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A new theoretical treatment of the solute distribution in gel chromatography is proposed. Practical gel
chromatography can be regarded as one based on a combined function of the molecular sieve effect and the parti-

tion effect.

Introducing the concept of a regular solution to the column system of gel chromatography, the contri-

bution of the partition effect can be estimated from the data on the physical properties of the solute, the solvent,

and the gel matrix.

The argument being proposed is supported by the experimental data on the gel chromato-

graphy of metal (II, III) chelates with acetylacetone and normal alkanes previously obtained in the systems of a

poly(vinyl acetate) gel and various eluting solvents.

In the previous work of this series, the solvent de-
pendence of the gel-chromatographic behavior of some
metal (II, IIT) chelates with acetylacetone (2,4-pentane-
dione: Hacac) on a cross-linked poly(vinyl acetate)
gel (Merckogel OR-2000) was examined.? The
experimental results showed that the distribution coef-
ficients of a chelate were strongly dependent on the
eluting solvent used. The effective molar volume,
Ve, for every chelate obtained by the use of the cali-
bration charts prepared on the basis of the elution
data for normal alkanes also depended on the solvents;
the volmes were different from the expectation derived
from the literature values of the molar volume, V_,
for the chelate. On the basis of these facts, it seems
reasonable to assume that the solute distribution in
a given column system is governed not only by the
molecular sieve effect related to the molecular dimen-
sions of the solute, but also by some secondary effects
related to interactions among the solute, the solvent,
and the gel.

In order to explain the separation mechanism in
gel chromatography, various theories, such as steric
exclusion,? restricted diffusion,® and thermodynamic
equilibrium,? have been proposed. In these theories,
the dominant factor governing the solute distribution
in a given column system is considered to be the radius
of the solute molecule, and the contributions of the
secondary effects are not taken into account. Some
anomalies were occasionally observed, however, such
as the reversal of the predicted elution order of the
solutes and the unexpectedly large values of the elution
volume.?$ These facts could not be explained simply
in term of the molecular sieve effect. The importance
of the secondary effect was stressed in such a case,
therefore. It has thus far been generally agreed that
the secondary effect is due to the solute-gel matrix
adsorption,”® but this adsorption has not been argued
quantitatively in terms of the physical properties in-
herent in the solute, solvent, and gel materials.

In the course of our previous study, we felt it neces-
sary to understand fully the essence of the secondary
effect and the solvent effect in gel chromatography.
The present paper thus deals with this problem theo-
retically. The theoretical investigation of the solute
distribution in a column system is developed by assum-
ing that gel chromatography is essentially based on the
combined function of the molecular sieve effect and the
partition effect. This investigation has been undertaken

to explain the gel-chromatographic behavior of metal
chelates with Hacac previously observed.

Theoretical

Overall Distribution Coefficient. When a substance
is chromatographed in a column system consisting of a
liquid phase with the volume of V, (void volume) and
a gel phase with the volume of V_, the elution volume,
V,, of the substance is expressed by the following

e’

general equation:
Ve - Vo + Kavi: (1)

where K, is the distribution coefficient characterizing
the solute distribution in the column system. When the
solute distribution is governed not only by the molecular
sieve effect, but also by some other effects, K, is essen-
tially a combined function of all the effects.

When the concept of the theoretical plate is applied to
the gel-chromatographic-column system, the solute dis-
tribution in a theoretical plate is as will be discussed
below.

The column system in the theoretical plate consists
essentially of a solvent phase (hereafter abbreviated as
the O phase) with the volume of v, and a gel phase
(hereafter abbreviated as the X phase) with the volume
of v,. The former and the latter phases correspond
to the moving and the stationary phases in this chro-
matographic system respectively. A solute material,
S, introduced in this system equilibrates between these
two phases. Only a certain fraction, K,,,, of the latter
phase is, however, available for S, because of the
molecular sieve effect. This leads to the following
relation:

sizeVx> (2)

where v, is the volume of the available part (hereafter
designated as the P phase) for S.  According to the theo-
ries proposed by Ogston® and Laurent and Killander!®,
K. is expressed by the equation:

size
Kiize = exp [—nL(r.+ 7s)%, (3)

where 7, is the radius of the solute molecule, 7, is the
radius of the polymer chain of the gel matrix, and L
is the concentration of the polymer chains in the gel
phase. Both L and r, are constant in a combination
of the gel matrix and a solvent. The v, value in a
given column system, therefore, varies according only
to the size of the solute molecule.

