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Hummel-Dreyer’s method was examined for its applicability to inorganic complexes, and a modified method
was proposed. A sample solution containing magnesium and diphosphate was eluted with magnesium chloride

solution on a gel column.
absorption detector.

The change of magnesium concentration in an effluent was measured with an atomic
From the peak area of the eluted complex the stability constants (Ig ;) at I=0.1 and 25 °C

were evaluated to be 5.57 in tetramethylammonium chloride solution and 5.06 in sodium perchlorate solution.
In the modified method the total magnesium concentration in a sample solution is made to be much higher than that

in an eluent.

Hummel and Dreyer first applied gel chromatography
to the investigation of complex formation between
biological macromolecules and low-molecular-weight
substances.)) Since then several workers have studied
the complex formation of metal ions with biological
macromolecules by this method.2-® However, no
application has been reported to the complex formation
of metal ions with relatively small ligands. In the
present investigation, the fundamental problems of the
gel chromatographic method for the determination of
stability constants of such a metal complex were ex-
amined in detail, and the original Hummel-Dreyer’s
method was modified to overcome some difficulties
encountered therein. As ligand, diphosphate ion was
chosen, because it is fairly stable against hydrolytic
degradation. As metal magnesium ion was chosen,
because it was shown by our previous studies” that the
elution behavior of magnesium on a gel column could
be automatically recorded with an atomic absorption
spectrophotometer. The stability constants of magne-
sium complexes with diphosphate were determined by
this method, and the values obtained were compared
with those obtained by other methods.

Theoretical

A reversible complex formation between a metal
ion, M, and a ligand, L, is considered. L forms
successively a series of complexes, ML, M,L, ..., and
M,L. Charges are omitted for simplicity. The sta-
bility constant for the n#-th complex is defined as follows:

[M,L]

B L] 1

When the sample solution containing M, L, and the
complexes is applied to a gel column conditioned with
an eluent containing the same metal of a known con-
centration, [M],, and eluted with the same eluent, the
elution pattern shown schematically in Fig. 1 is ob-
tained. The initial free metal ion concentration in the
sample solution, [M],, in general, differs from [M],.
However, as the sample ligand zone (zone «) migrates
through the column, the free metal ion concentration
at zone «, [M]e, approaches [M],, and eventually
becomes equal to [M],. After this time, the steady state
at zone « is characterized by the specific condition
that [M]«=[M],. A straightforward proof of the

This enables one to shorten the elution time.

[M]o —

Concentration of M or L

Zone a
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Fig. 1. Schematic elution pattern of zone . The solid
line refers to total metal ion concentration, and the
broken line to total ligand concentration.

attainment of the above condition is the appearance
of a horizontal line equal to [M], at the right hand
side of zone «, as shown in Fig. 1. Equation 1 can be
rewritten as
R @
[M]5[L]

The peak area of zone a represents the amount of
bound metal which is present as complexes. The
average number of bound metal ions per one ligand,
n, in zone « is obtained by dividing the amount of bound
metal by the total amount of a ligand in zone «, which
is equal to the total amount of the ligand applied to the
column. 7 can be written as

SWAIMI:

n =

. (3)
1+§l]ﬁi[M]6

The following four prerequisites have to be ful-
filled to use this method.
1. The size of the ligand should be much larger than
that of the metal ion.
2. The peaks due to the ligand and the complexes
should not be separated from one another. This can
be achieved when the complex equilibria are established
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Fig. 2. Typical elution patterns of equilibrium systems
of metal and ligand.

A; [M]«K[M], M]a=x[M],
B; [M];<[M],
C; [M];=[M], } M]e=[M],
D; [M]s>[M],
E; [M]:>[M], [M]ax[M],

so fast that this separation is prevented.

3. The condition of the steady state, t.e., [M]a=
[M],, should be establsihed before zone « leaves the
column.

4. The ionic strength of the eluent should be kept
sufficiently high to prevent the Donnan redistribution.
In other words [M]« should be equal to [M],.

Figure 2 shows the schematic elution patterns of the
metal ion on the assumption that the total ligand con-
centration in a sample solution, [L],, and [M], are kept
constant and that the total metal ion concentration
in a sample, [M],, is varied. If, incidentally, [M],
is equal to [M],, an elution pattern such as that shown
in Fig. 2C is obtained. Here, only the broadening of
zone « occurs. When the difference between [M],
and [M], is relatively small, a pattern like Figs. 2B
or 2D is obtained. At the retention volume of the free
metal ion, V,, a negative or positive peak appears.
In the three cases mentioned above, the peak areas
of zone « are equal to one another. 'This indicates that
the steady state mentioned above is established . How-
ever, when [M], is much lower or higher than [M],,
the steady state cannot be established until zone «
leaves the column (Fig. 2A or 2E). The peak area
of zone « in Fig. 2A is smaller than those in Figs. 2B,
2C, and 2D, and that in Fig. 2F is larger.

