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Abstract 

A technique is described for determining vaporization enthalpies A$H,,(298 K) of organic 
compounds by high resolution gas chromatography. The technique correlates changes in net 
retention times of compounds whose A$H,( 298 K) are known with those of the compound(s) 
of interest. The best results are obtained when the reference compounds are structurally 
similar and in the same chemical family. Application to hydrocarbons and various hydrocar- 
bon derivatives containing one functional group is documented in this report. Comparison 
with literature values of 102 compounds resulted in a standard deviation of 1.27 kJ mol. ‘. 
In most cases, the difference between the literature value and the value from our results is 
within the normal errors associated with vaporization enthalpy determinations. A linear 
correlation between the logarithms of experimental vapor pressure and reciprocal retention 
time was also observed for the compounds studied. 

Keywords: GC; Heat of vaporization; Retention time; Vapour pressure 

1. Introduction 

Gas chromatography has been frequently used to measure thermodynamic prop- 
erties of solutions, and a number of investigators have measured vaporization 
enthalpies of pure materials indirectly by this technique. The most detailed vapor- 
ization enthalpy studies are those of Peacock and Fuchs, who used gas chromatog- 
raphy to measure enthalpies of transfer from solution to vapor [ 1,2] and combined 
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these results with solution calorimetry to correct for the heat of solution of the 
solute in the stationary phase of the column [2]. Although differences between 
literature and experimental vaporization enthalpies were observed, it was possible 
to obtain accurate vaporization enthalpies by correlating the observed vaporization 
enthalpies with literature values. The equation resulting from the correlation was 
used to correct other observed vaporization enthalpies obtained by this combined 
calorimetric-gas chromatographic technique. This procedure has been demon- 
strated on liquids boiling over a wide range of temperatures and containing a 
variety of functional groups [2]. 

We report some simple modifications of this technique that eliminate the need for 
the calorimetric measurements and generally simplify the experimental aspects of 
the experiment. As described by Fuchs and others [ 1,2], a plot of ln( l/t,) vs. 
l/( r/K), where t, is the retention time corrected for the dead volume (retention time 
of a compound less the retention time of an unretained reference), results in a 
straight line, whose slope when multiplied by the gas constant affords A:<&,,,. We 
have found that, in cases where compounds are properly selected with regards to 
molecular structure, plotting Af$,,H,,, against the known vaporization enthalpy at 
temperature T, A$H,,(T), also affords a straight line. The equation of this line can 
subsequently be used to evaluate the unknown vaporization enthalpy of any 
structurally related material provided that the unknown is analyzed at the same 
time as the standards. We have applied this procedure in a systematic manner, and 
have found that this technique is capable of reproducing the resulting AfH,( 298) of 
a compound generally within the experimental error limits associated with the 
vaporization enthalpy of the standards. Hydrocarbons, and also hydrocarbon 
derivatives containing single and multiple functional groups, have been examined in 
separate studies. This report focuses on the results obtained on hydrocarbons and 
hydrocarbon derivatives containing a single substituent. 

2. Experimental 

2.1. Instrumrntution 

All the determinations described here were performed on a Hewlett-Packard 
Model 5890 Series II Gas Chromatograph equipped with a split/splitless capillary 
injection port and a flame ionization detector (FID). No additional modifications 
were necessary. Retention times, in minutes, were recorded to three decimal places 
by means of a Hewlett-Packard Model 3396A integrator/plotter. 

