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a b s t r a c t 

A fast determination of acidity constants (pK a ) of very insoluble drugs has become a necessity in 

drug discovery process because it often produces molecules that are highly lipophilic and sparingly 

soluble in water. In this work the high throughput internal standard capillary electrophoresis (IS-CE) 

method has been adapted to the determination of pK a of water insoluble compounds by measurement 

in methanol/aqueous buffer mixtures. For this purpose, the reference pK a values for a set of 46 acid- 

base compounds of varied structure (internal standards) have been established in methanol-water mix- 

tures at several solvent composition levels (with a maximum of 40% methanol). The IS-CE method has 

been successfully applied to seven test drugs of different chemical nature with intrinsic solubilities lower 

than 10 −6 M. pK a values have been determined at different methanol/aqueous buffer com positions and 

afterwards Yasuda-Shedlovsky extrapolation method has been applied to obtain the aqueous pK a . The 

obtained results have successfully been compared to literature ones obtained by other methods. It is 

concluded that the IS-CE method allows the determination of aqueous pK a values using low proportions 

of methanol, becoming then more accurate in the extrapolation procedure than other reference methods. 

© 2022 The Authors. Published by Elsevier B.V. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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. Introduction 

New technologies and strategies for drug discovery and devel- 

pment have increased considerably in the last decades, creating 

ew opportunities for gathering and integrating information to in- 

rease the success and efficiency of drug discovery. Consequently, 

harmaceutical companies synthesize a great number of potential 

rugs and chemical precursors in a relative short time. ADMET 

Absorption, Distribution, Metabolism, Excretion and Toxicity) and 

MPK (Drug Metabolism and Pharmacokinetic) studies frequently 

se physicochemical parameters for the understanding and simu- 

ation of drug properties and processes, to select those compounds 

ost suitable for further test and development. Therefore, there is 

 need of high throughput screening analytical methods for rapid 

valuation of potential drug candidates as soon as they are synthe- 

ized [ 1 , 2 ]. 

The acidity dissociation constant (or pK a in logarithmic scale) is 

n important physicochemical parameter that plays an important 

ole in the ADMET and DMPK studies since it determines the ion- 
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zation degree of a potential drug at the target pH. In fact, the neu- 

ral and ionic forms of a compound can have very different physic- 

chemical and biological properties, being the drug pK a some- 

imes decisive for a given application [2–4] . Modern techniques of 

rug discovery often produce molecules that are highly lipophilic 

nd sparingly soluble in water. Poor aqueous solubility becomes 

 drawback in the physicochemical characterization because many 

ssays require the drugs to be in aqueous solution during measure- 

ent. Therefore, the determination of the acidity constant of this 

ind of drugs can be a serious problem [ 2 , 4–6 ]. Different analyti-

al techniques are commonly used to determine pK a of very insol- 

ble compounds, such as potentiometry and spectrophotometry. A 

ery common practice in these cases is to use aqueous-organic sol- 

ent mixtures to dissolve the drug, and then determine the pK a at 

ifferent ratios of the solvent mixtures. The pK a in water is then 

stimated by extrapolation to 0% of organic solvent [7–10] . 

Capillary electrophoresis is a particularly convenient separation 

echnique for pK a determinations because low amounts of sample 

re needed, information about concentration is not required, and 

t handles both impure and complex samples [11] . The classic CE 

ethod for pK a measurement is based on the relationship between 

he electrophoretic mobility of an ionisable compound and the 

H of the background electrolyte solution [12–20] . The inflection 
nder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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oint of the mobility vs. pH curve corresponds to the pK a value 

f the compound. To obtain reliable pK a values, the mobility mea- 

urements must be done in several buffers of adequate and con- 

tant ionic strength, and well-known pH. Some years ago, a high- 

hroughput CE method to determine acidity constants based on the 

se of internal standards (ISs) was developed [21] . Among other 

dvantages, the internal standard capillary electrophoresis (IS-CE) 

ethod does not need an accurate measure of the pH of the elec- 

rophoretic buffers, and few measurements are needed for a single 

K a determination (just two, at two different pH values). In addi- 

ion, experimental errors due to putative interactions between the 

est compounds and buffers and other systematic errors -like tem- 

erature or buffer pH variations due to electrolysis processes dur- 

ng run analysis- are minimized by the use of an adequate inter- 

al standard [21] . The IS-CE method works well for many different 

inds of drugs [22] , the pK a of a compound can be determined 

ithin 5 min, and a novel automated instrument has been devel- 

ped for this purpose [23] . 

Regarding solubility, the IS-CE method has been evaluated for 

he determination of pK a values of sparingly soluble compounds. 

t has been demonstrated that the pK a of compounds with sol- 

bility values of about 10 −6 mol L −1 can be determined directly 

n aqueous buffers [24] . Nevertheless, mixtures of aqueous buffers 

nd organic solvents should be used as electrophoretic background 

lectrolytes to apply the method to less soluble compounds. 

It is well-known that the pK a value of a substance dissolved in 

 solvent mixture changes according to the nature and content of 

rganic solvent in the mixture. For this reason, to apply the IS-CE 

ethod using solvent mixture-based buffers it is mandatory to de- 

ermine the pK a values of the compounds established as ISs [ 25 , 26 ]

n the same medium. Many water-miscible organic solvents have 

een employed for this purpose, such as alcohols or acetonitrile. 

ethanol has similar properties to water, and it can solubilize a 

arge number of compounds insoluble in water itself. So far, it is 

hought to be the least error-prone of the common co-solvents 

ince its general effect on pK a values has been studied so exten- 

ively [ 7–9 , 27–29 ]. The IS-CE method is not an absolute determi-

ation method. The pK a of the test compound is measured as a 

ifference to the one of the IS. The same process is used to estab-

ish the pK a of the internal standards in a given medium or condi- 

ion: the selected set of compounds are used equally as ISs or as 

est compounds. Thus, reliable pK a values of some acids and bases 

n the solvent mixtures are needed to anchor the IS-CE pK a scale, 

.e., pK a values of some of the ISs in the methanol-water mixtures 

sed must be known (from reliable literature for instance) or de- 

ermined by an absolute method (e.g., potentiometry). 

