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SUMMARY 
,. 

A method for calculating the retention values of isomeric compounds is 
proposed, based on the assumption that isomers can be regarded as different energy 
states of the same substance. The relationships. between the retention values of 
isomers belonging to different classes and their structures are discussed. 

‘) 

INTRODUCTION 
,” 

The use of gas chromatography for ‘the analysis of complex industrial; .natural 
or synthetic mixtures results in tlie detection,, in each of these-mixtures, of scores or 
even hundreds of compounds that have either been insufficiently’investigated or have 
not been synthetically produced previously. The inadequate’efficiency ,ofthe’classical 
methods of identification, involving isolation. of the unknown compound,‘study ‘of its 
structure by physical and chemical methods,, synthesis of the expected ‘compound and 
identification ’ of the .synthesized and isolated, compounds,’ becomes particularly 
evident when such methods are compared with the speed’of chromato&aphic resolu- 
tion. The synthesis of afi” extensive ,set of individual compounds,: tlie ‘presence of 
which may be expected in the test mixture, becomes difficult when mixtures. boiling in 
the intermediate temperature range are concerned. More effective is the preparation 
of model mixtures of compounds produced by isbm&ization;methylene insertion or 
other stochastic reactions, although the determination of the composition of model 
mixtures’ is a separate ‘task. 

, ,,‘I,‘i, ,! I8 

*’ 
The ‘combination of gas chromatography with instrumental’physical methods 

(e.g., mass spectrometry) provides an’ efficient method for the identification, of com- 
pounds ’ in complex mixtures;’ ,A’ cliromritbgra~lli~la~s, ‘s&trbmetric’ identification 
is’facilitated by’the availability &mass shectra cataldgues tl~atjgive data for’thou; 
sandsofcomj,joundsf.’ a,, :,’ : : . i: ,,J,’ -1) ) ;I : . ,;. a,.,.; I.,,:,,:);’ ‘, 

,’ i ,,’ ‘(: ,It’ shbuld’be noted’that the rapid in&ase in’ the number ofisomers with increase 
in’ the: boilir;g joints ‘of:~he‘I~d~p~Gnas ‘niakes: t;lle irii’ejsureizieli’t ,o~ pl~y&i&;&h&i&l 

&$t,“$p&+&l ‘chatacteridfics di ,&b i ekt&sij,$ .nhtilj’erd“, df, dd&$&?& ‘llivifig’ i ‘given 

fo~“~!“i achy diffid\ilt’l’ Tl~us: ‘~SLrisi: ‘i~~deca~gs any ,n~~~e~‘e~~ ~~~~ ‘ham ‘pet’;been ; bin_ 

(heSizBd;‘, ,~d systematic’ stirdy’ has beep’: iiia;de of’~he’ ‘~hysic~~cii~inidal ‘pr~~e~igs, ~if 
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oxygen-, sulphur- and halogen-containing compounds with more than eight carbon 
atoms. 

The vast number of isomeric compounds detected by detailed chromatographic 
analysis thus necessitates the use of’ calculation methods of identification and, the 
estimation of identification parameters of compounds based on their structural 
formulae. It may be presumed that further success in the application of gas chroma- 
tography to the many poorly investigated components of industrial or natural mix- 
tures will depend on .the establishment of sufficiently general relationships between 
identification parameters (retention values) and structures of the compounds, It is 
desirable to develop some methods for calculating the retention values of large groups 
of compounds (compounds of similar structure or isomers). 

ISOMERS AS DIPFERENT ENERGY STATES OF THE SAME SUBSTANCE 

In quantum mechanics, the following procedure is used to arrange the energy 
levels of a:molecule : (I) the atoms composing a molecule are considered to be infinitely 
distant from,.each.other; (2) the atoms draw nearer to each other and form a mole- 
cule; ,,(s) the positive nuclei of the’atoms draw still closer to each other until a complete 
overlapping of nucleiis reached, as a result of which a united atom is formed. 

