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Abstract

An extension of the treatment adopted in a recent paper [P. Nikitas, A. Pappa-Louisi, P. Agrafiotou, J. Chromatogr. A 946 (2002) 33] was
used to derive expressions describing the variation of solute retdatidth composition in ternary reversed phase liquid chromatography,
RP-LC, solvent systems. The equation of the partition model obtained in this way for a ternary mobile phase was identical to that previously
derived using the solubility parameter concept. This equation as well as two new expressioksarslrs organic modifiers content were
tested in a variety of ternary solvent systems in order to examine the possibility of predicting retention behavior of solutes under ternary
solvent mixture elution conditions from known retention characteristics in binary mobile phases. It was demonstrated the superiority of both
new equations derived in this paper to that previously proposed and applied to date in ternary solvent mixtures.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction optimization is easier than gradient methds11]. In a
previous paper, both empirical and theoretical equations pro-
Optimization of the mobile phase compositionisanimpor- posedto describe the dependence of reversed-phase retention,
tant aspect of method development in HPLC and as thek, on organic modifiers in ternary and higher-order solvent
complexity of separations increases the need of optimized systems were reviewed and compared. It was concluded that
procedures based on the existence of theoretical or empiri-no one of these expressions describes adequately the retention
cal models of the dependence of retention on composition inin such eluent systenjd]. Consequently, it is still desirable,
mobile phases alsoincreases. Today is generally accepted thaccording to our knowledge, to more accurately model solute
RP-LC analyses poorly performed by using isocratic elutions retention in multi-component solvent systems.
in binary solvent mixtures may be enhanced by isocratically ~ For this reason, in this paper the treatment recently pro-
running ternary solvents as well as by using binary or ternary posed in[12,13] is extended to mobile phases that contain
gradients. The main purpose of using ternary or even moremore than one organic modifier and two simplified expres-
complex mobile phases in liquid chromatography is their sions for the retention description in ternary mobile phases
larger effects on the selectivity of separations than in binary based on either the adsorption or partition mechanism are
solvent systemil—4]. However, little attention has been paid  derived. Additionally two simple three-parameters equations
to HPLC isocratic methods for the separation of solute com- that have been shown to describe satisfactorily retention in
plex mixtures with ternary mobile phases, even though the binary mobile phasg4 4] are adequately extended to ternary
mobile phases and their applicability is tested in a variety of
* Corresponding author. Tel.: +30 2310 997765; fax: +30 2310 997709. ternary eluents. However, the main goal ofthe present paperis
E-mail addressapappa@chem.auth.gr (A. Pappa-Louisi). notto investigate if the new derived equations can describe the
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retention in ternary mobile phases but to explore the possibil- s 13 fm

ity of using these equations for prediction retention in ternary In% =Ing;— In—’S + Inim

mobile phases from a minimum number of chromatographic 1-¢g—vc S Is

data obtained in binary mobile phases, taking into account oM

that ternary solvents provide a smooth transition between ‘H“ma j=BorC (4)

two limiting binary mixtures.
The ratiog3 /¢ can be obtained from E¢3), but this ratio
may be expressed analytically in terms of the mobile phase

2. Theoretical part composition only if the adsorption isotherms represented
by Eg. (4) can be solved with respect t§ and¢g. This

In recent papers we have presented a new method tois achieved if we approximately assume tiffit= " = 1,

develop expressions for the retention fadtam terms of the ~ i=B, C, S. Then Eq(4) yields the Langmuir type isotherms

concentration of a single organic modifier in the mobile phase m

[12,13] This method is adopted to study the effect of ternary S — bi#; ,

mobile phases ok. The extension to quaternary mobile 7 1+ beeg + beel

phases and in general to m organic modifiers is straightfor-

ward and it will be presented in a future communication.

j=BorC 5)

where bj=pg; —1. Note that these isotherms are ther-
modynamically consistent only if the stationary phase
has approximately equal adsorption capacities for the
2.1. Thermodynamic treatment for Ink two solvents of the mobile phase. For strong polar sol-
vents, as in our case, this is a reasonable approximation
The fundamental equation of liquid chromatography may [12,13]

be expressed 4%3]: It is seen that the rati@3 /¢i' and therefore the final
s expressions of Ik depend on the expressions of the activity
Nk = Ink* + lim In¥A 1) coefficientd andfsin the two phases presentin the column.
oa—0 @} The activity coefficients may be determined by extending

s _ ) properly the method proposed8]. Thus ifG®is the excess
wheregy', ¢ are the volume fractions of the solute Ainthe  free energy of a quaternary mixture, which may be either
mobile phase (m) and in/on the stationary phase (s), respecthe mobile phase or the adsorbed layer on the hydrocarbon

tively. This equation is valid independently of the mobile chains of the stationary phase, we may write it as a sum of

phase composition and the retention mechanism. However,gijy terms of the formAigjex (Al or ASpSy? depend-

the ratiogj /¢ depends on both these two factors. ing on whether the mixture is formed in the mobile or on the
In particular, consider that the mobile phase is a ternary stationary phase), wheire 1, 2,.. ., 6, andj, k=A, B, C, S.
mixture consisting of water S and two organic modifiers, B Note that if an one-to-one correspondence between compo-
and C. If the retention mechanism is due to partition, an pents A, B, C, and S and numbers 1, 2, 3, 4 is established,
equilibrium A® < A™ of the solute molecules between the thenj andk should fulfil the conditiorj <k. In this case we
stationary and the mobile phase is established and the ratigeadily find that the activity coefficients of A and S either in

