A novel method for combination of ionic
conductivity and pH-metry methods for the
determination of the aqueous solubility of a new
diisopropylammonium hydrogenmaleate crystalline

molecule

ABSTRACT:

Dissociation constant, solubility, and thermodynamic, data are very important physicochemical
parameters for biological substances and their knowledge is of fundamental importance for the
validation of drugs. In addition to their low cost and accessibility, Conductometric and pH-metric
methods seem to be particularly suitable for the determination of these parameters given the often
weak acidic or basic nature of drugs. These parameters were determined for a new synthesized
diisopropylammonium hydrogenmaleate: (iPr,NH>-MA) crystalline molecule. Conductometric and pH-
metric methods were used'for this characterization. The pH-metric method lead to pKy; = 3.6, pKaz =
6.7 and pK,3 = 7.5, while the conductometric method made it possible to determine two pK, values
which are pK,; = 3:5.and pK,; = 7.8. The values of the thermodynamic parameters calculated for the
enthalpy change (AH® and the entropy change (AS) of the iPr,NH,-MA acidic dissociation reaction
are of the order.of AH = 25. 36 + 0.06 kJ.mol™ and AS = 6.08 + 0.18 kJ.mol™™.K™. In addition, the
Gibbs free energy change (AG) of the molecule decreased as a function of temperature. The
solubility varied between 1 and 84 mg mL" for pH values comprised between 3.5 and 8.5 and
reached its maximum Sp.x = 84 mg mL™ at pH 5.6. The dissociation process was found to be is non-
spontaneous; endothermic and entropically favorable. These results demonstrated on the one hand
the reliability and effectiveness of the Conductometric and pH-metric methods for the characterization
of molecules with acidic and/or basic sites, and on the other hand the excellent physical and chemical

properties of diisopropylammonium hydrogenmaleate (iPr,NH»-MA) crystalline molecule.
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1. INTRODUCTION

Foods and medicines include considerable amounts of maleates. These are important
pharmacophores in modern drugs due to their ability to improve the physicochemical properties of
drugs, such as water solubility. This parameter is a key factor in ensuring better bioavailability of active
pharmaceutical ingredients (APIs), and then greater drug efficacy at low dosage. The use of maleate
derivatives is therefore extremely important in the development of a new drug because it governs
solubility, absorption, distribution, metabolism and elimination [1]. For this, maleate derivatives remain
among the most used agents in the design of active pharmaceutical ingredients (APIs). because of it
increases the APIs solubility. Recently, timolol maleate was developed and validated as a safe and
effective API in the treatment of ocular glaucoma [2,3]. Enalapril maleate, has been ‘successfully
designated and evaluated according to the United States Pharmacopoeia (USP) for the treatment of
hypertensive diseases [4]. Given the growing need to improve the physicochemical properties of
research and development compounds, recent decades we have seen the use of a wider variety of
new maleate derivatives [5-9].However, it should be noted that maleate.derivatives include acidic or
basic functional groups with pK, and solubility values that can affect their physicochemical and
biological properties. pK, values also influence the stereochemical and.conformational structure, the
orientation of nucleophilic and electrophilic attacks; the capacities of intermediates, the activation
energy of inorganic reactions and the detection. of active centers of enzymatic biochemistry [8]. Thus
the determination of parameters such as pka values, solubility and dissociation constants, the enthalpy
(AH% and entropy (AS) changes as well as Gibbs free energy (AG) becomes necessary for any
candidate maleate-derived counterions.

There are several methods for determining dissociation constants such as UV-vis absorption
spectroscopy [9-11] , liquid chromatography [10,12], capillary electrophoresis [1314,15], NMR [16],
voltammetric methods [17,18],.and-computational method [19].

These techniques present often the disadvantages due to the use of organic solvents. For example,
the liquid chromatography technique has a range of pKa values is often limited by the stability of the
column packet.. In addition, due to the long retention times observed, it is not easy to determine the
pKa values in.water and aqueous solutions - organic mixtures with a low content of organic solvent
[20].

