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

pH lowering du.ring the titration of pyrophosphate ion with livdrogen ion.
have been obtained in the absence of alkali metal ions aud compared with those of ortho- and triphosphoric acid.

The acidity constants of pyrophosphoric acid
The

following complexes and their corresponding complexity constanuts were obtained at 25° using tetramethylammonium

chloride to adjust the ionic strength to unity.
(P20:)8~, Kpipy = 102.30=0.08,

LiHpy = 101,03 =+ 0‘06.
101.81, 1()8.18, 108.93,

Introduction

This is the third paper of a series on the acidity
and complexes of polyphosphates,?*

The existence of alkali metal complexes with
pyrophosphate ion was not considered before
Monk,* during a conductance study of the acidity
of pyrophosphoric acid, found evidence of complex
formation with sodium ion and calculated a dis-
sociation constant of 10-%% for the complex,
NaP»O-*~. Complex formation of pyrophosphate
with alkali metal ion is of considerable importance
since alkali metal ions usually are added to adjust
ionic strength or as a source of pyrophosphates.

The classic conductivity measurements of Ab-
bott and Bray® yielded reliable values for the
acidity constants of pyrophosphoric acid, partic-
ularly the first and second constants, while Kol-
thoff and Bosch’ obtained excellent values for the
third and fourth ionization constants extrapolated
to infinite dilution. The tendency of pyrophos-
phate to form complexes with many metals through
chelate ring formation has been the subject of
numerous studies.? 16

In the present study the acidity constants of
pyrophosphoric acid were evaluated at wvarious
ionic strengths in the presence of tetramethylam-
monium chloride with alkali metal ions absent.
As in the second paper of this series! on triphos-
phate complexes with alkali metal ions the lowering
of the apparent acidity constants of pyrophos-
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K(PgO;):“, KK!vy =
Only lithium ions formed an acidie complex with the ligand (HP,0:37);
The successive acidity constants of pyrophosphoric acid at 25° and unity ionic strength were 10°.82,
No complexes of the alkali metal ions with orthophosphate ion were detected.

1098 = 9.5 Na(P,07)%", Kxgapy = 1019 & 006, Li-
Li(HP,0:)?-,

phoric acid in the presence of an excess of various
alkali metal ions was used as a means of evaluating
the extent of coinplex formation,

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 sim-
plified. 1In 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.
ion. Under these conditions it is expedient to de-
fine a function which is called the apparent aciditv
constant,!! K',_,, for this stepwise addition of hy-
drogen ion as
(H 7] 2g(Mn(HoPyOr), 0l =0~ ) (1)

Zg(M n(Hus1P205 ) 0G0 —mr =)

where m, n and ¢ indicate the number of metal,
hydrogen and pyrophosphate ions in any partic-
ular species. In this paper parentheses indicate
concentrations and brackets indicate activities.
The number of bound hydrogen ions, #, has a
single value from zero to four 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 pyrophosphate ion and the corre-
sponding acidity constant are

H* + H.P,0¢~n= > H,. P,0;8~9~
- _ [H+J(H-.P20;{4"‘>‘)_ o
K4_u = (Hn_lPaO7(3‘"”_) (")

The general equation for the formation of any
complex ion and the corresponding complexity

constant, SM,.H.L,, are
mM* + gH, P20 = 2 M (H,PyOs)glatd m —me =

< (M(HWP,O:) (a4 mt=m =) (3)

- (M‘*’)"I(H».PQO—,“‘"")‘Z

where the subscript L indicates the ligand P,O+*~.
The equations used to calculate the complex

formation constants were derived by substituting

equations having the forms of (2) and (3) into (1)

with m and ¢ assumed to be equal to unity.

[HH [(HPyO:*~) + (MHP,O:?7)]

(HaP20;%7)

Ky =

Bynt.aL,

Kg/ =

K; + KyurKs(M™) (4)
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g, = HITIPOAT) 4 (MPyO:#)] _
¢ (HP,0:*~) + (MHP,0;2)
Ky + Kyt Ky(M ™)

1+ KyaL (M) (5)

K; and K, are the acidity constants of pyrophos-
phoric acid, while Kyr and Knvpp are the formation
constants for the complexes M(P»O7)*~ and M-
(HP207)2_.

