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Chapter 3

Evaluation of the
octanol/water partition coefficient of isoprene via
free energy calculations

Abstract

The octanol/water partition coefficient (logPo/w) is an important parameter that quantifies
the lipophilicity of a substance. The logPo/w of isoprene was determined by the calculation
of the difference in the free energies of hydration and solvation in water-saturated octanol
using the thermodynamic integration method (TI). The calculations show that while the
force field accurately reproduces the experimental hydration free energy, the solvation free
energy is significantly higher than the experimental value. This indicates either that the
attractive interactions between the isoprene and the alkyl tails of octanol are too strong or
that the repulsive interactions between the hydroxyl groups of octanol and/or water are too
weak. The partitioning into octanol is therefore overestimated.

3.1 Introduction

3.1.1 Importance of the octanol-water partition coefficient

Living cells are very dynamic systems in which many substances, e.g. metabolites,
ionophores, and drugs exchange constantly between the compartments of the cell. To
enter a specific compartment these substances need to cross the membranes which sepa-
rate the subcellular components from the cytosolic space. Small, uncharged, hydropho-
bic molecules such as oxygen, carbon dioxide, ethanol and urea are able to cross the bar-
rier of the membranes by dissolving in the hydrophobic interior of the membrane. This
so-called passive diffusion is limited by the solubility of the permeant into the mem-
brane, which is proportional to the hydrophobicity of the molecule. The hydropho-
bicity is, therefore, a major determinant of the ability of molecules to diffuse through
membranes. Polar or large biomolecules are incapable of dissolving in the hydrophobic
interior of membranes and the passive permeation of those molecules is inhibited. The
transport of these molecules is instead regulated by specific membrane proteins.
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The preference of a substance for an organic or oily phase (hydrophobic environ-
ment) rather than an aqueous phase (hydrophilic environment) is reflected in the par-
tition coefficient. The partition coefficient is a measure of the difference in solubility of
a compound between two solvents. The information obtained from this value allows
the prediction of the partitioning behavior of compounds in biological membranes. Bi-
ological membranes are very complex systems. They consist of many components the
majority of which are phospholipids. To simplify this system and mimic the structure
and properties of the interior of the membranes, hydrophobic solvents are used. Among
many alternative non-polar solvents e.g. hexanol, cyclohexane, dodecane, chloroform,
n-octanol, the closest analog to the phospholipids is n-octanol [92, 93]. The amphipathic
character of n-octanol makes it similar to lipids. It possesses a polar headgroup and
a flexible hydrophobic tail. The polar headgroups are capable of forming hydrogen
bonds and these regions might be characterized as being relatively hydrophilic. The
octanol-water system is therefore the standard reference to investigate pharmacokinetic
properties such as absorption, bioavailability, hydrophobic drug-receptor interactions,
metabolism and toxicity. The partition coefficient of a substance between n-octanol and
water is referred to as logPo/w, which corresponds to the negative logarithm of the ratio
of the concentration of the substance in the aqueous and hydrophobic phases. Huge
databases (of several milions of examples) of partition coefficients using n-octanol are
available.

Knowledge of the preferred partitioning of substances is essential in pharmacology
and rational drug-design strategies. Drug delivery systems must be composed such that
they overcome the membrane barrier and the drug encapsulated inside the carrier will
not be released before reaching its target tissue. The amphiphilicity of the drug deter-
mines the lipid composition of the carrier. Specific groups can be attached to the drug to
regulate its hydrophobic or hydrophilic preferences, in order to improve the efficiency
of the drug. Besides such biological and medical applications, partition coefficients are
also extensively used in environmental engineering to determine the behavior and fate
of chemicals. It is recognized by the US government and some international organiza-
tions as a physical property of organic pollutants equal in importance to vapor pressure,
water solubility and toxicity.

In this work the determination of the octanol-water partition coefficient of isoprene
was used as an additional test of the parameters used in our force field. The united
atom model of a 1-octanol in which only hydroxyl hydrogen is modelled explicitly, is
used and henceforth is referred to as octanol.
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3.2 Determination of the solvation free energy

The octanol-water partition coefficient for the isoprene molecule can be obtained from
the computation of the transfer free energy according to the formula

∆GTRANS = −2.303RTlogP (3.1)

where R is gas constant and T is the temperature. ∆G is the Gibbs free energy which is
appropriate for constant pressure/temperature conditions.

