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Bilayers formed by coarse-grained models of amphiphilic surfactants are studied using dissipative particle
dynamics combined with a Monte Carlo scheme to achieve the natural state of a tensionless bilayer. We
address the issue of the influence of the molecular structure and the level of coarse graining on the bilayer
properties by studying two models of different complexity: a single tail and a double tail surfactant. We
compute the area per surfactant, the bilayer thickness, and the orientational order parameters and show how
their dependence on the surfactant structure and temperature. We reproduce the gel to liquid crystalline phase
transition, and we study the conditions that induce a gel interdigitated phase in the bilayer. We show how the
interdigitated state in a bilayer containing double-tail surfactants can be reproduced by adding an extra bead
in the surfactant headgroup, which mimics an ester-linkage to the phosphate group. In a bilayer formed by
single tail surfactants, we induce interdigitation by changing the strength of the repulsive interaction between
the headgroups, which corresponds with adding salt to the system. We are then able to derive a phase diagram
as function of temperature and repulsion parameter for surfactants of different chain lengths.

1. Introduction

Knowledge of the phase behavior of phospholipids is
important to understand the function of biological membranes.
Many studies have been devoted to phosphatidylcholines (PCs).1

These lipids, comprising a phosphate containing headgroup and
two hydrocarbon chains, form a stable bilayer at room temper-
ature.

The phase behavior of different PCs has been determined
experimentally (see ref 2 for a review). All PCs have a low
temperatureLâ′ phase. In this phase, the bilayer is a gel: the
chains of the phospholipids are ordered and show a tilt relative
to the bilayer normal. At higher temperature, theLR phase is
the stable phase. This phase is the liquid crystalline state of the
bilayer in which the chains are disordered, and tail overlap due
to this thermal disorder is possible. This phase is physiologically
the most relevant.1

Under normal conditions, a bilayer results from the joining
of two phospholipid monolayers that contact each other at the
terminal methyl group of their hydrophobic chains, whereas their
hydrophilic headgroups are in contact with water. However, it
is known experimentally that an interdigitated state, in which
the terminal methyl groups of one monolayer interpenetrate the
opposing layer, extending further than the bilayer midplane, is
also possible. This state is present in bilayers in the gel phase.
Interdigitation reduces the bilayer thickness, and this can, for
example, affect the diffusion of ions across the bilayer or
influence the activity of membrane proteins.

The interdigitated state in symmetric chain phospholipids,3

like dipalmitoylphosphatidylcholines (DPPC), can be induced
by changes in the environment, like hydrostatic pressure or
changes in the pH of the solution,4 or by incorporation, at the
membrane interface, of small amphiphilic molecules, like

alcohols,5-7 or anesthetics.8 Interdigitation can also be induced
by changes in the surfactant structure, for example by adding
an ester-linkage in the headgroup of the phospholipids.

It has been proposed4,9 that specific interactions are not
important in the formation of an interdigitated phase and that
the main driving force that induces interdigitation is an increase
in the headgroup surface area, which results in the creation of
voids between the molecules. Because voids in the bilayer core
are energetically unfavorable, they are filled up by molecules
of the opposite monolayer.

This mechanism suggests that the formation of an inter-
digitated phase should be a general phenomenon independent
of the specific chemical details of the lipid. This would imply
that an interdigitated phase could also be induced in bilayers
of, for example, single tail lipids. The fact that for single tail
lipids the interdigitated phase has not been observed experi-
mentally is one of the motivations to investigate the molecular
aspects underlying the formation of an interdigitated phase in
more detail.

Aggregates of amphiphilic molecules in solution, like mem-
branes or micelles, can present a wide range of time and length
scales. Theoretical studies on such systems have focused at
different levels in the space and time resolution. Atomistic
simulations represent explicitly all of the atoms in the molecules.
However, the potentials necessary to reproduce the interactions
between the different atoms are computationally demanding.
Thus, these models permit an atomic resolution but on relatively
short time scales, even if recently the progresses in computa-
tional techniques and the increased power of computers have
allowed to reach time scales of several nanoseconds.10

In recent years, many efforts have been spent in developing
coarse-grained models of amphiphilic surfactants to be able to
describe phenomena which involve cooperative behavior, like
self-assembly, bending modes, or phase transitions. The general
characteristics of these models are to coarse grain some* To whom correspondence should be addressed.
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components of the system, by neglecting some of the atomic
details, while preserving the essential aspects of the molecular
structure. Examples of such mesoscopic models are systems in
which the lipids are represented by chains of beads connected
by a harmonic potential, each bead in the chain representing a
group of atoms, rather than a single one. The main difference
between mesoscopic models is the way in which the interactions
between the particles are treated. The most used are of Lennard-
Jones type,11-13 or repulsive, soft potentials (dissipative particle
dynamics DPD).14-16 In this work, we use DPD to simulate
coarse-grained lipids. Dissipative particle dynamics17,18 is a
technique which has been developed to simulate fluids at a
mesoscopic level. Its main advantage is that, because of the
soft interactions, much larger time and length scales are
accessible, compared to an all-atom simulation.

