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Abstract: The partitioning behavior of small molecules in lipid bilayers is important in a variety of areas
including membrane protein folding and pharmacology. However, the inhomogeneous nature of lipid bilayers
on a nanometer length scale complicates experimental studies of membrane partitioning. To gain more
insight in the partitioning of a small molecule into the lipid bilayer, we have carried out atomistic computer
simulations of hexane in a dioleoyl phosphatidylcholine model membrane. We have been able to obtain
spatially resolved free energy, entropy, enthalpy, and heat capacity profiles based on umbrella sampling
calculations at three different temperatures. In agreement with experiment, hexane partitions preferentially
to the center of the bilayer. This process is driven almost entirely by a favorable entropy change, consistent
with the hydrophobic effect. In contrast, partitioning to the densest region of the acyl chains is dominated
by a favorable enthalpy change with a small entropy change, which is consistent with the “nonclassical”
hydrophobic effect or “bilayer” effect. We explain the features of the entropy and enthalpy profiles in terms
of density and free volume in the system.

Introduction

Understanding the partitioning behavior of small molecules
in lipid bilayers is an important and difficult problem. Many
essential biomolecules such as water, oxygen, and carbon
dioxide move across the cell membrane by passive diffusion,
which is primarily determined by their partitioning behavior.1-5

Many drug molecules also enter the cell through passive
diffusion across the cell membrane, and thus understanding and
fine-tuning their partitioning behavior has important implications
for their pharmacokinetics and bioavailability. The mechanism
of inhaled anesthetics likely involves membrane ion channels,6

and the distribution of these molecules within lipid bilayers has
been shown to correlate very well with anesthetic potency.7

Finally, the partitioning behavior of amino acid side chains has
important implications in membrane protein folding. Although
the partitioning into lipid membranes is often approximated by
partitioning between water and olive oil or octanol, a recent
study has shown that the free energy of transferring an amino
acid from water to the membrane is very different from that of
transferring to bulk hydrocarbons, and it has a strong dependence
on the depth in the membrane.8

The partitioning of a hydrophobic solute from water into a
bulk hydrophobic solvent is typically driven by a strongly
favorable entropy component and a small enthalpy term, with
a large, negative heat capacity change.9 The hydrophobic effect
has traditionally been explained in terms of the ordering of water
around a hydrophobic solute, thus the favorable entropy and
negative heat capacity change. However, this view has been
challenged by the partitioning of some hydrophobic solutes into
ordered phases such as lipids10,11and high-density reverse-phase
chromatography matrices.9 In these experiments a strong favor-
able enthalpy is the dominant driving force. The entropic
component of the free energy may even be unfavorable in some
cases. This phenomenon has been called the “nonclassical”
hydrophobic effect or “bilayer” effect.9-12 Thus, understanding
the thermodynamic driving forces for partitioning into inho-
mogeneous phases such as lipid bilayers is important, yet this
question remains largely unresolved.

The distributions of several solutes in lipid bilayers have been
determined experimentally. White and co-workers determined,
using neutron scattering, that hexane partitions preferentially
to the center of dioleoyl phosphatidylcholine (DOPC) mem-
branes.13 In contrast, halothane14,15 and ethanol16 have been
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shown, using NMR and photolabeling experiments, to partition
to the interfacial region of the membrane. Lipid bilayers display
large gradients in free volume, density, and polarity on very
small length scales, making it difficult to determine free energy
profiles experimentally. Theoretical approaches, including com-
puter simulation, have proven to be a powerful tool in
understanding the hydrophobic effect. Recently much progress
has been made in understanding pairwise17-20 and many-
body21,22hydrophobic interactions, the size23-28 and pressure29

dependence of the hydrophobic effect, and the underlying
thermodynamic processes behind the aggregation of hydrophobic
solutes in water.17,30-35 This body of work underscores the utility
of theoretical approaches for examining hydrophobic processes
that are difficult to study experimentally.

Molecular dynamics (MD) computer simulations have also
proven to be very powerful in determining the partitioning of
solutes in interfacial systems. Simulations have been able to
determine the most favorable location of ethanol16 and hal-
othane36 in bilayers. Although excellent agreement with experi-
ment was obtained in both cases, it was not possible to determine
the relative free energies for different locations in the bilayer.
A number of other studies have used a variety of biased
simulation techniques to determine free energy profiles for
partitioning a variety of small molecules in a bilayer.1-4,7,37

Although these studies determined the distribution of small
molecules, the thermodynamic driving forces behind these
distributions could not be accurately determined.