The spectrum of a molecule must include as limiting cases the spectra of the 
isolated atoms and of the united atom, and all the energy levels of a molecule may be 
arranged in a series between these two limiting cases. Isomeric compounds with 
the same number of atoms in a molecule correspond to the same limiting energy states, 
Accordingly, isomers m,ay be regarded as ,different energy states of the same united 
atom. By dividing .the, charge of the urnted atom. and ,,allo,cating the partial integral 
charges obfained,differenf con@gurations of the positive skeleton (different positions 
of nuclei), and ,different configurations ,of ,the electronic cloud surrounding the positive 
nucleus .corresp,on,ding to individual isomers ,may be produced. 

:, The calculation ,of .the retention values of isomers m.ay thus be reduced: tq the 
calculation, of the interaction of the united atom in different quantum states with’tl~e 
solvent suriqux@ng. it, (stationary phase). 0 

The concept ,of isomers as, different energy states of the same substance is some- 
times used in: organic chemistry?. ‘. 

.I., %,,.;‘, 4 ‘t < 

THE ,STATIO’NARY ,PWASE AS A CONTINUO& MEDIUM ,, 

‘, I 1: 
When the united’atom is placed in the solvent medium, its energy levels must 

b,e shifted andsplit, The energy of interaction of the (united atom,with t,he medium is . . . . 
related, to; the,,magnitude ,of: thg, shift of energy levels of, the united ,atom. 
., ,; ., Jhe aqa,ngqnq~ ,,of energy. levels ,of.the pnited,atom ,depends,on ,the symmetry 
of the,moIecular.:,fiild actifig- upon the united atom,. .When the atom rs ,placed into, the 
crystal lattice the shift of levels depends on the type of symmetry of.the:latticeb.; :: 

, : / I:,1 ,; ,I+$ itbestationary ,phase be considered ,qs,,,a continuous medium. surrounding ., 8. I.1 
;tbq +q+ &.$ ,gq:,,qg,qmption may be regarded as sufijcienfly, ;va.lid if one, considers 
~ha~:,,~he~,mal,,nrq~~~ent,:heat averages out tbe$ifferent ,,positions of !the ‘united atom 
and qslev+@a okthe ,~s$$io~~. P~,~~~ T&e .qvqy ley,e@ sf ihe Fy+tq camp@@ by 
t&e+q+$d. .+-km, gn6 ,:he,,continu,ous medium ,(statiqnary phase) will ,depend in; tbig 
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case on the symmetry of the united atom electron cloud (geometry of isomer molecules), 
Thus the energy levels of the system coinprised by the isomers and the solvent 
sl~oulcl vary in parallel with the variation of the energies of the isomers (energy levels 
of the united atom). ElsewllereG-7, a linear relationship has been given between 
the difference of the energies of formation of isomeric compounds from elements and 
the difference of the logarithms of the retention volumes of iso alkanes, aromatic 
hydrocarbons and olefins. .This relationship may be used for the estimation of ther- 
mochemical data from retention values of isomeric compounds detected in a complex 
mixture which have been either poorly investigated or not produced synthetically. 
JANAK AND NOVAS@ have considered the dependence of the retention values of Freons 
on their thermochemical properties from a different point of view. 

The interaction of the united atom with oriented molecules (with symmetrical 
molecular fields), which takes place in the case of gas-solid chromatography or chro- 
matography on liquid crystals, is probably governed by relationships essentially 
different ,from those that are operative for liquid phases in which the arrangement of 
molecules is chaotic owing to heat movement. 

CLASSIPLCATION OF ENERGY LEVELS OF THE UNITED ATOM 

11n order to establish the sequence of the retention values for isomeric com- 
pounds, the energy levels of the united atom ,must be arranged in order of precedence. 
For a classification of energy levels, theoretical group methods are used, e,g., the 
symmetry, group theory”. The symmetry of a molecule may be found by determining 
the symmetry group or the symmetry number of this molecule. In Table I examples 

TABLE I 

RiZLATION BETWEEN SYMMETRY NUMBERS, BOILING POINTS AND RETENTION VOLUMES OF ISOMERIC 

ALKANES AND CHLOROALKANRS 

Numbers of compounds Ratio of Difference Ratio of 
compared (see Table II) symmetry of boiling relen lion 

numbers points (“C) volumes 

A Zkanes 3-4 

I-2 

4-5 
3-5 

ChlorouEhanes 
g-9 
G7 
g-10 
B-10, 

o&7 8.3 I*’ 1.35 :“: !,..I .- ‘i’... 

