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For many years the chemist has sought a method whereby the average s t ruc-  
tural character of the molecules in a complex mixture might be determined. 
general,two types o-f mixtures have received most attention. One has consisted of 
mixtures of compounds comprising a r e l a t ive ly  narrow molecular weight range and 
where the average molecular weight could be obtained; examples are  narrow boiling 
cuts from petroleum. The second has consisted of very complex systems, such as 
coals, where molecular weight could not be determined, and, indeed, where the con- 
cept of molecular weight might not be applicable. 

In 

Present studies in t h i s  laboratory have as the i r  objective c l a r i f i ca t ion  
of the structure of the asphaltic, non-hydrocarbon constituents of crude o i l  and 
of the presumably similar,  but higher molecular weight, black, insoluble organic 
fraction of ancient sedimentary rocks. 
analysis, these substances represent a s i tuat ion somewhere between tha t  of a low 
molecular weight hydrocarbon mixture and the macromolecular structure of coals. 

\ From the point of view of s t ructural  type 

1 

I The development of procedures applicable t o  mixtures of known low 
i molecular weight and t o  coals has taken place co c rently,  m y  investigators 

contributing. Vlugter, Waterman, and van Westen P L Y  were among the f i r s t  t o  apply 

o i l s .  Using refract ive i d x, density, and elementary ana y i s ,  van KrevelenT3e, 

' 

a syst  m of ring analysis t o  complex hydrocarbon mixtures. 
Westen?') continued the study, developing the n-d-M method primarily for  petr 1 um 

van Krevelen and Chemin T47, and van Krevelen and Schuyert5f developed a somewhat 
similar method of s t a t i s t i c a l  analysis, applicable t 
where molecular weight could not be obtained. and Montgomery and Boyd(7) 
elaborated on both methods t o  obtain further s t ructural  parameters, tes t ing the 
methods using data fo r  a var ie ty  of pure hydrocarbon compounds as recorded by the 
American Petroleum Ins t i t u t e  Research Project 42. 
with respect t o  paraffins and naphthenes, but discrepancies were o served for the 
aromatics, par t icular ly  those consisting of fused rings. Dryden('?, working with 
coals, compared s t ruc tu ra l  information derived from x-ray, nuclear magnetic 
resonance, and infrared data with comparable information calculated from the 
densimetric method of van Krevelen and found tha t  agreement usually was poor. 

van Nes and van 

, 
) 

I 
oals and other substances 

Good agreement was obtained 

', 

Since the non-hydrocarbon constituents of the asphaltic fraction of crude 
o i l s  and the insoluble organic residues obtained from ancient sediments, as well 
as of refinery asphalts, a r e  believed t o  contain both al iphat ic  and aromatic fused 
r ing groups, a re-investigation of the densimetric methods of r ing  analysis was 
considered ju s t i f i ed .  

1) J. Inst .  Petrol .  Tech., g, 735 (1932); Ibid., 21, 661 (1935). 
t2 )  "Aspect of the Constitution of Mineral O i l s , "  EEevier,  New York, 1951. 
(3) Wenn. Chem. , 34, 167 (1953). 
(4) Fuel, 2, 79 (1954). 
(5) "coal. Science, " Elsevier, New York, 1957. 
( 6 )  Ohio State 'Univ. Bull., 152, 1 (1953). 
(7) Anal. Chem., 31, 1290 (1959). 
(8) Fuel, 3'J, 444719581. 
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For mixed aliphatic-aromatic compounds or mixtures thereof where the 
molecular weight could be determined, the following equations have been proposed 
by van Krevelen: 

M = molecular weight of the compound or  mixture, 
p = the density, 
n P t h e  number of the  5 th at@c species, 

Vi = Traube's atomic volumes, 

4 = molar volume contraction, 

vR E 
R = number of rings. 

i 

molar volume contraction per ring, 

For a l ipha t ic  compounds or mixtures, % i s  approximately zero. 

To cope with substances such as  coal where molecular weight is very high or 
cannot be determined, the equation was converted t o  the form: 

where $C is  the  per cent carbon obtained by elementary analysis and C is the number 
of carbon atoms in the  s t ruc tu ra l  uni t .  

