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SUMMARY. 

An atorpic absorption Bow detector has been employed to continuonsIy mon- 
itor the ge! chromatography of magnesium polyphosphate complexes, The pH of the 
elueut between 4.6 and 10 greatly afkts the sensitivity of detection for triphosphate, 
but not for Kurrof’s salt, (RPO,),, which is highly polymeric. Kurroi’s_salt iS a useful 
aiteruative to Blue Dextrm as a standard material for determining the void volume of 
a Sephadex G-25 _cohmm_. A speculation on the binding sites and stability constants of 
magnesium polyphosphate complexes is presented. 

INTRODUCTION 

Much interest has recently centred on the use of a conventional atomic absorp- 
tion spectrophotometer as a flow detector for liquid chromatography’-lo. A great 
advantage of the atomic absorption flow detector (AAD) over the widely used W 
and RI-detectors is its extreme specikiq or sekctivitf~7. The &4D has been success- 
fully appried to the automatic and selective monitoring of various metal ions and 
metal complexes in chromatographic. effluents with little or no jnterherencel-lo. 

In ti previous papep it was shown that AAD combined with gel chromato- 
graphy:(Sephadex G-25) w&s useful for the sensitive and quantitative monitoring of 
various inorganic pOiyphosphates such as diphosphate (Pa, tiphosphate (P), tetra- 
phosphate (PJ and the highly polymeric Kurrol’s salt (Pa_ The method is based 011 
the formation of, for example, a magnesium triphosphate complex, Mg-P,, during 
the elution of Ps on a column pre-equilibrated and eluted with a solution of magnesium 
cMoride.whose concentration, mg],,, is known: 

-:Mg+jP,qMeP3 .-. -. _ - 0) 
._ 

The mount of M&P3 formed, -Q Mee3, ceu he easily determined f&u&e peak area 
of Mg-P,.-obtained by continuous monitoring of the atomic absorption- due to 
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magnesium in & effluent. The total amount of P3 to be determined, Qp,, is’ then 
evaluated from eqn. 2 (ref. S): 

(iMgL &o-p3 + 1) QM&, _ 
QP, = 

EM& KM- 
(2) 

K MO-Pf in eqn. 2 is the stability constant given by 

K WW'sI 
M-3 = Fl!& El (3) 

where the quantities in square brackets are molar concentrations. 

Quantitation of the gel chromatographic behaviour requires knowledge of some 
column parameters 11*12 One of the most important of these is the void volume. This . 
is usually determined by means of Blue Dextrau (molecular weight = 2,000,OOO) the 
elution volume of which can be measured calorimetrically. Unfortunately, BlueDextran 
cannot be detected by AAD. Therefore, other high-molecular-weight compoumis are 
required that arc, like Blue Dextran, completely excluded from the gel phase and which 
can be detected by AAD. 

This paper describes the continuous monitoring by AAD of the magnesium 
complex of the highly polymeric Kurrol’s salt-*‘f (KPO,),, which is useful as a 
marker for the void volume of a Sephadex G-25 column. The effect of pH on the sen- 
sitivities of detection of polyphosphates by AAD is also described. The sensitivity of 
Kurrol’s salt was found to be less dependent on the pH of the eluent than that of tri- 
phosphate; this can be explained in terms of the different contributions of the terminal 
phosphate groups of the compounds to tbe complexation reactions. 

EXE’ERIMENJTAL 

Sephadex G-25 fine and Blue Dextran 2000 were obtained from Pharmacia 
(Uppsala, Sweden). Orthophosphate (Na,PO, - 12H,O), diphosphate (N&PzO, - 10 
H,O) and maguesium chloride were guaranteed reagents from Wako (Osaka, Japan). 
Triphosphate (N&P,O,-6H,O) was purified from anhydrous triphosphate (Wako). 
Kurrol’s salt, (KpO,I,, was prepared according to the literature14. 

The eluents used were as follows: (A) 0.1 M sodium chloride, (B) 0.08 M 
ammonia-O_02 M ammonium chloride (pH lo), (C) 0.02 M acetic acid-O.02 M so- 
dium acetate @H 4.6), and (D) 0.02 M sodium chloride. B, C and D contained 
I.03 = EOTs M magnesium chloride. 

