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Abstract —The constants of acid-base equilibria in solutions of benzylpenicillin, carbenicillin, and am-
picillin at 20°C were determined by pH-metric titration (supporting electrolytes 0.1, 0.4, 0.7, and 1.0 M KCI
and KNOy). The sizes of the ionic species of the penicillins in their energetically favorable conformation
were determined by the PM3 semiempirical method. The thermodynamic equilibrium constants were es-
timated by extrapolation of the concentration constants to zero ionic strength by the Huckel equation, taking

into account the calculated sizes of the ions.

lonic strength and the kind of supporting electro-
lyte are significant factors affecting solution equilib-
ria. The concentration equilibrium constants K deter-
mined at a given constant ionic strength refer only to
the specific experimental conditions. The thermody-
namic constants K° which are independent of the
ionic strength and supporting electrolyte, are more
objective characteristics of ionic equilibria [1-3]. It
seemed important to continue studies of acid-base
equilibria in solutions of penicillins [4] and to deter-
mine the thermodynamic constants of acid dissocia-
tion of some compounds of this group. We chose ben-
zylpenicillin  (HBzp), carbenicillin (H,Carb), and
ampicillin (HAmp). As direct experimental determi-
nation of the thermodynamic equilibrium constant is
impossible, this quantity is calculated by extrapolation
of a series of concentration constants to zero ionic
strength. The concentration constants of acid dissocia-
tion were determined, as in [4], by the Schwarzenbach
method [5] from the pH-metric titration curves of the
sodium salts of the antibiotics at 20°C. As supporting
electrolytes we used KCI and KNO; (0.1, 0.4, 0.7,
and 1.0 M). The titration was performed with 0.05 M
HCI and HNO;. The pK, values obtained for the peni-
cillins are listed in Table 1. They mainly coincide
with those determined previously [4]. However, some
constants were determined more reliably owing to the
improvement of the experimental procedure (solutions
of the antibiotics were prepared just before titration).
The deviations from the previous data are the largest
for benzylpenicillin, which is more susceptible to
hydrolysis than carbenicillin and ampicillin.

Published data on the acid dissociation constants
of penicillins are few [6, 7]; these data are given in
Table 2.

Since the conditions (primarily temperature) at
which the constants were determined differ essential-
ly, we cannot directly compare our results to the pub-
lished data; it is seen, however, that the results are
fairly consistent. The somewhat higher values of pK,
that we obtained may be due to the lower solution
temperatue and hence lower degree of dissociation.
It should be noted aso that the published data are not
quite consistent. For example, the pK, values given
for benzylpenicillin (Table 2) suggest that the dissoci-
ation of its carboxy groups increases with a decrease
in the temperature and ionic strength of the solution,
which is improbable.

To determine the thermodynamic quantities pK 2,
we used linear extrapolation suggested previously for
determining the stability constants of the complexes
[13, 14] and the dissociation constants of the acids
[15].

The genera expression for the thermodynamic
dissociation constant of HAn is as follows:

o_ anaan _ fu[HlfanlAN] _  fufan
K& = fuan[HAN  ~ Ka fhan @)
where a is the activity; f is the molar activity coeffi-
cient; [HAN], [An], and [H] are the equilibrium molar
concentrations of acid HAN, its dissociated species
An, and hydrogen ions. The species HAn and An can
be both neutral molecules and ions.

Since in the pH-metric determination of K, [H] =
ay and fy, = 1, we obtain

fa
KO =K, fHAr:] . @
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Table 1. Concentration constants of acid dissociation of penicillins, 20°C

