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Gel Chromatography of Condensed Phosphates
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The principles of the application of gel chromatography are discussed, together with its potentialities in the investigation of
inorganic polymers of phosphorus with the aim of determining molecular dimensions, fractionating a mixture, obtaining
individual phosphates, and also analysing their molecular-weight composition. The development and the achievements of the
gel chromatography of condensed phosphates are surveyed. The phenomena occurring in a gel during the elution of inorganic
compounds are described for several salts. A list of 91 references is included.
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I. INTRODUCTION

Molecular weight and degree of polydispersity are
among the main characteristics of macromolecular com-
pounds. Research has shown ' ~° that many properties of
inorganic phosphate polymers depend directly on the size
of the molecules. It is therefore very important to
develop methods for investigating the molecular-weight
composition of such polymers.

Almost all the methods known in the chemistry of
macromolecular compounds —light scattering ! ultra-
centrifuging "*®, viscometry'’?, chemical (end-group anal-
ysis) *°7'%, and cryoscopic }*"** —have been used to deter-
mine the mean molecular weight of condensed phosphates.
Chromatographic methods of analysis (paper *¢78, ion-
exchange 19-21  thin-layer >, and electro-chromatog-
raphy %) can be used to establish the molecular-weight
distribution of polymers containing up to 10—14 phosphorus
atoms in the chain. Precipitation **~* by means of vari-
ous organic and inorganic reagents is, perhaps, the only
method employed for the fractionation of macromolecular
phosphates.

Promising new methods for isolating and separating
condensed phosphates would contribute to further knowledge
of their properties and structure. The production of
porous gels varying in their permeability to molecules of
different sizes was responsible for the rapid and wide-
spread development of gel chromatography, a method of
separation according to molecular weightf{: since gel
chromatography was first studied in 1959 on Sephadexes *,
more than 2000 publications have appeared on the applica-
tion of the method.

Examples of hydrophilic gels used in gel chromatog-
raphy are # dextrans—Sephadex (Sweden) and Molselekt
(Hungary) —polyacrylamides —Bio-Gel P (USA) and
Acrylex P (Hungary) —and agaroses—Sepharose (Sweden)
and Bio-Gel A (USA). Organophilic examples include
Sephadex derivatives and acrylic and polystyrene gels.
Furthermore, dextran (ED, DED) and polyacrylamide
(AM) hydrophilic gels and styrene—divinylbenzene (SDV)
hydrophobic gels, similar in properties to the foreign
products, have been manufactured in the USSR.* All the
gels are produced as spherical granules of various sizes,

1 The term gel chromatography is used in this Review
as the most common in the chromatography of inorganic
substances on gels.

and are divided into several types according to their
porosity.

Gel chromatography was ueveloped and used mainly for
separating, isolating, purifying, and concentrating organic
compounds, as well as for their molecular-weight analy-
sis, A considerable number of reviews have been pub-
lished on the theoretical basis of the method and its prac-
tical application in organic and biological chemistry *~*°,

The achievements and possibilities of gel chromatog-
raphy have recently attracted the attention of inorganic
chemists. The behaviour of halides, nitrates, sulphates,
and perchlorates of alkali, alkaline-earth, and other uni-
and bi-valent metals on Sephadexes and Bio-Gels has been
investigated as a function of concentration, gel porosity,
column height, eluent type, concentration, and pH, rate of
elution, and temperature* ™%, Gel chromatography has
been used to study inorganic polymers such as Phos-
phates **~*", silicates ®®, basic iron nitrates *"°, and
molybdates "', It has been employed to investigate com-
plex formation with Trilon B "®"® and other reagents "™,
Its application to the separation and investigation of
various ions, comp71ex compounds, and inorganic polymers
has been reviewed """,

These researches were decisive in establishing the
processes occurring in a gel during the elution of electro-
lyte solutions. This knowledge served in turn as founda-
tion for the practical application of gel chromatography to
the determination of the sizes of ions, the separation and
purification of inorganic substances, and the determina-
tion of the molecular-weight composition of inorganic
polymers.

II. GEL CHROMATOGRAPHY OF INORGANIC COM-
POUNDS

1. Processes occurring in the Gel during Elution

The solvent in a layer of a swollen gel can be
regarded * as forming two phases—within and between the
granules—so that the total volume of the layer can be
expressed

(1)

where Vo is the volume of solvent between the granules
(external or free volume), Vj the volume of solvent inside
the granules (internal volume), and Vi, the volume of the
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gel matrix, Various phenomena may occur on the elution
of dissolved molecules in such a system. Which phenom-
enon predominates is determined by the interaction of gel,
solute, and solvent.

Numerous experimental results show that dissolved
molecules are eluted from a gel chromatographic column
in the order of their diminishing size or molecular weight.
Such an inverse molecular-sieve effect is due to the fact
that dissolved molecules of different sizes penetrate the
swollen granules to different extents, which may be con-
nected both with steric factors and with diffusion. The
elution volume Vg of any solute is therefore intermediate
between that of a substance which is completely excluded
from the gel granules (equal to the free volume V) and the
elution volume of a substance which is uniformly distrib-
uted between the two phases (equal to the total volume of
solvent Vo + Vi):

Ve=V,+Ka 'V, (2)

where K3 is the distribution ratio of the solute between the
two solvent phases (0 < Kd < 1 in magnitude), which char-
acterises the degree of penetration of solute inside the gel.

