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Abstract
Nilotinib hydrochloride (AMN107, TASIGNA, Novartis) is used to treat adults with 
chronic myeloid leukemia (CML), a type of leukemia. It is a novel, orally active BCR-ABL 
tyrosine kinase inhibitor derived from aminopyrimidine that is 30 times more effective 
against CML cells than is Imatinib. The nonlinear regression of the A versus pH spectra 
with REACTLAB and SQUAD84 and of the pH-titration curve with ESAB determined the 
four close and consecutive dissociation constants in the 11 steps of the newly proposed pro-
cedure. Prediction of pKa performed by MARVIN, PALLAS and ACD/Percepta determined 
the protonation sites. The sparingly soluble nilotinib hydrochloride denoted as L forms four 
water-soluble LH+, LH2+

2
 , LH3+

3
 , and LH4+

4
 cations. Although the adjusted pH has less effect 

on the absorbance changes in the chromophore, four thermodynamic dissociation constants 
were reliably determined: pKT

a1
 = 3.60 ± 0.04, pKT

a2
 = 4.42 ± 0.07, pKT

a3
 = 4.71 ± 0.04, and 

pKT
a4

 = 4.84 ± 0.03 at 25  °C and pKT
a1

 = 3.61 ± 0.11, pKT
a2

 = 4.29 ± 0.18, pKT
a3

 = 4.49 ± 0.02, 
and pKT

a4
 = 5.05 ± 0.03 at 37  °C, and by regression analysis of potentiometric titra-

tion curves with ESAB, pKT
a1

 = 3.74 ± 0.01, pKT
a2

 = 4.05 ± 0.01, pKT
a3

 = 4.25 ± 0.01, and 
pKT

a4
 = 4.91 ± 0.20 at 25  °C and pKT

a1
 = 3.63 ± 0.03, pKT

a2
 = 3.96 ± 0.03, pKT

a3
 = 4.18 ± 0.03, 
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and pKT
41

 = 4.81 ± 0.05 at 37  °C. Positive enthalpy values ΔH° at 25  °C showed that the 
dissociation process is endothermic and is accompanied by heat absorption. Inasmuch as 
the entropy values of the dissociation process ΔS° at 25 °C and 37 °C were negative, the 
dissociation process is reversible.

Graphical Abstract

Keywords  Dissociation constants · Nilotinib · Spectrophotometric titration · pH-titration · 
REACTLAB · SQUAD84 · ESAB

1  Introduction

Chronic myelogenous leukemia (CML) is a clonal myeloproliferative disorder character-
ized by the expansion of the Philadelphia chromosome Ph in hematopoietic cells resulting 
from reciprocal translocation of the long arms of chromosomes 9 and 22. A new fusion 
gene, BCR-ABL, encodes a constitutively active protein tyrosine kinase [1–3]. The devel-
opment of thyrosine kinetase inhibitors for CML treatment is based on the discovery 
that CML stem and progenitor cells overexpress the abnormal BCR-ABL fusion protein 
kinase. The TKI prototype, Imatinib, selectively inhibits BCR-ABL as well as several other 
kinases, including the stem cell factor receptor KIT, discoidin domain receptor DDR, the 
platelet-derived growth factor receptor PDGFR and receptor-1-1R. Although treatment 
with CML has dramatically improved with Imatinib, not all patients benefit from treatment 
due to resistance or intolerance. As a result, research has focused on the development of 
stronger TKIs with the ability to bypass Imatinib resistance [1].
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Nilotinib hydrochloride is a medicine used to treat adults with chronic myeloid leuke-
mia CML, a type of leukemia. Nilotinib hydrochloride (Tasigna, AMN107, Novartis) is a 
novel, orally active BCR-ABL tyrosine kinase inhibitor derived from aminopyrimidine that 
is 30 times more effective against CML cells than is Imatinib. Imatinib acts as a competi-
tive inhibitor of BCR-ABL at the ATP-binding site of Nilotinib hydrochloride, resulting in 
the inhibition of the tyrosine phosphorylation of proteins involved in intracellular signal 
transduction mediated by BCR-ABL. Nilotinib hydrochloride has a higher binding affin-
ity and selectivity than Imatinib for ABL kinase. It also has 20- to 50-fold higher inhib-
itory activity than Imatinib in Imatinib-sensitive CML cell lines and three- to sevenfold 
higher activity in Imatinib-resistant cell lines. Nilotinib hydrochloride is also active in 32 
of 33 Imatinib-resistant cell lines with mutant ABL kinases [4]. In summary, Nilotinib 
hydrochloride is highly effective and safe in patients with chronic myeloid leukemia in the 
chronic phase after Imatinib failure or intolerance [1].

The IUPAC chemical designation of Nilotinib hydrochloride is 4-methyl-N-(3-(4-me-
thyl-1H-imidazol-1-yl)-5-(trifluoromethyl)phenyl)-3-((4-(pyridin-3-yl)pyrimidin-2-yl)
amino)benzamide hydrochloride [4] with the molecular formula C28H23ClF3N7O and there 
are various chemical names for Nilotinib hydrochloride such as UNII-K37N7BYX3X, and 
PubChem C28H22F3N7O·ClH, SCHEMBL434496, Tasigna (Novartis), CHEMBL255863, 
and DTXSID60238968. The registration number is CAS 923288-95-3. The molecular 
weight is 565.985 g·mol−1 and water solubility is 0.024 mg·L−1 at 25 °C (Fig. 1).

One of the most important physico-chemical characteristics of every drug is its pKa 
value, which is a key physicochemical parameter influencing many biopharmaceutical 
characteristics in pharmacokinetic and bioavailability studies, as they reveal the deprotona-
tion state of a molecule in a particular solvent. The dissociation constants of a compound 

Fig. 1   Structural formula of Nilotinib
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influences its lipophilicity, solubility, and permeability and play a crucial role in the char-
acterization of its absorption, distribution, metabolism and excretion (ADME) profile 
[3–7]. They are very important both in the analysis of drugs and in the interpretation of 
their mechanisms of action. The present study is a continuation of our investigation into the 
dissociation equilibria of various drugs in aqueous solutions at 25 °C and 37 °C, a survey 
is given in Ref. [8]. The pKa values can be either experimentally measured or theoretically 
predicted:

1.	 The dissociation constant pKai of the acid LHi is determined by a regression analysis of 
potentiometric titration data also called the pH-metric analysis when common param-
eters (pKai, i =1,…,j) and group parameters (E°, L0, HT) are refined. The ill-conditioned 
group parameters should be refined together with the common parameters (pKai), oth-
erwise the estimates of pKai are not sufficiently accurate. The first attempt to use the 
least-squares methods for refining both protonation/dissociation constants (common 
parameters) and analytical concentrations (group parameters) was made by Sillén et al. 
[9–12]. More recently non-linear regression programs for analyzing potentiometric data 
for both common and group parameters have been applied such as ESAB [13, 14], 
SUPERQUAD and HYPERQUAD [15–18]. Common parameters are the same for all 
the experiments, such as dissociation constants. Group parameters, sometimes termed 
dangerous parameters, are those that vary from one experiment to another, such as E°, 
analytical concentrations, or calibration of the electrode used. For systems where the 
model is unknown and only guessed, this difficulty should be kept in mind and group 
parameters refined after the correct model has been obtained by graphical or numerical 
methods.

2.	 Spectrophotometric UV-metric spectra analysis [19], in particular, is a highly sensitive 
and convenient method to determine pKa values in very dilute aqueous solutions since 
it requires only relatively simple equipment and can work with a sub-micromolar com-
pound concentration (about 10−5 to 10−6 mol·L−1), cf. refs. [20–22].

3.	 The accuracy of theoretical pKa predictions from a molecular structure with the use of 
three predictive programs ACD/Percepta [23–29], MARVIN [23, 25, 26, 28, 30–33] 
and PALLAS was found to be the best of all nine similar programs [34].

The aim of our study was to examine the regression analysis of the pH-absorbance 
matrix with very small absorbance changes in the spectra of Nilotinib hydrochloride, and 
to carry out a pH-metric potentiometric determination of the protonation model to find 
suitable conditions for a reliable regression determination of all close values of the con-
secutive dissociation constants and to calculate the thermodynamic parameters such as 
enthalpy, entropy and Gibbs energy.

