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I n  thz c l a s s i c a l  organic chemical method of e lucidat ing the  s t r u c t u r e  of an 
unknown substance reac t ions  a re  car r ied  out with reagents t h a t  would be expected t o  
reac t  only with one kind of funct ional  group o r  i n  some other  s p e c i f i e d  way. 
product is pur i f ied  from excess reagent and by-products, f o r  example by c r y s t a l l i z a -  
t i o n  t o  constant melting point ;  it is then analysed and character ized by f u r t h e r  
s p e c i f i c  react ions.  Thus i f  the  o r i g i n a l  substance were a secondary alcohol, it 
might be oxidized s e l e c t i v e l y  t o  a ketone, and the character  of t h i s  es tabl ished,  
a f t e r  pur i f ica t ion ,  by conversion t o  a phenylhydrazone. 

The 

In the  chemical study of coal  it is not easy t o  f ind  s e l e c t i v e  reagents.  
Different  funct ional  groupings i n  coal of ten  have s i m i l a r  r e a c t i v i t i e s .  Xoreover, a 
s i n g l e  type of group may exhibi t  a spread of r e a c t i v i t y  owing t o  its occurrence in 
the  coal i n  a v a r i e t y  of environments; consequently attempts t o  achieve completeness 
of reac t ion  usual ly  incur a loss  of s e l e c t i v i t y .  
products possible, s ince  coa l  is an i n v o l a t i l e  s o l i d  and only p a r t l y  soluble,  is 
washing with some s u i t a b l e  l i q u i d  t o  remove excess reagent.  
o f ten  causes ser ious  d i f f i c u l t i e s ,  s ince i n  many react ions it has proved impossible 
t o  remove adsorbed o r  otherwi e s t rongly  held reagent ( f o r  exampls, chloromethylation 
catalysed by s tannic  chlor ide- ,  dehydrogenation with benzoquinong 
methyl perchlorate3, reduct ion wi th  l i thium and a l i p h a t i c  amines ) . 
charac te r iza t ion  of the  product by elementary analysis  is made d i f f i c u l t  o r  
impossible; other  propert ies ,  such as the  inf ra - red  spectrum may a l s o  be affected.  

The only p u r i f i c a t i o n  of reac t ion  

Inadequate p u r i f i c a t i o n  

B and t r iphenyl-  
Consequently 

\ 
It is the purpose of t h i s  paper t o  develop and i l l u s t r a t e  t h e  t h e s i s  t h a t  some 

a t  l e a s t  of the  d i f f i c u l t i e s  out l ined above can be obviated by t h e  judicious use of 
reagents labe l led  with rad ioac t ive  atoms. 
t r a c e r  atoms are  generated i n  s i t u  by s u i t a b l e  i r rad ia t ion ,  might be usefu l  i n  CO$ 

research, for  example i n  determining t h e  s i l i c o n  content of t r i m e t h y l s i l y l  e thers  ; 
however t h i s  type of analysis  is a spec ia l  case and w i l l  not  be discussed fur ther  (in 
any case it has not  ye t  been applied t o  coal so f a r  as t h e  author is aware). 

Neutron a c t i v a t i o n  analysis ,  in which 

It i s  d i f f i c u l t  t o  c l a s s i f y  i n  any r a t i o n a l  manner possible  appl icat ions of 
t r a c e r  techniques t o  organic chemical s tud ies  of coal. 
which t r a c e r s  were used w i l l  f i r s t  be described b r i e f l y  and the advantages of t h e  
technique in these cases  w i l l  be analysed. 
a number of other  reac t ions  where the technique would be valuable.  
t o  show induct ively the  range of appl icat ion.  