The above molecular-sieve mechanism is apparent in
most cases of the gel chromatography of organic and
inorganic substances; it is supported also by the consis-
tency of experimental results with relations between
elution parameters and molecular weights or sizes cal-
culated on the basis of various models of gel structure "°~*°,
However, several examples are known, especially in the
elution of aromatic and heterocyclic compounds ®, their
derivatives containing ionisable groups, and many inorganic
salts*', where the behaviour on gel chromatography can-
not be satisfactorily explained solely by the molecular-
sieve effect.

Secondary effects (secondary with respect to separation
according to molecular weight, but in some cases decisive)
are apparent in disturbances of the sequence of elution with
diminishing molecular weight or size, in significantly
overestimated (Ve > Vo + Vi) or underestimated (in com-
parison with expectation from molecular size) elution
volumes, in asymmetry of the chromatographic peaks, and
in a dependence of the elution parameters on the concen-
tration of the solute and on the nature and concentration of
the eluent. These phenomena may result from specific
interaction of the gel with certain substances and ions both
in the separable mixture and in the eluent, as well as with
their mutual complexes.

Abnormally high partition coefficients (or elution
volumes) are a consequence of the retention of a substance
in the column, owing to ion exchange or physical and
chemical adsorption by the gel. The substance is then
eluted by a volume of solvent exceeding Vo + Vi, and the
partition coefficient K4 > 1.

In several cases, on the other hand, substances are
eluted from the column earlier than would be expected
from their molecular size., This phenomenon, termed
tonic exclusion, is attributed to the presence of a small
quantity of negatively charged carboxylate groups in
Sephadex, which repel solute anions, which are thus
excluded from the gel granules and are eluted earlier.

Adsorption and ionic exclusion effects can be observed
in the elution of sodium sulphate, chloride, nitrate, and
perchlorate on Sephadex G-15 with 0.1 M sodium chloride
solution *, The elution volumes of these salts increase
in the sequence

Na,S0,<<NaCl<<NaNO;<<NaClO,.

87

Sodium nitrate is eluted by a volume of solvent exceeding
the total volume; the perchlorate is eluted still more
slowly; and the partition coefficient of sodium sulphate
(~0.1) is considerably smaller than the value to be
expected from the radius of the hydrated sulphate ion *%.
Furthermore, experimental results on the elution of the
chlorides of several metals with solutions of 0.1 M KC1 +
0.01 M HCl1, 0.1 M Na,SO4 + 0.005 M H2S04, 0.1 M NaNOs; +
0.01 M HNOs3, and 0.1 M NaClOs4 + 0.01 M HC1O4 on
Sephadex G-25 showed that the partition coefficients of the
metal ions in the nitrate and perchlorate systems were
respectively 1.0—1.5 and 1.8—-2.7, but those for the sul-
phate system were closely similar and small (up to 0.4). ****
These data indicate specific interaction between the gel
and these ions, i.e. adsorption of nitrate and perchlorate
ions and considerable exclusion of the sulphate ion.

Adsorption can be observed also in the elution of sub-
stances by eluents which by themselves are inert towards
the gel. An example is the elution of zinc and cadmium
chlorides on Sephadex G-10, which depends on the concen-
tration of the eluting sodium chloride solution **: with
increase in the eluent concentration chloride complexes
are formed, whose adsorption on the gel produces values
of Kq> 1.
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Figure 1. Effect of concentration of test material (in
50 ml of solution eluted with water on Sephadex G-10
at 35 ml h™") on its partition coefficient calculated
from Ve, Vo, and Vi for **: 1) NasPsOio; 2) Na HPOy;
3) NaCl; 4) glucose.

The ionic exclusion effect can be diminished by using a
suitable eluent containing a supporting electrolyte to
neutralise the action of the gel. Secondary effects are
strengthened when water without a supporting electrolyte
is used as eluent, In the elution of solutions of certain
electrolytes with water, for example, their partition
coefficients are relatively small and increase with the
concentration of the solutions ***’,  Use of an electrolyte
as eluent increases the partition coefficients. The elution
curves of non-electrolytes, e.g. glucose, do not depend on
these factors (Fig.1). To explain the processes occurring
in a gel during the elution of electrolyte solutions the
penetration of the supporting electrolyte into the interior
of the gel phase was assumed to be incomplete owing to
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steric and electrostatic factors*?**®, Indications that
part of the water involved in the swelling of a gel hydrates
the polysaccharide chains of dextran ® confirm the exist-
ence in the gel of a region which is inaccessible to dis-
solved molecules,

phase I phase 11
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electrolyte !
phase 1 phase II
. 2
B | no electrolyte ! Nt S0y
]
phase I phase 11 phase 11T
T T
c| P qoNetol | oNeosed
electrolyte : :
Figure 2. Diagram of distribution of ions in gel
granules *,

