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Hydration repulsion dominates the interaction between polar sur-
faces in water at nanometer separations and ultimately prevents
the sticking together of biological matter. Although confirmed
by a multitude of experimental methods for various systems, its
mechanism remained unclear. A simulation technique is introduced
that yields accurate pressures between solvated surfaces at pre-
scribed water chemical potential and is applied to a stack of phos-
pholipid bilayers. Experimental pressure data are quantitatively
reproduced and the simulations unveil a rich microscopic picture:
Direct membrane–membrane interactions are attractive but over-
whelmed by repulsive indirect water contributions. Below about
17 water molecules per lipid, this indirect repulsion is of an ener-
getic nature and due to desorption of hydration water; for larger
hydration it is entropic and suggested to involve water depolariza-
tion. This antagonistic nature and the presence of various compen-
sating contributions indicate that the hydration repulsion is less
universal than previously assumed and rather involves finely tuned
surface-water interactions.

solvation ∣ MD simulation ∣ phospholipids

Hydration repulsion (HR) universally acts between well-
solvated surfaces in water and balances the van der Waals

attraction in the nanometer range. It ultimately prevents the col-
lapse of biological matter and thereby provides macromolecular
assemblies with the necessary lubrication for vital functioning,
even in the congested cell environment. Although complex in its
nature, it is rightfully considered a fundamental force in solution
chemistry and structural biology (1). HR was first quantified ex-
perimentally for stacks of charge-neutral phospholipid bilayer
membranes in terms of pressure–distance curves (2–4), con-
firmed for two individual bilayers by the surface force apparatus
(SFA) (5, 6), and is now known to universally act between nucleic
acids, proteins, and polysaccharides alike (7). It exhibits an expo-
nential decay with a decay length of a few Ångstrom (4) and as a
heuristic law is nowadays commonly used in modeling the forces
between polar surfaces in water (8). Although several theoretical
(9–11) and simulation (12–18) studies elucidated partial aspects
of the HR, none treated the full complexity of the problem and
could quantitatively reproduce and explain experimental pres-
sure–distance curves, meaning that the HR mechanism remained
essentially unclear. The reason for this is obvious: Theory typically
only treats one part of the problem, be it the water–water inter-
actions, the water–surface binding, or the configurational entropy
of bilayer molecules, whereas current simulation strategies ac-
count for the constant water chemical potential either in the form
of a large reservoir (13–15) or by grand-canonical simulations
(16, 17). Due to limitations in the numerical accuracy, however,
both approaches do not enable quantitative comparison of theHR
pressure with experimental data. We solve this problem by intro-
ducing the thermodynamic extrapolation method (TEM), which
allows performing bilayer simulations in the constant water num-
ber ensemble at a prescribed water chemical potential, without
the need for time-consuming water insertion/deletion steps or an
embedding water reservoir (19). The pressure resolution is about
ΔΠ ≈ 15 atm, roughly the HR at 20 water molecules per lipid,

thus allowing quantitative comparison with experiments in a wide
range of hydration. This in turn allows us to unveil the HR
mechanism by a detailed thermodynamic analysis of the various
microscopic contributions.

Results and Discussion
Fig. 1A shows a simulation snapshot of Nl ¼ 72 zwitterionic
dipalmitoylphosphatidylcholine (DPPC) molecules hydrated by
Nw ¼ 28 × 72 ¼ 2016 extended simple point charge (SPC/E)
water molecules that form a stable fluid bilayer without any posi-
tional restraints (20). We use the GROMACS simulation package
(21) and a dedicated lipid force field (22), choose a fixed area per
lipid ofAl ¼ 2A∕Nl ¼ 0.65 nm2, realistic for the fluid Lα-phase,
and vary nw ¼ Nw∕Nl from 4 to 28 water molecules per lipid. The
membrane and water density profiles (Fig. 1B) are in good agree-
ment with experiments on fluid phospholipid membranes (23).
Fig. 1C shows the simulated pressure–distance curve, ΠðDwÞ, in
a semilogarithmic plot (black symbols), compared with experi-
mental results for fluid lecithin multilayers at room temperature
(red circles) (2), fluid DPPC multilayers at T ¼ 323 K (blue
squares) (4), and a single pair of lecithin bilayers using SFA
(green triangles) (6). In analogy to experiments (3), we compute
the water layer thickness Dw from the pressure-dependent mole-
cular water volume vw via Dw ¼ 2vwnw∕Al. This first comparison
between simulation and experimental hydration pressures is
nearly quantitative in terms of the absolute pressure scale, the
exponential decay length, and the shape of the ΠðDwÞ curve,
showing in particular the characteristic upturn at the smallest
bilayer separations. This is even more compelling considering
that in the experimental curves different bilayer compositions
(DPPC versus lecithin, the latter consisting of phosphatidylcho-
line (PC) headgroups but polydisperse fatty acids), slightly differ-
ent temperatures and different ensembles are used [multilayer
experiments apply either isotropic hydrostatic or equivalent
osmotic pressures (2, 4), whereas in the SFA and our simulations
the lateral area per lipid is fixed (6)]. This good agreement
between simulations and experiments we interpret as validation
of our force fields and simulation methods, which therefore puts
us in a position to analyze the simulations in more detail with the
idea to unravel the mechanism behind the measured hydration
repulsion. The main question we address with our simulations in
essence is: What is it that keeps the bilayers separated even at
high pressures of 108 Pa or 1,000 atm? To make progress in this
direction, the pressure Π ¼ Πdir þ Πind is first decomposed into
the direct membrane–membrane contribution and all other
water-mediated forces, in the following denoted as the indirect
contribution (13, 17). Note that this decomposition is indepen-
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dent of the position of the surface through which the pressure is
calculated as long as it lies entirely inside the water phase. In
Fig. 2A one sees that Πdir is strongly attractive, whereas Πind is
repulsive and overcompensates the direct attraction throughout
the studied hydration range. Such a near-cancellation is known
from simple continuum models of van der Waals interactions
between hydrocarbon assemblies in water and is also typical for
charge interactions in aqueous solution due to dielectric effects
(24); it has been seen in previous simulation studies at low hydra-
tion (17) and immediately rules out the direct interaction
between bare lipid headgroups (be it steric or electrostatic) as an
explanation for the hydration repulsion.

