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Abstract 25 

The feasibility of extending the determination of the lipophilicity of partially ionized 26 

acids (log Do/w) by microemulsion electrokinetic chromatography (MEEKC) is tested. 27 

Theoretical considerations predict that a linear log Do/w vs. log k correlation can be 28 

obtained only when the neutral and ionic forms of an acid follow the same correlation 29 

equation and the slope of the correlation is unity. In practice, since the lipophilicity of 30 

the neutral acid is much higher than that of the ionic form and the correlation slope is 31 

not very different from 1, the general linear correlation for neutral compounds can be 32 

applied across most of the ionization range of the acid. 33 

The linear correlation between log Po/w and log k of 20 neutral solutes has been 34 

established and extended to 6 acids used as models, tested across their full ionization 35 

range. log Do/w-pH, and log k-pH profiles have been obtained for these 6 acids, and 36 

plotted log Do/w against log k for any acid at any degree of ionization. Furthermore, the 37 

log Do/w of the acids has been estimated from the calibration curve and log k-pH profile, 38 

and compared to values in the literature determined using reference methods such as 39 

the shake-flask one. Accurate values have been obtained using the MEEKC method 40 

when the acids are in their neutral form or partially ionized (α < 0.995). However, this 41 

parameter is overestimated when the acids are highly or fully ionized (ionization 42 

degree, α ≈ 1). Finally, in order to test the applicability of this method, we have applied 43 

the same procedure to estimate log Do/w at pH=7.4 (blood physiological pH) of a set of 44 

30 additional compounds (including partially and fully ionized acids). The results at 45 

this pH follow the same trend observed in the 6 model acids, and validate the 46 

application of the method for Do/w determination, except when α is very close to 1.  47 
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1. Introduction 48 

The drug development process is a lengthy procedure that is expected to conclude with 49 

the release of a new drug onto the market. The process begins with thousands of drug 50 

candidates whose physicochemical properties are tested and evaluated, to select the most 51 

promising for preclinical and clinical testing [1]. One of the most important properties 52 

evaluated in the drug discovery process is the capacity of a compound, once in the 53 

bloodstream, to penetrate biological membranes, constituted mainly of lipid bilayers. This 54 

biological property is clearly related to lipophilicity, which can be described as the 55 

easiness of a compound to be dissolved in fats or non-polar solvents [2]. 56 

To evaluate the lipophilicity of a substance, the most widely accepted parameter is the 57 

octanol–water partition coefficient (Po/w). The octanol–water system is widely used 58 

because of the similarity of 1-octanol to lipids (it contains a polar head and a hydrophobic 59 

chain), and its low water saturation [3]. 60 

The octanol–water partition coefficient (for neutral and fully ionized compounds) can be 61 

directly determined through the shake-flask procedure [4]. This method measures the 62 

ratio of the concentrations of the test solute in the two immiscible phases at equilibrium, 63 

according to Eq. 1, where Cn-octanol is the concentration of the compound in the organic 64 

phase, and Cwater is that in the aqueous phase: 65 

 66 

𝑃𝑜/𝑤 =
𝐶𝑛−𝑜𝑐𝑡𝑎𝑛𝑜𝑙

𝐶𝑤𝑎𝑡𝑒𝑟
            Eq. 1 67 

 68 

For partially ionized compounds, this parameter is called the octanol–water distribution 69 

coefficient (Do/w). In this case, the coefficient is determined using the same analytical 70 

procedure but at a buffered pH. 71 
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Although the shake-flask method provides a direct way to determine the log Po/w value, it 72 

is a tedious and time-consuming procedure. Furthermore, it is not automated. These 73 

drawbacks have led to the development of alternative methods. The most popular for 74 

acid–base compounds is the potentiometric dual phase pH-metric titration technique [5]. 75 

Here, the partition coefficient is calculated by considering the differences between the 76 

pKa values obtained for two titrations performed in the presence and absence of octanol 77 

[6,7].  78 

In the case of chromatography, the lipophilicity of a compound is correlated with the 79 

retention factor (k) in a chromatographic system [8]. Ishihama et al. [9] developed a 80 

method capable of estimating the lipophilicity of a compound that uses microemulsion 81 

electrokinetic chromatography (MEEKC). Compared to the reference shake-flask 82 

method, MEEKC is fast and simple. It is also automated and does not require large 83 

amounts or a high purity of the compounds, as it is a separation technique. These 84 

characteristics make it an ideal tool for routine analysis in the drug discovery process. 85 

In the MEEKC technique, based on capillary electrophoresis (CE), a microemulsion 86 

(ME)-based pseudostationary phase (a charged ME with its own electrophoretic mobility) 87 

is added to the buffer solution filling the capillary. Then the compounds migrate, 88 

depending on the electrophoretic conditions and also on their partition between the ME 89 

and the aqueous phase. The ME is composed of oil droplets (the core) which are stabilized 90 

by a surfactant and a cosurfactant, whose polar heads are in contact with the aqueous 91 

phase and whose apolar tails are orientated towards the inner part of the ME [10]. The 92 