An amount of 1 ml of a mixture of PI, Pz, P3 and P, was eluted on a Sephdex 
G-25 cohumn (97.5 x 1.5 cm I.D.) with eluent A. The amount of phosphate in each 
fraction (1.01 ml) was determined calorimetrically using a molybdenum(V)-molyb- 
denurn reagent at 830 run (ref. 15). A mixture of P, and blue dextran was 
similarly eluted_ Blue Dextran was determined calorimetrically at 630 13m; 

For the automatic recording by AAD, each sample solution was prepared by 
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dissolving the desired amounts of P3, P, and magnesium chloridein a solution contain- 
ing the same background concentration of electrolyte as that in the eluent. 1 ml of the 
sample solution.was injected onto a Sephadex G-25 column (89 x 1.5 cm I.D.) by 
use of a loop valve, andeluted using each of eluents B, C and D. The flow-rate was 
maintained at -1.77 5 0.01 ml/mm using a pump. The atomic absorption of the effluent 
at 285.2 urn was monitored by AAD (Perkin-Elmer 403) and automatically recorded at 
a chart speed of 5 mm/mir~ 

RESULTS AND DISCUSSION 

Ehtion profiles of polyphosphate.ions 
A mixed solution of orthophosphate, diphosphate, triphosphate and Kurrol’s 

salt was eluted with eluent A and each fraction was calorimetrically determined for 
phosphorus by the heteropoly blue method I5 As shown in Fig. 1, the elution volumes . 
of PI, Pz, P3 and P, decrease with increasing degree of polymerization, which is in 
accordance with earlier conclusions based on the concept of steric exclusion15*16. A 
relatively sharp peak appears for Kurrol’s salt, regardless of its polydisperse char- 
acter13**J, well in advance of the elution positions of the other phosphates. 

Fig. 1. An elution curve for a mixture of orthophosphate, diphosphate, triphosphate and Kurrol’s 
salt on a Sephadex G-25 column. Eluent, 0.1 MN2Cl. Samples: PI, 3 (Imole; Pr, Zpmole; PX, 
1 ,umoIe; P., 4pmole (PC& units). 

In order to compare the elution position of Kurrol’s salt with that of Blue 
Dextran,- a mixture of both compounds was also eluted with eluent A. Two peaks over- 
Iapped at the elution volume correspoucliig to 38 % of the total cohuun volume_ This 
means that Kurrol’s salt, as well as Blue Dextran, is completely excluded from the gel 
phase and can be used as a standard material for the determination of the void volume 
of a Sephadex G-25 column. 

Flow sysrem for AAD 
.- In addition to a special device for the continuous detection of mercury com- 

pounds?, there are two types of flow systems which-differ in the method of introduc- 
tion of the efi2uerit into the nebuhzer of the AAD. One of these- systems was 
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developed by Manahan and co-workers14 who introduced the ethuent directly into 
the nebulizer. Because of its simplicity, this method has been widely employednot 
only for metal complexes1-s but also for organosilicon compoimds6. A disadvantage 
of this flow system is the complicated dependence the of rt?sponse on the flow-rate of 
the colti e&en& which arises because the flow-rate is too low3 to be balanced by 
the amount of liquid drawn by the aspirator of the AAD. 

The isow system employed in this work (Fig. 2) was developed in our labora- 
tory’-‘. It permits water to be drawn into the AAD from an open reservoir at a flow- 
rate, V*, sufficient to compensate for the “starvation of the burner”. V, varies with 
the variation in the ffow-rate of the column emuent, V,, but the total flow-rate, V,, 
(= V, + V,), into the nebuliier is kept constant. This means that the recorder 
response can be simply and quantitatively correlated with the amount of sample 
flowing into the nebulizer. A disadvantage of this system is that the effluent is diluted 
by a factor of VJ(V, f V,); however, in practice, this is not important for the detec- 
tion of magnesium because of the high sensitivity_ 

Fig. 2. The flow system of the AAD. a = Nebulizer (AAD); b = water reservoir; c = three-way 
connector. PTFE tubing (1 mm I.D.) was used. 

Continuous monitoring of magnesium potyphosphate complexes by AAD 
The gel chromatographic technique employed in this work is based on the 

method of Hummel and Dreyer” which has been increasingly applied to investiga- 
tions of the interactions of metal ions with inorganic phosphates’, humic and fulvic 
a&W8 and various biochemical compounds 19-21_ A characteristic advantage of this 
method is that the concentration of free magnesium ions, [M&, can be kept at a 
desired and predetermined v&e. 