To calculate the average number of r s per molecule, R, from equations 
(1) and (2) or the number of carbons per ring, R, from equation ( 3 ) ,  it i s  
necessary t o  evaluate V . Using three reference substances, namely, cel lulose 
where R = 0, polystyreng where R m 1, and graphite where R = - van Krevelen and 
Chermin derived the empirical re la t ion:  

H VR - 9.1 - 3.6 - (4) C 
where H i s  the number of hydrogen atoms. 

Relations (1) and ( 3 )  thus become: 
M 9.9C+ 3.1 H + ... - - 
P 

H 9.1 - 3.6 E 

H 9.1 - 3.6 = 

R =  ( 5 )  

and 

F +  ... - = 
%L'P 

Equation (6) was used -to calculate  the number of carbons per ring f o r  a native 
asphaltene prepared in  t h i s  lab  r tory from a Lagunillas crude o i l  and for two 
carbon blacks studied by K u r 0 d a ~ ~ 7 .  In Table I, Part A, the values obtained 
(underlined) are  compared with values derived from infrared, nuclear magnetic 
resonance, and x-ray data. The numerical r e su l t s  indicate tha t  the  values of 
C/R calculated by means of equation (6) are  too low. 
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Testing of equation ( 5 )  with compounds of known structure  indicated tha t  

the expression for VR, equation ( b ) ,  probably was in er ror .  
was empirical and disputable was recognized, of course, by van Krevelen. 
than being a function of H/C, VR appeared t o  be a constant for  systems comprising 
three o r  more fused rings. 
an attempt has been made t o  derive from basic assumptions an expression for  VR. 

That t h i s  relationship 
Rather 

To t e s t  the theoret ical  implications of t h i s  conclusion, 

In order to t r e a t  the problem of a condensed ring aromatic system, i.e., 
of a hexagonal network in two dimensions, it is necessary to  assume some sor t  of 
model. A number of models are  possible, e.g., a c i rc le ,  exemplified by coronene; 
a square, by anthrodianthrene; a t r iangle ,  by perinaphthindene; and a rectangle, 
by perylene. For a l l  these models, however, the number of rings can be expressed 
as  a function of the number of aromatic carbon atoms and the number of aromatic 
hydrogen atoms by the equation: 

where : 

(8) 

'A - 'A 
2 R = 1+ 

In the l a t t e r  equation the values of p and q vary 
possible models, the rectangular was selected fo r  
for  VR. 

with the model. Of the various 
development of  an expression 

ff an aromatic c lus t e r  is designated as [m,n] acccrding t o  the method of 
Coulson(lo where ,m denotes the number of biphenyl type rings, i .e . ,  along the x 
axis, and; the number of naphthalene type rings, i . e . ,  along the y axis, then: 

( 9) HA = 2(2m + n) 

( 10) CA - 2m(2n +1) 

and the number or rings as: 

(11) R - & n - m - n + l  

Now, eolving equation (11) in terms of HA and CA, equation (7) i s  obtained. 
Since long chains of condensed aromatic rings are  seldom encountered in stable  
molecules , the simplified approximation is made tha t :  

(12) m e n  

(13) HA xA ' I2  - 312 

Now, H can be expreseed in terms of C and a f t e r  simplifying, A A 

If the general equation (1) 2 applied t o  an arcmatic c lus te r  and the terms transposed, 

( la)  4 - & 'iVi - M/PA 

niVi and the value of Mt 

-1 
z Bubefltutlng Trsube's values for 

(15) % 9*9C, + 3*mA - ( 1 2 ~  + H*)PA 

tlol "proceedings of the Conference on Carbon," held a t  the University of Buffalo, 
Qmposium Publication Division, Pergawn Press , New York , 1958. 



- 72 - 

To proceed further, it is necessary t o  evaluate p~ in terms of CA. 
been achieved through the following derivation - 

This s tep has 

In  the case of a two-dimensional hexagonal net the area of the 
equi la teral  t r iangle  formed by joining the centers of three 
adjacent rings can be expressed as: 

(16) A = fl - a y b  

If  the net i s  comprised of aromatic carbon atoms, 2 is  the bond 
distance and Athe  area occupied by one carbon atom. 
consisting of uniformly stacked sheets, the minimum inter layer  
distance i s  3.34 1 and hence the maximum density, 2.28 g./cm.3. 

