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Spatial and energetic-entropic decomposition of surface tension in lipid
bilayers from molecular dynamics simulations

Erik Lindahl and Olle Edholma)

Theoretical Physics, Royal Institute of Technology, SE-100 44 Stockholm, Sweden

~Received 10 February 2000; accepted 1 June 2000!

The spatial and groupwise distribution of surface tension in a fully hydrated 256 lipid
dipalmitoylphosphatidylcholine~DPPC! bilayer is determined from a 5 nsmolecular dynamics
simulation by resolving the normal and lateral pressures in space through the introduction of a local
virial. The resulting surface tension is separated into contributions from different types of
interactions and pairwise terms between lipid headgroups, chains and water. By additionally
performing a series of five simulations at constant areas ranging from 0.605 to 0.665 nm2 ~each of
6 ns length!, it is possible to independently resolve the energetic contributions to surface tension
from the area dependence of the interaction energies. This also enables us to calculate the remaining
entropic part of the tension and the thermal expansivity. Together with the total lateral pressures this
yields a full decomposition of surface tension into energetic and entropic contributions from
electrostatics, Lennard-Jones and bonded interactions between lipid chains, headgroups and water
molecules. The resulting total surface tension in the bilayer is found to be a sum of very large terms
of opposing signs, explaining the sensitivity of simulation surface tension to details in force fields.
Headgroup and headgroup–water interactions are identified as attractive on average while the chain
region wants to expand the bilayer. Both effects are dominated by entropic contributions but there
are also substantial energetic terms in the hydrophobic core. The net lateral pressure is small and
relatively smooth compared to the individual components, in agreement with experimental
observations of DPPC lipids forming stable bilayers. ©2000 American Institute of Physics.
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I. INTRODUCTION

Phospholipid bilayers constitute one of the key buildi
blocks in cellular systems where they are responsible
virtually all wall structures. They have fascinating propert
which nonetheless are slightly contradictory; on one ha
they exhibit an extreme flexibility and two-dimensional li
uid behavior which makes it possible to insert proteins l
ion channels in the structure, and on the other they are
markably stable and efficient as interfacial barriers.1–3

These characteristics come from the fact that the bila
itself is an assembly of separate molecules, with large r
tive motions of individual lipids and thermally excited co
lective undulatory fluctuations.4,5 The stability is usually at-
tributed to a balance between the hydrophobic effect on
exposure of lipid chains to water—a process striving to
crease the area of the membrane, and intermolecular inte
tions inside the membrane which favor a larger area~see,
e.g., the review by Marsh6!. If the contracting force in the
headgroups was considerably weaker or stronger than
opposing one in the membrane interior the lipids would
form planar bilayers but rather micelles or hexagonal pha
This balance results in a free energy which varies wea
with surface area, reflected in that it is one to two orders
magnitude easier to change the surface area of a bilay

a!Author to whom correspondence should be addressed. Electronic
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constant volume with an accompanying change in thickn
than to change the bilayer’s volume.

Since the locations of the contracting and expand
forces are separated by less than 1–2 nm in a bilayer it is
easy to study them separately through experiments, wh
makes our knowledge about them limited. Molecular dyna
ics simulation of bilayers is an attractive alternative by whi
it is possible to examine interactions like these at atom
level. Although this is still limited to relatively small system
and short time scales, large progress has been made in
last few years, and membrane simulations are now rea
ably accurate in describing many properties like, e.g., v
ume per lipid and the structure in the crystalline and
phases.7–10 Other experimental results have been more pr
lematic to reproduce, though; it seems as if very small d
ferences in simulation force fields can produce unexpecte
large variations in some observed properties of the syst
The most notable example is the equilibrium area per lipid
the liquid crystalline phase or, in the case of constant a
the conjugate thermodynamic variable surface tension.10–12

Such discrepancies could probably be tolerated if it was
for the case that they also affect many other quanti
strongly coupled to the area like the order parameters
fraction gauchebonds in the lipid chains, and possibly als
the chain dynamics. These observations have led to s
argumentation13,14 whether the periodic boundary condition
in a finite-size simulated bilayer system makes it necess
to apply a surface tension to mimic an unstressed state
il:
2 © 2000 American Institute of Physics
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3883J. Chem. Phys., Vol. 113, No. 9, 1 September 2000 Surface tension in lipid bilayers
subpatch of a macroscopic sized flaccid vesicle.~In the mac-
roscopic case it is clear that a bilayer free to adjust its a
and not subject to osmotic stress has zero surface tensio14!

Although there are many interesting aspects of this d
cussion, the single most important conclusion is that the
eral tension in a liquid crystalline bilayer is very sensitive
the details in simulation setup. In our opinion this is howev
not very surprising considering the assumed balance betw
contraction and expansion in bilayers mentioned abo
Since the resulting surface tension will come out as a sm
difference between these terms, minor changes in interac
parameters could easily shift the relative weight betwe
contracting and expanding forces, yielding slightly differe
equilibrium states. To examine this it is necessary to reso
the separate terms in the total surface tension. Another
tivation to study them is that the magnitude and origin of
contributions, including their spatial location in the bilaye
also determine the elastic properties of the assembly,
whether the lipids prefer to form planar membranes or
celles. Unfortunately this is not trivial to determine even
computer simulations since normally only the total surfa
tension in the system can be resolved.

In the present work we introduce a method to deco
pose the net surface tension in molecular dynamics sim
tions of membrane systems. By replacing the ordinary vi
used for calculating the pressure with a corresponding
pression resolved locally in space it is possible to extr
curves with the local normal and lateral pressures, and
calculate surface tension as a function of the normal coo
nate in the bilayer. This total surface tension is a combi
tion of energetic and entropic terms, but the division is n
accessible from the virial. It is however possible to circu
vent this limitation and determine the energetic parts of
surface tension independently by performing several sim
tions at different areas for the same system and calculate
energetic tension contributions from the area dependenc
the interaction energies. Since we already know the full t
sion, this makes it trivial to solve also for the remainin
entropic part.

This is applied to a fully hydrated 256 lipid dipalm
toylphosphatidylcholine~DPPC! bilayer which we simulate
for 5 ns in the liquid crystalline phase with a local virial at a
area of 0.635 nm2/lipid. We also perform five further simu
lations of the same system at constant areas ranging
0.605 to 0.665 nm2 per lipid in order to determine the are
dependence of interaction energies. The energies and
virial tensors are calculated separately for electrostat
Lennard-Jones interactions, dihedral rotations around c
bonds and other bonded forces. It is further refined into c
tributions from all pairwise combinations of lipid chain
headgroups and water molecules.