1. Carbonyl and Hydroxyl Groups 

as due i n  par t  t o  t h e  presence of carbonyl groups5 has been sharply contested6. But 
i f  i t  can be shown on other  evidence t h a t  these groups are present,  then t h e  s p e c t r a  
ind ica te  t h a t  they must be s t rongly conjugated and probably chelated t o  hydroxyl. 
Carbonyl groups of t h i s  type e i t h e r  do not r e a c t  o r  r e a c t  abnormally wi th  the usual  
reagents7; attempts t o  determine carbonyl in coal  with hydroxylamine8 and 

Therefore t h r e e  researches in 

Subsequently a t t e n t i o n  will be dravn t o  
It is hoped thus 

The i n t e r p r e t a t i o n  of the b a d  a t  1600 cm-l i n  the inf ra - red  s p e c t r a  of coa ls  

* 
The author is indebted t o  D r .  P.  S .  Skel l  f o r  t h i s  suggestion. 
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phenylhydrazine proved unsat isfactory.  Treatment with l i thium alnmimmr hydride 
produced no detectable  change, probably because the  hydroxy groups formed were 
re-oxidized very readi ly  during working up of the  product. 

Given' and Peoverl' t he re fo re  used radioact ive t r a c e r  technique with coa l  
e x t r a c t s  i n  what was e s s e n t i a l l y  a reduct ive ace rp laz im reaction, the  reduct ion being 
c a r r i e d  out by e l e c t r o l y s i s  i n  dimethylfonuamide solution. Qujnones reduced i n  t h i s  
way y i e l d  the  dianions of the  hydroquinones, which reac t  rapidly a t  room temperature 
with a c e t i c  anhydride t o  g ive  the hydroquinone d iace ta tes  and ace ta t e  ions. A n  
e x t r a c t  ace ty l a t ed  with unlabel led reagent w a s  reduced a t  a s t i r r e d  mercury cathode 
con t ro l l ed  a t  a series of standard po ten t i a l s  against  a reference electrode;  ia t h i s  
way the  reducing power of the  system could be var ied a t  w i l l .  
e l e c t r i c i t y  pass d was measured with a couloormeter. 
near ly  t o  zero '%-labelled a c e t i c  anhydride was added. The product wae  isolated,  
washed with unlabelled a c e t i c  a c i d  and water t o  renmve adsorbed radioact ive acid, 
and the  d i s in t eg ra t ion  r a t e  counted. 
been recorded. 

The quant i ty  of 
When the current  had f a l l e n  

Counting w a s  continued u n t i l  about 10,000 had 
The count rate was 2000-8000 min,-'. 

When acetylated but unreduced ma te r i a l s  w e r e  t reated-  n L&W with l abe l l ed  
anhydrid the  count r a t e  of the  product was abou 90 min. I. Hence ne i the r  adsorp- 
t i o n  of f4C-acetic acid nor ester exchange with '2C-acetyl was s ignif icant .  A 
f u r t h e r  continuation of t h i s  was obtained by determining f i r s t  the  hydroxyl content 
radiochemically, with the  r e s u l t :  0 as OH = 41.9%: The radioact ive product w a s  then 
reduct ively acetylated,  again with l abe l l ed  d y d r i d e .  The f i n a l  count r a t e  gave: - 
t o t a l  0 a s  3% + CO = 9.3%; hence, by difference,  0 as CO = 4.446. 
t o  be compared with the  value 4.0% obtained by d i r e c t  radiochemical determination as 
described above on a separate  sample of the same extract .  Over 90-95% of t h e  radio- 
a c t i v i t y  of t h e  various products w a s  removed by hydrolysis with s u l f u r i c  acid, 
shar ing t h a t  no s i g n i f i c a n t  C-acetylation occurred. 

The latter value is 

Thus the  use of t r a c e r  technique pruvided: 

1. unequivocal proof t h a t  f r e s h  hydroxyl groups a r e  produced by reduction, that 
is, t h a t  carbonyl groups are present 

2. an easy means of checking t h e  absence of a possible  s ide-react ion 
3. a simple rout ine method of studying the  va r i a t ion  of carbonyl content with 

f r a c t i o n  of coal ex t r ac t ed  and rank of coal 
4. simple m e a n s  of following t h e  d i s t r i b u t i o n  of carbonyl groups as a function 

of t h e i r  reduction p o t e n t i a l s  
5 .  a check on the  s e l e c t i v i t y  of t h e  reduction. 

