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LIQUID CHROMATOGRAPHY WITH MIXED
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MODEL CHROMATOGRAPHIC DATA BY
MEANS OF THE SIMPLE LINEAR
RELATIONSHIP

M. Borowko and M. Jaroniec*t

Institute of Chemistry
M. Curie-Sklodowska Univeristy
20031 Lublin, Poland
and
*Department of Chemistry
Georgetown University
20057 Washington, D.C.

ABSTRACT

A discussion is presented concerning the application of the simple
linear relationships ln K, vs. ln x and ln Kg vs. x , where K is
the solute distribution coefficient and x is the mole fraction of
the rore efficient eluting solvent in the mobile phase, for analysing
LC data calculated for different chromatographic models, It is

shown that these linear relationships give a satisfactory represen-
tation of the LC data relating to some different models in a limited
concentration reaion of the more efficient eluting solvent, Hence,
it is difficult to select the LC rodel properly representing

a niven chromatographic system on the basis of the narameters
obtained by fitting LC data to these linear relationships.

t Permanent address: Institute of Chemistry, M, Curie-Sklodowska
University, 20031 Lublin, Poland,
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INTRODUCTION

Two simple linear relationships are freaquently used for inter-
preting the liquid chromatography (LC) data measured at different

mobile phase compositions, They are (1=4):
In K, = a; + by 1n x (1)
ln Kg = a5 + by x (2)

where Kg is the distribution coefficient of the s-th solute
chromatographed in a binary eluent, x 1is the mole fraction of the
more efficient eluting solvent in the mobile phase, a; and bi
for i = 1,2 are parameters of the linear relationships 1 and 2,
Analogous linear relationships to those civen by equations 1 and
2 may be written in terms of the capacity ratio of the s-th solute
and the volume fraction of the more efficient eluting solvent,
Equations 1 and 2 were discussed theoretically by several
authors (5-11), Following Soczewifiski's concept (5) of the solute
adsorption during the ILC process Jaroniec et al, (1ll) have proposed
a general equation describing the dependence of the distribution
coefficient upon mobile phase composition., When the elution
strenqgths of the solvents forming an ideal binary mobile phase are
considerably different (then at mnderate and higher concentrations
of the more efficient eluting solvent the stationary (surface) phase
consists of molecules of this solvent and solute molecules, the
concentration of which is infinitely low), the above mentioned
equation becomes the so-called Snyder-Soczewidski equation 1, in

which b; is equal to the ratio of molecular sizes of solute and
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solvent and a3 = ln Koy » where Ks(l) is the distribution
coefficient of the s~th solute chromatographed in the more efficient
eluting solvent (2,6). According to the papers (2,5,6,9,12) the
Snvder-Soczewifiski relationship relates to the LC model assuming
the phase-exchange between solute and solvent molecules contained
in the ideal stationary and mobile phases. In other words, equation
1 describes a pure displacement model, which gives a reasonable
representation of many LC normal-phase svstems (2,9,12),

llowever, equation 2 may be derived in terms of the LC model
assumine classical partitioning of the solute between two, nearly
ideal, stationary and mobile phases (9,12), On the other hand,
equations 1 and 2 are frequently considered as empirical relation=
ships and used for interpreting LC data in a limited concentration
reqgion (2,4,6,7), In this paper the utility of application of the
simple linear relationshins 1 and 2 for describing LC data calculated
for different chromatographic models, is discussed. The present
work shows that prhysicochemical interpretation of the linear

parameters a,

; and bi obtained bv fitting the chromatographic

data to thie linear relationships 1L and 2 is very difficult because
these narameters can bhe discussed in terms of different models of

the LC process,
THEORETICAL

Let us consider a chromatographic system with the s-th solute
and a binary eluent, We designate the solute distribution coefficient
by K and the mobile phase composition by x , where x 1is the

mole fraction of the more efficient eluting solvent. The syrbol Kgy
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denotes the equilibrium constant describing the phase=cxchange
reaction between rolecules of solute and l=-st solvent, which is
assumed to he the nore efficient eluting solvent. Thus, the adsorption
enerqies of the solute and solvents "1" and "2" satisfv the following
inenquality:

€5 > €1 > €2 (3)

