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I l l i n o i s  No. 6 coal was extracted with pyridfne a t  100° and the  toluene-insoluble, 

pyridine-soluble (TIPS) f ract ion of the extract  was used a s  a model fox the 84% 

of insoluble coal. Various TIPS fract ions  had number-average molecular weights 

(Q) i n  pyridine of 980 t o  1380 but w e r e  insoluble or  only par t ly  soluble in most 

other solvents. Elemental and 'K and "C NMR analyses fndfcate an H/C r a t i o  of 

only 1.3 i n  the a l iphat ic  portions of the  TXPS molecules. The TIPS fract ion was  

treated with a var ie ty  of reagents and the i r  a b i l i t f e s  t o  cleave ether  and ester 

bonds wexe measured by decreases i n  zi: ZnC12> LiI-H20> ZnBr27 pyridine-HI 7 

methyl iodide) benzy1amine)alcoholic KOH>toluene sulfonic acid,  Evidence f o r  

e s t e r  groups comes from saponification equivalents and the  e f fec t s  of alcoholic 

KOH and amines on &. H I  appears t o  cleave a11 the  'bonds tha t  Na cleaves and more, 

suggesting tha t  there a r e  few diary1 ether  bonds and more phenyl a lkyl  and benzyl 

ether than dialkyl ether bonds. 
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1. INTRODUCTION 

We assume t h a t  b i tuminous  c o a l  c o n s i s t s  mostly o f . a n  aggregate of 

condensed a r o m a t i c  and a l i p h a t i c  r i n g s ,  connected and made i n s o l u b l e  

( b u t  s w e l l a b l e )  by c r o s s l i n k s  c o n t a i n i n g  on ly  s i n g l e  bonds. The objec-  

t i v e  o f  t h i s  work i s  t o  de te rmine  t h e  p r o p o r t i o n s  of  t h e  v a r i o u s  k i n d s  of 

s i n g l e  bonds and how they  can be  broken,  i . e . ,  t o  de te rmine  t h e  s t r u c t u r e  

of c o a l  i n  terms o f  b r e a k a b l e  s i n g l e  bond c r o s s l i n k s  and t h e  average  

s t r r l c t u r a s  of  t h e  condensed sys tems.  T h i s  approach r e q u i r e s  low r e a c t i o n  

t empera tu res ,  p r e f e r a b l y  l00'C o r  below, t o  avoid  t h e  p y r o l y s e s  common i n  

p r a c t i c a l  l i q u i f a c t i o n s  r e a c t i o n s .  Our p l a n  i s  t o  e x t r a c t  a s  much c o a l  

as  p o s s i b l e  w i t h  a n  l n e s t  ( p y r i d i n e )  o r  miiidl,p r e a c t i v e  s o l v e n t  ( a l i p h a t i c  

amine) a t  loo0, then  t o  d i s s o l v e  t h e  i n s o l u b l e  p o r t i o n  by chemical  reac-  

t i o n  w i t h  minimum l o s s  of  carbon.  The s o l u b l e  p r o d u c t s  a r e  then  irives- 

t i g a t e d  by chemical  r e a c t i o n ,  molecular  weight  change, and NMR. 



. .  . 

About one-third of the 16% coal extracted by pyridine is soluble 

in toluene. However, as shorn in this paper, the remaining toluene- 

insoluble, pyridine-soluble (TIPS) fraction has nearly the same composi- 

tion as the 84% of insoluble coal and thus serves as a model for the 

main mass of coal.' This paper is concerned mostly with the cleavage 

of this TIPS fraction. However, extractions of the pyridine- 

insoluble fraction with benzylamine (BnNH ) or with ethylenediamine 2 

(EDA) in dimethyl sulfoxide (DMSO) have yielded about 15% and 35%, 

2 
respectively, of additional extract, formerly attached to the coal net- 

work, but presumably'containing fewer ester and ether groups. Investiga- 

t&on of these extracts and residues is in progress. 

2. EXPERIMENTAL 

2 .l. ' Gmeral R,emarks 

The coal used in this work was beneficiated Illinois No. 6 (PSOC-026) 

from tho Pcnn State Coal Data Dase, repul-Led to be 82% vitrinite (mean 

reflectance 0.54) on a dry mineral-matter-free basis. For the prepara- 

tion of toluene-insoluble, pyridine-soluble (TIPS) fraction 35-A, a 200-g 

sample of -400 mesh coal was ground under nitrogen and extracted re- 

peatedly with pyridine, and the extracts fractionated by our published 

method.' The TIPS fractions are discussed in Section 3.1. 



I n  g e n e r a l ,  r e a c t i o n s  were c a r r i e d  o u t  under  n i t r o g e n .  S o l i d  

p roduc t s  were s e p a r a t e d  by c e n t r i f u g i n g  and washed w i t h  a  s o l v e n t  a s  

necessa ry .  The s o l u b l e  p r o d u c t s  and washings were c o n c e n t r a t e d  and/or  

drowned i n  wa te r  t o  p r e c i p i t a t e  t h e  p roduc t s .  P r o d u c t s  from exper iments  

w i t h  KOH o r  amines were r o u t i n e l y  washed w i t h  I N  H C 1 .  Near ly  a l l  p r o d u c t s  

were d r i e d  f o r  2  hours  i n  a  hea ted  Abderhalden d r i e r  a t  a  vacuum of  

< .02 Pa ( 4 . 0 0 1  t o r r )  wi th  s u l p h u r i c  a c i d  a t  room tempera tu re  a s  t h e  

absorben t .  For e a r l y  samples 1 - D ,  6-D, 13-A, 16-.BY.Z7-~,B, 21-C t o  
. -. 

F,  24-A,35-A, 39-A,B, 43-A, B y  and 46-A, C ,  t h e  h e a t i n g  a g e n t  w a s  b o i l i n g  

x y l e n e  (140°);  f o r  o t h e r  samples ,  t h e  h e a t i n g  a g e n t  was u s u a l l y  b o i l i n g  

CC14  (76') a l t h o u g h  ( a s  no ted)  xy lene  was used t o  remove n i t r o g e n  b a s e s  o r  

p y r i d i n e  from pyr id in ium salts.  However, a t  l e a s t  p a r t  of t h e s e  b a s e s  w a s  

removed by r e p e a t e d  washing w i t h  1 N  H C 1  and w a t e r  b e f o r e  d ry ing .  When t h e  

m a t e r i a l  b a l a n c e  was n e a r  o r  below 1 0 0 % ~  a n a l y s e s  f o r  n i t r o g e n  pe rmi t t ed  

c o r r e c t i o n s  f o r  bound N, b u t  f o r  h i g h e r  r e c o v e r i e s  o f  s u b s t r a t e ,  h e a t i n g  

t o  140' was u s u a l l y  employed i n s t e a d  o r  i n  a d d i t i o n .  A l l  d r i e d  samples 

were s t o r e d  under  vacuum o r  n i t r o g e n .  A sample o f  TIPS s t o r e d  i n  a i r  f o r  

18 months showed a  d e c r e a s e  i n  molecular  weight  from 1214 t o  690 and an 

i n c r e a s e  i n  oxygen c o n t e n t .  

