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Evaluation of Chromatographic and Some
Physicochemical Properties of Phenolic
Compounds using Abraham’s Descriptors

Kyung Ho Row

Center for Advanced Bioseparation Technology and Department
of Chemical Engineering, Inha University, Incheon, South Korea

Abstract: Abraham’s descriptors, as independent variables, were applied to predict the
retention factors, k, and acid dissociation constants, pKa, of phenolic compounds for a
published collection of data. Other dependent variables (n-octanol-water partition coef-
ficient log P, molar refraction MR, dipole moments u, energy hydration Ey, and total
energy E,,,) were calculated by itself and estimated also with these descriptors. Results
suggest that chromatographic retention and other properties may be modeled by used
independent variables. The Abraham’s descriptors based model is an efficient way to
study quantitative structure-property relationships (QSPR) and quantitative structure-
retention relationships (QSRR) with satisfactory accuracy.

Keywords: Abraham’s descriptors, QSPR, QSRR, Phenolic compounds, Retention
factor

INTRODUCTION

Quantitative structure—activity relationships (QSAR) and quantitative
structure-property relationships (QSPR) approaches are of further growing
interest in many areas: biology, medicine, pharmacology, chemistry, and
chemical engineering. In chemistry and chemical engineering, they may be
applied, for example, to develop methods for selecting conditions for extrac-
tion, isolation, and separation processes. The application of such methods
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requires quantitative information about the characteristic properties of solutes
and solvents such as parameters describing the polarity, energy, solubility and
its tendency to undergo hydrogen bonding. Such parameters are often deter-
mined by solvatochromic experiments, i.e., from the shift of a characteristic
wave number of an indicator in that liquid solute/solvent.

Quantitative structure-retention relationships (QSRR) are the statistically
derived relationships between the chromatographic parameters determined for
a structurally diverse series of analytes in a given separation system and the
quantities (descriptors) accounting for the structural differences among the
analytes studied.!'!

The so-called the linear solvation energy relationship (LSER) method is
one of the most successful and known approaches. The LSER is an
extension of Hildebrand’s”® and Scatchard’s'*! works on the enthalpy
related solubility parameters and considers solubility as a function of
volume, dipolaritiy, and hydrogen bonding capacity. Consequently, it is
generally agreed that one of the most successful applications of QSAR,
QSPR, and QSRR is the LSER approach. The QSRR belong to the most
often studied manifestations of the LSER.

Thus, the LSER assumes that solute characteristics are based on various
additive properties (P) of molecules that may be isolated as formal descriptors
(D) of the solvation process,' e.g., as in Eq. (1):

P = constant + Dcavily term(s) + Dpolarity term(s) (1)

+ Dhydrogen bonding terms + ...

Many empirical descriptions of solvation are based on this additive formalism,
for example, Kamlett and Taft’s original solvatochromic LSER'® and Hansen’s
solubility parameters.””) Abraham’s LSER, which is based on the empirical
determination of Gibbs energy based descriptors by multiple regression of
properties obtained from a variety of processes, is shown in Eq. (2).

P=Py+rR +sm +aSd +bEBY +vV, )

where the some property P, which may be as varied as the extent of solute pen-
etration of membranes, the distribution of solutes between stationary and liquid
phases or other physicochemical parameters, is related to the relative influence
of the empirically determined solute descriptors.

The first descriptor R, is an excess molar refraction of the analyte, whose
relative effect on the property P, is given by the magnitude of the coefficient
r."®1 The descriptor 7% is the analyte dipolarity/polarizability descriptor and
its coefficient, s, the relative intensity of these interactions in the two
phases.””! The descriptor o is the analyte ability to donate a hydrogen
bond, and B% is a measure of analyte hydrogen bond accepting potency.
Descriptor o represents the hydrogen bond donor acidity of the solute, and
to the coefficient a, representing the relative acceptor strength of the phases.
Similar arguments apply to 8%, the hydrogen bond basicity of the solute
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contributed by different hydrogen bonding groups and coefficient b represents
the relative hydrogen bond donor strength of the two phases.””! The last
descriptor V, 1is its molecular volume according to the McGowan
algorithm.''”" The coefficient v is thus analogous to the cavity term of
Eq. (1) and is related to the Hildebrand solubility parameter and the
cohesive energy density.!''! It is worthwhile to say that, often, the descriptors,
represented in Eq. (2), called Abraham’s descriptors.