In this work, the pK a of monoprotic neutral acidic or basic ISs 

ere determined in different methanol-water mixtures at several 

evels of methanol by capillary electrophoresis and anchored to 

otentiometrically determined pK a values. Afterwards, the perfor- 

ance of the method to determine acidity constants of very low 

oluble drugs (solubility below 10 −6 mol L −1 ) were evaluated by 

omparison of the results to the literature ones obtained by other 

ethods. 

. Material and methods 

.1. Apparatus 

Capillary electrophoresis experiments were done with a P/ACE 

DQ Beckman instrument (Palo Alto, CA, USA), equipped with 

 diode-array spectrophotometric detector. Capillary was made of 

used silica and was obtained from Composite Metal Services Ltd 

Shipley, West Yorkshire, UK). The dimensions are 50 μm I.D., 

75 μm O.D., and 35.2 cm length (25 cm to the detector). The 

emperature of the capillary was set to 25.0 ± 0.1 °C. Test com- 
2 
ounds and internal standards were injected sequentially at a hy- 

rodynamic pressure of 0.5 psi for 3 s (1 psi = 6894.76 Pa), and 

he applied voltage during separation was 20 kV. In order to speed 

p analysis, an additional hydrodynamic pressure of 1.0 psi was 

pplied during separation. Optimized capillary conditionings were 

escribed elsewhere [21] . Briefly, at the beginning of the session 

apillary was conditioned with 1.0 mol L −1 NaOH (2.0 min), H 2 O 

0.5 min) and buffer (2 min); 0.2 min with new buffer when pH 

as changed; and at the end of the session 0.1 mol L −1 NaOH 

2.0 min) and H 2 O (2.0 min). Capillary was not rinsed between 

onsecutive runs with the same background electrolyte. 

Potentiometric pK a determinations were performed in an 888 

itrando potentiometer from Metrohm (Herisau, Switzerland), 

quipped with a combined pH electrode and a burette also from 

etrohm, a tempering beaker, and a temperature-controlled water 

ath (J. P. Selecta, Abrera, Spain). 

.2. Chemicals and solvents 

Dimethyl sulfoxide > 99.9% (DMSO), methanol HPLC grade, 

.5 mol L −1 sodium hydroxide, 0.5 mol L −1 hydrochloric acid, 

nd sodium dihydrogenphosphate monohydrate > 99% were from 

erck (Darmstadt, Germany). Anhydrous sodium acetate > 99.6%, 

-(cyclohexylamino)ethanesulfonic acid > 99% (CHES), and 3- 

cyclohexylamino) −1-propanesulfonic acid > 98% (CAPS) were 

rom Sigma (St. Louis, MO, USA). 2,2-bis(hydroxymethyl) −2,2 ′ ,2 ′ ′ - 
itrilotriethanol > 99.9% (BisTris) and sodium formate were from 

luka (Buchs, Switzerland). Tris(hydroxymethyl)aminomethane 

 99.9% (Tris) was purchased from Aldrich (Milwaukee, WI, USA). 

otassium hydrogen phthalate standard for volumetric analysis, 

CS, ISO 99.95–100.05% was from Panreac (Castellar del Vallès, 

pain). Water was purified by a Milli-Q plus system from Millipore 

Bedford, MA, USA), with a resistivity of 18.2 M �cm. 

All studied drugs and internal standards were reagent grade or 

urer, and were purchased from Sigma, Aldrich, Fluka, Merck, or 

arlo Erba. 

.3. Potentiometric tritations 

A total of 25 mL of an approximately 0.005 mol L −1 solution 

f the compound in the appropriate methanol-water mixture were 

laced in the thermostated beaker for the titration. Once the so- 

ution had reached 25 °C, the titration was performed by 0.1 mol 

 

−1 sodium hydroxide or 0.1 mol L −1 hydrochloric acid, depend- 

ng on the nature of the acid-base compound from pH 2 to pH 12, 

r vice versa. The titrand was solved in the same methanol-water 

edia as the titrant. An inert gas (N 2 ) was continuously passed 

hrough the titrant solution to eliminate CO 2 . All solutions (titrands 

nd titrants) were prepared with pure methanol and boiled water. 

.1 mol L −1 sodium hydroxide solution was previously standard- 

zed with potassium hydrogen phthalate. 0.1 mol L −1 hydrochloric 

cid solution was standardized using Tris as primary standard. The 

otentiometric system was calibrated with the aqueous standard 

eference solutions at pH 2, 4, 7, and 9 at 25 °C. Glass electrode 

as conditioned for each methanol-water composition storing it at 

east for 24 h in the solvent mixture. In the potentiometric mea- 

urements, a minimum of 20 s and a maximum of 60 s were es- 

ablished as equilibration time between consecutive additions. Sol- 

ent evaporation was avoided closing the reservoir in which deter- 

ination was done and shortening as much as possible the total 

nalysis time (around 5–10 min each determination). 

.4. Preparation of samples and buffers for CE determinations 

Stock solutions of sodium dihydrogenphosphate, sodium for- 

ate, sodium acetate, BisTrisH 

+ , TrisH 

+ , CHES −, CAPS − or sodium 
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Table 1 

Macroscopic properties of relevant interest for the studied methanol-water mixtures at 25 °C [31–41] . 