These simulations provide us with a total division of t
surface tension in a real membrane system into energetic
entropic terms from all different types of interactions b
tween pairs of the above mentioned groups, and they ma
possible to estimate how the measured average surface
sion is distributed inside the bilayer and its interfacial
gions. It is also possible to calculate the thermal expansi
coefficient for the bilayer from the entropic part of the su
Downloaded 24 Feb 2010 to 130.102.158.22. Redistribution subject to AI
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face tensions. The resulting observations from the simu
tions are compared with experiments and simplified theo
ical models of membranes and we consider the implicati
for the stability of the bilayer. We also discuss the relation
the sensitive dependence on force field parameters an
which extent the findings are significant or applicable
other bilayers or lipid assemblies in general.

II. THEORY

A. Local pressure

The tension along a surface is defined as the deriva
of free energy as a function of area,g5(]F/]A). This can
be defined either per surface or for the whole bilayer; in t
work we consistently use the latter alternative. In a simu
tion it is usually calculated from the difference between t
normal @pN5pzz# and lateral @pL5(pxx1pyy)/2# compo-
nents of the pressure tensor15

g5E @pN~z!2pL~z!#dz. ~2.1!

Strictly, this expression is valid only in equilibrium when th
pressure tensor is diagonal on average. For a liquid or liq
crystalline system this is essentially always fulfilled in m
lecular dynamics simulations, but care should be taken
fore applying the formula to solid systems. The scalar av
age pressure equals a third of the trace of the pressure te
p, which in turn is defined by

p52^E&2S, ~2.2!

where the brackets denote ensemble averages.E is the ki-
netic energy density tensor andS the system’s configura
tional stress tensor. The kinetic energy is obtained from
velocities of the particles

E5
1

2
(

i
mivi ^ vi , ~2.3!

where the^ sign denotes a tensor product. The configu
tional stressS is the ~macroscopic! ensemble average of
corresponding microscopic entity describing the interact
force contributions to the pressure. In molecular dynam
simulations this ensemble average is calculated through
molecular virialJ as

S5
J

V
5

1

V
(
i , j

Fi j ^ r i j , ~2.4!

where r i j and Fi j are the distance and force, respective
between particlesi and j. Since Eq.~2.4! is a pair-additive
double sum over all particles it is well defined as a syst
average, but the expression will be ambiguous at scales
low the range of forces.@Equation ~2.4! will be modified
when using lattice sums to calculate forces, in which c
there will be a contribution to the virial from each waveve
tor in reciprocal space.16 These individual terms will not be
pair-additive over atoms in any simple way, but the syst
average is still defined and pair-additive as long as the s
in Eq. ~2.4! over the infinite replications of the system
convergent.# This is reasonable, since pressure is an inh
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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ently macroscopic feature. It is however possible to exte
the definition to molecular scales by replacing Eq.~2.2! with
a more general expression that can be evaluated unam
ously on smaller length scales while still providing the cla
sical result for the entire system. It is important to realize t
this is not necessarily a unique extension; we can in princ
choose any definition as long as the correct pressure is
obtained in the macroscopic limit. Although the resulti
total pressures agree their spatial distributions may differ,
the differences should be considerably smaller than the ra
of interactions for all reasonable alternatives.

Appendix A contains a deduction of one such possi
extension of pressure definition. The kinetic energy tenso
straightforward to generalize to atomic scales since it i
single sum over pointlike energy contributions in spa
when calculating local pressure the sum is just limited to
atoms present in the current region in space. The config
tional stress tensor is slightly more complicated. The mo
introduced in the appendix leads to auniform distribution of
the virial from each interacting pair of particles along a cur
in space connecting the two positions. Choosing a stra
line for the curve is reasonable and relatively obvious,
nevertheless arbitrary. Other choices will yield slightly d
ferent distributions of local pressure, but considering
range and distance dependence of typical atomic interact
it should be possible to define the physical pressure uniq
down to a resolution of at least about 1 nm. Since it is
straightforward to derive a corresponding expression for
tice sums the local virial has to be calculated by direct sp
evaluation of Eq.~2.4!.

For a membrane system it suffices to determine nor
and lateral pressure components as a function of the no
coordinate. Dividing the simulation box into horizontal slic
~of approximately 0.1 nm thickness! we obtain the local
pressure tensor in a slice as

p
local~z!5 (

i Pslice
mivi ^ vi2

1

DV
(
i , j

Fi j ^ r i j f ~z,zi ,zj !.

~2.5!

The first sum extends over all particles in the slice while
second is over all particle pairs in the system;DV is the
volume of each slice with thicknessDz. The functionf de-
termines the amount of the virial to be located to the curr
slice; if both particlesi and j are inside it we havef 51 and
place the whole virial there. If both particles are outside
current slice on opposite sides~using periodic boundary con
ditions and considering the shortest distance between th!
we setf 5Dz/uzi2zj u, and when one of them is in the cu
rent slice it is changed tof 5Dz/2uzi2zj u.

Theoretically, it should be possible to disregard the c
tribution from the average kinetic energy tensor, since
should be isotropic and the surface tension thus depend
on the configurational stress in a real system. This is h
ever not necessarily the case in a simulation, where kin
energy is often removed from bonds by keeping their leng
constant, or by losses in fast bond vibrations due to imper
integration algorithms. The resulting discrepancy will not
noticeable in most systems, but due to the substantial or
ing of the chain bonds along the normal direction in bilaye
Downloaded 24 Feb 2010 to 130.102.158.22. Redistribution subject to AI
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such systems will exhibit a non-negligible anisotropy in k
netic energy. In the case of constant bond lengths the re
ing tension will still be correct if the kinetic energy term
explicitly calculated though, since the constraint algorithm
just moving degrees of freedom from energy to interactio

B. Surface tension decomposition

The free energy of the bilayer system can be separa
into an energetic and an entropic part

F5U2TS. ~2.6!