Number-average molecular  we igh t s  ( M ~ )  were determined on a  Wescan 

Model 233 vapor  p r e s s u r e  osmometer (VPO) u s i n g  p y r i d i n e  a t  5 0 ' ~  a s  s o l -  

v e n t  and 0.005M t o  0.1M phenanthrene ( A l d r i c h  Chemical Co.) a s  a  

c a l i b r a t i o n  s t a n d a r d .  Each molecu la r  weight  i s  based on measurements 



a t  t h r e e  c o n c e n t r a t i o n s .  I n  g e n e r a l ,  p l o t s  o f  v o l t a g e  v e r s u s  

c o n c e n t r a t i o n  were s t r a i g h t  l i n e s  w i t h  a l e a s t  s q u a r e s  c o r r e l a t i o n  

c o e f f i c i e n t  r2> 0.98. S o l u t i o n s  f o r  VPO a n a l y s i s  passed a 0.45 pm 

m i l l i p o r e  f i l t e r  wi thou t  s i g n i f i c a n t  back-Pressure  o r  r e s i d u e .  

C o n c e n t r a t i o n s  of  p h e n o l i c  (and a l c o h o l i c  i f  any) hydroxyl groups  

were determined by acetylation/saponification3 o r  t r i m e t h y l ~ i l y l a t i o n . ~  

A l l  a n a l y s e s  are c o l l e c t e d  and coded i n  Tab le  1. To keep t h i s  

paper  w i t h i n  a r e a s o n a b l e  l e n g t h ,  exper imenta l  d e t a i l s  f o r  o n l y  t h e  more 

impor tan t  exper iments  a r e  g iven  below. S e v e r a l  exper iments  were r e p e a t e d  

w i t h  e s s e n t i a l l y  t h e  same r e s u l t s ;  t h e s e  a r e  d e s i g n a t e d  " (dup l i ca ted) . "  

2.2. Cleavage by Na i n  PTH, + BuNH, 

The method of Lazarov and ~ n ~ e l o v a ' w a s  modified a s  fo l lows .  The 

b l u e  s o l u t i o n  formed by d i s s o l v i n g  0 .5g ( 2 1  mmole) of sodium i n  60 mL o f  

l i q u i d  ammonia p l u s  10 mL o f  n-butylamine was added o v e r  3 hours  t o  a 

w e l l - s t i r r e d  mix tu re  o f  1 .5g ( 1 . 1  mmole) o f  TIPS 35-A suspended i n  30 mL 

n-butylamine a t  -35'. A f t e r  an  a d d i t i o n a l  2.5 hours ,  2 . l g  of NH,C1 w a s  

added and t h e  mix tu re  al lowed t o  warm t o  room tempera tu re  under  a slow 

flow o f  n i t r o g e n .  Then 15 mL of diethy1 e t h e r  and one nL of  wa te r  were 

added and evapora ted  t o  d ryness .  Butylamine was removed by r e p e a t e d  

washings w i t h  1 N  HC1. The d r i e d  p roduc t  was 1 ,40g  (93%) of  24-A, whose 

a n a l y s i s  i s  i n  Tab le  1. (Dupl ica ted)  



Table 1 

Analytical Data for Coal Fractions 

Derived 
Section from Wt I % % 
Reference Fraction Yield % C % H % Other Ash 

VPO 
H/C >lol.'lJt. -- 

0.744 1250 

0.724 856 

0.787 430 

0.738 760 

Sample No. Description 

1-D TIPS 2.5,2.8,3.1 Whole coal 3.8 79.2 4.83 1.79 1.645 0.62 

2.5,3.2 35-C 68.5 55.2 3.35 1.50 4-A Ether-extracted 

6-A PyreHI cleavage 

6-D (CH ) SiI Product 
3 3 

7-A ZnBr; cleavage 
2 

8-A ZnCl cleavage 
2 

9-A LiI-H 0 cleavage 

13-A Acetylated 35-A 

14-C TMS-Pyr-HI Product 

15-A Pyr.HI.Product 

16-A TIPS + ZnCl /THF 
16-B Pyr-sol. Me ether 

17-A Insol. BnNH + Et 0 
2 2 

17-B Sol. BnNH + Et 0 
2 2 

17-G TIPS 

35-A 21 

Whole coal 

Whole coal 

24-A 110 

1-D 95.3 

35-A 85 

35-A 49 

35-A 50 

35-A 51 

17-B 83.6 

35-A 9 3 

17-B 83.4 

17-B 

Whole coal 10.2 

18-A Pyr-ext. coal 

19-A Pyr.HI Product 

20-A Me1 Product ' 

21-C Insol. BnNH + MeOH 
21-D Insol. BnNH + MeOH 

2 
21-E Sol. BnNH + MeOH 

2 

21-F Sol. BnNH + MeOH 
2 

2 3-A Tosic acid cleavage 

24-A Ether split 

Pyr-HBr cleavage 

TIPS 

TIPS 

I /pyr treatment 

NaNH + Me1 
2 

LiClU product 

Acetylated 28-A, 
insol. H 0 

Sol. BnNH + Et 0 
2 2 

BmMe NI .'produc t 

ZnBr cleavage 
2 

Insol. KOH/EtOH 

sol. KOH/E~OH 

4 11 -A Insol'.' IC6A/E'tOH 

44-D SOL KOH/E~OH, sol. 
EtOH 

44-G Sol. KOH/EtOH, ppt. 
by acid 

46-A Insol. KOH/E~OH 

46-c sol. KOH/E~OH 



2.3. Cleavage with Alcoholic KOH 

The experiments described show that treatment with alcoholic KOH of 

our TIPS fraction not only reduces the average M of this fractj-on but 
n 

permits its separation into at least three fractions. 0.5463 g of 

TIPS 28-A was heated with 10 mL of 5% KOH in alcohol for 24 hours at 

100°C with the results shown in Table 2. The dissolved material was 

acidified with HC1 gas and separated into soluble (44-D) and insoluble 

(44-G) fractions. 44-G had to be redissolved in a minimum of alcoholic 

KOH and reprecipitated with HC1 to remove salts. On the two larger 

fractions, carboxyl contents were determined by the method of Blom et al. 3 

These products were recovered and used to determine hydroxyl contents 

by acetylation with pyridine-acetic anhydride at room temperature (with 

6 4-dimethylaminopyridine as catalyst ). 