¢a/¢a may be determined from the following equation the mobile phase or at the stationary phase may be expressed
o fs as
N2 +InZA =Ing 2 2 2
PA IR @ In £ = rD} + rDS¢k + rD5E + rDj(¢k)” + rDE(9h)
p. P, P
which comes directly from the equilibrium proceSse A™. +rDg e (6)
Here, 8 is the thermodynamic equilibrium constant of this
process angz, fa' are the activity coefficients of the analyte In f£ = Cf(wg)z + cg(wg)z + CEoE el (7

in the stationary and mobile phase, respectively. _ . _ o o
If the retention mechanism is due to adsorption, then, to a Here, r is a size ratio coefficient indicating that each
first approximation, the equilibrium processes may be rep- A solute molecule isr times greater than that of a

resented a$12,13] A"+S & AS+S", B"+S & B3+ 9", water molecule Spy = A%, Dy = Ay — A{ — Ag, Di =
C™+ S o C5+ 9", which readily yield the following system A5 — A5 — Ag, D} = Af, Df = Ag, Dy = A + Ag —
of adsorption isotherms: Ay, ¢l =D}, ch = DE, % = DE, andp=sorm.
We should point out that in the partition model the station-
P2 fa I ary phase consists of the solute molecules inside the cavities
INn—>2—— =1InBa — In“2 +In=% . . )
1— ¢ — (p(s: f§ fé“ of the hydrocarbon chains. Therefore, in this model we can
m assume thaf; = constant.
+In‘p7A (3) Based on the above relationships we readily obtain the

1-¢g —¢C following expressions for Ik
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2.1.1. Partition model

In k = a + a1¢s + azpc + azp3 + aapd + aspgpc  (8)

where for simplicity we have dropped superscript (m) from
the volume fractions of the mobile phase= Ink(p = 0),
anda; = rDy ;. This equation has been previously proposed
and applied by Schoenmakers et[al-

2.1.2. Adsorption model

CBYB + ccec
In k = a—In(1+ bggs + bcec) —
14 by + bcec
+dpye + dcyc ©)
wherea = Ink(p = 0), cs = D38, cc = D3fc, ds = D'

anddc = DY

Obviously, ifpg or ¢c in Egs.(8) and (9)becomes zero,
then the above equations result in the following already
known equations describing retention for binary solvent sys-
tems[13]

Nk =a+a120;+ a3,4g0]2<, j=BorC (20)
and
Ink = a—In(+bjp)) - 57— ijg% +dp;.

j=BorC | (11)

From this observation it becomes clear that using 9.
it is possible to predict the retention data in mixed ternary
mobile phases from known retention characteristics of orig-
inal binary mobile phases. In other words, the values of
constants, by, ¢, andd; in Eq. (9) can be determined by
regression of lik versusy; data for the individual binary
mobile phases using E¢L1).

On the contrary, Eq(8), which is commonly used to

23
2.2. Empirical expressions of Ink

The derivation of Egqs(8) and (9)presented above is
strictly thermodynamic. It is based on the thermodynamic
equilibrium established when the solute molecules are either
partitioned between the mobile and the stationary phase,
according to Dill's mode[15,16], or adsorbed on the chains
ofthe stationary phase. The calculation of the chemical poten-
tials from the excess free energy after its expansion to a
power series is also a standard thermodynamic procedure.
Moreover, the approximations adopted for the derivation of
Egs.(8) and (9)are related to the ideal behavior of certain
species in the stationary or/and the mobile phase, which is
a common practice in thermodynamic studies. However, in
a recent papell3] we have shown that although Edq&0)
and (11)are based on the partition model the first and the
adsorption model the latter, these equations do not, in fact,
express the properties of the partition or adsorption mech-
anism due to the rough approximations involved in their
derivation. For this reason they should be treated as sim-
ple mathematical equations applied to a system irrespective
of the retention mechanism that governs the properties of
this system. It is evident that the same is valid for Egs.
(8) and (9) which are extensions of Eq$10) and (11)
respectively.

Moreover in[13,14]we have shown that E¢11) can be
significantly simplified if we putl; = 0 and additionally elim-
inate the logarithm term, because its effectis largely absorbed
by the rational functiow;¢/(1 +bje). If we adopt these empir-
ical amendments for E9), we obtain

__¢B¢B t+ccyc
1+ beys + bcec

Nk =a (13)

which is the extension of the following equation valid in
binary mobile phases

describe retention for ternary solvent systems, is inadequate

to be used as the basis for predictions in ternary mixturesink = a —
from retention data in binary mobile phases, because the esti-

mation of the regression constamtin Eq. (8) requires the
fitting of this equation to ternary mobile phase experimen-
tal data. This problem can be overcomedfis expressed in
terms of the other coefficienta; to as. Note that according

to our treatment, such a relationship does not exist, because

g is given bya; = rDim+l and Dj+1 are mutually indepen-
dent coefficients. Despite this, Schoenmakers ¢t hbased
on the solubility theory have suggested the calculatiossof
from the following equation:

as = Jaszaa

However, a prerequisite for the application of EtR)is that
both parameterag andas must be positive numbers, which
is not always trudg1]. Additionally, according to the same
referencq1l], the six-parameter E¢8) is preferred over its
five-parameter version, in whichs is calculated from Eq.
(12), because it yields a better fit in the regression analysis.

12)

Ci®ij

I j=8yC
Ttb, 1T

(14)

We should point out here that the three constamts;, and

bj, may be all treated as adjustable parameters or the value

of bj at a certain modifier may be taken from literat{téd].

