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Abstract

Automated capillary electrophoresis is an effective method for the determination of pK, values. Advantages
include having high sensitivity for poorly soluble solutes, not having to know the concentration of the solutes, and
the simplicity of the method. The procedure, further investigated in this work, yielded determined pK, values to
within 0.07 units of literature values from the IUPAC database for 18 solutes having pK, values of less than 9. The
range evaluated was 2.43 to 9.99. Bases with pK, values above 9 had significant differences with the literature
values. Wall adsorption and concentration effects were not potential contributors to these differences. Spectro-
scopic pK, determinations for three solutes showing large differences with the literature values agree with the

capillary electrophoresis determinations.

1. Introduction

Dissociation constants (i.e., pK, values) can
be a key parameter for understanding and quan-
tifying chemical phenomenon such as reaction
rates, biological activity, biological uptake, bio-
logical transport and environmental fate [1-3].
The determination of dissociation constants of
weakly acidic or basic compounds is routine
using established techniques if the compound has
amenable physical properties [4-7]. However,
the low solubility of many pharmaceutical and
agricultural compounds in water precludes con-
venient pK, determinations. Indeed, many new
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herbicides and pesticides have poor water solu-
bility specifically designed into the molecules for
environmental concerns. Previous papers [8-10]
have introduced the use of capillary electropho-
resis (CE) for pK, determination. We have used
this approach because of its high sensitivity and
selectivity relative to potentiometry. In this
paper we continue to explore the benefits of CE
for pK, measurements and build upon the previ-
ous work in this area. In particular, this work in-
cludes more compounds of known literature pK,
values thus extending the demonstrated range.

Equations which relate electrophoretic mobili-
ty to pK, have been adequately derived previ-
ously [10]. In brief, the thermodynamic pK, is
related in an expression similar to the Hender-
son—Hasselbach equation with electrophoretic
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mobility used to describe the state of solute
ionization
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where ug,;+ is the electrophoretic mobility of the
fully protonated base, u,- is the electrophoretic
mobility of the fully deprotonated acid and g, is
the electrophoretic mobility observed at the
experimental pH. The third term in Egs. 1 and 2
is the activity correction for buffer ionic strength,
1. The variable z is the valency of the buffer and
a is the ionic size parameter, 5 A.

An alternative approach is to use linear forms
of Egs. 1 and 2 [9,11]. In theory, either approach
is acceptable, but in practice, the non-linear
equations shown here will give better results
[11]. The K, is linear with 1/{H"}. To cover a
wide range of pH, buffers are generally chosen
with equally spaced pH values. When linear
regression is performed to determine the K,
there will be highly leveraged, influential data
introducing a significant error in the result. A
weighted linear regression requires too many
runs to determine the weights and is thus im-
practical. Non-linear regression of Egs. 1 or 2
using equally spaced pH buffers about the pK,
minimizes the potential for highly leveraged,
influential data.

(acids) 2)

2. Experimental
2.1. Apparatus and method

A SpectraPHORESIS 1000 CE (Thermal
Separation Systems, Fremont, CA, USA) was
used for all experiments. Typically, a 2-s hydro-
dynamic injection was performed. Since the
hydrodynamic injection rate is ca. 6 nl/s for a 67
cm X 75 upm untreated fused-silica capillary

(Polymicro Technology, Phoenix, AZ, USA),
ca. 12 nl was loaded onto the column. The
separation distance, L4, was 59.5 cm. The tem-
perature was set at 25°C. Absorbance was moni-
tored at a wavelength appropriate for the solute
and, usually, at 240 nm for the neutral marker,
mesityl oxide. This instrument has a high speed
slewing monochromator allowing multiple wave-
length detection. With the instrument operating
at 25 kV, typical currents were less than 20 uA.

In order to equilibrate the column and thereby
minimize hysteresis effects [10,12], the following
wash cycle was performed prior to each run in a
sequence: (1) 5 min with 1 M NaOH, (2) 5 min
with H,0, and (3) 3.0 min with running buffer.

