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Dissociation constants (pK3• pK., pKs and pK6) of tetraphosphoric acid have been determined
at 25°±O·05°, 50o±O·05°, 60o±O·05°, 65°±O·05° and 70o±0·05° and at ionic strengths 0·034, 0·068. 0·11,
0·40, 0·70 and 1·00M, from the pH titration curves of tetramethylammonium tetraphosphate
against HCl. The enthalpies (/lHO) and entropies (/lSO) of the dissociation have also been
calculated.

NOT much work has been reported on the
degradation of tetraphosphates particularly
with regard to the kinetics of the reaction",

Only the data- on dissociation constants are available
at 25° and fL = 1M. In the present paper are
reported the dissociation constants and the enthalpies
and entropies of the dissociation of tetraphosphoric
acid at different temperatures and ionic strengths.

Materials and Methods
A water-thermostat was used up to 50°. How-

ever, above this temperature the studies were
carried out in an oil-thermostat. The pH tit rations
were performed on a pH-meter (Radiometer
Copenhagen type PHM26) using glass electrode
(Radiometer G-202C) in conjunction with a SCE.
The pH-meter was standardized against potassium
dihydrogen phthalate buffers and also against the
standard buffer solutions supplied by the manu-
facturers. The ionic strengths were adjusted by
adding the calculated amounts of tetramethyl-
ammonium bromide.

Preparation of sodium tetraphosphate - Sodium
tetraphosphate was prepared from sodium tetra-
metaphosphate following the Thilo and Ratz"
method as modified by Crowther and Westmann>.
Sodium tetrametaphosphate in turn was prepared
by the method of Be1l4. The tetrametaphosphate
gave satisfactory analyses for phosphorus.

An alkaline solution of sodium tetrametaphos-
phate (PH = 12·0) was heated at 65° for 1 hr. The
resultant solution was found to be a mixture of
tetra-, tetrameta-, trio, pyro- and ortho-phosphates.
The guanidinium tetraphosphate crystals were ob-
tained from this mixture of phosphates by the
method of Quimby5.

The stock solutions of guanidinium tetraphosphate
were converted into tetramethylammonium tetra-
phosphate using Dowex-50 cation exchange resin
presaturated with tetramethylammonium ions. The
solution and the resin were kept at nearly 0° since
the salt is quite stable at this temperature.

Results and Discussion
Calculation of the dissociation constants - The

dissociation constants, determined at 25° ± 0'05°,
50° ± 0'05°, 60° ± 0·05°, 65° ± 0·05° and 70° ± 0·05°C
and at ionic strengths 0'034, 0·068, 0·11, 0·40, 0·70

and 1·00M, were calculated from the pH-titration
curves of the solutions of 0·0016-0·005M tetra-
methylammonium tetraphosphate against HC!.

Each titration curve showed three inflections.
At the first inflection the species P40~3 predomi-
nates, while at the second and third inflection,
the most abundant species are HP40f:i and H2P401:i
respectively. The curve differs from those obtained
for similar titrations of pyrophosphate" and tri-
phosphate? in that the inflection at a = 1 (a being
the number of moles of acid added per mole of P4-0~3)
is not distinct. This may be due to the fact that
the terminal phosphate tetrahedra which are res-
ponsible for the strongly bound hydrogen ions are
separated by two internal phosphate tetrahedra.
This means that the inductive effect due to asso-.
ciation or dissociation of a hydrogen ion from one
terminal P04-tetrahedron will be lowered by the
basicity of the other P04-tetrahedron.

The average number of hydrogen ions associated
with a tetraphosphate anion at any stage in the
pH-titration is given by Eq. (1).
_ CA-Ar=:«:
where n = Average number of H+ ions bound
per molecule of the tetraphosphate, CA = the total
concentration of the ligand species (H+ ions) added
to the system, A = free [H+] at equilibrium, and
C = total [tetraphosphate].

In the present study A was calculated from the
PH value obtained from the titration curve of
tetramethylammonium tetraphosphate versus HC!.
To obtain CA, a blank titration of tetramethyl-
ammonium bromide was performed against HCl
at the corresponding temperature and ionic strength.
The value of CA at any stage of titration of tetra-
methylammonium tetraphosphate was obtained from
the pH value which was recorded for the same
addition of HCl to the solution of tetramethyl-
ammonium bromide.

Bjerrum's'' formation function (n) may be written
as Eq. (2).

n =(1-n)~1[H+]+(2-n)MH+F+(3-n)~3[H+]3
+ (4-n)MH+]4+ (5-n)~5[H+]5+ (6-n)
~6[H-t']6

where ~1 = 1jK6' ~2 = 1jK5·K6,

'" (1)

... (2)
~3 = 1jK4·Ks·K6,
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~4=1/K3'K4'K5'K6' ~5= 1/K2·K3·K4·K5·K6 and ~6=
1/Kl·Kz·K3·K4·K5·K6 and in general

A [H"P4013J(6-1»-
~,,= [H+r[p40~3J

Calculation of PK5 and PK6 is simple, since the
two constants are sufficiently different in magnitude
as the addition of H+ ions take place in distinct
steps.

