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The stabilities of the complexes of triphosphate ion with sodium, potassium and lithium ions have been calculated from

tlie pH lowering during titrations of triphosphate ion with hydrogen ion.

In one M tetramethylammonium chloride at 25°,

formulas of the complexes and the values of their formation constant are: KP3O;o4~, 101.3% £ 0.06; NaP3Oet~, 101.64 + 0.08,

LiP;Oqp%~, 102.87 & 0.0,

Sodium and lithium ions also form acidic complexes with HPO3;0,¢*~, having the following formulas

and values for their formation constants: Na(HPO;0,0)3~, 100.77 £ 0.05; and Li(HP;0,0)3~, 100.88 = 0.08,

Introduction

Since Huber’s? preparation and investigations,
sodium triphosphate has become an important
commercial product. Triphosphate ion forms com-
plexes with most metal ions including those of the
alkali group. As a consequence of the biological
and commercial importance of triphosphates,
several authors®~5 have studied the lowering of pH
of triphosphate buffers by the addition of alkali
and particularly alkaline earth metal ions. In most
of the studies the effect was ascribed to complex for-
mation, but no quantitative evaluations of the
stability constants were made. Recently, Martell
and Schwarzenbach® have evaluated the stability
constants of magnesium and calcium complexes
with triphosphate by treating the data obtained
in the titration of triphosphoric acid in a manner
similar to that used in this study.

Schendewolf and Bonhoeffer” in a study of poly-
phosphates by membrane potentials observed that
the order of increasing stability for the alkali
metal complexes was K+ < Na*t < Lit and that
the stability increased with polyphosphate chain
length. On the basis of conductivity measure-
ments Monk? obtained a value of 10%° for the first
formation constant of the sodium complex. Van
Wazer and Campanella® obtained a somewhat
smaller complexity constant for sodium with several
condensed polyphosphate glasses. They also in-
vestigated the complexes of other metal ions.

Theoretical

If an acid can be titrated in the presence of a
relatively large excess of metal ion without pre-
cipitate formation, it is possible to investigate com-
plex formation by the lowering of the pH. When
the inflections at the various equivalence points
persist for the stepwise addition or removal of
hydrogen ions, the calculations are greatly simpli-
fied. In this case, it is evident that each ligand
adds one hydrogen ion in a stepwise manner even
though the ligand may also be bound to a metal
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ion. Under these conditions it is expedient to de-

fine a function which is called the apparent acidity

constant,® Ky’'_,, for this stepwise addition of hy-

drogen ion as

[H +] z Q(Mm(anaolo)q(W_”q—m) _) (1)
ZG(Mm(Hpy1P5010) 040~ —m =)

where m, n and ¢ indicate the number of metal,
hydrogen and triphosphate ions in any particular
species. In this paper parentheses indicate con-
centrations and brackets indicate activities. =
has a single value from zero to five if the addition of
hydrogen ion is stepwise while m and ¢ may have
several values if several complex species and the
uncomplexed ligand, as well, are in equilibrium.
The general equation for the stepwise addition of
hydrogen ion to triphosphate ion and the corre-
sponding acidity constant are

H* + HaPi01o® ™™ = 2 Hyy 1 PiOyp-m = (2)
[H*)(HeP301,6 ")
(Hns1 PyOyptt=m ™)
The general equation for the formation of any com-
plex ion and the corresponding complexity con-
stant, SM,HaL,, are

mM* + gHZP;01026 M = 2 Mpu(HaPyO1o)gsa—na—m) =

(3)

’ =
K'son =

KS-—» =

— (Mm(HnPSOIO)q(sq—"q_m)—)
ﬂMmH"Lq - (M+)’”(H"P301o(5_")")q
where the subscript L indicates the ligand P30,
The calculations are further simplified if the
maximum values of m and ¢ are unity. This as-
sumption can be tested by calculations based on
varied concentrations and ratios of metal ion and
triphosphate ion. In this case eq. 3 reduces to

M+ + H”P3O[o(5_")_ (__5 MH,.PzOm(‘_")_ (4)

(MH,,,P;}Om“ -n) “)
(M *)(HnP3O16- ")

A high concentration of an essentially non-com-
plexing electrolyte such as tetramethylammonium
chloride and relatively low concentrations of metal
ion and triphosphate ion are used in order to
minimize the effect of the varied concentrations of
the reacting species on the various activity coeffi-
cients. Under these conditions a lowering of the
pH in the titration curve indicates complex forma-
tion since the presence of metal ion in an acid en-
hances its acidity. In regions where no pH lower-
ing occurs, one may conclude that complex forma-
tion does not occur to an appreciable extent.
Since no pH lowering occurred in the triphosphate
curves for # values larger than 2, when the con-
centrations of the reactants were relatively small

Kyg,1 =
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the following equations were derived by sub-
stituting equations having the fornis of (2) and (3)
into (1) with m and ¢ equal to unity iu the metal
complex.
K\ = [H*] [(HP;01* ") + (MHP;014%7)]
! (HzP30:1637)
Ky 4+ KyanK(M*) (5)
[H+] [(PsO1f~) + (MP3Oy* )] _
(HP30104_) + (MI‘IPanS_) -
Ks + KurKe(MH) (6)
1 + Kuan(M™)
K and K; are the acidity constants of triphosphoric
acid, while Kyr and Kypr are the forimation con-
stants of the form in eq. 4 for the complexes
M (P5010)*~ and M(HP;0,0)%.