% MeOH (v/v) x MeOH log [H 2 O] ρ (kg dm 

−3 ) ε A a o B δ pK ap 

0.0 0.000 1.74 0.995 78.30 0.53 1.50 0.00 14.00 

10.0 0.047 1.70 0.983 75.05 0.56 1.53 0.01 14.08 

20.0 0.100 1.65 0.969 71.37 0.59 1.57 0.03 14.08 

30.0 0.160 1.59 0.955 67.49 0.64 1.61 0.05 14.07 

40.0 0.229 1.52 0.939 63.39 0.70 1.66 0.09 14.09 
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ydroxide were prepared in aqueous media at 0.25 mol L −1 . In or- 

er to obtain methanol-water BGE solutions at the desired pH and 

onic strength, a known amount of 0.5 mol L −1 HCl, 0.5 mol L −1 

aOH, or 0.5 mol L −1 KCl was added to 5 mL of the correspond-

ng stock solution. Next, pure methanol was added to have the 

esired composition (v/v), and afterwards the content of the vol- 

metric flask was diluted with a methanol-water mixture of the 

ame v/v proportion up to 25 mL. Ionic strength was kept constant 

t 0.05 mol L −1 . 

Buffer solutions covering practically all the useful pH range 

from 2 to 12.5 separated within intervals of 0.5 pH units) were 

repared at 10, 20, 30 and 40% (v/v) methanol mixtures. 

Stock solutions of test compounds (TC) and ISs were prepared 

t a concentration of 1 mg mL −1 in water or in a methanol/water 

ixture (when they were not soluble in water itself). 4% of DMSO 

as added as electroosmotic flow (EOF) marker. Afterwards, a 1/10 

ilution in water of the stock solution was prepared for injection 

100 mg L −1 ; 0.4% DMSO). 

All buffers and compound solutions were filtered through a ny- 

on mesh 0.45 μm porous size (Whatman, Maidstone, UK) and 

tored at 4 °C until their use. 

.5. Mobility calculation 

Mobility values (m 

2 V 

−1 s −1 ) were directly calculated from the 

igration times of the test compound or internal standard (t m 

) 

nd the electroosmotic flow marker (DMSO, t 0 ) through Eq. (1) : 

= 

L T L D 
V 

(
1 

t m 

− 1 

t 0 

)
(1) 

here L T and L D are the total and effective capillary length respec- 

ively (m), V is the applied voltage (V) and migration times are 

xpressed in seconds. 

.6. p K a determination 

.6.1. Determination of the p K a of reference test compounds by 

otentiometry 

Since pH values were measured in the methanol-water media 

n reference to standards in water ( s w 

pH), they were converted to 

H values referred to the same methanol-water mixture ( s s pH) by 

eans of the δ term correction [30] which includes the medium 

ffect and the differences in the liquid junction potentials in the 

wo media, according to Eq. (2) 

 

 

pH = 

s 
w 

pH − δ (2) 

K a was calculated through the titration data, taking into account 

he mass and charge balances of the species in equilibrium. Au- 

oprotolysis of the methanol-water solvent (pK ap ) was considered 

n the calculation [34] . Activity corrections at each titration point 

ere done through the mean activity coefficient of each ion ( γ ±), 

hich was calculated through the Debye-Hückel equation, accord- 

ng to Eq. (3) . 

ogγ ± = 

−a z 2 
√ 

I 

1 + a B 

√ 

I 
(3) 
0 

3 
here z is charge number of the ion, and I is the ionic strength 

f the solution. Values of the A and a 0 B Debye-Hückel parameters 

or the different methanol-water mixtures are given in Table 1 to- 

ether with p K ap , δ values and some other relevant macroscopic 

arameters. 

.6.2. Determination of the p K a of test compounds by the IS-CE 

ethod 

The optimized procedure used for acidity constants determina- 

ion by the IS-CE method has already been reported [21] . Briefly, 

he method is based on the use of an IS with pK a similar to that of

est compound ( �pK a < 1), choosing as first approximation for the 

K a of the test compound the prediction by an appropriate soft- 

are (ACD/Labs in our case) [42] . Then, mobilities of the IS and 

he test compound are determined in at least two different buffers 

or a monoprotic acid-base compound: a buffer in which the an- 

lyte and the IS are completely ionized (actual mobility); and a 

econd buffer (or more buffers) in which both compounds are par- 

ially ionized (pH in the range pK a ± 1, effective mobility). From 

hese mobility measurements the pK a of the test compound can 

e directly obtained if the pK a of the IS is well known from equa-

ions (4) (monoprotic neutral bases) and (5) (monoprotic neutral 

cids). 

pK a,T C = pK a,IS − log 

(
μB H + − μe f f 

μe f f 

)
T C 

+ log 

(
μB H + − μe f f 

μe f f 

)
IS 

(4) 

pK a, TC = pK a, IS + log 

(
μA − − μeff

μeff

)
TC 

− log 

(
μA − − μeff

μeff

)
IS 

(5) 

In Eq. (4) , TC and IS are monoprotic bases, μBH + is the actual 

obility of the corresponding base and μeff is the effective mo- 

ility. In a similar way, Eq. (5) accounts for the pK a determination 

f acidic monoprotic compounds (TC) through acidic internal stan- 

ards (IS). In this last equation μA- is the actual mobility of the 

cidic TC or IS. 

These two Eqs. (4) and (5) are valid in case that IS and TC have

he same nature, i.e. they have the same charge, which is the case 

f this work. When equations are applied, the pK a of the TC is ob- 

ained at the same ionic strength as the pK a of the IS. When the 

ature of the two compounds is not the same, activity coefficient 

orrections are needed, as explained elsewhere [26] . Thus, direct 

se of Eqs. (4) and (5) to establish the ISs pK a values provides 

wo independent subsets of ISs, one for monoprotic neutral acids 

 Eq. (5) ) and another one for monoprotic neutral bases ( Eq. (4) ). 

For the determination of the aqueous pK a of low soluble com- 

ounds, the IS-CE method was applied in methanol-water buffers. 

he pK a of the target TC was determined at different methanol 

ompositions (10, 20, 30, 40% v/v), and the aqueous pK a was 

btained by extrapolation to 0% methanol through the Yasuda- 

hedlovsky method [ 51 , 52 ] presented in Eq. (6) . 

p K a + log [ H 2 O ] = a 
100 + b (6) 

ε 
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Table 2 

Potentiometric pK a values (standard deviations) of internal standard for the neutral acids and conjugated cationic acids of 

the neutral bases selected for anchoring IS-CE relative pK a scales. 

