v ie le  andere  das W ort: „Wahr i s t ,  was f ru c h tb a r
ist!-"T6

Hess e v a lu a te d  h ig h ly  th e  work o f  Meyer and Mark; th e  new m ic e lle  th e o ry ,  

i f  n o t S ta u d in g e r 's  m acrom olecular theo ry , appeared  to  him to  be accep­

t a b l e .  He im p l ic i t l y  rem inded th e  aud ience  t h a t  any s c i e n t i f i c  th eo ry  

i s  d e s tin e d  to  be r e w r i t te n  some day, which may h o ld  t r u e  fo r  th e  agg re­

g a te  th e o ry  as w e ll;  y e t  th e  c o n tr ib u tio n s  o f  th e  ag g reg a te  schoo l to  

th e  developm ent o f  t h i s  f i e l d  must no t be fo rg o t te n .  Im pressed by H ess'

c ry , th e  champion o f  th e  c o l lo id  d o c tr in e ,  Wolfgang Ostwald who c h a ire d

77th e  sp eech , co u ld  n o t h e lp  ex c la im in g , "Bravo."'

W hile h av in g  a f e e l in g  in  fav o r o f  th e  Meyer-Mark th e o r y , H ess , 

one o f  th e  most pow erfu l d e fen d ers  o f  th e  a g g reg a te  v iew , sought to  

m ain ta in  h i s  own s ta n d p o in t fo r  y e a rs  a f t e r  th e  F ra n k fu r t m eeting o f  th e  

K o llo id -G e s e lls c h a f t .  H ess' a t t i t u d e  d u rin g  t h i s  p e rio d  i s  w e ll i l l u s ­

t r a t e d  by a  s ta tem en t o f  h i s  Japanese s tu d e n t ,  I c h iro  Sakurada (1904- 

• ) :
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5=^-; ĵ<r-w'^Qi;|jF-R< ï̂StH<>AjH3'o, Aj:,4î.ïiii°

COt-

However, hy  th e  m id-1930s th e  c lim a te  o f  o p in io n  was s h i f t in g  to  th e  

s id e  o f  th e  m acrom olecular th e o ry . Many o f  th e  argum ents on polymers 

around 1935 were concerned w ith  th e  d e t a i l s  o f  th e  lo n g -c h a in  s tru c tu re s  

r a th e r  th an  w ith  th e  q u e s tio n  as to  th e  e x is te n c e  o f  very  la rg e  mole­

c u le s . As we have seen  e a r l i e r .  X -ray c r y s ta l lo g r a p h e r s ' re c e p tio n  o f 

m acrom olecules s in c e  about 1927 and th e  impact o f  th e  Meyer-Mark th e o ry , 

which a c te d  as a b r id g e  betw een th e  m acrom olecular view and th e  aggre­

ga te  th e o ry  s in c e  1928, had paved th e  way tow ard  t h i s  s h i f t .  The 

S tau d in g e r schoo l o f m acrom olecules had grown; by 1935 he had t r a in e d  23 

d o c to ra l  s tu d e n ts  a t  F re ib u rg ; th e  t o t a l  number o f  h i s  d o c to ra l  s tu d e n ts

was now Uo, in c lu d in g  th o se  g rad u a ted  from th e  Z urich  Technische 

79Hochschule. He had p u b lish e d  h is  m aste rp iece  te x tb o o k . Die hochmole- 

k u la re n  o rgan ischen  Verbindungen (1932) .in  which he summarized th e  r e ­

s u l t s  o f  h is  and h is  co-w orkers ' d ecade-long  r e s e a rc h  on m acrom olecular

8ocompounds. His th e o ry  was now su ppo rted  by th e  work o f  some s c i e n t i s t s  

o u ts id e  Germany as w e ll  a s  by h i s  own s tu d e n ts .  Among th e  s ig n i f ic a n t  

new developm ents were m o lecu la r w eight measurem ents w ith  th e  u l t r a c e n ­

t r i f u g e  which th e  Swedish s c i e n t i s t  Theodor Svedberg (188U-1971) had

in tro d u ced  in  1926 and , which e s tim a te d  th e  m o lecu la r w eight o f  some

8 lp ro te in s  to  be s e v e ra l  m il l io n s .  Yet, one o f  th e  most c r u c ia l  move­

ments in  th e  domain o f  o rg an ic  chem istry  was put forw ard  by a young
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American r e s e a rc h e r ,  W allace Hume C aro thers  (1896-1937), who e s ta b l is h e d  

th e  m acrom olecular view th rough  a s e r ie s  o f  i n v e s t ig a t io n s ,  in au g u ra te d  

in  1928 , on th e  mechanism o f  p o ly m e riz a tio n , as w i l l  be d isc u sse d  in  th e  

next c h a p te r .  By th e  m iddle  o f  th e  1930s, many o f  th e  champions o f th e  

ag g reg a te  th e o ry ,  in c lu d in g  Bergmann, P ringsheim , and Hess h im se lf , came 

to  accep t S ta u d in g e r 's  m acrom olecular con cep t. Meyer no lo n g e r invoked 

h is  th e o ry  a g a in s t  S ta u d in g e r 's  view . Polem ics now b eh ind  him , S tau d in ­

ger began to  g a in  a  r e p u ta t io n  as th e  founder o f  a  new s c ie n c e .

Polymers and t h e i r  P ro p e r t ie s ;  From Organic C hem istry  to  M acromolecules 

The m acrom olecular d e b a te s  in  th e  1920s and th e  e a r ly  1930s ex­

h i b i t  l a r g e ly  a  c o n cep tu a l and m ethodo log ica l c la s h  betw een S tau d in g er 

and h i s  opponen ts, a  c la s h  betw een th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n  and 

th e  p h y s ic a l i s t  t r a d i t i o n .  As Mark t e s t i f i e d ,  d u r in g  th e  c o n tro v e rsy .

Many o f  h i s  c o lle a g u e s  in  h ig h  academic p o s i t io n s  rem ained fo r  a 
lo n g  tim e s k e p t ic a l  and o v e rc a u tio u s . They d id  no t approve o f  th e  
s tro n g  term s w ith  which S ta u d in g e r  e le v a te d  h i s  own w orking f i e l d  to  
a  "new b ran ch  o f  o rg an ic  c h e m is try ,"  and th e y  d isp la y e d  m is t ru s t  in  
a  number o f  h i s  methods and r e s u l t s . 82

Because o f  h i s  s tro n g  adherence  to  t r a d i t i o n a l  o rg an ic  c h e m is try , S taud­

in g e r  h as  been c a l le d  "one o f  th e  l a s t  g re a t  o rg an ic  chem ists  o f  th e  o ld  

s c h o o l."  The trium ph o f  S ta u d in g e r 's  approach i n  th e  f i e l d  o f  po ly ­

m eric su b s ta n c e s  meant a  v ic to r y  fo r  th e  o ld  sch o o l o f  o rg an ic  ch e m is try . 

When he re c e iv e d  th e  Nobel P r iz e  in  1953 in  c h em is try  in  re c o g n it io n  o f  

h is  work on m acrom olecular c h e m is try , h is  form er s tu d e n t Em il O tt (b . 1902 

) s t r e s s e d  t h a t ,  "S ta u d in g e r  succeeded where o th e rs  f a i l e d  because 

he knew and b e lie v e d  in  o rg an ic  c h e m i s t r y . A s  we have se en , S tau d in ­

ger b r o u ^ t  back  th e  o r g a n ic - s t r u c tu r a l  approach to  th e  s tu d y  o f c o l lo ­

id a l  su b s ta n c e s , whereas t h i s  f i e l d  had been dom inated by th e  p h y s ic a l i s t
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view o f  c o l lo id s  as  a s t a t e  o f  m a t te r .  Seeing c o l lo id a l  p a r t i c l e s  as 

g ia n t o rg an ic  m o lecu le s , he c la im ed  t h a t  th e s e  m acrom olecules a re  s t r u c ­

tu re d  on th e  same p r in c ip le s  as th o se  o f  low m o le c u le s , t h a t  i s ,  in  

accordance w ith  K ek u le 's  c l a s s i c a l  s t r u c tu r a l  th e o ry . In  t h i s  r e s p e c t ,  

i t  may be  argued  t h a t  S ta u d in g e r e s ta b l is h e d  h i s  concep t o f  macromole­

cu le s  by  r e tu r n in g  to  c l a s s i c a l  o rg a n ic  c h em is try . Given t h i s  c o n te x t ,  ■ 

one may r a i s e  th e  q u e s tio n : was S ta u d in g e r 's  m acrom olecular th e o ry

m erely th e  r e v iv a l ,  o r  th e  e x te n s io n , o f  th e  c l a s s i c a l  concep t o f  low 

m o lecu les; t h a t  i s ,  to  what degree was i t  based  on c l a s s i c a l  s t r u c tu r a l  

chem istry?  To answ er t h i s  q u e s tio n , i t  i s  im portan t to  examine more 

c lo s e ly  S ta u d in g e r 's  view o f  th e  p r o p e r t ie s  o f  polym ers.

As an o rg an ic  ch em is t, S ta u d in g e r  reg a rd ed  th e  m olecu le  as th e  

e n t i ty  from which stemmed a l l  p h y s ic a l  and chem ical p r o p e r t ie s  o f  th e  

su b s ta n c e . He sh a red  th e  s t r u c tu r a l  concept w ith  t r a d i t i o n a l  chem ists 

such as Emil F is c h e r ,  h o ld in g  t h a t  th e  p r o p e r t ie s  o f  compounds la r g e ly  

depend on t h e i r  m o lecu la r s t r u c tu r e ,  e s p e c ia l ly  on th e  arrangem ent o f  th e  

c o n s t i tu e n t  atoms in  th e  m o lecu le . T his p o in t o f  view was in  c o n tr a s t  

to  Max Bergm ann's c la im  t h a t  th e  p r o p e r t ie s  o f  polym ers can b e s t  be 

understood  by  th e  s tu d y  o f  th e  p h y s ic a l  c o n d itio n s  o u ts id e  th e  m olecule 

r a th e r  th a n  in s id e .  L ikew ise, th e  s t r u c tu r a l  concept d i f f e r e d  from th e  

Meyer-Mark m ic e lle  concept which s t r e s s e d  th e  in te rm o le c u la r -m ic e l la r  

fo rc e s  r a th e r  th a n  th e  s t r u c tu r e  o f  p rim ary  v a len ce  c h a in s . W hile chem­

i s t s  t r a d i t i o n a l l y  m ain ta in ed  th a t  a pu re  su b s tan ce  c o n s is ts  e x c lu s iv e ly  

o f  a  s in g le  and d e f in i t e  m o lecu lar component, S ta u d in g e r b roke w ith  t h i s  

b e l i e f .  He w rote in  1926:

. Dabei b e s te h t  a l le rd in g s  zw ischen einem e in fa c h e n , e in h e i t l ic h e n
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S to f f  und einem Hochmolekularen e in  w e se n tlic h e r  U n te rsc h ied , dessen  
N ic h tte ac h tu n g  h in d e r te , dass man h i e r  den M olekül-B egrif f  anwandte. 
B ei einem e in fa c h e n , e in h e i t l ic h e n  S to f f  h e s i tz e n  a l l e  M oleküle ■ 
g le ic h e  G rosse; d ie  hochm olekularen Verbindungen se tz e n  s id h  dagegen 
m e is t aus einem Gemisch von a h n lic h  g ebau ten , aber v e rsc h ied e n  
g ro sse n  M olekulen zusammen. E ine Trennung in  e in h e i t l ic h e  S to ffe  
i s t  h i e r  wegen d e r  zu g eringen  U n te rsch ied e  d e r p h y s ik a lisc h e n  und 
chem ischen E ig en sch aften  n ic h t  d u rch fiih rb a r. Wenn a ls o  b e i  d ie se n  
Hochpolymeren M olekulargew ichte angegeben w erden, so kann es s ic h  
n u r um D u rch sch n ittsw erte  h a n d e ln .° 5

Polymers a r e ,  he s t r e s s e d ,  composed o f  m olecu lar chains o f  d i f f e r e n t

le n g th s  owing to  t h e i r  g re a t s iz e ;  th e  m olecules in  th e  compound a re  not

com ple te ly  i d e n t ic a l  in  s iz e .  In  o th e r  w ords, m acrom olecular su b s tan ces

a re  "po lym olecu lar"  (-polym olekulare). T h e re fo re , th e  m olecu lar w eigh ts

have c e r t a in  ranges and can be  e x p ressed  only  by average va lues  r a th e r

th a n  by d e f i n i t e  numbers. In t h i s  r e s p e c t ,  th e  m acrom olecular co n cep tio n

d i f f e r e d  from th e  t r a d i t i o n a l  n o tio n  o f  chem ical compounds which was

h e ld  b o th  by s t r u c tu r a l  chem ists and by th e  exponents o f th e  ag g reg a te

th e o ry .

The s t r u c tu r a l  ch em ist, F is c h e r ,  w h ile  u n a ffe c te d  by th e  ag g re ­

g a te  th e o ry  o f c o l lo id a l  p a r t i c l e s ,  doubted  th e  e x is te n c e  o f  g ia n t  mole­

c u le s .  F o r , a s  m entioned above, he b e lie v e d  t h a t  isom erism  alone would 

s u f f i c e  to  e x p la in  th e  com plexity  o f  n a tu r a l  o rg an ic  compounds such as 

p r o te in s  ; and hence t h a t  th e  assum ption  o f  g ia n t  m olecules ought to  be 

s u p e rf lu o u s . S tau d in g er went even f u r th e r  ; he i n s i s te d  th a t  because  o f 

th e  s iz e  o f  m acrom olecules (1 ,000-100 ,000  tim es th e  s iz e  o f  low mole­

c u le s ) ,  th e r e  i s  an alm ost i n f i n i t e l y  la rg e  number o f  s t r u c tu r a l  p o s s i­

b i l i t i e s  fo r  th e  m o lecu les. T his i s ,  he th o u g h t, e s p e c ia l ly  t r u e  in  th e  

ca se  o f  p r o te in  m o lecu les , in  which even s l ig h t  d if f e re n c e s  in  th e  s t r u c ­

t u r e  would y ie ld  d i f f e r e n t  b io lo g ic a l  p r o p e r t i e s F u r t h e r m o r e ,  acco rd ­

in g  to  S ta u d in g e r , th e  g re a t  v a r i e ty  o f  th e  shapes o f  m acromolecules
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causes numerous v a r ia t io n s  in  th e  p r o p e r t ie s  o f  polym ers, such as f i h -  

ro u s n e s s , e l a s t i c i t y ,  t e n s i l e  s t r e n g th ,  v i s c o s i ty ,  and sw e llin g  phenomena. 

For exam ple, he c l a s s i f i e d  m acrom olecules in to  two la rg e  g ro u p s, l i n e a r  

and s p h e r ic a l ,  acco rd in g  to  t h e i r  shape. Substances w ith  s p h e r ic a l  

m acrom olecules, he s a id ,  a re  u s u a l ly  powder in  th e  s o l id  s t a t e .  They 

d is s o lv e  in  w a te r  w ithou t s w e llin g  and form s o lu t io n s  o f  low v i s c o s i ty .  

Glycogen belongs to  t h i s  group. L inear m acrom olecular su b s ta n c e s , on th e  

o th e r  hand , a re  f ib ro u s  and t o u ^ ,  and d is s o lv e  w ith  c o n s id e ra b le  s w e ll­

ing  to  g iv e  g e l  s o lu t io n s  o f  h ig h  v i s c o s i ty .  C e llu lo se  i s ,  he c la im ed , 

a  t y p ic a l  polym er o f  t h i s  g r o u p . T h u s ,  a s  he s ta t e d ,  " the  shape o f  

m acrom olecules a f f e c ts  th e  p h y s ic a l  and chem ical p r o p e r t ie s  o f  th e  sub­

s ta n c e s  c o n s id e ra b ly  more s tro n g ly  th an  is  th e  c a se  w ith  th e  low m olecu- 

88l a r  compounds." W ith h is  em phasis upon th e  m o lecu lar s iz e  and shape

in  e x p la in in g  th e  p r o p e r t ie s  o f  th e  polym er, S tau d in g e r d e p a rted  from

th e  t r a d i t i o n  o f  F is c h e r , who co n fin ed  h i s  s tu d y  to  th e  arrangem ent o f

89th e  atoms w ith in  th e  m o lecu les .

S ta u d in g e r  claim ed t h a t  th e  m acrom olecule as a w hole, j u s t  as a 

b u i ld in g , e x h ib i ts  i t s  own un ique  p ro p e r t ie s  which cannot be sim ply 

deduced from  th o se  o f  th e  low m olecu lar u n i t s .

. . . d ie  M oleküle und ebenso d ie  Makromoleküle l a s s en s ic h  m it 
Bauwerken v e rg le ic h e n , d ie  im w ese n tlich e n  aus nur wenigen S o rten  
von B a u s te in e n , den K o h le n s to f f- , W a ss e rs to f f- , S a u e rs to f f -  und 
S tic k s to f fa to m e n , au fgebau t s in d . Liegen nu r e in ig e  Dutzend oder 
H underte davon v o r , so kann man damit n u r  k le in e  Moleküle und 
en tsp re ch e n d  nur r e l a t i v  p r im it iv e  Bauwerke k o n s tru ie r e n . Beim 
V o rlieg en  ab e r von 10000 oder 100000 B auste inen  la s s e n  s ic h  u n en d lich  
v e rs c h ie d e n a r t ig e  Bauwerke h e r s t e l l e n :  W ohnhauser, F a b r ik h a l le n ,
H ochhauser, P a la s te ,  e t c . ,  und es la s s e n  s ic h  dann auch K onstruck- 
t io n e n ,a u s fu h re n , deren  M oglichke iten  man n ic h t  ahnen kann , wenn man 
n u r w enig B aum ateria l zu r Verfügung h a t .  G le iches  g i l t  f ü r  d ie  
M akromoleküle. Es i s t  e in le u c h te n d , dass h ie r b e i  n a tü r l ic h  auch 
n e u a r t ig e  E ig en sch aften  au f t r e t en , d ie  b e i  k le in e n  M olekulen 
n ie d e rm o le k u la re r  S to ffe  n ic h t  m oglich s in d .90
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In  s h o r t ,  th e  whole i s  n o t a  mere sum o f  i t s  p a r t s ,  b u t more than  t h a t .

For t h i s  re a so n , he fo cu ssed  h is  a t t e n t io n  on th e  p r o p e r t ie s  o f  th e

g ia n t m olecule i t s e l f ,  e . g . , s iz e  and shape—a f a c to r  w ith  which th e

Kekulêan s t r u c tu r a l  ch em istry  was l i t t l e  c o n c e r n e d . H e r e  S taud inger

no doubt r e g is te r e d  a  b io lo g ic a l  h o l i s t i c  p o in t  o f view t h a t  d i s t i n -

92gu ished  him from many o f  h is  con tem p o ra ries .

The a p p re c ia t io n  o f  th e  whole r a th e r  th a n  i t s  i s o l a te d  p a r ts  

a ls o  d i f f e r e n t i a t e d  h is  view from th e  m ec h a n is tic  t re n d  t h a t  reduced  

c o l lo id a l  phenomena to  sm a lle r  u n i ts  and fo rc e s . S ta u d in g e r 's  f r ie n d , 

B erhnard W elte (.1). 1913 ) ,  rem arked in  an ad d ress  to  S ta u d in g e r  in

1956 :

In m itte n  d e r durchgangigen q u a n ti ta t iv e n  M ethodik d e r  modemen 
Chemie s in d  S ie ,  und d ie s  s c h e in t m ir überaus denkw ürdig, aufmerksam 
geworden au f e in e  Zone im chem ischen Aufbau u n se re r  m a te r ie l le n  
W elt, in n e rh a lb  d e re r  das Quantum, d ie  Zahl de r B au ste in e  und 
Elem ents der m a te r ie l le n  S to ffe  n ic h t  mehr nu r Quantum i s t ,  v ielm ehr 
in  d ie  Q u a l i ta t  u b e rg e h t, um h ie r  e in en  Gedanken aus HEGSLs Logik 
h e ran zu z ieh en . S ie  s in d  aufmerksam geworden au f Formen und G ebilde , 
b e i  denen G ese tz , Ordnung und Form, - z .  B. d ie  Form von K etten  und 
Ringen der m a n n ig fa ltig s te n  A r t, -  w ic h tig e r  werden a l s .d i e  b lo sse  
Zahl der B au ste in e  oder d e r elem ent a r  en W irk u n g sk ra fte . V ie l le ic h t  
d a r f  ic h  d ie s e  Schw elle , an de r das Quantum in  d ie  Q u a l i ta t  
u b e rg e h t, m it einem G le ich n is  bezeich n en . Gehen w ir m it Ihnen und 
I h re r  Forschung d ie se n  Weg der N a tu r, den S ie  z u e rs t  m it i h r  denkend 
u n d 'fo rsc h e n d  gegangen s in d ,  den Weg aus der k la s s is c h e n  q u a n t i t a t i -  
ven Chemie zu r m akrom olekularen Chemie, dann i s t  e s ,  a l s  waren w ir 
z u e r s t  uber e in en  g ro ssen  B auplatz gegangen, a n g e f i i l l t  m it e in e r  
Menge k o s tb a re r  W erk sto ffe , S te in e , E is e n tr a g e r ,  H olzer und 
v i e l e r l e i  Dingen d ie s e r  A rt, und a ls  se ie n  w ir nachher v o r e in  Haus 
g e tr e te n ,  v o r e in  g ro sse s  Haus, v i e l l e i c h t  vor e in e  K a th ed ra le . Vor 
e in e  K a th ed ra le , w elche ganz gewiss mehr i s t  a l s  d ie  b lo s s e  Summe 
d e r  v ie le n  e in z e ln e n  W erksteine und W erk sto ffe , welche in  s ie  v erbau t 
s in d . S ie  i s t  m ehr, wei l  in  ih r  das V ie le  d e r e in z e ln e n  Bauelemente 
zu  e in e r  geform ten E in h e it  h o h ere r Ebene und hoheren Ranges 
verbunden i s t .  Aus dem Quantum i s t  e in  Quale g e w o r d e n .93

Quality comes from the whole rather than the parts. In th is  regard,

S ta u d in g e r s ta t e d  t h a t  m acrom olecular compounds e x h ib i t  p r o p e r t ie s  which

"cannot be p re d ic te d  even by a thorough s tu d y  o f  th e  low m o lecu lar
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s u b s ta n c e s . ' I t  was such  a c o n v ic tio n  t h a t  le d  S ta u d in g e r  to  c o n s id e r

m acrom olecular chem istry  as  "a  new f i e l d  o f  o rg an ic  ch em is try "  ( e in  neues

G ebiet d e r  o rg an isch en  Chemie) ,  a s  d is t in g u is h e d  from c l a s s i c a l  o rgan ic

9Uch em is try  which d e a ls  w ith  low m olecu lar s u b s ta n c e s .

In  sum, th e  fo llo w in g  rem arks can be  made about th e  emergence o f 

th e  m acrom olecular co n cep t. S ta u d in g e r 's  th e o ry  o f  m acrom olecules was 

ro o te d  in  th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n , b o th  t h e o r e t i c a l l y  and ex­

p e r im e n ta lly . However, in  e x p la in in g  th e  p r o p e r t ie s  o f  compounds, 

S ta u d in g e r d ep a rted  from th e  c l a s s i c a l  concep t o f  chem ical s t r u c tu r e s .

He cla im ed  t h a t  th e  p h y s ic a l  and chem ical p r o p e r t ie s  o f  polym ers a re  

de term ined  no t on ly  b y  th e  in te r n a l  s t r u c tu r e  o f  th e  m olecule  b u t  more 

s ig n i f i c a n t l y  by i t s  e x te r n a l  s t r u c tu r e ,  such as i t s  s iz e  and shape. 

Perhaps i t  was t h i s  d e p a r tu re  from th e  t r a d i t i o n a l  s t r u c tu r a l  approach 

t h a t  enab led  him to  e s t a b l i s h  so f irm ly  th e  m acrom olecular v iew , in  

c o n tr a s t  to  th e  n in e te e n th -c e n tu ry  concept o f  th e  la rg e  m olecu le  th a t  

e a r l i e r  had been dropped from th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n .  S taud­

i n g e r 's  h o l i s t i c  co n cep tio n  o f  m a tte r  t h a t  s t r e s s e d  th e  whole r a th e r  

th a n  i t s  in d iv id u a l  p a r t s  p layed  a  c r u c ia l  r o le  in  t h i s  d e p a r tu re . His 

s tro n g  r e je c t io n  o f  m echan ica l red u c tio n ism  in  th e  p h y s ic a l i s t  approach 

to  polym ers can a ls o  be u n d ers to o d  in  th e  l i g h t  o f  h i s  h o l i s t i c  concep­

t i o n .  Thus, as we can s e e ,  th e  r i s e  o f  S ta u d in g e r 's  m acrom olecular 

th e o ry  was no t m erely  th e  rep lacem ent o f one th e o ry  by a n o th e r ;  n e i th e r  

can i t  be seen  sim ply as a  r e v iv a l  o f  c l a s s i c a l  ch em is try . The emergence 

o f  th e  m acrom olecular concep t was accom panied by an e p is te m o lo g ic a l  

s h i f t  in  th e  chem ical view  o f  m a tte r .
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2
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Hermann S ta u d in g e r , "A nlagerung des M alonesters  an u n g e s a t t ig te  

V erbingungen," ( D i s s e r ta t io n ,  U n iv e r s i ta t  H a lle , 1903).
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f u r  N a tu rw issen seh a ften  (H a lle ) ,  75 (1903): 385-^32, "Uber d ie
A nlagerung des M aloneste rs  an das System  CH=CH-CH=CH-C=0," i b i d . : 433-
454; Hermann S ta u d in g e r , "E inw irkung von N atrium m alonester au f Athoxy- 
b e rn s te in s a u re e s te r  und A thoxybenzy lm alonester,"  L ieb ig s  Ann. Chem.,
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^See C laud ia  K r ü l l ,  " H is to r is c h e  Expérim ente (um 1905): ' Denk-
E xperim en te ' zum B enzo lring— aus M anuskrip ten  Hermann S ta u d in g e rs ,"  
Chemie-Exneriment und D id a k tik , 2 (1976): k k l-k k 8 .

7
A com plete l i s t  o f  th e s e  p apers i s  in  S ta u d in g e r , A r h e i t s e r in -  

ne ru n g en , pp. 17-20. See a ls o  i b i d . , pp . 11-17 . Ketene i s  a c la s s  o f  
c 

I t

8

o rg an ic  compounds v i t h  th e  g e n e ra l fo rm ula , R2=C=C=0 , v h e re  R symbols 
r e p re s e n t  o rgan ic  r a d ic a l s  o r  hydrogen atom s.

Hermann S ta u d in g e r , Die Ketene ( S t u t t g a r t : V erlag  Enke, 1912).

^See S ta u d in g e r , A rb e itse r in n e ru n g e n , pp. 22-30 and U3-k6.

Q u arles , "Hermann S ta u d in g e r ,"  p . 120.

^ Y a r s le y ,  "Hermann S ta u d in g e r ,"  p . 250.

^^George S ta f f o rd  W hitby, "Hermann S tau d in g e r (188I - I 965 ) ,"
Rubber Chem. Tech. . ko (June 1967): x v i - x x i i i , on p. xx.

TO
See S ta u d in g e r , A rb e its e r in n e ru n g e n , pp. 59-63.

^^"Those [co lle a g u e s ]  who knew my p u b l ic a tio n s  in  th e  f i e l d  o f
low m o lecu la r chem istry  asked  me why I  was n e g le c tin g  t h i s  i n t e r e s t i n g
f i e l d  and in s te a d  was w orking on v e ry  u n p lea sa n t and p o o rly  d e f in e d  com­
pounds, l ik e  rubber and s y n th e t ic  po lym ers. At t h a t  tim e th e  chem istry  
o f  th e s e  compounds o f te n  was d e s ig n a te d , in  view o f  t h e i r  p r o p e r t ie s ,  as 
Schm ierenchemie (" g re a s e  c h e m is try " ) ."  S ta u d in g e r , A rb e its e r in n e ru n g e n , 
p . 77; S ta u d in g e r , From O rganic Chem istry to  M acrom olecules, p . 77.

^^See below pp. 50-53.

^^Hermann S ta u d in g e r and Helmut W. K lev er, "Uber d ie  B a rs te l lu n g  
von Iso p re n  aus T e rp en k o h le n w a sse rs to ffe n ," B e r. ,  kk ( I 9 1 1 ); 2212-2215.

17 "These d i f f e r e n c e s  in  a number o f  p r o p e r t ie s  [between s y n th e t ic
ru b b er and n a tu r a l  ru b b e r ] ,  in  p a r t i c u l a r ,  s tim u la te d  my re s e a rc h  in
t h i s  f i e l d ,  e s p e c ia l ly  in v e s t ig a t io n s  on th e  c o l lo id a l  s o lu t io n s  o f  
th e s e  m a te r ia ls ."  S ta u d in g e r , A rb e its e r in n e ru n g e n , p. 7 7 ; From Organic 
C hem istry to  M acrom olecules, p. 77.

18 S taud inger and K lever, "D a rs te llu n g  von I so p re n ,"  p . 2215.

19 " In  h is  im portan t work on th e  in f lu e n c e  o f  ozone on o rg an ic  sub­
s ta n c e s ,  H arrie s  in  190k and 1905 was a b le  to  pave th e  way fo r  th e  under­
s ta n d in g  as to  how th e  io sp re n e  m olecules form ru b b e r. I  w i l l  no t go 
in to  d e t a i l s  here  on h i s  i n i t i a l  wrong assum ption th a t  ru b b e r i s  composed 
o f  a  ca rb o h y d ra te  o f  c y c lo o c ta d ie n e  s e r i e s .  I  adopt a f te rw a rd s  th e  work 
by P ic k le s  t h a t  in  th e  ru b b er fo rm ation  th e  iso p ren e  m olecules ge t 
to g e th e r  a t  th e  en d s , nam ely, l ,k - p o s i t i o n ,  and th a t  hundreds o f  iso p ren e  
m olecu les b u i ld  up th e  la rg e  rubber m olecules which could  be made
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o b se rv ab le  th ro u g h  th e  u ltra m ic ro sc o p e , and which__determine th e  c o l l o i ­
d a l p r o p e r t ie s  o f ru b b e r ."  Hermann S ta u d in g e r , "Uber Isop rene  und Kaut- 
schuk: K au tschuk -S yn these ,"  ( re a d  a t  th e  36 th  g e n e ra l m eeting o f  th e
S chw eizerischen  G e s e lls c h a f t  f u r  chemische I n d u s t r ie ,  October 7 , 1917) 
in  S ta u d in g e r , W isse n sc h a f tlic h e  Werk, v o l .  1 : A rbe iten  u b e r Is o p re n ,
Kautschuk und B a la ta  (1 9 ^9 ): 22-39 on pp. 2U-25.

20Samuel Shrowder P ic k le s ,  "The C o n s t i tu tio n  and S y n th e s is  of 
C autchouc," J .  Chem. S oc .,9 7  (1910): IO8U-IO9O. On P ic k le s ' c a r e e r ,  se e ,
e . g . , Who's Who in  B r i t i s h  S c ien ce . 1953 (London: Leonard H i l l ,  1953),
s .v .  " P ic k le s ,  Samuel Shrow der."

^ 4 b i d . , pp . 1088- 1090 . C ^ f ., Ch. I ,  pp. 26-28.
22 «

s ta u d in g e r ,  "Uber Isop rene  und K autschuk ,"  pp. 25 and 27 .

^^Hermann S ta u d in g e r , "Uber P o ly m e r isa tio n ,"  B er. ,  53 (1920):
1073-1085.

2k"And th e r e fo r e  I  b e lie v e  th a t  from  th e  a v a i la b le  o b se rv a tio n  
m a te r ia l ,  such assum ptions [o f m olecu lar compounds which a re  h e ld  
to g e th e r  by secondary v a le n c e s]  a s  to  th e  o r ig in  o f  p o ly m e riz a tio n  pro­
d u c ts  do n o t have to  be made; i t  i s  much more l i k e ly  th a t  d i f f e r e n t  
ty p e s  o f  p o ly m e riz a tio n  p o rd u c ts , as I  hope t o  show in  what fo llo w s , can 
be e x p la in e d  s a t i s f a c t o r i l y  by normal v a le n c e s , and as f a r  as p o s s ib le  
th e  p r o p e r t ie s  o f  th e  compounds can co n tin u e  to  be exp ressed  s t r a i g h t ­
fo rw ard ly  in  o rg an ic  c h e m is try  by normal v a le n c e  fo rm u las ."  i b i d . , 
pp. 1073- 107^; Hermann S ta u d in g e r , "On P o ly m e riz a tio n ,"  in  Source Book 
in  C hem istry , 1900-1950, ed . and t r a n s .  Henry M. L e ic e s te r  (Cam bridge, 
M a ssach u se tts : H arvard U n iv e rs i ty  P re s s , I 9 6 8 ) : 260-26k, on p . 260.
In  t h i s  c o n te x t ,  S ta u d in g e r c r i t i c i z e d  George S c h ro e te r 's  i n te r p r e ta t io n  
o f  k e te n e  p o ly m e riz a tio n  as  a m olecu lar a g g re g a tio n . £ f . ,  Ch. 1 , p . 28 .

S ta u d in g e r , "Uber P o ly m e risa tio n ,"  p . 107^.

^^ I b id . . p . 1082 .

27 "Take, fo r  exam ple, hundreds o f  form aldehyde m o le c u le s , and we 
have tw ic e  th e  m olecules in  th e  unpolym erized c o n d it io n . I f  we accep t 
t h a t  th e s e  hundreds o f  m olecules them selves po lym erize  to  form a p a ra fo r ­
maldehyde m olecu le , th e n  we have th e r e  on ly  two u n s a tu ra te d  p o s i t io n s ;  
th e  r e a c t i v i t y  i s  th u s  many hundred tim es l e s s .  This more o r  l e s s  
ag rees  w ith  th e  o b se rv a tio n  th a t  h ig h -m o lecu la r compounds a re  f a r  le s s  
r e a c t iv e  th a n  monomolecular en d -p ro d u c ts , and th a t  th e y  however s t i l l  to  
some e x te n t e x h ib i t  th e  r e a c tio n s  o f  m onomolecular s u b s ta n c e s ."  i b i d . ,
p . 1083 .

28See Ch. I ,  p p .  17-19 .
29

S ta u d in g e r , "Uber P o ly m e risa tio n ,"  p . 108I .

^ ^ S ta u d in g e r , A rb e itse r in n e ru n g e n . p . 8 3 .

31Herman F. Mark, "Polymer C hem istry : The P as t 100 Y e a rs ,"  Chem.
Eng. Hews, 5^ (A p ril 6 , 1976): I 76- I 89 , on p . I 80 .
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^Hermann S tau d in g er and Jakob F r i t s c h i ,  "Uber Iso p ren  und Kaut­
schuks: Uber d ie  H ydrierung des K autschuks und iiber s e in e  K o n s t i tu t io n ,"
H elv. Chim. A cta , 5 (1922): 785- 806 , e s p e c ia l ly  p . 788 . S taud inger con­
s id e re d  th e  h yd rogenation  o f  n a tu r a l  ru b b e r a s  th e  fo llo w in g  r e a c tio n  in  
which th e  s a tu r a t io n  o f  double bonds occurs w ithou t changing  th e  s iz e  o f 
th e  la r g e  m olecule :

CH- CH- CH-
I I I

. . . CHg. C=CH. CHg. CHgC=CH. CHg . . . .  CHg.CsCH.CHg . . . rubber

+ H,2

CH- CH, \y CH, 3  , 3 3
. . . CHg. CH.CHg. CHg. CHg. CH. CH^CHg . . . CH^.CH.CH^.CHg . . hydrorub­

b e r .  See i b i d . , p . 790.

33"For th o se  c o l lo id a l  p a r t i c l e s  in  which th e  m olecule i s  iden ­
t i c a l  w ith  th e  p rim ary  p a r t i c l e  and in  which th e  in d iv id u a l  atoms of 
th e  c o l lo id a l  m olecule a re  l in k e d  to g e th e r  by normal v a le n c e s , we p ro ­
pose th e  term  m acrom olecules. Such c o l lo id a l  p a r t i c l e s  form t ru e  c o l l o i ­
d a l  m a te r ia ls ,  w hich, in  accordance to  th e  bonding power o f  carbon , occur 
p a r t i c u l a r ly  in  o rg an ic  chem istry  and in  o rg an ic  n a tu r a l  su b s ta n c e s .
Here th e  c o l lo id a l  p r o p e r t ie s  a re  de term ined  by th e  s t r u c tu r e  and s iz e  
o f th e  m olecu le . . . ."  Hermann S ta u d in g e r , "Uber d ie  K o n s titu tio n  des 
K autschuks," B er. , 57 (192k): 1203-1208, on p . 1206.

3kA ccording to  S ta u d in g e r, th e  p rim ary  c o l lo id a l  p a r t i c l e s  r e p re ­
se n t th e  m acrom olecules in  most c a s e s . But he adm itted  a few ex cep tio n s  
t o  t h i s ;  fo r  exam ple, he thought t h a t  soaps form c o l lo id a l  p a r t i c l e s  
which c o n s is t  o f  sm all m olecu les. He suggested  c a l l in g  t h i s  group o f  
c o l lo id s  "P seu d o -K o llo id e ,"  as d is t in g u is h e d  from "E u-K ollo ide" in  which 
c o l lo id a l  p a r t i c l e s  a re  m acrom olecules. Hermann S ta u d in g e r , "Zur Chemie 
des Kautschuk und de r G u ttap e rch a ,"  Kautschuk (August 1925): 5 -6 ,  and
(Septem ber 1925): 8-10. See a lso  S ta u d in g e r , A rb e itse rin n e ru n g e n , pp.
108- 115 .

Hermann S ta u d in g e r , "Die Chemie der hochm olekularen o rgan ischen  
S to ffe  im Sinne d e r  K ekuleschen S t r u k tu r le h r e ,"  ' B er. , 59 (1926): 3019t
30k 3 .

36 "The e s s e n t i a l  p roo f fo r  th e  e x is te n c e  o f  m acrom olecules was 
adduced by c l a s s i c a l  o rg an ic  chem ical methods v ia  polymer analogous re a c ­
t i o n s ;  th u s ,  polym ers were converted  in to  t h e i r  d e r iv a t iv e s  w ithout 
t h e i r  degree o f p o ly m e riz a tio n  b e in g  changed. This i s  proved fu r th e r  
when such polymer analogous r e a c tio n s  a re  c a r r ie d  out on th e  h igh  and 
low m o lecu lar p a r t s  o f  a polymer homologous s e r i e s ,  as in  many cases was 
done. The argument f o r  th e  e x is te n c e  o f  m acrom olecules i s  based  on the  
same c o n s id e ra tio n  as t h a t  fo r  th e  e x is te n c e  o f  sm all m olecules in
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o rg an ic  chem istry  one c e n tu ry  e a r l i e r .  Thus Wohler and L ie b ig  in  t h e i r  
re s e a rc h  on th e  r a d ic a l s  e th y l  and benzoyl in  1832 . , . were a b le  to  
co n v ert o rg an ic  compounds in to  d e r iv a t iv e s  w ith  o th e r  p r o p e r t i e s ,  where­
as a  l a r g e  p a r t  o f  th e  m olecu le— th e  r a d i c a l— rem ained unchanged in  
s iz e .  T his d isco v e ry  was v e ry  s u rp r is in g  a t  t h a t  tim e . In  th e  same 
manner i t  can be d em onstra ted  t h a t  under s u i t a b le  c o n d it io n s  macromole­
c u le s  lea v e  t h e i r  'm a c ro ra d ic a ls ' unchanged w ith  re s p e c t  t o  s iz e  when 
th e y  a re  co n v e rted  in to  t h e i r  d e r iv a t iv e s ."  S ta u d in g e r , A r b e i ts e r in ­
nerungen , pp. 115- 116 ; From Organic Chem istry t o  M acrom olecules, pp. 
104-105.

37"Dear c o lle a g u e , drop th e  id e a  o f la r g e  m o lecu le s ; o rg an ic  
m olecu les w ith  a  m o lecu la r w eight h ig h e r  th an  5000 do no t e x i s t . P u r ify  
your p ro d u c ts , th e n  i t  w i l l  c r y s t a l l i z e  and prove t o  be a  low m o lecu lar 
compound!" S ta u d in g e r , A rb e its e r in n e ru n g e n , p . 79; From O rganic Chemis­
t r y  to  M acrom olecules, p . 79.

C arl H a r r ie s ,  "Uber A ggregation  und D esaggrega tion : H ydrolyse
des S ch e lla ck h a rz es . H ydrierung  des K autschuks,"  B er. . 56 (1923): 1048-
1051 , on p . 1050 .

Johann R. K atz , "X -ray  Spectrography  o f  Polymers and in  P a r t i ­
c u la r  th o se  hav ing  a  r u b b e r - l ik e  E x te n s ib i l i ty , "  T rans. Faraday S o c .,
32 ( 1936) :  77-9k , on p . 77.

^^"D uring a  l e c tu r e  g iven  in  1925 I  th o ugh t I  had g iven  good 
ev idence  fo r  th e  e x is te n c e  o f  m acrom olecular s t r u c tu r e s ,  u s in g  as  exam­
p le s  ru b b e r , p o ly s ty re n e , and polyocqnnethelene; th e n , how ever, th e  w e ll-  
known m in e ra lo g is t  P au l N ig g l i- ro s e  and h is  on ly  d isc u s s io n  rem ark was, 
"Such a  th in g  does not e x i s t ! " S ta u d in g e r , A rb e its e r in n e ru n g e n , p . 66; 
From O rganic C hem istry to  M acrom olecules, pp. 64-85.

41During t h i s  p e r io d ,  i t  was g e n e ra lly  assumed by c r y s ta l lo g r a ­
phers t h a t  th e  m olecule  co u ld  not be la r g e r  th a n  th e  u n i t  c e l l  (o r  e le ­
m entary c e l l ) .  S ince i t  was re p o r te d  t h a t  th e  u n i t  c e l l s  o f  c e l l u lo s e ,  
ru b b e r , s i l k ,  and o th e r  polym ers were sm a ll, many s c i e n t i s t s  b e lie v e d  
t h a t  t h e i r  m o lecu lar s iz e  i s  sm all. See Ch. Pp. 29-30.

42"A ll th e  g re a t  men p re s e n t:  th e  o rg an ic  c h e m is t, K a r re r ,  th e
m in e ra lo g is t ,  N ig g li ,  th e  c o l lo id  c h em is t, W iegner, th e  p h y s ic i s t ,  
S c h e rre r  and th e  X -ray c ry s ta l lo g ra p h e r  ( l a t e r  c e l lu lo s e  c h e m is t) ,  O tt, 
t r i e d  in  v a in  to  convince S ta u d in g e r th e  im p o s s ib i l i ty  o f  h is  concept 
because  i t  c o n f l ic te d  w ith  exact s c i e n t i f i c  d a ta .  The storm y m eeting  
ended w ith  S ta u d in g e r 's  shou t [quo ting  L u th e r 's  w ords], 'H ere  I  s ta n d , I  
cannot do o th e rw is e . '" ' A. F. F rey-W yssling , " F ru h g e sc h if te  und Ergeb- 
n is s e  d e r  subm ikroskopischen  M orphologie," M ik roskon ie , 19 (1 964 ): 2-
12 , on p . 5 .

43These d o c to ra l  s tu d e n ts  a re :  Max B runner, Herman A. B ruson,
F r ie d r ic h  F e l ix ,  K arl F re y , Jakob F r i t s c h i ,  E rn s t G e ig e r, Hugo H arder, 
E rn st Huber, Hans W. Jo h n e r , Max Liithy, E r ic  W. R euss, A lfre d  R h e in er,
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R udolf S ig n e r , Emil S u te r ,  E rnst U rech, S ie g f r ie d  W ehrli, and W illy  
Widmer. On t h e i r  d i s s e r t a t i o n s  and S ta u d in g e r 's  s c i e n t i f i c  a c t i v i t y  in  
Z u r ic h , see Hermann S ta u d in g e r , "Über d ie  Entw icklung d e r  m akrom olekula­
re n  Chemie in  den Ja h re n  1920 b is  1926," in  F estgabe  der GEP z u r H undert- 
j a h r f e i e r  d e r E id g en o ss isch en  Technischen Hochschule Z urich  (1955): 
399-^11. T his a r t i c l e  has been r e p r in te d  in  h is  W isse n sc h a f tlic h  Werk, 
v o l .  5: A rb e iten  a llg e m e in e r  R ichtung von Hermann S ta u d in g e r (1975):
3-15.

^ V a x  Bergmann, " A llgene ine  S tru k tu rch em ie  der komplexen Kohlen- 
h y d ra te  und d e r  P r o te in e ,"  B e r .,  59 (1926): 2973-2981. Hans P ringsheim ,
"Abbau und Aufbau d e r  P o ly sa c c h a rid e ,"  i b i d . : 3008-3018. See Ch. I ,
pp . 26 and 36, n . ^3.

15
"The p o s s i b i l i t y  o f  th e  e x is te n c e  o f  m acrom olecules can be 

deduced from w holly  u n iv e r s a l  c o n s id e r a t io n s ."  S ta u d in g e r , "Chemie,"
(se e  n . 3 5 ) , p . 30Ul.

^^"The w orld  o f  o rg an ic  compounds l i e s  betw een th e  s im p le s t c a r ­
bon compounds such as m ethane, carbon monoxide, cyanogen, and th e  l a r ­
g e s t  m o le c u le s , th e  h ig h  polym eric carbon  compounds. . . . D e sp ite  th e  
la r g e  number o f  o rg an ic  su b s tan ces  which we a lre a d y  know to d a y , we a re  
o n ly  s ta n d in g  a t  th e  b e g in n in g  o f  th e  ch em istry  o f  t r u e  o rg a n ic  compounds 
and have n o t reac&ed anywhere n ear a c o n c lu s io n ."  S ta u d in g e r , "Chemie," 
(1926) (se e  n . 3 5 ) , pp . 30U l-301+3.

1+7
C f . , Ch. I ,  p p . 29-30. See Herman F. Mark, "Polym er Chemis­

t r y  in  Europe and A m erica—How I t  A ll Began," J .  Chem. Educ. ,  58 (1981): 
527-531+, on pp. 529-530; and G. A llan  S ta h l ,  "Herman F. Mark: The
G eheim rat,"  in  Polymer S c ience  Overview: A T r ib u te  to  Herman F. Mark,
ed . G. A llan  S ta h l ,  ACS Symposium S e r ie s  175 (W ashington, D .C .: American 
Chem ical S o c ie ty , 198I ) :  62-88.

^^A. J .  R e is ,  "Zur K enntnis d e r K r i s t a l l g i t t e r , "  Z. P h y sik ,
1 (1920): 20I+-220 .
K. W eissenberg, " K r is ta l lb a u  und chem ische K o n s t i tu t io n , 1 - 3 ,"  Z. P h y sik , 
31+ ( 1925) :  1+06- 1+1 9 , 1+20-1+32, and 1+33-1+52.

1+9Herman F. M ark, ' Uber d ie  ro n tg en o g rap h isch e  E rm ittlu n g  de r 
S tru k tu r  o rg a n isc h e r  b esonders  hochm olekularer S ub stan zen ,"  B e r. , 59 
(1926) :  2982- 3000 . C f . ,  Mark, "Polymer Chem istry in  Europe and America,"
pp. 529- 530 .

5 ° I b id . . p . 530

^ ^ S ta u d in g e r , A rb e its e r in n e ru n g e n , p . 87 .

