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Abstract 

Lipophilicity, usually expressed as octanol-water partition coefficient (logPo/w), is an important 

property in biomedical research, drug design and technology. However, high logPo/w values of 

complex hydrogen bonding molecules are not easy to measure or calculate. Exemplary 

problematic molecules are prospective active components (ionophores) of polymeric sensor 

membranes – the working elements of ion-selective electrodes. High lipophilicities of the 

membrane components are crucial for the sensor lifetime. In this work, lipophilicities of a wide 

range of urea-, carbazole- and indolocarbazole-based anion receptor molecules (some newly 

synthesized) and two common plasticizers were determined using a chromatography-based 

approach and/or the COSMO-RS method. Very high logPo/w values, up to around 20, i.e. far 

beyond directly experimentally accessible range, were obtained. The agreement between the 

two approaches ranged from very good to satisfactory. Based on these results, simple 

fragment-based equations were developed for quick lipophilicity estimation without any 

specialized software. Membrane-water partition coefficients for the studied compounds were 

modelled. Limitations and biases of the used methods are discussed. 
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1. Introduction 

Lipophilicity (mostly expressed as the partition coefficient in the n-octanol/water system, 

logPo/w) is a very important and widely used parameter in medicinal and environmental studies 

due to its correlation with pharmacokinetic characteristics and toxicity of the compounds.[1–3] 

While lipophilicities of most of the common pharmaceuticals[1,2,4] remain mostly in the directly 

experimentally accessible range (ca -3 to +6), many other important compounds (e.g. 

plasticizers,[5] properfumes[6], industrial contaminants[7]) have much higher lipophilicities that 

nevertheless need to be evaluated.  

A special focus of this work are ionophores[8] (ion receptors) employed in semi-liquid polymeric 

membranes of ion-selective electrodes.[9–11] Lipophilicity of membrane components is a crucial 

factor determining sensor lifetime.[5] A variety of anion receptors based on different structural 

motifs and potentially usable as ionophores in sensor membranes have been designed by 

numerous groups.[12–14] Our work in this area has been mainly focused on design, synthesis and 

study of urea-, carbazole- and indolocarbazole-based hydrogen-bonding receptors[15–19] and 

their application in ion-selective electrodes.[20] While their complexation with various anions 

has been studied thoroughly, to the best of our knowledge their lipophilicity has not yet been 

systematically addressed. It is, however, an important factor to take into account when 

selecting the anion receptor candidates for the rather laborious process of building and 

assessing membrane sensor prototypes. Hereby we undertake the lipophilicity evaluation for 

several types of highly lipophilic aromatic hydrogen-bonding anion receptors. 
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Experimental determination of high lipophilicity has been addressed in the literature on several 

examples.[6,21,22] Shake-flask method[23–25] - the most straightforward and dependable of the 

available lipophilicity determination methods - is often time- and material-consuming and not 

applicable to very high lipophilicities. The best-known alternatives are the indirect 

chromatographic methods relying on the correlation between lipophilicity and 

chromatographic retention.[5,26–29] Such methods offer the advantage of speed, smaller 

required amount of compound, possibility to work with impure compounds and compound 

mixtures, as well as somewhat broader range of applicability. On the other hand, 

chromatographic methods are susceptible to the congeneric effect, requiring retention vs. 

partition correlation to be established using compounds structurally similar to the studied 

ones.[23,30] Lack of suitable reference compounds can become a serious obstacle.[6]  On the 

other hand, including structural information (in particular, hydrogen bond acidity) in the 

predictive model alongside retention-based metrics can notably improve the accuracy of logP 

prediction.[30–33] 

Another alternative to the direct experimental determination are the various computational 

methods.[34] Here we specifically focus on COSMO-RS[35–37] as a method having essentially no 

limits in regard to the two-phase systems that can be modeled, or compounds whose partition 

can be predicted. COSMO-RS is also rather effective computationally, allowing working with 

large molecules. Please refer to the references [35–40] for details of the method principle and 

overview of its applications. COSMO-RS is known to be very good for a-priori lipophilicity 

predictions,[41,42] with rather small solvent-specific systematic errors yet occasionally 
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remarkable solute-specific mispredictions.[41,42] If solvent-specific multiplicative errors are 

negligible or corrected for, then the unavoidable problem in experimental studies – that 

extreme logP values cannot be measured or have higher uncertainties than moderate ones – 

does not exist for computations. On the other hand, the propensity of the solute to strongly 

bind solvent molecules and especially, to carry a solvent molecule to the organic phase would 

require significant computational effort to account for.  