From these equations it follows that the ap-
parent acidity constants are constants if the con-
centration of unbound metal ion is constant, pro-
vided precautions are taken to avoid changes in
activity coefficients. A high concentration of an
essentially non-complexing electrolyte and rela-
tively low concentrations of metal ion and pyro-
phosphate ion were used for this purpose. For the
titration of pyrophosphate ion with hydrogen ion
in the absence of metal ions the acidity constants
can be calculated by the following form of eq. 1.
In the presence of metal ions Kj_, is calculated by
the same equation

K., = B+ 1 —a)C, - Ky/

’ o/ [HF]f + H*/f]
(¢ —n)Cy, + Ko/ [HY]f — [H¥]/f

(6)
where @ is the number of moles of hydrogen ion
per mole of pyrophosphate ion present in any form,
The symbol f indicates the activity coefficient of a
univalent jon. If the acid is not too dilute the
constants have the same value as the pH at ¢ =
n—+ 1/2,

Experimental

The source of pyrophosphate ion for most of the experi-
ments was NasP»O:-10H,0, Mallinckrodt analytical reagent
grade. The pyrophosphoric acid was prepared from so-
dium pyrophosphate by the use of the acid form of the ion-
exchange resin Dowex 50-X12, 100-200 mesh, low porosity
in a manner exactly analogous to that described for the
preparation of triphosphoric acid.? Potassium pyrophos-
phate was prepared by heating anhydrous dipotassium hy-
drogen phosphate at 500 to 700° for 3 hr.! Lithium pyro-
phosphate was prepared in the same manner as lithium tri-
phosphate in the previous study using the exchange resin
Dowex 50-X12 charged with lithium ions. All other re-
agents and the general experimental procedure are de-
scribed in the previous paper.?

The titrations were performed in an aqueous therniostat
adjusted to 25 = 0.1° using the Beckman model G pH
meter equipped with a ‘‘general purpose'’ glass electrode.

The H,P,0; or ({(CH;)sN )sP,O7 solutions obtained from the
columns were tested for removal of sodium ion.* The ex-
tent of hydrolysis of ((CHj3):N ),P;0; was tested by titrations
and found to be negligible after periods of one week if the
solution was stored in a freezer at —15°. Crowther and his
co-workers!”!® studied the hydrolysis of pyrophosphoric acid
and found it to be acid catalyzed but not base catalyzed.
In the present study no appreciable hydrolvsis was observed
if the tetramethylammonium pyrophosphate solution was
left at room temperature for one hour.

Results and Discussion

The Acidity of Pyrophosphoric Acid.—Since all
previous studies of the acidity of pyrophosphoric
acid at large ionic strength were made in the pres-
ence of alkali metal jons, the acidity constants were
re-evaluated using tetramethylammonium chlo-
ride to adjust the ionic strength but with alkali
metal ions absent.

Curve 1, Fig. 1, was obtained for the titration
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of 0.02968 M((CH;)4N),P,O; with a solution con-
taining 0.2805 M HCI and the same concentration
of HPyO; as the solution titrated. Curve 5, Fig.
1, was obtained for the titration of 0.04524 M
H,P:0; with 0.08901 M (CH;) NOH. All solutions
contained sufficient (CH;).NCI to produce an ionic
strength of unity. The ordinate ‘¢’ is the num-
ber of equivalents of acid or base added per mole of