According to Hummel-Dreyer’s method, a sample so-
lution is prepared by dissolving the ligand in an cluent
containing metal ions of [M],. The procedure is
particular in that [M], is equal to [M],. The expected
elution pattern will be like that in Figs. 2A or 2B. Hum-
mel-Dreyer’s method has the disadvantage that, if the
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free metal ion is significantly depleted by the complex
formation, there is no appearance of a horizontal line
between a positive and a negative peak, as shown in
Fig. 2A. 1In this case a longer column should be used
to separate the two peaks completely. This requires
a longer time for elution. In order to overcome
this difficulty, a sample solution should be prepared so
as to contain metal ions of [M], much higher than
[M,.

Experimental

Chemicals. A stock solution of magnesium chloride
was standardized volumetrically with EDTA, using Erio-
chrome Black T as an indicator. A stock solution of sodium
diphosphate prepared from analytical grade tetrasodium di-
phosphate decahydrate was standardized colorimetrically with
a molybdenum(V)-molybdenum(VI) reagent.®) Tetrameth-
ylammonium chloride obtained from Tokyo Kasei Kogyo Co.
was used without further purification as a background elec-
trolyte.

High Speed Gel Chromatographic Device with an Atomic Absorption
Detector. A column of 8x700 mm Pyrex tubing was
packed with Sephadex G-15 (Pharmacia). The temperature
of the column was kept at 25.040.1 °C. A JLC-P2 pumping
system (JEOL) was used. A Model 403 atomic absorption
spectrophotometer (Perkin Elmer) was used as a detector.
The details of the present device were described elsewhere.?-11)

Elution Experiments. The column was first conditioned
with an eluent containing magnesium chloride of a desired
concentration, 0.1 mol dm—2 tetramethylammonium chloride,
and 5% 102 mol dm—3 ammonia-~10-3 mol dm—2 ammonium
chloride as a buffer of pH 10. At this pH, the diphosphate
ion is considered to be almost deprotonated. Sample solu-
tions contained magnesium chloride and sodium diphosphate
in varying concentrations, in addition to tetramethylam-
monium chloride, ammonia, and ammonium chloride of the
same concentrations as those in the eluent. A 1.00 cm3
portion of a sample solution was fed onto the column with
an injection valve. The elution flow rate was kept at 1.71
cm®min~!. The effluent was introduced into the detector
for the automatic recording of the absorbance of magnesium
at 285.2 nm. An effluent fraction of 2—6 min and that of
6—10 min were collected manually. The magnesium con-
centrations in these two fractions were determined by means
of atomic absorption spectrophotometry.

Results and Discussion

The Effects of M and L Concentrations in a Sample So-
lution. The effects of [M], and [L], on the peak
area of zone « were investigated for the complex
formation of magnesium with diphosphate. The nota-
tions [Mg],, [Mg],, [Mg],, [Mgle, and [P], will be
used hcreafter. These correspond to [M],, [M],, [M],,
[M]a, and [L], which are defined in the “Theoretical”
section. The elution patterns shown in Figs. 2A,
2B, elc., will be called type A, type B, etc.

Figure 3 shows the peak areas of zone « for various
[Mg], and [P],. [Mg], was fixed at 3.06 x 10-% mol-
dm~-3. In the region on the left hand side of line X,
the elution patterns of type A were obtained. This
means that [Mg],<[Mg],. In the region on the right
hand side of line Y, the elution patterns of type E were
obtained. This means that [Mg],»[Mg],. In the
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Fig. 3. Effects of [Mg], and [P]; on the peak area of
zone o.
[Mg]y=3.06 x 10-¢ mol dm3.
[P];x 10% /mol dm~—3; I: 9.90, II: 7.43, III: 4.95, IV:
2.48.

region between lines X and Y, the clution patterns of
type B, C, or D were obtained. In these cases the
steady state was established, i.e., [Mgl«=[Mg],.

As shown in Fig. 3, for example, when [Mg],=
0.3x10~¢ mol dm-3, the elution pattern of type B,
C, or D will be obtained in case IV, but that of type
A in cases I, II, and III. This indicates that, because
[P], is lower, the time for attainment of the condition
that [Mgla=[Mg], is shorter. However, too low a
value of [P], leads to a small peak area of zone «, giving
rise to a large error in the determination of z. Accord-
ing to the original Hummel-Dreyer’s method, [Mg],
is equal to [Mg]y, i.e., 3.06X10- mol dm=3. In this
case a much longer column should be used for the pre-
sent purpose. Since in the modified method [Mg],
is made to be much higher than [Mg],, it is possible to
use a shorter column.