The chromatographic columns employed, unless otherwise stated, were a 30 m x 
0.32 mm DB-5 (from J and W Scientific) and a 60 m DBS-MS capillary column 
with a 0.25 urn film thickness. A 60 m x 0.25 mm x 0.20 urn SP-2331 fused silica 
capillary column was also used for some experiments. Helium was used as the 
carrier gas, with column head pressures of 2.5, 5, 10, 25 or 30 psi as noted. 
Although in principle these determinations should be possible on either packed or 
capillary columns, all of our experiments were performed on a capillary column. 
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Analyses were performed using a split injection ratio of z 1OO:l. A split injection 
was used to keep sample loading to a minimum, thereby also minimizing solute- 
solute interactions and increasing the accuracy of the retention time measurement. 
Standard injection size was 1 ~1. Sample purity is not an issue using this technique, 
as the chromatography can generally separate the impurity from the compound of 
interest. Temperature control was provided by the instrument. The column temper- 
ature was monitored independently using a Kluke 51 K/J thermometer. Constant 
temperature was maintained within f 0.1 “C. The detector and injector were 
maintained at 250 and 200°C respectively for all experiments. 

2.2. Procedure 

A small amount of sample is added to z 1 ml of a volatile solvent such as carbon 
tetrachloride, methylene chloride or methanol. In cases where the solvent had a 
retention time causing it to interfere with the analysis, we used higher boiling solvents 
such as dodecane. Several standards of similar functionality to that of the target and 
whose vaporization enthalpies bracket the compound of interest were chosen. If the 
solvent is retained at the temperatures to be studied, a small amount of an unretained 
compound is added; e.g. methane, butene, etc., is bubbled into the solution. The 
non-retained standard used in each experiment in Tables 2-4 is noted following the 
numerical identification of each mixture unless otherwise indicated. Isothermal gas 
chromatograms were obtained over a 50°C range at least every 10 K. The net 
retention time t, was calculated for each compound by subtracting the retention time 
of the unretained compound. A plot of ln( 1 it,) vs. l/( r/K) for each compound results 
in a straight line that gives A&,H, when the slope is multiplied by the gas constant 
R. We have observed that the quality of the correlation coefficient is a good 
indication of whether the unretained compound is truly unretained at the tempera- 
ture of the experiment. A correlation coefficient of < 0.99 obtained from a plot of 
ln( l/t,) vs. l/T is usually an indication of some retention (see Table 3, column 7). 
A second plot of A&,H,,, against AfH,(lit) also results in a straight line if the 
standards are properly chosen. The vaporization enthalpy of the unknown is 
calculated from the equation of the line obtained in the second correlation. 

More than one unknown can be determined in the same mixture providing that 
the compounds can be separated by the chromatography. We have measured as 
many as seven target compounds and five standards in the same mixture. The method 
is thus a very fast means of making determinations when several compounds of the 
same family and similar volatility are to be measured. 

Capillary column injection ports are generally isobaric and this results in a 
decrease in flow rate as the helium viscosity increases with increasing column 
temperature. This effect is apparent in the retention times listed for carbon 
tetrachloride in Tables 1 and 2. Because the standards are analyzed at the same time 
as the targets and thus experience the same flow rate change, correction for this effect 
is not necessary. It is also significant to point out that, although A&,H,,, is evaluated 
at the average temperature r,, the correlation with experimental values can be at 
any temperature. This correlation yields results directly applicable to the temperature 
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CC retention times (in minutes) of various hydrocarbons vs. temperature 

Temperature/-C 

150 160 

2.053 2.071 
2.554 2.464 
3.488 3.145 
5.943 4.848 
8.392 6.489 

12.335 9.068 
28.852 19.452 

Temperature/’ C 

170 

2.099 
2.412 
2.920 
4.132 
5.264 
7.000 

13.741 

Compound a 
Mix 1 

180 190 200 

ccl, h 2.120 2.153 2.178 
Decane 2.373 2.360 2.349 
Dodecane 2.757 2.656 2.580 
Tetradecane 3.635 3.305 3.067 
Pentadecane 4.430 3.875 3.484 
Hexadecane 5.624 4.713 4.085 
Octadecane 10.095 7.752 6.195 

Compound il 
Mix 2 

130 140 150 

ccl, s I .976 2.002 2.032 
lsooctane c 2.111 2.113 2.125 
I-Octene 2.232 2.207 2.198 
p-Xylene 2.441 2.372 2.330 
o-Xylene 2.520 2.434 2.380 
( +)-Limonene 3.140 2.894 2.725 
Dodecane 4.744 4.000 3.502 

* Compounds are listed in order of increasing retention time: DES-5 column. 10 psi. ’ Unretained 
reference. c Only the first four temperatures were used. 