Each chemical property P is a complex net effect of both atomic compo-
sition and steric constitution of a given molecule. There are no precise simple
addition rules but, instead, the overall structure affects, simultaneously, the
dipolarity /polarizability, hydrogen- bond acidity, hydrogen-bond basicity,
and the ability of an analyte molecule to form a cavity in the environment
and to interact with it by dispersion forces.

In this paper, Abraham’s descriptors were used for evaluation of the
retention factors and some others chromatographically significant parameters
of phenolic compounds.

THEORETICAL

The data concerning retention of thirteen phenolic compounds were collected
from Ref. [12]. The retention factors were measured by reversed-phase liquid
chromatography at 40°C in 70% aqueous acetonitrile containing 20 mM
sodium phosphate buffer at pH 8.49. Their retention properties are summar-
ized in Table 1. The Abraham’s descriptors for the test analytes were taken
from West and Lesellier'"® where available (Table 2).

The test analytes of Table 1 were subjected to molecular modeling by the
ChemOffice Pro 2006 (CambridgeSoft Corporation, USA) and HyperChem
(Hypercube Inc. FL, USA, version 7). The ChemOffice!"* program can
perform real-time animation, energy minimization, and molecular dynamic
calculations. The n-octanol-water partition coefficient (log P) and molar
refraction (MR) were obtained with ChemOffice. The HyperChem
program'”! performed geometry optimization by the standard molecular
mechanics MM+ force field procedure for nitrophenol isomers and by the
semi empirical AM1 method in the case of other analytes. Dipole moments
(w), energy hydration (Ey), and total energy (E,,; were calculated with
HyperChem. The data of logarithms to base ten of the acid dissociation
constant value (pKa) were collected from References [12,16—18]. A
number of physicochemical descriptors are collected in Table 1.

Chemometric Calculations

The multiple regression equations were derived by employing the Origine
package (Microcal Software Inc., MA, USA.)"® run on a personal computer.
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Table 1. Experimental (k and pKa) and calculated (log P, MR, u, Ey, and E,,,) parameters

MR”, Exf, Epf',
Compound k2 pKa log P” cm’mol ! u”, Debay kkal mol' kkal mol '
Phenol 0.661 9.95!16!1 1.447 27.752 0.9004 —8.99 — 1419.92®
o-Chlorophenol 0.700 8.4811¢! 2.096 32.557 —1.5927 —17.54 —1401.23®
m-Chlorophenol 0.879 9.02!"6! 2.096 32.557 —2.2518 —8.42 —1403.60"
p-Chlorophenol 0.889 9.38!16! 2.096 32.557 —1.6330 —8.58 —1403.78®
2,3-Dimethylphenol 1.151 10.541171 2.307 37.834 —0.5305 —5.21 —1983.330
2,4-Dimethylphenol 1.180 10.6 2.307 37.834 —0.7401 —5.26 —1984.45®
2,5-Dimethylphenol 1.169 10.421°1 2.307 37.834 —0.9190 —5.17 —1984.53®
2,6-Dimethylphenol 1.279 10.10! 2.307 37.834 —1.0478 —4.95 —1982.92®
3,4-Dimethylphenol 1.021 10.10!*% 2.307 37.834 —0.5304 —6.40 —1984.05®
3,5-Dimethylphenol 1.074 10.18181 2.307 37.834 —0.7681 —6.19 —1985.28®
o-Nitrophenol 0.110 7.234161 1.437 3.4532 —3.5677 —15.44 0.4586"
m-Nitrophenol 0.360 8.35!16] 1.437 3.4532 —6.5731 —18.08 —0.5099™
p-Nitrophenol 0.040 7.14116] 1.437 3.4532 —4.5663 —18.43 —0.5727"

“An online database of hazardous materials, http: /cameochemicals.noaa.gov/.

bObtained with ChemOffice.

