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SUMMARY 

The relative molar heats and entropies of solution for methylbenzenes, 
chlorotoluenes, chlorobenzenes and chloroxylenes have been determined using the 
relative retentions on Apiezon L, poIy(ethyIenegIycoIadipate), poly(pheny1 ether) and 
methylphenylsilicone; the corresponding values for C&, olefins were calculated on 
pentadecane and dinitriloadipate. It was shown that the semi-empirical theory of 
selectivity of the stationary phases being applied to such systems permits one to ob- 
tain reasonable results, within the limit of experimental error. The relative molar 
heats of solution give information about the number and nature of the substituents in 
the benzene ri.ng. The difference between the relative molar heats of solution in polar 
and non-polar stationary phases is proposed as arz analyticat parameter for identifica- 
tion that is sensitive to the polarity of the solute. It was shown that the orientation 
forces in a polar stationary phase do not affect the selectivity for methyl and chloro- 
benzenes strongly. A “hyperconjugation” effect is discussed for the solutes under 
study in non-polar stationary phases and some semi-empirical equations are derived 
for calculating the relative molar heats of solution of methylbenzenes and olefins using 
this effect. 

The calculated values of the relative entropies of solution permit one to estim- 
ate the positions of substituents in the benzene ring. The possibility of calculating the 
relative molar entropy of solution of light olefins is discussed. Some semi-empirical 
equations are derived for calculating the enthalpic and entropic selectivities of non- 
polar stationary phases. 

iNTRODUCliEON 

One of the most important problems in gas-liquid chromatography (GLC) is 
to establish a method for A&e prediction of the selectivity of stationary phases. Al- 

though many papers (for example, refs l-6) have dealt with the problem, its theoreti- 
cal solution has not been found because of difficulties encountered in the development 
of the general theory of dilute solutions of non-electrolytes. Therefore, a useful 
method of solving the problem is to develop semi-empirical theories for the predic- 
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tion of thermodynamic functions of solutions, which enable one to consider the selec- 
tivity on a physico-chemical basis. The total selectivity of the stationary phase (rela- 
tive retention) is calculated by combining the enthalpic and entropic selectivities; two 
independent thermodynamic parameters of the selectivity are also a sufficient basis 
for identification. ,- 

The aim of this paper is to prove that the thermodynamical ~emi-empirical 
theory of the selectivit$ of stationary phases’.* is applicable to some simple substances 
and to discuss the possibi!ities of identifying these substances by using retention data. 

Let us call “simple” molecules those which are derived from benzene by re- 
placing hydrogen atoms with chlorine or methyl groups and by replacing single C-C 
bonds in alkanes with double bonds. Methylbenzenes, chlorobenzenes, chlorotoluenes, 
chlororotoluenes, chloroxyienes and Cd, olefins on non-polar (pentadecane, Apie- 
zon L), moderately polar [poly(phenylsilicone)PPMS-4] and polar [poly(ethyIene 
glycol adipate), PEGA, and dinitriloadipate] stationary phases were stludied. 

The ex_periments were carried out using Chrom-2, Chrom-3 1 and Varian Model 
1560 gas chromatographs with flame-ionization detectors. The length of the column 
varied from 0.8 to 1.6 m and the I.D. from 3 to 4 mm. Chromosorb G was coated with 
24% of Apiezon L, PPMS-4 or PEGA. The solid support Inz-500 was coated with 
15 % of pentadecane or dinitriloadipate. The amount of each sample component was not 
greater ‘ihan 0.01 mg. The relative retention data were measured at at least four differ- 
ent temperatures in the range 25-220”. The relationships between the logarithm of the 
re!ative retention and l/T were extrapolated to a standard temperatures (50” for ole- 
f&, 100” for methylbenzenes and 1.50” for chloro-substituted solutes). The standard 
deviations of the relative retention were found to be 0.2-O-3 %. 

The effect of the interphase adsorption on the relative retention was investi- 
gated for dichlorobenzenes on Apiezon L. When the amount of the stationary phase 
was varied from 0.5 to 4 %, the relative retentions of these solutes remained constant, 
within experimental errors. These results are inlgood agreement with the published 
datag. 

The relative molar heats and entropies of solution were calculated by using 
the slope of the logarithm of the relative retention as a function of l/T and reiative re- 
tentions at standard te_mperatur, a**J1_ The mean standard deviations of the caku- 
lated molar relative enthalpies and entropies of solution were 0.07 keel/mole and 0.15 
e-u., respectively. 

ENTHALI’IC SELECTMTY FOR AROMA-IX SOISJ-IES 

The relative molar heat of solution (enthalpic selectivity) is dculati using the 
following equations’: 

dff, = 4HL + 4H,” (I) 
AH; = iXKnoDno (2) 

“5 

where 
AH; = relative energy of the intermolecular interaction; 
AH,” = relative energy of hole formation; 
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Kflo = coe5cient of intramolecular shielding; 
DmO = dispersion interaction index; 
n0 = atomic group of thgsolute molecule; 
i ZY.Z normalization coe5cient, 

Let us calculate the molar heat of solution for benzene in Apiezon L using 
eqns. I and 2. ihe benzene molecule can be divided into six CH grdups, each of which 
interacts with the environment in the plane of the benzene ring (A) and in the plane 
perpendicular to it (B)_ The Van der Waals radii of a CH group in pianes A and B are 
2.0 and 1.85 A, respectivelyl’. KnO for a CH group in benzene is 0.45. Then, K,,DnO 
values’ for a CH group in planes A and B are 2.19 and 2.79, respectively. Every CH 
group has one contact point with the environment in plane A and two contact points 
in plane B. Therefore, K,,OD, = (2.19 -0.33) f (2.79-0.67) = 2.59. 

These values were caliulated for all of the solutes studied (Table I). As was 
shown earlier13, the difference between the calculated(AHi) and experimental (AH,“,> 
molar heats of solution, F, is related to the steric hindrance. In order to estimate an effect 
of substitution in the benzene ring on the molar heat of solution, the values 6F = 
E,--Fb, are used, where bz refers to benzene (Table I). 

The relationship between the 6E values and the number of the vicinal methyl 
groups in methylbenzene molecules is expressed as follows: 

ST= = 0.25-O.Oln (3) 

where n is the number of substituted groups in the benzene ring. The corresponding 
relationships for chlorobenzenes, chlorotoluenes and chloroxylenes, respectively, are 

_. &?, = 0.67 R . 

SF= = OSln f 0.65 
-_ (4) 

SF= = 0.4?n + 1.05 

The me& standard deviations of the dF=--SF values for methylbenzenes, 
chlorobenzenes, chlorotoluenes and chloroxylenes are 0.07, 0.06, 0.2 and 0.1 kcal/ 
mole, respectively. Hence the calculated SF= values are the same as those found ex- 
perimentally, within experimental error. 