100 110 120 

1.900 1.928 1.950 
2.155 2.128 2.114 
2.440 2.337 2.272 
2.917 2.692 2.542 
3.106 2.830 2.646 
4.825 4.025 3.500 

10.445 7.624 5.880 

as determined by the standards. Additional details regarding the effect of heat 
capacity corrections on these results will be reported separately. 

2.3. Compounds 

Systematic nomenclature for some of the common names of substances given 
in Tables l-4 is as follows. ( + )-Limonene: (R)( + )-4-isopropenyl- 1 -methyl- 
I-cyclohexene; trans-stilbene: trans-1,2_diphenylethene; adamantane: tricyclo- 
[ 3.3.1 .12.6]decane; methyl palmitate: methyl hexadecanoate; methyl oleate: methyl 
ck-9-octadecenoate; mesityl oxide: 4-methyl-3-penten-2-one; camphor: ( + ) - 1,7,7- 
trimethylbicyclo[ 2.2.l]heptan-2-one; norcamphor: ( f )-bicyclo[2.2. l] heptan-2-one; 
thymol: 2-isopropyl-5-methylphenol; 2-picoline: 2-methylpyridine; 2,6-lutidine: 2,6- 
dimethylpyridine: 2,4,6-collidine: 2,4,6_trimethylpyridine. All compounds were pur- 
chased from Aldrich Chemical Company or Fisher Scientific. 

3. Results and discussion 

Table 1 illustrates the application of this technique to a series of hydrocarbons at 
two different temperatures. Fig. 1 illustrates a typical chromatogram of the hydro- 
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carbons of mix 1. This mixture contains a homologous set of n-alkanes similar to 
those examined by Fuchs et al., but the hydrocarbons of mix 2 are structurally more 
diverse. A plot of ln( l/t,) for each compound as a function of l/T gives a 
straight line from which A&,H,is obtained. These results are shown in Fig. 2 and 
the slopes of the lines are listed in the second column of Table 2. In a second series 
of correlations, plotting A&,H,,, for each compound in Table 2 against each respective 
known ApH,,,(298) gives the results shown in Fig. 3. The data in the two lines 
correspond to two experiments conducted on the same column with the same column 
head pressure but different temperature ranges. The equation of the line obtained by 
least squares for the n-alkanes of Table 1, mix 1, is characterized by a correlation 
coefficient of 0.9999 and is given by Eq. (1); Eq. (2) and a correlation coefficient of 
0.9960 summarize the similar results obtained for the hydrocarbons of mix 2. 

Mix 1 

A$H,( 298),,,,, = ( 1.457) A$,,H,,, - 1.3 1 (1) 

Mix 2 

ApH,,,( 298)ca,cd = ( 1.3O)A&,H,,, + 0.59 (2) 

Column 5 of Table 2 gives the vaporization enthalpy of each respective compound 
as calculated from Eqs. (1) and (2). The results for n-dodecane, a compound used 
in both series of experiments, are included to illustrate the precision of this method. 
A reliable vaporization enthalpy at 298 K is not available for octadecane. Antoine 
constants describing the vapor pressure-temperature relationship from 318 to 361 
K are available [6], and transformation of the vapor pressure/temperature data using 
a 30 K temperature range results in a ApH,,,(333 K) of 84.31 kJ mol- ‘. The heat 
capacity C,,( 1) of liquid octadecane was estimated by a group method [7] and the 
following relationship was used to correct vaporization enthalpies to 298 K [S] : 

AfC,AT = [ 10.28 + 0.26C,,(l)](T - 298) (3) 

This resulted in a vaporization enthalpy of 89.92 kJ molt ‘, in good agreement with 
the value reported in Table 2. 