Because the SpectraPHORESIS 1000 is
equipped with a single reservoir for the buffer
near the detector, it is not possible to match
buffers at each end of the column in a sequence.
Tricine (0.02 M, pH 7.6 to 8.1) was used as the
buffer at the detector end of the column.

Buffer pH was measured with an Orion Ross
pH electrode and an Orion Model 601A pH
meter and in later work a Fisher Accuphast pH
electrode or an Orion Modei EA940 meter.
Meter calibrations were made with Fisher NIST
traceable buffer solutions.

Method

All solutions were prepared using distilled,
deionized, and filtered water (ASTM type 1
specification). A 100-ul aliquot of 10 mM mesityl
oxide in water (neutral marker) and 900 ul
analyte solution typically were combined into a
2-ml sample vial to give a final concentration of
between 10 and 900 uM analyte and 1 mM
mesityl oxide.

Data pairs of the activity corrected pH and u,
were imported into Mathcad 4.0 (MathSoft,
Cambridge, MA, USA) where pgy+ Or g~ and
pK, were determined by performing a non-linear
fit to Egs. 1 or 2.

3. Spectroscopic pK, determination
Spectroscopic pK, values of several bases were

determined by taking UV spectra with an Hitachi
Model 3101 spectrophotometer using 1-cm
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cuvets at 23°C. Samples were prepared in the
same buffer series as used in the CE experi-
ments. Absorbance measurements were taken at
a wavelength which showed a significant differ-
ence as a function of pH for each solute, 220 nm
for 2- and 3-methylbenzylamine, 230 nm for 2-
methoxybenzylamine. The pK, values were de-
termined using a non-linear fit of the absor-
bance, A, versus the pH [13]

K = oH+ 1 [A—ABH+ ]_ 0.5085z>VI
PR =PE T 08 T~ AL | T 1+03281aV]
©)

Where Agpy+ and Ay are parameters also de-
termined by the regression.

3.1. Buffer series
Different buffer series were used throughout

this investigation. Most of the work was done at
a constant ionic strength to enable a more

Table 1

consistent electroosmotic flow (EOF) between
different buffers [14]. At an ionic strength of
0.01 M, the activity correction for the ionic
strength of the solution is 0.05 making calcula-
tions somewhat simpler. The concentrations and
the pH values of this buffer series are listed in
Table 1. Buffer components were obtained from
different producers and were of the highest
available purity.

4. Results
4.1. Buffer capacities

A consideration in creating the buffer series in
Table 1 was the buffer capacity, B8, of each
buffer. The B is defined as [15]

dC K
—*‘=2.3<-—Y——+[H+]+
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@

Buffer series, pH, pK, values, concentrations, buffer capacities and estimated pH change upon the addition of a 1-s injection of a

100 M strong acid or base

Buffer® pH pPK, Concentration of Buffer capacity Estimated

buffer (M) B (M/pH) pH change
CAPS 10.96 10.4 1.22-1072 6.85-107° 482-107°
CAPS 10.65 10.4 1.71-1072 1.01-1072 3.27-107°
CAPS 10.12 10.4 3.24-107 1.71-1072 1.93-107°
CAPSO 9.76 9.6 2.12-1072 1.19-107° 2.77-107°
AMPSO 9.16 9 1.89-1072 1.05-1072 3.13-107°
TAPS 8.61 8.4 1.71-1072 9.29-10* 3.55-107°
Tricine 7.94 8.1 2.12-1072 1.18-1072 2.86-107°
HEPES 7.43 7.5 1.89-107? 1.08-1072 3.06-107°
MOPS 6.94 7.2 2.41-1072 1.27-1072 2.60-107°
ACES 6.53 6.8 2.78-1072 1.45-107° 2.27-107°
MES 6.09 6.1 2.12-107 1.22-1072 2.71-107°
Acetic 5.46 4.75 1.16-1072 3.65-107° 9.04-10°
Acetic 5.04 4.75 1.50-1072 7.75-107 4.26-107°
Acetic 4.45 4.75 2.58-1072 1.33-1072 2.49-107°
Formic 4.16 3.75 1.50-1072 7.12-107° 4.64-107°
Formic 3.54 3.75 2.58-1072 1.47-1072 2.25-107°
Formic 3.05 3.75 6.01-1072 2.12-1072 1.56-107°