In this paper we present results from MD computer simula-
tions on the partitioning of hexane into a DOPC bilayer. The
calculated distribution is in good agreement with experiment.13

In addition, we have been able to obtain the free energy, entropy,
enthalpy, and heat capacity as a function of depth in the bilayer.
These results represent the most detailed view of the partitioning
of small molecules into lipid bilayers to date. Although the solute
studied is a simple alkane, the results allow us to make
predictions for other hydrophobic solvents with slight polar
character, and they shed light on the so-called “nonclassical”
hydrophobic effect.12

Methods

A snapshot of the system simulated is shown in Figure 1A. It consists
of 64 DOPC molecules, 2807 water molecules, and 2 hexane molecules
for a total of 11 892 atoms. Simulations were performed using the
GROMACS 3.1 software package.38,39 The lipids and hexane were
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Figure 1. Free energy of hexane in a DOPC bilayer. (A) Snapshot of the
lipid bilayer system used (red and white tubes, water; yellow spheres,
choline; orange spheres, phosphate; blue spheres, glycerol and carbonyl;
gray tubes, alkane chains). (B) Average partial density profiles for various
functional groups (black, total density; red, lipid; green, water; blue, choline;
orange, phosphate; brown, glycerol; gray, carbonyl; purple, double bonds;
cyan, methyl). (C) Free energy of partitioning a hexane molecule from bulk
water (black, free energy; red, entropic component of free energy,-T∆S;
green, enthalpic component of free energy,∆H). Vertical bars represent
standard errors obtained by measuring the asymmetry between leaflets in
the bilayer.
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represented using the force field of Berger et al.,40 while water was
represented using the SPC model.41 The temperature was controlled
using the weak coupling algorithm42 with a coupling constant of 0.1
ps, while the pressure normal to the bilayer was set to 1 atm with a
coupling constant of 1 ps. The area of the system was held at a value
of 0.66 nm2/lipid, obtained from a previous simulation of pure DOPC
under the same conditions. We assume that adding the two hexane
molecules does not perturb the area significantly. Bond lengths and
angles in water molecules were constrained using the SETTLE
algorithm,43 while all other bond lengths were constrained using the
LINCS algorithm.44 Constraining the bond lengths allowed a time step
of 2 fs to be used. The Lennard-Jones interactions were truncated at
1.0 nm. The smooth particle mesh Ewald method45,46 was used to
evaluate the electrostatic interactions, with a real space cutoff of 1.0
nm, fourth-order spline interpolation, and a grid spacing of 0.12 nm.

At equilibrium a hexane molecule will spend only a small amount
of time in the water phase compared to the amount of time it spends
in the lipid phase. In MD simulations it will be very difficult to obtain
accurate statistics about the relative distribution of hexane molecules
with reasonable simulation lengths. Free energies obtained from
unbiased simulations of 32 hexane molecules in the same bilayer system
used here displayed a strong dependence on the starting distribution of
hexane molecules, even after 100 ns of simulations (data not shown).
To overcome this problem the method of umbrella sampling47 was used,
where an artificial biasing potential is added to force the hexane
molecule to sample the region of interest. A series of 25 separate
simulations were performed in which the hexane was restrained to a
given depth in the bilayer by a harmonic restraint on thez-coordinate
only. Near the center of the bilayer (from 0.0 to 1.5 nm) and near bulk
water (3.0-3.5 nm), a force constant of 500 kJ mol-1 nm-2 was used
with a spacing of 0.25 nm between the centers of the biasing potentials.
For the dense headgroup region (1.5-2.9 nm), a force constant of
3200 kJ mol-1 nm-2 was used with a spacing of 0.1 nm between
biasing potentials. Two hexane molecules were used, with one per
leaflet, allowing additional statistics to be gathered at practically no
additional computational cost. Each of the simulations was 20 ns long,
for a total of 500 ns per PMF. After the simulations were completed,
the unbiased PMF was obtained using the weighted histogram analysis
method.48

Errors were estimated by measuring the asymmetry of the PMF,
which should be zero in the limit of infinite sampling. When using
this method, one must choose a point at which the PMFs of each of
the two hexane molecules are set equal. We have chosen to make them
equal at the center of the bilayer, but this is arbitrary. Our choice of
the center of the bilayer means that the uncertainty grows on moving
from the center of the bilayer to the water phase. We could also have
chosen to make the PMFs equal in the water phase, which would lead
to maximum uncertainty in the center of the bilayer. The choice is
arbitrary, and the free energy difference and associated uncertainty
between any two points is the same regardless of the particular choice.
This reflects the nature of PMFs, which really describe the free energy
difference between two points along the PMF coordinate, with an
associated error for that difference.