Although not at the heart of HR, a close look at the attractive
direct interaction is revealing. To this end, the direct free energy,
Gdir ¼ Hdir − TSdir, is first calculated from Πdir via integration
and then decomposed into its enthalpic, Hdir, and entropic,
−TSdir, contributions as described in the SI Text. As seen in
Fig. 2B, Gdir is dominated by the attractive enthalpic part Hdir,
whereas the entropy is repulsive. As shown in the Inset of Fig. 2B,
Hdir is itself dominated by its electrostatic Coulombic part, with
only a small Lennard–Jones (LJ) contribution. This Coulombic
attraction is at first sight surprising because the PC headgroup
dipoles point against each other, which might be thought to
produce an unfavorable dipole–dipole interaction. In fact, orien-
tational correlations between point dipoles have been previously
argued to give rise to an attractive membrane–membrane inter-
action contribution (25). To gain microscopic insight into this,
Fig. 2D shows the normalized radial distribution functions (rdfs)
between the partially negatively charged phosphorus (P) and
positive nitrogen (N) atoms in two opposing PC monolayers at

high, nw ¼ 20 (dashed lines), and low, nw ¼ 4 (solid lines), hydra-
tion. For large surface separations nw ¼ 20, the rdfs are rather
unstructured and reflect the unperturbed headgroup structure
with N being displaced towards the water with respect to P. As
a result, the N-N distribution is shifted to smaller distances
compared to P-P, with N-P being intermediate. For small surface
separation nw ¼ 4, the picture is drastically different. Now, the
N-P distribution is peaked at a distance significantly shorter than
the distributions N-N and P-P between like-charged groups. The
schematic illustration in Fig. 2E highlights the lipid headgroup
configurational reorganization at short separations, which mini-
mizes the electrostatic energy. This reorganization, in turn, is
accompanied by structural ordering and thus by a configurational
entropy loss, as witnessed by the pronounced rdf peaks for
nw ¼ 4, and can be considered the main origin for the entropic
repulsion −TSdir in Fig. 2B. This finding is conceptually related
to the ”protrusion model” for the hydration repulsion introduced
by Israelachvili and Wennerström, which attributes the HR to a
suppression of lipid protrusion modes at small distances (10).
These results demonstrate that repulsion originating from the re-
duction in the configurational entropy of the membranes indeed
contributes significantly to their interaction at small membrane
separations. However, the configurational restriction on lipid
headgroups is in the simulations not caused by steric repulsion
(i.e., lipid heads colliding with each other) but rather is a by-
product of the dominating electrostatic attraction between head-
groups in opposing bilayers.

We now turn to the indirect water-mediated interaction and
perform a similar decomposition, Gind ¼ H ind − TSind, into en-
thalpic and entropic parts. As expected based on the near-cancel-
lation of direct and indirect pressure contributions in Fig. 2A, the
behavior here is opposite to the direct pressure and the repulsive
enthalpy H ind dominates over the attractive entropy contribution
−TSind for almost the entire distance range, as shown in Fig. 2C.
Closer inspection at large separation, in the Inset, reveals that for
nw > 17 a reversal takes place and H ind is attractive whereas
−TSind is repulsive. Again, microscopic insight can be gathered
from simulation data, this time from the interfacial water density
profiles ρðzÞ in Fig. 3A: As the bilayers approach each other and
water is removed from the system, ρðzÞ stays invariant up to the
water slab center, apart from a small shift Δz accounting for
membrane compression. The hydration level nw ¼ 16 demarks a
crossover. For larger hydration the removed water is bulk-like;
for smaller hydration the removed water deviates from bulk
behavior and is of distinct interfacial nature. This picture is cor-
roborated by profiles hindðzÞ for the excess enthalpy per water
molecule in Fig. 3B, which is related to the indirect enthalpy
via an integral over the whole water density distribution,

