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Summary

A method will be derived which allows for the calculation of both the pK, values and the limiting solubility of bifunctional acids
and bases, respectively, from their solubilities as a function of the pH of the medium. In deriving the algorithms special interest has
been paid to the numerical stability of the equations to avoid serious rounding errors,

Introduction

In an earlier paper (Zimmermann, 1983) a
method was presented which allowed for the
calculation of both the pK, value and the solubil-
ity of the neutral molecular form of a substance
from its solubility as a function of the pH of the
medium. By means of a slight modification this
method can also be applied to determine pK,
values of bifunctional acids or bases.

* This paper is dedicated to the distinguished Prof. Dr. Claus
Fuhrer on his 60th birthday.

* Upon request listings of a FORTRAN program for perfor-
ming these calculations will be supplied.

Correspondence: 1. Zimmermann, Boehringer Ingelheim

Zentrale, 6507 Ingelheim/Rhein, F.R.G.

Theory

Acids
The dissociation of a bifunctional acid can be
described as follows;

K]a

H,A=H*'+HA" (1a)
KZ&

HA™ @ H* + A?~ (1v)

The dissociation constants K,, and K, are de-
fined by:

_[H"][HA"]

K-la_ [HZA] (23)
_[H"][A*7]

KZa_ [HA_] (2b)

In a solution of a bifunctional acid the following

0378-5173/86,/303.50 © 1986 Elsevier Science Publishers B.V. {Biomedical Division)



70
species can be found:
H,A, HA™ and A*".

Therefore the solubility S; of the acid at a given
pH can be expressed as:

S, = [H,A] + [HAT]; + [A*7]; (3)
From Egn. 2b we obtain:

[HA™];

[AZ_]i=K2aTﬁ

(4)

Inserting this expression into Eqn. 3 we obtain:

S, = [H,A] + [HA] 1+&} )
T TS}

The concentration [HA 7] is given by Eqn. 2a:

By insertion into Eqn. 5 we obtain:

K K]aKZa }

Si = [HZA]{l + [Hla]i [H+]i2

In saturated solutions [H,A] corresponds to the
limiting solubility S, of the neutral molecule.

KlaKZa
TE } ©

S.=S,({1+ Kiy
i~ Y0 [H+]i

S, and [H*], can be determined experimentally.
Considering that S, =[H,A], K,, and K,, are
constants we can define new constants:

m= [HzA]
a,= [HZA] ‘Kia

(7)
a;= [H,A] - Ky, - Ky,

i 1/[H+]i

So we obtain the simple equation

S,=m+a;x;+a,x; (8)

Bases
The dissociation of a difunctional base can be
described as follows:

Kla
BH}* = BH"+H"
KZa
BHY* = B+H"*

The expressions corresponding to the Eqns. 2 are
given by:

_[BH*][H"]
la ™ [BH§+] (ga)
_ [B][BH"]
KZa - [BH%+] (9b)

In a solution of a difunctional base we can iden-
tify the following species:

[B], [BH], [BH}"]

Therefore the counterpart to Eqn. 5 is given by:
S,=[B] + [BH*], + [BH2"], (10)
Considering that

[H"}[BH"];

e a

TABLE 1
MEANING OF THE PARAMETERS OF EQN. 8

Parameter Acids Bases

m [H,A] [B]

a; [HyA)-K,, [Bl/K 2,

aj [HZA]'Kla'K2a [B]/Kla'K2a

X; 1/[H"]; H™];




(u+), = ELTD 12

we obtain:

M), [H') } (13)

Si=[B]{1+ K. +K23-K23

In saturated solutions [B] corresponds to the limit-
ing solubility S, of the neutral molecule. Consider-
ing that S, =[B], K,, and K,, are constants we
can define new constants

m = [B]
_ B]
! KZa
(14)
a— 1Bl
2 KlaKZa
x;=[H"];

By insertion of these constants into Eqn. 13 we
obtain an expression corresponding to Eqn. 8.

Determination of the coefficients m, a;, a,

From a set of solubility figures as a function of
the pH we can determine the unknown parameters
m, a;, a, by means of a least-squares procedure.

As shown in the appendix, S;, K,, and K, can
be calculated from the expressions:

Sp=m

for acids:

K= % pPKy, 10g( _l)

KZa - Kla pK2a log( a, )

for bases:

K23=% pKZa _log(_l)
_a, B ,m

Kla - KZa pKla log( a, )

U

NH-CO-N (C2Hs)2

Bromerguride

Fig. 1.
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N
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Butaperazine

Fig. 2.

Materials and Methods

The solubilities of Bromerguride [3-(2-brom-
9,10-didehydro-6-methyl-8a-ergonyl)-1,1-diethyl-
urea] were determined at room temperature
(25°C). The buffers used were made by mixing
different amounts of 1/15 M solutions of KH, PO,

TABLE 2
pK, VALUES AND SOLUBILITY OF BUTAPERAZINE

pH Solubility Difference Error

(Calc. — Expt.) (%)

Expt. Calc.
6.0 283.4 2834 0.00 0.00
6.4 113.8 113.4 ~0.01 -0.01
6.6 72.5 725 0.01 0.02
6.8 46.5 46.5 ~0.00 -0.01
7.0 30.1 30.1 -0.01 -0.04
7.2 19.7 19.7 0.04 0.21
74 132 13.2 0.02 0.12
7.6 9.1 9.1 -0.00 -0.03
7.8 6.5 6.5 -0.00 -0.00
8.0 49 49 -0.04 —0.80

Mean square deviation: 0.02.

