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SUMMARY

The importance of the concept of the ‘“‘polarity’ of stationary phases used in
gas chromatography is discussed and a review of the principal methods proposed
for the evaluation of gas chromatographic polarity is presented. These methods were
employed for the gas chromatographic characterization of eight phthalate esters,
and the discrepancies between the polarity scales obtained by different methods are
considered.

INTRODUCTION

The concept of “polarity” is not wholly clear-because it has not yet been de-
fined properly. It is connecited with those molecilar properties which give rise to
intermolecular interaction forces of the non-dispersion type. As gas chromatography
offers a valid aid in the determination of these forces, it seems convenient to introduce
the concept of “‘gas chromatographic polarity”. In fact, a knowledge of the properties
of the solvents used in gas chromatography is essential for the selection of the ap-
propriate liquid phase to be used in a given separation. It would therefore be necessary
to classify the stationary phases according to a single parameter which allows the
retentions of as many solutes as possible to be predicted a priori. A suitable classifica-
tion could be that based on a “polarity scale”. The principal criteria given in the
literature for this type of classification are reported below; they were applied in the
present study to a series of phthalate esters, viz., diethyl phthalate (DEP), di-n-butyl
phthalate (DBP), diisobutyl phthalate (DIBP), dicyclohexyl phthalate (DCyC¢P),
di-2-ethylhexyl phthalate (D2EEP), diisodecyl phthalate (DIDP), n-butylbenzyl
phthalate (BBP) and n-butyl-2-ethylhexyl phthalate (BEEP). The solubility param-
eters of these esters and the activity coefficients at infinite dilution of some homologous
classes of organic solutes in them have been determined previously'—.

CRITERIA FOR THE CLASSIFICATION OF STATIONARY PHASES

In the last two decades, several criteria have been developed for evaluating

* This work was supported by the Consiglio Nazionale delle Ricerche (C.N.R.).
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the polarity of stationary phases. Pioneering work in this field was carried out by
Keulemans et al.3. Later, Bayer® suggested that the relative retention of two different
solutes with indentical boiling points could be taken as a measure of the selectivity
of a liquid phase. Likewise, Rohrschneider’ and Maier and Karpathy® proposed a
polarity scale based on retention volumes of alkenes relative to those of the corre-
sponding alkanes. In particular, Rohrschneider chose butadiene and n-butane as
solutes and, taking the polarity of a polar reference phase (e.g., .5 -oxydipropioni-
trile) as 100 and that of a non-polar reference phase {e.g., squalane) as 0, defined
the polarity of any other liquid phase as follows:

ln V:.butadlcnc _ lﬂ V:.butadlenc
Vg,n-buumc V:,n-butanc
P, = 100 — 100- 2 >
In (Vlgj_;utadiene ) —In (?{.’bumdienc)
g,n-butane g, n-butane
P np
where the subscripts x, p and np refer to the stationary phase under study, £.8'-
oxydipropionitrile and squalane, respectively.

Chovin and Lebbe®, with the aim of making Rohrschneider’s method more
generally applicable, proposed to take benzene—cyclohexane as the reference pair of
solutes, so that polarity measurements can be extended to higher temperatures. They
also suggested classifying the stationary phases on the basis of the relative retention
() of two n-alkanes with n--1 and n carbon atoms, respectively; the parameter «
does not depend on the number of carbon atoms in the two selected #n-alkanes and
varies inversely with the polarity of the liquid phase. In accordance with Rohr-
schneider, they constructed an empirical polarity scale in which 1 is the polarity of
B, -oxydipropionitrile (polar reference phase) and 0 the polarity of squalane (non-

polar reference phase). The polarity, P.,, of any other liquid phase can be calculated
as follows:

¢y

Ine,, —Ine,
Per =14 a,, — Ina, @

Lazarre and Roumazeilles!® suggested the product of the relative retention,
«, and the absolute temperature, 7, of the column as a parameter for the characteriza-
tion of stationary phases. They demonstrated that «T varies inversely with polarity
and does not depend on temperature, and is therefore a characteristic property of the
stationary phase examined.

