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ABSTRACT

A method of hydrocarbon structural group
analysis has been developed for application to pure com-
pounds in which three chemical and two physical proper-
ties have been expressed in terms of five structural groups
in a form which may be simultaneously solved by modern
high speed computing equipment. The chemical properties
in~inda tha rarhon and hydrogen content as well as the num-
ber of aromatic carbon atorns present per molecule. The
physical properties required for the analysis -are the molar
volume and molar refraction. This method has been tested
on a selected group of 114 hydrocarbons whose properties
have been determined by A.P. 1. Project 42. The results
of ;the application of this structural analysis system are des-
cribed in detail and the accuracies attained have been tab-
ulated.
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INTRODUCTION

The synthesis and systematic study of the physical properties of pure
hydrocarbons has been in progress for a number of;years to facilitate the
determination of the molecular structure of hydrocarbons directly or by
analogy, that is:by comparing certain properties of compounds of unknown
structure with those of compounds whose structures are known.

The value of studying physical properties of a series of compounds, as
a means of predicting' the properties of unknown compounds and affording a
means of checking the accuracy of the physical constants of compounds, has
also been repeatedly demonstrated. In general, the study of the physical prop-
erties of hydrocarbons has been undertaken by a number of independent invest-
igators and usually has been confined to hydrocarbons containing a limited num-
ber of types of structural groups, or, alternatively, only one physical property
of a large variety of compounds has been examined. 3

This paper describes a method of simultaneously analyzing certain phys-
ical and chemical properties of liquid hydrocarbons to secure structural informa-
tion. Although the system described is confined to specific classes of hydrocar-
bons, it is more general than any system so far proposed and involves the simul-
taneous consideration of three chemical and two physical properties to yield quan-
titative information concerning five structural groups. The investigation was
promoted by a desire to improve existing structural analysis systems for pure
hydrocarbons and to facilitate the study of naturally occurring hydrocarbons. The
new possibilities offered by modern high speed computing equipment provided an
additional incentive to re-examine and extend the earlier work in the field of struc-
tural analysis.

_The most extensively used structural analysis system applied to hydro-
carbon mixtures has been developed by Waterman and his school (13) beginning
with the classical Waterman Ring Analysis of 1932 (19, 20) and extending to the
n-d-M method of 1947 (14). van Krevelen employed some of the concepts of the
Waterman Ring Analysis to develop a system that was particularly suited to the
study of highly condensed aromatic structures which were assumed to be the major
constituents of coal (7, 8). The chief criticism of the various methods of struc-
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tural group analysis (15) of oil and coal is that when applied to pure compounds
poor results are obtained. These considerations made it desirable to attempt
to formulate a structural analysis system based on the physical properties of
known compounds, but of such a form that it could be used with rea.sbna,ble con-
fidence to analyze the structure of high molecular weight material. A

The method presented here was evolved from a method of carbon type
analysis published by van Krevelen (4) in 1952. In this method, van Krevelen
divided the carbon atoms.in a structure into four main types:-

- CH, -_CH CHaromatm = G aromatic;

where C in the denominator of each fraction represented the total number of
carbon atoms per molecule. He then set up the following four quantitative
relationships: :
(a) C1 + CZ + C3 + C4 =1 (carbon balance) .
(b) 2C; + C2 + C3 = H/C (hydrogen balance
2R/ C
(e} C, + C4 /

]

(ring balance)

{d) C3 + C4 = fa {aromatic carbon balance)

These equations were not independent, and hence could not be solved
simultaneously. van Krevelen solved these equations by giving an equation for
C; as a function of H/ C which represented the statistical probability of the oc-
currence of a CH, group in the molecule. The use of this e quation was open to
considerable question and consequently the method was never widely applied.
Equations (a), (b} and (d), above, are true by definition; however, equatiori’ (c)h
the ring balance equation, is only valid for high molecular weight hydrocarbons
where the factor 2/ C can be neglected and where two junctions are associated
with the formation of every ring. There are structures where this relation is
not valid, such as in spiro compounds, and in three-dimensional structures where
three rings possess a common side., van Krevelen's system was devised to eluci-
date the structure of coal and coal-like products where the proportion of saturated
carbon atoms was small or negligible. While this choice of carbon types was suit-
able for the study of coal, it was undesirable for the study of petroleum since it
failed to differentiate betwgen chain and cyclic CH, groups. Hence, a five-type
carbon classification was chosen which differed from that of van Krevelen by

dividing his C, into two types. The carbon linkages have therefore been divided
into the following five types.