0.23 II.2 r-54 
0.028 18.3 I .94 
0.020 26.6 2.Q 

0.33 9.8 r .42 
0.33 9.9 I.75 
0.111 x7.0 2.03 
0.03G 263 2.90 

axegiven that show that the retention values of isomeric compounds are in inverse 
relationship with< the symmetry ,number of the isomer. Squalane was used as the 
stationary phase at 20~. Some other,examples showing the dependence of retention 
on the symmetry of,molecules are given elsewherefe. ” G I ’ ‘. : 

J. Chromatop., 65 (1972) ~03-~14 
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TABLE II 

SYMMEA’RY NUMBERS OF ISOMERIC ALICANES AND CWLOROA~KANES 

V. M. SAKHAROV 

Number Compound a 

I 

2 

: 

2 

7 
8 
9 

IO 

&Butanc 
2-Methylpropane ;9 
n-Pcntsnc IS 
2-Mcthylbutarib 27 
2,2-Dimethylpropane 972 
I-Chloropropnne 3 
2-Chloropropzqe 9 
x-Chlorobtitanc 3 
2-Chlorobutane * 
2-Methyl-z-chloropropanc 8: 

I 

For large molecules, the symmetry number is not sufficient for complete char- 
acterization of ,their chromatographic behaviour, probably owing to the fact that a 
large molecule does not interact with the stationary phase as a complete entity if the 
dimensions of the molecule exceed the radius of intermolecular interaction (several 
kgstroms). The retention values of large molecules seem to be related to the sym- 
metry of their ,separate fragments and to the symmetry of arrangement of these 
fragments, within the molecule. In addition, the existence of rotatory isomerism 
renders impossible ti univocal determination of the symmetry group of a large, flexible, 
molecule. 

ii more, detailed classification of energy levels may be developed if the system 
of @anturn numbers be used. 

Quantum numbers are essentially geometric, or, more exactly, topological 
characteristics of the surface of the electron cloud of an atom. Quantum numbers 
determine ,the topological type of the surface (presence of holes, nodes, relative 
arrangement, of the different parts of the surface). 

Since the shape of the electron cloud of a molecule follows, in general, the pat- 
tern of nuclei, the determination ‘of the geometrical characteristics of the electron 
cloud surface may be reduced to the determination of the relative arrangement of the 
nuclei composing the “nucleus” of the united atom. The pattern of the point nuclei 
system may be found by determining the distances between all the pairs of nuclei and 
the number of nuclei of each type. These characteristics represent the quantum 
numbers of the united atom. 

MOLECULAR STRUCTURE CHARACTERISTICS 

The number of atoms of a given type is an important characteristic when the 
retention, parameters of compounds that are not isomers are being compared. To 
establish the order of quantum numbers of this type, the concept of the stationary 
phase as ,a continuous, structureless medium can be used again. 

.’ : Cjonsider anatom with a polar&ability dz~ and a Van d&r Waals’,radius.rt located 
in~,a~mecliuni with a- pola$zabiIity density ,e. The average .Van der,Waals’,radius of the, : 
stai$nary phase functional groups is ye; The energy ,of. the dispersion interaction: of 
atom i with the ,stationa~ phase’is calculated from the expression : ’ ; q 

J. ,Ckromalog~.,,‘6g .,(x972), 103-1~4 



RETENTION VALUES AND CMEMICAL STRUCTURES OF ISOMERIC COMPOUNDS 107 

The term under the integral represents the energy of the dispersion interaction 
of atom i withthe spherical layer of the stationary phase with a thickness dr, which is 
at a distance Y from the ccntre of the atom i. The factor 0.9 has been introduced to 
account for the repulsion energy, which 1s about 10% of the energy of attraction. 
The Planck constant is Iz and 21 is the mean oscillator frequency cf molecules cf the 
stationary phase and the atom considered. By polarizability density is meant the 
ratio of the molecule polarizability to its molecular volume. This value is a function 
of the refractive index. 

Thus the contribution of different atoms to the energy of interaction with the 
stationary phase will be the larger, the greater is the polarizability or refractive index 
of the atom and the smaller is the Van der Waals’ radius of the atom. 