In the latter case Eq14)is a two-parameter equation since

only aandgj can be treated as adjustable parameters.
Finally, we have recently proposed the following three-

parameter equation of k[14]

/! q/

Ink =m’ + ,
" 1+b*(pj

j=BycC (15)

+
1+ bip;

which is valid in binary mobile phases and combines sim-
plicity, linearity of its adjustable parameters,, n’, ¢, and

the highest applicability. Here, parametbrg” depend only

on the nature of modifier and their values in agueous mobile
phases modified by MeOH, ACN, iPrOH or THF are given in
[14]. From a mathematical point of view E@.5)is identical
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to the following equation 3. Experimental

Nk =a— 2% _
1+ biypj

2j%j

, j=BnC
T+brg, 1770

(16)

In order to examine the possibility of predicting the reten-
tion of a solute at any ternary mobile phase composition from
Now if we take into account the correspondence betweenretention data in binary mobile phases, the retention factors
Egs.(13) and (14) we readily conclude that the empirical of seven catechol-related solutes, 3,4-dihydroxyphenyl gly-
extension of Eq(16) valid to a ternary mobile phase should col (hpg), serotonin (5ht), vanillylmandelic acid (vma), 3,4-
be the following dihydroxy phenylacetic acid (dopac), 5-hydroxytryptophol
(htoh), 5-hydroxyindole-3-acetic acid (hiaa), and homovanil-
— — lic acid (hva) were measured using binary and ternary mobile

1+bwees +bcgc 1+ bges + bege phases. In particular, we first used three different mobile
We observe that Eq$13) and (17)like Eq.(9), can predict phase compositions in each of four binary aqueous mobile
the retention in ternary solvent systems from retention data Phase systems modified with methanol (MeOH), acetoni-

obtained from studies in binary mobile phases. trile (ACN), isopropanol (iPrOH) or tetrahydrofuran (THF),
respectively, and second nine different mobile phase com-

positions in each of six aqueous ternary mobile phase sys-
tems modified with two organic solvents (MeOH-ACN,
The above expressions ofifor ternary mobile phasesare  MEOH-THF, MeOH—PrOH, ACN—PrOH, iPrOH-THF or
significantly simplified if the volume fractions of the organic ACN-THF). Ternary mobile phases were prepared by auto-
constituents of the mobile phase fulfil one of the relationships: Matically mixing appropriate binary mobile phases at the
o8 +¢pc = A Orocleg = A, whereh is a constant. Thus we have required volume ratio (1/3, 1/1 or 3/1). The aqueous mobile

Nk —a C1BYB + c1cyc C2BYB + cacec (17)

2.3. Limiting expressions of Ink

the following cases:

231l gt opc=Ax
Eqgs.(8), (9), (13) and (17are reduced to the following
equations, respectively:

INk = A+ A19p + A2p% (18)

where A=za+apr+asrh, Aj=a —ap — 2a4i +ask, and
Ar=agtas—as

C1+ CoyB

INnk=A—-In(1+B ———— 4D

n n(1+ Byg) 1+ Bos + Dyp
where A=a+In(1+bci)+dch, B=(bg — be)/(1+bch),
Ci=ccA/(1+bcir) andCy=(cg — cc)/(1 +bcA)
C1+ Coys

1+ Bys
where A=a, C;=ccA/(1+bcr), Ca=(cg — cc)/(1+bcr),
andB=(bg — bc)/(1 +bcA)

Cit+ Cops  Cix + CouB

(19)

Ink=A— (20)

Ink=A— (21)
1+ Bies 1+ B*ys

where A=a, Cip=cicM/(l+bcir), Cy=(c1g—Cic)/

(L+bcr), Bi=(big —bic)/(1+bich), Cix=CocrM/(1+

£3), Ca. = (c2 — c20)/(1+ bih) and B* = (b — b))/
(14 bEA).

2.3.2. clog= A

Here, we obtain again Eq$18)—(21) but with differ-
ent coefficientsA=a, Ay =aj +api, Ap =az + aur2 +ag for
Eq. (18), A=a, B=bg +Abc, C1=0, Co=cg +Acc for Eq.
(19); A=a, B=bg + Abc, C1 =0, Co =cg + Acc for Eq. (20);
A=a, C1;1=0, Cy=cig+Arcic, Cix=0, Cor =Cp+AC2c,
Bt =big + Abic, B* = b + Ab¢ for Eq.(21).

phase component was a phosphate buffer of pH 2.5. The
total ionic strength of the mobile phases was held con-
stant atl =0.02M. All chemicals were used as received
from commercial sources. Catechol-related compounds were
available from Sigma or Aldrich. The liquid chromatogra-
phy system consisted of a Shimadzu LC-10AD pump, a
model 7125 syringe loading sample injector fitted with a
20uL loop (Rheodyne, Cotati, CA), a 250 mr4 mm MZ-
Analysentechnik column (@m Inertsil ODS-3) thermostat-
ted by a CTO-10AS Shimadzu column oven af@5and a
Gilson EC detector (Model 141) equipped with a glassy car-
bon electrode. The detection of the analytes was performed
at 0.8V versus the Ag/AgCI reference electrode. The elu-
ent flow rate was varied from 0.75 to 1.25 ml/min depending
on the mobile phase composition. The hold-up titgewas
measured for every mobile phase composition by injection
of water, methanol or inorganic salt (KNPand searching
the start of the main first perturbation on the electrochemi-
cal chromatograms. It was found that different hold-up time
markers give nearly identical results and tyahanges in the
experimental ranges of mobile phase compositions studied.
The obtained experimental data in terms of rersusp are
shown inTables 1-7

Calculations reported in this paper have been performed
using Excel 2000 spreadsheets and the determination of the
fitting parameters have been done by Solver of Excel.