52Herman F. Mark, "Coming to  an Age o f  Polymers in  S cience  and 
T echnology," in  H is to ry  o f  Polymer Science and Technology, ed . Raymond 
B. Seymour (New York and B ase l: M arcel D ekker, I n c . ,  1982): I - 9 , on
p . 2.
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C O

K atz , "X -ray S pectrography  o f  Polym ers," p . 77.

^^0. L. S p o n s le r  and W. H. Dore, "The S tru c tu re  o f Ramie C e llu l­
ose  a s  D erived from X -ray D ata ,"  C o llo id  Symp. Monogr. .  k (1926): 17k-
202. This paper was re a d  in  th e  American C o llo id  Symposium, h e ld  in  
June 1926 a t  th e  M assachusetts  I n s t i t u t e  o f  Technology a t  Cambridge, 
M assach u se tts . I t s  German t r a n s la t io n  appeared  in  1930 in  th e  C e llu lo se -  
chem ie, 11 (1930): I 86 .

^^"The m o lecu la r s iz e  o f  h ig h  m o lecu lar compounds cannot be 
de te rm ined  by X -ray m easurem ents." Hermann S ta u d in g e r , H. Jo h n e r, and 
R. S ig n e r , G. Mie and J .  H engstenberg , "Der polymere Form aldehyd, e in  
M odell de r C e llu lo s e ,"  Z. p h y sik . Chem. ,  126 (1927): k25-kk8, on p.
Uk8 . A lthough t h i s  paper was c o -a u th o re d  by S ta u d in g e r , th e  X -ray 
m easurem ents were c a r r ie d  ou t p r a c t i c a l l y  by th e  two p h y s ic i s t s ,  Mie and 
H engstenberg . • See a ls o  J .  H engstenberg , "Rontgengenuntesuchungen d ie  
S tru k tu r  der P o ly m e risa tio n sp ro d u c k te  des Form aldehyds,"  Annalen der 
P h y s ik , Folge h, 8k (1927): 2k5-278.

^^K atz, "X -ray  S pectrography  o f  Polym ers," p . 79.

See S ta u d in g e r , A rb e its e r in n e ru n g e n , p . 86 .
C Û

"About two y e a rs  a f t e r  my c a l l  to  th e  chem istry  c h a ir  a t  th e  
U n iv e rs i ty  o f  F re ib u rg , one o f  ny o ld e r  c o lleag u es  from th e  F re ib u rg  
f a c u l ty  t o ld  me t h a t  he had heard  from E rlangen  th a t  th ro u g h  Pummerer' s 
work th e  q,uestion o f  th e  s t r u c tu r e  o f  ru b b er was so lv e d , and t h a t  my 
concep t th e re fo re  was u n te n a b le . I  asked him i f  he and th e  f a c u l ty  were 
now o f  th e  o p in io n  t h a t  th e y  had made a m istake  by o f f e r in g  me th e  cha ir '."  
I b id . , p . 2k7. R udolf Pummerer was an i n f l u e n t i a l  su p p o rte r  o f  H a r r ie s ' 
th e o ry  o f  ru bber s t r u c tu r e ;  in  1928 he c la im ed  th a t  h is  m o lecu la r w eight 
m easurem ents confirm ed th e  agg reg a te  s t r u c tu r e  o f  ru b b er w ith  th e  form ula 
^*^5^8 ^8 ' Fummerer and W. Giindel, "Über D a rs te llu n g  and M olekular- 
g ro sse  des I s o k a u ts c h u k -n itro n s ,"  B e r. , 6l  ( 1928) : 1591-1598.

59See Herman F. Mark to  Hermann S ta u d in g e r , January  5 , 1927, 
c i t e d  in  Claus P r ie s n e r ,  H. S ta u d in g e r . H. Mark und H. M eyer: Thesen zur 
G rosse und S tru k tu r  de r Makromoleküle (weinheim ; D e e rf ie ld  Beach, F lo r id a ;  
and B ase l: V erlag  Chemie, GmbH, 198O ), pp. 65-66.

^^C arl W. N a g e li, Das M ikroskop: T heorie  und Anwendung d e sse lb en
2nd ed . (L e ip z ig : W. Engelmann, 1877), p . k2k f f .

^^ E .g . , Kurt H. Meyer and Herman F. Mark, "Über den Bau des k r i s -  
t a l l i s i e r t e n  A n te ils  d e r  C e llu lo s e ,"  B er. , 6 l  (1928): 5 9 3 -6 lk , e s p e c ia l ­
ly  p . 609; "Über den K autschuk," i b i d . : 1939-19k9.

^^Kurt H. M eyer, "Raumliche V o rs te llu n g en  über den Bau de r Kohlen- 
s to ffv e rb in d u n g en  und ih re  Verwendeng in  de r Chemie d e r Hochpolymeren," 
K o llo id -Z . ,  53 (1930): 8 -1 7 , on p . 13.
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 ̂*3
Hermann S ta u d in g e r , "Die Chemie d e r  hochm olekularen S to f fe  im 

Sinne d e r  Kekuleschen S t r u k tu r le h r e ," Z. angew. Chem. ,  k2 (1929 ) : 37-4o, 67-
73; "S ch lussw ort (zu  den Bemerkungen von K. H. M eyer)," i b i d . , p . 77.

^^Herman F. Mark, " In te rv ie w  w ith  Herman F. M ark," J .  Chem. Educ.,
56 (1979 ): 83- 86 , on p . 84.

^^The deb a te  betw een S tau d in g er and Meyer-Mark has been ex ten ­
s iv e ly  documented in  P r i e s n e r 's  H. S ta u d in g e r , H. Mark und K. H. Meyer,
pp. 65- 216 .

cannot agree, w ith  him [Meyer] on two p o in ts .  F i r s t ,  in  my 
o p in io n , th e  s ta te m e n ts  o f  K. H. Meyer a re  n o t new, bu t c o in c id e  w ith  
th e  view s th a t  I  have h e ld  f o r  y e a rs  and e s ta b l is h e d  e x p e rim e n ta lly ; 
seco n d ly , I  do no t b e lie v e  t h a t  th e  in tr o d u c tio n  o f 'p rim ary  v a len ce  
c h a in s ',  in s te a d  o f  m acrom olecules, se rv e s  f o r  th e  c l a r i f i c a t i o n  o f  the  
p rob lem ." Hermann S ta u d in g e r to  Herman F. M ark, October 31, 198I ;  c i te d
in  ib id

' I  b e lie v e  t h a t  we shou ld  pu t forw ard  th e  v iew poin t o f  t h i s  
in q u iry  [th e  concept o f  lo n g -c h a in  m olecu les] and not em phasize th e  d i f ­
fe re n c e s  in  our own c o n c e p tio n s . O therw ise , th e  h igh  polym er camp could 
e a s i l y  f a l l  in to  e r r o r ,  which i s  m erely w e ll known from p o l i t i c s .  Be­
cause o f  s l i g h t  d if f e re n c e s  in  n e ig h b o rin g  o p in io n s , a l a r g e r  p o in t  o f 
view  does n o t ge t s u f f i c i e n t  a t t e n t io n ,  no r does i t  f in d  any v igo rous 
e x p re s s io n ."  Herman F. Mark t o  Hermann S ta u d in g e r , November 2 , 1928; 
c i t e d  in  i b i d . , p . 92.

^^Kurt H. M eyer, "Bemerkungen zu den A rb e iten  von H. S ta u d in g e r ,"
Z. angew. Chem. , 42 (1929): 76-77. T his a r t i c l e  was fo llow ed  by Staud­
in g e r 's  "S chlussw ort" o r f i n a l  word (se e  n . 63 ) .

69 The debate  over th e  same is s u e s  betw een S taud inger and Meyer 
c o n tin u ed  a t  th e  Faraday S o c ie ty  m ee ting , h e ld  in  Cambridge in  September 
1935 . At t h i s  m eeting , Meyer claim ed t h a t  th e  problem  as t o  w hether 
su b s ta n c e s  such as c e l lu lo s e  a re  b u i l t  up from m acrom olecules o r from 
m ic e lle s  had no t been s e t t l e d  y e t .  S ta u d in g e r  responded, " I  r e g r e t  
P ro fe s s o r  Kurt Meyer once more b rin g s  forw ard  a q u e s tio n  which I  co n s id e r  
t o  have been answered long  ago by th e  d isc u s s io n s  o f r e c e n t  y e a r s ."  See 
T ra n s . Faraday Soc. ,  32 (1 9 3 6 ), pp. 115-116 and 120-121. A ccording to
S ta u d in g e r , th e  co n tro v e rsy  betw een S ta u d in g e r  and Meyer-Mark ended a f t e r  
1935 when th e  l a t t e r  accep ted  S ta u d in g e r 's  co n cep tio n  o f  m acrom olecules. 
See S ta u d in g e r , A rb e its e r in n e ru n g e n , p . 93 . C f . ,  P r ie s n e r ,  H. S ta u d in g e r ,
H. Mark und K. H. Meyer, pp . 191-2l b .

70 ..Hermann S ta u d in g e r , "Uber hochpolym ere Vergindungen: O rganische
Chemie und K o llo idchem ie ,"  K o llo id -Z . , 53 (1930): 19-30.

71These r e s u l t s  were p u b lish ed  in  Hermann S tau d in g er and Ryuichiro 
Nodzu, "V isk o s ita tsu n te rsu c h u n g e n  an P a ra ff in -L o su n g e n ,"  B e r. , 63 (1930): 
721-724; Hermann S taud inger and F i j i  O c h ia i, "V iskosita tsm essungen  an



31

Losungen von Fadenm olekülen,'’ Z. p h y sik . Chem. ,  ('A), 158 (1932): 35-55.
See a l s o ,  Ryozo Goto and Kazuhiro Maruyajna, "Nodzu sensed to  S taud inger 
kyo ju  " (M aster Nodzu and P ro fe sso r  S ta u d in g e r) , K otunshi ( H i ^  Polym ers, 
J a p a n ) , 32 (January  1983): 48-51.

^ ^ S ta u d in g e r, "Über hochpolym ere V erbindungen," p . 28 f f .  See 
a ls o  Hermann S tau d in g e r and Werner Heuer, "Beziehungen zwischen V isk o s i-  
t a t  und M olekulargew ioht b e i P o ly s ty ro le n ,"  B er. , 63 (1930): 222-234.
S ta u d in g e r 's  Law was ex p ressed  by th e  fo llo w in g  eq u a tio n :

n /C = Gn X  M sp

where n = s p e c i f ic  v e lo c i ty ;  C = c o n c e n tra t io n ;  Km = c o n s ta n t ;  and M = sp
m o lecu la r w eigh t. S ta u d in g e r  had developed  t h i s  form ula as e a r ly  as th e  
f a l l  o f  1929. R obert Olby ex p la in s  th e  c o n te x t in  which S ta u d in g e r con­
ce iv ed  t h i s  v i s c o s i ty  form ula :

What S tau d in g er now re q u ire d  in  o rd e r  to  e s ta b l i s h  t h i s  r e la t io n s h ip  
[a p r o p o r t io n a l i ty  betw een v i s c o s i ty  and m o lecu lar w eigh t] was an 
independent method o f  m olecu lar w eight e s t im a tio n . The obvious 
cho ice  was S vedbu rg 's  u l t r a c e n t r i f u g e  [se e  C h .I I ,  p . 2 8 ] . . . . But 
th e  N othgem einschaft d e r deu tsche  W issenschaft re fu se d  S ta u d in g e r 's  
re q u e s t  fo r  a g ra n t to  purchase t h i s  in s tru m e n t. Magda S tau d in g er 
[h is  w ife  who was a  p la n t  p h y s io lo g is t]  can r e c a l l  a b e a u t i f u l  Sunday 

w alk she to o k  w ith  h e r  husband in  th e  autumn o f  1929 on th e  nearby 
Schonberg. S ta u d in g e r had j u s t  l e a r n t  th e  d e c is io n  o f  th e  a u th o r i ­
t i e s .  E v id e n tly  th e y  co n sid e red  work on th e  s iz e  o f po lym ers, u s in g  
t h i s  new -fang led  and expensive in s tru m e n t, a w aste o f t im e . He was 
ve ry  angry . On th e  walk t h e i r  c o n v e rsa tio n  tu rn e d  to  v i s c o s i ty ,  end- 
group a n a ly s is  and osmometry. When th e y  re tu rn e d  home around 6 p.m. 
S taud inger " s a t  a t  h i s  ta b le  and s t a r t e d  t o  w r i te  and th in k .  I t  was 
a t  two o 'c lo c k  in  th e  morning th a t  th e  v i s c o s i ty  form ula was on th e  
t a b l e  in  f ro n t  o f  him" (M. S ta u d in g e r , RS). T his was th e  well-known 
S tau d in g er Law e x p re ss in g  th e  r e l a t io n s h ip  between m o lecu lar w eight 
and s p e c i f ic  v i s c o s i ty  risp which re p re s e n te d  th e  r e l a t i v e  in c re a s e  
in  th e  v i s c o s i ty  o f  a l iq u id  due to  th e  a d d it io n  o f  th e  s o lu te  mole­
c u le s  p e r  u n i t  o f  c o n c e n tra tio n .

R obert Olby, The P ath  t o  th e  Double H elix  ( S e a t t le :  U n iv e rs i ty  o f  Wash­
in g to n  P re s s , 1974 ), pp. 14-15. In s te a d  o f  th e  u l t r a c e n t r i f u g e  which 
was no t a v a i la b le  t o  him , S tau d in g er had t o  use  c o n v en tio n a l methods o f 
m o lecu lar w eight m easurem ent. He had known t h a t  th o se  a v a i la b le  methods 
p re se n te d  some d i f f i c u l t y  in  d e te rm in ing  m o lecu la r w eights o f  h igh  p o ly ­
m ers. For t h i s  re a s o n , S taud inger chose as samples th e  s o -c a l le d  "Hemi- 
k o llo id e "  w ith  m o lecu la r w eight only  2000-5000 which could  be measured 
r e l a t i v e ly  e a s i ly .  On th e  b a s is  o f  th e s e  d a ta ,  he was a b le  t o  confirm  
th e  v a l i d i t y  o f h is  fo rm u la , and he though t t h a t  i t  could be a p p lie d  to  
compounds w ith  la r g e r  m olecu lar w eigh t.

42.
73See S ta u d in g e r 's  d isc u ss io n  rem arks in  K o llo id -Z ., 53 (1930),
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yli
Kurt H. M eyer, "Raumliche V o rs te llu n g en "  (se e  n . 6 2 ) . Her­

man M ark, "Über das V e rh a lte n  der Hochpolymeren in  Losung," K o llo id -Z .
53 (1930): 32-41.

75R eginald  0. H erzog, "Zur D eform ation hochm oleku larer V erbindun- 
gen ,"  i b i d . : 46-51 ; K urt H ess, "Über a l t e  und neue A uffassungen d e r
Z e l lu lo 8e k o n s t i tu t io n  und ih re  experim e n te l le n  G rundlagen ,"  i b i d . : 6 l -
75; and Rudolf Pummerer, "Zur K o n s t itu t io n  des K au tschuks,"  i b i d . : 75-
78.

"^^"My d is c u s s io n  does not in te n d  to  r e f u te  th e  view  t h a t  th e  
number o f  th e  Cg-group in  th e  c e l lu lo s e  m olecule can be v e ry  la r g e .  The 
in te n t io n  in  my p r e s e n ta t io n  i s  to  i l lu m in a te  only  e x p e rim e n ta l f a c t s  a 
l i t t l e  more sh a rp ly  th a n  b e fo re . One can h a rd ly  avo id  th e  im pression  
t h a t  th e  phenomena a re  more com plica ted  th a n  th e y  appeared  a t  th e  b eg in ­
n in g , and t h a t  in  o rd e r  t o  e lu c id a te  them  f u r th e r  we need new experim en­
t a l  d a ta .

'in  th i s ,  se n se , i f  i t  provokes new in v e s t ig a t io n s ,  I  am a f r ie n d  
o f  th e  o ld  view o f  Emil F is c h e r  and B ernard  T o lle n , re v iv e d  by th e  work 
o f  Meyer and Mark in  a  new form. Even i f  t h i s  view must be abandoned or 
r e v is e d  some day , i t  w i l l  no t lo se  i t s  g re a t  v a lu e ; because  th e  exp res­
s io n , 't h e  t r u t h  i s  what i s  f r u i t f u l : ' would ho ld  good in  t h i s  d i f f i c u l t  
f i e l d  more th an  fo r  many o th e r s ."  H ess, "Über a l t e  und neue Aufassungen," 
pp. 74-75.

77 Ic h iro  S akurada , K obunshi-kagaku t o  tomo n i  (Along w ith  Macro- 
m o lecu la r Chem istry) (Tokyo! K inokuniya Sho ten , 1969), p . 50.

t8
" In  th e  s p r in g  o f  1931 when I  was le a v in g  H ess ' la b o ra to ry  

[a t K a iser W ilh e lm -In s ti tu t  fu r  Chemie] , he t o ld  me; ' I f  I  now g ive  up 
t h i s  r e s e a rc h , th e  p u b lic  would th in k  t h a t  th e  m acrom olecular th e o ry  o f 
c e l lu lo s e  has been e s ta b l is h e d  by th e  German s c i e n t i s t s .  But th e  t r u t h  
i s  no t so sim ple a s  th e y  have c la im ed . There a re  s t i l l  many ta s k s  to  be 
done and many problem s to  be so lv ed . U nlike K arrer and Bergmann, I  w i l l  
n o t g ive up t h i s  problem  and I  w i l l  c o n tin u e  th o ro u g h ly  my re s e a rc h  from 
th e  p o in t  o f  view w hich I  have m ain ta in ed  fo r  y e a r s ."  i b i d . , p . 51.

79D o c to ra l s tu d e n ts  who w rote t h e i r  d i s s e r ta t io n s  under S tau d in - 
g e r betw een 1928 and 1935 in c lu d e : W erner S ta rk , D iom idis R u s s id is ,
H e in ric h  Thron (1 9 2 8 ); Werner Heuer, H erbert F. Bondy (1 9 2 9 ); O tto  
S c h w e ite r , August Schw albach, W alter F e is t  (1930); W il l i  S chaa l (1931); 
E rn s t Tromm sdorff, W emer Kern, H e in rich  Lohmann, E. 0. Leopold (1932); 
Adorf S te in e r  (1933); Em il D reher, Hajo E i le r s ,
Heinz Schw alenstocker (1 9 3 4 ); Hans von B ecker, Hubert F re y , H ans-Peter 
M ojen, Bernhard R i tz e n th a le r ,  K arl R o s s le r ,  and F r iz  S ta ig e r  (1935).
T h e ir  d i s s e r ta t io n s  a re  l i s t e d  in  th e  b ib lio g ra p h y  in  S ta u d in g e r , A rb e it-  
se rin n e ru n g e n , P t .  2. See a lso  Ch. IV, p . 151.
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8 0Hermann S ta u d in g e r , Die hochm olekularen o rgan ischen  V erbindun- 
gen; K autschuk und C e llu lo se  ( B e r lin  : V erlag  von J u l iu s  S p r in g e r , 1932).

8 1On S v ed b erg 's  u l t r a c e n t r i f u g e ,  see T. Svedberg and K. 0. Peder­
son , The U l t ra c e n tr ifu g e  (O xford: Oxford U n iv e rs i ty  P re s s ,  19^0 ); Olby,
The Path  t o  Double H e lix , pp . 11-21; and J .  W. W illiam s. "The Develop­
ment o f  th e  U l t ra c e n tr ifu g e  and  I t s  C o n tr ib u tio n s ,"  in  Annals o f th e  New 
York Academy o f  S c ie n c e s , 325 (19T9), The O rig in s  o f  Modern B io c h e m istry : 
A R e tro sp e c t on P r o te in s , ed . P. R. S r in iv a s a n , Joseph S. F ru to n , and 
John T. E d s a l l :  77-91. S ta u d in g e r ’s 1932 tex tb o o k  r e f e r s  b r i e f l y  t o
S vedberg 's  work on th e  u l t r a c e n t r i f u g e  in  su p p o rt o f  h is  argum ents. See 
S ta u d in g e r , Die hochm olekularen  o rgan ischen  V erbindungen, pp. 38 and 101.

82 Mark and B ruson, "Hermann S ta u d in g e r ,"  p . 388.
O g

Q u arle s , "Hermann S ta u d in g e r ,"  p . 120.
SUEmil O tt , quo ted  in  "Nobel P r iz e  t o  German, H o lla n d e r ,"  Chem. 

Eng. News, 31 (1993 ) ;  U76O-U76I ,  on p . U761 .
Q C

There i s  an e s s e n t i a l  d i f f e re n c e  betw een a  sim ple  and uniform  
m a te r ia l  and a  h ig h  m o le c u la r  su b s ta n c e , th e  n e g le c t  o f  which p rev en ted  
a p p l ic a t io n  o f  th e  m olecule  c o n c e p t. A ll m o lecu les have th e  same s iz e  
in  sim ple  un ifo rm  compounds. On th e  c o n tra ry , h ig h  m olecu lar compounds 
a re  m ix tu re s  o f m olecu les o f  s im i la r  s t r u c tu r e  b u t d i f f e r e n t  s i z e .  A 
s e p a ra tio n  in to  uniform  p ro d u c ts  i s  no t p o s s ib le  due to  th e  sm all d i f f e r ­
ences in  t h e i r  p h y s ic a l  and chem ical p r o p e r t ie s .  I f  a m o lecu lar w eight 
fo r  h igh  polym ers i s  g iv e n , i t  can only be an average  v a lu e ."  S ta u d in g e r , 
"Chem ie," (n . 3 5 ) , pp. 3021-3022.

P if i Hermann S ta u d in g e r , M akrom olekulare Chemie und B io lo g ie  (B asel: 
V erlag  Wepf & C o ., 19^7 ), e s p e c ia l ly  on p . 13^ f f ; "M acrom olecular 
C hem istry : Nobel L e c tu re , December 11, 1953," in  Nobel L ec tu res  :
C hem istry , I 9L2- I 962 . ,  ed . Nobel Foundation (Amsterdam, London, and New 
York: E ls e v ie r ,  1964): .397 -419 , on pp. 4 l5 -4 l6 .  On th e  b io lo g ic a l
s ig n i f ic a n c e  o f  S ta u d in g e r ' s m acrom olecular th e o r y ,  see R obert O lby, "The 
M acrom olecular Concept and th e  O rig ins o f  M olecu lar B io lo g y ,"  J .  Chem. 
E duc ., 47 (1970): 168-174; O lby, The Path  t o  Double H e lix . Chs. 2 and 3;
R obert O lby, "The S ig n if ic a n c e  o f th e  M acromolecules in  th e  H is to r io g ra ­
phy o f  M olecu lar B io lo g y ,"  H is to ry  and P h ilosophy  o f th e  L ife  S c ie n c e s . 1 
(1979 ) : 185- 1 9 8 ; and, John T. E d s a ll ,  " P ro te in s  as M acrom olecules: An
Essay on th e  Development o f  th e  M acromolecule Concept and Some o f  I t s  
V ic is s i tu d e s ,"  A rchives o f  B iochem istry  and B io p h y s ic s . Supplement 1
(1962 ): 12- 2 0 .

87
Hermann S ta u d in g e r , "Uber d ie  E in te i lu n g  d e r  K o llo id e ,"  B er. .

68 ( 1935 ): 1682- 1691 ; "Über C e llu lo s e , S ta rk e  und G lycogen," N a tu rw iss . .  
25 ( 1937): 673- 681 , on p . 6 8 i ;  and S ta u d in g e r , "Nobel L e c tu re ,"  p . 4o4 
f f .

Q Q

S ta u d in g e r , "Nobel L e c tu re ,"  p . 4o4 f f .
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The concept o f  a  f l e x i b i l i t y  o f  polym er c h a in s , developed  s in ce
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1932 by Mark, Werner Kuhn (1899-1963) and o th e r s ,  a lso  p ro v id ed  an ac­
count o f  some p h y s ic a l  p r o p e r t ie s  o f  h ig h  polym ers. S ta u d in g e r d id  not 
p u rsu e  t h i s  n o tio n , m a in ta in in g  th a t  most o f  th e  m acrom olecules a re  
s t i f f  l i k e  a th in  g la s s  th re a d .  In  1932 he ex p la in ed  t h a t  h i s  v i s c o s i ty  
law , " . . .  can on ly  be un d ers to o d  on th e  assum ption t h a t  th e  m olecules 
p o ssess  a r ig id  f i b e r  shape . . . .  In  o rd e r  to  dem onstrate  my op in io n  
about th e s e  m olecu les by a com parison, I  would compare such a m olecule 
w ith  a  t h in  f le x ib le  g la s s  f i b e r ,  and n o t w ith  a wool f i b e r ,  which i s  
cap ab le  o f  assuming any shape. Of c o u rs e , th e s e  m olecules cannot be 
compared w ith  a b s o lu te ly  r i g i d  ro d s. But a r i g i d  shape o f  th e  m olecules 
seems t o  me to  be n e c e s sa ry  from v ery  g e n e ra l exp erien ces  in  o rg an ic  
c h e m is try . The la r g e  number o f  o rg an ic  compounds i s  on ly  t o  be under­
s to o d  i f  t h e i r  m o lecu les a re  r i g i d . "  S ta u d in g e r , a d is c u s s io n  rem ark , 
in  T ra n s . Faraday Soc. ,  29 (1933), p t .  2 , p . I4U. This view o f  r i g i d ,  
m olecu les was however l a t e r  r e v is e d . See f u r th e r  d isc u s s io n  on 
t h i s  is s u e  in  Ch. 17, pp._lU 6-lU 8.

"M olecules as  w e ll as m acrom olecules can be compared w ith  
b u i ld in g s  which a re  b u i l t  e s s e n t i a l ly  from  a  few ty p es  o f  b u i ld in g  
s to n e s  : ca rbon , hydrogen , oxygen, and n i tro g e n  atom s. I f  only  12 or
100 b u i ld in g  u n i ts  a re  a v a i la b le ,  th e n  on ly  sm all m olecules o r r e l a t i v e ­
ly  p r im it iv e  b u ild in g s  can be c o n s tru c te d . With 10,000 o r 100,000 
b u i ld in g  u n i ts  an i n f i n i t e  v a r ie ty  o f  b u i ld in g s  can be made: apartm ent
h o u se s , f a c t o r i e s ,  s k y s c ra p e rs , p a la c e s ,  and so on. C o n s tru c tio n s , th e  
p o s s i b i l i t i e s  o f  which cannot even be im agined , can be r e a l iz e d .  The 
same h o ld s  fo r  m acrom olecules. I t  i s  u n d e rs ta n d ab le  t h a t  new p ro p e r t ie s  
w i l l  th e r e fo r e  be found which a re  not p o s s ib le  in  low m o lecu la r m a te ri­
a l s . "  S ta u d in g e r , A rb e its e r in n e ru n g e n , p p .9 ^ -9 5 ;From O rganic Chem istry 
t o  M acrom olecules, p . 92. See a lso  S ta u d in g e r , "Nobel L e c tu re ,"  p . UlU.

^^As th e  American polymer chem ist C a rl S. M arvel (189b - )
ob se rv ed , in  S ta u d in g e r ' s tim e  many chem ists  "d id  not r e a l i z e  t h a t  macro­
m olecu les cou ld  have some p ro p e r t ie s  which were determ ined  by th e  s iz e  
and shape o f  th e s e  b ig  m o le c u le s ."  C arl S. M arvel, "The Development o f 
Polymer Chem istry in  America—The E a r ly  D ays," J .  Chem. Educ. ,  58 ( I 98I ) :  
535-539» on p. 536.

92 In  t h i s  c o n te x t i t  i s  i n t e r e s t in g  to  note  t h a t  S tau d in g e r 
h e ld  some h o l i s t i c  c o n cep tio n  o f l i f e  a s  w e ll  as m a tte r . In  re fe re n c e  
to  th e  minimum s iz e  o f o rgan ism s, he s t a t e d ,  "The known f a c ts  o f  macro­
m o lecu la r chem istry  show f u r th e r  t h a t  an in d iv id u a l  m acrom olecule i s  
s t i l l  n o t l iv i n g ,  however la rg e  i t  i s  and however complex i t s  s t r u c tu r e .  
On th e  c o n tra ry , th e  te rm  i s  r e le v a n t  t o  a  c e r t a i n  amount o f su b stan ce  
com prising  numerous m acrom olecules w ith  th e  c o n s ti tu e n t  sm all m olecules 
combined to g e th e r  by s t r i c t l y  p re s c r ib e d  o rd e r , an ' a tom os' o f  l iv in g  
m a tte r  which i s  i n d iv i s ib l e  w ithou t lo s in g  i t s  l iv in g n e s s ."  Thus, th e  
l i v i n g  n a tu re  cannot be c o r r e c t ly  u n d e rs to o d  by red u c in g  th e  o rd e re d  
whole o f th e  "atom os" t o  i t s  sm all p a r t s .  See S ta u d in g e r , "Nobel L ecture," 
p . U16 f f .  C f .,  O lby, " S ig n if ic a n c e  o f  M acrom olecules," p . I 9U. On physio ­
lo g ic a l  ho lism  in  th e  e a r ly  tw e n tie th  c e n tu ry , s e e , e . g . , G arland E. Allen, 
L ife  S c ience  in  th e  T w en tie th  Century (New York, London, Sydney, and 
T oron to : John W iley Sons, I n c . ,  1975), pp. x ix - x x i i i  and 1 0 3 ff ;  Joseph S.
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F ru to n , M olecules and L ife  : H is to r ic a l  Essays on th e  In te rp la y  o f  Chem­
i s t r y  and B iology (New York, London, Sydney, and T oronto: W ile y -In te r -
s c ie n c e , 1972), e s p e c ia l ly  pp. 485-503; and M arcel F lo rk in , A H is to ry  o f  
B iochem istry  (Comprehensive B iochem istry , 30) (Amsterdam, London, and 
New York: E ls e v ie r ,  1972), e s p e c ia l ly  pp. [ l ] - l 6 j .

^^"Amidst th e  q u a n t i ta t iv e  methods o f  modern ch e m is try , your 
a t t e n t io n  was a t t r a c t e d  by a  zone in  th e  chem ical s t r u c tu r e  o f  our 
m a te r ia l  w orld—and t h i s  seems ve ry  n o ta b le  t o  me in  which th e  quantum, 
th e  number o f  b u i ld in g  u n i ts  and elem ents o f  th e  m a te r ia l  s u b s ta n c e s , 
a re  n o t anymore only  a  quantum b u t go over t o  q u a l i ty ,  to  c i t e  a  though t 
from H eg e l's  lo g ic .  You became aware o f  c o n f ig u ra tio n s  and fo rm ations 
in  which law , o rd e r , and shape—e . g . ,  th e  shape o f  chains and r in g s  o f  
v a r io u s  ty p e s—a re  more im p o rtan t th an  th e  mere number o f  b u i ld in g  u n i ts  
o r th e  e lem entary  a c t iv e  fo rc e s .  Perhaps I  may i l l u s t r a t e  t h e  p o in t ,  
where th e  quantum changes to  q u a l i ty  by an a lle g o ry . Let us go w ith  
you and your sc ie n c e  in  th e  way you f i r s t  v e n t ,  th in k in g  and e x p lo r in g  
th e  way from c la s s i c a l  q u a n t i ta t iv e  ch em istry  to  m acrom olecular chem is­
t r y .  On t h i s  way i t  seems t h a t  we f i r s t  w alked over a  b ig  c o n s tru c t io n  
a re a , f i l l e d  w ith  a l o t  o f  v a lu a b le  raw m a te r ia l ,  s to n e s , i ro n  b a r s ,  
woods, and more th in g s  o f  t h i s  s o r t ,  and th e n  we s tepped  in  f ro n t  o f  a 
b u i ld in g ,  a  b ig  house , perhaps a  c a th e d ra l .  A c a th e d ra l  which c e r t a in ly  
i s  more th an  th e  sum o f  th e  many s in g le  w orking u n i ts  and b u i ld in g  m ater­
i a l s  from which i t  i s  b u i l t  up . I t  i s  more because  th e  m u ltitu d e  of 
s in g le  b u i ld in g  u n i ts  a re  combined in  i t  t o  a  formed u n ity  o f  h ig h e r  
l e v e l  and o f  h ig h er ran g e . The quantum became a  q u a l i ty ."  B ernhard  
W elte , quoted in  S ta u d in g e r , A rb e its e r in n e ru n g e n , pp. 305-306; From Organic 
C hem istry to  M acrom olecules, pp . 240-241.

^ ^ S ta u d in g e r, "Nobel L e c tu re ,"  p . 4 l4 .

^ ^ S ta u d in g e r, A rb e its e r in n e ru n g en , pp. 94-101.



CHAPTER III

WALLACE HUME CAROTHERS AHD THE 

MACROMOLECULAR SYNTHESIS

I  went in to  a n o th e r  room [a t  th e  Grand Academy o f  L agado], where 
th e  w a lls  and c e i l i n g  were a l l  hung round w ith  cobwebs, excep t a  n a r ­
row passage  fo r  th e  a r t i s t  to  go in  and o u t .  At my e n tra n c e  he c a l le d  
a loud  to  me no t to  d is tu rb  h is  webs. He lam ented th e  f a t a l  m istake  
th e  w orld  had been  so  long in  o f  u s in g  s ilk -w o rm s, w h ile  we had such 
p le n ty  o f  dom estic i n s e c t s ,  who i n f i n i t e l y  e x c e lle d  th e  fo rm er, be­
cause th ey  u n d ers to o d  how to  weave as w e ll as sp in . And he proposed 
f a r t h e r  th a t  by em ploying s p id e rs  th e  charge  o f dyeing  s i l k s  should  
be w holly  saved , w hereof I  was f u l l y  convinced when he showed me a 
v a s t  number o f  f l i e s  most b e a u t i f u l ly  c o lo re d , w herew ith he fed  s p i­
d e r s ,  a s su r in g  us t h a t  th e  webs would ta k e  a  t in c tu r e  from them; and 
as he had them o f  a l l  h u es , he hoped to  f i t  everybody 's  fan c y , as soon 
as he cou ld  f in d  p ro p e r  food fo r  th e  f l i e s ,  o f  c e r t a in  gums, o i l s ,  
and o th e r  g lu tin o u s  m a tte r  to  g iv e  a  s t r e n g th  and c o n s is te n c e  to  th e  
th r e a d s .

—Jo n a th an  S w ift,
G u l l iv e r 's  T ravels  (1726).

Our s tu d ie s  o f  p o ly m e riz a tio n  were f i r s t  i n i t i a t e d  a t  a tim e when 
a g re a t  d e a l o f  s c e p tic is m  p re v a i le d  concern ing  th e  p o s s i b i l i t y  o f 
ap p ly in g  th e  u s u a l ly  accep ted ' id ea s  o f  s t r u c tu r a l  o rg an ic  chem istry  
to  such n a tu r a l ly  o c c u rr in g  m a te r ia ls  as c e l lu lo s e ;  and i t s  p rim ary 
o b je c t  was to  sy n th e s iz e  g ia n t  m o lecu les o f  known s t r u c tu r e  by s t r i c t ­
ly  r a t i o n a l  m ethods.

—W allace Hume C a ro th e rs ,
" A r t i f i c i a l  F ib e rs  from  S y n th e tic  
L in ear Condensation Superpolym ers," 
1932.

A h a l f  c e n tu ry  l a t e r  Mark s a id  two developm ents p re v e n te d  h is  
"more a c t iv e "  invo lvem en t. One was h is  and M eyer's b e l i e f  t h a t  
S ta u d in g e r had com ple te ly  e s ta b l is h e d  h is  p r i o r i t y  in  p ro p o sin g  long  
c h a in s . The second was th e  work o f  W. H. C a ro th e rs ' which convinced 
him in  1929 th a t  th e  long ch a in  c o n n ec tio n  o f  n a tu r a l  and s y n th e t ic  
polym ers would soon be ir re v o c a b ly  re s o lv e d .

—G. A llan  S ta h l,
"The G eheim rat,"  198I .
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W hile Hermann S ta u d in g e r 's  ch em is try  was under a t ta c k  in  German 

academ ic c i r c l e s ,  W allace Hume C aro thers (.1896-1937) in  th e  U n ited  S ta te s  

embarked on a s e r ie s  o f  in v e s t ig a t io n s  on th e  mechanism o f  p o ly m e riz a tio n  

in  th e  l a t e  1920s. H is sy s tem atic  study  s tro n g ly  su p p o rted  S ta u d in g e r 's  

view o f  th e  m acro m o lecu la rity  o f polym ers and had im m ediate im pact on h is  

co n tem p o ra rie s . A lthough he belonged to  th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n  

o f S ta u d in g e r , h is  s c i e n t i f i c  s ty le  and c a re e r  were s h a rp ly  in  c o n tr a s t  

to  th o se  o f  h is  German c o u n te rp a r t .  T ra in ed  as an o rg an ic  chem ist w ith ­

out th e  background o f  German chem ical t r a i n in g  from  which e a r l i e r  gener­

a tio n s  o f  American ch em ists  o f te n  had b e n e f i t t e d ,  C aro th e rs  was a p roduct 

o f  American p ragm atic  ed u c a tio n  a f t e r  World War I .  He was a  re s e a rc h  

chem ist in  in d u s try ,  u n l ik e  th e  u n iv e r s i ty  man S ta u d in g e r  who was. imbued 

w ith  th e  id e a l  o f  German W isse n sch a ft. A ll  o f  h is  work on polym ers and 

p o ly m e riz a tio n  was c a r r i e d  out w ith  a number o f  h is  co-w orkers in  th e  

fundam ental re s e a rc h  program  a t  th e  Du Pont Company d u rin g  th e  p e rio d  

between 1928 and 1937 • His approach to  polym ers was c h a r a c t e r i s t i c a l l y  

s y n th e t ic ;  w ith  h i s  th e o ry  o f  p o ly m e riz a tio n , he b u i l t  up a r t i f i c i a l  

m acrom olecules, th e  e x is te n c e  o f which was th e n  s t i l l  c o n tr o v e r s ia l  in  

s c i e n t i f i c  c i r c l e s .  W ith in  th e  i n d u s t r i a l  fram ew ork, C a ro th e rs ' t h e o r e t i ­

c a l  work on th e  m acrom olecular sy n th e s is  le d  d i r e c t l y  to  p r a c t i c a l  a p p li ­

c a tio n s  such as th e  p ro d u c tio n  o f th e  f i r s t  s y n th e t ic  f i b e r ,  n y lo n . The 

way in  which he pu rsued  h i s  re se a rc h -o n  polym ers e x h ib i ts  a rem arkable 

c h a ra c te r  in h e re n t in  th e  t r a d i t i o n  o f American sc ie n c e  as a  w hole , which 

we must ta k e  in to  c o n s id e ra t io n .
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Young C a ro th e rs ; Background 

W allace Hume C a ro th e rs , born  in  B u r lin g to n , Iowa, on A p ril 27 , 

1896 , was th e  e ld e s t  son o f  a  m id d le -c la s s . High P re s b y te r ia n  fam ily  o f 

S c o t t i s h  d e sc e n t. His a n c e s to rs  were farm ers and a r t i s a n s ,  and he was 

th e  f i r s t  s c i e n t i s t  in  th e  fa m ily . His f a t h e r ,  I r a  Hume C a ro th e rs , a 

t e a c h e r ,  was l a t e r  a v ic e  p re s id e n t  o f  th e  C a p ita l  C ity  Commercial Col­

le g e ,  Des M oines, Iowa. His m o ther, Mary E v a lin a  McMullin C a ro th e rs , a 

s e n s i t iv e  woman, i n s t i l l e d  a love  o f  m usic in  h e r  son. H is in te n s iv e  

i n t e r e s t  in  and a p p re c ia t io n  o f m usic, e s p e c ia l ly  c l a s s i c a l  m usic , con­

tin u e d  th ro u g h o u t h is  l i f e .  He l a t e r  rem arked, on o c c a s io n , t h a t  were 

he t o  s t a r t  over he would devo te  h is  l i f e  to  m usic. As a  young boy, 

W allace d isp la y e d  a  deep lo v e  fo r  books, f in d in g  s p e c ia l  amusement in  

G u l l iv e r 's  T ra v e ls , Mark T w ain 's  books, and th e  L ife  o f  Thomas E d ison .

He a ls o  d isp la y e d  a  marked m echan ical a p ti tu d e  and sp en t much tim e in  

boyhood ex p erim en ts . A moody p e r f e c t i o n i s t ,  th e  shy and modest young 

C aro th e rs  p o ssesse d  a  h a b it  o f  le a v in g  no work u n f in is h e d ;  to  beg in  a 

t a s k  meant to  him to  accom plish  and com plete i t .  His r e s t l e s s  devo tion  

to  w ork, l a t e r  e x h ib i te d  in  h is  s c i e n t i f i c  work, was a  c h a r a c te r i s t i c  

shaped by th e  s te r n  P r o te s ta n t  e th ic  o f  h is  M idw estern u p b r i n g i n g . ^  

C aro thers  began h is  c o lle g e  ed u ca tio n  by s tu d y in g  b u s in e s s .

A fte r  g ra d u a tin g  from N orth High School in  Des M oines, he spen t th e  191H- 

1915 academic y e a r  m aste rin g  th e  accoun ting  and s e c r e t a r i a l  cu rricu lum  

a t  h is  f a t h e r 's  comm ercial c o lle g e . In  1915 C aro th e rs  e n ro l le d  in  Tarkio 

C o llege , a P re sb y te r ia n  l i b e r a l  a r t s  c o lle g e  in  n o rth w es te rn  M isso u ri, 

where he began h is  s c i e n t i f i c  s tu d ie s .  T hanks.to  h is  p r io r  experience  

he was im m ediately  made an a s s i s t a n t  in  T a rk io ' s com m ercial departm ent ;
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he earned h is  e d u c a tio n a l expenses by te a c h in g  acco u n tin g  fo r  tvo  y e a rs  

u n t i l  he assumed a  te a c h in g  p o s i t io n  in  th e  E ng lish  dep artm en t.

I t  vas d u ring  t h i s  p e r io d , a t  th e  encouragement o f  h is  chem istry  

te a c h e r ,  A rthu r MeCay Pardee (1885-1962), th a t  C aro thers  dec ided  on 

chem istry  as h i s  c a re e r .  The young in s t r u c to r ,  P a rd ee , who had ju s t  

com pleted h i s  own d o c to ra l  t h e s i s  on th e  c o n d u c tiv ity  o f  o rgan ic  compounds 

under H arry C lary  Jones (l865-19 'l6 ) o f  th e  Johns Hopkins U n iv e rs i ty , 

ta u g h t C aro the rs  o rgan ic  chem istry  and p h y s ic a l ch em istry  in  h is  sopho­

more and ju n io r  y e a rs . In  P a rd e e 's  r e c o l le c t io n  o f  C a ro th e rs ,

His i n t e r e s t  in  chem istry  and th e  p h y s ic a l sc ie n c es  was immediate 
and l a s t i n g ,  and he r a p id ly  o u td is ta n c e d  h is  c la ssm a tes  in  accom plish­
ment. Throughout t h i s  e n t i r e  tim e he helped  h is  c h e m is try  in s t r u c to r  
[i . e . , Pardee] in  s u s ta in in g  i n t e r e s t  in  th e  work o f  th e  d epartm en t. ^

E lsew here, Pardee w ro te , " I  had a number o f t a lk s  w ith  him in  which I  

showed t h a t  th e  sky was th e  l im i t  in  what he could  acco m p lish ."^  During 

World War I  when Pardee was c a l le d  to  W ashington and J e f f e r s o n  C o llege , 

W ashington, P en n sy lv an ia , C aro the rs  was appo in ted  to  ta k e  th e  tea c h in g  

r e s p o n s ib i l i t y  in  c h em is try . Exempted from m il i t a r y  s e rv ic e  on account 

o f  "a  s l i g h t  p h y s ic a l  d e fe c t ," ^  th e  s tu d en t th u s  se rv ed  in  th e  j o in t  

c a p a c ity  as underg radua te  and in s t r u c to r  u n t i l  h is  g ra d u a tio n .

Leaving T ark io  C ollege in  1920 w ith  h is  b a c h e lo r 's  d eg ree , he be­

gan g radua te  study  a t  th e  ch em istry  departm ent o f  th e  U n iv e rs i ty  o f  I l l i -
7

n o is  in  U rbana, re c e iv in g  th e  m aste r of a r t s  degree  in  th e  summer o f 1921. 

He spent th e  fo llo w in g  academic y e a r  as in s t r u c to r  a t  th e  U n iv e rs ity  o f  

South D akota, V erm illion , where h is  form er te a c h e r ,  P a rd ee , moved to  head 

th e  chem istry  departm ent. D uring t h i s  y e a r , C aro thers  developed h is  id ea  

o f  th e  a p p lic a t io n  o f  th e  e le c tr o n ic  th eo ry  o f v a len ce  to  o rg an ic  compounds.
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In s p ir e d  by r e c e n tly  proposed  th e o r ie s  in  p h y s ic a l  c h em is try , p a r t i c u ­

l a r l y  G i lb e r t  Nevton Lew is' th e o ry  o f  th e  s h a re d -p a ir  e le c tro n  bond and 

I rv in g  Langm uir's o c te t  th e o ry  o f  v a len cy , C a ro th e rs  in v e s t ig a te d  t h e i r
g

im p lic a tio n s  in  h is  m ajor f i e l d ,  o rgan ic  ch e m is try . The r e s u l t  was h is  

f i r s t  independen t p a p e r, "The I s o s te r is m  o f  Phenyl Iso cy an a te  and D iazo- 

b en zen e-Im id e ,"  which appeared  in  1923 in  th e  Jo u rn a l o f  th e  American 

Chemical S o c ie ty . Here he a ttem p ted  to  d em onstra te  t h a t  th e  two com­

pounds , phenyl iso c y a n a te  and d iazo b en zen e-im id e , have id e n t ic a l  atom ic 

and e le c tr o n  a rrangem en ts . ^ His t h e o r e t i c a l  pap er o f  192k, "The Double 

Bond," ex tended  h is  views to  a  g e n e ra l argum ent fo r  r e a c t io n  mechanisms 

(such  as a d d it io n  p ro c e s se s )  o f  th e  double bond on th e  b a s is  o f  th e  e le c ­

t r o n i c  th e o ry .

D esp ite  h is  am b itio u s  e f f o r t  to  combine th e  Lewis-Langmuir th e o ry

and o rg an ic  r e a c t io n s ,  t h i s  e a r ly  work rem ained an i s o la te d  phenomenon

a t  t h a t  t im e . American o rg an ic  chem ists in  g e n e ra l  r a th e r  re s e n te d  th e

in t r u s io n  o f  th e s e  p h y s ic a l  concep ts  o f th e  sub-a tom ic  s t r u c tu r e  in to

th e  rea lm  o f  o rgan ic  c h e m is t r y .^  As h is  c lo s e  f r ie n d  John Raven Johnson

(19OO- ) t e s t i f i e d ,  h is  p ap er on th e  double bond was th e n  c o n sid e red

"too  f a n c i f u l"  by many o f  h i s  co n tem p o ra ries . In d eed , " i t  b a re ly  escaped
12th e  e d i t o r 's  w astebaske t in  1 9 2 k ." A p p aren tly , th e  e le c tr o n ic  i n t e r ­

p r e ta t io n  o f  o rgan ic  r e a c t io n s  cap tu red  C a ro th e rs ' mind fo r  s e v e ra l  

y e a r s .  However, a f t e r  h is  l a t e r  paper on t h i s  s u b je c t  met a  r e f e r e e 's  

s tro n g  c r i t i c i s m  th a t  " th e  a u th o r  seems to  a t t a c h  an unw arran ted  m easure 

o f  s a n c t i ty  to  th e  'o c te t  r u l e , ' "  C aro thers no lo n g e r  p re sse d  th e  is s u e  

p u b l ic ly .