Thes properties of a gel are shown diagrammatically in
Fig.2. Their effect has been discussed in relation to the
behaviour of magnesium ions in the MgCl:—NaCl and
MgSO:—Na,SO4 systems*?. If the supporting electrolyte,
i.e. sodium chloride, penetrates inside the granules to
only a limited extent, the interior of the gel is divided into
two phases, as it were, distinguished by the presence or
the absence of the given electrolyte (Fig.24). The degree
of penetration by the electrolyte, i.e. the extent of phase
(ID), is determined mainly by the size of the larger ion,
Since the effective ionic size increases from chloride
through sodium to the sulphate ion, this phase will be
smaller in the sulphate than in the chloride system (Fig,
2B). In a homogeneous sample—eluent system the
efficiency of elution of magnesium ions will depend on the
degree of penetration of the gegenion into phase (II), since
the magnesium ion should be near its anion to preserve the
electrical neutrality of the solution. In the chloride sys-
tem the magnesium ions penetrate the gel to an extent
determined by their size, since the chloride ion is smaller
than the magnesium ion. In the sulphate system the pene-
tration of magnesium ions is governed by the size of the
sulphate ion, which is larger than magnesium. Thus the
volume accessible to magnesium ions is smaller in the
sulphate than in the chloride system. When a mixed
solution of sodium chloride and sodium sulphate is used as
eluent, the internal liquid phase is regarded as consisting
of three regions (Fig.2C), the additional phase (III) con-
taining sodium, chloride, and sulphate ions. Since
magnesium and sulphate ions interact to form complexes,
penetration of the former into the gel will be determined
by the relative sizes of phases (II) and (III), This may
explain results obtained for the elution of magnesium
chloride with solutions containing different ratios of
sodium chloride and sulphate (Fig. 3). -

It has already been stated that secondary effects are
apparent also in the dependenee of the position and the
shape of the elution curves on the concentration of the
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substance. The degree of asymmetry of the elution peak
can be assessed by the ratio F/B,*® where F and B are the
distances from the ordinate for the peak to the ascending
and descending portions of the curve measured at mid-
height. For example, the effect of concentration on the
elution volume and the symmetry of the peak has been
investigated in the sample—eluent systems
MgSO,—Na,S0,, Mg(Cl0,),—NaClO,, Mg(NO;),—NaNO, *,
MgCl,—NaCl, SrCl,—NaCl, BaCly~—-NaCl .

I

Figure 3. Variation of elution volume of Mg?* ions
from 0,01 M MgCl: (1 ml on Sephadez G-15 column
1.5 X 60 cm at 20—30 m1 h™) with composition of
eluent*”: 1) 0.1 M Na,SOs; 2) 0.075 M N2aSOs +
0.025 M NaCl; 3) 0.05 M Na.SO; + 0.05 M NaCl;

4) 0.1 M NaCl; Here and on the other diagrams
showing elution curves C denotes the relative con-
centration of the substance in the eluate.

60 70 V,, mi

Analysis of these results (Fig.4) reveals three types of
dependence of elution volume on concentration of the
sample solution * according as dVe/d1g[M] (i) vanishes
(curves I and 2 at concentrations <0,1 M), (ii) <0 (curves
3—-5 at <0.1 M and curve 6 at all concentrations investi-
gated), and (iii) >0 (curves 1 —5 at >0.1 M). In most
cases the corresponding values of the ratio F/B were
unity, <1, and >1.

These results reflect the processes occurring in the
system. If a molecular-sieve mechanism alone operates,
the elution curves are symmetrical, the partition coeffi-
cients are independent of concentration, and the relation
0 < Kd < 1is satisfied. With substances exhibiting sym-
metrical peaks at low concentrations and satisfying the
above relation, the change in elution volume and in the
shape of the peak with increase in concentration is
attributed to diminished hydration of the ion and of the gel
matrix with increase in the ionic strength of the solution,
with a consequent increase in partition coefficient.
Furthermore, the change in the degree of hydration may
lead to the presence of hydrated ions of various sizes in
the solution, whose elution curve will be non-Gaussian.

A molecular-sieve mechanism then predominates, Asym-
metry of the peaks and partition coefficients exceeding
unity at low concentrations are a consequence of secondary
processes,

2. Processing of Experimental Data and the Results of
Gel Chromatography

Although the above secondary effects, representing an
affinity for the gel phase, can sometimes be used for
separation ¥, the principal merit and the main use of gel
chromatography consist in the relation between molecular
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weight or size and the elution volume, which is possible
when separation is due solely to a molecular-sieve mech-
anism. Various equations expressing the dependence of
elution volume on molecular weight *, “effective chain
length” ®°, Stokes radius ®, hydrodynamic volume *, and
molar volume * have been found for various substances,
These equations contain parameters connected with the
elution volume Ve/Vt and Ve/Vo, as well as partition
coefficients, whose introduction permits comparison of
results obtained with different columns and gels.
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Figure 4. Dependence of elution volume and partition
coefficient on sample concentration [M] (1 ml eluted at
20—30 ml h™' on Sephadez G-15 column 1.5 X 60 cm
with 0.1 M eluent) for the sample —eluent systems ****:
1) MgSO4—NaS0s; 2) MgCla—NaCl; 3) SrCl.—NaCl;
4) Mg(NO3)2—NaNQO3; 5) BaCl:—NaCl; 6) Mg(ClO4)2—
NaClOas.