ME employed by Ishihama and coworkers [9] contained heptane as the oil (0.82%, w/w), 93 

sodium dodecyl sulfate (SDS) as the surfactant (1.44%, w/w), and 1-butanol as the 94 

cosurfactant (6.49%, w/w). 95 
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Further studies [11–15] have confirmed the correlation between the logarithm of the 96 

octanol–water partition coefficient (log Po/w) of neutral compounds and the logarithm of 97 

the retention factor in MEEKC systems (log k). Abraham et al. [11] correlated log Po/w to 98 

log k measured in the same ME as Ishihama et al., obtaining the following equation: 99 

 100 

log Po/w = 1.542 + 1.276 log k  R2 = 0.99; SD = 0.096; n = 53              Eq. 2 101 

 102 

where R2 is the determination coefficient, SD the standard deviation, and n the number of 103 

compounds. 104 

Subirats et al. [12] performed the same procedure but with an ME formed of 1.30% (w/v) 105 

SDS, 8.15% (v/v) 1-butanol, 1.15% (v/v) heptane, and 5% (v/v) acetonitrile (at pH 7.4, 106 

in a 10 mM phosphate buffer). Acetonitrile was added to avoid co-elution of the micellar 107 

marker with highly hydrophobic compounds. The resulting correlation was: 108 

 109 

log Po/w = 1.48 (±0.05) + 1.48 (±0.05) log k   R2 = 0.96; n = 32        Eq. 3 110 

 111 

Analyzing Eq. 2 and Eq. 3, we can state that the MEEKC method is capable of emulating 112 

the octanol–water partition system and of estimating log Po/w of neutral solutes through 113 

chromatographic determinations. Nevertheless, the majority of drugs released onto the 114 

market are acids or bases, which are partly or fully ionized depending on their pKa and 115 

the medium pH. Some works have already estimated the log Po/w of acidic and basic 116 

solutes through MEEKC at a pH where they are not ionized [12,14]. But there are no 117 

studies regarding the estimation of log Do/w of totally or partially ionized compounds. 118 

Therefore, the aim of this work is to broaden the applicability of the MEEKC method to 119 
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estimate, in addition to log Po/w, the log Do/w value of partially and totally ionized species 120 

of acidic compounds.  121 

Preliminary studies with a single model compound indicated that the MEEKC method 122 

might be capable of estimating log Do/w of partially ionized acid–base compounds under 123 

certain conditions [16].  124 

For the present study, we selected 6 model monoprotic acids with a wide range of log Po/w 125 

values, and we studied the relationship between their retention factor and lipophilicity 126 

when the acids are partially or totally ionized. Then, to validate our results, the log Po/w 127 

and log Do/w values of a set of 30 solutes (including neutral solutes, and partially and 128 

totally ionized acids) at a pH equal to 7.4 (blood physiological pH) were estimated using 129 

the proposed method. Finally, we compared the estimated log Do/w values (in the case of 130 

partially ionized acids) and log Po/w values (for the neutral and fully ionized species) with 131 

values reported in the literature determined using classical methods (mainly shake-flask 132 

and potentiometric methods). 133 

 134 

2. Theory 135 

2.1. Estimation of log PO/W from MEEKC retention factors. Feasibility of the extension to 136 

partially ionized compounds.  137 

Previous work [11,12] has shown a linear relationship between log Po/w and log k for 138 

neutral compounds (Eqs. 2 and 3), which for a neutral acid, HA, can be generalized as: 139 

 140 

log 𝑃o/w(HA)  =  𝑞(𝐻𝐴) +  𝑝(𝐻𝐴) log 𝑘(HA)      Eq. 4 141 

 142 
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where log Po/w(HA) and log k(HA) are the logarithms of the octanol–water partition 143 

coefficient and the retention factor of fully protonated acids, respectively; and q(HA) and 144 

p(HA) are the intercept and the slope of Eq. 4, respectively. 145 

Extension of this equation to ionic or ionizable compounds is not straightforward. To the 146 

best of our knowledge, a similar (linear) relationship has not yet been established for ionic 147 

compounds. Even if such a linear relation exists, it will probably not have the same 148 

parameters as for neutral compounds, and we should write it as: 149 

 150 

log  𝑃o/w(A−)  =  𝑞(𝐴−) +  𝑝(𝐴−)  log  𝑘(A−)      Eq. 5 151 

 152 

where log Po/w(A-) and log k(A-) are the logarithms of the octanol–water partition coefficient 153 

and the retention factor of the fully ionized acid, respectively; and q(A-) and p(A-) are the 154 

intercept and the slope of Eq. 5, respectively. 155 

For partially ionized compounds, the relationship is even more complex. 156 

Both, the retention factor and the octanol–water distribution coefficient of the compound 157 

can be computed from the degree of ionization of the compound (which can be easily 158 

calculated from the pH of the medium and the pKa
’ of the solute, the apparent acidity 159 

constant, and the k or Po/w value of the pure species, according to Eqs. 6 and 7: 160 