Littlewood!! classified stationary phases either (1) according to the specific
retention volumes of alkanes or, if alkanes are less soluble in them, (2) according to
the relative retention volumes of two successive homologous altkanes (in accordance
with the criterion already proposed by Chovin and Lebbe®).

In 1963, Brown!? suggested a suitable method for measuring the polarity of a
stationary phase and its electron donor—-acceptor properties. The method is based on
the calculation of “retention fractions’ defined as follows. If V,,,, ¥V, and V, are the
retention volumes of a non-polar, an electron acceptor and an electron donor solute,
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respectively, the retention fraction, F,,, relative to the non-polar solute (and similarly
F, and F,) can be evaluated by the equation

Vo
F,, = AN 7 3)

For each stationary phase, the three values determined (F,,, F, and F,) can be reported
in a triangular diagram from which it is easy to find out whether a phase is polar, an
electron donor or an electron acceptor.

Interaction forces that develop between a solute and a stationary phase can be
characterized and identified by means of empirical gas chromatographic indi-
ces® 5, as follows.

The Kovits retention index () is defined by the expression

ny,.,~InVv,,
mpe —InV°,

g,n+1

I = 100- + 100 # )

where ¥'? _ is the specific retention volume of solute x and VS .and V5 .., are the
retention volumes of two n-alkanes with » and n+1 carbon atoms, respectlvely,
hence V3, < V3. < ¥ones-

- The retention index, 7, ,,, of any solute in a non-polar stationary phase is a
measure of the contribution of intermolecular forces of the dispersion type to solute—
solvent interactions; on the other hand, the retention index, I, ,, of the same solute
in a polar stationary phase can be increased with respect to I, ,, by a quantity A7Z;
so we have

Al = Lepo — Ixnp (S)

Al is actually a measure of the contribution of intermolecular forces of the polar
type (e.g., dipole~dipole forces or hydrogen bonds) to solute-solvent interactions. By
comparing A7, values determined using a non-polar reference stationary phase and
polar solutes, stationary phases can be studied and arranged in order of polarity (the
higher the A7, value for any polar substance, the higher is the polarity of the stationary
phase).

Rohrschneider!” proposed, as a measure of the polarity of a gas chromato-
graphic column, the mean (x;) of the 47, values calculated for different solutes in the
column examined, and defined it as “mean polarity™.

According to Schomburg!®, the polarity of a stationary phase (Ps) can be de-
fined by the expression

©)

PS = Albcnzcnc - AIcyclohcxane i@

while according to Rohrschneider?® a simpler and more accurate characterization of
a partition column is obtained by using only the 47 index relative to benzene. Rohr-

schneider®. has recently characterized stationary phases by using the gas-liquid
partition coefficients of some standard substances, each representative of one of the



tration of the solute in the solvent divided by the concentratlon of the solute in the gas
phase) can be calculated by the relationship
RTd ) 3
S RTe M3
where 4 and M are the density and molecular weight, respectively, of the liquid phase,
R is the gas constant, p° is the vapour pressure of the pure solute at the column
temperature, T, and v is the activity coefficient of the solute in the stationary phase at
temperature 7.

Recently, Novak ef al.®* presented a new criterion for evaluating the polarity
of a stationary phase on the basis of the concept of the “reluctance” which a polar
compound shows in accepting a non-polar compound. In particular, the polarity of a
stationary phase can be defined by a simple parameter: the excess partial molar Gibbs
free energy.of a methylene group, 4G*(CH,), which can be calculated by the relation-
ship

dIn (V2 p% -
SRTLr) ®

where n is the number of methylene groups present in the molecule of the solute. Novak
et al. demonstrated that AGE(CH,) is virtually independent of temperature and of the
class of solutes selected as representative compounds.

According to Castello and D’Amato??, stationary phases can be classified
simply on the basis of the activity coefficient of any n-alkane. This method can be
visualized graphically by a Cartesian coordinate system in which the activity coeffi-
cients of an n-alkane given on the ordinate are arranged in a straight line; the station-
ary phases are then found on the abscissa in order of increasing polarity.