Only 75.7% of the original TIPS was recovered. The remainder that 

disappeared without being noticed.must have been nearly colorless and 

. water-soluble or volatile products of lower molecular weight than 444. 

Hence substantial cleavage occurred, presumably by ester saponification. 

The substantial increase in carboxyl groups in Table 2 also indicates 

ester hydrolysis. The smaller increase in hydroxyl groups may be 

associated with loss of material. 



Table  2  

PRODUCTS FROM K O H / E ~ O H  TREATMENT OF TIPS FRACTION 28-A 

Sample Number - 

28-A 44,-A 44- G 44-D 

S o l u b i l i t y  

Yie ld ,  % by weight 

- 
M i n  p y r i d i n e  

n  

So l .  Undissolved S o l u b l e  KOHIEtOH 
p y r i d i n e  I n s o l .  So l .  

H C ~ / E   OH H C ~ / E ~ O H  

-C02H, e q u i v a l e n t / k g  f r a c t i o n  0.12 0.81 0.62 -- 

-OH, e q u i v a l e n t / k g  f r a c t i o n  3.2 2.3 . 4.4 - - 



To determine the suspected ester groups, 0.5015 g of TIPS 28-A was 

treated under nitrogen with 5% KOH, 6.15 moles in 8.0 mL EtOH. Con- 

sumption of base was followed by quenching an aliquot in water, centri- 

fuging, and titrating to pH 7 with 0.1N HC1. A blank on the KOH/EtOH 

was determined in the same manner. Twenty-five percent of the available 

KOH was consumed in 30 minutes at room temperature, associated with the 

blank and free phenols. Another 5% was consumed in the first 16 hours 

at 95O, and another 0.3% after 178 hours. The additional KOH consumption 

corresponds to a saponification equivalent for 28-A of 1400, again indi- 

cating the presence of ester groups. Heating KOH/E~OH for 178 hours 

at 95' without any TIPS gave no significant change in titer. 

2.4. Benzylamine 

An important reaction of BnNH with TIPS 35-A is summarized: 2 

1.457 g TIPS (35-A), En = 1380 + 25 5 BnNH2 

45 h at 25", pour into 300 5 Et 0 

1/ 74% insoluble (39-A), En = 995 
'2, 
19% soluble (39-B), in = 350 

5% KOH in EtOH, 3 days at 25' 
.J, 

- 
-80% insol. (46-A), En = 1250 20% soluble (46-C), En = 570 

A 74/19 mixture of 39-A and 39-By dissolved in pyridine that was then 

removed, had a gn of 628 compared with calculated 718 for the mixture 

and 1380 for the initial' 35-A. From nitrogen analyses, the low 628 value 

could be due to residual BnNH2 in the reconstituted material, but it 

seems clear that the bonds broken by benzylamine are not reformed when 

the products stand in pyridine. 



Treatment of the insoluble fraction (39-A) with 5% KOH in EtOH 

resulted in fractionation, not cleavage, of this fraction. The weighted 

average M for 46-A and 46-C is 1010, essentially that of the starting n 

material, 39-A, 995. A direct treatment of TIPS 35-A with alcoholic 

KOH for 70 min. at 100° gave nearly the same yields of products, but a 

treatment of 35-A with n-butylamine with drowning in methanol gave less 

(49%) insoluble fraction, 21-D, and more (51%) solubie material 21-F, 

reflecting differences in ether and methanol as solvents. Analyses are 

in Table 1. 

2.5. Hydrogen Iodide and Iodides 

Most of the cleavages in this and the next two .subsections were 

carried out in pyridine solution, initially because of its excellent 

solvent properties. It was then found that the products made with iodides 

usually contained iodine and pyridine that could not be washed out, but 

most could be removed by heating to 140°C at 0.133 Pa (0.001 torr). The 

following explanation is proposed: 

R-I + C5H5N 4 C ~ H ~ N R '  + I- 
+- 
heat 

However, efforts to replace pyridine with other solvents were unsuccessful; 

a single exception with ZnCl in THF is in section 2.6. Perhaps the 2 

pyridine assists the first reaction by removing RI. 

A cleavage with pyridine hydroiodide in pyridine is summarized: 



0.523 g TIPS 1-D(E = 1250) + excess HI in 50 mL pyridine n 

6 days at 25' 

102% 15-~(fi = 462)', 9.15% I, 0.33 equiv. /mole n 

Reflux 32 h wi.th hexamethyldisilazane in pyridine 

Me3Si ether, 14-C (% = 517; calc. 541) 

3.3% Si corresponds to 1.1 equiv. OH in 462 g 15-A 

15-A contained 2.8 times as many molecules as 1-D (Duplicated). By the 

same MesSi procedure, TIPS 1-D contained 1.2 equiv. of 0~/mol; thus 

15-A contains 2.5 times as many hydroxy groups as 1-D, in remarkable agreement 

with the equations above. 

A 0.173-g portion of sodium-cleaved TIPS 24-A (Section 2.2) in 5 

mL pyridine was treated with 5 mL of a concentrated solution of pyridine 

hydroiodide in pyridine under N2 at room temperature for 3 days. After 

the usual workup, the product, 19-A, weighed 9.6% more than the starting 

material and had a molecular weight of 548. This material incorporated 

less iodine than 15-A (3.4% versus 9%) and did not show as large a re- 

duction in molecular weight. The results are discussed in Section 3.2. 



T r i m e t h y l i o d o s i l a n e  i s  r e p o r t e d 7  t o  c l e a v e  a l k y l  and a r y l  a l k y l  

e t h e r s  t o  a l k y l  i o d i d e s .  Accordingly ,  we t r e a t e d  TIPS 1 - D ,  a s  a s l u r r y  

i n  chloroform,  wi th  t h i s  r e a g e n t  f o r  24 hours  a t  room tempera tu re  and 

then f o r  42 hours  a t  5 0 ' ~ .  A f t e r  workup and d r y i n g ,  t h e  major p roduc t  

(6-D) was i n s o l u b l e  i n  chloroform and weighed 12% more than  t h e  s t a r t i n g  

m a t e r i a l .  6-D con ta ined  18.99% I and 1.03% S i ,  and i t  accounted f o r  90% 

of t h e  carbon,  92% of t h e  hydrogen,  and 82% of t h e  n i t r o g e n  i n  t h e  start- 

i n g  material. The a p p a r e n t  En was 760. An 8.8% y i e l d  of chloroform- 

s o l u b l e  m a t e r i a l  was a l s o  ob ta ined .  