The partition coefficient characterises the behaviour
of a substance in a gel, and a difference in its values for
different substances may indicate differences in the
mechanism of separation. From Eqgn.(2) we have

Kj= —2 1% (3

i.e. the free and internal volumes of the gel must be known
in order to determine the partition coefficient. The
former volume is determined by means of substances
which are completely excluded from the gel and whose
elution volume is Ve = Vo, while Kq = 0. A higher poly-
saccharide (dextran blue) and for inorganic systems a
higher phosphate (e.g. Kurrol salt®®) are most often used
for this purpose.

The internal volume can be determined on the assump-
tion that such compounds as hydrogen and sodium chlorides
are uniformly distributed between the two phases, so that
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their elution volume Ve = Vo +ViandKd = 1.*® The
same hypothesis can be used to determine the internal
volume for tritiated water THO.®® However, comparison
of the elution volumes of THO and H:’0 shows *" that, owing
to isotope exchange, the former has the rather larger
elution volume, With the partition coefficient of the
latter regarded as unity, those of tritiated water for
Sephadexes G-10, G-15, and G-200 were determined as
respectively 1.09, 1.06, and <1.02.%

In several cases the internal volume is determined by
means of Eqn. (1), which gives

Vi=Vi—V,—Vm . (4)

The matrix volume of the gel is found from the specific
volume of the latter (0.61).%® The internal volume has
been determined also® from the difference between the
weights of the column containing the gel w, the empty
column wt, and the gel 2 transferred quantitatively from
the column, washed with ethanol, and dried in a vacuum
at 80°C for 6 h:

Vi= (0 —w;—a—0V,)/p (5)

where p is the density of water.

In view of the presence in the gel of a region inacces-
sible to dissolved molecules, other workers *® introduced
the concept of an effective internal volume (Vi)eff = 0.8Vi.
It is advisable to use chloride and bromide ions—but not
fluoride, iodide, sulphate, thiocyanate, copper(Il), or
iron(IIl) —for its determination.

Because of the uncertainty and difficulty of finding the
internal volume, it is convenient to use the partition coef-
ficient
Kaw = Vg "

Vi —V,

(6)

whose calculation depends on readily determinable quan-
tities ®. The relation between Ky and K{ is
v,

~R 7
Kau- Kdvi—,_vm . (

The difference in value between the two partition coeffi-
cients diminishes with increase in the porosity of the gel.

Partition coefficients are determined not only by the
column method—i.e. under elution conditions —but also
under static conditions **’****,  The method is based on
the postulate that the concentration of substances in the gel
phase is the same as in the external liquid phase. Definite
quantities of gel and solution of concentration C, of the
substance in the eluent are stirred until equilibrium is
established. After being allowed to settle, the concentra-
tion C: in the solution over the swollen gel is determined.
We then have

T (®)

where Vi and Vi are the free and internal volumes of the
solvent. The sum V + V{ is assumed to equal the volume
of solution taken, and Vj is determined by means of sub-
stances having Kgq = 0.

Comparison of partition coefficients found by elution
and under static conditions is used to estimate the con-
tribution made by diffusion of the solutes to the separa-
tion®¥**,  Furthermore, the quantity D = 100(C, — C2)/C,
represents the contribution of adsorption, as a conséquence
of which C1> Cz2and D > 0.%
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It was suggested* that the contributions of cation and
anion to the partition coefficient of an ionic compound
were additive:

s, + 1D,

P (9

Ka=
where ¢t and s are the cationic and anionic charges, and
@c and &3 are the individual contributions of cation and
anion to the partition coefficient. On the assumption that
&N = 1, the relative values of ¢¢ and ¢, were deter-
mined by a method similar to that used to find radii in a
crystal. Good agreement was obtained with experimental
partition coefficients for several salts on Bio-Gel P-2,

The use of gel chromatography to determine molecular
weights, polydispersity, and molecular dimensions
involves relating these characteristics with the elution
parameters and employing the resulting mathematical and
graphical formulae as calibration. In practice the elution
volume is in most cases a linear function of the logarithm
of the molecular weight. The best method for plotting a
calibration straight line is to use monodisperse fractions
of the test polymer, since the relation between molecular
weight and molecular size may differ substantially for
each type of compound. In several cases, however,
calibration lines are obtained by means of standard speci-
mens, e.g. narrow fractions of polystyrene or proteins .
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Figure 5, Comparison of partition coefficients and
ionic dimensions of alkaline-earth metals*® for 1 ml
of 0.01 M solution eluted on Sephadex G-15 with 0.1 M
NaCl + 0.01 M HC1 at 20—30 ml h™': Ry = radius of
ion in crystal; Ry = radius of hydrated ion.

The elution curve for the fractionation of a polydisperse
polymer on an already calibrated column may be used to
characterise its molecular-weight distribution. Analysis
of the molecular weight and the quantity of each fraction
obtained by preparative gel chromatography will also
yield distribution curves.

Consideration of the various processes occurring during
elution in a gel indicates that calibrations can be used to
find ionic sizes or molecular weights when separation is
due solely to a molecular-sieve mechanism, It is
assumed that interactions among gel, substance, and
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eluent, apparent as adsorption, ionic exclusion, ion
exchange, or complex formation, are absent.