All named options are in some ways problematic for the task at hand – determination of the 

lipophilicity of large, structurally complex, highly lipophilic compounds specifically designed for 

strong hydrogen bonding. The shake-flask method is not applicable for most receptors due to 

their extreme lipophilicity. Tentative shake-flask experiments (using methodology as in ref. [43]) 

with some of the less lipophilic receptors yielded poor reproducibility, possibly caused by the 

propensity of the molecules for strong association and thus over-average concentration and 

temperature effects. Indirect chromatographic determination would involve extensive 

extrapolation due to the lack of very high and sufficiently reliable logP values required for 

establishing the predictive model. COSMO-RS computations, while free from the extrapolation 

issue, can be biased by the abovementioned solute-specific errors and insufficient accounting 

for strong specific interactions between receptors and solvent molecules, to which the studied 

molecules are intrinsically prone. Remedying the issue with extra computations, while possible, 

is too resource-expensive to be practical for wide-scale studies and large molecules. 

In case of a chromatographic retention-based model derived using rather moderate logP values 

it is legitimate to assume that predictions for highly lipophilic compounds will more likely be 



6 

 

under- than overestimated. COSMO-RS, on the other hand, can produce both negative and 

positive errors depending on which of the influencing factors was undermodelled. For instance, 

strong hydrogen bonding with water will likely produce positive error, while sterically hindered 

polar groups may have the opposite effect. However, the systematically mispredicted solutes 

encountered by us so far tended to be positively biased. It was therefore assumed that 

satisfactory agreement between independently obtained retention-based and COSMO-RS 

logPo/w predictions can be considered as validation of both approaches. 

In this work we present and compare the lipophilicity values of a wide variety of synthetic anion 

receptors, some of them newly synthesized, obtained by a computationally enhanced 

chromatographic method and COSMO-RS. Methodological details and optimal parameters are 

discussed. Partition coefficients between typical membranes and water are computed and 

discussed. In addition, simple fragment-based equations for a fast and approximate lipophilicity 

estimation not requiring any computational software are presented. The main aim of this work 

is to provide predictive tools and methodological advice for a diverse range of researchers who 

are interested in obtaining lipophilicity values, developing ion-selective electrodes or using 

COSMO-RS for modeling partition between liquids. 

 

2. Materials and methods 

2.1 Calculations 

DFT calculations were carried out using software package Turbomole V6.4[44] and V6.5[45]. 



7 

 

Geometry optimization was carried out at DFT BP86/SVP (larger molecules) or BP86/TZVP 

(small and medium-sized molecules) levels of theory. For each molecule many starting 

geometries were used to ensure that all major conformations are found. The vibrational spectra 

were generally not calculated for larger molecules. Our extensive previous experience[42] shows 

that imaginary frequencies are a rare occurrence in case of the chosen method and the 

compounds of this study, and even when present mostly have negligible effect on the results. 

After geometry optimization and conformer selection a single-point energy calculation was 

carried out using BP86/def2-TZVPD level of theory with Fine cavity parameter. The basis set 

used for each compound, number of conformers and comparison of the results obtained with 

TZVP and SVP basis sets are provided in the Supporting Information. 

The logP calculations by the COSMO-RS method were carried out using COSMOtherm software 

(version 19[46]) with parametrization  BP_TZVPD_FINE_19, at 25°C and with concentrations of 

the solutes set to zero (i.e. at infinite dilution). Wet octanol (as a pre-set software option) was 

used for logPo/w calculation. COSMO-RS has been demonstrated to be able to handle multiple 

conformers of the same compound well[47] and is able to take into account that different 

populations of confirmers of a compound are present in different phases. 

 

2.2 Materials and apparatus 

Many receptor molecules and phosphazene-based indicators were synthesized in previous 

works (see Table 1 and Table S1 in the Supporting Information for references). Synthesis and 
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characterization of the receptors synthesized in this work are given in the Supporting 

Information. 

The following compounds were of commercial origin: 1,3-diphenylurea (Aldrich, 98%), 1-

aminopyrene (Acros Organics, 97%), 1-naphthylamine (Reakhim, “pure”),  2’-

aminoacetophenone (Aldrich, 98%), 2-aminobenzophenone (Aldrich, 98%), acetanilide 

(Reakhim, “pure”), 4-aminobiphenyl (Alfa Aesar, 98%), anthraquinone (a kind gift from Prof. 

Tullio Ilomets), carbazole (Sigma, ≥95%), dihexyl phthalate (Reakhim, “pure”), dimethyl 

phthalate (Merck, ≥99%), dioctyl phthalate (Aldrich, 99%), diphenylamine (Reakhim, “pure for 

analysis”), etofenprox (Dr. Ehrenstorfer GmbH, 99.0%), indole (Aldrich, ≥99%), phenytoin 

(Sigma, ≥99%), trifluralin (Dr. Ehrenstorfer GmbH, 99.5%), triphenylamine (Kharkiv plant for 

chemical reagents “pure”), triphenylphosphate (Aldrich, >99%), thiourea (Reakhim, “special 

purity“). 