2 � Experimental Section

2.1 � Chemicals and Solutions

Nilotinib hydrochloride donated by ZENTIVA k.s. (Prague) with declared purity checked 
by a HPLC method and alkalimetrically was always > 99%. This drug was weighted 
straight into a reaction vessel resulting in a concentration of about 1.0 × 10−4 mol·L−1. 
Hydrochloric acid, 1 mol·L−1, was prepared by diluting a concentrated HCl (p.a., Lachema 
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Brno) with redistilled water and standardization against HgO and KI with a reproducibil-
ity better than 0.002 according to the equations HgO + 4 KI + H2O ⇌ 2 KOH + K2[HgI4] 
and KOH + HCl ⇌ KCl + H2O. Potassium hydroxide, 1  mol·L−1, was prepared from the 
exact weight of p.a. pellets, Aldrich Chemical Company with carbon-dioxide-free redis-
tilled water kept for 50 min prior to that in an ultrasonic bath. The solution was stored for 
several days in a polyethylene bottle in an argon atmosphere. This solution was standard-
ized against a solution of potassium hydrogen phthalate using the derivative method with 
reproducibility of 0.001. Mercury oxide, potassium iodide and potassium chloride, p.a., 
Lachema Brno, were not further purified. Twice-redistilled water kept for 50 min prior to 
that in a sonographic bath was used in the preparation of solutions.

2.2 � Apparatus and pH‑Spectrophotometric Titration Procedure

The used apparatus and titration procedures were described in detail previously [34–38]. 
The free hydrogen-ion concentration [H+] was measured on a digital voltmeter Hanna HI 
3220 with a precision of ± 0.002 pH units using a combined glass electrode Theta HC 103-
VFR. The potentiometric titrations of the drug with potassium hydroxide were performed 
using the hydrogen activity scale. Standardization of the pH meter was performed using 
WTW standard buffers values 4.006 (4.024), 6.865 (6.841) and 9.180 (9.088) at 25 °C and 
37 °C, respectively, in parentheses.

The spectrophotometric multiple-wavelength pH-titration was carried out as follows: 
20.00 cm3 of an aqueous solution containing 10−4 mol·L−1 drug, 0.100 mol·L−1 hydrochlo-
ric acid and 10 cm3 indifferent solution KCl for adjustment of ionic strength was titrated 
with standard 1.0 mol·dm−1 KOH at 25 °C and 37 °C, respectively, and 80 absorption spec-
tra were recorded. Titrations were performed in a water-jacketed double-walled glass vessel 
of 100 mL, closed with a Teflon bung containing the electrodes, an argon inlet, a thermom-
eter, a propeller stirrer and a capillary tip from a micro-burette. All pH measurements were 
carried out at 25.0 ± 0.1 °C and 37.0 ± 0.1 °C. When the drug was being titrated, a stream 
of argon gas was bubbled through the solution both for stirring and for maintaining an inert 
atmosphere. The argon was first passed through an aqueous ionic medium by prior pas-
sage through one or two vessels also containing some of the titrand medium before enter-
ing the corresponding titrand solution. The burettes used were syringe micro-burettes of 
1250 μL capacity (META, Brno) with a 25.00 cm micrometer screw [34]. The polyethyl-
ene capillary tip of the micro-burette was immersed into the solution when adding reagent 
solution but pulled out after each addition in order to avoid leakage of the reagent during 
the pH read out. The micro-burette was calibrated by ten replicate determinations of the 
total volume of delivered water by weighing on a Sartorius 1712 MP8 balance with results 
evaluated statistically, leading to a precision of ± 0.015% in added volume over the whole 
volume range. The solution was pumped into the cuvette and spectrophotometric measure-
ments were performed with the use of a Cintra 40 (GBC, Australia) spectrophotometer.

2.3 � Software Used

An estimation of the dissociation constants was performed by the nonlinear regression 
analysis of the UV-metric spectra analysis using the SQUAD84 [21] and REACTLAB [39] 
programs and potentiometric pH-metric titration data using the ESAB program [13, 14], 
and by spectra interpretation using the INDICES program [40]. Most graphs were plotted 
using ORIGIN 9.1, Ref. [41] ACD/Percepta [23–29], and MARVIN [25, 26, 28, 30–33], 
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and PALLAS [26, 42] programs for predictions of pKa values are based on the structural 
formulae of the drug compounds.

3 � Computational Proceedure

A detailed tutorial of UV/VIS pH-titration method [36], also called the UV-metric spec-
tra analysis [19], and alternatively the pH-metric analysis has been applied [35, 36, 38, 
43–45]. Both instrumental methods can be used not only to determine the dissociation con-
stants pKa, but also the standard state enthalpy ΔH°, entropy ΔS° and Gibbs energy ΔG° of 
reaction, even for sparingly soluble drugs. An investigation into the entropic and enthalpic 
properties of the dissociation process of drugs in water is very important for correct under-
standing their acidic behavior [46–50]. The concept of QSAR/QSPR [8] is used to trans-
form searches for compounds with desired properties using chemical intuition and experi-
ence into a mathematically quantified and computerized form. The energy of protonation, 
defined as the difference between the total energies of the protonated and neutral forms of 
a molecule, can be considered to be a good measure of the strength of hydrogen bonds (the 
higher the energy, the stronger the bond) and can be used to determine the correct locali-
zation of the most favorable hydrogen bond acceptor site [51–54]. Changes in the Gibbs 
energy, enthalpy and entropy are thermodynamic parameters. Relationships between these 
thermodynamic parameters for a series of reactions are termed ‘extrathermodynamics’ [8]. 
These extrathermodynamics are all relationships that are approximate and statistical, rather 
than strictly valid or mathematical. For example, a linear relationship between the entropy 
change ∆S and enthalpy ∆H has been observed in a variety of processes of small solutes 
in aqueous solutions. Enthalpy–entropy compensation has been a widely observed effect 
in physical, biological, chemical and biochemical processes [55–59] and is excellently 
reviewed by Liu and Guo [60]. It has been observed that as long as some conditions such as 
pH, solvent composition, a reactant molecule, water activity, ionic hydration [61], hydro-
gen bonding [62], etc. is changed, the enthalpy and entropy of activation change accord-
ingly. Stronger intermolecular interaction or bonding (related to the enthalpy) will lead to 
a greater reduction of the configurational freedom, and hence greater order of the system 
(related to the entropy) [60]. The existence of a linear relationship between enthalpy (ΔH°) 
and entropy (ΔS°) of activation indicates compensation, and the equations are expressed 
as ΔH° = slope·ΔS° + intercept. Although enthalpy–entropy compensation has in the past 
been regarded as a “ubiquitous property of water” [63], it appears to be a property of all 
weak intermolecular interactions, of which hydrogen bonding in an aqueous solution is 
merely the one most frequently encountered in chemical, biochemical and supramolecular 
reactions [64]. Other details of the computational procedure are available in the supple-
mentary material.

4 � Results

The experimental and computation scheme to determine the dissociation constants of the 
multi-component system is taken from Meloun et al., cf. p. 226 in Ref. [65], and all steps 
are described in detail [36]. The methods of numerical analysis of pH-spectra and pH-
potentiometric titration curves have proven to be the best instrumental methods because 
they reliably determine even close consecutive dissociation constants, even for poorly 
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soluble drugs. The spectroscopic pH titration (the UV-metric method) has been used as an 
alternative method to the potentiometric determination (the pH-metric method) of dissocia-
tion constants with large molar absorption coefficients due to its high sensitivity to the con-
centration of the substance, even at concentrations as low as 10−5 mol·L−1. However, the 
investigated compound must contain chromophores in the vicinity of the ionization centers, 
and protonated and deprotonated species must exhibit a sufficient spectral difference. Non-
linear regression analysis of spectrophotometric data is therefore an efficient and reliable 
tool, even in the case of small changes in the pH–absorption spectrum.