An important question in the development of a mesoscopic
model is how much chemical detail should be included in the
model. To investigate the influence on the bilayer properties of
the level of coarse graining, we compare two mesoscopic models
of amphiphilic surfactants. The simplest model consists of a
single hydrophilic head-bead connected to a hydrophobic tail.
The second model we consider is a more realistic model of a
phospholipid and consists of three hydrophilic head-beads and
two hydrophobic tails. The presence of two tails is an example
of a molecular detail that can be studied with our mesoscopic
approach. One of the advantages of such mesoscopic models is
that one does not have to assume a particular bilayer configu-
ration, because the surfactants self-assembly into a stable bilayer,
(inverted) micelles, or cylindrical micelles depending on the
surfactant concentration.14 For both models, we study the
temperature dependence of the area per surfactant and membrane
thickness and show that we can qualitatively reproduce experi-
mentally observed trends.

We briefly present the simulation techniques we used in
section 2, and in section 3, we describe the model surfactants
and define the properties used to characterize the bilayer
structure. In section 4, we will characterize the gel phase and
the liquid crystalline phase and show that, both for a single tail
and a double tail surfactant model, we can reproduce the
transition between these two phases. We also observe that the
two models can behave differently at low temperatures. We
explain this difference in terms of the parameters of the model,
with particular attention to the effective repulsion between the
surfactant headgroups, by tuning the head-head repulsion
parameter. For single tail surfactants, we will show that a high
enough repulsion parameter between the headgroups is sufficient
to induce interdigitation, whereas this is not the case for double
tail surfactants. However, we are able to induce interdigitation
in such surfactants by introducing an ester-linkage model in
the headgroup.

2. Simulation Methods

2.1. Dissipative Particle Dynamics.A DPD bead represents
the center of mass of a group of atoms clustered together. The
beads interact via a force consisting of three contributions, all
of them pairwise additive. The total force on particlei can be
written as the sum of the conservative, dissipation, and random
forces

The first term in the above equation represents a conservative
force, which is usually soft repulsive of the form

where the coefficientaij > 0 is a parameter expressing the
maximum repulsion strength,rij ) ri - rj is the distance between
particlesi andj, andRc is a cutoff radius which gives the extent
of the interaction range.

The other two forces in eq 1 are a drag force (FD) and a
random force (FR), of the form

whereWij ) Wi - Wj is the velocity difference between particles
i andj, η is the friction coefficient, andσ is the noise amplitude.
úij is a random number, independent for each pair of particles,
taken from a uniform distribution. The combined effect of these
two forces is a thermostat, which conserves (angular) momentum
and, hence, gives the correct hydrodynamics at sufficient long
time and length scales.

Espan˜ol and Warren19 have shown that the equilibrium
distribution of the system is the Gibbs-Boltzmann distribution
if the weight functions and coefficients of the drag and the
random force satisfy

If the weight functionwR(r) is chosen as in eq 6, then, with eq
4, all forces assume the same functional dependence on the
interparticle distancer ij as the conservative forceF ij

C.
The Newton’s equations of motion are integrated using a

modified version of the velocity Verlet algorithm.18 In DPD, it
is convenient to use reduced units.15,18 The unit of length is
defined by the cutoff radiusRc, the unit of mass is defined by
the massesm of the particles (which are chosen to be the same
for all the particles), and the unit of energy is defined bykBT.
From these, the unit of timeτ follows as

2.2. Constant Surface Tension Simulations.In most mo-
lecular simulations of membranes, one uses a fixed number of
surfactant molecules and a fixed area, combined with periodic
boundary conditions. This corresponds to an infinitely large flat
membrane. In general, such a system has a surface tension. It
is an important question whether this corresponds to the surface
tension of a real membrane. If not constrained, a membrane
will adopt the conformation corresponding to the lowest free
energy, i.e., a tensionless state.20 However, in an atomistic
molecular dynamics study of a membrane, Feller and Pastor21,22

observed that a tensionless state did not reproduce the experi-
mental value for the area per lipid. Their explanation of this
result is that, because the typical fluctuations and out-of-plane
variation of a macroscopic membrane do not develop in a small
patch of a membrane, a positive surface tension (stretching) must
be imposed in order to recover the experimental value of the
area per lipid. Recently, Marrink and Mark10 simulated much
larger patches of membranes up to 1800 lipids. Their calcula-
tions show that in a stressed membrane the area per lipid

f i ) ∑
i*j

(F ij
C + F ij

D + F ij
R) (1)

F ij
C ) {aij (1 - r ij /Rc)r̂ ij (rij < Rc)

0 (rij g Rc)
(2)

F ij
D ) -ηwD(rij)(r̂ ij‚Wij)r̂ ij

F ij
R ) σwR(rij)úij r̂ ij (3)

wD(r) ) [wR(r)]2 (4)

σ2 ) 2ηkBT (5)

wR(r) ) {(1 - r/Rc) (r < Rc)
0 (r g Rc)

(6)

τ ) Rcxm/kBT (7)
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depends on the system size, or for a fixed area, the surface
tension decreases if the system size is increased. This is in
agreement with the conclusions of Feller and Pastor. On the
other hand, it was found that, for a tensionless membrane, the
equilibrium area does not depend on the system size and hence
that there is no need to impose a surface tension to reproduce
the experimental surface area in case of a stress free membrane.