C, = number per molecule of CHj, CHZ’ CH, and C groups in linear
and branched chaing.,

o .
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C2 = number per molecule of' CH, groups in saturated rings,
including the case where the hydrogen atoms may be
replaced by branched or linear chains.

C =- number per molecule of CH groups which are _junction‘s
" in fused saturated rings, as well as similarly situated
groups where the hydrogen is replaced by linear or branched

chains.

C4 = numer per molecule of CH groups in aromatic rings, includ-
ing the case where the hydrogen may be replaced by branched
or linear chains.

c5 = number per molecule C groupe..which are junctions in fused

aromatic rings, as well as junctions between saturated and
aromatic rings.

It is possible to rewrite the carbon balance, the hydrogen balance and the
aromatic carbon balance equations in terms of this new classification of struc-
tural groups. It should be especially noted that in the van Krevelen system the
molecular weight was unknown and hence the structure was described in terms of
fractions of the total number of carbon atoms. However, the present system was
designed for the case where the molecular weight{as well as % carbon, % hydro-
gen, density, refractive index, and aromatic carbon content) was either known or
could be determined. The carbon classification was therefore expressed in terms
of the actual numbers of the different carbon types C; - Cjy present in the molecule.
The Ring Balance Equation could not be used when analyzing an unknown hydrocarbon,
as there was no accurate method of estimating the number of rings in the molecule.
The fundamental basis of this structural analysis system, therefore, consisted in
finding two additional physical properties which could be accurately expressed in
terms of the above structural groups to give five independent equations which could
then be solved simultaneously.

Theoretically, any two physical properties would be suitable, provided it
were possible to express the:m as independent equations in terms of the struc-
tural types already defined. The two physical properties chosen were the molar
volume and the molar refraction (the Lorentz-Lorenz expression}). Both of these
physical properties of liquids can be approximately described in terms of a linear
combination of the atomic contributions, and both quantities have been extensively
used for the purposes of elucidating structure (7, 18, 5, 10). It was assumed that
the same functional form of the equation would apply to both physical properties,
and that both properties could be expressed in terms of the same groups of chemical
types. Owing to the intimate relation between these two quantities, it was felt that th:
loss in accuracy associated with grouping together so many different chemical linkags
might easily yield two expressions which were merely linear combinations of each
other. It remained for this investigation to demonstrate that the differences between
the expression derived for the molar volume and tha't for the molar refraction were

of such a magnitude that reliable structural information could be secured by the
simultaneous solution of these expressions. :
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It ‘ . DEVELOPMENT OF THE FIVE EQUATIONS

It should be emphasized at the outset that this method as presently con- .
stituted is applicable only to certain specific classes of compounds, In the
division of the carbon groups into the various types, care was taken that the
hydrogen balance equation should always be satisfied. It was recognized that
this equation was not strictly true as defined for the normal and branched
paraffins. This case will subsequently be discussed. The present system will
deal with monocyclic compounds and fused ring compounds, both saturated

aromatic, but will not include polycyclic non-fused structures. Spiro compounds

and three-dimensional ring systems are also excluded. -It can be shown that
the contributions to the molar volume and molar refraction of j,u.nction atoms
in pilycyclic non-fused compounds are not identical with any of the five types
dealt with here, but in fact, represent a 6th (saturated) and a 7th (aromatic)
type of linkage. Another class of cornpounds excluded are those containing
olefinic or acetylenic bonds. In this work only double bonds existing in aro-
matic rings have been considered. :

The method depends upon the ability to measure the density and refract-
ive index of hydrocarbons in the liquid state at 20°C. at one atmmosphere pres-
sure, or on the capacity to correct to this standard state measurements rmade
under other conditions. Except where otherwise specified, the coefficients of
the molar volume and molar refraction equations have been determined from
the properties of the hydrocarbons prepared by A. P.1. Project 42 (16).