S i n c e  t h e  above r e a c t i o n  produces  HI and s i n c e  H I  i n  p y r i d i n e  

c leaved  TIPS, t h e  r e a c t i o n  t o  produce 6-D may i n v o l v e  H I  a s  w e l l  a s  

(CH,),SiI. Jung  and ~ ~ s t e r '  r e p o r t  t h a t  c l e a v a g e s  of  d i a l k y l  e t h e r s  

w i t h  t r i m e t h y l i o d o s i l a n e  proceed i n  t h e  p resence  o f  p y r i d i n e  b u t  a t  a 

reduced r a t e .  They t a k e  t h i s  a s  ev idence  a g a i n s t  t h e  involvement o f  H I ,  

which i s  dub ious  i n  view o f  o u r  r e s u l t s  wi th  H I  i n  p y r i d i n e .  

TIPS 1-D (M = 1250) was t r e a t e d  w i t h  an e x c e s s  o f  MeI, w i t h o u t  
n 

p y r i d i n e ,  u ~ i d e r  n l t r o g e n  f o r  2 days a t  room tentpera ture ,  t o  s e e  i f  

ev idence  o f  c l eavage  of s u l f i d e  bonds could  be o b t a i n e d .  The washed and 

d r i e d  p roduc t ,  20-A, weighed 95.3% a s  much a s  t h e  s t a r t i n g  m a t e r i a l ,  

con ta ined  0.1% I ,  and had a of 660. ' The o r i g i n a l  TIPS con ta ined  
n 

1.64% S o r  0.64 S/molecule.  I f  a l l  of  t h e s e  S atoms were s u l f i d e s  s p l i t  



by MeI, t h e  of  1-D would have been reduced t o  760. Because most o f  
n  

t h e  S  i s  probably  a r o m a t i c  and h e t e r o c y c l i c ,  t h e  M e 1  i s  c l e a v i n g  l i n k s  

o t h e r  than  a l i p h a t i c  s u l f i d e  l i n k s  (e.g. ,  amines) and is  u n s u i t a b l e  f o r  

e s t i m a t i n g  such l i n k s .  (Dupl ica ted.  ) 

~ a r r i s o # r e ~ o r t e d  t h a t  a l k y l  a r y l  e t h e r s  a r e  c l eaved  by l i t h i u m  

i o d i d e ,  and s o  we t e s t e d  t h i s  r e a g e n t  on our  TIPS f r a c t i o n .  0.3513 g  of  

TIPS 28-A was t r e a t e d  w i t h  0.2342 g  of  L i I a H 2 0  i n  20 mL o f  p y r i d i n e  under  

n i t r o g e n  f o r  140 hours  a t  room temperature .  The 0.3594 g  of  p roduc t ,  

9-A, was o b t a i n e d  i n  102% y i e l d  by weight.  The H o f  28-A was reduced 
n  

from 1090 t o  363 b u t  i t  was h igh  (4%) and v a r i a b l e  i n  n i t r o g e n  c o n t e n t .  

9-A was t h e r e f o r e  ground, rewashed w i t h  HC1 and w a t e r  and d r i e d  f u r t h e r  

a t  76' and 0 .001 t o r r .  Here i t  l o s t  weight  s lowly and p e r s i s t e n t l y  and 

approached t h e  expec ted  N a n a l y s i s ,  a p p a r e n t l y  by decomposi t ion of 

pyr id inium s a l t s .  

To avo id  d i f f i c u l t i e s  w i t h  p y r i d i n e ,  a  s i m i l a r  exper iment  was 

c a r r i e d  o u t  w i t h  28-A, LiI'H,O,and t e t r a h y d r o f u r a n : b u t  t h e r e  was no s i g -  

n i f i c a n t  change i n  M . 
n 

S i m i l a r  exper iments  were c a r r i e d  o u t  w i t h  28-A i n  p y r i d i n e  f o r  3 

days  a t  room tempera tu re  w i t h  benzyltrimethylammonium i o d i d e  o r  i o d i n e .  

One employed 0.254 g  o f  28-A and 0.1827 g  o f  q u a r t e r n a r y  i o d i d e ,  t h e  

o t h e r ,  0.4143 g of 28-A and 0.3052 g  o f  I,. The benzyltrimethylammonium 

. i o d i d e  product  (39-G) was ob ta ined  i n  83% y i e l d ,  con ta ined  a  l i t t l e  e x c e s s  

n i t r o g e n ,  and had a  a of  640. The i o d i n e  p roduc t ,  even a f t e r  washing 
n  



with chloroform, e t h e r ,  and 0.1M HC1,  gave 125% y i e l d  o f  35-G c o n t a i n i n g  

34% i o d i n e .  Continuous e x t r a c t i o n  o f  35-G w i t h  e t h e r  removed I ,  

corresponding t o  28% of 35-G; t h e  r e s u l t i n g  4-A had a  of 866. 
n  

2.6. Zinc  S a l t s  

Two c leavage  exper iments  were c a r r i e d  o u t  wi th  anhydrous ZnBre and 

then  i t  was found t h a t  ZnC1, was a s  good o r  b e t t e r .  A l l  t h e  c leavages  

were c a r r i e d  o u t  under n i t r o g e n  and t h e  f i r s t  t h r e e  p r o d u c t s  con ta ined  

excess  weight and n i t r o g e n ,  as shown i n  Tab les  1 and' 3, and a n a l y s e s  

were poor ly  r e p r o d u c i b l e .  

Tab le  3  

Cleavages of TIPS 28-A i n  P y r i d i n e  w i t h  Anhydrous Zinc H a l i d e s  

- 
2 8 - ~ ~  Zn H a l i d e  P y r i d i n e  Time Temp. Product  

Mn 
mg mg mL h O C 

376 C 1  232 20 140 25 108% 8-A 379 

367 B r  260 20 68 25 119% 7-A 428 

227 Br 200 3 9 68 50 102% 42-A 392 

477 C1 477 2 . 0 ~  192 25 93% 16-A 596' 
. . . .  . . . . . . . .  . .  

% = 1090. n  b ~ e t r a h y d r o f  u r a n  

The l a s t  experiment i n  Tab le  3  shows t h a t  ZnC1, c l e a v e s  TIPS i n  

t e t r a h y d r o f u r a n  s o l u t i o n ,  bu t  n o t  a s  w e l l  a s  i n  pyr id ine .  Ex tens ive  

washing wi th  wa te r  and 1 N  HC1 was r e q u i r e d  t o  remove t h e  z i n c ,  probably  

wi th  some l o s s  of p roduc t ,  b u t  t h e r e  was no g a i n  i n  weight  o r  n i t r o g e n .  



