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Benson's additivity rule has been used to compute the heat of vaporization (AH:) 
of long chain molecules includes n-alkylcyclopentanes, n-alkylcyclohexanes and n- 
alkylbenzenes. From the error analysis empirical equations have been obtained which 
accurately predicts the AH," of these substituted n-alkanes. For simple n-alkanes it is 
observed that no modiEcation is necessary in Benson's method. The present simple and 
elegant empirical approach can be utilized to calculate other thermodynamic properties 
of long chain molecules where such data are generally scarce. 

Keywords: Thermochemistry; Polymers 

1. INTRODUCTION 

Thermodynamicists are always interested in developing accurate nu- 
merical methods which could be used to deduce thermodynamic prop- 
erties of molecules from their structural features. Benson's additivity 
rule [I -31 are by far the best and most widely used for calculating 
various thermodynamic properties like heats of formation (AH;), 
heat capacity (C,,), entropy (so), etc., due to the ready availability 
of group values. AH; is one of the most important thermodynamic 
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parameters in long chain molecules such as alkanes, esters and 
alcohols for assessing their plasticizing and lubricant properties. Gen- 
erally, experimental AZl; data on long chain molecules are scarce, 
and one has to resort to utilize theoretical thermochemical methods 
to compute the same. Benson’s method gives very good AH; value 
for simple n-alkanes. However, this method is not so accurate for sub- 
stituted n-alkanes. The main objective of the present investigation is to 
assess the error involved in the calculated AH; values and to propose 
empirical equations so that accurate AH; values could be obtained 
for substituted n-alkanes: n-alkylcyclopentanes, n-alkylcyclohexanes 
and n-alkylbenzenes. In the present investigation we have made an 
attempt to modify the Benson’s additivity rule, from error analysis, 
and calculated the corrected AH; values of substituted n-alkanes. 

2. METHODOLOGY 

The structure of n-alkylcyclopentanes and n-alkylcyclohexanes species 
were split into the following groups: C-(H)3(C), C-(H)z(C)2, C-(H)(C)3 
and C-(C),, and their respective group values for AH; are: 1.35, 1.19, 
0.72 and 0 respectively. Similarly, for n-alkylbenzenes the groups are: 

C-(Cb)Z(H), c-(cb)(H)3 and c-(cb)Z(c), and their corresponding 
group values for AH: are: 1.35, 1.19, 1.02, 0.23, 0, 1.35, 1.35 and 
0.98 respectively. The calculated AH; values (298°K) are given in 
Table I. 

C-(H)3(C), C-(H)2(C)2, c-(cb)(c)(H)2, c-(cb)(c)2(H), c-(cb)(c)3, 

TABLE I Experimental, calculated, absolute error and corrected AH: in the substi- 
tuted n-alkane series 

AH! (kcallmoll 
Calculated Calculated 

Mol. from after adding 
Substituted n-alkanes weight Experimental Benson ‘s method Error the error 

n-alk ylc yclopentanes 
C yclopentane 70 6.82 5.98 0.84 6.82 
Meth ylcyclopentane 84 7.58 6.30 0.75 7.60 
Eth ylcy clopentane 98 8.72 8.02 0.70 8.72 
n-propylcyclopentane 112 9.82 9.21 0.61 9.82 

n-pentylcyclopentane 140 12.18 11.59 0.59 12.18 
n-but y lcyclopentane 126 11.00 10.40 0.60 11.00 
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TABLE I (Continued) 

Substituted n-alkanes 

n-hex ylcyclopentane 
n-hept ylcyclopentane 
n-octylcyclopentane 
n-nonylcyclopentane 
n-dec ylc yclopentane 
n-undecy Icyclopentane 
n-dodec y Ic yclopentane 
n-tridecylcyclopentane 
n-tetradecylcyclopentane 

n-alkylcyclohexane 
Cyclohexane 
Meth ylc ycf ohexane 
Ethy lcyclohexane 
n-propy lcyclohexane 
n-but y lcyclohexane 
n-pent y lcyclohexane 
n-hexy lcyclohexane 
n-hept ylcyclohexane 
n-octylcyclohexane 
n-non ylcyclo hexane 
n-decylcyclohexane 
n-undec ylc yclohexane 
ndodecylcycfohexane 
n-tridecy lcyclohexane 
n-tetradecylcyclohexane 

n-alk y lbenzenes 
Benzene 
Methylbenzene 
Ethylbenzene 
n-propy lbenzene 
n-butylbenzene 
n-pentylbenzene 
n-hexylbenzene 
n-heptylbenzene 
n-octylbenzene 
n-nonylbenzene 
n-dec ylbenzene 
n-undecylbenzene 
n-dodec ylbenzene 
n-tridecy lbenzene 
n-tetradecylbenzene 
n-pentadecy lbenzene 
n-hexadecylbenzene 

Mol. 
weight 

154 
168 
182 
196 
210 
224 
238 
252 
266 

84 
98 

112 
126 
140 
154 
168 
182 
196 
210 
224 
238 
252 
266 
280 

78 
93 

107 
121 
135 
149 
1 63 
177 
191 
205 
219 
233 
247 
261 
275 
289 
303 

Experimental 

AH; (kcal/moC) 
Calculated Calculated 

from after adding 
Benson’s method Error the error 

13.16 
14.54 
15.72 
16.90 
18.08 
19.26 
20.44 
21.62 
22.80 

7.89 
8.45 
9.67 

10.79 
11.95 
13.14 
14.32 
15.50 
16.68 
17.86 
19.04 
20.22 
2 1.40 
22.58 
23.76 