. pK a
Equilibruim Z“e‘f:‘t)félt;?g :
p 1.0 p 0.7 p 04 p 0.1 p 0.1 [4]
HBzp — H* + Bzp~ KCl 2.97 3.01 3.04 311 3.04+0.02
KNO4 3.02 3.04 3.08 311 -
H,Carb &= H* + HCarb" KCl 2.46 2.55 2.65 2.79 2.79+0.02
KNO4 2.67 2.70 2.76 281 -
HCarb- == H* + Carb*" KCl 3.44 3.50 3.55 3.64 3.63+0.06
KNO4 3.49 3.54 3.57 3.65 -
H,Ampt &= H" + HAmp* KCl 2.83 2.89 2.95 3.01 2.96+0.03
KNO4 2.97 2.99 3.02 3.04 -
HAmMp+ &—— H* + Amp~ KCl 7.28 7.27 7.26 7.25 7.22+0.02
KNO4 7.48 7.37 7.35 7.28 -
@ The confidence interval of pK, is 0.01.
Table 2. Acid dissociation constants of penicillin (published data [6, 7])
Antibiotic pK, pK, Determination conditions References
Benzylpenicillin 2.8 - Potentiometric method, 0.1 M KCI, temperaturenot given | [6], reference to [8]
2.78 - Potentiometric method, 0.5 M NaCl, 60°C [7], reference to [9]
2.75 - Potentiometric method, 0.15 M KCl, 37°C [7], reference to [10]
2.56 - Solubility method, 20°C [7]
Carbenicillin 2.60 3.19 |Potentiometric method, 0.5 M KCl, 35°C [7], reference to [11]
242 3.39 | Solubility method, 20°C [7]
Ampicillin 2.38 7.06 |Conditions not given [7], reference to [12]

By taking logarithms, we obtain

pKS = pK, — logfa, + logfyan. ©)

At alow concentration of nondissociated acid mol-
ecules in a 1-1 electrolyte solution, their activity
coefficient is given by [16]

logf = kg, 4

where kg is the salt coefficient and p is the ionic
strength of the solution, calculated from the molar
concentrations of the ions. Zwitterions behave in
electrostatic interactions as neutral species [17]. Their
activity coefficients are also given by (4).

Calculation of the activity coefficients of ions is
a sophisticated problem. Various mathematical expres-
sions were suggested to describe the dependences of
the activity coefficients of ions on the ionic strength
and kind of supporting electrolyte. The modern views
on this problem are discussed in detail in [2, 3, 18].
In studies of protonation and complexation, the effect
of the medium on the activity of ions at an ionic
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strength p < 1 is most frequently taken into account
using the Huckel equation

- Du, ®)

where A; and B; are constants depending on the tem-
perature and chemica nature of the solvent; at 20°C
for aqueous solution A; 0.5070 and B; 0.3282 [19]; D
is an empirical coefficient (coefficient of ionic inter-
action); zis the ion chanrge; and a is the effective ion
diameter (A). We can mention as example the studies
made by different research teams [13-15, 20-25].

As shown in [4], the following acid-base equilibria
occur in aqueous solutions of the antibiotics:

HBzp &— H*
HZCaI‘b (:) H+

+ Bzp, (6)
+ HCarb™, (7)
HCarb- == H* + Carb?®, (8)
H,Amp" &= H" + HAmp", 9)
HAmp® &=— H* + Amp". (10)
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For equilibria (6), (7), and (10), pK2 can be ex-
pressed by substituting (4) and (5) in (3) as follows:
Az
1+BiaVp

For equilibria (8) and (9), we obtain expressions
(12) and (13), respectively.

PKa = pKa + + (ks— Dan)n.  (11)

Ara ZaaVp
1+BoVp
As ZamV i
KO = pK.. — f ZHANY U
p a p a 1+ Bf()(,\/?
Equations (11)—(13) can be represented generally

as linear dependences of certain variable & on p with
a dope é:

pKa = pKa +

+ (DHan — Dan)n, (12

+ (Dhan — k9. (13)

£ = pKY - bp (14)
Here for equilibria (6), (7), and (10),
At Z,ZAn\/I
=pKg+ ———,8=ks— Dan;
€ = pKa 1+ Brovp s— Dan

for equilibrium (8),

A ZaanV 1

E=pKa+ , = Dpan— Dan;
a 1+ Bravp n n
and for equilibrium (9),
Alez-|AnVl/L
=pKg+————,0=D — ke,
£ =pKy 1+Bfoc\/E HAn — Ks

Equations (11)-(13) are similar to the so-caled
Vasil’ev one-parameter equation [13-15]:

K A A K0
Pfa= 1+1.6Vp ~Pha

However, the value o 4.9 A assumed as parameter
in the Vasil’ev equation, being adequate for many
inorganic ions, is too low for such bulky species as
penicillin ions. Therefore, in the subsequent calcula-
tions we used Egs. (11)-(13) rather than (15).