Finally, the interpretation of solute-solvent interactions, and hence the evalu-
ation of the polarity of a liquid phase, can also be approached by utilizing the solubili-
ty parameter theory. In fact, the effects of solute-solvent interaction forces of the dis-
persion and polar types can be evaluated through the non-polar and polar compo-
nents, A and z, of the vaporization energies of the pure compounds which form the
mixture being examined?3.2*. The gas chromatographic determination of 4 and r can
be made on the basis of the activity coefficients at infinite dilution of the two com-
pounds in the liquid binary mixture, as these parameters are related by the equation

7 (-] @

where the subscripts 1 and 2 refer to the stationary phase and the solute, respectively,
¥y, is the induction energy and V, and V, are the molar volumes of the pure com-

pounds.

AGE(CH,) = —RT-

Iny® = 22 [(h — 2 + 2 (5 — )* — 2p] + [In (

POLARITY OF PHTHALATE ESTERS

Table I gives some pelarity scales relative to the stationary phases studied.
They were evaluated by the methods based on the relative retention of the benzene—
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TABLE X .-

POLARITY SCALES ACCORDING TO ROHRSCHNEIDER'’S (Pg), CHOVIN AND LEBBE’'S
(Pc) AND LITTLEWOOD'S (V3, a—c;) CRITERIA

Compound  Pg (at 120°) Pcy (at 120°) V3 ncy (at 125°)

DEP 45 0.37 32.40
DBP 37 0.30 44.02
DIBP 39 0.28 41.17
DC,CsP 38 0.25 29.98
D2EEP 26 0.11 41.65
DIDP 24 0.14 49.56
BBP 48 0.40 44.02
BEEP 31 0.29 40.03

cyclohexane pair, on the relative retention of two successive homologous n-alkanes
and on the specific retention volumes of an n-alkane (n-octane).

The polarity scale Pr was determined according to eqn. 1 modified by Chovin
and Lebbe®, using the retention volumes of the benzene—cyclohexane pair given by
Petsev and Dimitrov?®. The polarity scale P., was determined according to egn. 2,
using literature data®® for the relative retention of two successive homologous n-
alkanes in squalane and f,8"-oxidipropionitrile.

There is good agreement between the P and P, scales as regards the extreme
terms: the most polar phthalates are BBP (Pgr = 48, Py = 0.40) and DEP (Pg =
45, P., = 0.37), while the least polar phthalates are D2EEP (P, = 26, P, = 0.11)
and DIDP (P, = 25, P¢; = 0.14).

Fortheintermediate terms, some inversions in the order of polarity are observed
on changing the scale. These inversions are explained by the similar polarities of
some of the phthalate esters investigated. Good agreement was also found between
the Py values of DBP, DIBP, DCyCP, D2EEP and the corresponding values given
by Petsev and Dimitrovs.

In the polarity scale established according to the V} of n-octane, although
the low polarity of DIDP was confirmed, some differences were noted with respect
to the previous scales; this is in agreement with Littlewood’s observation!' on the
impossibility of classifying stationary phases by using the specific retention volumes
of compounds that have low solubilities in them.

TABLE II

POLARITY SCALE ACCORDING TO LAZARRE AND ROUMAZEILLES’ CRITERION
(aT)

Compound aT
25° 75° 125° Mean

DEP 830 766 735 777
DBP 870 789 746 802
DIBP 833 776 748 786
DCyCsP 820 788 779 796
D2EEP 891 812 771 825
DIDP 938 827 766 844
BBP 839 767 746 784

BEEP 910 809 749 823
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Table II gives the e7 values calculated at three different temperatures. In ac-
cordance with the results of Chovin and Lebbe?, it is seen that the a7 values decreasej
with increasing temperature; it is therefore necessary to take as the polarity index
the mean- of the «7 values calculated at the three temperatures considered (see Table
II). On the basis of the mean values of 7, the eight phthalates investigated can be
classified in the following order of polarity: DEP > BBP > DIBP > DCyCsP >
DBP > BEEP > D2EEP > DIDP.