4. Results and discussion

The experimental retention data of all solutes, measured
in the four binary mobile phases adopted in the present study,
have been fitted to Eq§10), (14) and (16Yyielding a set of
coefficients for each particular solute and regression equation
in each mobile phase system. In this regression procedure the
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Table 1

Experimental retention values (#hof catechol-related compounds in binary aqueous mobile phases modified with MeOH, ACN, iPrOH and THF
Modifier % hpg 5ht vma dopac htoh hiaa hva to (Min)
MeOH 0.04 0.787 1.943 1.729 3.176 3.652 4.023 4.574 1.831
MeOH 0.10 0.207 1.057 1.087 2.429 2.765 3.096 3.628 1.800
MeOH 0.20 —0.576 —0.144 0.234 1.455 1.652 1.919 2.467 1.800
ACN 0.04 0.404 1.352 1.356 2.632 3.069 3.418 3.838 1.785
ACN 0.10 —0.337 0.084 0.525 1.496 1.867 2.145 2.489 1.691
ACN 0.20 —0.655 —0.390 —0.263 0.304 0.686 0.854 1.077 1.628
iPrOH 0.04 —0.208 0.150 0.474 1.719 1.995 2.266 2.666 1.750
iPrOH 0.10 —-1.174 —-1.174 —0.539 0.635 0.748 0.954 1.366 1.695
iPrOH 0.20 —1.279 —-1.757 —0.959 —0.166 —0.162 —0.040 0.301 1.710
THF 0.04 0.259 0.273 1.150 2.300 2.340 2.759 2.871 1.712
THF 0.10 —-0.073 —-0.217 0.716 1.757 1.704 2.105 2.105 1.605
THF 0.20 —-0.231 —-1.167 0.286 1.228 1.086 1.480 1.395 1.540
Table 2

Experimental retention values (#hof catechol-related compounds in ternary aqueous mobile phases modified with MeOH and ACN

Ototal ©MeOH OACN hpg 5ht vma dopac htoh hiaa hva to (Min)
0.04 0.030 0.010 0.707 1.789 1.633 3.041 3.507 3.869 4.365 1.823
0.04 0.020 0.020 0.597 1.653 1.539 2.901 3.356 3.715 4.174 1.826
0.04 0.010 0.030 0.490 1.492 1.439 2.759 3.205 3.557 3.995 1.815
0.10 0.075 0.025 0.113 0.888 1.008 2.266 2.598 2.927 3.405 1.756
0.10 0.050 0.050 —0.020 0.652 0.872 2.038 2.364 2.681 3.113 1.733
0.10 0.025 0.075 -0.184 0.376 0.704 1.781 2.119 2.419 2.808 1.708
0.20 0.150 0.050 —0.550 —0.223 0.231 1.274 1.475 1.737 2.210 1.758
0.20 0.100 0.100 —0.663 -0.377 0.073 0.966 1.219 1.456 1.848 1.702
0.20 0.050 0.150 —0.732 —0.383 —0.104 0.629 0.944 1.152 1.454 1.657
Table 3

Experimental retention values #hof catechol-related compounds in ternary aqueous mobile phases modified with MeOH and THF

Ototal ©MeOH OTHF hpg 5ht vma dopac htoh hiaa hva to (Min)
0.04 0.030 0.010 0.528 1.083 1.443 2.726 2.984 3.384 3.644 1.778
0.04 0.020 0.020 0.448 0.679 1.295 2.512 2.664 3.069 3.256 1.751
0.04 0.010 0.030 0.325 0.450 1.216 2.391 2.480 2.892 3.038 1.713
0.10 0.075 0.025 0.064 0.263 0.921 2.063 2.136 2.514 2.724 1.695
0.10 0.050 0.050 0.029 0.025 0.806 1.891 1.885 2.279 2.403 1.683
0.10 0.025 0.075 —0.031 —0.125 0.766 1.815 1.777 2.155 2.234 1.629
0.20 0.150 0.050 —0.445 —0.680 0.305 1.281 1.277 1.606 1.797 1.741
0.20 0.100 0.100 —0.392 -0.911 0.279 1.238 1.163 1.509 1.577 1.679
0.20 0.050 0.150 —0.243 —1.014 0.314 1.249 1.142 1.504 1.504 1.575

a-coefficient was treated as an adjustable parameter that hasical significance that is related to the use of §§%.(13) and
the same value for a given solute regardless of the nature of(17) for predicting retention in ternary systems from regres-

the organic modifier. The unifor@values not only indicate

sion coefficients estimated by binary mobile phase data. For

that the extrapolation procedure is reliable but have also prac-this reason the experimental retention data of each solute in

Table 4

Experimental retention values @ of catechol-related compounds in ternary aqueous mobile phases modified with MeOH and iPrOH

Yrotal ¥MeOH YiProH hpg 5ht vma dopac htoh hiaa hva to (Min)
0.04 0.030 0.010 0.365 1.230 1.223 2.588 2.997 3.324 3.779 1.794
0.04 0.020 0.020 0.118 0.781 0.899 2.225 2577 2.884 3.311 1.780
0.04 0.010 0.030 0.014 0.418 0.661 1.942 2.256 2.542 2.948 1.764
0.10 0.075 0.025 -0.321 0.155 0.455 1.677 1.921 2.198 2.644 1.756
0.10 0.050 0.050 —0.559 —0.283 0.104 1.249 1.429 1.671 2.092 1.714
0.10 0.025 0.075 —0.825 —0.825 —0.232 0.888 1.028 1.254 1.680 1.716
0.20 0.150 0.050 —0.990 —1.310 —-0.314 0.710 0.794 1.003 1.460 1.750
0.20 0.100 0.100 -1.192 —1.422 —0.645 0.331 0.339 0.508 0.927 1.735
0.20 0.050 0.150 —1.254 —-1.612 —0.823 0.036 0.041 0.184 0.563 1.718
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Table 5

Experimental retention values #hof catechol-related compounds in ternary aqueous mobile phases modified with ACN and iPrOH

PDrotal OACN VIPrOH hpg 5ht vma dopac htoh hiaa hva to (Min)
0.04 0.030 0.010 0.209 0.989 1.087 2.362 2.755 3.074 3.489 1.783
0.04 0.020 0.020 0.027 0.672 0.856 2.127 2.479 2.776 3.188 1.779
0.04 0.010 0.030 —0.081 0.401 0.665 1.920 2.231 2.516 2.919 1.753
0.10 0.075 0.025 —-0.470 —0.151 0.331 1.362 1.642 1.899 2.277 1.699
0.10 0.050 0.050 -0.611 —0.469 0.091 1.131 1.338 1.566 1.958 1.677
0.10 0.025 0.075 —-0.773 —0.852 —-0.141 0.895 1.047 1.257 1.651 1.686
0.20 0.150 0.050 —0.808 —0.807 —0.387 0.316 0.572 0.744 1.022 1.692
0.20 0.100 0.100 —1.040 —1.048 —0.621 0.135 0.293 0.442 0.753 1.719
0.20 0.050 0.150 —1.180 —1.313 —0.847 —0.061 0.016 0.152 0.477 1.715
Table 6