According the value of a’ 
(% + rd3’ 

the functional groups form a series : 

I; < H < 0 < CH, < CH, < Cl < Br w S m I 

The methylene group, with y0 = 1.8 A, has been chosen as being typical of 
groups that occur in stationary phases. 

The use of quantum numbers of the type considered is sufficient for a determi- 
nation of the order of retention parameters of a similar structure containing different 
functional groups and atoms, 

The selectivity of a stationary phase when non-polar isomers are separated 
increases with an increase in the concentration of heavy atoms in the stationary 
phase (such as Cl, Br and S) and with a decrease in the concentration of hydrogen 
atoms. Perfluorinated stationary phases have a very low selectivity in isomer scpara-’ 
tion since fluorine atoms have a weak ability for dispersion interaction. 

There are two types of distances between the atoms within amolecule: those 
between atoms linked by a chemical bond, and those between atoms not directly 
linked within the molecule, 

The number and type of chemical bonds within a molecule determine the polari- 
ty of the substance being analyzed, This characteristic is important when separations 
of polar and non-polar compounds and isomers of the same formula but containing 
different functional. groups are considered (o,g., acids, esters, keto-alcohols and 
keto-ethers). 

If the mean density of the square of the dipole moment of the functional 
groups of the stationary phase molecules is ,u2”/v, the energy of orientation interaction 
of the dipole of the substance analyzed, ,ul, immersed in the stationar’y phase’meditim, 
will, be ‘1 I 

where A is the ,proportionality coefficient, rl, + Y, is the sum of, the Van’der,W,aals’, 
radii of the functional groups, and’v is the,molecular volume of the stationary phase. 

The third type of quantum,number allows the determination of the order of the 
. , 

J. C?wod,agtogr,, 65 (1972) 103-114 
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retention parameters of compounds having similar values of the quantum number as 
the two types considered above (i.e., isomeric compounds). This type of quantum 
number permits the structures of the molecules of the separated substances to be 
described ,j,n detail. 

The number of similar distances between atoms not bonded chemically within 
the molecule is closely related to the magnitude of steric effects. These steric effects 
are related to the degree of branching of the carbon skeleton of the molecule or the 
degree of screening of a reaction centre by a large substituent. As a measure of steric 
effects, ‘some empirical quantities are considered (examples of such quantities are the 
number of “sixths” atoms in the NEWMAN rulell or the E, value in the I-Iammett-Taft 
equation12). In the most rigorous definition of the value of the steric effect, this value 
is defined as the sum of the energies of the Van der Waals’ interaction of directly 
non-linked atom pairs within a molecule of the compound consideredf3. 

Let us consider the order of the retention parameters of isoalkanes and cyclo- 
alkanes with an equal number of carbon atoms, Some insignificant differences in the 
quantum numbers of the first and second types compensate each other (alkanes con- 
tain two hydrogen atoms more but one carbon-carbon bond less than cycloalkanes). 
It would be rational to choose as the quantum number of the third type the number 

TABLE III 

DEl’ENDRNCE OF RETENTION INDICIS Olr ALKANES AND CYCLOALKANES ON THE NUMBER 
INTERACTIqXfS OF @3’?$i?%d HYDROGEN ATOMS IN THE MOLECULES OF THESE COMPOUNDS 

(SQUALANR ; 29) 

Hydioca,v@ons Retention pavameters 

: I (H-H)r 

G 
Cyclohexane 658 6 
Methylcyclopo&sne 624 7 
*-Nexane 600 IO 

.z-Methylpentane 569 II 

z,z-Diniqthylbutano 595 12 

C7 
$h&?F?&f&&/ ;z; ; .’ * 

cds-1,sDimethylcyclopentsnc 716 9 
ur$-hq+m3 700 II 

2-Methylhcxane 6GG I2 

z,z-Dimethylpentanc 624 I4 

,. 
of the, $hortest distances between hydrogen atoms linked with the same carbon 
atom. The steric effect in these compounds will be proportional to the sum of such 
pair interactions of geminal hydrogen atoms and to the quantum number selected. 

