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AN ISOTOPE EWECT 

P e t e r  E. Yankwich and Pe lv in  Calv in  

Department of Chemistry and Radia t ion  LaboratoryC 
Univers i ty  of C a l i f o r n i a ,  Berkeley, C a l i f o r n i a  

ABSTRACT 

It has been fotlnd t h a t  t h e  carbon d iox ide  obtained 

from t h e  decarboxyls t ion  of s ingly-carboxyl  l abe l ed  malonic 

a c i d  i s  impoverished i n  t h e  cU l a b e l  and t h a t  t h e  a c e t i c  

ac id  formed i s  correspondingly enrjched.  

Th4s paper i s  based upon work perforeed under 
Contract  ff i-7405-Zr3-4C with t h e  Atomic Energy 
Commission i n  connect ion with t h e  Radia t ion  
Laboratory, Univers i ty  of Ca l i fo rn i a ,  Berkeley. 

To be publ ished i n  The J o u r n a l  of t h e  American Chemical Soc ie ty  



A N  ISOTOPE EPTCT 111 A SInWJ3 CPH4ICAL F3ACTION 

BY 

P e t e r  E. Panlwich and Melvin Calv in  

Department of ChemSstry and Radiat ion Laboratory 
lJniversj  t g  of C a l i f o r n i a ,  Berkeley, C a l i f o r n i a  (1) 

July 13, 1948 

The e f f e c t  of i so tope  l a b e l i n g  on t h e  course  of simnle c h e a i c a l  

r e a c t i o n s  i s  o r d i n a r i l y  presumed t o  be neg l ig ib ly  sma l l  except i n  t h e  

case  of  hydrogen and, perhaps, l i t h i u q .  Thqt a p p r e c i s b l e  i so tope  

e f f e c t s  can  be found i n  heavier  elements i s  demonstrated by t h e  ex- 

change processes  ?or t h e  concen t r a t ion  of the heavy i so tope  of carbon, 

c13. It must be emphasized from t h e  s t a r t  t h n t  we a r e  not he re in  

concerned with t h e  phys ica l  e f f e c t s  of isotope k b e l s ,  use of which 

i s  nade i n  processes  such a s  thermal  d i f f u s i o n  concen t r a t ion  of i s o -  

t o p i c  spec i e s ,  except  i n s o f w  a s  t hey  exe r t  i r . f l sence  upon t h e  course  

of a  chemical r eac t jon .  The excrtsnge r eac t ions ,  such a s  - 

a r e  on t h e  b o r d e r l i r e  of such a c l c j s s i f i c s t i o n ,  The e f f e c t  o? deuterium 

on the  course of r e a c t i o n s  i r v o l v i n g  hydrogen i s  now w e l l  known, and 

it is  t o  be expected t h a t  c h e ~ i c a l  e f f e c t s  of l a b e l i n g  w i l l  mlke thea -  

(1) This  paper i s  based upon work performed under Cont rac t  #Y-7405-Eng-48 
with the  Atomic Energy Commission i n  connect ion with the  Radia t ion  
Laboratory, Universi ty  of Csli f o r n i a ,  Berkeley, C a l i f o r n i a .  



se lves  known p r imar i ly  through changes i n  r e a c t i o n  r a t e .  If a non-exchange 

process  i s  s tud ied  it i s  poss ib l e  t h ; t  t h e  magnitude of t h e  depa r tu re  

from normal behavior  w i l l  be l a r g e  compared wi th  t h ~ t  observed i n  a n  

exchange r e a c t i o n .  The equi l ibr ium cons tan t  f o r  t h e  r e a c t i o n  w r i t t e n  

above is  1.012 a t  25O, ye t  depa r tu re s  d i f f e r e n t  by an  o rde r  of magni- 

tude  have been observed i n  t h e  e l e c t r o n  bonbardnent of propane l abe l ed  

with c13 i n  a t e r m i n a l  pos i t ion .  