The Carbon, Hy;drogen and Aromatic Carbon Balance Equations The carbon

balance,” hydrogen balance, and aromatic carbon balance can be written as fol-
lows, by definition:

+ + C, + =

Cp +C, +C, 4 ¥ C, = EC _ b

2C; +2C, +cy + c, = €H (2)
Cq + C5 = € (3

The total number of carbon atoms per molecule £C was calculated from
the ‘carbon analysis and the molecular weight. The total number of hydrogen
atoms per molecule €H, was similarly calculated from the hydrogen analysis
and the molecular weight. The total number of aromatic carbon atoms in the
molecule, £C,, was not quite so readily available, although it could be deter-
mined by spectroscopic means (1). For the purposes of the present investiga-
tion (testing the method on known compounds), direct measurement of this
quantitiy was not required.
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The Molar Volume Equation The following molar volume equation was
developed for the purpose of this structural analysis system:

M.V, = Cl(lf). 38 + 30.61) + CZ(13' 20 + 28.48 + (4)
at &C &C
20°C. :
latm.  C,(10.981 + 20.679)+ C,(12.406 + 14.042 - 1. 96 C | + 10.13C j)
press., &« - &C &C &
+ C_(5.124 - 5.238)
> £

A detailed account of this equation is in preparation. However to clarify
the basis of this method of structural analysis, a brief description of the manner
in which this equation was developed will now be given.

Initially, on the basis of Kurtz and Sankin's (9) work, the following general
form of the molar volume equation was assumed:

vZCz+vC+vc +VC + K (5)

M.V, = Vlc 373 4°4

1 F
A preliminary investigaticn to -evaluate the coefficients in this expression
indicated several difficulties with this functional form. No system of constant
coefficients v, to v. could be found for the five structural types covered by the
present classification. This work also revealed that k was not constant.

To overcome these difficulties, the following approach was adopted. From
the definition of &C, in Equation 1, the following expression was derived by mul--
tiplication by k:

€K + CK + G3K + CK 4 Csk = K (6)
- %€ € €C
When K in equation 5 was replaced by the value in equation 6, the following
equation was obtained:

M.V. = Cv, +K) + C, (v, *K) + C, (vg +K) (7
1" é.—c- 272 & 3
+ C4(v4+K) + C (v5+K)

£C 55 ¢c

To determine the coefficients of C to C_, use was made of the fact that
for a molecule containing only one speci&s of carbon atom (C;), Equation 7, as-
sumed the following form, as C; was equal toZC:

M.V, = viCi + K; (8)

When the molar volume was plotted against C, the resultant straight line had a
slope of v, and an intercept.of k;. Consequently, v; represented the contribution
to the molar volume of a C; group in the presence of an infinite number of C;
groups.
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It will subsequently be shown that the K's in each bracket are not identical,
these have hence been designated k1 to k5 respectively. The quantity K in

the above equation expresses the increase in the molar volume that takes place
on reducing the molecular weight of a particular species.

Determination of vy and kl

The molar volume for the 13 normal paraffins on the list of A. P. L.
Project 42 (16) was plotted against the number of carbon atoms in the molecule.
The equation of the resulting straight line was determined by the method of
least squares and found to be as follows:

M.V, = 16, 33c1 + 30,61 (9

Determination of v, and kz

These quantities were calculated in a manner similar to that used for the
calculation of v; and k;, using the physical properties given by Ward and Kurtz
(21) for cyclopentane, cyclohexane, cycloheptane and cyclooctane. The molar
volume of these compounds could be expressed by the following equation:

M.V. = 13.20C, + 28.48 (10)

Determination of V4 and k4

Some difficulties were encountered in obtaining suitable data for compounds
containing only C4's. The following compounds were used: benzene (properties
taken from Egloff (3), cyclooctatetraene (properties by Eccleston (2) et al), and
cyclopentadiene (Ward and Kurtz (21). A word of explanation about the use of the
cyclopentadiene is required. Since it contained one CZ group its use here is,
strictly speaking, not justified in view of the presence of two different types of
groups, CZ and. C4. Due to the scarcity of data, the observed molar volume of
the cyclopentadiene was taken and the contrbution of one CH, group was deducted.