% Methanol (v/v): 0.0% 10.0% 20.0% 30.0% 40.0% 

2-chlorobenzoic acid 2.84 (0.02) 2.96 (0.01) 3.14 (0.02) 3.35 (0.01) 3.58 (0.01) 

Benzoic acid 4.17 (0.01) 4.27 (0.01) 4.39 (0.01) 4.59 (0.02) 4.80 (0.01) 

Vanillin 7.37 (0.02) 7.45 (0.01) 7.60 (0.01) 7.70 (0.01) 7.87 (0.02) 

Quinoline 4.92 (0.02) 4.80 (0.03) 4.66 (0.03) 4.43 (0.03) 4.23 (0.01) 

4–tert -butylpyridine 6.09 (0.02) 5.91 (0.03) 5.68 (0.02) 5.50 (0.02) 5.20 (0.02) 

2,4-lutidine 6.80 (0.01) 6.61 (0.01) 6.42 (0.01) 6.24 (0.00) 5.98 (0.02) 
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In this equation, log [H 2 O] is the logarithm of the water molar 

oncentration in a given solvent mixture, and ε is the dielectric 

onstant of the solvent mixture. From the plot of the pK a vs. 100/ ε
 linear relationship should be obtained, and extrapolation to pure 

ater would provide the aqueous pK a of the compound [7] . 

.6.3. Determination of the p K a of the internal standards 

Since the pK a of the internal standards is not known in 

ethanol-water mixtures it must be previously determined by an 

ndependent technique for all set members. Alternatively, the rel- 

tive pK a difference values between all set members can be de- 

ermined by the IS-CE method, as described in the previous sub- 

ection, and the pK a scale anchored to the known pK a value of 

ne or several of the set members. This last method has been used 

n this work, anchoring the IS-CE scale to the pK a of three se- 

ected neutral acids and three selected cationic acids whose pK a 

alues were previously determined by potentiometric titrations in 

he same studied methanol-water mixtures. 

. Results and discussion 

.1. Potentiometric determination of the pK a of the anchoring 

cid-base compounds 

Three different neutral acids and three different neutral bases of 

aried acid-base strength were selected as anchor compounds for 

he two sub-sets of internal standards (the 23 neutral acids and the 

3 neutral bases). The potentiometrically determined pK a values of 

hese acid-base compounds in the different methanol-water mix- 

ures are presented in Table 2 . The results are the mean of three

ndependent titrations and the interday-titration standard devia- 

ion is given too. The intraday-titration standard deviations for the 

ifferent data points are 0.01–0.04, similar or slightly larger than 

he interday-titration ones. Thus, we estimate the standard devia- 

ion of the determined pK a values to be less than 0.05. 

The pK a variation with the percentage of methanol (v/v) is plot- 

ed in Fig. 1 . The variation of pK a is as expected [43] . The pK a of

eutral acids / conjugated anionic bases (HA/A 

− pairs) increases 

ith the increase of methanol percentage, whereas the pK a of neu- 

ral bases / conjugated cationic acids (B/BH 

+ pairs) decreases with 

he increase of methanol percentage. The variation of pK a values is 

ombination of three different effects: i) the decrease of the dielec- 

ric permittivity of the media with the increase of methanol per- 

entage (which does not favor ionic dissociation); ii) the variation 

f the intrinsic basicity of the solvent (or ability of the particular 

ethanol-water mixture to accept dissociated hydrogen ions); iii) 

nd the specific solvation effects of the different acid-base species 

y methanol and water. Decrease of dielectric permittivity affects 

cid dissociation (HA) because of the increase in the number of 

ons in the dissociation process (HA + S � HS + + A 

−), being S

he methanol-water solvent; or in other words, decrease of dielec- 

ric permittivity will increase electrostatic interaction between HS + 

nd A 

− and will shift the equilibria to the left. However, decrease 

f dielectric permittivity practically does not affect dissociation of 
4 
ationic acids because there is no variation in the number of ions 

BH 

+ + S � B + HS + ). Therefore, pK a values decrease with the 

ethanol content because of combination of the increase in the 

asicity of the methanol-water media and possible specific solva- 

ion effects. In the case of neutral acids, the effect caused by the 

ielectric permittivity surpasses the effect of solvent basicity and 

eads to a moderate increase of the values. Overall variation of the 

K a values for the reference acid-base compounds in the studied 

ange of solvent compositions (0–40% methanol) is an increase of 

.5–0.8 units for neutral acids and a decrease of 0.7–0.9 units for 

ationic acids. More detailed and rigorous discussion of these ef- 

ects can be found elsewhere [43–45] . 

.2. Establishment of the pK a of the internal standards 

Working with methanol-water buffers im ply establishing refer- 

nce pK a values for the set of ISs in the range of methanol-water 

orking compositions (0–40% v/v). The procedure followed to es- 

ablish these pK a values at each composition is based on the IS-CE 

ethodology and has been used already in previous works to de- 

ermine the aqueous pK a of the reference set of ISs [ 25 , 26 ]. Briefly,

t consists of an iterative process in which the compounds in- 

ended to be ISs are used indistinctly as TCs or as ISs in the follow-

ng way: to determine the pK a of a given compound of the set, the 

eighbouring compounds (with pK a differing less than 1 pK a unit) 

re used as ISs. Effective and actual mobilities of TC and IS were 

easured in methanol-water buffers of adequate pH (although not 

ccurately known), and finally the pK a of the TC was calculated 

hrough Eq. (4) or 5 using initial approximate pK a values for the 

Ss (e.g., the pK a values in pure water). When several ISs were used 

or a TC, the final pK a value was the average of all determinations. 

his was done for each compound of the set. After this first calcu- 

ation, the whole process was repeated, and the pK a of each of the 

ompounds was calculated again with the same mobility data and 

quations 4 or 5 but using this time the average pK a of the ISs ob-

ained in the previous calculation. From this second round of cal- 

ulations a new averaged pK a was generated for each compound, 

hich in turn, was used again in Eqs. (4) and (5) to calculate a

hird round of pK a s. This process was repeated until the pK a dif- 

erences between consecutive rounds was lower than 0.02 units for 

ll compounds. The refinement process was applied separately for 

he acidic and the basic ISs, and the pK a values were determined 

t the four different methanol-water compositions studied: 10, 20, 

0, and 40% of methanol (v/v). The procedure leads to coherent, 

ut relative sets of pK a values for each solvent composition min- 

mizing the different pK a differences between the acidic ( Eq. (5) ) 

r basic ( Eq. (4) ) IS sets. Although exact and precise pK a differ-

nces can be obtained with this procedure, the exact pK a value of 

ach individual compound of the set cannot be accurately known 

ecause the initial values used in the iterative process were only 

pproximate. The acidity scale of pK a differences needs to be an- 

hored to reference compounds of well-known pK a values. 

