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THE STRUCTURAL variation in the physical prop- 
erties of hydrocarbon liquids has long been investigated, 
and many empirical and semiempirical methods have been 
proposed for correlating the various properties of hydro- 
carbon liquids with the structural formula of compounds. 
The Egloff equation ( 3 )  for the normal boiling point of 
normal paraffins is a typical example. A comprehensive 
review of these methods may be found in the recent article 
by Greenshields and Rossini (7). 

The values of the physical properties of normal paraffins 
can be evaluated with sufficient accuracy, but the inter- 
relationships among the evaluation methods for different 
properties have not yet been fully investigated. The present 
study provides a systematic description of various prop- 
erties of paraffin hydrocarbons on the basis of the statistical 
theory of liquids. 

A set of equations is derived for three critical constants 
(temperature, pressure, and volume), the vapor pressure us. 
temperature relationship, and the heat of vaporization of 
normal paraffin liquids on the basis of the recently proposed 
hole theory of chain molecular liquids (81, and the derived 
equations are arranged in a nomographic form by intro- 
ducing some empirical correction. 

The isomeric variation in the physical properties of iso- 
paraffins was studied. By introducing the “effective carbon 
number,” a new structural constant depending on both the 
number and relative position of side chains, the equations 
and nomograph are applied to isoparaffins. 

The equations and nomograph can reproduce the availa- 
ble data for paraffin hydrocarbons. Except for an attempt 
by Wiener ( 1 3 ,  no method has been proposed so far for 
the quantitative prediction of the vapor pressure us. tem- 
perature relationship from the structural formula. There- 
fore, this method, which permits a rapid evaluation only 
from the structural formula, should prove convenient for 
chemical engineering purposes. 
THEORETICAL 

The liquid is assumed, in the theory, to be a mixture of 
molecules and holes. A molecule consists of repeating chain 
elements and occupies some consecutive cells, the number 
of which is denoted by x ,  and a hole is identical with an 
empty cell. The volume, 7 ,  of a cell is assumed to be almost 
the same as that of a chain element, and the multiple 
occupation of a cell by more than two elements is completely 
excluded because of the repulsive force between them. If the 
Flory expression ( 4 )  is employed for the mixing entropy of 
this system, some simple calculations produce the following 
expressions for the pressure, P ,  and the chemical 
potential, p.  

Z X  X T  + - ( t  - Ts) (1 - 2 - 1 (2) 
2 

Here k represents the Boltzmann constant, T the absolute 
temperature, u the volume occupied by a molecule, and z 
the number of the nearest neighbor cells. c and s are the 
energy part and the entropy part of the interaction free 
energy between two chain elements, respectively, and both 
are assumed to be independent of the temperature. f is the 
free energy related to the intramolecular degrees of freedom. 

If the temperature, T ,  is lower than a critical value, T,, 
the equation of state 1 describes an S-shape of the van der 
Waals type in the P us. u diagram and indicates the 
coexistence of two phases-i.e., liquid and vapor phases. 
Hence, substituting Equation 1 into the well-known 
conditions, 

(3) ( a P / d u ) ~ ,  = 0 and ( a ’ P / a ~ ’ ~ ~ ~  = 0 

produces 

zt c 

where T, is the critical temperature, u, is the critical volume 
per molecule, and P, is the critical pressure. 

The conditions for equilibrium between liquid and vapor 
phases are expressed by stipulating equality of the pressure 
and the chemical potential in two phases-it is 

P(T,  u)  = P(T,  u’) and p(T ,  u )  = p(T,  u’) (7)  
where the prime is the designation for the more concen- 
trated liquid phase. If temperature T is specified, the other 
two variables, u and u‘, are fixed by the two simultaneous 
Equations 7, and the vapor pressure is expressed in terms of 
T so that P ( T ,  u)  = P [ T ,  u ( T ) ] .  However, the equations 
cannot be solved explicitly because of mathematical diffi- 
culty, and we are obliged to restrict ourselves to the special 
case mentioned below. 