Water was prepared using a Milli-Q Advantage A10 Millipore setup (resistivity: 18 MΩ⋅cm). For 

basic (pKaH > 2) solutes, the aqueous component of the eluent was ca 7 mM buffer solution 

with pH = 10.0 (equivalent to pHabs
H2O

 10.0),[48] accurate to approximately ± 0.3 pH units, 

prepared from ammonium bicarbonate (Sigma-Aldrich, ≥99.0%) and NH4OH (Fluka, eluent 

additive for LC-MS). Methanol (Sigma-Aldrich, CHROMASOLV ≥99.9%) was the organic mobile 

phase component and was used as received. The pHabs
H2O

 of the used mobile phases were in the 

range of 8.5 ... 9.0.[48] 
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Column Waters XBridge C18 3.0 x 150 mm with particle size 3.5 m was used with mobile 

phase flow rate 0.4-0.5 ml min-1. Chromatograms were recorded with Agilent ChemStation Rev. 

B.04.03 software. Injection solutions containing analyte and thiourea (as dead time marker), 

either compound in concentration approx. 0.01 mg ml-1, were prepared in methanol.  

Retention time measurements were carried out with Agilent 1200 series HPLC instrument with 

quaternary pump and 5-channel multiple wavelength UV-Vis detector. Flow rate bias and 

precision limits, as specified by the manufacturer, are ≤ 5.00% and ≤ 0.50% (RSD), respectively. 

In our case the possible bias is irrelevant, as all experiments were carried out using the same 

system. The precision is by far sufficient for our purpose, given the approximate nature of the 

logP estimates obtained for the receptors.  

The experiments were carried out at ambient temperature (23.0±1.5°C). 

 

2.3 Experimental considerations 

The approach used in this work is analogous to ref. [30]: experimentally obtained retention 

parameters were combined with calculated descriptors to yield logP prediction equations. 

Reverse-phase column, stable in wide pH range and featuring minimal amount of silanol groups 

was chosen to minimize silanophilic interactions and to ensure retention mechanism based on 

partitioning and not adsorption/ion exchange. Methanol as an organic modifier is generally 

recommended in the literature for lipophilicity studies,[22,49–52] being more similar to water than 
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other common organic modifiers (acetonitrile, tetrahydrofuran),[49] and being able to 

competitively suppress silanol-analyte interactions.[27] 

Thiourea was chosen as a dead time marker; however, since some retention (varying with 

eluent composition) was observed also with thiourea, it can be viewed rather as the reference 

compound (internal standard). Retention factors (logk) were computed as follows: 

logk = log10 (
tR - t0

t0
)       (1) 

where tR is the retention time of the analyte and t0 the retention time of thiourea. Using the 

weakly retained compound for a reference is expected to partly compensate for fluctuations in 

flow rate, especially in the case of low logk values.  

Lipophilicities of the studied compounds vary too broadly to measure all logk values with the 

same volume fraction of organic modifier in the eluent (). The dependence of logk on was 

studied in a broad  range for several representative compounds with different structural 

features and lipophilicities (Figure 1). The relationship is usually linear in the ranges of 

approximately 0.6 - 0.95 and 0.2 - 0.5, with rather distinct “bends” around 0.2 and 0.5.  

The logk at = 0 (logkw), usually extrapolated from several > 0 values, is widely agreed to be 

the most useful chromatographic hydrophobicity metric.[51,53] As is evident from this work 

(Figure 1) as well as  literature,[29,53,54] extrapolation using the simplest linear model logk = logkw 

- S  may be somewhat inaccurate, especially for highly lipophilic compounds. On the other 

hand, more sophisticated models allowing for curvature require more extensive and reliable 

experimental data to avoid misinterpreting random errors as meaningful trends.[53] 
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Most of the studied molecules have conveniently measurable logk values at ≥0.5. Therefore 

= 0.8, being within the typical linear range (as seen from Figure 1), was chosen as standard 

condition. The corresponding logk values (logk80 values) were either directly measured or 

extrapolated from at least 3 data points within the linear range. Slopes of the logk/ 

correlations (S) were computed from the same data points (see Table S1 in the Supporting 

Information for the detailed data). 

 

Figure 1. Dependence of retention factors (logk) on volume fraction of methanol in the eluent () for a set of 

representative compounds. Dashed lines are regression lines based on the data points in the range  0.6…0.9. 
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For each studied molecule logk values were obtained with at least 3 eluent compositions with 

1…15% increment in methanol fraction, depending on the usable  range. Molecules too 

hydrophilic to produce reasonably accurate logk80 values were omitted from further study. 

Since logk values were generally not measured in replicate, good linearity of the logk vs  was 

taken as an indirect proof of accuracy. Some replicate runs were carried out to confirm doubtful 

values and later to estimate the magnitude of random uncertainty contributions. Pooled 

standard deviation (PSD) of the replicate logk values obtained in different runs (mostly on 

different days) was 0.016. It constitutes 1.4% of the standard deviation of all measured and 

extrapolated logk80 values and 0.3% of their range and therefore was deemed acceptable. PSD 

accounts for variability induced by temperature, random uncertainty components of mobile 

phase compositions, varying column stabilization times and flow rate fluctuations. 