Th H 1 [P40~;]
e value of PK6 = P - og [HP40~3J

K - [H+J[P40~3J
as 6- [HP40f:;J

Thus at half neutralization, i.e. when half an
equivalent of the acid has been added,

[P40~3J= [HP40fsJ
and hence

PK6= pH1j2a

Similarly PK5 is obtained from the titration
curve by reading the PH corresponding to the
addition of It equivalents of acid.

For evaluating the values of PKv PKz, PK3 and
PK4, the portion of the titration curve between
pH 2·00 and 3·20 was investigated in accordance
with Bjerrum's method. Since two hydrogen ions
were associated at the pH range 2·00-3·20, Eq. (2)
was modified in the actual calculations by defining
n*, as the average number of hydrogen ions com-

bined with HzP401:i, and n* as the corresponding
complexity constant. Thus

~~= ~"/~2
and

n*= n-2
Hence Eq. (2) takes the form of Eq. (3).

n*=(l-n*)~UH+]+(2-n*WHH+J2+(3-n*)
~nH+J3+(4-n*)~UH+J4 ... (3)

Equation (3) can be solved for ~t. ~*' ~j and
~*, knowing the values of n* at four [H+. In
the region where [H+] is of the order of lO-3M,\ the
last two terms in Eq. (3) can be neglected as these
would be negligibly small. Thus two simultaneous
equations in ~~ and ~: are left. Substituting
the two sets of values of n* and H+ in Eq. (3), the
simultaneous equations were solved for ~: and
~* to get the values of K3 and K4. The values of
~* and ~* (i.e. Kl and Kz) were not calculated,
as the pH titration curve in the lower pH range
was almost fiat, showing that n* (= n-2) is not
a sensitive function of [H+J.

The values of PK3, PK4, pK5. and PK6 obtained
at different temperatures and ionic strengths are
given in Table 1. These values are the average
of a set of PK values calculated from different
points on the titration curve.

The values of the dissociation constants ar\,! in
good agreement with those reported by Watters"
at 25° and {1. = 1 and O. pK values {1. = 0 were

TABLE 1 - DISSOCIATIONCONSTANTSOF TETRAPHOSPHORICACID AT DIFFERENTTEMPERATURES(iJ. = l'OM)

PKi iJ.(M)
------------ -

0·034 0·068 0·11 0·40 0·70 1·00

TEMP.= 25°±0'05°

PK3 1·99±0·OS 1·94±0·OS 1'86±0'04 1-82±0'04 1-63±0'03 1'52±0'04
PK. 2·64±0·OS 2'S9±0'04 2'48±0'03 2·44±0·05 2·29±0·03 2'20Io,05
PK5 6·62±0·03 6'S6±0'02 !\'50±0'04 6·41 ±0'04 6·30±0·03 6·23 0·02
PK6 8· 2±0'02 8'SO±0'03 8·39±0·02 8·21±0·03 8'28±0'03 8'16±0'04

TEMP.= 50o±0'05°

PK3 1·91 ±0'04 1'82±0'04 1'73±0'04 1'76±0'04 1'58±0'02 1'44±0'03
PK. 2'56±0'06 2·47± 0·05 2-40±0·05 2'31±0'05 2'22±0'03 2'13io,03
PK5 6'75±0'02 6'64±0'02 6'60±0'03 6·44±0·02 6·32±0·02 6·30 0·02
pKs 8·76±0·03 8'60±0'02 8'48±0'03 8'36±0'02 8·26±0·03 8·18 0·02

TEMP.= 60o±0'OSo

PK3 1'79±0'06 1-68±0'04 1·54±0·04 1-43±0'04
PK. 2'41 ±0'05 2·24±0·05 2'19±0'04 2'12±0'05
PK5 6·65±0·02 6·42±0·03 6·35±0·03 6'31%0'05
PKs 8·51 ±0'02 8·41±0·03 8·34±0·03 8·23 0'04

TEMP.= 65°±0'OSo

PK3 1'69±0'03 1-59±0'01 1-48±0'04 1-40±0'03
PK. 2'35±0'03 2'19±0'02 2·16±0·03 2·11±0·03
PK5 6'72±0'03 6'50±0'03 6'41±0'02 6'36±0'03
pKs 8'53±0'03 8'40±0'02 8·31-t-!O·03 8'26±0'03

TEMP.= 70o±0'05°

PK3 1·82±0·04 1·74±0·03 1'66±0'02 1-52±0'03 1-41±0'02 1-36±0'03
PK. 2'39±0'04 2·35±0·05 2'28±0'04 2·14±0·04 2'11±0'02 2'08±0'04
PK5 6'92±0'02 6'88±0'03 6·85±0·03 6·63±0·03 6'46±0'01 6·40±0·02
pKs 8·90±0·02 8·82±0·02 8·59 0·03 8·48±0·03 8'34±0'03 8·28±0·03
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TABLE 2 - VALUES OF Ai, Bt AND C. AT TABLE 3 - COMPARISON OF DISSOCIATION CONSTANTS AT
DIFFERENT IONIC STRENGTHS DIFFERENT IONIC STRENGTHS

Ai Bi Ci Temp. PI{3 PK. pKs PK6
°C ----

i = 3 Exptl Calc. Exptl Calc. Exptl Calc. Exptl Calc.

