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Abstract

A new approach, based on the Snyder theory, consisting of the computer-assisted selection of suitable mobile phases for
separation of non-ionic organic compounds by normal-phase liquid—solid chromatography is detailed. The adsorption
properties of the mobile phases and the chromatographed compounds are predicted by taking into account literature data for
the composing solvents and functional groups, respectively. The approach was successfully applied to the separation of
twenty cis and trans esters by high-performance liquid chromatography (HPLC) using a preliminary characterized adsorbent
and three suitable computer-selected mobile phases. [ 1999 Elsevier Science BV. All rights reserved.
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1. Introduction

In normal-phase liquid—solid chromatography
such as column chromatography, HPLC and thin-
layer chromatography (TLC), the stationary phase or
adsorbent does not vary much while the variation of
the mobile phases is vast. Thus, the most difficult
problem is how to select a suitable mobile phase or
phases for a given separation.
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As an aternative methodology to the trial and
error approach, we applied, over the last ten years,
the Snyder theory [1-3] to enable an easier selection
of suitable mobile phases and we developed software
[4] caled LSChrom. This software enables one to
characterize mobile phases with the three parameters
from the Snyder theory: mobile-phase strength, e,
which measures the adsorption energy of the mobile
phase per unit of its area under adsorption, localiza-
tion ability, m, which is connected with the orienta-
tion of the mobile phase relative to the adsorption
sites and polarity, P’, measuring the ability of the
mobile phases for interactions with compounds of
different types. According to the Snyder theory,
based on the displacement model, mobile phases for
a suitable separation should have such values of €
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that will lead to sample retention in the favorable
range of 0.2<k<10.

The approach, adopted by us until now (see for
instance refs. [5-8]), included the experimental
selection of a mobile phase which has a suitable
strength, €, and computer selection of other mobile
phases having the same or close values of e and
different values of m and P’ leading to variation of
retention and separation.

Recently, one of us (Ch. P) has incorporated in
the LSChrom software another unique aspect of the
Snyder theory alowing to predict retention on the
basis of solute molecular structure for an adsorbent
(silica or duminag) and any value of e. For the given
compounds studied, this approach is expected to
facilitate the selection of a suitable range of e
ensuring retention in the favorable interval (0.2<k<
10). It requires a preliminary characterization (see
below) of the adsorbent that will be used.

The present paper shows a first application of the
latest version of LSChrom for selection of suitable
mobile phases for HPLC of twenty cis (Z) and trans
(E) esters studied earlier by TLC [5,6].

COOR
_
c=c¢
rRooc/ \H

E (fumarates)

H H H

\ / \
c=cC

rRooc/ \coor

Z (maleates)

R = alkyl or cycloalkyl

2. Theory

The Snyder theory describes the adsorption prop-
erties of individua functiona groups i by their
adsorption energy Q! relative to pentane (e =0) and
area under adsorption a,. The values of Q; and a, for
the functional groups encountered most often in the
structure of organic compounds are established [1].

A given compound X is characterized according to
an adsorbent with activity o’ =1 by its adsorption
energy S, and its molecular area under adsorption
A,. The ratio ¢, = S /A, is the adsorption strength
of compound X which is a measure of the adsorption
energy of X per unit of its molecular area under

adsorption. The parameter €, is introduced for the
first time by analogy with the mobile-phase strength
€.

In afirst approximation, S, and A, are expressed
by the following sums:

ng

S, =_:21wi Q7 (1)
ng

Ac=2.w, -3, 2)

where w; shows how many times a given group i is
encountered in the structure of compound X in which
ng represents the total number of groups.

The compounds studied by us are stereoisomers
which have egual values of S, and A, since they
have the same functional groups. Thus if we use Egs.
(1) and (2), we do not take into account the
stereoi somerism.