The transfer free energy is the difference in free energy between the solute (isoprene)
in an aqueous phase and in the solvent (water/octanol) phase. The first term is called
the hydration free energy, the second term will be referred to as the solvation free en-
ergy. In this section the method used to compute the hydration and solvation free en-
ergy is described. First, the thermodynamic cycle and then the details of the method of
thermodynamic integration are given. The use of soft-core potentials is also explained.

3.2.1 Thermodynamic cycle

The difference in the free energy can be related to the reversible work which is required
to transform the system from one initial state into another or to the probability of find-
ing a system in one of two states. Being a state function, the free energy does not depend
on the pathway through which the system passes, only on the initial and final states. In
simulations it is convenient to make use of an appropriate thermodynamic cycle. The
thermodynamic cycle used in this work is shown in Figure 3.1. From the thermody-
namic cycle it follows that the following expressions hold:

∆GHY D = ∆G1 + ∆G4 −∆G2 (3.2)

∆GSOL = ∆G1 + ∆G4 −∆G3 (3.3)

and therefore the transfer free energy of isoprene, equal to the difference between ∆GSOL

and ∆GHYD is given as

∆∆G = ∆GTRANS = ∆GSOL −∆GHY D = ∆G2 −∆G3 (3.4)

In the thermodynamic cycle, ∆G1 is the work required to remove all internal non-
bonded interactions in the compound in vacuum. Due to the small size of the iso-
prene molecule, internal nonbonded interactions were excluded and this term is zero.
Both ∆G2 and ∆G3 are the work required to remove solute-solvent and the solute-
intramolecular interactions. This was achieved by gradually mutating all atoms of
isoprene (state A) into ’dummy’ atoms (state B) in the aqueous phase or in the wa-
ter/octanol phase, respectively. In this context the ’dummy’ atom is an atom for which
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nonbonded interactions, namely Lennard-Jones and electrostatic interaction parameters
with all other atoms, have been set to zero. The bonded interactions within the molecule
and the masses of the individual atoms were kept unchanged. The change of free energy
during turning the solute into ’dummy’ atoms is determined by applying the thermo-
dynamic integration (TI) approach described below. ∆G4 appears twice in the cycle. It
is the work required to transfer the ’dummy’ solute from vacuum to the aqueous phase
or to transfer ’dummy’ from the aqueous phase to octanol. In both cases the molecule
does not interact with the rest of the system, and this term is effectively zero.

Figure 3.1: Thermodynamic cycle used in this work. The physically relevant free energies,
∆GHYD, ∆GSOL were calculated using a non-physical path involving ∆G1, ∆G2, ∆G3, ∆G4.
The transfer free energy, ∆GTRANS can be obtained from the difference between ∆GHYD and
∆GSOL

3.2.2 Thermodynamic Integration (TI) method

There are several methods available to calculate the difference in free energy of the
molecular system between state A and state B [94, 95]. In this work the Thermodynamic
Integration (TI) method [96] was employed. TI makes use of the so-called coupling
parameter approach where the state of the system is coupled to a parameter λ. More
precisely the Hamiltonian is defined as a function of this coupling parameter λ which
connects both the initial and final states such that H(λA) = HA corresponds to state A
and H(λB) = HB to state B. If the Hamiltonian is made as a function of λ the free energy
also becomes a function of λ and the difference in free energy between state A and B can



3.3. Methods 39

be calculated from the integration of

∆GBA = G(λB)−G(λA) =

∫ λB

λA

∂G(λ)

∂λ
=

∫ λB

λA

〈
∂H(λ)

∂λ

〉
λ

(3.5)

where 〈. . . 〉λ denotes an average over the ensemble at the corresponding λ value. For
discrete values of λ the integral in eq. 3.5 is replaced by the sum:

∆G =
1∑

λ=0

〈
∂H(λ)

∂λ

〉
λ

(3.6)

This approach, called finite difference TI (FDTI) [97], is used here.