Let us discuss the effect of the number of substituents in the benzene ring on 
the value of &?. All of the 6s values for methylbenzenes are virtually identical, because 
the heat of hole formation is compensated for by an increase in the ener_q of hyper- 
conjugation . I3 As a consequence of hyperconjugation, an electron cloud passes parti- 
ally from the methyl group to the benzene ring and the Van der Waals radius of this 
methyl group is decreased; in accordance with the London equation the latter leads 
to an increase in the energy of intermolecular interaction. 

The Van der Waals radius of the benzene molecule is increased when a 
hydrogen atom is replaced with a methyl group or chlorine atom; then the energy of 
hole formation is increased by transition from benzene to methylbenzenes. As shown 
earlierX3, the difFerence between the energies of hole formation of tollrene and benzene 
is about 0.6 k&/mole; if the #, value for all methylbenzenes is ‘virtually constant, 
the energy of “hyperconjugation” is about -0.6 kc&/mole per methylene group. The 
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TABLE I 

MOLAR HEATS OF SOLUTION (kcd.hoIe) OF THE SUBSTANCES UNDER kJDY IN 
APEZON L 

‘Benzene 15.5 
Toluene 18.45 
o-Xykne 21.3 
m-Xylene 21.3 
_g-Xylene 21.3 
1,2,3-Trhe’Jlylbenzene 24.2 
1,2,4-Trimethyibenzene 24.2 
1,3,5-Trimethykenzene 24.2 
1,2,4,5-Tetramethylbenzene 27.1 
1,&3,5-Tetramethylben 27.1 
Pen~ethyIbenzene 30.0 
Hexzmethylbenzene 32.9 
Chiorokzene 20.6 
o-Dicldorotenzene 24.8 

. p-Dicldorobenzene 24.8 
*_ m-Dichiorobenzene 24.8 

1,2,3-TrichIorobenzene 29.0 
1,2,4-Trichlorobenzene 29.0 
1,3,5-Trichlorobenzene 29.0 
1,2,3,5-Tetrsbblorobenzene 33.9 
1,2,4,5-Tetracblorobenzene 33.9 
1,2,3,4-TeEacMorobenzene 33.9 
Per&chlorobenzene 37.4 
Hexachlorobenzene 41.6 
o-Chlorotoluene 22.7 
m-Chlorotoluene 22.7 
p-Chlorotoluene 22.7 
2,6-Dichforotoluene 26.9 
2,5-Dichlorotoiuene 26.9 
2$-Dichlorotoiuene 26.9 
2~4,6-Trichlorotduene 31.1 
2,4,5-Trichiorotoluene 31.1 
2,3,5-Trichlorotoluene 31.1 
2,3,6-Trichlarotoluene 31.1 
2,3,4-TrichIorotoluee 31.1 
2,3,5,6-TetrashidrotoIuene 35.3 
2,3,4,5-Tetrzchlorotoluene 35.3 
Pentaclriorotolueae 39.5 
o-chloro-p-xylese 25.5 
2,.5-DichIoro-p-xylene 29.7 
2,3-Dichloro-p&me 29.7 
2,3,5-Trichloro-p-xyhe 33.9 

O-454 
0.448 : LE 
0.447 
0.447 
0.447 
0.447 
0.447 
0.447 
0.447 
0.447 
0.447 
0.447 
0.456 
0.462 
0.%2 
0.462 
0.472 
0.472 
0.472 
0.472 
0.472 
0.472 
0.472 
0.472 
0.46 
0.46 
0.46 
0.465 
0.465 
0.465 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.47 
0.46 
0.45 
O-46 
0.46 

9.52 
9.52 
9.52 

10.85 
10.85 
10.85 
12.15 
12.15 
13.4 
14.75 
9.40 

11.6 
11.6 
li.6 
13.7 
13.7 
13.7 
15.7 
15.7 
15.7 
17.65 
19.65 
10.45 
10.45 
10.45 
125 
12.5 
12.5 
14-65 
14.65 
14.65 
14.65 
14.65 
16.6 
16.6 
18.55 
11.75 
13.7 
13.7 
15.75 

6.34 0.70 
7.34 0.94 
8.65 0.87 
8.51 1.01 
8.51 1.01 
9.90 .0.95 
9.63 1.22 
9.66 1.19 

10.88 1.27 
11.00 1.15 
12.42 1.02 
13.95 0.80 
8.10 1.30 
9.35 2.15 
9.30 2.20 
9.30 2.20 

10.95 2.75 
10.85 2.85 
10.85 2.85 
12.1 3.6 
12.1 3.6 
12.35 3.35 
13.55 4-l 
14.9 4.75 
8.85 1.6 
8.85 1.6 
8.85 1.6 

10.45 2.05 
10.45 2.05 
10-45 2-05 
11.75 285 
11.8 2.8 
11.8 2.8 
12.05 2.55 
12.2 2.4 
13.2 3-4 
13.35 3.25 
14.8 3.75 
9.85 1.9 

11.4 2.3 
11.55 2.15 
12.85 2.9 

0034 

0.31 
0.25 
0.52 
0.49 
0.57 
0.45 
0.32 
0.10 - 
0.60 
1.45 
1.50 
1.50 
2.05 
215 
2.15 
2.9 
2.9 
2.65 
3.4 
4.05 
0.9 
0.9 
0.9 
1.35 
1.35 
1.35 
215 
2.1 
2.1 
1.85 
1.7 
27 
2.55 
3.05 
2.2 
1.6 
1.45 
2.2 

effect of hyperconjugation does .not occur for chlorobenzenes (see eqn. 6); the SE, 
values are positive and proportional to n. 

Let us compare the F values of isomers. I.&f= tSC-Ue @Fe is the experi- 
mentai value for the given isomer and SE, is the calculated value for ticinal isomer). 
The random position of substituents increases the elective volume of +Je molecule 
‘compared with the vicinal isomer, and therefore the f values for vicinal .isomers are 
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TABLE 11 

VALUES OF f (kcal/moie) Folk THE SOLUTES UNDER STUDY IN APIEZON L 

SoiUre f Sdufe f 

129 

m-Xylene- 0.09 
pXy Iene 0.09 
1,2,4Trirnethylkxzene 0.30 
L,3,5-Trimethylknzene 0.27 
1,2,4,5-Tetramethylb 0.36 
1,2,3,5-Tetramethylbenzene 0.24 
m-Dichlorobenzene 0.18 
~Dichlorobenzene 0.18 
1,2,4Trichlorobenzene 0.17 
1,3,5-Trichloroben 0.17 
1,2,3,5-Tetzchlorobnzene 0.25 
1,2,4,5-Tetrachlorobenzene 0.25 

m-ChIorotoIuene 0 
@hIo_mtoluene 0 
2,6-DichIorotoluene -0.16 
2,5DichIorotoluene -0.16 
2,bDichlorotoluene -0.16 
2,4,6_TrichloroWuene 0.15 
2,4,5-Trichlorotoluene 0.05 
2,3,5Tricldorotoluene 0.05 
2,3,6-Trichlorotoluene -0.17 
2,3,5,6TetrachlorotIuene 0.16 
2.3-Dichloro-pxylene -0.10 

smalier than for non-vi&al isomers. Hence the differences in f values show the 
vicinal or non-vicinal position of homogeneous substituents (not, for example, for 
chlorotoluenes). Thefvalues for the solutes studied are &en in Table II. 

