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Abstract

Valsartan is used for treating high blood pressure, congestive heart failure and to increase
the chances of living longer after a heart attack and to reduce the mortality rate for peo-
ple with left ventricular dysfunction following a heart attack. Regression analysis of the
pH-spectra with REACTLAB and of the pH-titration curve with ESAB determined
two close consecutive dissociation constants. MARVIN and ACD/Percepta predicted
two protonation sites. In water a soluble anion L?~ forms two sparingly soluble species
LH™, LH,. Although adjusted pH less affected the spectral changes in the chromophore,
pKL: 3.70+0.12, pKZZ=4.82 +0.08 at 25 °C and pKZ1 =3.44+0.08, pKZZ=4.67 +0.02 at
37 °C in an aqueous phosphate buffer were determined. By regression analysis of poten-
tiometric pH-titration curves and pK;fl=3.51 +0.01, pK32=4.63 +0.01, at 25 °C and
pK! =3.4420.03, pK',=4.51+0.03 at 37 °C in an aqueous medium were estimated. Posi-
tive enthalpy values AH’(pK,,;)=10.33 kJ-mol~!, AH%(pK ;) =17.70 kJ-mol~! showed that
the dissociation process was endothermic. The standard state Gibbs energy changes are
AG°(pK,;)=20.03 kI-mol~!, AG(pK ,)=26.43 kJ-mol™! at 25 °C and the AS® at 25 °C
and 37 °C are (AS°(pK,,;)) =—32.56 J-K~"-mol™!, AS°(pK ,,) =—29.26 J-K~-mol~" at 25 °C
and AS°(pK,)=—30.01 J-K~"-mol~!, AS°(pK ,) =—25.92 J-K~"-mol ! at 37 °C.
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Graphic Abstract

Valsartan is for treatment of hypertension, cardiac insufficiency,
myocardial infarction, and diabetic nephropathy.
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1 Introduction

Angiotensin II receptor blockers (ARB), also known as sartans, represent an important
class of drugs used in the treatment of hypertension, cardiac insufficiency, myocardial
infarction, and diabetic nephropathy [1]. Valsartan (trade name Diovan, Novartis Inter-
national AG) is mainly used for treating high blood pressure, congestive heart failure,
and to increase the chances of living longer after a heart attack [1, 2]. It is an angioten-
sin II receptor antagonist, commonly called an ARB, or angiotensin receptor blocker,
that is selective for the type I (AT),) angiotensin receptor [3]. Valsartan is also used to
reduce the mortality rate for people with left ventricular dysfunction following a heart
attack [4]. In people with type II diabetes and high blood pressure or albumin in the
urine, Valsartan is used to slow the development and worsening of end-stage kidney dis-
ease [5]. Valsartan blocks the actions of angiotensin II, which include constricting blood
vessels and activating aldosterone, to reduce blood pressure [6].

Its TUPAC name and formula are (S)-3-methyl-2-(N-[[2'-(2H-1,2,3,4-tetrazol-5-yl)
biphenyl-4-ylJmethyl]pentan amido)butanoic acid and C,,H,4NsO;: it has a molar
mass 435.528 g-mol™!, a melting point of 116-117 °C, and a solubility in water of
1.406 mg-L~" at 25 °C. It is soluble in ethanol and methanol (23.4 mg-L~}). Valsartan
is a diprotic acid with a carboxylic acid group and a tetrazole ring (Fig. 1). Grujic et al.
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[1] potentiometrically determined the pK, values of the examined sartans: pK,; 3.88
and pK,, 4.55 for Irbesartan, pK,; 3.27 and pK,, 4.60 for Losartan, and pK,; 3.79 (imi-
dazol) and pK,, 4.55 (tetrazol) for Valsartan. The close values of the two consecutive
ionization constants point out to an overlapped protolytic equilibrium, which signifi-
cantly complicates attribution of the pK, values to the corresponding ionizable centers.
Knowledge of the pK, values of drugs is required to perform tests of biopharmaceutical
characterization, and in developing new pharmaceutical formulations or improving the
available ones [1]. Defining the ionization profile of drugs is particularly significant for
prediction of their behavior under physiological conditions where the ionization state
strongly affects the solubility of drugs at the application site and their ability to diffuse
through biological membranes [7].

One of the most important physico-chemical characteristics of every drug is its pK,
value. The dissociation constant pK,; of the acid LH; can be determined by a regression
analysis of potentiometric titration data also called the pH-metric analysis where the
common parameters (pK,;, i=1, ..., j) and the group parameters (E°, L, Hy) are simul-
taneously refined. The non-linear regression programs for analyzing potentiometric pH-
titration data, ESAB [8], SUPERQUAD and HYPERQUAD [9, 10], have been used, cf.
Ref. [11-13].