I n  a  study of t h e  i somer iza t ion  of Dropane, Beeck e t .  a l .  (2) . 
noted t h a t  t h e  w s k  he iqh t s  on the!r mass s p e c t r o a e t e r  record  were 

not those  which one 17ould h a m  nredic ted  on t h o  b a s i s  of equal  d j s -  

s o c i s t i o n  p r o h a b i l M . e s  f o r  t h e  C 12-c12 and c12-cL3 bonds. Ikperimcnts ,  

on a sample conta in ing  54 stom percent  excess c13 i n  t h e  l a b e l ,  showed 

t h a t  t h e  d i s s o c i 2 t i o n  p r o b a b i l i t y  of t h e  C 12-c12 bond mas increased 7 

percent  and t h a t  of t h e  c12-C13 bond was decreased 1 2  percent  from 

t h e  c12-c12 d i s s o c i a t i o n  p r o b a b i l i t y  i n  unlabeled propano. These 

f i g u r e s  correspond t o  a va lue  of 1.22 f o r  t h e  frequency of rup tu re  

r a t i o  c ~ ~ - c ~ ~ / c ~ ~ - c ~ ~ .  Unpublished experiments by t h e  same au tho r s  

y i e l d  a  r a t i o  of 1.08 f o r  t h e r a a l  c racking  a t  about 500'. From t h e s e  

da t a  it is  poss ib le  t o  p red ic t  only t h e  gross  ex t en t  of s i m i l a r  d i f f e r e n c e s  

involving c14 l abe l ed  compolmds undcr d i f  f e ron t  cond i t i ons .  

Decarboxyla$ion r eac t ions  csn  be aade t o  t ake  p lace  a t  r a t h e r  

moderate temperatures ,  and f o r  r, giver! r e a c t i o n  t h e  i so tope  e f f e c t  

observed should increase wi th  decreas ing  t e m e r a t u r e .  Sunpose t h a t  

(2)  Beeck, O.,  Otvos, J.::., Stevensor ,  D."., and Tagner, C.D., 
J. Chem. Phys., l.6, 255 ( lq48) .  



F4 propionic a c i d  l abe l ed  with c14 i n  t h e  carboxyl  group i s  decarboxylated,  

and the  concen t r a t ion  of ~ 1 4  i n  t h c  carbon d ioxide  i s  determined from 

t ime t o  time. Assume t h a t  t h e  r u p t u r e  of t h c  c1*-c14 bond i s  l e s s  l i k e l y  

than  t h a t  of t h e  C 12-~1?. bond.At f i rst ,  t h e  concen t r a t ion  of C 
14 

i n  t he  e f f l u e n t  carbon d ioxide  i s  l e s s  t han  t h e  concen t r a t ion  i n  t h e  

i n  t h e  o r i g i n a l  l a b e l ,  and a s  t ho  course  of t h e  r e a c t i o n  procedes 

t h e  ac id  remaining bcconcs enriched i n  cl'. A s  t h i s  enrichment pro- 

c e s s  t a k e s  p lace  t h e  r a t e  a t  which cL4 i s  evolved w i l l  5 ncreasc u n t i l ,  

a s  t he  l a s t  rnalccul-s a ro  docorposed, t h o  concen t r a t ion  of cU i n  t h e  

carbon d ioxide  b c i n ~  evolved i s  xgrter than  t h s t  of t h e  o r i e i n a l  

l a b e l .  The end r o s ~ l t  i s  t o  conver t  t h e  whole l a b e l  t o  a  gaseous 

form and no nc? i s c t o p c  concent ra t ion  i s  observed i f  t hc  decarboxylat ion 

i s  c a r r i e d  t o  cca-letio., though s t  any i n s t a n t  up t o  t h a t  point ,  s o w ,  

though dccreas inq ,  concent ra t ion  n l l l  have bcon s c h j  cvcd. 