If the temperature is not so high that the vapor phase is 
regarded as an ideal gas, an approximate solution of 
Equation 7 is 

Z S  [ (E) - 11 + x(l + -) - x 
2 k  

In P = In - 

though the derivation (8) is not reproduced here. The 
molar heat of vaporization, A ,  is given by the Clapeyron 
equation 

.i = RT2 (d  In P / d m  
Therefore, 

A N ( 2 ~ / 2 )  x + RT 

where R denotes the gas constant and N ,  Avogadro’s 
number. 

Finally, if the vapor pressure is expressed in terms of 
atmospheres, In P becomes zero a t  the normal boiling point, 
T:, and Equation 8 can be readily rewritten into 
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As was briefly stated previously ( B ) ,  these equations can 
favorably reproduce the observed variations in the physical 
constants of the normal paraffins with the carbon number 
n, provided that an empirical relation 

x = n2/3 (12) 

is assumed. In addition, the present theory is also appli- 
cable to other homologous compounds without any essential 
alterations. 
COMPARISON WITH EXPERIMENTAL DATA 

and 12 yields 
Normal Boiling Point. The combination of Equations 11 

or 

(13a) 

with the abbreviated notations, 
B = ln(kT:/n2 l 3  T )  - 1 

C = 1 + (zs/2k) and D = a / 2 k  ( 1 3 ~ )  
Because the ratio T?/ n2 1 3  does not appreciably depend on 
n, factor B is practically regarded as a constant independent 
of n. Figure 1 proves this statement, where the experimental 
data of n*"/T?  (dots) fall on a line, though a slight 
deviation is observed in the range of n higher than 20. Thus, 

n 2  " /T;  = 0.007840 + 0.0005514 n z  " (14a) 
or 

127.55 n213 (o K.) TbO = 
1 + 0.07033 n2 

which indicate that C/ B = 0.07033. 
The values of T? evaluated by this equation are shown 

in Table I in comparison with the observed values. Also 
shown are the values calculated by Equation 15, Egloffs 
equation (3) ,  and Varshni's equation (12), Equation 16, 
for comparison. 

T? = 745.42 log(n + 4.4) + 416.32 (15) 

TbO = ( 1 + O.OOO283 n2 (16) 

Vapor Pressure vs. Temperature Relationship. Substituting 
Equation 12 and the abbreviated notations B ,  C, and D 
defined by Equation 13c into Equation 8 produces 

- 
- 
- 

- 
- 
- 

OBSERVED VALUE - 
- 

1 2  3 4 5 6 7 8 9 10 11 

Figure 1. Relationship between 
boiling temperature and carbon number of normal paraffins 

at various external pressures 

i h l  
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after some rewritings, which correlates vapor pressure P 
with temperature T ,  or boiling point T with external 
pressure P. However, to calculate the boiling point, Ta 
(=  T ) ,  it  is desirable to write Equation 17 in a more 
convenient form. 

First is the term In (T?/Tb) [ = In (TbO/ T ) ]  neglected in 
the right-hand side of Equation 17, 

This equation will predict the "zeroth approximation" of 
the boiling point, Tb. Then combining Equation 18 with 
Equation 13, 

hence, 

- + ( ' % ) ' ( 1 - 2 -  C n 2 1 3 +  ... ) + . . .  (19b) 
B 

According to Equation 14b and the expression for the heat 
of vaporization given below, C / B  and B are estimated to 
be 0.07 and 7.5, respectively. Therefore, in the double 
expansion of Equation 19b, the terms with higher powers 
of ( C / B )  n213 and ( l / B )  x In P are not expected to be 
significant, except some leading terms, in so far as both n 
and In P are not too large. Then, substituting Equation 
19b in Equation 17 gives 

n2'3/Ta = [ ( B / D )  + p1 In P +  p 2  (In P) '+ .  . . ] 
(20) 

where PI ,  p 2 ,  and y l  are constants independent of P and n. 
Equation 20 indicates that  the ratio n 2 ' 3 / T ,  changes 

its values linearly with nz j 3  at any given pressure. This is 
proved by the experimental data (Figure l ) ,  and 

+ [ ( C / D )  + y l  In P+ . . . ] n Z t 3 ,  

n213/Tb = [0.007840 - 0.00215 X log P - O.OOO10 X (log P)'] 

+ (0.0005514 - 0.000011 x log P )  n213 (21) 

Of course, this equation is reduced to Equation 14a in the 
special case that P = 1 atm. Table I illustrates the experi- 
mental test of Equation 21, where a satisfactory agreement 
is obtained over wide ranges of pressure-Le., from very 
low pressure to about 5 atm. 

