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Introduction 

Electron sp in  resonance (ESR) provides a convenient method for t he  s t r u c t u r a l  
e luc ida t ion  of complex macromolecules. It may, therefore ,  be u t i l i z e d  as a probe 
i n  the  exploration of the  micro-environment wi th in  l a rge  molecules. without t he  danger 
of e i t h e r  chemical decomposition, physical  deformation, or d i s so lu t ion  from a so lvent  
system. For bituminous mater ia l s  (1.2). two d i f f e r e n t  sources of ESR absorption a r e  
expected: 
vanadium chelates.  Considerable efforts have been d i rec ted  toward the  inves t iga t ion  
of t h e  latter; viz., nitrogen superhyperfine s p l i t t i n g s  due t o  t h e  inherent  para- 
msgnetic vanadium moities (3). t he  isotropy-anisotropy nature of vanadium (4). the 
ligand types of vanadium complexes (5). s p e c t r a l  parameters from petroporphyrins (6). 
vznadium chela te  model systems (7.8.9,lOj. ca l cu la t ion  (11). and synthes is  (12) of 
aniso t ropic  vanadium spec t ra  i n  asphaltenes , and the  enhancement and separa t ion  of 
vanadium s igna l s  (13.14) have been studied. 
nature of f r e e  r ad ica l  bitumens has been completed, wi th  t h e  exception of work per- 
formed concerning sp in  concentrations (15) and r e l axa t ion  times (16). and examination' 
of t he  ESR spec t ra  of  various gel permeation chromatography f r a c t i o n s  of  bitumens (17). 
onljr recent ly  have t h e  g-values of a l a r g e  v a r i e t y  of bituminous mater ia l s  been co l -  
l ec ted  and cor re la ted  with t h e i r  s t r u c t u r a l  p roper t ies  (1). 

that r e su l t i ng  from the  presence of free r a d i c a l s ,  and t h a t  a r i s i n g  from 

Conversely, l i t t le  research  i n t o  the  

It has been previously concluded (13.3) t h a t  t he  f r e e  r a d i c a l  i n  bitumens is 
located i n  a l a r g e  aromatic r ing  system i n  such a manner a s  t o  optimize its s t a b i l i -  
za t ion  by resonance of t he  delocalized u-electron. g-Value s tud ie s  f u r t h e r  revea l  
that  these  f r e e  sp ins  resemble ne i ther  t he  semiquinone-quinone system (L- or &forms 
of carbon) nor any o ther  l oca l i zed ,  heteroatom-bearing rad ica l .  
numbers (Ng) and g-values have been cor re la ted  with s t r u c t u r a l  d i f fe rences  (2) and 
other physical  p roper t ies  of bitumens (15). bas i c  inves t iga t ion  i n t o  t h e  a rea  of  s p i n  
co r re l a t ion  or sp in  exc i t a t ion  w i l l  r evea l  information about t he  nature of t he  sp ins ,  
espec ia l ly  regarding t h e i r  i n t e rac t ions  n i t h  t h e i r  nearby hos t ,  the  condensed aromatic 
systems. 
p a r t i c l e s  is e s s e n t i a l  t o  an  understanding of t he  chemistry of bitumens. 

( including petroleum compounds) and the  pyrobitumens. 
divided i n t o  mineral waxes, a spha l t s ,  and a spha l t ides ,  and the  pyrobitumens i n t o  
asphaltoids and coals.  
cha rac t e r i s t i c s  i n  various common solvents.  
so luble ,  propane inso luble  f r ac t ions ;  asphaltenes a s  benzene so lub le ,  n-pentane insolu- 
b l e  f r a c t i o n s ,  carbenes a s  carbon d i su l f ide  soluble.  benzene inso luble  f r ac t ions ,  and 
carboids as t h e  carbon d i s u l f i d e  inso luble  f r ac t ions .  
r e s in  t o  carboid is assoc ia ted  with an increase i n  macromolecular s i z e .  These bitwnens 
a r e  characterized by condensed aromatic nuc le i  assoc ia ted  e i t h e r  i n t r a -  or intermole- 
cu la r ly  and subs t i t u t ed  n i t h  a l i p h a t i c  or naphthenic subs t i t uen t s  a t  t h e i r  peripheries.  

