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SUMMARY -

; ‘The nature of the coefficients in the linear dependence of a partial molar free
energy of solution on a retention index value for all substances analyzed omn a
stationary phase has been ascertained. A simple procedure for estimating the
difference of intermolecular interaction energies after replacement of n-alkyl radicals
with isoalkyl or unsaturated radicals in aliphatic sulphides and disulphides has been
evaluated. Variations of intermolecular interaction energies of the functional group
in metameric thiatridecanes with the displacement of the S atom into the carbon

The retention of substances being analysed on various stationary phases under
isothermal conditions is determined by the partial molar free energy of solution,
4G, which depends on the molecular structure of the substance and on the stationary
phase and the pature of their intermolecular interaction. The greater the value of
4G, theguﬂrmthepolmﬂofthesmhonaryphasemthmpectw the substance
bdngmﬂywdmdthehglmm&emgyofmmﬂumMnm
meshnomphnsandthesubmmwthispomtofﬁew “non-polar™
stationary phases do not exist!. To determine the polarity of the stationary phase
it is necessary to obtain information on its capacity for various intermolecular inter-
actions, primarily non-specific interactions of a physical nature, such as dispersive
(d), inductive (in) and orientative (o) and specific interactions of a chemical nature,
such as donor-acceptor. (d-ac) including the hydrogen bond. In the general case, the
paﬂalmohr&eemgyofwhhmuthemofthemofaﬂﬁndsofmter—
melecalar interactions: : ;

4G =AGy + 4Gy, + 4G, + AGpee. o ()
hmuu:mwmmmm
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The interpretation of polarity in gas chromatography differs from that accepted in
physical chemistry. Completely “non-polar” phases do not exist, because all of them
interact inductively” with substances that have large dipolc moments, e.g., with
nitropropane (dipole moment x4 = 3.6 D). Other examples are benzene and p:dini-
trobenzene, which have no dipole moments bat are capable of forming sz-complexes
with some polar stationary phases, and the polar componeat will account for a con-
siderable proportion of the total free energy of solution:

"~ AG = AG, + (4G + AG._,)

Thus, as distinct from the concepts established in physical chemistry, from the gas
chromatographc pomt of view p-dmm-obenzme and benzene are polar oomponnds.
In our opinion, polarity in chromatography must be determined by the capacily
for various intermolecular interactions and measured guantitatively in the values of
AG. As it is impossible to find one substance that is capable of undergoing simul-
taneously all of the possible kinds of intermolecular interactions with the stationary
phase, six parameters have been proposed!—3 for evaluating the polarity: the partial
molar free energy of the solution of the n-alkane methylene group (4G“™) and the
4G values of McReynolds’ five test substances. To estimate the polarity of the
statiopary phase, the 4G values are calculated from the equation previously proposed

oy us*:
AG = —2.331'[’=—l°—°"i- b+ log ("QT)] @
whet-el lstheretennonmduofasubstanee,e:sthedensxtyofthesﬁhomyphase

at the temperature of analysis (T7K); ¥V, e is the specific retention volume of an
n-alkane with n carbon atoms, which is given by the equation

* log Vegr=a -+ bn (3)-
where q and b are coeflicicuts, with & being casily determined from
b =log Veiny—log Ve @

It should be emphasized that polarity estimated from AG values, as compared
with retention indices, makes it possible to obtain quantitative information on the
capacity of a substance to eater into intermolecular interactions with the stationary
phase. For example, the retention indices of butanol-1 on DEGA and Carbowax
1000 are almost identical (1197 and 1193, respectively), but the energies of their
intermolecular interaction with these phases are different (—3080 and- —3630 calf
mole, respectively)’.

‘The proposed system of polarity evaluation from egn. 2 is universal and does
not require the selection of a stationary phase with “zero polarity™.

In this work, eqn. 2 has been used for the following:

(a)mmmemmofmecoeﬁmentsmtbzhnwdependenceofthe
retention index on the partial molar free energy of solution; -

() to determine how the energy of intermolecular interactions of the functional
gronpmmetammctb:amdeansvmeswnhthedsplamtoftheSatommto
the carbon chain;

(c)toevaluaﬁetheebang:mtbeenergyofd:spmmﬁu@onmhng
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from n-alkyl radicals being replaced with isoalkyl radicals in aliphatic sulphides and
dlsulphxds.