Simulations at constant surface tension have been introduced
by Chiu et al. in ref 23, and the constant surface tension
ensemble (NVTγ) has been considered in the literature. The
corresponding equation of motion for molecular dynamics
simulations have been derived by Zhang et al. in ref 24. Here
we use a different approach, based on a Monte Carlo (MC)
scheme, to simulate a membrane at a given state of tension (of
which the tensionless state is a particular case). We use an hybrid
simulation scheme that combines DPD to evolve the positions
of the particles and MC moves to change the shape of the
simulation box.14

Consider a system with constant number of particlesN,
constant temperatureT, and constant volumeV, in which an
interface of areaA is present. The work done on the system by
compression or stretching of the interface by dA, is given by25

dW) γdA, whereγ is the surface tension. The partition function
for such a system can then be written as

If we take a rectangular simulation box, with dimensionsL|

parallel to the interface (xy plane), andL⊥ perpendicular to the
interface (z axis), so that the system volume isV ) L⊥L|

2 and
the area of the interfaceA ) L|

2, we define a transformation of
the box size which changes the area and the height but keeps
the volume constant. Such a transformation can be written in
the form

whereλ is the parameter of the transformation.
By changingλ, the above expression generates a transforma-

tion of coordinates which preserves the total volume of the
system; hence, no work against the external pressure is
performed. The coordinate phase space has now an extra degree
of freedom, represented by the parameterλ. To write the
partition function corresponding to this ensemble, it is con-
venient to first introduce a set of scaled coordinatess ∈[0, 1],
defined as

By a transformation of the box dimensions withλ, the
coordinates of the particles rescale as

In terms of these scaled coordinates, the partition function of
the system is

The probability of finding a configuration with scaled positions

sN and parameterλ is then given by

In a MC move, an attempt of changing the parameterλ f λ′ is
then accepted with a probability

The described scheme can be applied to impose any value of
the surface tension, in our simulations to obtain a tensionless
state (γ ) 0). It is important to remark that this scheme assumes
that the stress tensor is diagonal. This is not true for solid
systems. We will show that, even when we have a bilayer in
the gel phase, the system is still fluid enough for the method to
be applied.

To test finite size effects, we performed a series of simulations
of bilayers of different sizes (200, 800, and 1800 surfactants),
to which we imposed the condition of zero surface tension using
the described hybrid MC-DPD scheme. In Figure 1, the area
per molecule as a function of the number of MC cycles is plotted
for these different systems. After a period of equilibration, all
of the bilayers converge to the same value of the area per
molecule. Our results are in agreement with the ones of Marrink
and Mark; that is, the area per surfactant in a tensionless bilayer
does not depend on the system size.

2.3. Model Surfactants.We consider three different types
of particles: water-like particles (w), hydrophilic particles (h),
which represent beads in the headgroup of the surfactants, and
hydrophobic particles (t), which represent beads in the tail of
the surfactants.

The value of the repulsion parameter for water-like particles
is chosen such that the simulated compressibility of DPD water
at room temperature corresponds to the experimental value.18,26

Groot and co-workers assume that one water bead represents
one water molecule. If the bead density of the system is chosen
equal to FRc

3 ) 3, the correct compressibility of water is
obtained foraww ) 25kBT. To model the amphiphilic nature of
the surfactants, the repulsion parametersaij (eq 2) between two
beads which are both hydrophilic (hydrophobic) are smaller than
the ones between hydrophilic and hydrophobic beads. The
parameters describing these interactions are derived using a
correspondence with the Flory-Huggins model for mutual

Figure 1. Instantaneous area per surfactantAs, as function of the
number of MC cycles, for bilayer patches of different sizes. The lines
correspond to bilayers of 200, 800, and 1800 surfactants.

N(sN,λ) ∝ exp{-â[U(sN;λ) - γA(λ)]} (13)

Pacc(λ f λ′) )
exp{-â[(U(s′N;λ′) - γA(λ′)]}
exp{-â[(U(sN;λ) - γA(λ)]}

(14)

Q ) 1

Λ3NN!
∫

V
drN exp[-â(U(rN) - γA)] (8)

L′| ) λL|

L′⊥) 1

λ2
L⊥ (9)

r ) (L|sx, L|sy, L⊥sz) (10)

r′ ) (λL|sx,λL|sy,
1

λ2
L⊥sz) (11)

Q ) VN

Λ3NN!
∫ dλ ∫ dsN exp{-â[U(sN;λ) - γA(λ)]} (12)
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solubilities.18,26 It is important to stress that, with a different
choice of the level of coarse-graining, the repulsion parameters
will have different values.15 The interaction parameters we used
in this work (shown in Table 1) are the same as those used by
Groot in ref 26, with the exception ofatt (tail-tail), which we
increased from 15 to 25 to avoid unrealistic high densities in
the bilayer hydrophobic core.

From this coarse-graining procedure, the interaction param-
eters are defined in units ofkBT. To use reduced units, we define
kBTo ) 1 where To is room temperature. The interaction
parameters can then be expressed in these reduced units; that
is, the aww parameter has been fitted to give the correct
compressibility of water at room temperature and at the assumed
density. In principle, we could use the same procedure to match
the compressibility of water at different temperatures. This gives,
however, a temperature dependenta parameter which would
make the interpretation of our results more complex. Therefore,
we have chosen to keep the parameters fixed and only change
the temperature. In the following, we will use the notationT*
to indicate the reduced temperature.

