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The application of statistical simulations to the estimation of transfer free energies of
pharmacologically relevant organic molecules is reported. Large-scale molecular dynamics
simulations have been carried out on a series of four solutes, viz. antipyrine, caffeine, ganciclovir,
and R-D-glucose, at the water-dodecane interface as a model of a biological water-membrane
interfacial system. Agreement with experimentally determined partition coefficients is remark-
able, demonstrating that free energy calculations, when executed with appropriate protocols,
have reached the maturity to predict thermodynamic quantities of interest to the pharmaceuti-
cal world. The computational effort that warrants accurate, converged free energies remains,
however, in large measure, incompatible with the high-throughput exploration of large sets of
pharmacologically active drugs sought by industrial settings. Compared to the cost-effective,
fast estimation of simple partition coefficients, the present free energy calculations, nevertheless,
offer a far more detailed information about the underlying energetics of the system when the
solute is translocated across the water-dodecane interface, which can be valuable in the context
of de novo drug design.

1. Introduction
On the road toward the development of new, phar-

macologically active drugs, the notion of bioavailability
is of paramount importance, as it governs the natural
propensity of a molecule to cross biological barriers such
as membranes, and, therefore, reach quantitatively its
ultimate target. To a large extent, bioavailabilty and
differential solubility of the molecule in aqueous and
organic surroundings are closely related concepts.1 The
full understanding of transfer processes of drugs from
a polar medium to a nonpolar one inevitably requires
the knowledge of the underlying free energy behavior,2
arguably the most pertinent thermodynamic quantity
here. In particular, addressing the issue of bioavailabilty
in the emerging field of rational, de novo drug design
implies apprehending the subtle balance of solute-
solvent interactions when the molecule of pharmaceuti-
cal interest is transferred from the aqueous environ-
ment to the hydrophobic core of the biological mem-
brane.3-6 In essence, water-membrane partitioning
cannot be predicted reliably and accurately without the
ability to determine the associated free energy changes.
Several attempts to simulate the translocation of small,
organic molecules across the water-membrane interface
have been reported over the past years.7-10 Statistical
simulations of explicit phospholipid bilayers are, how-
ever, computationally demandingssee, for instance, ref
11swhich precludes their routine use to estimate
transfer free energies of large sets of pharmacologically
active drugs. In principle, such calculations give access
to the variation in free energy along the complete

pathway, over which the drug is translocated, thereby
yielding not only information about its behavior amid
the bulk phases, but also in the vicinity of the inter-
face.10 In sharp contrast, inexpensive computational
methods targeted at the determination of partition
coefficients12,13 are only indicative of the distribution of
this drug between two media of interest,14-20 e.g., water
and 1-octanol, or water and dodecane. Considering that
hydrophobic interactions resulting from the coexistence
of two media of different polarity supply the main
driving force for the partitioning of the solute into one
of the two phases, it is tempting to turn to a more
rudimentary model to mimic water-membrane as-
semblies. One popular approach for investigating the
pharmacokinetic properties of drugs consists of employ-
ing 1-octanol,13 the amphipathic nature of which allows
the formation of spatial arrangements featuring well-
delineated hydrophobic and hydrophilic regions.21 Al-
ternatively, simple water-hydrocarbon mixtures can be
used to represent the abrupt change of polarity between
the aqueous environment and the hydrophobic interior
of the phospholipid bilayer.22 In this contribution, a
theoretical and experimental synergistic investigation
of a series of small, pharmacologically relevant mol-
ecules, viz. antipyrine, caffeine, ganciclovir, and R-D-
glucose, at the water-dodecane interface is presented.
Interestingly enough, all four compounds are absorbed
via transcellular diffusion, the three former undergoing
passive translocation, whereas the latter follows a
carrier-mediated transport mechanism.23-25 Large-scale,
multi-nanosecond molecular dynamics (MD) have been
performed, wherein the free energy for translocating the
solutes from the aqueous phase to the nonpolar one was
estimated. A unique feature of such first-principles
statistical simulations, not accessible to faster ap-

* Correspondence: chipot@lctn.uhp-nancy.fr. Phone: +33-3-83-91-
25-96. Fax: +33-3-83-91-25-30.
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proaches aimed at the qualitative estimation of free
energy changes, lies in their ability to not only measure
partition coefficients but also provide a detailed picture
of their interfacial behavior. After describing in the
following section the methodological details of the
calculations and the experimental measurements car-
ried out, the free energy profiles characterizing the
transfer of the four molecules across the water-do-
decane interface are discussed and analyzed critically
in light of the experimentally determined partition
coefficients.