OF PAIR 

The’ accumulation of the number of pair interactions of genzinal hydrogen 
atoms leads to a decrease in the retention parameters of cycloalkanes and alkanes 
(Table III);‘Consequently, the same cause, that is, a’ change in steric effects (change 
inthenumber-.of pair,interactions of gcminal hydrogen atoms) produces a decrease in 
the retention..param&ers with .a branching of .the alkane and an increase in the 
retention:,parameters~ with cyclization of the, molecule, 

*, 

J, Chomatogv,,, 45 (1972) :103-x 14 
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The order of quantum numbers of the third type can be established when a 
calculation is made of the energy of pair interactions of atoms not linked directly 
within a molecule. Such calculations have been made by using the Lennard-Jones 
potentiaP. An accumulation within the molecule of .mutually attracted atom pairs 
not linked directly results in a decrease in the retention parameters, while that of 
mutually repulsed atom pairs produces an increase in the ‘retention parameters. As a 
rule, the contribution of the mutually repulsed atoms is’greater than that of the 
mutually attracted atoms. The greatest repulsion occurs between atoms with high 
polarizabilities, which are closely spaced, or between heavy and light atoms that 
are within a short distance of each other. An increase in the distance between inter- 
acting atoms decreases the contribution of the corresponding quantum number to the 
retention parameters, 

In alicyclic compounds containing hydrogen, nitrogen, sulphur or halogens, one 
’ should first consider the number of pairs of heteroatoms and hydrogen atoms located 

near the same carbon atoms, the interactions of methyl groups located near neigh- 
bouring carbon atoms and the interactions of ethyl groups with the neighbouring 
methyl or methylene groups. An accumulation of the above pair interactions results 
in an increase in the retention of the compound considered. A decrease in retention is 
produced by interactions of geg&zal hydrogen atoms. 

In the series of aromatic heterocyclic compounds, the order of atom pair 
interactions is given by the sequence: 

(H--r)ormo > (=-.&kc > (~f-N)ortlbo > (H-H)perg 

where ris sulphur, nitrogen, oxygen or any other heteroatom in the aromatic nucleus. 
Some examples of a correlation of the retention parameters of isomeric com- 

pounds and the quantum numbers of the united atom for the major classes of oom- 
pounds are given in the following sections. 

ALKYLCYCLOPENTANES 

In addition to the interaction of gem&al hydrogen atoms in cyclopentane deriv- 
atives, the interaction of alkyl radicals linked to the ring must be considered. The 
closer the mutually repulsed groups are spaced, the greater is the increase in the re- 
tention parameters. 

If an ,“envelope” configuration of the cyclopentane pattern is assumed, the 
distance between the centres of two methyl groups will give the following order: 

x,2-& < 1,2-tmns < x,3-trans < 1,3-c& < I,I- 

The retention parameters of isomers containing methyl groups in these positions 
(other conditions being equal) .increase in the opposite order. 

The retention parameters in Table IV are taken from the literature”!, (reten- 
tion indices on squalane at 86”). ., ,, 

‘a ;The contributions to the retention .parameters of the interactions of methyl 
groups in 1,3-c& and I,~-~YUPZS positions depend to ,a certain extent on the presence 
.of other methyl,groups in, n,eighbouring positions. ‘, s ” ” 

’ : Ethyl, derivatives generally have higher retention parameters ‘than those. of 
8 

J., Ciwomatogv., 65 (1972) ,103-I 14 



II0 V. M. SAKHAROV 

TABLE IV 

RETENTION INDICES OF DIMETHYLCYCLOPENTANIZS 
_-_-__ .- -_ 

Sacbstitutuents Narmbev of intevnctions of methyl groc+s ,i,la Retention 
positions index 

--_.-_._- _- 
I$-& r,z-trans x,3-tvans r,g-cis r,I- 

--- -- - _-._,____ -_“__---I_-_.- .-._. -..-_-- 

I, I-Dimethyl 0 0 0 0 I G81 

I ,3-cis-Dimcthyl 0 0 0 I 0 683.4 
I ,3-lrans-Dimethyl o 0 I 0 0 693.8 
I ,z-lrans-Dimethyl o I 0 0 0 695.8 
r,z-cis-Dimdhyl I 0 0 0 0 729.3 

the isomeric methyl derivatives since in the ethyl derivative molecules there are 
fewer interactions of gemivtal hydrogen atoms. In a similar way, propyl derivatives 
have higher retention volumes than trimethyl derivatives. 