Po in t s  4 and 5 merit some f u r t h e r  conment. A "carbonyl content" could be calcu- 
l a t e d  not only from the  I4C-acetyl content but a l s o  from the  number of  coulombs 
consumed; both w e r e  p lo t t ed  a g a i m t  the  control led po ten t i a l  (see example i n  Fig. 1). 
The coulonrmetric f igure  was somewhat higher than the  radiochemical a t  po ten t i a l s  up 
t o  about -1 v o l t  (measured aga ins t  mercury pool in 0 . U  tetraethylammonium iodide a s  
reference electrode) .  Moreover whereas the  radiochemical f igure  l eve l l ed  off t o  an 
approximately constant value at p o t e n t i a l s  i n  the range -1 t o  -1 .4vo l t  ( v q -  
with the  coal) ,  the  coulorometric increased without l i m i t .  
carbonyl were  reduced, p a r t i c u l a r l y  a t  higher poten t ia l s ;  these w e r e  p r - w b l y  am- 
matic nuclei .  
chemical carbonyl content as a funct ion of reduction potent ia l ,  fromwhich Soate 

deductions about t h e  na tu re  of the carbonyl groups can be made (see  r e f .  10 f o r  
d e t a i l s ) .  In conclusion,. it must be admitted t h a t  comparison of the in f r a - r ed  
spec t r a  of the coa l  extraccs  and t h e i r  acetylated and reduct ively acetylated products 
introduced some uncertainty i n  t h e  i n t e r p r e t a t i o n  of t h e  da t a  f o r  carbonyl ccmtents. 
Depending on the  view one takes of the  s ignif icance of the  spectra,  the  c a r b o w l  
contents of e x t r a c t s  of bituminous v i t r a i n s  of carbon content 7849% a r e  e i t h e r  in the 
range 2.2-0.9 or  4.4-1.8% 0 as CO (decreasing with increasing rank). 
65-90% of the oxygen was accounted f o r  as OH + CO. 

Hence other  groups than 

Also shown i n  Fig. 1 is an approximate d i s t r i b u t i o n  curve f o r  radio- 

In e i t h e r  case 



1 i- Since  t h i s  work. was  done, it has been s h a m  ]that f i n e l y  ground whole coa is  can ' * 

be reduced i n  suspension i n  DMF. 
chemical technique f o r  carbonyl determination t o  coa ls ;  t h i s  has not ye t  been t r i e d ,  
I f  t he  conventional reduct ive  ace ty l a t ion  technique ( re f lux ing  with zine, a c e t i c  
acid, etc.) were applied t o  ace ty la ted  coa l  using l abe l l ed  reagents,  e s t e r  exchange 
would ce r t a in ly  occur and invaHdatethe r e s u l t s ;  however i t  would be poss ib le  t o  use 
labe l led  reagents f o r  both steps,  and determine carbonyl by d i f fe rence .  

2. Su l fur  i n  Coals 

a l l  of t he  f o r m ,  mercaptan, d i su l f ide ,  su l f ide ,  thiophene r i n g  system; the  las t  
two, on grounds of super ior  s t a b i l i t y ,  are the  most probableL2. 
forms the  f i r s t  t 
sulfonium iodides'. The primary r eac t ion  with a s u l f i d e  is: 

It would the re fo re  be worth applying the  radio- 

It i s  commonly supposed t h a t  t he  organic s u l f u r  i n  coa l s  is  present i n  any o r  

Of these  four 
ee react ( a t  varying r a t e s )  with methyl iod ide  t o  form t e r t i a r y  

R S  + cH3I = [ R S  CH3]+ I- (1) 
With mercaptans and d i su l f ides  hydrogen iodide  and possibly o the r  by-products a re  
also formed. 