This amounted to considering a hypothetical compound C4H, having four C,4 groups

and a molar volume of Lf/I.V. (cyclopentadiene) - 1{13.20 + 28.48)7 ., The result-

ing least squares equation of the straight line through these éu'ee compounds was
found to be:

M.V, = 12.406C4 + 14,042 (11)

Determination. of v, and k

A slightly different method had to be used to determine v, and k3, since
no compounds existed containing C, groups only. Compounds containing C

and C3 gl"oups had to be used, and }orlt‘nis reason the following prOCedure was

-
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adopted. [(M.V. observed - C,(13.20 + 28. 48]/ C, was Plotted against

I/SC The result of this plot was a straight ?me whose slope was k, and
intercept.v Using the following compounds from the A.P.I. List (16):
bicyclooctane 543, decahydronaphthalene 569 and 570, perhydrofluorene 561,
perhydropyrene 578 and perhydrochrysene 575, v3 was determined to be

10. 981 and k, to be 20.679. The coefficient of C, was undoubtedly a function
of the ring size, but the values found for five- and six-membered rings were
almost identical.

Determination of vy and k5
These quantities were determined in exactly the same manner as that

used for the determination of v3 and k3. Some difficulties were experienced

in obtaining suitable liquid state molar volume data at 20°C for fused ring aro-

matic compounds that contained only C4 and Cg. Liquid molar volume data at 20°C.

have been determined by Ubbelohde (11, 12) for several fused ring aromatic com-

pounds. This author also determined the molar volume for the solid state at 20°C.

) By plotting (M. V.l - M.V, ) versus C5/ C4, it was possible to express this shrink-

age in volume as a function of the degree of condensation. By means of this rela-
tionship, the solid state molar volume data of van Krevelen (17) for fused ring
aromatic compounds was ''converted’ to the liquid state at 20°C. Using the data
obtained in this manner for anthracene, chrysene, phenanthrene (Ubbelohde), and
for dibenzanthracene, chrysene, pyrene and coronene (van Krevelen's data con-
verted to the’liquid state) vy was determined to be 5.124 and ks to be -5, 238.

The molar volume equation thus obtained was used to calculate the molar
velume for the appropriate classes of compounds on the A.P.I. List (16) and to
compare the results with the experimental values. The results of this compari-
son showed that a study of the interactions between various types of structural
groups had to be made. The most significant interactions were found when C, and
C, occurred in the same molecule and when C, and C, occurred together. In the
former case, data from Ward and Kurtz (21) were used to evaluate the magnitude
of the interaction, and in the latter case A.P.I. data (16) were employed. In brief,
the method of determining the functional form and magnitude of the interaction terms
consisted of obtaining the difference between observed and calculated molar volume
per C, group and plotting this difference against C./ £C in the first case and C /i_C
in the second. Two straight lines were obtained, from which were derived the two
terms in C; / £C and C_ /£C which were added to the C, term in Equation 4,

The accuracy with which this ¥ corrected" equation predicted the molar volume
of the A. P.I. (16) hydrocarbons is given in Table I,
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Table I - Accuracy of the Authors' Molar Volume .
Equation Applied to A.P.I. 42 Hydrocarbons o i
No. in Average Value of Standard H
Class of :Compound Class MVi.aic - MVobs x 100 Deviation
MVobs.
n-paraffins 13 -0.02 - 0.07
br. -paraffins 38 +0. 31 0.80 ¢
Monocyclic
saturates 27 +0.10 0.33
- Fused ring .
~ saturates 18 +0.66 0.80
- Momnocyclic )
aromatics 21 +0.03 0.19
Fused ring )
_aromatics 13 - .46 0.89

The Molar Refraction Equation The following molar refraction
equation was developed for the purpose of this analysis:

M.R. = C (4.63+2.314) + C,(4.468 +0.868 - 0.245C )
at £C £C o &C
20°C. ~ -
1 atm.
press. C3(3.693 +0.3395) +
€
(4.5445 - 1.021 - 0.396C _
Cq = icl 5. 70;&2) +