2.7. D e r i v a t i v e s  of TIPS F r a c t i o n s  

S e v e r a l  d e r i v a t i v e s  o f  TIPS f r a c t i o n s  were made i n  an  e f f o r t  t o  

i n c ~ e a s e  t h e i r  s o l u b i l i t i e s  f o r  NMR i n v e s t i g a t i o n s .  

Acetylat ion--A - 0 .4  g  sample o f  TIPS 35-A was hea ted  t o  r e f l u x  under 

n i t r o g e n  i n  7 mL o f  p y r i d i n e  and 5  mL of  a c e t i c  anhydr ide  f o r  24 hours.  

The p roduc t  was drowned i n  w a t e r  and c e n t r i f u g e d .  The p u r i f i e d  p roduc t  

(13-A) weighed 116% of t h e  t h e o r e t i c a l  y i e l d  based on two phenol r e s i d u e s  

f o r  s t a r t i n g  m a t e r i a l  of  molecular  we igh t  1380. T h i s  m a t e r i a l  was n o t  

s i g n i f i c a n t l y  more s o l u b l e  than  t h e  s t a r t i n g  m a t e r i a l  i n  pyr id ine-d ,  o r  

CDC1,. 

Another TIPS f r a c t i o n ,  28-A, 0.9467 g,  i n  15 I ~ L  o f  p y r i d i n e ,  was 

t r e a t e d  w i t h  30 m L  o f  e q u a l  volumes o f  p y r i d i n e  and a c e t i c  anhydr ide ,  

c o n t a i n i n g  60 mg o f  4-dimethylaminopyridine a s  ~ a t a l y s t . ~  T h i s  mix tu re  

was s t i r r e d  under  n i t r o g e n  f o r  24 hours ,  then c o n c e n t r a t e d  t o  5  mL and 

drowned i n  wa te r .  By t h e  method of  Blom e t  a 1 . , 3  t h e  a c e t i c  ester c o n t e n t  

of  t h e  p roduc t ,  38-A, corresponded t o  2.69 meq/g o r  3.50 meq 0~ /mmole  28-A. 

Methvlation--TIPS 35-A was methyla ted  w i t h  a  l a r g e  e x c e s s  o f  .diazo- 

methane i n  e t h e r  a t  O0 f o r  s e v e r a l  days  b u t  on ly  82% of t h e  p roduc t  (16-B) 

was s o l u b l e  i n  p y r i d i n e  ( a l l  o f  35-A was s o l u b l e ) ,  w i t h  a n  a p p a r e n t  

o f  1280. 



Ignas iak  and coworkers9 r e p o r t e d  t h a t  t r ea tment  of a  bituminous 

c o a l  (81% C d . a . f . )  wi th  sodamide i n  l i q u i d  ammonia followed by t rea tment  

wi th  e t h y l  i o d i d e  r e s u l t e d  i n  a l k y l a t i o n  bu t  n o t  i n  bond c leavage.  We 

a p p l i e d  t h i s  method t o  our  TIPS f r a c t i o n  of p y r i d i n e  e x t r a c t  (28-A) 

with Me1 and ob ta ined  o u r  product ,  36-A. The of 36-A i n  p y r i d i n e  by 
n  

VPO i s  446, a  s i g n i f i c a d t ,  r e d u c t i o n  from 1090 f o r  t h e  s t a r t i n g  m a t e r i a l .  

Another experiment wi th  N~NH,/NH,, w i t h  NH,C1 quenching i n s t e a d  o f  Me1 

t rea tment ,  showed only a  s l i g h t  r e d u c t i o n  i n  M (850),  i n d i c a t i n g  t h a t  
n  

most of t h e  c leavage  i s  due t o  i o d i d e  ion.  

3. RESULTS AND DISCUSSION 

3.1. C h a r a c t e r i z a t i o n  o f ' T I P S  F r a c t i o n s  

Four TIPS f r a c t i o n s  from p y r i d i n e  e x t r a c t i o n s . o f  I l l i n o i s  No. 6  

c o a l  were used i n  t h i s  work: 1-D,  En 1250; 17-6, kn 980; 28-A, M 1090; 
n  

and 35-A, En 1380. 35-A was p repared  by e x t r a c t i o n  a t  room tempera tu re ,  

1-D a t  r e f l u x ,  1.743was a  later  e x t r a c t 2 o n  a t  100' of t h e  same c o a l ,  

and used v e r y  l i t t l e ;  i t  was r e p r e c i p i t a t e d  a g a i n  from p y r i d i n e  w i t h  

t o l u e n e  t o  g i v e  28-A. These molecular  we igh t s  a r e  c l o s e  t o  t h o s e  found 

i n  a s t i l l  e a r l i e r  e x t r a c t i o n  and f r a c t i o n a t i o n ,  1214 . l  The y i e l d s  of 

e x t r a c t  a r e  n o t  s e n s i t i v e  t o  p a r t i c l e  s i z e  (60-250 o r  400 mesh) o r  

e x t r a c t i o n  temperature .  



The C a n a l y s e s  i n  Tab le  1 sugges t  t h a t  some o x i d a t i o n  o f  c o a l  was 

involved between p r e p a r a t i o n s  of 35-A and 28-A, even though t h e  c o a l  was 

p r o t e c t e d  from a i r .  However, t h e  C and 0 c o n t e n t s  of t h e  TIPS f r a c t i o n s  

a l s o  depend on t h e  s e p a r a t i o n s  from t h e  to luene-so lub le ,  hexane- insoluble  

(35-B) and hexane-soluble f r a c t i o n s  (35-C), which c o n t a i n  much more 

carbon and l e s s  oxygen.' 

The TIPS f r a c t i o n s  a r e  only  p a r t i a l l y  s o l u b l e  i n  t e t r a h y d r o f u r a n ,  

CHCl , ,  and dimethyl  s u l f o x i d e  and a r e  i n s o l u b l e  i n  t o l u e n e ,  a l c o h o l s ,  and 

e t h e r s .  However, they a r e  p a r t l y  s o l u b l e  i n  KOH/E~OH.  