 161 

𝑘 =  (1 −  α) 𝑘(𝐻𝐴) +  α 𝑘(𝐴−)         Eq. 6 162 

 163 

𝐷𝑜/𝑤  =  (1 −  𝛼) 𝑃𝑜/𝑤(𝐻𝐴)  +  𝛼 𝑃𝑜/𝑤(𝐴−)      Eq. 7 164 

 165 

where:  166 

 167 
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𝛼 =
10𝑝𝐻−𝑝𝐾𝑎

′

1+10𝑝𝐻−𝑝𝐾𝑎
′           Eq. 8 168 

 169 

which lead to the well-known equations for the k vs. pH and 𝐷𝑜/𝑤 vs. pH profiles: 170 

 171 

𝑘 =
𝑘(𝐻𝐴)+𝑘(𝐴−)·10p𝐻−𝑝𝐾𝑎

′

1+10p𝐻−𝑝𝐾𝑎
′          Eq. 9 172 

 173 

𝐷𝑜/𝑤 =
𝑃𝑜/𝑤(𝐻𝐴)+𝑃𝑜/𝑤(𝐴−)·10p𝐻−𝑝𝐾𝑎

′

1+10p𝐻−𝑝𝐾𝑎
′        Eq. 10 174 

 175 

or in their logarithmic forms: 176 

 177 

log 𝑘 = log (
10

log  𝑘(𝐻𝐴)+10
log  𝑘(𝐴−)·10p𝐻−𝑝𝐾𝑎

′

1+10p𝐻−𝑝𝐾𝑎
′ )       Eq. 11 178 

 179 

𝑙𝑜𝑔 𝐷𝑜/𝑤 = log (
10

log  𝑃𝑜/𝑤(𝐻𝐴)+10
log  𝑃𝑜/𝑤(𝐴−)·10p𝐻−𝑝𝐾𝑎

′

1+10p𝐻−𝑝𝐾𝑎
′ )      Eq. 12 180 

 181 

Combining Eqs. 4, 5, and 7, we obtain the general relationship between Do/w and k (Eq. 182 

13). 183 

 184 

𝐷𝑜/𝑤 =  (1 –  𝛼) 10𝑞(𝐻𝐴)  𝑘(𝐻𝐴)
𝑝(𝐻𝐴)  +  𝛼 10𝑞(𝐴−)  𝑘(𝐴−)

𝑝(𝐴−)     Eq. 13 185 

 186 

It is evident that a linear relationship of the type:  187 

 188 

log 𝐷𝑜/𝑤  =  𝑞 +  𝑝 log  𝑘         Eq. 14 189 

 190 
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can be obtained only when q(HA) = q(A-) = q, and p(HA) = p(A-) = p = 1. That is to say, we 191 

would expect a linear correlation between log Do/w and log k for acids at any pH only 192 

when the correlation for ionic and neutral compounds are the same, but also only when 193 

the slope of the correlation is close to one. Figure 1 shows an example of the variation of 194 

the lipophilicity (log Do/w – log Po/w(HA)), Eq. 15, with the variation of the retention factor 195 

(log k – log k(HA)), Eq. 16, at different degrees of ionization for a compound with a 196 

k(HA)/k(A-) ratio of 20. The effect of several representative p values (0.5, 1.0, 1.5, and 2.0) 197 

is shown. The plots presented are easily derived from Eqs. 4, 6 and 13, assuming q(HA) = 198 

q(A-), p(HA) = p(A-) = p, and providing values of . 199 

 200 

log  𝐷𝑜/𝑤 − log  𝑃𝑜/𝑤(𝐻𝐴) =  log  [(1 − 𝛼) + 𝛼 (
𝑘(𝐴−)

𝑘(𝐻𝐴)
)

𝑝

]     Eq. 15 201 

 202 

log 𝑘 − log 𝑘(𝐻𝐴) = log  [(1 − 𝛼) + 𝛼 (
𝑘(𝐴−)

𝑘(𝐻𝐴)
)]      Eq. 16 203 

 204 

The same tendency is observed for other k(HA)/k(A-) ratios (data not shown). The 205 

relationship is completely linear only for p = 1, but it is close to linearity across a wide 206 

range of p values (mainly between 0.5 and 1.5, see for example Eqs. 2 and 3). The plot 207 

deviates from linearity for low values of log k (or log Do/w), i.e., when the solute is highly 208 

ionized and the slope of the correlation is not equal to 1. 209 

 The deviation from linearity is produced when the contribution of the ionized form 210 

of the acid to log Do/w is significant. Since log Po/w(A-) is much lower than log Po/w(HA) [17], 211 

the relationship between log Do/w and log k is close to that given by Eq. 4 for most of the 212 

ionization range. Figure 2 represents the effect of the lipophilicity of the ionized form 213 