R etu rn ing  to  th e  U n iv e rs i ty  o f  I l l i n o i s  in  1922, C aro thers tu rn e d
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t o  th e  more t r a d i t i o n a l  mode o f  re s e a rc h  in  o rg an ic  ch e m is try . Under 

th e  d i r e c t io n  o f  th e  i n f l u e n t i a l  te a c h e r ,  Roger Adams (1889-1971), he 

worked on h is  d o c to ra l  t h e s i s  on th e  c a ta ly t i c  r e d u c tio n  (h y d rogena tion ) 

o f a ldehydes over th e  "Adams c a t a l y s t , "  a  p la tin u m  o x i d e . A d a m s  had 

been educated  a t  H arvard U n iv e rs i ty , r e c e iv in g  th e  Ph.D. in  1912 under 

C harles Loring Jackson  (18^7-1935).^^  In  1912-13 he had s tu d ie d  in  Ger­

many under O tto D ie ls  (18t6 -1 9 5 ^ ) , th en  P r iv a td o z e n t in  Em il F i s c h e r 's  

la b o ra to ry  a t  th e  U n iv e rs i ty  o f  B e r l in ,  and l a t e r  under R ichard  W i l l s t a t -  

t e r ,  th e  r i s i n g  s t a r  in  German o rg an ic  chem istry  a t  th e  K a iser Wilhelm 

I n s t i t u t  fu r  C h e m i e . A t  B e r l in ,  Adams a ls o  a tte n d e d  l e c tu r e s  by 

F is c h e r ,  who was th e n  s ix ty  y e a rs  o ld  b u t s t i l l  a c t iv e  in  h is  study  o f  

p r o te in s .  A fte r  r e tu rn in g  t o  th e  U n ited  S ta te s ,  Adams' i n t e r e s t s  con­

t in u e d  a long  t r a d i t i o n a l  l in e s  o f o rg an ic  s t r u c tu r a l  ch em istry  and 

o rg an ic  sy n th e s e s , l i t t l e  in f lu e n c e d  by th e  em erging tre n d s  o f  th e  

p h y sico -ch em ica l a p p l ic a t io n s  to  o rg an ic  ch e m is try . Adams jo in e d  th e  

f a c u l ty  o f  chem istry  a t  th e  U n iv e rs i ty  o f  I l l i n o i s  in  1916 w ith  t h i s  

background.

E s p e c ia lly  s ig n i f ic a n t  was th e  em phasis on s y n th e t ic  chem istry  

in  h is  re s e a rc h  and e d u c a tio n . D uring World War I ,  when th e  German 

sou rces  o f  o rgan ic  chem icals were cu t o f f ,  Adams tu rn e d  a  summer p r o je c t  

fo r  th e  p re p a ra tio n  of o rg an ic  chem icals fo r  c lassroom  and re s e a rc h  use  

(an e n te r p r i s e  c a l l e d  "O rganic Chemical M anufactu res") in to  a  p i l o t -  

p la n t  p ro d u c tio n  o f  chem icals fo r  war and in d u s t r i a l  u se . The I l l i n o i s  

v en tu re  was co n tin u ed  a f t e r  th e  w ar, to  in tro d u c e  s tu d e n ts  to  i n d u s t r i a l  

o p e ra t io n s . B u l le t in s  were soon is s u e d  on th e  s y n th e t ic  methods develop­

ed a t  I l l i n o i s ,  and in  1921 th e y  were tran sfo rm ed  in to  th e  monograph
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17s e r i e s ,  O rganic S y n th e se s . During th e  n ex t f o r ty  n in e  y e a r s ,  Adams 

se rv ed  as a  c h ie f  member o f  th e  A dvisory Board f o r  t h i s  s e r i e s .

Adams' adherence  t o  s y n th e t ic  ch em is try  much r e f l e c t e d  h is  p rag­

m atic  approach to  c h e m is try . A l th o u ^  t r a in e d  in  German W isse n sch a ft, 

he was a  "Yankee s c i e n t i s t "  who v ig o ro u s ly  ch a llen g e d  th e  t r a d i t i o n  o f 

"pu re"  ch em is try  fo r  i t s  own sake— an id e a l  which W illiam  A lb e rt Noyes 

(1857- 19^7 ) had m a in ta in e d  as th e  departm ent d i r e c to r  a t  I l l i n o i s  between 

1907- 1926 . At a  tim e  o f  d ram atic  expansion o f  i n d u s t r i a l  re s e a rc h  in  

t h i s  c o u n try , fo llo w in g  World War I ,  Adams h e ld  th e  view  th a t  one o f 

th e  p rim ary  r e s p o n s i b i l i t i e s  o f  u n iv e r s i t i e s  ought to  be t o  t r a i n  

chem ists f o r  in d u s try .  Chem istry must e x is t  f o r  and s e rv e  s o c ie ty .

Through h i s  c lo s e  c o n ta c ts  w ith  th e  chem ical in d u s t r y ,  he found p o s it io n s  

f o r  many o f  h i s  s tu d e n ts ,  w h ile  he h im se lf  se rv ed  as c o n s u lta n t  fo r  

s e v e ra l  l a r g e  chem ical f irm s , in c lu d in g  th e  Du Pont C o m p a n y T h e  syn the­

t i c  approach and p ragm atic  o r ie n ta t io n  o f  th e  Adams sch o o l no doubt e x e r t ­

ed a profound in f lu e n c e  upon C a ro th e rs ' c a re e r  and s ty l e  in  ch e m is try ,

cu lm in a tin g  in  h i s  s tu d y  a t  Du Pont.

C a ro th e rs  re c e iv e d  h is  Ph.D. degree  in  192k.  The f r ie n d s h ip

between C aro th e rs  and h i s  young te a c h e r ,  Adams, l a s t e d  th roughou t th e  

r e s t  o f  th e  s tu d e n t 's  b r i e f  b u t p ro d u c tiv e  l i f e .  A ccording to  Adams, a t 

g rad u a tio n  C aro thers  "was c o n s id e red  by th e  s t a f f  as one o f  th e  most 

b r i l l i a n t  s tu d e n ts  who had ever been awarded th e  d o c to r 's  degree" in  th e  

departm ent o f  ch em istry  a t  th e  U n iv e rs i ty  o f  I l l i n o i s . I m p r e s s e d  by 

C a ro th e rs ' a b i l i t y  and p ro m ise , Adams a rra n g e d  h is  s tu d e n t 's  appointm ent 

as an i n s t r u c t o r  in  o rg an ic  chem istry  a t  I l l i n o i s .  In  1926 C aro thers  

moved to  Adams' alma m a te r. H arvard U n iv e rs i ty , where he tau g h t o rgan ic
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and s t r u c tu r a l  ch e m is try  u n t i l  he accep ted  a  p o s i t io n  as re s e a rc h  chem ist 

a t  Du Pont in  e a r ly  1928.

Du Pont had  s e t  up a  new program  f o r  fundam ental r e s e a rc h  in  i t s  

Chemical Departm ent as  e a r ly  as 1927, fo llo w in g  th e  su g g estio n  o f  C harles 

M ilton  A ltla n d  S t in e  (1082-195^), th e  Chem ical D ire c to r  and l a t e r  a  Vice 

P re s id e n t o f  th e  Company. Modeled on p re c e d e n ts  such a s  th e  r e s e a rc h  

la b o ra to ry  a t  th e  G eneral E le c t r ic  Company where I rv in g  Langmuir ( l8 8 l -  

1957) was s u c c e s s fu l ly  w orking on th e  in can d escen t l i g h t  b u lb , th e  Du 

Pont program however went even f u r th e r .  The fu n c tio n  o f  th e  program  was 

to  d isc o v e r  and e s ta b l i s h  new s c i e n t i f i c  f a c t s  w ithou t reg a rd  to  p r a c t i ­

c a l  problem s or im m ediate p r a c t i c a l  u se . S t in e  in te n d e d  to  s e p a ra te  

fundam ental r e s e a rc h  from a p p lie d  re s e a rc h  concerned  w ith  e x is t in g  p ro ­

cesses  and p ro d u c ts . In  t h i s  way, he t r i e d  t o  c re a te  a re s e a rc h  e n v ir ­

onment which c lo s e ly  approxim ated c o n d it io n s  o f  th e  u n iv e r s i ty  la b o ra ­

to r y ,  b u t w ith  b e t t e r  f a c i l i t i e s  and. more fu n d s . Y et, o b v io u sly , S tin e  

hoped th a t  t h i s  ty p e  o f  r e s e a rc h  would e v e n tu a lly  y ie ld  new p ro d u c ts  w ith ­

out depending on u n iv e r s i ty  sc ie n c e  o r o u ts id e  tech n o lo g y , and t h a t  i t  

would th u s  b e n e f i t  th e  Company in  th e  lo n g  ru n . Du Pont was w i l l in g  to  

r i s k  a  few thousand  d o l la r s  on t h i s  v e n tu re . In  s t a r t i n g  th e  program , th e  

Company P re s id e n t,  Lammot du Pont, re q u e s te d  on ly  t h a t  i t  be c a r r ie d  out 

in  f i e ld s  r e l a t i n g  to  th e  Company's i n t e r e s t .  Follow ing  t h i s  p o l ic y ,  c o l­

l o id  c h e m is try , p h y s ic a l  c h e m is try , o rg an ic  c h e m is try , and p h y s ic s  became

20th e  s u b je c ts  o f  th e  f i r s t  program.

The th i r ty - o n e -y e a r  o ld  H arvard i n s t r u c t o r ,  C a ro th e rs , was h ire d  

to  head th e  o rg an ic  c h em is try  group, h ig h ly  recommended by h is  t e a c h e r ,  

Roger Adams, and by h is  co lleag u e  a t  H arvard , James B ryant Conant (1893- 

1978) . The job appeared  s u f f i c i e n t l y  a t t r a c t i v e  to  cause him to  leav e
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H a rv a rd 's  academic l i f e .  The p o s i t io n  demanded on ly  re s e a rc h ;  he was 

prom ised a  s t a f f  o f  t r a in e d  s c i e n t i s t s  as a s s i s t a n t s  to  work on any p ro ­

blems o f  h i s  own s e le c t io n .  On F ebruary  6 , 1928, C aro thers  began work 

in  th e  new la b o ra to ry  o f  th e  Du Pont E xperim ental S ta t io n  in  W ilm ington, 

D elaware—a b u ild in g  dubbed " P u r i ty  H all"  by th e  o th e r  Du Pont chem ists  

in  r e f e re n c e  t o  i t s  d ev o tio n  to  pu re  r e s e a rc h . E igh t days a f t e r  he came 

t o  th e  Company, C aro thers  w ro te  h i s  f r i e n d ,  John Raven Johnson, about 

h i s  new l i f e  as a Du Pont r e s e a rc h  chem ist:

R egarding th e  fu n d s, th e  sky i s  th e  l im i t .  I  can spend as much as  I  
p le a s e . Nobody asks any q u e s tio n s  as to  how I  am spending my tim e 
o r what my p lan s  a re  fo r  th e  f u tu r e .  A pparen tly  i t  i s  a l l  up t o  me.
So even though i t  was somewhat o f  a wrench to  lea v e  H arvard when th e  
tim e  f i n a l l y  came, th e  new job  looks j u s t  as good from t h i s  s id e  as 
i t  d id  from th e  o th e r .  A ccording to  any o rthodox  s ta n d a rd s , making 
th e  move was c e r t a in ly  th e  c o r r e c t  th in g .

At P u r i ty  H a ll C aro thers  chose polym ers fo r  h is  r e s e a rc h  p rob lem s, a 

f i e l d  in  w hich he had n e i th e r  p u b lish e d  a paper no r perform ed any ex p e r­

im en t, b u t in  which he had developed  an i n te r e s t  a t  H arvard.

Polymer R esearch  in  th e  American Scene:

R eac tions t o  th e  M acrom olecular Concept 

C a ro th e rs ' d e c is io n  t o  s t a r t  th e  study  o f  polym ers was u n d e rs tan d ­

a b le  n o t o n ly  because o f  h i s  own i n t e r e s t ,  b u t a ls o  because o f  th e  Du 

Pont Company's background. Soon a f t e r  th e  F i r s t  World War, Du Pont had 

been tra n sfo rm ed  from a t r a d i t i o n a l  e x p lo s iv e s  m anu factu rer in to  a maker 

o f  ch em ica ls . By th e  m iddle o f  th e  1920s, Du P o n t 's  chem ical p ro d u cts  

in c lu d e d  a r t i f i c i a l  l e a t h e r ,  n i t r o c e l lu lo s e  p l a s t i c s ,  ray o n , and ce llophane, 

th e  p ro d u c ts  recogn ized  as polym ers by ch em is ts . Elmer K e iser Bolton ( l 6S6 -  

1968) ,  Adams' f r ie n d  and th e  d i r e c to r  o f  th e  Chemical S e c tio n  o f  th e  Du 

Pont D y e s tu ff  D epartm ent, a ls o  i n i t i a t e d  a sm all p r o je c t  on s y n th e t ic  ru b b er
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22j u s t  b e fo re  C aro thers  came to  th e  Company. Thus, Du Pont was p r im a r i ly  a 

polym er company. C a ro th e rs ' fundam ental re s e a rc h  on polym ers appeared  to  f i t  

D u P o n t's  i n t e r e s t s  p e r f e c t ly .  P e rh ap s , what was s ig n i f ic a n t  in  t h i s  con­

t e x t  was no t h i s  s e le c t io n  o f  th e  f i e l d ,  b u t h is  accep tance  o f  th e  macro­

m o lecu lar th e o ry  o f  po lym eric  su b s tan ces  from th e  o u ts e t  o f  h i s  r e s e a rc h .

Between 1920 ( th e  y e a r  in  which Hermann S tau d in g e r p roposed  h is  

th e o ry  o f  la r g e  m o le c u le s ) and 1928 ( th e  y e a r  when C aro the rs  embarked on 

h i s  s tu d y  o f  p o ly m e r iz a tio n ) , a  number o f  Americans were w orking on th e  

problem s o f polym ers such as ru b b e r , c e l l u lo s e ,  and p r o te in s .  However, 

S ta u d in g e r 's  th e o ry  drew l i t t l e  a t t e n t i o n  from th e  American in v e s t ig a ­

t o r s ,  e s p e c ia l ly  in  th e  f i r s t  h a l f  o f th e  decade. To examine th e  Amer­

ic a n  r e a c t io n s  t o  th e  m acrom olecular concept b e fo re  1928, we must c o n s i­

d e r f i r s t  th e  o u tlo o k  o f  th e  chem ical comm unities fo llo w in g  World War I ,  

and se co n d ly , th e  i n te r n a l  o r t h e o r e t i c a l  background in  which American 

chem ists  were concerned  w ith  po lym eric  m a te r ia ls .

In  th e  e a r ly  1920s, German s c i e n t i f i c  c i r c l e s  were i s o l a te d  from 

th o se  in  Am erica, B r i t a in ,  and F rance . An u n s e t t le d  p o l i t i c a l  s i t u a t io n  

in  Germany, amounting a lm ost to  c i v i l  w ar, and a d e v a s ta tin g  i n f l a t i o n  

around 1920 in c re a se d  g r e a t ly  th e  d i f f i c u l t i e s  o f  t r a v e l  and exchange o f 

in fo rm a tio n  between Germany and th e  A l l ie s .  A postw ar n a t i o n a l i s t i c  

mood on b o th  s id e s  ex tended  t o  s c ie n c e . In  e a r ly  1920 an American p ro ­

t e i n  c h e m is t, Jacques Loeb (1859-192U ), s t a t e d ,  "From a l l  I  h e a r  th e  

Germans a re  s t i l l  on th e  whole in  a  v e ry  h o s t i l e  a t t i t u d e  tow ards s c ie n -
2*3

t i f i c  work done in  t h i s  c o u n try ."  T his i s  f u r th e r  i l l u s t r a t e d  by th e  

f a c t  t h a t  th e  I n te r n a t io n a l  Union o f  Pure and A pplied  C hem istry was 

o rg an iz ed  o f f i c i a l l y  by th e  war v ic to r s  in  1920. The Germans and A u s tr i -  

ans were excluded  from i t s  c o n fe re n c e s , s in c e  t h e i r  s c i e n t i s t s  were
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c o n s id e red  t o  be t a i n te d  w ith  w a r -g u i l t  and no t f i t  to  a t te n d  in te r n a ­

t io n a l  m ee tin g s . The a n tip a th y  to  th e  Germans among American c h e m is ts , 

a s  among B r i t i s h  and French c h e m is ts , con tinued  even in  th e  m id-1920s.

The a t t i t u d e  o f  Theodore W illiam  R ichards (1868-1928) o f  H arvard , as 

re p o r te d  "by h i s  c o lle a g u e  Conant, i l l u s t r a t e s  th e  w idening b reach  in  

s c i e n t i f i c  communications between th e  wartim e a l l i e s  and Germany:

His [i . e . , R ic h a rd s ']  condemnation o f  th e  Germans [around 1925] was 
as t o t a l  as i t  had been in  August I g lb .  He had made no move t o  r e ­
e s ta b l i s h  comm unications w ith  h i s  form er s c i e n t i f i c  f r ie n d s  in  what 
he now co n s id e red  t o  be a  h o p e le s s ly  b a rb a r ic  la n d .2 k

Given t h i s  h i s t o r i c a l  c o n te x t ,  i t  i s  n o t s u rp r is in g  th a t  th e  

a l l i e d  chem ical community was uninform ed about th e  advances in  th e  Ger­

man community d u rin g  th e  postw ar p e r io d . C onsequently , th e  upheaval in  

German c h em is try  in  th e  e a r ly  1920s, namely, th e  emergence o f  th e  macro­

m olecu lar th e o ry , d id  no t r a i s e  imm ediate r e a c t io n s  in  B r i t a in ,  F ran ce , 

and th e  U n ited  S ta te s ;  in s te a d ,  th e  h e a te d  d eb a te  over S ta u d in g e r ' s th e ­

o ry  rem ained a  German phenomenon fo r  th e  tim e b e in g . In  th e  1920s, 

S ta u d in g e r 's  id e a s  were d isc u sse d  on s e v e ra l  im portan t o ccasio n s in  Aus­

t r i a ,  S w itz e r la n d , and Germany: in  192k a t  th e  Innsbruck  m eeting  o f  th e

D eutsche H atu rfo rs c h e r  und A rz te ; in  1925 a t  a m eeting  o f  th e  Z ü rich e r 

Chemischen G e s e lls c h a f t ;  and in  1926 a t  th e  D ü sse ld o rf m eeting o f  

Deutsche N atu rfo rs c h e r  und A rz te . The m acrom olecular d eba te  reach ed  i t s  

peak on th e  o ccasio n  in  D ü sse ld o rf. But i t  was n o t u n t i l  th e  e a r ly  1930s

th a t  S ta u d in g e r  and o th e r  German s c i e n t i s t s  b rought up t h i s  is s u e  a t

25s c i e n t i f i c  m eetings o u ts id e  th e  German chem ical c i r c l e s .  A lthough 

S ta u d in g e r 's  view s were a v a i la b le  t o  Americans in  such jo u rn a ls  as th e  

B e ric h te  d e r  Deutschen Chemischen G e s e lls c h a f t   ̂ Chemical A b s tra c ts , 

and th e  J o u rn a l o f  th e  Chemical S o c ie ty . A b s tra c ts  o f  P ap e rs .
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th e y  were seldom  c i te d  in  American a r t i c l e s .  Thus, one su sp e c ts  t h a t  th e  i n ­

frequency  o f  r e a c t io n  to  th e  m acrom olecular concept in  th e  U nited  S ta te s  

"between 1920 and 1928 was in  p a r t  th e  r e s u l t  o f  postw ar Germany's i n t e l ­

l e c tu a l  i s o l a t i o n .

S tau d in g e r rem ained P ro fe s so r  a t  th e  E id g en o ss isch e  T echnische 

Hoschschule in  Z u rich , where a  num"ber o f  German chem ists  occup ied  te a c h ­

ing  p o s i t io n s ,  u n t i l  he accep ted  a  p o s i t io n  in  F re ib u rg  im B reisgau  in  

1926 . In  Z u rich  he in tro d u c ed  th e  study  o f  m acrom olecules to  seven teen
27d o c to ra l  s tu d e n ts ,  most o f  them Swiss o r German. D uring t h i s  p e rio d ,

th e re  were two Americans who s tu d ie d  t h i s  f i e l d  under S ta u d in g e r . Herman 

A lexander Bruson ( b . I 901 ) ,  a  n a tiv e  o f  Ohio, w rote h is  d i s s e r t a t io n ,

"Die P o ly m e risa tio n  von C yclopentadien  und In d en ,"  under S ta u d in g e r 's  

d i r e c t io n  in  1925. He p u b lish e d  th re e  papers on t h i s  s u b je c t  in  German 

and Swiss jo u rn a ls  in  1926 and 1929 . A f te r  g ra d u a tio n , Bruson went to  U.S. 

i n d u s t r i a l  f irm s  and worked on p r a c t ic a l  f i e l d s .  A nother American,

Avery A llen  Ashdown ( b . I 89I  ) ,  a g rad u a te  o f th e  M assachusetts  I n s t i ­

t u t e  o f Technology, re c e iv e d  h is  p o s td o c to ra l  e d u c a tio n  as a Moore fe llo w  

in  S ta u d in g e r 's  la b o ra to ry  betw een 192U and 1925. He worked w ith  Staud­

in g e r  on th e  c o n s t i tu t io n  o f  s y n th e t ic  polym ers such as p o ly indenes and 

p o ly -a -p h en y l b u ta d ie n e . The r e s u l t s  o f t h i s  s tu d y  were p u b lish e d  l a t e r  

in  1929 in  a German jo u rn a l  ( to g e th e r  w ith  Bruson as w e ll  as S tau d in g er) 

and in  1930 in  a  Swiss jo u rn a l .  A f te r  r e tu rn in g  to  th e  U nited  S ta te s  in  

1925 , Ashdown, how ever, d id  no t pursue t h i s  f i e l d  f u r th e r .  He rem ained 

a f a c u l ty  member a t  th e  M assachusetts  I n s t i t u t e  o f  Technology where h is  

i n te r e s t s  tu rn e d  to  th e  problem s o f  o rgan ic  r e a c t io n s  o f  norm al low- 

m olecu lar su b stan ces .^ ^ A sid e  from t h e i r  German p a p e rs , th e  two American
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s tu d e n ts  o f  S ta u d in g e r d id  no t e x e r t  any v i s ib l e  in f lu e n c e  upon polymer 

re s e a rc h  in  t h i s  coun try  in  th e  1920s.

In  th e  l a t e  1920s, S ta u d in g e r 's  work was m entioned by some E nglish-

speak ing  c h e m is ts . An E n g lish  c e l lu lo s e  ch e m is t, W alter N. Haworth (1883-

1950), f o r  exam ple, began c i t i n g  S ta u d in g e r 's  th e o ry  o f  m acrom olecules in

1928 in  th e  Annual R eports  on th e  P ro g ress  o f  C hem istry , p u b lish e d  by th e

Chemical S o c ie ty  o f L o n d o n . T h e  E n g lish -b o rn  ru b b er c h e m is t, George

S ta f fo rd  W hitby (1887-1972) o f  M cGill U n iv e rs i ty  in  M o n trea l, made rem arks

31in  fav o r o f  S ta u d in g e r ' s views on o c c as io n . But d e s p i te  t h i s  in fo rm a tio n  

a v a i la b le  to  American re a d e r s ,  th e  m acrom olecular concept s t i l l  was la r g e ­

ly  ig n o red  in  American s c i e n t i f i c  c i r c l e s .

There were good reaso n s t h a t  American chem ists w ere , by and la rg e ,  

no t r e c e p tiv e  to  th e  id ea s  o f  v e ry  la rg e  polymer m olecu les in  th e  1920s. 

I r o n i c a l ly  t h i s  "chem ical Z e i tg e i s t " had been to  a  la rg e  e x te n t de te rm in ­

ed by prew ar German in f lu e n c e . Emil F i s c h e r 's  e la b o ra te  s tu d y  o f  pro­

t e in s  th ro u g h  th e  sy n th eses  o f  a r t i f i c i a l  p o ly p e p tid e s  was w idely  recog­

n ized  by many American o rg an ic  c h e m is ts . His famous 1913 le c tu r e  b e fo re  

th e  N a tu rfo rsc h e r  Versammlung in  Vienna was t r a n s la t e d  in to  E n g lish  and 

appeared  in  th e  nex t y e a r  in  th e  Jo u rn a l  o f  th e  American Chemical S o c ie ty . 

I t  was in  t h i s  l e c tu r e  t h a t  F is c h e r  d e c la re d  th e  m o lecu lar w eight U021 

o f  h is  s y n th e t ic  compound to  be th e  h ig h e s t o f  a l l  s y n th e t ic  su b s tan ces  

o f known s t r u c tu r e  and even o f  a l l  n a tu r a l  p r o te in s .  T his s ta tem en t 

tu rn e d  ou t to  be an i n f l u e n t i a l  d ic tum  co nv inc ing  American chem ists th a t

compounds o f  m o lecu lar w eight g r e a te r  th a n  approx im ate ly  5000 do not

• * 32 e x i s t .

The in f lu e n c e  o f  th e  Q stw ald ian  t r a d i t i o n  on American c o l lo id
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chem ists a ls o  p lay ed  a  p a r t  in  th e  American r e je c t io n  o f  th e  concept o f  

la rg e  m o lecu le s . P r io r  t o  1910 few sy s te m a tic  s tu d ie s  o f  c o l lo id  chem is­

t r y  had been c a r r ie d  o u t in  th e  U nited  S ta te s .  In  l a t e  1913 to  1 9 lk , 

th e  son o f  W ilhelm O stw ald , Wolfgang O stw ald, th e  German le a d e r  o f  c o l­

l o id  c h e m is try , came t o  America to  g iv e  h is  s e r ie s  o f  l e c tu r e s  in  t h i s  

f i e l d .  His s u c c e s s fu l  l e c tu r e s  drew c o n s id e rab le  a t t e n t io n  from th e  

American aud ience . " O r ig in a lly  in v i te d  by f iv e  u n i v e r s i t i e s , "  Ostwald 

n o ted , " I  found th e  i n t e r e s t  in  th e  sc ien ce  [in  t h i s  coun try ] . . .  so

g re a t  t h a t  t h e i r  number grew to  s ix te e n  w h ile  th e  a c tu a l  number o f l e c -

33tu re s  demanded o f  me d u r in g  some se v e n ty -fo u r  days was f i f t y - s i x . "

He e v a n g e l is t ic a l ly  sp re a d  h is  c o l lo id  d o c tr in e  a t  many u n i v e r s i t i e s ,  

in c lu d in g  th e  U n iv e rs i ty  o f  C in c in n a t i ,  th e  U n iv e rs ity  o f  I l l i n o i s ,  Col­

umbia U n iv e rs i ty , Johns Hopkins U n iv e rs i ty , th e  U n iv e rs i ty  o f  Chicago, 

Ohio S ta te  U n iv e rs i ty , th e  U n iv e rs i ty  o f P i t ts b u rg h , th e  U n iv e rs i ty  o f  

N ebraska, and th e  U n iv e rs i ty  o f  Kansas; and he le c tu re d  b e fo re  th e  

N a tio n a l Academy o f  S c ien ces  and th e  American Chemical S o c ie ty  as w e ll .

As Ralph Edward Oesper (1886-1977) o f  th e  U n iv e rs ity  o f C in c in n a ti  

r e p o r te d , "Those who h e a rd  h i s  w onderfu lly  i n te r e s t in g  and w e ll  i l l u s ­

t r a t e d  t a lk s  were in f e c te d  w ith  en thusiasm  and went away w ith  a  f u l l e r
3h

comprehension o f  what c o l lo id  chem istry  was and cou ld  becom e." From

th e s e  le c tu r e s  r e s u l te d  h i s  book. Die Welt de r v e rn a c h la s s ig te n  Dimen-

s ionen  (1 9 1 ^), th e  E n g lish  t r a n s l a t i o n  o f  which appeared  in  1917, am idst

th e  w ar, bu t won wide re a d e rs h ip  in  t h i s  coun try  w e ll in to  th e  nex t 

35decade. Through h i s  l e c tu r e s  and p u b l ic a t io n s ,  a  number o f  Americans 

were in s p ir e d  to  go in to  c o l lo id  ch e m is try , a branch  o f  s c ie n c e  bo th  o f 

th e o r e t i c a l  and p r a c t i c a l  s ig n i f ic a n c e .  As American c o l lo id  ch em istry
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a ro s e ,  th e  Q stw aldian d o c tr in e , which viewed c o l lo id s  as a p h y s ic a l  s t a t e

o f m a t te r ,  p e n e tr a te d  th e  chem ical community.

Among th e  le a d in g  schoo ls  o f  c o l lo id  ch em is try  in  t h i s  co u n try

in  th e  1920s was one founded by th e  p h y s ic a l  c h em is t. W ilder Dwight

37B ancro ft (i 86T-1953) a t  C o rn e ll U n iv e rs i ty . B a n c ro ft, a  s tu d e n t o f  

W ilhelm O stw ald , was an advocate  o f  h i s  t e a c h e r 's  id e a l  o f  a llg em ein e  

Chemie t h a t  would se rv e  to  u n ify  th e  v a rio u s  b ranches o f  ch em is try . 

P h y s ic a l chem istry  in  B a n c ro f t 's  v iew , was no t m erely  a  branch  o f  chem is­

t r y  bu t covered  th e  whole o f  chem ical s c ie n c e . F u rtherm ore , he c la im ed  

th a t  o th e r  s c ie n c e s ,  such  as b io lo g y , m ed ic in e , and even p h y s ic s , a re  

" a l l  s u b d iv is io n s  o f  c h e m is try ."  " I t  should  be th e  aim o f  a l l  ch em ists  

t o  have ch em istry  ta k e  i t s  p la c e  as th e  fundam ental sc ien ce  and t h a t  can

38on ly  be done by and t h r o u ^  th e  p h y s ic a l  c h e m is t."  At C o rn e ll he

founded th e  J o u rn a l  o f  P h y s ica l Chem istry ( I 896-  ) ,  th e  f i r s t  E n g lish -

language p e r io d ic a l  to  cover p h y s ic a l  c h em is try . D uring th e  1910s and ■

1920s, B a n c ro f t 's  i n t e r e s t  in c re a s in g ly  c e n te re d  on c o l lo id  c h e m is try ,

a f i e l d  which he co n s id e red  as a s ig n i f ic a n t  p a r t  o f  p h y s ic a l ch em is try

and as s t i l l  b e in g  in  th e  e a r ly  s ta g e s  o f  developm ent. By th e  end o f

World War I ,  alm ost h a l f  o f  th e  c o n te n ts  o f  h i s  jo u rn a l  were concerned

39w ith  to p ic s  in  c o l lo id  ch em is try .

In  1921 B ancro ft p u b lish e d  a  p o p u lar te x tb o o k . A pplied C o llo id

UoC hem istry , o f  which two f u r th e r  e d i t io n s  appeared  in  1926 and 1932.

In  t h i s  book, he s tro n g ly  supported  th e  view , l i k e  Wolfgang Ostwald in  

Germany, th a t  c o l lo id s  a re  not t r u e  chem ical compounds b u t m a tte r  in  a 

s t a t e  in to  which any su b stan ce  m ight be b ro u g h t. As he s ta te d ,

Graham b e lie v e d  t h a t  th e  d i s t i n c t io n  betw een a c r y s t a l l o id  and a
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c o l lo id  was fundam ental and was due t o  some m olecu lar c o n d itio n . 
Though modern c o l lo id  chem istry  beg in s w ith  Graham, h is  d i s t i n c t io n  
betw een c r y s ta l lo id s  and c o l lo id s  has been dropped. A c o l lo id a l  sub­
s ta n c e  i s  not n e c e s s a r i ly  amorphous. . . .  We now speak o f  a  c o llo ­
i d a l  s t a t e  in s te a d  o f  a c o l lo id a l  su b s ta n c e , and we c a l l  any phase 
c o l lo id a l  when i t  i s  s u f f i c i e n t l y  f in e ly  d iv id e d  d is p e r s e d , w ithou t 
com m itting o u rse lv e s  d e f in i t e ly  as to  what degree o f  s u b d iv is io n  i s  
n e c e ssa ry  in  any p a r t i c u l a r  c a se .^ ^

Like Max Bergmann, B ancro ft v ig o ro u s ly  upheld  th e  view th a t  p ro te in s

k2a re  composed o f  th e  ag g reg a te s  o f  sm all m o lecu les . R e je c tin g  re p o r te d  

h igh  m o lecu la r w eights fo r  p r o te in s ,  B ancro ft a s s e r te d  th a t  p ro te in  s o l ­

u t io n s  form c o l lo id a l  suspensions which c o n s is t  o f  two phases r a th e r  th an  

one; f o r  t h i s  rea so n , th e y  do not obey v a n 't  Ho f f ' s  laws o f  osm otic p re s ­

s u re , s in c e  v a n 't  Ho f f ' s  law s a re  t o  be a p p lie d  t o  a  t r u e  chem ical so lu ­

t io n .  He s ta te d  t h a t .

In  g e n e ra l  th e  ap p aren t osm otic p re s su re s  o f  c o l lo id a l  s o lu t io n s  a re  
v e ry  sm all and t h i s  has le d  to  absu rd  m o lecu la r w eigh ts . Such va lu es  
as 30,000 fo r  album in, 700,000 fo r  g lycogen , over W ,000 fo r  s i l i c a  
and "enormous" f o r  Fe^Og mean n o th in g  w hatsoever

For example, he d id  n o t accep t th e  r e s u l t s  o f  th e  D anish chem ist, 

Sj5ren P e te r  L a u ritz  Sdrensen (1868-1939), who in  1917 c a lc u la te d  a molec­

u la r  w eigh t o f  3^,000 fo r  egg album in, an egg p r o te in ,  on th e  b a s is  o f

kkh is  measurement o f th e  osm otic p re s s u re s . S o re n se n 's  s tu d y  became

known to  Americans a f t e r  th e  f i r s t  w orld w ar, e s p e c ia l ly  th rough  h is

American s tu d e n t ,  Edwin Joseph Cohn (1892-1953). According t o  John

T ile s to n  E d s a ll  (1902- ) who worked in  Cohn's la b o ra to ry  a t  Harvard

M edical School du ring  th e  1920s,

At a  s c i e n t i f i c  m eeting  s h o r t ly  a f t e r  1920, Cohn had an exchange o f 
rem arks w ith  W ilder D. B a n c ro ft, th e  well-known c o llo id  ch em ist, 
which went somewhat as fo llow s :

Cohn: Sorensen has m easured th e  osm otic p re s su re  o f  egg album in,
and f in d s  a m olecu lar w eight o f  3^,000.

B an c ro ft: Yes, y e s . I  u n d e rs tan d . He i s  m easuring a system  of
m o lecu la r a g g re g a te s . That i s  th e  m olecu lar w eight o f  th e  ag g re g a te .
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Cohn: But th e  try p to p h a n  con ten t and s u l f u r  co n ten t o f  ovalbum­
in  have a lso  been d e te rm in ed , and th ey  g iv e  a  minimum m olecu lar 
w eigh t o f 3^,000.

B an c ro ft: Ahl Then in  t h a t  case  I  would say th a t  th e  aggrega­
t io n  f a c to r  i s  u n i ty .'^5

In  B a n c ro f t 's  v iew , any e f f o r t  to  t r e a t  p r o te in s  as chem ical 

in d iv id u a ls  o f  d e f in i t i v e  s t r u c tu r e  was a  w aste  o f  t im e , s in c e  th e  s o lu ­

t io n s  o f  a p ro te in  o r any o th e r  c o l lo id  r e p re s e n t  m erely  a p h y s ic a l 

s ta t e  o f  m a tte r ,  and th e y  a re  not su b stan ces  o f  p a r t i c u l a r  chem ical 

s t r u c tu r e s .  So s tau n ch  was h is  b e l i e f  in  p r o te in s  as m olecu lar aggreg ­

a te s ,  t h a t  m o lecu lar w eight measurem ents o f  p r o te in s  w ith  S vedberg 's  new 

in s tru m e n t, th e  u l t r a c e n t r i f u g e , d id  no t convince him o f  p ro te in s  as

k6la rg e  m o lecu les . In  1932 B ancro ft p o in te d  out t h a t  th e  u l t r a c e n t r i f u g e  

m ethod,

has proved a most e f f e c t iv e  in stru m en t in  d e te rm in in g  p a r t i c l e  s iz e  
from  th e  r a t e  o f  s e d im e n ta tio n . U n fo r tu n a te ly  Svedberg . . . has 
p r e f e r r e d  to  g iv e  h i s  r e s u l t s  on p r o te in s  in  term s o f  m o lecu lar 
w eigh ts  in s te a d  o f  p a r t i c l e  s iz e s  and he speaks o f  p ro te in s  hav ing  
m olecu lar w eigh ts  o f  35 ,000-210,000 o r  even m il l io n s .^ ?

In B a n c ro f t 's  e y e s , Svedberg was only  co n fu sin g  th e  p a r t i c l e  s iz e  w ith

th e  m o lecu la r w eigh t. What appeared  to  o th e rs  t o  be a d e c is iv e  s te p

tow ard th e  e s ta b lish m e n t o f  th e  m acro m o lecu la rity  o f  p ro te in s  d id  not

convince him a t  a l l .

D esp ite  th e  o p p o s it io n  o f  th e  B ancro ft s c h o o l, Cohn co n tin u ed  

S o re n se n 's  l in e s  o f  r e s e a rc h  on th e  m o lecu lar w e ig h ts  o f  p r o te in s .  One 

o f th e  argum ents fo r  th e  a g g reg a te  s t r u c tu r e  o f p r o te in s ,  made by Reginald

0. Herzog and o th e rs  in  th e  m id-1920s, was t h a t  p r o te in s ,  when d is s o lv e d  

in  p h en o l, f e l l  a p a r t  in to  u n i t s  w ith  m olecu lar w eigh ts  o f  only between 

200 and 600. They suggested  th a t  p ro te in s  were th e r e fo r e  ag g reg a te s  o f  

th e se  sm a ll u n i ts  h e ld  to g e th e r  by secondary  v a l e n c e s . I n  1926 Cohn
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and h is  colleague, James Bryant Conant o f the Department o f Chemistry

at Harvard, demonstrated, by measuring freezing points o f proteins in

p h en o l, th a t  th e  low v a lu e s  p re v io u s ly  o b ta in ed  a re  due t o  th e  p resen ce

o f  w a te r as an im p u rity  in  th e  pheno l. When th e  w ater c o n te n t o f  th e

pheno l was e lim in a te d , th e  f re e z in g  p o in t d e p re s s io n s  produced by th e

a d d it io n  o f  p ro te in s  were ex trem ely  sm a ll, which in d ic a te d  t h a t  p ro te in s
Uqhave very large molecular w eights. In th is  way, they supported Soren­

sen 's  p osition  and rejected  a prevailing  argument for the aggregate 

theory.

W hile working w ith  Cohn on p r o te in s ,  how ever, th e  o rg an ic  chem­

i s t  Conant m ain ta in ed  a  c a u tio u s  and r a th e r  s k e p t ic a l  a t t i t u d e  to  

S ta u d in g e r 's  view th a t  po lym eric  compounds w ith  a  c o l lo id a l  n a tu re  a re  

made up o f m acrom olecules. As e a r ly  as 1925 when a n tip a th y  t o  German 

chem ists  was s t i l l  s tro n g  among h i s  c o lle a g u e s , Conant had tak e n  a  p r i ­

v a te  t r i p  to  Germany to  v i s i t  postw ar German l a b o r a to r ie s  and to  meet a 

number o f  c h e m i s t s . I n  S w itz e rla n d , he met S ta u d in g e r , th e n  P ro fe s so r  

o f  C hem istry  a t  th e  E id g en o ss isch e  Technische H ochschule in  Z u ric h . I t  

was d u rin g  th e 't im e  when S ta u d in g e r 's  th e o ry  was under s tro n g  a t ta c k  

from many o f  h is  con tem pora ries  in  th e  Swiss-German chem ical community. 

S ta u d in g e r  l a t e r  rem arked:

Als P ro fe s so r  James B. Conant, d e r s p a te re  am erikan ische  B o ts c h a f te r  
i n  d e r  B undesrepublik  D eu tsch land , mich im Ja h re  1925 im Z urcher 
L aboratorium  b e su c h te , haben meine M ita rb e i te r  und ic h  ihm d ie  Argu­
mente fu r  den m akrom olekularen Bau d ie s e r  S to f f e  v o rg e trag e n  m it dem 
E r fo lg , dass ihm b e i  einem a n sch lie sse n d en  Besuch in  D eutsch land  
e r k l a r t  wurde, e r  moge k e in  Wort von den Anschauungen S ta u d in g e rs  
g lauben î51

Conant confessed th is  story la te r  in h is congratulatory le t t e r  to  Staud­

inger in  1953 when Staudinger received the Nobel Prize in  chem istry. The 

clim ate o f  opinion o f the tim e, one might w ell suspect, led  Conant to h is  

reluctance to accept the macromolecular view o f polymers.
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A lthough he adm itted  th e  apparen t h ig h  m o lecu la r w eigh ts fo r  p r o te in s ,

he d id  n o t im m ediately  conclude t h a t  p r o te in s  a re  composed o f lo n g -c h a in

m olecu les h e ld  to g e th e r  hy  normal v a le n c e s . In  h is  te x tb o o k , O rganic

C hem istry , p u b lish e d  in  1928, he w ro te :

The q.uestion a r i s e s ,  a re  th e  p o ly p e p tid e  u n i ts  in  th e  p r o te in  m ole­
c u le  h e ld  to g e th e r  by am id -lik e  lin k a g e s  o r some o th e r  way? There 
i s  a t  p re se n t no co n c lu s iv e  answer to  t h i s  q u e s tio n . Many b e lie v e  
t h a t  c y c lic  system s a re  inv o lv ed  and even th e  fo rc e s  which u n i te  th e  
p o ly p e p tid e  re s id u e s  a re  d i f f e r e n t  from  th e  u su a l va lences  which 
h o ld  atoms to g e th e r  in  th e  sim ple o rg an ic  compounds. This i s  one o f  
th e  im portan t q u e s tio n s  now fa c in g  th e  c h e m is t.52

Concerning th e  s t r u c tu r e  o f  ru b b e r , he ex p ressed  more e x p l i c i t ly  a view

in  fav o r o f th e  a g g reg a te  th e o ry :

I f  one o b ta in s  as pure  a sample as p o s s ib le  o f crude rubber and exam­
in e s  i t  in  th e  la b o r a to r y ,  one f in d s  t h a t  i t s  a n a ly s is  corresponds 
to  th e  form ula C^Hg. The m a te r ia l  d is s o lv e s  in  only a few o rg an ic  
s o lv e n ts ,  form ing a c o l lo id a l  s o lu t io n .  I t  i s  no t p o s s ib le  to  d e te r ­
mine th e  m o lecu la r w eigh t because th e  su b s tan ce  cannot be v a p o riz e d  
w ith o u t decom position , and th e  f re e z in g  p o in t  and b o i l in g  p o in t  meth­
ods a re  not a p p lic a b le  to  c o l lo id a l  s o lu t io n .  The form ula (C^Hg)^ i s  
o f te n  w r i t te n  fo r  i t .  I t  i s  p ro b ab le  t h a t  n has a  v a lu e  o f  10 to  
15 .53

The p o ly m e riz a tio n  o f  iso p re n e  m olecules would y ie ld  ru b b e r - l ik e  m ater­

i a l s  ( C^Hg)^. "But we a r e , "  he c o n tin u e d , " s t i l l  u n c e r ta in  how th e  i s o ­

prene  m olecules a re  u n i te d  in  th e  polym er; i t  i s  p o s s ib le  th a t  th e  te n  

or more m olecules combine in  one or s e v e ra l  la rg e  r i n g s . Thus , Con­

a n t ,  l i k e  many o th e r  ch e m is ts  of th e  t im e , was in c l in e d  toward th e  agg re ­

g a te  th e o ry  developed by C arl H arrie s  and Rudolf Pummerer, a lth o u g h  he 

was w e ll acq u a in ted  w ith  S ta u d in g e r 's  id e a s .

I t  was a t  H arvard about t h i s  p e r io d  th a t  C onant' s c o lle a g u e , 

C a ro th e rs , developed h i s  i n t e r e s t  in  th e  f i e l d  o f  po lym ers. As Conant 

o b se rv ed , C a ro th e rs ' " f i r s t  th in k in g  about p o ly m e riz a tio n  and th e  s t r u c ­

tu r e  o f  sub stan ces  o f h igh  m o lecu la r w eight began w hile  he was a t  H arvard
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[i . e . , sometime between 1926 and e a r ly  1 9 2 8 . ] However,  he d e p a rted

from C o n a n t's  in te r p r e ta t io n  o f  th e  polym er s t r u c tu r e .  "He was never

c o n te n t ,"  r e c a l le d  Conant, " to  fo llo w  th e  bea ten  t r a c k  o r  to  accep t th e

57u su a l i n te r p r e ta t io n  o f o rg an ic  r e a c t io n s ."  C a ro th e rs  accep ted  Staud­

in g e r  's  concep t o f  m acrom olecules and developed i t  in to  h i s  own re se a rc h  

p r o je c t  on p o ly m e riz a tio n . D esp ite  th e  sc e p tic ism  o f  Conant and o th e r  

c o lle a g u e s , he came to  Du Pont w ith  a re s e a rc h  program  based  on t h i s  

id e a .

The M acrom olecular S y n th esis

A p p aren tly , C aro thers  adopted th e  m acrom olecular view th rough

h is  re a d in g  and rev iew  o f  S ta u d in g e r 's  German papers  p u b lish e d  s in c e

1920 , • as i s  in d ic a te d  by h i s  fre q u e n t c i t a t i o n s  o f  S ta u d in g e r  in  h is
sfl

e n t i r e  work on p o ly m e riz a tio n . As an o rg an ic  s t r u c tu r a l  chem ist, he was

a b le  t o  sh a re  w ith  S tau d in g e r th e  b e l i e f  in  th e  m o le c u la r ity  o f polymers

on th e  b a s is  o f  th e  c l a s s i c a l  s t r u c t u r a l  th e o ry . As he l a t e r  r e c a l l e d ,

h is  s tu d y  was " f i r s t  i n i t i a t e d  a t  a tim e when a  g re a t  d e a l  o f  sc e p tic ism

p r e v a i le d  concern ing  th e  p o s s i b i l i t y  o f  app ly ing  th e  u s u a lly  accep ted

id e a s  o f  s t r u c tu r a l  o rgan ic  ch em istry  to  such n a tu r a l ly  o c c u rr in g  m ate r-

59i a l s  a s  c e l lu lo s e .  . . . "  He found t h a t  th e  tendency  to  evade or 

ig n o re  th e  m o lecu lar concept in  d e a lin g  w ith  polym ers i s  th e  source o f 

such s c e p tic is m  and confusion  among c h e m i s t s . L i k e  S ta u d in g e r , Caro­

th e r s  m ain ta in ed  t h a t  th e  chem ical m olecule  i s  th e  e n t i t y  from which 

stemmed a l l  p h y s ic a l  and chem ical p r o p e r t ie s  o f th e  su b s ta n c e . Polymers 

were n o t an e x c ep tio n . Hence, th e  un ique p r o p e r t ie s  o f  polym eric sub­

s ta n c e s ,  such as c o l lo id a l  phenomena, sh o u ld  be e x p la in ed  only  by th e  

la rg e  m olecu les th em se lv es , and n o t by p h y s ic a l  fo rc e s  o f u n c e r ta in
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o r ig in .  In  t h i s  way, he fo llow ed  th e  t r a d i t i o n a l  mode o f o rg a n ic -s t ru c ­

t u r a l  approach on which S tau d in g e r based  h is  argum ents as opposed to  

th e  p r e v a i l in g  p h y s ic a l i s t  view s o f  polym ers.