Since the energy is additive this can be written as a sum
different types of interactions and a double sum over disjo
groups of atoms,

F5(
i

(
j ,k

Fi , jk5(
i

(
j ,k

~Ui , jk2TSi , jk!, ~2.7!

where Ui , jk is the energy of interaction typei between
groups j and k, and Si , jk the associated entropy. Similarly
the surface tension defined as the area derivative of the
energy at constant normal pressure and temperature ma
split in parts,

g5(
i

(
j ,k

g i , jk5(
i

(
j ,k

]Fi , jk

]A

5(
i

(
j ,k

S ]Ui , jk

]A
2T

]Si , jk

]A
D

5(
i

(
j ,k

~g i , jk
U 1g i , jk

S !, ~2.8!

and it is thus appropriate to talk about groupwise energ
contributionsg i , jk

U to the surface tension and correspondi
entropic termsg i , jk

S . The energetic surface tensions can
determined from the area dependence of interaction ener

g i , jk
U 5

]Ui , jk

]A
, ~2.9!

as the slope of a linear regression of energy versus area
lipid, which is obtained by simulating the system at seve
different areas. Since the total partial surface tensionsg i , jk

are known from the local virial this trivially gives the en
tropic contributions asg i , jk

S 5g i , jk2g i , jk
U . It is important to

realize, though, that the decomposition of entropy is som
what artifical since it per definition is a secondary effect
the interactions and cannot directly be attributed to in
vidual forces. It is nevertheless valid in cases where the
namics in the different groups or interactions are essenti
independent of each other.

The entropic surface tension also provides a way to
termine the thermal expansivity coefficient of the syste
The total differential of the surface tension as a function
area and temperature can be written as

dg 5
]g

]A
dA1

]g

]T
dT. ~2.10!
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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The first derivative can be replaced with the area compr
ibility KA5A(]g/]A), while we rewrite the second one a

]g

]T
5

]2F

]A]T
5

]

]A
S ]F

]T
D 52

]S

]A
. ~2.11!

From Eq. ~2.8! we identify this as (]S/]A)52(1/T)gS.
Since the surface tension is constant at equilibrium we h

05dg5
KA

A
dA1

1

T
gSdT. ~2.12!

This finally makes it possible to solve for the bilayer therm
expansivity and calculate it from the total entropic contrib
tion to surface tension,

a5
1

A
S ]A

]T
D

g

52
gS

TKA

. ~2.13!

III. SIMULATIONS

The molecular dynamics force field employed builds
GROMOS ~Refs. 17,18! bonded interaction parameter
Charges for the DPPC lipids in this force field were calc
lated by Chiuet al. using ab initio quantum chemistry.19

United atoms and Ryckaert–Bellemans dihedrals20 are used
to describe the hydrocarbon chains.

Bergeret al. observed that this, as well as many oth
force fields, produces slightly too high bilayer densities11

This lead them to reparameterize the chain nonbonded in
actions starting from the OPLS parameters.21 Since the
OPLS carbon parameters are derived for smaller compou
they were adjusted slightly to reproduce density and hea
vaporization ~the standard choice in OPLS! of liquid
pentadecane.11 This final choice of force field was shown t
successfully reproduce the volume per lipid~the most accu-
rately determined experimental quantity! within 1%, but
also area per lipid and order parameters in the liquid crys
line phase.

To reduce the influence of the observed finite size eff
in bilayer simulations13,5 it is necessary to use a relative
large system. The starting structure was taken from the
frame of an earlier 5 ns simulation of a bilayer with 25
DPPC lipids, for which the finite size effect on area is le
than 1%.5 The (x,y) coordinates of this structure wer
scaled to produce 5 systems with areas per lipid of 0.6
0.620, 0.635, 0.650, and 0.665 nm2. The bilayers were hy-
drated with 23 SPC waters per lipid, bringing the systems
30464 atoms each. Temperature was coupled to 323 K
lipids and water separately by using a Berendsen heat ba22

with a time constant of 0.1 ps, and the normal pressure of
system adjusted to 1 atm by scaling the boxz coordinate with
a time constant of 1 ps. All simulations were carried out
parallel on 16 IBM SP2 processors at PDC, Stockholm, w
theGROMACS~Ref. 23! molecular dynamics software. A tim
step of 2 fs was employed with all bond lengths kept co
stant using the LINCS~Ref. 24! algorithm and the analytica
SETTLE~Ref. 25! for water. A cutoff at 1.0 nm was used fo
the Lennard-Jones interactions and 1.8 nm for electrosta
the long-range Coulombic forces being updated every
Downloaded 24 Feb 2010 to 130.102.158.22. Redistribution subject to AI
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steps. 1,4 electrostatic interactions were reduced a factor
and Lennard-Jones interactions a factor of 8, according to
OPLS scheme. The systems were simulated for 6 ns, the
nanosecond of which was regarded as equilibration since
initial surface tension in the bilayer will mainly be a linea
response to the applied change in area. Although both
box z-dimension and surface tension converge in a couple
100 ps, other quantities like the electrostatic interactions
tween headgroups and water take substantially longer, u
a nanosecond. There are also slow undulatory and perist
oscillations in the bilayer5 which makes it necessary wit
simulations of this length to obtain reliable data.

For the system with area 0.635 nm2/lipid the
z-dependent pressure tensor was calculated by implemen
a local virial in the molecular dynamics software accordi
to Appendix A and accumulating data from 60 slices in t
z-direction every time step. This was decomposed into in
action types and pairwise contributions from lipid hea
groups~charged atoms!, chains~uncharged atoms!, and wa-
ter. Since the local virial computation makes the simulat
several times slower the full precision trajectory of the p
vious simulation without local virial was used and runs r
started on 80 independent processors from the trajec
frames stored every 20 ps. Since LINCS does not dire
yield pairwise forces the equivalent but slightly slow
SHAKE ~Ref. 26! algorithm was used in this simulation.