Improved precision is obtained if we differentiate
between the two isomers and take into account the
difference in the adsorption properties of the two
isomers and the group localization (g_loc) within a
given molecule. Only the most strongly adsorbing
group k having the greatest value of Q; is adsorbed
with localization and the remaining groups are
delocalized.

ng
S=2W Q7 = S0 + S (3)
i=1 -
ng -
Ax :Ewi “a + A somer (4)
i=1
where S ioc (expressed by a given product in ref. [1],

p. 273) is a correction, calculated on the basis of
Snyder's data, for the different localization of the
groups and S*™ and A*°™" are corrections for the
contribution of sterecisomerism to the adsorption
energy and area under adsorption, respectively. The
Snyder theory is semiempirical and the parameters
S*M and A*°™" of each isomer can be found from
experimental data.

The thermodynamic description of the displace-
ment model allows to express [1,2] the retention ki
of compound X as a function of maobile-phase
strength e taking into account the adsorption prop-
erties of X and the adsorbent.
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ky (€) = 10Ksnirtt @' (k=€ AxX) (5)
or
kx (E) — 10kshm+a'(fx—f) (5&)

where o’ and kg, depend only on the adsorbent.
The parameter Kk, is an abbreviation for the phase
ratio log [V,/(V°/W)]. The notation “‘shift” comes
from the fact that the phase ratio, along with «', isa
factor leading to variation or shift of the retention of
a given compound from one laboratory to another.
The two parameters «’ and kg,;;, are simultaneously
determined (see below) for a given adsorbent by the
chromatography of test compounds with known
vaues of S, with pentane or hexane having e=0.

Eq. (59 transforms to the following expression if
one takes into account the localization ability m and
m, (4, inref. [2], Fig. 17 and Eq. 41) of the mobile
phase and compounds chromatographed, respective-
ly.

k, () = 1QKsnire e’ (ex =€) —m-my (6)

The LSChrom software uses Eq. (5) to select the
range of suitable mobile-phase strength €. ommended
prior to selection of m. The retention with a given
mobile phase and m can be calculated more precise-

ly, if necessary, by Eq. (6).

3. Experimental

Details on the synthesis and *‘H-NMR spectra of
the compounds studied are given in ref. [5].

HPLC was performed with a column 25 cmX 3.2
mm using LiChrosorb S 60, 5 pm and three
computer selected mobile phases. The flow-rate was
1 ml/min. p-Xylene was used to determine t, (1.71
min). The column showed a value for the number of
theoretical plates N of about 10 000 and this value
was input in the software LSChrom. In the case of
the mobile phase hexane—ethyl acetate 90:10, refrac-
tive indexes were measured by a differential refrac-
tometer (Knauer, Berlin, Germany). In al other
cases, UV detector Uvikon LCD 725 (Kontron,
Zurich, Switzerland) was used a 280 nm. The

experimental values of retention factor k are arith-
metic means of two measurements.

The computer selection of the mobile phases was
done by the software developed by us, L SChrom [4]
Version 2.1 for Windows. A demo version of this
software can be downloaded from the Internet at
http: //www.members.tripod.com/L SChrom. Version
2.1 of the software includes some corrections of the
procedure [4] for the calculation of the mobile-phase
strength e eliminating some of the shortcomings
described [9,10]. The most important was an im-
provement of the analytical expression (ref. [2], Eq.
40) of a given function solving the problem with rare
decreases in e with the increase of the amount of the
most polar solvent as described [10].

4. Results and discussion

We propose the following approach for the selec-
tion of suitable mobile phases for a given separation
by normal-phase liquid—solid chromatography. The
procedure includes the following steps:

(1) Preliminary characterization of the adsorbent
that will be used.

(2) Calculation of the adsorption properties of the
compounds studied on the basis of their functional
groups and corresponding literature data.

(3) Selection of a range of suitable mobile-phase
strengths €.q.ommendea fOr @ given separation on the
basis of an analysis of the calculated retentions of the
compounds studied as a function of maobile-phase
strength.

(4) Selection of solvents for a suitable mobile
phase and calculation of the amount of each which
will ensure e will be in the desired range €, ..ommended-

(5) Chromatography of the compounds studied
with the selected mobile phase.

Sep 1. Any type of adsorbent can be character-
ized, approximately, by a definite value of selectivity
a'. For instance, we have always used o' =0.57 for
all silicas studied by TLC [5,7,8].