K'y =
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Experimental

The sodium triphosphate, tetramethylammonium chlo-
ride and tetramethylammonium hydroxide were prepared
according to a procedure described in a previous paper.!
Carbonate-free potassium and sodium hydroxide solutions
were prepared from Baker Analyzed pellets and stored in
paraffin-lined bottles. All water used in preparing solu-
tions and washing the columns was demineralized, doubly
distilled, and purged with nitrogen to remove the dissolved
cargon dioxide. Mallinckrodt reagent grade salts were
used.

The potassium and lithium triphosphate solutions were
prepared by passing a 0.03 M solution of the recrystallized
sodium salt?® through a 90 cm. by 2 cm. column filled to a
height of 50 cm. with Dowex 50-x12 cation-exchange resin,
100-200 mesh, low porosity, supported on a Pyrex glass wool
plug. The resin was in the potassium or lithium form, de-
pending upon the triphosphate salt desired. The column

was fitted with a Pyrex water

13.0

9.0

pH.

3.0

jacket, 4 cm. in diameter, through
which ice-water was circulated
constantly. The column re-
sembled a Liebig condenser, dif-
fering in that it had a stopcock on
the lower end and a rubber
stopper fitted with an ascarite
bulb and a tube to facilitate the
entry of nitrogen at the top. The
eluted solution was warmed to 25
=+ 0.1°, diluted to the desired
concentration and immediately
titrated with standardized hydro-
cliloric acid containing the same
concentration of triphosphate as
the solution titrated. The inclu-
sion of the triphosphate in both
solutions eliminated the dilution
of the triphosphate during the
titration.

In order to prevent any hydro-
gen ion leakage, the resin which
was originally in the acidic form
was charged with potassium or
lithium ions by passing through
it a 109, solution of KCl or LiCl
containing enough KOH or LiOH
to make the solution slightly
basic. Then a 139 solution of

a.

Fig. 1.—A comparison of the effects of potassium, sodium and lithium jons on
titration curves of triphosphoric acid with tetramethylammoniuin hydroxide:
curve 1, 0.0393 M H;P;0, titrated with 0.1326 N (CH;)sNOH; curve 2, 0.0396 37
H;P;0,, with 0.0868 N (CH;),NOH, ¢ = 1.0 M with (CH;3);NCl; curve 3, 0.0399 3
H:P;050 with 0.1108 N KOH; curve 4, 0.0396 M H;P;0; with 0.0961 N KOH, yx =
1.0 M with KNO;; curve 5, 0.0379 M H;P;0,, with 0.1194 N NaOH, u = 1.0 M with
curve 6, 0.0415 M H;P;0, with 0.0260 N KOH, u
curve 7, 0.1162 M HC1 with 0.1004 N (CH;);NOH, ¢ = 1.0 3/ with (CH,),NCl.

NaNOsg;

From these equations it follows that the apparent
acidity constants are constants if the concentration
of unbouud metal ion is constant, provided pre-
cautions are taken to avoid changes in activity co-
efficients. The apparent constants can be cal-
culated by the following form of eq. 1 for the titra-
tion of the triphosphate ion with hydrogen ion
g o= B+ 1 = a)C = Ke/[H?] ]+ [H*]/f]

T (a — #)Cy + Ky/[H7]f = [H7]/f o

where “‘@’' is the number of moles of hydrogen
added per mole of triphosphate ion present in any
form. The symbol f indicates the activity coefii-
cient of a univalent ion. If the acid is not too di-
lute pA s, has the same value as the pH ata =

w4

KC1 or LiCl was passed through
the column which was finally
rinsed with water. The titrations
were performed in a stoppered
Berzelius beaker, placed in a water
thermostat at 25 = 0.1°, with a
stream of nitrogen flowing over
the solution. pH measurements
were made with the Beckman
model G pH meter with the
Beckman All Purpose Glass elec-
trode and tlie Beckman reference
electrode inserted directly in the
solution.