IV. RESULTS

A. Equilibrium properties

As the size of the system simulated grows, so do
fluctuations of extensive quantities. Most relative fluctu
tions will be smaller, but the root-mean-square~RMS! am-
plitude of mesoscopic dynamics in form of undulatory a
peristaltic motions27–29will increase with system size. Figur
1 shows the end frame of the 0.635 nm2/lipid system. There
is a considerable roughening of the surface and intercala
chains in the hydrophobic moiety. The RMS spread in lip
z-coordinate defined from the position of the carbon at
connecting the chains to the headgroup is 0.28 nm. T
shows a linear dependence on system side5 and there will be
a corresponding broadening of the density profiles compa

FIG. 1. A snapshot of the system at 6 ns. The lipids are drawn with th
rods, darker corresponding to carbon atoms and lighter to charged atom
the headgroups. Water is represented as thin lines.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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to simulations of smaller patches.11 These density distribu
tions are displayed in Fig. 2 for lipid chains, headgroups a
water. Also included are positions of whole units of the lar
phosphocholine dipoles at the water interface and the
smaller carbonyl dipoles further inside the membrane. Th
is approximately one water molecule per chain as far in
the carbonyl dipoles and eight per lipid at the position of
phosphocholine dipole. The density of water attains its b
value slightly before the box sides. Water molecules p
etrate deep into the headgroups, but they do not enter
hydrophobic core; the solvent density vanishes with the c
bonyl groups. The statistical accuracies in monitored qua
ties were determined from the fluctuations corrected for th
autocorrelation times which range from 5 ps for bond en
gies to over a nanosecond for the surface tension. Typ
estimated standard errors and total drifts in energies wer
the order of 1 kJ/mol lipid, which for the total energy corr
sponds to less than 0.05%.

The time dependence of the total bilayer surface tens
in the five systems during the simulations is displayed as
ns running averages in Fig. 3. Even after the first nanosec

FIG. 2. Density distribution of water~solid black!, headgroup atoms~dashed
black!, and lipid chain atoms~dotted–dashed black!. The headgroup distri-
bution is also shown as whole units of phosphocholine dipoles~solid gray!,
and carbonyl dipoles~dashed gray!.

FIG. 3. 0.5 ns running averages of total bilayer surface tension vs time
systems with area/lipid of 0.605 nm2 ~solid black!, 0.620 nm2 ~dashed
black!, 0.635 nm2 ~dotted–dashed black!, 0.650 nm2 ~solid gray!, and 0.665
nm2 ~dashed gray!.
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of relaxation there are large fluctuations with autocorrelat
times in the nanosecond range, explaining the large statis
errors. The average surface tension in each system is plo
vs area per lipid in Fig. 4. Using the formula

KA5A
]g

]A
, ~4.1!

a bilayer area compressibility ofKA5300650 mN/m is ob-
tained from the fitted curve. ThisKA is a direct~true intrin-
sic! area compressibility, in contrast to the apparent exp
mental valueK̄ which also contains contributions from th
long wavelength membrane undulations which are larg
suppressed in the simulation. Apparent bilayer compressi
ties for different lecithin lipids have been measured30 in the
range 135–190 mN/m, but when corrected for the bend
undulations@Eq. ~4! in Evanset al.30# the direct bilayer area
compressibilitiesKA are in the range 230–250 mN/m fo
both saturated and unsaturated lipids,31 which agrees reason
ably well with our simulated value. This corresponds to
31023 atm21, which is a factor 40 larger than the bilayer
volume compressibility.11 The equilibrium area of the system
at zero surface tension would be in the 0.63–0.64 nm2 range.
This area compressibility can alternatively be extracted fr
the fluctuations in area at constant surface tension; our ea
simulations yielded a value similar to the present one us
this approach.5 However, the two methods are not triviall
equivalent and require very long runs like the present one
yield accurate values since we in practice are measurin
second derivative of the free energy. This has recently b
demonstrated by Feller and Pastor12 who calculatedKA with
several methods producing values ranging from 220 to ab
1600 mN/m for a bilayer.

It is instructive to calculate the free energy variatio
around the equilibrium areaA0 . Integrating Eq.~4.1! we
obtain

g5KA ln A/A0'KA

A2A0

A0

. ~4.2!

If this is integrated once more the free energy becomes

or

FIG. 4. Average bilayer surface tension vs equilibrium area/lipid. The e
bars are calculated from fluctuations corrected for their autocorrela
times. The fitted area dependence yieldsKA'300 mN/m.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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F~A!5F~A0!1
KA

2A0
~A2A0!2. ~4.3!

Using the value ofKA above we see that the free energy w
only increase by 0.05 kJ/mol lipid if the area per lipid
changed 0.02 nm2 from its equilibrium value. For the 64– 7
lipid systems common in many simulations this is ju
1 – 1.25kBT, and they will thus exhibit substantial fluctua
tions in area. It is a very hard challenge for force fields
exactly reproduce the position of a minimum with a fr
energy curve this flat.

Figure 5 displays the total difference between lateral a
normal pressure calculated from the local virial,pL(z)
2pN(z), which is directly related to the average surface te
sion through Eq.~2.1!. The curve is obtained by a five poin
running average in space of the local pressure calculate
60 z-slices for the system at 0.635 nm2/lipid. The net surface
tension in the order 10 mN/m corresponds to an aver
pressure difference of about 16 bar in the current syste
the spatial variations are 30 times larger. Comparing with
densities in Fig. 2 it is evident that the headgroups are c
tracting the system~negative lateral pressure, positive su
face tension! while the chains expand it. There is also
positive lateral pressure in the headgroup–water interfa
which does not entirely decrease to zero before reaching
box sides.

This suggests the bilayer is not completely hydrated,
spite the water density reaching its bulk value. Zero surf
tension in the middle of the water region would be attain
by adding another 4–5 water molecules per lipid, increas
the water spacing to 3 nm. Some experiments on multilam
lar systems32 indicate lower values of roughly 2 nm, but th
corresponding difference in total surface tension is sm
only 1 – 2 mN/m ~below our statistical accuracy!, which
could explain why the effective experimental equilibrium
reached already at lower hydration.

The lateral pressure difference is decomposed into
contributions from pairwise combinations of groups summ
over interactions in Fig. 6 and for the different types of i
teractions summed over groups~electrostatics, 1–4 bonde
interactions, Lennard-Jones, Ryckaert–Bellemans, o

FIG. 5. Difference between lateral and normal pressure as a function o
normal coordinate in the membrane. The total pressure is drawn in s
black and the upper and lower standard deviation in dashed gray.
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bonded forces, and SHAKE! in Fig. 7. The individual terms
show variations which are an order of magnitude larger th
their sum; local peaks exceed 4000 bars or 300 times
average pressure. By integrating the pressure difference
cording to Eq.~2.1! we obtain the total surface tension
listed in Table I. The energetic part of each tension term
the table was determined from linear regressions of pa
energies versus area, exemplified for the chain Lenna
Jones interactions in Fig. 8. The standard errors in the e
gies are relatively small, although there are long time flu
tuations which are hard to quantify accurately. Howev
since the surface tensions correspond to derivatives of
energy versus area the final accuracy determined from
standard error of the slope in the linear regression is con
erably worse. The slope in Fig. 8 gives a surface tension
139613 mN/m ~an error of about 10%!, but for many
smaller contributions the relative uncertainty can be as la
as 20%–50%. We have additionally solved for the remain
entropic part for each entry by using Eq.~2.8!, although the
group decomposition in this case is slightly artificial. It

he
lid

FIG. 6. Lateral pressure difference in the membrane decomposed into
tributions from pairs of groups: Headgroup interactions~solid black!, head–
chain~dashed black!, head–water~dotted–dashed black!, chain~solid gray!,
chain–water~dashed gray!, and water~dotted–dashed gray!.