Table  4 g i v e s  'H NMR ass ignments  f o r  TIPS 35-A i n  s o l u t i o n  and 

ass ignments  f o r  s o l i d - s t a t e  NMR of t h e  same m a t e r i a l  (because  i t  was n o t  

s u f f i c i e n t l y  s o l u b l e  even i n  p y r i d i h e )  .. The. Mn of t h 6 s  f r a c t i o n  was 1380, 

corresponding t o  an average  o f  90.6 C atoms and 70.8 H atoms p e r  molecule,  

bu t  comparisons a r e  made on a p e r  100 C and 78.1 H b a s i s .  

The a l i p h a t i c  H / C  r a t i o  i n  Tab le  4 ,  1 .31,  h a s  impor tan t  i m p l i c a t i o n s  

f o r  t h e  carbon s k e l e t o n  of t h e  a l i p h a t i c  p o r t i o n  of c o a l .  Replacing 

carbonyl  oxygen atoms by H2  and e t h e r  oxygens by CH2 and c o r r e c t i n g  f o r  

t h e  methyl groups r e s u l t s  i n  HiC.21.4 f o r  t h e  analogous p a r e n t  hydro- 

carbon,  maybe 1.5 i f  t h e  13c measurements underes t imate  by 10% carbon 

atoms common t o  two a romat ic  r i n g s .  A l i p h a t i c  H/C  r a t i o s  a r e  1.8 i n  

d e c a l i n ,  1.6 i n  adamantane, 1.89 i n  t h e  Wiser s t ruc tu re10  f o r  c o a l  and 

1.125 f o r  a highly-condensed,  three-dimensional  s t r u c t u r e  f o r  a Wyodak 

SRC proposed by F a r c a s i u .  11 



T a b l e  4 

ALIPHATIC/AROMATIC RATIOS FOR TIPS 35-A 

For looa For 78.1 
C  Atoms 13c Assignments H Atoms 

5.6 C=O 
205-160 ppm 

62.8 Aromatic 
160-100 ppm 

13.2 E t h e r  and a l c o h o l  

100-45 ppm 

18.4 A l i p h a t i c  

45-0 ppm 

Arom H 36.7 = 0.584 - -  - -  
Arom C  62.8 

a l i p h a t i c  M e  

benzyl  

36.7 i n c l u d i n g  -OH 

Aliph H - 14 .1  + 22.6 + 4.7 - = 1.31 
Al iph  C  13.2 .I- 18.4 

a Data s u p p l i e d  by P r o f .  Gary E. Maciel  o f  Colorado S t a t e  U n i v e r s i t y ,  
who used t h e  magic a n g l e ,  c rossed  p o l a r i z a t i o n  t echn ique  w i t h  modified 

JEOL FX-600 s p e c t r o m e t e r  a t  15 MI-Iz. 



Thus, the aliphatic portion of Illinois No. 6 coal appears to have 

a condensed and crosslinked structure about half-way between the Wiser 

and Farcasiu structures. Investigation of its detailed structure may 

be too difficult to warrant the effort. However, we are trying to make, 

the TIPS fractions sufficiently soluble in an NMR solvent so that we can 

obtain solution data with both 'H and I3c NMR. The heterogeneity of the 

TIPS fractions is discussed in Section 3.3. 

Analysis of the extracted coal, 18-A, is ciose to that of'the cor- 

responding TIPS fraction, 28-A, which.we think serves as a good model for 

the extracted coal. The extracted coal contains a little more ash, N, 

S, and 0, and therefore less C. By NMR, the extracted coal contains 

3.2% more carbonyl C, 2.2% less ether and alcohol C. Unpublished experi- 

ments show that total KOH consumption, by phenols plus esters, is nearly 

constant in several extracts and insoluble residues,12 The principal 

difference between the soluble and insoluble fractions in probably that 

the soluble molecules are branched while the insoluble ones are cross- 

linked. 

3.2:'Cleavage'Reactions 

From the results of our cleavage reactions, we conclude that these 

reactions depend on the presence of ether and ester groups in our TIPS 

fractions: alcoholic KQH and benzylamine cleave the ester groups to 

similar extents; ethylenediamine on long reaction and the acidic reagents 

cleave both esters and ethers. In the latter reactions, halide ions 

produce alkyl halides that react with any pyridine present to give salts 

that are subsequently decomposed by heat. Cleavages by sodium metal will 

be discussed later. 



Table 5 summarizes our experiments on cleavages of the four TIPS 

fractions described in Section 3.1. The TIPS fractions are cleaved by 

both strongly basic amines (benzyl, butyl, and ethylenediamine) and by 

alcoholic KOH. Both kinds of reagents effect f.ractionations of the 

products by salt formation, as shown by solubilities in alcohol, ether, 

and methanol in the presence of base but not in its absence. Section 2.3 

and Table 2 show that cleavage as well as fractionation occurs with 

alcoholic KOH. The saponification equivalent of 1400 and M of 1090 n 

for TIPS 28-A indicate that an additional' 0.6 molecule should be formed 

from each TIPS molecule if each hydrolysis of an ester group results in 

formation of an additional molecule. 

Section 2.4 showed that mixing the benzylamine cleavage products 

.from TIPS 35-A gave a low average instead of the original molecular 

weight. Thus, the amine effects an irreversible cleavage of the TIPS 

as if it cleaved an ester to amide and alcohol: 

R-CO2-R' + R"-NH2 - RCONHR" + R'OH 

One amine molecule should be incorporated for each cleavage. On this 

basis, .recovery is less than the stated 95% and the gain in N content is 

less than expected, but the lost material may be richer in N. When the 

insoluble fraction, 39-A, from the BnNHz 'cleavage was treated further 

with alcoholic KOH, the resulting fractions correspond to a separation 

without significant cleavage. Although alcoholic KOH cleaved TIPS 1-D 

at room temperature, it dleaved no bonds in TIPS 35-A that had not already 

been cleaved by benzylamine. 

In all the alcoholic KOH extractions, the soluble material is a 

black powder, whereas the low molecular weight material made soluble by 



T a b l e  5 

Cleavages  o f  TIPS F r a c t i o n s  

- 
hIn 

I n i t i a l  
 TIPS^ Reagent  

R e a c t i o n  Y i e l d ,  Tb 
S o l v e n t  Time ~ e m p ~  p r o d u c t s C  o n C  b y w t .  