8.09 
9.08 

10.09 
11.05 
11.98 
13.16 
14.34 
15.52 
16.72 
17.88 
19.06 
20.24 
21.42 
22.60 
23.80 
25.00 
26.10 

12.78 
13.97 
15.16 
16.35 
17.54 
18.73 
19.92 
21.11 
22.30 

7.14 
8.80 
9.21 

10.40 
11.50 
12.70 
13.90 
15.10 
16.30 
17.50 
18.70 
19.90 
21.10 
22.30 
23.40 

8.10 
9.08 

10.10 
1 1.29 
12.48 
13.67 
14.86 
16.05 
17.24 
18.43 
19.62 
20.81 
22.00 
23.19 
24.38 
25.57 
26.76 

0.58 
0.57 
0.56 
0.55 
0.54 
0.53 
0.52 
0.51 
0.50 

0.75 
0.45 
0.46 
0.39 
0.36 
0.36 
0.35 
0.34 
0.33 
0.32 
0.31 
0.30 
0.29 
0.28 
0.27 

0.0 
0.0 
0.0 

- 0.2 
- 0.5 
- 0.5 
- 0.5 
- 0.5 
- 0.5 
- 0.6 
- 0.6 
- 0.7 
- 0.6 
- 0.6 
- 0.6 
- 0.5 
- 0.7 

13.36 
14.54 
15.72 
16.90 
18.08 
19.26 
20.44 
21.62 
22.81 

7.53 
8.29 
9.35 

10.79 
11.97 
13.15 
14.32 
15.50 
16.68 
17.86 
19.04 
20.22 
21.40 
22.58 
23.76 

8.68 
9.37 

10.13 
11.07 
11.99 
13.16 
14.34 
15.52 
16.70 
17.88 
19.06 
20.24 
21.40 
22.60 
23.78 
25.95 
26.13 
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FIGURE 1 Variation of heats of vaporization as a function of molecular weight, in 
substituted n-alkanes. 
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3. RESULTS AND DISCUSSION 

In the present investigation, the experimental AH; of n-alkylcyclo- 
pentanes, n-alkylcyclohexanes and n-alkylbenzenes were taken from 
the literature [4]. The error in the calculated and experimental AH; 
values are listed in Table I. They show +ve deviation in n-alkyl- 
cyclopentane and n-alkylcyclohexane series and -ve deviation in 
n-alkylbenzene series. Figure 1 displays the variation of AH; as a 
function of molecular weight for n-alkylcyclopentanes, n-alkylcyclo- 
hexanes and n-alkylbenzenes respectively. Figure 1 shows a significant 
deviation between calculated and experimental AH; values. This 
necessitates some improvement in Benson’s group additivity method- 
ology for substituted n-alkanes. To do this, the absolute error in the 
calculated AH; values were plotted as a function of molecular weight, 
Figure 2 shows that error spectrum differs in the low molecular 
weight and high molecular weight regions, all of them show two dis- 
tinct regions of deviation. The calculated error could be represented 
in terms of slope and intercept of a linear fit equation (see Tab. 11). 
We have recalculated the AH; by adding the corresponding error in 
the calculated AH; obtained from Benson’s method. The agreement 
between the calculated and experimental AH,” is shown in Figure 3. 
The dotted line represents the ideal line representing perfect mach 

i I I 50 100 150 PO 250 320 

Mdecular Weight 

FIGURE 2 Absolute error as a function of molecular weight, in substituted n-alkanes. 
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TABLE I1 Empirical expressions for calculating errors in B~MOD’S calculated values 
of AH: 

0 n-alkylc)clopentane v nalwcydohemna 
n-alwbenzene 
- Ideal line representing 
perfed match of eqmrlmental 
and calculated d u e s  

. . . . . . . . . . . . . . . . . . . . . . .  
4 6 8 10 12 14 16 16 20 22 24 28 

Mol. wt. range 
Substituted n-alkanes @a) Empirical equations 

n-ak ylcyclopentane 70-112 Y= - 5.0 x lo-”+ 1.19 
n-alk ylc yclopentane 113 and above Y=-6.9 x 10-4X+0.69 
n-ak ylcyclo hexane 84- 126 Y=-9.0x 10-3X+1.15 
n-alkylcyclohexane 127 and above Y=-8.0 x 10-4X+0.49 
n-alkylbenzene 107-135 Y= - 9.0 x lO-’X+ 2.06 
n-akylbenzene 136 and above Y=7.8 x W4X-0.39 

~~ ~ ~~ ~~ _ _ _ _ _ ~  

r=error in Bcnson’s Calculated valuea of m, X=molecular weight of the substituted n-alkanes. 

28, 

E a c 
e’ 

1 *C 

P 
I 

FIGURE 3 Calculated and experimental heats of vaporization from modified Benson’s 
rule and its comparison with the corresponding experimental values. 

between the experimental and the calculated AH;. The calculated 
values for all the three series of substituted n-alkanes fall on this line 
showing that modified Benson’s method provides accurate data of 
AH; of substituted n-alkanes. It may noted that some attempts have 
also been made earlier to represent the error as a fixed value [5,6] but 
the present method is better as it considers the error as a function 
of molecular weight. We strongly believe that this approach could 
be extended not only for calculating the AH; of still high molecular 
weight substituted n-alkanes but also for obtaining other thermo- 
dynamic properties of long chain compounds. 
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4. CONCLUSIONS 

Heat of vaporization of long chain molecules can be satisfactorily 
calculated by group contribution method. Although this is a totally 
empirical method and there is no simple method to calculate heat of 
vaporization of long chain molecules, the data obtained by this meth- 
od is quite consistent with the values obtained by other methods. 
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