The surfactants are built connecting the beads by springs in
the form

The equilibrium distance is set atreq ) 0.7. We determined the
spring constantKr by demanding that in a typical surfactant
98% of the bond distance distribution lies within oneRc. The
valueKr ) 100 was found to satisfy this requirement.

We studied two surfactants types (see Figure 2). The simplest
one consists of one head bead connected to a single tail. If we
compare this surfactant with real phospholipids, noticeable
differences, at a coarse grain level, are the size of the headgroup
and the double tail in the real phospholipids. To study the effect
of these differences, we also simulate a model surfactant with
three head beads and two tails. In both models, the tail(s) can
have different lengths. We denote a single-tail surfactant byhtN
and a double-tail surfactant byh3(tN)2, where in both casesN is
the number of beads in the tail(s).

To control the chain flexibility, an extra bond-bending force
between consecutive bonds is added in the form

whereKθ is the bending constant,θ is the angle between two
consecutive bonds, andθ0 is the equilibrium angle. To find the
values of Kθ and θ0, we performed a molecular dynamics
simulation of a phospholipid in water yielding a bending
constant ofKθ ) 10 and an equilibrium angle ofθ0 ) π for all
bonds in the tail. This value ofθ0 corresponds to saturated
hydrocarbon chains. In the double-tail surfactant, a bond bending
potential is also applied between the vectors connecting the tails
to the headgroup, withθ0 ) (1/2)π andKθ ) 3. The head group
of the double tail surfactants is fully flexible.

2.4. Computational Details.All our simulations are per-
formed on a tensionless bilayer of 200 surfactants. The number

of water particles is chosen such that a bilayer does not have
any interaction with its periodic image. This results in 1500-
2100 water particles for the single-tail surfactants and 4500-
7000 water particles for double-tail surfactants. The overall
density of the system isF ) 3. We initialize our system by
distributing lipids randomly in water, and we observe the self-
assembly of a bilayer using DPD simulation only. The equations
of motions are integrated with∆t ) 0.03. After the bilayer is
formed, we perform, in addition to the DPD moves, Monte Carlo
moves in which we change the area as well. A typical simulation
required 100 000 cycles of which 20 000 cycles were needed
for equilibration. Per cycle it is randomly chosen if 50 DPD
time steps are performed or an attempt to change the area of
the box was made. We have optimized the relative number of
MD and MC moves to sample as efficiently as possible. On
average in 70% of the cycles, DPD time steps are performed.
The volume of the system remained constant during all
simulations. This implies that as the temperature is changed the
total pressure also (slightly) changes; the pressure ranges from
20.9 to 21.8 in the temperature range applied.

2.5. Bilayer Properties. In this section we define the
quantities used to characterize the bilayer phases.

2.5.1. Area per Molecule and Bilayer Thickness.An important
quantity measured in experiments on lipid membranes is the
area per molecule. To compute this quantity, we simply divide
the total projected area in thexy plane (after equilibration and
at a state of zero surface tension) by half the number of
surfactants in the bilayer, because, on average, the number of
molecules in each side of the bilayer is equal.

Another quantity used to characterize the bilayer structure is
the thickness of the membrane,Dhh, defined as the average
distance between the headgroups of opposing surfactants. From
the density profiles obtained in our simulations, we compute
Dhh as the distance between the headgroup density peaks in the
two monolayers. For double tail surfactants, which have three
head beads, the reference bead to computeDhh is the bead
connecting the two tails (beadh1 in Figure 2).

2.5.2. Chain OVerlap and Interdigitation.To further char-
acterize the bilayer structure and to investigate the presence of
an interdigitated phase, we characterize the extent of inter-
penetration of the hydrophobic tails of the surfactants on
opposite sides of the bilayer, by defining the chain overlap
Doverlap, as

TABLE 1: Repulsion Parameters aij (eq 2)

(w) (h) (t)

(w) 25 15 80
(h) 15 35 80
(t) 80 80 25

Figure 2. Two model surfactants used in this study: single tail
surfactant (left) and double tail surfactant (right). The black particles
represent the head beads and the white particles the tail beads.

Doverlap)
2Lz - Dc

Lz
(18)

Fspring) -Kr(rij - req)r̂ ij (15)

Fθ ) -∇Uθ (16)

Uθ ) 1
2
Kθ(θ - θ0)

2 (17)
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Lz is the average chain length in the direction normal to the
bilayer, i.e., the average distance projected on the bilayer normal
(z axis) between the first bead in the tailt1 and the last onetN

Dc is the thickness of the hydrophobic core, that we compute
as the average distance along the bilayer normal between the
first bead (or beads in case of double tail surfactants) in the
tail(s) of the surfactants in one layer and the ones in the opposite
layer

where〈zt1
i 〉 is the averagez position of the first tail bead(s) of

the surfactants in monolayeri.
We will see in the next sections that at high temperatures

the chain overlap is mainly due to the disorder of the molecules,
whereas at low temperatures, the chain overlap can be seen as
an effective interdigitation of the chains.

2.5.3. Orientational Order Parameters.Another quantity used
in determining the structure of lipid bilayers is the orientational
order parameter. The order parameter can be directly measured
by deuterium substitution NMR spectroscopy and is given by

whereθ is the angle between the orientation of the vector along
a given C-H bond and the bilayer normal.