(log Po/w(A-)) on the linearity of the plot for a typical acid with log Po/w(HA) = 4. If log Po/w(A-214 
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) = 3, linearity is lost when α > 0.67; but as log Po/w(A-) decreases, the α value increases, 215 

being approximately 0.86, 0.96, and 0.998 for log Po/w(A-) values of 2, 1, and 0, 216 

respectively. The actual difference between log Po/w(HA) and log Po/w(A-) can be between 217 

1.5 and 4.5 log units, depending on the structure of the compound and measurement 218 

conditions, with a mean of about 3.15 [17]. Thus, we expect log Do/w vs. log k to be linear 219 

for a wide range of degrees of ionization. The extent of this range is tested in the 220 

experimental part of the present work. 221 

 222 

3. Experimental section 223 

3.1 Equipment 224 

To perform the electrophoretic measurements, a CE 7100 system equipped with a diode 225 

array from Agilent Technologies (Santa Clara, CA, USA) was used. Fused-silica 226 

capillaries from Polymicro Technologies (Phoenix, AZ, USA), with an effective and total 227 

length of 30 cm and 38.5 cm, respectively, were used. 228 

A GLP 22 pH meter from Crison (Barcelona, Spain) was used to measure the pH of the 229 

buffer solutions; and an ultrasonic bath from JP Selecta (Abrera, Spain) to favor the 230 

dissolution of some substances. 231 

 232 

3.2 Reagents 233 

Sodium dihydrogen phosphate monohydrate (≥99%), dimethyl sulfoxide (≥99.9%), 234 

hydrochloric acid (TritisolTM 1 N), ammonium chloride (>99.8%), and sodium hydroxide 235 

(TritisolTM 0.5 N) were from Merck (Darmstadt, Germany). Methanol (HPLC grade) was 236 

from Thermo Fisher Scientific (Waltham, MA, USA). Sodium dodecyl sulfate (SDS, 237 

≥99%), 1-butanol (≥99.7%), heptane (99%), sodium phosphate dodecahydrate (>98%), 238 
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and dodecanophenone (98%) were from Sigma-Aldrich (St. Louis, MO, USA). Disodium 239 

hydrogen phosphate (99.5%) was from Baker (Phillipsburg, NJ, USA). 240 

The solutes tested were of high purities and were acquired from Sigma-Aldrich, Baker, 241 

Merck, Carlo Erba (Milan, Italy), Fluka (St. Louis, MO, USA), Acros Organics (Geel, 242 

Belgium), and Riedel-de Haën (Seelze, Germany). 243 

Water was purified using a Milli-Q plus system from Millipore (Burlington, MA, USA).  244 

 245 

3.3 Buffer solutions 246 

The buffer with a pH equal to 7.4 was prepared by mixing 0.2 M sodium dihydrogen 247 

phosphate and 0.2 M disodium hydrogen phosphate solutions. The pH 11.5 buffer was 248 

prepared by mixing 0.2 M disodium hydrogen phosphate and 0.2 M sodium phosphate 249 

dodecahydrate solutions. The buffer with a pH of 9.5 was prepared by adding 0.5 M 250 

sodium hydroxide to a 0.05 M ammonium chloride solution. The ionic strength of all the 251 

buffers was 0.05 M.  252 

 253 

3.4 ME preparation 254 

MEs were prepared following the procedure described elsewhere in the literature [18]. 255 

The concentrations of each component with respect the total volume of the ME were: 256 

1.30% (w/v) SDS, 8.15% (v/v) 1-butanol, and 1.15% (v/v) heptane. 257 

 258 

3.5 Analysis conditions 259 

We measured mobility by applying 13-14 kV. Detection was performed at λ=200, 214, 260 

or 254 nm, depending on the chromophores of each compound. Injection was 261 

hydrodynamic, and a pressure of 50 mbar was applied for 5s. 262 
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The compounds analyzed were dissolved in an ME:methanol solution (9:1) for MEEKC 263 

analysis, and in a water:methanol solution (9:1) for capillary zone electrophoresis (CZE) 264 

measurements, at a concentration of 200 mg L-1. Dodecanophenone (200 mg L-1) and 265 

dimethyl sulfoxide (0.2% v/v) were added to the test compound vials as ME and 266 

electroosmotic flow markers, respectively [19].  267 

 268 

3.6 Calculation methods 269 

The physicochemical properties of the compounds were obtained from the Bio-Loom 270 

database of the BioByte Corporation (Claremont, CA, USA). Retention profiles were 271 

