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SUMMARY

The amount of internal solvent in Merckogel OR-Z000 has been determined
for ten different sclvents using polystyrene (mol. wt., 10,000) as the excluded solute.
In this method, dry gel is equilibrated with an organic solution containing a2 known
concentration of a solute which is excluded by the gel. The internal solvent volume
of the swollen gel is calculated from the concentration change due to mixing. There
are distinct relations between the amount of internal- solvent, a solubility parameter
and the molar volume of the soivent.

INTRODUCTION

During the course of a study relating to the gel chromatography of metal
complexes with B-diketones!~3, we developed an increasing interest in the influence of
the solvent on elution behavionr. In an earlier paper on the elution behaviour of some
acetylacetorate complexes of metals(fLIT) and r-alkanes in the Merckogel OR-2000-
tetrahydrofuran system?, it was pointed out that the metal complexes and alkanes
possess different elution characteristics. It was suggested that these are to some extent
due to solute—gel interactions. In an attempt to elucidate these effects, the clution
behaviour of n-alkanes was investigated in different organic solvents®. It was ob-
served that the distribution coefficients of the n-alkanes were dependent on the sol-
vent, which suggests that differences in solvent-gel interactions are responsible.

The solvent is an essential component in a gel chromatographic system and
interacts with both the gel and the solute. Some interesting studies have bezn re-
ported*S of the solvent effects in gel chromatography with organic solvents, but, in

“general, little attention has been paid to this problem. Systematic studies of solvent
effects are required.

The distribution coefiicient of a solute is dependent on both the solvent regain
of a gel® and on the concentration of the gel matrix in the swollen gel phase®®. Swelling
can be regarded as the result of a solveni—gel interaction, and the degree of swelling
or the solvent regain is an important variable in the chromatographic process. Data

. * To whom correspendence shouid be addressed.
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on solvent regzin should therefore give mformaflan about so!vent—gei interactions -
and the present work was undertzken in order to obtain such data. A common
method of determining solvent regain is to measure the amount-of sofvent in a
swolfen gel mass after remcmng interstitial solvent by cenfrifugation. This m=thad,
however, is liable to inaccuracy due to a dependence on the centrifugal force used®,
and also fo the retention of solvent on the surface of the gel beads'. Further, it is
not an easy method to apply to highly volatile solvents.

The volume of the solvent absorbed by the gel can be estxmated by means of
a column method if two selute molecules are used as the reference species: one solute
molecule is sufficiently large as to be completely excluded by the gel network, and the
other solute is small enough to penetrate completely all of the pores of the gel. Thus,
Sephadex with water as the solvent and Blue Dextran® and labelled water, e.g.,
tritiated water'®!* and [**0O]waier?®, have been used. However, it is not easy to select
a small reference material which is soluble in various organic solvents.

Ia the present work, solvent regains of Merckogel OR-2000 have been deter-
mined in various organic solvents by means of an equilibration method using a reference
material which is large enough to be excluded. Gel bed volumes, the convenient and
practical measure of the degree of gel swelling, have also been measured for compari-
son with the solvent-regain data. The organic solvents chloroform, benzene, toluene,
p-dioxane, teirahvdrofuran, ethyl acetate, m-butyl acetate, acctone, methyl ethyl
ketone and acctylacetone were studied. All of these solveats, except the last which
had been used as 2 solute?, had been used previously as cluting solvents® in our study
program.

In order to clarify the solvent—gel interaction, e correlation between the swel-
ling of Merckogel OR-2000 and scme physical properties of the solvents is discussed.

The principle of the equilibration method

When W grams of dry zel are equilibrated with ¥ millilitres of solution con-
taining a solute, the relationship betwesn the solute concentration in the initial solu-
tion, Cg, and that in the final solution, C.,, is represented by

CGV=Cq(V-ViWL+KVW ¢y

where K is the distribution coefficient of the sclute and V; is the internal solvent
volume of the swollen gel defined as the number of millilitres of solvent taken up by
one gram of dry gel. When the solute molecule is large enough to be completely
excluded by the gel (K; = 0), egn. 1 can be modified to give: .

Vi=V({1 — CfC.) W 2

Thas, V; can be calculated from the ratio of the initial and final solute concentrations
in the solution equilibrated with the gel beads.

When the density of the gel matrix, 4, is known, the degree of swelling, O,
defined as the reciprocal of the volume fract:on, @,, of the gel matrix in the swollen
gel, can be estimated as

O=1lp, =1+ F/V,=1+ ¥ d, B )
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where ¥, is the specific volume (mlfg} of the dry gel. The molar soivent regain, S,
‘defined as the number of moles of solvent taken up by one gram of dry gel, can be
obtained from the following relationship:

B Srm=;’-éds/Mw=Vll-Vs (4)
where d,, M, and ¥ are the density, molecular weight and molar volume of the sol-
vent, respectively.

