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SUMMARY 

An open tubular column coated with squaIane was used for the measurement 
of the retention of approximateiy 70 aIky1 derivatives of benzene and naphthalene at 
two temperatures_ Steric factors were shown to have a decisive effect on the elution 
sequence of isomers and on the retention index increment when the same aIky1 groups 
were introduced at different positions of the hydrocarbon molecule. The increase in 
the Kovgts index was higher when the aikyl groups were introduced in the ring than 
in a side chain. Proportionahty factors proposed for caiculating differences in the 
retention indices of aromatic isomers on the basis of differences in their boiling points 
varied in the range 3.9-45 

- 

tNTRODUCTION 

The gas chromatographic (GC) retention parameters of hydrocarbons are usu- 
ally determined in particuIar by intermolecuIar Van der Waals forces and by disper- 
sion forces, if the separation occurs in a column containing a non-poIar liquid 
stationary phase. The fact that the interaction forces are additive led Kovats’ to 
suggest a retention index, which in its quantitative form reflects the incremental 
contributions to the free energy of interaction from the individual structural groups 
of a moiecuIe_ Thus, the value of this retention index is determined by the structural 
characteristics of the compounds analyzed, by the types and positions of the func- 
tional groups and the positions of the double bonds and by steric effects-2-a_ There is 
a Iinear correIation between the Kovits index and the free energy of dissoIution, as 
weI1 as other thermodynamic functions of dissoIution*26. Attention has been focused 
on the study of the laws of retention of aromatic hydrocarbons characterized by 
particular molecuhrr structures. 

The measurement of Kovzits’ indices for aromatic hydrocarbons and the prob 
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Iems of qualitative ev-aluation of actual commercial mixtures have been the subject of 
a peat number of studies’i-36. The dependence of the retention indices and their 
increments on column temperature, structure and physicochemical properties of al- 
kylbenzenes have been reported3’*3*39_ 

in the present study Koviits’ indices were measured for aromatic hydrocarbons 
in chemical products of thermal treatment of lignite and bituminous coal. On the 
basis of the data obtained, the relation of the retentiort indices and their increments to 
the structural characteristics of the aromatic hydrocarbons was investigated. 

EXPERIMESTAL 

The measurements were made on a Chrom 41 chromatograph (Laboratory 
Instruments. Prague. Czechoslovakia) equipped with a flame ionization detector. 
Conditions: column. stainless-steel coated open capillary (50 m x 0.25 mm); 
stationary phase, squalane; temperatures, column S6,96C, evaporation cell XO’C; 
carrier gas (nitrogen) inlet pressure_ 103.950 Pa; splitting ratio. 1:lOO; flow-rates. 
hydrogen 30 ml;min, air 350 mijmin; sample volume. 0.1 - 10-3-0.2 - 10e3 ml; column 
efficiency. 71.500 theoretical plates (with respect to fwsylene). 

The hydrocarbons studied were inJected by means of a Terumo (Japan) micro- 
syringe in the form of mixtures of five to seven compounds_ The retention times of the 
hydrocarbons were obtained at a known chart speed (20 mm/min) from at least three 
measurements for each compound. After correction for the retention time of meth- 
ane. the values were employed for the calculation of the Kovrits indices using a special 
program and a HewIett-Packard calculator 9530A. The experimental results and 
variations in the retention indices per ‘C. CtI:‘I:T. are listed in Table I. 

RESULTS .ASD DISCUSSlOir; 

The values of Cl. tT for the aromatic hydrocarbons studied and their isomers 
vary over a fairly wide range: monoalkylbenzenes. 0.2 l-0.49; dialkylbenzenes. 0.15 
0.33; trialkylbenzenes. 0.17-0.27: tetramethylbenzenes, 031-0.35; naphthalene and 
its derivatives. O-32-O.SS_ It is to be noted that the corresponding values for many 
cydoparaffins and cycloolefins’ are comparable with the values of some aromatic 
hydrocxbons. which complicates group idenrification in multi-component mistures. 

The investigation of intermolecular interactions in squalane. which lacks a 
dipole moment. induction forces and hydrogen bonding, led to the conclusion that 
these interactions are determined by dispersion forces, the distinguishing feature of 
xhrch is their additivity. The extent and the importance of the dispersion forces 
depends on the shapes and volumes of the molecules of the substances separated. and 
on the stereochemistry of the substituents in the aromatic ring 

The retention indices (Table I) vary with the boiling points of alkylbenzenes. 
which in turn are a function ofvapour pressure. Fi g- 1 shovvs the linear relationship of 
the retention indices and logarithms of vapour pressure of alkylbenzenes. Similar 
relationships were found for numerous isomers. the elution sequence for the par- 
ticular group of hydrocarbons being dependent on the structure and mutual position 
of the substituents in the benzene ring (Table II). 

The replacement of one methyl goup of dimethylbenzene with an arbitrary 
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TABLE I 

RETENTION INDICES OF ALKYLBENZENES ON SQUALANE AND THEIR TElMPERATURE 
COEFFICIENTS 

Conrpound Temperarure (= C) 

86 96 

s?Z/s?T- IO 

Benzene 
IMethylbenzene 
Phenylacetylene 
Ethylbenzene 
p-Dimethylbenzene 
m-Dimethylbenzene 
o-Dimethylbenzene 
Isopropylbenzene 
Allylbenzene 
II-Propylbenzene 
Styrene 
z-Methylstyrene 
2Methylstyrene 
3-Methylstyrene 
1Methylstyrene 
I-~Methyl-3-ethylbenzene 
I-%~ethyL4-ethylk~ze~e 
I-Methyl-l-ethylbenzene 
1.35Trimethylbenzene 
1.2,-LTrimethylbenzene 
1.23-Trimethylbenzene 
[err.-Butylbenzene 
lsobutylbenzene 
set_-Butylbenzene 
n-Butylbenzene 
I-Methyl-3-isopropylbenzene 
I -Methyl-4-isopropylbenzene 
I-Methyl-l-isopropylbenzene 
Z.3-Dihydroindene 
lndene 
?-~Methylindene 
I.?-Dimethylhydrindene 
5-Ethylindene 
1.3-Diethylbenzene 
I .Z-Diethylbenzene 
1.1Diethylbenzene 
I-Methyl-3-rz-propylbenzene 
I-Methyl-l-n-propylbenzene 
I -Methyl-2-lx-propylbnzene 
was-Decahydronaphthalene 
c&Decthydronaphthalene 
ferr.-Pentylbenzene 
Jet-_-Pentylbenzene 
Isopentylbenzene 
cPentylbcnzene 
I-Methyl-3-rerr.-butylbenzene 
I-,Methyl-+rerr.-butylbenzene 