Cgls5.734-14.33%) L (12)
& -

In this equa.tion. M.R. referred to the Lorentz-Lorenz expression
for the molar refraction Q_ 115 where n was the refra.ctwe index for the

sodium D line at 20°C. Tﬁe+czogff1c1ents in this equation were determined in
exactly the same manner, and using the same compounds as in the molar volume :
equation. Attention is drawn to the fact that, in the determination of the Cg term,
the molar refraction data for the fused ring aromatic compounds of van Krevelen
(17) refer to measurements made of the compounds in benzene solution and have .
been referred to by van Krevelen (6) as " hypothetical liquid state data". The i
accuracy with which this equation predicts the molar refraction of the A. P. 1. 42 '
(16) hydrocarbons is indicated in Table II.
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METHODS OF SOLUTION OF THE SET OF FIVE EQUATIONS

Equations 1, 2, 3, 4 and 12 constitute the three chemical and two
physical property equations that, when solved simultaneously for Cy» CZ’ C3,
C4 and CS’ form the proposed system of analysis. The first three of these
equations are linear but equations 4 and 12 are gquadratic in C, and C_. This
set of linear and guadratic equations was initially solved in the following manner,
The solution was obtained by reducing the system to a linear form by substitut-
ing an initial value C; = C, = 0 in the non-linear terms. The resultant set of
linear equations was then solved by the standard methods of matrix algebra.

Table II - Accuracy of the Authors' Molar Refraction
Equation, Applied to A.P.I. 42 Hydrocarbons

No.in Average Value of Standard
Class of Compound Class MR .1c - MRobs x 100 Deviation
MRobs.

n-paraffins 9 +0.012 0.056
br. -paraffins 37 +0.19 0. 26
Monocyclic ;

saturates 26 -0.01 . 0. 20
Fused ring

saturates ' 19 -0.008 0.26
Monocyclic

aromatics 19 +0.16 0.51
Fused ring A

arcmatics 8 +0.17 0.64

The new values of C, and C_ from this solution were then substituted in the non-
linear terms and another so%u'tion was obtained. This iterative procedure was
repeated until two consecutive solutions were equal. The critical aspect of the
solution was whether or not the iterative procedure would. converge. From the
practical point of view the rate of convergence was impertant, The number of
iterations varied from three for the paraffins to thirty for some of the fused
ring aromatic compounds.

Since the . molar volume and the molar refraction equations were
quadratic in C, and C,, in general there would be four roots. Since it was
clear that the iterative procedure yielded only one root, it was desirable to
obtain a method of solution which would give all the roots. For this reason the
set of five equations was solved by a second’method. It was possible, by simple
algebraic re-arrangement of the three linear equations, to express C;, C4 and
C5 in terms of C1 and CZ. These values for C3, C4 and ‘C5 were then substituted
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_ in the molar volume and molar refraction equations and the following two
quadratic equations in C1 and C, resulted:

1. 96 c‘:‘ +(0.077£C - 1.96€C - 8.17C, - 1. 96&H - 9. 349) c

+ (13)
& ( , £C y !
. 2
(-15.193C, - 11.479C, +10.13C€C, + 10.13C,¢H - 10.13C2 +
3.6998C + 1.425&C_ + 7.282%H - 6.6375C, + 19.2808H +
ZC sC

1.399 - M.V.) = 0

and

2 T
Q%gé Cl +(2.516€C +5.852C, - 0.396€C, - 0.396€H - 11.338)C, (14)

£C )
+(1.666C, - 12.784C , - 5,70C£C, - 5.701C,€H + 5 70,2
C I £C £c?
+0.8526C_ -~ 1.3608C 4 - 1,190€H + 13.3128H + 4.883&C
a £C £C

-12.973 - M.R.) = 0

These two quadratics were solved graphically by .taking arbitrary
values of C2 and solving each equation for Cl‘ These values of C1 were plotted

against C, and the intersection of the molar volume and molar refraction curves
represented the roots of the system,

RESULTS

The iterative method of solution has been tested by application to
121 known compounds, of which 114 are from the list of properties of A.P. L.
Project 42 (16) and seven are fused ring aromatic compounds whose properties
were determined by van Krevelen (17). All calculations were made by the
International Business Machines Company on a Type 650 Magnetic Drum Proces-
sing Machine. The results are shown in Table IIl.. In this table, D, to Dg refer
to the differences between calculated and observed values of Cl to é5 (i. e.
[Ci(calc. - Ci(observed)] ).