In our mesoscopic model, however, the hydrogen atoms are
not present; hence, we must use a different definition. The
mathematical expression is the same as in eq 21, but the angle
θ is now defined as the angle between the orientation of the
vector along two beads in the chain and the bilayer normal

wheren̂ is a unit vector normal to the bilayer andr ij ) r i - r j

is the vector between beadsi and j (rij ) |r ij|). The order
parameter has value 1 if this vector is on average parallel to
the bilayer normal, 0 if the orientation is random, and-0.5 if
the bond is on average parallel to the bilayer plane.

With this definition of the angleθ, we can compute the order
parameter for a vector between any two beads in the surfactant.
In particular, we are interested in characterizing the overall order
of the chains and the local order. For the first quantity, we define
the indexes of the vectorr ij in eq 22 asi ) tN andj ) t1, where
tN is the last bead in the surfactant tail andt1 is the first one
(see Figure 2). We callSchainthe corresponding order parameter.
For the local order, we definei ) tn+1 andj ) tn with the index
n increasing going toward the tail end and call the corresponding
order parameterSn. If n is taken progressively from the
headgroup to the tail-end of the molecule, a plot of the
corresponding order parameters,Sn, gives an indication of the
persistence of order through the bilayer core.

3. Results

3.1. Single-Tail Surfactants. In this section, we present
results of simulations of a bilayer formed by single tail
surfactants consisting of one head bead and nine tail beads (ht9),
which we study at different reduced temperatures, fromT* )
0.8 toT* ) 1.5.

3.1.1. Bilayer Structure.In Figure 3, the average area per
surfactantAs and the bilayer thickness,Dhh, are plotted as
function of temperature. The error bars have been calculated
with the block averages method.27,28 In all the other plots, we
will show of the area per surfactant or bilayer thickness, and
we will not include error bars, which, however, have been
estimated ase5%.

In Figure 3, we can distinguish two regions: at low
temperatures, the area per surfactant is decreasing with increas-
ing temperature and the thickness is increasing, whereas at high
temperatures the area is increasing with increasing temperature,
and the thickness is decreasing. At the lowest temperature
studied (T* ) 0.8), the area is larger than the area at the highest
temperature studied (T* ) 1.5), whereas the thickness atT* )
0.8 is smaller than the thickness atT* ) 1.5. This different
temperature dependence ofAs andDhh suggests that the bilayer
undergoes a phase transition. Before discussing this transition
in detail we will first characterize the low and the high-
temperature phases.

To characterize the ordering of the surfactants in the bilayer,
we use the order parametersSchainandSn. In Figure 4, the values
of bothSchainandSn are plotted as function of temperature. The
high values ofSn at temperatures belowT* ) 0.95 indicate that
the bonds are ordered along the bilayer normal. This order
persists even for bonds far from the headgroup region, decreas-
ing slightly with increasing temperature. AboveT* ) 0.95, the
values ofSn further decrease with increasing temperature, and
the order along the chain is lost.

The overall order of the chains (Schain) shows a similar
behavior. Also here we can distinguish two regions: belowT*
) 0.95 whereSchain has values higher than 0.5 indicating that
the chains are ordered along the bilayer normal, and aboveT*
) 0.95 where the values ofSchain decrease below 0.5, showing
an increase in the disorder of the chains.

To further characterize the structure of the bilayer in the low
and high-temperature regions, in Figure 5, we compare the in-
plane radial distribution functiong(r) of the head beads of the
surfactants at one interface, for two different temperatures:T*

Lz ) |〈zt1〉 - 〈ztN〉| (19)

Dc ) |〈zt1
1 〉 - 〈zt1

2 〉| (20)

S) 1
2
〈3 cos2 θ - 1〉 (21)

cosθ )
r ij‚n̂
rij

)
zij

rij
(22)

Figure 3. Area per surfactantAs and (b) bilayer thicknessDhh as
function of reduced temperatureT* for surfactant typeht9.

Figure 4. (a) Local order parameterSn and (b) chain order parameter
Schain, as function of reduced temperatureT*.
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) 0.8 andT* ) 1.5. It is important to note that, at the lowest
temperatures studied, the system is not solid. This allows one
to apply the constant surface tension scheme. AtT* ) 0.8, the
radial distribution function shows more pronounced peaks
compared to theg(r) at T* ) 1.5, which corresponds to a more
structured organization of the surfactants headgroups in the
bilayer plane. The structure in the radial distribution function
and the high values of the order parameters for low temperatures
suggest that the low-temperature phase is the ordered gel phase,
whereas at high temperatures, the bilayer is in the disordered
liquid crystalline phase.

In Figure 6, we show the density profiles in the direction
normal to the bilayer for the system components at different
reduced temperatures. Figure 6, parts a and b, corresponds to a
bilayer in the gel phase, whereas parts c and d correspond to a
bilayer in the liquid crystalline phase.

It is clearly visible that, in the low-temperature region, the
two monolayers are interdigitated. AtT* ) 0.8, the overlap
extends up to the eighth bead in the tail, and the peaks of the

density profiles for the surfactants tail beads in one monolayer
(black full lines) are exactly alternating with the peaks of the
opposite monolayer (red full lines), showing an optimal packing
of the tails. This structure resembles the experimentally observed
interdigitated phaseLâI.