Traditionally, the pH-metric and conductimetric methods [21] are seen as very useful techniques for
determining pK, values, because of their precision and reproducibility. These methods are high
precision techniques to determine the pKa values of the substances. They are commonly used due to
its precision and availability of these instruments at low cost.

Recently, Seye and collaborators [22] have synthesized for the first time a new diisopropylammonium
hydrogenmaleate crystalline molecule. This diisopropylammonium has been obtained using the
diisopropylammine which was used recently with dichloroacetate as being alleviates liver fibrosis
through inhibiting activation and proliferation of hepatic stellate cells [23]. This crystalline molecule

turns out to have a very high solubility compared to those developed in the literature [24,25].



In the present work, the pKa values and the thermodynamic parameters of a new
diisopropylammonium hydrogenmaleate crystalline molecule have been determined in aqueous
medium. These parameters associated with the solubility were determined by conductometry and pH-

metry method.

2. EXPERIMENTAL SECTIONS

2.1. Reagents

Maleic acid (HO,CH = CHCO,H, 99% m/m), diisopropylamine (iPr,NH, 99% m/m) and, spectroscopic-
grade methanol were purchased from Sigma Aldrich and used without purification. Hydrochloric acid
(37% m/v) and sodium hydroxide pellets (97% m/m) were supplied by Sigma-Aldrich'and used as
received. All agueous solutions were prepared by using Milli-Q ultrapure water (MQ 18.2.MQcm).

2.2 Materials

According to the proposed objectives, certain experiments were carried ‘out by pH-metric and
conductometric titration using a bench-top VWR pHenomenal and conductivity, CON,2700 EUTECH. In
both cases, the previous calibration steps were carried out using selutions and. buffers suitable for
room temperature (25 + 1 ° C).

The VWR pHenomenal, bench-top, was equipped with a‘glassy electrode.with integrated temperature
sensor 22, a LCD screen showing the pH / mV and temperature.values simultaneously, and three
additional technical buffers at 25 ° C (4.00 / 7.00 /.10.00) in memory. The CON 2700 EUTECH bench-
top conductivity meter was equipped with a digital screen,, a conductivity cell, an electrode holder
stand and automatic recognition of standards.

The temperature variations were made possible by a magnetic heating stirrer called the IKA Plate
(RCT digital) including a circular aluminum alloy heating plate. The weighing was made using a Metler
PM 100 balance.

2.3 Measurement procedure

All the titrations.were carried out by adding appropriate quantities of titrating solutions to samples of
iPr.NH,-MA with constant and slight agitation. Depending on the reaction to be carried out, the
concentrations, of the samples and standards were optimized in order to better exploit the analytical
signals. The samples are estimated between 45 and 50 mL in order to be able to completely soak the

electrodes in order.to minimize measurement errors.

3. RESULTS AND DISCUSSIONS
3.1 Synthesis and characterization of diisopropylammonium hydrogenmaleate
(iPerHZ'MA)

The scheme 1 represent the procedure for synthesis of iPr,NH,O,C-CH = CH-CO,H crystalline

molecule and previously reported [22].
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Scheme 1. Procedure for synthesis of iPr,NH,-MA

3.2 Proton transfer mechanism of iPr2NH2-MA in aqueous medium

By observing the structure of iPr,NH,-MA, it is possible to identify carboxylate, ammonium and
carboxylic groups, which suggests possibilities of extraction or transfer of protons depending on the
nature of the medium (Schemes 2,3,4). Diisopropylammonium_hydrogenmaleate (iProNH,-MA)
behaves like an ampholyte and is composed of three sites that.can react:according to the nature of the

medium: two acid sites (carboxylic and ammonium) and a basic site (carboxylate).
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Scheme 2. Neutralization of the basic site of diisopropylammonium hydrogenmaleate.
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Scheme 3. Neutralization of the first acid site (COOH group).
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Scheme 4. Neutralization of the second acid site (ammonium group).

Comparative experimental methods such as pH-metry and conductimetry will make it possible to

follow the evolution of iPr,NH,-MA in acidic and basic medium.