The simple models of LC process are usually formulated by using the
followira assurptions (7) s
1) solute and solvent molecules are spherical and have identical
molecular sizes,
2) the surface phase is ideal,
3) the mobile phase mav he considered as: an ideal solution (a),
a reqular solution (b), a solution containing pure associates
of the rmore efficient eluting solvent (¢} or a solution
containing solvates consistino of one solute molecule and some
rnolecules of the l=st solvent,
4) the adsorbent surface may be considered ass: energetically
homogeneous (a) or energetically heteroreneous (b).,
In this paper five models of LC process are considered: M1 (assumptions
1,2,3a,4a), 12 (assumptions 1,2,3b,4a), 13 (assumptions 1,2,3c,4a),
14 (assumptions 1,2,3d,4a) and 15 (assumptions 1,2,3a,4h), Table 1
contains the fundamental cauations describing the dependence of Ky
upon mabile phase composition for the models M1-M5,
The functions ln Ks vs, 1In x and 1In Kg; va. x may be expanded
into a Taylor's series about the points ln x = 0 (then x = 1) and
x = 1, respectively. Neglecting in these expansions the terms

containing second and higher derivatives, we have:
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TABLL 1

Ecquations describing the dependence of K, upon nobile phase
composition for LC models Ml=M5

Model LEquation Ref,

code

M1 K (%/K., + (1-x) /K )"+ 13
s = (¥/Kgq -x)/Kgp

M2 K= [4yx + (Lex)gy)7t 14
0p = explluy = wp = wpplx +w, = w,  1/K
0 = expllog, —wj +uydx-w,) /X,
. . . e -1

M3 K, =[xt/ + (l-x) /K] 15,16
x* = [1+2Lx - (14400 2/2)/(21%%0) 4 0 <L <1

ME K= (1-Cx) [x/K_ + (=x)/K1™h ) 0 <<l 15,16

-1 i
M5 Ky m [lx/Kg™ + (=) &)™y 0 <m<n 17,18

Notation: K i ~ phase-exchange constant for molecules of the s-th
solute and i-th solvent; C - solvation equilibrium constant (16);

L - association equilibrium constant (16); w.. and Wig - interaction
parameters between rolecules i-j and i-s, respectively (14); n -
parameter characterizing energetic heterogeneity of the adsorbent (17).

ln &g = ln K (q) + (4 1n X /d 1n x| FEELE (4)
and

L = o 4 -1 5
In K, =1n K o)+ (d1n K 0]  (x- 1) (5)

Introducing a new parameter n defined by

n = -(d ln K /dx) Ix-l R (6)
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ve can rewrite equations 1 and 2 as follows:

1n K =a;=n ln x %))
and

lnxs=az-nx (8)
wvhere

al = 1ln Ks(l) ’ 32 = 1ln Ks(l) +n 9 bl = b2 = =n (9)

Table 2 contains expressions defining the parameter n (i,e., slope
of the linear relationships 7 and 8) for the models M1-14, lowever,
Table 3 contains expressions defining the parameter Ny oo which

appears in the following seriest

In K, = 1n I’.s(z) -0, x (10}
where
ng = -(d ln Ks/dx)|x=0 (11)

Ecuation 10 presents two first terms of the function In K vs. x
expanded about the point x = 0, If the derendence ln K. vs, 1n x
shows a linear behavior about an arbitrary point 1ln X, € (0,1), we can

expand the function ln K; about this point, Then, we ray write:

In K, = ln K (x=x) + (4 1n £z/d 1n x)lxnxo(ln x - 1nx,)  (12)
or

In g = a* = n* 1ln x (13)
where

a* = 1ln Ks(xﬂxo) + n* 1n Xg n* = =(d 1ln Ks/d in x) |x=x0 (14)

The dependence 1n Ks vs., 1ln x calculated according to the model M5

shows a linear segment inside the x~-interval (0,l), which may be
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TABLE 2

Expressions defining the slopes of the linear relationshins 7

and 8 at x5 1

1971

B [(1+41)1/2 = 2p(ledn)=1/2

=1]/(214)

lModel Slope n Conments
code
Ml nid=1-li2l nid< 1
M2 1l - K21exp(u12) - w w12+'wls*=7 nt
Wz Ulz +wls -wzs wzsfs) nt
M3 (B - Ky, 1/ @ nng <1
O= [1+2L-(1+4L) J'/2]/(2712) n € (const, nid)

LA = nt

M4 l=-K

41 = C/(C-1)

g P Ct=rnt

n e (nid,")

Abbreviation
vhen vy

'.!" =) g (y = U,
increasas,

ij?