We can now explain the temperature dependence of the area
per surfactant (Figure 3). The low-temperature phase is the
interdigitated gelLâI. In this phase, the ordering of the chains
is the dominating effect. The surfactants stretch out in the
direction normal to the bilayer, inducing interdigitation. This
packing results in a larger average distance between the
surfactants headgroups in each monolayer and in a larger area.
In this region, an increase of temperature reduces the values of
the order parameter (Figure 4b), but along the chain the order
persists (Figure 4a). Thus, interdigitation is still present but is
decreasing in depth, resulting in an increase of the bilayer
thickness and a decrease of the area per surfactant. Above the
transition temperature, the chains loose the persisting order and
are not interdigitated. Only the terminal tail beads overlap,
because of thermal disorder. In this temperature region, an
increase in temperature increases the effective volume occupied
by the molecules, but the extent of chain overlap does not
depend significantly of temperature. As a result, the area per
molecule increases while the bilayer thickness decreases.

3.1.2. Interdigitated and Bilayer Phases.In the previous
section, we have seen that single tail surfactants form spontane-
ously an interdigitated phase at low temperatures, whereas the
most common organization of (symmetric) phospholipids in
membranes is a bilayer formed by two separate monolayers.29

It is therefore interesting to investigate whether we can adapt
the single tail model to reproduce the phase behavior of real
membranes, and in particular if we are able to obtain a
noninterdigitated gel phase. If the main cause of interdigitation
is an increase in the headgroups surface area,4,9 we can test this
mechanism by changing the value the headgroup repulsion
parameter,ahh, in our model. Taking as initial condition the
interdigitated bilayer atT* ) 0.85, we decreased the headgroup
repulsion parameter fromahh ) 35 toahh ) 15, the latter being
the same repulsion parameter as between an hydrophilic bead
and a water-bead. Experimentally, changing the head-head
interactions corresponds to, for example, adding salt to the
system. It is important to recall that, with the zero surface tension
scheme, the system can evolve to the optimum area per
surfactant even if the bilayer undergoes structural rearrange-
ments.

Figure 7 shows the temperature dependence of the area per
surfactant for the repulsion parametersahh ) 35 andahh ) 15.
We observe that the behavior in temperature of the area per

Figure 5. Two-dimensional radial distribution functiong(r) in the
bilayer plane for the headgroups atT* ) 0.8 and 1.5.

Figure 6. Density profilesF(z) along the bilayer normalz for different
reduced temperaturesT*. Each line is the density profile for a different
bead: full lines are the densities of the tail beads, dashed lines are the
densities of the head beads, and the thin solid line is the density of
water. The black lines correspond to the surfactants in one monolayer,
whereas the red lines correspond to the surfactants in the opposite
monolayer. The big dots correspond to the maxima in the bead density
distributions and illustrate the position of the beads in the bilayer. The
full circles correspond to tail beads and the open circles to head beads.

Figure 7. Comparison of the area per surfactantAs, as function of
reduced temperatureT*, for two different repulsion parameters between
the surfactant headgroups:ahh ) 15 (circles) andahh ) 35 (squares).
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surfactant for the two values ofahh is very different. At low
temperatures, the area atahh ) 35 is almost twice the value of
the area atahh ) 15. The decrease of the headgroup surface
area is also shown in Figure 8, where we compare the radial
distribution functions of the headgroups in the bilayer plane at
T* ) 0.85. The peaks in the radial distribution function for the
system withahh ) 15 (solid line) are shifted to the left compared
to the system withahh ) 35 (dashed line), showing a decrease
of the distance between the headgroups. This is a strong
indication that at low temperature, with the lower repulsion
parameter, the bilayer is in theLâ phase.

To further characterize the bilayer structure forahh ) 15, we
study the order parametersSchain and Sn, which are plotted in
Figure 9. At temperaturesT* e 0.95, the chains are locally
ordered (values ofSn above 0.5), and the order does not decrease
significantly going through the hydrophobic core. Also the
overall order of the chainsSchain is high in this temperature
region. AboveT* ) 0.95, we observe a decrease in both the
order parameters. The chains become disordered, and the
persistence of order along the chain is lost. This trend is
analogous to the one observed forahh ) 35. In both cases, the
low-temperature region is characterized by the ordering of the
chains, whereas at high temperatures, the chains are disordered.
However, although forahh ) 35 the two monolayers are
interdigitated in the ordered phase, forahh ) 15 the ordered
phase is a bilayer formed by two separated leaflets. This can
clearly be seen from the density profiles, which we plot as
function of reduced temperature in Figure 10.

This figure shows that the melting of the bilayer results in a
broader shape of the density profiles. The increase of disorder
in the chains (see Figure 9) results in a partial overlap of the
two monolayers. This transition upon heating is also reflected
in the trend of the area per surfactant with temperature (Figure
7), which shows a sharp increase betweenT* ) 0.95 andT* )
1.0. We can then conclude that a transition from an ordered to

a disordered phase takes place at a temperature 0.95< Tm <
1.0.