2. Methods

2.1. Description of the System. Ideally, in the context of
de novo rational drug design, it would be desirable to deter-
mine a priori the propensity of a molecule of pharmacological
interest to translocate through the natural barrier formed by
the biological membrane. To this end, the ultimate goal of
statistical simulations is to supply in a time-bound fashion
accurate free energy profiles characterizing the transfer of that
molecule across the water-membrane interface. In sharp
contrast with simple partition coefficients, transfer free energy
profiles provide a complete view of the underlying energetics
involved in the translocation of the solute from the aqueous
environment to the hydrophobic core of the bilayer. In par-
ticular, they highlight possible barriers implied in the crossing
of the dividing surface, or possible interfacial minima resulting
from the amphipathic nature of the pharmacologically relevant
molecule.10 For obvious cost-effectiveness reasons, however,
atomic-level molecular mechanical simulations of real, phos-
pholipid bilayers remain, to a large extent, incompatible with
the already high computational requirements of free energy
calculations.26,27 This is particularly true for industrial settings
interested in the exploration of large sets of pharmacologically
active molecules within a reasonable time frame. In essence,
from an industrial perspective, in silico experiments such as
free energy calculations are only viable if they can supply a
convincing answer faster than bench experiments would, or,
at the least, provide a qualitative answer that is predictive
on a rank order basis.

The main difficulty of such statistical simulations lies in
the quasi nonergodic behavior of the system when the phar-
macologically active molecule is trapped in the headgroup
region, requiring massive sampling to yield uniform biased
probabilities and, hence, reach convergence of the free energy.
Under the assumption that the solute does not interact much
with the polar, ionic, or zwitterionic headgroups of the bilayers
which limits the choice of appropriate candidates to nonionic,
moderately polar compoundssthe water-membrane interface
can be modeled by a far simpler chemical system formed by
water and a saturated hydrocarbon. In essence, this system
retains the key characteristic of the more complex water-
membrane assembly, namely the proximity of a polar and a
nonpolar medium. The free energy calculations reported
hereafter were carried out using a water-dodecane interface.
As has been demonstrated recently,28 water-alkane interfaces
constitute convincing models of a water-bilayer system,
providing valuable information about the propensity of a drug
to cross the biological membrane. It should be noted in passing
that earlier studies have brought to light alternative solvents
to the widely used 1-octanol, like propylene glycol diperlargo-
nate (PGDP),29 as remarkable candidates for determining
partition coefficients. In the present statistical simulations,
the transfer of antipyrine, caffeine, ganciclovir, and R-D-glucose
from the aqueous environment to the core of the hydrophobic
medium was investigated employing the “umbrella sampling”
(US) approach.30,31

The system consisted of 74 dodecane chains located between
two lamellae of water, each containing 818 molecules. This
assembly, thus, involved two water-dodecane interfaces. The
dimensions of the simulation box were 30 × 30 Å2 in the x,y-
plane of the interface and 200 Å in the z-dimension, perpen-

dicular to the interface. In this so-called “open” geometry, each
water lamella was in equilibrium with its respective vapor
phase. In addition to the solvent, the system also contained
two solutesswhen one was moved from dodecane to water
across the first interface, the other was translocated from
water to dodecane across the second interface. In such a
configuration, the distance separating the solutes is always
sufficiently large to warrant that they never interact directly
or indirectly (see Figure 1). Periodic boundary conditions were
applied in all three directions of space.