Heat of Vaporization. The substitution of Equation 21  in 
Equation 9 yields 

.I = 2128 n2 I 3  ("") (22) 
1 + 0.00512 n213 + 0.0930 X log P mole 

Table I1 gives values of A a t  the normal boiling point and 
25O C. which were evaluated by using Equations 21 and 22. 
The agreement between the evaluated and observed values 

is generally good, but an appreciable discrepancy is found 
in ,iZ for the lower members than propane. For this discrep- 
ancy, it should be remembered that a t  25O C. the vapor 
pressure of the compounds reaches 10 or more atmospheres 
which are above the limit of application of Equation 21. 

To  make another test of the validity of rewriting Equa- 
tions 17 to 21, substituting Equations 12, 13, and 14 in 
Equation 10 produces 

(23) 

Then, comparing with the experimental data, 

B = 7.463, C = 0.5426, and D = 952 degrees 

1 + 0.06202 n2 " ) (d) 
1 + 0.07033 n2 ' 3  

(24) mole 
A' = 2146 n2 j 3  

As shown in Table 11, both Equations 22 and 24 predict 
almost the same value for A'. This seems to prove the 
correctness of the approximations adopted in the derivation 
of Equation 21. 

The Trouton ratio, A'/ TbO, is obtained as 

1 + 0.07033 n2 l 3  tal. ) (25) A' 
T i  
- = 16.68 ( 

1 + 0.00512 n2 ' 3  ) (mole-degree 

which represents a gradual increase of the ratio with in- 
creasing n. A test of this equation is also given in Table 11. 

Critical Constants. Combining Equation 5 with Equation 
12, and making comparison with the experimental data 
gives the following expression for critical volume, 

V,  = 0.0412 ( n 2  l 3  + n )  (cc./mole) (26) 
which gives a good approximation for V ,  as shown in 
Table 111. 

For the critical temperature, T,, the following relationship 
is obtained from Equations 4 and 12: 

(27) 

where A' and B' are constants. In  this case, however, a 
more simple equation, 

(28) 

is recommended for quantitative purposes, though Equa- 
tion 27 itself can be used for a rough evaluation of T ,  
(8).  A comparison of Equation 28 with experimental data 
is shown in Table 111, where two recent observations for 
n-decane and n-dodecane ( 5 )  are adopted. For higher 
members than dodecane for which no observation is avail- 
able, Equation 28 predicts the values fairly close (average 
2.3O C. lower) to the recent estimates of Francis ( 5 ) ,  but 
much higher than the API estimates (10). 

The combination of Equation 28 with 14b yields 

Carbon 
Number, n 

1 
2 
3 
4 
5 
6 
7 
8 
9 

Table II. 

Compound 
Methane 
Ethane 
Propane 
n-Butane 
n-Pentane 
n-Hexane 
n-Heptane 
n-Octane 
n-Nonane 

Latent Heat of Vaporization and Trouton's Ratio of Normal Paraffins 

A' a t  Normal Boiling Point" 
Ohsd.b Eq. 22 Eq. 24 
1.955 2.117 2.117 
3.517 3.351 3.350 
4.487 4.380 4.378 
5.352 5.294 5.292 
6.160 6.130 6.127 
6.896 6.910 6.906 
7.575 7.644 7.639 
8.214 8.341 8.336 
8.82 9.008 9.001 

Az5 at 25" c." 
Obsd.* Eq. 22 

3.605 4.03 
5.035 5.12 
6.316 6.22 
7.540 7.42 
8.735 8.64 
9.915 9.92 

11.099 11.28 

Trouton's Ratio 
O b d b  Eq. 25 
17.51 17.76 
19.06 18.40 
19.42 18.92 
19.63 19.39 
19.92 19.82 
20.17 20.22 
20.38 20.59 
20.59 20.95 
20.80 21.29 