4.1 � UV‑Metric Spectral Analysis

The experimental procedure and computational strategies for determination of dissocia-
tion constants by analyzing the pH-absorbance matrix were described in the 11 steps of 
the proposed procedure partly published previously in a Tutorial [36, 66, 67] and the first 
mention was also on p. 226 in Ref. [65]. In addition to determining the number of protona-
tion equilibria, the number of differently protonated species, their relative concentration 
diagram and the graph of the molar absorption coefficients within the range of measured 
wavelengths, statistical reliability criteria along with reliability tests of the protonation 
model found, should be included. Prior to experimental determination, the first step of this 
analysis should be to familiarize itself with the structure of the molecule and its protona-
tion centers, including the prediction of dissociation constants, based on a quantum-chemi-
cal calculation according to the structural formula of the molecule.

Step 1 Theoretically predicted pKa values of Nilotinib hydrochloride The first step of 
data analysis was the prediction of dissociation constants, based on a quantum-chemical 
calculation and concerned with the structural pattern of the studied drug in Fig. 1. The pre-
diction program MARVIN has identified six protonizable centers A, B, C, D, E and F for 
Nilotinib hydrochloride, which could be theoretically associated with up to five predicted 
dissociation constants (Fig. 2a). All six proton centers are located on nitrogen atoms. How-
ever, the electronic nature of the individual nitrogen atoms in a molecule differ consider-
ably, as it is influenced by various electronic and steric effects. To facilitate the interpreta-
tion of the ionization centers of the molecule and the prediction of dissociation constants, 
the Nilotinib hydrochloride molecule was subdivided into four suitable fragments. These 
fragments represent similar molecules that could be considered as simplified portions of 
Nilotinib hydrochloride with protonation centers A, B, C, D, E and F. However, the frag-
ment containing similar protonation centers was not affected by the electron field of the 
rest of the molecule, and therefore its predicted dissociation constant may differ from those 
predicted for the entire Nilotinib hydrochloride molecule. The prediction programs MAR-
VIN, PALLAS and ACD/Percepta predicted slightly different dissociation constants, so it 
was obvious that an experimental determination would be expected to be more reliable. 
The MARVIN program also presented a distribution diagram of all the theoretically pre-
dicted protonated Nilotinib hydrochloride species (Fig. 2b). It predicted up to 100% of the 
representation of the species, namely the anion L− in dissociation of the D position at pH 
12–14, the neutral molecule at pH 6–12, the cation LH+ in protonation of position B or C 
at pH 2–6, cation LH2+

2
 in protonation of positions B, D, E, C at pH 0–3, and finally cation 

the LH3+
3

 in protonation of position A, B, C, D, E at pH 0–2.
Step 2 The number of light-absorbing species nc The Cattel index graph of eigenval-

ues (Fig. 3) showed that the entire set of spectra of Nilotinib hydrochloride at the wave-
lengths of 220–320 nm was able to indicate three light-absorbing species in the mixtures, 
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nc = k* = 3 and sinst(A) = 1.0 mAU, because the spectra of the molar absorption coefficients 
of the first pair of cations LH+ and LiH2+

2
 were very similar and the spectra of the second 

pair of cations LH3+
3

 and LH3+
4

 were also the same. Thus, factor analysis was unable to dis-
tinguish the true number of light absorbing species from the spectral noise, although this 
task could be correctly evaluated through non-linear regression analysis. These conclusions 
were also confirmed by Fig.  5, which showed that there were two pairs of very similar 
spectra of molar absorption coefficients of cations LH+ and LH2+

2
 and cations LH3+

3
 and 

LH4+
4

 . The difference in spectra of these species in each pair is nearly that of the noise level 
in the measured absorbance.

Fig. 2   Graph a molecular structure of Nilotinib hydrochloride (insert) with highlighted protonation cent-
ers A–F, and predicted pKa values using the MARVIN, PALLAS and ACD/Percepta programs. Structure 
of auxiliary fragments 1–4 and their predicted pKa values. Graph b the distribution diagram of the relative 
concentrations (%) of variously protonated ions of Nilotinib hydrochloride for predicted dissociation con-
stants
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Step 3 Diagnostics of the protonation model building and testing In both programs, 
REACTLAB [39] and SQUAD84 [21, 68], nonlinear regression analysis was used in the 
data treatment, i.e. the regression triplet method (data critique, model critique and method 
critique), cf. Ref. [43–45]. Finding the best hypothesis of a protonation model containing 
two, three or four dissociation constants is shown in the graphs of the molar absorption 
coefficients and the distribution diagrams of all the differently protonated species for the 
three proposed hypotheses of the protonation model (Fig. 4).

The design and building of the protonation model is the decision-making process for 
accepting the calculated parameters with some statistical diagnostics for the proposed 
hypothesis of the protonation model (Table 1). The hypothesis of the protonation model 
is the starting point of the iterative minimization process of the residual-square-sum 
function, RSS. Usually, all of the above diagnostics should be taken into consideration 
because none of them alone can be taken as a sufficiently reliable indicator of the suc-
cess of the estimation or its failure. It was thus shown that the building of the Nilo-
tinib hydrochloride protonation model is not an easy task because this drug has very 
close consecutive dissociation constants (│pKai − pKai+1│ < 3) and, in addition, the pH 
slightly affected the changes in the absorbance values of chromophores in the spectra. 
Often, it can happen that the minimization process fails or is divergent. The failure of 

Fig. 3   Graph a the absorbance 
response surface of Nilotinib 
hydrochloride as dependent on 
pH. Graph b using the Cattel 
index graph with the residual 
standard deviation sk(A), the 
rank of the absorbance matrix is 
k* = 3 for Nilotinib hydrochloride 
or the number of species is equal 
to nc = 3. (INDICES in S-PLUS) 
[42]
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Fig. 4   Building and testing of the best protonation model of Nilotinib hydrochloride in the pH range of 
2 to 7 for two (upper 2 graphs), three (middle 2 graphs) and four (lower 2 graphs) dissociation constants 
pKa1, pKa2, pKa3, and pKa4 with the spectra analysis of 1.0 × 10−4 mol·L−1 Nilotinib hydrochloride at 
I = 0.0026 mol·L−1 and 25  °C. Left graphs: pure spectral profiles of molar absorption coefficients versus 
wavelength (nm) for all the variously protonated ions of Nilotinib hydrochloride. Right graphs: The distri-
bution diagram of the relative concentrations of all of the variously protonated species as dependent on pH 
(REACTLAB, ORIGIN 9)



712	 Journal of Solution Chemistry (2019) 48:702–731

1 3

Ta
bl

e 
1  

T
he

 re
pr

od
uc

ib
ili

ty
 o

f t
he

 b
es

t p
ro

to
na

tio
n 

m
od

el
 o

f N
ilo

tin
ib

 h
yd

ro
ch

lo
rid

e 
in

 th
e 

pH
 ra

ng
e 

fro
m

 3
 to

 7
.5

 w
ith

 fo
ur

 d
is

so
ci

at
io

n 
co

ns
ta

nt
s p

K
a1

, p
K

a2
, p

K
a3

, a
nd

 p
K

a4
 

us
in

g 
SQ

U
A

D
84

 a
nd

 R
EA

C
TL

A
B

 a
t 2

5 
°C

 a
nd

 3
7 

°C

So
lu

tio
ns

 o
f 1

 ×
 10

−
4  m

ol
·L

−
1  N

ilo
tin

ib
 a

t I
 =

 0.
00

2 
m

ol
·L

−
1  a

nd
 2

5 
°C

, 3
7 

°C
 w

er
e 

us
ed

 fo
r n

s s
pe

ct
ra

 m
ea

su
re

d 
at

 n
w
 w

av
el

en
gt

hs
. T

he
 s

ta
nd

ar
d 

de
vi

at
io

ns
 o

f t
he

 p
ar

am
et

er
 

es
tim

at
es

 a
re

 in
 th

e 
la

st 
va

lid
 d

ig
its

 in
 p

ar
en

th
es

es
. T

he
 re

so
lu

tio
n 

cr
ite

rio
n 

an
d 

re
lia

bi
lit

y 
of

 p
ar

am
et

er
 e

sti
m

at
es

 fo
un

d 
ar

e 
pr

ov
en

 w
ith

 g
oo

dn
es

s-
of

-fi
t s

ta
tis

tic
s 

su
ch

 a
s 

th
e 

re
si

du
al

 s
ta

nd
ar

d 
de

vi
at

io
n 

by
 fa

ct
or

 a
na

ly
si

s 
s k

(A
) (

m
A

U
), 

th
e 

m
ea

n 
re

si
du

al
 E

│
ē│

 (m
A

U
), 

th
e 

st
an

da
rd

 d
ev

ia
tio

n 
of

 a
bs

or
ba

nc
e 

af
te

r t
er

m
in

at
io

n 
of

 th
e 

re
gr

es
si

on
 p

ro
ce

ss
 

s(
ê)