Water molecules were described using the TIP4P model.32

Dodecane chains were represented by the OPLS potential
energy function.33 Bond stretching, valence angle deformation,
torsional, and van der Waals parameters of the solutes were
extracted from the all-atom AMBER force field of Junmei et
al.34 Net atomic charges were derived from the quantum
mechanically calculated molecular electrostatic potential using
a self-consistent reaction field (SCRF) approach35 with an
ellipsoidal cavity36,37 surrounded by a continuum characterized
by a macroscopic permittivity of 78.3 (see Figure 2). In doing
so, the computed point charges yield a dipole moment ap-
propriate for the aqueous medium, thereby accounting for the
missing intermolecular induction effects when the solute is
buried in water. In addition, for ganciclovir, which involves a
flexible moiety, a “multi-conformational” fitting procedure was
utilized,38 wherein atomic charges were derived to reproduce
simultaneously the electrostatic potentials of three distinct
conformers. In all cases, the geometries of the solutes were
fully optimized in vacuo prior to determining their charge
distributions. Quantum chemical calculations were performed
at the MP2/6-31G**, MP2/6-311+G*, MP2/6-31G**, and MP2/
6-31G* for antipyrine, caffeine, ganciclovir, and R-D-glucose,
respectively.

2.2. Molecular Dynamics Simulations. All MD simula-
tions were performed in the microcanonical, (N, V, E), en-
semble.39 Considering that the system was studied in an “open”
geometry, wherein the two water lamellae were in equilibrium
with their respective vapor phases, problems connected to an
inappropriate adjustment of the pressure, responsible for
misreproduced densities, are safely avoided. The SHAKE
algorithm40 was used to constrain the length of the chemical
bonds between a hydrogen and a heavy atom. The Newton
equations of motion were integrated using the Verlet algorithm
with a time-step of 2 × 10-15 s. The temperature of the system
was maintained at a physiological temperature of 310 K,
rescaling periodically the velocities of all particles. Nonbonded
interactions were truncated smoothly between 8.5 and 9.0 Å.41

The rationale for this choice is 2-fold. Comparison of the effects
of a smoothed cutoff and the full Coulomb potential in

Figure 1. Density profiles of caffeine and R-D-glucose at the
water-dodecane interface averaged over 20 000 configurations
at 310 K: water (solid line), dodecane (long-dashed line), and
solutes (short-dashed line). It should be noted that the pres-
ence of the solutes partially disrupts the structure of the
liquids, modulating the aspect of the profiles at z ) -32 and
0 Å.
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statistical simulations of polar solutions revealed little changes
in their structural and thermodynamic properties.42 In addi-
tion, simulations of moderately polar solutes, using a spherical
truncation and a reaction field,43 indicated that the long-range,
electrostatic interactions modulate the free energy of hydration
only marginally.

The free energy along the z-direction, normal to the water-
dodecane interface, was calculated using the US approach.31

The pathway along z was divided into a sequence of overlap-
ping “windows” approximately 7 Å wide.44 Two consecutive
windows overlapped by at least 2 Å. Up to eight windows were,
thus, required to obtain the complete free energy profile
characterizing the transfer of a pharmacologically active
molecule across the water-dodecane interface. The solute was
confined within each window by means of a harmonic restrain-
ing potential, Ubias(z). Furthermore, an appropriate biasing
potential, U ′bias(z), was included to guarantee uniform sam-
pling and, hence, uniform biased probabilities, Pbias(z), of
finding the solute within the window of interest. The individual
free energy curves per window, A(z), were determined within
a constant term A0, from