“ Buffer abbreviations: CAPSO = 3-[cyclohexylamino]-2-hydroxy-1-propanesulfonic acid; CAPS = 3-[cyclohexylamino]-1-prop-
anesulfonic acid; AMPSO = 3-[(1,1-dimethyl-2-hydroxyethyl)amino]-2-hydroxypropane sulfonic acid; TAPS = N-tris[hydrox-

ymethyl]methyl-3-amino-propanesulfonic  acid;

Tricine = N-tris[hydroxymethyl]methylglycine;

HEPES = N-[2-hydroxy-

ethyl]piperazine-N'-[2-ethanesulfonic acid]; MOPS = 3-[N-morpholino}propanesulfonic acid; ACES = (N-[2-acetamido]-2-
aminoethanesulfonic acid; MES = 2-[N-morpholino]ethanesulfonic acid.
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Where C, is the concentration of the buffer
acid, K, is the equilibrium constant for the
dissociation of water, K, is the equilibrium
constant for the dissociation of the buffer acid,
and C, is the total concentration of the buffer.
Too low of a buffer capacity would result in the
inability of the buffer to maintain pH control in
the analyte zone. At the pH of the buffers, the
actual buffer capacities are listed in Table 1 as
well as the expected change in pH for the 1-s
injection of a 100 uM strong acid or base. The
maximum impact on the pH for a 6-nl (1-s)
injection, with a typical 18-nl peak width at the
detector, of a 100 uM strong acid or base is
estimated to be insignificant (ApH <0.01) for
every buffer in the series. Indeed, if the pH of
the analyte zone were different than that of the
run buffer, then there would be a bias in the final
pK, determination.

4.2. pK, determinations

The pK, values for a series of 23 acids and
bases were determined (7 of these values were
reported by us previously [10]). The results of
those determinations are shown in Table 2. Less
than a 0.07 difference of pK, with the literature
values [16,17] were obtained for pK, values less
than 9. These differences are probably reflective
of the random error of the procedure. As an
example, for a single compound, the random
error was = 0.071 at 95% confidence, from 10
separate determinations of 2-aminopyridine.

There were significant differences between the
CE-determined pK, values of bases with litera-
ture pK, values greater than 9. A series of
simple experiments were run to elucidate this
inconsistency. In the first experiment, a weak
acid with a high pK, value, phenol, was shown to
be in agreement with the literature value. This
determination suggests that there is no inherent
problem with the high pH buffers which could
bias the result. Ionic interactions of amines with
silica surfaces are a well established phenomenon
in separations. At pH values greater than 8, the
silica surface is fully charged. Indeed, the EOF is
necarly consistent above pH 7, whereas below 7 it
decreases. Thus, ion exchange with the column
surface for the simple molecules in this study

Table 2
CE pK, determinations versus literature values

Molecule pK, pK, Difference
(lit.) (CE)
o-Bromoaniline 2.53 2.55 -0.02
Salicylic acid 2.98 2.96 0.02
p-Bromoaniline 3.88 3.85 0.03
Benzoic acid 4.2 4.18 0.02
2-Ethylaniline 4.37 4.32 0.05
Cinnamic acid 4.4 4.4 0
Aniline 4.6 4.66 ~0.06
2-Ethylaniline 4.7 4.69 0.01
3-Ethylaniline 5.07 5.09 -0.02
Pyridine 5.19 5.26 —0.07
N,N'-dimethylaniline 5.99 5.96 0.03
4-Nitrophenol 7.15 7.15 0
2-Aminopyridine 6.71 6.76 —0.05
Nicotine 8.02 8.08 —0.06
Quinine 8.52 8.52 0
4-tert.-Butylpyridine 9.08 9.52 —0.44
4-Aminopyridine 9.11 9.25 -0.14
2-Methybenzylamine 9.19 9.4 —0.21
3-Methylbenzylamine 9.33 9.57 —-0.24
2-Methoxybenzylamine 9.71 0.05 -0.35
a-Methylbenzylamine 9.83 9.94 -0.11
Phenethylamine 9.83 10.03 -0.2
Phenol 9.99 9.9 10.08