648.0 
755.0 
830.4 
845.3 
859.0 
861.0 
880.8 
904.1 
917.8 
932.7 
s72.0 
957.8 
972.1 
976.3 
978.6 
945.9 
94s.1 
961.1 
965.0 
982.0 

1007.8 
969.9 
985.5 
986.4 

1031.3 
1000.3 
1007.7 
1013.5 
101!.1 
1011.8 
1054-i 
I 124-i 
- 

1025.7 
1034.8 
1036.S 
1030.4 
1035.9 
1041.0 
1064.7 
1101.4 
1065.9 
1074.7 
1094.9 
1131.3 
1053.6 
1072.3 

650.21 
757.1 
534. I 
847.7 
861.7 
863.2 
883.0 
906.7 
920.0 
935.1 
574.5 
960.0 
971.2 
978.7 
9so.3 
947.4 
950.4 
963.4 
967.1 
985.3 

1010.5 
972.5 
988.3 
989.1 

1034-9 
1001.8 
1009-9 
1015.8 
1014.5 
1015.7 
1057.7 
1128.8 
1203.6 
1018.1 
103S.l 
1039-j 
1032.8 
I038.S 
1045.4 
1069.3 
1106.’ 
1069.5 
1077.8 
IO9S.4 
1136.2 
1056.1 
1074.7 

2.2 
2.: 
3.7 
2.4 
7.3 
2.2 
2.3 
2.6 
2.1 
2.4 
1.5 
2.2 
2.1 
2.4 
1.7 
1.5 
1.1 
2.3 
‘.I 
2.5 
2-7 
2.6 
1.8 
‘7 -_ 
1.6 
1.5 
2.2 
1.3 
3-3 
3.9 
3.6 
4.1 
- 

2.4 
3.3 
2.5 
1.4 
2.9 
3-4 
4.6 
4.5 
3.6 
3-l 
3.5 
4.9 
2.6 
2.4 

(Conrinued OH p_ 28s) 
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TABLE 1 Icomiizued) 

Co.npound Temperalure ( ’ C) 

86 96 

I-Mslhyl-~-Zerr_-butylbenzenc 
2.4-Dimethykqrene 
i-Mrthyl-9-sec_-but~ne 

I-Ethyl-3iwpropylbenzece 
l-Etb~l-ZiS0prOpyl~e! 
I-EthylAisopropylbenzene 
1 .Z_4S_Tctramethylb 
1.2.3,i-Tetmmethylbenzene 
1.2.3.4-Tetritmethylbene 
I-Ethyl-3-tr-propylbenzene 
I-Ethyl-2-II-propylbe 
i-EthyM-qxopylbenzeznzene 
1 .LDiiipropylbenzene 
I.?-D%sopropylbe 
1-IDiisopropylbenzene 
I _I-Dihydronapht 
I .2.3_4-Tetrahydronaphtbalene 
Nsphthalene 
I-Ethyl-I-rrzrl_-butyl~~n~ 
1.4-Dimethyl-2-n-butylbenzene 
1_3.i-Trirthylbsnzene 
l-2,4-Tricthylbenzene 
,I-Hex~lbenzene 
Prntametbylbenzene 
I-~Merhylnaphthalene 
Z-Meth~;!naphthalene 
1.3.i-Trusopropylbenzsnr 
--- 

1088.4 
lOSO. 
1088.7 
1074.3 
1076.9 
1094.5 
X102-.8 
1108-4 
1129.2 
1108.4 
1116.7 
1121.9 
1116.3 
1llS.i 
1151.2 
1127.9 
I 133.2 
1146.0 
11is.5 
1165.3 
1189.1 
1206.3 
i x5.4 
1253.9 
i 264.7 
1165.5 
1285.7 
-___ __ _ 

1090.9 

10842 
1091.0 
1076.5 
1079.8 
1097.3 
1105.9 
1111.4 
1132.7 
1111.1 
1119.2 
1125.2 
1118.8 
1120.3 
1133.4 
1133.2 
1137.6 
1131.8 
1161.0 
1167.1 
1190.8 
1208.0 
1228.8 
1256.6 
1267.9 
1271.1 
1287.5 

.~~ 

25 
3-3 
2-3 
22 
2.9 
1s 
3.1 
3-O 
3.5 
2.7 
2.5 
3.3 
25 
22 
2.1 
3.3 
4.4 
iS 
2.5 
1.8 
1.7 
1.7 
x-z 
4.7 
3.2 
5.6 
1.8 

Fig. :. Dependence of rhe retention indices on the logarithms of the vapour pressure of nlkylhcnzenes ;It 

96 c. 
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TABLE II 

ELUTION ORDER OF DIALKYLBENZENES ON SQUALANE IMPREGNATED OPEN 
TUBULAR COLUMN 

No. of Group constituents E&ion 

hydrocarbon sequence 

group 

I Dimethylbenzenes I para 
2 mela 
3 ortho 

II MetbyIethylbcnzencs 
Metbylpropylbenzenes 
~Methylisopropylbcnzenes 
MethyIbutyibenzenes 
~Methylpentylbenzenes 

1 mera 
2 paru 
3 orrlw 

III Ethylpropylbenzenes 1 nzefa 

Ethylisopropylbenzenes 2 orzho 
Diethylbenzenes 3 para 
Diisopropylbenzenes 
Ethylbutylbenzenes 

- 

para isomer (Fig. 21). Replacement of the other methyi group with an 
alkyl radical C,-C, further retards the para isomer, which in this case leaves the 

column after the mletn and orriro isomers (Fi g 2b). In Fig. 3 both these effects are 
shown within one homoIogous series of alkyibenzenes. 

t 

To 

Fm 

90 

2 
3 
1 

3 
2 
1 

1 2 3 
tlC 

I- 

Fig_ 2. Dependence of the retention indices of monosubstituted isomers of methylbenzene (a) and ethyl- 
benzene (b) on the number of carbon atoms of the substituents. 1 = nreza; 2 = para; 3 = orzho isomers. 