Here, kB is the Boltzmann constant and T the temperature.
Depending upon the position of the solute along the z-direction
and its nature, between 2 and 9 × 10-9 s of sampling were
performed to ensure proper convergence. In all, a total simula-
tion time of 19.7, 12.5, 20.4, and 12.8 × 10-9 s was necessary
to investigate the transfer of antipyrine, caffeine, ganciclovir,
and R-D-glucose, respectively, across the water-dodecane
interface. The significant length of the simulationsswhich does
not necessarily translate into a sizable computational invest-
ment, considering the limited size of the systemscan be
rationalized by the requirement to sample those degrees of
freedom orthogonal to the reaction coordinate, i.e., the distance
separating the center of mass of the solutes from that of the
dodecane phase. Moreover, a critical drawback of the US
approach lies in the necessity to guess the shape of U ′bias(z),
which can prove to be an intricate task for qualitatively new
problems. As a result, additional sampling may be required
to compensate for suboptimal estimates of the biasing poten-
tials. It should be mentioned, however, that this difficulty can

be circumvented when using the promising adaptive force
bias (AFB) algorithm,45 which obviates the need to define
U ′bias(z) to guarantee a uniform distribution of Pbias(z). The
complete free energy profiles were obtained by minimizing the
deviation in the curvature of adjacent, individual curves. The
error affecting the final free energies arises from two main
contributions, namely (i) the statistical error at each point of
the profiles, which can be inferred by dividing the simulation
in each window into batches, over which a root-mean-square
deviation is computed and (ii) the systematic error occurring
when matching the individual curves to construct the complete
free energy profile. It will be assumed that these contributions
are uncorrelated.

An important aspect of the calculations reported here
concerns the appropriateness of the charge distribution borne
by the solute. As discussed above, net atomic charges have
been derived from the electrostatic potential computed from
a perturbed wave function, |ψ〉, using a continuum description
of the surroundings. With a dielectric permittivity of 78.3, the
fitted set of charges, {qk}, is no longer characteristic of a low-
pressure, gaseous state but of the bulk, aqueous medium. In
essence, the polarity of the system has been exaggerated to
account for the missing induction terms in the pairwise,
additive description of the potential energy function. Whereas
the charges {qk} are ad hoc in the water phase of the interfacial
system, they, however, correspond to an overestimated polarity
in the nonpolar environment. This results in a positive,
reversible work, referred to as distortion energy:46-51

where Ĥ0 and |ψ0〉 are the unperturbed Hamiltonian and
wave function. The corresponding set of charges will be
referred to as {qk,0}. The choice of point charges characteristic
of the gas phase, rather than the nonpolar medium, lies in
the choice of a united-atom model to describe the dodecane
molecules,33 wherein -CH2- and -CH3 moieties do not carry
a partial charge. The first term of eq 2 can be obtained by
introducing the SCRF wave function, |ψ〉, into a standard self-
consistent field (SCF) cycle, employing the nonperturbed
Hamiltonian. The second one is simply the gas-phase Hartree-
Fock energy.

Considering that ∆Adistort > 0 in the nonpolar phase, the
corrected transfer free energy difference is now ∆Awaterfoil )

Figure 2. Potential derived net atomic charges of antipyrine, caffeine, ganciclovir, and R-D-glucose determined at the MP2/6-
31G**, MP2/6-311+G*, MP2/6-31G**, and MP2/6-31G* levels of approximation, respectively, using an SCRF description of the
surroundings with a macroscopic permittivity of 78.3.

A(z) ) -kBT ln Pbias(z) + Ubias(z) + U ′bias(z) + A0 (1)

∆Adistort ) 〈ψ|Ĥ0|ψ〉 - 〈ψ0|Ĥ0|ψ0〉 (2)
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A(oil) - A(water) - ∆Adistort. The distortion energy, however,
is not a constant, but clearly varies with z, thereby reflecting
the smooth transition between the macroscopic permittivities
of the polar and the nonpolar media. As a result, the adsorption
free energy at the water-oil interface is equally affected by
the variation of the charge distribution along the reaction
coordinate. Conventionally, it was chosen to modify {qk} into
{qk,0} following the behavior of Fwater(z), the density profile of
water in the system, so that in the bulk dodecane phase, the
appropriate set of charges is {qk,0}.