Experimental retention values (i of catechol-related compounds in ternary aqueous mobile phases modified with ACN and THF

PDrotal OACN OTHF hpg 5ht vma dopac htoh hiaa hva to (Min)
0.04 0.030 0.010 0.342 0.897 1.282 2.484 2.732 3.116 3.390 1.746
0.04 0.020 0.020 0.288 0.579 1.212 2.379 2.533 2.931 3.132 1.729
0.04 0.010 0.030 0.290 0.404 1.174 2.326 2.416 2.825 2.976 1.712
0.10 0.075 0.025 —0.202 —0.168 0.629 1.590 1.761 2.093 2.295 1.646
0.10 0.050 0.050 —0.194 —-0.325 0.640 1.609 1.689 2.048 2.162 1.629
0.10 0.025 0.075 —0.056 —0.310 0.672 1.674 1.675 2.057 2.105 1.611
0.20 0.150 0.050 —0.490 —0.498 —0.024 0.654 0.837 1.098 1.198 1.609
0.20 0.100 0.100 —0.532 —0.607 0.076 0.830 0.900 1.214 1.216 1.596
0.20 0.050 0.150 —0.486 —-1.121 0.160 0.972 0.967 1.322 1.274 1.589

the four binary mobile phases has been simultaneously fittedequation as well as Eq16) seem to yield good estimates
to each of Eq910), (14) and (16)Thus the adjustable param-  for the a-coefficient,a=Ink,=o, since these estimates are
eters were 9 for each equation. In particular, the adjustablein good agreement with the values ofkjj o obtained by
parameters of Eq10) were the common in the four modi-  direct measurements in a series of experiments carried out
fiersa-coefficient and eighdy » andag 4-coefficients for four previously[14].
modifiers, whereas those of E¢$4) and (16)werea, byj, ¢, In contrast, Eq(10) leads to a rather poor description of
anda, cyj, Cyj, respectively, whergdenotes one of the four  the retention of solutes in binary eluent systems. The average
modifiers. error ink values is approximately 11%, i.e. the data points
The results of this regression analysis are presented inshow an average deviation from the regression curves of
Table 8for all seven solutes in the four modifier systems stud- 0.107 in Ink values, which is much higher than that obtained
ied. The last column iTable 8lists the average deviation, when the same data points are fitted to @¢) treated as a
a.d., between calculated and experimental values. Accord-two-parameter equation by assuming a condtgrtilue for
ing to the results depicted ifable 8 both three-parameter each modifier. The reason for this poor fit should be the fact
Egs.(14) and (16)give an accurate description of the varia- that the regression procedure adopted acknowledgea-the
tion of retention with composition in binary systems for all term in each regression equation as a constant, independent
solutes despite the fact that a fixederm was adopted. The of the nature of the organic modifier, although previous stud-
average deviation for all data points, 84, is about 0.042 cor- ies have underlined that a shortcoming of Ef)is that the
responding to an error of 4% in retention factor values, extrapolated retention data towargs O vary significantly
Additionally, Egs.(14) treated as a three or a two-parameter with the nature of the binary organic modifier-aqueous buffer

Table 7

Experimental retention values (i of catechol-related compounds in ternary aqueous mobile phases modified with iPrOH and THF

Ptotal @iProH OTHF hpg 5ht vma dopac htoh hiaa hva to (min)
0.04 0.030 0.010 —0.072 0.189 0.729 1.934 2.124 2.447 2.717 1.733
0.04 0.020 0.020 0.060 0.227 0.902 2.076 2.209 2.569 2.770 1.719
0.04 0.010 0.030 0.165 0.251 1.039 2.197 2.279 2.671 2.821 1.711
0.10 0.075 0.025 —0.595 —0.598 0.055 1.081 1.138 1.400 1.630 1.656
0.10 0.050 0.050 —0.389 —0.532 0.315 1.355 1.359 1.675 1.810 1.640
0.10 0.025 0.075 —0.210 —0.380 0.543 1.586 1.558 1.914 1.978 1.613
0.20 0.150 0.050 —0.902 —1.300 —0.501 0.332 0.332 0.539 0.681 1.655
0.20 0.100 0.100 —0.707 -1.126 —0.198 0.651 0.647 0.914 0.936 1.623
0.20 0.050 0.150 —0.507 —-1.112 0.069 0.977 0.890 1.221 1.196 1.579
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Table 8

Coefficients of Eqs(10), (14) and (16pbtained from regression analysis of all binary mobile phases experimental data adoptiteggrarindependent of the
nature of organic modifier