The methodology is applicable to compounds that can be fully deprotonated within the range 

of usable eluent compositions. Very strong acids and bases are therefore ruled out as the 

extreme pH values required for their (de)protonation could damage the column. In this work 

neutral compounds and bases with pKaH ≤ 8 were studied. 

 

2.4 Development of chromatography-based predictive equations 

„Calibration“ compounds for establishing logP = f(logk) relationship were selected on the basis 

of their logPo/w values (>1, the lower end of the receptor lipophilicity range), acid-base 
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properties (neutral or basic with pKaH ≤ 8),  and, preferably, structural similarity to the studied 

receptors. Structures of the chosen compounds are presented in Figure 2.  

 

Figure 2. Compounds used for retention-based model development and evaluation/correction of COSMO-RS 

predictions. The values on the scheme are the experimental logPo/w values from refs. [43,55–57] and this work. 

The data in tabulated form is available in the Supporting Information. 

Composing an adequate training set is challenging due to the unusual combination of 

properties featured by most receptors (Figure 3): multiple NH groups (importantly, the only 

represented type of hydrogen bond donors), conformationally flexible structures, no halogen or 

phosphorus atoms, yet high lipophilicity. Lack of experimental logPo/w data for similar 

compounds causes the unavoidable mismatch between the training set and the predicted 

molecules. The compounds included in the training set covering the logPo/w range 4.5 to 8 

contain no hydrogen bond donors and occasionally phosphorus and/or fluorine atoms are 

present. However, it was reasoned that the pros of doubling the width of the calibration range 

override the cons of structural mismatch. 
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The chromatographic metrics considered for model construction were: logk80, S (slope of the 

logk/ dependence), and logk80/S. Additional descriptors related mainly to polarizability and HB 

ability (full list in Supporting Information) were obtained with PaDEL-Descriptor software.[58] 

While the COSMOtherm software can produce useful descriptors, PaDel descriptors were 

preferred for chromatographic models to make the predictions completely independent from 

COSMO-RS results. 

The „leaps“ package[59] in statistical software R was used for model construction. Considering 

the relatively small number of compounds in the training set (27), maximum of 3 variables were 

allowed in the model to avoid overtraining. Multilinear models with increasing number of 

variables (chosen from the pool specified above) were constructed until either convergence 

(R2 < 0.005) or maximum allowed number of variables was reached. As with the small training 

set the final model depends very strongly on the selection of compounds, to ensure robustness 

of the obtained model(s) the variable selection was repeated 500 times on the reduced training 

set: 6 randomly chosen compounds (22% of the training set) were removed at each iteration. 

Three most frequent of the resulting sets of variables were then used to construct prediction 

equations (equation coefficients obtained using the whole training set). The logPo/w values 

predicted by the three equations were averaged. 

 

3. Results and discussion 

3.1 Obtained lipophilicity values 
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Structures of the receptor molecules studied in this work and their estimated lipophilicity 

ranges are shown in Figure 3. The lipophilicity values of the more lipophilic (and therefore more 

promising as ISE membrane components) receptors along with references to selectivity/binding 

studies and applications in ion-selective electrodes are presented in Table 1. The detailed 

lipophilicity data of all studied compounds is provided in the Supporting Information. 
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Figure 3. Structures of the studied receptor molecules. Names in square brackets belong to the thio-analogues 

of the corresponding receptors. The bullet point shapes denote logPo/w ranges:   0<… ≤4,   4<…≤8,   

8<…≤12,   12<…≤16,   16<… (see Table 1 and the Supporting Information for detailed lipophilicity data). 

 

Table 1. Lipophilicities of the selected relatively lipophilic (logPo/w > 4.5) receptor molecules and two common 

plasticizers predicted in different ways (data for all studied compounds are presented in the Supporting 

Information)  

Compound CAS 
Preparation and anion 

binding[a]  

 logPo/w  logP (membrane/water) [e]  

COSMO-RS[b]  Chrom[c]  Recom- 

mended[d]  