0'00 -1394·0 -11·58 -0'016 !.l = O'l1M
0'11 1394·0 5'58 0·0093 60 ±0'05 1·71 1-69 2·41 2·36 6'65 6·72 8·51 8·560·40 -7042,0 -47·96 -0,076 65 ±0'05 1·69 1'67 2'35 2·32 6·72 6·79 8'53 8·530·70 -4768,0 -33'00 -0,052
1·00 -586'9 -6'26 -0,0093 !.l = 0'40M

i=4 60±0'05 1'68 1·66 2·24 2·27 6·42 6·51 8·41 8·42
65 ±0'05 1·59 1-58 2·19 2·23 6'50 6·56 8'40 8·45

0·00 -3888'0 -28'82 -0,044 !.l = 0'70M
0'11 -2044,0 -16,66 -0,025
0·40 -2421'0 -19·61 -0,030 60 ± 0'05 1-54 1·52 2·19 2·17 6·35 6·39 8·34 8'29
0·70 -1981,0 -15'9 -0'023 65 ±0'05 1·48 1·47 2-16 2·14 6·41 6·42 8·31 8·31
1'00 220'1 -1-61 -0'0005 !.l = l'OOM

i = 5 60±0'05 1·43 1'40 2·12 2-11 6·31 6·35 8'23 8·22
65 ±0'05 1'40 1·38 2·11 2'09 6'36 6'37 8·26 8'25

0'00 733'6 -1,55 0·0096
0'11 6236·0 34'92 0·068
0·40 6088·0 33'24 0·0645 TABLE 4 - THERMODYNAMIC PARAMETERS FOR THE0·70 4548·0 23'28 0·048
1'00 1614-0 5·017 0·019 DISSOCIATION OF TETRAPHOSPHORIC ACID

Reaction I:!.Ho I:!.So
i = 6 kcal mole'? cal mole ? deg ?

0·00 -1468,0 -16·34 -0,0084 H.P.Oi:,-+H++ H.P.Ot3 0·156 -9'4
0'11 1394·0 1'67 0'018 H3P.O~3-+H++H2P.Ot3 -0,078 -13,02
0·40 2054·0 5'93 0·025 H2P.Ot3-+H++HP.O~;; -0'819 -34'20
0·70 2788·0 10·14 0'031 HP.O~3-+H++P.O~3 -2'402 -48'78
1'00 3081·0 11'96 0·033

obtained by extrapolation of the plots of log K
versus fLl/2.

Effect of temperature on dissociation constants-
The variation of PK values with temperature conform
with the equation":

A·pKi= ~-Ei+C;'T
T

where Ai, B, and C; are the constants. The values
(Table 2) of Ai, B, and C, were obtained at 25° ±
0'05°, 50° ± 0·05° and 70° ± 0·05° using pK values
in Eq. (4). Employing the values of Ai, B, and
C;, the pK values were evaluated at 60° and 65°.
These calculated values have been compared with
the values obtained by actual measurements at
the corresponding temperatures and ionic strengths
in Table 3.

Fairly good agreement can be seen between the
observed and calculated PK values. Thus Eq. (4)
can be used for calculating dissociation constants
of H6P4013 in the temperature range 25-70°.

Thermodynamic parameters - Knowing the values
of A,i, B, and C, in Eq. (4) at fL = 0, the values of
AHo and 6.5° (Table 4) for the dissociation processes:

H"p4013(6-nj- --+[H+J+Hn_lP4013(5-nj-
were calculated with the help of Eqs. (4-7).
a;«. su,

dT - RP
6.Hi= 2·303R(Ai-C;·P)

sn.b..5i= y' -2'303R(Ai/T -Ei+Ci·T)

... (4)

... (5)

•.. (6)

... (7)

The value of b..5°becomes more and more negative
as the charge on the tetraphosphate ion increases
because the solvent molecules in the neighbourhood
of a tetraphosphate ion would be acted upon by
strong electrostatic forces which would cause them
to have less freedom of motion than they would
have otherwise. This results in the loss of entropy,
and this loss increases with increasing the charge
on the ion. This is what is actually observed,
The value of 6.Ho as expected for a dissociation
process decreases with the increase in charge on the
tetraphosphate ion.
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