Fig. 3. Dependence of the retention indices and elution sequences of isomers on the number of carbon 
atoms of the alkyl group of C,-C,, alkylbcnzenes. 1 = mera; 2 = or1110: 3 = para isomers 



The explanation of these relationships is to be found in the structural charac- 
teristics and the electron density distribution of the molecules studied. The introduc- 
tion of substituents affects the electron distribution and density of the delocalized x- 
orbital of benzene. The presence of two alkyl Sroups produces effects dependent on 
their character and mutual position_ The greatest asymmetry of the a-dimethylben- 
zene in group I of the isomers causes the maximum retention due to the hindered 
rotation of this isomer in the squalane lattice. In addition. the ortho isomers in the 

= “roup of dialkylbenzenes are characterized by a more compact arrangement of 
atoms_ which is confirmed by their higher density. dielectric constant. coefficient of 
refraction and boiling point. As a result of the very near mutual position of the alkyl 
groups in the orrho isomers. the G,/K conjugation of the C-H bond of a carbon atom 5~ 
to the aromatic ring is disturbed. leading to a decrease in the electron mobility of orrho 

isomers compared with other isomers. It is obvious that the observed relationships 
have a decisive influence on the elution sequence of isomers of groups 1 and II. one 
alkyl goup of which is methyl_ The elution order of isomers of group III. the alkyl 
constituents of which contain tvvo or more carbon atoms, is in agreement with that of 
group 11 as regards the meta isomer. and has nothing in common with group I. 

Since the alkyl substituents have practically equal “polarities”. the above fea- 
tures can be accounted for in terms of the respective alkyl chain lengths. Indeed, 
e.-.xtension of the substituent chain results in an increase in the number of sites in the 
molecules vvhich are capable of mutual attraction. The degree of attraction. and 
consequently of the dispersion forces. is a maximum. provided the linear alkyl radical 
can form a “bent” or zigzag configuration. thus assisting in intimate contact of the 
dialkylbenzene molecules with the stationary phase. This interaction mechanism is 
confirmed by the relative retention data of the isomers studied (Table III). The rela- 
tiv’e retention of p-dialkylbenzenes (Table III), the lowest value of which is charac- 
teristic of methylbenzenes, increases with increasing alkyl chain length. and esceeds 
the retention of nz-dialkylbenzenes by 0-S ‘); (group II) and that of o-dialkylbenzenes 
by 2.3 ‘!,, (group III)_ The stronger retention ofpurtr isomers is directly connected with 
the length of the end alkyl groups which have two micropoles in contrast to the ~~zettr 
and ortlzu isomers characterized b_v a common dipole moment. It is to be noted that in 
this particular case the attractive forces of the alkyl groups predominate over the 
steric factors. p-diisopropylbenzene exhibitin, u the greatest retention relative to the 
ortlro isomers of the hydrocarbons in group III. 

If the retention of the puru isomers of groups 11 and Iii is determined by the 
interaction of the alkyl groups with the molecules of the stationary phase. then the 



RETENTION INDICES OF ALKYLBENZENES 291 

TABLE 1V 

STRUCTURAL INCREMENTS OF ALKYLBENZENES ON SQUALANE 

Conlpouml Temperalure (-Cl 

St 96 
-__- _____ _--- 

Toiuene 55.0 
Id-Dimethylbenzene 59.0 
i.3-Dimethyibenzene 61.0 
i .I-Dimethyibenzene 80.8 
i,3.5-Trimethylbenzene 65.0 
1.2,4-Trimethyibenzene 82.8 
1.2.3-irimethyibenzene 107.8 
i.2.4,5-Tetramsthyibenzene 102-Y 
i.2.3,5-Tetrmnethyibenzene 108.4 
1.2.3,4-Tetramethyibenzene i29_2 
Pentarnethylhenzene 153.9 
Ethylbenzene 45.3 
I .3-Diethyibenzene 25.7 
i.2-Diethyibenzene 3-1s 
1,3_Diethyibenzene 36.8 
1.3.5Triethyibenzene -11.9 
I .2.4-Triethyibenzene 6.3 
n-Propyiixnzene 32.7 
Isopropylbenzene 4.1 
i-3-Diisopropyilxnzene -83.7 
1 .I-Diisopropyibenzene -81.9 
1,-l-Diisopropyibenzene -48.8 
i.3,5-Triisopropyihenzene -214.3 
wrr.-Butyibenzene -30.1 
Isobutyibenzene - 14.5 
SW_-Butyibenzene - 13-6 
fkButyibenzene 32.3 
rrn.-Pentyibenzene -34.1 
Acv.-Pentyibenzene - 25.3 
Isopentyibenzene -5.1 
II-Pentyibcnzene 31.3 
/I-Hexyibenzene 25.1 
I-~Methyi-3-ethyibenzene -15.9 
I-Methyi4ethyibenzene 48.2 
I-Methyl-2cthyibenzrne 61.1 
I-*Methyl-3-II-propyibenzene 30.4 
I-Methqi-l-n-propyibenzene 35.9 
I-Methyl-2-rr-propyibenzene 42.0 
I-Methyl-3-isopropylbenzene 0.3 
I-Methyi4isopropyibenzene 7.7 
I-‘Methyl-2-isopropylhenzene 13-5 
I-Methyi4xc_-butylbenzene -11.3 
I-Methyl-3-rerr.-butyibenzene -46-4 
I-Methyl4rerr.-butyibenzene -27.7 
I-Methyl-2-terf.-butyibenzene -11.6 
i-Ethyl-3-n-propyibenzene 8.4 
I-Ethyl-2-n-propyibenzene 16.7 
I-Ethyl-l-cpropyihenzene 21.9 
I-Ethyl-3-isopropyibe~~enr -125.7 
i-Ethyl-2-isopropylbenzene -23.1 
I-Ethyi4isopropyibenzene - 5.5 
i-Ethyi4rrrr_-butyibenzene -415 

57-i 
61.2 
63.2 
83.0 
67.1 
Y5.3 

110.5 
105.9 
iii.4 
132.7 
158.6 
47.7 
28. I 
38. i 
39.3 

-9.2 
S-0 

35. i 
6.7 

-81.2 
- 79.7 
-46.6 

-717 j _ _. 