 (m
A

U
), 

th
e 

si
gm

a 
s(

A)
 (m

A
U

) f
ro

m
 R

EA
C

TL
A

B
 a

nd
 th

e 
H

am
ilt

on
 R

-fa
ct

or
 o

f r
el

at
iv

e 
fit

ne
ss

 [%
] f

ro
m

 S
Q

U
A

D
84

 a
nd

 th
e 

co
nfi

de
nc

e 
in

te
rv

al
 o

f t
he

 m
ea

n ±
 C

I

Te
m

pe
ra

tu
re

25
 °C

37
 °C

Re
pr

od
uc

ib
ili

ty
1s

t s
et

2n
d 

se
t

3r
d 

se
t

4r
d 

se
t

M
ea

n ±
 C

ID
)

1s
t s

et
2n

d 
se

t
3r

d 
se

t
4r

d 
se

t
M

ea
n ±

 C
I

C
at

te
l’s

 sc
re

e 
pl

ot
 in

di
ca

tin
g 

th
e 

ra
nk

 o
f t

he
 a

bs
or

ba
nc

e 
m

at
rix

 (I
N

D
IC

ES
)

 N
um

be
r o

f s
pe

ct
ra

 m
ea

su
re

d,
 n

s
33

29
28

30
26

23
33

31
 N

um
be

r o
f w

av
el

en
gt

hs
, n

w
83

82
82

82
82

81
81

82
 N

um
be

r o
f l

ig
ht

-a
bs

or
bi

ng
 sp

ec
ie

s, 
k*

3
3

3
3

3
3

3
3

 R
es

id
ua

l s
ta

nd
ar

d 
de

vi
at

io
n,

 s k* (A
) (

m
A

U
)

0.
66

0.
64

0.
84

0.
85

1.
02

1.
12

1.
06

0.
75

Es
tim

at
es

 o
f d

is
so

ci
at

io
n 

co
ns

ta
nt

s i
n 

th
e 

se
ar

ch
ed

 p
ro

to
na

tio
n 

m
od

el

 p
K

a1
 (s

1)
: L

H
4
+

4
 ⇌

 H
+
 +

  L
H

3
+

3
SQ

U
A

D
84

3.
57

 (0
4)

3.
92

 (0
0)

3.
50

 (0
2)

3.
41

 (0
3)

3.
66

 ±
 0.

28
3.

72
 (0

3)
3.

79
 (0

1)
3.

55
 (0

4)
3.

42
 (0

6)
3.

61
 ±

 0.
20

R
EA

C
TL

A
B

3.
59

 (0
4)

3.
59

 (0
2)

3.
50

 (0
3)

3.
59

 (0
2)

3.
55

 ±
 0.

06
3.

89
 (0

1)
3.

85
 (0

1)
3.

89
 (0

1)
3.

81
 (0

1)
3.

86
 ±

 0.
05

 p
K

a2
 (s

2)
: L

H
3
+

3
 ⇌

 H
+
 +

 L
H

2
+

2
SQ

U
A

D
84

4.
53

 (0
0)

4.
17

 (0
0)

4.
46

 (0
0)

4.
78

 (0
0)

4.
47

 ±
 0.

34
4.

36
 (0

0)
4.

49
 (0

0)
4.

44
 (0

0)
4.

13
 (0

2)
4.

31
 ±

 0.
20

R
EA

C
TL

A
B

4.
53

 (0
1)

4.
51

 (0
0)

4.
55

 (0
0)

4.
59

 (0
1)

4.
55

 ±
 0.

04
4.

38
 (0

0)
4.

43
 (0

0)
4.

43
 (0

1)
4.

35
 (0

1)
4.

39
 ±

 0.
05

 p
K

a3
 (s

3)
: L

H
2
+

2
 ⇌

 H
+
 +

 L
H

+
SQ

U
A

D
84

4.
74

 (0
0)

4.
75

 (0
0)

4.
80

 (0
0)

4.
68

 (0
0)

4.
74

 ±
 0.

06
4.

71
 (0

0)
4.

60
 (0

1)
4.

68
 (0

0)
4.

99
 (0

3)
4.

79
 ±

 0.
21

R
EA

C
TL

A
B

4.
73

 (0
0)

4.
75

 (0
1)

4.
72

 (0
1)

4.
68

 (0
0)

4.
72

 ±
 0.

04
4.

72
 (0

1)
4.

77
 (0

1)
4.

68
 (0

3)
4.

75
 (0

0)
4.

73
 ±

 0.
05

 p
K

a4
 (s

4)
: L

H
+
 ⇌

 H
+
 +

 L
SQ

U
A

D
84

4.
99

 (0
0)

4.
99

 (0
1)

4.
99

 (0
0)

5.
01

 (0
0)

5.
00

 ±
 0.

01
5.

29
 (0

0)
5.

33
 (0

0)
5.

30
 (0

0)
5.

31
 (0

1)
5.

31
 ±

 0.
02

R
EA

C
TL

A
B

4.
98

 (0
0)

4.
99

 (0
0)

4.
99

 (0
0)

5.
01

 (0
0)

4.
99

 ±
 0.

01
5.

27
 (0

0)
5.

33
 (0

0)
5.

31
 (0

1)
5.

36
 (0

0)
5.

31
 ±

 0.
05

G
oo

dn
es

s-
of

-fi
t t

es
t w

ith
 th

e 
st

at
ist

ic
al

 a
na

ly
si

s o
f r

es
id

ua
ls

 M
ea

n 
re

si
du

al
 E

│
ē│

(m
A

U
)

SQ
U

A
D

84
0.

79
0.

91
1.

07
0.

84
0.

79
1.

09
0.

95
0.

89
R

EA
C

TL
A

B
0.

79
0.

91
0.

98
0.

78
0.

79
1.

12
0.

96
1.

08
 S

ta
nd

ar
d 

de
vi

at
io

n 
of

 re
si

du
al

s s
(ê

) (
m

A
U

)
SQ

U
A

D
84

1.
08

1.
29

1.
58

1.
15

1.
09

1.
56

1.
32

1.
28

R
EA

C
TL

A
B

1.
01

1.
17

1.
34

0.
98

0.
99

1.
45

1.
24

1.
42

 S
ig

m
a 

fro
m

 R
ea

ct
La

b 
(m

A
U

)
R

EA
C

TL
A

B
1.

02
1.

20
1.

36
1.

00
1.

01
1.

48
1.

29
1.

44
 H

am
ilt

on
 R

-fa
ct

or
 fr

om
 S

Q
U

A
D

84
 (%

)
SQ

U
A

D
84

0.
27

0.
29

0.
37

0.
32

0.
25

0.
32

0.
31

0.
31



713Journal of Solution Chemistry (2019) 48:702–731	

1 3

the parameter estimation refinement process mainly occurs in cases where the species 
was not present in sufficiently high concentration or when the pKai of the i-species was 
highly correlated with the pKai+1 of the other (i + 1)-species; these species would have 
the similar effect on pH. This occurred exactly in our case of three very close dissocia-
tion constants pKa1, pKa2 and pKa3. Such dissociation constants are then ill-conditioned 
in a regression model and their determination is difficult and often quite impossible. The 
ill-conditioned dissociation constants also were manifested by the large variance of rep-
licate values and therefore by somewhat large standard deviations. There might also be 
a case where refinement of the dissociation constants estimates was successful, but one 
or more standard deviations are too “large”. Then, after the statistical significance test, 
the dissociation constant estimate might not differ significantly from zero. In addition 
to the frequently used Student t test of the statistical significance of the pKai parameter, 
the literature also states an empirical rule according to Sillén that for a quality estimate 
pKai, the inequality F × s(pKai) < pKai should be applied.

For the initial (zero order) approximation of an estimation of the dissociation con-
stants pKai for such a complicated equilibria task, the minimization process should not 
be completely wrong or very far from the true value.