+ bp. (15)

Since the parameter o was not experimentally de-
termined for penicillins, we made computer models of
the ionic species of benzylpenicillin, carbenicillin, and
ampicillin in the lowest energy conformation. Some
of these models are shown in Fig. 1. We took into

account the possible existence of two isomers of the
HCarb™ anion (I, II) differing in the protonation site:

The calculations were performed with ChemOffice
program package (Cambridge Soft, http://www.
cambridgesoft.com). The structural formulas of the
ions were plotted with ChemDraw program and im-
ported into Chem3D program, after which the confor-
mation with the lowest energy was calculated by the
PM3 semiempirical method [26] (MOPAC — Mini-
mize Energy procedure). The parameter o was calcu-
lated as the distance between the centers of the most
remote atoms of the model. In this case, such an ap-
proach to the determination of a is quite acceptable.
The values of o caculated similarly for some other
organic anions (benzoate, citrate) coincide with the
experimental data given in [19]. As a result, we ob-
tained the following values of a: Bzp~ 11.2, HCarb™
(form 1) 116, HCarb™ (form 1) 12.7, Carb® 13.0,

H,Amp" 12.2, and Amp~ 11.0 A. In the subsequent
caculations, we took 12 A as the mean value for all
the ionic species of the penicillins. Then we calcul ated
the parameters &, constructed their dependences on y,
linearized them, and extrapolated to n O (Figs. 2, 3)
using Origin program (OriginLab Corporation, http://
www.originlab.com). As seen from Figs. 2 and 3, the
pK, values obtained by extrapolating to p O the data
obtained in KCl and KNO; solutlons virtually coin-
cide. The caculated vaues of pK and § are listed in
Table 3.

The & values for the dissociation of carboxy groups
of the antibiotics correlate well with published data
concerning the dissociation of aliphatic and aromatic
carboxylic acids [3, 21, 24]. For the dissociation of
the ammonium proton of ampicillin, pK, grows with
increasing p. Such an unusua trend was observed in
some cases with amines [22] and amino acids [23]; it
is apparently due to the negative k; values of the
amino acids [27].
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Fig. 1. Computer models of (a) Bzp~, (b) Carb?, and (c) Amp™.
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Fig. 2. Linear extrapolation of the dependences of & on

the solution ionic strength. Equilibrium: (1) (6), (2) (7),
and (3) (8). Supporting electrolyte: (a) KNOjg
and (b) KCI.
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Fig. 3. Linear extrapolation of the dependences of & on
the solution ionic strength. Equilibrium: (1) (9) and
(2) (10). Supporting electrolyte: (a) KNO3 and (b) KCI.

EXPERIMENTAL

Experiments were performed with pharmaceutical
samples (powders in vials) of benzylpenicillin sodium
salt (Biokhimik Joint-Stock Company, Saransk, Mor-
dovia, Russia), carbenicillin disodium salt (Ferane,

Table 3. Thermodynamic constants of acid dissociation of
penicillins, 20°C

5
Equilibrium pK 9

KCl | KNOg
HBzp — H* + Bzp~ |3.19+0.01 | 0.12 | 0.07
H,Carb == H* + HCarb~ |2.89+0.01 | 0.33 | 0.13
HCarb~ == H* + Carb* |3.87+0.01 | 0.11 | 0.08
H,Amp* == H* + HAmp® |2.97+0.01 | 0.23 | 0.11
HAmp* = H* + Amp~ |7.33+0.01 |-0.07 |-0.24

Russia), and ampicillin sodium salt (Ferane, Russia).
Working solutions of the antibiotics were prepared
just before the experiments, to avoid undesirable
chemical and biochemical changes. To an accurately
weighed portion of the antibiotic, we added the re-
quired volume of 2 M KCI or KNO; to provide the
necessary ionic strength. The antibiotic was dissolved,
and the solution was brought to the mark with water.
A 100-ml portion of the working solution was placed
in a temperature-controlled cell at 20°C and titrated
with 0.05 M HCI or HNO;. All the solutions were
prepared in double-distilled water from which CO,
was removed by boiling. The pH was measured with a
pH meter equipped with a glass measuring electrode
and a saturated calomel reference electrode (measure-
ment accuracy 0.01 pH unit).
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