PVC/o-NPOE+ 

CZ10 

PVC/DOS+ 

CZ10 

IC01 2099104-50-2 [18] 8.8  8.8 [g]  9.1 8.6 

IC02 2098495-23-7 [18] 9.2  9.2 [g]  9.6 9.2 

IC03 2098490-62-9 [18] 10.1  10.1 [g]  10.7 10.3 

IC04 2098492-93-2 [18] 9.1  9.1 [g]  9.4 9.0 

IC05 2099104-51-3 [18] 7.8  7.8 [g]  6.5 5.3 

IC06 2098490-41-4 [18] 8.7  8.7 [g]  7.8 6.9 

IC07 2098491-70-2 [18] 7.6  7.6 [g]  7.6 7.2 

IC08 2098489-02-0 [18] 6.5 7.6 7.0 [g]  6.0 5.5 

IC09 60511-85-5 [15], [17], [19], [60] 4.3 5.1 4.7 [f]  4.3 4.2 

CZ01 1709799-61-0 [17], [19] 7.9 8.6 8.2 [f]  8.0 7.8 

CZ02 1709799-62-1 [17] 14.0 12.9 13.5 [g]  16.1 15.8 

CZ03 1709799-63-2 [17], [19] 9.5 9.9 9.7 [f]  8.1 7.6 

CZ04 2197988-18-2 [19] 7.5 8.1 7.8 [f]  6.8 6.3 

CZ05 (new compound) [i]  7.9  7.9 [g]  7.6 7.0 

CZ06 (new compound) [i]  9.2  9.2 [g]  10.3 9.9 

CZ07 (new compound) [i]  7.6  7.6 [f]  8.1 7.4 

CZ08 1456532-80-1 [17], [19] 12.8 13.0 12.9 [f]  13.5 13.1 

CZ09 (new compound) [i]  19.6 16.0 18 [h]  21.2 21.2 

CZ10 2098494-22-3 [18], [19], [20]* 14.0 13.9 13.9 [f]  13.9 13.5 

CZ11 2098490-63-0 [18], [19] 12.3 12.5 12.4 [f]  12.3 11.7 

CZ12 (new compound) [i]  13.7  13.7 [g]  14.9 14.3 

CZ13 (new compound) [i]  18.6 18.3 18.5 [g]  20.6 20.5 

CZ14 (new compound) [i]  24.4 21.2 23 [h]  27.3 27.6 

CZ15 1154733-14-8 [17], [19], [61], [62], [63] 5.4 5.8 5.6 [f]  5.4 5.1 

CZ16 1456532-81-2 [18] 9.0 10.9 10.0 [g]  9.2 8.7 

MC01  [64], [i]  9.6 9.2 9.4 [f]   9.6 9.0 

MC02  [64] 18.4  18 [h]  17.9 17.6 

MC03  [64] 10.9  10.9 [g]  11.2 11.0 

MC04  [64], [i]  10.9 11.8 11.4 [g]  10.7 10.4 

MC05  [64]* 10.4  10.4 [g]  10.2 9.8 



19 

 

Compound CAS 
Preparation and anion 

binding[a]  

 logPo/w  logP (membrane/water) [e]  

COSMO-RS[b]  Chrom[c]  Recom- 

mended[d]  

PVC/o-NPOE+ 

CZ10 

PVC/DOS+ 

CZ10 

MC06  [64] 10.7  10.7 [g]  10.9 10.3 

MC07  [64] 12.1  12.1 [g]  12.5 11.9 

MC08  [64] 11.4  11.4 [g]  12.1 11.6 

MC09  [64]* 13.3  13.3 [g]  14.5 14.0 

MC10  [64] 13.4  13.4 [g]  13.9 13.7 

U13 775322-64-0 [17], [19], [65], [66] 6.5 5.7 6.1 [f]  7.5 7.0 

U15 873797-28-5 [17], [67] 5.1 4.5 4.8 [f]  5.9 5.4 

U20 1709799-60-9 [17], [68] 5.0 5.4 5.2 [f]  3.9 3.2 

U21 (new compound) [i]  4.8 4.9 4.9 [f]  2.4 1.1 

U22 (new compound) [i]  6.0 4.9 5.5 [g]  4.0 2.9 

U23 (new compound) [i]  6.5 6.0 6.2 [f]  5.6 4.4 

U24 948047-75-4 [17], [19], [69] 7.5 5.5 6.5 [g]  7.7 6.8 

U25 1709799-52-9 [17], [19] 7.8 6.0 6.9 [g]  7.6 6.9 

U26 1709799-53-0 [17], [19] 13.5 10.6 12.0 [g]  14.2 14.0 

U27 2098492-98-7 [18] 5.4 6.0 5.7 [f]  2.8 1.5 

U28 2099104-52-4 [18] 5.8 5.9 5.9 [f]  3.7 2.7 

U32 78751-44-7 [70] 7.1  7.1 [f]  6.6 6.2 

o-NPOE 37682-29-4 (plasticizer) 4.8  4.8 [f]  5.9 5.6 

DOS 122-62-3 (plasticizer) 9.5  9.5 [f]  10.8 10.9 

 

[a]  Selected anion binding-related studies and/or info on synthesis. Asterisks mark works where the respective 

receptor was used in making real ion selective electrodes. For compounds studied experimentally in this work, 

the reference listed first contains description of or reference to the used synthetic procedure.  

[b]  Corrected using Eq. 2. 

[c]  Average of predictions by equations 3, 4, 5. 