The free energy can be decomposed into entropic and enthalpic
components through its temperature dependence:

The umbrella sampling calculations were carried out at three different
temperatures (283, 298, and 313 K) and the entropic and enthalpic
contributions to the free energy evaluated using eq 1. The heat capacity
change was evaluated using

The PMFs at all three temperatures were aligned so that they had a
value of zero in the water phase (3.5 nm), and thus all free energies,
enthalpies, entropies, and heat capacities are relative to hexane in
water.

To further verify the umbrella sampling results, the free energy
of transferring a hexane from bulk water to the center of the bilayer
was calculated using the thermodynamic integration method. To
obtain the free energy of transfer, two sets of simulations were
carried out. In one set the hexane molecule was restrained to the
center of the bilayer, while the hexane was in bulk water in the other
set. The hexane molecule was alchemically transformed into a
ghost particle with no interactions with the rest of the system over the
course of 21 1-ns simulations for each phase (lipid and water). Each
simulation had a fixed value of the coupling parameter between
zero (full interactions of hexane with system) and one (hexane
does not interact with the rest of the system) in evenly spaced
increments. The free energy was evaluated using a soft-core interaction
function49 and a thermodynamic cycle as described in detail in previous
work.50

The orientational preference of the hexane molecule was quantified
by calculating the deuterium order parameter (SCD), using the GRO-
MACS program g-order. The order parameters were calculated
individually for each hexane molecule and the errors estimated from
the difference between the two.

Results and Discussion

A snapshot of the system (Figure 1A) and corresponding
partital density profiles (Figure 1B) are shown for orientation
along with the PMFs obtained from the simulations (Figure 1C).
Clearly hexane partitions preferentially to the center of the
bilayer, in good agreement with experiment.13 The free energy
profile is relatively flat from 0.0 nm to around 1.5 nm, where
it begins to increase rapidly, consistent with the width of the
experimental distribution. The free energy exhibits a maximum
in the headgroup region (approximately 2.25 nm) before
decreasing slightly and leveling off as water reaches its bulk
density. Figure 2 compares the calculated distribution with the
one obtained by neutron diffraction. In both cases the hexane
is confined to the center of the bilayer. The experimental
distribution appears to be somewhat narrower than the one we
calculate here. However, the experimental distribution also
clearly displays “ringing” due to the truncation of the Fourier
series at four orders of diffraction. The truncation artifacts and
the fact that the calculated and experimental systems are slightly
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different (high vs low hydration respectively) make a more
detailed quantitative comparison impossible.

The umbrella sampling calculations show that the free energy
of locating hexane in the center of the bilayer is approximately
24 kJ mol-1 more favorable than locating it in bulk water. This
is consistent with the thermodynamic integration calculations,
which yield a value of 25( 2 kJ mol-1. If we consider any
hexane within 2.5 nm of the bilayer center to be bound to the
bilayer, then we can calculate51 the average free energy for
transfer to the bilayer using

where z is the depth in the bilayer andZ(z) is the depth-
dependent partition function,Z(z) ) 〈exp(-G(z)/RT)〉. This
yields a value of 21 kJ mol-1 for the transfer of hexane from
water to the bilayer. The experimental free energy of transfer
for a hexane molecule between bulk hexane and water is 27.3
kJ mol-1,52 while the experimental free energy of transferring
hexane from bulk hexane to a low-hydration DOPC bilayer is
2.5 kJ mol-1.13 Thus, the free energy of transferring a hexane
from water to the center of a DOPC bilayer is approximately
27.3 - 2.5 ) 24.8 kJ mol-1, which is consistent with the
calculated value.

Figure 3 shows the temperature dependence of the free
energy. The shape of the curves is very similar at all three
temperatures, although they are clearly different at the center
of the bilayer and near the interface. The differences between
the curves are small and the uncertainty is relatively high, but
we can still calculate the spatially resolved enthalpy and entropy
(Figure 1C).