2.3. Experimental Determination of Partition Coef-
ficients. As a basis of comparison, water-dodecane partition
coefficients were determined experimentally for a series of
molecules, among which those examined in this contribution.
Ganciclovir was obtained from the ASTRAZENECA compound
collection, dodecane HPLC grade and 4-methyl-sulfonylac-
etophenone were purchased from ACROS ORGANICS, diaz-
epam was purchased from SIGMA, 1-octanol HPLC grade and
all other chemicals were purchased from Aldrich. The water-
1-octanol and water-dodecane partition coefficients were
determined employing the shake flask method. The organic
phases, 1-octanol and dodecane, were presaturated by water.
The phosphate buffer (0.1 M and pH 7) was prepared with
organic solvent saturated water. The chemical compounds of
interest were dissolved in the phosphate buffer, and an aliquot
was kept as the reference for aqueous concentration before
extraction. The organic solvent was then added, and the two
phases were mixed vigorously during 1 h before being sepa-
rated by centrifugation. The aqueous concentrations before and
after partition were measured via HPLC. The log10 P were
calculated using the following expression:

where caq
b and caq

a are, respectively, the concentrations in the
aqueous phase before and after the extraction. Vaq and Vorg

are the volumes of the aqueous and the organic phases,
respectively.

To obtain relevant log10 P estimates, the aqueous concentra-
tions before and after partition must be significantly different.
The organic solvent/buffer ratio can, therefore, be adjusted at
the beginning of the experiment up to a 100/1 ratio, the
smallest volume corresponding to the phase in which the
chemical compound is likely to be extracted. All log10 P
measurements were performed at least in triplicates.

3. Results and Discussion

Statistical simulations of the partitioning of organic
molecules across the water-dodecane interface allows
the estimation of transfer free energies, and hence,
water-dodecane partition coefficients, referred to as
log10 Pwat-dod. To validate such calculations, it is possible
to measure experimentally the water-dodecane parti-
tion coefficients of the molecules investigated here. The
main difficulty of these measurements lies in the
experimental conditions per se, incompatible with coef-
ficients falling below -3. Water-oil log10 P above +3
can, however, be measured easily for ionizable com-
pounds,52 while raising conceptual difficulties in terms
of MD simulationssthe most problematic issue being
the accurate treatment of long-ranged, 1/r 2, charge-
dipole interactions, together with the evolution of the
charge distribution when the solute is translocated from
the aqueous medium to the nonpolar one. Calculation
of log10 Pwat-dod based upon transfer free energies can
easily overshoot the lower limit. Such is the case, for
instance, of both ganciclovir and R-D-glucose, the parti-

tion coefficient of which falls below -3. In contrast, the
log10 Pwat-dod of antipyrine and caffeine was measured
realiably at -2.52 and -2.33, respectively.

To estimate the log10 Pwat-dod of ganciclovir and R-D-
glucose, it was postulated that partition coefficients
between dodecane and water are necessarily related to
those between 1-octanol and water. The partition coef-
ficients in these two distinct environments were, there-
fore, measured for a series of prototypical compound,
reported in Table 1. The log10 Pwat-oct of ganciclovir and
R-D-glucose were found to be -2.07 and -3.02, respec-
tively. Differences in the partition coefficients, i.e., log10
Pwat-dod - log10 Pwat-oct, were correlated with structural
molecular descriptors chosen from a set of about 100
molecular descriptors taken from DRONE and involving
either linear correlations or neural networks. From the
behavior of log10 Pwat-dod - log10 Pwat-oct, extrapolated
using these different models, in conjunction with the
measured log10 Pwat-oct, log10 Pwat-dod were inferred
between -8.1 and -5.1 for ganciclovir and between
-11.1 and -7.6 for R-D-glucose. These two particular
compounds are far in their chemical properties from the
training set of molecules presented in Table 1, thus
rationalizing the large differences observed between the
models utilized and suggesting that unequivocal esti-
mation of the log10 Pwat-dod for these two compounds is
a difficult task.