FIG. 7. Lateral pressure difference in the membrane decomposed into
ferent types of interactions: Electrostatics~solid black!, 1,4-interactions
~dashed black!, Lennard-Jones~dotted–dashed black!, Ryckaert–Bellemans
~solid gray!, other bonded interactions~dashed gray!, and SHAKE~dotted–
dashed gray!. The energy density anisotropy correction is included in t
last term.
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Downloaded 24 Feb
TABLE I. Calculated energetic and entropic terms of the bilayer surface tension in the 0.635 nm2/lipid system.
The energy density anisotropy has been added to the tail SHAKE term. The 1,4 interactions have n
separated into electrostatics and Lennard-Jones, since the latter contributes less than a percent.

Interaction Surface tension~mN/m!

Group Type Energetic Entropic Total

Chain Lennard-Jones 139613 2296613 215762
Angles 2564 15564 15063
Ryckaert–Bellemans 57610 28.5610 48.560.3
SHAKE 26162 26162

Chain–head Lennard-Jones 18619 2122619 210461
Chain–water Lennard-Jones 29867 7467 22461
Head Angles and Dihedrals 2564 7665 7165

SHAKE 18466 18466
Lennard-Jones 22064 223665 21662
Electrostatics 5926171 926171 68468
1,4-interactions 2102627 2696630 2798614

Head–water Lennard-Jones 211065 7267 23865
Electrostatics 212576188 14656188 20864

Water SETTLE 2965 2965
Lennard-Jones 4265 26467 22264
Electrostatics 680679 2789679 210962

Total 171680 2163680 865
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nevertheless possible to use this data for a coarse separ
of essentially independent entropic effects in the chain
headgroup/water regions. The entropic surface tension in
membrane totals to roughly2160 mN/m. Inserting this in
Eq. ~2.13! leads to a bilayer thermal expansivity of about
31023 K21, which is within the relatively large range o
experimental values3 1 –631023 K21.

B. Headgroup and headgroup–water interactions

The energetic surface tension terms are huge in the o
part of the membrane where they are mainly due to elec
statics; intra-headgroup and intra-water interactions b
give very large positive contributions to the tension, but th
are opposed by an equally large negative term between h

FIG. 8. Lennard-Jones energy between lipid chains plotted vs the are
lipid. The individual error bars are determined from the fluctuations a
their autocorrelation times. A linear regression corresponding to Eq.~2.9!
gives a slope 4264 kJ/~mole lipid!/nm2, where the confidence interval i
determined from the standard error in the regression slope. Converte
standard units this is a surface tension of 139613 mN/m ~dyn/cm! for the
entire bilayer. The other energetic contributions in Table I have been
tained similarly.
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groups and water. Another small negative term is obtain
from half the Lennard-Jones interactions with the chain
gion. Interestingly, this seems to make the resulting sum
most negligible compared to the constituents, about
mN/m in the present case. The entropic terms are also
opposing signs, with large negative tensions from water
headgroups separately and a positive one between them
resulting entropy is considerably smaller, but clearly po
tive. Depending on the amount of entropy from interactio
with the chains included, we obtain a net result in the or
70– 90 mN/m. Relating this to the curves in Figs. 6 and 7
see that the intra-headgroup lateral pressure is contrac
and located mainly at the position of the phosphochol
dipoles, but there is also a repulsive counterpressure loc
in the water region. This appearance is probably caused
the distribution of the entropy, where the water contributi
is located further out than the headgroup and mixed ter
The remaining part is a small expanding contribution at
carbonyl dipoles, but this is largely cancelled by headgrou
water interactions. The total surface tension in the headgr
region is contractive and adds up to about 100 mN/m.

The physical background for these values is a combi
tion of the solvation process and possibly headgroup dip
ordering. When the interfacial area is increased, water p
etrating into the headgroups leads to a large gain of elec
static energy from interactions between the polar headgro
and water. This is however compensated by a simultane
loss of electrostatic interactions inside headgroups and w
separately. A similar argument holds for the Lennard-Jo
energies if the interactions with the chains are includ
There is thus no significant change of solvation energy in
headgroup/water regions upon small changes in area clo
the equilibrium state. The remaining positive energetic te
(20– 60 mN/m, depending on whether interactions w
chains are included! might not be statistically significant, bu
it could represent changes in electrostatic interactions
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tween the headgroup dipoles due to their ordering. This
be estimated through lattice sums on a two-dimensional h
agonal grid; an upper bound of about 120 mN/m has b
suggested6 since this value will be decreased for a more d
ordered lattice and screening of the dipoles from the po
ized solvent molecules.

The major part of the entropy change upon water p
etration is also a redistribution from water–water a
headgroup–headgroup interactions to water–headg
ones. The total entropy decreases with increasing area s
water molecules at the interface become more ordered in
strong fields of the headgroup dipoles. There might also
an effect from water reorientation to regenerate the hydro
bonds lost upon solvation of the hydrophobic core,33,34 but
this effect will be weaker than at a pure hydrocarbon–wa
interface considering the small overlap between water
chain density in Fig. 2. In a bilayer the main interactions w
instead be with the headgroups which work as an effic
barrier preventing waters from entering the membrane in
rior. Despite the slightly different process, semiempiric
models from pure hydrocarbon solubility data6 suggest val-
ues of 70– 100 mN/m which agree well with our calculat
overall hydrational surface tension.

These estimated main contributions to surface tensio
the different bilayer regions are summarized in Table II. T
most important one in the headgroups is the contract
which reasonably should be a general feature of lipid s
tems. The opposing entropic term in the water region mi
however also be important, since it will help stabilizing t
bilayer due to the resulting positive–negative–positive
eral pressure profile on each side. This can be compared
simplified bilayer models35,36 in which the system consists o
pointlike solvent particles and surfactants with a few int
actions sites. Such setups successfully reproduce the
contracting effect in the headgroup/water interface, but
the separation of entropy causing the partial positive lat
pressure in the solvent since this is probably dependen
the exact hydrogen-bond geometry of water molecules.