12 T T T T T T T T

pH.
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Fig. 1.—Curves for the titration of pyrophosphate ion
with hydrochloric acid and the titration of pyrophosphoric
acid with tetramethylammonium hydroxide. A comparison
of the effects of potassium, sodium and lithium ion on the
titration curve of pyrophosphate ion with hydrochloric
acid. Curve 1, 0.02968 M ((CH3):N),P,O; titrated with a
solution 0.2805 N in HCl and 0.02968 M in H,P,O:: curve
2, similar to curve 1, but 0.12 M in K*: curve 3, 0.12 M
in Na*; curve4.0.12 M in Li**; curve 5, 0.04524 3/ H,P.O;
titrated with a solution 0.08901 37 (CH;),NOH. All solu-
tions adjusted to u = 1 with (CH;),NCL

pyrophosphate present in any form. The titra-
tion curves for pyrophosphoric acid indicate that
the first two hydrogen ions are highly dissociated
and that the values for their ionization constants
are not widely separated. Therefore, Bjerrum’s
method was used to evaluate these constants in the
same manner as for triphosphoric acid.* The ex-
pression for the stepwise complexity constants is
5. = (H, P04 =m0 =)

t T H(P0:4)
where parentheses indicate concentrations and
brackets indicate activities.

Due to the absence of appreciable concentrations
of the species P;O;*~ and HP,0;*~ at pH values
below 3 the simultaneous solution of Bjerrum’s for-
mation equation® for §; and B in groups of two
yielded the values of log ;3 = 1.81 £ 0.05 and log
Bs = 2.63 %= 0.05. Converting to the usual step-
wise acidity constants the values are pX, = 1.81
=% 0.05 and pK, = 0.82 % 0.05. Table I shows the
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TaABLE [

The titration of 20 ml. of a solution of 0.02968 17 ((CH,),-
N)P2O; with a solution 0.2805 37 in HCI and 0.02968 a4/

in HsP:O;. Both solutions contained sufficient (CH;),NCl
to produce an ionic strength of 1.0.

a »H fikeory Tierperinest
2.10 2.03 2.07 2.06
2.24 2.61 2,14 214
2.37 242 2 22 222
2.50 2,25 2.29 2,32
2,63 2.13 235 2 34
3.03 1.89 253 2.51
341 1.73 2 64 2,68
3.75 1.61 2.75 2.79
408 1.562 2083 2. 88
4.93 1.31 3.00 3.00
5.84 1.15 3.05 3.11

agreelnent between Mexperimental and Tltheoretical,
where 7 is the mean number of bound H* ions per
pyrophosphate ion.

The acidity constants also were evaluated at in-
finite dilution. In the previous study of triphos-
phoric acid an excess of (CH;)sNCl was present in
the dilution solution in order to substitute the
known ionic strength of the latter for the less cer-
tain effect of the larger dispersed ionic charge of
the triphosphate ion. When attemnpts were made
to obtain similar data for pvrophosphoric acid with
excess (CH,)sNCl present to adjust the ionic
strength, as was done in the previous study, the
graphed data did not approach a straight line be-
fore the electrode became poorly poised. Comnse-
querntly the data were obtained without the extra-
neous electrolyte, and the ionic strength was cal-
culated on the basis of total pyrophosphate ionic
charge.

The values of K, A, and K: at concentrations
approaching infinite dilution were calculated using
eq. 6 which contains terms for the degree of hy-
drolvsis and dissociation. The activity coefficients
of Harned and Ehlers? were used. The p values
of Ny and A at an ionic strength of unity were pKj;
= (.13 and pA: 8.93. At an ionic strength of 0.1,
the value of pA., pK, and pK, were 2.22, 6.36 and
0.11, respectively.  The graphic extrapolation to
infinite dilution vielded pA. = 2.64, pK: = 6.70
and pAy = G.42. It is of interest to observe that
the last two constants for K and Ay are quite close
to the values pK; = 6.679 and pK, = 9.391 ob-
tained by Kolthoff and Bosch using a hydrogen
electrode with sodium ion added as the pyrophos-
phate salt. It is evident fromn the magnitude of
the sodium complexes constant that the latter
should not affect their result at infinite dilution.