We have thus shown that the bilayer structure in the low-
temperature region depends on the repulsion between the
surfactant headgroups. By tuning this parameter, we can obtain
both the gel phaseLâ and the interdigitated gel phaseLâI.
Experimentally, both in the liquid crystalline phase30 and in the
gel phase,31 a monotonic increase of the area per lipid is
observed when the temperature is increased. This is caused by
an increase in the disorder of the tails.30 For the low repulsion
parameter ofahh ) 15, we reproduce the experimental observed
trends. It is worth mentioning that, in most cases, in the gel
phase the phospholipid chains are tilted respect to the bilayer
normal2. Although with single tail surfactants we do not observe
any tilt, we will see in the next sections that the double tail
surfactants are tilted in the gel phase (Lâ′ phase).

3.1.3. Phase BehaVior as Function of Head-Head Repulsion
and Tail Length.It is now interesting to do a more systematic
study of these phase transitions for a range of repulsion
parameters. The phase transitions we consider are: (1) transition
from interdigitated gel to gel (LâI f Lâ); (2) transition from
interdigitated gel to liquid crystalline (LâI f LR); (3) transition
from gel to liquid crystalline (Lâ f LR). As we have shown,
the first transition is induced by a decrease in the repulsion
parameterahh, whereas the latter ones are temperature dependent.

We use three quantities to distinguish among the different
phases: the area per surfactantAs, the extent of tail overlap
Doverlap, and the ordering of the chainsSchain. By studying the
behavior of these quantities as function of temperature and
head-head repulsion parameter, we can determine the phase
diagram ofht9 as shown in Figure 13d.

In Figure 11, we plot the area per surfactantAs and the extent
of tail overlapDoverlap as function of temperature and head-
head repulsion parameter. For repulsion parametersahh e 18,
the low-temperature phase is the bilayer gelLâ phase, whereas
for repulsion parametersahh > 18, the low-temperature phase
is the interdigitated gelLâI.

By increasing temperature, all of the bilayers melt from an
ordered into a disordered phase. For bilayers in theLâ phase,
the area per molecule and chain overlap increase upon melting,

Figure 8. Two-dimensional radial distribution functiong(r) in the
bilayer plane for the headgroups atT* ) 0.85, forahh ) 15 (solid line)
andahh ) 35 (dashed line).

Figure 9. (a) Local order parameterSn and (b) chain order parameter
Schain, as a function of reduced temperatureT* for a bilayer formed by
surfactants withahh ) 15.

Figure 10. Density profiles as function of temperature for a bilayer
formed by surfactants withahh ) 15 (see also the caption to Figure 6).
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while for bilayers in theLâI phase the area per molecule and
chain overlap decrease.

In Figure 12, we plotSchain as a function of temperature for
different values of the head-head repulsion parameter. Both
in theLâ andLâI phases, the chains are highly ordered, whereas
they get disordered with increasing temperature. The curves
show that this transition from an ordered phase to a disordered
one is very gradual. Much larger systems might be required to
observe a sharp transition in these quasi-two-dimensional
systems. This gradual transition makes it difficult to determine
the exact location of the phase boundaries, and therefore, we
used the inflection point as our definition of the phase boundary.
The temperature at which the chains get disordered is the same
as the temperature of the inflection point inAs andDoverlap. We
define as the main transition temperatureTm the value of
temperature at the inflection point of the shown curves.Tm is
higher for bilayers in theLâ phase than for bilayers in theLâI

phase. This is in agreement with experimental results.4

Besides investigating the effect of changing the head-head
repulsion parameter, it is also interesting to vary the tail length
of the surfactant. A similar analysis, as was presented for the
surfactantht9, has been carried out for surfactant typesht6, ht7,
andht8 (see Figure 13).

With increasing tail length, the transition temperatures (LâI

f LR andLâ f LR), both in the gel and in the interdigitated gel
phase, increase: for longer surfactants, a higher temperature is
needed to disorder the chains. This is consistent with experi-
mental data on saturated phosphatidylcholines,2 which show an
increase of the chain order/disorder transition temperature with
increasing chain length.

Depending on the repulsion parameter, we obtain the two
gel phasesLâI andLâ for all tail lengths. For a high head-head
repulsion parameter (ahh . ahw), the system can gain energy
by adding water particles between the heads. As a result, the

head-head distance increases, which stabilizes the interdigitated
phase. At a low repulsion between the heads (ahh , ahw), it is
favorable to expel water from the headgroup region and the
noninterdigitatedLâ phase is formed. Between we findahh

/ for
which the transition fromLâI to Lâ occurs. The difference
between the two phases is that in theLâI phase the tail ends are
in direct contact with water, whereas in theLâ phase the tail
ends face each other. Therefore, the critical value ofahh

/ to
induce interdigitation is higher than the value ofahw.

For surfactantsht8 andht9, the LâI phase occurs at slightly
lower repulsion parameters than for surfactantsht6 andht7. This
is consistent with experimental results.9 They explain that,
because the interdigitated phase is more closely packed than
the noninterdigitated phase, the van der Waals energy is greater.
This energy gain is proportional to the number of carbon atoms
in the phospholipid chain, and thus, interdigitation becomes
energetically more favorable for longer chains. Also in our
simulations we observe that the interdigitated phase is more
compact, and hence,ahh

/ decreases slightly with increasing tail
length.

We observe hysteresis if we changeahh at a constant
temperature: the bilayer can be both in theLâ or in the LâI

phase, depending on the initial dimension of the area. The range
of ahh in which hysteresis occurs increases with decreasing
temperature (see Figure 14). This suggests that the transition
Lâ to LâI is a first-order transition. In the phase diagrams of
Figure 13, we define the phase found during decreasing
temperature at a constant head-head repulsion parameter as
the stable phase.