Spectrophotometric UV-metric spectra analysis [14] is a highly sensitive and conven-
ient method for determining pK, values in very dilute aqueous solutions since it requires
relatively simple equipment and can work with a sub-micromolar compound concentra-
tion (about 107> to 107® mol-dm™>) [15-17].

The accuracy of theoretical predictions of pK, from the molecular structure with the
use of two predictive programs ACD/Percepta [18-21] and MARVIN [22] was found to
be the best of all nine available programs [23-25].

The aim of our study was to carry out the regression analysis of the pH-absorbance
matrix with small absorbance changes in the spectra of Valsartan and also to carry out a
pH-metric potentiometric determination of the protonation model to find suitable condi-
tions for a reliable regression determination of all close consecutive dissociation constants
and to calculate the thermodynamic parameters such as the enthalpy, entropy and Gibbs
energy.

Fig. 1 Structural formula of Valsartan, C,,H,N;O;
Valsartan
o OH H
N—N
[\
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2 Computational Details

To implement equilibrium hard-modeling of spectrophotometric titration data, the analyst
must make a variety of crucial data processing choices that address negative absorbance
and molar absorptivity values. A detailed tutorial of UV-VIS pH-titration [26] also called
the UV-metric spectra analysis [14], and alternatively the pH-metric analysis have been
applied and were described previously in the ten steps procedure [26].

3 Experimental Section
3.1 Chemicals and Solutions

Valsartan was donated by ZENTIVA k. s., (Prague) had a declared purity, checked by a
HPLC and alkalimetrically, >99%. This drug was weighed straight into a reaction vessel,
resulting in a concentration of about 1.0x 10~ mol-dm™>.

Hydrochloric acid, 1 mol-dm™, was prepared by diluting a concentrated
HCl (p. a., Lachema Brno) with redistilled water and standardization against
HgO and KI, with a reproducibility better than 0.002, according to the equation
HgO + 4KI + H,0 = 2KOH + K, [Hgl,| and KOH + HCI = KCl + H,0. Potassium
hydroxide, 1 mol-dm™, was prepared from the exact weight of pellets p.a., Aldrich Chemi-
cal Company with carbon-dioxide-free redistilled water kept for 50 min prior to use in an
ultrasonic bath. The solution was stored for several days in a polyethylene bottle under an
argon atmosphere. This solution was standardized against a solution of potassium hydro-
gen-phthalate using the derivative method with reproducibility 0.001.

Mercury oxide, potassium iodide and potassium chloride, p.a. Lachema Brno were not
extra purified. Twice-redistilled water, kept for 50 min prior to use in a sonographic bath,
was used in the preparation of solutions [27-31].

3.2 Apparatus

The apparatus used and both titration procedures have been described in detail [27-30].
The free hydrogen-ion concentration [H*] was measured using a Hanna HI 3220 digital
voltmeter having a precision of +0.002 pH units, using the Theta HC 103-VFR combined
glass electrode. The potentiometric titrations of the drug with potassium hydroxide were
performed using a 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 brackets.

The spectrophotometric multiple-wavelength pH-titration was carried out as follows:
an aqueous solution 20.00 cm® containing 10~ mol-dm~ drug, 0.100 mol-dm~ hydro-
chloric acid and 10 cm® KCl solution, for adjustment of ionic strength, was titrated with
standard 1.0 mol-dm~ KOH at 25 °C and 37 °C, respectively, and 80 absorption spectra
were recorded. Titrations were performed in a water-jacketed double-walled glass vessel
of 100 mL volume, closed with a Teflon bung containing the electrodes, an argon inlet, a
thermometer, a propeller stirrer and a capillary tip from a micro-burette. All pH measure-
ments were carried out at 25.0+0.1 °C and 37.0+0.1 °C. When the drug was titrated,
a stream of argon gas was bubbled through the solution both to stir and to maintain an
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inert atmosphere. The argon was passed through aqueous ionic medium by prior passage
through one or two vessels also containing the titrand medium before entering the corre-
sponding titrand solution. The burettes used were syringe micro-burettes of 1250 pL capac-
ity (META, Brno) with a 25.00 cm micrometer screw, [26]. The polyethylene capillary tip
of the micro-burette was immersed in the solution when adding reagent but pulled out after
each addition to avoid leakage of the reagent during the pH reading. 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 the added volume over the whole volume range. The solution was
pumped into the cuvette and spectrophotometric measurement was performed with the use
of a Cintra 40 (GBC, Australia) spectrophotometer.