In going from a non-polar to a polar stationary phase, some other factors in 
the enthalpic selectivity appear, such as the orientation interaction; the ener,q of 
hole formation and the interphase adsorption also change. A complete account of 
all of the new factors is virtually impossible and only the application of a comparative 
technique permits one to overcome some of the difficulties that arise_ 

The Van der Waals radii of a methyl group and a chlorine atom are actually 
very close (2.0 and 1.8 A, respectively), and therefore the Van der Waals volumes of 
the homomorphous chlorobenzene, chlorotoluene and me’&ylbenzene molecules may 
be considered to be identical; hence, the ener.gg of hole forruatior for these homo- 
morphous molecules is the same. We denote as the homomorphous those molecules 
which have the same number and positions of the substituents. Let us denote a varia- 
tion in the relative heat of :solution in passing from a non-polar to a polar stationary 
phase as SH:, and 6Ri = SH&--SI?& (X is the solute under study. and h is the 

homomorphous methylbenzerie) : 

(7) 

wherencl = number of chlorine atoms in the molecule: 
fl = coefficient expressing a deviation of the dispersion ener,y; 
80 = difkence in the orjentation ener-q. 
The dispersion interaction enera for a chlorine atom is greater than that for a 

methyl group’ and therefore b must be negative; the dipole moment of Ar-Cl is also 
much greater than for Ar-CE& (1.5 and 0.4 D, respectively) and therefore the A0 value 
also must be negative. 

The results in Table III show that SSZ is positive for chlorobenzene and is 
close to zero for all other vicinal chlorobeuzenes. This resu!t indicates a Very weak 
orientation interaction for the systems under study. Every dipole group Ar-Cl in the 
vi&al chlorobenzenes is shielded, which decreases the orientation interaction ener,yy; 
for non-vicinal isomers, this shielding is lower and therefore the SSZ values for non- 
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RELATIVE &MOLAR HEATS OF SOLUTION QcaI/moIe) IN P0IL.a STATIONARY PHASES 

Solafe 

Toluene 
u-Xylene 
m-XyIene 
p-Xy Iene 
1,2,3-TrimethyIbenzene 
1,2,4-Trimethylhenzene 
1,3,5_TrimethyIbenzew 
1,2,4,5-Tetramethylbenzene 
1,2,3,5-Tetramethylbenzene 
Pentamethylbenzene 
Hexamethylbenzene 
Chlorobenzene 
o-Dichlorobenzene 
p_Dichlorobenzene 
m-Dichloroberzene 
1,2,3-Trichlorobenzene 
1,2&Trichiorobenzene 
3,3,5-Trichiorobenzene 
1,2,3,5-TetrachIorobeniene 
1,2,4,5-Tetrachtorobenzene 
1,2,3&Tetrachlorobenzene 
Pentachlorobenzene 
HexachIorobenzene 
o-Chlorotoluene 
m-Cfdorotoluene 
pChIorotoluene 
2,dDichIorotoIuene 
2$DichIorotoIuene 
2&DichIorotoiuene 
2,4,6-Trichlorotoluene 
2,4,5-Trichlorotoluene 
2,3,5-Trichlorotoluene 
2,3&TrichIorotoIuene 
2,3,4_TrichIorotoIuene 
7 3 5 6-Tetrachlorotoluene 9 > , 
2,3,4,5~TetrachIorotoluene 
Pentachlorptoluene 
o-Chloro-p-xylene 
2,5-DichIcro-p-xylene 
2,3-DichIoro-p-xylene 
2,3,5-Trickoro-p-xytene 

0.16 0.96 0.M 
0.16 2;11 0.20 

:::: 3 1.79 1.98 0.19 0.38 
0.39 3.48 0.08 
0.42 3.01 0.28 
0.55 2.96 0.36 
0.61 4.01 0.53 
0.70 4.12 0.54 
0.88 5.41 0.65 
1.03 6.61 1.00 
0.35 - - 

-0.06 - - 
-0.16 - - 
0.03 - - 

-0.09 -.- - 
-0.07 - - 
-0.35 - - 

-0.05 - - 
-0.01 - - 
- - - 

-0.03 - - 
-0.03 - - 
0.24 - - 

-0.15 - - 
-0.21 - - 
0.30 - - 
0.08 - - 
0.18 - - 
0.40 - - 
0.09 - - 

-o_os - - 
- - - 
- - - 
0.12 - - 

-0.28 - - 
0.30 - - 
0.18 - - 
0.24 - - 
- - - 
0.22 - - 

* These mlues for chloro-substituted solutes are actually the SE,0 vaIueS. 

0.84 
2.05 
1.82 
1.76 
3.17 
2.87 
2.77 
3.93 
3.96 
5.18 
6.58 
1.30 
2.90 
2.70 
2.55 
4.30 
4.15 
3.50 
5.10 
5.15 
5.55 
6.35 
7.55 
2.10 
2.30 
2.30 
3.50 
3.60 
3.50 
4.30 
4.75 
4.80 
4.80 
5.20 
5.85 
6.40 
7.10 
2.90 
4.20 
4.35 
5.40 

Sfafionary phase 

PEGA 

--AH: Srr,“’ 

PPE -, - PPMS4 

-AH: cTH,” -AH: 

-- 
- 
- 
- 

- 
- 
- 

- 
1.61 
3.00 
2.90 
2.90 
4.50 
4.30 
4.QO 
5.50 _ 
5.50 
5.85 
6.84 
8.20 
2.35 
2.40 
2.43 
3.80 
3.80 
3.70 
4.80 
5.25 
5.20 
5.20 
5.35 
6.50 
6.85 
8.00 
3.40 
4.80 
s.(x) 
6.20 

vicinal isomers are more negative than those for vicind isomers. This an clearly be 
seen for di- and trichlorobenzenes ; :he dBerenc& for tetrachlorobenzenes 8re negli- 
gible. 

