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SUMMARY

The influence of the polarity of the stationary phase on retention increments
for the structural parameter of homologous series of aliphatic esters is detailed and
the results are discussed in terms of the findings of earlier studies that have been re-
ported where restricted ranges of solutes and solvents were considered.

INTRODUCTION

The gas chromatography of various aliphatic esters has been extensively studied
and much retention data have been assembled in the ASTM! and other compilations?
although the systematic study of retention and structure of homologous esters has not
been exhaustively investigated.

Incremental increases of 100 index units per homolog containing five or more
carbon dtoms were reported for some ester series by Wehrli and Kovdts?. Kovdts*
later stated that *“in any homologous series the retention index of higher members in-
creases by 100 index units per methylene group introduced’’. This implied quiteerrone-
ously that the slopes of the conventional data plots of all homologous series are the
same although index contributions due to a methylene group of less than 90 index units
had been reported earlier by Zulaica and Guiochon® for dibasic esters.

Retention indices of methyl esters of isomeric aliphatic monocarboxylic acids
have been reported by Schomburg®. Relationships between retention, structure and
boiling point of normal and branched-chain methyl esters were demonstrated. The
equations of simple plots were determined and empirical relationships were reported
that allowed calculation of either retention indices or boiling points of the esters using
the particular experimental conditions. Subsequent work with methy! and ethyl esters
of @- and g-alkyl, a,8,y, ... .. , w-methyl substituted carboxylic acid esters’ allowed
the formulation of rules for the elution sequence of different isomers by considering
the retention behaviour on two standard non-polar phases.

A concept termed ‘“homomorphy” which considered the retention difference
of two substances differing by one or two structural elements was developed:

A _
H ‘_l(subslnnce)”_l(n-pnrnrrln)
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where H4 is the homomorphy factor. The value A4 with n-alkyl compounds is similar
to the functional retention index (FRI) used earlier by Swoboda® in studies with esters:

— A
FRI = H4 = ](cs(cr)'—‘l(hydrocurbon skelcton)

Values of H# and retention index differences («7) on polar and non-polar
phases were shown for many ester structures and a consideration of H* and A[ has
subsequently been proposed for use in tentative identification®!°,

Earlier work from this laboratory has considered the retention behaviour of
homologous esters, which were conveniently represented as

(@)
t

R-C-O-R’
where the carbon numbers of the acid and alcohol chains are R and R’, on SE-30!!
and with some other polysiloxane phases'?!* where it was apparent that:

(1) The slopes of plots representing homologous esters with the same number
of carbon atoms in the acid chain (R) decrease as the value of Ris increased; similarly
for the same number of carbon atoms in the alcohol chain (R’) the slopes decreases
as the value of R’ increases with the phases considered.

(2) Retention of methyl esters follows boiling point.

(3) On stationary phases containing highly polarizable substituent groups it
was evident that a loss of linearity occurs with alcohol ester plots.

(4) The effect of isomerization in the alcohol chain was most apparent with
isopropyl esters and to lesser extents with isobutyl and isopentyl esters.

(5) It is apparent that the methylene group has a greatereffect on retention when
in the alcohol chain (R’) than in the acid chain (R), this effect having also been ob-
served with a-alkyl acrylic esters!®.

(6) Retention increments for the carboxyl group in n-alkyl esters indicated that
the net retention of the group increased with increasing polar character of the phase.

The present study considers the simple structure—-retention trends observed in
our previous work in terms of statistically determined increments for the structural
parameters present in the ester series, the range of compounds and stationary phases
evaluated being greater than previously employed to provide carefully prepared data
for further study of the substance polarity factors of Rohrschneider.