In  dem onstra ting  th e  m acrom olecu larity  o f  polym ers and in  exam­

in in g  t h e i r  p r o p e r t ie s ,  C a ro th e rs , however, took  a s te p  d i f f e r e n t  from 

S ta u d in g e r 's  methods from th e  o u tse t  o f  h is  r e s e a rc h . In  h is  l e t t e r  to  

Johnson (F ebruary  iL , 1928), m entioned above, C aro th e rs  went on to  ex­

p la in  h is  re s e a rc h  p lan  a t  Du Pont:

One o f  th e  problem s which I  am going to  s t a r t  work on has to  do w ith  
su b s tan ces  o f  h igh  m o lecu la r w eigh t. I  want to  a t ta c k  t h i s  problem  
from th e  s y n th e t ic  s id e .  One p a r t  would be to  sy n th e s iz e  compounds 
o f  h ig h  m olecu lar w eight sind known c o n s t i t i t i o n .  I t  would seem q u i te  
p o s s ib le  to  b e a t F i s c h e r 's  re c o rd  o f  k200. I t  would be a s a t i s f a c ­
t io n  to  do t h i s .  . , .

In  a se n se , C aro th e rs  in te n d e d  to  ex tend  th e  s y n th e t ic  approach emphas­

iz e d  by Emil F is c h e r , who had a ttem p ted  to  e lu c id a te  th e  p ro te in  s t r u c ­

tu re  by a t t a in in g  th e  s y n th e s is  o f  a r t i f i c i a l  p o ly p e p tid e s  of known 

s t r u c tu r e .  The o b je c t o f C a ro th e rs ' r e s e a rc h  was to  sy n th e s iz e  macro­

m olecules o f  d e f in i t i v e  s t r u c tu r e  by th e  use o f  e s ta b l is h e d  c la s s i c a l  

o rg an ic  r e a c t io n s ,  and to  examine th e  r e l a t i o n  between th e  p ro p e r t ie s  o f 

polymers and t h e i r  chem ical s t r u c tu r e s .  Whereas F is c h e r 's  s t r u c tu r a l  

scheme tu rn e d  ou t to  l im i t  th e  s iz e  o f th e  R iesenm olekule to  about UOOO 

in  m o lecu la r w e ig h t, C aro the rs  had no doubt about th e  p o s s ib i l i ty  o f  

making ex ceed in g ly  la r g e  m olecules from h is  p e r s p e c t iv e s .  He co n tin u ed :

A nother phase o f  th e  problem s w i l l  be to  s tu d y  th e  a c tio n  o f 
su b s tan ces  xAx on yBy where A and B a re  d iv a le n t  r a d ic a ls  and x and 
y a re  fu n c t io n a l  groups capab le  o f  r e a c t in g  w ith  each o th e r . Where 
A and B a re  q u i te  s h o r t ,  such r e a c tio n s  le a d  to  sim ple r in g s  o f  
which many have been sy n th e s ize d  by t h i s  m ethod. Where th ey  a re  
long  fo rm ation  o f  sm all r in g s  is  no t p o s s ib le .  Hence re a c tio n  must 
r e s u l t  e i t h e r  in  la rg e  r in g s  o r  en d less  c h a in s . I t  may be p o s s ib le  
t o  f in d  out which r e a c t io n  o c c u rs . In  any even t th e  r e a c tio n s  w i l l



107

le a d  to  th e  fo rm ation  o f  su b s tan ces  o f  h ig h  m o lecu lar w eight and 
c o n ta in in g  known l in k a g e s .  ^

The r e a c t io n  o f  compounds xAx w ith  yBy, l a t e r  c a l le d  a " b ifu n c tio n a l  

r e a c t io n ,"  rem ained s u b s ta n t ia l  fo r  h is  s tu d y  o f  p o ly m e riz a tio n . I t  

was an a p p lic a t io n  o f a  c l a s s i c a l  o rgan ic  r e a c t io n ,  co n d en sa tio n . For 

exam ple, as was long  known, an a lc o h o l (R-OH, where R i s  an o rg an ic  ra d ­

i c a l )  r e a c t s  w ith  a  c a rb o x y lic  a c id  (R'-COOH, where R' i s  a n o th e r  o rg an ic  

r a d ic a l )  to  form an e s te r  (R'-COO-R) by th e  e lim in a tio n  o f w a te r (H^O). 

L ikew ise, a b i fu n c t io n a l  a lc o h o l (HO-R-OH) and a b i fu n c t io n a l  c a rb o x y lic  

a c id  (HOOC-R'-COOH) would y ie ld  an e s t e r  (HOOC-R'-COO-R-OH) th ro u g h  th e  

co n d en sa tio n  p ro c e s s . C a ro th e rs  had s tu d ie d  a  p a r t i c u l a r  case  o f  t h i s  

type  o f  r e a c t io n  a t  Adams' s y n th e t ic  schoo l in  I l l i n o i s  around 1925. 

"Before le a v in g  th e  U n iv e rs i ty  o f I l l i n o i s , "  Johnson rem arked, "he 

[C aro thers] had s ta r te d  an in v e s t ig a t io n  o f  th e  r e a c t io n  o f  e th y le n e  

g ly c o l [HO-CgH^-OH] w ith  s u c c in ic  a c id  [HOOC-CgHj^-COOH]. C aro th e rs  

was now ex tend ing  t h i s  r e a c t io n  mechanism to  th e  b u ild in g  up o f  g ia n t  

m o lecu les . He r e a l iz e d  t h a t  a  continuous co n d en sa tio n  r e a c t io n  o f  th e s e  

low m olecules would produce long  ch a in  m olecu les o f  known s t r u c tu r e  

(HOOC-R’ . . . COO-R-OOC-R’-COO-R-OOC-R’-COO . . . R-OH) so f a r  a s  th e  

r e a c t io n  does no t end w ith  th e  fo rm ation  o f la r g e  r in g s .

In  1929 C aro thers p re s e n te d  a g e n e ra l  th e o ry  based  on th e s e  views 

in  h is  landm ark p a p e r, "An In tro d u c tio n  to  th e  G eneral Theory o f  Conden­

s a tio n  P o lym ers,"  p u b lish e d  in  th e  Jo u rn a l o f  th e  American Chemical Soc­

i e t y . In  t h i s  paper he c l a s s i f i e d  polym ers in to  two groups: a d d it io n

polym ers (o r  A -polym ers) and condensa tion  polym ers (o r  C -polym ers), 

acco rd ing  to  th e  type  o f  p o ly m e riz a tio n . A dd ition  polymers a re  th o se  

produced by s e l f - a d d i t io n  r e a c t io n  o f monomers. The m olecu lar form ula
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o f th e  monomer i s  th e r e f o r e  i d e n t i c a l  w ith  t h a t  o f  th e  r e c u r r in g  s t r u c ­

t u r a l  u n i t  o f  th e  polym er. P o ly s ty re n e  and po lyoxym ethy lenes, which 

S ta u d in g e r s tu d ie d ,  be lo n g  to  t h i s  group. On th e  o th e r  hand , condensa­

t i o n  polymers a re  th o se  formed by a  p o ly in te rm o le c u la r  co n d en sa tio n  re a c ­

t io n  o f  th e  p o ly fu n c t io n a l  monomers th ro u g h  th e  e l im in a tio n  o f  sim ple

67m olecu les such as w a te r (HgO). The fo rm ula  o f th e  monomer o f  t h i s  

ty p e  d i f f e r s  from t h a t  o f  th e  s t r u c tu r a l  u n i t  o f th e  polym er. P o lyes­

t e r s  , p o ly a n h y d e r id e s , and po lyam ides, r e p re s e n t  th e  l i n e a r  co n densa tion  

p o lym er. "P o ly m eriza tio n  th e n  i s , "  he w ro te , " th e  chem ical un ion  o f

many s im ila r  m olecu les e i t h e r  (A) w ith o u t o r  (C) w ith  th e  e l im in a tio n  o f

68s im p le r  m o lecu les . . . . "  C a ro th e rs ' c l a s s i f i c a t i o n  o f  polym ers was 

th u s  made s o le ly  from th e  s y n th e t ic  s ta n d p o in t .  M oreover, he a p p lie d  

t h i s  c l a s s i f i c a t i o n  n o t on ly  to  s y n th e t ic  polym ers b u t a ls o  t o  n a tu r a l ly  

o c c u rr in g  po lym eric  su b s ta n c e s : f o r  exam ple, from th e  s t r u c t u r a l  analogy

he id e n t i f i e d  ru b b e r  w ith  l in e a r  a d d it io n  po lym ers, and s i l k  and c e l lu ­

lo s e  w ith  l in e a r  co n d en sa tio n  polym ers (se e  F ig . 3 .1 ) .^ ^  To C aro thers  

th e r e  was no b reach  betw een n a tu r a l  and a r t i f i c i a l  p ro c e s s e s . As he put 

i t  l a t e r ,

The id e a  t h a t  n a tu r a l  h igh  polym ers in v o lv e  some p r in c ip le s  o f  molec­
u l a r  s t r u c tu r e s  p e c u l ia r  to  them selves and no t capab le  o f  be ing  simu­
l a t e d  by s y n th e t ic  m a te r ia ls  i s  to o  s tro n g ly  su g g e s tiv e  o f  th e  v i t a l  
h y p o th e s is , which p receded  th e  dawn o f  o rgan ic  c h e m is try , to  be s e r -L p r  

L.TOio u s ly  c o n s id e red .

C aro thers  fo cu ssed  h is  s tu d y  on th e  s y n th e s is  o f  th e  condensation

polym ers—a s u b je c t  which was la r g e ly  n e g le c te d  by S ta u d in g e r 's  sch o o l.

T ogether w ith  h is  co -w o rk e rs , C aro thers  sy n th e s iz e d  p o ly e s te r s ,  po lyan-

71h y d r id e s , and po ly am id es, from v a rio u s  p o s s ib le  s t a r t i n g  m a te r ia ls .  

D em onstrating  a n a ly t i c a l l y  th e  p resen ce  o f  th e  end groups ( e . g . , hydroxyl
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Chemical Formulas for Certain Macromolecules and their Structural
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and c a rb o x y l groups) o f  th e  p ro d u c ts , he showed t h a t  th ey  c o n s is t  no t o f

m o lecu la r r in g s  b u t o f  open-chain  m o lecu le s . T heir h igh  m olecu lar

w e ig h ts  c a lc u la te d  from  end-group d e te rm in a tio n s  were in  agreement w ith

th o s e  determ ined  by p h y s ic a l  methods such as th e  b o i l in g  p o in t  method.

In  t h i s  way, he was a b le  to  conclude t h a t  th e s e  cond en sa tio n  polymers

a re  in d eed  made up o f  l in e a r  m acrom olecules. The r e s u l t s  were p u b lish e d

in  a s e r ie s  o f  a r t i c l e s ,  e n t i t l e d ,  "S tu d ie s  on P o ly m eriza tio n  and Ring

72F o rm atio n ,"  which r e s u l te d  in  a  t o t a l  o f  29 papers by 1936.

What C a ro th e rs ' in v e s t ig a t io n s  c o n tin u o u s ly  im pressed  upon h is

con tem pora ries  was t h a t  p o ly m eriza tio n  i s  a  normal o rg an ic  r e a c t io n :

. . . p o ly m e riz a tio n  i s  chem ical com bination in v o lv in g  th e  o p e ra tio n  
o f  p rim ary  v a len ce  fo rc e ,  and . . . th e  term  polymer shou ld  not be 
u sed  (as  i t  f re q u e n tly  i s  by p h y s ic a l  and in o rg a n ic  chem ists) to  
name lo o se  o r vaguely  d e fin ed  m o lecu la r a g g re g a tio n .73

On th e  same g ro u n d s, he d id  no t accep t th e  new m ic e lle  th e o ry  proposed 

by K urt H. Meyer and Herman F. Mark, who assumed t h a t  c e l lu lo s e  i s  com­

posed o f  m ic e l le s , i . e . , th e  a g g reg a te s  o f  long  ch a in  m olecules he ld  

to g e th e r  by s p e c ia l  m ic e l la r  fo rc e s . W ell aware o f  th e  d eb a te  between 

S ta u d in g e r and Meyer-Msirk, C aro thers  was le d  to  fav o r S ta u d in g e r 's  view 

t h a t  th e  "m ic e lle s"  them selves a re  m acrom olecules, s ta t in g  th a t  "we can 

f in d  no r e a l  o b je c tio n  to  r e f e r r in g  to  p rim ary  va lence  cha in s  as m olec-

C a ro th e rs ' s y n th e t ic  approach to  polymers was in  c o n tr a s t  to  

S ta u d in g e r 's  a n a ly t ic a l  approach. S ta u d in g e r  a ttem p ted  to  show th e  

m acro m o lecu la rity  o f  polym ers m ainly  by a n a ly z in g  and exam ining p ro d u c ts , 

such as n a tu r a l  ru b b er and c e l lu lo s e .  He converted  such p ro d u cts  in to  

t h e i r  d e r iv a t iv e s  th ro u g h  h y d ro g en a tio n , m é th y la tio n , and n i t r a t i o n ,  and 

showed th e  s i m i l a r i t i e s  in  p r o p e r t ie s  betw een th e  o r ig in a l  p ro d u cts  and
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t h e i r  d e r iv a t iv e s ,  as ex em p lified  hy h is  1922 experim ent on th e  hydro­

g e n a tio n  o f ru h h e r. This method formed S ta u d in g e r 's  im portan t ev idence

f o r  th e  lo n g -c h a in  s t r u c tu r e  o f  polym ers, as d isc u sse d  in  th e  p rev io u s  

75c h a p te r .  Indeed , he d id  use  a few s y n th e t ic  models as a  means o f

d em o n stra tio n . But acco rd in g  to  C a ro th e rs ,

. . . th e  p ro d u cts  s tu d ie d  by him [S tau d in g er] (po lyoxm ethylene, 
p o ly s ty re n e , p o ly a c ry lic  a c id , e t c . )  a lth o u g h  u n q u estio n ab ly  s im p ler 
th a n  n a tu r a l ly  o c c u rr in g  polym ers, were produced by re a c t io n s  o f  
unknown mechanism, and t h e i r  b e h a v io r , excep t in  th e  case o f  p o ly -  
oxym ethylene, was not s u f f i c i e n t l y  sim ple  to  fu rn is h  an unequ ivoca l 
dem onstra tion  o f  t h e i r  s t r u c tu r e .  On th e  o th e r  hand, th e  develop­
ment o f th e  p r in c ip le s  o f  condensa tion  p o ly m e riz a tio n  [proposed by 
C aro th e rs] has le d  to  s t r i c t l y  r a t i o n a l  methods fo r  th e  s y n th e s is  o f 
l i n e a r  polym ers. . . .T&

Time and a g a in , C aro thers  d is t in g u is h e d  h is  own approach from S tau d in ­

g e r 's  u se  o f  s y n th e t ic  polym ers as model s u b s ta n c e s , which c le a r ly  seemed 

to  make th e  dem onstra tion  d i f f i c u l t .

The obvious im portance o f  sim ple  s y n th e t ic  models as an a id  in  
s tu d y in g  m acrom olecular m a te r ia ls  has been emphasized re p e a te d ly  by 
S ta u d in g e r . . . . Our own re se a rc h e s  on cond en sa tio n  polym ers were 
s t a r t e d  w ith  th e  id e a  t h a t  th e  f a c t  o f  a  proposed m odel's  b e in g  syn­
t h e t i c  i s  o f  l i t t l e  v a lu e  u n less  th e  method o f  sy n th e is s  i s  r a t i o n a l ,
i . e . , u n le ss  i t  i s  s u f f i c i e n t l y  c le a r - c u t  to  le a v e  no doubt concern­
in g  th e  s t r u c tu r e  o f th e  p ro d u ct. P o ly s ty re n e  may, fo r  exam ple, 
se rv e  as a  s im p l if ie d  model o f ru b b e r , b u t i t  has th e  d isadvan tage  
t h a t  th e  method used in  i t s  s y n th e s is  . . . fu rn is h e s  no c e r t a in  
c lu e  to  i t s  s t r u c tu r e .  The independent dem onstra tion  o f i t s  s t r u c ­
t u r e  p re se n ts  th e  same d i f f i c u l t i e s  as does rubber ; in  f a c t  today  
th e  form ula o f  rubber can be w r i t te n  w ith  more assu rance  th a n  th a t  
o f  po lysty rene .T T

In  sum, S ta u d in g e r 's  s y n th e t ic  models— a d d it io n  polymers in  C a ro th e rs ' 

c l a s s i f i c a t i o n —were produced p a r t i c u l a r ly  by spontaneous p o ly m eriza tio n s  

o f  unknown mechanism. T h e re fo re , t h e i r  s t r u c tu r e s  had to  be in f e r r e d  

only  from th e  a n a ly s is  o f  th e  f in a l  p ro d u cts  and from th e  exam ination  o f 

t h e i r  p r o p e r t ie s .  They co u ld  h a rd ly  be in f e r r e d  from th e  r e a c t io n  mecha­

nism . S tau d in g er th e n  b o ld ly  used th e s e  s y n th e t ic  polymers as models in
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h i s  dem onstra tion  o f th e  m acrom olecular s t r u c tu r e  o f  n a tu r a l  polym ers 

such as rubber and c e l lu lo s e .  C a ro th e rs  vas no t convinced  by t h i s  

app roach , s in c e  th e  s t r u c tu r e s  o f  th e  s y n th e t ic  models them selves appear­

ed n o t to  be v ig o ro u s ly  p roved . On th e  o th e r  h an d , C a ro th e rs ' method 

was sim ple and s tr a ig h tfo rw a rd . Combine norm al low m olecu les one by one 

by th e  use o f  th e  w e l l- e s ta b l i s h e d  o rg an ic  r e a c t io n s ,  and you w i l l  even­

t u a l l y  o b ta in  lo n g -c h a in  m olecules o f  d e f i n i t e ly  known c o n s t i tu t io n .

Thus, th e  s t r u c tu r e  o f  th e  p o ly m e riz a tio n  p roduct was p r e d ic ta b le  b e fo re ­

hand t h e o r e t i c a l l y  from  th e  r e a c t io n  mechanism and co n firm ab le  a fte rw ard s  

experim ent a l l y  th ro u g h , fo r  in s ta n c e ,  th e  d em onstra tion  o f  th e  p resence  

ajad n a tu re  o f  end g ro u p s . This appeared  to  le a v e  no doubt concern ing  

th e  d em onstra tion  o f th e  s t r u c tu r e  o f  th e  p ro d u c t. In t h i s  re g a rd ,

C aro th e rs  co n sid e red  h i s  own s y n th e t ic  method to  be " s t r i c t l y  r a t i o n a l , "
Tfi

as d is t in g u is h e d  from S ta u d in g e r 's  approach . From t h i s  " r a t io n a l"  cons­

t r u c t io n  o f cond en sa tio n  polymers r e s u l te d  a s i l k - l i k e  a r t i f i c i a l  f i b e r ,  

n y lo n , to  which we s h a l l  now tu r n .

The D iscovery  o f  Nylon

Although much o f  th e  l i t e r a t u r e  on th e  d isc o v e ry  o f  ny lon  has

endorsed  th e  view th a t  C aro thers  came to  Du Pont to  make s y n th e t ic  

79f i b e r s ,  th a t  c la im  cannot be s u b s ta n t ia te d .  He d id  no t in te n d  to  p ro ­

duce an a r t i f i c i a l  f ib e r  when he s t a r t e d  h is  study  o f  p o ly m e riz a tio n  in  

1928 , fo r  he l a t e r  rem arked , "I do no t th in k  we had d e f i n i t e ly  in  mind 

a t  a l l  th e  id e a  o f  making a  f i b e r ,  b u t we d id  want to  make a  m olecule  as

80la rg e  as we cou ld  g e t ."

The id e a  o f  th e  sy n th e s is  o f  a r t i f i c i a l  f ib e r s  o c c u rre d  in  1930 

in c id e n ta l ly  to  t h i s  s tu d y  o f  th e  b u i ld in g  up o f  g ia n t  m o le c u le s . During
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th e  p e rio d  betw een 1928 and e a r ly  1930, C a ro th e rs ' group cou ld  n o t syn­

th e s iz e  h ig h  polym ers w ith  a m o lecu lar w eigh t o f more th a n  5000. Poly­

mers which th e y  p re p a re d  were g e n e ra l ly  b r i t t l e ,  opaque s o l id s  which 

m elted  a t  a  low te m p e ra tu re  (100°C o r l e s s ) ;  th ey  d is s o lv e d  r e a d i ly  in  

c e r t a in  so lv e n ts  ( e . g . , ch lo roform ) and co u ld  be c r y s t a l l i z e d  in  th e  

form o f  w h ite  powder (se e  F ig . 2 ) .  D esp ite  h i s  c o n v ic tio n  th a t  th ey  

were b u i l t  up from  v e ry  la r g e  m o le c u le s , th e s e  polym ers showed no s ig n s

o f  in h e re n t ly  c o l l o id a l  b eh a v io r— a p ro p e r ty  p e c u lia r  to  n a tu r a l ly

8 lo c c u rr in g  m acrom olecular compounds. C aro the rs  w ished to  make much 

l a r g e r  m olecules in  o rd e r  to  examine f u r th e r  th e  r e l a t i o n s h ip  between 

th e  m o lecu la r s i z e ,  m o le c u le 's  chem ical s t r u c t u r e , and i t s  p r o p e r t ie s .  

S ince th e  e x p e rim en ta l tec h n iq u es  used  by h i s  group th u s  f a r  appeared  to  

l im i t  th e  p o ly m e r iz a tio n  r e a c t io n ,  he employed a n o th e r  m eans, th e  mole­

c u la r  s t i l l ,  which had been developed l a t e l y  by s e v e ra l  in v e s t ig a to r s

8 3fo r  th e  s e p a ra tio n  o f  chem ical m ix tu re s .

The m o lecu la r s t i l l  i s  a d i s t i l l a t i o n  dev ice  in  which th e  d i s ­

ta n c e  betw een th e  d i s t i l l i n g  and condensing  su rfa c e s  i s  s h o r te r  th an  

th e  mean f re e  p a th —th e  mean d is ta n c e  t r a v e le d  by a m olecu le  between 

s u c c e ss iv e  c o l l i s i o n s  w ith  o th e r  m o lecu les— a t v e ry  low p re s s u re s  (see  

F ig . 3 .3 ) .  Under t h i s  c o n d it io n  th e  m olecule e sca p in g  from  th e  d i s t i l l ­

ing  s u rfa c e  u s u a l ly  re a c h e s  th e  condenser w ithou t c o l l id in g  w ith  an o th er 

m o lecu le ; hence, th e  m olecu les o f  th e  e v a p o ra ted  su b s ta n c e  can be promp­

t l y  removed from th e  system  o f  r e a c t io n .  The r e a c t io n  i s  th e r e fo r e  

fo rc e d  to  com pletion  i n  accordance  w ith  Le C h a te l i e r 's  law  o f  m obile 

e q u il ib r iu m . Thus, t h i s  a p p a ra tu s  o f fe r e d  a  method f o r  d is p la c in g  th e  

e q u ilib r iu m  o f  th e  co n d e n sa tio n  o f  polym ers tow ard a  more com plete r e a c -



C om pound  

Tctramethylene carbonate

Pentamethylene carbonate

Hexamethylene carbonate.

Decamethylene carbonate.

Ethylene succinate............

Ethylene adipate...............

Hexamethylene succinate.

Ethylene sebacate.............

Trimethylene sebacate----

Decamethylene adipate ...

Decamethylene sebacate..

Ethylene phthalate...........
Triinethylene phthalate ... 
Hexaniethylene phthalate. 
Decamethylene phthalate.

Triinethylene oxalate........

Ilcxamethylene oxalate...

Decamethylene oxalate.. .

Fig. 3.2.
Polyesters from Glycols and DlBasic Acids82

Polyester from hydroxydcca 
iloic acid.......................

A verage
A tom s A verage nu m b er 

in  ch a in  observed  o f  s tru c . 
o f a tru e - m olecular tu ra l

F o rm u la  o f s tru c tu ra l u n it  

—O—(CHs)e—O—CO—

—O—(CH,)»—O—CO—

—O—(CH,)s—O—CO—

—O—(CH,),—O—CO—(CH,),—CO—:

—O—(CH,),—O—CO—(CH,),—CO—

—O—(CH,),—O—CO—(CH,),—CO—

—O—(CH,),—O —CO—(CH,),—CO—

“—O—(CH,),—O—CO—(CH,),—CO—

—O—(CH,)io—O—CO—(CH,)*—CO—

—O -(C H ,) ,0 -O -C O —(CH,),—CO—

—O—(CH,),—O—CO—C,H,—CO— 
— O—(CH,),—O—CO—CftH,—CO—
—0(C H ,),—O—CO—C|H,—CO—
—O—(CH,)io—O—CO—C,H,—CO—

—O—(CH,),—O—CO—CO—

—O—(CH,),—O—CO—CO—

—O—(CH,),o—O—CO—CO—

—O—(CH,),—CO—

tural weight units per
Physical prcperu'csunit molecule

7 1400 11-12 Microcrystalline powder, 
m. p. SO’

8 2700 20-22 Microcrystalline powder, 
m. p. 44-46®

9 2800 18-21 Microcrystalline powder, 
m. p. 55-60®

13 1800 8-10 Microcrystalline powder, 
m. p. 55®

8 3000 20 Microcrystalline powder, 
m. p. 108®

10 2900 17 Microcrystalline powder, 
m. p. 50®

12 3400 14 Microcrystalline powder, 
m. p. 57®

14 4000 13 Microcrystalline powder, 
m. p. 79®

15 3100 12 Microcrystalline powder, 
m. p. 56“

18 3000 10 Microcrystalline powder, 
m. p. 77®

22 3000 8 Microcrystalline powder, 
m. p. 74®

8 4800 25 Hard, transparent resin
9 3100 14 Soft, transparent resin

12 1800 7 Soft, transparent gum
16 2100 7 Very viscous, transparent 

sirup
7 2000 15 Microcrystalline powder, 

m. p. 88®
10 1100 7 Microcrystalline powder, 

m. p. 66°
14 1200 6 Microcrystalline powder, 

m. p. 79“

11 5000 20 Microcrystalline powder.
nie p. 7d“ (30)
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F ig . 3 .3 . 

M olecular S t i l l ^ ^  

(1 /7  a c tu a l  s iz e )

A. G lass v e s s e l .
B. Condenser p rov ided  w ith  w a te r le a d s .
C. G lass su p p o rt.
D. H ea ter.
E. D i s t i l l i n g  pan.
F. H eater le a d s .
G. Tube fo r  a p p lic a t io n  to  a  so u rce  o f  vacuum.
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t io n  M d tow ards ■ h ig h er m o lecu la r w eight by d i s t i l l i n g  o f f  sim ple r e a c -  

t i o n  p ro d u c ts , such as w a te r , as soon as i t  i s  form ed. In  A p r il  1930, 

C a ro th e rs ' team  was ab le  t o  sy n th e s iz e  "superpo lym ers" by t h i s  m eans. A 

superpolym er, an exceed ing ly  lo n g  polym eric c h a in  hav ing  a m o lecu lar 

w eight o f  10,000  or more, e x h ib i te d  p h y s ic a l  p r o p e r t ie s  d i f f e r e n t  from  

th o se  o f  th e  polymer o f low er m olecu lar w e ig h t, a lth o u g h  i t  c lo s e ly  r e ­

sembled th e  i n i t i a l  polymer in  i t s  a n a ly t ic a l  com position  and chem ical

p ro p e r ty , ' The p roduct was a  to u g h , ho rny , and e l a s t i c  m ass, and i t  ex -
86h ib i te d  c o l lo id a l  b ehav io r in  s o lu t io n .

The s y n th e s is  o f  superpolym ers was im m ediately  fo llow ed  by a  d i s ­

covery o f  a phenomenon p e c u l ia r  to  th e se  m a te r ia ls .  W ithin a few weeks 

a f t e r  th e  superpolym er s y n th e s is ,  C a ro th e rs ' co -w orker, J u l ia n  Werner 

H i l l  (190U- ) ,  observed t h a t  th e  superpolym ers cou ld  be m ech an ica lly

drawn out from  a m olt o r d ry -spun  from a s o lu t io n  in to  f ib e r s  o r
8*7

th re a d s .  M oreover, t h i s  m echanical o p e ra tio n  p ro found ly  changed th e  

p h y s ic a l  p r o p e r t ie s  o f  th e  o r ig in a l  su perpo lym ers . The drawn f ila m e n ts  

e x h ib ite d  p r o p e r t ie s  (such  as t e n s i l e  s t r e n g th ,  p l i a b i l i t y ,  e l a s t i c  r e ­

covery , tra n s p a re n c y , and l u s t e r )  s im ila r  to  th o se  o f  n a tu r a l  f ib e r s  

such as c e l lu lo s e  and s i l k .  X -ray d i f f r a c t i o n  p a t te r n s  in d ic a te d  t h a t

superpolym ers in  th e  undrawn s t a t e  were c r y s t a l l i n e ,  bu t t h a t  th e  c ry s ­

t a l s  had a  random o r ie n ta t io n .  Drawn f i la m e n ts ,  on th e  o th e r  hand , gave 

a f ib e r  p a t t e r n  in  which th e  lo n g -c h a in  m olecu les seemed to  be in  an

o rdered  a r ra y  w ith  th e  f ib e r  a x is .  The c h a ra c te r  o f  t h i s  p a t te r n  was

s im ila r  to  t h a t  o b ta in ed  from n a tu r a l  s i l k  f ib e r s  or rayon f ila m e n ts  un­

der t e n t io n .  The condensation  polym ers a ls o  resem bled  c e l lu lo s e  and 

s i l k  in  t h e i r  b a s ic  chem ical s t r u c tu r e s .  A ll th e s e  a n a lo g ie s  stemming
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from t h i s  s o -c a l le d  "co ld -d raw ing" phenomenon le d  C a ro th e rs  t o  r e a l i z e  

th e  p o s s i b i l i t y  o f making a r t i f i c i a l  f ib e r s  from lin e a r-c o n d e n s a t io n  

superpo lym ers.

C aro thers had th o u g h t th a t  th e  s t r e n g th  and e l a s t i c i t y  o f  n a tu ­

r a l  f ib e r s  depended on t h e i r  m acrom olecular s t r u c tu r e .  From a  chem ical 

s ta n d p o in t ,  i t  had been rea so n a b le  to  assume t h a t  sooner o r l a t e r  a way 

would be d isco v e red  to  p re p a re  a r t i f i c i a l  f ib e r s  from s y n th e t ic  macro­

m o lecu la r compounds. C a ro th e rs ' s tudy  now d is c lo s e d  t h a t  a lth o u g h  a 

p a r t i c u l a r  m acrom olecular s t r u c tu r e  i s  a n e c e ssa ry  c o n d it io n , i t  i s  not 

a  s u f f i c i e n t  c o n d itio n  t o  account fo r  th e  p h y s ic a l  p r o p e r t ie s  o f f ib e r s .  

S ince  p ro p e r t ie s  depend n o t only on th e  chem ical c o n s t i tu t io n  b u t a lso  

on th e  p h y s ic a l tre a tm e n t (o r  what he c a l l e d  " p h y s ic a l h i s to r y " )  o f 

h ig h  polym ers, th e  a c t io n  o f  th e  m echanical s t r e s s , namely th e  c o ld -  

draw ing was th e  e s s e n t i a l  s te p  to  c o n s tru c t  f i b e r s .  The phenomenon had 

n ev e r been observed w ith  a  s y n th e t ic  m a te r ia l  o f  any k in d . H i l l  r e c a l l ­

ed , "The only e f f e c t  known a t  th e  tim e t h a t  a t  a l l  resem bled  i t  was th e

88'c o ld -d ra w in g ' o f  th e  s i l k  g lands o f  s i l k  worms." A fte r  q u e s tio n in g  

why t h i s  m echanical o p e ra tio n  y ie ld e d  a  perm anent h igh  s t r e n g th  o f  th e  

su b s ta n c e , C aro thers concluded  th a t  i t  was due to  th e  g re a t  s iz e  o f  th e  

l i n e a r  condensation  polym er. He observed  t h a t  " th e  p ro p e r ty  o f  c o ld -  

d raw ing  does no t appear u n t i l  i t s  m o lecu la r w eight reach es  about 9000 .

. . a  u s e fu l  degree o f  s t r e n g th  and p l i a b i l i t y  in  a f i b e r  r e q u i r e s  a 

m o lecu la r w eight o f  a t  l e a s t  12,000 and a  m o lecu la r le n g th  n o t l e s s  

th a n  1000 A." When th e  superpolym er re c e iv e s  an e x te r n a l  m echan ical 

t e n s io n ,  th e  long  m o lecu la r cha in s  a re  a rran g ed  in  a  h ig h ly  o rd ered  

a r r a y  p a r a l l e l  w ith  one a n o th e r . In  t h i s  s t a t e ,  th e  m utual cohesive
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m
F ig u re  3 .4 . The co ld -d raw ing  o f  th e  superpolym er, re e n a c te d  by J u l ia n  W. 
H i l l ,  n . d . ,  Du Pont Company.
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fo rc e  o f  th e  very  lo n g  c h a in  would a c t f u l l y ;  hence, th e  drawn f ib e r s
89e x h ib i t  th e  maximum p o s s ib le  s tr e n g th .

C aro thers  c la im ed  t h a t  a d d it io n  po ly m ers , e s p e c ia l ly  th o se  pro­

duced from v in y l  compounds, a re  l e s s  s u i t a b le  fo r  th e  f i b e r .  In  o rd e r  

to  form o r ie n te d  f i b e r s ,  a compound must be capab le  o f  c r y s t a l l i z i n g ,  

f o r  c r y s t a l l i z a t i o n  makes p o s s ib le  th e  p a r a l l e l  arrangem ent o f m o lecu les . 

U nlike co ndensa tion  po lym ers, a d d it io n  polym ers a re  o f te n  amorphous and 

r a r e ly  c r y s t a l l i n e .  A ccording to  C a ro th e rs , th e  p resen ce  o f  s id e  cha in s  

(such  as m ethyl o r pheny l groups in  th e  s t r u c t u r a l  u n i t s )  in  th e  a d d it io n  

polym ers d im in ishes th e  tendency  o f  c r y s t a l l i n i t y . However l a r g e ,  th e

m acrom olecules o f  such a d d it io n  polym ers a re  le s s  su b je c t to  th e  form a-

90t i o n  o f  o r ie n te d  f i b e r s .  For th e  same re a s o n , " th re e -d im e n s io n a l po ly ­

mers a re  obv iously  u n s u ite d  fo r  f ib e r  o r i e n t a t io n ,  and s y n th e t ic  m ater-

91i a l s  o f  t h i s  c la s s  a re  b e s id e s  in v a r ia b ly  am orphous." By c o n t r a s t ,  

c o n d en sa tio n  superpolym ers (such  as p o ly e s te r s  and polyam ides) a re  usu­

a l l y  c r y s t a l l i n e  because o f a  high degree  o f  l i n e a r  symmetry o f  t h e i r  

m o lecu la r shape. Thus, th ey  can e a s i ly  be drawn out in to  s tr o n g ,  o r ie n ­

te d  f ib e r s .

A f te r  e s ta b l i s h in g  th e  t h e o r e t i c a l  b a s is  fo r  making s y n th e t ic

f i b e r s , C aro thers  f i r s t  p u b l ic ly  announced h is  f in d in g s  a t th e  B u ffa lo

m eeting  o f  th e  American Chemical S o c ie ty , h e ld  on September 1 , 1931:

W hile th e  method o f  p re p a ra tio n  and th e  raw m a te r ia ls  o f th e  com­
pounds so f a r  s tu d ie d  a re  to o  c o s t ly  to  make them o f  any im m ediate 
p r a c t i c a l  a p p l ic a t io n ,  th e  r e s u l t s .c l e a r l y  dem onstrate  fo r  th e  f i r s t  
tim e  th e  p o s s i b i l i t y  o f  o b ta in in g  u s e fu l  f ib e r s  from s t r i c t l y  syn the­
t i c  m a te r i a l s .93

On th e  n ex t day , th e  New York Times covered  C a ro th e rs ' p r e s e n ta t io n  a t  

th e  m eeting  w ith  a h e a d lin e , "Chemists Produce S y n th e tic  'S i l k ' . " ^ ^
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His study  evoked th e  dream o f  th e  se v e n te e n th -c e n tu ry  m ic ro s c o p is t ,

R obert Hooke (1635-1703), who had conceived  a  man-made s i l k  in  th e  M icro-

s ra p h ia  ( I 665). In  th e  m anuscrip t o f  h i s  paper on a r t i f i c i a l  f i b e r s ,

p u b lish e d  in  1932, C aro th ers  quoted a  p assag e  from Hooke, a lth o u g h  i t

was d e le te d  on p u b l ic a t io n :

And I  have o f te n  th o u g h t, t h a t  p ro b ab ly  th e re  might be a way found 
o u t ,  t o  make an a r t i f i c i a l  g lu tin o u s  com position , much resem b lin g , 
i f  n o t f u l l  as good, nay b e t t e r ,  th a n  t h a t  Excrem ent, o r w hatever 
o th e r  substance  i t  be ou t o f  w hich, th e  Silk-worm  w ire-d raw s h is  
clew . I f  such a  com position  were found , i t  were c e r t a in ly  an  e a s ie  
m a tte r  to  f in d  v e ry  q u ick  ways o f  draw ing i t  out i n to  sm all w ires 
f o r  u s e . 95

W ith C a ro th e rs ' superpolym ers and H i l l 's  co ld -draw ing  m ethod, r e a l i z a ­

t i o n  o f  t h i s  lo n g -c h e rish e d  Baconian dream seemed n ear a t  hand.

From th en  on C a ro th e rs ' b a s ic  r e s e a rc h  group r a d i c a l ly  s h i f t e d  

i t s  aim to  th e  more p r a c t i c a l  g o a l, t h a t  i s ,  th e  se a rc h  f o r  polym ers 

which can be drawn in to  f ib e r s  o f  com m ercial u se . One rea so n  f o r  t h i s  

s h i f t  may be h is  own p r a c t i c a l  t a s t e  which he in h e r i te d  from th e  Adams 

sc h o o l. As H i l l  t e s t i f i e d ,  C aro the rs  was th e  pure re s e a rc h e r  p a r  e x c e l­

le n c e ,  b u t " a t th e  same tim e  he was a  p r a c t i c a l  m a n . Y e t ,  more impor­

t a n t l y ,  he was working w ith in  th e  i n d u s t r i a l  framework o f  Du P on t. His 

group was encouraged by th e  Company s t a f f ,  n o ta b ly  th e  new Chemical D ir­

e c to r ,  Elmer K. B olton who had ta k e n  over S t in e 's  p o s i t io n  in  1930, to  

aim a t  commercial t e x t i l e  f ib e r s .  In  1931 C aro thers  f i l e d  two p a te n ts

on s y n th e t ic  f ib e r s  from co n d en sa tio n  superpo lym ers, w hich were to  become

97th e  b a s ic  p a te n ts  o f  n y lo n . From B o lto n 's  p o in t o f  v iew , C a ro th e rs ' 

f ib e r s  th e n  were s t i l l  on ly  o f t h e o r e t i c a l  i n t e r e s t .  B esides th e  h igh  

c o s t  o f  raw m a te r ia ls ,  th e y  were d e f ic ie n t  in  c e r ta in  p r o p e r t ie s .

For exam ple, th e  m e ltin g  p o in ts  o f  th e  p o ly e s te r  f ib e r s  were to o  low fo r  ■
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t e x t i l e  purposes and t h e i r  s o l u b i l i t i e s  were to o  g r e a t .  They had l i t t l e

98u t i l i t y  a s  com m ercial f ib e r s .  D uring th e  p e r io d  betw een 1930 and 1933, 

C aro the rs  s y s te m a tic a l ly  in v e s t ig a te d  v a rio u s  ty p e s  o f  l i n e a r  condensa­

t io n  superpo lym ers, in c lu d in g  p o ly e s te r s ,  p o ly an h y d e rid e s , p o ly a c e ta ls ,  

p o lyam ides, and p o ly es te r-p o ly am id e  m ix tu re s , which were sy n th e s iz e d  by 

h is  co-w orkers from hundreds o f  p o s s ib le  com binations o f  s t a r t i n g  m ater­

i a l s .  As Thomas Edison had done in  se a rc h  o f a f ila m e n t fo r  th e  l ig h t  

bu lb  from thousands o f  m a te r i a l s , h i s  group examined th e  p r o p e r t ie s  o f 

drawn polym ers by th e  c u t- a n d - t ry  m ethod. But each was found to  be de­

f i c i e n t  in  one o r more t e x t i l e  p r o p e r t ie s .  "At one s ta g e  o f  th e  w ork," 

B olton  w ro te , " th e  ou tlook  was so d a rk  t h a t  in v e s t ig a t io n s  a long  t h i s  

l in e  were a c tu a l ly  h a lte d  fo r  a tim e ." ^ ^

Under th e  Company's p r e s s u re ,  however, C aro thers  co n tin u ed  h is  

s e a rc h . In  193^, a f t e r  a su rvey  o f  h i s  work, he dec ided  to  resume work 

on th e  superpo lyam ides. In  a d d it io n  to  t h e i r  s t r u c tu r a l  s im i la r i t y  to  

s i l k ,  th e  po lyam ides, p rep ared  from amino a c id s  and a ls o  from d ib a s ic  

a c id s  and d iam in es , appeared to  have h ig h  m e ltin g  p o in ts  and h igh  t e n s i l e  

s tr e n g th .  S ubsequen tly , in  F ebruary  1935> h is  c o l la b o r a to r ,  G erard / J e a n  

B erchet (1902- ) sy n th e s ize d  th e  "polymer 6 6 ,"  a superpolyam ide p re ­

pared  from hexam ethylendiam ine (w ith  6 carbons: NH^( CH^) )  and a d ip ic  

a c id  (w ith  6 carb o n s: HOOC( CH^)^COOH) . The polymer 66 m elted  a t  a

h igh  tem p e ra tu re  (263°C), and i t s  cold-draw n f ib e r s  e x h ib i te d  a h igh  

s tr e n g th  and an e l a s t i c i t y  g r e a te r  th a n  any n a tu r a l  f i b e r s .  Among o th e r  

c a n d id a te s , t h i s  polyamide was s e le c te d  fo r  i n i t i a l  m anufactu re  "because 

i t  had  th e  b e s t  b a la n c e  o f p r o p e r t ie s  and m anufactu ring  c o s t  o f  th e  po ly ­

amide th en  k n o w n . O n c e  th e  d e c is io n  was made by th e  Du Pont s t a f f .
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F ig . 3 .5 . The re c o rd  o f  th e  f i r s t  s y n th e s is  o f  polyhexam ethylenediam ine 
a d ip a te . From G erard J .  B e rc h e t 's  Du Pont Company notebook , d a ted  February 
28 , 1935.
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th e  developm ent o f  th e  p ro ce sse s  fo r  m anufactu ring  in te rm e d ia te s  and fo r

f ih e r  s p in n in g  and p ro ce ss in g  was launched  in  th e  v a rio u s  d iv is io n s  o f

th e  Company. In  o rd e r  to  reduce to  a minimum " th e  tim e  betw een th e  t e s t

tu b e  and th e  c o u n te r ,"  some 230 chem ists  and e n g in ee rs  w ere a t  one tim e

102o r an o th e r  engaged in  t h i s  p r o je c t .  The p ro d u c tio n  o f  th e  t e x t i l e

y a rn  from th e  polym er 66 s t a r t e d  in  a new p la n t  a t  S e a fo rd , D elaw are, in

1938 . In  O ctober o f  t h i s  y e a r ,  th e  V ice P r e s id e n t , S t in e ,  re p re s e n tin g

th e  Company, announced th e  f i r s t  s y n th e t ic  f i b e r ,  now c h r is te n e d  w ith

th e  g en e ric  name, "n y lo n :"

Though w ho lly  f a b r ic a te d  from  such common raw m a te r ia ls  as c o a l, 
w a te r , and a i r ,  ny lon  can be fa sh io n e d  in to  f ila m e n ts  as s tro n g  as 
s t e e l ,  a s  f in e  as th e  s p id e r 's  web, y e t more e l a s t i c  th a n  any of 
th e  common n a tu r a l  f ib e r s  and p o sse s s in g  a b e a u t i f u l  l u s t e r . 103

The new p ro d u c t prom ised a  wide v a r i e ty  o f u ses ran g in g  from h o s ie ry  to  

m i l i t a r y  p a ra c h u te s . W ith in  th e  Company fram ew ork, C a ro th e rs ' t h e o r e t i ­

c a l  work was th u s  d e l ib e r a te ly  d iv e r te d  to  p r a c t i c a l  a p p l i c a t io n ,  th e  

com m erical p ro d u c tio n  o f  n y lo n , w hich had an enormous im pact on in d u s try  

and c u l tu r e .  There fo llow ed  what has been c a l le d  th e  f o u r th  t e x t i l e  

r e v o lu t io n  in  th e  wake o f  th e  e a r l i e r  in v e n tio n s  o f  m erc e rize d  c o tto n , 

s y n th e t ic  d y es , and rayon . In  19^+0 a le a d in g  American m agazine w ro te:

On th e  U .S. FRONTIER The G ian t M olecule i s  a g r e a te r  f a c t  o f  h is to r y  
th an  A do lf H i t l e r ,  a lth o u g h  i t  may ta k e  v is io n  to  b e l ie v e  i t .  Nylon, 
a  p ro d u c t o f  th e  G iant M olecule and th e  fo u r th  b a s ic  re v o lu t io n  in  
t e x t i l e  chem istry  in  fo u r th o u san d  y e a r s ,  i s  l e s s  a su b s tan ce  th a n  a 
group o f  su b s ta n c e s , a l l  u n l ik e  a n y th in g  found in  n a tu re .  They 
d i d n 't  j u s t  happen— th e y  were made to  happen. . . .lOU

What th e  s to ry  o f  nylon d isc o v e ry  re v e a ls  us may be summed up as

fo llo w s . Nylon was an u n fo reseen  consequence o f  C a ro th e rs ' i n t i t i a l  b a s ic

re s e a rc h . In  an a ttem p t to  b u i ld  up m olecules as la rg e  as p o s s ib le ,  he

came to  ga in  an in s ig h t  in to  th e  p o s s i b i l i t y  o f  making a r t i f i c i a l  f ib e r s .
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R e a liz in g  i t s  p r a c t i c a l  s ig n i f ic a n c e ,  Du Pont im m ediately  le d  h is  b a s ic  

r e s e a rc h  group to  a  co n v ers io n  from th e o ry  to  p r a c t ic e .  I t  was th e  

Company's e n su in g , d e l ib e r a te  e f f o r t s  t h a t  c re a te d  th e  i n d u s t r i a l i z a t i o n  

o f m acrom olecular s c ie n c e  in  a rem arkably  s h o rt p e r io d . The nylon 

adven tu re  c o in c id e n ta l ly  tu rn e d  out to  be a  l a r g e - s c a le  t e s t  t h a t  proved 

th e  v a l i d i t y  o f  C a ro th e rs ' th e o ry  o f  co ndensa tion  polym ers.