:Latent heat of vaporization, kcal. /mole. 
Rossini (IO). 
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Table 111. Critical Constants of Normal Paraffins 

Carbon 
Number, 

n Compound 
1 Methane 
2 Ethane 
3 Propane 
4 n-Butane 
5 nBentane 
6 n-Hexane 
7 n-Heptane 
8 n-Octane 
9 n-Nonane 

10 n-Decane 
11 n-Undecane 
12 n-Dodecane 
13 n-Tridecane 
14 n-Tetradecane 
15 n-Pentadecane 
16 n-Hexadecane 
17 n-Heptadecane 
18 n-Octadecane 
19 n-Nonadecane 

'Francis (6); Rwini (IO). 

Critical Temperature 
T,, O K. 

Critical Pressure, 
P,, Atm. 

Critical Volume, 
V,. Cc. I Mole 

Obsd." Eq. 28 
190.7 204.4 
305.4 299.2 
370.0 368.1 
425.2 422.8 
469.8 468.4 
507.9 507.4 
540.2 541.4 
569.4 571.4 
. . .  598.4 

621.4 623.1 
... 645.6 

664.7 666.2 
. . .  684.9 
. . .  702.7 . . .  718.9 

Rossini (10). b 

O b d b  Eq. 32 
45.8 68.9 
48.2 50.4 
42.0 41.4 
37.5 35.6 
33.3 31.6 
29.9 28.5 
27.0 26.1 
24.6 1 24.1 
22.5 22.4 
20.8 21.0 
19.2 19.8 
17.9 18.7 
... 17.8 
. . .  16.9 
... 16.2 
. . .  15.5 
. . .  14.8 
. . .  14.3 
. . .  13.7 

O b d b  Eq. 26 
0.099 0.0824 
0.148 0.148 
0.200 0.209 
0.255 0.269 
0.311 0.326 
0.368 0.383 
0.426 0.439 
0.486 0.494 
0.543 0.549 
0.602 0.603 
0.660 0.657 
0.718 0.710 
. . .  0.763 
. . .  0.816 
. . .  0.869 
... 0.921 
. . .  0.973 
. . .  1.03 

1.08 

T?/ T, = 0.5344 + 0.0004073 T: (29) 
This equation represents a gradual increase in the ratio 
Tho/ T,  with increasing n, and was proposed by Varshni (12). 

Thesubstitution of Equation 12 in Equation 6 leads to 

which is roughly supported by the experimental data as 
shown in Figure 2 .  But, in this case too, the following 
relation is more favorable than Equation 30. 

& - 0.337 ( atmJ 
TC n degr 

Thus, 

atm. (32) 80.37 
n1 1 3  (1 + 0.1675 n2 1 3 )  

P, = 

Table I11 proves this statement. 
limit of Application of Theory. The equations presented 

here are extensive and accurate enough for practical pur- 
poses so far as members of the normal paraffins lower than 
eicosane are concerned and when the vapor pressure does 
not exceed about 5 atm. The empirical relation that x = 
n2 j 3  proved very effective under the conditions mentioned 
above, though slight modifications had to be made to 
obtain the recommended equations of T,  and P,. 

For the higher members than eicosane, however, the 

n2 ' 3  rule becomes unsatisfactory for quantitative purposes. 
In  Table IV is an example, where the normal boiling point, 
Tbo, evaluated by Equation 14b is compared with the 
observed values collected by Rossini and others (10). The 
table shows tha t  the error of Equation 14b is always 
positive; therefore, it may be diminished by adjusting IC to 
a value smaller than n2 1 3 .  Such an adjustment of x seems 
to be natural from the theoretical point of view, for the 

Figure 2. Experimental test of Equation 30 for 
critical pressure of normal paraffins 

Carbon 
Number, 

n 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
35 
40 
50 

~~ 

Table IV. Normal Boiling Temperature of Normal Paraffins of High Molecular Weight 

Compound 
n-Heneicosane 
n-Docosane 
n-Tricoaane 
n-Tetracosane 
n-Pentacosane 
n-Hexacosane 
n-Heptacosane 
n-Octacosane 
n-Nonacosane 
n-Triacontane 
n-Pentatriacontane 
n-Tetracontane 
n-Pentacontane 

selected 
values 

(10) 
355.1 
367.0 
378.3 
389.2 
399.7 
409.7 
419.4 
428.7 
437.7 
446.4 
486 
520 
... 