The amount of bound magnesium thus obtained was
plotted against the amount of total diphosphate. The
resulting straight line is good evidence for the absence
of an ML, type complex. The slope, n, at [Mg]y=
3.06 x 10~¢ mol dm—2 was 0.52.

The Effect of a Background Electrolyte. As men-
tioned above, it is important to confirm prerequisite
4. It should be noted that the anions of a background
electrolyte in an eluent are excluded by the Donnan
effect from zone «.'? This in turn may result in the
variation of magnesium ion concentration in zone
a.

The magnitude of this effect was calculated according
to the equation presented by Jordan et al.13) in the case
of the highest concentration of the fully deprotonated
ligand used in this study, i.e., 10~ mol dm—2 of P,O,%~.
Even in this limiting case, the concentrations of free
magnesium ions in the mobile and the stationary phases
differ from each other by less than 0.59%,.

A Source Material of Ligand. As a source material
of diphosphate we used its sodium salt, but not its
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tetramethylammonium salt. The sodium ions in a
sample solution are expected to be removed from zone
o while this zone migrates through the column. In
order to check this point, the sodium emission spectra
of an effluent were examined. The peak of the sodium
ions was found at 16 min and was completely separate
from zone a (6—10 min, see Fig. 4). Therefore, it is
concluded that we need not take into account the
ion-pair formation of sodium ions with diphosphate
ions. Consequently, we need not necessarily use a
tetramethylammonium salt of diphosphate, which is
usually employed for the determination of stability
constants. This is the most remarkable characteristic
of the gel chromatographic method.

Calculation of the Stability Constant. In Tig4,
the representative elution patterns for the magnesium—
diphosphate system are shown. The positive peak at
7.7 min corresponds to the complexes formed (zone «),
and the positive or the negative peak in the range of
12—17 min corresponds to free magnesium ions. When
the negative peak appears, it is not clear whether zone
o has reached the steady state or not, because of the
overlapping of the positive peak at 7.7 min and the
negative peak. On the contrary, zone « reaches the
steady state when there appears a horizontal line be-
tween the rear edge of zone « and the front edge of
a positive peak of free magnesium ions.

The amounts of bound magnesium can be calcu-
lated directly from the peak area of complexes.!) In

Recorder response/cm

5 10 15 20

Retention time/min

Fig. 4. Representative elution patterns of the Mg-P,0O,
system.
[Mg],=3.06 X 10-% mol dm~3,
dm3,
[Mg]; % 10% /mol dm-3; I: 0.977, II: 1.95, III: 3.91,
IV: 5.96, V: 7.92, VI: 9.77.

[P];=1.02 x 10-* mol-
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TaBLE 1. THE DATA OF THE GEL CHROMATOGRAPHIC
ANALYSIS FOR THE Mg-P,0, sysTEM
([P]:=0.828 X 10~* mol dm~3)
[Mg], x 107 [Mg], x 10° _
mol dm—3 mol dm—3 "
3.21 0.988 0.11
3.93 0.988 0.12
4.94 0.988 0.14
6.22 0.988 0.18
7.88 0.988 0.22
9.88 1.98 0.28
12.5 1.98 0.32
15.6 1.98 0.37
19.8 1.98 0.42
24.7 1.98 0.50
31.2 3.95 0.54
39.3 5.93 0.61
49.5 5.93 0.66
62.3 5.93 0.70
78.4 5.93 0.75
98.8 5.93 0.77
125 7.90 0.83
156 7.90 0.86
198 7.90 0.88
1.0
i 3
= 05F
//
1 L 1 1 1
0 =6 -5

1g([Mg]o/mol dm~*)

Fig. 5. Plots of # vs. lg [Mgl,.
[P],=0.828 X 10—% mol dm~3.
The solid line is calculated from Eq. 3, when only the
formation of an ML type complex is considered, and
1g p=5.57.

this work, however, an effluent was fractionated as
follows in order to determine n more precisely. The
amount of bound magnesium was calculated from the
difference between the total amount of magnesium in
zone o (fraction of 6—10 min) and the amount of free
magnesium ions in the preceding zone (fraction of
2—6 min). n obtained is tabulated in Table 1. The
elution patterns obtained in these experiments were
types B, C, and D. In Fig. 5 the plots of n versus
lg [Mg], are shown.