C. Chain and chain–headgroup interactions

The energetic surface tension in the bilayer interior c
sists of contractive contributions from Lennard-Jones in
actions and Ryckaert–Bellemans dihedrals. Adding bon
forces and half the interactions with headgroups gives a t
energetic surface tension about 150 mN/m in our simu
tions. This is opposed by larger expansion terms due

TABLE II. Approximate main bilayer surface tension contributions in t
headgroups~hydration and dipoles! and lipid chains. The dipole energy i
not statistically significant, but a possible term from ordering in the he
groups.

Interaction Surface tension~mN/m!

Hydration entropy 80
Dipole energy 20
Chaingaucheenergy 60
Other chain energy 90
Chaingaucheentropy 280
Other chain entropy 2160
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gaucheand chain conformational entropy, making the to
surface tension in the chain region negative, in the orde
2100 mN/m ~roughly the same as the contraction in t
interface region, but with opposite sign!. The spatial distri-
bution shows that the corresponding lateral pressure
peaks both in the center of the membrane and a bit up in
chains. Since the chains are attached to the lower part o
headgroups their decomposition is somewhat artificial, a
the innermost charged carbon atoms which contribute an
pansive lateral pressure might possibly be better charac
ized as belonging to the chain region.

The Ryckaert–Bellemans contribution is directly relat
to the area dependence ofgauchebond fraction in the chains
This could in principle be verified by measuring thegauche
bond contents through Raman on IR spectroscopy, but
not easy to interpret the experimental results and arrive
reliable figure. There is further a large spread in both exp
mental and simulated values. Our five systems exhibit val
of 22.17%, 22.21%, 22.78%, 22.70%, and 23.23% in or
of increasing area. This is displayed vs the area per lipid
Fig. 9; note the clear correlation with the surface tension
Fig. 4 due to long time correlations. Thegauchefraction in
many other simulations lies in the range 15%–25% wh
experimental IR data37–39 on the contrary indicate averag
gauche fractions of 28%–33%, but with large uncertainti
An alternative way of estimating thegauchecontents is to
use the phase transition entropy, which is easily obtai
from the enthalpy and temperature of the phase transit
We assume~i! there are no other contributions thantrans-
gauche isomerizations to the entropy change, and~ii ! the
entropy can be calculated from a simple model where th
are no correlations between bonds at different positions
chain or between different chains. Then the entropy per li
as a function of the fractiongauchebonds,pg , will be40

DS5NbkB~pg ln 22pg ln pg2~12pg!ln~12pg!!.
~4.4!

Nb is the number of dihedral bonds in the two chains o
lipid, 2•13526. The experimental value of the phase tran
tion enthalpy41 is aboutDH5TmDS536 kJ/mol, which cor-
responds to an entropy change of 13.7kB . Thegauchebond

-

FIG. 9. Average fraction of dihedrals in thegauchestate in the lipid chains
displayed vs area/lipid. The error bars have been calculated from the
dard deviations corrected for the autocorrelation time. The solid line is
linear regression vs area.
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contents in the gel phase is uncertain; Eq.~4.4! yields 15%
gauchebonds in the liquid phase if we neglect it, or 25%
we use data from vibrational Raman spectroscopy indica
two gauchebonds per gel phase DPPC lipid.42 Since the
assumptions in the preceding paragraph are question
~and any correlations will decrease entropy, leading to
higher gauchefraction! the results should be considered
estimate. Nevertheless the interval 15% – 25% is in ag
ment with the present simulations and supports a sma
value than reported from spectroscopic models.

The corresponding entropic surface tension term can
calculated from the area dependence of Eq.~4.4!. Using the
simulatedgauchebond fractions at the five different area
results in a bilayer tension of approximately280 mN/m. As
for the averagegauchecontents above this is a lower boun
and other entropic contributions could justify a higher ma
nitude. However, this term can additionally be estima
from mean-field theories43,44 with rotational isomeric state
and uniform segment density. For 16 carbon atoms and
area of 0.3 nm2 per chain, this also gives roughly280
mN/m, which indicates the other entropic contributio
should be relatively small. The mean-field model also rep
duces the two positive peaks in the upper part of the li
tails due to the distribution of segments around which th
are dihedral potentials.~The peak in the center is in contra
explained by the reduction of the bond angle contribut
due to the lower density.!

While the trans–gauchetransitions determine the mai
dynamics inside each chain the nonbonded interact
dominate the interchain pressure, and to explain this dyn
ics we need a model for their energy. Nagle has suggest
description of the change in the Lennard-Jones energy du
the phase transition based upon the approximate 5% incr
in volume ~about 1/6th of simultaneous relative ar
change!.45 Assuming linearity this would lead to a surfac
tension about 100 mN/m, but a major part of the volum
change is probably occurring closer to the gel phase are
the present simulations the relative volume change aro
the equilibrium area is much smaller, less than a third of
above value, corresponding to a smaller surface tension
Appendix B we show how a simplified but explicit model
the Lennard-Jones interactions between neighboring ch
can give rise to a contracting contribution up to 200 mN
even at constant volume, due to the differences in pair c
relation functions in directions parallel and normal to t
bilayer. This approach overestimates the tension, so the
process is probably a combination of the two models w
the constant volume/parallel chains view being more app
priate in the upper part of the chains and the Lennard-Jo
gas a better description in the bilayer center. It is howe
reassuring that they yield similar energies and surface
sions in the same order of magnitude.