The order of elution of methylethylcyclopentanes is similar to that of the cor- 
responding dimethylcyclopentanes (methyl-methyl interactions are replaced by 
methyl-ethyl interactions of a similar type). 

CYCLOHEXANE DERIVATIVES 

When considering the steric effects in cyclohexane derivatives, it should be 
noted that the molecules of cyclohexane derivatives exist in a chair shape, the cquato- 
rial substitution of bonds. producing more stable compounds. 

In 1,2-cz’s derivatives, equatorial (e) and axial (a) bonds are substituted: in 
I,Z-~YU~S derivatives, the e,e bonds; in 5,3-&s, the e,e bonds; in x,ptYans, the e,u 
bonds; in I+cz’s, t&e e,a bonds; and in x,4-&ass, the e,e bonds are substituted. 

Stereochemical data are taken from the literaturelb. 
,The conformations of 1,2-c&, I,+fYans and 1,&s-substituted compounds are 

almost equally stable, since in all these cases one substituent is oriented equatorially 
and the other axially. If it is considered, in addition, that the methyl groups in these 
compounds are located at different distances (1,2-&s < 1,3&arts N 1,4-c&), the 
sequence:of retention values of these compounds will be: 

1,2&s’> I,+frans m 1,4-c& 

Let us consider the sequence of elution from the column of 1,4-~YCHES-, 1,3-c&+ 
and ~,i&zuts$lirnethyl derivatives. The’number of equatorial substituents in all these 
compounds is the same, while the distances between the substituents are different, 
This distance is the greatest in the z,4-tvans-substituted, less in the 1,3-&-&b&i- 
tuted, and the least in I,z-tvaflzs-substituted. ssubtitances. Hence, the .sequence of 
elutioti of isomeric dimethylcyclohexanes must be I,+trans, 1,3-&s, I&ems, I,+&, 
r,ptvanzS; ~,a-& t;vhich is in agreement with: experimental data. 

The order of retention parameters of methylcyclohexanes is similar to that of 
dini&th$l ,deri+atives : I-methyl-4-ethyl-lv~s; I-methyl-3-ethyl-&; I-methyl-z- 
ethyl-tvans,: ~~-methyl-4-ethyl.-cis,‘~ I-methyl-2:ethj&cis. .I 

The conformations of trimethyl-substituted cyclohexanes contain many simi- 
larities ,&th :ihosti of dimethyl-substituted’ cyclohexanes. The conformatidn of tri- 

J. CR~omalogr., 65 (1972) 103-114 
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methyl-substituted cyclohexanes may be regarded as a superposition of two confor- 
mations of the respective dimethyl-substituted cyclohexanes in the same cis-tram 
position as those in trimethylcyclohexanes, and represented by: 

X,2,3-trimethyl = x,2-dimethyl + 1,3-dimethyl 
r,3,5-trimethyl = x,3-dimethyl + x,3-dimethyl, 
I ,2,4-trimethyl = x,2-diniethyl -j- x,4-dimethyl 
1,X,3-trimethyl = I,r-dimethyl + I,3-dimethyl-cis 
r ,r.,4-trimethyl = x,1-dimethyl + r,4-dimethyl-&arts 
r,r,z-trimethyl = I,I-dimethyl + x,2-dimethyl-lragzs 

The order of elution from the column of r,r-trimethyl-substituted compounds 
in this case must coincide with that of dimethyl-substituted compounds (1,1,4 \( 
1,1,3 c 1,1,2; 1,4 G x,3 < 1,2), which has been confirmed experimentally. 

AROMATIC COMPOUNDS 

The retention parameters of isomeric aromatic compounds can be calculated if 
the number of interactions of hydrogen atoms not linked directly and located in the 
ortko-position to each other are known. 

In naphthalene and phenanthrene derivatives, the number of weaker per&inter- 
actions of hydrogen atoms must also be considered. 

In heterocyclic aromatic compounds, the number of ortko- and $&interactions 
of the heteroatom with the neighbouring hydrogen atom must also be considered, as 
well as the number of interactions of hydrogen atoms in ovttco- and @r&positions 
to each other. 