3.3 Software

An estimation of the dissociation constants was performed by the nonlinear regression
analysis of the UV-metric spectra analysis using SQUADS4 [16], REACTLAB [32] pro-
grams and of potentiometric pH-metric titration data using the ESAB program [8], and by
spectra interpretation using the INDICES program [33]. Most graphs were plotted using
ORIGIN 9.1, [34]. The programs ACD/Percepta [18] and MARVIN [22] for predictions of
pK, values were based on the structural formulae of drug compounds.

4 Results

The methods of numerical analysis of pH-spectra and potentiometric pH-titration curves
have proven to be the best instrumental methods because they reliably determine even
close consecutive dissociation constants, also in case of poorly soluble drugs. The pH-
spectroscopic titration (the UV-metric method) has been used as an alternative method to
the potentiometric pH-titration (the pH-metric method) of dissociation constants with large
molar absorption coefficients due to its high sensitivity to the concentration of the sub-
stance, even at concentrations as low as 107 mol-dm™.

4.1 UV-Metric Spectral Analysis

The experimental procedure and computational strategies for determining dissociation con-
stants by analyzing the pH-absorbance matrix were described in the 10 steps procedure in
the previously published tutorial [26] and also on the page 226 of Ref. [11]. In addition
to determining the number of protonation equilibria, the number of differently protonated
species, the speciation diagram, and the graph of the molar absorption coefficients within
the range of measured wavelengths, statistical reliability criteria along with statistical tests
of the protonation model found should be included.

4.1.1 Step 1:Theoretically Predicted pK, of the Valsartan
The first step of data analysis was the prediction of dissociation constants, based on a

quantum-chemical calculation and concerned on the structural pattern of the studied drug’s
molecule. Valsartan is a diprotic acid with carboxylic group and tetrazole ring (Fig. 1). The
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prediction program MARVIN has identified two protonizable centers A and B for Vals-
artan, which could be theoretically associated with up to two predicted dissociation con-
stants (Fig. 2). The prediction programs MARVIN, PALLAS and ACD/Percepta predicted
dissociation constants slightly different, so it was obvious that experimental determination
would offer the more reliable results.

4.1.2 Step 2: The Number of Light-Absorbing Species n,

Before analysis of absorbance spectra, the raw data should be filtered using singular value
decomposition. This technique is based on the observation that, if a spectra dataset consists
of contributions from r absorbing chemical species, then the first r factors of the absorb-
ance matrix contain the vast majority of the chemical information obtained by the experi-
ment. The quantity r is referred to as the matrix rank, and in general, r should be less than
or equal to m, where m is the number of chemical species. Most simply, inspection of the
eigenvalues of the data matrix often reveals that the first factors have large significances
until a cutoff in the Cattel graph, after which the factors have small significances. These
latter factors may be taken to principally represent the spectrometer noise that nonetheless
contributes mathematically to the spectra. By removing these factors from the data, it may
fit the model to the chemical information with reduced noise from causes beyond chemical
equilibria and Beer’s law for additive absorbance.

The Cattel index graph of singular values (Fig. 3) showed that the entire set of spectra
of Valsartan at the wavelengths of 240-305 nm was able to indicate three light absorbing
species in the mixture n,=k*=3 with the experimental noise level s;,(A)=1.0 mAU, even
though the molar absorption coefficients of the first pair of species LH™ and LH, were
quite similar. The true number of light-absorbing species separated from spectral noise
could be correctly evaluated with the non-linear regression analysis.

4.1.3 Step 3:The Protonation Model Building and Testing

Using the program REACTLAB, nonlinear regression analysis was applied in the absorb-
ance spectra treatment, i.e. the application of the regression triplet method (data critique,
model critique and method critique), cf. Ref. [12, 13]. Finding the best hypothesis for a

Fig.2 Molecular structure of Predicted p Kpre d of Valsartan with
Valsartan with highlighted
protonation centers A and B MARVIN, PALL AS, ACD
and predicted pK,, values using
programs MARVIN, PALLAS 4.35 5.86
and ACD/Percepta A 3.76 B -
3.56 4.24
o OH H
N—N
/[ \\

H~.C Na N
° N
CHj X
o}
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protonation model containing one, two or three dissociation constants is shown in the
graphs of the molar absorption coefficients (Fig. 4a) and the distribution diagrams of all
the differently protonated species (Fig. 4b) for the proposed hypothesis of the protonation
model.