Since both sp in  

Information concerning t h e  t r a n s f e r  and mobili ty of t he  s p i n  and charged 

Naturally occurring bituminous mater ia l s  f a l l  i n t o  two categories:  t h e  bitumens 
The former may be f u r t h e r  sub- 

These mater ia l s  may be f r ac t iona ted  on t h e  basis of s o l u b i l i t y  
Thus, r e s ins  a r e  defined as n-pentane 

The sequen t i a l  progression from 

Previously, inves t iga t ions  i n t o  t h e  dependence of c e r t a i n  p b s i c a l  p roper t ies  of 
Hence, methylene rocking- bitumens on temperature have yielded valuable information. 

v ib ra t iona l  b n d s  a r i s i n g  from pa ra f f in i c  groups (18). measurements of gap energy (19). 
magnetic s u s c e p t i b i l i t y  (6) a s  a f fec ted  by odd numbers of n i t rogen  l igands ,  and vanadium 
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51 nuclear-spin i n t e r a c t i o n  i n  states of molecular assoc ia t ion  or d i s s o c i a t i o n  with t h e  
bitumen mat r ix  (4). are a l l  temperature dependent. 
t h e  nature of the  dependence of the ESR s i g n a l  i n t e n s i t y  w i t h  temperature i n  bitumen 
samples. 
precis ion,  if t h e  de tec t ion  systems are provided with s u i t a b l e  modulation amplitude and 
u t i l i z e d  a t  correct  power levels  (i.e., no t  causing s a t u r a t i o n ) .  
t h a t  f u r t h e r  information concerning t h e  nature  of t h e  free rad ica ls  i n  bituminous mate- 
r i a l s .  espec ia l ly  those under exci ted conditions,  w i l l  be obtained, However, t h e  im-  
mediate object ive of t h i s  paper is t o  f i n d  whether t h e r e  are any sp ins  t h a t  a r e  thermally I 
access ib le  (e.g.. s i n g l e t  t o  t r i p l e t  t r a n s i t i o n s ) ;  if so. then t h e  f a t e  of the  doublet 1 
spins  is examined. 
is exerted on the spins  by t h e  host  (stacked aromatic d i s c s )  i n  the micro environment. 1 

The present  s tudy  v i11  inves t iga te  

The r e l a t i v e  i n t e n s i t y  of ESR spec t ra  bands is e x p c t e d  t o  y i e l d  fair'ly high 
) 

I t  is ant ic ipa ted  

1 

The next  quest ion t h a t  should be considered i s  t h e  effect t h a t  

&&Treatment 

I n  t h e  study o f  t h e  v a r i a t i o n  of ESR i n t e n s i t y  wi th  temperature (20), two types of 
dependence are usually found. 
sp ins ,  and t h e  f r e e  r a d i c a l  behaves as a paramagnetic molecule (with 112 s p i n  per  mole- 
cu le) ,  a s  i n  t h e  case of t h e  Eanfield and Kenyon's r a d i c a l  f o r  example, then t h e  Curie- 
'w'eiss law is followed and t h e  i n t e n s i t y  ( I )  expressed a s  t h a t  of a douulet s ta te ,  

When there  is negl ig ib le  in te rac t ion  betxeen t h e  adjacent  1 
I 
I 

I d  = XNd w/ZkT.. .......................................... (1 ) 

where x is a constant,  N , t h e  p a r t i c l e  number of t h e  doublet tjrpe, w, the  energy l e v e l  
being s p l i t  by the  magnetic f i e l d ,  k,  the  Boltzmann constant  and T ,  t h e  absolute  tempera- 11 
tu re .  On t h e  other  hand, if t h e r e  i s  s i g n i f i c a n t  i n t e r a c t i o n  between t h e  unpaired elec- 
t rons ,  t h e  fourfold l e v e l  w i l l  be sp l i t  i n t o  a diamagnetic s i n g l e t  s t a t e  (spins  a n t i -  
p a r a l l e l )  and a magnetic t r i p l e t  s ta te  (spins  p a r a l l e l ) .  
temperature dependence is  exponent ia l  and the ground state is a s i n g l e t .  
t h e  t r i p l e t  state w i l l  l i e  a t  an  energy J ,  above t h e  ground l e v e l .  