H ind ¼
Z

dzhindðzÞρðzÞ∕mw;

with mw the mass of a water molecule: Water is enthalpically
strongly bound to the bilayers (vice versa, because the chemical
potential of water is constant, there is an equally strong entropic
repulsion). In the low-hydration state, exemplified by the curve
for nw ¼ 8, water right in the slab middle (denoted by a vertical
broken line) is more strongly bound compared to the high-hydra-
tion case (nw ¼ 28) at the same separation from the bilayer (this
difference is highlighted by the blue area), but this amplification
of binding is more than compensated by the removal of strongly
bound interfacial water (highlighted by the orange area). The net
effect is the strong enthalpic indirect repulsion seen in Fig. 2C.
We note that this interfacial water binding, although mostly of
electrostatic origin (as shown in the SI Text), points to pro-
nounced deviations from bulk water dielectric behavior, for which
electrostatic binding is known to be of entropic nature (24). This

Fig. 1. Atomistic computer model of interacting phospholipid membranes
and resulting interaction pressure. (A) Snapshot of the phospholipid bilayer
in the fluid Lα-phase. The membrane is hydrated with 28 water molecules per
lipid, nw ¼ 28. (B) Membrane and water density profiles along the surface
normal. (C) Comparison of the interaction pressure Π from MD simulations
(filled black symbols) with experimental results for lecithin multilayers (red
circles) (2), DPPC multilayers (blue squares) (4), and a single pair of lecithin
bilayers (green triangles, obtained from an exponential fit to the experimen-
tal free energy data and subsequent differentiation with respect to Dw ) (6),
all as a function of water layer thickness Dw . Error bars represent the stan-
dard error of the computed interaction pressures.
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is in line with recent simulations pointing to strong deviations of
the interfacial water dielectric response from bulk behavior (26).

But is this liberation of enthalpically bound water from the hy-
dration layers, i.e., the forced dehydration of the PC headgroup
region, the whole story or are there effects that have to do with
water polarization and interactions between such polarized water
layers, as assumed in the early theoretical treatments (9, 11)?
Symbols in Fig. 3C show water polarization profiles at high
(nw ¼ 28) and intermediate (nw ¼ 16) hydration in terms of the
mean water dipole angle projected on the bilayer normal, hcos θi.
Close to the membrane surface, water dipoles are strongly
oriented, whereas in the water slab center the polarization by
symmetry vanishes, as depicted schematically in Fig. 3D. As the
hydration decreases, the polarization profiles from the two
opposing surfaces interfere destructively, resulting in pronounced
depolarization, indicated by the gray area in Fig. 3C. The solid
lines in Fig. 3C are predictions from Marcelja’s theory for the
hydration repulsion between bilayers, based on a general free
energy expansion in terms of an unspecified orientational order
parameter (11) (see SI Text). The good agreement with our data
suggests that water polarization effects are indeed operative at
large distances and can be described by Marcelja’s general ideas,
but additional effects that involve nonlocal effects and quadrupo-
lar or other order parameters are likely to play an important role
as well (26). The crossover of the indirect repulsion from being
enthalpic, for nw < 17 to being entropic, for nw > 17, finally
points to a change of the dielectric behavior from interface-domi-
nated to bulk-like at about a separation of 1 nm from the bilayer
surface, in full accord with simulation results for interfacial
dielectric profiles (26).

Although the total free energy G in Fig. 2F is monotonically
increasing with decreasing hydration, the total enthalpy H ¼
Hdir þH ind displays a minimum at a hydration of about nw ¼ 9.

Such a crossover between enthalpic attraction and repulsion
has been experimentally observed (27, 28) for gel-phase DPPC
bilayers at about nw ¼ 4–5. Based on our findings, this crossover
arises from the competition between enthalpic direct attraction in
Fig. 2B and enthalpic indirect repulsion in Fig. 2C and demon-
strates the intricate interplay of hydration and membrane–mem-
brane interaction effects. Previous simulation studies where
bilayer head groups were firmly arranged on lattices did not ex-
hibit the entropic repulsion regime (14), which suggests that the
conformational freedom of lipids plays a crucial role. Although
the quantitative agreement between experimental and our simu-
lated pressure curves for PC-lipids in Fig. 1C lends credibility to
our simulation results, this enthalpy crossover constitutes an in-
dependent validation of the current modeling and in particular
the crossover between direct (membrane–membrane) and indir-
ect (water-mediated) interaction effects.