EXPERIMENTAL

The gas chromatographic analysis of sulphides and disulphides with alkyl,
isoalkyl and unsaturated radicals listed in Tables I-IV was performed on a Pye
Unicam 104 chromatograph equipped with a flame-ionization detcctor. Glass
columns (210 x 0.4 cm) were packed with silanized Chromosorb W AW DMCS
(80-100 mesh) (Johns-Manville, Denver, Colo., U.S.A.) with 59 of stationary phase
Apiezon M (Ap-M) and polyethylene glycol 1000 (PFEG-1000). The columns were
conditioned for 50 h at 250 °C for Ap-M and at 155 °C for PEG-1000. Samples
(0.5 ul of substance vapour) were injected with a Hamilton syringe into the upper
layer of the chromatographic support. The temperature of analysis was 130 °C and
the flow-rate of the carrier gas (high-purity nitrogen) was varied within the range
10-100 ml/min.

The retention of sulphur-containing substances, as expressed by the Kovats
retention index relative to C,-C,s n-alkanes, was determined. The retention indices
for the investigated compounds have been published previously®¢. To obtain the
thermodynamic functions of solution, the retention volume, V,, for n-decane was
determined from the equation’

273t 14 nzo

Vo=
where

¢’ is the corrected retention time for decane;

v is the bulk flow-rate of nitrogen carrier gas measured at room temperature
with a foam flow-rate meter;

w is the mass of stationary phase in the column;

T,is room temperature (°K);

J is a factor taking into account the pressure drop in the column:

(PP — 1
2 PPy —1.

where P, is the pressure at the column inlet and P, is the pressure at the column out-
let; and

is the correction for water vapour pressure at room temperature.

Values of ¥, for n-decane on Apiezon M and PEG-1000, the values of the
b coeflicients in eqn. 3 and the densities of the stationary phases at 130 °C are as
follows: Apiezon M, ¥, (n-decane) = 151.7 ml/g, b = 0.270 and ¢ = 0.840 g/cm*;
PEG-1000, ¥, (n-deeane) 21.9 ml/g, b = 0.211 and p = 1.086 g/cm?. The densities
were ealmlal:ed from ¢ at 20 °C (ref. 8) with the coefficient of volume expansion,
a = 0.001 cm?®/°C (ref. 9), taken into account.
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RESULTS AND DISCUSSION - e '

Kovats'®! was the first to point out the dependénce of the retention index
on the free energy of solution; later this dependence was shown!? experimentally and
expressed by the equation _

AG BI.+ A4 : - y T (5)

whnhmvahdforansubsnnmamlysedonagwensuuomphaseataeom
temperature and with retention indices within the linear rangs of n-alkanes, described

byeqm3.lnordetwlmdusmndmcphysxmlmeanmgofthemeﬁuems4and3
meqn.s we shall transform eqn. (2) into .

AG=—2.3&T-W-I,—2.3M[1 Vel _ . n] ®

Taking info account that, for the n-alkanes used to calculate the retention
index, the partial molar free energy of solution of the methylene unit is expressed? by

AG®: = —23 RTH ()]
we shall obtain, after substituting eqn. 7 into eqn. 6, '

4G = (4G=/100)L, — 2.3 RT [log (122 '-‘-’T) — bn @®

From eqn. 8, it follows that 4 and B depend on the gas chromatographic character-
istics of n-alkanes on the investigated stationary phase:

" B =AG%[100 = AG,,, €))
As can be seen from eqn. 9, B is the free energy cotresponding to 1 retention index

unit, calculated from the value of b determined from eqn. 3 or 4. Using eqn. 8 we
shall express 4 as

A =—2.3RT[log(2':,§T) —bn]

and eqn. 5, with eqn. 9 being taken into account, will then be written as follows:

AG=A4G,, I.+ A (10)
If

4G, I, = AG;, an
we obtain

AG=A4G, + 4 . 12)

From eqn. 12, it follows that 4 can be found experimentally for every stationary
phase by analysing n-alkanes only. From the specific retention volume, ¥,
eccording to the well known equation®

AG=—23RTlog((22T) ' | (13)
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we find the value of the partial molar free energy of solution of an z-alkane in the
stationary phase. From eqns. 7 and 9 we find 4G, .. and calculate the partial molar
free energy of solution equivalent to the reteuhon index for an n-alkane (4Gy ), and
' then ffom eqn. 12 determine 4:

A = AG—AG,_ 14

It can be seen from egn. 14 that 4 in eqn. S represents the difference between the
energy calculated from the retention index based on the energy corresponding to
1 retention index unit (4G, ,) as obtained from n-alkanes and the free energy of
solution determined from the specific retention volume. From eqns. 9-12 it follows
that, knowing the value of I, and that of 5 for n-alkanes, one can calculate the
partial molar free energy of solution for any substance x. The value of AG;_ is
always greater than AG, and, therefore, 4 is always positive: it is the energy having
the sign opposite to that of the free energy of solution. Experimental verification of
eqn. 14 has been performed on aliphatic and cyclic sulphides, mercaptans, aromatic
sulphur-containing compounds*'* and methyl esters of fatty acids's. The equations
obtained for sulphur-containing compounds on Apiezon M and PEG-1000 at
130 °C and for fatty acid methyl esters on SE-30 and Silar SCP at 200 °C have the
following form:

AGLY = —4.98 I+ 793 @as)
AGiEs =— 3.89 I + 1052 (16)
4GEY =— 3351, 4+ 751 a7n
AGEY scp =— 3.00 I, + 1046 18)

As shown by the results, coefficients 4 and B in eqn. 5 are therefore dependent only
on the gas chromatographic characteristics of the n-alkanes used for the calculation
of the retention index. B is the free energy corresponding to 1 retention index unit,
but the physical meaning of A4 is not clear. Possibly, 4 is the energy expended by
n-alkanes to overcome the surface tension of the stationary phase. In 1962 Anvaer
et al.’s indicated that the free energy of solution includes not only the energies of
dispersive, orientative, inductive and specific interactions, but also the energy expended
to move apart the solvent molecules. The magnitude of this energy depends on
the shape of the molecule of the dissolved substance and the surface tension of the
stationary phase. Later, a similar idea was put forward by Sakharov and co-
workers'”-18, However, for 4 to be regarded as the energy expended on the penetra-
tion of the molecule into the stationary phase layer it is necessary to conduct
additional special investigations.

Eqn. 2 makes it possible to obtain data for thermodynamic calculations of the
contributions made by the individual units or functional groups of the substances
being analysed to the partial molar free energy of solution. As it follows from
egn. 2, for two substances, / and j, analysed on one stationary phase at a given
temperature, the difference between their partial molar free energies of solution can
be calculated® from the equation

' #A4G),, — —0.023 RTBS I, — (AG=4100) 3 I, . (19)
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where 8 I, is'the difference between the retention indices of sabstances § and j and &
is determined fromeqn. 3or 4. ]

Eqgn. 19 enables one to determine the energy difference in the forces of inter-
molecular interactions of the two compared substances, which makes it possible to
evaluate the energy contributions of different structural units of a molecule or of a
functional group to the free energy of solution.

Eqn. l9wasnsedbyustoascertamthedxﬂ‘etenmmtheenergyofdxs—
petsive interaction with the polar and non-polar stationary phases of alkyl radicals
with normal and iso structures, as exemplified by aliphatic sulphides and disulphides.

Table I shows the values calculated for the partial molar free energies of
solution, 8 (4G), .., for di-n-alkyl sulphides and their isomeric n-alkyl isoalkyl
sulphides in Apiezon M and PEG-1000. If we compare the variation of the
oI, ;5 values on Apiczon M and PEG-1000 it appears that the contribution of the
radicals is different and depends on the polarity of the stationary phase. In fact,
this is not so. If the energy corresponding to 1 retention index unit is taken into
account, it turns out that a change in the free energies of solution caused by the
iso radical replacing the normal radical, 8 (4G), i, is virtually the same on both the
polar and the non-polar stationary phase in sulphides and disulphides (see Table I).

Similar results were obtained by the analysis of di-n-alkyl disulphides and their
isomeric n-alkyl isoalkyl disulphides. With the replacement of the normal radical
with the iso radical in disulphides, as well as in sulphides, the value of M(A4G),, . is
seen to be specific for each radical and to be virtually the same on both the polar and
the non-polar stationary phass (see Table I).