The free energy profiles for the four solutes are shown
in Figure 3. From the onset, it can be seen that, except
for R-D-glucose, all the curves possess an interfacial
minimum, highlighting the amphipathic character of
these molecules and their propensity to remain near the
interface. R-D-Glucose is too hydrophilic and, therefore,
unlikely to accumulate at the water-oil interface. On
the basis of these free energy calculations, a partition
coefficient can be inferred from the end points of the
profiles, viz., log10 Pwat-dod ) - ∆Awat-dod/2.3kBT, where
∆Awat-dod ) A(dodecane) - A(water). At first glance, the
agreement between the computed quantities and the
experimentally determined ones is noteworthy. For

Table 1. Experimental Water-Octanol, log10 Pwat-oct, and
Water-Dodecane, log10 Pwat-dod, Partition Coefficients of a
Series of Prototypical Molecules Measured by Shake Flaska

molecule log Pwat -dod log Pwat-oct

antipyrine -2.52 0.15
caffeine -2.33 -0.09
ganciclovir <-3.00 -2.07
R-D-glucose <-3.00 -3.02
acetanilide -1.76 1.13
acetophenone 0.94 1.56
acridine 2.32 2.98
anisole 2.06 2.11
anthranilamide -2.72 0.32
benzamide -2.67 0.67
benzesulfonamide -3.14 0.33
benzyl alcohol -0.77 1.12
3-bromoquinoline 2.59 3.11
3-chlorophenol -0.34 2.51
diazepam 1.49 2.87
4-(dimethylamino)antipyrine -1.10 0.82
1-methylisatin -0.90 0.63
4-methylsulfonylacetophenone -1.56 0.33
nitrobenzene 1.43 1.84
oxindole -1.95 1.07
phenol -1.04 1.50
quinoxaline 0.51 1.35

a Values are given within an error of 0.10.

log10 P ) log10(caq
b - caq

a

caq
a

Vaq

Vorg) (3)
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caffeine, R-D-glucose, and antipyrine, the accord is
within chemical accuracy (see Table 2). It should be
noted, however, that for both ganciclovir and R-D-glucose
comparison with experimental measurements is more
difficult considering the hydrophilic nature of the
solutes.

For R-D-glucose, the theoretical estimate falls within
the bracket extrapolated from the actual, measured
values. The case of ganciclovir is, however, somewhat
more problematic, albeit the trend is reproduced quali-
tatively. A likely answer rationalizing the witnessed
difference between experiment and simulations may lie
in the choice of the potential energy function for the
description of solute-solvent interactions. It should be
emphasized that van der Waals parameters were taken
from the general purpose AMBER all-atom force field,34

which conceptually was not designed for small, organic

molecules but rather for biological macromolecules. In
a limited number of instances, the selection of a
particular type of atom was questionable, and the
corresponding Lennard-Jones parameters might be less
than optimal in the context of free energy calculations.
Another difficulty is rooted in the flexibility of ganci-
clovir and possible conformational changes along z.
Looking, however, at the probability distribution of
angle ø ≡ N-C-O-C reported in Figure 4, it would
seem that the polar chain of ganciclovir does not
undergo any peculiar transition and is somewhat more
flexible in water than both in dodecane and at the

Figure 3. Transfer free energies of antipyrine, caffeine, ganciclovir, and R-D-glucose across the water-dodecane interface:
uncorrected profile (solid line) and profile incorporating the distortion energy, ∆Adistort, (dashed line).

Table 2. Transfer Free Energiesa and Partition Coefficients of
Small, Pharmacologically Relevant Solutes across the
Water-Dodecane Interface Estimated from Statistical
Simulations and Determined Experimentally

calculated experimentalb

molecule ∆Awat-dod ∆Aadsorp log10 Pwat-dod log10 Pwat-dod

antipyrine 3.0 ( 0.5 7.9 ( 0.5 -2.1 -2.5
caffeine 3.8 ( 0.6 6.4 ( 0.6 -2.7 -2.3
ganciclovir 16.3 ( 0.6 3.0 ( 0.6 -11.5 -8.1 to -5.1
R-D-glucose 13.6 ( 0.6 0.2 ( 0.6 -9.5 -11.1 to -7.6

a All free energies in kcal/mol. b Experimental estimates for
ganciclovir and R-D-glucose correspond to extrapolations, on ac-
count of the detectability threshold characteristic of the method
utilized.