For a system 

Now it can be seen from Figure 1 that for aromatic hydrocarbons the 
denstty can be r e l a t ed  t o  the. number of carbon atoms by means of 
the equation: 

b 2.28 (17) 
-. -1 = .  a cA . 

0 

Although t h i s  equation is considered empirical a t  present, there appears 
t o  be theoretical  evidence t o  support it. The plotted points in the 
figure represent nine aromatic hydrocarbons of known structure and 
the two carbon blacks c i t ed  in Table I, Part  A. From the resul t ing 
s t ra ight  l ine,  the intercept,  a, and the slope, b, can be evaluated 
as follows: 

a = 3.15 
b = -0.5 

and equation' (17) becomes: 

With an expression for pA in terms of CA, it i s  possible t o  continue 
development of the relat ionship expressed by equation (15) .  
valu s o f  HA for equation (13) and pA from equation [18), and dropping the smell 
CA-lT2 term, equation (15) becomes: 

Substi tuting the 

(19) % = 4.6 -8.6 cA 1/2 -8.1 

The f ina l  objective is t o  eliminate CA by combining equation (19) with 
equation (14) and t o  suhst i tute  the resul t ing value of Q in the general equation 
(1). Owing t o  the form of equations (19) and (14), a general solution fo r  
in terms of R is d i f f i cu l t .  
in Figure 2 by subst i tut ing a r b i t r a r y  values of CA into the equations and solving 
for R and KM. 
aromatic hydrocarbons. 
values of R but t o  became s l i g h t l y  concave upward a t  low R and does not quite pass 
through the origin. 
of course, are not consistent with condition t h a t  I$ must be zero at R equal t o  
zero. 
made. 

Accordingly, the operation was accomplished graphically 

The plotted points represent actual  values for ten polynuclear 
The curve w i l l  be seen t o  be a s t r a igh t  l i n e  at large 

The slight curvature and f a i lu re  t o  pass through the origin, 

This is merely the r e s u l t  of t he  SimplifyFng approximations that  have been 

The foregoing derivation shows t ha t  the assum$tion of V equal t o  a 
constant i s  ent i re ly  reasonable. 
necessary only t o  replace the derived curve by i t s  l imit ing slope. 

To obtain the.value of the  consknt ,  it i s  
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Hence : 

\ 

\ 

\ 

9.2 5 4  (20) VR L - E 

R 

Similar derivations based on the ci rcular ,  square, an- t r iangular  models 
lead to  equations f o r  HA d i f fe r ing  only s l igh t ly  from tha t  f o r  the rectangular 
model, equation ( l3 ) ,  as follows: 

(21) round 

HA = 2.82 Ci’2  - 2 

As cen be seen, a l l  these equations yield curves closely approximating tha t  shown 
in  Figure 2 for the rectaugular model, thus confirming the general i ty  of the con- 
clusion tha t  VR should be a constant. Whatever the model chosen, the numerical 
value of the constant i s  the same. 

On the basis  of the above resul ts ,  it i s  proposed tha t  the following 
equations be used fo r  substances containing condensed r ing systems:, 

M (24) R - 0.11 (9.9 C + 3.1 H + .... - -) 
P 

where molecular weight can be determined and by: 

(25) 2 I 9.2 
1200 

-Bc.p 9.9 + 3.1 H/C + . . . R 

for  substances where molecular weight cannot be determined. 

In  Table I, Part By are  presented new values of C/R for  the petroleum 
asphaltene and carbon blacks, c i ted  in Table I, Part A, t h i s  time calculated by 
means of equation (25). 
in be t te r  agreement with the values derived from infrared, nuclear magnetic 
resonance, and x-ray than the values calculated by means of van Krevelen’s 
equation (6). 

Referring t o  Par t  A, it w i l l  be seen tha t  the values a re  

In Table I, Part  C, the values of C/R calculated by the two a l te rna te  
methods are l i s t e d  fo r  the above asphaltene and for  two others  prepared from 
crude oils of widely d i f fe ren t  geographic origin. 
elementary analysis are  provided for comparison. 
values of C/R computed by the method of van Krevelen and Chemin and by the 
modified method derived in t h i s  paper deviate not only in absolute value but 
a l so  in trend. 
calculated by the modified method do not vary as much with density and elementary 
analysis as do the values obtained by means of the van Krevelen equation, nor i s  
there a d i rec t  correlat ion with density or the percentage of any single  element. 