On the basis of these results the dilution experi-
ments for triphosphoric acid were repeated using
the same conditions.  These revised constants are
included in Table II. The agreement of our data
for pvrophosphoric acid using the glass electrode
with Kolthoff and Bosch's value using the hydrogen
clectrode supports these values.

pR was determined by Bates,” pK., by Bates and
Acree?! and pA; by Abbott and Brav.® Constants
Ithlers, Tais Jorr~xag, 58, 2179

L 1 s Tarsed wwd ROW
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(20 R.GL Bates, J. Researet N ald, BEur. Stasaderds, 47, 127 (1631
(211 ROl Butes anil 5. 12, Acree, ihid., 830, 129 (10.07),
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THERMODYNAMIC JONIZATION CONSTANTS
Acid H;PO 2t H;P.O: Hi 13040
PK, 215 - -
pK. 7.20 2. 64 -«
PR 12 44 6.76 230
PR, 9.42 630
pK, 024

having pK valuesindicated by — « were too large to
neasure.

The Complexes of the Alkali Metals with Pyro-
phosphate.—Curves 2, 3 and 4, Fig. 1, illustrate
the pH lowering effect due to the presence of ap-
proximately 0.10 M potassium, sodium and lithium
ions in the titration of approximately 0.03 17
((CHj)sN)4P-0O; with a solution containing approx-
imately 0.28 1}/ HCI and the same concentration
of H4P,0: as the solution titrated. Since curves ]
to 4 coincide at ''¢’’ values beyond 2, it is evident
that no complex formation occurs between any of
the alkali metal ions and H.P,O:*— or H,P.,O;'".
Furthermore the reactants are sufficiently dilute so
there is 10 measurable effect on the activity coeth-
cients. Consequently the pH lowering at '‘a¢”
values below 2 must be due to complex formation.

Comparing curve 2 obtained in the presence of
potassium with curve 1, a lowering of the pH oc-
curred only for “a" values less than unity proving
the absence of detectable concentrations of potas-
sium hydrogen pvrophosphate complexes, so eq. 5
reduced to the form

K" = Ky + Kt K(K)

Using the acidity constants of pyrophosphoric acid
taken from the previous section and estimating the
concentration of the free potassium ion to be the
total concentration less the concentration of pyro-
phosphate ion one obtains a temporary complexity
constant. More accurate values of (K ) were then
obtained on the basis of the temporary constant.

K+ + P.O;*~ _9( KP.O:*~

) = (.80 = s
As shown in curve 3 obtained in the preseuce of
sodium ion the pH was lowered only for "a" values
less than unity proving the absence of detectable
concentrations of acidic sodium complexes. Sub-
stituting the values of X, and the free sodium ion
into eq. 7 as before, one obtains
Na*t -+ P~_-074_ _(___)_ NéLP:OT3_

(Né{Pqu‘g_) i
(NAHPOT]

As shown in curve 4, Fig. 1, obtained in the pres-
ence of lithium ions, pH lowering occurred for n
or "a'" values less than 2 proving the presence of
complexes of lithium ion with both P.O;*= and
HP,0;*~. Substituting the individual values for
the apparent constant, Ay, and (Li*) into eq. 3
vields the values of Ky;gr given in Table I1I for the
reaction

Kya = = 10100 = 0.5

Li* - HP.Os 222 LiHP.O:2

= ()10 =
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TaBLE 111
CL Cm
Metal ion “a"  pH X 10% X 103 log Kb
log KKL
Potassium  0.50 8.71 27.16 109.9 0.78
.50 8.87 19.87 20.01 .82
.50 8.72 10.11 100.31 .80
Av. .80 £ 0.06
log KNaL
Sodiumn 0.50 8.87 2.175 16.20 0.98
.50 8.84 2,200 28.80 1.02
.50 8.80 2.180 36.38 0.99
Av. 1.00=%£0.06
log KLU
Lithium 0.50 8.13 3.667 30.21 2.38
.50 8.08 3.667 39.80 2.36
.50 7.98 3.667 50.41 2.43
Av., 2.39+£0.06
log KrinL
1.50 6.00 3.667 30.21 1.02
1.0 5.97 3.667 39.80 1.00
1.50 5.91 3.667 50.41 1.06
Av. 1.03=%+0.06

e (Cp is the total ligand, P.O;*~, concentration while Cy
is the total metal ion concentration. ©? Ionic strength ad-
justed to unity with (CH;),NCl, 25°.