Limiting solubility: S, = 2.06 mg /100 ml.
pK.,, = 3.62.

pK,, =8.13.
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TABLE 3
pK, VALUES AND SOLUBILITY OF BROMERGURIDE

pH Solubility Difference Error
Bot  Cae  (Cale—Expt) (%)
36 250.28 27174 27.46 10.9
3.6 278.28 271.74 -0.54 -02
36 305.25 271.74 -27.51 -90
381 143.18 153.12 9.94 6.9
3.81 159.50 153.12 ~6.38 -40
3.81 153.41 153.12 -0.29 -0.2
4.40 41.56 40.30 -126 -3.04
4.40 43.88 40.30 -3.58 —8.16
4.40 40.08 40.30 0.22 0.54
4.60 30.61 28.72 -1.89 —6.17
4.60 29.86 28.72 -1.14 —3.82
4.60 29.47 28.72 -0.75 —2.54
4.80 23.40 21.74 —1.66 ~7.07
4.80 20.88 21.74 0.86 4.14
5.00 17.25 17.47 0.22 1.30
5.00 15.11 17.47 236 15.65
5.00 16.14 17.47 1.33 8.27
5.18 13.74 15.04 1.30 9.49
5.18 13.45 15.04 1.59 11.85
5.22 14.44 14.63 0.19 1.32

Mean square deviation: 8.96.
Limiting solubility: S, =10.41 pg/ml
pK,, =3.33.

pK,, = 4.82.

and Na,HPO, -2 H,0, respectively. The solubili-
ties at different pH values were determined from
concentrations of the substance in the supernatant
liquid. The concentrations of Bromerguride were
measured by means of a HPLC procedure.

Applications

(a) Butaperazine

pK, values and solubility figures of Butapera-
zine have been published by Kala et al. (1980).
Using these figures we obtain the data sum-
marized in Table 2. Limiting solubility S, = 2.06
mg/100 ml; pK,, = 3.62; pK,, = 8.13. These fig-
ures are in good agreement with the data reported
by Kala et al. They found pK,, =3.58; pK,, =
8.14 and S, = 2.03 mg /100 ml.

(b) Bromerguride
The solubility figures of Bromerguride as a

function of the pH at 25°C are summarized in
Table 3. The limiting solubility is calculated as
10.41 pg/ml. The calculated pK, values are pK,,
= 3.33 and pK, = 4.82.

Discussion

The procedure derived in this report allows
calculation of overlapping pK, values of bifunc-
tional acids and bases, respectively.

If the pK, values of bifunctional acids or bases
are sufficiently separated (4pK, > 3), the earlier
reported method (Zimmermann, 1983) can be ap-
plied. With overlapping pK, values (4pK, < 3)
numerical problems may arise due to ill-condition-
ing of the system of linear equations. Therefore
special interest has been paid to the numerical
handling of the regression problem.

Appendix

As shown in Eqn. 8, the solubility data S; at
pH, follow a linear model of second order, i.e.
they approximate to a parabola.
yi=m+a;X;+ a,x; (A1)

The approximation criterion is given by:

Z (Sl _—yi)2 = Z(S| —m- aX;— azxiz)z ; Min.
i=1

(A2)

This condition is fulfilled if all the partial deriva-
tives of the right side of Eqn. Al with respect to m,
a; and a,, respectively, are set equal to zero. Thus
we have three equations to determine the values of
m, a; and a,.

J 2 _
5?11—12(...) =
—2Y (y;—m-—a;x;—a,x})=0

ad 2



—2in(yi—m—a1xi—a2xi2) =0
2 2
EZ(---) =

-2 x}(y;—m—a;x;—a,x})=0

By means of simple rearrangements we obtain the
following set of linear equations

Y m+a; Y x;+a,rx}=Yy
mY x,+a, L x2+a,3.x =3 X,y
m¥x? +a, Lxi +a, Tt = Dy
Or in matrix notation:

n Yx Xx(f |m Xy,

Yx; Xxi Xxif-la|=|Xxy

Yxi Xxi Xxi| |a] | Xxiw

(A3)

In short-hand notation:
X-A=Y (A4)

The coefficients m, a, and a,, respectively, are
then given by:

A=X"1Y

As can be proved the matrix X is ill-conditioned,
this means the numbers calculated by this proce-
dure are wrong due to rounding errors.

To circumvent this problem Eqn. Al is written
as suggested by Spath (1973) as:

Y=+ 3,(x;+7v) +3,(x?+ ax; + 8) (AS)
The coefficients m, a, and a,, respectively, are
determined by means of the procedure outlined

above. We then obtain the following set of equa-
tions:

Mm+a,) (x+y)+3, L (xE+ax;+B8) =1y
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My, (x;+y)+a 2 (x "‘Y)z +3,)(x; +7v)
X (x}+ax;+ B)=Y(x;+v)y: (A6)
ﬁlz:(xf'+atxi +8) +ﬁlz(xi+y)(xi2+ ax;+ B)

+3, 0 (x? +ax; + ,8)2 =Y (x2+ax; + B)y;

The set of coefficients is determined in such a way
that the matrix of coefficients in the above system
of equations becomes a diagonal matrix.

Y(xi+v)=0
Yxi+y)(x*+ax;+B)=0
L (x}+ax;+8)=0

Thus we obtain:

Y= —%in= —X

A= inz(xi —X)
in(xi_i)

B=a-y— ) x}

The denominator in the expression, «, disappears
only if all the x; are the same 2. By insertion of a,
B and v into the equations A5 we obtain

fh = %;ZYi=S’
5. = (i +v)y:
1 Z(xi""Y)2

F(x2 + ax,+ B)y
Z(xnz +ax; + 3)2

a, =

Inserting i, &,, &,, @, B and y respectively into
Eqn. A5 we obtain the following expressions for
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the coefficients of Eqn. Al:

m=3,8+a,y+m
a, =a,a+a,

a,=a,
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