Conclusions
The grand picture that emerges from our simulations is the
following: For large bilayer separations, each membrane has an
intact and strongly bound hydration layer, and the repulsion can
be associated with the destructive interaction between the water
polarization layers (11); in this distance regime we thus suggest
the interbilayer pressure profile to be universal, however, with a
dependence on the boundary condition imposed by the head-
group-induced water ordering (9). Based on Marcelja’s theory,
the repulsion in this asymptotic distance range decays exponen-
tially, in agreement with our numerical findings. For smaller
degrees of hydration, the hydration layers overlap, and strongly
bound water is removed; at the same time, direct membrane–
membrane interactions start to kick in. In this distance regime,
the pressure involves the subtle interplay of headgroup interac-
tions between the opposing bilayer surfaces and the way water is

Fig. 2. Decomposition into direct and water-mediated indirect interactions. (A) Total pressure Π ¼ Πdir þ Πind and its direct (Πdir) and indirect (Πind) contribu-
tions versusDw (lower axis) and nw (upper axis). (B) Free energyGdir of the direct membrane–membrane interaction and its enthalpic (Hdir) and entropic (−TSdir)
parts. Inset: Coulomb and LJ contributions to Hdir. (C) Free energy Gind of the indirect, water-mediated interaction and its enthalpic (Hind) and entropic (−TSind)
parts. The Inset shows a close-up view for high hydration (solid lines serve as guides to the eye). (D) Normalized radial distribution functions gðrÞ between
nitrogen (N) and phosphate (P) atoms in the opposing PC headgroup regions at high (dashed lines) and low (solid lines) hydration. (E) Schematic illustration of
the headgroup reorganization upon dehydration. (F) Free energy G of the total interaction and its enthalpic (H) and entropic (−TS) parts. Error bars represent
the standard error of the computed thermodynamic quantities.
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incorporated into the headgroup region; we therefore expect less
universal behavior that depends in the first place on headgroup
chemistry and to a lesser degree also on the lipid chain length.
The pressure in this distance range is in general not following
an exponential law. In essence, what we are faced with are antag-
onistic effects on various levels: a competition between direct
membrane–membrane and indirect water-mediated interactions,
crossovers between entropic and enthalpic contributions, and a
shift from a dehydration to a depolarization mechanism of the
indirect repulsion as hydration goes up. Note that undulation
forces due to the restriction of large-scale membrane shape fluc-
tuations (29) are unimportant for the rather stiff bilayers and in
the distance range we have considered, which is confirmed by the
good agreement in Fig. 1C between experimental results for
freely undulating membrane stacks and the SFA data where bi-
layers are bound to solid supports. Finally, a look at numbers is
revealing:Whereas the direct free energy in Fig. 2B at the smallest
hydration nw ¼ 4 is attractive and Gdir ¼ −180 kJ∕ðmol nm2Þ,
the indirect free energy in Fig. 2C at nw ¼ 4 is repulsive and
Gind ¼ 225 kJ∕ðmol nm2Þ, giving a repulsive total free energy of
G ¼ 45 kJ∕ðmol nm2Þ: Massive cancellation takes place. There-
fore, small experimental modifications or simulation inaccuracies
in either direct or indirect contributions can give rise to large net
effects, making the simulation of such systems challenging in
terms of developing reliable force fields and efficient simulation
methods; our thermodynamic extrapolation method is a step in
that direction.

Methods
The Thermodynamic Extrapolation Method. The interaction pressure Π be-
tween two surfaces at a certain surface separation (i.e., water layer thickness)
Dw follows from the Gibbs free energy per area, G, as

ΠðDwÞ ¼ −
�
dG
dDw

�
μ0

; [1]

where the number of water molecules Nw between the surfaces is not fixed
but controlled by the bulk chemical potential μ0. Our TEM involves two dis-
tinct sets of simulations, the first performed in the (Nw , D) ensemble where
Nw water molecules are placed between two phospholipid bilayer surfaces at
fixed box heightD ¼ Dm þ Dw , whereDm denotes themembrane thickness as
indicated in Fig. 1B. All simulations are performed at constant lateral area A
and temperature T ¼ 320 K. The actual water chemical potential μ, which in
general deviates substantially from the bulk value μ0, together with the pres-
sure Πμ≠μ0

ðNwÞ, which consequently also differs from the desired pressure
ΠðNw Þ, are determined with high precision. Using the formally exact thermo-
dynamic relation, ΠðNw Þ ¼ Πμ≠μ0 ðNw Þ − ΔΠðNw; μ0; μÞ, the pressure at μ0 can
be approximated to first order in the deviation μ − μ0 as

ΠðNwÞ ≈ Πμ≠μ0
ðNwÞ −

μ − μ0

v0w
; [2]

where v 0
w ¼ 0.0307 nm3 denotes the simulated molecular volume of water in

bulk at atmospheric pressure. The final production simulations are then per-
formed in the (Nw , Π) ensemble at a pressure dictated by Eq. 2, where the
chemical potential is explicitly checked to satisfy the equality μðNw; ΠÞ ¼ μ0

within an accuracy of Δμ ¼ 0.01 kBT , giving an error in the interaction pres-
sure of ΔΠ ¼ Δμ∕v 0

w ¼ 1.5 MPa or equivalently 15 atm. Further details on the
TEM method are presented in the SI Text.