-217.5 

-11.7 
- 10.9 

34.9 
- 30.5 
-22.2 

-1.6 
36.2 
28.8 
17.1 
50.4 
63.1 
32. s 
38.S 
45.4 

1-Y 
9.9 

15.8 
-9.0 

-43-9 
-25.3 

-9.1 
11.1 
19.2 
25.2 

-23.5 
-20.2 

- 2.7 
-39-O 
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elution order of the other isomers is closely associated with the steric effects. Thus, 
increasing of one of the two alkyls in dialkylbenzene results in an increase in steric 
hindrances. weakening the dispersion interaction of nreta- compared with para iso- 
mers by approximately 1-O o/0* and enhancing the elution of meta isomers with respect 
co the dialkylbenzenes of group II (Table III). Increasing chain length of the other 
alkyl substituent causes an additional intensification of the steric hindrance. resulting 
in elution of the orrf~o before the para isomers of the hydrocarbons of group III. 

The experimental x alues of the retention indices can be used to calculate values 
of the homomorphous factor. H 

\vherc lab and I, are the retention indices of an alkylbenzenr and of an rr-alkane with 
the same number of carbon atoms. respectively. The values obtained. which permit an 
c\ aluation of the effect of the molecular structure of the alkylbenzene on the retention 
index. are &en in TabIe IV. 

The homomorphous factor increases with increasing methyl substitution from 
msthylbenzene to pentamethylbenzene_ The introduction of one methyl group in the 
benzene ring results in an increase in H on average by 25-30 It;_ In all the other cases 
the values of H decrease with the increasing number of carbon atoms in a molecule. 
including the introduction of a methyl group in the side chain of a ring. A sudden 
decrease in H occurs from n-alkylbenzenes to their respective isu derivatives (n-pro- 
pylbrnzene-isopropylbenzene. wbutyl- and rr-pentylbenzenes and their isomeres) and 
in ;I number ofdericativss of isopropylbenzene. In a homoIogous series of walkylben- 
zenes the decrease in H is insignificant. It is to be noted that the H value for )I- 
propylbrnzenr does not fit the approximately linear dependence (line 1 in Fig. 4) of 
the homomorphous factor on the number of carbon atoms. It is possible to deduce 
from this figure another dependence involving the points corresponding to C9 and 
C,, alkglbenzenes (broken line in Fi g. 4). The anomalously low retention indices of 
rr-propylbenzene and its dialkyl derivatives has been treated in detail by Sojtik and 
co-workers3”-*o_ 

Fig. 4. Dependence of H on the number ofczlrbon atoms for homologous setis of alkylbenzenes ttt S6C. 
I = Monosubstituted rr-~lkylbenzenes- _ 2 = 1.3dialkylbsnzenes: 3 = 3 different interpretation of drpen- 
drncu I_ 
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TABLE V 

CONTRIBUTION OF ONE METHYLENE GROUP TO THE RETENTION INDICES OF HOMOL- 
CKi0U.S SERIES OF ALKYLBENZENES 

B = Benzene; Me = methyl; Et = ethyl; Pr = propyl; Bu = butyl; Fe = pentyl; Hex = hexyl; Hep = 
heptyl; Ott = octyl; Non = nonyl; i = iso; s = set; t = tert. 

Series und compowrdr No. of Temperature (“C) 

carbon atoms 

Lbic compound CH, group incorporated 86 96 

B 
lMeB 
EtB 
n-PrB 
i-PrB 
n-BuB 
n-PeB 
n-HexB 
fz-HepB 
n-OctB 
n-1NonB 

MeB 
EtB 
II-PrB 
i-PrB 
m-BuB 
I-BuB 
s-BuB 
tz-PeB 
n-HexB 

MeB 
EtB 
n-PrB 
n-BuB 
Ix-PeB 
I-Me-3-Et B 
I-Me4EtB 
1-Me4EtB 
I-Me-2-EtB 
I-Me-2-EtB 
i-PrB 
r-BuB 

I.5Di-MeB 
I.bDi-MeB 
I ,-GDi-IMeB 
1.3-DiMeB 
J,2-Di-MeB 

1,2.4-Tri-MeB 
1.3.5Tri-IMeB 
1.2_3-Tri-MeB 
1 .I.+Tti-MeB 
1,2.3-Tri-,MeB 

MeB 
J,ZDi-MeB 
I-Me-ZEtB 
1 -Me-2-n-PrB 
I-Me-2-i-PrB 
I-Me-?-n-&B 
I-Me-2-n-PeB 
J-Me-2-n-HexB 
I-Me-2-n-HepB 
I-Me-2-n-CktB 
I-Me-2-n-NonB 

1.4-Di-Meb 
I-Me4EtB 
I-1Me4n-PrB 
1 -Me4i-PrB 
I-IMe4n-BuB 
I-Me4z-BuB 
I-Me4s-BuB 
1 -Me4n-PeB 
I-Me4n-HexB 

J,%Di-MeB 
I-IMe-bEtB 
I-Me-3-n-PrB 
I-IMe-3-n-BuB 
I-Me-3-n-PeB 
I.?-Di-MeJ-EtB 
1.2-Di-Me4EtB 
1,3-Di-Me4EtB 
1.3-Di-Me-2-EtB 
l,4-Di-Me-2-EtB 
I-Me-3-i-PrB 
1-IMe-3-r-BuB 

1.2,3-Tri-.MeB 
1 ‘) 3-Tri-MeB ._- 
1.2.-l-Tri-MeB 
1,3.5-Tri-1MeB 
1.2.4Tri-MeB 

1.2.3,4-Tetra-MeB 
1,X3,5-TetriGMeB 
1.2.3,~Tetrz-MeB 
1.2.4.5-Tetra-MeB 
I .2.3.5-Tetra-MeB 