Dimethylpyridines, for instance, have the following retention volumes on 
silicone oil (according to the data of BAYER~O) at 140’: 3,5-dimethylpyridine (2;0), 
4.07 ; 2,3-dimethylpyridine (I ;2), 3.45 ; 2,4_dimethylpyridine (I ;I), 3.06 ; 2,5-dime- 
thylpyridine (I ;I), 3.06: and 2,6-dimethylpyridine (o;z), 2.31, 

The first number in parentheses in each case is the number of interactions of a 
nitrogen atom with an ortlzo-atom of hydrogen; the second number shows the number 
of orGo-interactions of hydrogen atoms. Two isomers (2,4- and 2,5-dimethylpyri- 
dine) have similar structural characteristics and, as a result of this, equal retention 
volumes, 

A more detailed discussion of the dependence of retention parameters of aro- 
matic compounds on steric effects in the molecules of these compounds is given 
elsewhereO. . 

OLEFINS 

When calculating the retention parameters of olefins, one should consider the 
number of pair interactions of gemhal hydrogen atoms located,in the alkyl groups,’ as 
well as the numbers of pair interactions ,of,hydrogen atoms located on the same:car- 
bon ‘atom of a double bond; The latter characteristic may, assume only two ‘values: 
unity for r-alkanes, and’zero for other ole’fins. An increase’in’the number of,‘pairs of 
c&-atoms of hydrogen produces a decrease in the, retention parameters, This strut- 
tuaal characteristic is denoted below as (W-H),,. 3’ ’ 

J; Chromalogr., 65 (1972) x03-1x4 
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The electronic states of the isomers of unsaturated compounds cannot be con- 
sidered to be identical. Isomeric olefins have markedly different polarizabilities and 
ionization potentials, as shown by the magnitudes of the energies of the inter- 
molecular interaction of these compounds with the stationary phase, Thus, for in- 
stance, an accumulation of alkyl groups at the double bond results in an increase in 
the retention parameters of olefinic isomeric compounds, other conditions being 
equal. This effect is related to the positive induction effect of alkyl substituents in- 
creasing the mobility of the electrons of the double bond and its polarisability. 

As a result of this, as the third structural characteristic in the calculation of the 
retention parameters of isomeric olefins, the number of alkyl radicals’located at the 
double bond has been selected. This characteristic (m) has values of 1-4. 

The difference between the retention indices of two isomeric olefins (or the 
difference between logarithms of retention volumes) can be expressed as follows : 

61 = ‘R (m’ - 3gf) - B {(H-H);a - (H-H);,) - C { (H-H)id - (H-H);,) 

R, @, and,C are coefficients depending on the type of stationary phase and the tem- 
perature. Values referring to the first isomer are marked with a single prime and those 
referring to the second isomer with a double prime. 

From experimental data (retention indices of hexenes on squalane at 20’) the 
mean values of A, B and C were calculated to be 52, 23 and 12; respectively. 

The mean error in calculating the ,differences between the retention indices was 
4%, and, that in the values of retention indices was 0.8% (ref. 7). 

The, following examples show the calculation of the structural characteristics 
of isomeric olefins : 

I /cc 9 (H-H)I~ 

3,3-Dimothylbutcnc-r 
4 

,,i-c(-c=_ 
Cf 

3-Mcthylpontcne-z +c ,cf , 
i’/F 

\&Q 
/\ 

z-Ethylbutcne-I 

Lc ,ct 
‘I 
//C \c.CG 

,C, I 
/ ,\ 

i (I-I-Hjt; - 
I?72 

IO (H-IQ, 
0 (H-H)rd 
3m 

CWLORfNATEDWYDROCARBONS 

, The. numberof possible, chlorinated hydrocarbons is very great even for mole- 
cules, ,with :a small number,,of carbon ,atoms., For .instance, for heptane about two ’ 
thousand chlorinated derivatives ,are’ theoretically possible. *:m 

j : ;’ 
,:.*,.’ ::,Many of ,these .compounds have either. not yet ‘been sufliciently investigated, or 

not,,produced.in- a,,,pure-,state, which makes: important an u $riovi calculation: of ,the 
physico-chemicalproperties. of, these, compounds. I ‘, ’ .I ,‘, ,. : .‘, 

Of great significance in calculating ,the retention. parameters. of chlorinated 
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hydrocarbons is the number of interactions of the chlorine atoms with the hydrogen 
atoms located on the same carbon atom.’ The lower the number of such interactions, 
the higher are the retention parameters of the’ isomer, The presence of pairs of 
gemivzal hydrogen atoms decreases the retention parameters of the isomer. 