The prediction of €...ommendea BY EQ- (5) is only
tentative. A more precise characterization of the
adsorbent that will be used will give a better
prediction. This made us measure «'and k. TO
this end, we chromatographed, with hexane, three
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Table 1

Data for S; [11] and k; found for the test compounds, T, used
Test solute T S; log (k;)
p-Xylene 1.77 0.205
Naphthalene 2.02 0.357
Nitrobenzene 4.25 1.446

test compounds T (p-xylene, naphthalene and nitro-
benzene) having known values [11] of adsorption
energy S.. On the basis of their experimental re-
tention k, and adsorption energy S, givenin Table 1,
we found, as shown in Fig. 1, that «'=0.496 and
Kgnise= —0.659 for LiChrosorb Si 60, 5 pm. We
inputted these two values into the LSChrom soft-
ware.

Sep 2 In this step, any compound X studied is
decomposed to its functional groups. The user selects
the relevant groups from a list included in LSChrom
and specifies their number. The corrections S,
S and A are included as relevant groups by
the user, and finding their values is described below.
The computer calculates the values of adsorption
energy S, and area under adsorption A, using Eq.
(3) and Eq. (4), respectively, using the information
entered by the user and the data for Q; and a; of
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Snyder (ref. [1], Table 8-4 and Table 10-2) incorpo-
rated in a corresponding file. For the moment, these
calculations are only possible for compounds whose
functional groups are available in the list offered by
the software.

As an example, the decomposition of the isopropyl
esters studied (Z and E) is shown in detail (see also
ref. [1], pp. 380—390 and ref. [6]). Both of these two
compounds contain one double bond and two ester
groups CO,CH(CH,),. Formally, the isopropyl
group can be considered as equivaent to one methyl
ester group (AI-CO,CH,), one methylene group
(AlI-CH,—Al) and one methyl group (AI-CH,)
where Al=akyl chain. This decomposition of the
compounds into their functional groups allows one to
caculae =, w. - Q; and =%, w; - a, on the basis of
the above-mentioned data of Snyder. We will give an
example of one of the calculations for any of the
isopropy! esters:

ng
) _ o
_Elwi ' Qi =2 QC=(an olefinic carbon atom) +2
i=
o o
’ QAI—COZCH3 +2 QAI—CH3 +2

o
'QAI—CHZ—AI

=2X025+2X527+2X0.07+2

16 a = 0.496
H_/
slope /
1.2 4
~
N B L
~ 0.8 - VoIw intercept
an
e
0.4 -
0 ] ] 1 L} 1
0 1 2 3 4 5

Fig. 1. Characterization of the adsorbent.
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X (—0.05) = 11.08

For the individual compounds studied, we as-
sumed, on the basis of the data from the application
[5] of the Soczewifski method, that the two equal
ester groups CO,R are the localizing groups k
showing Q, for slica in the range 4.90-5.22 (ca.
5.0) and the double bond (Q;=0.50) is delocalized.
This leads to an approximate absolute value of
S, 10e = f(QQ) - >'7*Q° = (2 X 0.52) X 0.50 = 0.52 on
the basis of ref. [1], Eq. 10-5 and Table 10-4 at p=2.
It is worth noting that the Snyder theory considers
that, in general, for two equal groups one of them is
localized and the other is delocalized. _

The values of the corrections S**™ and A®™
were found in the following way. On the basis of Eq.
(5), the linear regression analysis of the experimental
retention of the compounds studied, [5] in a logarith-
mic form as a function of e of the corresponding
mobile phases afforded the values of S, and A, for
each isomer. This allowed one to find the desired
corrections using Egs. (3) and (4). The values

obtained for the Z and E isomers were S =0,
A°=0, S"= —1.36 and A" = — 1.1. The negative
values for the E isomers correlates with their weaker
retention in TLC [5] with comparison to the Z
isomers. The corrections for the stronger retained Z
isomers are zero, showing that its experimental
retention is predicted by Egs. (3)—(5) without taking
into account corrections owing to the stereoiso-
merism.

Table 2 shows the values of S, A, and e
obtained for all the compounds studied. The values
of the first two parameters were calculated by
LSChrom using Egs. (3) and (4), literature data for
the composing groups and the above mentioned
corrections. The vaues of ¢, vary in the range
0.29-0.46.