TARLE 3

W, » C, L) denotes that n decreases
-

Expressions defining the slope of the linear relationship 10 at x + ¢

Yo = Yo Yo +Woy

lodel code Slope n, Conments
M1 Ny,id = Ku -1 ng,id € (0,>)
M2 1-K21exp(- Yol -w o

M4 x12-1+c

>
"7 N,1d

C’ -) n+
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approxinmated by the linear relationship 12, Similarly, the function
ln Kg may be expanded with respect to the variable x about the point
X = x5 but the model studies showed that this expansion is not

useful from practical viewpoint,

RLESULTS AD DISCUGSION

‘his section prescnts the model studies refering to the LC
nodels Ml=M5 summarized in Table 1, First, we calculated the dependence
of In K upon moblle phase composition for the models Ml=M5 according
to the eruations presented in Table 1. 'lext, thesc theoretical data
vere plotted in 1n Kg = In x ané 1ln Kg = x coordinates, Analysing
these plots we could find reqions of the mobile phase composition, in
which the deprendences In Kg vs, ln x and 1ln X; vs, X are linear,

tlow, the most interesting results of these model studies will be
presented., Iirst, we consider the model !'l, Since the l-st solvent
is assumed to be more efficient eluting solvent the equilibrium
constant Koy is smaller than unity and the parameter n=n, 4 is also
smaller than unitr (see Table 2), Fiqure 1 presents the denendence of
1n K vs. In x calculated according to the model 111 (see Table 1) for
different values of Ky, , where the constant K, is defined as follows:

K.

21 = Ks(l) /1:5 @ (2,6). It follows from Fiqure 1l that the curves ln K

vs, ln x show a linear behaviory at higher concentrations of x (ln x
+ 0). As K7 ~+ 0, the nabile phase composition range over which the
function ln Kg is essentially linear increases. Moreover, the curves
ln Kg vs. ln x refering to Kyy > 0 approach the Snyder-Soczewifiski

linear relationshipt
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FIGURE 1, Theoretical curves ln K_ vs. ln x calculated according to

thie model M1 (sce Table 1) for K21 = Kg(l)/K ! Xg(1y = 125 and
K-(z) =2, 3, 5, 8 and 10 (nurbers at the sol:.ﬁ llnes). ':he dashed

line vresents the Snyder-Soczewidshi relationship (15) .

In K, = 1In Ks(l) - 1ln x (15)
This relationship has the absolute slope ccual to unity because we
assumed identical molecular sizes of solute and solvents, Thus, for
LSC systers vith ideal phases and horogencous adsorbents, charac=
terized by the constant K21 = 0 (then the surface phase contains
molecules of the l-st solvent, whereas, concentration of molecules
of solute and 2-nd solvent is infinitely low), the absolute slope

of the linear regime of 1ln Kg vs, ln x is determined solely by the
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ratio of the molecular sizes of solute and seclvents (in our case
this ratio is equal to unity). However, if there exists a mixed
composition of the surface phase (0< Kop< 1), then this slope depends
additionally on the equilibrium constant K21. Ficure 1 shows that
interpretation of LC data by means of the linear relationship 7
provides no information about clhiromatographic rodel, However, evaluating
the equilibrium constant K21 from independent adsorption measurements
(19) we have additional information about the surface phase composition,
which makes interpretation of LC data easier,

The chromatographic data calculated according to the model M1
(sce Figure 1) have haen also nresented in ln K, - x coordinates
(see Fiqure 2). It follows from Figure 2 that the curves ln K; vs. X
show a linear behavior about x > 0 (ecuation 10) and x + 1 (equation 8).
For low values of KZl the slopes n  and ngy of the linear seaments

of the curves ln X, vs, x at x > 0 and x > 1 are different, A compariscn

S
of the curves 1ln i, vs. ln x (ricure 1) and 1ln K vs. X (Figure 2)
rlotted for low values of K1 (Catty, KS(1)=1.25 and KS(2)=10)shnws tihat
ecuation 7 approximates better LC data at x -+ 1, wherecas, equation 10
gives better approximation of these data at x + 0, However, for the
model M1 and Ko; = 1 (similar adsorption of both solvents) the slopes

n and ng of the curve In Ks vg, X at x * 1 and x + 0 are similar;

it means that these LC data may be approximated by the following

expression:

In Kg = x 1n K (4 + (x-1) 1n Kg(o) (16)

Equation 16 may be obtained from equations 8 and 10 by approximating
In Kpy = Ky = 1.
The results presented in Figures 1 and 2 refer to the model Ml,

in which the mobile and surface phases are assumed to be ideal and
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in Ks
20

10

FIGURL 2. Theoretical curves ln £g vs. x calculated according to the
model Ml (sce Table 1) for l; = }25(1)/!(3(2); r‘s(l) = 1,25 and Kg(2)
=2, 3, 5 and 10 (numbers at the solid lines). “he dashed line
presents the relationship 16 for X3; = 2,0 .,

adsorbent is energetically homogeneous. In the case of the model M2
the robile phase is assumed to be a reqular solution, in which the
molecular interactions are characterized by the parameters Wyge Wig
and wyc. Tor this model at x » 1 the parameter n appearing in the
linear equations 7 and 8 is a function of the equilibrium constant Kop
and interaction parameters wigr Wig and Wog (see Table 2); its value
increases as wpg increases and it decreases as w)p and w)g increase,
Horeover, n may be greater as well as smaller than unity; it depends

upon relationship between values of Kjp , wyy ¢ W1g and wyge Figures
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] |

-20 ) -2.0 -1.0
lnx Inx

FIGUR: 3, Theoretical curves 1ln g vs. In x calculated accordino to
the model M2 (see Table 1) for Ky; = 1/Kj;= 2,0 and 8,0 and different

values of the parameter Wy (nurbers at the solid lines). The dashed
line presents the Snyder-Soczevitshi relationship 15,

3 and 4 present the curves 1ln Kg vse 1In x and ln K5 vs, X, respectively,
calculated according to the nmodel 2, It follows from these figures
that for LC systems with mobile phases satisfving conditions of the
regular solution the utility of equations 7 and 8 for approximating

LC data is rather little, Although, for special values of the
parameters wyp 4 wyg s wpy and Kp; the curves ln Kg vs. ln x show

a linear behavior at x + 1 (for w;< 0 and greater values of K;,=

1/K31 1 see Figure 3 for Kyp, = 8,0) and at moderate values of x

(for Wy 2 0 and smaller values of Kio1 see Figure 3 for Ky = 2) .
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In Ks anS
20 20

05 . 05 .

ricurt 4, Theoretical curves 1ln Kg vs. x calculated according to the
model M2 (see Table 1) for the same values of all varameters as in
Fiqure 3.

Similarlyv, the curves ln ¥Kg vs., x show a linear behavior for areater

values of K;, and wyz <0 (see Figure 4 for K,, = 8).,

12

Figures 5 and & refer to the model M3, which assumes association
of molecules of the l-st solvent in the mobile phase, It follows from
Figure 5 that the dependence 1ln Kg vs. ln x is linear in a wide region
of X neighbouring with the point x=1 for higher values of Ky, and L.
The parameter n is always smaller than nigq and it decreases as L

increases (see Table 2), In the case of the dependence ln Kg vse x

(equation 8) the greater regions of the mobile phase composition in
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| | 1 |
-2.0 “10 |nx -20 -10

In x
FIGURL 5, Theoretical curves ln K, vs. ln x calculated according to
the model I3 for Ky; = 2,0 and 8.0 and different values of the

association constant L (nurbers at the solid lines). The dashed lines
present the Snyder-Soczewifiski linear relatienship 15,

which it is essentially linear are observed for small values of Kio
(see Fiqure ©O).