3.2.3 Soft core potentials

The soft-core potential is used to avoid singularities in the potential when the interac-
tions of the solute with the solvent are turned off [98]. The soft-core potential is ex-
pressed by the formula:

Vsc(rij) = (1− λ)V A
ij (rA

ij) + λV B
ij (rB

ij) (3.7)

where V A
ij and V B

ij are the potentials describing the nonbonded interactions (Lennard-
Jones and electrostatic, see Introduction), between two atoms in state A (λ=0) and in the
state B (λ=1), respectively. The distance rij is given by

rA
ij = (α(σA

ij)
6λ2 + r6

ij)
1/6 (3.8)

rB
ij = (α(σB

ij )
6(1− λ)2 + r6

ij)
1/6 (3.9)

where α is the soft-core parameter, which essentially controls the height of the potential
around rij=0, and σ is the radius of interaction, which is either (C12

ij /C6
ij)

1
6 or a predefined

value when either C12 or C6 is zero. For intermediate λ, rA and rB alter the interactions
very little when rij > α

1
6 σ and then quickly switch the soft-core interaction to an almost

constant value when rij becomes smaller.

3.3 Methods

3.3.1 Simulation details

Simulations have been performed using the GROMACS 3.0.5 package [79, 99]. Systems
were simulated in the NPT ensemble in a periodic cubic box with an edge length of
approximately 5 nm. The nonbonded interactions were evaluated using a twin range
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cut-off of 1.0 nm and 1.4 nm. Interactions within the shorter range cutoff were evaluated
every step, whereas interactions within the longer range cut-off were updated every 10
steps, together with the pair list. The pressure was maintained constant by coupling to
a reference pressure of 1 bar using the Berendsen barostat [82]. The temperature of 298
K was held constant using the Berendsen thermostat [82]. The coupling time was set
to 1.0 ps and the isothermal compressibility was set to 5.0 ∗ 10−5bar−1. The time step
used in the simulations was 2 fs. A leap-frog molecular dynamics algorithm was used
to integrate the equations of motion. The value of the soft-core parameter α was set to
1.51.

3.3.2 Force fields

The same set of parameters for isoprene was used as for the simulations of isoprene in
the DMPC bilayer (for detailed description see paragraph Simulation details in chapter
2). The structure of octanol is relatively simple. However, the structure of its mixture
with water has been proven difficult to determine experimentally. Spectroscopic and
X-ray diffraction studies have revealed clues to the structure, but not direct evidence.
There are several theoretical studies on the behavior of the octanol [100, 101]. Recently
MacCallum [102] compared the physical properties (density and heat of vaporization)
of neat octanol using various force fields. The parameters of octanol used in this work
were adjusted for consistency with the parameters from the previous simulations. The
set of parameters for octanol is given in Appendix 1. The Simple Point Charge (SPC)
model [75, 81] has been used to describe the water.

3.3.3 System setup

Simulations of neat octanol and water saturated octanol (512 octanol:130 water) have
been performed, to validate the forcefield and to equilibrate the systems. In order to
estimate the transfer free energy, simulations of three additional systems have been
performed: isoprene in water (1:4000) and isoprene in octanol/water solution (1 iso-
prene:512 octanol:130 water) and (1 isoprene:512 octanol:175 water). It is experimentally
determined that bulk octanol contains a certain fraction of water which is temperature
dependent. At 298K the mole fraction of water is 0.255 equivalent to a 130:512 ratio of
water/octanol [100, 103].

The system of neat 1-octanol was prepared by random distribution of 512 molecules
in a cubic box (5.1 ∗ 5.1 ∗ 5.1 nm3). After energy minimization and 200 ps of equilibra-
tion, a production run of 6 ns has been performed. The system with increased hydration
(0.3 mol%) was studied to test the hypothesis that the patritioning free energy is very
sensitive to the extent of isoprene-water interactions. The mixed octanol/water systems
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were prepared using the same procedure as for pure octanol. For the calculation of the

Figure 3.2: An illustration of a fully hydrated octanol system including one isoprene molecule.
Octanol is drawn as green sticks for hydrocarbon chains, red spheres for oxygen, and white
spheres for hydrogen. The isoprene molecule is drawn as orange spheres. Water is represented
as violet spheres.