When the minimization process fails or a divergence occurs, the numerical shift in 
minimization process of the parameters estimation is reduced to finding such a set of 
parameter estimates that gives a lower sum of squares.

A test of the best hypothesis criterion is the fitness test of the calculated spectra by the 
experimental points of the absorbance matrix, often simplified to quantifying the stand-
ard deviation of the absorbance after a regression termination, s(A) =

√

RSS∕(n − m) , 
where n is the number of experimental points and m is the number of estimated parame-
ters. The best curve fitting on Fig. 4 was achieved with the standard deviation of absorb-
ance after regression termination s(A) = 1.36 mAU for the hypothesis of the four disso-
ciation constants and five differently protonated species L, LH+, LH2+

2
 , LH3+

3
 , and LH4+

4
 , 

although the spectra of some pairs of species are similar or nearly the same.
In Table 1 the numerical estimates of dissociation constants, computed by two regres-

sion programs, SQUAD84 and REACTLAB, are compared: the residual mean E│e│ 
(mAU) or the median (mAU), residual standard deviation s(e) (mAU) and Hamilton 
R-factor of relative fitness (%) from SQUAD84 showed that an excellent goodness-of-
fit of calculated spectra through experimental points of all spectra was achieved for the 
protonation model with four dissociation constants. It can be argued that REACTLAB 
always offers more reliable parameter estimates as it achieves better fitting spectra than 
the older SQUAD84 program with the classical Newton–Raphson method used in mini-
mization. Reliability of calculated estimates of regression parameters can be advanta-
geously tested by the following regression diagnostics (Table 1 and Fig. 4) as explained 
in detail on p. 226 in Ref. [65].

(a)	 Physical significance of parameter estimates In the left part of Fig. 4, the spectra of the 
molar absorption coefficients εL, εLH, εLH2, εLH3, and εLH4 of all the differently protonate 
sprcies of Nilotinib hydrochloride species versus wavelengths are shown. The pair of 
εLH3 and εLH4 curves, as well as the εL and εLH pairs, seem to be close and almost the 
same. The model with four pKa values better represented the measured spectra and 
achieved a closer fitting.

(b)	 Physical significance of species concentrations The distribution diagram of the relative 
concentrations of all species (Fig. 4) shows the protonation equilibria of the differently 
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protonated species L, LH+, LH2+
2

 , LH3+
3

 , and LH4+
4

 . The graph shows that none of the 
species is a minor one, all of which are of physical significance.

(c)	 The goodness-of-fit test Although statistical analysis of residuals on p. 101 in Ref. 
[65] represents one of the most reliable tests of estimated regression parameters, some 
empirical physico-chemical limitations need to be taken into account. The statistical 
measures of all residuals showed that the pit of the elliptic hyperparaboloid of the 
objective RSS function (Table 1) had reached its minimum. In goodness-of-fit test the 
residual mean E│ē│ (mAU) and the residual standard deviation s(ê) (mAU) reached 
very low values of less than 2 mAU, representing less than 0.2% of the measured 
absorbance value. Good spectra fitting was also confirmed by the low value of the 
Hamilton R-factor, which was usually less than 0.5%. The median reached a low value 
near zero.

Step 4 The effective range of wavelengths Three ranges of wavelengths 220–320  nm, 
280–320 nm and 220–280 nm were selected and the spectra for these wavelength ranges 
were evaluated. Figure 5 illustrates the estimates of four dissociation constants including 
the quality of curve fitting expressed here with the standard deviation of absorbance s(A), 
which serves here as a reliability criterion of the calculated parameter estimates. The best 
curve fitting with the fitting criterion s(A) = 1.36 mAU was achieved in the wavelength 
range 220–320 nm, although the estimates of the dissociation constants were close in all 
three tested wavelength ranges. Likewise, the four distribution diagrams of the relative 
concentration of variously protonated species in Fig. 5 are quite similar.

Step 5 The absorbance change in spectra within pH titration Adjustment and change of 
pH did not cause significant changes everywhere in the Nilotinib hydrochloride spectrum, 
because some chromophores were only slightly affected by pH adjustment. Figure 6a shows 
a spectrum of molar absorption coefficients, depending on the wavelength, for six selected 
wavelengths A through F, for which the A versus pH curves are displayed. Figure 6b shows 
a distribution diagram of the relative concentrations of all five differently protonated spe-
cies, which indicates all consecutive protonation equilibria with close dissociation con-
stants. The plots A–F show the sensitivity of chromophores in the Nilotinib hydrochloride 
molecule on the pH, which was monitored in the form of A versus pH curves. The maxi-
mum change in absorbance occurs at 220–270 nm for pH changes of pH  3 to 6 (curves A, 
B and C) with minor changes in absorbance in the wavelength range 300–370 nm for pH 
5.5 to 8 (curves D, E and F). The graphs show estimates of dissociation constants and the 
presence of predominant differently protonated species. From these graphs it was also clear 
that the first three dissociation constants are very close and that therefore their estima-
tion will be difficult or sometimes even impossible to evaluate. Each of the A–F graphs in 
Fig. 6 also contain a plot of residuals. The quality of residuals reveals the degree of curve 
fitness of the calculated A versus pH curve through the experimental absorbance points. 
The residuals should oscillate around zero and their ± signs should change with their fre-
quent oscillations. The residuals should also exhibit a Gaussian distribution with a mean 
value or with a median equal nearly to zero. The standard deviation is expected to be of the 
same size as the instrumental noise in absorbance, sinst(A).

Step 6 The signal-to-error ratio in spectra changes In the spectrophotometric deter-
mination of pKa of Nilotinib hydrochloride, it was first necessary to investigate whether 
the adjustment of pH would cause a sufficient absorbance change in spectrum. It is evi-
dent from Fig. 7a, b that the spectral response of the chromophore Nilotinib hydrochlo-
ride molecule is not the same and sufficient for all four protonation equilibria, so it had 
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Fig. 5   Search for an effective wavelength range to examine the position of ionizable groups and chromo-
phores to find a sufficient absorbance change in the spectrum for adjusted pHs, which allows a reliable 
determination of dissociation constants. The protonation model of four dissociation constants was analyzed 
using either the whole wavelength spectrum (upper 2 graphs) or by two separate absorption bands (middle 
and lower 2 graphs). The best-fitted spectra were achieved in the 220–320 nm range, although pKa estimates 
were similar for all three wavelength ranges



716	 Journal of Solution Chemistry (2019) 48:702–731

1 3

Fig. 6   The adjusted pH did not cause the same absorbance change in the Nilotinib hydrochloride spectrum 
because some chromophores were only slightly affected by the pH. Upper left graph: the spectrum of the 
molar absorption coefficient contains positions of six wavelengths a through f for which the A versus pH 
curves were analyzed. Upper right graph: the distribution diagram of the relative concentration of variously 
protonated species indicates a consecutive equilibrium with close dissociation constants. Graphs a through 
f: the sensitivity of chromophores in the Nilotinib hydrochloride molecule to pH is analyzed
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to be verified whether all four dissociation constants could be estimated even with such 
small changes in absorbance. The change for the i-th spectrum and the j-th spectrum 
absorption can be expressed by the relation Δij = Aij − Ai and then divided by the instru-
mental standard deviation sinst(A), resulting in a normalized change in the absorbance in 
spectrum, SER = Δ/sinst(A), with Ai denoting the absorbance of the acid form of Nilotinib 
hydrochloride. It was necessary to investigate whether these small changes in absorbance 
Δ in the spectra were sufficiently large and mainly greater than the absorbance noise value, 
expressed by sinst(A).

The SER variations in the spectra were therefore plotted against the wavelength λ for all 
elements of the absorbance matrix (Fig. 7c) and showed that the absorbance changes were 
small, but that they were still larger than the instrumental noise or larger than the standard-
ized residuals e/sinst(A) seen in Fig. 7d. While the values of e/sinst(A) are predominantly in 
the range of − 4 to + 4, the changes in SER are in the range of − 650 to + 100. However, 
smaller changes in absorbance in the spectra might cause a higher uncertainty of disso-
ciation constants. According to the empirical rule that unless the SER is less than 10, the 
factor analysis in the program INDICES [54] might not correctly determine the number of 
light-absorbing species nc and thus suggesting that changes in spectra were insufficient to 
determine dissociation constants.