107.0 
125.8 
115.8 
109.3 
109.4 
- 
- 
- 
- 
- 
- 

106.9 
125.9 
115.7 
110.3 
109.1 
106.5* 
102.3* 
104.lf 
J 03.6* 
103.2+ 
102.6* 

104.0 10-2.2 
102.9 102.7 
103.’ 103.7 
103-6 103.2 
103.1 102.3* 
102.4 102.2 
102.3 101.9 
103.2 103.3* 
101.3 102.1* 

104.0 
100.6 
97.7 

- 
- 

l3S.3 
119.8 
115.1 
106.5 
95.8 
96.2 
s-7 

106.1 
99.7 
97.7 
9x0- 
91.3*** 

139_2f 
1 2o0.0* 
11x3* 
107.1’ 
95.6f 
95.1 
83.6 

146.8 
1’7.0 
123.8 
104_0 
102.0 

146.4 
143.4 
121.4 
120.0 
100.6 

147.3 
127.5 
124.0 
103.9 
102.3 

147.-l 
l-11.3 
122-2 
120.2 
100.9 
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TABLE V fconrinuedj 
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Series and compound+ x0. of Temperature (“C) 
carbon a!oms 

ausic compouNf CH, group incorporared 86 96 

l.Z.G-Tetra-MeB I 2 * 4 5-Penta-MeB , ,A . 
1,2.3.5-Tetra-MeB 1.2.3,4,5-Penta-IM~B 
12.3.-I-Tetra-MeB I .2,3.-1,5-Penra-IMeB 

Pent&&B Hexa-MeB 

Styrene -I--IMe-Sryrene 
Styrene 3-Me-Styrene 
Sty-em 2-Me-Stj-rene 
st>rene z-Me-Styrene 
Indene Xkle-Indene 
2-Me-Styrene 7.4-Di-Me-Styrene 
I.Ms-Sryrene X4-Di-Me-Stqrene 
Naphthakne 2-Me-Naphthalens 
Xaphrhaknc I-Me-Naphthalene 

hrruducrion oJ’ CH, inro side 

>leB EtB 
ErB n-PrB 
II-RB n-BuB 
n-BuB n-PeB 
II-PsB n-HexB 

I.-Z-Di-NleB 
I-\le-l-EtB 
I-Xl&-mPrB 

I-Me4EtB 
I-Me4n-PrB 
I-Me--&AW3 

I-Me-&r-BuB 
1-~le-&fr-PeB 
I-Me--I-tr-HexB 
I -Me--l-i-PrB 
I-Et-l-i-PrB 

I-Me-I-n-PeB 
I-MeA-sHe_xB 
l-Me4n-HepB 
I-Et-l-i-RB 
1 -n-Pr-4-i&B 

l-Sk-I-EtB 
I _-!-Di-EtB 

.I-Et-l-n-PrB 
l-Et-k-BuB 
l-EC-!-II-PeB 

i.3-Di-EtB 
I-Et4n-PrB 
I-Et-l-n-BuB 
I-Et4mPeB 
I-Et4n-HexB 

l-~lr--&z-PrB 
I-Et-?-n-RB 
I_&Di-sPrB 
I-rc-Pr-l-n-BuB 

I-Et4mPrB 
1 .Z-Di-n-PrB 
I-n-Pr4mBuB 
I-n-Pr4n-PeB 

I-~lr--I-.+BuB 
I-Et+tr-BuB 
I-II-Pr-?-n-BuB 
I-Sle-l-r-BuB 

I-Et-+mBuB 
I-II-R-l-n-BuB 
I.-I-Di-n-BuB 
I-Et4r-BuB 

151.1 
145.3 

124.7 

152.7 
147.2 
125.9 

152.1 1x1** 

106.6 105.8 
104.3 104.2 
100.1 99.7 

85.0 85.5 
42.3 41-O 

108.6 110.0 
102.3 103.9 
119.5 119.3 
118.7 116.1 

90.0 90.6 
57.4 87-4 
99.6 99.8 
99.0 101.3 
94.1 92-6 

89.2 89.1 
87.7 88.1 
99.6 9s.w 

96A 97.z* 

95-s 96.7- 
103.0 101.2** 
86.8 87.4 
s3.s 83.6*+ 

58.6 ss.9 
85.1 85.9 

100.1 100.5* 
95.1 95_1* 

101.3 99.6- 

S6.0 66.4 
63.1 85.Sf* 
99.1 9s.7+* 

110.4 lOS.6- 

Y6.6 87.8- 
a-1 84.0* 

101.3 lOo.lft 
86.2 86.3- 
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TABLE V (continued) 

‘series and compoun& No. of Temperature (“C) 
carbon atoms 

Basic compound CIi? group incorporated 86 96 

1,3-Di-MeB I-Me-3-EtB 
I-Me3-EtB 1 -Me-3-n-PrB 
I.3-Di-EtB 1 -Et-3-n-PrB 
I-ErS-n-PrB 1,3-Di-n-PrB 

I-Me-3-EtB I,3-Di-EtB 
I-Me-3-n-PrB 1-Et-3-n-PrB 
I-Me-3-i-PrB I-Et-3-i-PrB 

1 .l-Di-MeB I-IMe-2-EtB 
I-Me-ZEtB I-Me-2-n-PrB 
I-Me-2-n-PrB I-IMe-2-n-BuB 
I-Me-2-n-BuB I-Me-2-n-PeB 
I-Me-2-n-PeB I-Me-2-n-HexB 
1 -Me-2-n-HexB I-IMe-2-n-HepB 
I-Me-Z-i-PrB I-Et-2-i-RB 

1-Me-2-EtB 1,2-Di-EtB G -cm 
1.2-Di-EtB I-EC-2-n-RB cm-c, I 
1 -Et-2-n-PrB I-Et-2-n-n-BuB cl,-c,2 
I-Et-2-n-BuB I-Et-2-n-PeB G,-G3 
I-Et-2-n-PeB I-Et-2-n-HexB cl,-CL2 
I-Et-I-n-H&B I-Et-2-n-HepB c,cc,, 
I-Et-2-n-HepB I-Et-2-n-OctB G,-G6 