[d]  Average of the two methods. Uncertainties were assigned depending on the absolute value (extent of 

extrapolation), agreement between the two methods and complexity of the compound structure (abundance 

of possible conformations, possibilities for intramolecular hydrogen bond formation). 

[e]  Calculated by COSMO-RS. Membrane composition: ionophore (CZ10) 2% by mass, 

tridodecylmethylammonium chloride 50 mol% vs. ionophore, mass ratio of PVC to plasticizer – bis(2-

ethylhexyl) sebacate (DOS) or 2-nitrophenyl octyl ether (o-NPOE) – 1:2, degree of polymerization of PVC - 900. 

[f]  Estimated combined uncertainty at ca 90% coverage probability ±1. 

[g]  Estimated combined uncertainty at ca 90% coverage probability ±2. 

[h]  Estimated combined uncertainty at ca 90% coverage probability ±3. 

[i]  Synthesis and characterization data are presented in the Supporting Information.  

[j]  Experimental value from this work, determined as described in ref. [43]; combined uncertainty at ca 90% level 

of confidence is ±0.08 log units. 
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3.2 Evaluation and comparison of the methods 

The accuracy of lipophilicity calculations using the COSMO-RS method has been evaluated in 

detail elsewhere.[41,42] The performance assessment on the set of „calibration“ compounds that 

are structurally related to the studied receptors (Figure 2) is shown in Figure 4. The standard 

deviation of the regression is 0.34 and no outliers are observed, which gives reason to assume 

that no significant systematic errors are associated with the structural fragments present in the 

receptors. However, the tendency of COSMO-RS to overestimate the lipophilicity at higher 

logPo/w values is evident. Therefore, the values calculated for the receptors were corrected 

using the regression equation (2): 

logPo/w = 0.87(0.03) · logPo/w(COSMO-RS) + 0.15(0.14)    (2) 
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Figure 4. Left: COSMO-RS predictions for “calibration” compounds. Right: Predictions by equations 3 

(circles), 4 (squares) and 5 (triangles). Solid lines are y = x lines, dashed lines are the regression lines, dotted 

lines show +1 and -1 deviations from the y = x line.  

The prediction equations based on retention data and PaDEL descriptors are as follows 

(standard errors in parentheses): 

logPo/w = 0.63(0.44) + 1.62(0.26) · logk80 – 54.8(10.8) · S + 0.56(0.07) · MLFER_E           (3) 

R2 = 0.985, RMSE(LOO) = 0.32 

logPo/w = 0.30(0.45) + 1.12(0.25) · logk80 – 64.3(10.5) · S + 0.06(0.01) · nAtomP           (4) 

R2 = 0.984, RMSE(LOO) = 0.30 

logPo/w = 2.17(0.21) + 2.29(0.13) · logk80 + 0.96(0.10) · MGV – 0.14(0.03) · nAtomLAC      (5) 
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R2 = 0.982, RMSE(LOO) = 0.34 

where MLFER_E is excessive molar refraction, nAtomP is the number of atoms in the largest pi 

system, MGV is McGowan characteristic volume, nAtomLAC is the number of atoms in the 

longest aliphatic chain. RMSE(LOO) are the root mean square error obtained in the leave-one-

out validation, which as a first approximation can be used as the standard uncertainty 

estimates of the chromatographically determined logPo/w values for compounds not involved in 

creating the equation. The fit of the three equations is shown in Figure 4. 

It is interesting to note that, contrary to what literature suggests,[30] theoretical descriptors 

related to hydrogen bonding ability were not important enough to be chosen by the variable 

selection algorithm. Instead, the retention factors were supplemented by metrics describing 

molecular size and polarizability. The importance of the latter was also suggested in the 

literature.[30,33] This can perhaps be explained by the fact that the only type of HB donor in the 

studied compounds is NH bound to aromatic ring or carbonyl, and therefore there is not 

enough variety in the descriptor value. Proper accounting for the HB ability of most studied 

receptors would be complicated because of the conformational flexibility;[21] however, most 

training compounds have simpler structures and the apparent irrelevance of HB ability is not 

likely to be caused by ignoring conformational changes. The negative coefficient of nAtomLAC is 

at first sight surprising. Under closer inspection it seems that the reason for the negative 

coefficient is that aliphatic chains may have larger contribution to molecular volume but smaller 

contribution to lipophilicity compared to more polarizable conjugated aromatic systems 
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containing the same number of carbon atoms. It is possible that MGV “overshoots” in terms of 

accounting for the aliphatic chains and nAtomLAC acts as a “moderating” factor. 

The comparison of the logPo/w values predicted in different ways is presented in Figure 5. 

 

Figure 5. Comparison of the logPo/w values of the receptor molecules predicted by two independent 

approaches. Solid line is the diagonal of the plot; dashed lines mark the 1-unit distance and dotted line 3-unit 

distance from the diagonal. 