Comparison of the data in Table I makes it possible to draw the conclusion
that 6(4G), 1, represents mainly the change in the energy of dispersive interaction
of iso radicals (as compared with normal radicals) with the polar and the non-polar
stationary phase, which does not depend on the nature of the functional group,
—S- and -S,—-. It should also be noted that the energy of dispersive interaction
decreases with increasing branching of the radical. For example, for both sulphides
and disulphides, the replacement of n-butyl with zerz.-butyl results in a reduction in
the free energy of solution of 473-52S cal/mole in Apiezon M and 498-526 cal/mole
in PEG-1000. The less branched is the radical, the lower is the value of 8(4G), te0s
e.g., when n-amyl is replaced with iscamyl, the observed change in the inter-
molecular interaction is only 189-204 cal/mole with Apiezon M and 171-214 cal/
mole with PEG-1000. This may be associated with the formation of a gieater number
of contacts of the normal radicals with the stationary phase molecules than of the.
more compact iso radical, which reduces the energy of intermolecular interaction of
the latter with the stationary phase. It is extremely interesting to study the nature
of the variations of 8(4G), .., and, in our opinion, this will be useful in claborating
the theory of solutions.

A gas chromatographic study of sulphides and disulphides with alkyl radicals
containing a double and a triple carbon-carbon bond made it possible to obtain data
on the variation of the energy of intermolecular interaction of unsaturated radicals
with polar and non-polar stationary phases. Table II gives the values of (4G, uoca:.
for sulphides and disulphides. The replacement of n-ethyl and r-propyl with vinyl and
aﬂylmdwals.tspwhvdy.muhsmavetyshghtchangemthzmergyofmter-
molecular intefaction with -the non-polar stationary phase. The picture changes
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sharply on the polar PEG-1000 stationary phase: unsaturated sulpbides and disul-
phides are retained in the column lopger than the saturated compounds, ie., the
sequeneeofdnuonofsubstaneschangesmcompansonmﬂlApxaonM.Asm
beseenfromTab!elI.tbeenergyofmﬁe:mobaﬂarmmchonthhPEG—looo, when
a double bond is inserted into the normal radical, increases on average by 191-211
cal/mole, and the insertion of a txiple bond results in a 5-fold increase in the energy of
intermolecular interaction with the stationary phase. In this instance we are probably
dealing with a specific donor-acceptor interaction of the unsaturated radical with
the polar PEG-1000. It is of interest that, as with the iso radical, variation of the
mtamoleaxhrmteraeﬁonenergy;sspeuﬁcmtheunsammtedmdmalanddepends
only slightly on the nature of the —S- and -S— functional groups.

Using McReynolds® tables'? we calculated the values of d(AG)._,,
8(4G), vozae. fOr ethers and esters. As can be seen from Table I, the characteristics
obtained for isoaliphatic and unsatnrated radicals are the same as those observed
for sulphides and disulphides in this work, taking into account the difference in the
analysis temperatures. If intramolecular interaction of a functional group with a
double or triple bond of the radical is possible in the molecule investigated, the
value of #(A4G), vasae. Will, of course, also depend on the nature of the functional
group.

In gas chromatography the total free energy of solution is often regarded as
being the sum of the energy contributions from the individual groups of a molecule.
The principle of the additivity of thermodynamic functions has been used**-3 to
classify stationary phases proceeding from the free energy of solution of functional

TABLE IHl
CALCULATED VALUES OF §(4G)..10e AND 5(4G)a.000se. FOR ETHERS AND ESTERS AT 120°**
No. Composnds compared Ap-M,AG, , = —5.17 cal/mole PEG-1000, AG, .. = —4.08 cal/mole
u-.l- ( —AG)-.l- al.l.- —J(AG)-J.-
(cal/nole) (cal/mole)
Ethers
1 PrOPr-PrOiPr 47 243 &5 i 265
2 MeOBu-MeOiBu 41 212 64 261
3 AmOAM-AmMOIAm 37 191 51 208
4 EtOBu-EtOterr.-Bu i 408 107 . 437
Esters
5 MeC(0O)OBu-M2C(0)OiBu 43 222 61 249
6 EtC(O)OBu-EtO(0O)iBu 45 233 s7 232
7 PrC(O)OBu-FrC(O)0iBu =~ 43 22 s9 - 241
8 MeC(O)OAM-MeC(O)OIiAm 35 181 s1 208
9 EtC(OYOAM-EtC(0O)YOiAm 32 165 45 184
10* EtOEt-EtOVin T =3 —16 —61 —249
11° EtC(O)OE-VInC(O)OEt 4 21 —36 —147
12° - EtC(0)OBu-VinC(0)OBu ™ 3 16 —41 —167
13* HC(O)OPr-HC(O)YOALL ~. 16 83 —49 -—200
14" MeC(O)OPr-MeC(O)OALL 1§ 78 T -52 . =212