Solute a sa MeOH ACN iPrOH THF ad
ai.2 az4 ai2 ag.a ai2 ag.a a2 ag.a
Eq.(10)
hpg 0.935 0.40 -5.710 -9.49 —16.62 43.14 -31.66 103.1 —15.92 50.83 0.047
5ht 1.804 0.88 —1.588 —41.56 —19.79 43.30 —43.40 128.3 -31.15 82.71 0.158
vma 1.812 0.49 —4.815 —15.79 —14.26 19.15 —-34.73 104.7 —15.65 40.41 0.064
dopac 3.189 0.63 —4.049 —23.68 —-17.74 16.20 —36.56 99.4 —20.80 55.42 0.092
htoh 3.601 0.84 —3.642 —31.26 -17.95 16.42 —40.42 108.5 —28.65 81.11 0.120
hiaa 3.990 0.84 —4.160 —-31.73 —-19.04 16.29 —43.06 115.1 —-28.21 78.97 0.121
hva 4.397 0.97 —1.598 —41.17 —19.07 11.81 —42.79 1121 —-34.77 99.68 0.145
Solute a sa MeOH ACN iPrOH THF a.d.
G by G by g bj G by
Eq.(14)
hpg 1.454 0.12 17.90 3.879 44.48 15.78 91.4 27.28 82.0 43.68 0.050
5ht 2.757 0.07 21.40 2.397 57.20 12.76 126.3 22.73 124.2 28.05 0.097
vma 2.233 0.07 13.45 1.729 27.04 5.84 81.4 20.20 46.1 19.08 0.025
dopac 3.689 0.13 14.04 1.273 30.94 4.13 79.1 15.61 60.4 19.99 0.025
htoh 4.280 0.16 17.32 1.578 36.60 5.18 92.5 15.92 94.5 25.16 0.030
hiaa 4.663 0.16 17.66 1.423 37.09 4.73 95.7 15.44 90.5 23.97 0.032
hva 5.183 0.18 17.22 1.322 39.61 4.65 100.4 15.73 114.0 25.63 0.045
Solute a sa MeOH ACN iPrOH THF a.d.
S by g by g by g by
Eq. (14)treated as a two-parameter equation
hpg 1.093 0.25 11.27 2 22.09 7 51.2 15 40.4 25 0.078
5ht 2.446 0.24 17.56 35.98 87.3 103.1 0.143
vma 2.237 0.07 13.95 29.57 66.6 56.0 0.056
dopac 3.843 0.02 16.84 41.36 80.8 76.3 0.056
htoh 4.352 0.09 18.94 43.21 90.8 96.6 0.048
hiaa 4.785 0.04 20.13 46.18 96.8 97.6 0.055
hva 5.304 0.06 19.91 49.54 100.2 116.2 0.066
Solute a sa MeOH ACN iPrOH THF a.d.
Cyj Cyj Cyj Cyj Cyj Cyj Cyj Cyj
Eq.(16)
hpg 1.654 0.32 —-4.171 27.59 3.28 65.51 1.35 126.5 0.625 116.9 0.064
5ht 2.969 0.29 3.001 24.66 7.71 81.70 6.36 174.1 7.535 193.4 0.108
vma 2.436 0.13 2.769 16.45 11.59 36.86 5.38 120.3 5.054 92.3 0.037
dopac 3.877 0.06 6.470 12.72 18.82 31.33 10.05 118.1 6.315 113.0 0.020
htoh 4.496 0.06 6.084 17.35 18.13 43.20 11.32 137.8 6.457 160.7 0.027
hiaa 4.889 0.06 7.268 16.66 20.01 41.65 12.43 142.7 6.784 157.6 0.024
hva 5.415 0.05 7.563 16.01 21.72 43.58 12.69 148.8 7.533 190.3 0.015

a sa=|a— (Inky=0)expl-
b a.d. is the average deviation of experimental data points from the regression curves defined.fﬁer%az [IN kcaic — IN kexpl @ndN is the number of
data points included in the regression analylis,12 throughout this analysis.

systen1,17-19] As a result, the uniforma-values found in is not an attractive way to improve the description of experi-
this case differ from the corresponding experimental data in mental retention data from a practical point of view, since the
pure aqueous buffer, (K, =o)exp, by values up to about 0.97,  number of experiments required for the estimation of model
see Eq(10)in Table 8 A correct estimate for tha-term can coefficients depends on the order of the model. For this rea-
be obtained in some cases by incorporating into(fEQ) an son, the extension of E(LO) proposed in Ref17] as well as
extra term that is proportional to the square rootdflL7]. Eq.(11)due toits ternu) ¢; (four-parameter equation) are not
However, this extension of E¢LO)does not necessarily yield  applied to our data sets obtained for the binary solvent sys-
reliable results for the retention in pure aqueous buffer. On tems as the purpose of this study is to evaluate the possibility
the other hand the inclusion of additional terms in an equation of predicting retention for any composition of ternary eluent
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Table 9
Coefficients according to E¢L0) determined by regression analysis of experimental retention data for the individual binary mobile phases modified by MeOH,
ACN, iPrOH and THF without the assumption of a unifoarvalue

Solute (Inky = 0)exp MeOH ACN iPrOH THF
a .2 az4 a Q.2 az4 a .2 aza a Q.2 az.a

hpg 1.338 1.220 -—-11.27 11.48 1.127 -20.37 57.29 0.812 —-29.26 94.03 0.580 -9.00 24.73
5ht 2.683 2.602 —-17.16 17.16 2.607 —-35.47 102.4 1.439 —36.29 101.5 0.567 -7.01 —8.30
vma 2.303 2.211 -12.60 13.56 2.060 —-19.09 37.37 1.465 —27.96 79.20 1513 -9.81 18.38
dopac 3.820 3.742 -14.84 17.02 3.565 —25.07 43.84 2.695 —26.90 62.98 2.756 —12.33 23.49
htoh 4.438 4,335 —17.98 22.79 4.075 —27.20 51.31 3.118 -—31.00 73.00 2.874 —14.47 27.66
hiaa 4.826 4.734 —18.68 23.03 4.474 —28.48 51.91 3.440 -32.33 74.62 3.312 -14.97 29.06
hva 5.364 5.309 -19.40 25.96 4,948 —29.83 52.37 3.808 —31.29 68.77 3.523 -17.71 35.36

