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Abstract

A multiwavelength spectrophotometric approach has been developed to determine acid dissociation constants (pKa

values) of sparingly soluble drug compounds. UV absorption spectra of the drug solution are acquired using a
versatile device based on a fiber optics dip probe, a light source and a photodiode array (PDA) detector while the pH
and the ionic strength of the chemical system is manipulated precisely by means of a commercially available titrator.
Target factor analysis (TFA) has been applied to deduce the pKa values from the multiwavelength UV absorption
data recorded at different pH values. We have called this multiwavelength approach the WApH technique because the
pKa results are determined from changes in Wavelength and Absorbance as a function of pH (WApH). The WApH
technique is exemplified by using several pure drugs, namely, niflumic acid, nitrazepam, pyridoxine, quinine and
terbutaline. The pKa values obtained agree well with those derived from pH-metric titrations. It has been
demonstrated that the WApH technique is able to deduce pKa values with high accuracy even if the absorption
spectra of the reacting species are very similar. © 1998 Elsevier Science B.V. All rights reserved.

Keywords: Acid dissociation constants; pKa; Multiwavelength spectrophotometric titration; pH-metric titration; Fiber
optics; Target factor analysis

1. Introduction

Acid dissociation constant (pKa value) is an
important parameter to estimate the extent of
ionization of drug molecules at different pH val-
ues, which is of fundamental importance in the
consideration of their interaction with biological
membranes [1,2]. Many drug compounds are
sparingly soluble in water and a precise determi-
nation of their pKa values poses a challenging

problem for potentiometric titration since the ac-
curacy of this method is restricted by its detection
limit of about 10−4 M [3]. Although potentiomet-
ric titration of sparingly soluble compounds may
be done in the presence of co-solvents such as
methanol, the resulting acid dissociation constants
(psKa) refer only to the particular solvent medium
employed, and extrapolation procedures such as
the Yasuda-Shedlovsky method are required to
deduce the pKa values at zero co-solvent [4].

Spectroscopic titration has been utilized as an
alternative to determine pKa values of substances* Corresponding author. Fax: +44 134 2822732.

0731-7085/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved.

PII S0731-7085(98)00010-7



R.I. Allen et al. / J. Pharm. Biomed. Anal. 17 (1998) 699–712700

with large molar absorptivities because of its high
sensitivity at concentrations of substance as low
as 10−6 M [3]. However, the compound under
investigation must possess chromophore(s) in
proximity to the ionization center(s) so that the
protonated and deprotonated species exhibit suffi-
cient spectral dissimilarity.

Traditionally, spectral data at a single analyti-
cal wavelength is acquired from the sample in a
series of buffer solutions with known pH values,
after which the pKa is determined by fitting the
experimental data to established formulae [3]. To
use this method, the absorption spectra of individ-
ual species must be characterized beforehand and
the molar absorptivities of the protonated and
deprotonated species are thus required [3,5–7].
These measurements are non-trivial if the acid-
base equilibria comprise more than two ionization
steps or if the reacting components are not stable
within two pH units of the pKa value.

Irving et al. suggested the use of a derivative
method to locate the pKa values for processes
involving two ionization steps [8]. In particular,
they showed how measurement of pH values and
absorbances at the points of inflexion in a plot of
the absorbance against pH can be used to give the
sought pKa values. However, extension of this
method to more than two ionization steps is
algebraically complicated. For a one-step ioniza-
tion process, it has been shown that the pH value
at the point of inflexion is equivalent to the pKa

value [8].
Factor analysis methods have been found to be

useful to interrogate multivariate data [9–14].
Multiwavelength spectrophotometric titration
data can be resolved using this approach to ob-
tain kinetic and spectral information of the chem-
ical system [14–16]. Recently, Tam and Chau
have applied principal component analysis (PCA)
and target factor analysis (TFA) methods with
success to scrutinize two- and three-component
kinetic systems [17–19]. Specifically, the ab-
sorbance data matrix is decomposed into a linear
combination of principal components using the
PCA method [20,21]. Based on a suggested reac-
tion model, TFA treatment can be employed to

transform the mathematical solution with the
components being identified into one with physi-
cal significance [21].

In this work, we report a versatile device using
an UV light source, a fiber optics dip probe and a
diode array detector to capture the spectral
changes that arise in the course of a pH-metric
titration of an ionizable drug compound. TFA
technique is applied to calculate pKa values from
the multiWavelength spectrophotometric Absorp-
tion titration data. We refer this multiwavelength
approach as the WApH technique. The merits of
this approach over the traditional one [3,5–8] are
that it enables the pKa values, the number of
independent light absorbing species present in the
chemical system and their absorption spectra to
be determined from a single titration, without
prior knowledge of their optical properties.