Figure 4. Probability distribution of angle ø ≡ N-C-O-C
in the flexible chain of ganciclovir, in water (short-dashed line),
in dodecane (long-dashed line), and at the interface (solid line).
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interface. The latter effect is marginal for the other
torsional angles in the chain. In any event, it is worth
noting that, whereas both antipyrine and caffeine
correspond to an absorption coefficient of 100%, ganci-
clovir is only marginally absorbed, viz. 3.8%, in line with
the observed trend.53,54

The statistical simulations reported here also high-
light the paramount importance of electrostatic inter-
actions in the estimation of transfer free energies of
organic molecules from a polar environment to a non-
polar one. Net atomic charges determined from an SCRF
calculation35 using a macroscopic permittivity of 78.3
account in an average fashion for the missing induction
effects in the aqueous phase. Such sets of point charges
are, however, inappropriate in the hydrophobic medium,
as they exaggerate the polarity of the molecule in this
environment. The profiles reported in Figure 3 indicate
that the distortion energy can be appreciable46,51 and
can modulate substantially the overall free energies,
∆Awat-dod, and, thus, the partition coefficients, log10
Pwat-dod. For instance, the dipole moment of antipyrine,
using a permittivity of 1.0 and 78.3 is 6.9 and 8.9 D,
respectively. This variation corresponds to ∆Adistort )
2.6 kcal/mol, which would yield an uncorrected partition
coefficient of ca. -3.9, compared to the experimental
value of -2.1. It is worth noting that the distortion
energy not only affects transfer free energies but also
the adsorption free energies. The latter are estimated
from the one-dimensional profiles of Figure 3 as the
difference between the free energy of the solute in the
aqueous medium, viz. roughly speaking, z > 25 Å, and
that corresponding to the interfacial minimum, viz. z
= 16 Å.55 A rapid inspection of these profiles demon-
strate that, depending upon the nature of the solute,
the correction described in eq 2 can alter the depth of
the interfacial minimum. In the case of antipyrine, the
adsorption free energy is lowered by approximately 2
kcal/mol. Interestingly enough, the same correction
applied to R-D-glucose leads to the appearance of a very
small minimum, when the uncorrected profile showed
a monotonic decrease of A(z) when the molecule is
transferred from dodecane to water.

As already mentioned, the present results suggest
that antipyrine and caffeine are better absorbed than
ganciclovir, in good agreement with experimental mea-
surements.53,54 Their comparable log10 Pwat-dod, viz. -2.5
and -2.3, is considerably smaller than that of ganci-
clover, viz. -7.3. Aside from the partition coefficients,
the present statistical simulations also allow to inves-
tigate how these molecules of pharmacological interest
behave at the water-dodecane interface. Both anti-
pyrine and caffeine exhibit a large adsorption free
energy, ∆Aadsorp, equal to 7.9 and 6.4 kcal/mol. These
significant adsorption minima are characteristic of
amphipathic species, the dipole moment, µ, of which is
likely to interact favorably with the excess electric field
created by the interface environment. It should be noted
that only the z-component of the field, Ez, collinear to
the normal to the interface, is nonzerosthe average, but
not the instantaneous, x- and y-components being nil.
The interaction of the field and the dipole moment borne
by the pharmacologically relevant molecule results in
an orientational anisotropy at the interface. This phe-
nomenon can be appreciated by examining the prob-