I-Me-2-n-PrB I-Et-2-n-PrB 
I -Et-2-n-PrB l,ZDi-n-PrB 
1.2-Di-n-PrB I-n-Pr-2-n-BuB 
I-n-Pr-2-n-BuB 1 -n-Pr-2-n-PeB 
I -n-Pr-2-n-PeB I-n-Pr-2-n-HexB 
I-n-Pr-&I-HexB I-n-Pr-2-n-HepB 
I-IMe-4-n-BuB I-Et-2-L-n-BuB 
i-Et-2-n-BuB I-n-PI--2-n-BuB 
I-n-Pr-2-n-BuB 1 .bDi-n-BuB 

cm-c, I 

c, l--C,2 
cl,-Cl3 
cl,-Cl, 
CZCG, 
C,,-Cl6 
G,-Cl2 
c,2-c,3 
cl3-cIA 

84.9 84.2 
84.5 85.4 
82.7 83.0 
83.0 83.2* 

79.8 80.7 
7s.o 78.3 
74.0 74.7 

80.3 
so.9 
- 
- 
- 
- 

63.4 

80-4 
s2.0 
96.3, 
95-w 
96.8* 
99.2’ 
64.0 

73.7 
s1.9 
- 
- 
- 
- 
- 

74.7 
- 
- 
- 
- 
- 
- 
- 
- 

74.7 
81.1 
93.2* 
94.2* 
97.0+ 
97.3* 
9S.6’ 

73s 
72-s* 
91.8* 
92.6f 
94.9* 
97.F 
67.6f 
71.4’ 
90.7’ 

* According to measurements by Soj&k et a1.39. 
*t According to measurements by Engewald and Wenmich3Y. 

l ** According to measurements by Diiring et aL3’. 

The overall effect of the number and position of the alkyl groups in the benzene 
ring was evaluated by means of the increment 61 

where I, and I2 are the retention indices of alkylbenzenes differing by one or several 
structural groups, respectively. The values of the increments S& are listed in Table 
V. This increment is dependent primarily on the site of introduction of the structural 
element_ If an alkylbenzene molecule is extended by a -CH,- soup, the value of 61 



usually exceeds 100 I-units, if substitution occurs in the benzene ring_ if, however_ the 

CH, group is introduced in the side chain of rhe ring, the 61 value is lower than 100. 

Ilzzrodzltrction of’n tnerlz~i group in the ring 
Tne values of blcHl for isomeric dialkylbenzenes increase in the order: nzetu < 

puru -e ortlzo_ The 6&,,_ values for UZ- ant p-dimethy benzenes, being mutually 
comparable. slightly differ from the 6I,,_ value characterizing the introduction of a 
CHI group in an unsubstituted benzene ring, which shows there are no obstacles to 
the inrroduction of the methyl group in the rlzela and puru positions. The art/w 
position is associated with the greatest electron density. consequently the introduc- 
tion of a methyl group results in an increase in S&u2 compared with the other isomers. 
The anomalous retention behaviour of various orfho-substituted compounds has 
been dealt Lvith in many papers”-. One study” indicates that in the ortho position 
the free rotation of the methyl groups is made more difficult and is changed to 
rotational-vibrational motion. Increasing the length of the alkyl chain counterbal- 
ances these eEcts. and for C, ,--C, 2 o-dialkylbenzenes the values of 61c,,2 decrease to 
102-106 units. comparable \vith the values for p-dialkylbenzenes (Fig. 5). 

The lowest SZ,,_ values ( < 100 units) are characteristic for In-dialkylbenzenes, 
which permits to consider the differences in the retention indices (or cSlc,,2) between 
the extreme substituents of the corresponding isomers (in this case ortizo and nzetrz) 

as a quantitative measure of the screening effect of the substituents. 

1 . . . . 
ZB B-9 9-x: K~il lLl2 l2-3 D-1: l2-E 5-6 

nc 
_ _ 

Fig. 5. Dependmce ot d&n1 on the number of carbon atoms for homolocous series of aik~lbenzenes ;II 
96-C. 1 = MethyLsubstituted benzenes: I! = I-mrthvl-?-alkvlbenzen~: 5 = I-mrth+l-alkyibenz~n~~: 
4 = I-mrth~i-~-~k~l~n~n~~. 

The decisive influence of the methyl group on the size of the retention indes 
increment can be well demonstrated by trialkylbenzenes (Table V). The increase in 

&Hz for isomeric dimethylbenzenes is directly associated with the mutual position of 
the merhyl groups in the ring: 1.4 < 1.3 < 1.2. 

Increasing the number of methyl groups in the benzene rings increases the 
degree of its screening_ The highest SIcI,, value is achieved when a methylene goup is 
introduced in the orrho position with-respect to methyl groups already occupying 
ortizo positions with respect to each other (a double art/lo-effect): 1_2.4,5- 
tetramerhylbenzene-1 ,2.3.4.5-pentamethylbenzene. and pentamethylbenzene-hex- 
amethylbenzene (Fig. 5). 
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It is interesting that for styrols with a methyl substituent and for indenes the 
lowest S&u2 value is that for the orrho-isomers. The anomalies observed for n-pro- 
pylbenzene and its derivatives, in the case of side chains of the aromatic rin,d9, do not 
appear when the CH, group is introduced in a ring containing a propyl group (e.g., in 
nzera position to the m-propyl). 

In this case the values of S& for isomeric alkylbenzenes increase in the 
sequence oft/o -Z meta c para. In each group of isomers the value of 8Ic,,= with in- 
creasing length of side chains approaches 100, this value being attained by par-u 
isomers with a lower number of carbon atoms in comparison with other isomers_ 

The increments S&u2 in the case of or&o isomers are higher for introduction of 
the CH 2 group into thelonger side chain: with increasing length of the longer chain 
the increments Sl,-,, for the introduction in the shorter side chain decrease. and Gee 
wrsu -the extension of the shorter side chain produces a decrease in the aI,, value Z 
for the introduction of an alkyl group in the longer side chain. 