In the following discussion, a briefly description
on the computation method is given. Attention is
then turned to the experimental details and the
WApH titration results for niflumic acid (anti-
inflammatory drug), nitrazepam (anticonvulsant),

Fig. 1. Schematic for the optical setup utilized in the WApH
titration.
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Fig. 2. Structure of the four ionizable drugs: (a) niflumic acid; (b) nitrazepam; (c) pyridoxine; and (d) quinine.

pyridoxine (component of vitamin B6 complex),
quinine (antimalarial drug) and terbutaline (bron-
chodilator). It will be shown that the pKa values
as determined by the proposed method agree well
with those derived from pH-metric titration.

2. Method of calculations

2.1. The equilibrium system

Consider a m-step ionization process in which
Xi (i=1,2....m+1) represents the individual re-
acting species (the charge is excluded for clarity).
The reactions can be written as follows:

Xn X
Ka,n

H+ +Xn+1 n=1…m (1)

where Ka,n denotes the acid dissociation constant.
From the law of mass action we obtain

Y= %
m+1

n=1

C(n) (2)

where Y is the initial concentration and C(n)
denotes the concentration of Xn. Eqs. (1) and (2)
are readily cast into a system of linear equations
with m+1 unknown concentrations of Xn. In
matrix form, we can write
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where H represents proton concentration. Eq. (3)
can readily be solved by using Cramer’s rule
method [22]. In this study, H is related to the
operation pH reading by a multi-parametric equa-
tion [23].

2.2. The target factor analysis (TFA) method

In a spectrophotometric titration process, the
spectral data acquired is a series of absorption
spectra measured at different pH values which can
be expressed in the form of an absorbance matrix,
A, with dimension of Ns (absorption spectra)×
Nw (wavelength). According to Beer’s law, A can
be written as (Eq. (4)):

A=CE (4)

where C and E matrices represent, respectively,
the concentration-pH profile (Ns×Nc) and the
absorptivity matrix (Nc×Nw) with the inclusion
of the optical path length. Nc is the number of
independent light absorbing species (components)
and should be less than or equal to Ns or Nw,
whichever is smaller. In applying the principal
component analysis (PCA) procedure, the covari-
ance matrix, Z, is first calculated (Eq. (5)):

Z=ATA (5)

where the superscript T denotes a transpose oper-
ation. Diagonalization of the covariance matrix
gives the eigenvector Q and eigenvalue l (Eq. (6))

ZQ=Ql (6)

It should be remarked that only those compo-
nents with large eigenvalues contribute signifi-
cantly to the observed data while others are
regarded as noise and can be discarded. In the
present study, residual standard deviation [21],
IND function [21,24], eigenvalue ratio [25] and
reduced eigenvalue ratio [26,27] were employed to
evaluate Nc (assuming Ns\Nw and Nw\Nc) that
are important in describing the absorbance
matrix.

The eigenvector and eigenvalue matrices with
selected principal components are symbolized by
Qr and lr, respectively. From these, we can com-
pute an abstract solution for the absorptivity ma-
trix (Eabs) and concentration-pH profile matrix
(Cabs) by using the following equations (Eq. (7))

Eabs=Q r
T, Cabs=AQr (7)

The abstract solution can be rotated to the one
with relevant physical significance, Ep and Cp,
through the following target transformation
procedure.

T=l r
−1 Cabs

T Ct (8)

A:Cabs T T−1 Eabs (9)

A:Cp Ep (10)

with the superscript −1 represents an inverse
operation. As shown in Eq. (8), the transforma-
tion matrix T is generated from a test matrix, Ct,
which can be calculated by solving Eq. (3) with
the given initial concentration Y and acid dissoci-
ation constants.
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The SPOIL function as derived by Malinowski
[21,28] is utilized in this study to determine
whether a test matrix is acceptable or not. In
general, a test matrix that minimize the SPOIL
function with a value not greater than 3.0 is
considered as the solution for the target transfor-
mation procedure [18,19,21,28,29]. For a particu-
lar A matrix, the SPOIL function depends only on
Ct which in turn is a function of the sought pKa

values (Eq. (3)). Here, we define a cost function, F
(Eq. (11))

F=j+z+ %
Nc

i=1

(SPOILi)2 (11)

where the symbol j represents a penalty function
for negative absorption spectra. j is assigned to
zero if the minimum element in j is positive.
Otherwise, j is proportional to the absolute value
of this element. z denotes a penalty function for
the pKa values which is activated if the sought
values diverge from certain specified feasible
ranges. Otherwise, z is set to zero. The TFA
computation renders to a constrained optimiza-
tion of the acid dissociation constants for a global
minimum of F. The SIMPLEX method [30] can
be employed for this purpose.