Chlorobenze~es have only homogeneous dipoks, wme chlorotoiuenes and 



chloroxylenes have -two Merent types of dipoles. For chlorobenzenes, shielding 
strongLyy affects on the SBz vahtes: Sj?$’ for p-chlorotoluene is 0.5 kcal/moIe lower 
than that for o-chlorotoluene. This difference is much greater than for dichloroben- 
zene isomers. With a non-polar stationary phase, shielding of the methyl group by 
chlorine atoms in chlorotoluenes affects the SHi values of the isomers. For example, 
in passing from 2,3,4,5- to 2,3,5,6tetrachlorotoluene, the orientation interaciion 
energy is reduced by 0.4 kcal/mole. 

One of the most important analytical problems in GLC is the resolution of 
mixtures containing isomers; the identification of these isomers is also 2 difficult 
problem. As the relative molar enthalpy of sohrtion is a parameter for identification, 
it is important to investigate the relationship between the position of a substituent in 
the benzene ring and the difr”erences in the relative molar heats of soIution in going 
from a non-polar to a polar stationary phase. Such relationships are shown in Fig. 1. 
As a rule they can be expressed in terms of linear plots. The difference between the 
relative molar heats of solution in a polar (PEGA) and 2 non-polar (Apiezon L) sta- 
tionary phase @H,O) is described by the equ%on 

The constant t is -0.30, -0.35, -0.08 and -0.08 kcal/mole for methylbenzenes, 
chlorobenzenes, chloroxylenes and chlorotoluenes, respectively. Eqn. 8 is valid for 
solutes with n >, 2. AU solutes in eqn. 8 are vicinal isomers. 

Let us discuss eqn. 8. The SR: value is the difference in the relative molar heats 
of solution for homomorphous molecules, i.e., in this instance the different energies of 
hole formation in polar and non-polar stationary phases are not taken iuto account. 
MY: includes the Latter difference. A polar stationary phase is a more rigid structure 
than a non-polar one and therefore the energy of hole formation for the polar station- 
ary phase must be higher than that for a non-polar one. The ener_q of hole formation 

Fig. 1. Relationships between QH. va!ues and the number of substituents in the benzene ring for 
vicinal isomers (the stationary phzses are PEGA ar,d Apiezon L)_ 1, CNorobenzenes; 2, methyl- 
benzenes; 3, @lorotoluenes (A) and chloroxylenes (II!). 
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is proportional to the Van der Waafs volume of a molecule and hence to the number of 
substituents in the benzene ring. All substituent groups in the solute moiecufes under 
study have the same Van der Waals vohune, which is why the slopes in Fig. 1 are 
identical. 

The c value in eqn. 8 reilects 2 variation in the energy of interaction in going 
from non-polar to polar stationary phases. The m&e positive the E value, the weaker 
is the interaction energy for homologous series of vicinal isomers. The dipole moments 
of chlorotoluene molecules are much higher than those of chloro- and methylbenzenes, 
and therefore the orientation interaction energy for chlorotoluenes in a polar station- 
ary phase are the highest. However, Fig. 1 shows that 2 line for chlorotoluenes is 
located higher than those for methyl- and chlorobenzenes. This is additional evidence 
that the orientation interaction energy has 2 small influence on SH,“. It is interesting 
that the lines for some homologous series in Fig. 1 are clearly separated: thus, the 
position of the experimentally found point for an unknown solute shows the number 
and nature of the substituent groups. The data in Fig. 1 enable one to establish the 
the above-mentioned parameters for the unknown moiecules using two independent 
values. 

The ener,qy of hole formation is very sensitive to the arrangement of substitu- 
ents in the benzene ring. For example, the 6H,” values for the most difficult to resolved 
isomers of xylenes and dichlorobenzenes are different, which is useful as 2 basis for 
identi6cation. However, 2 variation in the polarity of 2 stationary phase does not 
result in a difference in enthalpic selectivity for p- and m-chlorotoluenes. The 1,3,5- 
isomer for trisubstituted homogeneo-us compounds has the maximal value of 6&T’. 

The difference in the relative molar heats of solution in polar and non-polar 
stationary phases in a sensitive parameter for the identscation of simple aromatic 
molecuIes. By comparing these parameters, it is possib!e to draw conclusions about 
the number of substituents in the benzene ring, their homogeneity and the nature of 
partially and fully shielded methyl groups in chlorotoluenes. 

The phenylsilicone stationary phase PPMS-4 is a high-temperature liquid of 
intermediate polarity. Its enthafpic selectivity towards isomeric chlorobenzenes is 
intermediate between the values for non-polar and polar stationary phases (Table III). 

Fig. 2. Relationship between 6Ei: V&ES and ffie number of methyl groups in the vieid metbyl- 
bazene molecule. T&e stationary phwes are PPE and Apiezon L. 
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Hence “rhe enthalpic selectivity of an intermediate polar stationary phase does not 
make a new contribution to the selectivity; such a selectivity can be obtained by using 
an appropriate mixture of polar and non-polar stationary phases. 

Poly(pheny1 ether) (PPE) is a stationary phase that is selective for the resolu- 
tion of geometrical isomers, Le., it has “structural” selectivity. This stationary phase 
has a rigid structure consisting of aromatic rings connected by ether linkages. The 
SH,O values for vicinal methylbenzenes using PPE are shown in Fig. 2. It can be seen 
that the isomeric selectivity on PPE is different from those obtained on PEGA. For 
example, the 8H,” value of o-xylene on PPE deviates substantially from those for other 
isomers. The non-vie&d trimethylbenzenes have 6H,O values that are much higher 
than those for the vi&al isomers. Such results indicate the possibility of using a 
“structural” selective stationary phase for the identification of isomers with two or 
three substituents that are cii@cult to resolve. 

ENTROPIC SELECTIVITY OF STATIONARY PHASES FOR BENZENE DERIVATIVES 

As was shown earliep, there is a relationship between the relative molar 
entropy of solutioa (dS4 and the “compensation” effect (c~Mi/n: 

AS; = cAH;IT + F (9) 

where 
F = R In _Mx/Mr + c’R In J,/J, - c’R In o,lor; 
R = RlnM” -i- c’RlnJ” - c’Rlno”; 
J = moment of inertia of the solute molecule, which is equal to Mr’, where 

r is *he radius of rotation; 
M = molecular weight; 
G = de,= of symmetry; 
C’ = degree of hindrance of the rotation of the molecule in the solution. 
All of the derivatives under study hzve an internal rotation that does not 

change the conformation of the solute molecule, and therefore the internal rotation 
is not hindered in a non-polar stationary phase solution and we take into account 
only variations in the entropy of external rotation during condensation of the solute 
molecules iron the gas phase into solution. 