EXPERIMENTAL

Materials

Merckogel OR-2000 (E. Merck, Darmstadt, G.F.R.) was washed with redis-
tilled water, then acetone and methanol, and freed from these solvents in vacuo. After
drying for 3 days over silica gel at normal pressure, the resulting bulky mass of the
gel was finely ground, sieved to obtaip 200-300-mesh fractions and then dried over
silica gei for 3 days.

Solvents, except for chloroform, were used after purification of the respective
commercial materials by appropriate chemical treatments, drying and distillation.
Chloroform was of reagent grade and was used without further purification; it con-
tained 1.05% (mole/mole) of ethanol as a stabilizer. Polystyrene (standard grade;
mol. wt., 10,000, M, /M. < 1.06) was obtained from Pressure Chemical Co.,
Pitisburgh, Pa., U.S.A.

Measurements of internal solvent volume

Sample solutions were prepared by dissolving 35 mg of polystyrene in 50 ml
of each solvent. An 8-ml portion of a sample solution was placed in a Pyrex vessel
(inner volume, ca. 15 ml) containing 1.5 g of dry gel; the vessel was then sealed with
a screw-cap. In the case of the system with chloroform, 10.0 ml of a sample solution
were used. The contents of the vessel were mixed for 5 h with the aid of a magnetic
stirrer in order to atfain equilibrium. Preliminary experiments had shown that the
system came to equilibrium after stirring for 3 h. After standing for 30 min, 1 m! of
the solution phase was removed in a syringe fiited witha filter “and subjected toanalysis.

The solute concentrations in both the initial and final solutions were determined
by a gel chromatographic method using a Merckogel OR-2000 column (30 cm X 8
mm 1.D.) and p-dioxane as the eluting solvent. A 40-u! portion of each solution was
injected on the column, and the concentration of polystyrene in the solution was
evaluated from the area or height of its elution peak as recorded by 2 UV absorptivity
detector at 254 nm.

The experiments were carried out at 25°, and each experiment was done in
triplicate.

Measurements of the bed volune, V,
Gel beads which had been allowed to swell in a solvent were placed in a

* The filter was hand-made and consisted of a glass syringe and PTFE filter; the latter was manu-
factured commercially as a bed support for chromatographic columns.
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g:ad'uated FPyrex cofumn (IsSem X 3‘ mm i’ E |3 ancf tﬁe soivent was gnmnecf t&rouc&
- the ‘cofumn at a flow-rate of .57 ﬁr_{gmmmtsm The volume of. the gef Bed, &
was ther measured using the graduations. The gel Beads were taken out of the ccf- :
umn and weighed after drying under reduced pressure and then farfhier over sifica -
gefl at normal pressure for 24 A. The bed volume, 7L, exgress.cf in miflifitres of gel
bed per gram of dry gel, was obtained by dividing ¥, by the welgﬁf of the dry gel.
- Each experiment’ concerning a solvent was mmed out m duplicate.

RESULTS AL\‘D DESCHSSIOR

Determmat:ons of *he values of both ¥; and F, in various solvent systems were
carried out successfully. For the estimation of ¢ and §., from V. the density of
Merckogel OR-2000 was assumed to be equal to that of polyvinyl acetate (1.19 gfml
at 25°)15, and the values of the solvent densmes were taken from ref. 17. The results
are summarized in Table L.

The bed volume is the sum of <he internal solvent ‘volume, the interstitial sol-
vent volume, and the specific volume of gel matrix, thus:

Vt—_—‘Vi"rVo—%‘Vg i (5)

If the solvent dependence of ¥, is assumed to be negligible, a graph of ¥, versus ¥,
should be linear with a slope of unity, and tLen ¥V; may be easily evaluated by measur-
ing the value of V.. As seen from Table I, it is cifficult to correlate the experimental
data with respect to a graph of V, versus V. Henee, it would also be difficuit to evaluate
a value of ¥, from: V;. It is suggested that the above assumption is inadequate. How-
ever, it has not yet been ciarified whetber the variation of ¥, or the uncertainties in

¥; and ¥, values should be taken into account as the most important factor.
On ¢he basis of these findings, it seems reasonable fo say that the bed volume

TABLE!I

VAL UES OF INTERNAL SOLVENT VOLUME, DEGREE OF SWELLING, MOLAR
~ SOLVENT REGAIN AND BED VOLUME FOR MERCKOGEL OR-2000 IN VARIOUS
SOLVENTS AT 25°

Sofrent . Ry a S V.