would be expected to correlate with «, the
fractional degree of ionization. The ion-exchange
wall effects would result in a proportionately
decreased mobility relative to no ion exchange
with the wall, and hence, would not impact the
pK, determination. Any other adsorptive effect
could be measured by a non-zero mobility at a
pH 2 or more units below the pK,. There was no
adsorptive effect which was measurable in our
experiments. Indeed, if the electrophoretic
mobility were slower due to adsorption, then the
determined pK, would be less than the actual
pK,. In the questioned data here, all of the pK,
values were higher. Also, there was excellent
agreement of the literature values for nicotine,
8.08 by CE versus 8.02 literature and quinine,
8.52 by both CE and literature. The wall would
be expected to have a similar effect in all the pH
buffers above 7.

If there was an effect from adsorption or ion
exchange, then the effect could be masked with
an amine with a higher pK, value than the solute
at a higher concentration in the buffer. Indeed,
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Table 3

Spectroscopic determination of pK, values compared to literature and CE

Solute pK, pK, pK,
literature spectroscopic CE
2-Methylbenzylamine 9.19 9.48 9.40
3-Methylbenzylamine 9.70 9.54 9.57
2-Methoxybenzylamine 9.33 9.92 10.05

the buffer series was prepared using pyrollidine
(pK, = 11.27) as the neutralizing base instead of
sodium hydroxide. With the pyrollidine buffer
series, the pK, was determined for 2-methoxy-
benzylamine to be 9.96, more consistent with the
previously determined CE value of 10.05 and
inconsistent with the literature value of 9.70.

As calculated above, the buffers had enough
capacity to prevent a significant change in the pH
of the zone impacting the measurement. To
prove this effect, the concentration of 4-amino-
pyridine was varied from 10 to 900 »M and there
was no correlation with the pK, determined.

To referee this inconsistency with the litera-
ture, the pK, values of three bases with large
errors were determined spectroscopically. (Solu-
bility was too low for an accurate potentiometric
determination.) Spectroscopic pK, determination
relies on the change in solute absorbance at a
specific wavelength versus pH. As shown in
Table 3, the spectroscopic determined pK, val-
ues agree much more closely with the CE de-
termined values.

All of the experiments to elucidate the incon-
sistency of the CE data with the literature data
together suggest problems with the literature
values for these particular bases. The method
cited in the TUPAC database for these com-
pounds was to prepare a sample at 0.02 M
containing an equal concentration of salt and
base and to measure the pH of that solution with
a hydrogen electrode [18].

5. Conclusions

CE is an effective method for determining pK,
values. The method is particularly useful for

determining the pK, values of compounds with
low water solubility. For example, compounds of
limited water solubility need not be prepared in
a co-solvent as is required by potentiometry, and
it is not necessary to accurately know the con-
centration of a titrant or solute. There is no time
consuming preparation of carbonate-free buffers.
The detection limit for a 12-nl injection, re-
ported previously [10] was €”°bc=1-10"*
which, for benzoic acid, was 2 uM, 50 times
lower than a typical determination limit via
potentiometric titration. The procedure gave
determined pK, values to within 0.07 units of
literature values from the IUPAC database for
analytes below a pK, value of 9. The range
evaluated was 2.43 to 9.99. The analysis time
was between 2 and 3.5 h per solute and no
attempts were made to minimize this time.

Differences between CE-determined values
and literature values for high pK, bases were
investigated by taking a series of 9 bases with
literature pK, values ranging between 8.02 and
9.83 and comparing the CE determined values
with the literature values. Literature values
above 9 were significantly lower than the CE-
determined values. This difference was not due
to an inherent limitation in the procedure for
high pK, determinations; a weak acid with a pK,
above 9 was accurately determined. Concentra-
tion effects and ionic interactions with the capil-
lary wall were systematically eliminated as po-
tential reasons for the differences also. To ref-
eree the differences between the historical data
and the CE data, the pK, values were deter-
mined spectroscopically for three compounds
with large errors. The spectroscopic results ag-
reed more closely with the CE results suggesting
that the literature values of the solutes chosen
may be unreliable.
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