The anchoring procedure is widely used in pK a determination 

n many non-aqueous solvents where the activity of the solvated 
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Fig. 1. Variation of the pK a values of the reference neutral acids and conjugated cationic acids of the neutral bases with methanol (MeOH) percentage. � potentiometric 

values, ● anchored capillary electrophoresis values. 
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ydrogen ion (or pH) is difficult to measure and then pK a is mea- 

ured as a relative pK a value. To obtain absolute pK a values, the 

easured relative values must be linked to “anchor compounds”, 

or which the absolute values are known, by shifting the relative 

K a of the anchor compound to its absolute pK a . Then, the pK a 
5 
ifference in the shifting of the anchor compound is applied to 

he rest of the acid-base compounds of the same set of relative 

K a values. For instance, the pK a relative scale of neutral acids in 

cetonitrile have been anchored to the pK a value of picric acid, 

nd the relative scale of neutral bases (cationic acids) to the pK a 
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Table 3 

Anchored pK a values (standard deviations) of the internal standards at several methanol-water compositions (v/v), 

at 25 °C and 0 ionic strength. 

% MeOH (v/v) 0% 10% 20% 30% 40% 

2-chlorobenzoic acid 2.84 (0.02) 2.93 (0.01) 3.17 (0.01) 3.34 (0.01) 3.61 (0.01) 

2,6-dibromo-4-nitrophenol 3.31 (0.03) 3.38 (0.02) 3.40 (0.01) 3.42 (0.03) 3.46 (0.01) 

4-nitrobenzoic acid 3.36 (0.01) 3.42 (0.02) 3.54 (0.02) 3.68 (0.02) 3.85 (0.03) 

2,6-dinitrophenol 3.68 (0.00) 3.73 (0.01) 3.74 (0.01) 3.82 (0.02) 3.88 (0.01) 

3-bromobenzoic acid 3.78 (0.02) 3.89 (0.01) 3.95 (0.02) 4.19 (0.03) 4.38 (0.02) 

2,4-dinitrophenol 4.12 (0.02) 4.13 (0.04) 4.12 (0.02) 4.12 (0.02) 4.14 (0.02) 

Benzoic acid 4.21 (0.03) 4.32 (0.02) 4.42 (0.02) 4.65 (0.04) 4.86 (0.01) 

Ibuprofen 4.47 (0.03) 4.67 (0.05) 4.78 (0.01) 5.07 (0.04) 5.25 (0.01) 

Warfarin 5.15 (0.04) 5.28 (0.03) 5.35 (0.02) 5.42 (0.02) 5.48 (0.02) 

2,5-dinitrophenol 5.26 (0.05) 5.31 (0.04) 5.32 (0.04) 5.37 (0.03) 5.38 (0.03) 

Sulfacetamide 5.38 (0.05) 5.64 (0.01) 5.78 (0.01) 5.97 (0.07) 6.09 (0.03) 

2,4,6-tribromophenol 6.00 (0.08) 6.15 (0.05) 6.29 (0.07) 6.44 (0.05) 6.54 (0.04) 

4-nitrophenol 7.07 (0.05) 7.12 (0.04) 7.16 (0.07) 7.24 (0.06) 7.32 (0.02) 

Vanillin 7.33 (0.06) 7.43 (0.02) 7.55 (0.05) 7.65 (0.03) 7.77 (0.05) 

Phenobarbital 7.58 (0.04) 7.63 (0.03) 7.66 (0.06) 7.85 (0.03) 8.00 (0.02) 

4-hydroxybenzaldehyde 7.50 (0.04) 7.64 (0.04) 7.73 (0.04) 7.81 (0.03) 7.90 (0.05) 

3,5-dichlorophenol 8.15 (0.04) 8.25 (0.04) 8.31 (0.02) 8.43 (0.03) 8.52 (0.04) 

Methylparaben 8.32 (0.03) 8.42 (0.03) 8.51 (0.05) 8.65 (0.03) 8.75 (0.04) 

2-chlorophenol 8.47 (0.04) 8.63 (0.02) 8.73 (0.03) 8.91 (0.03) 9.10 (0.05) 

3-chlorophenol 9.00 (0.01) 9.13 (0.02) 9.24 (0.03) 9.35 (0.03) 9.47 (0.02) 

4-bromophenol 9.24 (0.01) 9.38 (0.02) 9.46 (0.02) 9.56 (0.02) 9.71 (0.02) 

Paracetamol 9.57 (0.02) 9.67 (0.01) 9.78 (0.01) 9.89 (0.01) 10.05 (0.01) 

Phenol 9.85 (0.01) 9.96 (0.02) 10.05 (0.02) 10.25 (0.04) 10.35 (0.01) 

Aniline 4.63 (0.01) 4.59 (0.01) 4.56 (0.02) 4.43 (0.02) 4.31 (0.04) 

Quinoline 4.94 (0.01) 4.82 (0.01) 4.69 (0.02) 4.47 (0.04) 4.26 (0.04) 

4–tert -butylaniline 4.94 (0.01) 4.87 (0.02) 4.84 (0.01) 4.76 (0.02) 4.63 (0.04) 