fitted with Table Curve 2D from Systat Software Inc. (San Jose, CA, USA). Data 272 

calculations were performed using Excel from Microsoft (Redmond, WA, USA). 273 

Mobilities (µi) were calculated using the following expression: 274 

 275 

µi = [
1

𝑡r
−

1

𝑡0
] [

𝐿𝑇𝐿𝐷

𝑉
]          Eq. 17 276 

 277 

where tr and to are, respectively, the migration times of the analyte and the electroosmotic 278 

flow marker; LT and LD are the total and the effective capillary length; and V is the applied 279 

voltage.  280 

Retention factors of neutral compounds were calculated from the mobilities of the 281 

compound (µ) and ME marker (µME) by the well-known Eq. 18: 282 

 283 

𝑘 =
µ

𝜇𝑀𝐸−µ
                                 Eq. 18 284 

 285 
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Application of Eq. 4 to totally or partially ionized compounds requires subtraction of the 286 

mobility of the compound in CZE, i.e., in the buffer without an ME (µ0), according to Eq. 287 

19: 288 

 289 

𝑘 =
µ−𝜇0

𝜇𝑀𝐸−µ
                                 Eq. 19 290 

 291 

It is not feasible to reproduce the MEEKC system without an ME and so µ0 is usually 292 

measured in an aqueous solution with the same pH buffer. However, the MEEKC medium 293 

contains not only the aqueous buffer but also the surfactant, the co-surfactant and the oil, 294 

which usually have viscosities very different from water. Thus, the presence of ME 295 

components changes the viscosity of the medium, leading to inaccurate k values, as 296 

demonstrated in previous work [18]. Note that the viscosity of the electrophoretic medium 297 

(ƞ) and the mobility of a compound are inversely related, according to Eq. 20 [20]: 298 

 299 

𝜇 =
𝑞

6𝜋𝜂𝑟
           Eq. 20 300 

 301 

where q is the charge of the ion, and r its radius.  302 

We have proposed a viscosity correction obtained from the mobility of an ion that does 303 

not interact with the ME (the benzoate ion). The ratio of the mobilities of the benzoate 304 

ion in the ME and plain buffer ((
µ

𝜇0
)

𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒 𝑖𝑜𝑛
) is equivalent to the ratio of viscosities, 305 

and the mobility of any other ion in a plain buffer can be corrected for the viscosity 306 

changes without the need to measure the viscosities. We then determined the correct 307 

retention factor from the following equation: 308 

 309 
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𝑘 =
µ − (

µ

𝜇0
)

𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒 𝑖𝑜𝑛
· 𝜇0

𝜇𝑀𝐸 − µ
                    Eq. 21 310 

 311 

where (
µ

𝜇0
)

𝑏𝑒𝑛𝑧𝑜𝑎𝑡𝑒 𝑖𝑜𝑛
 has a value of 0.76, and was measured at pH 11.0, when benzoic 312 

acid is fully ionized. 313 

 314 

4. Results and discussion 315 

4.1 log Po/w vs. log k correlation for neutral compounds 316 

We established the correlation between log Po/w and log k of 20 neutral compounds, that 317 

present known and uniformly distributed log Po/w values [21–26] for the MEEKC system 318 

studied and the equation resulting from this correlation is: 319 

 320 

log Po/w= 1.51 (±0.08) + 1.60 (±0.11) log k        Eq. 22 321 

R2 = 0.916; SD = 0.33; n = 20; F = 196  322 

 323 

where F is Fisher’s F parameter. 324 

A graphical representation of this correlation can be seen in Figure 3; while the solutes, 325 

and their log Po/w and log k values are shown in Table 1. We obtained a good correlation, 326 

similar to that obtained for other SDS-MEEKC systems (Eqs. 2 and 3). 327 

 328 

4.2 Influence of the degree of ionization on the estimation of log Do/w 329 

The compounds chosen to perform this study were benzoic acid, 3-bromobenzoic acid, 330 

naproxen, ketoprofen, ibuprofen, and 2,4,6-trichlorophenol. We selected them because 331 

they have known and well-defined lipophilicity-pH profiles (data provided in the 332 
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supplementary information). Moreover, they have pKa values in the working pH range, 333 

and are detectable by UV-vis.  334 

Experimental k-pH profiles of the compounds were taken from a previous study [18] and 335 

the log k-pH profiles were obtained by fitting the data to Eq. 11. Values of log k(HA), log 336 

k(A-), and pKa’, as well as the statistics from the fits, are presented in Table 2. In addition, 337 