Normal Boiling Point, T:, O C. 

Eq. 15, Eq. 16, 
(3) (12) Eq. 14b 

359.1 357.7 355.3 
372.0 370.2 367.0 
384.4 382.3 378.1 
396.3 393.8 388.7 
407.7 405.0 398.6 
419.0 415.9 408.1 
430.3 426.3 417.0 
440.3 436.5 425.4 
450.4 446.5 433.4 
460.2 455.8 440.9 

(11) 
350.5 
376.0 
366.5 
386.4 
390.3 
399.8 
410.6 
412.5 
421.8 
. . .  

505.6 499.8 472.3 ... 
545.3 538.5 494.8 ... 
612.5 604.2 520.0 . . .  
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flexibility of the molecular chain generally increases with 
n and shortens the effective chain length. 

For high pressure regions, the analytical expression can 
not be derived for the vapor pressure due to mathematical 
di5culties. But fortunately, Equation 32 of the critical 
pressure may be easily solved by making an empirical inter- 
polation to give the vapor pressure value in the intermediate 
region, from about 5 atm. to critical pressure. 

NOMOGRAPH 

which may be rewritten as 
The basic equation for the nomograph is Equation 21, 

f ( r )  +s(n) x h(P)  = dP) (334  
with 
f ( r )  = UT, g(n) = i/n2'3 

6 (P) = 0.0005514 - O.oooO11 x log P (33b) 
h (P) = -0.007840 + 0.00215 x log P + O.OOO10 (log P)*,  

- 171 

- 170 

- 168 

I10 

- 160 

This type of equation can be readily represented in a 
nomogram, (Figures 3a and b). 

The deviation of Equation 21 from experimental data, 
however, is not negligible in some cases, and some empirical 
corrections are required to obtain a precise agreement 
between the predicted and experimental values. For 
example, if n is unity in Equation 21, the calculated value 
of the boiling point of methane becomes larger than the 
experimental value, irrespective of the external pressure. 
This particular deviation in methane must be due to the 
difference of symmetry in molecular shape between methane 
and other members, and can be eliminated by assigning for 
n a value smaller than unity. Similar correction of n is 
also required for the higher members than eicosane. This 
may arise from the increasing flexibility of the molecular 
chain with n. Thus the n-axis shown in Figures 3a and b, 
is obtained sliding the n scale from 1 / n 2 ' 3  to a corrected 
scale. 

L 

Figure 30. Nomograph for estimating critical constants, heat of vaporization, and boiling points from - 175O to 150' C. 
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The pressure scale from 5 atm. to the critical pressure 
where Equation 21 does not hold can be completed by using 
the experimental data of boiling point of methane and 
ethane a t  high pressures as reference. 

As is easily seen from the form of Equation 28, the 
critical point can be represented by a point in this nomo- 
gram. Furthermore, according to Meyer and van der Wyk 
(91, the melting point, T,, of normal paraffins can be 
favorably given by 

l /Tm = 0.002395 + 0.0171/(n - 1) (34) 

This equation is different in form from Equation 14 of the 
normal boiling point or Equation 28 of the critical point, 
and therefore the melting point cannot be represented by 
one point in the nomogram. For practical purposes, how- 
ever, that  two points denoted by A and B in the nomogram 
are very effectively applied to read the melting point of the 

2 * 0  
20  

30 

40 

320 - 

360 i 
360 

90 

330 3 , O ~  + 

"'0 

F 3 8 0  
l l 0  :< 

200 

500 s - 
- - 

I 5 0  z *I0 

6oo '0°  

EL 

350 

400 

48 0 

7 5 0  
aoo ~~~~ 500 

2 550 

Cri t i ca l  Point 

compounds with the carbon number of 13 to 25 and with 
that of 26 to 70, respectively. 