I n  t h i s  p a r t i c u l a r  case,  the 
Consequently, I 

I n  t h i s  case,  

Ist = 2xNst w/kT exp .......................... (2) 

where N is the  p a r t i c l e  number of t h e  s i n g l e t - t r i p l e t  t r a n s i t i o n .  For s impl ic i ty ,  the  , 
abbreviat ion,  

(J/kT) -' .................................... (?I + 31 
w i l l  be used. 

Assuming t h a t  both temperature dependent processes, of spin-spin in te rac t ions  and 
non-interaction, are opera t ive  wi th in  the  system, then 

I = I,.J + Ist = c/T + a  E/T ................................. (4) 

where c and Q a r e  constants. 
t o  t h a t  of t h e  s i n g l e t - t r i p l e t  sp ins .  
a ted.  e.g.. 

Their  r a t i o  is  a n  ind ica t ion  of t h e  number of doublet spins  
The f r a c t i o n  of doublet  spins  can thus be evalu- 

Nd 
d s t  

= 4c/(a+4c) ........................................ ( 5 )  

J,  f o r  a given sample may be determined a s  follows: 
pared (Fig. 1) by p l o t t i n g  t h e  normalized E values ,  EN, vs. T i n  which J is varied from 
0.02 t o  0.12 eV i n  0.1 eV increments. 
12J°K and h=l a t  400°k, s o  t h a t  

a se t  of ca l ibra t ion  curves is pre- 

The funct ion is then normalized by s e t t i n g  E=O a t  

EN = (E - 6123)/(%00 - E1z3) ............................. ( 6 )  
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The raw i n t e n s i t y  da ta  a r e  t r s a t e d  by p l o t t i n g  (IT), vs. T. 
is s i m i l a r  t o  .&quation 6 

The normalization expression 

I n  t h i s  manner, J is estimated by matching t h e  normalized d a t a  curves (IT), vS. T wi th  
t h e  c a l i b r a t i o n  curves having predetermined J values. 
c a l l y  s h i f t e d  by the  addi t ion  of a constant quant i ty .  c '  = ( I T ) 1 a / p I T ) 4 0 0  - 
t o  hN, a s  i n  Fig.  2. 
[(IT)400 - (ITj123]/T, t o  obta in  I. so t h a t ,  

This Eh vs. T curve is  then v e r t i -  

F ina l ly .  point  by poin t ,  t h e  quant i ty .  EN+c'. 1s mult ipl ied by 

r 

Subsequently, t h e  curve I vs. T is  p l o t t e d  (Fig. 3 ) .  allowing t h e  ind iv idua l  components 
t o  be constructed from t h e  following: - 

a = [(IT)400 - (IT)123 /(E400 - ElZ3) ..................... ( 9 )  1 
c = (IT)123 -aE123 ...................................... (10) 

It is  evident  t h a t ,  when I T  i s  p lo t ted  vs. T ,  t h e  quant i ty  c is cons tan t ,  s h i f t i n g  t h e  
curve i n  a d i rec t ion  p a r a l l e l  t o  t h e  y-axis toward t h e  experimental po in ts  ( r e f e r  t o  
Equation 4) .  