Some explanation is required concerning the application of this
method to the paraffins. For this class of compounds, Equation 2, the hydrec-

gen balance, is not strictly true as given but should be:

2 -
C, +2C,+ C3+C4=€H 2 _ (15)
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TABLE III,
APT Carpde Hoo ¢
Obsorved Cales
Group I = mparaffine
=8 12 12.07
529 1 13.c4
pxbs 14 13499
532 15 15.04
534 16 15.99
55 17 17.00
537 18 17.91
540 20 19.59
106 26 25.90
Greup IX ~ branched paraffinae
1 26 25.68
107 3 3397
109 26 25.40
33 36 36.22
163 3 22,90
166 34 38,19
188 28 28,34
191 32 32.10
2 26 25.78
22 26 25,27
23 26 28.62
25 25 2485
27 26 25.82
3 26 25.80
. 26 25.46
2 28 27.12
5c0 19 18.68
51 26 25.82
50 20 19434
m 0 19,05
512 ) 13.97
53 26 2491
545 16 15.68
546 13 12.66
549 0 966
55 26 25.17
558 21 20.86
556 114 10.79
551 18 17.29
[ 10 29.10
Q 28 21.79
& 6 25,94
1 PR X2
8 n 1092
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FIVE STRUCTURAL GROUP ANALYSIS SYSTEM

+0.07
*0.04
0.0
+0,04
=C.02
0.0
-0.09
=C.01

=0.10

-0.32
0403
=0, 60
0,22
~0.10
«0.19
0038
+0.10
-0.22
=0.73
-1.38
-0.15
=0.18
~0.20
=0.54
-0.28
-0.32
~0.18
~0.66
~0425
0,03
=1.09
~0.32
0,34
0,38
0,83
014
=3.21
0.7
0,30
—-0.21
0,06
=0.26
0408

Cboerved

o © o o o

o 0o 0 & 0o o o

o o o o

© 0 o 0o o oo © 0 6 06 o 0 © O

Calse

0,094
=0.070
0,016
~0.030
0,024
=0,0084
0,10
0,031
0.12

0,094
=0.070
=0.016
=0.030
40,024
~o.0084
+0,10
+0,011

0,12

*0.22
+0.03%
*0.69
~0.13
«0.11
-0.12
~0.47
-0.044
«0.16
+0.63
+1.33
+0.072
+0.097
+0,13
o
0,21
4031
*0.097
0,62
«0.27
+0.012
BW.
+0.30
*0.3¢
+0.29
*0,75
*0,15
+3.40
*0.14
+0.25
«.1z
+0.055
«0.18
40,032

Ohaerved

© © © 0 06 © © © & ®© © o © © o©o

a

.0 © © © © © 0 @

Culoe

0,025
0.030
0.026
=0.015
«0.016
0,0049
0,012
0,021

=0,020

0,099
«0.0098
=0,088
=0,092
~0.0030
-0.070

c.1s
-0.061
0,067
.10
0,053
0,075
0.080
0,073
0,098
0.077
0.0015
0,080
0.0¢0
-0.027
0,018
0.068
0,018
=3,000%
0,952
0,079
~0,011
«0,20
“0.023
0,042
0.096
0,12
0.077
0,052

Obasrved

0.5
+0.030
0,026
=0,015
=0.016
+0.0049
-C.012
-, 021

-0,020

+0.099
=C.C098
-0,088
=0.092
~0.0030
=0.070
.14
~0.061
+0.067
«0.10
+0.053
+0.075
+0.080
20,073
+0.098
20,077
+0,0016
+0.080.
+0.040
-0.a27
«0.018
+0,068
+0.018
~0.00030
*0,052
+0.079
~0.011
0,20
=0.023
+0,042
40,096
0,12
0, OTY
0,052

a o o o

s © @ a a

© a o o o
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‘At the outset, the effect of this comparatively small change was not known

and the original hydrogen balance equation was used. The results on the
n-paraffins are shown in Table IV, An examination of these results indicated
that, although in error, they followed a very recognizable pattern. Since
results for all the normal and branched paraffins on the A, P. 1, 42 (16} list
gave this same pattern, it was found possible to have the program for the Type
650 computer written in such a way that when this pattern occurred the revised
hydrogen balance equation 15, would be substituted in place of the original,