ability distribution of angle θ ≡ (µ,Ez), expressed as

in the bulk phases and in the interfacial environment.
Here, Nθ denotes the number of configurations for which
(µ,Ez) is in the range θ ( δθ. N is the total number of
configurations. P (θ) is normalized to describe the prob-
ability of finding µ in the same solid angles at different
values of θ. As can be observed in Figure 5, the role
exerted by the interface on the orientational preference
of the four solutes can vary significantly. In the case of
antipyrine, orientation in the bulk phases is roughly
isotropic with a slight tendency to align µ parallel to Ez
in the aqueous environment. This effect is even more
pronounced for caffeine and ganciclovir. In contrast, the
interface appears to favor the perpendicular orientation
of µ with respect to the z-component of the excess
electric field. This result is likely to stem from the fact
that the most probable orientation of the dipole moment
borne by water molecules is parallel to the interface,
the excess electric field arising only from a slight
asymmetry of their distribution.56,57 The favorable
interaction of µ with the instantaneous x- and y-
components of the field is particularly glaring in the
example of caffeine, for which P (θ)follows a Gaussian
distribution. Orientational anisotropy is more difficult
to discern in the case of R-D-glucose, considering that
the interfacial minimum is less than kBT, well within
the error bar of the free energy calculation. Last, it is
worth pointing out that, not too unexpectedly, anti-
pyrine, when located at the water-dodecane interface,
shows a conspicuous tendency to segregate its phenyl
moiety in the nonpolar phase, while exposing its polar
group to the aqueous medium. Similarly, ganciclovir
buries its flexible polar chain in water and preserves
at the same time partial hydration of its hydroxyl and
amino groups.

4. Conclusion
The determination of transfer free energies of a series

of pharmacologically relevant small, organic molecules
across the water-dodecane interface, using state-of-the-
art free energy calculations, is reported. The accord with
experiment is noteworthy, emphasizing the maturity of
this methodology, now part of the modeler’s toolkit, to
tackle problems of both increased complexity and per-
tinence to the pharmaceutical world. From a technical
point of view, the present calculations illustrate the
necessity to account for missing induction effects, using,
for instance, an implicit scheme, as was done here.
Should a single set of net atomic charges be employed
to model a solute transferred between two media of
distinct permittivity, the inclusion of the distortion
energy into the estimated free energy is a sine qua non
condition to warrant accurate results.46,51 Free energy
calculations remain, however, costly, and, if targeted at
the simple estimation of partition coefficients, are, at
the present time, evidently less effective than bench
experiments. Several models at various levels of sophis-
tication have been proposed lately to determine partition
coefficients rapidly, thereby allowing large sets of drugs
to be screenedsa key requirement for the pharmaceuti-

P (θ) )
Nθ

N sinθ
and ∑

θ

P (θ) sin θ ) 1 (4)
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cal industry.17-20 Among the most promising, continuum
generalized Born/surface area (GB/SA) calculations have
proven to be particularly powerful for estimating water-
1-octanol partition coefficients accurately, significantly
faster than the more classical free energy perturbation
(FEP) methodology.17,58 Equally promising are those
approaches relying upon the linear response approxi-
mation coupled to statistical simulations.19,59,60 These
methods aimed at the fast, qualitative estimation of free
energy changes, however, often include a heuristic
component in their conception. The latter generally
appears in the form of a training set, which calls into
question the validity of the approach for qualitatively
different compounds than those incorporated in the
training set. It can be argued that, if use is made of a
well-parametrized potential energy function and ap-
propriate sampling protocols, first-principles free energy
calculations should prove to be more consistent in their
estimations of partition coefficients. More importantly,
the classical computations performed here offer more
than a simple log10 P. By scrutinizing the complete free
energy profile in the direction normal to the interface,
the true physical chemistry of the solute at an aqueous
interface is unraveled and brought to light. Depending
upon the chemical nature of the molecule investigated,
the generated free energy profiles can exhibit interfacial
minima that correspond to the tendency of the chemical
species to accumulate at the interface. This unique effect

cannot be predicted from the sole knowledge of the
properties characteristic of the molecule in the bulk
phases. It is envisioned that interfacial activity might
play an underlying role in the propensity of a drug to
cross the biological membrane, and only statistical
simulations are capable of providing a convincing
answer. In the relevant case of general anesthesia by
inhaled anesthetics, for instance, similar calculations
have refuted the hitherto accepted Meyer-Overton
hypothesis61 and suggested that general anesthesia is
an interfacial phenomenon.62-64 Clearly, such conclu-
sions could not have been reached in the sole light of
simple partition coefficients that do not supply any
information about the possible interaction of the mol-
ecule of interest with the interface.
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