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Abstract

A method based on migration time estimation in capillary electrophoresis for the determination of aqueous pK :‘ values of
water-insoluble compounds of pharmacological (or environmental) interest is presented. The method requires apparent pK,
estimation at least at two different pH values and at different methanol concentrations in the background electrolyte (usually
more points of the methanol concentration vs. pK'" dependence are determined).

Two automated operational modes were used; in the first, a stepped pH change was applied in the ascending mode
(starting with low pH - usually 3.5) reaching, in 0.5 pH units steps, the final value of 5.5, followed by a similar descending
pH sequence. This procedure was repeated for different methanol concentrations (w/w). The other operational mode was
shortened in the sense that only two buffers were used, typically pH 5.5 and 3.0 (the former being assumed to yield the pH at
which the solutes investigated are fully ionized). In all cases, the apparent pH of the methanolic solutions was estimated and

the pK, value was determined by extrapolating the set of data obtained to zero methanol concentration.

Keywords: lonization constants; Organic acids

1. Introduction

The aqueous ionization constant (pK,) is a very
important physico-chemical property in the pharma-
ceutical industry [1-4]. Since many compounds of
pharmaceutical interest, although possessing a car-
boxyl group, are only sparingly soluble in water,
estimation of pK, in an aqueous solution may be
difficult [5]. Most common methods for pK, de-
termination include potentiometry or, if the com-
pounds possess a suitable chromophore, then
spectroscopic methods can be applied [5]. With
water-insoluble compounds, the mixed solvent ap-
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proach can be exploited. Methanol should be used in
the first place because there is a lot of information
available about its effect upon pK, [6-10]. It is
believed to be the least error-prone solvent of all
possible solvents that can be used for this purpose
[1]. The aqueous pK, value is then estimated by
extrapolating the curve constructed from measured
apparent pK, values at different methanol concen-
trations.

Plots of the pK, values against the percentage of
organic solvent in the solution are rarely completely
linear. In most cases, they show a ‘“‘hockey stick” or
“bow” shape. In general, concentrations above 60%
(w/w) of the organic solvent are rarely used as
beyond this concentration the pK, vs. percentage of
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the organic modifier dependence frequently attains
an S-shaped appearance. Also, at this concentration,
ion-pairing starts to interfere with the pK, estimation
and data obtained at such high proportions of the
organic solvent in the sample are not suitable for
extrapolation to zero e.g. methanol concentration

[1,11].

An alternative to pK, estimation is to use capillary
electrophoresis [12]. This approach offers consider-
able advantages over the two above-mentioned tech-
niques [13,14]. Precise potentiometric titration at low
concentration requires a time-consuming preparation
of carbonate-free solutions for which automated
equipment is only rarely available [15]. Compounds
must be available not only in relatively large vol-
umes but also at a concentration higher than 1
mmol/l. Circumventing the solubility problems by
working in mixed solvents may induce an error in
the extrapolation phase due to different solvation
mechanisms and the uncertainty involved in defining
the standard state.

Another common approach is to use UV-Vis
spectrophotometric titration. The condition to be
fulfilled is that the ionized and non-ionized species
possess different spectra. Also, these measurements
are time-consuming and automated instrumentation
is not available [5,15,16].

Of the other possibilities for pK, measurement,
one can think of conductivity-based measurements.
These, however, were largely replaced by poten-
tiometry  [5]. Isotachophoresis [17-19] and
calorimetry [20] can be used in specialized situa-
tions. The advantages of using capillary electro-
phoresis (CE) to determine accurate pK, values can
be summarized as follows:

1. (1) CE requires small amounts of sample at low
solute concentrations.

2. (2) No precise information about the sample
concentration is needed as long as the response of
the UV detector offers a good peak.

3. (3) Calculations are easy and no special demands
are put on solvent purity.

4. (4) The only parameter measured is migration
time.

5. (5) The equipment available is usually fully
automated.

The technique of pK, determination by means of
CE has been worked out by Cleveland et al. [12].
The detection limit for e.g. benzoic acid was 2 puM.

Excellent agreement was found between the pK,
values obtained by CE and literature data obtained
by other techniques. Although the method of Cleve-
land et al. [12] documents the possibility of measur-
ing the pK, values over a large interval, it does not
deal with the possibility of estimating pK, values of
water-insoluble (or sparingly soluble) individual
compounds. This report extends the existing meth-
odology available for water-soluble compound to
solutes that need an organic solvent in order to form
a solution.