Table IIT reports the results obtained at 125° by the method proposed by
Brown!2. The electron-acceptor, electron-donor and non-polar solutes selected were
chloroform, carbon tetrachloride and n-hexane, respectively. For the extreme terms,
this method gives the same order of polarity as found with the previous criteria. How-
ever, substantial differences are not observed for the polarities of the phthalate esters
studied. It is also seen that D2EEP and DIBP are the stationary phases with the most
marked electron-acceptor and electron-donor properties, respectively (see Table III).

TABLE III
RETENTION FRACTIONS AT 125° ACCORDING TO EQN. 3

Compound F, F, Fop

DEP 0.450 0.381 0.129
DIBP . 0476 0.367 0.157
DCyCsP 0468 0.398 0.134
D2EEP 0.392 0444 0.164
DIDP 0.408 0.389 0.203
BBP 0.466 0401 0.133
BEEP 0.432 0411 0.157

Table IV gives the polarity scales based on the determination of retention in-
dices. Alindices were determined by means of eqns. 4 and 5 and the Pg index by means
of eqn. 6. The non-polar reference phase selected was Apiezon L. The mean polarity,
Xx;, was calculated from the A7 indices determined for 23 compounds belonging to the
following classes: n-alkanes, cycloalkanes, olefins, aromatic hydrocarbons, alcohols,

acetates, ketones and chloroalkanes. The three last polarity scales reported, in ac-
cordance with the previous ones, confirm that the highest polarities are shown by

TABLE IV

POLARITY SCALES ACCORDING TO ROHRSCHNEIDER'S (x), SCHOMBURG’S (Ps)
AND ROHRSCHNEIDER'S (A4/ycnzcn.) CRITERIA

Compound x;y (ar 125°) Ps(ar 125°) Alyepzene (at 125°)

DEP 175 116 131
DBP — 93 93
DIBP 142 70 87
DCyCsP 144 93 107
D2EEP 106 62 58
DIDP 85 56 44
BBP 180 128 149

BEEP . 117 77 69
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BBP (x; = 180, Ps = 128, Alyensene = 149) and DEP (x; = 175, Ps = 116, Alyenzenc
= 131), and the lowest by D2EEP (x; = 106, Ps = 62, Al ,;cn. = 58) and DIDP
(x; =85, Ps = 56, Alycnzene = 44).

Table V gives the gas-liquid partition coefficients, K, calculated at 25° by
means of eqn. 7 for n-octane, benzene, cthanol, ethyl acetate, methyl ethyl ketone and
chloroform. It clearly follows that this criterion does not allow a single order of po-
larity to be established; on the other hand, a knowledge of partition coeflicients can
be helpful in selecting the best solvent for any given separation.

TABLE V

GAS-LIQUID PARTITION COEFFICIENTS AT 25° ACCORDING TO EQN.7

Compound DEP DIBP DCyCsP D2EEP  DIDP BBP BEEP
n-Octane 786.5 1,165 1,248 1,787 2,064 779.0 2,569
Benzene 943.1 847.0 907.5 727.6 7234 836.9 909.5
Ethanol 388.6 363.3 413.3 228.9 218.6 597.7 284.7
Ethyl acetate 761.9 677.5 5324 435.5 437.3 7700 539.0
Methyl ethyl ketone  986.2 3,030 7317 598.5 507.1 768.4 670.2
Chloroform 1,012 895.3 1,034 780.7 681.6 765.2 807.0

Table VI reports the values of AGE(CH,) calculated at three temperatures by
means of eqn. 8 using retention data of n-alkanes. As reported previously by Novak
et al?!, the value of 4G5(CH,) does not vary substantially with temperature. Slight
variations, probably due to experimental errors, were noticed, however; therefore
a mean value of AGE(CH,) was calculated (see Tabie VI). The results obtained by
Novak ef al.’s criterion show that the most polar phases are DEP [AGEH(CH)pean =
109.5] and BBP [AGE(CH,)ncan = 108.6}, and the least polar phase is DIDP
[AGE(CHY)mean = 57.31.