. {rd per g (moleperg  (mlpergaf

Na.  Nome : f e of dry gel)  devgefl

1 Chloreform 9,32 266 040 418 - 0832, - 5.6

2 Benzene ; e15® . 1.78°+032 312 0020, 36
3 Toluene 8.9%¢ 106 +£0.13 226 0.009, 30

4  p-Diccans e - 1851812 332 6423 - 38

5 Tetrahydrofuran 933 1.83 £ 009 - 318 002 40
-6 . Ethyl acetate 9.05% 167004 293 0017 3.7
21 =~Butyl acetate 8.55% 1.20 £ 0.03 243 0009 29

$ . Acctome -5:35% 13T £ 808 315 o884 24

§  Methiohslketome 93° 00 &S 065 0288 88w, | - .36
0 - Acesylacetone 0.6~ .87+ 020 - 3.235 G0Ii& - ~ 3.E-

5% fee;mémgxais @e Fiven. S )
“ Caleulated from the valte of the hca; es‘ vagenza:ma gﬁ mtfmc}’ T C
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is a usefuf parameter to measure, afthough it cannot give accurate midrmation on gel
swelling. The data of Table I indicate that gef swelling fs strongly dependent on the
 nature of the solvents. In order to elucidate the influence of the solfvent on swelling,

it is more profitable to discuss it in terms of S;,, than in ferms of the other variables
referring to the volume of solvent, viz., ¥, @ and ¥, although these parameters are
usefut for practical objectives in chromatography. The S.,, data suggest that gel swel-
ling can be related to some physical properties of the solvents.

It is known that the solubility parameter introduced into the theory of regular
solutions is convenient for predicting the degree of mutual inferaction between the
solute and solvent™®, The solubility parameter is defined as the square root of the
cohesive energy density, i.e., of the energy of vaporization, 4 E®, per unit volume, aud
is designated by the symbol d. Thus, 6 = (4E°/V). By use of this parameter, one can
express the heat of dissolution of a solute, A H,, as

AHz = I/: @,_2 (61 —_— 62)2 (6)

The subscripts 1 and 2 distinguish the components of the binary mixiure, and subscript
2 is cusiomarily reserved for the component which is regarded as the solute. This
equation indicates that a decrease either in the value of ¥, or in the difference between
8, and 4, should lead to a decrease in AH,, that is, to an increase in the solubility of
the solute or in the degree of mutual interaction between the solute and solvent.
We assume here that the concept of regular solutions can be adopted to explain the
effect of the solvent on gel swelling.

In a system of 2 solvent and a polymer compound, it is reasonable to regard
the solvent as the solute species dissolving in the polymer, Therefore, an equation for
the solvent—gel system similar to egn. 6 can be written by the conversion of subscripts
1'and 2 in this equation into g and s, respectively, for the gel matrix and the solvent.
Thus:

AH, = V¥, ?92 (69 — 8, @
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“Fig. 1. Rélatianship of the molar solvent regain, S,n, 2ad the solubility parameter of the sclvent,
" @, Saivents 1@ as in Table I. Merckogel OR-2000, 25°. ’ .
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Fig. 2. Relation of the molar solvent regain, S,,,., and the molar volume of the solvent, V.. Other de-
tails as in Flg 1.

This equaﬁon predicts that the mole fraction of the solvent in the swollen gel increases
as the value of the solubility parameter of the solvent becomes close to that of the gel
matrix an 1 also as the molar volume of the solvent decreases. An increase in the mole
fraction of the solvent effects an increase in the value of the solvent regain, S.,.
Graphs of S, against 3, and ¥V shown in Figs. 1 and 2, respectively, lend some sup-
port to the above argument. The peak value in Fig. 1 suggests the value for the
solubility parameter of Merckogel OR-2000 is eq. 9.7. This value is, in fact, near to
the solubility parameter of polyviny! acetate (9.4)™°. Fig. 2 shows that the smaller the
molar volume the more solvent is preferred to the gel, just as occurs when the solvent
itself is gel chromatographed.

It is evident from Table I that the degree of swelhng of the gel in chioroform is
particularly high, suggesting that hvdrogen bonding between chloroform and the basic
fuactional groups in pelyviny! acetate constituting the gel matrix may be responsible.

- In view of the above findings, the most reasonable conclusion to be drawn is
that the degree of swelling of Metclgogel OR-2000 is sirongly dependent on the sol-
vents, and may be expected to be high in a solvent with a § value of ca. 9.7 and with a
small ¥, value, or in 2 solvent which can interact specifically with the gel-matrix. In
crder to elucidate solvent effects in gel chromatographic behaviour, solute-solvént

_and gel-solvent interactions must be studied systematically. The present data refating
to the latter interaction will be useful in further studies which are plaaned for our
program dealing with the gel chromatocraphy of metal complex&s. -
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