In the case of the model M4 assuming solute-solvent association
(solvation) in the nmobile phase the parameter n is always greater
then niqe The dependence ln K  vs. ln x (see Fiqure 7) shows a
linear behavior at x + 1 for higher values of K;, and smaller values
of C but the x-regqion of its linearity is smaller in comparison to that
observed in Fiqure 5 for Kyp = 8.0 , An interesting result is presented
in FFigure 8 for lower value of Ko (Klz = 2,0)y the dependence 1ln Ks

vs, x shows a linear behavior at x + 0 and x + 1 and the x-reqion of
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FIGUR: 6, Theoretical curves 1ln K. vs. x calculated according to
S

the model I3 (see Table 1) for the same values of all narameters

as in Ticure 5.

its linearity increases as C increases, The parameters n and n, are
V4 i 0

greater always than nj4 and n , respectively, and they increase

0,id
as C increases, Moreover, for smaller values of Ki; , €.gsy Ky = 2,0
(both solvents show sinilar adsorption), the parameters n and ng are
sirilar and the linear relationships 8 and 10 coincide; it means that
for comparable adsorption of both solvents and stronger solute-solvent
specific interactions the linear equation 2 gives a satisfactory
representation of LC data in the whole mobile phase composition.

Equation describing the dependence of the distribution coefficient

upon mobile phase composition according to the model M5 (see Table 1)
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FIGURE: 7, Theoretical curves ln Rg vs. 1n x calculated according to
the model M4 (see Table 1) for Ky, = 2,0 and 8,0, and different values
of the solvation constant C (nurbers at the solid lines). The dashed
lines present the Snyder-Soczewinski linear relationship 15,

has been derived by using an approximation (17,18). This equation

cannot be expanded into a Tavlor's scries about the points x

X =

the

ne=

= 0 and

1 . However, it may be expanded according to the formula 12 about

point X e (0,1), According to equation 14 we havet

. m ml m
(xo/ks(l)) - xo(l-xo) /(hs(z))

. m i n
(xg/Rg () + [(=%g) /Kg (5]

(17)
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In Ks
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FIGURE 8, Theoretical curves 1ln K, vs. X calculated according to
the model I'd {see Table 1) for the same values of all parameters as
in Figure 7. The dashed lines present the linear relationship 16.

It means that n* is smaller than unity. Figures 9 and 10 present the
curves 1ln Ks vs, In x and ln Ky vse X calculated according to the model
M5 (see Table l), Presentation of LC data relating to the model M5

in In K = 1n x coordinates shows that there exists a wide region of
the mobile phase composition {small and moderate values of x) in which
the dependence 1ln Kg vs. 1n x is essentially linear. In contrast to
this, the dependence ln Kg vs. x is not linear in this region and

is not suitable for presenting LC data calculated according to M5,
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FIGURL 9., Theoretical curves 1ln Kg V8. ln x calculated according to
the model M5 (see Table 1) for K12~= 2,0 and 8,0 and different values
of the Leteroqeneity parameter m (numbers at the solid lines). The
dashed lines present the Snyder-Soczewinski relationship 15,

The mdel studies presented in Fiqures 1-10 were performed by
assunina equality of the molecular sizes of solute and solvent molecules,
Then, the ratio of molecular sizes of solute and solvent molecules r
is equal to unity. Under this assumption the Snyder-Soczewifski
relationship 15 has a unit slope. For r # 1 this relationship is given by
In Kg = In K (y) - ¢ In x (18)

Equation 18 describes LC model, in which molecules of the more efficient

eluting solvent (l-st solvent) are strongly adsorbed on the solid
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In Ks
20

1.0

FIGURE 1U, Theoretical curves 1ln K.3 vs, x calculated according to
the model M5 for the same parameters as in Fiqure 9,

surface and in consequence, the surface solution does not contain
molecules of the 2=-nd solvent (KlZ» 1) . an analogous relationship to
equation 7 , involving difference in molecular sizes of solute and

solvent molecules (r # 1), may be written as follows:
InK;=a)- nlnx y n=nr (19)

where n is defined by equation 6, However, for r ¥ 1 the constant

Kp2 = (Kgp/K )% (2),

1983
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TABLE 4

Values of the parametcr n = r n for solutes chromatographed in the
svstems la, lb, lc, 2a, 2b and 2c¢ (20,21)