3.3 pH-metric dosage

In Fig. 1A, we represent the neutralization curve of the basic site (carboxylate) of.iPr,NH,-MA by HCI.
On the other hand, the neutralization curve of iPr,NH,-MA with NaOH.shows by the appearance of two
levels the presence of two acid sites (Fig. 1 B). In fact, as shown in scheme 3, NaOH (strong base)
reacts first with the most acidic (carboxylic) site. In the second step, the attack on the last acid site
(ammonium) is done in order to completely neutralize the ‘acid-sites of the molecule of iPr,NH,-MA
(Scheme 4).
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Fig. 1. pH-metric titration curves of 50 mL of iPr,NH,-MA and, of the first,derivative of pH as a
function of the volume of A): HCI and B): NaOH.

3.4 Conductometric dosage

Fig. 2 shows the conductivity as a function of the added volume of HCI (10° mol LY. The
measurements were carried out in iPr,NH,-MA solutions (45 mL) of different concentrations (10'3,
4.10*, 2.10* and 10 mol L™?).

The reaction of diisopropylammonium hydrogenmaleate with hydrochloric acid leads to the formation
of maleic acid (Scheme 2). It is.graphically reflected by an initial drop of the conductivity, which
corresponds to a decrease in the concentration of ions present in solution. However, when the
maleate is completely neutralized, the addition of HCI in the solution leads to an increase of
conductivity. This increase in conductivity is explained by the presence of H' ions in the solution due to
the addition of non-reacting hydrochloric acid when the maleate is completely neutralized. In addition,
the conductimetric method shows:that the molecule has a single basic site and confirms the pH-metric

technique.
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Fig. 2. Conductometric dosage curves for different iPr,NH,-MA solutions: a) 10* mol.L™; b)
2.10* mol.L™; ¢) 4.10* mol.L™; d) 10°® mol.L™" with a solution of 10 mol.L:* HCI.

For a concentration of 10™ moI.L'l, the addition of HCI directly leads to'a continuous increase of the
conductivity, signifying an immediate neutralization of the maleate solution by the small volume of HCI
added in. By varying the iPr,NH,-MA concentration from 2.10* to 10® mol.L™, we observed the
appearance of minima on the curves, which correspond.to equivalent volume of HCI. The presence
one minimum on each curve may be indicative that.only one basicity is neutralized.

Fig. 3 represents the experimental results obtained by measuring the conductivity of two solutions of
iPr,NH,-MA (V = 50 mL) as a function:of the added volume of NaOH (10 mol.L™). These conductivity
curves of iPr,NH>-MA solutions (0.5.10'3 and 0.8.10°° moI.L'l) as a function of the added volume of
NaOH have the same appearance and can be divided into three parts.

i) Part materialized.by a gradual increase of the conductivity. Indeed, as described above, the
strong base NaOH attacks in the first place the most acidic site (Scheme 3) which causes
thetincrease of the charges in solution thus inducing an increase in the mobility of the ions
[26].and. consequently the conductivity.

ii) The neutralization of the second acid site, accompanied by the transformation of the
diisopropylammonium ion into diisopropylamine (Scheme 4), results experimentally in a
very small (almost constant) variation of the conductivity in the medium. This result can be
explained by the fact that the transformation of the diisopropylammonium ion into a
molecule, which would have the effect of reducing the concentration of the ions in the
solution, and therefore the conductivity is compensated by the formation of Na * ions
resulting from the addition of NaOH. We hence obtain an almost constant value of the

conductivity during this neutralization reaction of the second acid site.

iii) The last step corresponds to the complete neutralization of the molecule and results in the increasing

of Na * and OH" concentrations, leading to a considerable increase of the conductivity in the medium.
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Fig. 3. Conductometric dosage curves for different iPr,NH,-MA solutions::a) 0:5x10° mol.L™
and b) 0.8x10° mol.L™ using NaOH.

These results obtained confirm the amphoteric character-described by the pH-metric method.

3.5 Determination of physicochemical parameters
3.5.1 pK, values
3.5.1.1 pH-metric method

One commonly used method to determine pK, values from the titration curves (Fig. 4) includes [27],
the second derivative (A’pH / A%V) and. the diagram of distribution of ionic species. As shown in Fig. 4A
where the volumes of NaOHand HCI solutions added are designated positive and negative,
respectively, using the nonlinear regression (NLR) method [28,29] shows three levels and suggests
the existence of three pK, values. The third pKa value is simply due to the neutralization of the
stabilizing diisopropylammonium cation (iPr,NH,"), which has an acidic character, by the excess of
NaOH.