Step 7 The spectra deconvolution The deconvolution of each experimental spectrum into 
the absorption bands of the individual species showed whether the protonation hypothesis 

Fig. 7   Analysis of the change in absorbance spectra at adjusted pH. Graph a 3D-graph of the absorbance 
change in the Nilotinib hydrochloride spectrum upon pH-titration. Graph b 2D-graph of the absorbance 
change in the spectra set from pH1 = 3.66 to pHn = 8.15. Graph c the graph of the absorbance change differ-
ences Dij (mAU) in the Nilotinib hydrochloride spectrum from 220 to 320 nm within pH titration. Graph d 
residuals e (mAU) show whether they were of the same size as the instrumental noise sinst(A) (REACTLAB, 
ORIGIN 9)
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had been designed efficiently. In such areas of pH where there was a significant contribu-
tion of more species to the actual spectrum, it was then necessary to measure more spectra. 
Such a spectrum provides sufficient information for nonlinear regression analysis that mon-
itored at least two species in equilibrium, but none of them should be a minor one. Figure 8 
illustrates the deconvolution of six selected experimental spectra into absorption bands 
concerning differently protonated Nilotinib species. At pH 3.66, the absorption band of the 
cation LH4+

4
 , which is in equilibrium with the cation LH3+

3
 , and the cation LH2=

2
 spectrum 

is still insignificant. The pH range of 3.87 to pH 4.48 was very important, because there are 
three cations in equilibrium, namely LH4+

4
 , LH3+

3
 and LH2+

2
 . At pH 5.62, the band of the 

cation LH+ was increasing while the bands of LH3+
3

 and LH2+
2

 were decreasing. At pH 6.89 
to pH 7.35, there were at least two species present in the solution, L and LH+.

4.2 � Analysis of pH‑Metric Data

The potentiometric titration of the acidified Nilotinib hydrochloride with potassium 
hydroxide was carried out at 25 °C and 37 °C and at adjusted ionic strength (Fig. 9). In the 
analysis of pH-metric data, the initial estimate of each dissociation constant of Nilotinib 
hydrochloride was refined by the ESAB program.

Step 8 pH-metric data analyzed with the Bjerrum formation function Nilotinib hydro-
chloride has four dissociation constants and their refinement was carried out by the non-
linear regression of the pH-metric titration curve using the ESAB program. The nonlinear 
regression analysis was applied on the central part of the pH-metric titration curve for pro-
tonated acidified Nilotinib hydrochloride titrated with potassium hydroxide (Fig. 9). Esti-
mates of four dissociation constants pKa1, pKa2, pKa3 and pKa4 were evaluated and plotted 
using the curve of the Bjerrum formation function. At a concentration higher than 3 × 10−4 
mol·L−1, a precipitate of Nilotinib hydrochloride was formed, which was first revealed by 
the slight opalescence of the fine precipitate.

Residuals are defined as the difference between the experimental and the calculated 
volume of the titrant KOH, ei = Vexp,i − Vcalc,i (Table 2). The reliability test of the refined 
dissociation constants estimates was performed by the statistical analysis of residuals. By 
refining the group parameters, the statistics of a goodness-of-fit test significantly improved. 
The relatively sensitive reliability criterion of the estimated dissociation constants was the 
average of the absolute values of the residuals E│ē│ (µL) and the median of residuals 
(µL). A comparison of the numerical value of this statistic with the instrumental noise rep-
resented here by the instrumental standard deviation of titrant KOH, sinst(V) = s(V) = 0.1 
µL, has proven an excellent curve fitting, since the mean residual E│ē│, median and the 
residual standard deviation of titrant KOH, s(V), were equal or lower than the experimen-
tal noise, sinst(V). The values of both monitored statistics here 0.1 µL were similar to the 
instrumental error of the used microburette s(V) = 0.1 µL. In addition, the residuals oscil-
late between the lower (− 0.2 µL) and the upper limit (+ 0.2 µL) of the internal Hoaglin 
boundaries, and no residual value was found outside these limits (see p. 81, Ref. [69]). 
Estimates of dissociation constants refined by the program ESAB were therefore proven to 
be sufficiently reliable (Table 2). The curve fitting could be improved only by further refin-
ing the group parameter L0, the concentration of the drug Nilotinib hydrochloride in the 
titration vessel.

Step 9 Uncertainty of pKa in replicate measurements The reproducibility of the disso-
ciation constants evaluated with two programs, SQUAD84 and REACTLAB, from four 
replicate measurements was found to be in good agreement from these two programs, as 
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Fig. 8   Deconvolution of each experimental spectrum Aexp of 1.0 × 10−4 mol·L−1 Nilotinib hydrochloride at 
I = 0.0026 mol·L−1 and 25 °C into the spectra of the individual differently protonated ions L, LH+, LH2+

2
 , 

LH3+
3

 , and LH4+
4

 in mixtures for pH 3.66, 3.87, 4.48, 5.62, 6.89, and 7.35 calculated by SQUAD84
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is demonstrated in Table 1. The diagram on Fig. 10 shows that because, with an increas-
ing temperature, the Nilotinib hydrochloride was better dissolved and so the dissocia-
tion constant estimates exhibited better reproducibility. However, Fig. 10 does not show 
good internal reproducibility of the pKa,i estimates, mainly at 25 °C. The interpretation 
is as follows:

(a)	 An interval estimate of the mean value from four repetitive dissociation constants also 
served here as a measure of uncertainty for each successive dissociation constant.

(b)	 At 25 °C the UV-metric method led to the one of the most precise estimates of the dis-
sociation constant pKai, i.e. pKa1 ± 0.01, while the pKa4 ± 0.02 estimate was the most 
precisely estimated by the pH metric method.

(c)	 At 37 °C the UV-metric method exhibited the same precision of all four estimates, 
pKai ± 0.05, while the pKa2 ± 0.02 was the most precise value estimated by the pH-
metric method.

(d)	 At 37 °C, the dissociation constant estimates were significantly more acidic, i.e., they 
had lower values of pKa than those estimates at 25 °C by the pH-metric method.

(e)	 Very close values of four consecutive dissociation constants could result in some dif-
ficulties in the minimization process or could make refinement failures in iterations. 
Reasons for this could be that an intermediate species was not present at a sufficiently 
high concentration for too close pKa,i values, or that the pKa,i value of one species was 

Fig. 9   Reproducibility in the search for the protonation model analyzing four pH potentiometric titration 
curves at 25 °C and 37 °C. Acidified Nilotinib hydrochloride was titrated with potassium hydroxide and the 
Bjerrum protonation curve was plotted for four dissociation constants, refined by the ESAB program. The 
residual graphs show that four dissociation constants led to the best curve fitting of titration curves (ESAB, 
ORIGIN)
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highly correlated with the pKa,i+1 value of another species so that those species would 
each have very similar effects on pH.

(f)	 One explanation could be that the starting initial value for one or more pKa,i could be 
far from their true value, or some aspect of the model could be wrong, as for example, 
if a species was missing, or its stoichiometry was wrong or there were not enough 
experimental data points to characterize a dissociation constant.

(g)	 When the normal equations are singular, one or more of the correlation coefficients 
between two parameters pKa,i are equal to one or minus one so that the refinement 
process could be terminated [16]. Such failure could be an indication of a serious 
mismatch between the model and the data, and therefore it was impossible to refine 
the pKa,i values.

(h)	 On the other hand, a refinement might terminate apparently successfully, but with one 
or more standard deviations s(pKa,i) being labelled as “large”. Generally, it should be 
noticed, that when the standard deviation s(pKa,i) is large, the value of the dissociation 
constant, pKa,i, might sometimes not be significantly different from zero.