Selker13, i n  a study of su l fu r  i n  vulcanized rubber, shared t h a t  fu r the r  r eac -  
t i o n  can occur, involving a metathesis of t he  r a d i c a l s  a t tached  t o  su l fur ,  by d i s -  
soc i a t ion  and r eme thy la t ion ;  the  rate of r eac t ion  va r i ed  widely with the  na ture  of 
R. The ove ra l l  r e s u l t  is: 

R S  + 3C-I - 2RI + (C%)3SI ( 2) 
Thus, when applied t o  coal, by r eac t ion  (1) one methyl group and one iodide ion  
a re  introduced f o r  each s u l f u r  atom present as su l f ide ,  whereas by r eac t ion  (2) 
two covalently bound iodine  atoms a re  added t o  t h e  coal and one molecule of t r i -  
methylsulfonium iodide re leased  i n t o  so lu t ion  f o r  each s u l f u r  atom present ;  i n  t he  
l a t t e r  case  t h e  s u l f u r  i s  removed from t h e  coal.  

Reaction with methyl iodide has been used by var ious  authors 14-16 t o  ob ta in  a 
d i s t r i b u t i o n  between the  r eac t ive  and unreac t ive  forms of su l fu r .  
Angelmal5 assumed t h a t  only reac t ion  (2) took place, and measured t h e  decrease i n  
s u l f u r  content. 
measured the  iod ine  content of t h e  t r e a t e d  coal.  

Kavcic14 and 

Postovskii  and Harlampovitch16 assumed only r e a c t i o n  (1) and 

Experiments have been started' '  wi th  the  objec t  of f ind ing  out which r eac t ion  
The coa l  i s  heated a t  125" i s  i n  f a c t  followed, using 1%-labelled methyl iodide. 

with the  iodide i n  acetone. 
I4C, and fo r  t c t a l  S and 1 by chemical ana lys i s ;  a sample i s  washed wi th  sodium n i t r a t e  
so lu t ion  and the  iod ide  ion  re leased  by exchange is determined by t i t r a t i o n .  
r e s u l t s  s t i l l  r equ i r e  some c l a r i f i ca t ion ,  but it is  already evident t h a t  both 
reac t ions  (1 and (2) occur, s ince  some s u l f u r  i s  removed,. and both covalent 
iodine and liC-methyl groups a re  added; t h e r e  i s  some exchangeable iod ide  ion  i n  
the  products. 

The product a f t e r  washing wi th  acetone i s  analysed fo r  

The 

A complex r eac t ion  l i k e  t h i s  can obviously only be e luc ida ted  by s e t t i n g  up 
a complete weight balance f o r  methyl, bound and ionized iodine, and su l fu r .  
Radiochemical methods cannot be used f o r  t h e  su l fur ,  and are hardly necessarp f o r  
t h e  iodine, s ince  i t s  atomic weight is h igh  and chemical ana lys i s  is reasonably 
accurate (though perhaps slower than radiochemical). However t h e  carbon and hydro- 
gen added as  methyl could not f eas ib ly  be determined i n  any o the r  way than  by means 
of tagged atoms. 

series of coals i n  t h e  presence of added 35S-enriched p y r i t e  ; she found t h a t  some 
of t he  s u l f u r  re leased  by t h e  p y r i t e  becomes f ixed  i n  the  organic  p a r t  of the  char. 
She also used the same t r a s r s i n  studying the e f f e c t  of czrbonizing i n  a stream Of 

Perhaps it is worth mentioning f o r  completeness t h a t  Cefgic has carbonized a 

, 



hydrogen, steam and ammonia. 

3. Depolymerization of Coal 

by Heredy and Neuworth , i l l u s t r a t e s  another u s e  of t racers .  I n  this reacttop, 
the  Lewis ac id  brings about the splitting of l inkages of t h e  diarylmethane type, and 
one molecule of phenol adds across  each broken bond. The coal  is broken down h t o  
products of r e l a t i v e l y  low molecular weight, a la rge  f r a c t i o n  being soluble  in 
organic solvents.  
fragments t o  be eas i ly  determined. 
weights of f r a c t i o n s  and o ther  data,  suggest i n t e r e s t i n g  conclusions about coal  
s t r u c t u r e  and i n  par t icu lar  t h e  way i n  which aromatic nuclei  are  l inked together. 