Values of density and 
It w i l l  be seen tha t  the 

Further, it is  interest ing t o  note tha t  the  values of C/R 

In Tables I1 and 111, equation (24) has been used t o  calculate  values of 
R for  a variety of compounds of known structure, using density values from the 
l i t e r a tu re  and values of Cy  H, etc.,  from the formulas. The compounds in Table I1 
are usubs t i t u t ed  aromatic hydrocarbons containing condensed r ing  systems. The 
compounds in Table I11 inmanyinstances contain hetero elements and range from 



al iphat ic  t o  cyclic systems containing substituted saturated and aromatic ring 
systems. 
by the formulas is  evident. 
be dependable when applied * to  complex substances such a s  asphaltic fractions of 
crude o i l s  and the black insoluble organic fraction of ancient sedimentary 
rocks. 

The good agreement between the  calculated R values and those indicated 
It is concluded, therefore, that equation (25) w i l l  
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I 
Table I 

Values of C/R for 
A Native Petroleum Asphaltene and !No Commercial Carbon Blacks 

Par t  A 
Comparison of the 

with 
Values Calculated by Means of the van Krevelen and Chermh Equation (6) 

Values Obtained from Other Physical Measurements 
C/R 

(Lagunillas) C-H s t re tch ing  5.7 

resonance ' 5.5 
x-ray' ( 7 )  and (002) bands 5.9 

analysis1 Chermin) Equation (6) 3.5 
Royal Spectra x-ray2 (10) band 2.9" 

from X-ray L values' Equation (6) 2.1 
(10) band 2.65 

Substance Data From Method Calculated 
Asphaltene infrared spectroscopy' absorbance of the 

nuclear magnetic proton type area 

x-ray'  (10) and (11) bands 4.2 
density-elementary densimetric (van Krevelen and 

density - H/C approximated densimetric 

2 8 Statex B x-ray 
density - H/C approximated densimetric 

2.1 - from x - r a y  L values2 Equation (6) a 

Par t  B 
Values Calculated by Means of -on (25) Derived by the Authors 

Substance Data From C/R .Calculated 
Asphaltene (Lagunillas) density-elementary analysis  6.2 
Royal Spectra 

Statex B 

density - H/C approximated from 

density - E/C approximated from 
x-ray L~ values 2.5 

x-ray L~ values2 2.3 

Par t  c 
Density, Elementary Analysis, and Values of C/R for Three Asphaltenes 

Prepared from Crude Oils of Widely Different Geographic G i g i n  

\ I  

Field 
Lagunillas 

Wafra 

Baxtenril le 

- 
H e l i u m  Elementary Analysis Per C/R Calculated by 
Density Cent Means of Equation 

Venezuela 1.158 84.2 7.9 1.6 2.0 4.8 3.46 6.24 

C H W N S  P - ---- kL Locat ion 
Western 

Neutral Ter r i to ry  
(Middle Eas t )  1.164 81.8 8.1 1.5 1.0 7.8 3.14 5-90 
Miss is s i p  p i  
U.S.A. 1.172 84.5 7.4 1.7 0.8 5.6 3.62 6.19 

1 Measurements made i n  t h i s  laboratory. 
2 Taken from the work of Kuroda, E. , J. Colloid S c i .  , 12, 496 (1957). 
3 Calculated assuming a l l  the carbons are contained inT condensed aromatic sheet. 

* Direct determinations 
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Table 11 
Calculation of R for 

Compounds Consisting of Condensed Aromatic Ring Systems 

Molecular Rings per Molecule, R 
Weight Density Theoretical Calculated 3y 

Compound Formula M % From Formula Eqat ion (24) 
naphthalene C ioHa 128 .+ 12.7 2 1.4 

1.25l 27.2 3 3.0 
178 1.20T2 21.7 4+ 2.4 

anthracene C l Q H l O  
166 
228 1.302' 40.3 4 4.4 
228 1.274l 5 . 2  4 4.0 

tr iphenylene C l e H 1 2  
chrysene C l e H l 2  
perylene C20H12 252 1.35' 48.5 5 5.3  
anthanthrene C22H12 276 1 . 3 9  56.4 6 6.2 
coronene c24H12 300 1.3n4 57.0 7 6.3 

10 10.0 Zg5 1E7 13 13.1 
ovalene c32E14 398 
circumanthracene C40H16 496 

fluorene C l J H l O  

3 Contains one five-membered ring. 
1. 

2. Lange, N.L., "Handbook of Chemistry," 9th Ed., Handbook Publishers, 

3. 
4. 
5. 
6. 