EXPERIMENTAL

Gas chromatography

The chromatography was carried out on a modified F &M 810/29 Research
‘Chromatograph fitted with improved flow control and thermostatic column-oven
controller. The oven temperature was independently monitored throughout the deter-
minations with a calibrated thermocouple. The retention data were obtained iso-
thermally at 150° using 12 ft. x !/, in. O.D. aluminium columns packed with 102}
stationary phase on 62-72 mesh acid-washed and silanized Celatom. Flame ionization
detection was used with the following conditions: injection temperature, 190°;
detector temperature, 220°; carrier gas, helium; ﬂow-rate, 30 ml/min with an mlet
pressure of 45 p.s.i.
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Stationary phases

The stationary phases used were all polysiloxanes and could be separated into
three basic classes depending on the type of substituent group. Class 1 consisted of
non-polar phases, primarily containing alkyl groups, class II of the low- to medium-
polarity donor phases, containing groups capable of exhibiting donor properties, and
class 111 of the medium to polar acceptor phases, which contained substituents ex-
hibiting acceptor properties.

The degree and type of substitution, as well as the classification of polarity in
terms of Rohrschneider constants, for the polysiloxanes used are shown in Table 1.

Low-molecular-weight polydiphenylsiloxane oligomers were prepared by con-
ventional synthesis. Diphenyldichlorosilane containing less than 1 9 triphenylchloro-
silane as chain terminator was hydrolysed by slowly dropping it into a 109 sodium
carbonate solution. A reaction temperature of 25° was maintained to minimize any
preliminary polymerization while the hydrogen chloride evolved was neutralized and
the solid di- and triphenylsilanols formed were broken up.

The dry silanol mixtures were polymerized by heating a solution in toluene
containing potassium hydroxide. The reaction was continued until water liberation
ceased and further toluene was added to dissolve the low-molecular-weight products
while the higher-molecular-weight species were essentially insoluble at room tempera-
ture. The soluble material was neutralized, freed of water and toluene and recovered as
a white solid.

Preparation of esters

The esters were largely of commercial quality and of substantial purity. Esters
were prepared in the laboratory by conventional esterification or transesterification
procedures using the macroreticular acidic ion exchanger Amberlyst 15,

RESULTS AND DISCUSSION

The retention data of the esters examined are shown in Tables 1I and 1II as
relative retention (V) using n-nonane as standard and as retention indices (/g).

With SE-30, DC-230, DC-710 and diphenyl polysiloxane it is apparent that
the retention behaviour of the esters on non-polar and donor phenyl phases is visually
very similar, i.e. the separations (differences in intercepts) of the acid homologs are of
similar magnitudes while the slopes of these homologs are similar, and decrease slight-
ly as R increases ; however, as expected, the retention values of the homologs increase
with increasing polarity of the stationary phase.

With F-500, XE-60, XF-1150 and SILAR 5CP slight variations in retention
behaviour occur as the stationary phase polarity is increased; the separation of the
acid homologs is decreased, especially for the lower members of the series with the
more polar stationary phases and similarly the slopes of the homologs tend to de-
crease with increased polarity as well as with increased R.

These effects are consistent with data for some of the esters onseveral non-polar
or donor phases where the behaviour was stated to follow that of boiling point and
on acceptor phases which have been described in terms of acceptor interaction!, The
range of phases used previously was apparently not adequate to describe the phenom-
enon because low- to medium-polarity donor phenyl and medium-polarity acceptor
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cyanoethyl- and trifluoropropyl-substituted phases were only considered. In this
work a greater range of acceptor and low-polarity donor aminoalkyl phases was used.
Previously, the only donor phases available were phenyl-substituted materials and
consequently dramatic effects with polar solutes interacting with hydrocarbon groups
would not be expected.

The effect of incremental changes in the alcohol chain R’ for all stationary
phases is shown in Table IV. It is apparent that the effect is maximized with the lower
members and decreases as R increases, in agreement with an earlier report?!?,

TABLE 1V

EFFECT OF INCREMENTAL CHANGES IN THE ALCOHOL CHAIN FOR #n-SATURATED
ACID ESTERS

Srationary Ester series
p,’ase f e i e = - —a— crasman e mmal st aie M e emiei e .-t S ——————————
Formate Acetate Propionate  Butyrate Pentanoate  Hexanoate