The behaviour of inorganic salts in gel chromatography
is in many cases consistent with a molecular-sieve mech-
anism, Comparison of the partition coefficients of
alkaline-earth metal chlorides with the ionic radii, for
example, shows (Fig.5) that these salts are eluted in the
sequence of diminishing size of the hydrated cations *°.
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Figure 6. Relation between (—1gK,y)/“ andR g for

certain ions*3,

. The model of a gel as a network of straight, rigid
filaments, of infinite length and distributed at random in
the gel ®, yields the relation :

(—lgKa)"=A-R +B (10)

between the partition coefficients and the radii Rg of dis-
solved molecules, where A and B are constants for a
given gel. Fig. 6 illustrates the dependence of (—1gKavy)?
on R g for several ions eluted by 0.1 M potassium chloride
solution on Sephadex G-15."® Results for ions which do
not form chloride complexes and are not adsorbed on the
gel lie on a straight line, which can be used as calibration
for estimating the sizes of the ions.

The results given here illustrate the application of gel
chromatography to the investigation of inorganic sub-
stances. It has been used to determine the sizes of
various ions ****"?| as well as for the separation of
ions °°™*2 and the investigation of inorganic polymers.
Information has been obtained on the properties of poly-
silicic acid®®, the existence of various types of polymeric
molybdates “u’ and the composition of Fe(OH)x(NO3)s - x
polymers %*7°,

The rapid development of the application of gel chroma-
tography to the investigation of inorganic polymers of
phosphorus enables existing data to be generalised and
further possibilities for the use of this method to be
defined.
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III. APPLICATION OF GEL CHROMATOGRAPHY TO
THE INVESTIGATION OF PHOSPHATES

In order to establish rules for the gel-chromatographic
behaviour of phosphates and to develop a technique,
investi§ations were made on various individual phos-
phates>®7°) both linear and eyclic, and with different
degrees of oxidation of the phosphorus, as well as speci-
mens of polyphosphoric acids **’°*’' and polyphos-

phates 27¢" having different molecular-weight distributions.
Studies have been made of the effects of various factors on
the behaviour of phosphates during chromatography —
sample and eluent concentrations 55,5;)H, 5455 rate of elu-

tion, temperature®’, gel porosity
57558

95" and particle size®’,

and the column parameters

L I

80 1070 70

Figure 7. Elution curves for P,—Pi2 linear poly-
phosphates ** (1 ml containing 0.003-0.005 g-atom
P litre~! eluted on Sephadez G-25 column 1,5 X 90
cm with 0.1 M KC1 of pH 7.0 at 20—30 m1 h™),

V,,ml

Table 1. Partition coefficients of linear phosphates
Nan + 2PnOm +1 (0.003—0.005 g-atom P litre™ eluted
with 0.1 M KC1 on Sephadex G-25).

P Kg¥ P, Ky P, K4 B Kq

0.78 Ps Py 0.30 Py 0.21
P, 0.62 Ps P, 0.28 Pis 0.7
g sg Pjo 0.24

Pu 0,23

oo
R

P,

*Values of Kq for Ps—Pi3 phosphates calculated from
those of K3Yy.

The concentration of phosphate in the eluate fractions
was determined colorimetrically (Refs.53—55 describe
chemical analysis for phosphorus) and refractometrically
with appropriate instruments, e.g. an interferometer °®
or a flow-type differential refractometer®”. In the
investigation of polyphosphoric acids, the pH of the eluate
was measured by means of a gH ~-meter having a specially
designed flow-type microcell °*®, The degree of poly-
merisation of phosphates in the eluate fractions was
monitored by potentiometric titration *’*" and by paper
chromatography *7%%%,

Many authors mention that phosphates are eluted from
a gel column in the sequence of decreasing molecular
weight. This relation has been found for linear phos-
phates containing 1—12 phosphorus atoms in the chain,
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eluted with 0.1 M potassium chloride solution on Sephadex
G-25 °* (Fig.7), and for sodium ortho-, pyro-, and
tripoly -phosphates on Sephadexes G-10, G-15, G-25, and
G-50 % (Fig,8). The partition coefficients of linear
phosphates (Table 1) and of compounds containing up to
four phosphorus atoms in different states of oxidation
(Table 2) lie in the range 0 < Kq < 1.

B THO
¢ | pBMZ N
/\ /
! it I
DB g P
b L THO

50 100 150
V,, ml

Figure 8. Elution curves of certain phosphates (1 ml of
solution containing 0.002—0.005 g-atom P litre™ eluted
with 0,1 M KCI at 20—30 ml h™") on different Sephadexes *°:
1) G-10 (column 1.5 x 90 cm); 2) G-15 (1.5 x 90);

3) G-25 (1.5 x 90); 4) G-50 (1.2 x 130). The peaks
correspond to: P,—P4) polyphosphates containing a chain
of 1—4 phosphorus atoms; Paym) Na trimetaphosphate;
Psm) Na tetrametaphosphate; DB) dextran blue;

THO) tritiated water.

Table 2,
coefficient Kd of phosphates *°,
P litre™ on Sephadex G-25).