A Sephadex G-25 cohuuu was pre-equilibrated with eluent B (pEi 10) COIL- 
taining magnesium ions, mg]* = 1.0. LO+ M. 1 ml of a sample solution containing 
triphosphate (0.1 pmole of PS), Kurrol’s salt (0.5 pmole of PO, units) and magnesium 
ions (OS~mole) was applied to the pre-equilibrated column and then eluted with 
eluent B. The absorbance at 285.2 nm, A%, corresponding to t&e total concentration 
of magnesium in the e&rent, was monitored by AAD and then plotted against the 
retention time. The resulting elution profile is shown in Fig. 3. Three peaks are formed 
at the elution positions of two magnesium complexes of P, and P3, i.e., Mg-P, and 
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‘Fig. 3. An elution profile for magnesium cokplexes of triphosphate and Kurrol’s salt and for 
maznesiurn ions on a Sephadex G-25 column at pH 10. Eluent, [BAglo = 1.03 - lo-’ M (pH 10). 
%np!es: 9, O-101 ~atob; P,, O-495 pmOk (PO, units); Mg?, 0.515 pmole. 

Mg-P,, and of free magne&m, Mg. The elution profile is different from the typical 
Hummei-Dreyer pattemL7-Lg in which a negative peak should be observed for the 
free metal. The advantages of a positive peak for the free metal have been fully dis- 
cussed**1g-21. 

The height of the horizontal base line corresponds to Ffg]O, which is also the 
concentration level of free magnesium ions in the zones of Mg-Pm and Mg-P,. On the 
basis of the standardized area below the base line, the peak areas of Mg-P, and Mg- 
P, can be easily translated into the respective amounts QMp+ and Q,,, (ref. 19). 
Values of 0.089 and Q-085 pmol, respectively, were obtained. It was also confirmed 
that Qm-+ and QM,+, vary according to the amounts of Ps and P, applied, which 
is in accordance with eqn. 2. 

For the convenience of discussion, ii is defined as the average mumber of 
magnesium ions bound to a ligand. Therefore, for a 1:l Mg-P, complex, eqn. 2 can 
be rearranged as follows: 

Q Mg--Pj PWo rr,,, 

%f,-f3 = Q p3 = D&lo J’~e--e3 + 1 

nM,_p3 is dependent on @%g10 and K&--p3, but not on Q,,, the total amount of tri- 
phosphate applied_ 

A similar expression may be written for the complex between magnesium and 
Kurrol’s salt, Mg-P,: 

0 -MePn 
J&-P, = Q 

(5) 
PII 

Kurroi’s salt, (KPOs),, is composed of long chains of PO, units and its molecular 
weight is considered to be as high as 106 (refs. 13 and 14). Since the exact chain length 
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of Kurrol’s salt is not known, Qp_ in eqn. 5 is defined for convenience as the total 
number of POs units of Kurrol% salt applied. Therefore, &a-r, means the average 
number of magnesium ions bound to a PO, unit in Kurrol’s salt. From the results in 
Fig. 3, &+ and jiMo+ were calculated to be 0.89 5 0.01 and 0.17 f 0.01, respec- 
tively. 

pH dependences of iiMne and iiacp_Pm 
Since the dissociations of polyphosphoric acids are dependent on pH, it is 

important to examine the effect of pH on the ii values or on the sensitivities to detec- 
tion of PJ and P, by AAD. At pH 10 (Fig. 3) the sensitivity to detection of P3 is 
greater than that of P,. The results at lower pH values are discussed below. 

Fig. 4 shows an elution curve at pH 4.6 for a mixture of P3, P, and Mg. The 
peak area for ,Mg-P, is almost the same as that at pH 10 for the same amount of P,. 
On the other hand, the peak area for Mg-Pa has decreased in spite of the drastic in- 
crease in the amount of P3 applied, from 0.1 ~IUOI at pH 10 to 2 pmol at pH 4.6. When 
0.1 pmol of P3 was applied at pH 4.6 no detectable peak of M,eP, was observed. The 
elution curves at an intermediate pH of 5.8 are also shown in Fig. 5 obtained by using 
eluent D, without buEering. The peah area for the Mg-P, complex (Fig- 5a) was 
nearly equal to those at pH 10 and 4.6, while the sensitivity for P3 at pH 5.8 (Fig. 5b) 
was intermediate between those at pH 10 and 4.6. 