The favorable free energy change of transferring hexane from
bulk water to the center of the bilayer (Figure 1C) is driven
almost entirely by entropy with only a small enthalpic compo-

nent, which is consistent with the hydrophobic effect. Thus, for
the partitioning of hydrophobic solutes, the very center of a
lipid bilayer appears to have properties very similar to those of
a bulk alkane such as octane.3,53

Partitioning into the acyl chains becomes increasingly unfa-
vorable on moving from the low-density, unordered region (0.0
nm) to the high-density, highly ordered region (∼1.4 nm). This
is driven by opposing trends in the enthalpy and entropy. The
enthalpy becomes more favorable while the entropy becomes
more unfavorable with increasing acyl chain density.

The fact that the entropy becomes more unfavorable with
increasing chain density is consistent with theoretical3,4,54 and
experimental9-11 results. The increase in entropic free energy
with increasing chain density can be understood by examining
the changes in acyl chain conformational entropy54 and the free
volume distribution.3,4,55 Marqusee and Dill54 have shown
through lattice-based statistical mechanical models that adding
a solute to the ordered region of the acyl chains decreases the
available conformational entropy of the lipid chains and that
this decrease becomes more pronounced with increasing chain
order. Marrink and co-workers determined that the available
free volume in a dipalmitoyl phosphatidylcholine bilayer
decreases sharply with the density of the acyl chains.55 Thus,
the probability of finding a pocket of volume large enough to
“fit” a hexane molecule will be much larger in the low-density
center of the bilayer, and the entropy will therefore be more
favorable in the center as well.

The increasingly favorable enthalpy with increasing acyl chain
density is explained by the tight packing in the upper portion
of the acyl chains. Although the probability of finding a pocket
large enough to fit a hexane molecule is low in this region,
when a pocket is present the hexane molecule will be packed
much more tightly with its surroundings and thus the van der
Waals interactions will be more attractive.4,11,55,56
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Figure 2. Comparison of experimental (red) and calculated (black)
distributions of hexane in a DOPC bilayer. Experimental data from ref 13.
The two curves have been scaled to coincide at the maximum. The “ringing”
and negative density in the experimental profile are due to artifacts from
truncating the Fourier series at four orders.
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z)2.5
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Figure 3. Temperature dependence of the free energy. Free energy for
transferring hexane from water to a lipid bilayer at 283 (blue), 298 (orange),
and 313 K (red). The standard error is indicated with vertical bars.
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Due to the presence of two unsaturated chains, DOPC has a
relatively large area per lipid, and thus it has a relatively low-
density acyl chain region compared to saturated lipids. Also
lipids with phosphatidylcholine headgroups generally have larger
areas than lipids with other headgroups, such as phosphatidyle-
thanolamine.57 Experiments using reverse-phase chromatogra-
phy9 and experiments that systematically vary the surface density
of lipid bilayers10,11 show that the enthalpy for partitioning
becomes increasingly dominant and favorable with increasing
surface density, while entropy becomes increasingly less favor-
able and possibly even unfavorable. Our results show that
partitioning to the dense, ordered region of the acyl chains
already displays this thermodynamic signature. On the basis of
free volume and density arguments, this effect is predicted to
become stronger with increasing surface density, explaining the
so-called “bilayer” or “nonclassical” hydrophobic effect.4,12

Partitioning to the region between the carbonyl groups (∼1.2
nm) and the boundary between the lipid and water phases (∼3
nm) is dictated by a fine balance between large opposing entropy
and enthalpy terms. Partitioning to this region is favored by
enthalpy and opposed by entropy. The favorable enthalpy for
partitioning to this region is likely due to the high total density
in this region, illustrated by the black curve in Figure 1B. The
density in this region is much higher than that in the center of
the bilayer and is approximately 40% higher than that in bulk
water. This region of the bilayer also contains the lowest
accessible free volumes even lower than in bulk water.55 In
this region the probability of finding a pocket of volume that a
hexane molecule will fit into is very low, and thus there is a
strong entropic penalty for partitioning into this region. The fact
that the entropy of partitioning into this region is even higher
than that of partitioning into bulk water is quite surprising, but
it is consistent with experiments measuring partitioning into
highly ordered, high-density reverse-phase liquid chromatog-
raphy columns.9