Substituting the values for the apparent acidity
constant, K,’, the acidity constant, K, the metal
concentration, (I.it+), and the above acid complex
formation constants into eq. 4 yields the values of
the formation constant given in the last column of
Table III for the reaction

Li* + P,0;4~ = LiP,0:*~

(LiP;0:%™)
(Li*)(P:0+47)

Regarding the structure of the complex, MP»-
0:%—, the most pertinent information is the fact
that no alkali metal complexes were obtained with
orthophosphate ion even though the latter has a
greater affinity than pyrophosphate ion for the
first associated hydrogen ion. This eliminates the
possibility that the metal ion is associated with one
or two oxygen atoms of a single phosphorus atom
in the pyrophosphate ion. It is possible that the
metal ion is a member of a six-membered ring,
structure I, which can be formed without strain.
However, the bonding with the alkali metal ions is
probably essentially electrostatic rather than cova-
lent in nature so the exact position of the metal ion
as a part of a chelate ring may be more a function
of field strength than of bond direction. If this
structure persists for the acidic complex MHP,-
0:;*~ which forms with lithium ion it seems prob-
able that the hydrogen ion is bonded to one
oxygen atom, structure II, possibly with some hy-
drogen bonding to the other available oxygen atom
bonded with the same phosphorus atom, since two
six-membered rings involving both phosphorus
atoms cannot be formed without some strain.
The possibility of strong bonding of a hydrogen ion
to one or two oxygen atoms of a single phosphorus

KL]L = = 1(02.39 £ 0.06
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atom is evident from the small second and third
acidic dissociation constants of orthophosphoric
acid.

1o IR
0—1‘3—0—13—0 0—1‘>—0—1‘>—o
0 0 0 0
NS NS
M M
I II

A comparison of the stabilities of the pyrophos-
phate and triphosphate complexes with alkali

metals shown in Table IV is interesting. In gen-
TaBLE IV

Metal jon Ligand log K@
K+ P,0O;4~ log Kxpy = 0.80 %= 0.06
K+ Png" IOg KKTp =137 % 0.06
K+ HP,0:3~ Not detected
K+ HP;0,4~ Not detected
Na™ P,0-1~ log Knapy = 1.00 = 0.06
Na™* P:;Olns_ 10g K}:an =1.64 % .06
Na*t HP,0:3~ Not detected
Na™ HP:;Omé_ IOg KNaHTp =0.77 £ 0.06
Li~ P,0:4~ log Kripy = 2.39 % 0.06
Li~ P30.° ™ log Kutp = 2.87 &= .06
Li+ HP,0;%~ log Kiapy = 1.03 = 0.06
Lit HP;O0t ™ log Kiatp = 1.88 &= .06

2 Complex formation coustants were obtained at an ionic
strength adjusted to unity with (CH;);NCl, 25°. Pyro-
phosphate is designated by Py and triphosphate by Tp.

eral, the constants of the triphosphate complexes
are 1005 = 0.1 Jarger than those of pyrophosphate.
As suggested by Martell and Schwarzenbach!! for
the calcium complex this may be due to a triden-
tate structure involving two six-membered rings
containing oxygens bound to all three phosphorus
atoms. However, the following factors also may
be responsible. The statistical probability of com-
plex formation with triphosphate ion with one
metal ion is greater by a factor of 2 if the metal ion
enters at a chelating position or by a factor of 8/6
if the metal enters the complex at a single oxygen.
Thus the statistical factor may account for 10%? or
about half of the difference. Furthermore, the
triphosphate ion has a total negative charge of 5
while pyrophosphate has a total negative charge of
4 which may be partially localized in the vicinity
of the metal ion. Consequently there is a pos-
sibility that the structure of triphosphate com-
plexes with alkali metals may be similar to those of
pyrophosphate complexes.

The formation constants of the acidic complexes
with either HP,O73~ or HP3Oyy*~ are about 10!.2%0.2
smaller than those with hvdrogen ion absent. This
is consistent with our finding no detectable concen-
trations of the acid complexes of potassium with
either HP,O0:*~ or HP;01*~ and sodium with
HP,07%~ since their constants would probably be
of the order of unity or smaller.

Cortmaus 10, Ouro