Up =
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Considering that S is distributed strictly between the
O phase and the P phase, and also that these two
phases are not always equilivalent with respect to the
interaction with S, it is reasonable to assume that,
in general, the concentration of S in P phase, C,, is
different from that in the O phase, C,. When the P phase
can be assumed to be such a medium as a mixture of
a solvent and a polymer of gel matrix, into which S
can be incorporated, the O and P phases can be regarded
as constituting a system of partition chromatography.
Thus, the K., given by Eq. 4 corresponds with the
partition coefficient of S in this system:

Kpatt = Cp/Co (4)
The effective plate volume, v,, in this partition chro-
matographic system is expressed by this equation:
Ve = Vo + Kpart”p
=V, + Kparthizevx (3

When the number of the theoretical plates in the total
column system, &, is sufficiently larger than unity, Eq.
6 can be derived:

Ve = Nve =V, + Kparthlzer (6)
From Egs. 1 and 6, one arrives at:
Kav = parthlze (7)

According to Eq. 6, gel chromatography can be re-
garded as a special case of partition chromatography,
in which the volume of the stationary phase varies with
the molecular size of the solute substance introduced.
It is reasonable to term K,, the overall distribution
coefficient.

Partition Concept and the Physical Properties of the Solute,
the Solvent, and the Gel. When the partition constant
of the solute, S, Kgur.s, is given by Eq. 8, the overall
distribution coefficient, K,,, can be expressed by Eq.
9, provided both C, and C, are small:

K:art,s = s,p/Xs,o (8)

where X, ; and X, , are the mole fractions of S in the
P phase and the O phase respectively.

Kav = K:ut,s(vm,olvm,p)Kslze (9)

where ¥V, and V_  are the average molar volume
of the O phase and the P phase respectively.

According to the regular solution theory,!V) the activ-
ity of Component 2, a,, in a binary mixture of Compo-
nents 1 and 2 is expressed as a function of the mole
fraction, X; the molar volume, V_; the volume fraction,
¢, and the solubility parameter, §, by means of the
following equation:

Inay = In X, + Vi 26,20, —8,)%/RT (10)
where R and T are the gas constant and the temperature
respectively, and where the subscripts 1 and 2 distin-
guish the components of the mixture. When the
number of moles of a component is denoted by the
symbol n, X, and @, are, respectively, given by these
two equations: Xy=mn,/(n,+n,) and ¢;=mV_ (n,V, ,+
nyVa 2). The solubility parameter is defined as the
square root of the cohesive energy density, e.g., of the
energy of vaporization, AEY, per unit of volume (6=
(AEY|V,)Y?). The regular solution theory can be
successfully applied to discussing the solute distribu-
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tion in solvent extraction.?-1%)

It is expected that the concept of a regular solution
can be applied to discussing the solute distribution
between the O phase and the P phase when the follow-
ing two assumptions are accepted: i) the P phase can
be regarded as a homogeneous mixture of a solvent
and a gel matrix polymer, and ii) specific interactions
among the solute, the solvent, and the polymer, such
as hydrogen bonding, are absent in the system. In
our earlier work, the solvent dependence of gel swell-
ing could be successfully explained quantitatively by
introducing the concept of regular solution into the
solvent-gel matrix binary system.!®

The activities of the solute, S, in the O phase, g
and in the P phase, a

8,07

are expressed by Egs. 11 and

s, p?
12:
Inas,o =In X506 + Vin,sPo2(0o—05)2/RT (11)
Inas,, = In X, + Vi, s$2(0,—65)2/RT (12)

The subscripts s, o, and p distinguish the components
in these systems. When the partition equilibrium of
S is achieved between these two phases (e, ,=a, ),
the following relation is derived:

In K;nn,s = m,s[(éo_as)z_ (5p_6s)2]/RT’ (13)

provided that the concentration of S is so small that
both ¢, and ¢, can be equated with unity. The
solubility parameter, 8, is approximately expressed
by Eq. 14:

9 = Pl + (1—9¢)d, (14)
where ¢, is the volume fraction of the gel-matrix poly-
mer in the P phase, 4, is the solubility parameter of the

polymer, and §, is, of course, the solubility parameter of
the solvent. Then, Eq. 13 is modified to:

In K;.n,- = m's[2(5s—~60) (6g—6o)¢g_ (53—60)2¢g2]/RT
(15)

This equation reveals the quantitative relationship be-
tween the partition effect in gel chromatography and
the physical properties of the solute, the eluting sol-
vent, and the packing material (gel). It is quite an
important and interesting suggestion that (InKj..) is
equal to zero under such a condition as §,=d,.