The design and building of the protonation model involves the decision-making process
for accepting the calculated parameters with some statistical diagnostics for the proposed
hypothesis of the protonation model. It has been shown that the building of the Valsartan
protonation model was not an easy task because this drug had two close together, con-
secutive dissociation constants ( | pK,, —pPK,, | < 3) as well as the fact that the pH slightly
affected the changes in the absorbance values of chromophores. Both dissociation constants
were ill-conditioned in a regression model and their determination was therefore uncertain.

The best criterion for testing a hypothesis in regression model building is the fitness test
of the calculated spectra through the experimental points of the absorbance matrix, which
could be often simplified to the standard deviation of the absorbance after a regression
termination.

s(A) = \/RSS/(n — m) (D

where 7 is the number of experimental points and m is the number of estimated parameters.

In Table 1 the numerical estimates of dissociation constants, computed by the REACT-
LAB regression program are reported: the residual mean E | e | [mAU], residual standard
deviation s(e) [mAU] showed an excellent goodness-of-fit of calculated spectra through the
experimental points of all spectra was achieved for the protonation model with two dissoci-
ation constants. Reliability of calculated estimates of regression parameters can be advan-
tageously tested by the following regression diagnostics (Table 1 and Fig. 4) as explained
on page 226 in Ref. [11].

4.1.3.1 Physical Significance of Parameter Estimates In the left part of Fig. 4a, the spectra
of the molar absorption coefficients of the differently protonated species, €|, € iy and & g, of
the Valsartan species versus wavelengths are shown. When the pair of € curves seem to be
very similar, the model hypothesis could be uncertain or false.

4.1.3.2 Physical Significance of Species Concentrations The distribution diagram of the
relative concentrations of all species (Fig. 4b) shows the protonation equilibria of the differ-

@ Springer



1273

Journal of Solution Chemistry (2019) 48:1266-1286

(6 NIDTJO ‘9v1LOVAY) Hd uo Surpuadap saroads pajeuojoid A[snotrea 921y} Jo SUOTIEIIUIIUOD DATIE[I ) JO WEISLIP UOHNQLISIP Y], q "UBLIES[EA JO SUOT pajeu
-0j01d A[SNOLIEA 931y} 10 (WU) [ITUS[OABM SISIOA SJUSIOYR00 uondiosqe rejow jo sojyoid [endads amd € ), §7 PUE ._Wp-[OW OO0 =/ JE UBMES[EA ._Wp-jow ,_ O] X('[
Jo sisATeue enoads oy m yd pue '"yd sjue)suod uoneroossip om) ay) 10j § 0) ¢ wolj a3uer Hd oy ur uelIEs[EA Jo [opow uoneuojoid 1saq oy Sunsd) pue Suping § *bi4

Hd (wu) yibusianepn
g N 9 g . ¢ 00€ 06z 082 0/Z 09¢ 0SZ OFC

. . + 4 0 +
T P ~~ 4
| / \ i ” II’I/ 1

/ .
NEVA I : N H

N/ ‘%

— 08

H X
NVW 80 = (v)s— J_ﬂ

T Iygl 1l 7
| g€ = "d Z
. . . 00l bbb il goool

=
&

(%) uonenuasuod aAleRy
/,
o
I
-
(,.wo T, jow)
jusoleod uondiosge Jejop

a5/,

pringer

As



Journal of Solution Chemistry (2019) 48:1266-1286

1274

AV 1LOVHY wox [nvuw] (V)s ewsis ay) pue
‘(nvw] (2)s ss9001d uoIssaI3aI AY) JO UOHBUIULIY) I3} 0UBQIOSQR JO UONRIAIP pIepue)s ay) ‘[nvu] _ 2 _ 7 [enpIsal UedW A} St Yons SONSNe)s 1Y-Jo-ssaupoos yim udroxd
QIe punoj sarewn)se Jojowered Jo AJI[IQRI[AI PUB UOLIAILIO UOTIN[OSAI Y], "sasayjuared ur S)SIP PI[eA ISe] AU} UT QI s9Jewnsa 1ojowered 9y} JO SUOIRIAIDP pIepue)s ay ], "sa1oads
pareuojord A[snoLea swiioy [ pue - siuauodwod o1seq 7= u 10J syigus[oaem “u je pamsesw enoads “u 10§ ‘e_Wp-owWw 00’0 =/ & UBLIES[EA _WP-[OW (] X ] JO UONN[os

€'l SOl 0] 780 9L°0 780 760 6I'T dVILOVAY [Nvw] ‘gv1LOVaY woiy ewsig

Tl ¥0'1 780 £8°0 SLO €8°0 160 LT'T avILOVAY [nvw] ‘(2)s s[enpisal Jo uonerasp prepuels