2. Theory

The thermodynamic equilibrium constant of the
dissociation of a weak monoprotic acid is defined as

‘ H'1[Z"]
PK. = ya; Yau- (1)

assuming that the activity coefficient of the undis-
sociated acid, yay,, equals one; va,- is the activity
coefficient of the anionic species, yay+ is the
activity coefficient of the hydrogen ion. This relation
can be rewritten as

Z 1]

pK'™ = pH — log ya, - — log
The pH value of the experiment is known, the value
of —log ya,- can be calculated on the basis of the
Debye-Hiickel theory at 25°C according to the
equation

_0.5085-2° /&
~log Y= 1303281 ava

1
where y =5 >z’ (3)
i=1

where a is the hydrated diameter of an ion (in A)
and c is the molarity of the ion, z is the charge of the
ion and w is the ionic strength of the solution. The
value of a is unknown and was (in a similar manner
to that described in Ref. [12]) assumed to be 5.0 A.
By substituting this equation into Eq. (2), we get

o 2] 0.5085 -z /i @
°8THZ] T 1+ 1.6405 /1t

PK,' = pH -
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In the case of a univalent species, z=1, the last part
of Eq. (4) attains the form

0.5085 /22
T+ 1.6405 /52 ©)

Our next task is to express the log([Z~}/[HZ]) part
of the equation in terms of electrophoretic mobility
calculated from the experimentally determined mi-
gration times. Effective mobility of any ionic species
m, is given by the difference of the apparent
mobility of the endoosmotic flow

L-Ly/ 1 1
me = mapp - mEOF = A\Y —t-— - (6)

where L_ is the total length of the capillary, L, is the
length of the capillary to the detector’s window, V is
the applied voltage and 7, and 1., are migration
times of the ionic species under investigation and
endoosmotic flow, respectively.

Taking into account that m, = am_ (where « is the
fraction of the analyte ionized and m, the electro-
phoretic mobility of the fully deprotonated species),
the ratio of the unprotonated to protonated anionic
species can be written as

Z] a @ m
HZ] 1-a m,—m, D
Although the viscosities of methanol and water differ
considerably at 289 K (0.89 cP and 0.55 cP), no
adverse effects were observed in extrapolating the
data.

The final formula for calculations, after substitu-
tion, attains the form (valid for monoprotic acids):

m. 05085z
“m, T 1+ 16805 v ®

th _ _
pK, =pH —log m.

The values of pK ;h obtained in this way are obvious-
ly apparent pK, values; in order to obtain aqueous
pK ;h values, several assays at different methanol
concentrations should be performed. In general, the
relationship between apparent pK;h vs. % methanol
(w/w) have positive slopes for weak acids and
negative slopes for bases.

3. Experimental
3.1. Instrument and analysis arrangement

A Hewlett-Packard HP 3D CE Model G 1600 A

(Hewlett-Packard, Cernusco, Italy) electrophoretic
apparatus equipped with a UV detector and operated
by means of the HP 3D ChemStation programme
was used throughout the experiments. Solutes, whose
pK, values were to be estimated, were injected in
water—methanol (1:1, v/v); the concentration of the
samples was routinely 100 wg/ml and the injection
was hydrodynamic (3 s at 50 mbar). The capillary
used (Polymicro Technologies, Phoenix, AZ, USA)
was 32 cm (26.7 cm to the detector) X50 wm L.D.
The effluent was monitored at 220 nm and all runs
were performed at 30°C. The capillary was operated
at 10 kV with currents not exceeding 50 pA.

In order to equilibrate the columns and minimize
the hysteresis effects, the capillary was initially
washed with 0.1 M NaOH for 1 min followed by a
I-min wash with the run buffer. Each run was
allowed to take 40 min, which really was unneces-
sary as the running times of the solutes were much
shorter, however, it offered enough time for the
capillary to be stabilized. Two operational modes
were used.

In the first, a set of buffers with pH values of 6.5,
5.0, 47 and 4.5 was prepared by titrating the 20
mmol/l sodium acetate solution to the required pH
value. The samples were run at several methanol
concentrations (typically 60, 40 and 20%, w/w). For
each methanol concentration, the automated se-
quence of runs started with the lowest pH value
buffer and ascended to the highest value; at this
point, a 45-min wash was applied with buffer alone
and the descending sequence was started. This
approach was applied particularly for compounds
with the pK, value of indomethacin. It also has the
advantage of demonstrating the stability (or the
extent of hysteresis) of the capillary. Its disadvantage
is that the estimation of the pK, value needs too
many electrophoretic runs.