= 1.0 M with LiNO;s;

Results and Discussion

Figure 1 illustrates the pH lowering effect due to
the presence of large comceutrations of sodiumi,
potassium and lithium mitrate in the titration of
approximately 0.04 M HyP;0,, with approximately
0.1 N (CH3)NOH. Curve 1 was obtained in the
absence of extraneous electrolytes while curves 2
and 3 were obtained with sufficient (CH;)dNCI to
produce an ionic strength of 1.0. Curve 3 was
obtained for the titration of 10 ml. of 0.0339 M
triphosphoric acid with 0.1108 N potassium hydrox-
ide. At “a” values below 4 this curve coiucides
with curve 1 for tlie titration using tetramethyl.

0y 1. Watters, 15 1.
JounrNar, T8, 4855 (1050).
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ammonium hydroxide in the absence of metal ions.
Above this “a” value the pH is lower, indicating the
presence of a complex ion since any activity coeffi-
cient effect should have appeared at lower “a”
values also. Curves 4, 5 and 6 illustrate the effect
of one M potassium, sodium and lithium nitrate
on the titration curve for triphosphoric acid. At
“a’’ values below 3 there is a small pH decrease due
to the different effects of the various alkali salts
on the activity coefficients. At “@” values above
3 the pH drop is much larger due to complex for-
mation. The increasing complex stability in the
order K+ < Na* < Litis quite evident from curves
4, 5 and 6 of Fig. 1. The necessity of using a con-
stant large concentration of a non-complexing elec-
trolyte and relatively low concentrations of com-
plexing species is evident from these curves for
there is a pH lowering when the mean number of
bound hydrogen ions exceeds 2 where no complex
formation occurs. This conclusion was based on
results such as those in Fig. 2. The effect did not
occur for » > 2 with lower total concentrations but
the same ratios of triphosphate and metal ion with
sufficient tetramethylammonium chloride present
to adjust the ionic strength to unity.

Curve 1, Fig. 2, was obtained for the titration of
0.00919 M ((CH3)4N);P;304, with a solution contain-

TaBLE I

DATA AND RESULTS FOR THE TITRATION OF TRIPHOSPHATE
IoNn wiTH HYDROGEN ION IN THE PRESENCE OF VARIOUS
Arrarr MeraL Ions
The heading “‘a’’ is the number of moles of hydrogen ion
added per mole of triphosphate ion, C1, X 10° is the total
triphosphate concentration and Cy X 10% is the total

concentration of metalion. The jonic strength was adjusted
to unity with (CH;),NCIl, 25°.

Metal ion ‘g’ pH Cu X 10% Cm X 103 log K
log KxL
Potassium 0.50 8.690 2.274 13.87 1.483
.50 8.61 2.274 28,87 1.36
.50 8.52 2,274 33.87 1.38
50 8.45 2.274 58.87 1.38
Av. 1.39x0.06
log XNaL
Sodium 0.50 8.51 10.20 51.00 1.65
.50 8.30 9.940 99.70 1.64
.50 8.75 1.040 5.20 1.66
.50 8.46 2.500 50.00 1.62
Av. 1.64=40.06
log KNaHL
1.50 5.72 10.20 51.00 0.76
1.50 5.63 9.970 99.90 .77
1.50 5.42 10.10 250.0 .78
Av. 77 £0.06
log KyiL
Lithium 0.50 8.01 3.208 31.04 2.84
.50 8.24 2.623 13.12 2.84
.50 8.01 2.223 28.12 2.86
.50 7.890 3.208 46.04 2.90
.50 7.87 2.623 42,12 2.89
Av., 2.87x=0.06
log KLiHL
1.50 5.20 3.208 31.04 1.90
1.50 5.19 3.208 46.04 1.87
1.50 5.13 3.208 61.04 1.86
Av, 1.8840.06
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Fig. 2.—The effect of various concentrations of sodium ion
on titration curves for the titration of triphosphate ion with
hydrochloric acid: curve 1, 0.00919 M ((CH;),N)sP:O1o
titrated with a solution 0.0543 M in HCl and 0.00919 M in
H;P;O010. All solutions adjusted to x = 1 with (CH,),NCl.
Curve 2, similar to curve 1 but 0.05 M in Na*; curve 3, 0.10
Min Na*; curve 4,0.25 M in Na*; curve 5, 1.00 M in Na*,

ing 0.0543 M HCI and exactly the same concen-
tration of HzP3;O,0 as the solution titrated. Curves
2, 3, 4 and 5 were obtained in titrations of solutions
containing approximately 0.01 M NazP;0, and
different concentrations of NaCl. The acid solu-
tion contained approximately 0.05 3/ HC! and the
same concentrations of NaCl and triphosphate as
the solution titrated. Since no complex formation
was observed between any of the metal ions and
triphosphate ions containing two or more hydrogen
ions, eq. 5, 6 and 7 were sufficient to calculate the
formation constants. The data and results are
given in Table I.