68°0 8L°0 $9'0 790 850 99°0 0L°0 06'0 gV ILOVAA (nvw) ‘| 2 | 7 renpisax uealy
S[enpISal JO SISATeUR [RONISIIR)S QY YIIM 1S9) J-JO-SSOUPOOD)

YO0OF 6Ly (00FLT (00)€8F (00008t (00)E8Y FOOFERY (00)6L+ (VOP8T (00)¥8+ (00)L8y AV ILOVAY 1+, H=_HT(%)"yd

80°0FSSe (00)LF'e (00)Ise (10)£9°¢ (10)19°€ SOOFILE (00L9E (00099€ (10)99°¢€ (00)LL'E€ AVILOVAA _HT+ ,H="HT("s)"yd
[epow uoneuojoid paydIeas ay) Ul SIUBISUOD UONBIJOSSIP JO SAJRWIISH

€ € € € € € € € .Y ‘soroads Surqrosqe-1y3Iy Jo sequunN

8L 8L 8L 8L 8L 8L 8L 8L “u ‘sypZuoeArM JO JoqunN

6¢ 4 LE e Se 9¢ 6C 6€ ‘1 “parnseaw eNOAds Jo JPqUINN

(SADIANI) XLnew 2oueqIosqe ay) jo yued ay) Sunesrpur joid 2210s s, [9)18)

UBQIN  19S Uiy  J9SPIE  19Spug  19SIS| UBQN 19SS  JOSPIE  jesSpuy 39S IS| Aymiqronpoidoy
Do LE Do §C amjerodway,
Do LE

pue ¢z 18 gV ILOVEY Wim yd ‘IPyd sjuejsuoo uoneroossip oml 10y ¢ 0} g woiy aguer Hd ay) ur ueresieA jo [opowr uoneuojoid 1soq oy Jo Anfiqronpoider oy | djqel

pringer

Qs



Journal of Solution Chemistry (2019) 48:1266-1286 1275

ently protonated species L>~, LH™, LH,. The graph shows that none of the species is minor
and all are of physical significance.

4.1.3.3 The Goodness-of-Fit Test The statistical measures of all residuals showed that the
minimum of the elliptic hyperparaboloid of the objective RSS function (Table 1) had been
reached because the residual mean E | e | [mAU] and the residual standard deviation s(¢)
[mAU] reached very low values, <2 mAU, representing <0.2% of the measured absorb-
ance.

4.1.4 Step 4:The Effective Range of Wavelengths

Two ranges of wavelengths 240-278 nm, 278-308 nm and 240-308 nm were selected
and the spectra within these wavelength ranges were evaluated. Figure 5 illustrates the
estimates of two dissociation constants including the value of curve fitting expressed
here as the standard deviation of absorbance s(A), which served as the reliability crite-
rion of the parameter estimates calculated. The best curve fitting with the fitting criterion
s(A)=0.7 mAU was achieved in the wavelength range 240-278 nm, although the estimates
of the dissociation constants were close in all three tested wavelength ranges. Likewise, the
three distribution diagrams of the relative concentration of variously protonated species in
Fig. 5 were quite similar.

Fig.5 Search for an effective 1,0E4 T T B
wavelength range to examine the N——m"T ]_2' PK,,=3.50
position of ionizable groups and \_<\ pK,,=4.79
chromophores to find a sufficient 8,0E3 L Hx s(A)= 0.7 mAU
absorbance change in spectrum
for adjusted pH, which allows a
reliable determination of disso-
ciation constants. The protona-
tion model of two dissociation
constants was analyzed using two
separate absorption bands. The

6,0E3 LH

N
4,0E3 \&\
best fitted spectra were achieved
in the 240-280 nm range, 2,0E3

although pK, estimates were the 240 250 260 270 280
Wavelength [nm]
same for all wavelength ranges
3E3 —_— —

pK,,= 3.50

\ PK,,= 4.79
s(A)=0.7 mAU
2E3 \

Relative concentration (%)

Z/

S
c
9
[ 4
g \LH2
g <
14 L -\é
O 4+ " " " " " " " L
280 290 300

Wavelength [nm]
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4.1.5 Step 5:The Absorbance Change in Spectra within pH Titration