Since n is between 0.1 and 0.9, only the complexes
of ML and M,L type are taken into consideration.
Equation 3 can be written as

Bi[Mgl,+2B,[Mg];
1+ B [Mgly + B.[Mg]i )

n=

4
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Equation 4 can be rearranged into

7l 1 1—7 1

2= gy Pt P gl
By plotting n/(2—n)[Mg]l; versus (1—n)/(2—n)[Mg],, we
can obtain §; from the slope and §, from the intercept.
By using the least squares method, 8, was found to be
3.7x10°% (1g 8,=5.57). Since the intercept was found
to be nearly zero, it was concluded that the formation
of the complex ML was predominant under these ex-
perimental conditions. The experimental plots in
Fig. 5 lie close to the theoretical curve calculated from
the value of 1gg,, 5.57.

The side reaction coefficient of ammonium ions for
diphosphate ions is estimated to be nearly unity, be-
cause the stability constants of ion-pairs of ammonium
ions are in general lower than those of potassium ions
(1g B, for diphosphate, 0.80 at I=1 and at 25 °C),%
and [NH,t]=10-3 mol dm3.

The Stability Constants Obiained by Various Methods.
For the purposes of comparison, the stability constant of
an ML type complex of magnesium and diphosphate
in sodium perchlorate solution was determined by
both the gel chromatographic method and the ion-
exchange method. For the latter, Schubert’s method
was employed.1?)

©)

TABLE 2. STABILITY CONSTANTS OF MgP,0O, coMpLEX

1 / Meth lonic  Support- Tem;

g l(—éld . (‘;'a) " strength ing °G P Ref.

mol~* dm?) "o mol dm—3 electrolyte
5.42 A 1 Me,NBr 25 16

- 5.41 A 1 Me,NCl 25 17
5.57 B 0.1 Me,NCl 25 This work
4.7 A 0.1 NaNO, 25 18
5.18 C 0.1 NaClO, 21 This work
5.06 B 0.1 NaClO, 25 This work

a) A: pH titration method; B: gel chromatographic
method; C: cation-exchange method.

The stability constants of a magnesium-diphosphate
complex thus obtained as well as those reported by other
workers are listed in Table 2. The stability constants
obtained by both the pH titration method and the gel
chromatographic method agree fairly well with each
other, even though the two methods are based on quite
different principles. The stability constant obtained
by the gel chromatographic method is somewhat larger
than those obtained by the pH titration method. One
of the possible reasons for this discrepancy may be due
to the difference in the ionic strengths. The stability
constants of the complex in sodium perchlorate solution
obtained by both the ion-exchange method and the
gel chromatographic method accord fairly well with
each other. However, the stability constants of the
complex in sodium nitrate solution obtained by the
pH titration method is considered to be a little too low.

It has been shown by the present investigation that
the gel chromatographic method is applicable even
in the field of inorganic complex chemistry.



September, 1978]

The authors wish to express their appreciation to
Dr. Norimasa Yoza for his interest in this work and
for many helpful suggestions.

References

1) J. P. Hummel and W. J. Dreyer, Biochim. Biophys. Acta,
63, 532 (1962).

2) R. F. Colman, Anal. Biochem, 46, 358 (1972).

3) R. F. Mantoura and J. P. Riley 4nal. Chim. Acta, 78,
193 (1975).

4) G. F. Fairclough, Jr., and J. S. Fruton, Biochemistry,
5, 673 (1966).

5) E. Breslow and A. W. Girrotti, J. Biol. Chem., 245,
1527 (1970).

6) N. Yoza, J. Chromatogr., 86, 325 (1973).

7) N. Yoza, K. Kouchiyama, T. Miyajima, and S. Ohashi,
Anal. Lett., 8, 641 (1975).

Gel Chromatography of Metal Complexes

2547

8) F. L. Conde and L. Prat, Anal. Chim. Acta, 16, 473
(1957).

9) T. Miyajima, N. Yoza, and S. Ohashi, Bunseki-kiki
Zokan, “Liquid Chromatography,” 151 (1974).

10) N. Yoza and S. Ohashi, Anal. Lett., 6, 595 (1973).
11) T. Miyajima, Master’s Thesis, Kyushu University,
Fukuoka, Japan, 1975.

12) N. Yoza, T. Ogata, Y. Ueno, and S. Ohashi, J. Chro-
matogr., 61, 295 (1971).

13) D. O. Jordan, S. J. Lovell, D. R. Phillips, and D. ]J.
Winzor, Biochemistry, 13, 1832 (1974).

14) S. M. Lambert and J. I. Watters, J. Am. Chem. Soc.,
79, 4262 (1957).

15) J. Schubert, J. Phys. Chem., 52, 340 (1948).

16) R. R, Irani, J. Phys. Chem., 65, 1463 (1961).

17) J. I. Watters and R. Machen, J. Inorg. Nucl. Chem., 30,
2163 (1968).

18) A. Johansson and E. Winninen, Talanta, 10, 769 (1963).