Results 

Resul ts  obtained from t h e  asphal tene f r a c t i o n  of  f o u r  d i f f e r e n t  crude o i l s  and 
ohthalocyanine a r e  l i s t e d  i n  Table I. 
were used a s  an  i n t e r n a l  check of t h e  v a l i d i t y  of t h i s  treatment. 
ed f o r  both NHnty+TCNQ2- and Na+TCNE- complexes, according t o  the  present  grhphic methods, 
a r e  i n  exce l len t  agreement wi th  published r e s u l t s .  For t h e  chloranil-diaminodurene com- 
plex,  however, J=O.15 f i t s  more appropriately i n  t h e  l o w  temperature range and J=0.25 
f i t s  more appropriztely i n  the high temperature range. .d1 doublet concentrations agree 
w e l l  with published r e s u l t s  f o r  the  low temperature range (Table I). 
is ava i lab le  for  NH?3%+TCNQ2-. although t h e  doublet  concentration f o r  t h i s  compound is 
sn t ic ipa ted  t o  be nil: 

Data from a number of charge-transfer  complexes 
The J-values obtain-  

,) 
No published r e s u l t  

Table I i-'AFkMEThRS OF SPIN hXC1TwTION - FRON TW&LRkTUiL, LhkLEIDhiUCE 

No. 

a+ 
b 

d 
e 
f 
g 

h 

C 

i 

Sample 

Piara- 
Eta @sa* 
kiafra* 
Baxterville* 
Phthalocyanine 

Na T CE- 
,\iy2+TCNQ2- 

Chloranil-MD 

Etioporphyrin I1 

J (eV) x 10 

5.2 
9 -5 
9.0 ' 

8.8 
8.0 
3.4 

(16)** 

(16) 

25 

15 

20 
25 

2.7 

ax1 o 

1.7 
5.3 
5.0 
4.9 
2.4 
2.4 

450.0 -- 
32.0 

130.0 
560.0 

2.3 

-- 

C - 
180 
120 
100 

220 
-19 
83 

89 

-- 
4.1 
-- 
4.1 
4.1 

-2 1 

Nd/(hd+Nst) ('$1 

30 
8.0 
7.6 
6.7 

27 -- 
0.07 

(0.33) 
0.04 

(0.04) 
0.01 
0.003 -- 
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#Ident i f ica t ion  of t h e  lower case alphabets  see curves i n  Fig. 4. 
*ksphaltene 

HTCNQ, 7,7,8.8-Tetracyano-p-quinodimethan; TCNE. Te t racyanoetb lene ;  DAD, Diaminodurene. 
**Quantities i n  parentheses are l i t e r a t u r e  values. 4 

The computed curves of t he  bitumen sample and phthalocyanine. match favorably with 

The upper two samples ( a  and e) form a d i f f e r e n t  t rend than those 
t h e  experimental data  poin ts  as  can be seen  from Fig. 4. 
f e r e n t  t rends occur. 
of the lower th ree  asphal tenes  (b ,c ,d) .  
t o  t he  cons tan ts ,  a and c ,  and may not  r e s u l t  from the  J-values. 

It is  evident  that two d i f -  
I 

These d i f fe rences  might very w e l l  be a t t r i bu ted  

1 
In  order t o  co r re l a t e  t h e  J values obtained from ESR, with those from magnetic sus- 

c e p t i b i l i t y  measurements, t h e  corrected magnetic s u s c e p t i b i l i t y  (6) of an enriched petro- 
porphyrin f r a c t i o n  from Boscan crude was t rea ted .  and a J value of 0.033 eV gave a per fec t  
f i t t i n g  (Fig. 5). However, t he  J value obtained by ESR measurement of the  pure etioporphy- 1 
r i n  11, is 0.027 eV. This i nd ica t e s  that there  is f a i r  agreement. So far, the  lowest J 
value is, among asphaltenes, that of Mara (J=O.O25 eV), which contains the  highest  amount 
of porphyrin (21). 
accounted f o r ,  but it is suggested t h a t  contaminants, such as  dimeric or  polymeric species.  

I The f a c t  that t h e  J value of phthalocyanine is higher has not been 

may a f f e c t  t he  energy separa t ion .  