Sep 3. Using the data for a', Ky, S and Ay
from Steps 1 and 2, L SChrom predicts using Eq. (5)
the retention of the compounds studied as a function
of the mobile-phase strength and selects a range of
suitable strength €,q.ommendeq Of the mobile phases for
a given separation. To this end, the software makes a

Table 2

Adsorption properties of the compounds studied

Compound S Ay 6 =S /A,

R Configuration No.

RO,C—-CH=CH-CO,R

CH, z 1 10.52 23.00 0.46
E 2 9.16 21.90 0.42

CH,CH, z 3 10.42 24.80 0.42
E 4 9.06 23.70 0.38

CH,CH,CH, z 5 10.32 26.60 0.39
E 6 8.96 25.50 0.35

CH(CH,), z 7 10.56 28.00 0.38
E 8 9.20 26.90 0.34

CH,CH,CH,CH, Z 9 10.22 28.40 0.36
E 10 8.86 27.30 0.32

CH(CH,)CH,CH, z 11 10.46 29.80 0.35
E 12 9.10 28.70 0.32

CH,CH(CH,), z 13 10.46 29.80 0.35
E 14 9.10 28.70 0.32

CH,CH,CH,CH,CH, Z 15 10.12 30.20 0.34
E 16 8.76 29.10 0.30

CH,CH,CH(CH,), z 17 10.36 31.60 0.33
E 18 9.00 30.50 0.30

C4H,,(cyclohexyl) Z 19 9.78 30.60 0.32
E 20 8.42 29.50 0.29
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visualized analysis of the calculated retention k and
resolution R, found on the basis of N and k.
LSChrom selects as €, o.ommended th0Se values of e for
which R, has maximum values and the retention is
more or less in the favorable range. The user can
easily find that part of the automatically proposed
range of €.q.ommendes Where the retention is only
within 0.2<k<10.

The analysis of k and R, of all compounds studied
showed that the two isomeric forms are expected to
show proper retentions and to be completely sepa-
rated by HPL C with the available column and mobile
phases having strengths in the range 0.23 < € = 0.30.
These values of €..ommended A€ UP t0 0.2 units less
than the values of the sample adsorption strength €,
shown in Table 2. If this correlation is kept in
general, it could be used to deduce approximately
€ ecommendeq ON the basis of e,.

Sep 4. There are plenty of mobile phases having e
in the recommended range 0.23= ¢ <0.30 for the
compounds studied. We selected arbitrarily three
such mobile phases. The selection of one of them
(hexane—MTBE 92:8) will be given in detail. The
mobile-phase strength e = 0.263 is in the recom-
mended range but a question arises as to which
mobile phase has such a strength. An answer to this
question is given by the list available in LSChrom
comprising of about 200 multi-component mobile
phases which differ in composition. The computer
program calculates, by its reverse calculation mode
[4], the amounts of the solvents of any mobile phase
that will ensure the desired value of e = 0.263. Thus,
the mobile phases included in the list in LSChrom
are accompanied by their corresponding values of e,
m and P’. They can be sorted by any of these three
parameters. We selected from this list the binary
mobile phase, hexane—MTBE 92:8, having a strength
of e =0.263 and localization ability m= 0.71. Simi-
larly, the maobile phases, hexane—ethyl acetate 90:10
and hexane—diethyl ether 80:20, were selected.

Sep 5 We performed HPLC on the compounds
studied with the three selected mobile phases having
€ in the range predicted by LSChrom (0.23=e=
0.30) Of € ¢commended- TE0DIE 3 shows the values of e,
m and P’ of these mobile phases and the corre-
sponding experimental values of the retention factor
k and the separation « for the compounds studied.

The most important conclusion based on this data is
that the retention k of compounds 1-2 varies from
0.20 to 9.10 covering almost the whole favorable
range (0.2<k<10), i.e. the computer selection of the
range of € ...ommendea @Nd SPecific mobile phases is
adequate. In addition, any mobile phase leads to
separation of all Z—E isomeric pairs studied. The
mean value of the separation « is 0.55 versus 0.34
for the case of TLC [5,6].