Forp-dialkylbenzenes such a distinct pattern does not exist (Table VI)_ In each 
of the homologous series studied there are differences with respect to the general 
dependences and trends. which defy interpretation_ The value S&-u, is determined by 
the length. mutual position and the structure of the alkyls. Ina homologous series 
with a branched alkyl group. S&t,, is smaller than in a series with an analogous II- 
alkyl group (i.e., alkylpropylbenzenes-alkylisopropylbenzenes). The influence of the 
isoalkyl group (branched alkyls) increases with increasing length of the other alkyl 
group. and with decreasing distance between the side chain alkyls. The minimum 
value of S&t, was found for or-r110 isomers with one isoalkyl group and increased in 
the sequence~or&o < nwtu c pal-u. The dependence discussed here results from all 
the steric hindrances in the molecule_ 

Tt\BLE VI 

51c,,1 VALUES FOR VARIOUS ALKYL CHAIX LENGTHS IN p-DIALKYLBENZEXES 

7 S 90.0 
S 9 89.2 57.4 
9 10 55.6 57-7 99.6 

10 11 56.0 S5. I 99.6 99.0 
II 12’ S6.6 85.1 100.1 96.-I 9-l. 1 
II 13* ss.4 84.1 99.1 95.1 95.8 
13 14* 90.9 99.3 101.3 110.4 101.3 

__~ --~-~~---_________~____ 

* Dara from ref. 3% 

Inn-odlrcrion oj’aIk_d groups c-onruimh, u inor-e thm one curbon UIOIII (c‘2-C, I 

The changes in retention index due to the introduction of alkyl groups with 
two and more carbon atoms are characterized by systematic deviations from the 
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T_4BLE VII 

Xuwi GRouP INCREMENTS F~RHOMOLOGOUS~ERIE~OFAI_KYLBENZENES 

series und cOr?JpJWIcl\- _vo. of- tine 
- 

c ur0m.s 0-f 51 

3&c c01J~pm~ti Ak_detJe in- 
corporared 

- ___.. - --- _ - 

hJIrOdUctio!J of C2 HA into ring 
B EtB 
n-Alkyl-B I-Et-2-wukyl-B 
II-&k&B I-Et-Z-n-_tikyl-B 

IJ-X~~~-B I-Et-3-n-iUkyl-B 
Di-EtB Tri-EtB 

hroduclion of n-c2H, inro sidt? chin 
n-hlkyl-B* 

I.-l-Di-McB* I-hi&-n-Xlkyl-B 
I.?-Di-iMeB* l-Me-l-n-Alkyl-B 

Infroduction of n-C,ff_ info ring 

B n-PrB 
C-Alkyl-5* 1 a-Pr-Zrz-~4lk~l-B 

n-Xlk) i-B* 1 -n-Pr-h-i\lkyl-B 

,I-Xlk>l-B’ I-n-Pr-3-n-_4lkyl-B 

Inrruduction of n-C,H, into ride chain 
m-Alk> 1-B 

1.4Di-Mi~tiB I-hlr+-~z-Alkyl-B 
I_?-Di-MrB I-%k-?-JJ-.+k> I-B 

Inrrodurrion of i-C,Ci, inlo ring 
5 i-PrB 
rr-.Uk> l-B* I-i-Pr-2-II-Alkyi-B 
n-Xlk> l-E* I -i-Pr-Z-n-Alkyd-B 
n-.4lkj 1-B’ I-i-Pr-3-n-Xlkyl-B 
l_j_Di-i-PrB 1 .X-Tri-i-PrB 

Imroduclim J$ i-C,He inm Sit* clru~ix 
.\IeS i-BuB 

Inrroducrion OJ rr-C; fl, into ring 
5 II-BuB 
,I-_4lk)l-B* 1 -n-Bu-A-n-Alk> l-5 

n-Xlkyl-B* I-tr-Bu-7-n-Alkyl-B 

hroducriotr qfn-Ct HE inrcr 3itfr chin 
n-Alkyl-Bf 

~_.~ .----- - 

cm -c, 
c: -c,s 
c: -c,, 
c- -c,, 
cw-c,, 

c- -c,, 
G -c;.% 
G -c,, 

c, -c.# 
c- -c,, 
c- -c,, 
c- -c,, 

CT-c,5 
C,-C,, 
=s-c, 5 

c, -c, 
c- -c,z 
c- -c,2 
c- -c,, 
cc-c,, 

c- X,” 

cc. -c,, 
G -c,, 
c- -c,, 

c- -c,< 

197 
X6-169 
193-190 
190-170 
170-163 

17s199 
177-199 
161-195 

277-199 
276-195 
159-295 
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TABLE VII (conhued) 

299 

Series and con~pounds No. of Range 

C atoms Of& 

&sic compound Alkyhe in- 

corporaled 
-- - 

Inlroducrion of n-C, H,, info ring 

B n-Peg C6 -C,, 485 
,I-Alkyl-B* 1 -n-Pe4-n-Alkyl-B C, -C,, 47GIs3* 
n-Alkyl-B* l-n-Pe-2-n-Alkyi-B C7 -C,t. 480-41 g*** 

Inlroduction of n-C, H, D imo side chain 
n-Alkyl-Bf C7 -cl5 170193t** 

-- 

* The values are valid for a group of homologues and the compounds under the heading Alkylene 

incorpora:ed are the final products of incorporation in the range of molecule sizes as determined by the 
number of C-atoms (indicated on the second place in the column IVO. of C-utonrr). For example: by in- 
coqmmtion of the i-C,H, group into the benzene ring of n-afkyl-B in the OH/JO position results in I -i-Pr-2- 
n-alkyl-B u+.h the molecule size from C,,_, to C,= The first datum under the heading 80. of C-U~OUIS 
is C,, this means that the lowest member of the homologous series used as basic compound was in this 
case methylbenzene and the 5I ,=-values decreased from 159 I-units (incorporation of i-Pr into methyl- 
benzene) to 214 (incorporation of i-Pr into Ci2_3 = C, n-alkylbenzene. i.e. ,z-propylbenzene. what gives 
I-i-Pr-2-rr-Pr-B. 

- According IO measuremenrs by Engewald and Wcnnrich3Y_ 
*** According to measurements by Soj5k et al.“. 

additivit_v principle. Independently of the site of substitution. the Kov&ts retention 
index increment is smaller than the value to be expected on the additivity principle, 
i.e.. for the group C,H,. SI c 200. for the group C,H,, 61 -E 300. etc. (Table VII). 