TABLE VI
POLARITY SCALE ACCORDING TO NOVAK et al.’S CRITERION [AGE(CH,)]

Compound AGE(CH,)} (callmole)
25° 75° 125° Mean

DEP 1049 103.7 1199 109.5
DBP 759 832 108.1 80.1
DIBP 101.6 948 1064 1009
DCyCsP 111.3 834 738 895
D2EEP 622 628 B8l1.6 689
DIDP 346 502 871 57.3
BBP 98.1 1025 125.1 108.6
BEEP 498 65.7 105.1 735

Fig. 1 shows the results obtained by the method suggested by Castello and
D’Amato?2. On the basis of the activity coefficients for n-octane at 75°, the following
order of polarity was established: DEP > BBP > DCyCP > DIBP > D2EEP >
"BEEP > DIDP. If the above-mentioned method is applied to a solute other than an
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n-alkane, the stationary phases will be arranged in a different order, which will reflect ¥
the specific selectivity of the solvent towards the functional group of the solute rather §
than its polarity. )

Fig. 1 clearly illustrates the behaviour of each liquid phase studied towards 3§
each of the solutes; the minimum in the In y* curve corresponds to the highest solute— 3
solvent interaction. It should be noted that a very marked minimum is shown by 3
methyl ethyl ketone (and likewise by acetone) for DIBP and that the behaviour of §
methanol differs from that of ethanol (and, likewise, of the other n-alkanols), which §
shows the strongest interactions with BBP. Ethyl acetate behaves in a similar manner 3
to ethanol; cyclohexane, benzene and methylene chloride behave similarly to one ¥
another, their In ® values increasing with the polarity order based on the In »™ of
n-octane. -

On the basis of the values of the polar component, 7, of the solubility param-
eters calculated previously®, the eight phthalates studied were arranged in an order }
of polarity that shows some differences with respect to all of the polarity scales
discussed above: DEP (v = 5.80) > BBP (r = 5.10) > DIBP (v = 4.95) > DCyCP

ta?Y®
3.04
204
104
Q04
~1.0
- N -5
a 7] ®
E 8 8 &g & &
-2 g & ¢ 38 =8

Fig. 1. Logarithm of activity coefficients at infinite dilution at 75° versus polarity of the stationary
phases according to Castello and D’Amato’s criterion (In ¥,.cs). @, n-Octane; >k, cyclohexane: O,
benzene; A, methanol; o, ethanol; A, etbyl acetate; [, methyl ethyl ketone; B, methylene chloride.
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§ (* = 4.64) > DIDP (v = 4.18) > DBP (z = 4.11) > D2EEP (r = 4.10) > BEEP
4 = = 3.42).
: 1t should be noted that this scale agrees with the others presented here as far
B as the most polar terms (DEP and BBP) are concerned, but disagreement is observed
3 especially for the least polar term. Such disagreement may be due to the fact that in the
% calculation of T the.contribution of entropy was not taken into account although it is
¥ relatively large with DIDP, BEEP and D2EEP.

R CONCLUSIONS

The polarity scales obtained by the various methods considered here are com-
pared in Fig. 2. The scales were modified by adopting a new criterion for the evalu-
ation of polarity, according to which the value of the most polar phase is taken as
100 and that of the least polar one as Q; for the phases of intermediate polarity, their
polarities can be calculated by means of the expression

P — P,

=P (19

P* = 100-

where P’, P’ and P, are the polarities of the least polar phase, the most polar phase
and the phase being considered, respectively. A comparison of the results illustrated
in Fig. 2 shows that, with the exception of the criterion based on the solubility param-
| eter theory and of that based on the determination of the V¢ of n-octane, the cight

phthalate esters studied can be divided into three general classes of polarity: a first
class comprisihg the most polar esters (BBP and DEP), a second class comprising the
esters with intermediate polarities (DBP, DIBP, DCyC,P) and a third class comprising
the least polar esters (D2EEP, BEEP and DIDP). It can be concluded that all of these
methods give fairly consistent results. It seems opportune, therefore, to choose the
criterion which provides an absolute value of the polarity with the least amount of
experimental measurements.