In  r e t r o s p e c t ,  A p ril  o f  1930 was a  good month fo r  th e  i n d u s t r i a l  

r e s e a rc h e r  C aro thers  and h is  group. Two y e a rs  had p assed  s in c e  he s t a r t e d  

h is  s tu d y  o f  co ndensa tion  polym ers. In  t h i s  month, p a r a l l e l  to  th e  syn­

t h e s i s  o f  th e  f i r s t  superpo lym er, h i s  team  d isc o v e red  a  new a d d it io n  

polym er which became an o th e r im portan t Du Pont com m ercial p ro d u c t, neoprene 

ru b b e r . A gain , th e  d isc o v e ry  was an unexpected  e v e n t. Nylon was a 

d i r e c t  a p p l ic a t io n  o f  h i s  work on p o ly m e riz a tio n . B ut, u n lik e  n y lo n 's  

c a se , th e  i n i t i a l  d isc o v e ry  o f  neoprene took  p lac e  from a  d i f f e r e n t  l in e  

o f h i s  in v e s t ig a t io n s .

In  th e  l a t e  1920s, a group a t  Du P o n t 's  Jackson  L aborato ry  in  

P e n n s v il le ,  New J e rs e y , had been w orking on a  co n v ers io n  o f a c e ty le n e  

to  i t s  dimer (monovinyl a c e ty le n e )  and t r im e r  ( d iv in y l  a c e ty le n e )  by use o f 

a cuprous c h lo r id e  c a t a ly s t ,  on th e  b a s is  o f  th e  re c e n t s tu d y  by F a th e r  

J u l iu s  A rth er N ieuland ( i 8t8-19S6) a t  th e  U n iv e rs ity  o f N otre Dame. This 

r e s e a rc h  was c a r r ie d  out as a  p a r t  o f  B o lto n 's  s y n th e t ic  ru b b er p r o je c t ,  

in au g u ra te d  in  th e  m iddle o f  th e  1920s. B olton had hoped th a t  t h i s  study  

on a c e ty le n e  ch em istry  would p ro v id e  a  b a s is  fo r  s y n th e t ic  ru b b e r , s in c e  

monovinyl a c e ty le n e  had a s im ila r  chem ical s t r u c tu r e  to  th a t  o f  b u ta d ie n e , 

a  p o s s ib le  a l t e r n a t iv e  f o r  iso p re n e . D esp ite  Du Pont c h e m is ts ' e f f o r t s  

over s e v e ra l  y e a r s ,  th e  s tudy  y ie ld e d  no rubbery  m a te r ia l .
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C a ro th e rs ’ s tu d y  a t  th e  E xperim ental S ta tio n  in v o lv ed  rev iew in g  

th e  chem istry  o f  th e s e  low polymers o f  a c e ty le n e . Here h is  o r ig in a l  

goa l was no t s y n th e t ic  ru b b er b u t a  fundam ental study  o f  th e  r e a c tio n s  

o f  th e s e  compounds. S ince h is  emphasis was p laced  on th e  p u r i ty  o f 

chem icals in  any polym er experim en t, C aro thers f i r s t  a s s ig n e d  h i s  co­

w orker, A rnold M ille r  C o llin s  ( l8 9 9 - ) ,  to  p u r ify  crude d iv in y l

a c e ty le n e  which was p rep a re d  from a c e ty le n e  in  th e  p resence  o f cuprous 

c h lo r id e . C o llin s  c a r r ie d  out a f r a c t io n a l  d i s t i l l a t i o n  o f  t h i s  su b stan ce  

fo r  t h i s  purpose . To quote C o l l in s ' r e c o l le c t io n ,

A c o n s ta n t b o i l in g  main f r a c t io n  [i . e . , pure  d iv in y l  a c e ty le n e ]  was 
o b ta in e d , along  w ith  a  d e f in i te  lower b o i l in g  f r a c t io n .  The main 
f r a c t io n  was s t a b i l i z e d  and s to re d  in  a r e f r i g e r a t o r  w h ile  th e  s t i l l  
was f i l l e d  w ith  n itro g e n  and l e f t .  This was on a F rid ay  a f te rn o o n .
By th e  fo llo w in g  Monday, s tra n g e  th in g s  had happened. The low b o i l in g  
l iq u id  f r a c t io n  which had been c o lle c te d  in  an a tta c h e d  t e s t  tu b e , had 
s o l i d i f i e d ,  n o t to  a  r e s in  b u t to  th a t  t h a t  had never been seen b e fo re  
in  t h i s  work—a b a l l  w ith  a l iv e ly  bounce and o th e r  c h a r a c te r i s t i c  
p h y s ic a l  p r o p e r t ie s  o f  n a tu r a l  ru b b er. This was on A p r il  10, 1930.10?

Thus, th e  r u b b e r - l ik ^  m a te r ia l  was o b ta in ed  from th e  low er b o i l in g  f r a c ­

t io n  th a t  C o llin s  removed from pure d iv in y l a c e ty le n e .

C aro thers soon in te r p r e te d  t h i s  phenomenon in  term s o f  h is  macro­

m olecu lar concep t. He had known t h a t  rubber belongs to  th e  c la s s  o f 

a d d it io n  polym ers, and t h a t  t h i s  ty p e  o f  polymer can be o b ta in e d  by spon­

taneous p o ly m e riz a tio n , u n lik e  condensation  polym ers. Chemical a n a ly s is  

o f  t h i s  rubbery  m a te r ia l  showed t h a t  i t  co n ta in ed  c h lo r in e  atom s, obvious­

ly  d e riv e d  from th e  cuprous c h lo r id e  c a ta ly s t .  From t h i s ,  i t  was rea so n ­

ab le  to  assume t h a t ,  w ith  th e  ex cep tio n  o f th e  p resence  o f  c h lo r in e ,  th e  

ru b b e r - l ik e  p roduct has a  s t r u c tu r e  s im ila r  to  n a tu r a l  ru b b e r , and t h a t  th e  

o r ig in a l  f r a c t io n a l  l iq u id  i s  analogous to  iso p re n e . Subsequent e x p e r i­

ments suppo rted  t h i s  ana logy : th e  a d d it io n  o f  hydrogen c h lo r id e  to
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monovinyl a c e ty le n e  d i r e c t l y  y ie ld e d  th e  same l i q u i d ,  which was in  tu rn  

tran sfo rm ed  in to  th e  e l a s t i c  s o l id  sp o n tan eo u sly . In  t h i s  way, C aro th e rs  

i d e n t i f i e d  th e  new l iq u id  as 2 - c h lo r o - l , 3 -b u ta d ie n e , o r what he named 

" c h lo ro p re n e " . The rubbery  m a te r ia l  was i t s  h igh  a d d it io n  polym er, th e  

lo n g -c h a in  s t r u c tu r e  p o ly ch lo ro p re n e , l a t e r  c a l le d  neoprene.

HCl Cl Cl

CHgSCH-teCH - — ■>  CHg=CH-C=CHg------------ >  (-CHg-CH=C-CHg-)^

m onovinyl ch lo ro p ren e  neoprene
a c e ty le n e

The Company recogn ized  neoprene as a  s y n th e t ic  ru b b er w ith  a  g re a t  po ten ­

t i a l  f o r  comm ercial u s e , s in c e  i t  e x h ib i te d  some p h y s ic a l  p r o p e r t ie s  f a r  

s u p e r io r  t o  th o se  o f  v u lca n ize d  n a tu r a l  ru b b er ( e . g . , r e s is ta n c e  to  

o x id a t io n , t o  h e a t ,  and to  many c h em ica ls).

The r e s u l t s  were r e p o r te d  a t  a Rubber D iv is io n  M eeting o f  th e  

American Chemical S o c ie ty , h e ld  in  Akron in  November 1932, and were

p u b lish e d  in  th e  same y e a r  in  th e  Jo u rn a l o f  th e  American Chemical 
109S o c ie ty . A fte r e s ta b l i s h in g  a p r a c t i c a l  method fo r  th e  p o ly m e riz a tio n  

o f  c h ro lo p re n e , Du Pont s t a r t e d  th e  comm ercial p ro d u c tio n  o f  neoprene , 

under th e  tradem ark  "Du Prene" in  June , 1932.^*^ The d isco v e ry  o f  neo­

p rene  le d  C aro thers  t o  c u l t iv a t e  th e  f i e l d  o f th e  a c e ty le n e  po lym ers, 

which formed h is  second m ajor f i e l d .  Between 1931 and 193k, a long  w ith  

h i s  c o -w o rk e rs , he p u b lish e d  19 s c i e n t i f i c  pap ers  on th e  sy n th e s is  and . 

fo rm ation  mechanism o f  a c e ty le n e  polymers in  a s e r i e s  e n t i t l e d ,  "A cety­

le n e  Polymers and t h e i r  D e r iv a t iv e s ." ^ ^  Thus, h i s  achievem ent in  t h i s  

a re a  i l l u s t r a t e s  a  r e c ip r o c a l  approach in  th e  i n d u s t r i a l  framework— 

from a  b a s ic  study  o f  th e  chem istry  o f  m onovinyl and d iv in y l a c e ty le n e
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t o  s y n th e t ic  ru b b e r , and from th e  ru b b er p roduct back down to  th e  th eo ­

r e t i c a l  work on a c e ty le n e  polym ers.

The p u b lic  image o f  C aro th e rs  as th e  in v e n to r  o f  nylon and neo­

prene has o f te n  overshadowed th e  r o le  o f  h i s  t h e o r e t i c a l  work on macro­

m o lecu les . His m acrom olecular s y n th e is s  convinced many o f  h i s  American 

con tem poraries  o f  th e  m acrom olecu larity  o f  po lym ers. C arl Shipp M arvel 

( I 89U- ) ,  a  f a c u l ty  member a t  th e  U n iv e rs ity  o f  I l l i n o i s ,  was im pressed

p a r t i c u l a r l y  by C a ro th e rs ' long  rev iew  a r t i c l e ,  "P o ly m e riz a tio n ,"  p u b lish ­

ed in  1931 : " A f te r  th a t  a r t i c l e ,  th e  m ystery o f  polym er chem istry  was

p r e t ty  w e ll c le a re d  up, and i t  was p o s s ib le  fo r  l e s s  t a l e n te d  people  to

112make good c o n tr ib u tio n s  in  th e  f i e l d . "  C a ro th e rs ' form er c o lleag u e  a t

H arvard , James B. Conant, now came to  accep t C a ro th e rs ' view . In  a

re v is e d  e d i t io n  o f  h is  tex tb o o k  on o rg an ic  ch em istry  (p u b lish e d  in  1933),

Conant q u ie t ly  a l t e r e d  h i s  e a r l i e r  d e s c r ip t io n  o f  th e  agg reg a te  th e o ry  o f

s y n th e t ic  ru b b er:

. . .  i t  seems p robab le  t h a t  th e y  [iso p ren e  m olecu les] a re  u n ite d  
in  a  v e ry  long  chain  th u s :

—-+-CH„—C—CH—CH„— 
I  I
! '^3

.CH2-C=CH-CH2)cH2-C=CH-CHg- 

CH_ 1 CH
I .iso p re n e  u n i t

T his ch a in  must be im agined as ex tended  u n t i l  th e  m olecu lar w eight 
i s  a t  l e a s t  a  hundred th o u san d . . .

In  Germany, S taud inger was w e ll a c q u a in te d  w ith  C a ro th e rs ' a c t i v i t y ,

and h i s  1932 book. Die hochm olekulare o rgan!schen  V erg indunger, gave
111+

s e v e ra l  fa v o ra b le  re fe re n c e s  to  C a ro th e rs ' work on con d en sa tio n  polym ers.

He welcomed t h i s  s tu d y , fo r  w ith  th e  work o f  h i s  American c o u n te rp a r t ,  "d ie  

neuen V o rs te llu n g e n  über den Bau d e r m akrom olekularen Verbindungen in . 

Amerika . . . ra s c h  Eingang gefun den haben.'^^^ C a ro th e rs ' study  had a f re s h
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and new impact on German chemists not only because o f h is  cu lt iv a tio n  o f  

condensation polymers, but a lso  because o f h is synthetic approach which 

contrasted w ith Staudinger's analytic approach. He th orou ^ ly  demonstrat­

ed the macromolecular structure o f polymers through the formation mechanism 

o f giant m olecules. Mark, for example, considered Carothers' syn thetic  

work as cru c ia l for  the f a l l  o f the aggregate theory in the early 1930s.

As he sta ted  la te r , " . . .  probably more than any other s in g le  factor did 

the work o f W. H. Carothers and h is  a ssoc ia tes  contribute to  the ultim ate  

breakthrough in  favor o f  the long chain concept.

Carothers' splendid career ended with h is su icide in  1937. He 

neither l iv e d  to  hear the name nylon nor liv ed  to  see i t s  commercial 

production. He had suffered  from chronic depression since h is  early  days, 

and th is  grew more pronounced la ter  on, e sp e c ia lly  a fter  la te  1935. He 

took leave o f  absence during most o f 1936. He was h osp ita lized  in  an 

in s t itu t io n  in  Philadelphia for treatment. In the summer of that year the 

Company sent him on a tr ip  to  Europe for relaxation  in an e ffo r t  to improve 

h is  mental condition . After a b r ie f  resp ite  on the tour with h is  former 

teacher Roger Adams, he returned to  Wilmington to  resume h is  work, search­

ing for new research su b jects. But, whatever h is d irect motives were, 

mentally i l l ,  the forty-one-year-old  s c ie n t is t  closed  h is  l i f e  by taking

cyanide in a Philadelphia h o te l in  la te  A pril, 1937. Thus, Carothers'
117fundamental research group was f in a lly  d isso lved .

One and a h a lf  years before h is  death, Carothers went to  Cambridge, 

England, to  give a paper at a Faraday Society meeting, where he was a prin­

c ip a l speaker together with Staudinger, Mark, and Meyer. His outstanding  

presentation at the meeting rounded o f f  h is short but productive career as 

a founder o f  macromolecular chemistry, as w i l l  be discussed in  the next chap­

te r .



NOTES

1
On C a ro th e rs ' s c i e n t i f i c  c a re e r  and work, see  Roger Adams, 

" B io g rap h ica l Memoir o f  W allace Hnme C a ro th e rs , I 896- I 93T ,"  N a tio n a l 
Academy o f S c ie n c e s , B io g rap h ic a l Memoirs, 20 (1939); 293-309 ; John
Raven Johnson, "W allace Hume C a ro th e rs , 1896-1937," J .  Chem. Soc. .  1U3 
(19^0 ) : 100-102; Elmer K. B o lton , "Speech a t  th e  D ed ication  o f  "The
C aro thers  R esearch L aboratory ,' on T uesday, Septem ber IT , 19 ^6 ,"  Acc. 1^97, 
Box 1 8 , E le u th e r ia n  M ills  H is to r ic a l  L ib ra ry  ( h e r e in a f te r  r e f e r r e d  to  as 
EMHL), W ilm ington, D elaw are; D ic tio n a ry  o f  American B iography, Supplement 
2 ( 1958) ,  s .v .  " C a ro th e rs , W allace Hume," by John R. Johnson; D ic tio n a ry  o f 
S c ie n t i f i c  B iography , v o l .  3 (19 7 1 ), s . v .  " C a ro th e rs , W allace Hume," 
by J u l ia n  Werner H i l l ;  and J u l ia n  W. H i l l ,  "W allace Hume C a ro th e rs ,"  in  
American C hem istry—B ic e n te n n ia l (P roceed ings o f  th e  Robert Welch Founda­
t io n  Conferences on Chemical R esearch , XX), ed. W. 0 . M illig a n  (H ouston, 
Texas: The R obert Welch F oundation , 1977): 232-251. For C aro th e r 's  e a r ly
e d u c a tio n , see  A. Truman Schw artz, "Made in  th e  M idwest: The Undergradu­
a te  Education  o f  W allace H. C aro thers and E rn est 0 . Lawrence," Paper 
d e liv e re d  f o r  th e  Midwest Ju n to  fo r  th e  H is to ry  o f  Science a t  th e  U niver­
s i t y  o f  W isconsin , A p r il  10, I 98O; and "Im portance o f Good Teaching: The
In flu e n ce  o f  A rth u r Pardee on W allace C a ro th e rs ,"  Jo u rn a l o f  C ollege 
Science T eaching , 10 ( I 98I ) :  218-221. A ll o f  C a ro th e rs ' papers on polymer
chem istry  were b rough t to g e th e r  in  W allace H. C a ro th e rs , C o llec ted  Paners 
o f  W allace Hume C aro th e rs  on High Polym eric S u b stan c e s , ed, Herman F ra n c is  
Mark and George S ta f f o rd  Whitby (New York: I n te r s c ie n c e  P u b l is h e r s , I n c . ,
19kO).

2
Schw artz, "Made in  th e  M idw est," p . 1. Cf . ,  Kenneth R. Hardy, 

" S o c ia l O rig in s  o f  American S c ie n t i s t s  and S c h o la rs ,"  S c ien ce , I 85 (197^):
497- 506 .

^A rthur M. P a rd ee , "A Study o f  th e  C on d u c tiv ity  o f C e r ta in  O rganic 
S a l ts  in  A bsolu te A lcohol a t  15°, 25°, and 35°C," (Ph.D. d i s s e r t a t i o n ,
Johns Hopkins U n iv e rs i ty , 1916.) T his was p u b lish e d  w ith  H. H. Lloyd in  
C arnegie I n s t i t u t e  o f  W ashington, P u b l ic a t io n ,260 (1917): 99-118.

^A rthu r M. P ardee , "C o n trib u tio n  to  th e  B io g rap h ica l Memoir o f 
W allace C a ro th e rs ,"  February  19 , 1938; c i t e d  in  Schw artz, "Made in  th e  
M idw est," p . 5.

^A rthur M. Pardee to  B e tty  Jo T r a v is ,  February  12 , 19^7; c i t e d  in
i b id .

^Adams, " B io g ra p h ic a l Memoir," p . 294.

129



130

7
For th e  in fo rm a tio n  on th e  Department o f  C hem istry a t  the  

U n iv e rs i ty  o f  I l l i n o i s  d u rin g  t h i s  p e r io d , see The U n iv e rs i ty  o f I l l i n o i s ,  
Departm ent o f  Chem istry (U rhana, I l l i n o i s :  The U n iv e rs i ty  o f  I l l i n o i s ,
1927 and 1941).

g
G ilb e r t  Nevton Lew is, "The Atom and th e  M olecu le ,"  J .  Amer. Chem. 

Soc. , 38 {1916) :  762- 785 ; I rv in g  Langmuir, "The Arrangement o f  E le c tro n s
in  Atoms and M olecu les,"  i b i d . , k l  (1919): 868-93^; "Isom orphism , I s o s -
t e r i s m , and C ovalence," i b i d . ; 15^3-1559; "The O ctet Theory o f  Valence 
and I t s  A p p lica tio n s  w ith  S p e c ia l R eference to  Organic Compounds," i b i d . ,
k2 (1920) :  274-292.'

Q
W allace H. C a ro th e rs , "The I s o s te r is m  o f  P h en y liso cy an a te  and 

D iazobenzene-im ide ."  J .  Amer. Chem. Soc. ,  45 (1923): 1734-1738.

^'^Wallace H. C a ro th e rs , "The Double Bond," i b i d . , 46 (1924): 2226-
2236 .

^^See Robert E. K oh ler, J r . ,  "The Lewis-Langmuir Theory o f Valence 
and th e  Chemical Community, 1920-1928," H is to r ic a l  S tu d ie s  in  P h y sica l 
S c ie n c e s , 6 (1975): 431-468, on pp. 436-445.

12John R. Johnson, " . . .  T his Uncommon Man," Du Pont M agazine, 
n .d . ,  A. B. C. S trange P e rso n a l C o lle c tio n  ( h e r e in a f te r  r e f e r r e d  to  as SC).

13In  1928 C aro thers  su b m itted  h is  p a p e r, "The E th y l Anion and th e  
S tru c tu re  o f  th e  G rignard  R eag en ts ,"  which in c lu d e d  an a p p l ic a t io n  o f th e  
o c te t  th e o ry ,  to  th e  J o u rn a l o f  th e  American Chemical S o c ie ty . Although 
c r i t i c i z e d  by th e  r e f e r e e ,  t h i s  p aper was approved fo r  p u b l ic a t io n  but 
never appeared  in  th e  J o u rn a l .  W allace H. C a ro th e rs , "The E th y l Anion 
and th e  S tru c tu re  o f th e  G rignard  R eag en ts ,"  unpub lished  MS, 1928; and 
"Comments o f  th e  R e fe re e ,"  O ctober 1928, p . 2 ,

^^T h is s tudy  was p u b lish e d  w ith  Roger Adams under th e  
t i t l e ,  "P la tinum  Oxide as a  C a ta ly s t  in  th e  R eduction o f  O rganic 
Compounds. I I .  Reduction o f  A ldehydes. A c tiv a tio n  o f  th e  
C a ta ly s t by th e  S a l ts  o f C e r ta in  M e ta ls ,"  in  J .  Amer. Chem. Soc. .
45 (1923) :  1071- 1086 .

^^For Roger Adams, see  N elson J .  Leonard, "Roger Adams," J .  Amer. 
Chem. Soc. ,  91 (1969): a -d ;  D ic tio n a ry  o f S c i e n t i f i c  B io g rap h y , Supplement
( 1978) ,  s .v .  "Adams, R oger," by R obert E. K ohler, J r . ;  E. J .  Corey, "Roger 
Adams," American C h e m is try -B ic en te n n ia l. (P roceedings o f  R obert A. Welch 
F oundation  C onferences on Chemical R esearch , XX), e .d .  W. 0 . M illig an  
(H ouston, Texas: The R obert Welch Foundation , 1977): 204-228; D. S tan ley
T a rb e l l  and Ann Tracy T a rb e l l ,  Roger Adams: S c ie n t i s t  and Statesm an
(W ashington, D .C .: Amercain Chemical S o c ie ty , I 98I ) .

^ ^ In  Ja c k so n 's  o p in io n , W i l l s t a t t e r  was th en  th e  o n ly  German 
o rg an ic  chem ist comparable to  Emil F is c h e r . See T a rb e l l  and T a rb e l l ,
Roger Adams, p . 27 f f .
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17Organic S y n th eses: An Annual P u b lic a tio n  o f  S a t is f a c to ry
Methods fo r  th e  P re p a ra tio n  o f  Organic Chem icals (New York: John Wiley
ânT "sônF r"ïncT riL 92ÎZ ) ,  v o l .  1 -  . C aro th e rs  e d i te d  th e  t h i r t e e n th
volume o f  t h i s  s e r i e s  in  1933.

10 See, e . g . , Roger Adams, " U n iv e r s i t ie s  and In d u s try  in  S c ie n c e ,"  
Ind . Eng. Chem. , 46 ( l9 5 k ) : 506-510. Adams to o k  over Noyes' p o s i t io n  as  th e
departm ent head in  1926. Between 1918-1958 ( h is  r e t i r e m e n t ) ,  Adams t r a in e d  
18!+ P h .D . 's ,  o f  whom 132 s tu d e n ts  went to  in d u s try  im m ediately  a f t e r  g radua­
t io n  o r  l a t e r .  The Adams-Du Font co n n e c tio n  was p a r t i c u l a r l y  t i g h t ;  25 d o c t­
o r a l  s tu d e n ts  o f  Adams went to  th e  Du Pont Company, in c lu d in g  C a ro th e rs .
See T a rh e l l  and T a rh e l l ,  Roger Adams, pp. 95-100, and 221-220.

^^Adams, "B io g rap h ica l M emoir," p . 296 .

20 In  a memorandum d a ted  December I 8 , 1926, to  th e  E xecu tive Com­
m it te e  a t  th e  Du Pont Company, S tin e  s t a t e d ,  "We a re  in c lu d in g  in  th e  cen­
t r a l  Chemical D epartm ent's  budget f o r  1927 an item  o f  $20,000 to  cover 
what may be c a l le d  fo r  want o f a  b e t t e r  name, pu re  sc ie n c e  o r fundam ental 
r e s e a rc h  work. The purpose f o r  which t h i s  sum i s  re q u e s te d  re p re s e n ts  a 
s u f f i c i e n t l y  r a d i c a l  d e p a rtu re  from p rev io u s  p o lic y  so t h a t  i t  seems 
a d v is a b le  to  p re s e n t th e  m a tte r  in  t h i s  s p e c ia l  l e t t e r .  The p ro se c u tio n  
o f  fundam ental o r p io n ee r re s e a rc h  work by i n d u s t r i a l  l a b o r a to r ie s  i s  not 
an u n t r ie d  ex p erim en t, Not on ly  i s  i t  f o s te r e d  to  a  c o n s id e ra b le  e x te n t 
by fo re ig n  in d u s t r ie s ,  p a r t i c u l a r l y  in  Germany, bu t a ls o  by c e r t a in  con­
c e rn s  in  t h i s  c o u n try , n o ta b ly  th e  G enera l E le c t r i c  Company. The s o r t  o f  
work we r e f e r  to  i s  work undertaken  w ith  th e  o b je c t  o f  e s ta b l is h in g  or 
d isc o v e r in g  new s c i e n t i f i c  f a c t s .  I t  i s  th u s  d is t in g u is h e d  from what 
may be c a l le d  a p p lie d  r e s e a rc h , which a p p lie d  p re v io u s ly  e s ta b l is h e d  p rac ­
t i c a l  p rob lem s."  C harles M. A. S tin e  t o  E xecu tive  Committee, December I 8 , 
1926 , Acc. IL97 , Box 2 , EMHL. For th e  Du Pont fundam ental re s e a rc h  p ro ­
gram, se e  a ls o  C harles M. A. S t in e ,  "The P lace  o f  th e  Fundam ental R esearch 
in  an  I n d u s t r i a l  R esearch O rg a n iz a tio n ," T rans. Amer. I n s t .  Chem. Eng. ,
32 (1936 ) : 127-137; Elmer K. B o lton , "Du Pont R esea rch ,"  I 961 , Du Pont
Company, Acc. 1689 , EMHL; C. B. M cCoybylihe, "Moment o f  D e c is io n ,"  1969,
Du Pont Company, Acc. lk 9 7 . Box 2h , EMHL; and J e f f r e y  Louis S tu rc h io , 
"Chem ists and In d u s try  in  Modern Am erica: S tu d ie s  in  th e  H is to r ic a l  A p p li­
c a t io n  o f  Science I n d ic a to r s ,"  (Ph.D. d i s s e r t a t i o n  a t  th e  U n iv e rs i ty  o f  
P en n sy lv an ia , 1981 ) , e s p e c ia l ly  p . i b b f f .  In  e s ta b l is h in g  th e  fundam ental 
r e s e a rc h  program , Du Pont a ls o  made an in s p e c t io n  o f  B e ll L a b o ra to r ie s :  
In te rv ie w  w ith  Elmer K. B o lton  by A lfre d  D. C hand ler, R ichard  D. W illiam s, 
and Norman B. W ilk inson , September lU , 1961 , Acc. 1689 , EMHL. V arious 
a s p e c ts  o f  American i n d u s t r i a l  re s e a rc h  and i t s  s t r a te g y  have been d isc u sse d  
in  B ernard  B arb e r, Science and th e  S o c ia l  O rder (G lencoe, I l l i n o i s :  The
F ree  P re s s , P u b lis h e r s , 1952 ), e s p e c ia l ly  Ch. 7 ; A lfre d  D. C handler,
S tra te g y  and S tru c tu re :  C hap ters in  th e  H is to ry  o f  M e r ic a n  I n d u s t r ia l
E n te rp r is e  (Cambridge. M assach u se tts : MIT P r e s s ,  1962); K endall B i r r ,
P io n e e rin g  in  I n d u s t r ia l  R esearch  ; The S to ry  o f  th e  G eneral E le c t r i c  : 
R esearch  L aborato ry  (W ashington, D .C .: P u b lic  A f fa i r s  P re s s , 1957); John J .
Beer and W. David Lewis, "A spects o f  th e  P r o fe s s io n a l iz a t io n  o f  S c ie n c e ,"
The P ro fe s s io n s  in  Am erica, ed . Kenneth S. Lynn e t  (B oston: Houghton
M if f ln , 1965) :  110-130; David F. N oble, America by D esign; S c ie n c e ,
Technology, and th e  R ise  o f  C orporate  C a p ita lism  (New York: A. A. Knopf,
1977) ;  K endall B i r r ,  " I n d u s t r i a l  R esearch  L a b o ra to r ie s ,"  in  The S c i-
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ences in  th e  American C on tex t: New P e r s p e c t iv e s , ed . Nathan R eingold
(W ashington, D .C .: S m ithsonian  I n s t i t u t i o n  P re s s , 1979); John Rae, "The
A p p lica tio n  o f  S cience to  In d u s try ,"  in  The O rg an iza tio n  o f  Knowledge in  
Modern A m erica, i860-1920, ed. A lexandra Oleson and John Voss (B a ltim ore; 
Johns Hopkins U n iv e rs i ty  P re s s , 1979); Leonard R eich , " I n d u s t r i a l  R esearch 
and th e  P u r s u it  o f  C orporate  S e c u rity :  The E a rly  Years o f  B e ll  L abs,"
B usiness H is to ry  Review, 5̂  (1980) :  503-529; L i l l i a n  Hoddeson, "The Emer­
gence o f  B asic R esearch  i n  th e  B e ll  Telephone System ," Technology and 
C u ltu re , 22 (198I ) : 512-5^^; George W ise, "A New Role fo r  P ro fe s s io n a l
S c ie n t i s t s  i n  In d u s try :  I n d u s t r ia l  R esearch a t  G eneral E l e c t r i c ,  19OO-
1916 ."  i b i d . ,  21 (1980 ) : Uo8-h29; and " lo n i s t s  in  In d u s try : P h y s ic a l
Chem istry a t  G eneral E l e c t r i c ,  1900-1915," I s i s , 7̂  (1983): 7-21.

21
W allace Hume C aro thers  to  John R. Johnson, F ebruary  lU , 1928,

SC. Johnson re c e iv e d  h i s  Ph.D. in  1922 under Roger Adams a t  th e  U niver­
s i t y  o f  I l l i n o i s .  A f te r  s ta y in g  as I n s t r u c to r  o f  Organic Chem istry in  
I l l i n o i s  ( 192U -I927 ) ,  he moved t o  C o rn e ll U n iv e rs i ty , I th a c a  in  1928, 
where he ta u g h t u n t i l  h i s  re t ire m e n t in  19^5. He was C a ro th e rs ' in tim a te  
f r ie n d  s in c e  t h e i r  I l l i n o i s  days. The la rg e  p a r t  o f t h e i r  correspondence  
betw een 1926 and 1937 i s  c o l le c te d  in  SC. The in fo rm a tio n  on th e  Du Pont 
E xperim ental S ta t io n  d u rin g  t h i s  p e rio d  i s  in  th e  Company's pam phlet.
The C e n tra l Chemical Department and I t s  L ab o ra to ry , W ilm ington, Delaware 
(W ilm ington, D elaw are: E. I .  Du Pont de Nemours & Company, 1928). Du
Pont Company's re s e a rc h  p o lic y  a t  th e  E xperim ental S ta tio n  was summarized 
in  A. P. Tanberg, "The Conduct o f  R esea rch ,"  1931, Du Pont Company, Pam. 
EMHL.

^^See p . 39 f f .
23Jacques Loeb to  T. H. Morgan, February  17 , 1920; c i t e d  in  K ohler, 

"Lewis-Langm uir T heory ," p . UU6.
2k

James B ryant Conant, My S ev e ra l L ives : Memoirs o f  a  S o c ia l
In v en to r  (New York, Evanston and London: H arper and Row, 1 9 7 0 ), p . 67 .
Conant was R ic h a rd s ' s o n -in - la w . For an American c h e m is t 's  postw ar 
e f f o r t s  to  c r e a te  a b r id g e  betw een th e  s c i e n t i f i c  comm unities o f  Germany 
and th e  w artim e a l l i e s ,  se e  W illiam  A lb e rt Noyes' B u ild in g  For Peace: A
C hem ist's  Summer in  Eurone (New York: The Chemical C ata log  C o., 1923)
and B u ild in g  fo r  Peace I I :  I n te r n a t io n a l  L e t te r s  (Cambridge: W. H effer
and Sons L td . ; New York: The Chemical C ata log  C o., 192k).

25
These m eetings in c lu d e  th e  French Chemical S o c ie ty  (1 9 3 1 ), th e  

Faraday S o c ie ty  in  M anchester (1932) and in  Cambridge (1935 ), and th e  
M adrid m eeting o f  th e  I n te r n a t io n a l  Union o f  Pure and A pplied Chem istry 
( 193k ) . See a ls o  Ch. IV, p . lk 2 .

S ta u d in g e r 's  1920 paper was b r i e f ly  summarized in  Chem. A b s tra c ts . 
ih  (1920) ,  P a r t  3: 3^23—3^24; and in  J .  Chem. Soc.» A b s tra c ts  o f  P aners.
Ik3  (1920) ,  P a r t  I :  517-518. -----

^"^See Ch. I I ,  . 77-78 , n . k3.
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28Hermann S ta u d in g e r and Herman A. B ruson, "Uber das D icyclopen- 
ta d ie n  und w e i te r e  ^polymere G yc lo p en tad ien e ,” L ie b ig s  Ann. Chem. , bit? 
(1926 ) : 97-110 ; "Uber d ie  P o ly m e risa tio n  des C y c lo p e n ta d ie n s ,"  i b i d . :
110-122; and Hermann S ta u d in g e r , A. A. Ashdown, M. B runner, H. A. Bruson, 
and S. W e h rli, "Uber d ie  K o n s t itu t io n  des P o ly - in d e n s ,"  H elv. Chim. A cta, 
12 (1929) :  93^-957. On Bruson, see  American Men o f  S c ie n c e , 1 1 th  ed .
( 1965) ,  s .v .  "B ruson, Dr. Herman A (lex a n d e r) ."

29 **Hermann Staudinger and Avery A. Ashdown, "Uber Poly-or-phenyl-
b u ta d ie n ,"  B e r . ,  63 (1930): 717-721. His p a p e r , p u b lish e d  in  1929 w ith
S ta u d in g e r , B ruson, and o th e r s ,  i s  shown in  n . 28 . On Ashdown, see 
American Men o f  S c ien c e , U t h  e d . (1965) ,  s .v .  "Ashdown, P ro f . Avery 
A ( l le n ) ."  I t  i s  no t known w hether C aro thers  met Ashdown a t  Cambridge in  
th e  p e r io d  betw een 1925 and 1928 . In  any e v e n t,  ac co rd in g  to  C a ro th e rs ' 
co lle ag u e  a t  Du P on t, J u l ia n  W. H i l l  (an MIT g rad u a te  who knew Ashdown 
p e r s o n a l ly ) ,  Ashdown d id  no t p lay  an im portan t r o l e  in  th e  in tro d u c tio n  o f  
S ta u d in g e r 's  th e o ry  in  th e  U n ited  S ta te s .  In d eed , H i l l  h im se lf  was no t 
i n te r e s t e d  in  polym er re s e a rc h  u n t i l  he jo in e d  C a ro th e rs ' group in  1929. 
In te rv ie w  w ith  J u l ia n  W. H i l l  by th e  a u th o r , November 29 , 1982.

^^W alter N. Haworth, " A lip h a tic  D iv is io n ,"  Annual R eports on the  
P r o g re s s 'o f  C hem istry  fo r  1927, 2h ( 1928) : 61-105; W alter N. Haworth and
E. L. H i r s t ,  A lip h a t ic  D iv is io n ,"  Annual R eports on th e  P ro g ress  o f  
C hem istry fo r  1929, 26 (1930): 105-110.

S ta f fo rd  W hitby and M orris K atz , "The P o ly m e riz a tio n  o f  
Indene , Cinnamal F luo rence  and Some D e riv a tiv e s  o f  In d e n e ,"  J .  Amer. Chem. 
Soc. , 50 ( 1928 ) :  I I 6O -II71 . C f . ,  G. S ta f fo rd  W hitby, "R ecent Work on
H a rrie s  on C auotchoc," Ind ia -R ubber J . , 617 (F eb ruary  12 , 1921): 315-317,
on p . 315 .

32
Em il F is c h e r ,  "S y n th e s is  o f  D epsides , L ichen-S ubstances and 

T an n in s,"  J .  Amer. Chem. Soc. ,  36 ( 191U): 1170-1201. Cf_., Ch. I ,  p . 22.

33W olfgang O stw ald, An In tro d u c tio n  to  T h e o re t ic a l  and A nnlied
C o llo id  C hem istry : The World o f  N eglected  D im ensions, t r a n s .  M artin  H. 
F isc h e r  (New York: John W iley and Sons, I n c . : London : Chapman and 
H a ll, L td . ,  1917) ,  p . ix .  C f. Ch. I ,  n . 33.

3U
Ralph E. O esper, "Wolfgang Ostwald (1 8 8 3 -1 9 ^ 3 ),"  J .  Chem. E duc.. 

22 (1945) : 263-264, on p . 264.

^^This E n g lish  t r a n s l a t i o n  (see n . 33) was r e p r in te d  re p e a te d ly
u n t i l  1925.

3&See, e . g . . H arry N. Holmes, "The Growth o f  C o llo id  Chem istry in  
th e  U nited  S t a t e s , ' J .  Chem. Educ. ,  31 (1954): 600-602, on p . 6OO.

"̂̂ On Bancroft, see Alexander Findlay, "Wilder D w i^t Bancroft, 
1067-1953." J .  Chem. Soc. .  56 (1953): 2506-25l4 ; J o h n  W. Servos, "Phy-
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s i c a l  Chem istry in  Am erica, 1890-1933: O rig in s , Growth, and D e f in i t io n ,"
(Ph.D . d i s s e r t a t i o n  at, Johns Hopkins U n iv e rs i ty , 19T9); and "A D is c ip l in a ry  

Program That F a i le d :  W ilder D. B ancro ft and th e  Jo u rn a l o f  P h y s ic a l
C hem istry . 1896-1933." I s i s ,  73 (1982): 207-232.

Og
W ilder D. B a n c ro ft, "P h y s ic a l C hem istry ," in  A H alf-C en tu ry  o f  

Chem istry in  A m erica. 1876-1926, ed. C harles A. Browne, p u b lish e d  a t  th e  
Golden J u b ile e  Number, J .  Amer. Chem. Soc. .  48 (1926): 89-110, on p . 110.
See a ls o  W ilder D. B a n c ro ft, "The F u tu re  in  C hem istry ,"  S c ie n c e . 27 
(1903): 978- 9 8 0 , e s p e c ia l ly  pp. 979-980.

^^See S ervos, "A D is c ip l in a ry  Program That F a i le d ,"  p . 219.

40W ilder D. B a n c ro ft, A pplied  C o llo id  C hem istry : G eneral Theory
(New York: M cGraw-Hill, 1921).

41I b id . , p . 1 .

42C f . ,  Ch. I ,  pp. 26 and 29.

^ ^ B a n c ro ft, A pplied  C o llo id  C hem istry , p . I 8 7 .

44
Sdren P. L. S o rensen , " P ro te in s tu d ie n ,"  Compt. ren d , t r a v .  Lab. 

C a r lsb e rg . 12 (1917): 1 -364.

^^John T. E d s a l l ,  "P ro te in s  as M acromolecules : An Essay on th e
Development o f  th e  M acromolecule Concept and Some o f  I t s  V ic is s i tu d e s ,"  
A rchives o f  B iochem istry  and B io p h y s ic s . Supplement 1 ( 1962) : 12 -20 , on
p. 1 8 .

^^C f. ,  Ch. I I ,  p . 66.

p. 232 .
^^W ilder D. B a n c ro f t , A pplied C o llo id  C hem istry , 3 rd  ed . (1932), 

48.R eg inard  0. Herzog and M. Kobel, " P ro te in  S tu d ie n . I I .  Versuche 
zur M olekulargew ichtesbestim m ung an S e id e n f ib ro in ,"  Z. p h y s io l . Chem. ,
134 (1924,): 269- 299 .

49Edwin J .  Cohn and James B. Conant, "The M olecular W e i^ ts  o f  
P ro te in s  in  P h en o l,"  J .  Amer. Chem. Soc. .  12 (1926): 433-438.

^^See Conant, My S ev e ra l L iv e s , pp. 67-73.

^^"When P ro fe s so r  James B. Conant, l a t e r  American ambassador to  
th e  F e d e ra l R epublic  o f  Germany, v i s i t e d  my la b o r a to r ie s  in  Z ü rich  in  
1925 , my co-w orkers and I  t o ld  him our argum ents in  fav o r o f  th e  macro- 
m olecu lar s t r u c tu r e  o f  th e s e  polym eric compounds. On h is  v i s i t  t o  Germany 
which im m ediately  fo llow ed  he was t o ld  not to  b e lie v e  a word o f  S tau d in ­
g e r!"  Hermann S ta u d in g e r , A rb e itse rin n eru n g en  (H eide lberg : Dr. A lfred
H üthig  V erlag  GmbH, I 961 ) ,  p . 85; From Organic Chem istry to  M acromolecules: 
A S c i e n t i f i c  A utobiography on My O rig in a l P a p e rs , t r a n s .  Jerome Fock and
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M ichael F r ie d  (New York, London, Sydney, and T oronto : W ile y -In te r s c ie n c e ,
1970), p . 81.

52James B. Conant, Organic Chemistry: A B rief Introductory Course
(New York: Macmillan, 1928), p . 279•

^^ Ib id . . p .  51 .

^ ^ I b id . , p . 55.

^^Cf., Ch. I ,  pp. 26- 2 8 .

James B. Conant, quo ted  i n  Adams, "B io g ra p h ica l M emoir," p . 297.

^'^ Ib id .
C Û

C aro the rs  had an e x c e l le n t  re a d in g  a b i l i t y  o f  th e  German chenical 
l i t e r a t u r e .  In te rv ie w  w ith  J u l ia n  W. H i l l ,  February  23 , 1982.

59W allace H. C aro thers and J u l i a n  W. H i l l ,  " A r t i f i c i a l  F ib e rs  from 
S y n th e tic  L inear C ondensation Superpolym ers,"  J .  Amer. Chem. Soc. ,  5 l  
( 1932 ): 1579- 1587 ; C a ro th e rs , C o lle c te d  P a p e rs : 179-189, on p . I 8 6 .

^^W allace H. C a ro th e rs , " P o ly m e riz a tio n ,"  Chem. Review s, 8 (1931): 
353-126; C a ro th e rs , C o llec ted  P a p e rs : 8I - I I 0 , on p. 129.

^^C aro thers  e x p l i c i t l y  su p p o rted  S ta u d in g e r ' s o r g a n ic - s t r u c tu r a l  
approach to  polym ers : "The view  t h a t  th e  o rd in a ry  s t r u c tu r a l  th e o ry  o f
o rg an ic  chem istry  i s  adequate  to  d e a l  w ith  h igh  polym ers has been now fo r  
s e v e ra l  y ea rs  a b ly  defended by  S ta u d in g e r  and h is  c o l la b o ra to r s  . . . "  
W allace H. C aro thers  and G. L. Borough, "E thylene S u c c ia n a te s ,"  J . Amer. 
Chem. Soc. ,  52 (1930): 711-721; C a ro th e rs , C o llec ted  P a n e rs : 12-53, on
p. 52.

^^ C aro th e rs  to  Johnson, F ebruary  l l ,  1928. The a c tu a l  v a lu e  th a t  
F isc h e r  gave fo r  h i s  s y n th e t ic  compound was l021 and n o t 1200. Cf_., Ch.
I ,  p . 22 and Ch. I l l ,  p . 98 .

^3
On F is c h e r 's  s y n th e t ic  approach to  p r o te in s ,  see  Ch. I ,  p. 20 f f .

61
C aro th e rs  to  Johnson, February  l l ,  1928 .

Johnson , "C aro th e rs"  ( 19I 0 ) (se e  n . 2 ) ,  p . 102.

^^W allace H. C a ro th e rs , "An In tro d u c tio n  to  th e  G eneral Theory o f 
Condensation P o lym ers,"  J .  Amer. Chem. Soc. .  51 (1929): 2518-2559;
C a ro th e rs , C o lle c te d  P a p e rs : I - I 7 .

6 Y
The condensa tion  r e a c t io n  in c lu d e s  e s t é r i f i c a t i o n ,  amid forma­

t i o n ,  e th e r  fo rm a tio n , and anhydride fo rm ation .

^ ^ C a ro th e rs , " In tro d u c t io n ,"  in  C o lle c te d  P a p e rs , p . 7 .
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^ ^ Ib id . ,  pp . 6 and 9•

TOC a ro th e rs , "P o ly m e riz a tio n ,"  in  C o lle c te d  P a p e rs , p . 12h.

71The fo rm atio n  o f th e s e  co n d en sa tio n  polym ers a re  i l l u s t r a t e d  as
fo llo w s :

P o ly e s te rs  formed by th e  in te rm o le c u la r  s e l f - e s t e r i f i c a t i o n  o f  
hydroxy a c id s ,

H C -R -C O O H + H O -R -C O O IM O -R -C O -O -R -C O O H + H g O

2HO-R-CO-0-R-COOH-»-HO-R-CO-0-E-CO-0-R-CO-0-R-COOH+H20, e tc .  ;

P o ly e s te rs  formed by th e  a c t io n  o f d ib a s ic  a c id s  on d ih y d ric  
a lc o h o ls ,

n HOOC-R-COOH+(n+1)HO-R' -OH-+HO-R' -0-(CO-R-CO-O-R'- 0 )nH+HgO, e tc .  ; 

P o ly e th e rs  formed by th e  in te rm o le c u la r  s e l f - e t h e r i f i c a t i o n  o f
g ly c o ls ,

HO-R-OH+HO-R-OH+HO-R-OH+etc. ,->H 0-R-0-R-0-R-O-R-0-R-0-etc. , fHgO 

P o lyanhyd rides d e riv e d  from  d ib a s ic  a c id s ,

HOOR-R-COOH+HOOC-R-COOH+etc .->-HOOC-R-CO-L-LC-R-CO-C-OC-R-CO-etc. ,
+HgO,

where R and R' in d ic a te  o rgan ic  r a d i c a l s .

72See C a ro th e rs , C o lle c te d  P a p e rs , pp. 3-270.

73 C a ro th e rs , "P o ly m e riz a tio n ,"  in  C o lle c te d  P a p e rs , pp. 82-83 .

C aro thers  and Dorough, "E thy lene  S u c c in a te s ,"  in  C a ro th e rs , 
C o lle c te d  P a p e rs , pp. 52-53. Of,*» Ch. I I ,  pp . 59-62.

"^^Cf. ,  Ch. I I ,  p. 51. 
t6C aro th e rs  and H i l l ,  " A r t i f i c i a l  F ib e r s ,"  in  C a ro th e rs , C o lle c te d  

■ P a p e rs , p . l3 6 .

77W allace H. C aro thers  and F. J .  van N a tta , " P o ly e s te rs  from  w- 
Hydroxydecanoic A c id ,"  J .  Amer. Chem. Soc. ,55 (1933): 1+71^-^719; C aro th ­
e r s ,  C o lle c te d  Papers : 195-202, on p . 196.