Effect of eluent concentration on partition
(0.002-0.005 g-atom

Eluent

Phosphate
KCl solution
i *

formula notation water M 05 M oM
NaPH,0, -H,0 pt — 0.80 0.83 0.83
NayPHO;-5H,0 p3 — 0,78 0.83 0.84
NaH,PO,-2H,0 Py 0.36 0.78 0.83 0.84
NagP,HO;-12H,0 p2—Ppa — 0.64 0.74 0.76
NagH,P,04-6H:0 ps —p¢ — 0.67 0.77 0.79
Na,P.H,Op P3—0O—P? — 0.59 0.66 0.69
NagPeHOq- 4H;0 P —0O—Ps" — 0.61 0,70 0.73
Na P,0,- 10H,0 Py 0.30 0.62 0.71 0.75
NayPy0s - 14H,0 pt. ps —pt — 0.61 0,73 0.76
Na,PgHO, - H;0 p$—O0—pt—pPt — 0.50 0.62 0,70
(NHg)sP30,- xHO pPs—O-—Pt—Pt — 0.51 0.67 0.70
NagP3Oy0-6 H,O Py 0.24 0.52 0.62 0.69
NagP30, - 6H,0 Pon — 0.52 0,67 0.70
NagPyOy;- ¥xH,O P4—-Ps—0O—Ps—p* — 0,46 0.62 0.64
Na P04 4H0 g~P‘—P‘~O—), — 0.48 0.62 0.65
NayP0y5-4H0 an - 0.46 0.60 0.65

*The superscript indicates the state of oxidation of the
phosphorus, and the subscript the degree of polymerisa-
tion of the polyphosphate or metaphosphate (».).
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The above results—the elution sequence, partition
coefficients, and the symmetry of the peaks—are consis-
tent with ideas on the sizes of polyphosphate anions and
indicate that the mechanism of separation is based solely
on a molecular-sieve effect.

Cyclic tri- and tetra-metaphosphates are eluted on
Sephadex G-25 together with linear phosphates ** (Fig. 8)
according to their size.

Investigation of the dependence of the gel-chromato-
graphic behaviour of polymeric phosphates on various
factors has enabled important problems of technique to be
solved and the most suitable parameters to be selected,
whose use ensures the necessary conditions for a molec-
ular-sieve mechanism to operate and for condensed phos-
phates to be analysed by means of calibration curves.

The availability of gels differing in porosity makes
possible the analysis of polymers over a wide range of
molecular weights. In the case of organic compounds
limits have been found to the molecular weights, which
are characteristic of each type of gel ®., These limits
may be different for inorganic substances, since other
factors may then become more significant—ionic exclu-
sion and hydration, and with phosphates the properties
resulting from their polyelectrolyte nature.

6.50F

620f WS

J.00

T

250+

2.90+

150 | | | | HOL
w1 22 26 J M V,ml

Figure 9. Dependence of relation between logarithm of
molecular weight M [of phosphate] (eluted with 0.01 M
NaCl) on gel porosity for columns 0.61—0.62 cm in
diameter and 120—126 cm in height®” of: 1) Sephadex
G-10; 2) Bio-Gel P-2; 3) Sephadex G-25 (eluent 0,025
M Na,HPQOs,); 4) Sephadex G-50.

When an inhomogeneous sample of sodium polyphos-
phate of mean degree of polymerisation #7 = 14 was eluted
on Sephadexes G-25 and G-50, the partition coefficients of
the component polyphosphates were closely similar and
approached zero on Sephadex G-25, but distribution
occurred throughout the accessible volume on G-50. %
However, other factors—nature and concentration of
eluent, quantity of sample solution—were not constant in
this comparison. The shift in elution volumes and the
difference in quality of separation characteristic of gels
of different porosities are well illustrated by Figs. 8 and
9,%%" which show that the most satisfactory separation of
oligophosphates is attained on Sephadex G-25.

The eluent may have a significant effect on the distrib-
ution of inorganic substances during elution. The influ-
ence of the supporting electrolyte on the separation of
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phosphates has also been studied. The partition coeffi-
cients of ortho-, pyro-, and tripoly-phosphates eluted
with water on Sephadex G-25 are extremely low compared
with the values obtained when potassium chloride solutions
are used as eluent * (Table 2). The low values were
explained by ionic exclusion, which is eliminated by the
addition of potassium chloride to the eluent, for which
purpose an electrolyte concentration <0.01 M was suffi-
cient. The partition coefficients for anions with different
states of oxidation of phosphorus increased slightly with
the potassium chloride concentration (Table 2). Several
explanations are possible for this effect: since poly-
phosphates possess the properties of polyelectrolytes, the
size of their polyanions should diminish with increase in
the ionic strength of the solution; another possible cause
would be a decrease in the degree of hydration of the
anions; furthermore, preliminary experiments showed®
that the internal volume of Sephadex G-10 increased with
the potassium chloride concentration of the eluent.

Examination of the behaviour of alkaline-earth metal
chlorides in 0.1 M NaCl and 0.1 M NaCl + 0.01 M HC1
showed *® that the acid eluent gave the best separation.
Such an eluent is undesirable with phosphates, owing to
the increased probability of hydrolysis. The effect of the
pH of the eluent on the partition coefficients was therefore
examined, With linear phosphates ® no appreciable
changes in partition coefficients were observed with
eluents having pH 2.0, 4.6, 7.0, and 9.2, obtained by
adding respectively aqueous hydrochloric acid and
phthalate, tris, and ammoniacal buffers to 0.1 M potas-
sium chloride solution., Similar results were obtained in
the separation of anions in which phosphorus was present
in different states of oxidation®™. Only on the addition of
borate buffers of pH 7.0 and 9.2 were the partition coeffi-
cients lower, owing to electrostatic repulsion of phosphate
ions and borate ions retained by the gel, which were able
to interact with dextran depending on the pH,*® The
results confirmed yet again the need for careful choice of
eluent if molecules are to be separated by a molecular-
sieve effect,

Table 3. Dependence of partition coefficients K4 on
concentration of sample®® (on Sephadex G-25 eluted with
0.1 M KCl).