Step 10 Thermodynamic dissociation constants By applying the Debye–Hückel equation 
to the data from Tables 1 and 2, the unknown parameter pKT

ai
 was estimated at two tem-

peratures of 25 °C and 37 °C. Because of the narrow temperasture range and also because 
of low ionic strength values, there could not be two parameters evaluated from the data, 

Fig. 10   The reproducibility of Nilotinib hydrochloride dissociation constants of the four replicate UV-met-
ric measurements (graph 25 °C, S and graph 37 °C, S) and four replicate pH-metric measurements (graph 
25 °C, P and graph 37 °C, P) are in agreement. Reproducibility of proton model estimates with four dis-
sociation constants are compared. The arithmetic mean of dissociation constants with their confidence 
intervals were expressed on the basis of their standard deviation s(A) and s(V). Potentiometric pH-titration 
exhibited the better goodness-of-fit [67]  (REACTLAB, SQUAD84, ESAB, ORIGIN 9)
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namely the ion-size parameter å and the salting-out coefficient C, evaluated here. Figure 11 
shows an extrapolation of the mixed dissociation constants to zero ionic strength according 
to the Debye–Hückel limiting law for the protonation model of four dissociation constants 
at 25 °C and 37 °C using linear straight lines with the Working–Hotteling 95% confidence 
bands, cf. p. 474 in Ref. [70]: pKT

a1
 = 3.60 ± 0.04, pKT

a2
 = 4.42 ± 0.07, pKT

a3
 = 4.71 ± 0.04, and 

pKT
a4

 = 4.84 ± 0.03 at 25  °C and pKT
a1

 = 3.61 ± 0.11, pKT
a2

 = 4.29 ± 0.18, pKT
a3

 = 4.49 ± 0.02, 
and pKT

a4
 = 5.05 ± 0.03 at 37  °C (spectrophotometrically) and pKT

a1
 = 3.74 ± 0.01, 

pKT
a2

 = 4.05 ± 0.01, pKT
a3

 = 4.25 ± 0.01, and pKT
a4

 = 4.91 ± 0.20 at 25  °C and 
pKT

a1
 = 3.63 ± 0.03, pKT

a2
 = 3.96 ± 0.03, pKT

a3
 = 4.18 ± 0.03, and pKT

a4
 = 4.81 ± 0.05 at 37  °C 

(potentiometrically). Broader confidence bands show a higher uncertainty of estimated dis-
sociation constants in the UV-metric spectra analysis for pKa2 at both temperatures 25 °C 
and 37 °C and in pH-metric analysis for pKa4, also at both temperatures 25 °C and 37 °C.

Step 11 Determination of enthalpy, entropy and Gibbs energy for the „extra-
thermodynamics“of dissociation The enthalpy change ΔH° of the dissociation process was 
calculated from the van’t Hoff equation dln K/dT = ΔH°/RT2. From the values of Gibbs 
energy ΔG° = − RT ln K and enthalpy ΔH°, the entropy ΔS° = (ΔH° − ΔG°)/T can be cal-
culated, where R (ideal gas constant) = 8.31451 J·K−1·mol−1, K is the thermodynamic dis-
sociation constant and T is the absolute temperature.

Positive enthalpy values ΔH° (pKa1) = 16.23  kJ·mol−1, ΔH° (pKa2) = 13.28  kJ·mol−1, 
ΔH° (pKa3) = 10.33 kJ·mol−1, and ΔH° (pKa4) = 14.75 kJ·mol−1 at 25 °C showed that the 
dissociation process is endothermic and was accompanied by absorption of heat. Positive 

Fig. 11   Dependence of the mixed dissociation constants of Nilotinib hydrochloride on the square-root of 
the ionic strength for the four dissociation constants leading to the thermodynamic dissociation constants 
pKT

ai
 using spectra analysis (graph 25 °C, S and graph 37 °C, S) and the pH-metric technique (graph 25 °C, 

P and graph 37 °C, P). The straight lines are drawn with the Working–Hotteling confidence bands (QCEX-
PERT)



724	 Journal of Solution Chemistry (2019) 48:702–731

1 3

values of the Gibbs energy ΔG° (pKa1) = 21.35 and 20.72  kJ·mol−1, ΔG° (pKa2) = 23.12 
and 22.60  kJ·mol−1, ΔG° (pKa3) = 24.26 and 23.86  kJ·mol−1, and ΔG° (pKa4) = 28.02 
and 27.45 kJ·mol−1 at 25 °C and 37 °C, respectively, indicated that the dissociation pro-
cess did not proceed spontaneously. As the entropy of dissociation ΔS° (pKa1) = − 0.017 
and − 0.015  kJ·K−1·mol−1, ΔS° (pKa2) = − 0.033 and − 0.030  kJ·K−1·mol−1, ΔS° 
(pKa3) = − 0.047 and − 0.044 kJ·K−1·mol−1, ΔS° (pKa4) = − 0.045 and − 0.041 kJ·K−1·mol−1 
at 25 °C and 37 °C, respectively, are negative, the dissociation process was reversible.

Thermodynamic parameters of 89 dissociation constants for 44 drug acids and bases 
were published [8] in order to predict the extent of these dissociation reactions and the 
position of equilibrium for processes in which these reactions occur. Using the original 
set of 89 data points, the orthogonal least-squares algorithm found the two regression 
parameters estimates, the intercept a and the slope b, of the linear dependence in which 
both variables appear to be strongly correlated according to the regression equations 
forming straight lines in Fig. 12 shown with different colors: graph a: ΔH° = a + b·pKa, 
graph b: T ΔS° = ΔH° + b·RT ln Ka, graph c: ΔH° = ΔG° + b·T ΔSº, and graph d: 
ΔG° = − T ΔS° + b·ΔH° (Fig.  12a–d). Each graph in Fig.  12 represents the regression 
model and the graph of the four straight lines concerning the cations LH+, LH2+

2
 , LH3+

3
 

and LH4+
4

 for the prediction of the actual thermodynamics of Nilotinib (full circles). The 
experimentally evaluated thermodynamic properties are drawn here in triangles. When 
the experimental value of the thermodynamic parameter (triangle) is close to its pre-
dicted value (circle), it meants that its experimental determination was more reliable. 

Fig. 12   Graphical presentation of QSARs extrathermodynamics concerning dissociation of four cations for 
the prediction of the actual thermodynamics of Nilotinib (triangles) in comparison with their experimental 
values (full circles): graph a ΔH° = a + b·pKa, graph b TΔS° = ΔH° + b·RT ln Ka, graph c ΔH° = ΔG° + b·T 
ΔS°, and graph d ΔG° = − TΔS° + b·ΔH°. Each figure contains four straight lines for LH+, LH2+

2
 , LH3+

3
 , and 

LH4+
4

 for the prediction of the actual thermodynamics of Nilotinib (full circles)
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Therefore, these graphs could also serve as a convenient criterion for the reliability of 
experimentally determined estimates of enthalpy, entropy and Gibbs energy.

In the equation ΔH° = ΔG° + b·TΔS (Fig. 12b), the estimated slope b is usually said 
to be the “extent” to which the entropy compensates the enthalpy. We have remarked 
that a strong correlation between ∆H° and ∆S° is not, by itself, a proof of true ∆H° 
versus ∆S° compensation arising from chemical causality, but that instead it could be 
an artefact due to the transmission of experimental errors. In fact, ∆S° was essentially 
obtained by calculating it from the thermodynamic dissociation constant, and that of 
∆H° was determined by van´t Hoff plots. As a consequence, any error on ∆H° will 
affect the error on ∆S°. Hydrogen bond rearrangement, then, could underlie both ∆H° 
and ∆S° in drug–proton interactions and an interrelationship between ∆H° and ∆S° 
seems plausible, indeed likely. This suggests that the apparent enthalpy–entropy com-
pensation, which was observed experimentally, “…arose from an intrinsic property of 
the hydrogen bond…” namely “…that any tightening of the intermolecular bonds (the 
enthalpic factor) was compensated by a loss of degrees of freedom (the entropic factor), 
or vice versa”. Generally speaking, a stronger intermolecular interaction or bonding 
(related to the enthalpy) would lead to a greater reduction of configurational freedom 
and hence greater order of the system (related to the entropy). This might be the cause 
of the enthalpy–entropy compensation.

On Fig. 12 the graphs yield some common conclusions which may be commonly elu-
cidated with agreement of Ref. [8]:

(1)	 When pKa is positive, the standard Gibbs energy change ∆G° for the dissociation reac-
tion is also positive and may be decomposed using the ΔH° versus pKa dependence 
and the TΔS° versus pKa dependence. The ΔH° versus pKa plot shows that the ΔH° 
value is sensitive to changes in pKa because of electrostatic effects. With increasing 
the BrØnsted basicity of the drug (i.e., increasing pKa of an actual drug), the ΔH° term 
increases and the TΔS° term decreases (Fig. 12a, b).