Adjustment of pH did not cause the significant changes in the Valsartan spectrum eve-
rywhere, because some chromophores were only slightly affected by pH adjustment.
Figure 6a shows a spectrum of the molar absorption coefficients dependences on the
wavelength, for three selected wavelengths A through C, for which the A—pH curves are
displayed. Figure 6b through 6d in the A—C graphs showed a sensitivity of chromophores
in the Valsartan molecule to the pH, which was monitored in the form of A—pH curves. The
maximum changes in absorbance occur for pH changes at 251.1 nm and 266.5 nm (curves
A and B). The graphs show the estimates of dissociation constants and the presence of
differently protonated species. From these graphs it is also clear that the two dissociation
constants were very close and their estimation would be therefore difficult or, sometimes,
impossible. Each A-C graph in Fig. 6 also contains the plot of residuals. The quality of
the residuals reveals the degree of curve fitness of the calculated A—pH curves through the
experimental absorbance points. The residuals should oscillate around the zero and their
sign should change with frequent oscillations. The residuals should also exhibit a Gaussian
distribution with a mean value nearly equal to zero. For the best spectras fitting the stand-
ard deviation s(A) is expected to be of the same size as the instrumental noise in absorb-
ance, §;,(4).

4.1.6 Step 6:The Signal-to-Error Ratio in Spectral Changes

In the spectrophotometric determination of the pK, values of Valsartan, it was first nec-
essary to investigate whether the adjustment of pH would cause a sufficient absorbance
change in the spectrum. It is evident from Fig. 7a, b that the spectral response of the Val-
sartan molecule is not the same everywhere and sufficient for both protonation equilib-
ria, so it had to be verified whether two dissociation constants could be estimated even
with the minimal changes in absorbance. The change for the i-th spectrum and the j-spec-
trum absorption can be expressed by the difference relation 4;=A;—A,. It was necessary
to investigate whether these small changes in A in the spectra were sufficiently large and
greater than the absorbance noise value, expressed here by s;,(A).

The changes of absorbance difference (mAU) in the spectra were therefore plotted
against the pH for all elements of the absorbance matrix (Fig. 7a) and this showed that
the absorbance change values were small, but they were still larger than the instrumental
noise in Fig. 7b. While residuals e in Fig. 7b were predominantly in the range of —1.5 to
+1.5 mAU, the changes in absorbance difference in Fig. 7a were in the range of —80 to
+120 mAU.

4.1.7 Step 7:The Spectra Deconvolution (Shown in Supplementary Material)

The deconvolution of each experimental spectrum into the absorption bands of the indi-
vidual species showed whether the protonation hypothesis had been designed efficiently.
Figure S1 illustrates the deconvolution of six selected experimental spectra into absorption
bands from the differently protonated Valsartan species. At pH=23.25, the absorption band
of the species LH,, which was in equilibrium with the anion LH™ was still significant. The
pH range of 3.80 to 5.07 was very important, because here three species were in equilib-
rium, namely LH,, LH™ and L>". At pH=5.38 and 5.80, the spectral band of the anion
LH™ decreased while the band of L>~ increased.
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Fig.7 Analysis of the change 4;
in absorbance spectra at adjusted
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—_ ——

ORIGIN 9) a 50 g-

o

Residuals (mAU)

4.2 Analysis of pH-Metric Data (Shown in Supplementary Material)

The potentiometric titration of the alkalized Valsartan with hydrochloric acid was carried
out at 25 °C and 37 °C (Table 2) and at adjusted ionic strength (Fig. S2). In the analysis of
pH-metric data, the initial estimate of each dissociation constant of Valsartan was refined
using the ESAB program (see Fig. S2).

4.2.1 Step 8: pH-Metric Data Analysed with the Bjerrum Formation Function

Valsartan has two 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 to the central part of the pH-metric titration curve for the
deprotonated alkalized with KOH Valsartan being titrated with hydrochloric acid (Fig. S2).
Estimates of two dissociation constants pK,, and pK,, were evaluated and plotted using the
curve of the Bjerrum formation function. At a higher concentration than 2 x 10™* mol-dm >,
a precipitate of Valsartan formed. Residuals were defined as the difference between the
experimental and the calculated volume of the titrant HCL, ;= V., ;= Ve, ;- The reliability
test for the refined dissociation constants estimates was performed by the statistical analy-
sis of the residuals. By refining the group parameters, the statistics of the goodness-of-fit
test significantly improved. The relatively sensitive reliability criterion of the estimated dis-
sociation constants was the average of the absolute values of the residuals E | e | [LL]. A
comparison of the numerical value of this statistic with the instrumental noise represented
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here by the instrumental standard deviation of titrant HCI, s;,((V)=s(V)=0.1 pL, has
proven an excellent curve fitting, since the mean residual E | e | and the residual standard
deviations of titrant HCI s(V) were equal or lower than the experimental noise, s;,,(V). The
values of both monitored statistics here, 0.1 pL, were similar to the instrumental error of
the used microburette s(V)=0.1 pL. In addition, the residuals oscillate between the lower
(—0.2 pL) and the upper limit (0.2 pL) of the internal Hoaglin boundaries, and no residual
value was found outside these limits (see page 81, Ref. [13]). 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 refining the group parameter
L, the concentration of the drug Valsartan in the titration vessel.