The linear relationship observed between A&,,H,,, and AgH,,, suggests an easy 
method for obtaining the vaporization enthalpy of an unknown as illustrated for 
octadecane if the vaporization enthalpies of several structurally related compounds 
are available. The accuracy of the results depends on the accuracy of the vaporiza- 
tion enthalpies of the reference standards. We have chosen to illustrate this 
procedure on the linear alkanes because accurate data which have been critically 
reviewed [5] are available for these compounds. However, we have found that this 
correlation gives satisfactory results on all the hydrocarbons we have examined. 

A study of the effect of temperature on the quality of the correlations is 
illustrated by the results reported for mix 3 (Table 2). Analysis of the same mixture 
over the temperature ranges 40-78 and SO- 120°C gives similar ApH,,,(298 K) 
values. These similar results are obtained under conditions where the retention 
times vary significantly. We conclude from these results that, provided that both 
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1 Temperature (160 ‘C) 

I 

L______. ___ 2.07 1 cc14 

2.464 decane 
3.145 dodecane 

L====-_ 4.848 tetradecane 

i _- 6.489 pentadecane 

9.068 hexadecane 

19.452 octadecane 

Fig. I A typical gas chromogrdm obtained for mix 1 at 160-C; intensity vs. time (in min) 

knowns and unknowns are analyzed simultaneously and accurate t, values can be 
measured, the measured vaporization enthalpy is not highly dependent on the 
temperature range selected for study. The choice of temperature range does play an 
important role in one respect, however. The magnitude of the corrected retention 
time is significantly affected by temperature. For volatile compounds with short 
retention times, uncertainties in the measurement of t, can become significant in 
relation to the magnitude of t,, resulting in an increase in the error associated with 
A&,H,,,. Although it is possible to run chromatograms below ambient temperature 
to increase retention times, we have not tested this approach, and this has limited 
the size of the molecules we have examined at this end of the scale. 

To determine the role that column selection plays in the correlations for 
hydrocarbons, we have compared the results obtained for the components of mix 1 
(DB-5 capillary column, 150-200°C) with those obtained on a more polar column 
(SP-233 1 capillary column, 90- 140°C) for mix 4. The lower temperatures used for 
experiments on the more polar column were necessitated by shorter retention times. 
Very little difference is observed between the two sets of vaporization enthalpies 
evaluated by the correlation. 
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Fig. 2. A 

l/IO. 

3 
’ isooctane 

1-octene . 

0.0021 0.0022 0.0023 0.0024 0.0025 0.0026 0.0027 

I/T in l/K 
natural logarithm plot of reciprocal corrected retention time against reciprocal temperature (in 

The results obtained for naphthalene in mix 3 also bear mentioning. Naphthalene, 
m.p. 80.4”C, is a solid over the temperature range 40&78”C. The results obtained below 
and above 80°C are within 2 kJ mol- ’ of each other and are in reasonable agreement 
with a ApH,,,(298) of 53.3 kJ mol -I, calculated from the difference between the 
sublimation enthalpy at 298 K (72.4 kJ mol- ’ [lo]) and the fusion enthalpy (19.1 
kJ molt ’ [ 121). This suggests that the GC correlation method can be also used to 
measure vaporization enthalpies APH,, of solids. The analyses of some additional 
solids can be found in Tables 2 and 3; solid compounds can be located by the (c) 
following their name. AfH,( lit) values for most solids were calculated from differences 
in sublimation and fusion enthalpies [9,10]. These compounds and those for which 
the literature AaH,,(298) values are enclosed by brackets (column 4 of Tables 3 and 
4) were not used in the correlations but are included for purposes of comparison. 
For some of these compounds it was necessary to calculate vaporization enthalpies 
at 298 K from the Antoine constants measured at higher temperatures and to correct 
the resulting vaporization enthalpies for heat capacity differences over this temper- 
ature range. The values for most of these compounds were also not included in the 
correlations because the data have not been critically reviewed. Only for octadecane 
(mix 4) eicosane (mix 5) and phenol (mixes 26 and 28) were non-reviewed values 
used. The value used for octadecane in mix 4 was evaluated in mix 1 and the value 