Molecular Dynamics Simulations. The simulation box contains 72 DPPC mole-
cules (Nl ¼ 72) forming a fluid lipid bilayer in water with 36 molecules per
monolayer leaflet. DPPC is a zwitterionic phospholipid carrying no net
charge. The membrane is arranged parallel to the (x, y)-plane without any
position restraints and stabilized by the hydrophobic effect. The box dimen-
sions in x and y directions are fixed and correspond to an average area per
lipid of Al ¼ 0.65 nm2, which is typical for PC lipids with saturated alkyl
chains in the fluid Lα-phase (23). Periodic boundary conditions in all spatial
directions are used. In this way a periodic stack of infinitely extended phos-
pholipid membranes that interact across thin layers of water is atomistically
represented. Simulations are performed at T ¼ 320 K, above the chain melt-
ing temperature of DPPC membranes in experiment and previous MD studies
employing the same lipid force field (20). The number of water molecules,
Nw , is systematically varied to realize hydration degrees nw ranging from
4 to 28 water molecules per lipid. For all simulations we use the GROMACS
package (21) and SPC/E water (30) with SETTLE constraints (31) for the
OH-bonds. We use the ffgmx force field in combination with a dedicated ex-
tension for lipid membrane simulations and the corresponding forcefield
parameters for DPPC molecules (22, 32, 33). The simulation time step is
Δt ¼ 2 fs. Temperature is controlled using the Berendsen thermostat (34)
with a time constant of τT ¼ 0.1 ps. In (Nw , Π, T , A) ensemble simulations
(i.e., simulations with fixed Nw , T , A, and Π) we control the pressure in
the z direction using the Berendsen barostat with anisotropic pressure cou-
pling with a time constant of τp ¼ 0.5 ps and a compressibility parameter of
κ ¼ 4.5 × 10−10 Pa−1. In (Nw , D, T , A) ensemble simulations the box height D
is fixed instead. We use a plain LJ cut-off of 0.9 nm and account for electro-
static interactions using the particle-mesh-Ewald (PME) method (35, 36) with
a 0.9 nm real-space cutoff. Prior to production runs the systems are equili-
brated for 5 ns. Production runs have duration of at least 20 ns. For thermo-
dynamic integration (see below) averages are taken over four independent
parallel runs of 5 ns duration each.

Determination of the Chemical Potential. In thermal equilibrium the chemical
potential of water, μ ¼ μ id þ μex , is position independent. In a system with
translational invariance (averaged over the simulation time) in x and y direc-
tions, the position-dependent ideal and excess parts, μ id and μex , only
depend on z. In order to determine μ in the simulations, we measure μ idðzÞ ¼
kBT ln ρðzÞ and μexðzÞ at the z position chosen to be the center of the water
layer. Here, ρðzÞ denotes the water density. The excess potential μex is split
into two parts that are determined independently, μex ¼ μLJ þ μC . μLJ de-
notes the excess chemical potential of a water molecule without partial
charges (a rotationally symmetrical LJ particle in case of SPC/E), and is mea-
sured using the Widom test particle insertion (TPI) method (37, 38), in which
the change in free energy upon the addition of a particle is quantified by
monitoring the interactions of a randomly inserted particle with the mole-
cules in an existing simulation trajectory. In order to measure μLJðzÞ, we use a
modified GROMACS TPI code for particle insertion at selected z positions. μC