3. Experimental

A schematic diagram of the WApH titration is
depicted in Fig. 1. The optical system consists of
a continuous deuterium lamp (Cathodeon, Cam-
bridge, UK) with pre-aligned fiber optics output,
and an UV-VIS 256-element photodiode array
(PDA) detector (Carl Zeiss, Herts, UK). This
combination offers a spectral range of 190–735
nm with blaze wavelength at 220 nm. A bifur-
cated fiber optics dip probe (1/4’’ Mini Immersion
Probe, Hellma, Essex, UK) with optical path
length of 1-cm is connected to the deuterium lamp
and the PDA detector.

Titration was carried out by using a PCA101
automatic titrator (Sirius, East Sussex, UK) [31–
33]. A 1/4‘‘ hole was drilled through the electrode
holder of the PCA101 to accommodate the dip
probe such that it could be situated next to the
pH electrode. The pH electrode (Orion, Ross™
type, Beverly, MA) was calibrated titrimetrically
in the pH range of 1.8–12.2 [23]. All experiments
were performed in solutions of 0.15 M KCl under
argon atmosphere at 2590.5°C using standard-
ized 0.5 M HCl or 0.5 M KOH titrants. Solutions
were made up of deionized water of resistivity
greater than 1014 V-cm. In all titration experi-
ments, sample solutions of 10–20 ml volumes
were pre-acidified to a reasonably low pH value
(1.8–3.0) using 0.5 M HCl and then titrated alka-
limetrically to a suitably high pH value (10.0–
12.2). In the WApH technique, spectral data was
recorded in the region of 210–400 nm after each
pH measurement. The pH change per titrant addi-
tion was limited to about 0.2 pH units. Typically,
more than 20 pH readings and absorption spectra
were collected from each titration.

In the present study, the pKa values of niflumic
acid, nitrazepam, pyridoxine, quinine and terbuta-
line were determined both spectrophotometrically
and pH-metrically. For the WApH technique,
sample concentrations from 3.4 to 26 mM were
employed for titration. Stock sample solutions of
sub-millimolar (or lower) concentrations were
prepared. The pH values of the stock solutions
were adjusted using 0.5 M HCl or 0.5 M KOH so
that the samples were in the most water soluble
forms. Then, 0.05–0.25 ml of the stock solution

Table 1
pKa of niflumic acid, nitrazepam, pyridoxine and quinine as
determined using the WApH and the pH-metric methods at
25°C and ionic strength of 0.15 M

WApHa pH-metrica

Niflumic acid
pKa,1 2.2890.08 2.2690.08
pKa,2 4.8690.05 4.4490.03

Nitrazepam
2.9090.05 3.0290.16pKa,1

10.3990.04 10.3790.06pKa,2

Pyridoxine
pKa,1 4.8490.01b4.9090.05

8.9190.04 8.8790.01bpKa,2

Quinine
4.3390.01 4.2490.09pKa,1

8.5990.01 8.5590.04pKa,2

a Uncertainties equal to the standard deviation of the pKa

values from at least three experiments.
b Determined from aqueous phase titration.
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Fig. 7. Absorption spectra of terbutaline.

was pipetted into the sample vial which contained
10–20 ml 0.15 M KCl solution to make up the
designated sample concentration. As for the pH-
metric method, weighed amount of samples were
used to prepare solution concentrations from 0.5
to 15 mM. All experiments were carried out in
aqueous solution except for the pH-metric titra-
tions of water-insoluble compounds (niflumic
acid, nitrazepam and quinine) in which 15–65
wt.% methanol was utilized. At least three WApH
titrations and pH-metric titrations were per-
formed for each drug sample. The formulae for
evaluating pKa values from pH-metric aqueous
titration or cosolvent titration data have been
reported previously [4,31–33]. No new computa-
tion concepts are involved and the reader is di-
rected to the relevant literature for
methodological details. Calculations of pKa values
from pH-metric data were performed using
pKaLOGP™ software (v5.01, Sirius, East Sussex,
UK). Programs for PCA-TFA treatment were
coded in a Turbo C environment. All numerical
routines utilized in the multivariate computations
were adopted from an established program library
[34].

Samples of niflumic acid, nitrazepam, pyridox-
ine, quinine and terbutaline were gifts from K.

Takacs-Novak (Semmelweis University of
Medicine, Budapest, Hungary).