In the second mode, only two buffers were used
(pH 5.5 and 3.0) containing various proportions
(10-50%, w/w) of methanol, increasing in steps of
5% methanol. The apparent pH after methanol
addition was measured and used for further calcula-
tions. This arrangement was used for the estimation
of the apparent pK, of benzoic, salicylic, indolecar-
boxylic and 2-acetylosalicylic acids. It was assumed
that in the solutions prepared from pH 5.5 buffer, all
of the solutes were completely dissociated, while
partial ionization occurred with the set of buffers
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prepared by adding the respective amount of metha-
nol to the pH 3.0 buffer. The automated sequence of
electrophoretic runs was arranged in such a way that
all samples were run at the higher pH first, with a
stepped decrease of methanol concentration followed
by a set of runs in the low pH buffer, again with a
stepped decrease of the organic modifier in the
background electrolyte.

A 100-pg/ml benzylalcohol solution mixed with
the sample (1:3, v/v) was used as the electroosmotic
flow (EOF) marker. No change in the pH of the
buffer in the autosampler due to CO, absorption was
observed before or after analysis; consequently, no
additional precautions regarding CO, dissolution
appeared to be necessary.

3.2. Materials

Methanol, acetic acid, sodium acetate and
benzylalcohol were obtained from Carlo Erba
(Milan, Italy) and were of p.a. grade; double distilled
water was used for preparing both the run buffers
and sample solutions.

3.3. Calculations

The apparent pK ;h values were calculated for
individual pH values and methanol concentration
according to Eq. (4). The migration times at the
original buffer (pH 5.5) were considered as migra-
tion times (and hence calculated mobilities) of the
completely dissociated solute. The value for parame-
ter a in Eq. (3) was taken to be equal 5.0 A [1].

4. Results

Successful estimation of the aqueous pK." for any
solute examined depends on the precise estimation of
both the EOF and analyte migration times. The
overall changes in the migration times with different
proportions of methanol are quite dramatic (Fig. 1)
and good repeatability of these results is a crucial
point. Obviously, a well stabilized capillary is
needed to avoid large scatter of the calculated pK,
values. Capillary instability is demonstrated by peak
drifting. The absolute differences in migration time

are larger with late-occurring peaks and, consequent-
ly, are demonstrated more dramatically at higher
proportions of methanol in the background elec-
trolyte. This drifting may easily reach ~3 min, as
shown in Fig. 2. In most cases, if alkaline washes
(typically 0.1 M KOH) are used, even for a short
time period, the drift of most peaks (provided that
the analysis is run in acidic buffers) is positive, i.e.
with every consequent run, the migration time in-
creases. However, complete elimination of the al-
kaline wash usually causes the opposite effect, i.e., a
negative drift, as shown in Fig. 3. Also, a well
stabilized capillary should exhibit less than 0.06 min
migration time difference between subsequent runs
(Fig. 4).

In our case, it turned out that avoiding KOH
washes in between runs, or even deleting washing
completely, is, perhaps, the best remedy to avoid
drifting. In this case, a small residual negative drift
was usually observed which, however, did not affect
the results.

In the first operational mode using ascending pH
values of the run buffer followed by the descending
pH sequence, the results shown in Fig. 5 were
obtained for indomethacin as the model compound
(tabulated pK, value of 4.5). Assuming linear pK,
dependence on the percentage of methanol in the run
buffer, the pK, values for indomethacin that are
shown in Table 1 were obtained; as expected, the
difference from the tabulated value was the largest
for the set of data obtained with 60% methanol in the
background electrolyte. The linear relationships are
based on averages of the migration time obtained by
the ascending and descending operational mode
(each particular run was performed in triplicate).

The apparent pK, values obtained when running
the system in the second operational mode, with
stepped changes in the concentration of methanol,
are summarized in Fig. 6 (data for indolecarboxylic
acid, 2-acetoxybenzoic acid, salicylic and benzoic
acid are summarized in this figure). The values of
aqueous pK, values obtained by extrapolating the CE
measurements to zero methanol concentration are
compared with literature data in Table 1. It can be
concluded that a good agreement between the aque-
ous pK ;h values obtained by CE and other methods
(mostly potentiometric titration in methanol-water
mixtures) was obtained.
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Fig. 1. Changes in benzoic acid migration times with changing methanol concentration in the background electrolyte (50, 40 and 30%, w/w,

from the top to the bottom of the figure). The respective amounts of methanol were added to pH 4.5 (20 mM) background electrolyte. For
experimental details see Section 3. The first peak refers to the EOF marker.
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Fig. 2. Drifting of the peak of acetylosalicylic acid in a poorly stabilized capillary: 50% methanol (w/w), 10 kV, capillary, 30 cm (25 cm to