For convenience, two nomograms of the same type are 
presented here: Figure 3a, covers the temperature range 
between - 175' and 150' C. and Figure 3b, covers the range 
of 0' to 550' C. Using these two figures, one can read with 
sufficient accuracy the normal and general boiling points, 
vapor pressure a t  every temperature, melting point, critical 
temperature, critical pressure, and heat of vaporization a t  
the normal boiling point. Furthermore, if the evaluated 
values of T,, T;, and .io are substituted in the Watson 
equation (13),  

the heat of vaporization, A ,  is easily evaluated as functions 
of the temperature. Table V gives the values of various 
properties evaluated by the nomogram in comparison with 

Melting Point 

ao 

66 

1. I 

4 :I* 
Figure 3b. Nomograph for estimating critical constants, heat of vaporization, and boiling points from 0' to 550' C. 
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I t  

the experimental data. In  every case concerned the agree- 
ment between the evaluated and experimental values is 
fairly close, and Figures 3a and b are useful for the rapid 
evaluation of the physical constants of normal paraffins. 

ISOPARAFFINS 

fins has been investigated ( I ,  7, 14, 15) .  
EFFECTIVE CARBON NUMBER 

The isoparaffins are nothing but branched-chain mole- 
cules consisting of the same chain elements as in the normal 
para5ns, and the basic Equations 1 and 2 are applicable 
to branched-chain molecules as well as to linear chain 
molecules, because the Flory expression for the mixing 
entropy on which this theory was based is by no means 
affected by the presence of side chains. This suggests that 
the nomograph would be applicable to isoparaffins with 
slight modification. A new structural constant, the "effec- 
tive carbon number," is introduced for this purpose. 

Let us first investigate the vapor pressure us. temperature 
relationship of an isoparaffin-for example, 2-methyl- 
propane. The observed values of general boiling points Ta 
of this compound are given in Table VI  as functions of the 
external pressure. Using these data and the nomogram 
(Figures 3a and b )  values of n can be read a t  each inter- 
section of the n axis and the lines connecting two points 
that  Ta = -109.2" C. and P = 1 mm. of mercury, - 8 6 . 4 O  
C. and 10 mm. of mercury, - 5 4 . 1 O  C. and 100 mm. of 
mercury and so on, and the n values given in Table VI  are 
obtained a t  each attempt. .The n values all coincide with 
one another, and the mean value 3.72 of n can give a 
satisfactory approximation for general boiling points and 
heat of vaporization, &io, a t  normal boiling point, the 
critical temperature, T,,  and critical pressure P,, as shown in 
Table VI. A similar test is given for another example, 
2,2-dimethylbutane, in the same table. Thus, the n value, 
3.72 for 2-methylpropane or 5.41 for 2,2-dimethylbutane, 
can represent the properties of each compound as well as 
does the true carbon number of n-paraffins. Hereafter, the 
n value is called effective carbon number of isoparaffins 
and is denoted by n.* 

The effective carbon number, n', of isopara5ns is always 
smaller than the number of carbon atoms. This may be 
interpreted in terms of a decrease in the contribution of 
branched carbon atoms to the intermolecular potential due 
to a screening effect of the neighboring carbon atoms. The 
authors believe, therefore, the n* must be correlated with 
the structural arrangement of carbon atoms by a proper 
relationship, though the theoretical derivation of the 
relationship will be a formidably di5cult problem. 

I n  this connection, Wiener (14) has suggested that the 
isomeric variation in the normal boiling point, T:, can be 
expressed in terms of two structural parameters, the path 
number, w, and the polarity number, p ,  which can be 
calculated from structural formula. The path number, w, 
was defined as the total number of bonds between all pairs 
of carbon atoms and the polarity number, p ,  was defined 
as the total number of pairs of carbon atoms three bonds 
apart. 