TÔAs he p u t i t ,  th e  p rim ary  o b je c t  o f  h i s  s tu d y  was " to  s y n th e s iz e  
g ia n t  m o lecu les o f  known s t r u c tu r e  by s t r i c t l y  r a t i o n a l  methods" C a ro th e rs  
and H i l l ,  " A r t i f i c i a l  F ib e rs ,"  in  C a ro th e rs , C o lle c te d  P a p e rs , p . 186. 
Concerning th e  a d d it io n  p o ly m e riz a tio n  o f  u n s a tu ra te d  compounds, C a ro th e rs  
s ta te d  in  1931: "So f a r  as th e  fo rm atio n  o f  m a te r ia ls  o f h igh  m o lecu la r
w eight i s  concerned , such r e a c t io n s  a re  much l e s s  c le a r - c u t  th a n  b ifu n c ­
t i o n a l  c o n d e n sa tio n s , fo r  th e  l a t t e r  in v o lv e  only  th e  a p p lic a t io n  o f
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known r e a c t io n s  o f  ty p ic a l  fu n c t io n a l  g ro u p s, and th e  g e n e ra l s t r u c tu r a l  
p la n  o f  th e  p roduct may he in fe r re d  d i r e c t l y  from th e  s t r u c tu r e  o f th e  
s t a r t i n g  m a te r ia ls .  On th e  o th e r  hand, no c lue  to  th e  in tim a te  d e t a i l s  
o f  th e  mechanism o f s e l f - a d d i t io n  can he found in  th e  r e a c t io n s  o f  th e  
compound concerned  w ith  any compounds o th e r  th an  i t s e l f . "  C a ro th e rs , 
"P o ly m e riz a tio n ,"  in  C o llec ted  P a p e rs , pp. 113-114.

^ ^ E .g . , "Nylon" (a n o n .) .  F o rtu n e , v o l .  22, no. 1 (1974): 57-60,
l l 4 ,  and U 6 ,  on p . 58; Leonard M osley, Blood R e la tio n : The R ise and
F a l l  o f  th e  du Ponts o f  Delaware (New York: Atheneum, I 98C ), pp. 362-363.

Quoted in  Cole Coolidge t o  R obert N. Anthony, C ctoher 20 , 1952, 
Acc. 1497, Box I 8 , EMHL.

81 See e . g . , C a ro th e rs , "P o ly m e riz a tio n ,"  in  C o llec ted  P a p e rs , 
pp. 88-89  and 129- 136 .

Oo
I b id . , pp. 88- 89 .

On
J .  N. Brgftisted and G. H evesty , "Cn th e  S ep a ra tio n  o f  th e  I s o ­

to p es  o f  M ercury," P h ilo so p h ic a l M agazine, 43 (1922) : 31-49; and C. R.
B urch, "Some Experim ents on Vacuum D i s t i l l a t i o n , "  P roceed ings o f th e  Royal 
S o c ie ty -o f  London, 123 (1929) ' 271-284.

H. C aro thers  and J u l ia n  W. H i l l ,  "The Use o f  M olecular Evap­
o r a t io n  as a  Means fo r  P ropagating  Chemical R e a c tio n s ,"  J . Amer.Chem. S o c .,
54 (1932 ): 1557-1559; in  C o llec ted  P a p e rs , pp . 154-156.

^ ^ I h id . ,  p . 155 .

H. C aro thers  and J .  W. H i l l ,  "L inear S u p e rp o ly e s te rs ,"  J .  Amer. 
Chem. Soc. ,  54 (1932): 1559-1566; "Polyam ides and Mixed P o ly e s te r-P o ly ­
am ides,"  i h i d . : I 566- I 569; "A L inear Superpolyanhydride and a  C yclic  -
Dim eric Anhydride from S eb as tic  A cid ," i h i d . : 1569-1579; C a ro th e rs ,
C o lle c te d  P a p e rs : 156-179. The f i r s t  superpolym er was p rep a red  on A p r il  16 .

87 H il l  i n i t i a l l y  found t h i s  phenomenon when he p u lle d  th re a d s  o f  
a moIton s u p e rp o ly e s te r  w ith  a ro d . See H i l l 's  l a t e r  d em o n stra tio n .
F igu re  3.2. See a ls o  memorandum from J .  W. H i l l  to  W. H. C a ro th e rs , "Review 
o f  Work on .S uperpo lym ers,"  Du Pont Company, February  6 , 1931, Acc. 903 , 
R utledge Scrapbook, v o l. 598, EC4HL.

68J u l ia n  W. H i l l  to  B e ttin a  S a rg e a n t, November 17 , I 96O, Acc.
1497, Box 24, EMHL.

89
C aro thers  and H i l l ,  " A r t i f i c i a l  F ib e r s ,"  C o llec ted  P a p e rs , p .

187 . A lthough C aro thers  r e je c te d  th e  p r e v a i l in g  concept o f  th e  agg rega te  
fo rc e  o f  sm all m o lecu les , he ad m itted  th e  e x is te n c e  o f  th e  cohesive  fo rc e s  
which e x e r t  betw een m acrom olecules. He s t a t e d :

The cohesive  fo rc e s  which r e s i s t  th e  s e p a ra tio n  o f  m olecu les from 
one a n o th e r  . . . in c re a s e  c o n tin u o u s ly  w ith  in c re a s in g  m olecu lar
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w eigh t in  a  g iven  s e r i e s ,  and in  h igh  polym ers th e y  rea c h  va lu es  
g r e a t ly  in  excess o f  th e  energy  re q u ire d  to  ru p tu re  a prim ary  valence  
lin k a g e  in  a  ch a in . For t h i s  reason  h igh  polym ers cannot be d i s t i l l ­
ed w ith o u t decom position ; indeed  i t  appears  t h a t  th e  upper l im i t  o f  
d i s t i l l a b i l i t y  may l i e  a t  as low a m olecu lar w eigh t as 1200 and 1500.

See C a ro th e rs , " P o ly m e riz a tio n ,"  C o lle c te d  P a p e rs , p . 130. C a ro th e rs ' 
concep t o f  th e  cohesive  fo rc e  r e f l e c t s  th e  id e a  o f " m ic e l la r  fo rc e "  p ro ­
posed around 1928 by Kurt H. Meyer and Herman Mark, who assumed th a t  
c e l lu lo s e  i s  composed o f  m ic e lle s  o r th e  bund les o f  lo n g  ch a in  m olecules 
h e ld  to g e th e r  by  s p e c ia l  m ic e l la r  fo rc e s . W hile h ig h ly  e v a lu a tin g  Meyer 
and M ark 's work, however, C a ro th e rs  d id  not adopt a l l  a s p e c ts  o f  th e  new 
m ic e lle  th e o ry . W ell aware o f  th e  dabate  betw een S ta u d in g e r  and Meyer- 
Mark, he was le d  to  fav o r S ta u d in g e r 's  p o s i t io n  th a t  th e  m ic e lle s  them­
s e lv e s  a re  la rg e  m o lecu les. See, e . g . , W allace H. C aro the rs  and G. L. 
Dorough, "E thy lene  S u c c in a te s ,"  J .  Amer. Chem. S o c ., 52 (1930): 711-721,
in  C a ro th e rs , C o lle c te d  P a p e rs , 1+2-53, on pp. 52-53; and C aro th e rs , 
" P o ly m e riz a tio n ,"  C o lle c te d  P a r e r s , p . 126. On th e  new m ic e lle  th e o ry , 
see Ch. I I ,  pp . 59-62.

90
This ty p e  o f  polym ers i s  ex e m p lif ie d  by S ta u d in g e r 's  p o ly s ty re n e :

. . . -CH-CH„-CH-CH„-CH-CH -CH-CH-- . . .

X X X X 

where X r e p re s e n ts  phenyl group.

91
188.

C aro thers  and H i l l ,  " A r t i f i c i a l  F ib e r s ,"  C o lle c te d  P a p e rs , p .

^^ I b i d . , pp. 187- 188 . C f . ,  C a ro th e rs , "P o ly m e riz a tio n ,"  C o lle c te d  
P a p e rs , pp. 132-136. S tau d in g e r and Rudolph S ig n er (1903- ) had re p o r te d
in  1929 photom icrographs o f  f ib ro u s  c r y s ta ls  o f  polyoxm ethylene formed 
d i r e c t l y  from form aldehyde v a p o rs , and th ey  c la im ed  t h a t  th e se  c r y s ta ls  
were th e  f i r s t  f ib e r s  to  be p rep a re d  by s y n th e s is .  But th e s e  f ib ro u s  
m a te r ia ls  were only  a  few m illim e te rs  in  le n g th  and to o  f r a g i l e  fo r  
C aro th e rs  to  c o n s id e r  as f i b e r s .  In  h is  o p in io n , a  u s e fu l  f ib e r  must 
s a t i s f y  c e r t a in  m echanical req u irem e n ts . W allace H. C a ro th e rs , " A r t i f i ­
c i a l  F ib e rs  from S y n th e tic  L inear C ondensation S uperpo lym ers,"  a m anuscrip t 
made around A ugust, 1931, C aro thers  F i l e ,  L a v o is ie r  L ib ra ry , Du Pont Com­
pany, p . 1. C f . , H. S ta u d in g e r and R. S ig n e r , "Uber den K r is ta l lb a u  
hochm oleku larer V erbindungen," Z e i t s c h r i f t  f u r  K r i s ta l lo g r a n h ie , 70
(1929 ) :  193- 210 , on p . 208 .

H. C aro thers  and J .  W. H i l l ,  " A r t i f i c i a l  F ib e rs  from Synthe­
t i c  L inear C ondensation Superpolym ers: A b s tra c t o f  P aper t o  be g iven  a t
th e  B u ffa lo  M eeting o f  th e  American Chemical S o c ie ty , September 1 , 1931," 
Acc. 9 0 3 , R utledge Scrapbook, v o l. 598, EMHL. C f . ,  C a ro th e rs  and H i l l ,  
" A r t i f i c i a l  F ib e r s ,"  in  C o lle c te d  P a p e rs . e s p e c ia l ly  p . l8 0 .

9I+Hew York Times, "Chemists Produce Synthetic 'S ilk ',"  September
2 , 1931 .
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C a ro th e rs , " A r t i f i c i a l  F ib e rs  from S y n th e tic  L inear C ondensation 
Superpo lym ers,"  M S , 1931, L a v o is ie r  L ib ra ry , Du Pont Company, Wilming­
to n , D elaw are, p . 1 . R obert Hooke, M icrograph ia: Or Some P h y s io lo g ic a l
D e sc rip tio n s  o f  M inute Bodies Made by M agnifying G lasses w ith  O bservations 
and In q u ir ie s  Thereupon, (London, 166?), p . 7»

In te rv ie w  w ith  J u l ia n  W. H i l l  by th e  a u th o r , February 22, 1982.

^^W. H. C a ro th e rs , "L in ea r Condensation Po lym ers,"  U.S. 2 ,071 ,250  
p a te n te d  February  l 6 ,  1937> " F ib e r  and Method o f  Producing  I t , "  U.S. 
2 , 071 , 251 , p a te n te d  February  I 6 , 1937.

Q8Elmer K. B olton , "Development o f  N ylon," I n d u s t r ia l  and E ngineer­
ing  C hem istry , 3h (19^2): 5 3 -5 8 , on pp. 5^ f f .  See a ls o  in te rv ie w  w ith
Elmer K. B olton by A lfred  D. C handler, Richmond D. W illiam s, and Norman 
B. W ilk inson , September l 4 ,  I 96I ,  Acc. I 689 , EMHL, pp. 20-21.

^^Elm er K. B o lton , "N ylon ," Chemical and E ng ineering  News, 20 
(1942 ): 1365- 1366 , on p. 1365 .

^^^G erard  J .  B e rch e t, "A d ipate  o f  Hexamethylene D iam ine," ( e x p e r i­
m ental r e c o r d ) ,  Du Pont Company, February  28 , 1935. The chem ical s t r u c ­
tu re  o f  th e  polymer 66 i s  :

. . . -NH-R-NH-CO-R'-CO-NH-R-NH-CO-R'-CO- . . .

where R i s  -(C H g)^- and R' i s  -(C H g)^-. C f . ,  th e  s t r u c tu r e  o f  s i l k :

• « • —NH*R"CO"IïH*R *—CO“ NH“R—CO—NH"R * “"CO— • •

where R i s  -CH- and R* i s  -CH --. 
tH j

101
B olton , "Development o f  N ylon," p . 55.

102
See i b i d . , pp. 56- 5 8 ; Ferdinand S chu lze , The T echn ical D iv is io n  

o f th e  Rayon Departm ent 1920-1950, re v is e d  and e n la rg ed  from a  m anuscrip t 
p rep ared  by Roy Soukup (W ilm ington, Delaware: T e x t i le  F ib e rs  D epartm ent,
P a ten t D iv is io n , E. I .  du Pont Nemours and Company, 1952), pp. 159- I 70 .

^C harles M. A. S t in e ,  "What L a b o ra to rie s  o f  In d u stry  Are Doing 
fo r  th e  World o f  Tomorrow: Chem icals and T e x t i l e s ,"  an address d e liv e re d
b e fo re  New York H erald  T ribune EighthA nnual Forum on C urren t Problem s, 
October 27, 1938, Acc. 903, R utledge Scrapbook, v o l.  598, EMHL. Nylon 
was o f f i c i a l l y  d e fin e d  as "a  man-made p r o te in - l ik e  chem ical p roduct 
(polyam ide) which may be formed in to  f ib e r s ,  b r i s t l i n g  f ila m e n ts , sh e e ts  
and o th e r  forms which a re  c h a ra c te r iz e d  when drawn by extreme to u g h n e ss , 
e l a s t i c i t y ,  and s tr e n g th ."  See e . g . , "Some F a c ts  About N ylon," P u b lic  
R e la tio n s  D epartm ent, Du Pont Company, November, 1939, Acc. 903, R utledge 
Scrapbook, v o l .  598, EMHL, pp. U-5. On th e  naming o f  ny lo n , see  C harles
H. R u tledge , "The Name Nylon and Some o f  I t s  A dven tu res ,"  Product I n f o r ­
m ation Group, T e x t i le  F ib e rs  D epartm ent, Du Pont Company, June 20, I 966 , 
Acc 903 , R utledge Scrapbook, v o l .  598, EMHL. The name was decided  by th e  
Company in  1938 th rough  s u b s c r ip tio n s  o f  Du Pont w orkers.
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^°^"Nylon" ( a n o n .) .  F o rtune , p . 86 (n . 79 ).

^*^^0n th e  d isc o v e ry  o f  neoprene, see C harles M. A. S t in e ,  "The 
Approach to  Chemical R esearch  Based on a  S p e c if ic  Exam ple," J o u rn a l  o f 
th e  F ra n k lin  I n s t i t u t e , 2 l8  (193k): 39T-klO; A rnold M. C o l l in s ,  "The
D iscovery  o f  P o ly c h lo ro p re n e : C harles Goodyear Medal A ddress— 1973," 
Ruhher Chem. Tech. , h6 (1 9 7 3 ), no. 2: Gk8-G52; H i l l ,  " C a ro th e rs ,"  (1976), 
pp. 2k5-2k9i and John K. Sm ith , "The Ten-Year In v en sio n ; Neoprene and 
Du Pont R esearch , 1930-1939," unpub lished  p ap er p rep a red  a t  th e  U n iv e rs ity  
o f Delaware fo r  th e  f i f t i e t h  a n n iv e rsa ry  o f  neop rene , Septem ber, 198I .

C o llin s , "Discovery o f Polychloroprene," pp. Gkg-G^O; and 
Smith, "Ten-Year Invension," pp. k-5 . The preparation of monovinyl acety­
lene and d iv in y l acetylene from acetylene molecule is  shown as follow s:

CuCl
CHmCH -------------> CH_=C-CsCH (monovnyl acetylene)2( a c e ty le n e ) +

CHg=CH-C=C-CH=CH2 (d iv y n y l a c e ty le n e )

^^"^Collins, "Discovery of Polychloroprene," p. G50.

^^®Cf. th e  chem ical s t r u c tu r e  o f  iso p re n e ,
(P3

CH g=C H -C =C H g

^W allace H. C a ro th e rs , I r a  W illiam s, Arnold M. C o l l in s ,  and 
James E. K irby , "A New S y n th e tic  Rubber: C hloroprene and I t s  P olym ers,"
J .  Amer. Chem. Soc. ,  53 ( l 9 3 l ) : k203-k225.

^^^On th e  developm ent and comm ercial p ro d u c tio n  o f  n eo p ren e , see
Sm ith, "Ten-Year In v e n t io n ,"  pp. 10-2U. G. S. Whitby and M. K a tz 's  a r t i c l e
"S y n th e tic  R ubber," In d . Eng. Chem. , 25 (1933): 120k-l211 and 1338-13U8,
on pp. 13k2-13k7, in c lu d e s  an e x te n s iv e  account on th e  p r o p e r t ie s  and 
i n d u s t r i a l  s ig n i f ic a n c e  o f  neoprene ru b b e r .

^^^See C a ro th e rs , C o lle c te d  P a p e rs , F t .  I I  and pp . U26-k27.

112C arl S. M arvel, "The Development o f  Polymer C hem istry  in  America 
—E a rly  D ays," J .  Chem. Educ. ,  58 (1981 ) : 535-539, on p . 536.
On M arvel see Ch. IV, pp. 168 .

113James B. Conant , The Chem istry o f  O rganic Comnounds; A 
Y ea r 's  Course o f  O rganic C hem istry (New York:- M aCmillan, 1 9 3 3 ), p . 78.
C f. h i s  s ta tem en t on th e  s t r u c tu r e  o f  s y n th e t ic  ru b b er in  th e  1928 e d i­
t i o n ,  Ch. I l l ,  p . 10k, n . 5k.

I lk Hermann S ta u d in g e r , Die hochm olekularen o rg an isch en  V erbin­
dungen; Kautschuk und C e llu lo s e  (B e r l in ;  V erlag  von J u l iu s  S n r in g e r , 
1932) ,  pp. 11, kO, lk 8 ,  and 255.
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new id e a s  on th e  s t r u c tu r e  o f  m acrom olecular compounds 
were q u ick ly  in tro d u c e d  in to  A m erica." Hermann S ta u d in g e r , A r b e i t s e r -  
innerungen  (H e iderberg : Dr. A lfre d  H üthig  V erlag  GmbH., I 961 ) ,  p . 226.

^^^Herman F. Mark, "Polymers—P a s t ,  P r e s e n t ,  F u tu re ,"  in  Polymers 
(P roceed ings o f  th e  R obert A. Welch F oundation  C onferences on Chem ical 
R esea rch , X ), ed. W. 0 . M illig a n  (H ouston, T exas: The R obert A. Welch
F o u nda tion , 196?): 1 9 -^3 , on p . 28. C f . ,  Ch.TV, pp. I 68- I 7 1 .

•117C aro the rs  appears to  have s u f f e re d  from p e rio d s  o f  d e p re ss io n  
s in c e  h i s  I l l i n o i s  days. A ccording to  th e  d ia g n o s is  o f  Kenneth A ppel, 
a  P h ila d e lp h ia  p s y c h ia t r i s t  who t r e a te d  C aro th e rs  fo r  some tim e  b e fo re  
h i s  d e a th , C aro the rs  had sc h iz o p h re n ia . On th e  o th e r  hand , C a ro th e rs ’ 
c o lle a g u e s  a t  Du Pont b e lie v e d  th a t  i t  was a manic d e p re ss iv e  p h sy c h o sis . 
JKH, "Dr. W allace Hume C a ro th e rs ,"  memorandom, d a te d  Septem ber 30, 195^»
Du Pont Company. V arious c o n je c tu re s  have been  r e p o r te d  abou t th e  m otives 
o f  C a ro th e rs ’ s u ic id e ,  r e f e r r in g  to  h i s  s e n s i t iv e  p e r s o n a l i ty ,  p r iv a te  
and s o c ia l  l i f e ,  th e  ta k e o v e r  o f  th e  ny lon  p r o je c t  by o th e r  departm en ts  
(1935 ) ,  h is  m arriage  (F eb ru a ry , 1936), th e  d e a th  o f  h i s  be loved  s i s t e r ,  
I s a b e l  (Ja n u a ry , 1937 ), h i s  dilemma in v o lv in g  th e  c o n f l i c t  betw een academic 
and i n d u s t r i a l  v a lu e s , Du F o n t’s o rg a n iz a t io n , and s o c ie ty .  But th e y  
a r e  l a r g e ly  h in d s ig h t ,  and some o f  them even g ro u n d le ss .



CHAPTER IV

TOWARD THE COJISTRUCTION OF A NEW SCIENCE:

THE GROWTH OF MACROMOLECULAR CHEMISTRY

By th e  m idd le  o f  th e  1930s, th e  s ig n if ic a n c e  o f  th e  is s u e  o f

m acrom olecules had been w e ll rec o g n ize d  in  chem ical comm unities o u ts id e

Germany and th e  U n ited  S ta te s .  The postw ar i n t e l l e c t u a l  i s o l a t i o n  o f

Germany a p p a re n tly  d isap p ea red  in  th e  opening o f  th e  new decade .^  As

a  p r o s e ly t i z e r  fo r  m acrom olecular th e o ry ,  Hermann S ta u d in g e r  w asted no

tim e in  sp read in g  h i s  m acrom olecular th eo ry  in  Europe. In  1931 he gave

l e c tu r e s  on th e  m acrom olecular s t r u c tu r e  o f  polymers a t  th e  I n te r n a t io n a l

Solvay-C ongress in  B ru sse ls  and b e fo re  th e  S o c ié té  Chimique de France in  
2

P a r i s .  In  th e  fo llo w in g  y e a r th e  Faraday S o c ie ty  in  England o rgan ized

a  symposium, "The C o llo id  A spects o f  T e x t i le  M a te r ia ls  and R e la ted

T o p ic s ,"  in  M anchester, where S ta u d in g e r , Herman F. Mark, and o th e r  German
3

chem ists  were i n v i t e d  to  p re se n t p a p e rs . The s u b je c t  o f  h igh  polymers 

was a ls o  d isc u sse d  by S taud inger a t  th e  n in th  Congress o f  th e  I n te r n a t io n a l  

Union o f  Pure and A pplied  C hem istry, h e ld  in  Madrid in  th e  sp rin g  o f 

1934.^

Around 1933 th e  p o l i t i c a l  upheaval in  Germany began to  make a 

p rofound  im pact on i t s  academic c i r c l e s .  The Weimar R epublic  ended in  

1933 when H i t le r  came to  power w ith  h is  an ti-S em itism  cam paign. In  

A p r il  o f  t h i s  y e a r ,  th e  Nazis managed to  pass th e  C iv i l  S e rv ic e  Law

lh2
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under -which no employment was to  he g iven  to  persons o f non-Aryan des­

c e n t.^  The le a d in g  a u th o r i t i e s  on polym ers, in c lu d in g  S ta u d in g e r 's  

re d o u b ta b le  opponents, were fo rc e d  to  r e s ig n  t h e i r  p o s i t io n s  a t  th e  

K a ise r W ilh e lm -In s ti tu te , which was th e n  under S ta te  c o n tro l .  Max 

Bergmann, th e n  th e  d i r e c to r  o f  th e  I n s t i t u t  f u r  L ederforschung in  D res­

d en , moved to  th e  U n ited  S ta te s  in  1933. He l a t e r  worked f o r  th e  Rocke­

f e l l e r  I n s t i t u t e  fo r  M edical R esearch in  New York u n t i l  h i s  d e a th  i n  19^0. 

R eg inald  0 . Herzog, th e  d i r e c to r  o f th e  I n s t i t u t  fu r  F asen sto ffch em ie  

B erlin -D ahlem , f le d  t o  I s ta n b u l  in  193k and d ie d  a y ea r l a t e r .  Hans 

P rin g sh e im , aus s e ro r  d e n t l i  cher P ro fe s so r  a t  th e  U n iv e rs ity  o f B e r l in ,  

l e f t  f o r  P a r is  in  1933 and d ie d  in  Genf in  19k0. While S ta u d in g e r , non- 

Jew ish  and p o l i t i c a l l y  n e u t r a l ,  rem ained a t  F re ib u rg  im B re isg a u , th e  

p o l i t i c a l  c o n d itio n s  in  Gerimny a ls o  caused  th e  su p p o rte rs  o f th e  l a r g e -  

m o lecu la r co n cep t, K urt H. Meyer and Mark a t  th e  I .  G. F a rb e n in d u s tr ie ,  

to  le a v e  th e  coun try  i n  1932. Meyer succeeded  Ame P ic te t  (1857-1937) as 

head o f  th e  la b o r a to r ie s  o f  o rg an ic  and in o rg a n ic  chem istry  a t  th e  Univ­

e r s i t y  o f  Geneva, S w itz e rlan d , where he co n tin u ed  h is  re s e a rc h  on n a tu ra l  

po lym ers. H alf Jew ish , Mark moved to  A u s t r ia ,  a c c e p tin g  th e  p o s i t io n  o f 

D ire c to r  o f  th e  f i r s t  Chemical Laboratorium  a t  th e  U n iv e rs ity  o f  V ienna. 

T here , to g e th e r  w ith  a  number o f h is  young c o lle a g u e s , he z e a lo u s ly  

in je c te d  polymer chem istry  in to  th e  t r a d i t i o n a l  chem ical c u rricu lu m  and 

p u t fo rw ard  h is  in v e s t ig a t io n s  on p o ly m e r iz a tio n .^  The i n t e l l e c t u a l  

m ig ra tio n  o f  th e s e  polymer chem ists p rov ided  a  renewed s tim u lu s  in  t h i s  

f i e l d  to  European s c i e n t i f i c  c i r c l e s ,  and in  th e  mid-1930s th e  a ren a  o f 

h e a te d  d isc u s s io n s  on m acrom olecules moved alm ost e n t i r e ly  o u ts id e  th e  

w a lls  o f  th e  T h ird  R eich .
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Faraday S o c ie ty , 1935 

The Faraday S o c ie ty  a rranged  an in te r n a t io n a l  symposium on "The 

Phenomena o f  P o ly m eriza tio n  and Condensation" a t  th e  U n iv e rs i ty  o f 

Cambridge in  September 1935. This was th e  f i r s t  i n te r n a t io n a l  conference 

devoted  e x c lu s iv e ly  t o  g e n e ra l  s tu d ie s  o f  polym ers. I t  was a ls o  a t  t h i s  

m eeting  th a t  th e  two champions o f m acrom olecules, S ta u d in g e r (F re ib u rg ) 

and W allace H. C a ro th e rs  (W ilmington, D elaw are), met to g e th e r  fo r  th e  

f i r s t  tim e . In  a d d i t io n ,  th e  overseas g u e s ts  in c lu d ed  Meyer (Geneva),

Mark (V ienna), P ringsheim  ( P a r i s ) ,  Johann R. Katz (Amsterdam), and th e  

c e l lu lo s e  ch em is t, K arl Freudenburg ( h . 1886 ) (H e id e lb e rg ) . Among th e  

B r i t i s h  speakers were E r ic  K eigh tley  R id e a l ( b . I 890 ) and H arry Work 

M e lv ille  ( b. 1908 ) b o th  a t  Cambridge, who had embarked on t h e i r  s tu d ie s  

in  t h i s  f i e l d .  The la rg e  s iz e  o f th e  program  was in d ic a te d  by th e
7

t o t a l  o f  t h i r t y - th r e e  papers p re se n ted  d u rin g  th e  th re e -d a y  s e s s io n .

Mark remembers, "The o u ts ta n d in g  f ig u re  o f t h i s  m eeting was 

undoubtedly  W allace C a ro th e rs , who had come from W ilmington t o  g ive an 

account o f  th e  momentous s tu d ie s  which he and h is  a s s o c ia te s  had c a r r ie d
g

out d u rin g  th e  l a s t  decade" Appearing b e fo re  th e  European audience fo r
g

th e  f i r s t  tim e, C aro the rs  gave a l e c tu r e ,  "Polymers and P o ly fu n c tio n a lity ,"
0

which d e a l t  m ainly  w ith  h is  major f i e l d ,  condensa tion  p o ly m e riz a tio n . 

S ta u d in g e r , on th e  o th e r  hand, p re se n te d  a  p a p e r, "The Form ation o f High

Polymers o f  U n sa tu ra ted  S u b stan ces ,"  w hich was devo ted  to  a d d it io n  po ly -

. 10 m e r iz a tio n .

Let us remember t h a t ,  s t r ik in g  a  blow a g a in s t th e  p h y s ic a l is t  

concep tion  o f p o ly m e riz a tio n , S tau d in g er had brought back B e rz e liu s ' 

c l a s s i c a l  n o tio n s  about polymers to  t h i s  f i e l d .  In  h i s  d isc u s s io n s  a t
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th e  m eeting , he aga in  s t r e s s e d  t h a t  "a  p o ly m e risa tio n  i s  a  p ro c e ss  in  

which a  substance  o f lo v  m o lecu la r v e ig h t i s  tran sfo rm ed  in to  a  su b stan ce  

o f  eq u a l com position  bu t o f  h ig h e r  m u ltip le  m o lecu la r w e i g h t . I n t h i s  

p ro c e s s , a  monomer and a polym er ought to  have th e  same com position , namely, 

th e  polymer i s  sim ply made up o f monomer u n i t s .  T his d e f in i t i o n  can be 

a p p lie d  only  t o  th e  a d d it io n  p o ly m e risa tio n  o f  u n s a tu ra te d  monomer mole­

cu le s  which te n d  to  combine to g e th e r  w ith o u t changing th e  com position .

I t  fo llow ed  t h a t  cond en sa tio n  polym ers, such as  p o ly e s te rs  and polyam ides, 

a re  no t "polym ers" by d e f i n i t i o n ,  s in c e  th e y  a re  formed by e lim in a tio n  

o f  secondary  compounds (such  as  w a te r) and not by pure s e l f - a d d i t i o n .  

C onsequen tly , S ta u d in g e r 's  group d ire c te d  c h e m is ts ' a t t e n t io n  e x c lu s iv e ly  

to  th e  " tru e "  p o ly m e riz a tio n  p ro d u c ts , namely a d d it io n  polym ers. But in  

h is  l e c tu r e ,  C aro th e rs  su g g e s te d  t h a t  th e  d e f i n i t i o n  o f  p o ly m e riz a tio n  

i s  in  need o f  a l t e r a t i o n .  He s t r e s s e d :

P ro fe s s o r  S ta u d in g e r 's  p o in t  o f view has c o n s id e ra b le  h i s t o r i c a l  
j u s t i f i c a t i o n ,  b u t i t  p re s e n ts  c e r t a in  l o g ic a l  and p r a c t i c a l  d i f f i c u l ­
t i e s .  A pparen tly  i t  in v o lv e s  th e  n e c e s s i ty  o f  making a  d i s t i n c t io n  
betw een polym ers and " r e a l  polym ers" and o f  a d m ittin g  t h a t  polymers 
can be formed by r e a c t io n s  th a t  a re  not p o ly m e risa tio n . . . .

I t  i s  t r u e  t h a t  l a r g e  m olecules a re  in  some cases b u i l t  up from 
sm all ones b y - re a c tio n s  t h a t  a p p ear, a t  l e a s t ,  to  c o n s is t  in  pure  
a d d it io n ,  w h ile  in  o th e r  ca ses  th ey  a re  formed by re a c t io n s  t h a t  a re  
dem onstrab ly  c o n d e n sa tio n s . S tau d in g er p roposes to  c a l l  th e  l a t t e r  
ty p e  o f  r e a c t io n  p o ly co n d en sa tio n . . . . b u t I  contend t h a t  we may 
as  w e ll  g iv e  in  to  th e  lo g ic  o f  th e  s i t u a t i o n  and admit t h a t  such 
r e a c t io n s  c o n s t i tu te  one ty p e  o f p o ly m e r isa tio n ; th e  p ro d u c ts  a re  
polym ers . . .12

A lthough th e  i s s u e  was o f  w ording , th e  c l a r i f i c a t i o n  o f th e  term ino logy  

was p a r t i c u l a r l y  im portan t d u rin g  t h i s  p e r io d , am idst th e  t r a n s i t i o n  in  

c h e m is ts ' concept o f  polym ers and p o ly m e riz a tio n . Now t h a t  th e  o ld  

d e f in i t io n  d id  no t match th e  p r a c t i c a l  u sage, th e  c re a tio n  o f  a  new d e f in ­

i t i o n  in v o lv in g  bo th  a d d it io n  and condensa tion  polymers seemed in d isp e n ­
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s a b le .  C a ro th e rs ' c la im  demanded s u f f i c i e n t  c o n s id e ra t io n  among h is  con­

te m p o ra r ie s  and an agreem ent was reach ed  l a t e r  when th e  C ouncil o f  th e  

I n te r n a t io n a l  Union o f  Pure and A pp lied  Chem istry made i t s  "R eport on 

Nom enclature in  t h e  F ie ld  o f  M acrom olecules" in  1951. The g e n e ra l  d e f in ­

i t i o n s  were g iven  as fo llo w s :

P o ly m e r iz a tio n : th e  p ro cess  o f  fo rm atio n  o f  polym er m olecu les from
sm a ll m o lecu le s , w ith  o r w ith o u t th e  p ro d u c tio n  o f  o th e r  sm a ll mole­
c u le s  no t e n te r in g  in to  th e  com position  o f  th e  polym er.

High polym er: a  m acrom olecular su b s ta n c e  which . . . c o n s is t s  o f
m olecu les which a re  a t  l e a s t  ap p ro x im ate ly , m u lt ip le s  o f  a  low- 
m o lecu la r u n i t .  In  agreem ent o f  p re se n t-d a y  u sag e , a  h ig h  polymer 
need  no t c o n s is t  o f  m olecules which a re  a l l  o f  th e  same s i z e ,  nor i s  
i t  n e c essa ry  t h a t  th ey  have e x a c t ly  th e  same com position  o r  chem ical 
s t r u c tu r e  as  each  o th e r  o r as th e  co rresp o n d in g  m o n o m e r . 13

The is s u e s  under d isc u s s io n  a t  th e  1935 Faraday S o c ie ty  m eeting 

c e n te re d  on th e  d e t a i l s  o f  polymers and p o ly m e riz a tio n , in c lu d in g  th e  

mechanism o f  p o ly m e riz a tio n  r e a c t io n s ,  th e  d e te rm in a tio n  o f  m o lecu la r 

w e ig h t, th e  v i s c o s i ty  law , th e  n a tu re  o f  po lym ers, th e  shape o f  macro­

m o le c u le s , and p o t e n t i a l  a re a s  o f  a p p l ic a t io n .  As had happened a t  th e  

p re v io u s  Faraday S o c ie ty  con fe rence  in  1932, S tau d in g er defended h is  

view  a g a in s t  Mark t h a t  l in e a r  m acrom olecules have a r i g i d  f ib e r  shape 

j u s t  l i k e  a t h in  f l e x i b l e  g la s s  f i b e r .  His v i s c o s i ty  law , th a t  v i s c o s i ty  

i s  in  d i r e c t  p ro p o r tio n  to  m o lecu lar s i z e ,  was only  u n d e rs ta n d a b le  on 

t h i s  assum ption . A cco rd in g ly , long  r i g i d  rods o f  th e  m acrom olecule move 

a c ro s s  a  flow ing  l i q u i d ,  r o ta t in g  as th e y  move in  a  d i s c - l i k e  p la n e . A

r i g i d  shape o f  th e  m olecu les appeared  to  him in  harmony w ith  g e n e ra l

l4e x p e rien c e s  in  o rg a n ic  ch em is try .

However, Mark co n tinued  to  v ig o ro u s ly  oppose S ta u d in g e r on t h i s  

m a t te r ,  ta k in g  th e  view t h a t  such a  mechanism c o n tr a d ic ts  a l l  requ irem en ts  

o f  p h y s ic a l  ch em is try :
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The c h a in - l ik e  m acrom olecules, which m ust be in v e s t ig a te d  in  
ex trem ely  d i lu te d  s o lu t io n  seem no t to  be com pact, more or l e s s  
s p h e re - l ik e  c lu s te r s  (compare fo r  in s ta n c e .  F ig . l a ) .  They a r e ,  
m oreover, no t q u i te  ex tended  and s t i f f  w ith  e l a s t i c  v ib ra t io n s  (as 
shown in  F ig . l b ) ,  b u t  th e y  a re  in  a  s t a t e ,  as i t  i s  shown in  F ig . 
I c ,  t h a t  i s  to  sa y , th e y  a re  b e n t b u t n o t r o l l e d  e n t i r e ly  to g e th e r .  
I f  one assumes th e  form shown in  F ig . Ic  one g e ts  in  f a i r l y  good 
agreem ent w ith  a l l  e x p e rim e n ta l ev idence  . . . and rem ains a t  th e  
same tim e  in  concordance w ith  fundam ental s t a t i s t i c a l  c o n s id e ra tio n s  
and w ith  th e  p r in c ip le  o f  th e  f r e e  r o ta t io n  round th e  s in g le  carbon 
bond. I  th in k  t h a t  th e  shape shown in  F ig . Ic  may be re g a rd e d  a s  a  
c lo s e  approx im ation  t o  th e  r e a l  form o f  th e  long  m olecules in  so lu ­
t i o n .  15

F ig . k . l .

Supported  by th e  l a t e s t  s t a t i s t i c a l  s tudy  by Werner Kuhn (1899-1963), 

which su g g ested  th a t  th e  s e p a ra te  l in k s  o f  th e  m acrom olecular c h a in  can 

re v o lv e  i n  r e l a t i o n  to  each o th e r ,  M ark's concep t o f  f l e x ib le  ch a in s  was 

to  le a d  t o  an a l t e r a t io n  o f S ta u d in g e r 's  v i s c o s i ty  eq u a tio n  s e v e ra l  y ea rs  

l a t e r . T h e  new form ula showed th a t  th e  e m p ir ic a l S taud inger r e l a t i o n ­

sh ip  i s  v a l i d  only  f o r  a few s p e c i f ic  system s b u t n o t fo r  many im p o rtan t 

polym ers such  as ru b b e r , p o ly s ty re n e , and po lyam ides. The s o -c a l le d  

l in e a r  m acrom olecules e x h ib i t  a c o n s id e ra b le  number o f i r r e g u la r l y  con­

to r t e d  c o n f ig u ra t io n s ,  which would w e ll e x p la in  some p h y s ic a l  p r o p e r t ie s  

o f polym ers in c lu d in g  th e  v e ry  h ig h  v i s c o s i ty  o f  d i lu t e  polymer s o lu t io n s ,
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double  r e f r a c t io n s  o f  f lo w , and rubber e l a s t i c i t y .  The c o n to r te d  c o n fig ­

u r a t io n s  were a p o s s i b i l i t y  which th e  s t r u c tu r a l  o rg an ic  chem ist S taud­

in g e r  d id  n o t ta k e  i n to  acco u n t. I r o n i c a l ly ,  th e  r i s e  o f  M ark 's and 

K uhn's views in d ic a te d  th e  g re a t  p o s s i b i l i t i e s  s t i l l  l e f t  to  th e  p hysic ­

a l i s t  approach in  th e  f i e l d  o f  m acrom olecules which S ta u d in g e r had

17d e l ib e r a te ly  o rg an ized  as a  b ranch  o f  o rg an ic  ch em istry .

W hile th e re  were c o n f l ic t s  o f  o p in io n s  betw een sp e a k e rs , th e  

scene  o f  th e  1935 Faraday S o c ie ty  was on th e  whole im p ress iv e  enough to  

p e rsu ad e  Mark to  c a l l  i t  one o f  th e  "m ile s to n es  o f  modern chem ical

18h i s t o r y . "  What was a b se n t from t h i s  symposium was th e  f a m i l ia r  debate  

betw een th e  m acrom olecular th eo ry  v e rsu s  ag g reg a te  th e o ry , which had been 

so  dom inant a t  p rev io u s  s c i e n t i f i c  g a th e r in g s . The form er exponent o f 

th e  a g g reg a te  view , P ringshe im , now p re s e n t a t  th e  Cambridge m eeting , no 

lo n g e r  invoked h is  i n i t i a l  th eo ry  a g a in s t  th e  m acro m o lecu la rity  o f  po ly ­

m ers. R e fe rr in g  to  r e c e n t  developm ents fu r th e re d  by th e  work o f  Staud­

in g e r ,  C a ro th e rs , M eyer, h im s e lf , and o th e r s ,  Mark was a b le  t o  d e c la re  in  

h is  l e c tu r e  th a t  " th e  c h a in - s tr u c tu r e  o f  th e  p o ly m e riz a tio n  p ro d u cts  can 

now be co n sid e red  as a f a i r l y  w e l l - e s ta b l i s h e d  f a c t . The la rg e  s iz e

and h ig h  l e v e l  o f  t h i s  c o n fe ren ce , Mark w ro te ,

p roved  th e  enormous p ro g ress  which th e  young branch  o f  polymer 
sc ie n c e  had made d u rin g  th e  l a s t  decade . There was no q u e s tio n  
anymore about th e  e x is te n c e  o f  m acrom olecules. . . .

At th e  end o f  th e  symposium, everybody was convinced  t h a t  polymer
c hem istry  had grown in to  a  f u l l - s c a l e  sc ie n c e  w ith  unexpected  new 
v i s t a s  fo r  i n t e n s i f i c a t i o n  o f  u n d e rs tan d in g  and expansion  o f  a p p lic ­
ation.^*^

The Cambridge in te r n a t io n a l  conference  on p o ly m e riz a tio n  th u s  v iv id ly  

i l l u s t r a t e d  th e  end o f  th e  decade-long  c o n tro v e rsy  over th e  fundam ental 

p r in c i p le ,  th e  m acrom olecular s t r u c tu r e  o f  h ig h  polym eric su b s ta n c e s .



11+9

With th e  s h i f t  from th e  ag g reg a te  th e o ry  tow ard  th e  m acrom olecular th e o ry , 

polymer chem istry  now became id e n t ic a l  w ith  th e  chem istry  o f macromole­

c u le s  in  s c i e n t i s t s '  co n c ep tio n s .

M acrom olecular Schools and th e  Emerging D is c ip l in e  

in  Germany and America 

The wide re c e p tio n  o f  th e  m acrom olecular th eo ry  fo llo w ed  a  ra p id  

expansion o f in v e s t ig a t io n s  on polym ers tow ard  th e  e a r ly  igkO s. Owing 

to  th e  two i n i t i a t o r s ,  S tau d in g er and C a ro th e rs , Germany and th e  U nited  

S ta te s  won p a r t i c u l a r l y  e a r ly  re c o g n it io n  f o r  m acrom olecular chem istry  

as a growing new f i e l d  o f  chem ical s c ie n c e . S ta u d in g e r 's  Z urich  and 

F re ib u rg  schoo ls  and C a ro th e rs ' W ilmington c i r c l e  p layed  key r o le s  in  th e  

d i f fu s io n  o f knowledge and th e  t r a in in g  o f  younger g e n e ra tio n s  o f  

s c i e n t i s t s  and in d u s t r i a l  chem ists in  t h i s  f i e l d .  Yet a  p a r a l l e l  develop­

ment, in  th e  two c o u n tr ie s  does not mean th a t  e x a c t ly  th e  same p a t t e r n  in  

th e  r i s e  o f  t h i s  f i e l d  was fo llow ed. R a th e r, th e  d i f f e r e n t  sch o o ls  o f 

m acrom olecular chem istry  in  Germany and th e  U n ited  S ta te s  l a r g e ly  r e f l e c t  

th e  d i f f e r e n t  i n s t i t u t i o n a l  and s o c ia l  s e t t in g s  in  which s c i e n t i s t s  i n t e r ­

a c te d . This s e c t io n  a tte m p ts  to  examine and c o n tr a s t  some o f  th e  impor­

t a n t  c h a r a c te r i s t i c s  o f  th e  two m acrom olecular schoo ls  in  Germany and 

th e  U n ited  S ta te s  in  r e l a t i o n  to  th e  growth o f  m acrom olecular chem istry  

between th e  1920s and 19'+0s.

S ta u d in g e r 's  im pact i s  most c le a r ly  i l l u s t r a t e d  by th e  la rg e  

number o f  h is  s tu d e n ts  and co-w orkers. Z u rich  and F re ib u rg , where 

he had been p u t t in g  fo rw ard  h is  m acrom olecular th eo ry  s in c e  th e  

beg inn ing  o f th e  1920s, were c a lle d  th e  "Highboroughs o f  High Polymers" 

from which emerged a g e n e ra tio n  o f  m acrom olecular chem ists in  u n i v e r s i t i e s ,



150

21H ochschules, and i n d u s t r i a l  l a b o r a to r ie s .  Between 1920 and 1927, 

S tau d in g e r t r a in e d  IT d o c to ra l  s tu d e n ts  i n  t h i s  f i e l d  a t  th e  E idgenosissche 

T echnische H ochschule i n  Z u rich . D uring th e  p e rio d  betw een 1928 and h is  

re t i re m e n t  in  195^j h e  d ire c te d  57 d o c to ra l  s tu d e n ts  in  th e  s tu d y  o f 

m acrom olecules a t  th e  U n iv e rs i ty  o f  F re ib u rg . The sum t o t a l  was 7^ 

d o c to ra te s  in  t h i r t y - f i v e  y e a rs  o f  h is  academic c a re e r  (se e  F ig .  h. 2) .  

D uring t h i s  p e r io d , as a p r o l i f i c  w r i t e r ,  S tau d in g er p u b lish e d  over f iv e  

hundred papers on m acrom olecular ch em istry  in  v a rio u s  German s c i e n t i f i c  

p e r io d ic a l s ,  a lth o u g h  th e  papers o f te n  overlapped  in  c o n te n t .  He pub­

l i s h e d  th e s e  t r e a t i s e s  a lone  and w ith  approx im ate ly  one-hundred  co-w orkers 

who in c lu d ed  h is  d o c to r a l  and p o s td o c to ra l  s tu d e n ts  as w e ll  as h is  

c o lle a g u e s  (se e  F ig . ^ . 3 ) .

In  many r e s p e c ts ,  S ta u d in g e r 's  m acrom olecular s c h o o l, w hether in  

Z u rich  o r F re ib e rg , sh a re d  c h a r a c te r i s t i c s  o f te n  found in  o th e r  d i s t i n ­

gu ished  re s e a rc h  sc h o o ls  o f  th e  t im e , such as Emil F i s c h e r 's  B e r lin  

sch o o l o f  o rgan ic  c h e m is try , and Roger Adams' I l l i n o i s  sc h o o l o f  syn the ­

t i c  ch em istry , a lth o u g h  d i f f e r in g  from them in  t h a t  th e  S tau d in g e r

schoo l emerged w ith  view s in  c o n f l i c t  w ith  c u r r e n t ,  w e l l- e s ta b l i s h e d  
2k

th e o ry . In  c o n t r a s t ,  th e  schoo ls  o f F is c h e r  and Adams c a r r ie d  out 

in n o v a tiv e  re s e a rc h  program s w ith in  e x is t in g  and w e ll-fo u n d ed  s p e c i a l t i e s .  