* 81 and 8(4G) values for compounds 10-14 are the differences in indices and free energies resulting from
the replacement of n-radical by unsaturated radical, i.e., fe aesae. a0d S(AG)s unser.:
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gronpsm a stationary phase.. Aceoraingto the views of Novak and co-workers'5,
for the (CHL)(CH,). X" homologous series, where X is the faonctional group, the

followmg equahty is valid:

J

from wlueh it follows that the contn'butmn of a fanctional group to the free energy
of solution does not depend on its position in the molecule and is the same in different
homologous series, being described by eqn. 20.

Viewing the retention of a substance in gas elu-omatography as being deter-
mined by the energy of intermolecular interactions with the stationary phase, one
would expect the characteristics of the interactions, of both physical and chemical
nature, to depend not only on the number of atoms in the functional group and its
valency, but also on its position in the molecule. The place of the functional group
in the molecule determines its accessibility as regards interaction with the stationary
phase. It should also not be excluded that surrounding groups exert & mutual effect
on the capability of the functional group to eanter into intermolecular interactions.
From this point of view, it would be wrong to assert a priori that the energy con-
tribution of the carboxyl group will be the same in the homologous series of n-alkyl
acetates and methyl esters of fatty acids, although, formally, these homologous
series are both described by eqn. 20.

To check this assumption, we studied the gas chromatographic behaviour of
metameric compouads, i.e., isomers belonging to the same class with the same
number of carbon atoms but with different positions of the functional group. This
makes it possible to answer the question of whether it is correct, knowing the
magnitude of the fanctional group’s contribution to the frec encrgy of solution of one
homologous series, to regard this contribution as remaining unchanged in arother
homologous series. In our study we chose the —S— sulphide group for which, as was
previously established!*, the energy of intermolecular interaction with polar and non-
polar stationary phases is determined by the energy of Van der Waals physical forces.

We followed the variation of the —S- group energy contribution in thiatridec-
ane metamers as -S- moves into the aliphatic chain. Comparison of the rctention
indices of the homologous series methyl n-alkyl, ethyl n-alkyl, propyl n-alkyl and
butyl r-alkyl sulphides® has shown that the energy contributions of 4G and
AG<* are the same in the metamers studied and are equal to the energy contributions
of these groups in n-alkanes. The fanctional group’s energy coiitribution in the series
of metamers decreases with the migration of the sulphur atom along the chain. This
can be clearly seen from the data in Table IV, which gives the values of the difference
between the free energies of solution for thiatridecane metamers and thiatridecane-2.
It can be seen from Table IV that, when the sulphur atom moves from position 2,
ie., at K = 2, to position 7, at K = 7, the partial molar free energy of solution
decreases by 234 cal/mole with Apzmn M and by 308 cal/mole with PEG-1000.
From this, the important conclusion is inferred that one can use additive equations
amﬂartoeqmmonlyforgwenhomdogoussens.lndemgnatngtheeonuibuhon
of a functional group, 4G, it is necessary to indicate its position in the molecule.
Theemrgyeontn’bnﬁonoftheﬁmeﬁonalgroup,asweﬂastbatofthe
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methylene group, depends on the homologous series and on the nature of the stationary
nary phase. That is:why.one cannot use the AH -or AG values for individual

functional groups, —O-, > C=O0, ~OH, ~CHO or '°'C<gu,' to classify statio-

nary phases, as some workers have proposed?®-=. The data obtained by us show that
in order to use additivity schemes to assess the contributions to the AG value it is
necessary to indicate precisely the functional group’s position and to take into
ammttheposu‘bﬂ:tyoftbeenergywnm‘bnnonsfmmtheCH,andCH,gmnps
not being equivalent to the corresponding values for n-alkanes.

The previously proposed eqn. 2 has thus been successfuily used not only to
@maunwetsalsystanofpohntyandselwhutymgasehmmatogmphy’-’ bat also
to ascertain the nature of coefficicuts 4 and B in equation describing the dependence
of the free energy of solution on retention index, and to evaluate the energy of
intermolecular interactions between the functional groups and individual units of a
molccule and the stationary phase. Further studies of the variation of the energy of
intermolecular interaction between functional groups and individual units of a mole-
cale and different stationary phases will make it posibletoobtam useful data for the
development of the theory of solutions.
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