The second derivative method (A’pH / AV?) will be mainly applied to the determination of the pKa; =
3.6 and pKa.3 =.7.5 values of iPr,NH,-MA from the titration curves because of its convenience and its
precision (Fig: 4 B). This method does not make it possible to clearly distinguish the value of pKgs.
However,:the diagram of distribution of ionic species as a function of pH method could be used to
determine this pKa value. Fig. 4 C represents the distribution diagram of ionic species obtained by
caculating the molar fraction (Xi) for each added volume of HCI and NaOH during the metric pH assay.
This technique highlights the protonation and deprotonation equations of the iPr,NH,-MA and makes it
possible to find the pK,; and pKj,, values which are respectively around 3.65 and 6.75 [30]. The results
indicate that the second derivative (A%pH / A%V) and the ionic distribution diagram methods are
capable of determining pK,; with an error difference of £ 0.05 while an analysis error of £ 0.2 exist for

pKa. using the NLR and the ionic distribution diagram methods. These pK, values, corresponding to



the ionization of the different sites (carboxylate, carboxylic and ammonium) of iPr,NH,-MA, are close
to those of the maleate derivatives [31].

For this, it would be interesting to confirm these pK, values, hence the use of the conductimetric
technique.
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Fig. 4. Titration of iPr,NH,-MA (10 M). (A): titration curve, (B): Curve of the second derivative,

C): Diagram of distribution of ionic species as a function of pH.

3.5.1.2 Conductometric method

This method consists in simultaneously measuring of the conductivity and pH values (during titrations
with HCl and NaOH) allowing the plot of a vs. f (pH) curves and the determination of pK, values. In
fact, according to the Henderson Hasselbalch (HH).equation (1), this result leads the relationship
between the measured pH and the dissociation coefficient a [32].

pH= pKa + |Og% (Ea.1)

[A] and [AH] are theiconcentrations of dissociated acid and non-dissociated acid, respectively (we
suppose here that the-activity coefficients are close to 1).

The degree or coefficient of dissociation a of acids is defined as follows:

g SR N (Eq2)
[AH]+[A] o
o
(Dand (2. =>. pH= pK,+ Iogl— (Eq.3)
—
A
Furthermore a = — (Eq.4)
i
and A\ = Z — (Eq.5)
1000T
_ Cv-o'wv
C=—— (Eq.6)

Vr



In this case, knowing the conductivity o (measured) and the concentration (C') (calculated from Eq.6

after each addition of well-defined titrating solutions), we can deduce the value of the molar
conductivity A. The value of /Ay is an unmeasurable quantity, but can be obtained by extrapolation in a

graph of A as a function of the molar concentration, as illustrated in Fig. 5. The known values of Aq

o
allow plotting the pH curves as a function log 1— (Fig. 6). By considering the value of pH at a = 0.5,
—

pKa: and pKgz can be obtained as 3.51 and 7.80 respectively. These pK, values are very close to

those found by the pH-metric method.
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Fig. 5. Curve A = f (C) of the iPr,NH,-MA titration by: A) 10°mol.L™ HCI, B) 10°mol.L™ NaOH.
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Knowing that a = f and pH = pK;, + Iogl— , the curve pH = log (l—] can be plotted for each
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3.5.2 Methods validation for pKa values determination

The pK, values have been determined by the pH-metric and conductimetric techniques. Only pK,; and
pKas value can be determined by all these techniques. However, using the RNL methods, A’pH / A%V =
f (pH), Xi =f (pH) an error of the order of + 0.01 is observed for the values of pK,;. On the other hand,
only the pH-metric technique (NLR, Xi = f(pH)) makes it possible to determine the value of pK,,. These



results show that the pK, values in an aqueous medium of the molecules can be determined with
precision and simplicity using these different techniques.