Concentration, g-atom P litre™!
Phosphate*

o001 | o005 0,01 0.05 o1 | o5 10
ps 0.78 0.78 0.78 — 0.79 — 0.80
0.78 0.79 0.79 — 0.80 — 0.80

Pt—p¢ 0.66 0.66 0.66 0.69 0.71 — —

P, 0.62 0.63 0.63 — 0.69 — —
Pg 0.52 0.50 0.51 0.55 0.57 0.66 0.70
0.52 0.52 0.52 — 0.58 — 0.69
PAPt—O—P'—P*+ | 0.46 | 0.46 | 0.46 - 050 | — | 0.6

(—PA—P+—0 ), 048 | 048 | 0.47 - 2 — Z
o 0.46 0.46 0.45 — 0.50 — 0.63

* Notation as in Table 2,

In order to confirm the molecular-sieve mechanism it
is necessary to determine the effect of the concentration
of the test substances on their partition coefficients and
the symmetry of the peaks. Table 3 lists values of Kg
for certain phosphorus-containing compounds as a function
of their concentration. '
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Fig. 10 illustrates the concentration dependence of the
position and form of the elution peaks for sodium tripoly-
phosphate, With a sample concentration below 0.01
g-atom P litre™ the elution curves are symmetrical, and
the position of the peak remains unchanged. At higher
concentrations the curves are displaced towards large
volumes, and the peaks become unsymmetrical with
F/B > 1. This was attributed to the presence of phos-
phate ions having different degrees of hydration. Further-
more, increase in the concentration of the polyphosphate
is accompanied by a decrease in its dissociation®, which
with polyelectrolytes leads to a decrease in size of the
polyanions. Similar results were obtained®” for the effect
of concentration on the elution parameters of sodium
ortho-, pyro-, and tripoly-phosphates.

1
60 Vi

40 v,, ml

Figure 10. Dependence of elution curves for 1 ml of
NasP30i10 (1.5 X 60 cm column of Sephadex G-25 eluted
with 0.1 M KC1 at 20—30 ml h™") on initial concentra -
tion®® (g-atom P litre™): 1) 0,001; 2) 0,005; 3) 0.01;
4) 0,05; 5) 0.1; 6) 0.5; 7) 1.0.

Many authors state that the process becomes more
efficient the longer the column, and this holds also for -
phosphates. The use of longer columns leads to a larger
difference between the elution volumes of neighbouring
polymer homologues and to better resolution of the
peaks °®, but is accompanied by broadening of the curves,
which has an adverse effect. Columns of height 60 and
500 cm give the same partition coefficients in the chro-
matography of a mixture of sodium ortho-, pyro-, and
tripoly-phosphates on Sephadex G-25 with 0.01 M sodium
chloride solution. The dependence of the elution of phos-
phates on the column parameters is obviously general in
character,

In order to find the best conditions for the separation
of substances a study was made®’ of the effect of various
parameters on the resolution R of the peaks, defined by
the equation

. 2(v,, —V,)

Wp, — Wp,

R (11)
in which the Ve are the elution volumes of adjacent peaks,
and the wp are their widths at the base, The resolution
of sodium orthophosphate and tripolyphosphate is some-
what improved (Table 4) on decreasing the rate of elution,
as a consequence of the diminished spreading of the bands.
Raising the temperature has the opposite effect.
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Completing our review of the different factors influ-
encing the gel chromatography of phosphates and the
techniques used, we can conclude that, within the limits
investigated and allowing for actual applications, all the
experimental conditions can be used for the gel chroma-
tography of phosphates for analytical and preparative
purposes,

Table 4. Effect of various factors on resolution R of
NasP30:0 and Na:HPO, peaks®”,

Experimental conditions

constant variable
Column dimensions, cm Gel type

diameter 0.61-0.62 Sephadex G-10 1.09
height 123.0-125.0 Sephadex G-25 147
Sephadex G-50 135
Bis-Gel P-2 0.87

Sephadex G-10 column, cm Gel particle diameter, um
diameter 0.61 53-74 1.09
height 124.0-126.0 88-105 0.84

Sephadex G-25 (53-64 um) (0.61 x 63.0 cm) | Rate of elution, ml min!
temperature 22.0°C 0.16 1.69
0.58 1.26
rate of elution 0.58 ml min'! 22.0°C 1.26
50.0°C 1.17

As mentioned earlier, various processes occurring in a
gel as a result of interactions among the gel, test sub-
stance, and eluent affect the elution volumes (or partition
coefficients), the elution sequence, the shape of the peak,
and the dependence of these factors on the concentration of
the substance. Investigations on phosphate polymers have
shown that phosphates are eluted in the sequence of
diminishing molecular weight, and that their partition
coefficients in various gels lie in the range 0—1 and are
constant with symmetrical curves over a certain concen-
tration range. These results indicate the absence of
interaction between phosphates and dextran. Further-
more, the identity of partition coefficients found under
elution conditions and under static conditions indicates
the absence of a diffusion contribution %3°*,

All the above facts indicate that, under certain condi-
tions, the behaviour of phosphates on dextran gels is con-
sistent with a molecular-sieve mechanism. It is there-
fore possible to use the method to separate and examine
condensed phosphates, and important results in this field
have already been obtained.