Fig. 3. Mechanisms of the water-mediated repulsion. (A) Water density
profiles ρðzÞ between membrane surfaces for different hydration degrees
(nw ¼ 28 and Δz ¼ 0, nw ¼ 16 and Δz ¼ 0.023 nm, and nw ¼ 8 and
Δz ¼ 0.066 nm). (B) Profiles of enthalpy per water molecule hindðzÞ at high
(nw ¼ 28) and low (nw ¼ 8) hydration. (C) Simulated water dipole orientation
profiles hcos θi (symbols) at high (nw ¼ 28) and intermediate (nw ¼ 16) hydra-
tion. The gray area denotes the depolarization effect. Solid lines are fits
according to Marcelja’s general theory for hydration repulsion in terms of
a scalar orientational order parameter profile (11). (D) Schematic illustration
of interfacial water orientation at high (Upper) and small (Lower) bilayer
separation.
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denotes the change in free energy upon addition of the partial charges of
SPC/E water to the preinserted uncharged water molecule. This quantity is
determined using the thermodynamic integration (TI) method (39), while
keeping thewatermolecule at a selected z position using a harmonic restraint
potential with a spring constant of k ¼ 50 MJ∕nm2. TI relates the free energy
difference between two states of a thermodynamic system to the averaged
derivative h∂UðλÞ∕∂λi of the potential energy UðλÞ, where λ ¼0..1 is a path
variable. To obtain μC , the partial charges qO and qH belonging to the oxygen
(“O”) and hydrogen (“H”) atoms of the water molecule are scaled linearly
with the path variable, qmðλÞ ¼ λQm, where Qm denotes the full partial
charge, and m ∈ fO; Hg. h∂UðλÞ∕∂λi is evaluated for 21 equidistant λ values
between 0 and 1. The resulting values are then fitted with a fifth order poly-
nomial, and the fit is analytically integrated.

The chosen combination of TPI and TI allows for the precise determination
of μ and thus for a high resolution in the interaction pressure. Typically, the
simulation times are chosen such that the statistical errors δμLJ and δμC are
both about 20 J∕mol, determined from block averaging (for δμLJ) or from
the statistical distribution of results from independent parallel runs (for δμC ).

The error in ρðzÞ is found to be negligible. The resulting statistical error in μ is
then as low as δμ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
δμ2

LJ þ δμ2
C

q
≈ 28 J∕mol ≈ 0.01 kBT and the correspond-

ing error in the interaction pressure is δΠ ¼ δμ∕v 0
w ≈ 1.5 MPa. At small mem-

brane separations, where interaction pressures are high, we are satisfied with
larger error bars up to δμ ≈ 0.4 kJ∕mol corresponding to δΠ ≈ 20 MPa. The
reference chemical potential, μ0 ¼ ð−28.44� 0.01Þ kJ∕mol, is averaged over
a set of simulations with thick water layers ranging from 25 to 32 water mo-
lecules per lipid, where the interaction pressure is far below our detection
limit and therefore negligible within the error. Further details on the simula-
tion analysis are given in the supplement.
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SI Text
Online Supporting Material. Thermodynamic extrapolation. In the
(Nw, D, T, A) ensemble, the chemical potential of water,
μðNw; D; T; AÞ, in general deviates from the bulk reference value
μ0ðP; TÞ. However, μ and the corresponding interaction pres-
sure, Πμ≠μ0

ðNw; T; AÞ, can be used to determine the desired in-
teraction pressureΠμ0

ðNw; T; AÞ in the (Nw, μ0, T,A) ensemble,
abbreviated as ΠðNwÞ in the main text, via extrapolation and de-
pending on the deviation in the chemical potential:

Πμ0
ðNw; T; AÞ ¼ Πμ≠μ0

ðNw; T; AÞ − ΔΠðNw; T; A; μ0; μÞ:
[S1]

The correction term ΔΠ can be written as a Taylor series in Δμ ¼
μ − μ0 expanded around μ0:

ΔΠ ¼ Δμ
�
∂Π
∂μ

�
μ¼μ0

Nw;T;A
þ ðΔμÞ2

2

�
∂ 2Π
∂μ2

�
μ¼μ0

Nw;T;A
þ… [S2]

We determine ð∂Π∕∂μÞNw;T;A in the following, starting from the
the total differential of μ in the (Nw, D, T, A) ensemble:

dμðNw; D; T; AÞ ¼
�

∂μ
∂Nw

�
D;T;A

dNw þ
�
∂μ
∂T

�
Nw;D;A

dT

þ
�
∂μ
∂D

�
Nw;T;A

dDþ
�
∂μ
∂A

�
Nw;D;T

dA: [S3]

Using the relation

dDðNw; Π; T; AÞ ¼
�
∂D
∂Π

�
Nw;T;A

dΠþ
�
∂D
∂T

�
Nw;Π;A

dT

þ
�

∂D
∂Nw

�
Π;T;A

dNw þ
�
∂D
∂A

�
Nw;Π;T

dA [S4]

yields
�
∂μ
∂Π

�
Nw;T;A

¼
�
∂μ
∂D

�
Nw;T;A

�
∂D
∂Π

�
Nw;T;A

; [S5]

which can be rewritten as
�
∂μ
∂Π

�
Nw;T;A

¼ A
�

∂Π
∂Nw

�
D;T;A

�
∂Nw

∂Π

�
D;T;A

�
∂D
∂Nw

�
Π;T;A

¼ A
�

∂D
∂Nw

�
Π;T;A

≡ v 0
wðΠ; T; AÞ; [S6]

where v 0
w denotes the partial molecular volume of water between

the surfaces at constant temperature, surface area, and interac-
tion pressure. The first equality in Eq. S6 follows from the Max-
well relation
�
∂μ
∂D