the detector). The pH of the background buffer before the addition of methanol was 5.5. Three consequent runs: Top, first run; middle,
second run; bottom, third run. The first peak refers to the EOF marker.
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Fig. 3. Reversed drifting of indolecarboxylic acid in 30% (w/w) methanol at the original pH of the background electrolyte, i.e. pH 5.5. No
alkali washing was performed between runs. For experimental details, see Section 3. Top, first run; middle, second run; bottom, third run.
The first peak refers to the EOF marker.
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Fig. 4. Well stabilized capillary. Indolecarboxylic acid in buffer, pH 5.5, diluted with 50% (w/w) methanol. Other conditions as described in

the text. The capiliary was run for about 2 h before starting the experiment without any washing in between runs. The first peak refers to the
EOF marker.
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% CH,OH

Fig. 5. Extrapolation of the pK;h values obtained at different
methanol concentrations for indomethacin. Individual points were
obtained by using a sequence of runs at different pH values of the
background electrolyte and represent averages of three consecu-
tive runs, each in the ascending and descending mode. Data
obtained with the ascending mode were always lower than those
obtained using the descending sequence (SD +0.03—0.08). They
were also higher for higher CH,OH concentrations in the back-
ground electrolyte. Regression times, identification: O, pH 6.5
(7.871 after methanol addition); O, pH 5.0 (6.301 after methanol
addition); A, pH 4.7 (5.658 after methanol addition); <, pH 4.5
(5.230 after methanol addition). For extrapolated values (linear
regression), see Table 1.

5. Discussion

In this communication, we have extended the
Table 1

1 L 1 . 1 . L 2 L L { L

0 10 20 30 40 50 60
% CH,OH

Fig. 6. Extrapolation of pK;h values obtained at different methanol
concentration to zero concentration of the organic modifier. Zero
values obtained either by linear regression [for indolecarboxylic
(O) acid and benzoic ([J) acids] or by polynomial regression fit
[for 2-acetyloxybenzoic (A) and salicylic () acids].

approach used by Cleveland et al. [12] for pK:h
estimation by capillary zone electrophoresis to the
determination of aqueous pK ;h values of water-in-
soluble (or sparingly soluble) compounds (mono-
valent protolytes). The approach is that of extrapolat-
ing apparent pK.' values obtained with different
methanol concentrations to zero concentration of the
organic modifier.

Two experimental arrangements were used. The

Aqueous pK, values for selected carboxylic acids estimated by capillary electrophoresis and compared to the literature data

Acid Tabulated
value

From Yashuda-Sheldovsky plot

After bias
correction for

Assayed by CE

0-65% CH,OH

30-65% CH,OH

acids (according  In the absence  In the presence

extrapolation extrapolation to Ref. [1]) of CH,0H of CH,O0H
(literary data) (this paper)
Benzoic acid 4.19 [21] 3.99 [1] 4.38 1} 4.04 [1] 4.18 [12] 4.20°
Salicylic acid 2.98 [12] - - - 2.96 [12] 3.0°
2-(Acetyloxy)benzoic acid ~ 3.49 [21] - - - - 3.50°
Indole-(2)-carboxylic acid  5.04 [22] - - - - 5.0°
Indomethacin 4.50 [22] - - - - 4.47-4.59"

*Data obtained by the shortened procedure using stepped concentrations of methanol at two different pH values (3.5 and 5.5 before methanol

addition).

®Data obtained by using a set of stepped pH values at different methanol concentrations (see Section 3).
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first is based on running a particular sample in a
series of buffers containing the same proportion of
methanol at step-wise increasing or decreasing pH
values of the background electrolyte. Such a pro-
cedure is gentler to the capillary and can be per-
formed directly with a capillary that has been treated
in the usual way, i.e. for 1 min with a 0.1-M NaOH
rinse followed by a 1-min rinse with the starting
buffer at the beginning of the experiment. Both
versions, i.e. the descending pH change followed by
runs at stepped ascending pH values or vice versa are
possible. Of course, because of the well known
hysteresis of the fused-silica capillaries, the corre-
sponding values obtained in the descending and
ascending mode are slightly different. However, as
this approach offers a wealth of data, averaging them
appears to eliminate fluctuations due to poor capil-
lary stabilization and its hysteresis. In general,
aqueous pK, values that were very close to the
results obtained using potentiometric titration, as
reported in the literature, were obtained.

In our hands, it was proven that starting with an
ascending pH sequence followed by a descending
sequence, i.e. from original background electrolyte at
pH values of 3.5 to 5.5 (before methanol addition),
followed by a series of runs in the reversed order, is
better than starting with the descending sequence
followed by a step-wise pH increase.