Table IV - Analysis of n-paraffins to Illustrate the Use
of Uncorrected Hydrogen Balance Equation

A.P.1.42 c C, Cy Cy Cs

Compd, # obs. calc. obs., calec. obs. cale. obs., cale, obs. calc,
528 12 10.14 0 3.75 0 -1,.89 0 0.11 0 -0.11
529 ' 13 11.13 0 3.75 ] -1.88 0 0.12 0 -0.12
531 14 12.09 0 3.78 0 -1.87 0 0.12 0 -0.12
532 15 13.15 0 3.73 0 -1.89 0 0.11 0 -0.11
534 16 14.12 0 3.77 0 -1.89 0 0.11 0 -0.11
535 17 15.15 0 3.72 0 -1.87 0 0.13 0 -0.13
537 18 16.05 0 3.82 0 -1.83 - 0 0.12 0 -0.1i2
540 20 18.17 0 3.7 0 -1.88 0 0.12 0 -0.12
106 26 24.12 0 3.74 0 -1.86 90 0.13 0. -0.13

For simplicity and also to illustrate that the use of the revised hydro-
gen balance equation led to accurate results, the revised hydrogen balance {equa-~
tion 15) was used in analyzing groups I and II (Paraffins} and the original hydro-
gen balance (equation 2) for the remainder. A summary of the accuracy of this
analysis is given in Table V.

The graphical method of solution which has been described was applied
to 17 representative compounds taken from the five major classes. The relatively

small number of compounds examined by this method was due to the fact that this

method was much more time-consuming than the iterative procedure., The nature

of the roots was essentially the same in all cases, they all possessed only one
real root less thanzC. There was one exception to this rule, A.P.I. compound
#133 possessed two real roots but one of these lay in the second quadrant, which
has no physical meaning. One representative example of the graphical method of

solution showing the intersection between the molar volume and molar refraction

curves which yields the single root less than3 C is given in Figure 1,
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DISCUSSION

Some additional information about the structure can be obtained
by a detailed examination of the ' pattern' of the results in Table III, within
each of the seven groups of compounds into which this table is divided. This
information can be.used as a valuable aid when applying the method to unknown
compounds. Before discussing the significance of the errors, it should be
pointed out that for a given composition in terms of the five characteristic
groups, there is a fixed relationship between the errors, If the error in G,
is taken as x and the error in C3 as y, then the error in C2 will be -{x + vy),
that in C4 will be y and that in CS will be -y.

. Considering, first of all, the branched paraffins, Group II, it will
be noted that whereas C_ should be zero, it is in fact positive and sometimes
as high as +3. There algpeared to be a direct relationship between the number
of branches and the magnitude of the error. On the average, the error in C,
per branch was +0. 42 C2 group, If, in the analysis of an unknown, C,, C3, C
and C. were less than 0.1, the compound could be predicted to be a normal paraf-
fin with a high degree of certainty. However, if C, were between +0.1 and +0. 4,
then the compound would probably have one branch., On the other hand, if C
were greater:than +0.4, the compound would probably have more than one branch.

The accuracy of.the analysis of Group III, monocyclic naphthenes,
was unusually high, due, no doubt, to the uniformity of :the structures within
the group. Little difficulty should be experienced in dlentifying this group in the
analysis of unknown structures, since C_ here must be greater than 3 (minimum
ring size). A few structural effects were noted in the errors in C; and C,. The
size of the ring and the number of branches on the ring would appear to be the
effects having the most influence, whereas branching on a single side chain did
not appreciably influence the results.