4.2.2 Step 9: Uncertainty of pK, in Reproduced Measurements (Shown
in Supplementary Material) (Fig. 3S)

The reproducibility of the dissociation constants evaluated with REACTLAB, from four
reproduced measurements was found to be in good agreement, as demonstrated in Table 1.
The interpretation will be as follows:

(a) Aninterval estimate of the mean value from four reproduced dissociation constants also
served here as the measure of uncertainty for each consecutive dissociation constant.

(b) At 37 °C, the dissociation constant estimates were a little more acidic, i.e., they had
lower values of pK, than those estimates at 25 °C.

(c) Very similar values of two consecutive dissociation constants pK,; and pK,, could
result in some difficulties in the minimization or could make the iterative refinement
fail. The reasons could be e.g. that an intermediate species was not present at a suf-
ficiently high concentration, or that the too close pK,; or pK,, value of one species was
highly correlated with the pK, value of another species, such those species would each
have much the same response to pH.

(d) When the normal equations were singular, one or more of the correlation coefficients
between two parameters pK,; and pK, was equal to one or minus one so that the refine-
ment process could be terminated [12] (see Tables S1, S2).

4.2.3 Step 10: Thermodynamic Dissociation Constants

By applying the Debye—Hiickel equation to the data from Tables 1 and 2, the unknown
parameters pK] and pK] were estimated at two temperatures of 25 °C and 37 °C
(Tables S1, S2). Due to the narrow range and low ionic strength values, which were
adjusted with KCI, two parameters, namely the ion-size parameter d and the salting-out
coefficient C, could not be calculated. Figure 8 shows an extrapolation of the mixed disso-
ciation constants to zero ionic strength according to the Debye—Hiickel limiting law for the
protonation model of two dissociation constants at 25 °C and 37 °C using straight lines with
the Working—Hotteling 95% confidence bands (cf. p. 474 in Ref. [35]) pKaT1=3.7OiO.12,
pKT,=4.82+0.08 at 25 °C and pK! =3.44+0.08, pK,=4.67+0.02 at 37 °C (spectro-
photometry) and pK§1:3.5110.00, pKaT2:4.63iO.OO, at 25 °C and pKaT1:3.44iO.03,
pKaT2:4.51 +0.03 at 37 °C (potentiometry).
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4.2.4 Step 11: Determination of Enthalpy, Entropy and Gibbs Energy
for the “Extrathermodynamics” of Dissociation (in Supplementary Material)

The standard state enthalpy change AH® of the dissociation process was calculated from
the van’t Hoff equation

dInK /dT = AH® /RT?. 2)
From the values of standard state Gibbs energy

AG® = —RTInK 3)
and AHY, the standard state entropy change

AS® = (AH® - AG")/T @)

can be calculated, where R (ideal gas constant)=8.314 J K 'mol™!, K is the thermody-
namic dissociation constant and 7 is the absolute temperature.

The estimates of dissociation constants from the pH-metric method were
used for a calculation of some extra-thermodynamics. Positive enthalpy values
AH(pK,;)=10.33 kJ-mol~!, AH’(pK,)=17.70 kJ-mol~! showed that the dissociation pro-
cess is accompanied by heat absorption. Positive value of the Gibbs energy changes are:
AG(pK,;)=20.03 kI-mol~!, AG°(pK,,)=26.43 kJ-mol~! at 25 °C. The entropy changes
for the dissociation process, AS” at 25 °C and 37 °C are negative (ASO(pKa1)= —32.56J-
K~'mol™!, AS%(pK,,)=—29.26 J-K~!-mol~! at 25 °C and AS°(pK,;)=—30.01 J-K~'-mol~!
and AS°(pK,,)=—25.92 . K "-mol~" at 37 °C).

5 Discussion

The REACTLAB regression program analyzed the pH-absorbance matrix of
1x10™* mol-dm™ Valsartan and quantified estimates of two dissociation constants with
different numerical approaches. The results of protonation/dissociation constant refinement
might include information concerning the goodness of fit of the residual-sum-of-squares
function RSS, the parameter estimates calculated, the standard deviations on 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 [36] 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 was a reliable indicator of the success or failure
of the calculation.