F i m l l y ,  i n  order t o  check the  v a l i d i t y  of the  assumption that asphaltene exhib i t s  
s i n g l e t - t r i p l e t  t r ans i t i ons ,  which t y p i f y  many known charge-transfer  complexes, e.g., 
TCNQ triethylammonium s a l t ,  a log-log p l o t ,  a s  i n  Fig. 6, was constructed f o r  an asphal- 
t ene  sample and a TCNQ conplex. 
I T  da t a ,  while the curves were computed from t h e  J value of 4/(eJqkT+3). The coincidence 
of t h e  experimental points  with t h e  computed curves, together  with t h e  s p e c i f i c  shape of 
t h e  curve, suggests t h a t  asphal tenes  exhib i t  s i n g l e t - t r i p l e t  exc i ta t ions .  

In  Fig. 6 ,  t h e  poin ts  were ob ta i  ed from experimental 

Discussion 

Condensed-ring aromatic molecules are d i s k - l i k e  i n  shape, and, no t  surpr i s ing ly ,  
tend t o  o r i e n t  themselves i n t o  c r y s t a l l i t e s  of s tacks  o r  chains. Highly oriented, or- 
ganic, free rad ica ls  a r e  of s i g n i f i c a n t  i n t e r e s t ,  s ince  the  paramagnetism of the  system 
is dominated by the presence of a s t rong  ant i ferromagnet ic  exchange in t e rac t ion  d i rec ted  
a x i a l l y  through the center  of t h e  d isks  (Heisenberg chain) (22). This one-dimensional 
a r r ay  of s tacked,  exchange-coupled, planar  molecules, each with a s p i n  of 112, can ex- 
h i b i t  a sp in  of e i t h e r  one (doublet)  or two ( s i n g l e t - t r i p l e t )  per repeat ing uni t .  

The l aye r  diameter (La) of most bitumen aromatic c r y s t a l l i t e  s h e e t s  is approxi- 
mately 8.5-15 A, the c l u s t e r  diameter (Lc) being within the  range of 16-20 A. 
charge-transfer process i n  a s p h a l t i c s  is favored by t h e  motion of e lec t rons  o r  holes 
a x i a l l y  t o  t h e  plane of t he  d i sks  (23). Inf ra red  evidence suggests t h a t  these d isks  
are held i n  s t ack  formation by s -s assoc ia t ions  of the  donor-acceptor type (24). 
it is poss ib le  t h a t  exc i t a t ion  processes such a s  those manifested by some known donor- 
acceptor  charge-transfer complexes could exist (Table 11). 

The 

Hence, 

Table I1 Lm-LYING SINGLhT-TRITLET &NERGY INTEiiTTALs 
ESJD ACTIVATION ENERGIES CCNDUCTION 
OF SOME CHARGE-TRi,NSFER COMPLEXES & 

ComDlex 

&-Cyano-N-methyl- 

K TCNQ 
D-C hloranil-DAD 

quinolium TCNQ2- 

- J & Ref. 

0.034 0.14 . 32 
o .065 0.70 34 

0.018 0.08 14 
0.2 0.35 34 
0.15 0.25 33 



ComDlex 

Table I1 LW-LYING SIhGLhT-TRIPLLT EhlEHGY PIfJTERVAU; 
AND ACTIVhTION ENERGUS FOR CONDUCTION 

IN eV (cont.) --- OF SCME CHkRGE-TUNSFER 2- -- 
J - 

p-Ctdoranil-p PDA* 0.13 0.43 
TMPD+C~O~-**  0.0305 -- 

Ref. 

35 
36 

*p-Phewlenediamine 
**N .N .N .N I , -Tetramethyl-p-phenylenediamine 

Treatment of s p i n  exc i t a t ion  i n  petroleum asphaltenes ind ica tes  t h a t  excitons may be 
ra i sed  from the  ground s i n g l e t  state to  a thermally access ib l e  t r i p l e t  state, i n  addi t ion  
t o  t h e  usua l  doublet s t a t e .  Furthermore, t he re  is an  apparent lack of s p a t i a l  co r re l a t ion ;  
probably due t o  the random or i en ta t ion  of the  c r y s t a l l i t e s  i n  the  mesomorphic medium. 
This independent, delocalized sp in  exc i t a t ion  may be accounted f o r  by Wannier sp in  excitons 
r a t h e r  than t h e  Frenkel excitons,  t he  l a t t e r  being characterized by TCNQ r ad ica l  ions.  o r  
Wurster's blue perchlorates (25). 