Firstly, it is now possible to obtain individual phos-
phates. When a solution of sodium polyphosphates having
7 = 3,was fractionated on Sephadex G-15, components of a
mixture with n = 2—5 were obtained in fairly pure form,
isolated from the solution, and identified by paper chro-
matography and infrared spectroscopy.

Another important achievement of the application of gel
chromatography to the investigation of phosphorus poly-
mers is determination of the effective radii of many phos-
phate anions ****°,  The radii were determined by means
of a calibration line plotted from values of Ky and k g for
several ions, analogous to that shown in Fig.6., The
partition coefficients of the phosphorus-containing anions
were calculated by means of Eqns.(6) and (7) with
Vi/(Vi + Vm) = 0.862 for Sephadex G-25. The results
show (Table 5) that these anions are considerably
hydrated in aqueous solution, and that their size increases
with the degree of polymerisation.
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Finally, gel chromatography has been successfully used
to determine the molecular-weight composition of 2 mix-
ture of polyphosphates., A sample of sodium polyphos-
phates having # = 36 was fractionated on Molselekt G-25, *
the molecular weight of the polyphosphates in the eluate
was determined by potentiometric end-group titration'!,
and molecular-weight distribution curves were plotted
from the fractionation results (Fig.11). The reliability
of the fractionation results is confirmed by the equality of
the mean degree of polymerisation of the initial specimen
and the sum of the products of the mole fraction xj and the
degree of polymerisation nj of the ith fraction:

n=32xm . (12)

54455

- Table 5. Anionic radii R g of phosphates obtained

from (—1gK,)"*=A-R,+ B

Phosphate* Re. A Phosphate Ry, X |Phosphate| Rs. &
pt 4.3 |pe—po—ps 5.7 Ps 7.2
ps 4.4 pP8—0O—p*—P* 6.6 Pg 7.6
P, 44 |PP—O--P4—Pt 6.4 P, 8.0
p1—ps 5.5 Ps 6.4 Py 8.3
Pi—pt 5.5 - 6.4 P, 8.6
ps—O—p? 5.8 |P*—Pi—O—P*—P¢| 6.8 Puwo 9.0
Ps--O—Ps 5.7 |(—P*—Pt—0—), 6.8 Py 9.2
P, 5.7 A 6.9 Py 9.3
P 6.9 Pis 9.8
*For notation see Tables 1 and 2,
aX .. 2
X x° lan 4
291 xs/x Sy
-
o 1
47 x
)P
_1]
4.5
3 42
0.3\ i
41
o1k 4

L 1

1 1
0 70 50 »

1

% n
Figure 11. Numerical distribution curves for sodium
polyphosphate with 7 = 36 (0.5 g in 5 ml eluted on
Molselekt G-25 column 1.3 X 80 cm with water at 26
ml h™"):% 1) integral; 2) differential; x) points
chosen for graphical differentiation.

For the same purpose gel chromatography has been used
to analyse a mixture of polyphosphates on Sephadex
G-100.°" Such investigations require a considerable
quantity of the specimen, exceeding that at which the
partition coefficient is still independent of concentration.
Although a linear relation Ve =k 1gM was obtained in these
investigations, it can hardly be regarded as a cal:bration.
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The calibration line (Fig. 12) for phosphates containing
up to thirteen phosphorus atoms in the chain, determined
by the use of individual phosphates obtained by ion-
exchange chromatography ', merits close attention in
connection with the application of calibrated columns. Its
possibility for calibration purposes was verified ** by first
determining by potentiometric titration the mean degree of
polymerisation of a few polyphosphate specimens, and then
chromatographing them on Sephadex G-25 with 0.1 M
potassium chloride solution of pH 7.0. The concentration
of the polyphosphates in each fraction was determined and
also, from the calibration line, the degree of polymerisa-
tion, from which7 in the initial specimen was calculated
by a slightly modified form of Eqn. (12)

0 (13)
S (w,/ny)
where wj is the number o1 phosphorus atoms in the ith
fraction. The good agreement between results obtained
by the two methods showed the possibility of using this
calibration (Table 6).

n=

~--000---

Kav
0.6
our
0.2 r o

Bl I L1l

1/ J 10

7 on logarithmic scale
Figure 12. Relation between K5y and 1g#n for elution

on Sephadex G-25 with 0.1 M KC1 (pH 7.0) at 20—30
m] h~!, %

Table 6. Comparison of mean degrees of polymer-
isation 7 of sodium polyphosphates obtained by gel
chromatography and by potentiometric titration *,

Method n
Gel chromatography 3.2 | 84 9.3 9.5 | 12.0 | 14.0
Potentiometric
titration 3.0 | 8.2 9.1 110.1 | 11.0 | 13.4

Gel chromatography has opened up new possibilities for
the study of condensed phosphates. The achievements of
the method, which was developed mainly for organic
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chemistry, biochemistry, and clinical medicine, have
proved useful for investigating inorganic phosphate poly-
mers. The gel chromatography of phosphates has in turn
confirmed several aspects of the method and has helped to
expand its field of application.
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