A discussion of the retention parameters of C,--C,, chlorinated hydrocarbons 
from this standpoint is given elsewherel’. 

ORGANOSULPWUR AND OXYGENATED COMPOUNDS 

The retention of isomeric compounds belonging to these classes depends on the 
number of interactions of genzi& hydrogen atoms (H-H)1 and the number of inter- 
actions of a heteroatom with a hydrogen atom located on the same carbon atom 
(H-S) 1 or (H-O) 1, The former characteristic decreases the retention parameters, the 
latter increases them (Table V). Steric effects in molecules of aliphatic and cyclic 
oxygenated compounds and their retention values are discussed elsewherels. 

TABLE v 

DEPENDENCY3 OP RETENTION VOLUMES OJ? ALKYLTMIOLS ON SILICONE OIL 1)c-fjsO (140’) ON THE 
NUMBER OF STRUCTURAL INTERACTIONS 

. 

Compoacnd Number Number Relention 
of atom of atom volacms 

fiaivs pairs 
(H-43)1 (H-S) I 

Pcntancthiol- I 
2-Mcthylbutanethiol-I 
3-Methylbutanethiol-I 
Pcntancthiol-3 
Pontanethiol-2 
3-Mcthylbutanothiol-2 
2,2-Dimothylpropanothiol-I 
2-Methylbutnnothiol-2 

z 8 8 
8 
9 

IO 
IO 

30.3 
26.8 
25.5 
24.2 
23.0 
22.7 
20.1 
18~6 

ORDERED SEQUENCES OF COMPOUNDS 

The great variety of compounds present in industrial or natural mixtures is due 
not only to isomerism but also to the existence of compounds with similar structures 
but with different numbers of substituents. 

In the series of methylated aromatic compounds and of chlorinated compounds, 
it is interesting to note that the order of the retention parameters for polymethyl- 
(polychloro-) substituted isomers follows ,the order ,of the retention, parameters, for 
isomers of the same groups of compounds with a small number of,substituents. Let us 
assume that in a compound there are substituents of two types; The,replacement of 

‘substituents of the first type by, those,,of the second type, and, those of the second type 
by those of the first type, results in .a new, substance which we shall call ?&rored” 
with respect to the’originaIsubstance; ‘The operation of, substituent exchange may be’ 
considered ‘as a g,eueralizati,on of the “mirrored ‘reflecfidn~’ operation. Examples ‘of 
“mirrored” substances are the methylbenzene.series (exchange of.hydrogen atoms and 
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methyl groups), the chloroethane series (exchange of hydrogen and chlorine atoms), 
and the chlorobenzene series (exchange of hydrogen and chlorine atoms) may be 
cited, The most significant aspect of the “mirrored” substance method is that the order 
of retention parameters persists when passing from the original isomeric compounds 
to their “mirrored” analogues, which allows the orders of the retention parameters to 
be determined for compounds with a large number of substituents (or highly chlo- 
rinated compounds) using the retention parameters of readily available substances 
with a small number of substituents. 

The following are examples of the correspondence of “mirrored” substances 
(exchange of hydrogen and chlorine atoms) : 

etliane C) hexachloroethane 
ethyl chloride 44 pentachloroethane 
I,I-dichloroethane C, z,3,3,3-tetrachloroethane 
1,2-dichloroethane +b x,1,2,2,-tetrackloroethane 
I,I,r-trichloroethane C* I,I,I-trichloroethane 
r,1,2-trichloroethane c-, 1,r,2-trichloroethane 
1,1,2,2-tetrachloroethane *--) 1,2-dichloroethane 
x,3,3,3-tetrachloroethane c-) I ,I-dichloroethane 
pentachloroethane * ethyl chloride 
hexachloroethane c-, ethane 

It can be expected that the “mirrored” substance method will be useful in 
calculating the retention parameters of polysubstituted polynuclear compounds and 
halogenated organic compounds from the retention parameters of their “mirrored” 
analogues with a small number of substituents. 
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