�
Nw;T;A

¼
�

∂
∂D

�
∂F
∂Nw

�
D;T;A

�
Nw;T;A

¼
�

∂
∂Nw

�
∂F
∂D

�
Nw;T;A

�
D;T;A

¼ −A
�

∂Π
∂Nw

�
D;T;A

[S7]

and from the identity

�
∂D
∂Π

�
Nw;T;A

¼ −
�
∂Nw

∂Π

�
D;T;A

�
∂D
∂Nw

�
Π;T;A

; [S8]

which is obtained from

dNwðD; Π; T; AÞ ¼
�
∂Nw

∂D

�
Π;T;A

dDþ
�
∂Nw

∂Π

�
D;T;A

dΠ

þ
�
∂Nw

∂T

�
D;Π;A

dT þ
�
∂Nw

∂A

�
D;Π;T

dA: [S9]

Based on Eq. S6, Eq. S2 can be rewritten as

ΔΠ ¼ Δμ
v 0
w
þ ðΔμÞ2

2

�
∂
∂μ

1

v 0
w

�
μ¼μ0

T;Nw;A
þ… [S10]

Because water is almost incompressible up to the kilobar range
(i.e., v 0

w is approximately independent of μ), already the quadratic
term in the expansion can be neglected to good approximation.
We explicitly checked this in simulations, as shown in Fig. S1 for
three hydration degrees (nw ¼ 6, 8, and 16) at T ¼ 320 K. Red
symbols correspond to (Nw, Πμ0 , T, A) ensemble simulations,
where μ ¼ μ0 (indicated with a horizontal dashed line) within
the error. Solid lines represent approximations dμ∕dΠ ¼ v0w.
As a consequence of the incompressible nature of water, v 0

w is
readily approximated as the partial molecular volume of water
in bulk at constant pressure and temperature, v0w, which is deter-
mined independently,

v 0
wðΠ; T; AÞ ≡ A

�
∂D
∂Nw

�
Π;T;A

≈
�

∂V
∂Nw

�
T;P

≡ v0w: [S11]

For extended simple point charge (SPC/E) water at 320 K and
atmospheric pressure, we obtained v0w ¼ 0.0307 nm3. Finally
we are left with

Πμ0
ðNw; T; AÞ ≈ Πμ≠μ0

ðNw; T; AÞ − Δμ
v0w

: [S12]

Simulation analysis. The interaction pressure Πμ0 is determined
using thermodynamic extrapolation (see above). Its indirect con-
tribution, Πind, defined as the normal force per unit area exerted
on each lipid monolayer by the water layer, is determined by sum-
ming over the atomic lipid/water pair forces in (Nw, Πμ0 , T, A)
ensemble simulations (i.e., simulations with fixed Nw, T, A, and
Π ¼ Πμ0 ). The direct contribution, Πdir, defined as the normal
force per unit area exerted on each lipid monolayer by the prox-
imal monolayer of the opposing lipid bilayer, is then calculated as
Πdir ¼ Πμ0

− Πind. Direct (Gdir) and indirect (Gind) contributions
to the interaction free energy G ¼ Gdir þGind are calculated by
integrating Πdir and Πind, respectively, along Dw:

GdirðDwÞ ¼
Z

∞

Dw

ΠdirðD 0
wÞdD 0

w; [S13]

Schneck et al. www.pnas.org/cgi/doi/10.1073/pnas.1205811109 1 of 3

http://www.pnas.org/cgi/doi/10.1073/pnas.1205811109


GindðDwÞ ¼
Z

∞

Dw

ΠindðD 0
wÞdD 0

w: [S14]

Enthalpies are approximated by system internal energies, because
the work of expansion due to variations in total system
volume (including the volume of water transferred into bulk)
upon dehydration is negligible [PΔV∕A ≪ 0.1 kJ∕ðmol nm2Þ].
The enthalpy of the total interaction, H, is determined by mea-
suring the system energy in (Nw, Πμ0

, T, A) ensemble simula-
tions, while taking into account the enthalpy contribution ΔHw
of water molecules transferred from the region between the
membranes into the surrounding bulk upon dehydration:

ΔHw ¼ ΔNw

�
dH
dNw

�
bulk

P;T
; [S15]

where ΔNw is the number of transferred water molecules and
ðdH∕dNwÞbulkP;T is determined as −45.15 kJ∕mol in independent
bulk water simulations. For the comparison with calorimetry ex-
periments under atmospheric pressure (1), we subtract the con-
tribution ΔH int originating from the internal compression of the
membranes upon pressure exertion in the (Nw,Πμ0 , T,A) ensem-
ble simulations. ΔH int is approximated linearly, ΔH int ¼ αΠ (see
Fig. S2), where α ¼ dH int∕dΠ ¼ ð−0.25� 0.06Þ kJ∕ðmol barÞ, as
determined independently from the lipid–lipid interaction ener-
gies in simulations of a highly hydrated membrane (nw ¼ 28) at
various pressures. Error bars in Fig. 2 of the main text account for
the error in ΔH int. The enthalpy of the direct interaction, Hdir, is
determined by measuring all lipid–lipid interaction energies in
the simulation trajectories. ΔH int is again subtracted for con-
sistency. The enthalpy of the indirect interaction, H ind, is then
determined as H ind ¼ H −Hdir.