The conformational entropy between chains is mu
harder to estimate theoretically since it is very dependen
their exact geometry, but the dominating contribution sho
be due to steric interactions of the carbon atoms. The
tropic pressure from such steric repulsions has been
mated to another280 mN/m by using semiempirical mode
from molecular dynamics of hard disks.46 This still leaves an
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entropic term in the order of280 mN/m from chain interac-
tions which is unaccounted for, compared with the pres
simulations. From Fig. 6 it is evident that a large part of t
chain pressure is located as far out as the carbonyl dipo
suggesting this could be a contribution from headgroup
entational entropy. It is however also possible that the mo
above underestimates the steric repulsive pressure or th
layer could experience collective entropic effects fro
gauchebonds despite the earlier conclusions. The total s
face tension in the chain region is thus in the order of290
mN/m if we include half the interactions with headgroup
almost canceling the interfacial contraction. We expect t
overall expansion to be a common behavior in lipid chai
unless the headgroups are very large compared to the ch
in which case the lipids will prefer to form micelles. On
more detailed level, it is at least plausible that the seve
pressure peaks in the bilayer interior is a common featu
since they are reproduced not only in simplified mod
systems,35,36 but even by mean-field theories.44

D. Relation to the bilayer phase transition

Our simulation results and the Lennard-Jones mo
make some interesting comparisons with experimental d
on the main lipid bilayer phase transition possible. The
perimental enthalpy change at the transition of DPPC fr
gel to liquid crystalline phase is about 36 kJ/mol, while t
area changes from 0.47 to 0.63 nm2 per lipid.41 Taking the
area dependence of the nonbonded chain energy from
model in Appendix B givesDHLJ'20 kJ/mol. Using the
Lennard-Jones gas model45 produces almost the same valu
23 kJ/mol. To this we may add the contribution from cha
headgroup/water interactions and possibly the headgroup
polar term. This will slightly lower the value, say 15– 2
kJ/mol considering the large uncertainty of the area dep
dence in these terms. The other contribution comes ma
from the increase in chain bondgaucheconformations by
15–25 units of percent, yielding 13–19 kJ/mol depending
thegauchecontents in the gel phase. These results indica
lower fraction gauchebonds than calculated from exper
mental models. Essentially all the measured enthalpy of
phase transition is thus accounted for by the chain Lenn
Jones andgaucheenergies. This is reasonable since these
the only terms approximately proportional to chain leng
(N21.7 andN23, respectively!. The experimental phas
transition enthalpy goes asN27, but this is influenced by the
dependence of transition temperature on chain length; a
natively the difference could be ascribed to negative ter
independent of chain length, possibly the interactions w
headgroups and water. Regardless of the origin of this c
rection, the present simulations are in agreement with
view that the phase transition is predominantly a proces
the hydrophobic core, without much influence from the he
groups or solvent.47 This is also supported by the estimate
area dependence of main contributions to surface tension
those in Table II; Marsh suggests6 that all magnitudes de
crease with larger area, except for the hydration term wh
should be essentially constant.
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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V. CONCLUSIONS

The calculation of a space-dependent virial makes it p
sible to determine local pressures and surface ten
uniquely at least down to scales of about a nanomete
molecular dynamics simulations. The resulting surface t
sion is a combination of energetic and entropic terms, wh
the energetic parts can be determined independently from
area dependence of groupwise interaction energies by
forming simulations at several different areas.

We have used this to explore the interactions and
compose the surface tension groupwise and spatially
hydrated 256 lipid dipalmitoylphosphatidylcholine bilayer

The resulting net bilayer surface tension in the simu
tions is a delicate balance between contracting forces in
headgroup/water region and an expansion in the lipid cha
The lateral pressure in the interfacial part of the bilayer
almost entirely explained by entropic solvation effec
caused by electrostatic interactions. This yields a total s
face tension in the order of 100 mN/m from the outer part
the membrane. The main contracting part of this is locate
the position of the headgroups, but there is also an impor
expansive region in the solvent immediately outside the
ids. The latter is an interesting observation from the simu
tions, since it might help to stabilize the bilayer due to t
resulting positive–negative–positive lateral pressure pro
if it is present also in real bilayer systems.

In the lipid chains we find that the Lennard-Jones a
dihedral energies are contracting the bilayer~contributing
about 150 mN/m in the DPPC simulations!, but this is out-
weighted by large entropic terms making the total surfa
tension in the hydrophobic core expansive, roughly290
mN/m. The interactions between chains and solvent
found to be much smaller than at a pure hydrocarbon in
face since the headgroups work as an efficient barrier
venting water from penetrating the DPPC membrane inter

Resolving the local pressure shows that the spatial va
tions of the surface tension constituents are huge, sev
orders of magnitude above the resulting average. Altho
the overall surface tension in a particular simulation can
calculated to an error of a few mN/m, this means the inher
accuracy of the force field used could be much worse. Th
especially severe for lipid bilayers, since the contract
force in the interfacial region comes almost entirely fro
electrostatic interactions while the expansion in the inte
only depends on the Lennard-Jones andtrans–gaucheen-
ergy difference. Even with good models for these inter
tions, any discrepancy between the two types of interacti
will be at least tenfold magnified in the final balance, e
plaining the sensitivity of simulation surface tension to d
tails in setup.

This balance between predominantly entropic pressu
should be one of the main physical characteristics of li
assemblies. It also suggests why simplified model syst
are reasonably good at reproducing the general shape o
pressure curves, since the signs of the entropic contribut
mainly depend on the relative size and orientation of diff
ent parts of the surfactants. Our simulations also indicate
the phase transition properties of the DPPC bilayer stud
can be deduced almost entirely from the chain region dyn
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ics, without much influence from the headgroups or solve
The headgroup geometry in a specific lipid should instead
important to determine whether the equilibrium conform
tions are micelles, bilayers or hexagonal phases, depen
on the relative size of local pressures in the contracting
expanding regions. These properties should be possibl
test in future computer simulations by resolving the late
pressure for different types of lipids and other force field
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APPENDIX A: LOCAL PRESSURE IN THE
SIMULATIONS

The macroscopic pressure tensor in a system can
written as

p5
1

V
(

i
mivi ^ vi2S, ~A1!

where the first term is a sum over particles and the sec
the ensemble average of the interactional stress tensor o
system, which in the case of pairwise forces evaluates
^s&51/V( i , jFi j ^ r i j . It is straightforward to extend this
definition to local pressure on scales longer than the sign
cant range of molecular interactions. Below this, we need
explicit definition of the microscopic stress tensors.
Schofield and Henderson48 have derived a local expressio
with an attractive similarity to the macroscopic stress,

s~r !52(
i

Fi ^ E
C0i

d~r 82I !dl, ~A2!

where the integral is taken over contoursC0i from an arbi-
trary r08 to the positionr i of each particle. We choose one o
the particles for the reference position and then average
over all particles to get

s~r !52
1

2
(
iÞ j

Fi j ECi j

d~r 82I !dl. ~A3!