The pKa values were calculated at three different concentrations of iPr,NH,-MA for each method. The

linearity of the curves pH = f (Iogii) was evaluated by a variance analysis [33]. In all cases, the
-

regression variance (Vgeg) is significantly higher than the residual variance (Vres) (P-value =.0005),
which shows that the regression is significant and that the linear model is validated (Table 1).

To validate the pKa values obtained by the linear regression, a comparison was made by a Student t-
test. In order to show the practical interest of the linear regression method for the determination of pKa
values, we have also done ftriplicates test points, at a values different from those used of the linear
regression curves. The tabulated Student t value (confidence level of 5%) is higher than.the calculated
t of the difference (tp), which shows that there are no significant differences between the results
obtained for the Student’s t tests and the pKa values obtained from the linear regression curves (Table
1).

Table 1. Evaluation of the pKa values by variance analysis at:a.confidence level of 5% and by a
Student t-test

Linear regression pH = pKa + log— pKa, pKa, pKas
method WP
pKa values 3.51+0.06 6.81+0.02 7.80+0.18
ANOVA 1
Regression variance 44.96 134.87 96.64
(Vree)
0.34 0.11 1.23
Residualvariance
(Vres) 0.00 0.00 0.00
P.value
Student t-test pKay pKa, pKas
pKa 3.4940.02 6.55+0.36 7.64+0.22
to 0.02 0.25 0.16
ts 89.47 31.88 153.15
SD NO NO NO

SD (pKa): Standard deviation of the pKa.

tp: Calculated Student value of the difference between the two pKa.
ts: Tabulated Studentt value.

SD: Significant difference



3.5.3 Determination of thermodynamic parameters

The value of the enthalpy (AH) was estimated from the equation of Van't Hoff [34-36]. We assumed
that ﬂrHD and ﬂrSD are not temperature dependent [37-39].

d ApH®
—InK =
dT RT2

Where AH’ is the standard enthalpy change of the acidic dissociation reaction, K the equilibrium

(Eq.7)

constant, R the universal gas constant (8.31 J mol™ K™) and T the absolute temperature.
The standard entropy change A,S° was derived from standard Gibbs free energy and enthalpy

changes [39,40]. Gibbs free energy and entropy can be expressed as follows:

AG” = —-RTInK (Eq.8)

0, 0
ﬁ,SD _ _ MG T,’_l.l.H (Eq.9)

Finally, Van't Hoff's equation can be rewritten:
ApH® 1 ApS"
+
R T R

(Eq.10)

Taking into account the relation K a = [H,O] * K = 55,55x K, we obtain:
ApH? 1 ApS°

> pKa= /— - -——F— —174 Eq.11
P 2,302+R T  2.303:R (Eq.11)

The curves pKa; as a function of T'are shown‘in Figure 7, and these curves were examined by
variance analysis (as explain in paragraph 3:5.2). In all cases, the regression is significant, without
lack fit (at 5% confidence level), meaning that the linear model is validated.

The slope (a) and the intercept (b) obtained from these linear curves have been used to determine
&rSD and ﬂrHD (Fig. 7), and the standard Gibbs free energy (AG®) can be determined at a specific

temperature using equation (Eq.9).

For iPr,NH,-MA, three samples were used which S;, S, and S; solutions with concentrations of 10°®
mol.L™" , 1.4x20° mol.L"" and 4x10° mol.L™* , respectively. The pK, values were calculated at different
temperatures (298-323 K) for each solution.

The calculated values of the standard enthalpy, entropy and Gibbs free energy of iPr,NH,-MA
dissaciation are given in Table 2 for the S; solution. It appears that pK, values decrease with

increasing, temperature. These results are similar to those of El-Bindary [41], which justifies the acidity
of iPro,NH,-MA increases with increasing temperature. The values of ﬂrHu' are 25.36+ 0.06 kJ mol™

K™ indicate that dissociation is endothermic.