4. Results and discussion

Four drug compounds with two ionization
steps (niflumic acid, nitrazepam, pyridoxine and
quinine) and a kinetically complicated system
(terbutaline) have been examined in this study.
The structures of niflumic acid, nitrazepam, pyri-
doxine and quinine are given in Fig. 2. For the
two-ionization step systems, only pyridoxine is
water-soluble up to milli-molar level while for the
other three samples, methanol is added as co-sol-
vent. The absorption spectra of niflumic acid,
nitrazepam, pyridoxine and quinine at different
pH values are depicted in Fig. 3. Principal compo-
nent analysis [21,24–27] on these data matrices
indicated that in all cases, three independent com-
ponents were presented in the equilibrium sys-
tems. Fig. 4 exhibits the residual absorbance
values (A−Cp Ep, Eqs. (9) and (10)), which were
generated using a three-component model for the
four drug compounds. It can be seen that the
noise levels are in line with the standard deviation
(S.D.) in absorbance of our optical system which
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Fig. 8. Suggested protonation scheme of terbutaline.

is varying between 1.5×10−4 and 1.5×10−3

A.U. The S.D. values were estimated indepen-
dently in several blank titrations. Here, we suggest
a two-step protonation scheme

X1

(�)
X

Ka,1
X2

(+ )
X

Ka,2
X3

(�)
(12)

where the symbols denote different UV active
species and the term X3 represents the fully depro-

tonated form of the drug. In Eq. (12), all charges
and protons are omitted for clarity.

Table 1 lists the pKa values of niflumic acid,
nitrazepam, pyridoxine and quinine determined
using the WApH technique and the pH-metric
method. Note the good level of agreement be-
tween the two techniques. Figs. 5 and 6 depict,
respectively, the distribution of species and the
molar absorption coefficients for piflumic acid,
nitrazepam, pyridoxine and quinine. As shown in

Fig. 9. Residual absorbance values of terbutaline system generated using a three-component model.
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Fig. 10. Terbutaline distribution of species as a function of pH with the symbols represent the Cp matrix (*, + and � indicate,
respectively, X1, X2/X3 and X4 as shown in Fig. 8) and solid lines denote the Ct matrix. The dotted and dashed lines designate,
respectively, the theoretical concentrations of species X2 and X3 as calculated using Eq. 3.

Fig. 6, TFA method is able to resolve the molar
absorption data even if the spectra of individual
UV active species are highly overlapping, as in the
cases of niflumic acid, nitrazepam and quinine.
The resolved spectra (Fig. 6) of piflumic acid,
nitrazepam and pyridoxine are consistent with
literature [35]. This justifies the validity of the
WApH approach.

Next, attention is directed to a kinetically com-
plicated system, terbutaline. Typical absorption
spectra are given in Fig. 7. Principal component
analysis [21,24–27] on this data matrix revealed
that only three independent components were
present in the chemical system. Based on an earlier
work by Takács-Novák et al. [36], we propose a
four-step protonation scheme which is shown in
Fig. 8 with all free protons omitted for clarity. As
we examine the structure of the four reacting
species, it is plausible that the absorption spectra
of species X2 and X3 are almost completely over-
lapped since the ionization center (amine) is rela-
tively far away from the chromophore (aromatic
center). In this manner, the proposed number of
UV active species (i.e. X1, X2/X3 and X4) is in line
with our statistical finding. Fig. 9 depicts the
residual absorbance values generated using a
three-component model. Note that the residuals

are pretty random along the pH axis, suggesting
that the proposed three-component model is valid.

Since the absorption spectra of species X2 and
X3 may not be resolved unambiguously, it is
difficult to refine pKa,2 by using the optical signals
as depicted in Fig. 7. In our computation, we
assumed a value of 9.97 (as determined pH-metri-
cally, Table 2) for this variable and identical
spectral properties for species X2 and X3. Table 2
lists the results obtained using the WApH tech-
nique and the pH-metric method. Again, reason-
able agreement in the pKa values can be seen
between the two techniques and those reported by
others [36].

Figs. 10 and 11 give, respectively, the distribu-
tion of species and the molar absorption coeffi-
cients of the terbutaline system. As shown in Fig.
11, a red shift in absorption spectra can be seen as
the phenolic protons are removed from the aro-
matic center which is probably due to the en-
hanced p-electron conjugation.

5. Conclusions

We have devised an elegant approach (WApH)
based on a fiber optics dip probe, an UV light
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Fig. 11. Molar absorption coefficients of terbutaline system with the symbols represent the elements in matrix Ep (*, + and �
indicate, respectively, X1, X2/X3 and X4 as shown in Fig. 8) and solid lines generated using the cubic spline interpolation method.

source and a photodiode array detector in con-
junction with a commercially available titrator
(Sirius PCA101) to determine pKa values of ion-
izable drugs. A multivariate computation
method has been adopted to deduce pKa values
from the absorption spectra recorded at different
pH values. The WApH technique was found to
be very sensitive in drug concentrations about
10−5–10−6 M. It has been demonstrated that
the sought pKa values and the molar absorption
coefficients of individual light absorbing species
at different wavelengths can be derived with
high accuracy in a multiwavelength spectropho-

tometric titration experiment. The WApH tech-
nique is exemplified by several pure drugs,
namely, quinine, niflumic acid, pyridoxine, ni-
trazepam and terbutaline. Excellent agreement
with pH-metric titration is noted.
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