In order to calculate the moments of inertia for solute molecules, we used 
data on molecular geometrical structure, lengths of bonds in Angstroms and molecular 
weights in hydrogen units. The total moment of inertia of a particle is found as the 
product of the moments of inertia of the projections of the molecule on three axes of 
coordinates. The moment of inertia of the molecule is calculated as the sum of the 
moments of inertia of all atoms or atomic groups for the molecule. The rotational 
radius of a carbon atom in a benzene ring is 1.4 A, for a methyl group is 2.94 A and 
for a chlorine atom 3.16 A. For all solutes, J” >> M”, and we can therefore neglect 
the term RlnM”. To a tist approximation, we also neglect the term containing the 
degre& of symmetry. Then 

AS,” = c”AN,” + 4.58 c’log J” 

where co = c/r 

(10) 



Let us calculate the constants in eqn. 10 using data for very similar solutes, 
Liz., penta- and hexamethylbenzenes, on Apiezon L at 100”. Then we can write the 
following two equations for hexa- and pentamethylbcnzene, respectively: 

5.27~’ + 7.61~” = 8.97 (11) 

4.9& + 6.06c” = 7.19 (12) 

Solving these equations, we found c’ and C” to be 0.0655 and 1.1336, respectively. 
Using eqn. 10, the reIative molar entropies in Apiezon L were calculated and are 
listed in Table IV (4S&)). The error of this technique is SS,O = 4S& - dS,“,, 4S,“, 
being values caIculated from experimental retention data. 

Taking into account ‘ihat C” = c/T, the coefficient c” can be recalculated to 
150” and found to be 1 JO. The c’ values for chloro derivatives were calcu!ated by 
solving eqn. 10 for penta- and hexachlorobenzenes. The mean value of c’ for chloro- 
benzenes is the same as for methylbenzenes (0.0655). As can be seen from Table IV, 
the mean standard deviation of the calculated values of LfS.TC from the experimenta 
values is 0.22 e-u., which is ciose to the errors in gas chromatographic determinations. 

To obtain more precise results, let us discusss some special features of the solu- 
tes under study. Fig. 3 is a plot of SS: v2r.m the number of substituents in the benzene 
ring for homolo_gous series of vi&al isomers. These reIationships are approximated 
by straight lines according to foIIowing er@tions for methylbenzenes, chloroxylenes, 
chlorotoluenes and chlorobenzenes, respectively: 

SS;= = 0.06 - O.Oln (14) 

sS,C = 0.09 - 0.0% (15) 

SS,O, = 0.3i - 0.06~ (16) 

SS;= = 0.95 - 0.15n (17) 

where II is the number of substituents in the benzene ring. 
Taking into account these four equations, the mean standard deviations of the 

calculated values of the mo!ar entropy of solution are decreased for methylbenzenes, 
chforoxylenes, chIorotoluenes and chlorobenze&es to 0.03, 0.07, 0.05 and 0.04 e-u., 
respectively. 

Let us consider the relative molar entropies of solution for isomeric substan- 
ces. As can be seen from Table IV, vi&al isomers have the maximal dSi v&es. Let 
us estimate the positions of substituents in the benzene ring quantitatively using the 
term “positional entropy”. Thermodynamic definitions give entropy as a function of 
the thermodynamic probabiiity W, using the Boltzman constant, k: 

S = kin W (18) 

Let us introduce some formal approaches. The benzene ring has six positions for 
bonding with substituents. The vicin&I position of substituents is the more rigid, 
“packed” structure; such isomers have the minimal value of positional entropy. 
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RELATIVE MOLAR ENTROPIES OF SOLUTION (ea.) LN APIEZON L 

So&e A = C.SSIogP c’A c”AN,” cls:, Lisa, 

Toluene 
p-Xyfene 
t-Xylene 
o-Xylene 
I ,3,5-Trimethyibenzene 
1,2&Trimethylbenzene 
1,2,3-Trimethylbenzene 
1,2,4,%Tetramethylbenzene 
I,2,3,5_Tetramei~~~~nzene 
Chlorobenzene 
p-Dichlorobenzene 
m-Dichlorobenzene 
o-Dichlorobenzene 
1,3,5-Trichlorobenzene 
I ,Z,PTrichlorobenzene 
1.2,3-Trichlorobenzene 
1,2,3,5-Tetrddorobenzene 
1,2,4,5-TetrschIorobenzene 
1,2,3,$_Tetrachiorobenzene 
o-Chlorotoluene 
m-Chlorotoluene 
p-Cfi?frotoluene 
2,6_DIchlorotoluene 
2,5-Dichiorotoluene 
2,4-Dichlorotoluene 
2,4&Trich!orotoiuene 
2,4,5-Trichlorotoiuene 
2,3,5-Trichlorotoluene 
2,3,6-Trichlorotoluene 
2,3+TrichlorotoIuene 
2,3,5,6_TetrachIorotoluene 
3 3 4 5-Tetrachlorotoluene -7 9 f 
Pentachlorotoluene 
o-Chloro-p-xylene 
2,3-Dichioro-p-xylene 
2,5-Dichioro-p-xylene 
2,3,5-Trichloro-p-xylene 

1.47 -0.10 -1.12 -1.22 -1.18 0.04 
2.36 -0.15 -2.46 -2.61 -2.75 -0.14 
2.87 -0.19 -2.46 -2.65 -2.74 -0.09 
2.87 -0.19 -2.62 -2.Sl -2.77 0.04 
3.24 -0.21 -3.77 -3.98 -4.27 -0.29 
3.15 -0.20 -3.75 -3-95 -3.91 0.04 
3.24 -0.21 -4.05 -4.26 -4.30 -0.04 
3.68 -0.24 -5.15 -5.39 -5.4s -0.09 
3.68 -0.24 -5.28 -5.52 -5.67 -0.15 
2.82 -0.18 -1.75 - 1.93 -2.04 -0.11 
3.92 -0.26 -2.94 -3.20 -2.90 0.30 
5.14 -0.33 -2.95 -3.28 -2.90 0.38 
5.14 -0.33 -3.00 -3.33 -2.67 0.66 
6.22 -0.40 -4.50 -4.90 -5.08 -0.18 
6.00 -0.39 -4.50 -4.89 -4.73 0.16 
6.22 -0.40 -4.60 -5.00 -4.49 0.51 
6.96 -0.45 -5h5 -6.20 -6.01 0.19 
6.96 -0.45 -5.75 -6.20 -5.99 0.21 
6.96 -0.45 -6.00 -6.45 -6.01 0.44 
4.28 -0.28 -2.50 -2.78 -2.58 0.20 
4.28 -0.2.3 -2.50 -2.78 -2.57 0.21 
3.32 -0.22 -2.50 -2.72 -2.56 0.16 
5.55 -0.36 -4.10 -4.46 -4.52 -0.06 
5.55 -0.36 -4.10 -4.46 -4.51 -0.05 
5.55 -0.36 -4.10 -4.46 -4.51 -0.05 
6.55 -0.43 -5.40 -5.83 -5.s2 0.01 
6.55 -0.43 -5.45 -5.88 -5.74 0.14 
6.45 - 0.43 -5.45 -5-M -5.76 0.12 
6.45 -0.43 -5.70 -6.13 -6.26 -0.13 
6.55 -0.43 -5.83 -6.26 -6.27 -0.01 
7.25 -0.47 -6.86 -7.33 -7.24 0.09 
7.30 -0.47 -7.00 -7.47 -7.20. 0.27 
7.90 -0.51 -8.43 -8-94 -9.13 -0.19 
4.82 -0.31 -3.50 -3.81 -3.86 -0.05 
6.00 -0.39 -5.05 -5.44 -5.65 -0.21 
6.00 -0.39 -5.20 -5.59 -5.62 -0.03 
6.95 -0.45 -6.50 - 6.95 - 7.07 -0.12 