The entropic terms of direct, indirect, and total interaction are
calculated as

−TSdir ¼ Gdir −Hdir; [S16]

−TSind ¼ Gind −H ind; [S17]

−TS ¼ G −H: [S18]

Water excess enthalpy profiles, hindðzÞ, are calculated from Len-
nard–Jones (LJ) and short-range Coulomb pair-interactions aver-
aged over 100 probe water molecules. We confirmed that taking
into account long-range electrostatic interactions (as implemen-
ted in the particle-mesh Ewald (PME) method) does not alter the
profiles significantly.

Definition of the water layer thickness. The thickness Dw of the
water layer was defined according to the classical experimental
studies of Parsegian, Rand, and coworkers (2), based on the
volume vw occupied by a water molecule:

Dw ¼ 2nwvw
Al

; [S19]

whereAl ¼ 2A∕Nl denotes the membrane area per phospholipid
molecule and nw ¼ Nw∕Nl the number of water molecules
apportioned to one phospholipid molecule at a given hydration
degree. We account for the pressure dependence of vw, approxi-
mated with the linear expression

vwðΠÞ ¼ v0w þ Π
dvw
dΠ

; [S20]

w h e r e v0w ¼ 0.0307 nm3 a n d dvw∕dΠ ≈ dvw∕dP ¼ −1.44 ×
10−11 nm3∕Pa, as determined in independent bulk water simula-
tions (see Fig. S3 showing the volume per water molecule vw as a
function of the pressure together with a linear fit). This corre-
sponds to a compressibility of κ ¼ −ð1∕v0wÞðdvw∕dPÞ ¼ 4.7 ×
10−10 Pa−1, close to the experimental value 4.4 × 10−10 Pa−1 (3).

LJ and coulomb contributions to the indirect interaction enthalpy.
Fig. S4 shows a decomposition of the indirect interaction enthal-
py, H ind, into its Coulomb and LJ contributions. It is seen that
H ind is dominated by the Coulomb part.

Polarization profile in a Ginzburg–Landau treatment. As introduced
by Marcelja and Radic for a general polar order parameter (4),
the free energy density gðzÞ connected to the mean polarization
pðzÞ ¼ hcosθðzÞi can be expressed as

gðzÞ ¼ ap2ðzÞ þ cðdpðzÞ∕dzÞ2; [S21]

where θ denotes the angle between the water dipole vector and
the surface normal, and a and c are unspecified prefactors. The
free energy in the interval [−D 0∕2, D 0∕2] then follows as

GðD 0Þ ¼
Z

D 0∕2

−D 0∕2
gðzÞdz: [S22]

G becomes minimal when p satisfies the differential equation

ap − c
d2p
dz2

¼ 0. [S23]

In the antisymmetrical case of oppositely polarizing surfaces,
where pð−D 0∕2Þ ¼ −pðD 0∕2Þ ¼ p0, Eq. S23 has the solution

pðzÞ ¼ p0
sinhðz∕λÞ

sinhðD 0∕ð2λÞÞ ; [S24]

with λ ¼ ffiffiffiffiffiffiffiffi
c∕a

p
. The solid lines in Fig. 4C in the main text cor-

respond to simultaneous fits of this expression to the polarization
profiles in the interval [−D 0∕2, D 0∕2] with free parameters p0
and λ. Here, D 0 ¼ Dw − ΔD, where ΔD ¼ 1.0 nm was chosen
such that the water density does not fall below 90% of the bulk
value in the fit interval.
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Fig. S1. Chemical potential of water between phospholipid membranes as a function of the pressure at various degrees of hydration (nw ¼ 6, 8, and 16) at
T ¼ 320 K (symbols). Red symbols correspond to (Nw , Πμ0 , T , A) ensemble simulations, where μ ¼ μ0 (indicated with a horizontal dashed line) within the error.
Solid lines: Approximation dμ∕dΠ ¼ v 0

w .

Fig. S2. Enthalpy of membrane internal compression Hint as a function of the pressure (symbols) and linear fit (solid red line). Data points are lipid–lipid
interaction energies determined in simulations of a highly hydrated membrane subject to various pressures.

Fig. S3. Volume per water molecule vw as a function of the pressure in bulk water simulations (symbols) and linear fit (solid red line).

Fig. S4. Coulomb and LJ contributions to the indirect interaction enthalpy, Hind, as a function of nw .
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