J.S. Chickos et ul./Thermochimicrc Actu 249 (1995) 41-62 

20 25 30 35 40 45 50 55 60 
Enthalpies of transfer from solution to vapor in kJ/mol 

Fig. 3. A correlation of literature vaporization enthalpies at 298 K of the hydrocarbons of Table 2 
against vaporization enthalpies of transfer from solution to vapor: H, mix 1, line from Eq. (I): 0, mix 
2, line from Eq. (2). 

for eicosane was evaluated from the Antoine constants [6]. All were used because 
reliable vaporization enthalpy data were not available for compounds of similar 
volatility. The results for these mixtures should be treated accordingly. 

In order to test the generality of the procedure just outlined to evaluate 
vaporization enthalpies of hydrocarbon derivatives, we examined several series of 
mixtures, each series characterized by a common functional group. The results of 
these experiments are summarized in Table 3. This grouping together by functional- 
ity was suggested by the results obtained on hydrocarbons and the results from a 
series of experiments in which the hydrocarbon portion of the molecule was held 
constant and the functional group was varied. These results are discussed below. 

Linear correlations are observed between A$,H,, and A$H,,(lit) for a wide range 
of simple organic molecules when the functional group is held constant and the 
hydrocarbon portion of the molecule is allowed to vary. A selection is represented 
in Table 3, which includes most common functional groups: organic acids (mix 7) 
alcohols (mixes 8- lo), aldehydes (mix 1 1 ), primary amines (mix 12) bromides (mix 
13), chlorides (mix 14) disulfides (mix 15) esters (mixes 16- 18). ethers (mix 19), 
iodides (mixes 20 and 21) ketones (mixes 22224) nitro compounds (mix 25) 
phenols (mix 26) and pyridines (mix 27). It appears from the correlations that the 
nature and location of the functional group in the molecule are not very important 
provided that compounds of similar composition are compared. Compounds con- 
taining quaternary carbon atoms, such as t-butanol and 2-methyl-2-pentanol (mix 
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100 / 

90 - 

0 

intercept 0.0 

slope 1.0018 
number of compounds 102 

correlation coefficient 0.9950 
standard dewation 1.279 KJ/mol 

201-- I 
20 30 40 50 60 70 80 90 100 

Experimental vaporization enthalpies at 298 K in kJ/mol 

Fig. 4. A correlation of vaporization enthalpies of the compounds in Tables 2 and 3 evaluated by gas 
chromatography to experimental vaporization enthalpies at 298 K. 

9), are correlated by this approach as well as other compounds that form strong 
hydrogen bonds. The results for the ketones (mixes 22 and 23) obtained on two 
different columns suggest that, although A&, H, values are dependent on the nature 
of the stationary liquid phase of the column, the vaporization enthalpies obtained 
by correlation are not significantly affected. 

A measure of the quality of the correlation can be obtained by examining the 
results of Fig. 4. The parameters of the line obtained by a least squares treatment 
with the intercept forced to pass through the origin are given in the figure. A 
standard deviation of 1.28 kJ mol- ’ was observed between literature and correlated 
gas chromatographic values. Calculated and experimental vaporization enthalpies 
are correlated by a coefficient of 0.9950. The equation of the line without this 
restriction was not significantly different. Compounds for which values are shown 
in brackets in Tables 2 and 3 were not included in the correlation, and those used 
frequently as standards were included only once. 