I f  a s y m s t r i c s l  d ics rboxyl ic  ac id ,  s i m i l s r l y  s i n z l y  labe led ,  i s  

decomposed t o  form a monocarboxylic a c i d  and carbon dioxide,  t h e  p ic -  

t u r e  i s  somcwhat d i f f c r o n t .  The primary competetion t o  l o s e  carbon 

dioxide is  not so  muah betwecn molecules a s  it i s  between t h e  d i f f e r e n t  

f u n c t i o n a l  groups i n  t h e  samz molecule. A t  f i rs t ,  t h e  carbon d ioxide  

would be irnpovcrishad i n  and mono-acid produced would bc s l i g h t l y  

enriched i n  t h e  l a b e l .  The i s o t o p i c  c o n s t i t u t i o n  of t h e  remaining 

d i -ac id  i s  not a f f ec t ed .  A s  t h e  r e a c t i o n  procedes t h o  r a t e s  of rup- 

t u r e  f o r  t h e  two C-C bonds remain t h e  same and t h e  enrichment of t h e  

remaining a c i d  and impoverishment of t he  evolved carbon dioxide t a k e s  

placc a t  a  cons tan t  r a t e ;  t he rc fo ru ,  t h e  i s o t o p i c  concent ra t ions  of 

b" t h e  l a b c l  i n  t h o s e  molecules remain thrj same t h r o * q h o a t  t h e  r e a c t i o n ,  



though different from t h 7 t  i n  t h e  o r i g i n a l  d i - ac id .  Thus, symmetry 

can be used t o  " r e t i r e # '  pa r t  of t he  flchcmjcally ac t ive"  l a b e l ,  t h e  

r e s u l t  of vhjch process  i s  s l e w l  r a t e  of i so tope  l s b e l  enhancement 

with s cons tan t  ne t  e f f e c t  st. any time. 

"s lonic  a c i d  mss l she l cd  i n  one carboxyl  group by t h e  r e a c t i o n  

of r ad ioac t ive  s o d i m  cysnido with i n a c t i v e  c h l o r o a c e t i c  ac id ,  a f t e r  

t he  procedure of ;:eincr ( 3 ) .  (The synthes is  was c a r r i e d  out  on a  

s c a l e  1/50th a s  l a r g e  a s  t h a t  suggested i n  r e f e rence  3 . )  The product 

aa lon ic  a c i d  was c a x f u l l y  r s c rys t a l l i . z ed  from a  n ix tu ro  of d i c t h y l  

o thcr  and 60' pctrol-cum e the r .  The  recrystallized product melted a t  

1 3 5 O ,  w i t h  decompocition, . 

PRCCEDL? FOR SIIBLL SADPTXS : - 
A smal l  amount of t h e  s o l i d  was placed i n  thc: bottom of a  50 c c .  

pcar  shaped f l a s k ,  A s i d e  srm admit ted a c a p i l l a r y  which l e d  t o  t h e  

bottom of t h e  f l a s k  and through which the  sweep gas, nifrogan, was 

admittcd. Thc f l a s k  ms heatod w i t h  an o i l  b a t h  a t  150-155'. The 

gas strcarn passad out of t h e  f l s s k  i n t o  two smsll flcold-fingerl'  t r a p s  

i n  s e r i e s ;  t hose  t r s p s  were cooled with a mixture of dry  i c e  and i s o -  

propyl  a lcohol .  T k  f i r s t  f i n g e r  removed l i t t l e  a c e t i c  ac id ,  bu t  

served t o  coo l  t k c  gas  stream so t h a t  t h o  ac id  was complctcly hold 

back by t h e  second t r a p .  The gas stream vms t hen  conducted through 

two s p i r a l  bubblers  f i l l e d  >vith 1 N sodium hydroxide. Af te r  spproxi-  

matoly 40 minutes hea t ing  and sweeping t h e  second t r a p  was removed 

( 3 )  iveincr, N., Organic Syntheses,  Co l l .  Vol. 11, John Ri ley  & Sons, Inc.,  
New York, 194.3, p. 374. 



from the  t r a i n  and connected t o  a combustion furnace.  The t r a p  was 

then  heated t o  about 90' with  stoarn and t h e  vapors of a c e t i c  a c i d  

wero swept i n t o  t h c  furnace with oxygsi .  