systems within a design space from a minimum number of solute in different binary systems, as showiTable 9 make
binary mobile phase experimental data. the application of Eq(8) to ternary solvent systems impossi-
Once the variation of retention with binary solvent systems ble. To overcome this obstacle, we may follow the empirical
composition was obtained, the regression parameters for theemedy proposed ifil9]. According to this suggestiorg
individual solutes shown iflable 8can be used in Eq$8), depends on the composition of the ternary mixture,@ay
(13) and (17)o predict retention in ternary mobile phases. ¢c if the mixture consists of modifiers B and C, and it is
However, Eq.(8) cannot be used for calculating retention calculated from
for MeOH-containing ternary systems, because the values aggs + acec
of ag s-parameters estimated for all seven solutes in MeOH-a¢ = ——————
containing binary mobile phases are negative. Consequently, B +yc
parameteras in Eqg. (8) can be estimated from E¢12) where the twoa-regression coefficientsag and ac, are
only for the ternary mobile phases maodified by ACN—iPrOH, obtained from the corresponding individual binary mobile
ACN-THF or iPrOH-THF. The retention calculated in this phases data. We should clarify that E2R) is adopted only
way for the above ternary eluents are compared with the for the application of Eq8), because the other two E¢$3)
experimental values and the mean value of the absolute dif-and (17)do not need such aremedy. We found that the combi-
ferences between predicted and experimentkldata was nation of Eqs(8) and (22using the regression parameters of
found to be 0.166, corresponding to an error of 18% in reten- Table 9results in a significantimprovement in the description
tion factors, a really very poor retention prediction. of experimental data in ternary mobile phases. The average
To test further the validity of Eq(8) the experimental  deviation between the experimental values fok bmd the
retention data for the individual binary systems modified by calculated ones for all data except those of 5ht was found to
MeOH, ACN, iPrOH and THF were fitted again to E40) be 0.123, which corresponds to a 13% error in the values of
but this time without the assumption of a unifoa¥value. k (seeTable 10. The negative value of thas s-coefficient
The resulting coefficients for each solute and organic mod- obtained for 5ht in THF-containing binary systems does not
ifier are given inTable 9 Obviously, Eq.(10) now gives permit theas-coefficient in Eq(8) to be computed by means
an excellent description of retention with composition in of Eq.(12)for all ternary systems. For this reason, the reten-
all binary systems, because three independent data pointgion data of 5ht are not included in the estimation of mean
are used to estimate three parameters in(E@). However, deviations of the calculated by different equationsWalues
the regression parameters for the individual solutes shown infrom the experimental ones.
Table 9can be strictly used only for the retention prediction However, even if we combine E@8) with Eq. (22) the
within the ¢-range studied, because, as is seeifiahle 9 performance of Eq(8) remains lower than that of Egs.
the a-coefficients do not give an accurate estimate for the (13) and (17) Table 10depicts the degree of agreement
retention in pure aqueous buffer and errors in extrapolating between retention prediction using E¢8), (13) and (17)
the retention data affect significantly the quality of predic- and the real experimental retention obtained for six solutes
tions. Additionally, different values of treeterm forthe same  at nine different compositions in each of six different ternary

(22)

Table 10
Average deviation between experimental and calculateddtues using different equations for all data points except those of 5ht

Eq. (8} Eq. (8Y Two parameter Eq. (18) Eq. (13% Eq. (179
Binary systems 0.000 0.098 0.060 0.034 0.031
Ternary systems 0.123 0.1%0 0.084 0.081 0.069

@ Using coefficients offable Q
b Using coefficients offable 8
¢ Determined in ternary mobile phases wlen > 0.
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Fig. 1. Dependence of kof dopac on the total volume fractiopyotal, Fig. 2. Dependence of kof htoh on the volume fraction of ACNG),

of iPrOH-THF in a ternary aqueous mobile phase with a constant volume iPrOH (a) and THF @) in ternary aqueous mobile phases modified by
fraction ratio of the two organic modifiergpron/eTHr = 1/3. Points are MeOH-ACN, MeOH-iPrOH and MeOH-THF, respectively, with a constant

experimental data. Solid and dashed line constructed using(Egsand sum of the two organic modifier fractiongeta = 0.1. Solid lines constructed
(8), respectively, and the relevant coefficient3able § whereas dotted line using Eqg.(17) and the relevant coefficients fable § whereas dotted lines
constructed using Eq8) and coefficients imable @ Parametegs of Eq. constructed using Eq8) and coefficients imable 9 Parameters of Eq.
(8) is calculated from E¢(12). (8) is calculated from Eq(12).

solvent systems. It can be seen that Eig) treated either  sonaply well the retention of htoh in binary mobile phases
as a three- or a two-parameter equation using regressioncontaining MeOH, ACN, iPrOH, or THF as organic modifier
coefficients fromTable 8can describe reasonably well the 55\vell asin ternary mobile phase modified by MeOH-ACN.
retention in ternary mobile phases but Efj7) provides an  However, it shows significantly large deviations from the
even better prediction of the experimental retention behav- experimental data obtained for this solute by MeOH—iPrOH
ior of the same solutes in ternary solvent systems. Indeed,qr MeOH-THF containing ternary solvent systems. In con-
the average prediction error obtained by Etj7) is 0.069 trast, the retention of htoh in all binary and ternary mobile
in Ink values or about 7% ik values that can be consid- phases depicted iRigs. 2 and 3s adequately described by
ered satisfactory for retention prediction under ternary con- poth Egs.(13) and (17)using the relevant parameters of
ditions without resorting to experimental measurements in Tapje 8
ternary systems. Thus we conclude that retention behavior under ternary
The superiority of Eqs(13) and (17)to Eq.(8) in pre-  sojvent mixture elution conditions can be accurately pre-
dicting retention behavior of solutes under ternary solvent gicted using either Eq13)or (17)with parameters obtained
mixture elution conditions from a few experimental data py regression analysis of experimental data in binary mobile

obtained in binary mobile phases is also showhigs. 1-3 phases following the procedure outlined in this study. That
The experimental retention behavior of two solutes with a