As expected, the retention-based prediction tends to give lower logP values for the most 

lipophilic molecules than COSMO-RS. The highest discrepancies (over 3 log units) are observed 

in the case of the receptors CZ09 and CZ14. However, in most cases the differences between 

the predictions by two approaches are below 1 log unit. Considering the complexity of the task 

it is taken as a proof that both approaches are fit for purpose. 
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3.3 Membrane/water partition 

Membrane/water partition (logPm/w) was calculated for four PVC-based membranes featuring 

two of the studied ionophores - CZ10 or U29 - and two common plasticizers - DOS (bis(2-

ethylhexyl) sebacate) or o-NPOE (2-nitrophenyl octyl ether). Typical component ratios were 

used:[11] ionophore - 2% by mass, lipophilic salt (tridodecylmethylammonium chloride) - 50 

mol% vs. ionophore, mass ratio of PVC to plasticizer – 1:2, degree of polymerization of PVC - 

900. The studies show that water uptake in such membranes is non-negligible and depends on 

both membrane composition and electrolyte content in the aqueous solution.[71,72] Based on 

the published results the likely water content was approximated as 0.1% by mass.[72]   

The calculations show very good correlations between the logPm/w values for the four 

considered membranes (with slope values 1.00 ± 0.06 and intercepts no higher than 1.4) and, 

as expected, with logPo/w values. The exemplary data for membranes containing CZ10 are 

presented in Table 1 and correlation plots for all calculated logPm/w and logPo/w values can be 

found in the Supporting Information. The calculations suggest that the change of plasticizer 

(DOS or o-NPOE) and ionophore does not have an overly strong effect on the membrane/water 

partitioning. Considering the overestimation of higher logPo/w values by COSMO-RS (Figure 4), 

one can suspect analogous effect for logPm/w. However, we cannot be certain in its exact 

magnitude since it was previously shown that correlation parameters may depend both on 

solvent pair and type of solutes.[42] 
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3.4 Simple empirical equations for lipophilicity estimation 

In terms of structural fragments the studied receptors are rather uniform. The common 

features of the studied molecules can be summarized as follows: 

1) Molecule contains at least two aromatic rings. 

2) The only heteroatoms are oxygen, nitrogen and sulfur (the latter marginally represented in 

thiourea moieties). 

3) Nitrogen atoms are either part of pyridine or pyrrole ring, attached to aromatic ring, or part 

of amide group. 

4) The only type of HB donor is N-H. 

5) Molecule contains at least two NH groups; ratio of the number of non-hydrogen atoms to 

the number of NH groups is in the range of 3 to 22. 

6) Basic groups are essentially limited to amino groups and pyridine rings. 

7) Carbon/hydrogen ratio of the molecule is 0.65…1.8. 

In many practical cases, including initial suitability assessment of a receptor as a component of 

ISE membrane, high accuracy of the prediction is not required but simplicity and feasibility of 

calculation is desirable. For this aim, simple fragment count-based equations for rough 

estimation of lipophilicity were created. The equations require only straightforward structure-

based descriptors obtainable without any specialized software (Table 2). Multilinear equations 

6 and 7 were composed using empirically corrected COSMO-RS and chromatography-based 

logPo/w values as dependent variables, respectively. Equations 8 and 9 predict the calculated 
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logPm/w values for PVC/o-NPOE/CZ10 and PVC/DOS/CZ10 membranes. Variables were selected 

with similar algorithm as used for eq. 3-5.  

logPo/w(COSMO-RS) = – 0.47(0.32) – 0.59(0.06) · allNH – 0.43(0.11) · CO + 0.014(0.001) · MW 

+ 0.13(0.01) · nH – 0.49(0.08) · tBu   R2 = 0.980, RMSE(LOO) = 0.74     (6) 

logPo/w(chrom.) = 0.38(0.42) + 0.023(0.001) · MW – 0.36(0.09) · Rings + 0.84(0.22) · Pyrr  

– 0.70(0.11) · nN – 0.56(0.19) · CO   R2 = 0.976, RMSE(LOO) = 0.85    (7) 

logPm/w(PVC/NPOE/CZ10) = 0.18(0.56) – 1.22(0.15) · allNH – 0.80(0.18) · CO + 0.027(0.002) · 

MW + 0.14(0.03) · C + 0.34(0.10) · NH-NH – 0.38(0.09) · Rings   R2 = 0.964, RMSE(LOO) = 1.2    

(8) 

logPm/w(PVC/DOS/CZ10) = 0.01(0.60) – 1.42(0.16) · allNH – 0.91(0.20) · CO + 0.029(0.002) · MW 

+ 0.14(0.03) · C + 0.39(0.11) · NH-NH – 0.44 (0.10) · Rings   R2 = 0.962, RMSE(LOO) = 1.3    (9) 

Performance plots for the equations 6 - 9 are presented in the Supporting Information. The 

RMSE(LOO) values of the equations 6 and 7 are about two times higher than the estimated 

standard uncertainties of the respective calculated or chromatographic logPo/w values (eq. 2-5). 