N,N -dimethyl- N -phenylamine 5.20 (0.05) 5.08 (0.01) 5.00 (0.02) 4.89 (0.03) 4.71 (0.05) 

Pyridine 5.31 (0.03) 5.12 (0.01) 5.01 (0.02) 4.85 (0.01) 4.54 (0.06) 

Acridine 5.57 (0.06) 5.34 (0.03) 5.22 (0.02) 5.02 (0.03) 4.75 (0.05) 

4–tert-butylpyridine 6.06 (0.05) 5.89 (0.04) 5.72 (0.02) 5.51 (0.02) 5.18 (0.04) 

Papaverine 6.42 (0.05) 6.19 (0.01) 6.00 (0.02) 5.85 (0.04) 5.65 (0.05) 

2,4-lutidine 6.81 (0.04) 6.62 (0.03) 6.35 (0.02) 6.19 (0.04) 5.98 (0.04) 

Trazodone 6.83 (0.02) 6.67 (0.03) 6.55 (0.04) 6.34 (0.02) 6.22 (0.03) 

Pilocarpine 7.07 (0.03) 6.83 (0.03) 6.67 (0.03) 6.45 (0.02) 6.29 (0.03) 

2,4,6-trimethylpyridine 7.50 (0.03) 7.27 (0.06) 7.04 (0.07) 6.76 (0.05) 6.59 (0.02) 

Lidocaine 7.93 (0.06) 7.86 (0.07) 7.82 (0.04) 7.78 (0.02) 7.66 (0.03) 

Bupivacaine 8.18 (0.02) 8.10 (0.05) 8.11 (0.08) 8.05 (0.03) 7.86 (0.03) 

1-phenylpiperazine 8.72 (0.02) 8.65 (0.05) 8.59 (0.03) 8.56 (0.05) 8.45 (0.03) 

N,N -dimethyl- N -benzylamine 8.99 (0.05) 8.92 (0.01) 8.88 (0.06) 8.83 (0.04) 8.67 (0.04) 

Diphenhydramine 9.06 (0.04) 9.03 (0.03) 9.01 (0.04) 8.94 (0.03) 8.77 (0.05) 

Procainamide 9.35 (0.03) 9.15 (0.02) 9.08 (0.03) 8.97 (0.07) 8.86 (0.05) 

Imipramine 9.26 (0.04) 9.27 (0.02) 9.24 (0.03) 9.15 (0.06) 9.05 (0.05) 

Propranolol 9.48 (0.02) 9.37 (0.02) 9.27 (0.01) 9.22 (0.07) 9.16 (0.03) 

1-aminoethylbenzene 9.53 (0.02) 9.39 (0.01) 9.29 (0.01) 9.28 (0.04) 9.16 (0.02) 

Ephedrine 9.72 (0.02) 9.66 (0.01) 9.57 (0.03) 9.53 (0.06) 9.42 (0.03) 

Nortriptyline 10.09 (0.01) 9.86 (0.01) 9.75 (0.02) 9.70 (0.04) 9.61 (0.04) 
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alue of pyridinium ion [57] . Anchoring procedure is usually done 

y a unique anchor compound for each scale. However, for min- 

mizing errors we anchored each studied scale to three different 

cids averaging the pK a differences. The potentiometrically deter- 

ined absolute pK a values of 2-chlorobenzoic acid, benzoic acid, 

nd vanillin were used to anchor the relative pK a scale for neutral 

cids obtained electrophoretically. In the same way, the potentio- 

etric absolute pK a values for the conjugated acids of quinoline, 

,4-lutidine, and 4–tert-butylpyridine were used for anchoring the 

elative electrophoretic scale of cationic acids-neutral bases pairs. 

The potentiometrically determined pK a values of 2- 

hlorobenzoic acid, benzoic acid, and vanillin have been used 

o anchor the acids scale and quinoline, 2,4-lutidine, and 4–tert - 

utylpyridine have been used for the bases scale. The anchoring 

rocess consists on shifting the electrophoretically obtained pK a 

n each solvent composition (acid or base set) to minimize dif- 

erences between the electrophoretic and potentiometric pK a 

alues of the reference anchoring compounds. The obtained pK a 

alues for the different acid-base compounds and studied solvent 

ixtures are presented in Table 3 . The RSD of the mobility for 

he ionized species was below 5% in all cases. The set of internal 
6 
tandards is the same established for water in previous works 

 25 , 26 ], excluding nicotinic acid (in fact a diprotic acid) and

lonidine because the results obtained with them differed from 

he ones of the other standards (of similar pK a value) in some 

ethanol-water mixtures. Comparison of the pK a values of the 

nternal standards in Table 3 to the previous published ones for 

he same standards for pure water shows very small differences 

 < 0.05 pK a units). The differences come out from the new recal- 

ulation of pK a without nicotinic acid and clonidine, and because 

f the new anchoring. Previous ISs sets data [ 25 , 26 ] were anchored

o literature pK a values, whereas the new set has been anchored 

o the potentiometrically determined reference pK a values. 

Since the potentiometric reference pK a values were calculated 

t zero ionic strength by ionic activity coefficients correction and 

he same correction applies to the electrophoretic pK a values, the 

nchored values of Table 3 are at zero ionic strength too. All results 

re obtained at 25 °C from the differences of at least three dif- 

erent determinations with three neighbouring compounds as ISs. 

tandard deviations are also given. There is a good agreement be- 

ween potentiometric and electrophoretic values of the reference 

nchoring compounds which is presented in Fig. 1 . The agreement 
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Fig. 2. Chemical structure of the set of highly insoluble drugs. 
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Fig. 3. Electropherograms at 20% MeOH for glyburide (TC) and 2,5-dinitrophenol 

(IS) at pH 5.0 (in blue) for the determination of the effective mobilities and at pH 

9.5 for the mobilities of the ionized species. EOF: Electroosmotic flow. 
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s about ± 0.05 pK a units which we estimated to be the maximum 

rror of both potentiometric and capillary electrophoresis determi- 

ations. 