Figure 4 offers a graphical representation of the profiles. 338 

A similar procedure was followed when fitting log Do/w values determined at different 339 

pHs from the literature (data provided in the supplementary information) to Eq. 12. Note 340 

that data from the literature are obtained in different experimental conditions (nature of 341 

the buffers, concentration of the buffers, ionic strength, temperature, etc.) so some 342 

discrepancies can be observed, especially at low pH values, where ionic-pairs between 343 

ionized acids and buffer components can be formed. Experimental conditions of literature 344 

data are also provided in Table SI-1 of the supplementary information. In the fits of the 345 

log Do/w-pH profiles, pKa’ was fixed using the values obtained previously in the log k-pH 346 

profiles (Table 2). The estimated log Do/w vs. pH profiles are shown in Figure 5, while the 347 

parameters and statistics resulting from these are in Table 3. The log Do/w-pH fits have 348 

small SD, and high R2 and F values for all the compounds studied. 349 

In Figure 6, the log Po/w values of the neutral and fully ionized species of the 6 model 350 

acids are plotted against the corresponding log k values. It can clearly be seen that all the 351 

neutral species lie within the confidence interval of the calibration curve (Eq. 22). 352 

However, this is not the case for the fully ionized species, hence their estimation using 353 

this equation is not accurate.  354 

Next, log Do/w and log k for all the acids have been determined at each degree of ionization 355 

through the log k-pH and log Do/w-pH profiles (data from Tables 2 and 3). For a given 356 

degree of ionization, log Do/w is graphically represented against log k (Figure 7a). The 357 
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same figure also represents the neutral calibration curve obtained in the previous section, 358 

and two extra lines corresponding to the calibration curve ±2 SD (which corresponds to 359 

the 95% confidence interval). Almost the entire set of log Do/w - log k values fall within 360 

this range, except for the lowest values that correspond to the highly or fully ionized 361 

species of the acids. Then we estimated log Do/w from the calibration curve and log k at 362 

each degree of ionization of the acid (log Dest.). The differences between the log Do/w 363 

values in the literature (log Dlit, Table 3) and the log Dest was calculated and plotted as a 364 

function of the ionization degree (Figure 7b).     365 

Our results show that accurate estimates are obtained if the acid is either in its neutral 366 

form or partially ionized. In both cases, the precision of the results is similar to that 367 

reported previously for neutral compounds (Section 4.1, SD=0.33). However, the present 368 

method overestimates the Do/w of the highly or fully ionized species of the acids (α ≥ 369 

0.995). It must be noted that log Po/w(A-) varies depending on the capacity of the ionized 370 

compound to form ion pairs with the ions of the buffer [17,27]. Thus, literature log Po/w(A-371 

) data may differ if the buffer and the conditions used in their measurements are different 372 

(such as different concentrations of buffers or nature of counter-ions, among other 373 

possibilities). Nonetheless, in all the cases our method overestimated its value. Another 374 

reason for the observed differences could be the lower retention of ionized species in 375 

MEEKC compared to that of neutral ones, which causes higher experimental error in  376 

measurement. Also, the larger surface between the aqueous and the lipid phase in 377 

MEEKC, compared to the classical octanol–water partition system, may lead to a higher 378 

partition into the ME than in the octanol–water system.  379 

 380 

4.3 Estimation of lipophilicity at physiological pH (log Do/w(7.4))  381 
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To validate our method, we estimated the log Do/w value at the blood physiological pH 382 

(log Do/w(7.4)) for ten neutral compounds, ten partially ionized acids, and ten totally ionized 383 

acids. Their log Do/w(7.4) values were estimated directly from their log k values using the 384 

calibration curve (Eq. 22). In the case of partially ionized acids, α was also measured via: 385 

 386 

𝛼 =
𝜇7.4

𝜇(𝐴−)
           Eq. 23 387 

 388 

where, μ7.4 is the electrophoretic mobility of the compound in CZE at a pH value of 7.4, 389 

and μ(A-) is the electrophoretic mobility of the fully ionized compound in CZE. The µ(A-) 390 

value of these compounds was determined at a pH where the fully ionized form was 391 

present (pH = 11.5, except for phenobarbital, for which it was measured at pH = 9.5, as 392 

it has other acid–base groups that can be ionized at pH = 11.5).  393 

Table 4 shows the log Do/w(7.4) values of the 30 additional substances for which it was 394 

estimated using the present method, and their comparison with values reported in the 395 

literature determined using classical methods (mostly the shake-flask procedure) (data 396 

provided in the supplementary information). The log Dlit values were measured under 397 

different experimental conditions and usually at room temperature. Due to their 398 

variability, reported values that differ considerably from the rest of the published data 399 

were excluded, and they were not used to obtain the average value. In the case of 400 

pentachlorophenol, log Do/w(7.4) is not available. However, the compound is fully ionized 401 

at this pH value, so the log Dlit value is determined as an average of the log Do/w values 402 

determined at pH values higher than 7.4. As previously for the 6 model acid, log Do/w(7.4) 403 

vs. log k is represented for all the compounds together with the calibration curve (Eq. 22). 404 