hydration free energy, one isoprene molecule and 4000 waters were placed into a cubic
box of dimension of 5.0 nm. For the calculation of the solvation free energy three waters
from the water hydrated octanol system were removed and replaced by one molecule
of isoprene. For both systems 200 ps of equilibration was performed and followed by
6 ns MD runs at specified values of λ. Initially the simulations have been performed
for 11 λ values with increment of ∆λ = 0.1. To obtain a smoother curve avoiding dis-
continuities, eight extra λ points were added between λ values 0.3 and 0.9. Errors were
estimated using a block averaging procedure for single λ points. The individual errors
were summed from λ = 0 to λ = 1 to yield the estimate of the total error.

3.4 Results – Discussion

The density obtained from the equilibration of the neat octanol was 829.1 ±0.1 gdm−3

which is very close to the experimental value of 827 gdm−3 [104]. The difference is only
0.01%.
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The results of the free energy calculations are shown in Figure 3.3. Here the deriva-
tives of the Hamiltonian calculated for successive λ points are plotted together with an
interpolation of the data using a spline function. The running integrand of the spline
function is also shown (green lines in the figure). The free energy difference corre-
sponds to the integrated value at λ = 1. The difference in free energy corresponding
to the transformation of isoprene into a ’dummy’ in water, ∆G2 is represented by the
profile 3.3a and equals −3.0 ± 0.3 kJmol−1. In order to remove the isoprene from the
water/octanol solution, ∆G3, an energy of 17.9 ± 0.3 kJmol−1 at 0.25 mole fraction of
water or of 13.6± 0.3 kJmol−1 at 0.3 mole fraction of water, is required (profile 3.3b).

Figure 3.3: Free energy profile of transformation from an interacting to non-interacting ’dummy’
molecule: in aqueous solution (a) and in octanol/water at two hydration levels (b). The drawn
line corresponds to the 0.25 mole fraction of water and dashed line to the 0.30 mole fraction. The
error bars represent statistical errors obtained at each λ point using a block averaging method.
The graphs show the derivative of the free energy with respect to λ. The integration (green lines)
has been done on the spline fit to the curve.

Following the thermodynamic cycle presented in Figure 3.1, ∆GHYD and ∆GSOL, the
hydration free energy and solvation free energy, respectively can be calculated. Since
both ∆G4 and ∆G1 are zero, ∆G2 corresponds to the negative of the hydration free en-
ergy (see eq. 3.2). Likewise, ∆G3 equals the solvation free energy of isoprene in octanol.
The transfer free energy of isoprene between water and octanol at 0.25 mole fraction of
water, is given by the difference in free energy between hydration and solvation (eq. 3.4),
i.e.

∆GTRANS = ∆GSOL −∆GHY D = −17.86− 3.00 = −20.86± 0.6kJmol−1

From the calculated transfer free energy from water/octanol phase to the aqueous phase,
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according to formula 3.1 the partition coefficient can be calculated as

logPo/w = 3.65± 0.05

∆GTRANS obtained at the somewhat increased saturation level of water in octanol equals
−16.60± 0.6 kJmol−1 and logP = 2.9

3.4.1 Comparison to experimental data

The experimental value of the partition coefficient logPo/w is 2.30 [104] while logPo/w

obtained from simulations at the experimental water saturation level of octanol (0.255),
equals 3.65 ± 0.05. Using equation 3.1, the experimental transfer free energy was esti-
mated as −13.1 kJmol−1. This is significantly higher (almost 8 kJmol−1) than the the-
oretical value of −20.86 kJmol−1. This indicates that in the simulations, more than in
the experiment, isoprene favors the hydrophobic environment. The discrepancy points
to a force field problem. In the system, interactions between isoprene-water, isoprene-
octanol, octanol-octanol, and octanol-water can be distinguished. Analysis of those in-
teractions can help understand which of them have affected our results. The isoprene-
water interactions reproduce correctly the experimental data. The experimental hydra-
tion free energy is 2.9 kJmol−1 [105] whereas the calculated free energy is 3.0 ± 0.3

kJmol−1. The interactions between octanol molecules can also be assumed to be correct
because the calculated density (829 gdm−3) of neat octanol reproduces the experimen-
tal value (828 gdm−3). The density of neat octanol obtained here differs, however, from
the values computed by MacCallum et al. [102]. MacCallum et al. compared five force
fields and they found that the all-atom force field (OPLS AA, 823 gdm−3) and OPLS
with modified nonbonded parameters (816 gdm−3) give octanol densities closest to the
experimental values. The heat of vaporization is also reproduced satisfactory with these
forcefields. In our study the force field used is a combination of OPLS and GROMOS
parameters explaining the slight differences with respect to MacCallum’s results.