We would like to point out other features of the
data obtained. Similarly to TLC [5,6], any Z isomer
has a greater retention than the corresponding E
isomer as seen from the positive values of log « in
Table 3. Mobile phases hexane—ethyl acetate 90:10
and hexane—methyl tert.-butyl ether (MTBE) 92:8
have equal values of € =0.263 but different values of
m and eventually P’ (for the second mobile phase,
the value of P’ cannot be calculated). This accounts
the different retentions found for any compound with
these two mobile phases. The second mobile phase
has a grater value of m (0.71) and shows a better
separation (loga=0.58) than the first mobile phase
(m=0.71 and log «=0.49). Mobile phase hexane—
diethyl ether 80:20 has a somewhat greater value of €
(0.293) and the retentions found are usually smaller
as it is expected.

5. Conclusions

Independent of the fact that the present successful
application of the Snyder theory and software,
LSChrom, is related to isomer separation, this soft-
ware is expected to be of general use for an easier
selection of suitable mobile phases for separation of
non-ionic compounds by normal-phase HPLC and
TLC keeping in mind the following details.

(1) The present version of LSChrom (see the
Experimental section) predicts, automaticaly and
roughly, the suitable range of €,..ommendea USIND EGS.
(1), (2) and (5) on the basis of the sample structure
using the necessary values of Q; and a, from ref. [1],
Table 8-4 and 10-2.

(2) The user can improve the accuracy of this
prediction by incorporating into the software: (9
experimental values of N, kg, a', and eventually
S and A*"and, (b) values of S, derived on

 loc
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Table 3

Experimental data for the retention factor k and the separation « of the compounds studied with three computer-selected mobile phases

Compound Retention factor k
R Configuration No. H-EA 90:10° H-MTBE 92:8 H-EE 80:20
€ 0.263 0.263 0.293
RO,C-CH=CH-CO,R m 0.56 0.71 0.62
P’ 0.53 - 0.64
CH, Z 1 4.68 9.10 3.59
E 2 1.74 3.10 1.29
CH,CH, z 3 2.40 5.80 2.20
E 4 0.93 1.70 0.73
CH,CH,CH, Z 5 1.37 3.50 1.45
E 6 0.53 0.96 0.44
CH(CH,), VA 7 1.46 3.20 1.37
E 8 0.52 0.90 0.42
CH,CH,CH,CH, z 9 113 2.60 113
E 10 0.35 0.57 0.27
CH(CH,)CH,CH, Z 11 0.98 2.10 0.94
E 12 0.32 0.58 0.27
CH,CH(CH,), VA 13 1.06 220 0.99
E 14 0.35 0.56 0.25
CH,CH,CH,CH,CH, z 15 0.93 2.10 0.96
E 16 0.25 0.48 0.21
CH,CH,CH(CH,), Z 17 0.90 2.00 0.91
E 18 0.23 0.46 0.19
C.H,,(cyclohexyl) z 19 1.06 2.30 1.06
E 20 0.29 0.54 0.26
log «
H-EA 90:10 H-MTBE 92:8 H-EE 80:20
1-2 0.43 0.47 0.44
3-4 041 0.53 0.48
5-6 0.41 0.56 0.52
7-8 0.45 0.55 0.51
9-10 0.51 0.66 0.62
11-12 0.49 0.56 0.54
13-14 0.48 0.59 0.60
15-16 0.57 0.64 0.66
17-18 0.59 0.64 0.68
19-20 0.56 0.63 0.61
log « 0.49 0.58 0.57

Average log a=0.55

#H=hexane, EA =ethyl acetate, MTBE=methyl tert.-butyl ether, EE=diethyl ether.

the basis of the data of ref. [1], Table 10-4. In this
case the prediction is done by Egs. (3)—(5) and is
described in detail in this paper.

(3) The user can take into account the effect of
steric hindrance on Q; (ref. [1], Table 11-3) and

other specific effects summarized in ref. [1] by
inputting the corresponding values into the software.

(4) The user is recommended to select and use
mobile phases with e values in the range of
€ 4 and different values of m which is away

recommende:
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to improve the separation of the compounds studied
as shown, for instance, in refs. [2] and [5-8].
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