The results obtained from Tables 2-4 suggest that the quality of the correlation 
is not extremely sensitive to the structure of the hydrocarbon portion of the 
molecule provided that the functional group is maintained constant. The results 
from studies in which the hydrocarbon portion of the molecule was held constant 
and the functional group was allowed to vary as mentioned above are tabulated in 
Table 4 for mixes 28 and 29 and shown in Fig. 5. Although data for far fewer 
compounds are available in this case, there appears to be more scatter between 
calculated and experimental results. A standard deviation of 3.57 kJ molt ’ was 
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Experimental vaporization enthalpies at 298 K in kJ/mol 

Fig. 5. A correlation of vaporization enthalpy of the compounds in Table 4 evaluated by gas 
chromatography to experimental vaporization enthalpies at 298 K; squares, CH,CH,-X -CH&H,; 
circles, Ph-X. 

observed between literature and gas chromatographic vaporization enthalpies of the 
12 compounds examined. The values enclosed in brackets in Table 4 were not 
included in the correlation. These results are very similar to those observed in 
previous modeling studies. A$H,,,(298) values for compounds containing a single 
functional group are far more sensitive to the nature of the group than to the 
location of the group in the molecule [ 181. 

In addition to obtaining vaporization enthalpies by this technique, gas chromato- 
graphic retention times can be correlated to experimental vapor pressures [ 191. 
Correlation of the logarithm of reciprocal corrected retention time with the 
logarithm of the experimental vapor pressure for 99 of the 102 compounds listed in 
Tables 2-4 gave the results shown in Fig. 6. Experimental vapor pressures were 
obtained from the reported Antoine constants [6] evaluated at temperatures consis- 
tent with both retention time measurements and range of applicability. The results 
reported in Fig. 6 are vapor pressures evaluated at several different temperatures, 
and are intended to illustrate the quality of the correlation that can be obtained. 
Exclusion of the data associated with the filled circles results in a linear correlation 
described by the constants in Fig. 6. The standard deviation of the mean is 0.45 
natural logarithm units, which corresponds to an uncertainty of 1.57 kPa. The filled 
circles represent the results obtained for the carboxylic acids of mix 7. It appears 
that, although the logarithms of vapor pressure and reciprocal retention time of the 
carboxylic acids do not correlate well with the results obtained for other functional 
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-2 - 0 In(F) = 2.8657 + 1.0704 In(l/tr) 
-3 - corr. coeff. = 0.965 

standard deviation = 1.570 KPa 
-4 - number of compounds 99 

-5 - ?? carboxylic acids 

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6 

In [(l/corrected retention time)/(l/min)l 
Fig. 6. A correlation of logarithm of experimental vapor pressure against the logarithm of reciprocal 
retention time. 

groups, they do correlate amongst themselves. This emphasizes the importance of 
the proper selection of standards in using this technique to evaluate the vapor 
pressure of an unknown. Similar gas chromatographic correlations have been 
used by environmental chemists to evaluate the vapor pressures of polyaromatic 
and polychlorinated hydrocarbons [ 19,201. 

4. Summary 

The gas chromatographic technique described here appears to be an accurate 
means of determining vaporization enthalpies of simple molecules. At present, we 
have demonstrated its application for determining vaporization enthalpies and 
vapor pressures of hydrocarbons and simple hydrocarbon derivatives. The advan- 
tages of this method are its speed and accuracy and small sample sizes required. In 
addition, whereas most thermochemical measurements require purities in excess of 
990/o, there is no minimum purity requirement for this method. 

The foremost limitation of this method is that the results are entirely dependent 
upon the choice of standards and the reliability of their vaporization enthalpies and 
vapor pressures. An additional concern to those interested in using this method is 
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the need to document the stability of the compounds being studied under the 
conditions of chromatography. The model we have used in selecting appropriate 
standards is very similar to a model developed to predict vaporization enthalpies. 
Vaporization enthalpies of hydrocarbons and hydrocarbon derivatives containing 
the same functional group can be evaluated to a very good approximation by means 
of the nature of the functional group and the carbon count [ 181. The location of the 
functional group in the molecule plays a more significant role in more highly 
substituted compounds. The evaluation of vaporization enthalpies of more complex 
molecules, the effects of heat capacity corrections and a discussion of the factors 
influencing the success of the correlation will be the focus of a future report. 
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