Furthermore, we calculated log Dlit – log Dest and plotted it against the degree of ionization 405 

(Figure 8). The values obtained via the MEEKC measurements are similar to those in the 406 
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literature when the compounds are neutral or partially ionized (presenting differences of 407 

less than two times the SD from the calibration curve). However, when the compound is 408 

highly or fully ionized (α ≈ 1) larger differences are obtained between the estimated data 409 

and those reported in the literature. 410 

 411 

5. Concluding remarks 412 

We obtained a linear relationship between log Po/w and log k for neutral compounds that 413 

is not very different from those reported in literature for similar systems. Although theory 414 

predicts that accurate log Do/w estimation of partially ionized acids can only be performed 415 

when the slope of the calibration curve is equal to 1.0, in practice the linear correlation 416 

can be extended to most of the ionization range of the acids tested. Therefore, it is possible 417 

to estimate Do/w of partially ionized acids with only the determination of k at the pH value 418 

of interest. With the MEEKC method the log Do/w value of an acid can be estimated with 419 

an error equivalent to that of neutral compounds for a degree of ionization up to 0.995, 420 

which corresponds to a pH of pKa+2. However, our method overestimates the 421 

lipophilicity of highly or fully ionized acids (α ≈ 1). 422 

 423 
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Figure captions 533 

 534 

Figure 1: Variation of the lipophilicity (log Do/w – log Po/w(HA)) with the retention factor 535 

(log k – log k(HA)) at different degrees of ionization for a hypothetical compound with a 536 

k(HA)/k(A-) ratio of 20, and different representative p values: 0.5 (···); 1.0 (―); 1.5 (---); 537 

and 2.0 (∙ ̵ ·).  538 

 539 

Figure 2: Plots of log Do/w against log k for compounds with a Po/w(HA) of 4 and Po/w(A-) of: 540 

3, (―); 2 (∙ ̵ ·); 1 (---); and 0 (···). We calculated the log k values using Eq. 2.  541 

 542 

Figure 3: Plot of log Po/w versus log k for the set of 20 neutral compounds selected for 543 

the calibration curve.  544 

 545 

Figure 4: log k – pH profiles obtained by fitting the data from [18]  to Eq. 11: a) benzoic 546 

acid, b) 3-bromobenzoic acid, c) naproxen, d) ketoprofen, e) ibuprofen, f) 2,4,6-547 

trichlorophenol.  548 

 549 

Figure 5: log Do/w – pH profiles obtained by fitting the data from the literature to Eq. 12: 550 

a) benzoic acid, b) 3-bromobenzoic acid, c) naproxen, d) ketoprofen, e) ibuprofen, f) 551 

2,4,6-trichlorophenol.  552 

 553 

Figure 6: Plot of log Po/w against log k for the neutral (□) and fully ionized (◊) species of 554 

the 6 model acids; calibration curve (Eq. 22) and ±2 SD (dotted lines) are also plotted.  555 

 556 
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Figure 7: a) Variation of log Do/w vs. log k at different degrees of ionization. Data for log 557 

Do/w and log k are taken from the profiles in Figures 4 and 5. b) Difference between log 558 

Do/w in the literature (log Dlit) and the value of log Do/w estimated using our present method 559 

(log Dest) at different degrees of ionization. The calibration curve ±2 SD (Eq. 22) is also 560 

plotted. Each line corresponds to one of the six model acids: benzoic acid (―··); 3-561 

bromobenzoic acid (---); naproxen (―); ketoprofen (∙  ̵ ·); ibuprofen (·―·); and 2,4,6-562 

trichlorophenol (···).  563 

 564 

Figure 8: a) Plot of log Do/w(7.4) against log k for a set of compounds including neutral (□), 565 

and both partially (○) and completely (◊) ionized acids. b) Difference between the log 566 

Do/w(7.4) in the literature (log Dlit) and the value of log Do/w(7.4) estimated using our present 567 

method (log Dest), according to the degree of ionization. The calibration curve ±2 SD (Eq. 568 

22) is also plotted. 569 

 570 

 571 

 572 

  573 
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Table 1: Values of log Po/w and log k of the 20 solutes used for the calibration curve. 574 

Compound log Po/w 
a) log k 

Acetaminophen 0.39  -0.80 

Acetanilide 1.19  -0.30 

Acetophenone 1.57  -0.05 

Antipyrine 0.56  -0.59 

Butyrophenone 2.65  0.60 

Caffeine -0.04  -0.89 

Carbamazepine 2.45  0.46 

Corticosterone 1.90  0.59 

Coumarin 1.44  -0.09 

Dexamethasone 1.74  0.44 

Estradiol 4.01  1.13 

Naphthalene 3.19  1.13 

Hydrocortisone 1.58  0.30 

Hydrocortisone-21-acetate 2.19  0.47 

Lormetazepam 2.72  1.03 

Prednisolone 1.83  0.32 

Progesterone 3.48  1.32 

Propiophenone 2.24  0.26 

Testosterone 3.31  0.97 

Valerophenone 3.40  0.98 
a) From references [21–26] 575 

 576 

  577 
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Table 2: Parameters and statistics obtained from fitting log k vs. pH through Eq. 11 578 