The trend in the pK a variation with the percentage of methanol 

n the solvent is similar to the one observed with the potentio- 

etric pK a values. Neutral bases decrease the pK a of their con- 

ugated acids with the increase in the methanol percentage be- 

ause of the effect of the increase of the basicity of the solvent, 

nd this decrease is from 0.2 to 0.9 pK a units, between 0 and 40%

ethanol. The effect of the decrease of the dielectric permittiv- 

ty of the medium on the neutral acids counteracts this decrease 

f pK a and, globally, acids increase their pK a with the increase of 

he methanol percentage, up to a maximum of 0.8 pK a units for 

-chlorobenzoic acid and ibuprofen. Notice the very small increase 

or ortho- and para-phenols, with a maximum increase of 0.2 pK a 

nits for 2,6-dinitrophenol and only 0.02 for 2,4-dinitrophenol. We 

ttribute the small increase to the delocalization of the negative 

harge of the phenolate ion into the nitro groups, that decrease 

he electrostatic interactions, which are favored by the decrease in 

he dielectric permittivity. 

.3. Determination of acidity constant of very insoluble drugs 

The test compounds chosen for the evaluation of the perfor- 

ance of the IS-CE method in solvent mixtures include 7 sub- 

tances, most of them commercially available drugs ( Fig. 2 ). These 

rugs (4 bases and 3 acids) were selected as their insolubility in 

ater makes it impossible to perform an aqueous IS-CE determi- 

ation [24] . Table 4 shows the compounds together with the log- 

rithmic form of their intrinsic solubility (logS (lit) , S in mol L −1 ). 

hese solubility values were collected from several sources [ 31 , 46 ]
7 
r predicted through ACD/Percepta software [42] when experimen- 

al data was not available in literature. Compounds are listed in 

ecreasing order of solubility, from mefenamic acid with logS of 

6.34 to amiodarone with logS of −8.17. The pK a values of the 

rugs determined at the four percentages of methanol (10, 20, 30 

nd 40% v/v) are shown in Table 4 . Each pK a was determined fol-

owing the description in Section 2.5.2. As an example, the two 

lectropherograms at 20% MeOH at pH 5.0 (partially ionized) and 

H 9.5 (totally ionized) are shown in Fig. 3 . Calculating the mobili- 
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Table 4 

Intrinsic solubility (mol L −1 ) as logS, pK a values obtained in methanol-water media, parameters of the Yasuda-Shedlovsky 

equation (pK a + log[H 2 O] = a · 100/ ε + b ) and extrapolated aqueous pK a values (standard deviations) for the set of test 

compounds, at 25 °C and 0 ionic strength. ε were calculated as specified in bibliography [ 34 , 47 ]. 

logS (lit) pK a a b r 2 Aqueous pK a 

Methanol (v/v) 10% 20% 30% 40% 0.00 

100/ ɛ 1.333 1.401 1.482 1.578 1.277 

Mefenamic acid −6.34 [ 31 ] 4.33 4.51 4.78 5.14 2.580 2.565 0.9895 4.12 (0.04) 

Meclofenamic acid −6.86 [31] 4.26 4.38 4.67 5.01 2.422 2.684 0.9737 4.04 (0.05) 

Sertaconazole −6.99 [42] 6.11 6.07 6.08 5.95 −1.327 9.588 0.9533 6.15 (0.04) 

Glyburide −7.05 [46] 5.50 5.61 5.77 5.92 1.038 5.810 0.9937 5.39 (0.01) 

Loperamide −7.13 [31] 8.84 8.80 8.80 8.64 −1.496 12.549 0.9463 8.90 (0.05) 

Terfenadine −7.74 [31] 9.22 9.20 9.16 8.97 −1.712 13.232 0.9451 9.30 (0.05) 

Amiodarone −8.17 [31] 8.48 8.38 8.24 7.97 −2.795 13.926 0.9858 8.61 (0.04) 

Table 5 

Comparison of aqueous pK a determined by the IS-CE method to the values determined by other methods. pK a(IS-CE) were 

determined by Yasuda-Sheldlovsky extrapolation using methanol as a co-solvent within the range 10–40% v/v. All acidity 

constants are given at 25 °C and 0 ionic strength. Known standard deviations are in brackets. 

Compound pK a (IS-CE) pK a (lit) Method Cosolvent (%v/v) range 

Mefenamic acid 4.12 (0.04) 4.22 [31] GLpKa spectrophotometry MeOH n.s. 

Meclofenamic acid 4.04 (0.05) 4.10 [31] GLpKa n.s. n.s. n.s. 

Sertaconazole 6.15 (0.04) – – – –

Glyburide 5.39 (0.01) 5.22 [53] CE-MS None –

Loperamide 8.90 (0.05) 8.90 [31] GLpKa spectrophotometry MeOH n.s. 

Terfenadine 9.30 (0.05) 9.25 [31] GLpKa potentiometry 35 MeOH 50–70% 

9.74 [54] Potentiometry 55 n.s. n.s. 

9.31 [29] Multiplexed CE MeOH 40–60% 

9.21 [53] CE-MS None –

Amiodarone 8.61 (0.04) 8.76 (0.09) [28] GLpKa spectrophotometry MeOH 46–60% 

8.80 (0.02) [55] Potentiometry MDM 

∗ 36–53% 

8.73 [55] Potentiometry MeOH n.s. 

10.12 (0.15) [56] Potentiometry MeOH n.s. 