The accuracy of the results for Group IV, the monocyclic aromatics,
was practically the same as for Group III, and for essentially the same reasons.
The accuracy for compounds with a normal side chain was very high, as would-
be expected, since this was the type of compound upon which the interaction ef-
fect of Cy and:C, was based. Where one branched side chain was attached to the
ring, the error in C, was about -0.3 and in C, about +0.3. The largest error for
the entire group occurred for cases where there were more than one side chain
attached to the ring. As with Group III, there should be no difficulty in recogniz--
ing this class of compound when analyzing unknown compounds, since C, should
always be six in this class. At this level the errors were sufficiently small that
no doubt should exist as to the structure. '

Group V, the fused ring naphthenes, presented a much more difficult
case to interpret. Since there appeared to be many more structural factors which
could influence the analysis, and the examples available were very limited, no
regular pattern between structure and the errors in the analysis could be deter-

mined. However, several important aspects of the errors associated with this
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g}oup should be mentioned. The mean error and standard deviation were very
small for C3, so that there should be no difficulty in detecting the presence of
a relatively small number of C5 groups in a saturated compound. An examina- J
tion of the analysis of compounds 543, 561, 577 and 578 indicated that in cases
where C, was actually zero the analysis yielded small negative values for C, ;
when this occurred, if the value of C, was added to the value obtained for CZ’

the true value of C2 was obtained. This suggested that in the analyses of unknown Y
compounds, if a negative value of C, occurred, it should be replaced by zero and ,
the negative value of C; should be added to C, to give the correct amount of CZ !
present (#575 was an exception to this rule). Side chains and carbon atoms com-
mon to three rings appeared to have some influence on the accuracy of the ana.lysis:

Group VI consisted of the A,P.I. fused ring aromatics. The error
here was, of course, higher than for the preceding groups, but still small enough
to enable the structural analysis system to be used. In this class, where the
largest number of structural groups was present in a single compound, the largest’
number of interaction effects could be expected. The total number of compounds
available in this group was so small that it was not possible to make any general-
izations about the relationship between the errors in the predicted analysis and
the structure. Attention is drawn to the analysis of compound #179 which ex-
hibited the highest error in C, and C,. This result was not unexpected, as during '
the evaluation of the interaction effect of C, on C it was observed that #179 did
not fit the straightline relation on which this interaction factor was based,

Group VII consisted of fused ring aromatic compounds whose properties
had been determined by van Krevelen (17). The errors in the predicted values of
the structural groups in this class are considerably greater than in the other classe
It should be noted that the results for coronene and dodecahydrotriphenylene were
not unexpected. When the original coefficients for Cg; were calculated, the data
for coronene were not consistent with the other compounds and were therefore om-
itted. Consequently, it was expected that the accuracy of the analysis of this com-
pound would not be very high. Dodecahydrotriphenylene represented a type of
structure which the present system was not designed to treat. The unusual charac-
teristic of this structure was the presence of C, and o in the absence of C4. It
will be recalled that fused ring aromatics containing C, groups were not success-
fully dealt with my determining the interaction effect of C, on C4. Clearly, this
method of structural analysis was not applicable to the case where C, = 0 and C
and C5 = 0. As in Group V, use could be made of the fact that negative values of
Cl usually indicated a true value for C; of zero, and that if this negative value of
C; were added to the value obtained for C_ the resulting revised C., would be con-
siderably closer to the true value.. The r&ther high error for this group as a whole
was considered to be due to the general unreliability of the physical property data, :
which has already been discussed. The accuracy of the molar volume and the mola
refraction equations for this group was not as great as for all other classes. How-
€ver, it was considered necessary to include this group, because of the scarcity ,
of data for fused ring aromatic compounds. :
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The average accuracy for all A. P.I. hydrocarbons analyzed was
considerably less than one carbon group for each type. This was considered
adequate for determining the average number of the various structural groups.

It was realized, initially, that the molar volume and the molar
refraction were very intimately related properties and that the equations dev-
eloped in terms of the five structural groups might not be independent. However,
this investigation revealed that these two equations were in fact independent, and
that the differences between them were of such a magnitude that the solutions ob-
tained were in substantial agreement with the known values of the grdups Present.
Consequently, it was established that it was possible to deduce a considerable
amount of structural information from these two closely related properties.

The results of the application of this method indicated the merits and
some of the deficiencies-of this type of structural analysis. As physical prop-
erties become available on "new' types of structures, the scope of this method
may be extended. This approach could be applied to types of structures not al-
ready covered, by developing analogous equations for other physical properties
and also by considering additional interaction effects. One of the merits of this
system lay in the manner in which the coefficients in the molar volume and molar
refraction equations were determined. This gave confidence in extrapolating be-
yord the molecular weight range of the known compounds that were used to es--
tablish the system.
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