The positive ArG° values have been obtained in the temperature range (298-323 K). As ArG° does not
allow a priori to predict the evolution of the system, it is ArG which plays this role. However, if ArG® is
very positive, it is likely that ArG is too. Reasoning on ArG® (equilibrium condition) is therefore very
likely to give a good prediction. Note that this type of reasoning is identical to that which consists in
affirming that if an equilibrium constant is large the reaction takes place in the direct sense, if it is very

small in the indirect sense. The low pka values and the positive AG® indicate that the dissociation



process is very low in the direct sense, i.e. the protonation reaction of diisopropylammonium
hydrogenmaleate in acidic medium is not spontaneous in the temperature range.

The decreases in AG® as a function of the temperature have shown that the dissociation of the
iPr.NH,-MA is favored by the increase of temperature. However, the values of ﬂrSD are 6.08 J.mol

! K" due to increased disorder as result of the dissociation processes. All these thermodynamic

parameters of iPr,NH,-MA confirm the stability of the crystalline molecule in aqueous medium.
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Fig. 7. pKa vs. 1/T for iPr,NH,-MA solutions at different concentrations: 10° mol.L™ (S,), 1.4x10°®
mol.L™ (S,) and 4x10% mol.L™(S).

Table 2. The different values of thermodynamic parameters

AH (KJ:mol™) AS (3.mol*. K" Temperature (K)  AG (KJ.mol™)
298 23.55+0.02
303 23.52+0.05

AH = 25.36+0.06 AS=6.08+£0.18 308 23.49+0.03
313 23.46 £0.01
318 23.43 £0.12

323 23.40+0.12




3.5.4 Determination of the solubility of iPr,NH,-MA.

The determination of the solubility of iProNH,-MA, which is an amphoteric salt, can be easily done
using the solubility - pH curves from the HH equations [42].

Fig. 8 A represents the solubility as a function of the pH of the diisopropylammonium cation (iPr,NH,").
This curve shows an intrinsic solubility value (Sy) of about 0.08 mg/mL which appears to be very
limited. Between iPr,NH, * and the hydrogenmaleate anion leads to the formation of a salt with an
intrinsic solubility value of around 1.33 mg/mL (Fig. 8B). These different values, showed an
improvement in the intrinsic solubility S, starting from the free form in the saline state. These results
demonstrate the central role of the maleate anion in the design of molecule forimpreving solubility.
The maximum solubility value S;.x = 84 mg/mL of iPr,NH,-MA, classified as a seluble product
according to European Pharmacopoeia, was found to be excellent compared.to the solubility values of
other molecules approved by the Administration of Medication Food (ANM):such as Ethionamide
maleate (Smax = 19.9 mg/mL in acidic medium) [18], choline‘febuxostat:(CXT) (Smax = 30 mg/mL in
water) [24].

0.30

(A)

0.25

o

N

o
I

Sp =0.8:1073 mg/mL

o
=

()]
1

Solubility (mg/mL)
o

0.05 T T T T T T T T T T T
5.5 6.0 6.5 7.0 7.5 8.0 8.5
pH




%0 (B)

75 1

- ]

§ 60

2 7 | ] )

é 45

a 4

= 301 / \ Sp= 1.33mg/mL

B | / '\

i 15 4

Uo') ] _m .\o\.
04 masmun 00000000
s & § & 7 3

pH

Fig. 8. Solubility vs. pH for iPr,NH," (A), and iPr.NH>-MA salt (B).

4. Conclusion

In this study, the values of pK,, solubility, and thermodynamic parameters of a new crystalline
molecule iPr,NH,-MA were determined. Due to their simplicity and accessibility, conductimetric and
pH-metric methods have been used in order to be able to know the physicochemical properties of the
molecule. At the end of our study, it turned out that the pH-metric titration makes it possible to
determine the amphoteric: nature of the iPr,NH,-MA molecule and this was confirmed by the
conductimetric method. These methods allowed us to calculate the physico-chemical parameters of
the molecule. The pK, values very precisely evaluated, the thermodynamic parameters and solubility
value showed that the dissociation of the crystalline molecule was spontaneous, endothermic and
entropically favorable. The positive value of AG demonstrated that the stability of the iPr,NH,-MA
decreases with. increasing temperature. This study shows the inexpensive implementation of the
synthesis'and the determination of the physicochemical parameters of a new iPr,NH,-MA that could

be potential active pharmaceutical ingredients.
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