8.73 [31] GLpKa spectrophotometry MeOH 40–50% 

8.85 [28] Classic CE MeOH 50% 

8.62 [29] Multiplexed CE MeOH 50–60% 

n.s.: not specified in the reference. 
∗MDM: mixture that consists of equal volumes of methanol, 1,4-dioxane and acetonitrile. 
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Fig. 4. Yasuda-Shedlovsky plots for the water insoluble drugs studied by the IS-CE 

method in methanol-water mixtures. Symbols: Meclofenamic acid, Mefenamic 

acid, Glyburide, Sertaconazole, Amiodarone, Loperamide, Terfena- 

dine. Dashed red line: cutting point for the dielectric permittivity of pure water. 

c

t

c

h

ies for TC (glyburide) and IS (2,5-dinitrophenol) at these 2 pH val- 

es, the pK a at 20% MeOH of glyburide was determined by means 

f Eq. (5) . The pK a value at 0% MeOH was determined by extrap-

lation. Table 4 also shows the extrapolation to 0% obtained by 

sing the Yasuda-Shedlovsky equation, and the fitting parameters 

f the regression curve. ɛ values were calculated as specified in 

ibliography [ 34 , 47 ]. We chose Yasuda-Shedlovsky equation rather 

han polynomial fitting because of two reasons: on the one hand, 

asuda-Shedlovsky is a linear equation that requires less input data 

han polynomial equations, and on the other hand, it is a uni- 

ersal equation for any experimental technique used for aqueous 

K a extrapolation [ 7 , 9 , 10 , 48–52 ]. It is worth mentioning that ex-

eptional precision was obtained in the Yasuda-Shedlovsky extrap- 

lation. This might be attributed to the advantage of using an in- 

ernal standard of a similar structure in the determination, and the 

inimum evaporation losses during the mobility measurement in 

he CE process. Yasuda-Shedlovsky plots for the studied insoluble 

rugs are presented in Fig. 4 . 

Shown in Table 5 is a comparison for the selected drugs be- 

ween the aqueous pK a values obtained by the IS-CE method to 

he ones obtained by other methods. For most of the compounds 

ultiple literature values (pK a (lit) ) were reported, determined by a 

ariety of methods and experimental conditions. Only the pK a of 

ertaconazole was not found in any reliable source, so comparison 

s not possible. When mentioned in literature, information regard- 

ng the nature and percentages of co-solvent used for the pK a de- 

ermination is shown. 

After literature data analysis [ 28 , 29 , 31 , 53–56 ], it can be con-

luded that at these solubility levels all methods (potentiometry, 

pectrophotometry and the classic CE method) require the use of 
8 
o-solvent (mostly methanol) and extrapolation methods to obtain 

he pK a in water of the studied drug set. The only exception is the 

lassical CE method coupled to a MS detector (CE-MS), because the 

igh sensitivity of the technique allows the direct determination 
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n aqueous buffers at very low concentration levels. Although CE- 

S is a less common and more expensive and complex technique. 

esults obtained by the IS-CE method show good agreement with 

he ones of literature. However, there is an important difference 

egarding the percentage of methanol needed to perform the de- 

erminations. In the IS-CE method the percentages of methanol in 

he buffers ranged from 10 to 40%, whereas in the other methods 

potentiometric titrations, spectrophotometric titrations, and clas- 

ic CE method) percentages ranging from 40% to 70% of methanol 

ere needed for the same compounds. One of the reasons why 

he IS-CE allows the use of lower methanol content compared to 

ther methods is because low concentration of sample is needed 

5–100 mg L −1 is enough). At these concentrations, detection us- 

ng diode-array spectrophotometric detector can be performed cor- 

ectly. The use of DMSO, appropriate MeOH/H 2 O mixtures, and re- 

orted strategies to increase solubility [24] is enough to solubilize 

he TCs at concentration of 100 mg L −1 . Briefly, solubility is in- 

reased by previous ionization using the required amount of HCl 

r NaOH and if precipitation in capillary is detected, the measure- 

ent of the effective mobility can be done at a new pH closer to 

he pH where ionic form predominates, which implies a higher 

onization degree of the drug. As the amount of compound in- 

ected into the capillary is very small, many times precipitation can 

e avoided if the compound is previously ionized and solubilized, 

ven when pH and media change inside the capillary. 

Despite pK a values in this work were determined in four sol- 

ent mixtures and using only one IS, this method allows the deter- 

ination of more data points and using more than one IS [ 21 ]. This

s very useful for a further result validation for a specific target in 

rug discovery and development. 

Apart from its quickness and the low organic solvent content 

eeded, another big advantage of the IS-CE method in solvent mix- 

ures is that the pH of the buffer solution is calculated inside the 

apillary in each determination by means of the IS, directly ob- 

aining the pH of the solution. In other methods like potentiome- 

ry, spectrophotometry and the classical CE, pH is measured with 

 glass electrode generally calibrated with aqueous buffers, while 

ample measurements are done in solvent/water mixtures. There- 

ore, a correction of the pH scale is needed to transform the ob- 

ained 

s 
w 

pH into the desired 

s 
s pH. Using the IS-CE method we avoid 

pproximations or tedious pH-meter calibrations, obtaining then 

aster and more accurate pK a values. 

. Conclusions 

The applicability of the internal standard capillary electrophore- 

is method, previously developed for fast and high-throughput 

K a determination in water, has been extended to highly insol- 

ble compounds setting the pK a values of the internal standards 

n methanol-water mixtures (0–40% of methanol). The relative 

cid and base scales have been properly anchored to potentio- 

etrically determined pK a values of reference compounds in the 

tudied methanol-water mixtures. Therefore, the proposed set of 

ompounds can be systematically employed as internal standards 

or routine and accurate measurements of pK a by capillary elec- 

rophoresis in methanol-water media. In particular, it is very ap- 

ropriate for determination of the aqueous pK a of water insoluble 

ompounds from extrapolation of the methanol-water pK a values 

y the Yasuda-Shedlovsky method. 

The usefulness of the method has been tested for some com- 

ercial drugs with aqueous solubility under 10 −6 mol L −1 . Their 

queous pK a values have been easily determined through the 

asuda-Shedlovsky extrapolation, using methanol as co-solvent in 

he 10% to 40% (v/v) range. Due to the different possibilities of 

he IS-CE method to solubilize the sample, it is possible to work 

n lower methanol composition ranges than in other techniques, 
9 
hich implies lower extrapolation error. The obtained results point 

ut that the IS-CE method is a fast and reliable alternative to other 

sual methods for the determination of aqueous acidity constants 

f very insoluble compounds. 
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