SE-30 105.0 99.6 96.1 94.6 92.3 90.2

oVv-17 105.8 103.0 101.0 97.1 93.7 93.3
DC-710 108.6 101.7 99.7 96.0 94.0 92.0

ovVv-25 98.7 94.8 93.3 91.4 90.1 88.6

1009, Phenyl 95.2 93.0 93.5 91.0 89.7 90.3
DC-230 104.5 105.1 103.7 98.9 96.2 94.3
DC-530 99.9 99.9 99.2 96.1 93.3 92.4
XE-GO 105.2 102.3 101.6 99.2 97.0 91.9
XF-1150 92.5 93.5 89.6 85.7 84.8 83.5
oVv-225 102.0 98.9 101.8 97.3 92.4 91.9
SILAR 5CP 98.7 97.3 97.0 92.4 91.2 88.0

F-400 101.2 103.9 100.7 97.5 96.4 95.0

F-500 98.4 100.9 100.0 97.9 95.4 94.3

QF-1 100.4 104.6 101.2 98.0 95.8 94.1

The methyl esters show a positive deviation, the only exception being methyl
formate, which in many cases fits on a linear plot. This behaviour has been previously
reported and, although the magnitude of this deviation was uncertain, on non-polar
phases a relationship with boiling point was evident. The magnitude of the average
methyl deviations increased considerably as the general polarity of thestationary phase
was increased, i.e. SE-30 20.3, OV-7 22.4, DC-710 24.9, OV-25 27.2, 1009 phenyl
34.0, DC-230 22,7, DC-530 25.9, XE-60 30.7, XF-115042.0,0V-22534.1, SILAR 5CP
39.0, F-400 25.7, F-500 26.8, QF-1 20.6 index units. The trend is consistent with earlier
reports!3!5 that suggested that the deviation of first members of homologous series,
methyl and formate esters in this case, was due to the slightly polar terminal groups
being adjacent to the polar carbonyl group, allowing the transmission of the effect of
the dipole through a greater length in the molecule. This would increase the cohesive
forces of these first-member molecules and raise their boiling points. Hence these
methyl and formate esters should be more polarizable with polar phases, as well as
there being less chance of steric hindrance.

When the number of carbon atoms in the acid chain (R) was plotted against
V' r, the results were as expected from the separations of the acid ester plots. These
alcohol ester plots (methyl to hexyl esters) are shown in Figs. 1 and 2 on non-polar and
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Fig. 1. Plots of logarithm of relative retention (Vg) versus the number of carbon atoms (R) in the acid
chain of #n-alkyl esters. A = Methyl: B = ethyl; C = propyl: = butyl; E = pentyl: F = hexy!

esters on non-polar and donor phases.

donor-substituted phases, i.e. SE-30, DC-710, 1009, phenyl and DC-530, and on ac-
ceptor phases, i.e. F-400, F-500, XE-60 and SILAR 5CP. The most notable feature of
these plots is that, if a sufficient concentration of highly polar groups, either acceptor
or donor, is present in the stationary phase, then the plots tend to lose their linearity.
However, those containing less polarizable groups, i.e. SE-30, DC-710 and 100 Y phe-
nyl, but including some moderately polar phases, i.e. 100 % phenyl, are linear together
with F-400, which presumably contains insufficient highly polarizable acceptor
groups to interact with the lower ester members. A further feature apparent from Figs.
1 and 2 is that the slopes of the ester series decrease when the polarity of the stationary
phase increases, especially with phases containing highly polarizable groups, and
when R’ increases from methyl to hexyl. Both these effects are not as apparent as
with the acid ester series plots owing to the loss of linearity.
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Fig. 2. Plots of logarithm of relative retention (V) versus the number of carbon atoms (R) in the acid
chain of n-alkyl esters. A = Methyl; B = ethyl; C = propyl: D = butyl; E = pentyl: F = hexyl
esters on acceptor phases.