The f a c t  t h a t  the  doublet  concentration i n  phthalocyanine. as w e l l  as i n  h r a  asphal- 
t ene  (V=P7O ppn., highest  vanadium content ) .  is higher than those of the  remaining 
samples suggests t h a t  paramagnetic impurities may i n h i b i t  t h e  sp in  exc i ta t ion .  
fo ld  d i f fe rence  i n  doublet concentration between high-vanadium and low-vanadium samples 
mzy ind ica t e  ce r t a in  degrees of l oca l i za t ion  due t o  n u c l e i s p i n  in t e rac t ion .  
t he  excitons inherent i n  bituminous mater ia l s  are not  assoc ia ted  with paramagnetic metal 
complexes. However, t he  gap energy of high-vanadium bitumens is genera l ly  small, sug- 
ges t ing  that  po ten t i a l  e l ec t ron  donors, such a s  heteroatom centers ,  may be present i n  
these  bituminous s t ruc tu res .  

The four- 

In  addi t ion ,  

The Russe l l  e f f e c t  (thermal luminescence) has been observed i n  metal-free asphaltene 
Spec i f ica l ly .  s t rong  in f r a red  luminescence and re- 

It 
and r e s i n  f r ac t ions  of bitumens (26). 
f l ec t ance  (27) were observed for coal-hydrogenated and benzene-suspended asphaltenes. 
is doubtful t h a t ,  as reported earlier (27). t h i s  type of luminescence may be a t t r i b u t e d  
t o  t h e  presence of polynuclear aromatic hydrocarbons alone. 
t r a n s f e r  complexes play a s i g n i f i c a n t  ro l e .  

It is  poss ib le  that charge- 

The enhancement of the  asphaltene ESR s i g n a l  w a s  obsexved during t h e  course of -- i n t r a  muros e l e c t r o l y t i c  redox experiments. It is poss ib le  that exc i tons  are a l s o  re- 
sponsible f o r  t h i s  type of reac t ion .  
ease of induction of t he  Overhauser e f f e c t  (proton po la r i za t ion  enhancement) (28 ) .  the 
Seeback effect (29) and charge-transfer nature i n  t h e  presence of p o l a r  solvents (38) 
may be accounted f o r  by exciton behavior. Charge carriers observed i n  e l ec t ron ic  re- 
s i s t i v i t y  s tud ie s  may a l s o  be of exciton o r ig in .  

Other observations of asphaltenes,  such as t h e  

The se l ec t ion  of phthalocyanine and etioporphyrin as model compounds i n  t h i s  ex- 
periment is based on t h e  f a c t  that both compounds e x h i b i t  exciton behavior. It is known 
t h a t  both compounds, when arranged i n  stacks, have an  o v e r a l l  S t N C t U r e  similar t o  those 
of c r y s t a l l i t e s  i n  bitumens with approximately the  same in te rp lanar  d i s tances  (d=3.4 A ) .  
ESR signals, c lose  t o  g e ,  have been de tec ted  i n  metal free a- and P-phases of phthalo- 
cyanine (10); t he  nature of these  r ad ica l s  is most l i k e l y  due t o  sp in  exc i ta t ions .  Re- 
cen t ly ,  it has been noted t h a t  porphyrins exh ib i t  chemoluminescence. t h e  energy t r a n s f e r  
of such exc i t e t ion  being demonstrated by t he  decomposition of t e t r a l i n  peroxide (31). 

The small di f fe rences  i n  J-values and doublet  concentration among the  remaining 

However. a 
asphaltenes , excluding the  high vanadium-containing sample, (Mara) i nd ica t e s  t h a t  these  
parameters a r e  perhaps constant,  wi th in  the  range of experimental error. 
c a r e f u l  examination of the parameters r evea l s  t h a t  both ( l a s t  two columns, Table 111) 
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vary proport ional ly  wi th  each o t h e r ,  and inverse ly  wi th  a romat ic i ty  values  (Table 111). 
This t rend also agrees w i t h  the e l e c t r o n i c  conduct ivi ty  of native asphal tene (Room 
temperature resistivity P7< andAc  are listed f o r  a number of  asphal tenes)  (Table 111). 