It has to be stressed that these measurements can
be done only using automated equipment, as the
error in migration times of hand-operated machines
makes the data obtained unsuitable for reliable pK_'
estimation.

From the description of the first procedure, it
appears that estimation of the pK' value of an
unknown compound can be very time-consuming,
although quite precise. On the other hand, most of
the run time is performed in the fully automated
mode which does not require the personal attendance
of the operator.

The second approach described here represents a
shortened version and is quite satisfactory for practi-
cal purposes. It is more rugged and offers sufficiently
reliable results in spite of the fact that it is based on a
smaller set of data. Theoretically, only two
categories of runs are required for the pK ;h de-
termination; at a high and low pH at each methanol
concentration (at least four different CH,OH con-

centrations are required, giving all in all eight runs
performed in triplicate i.e. 24 experiments. Basically,
it differs in using only two buffer pH values. This,
however, may need several preliminary trials to
select the appropriate pH values; for acidic solutes,
the question is how acidic must the buffer be for
incomplete ionization of the analyte to occur. It has
also to be kept in mind that addition of methanol to
the background electrolyte may increase the pH
value quite considerably. As a matter of fact, the first
experimental steps used with the stepped ascending
and descending pH change at a given concentration
of methanol requires almost no equilibration of the
capillary. It appears that the drifts in migration times
between the upward and downward pH changes
mutually compensate, resulting in more reliable
results than when descending methanol concentra-
tions at a given pH value 1s used.

Although quite a few experiments are still needed,
the whole aqueous pK ;h estimation requires only 1
ml of sample containing 100 pg of the solute in most
cases.

In most cases, the aqueous pK :‘ value lies within
the range =0.03 pK, units of the reported values
and, in spite of the extrapolation and the need to
measure the apparent pH of the metabolic solutions
(which is generally felt as a serious source of
potential errors), the limits are the same as for
water-soluble compounds as reported by Cleveland
et al. [12].

Because this procedure is aimed at being used
mainly with the compounds considered as prospec-
tive drugs, the 100 pg/ml concentration and 1 ml
sample size needed for the assay do not represent a
limitation and no more methods that were sensitive
for detection and/or sample stacking were sought.

Estimating the EOF migration time and the appar-
ent pH of the background electrolyte after methanol
addition represents a crucial point in all pK ;h calcula-
tions by CE. We have used benzylalcohol (applied in
a 1:1 (v/v) water—-methanol mixture, the same
solvent in which the assayed solutes were dissolved);
in spite of this EOF marker being of p.a. quality, we
have observed frequently a shoulder on the descend-
ing side of the peak. We did not pay attention to this
nor to the poor peak shapes that were sometimes
obtained for analytes, caused mainly by their poor
solubility in solvents containing low proportions of
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alcohol. The peak shape at each alcohol concen-
tration could have been optimized, which, in tumn,
would make the assay of an unknown compound
even more time-consuming. For practical purposes,
however, the peaks obtained were sufficient and
could be used for quite precise aqueous pK ;h estima-
tion.

Cleveland et al. [12] discuss, in their paper, two
possibilities for improving the pK, assays by CE.
The first refers to the estimation of the mobility, m,,
of the fully ionized anionic species, the other refers
to the estimation of the pH of the buffer in which the
run is performed. The first possibility is irrelevant
with respect to our data, as this comes into question
mainly when buffers of different types (e.g. citrate
and acetate) are used during the assay. Admittedly,
we neglected the second proposal for improvement
as well, mainly because the data we obtained were in
concert with the published values of aqueous pK ;h
values.

6. Conclusions

The automated pK, determination procedure at
low solute concentrations reported by Cleveland et
al. [12] has been extended in this paper to water-
insoluble (or sparingly soluble) monovalent
protolytes. The basic idea is the same as that applied
to the estimation of pK! values by means of
potentiometric titration (for details see e.g. Ref. [1]):
Apparent pK ;h values at different methanol con-
centrations are estimated based on running the solute
to be assayed in background electrolytes containing
e.g. 50, 40, 30 and 20% (w/w) concentration of
methanol. By plotting the apparent pK;h values
against percentage of methanol (w/w) (recalculated)
and by extrapolating the relationship to zero con-
centration of methanol, the aqueous pK'" values for a
series of compounds were obtained.

It was also shown that, in practice, both operation-
al modes, i.e. a sequence of automated experiments
in which individual runs undergo a stepped pH
change (at a constant methanol percentage, w/w) or
a stepped change of methanol concentration at a
given pH (two different values used) offer practical-
ly the same results. The advantage of the latter
approach is that it is less time-consuming and

requires fewer runs. For practical reasons, the latter
approach is preferable.
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