- 

Bases  

1090 KOH 
S o l u b l e  f r a c .  HC1 

44-A i n s o l  
44-G i n s o l  
44-D s o l  

1 43-A i n s o l  
43-R s o l  

( 
21-F s o l  
21-D i n s o l  

1 39-B s o l  
39-A i n s o l  

1250 KOH 5% i n  EtOH 8 10-min 
e x t r a a t i . o n s  
1 h  

t h e n  MeOH 
45 h  
t h e n  Et,O 
3d 

1380 BuNH, 

I n s o l .  39-A KOH, 5% i n  
E  tOH 

1 11 

t h e n  MeOH 
21-E s o l  

21-C i n s o l  

I o d i d e s  

p y r i d i n e  
p y r i d i n e  
p y r i d i n e  

6d 15-A 
6d 9-A 
3d 39-a 
3d 35-G 

42 h 50" 6-D ' 

2d 
then  140' 20-A 

p y r i d i n e  
CHC1, 

O t h e r  S a l t s  and Acids 

pyrrarne 

p y r i d i n e  

p y r i d i n e  
p y r i d i n e  
p y r i d i n e  
p y r i d i n e  

Sodium, t h e n  HI 

NH, + BuNH, 
P y r i d i n e  

a ~ o d e  numbers.. and \ v a l u e s  a r e  r e l a t e d  i i i  3a~Liur1  3.1. 
b  

20-25' e x c e p t  a s  i n d i c a t e d  

' ~ n a 1 y s e . s  and code numbers a r e  i n  T a b l e  1. 



amine t r ea tmen t  o r  t r i m e t h y l s i l y l a t i o n  i s  medium brdwn. For  t h o s e  

f r a c t i o n s  t h a t  have been checked, t h e  a roma t i c  p ro ton  c o n t e n t s  of t h e  

s o l u b l e  f r a c t i o n s  a r e  lower  t han  those  o f  t h e  s t a r t i n g  m a t e r i a l s  and t h e  

s o l u b l e  f r a c t i o n  c o n t a i n s  less C and more 0 than  t h e  i n s o l u b l e  f r a c t i o n .  

D i f f e r e n t  C and 0 r e l a t i o n s  a l s o  appear  i n  t h e  amine s e p a r a t i o n  p roduc t s ,  

39-G and 39-A, 21-E and 21-C, and 21-F and 21-D. 

-Table  5" shows t h a t  e i t h e r  a c i d s  ( t o l u e n e  s u l f o n i c ,  HI, HBr), sou rces  

of h a l i d e  i o n s  (MeI, I,, Me,SiX), o r  s a l t s  (ZnCl,, ZnBr,, LiI*H,O, 

benzyltrimethylamrnonium i o d i d e )  w i l l  e f f e c t  c leavages .  I t  i s  p o s s i b l e  

t h a t  t h e  phenol groups i n  t h e  TIPS supply  t h e  hydrogen i o n s  r e q u i r e d  f o r  

ether c leavage :  

R-0-R' + HX - R-OH + R ' X  

+ 
However, even LiC10, c l e a v e s  TIPS ;, perhaps  t h e  .very  s m a l l  Li i o n  :can 

+ 
s u b s t i t u t e  f o r  H s o  t h a t  L i C I O u  behaves somewhat l i k e  a n  a c i d .  

I n  terms of t h e  number of  molecules  recovered p e r  i n i t i a l  molecule 

of TIPS f r a c t i o n  of p y r i d i n e  e x t r a c t ,  t h e  o r d e r  of d e c r e a s i n g  e f f e c t i v e -  

n e s s  of  c l e a v i n g  a g e n t s ' i s :  ZnCl,, 3.1; L i I eH20 ,  3 .1;  ZnBr,, 3.0; 

p y r i d i n e  hydro iodide ,  2.3; methyl i o d i d e ,  2.0; benzylamine, 1 .8;  a l c o h o l i c  

KOH, 1 .7 ;  t o luene  s u l f o n i c  a c i d ,  1 .6 ;  t r i m e t h y l s i l y l  i o d i d e ,  1 .5;  LiClO,, 

1.4; and p y r i d i n e  hydrobromide, 1.3.  These a r e  n o t  q u a n t i t a t i v e  v a l u e s  

because some r e c o v e r i e s  a r e  more and some a r e  l e s s  t han  loo%, and low 

molecular  weight  m a t e r i a l  was o f t e n  l o s t ,  b u t  t hey  i n d i c a t e  a  s u r p r i s i n g  

e f f e c t i v e n e s s  of some h a l i d e  s a l t s ,  presumably i n  c l e a v i n g  e t h e r s  and 

esters. 



From changes i n  molecular  we igh t ,  n e g l e c t i n g  smal l  g a i n s  and l o s s e s  

i n  C c o n t e n t ,  t h e  i n c r e a s e  i n  t h e  number of  molecules  w i t h  TIPS 35-A was 

1.74 i n  t h e  Na-NH,-BuNH, c leavage  and then  1.44 i n  t h e  succeed ing  H I  

c l eavage ,  f o r  a t o t a l  i n c r e a s e  of  2.5. However, H I  c l e a v a g e  a l o n e  w i t h  

1-D i n c r e a s e d  t h e  number o f  molecules  by 2.7. These r e s u l t s  s t r o n g l y  

s u g g e s t  ( b u t  h a r d l y  prove) t h a t  H I  cleav.3s a l l  t h e  bonds t h a t  Na c l e a v e s ,  

and more. There fo re ,  t h e r e  may b e  no d i a r y 1  e t h e r  bonds (which would 

be  s p l i t  by Na b u t  n o t  HI) i n  o u r  TIPS f r a c t i o n  and t h e r e  a r e  more 

phenyl a l k y l  and benzyl  e t h e r  bonds ( s p l i t  by bo th  Na and HI) than  d i a l k y l  

e t h e r  bonds ( s p l i t  by H I  b u t  n o t  Na). 

3.3. He te rogene i ty  o f  TIPS F r a c t i o n s  

'H NMR measurements were made on s e v e r a l  c o a l  f r a c t i o n s  on a  

Var ian  EM 360 Spec t romete r ,  w i t h  pyrfdine-d,  a s  s o l v e n t  and 1% of t e t r a -  

m e t h y l s i l a n e  a s  s t a n d a r d .  T a b l e  .6 compares p ro ton  d i s t r i b u t i o n s  f o r  two - 

p a i r s  of  f r a c t i o n s  t h a t  were s o l u b l e  o r  i n s o l u b l e  i n  e x c e s s  e t h e r  c o n t a i n i n g  

a  l i t t l e  BnNH, and f o r  t h r e e  f r a c t i o n s  based on an i n i t i a l  e x t r a c t i o n  w i t h  

a lc6hoPfc  KOH. I n  g e n e r a l ,  t h e  s m a l l e r ,  s o l u b l e  p o r t i o n s  have lower  

molecu la r  we igh t s ,  h i g h e r  oxygen ( lower  carbon)  c o n t e n t s ,  and lower  

a r o m a t i c  hydrogen c o n t e n t .  