Two other possibilities remain: isoprene-octanol and octanol-water interactions. It
is observed that water affects the interactions of isoprene with octanol. In an isopre-
ne/octanol/water system with 0.3 mole fraction of water (see Figure 3.3), the solvation
free energy increased to −13.6 kJmol−1 (compared to −17.9 kJmol−1 with 0.25 mole
fraction of water) which is closer to the experimental value at 0.25 fraction of water. In
experiment, a higher fraction of water corresponds to water saturated octanol at an el-
evated temperature around 330-340 K (0.366 at 348 K [103]). The higher free energy at
higher content of water results from an increase of unfavorable interactions with water.
This could indicate that in our case there is higher phase separation between hydropho-
bic and aqueous phases and the isoprene resides clearly in the hydrophobic region,
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experiencing an ’effective’ hydration level of octanol that is too low. Possible uncertain-
ties in the experimental hydration value on the level of hydration obtained in the log P
measurements will have a large impact on the experimental solvation free energy, how-
ever.

Alternatively, the force field used does not correctly reproduce the interactions be-
tween octanol and isoprene. Since the density and heat of vaporization of isoprene
are reproduced accurately (see paragraph Parametrization in chapter 2), particular at-
tention should be directed toward the optimization of the nonbonded Lennard-Jones
interactions between the methene terminal groups of isoprene and the hydroxyl groups
of octanol. For detailed analysis of the interactions of isoprene-octanol further simula-
tions are required, which may lead to improved forcefields for these molecules.

The current forcefield was parameterized based on the reproduction of the heat of
vaporization and density. At the time, this was the standard procedure of parametriza-
tion of new structures. For instance, solvation free energy of neutral side-chain analogs
of natural aminoacids and their partitioning in non-polar solvents was studied by Villa
et al. [106] using a united atom model and later repeated by MacCallum et al. [107] us-
ing an all-atom model and different force fields. Those authors could only partially
reproduce experimental solvation or hydration free energies. Solvation free energies for
a series of organic molecules were repeated by Lyubartsev et al [108]. The calculated
partition coefficients were systematically higher compared to the experimental values.
Nowadays, the thermodynamic properties of biomolecules are studied extensively and
molecules are parameterized such that the free energy of hydration or solvation is re-
produced. A good example of this approach is the GROMOS 53a6 forcefield [109].

Finally we address the question of how the results in this chapter might change
the interpretation of the results of chapter 2. In this previous work our focus was on
the thermoprotective effect of isoprene on the structural properties of the alkyl tails of
DMPC. Based on the results presented in the current chapter, we expect the partition-
ing of isoprene into the hydrophobic core of the membrane to be overestimated. The
same effect, however holds for the entire series of simulations at different conditions
(temperature range of 303-353 K, and high and low concentrations). Our conclusions
of the stabilizing effect of isoprene on the alkyl tails are based only on the differences
between the simulated systems. If there was an error in the partitioning, it is likely to
be systematic, and therefore not affecting our conclusions.

3.5 Conclusions

The MD simulations performed show that isoprene, indeed, has a preferred partitioning
into hydrophobic solvents, which is in agreement with our previous results (chapter 2).
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However, the octanol/water partition coefficient seems to be overestimated compared
to the experimental value.

The comparison of calculated and experimental free energies is an effective indicator
of the force field. From an analysis of the individual forcefield contributions it appears
that especially the octanol OH-isoprene interaction requires re-parameterization in or-
der to reproduce experimental data more accurately. However, more simulations are
necessary to definitely state the reason of the discrepancies observed.