4. Suggested fur ther  Applications 
(a) Performic ac id  oxidation. 

oxidat ion of a coal, measured by elementary ana lys i s  and by the s o l u b i l i t y  of t h e  
product i n  c a u s t i c  soda, was much reduced i f  t h e  c o a l w a s f i r s z a c e t y l a t e d .  
r e s u l t ,  i f  correct ,  is important, because it implies t h a t  the  i n i t i a l  a t tack  of t h e  

a l i p h a t i c  groupings, as might have reagent is on the aromatic nuclei ,  ra ther  
been expected. However l a t e r  experiments 
was suspected t h a t  s ince they were on a larger  scale and a higher temperature was 
reached owing t o  the  s t rongly  exothermic nature  of the reaction, the 
were removed by hydrolysis i n  t h e  s t rongly ac id  reagent.  The use af “C-acetylated 
coal  would provide t h e  e a s i e s t  means of t e s t i n g  t h i s  hypothesis. 

2 

macerals and benzoquinone was hydrogen abs t rac t ion  from hydroaromatic r ings  and 
reduct ion of t h e  quinone t o  hydroquinone. 
quinone t o  the  coal  occurred, and consequently t h e  ana ly t ica l  da ta  were d i f f i c  It to  
i n t e r p r e t .  I n t e r p r e t a t i o n  would b e  e a s i e r  i f  the  quinone w e r e  labe l led  with “C, 
o r  perhaps tritium. 

would grea t ly  a s s i s t  i n t e r p r e t a t i o n  of the r e s u l t s ,  such as oxidat ion u i t h  
perbenzoic anhydride1, reduct ion with l i t h i u m  in ethylene diamine4, and bromination 
with ELbromosuccinfmide. 

The depolymerizatign of c o a l  w i t h  the  phenollboroa t r f f l u o r i d e  complex studied I 

The use  of l k - l a b e l l e d  phenol p e r m i t s  the  amount added t o  the  
The resu l t s ,  in conjunction with the  molecular 

Early experiments’ showed t h a t  the extent of 

This 

did not  confirm t h e  r e s u l t ,  and it 

e t y l  groups 
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(b) Dehydrogenation of Coals. Peaver found t h a t  t h e  main reac t ion  between coal 

However, some Diels-Alder addi t ion of 

(c) Other reactions.  There are many other  reac t ions  where t r a c e r  techniques 

Conclusions 

It is  evident from the.foregoing t h a t  t r a c e r  techniques a re  extremely useful  
i n  e lucidat ing t h e  reac t ions  of coal,  which. are o f t e n  complex. 
the  techniques o f f e r  the  bes t  and sometimes t h e  only prac t icable  m e a n s  of f inding 
out whether a reagent has added t o  the coal;  t h i s  addi t ion may be desired o r  
undesired. 

In p a r t i c u l a r  

I n  any event q u a n t i t a t i v e  da ta  are readi ly  obtainable.  

Where t h e  f a c i l i t i e s  of a radiochemical laboratory a re  already available,  t h e  
technique should c l e a r l y  be used extensively.  Provided a counting chamber of the 
hemispherical or  cy l indr ica l  types is available,  the  radioact ive reagent can be 
very heavily d i lu ted  with i n a c t i v e  mater ia l  while s t i l l  re ta in ing  an adequate Count 
r a t e  i n  t h e  reac t ion  product. Given and Peover i n  t h e i r  reduct ive ace ty la t ion  
e periments‘’ only had ava i lab le  an end-window type of counter, so t h a t  1 mc. Of 
‘%-acetic anhydride could be d i l u t e d  only t o  about 20 ml. Where one of the high- 
e f f ic iency  counting chambers is available,  1 mc. could be d i lu ted  t o  many litres; 
a t  t h i s  d i l u t i o n  20 m l .  reagent  used in an ace ty la t ion  would cos t  considerably less 
than a chemical acetyl  determination car r ied  out by a commercial microanalytical  
laboratory.  
useful,  but per fec t ly  prac t icable  f o r  extensive use. 

Radiochemical methods therefore  may prove not  only convenient and 
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