[18]. The standard deviation of each fitted parameter is shown in brackets. 579 

Compound pKa’ log k(A-) log k(HA) R2 F SD 

Benzoic acid 3.50 (0.15) -0.69 (0.03) 0.05 (0.04) 0.991 116 0.04 

3-Bromobenzoic acid 3.50 (0.14) -0.55 (0.05) 0.79 (0.06) 0.992 188 0.07 

Naproxen 4.43 (0.07) -0.40 (0.04) 0.92 (0.03) 0.997 532 0.04 

Ketoprofen 4.19 (0.07) -0.33 (0.03) 0.79 (0.02) 0.997 589 0.03 

Ibuprofen 4.30 (0.19) 0.21 (0.06) 1.79 (0.12) 0.997 151 0.06 

2,4,6-Trichlorophenol 6.28 (0.07) -0.04 (0.05) 1.16 (0.02) 0.996 510 0.03 

  580 
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Table 3: Parameters and statistics obtained from fitting log Do/w vs. pH through Eq. 12 581 

(data taken from the literature). The standard deviation of each fitted parameter is shown 582 

in brackets. Experimental conditions of literature data are provided in Table SI-1 of the 583 

supplementary information. 584 

Compound log Po/w(HA) log Po/w(A-) R2 F SD 

Benzoic acid 2.01 (0.07) -1.37 (0.09) 0.992 880 0.15 

3-Bromobenzoic acid 2.91 (0.04) -0.44 (0.05) 0.999 2696 0.06 

Naproxen 3.15 (0.05) 0.05 (0.10) 0.985 1056 0.16 

Ketoprofen 3.10 (0.04) -1.95 (4.47) 0.994 1604 0.10 

Ibuprofen 4.16 (0.10) 0.10 (0.31) 0.894 161 0.41 

2,4,6-Trichlorophenol 3.67 (0.08) 1.03 (0.16) 0.950 246 0.27 

  585 
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Table 4: The log Do/w(7.4) values estimated using the present method (log Dest) and in the 586 

literature (log Dlit) for compounds at different degrees of ionization.  587 

Compound 
Ionization 

degree (α) 
log Dest. log Dlit. 

a) log Dlit.-log 

Dest 

3-nitroaniline  0 1.27 1.39  0.12 

Aminopyrine  0 0.86 0.63  -0.23 

Benzocaine  0 1.84 1.89  0.05 

Bromazepam  0 2.13 1.65  -0.48 

Diazepam  0 3.27 2.62 ± 0.28  -0.65 

Griseofulvin  0 2.83 2.28 ± 0.13  -0.55 

Hexanophenone  0 3.67 3.69  0.02 

Isoniazid  0 -0.61 -0.75 ± 0.14  -0.14 

Methoxsalen  0 2.02 1.97  -0.05 

Thymol  0 3.04 3.34  0.30 

Bumetanide  1 1.26 0.10 ± 0.30  -1.16 

Diclofenac  1 1.86 1.17 ± 0.07  -0.69 

Diflunisal  1 1.75 0.76  -0.99 

Fenbufen  1 1.84 0.61 ± 0.03  -1.23 

Flurbiprofen  1 1.70 0.89 ± 0.03  -0.81 

Gemfibrozil  1 2.16 1.20  -0.96 

Glyburide  1 2.21 2.19 ± 0.00  -0.02 

Indomethacin  1 2.07 0.98 ± 0.13  -1.09 

Mefenamic acid  1 2.20 2.03 ± 0.04  -0.17 

Pentachlorophenol  1 2.59 1.83  -0.76 

3-Nitrophenol  0.13 1.44 1.52  0.08 

4-Nitrophenol  0.61 0.86 1.38  0.52 

Butylparaben  0.20 3.23 3.32  0.09 

Ethylparaben  0.13 2.03 2.44  0.41 

Methylparaben  0.13 1.46 1.98  0.52 

Omeprazole  0.10 1.98 2.30 ± 0.11  0.32 

Phenobarbital  0.54 0.61 1.12 ± 0.03  0.51 

Propylparaben  0.14 2.64 3.01  0.37 

sulfamethazine  0.42 -0.56 -0.43  0.13 

Theophylline  0.10 -0.33 -0.04 ± 0.01  0.29 

a) References are provided in the supplementary information 588 
 589 
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Figure 3 613 
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Figure 4 640 
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Figure 5 646 
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Figure 6 654 
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Figure 7 682 
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Figure 8 701 
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