The heat capacity change is an important marker of the
hydrophobic effect. There is normally a large negative change
in the heat capacity upon transferring a hydrophobic solute from
water into an alkane environment. However, DeVido and co-
workers have shown that manipulating the surface density of
alkyl chains bonded to silica beads can dramatically alter the
heat capacity change.9 The heat capacity change can be altered
from a large negative value at low densities to near zero at high
surface densities. Wimley and White have studied the heat
capacity changes for tryptophan analogues binding to palmi-
toyloleoyl phosphatidylcholine (POPC) bilayers and found that
the heat capacity change was always negative for that system.12

However, the heat capacity change was significantly smaller
(more positive) for partitioning into bilayers than for the bulk
alkane cyclohexane. The heat capacity changes obtained from
our simulations are shown in Figure 4. The uncertainty in the
heat capacity is somewhat high, making quantitative examination
challenging. The heat capacity change, however, clearly depends
strongly on the position in the bilayer. The center of the bilayer
appears to have the most negative heat capacity change, which
is consistent with this region being the most similar to bulk
alkanes. There is a gradual increase in heat capacity on moving
up the chains and into the headgroups, and possibly even a

positive heat capacity change in the water just outside of the
headgroups. Despite the significant uncertainties in the heat
capacity profile, the results are consistent with experiment.
Partitioning into the low-density region of the alkyl chains has
a large negative heat capacity change, while partitioning to the
denser regions will lead to a less negative change.

Because hexane is a rather anisotropic molecule, its orienta-
tion in the different regions of the membrane is of interest.
Figure 5 shows the deuterium order parameters for hexane in a
DOPC bilayer, averaged over the central four methylene
groups. There is very little preferential alignment of the hexane
in the center of the bilayer, with order reaching a maximum
near the carbonyl groups (ca. 1.5 nm). The order parameter
then decreases, reaching a minimum of about-0.05 at a
position just exterior to the choline groups. This is inter-
preted as the hexane having a slight preference to lie flat
against the surface of the bilayer to minimize contact with
water. Once the hexane is in bulk water, the order parameter
decays to zero, indicating isotropic orientation. The average

(57) Nagle, J. F.; Tristram-Nagle, S.BBA ReV. Biomembr.2000, 1469, 159-
195.

Figure 4. Heat capacity change as a function of position for hexane in a
DOPC bilayer. Calculated using eq 2. Error bars represent the standard
error.

Figure 5. Deuterium order parameter (SCD) for hexane as a function of
position depth within a DOPC bilayer. Vertical bars indicate the standard
error.
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order parameter was evaluated using

This yields a value of 0.06 for the order parameter, close to the
experimentally measured value of 0.04-0.05.58 Within the lipid
chain region the hexane order parameters generally mirror the
order of the lipid tails, with ordering increasing on moving
toward the headgroups. At the center of the bilayer the hexane
shows very little tendency toward preferential orientation,
consistent with the very high free volume in this region. In
contrast, in the dense portion of the acyl chains the hexane
displays a degree of ordering similar to that in the surrounding
lipid environment. This behavior is consistent with the idea of
hexane packing into small packets of free volume in this region.
Additionally, previous MD simulations have shown that the free
volume in this region is distributed as elongated voids running
parallel to the lipid tails.55 The uncertainty in the headgroup
region becomes significant due to slow orientational correlation
timess consistent with the extremely low free volume in this
region. Essentially, the hexane becomes trapped in an irregular
pocket of free volume between two lipids and takes a relatively
long time to reorient or move to another void. Overall, the
preferential ordering of hexane is consistent with both experi-
ment and the simple free volume model of partitioning described
above.

Conclusion

This work has yielded an unparalleled view of the partitioning
of a small-molecule solute in a lipid bilayer. The calculated
results for hexane in DOPC are in quantitative agreement with
experiment and provide spatially resolved free energy, entropy,
enthalpy, and heat capacity profiles. Overall, the free energy
for partitioning in a lipid bilayer is determined by a remarkably
fine balance between large, opposing entropy and enthalpy
terms. Only the very center of the bilayer (about 0.5 nm) has
the thermodynamic signature of bulk alkane, whereas the lipid
chain ordering becomes a dominant factor elsewhere. The exact
balance for a particular solute is likely determined by subtle
physical and chemical differences between solutes, such as
polarity, size, and shape. Although the computational cost of
obtaining free energy profiles at different temperatures at
sufficient accuracy to determine enthalpy and entropy profiles
is high at the moment, we expect that similar calculations on
systematic series of small molecules and different lipids will
be very fruitful.
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