In the presence of potassium ion a lowering of
the pH occurred only for ‘@’ values less than unity
proving the absence of detectable concentrations of
potassium hydrogen triphosphate complexes, so
eq. 6 reduced to the form

K'’s = Ks + KxrKy(K*) (8)

The apparent constant, K';, is equal to the pH at
the corresponding ‘“‘e¢”’ value of 1/,. The values for
the acidity constants of triphosphoric acid in 1 M
(CHj)NCI at 25° taken from the previous paper
were 10758 for K, and 10-88! for K;. The total
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concentration of potassium ion was first used for
the value of the free potassium ion. After obtain-
ing preliminary formation constants a correction
was applied for metal ion bound in the complex.
Substituting these values in eq. 6 yields the for-
mation constant, K1, for the reaction

K+ + P3Oy~ T2 KP;0pt
(KP3010* ™)

Kx1 = B0 = 101.8920.06

In the presence of sodium or lithium ions pH
lowering occurred for # or “‘a’’ values less than 2 for
all of the solutions. In the presence of 0.25 M and
1.00 M salt some pH lowering occurred for larger
“a” values as shown in curves 4 and 5, Fig. 2.
This lowering of pH at larger “‘a’’ values is due to
the activity effect resulting from the relatively large
amount of sodium or lithium ion present. Conse-
quently all calculations were based on relatively low
concentrations of reacting species.

Substituting the individual values for the ap-
parent constant, K’;, the acidity constant, X,
and (M) into eq. 5 vields the values of Krimr
and Kyanr given in the last column of Table I for
the reactions

Na* + HP;O1'~ == NaHP;Oy*~

K _ (NaHpaoma-)
NeHL = (N2 ¥)(HP;Ont )

Li* + HP;3;0.04" (__5 LiHPgOma_

(LiHP;0,4% ™)
(Li*)(HPsO10* ™)

Substituting the values for the apparent acidity
constant, K’;, the acidity constant, Ks, the metal
concentration, (M), and the above metal-hydro-
gen formation constants into eq. 6 yields the
values of the metal formation constant given in
the last column of Table I for the reactions

Na* + P30105“ Z_—) NaPaow‘“

(NaP;0yp¢™)
(Na®)(P;01° ™)
Li* + P3jOu° ~ == LiP;On*~
— (LiPsOwi~)
- (Li+)(P30[05_)

These results establish moderately stable com-
plex formation between triphosphate ion and these
alkali metals which should be considered in cal-
culating the stabilities of other complexes of
triphosphate ions. It is probable that the metal
ions are members of at least one chelate ring con-
taining two phosphorus and three oxygen atoms,
structure I, as suggested by Kolthoff and Watters!!
for the manganese(III) complex with pyrophos-
phate and by Van Wazer® and his co-workers for
complexes of higher phosphates since no complexes
were observed in similar experiments with ortho-
phosphate. In these structures the three resonat-

(11) I. M. Kolthoff and J. T. Watters, Ind, Eng. Chem., Anal. Ed,,
15, 8 (1943).

= 100.77 £0.0

Krm, = = 101.88 £0.06

Kxar = — 101.04£0.06

= 102.87£0,06
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ing double bonds and the ionic charges are omitted.
It is possible that, in the acidic complexes, the hy-
drogen iou is bound in the same way. However,
the strong bonding of the last hydrogen ion in phos-
phoric acid relative to its bonding in higher phos-
phates indicates that the hydrogen ion may be
bonded to a single phosphate tetrahedron as shown
in structure IT. In the next paper of this series it
will be shown that the acid triphosphate complexes
of lithium are slightly less acidic than the acidic
pyrophosphate complexes. This evidence sup-
ports a structure for the acidic complex in which the
metal ion is not bonded to the same phosphate
tetrahedron as the hydrogen ion. Accordingly,
structure II seems feasible for the acidic complex.
Hydrogen bonding in the same or adjacent tetra-
hedron probably occurs. Martell and Schwarzen-
bach® have proposed that the triphosphate ion
may be tridentate, structures IIT and IV, in the
corresponding complexes with calcium and mag-
nesium. Their structure III for triphosphate is
supported by similar experiments with pyrophos-
phate. These studies indicate that the pyro-
phosphate complexes with the alkali metals are
somewhat less stable than the triphosphate cou-
plexes. Hirshfelder-Taylor models indicate that
bonding of the metal ion to the two terminal phos-
phate tetrahedra and to the center tetrahedron
as well can occur without strain. However, the
bonding with alkali metals is probably essentially
electrostatic rather than covalent in nature so the
exact position of the metalion as part of any partic-
ular chelate ring may be more a function of field
strength than of bonding directionn. On this basis
it is probable that neither structure I or ITI
uniquely describes the actual situation.
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The last four acidity constants of triphosphoric
acid and the four acidity constants of ethylene-
diaminetetraacetic acid are somewhat similar. It
is of interest that this similarity persists in the
sodium and lithium complexes of these ligands.
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