significant retention in some binary and ternary eluents, such
as dopac and htoh, was selected and compared with the cor-
responding theoretical description of their retention by Egs.
(8), (13) and (17)In more detailsFig. 1shows an example el
of dependence of lkof dopac on the total volume fraction, F
¢total, OF IPrOH-THF in ternary aqueous mobile phases at 20
a constant volume fraction ratio of iPrOH to THF equal to
1/3. The plots in this figure calculated using E#7) and
regression coefficients froffable 8show an excellent agree-
ment between theoretical predictions and experiment data,
whereas Eq(8) using either parameters ®éble 8or param- Lo -
eters ofTable totally fails to describe the retention behavior F :
of dopac in this ternary solvent system. This behavior of Eq. 05 x : | s !
(8) suggests that thas coefficient of this equation may be 0.00 0.05 0.10
treated as an adjustable parameter estimated by regression of iy
experimental data in ternary mobile phase and not calculated

from Eq.(12). Similarly, in Fig. 2, Eq.(8) can describe rea- Fig. 3. As inFig. 2but using Eq(13)instead of Eq(8).
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is, without using experimental data in ternary eluents exceptimum number of experimental retention data obtained in a

to confirm the accuracy of predictions.

specific type of ternary mobile phases in which the ratio of

Finally, it should be emphasized that based on the regres-the volume fractions of the two organic modifiers is constant,

sion coefficients shown iiable § Eqs.(13) and (17can be

Eq. (20) allows the prediction of retention in any binary or

used to calculate the retention in the general case of ternaryternary mobile phase. Therefore, the results of this study open
systems, i.e. at any ternary mobile phase composition within the practical possibility of using Eq§1l3) or (17) for opti-

the ranges of individual binary mobile phases studied, and mization separations under ternary solvent mixture isocratic
not only in two specific types of ternary systems where either and/or gradient elution conditions.

ocles =1 OF @l =B +@c =A. However, if the volume
fractions of the organic constituents of ternary mobile phases

fulfil one of the above restrictions, as in the case of our 6. Nomenclature

experimental data, then the simplified expressions fdér In
derived in the theoretical part can be applied directly to the
ternary mobile phase retention data and the coefficients ofa
Egs.(20) and (21can be obtained by regression using these

data. Moreover, the regression coefficients estimated in thisag, ac
way can be used to calculate the parameters for each organic
solventin simple binary mobile phases and thus to predict the
retention as function of any binary or ternary mobile phase a;
composition without experiments. For example, E2Q)
was used as the basis for predictive calculations of retentionA

in binary mobile phases from ternary solvent experimental A™, AS
retention data. Thus, starting from twelve experimental data
concerning htoh retention in four mobile phases modified by A", A?
MeOH-THF, MeOH-iPrOH, iPrOH-THF and ACN-THF

with a constant volume fraction ratio of the two organic

modifiers,  PmMeoH/@THF = ©MeOH/@iPrOH = PiProH O THF = A A
oacN/eTHE=3/1 and a variableiota), @totai=0.04, 0.1 and bg, bc
0.2, the nineA, B;, and Cy; regression coefficients of Eq.

(20), C4;=0 in this case, can be determined for each of

the above four ternary systems denoted .b&fter that the by, b*

nine parameters of Eq14), a, bj, andg;, for htoh in the by, b}

four modifiers containing MeOH, ACN, iPrOH or THF can B

be calculated and consequently the retention of this soluteBy, B"

can be predicted by using E(1L3) in any binary or ternary  B™, BS

mobile phase modified with one or two of these organic

solvents. The predictive results were sufficiently accurate cg, cc

since it was found that the average prediction error ik In

values is 0.065 for all data points, 54, obtained under ternary cyj, Cz;

conditions and 0.102 for 12 data obtained in binary mobile

phases. cm cs

C1,Co

5. Conclusions

cm, c?

The unique feature of our approach is that once the vari-

ation of retention with binary solvent systems is obtained

for some solutes, the retention of these solutes can be calcudg, dc

lated by either Eq(13) or (17) at every ternary mobile phase D

composition in a designed space without resorting to exper- DI, D?

imental data obtained in ternary eluents. Such experimental

data are required only to confirm the predictions. In contrast,

Eq. (8), applied to date in ternary solvent systems, fails to fJ’.“, ff

describe satisfactorily the retention under ternary eluent con-

ditions from known retention characteristics in binary mobile k

phases. Additionally it was found that, departing from a min- nY

=Ink(p = 0), the value of Ik when the mobile phase
consists of water only

a-values of Eq(22) obtained using aqueous binary
mobile phases modified by the solvent B and C,
respectively

(i=1, 2,...,5) parameters of the retention K§)

ay2, 834 parameters of the retention H40)

the constant term of the retention E¢E8)—(21)

a solute molecule in the mobile (m) and in/on the
stationary (s) phase, respectively

coefficients of the excess free energy of a quaternary
mixture formed in the mobile and on the stationary
phase, respectively

parameters of the retention H48)

parameters of EqY5), (9), (11), (13) and (14)
related to the adsorption equilibrium constafifs
through the equatiobj =g — 1

parameters of the retention E¢$5), (16)

(j =B or C) parameters of the retention E47)
parameter of the retention Eq49) and (20)
parameters of the retention Hg1)

a solvent molecule of type B in the mobile and on
the stationary phase, respectively

parameters of the retention E¢S), (11), (13) and
(14)

(j =B or C) parameters of the retention E(5) and
17)

a solvent molecule of type C in the mobile and on
the stationary phase, respectively

parameters of the retention E§$9) and (20)

C11,Co1,C1+,Cox  parameters of the retention H§1)

parameters of the activity coefficieff of water in

the mobile and in/on the stationary phase, respec-
tively

parameters of the retention E¢8) and (11)
parameter of the retention E@{.9)

parameters of the activity coefficiefiatof the solute

in the mobile or in/on the stationary phase, respec-
tively

activity coefficient of speciggj = A, B, C, S) in the
mobile and in/on the stationary phase, respectively
retention factor of the sample solute

parameter of the retention E@.5)
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