H ere, we see th a t  S ta u d in g e r 's  s tro n g  le a d e rs h ip  persuaded  h is  p u p ils  to  

fo llo w  th e  m a s te r 's  f o r e s ig h t .  He used a l l  p o s s ib le  means a t  h is  d is ­

p o s a l ,  th rough h is  s tu d e n ts ,  h i s  a s s o c ia te s ,  h is  l e c tu r e s  and p u b lic a ­

t i o n s ,  to  sp read  h is  view s and to  spur th o se  in te r e s te d  in  th e  f i e l d  

in to  a c tio n . From th e  s t a r t  o f  h i s  in v e s t ig a t io n s  on m acrom olecules, he 

was an o rgan ic  chem ist o f  h igh  r e p u ta t io n  in  t r a d i t i o n a l  l in e s  o f re se a rc h
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F ig . 1+..2. S ta u d in g e r 's  D o c to ra l S tuden ts  i n  M acrom olecular C hem istry , 
1920- 1954.22

E id g en o ss iso h e  T echnische H ochschule, 1920-1927

Name T h esis  Completed Name T hesis Completed

E. S u te r 1920 E. G eiger 1926

F . F e l ix  
J .  F r i t s c h i  
M, Lüthy

1923
1923
1923

E. Huber 
E. W. Reuss 
S. W ehrli

1926
1926
1926

A. R heiner 1923 H. H arder 1927
H. A. Bruson 1925 H. W. Johner 1927
W. Widmer 1925 R. S ig n e r 

E. Urech
1927
1927

M. Brunner 1926
K. Frey 1926

U n iv e r s i ta t  F re ih u rg  im B re isg a u , 1928-1954

Name T h esis  Completed Name T h esis  Com pleted

D. R u ss id is 1928 G. D aum iller 1937
W. S ta rc h 1928 K. F is c h e r 1937
H. Thron 1928 I .  J u r i s c h 1937
H. F. Bondy 1929 F. R einecke 1937
W. Heuer 1929 H. Schmidt 1938

W. R e is s t 1930 J .  S chneiders 1938

A. Schwalbach 1930 A, W. Sohn 1938
0 . S chw eitzer 1930 K. F. Daemisch 1939
W. S chaal 1931 B. L antzsch  

0 . Nuss
1939
1939

W. Kern 1932 F. Zapf 1939
E. 0 . Leupold 
H. Lohmann 
E. Trommsdorf

1932
1932
1932

K. Eder
F. F inck
H j. S tau d in g er*

1940
1940
1940

A. S te in h o fe r 1933 0 . H eick 1941
E. D reher 1934 H. Jo rd e r 1941
H. E i le r s 1934 E. Roos 1941
H. S chw alenstocher 1934 F . Berndt 1942
H. von Becker 1935 W. Dohle 1942
H. Frey 1935 W. K e lle r 1942
H .-F . Mojen 
B. R i tz e n th a le r

1935
1935

G. L oren tz 1943

K. B o ss ie r 1935 H. H e l l f r iz 1944
F . S ta ig e r 1935 P. H errbach 1944

M. S o rk in 1936
A. E. Werner 1936
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F ig . k . 2 ,  co n tin u ed .

Name T h esis  Completed

H. S c h n e ll 194k

H. S a t t e l 1945
H. B a tzer 1946

K.-H. In  den B irken 19^9

M. H aberle 1952
W. Haim 1952

T. E ich er 1953
G. N iessen 1954
K. Wagner 1954

H ansjurgen  S tau d in g e r (191^- ) ,  Hermann S ta u d in g e r 's  so n , an o rgan ic  
c h e m is t.



153

F ig . k. 3 .  C o-authors o f  S ta u d in g e r 's  Papers on M acrom olecular C hem istry,
1920- 1955.23

M. Asano
A. A. Ashdown 
R. C. Bauer 
M. von Becker
G. B erger
F . B em dt
G. B ie r
H. F. Bondy*
F. Breusch 
M. Brunner*
H. A. Bruson*
K. F. Daemisch*
G. D aum iller*
W. Dohle
E. Dreher*
T. E icher*
H. E i le r*
H. a f  Ekenstam 
W. F e is s t*
K. F e u e rs te in  
K. F isch e r*
T. F le itm ann  
E. Franz 
H. F redenherger 
K. Frey*
J .  F r i t s c h i*
W. F ro s t  
P. Garbsch 
E. G eiger 
H. Haas 
M. H aherle*
W. Hahn*
0. Heick*
H. H e l lf r iz *
J .  H engstenberg 
J .  J .  H e rre ra  
P . Herrbach*
W. Heuer*
E. Huber*
0 . Huntwyler
E. Husemann*
K.-H. In  den Birken* 
H. Jo d e r  
H. W. Johner*
H. Joseph
1. J u r is c h *
W. Kern*
H. W. K lever

H. W. K o h len sch u tte r  
B. Kupfer 
B. L antzsch  
L. L au ten sch lag er 
E. 0 . Leupold*
H. Lohmann*
G. Lorentz*
M. Lüthy*
H. Machemer
G. Mie 
R. Mohr
H .-P . Mojen*
H. Moser
G. N iessen*
R. Nodzu 
O'. Nuss
E. O chiai
F. Reinecke*
A. Rheiner*
B. R itz e n th a le r*
K. R ossler*
D. R u ssid is*
E. S au ter 
W. Schaal*
A. Schwalbach*
G. Schiemann 
W. S c h i l t
H. Schmidt*
J .  S chneiders*
H. S chnell*
H. Scholz
G. V. Schulz
H. Schw alenstocker*
0 . Schw eitzer*
J .  R. S en io r 
R. S igner*
A. W. Sohn*
M. Sorkin*
F. S ta ig e r*
W. S tarck*
H j. S taud inger*
M. S taud inger 
A. S te in h o fe r*
H. Stock 
E. Trommsdorf*
E. Urech*
K. Wagner*
H. Warth

S. W ehrli*
K. W. Werner
G. Widmer 
W. Widmer*
W. W iderscheim
E. Zapf*

*—S ta u d in g e r ' s 
d o c to ra l  s tu d e n ts ,
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and th u s  a b le  to  e x e rc is e  h is  i n s t i t u t i o n a l  power. With a coheren t 

method and program  of m acrom olecular r e s e a rc h , he m ain ta in ed  h is  c h a r is ­

m atic  le a d e rs h ip  o f  dozens o f  advanced s tu d e n ts .

At th e  same tim e , he d id  n o t n e g le c t o p p o r tu n i t ie s  to  pay h is  

co-w orkers t r i b u t e s  fo r  t h e i r  c o l la b o ra t io n . His s tu d e n ts  were encouraged 

to  p u b lis h  t h e i r  work e a r ly  under th e  j o in t  names o f  t h e i r  own and th e  

m a s te r 's .  A lthough s t r i c t  and r ig o ro u s  in  te a c h in g , th e  e d u c a to r’ s 

a t t i t u d e  tow ard h is  s tu d e n ts  no doubt c o n so lid a te d  th e  te a c h e r-s tu d e n t  

r e l a t io n s h ip .  A p p a ren tly , S ta u d in g e r 's  schoo l was i s o la te d  d u ring  th e  

1920s when he was invo lved  in  storm y c o n tro v e rsy  w ith  many s c i e n t i s t s  

w ith  h ig h  academic p o s i t io n s .  His w ife  Magda S ta u d in g e r  l a t e r

r e c a l le d  t h a t  t h i s  made h is  s tu d e n ts  c l in g  to g e th e r  t i g h t l y :  " th e  la b o r a -
25to ry  was [then] ve ry  much l i k e  a d e d ic a te d  b ro th e rh o o d  . . . '

A number o f  S ta u d in g e r 's  s tu d e n ts  rem ained as P r iv â t  Dozenten a t  

h is  sch o o l fo r  some y ears  a f t e r  g ra d u a tio n , c o n tin u e d  t h e i r  s tu d ie s ,  and 

d ire c te d  younger s tu d e n ts  a long  th e  l in e s  o f  th e  P r o fe s s o r 's  program.

One o f  S ta u d in g e r 's  o u ts ta n d in g  s tu d e n ts ,  Rudolph S igner ( b .  I 903 ) ,  

who re c e iv e d  th e  d o c to ra l  deg ree  in  1927, se rv ed  as P r iv â t  Dozent a t 

F re ib u rg  fo r  e ig h t  y ea rs  b e fo re  he accep ted  a p o s i t io n  a t  th e  U n iv e rs ity  

o f Bern in  1935. S tau d in g er a ss ig n e d  him in v e s t ig a t io n s  on th e  shape o f  

m acrom olecules in  s o lu t io n . S igner com pleted t h i s  t a s k  by in troducing- 

an a p p a ra tu s  f o r  flow b ire f r in g e n c e , a sim ple dev ice  t h a t  measures o p t i ­

c a l ly  th e  approxim ate le n g th  to  b re a d th  r a t i o  o f  lo n g -c h a in  m o lecu les. 

S ig n e r, who a ls o  s tu d ie d  th e  u l t r a c e n t r i f u g e  a t  S v e b e rg 's  la b o ra to ry  in  

U ppsala in  h i s  p o s td o c to ra l  y e a r s ,  th u s  showed th.§,,i;?f.lvvenc«e-’’oT'"pSys'’i c a l "
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method on S ta u d in g e r 's  s c h o o l . A m o n g  S ta u d in g e r 's  c h ie f  c o l la b o ra to r s  

was G unther V ik to r Schulz (1905- )• He was n o t S ta u d in g e r 's  d o c to ra l

s tu d e n t b u t s tu d ie d  c o l lo id  ch em istry  under H e rb e rt F re u n d lic h  (1880-19^1) 

a t  th e  K a iser W ilh e lm -In s ti tu t  fu r  P h y s ik a lisc h e  und E lekrochem ie in  

B erlin-D ahlem . Schulz f e l l  under th e  in f lu e n c e  o f  S ta u d in g e r  when th e  

m acrom olecular chem ist i n v i t e d  t h i s  young c o l lo id  chem ist to  j o in  th e  

F re ib u rg  schoo l as Dozent in  1937. Of p a r t i c u l a r  i n t e r e s t  i s  th e  im p li­

c a tio n  t h a t  S ta u d in g e r 's  i n t e n t  was to  ex tend  th e  u n d e rs ta n d in g  o f  macro­

m olecu les on th e  b a s is  o f  physico -chem ica l m ethods— a s u b je c t  which 

S ta u d in g e r t r a d i t i o n a l l y  had l e f t  a s id e . Schulz f u l f i l l e d  t h i s  req .uest 

th rough  h i s  c o n s id e ra b le  s tu d y  on m olecu lar w eigh t d e te rm in a tio n s  and 

th e  k in e t ic s  o f  p o ly m e riz a tio n  r e a c t io n s .  A f te r  moving to  th e  U n iv e rs i ty

o f  Rostock in  19^3 and th e n  th e  U n iv e rs ity  o f  M ainz, he f u r th e r  e x e r te d

27pow erfu l in f lu e n c e  on academ ic c i r c l e s  in  t h i s  f i e l d .

Papers o f  th e  S ta u d in g e r  schoo l were p u b lish e d  f o r  two decades 

in  v a r io u s  jo u rn a ls ,  in c lu d in g  B eric h te  der d eu tsch en  chem ischen G e s e ll-  

s c h a f t , H e lv e tic a  Chimica A cta , Angewandte Chemie, J u s tu s  L ieb ig s  Annalen 

de r Chemie. and C hem iker-Z eitung . In  19*+0 he to o k  over th e  e d i to r s h ip  o f 

th e  J o u rn a l  fu r  n ra k t is c h e  Chemie, p u b lish e d  in  L e ip z ig . Taking advantage 

o f  t h i s  p o s i t io n ,  he c o n v e rted  t h i s  old, e s ta b l is h e d  p e r io d ic a l  in to  a 

new form w ith  th e  s u b - t i t l e  U n ter B eru ck sich tig u n g  d e r  m akrom olekularen 

Chemie. The re v is e d  i s s u e  s t a r t e d  in  F ebruary  19^0 w ith  h is  in tro d u c to ry

e ssa y , "Uber n ied e rm o lek u la re  und,,j59ks?ÆOie’küi'ai'é '’''(!3i’â â i e . ' '  ^ A lthough
    .

’" ' t h e  p rim ary  coverage was th e  f i e l d  o f  la rg e  m o le c u le s , t h i s  jo u rn a l  s t i l l

c a r r ie d  u n re la te d  s u b je c ts  in  o rgan ic  c h e m is try . The f i r s t  volume o f  th e

re v is e d  e d i t io n  ( fo u r  i s s u e s )  con ta in ed  tw enty  p ap e rs  o f  which only
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e ig h t  a r t i c l e s  d e a l t  d i r e c t l y  w ith  m acrom olecular c h e m is try . Four years  

l a t e r ,  S tau d in g e r v e n tu re d  to  change th e  whole t i t l e  o f  th e  jo u rn a l  in to  

J o u rn a l  f u r  m akrom olekulare Chemie. But i t  was no t s u f f i c i e n t l y  d i s t r i -  , 

b u ted  and ended w ith  th e  p u b lic a t io n  o f  on ly  two volumes as a r e s u l t  o f 

th e  w artim e c o n d it io n s  in  Germany. A f te r  World War I I ,  s in c e  jo u rn a l  publi­

c a t io n  a t  L e ip z ig  became v i r t u a l l y  im p o ss ib le , he founded th e  new jo u rn a l  

Die m akrom olekulare Chemie in  B asel in  19^7. From a p r a c t i c a l  p o in t o f 

v iew , t h i s  was th e  f i r s t  German p e r io d ic a l  devoted  e x c lu s iv e ly  to  macro­

m o lecu la r c h em is try . S tau d in g er re ig n e d  over t h i s  jo u rn a l  a s  e d i to r  fo r

29th e  ensu ing  two decades u n t i l  h is  d ea th  a t  th e  age o f  e ig h ty - fo u r .

Throughout h i s  long  c a re e r ,  S ta u d in g e r’ s i n t e r e s t  rem ained p rim ar­

i l y  in  th e  realm  o f  pu re  sc ie n c e  and d id  n o t ex tend  to  i t s  p r a c t i c a l  

a p p l ic a t io n s .  T his d i s i n t e r e s t  was a  f a c e t  o f  h is  s c i e n t i f i c  p e r s o n a l i ty .  

Magda S taud inger r e l a t e s ,

he never was i n te r e s t e d  in  i n d u s t r i a l  p ro ce sse s  o f  p ro d u c tio n  and 
a p p lic a t io n s ;  he p r e fe r r e d  to  work on th e  whole f i e l d  o f  macro­
m olecules . . .  he was very  in te r e s t e d  to  see  what was going on in  
in d u s try  and to  h e a r  what h is  p u p ils  were doing th e r e —b u t no t to  
work h im se lf  f o r  such a p p l ic a t io n s . ^

In  h i s  most a c t iv e  r e s e a rc h  p e rio d  ( th e  1920s and 1 9 3 0 s), he devoted  h is

s tu d ie s  to  d em o n stra tin g  th e  m acrom olecular s t r u c tu r e  o f  n a tu r a l  polymers

such as rubber and c e l lu lo s e .  As we have seen e a r l i e r ,  th e  s y n th e t ic

polym ers (such as polycxymethylenes,,,j5o3y.s:.tyi'HiK's"'an2 p o ly v in y l a lc o h o ls )
   « . . .   ..................

— '" tii'a 't he p rep ared  in  h i s  la b o r a to r ie s  were used  fo r  th e  m odels fo r  th o se

n a tu r a l  polym ers. He had l i t t l e  in te n t io n  to  tra n sfo rm  h is  s y n th e t ic  

polym ers in to  i n d u s t r i a l  p o rd u c ts . To be s u re , he d id  r e a l i z e  th e  p o s s i­

b i l i t y  o f t h e i r  p r a c t i c a l  u t i l i t y  in  due c o u rse , s in c e  th e  s t r u c tu r e  o f 

s y n th e t ic  h igh  polym ers resem bled t h a t  o f  n a tu r a l  po lym ers. While
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C a ro th e rs ' group was d eve lop ing  f ib e r  s y n th e s is  from condensa tion  super­

po lym ers, S tau d in g er p o in te d  out t h a t  "sooner o r  l a t e r  a way w i l l  be d i s ­

covered  to  p rep a re  a r t i f i c i a l  f ib e r s "  from h i s  a d d it io n  polym ers. 

N e v e r th e le s s , in  c o n tr a s t  to  C a ro th e rs , he never pursued  th e  p r a c t i c a l  

problem  o f  how, th e n , f ib e r s  cou ld  be drawn from th e  chem ical m a te r ia ls .  

His work on a d d it io n  polym ers had drawn p a r t i c u l a r  a t t e n t io n  from th e  

chem ical in d u s try  and th e  e le c tro c h e m ic a l in d u s try  as e a r ly  as  th e  m iddle

o f  th e  1920s. I .G .-F a rb e n  F a b rik  H ochst, f o r  exam ple, a ttem pted  to  develop

32p o ly v in y l a c e ta te  in  c o -o p e ra tio n  w ith  th e  F re ib u rg  la b o ra to ry  in  1926.

B u t, w ith  such few e x c e p tio n s , S tau d in g e r h im se lf  was not d i r e c t l y  in v o l­

ved in  i n d u s t r i a l  u n d e rta k in g s . A pplied  re s e a rc h  was not w ith in  th e  

scope o f  h is  own re s e a rc h  program . W ith in  th e  w a lls  o f  u n i v e r s i t i e s ,  th e  

German p ro fe s s o r  cou ld  r e t a i n  th e  t r a d i t i o n a l  v a lu es  o f  academic s c ie n ­

t i s t s  and pu rsue  th e  i d e a l  o f  German W isse n sc h a f t. A part from th e  fa c t  

th a t  some o f  h i s  s tu d e n ts  b rough t h is  s c ie n c e  in to  i n d u s t r i a l  r e s e a rc h , 

th e  im pact o f  S ta u d in g e r 's  work on German in d u s try  was le s s  d i r e c t  th an  

on academ ic c i r c l e s .  The f irm  e s ta b lish m e n t o f  p r a c t i c a l  foundations

subsequen t i n d u s t r i a l i z a t i o n  o f m acrom ol^% lar»o c iên ce  o ccu rred  in  th e
 .......

U n i t e q ^ è r ''t ba n  in  Germany. They took  p la c e , even a t  th e  tim  

when th e  m a jo r ity  o f Am erican academic s c i e n t i s t s  was s t i l l  no t ready  to

e n te r  t h i s  f i e l d .

C a ro th e rs ' c i r c l e  a t  Du Pont to o k  th e  i n i t i a t i v e  in  th e  emergence 

o f  American m acrom olecular chem istry  academ ica lly  as w e ll as i n d u s t r i a l l y .  

His group o f  fundam ental re s e a rc h  in  o rg a n ic  chem istry  was o rg an ized  in to  

Du F o n t 's  Chemical Departm ent and lo c a te d  in  th e  E xperim ental S ta t io n ,  

W ilm ington (se e  F ig . U.h). A lthough th e  group was sm all in  s iz e  as compared
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w ith  S ta u d in g e r ' s German sch o o l, C a ro th e rs  headed a number o f w e l l - t r a in ­

ed , a b le  re s e a rc h  ch em is ts . Between June 1928 and h is  prem ature  death  

in  A p ril  1937, he had a t o t a l  o f  25 co-w orkers in c lu d in g  20 re s e a rc h e rs  

w ith  th e  Ph.D. d eg ree  and 5 non-Ph.D . c h e m is ts . W hile th e  group members 

changed from tim e  to  tim e , th e  number w orking to g e th e r  a t  any one tim e 

was u s u a lly  abou t t e n  during  h is  a c t iv e  p e r io d  (see  F ig s . h .5  a n d ^ .6  ).

Many o f  th e s e  co-w orkers were only s l i g h t l y  younger th an  th e  group 

le a d e r .

In  th e  s h o r t  space o f  e ig h t y e a rs  (1929-1936), C a ro th e rs , a lone

and w ith  a  t o t a l  o f  ll+ c o l la b o ra to r s ,  p u b lish e d  52 papers  on polymers and

p o ly m eriza tio n  m ostly  i n 'th e  J o u rn a l o f  th e  American Chemical S o c ie ty

(se e  F ig . U.T). He was g ran ted  s ix ty - n in e  U .S. p a te n ts  in  t h i s  f i e l d ,

37most o f  which were e q u iv a le n t in  c o n te n t to  s c i e n t i f i c  p a p e rs .

U nlike th e  German p ro fe s s o r  S ta u d in g e r , C aro th e rs  was not an
. , , . r  "

a u th o r i ta t iv e  le a d e r  in  h is  group. IqÇ9;irm5J,.'inà'lîé''group, C aro thers

. ai'ifèu ' a n '^ in te l le c tu a l  atm osphere in  which th e  le a d e r  never " d ire c te d "

b u t r a th e r  "gu ided" h i s  co-w orkers in  acco rdance  w ith  t h e i r  own s k i l l s ,

The group le a d e r  c o n s ta n t ly  rem inded h i s  co-w orkers o f  working w ith  him,

and no t fo r  him. T his team concept came no t m erely from th e  company

38s t r u c tu r e  bu t l a r g e ly  from C a ro th e rs ' own p e r s o n a l i ty .  According to  h is

c lo s e  f r ie n d  John R. Johnson,

His dominant q u a l i ty  was t h a t  o f  th e  re s e a rc h  s c h o la r .  He was modest 
and unassum ing in  manner, shunned p u b l i c i t y ,  and, shy and s e n s i t iv e  
by n a tu re ,  was i l l  a t  ease  in  a  l a r g e  g roup , a lthough  w ith in  h is  
sm all c i r c l e  o f  c lo s e  f r ie n d s  he was a w i t ty  c o n v e r s a t i o n a l i s t .89

In  h i s  H arvard d ay s , he had n o t been a p a r t i c u l a r ly  s u c c e s s fu l  l e c t u r e r

in  th e  c lassroom . He was not th e  ty p e  o f s c h o la r  who would become a top

p ro fe s s o r  w ith  a d m in is tra t iv e  power, b u t  he was p r im a r i ly  a  re se a rc h  man.
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F ig . h.k. The O rg an iza tio n  o f  th e  Chemical D epartm ent, E. I .  Du Pont de 
Nemours and Company, a s  o f  J u ly ,  1930.33

-D ire c to r :  E. K. B olton
G eneral A s s is ta n t  D ire c to r :  E. R. Benger

A s s is ta n t  D ire c to r :  H. Bradshaw

-E xperim ental S ta t io n
D ire c to r  : A. P . T arnberg

A s s is ta n t  D ire c to r :  C. Coolidge

-A p p lie d  R esearch

-F undam en tal R esearch—— C o llo id  C hem istry: E. 0 . Kraemer

-O rg an ic  C hem istry : W. H. C aro thers 

- P h y s ic a l  Chemistry',* ' i a y lo r

- P h y s ic s :  G. H. Cameron

—  A n a ly tic a l  L aborato ry

-M ec h a n ic a l D iv is io n  

- I n t e l l i g e n c e  D iv is io n  

-  C le r i c a l  D iv is io n
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F ig . I+.5. C a ro th e rs ' Co-workers in  th e  Fundam ental R esearch  Group in  
O rganic Chem istry a t  th e  Du Pont Company, 1928-1937 .^

Name U n iv e rs i ty  (D ate o f  Ph.D .)

R esearch  P e r io d  in  
C a ro th e rs ' group a t  
th e  Du Pont Company

J . A. A rvin I l l i n o i s  ( 1928) 1928

G. J . B erchet Colorado (1930) 1929-1937
D. D. Coffman I l l i n o i s  (1930 ) 1931-1935
A. M. C o llin s Columbia (1920) 1930-1931

• . Conner* 19 31
M. E. Cupery I l l i n o i s  ( 1930 ) 1931-1933
G. L. Dorough Johns Hopkins (1929) 1929-1932

H. B. D ykstra Ohio S ta te  (1927) 1932
P. J . F lo ry Ohio S ta te  (193%) I 93 I - I 937
J . H. H i l l MIT (1928) 1929-1935
R. A. Jacobson I l l i n o i s  (1925 ) 1928-1931
G. A. Jones* 1929-1930

J . E. Kirby Iowa S ta te  (1929) 1929- I 93I
0 . R. K reim eier* 1931-1932

S. B. Kuykendall* Ohio S ta te  (1935) 1930
w. L. McEwen H arvard (1928) 1929-1935
w. J . M e r r i l l Ohio S ta te  (1930) 1931- 1932 , 1935
w. R. P e te rso n I l l i n o i s  (1927) I 93I - I 936
G. W. Rigby MIT (1930) 193I - I 935
E. W. Spanagel M cGill (1933 ) 1933-1935
H. W. S ta rk w ea th er H arvard (1925) 19 31-1931
W. F. T a lbo t Iowa (1929) 1930

W. H. T aylor* 1928

F. J . van N a tta M ichigan (1928) 1928-1935
F. C. Wagner Johns Hopkins (1929) 1935

The a s t e r i s k  in d ic a te s  a th e n  non-Ph.D . chem ist.
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F ig . U.6. Nimber o f  C a ro th e rs ' C o-w orkers, 1928-1937.35

Date Ph.D . Workers Non Ph.D. Workers T o ta l

1928 3 1 k

1929 7 1 8

1930 9 3 12

1931 11-12 1 12-13
1932 11-12 0-1 11-13

1933 10 0 10

193k 10-12 0-1 10-13

1935 9-10 0 9-10

F a l l  1935-
S pring  1936 3 0 3

Summer 1936 0 0 0

F a l l  1936 1 0 1

1937 2 0 2

F ig . ^ . 7. C o-au tho rs o f  C a ro th e rs ' Papers on Polymer C hem istry , 1929-1936 36

J .  A. A rvin*

G. J .  B erchet*

D. D. Cofflnan*

A. M. C o llin s*

M. E. Cupery*

G. L. Dorough*

H. B. D ykstra*

J .  ÏÏ. H il l*

R. A. Jacobson*

J .  E. K irby*

J .  A. N ieu land

E. W. Spanagel*

F . J .  van N atta*

I .  W illiam s

A s te r is k s  a re  C a ro th e rs ' co-w orkers a t  Du Pont.
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Du F o n t’ s fundam ental re s e a rc h  program  was a p p a re n tly  w e ll s u i te d  to  h is  

s c i e n t i f i c  p e r s o n a l i ty ,  s in c e  i t  demanded on ly  b a s ic  re se a rc h  in  a  sm a ll 

group o f  chem ists to  a s s i s t  him  w ith  f a c i l i t i e s  t h a t  "would be d i f f i c u l t  

o r  im p o ss ib le  to  d u p l ic a te  in  most u n iv e r s i ty  l a b o r a to r ie s "  (as James B. 

Conant pu t i t ) . ^ ^  The Company a llow ed  him to  s e l e c t  h i s  own re s e a rc h  

s u b je c t  and to  p u b lish  s c i e n t i f i c  p a p e rs . This "academ ic freedom" was 

s u s ta in e d  by th e  Company s t a f f ,  n o ta b ly  th e  d i r e c to r s  o f  th e  Chemical 

Depeirtment who p o ssessed  s tro n g  a d m in is t ra t iv e  power a t  Du Pont.

C a ro th e rs  se rv ed  as a  th in k e r  o r  a man o f  id ea s  in  t h i s  framework. T h is 

r o l e  w hich C aro thers p lay ed  was much admired by Elmer K. B o lton , th e  Chem­

i c a l  D ire c to r  who worked w ith  him between 1930 and 1937 ;

A ll  o f  us who have had a s s o c ia t io n  w ith  him were im pressed by h is  
b ro ad  and profound knowledge o f ch em is try . Hot only  h i s  co-w orkers 
w ere in s p ir e d  by h i s  t h e o r e t i c a l  knowledge b u t a l l  th o se  who sought 
h i s  a d iv c e , which he gave g e n e ro u sly . . . .  He was a man o f  f in e  
p e r s o n a l i ty ,  m odest, g en e ro u s , uncom plain ing , and a  t i r e l e s s  w orker.
In  s h o r t ,  he approached th e  id e a l  o f  a s c i e n t i f i c  in v e s t ig a to r  in  
p e rs o n a l c h a r a c te r i s t i c s  and in  r e la t io n s h ip s  w ith  h is  a s s o c ia te s

T h is com bination  o f  th e  d i r e c to r  w ith  a d m in is t r a t iv e  power (B olton) and 

th e  group le a d e r  w ith  s c i e n t i f i c  o r ig i n a l i t y  (C a ro th e rs )  shaped a su c c e ss ­

f u l  o rg a n iz a t io n  c h a ra c te r  o f  th e  fundam ental re s e a rc h  program a t  Du 

F o n t.

I t  i s  im portan t to  n o te  th a t  th e  c o n tr a s t  between S ta u d in g e r ' s 

and C a ro th e rs ’ re s e a rc h  c i r c l e s  i s  no t sim ply due to  a d if f e re n c e  betw een 

academ ic s c ie n c e , on th e  one hand , and i n d u s t r i a l  o r a p p lie d  re se a rc h  on 

th e  o th e r .  In  th e  p a s t  decade , a  number o f h i s t o r i c a l  s tu d ie s  have focussed  

a t t e n t io n  on the  problem  o f  " re s e a rc h  s c h o o ls ,"  in c lu d in g  L ie b ig 's  

G iessen  schoo l o f a n a ly t ic a l  ch em istry  ( J .  B. M o rre ll ) ,  M ichael F o s te r ’ s 

Cambridge schoo l o f  p h y sio logy  (G. L. G e iso n ), I r a  Ramsen ’s Johns Hopkins
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schoo l o f  ch em istry  (O. Hannaway), and B a n c ro f t 's  C o rn e ll schoo l o f  phys-

h2l e a l  chem istry  ( J .  W. S e rv o s). These s tu d ie s  have l a r g e ly  expounded 

v a rio u s  f a c to r s  ( in  g e n e ra l term s) which m ight c o n tr ib u te  to  th e  su ccess  

o r f a i l u r e  o f  s c i e n t i f i c  re s e a rc h  sc h o o ls . The e x is t in g  l i t e r a t u r e  ten d s  

to  c o n sid e r th e  re s e a rc h  schoo l a s  a  p e c u l ia r  phenomenon c lo s e ly  a s s o c i­

a te d  w ith  th e  i n s t i t u t i o n a l i z a t i o n  o f  s c ie n c e  in  th e  u n i v e r s i t i e s .  Thus, 

G erald  L. G eison d e f in e s  re s e a rc h  schoo ls  as " sm all groups o f  m ature 

s c i e n t i s t s  p u rsu in g  a rea so n ab ly  co h eren t programme o f re s e a rc h  s id e -b y -  

s id e  w ith  advanced s tu d e n ts  in  th e  same i n s t i t u t i o n a l  c o n te x t and engaging 

in  d i r e c t ,  con tinuous s o c ia l  and i n t e l l e c t u a l  i n te r a c t io n ."  A common 

p ic tu r e  o f  s u c c e s s fu l  o r i n f l u e n t i a l  r e s e a rc h  sch o o ls  i s  th e  image o f  a 

c h a rism a tic  u n iv e r s i ty  p ro fe s s o r  w ith  a  d is t in g u is h e d  re s e a rc h  r e p u ta t io n  

and i n s t i t u t i o n a l  power d i r e c t in g  a h o s t o f  f a i t h f u l  g rad u a te  s tu d e n ts  

along th e  l in e s  o f  h i s  in n o v a tiv e  re s e a rc h  program , c o n tr o l l in g  p u b li­

c a tio n  o u t le t s  and e x e r t in g  s tro n g  in f lu e n c e  on th e  s c i e n t i f i c  community. 

Indeed , such a  p ic tu r e  does correspond  w ith  S ta u d in g e r 's  u n iv e r s i ty -b a s e d  

schoo l o f  m acrom olecular ch em istry .

Yet C a ro th e r s ' fundam ental r e s e a rc h  group a t  Du Pont does n o t f i t  

w ith  t h i s  c o n v e n tio n a l image o f  re s e a rc h  s c h o o ls . L ike o th e r s ,  i t  was a 

la b o ra to ry -b a s e d  r e s e a rc h  schoo l w ith  a  c o h e re n t new program . I t  d id  

c a rry  ou t b a s ic  r e s e a rc h  which p io n ee red  Am erican polymer ch em is try . 

However, C a ro th e rs ' mode o f  i n d u s t r i a l  r e s e a rc h  was by no means a mere 

copy o f  u n iv e r s i ty  p r a c t ic e .  Let us c o n s id e r  why t h i s  i s  th e  c a se . In  

h is  r e c e n t  s tu d y  o f  i n d u s t r i a l  re s e a rc h  a t  th e  G eneral E le c t r i c  Company 

between 1900 and 1916, George Wise has o u t l in e d  some im p o rtan t c h a ra c te r ­

i s t i c s  accompanying th e  new type  o f  i n d u s t r i a l  r e s e a rc h  th a t  marked
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e a r ly  tw e n tie th -c e n tu ry  Am erica. P re v io u s ly , th e  movement o f  p ro fe s s io n a l  

s c i e n t i s t s  in to  in d u s try  d u rin g  t h i s  p e r io d  was o f te n  i n te r p r e te d  as 

fo llow s : th e  i n d u s t r i a l  s c i e n t i s t  was molded in to  a w orker on th e  produc­

t i o n  l i n e ;  o r on th e  c o n tra ry , th e  i n d u s t r i a l  re s e a rc h  la b o ra to ry  was a 

s o r t  o f  " u n iv e r s i ty - in - e x i le  in s u la te d  from th e  demands o f  th e  f a c to ry ."  

R egarding th e s e  o v e rs im p lif ie d  p ic tu r e s  as u n te n a b le . Wise has p o in te d  

ou t th a t  th e  re s e a rc h  la b o ra to ry  c re a te d  an e n t i r e l y  new r o le :  "a  b lend

o f re s e a rc h  freedom  and p r a c t i c a l  u se fu ln e ss  n o t a v a i la b le  b e fo re  1900."

He has su g g ested  t h a t  th o se  who chose r e s e a rc h  c a re e rs  in  in d u s try  were 

" a t t r a c te d  to  th e  c o n te n t o f  th e  p h y s ic a l  s c ie n c e s ,  th e  i d e n t i t y  o f  a 

re s e a rc h e r  r a th e r  th a n  a  t e s t e r  o r  e n g in e e r , th e  w ish  to  a t t a c k  p r a c t i c a l  

p rob lem s, and th e  d e s i r e  to  sh a re  in  th e  f in a n c ia l  rew ards o f fe re d  by 

in d u s t r y ."  C a ro th e rs ' b a s ic  re s e a rc h  program  a t  Du P o n t, which was 

i n i t i a l l y  modeled on th e  GE e x p e rie n c e , p o ssessed  a  s im i la r  n a tu re , 

namely a  b le n d  o f r e s e a rc h  freedom  and p r a c t i c a l  o r ie n t a t io n .  T his d u a l 

c h a ra c te r  o f  academ ic and p r a c t i c a l  sc ie n c e  becomes p a r t i c u l a r l y  c le a r  

when we see  th e  rem arkab le  f l e x i b i l i t y  w ith  which th e  C a ro th e rs ' c i r c l e  

con v erted  h i s  b a s ic  s c i e n t i f i c  th e o ry  in to  a program o f  a p p lic a t io n s  in  

th e  Company's o rg a n iz a t io n .

Under C a ro th e rs ' g u id an ce , h i s  co-w orkers devo ted  f u l l  tim e to

th e  b a s ic  re s e a rc h  on polymers a t  Du F o n t 's  " P u r i ty  H a l l ."  T his s t a t e

o f  a f f a i r s  p re s e n ts  a  marked c o n tr a s t  to  th e  case  o f  Meyer and M ark, who

worked to g e th e r  betw een 1927 and 1932 in  t h i s  f i e l d  a t  th e  I .  G.

F a rb e n in d u s tr ie  in  Germany. Mark w ro te:

K. H. Meyer was a  member o f  th e  Board o f  D ire c to rs  o f  I .  G. Farben 
and th e  manager o f  th e  p la n t  a t  Ludw igshafen. I  was manager o f  a 
r e l a t i v e l y  la rg e  i n d u s t r i a l  re s e a rc h  and developm ent la b o ra to ry —
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alm ost 50 s c i e n t i f i c  c o l la b o ra to r s — in  which, e x is t in g  m an u factu rin g  
p ro ce sse s  were su p e rv ise d  and new com m ercially  f e a s ib le  p ro d u c ts  de­
veloped . P ro fe s s o r  Meyer and I  spen t v e ry  l i t t l e  tim e on fundam ental 
r e s e a rc h  u s u a l ly  o n ly  in  o c c a s io n a l d is c u s s io n s ,  over weekends o r  dur­
ing  a  j o in t  v i s i t  t o  F ra n k fu r t .  My la b o ra to ry  was e s s e n t a i l l y  occup i­
ed  w ith  th e  exam ination  and t e s t i n g  o f  v isc o s e  and a c e ta te  f ib e r s  
which were produced  by th e  company, and w ith  th e  s y n th e s is  and eva lu ­
a t io n  o f  new polym ers . . .^5

Du Pont expended app rox im ate ly  a  t o t a l  o f  250,000 d o l la r s  on th e  b a s ic

re s e a rc h  o f th e  C a ro th e rs  team fo r  th e  f i r s t  fo u r  y e a rs  (1928-1931), amid
1+6th e  G reat D ep ression . In  a d d i t io n ,  th e  Company purchased  f o r  re s e a rc h

purpose a  Svedberg u l t r a c e n t r i f u g e — a c o s t ly  a p p a ra tu s  which even S tau d in -

1+7ger cou ld  no t o b ta in  in  Germany. However, w h ile  s t a r t i n g  w ith  a  p u re ly  

s c i e n t i f i c  in q u iry  on th e  m acro m o lecu la rity  o f  po lym ers, C a ro th e rs ' funda­

m ental re s e a rc h  group was d e s tin e d  t o  tu rn  in  th e  d i r e c t io n  o f  p r a c t i c a l  

a p p l ic a t io n ,  once th e  Company reco g n ized  th e  p ro sp e c ts  fo r  th e  u se fu ln e ss  

o f  t h e i r  f in d in g s ,  as we have seen  in  th e  d isc o v e ry  o f  ny lon . H ere, the  

d i r e c to r s  w asted  no tim e in  inducing  C aro thers  to  a  co n v ers io n  from th e o ry  

to  p r a c t ic e .  T h is inducem ent was q u ick ly  fo llo w e d , and th e  r e s u l t s  were 

th e  i n d u s t r i a l i z a t i o n  o f  m acrom olecular s c ie n c e  in  a  rem arkably  sh o r t  

p e rio d .

U ndoubtedly, th e r e  e x is te d  more o r l e s s  th e  f a m i l ia r  c o n f l i c t

between academic and i n d u s t r i a l  v a lu e s  in  C a ro th e rs ' mind, a s  p o in te d  out
1+8in  o th e r  s im i la r  case  s tu d ie s  o f  American i n d u s t r i a l  r e s e a rc h e r s .  

A pparen tly , h i s  p rim ary  i n t e r e s t  was in  pu re  s c ie n c e . Like o th e r  academic 

s c i e n t i s t s ,  he was alw ays concerned w ith  p u b l ic a t io n . W ith in  th e  indus­

t r i a l  o rg a n iz a t io n , he was ab le  to  f u l l f i l  t h i s  d e s ire  by p u b lis h in g  

an e x c e p tio n a l ly  la rg e  number o f  s c i e n t i f i c  p a p e rs , many o f  which were 

so open t h a t . th e  re a d e rs  cou ld  r e a l i z e  what Du Pont re s e a rc h  was up 

t o .  Yet th e  p u b l ic a t io n s  were made a f t e r  th e  Company's m e ticu lo u s



l66

!+9c e n so rsh ip  and p a te n t  a p p lic a t io n  whenever n e c e s sa ry . To t h a t  e x te n t ,  

C a ro th e rs ' "academ ic freedom" was r e s t r i c t e d  by th e  i n d u s t r i a l  framework. 

However, th e r e  a re  s e v e ra l  in d ic a t io n s  t h a t  C a ro th e rs  r e l a t i v e ly  smoothly 

accep ted  and endeavored to  a s s im ila te  h im s e lf  in to  th e  g iven  i n d u s t r i a l  

environm ent. A to p  s tu d e n t o f  th e  p ragm atic  chem ist Roger Adams, he com­

plem ented  h i s  concern  w ith  pu re  s c ie n c e  w ith  a keen and a c t iv e  i n t e r e s t  in  

p r a c t i c a l  a sp e c ts  o f  h i s  s c ie n c e ,  as a  number o f  h i s  a s s o c ia te s  r e p o r te d . 

P a r a l l e l  to  h i s  s c i e n t i f i c  p a p e rs , he f i l e d  a la rg e  number o f  p a te n ts  him­

s e l f ,  w ith  a  hope th a t  t h e i r  "b road  cla im s a re  l i k e l y  to  dom inate any 

p r a c t i c a l  developm ents t h a t  a re  made in  th e  f u t u r e . D u r i n g  h is  Wilming­

to n  d a y s , he was o f fe re d  a t t r a c t i v e  academ ic p o s i t io n s  from s e v e ra l  u n iv e r­

s i t i e s ,  in c lu d in g  th e  U n iv e rs i ty  o f  Chicago. But he chose to  rem ain to  

th e  end as an i n d u s t r i a l  s c i e n t i s t  a t  th e  Du Pont Company.

C a ro th e rs ' work on th e  m acrom olecular s y n th e s is  had immediate 

e f f e c t s  on in d u s t r i a l  c h em is ts . For exam ple, in s p i r e d  by C a ro th e rs ' 1931 

p a p e r, "P o ly m e riz a tio n ,"  and h i s  subsequen t f ib e r  p a te n ts  (and n o t by 

S ta u d in g e r 's  w ork), Paul Schulack ( l8 9 7 -  ) o f th e  I .G . F a rb e n in d u s tr ie

in  1938 s y n th e s iz e d  nylon  6 , a ny lon  formed by th e  p o ly m e riz a tio n  o f  a c a r ­

boxyl amine w ith  r in g  s t r u c t u r e , cap ro lac tam . Given th e  t r a d e  name "P er- 

lo n ,"  th e  f i b e r  was produced a t  th e  I.G . p la n ts  d u rin g  th e  second w orld 

w ar; i t s  m anufacture was adop ted  a f t e r  th e  war by Ja p a n , I t a l y ,  H o lland , and 

o th e r  c o u n tr ie s  which cou ld  no t o b ta in  Du P o n t 's  p a te n t  o f  nylon 66. The 

E n g lish  i n d u s t r i a l  c h em is ts , John Rex. W hin fie ld  (19O I-I966 ) and James 

Tennent D ickson , w orking in  th e  la b o r a to r ie s  o f  th e  C alico  

P r i n t e r s '  A sso c ia tio n s , sn y th e s iz e d  in  19L1 a p o ly e s te r  f ib e r  o f  h igh  

q u a l i ty ,  l a t e r  c a l le d  " T e r i le n ."  Almost s im u lta n e o u sly  w ith  th e  B r i t i s h
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developm ent. Du Pont in d ep en d en tly  d isco v e red  th e  same f i b e r , named 

"D acron." T h is concu rrence  was by no means an a c c id e n t,  fo r  b o th  works 

were b ased  on C a ro th e rs ’ s tu d ie s  on condensa tion  polym ers in  th e  1930s.

As W hin fie ld  w ro te , t h e i r  in v e s t ig a t io n s  were "a lo g ic a l  e x ten s io n "  o f 

C a ro th e rs ’ s e r i e s  o f  p a p e rs , "S tu d ie s  on P o ly m e riz a tio n  and Ring Forma­

t io n ." ^ ^

U nlike th e  u n iv e r s i ty  p ro fe s s o r  S ta u d in g e r , C aro thers  d id  not 

t r a i n  s tu d e n ts .  Y et, under h is . in f lu e n c e , th e r e  emerged th e  f i r s t  gener­

a tio n  o f polymer chem ists in  American u n i v e r s i t i e s .  Through h is  s e r ie s  

o f  p a p e rs , h is  work on th e  m acrom olecular s y n th e s is  was known in  academic 

c i r c le s  in  h is  l i f e t im e .  He gave le c tu r e s  on polym ers and on h is  th eo ry  

o f  p o ly m e riz a tio n  b e fo re  s e v e ra l  chem ical g roups, in c lu d in g  th e  American 

Chemical S o c ie ty  and th e  Johns Hopkins summer co lloqu ium . A fte r  h is  

un tim ely  d e a th  in  1937j P au l F lo ry  (1910- ) and C arl Shipp M arvel were

among th o se  who fo llow ed  up on th e  C aro thers t r a d i t i o n  o f  re s e a rc h .

F lo ry  was in tro d u c e d  to  th e  f i e l d  o f m acrom olecules when he jo in e d  

C a ro th e rs ' fundam ental re s e a rc h  group a t  Du Pont in  193b. T ra ined  as a 

p h y s ic a l chem ist a t Ohio S ta te  U n iv e rs i ty , F lo ry  embarked on a program o f  

support fo r  C a ro th e rs ' s tu d y  from th e  m athem atical s id e .  At Du Pont he in ­

v e s tig a te d  m o lecu la r s iz e  d i s t r ib u t io n  in  l in e a r  cond en sa tio n  polymers on the  

b a s is  o f  s t a t i s t i c a l  m ethods. His s tu d y  o f th e  k in e t ic s  o f  a d d it io n  r e a c tio n  

in tro d u ced  th e  concept o f  c h a in  t r a n s f e r ,  whereby a  growing c h a in  m olecule can

be s a tu ra te d  w ith  an atom from  a n o th e r  m olecule t h a t  m ight be a monomer, a po ly ­

mer, o r a s o lv e n t m o l e c u l e . I n  19 38, s h o r t ly  a f t e r  C a ro th e r 's  death , F lo ry  

l e f t  th e  Du Pont Company f o r  th e  U n iv e rs i ty  o f C in c in n a ti  and l a t e r  C o rn e ll
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U n iv e rs i ty ,  where he co n tin u ed  h is  t h e o r e t i c a l . s t u d i e s  in  th e  p h y s ic a l  

chem istry  o f  m acrom olecules— th e  work which was to  win him th e  Nohel 

P r iz e  in  chem istry  i n  19T^« His tex tb o o k  P r in c ip le s  o f  Polymer Chem istry 

( 1953) ,  which stemmed from h is  Baker L ec tu res  a t  C o rn e ll  in  ig 4 8 , p layed  

a  d e f i n i t i v e  r o le  in  pedagogy in  t h i s  growing f i e l d .  The book se rv e d  as 

th e  b ib le  f o r  g e n e ra tio n s  o f  polymer s c i e n t i s t s  th ro u g h o u t th e  w o rld .

M arvel, Adams' c o lle a g u e  a t  th e  U n iv e rs i ty  o f  I l l i n o i s ,  was a ls o  

ig n i te d  in  h is  i n t e r e s t  in  polym er chem istry  th ro u g h  c lo se  c o n ta c t w ith  

C aro thers , b o th  as a f r ie n d  and as a  c o n s u lta n t  fo r  th e  Du Pont Company 

from 1928 . In flu e n ce d  by C a ro th e rs ' work. M arvel devo ted  most o f  h is  

re s e a rc h  to  t h i s  f i e l d  from 1933 onwards. H is in v e s t ig a t io n  a re a s  ranged  

from s u l f u r  d io x id e  a d d it io n  polym ers, and th e  mechanism o f  v in y l  p o ly ­

m e r iz a tio n s  to  th e  developm ent o f  s y n th e t ic  ru b b e r . In  I l l i n o i s  he 

t r a in e d  a  la rg e  body o f  d o c to ra l  and p o s td o c to ra l  s tu d e n ts  and p u b lish e d  

over fo u r  hundred p ap ers  in  polymer c h e m i s t r y . T h u s ,  C a ro th e rs ' su cces­

s o rs  b rought th e  s tu d y  o f  m acrom olecules in to  th e  academ ic s e t t in g  a lre a d y  

in  th e  1930s. American polym er ch e m is try , which f i r s t  a ro se  from th e  

b a s ic  re s e a rc h  program in  in d u s t r y ,  g ra d u a lly  sp re a d  as an academic d i s ­

c ip l in e  in  th e  u n iv e r s i t i e s  by th e  l a t e  19^0s. C a ro th e rs ' b a s ic  re s e a rc h  

le d  to  th e  p ro d u ctio n  o f  ny lon  and c o n tr ib u te d  to  th e  doubling  o f  Du 

P o n t 's  e x p e c ta tio n s , t h i s  mode of o rg an iz in g  re s e a rc h  p layed  a c r u c i a l  

r o le  in  th e  emergence o f  a  new sc ien ce  in  t h i s  c o u n try .