The effect of the methylene increments in the acid chain of the alcohol ester
series is shown in Table V, where the values are the slopes of the line of best fit for the
homologs. They are not as meaningful as the values in Table IV for the acid ester
series as in many instances the plots were non-linear, i.e. DC-530, XE-60, XF-1150,
0OV-225, SILAR 5CP, F-500 and QF-1. With these curvilinear plots, certain trends
were still apparent. When R’ increased the slopes or methylene increments decreased,
as did the methylene increments with increased polarity of the stationary phase. The
trend obtained here with polarity being more apparent than the trend obtained with
polarity in Table IV indicates that the slopes of the V' plots were less than those of
the hydrocarbon plot for most stationary phases, although these values were not cal-
culated owing to the loss of linearity and consequent lack of meaning. For donor and _
non-polar phases for which linear plots are obtained the values in Table IV are approx-
imately 5 index units lower than the values in Table V for comparable esters. On sta-
tionary phases containing highly polarizable substituent groups the differences are
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TABLE V

EFFECT OF INCREMENTAL CHANGES IN THE ACID CHAIN FOR n-SATURATED
ALCOHOL ESTERS

Stationary Ester series
p,,as‘, e e m e . e e e e . . . o e e s -
Merhyl Erhyl Praopyl Buryl Pentyl Hexyl

SE-30 103.5 93.8 91.4 89.0 86.8 85.9
OV-7 103.4 97.6 93.0 91.2 87.3 86.3
DC-710 101.6 94.8 90.8 88.9 86.5 85.3
OV-25 95.5 87.8 86.6° 85.0 83.0 81.7
1009 Phenyl 88.5 85.4 83.5 81.6 81.9 81.4
DC-230 100.4 99.3 97.4 93.5 90.1 91.1
DC-530 93.8 95.2 91.7 89.7 88.9 87.5
XE-60 95.8 89.9 86.3 85.4 84.1 82.7
XF-1150 81.5 81.3 78.8 74.9 72.6 75.5
0OV-225 91.6 90.4 87.7 85.7 82.7 81.7
SILAR 5CP 92.0 85.8 85.5 81.2 79.0 78.1
F-400 97.9 97.3 92.5 90.2 88.9 87.5
F-500 96.8 92.8 90.2 88.7 87.1 85.5
QF-1 94.4 96.5 91.1 87.7 86.6

94.3

greater although it is evident with all phases that methylene groups have more effect
in the alcohol chain, R’, than in the acid chain, R. A similar effect is observed when the
boiling points of ester series are correlated with the carbon numbers (R and R").

From a study of molecular models, it is evident that the ether linkage hinders
rotation of the alcohol chain. Hence incremental changes in this chain will have a
slightly greater effect on molecular shape, maximizing the possible surface area owing
to lack of rotation and thus increasing the cohesive forces of the molecule'®. This may
further explain the non-linearity of the alcohol ester plots, as incremental changes in
the acid chain will have a greater effect on steric hindrance, as the lower members will
be less likely to hinder the carboxyl group to the extent of the higher members in this
chain and are more likely to exhibit an increased retention, especially with highly
polarizable stationary phases. On the other hand, incremental changes in the alcohol
chain, which have less chance of steric hindrance, will behave normally. Similarly, it
has been reported! that ether linkages may allow a better transmission of the induced
dipole between the methyl group and the polar carbonyl group and this increased
polarization may exhibit an increase in retention for alcohol ester series. This differen-
tial incremental behaviour is most probably a compromise between clectronic inter-
actions and steric hindrance, both in the alcohol chain.