-2 

Considering the above. t h e  nature  of t h e  charged particles within bitumens a r e  inf lu-  
enced by t h e i r  in te rac t ion  wi th  t h e  polyaromatic systems present. 

Table I11 RESISTIVITY PhRANETERS ANLi ARWATlCITY - OF ASkHfILTENES 

p 25 x10-15** Ac+* hid/(hd+ s t )  
ksDhaltene f.* (ohm-cml (ev> 0 rn 
Baxterv i l le  0.53 3.1 1.2 . 8.8 6.7 
Laqunillas 0.41 5 90 1.5 
Waf r a  0.17 10000 1.7 9 - 0  7.6 
Ragusa 0.26 -- -- 9.5 8.0 

-- -- 

*Ref. 37 
**Ref. 19 

I n  order  t o  f u r t h e r  understand the  nature of t h e  s i n g l e t  spec ies  within the  
bitumens, photoexcitation experiments should be conducted with these  samples. 
t h e  in te r fe rence  of the  vanadium hyperfine absorpt ions,  EMjOR would prove t o  be an  
exce l len t  t o o l  f o r  t h i s  work. 
zero-f ie ld  s p l i t t i n g  parameters w i l l  be reported i n  a subsequent paper. 

Due t o  

The loca t ion  of t h e &  = f r l  andA, =+_2 l i n e s  and of 

Experimental 

A Varian V 4502 x-band spectrometer equipped with a 12 in .  V 4013 h magnet and a 
V 4532 dual  cavi ty  (100 hHz modulation a t  sample and 400 Hz a t  reference) was employed. 
The temperature l e v e l  i n  t h e  range between l23O and 400°K was preca l ibra ted  and held 
wi th inkgo  by use of a Varian var iab le  temperature accessory. 
t h e  f r e e  r a d i c a l  absorpt ion was reproducible i n  repeated trials t o  within 4s. 
of t h e  i n t e n s i t y  toge ther  with t h e  corresponding temperature for  t h e  bitumens and 
phthalocyanine can be loca ted  as  points  i n  Fig. 4. 

The r e l a t i v e  i n t e n s i t y  of 
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Fig. 1. k series of  c a l i b r a t i o n  curves of t h e  general  type,  E=exp (JkT+3)-1 with 
known values for J. 
l e f t  t o  r i g h t ,  J increases  from 0.02 eV t o  0.12 ea with 0.01 e V  increments. 
The points i nd ica t e  t h e  values for the  Baxterv i l le  asphaltene,  J=O.O88 e V )  . 

(E i s  normalized so t h a t  E12 OK =O and E4000~  =l. From 

Fig. 2. C r a p h i c a l p t c h i n g  Procedure of t he  Bax te rv i l l e  Asphaltene: 
represents (E-Ei.23) / ( E Q ~ ~ - E ~ ~ ~ )  ; t h e  upper l i n e  ind ica tes  t h a t  the  lower l i n e  
has been sh i f t ed  up by an  amount of c ' ,  where ct=0.292. 

The lower l i n e  
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Fig, 4, Intens i ty  Data of Asphaltenes (see Table I for sample identif icat ion) .  
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Fig. 5.  Magnetic Suscept ib i l i ty  of a, Boscan ?etroporphyrin (J is approximately 0.038 eV).f  

I 

. *  

Fig. 6. 
kT 

Double Log P l o t  of 4.L vs. KT f o r  a TCMQ S a l t  (round) and a Baxtemi l l e  Asphal- 
tene (square). 
procedure. 
can be plotted a s  (IT-c)/a. 

Curves are computed with known J values obtained by graphical 
The points are obtained from experimental I T  data, i.e., the y-axis 