“Obtained with HyperChem, geometry optimization method MI"™semi-impirical AM

7: 1

molecular mechanics MM(+).
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Table 2. Abraham’s descriptors of phenolic compounds

Compound R, ! o By V5

Phenol 0.805 0.89 0.60 0.30 0.7751
o-Chlorophenol 0.853 0.88 0.32 0.31 0.8975
m-Chlorophenol 0.909 1.06 0.69 0.15 0.8975
p-Chlorophenol 0915 1.08 0.67 0.20 0.8975
2,3-Dimethylphenol 0.850 0.85 0.52 0.36 1.0569
2,4-Dimethylphenol 0.840 0.80 0.53 0.39 1.0570
2,5-Dimethylphenol 0.840 0.79 0.54 0.37 1.0570
2,6-Dimethylphenol 0.860 0.79 0.39 0.39 1.0570
3,4-Dimethylphenol 0.830 0.86 0.56 0.39 1.0570
3,5-Dimethylphenol 0.820 0.84 0.57 0.36 1.0570
o-Nitrophenol 1.045 1.05 0.05 0.37 0.9490
m-Nitrophenol 1.050 1.57 0.79 0.23 0.9490
p-Nitrophenol 1.070 1.72 0.82 0.26 0.9490

RESULTS AND DISCUSSION

The data set of phenolic compounds was chosen to evaluate the LSER
approach to chromatographic retention and some physicochemical properties.
We undertook such an attempt here and designed a model series of thirteen
phenolic test analytes which we recommend for the LSER-type of QSRR
analysis of liquid chromatographic data by the following equation:

logk' = log Py + rRy + s74 + aSed + b3 BY + vV 3)

where log Py is a retention parameter corresponding to the hypothetical pure
water eluent; r, s, a, b, and v are regression coefficients, the physical meaning
of which is like that of the corresponding coefficients of Eq. (2).

Besides, the development of predictive QSPR models for thermodynamic
properties of mixtures requires the characterization of substances by pure
component parameters. For this purpose, we applied Abraham’s approach
according Eq. (2) for predicting of chromatographic significant and
important parameters such as logarithms to base ten of the acid dissociation
constant value (pKa), the mn-octanol-water partition coefficient (log P),
molar refraction (MR), dipole moments (u), energy hydration (Eg), and
total energy (E,,,).

The results are collected in Table 3, i.e., the QSRR-based, and the QSPR-
based models of LSER, respectively. In this table are given the squared
regression coefficients (rz), and the values of the F-test of significance, F.
The fits were all of reasonable quality, 7* ranging from 0.9011 to 0.9834.

Thus, for the QSRR-based model, if a particular coefficient is numerically
large, then any solute having the complimentary property will interact very
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Table 3. Coefficients of Eq. (2) and their statistical ability

P PO r s a b v r2 FSmti:tic
log k —7.187 11.701 —5.774 4.653 1.906 —0.925 0.9011 12.74

pKa 0.771 0.352 —0.329 0.315 0.222 —0.028 0.9576 31.66

logP 3.258 —4.684 0.473 —0.989 —4.106 4.407 0.9621 35.49

MR 5.033 —4.495 —0.197 —0.242 —2.748 1.555 0.9723 48.93

o 10.558 —4.327 —5.295 3.587 8.552 —7.972 0.9092 14.01

Ey 14.468 —30.10 —7.748 —0.884 —19.663 18.458 0.9754 55.46

E. —4842.5 5699.5 965.24 —469.58 2197.3 —3126.4 0.9834 82.65

spunoduo)) d10udyJ Jo s103drdSI( S, WeyeIqy
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strongly with either the mobile phase (if the coefficient is negative) or the
stationary phase (if the coefficient is positive). The dominant contributions
to retention are the dispersion interaction term (V) and the molar refractivity
term (R,). Generally, for the both approaches (QSRR and QSPR), the coeffi-
cients reflect the relative selectivity towards that particular molecular
interaction.

QSPR

Self-evidently, wider analytical interest can only be commanded by a QSRR
approach employing physicochemical properties of analytes, which can
readily be predicted for any compounds. Such are the physicochemical and
structural properties of interest for researchers.

Physicochemical properties of the analytes, namely n-octanol-water
partition coefficient (log P), molar refraction (MR), dipole moment (u),
energy hydration (Ey), total energy (E,, were calculated by molecular
modeling programs which are described in the Experimental section, and
are collected in Table 1. Considering the limited and rather arbitrarily
selected set of solutes comprising Table 1, chosen to test the Abraham’s
descriptors, the result may be considered. Using published Abraham solute
descriptors and calculated log P for the solutes shown in Table 1, the
regression obtained is shown as in Table 3. The probabilities associated
with Eq. (2) and given in Table 3 show that only variables relating to
volume, and perhaps polarity, make a significant contribution to the
regression. Descriptors making little contribution to the regression, e.g., the
molar refractivity, and the solute basicity, show little significance.