The effect of isomerism in the acid and alcohol chains has been previously re-
ported for simple esters and, while the magnitude of the effects is less clear, values for
the deviation in the acid chain of fatty acids have beenextensively studied by Ackman?’,
The effect of isomerism in the alcohol chain is shown in Fig. 3 for isopropyl, iso-
butyl and isopentyl esters in relation to the saturated esters on SE-30, OV-25, OV-225
and XF-1150 where essentially the same behaviour is apparent for all phases and ester
series with regard to isomeric deviations. The average magnitudes of the deviations
are shown in Table VI for each stationary phase. It is apparent that the isopropyl
esters have the largest deviation followed by the isobutyl and isopentyl esters. This is
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Fig. 3. Retention behaviour of isomeric alcohol esters. A to F are as in Fig. | and a to f are iscalky!
formates, acetatces, propionates, butyrates, pentanoates and hexanoates, respectively.

expected, as when branching occurs the shape of the molecule approaches a sphere
and the surface area is reduced to a minimum, the intermolecular forces thus being
overcome at a lower temperature, with a lowering of the boiling point'é. With iso-
propyl esters this effect will be maximized, decreasing with isobutyl and further with
isopentyl esters. The effect of polarity on isomeric deviation is to increase these devia-
tions, i.e. the retention of these iso esters is retarded, in relation to the saturated esters.
This retardation is apparently due to the steric hindrance of the carboxyl group,
demonstrated by the fact that the negative deviation with the most polar phase, XF-
1150, for isopropy! esters is 54.9 % higher than its deviation on SE-30 while isobutyl
and an isopentyl ester are only 28.1%; and 28.6 9 higher than those on SE-30, respec-
tively, indicating that the carboxyl group is shielded to the greatest extent with the
former structure. .

The effect of isomerism in the acid chain may be observed in Fig. 4 on SE-30,
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TABLE VI

ISOMERIC DEVIATIONS FOR ALCOHOL ESTER SERIES

Stationary Ester series

’ 9 - -

phase Isopropy! Isobutyvl Isopenty!

SE-30 —55.6 —36.2 —31.8

ov.-7 —65.4 —43.4 —36.6

DC-710 —G69.1 —46.4 —40.2

ov-25 —74.4 —46.1 —40.2

100 9% Phenyl —66.6 —52.0 —42.9

DC-230 —63.6 —40.9 —37.7

DC-530 —62.4 —38.7 —31.5

XE-60 —80.4 —45.6 —40.0

XF-1150 —86.1 —46.4 —40.9

oVv-225 —85.4 —48.9 —43.3

SILAR 5CP —88.4 —53.5 —44.9

F-400 . —62.4 —38.1 —34.6

F-500 —61.2 —38.1 —33.5

QF-1 —62.8 —31.1 -30.2

R SE-30 L DC-530

F F
: :
g 2
8 F
A

[oX] N . ! L .

1 2 3 a4 5 6 1 2 3 4 =] 6
24 R’
100%, pheny! SILAR SCP
I F
F E
E [»]
D C
C B
B A
A
5 4 5 & T 2 3 4 5 86

R’ R’
Fig. 4. Retention behaviour of isomeric acid esters. A = Isobutyrates; B = butyrates; C = iso-
pentanoates; D = pentanoates; E = hexanoate; F = isohexanoate esters.
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TABLE VII
ISOMERIC DEVIATIONS FOR ACID ESTER SERIES
S'tationary Acid ester series
phase

Isobutyrate Isopentanoate Isohexanoate  2-Methyl- 2-Ethyl-

pentanoate butyrate

SE-30 —39.0 —41.1 —30.8 —58.2 —61.8
ov-7 —48.4 —48.5 —42.5 —~75.8 —8l1.1
DC-710 —48.7 —52.0 —36.1 —G8.2 —74.3
OVv-25 —52.9 —55.9 —42.9 —72.2 —79.3
100%; Phenyl -—59.8 —57.2 -—38.0 —55.5 —62.8
DC-230 —44.6 —454 —33.8 —6S5.5 —71.9
DC-530 —46.6 —46.5 —34.9 —65.2 —69.0
XE-60 —56.6 —54.5 —36.9 —80.,7 —80.2
XF-1150 —62.9 —59.6 —36.3 —86.,1 —91.9
OV-225 —56.5 —57.4 —40.6 —83.0 —90.1
SILAR 5CP —69.8 —66.3 —49.9 —98.9 —105.4
F-400 —42.5 —43.5 —33.7 —62.6 —73.0
F-500 —48.6 » —47.9 —30.1 —G8.8 —74.4
QF-1 —47.9 —56.7 ~—35.2 —81.9 —92.8