It is well known that the molar volume can be used
as an effective size parameter for low-molecular-weight
compounds in gel chromatography.1%-18) We assume
here, for the sake of simplification, that various com-
pounds with a equal molar volume have K, values
identical to each other in a given column system.
When two different substances, S and S’, are chromato-
graphed in a column system, the K,, values of these
substances are expected by the K, =K K, . and
K,, =K K, oo €quations. When the V,, values
of S and S’ are equal to each other, K;,, . =K,
Then the following equation can be written:

av,s/Kav,s' = part,s/Kpart,s' (16)
According to Eq. 15, the above equation is modified
to give:

In Ry/sr = 2Vm,s(6s—65')(6g—60)¢g/RT (17)

P’

’
ize,s *

Rs/s' =

This equation predicts that the R,/ value is always
constant at unity under the condition §,=d,. In usual
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column systems, K, ; are not always equal to K .,
even if V, =V, . It is stressed that the choice of
eluting solvent is quite important in gel chromatography.
Ideal gel-chromatographic separation based only on
the molecular sieve effect is carried out by the use of
an eluting solvent in which the solubility parameter of
the solvent is equal to that of the gel matrix; then one
can estimate the size of a solute molecule by the use of
a calibration chart prepared on the basis of the elution
data for other compounds.

Discussion

In order to examine the validity of the above argu-
ments, the theory is then applied to the experimental
data already obtained. The elution data for normal
alkanes,19 bis(acetylacetonato) beryllium(II) and tris-
(acetylacetonato)chromium(III) (hereafter abbreviated
as Be(acac), and Cr(acac); respectively),’»2% in column
systems consisting of Merckogel OR-2000 and various
organic solvents are taken. The data on gel swelling!®
are also available.

Equation 15 shows that the solvent dependence of
the partition effect can be discussed quantitatively in
terms of the solubility parameters of the solvents. How-
ever, it is not easy to evaluate Kg... experimentally.
Only K,, values can be obtained by means of usual
chromatographic techniques. When the K, values
of two different compounds with equal V,, values are
available, the validity of Eq. 15 must be examined
indirectly by discussing Eq. 17.

We suppose here two hypothetical normal alkanes:
one (hereafter designated by r(Be)) whose V_ value
is equal to that of Be(acac),, and the other (hereafter
designated by r(Cr)) whose V,, value is equal to that
of Cr(acac);. An equation analogous to Eq. 17 can
be written for the solute pair of Be(acac), and r(Be):

In RBe/r(Be) =1In (Kav,Be/Kav,r(Be))
= 2Vm,Be(6Be‘“6r(Be))(6g‘6o)¢g/RTs

where the subscript Be denotes Be(acac),. Introducing
the degree of swelling for gel, O, defined as Q=1/¢,,
into the above equation, one can write Eq. 19:

Q.ln RBe/r(Be) = [_2Vm,Be(6Be_6r(Be))/RT](6o'_63) (19)

It is expected that (QIn Ry,,.(z,)) shows a linear rela-

(18)
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tionship to 8, with a slope of [ =2V, g,(0g,—0.(se)) [RT |-
The V,, g, value was estimated to be 184 cm® mol-1.D
The K, (s values in the column systems of Merckogel
OR-2000 and various eluting solvents can be estimated
by introducing the V_ g, value into the K, uversus
V. relationship for normal alkanes observed in the
column systems (see Fig. 2 in Ref. 1). The d;, value
has not been reported. Considering that the solubility
parameters of metal chelates with the same ligand are
approximately independent of the metals,!¥) we estimate
dg, to be at 9.7 cal2cm~3%2. This value is equal to
the reportd value of §y,.2Y) The 6,5, value is esti-
mated to be 7.7 cal/? cm~%2 from the 6 versus V,, re-
lationship for normal alkanes shown in Fig. 1. Ac-
cording to these values, it can be predicted that the
slope of the (Q In Ry, ;. (ge)) versus 8, plotis about —1.2 at
25 °C. The relation of (Q In Ry,;,(z,)) plotted against
0,, prepared based on the data summarized in Table
1, is shown in Fig. 2. All the plots, except for chloro-
form (1), fall approximately on a line. According to
the regression analysis, the slope of this line is (—0.92z

8.0 [

N
o
T

® (cal/cm?)?

=
o
T

20 22 24
log Vg,

Fig. 1. Relationship between solubility parameter and
molar volume for normal alkanes.
C;, Cq, C;, Cg Gy, and C,4 denote pentane, hexane,
heptane, octane, nonane, and hexadecane, respectively
1 cal=4.1840].