The overall feature of the pH dependences can be seen in Fig. 6 where 
ii,,,, and &-Pa are plotted agamst the pH of the eluent. In contrast to the drastic 
change m fiHe.+ with increasing pH, fiMg.+ is almost unchanged_ This indicates the 
usefulness of Kurrol’s salt as a standard material for the determination of the void 
volume over a wide tige of pH. 

SO 
Retention time (min) 

Fig. 4. An elution profile for magnesium complexes of triphosphate and Kurrol’s salt aqd for 
magnesium ions on a SepWex G-25 column. -EIuent, [Mgk = 1.03 - 10es iW (pH 4.6). Samples: 
P3, 2.02mole; P., 0.495 moIe (PO, units); MgZ+, 0.515 .umole. 
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Fig. 5 (a) An elution proHe for the magnesium complex of Kurrol’s salt and for m2gne~1um ions at 
pH cu. 5.8. Fluent, wg$J = 1.03 - 10 --5 Af. Samples: P,,, OS pole (PO, units); M2+, 0.515 ,umoIe. 
(b) An elution profile for the magnesium complex of triphosphate and for magnesium’ions. Samples: 
P,, O.S@ole; Mg?, OSLS,umole. Other conditions as in (a). 

Speculation on the binding sires wzci stability consronrs 
Triphosphoric acid dissociates at pH IO to give predominantly the non- 

protonated species, P3010s-, while at pH 4.6 the formation of H2PSO103-, due to the 
partial proton&on of two tern&al phosphate groups, is considered to be predomi- 
nantL3- A biding model for the magnesium triphosphate complex (Fig. 7a), suggested 
by Watters and co-worker+“, seems to provide a reasonable interpretation of the 
pH depemlence of the formation of Mg-P,. If hydrogen ions compete with magne- 
sium ions for biding with a&e te rmioal phosphate groups, it is expected that a de- 
crease in pE of the eluent will remit in a decrease. in fiMS--pj. . 



K. KOUCHIYAMA, N. YOZ& S. 0HASE5.i 

0 

A 

0.6 

a 

-:*/L, 

04 

0-2 b 
AWA A 

1 6 Ji 10 
PH 

Fig. 6. The effect of pH on fi for magnesium complexes of triphosphate (a) and Kurml’s salt (b). 

Competition between hydrogen ions and magnesium ions for the terminal 
phosphate groups is also likely in Kurrol’s salt_ Therefore, if only the terminal phos- 
phate groups are concerned with the complex formation, the formation of the Mg-P, 
complex is also expected to be dependent on the pH of the eluent. However, this is 
not consistent with the experimental finding that ii,,,, is practically independent of 
the pH of the eluent. The discrepancy can be explained by considering that the pre- 
dominant complexing sites for magnesium (Fig. 7b) in P, are the central phosphate 
groups which are nnIikeiy to he protonated in the range pH 4X3-10. Assuming that 
the molecular weight of Kurrol’s salP, (KPO,),, is lW, the number of magnesium 
ions bound to a P= molecuIe (not a PO, unit) is calculated to be as high as 1440 from 
the fipAg+ value (0.17). This means that, at most, 0.2% of the magnesium is bound 
to the terminal phosphate groups. 

An approximate value of the conditional stability constantz4 for the Mg-Ps 
complex at pH 10 can be estimated from eqn. 4: log I&,_, = 5.9. Tbis value is 
somewhat greater than that for the magnesium diphosphate complex, log KMe_-P2 = 
5.6 (ref. 8). The stability constant for the magnesium complex of Kurrol’s salt is not 

!? !? !? 
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o- o- o- 

0. 00000 
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& e A- A_ M$ TJ- .I 
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Fig. 7. Binding models for magnesium compkxes of triphosphatez(a} and Kurrol’s salt (b).. 
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readily determined because of the difkulty in defining the concentratioas of the species 
involved which exhibit a complicated relation with the co16ormational factors of the 
highly polymeric ligas& 25. However, it is important to note the stoichiometry of the 
Mg-P, complex, Le., about six PO, units per magnesium. This value is unchanged 
even when [MglD is increased from 1.0 - 1W5 M to 1.5 - low5 &f, which suggests that 
the complexing sites of the ligands are saturated. Further investigation is in progress 
to correlate the stoic$ometric data with the conformational properties of Kurrol’s 
salt. 
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