For these groups the value of 6Zdecreases as a result of introduction of the C1- 
C, groups in the aromatic ring, but increases when the incorporation takes place in 
the side chain. However, the difference in retention indices due to the introduction of 
the same C,-C, alkyl group in the aromatic ring and in the side chain is small, equal 
to IO-30 I-units, in contrast to the case of methylene groups which produce a dif- 
ference of 3040 I-units_ Thus. the increase in alkyd chain length reduces the influence 
on dl of the position of incorporation. 

The rdIe of the steric factor is important especiaIly in the systems l,3- 
diisopropylbenzene-1.3,5-triisopropylbenzene where the introduction of the third 
isopropyl group produces an increment of only 169 1 units (instead of the 300 units 
espected). 

As has been reported by many authors4J*4L’. the Kovits rule 

(where T,, = boiling point) for two isomers is not completely valid in all cases, i.e., the 
proportionality factor. K,, varies in a wider interval. From Table VIII it follows that 
the values of the proportionality factor calculated on the basis of esperimental and 
theoretical data are smaller than 5. The proportionality factors for the other isomers 
are: trimethylbenzenes, 3.7-4.0; tetramethylbenzenes, 3.1-4.3; triethylbenzenes. 8.2; 
butylbenzenes, 3.946; pentylbenzenes, 3_4-KS_ 



TABLE VIII 

PROPORTIONALITY FACTORS FOR 1SOlUERS OF DIALKYLBENZENES 

Dimcrh> Iknzenes 
Dimett->Ibenzenes”‘*” 
~Isth~lethylhennes 
~Isrhy~~thylbsn~~-~~~ 
Sleth~lpropylhenzenes 
Merhylpropvlbsnzenss”-“* 
iUethylisopropylbenvnrs 
_Uethylisopropylbennes~’ 
Ethylpropylhenzenes 
Ethylisopropylbenzenes 
Diethylheuzenes 

&SC 
__- -.__- 

mrru- meru- para- 
orlllo paru orrho 

3.7 L9 3.6 
3-i 3-l ‘7 
3.9 3.3 I;:0 
-I.0 3.4 1.1 
3-9 3.2 4.7 
3.8 - - 

-1.2 3-6 5.3 
- - - 

42 3-9 3-5 
1.7 3.7 4.4 
4.0 3.2 5.0 
-_._. _~___. __._~__ .__- 

- 

_ 

Y6’C 

metu- 

p4ra 

pan- 
orrho 

3-7 1.9 3-6 
x7 2.9 3.7 
4.1 4.3 4.1 
4.1 1.9 4.4 
1.2 32 5.1 
4.0 3-5 4.6 

4.4 4.0 5.4 
4.1 3.9 4.5 
4.1 4.0 4.0 
77 -__ 3.8 4.-l 
4.4 4.1 3.0 

The comparison of the experimental results obtained (Table VIII) with the 
data in Table IX, which gives the average values of factors K, in a temperature 
interval SO-1 IS C GkUlated on the basis of literature data27*2S.33-35*3s, shows a 
satisfactory azement. The proportionaiity factors for pcm; and orzlro isomers are 
somewhat higher than for the other pairs of isomers which have approximately iden- 
tical \ alues of&,_ The statistical analysis of the deviations in the case ofalkylbenzenes 
showed that the numerous proportionality factors K, calculated for particular groups 
and positions yielded no substantial improvement ofaccuracy. Therefore. the follow- 
ing values were deduced on the basis of literature data’3.‘8*3335*38 for the average 
proportionality factors of the alkylbenzenes studied: dialkyl- and trimethylbenzenes. 
S-9; tetrameth;Ibenzenes. 3.6; butylbenzenes, 4.4; pentylbenzenes. 4.5. 

The boiling points and retention indices of alkylbenzenes. calculated by means 
of the values indiczlted here, are in good agreement with corresponding literature and 
experimental data_ The maximum differences found do not exceed 1 ‘C and 2.5-X0 I 
units_ 

TABLE lx 

AVERAGE VALUES OF PROPORTIONXLITY FACTORS. &. FOR DIALKYLBENZEXES 

DidL-_~-lhC!=mC3 .tfrru-orrlw Jlrra-paru Am-orrlro 
_~.__. ~____~ ._ ..---. -.- ..--- --- ~._. - ~-- - -- --- -- - 

Dimethj lkttzcnes 3-s 2s 3.7 

Xlethylethylbenzenes 4.1 3-5 4.1 
Methylpropylhenzztnss 4.1 3.5 4.8 
hlsthylisopropylbennes 4.2 3.x 5.2 
Diethylhenzent~ 4.0 1.3 2.8 

Diisopropylhenzcna - 4.6 -1.1 
.~._ __~.__ ~._ _ _~ _ _~ _ ..~ ._~.. -~ -__ -. __ _. _ 
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CONCLUSIONS 

The elution sequence of isomeric alkylbenzenes using a squalane coated open 
capillary column is determined by the length and by the mutual distribution and 
position of the alkyl groups. Thus, increase in the alkyl chain length increases the 
dispersion interaction of pura isomers with the stationary phase. This leads to an 
increase in retention in the sequence: dimethyl-, methylalkyl- and ethyl-alkylben- 
zenes. In contrast, corresponding decreases occur for the retention sequence of orth 
isomers. 

The retention index variations studied show that the 6&u, value is determined 
primariiy by the character of the site of introduction of the CHl group. For introduc- 
tion into the ring of dialkylbenzenes the value SI for the first member of a homolo- 
gous series is lower than 100 I units, and with increasing alkyl chain length it ap- 
proaches 100. The presence of an isopropyl group in alkylbenzenes produces a de- 
crease in 61cu2. The difference in retention indices corresponding to the introduction 
of a methylene group in the rin, 0 and in the side chain is 3X-40 I units. This difference 
diminishes with increasing length of the group incorporated; in the case of C2-C, 
alkyl groups it is equal to IO-20 I units. 

For the isomers investigated here, the proportionality factor in the equation 

varies from 1.7 to 8.2. Average values of KP calculated on the basis of both literature 
and esperimental data enables in most cases a good correlation between physico- 
chemical and chromatographic data of individual alkylbenzenes. 
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