TABLE 1. VALUES OF 6o, Q K,y, AND R IN THE SYSTEMS OF MERCKOGEL OR-2000
AND AN ORGANIC SOLVENT AT 25°C
Solvent
le) Kav,Bel) Kav,r(Be) KBe/r(Be) Kav,Crl) Kav,r(Cr) RGr/r(Cr)

No. Name 6,
1 Chloroform 9.329 4.10 0.271 0.385 0.704 0.218 0.268 0.813
2 Benzene 9.152% 3.12 0.816 0.373 1.45 0.342 0.255 1.34
3 Toluene 8.9%9 2.26 0.653 0.319 2.05 0.400 0.207 1.93
4 1,4-Dioxane 10.029 3.32 0.570 0.513 1.11 0.436 0.383 1.14
5 Tetrahydrofuran 9.32P) 3.18 0.620 0.398 1.56 0.517 0.281 1.84
6 Ethyl acetate 9.05%) 2.99 0.702 0.468 1.50 0.609 0.360 1.69
7 Acetone 9.8926) 3.15 0.660 0.532 1.24 0.622 0.439 1.42
8 Ethyl methyl ketone 9.326) 2.98 0.653 0.462 1.41 0.628 0.351 1.79
9 Butyl acetate 8.55%) 2.43 0.828 0.399 2.08 0.790 0.284 2.78

a) In cal¥/2 cm~—3/2,

b) Calculated from the value of the heat of vaporization (7.65 kcal/mol).2
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Fig. 2. The Q In Rpe/r(e) versus &, relationship in the
systems of Merckogel OR-2000 and various eluting
solvents at 25 °C. Figures 1—9 denote solvents as in
Table 1. Dashed line shows the regression line.

0.12) at a level of significance of 5%. This value is
close to the expected one (=—1.2). The § -axis inter-
cept of the line, which corresponds with the ¢, value of
Merckogel OR-2000, is observed to be (10.4%0.2).
This value is near to the , value estimated from the
gel-swelling data (6,=9.7).19)

It is shown in Fig. 2 that the relationship expressed
by Eq. 17 can be approximately accepted in practice,
even in various types of solvents, including both polar
and nonpolar ones. Some deviation of the plots from
the linearity can still be found. It hasnot been clarified
whether the deviation results from the uncertainty of
the original data or from the disregard for the specific
interactions among solute, solvent, and gel. Consider-
ing that many metal chelates with Hacac form the sol-
vated species in chloroform.??2% the remarkable de-
viation of the plot for chloroform found in Fig. 2 may
be referred to the solvation. The concept of the
regular solution can be accepted on the assumption
that the specific interaction between the solute and the
solvent is absent.V)

One can modify Eq. 17 to give the relation between
Cr(acac)y (designated by the subscript Cr) and r(Cr).
Thus,

In RCr/r(Cr) =1In (Kav,Cr/Kav,r(Cr))
= 2Vm,Cr(6Cr—6t(Cr))(6g—6o)¢g/RT (20)
From Egs. 18 and 20, the following equation is derived:

In Ror/r(on/In Rpe/r(se)
= ( Vm,Cr/ Vm ,Be) (601' - 6!‘(01‘))/(636 - 6r(Be) )

It can be expected that (In Rg,/.(c)) is in direct propor-
tion to (In Rg,/.(g)).- The proportional coefficient
should be independent of the solvent used, and we
should be able to predict it from the physical proper-
ties of the solutes. Taking the value of V_ .. as 267
cm3 mol=1,21) § (., is estimated to be 7.9 cal'/2 cm—%/2
from Fig. 1. The §;, value has been reported to be
ca. 9.7 calV2 cm~%221)  Then, the proportional coeffi-
cient can be predicted to be 1.3.

(21)
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Fig. 3. Correlation between In Rcr/r(cry and In Rpe/r(se)+
Figures. 1—9 denote solvents as in Table 1.

The values of K,, .y and Rg, () are estimated in
a manner analogous to that used in the case of the
Be(acac),-r(Be) pair and are exhibited in Table 1.
When these values are taken, the relationship of (In
Re;/x(cn)) Plotted against (In Rg,/. () is as shown in
Fig. 3. The dashed line in the figure shows the slope
1.3. It is quite interesting that the plots for many
solvents lie close to the prediction. However, benzene
(2) and toluene (3) give plots somewhat deviating from
the expected line. We have, to data, no clear-cut
evidence to explain this deviation.

The facts shown graphically in Figs. 2 and 3 lend
some support to the theoretical treatment of the solute
distribution in gel chromatography proposed in this
paper. The solvent dependence of the gel-chromato-
graphic behavior of metal chelates with Hacac pre-
viously observed can be appreciablly explained in terms
of the partition effect. The contribution of the parti-
tion effect to the overall solute distribution in gel
chromatography may be predicted quantitatively in
terms of the molar volumes and the solubility parameters
of the solute and the solvent. Equation 15 predicts
that the partition effect in gel chromatography is not
remarkable, provided that the § value of the eluting
solvent is close to that of the gel matrix.

In view of the above arguments, the most reasonable
conclusion to be drawn from the available data is that
1,4-dioxane is the nearest to the ideal eluting solvent
for the column system including Merckogel OR-2000
as a column packing material, while butyl acetate is
farthest from the ideal.

The introduction of the partition concept may give
a powerful approach to elucidate the so-called secondary
effect in gel chromatography.
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