Moving the substituents apart to other possible positions in the benzene ring, we 
obtain komers with higher positional entropies. Let us assume that for two substitu- 
ents in the ortho-, meta- and para-positions W is 1, 2 and 3, respectively. For 1, 2,3- 
trimethylbenzene, W = 1 x 1 because two pairs of methyl groups in this molecule 
are in o&o-positions; for the same reason, 1,2,4- and 1,3,5_trimethylbenzenes have 
W equal to 1 x 2 and 2 x 2, respectively. Therefore, the decrease in rotational 
entropy during solution will be proportional to the positional entropy of the isomer. 
This loss (j = SS,O - SS,O,, S.S,O being calculated for the vicinal isomer) is as follows 
for methylbenzenes and chlorobenzenes, respectively: 

J= -3.3 log W (1% 



Fig. 3. Re!ationships between SS,D values and the number of substituents in the benxne ring for 
vicinai isomers of cbforobenzexs (I) and methylbeIuenes (2) in Apiezon L. 

: 
- 

J = -6.6 log w wj 

The mean standard deviation for calculated values of isomeric substances is 0.04 e-u. 
Ete numerical constants in the last two equations express the differences in the moie- 
cular weights of the kbstituents. Values off on Apiezon L are given in Table V. 

A comparison of data for chlorotoluenes with partially (2,3-dichloro-) and 
fully (2,6dichloro-) shielded methyl groups shows that the latter isomers havefvalues 
that are 0.2 e-u. lower. 

Thus, we can write the total equations for the .&lculation of the relative molar 
entropies of solution for methylbenzenes and chlorobenzenes, respectively, in Apiezon 
L, as 

AS,” = l.l336dH,” f 0.0655 - 4.58 log J" - 0.011~ + 0.06 - 3.3 log W (21) 

AS,” = 4H,” f 0.0655 - 4.58 log J" - 0.15~ + 0.95 - 6.6 log W (22) 

The relative molar entropies of solution in PEGA and PPMS-4 are listed in 
Table VT. The coehkients c’ calculated from experimental data for PPMS-4 and 

TAi3LE v 
VALUES OF? (e.u.) ON APEZON L 

So Iute i soiurt? i- 

m_Xylene -0.13 2,6-Dichloroto!uene -0.19 
p-Xylene -0.18 2,4,5-Trichlorotojuene 0.07 
1,2,4-Trimethylbenzene 0.01 2,3,6-Trichiorotchene -0.20 
1,3,5-Trimethyknzene -Ct.32 2,3,5,6-TetrzhXorotoluene o_cks 
1,&3,5-Tetrame~&y&enzene -0.17 7 3 4 5-Te*&a&orotoluene 

-’ ’ .’ 
0.26 

1,2,4,5-Tetx%zethylbenzzne -0.11 mn-Dichlorobenzene -0.28 
m-ChloroColuene 0.01 p-Dichlorobenzeue -0.36 
p-CHoiotoluene -0.04 1.2,4-TrickIo_robenzene -0.35 
2,4-Dicblorotoluene -0.18 f,3,5-TrichlOiOklZZ -0.69 
2,S-Dichiorotoluege -0.18 1,~3,5_TetrzcMorob -0.25 
2,3.5-Trichlorotoluene 0.05 l.~4,5-Tekzhlorokn -023 
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PEGA are O-b?6 and O.f47, respectively, whikh indicate the greater hindrance of 
rotation in these more polar stationary phases thti in Apiezon L. These co&cients 
are proportiond to the pokrity o$ the stationary phase. 

The mean &andard deviations of relative molar entropies of soiution calculated 
using&e described technique in the polar stationary phases are much gnzater (0.S e-3.) 
than for Apiezon L, which is a limitation of the method. The relationships between 
the SS,O values zmd the number of substituents in the benzene ring for.homologous 
‘series of vi&al isomers using the polar stationary phases are non-linear. 

Thus, a discussion of the experimenti data for simple aromatic substances has 
shown that it is possible to apply the semi-empirical theory of seIectivity of the stztion- 

TABLE VI 

RELATIVE MOLAR ENTROPIES OF SOLUTION (e-u.) IN PEGA AND PPMS4 

Solute PEGA PPlwS4 

AS: SS,’ AS,” 6s: 

Toluene -G.S4 0.04 
o-Xylene -2.00 0.01 
m-Xylene -1.97 -0.14 
p-Xylene -1.76 -G.G7 
1,2,3-~Trinxthylbenzeenzene -2.89 -0.02 
l&l~Trhethylbeuzene -2.56 -0.22 
1,3,5-Trimethy!benne -3.06 -0.47 
1,2,4,5-Tetrametbyibzene -3.79 -0.30 
1,2,3,5-Tetrznetbylbnzene -3.67 -0.16 
ChIoroSenzene -0.76 0.87 
ii-Dicklorobenzen~ -2.31 0.59 
m-DichIorobenzece -2.18 0.78 
u-Dichlorobenzene -2.45 0.81 
I,3,5-Trichlorobenzene -3.41 0.60 
1,2,4-Trichlorobenzene -4.18 0.49 
1 ,z3-Tricblorobenzene -3.94 0.69 
1,2,3,5-Tetradorobenzene -5.30 0.14 
1,2,4,5-Tetrzldorobnzene -5.28 0.20 
1,2,3,4-Tetrachlorobene -5.56 0.18 
o-Chlorotoiuene -1.92 0.53 
m-Chlorotoluene -2.33 0.28 
p_Chlorotoluene -2.32 0.15 
2,6_DichIorotoluene -3.57 0.27 
2,~Dichlorotoluene -3.72 0.21 
2,4_DichIorotoluene -3.62 0.22 
2,4,6-Trichlorotoluene -4.51 0.17 
2,4,5-Trichlorotoluene -4.79 0.29 
2,3,5-Tricblorotoluene -?.SG 0.31 
2,3,6Trichlorotoluene -4.77 0.34 
2,3,4Trkhlorotoluene -5.20 0.26 
2,3.5,6-Tetrachlorotoluene -5.54 0.59 
2,3,4,5-Tetichloorotolueoe -6.00 0.64 
PzWachlorotoIuene -7.06 0.25 
o-ChIoro-PxyIene -2.98 0.25 
2,3-Dichlow~xylene -3.83 0.69 
2,5-Dichloro-_=xyIene -4.42 0.23 
2,3,5-Tricklorog-xykne -5.30 0.39 

- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 

-1.63 0.17 
-2.87 0.26 
-2.90 0.34 
-2.86 0.4S 
-3.97 0.43 
-4.57 0.09 
-4.49 0.38 
-58a 0.03 
-5.93 -0.02 
-6.11 0.12 
-2.32 0.32 
-2.45 0.24 
-2.43 0.17 
-3.94 0.21 
-3.9s 0.17 
-3.82 0.23 
-5.07 0.16 
-5.65 0.06 
-5.54 0.03 
-5.47 0.10 
-5.42 0.29 
-6.97 -0.10 
-7.27 -0.05 
-8.45 -0.09 
-3.86 -0.16 
-5.45 0.31 
-5.30 G-G4 
-6.70 -0.13 
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a-y phase’.’ for calculating relative molar enthalpies and entropies of solution in 
non-polar stationary phases. 

Relative molar heats of solution in non-polar stationary phases, the difference 
between relative molar heats of solution in polar and non-polar station- ph&es and 
relative molar entropies of solution in non-polar s*ationary phas& are parameters 
for the identification of the substances under study by GLC. The relative molar heat of 
solution in Apiezon L is the most informative parameter for evaluating the number of 
substituents in the benzene ring, using eqns. 3-6. By comparing the SH,3 values 
(eqn. 8), it is possible to estimate the nature of the substituents, their homogeneity and 
the shileding of methyl groups. The relative molar entropy of solution in Apiezon L 
is the most informative parameter regarding the positions of substituents in the ben- 
zene ring; this parameter also gives information about the number of substituents in 
the molecule. It should be noted that the more reliable parameter for identification is 
relative moI& heat of solution, which does not depend on the variation of some of the 
experimental conditions. Relative retentions for aromatic solutes are given in Table VII. 

RELATiVE MOLAR ENTROPIES AND ENTHALPIES OF SOLUTION FOR OLEFINS 

The experimental results are presented in Tabie VIII. Each relative value char- 
acterizes a change in the thermodynamic function of an oiefin compared with a homo- 
morphous alkane, ie., it indicates the influence of a double bond on the formation ofthe 
corresponding thermodynamic property. This pair of substances have similar con- 
figurations, which makes it possible to postulate a similar ener,qy of hole formation 
during solution of these solutes. Hence, the relative molar heat of solution expresses 
only a variation in the ener,T of intermolecular forces. 

We can assume that one of the major factors governing the relative molar 
heats of solution of isooieiins in pentadecane is an increase in the ener=v of the dis- 
persion interaction when the methyl group is Iocated in the a-position to the doubIe 
bond; It is similar to the case of “hyperconjugation” for methylbenzenes. Let us de- 
note the number of methyl groups in the cz-position to the double bond by N and plot 
this value ret-sus the relative molar heats of solution for isoolelins in pentadecane 
(Fig. 4). This relationship is linear and can be approximated by the equation (in 
k&/mole) 

AH,” = 0.2 - 0.27N (23) 

Using these regularities, one can explain, for example, an increase in the relative 
molar heat of solution of 2-olefins compared with I-oiefins (N = 0 for I-olefins and 
N = 1 for 2-oielins). 

On dissolving olefins in a polar stationary phase, the orientation forces appear 
in the solution and therefore for these systems one should take into account an in- 
crease in the dis_persion and orientation energies for each methyl group in the a-posi- 
tion to the double bond. Every double bond forms 2 dipole with the a-carbon atom, 
but only the a-methyl group is not a shielded part of the dipole. For dinitriloadipate, 
the experimentally found relative molar heats of Solution are represented by the fol- 
lowing equation (Fig. 5) : 

4H,” = -0.25 - 0.38N (24) 
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TABLE VT% 

RELATIVE RETENTIONS OF THE SOLUTES 

The st2ndard temp&ature for akylbenzenes is 100” 2nd for chloro derivatives 150”. 

Sohe .’ Apiezon L _PPM5=4 

Toluene 
o-Xylene 
m-Xykne 
p-Xylene 
i,2,3-Trimethylbenzene 
1 ,t,CTrimethylhenzene 
1,3,5-Trimethylbenzene 
1,2,4,5-Tetrzmethylbenzene 
I ,2,3,5-Tetramethylbenzene 
Pentamethylbenzene 
Hexamethyknzene 
Chlorobenzene 
o-Dichiorobenzene 
m-Dichlorobenzene 
p-Dichlorobenzene 
1,3,5-Triddorobenzene 
1.2,4-Trichlorobenzene 
1,2,3-Trichlorobenzene 
1,2,3,5-Tetrachlorobenzene 
1,2,4,5-Tetrachlorobenzene 
1,2,3,4_Tetrachlorobenzene 
Pentachlorobenzene 
Hexachlorobenzene 
o-ChIorotoluene 
nz-Chlorotohiene 
p-Ch!orotoluene 
2,dDichlorotoluene 
2,5-Dichlorotoiuene 
2+DichIorctoluene 
2,4,6-TricNorotoluene 
2,4.5-Trichlorotoluene 
2,3,5-Tric~orotoluene 
2,3,GTrichlorotoluene 
2,3&Trichlorotoluene 
3 3 5 6-Tetrachlorotoluene -9 , , 
2,3,4,5-Tetrachlorotoluene 
Pentachlorotoluene 
o-Chloro-p-xyiene 
2,3-Dichloro-p-xylene 
2,5-Dichlo-m-p-xylene 
2,3,5-Trichloro-p-xylene 

2.12 
5.60 
4.71 
4.68 

14.0 
11.71 
10.30 
29.3 
30.8 
94.8 

314 
2.85 
9.17 
7.70 
7.70 

15.3 
19.2 
24.5 
42.2 
45.0 
57.9 

113.5 
437 

5.32 
5.34 
5.36 

13.3 
13.35 
13.35 
32.5 
35.7 
35.0 
36.7 
43.7 
89.2 

107 
229 

9.30 
26.2 
22.4 
64.1 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
2.97 
S.2? 
7.22 
7.32 

15.35 
16.5 
21.5 
34.9 
33.9 
47-O 
SS.2 

221 
5.06 
4.7s 
4.79 

12.4 
12.15 
11.8 
22.8 
28.9 
29.0 
29.9 
36.7 
65.2 
86.1 

1X6 
8.13 

25.4 
20.4 
54.3 

The first term on the right hand side of eqn _ 24 expresses the additional ener,g of the 
electrostatic interaction for the shielded dipoIe formed by the double bond and a 
methylene group in the a-position. The numerical factor 0.38 represents the additicjnal 
ener,g of the orientation forces. The mean standard deviation in the cakulations of 
the relative molar heats of solutions using eqns. 23 and 24 is 0.1 kcal/mole. 