PROCEDUflE FOR LARGE SANPUS: - 
The nrocedure employed w i t h  t h c  l a r g e r  samples ass t h e  same a s  

thst d e t a i l e d  sbove except t h s t  t h e  second t r a p  m s  removod from t h c  

t r s i n  snd uarmed t o  room t e a p e r a t u r o  a f t e r  s smsll g l a s s  sng le  was 

attzichod t o  t h e  i n m t  jo3nt. As t h o  c r y s t s l s  of s c c t i c  a c i d  melted 

t h e  1-iquid dr ipped from t h e  cold f l n g c r  i n t o  t h e  cs ro i 'u l ly  cleaned 

anglo without  c o n t ~ c t i n g  any o the r  sur face .  The s c i d  was removed 

from t h e  sng lc  wi th  s micropipet and t r a n s f e r r e d  t o  a p o r c c h i n  boa t  

be fo re  combustion, 

Tho s p e c i f i c  activities of t h e  barium carbonate  samples der ived  

from t h e  decarboxylat ion and combustion, and from combustion of a 

sample of o r i g i n a l  malonic w i d ,  woro determined by counting bsrium 

carbonate  p l a t e s ,  proparcd by methods descr ibed i n  d e t a i l  clsewharo ( A ) .  

The f i r s t  group of cxpcriment s involved t h o  dcczrboxylat ion of 

fou r  samples of mslonic w i d  con ta in ing  from 1.0 t o  1.5 mil l imoles  

of compound. It was found t h l t  t h e  f s i l u r e  t o  agree  of t h e  rup tu re  

r a t i o s  c s l c l l l s t cd  on sever21  bases  was due t o  d i l u t i o n  of t h e  a c o t i c  

s c i d  combust ion  product by csrbon d ioxjde  f ron  swl l  amounts of organic  

m3tter  which hqd been i n c f f c c t u q l l y  removed from t h e  r s p i d  oxygen 

( 4 )  Ysnhflich, ?. E,, Rcport CC-3567. 
Calvin, M., peide lbergor ,  C.,  %id, J. C.,  To lbc r t ,  R .  : I . ,  and 
Yankwich, ?'. E., " I so top ic  Carbon1', John i7ilcg & Sons, Inc., 
New York, i n  p re s s .  



stream. The second group of experimonts cons is ted  of one decarboxyls t ion  

of 6.0 mmolos and one o l  10.0 mmolcs. It was hoped t h a t  t h i s  s ca l c -  

up would reduce t h e  e f f e c t s  of s l i g h t  contamination, 

The r e s u l t s  of 311 e x p c r i w n t s  a r e  shown i n  Table I. The f r e -  

quency of rup tu re  m t i o s  were obta ined  by pn i r ing  eech of t h e  s p e c i f i c  

a c t i v i t y  f i g u r e s  i n  t u r n  wi th  those  remsin4ng, lnd  t h e  approlch t o  

i d e n t i t y  of t h c  t h r s c  quo t i en t s  t h u s  obts ined i s  3 melsuro of t h e  i n -  

t e r n 3 1  cons is tency  of t he  e x p e r i m e n t ~ l l y  der ived  d s t s .  The t h r e e  

bases noted w.: A, cqrbon d ioxide  snd m~lllonic qc id ;  B, s c e t i c  snd 

rnalonic ac ids ;  C,  cqrbon d ioxide  snd a c e t i c  m i d .  

TABLE I 

F12-12F12-1.4 - - 
Bases 

I 

h r g c  s c a l e  
experiments ( 2) 0.531 1,0.016 0.474+0*015 1.13 

I 

i 
f 

The frequency r s t i o s  der ived  from t h e  l s r g e r  s c a l e  experiments 

correspond t o  1 d i f f c rcnco  of 3ppro%im?t~ly  96 e d m o l c  ( 3 4  cmW1) 

i n  t h e  s c t i v s t i o n  energ ies  of t h e  two rupture  processes .  