* - R N - - » ) > LN -
1 By Vanc, N Foo <5 Fy  Algawene AGECH) LR, ©
0+ esp DEP, DEP B3P+ BER, a8, DEP. DER; DEP,
7 B8ey  DOGP ﬁ‘ oer) B85p)
DEP- oer DEP A oerd DER osry il
= DER. DeaH Bar
o nary - DBP-I | o1s
SEEF] eEeP-oigr! DLCR: oaeP| oCL  0OGH]
504 o bcge]  BEER D2EEe- PCGP-DEP oem] neep
DREEP] Disey
BEEP
j:=35g) BEEM oe
BEEP1 89P-DeP|  D2EEF] GEER pep =~
251 DREEP — 8eEP{ paeepl oD2eep 020
O2EEP acen|
pegep{  DIOPY . an J D2EEP
o pibed  pogep [>° 2 boe- o DADR. ooad oopd D aser

Fig. 2. Comparison of the different polarity scales reported in the text and modified according to egn.
10. -
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Between the methods of Castello and D’Amato and that of Novak ez al.,
which are absolute criteria, the latter seems simpler because it docs not require a
knowledge of the data relative to n-alkanes. In fact, 4G5(CH,) can be determined by
using a pair of homologous alkyl-containing solutes and not necessarily n-alkanes;
moreover, the determination of AG5(CH,) as the difference between two activity co-
efficients does not require a knowledge of the molecular weight of the stationary

phase.
It still remains a problem (to be considered in future research) how to predict

a polarity scale for stationary phases a priori.

REFERENCES

1 1. Kikic and P. Alessi, J. Chromatogr., 100 (1974) 202.
2 P. Alessi, 1. Kikic and G. Torriano, J. Chromatogr., 105 (1975) 257.
3 P. Alessi, 1. Kikic and G. Torriano, J. Chromatogr., 106 (1975) 17.
4 P. Alessi, 1. Kikic, A. Papo and G. Torriano, Ann. Chim. ( Rome), in press.
5 A. I. M. Keulemans, A. Kwantes and P. Zaal, Aral. Chim. Acta, 13 (1955) 357.
6 E. Bayer, Angew. Chem., 71 (1959) 299.
7 L. Rohrschneider, Z. Anal. Chem., 170 (1959) 256. .
8 H. J. Maier and O. C. Karpathy, J. Chromarogr., 8 (1962) 308.
9 P. Chovin and J. Lebbe, Separation Immédiate et Chromatagraphie 1961, G.A.M.S., Paris, 1961,
p. 90.
10 F. Lazarre and S. Roumazeilles, Bull. Soc. Chim. Fr., (1965) 3371.
11 A. B. Littlewood, J. Gas Chromatogr., 1 (1963) 16.
12 1. Brown, J. Chromatogr., 10 (1963) 284.
13 A. Wehrli and E. Kovéts, Helv. Chim. Acta, 42 (1959) 2709.
14 E. Kovats, Z. Anal. Chem., 181 (1361) 351.
15 E. Kovats and P. B. Weisz, Ber. Busenges. Phys. Chem., 69 (1965) 812.
16 L. Rohrschneider, Z. Anal. Chem., 1 (1965) 211.
17 L. Rohrschneider, J. Chromatogr., 22 (1966) 6.
18 G. Schomburg, J. Chromarogr., 14 (1964) 157,
19 L. Rohrschneider, Z. Arnal. Chermn., 211 (1965) 18.
20 L. Rohrschueider, Anal. Chem., 45 (1973) 1241.
21 J. Novak, J. Ruzitkova, S. Wicar and J. Janak, Anal. Chem., 45 (1973) 1365.
22 G. Castello and G. D’Amato, Proceedings of the 12th National Meeting of the Societd Chimica
ftaliana, Cagliart, 1975, p. 65.
23 R. F. Weimer and J. M. Prausnitz, Hydrocarbon Pracess., 44 (1965) 237.
24 J. G. Helpinstill and M. Van Winkle, Ind. Eng. Chem., Process Des. Develop., 7 (1968) 213.
25 N. Petsev and Chr. Dimitrov, J. Chromatogr., 49 (1970) 175.
26 P. Chovin and J. Lebbe, J. Gas Chromatogr., 4 (1966) 37.

1