-Let us discuss the entropic selectivity for olefins (F values). The F values for 
isookfins in pentadecane are described by the following linear relationship with the 



TABLE WII 

RELATIVE MOLAR ENTHALPIES &ca.l~moie) AND EN%ROPXES OF SOLUTION (e-u.) FOR 
0-S CTSING HOMOMORPHOUS ALK4NE AS STAN-DARD 

o&+I 

Propene 
Butane-1 
Pzntene-1 
Eexene-1 
rram-Pentene-2 
cis-Pentene-2 
tram-Hexene-2 
cis-Hexene-2 
frans-Hexene-3 
cis-Hexene-3 
3-_Me&yibutene-1 

ZMethyibutene-2 
3-Meffiylpentene-1 
4-Methylpentane-1 

trmd-Methylpentene-2 
cis4Methylpentene-2 
2-MethyIpentane-1 
trms-3-Metbylpntene-2 
3,3-Dime’ihylbutene-1 
2,3-Dimethylbutene-I 
2,3-Dimethylbutene-2 

n-Pentadecarie Dinitrifffadipa:e 

AH; AS,” F zz$--- AS,” F 

- 0.74 0.30 - -0.11 0.51 
- 0.66 0.22 - - - 
- 0.55 0.14 - -0.25 0.34 
- 0.41 0.04 - -0.31 0.28 
- -0.19 -0.09 - -0.90 0.13 
- -0.39 -0.17 - -1.14 0.11 

-0.05 -0.05 - - -0.67 0.14 
- -0.14 -0.07 - -0.98 0.17 
- 0.06 0.01 - -0.67 0.14 
- 0.01 -0.06 - -l.OL 0.11 
0.17 0.03 -0.22 - - - 

-0.53 -0.85 -0.07 -1.21 -1.57 0.21 
0.07 -0.17 -0.07 - -0.83 -0.07 
0.23 to.12 -0.22 -0.20 - - 

-0.10 -0.36 -0.21 -0.55 -0.84 -0.03 
0.03 -0.1s -0.22 -0.52 -0.72 0.04 

-0.15 -0.24 -0.02 -0.90 -1.25 0.07 
-0.40 -0.70 -0.11 - - - 

0.30 -0.05 -0.45 -0.25 -0.22 0.16 
0.04 0.03 -0.03 -0.60 -0.77 0.11 

-0.88 -1.57 -0.28 - - - 

nirmber of cabon atoms in the molecule (C): 

P = 0.55 - o.osc 

The limit of the F value is zero (Fig. 6). 

(25) 

0 

0 r/ 0 

-10 I 

d 
0 

!/ 
c 

1.0 - 

4 N 
C 6 N 

For the systems under study, In M” is about zero, and therefore we can write 

(26) 

Fig. 4. Relationship between the re!.ative mob heats of solution for oletins in pentzdecane .md &ir 
N vrzlues. 

Fig. 5. Relationship between the relative molar heats of so!ution for ol&.& h din&d&pate and 
CL& N values. 



SELEfXIViTY OF STATIONARY PtikES 

-05 c 
Fig. 6. Relationships between F values and number of carbon atoms in n-oleh moiecules. 1, l- 
Olehs in pentadecane; 2, l-oIefIns-l in dinitri!oadipate; 3, cis-olefins in pentadecane; 4, trans- 
oleks in pentadecane. 

The effective diameter of the hoie in the n-alkane stationary phase is about 3.7 A 
(ref. 14), and therefore rotation of propane and propene molecules along the A-A’ 
axis (Fig. 7) in this hole is not hindered, but rotation along the two remaining axes is 
partially hindered. For the given pair of molecules, the RlnJ” value along the last two 
axes is 0.45 e.u. and Rlna” is -2.75 e.u. Then, from eqn. 26, c’ = 0.094. This value is 
higher than that for aromatic solutes in Apiezon L because of the difference in the 
temperatures of the experiments (2Y and LOO”). 

Thus, the calculation on the basis of geometric parameters permits correct 
conclusions about the relative molar entropies of olefms to be drawn .The possibility 
of making similar calculations for high-mokxular-weight olefins is shght as it is im- 
possible to change the proper cor$guration of a molecule in the gas phase. Energetic 
considerations suggest that a spherical conformation is favourable. In such spherical 
molecules, the differences between saturated and unsaturated hydrocarbons disappear, 
and therefore the Fvalues tend to zero (Fig. 6). 

The molecules of trans-olefins (normal) have the same isotactic configuration 
as the homomorphous alkanes, and therefore their P values are close to zero. The 
structure of c&oleCns (normal) is non-isotactic and therefore their F values are nega- 
tive (Fig. 6). 

When dissolving a substance in a polar stationary phase one should take into 
consideration not only the its solubility but also a marked contribution to the reten- 
tion volume of adsorption on the interphase boundaries. 

A 1 A 2 

Fig 7. ModeIs of propme (1) and propene (2) mole&es. 



When a poIar stationary phase-is used, not onIy the entropy of the e&xnal 
rotation is decreased but also the internal rotation is decreases. In oI&in molecules, 
the internal rotation around the double bond is fully hindered, and he&e the v&a- 
tion of the internal entropy during solution is lower for olefins than that for homo- 
morphous alkanes. The limit of this difference is about 0.2 e-u. (Fig. 6). 

Our results show that it is possible to calctdate the re’rative molar heats of solu- 
tions for olefins in non-polar and polar stationary phases, and these calculated values 
can be useful for identification purposes in GLC. 

CONCLUSIONS 

It has been shown that the proposed semi-empirical theory of se!ectivity of the 
stationary phase permits one to calcuiate the etithalpic selectivity for chloro- and 
methyl-substituted benzenes and C,-C, olefins with a mean standard deviation of 
about 0.1 kc&/mole and the entropic selectivity for these aromatic solutes with a mean 
standard deviation of 0.2 e-u. using a non-polar stationary phase. It is possible to 
identify the number of substituents and their homogeneity using the relative molar 
heats of solution in the non-polar stationary phase and the difference between lnolar 
heats of solution in polar and non-polar stationary phases. The relative molar entropy 
of the aromatic solutes is a useful value for estimating the positions of substituents in 
the benzene ring. 
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