"The Merck Index of Chemicals and Drugs," 6th Ed., Merck and Co., Inc., 
Rahway, Hew Jersey, 1952. 

Sandusky, Ohio, 1956. 
J. G. White, J. Chem. SOC., 1948, 1398. 
J. M. Robertson and J. G. White, Nature, 154, 605 (1944). 
D. M. Donaldson and J. M. Robertson, Pr0c.o~. Soc., p220, 157 (1953). 
E. C l a r ,  e t  al.,J. Chem. Soc., *, 3876. 

Table I11 
. Calculation of R for  

Compounds of Varying Structure and Elementary Composition 
Molecular Rings per Molecule 

Weight Density Theoretical Calculated by 
Formula M From Formula Equation (24) 
C4H806 150 0 0 

Compound 
d-tartaric acid 
hexachloroethane c2c16 237 2.09" 0 0 

anthraquinone C14H809  208 1.43" 3 2.8 

2.8 papaverine C2oH2iN04 339 1. 3374 3 

laudanine CaoH25N04 243 1.26" 3 2.1 

strychnine C21H22N202 334 1. 35g4 5 4.5 

borneol CioHieO 154 1.011' 1 0.7 
p-hydroxybenzoic acid C7%% 138 1.46' 1 0.5 

a- naphthylphenylme thane C 7H1 218 1.1653 3 2.7 

f )  rosin C20H2902 302 1.095' 3 2.5 

a-proge s terone C21H3002 314 1.166" 4 4.2 
20-me thylcholanthrene C21H16 268 1.28" 5 4.2 

-'s Chemists' Pocket Book," 20th Ed.,E.and F.N.Spon.,Ltd.,London,1948. 
2. "The Mer& Index of Chemicals andbugs," 6th Ed.,Merck and Co., Inc., Rahway, 

New Jersey, 1952. 
3. Egloff,G. ,"Physical Constants of Hydrocarbons, " Vol.4,Reinhold Publishing Corp., 

New York, 1947. 
4. Hodgman, C. D., e t  al., "Handbook of Chemistry and Physics," 41st Ed., 

Chemical Rubber Publishing Company, Cleveland, 1959. 
5. Simonds, H. R., e t  al., "Handbook of Plastics," 2nd Ed., D. Van Nostrand Company, 

Inc., New York, 1949. 
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1.c- - - 
- - - - 2.28 - - -1 - 

- 
- - 
- intercept = 

- 
1 
2 slope - - 

cA 
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1.0 5 10 50 100 200 
Figure 1 

Relation of Density to  Aromatic Carbon Number 
(1) Benzene (2) naphthalene (3) hthracene (4) Pyrene 
(5) Triphenylene (6) Anthanthrene (7) Coronene (8) Ovalene 
(91 5 g j t h r a c e n e  (10) ROW Spectra (11) statex B . ~ - I I I [ I l l 1  I I I 1 -  - - - 0 Actual values of R and 5 calculated from - 

50 - - M and experimental values of 0 .  

- From solution of equations (14) and 
(19) for arbi t rary values of CA. 

- --Empirical s t ra ight  l ine relat ion 
R = 0.11 (eq. 20). 

- 

- 
R 

10  - - - - - - - - - - - 
- - 

- 
- 

/ 
I I I 1 I I I I l l  I I I t  

10 50 100 500 
Figure 2 

Relation of Molar Volume Contraction and R i n g  Number 

(1) Naphthalene (2) Anthracene (3)  Fluorene 
(4) Chrysene (5) Triphenylene ( 6 )  Perylene 
(7) hthanthrene (8) Coronene ( 9 )  malene 

(io) Circumanthracene 
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