DC-530, 1009, phenyl and SILAR 5CP stationary phases for isobutyrate, isopentano-
ate and isohexanoate ester series. The effect may be found in Table VII for these ester
series plus 2-methylpentanoate and 2-ethylbutyrate ester series for all stationary
phases. The behaviour exhibited here.is not identical to the pattern found for isomerism
in the alcohol chain. Predictably, the 2-ethylbutyrate esters show the greatest deviation
followed by the 2-methylpentanoates, which, owing to the presence of the adjacent
ethyl and methyl groups, are capable of shielding the carboxyl group quite severely®.
However, the deviations of the isobutyrates and isopentanoate esters were of a
similar magnitude, and in many cases the isopentanoates exhibited a greater deviation,
while the isohexanoates exhibited least deviation. This anomaly is to be expected from
boiling-point differences, as ethyl isobutyrate differs by 9° from ethyl butyrate, while
ethyl isopentanoate and ethyl isohexanoate differ by 11° and 5° from their respective
normal ethyl esters. The reason for this behaviour concerns the shape and steric
hindrance of the molecules. Both the isobutyrate and isopentanoate molecules are
compact molecules of approximately similar shapes and hence exhibit a similar ratio
of surface areas. The isopentanoate molecule is capable of shielding the carbonyl
group of the ester to a similar or even greater extent than the isobutyrate molecules.
Thus it is probable that the cohesive forces per carbon atom of these two isomeric
series will be similar and lower than their normal equivalents. The isohexanoate
molecule, on the other hand, is not as compact a molecule, or capable of comparable
shielding of the carboxyl group, hence its behaviour is similar to isopentyl ester struc-
ture exhibited in the alcohol chain.

When the polarity of the phases was increased, in general, the negative devia-
tion due to isomerism in the acid chain increased, especially for the molecules that
were capable of sterically hindering the polar carboxyl group. The greatest deviations
were found for the 2-ethylbutyrates, which on polar XF-1150 exhibited 105.4 units
deviation, i.e. they behaved similarly to n-pentanoates. Two other isomeric series,
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isobutyrates and isopentanoates as well as the 2-ethylbutyrates and 2-methylpentano-
ates, exhibited between 45-50 9 greater negative deviation on the most polar phases
(XF-1150 and SILAR 5CP) than on SE-30, the least polar phase. The remaining series,
the isohexanoates, exhibited about 209, greater deviation on polar phases, indicating
that it was a less sterically hindered molecule than the other branched-chain acid
series considered here.

The retention increment due to the carboxyl group of the n-alkyl esters on
various stationary phases was found as the intercept of the linear relationship, i.e.
R = R’ = 0, calculated from the line of best fit determined by regression analysis of
an ester plot where R = R,

The results obtained are shown in Table VIII together with values previously
reported'!'!3, which were obtained from graphical extrapolations and which have
been re-calculated by regression analysis.

TABLE VIl

THE RETENTION INCREMENT OF THE CARBOXYL GROUP OF n-ALKYL ESTERS

Slallonar\ Prewou.slv reported 1,13 E,\perunenmllv

phase G' ap Illcal Regiemlon determined
merlwd melllatl

SE-30 304 307 324

Gensil S2116 275 265 —

ov-7 - - 363

F-61 353 374 —

OoVv-17 410 421 -

DC-710 — — 417

oVv-.25 550 501 507

85°%; Phenyl 495 517 —

100%;, Phenyl - — 548

DC-230 - — 320

DC-530 - — 377

XE-60 520 535 539

XF-1150 641 670 718

OV-225 — — 558

SILAR 5CP - — 663

F-400 - - 417

F-500 — — 473

QF-1 541 575 571

The values determined are in reasonable agreement with values calculated in
the same manner from an earlier report'3. The value for SE-30 as expected is some-

what greater than the value of 290 units reported by Zulaica and Guiochon? for di-
basic esters using SE-30 at 220°.
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