In practical terms, the prediction errors of equations 6 and 7 will hardly ever exceed 2 log units, 

making the predictions acceptable for most situations where rough estimates of high 

lipophilicity values are required. The accuracy of equations 8 and 9 for membrane/water 

partition is more difficult to estimate as the accuracy of the calculated logPm/w values is not well 

defined. It is evident, however, that “simple” equations give values predominantly within 2.5 

log units from the values calculated by COSMO-RS method. 
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Table 2. Structural descriptors for lipophilicity estimation, with examples. 

Descriptor Meaning IC06 U09 U16 

MW Molecular weight 686.2 330.1 376.4 

nH Number of H atoms 30 18 20 

nN Number of N atoms 6 4 6 

allNH Number of -NH- groups (amine group counts for 2) 6 4 8 

CO Number of carbonyl (-CO-) groups 2 0 2 

Pyrr Number of pyrrole moieties (incl. in carbazole, indole, 

indolocarbazole moieties) 

4 0 0 

Rings Number of aromatic rings 11 2 3 

tBu Number of tert-butyl groups 0 0 0 

NH-NH Number of NH groups in ortho position relative to each other; 

each NH with a "neighbour" counts; -NH2 group counts for 2. 

6 0 8 

C Number of C, CH, CH2 and CH3 fragments that are NOT part of 

tert-butyl groups, carbonyl groups or aromatic rings 

1 2 0 

 

Obviously, the equations are not expected to perform as well on compounds with structural 

features not represented in our data. 

 

3.5 Structural effects on lipophilicity 

Equations 6 and 7 are in agreement with the intuitive assumptions that high molecular mass 

and “crowded” arrangement of NH groups promote lipophilicity, while groups containing 

electronegative atoms generally reduce it. At the same time a high number of aromatic rings 

shifts the equilibrium towards water. Similar effect was observed earlier in case of lipophilic 

phosphazenes.[56] The negative coefficient for the number of tert-butyl groups in equation 6 is 

somewhat surprising, although the big lipophilicity difference between CZ08 and CZ13 suggests 
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that linear aliphatic chains are superior to tert-butyl groups if one aims at higher lipophilicity. 

Comparison of receptors CZ04, HZ02 and U08 with their thio-analogues CZ05, HZ03 and U09, 

respectively, reveals no clear trend. 

 

3.6 Results in the context of ion-selective electrodes 

In membrane-based sensors the lipophilicity of the ionophore and other membrane 

components is an extremely important parameter that determines sensor lifetime.[5,10] The 

required lipophilicities of neutral carriers (uncharged ionophores) for ion-selective membranes 

depend on the membrane geometry, its contact area with the sample, the type of sample and 

the required lifetime of the sensor. For a required lifetime of 30 days during continuous use (24 

h/day) the required logPTLC (lipophilicity estimated with thin-layer chromatography) value is ca 

5 in the case of aqueous solutions and ca 11 in the case of blood, serum or plasma (clinical 

analysis).[5] Extremely high lipophilicities (logPTLC > 20) may, however, start to limit the mobility 

of the ionophore in the membrane. Many of the anion receptors described in the present work 

thus fulfill the requirements of ion-selective electrodes. 

In addition to the lipophilicity of the ionophore, the lipophilicities of the plasticizers and other 

additives in the membrane are also very important for sensor lifetime. The calculated logPo/w 

values for two common plasticizers, DOS and o-NPOE, are 9.5 and 4.8, respectively. The 

corresponding literature values are 10 ± 2 and 6 ± 2,[5] respectively, showing good agreement. 
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This confirms that in some cases the leaching of the plasticizer, not the ionophore, may in fact 

limit the lifetime of the sensor. 

 

4. Conclusions 

Lipophilicities (in terms of octanol/water partition) of a wide range of urea-, carbazole- and 

indolocarbazole-based uncharged anion receptors were obtained using two independent 

approaches. Most values obtained in this work are far outside of the directly measurable range 

(up to 5-6), reaching logPo/w around 20. Considering extensive extrapolation, the two 

approaches are in reasonable to very good agreement – average absolute difference 0.7 and 

maximum difference 3.6 log units. It was demonstrated that most of the studied molecules are 

usable in sensor membranes where the required lipophilicities range from approx. 5 to 20, 

depending on application. Also, simple fragment-based equations for quick lipophilicity 

estimation, aimed specifically at the studied types of receptors, were developed. 

We envisage that the results presented here can be applied in development of new anion 

receptors. The prediction models can be used for quantitative estimation and comparing the 

candidate receptor structures. At the example of lipophilicities of the large number of 

presented molecules readers can see how the different structural features translate into 

lipophilicities and can make predictions about their own, possibly novel, anion receptors or 

other similar molecules. 
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