We now u s e  t h e s e  and o t h e r  d a t a 2  and some s e m i q u a n t i t a t i v e  observa- 

t i o n s  t o  i n d i c a t e  t h e  n a t u r e  of c o a l  e x t r a c t s  made a t  ~ U O ' C .  The TIPS 

f r a c t i o n  of  p y r i d i n e  e x t r a c t s  (-- 10% of o r i g i n a l  c o a l ,  M, -- 1300) and 

t h e  TIPS f r a c t i o n  o f  t h e  BnNH, e x t r a c t  of  p y r i d i n e - e x t r a c t e d  c o a l  



Table  6 

PROTON DISTRIBUTION I N  COAL FRACTIONS BY NMR 

Yield ,  Other 
F r a c t i o n  w t .  % H/C Aroma. ,% Benzylic,X A l i p h a t i c , %  A l i p h a t i c  

6-106 3.5-26 1.1-26 Me,%, 1.1-0.46 
TIPS 35-A + BnNH,, 70 min. a t  l l o O ,  then excess  E t 2 0  

17-A I n s o l u b l e  
17-B s o l a b l e a  

Alcohol ic  KOH e x t r a c t i o n ,  Table 5 

43 A I n s o l u b l e  
43 B So lub le  

Alcohol ic  KOH e x t r a c t i o n ,  Table  5 

44-A I n s o l u b l e  3  1 0.743 62 15 
So lub le  + HC1 + E t 2 0  4  0.980 3  8 24 

\>41 0.763 5  4  24 

a  
NMR i n  CDC1, s o l u t i o n  wi th  added BnNH2 + D 2 0  

b  
Range ex tends  t o  56 



(N 13% of  o r i g i n a l  c o a l ,  Mn - 1700) a r e  of  c o u r s e  wholly s o l u b l e  i n  

p y r i d i n e .  The EDA-DMSO e x t r a c t  of  BnNH2-extracted c o a l  (-- 20% of t h e '  

o r i g i n a l  c o a l ,  Bn presumably s 2000) i s  on ly  abou t  20% s o l u b l e  i n  p y r i -  

d i n e  b u t  t h e  EDA-DMSO e x t r a c t  of whole c o a l  (-- 45%) i s  abou t  70% s o l u b l e  

i n  p y r i d i n e  b u t  96% s o l u b l e  i n  BnNH,. Apparent ly ,  t h e  p a r t  o f  t h e  c o a l  

network t h a t  i s  i n s o l u b l e  i n  p y r i d i n e  b u t  brought  i n t o  s o l u t i o n  by BnNH, 

o r  EDA h a s  a  h i g h e r  molecu la r  weight  and presumably more a c i d i c  and b a s i c  

groups p e r  molecule.  We t a k e  t h e s e  r e s u l t s  t o  mean t h a t  lower  molecular  

weight  f r a c t i o n s  i n c r e a s e  t h e  s o l u b i l i t y  of h i g h e r  molecular  weight  

f r a c t i o n s ,  a t  l e a s t  p a r t l y  through pheno l -pyr id ine  type  i n t e r a c t i o n s . '  

F u r t h e r ,  b a s e s  (Tab le  5) d i s s o l v e  some of  t h e  p y r i d i n e - s o l u b l e  m a t e r i a l ,  

and smal l  p r o p o r t i o n s  o f  BnNH, s u b s t a n t i a l l y  i n c r e a s e  t h e  s o l u b i l i t y  of  

t h e  TIPS f r a c t i o n  i n  poore r  s o l v e n t s  than  p y r i d i n e .  I t  h a s  l o n g  been 

known t h a t  t h e  to luene-so lub le ,  hexane- insoluble  f r a c t i o n  o f  c o a l  l i q u e -  

f a c t i o n  p r o d u c t s  can  be s e p a r a t e d  . i n t o  b a s i c ,  a c i d ,  and n e u t r a l  f rac t ionsi3 '  

b u t  t h e s e  c o n t a i n  much l e s s  oxygen t h a n  o u r  TIPS f r a c t i o n s .  

Thus f a r ,  we have s e p a r a t e d  o u r  TIPS f r a c t i o n  o f  p y r i d i n e  e x t r a c t  

i n t o  a  low molecular  weight ,most ly  p h e n o l i c  f r a c t i o n  w i t h  a  h i g h e r  

a l i p h a t i c  c o n t e n t ,  and a  h i g h e r  molecular  weight ,  l e s s  a c i d i c s m o r e  

a r o m a t i c  f r a c t i o n .  I f  t h e  b a s i c  groups  a r e  most ly  h e t e r o c y c l i c  a romat ic ,  

Ihen t h e  g r e a t e r  a r o m a t i c  c o n t e n t  o f  t h e  h i g h e r  molecular  weight  f r a c t i o n  

i s  accounted f o r .  By re f inement  o f  o u r  f r a c t i o n a t i o n  procedures ,  bo th  

f r a c t i o n s  can probably  be r e s o l v e d  i n t o  s e v e r a l  o t h e r s ,  depending on H/C 



r a t i o ,  molecular  weight ,  and ac id -base  balance .  S i m i l a r  exper iments  w i t h  

a d d i t i o n a l  m a t e r i a l  e x t r a c t e d  by benzylamine o r  EDA-DMSO from pyr id ine -  

e x t r a c t e d  c o a l  should  pe rmi t  u s  t o  examine g::oups of  molecules  t h a t  were 

p r e v i o u s l y  b u i l t  i n t o  t h e  i n s o l u b l e  c o a l  network and have n e v e r  been 

hea ted  above 1 0 0 ~ ~ .  Such exper iments  may be a  more q u a n t i t a t i v e  and 

rewarding approach t o  de te rmin ing  b reakab le  s i n g l e  bonds i n  t h e  o r i g i n a l  

c o a l  network than  degrad ing  s o l v e n t - e x t r a c t e d  c o a l  by o x i d a t i o n ,  and 

c e r t a i n l y  much s u p e r i o r  t o  work based on p r o d u c t s  hea ted  t o  4 0 0 ' ~ .  
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