It is relatively easy to derive similar expressions for intera
tions of any finite order,35 but not long range lattice sums
The ordinary Coulomb interaction is pair-additive, but wh
the charges are transformed and the potential solved in
ciprocal space the individual contributions will not be simp
sums over low-order interactions but rather the number
atoms in the whole system. Although theoretically possibl
is not a practical alternative to calculate interactions of su
an order. Further, the reciprocal-space virial contributions
not have uniquely defined spatial locations. Although it
probably possible to circumvent these shortcomings
modifying the algorithm it is far from trivial and this pres
ently excludes lattice summations when calculating lo
pressures. In the present simulations we have instead ch
to use long cutoffs, in which case it is easy to decompose
P license or copyright; see http://jcp.aip.org/jcp/copyright.jsp
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forces into pairwise interactions with well defined spatial
cations. For usual force fields it is not necessary to ded
the higher-order expressions even for bond angles or d
drals, since these can also be rewritten as sums of pair
interactions. The virial contribution from the bond constra
ing algorithm was extracted by calculating the forces cor
sponding to the coordinate changes applied in each itera
of the algorithm,DFi5miDr /(Dt)2.

Since the membrane is homogeneous and isotropic in
lateral (x,y) plane we only need to resolve the microscop
stress as a function of the normal,z, coordinate. By dividing
the box into slices of thicknessDz along the normal and
choosing linear contours parametrized asl 5r i1lr i j , the
stress tensor evaluates to35

s~z!5
1

DV
(
i , j

Fi j ^ r i j f ~z,zi ,zj !, ~A4!

where DV is the volume of each slice.f (z,zi ,zj )5Dz/uzi

2zj u if both particles are outside the current slice on opp
site sides ~imposing periodic boundary conditions!,
f (z,zi ,zj )5Dz/2uzi2zj u if one of them is in the slice and
f (z,zi ,zj )51 if both positions are inside the slice. Finall
when both particles are outside the slice on the same
there is no contribution to the local virial. A local viria
tensor corresponding to Eq.~A4! was implemented in the
molecular dynamics software and separated into contr
tions from forces due to different interaction types a
groups of atoms. In the simulation the contributions are m
practically assigned the other way around, though; for e
pairwise force calculated the virial is determined and th
distributed in slices between the two interaction positio
according to Eq. A4.

APPENDIX B: ENERGETIC CONTRIBUTIONS TO
SURFACE TENSION FROM LENNARD-JONES
INTERACTIONS

The energetic contribution to surface tension from no
bonded interactions in the lipid chains can be estima
through a simplified model in which each chain is replac
by a rigid rod with N beads at distancea. These rods are
tilted an angleu and placed parallel on a hexagonal lattic
The average distanced between two rods in the directio
perpendicular to the rod vector can be calculated from
area per lipid~two chains! through the relation

A cosu5A3d2. ~B1!

If we assume the volume per CH2 group to be constant,a can
be expressed in terms of the area as

a5
2VCH2

A cosu
. ~B2!

The van der Waals energy between two interacting rod
distanced is then summed up, multiplied by the number
nearest neighbors~6! and divided in half to obtain the energ
per chain
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wheree ands are the usual Lennard-Jones parameters. T
sum can be converted to a single sum over the indexk5 i
2 j , and then replaced with an integral approximation

UvdW5212es6 (
k52N

N N2uku

@~ak!21d2#3

5212es6E
2N

N N2uku

@~ak!21d2#3
dk. ~B4!

Putting the integration interval to@2`,`# introduces an er-
ror less than 1% whenN516 and yields

UvdW 52
3es6~3Nap24d!

2a2d5
. ~B5!

The corresponding expression for the repulsiver 212 interac-
tions can be calculated analogous to

U rep5
3es12~315Nap2256d!

320a2d11
. ~B6!

Both parametersa and d can be expressed in terms of th
surface area through Eqs.~B1! and~B2!. The chain tilt angle
u is 32° in the gel phase49 at 0.47 nm2/lipid. In the high-
temperature phase the chains are more disordered, rand
rotated, and nontrivial to model. As a rough approximati
we use the average order parameters in the chains to c
late an effective angle slightly above 40°. The exact dep
dence on area is not known, but we assume a linear varia
of cos2 u as in models of order parameters.11,50 Using N
516, VCH2

50.0276, s50.396 nm, ande50.38 kJ/mol
from the force field we have plotted the total chain Lenna
Jones energyULJ5UvdW1U rep as a function of area in Fig
10. At the equilibrium area in the liquid phase we g

FIG. 10. Area dependence of the Lennard-Jones energy from the c
interaction model in Appendix B.
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2113 kJ/mol lipid, in fair agreement with the simulatio
result2108 kJ/mol lipid. The attracting energy will approx
mately be proportional toN21.7 and the repulsive toN21.

It is also straightforward to calculate the surface tens
by taking the derivative of total energy with respect toA
~note theA dependence in the parametersa and d). For a
bilayer this yieldsgLJ'230 mN/m atA50.63 nm2. This is
clearly too large compared to the simulations, but still in t
right order of magnitude. The surface tension in the mode
about 500 mN/m at the area corresponding to the gel ph
and then decreasing with larger area. The simulation va
140 mN/m is reached first at 0.68 mN/m. This is not surp
ing, though, since the derivative of the energy is more s
sitive to the exact area dependence of the chain tilt an
than the energy itself. Further, the approximation of co
pletely parallel chains in the liquid crystalline phase is qu
tionable especially in their lower part, but the result is ne
ertheless useful as a first-order model.

One could ask if the Lennard-Jones interactions alo
inside each chain would work in the opposite way and low
the net surface tension. However, since the closest t
neighbors in each direction are excluded the resulting m
nitude will be small, in the order 10– 20 mN/m. This is le
than the inherent errors in the model and we have thus c
sen to neglect it.

The Lennard-Jones interactions of the chains with h
groups and external water can be represented in a contin
picture. A straightforward calculation with a few minor a
proximations gives the contribution

gsurr52
4pes4r

3VCH2

'280 mN/m, ~B7!

wherer is the number density in the surrounding mediu
Since this is largely compensated for by opposite chan
inside each group we assign half to the chain region and
to headgroup/water.

The conclusion from this is that it is possible to obtain
surface tension from chain Lennard-Jones interactions, e
when the volume per lipid is approximately constant. T
main physical basis for this is the pair correlation function
interacting hydrocarbons being different in directions p
pendicular and parallel to the membrane normal. Energ
cally, this simplified model gives a total positive surface te
sion in the order 150– 200 mN/m from Lennard-Jon
interactions in hydrocarbon chains and with their surrou
ings, depending on how much of the headgroup/water t
we include.
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