It is necessary to note that contribution of molar refractivity in the cases of
MR, ., and Ey also are low and coefficients r are quite close in the equations
which predicted n-octanol-water partition coefficients, dipole moments, and
energy hydrations. The molar refraction features in the regression, but it is
of low significance.

The QSPR approach was then applied to the same data set using same
Abraham’s descriptors, but using published values of acid dissociation
constant values (pKa) as the dependent variable. Table 3 shows the signifi-
cance of the parameters of the predictive equation; the regression coefficient,
17, is 0.9576. It is interesting to note that the weak spread variance in coeffi-
cient values is observed. The contributions of molar refraction (0.352) and
hydrogen bond donating ability (0.315) are sufficiently close. Two parameters,
dipolarity /polarizability and molecular volume, are negative.

The total energy (E,,,) of a molecule is the sum of its different energy con-
tributions. Thus, the total energy includes the total electronic energy of the
molecule and the nuclear charges of atoms. In Eq. (2), E,,; predicted fairly
well with the solvatochromic parameters by the term in the LSER model.
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The inclusion of E,,, in the model indicates there is probably electron-nuclear
interactions playing an important role in the solvation process.

QSRR

Previous studies in our laboratory'?®~** resulted in a QSRR model employing
the following analyte descriptors: the polarizability, molar refractivity, lipo-
philicity, dipole moment, total energy, heat of formation, molecular surface
area, binding energy, molecular connectivity indexes, Wiener index, Kier
flexibility index, Harary index, Balaban indexes, and Zagreb indexes. The cor-
responding QSRR equations had the linear and multiple linear forms. Below,
we discuss the QSRR models based on LSER descriptors served to predict
retention times for a set of test analytes.

In Eq. (3), the Py is a constant. In the case of QSRR, this constant is
related to the phase ratio contribution to retention. In our case, the low
value of the Py constant indicates that the phase ratio V/V,, is also small,
that is to say, V; (the volume of stationary phase) increases more than V,,
(the volume of mobile phase).

The molar refraction term (R,) is related to charge transfer, reflecting
interactions caused by the electronic excess of the solutes (7 and n
electrons). It is not too difficult to see that the r coefficient obtained by
Eq. (3) is 11.107. With the QSRR approach, this coefficient being positive
indicates that the stationary phase is dominant over the mobile phase
towards this particular type of interaction.

The dipolarity /polarizability term (74) represents the polarity or polariz-
ability of the solutes and its coefficient, s, reflects the contribution of the
relative intensity of these interactions in the two phases.

The o term is related to the hydrogen bond donating ability of the
molecules. In case of QSRR, the coefficient a describes the contribution,
which will be determined by the difference in hydrogen bonds accepting
ability between the mobile and stationary phases. The a, obtained with
Eq. (3), showed lower values than r, but higher than the values of other descrip-
tors’ coefficients. The positive value of coefficient also testifies about the fact
that the Lewis basicity of the C,g surface remains higher than the one of the
mobile phase (70% aqueous acetonitrile containing 20 mM sodium
phosphate buffer at pH 8.49), possibly due to the high adsorption of the
mobile phase modifier at the surface.

The B% term is related to the overall hydrogen bond basicity of the
molecules. For the QSRR-based equation, as confirmed by its quite low
descriptor coefficient (1.906), acetonitrile is known to be a relatively weak
eluent toward the solutes used.

The V, term is related to molecular volume calculated according to the
McGowan algorithm. For the QSRR-based equation, the coefficient v rep-
resents the contribution of dispersion interactions between the tested solutes
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and the stationary phase. The fact that it is a negative value of the contribution
indicates that the mobile phase is dominant over the stationary phase with
respect to this property.

All of these encouraging results have been achieved with LSER method-
ology; correlations based on parameters from experimental investigations are
still often applied as, up to now, they mostly result in a better agreement
between predicted and measured properties.

CONCLUSION

In this report, Abraham’s descriptors were applied for evaluation of the chro-
matographic retention and some physicochemical properties of phenolic
compounds. It is established that the Abraham’s descriptors based model is
an efficient way to study quantitative structure-property relationships
(QSPR) and quantitative structure-retention relationships (QSRR) with
suitable accuracy. These parameters, as ordinary descriptors, showed satisfac-
tory predictive ability.
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