(2)	 The positive value of ΔH° indicates that the dissociation process is endothermic and 
is accompanied by an absorption of heat. As ΔH° becomes more negative (stronger 
bonding), ΔS° tends to decrease due to the tightening up of the system (Fig. 12c). 
When ΔH° becomes less negative (weaker bonding), ΔS° tends to increase as the 
system becomes increasingly disordered. The hydrogen bond rearrangement, then, 
could underlie both ΔH° and ΔS° in drug–proton interactions and an interrelationship 
between ΔH° and ΔS° seems plausible, indeed likely. The hydrogen bond as central 
to a drug–proton interaction also is mechanistically appealing. In water, the hydrogen 
bonds form a network of continuous chains that are dynamically changing (in a sort of 
steady state). Because of the dipole created by displacement of the electron from the 
hydrogen proton, these chains form a sequence of mono- and dipoles that are sensitive 
to the electrostatic potential of the drug and receptor molecules and provide a mecha-
nism for transmitting information at a distance from drug to receptor.

(3)	 When ΔH° is negative, then the value TΔS° is the dominant factor, which determines 
whether ΔG° is positive (Fig. 12d).

4)	 The entropy contribution is mostly unfavorable (ΔS° < 0) in these reactions (Fig. 12c). 
Ions in an aqueous solution tend to orient the surrounding water molecules, which orders 
the solution and decreases the entropy. The contribution of an ion to the entropy is the 
partial molar entropy which is often negative, especially for small or highly charged ions. 
The ionization of an acid involves reversible formation of two ions so that the entropy 
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decreases (ΔS° < 0). There are now four cations on the reversible ionization of the same 
acid and the anion has a charge, so the entropy again only decreases.

5 � Discussion

The REACTLAB and SQUAD84 regression programs analyzed the pH–absorbance matrix 
of 1 × 10−4 mol·L−1 Nilotinib hydrochloride and provided quantified estimates of four dis-
sociation constants with two different numerical approaches. Both programs showed suc-
cessful conclusions of goodness-of-fit tests with four dissociation constants being better 
than that for three dissociation constants.

The results of protonation/dissociation constants refinement could include information 
concerning the goodness of fit of the residual-sum-of-squares function RSS, the parameter 
estimates calculated, the standard deviations of parameters and the correlation coefficients 
between them, the residuals map, and the concentrations of all the species in the model for 
all data points. The model selection [71] was the process of deciding whether to accept the 
results. Usually all of the above factors should be taken into account, since no one of them 
on its own is a reliable indicator of the success or failure of the calculation.

The ESAB program minimizing residuals ei= Vexp,i − Vcalc,i, reached residual values of 
about 0.1 or 0.2 μL, indicating an excellent curve fitting of the calculated titration curves 
through experimental points. It can be stated that the reliability of dissociation constants 
of Nilotinib hydrochloride has been proven, although the group parameters L0, HT were 
ill-conditioned in the nonlinear regression model. The good curve fitting showed sufficient 
reliability of the estimates of all four dissociation constants of Nilotinib hydrochloride at 
25 °C and 37 °C.

The inconsistency of the experimentally found pKai estimates and their theoretically pre-
dicted values could be due to the complicated structure of the resonance of the heterocyclic 
nucleus, and consequently to the different electron distributions, which might further lead 
to different predicted pKai values according to the structural formula of the molecule. In 
such cases, the prognostic programs MARVIN, PALLAS and ACD/Percepta might fail, so 
the dissociation constants needed to be definitely determined experimentally. Given that 
the pKai estimates of both potentiometric and spectrophotometric methods were similar 
and, most importantly, plausible in terms of achieved fitness in the data regression, it can 
be concluded that the experimental results obtained are reliable and show the real dissocia-
tion of the substance.

6 � Conclusion

(1)	 Spectrophotometric and potentiometric pH titration allowed measurement of up to four 
closely similar dissociation constants of Nilotinib hydrochloride (Scheme 1). Nilotinib 
hydrochloride chromophores exhibited small changes of absorbance in UV/VIS spectra 
when adjusting the pH of the solution, and therefore estimates of dissociation constants 
were subject to greater uncertainty than for the potentiometric determination. For this 
reason, a more reliable estimation of the dissociation constants appear ti be obtained 
potentiometrically.

(2)	 Nilotinib hydrochloride denoted as L was capable of protonation in pure water to 
produce four soluble species LH+, LH2+

2
 , LH3+

3
 , and LH4+

4
 . The graph of the molar 
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absorption coefficients of differently protonated species in relation to wavelength indi-
cated that the spectrum of εL, εLH, εLH2, εLH3, and εLH4 were for two pairs of correlated 
species and values in each pair were almost the same.

(3)	 It has been demonstrated that in the range of pH  2 to 7, four dissociation constants can 
be reliably estimated from the spectrum when the concentration of the sparingly soluble 
Nilotinib hydrochloride was 1.0 × 10−4 mol·L−3. Although the adjusted pH affected 
the absorbance changes in the chromophore less, four thermodynamic dissociation 
constants were reliably determined, with SQUAD84 and REACTLAB reaching similar 
values for both programs, pKT

a1
 = 3.60 ± 0.04, pKT

a2
 = 4.42 ± 0.07, pKT

a3
 = 4.71 ± 0.04, 

and pKT
a4

 = 4.84 ± 0.03 at 25  °C and pKT
a1

 = 3.61 ± 0.11, pKT
a2

 = 4.29 ± 0.18, 
pKT

a3
 = 4.49 ± 0.02, and pKT

a4
 = 5.05 ± 0.03 at 37 °C.

4)	 The four thermodynamic dissociation constants of Nilotinib hydrochloride were deter-
mined by regression analysis of potentiometric titration curves at a potentiometric 
concentration of 3 × 10−4 mol· L−1 with ESAB, pKT

a1
 = 3.74 ± 0.01, pKT

a2
 = 4.05 ± 0.01, 

pKT
a3

 = 4.25 ± 0.01, and pKT
a4

 = 4.91 ± 0.20 at 25  °C and pKT
a1

 = 3.63 ± 0.03, 
pKT

a2
 = 3.96 ± 0.03, pKT

a3
 = 4.18 ± 0.03, and pKT

a4
 = 4.81 ± 0.05 at 37 °C (Fig. 11).

(5)	 Prediction of the dissociation constants of Nilotinib hydrochloride was performed by 
the programs MARVIN, PALLAS and ACD/Percepta to determine the protonation 
sites. When comparing three predictive and two experimental techniques, prognostic 
programs sometimes differed in their pKa estimates.

(6)	 Thermodynamic parameters ΔH° and ΔG° were calculated from the temperature 
change of dissociation constants according to the van’t Hoff equation. Positive enthalpy 
values ΔH° at 25 °C show that the dissociation process is endothermic and is accom-
panied by absorption of heat. As entropy values of the dissociation processes ΔS° at 

Scheme 1   Protonation scheme of Nilotinib hydrochloride
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25 °C and 37 °C were negative, the dissociation process is reversible. The compensa-
tion effect should only mean that there is a linear relationship between the enthalpy and 
entropy changes of a series of a dissociation of acids in aqueous solutions. For often 
observed large compensation effects, especially those involving solution or variously 
protonated anions, redistribution of the energy-distinguishable subspecies is most likely 
the physical origin. These findings seem to point to the idea that the enthalpy–entropy 
compensation found arises from an intrinsic property of the hydrogen bond, which is 
the main force determining the association of the participants (water, drug, binding site) 
in the drug–receptor binding equilibrium. This idea simply reflects the more basic fact 
that any tightening of the intermolecular bonds (the enthalpic factor) is compensated 
by a loss of degrees of freedom (the entropic factor), or vice versa. The ionization of 
a neutral acid involves formation of two ions so the entropy decreases. There are now 
three ions on the second ionization of the same acid and the anion has a charge, so the 
entropy again can only decrease. The compensation analysis could also be a useful 
tool for investigating pharmaceutical and chemical processes of relevance to QSAR of 
drugs.
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