F u r th e r ,  in  19^0, th e  American chem ical community was to  welcome a 

pow erfu l o rg a n iz e r  o f  m acrom olecular ch em is try  from  V ienna, Herman F ■ Mark. 

In  1938 , when H i t l e r 's  tro o p s  invaded A u s tr ia ,  Mark f l e d  to  Canada, where he
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worked fo r  th e  Canadian I n te r n a t io n a l  Paper Company fo r  two y e a r s .  With 

th e  lo s s  o f  C a ro th e rs , th e  Du Pont Company was eag er to  c o n ta c t  th e  b e s t  

polymer chem ists a v a i la b le  and showed growing i n t e r e s t  in  e s ta b l i s h in g  a 

co n n ec tio n  w ith  Mark who had p e rs o n a l ly  co rresponded  w ith  C aro thers  

s in c e  193^. Moving t o  th e  U n ited  S ta te s  in  19^0, he was ap p o in ted  to  a 

j o i n t  p o s i t io n  as Du Pont c o n s u lta n t  and A djunct P ro fe s s o r  a t  th e  Poly­

te c h n ic  I n s t i t u t e  o f  B rooklyn, New York, w ith  th e  f in a n c ia l  back ing  o f  

Du Po n t . I n  t h a t  y e a r he s t a r t e d  th e  p u b l ic a t io n  o f  a  monograph s e r ie s  

on th e  chem istry  o f  h ig h  po lym ers. I t s  f i r s t  volume, e d ite d  w ith  George 

S. W hitby, was C o lle c te d  P apers o f  W allace Hume C aro thers  on High Poly­

m eric  S u b s tan c e s . This " c l a s s i c a l "  work, th e  e d i to r s  were convinced ,

w i l l  always rem ain an e s s e n t i a l  p a r t  o f  th e  fo u n d atio n  on which th e  
h ig h  po lym eric  chem istry  o f  th e  f u tu r e  w i l l  be e re c te d . . . . th e re  
cou ld  be no b e t t e r  s t a r t  f o r  t h i s  s e r i e s  th a n  t o  p u b l is h ,  as th e  
f i r s t  volume in  i t ,  a  c o l l e c t io n  o f  th e  papers embodying C a ro th e rs ' 
s tu d ie s  o f  h ig h  polym ers and c lo s e ly  r e l a te d  m a t te r s ." 5 i

To t h i s ,  th r e e  o th e r  volumes were added in  t h i s  s e r i e s  by 19^2, in c lu d in g
cO

works by Mark and h is  f r ie n d  K urt H. Meyer. At B rooklyn, Mark tau g h t 

h is  s tu d e n ts  an in tro d u c to ry  co u rse  in  polym er c h e m is try , and e s ta b l is h e d  

a s e r i e s  o f  weekly sym posia and in te n s iv e  summer co u rses  in  t h i s  f i e l d ,  

in v o lv in g  o u ts id e  sc h o la rs  and i n d u s t r i a l  r e s e a rc h e rs .  By th e  m iddle o f 

th e  decade th e  "Brooklyn P o ly" had e s ta b l is h e d  a  g rad u a te  program  le a d in g  

to  M.S. and Ph.D. deg rees w ith  th e  m ajor in  polymer c h em is try . A number 

o f newly ed ucated  polymer ch e m is ts  worked and he lp ed  to  te a c h  t h i s  f i e l d  

a t  th e  I n s t i t u t e  under M ark 's d i r e c to r s h ip .  S p e c ia liz e d  co u rses  th en  

o f fe re d  in c lu d ed  "P o ly m e riz a tio n  K in e tic s "  by T urner A lfre y  ( I 918-  ) ,

" S o lu tio n  P ro p e r t ie s  o f  High P o lym ers,"  by F red er Roland E ir ic h  (1905- ),

and "O rganic Polymer Chem istry" by C harles G i lb e r t  O verberger (1920- ) .
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Developed in to  th e  independen t "Polym er R esearch I n s t i t u t e ” in  19^6,

M ark 's Brooklyn schoo l became a mecca fo r  advanced s tu d e n ts  and polymer

59r e s e a rc h e rs ,  along  w ith  M a rv e l 's  I l l i n o i s  sc h o o l.

World War I I  a c c e le r a te d  polymer r e s e a rc h  in  American u n iv e r s i t i e s  

and in d u s t r ie s .  The government s y n th e t ic  ru b b e r re s e a rc h  program , which 

s t a r t e d  in  19^1 in  th e  fac e  o f  J a p a n 's  o ccu p atio n  o f  th e  P a c if ic  a re a , 

in v o lv ed  n o t only  polym er chem is ts  bu t a lso  d i r e c te d  th e  a t t e n t io n  o f  

many le a d in g  academ ic and i n d u s t r i a l  s c i e n t i s t s  to  th e  s c i e n t i f i c  problem s 

in v o lv ed  in  t h i s  f i e l d . I n  th e  fo llo w in g  y e a r ,  Du P o n t 's  e n t i r e  produc­

t io n  o f  ny lon  was a l lo c a te d  by th e  War P ro d u c tio n  Board f o r  v i t a l  m i l i t a r y  

u se s  such a s  p a ra c h u te s , f l a k  v e s t s ,  and m i l i t a r y  t i r e s .  S h o rtly  a f t e r  

th e  w ar, as th e  polym er in d u s try  grew to  be one o f  th e  m ajor in d u s t r ie s  

in  th e  U n ited  S ta te s ,  p u b l ic a t io n s  in  polymer ch em is try  reached  th e  p o in t 

t h a t  th e  J o u rn a l  o f  th e  American Chemical S o c ie ty  could  h a rd ly  accep t too  

many polymer m a n u sc r ip ts . ■ M ^k  w asted  no tim e in  founding a  s e p a ra te  

jo u rn a l  in  t h i s  f i e l d .  The J o u rn a l  o f  Polymer S c ie n c e , th e  f i r s t  E n g lish -  

language p e r io d ic a l  devo ted  to  th e  f i e l d  o f  m acrom olecules, was inaugu r­

a te d  under th e  e d i to r s h ip  o f  Mark in  19^6, a y e a r  e a r l i e r  th an  S ta u d in g e r 's  

German jo u rn a l .  Die m akrom olekulare Chemie. I t s  f i r s t  volume c a r r ie d  

f i f ty - s e v e n  p a p e rs , and th e  jo u rn a l  became th e  le a d in g  v e h ic le  fo r  th e  

growing number o f  polym er s c i e n t i s t s  in  th e  postw ar America. B u ild in g  on 

th e  fo u n d atio n s  th a t  th e  r e s e a rc h e r  C aro thers  and h is  su c ce sso rs  had 

f irm ly  l a i d ,  Mark th u s  se rv ed  as an im portan t o rg a n iz e r  and te a c h e r  in  

e s ta b l is h in g  th e  d i s c ip l in e  o f  m acrom olecular ch em is try  in  th e  U nited  

S ta te s ,  w h ile  S ta u d in g e r p lay ed  th e  t r i p l e  r o le  as r e s e a rc h e r ,  te a c h e r ,  

and o rg a n iz e r  by h i s  own e f f o r t s  i n  th e  German academ ic c i r c l e s . At th e
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same tim e , th e  growth o f  American m acrom olecular chem istry  i s  a re p re se n ­

t a t i v e  example o f  v i t a l  in te r a c t io n s  betw een s c ie n c e , in d u s try ,  and 

s o c ie ty .
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CONCLUSION
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—W allace Hume C a ro th e r s ,
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o rg an isch en  V erbindungen,"  1932.

M acrom olecular chem istry  i s  th e  youngest b ranch  o f  o rg an ic  chem-

— Hermann S ta u d in g e r ,
"Nobel L e c tu re ,"  1953.

M acrom olecular chem istry  i s  a  r e l a t i v e l y  young s c ie n c e .
—G iu lio  N a tta ,

"Nobel L e c tu re ,"  1963.
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v e r i f i e d  o r d isp ro v e d  by c e r ta in  o th e r  h i s t o r i c a l  f a c t s ;  i t  i s  i t s e l f  an 
h i s t o r i c a l  f a c t ,  namely th e  f a c t  t h a t  someone has propounded or accep ted [,]  
v e r i f ie d  o r d isp ro v e d , th a t  th e o ry . . . . [N ]a tu ra l sc ie n c e  as a form o f  
though t e x is t s  and alw ays has e x is te d  in  a c o n te x t o f  h i s t o r y ,  and 
depends on h i s t o r i c a l  though t fo r  i t s  e x is te n c e .

—R. G. Collingw ood,
The Id ea  o f  N a tu re , 19^5.

T his s tu d y  h as  expounded th e  emergence o f  m acrom olecular chem istry  

from i t s  o r ig in s  in  th e  e a r ly  decades o f  t h i s  c e n tu ry  to  i t s  developm ent 

tow ard  th e  p e r io d  o f  World War I I .  The m acrom olecular th e o ry  was f a i r l y  

w e ll  accep ted  in  s c i e n t i f i c  c i r c l e s  around th e  m iddle o f  th e  1930s. By 

s h o r t ly  a f t e r  th e  w ar, th e  chem istry  o f  m acrom olecules had rec o g n iza b ly
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ta k e n  shape as a new s c i e n t i f i c  d i s c ip l in e  in  i n s t i t u t i o n a l  s e t t i n g s ,  as 

in d ic a te d  by th e  large-num ber o f  academic and in d u s t r i a l  r e s e a rc h e r s ,  th e  

grow th o f u n iv e r s i ty  te a c h in g  in  t h i s  a r e a ,  and th e  c r e a t io n  o f  new jo u r ­

n a ls  devoted  e x c lu s iv e ly  t o  in v e s t ig a t io n  o f  m acrom olecules. This 

s p e c ia l ty  was a p p re c ia te d  as an im portan t and in d isp e n sa b le  new f i e l d  o f 

o rg an ic  c h e m is try , d is t in g u is h e d  from c l a s s i c a l  o rg an ic  ch e m is try  which 

d e a ls  only  w ith  low m o lecu la r compounds o f  carbon . A la r g e  p o r tio n  o f 

o rg an ic  su b s ta n c e s , b o th  n a tu r a l  and s y n th e t ic ,  have tu rn e d  out to  be 

h ig h  m olecu lar compounds which re q u ire d  s p e c ia l  u n d e rs ta n d in g  in  th e  

l i g h t  o f  new concep ts and methods re g a rd in g  m acrom olecules. The r i s e  o f 

m acrom olecular ch em is try  a ls o  com pelled c o l lo id  s c i e n t i s t s  to  d e p a rt from 

t h e i r  t r a d i t i o n a l  scheme o f  c o l lo id s  and to  re d e f in e  t h e i r  o b je c ts  o f 

in q u iry  and s tu d y . Because o f i t s  t h e o r e t i c a l  s ig n if ic a n c e  in  th e  

s c ie n c e  o f  m o lecu les, i t s  profound b io lo g ic a l  im p l ic a tio n s ,  and i t s  

phenomenal in d u s t r i a l  a p p lic a t io n s  (such as s y n th e t ic  f i b e r s ,  s y n th e tic  

ru b b e r s ,  and p l a s t i c  m a te ria J-s ), m acrom olecular ch em istry  became a r a p id ly  

m atu ring  sc ie n c e  d u rin g  th e  postw ar p e r io d .

In  t h i s  s tu d y , I  have c a l le d  p a r t i c u a l r  a t t e n t io n  to  th e  ro le  o f 

c o n cep tu a l and e p is te m o lo g ic a l rea so n in g  in  th e  emergence o f  t h i s  

s c ie n c e , which i s  o f  some s ig n if ic a n c e  in  th e  h is to r io g ra p h y  o f  chem ical 

s c ie n c e . The dominance o f  p h y sics  over o th e r  n a tu ra l  s c ie n c e s  i s  one o f 

th e  g e n e ra l f e a tu re s  o f  modern s c ie n c e . Conceptions and m ethods o f 

p h y s ic s  have indeed e x e rc is e d  a  wide in f lu e n c e  on th e  way in  which chem­

i s t s ,  b io lo g i s t s ,  and s c i e n t i s t s  o f  o th e r  f i e l d s  pursue  t h e i r  re s e a rc h  

a r e a s .  In  chem ical s c ie n c e , p h y s ic a l ch em istry  emerged as a  boundary 

s c ie n c e  in  th e  l a t e  n in e te e n th  c e n tu ry , and has p rov ided  a  deeper
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m eth o d o lo g ica l in s ig h t  i n to  th e  s tudy  o f  in o rg a n ic , o rg a n ic , and b io lo g ­

i c a l  ch e m is try . Not s u r p r i s in g ly ,  t h i s  c lim a te  has in c re a s in g ly  c re a te d  

an  im p ress io n  th a t  a l l  ch em is try  fo llo w s d e d u c tiv e ly  from th e  p r in c ip le s  

o f  p h y s ic s . Modern tex tb o o k s  o f  chem istry  and  even h i s t o r i c a l  s tu d ie s  in  

some q u a r te rs  have f a l l e n  under t h i s  in f lu e n c e ,  se e in g  th e  growth o f 

modern ch em is try  m erely  as l in k e d  w ith  th e  v ic to r y  o f  th e  p h y s ic a l i s t  

view  o f  n a tu re  o r th e  "m echan iza tion  o f th e  w orld p i c tu r e ."

The s to ry  o f  th e  emergence o f  m acrom olecular c h e m is try , which 

th e  p re s e n t  s tu d y  has exam ined, g ives  a  counter-exam ple f o r  t h i s  conven­

t i o n a l  i n te r p r e ta t io n .  M acrom olecular ch em is try  as a new f i e l d  o f  

o rg an ic  chem istry  a ro se  from  a co n cep tu a l c o n f l i c t  betw een th e  ph y sica ­

l i s t  and th e  o r g a n ic - s t r u c tu r a l  t r a d i t i o n s .  The p h y s ic a l i s t  approach to  

p o ly m e r-c o llo id  s u ts ta n c e s ,  as r e p re s e n te d  by th e  c o l lo id  d o c tr in e  and 

th e  a g g re g a te  th e o ry , f lo u r is h e d  in  th e  e a r ly  p a r t  o f  t h i s  c e n tu ry , 

r e f l e c t i n g  th e  r i s e  o f  p h y s ic a l  ch em is try . Yet th e  su ccess  ach ieved  by 

Hermann S tau d in g er and W allace H. C aro th e rs  in  th e  1920s and 1930s, 

fo llo w in g  th e  decade-long  co n tro v e rsy  over m acrom olecules from roughly  

1925 and 1935 , was a  m a n ife s ta t io n  o f  th e  c o n cep tu a l power o f  orthodox 

o rg a n ic  chem istry  i n  th e  face  of th e  p o p u la r p h ysico -chem ica l t r e n d .  

C o ncep tually  and e p is te m o lo g ic a lly , th e  m acrom olecular th e o ry  was deeply 

a n t i p h y s i c a l i s t i c ,  d ism iss in g  concepts t h a t  reduced  chem ical phenomena to  

s m a lle s t  p a r ts  o f  m a tte r  and in te r a c t in g  f o rc e s .  The new th e o ry  was 

f irm ly  grounded in  th e  t r a d i t i o n a l  m o lecu la r approach to  o rg an ic  compounds, 

which view ed th e  m olecule as  th e  u n i t  from  which stem p h y s ic a l  and 

chem ical p r o p e r t ie s  o f  m a tte r .  The m acrom olecular view  f u r th e r  c a r r ie d  a 

h o l i s t i c  o r em ergent co n cep tio n  th a t  a whole i s  not a  mere t o t a l  sum o f
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i t s  c o n s t i tu e n t  p a r t s ,  b u t som ething more th a n  t h a t .  T his was an e p is -  

te m o lo g ic a l ground e s s e n t i a l  t o  th e  m acrom olecule co n cep t, which 

S ta u d in g e r  s tr e s s e d  tim e and ag a in  in  opposing th e  m echanical red u c tio n ism  

o f  upho lders  o f  th e  a g g re g a te  th e o ry . D e fin in g  c o llo id s  as " p h y s ic a l  

compounds" and no t as chem ical o nes, a  p h y s ic a l i s t  n o ted  in  1927:

S im p lic ity  and symmetry should  be among th e  c h ie f  aims o f  a 
s c i e n t i f i c  th e o ry . I t  i s  p robab le  t h a t  th e  same law s which r e g u la te  
th e  movement o f  e le c tro n s  w ith in  th e  atom a ls o  determ ine  th e  p a th s  
o f  p la n e ts  in  t h e i r  o r b i t s ;  a com plete u n d e rs tan d in g  o f  th e  s im p les t 
phenomenon may enab le  us to  e x p la in  th e  U n iv erse .^

In  c o n t r a s t ,  th e  fo llo w in g  s ta tem en t by P au l J .  F lo ry , C a ro th e rs ' succes­

s o r ,  i l l u s t r a t e s  th e  v iew po in t o f  th e  m acrom olecular chem ist:

The r e d u c t io n is t  a t t i t u d e  has encouraged chem ists t o  focus t h e i r  
in v e s t ig a t iv e  e f f o r t s  on th e  s im p le s t m olecules to  v i r t u a l  ex c lu s io n  
o f  a l l  e l s e ,  as i f  f u l l  knowlege . g a ined  a t  th e  s im p le s t l e v e l  would 
s u f f ic e  to  e x p la in  th e  more complex by s tr a ig h tfo rw a rd  d ed u c tio n .
This i s  dem onstrably  f a l s e .  . . .

To be s u re , a  g re a t  d e a l  can be le a rn e d  by in v e s t ig a t io n  o f  th e  
s im p le s t system s, bu t com prehension o f  th o se  o f  h ig h e r  com plexity  
cannot be ach ieved  th rough  p ro ce sse s  o f  deduction  a lo n e . . . . [F ]u l l  
knowlege concern ing  sim ple  m olecules d id  no t pave th e  way fo r  compre­
h en sio n  o f  m acrom olecules. F u r th e r  c r e a t iv e  e f f o r t ,  fo rm ation  o f 
new concents w ith  a p p ro p r ia te  a b s t r a c t io n ,  and so f o r t h ,  were 
r e q u ire d .^

Thus, th e  la rg e  m olecule as a  whole e x h ib i ts  i t s  own p r o p e r t ie s  which can­

n o t  be deduced from th o se  o f sm a lle r  m o lecu la r o r atom ic u n i t s ,  and which 

cannot be p re d ic te d  even by a thorough s tu d y  o f  th e  low m o lecu la r sub­

s ta n c e s .  Hence, em phasis was p laced  by m acrom olecular ch em istry  on th e  

s u p e rs t ru c tu re  o f m o le c u le s , namely th e  m o lecu la r s iz e  and shape th a t  

de term ine  unique p r o p e r t ie s  o f  polym ers, such as c o l lo id a l  phenomena, 

e l a s t i c i t y ,  and f ib ro u s n e s s . These new concep tions a s s o c ia te d  w ith  th e  

o r g a n ic - s t r u c tu r a l  approach to  m acrom olecules expanded th e  t h e o r e t i c a l  

o u tlo o k  o f  c la s s ic a l  c h e m is try , th a t  i s ,  th e  sc ien ce  o f  m o lecu les.

As we have seen in  C hapter I I ,  S ta u d in g e r 's  m acrom olecular th eo ry
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o r ig in a te d  in  h i s  f irm  c o n v ic tio n  o f  K e k u ll 's  s t r u c tu r a l  scheme and in  

h is  su sp ic io n  o f  th e  c u rre n t  i n te r p r e ta t io n  th a t  polym ers were ag g reg a te s  

o f  sm a ll m olecules h e ld  to g e th e r  by th e  non-K ekulean secondary  va lence  

f o rc e s .  In s p ire d  by h i s  own e a r ly  s tu d y  o f  k e te n e s  and by Samuel S. 

P ic k le s ' 1910 p a p e r , which c r i t i c i z e d  C arl D. H a r r ie s ' view  o f  " p h y s ic a l 

bonding" o f  ru b b e r  m o lecu le s , he developed  h i s  o r g a n ic - s t r u c tu r a l  

approach  to  polym eric  compounds in  th e  e a r ly  1920s. The ensu ing  macro­

m o lecu la r debate  p re s e n ts  a c le a r  p ic u t r e  o f  th e  c o n cep tu a l and methodo­

lo g ic a l  c la sh  betw een S ta u d in g e r 's  o r g a n ic - s t r u c tu r a l  sch o o l and p h y s ic ­

a l i s t  sc h o o ls . D esp ite  S ta u d in g e r ' s c o n fid e n c e , h i s  e a r ly  ex p e rim en ta l 

ev idence  fo r  th e  e x is te n c e  o f  m acrom olecules, based  on p u re ly  o rg a n ic -  

chem ical tec h n iq u es  and methods (such  as  polym er analogous r e a c t io n s ) ,  

was n o t taken  as p e rs u a s iv e  o r c r u c ia l  by  h i s  p h y s ic a l i s t  opponen ts. The 

re c o g n i t io n  p ro cess  o f  th e  m acrom olecular th e o ry  b e fo re  1930 was m anifo ld  

among s c i e n t i s t s .  .The X -ray work on th e  c e l lu lo s e  s t r u c tu r e  by Olenus L. 

S p onsler and W alter H. Dore (1926) and on th e  polyoxm ethylene s t r u c tu r e  

by G ustav Mie and J o s e f  H engstenberg (192?) le d  some X -ray s p e c i a l i s t s  

and p h y s ic a l  c h e m is ts , such as Johann R. K atz , to  accep t th e  view o f 

lo n g -c h a in  s t r u c tu r e  fo r  polym ers. Some p r o te in  s c i e n t i s t s  saw as 

d e c is iv e  th e  S v ed b erg 's  u l t r a c e n t r i f u g e  s tu d ie s  m easuring th e  h ig h  molecu­

l a r  w eigh t o f  p r o te in s  ( 1926-  ) ,  w hereas c o l lo id  chem ists l i k e  W ilder D.

B an cro ft r e a d i ly  r e j e c te d  Svedberg 's  r e s u l t s  as a m is in te r p r e ta t io n  o f 

ex p e rim en ta l d a ta . A compromise betw een th e  a g g reg a te  and th e  macromole­

c u la r  v iew s, th e  new m ic e lle  th eo ry  o f  K urt H. Meyer and Herman F. Mark, 

p roposed  in  1928, moved s e v e ra l  le a d in g  c e l lu lo s e  ch em ists ,, in c lu d in g  

Kurt H ess, to  re c o n s id e r  t h e i r  ag g reg a te  p o in t  o f  v iew s. Some s c i e n t i s t s
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were im pressed  by S ta u d in g e r 's  v i s c o s i ty  fo rm ula  fo r  m acrom olecular 

s o lu t io n s  a t  th e  tu rn  o f  th e  decade, a lth o u g h  i t  a lso  met s e r io u s  opposi­

t i o n .  C oncep tually  bounded by th e  ag g reg a te  th e o ry , th e  la rg e  m a jo r ity  

o f  o rg an ic  chem ists  c o n s id e re d  th e  id eas  o f  g ia n t  m olecules as u n tenab le  

s t i l l  in  th e  l a t e  1920s.

As ana lyzed  in  C hapter I I ,  C aro thers  was among th e  e a r l i e s t  

o rg an ic  ch em ists  who found soundness in  S ta u d in g e r 's  own argum ent t h a t  

th e  polymer s t r u c tu r e  can be e x p la in ed  on ly  in  term s o f th e  Kekule 

c o v a le n t bond. S haring  th e  o r g a n ic - s t r u c tu r a l  approach to  polymers w ith  

S ta u d in g e r , C aro thers adop ted  th e  p r in c ip le  o f  m acrom olecules around 1927 

m ainly  th ro u g h  re a d in g  S ta u d in g e r 's  e a r ly  German p a p e rs . I t  i s  to  be 

em phasized t h a t  C a ro th e rs ' d i r e c t  m otives in  h i s  accep tance  were n e ith e r  

i n t e r e s t  in  th e  re c e n t s tu d ie s  o f  X -ray c ry s ta llo g ra p h y  n o r S vedberg 's  

u l t r a c e n t r i f u g e  work on p r o te in s ,  b u t r a th e r  in  th a t  b e l i e f  in  s t r u c tu r a l  

o rg an ic  ch em istry  w ith  which S tau d in g er s t a r t e d  h is  s tu d y  o f  polym ers.

By th e  m id-1930s, i t  became c le a r  to  h is  con tem poraries  th a t  C a ro th e rs ' 

sy s te m a tic  work on th e  mechanism o f  p o ly m e riz a tio n  v ig o ro u s ly  su ppo rted  

S ta u d in g e r 's  id eas  from th e  s y n th e t ic  s id e ,  and a la rg e  number o f  p ra c -  

t io n e r s  in  o rgan ic  ch em is try  came to  adopt th e  m acro m o lecu la rity  o f poly­

m eric  compounds in  p la c e  o f  th e  agg reg a te  th e o ry .

The c o n fro n ta tio n  betw een th e  p h y s ic a l i s t s  and th e  o r g a n ic - s t ru c -  

t u r a l i s t s ,  a t  th e  same tim e , invo lved  s e t t i n g  o r  e s ta b l is h in g  d i s c ip l in a r y  

b o u n d a rie s  in  chem ical s c ie n c e . Wolfgang O stw ald , th e  German p h y s ic a l i s t ,  

had d e c la re d  in  th e  m id-1910s t h a t  c o l lo id  ch em istry  i s  an independen t 

d iv is io n  o f  p hysico -chem ica l s c ie n c e , c u l t iv a t in g  th e  "World o f  N eglected  

Dim ensions" th a t  l i e s  betw een th e  m olecu lar l e v e l  and th e  m icro scop ic



185

l e v e l ,  a  w orld ru le d  no t by t r a d i t i o n a l  o rgan ic  chem istry  b u t by  th e  laws 

o f  c o l lo id  sc ie n c e . L ikew ise , B an cro ft, th e  American advocate  o f  t h i s  

f i e l d ,  c la im ed  t h a t  c o l lo id  s tu d ie s  a re  one o f  th e  most im p o rta n t b ranches 

t o  be ex p lo red  on ly  by  p h y s ic a l  c h e m is ts . From th e  o u t s e t ,  th e  o rg an ic  

ch em ists  S taud inger and C aro the rs  r e je c te d  th e s e  claim s and c r i t i c i z e d  

t h e i r  fe llo w  c h e m is ts ' abandonment o f  th e  fundam ental axioms o f  s t r u c tu r a l  

o rg an ic  chem istry  in  d e a lin g  w ith  c o l lo id  polym ers. Polym ers, such as 

ru b b e r , c e l lu lo s e ,  p o ly sa c c h a r id e s , and p r o te in s ,  a re  o rg an ic  compounds, 

namely compounds o f  c a rb o n , which ought to  be pursued  by th e  p r in c ip le s  

o f  o rg an ic  ch em istry  and n o t by p h y s ic a l d o c tr in e s .  S ta u d in g e r thus 

r e in te r p r e te d  O stw a ld 's  w orld  o f  c o l lo id a l  dim ensions by c o n s id e r in g  i t  

to  be a  realm  o f  g ia n t  o rg an ic  m olecules and to  be a new f i e l d  w ith in  

o rg an ic  ch em istry . The F ra n k fu r t  m eeting o f  th e  K o llo id -G e s e lls c h a f t  on 

"O rganische Chemie und K ollo idchem ie,"  which Ostwald p re s id e d  over in  

1930, i l l u s t r a t e s  c o l lo id  s c i e n t i s t s '  concern about th e  problem  o f  th e  

d i s c ip l in a r y  b o u n d a rie s . S ta u d in g e r 's  19^0 book, O rganiche K o llo idchem ie , 

as i t s  t i t l e  s u g g e s ts , in te n d e d  to  d i r e c t  c h e m is ts ' a t t e n t io n  from t r a d i ­

t i o n a l  c o l lo id  d o c tr in e s  t o  th e  p r in c ip le s  o f  m acrom olecules in  d e a lin g  

w ith  o rg an ic  c o l lo id s .^

On ano ther l e v e l ,  we have seen human f a c to r s  a s s o c ia te d  w ith  the 

emergence o f  m acrom olecular chem istry . S ta u d in g e r 's  uncompromising 

a t t i t u d e  and a p e rs o n a l i ty  in to le r a n t  o f  h i s  opponents in  s c i e n t i f i c  

m eetings aroused  a n tip a th y  d u rin g  th e  m acrom olecular d e b a te . The polem ic 

over th e  p r i o r i t y  o f  th e  lon g -m o lecu la r concept betw een S ta u d in g e r  and 

Meyer com plica ted  th e  i s s u e  f u r th e r  around 1930. As a r e s e a r c h e r ,  teach e r, 

and p r o s e ly t iz e r  f o r  m acrom olecular ch e m is try , S tau d in g er in  e f f e c t
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succeeded  in  e s ta b l is h in g  t h i s  f i e l d  as a  new s p e c ia l ty  o r o rg a n ic  chem­

i s t r y .  But th e  way in  which th e  c h a rism a tic  p ro fe s s o r  s t e r n ly  pushed 

h i s  w orking f i e l d  ahead o f te n  was viewed by h i s  con tem poraries  as too  

h igh -handed . Even C aro the rs  and some o f  S ta u d in g e r 's  own s tu d e n ts  con­

s id e r e d  h i s  s c i e n t i f i c  s ty l e  and p e rs o n a l i ty  t o  be dogmatic and too  

i n t u i t i v e .  Y et, as Ryuzaburo Hodzu, a  s tu d e n t o f  S tau d in g e r a t  F re ib u rg , 

r e c a l l e d ,  i t  was j u s t  t h i s  determ ined  and s tro n g  c h a r a c te r i s t i c  in  

S ta u d in g e r  t h a t  enab led  him to  c h a llen g e  a c cep ted  view s, to  su rv iv e  a 

decad e-lo n g  co n tro v e rsy  a g a in s t  le a d in g  s c i e n t i s t s  o f  h is  t im e , and even­

t u a l l y  to  re ig n  over s c i e n t i f i c  c i r c l e s .  On th e  o th e r  hand, Nodzu 

b e l ie v e d ,  i t  was th e  same p o lem ica l n a tu re  in  S tau d in g er t h a t  delayed  

h i s  re c e p tio n  o f  th e  Nobel P r iz e .^

An in tr o v e r te d  and lo g ic a l ly  minded p e r f e c t i o n i s t ,  C aro th e rs  

c r i t i c i z e d  as s p e c u la tiv e  some o f  S ta u d in g e r 's  argum ents t h a t  appeared 

to  be b ased  on scan ty  ex p e rim e n ta l ev id en ce . Claim ing h i s  own approach 

to  be " s t r i c t l y  r a t i o n a l , "  he d is t in g u is h e d  h i s  method o f  d em o n stra tio n  

from S ta u d in g e r 's  method. This " r a t io n a l i t y "  was b u i l t  upon C a ro th e rs ' 

f irm  c o n v ic tio n s  about o rg an ic  sy n th e s is  which he in h e r i te d  from  Roger 

Adams' I l l i n o i s  sc h o o l. While h is  German c o u n te rp a r t  was p r im a r i ly  

concerned  w ith  th e  e lu c id a t io n  o f  th e  s t r u c tu r e  o f  e x is t in g  n a tu r a l  

p ro d u c ts  such as ru bber and c e l lu lo s e ,  C aro thers  aimed to  make g ia n t 

m o lecu les th rough  s te p w ise , e s ta b l is h e d  o rg an ic  re a c tio n s  o f  sm a lle r  

m o lecu les . As I  have su g g e s te d , th e  two s t r i k in g l y  c o n tr a s t in g  approaches 

r e f l e c t  th e  d i f f e r e n t  i n t e l l e c t u a l  m ilieu x  in  which th ey  a tta c k e d  th e  

problem  o f m acrom olecules. S ta u d in g e r 's  a n a ly t ic a l  approach r e f l e c t s  an 

a sp e c t o f  German W isse n sch a ft, th e  p u r s u i t  o f  n a tu re  i t s e l f .  While
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ad o p tin g  te c h n ic a lly  Emil F is c h e r 's  method o f  p ro te in  s tu d y , C a ro th e rs ' 

s y n th e t ic  approach embodied Adams' id e a l  o f  s c ie n c e , o r  more b ro a d ly , 

t h a t  f a c e t  o f  American pragm atism  d i r e c te d  tow ards th e  a r t i f i c i a l  d u p li­

c a t io n  o r c o n tro l  o f  n a tu re .  The two d i s t i n c t  approaches in  th e  o rg an ic -  

s t r u c t u r a l  t r a d i t i o n  tu rn e d  out to  p la y  complementary r o le s  fo r  la y in g  

t h e o r e t i c a l  and p r a c t i c a l  fou n d atio n s  o f  th e  chem istry  o f  m acrom olecules.

That an estrangem ent betw een th e  p h y s ic a l  approach and th e  

o rg a n ic  approach could  n o t l a s t  long  i s  perhaps not m a te r ia l  t o  th e  

argum ent. The r e j e c t i o n  o f  th e  p h y s ic a l i s t  s ta n d p o in t i n  e s ta b l i s h in g  

th e  b a s i s  fo r  t h i s  d i s c ip l in e  d id  no t mean t h a t  i t s  founders n eg a ted  th e  

a p p l i c a b i l i t y  o f  p h y sic s  and p h y s ic a l  c h e m is try . What i s  s ig n i f ic a n t  

h e re  i s  th e  f a c t  t h a t  t h e  chem istry  o f m acrom olecules stemmed from o rg an ic  

c h e m is try 's  own p r in c ip le ,  th e  m olecu lar approach , and no t from p h y s ic a l 

d o c tr in e s .  A dm itted ly , th e  o rg an ic  chem ist S tau d in g e r showed d i s t a s t e  

fo r  p h y s ic a l  m ethods, and h i s  s c i e n t i f i c  though t was to  a  la rg e  e x te n t 

l im i te d  to  th e  framework o f  n o n -p h y sic a l o rg an ic  ch em istry . Facing  th e  

problem s posed by p h y s ic a l  concepts and methods (such as X -ray d i f f r a c ­

t io n s  o f  polymers and th e  f l e x i b i l i t y  o f  l i n e a r  m acrom olecu les), he had 

t o  c a l l  fo r  co o p e ra tio n  from a b le  p h y s ic i s t s  and p h y s ic a l c h e m is ts , 

in c lu d in g  Gustav M ie, J o s e f  H engstenberg , and Gunther V. S c h u lz , and from 

h is  Dozenten such as Rudolph S ig n er. These co-w orkers th e n  supported  

S ta u d in g e r 's  th eo ry  from th e  p h y s ic a l s id e .  C aro thers  had ample knowledge 

o f  p h y s ic a l  ch em is try , a s  i l l u s t r a t e d  by h i s  e a r ly  am b itious s tu d y  o f  th e  

e le c t r o n ic  th e o ry  o f  th e  double bond. N e v e r th e le ss , h i s  m athem atica l 

c a p a c i t i e s  were r e p o r te d ly  very  l im ite d ,  and he req u e s ted  from h is  co­

w orker, th e  p h y s ic a l  chem ist Paul F lo ry  th e  s t a t i s t i c a l  and m athem atical
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in v e s t ig a t io n s  o f  p o ly m e riz a tio n . S ta u d in g e r and C aro thers th u s  p e r ­

ce ived  th e  a p p l i c a b i l i t y  o f  m athem atico -physica l tre a tm e n ts  in  t h e i r  

f i e l d ,  a lthough  t h e i r  i n i t i a l  s tu d ie s  had made l i t t l e  use o f  th o se  

m ethods. A fte r  a c c e p tin g  th e  fundam ental concep t o f  th e  m acrom olecular 

s t r u c tu r e  fo r  polym eric compounds, th e n , Mark, Werner Kuhn, S c h u lz , F lo ry , 

Maurice L. Huggins ( b . 1897 ) ,  and young g e n e ra tio n s  o f  p h y s ic a l  chem ists 

were a b le  to  app ly  se c u re ly  th e  p hysico -chem ica l m ethods, such as k in e ­

t i c s ,  s t a t i s t i c s ,  therm odynam ics, and hydrodynam ics, to  th e  polym er 

f i e l d  tow ards th e  second h a l f  o f  th e  1930s. C e r ta in ly ,  th e  p h y s ic a l  

ch em is try  o f  m acrom olecules became a v i t a l  p a r t  in  th e  study  o f  polymers 

and p o ly m e riz a tio n  d u ring  th e  postw ar p e r io d .

W hile C aro thers never l iv e d  to  see  th e  l a t e r  s p e c ta c u la r  growth 

o f  h i s  s c ie n c e , S tau d in g er w itn esse d  th e  su ccess  o f  h is  la b o u rs  and th e  

f u r th e r  developm ent made by younger g e n e ra tio n s  o f  s c i e n t i s t s .  In  h is  

l a t e r  c a r e e r ,  S tau d in g e r tu rn e d  h i s  i n t e r e s t  to  b io lo g ic a l  a s p e c ts  o f  

m acrom olecules. S ince 1926 he had p o in te d  out th e  b io lo g ic a l  im p lic a tio n s  

o f  m acrom olecules such as p r o te in s .  His th o u g h t was f u r th e r  in s p i r e d  by 

h i s  w ife  Magda S ta u d in g e r , a  p la n t  p h y s io lo g is t  who helped  to  develop  

some new concep ts  r e l a t i n g  m acrom olecules t o  p h y s io lo g ic a l  and p h ilo s o ­

p h ic a l  q u e s tio n s . In 19^6 he  p u b lish ed  a  monograph, M akrom olekulare 

Chemie und B io lo g ie , in  which he a ttem p ted  to  e x p la in  th e  l i f e  p ro c e sse s  

o f th e  l iv in g  c e l l  from th e  p o in t  o f  view o f  m acrom olecular c h e m is try . 

Through m acrom olecules, he  th u s  re tu rn e d  to  h i s  e a r l i e s t  f i e l d  o f  

i n t e r e s t ,  b io lo g y , d e a lin g  w ith  l iv in g ,  t r u l y  o rg an ic  m a tte r . A lthough 

h i s  own work on b io-m acrom olecules touched  on ly  upon th e  f r in g e  o f  th e  

s u b je c t , th e  m acrom olecular th eo ry  i t s e l f  opened a door fo r  a  new approach
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to  " b io lo g is ts ,  c h e m is ts , and p h y s ic i s ts  in  a t ta c k in g  th e  enigma o f  l i f e .  

S y m b o lic a lly , S ta u d in g e r re c e iv e d  h is  ""belated" "but most coveted  Nobel 

P r iz e  in  ch em is try  as th e  founder o f  m acrom olecular ch em istry  in  1953, 

th e  y e a r  in  which th e  W atson-C rick double h e l ix  th e o ry  o f  th e  DNA g ia n t  

m olecule emerged as  a  landm ark o f  th e  new s c ie n c e , m o lecu la r b io lo g y .

In  C hapter IV, I  have c o n tra s te d  i n s t i t u t i o n a l  s e t t in g s  o f German 

and A m erican. m acrom olecular s c ie n c e ,  and I  have in d ic a te d  how th e  growth 

o f  m acrom olecular chem istry  in  th e s e  two s e t t in g s  i l l u s t r a t e s  some 

fe a tu re s  o f  th e  r e l a t io n s h ip s  betw een s c ie n c e , in d u s t r y ,  and s o c ie ty .

In a d d it io n  to  i t s  t h e o r e t i c a l  c o n c e rn s , i n d u s t r i a l  su ccess  o f macro­

m olecu les u n q u e s tio n a b ly  p lay ed  a  key r o le  fo r  th e  le g i t im a t i z a t io n  o f 

t h i s  s c ie n c e  in  s o c ie ty .  Americans ach ieved  t h i s  su c c e ss  in  th e  la r g e -  

s c a le  i n d u s t r i a l i z a t i o n  o f  m acrom olecular ch em istry  e a r l i e r  than  d id  

Germans. R e f le c tin g  th e  m a s te r 's  own s c i e n t i f i c  s t y l e ,  S ta u d in g e r ' s 

re s e a rc h  sch o o l in  Germany, by and l a r g e ,  avoided  d i r e c t  involvem ent in  

i n d u s t r i a l  u n d e r ta k in g s , and i t s  im pact on German in d u s try  was le s s  

d i r e c t  th a n  on academ ic re s e a rc h . In c o n t r a s t ,  C a ro th e rs ' b a s ic  re se a rc h  

group in  W ilm ington to o k  i n i t i a t i v e  in  i n d u s t r i a l  a p p l ic a t io n  o f th i s  

f i e l d .  Y et, as we have seen , t h i s  a p p lic a t io n  p ro cess  p re s e n ts  a  f a r  

more co m p lica ted  p ic tu r e  th a n  th e  mere conversion  from s c i e n t i f i c  th eo ry  

to  p r a c t ic e  would im ply. R a th e r , th e  s p e c i f ic  a p p lic a t io n s  were an 

u n fo re se en  consequence o f  C a ro th e rs ' in v e s t ig a t io n s ,  where h is  i n i t i a l  

o b je c t iv e  was to  dem onstra te  th e  m acrom olecular th e o ry  o f  polymers from 

th e  s ta n d p o in t  o f  o rg an ic  s y n th e s is .  As th e  s to ry  o f  ny lon  r e v e a ls ,  

d u rin g  th e  course  o f  h i s  fundam ental s tu d y  along  t h i s  l i n e ,  C a ro th e rs ' 

group in c id e n ta l ly  d isco v e red  th e  p o s s ib i l i t y  o f  making s y n th e t ic  f i b e r s .
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w ith  Du Pont th e n  im m ediately  r e d i r e c t in g  h is  re s e a rc h  g o a ls  and d e l ib e r ­

a te ly  a tte m p tin g  to  develop h is  f in d in g s  in to  a new comm ercial p ro d u c t.

Du F o n t 's  success in  th e  s y n th e t ic  f ib e r  and ru b b e r , a s  s u b s t i tu te s  fo r  

n a tu r a l  p ro d u c ts , had a profound in flu e n c e  on th e  cou rse  o f  chem ical 

in d u s try . C a ro th e rs ' t h e o r e t i c a l  work on m acrom olecular design  became a 

p ro to ty p e  fo r  i n d u s t r i a l  re s e a rc h  o f  polymer c h e m is ts , u sh e rin g  in  th e  

p l a s t i c  age o r th e  epoch o f s y n th e t ic  polymers in  th e  postw ar p e r io d .

In  1936 C aro thers was e le c te d  to  th e  N a tio n a l Academy o f  S ciences 

—th e  f i r s t  o rgan ic  chem ist a s s o c ia te d  w ith  in d u s try  t o  be so honoured.

I f  we lo o k  a t  C a ro th e rs ' work as an outgrow th o f Du F o n t 's  new experim en t, 

th e  i n d u s t r i a l  fundam ental r e s e a rc h  program , h i s  achievem ent occup ies a 

rem arkab le  p o s i t io n  in  th e  h i s to r y  o f  ALierican s c ie n c e  and i n d u s t r i a l  

re s e a rc h . From th e  l a t e  n in e te e n th  c e n tu ry , o c c a s io n a l c o n ta c ts  had 

e x is te d  betw een sc ien ce  and in d u s try  in  th e  U nited  S ta te s .  U n iv e rs ity  

p ro fe s s o rs  se rved  as p a r t- t im e  c o n s u lta n ts  fo r  in d u s try ,  A sm all number 

o f u n iv e r s i ty - t r a in e d  s c i e n t i s t s  found o p p o r tu n itie s  t o  work fo r  companies 

on t e s t i n g ,  chem ical a n a ly s i s ,  and en g in e e rin g .

But th e  r o le  o f p ro fe s s io n a l  s c i e n t i s t s  in  r e l a t i o n  to  American 

in d u s t r ie s  d r a s t i c a l l y  changed in  th e  e a r ly  decades o f  t h i s  c e n tu ry , 

when a number o f  la rg e  c o rp o ra tio n s  began e s ta b l i s h in g  t h e i r  own re s e a rc h  

l a b o r a to r ie s ,  employing many P h .D . 's  who conducted sc ie n c e -b a sed  a p p lie d  

r e s e a rc h . Du F o n t 's  program , in  which C a ro th e rs ' group devoted  f u l l  tim e 

to  fundam ental re s e a rc h  in  o rg an ic  ch em is try , was among th e  e a r l i e s t  o f 

a newer movement s t i l l  in  American in d u s try :  th e  c r e a t io n  o f th e  b a s ic

re s e a rc h  program. In d u s try  ex p ec ted  new p ro d u cts  o r p ro c e sse s  from t h i s  

type  o f  pure  s c ie n c e . And Du F o n t 's  ven tu re  p a id  o f f  w ith  th e  new
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s u c c e s s fu l  commercial p ro d u c ts , ny lon  and neoprene . Y et, f a r  exceeding  

Du F o n t 's  e x p e c ta tio n s , th e  new re s e a rc h  y ie ld e d  a ls o  a new sc ie n c e . 

C a ro th e rs ' W ilmington c i r c l e  tu rn e d  out to  he th e  c ra d le  o f  American 

m acrom olecular ch em is try , from which t h i s  new f i e l d  sp read  in to  u n iv e r ­

s i t y  te a c h in g  and re se a rc h  in  th e  second h a l f  o f  th e  1930s. C a ro th e rs ' 

case  th u s  re v e rse d  th e  t r a d i t i o n a l  r e la t io n s h ip  betw een sc ien ce  and 

in d u s try ,  in  which in d u s try  only  fo llow ed  u n iv e r s i ty  s c ie n c e . His s c ie n ­

t i f i c  a c t i v i t y  a t  Du Pont showed h is  con tem poraries  t h a t  in d u s try  now 

m ight ta k e  th e  k ind  o f  i n i t i a t i v e s  t r a d i t i o n a l l y  ex pected  o f  pure s c ie n c e .

Thus, we f in d  th a t  our com parative study  o f  Hermann S taud inger 

and W allace H. C aro thers n o t o n ly  has il lu m in a te d  th e  experim en ta l and 

th e o r e t i c a l  foundations  o f  m acrom olecular, o r  polym er, ch em istry , b u t i t  

a ls o  has shed l ig h t  on th e  academ ic and in d u s t r i a l  m ilie u x  o f  tw e n tie th -  

c e n tu ry  chem ical sc ie n c e . We have seen  many c o n t r a s t s ,  b o th  p sy c h o lo g ic a l 

and s o c ia l ,  between th e s e  two men and t h e i r  r e s e a rc h  sc h o o ls . These con­

t r a s t s  a re  n o t w holly i d io s y n c r a t ic ,  b u t in  some r e s p e c ts  c h a r a c te r i s t i c  

o f  c o n t r a s ts  between German and American u n iv e r s i ty  and in d u s t r i a l  sc ie n c e  

in  th e  1920s and 1930s. S im u ltaneously , we have n o ted  S ta u d in g e r ' s and 

C a ro th e rs ' shared  approach to  fundam ental chem ical problem s t h r o u ^  a  

common commitment to  th e  methods o f  m olecu lar a n a ly s is  and s y n th e s is ,  

r a th e r  th a n  to  th e  assum ptions o f  p h y s ic a l i s t  red u c tio n ism . Whether 

t h r o u ^  i t s  b io lo g ic a l  s ig n i f ic a n c e ,  o r i n d u s t r i a l  im p lic a tio n s  o r th e  

pure i n t e l l e c t u a l  p le a su re  i t  gave , th e  new d i s c ip l in e  o f  m acrom olecular 

chem istry  was to  become a m ajor new f i e l d  in  tw e n tie th -c e n tu ry  sc ie n c e .
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