The ESAB program, minimizing the residuals e;= Vo, — Vq1; Teached residual values
of about 0.1 or 0.2 pL, indicating an excellent curve fitting of the calculated titration curve
through the experimental points. It could be stated that the reliability of dissociation con-
stants of Valsartan has been proven, although the group parameters L, and H, were ill-con-
ditioned in the nonlinear regression model. The curve fitting showed sufficient reliability of
the estimates of both dissociation constants of Valsartan at 25 and 37 °C.

The inconsistency of the experimentally ascertained pK,; estimates and their theoreti-
cally predicted values could be due to the complicated structure of the heterocyclic nucleus
resonance, and consequently to different electron distributions, which might further lead to
different predicted pK,; values according to the structural formula of the molecule. In such
cases, the prognostic programs MARVIN, PALLAS and ACD/Percepta might fail, and the
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dissociation constants would definitely need to be determined experimentally. Given that
the pK,; estimates from both potentiometric and spectrophotometric methods are similar
and, most importantly, plausible in terms of achieved fitting in data regression, it can be
concluded that the experimental results obtained are reliable and show the real dissociation
of the substance.

ey

@3]

When pK, is positive, the standard Gibbs energy change AG® for the dissociation reac-
tion is also positive. The positive value of the AH” indicates that dissociation process
is endothermic and is accompanied by absorption of heat. The hydrogen bond rear-
rangement, then, could underlie both AH? and AS® in drug—proton interactions and an
interrelationship between AH” and AS® 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 di-poles that are
sensitive to the electrostatic potential of the drug and receptor molecules and provide
a mechanism for transmitting information at a distance from drug to receptor.

The entropy contribution is mostly unfavorable (AS° <0) in these reactions. 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 decreases (AS® < 0). There are now two anions on the reversible ionization so
the entropy again only decreases.

6 Conclusion

ey

@3]

3)

“

Spectrophotometric and potentiometric pH titration allowed the measurement of two
close dissociation constants of Valsartan (Scheme 1). Valsartan chromophores exhib-
ited minimal 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 from potentiometric determination. For this reason, a more reliable
estimation of the dissociation constants was obtained potentiometrically.

Valsartan marked L?>~ was capable of protonation in pure water to form soluble spe-
cies LH,, LH™ and L?". The graph of the molar absorption coefficients of differently
protonated species against the wavelength indicated that the spectrum of ¢, &; 1, €112
were for species correlated, and that the values in pairs are almost the same.

It has been demonstrated that in the range of pH=2 to 7, two dissociation constants
could be reliably estimated from the spectra when the concentration of the sparingly
soluble Valsartan was 1.0 x 10 mol-dm~ or less. Although adjusted pH less affected
the absorbance changes in the chromophore, two thermodynamic dissociation constants
were reliably determined, with REACTLAB reaching values of pK;r1 =3.70+0.12,
pKaT2 =4.82+0.08 at 25 °C and pK;r1 =3.44+0.08, pK;r2 =4.67+0.02 at 37 °C.

The two thermodynamic dissociation constants of Valsartan were determined by
regression analysis of potentiometric pH-titration curves at a concentration of
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&)

(6)

1107 mol. dm™ with ESAB, pK,=3.51+0.00, pK},=4.63 +0.00, at 25 °C and
pKaTl =3.44+0.03, pK;rz=4.51 +0.03 at 37 °C.

Prediction of the dissociation constants of Valsartan was performed by the programs
MARVIN, PALLAS and ACD/Percepta to determine protonation sites. When compar-
ing three predictive and two experimental techniques, prognostic programs sometimes
differed in the pK, estimate.

Thermodynamic parameters AH? and AG? were calculated from the temperature change
of dissociation constants according to the van’t Hoff equation. Positive enthalpy values
AH’(pK,;)=10.33 kJ-mol™!, AH’(pK ,,) = 17.70 kJ-mol~! showed that the dissociation
process was endothermic and is accompanied by heat absorption. Positive values of the
Gibbs energy are AG°(pK,,;)=20.03 kJ-mol~!, AG’(pK,,) =26.43 kJ-mol~! at 25 °C.
The standard state entropies of dissociation, AS°, at 25 °C and 37 °C are negative (A
S%pK,))=—32.56 J-K~":mol™!, AS(pK,)=—29.26 J-K™"-mol~" at 25 °C and AS%(p
K,))=-30.01 J- K "mol™!, AS°(pK ,,) = —25.92 J-K~"-mol~" at 37 °C.
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