For normal paraffins, these structural parameters are 
given as 

Isomeric variation in the physical properties of isoparaf- 

w(norma1) = (n - 1) n(n + l1/6 
p(normal) = n - 3 

Aw = w(normd1 - w(isomer) 

Ap = p(normd) - p(isomer1 

If 

and 

the Wiener equation of the isomeric variation in the normal 
boiling point T? is expressed as 
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AT: = Tt(norrna1) - Tt(isomer) = 98 ( A w / n 2  +5.5 ~p (40) 

Now, to correlate the effective carbon number n* with 
the structural formula, we also adopt the Wiener parameters 
mentioned above and find that n* can be favorably given 
as 

4n = n - n* = 3.4 x (Aw/n ' )  + 0.18 Ap (41) 

points as functions of the external pressure, critical tempera- 
ture, critical pressure, and heat of vaporization a t  normal 
boiling point. The heat of vaporization a t  any given tem- 
perature can be evaluated by using the Watson equation 
(13). 

(42) T - T  log A = log A D  + 0.38 log - T, - T: 
The use of Equation 41 may best be illustrated by an  

example. For the n x  of 3-methylpentane, 

c,-c,-c3-c,-c5 
I 

C6 

There are six carbon atoms in 3-methylpentane; therefore 
n = 6. The w may be computed by Wiener's short method 
or by multiplying the number of carbon atoms on one side 
of a bond by the number on the other side and summing the 
productsfor all bonds. Thus the product for bond C1-C2 
is 1 x 5 = 5 ;  for C2-C3, 2 x 4 = 8; for C3-C4, 2 x 4 = 8; 

However, the melting point of isoparaffins cannot be evalu- 
ated by using point A or B in the nomogram, for the 
symmetry of molecular shape has an appreciable effect on 
the melting point. 

Table VI1 shows the evaluated values of various proper- 
ties of 66 isoparaffins from C4Hlo to C9Hn in comparison 
with experimental data (5 ,  6, 10). The agreement between 
them is generally satifactory. For instance, in the case of 
Aio, the maximum deviation is 3.5% and average deviation 
is 1.2% for these 66 isoparaffins. This is to be compared 
with the maximum deviation of 5% and average deviation 
of 2% obtained by the method of Chu and others (1). 

Obsd. 
n* 
Fig. 3' 

Obsd. 
n* 
Fig. 3d 

Table VI. Effective Carbon Number of Some lsoparaffins Read on the Nomogram, 

(Figures 3a o rb ,  using various experimental data) 

Heat of 
Vapori- 
zation, Critical Constant 

Hg." Hg. Hg.* Hg.b Hg.' Atm." Mole OK. (Atm.) 

Boiling Temp. Ta O C., 

1 Mm. 10Mm. 100Mm. 760Mm. 1500Mm. 20 A', Kcal./ T,, P, 

2-Methylpropane 
- 109.2 -86.4 -54.1 - 11.7 +7.1 99.5 5.089 408.2 36 

3.71 3.71 3.71 3.72 3.73 3.70 . . .  . . .  . . .  
- 109.0 - 86 - 54 - 11 +8 100 5.05 407 37 

2,2-Dimethylbutane 
- 69.3 - 41.5 -2.0 + 49.7 72.8 . . .  6.355 489.4 30.7 

5.31 5.33 5.38 5.41 5.42 . . .  . . .  . . .  . . .  
- 68 - 40 -1 f 49.2 72.4 185 6.45 484 31 

gRossini (10). 
.Nomogram values, n* = 3.72 instead of true carbon number. 
'Nomogram values, n* = 5.41 instead of true carbon number. 

for C4-Cs, 1 x 5 = 5; for C3-Cs, 1 x 5 = 5. Therefore 
w(isomer) = 5 + 8 + 8 + 5 + 5 = 31. Pairs of carbon atoms 
three bonds apart are cIc4, C1C6, C2CS, and C&s; therefore 
p(isomer) = 4. On the other hand, substituting n = 6 
into Equations 36 and 37 gives w(norma1) = 35 and 
p(norma1) = 3. Thus, substituting these values in Equa- 
tions 38, 39, and 41, one obtains n* = 5.80, which is to be 
compared with 5.82 obtained by combining use of the nomo- 
gram and the observed value 63.3O C. of the normal 
boiling point. 