Solute values of n for systems:

la 1b lc 2a 2b 2¢c
Naphthalene 0,54 0,13 0,13 - 0.24 0.21
2-ltethy lnaphthalene 0,54 0,13 0,14 - 0,25 =
2,3-dDichlororhencl 1,30 0,42 0,60 0,71 - 0,40
2,4-nichlorophenol 1,22 0,42 0,60 0,77 = 0,44
2,5=-Dichlorovhenol 1,28 0,51 0,48 0,73 =~ 0.40
2 ,6~Dichlorophenol 1,14 0,30 0,36 0,70 - 0,33
o~llitrophenol 1,24 0,16 0,30 - - 0.16
9=lethylantracene 0,81 0,15 = 0,44 =~ -
-rheny l-l1-naphylamine 1,42 0,28 =~ 1,05 = -
2~jlitro=n=toluidyne - 0,54. 0,74 - 0,60 -
S=Hitro-o-toluidyne - 0,84 1,10 - 0,70 =
o~-llitroaniline - 0,46 0,72 1,33 0,50 0,57
m=lNitroaniline - 0.64 1,00 - 0,66 0,74
p=liitroaniline - 0,78 1,20 - 0,75 1.15
Anthracene 0,72 =~ - 0.30 = -
Pvrene 0,74 -~ - 0.54 - -
Phenanthrene 0,74 - - 0,50 = -
Chrysene 0,86 =~ - 0,70 = -
rluorenone 1,10 = 0,26 - - 0,20
Systems: la - henzene(l)-cvclohexane(2)- silica gel; 1lb - acetone(l)-

benzene(2)-silica qel; Yc - ethvl acetate(l)-benzene(2)-silica gel;
2a - benzene~cyclohexanc~aluminium oxide; 2b acetone-benzene~aluminium
oxide; 2¢ ~ cthyl acetate~benzene~aluminium oxide.

Generally, the parameter n is determined by the ratio of molecular
sizes of zolute and solvent mnlecules r and n , where n is a complex
function of different parameters and its definition depends on the LC
model (see Table 2), In Table 4 the values of n are summarized for
different solutes chromatographed in three different mobile phases and
two adsorbents (20,21), These values were evaluated according to an

equation correlating the adsorption and chromatographia data; it is (20):
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InK_, = a, + nln (n®/(n° x + 1] (20)
n K, = a; nln nl/ n x

where ni is the adsorption excess of tlie l=st solvent measured in the

s
eluent-adsorbent system and n is the total number of moles in the

surface phase (20), It is easy to see in Table 4 that for majority solutes

the values of n are smaller than unity whereas for these systems the
values of r are greater than unity; it means that the simple model
leading to the linear relationship 18 cannot be applied for interpreting
the data in question. For the systems presented in Table 4 the contri-
bution of n to the value of n is sigqnificant, Since the values of n
are considerably smaller than unity and in consequence, the n-values

become smaller than unity although the r-values exceed unity.

CONCLUSIONS

It follows from the discussion presented in the previous section
that LC data relatinag to different chromatoqraphic models can be
approximated in a limited region of the mobile phase composition by
the linear relationships 1 and 2. Therefore, a physicochemical
interpretation of the parameters a; and b; is very difficult because
they are complex functions of different parameters characterizing
competitive solute and solvent adsorption, nonideality of the surface
an? mobile phases, adsorbent heterogeneity and difference of
molecular sizes of solute and solvent molecules, Thus, the linear
parameters a; and bi evaluated from LC data provide a scant information
about LC model and additional data (e.qg., adsorption measureménts)
are required to suggest a solute retention mechanism,

Analysis of the linear segments appearing in the curves 1ln Kg vs,
In x and 1n Kg; vs, x leads to several conclusions, which may be useful

for interpretation of LC data., They are:
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1) The parameter n may be smaller than unity as : surface phase
contains molecules of hoth solvents (model !'l), a special relation
exists between interaction parameters (model M2), association of
molecules of the l=-st solvent occurs in the mobile phase (M3) and
adsorhent surface is heteroqeneous (model !15),

2) The parameter n may be grcater than unity as solute-solvent
interactions are strong (rodels M2 and i14),

3) For hicher values of K5 (strong adsorption of l=st solvent) the
curves In Kg vs. In x are essentially linear in a wide region of the
mobile phase composition (at x + 1), however, for smaller values of x12
(comparable adsorption of both solvents) an analogous linearity is

ohserved in the case of the dependence of 1ln l-:s V8. Xe
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