The values of n* calculated by Equation 41 are shown 
in the fourth column of Table VI1 in comparison with the 
observed value of n* which are obtained in Figures 3a or b 
as the intersection of the n scale and the connected line 
between the point of 1 atm. on the P scale and the observed 
value of the normal boiling point. The  maximum deviation 
of n*calcd, from n*&sd. is 4.6% and the average deviation 
does no exceed 1.5%. 

COMPARISON WITH EXPERIMENTAL DATA 

If n* is used instead of n, Equations 1 to 35 can be 
applied to isoparaffins too. However, calculation of n2 ' 3  

which appears in the equations is somewhat laborious for 
practical purposes. Thus, the nomogram is recommended. 

The method of using the nomogram is similar to that 
in the case of normal paraffins. The properties which can 
be evaluated from this nomogram are the general boiling 

For isoparaffins higher than CloHn, fragmentary data 
have been accumulated by Egloff (2): The normal boiling 
points of 58 isoparaffins from CloHn to CI2Hz6 are also 
evaluated by the method described above. Although the 
results are not given here, the average deviation of the 
evaluated values from the literature values is about L- 3.3" 
C. and the maximum deviation is 10' C. for 2,4-dimethyl- 
nonane. 
DISCUSSION 

As is shown in Table VII,  introducing the effective carbon 
number n* seems to be appropriate for evaluating the 
physical properties of isoparaffins. Assuming that n* is 
regarded as characteristic of the structural arrangement 
of carbon atoms in the molecule appears correct a t  least 
as the first approximation. However, slightly different 
values of n* are to be assigned for each property to obtain 
the closest agreement with the observed values. For 
instance, detailed examination of boiling point data often 
leads to a gradual increase of n* with increasing tempera- 
ture. Although the increase is negligible in most cases, 
there is a general tendency that the more compact the 
structural arrangement of carbon atoms becomes, the more 
the n* depends on the temperature-e.g., 2,2,3,3-tetra- 
methylbutane. This observation may offer an interesting 
problem concerning the molecular structure of hydro- 
carbons. 

21 7 
VOL. 5, No. 2, APRIL 1960 



m Q, 

21 8 JOURNAL OF CHEMICAL AND ENGINEERING DATA 



VOL. 5, No. 2, APRIL 1960 

Following the suggestion first proposed by Wiener, an 
empirical equation was presented which correlates n* with 
two structural parameters, the path number and the 
polarity number. As shown in the third and fourth columns 
of Table VII, Equation 41 agreed with n*,,bd. in spite of the 
simplicity in form. However, it is also a matter of course 
that a more elaborate equation containing more than two 
structural parameters should lead to a more close approxi- 
mation for n*. Examples of such additional parameters may 
be found in a recent article by Greenshields and Rossini (7).  

NOMENCLATURE 

f =  
k =  

N =  
n =  
n* 
An = 
P =  
P, = 

P =  
A p  = 
R =  
s =  

T =  
Te = 
Tt = 

T, = 
T, = 

v, = 

AT; = 

u =  

v, = 
w =  

A W  = 
x =  
z =  
c =  

- - 
A =  
*io = 

! J =  
7 =  

free energy related to intramolecular degrees of freedom 
Boltzmann constant 
Avogadro number 
carbon number of paraffin hydrocarbons 
effective carbon number 
n - n* 
pressure 
critical pressure 
polarity number 
p(normal) - p(isomer) 
gas constant 
entropy part of the interaction free energy between two 
chain elements 
absolute temperature 
general boiling point 
normal boiling point 
T:(normal) - TaO(isomer) 
critical temperature 
melting point 
volume occupied by a molecule 
critical volume 
critical volume per molecule 
path number 
w(normal) - w(isomer) 
number of consective cells occupied by a molecule 
number of the nearest neighbor cells 
energy part of the interaction free energy between two 
chain elements 
molar heat of vaporization, cal./mole 
molar heat of vaporization a t  normal boiling point, 
cal. / mole 
chemical potential 
volume of cell 
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