In Table 2, we compare the area per surfactant for different
chain lengths and for two repulsion parameters:ahh ) 15 and
ahh ) 35. Experimentally, it is found that, at the melting
temperatures of various symmetric PCs, the area per lipid as a
function of tail length is constant.32 At temperatures above the
melting temperature, the area per lipid is found to decrease
slightly in going from a tail length of 14 to a tail length of 18
carbons.30 For both repulsion parameters, we observe that, in
the liquid crystalline phase, the area per surfactant is constant

Figure 11. (a) Area per surfactantAs and (b) extent of chain overlap
Doverlap as function of reduced temperatureT* for different repulsion
parametersahh. The legend in graph (a) is valid for graph (b) as well.

Figure 12. Chain order parameterSchain as function of reduced
temperatureT* for different values of the head-head repulsion
parameterahh. Dashed curves show a transition from theLâ to theLR
phase, and solid curves show the transition from theLâI to theLR phase.

Figure 13. Phase diagrams for surfactants of different chain lengths:
(a) ht6, (b) ht7, (c) ht8, and (d)ht9.
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within the error (∆As/As ) 5%), in agreement with the
experimental results. The observed decrease in area per surfac-
tant by Petrache et.al. is too small to allow for a detailed
comparison with our mesoscopic model. This also holds in the
gel phase forahh ) 15. Forahh ) 35 in the interdigitated gel
phase, we observe a slight increase ofAs with increasing chain
length.

3.2. Double Tail Surfactants.In this section, we refine our
model by introducing surfactants with a larger number of head
beads and two hydrophobic tails (see Figure 2). We consider
surfactants of various tail lengths (4-8 hydrophobic beads) at
different temperatures and at the same simulation conditions
(200 surfactants,γ ) 0, andahh ) 35) as used for the single
tail surfactants. In these simulations we reproduce the low
temperatureLâ′ phase and the high temperatureLR phase.

Interdigitation does not occur in bilayers of symmetrical chain
phospholipids, but has to be induced. We also investigate
whether, similar to experiments, we can induce interdigitation
by adding a model ester-linkage to the surfactant headgroup.
For this system we analyze different factors that might induce
interdigitation.

3.2.1. Bilayer Structure.To study the temperature behavior,
we cooled the system fromT* ) 1.0 to T* ) 0.1 in steps of
∆T* ) 0.05. Figure 15 shows that the area per surfactant is
increasing and the bilayer thickness is decreasing with increasing
temperature. Similar results were obtained for other tail lengths
and are in agreement with experimental results.30,32

At low temperatures,T* < 0.3, theLâ′ phase is stable. The
area per surfactant is equal for all tail lengths and the thickness
increases linearly with tail length. The headgroup and the
surrounding water are in a fluid phase, whereas the tails form
a highly ordered bilayer consisting of two separated monolayers.
In this temperature region, the chains are tilted at an angleθ
with respect to the bilayer normal, to minimize contributions
to the total energy from both headgroup and tail interac-
tions.31,33,34 In our simulations, the tilt is about 25° at T* )
0.2, independent of tail length. Experimentally, a small increase

of tilt angle with tail length was found. For instance Tristram-
Nagle et al. in ref 35 found that the tilt angle for PCs of different
chain length increases fromθ ) 32° for 16 carbons toθ ) 35°
for 20 carbons in the chains.

Increasing the temperature aboveT* ) 0.3 causes the melting
of the bilayer from theLâ′ to theLR phase. The temperature at
which the main transition to theLR phase takes place increases
with increasing tail length, as was also found experimentally.32,36

At temperatures higher thanT* ) 0.6, all of the bilayers are
completely fluid, and above this temperature, the area per
surfactant does not depend on tail length. According to Petrache
et al.,30 the main effect of increasing chain length is on the
bilayer thickness, which is in agreement with our results.
However, they find a sligthly decreasing area with increasing
tail length. This decrease is too small to compare with our
simulations, which show, within the accuracy of the data, a
constant area per surfactant. They argue that the smaller area
per surfactant is due to the larger interchain van der Waals
attraction; that is, the longer chains keep the headgroups closer
together. This is consistent with the fact that lipids with longer
chains have higher melting temperatures. Indeed, we find higher
melting temperatures with increasing tail length.

The behavior of the double tail surfactants deviates signifi-
cantly from the behavior of the single tail surfactants. Although,
for the head-head repulsion of 35, the single tail surfactants
show almost complete interdigitation at temperatures belowT*
) 1.0, the double tail surfactants do not show interdigitation.
Here we investigate whether an increase in headgroup separation
is sufficient to induce interdigitation also for double tail
surfactants.

In Figure 15, the area per surfactant and the thickness of the
hydrophobic core are plotted as a function of temperature for
surfactants of typeh3(t5)2 with two different repulsion param-
eters. Forahh ) 55, the area per surfactant is larger, whereas
the thickness of the hydrophobic core is smaller at all temper-
atures compared to the same surfactant withahh ) 35. An
analysis of the order parameters shows that in the high-
temperature region (T* > 0.6) a larger disorder of the tails
compensates for the extra space. Because of this increased
disorder, a lower melting temperatureTm ) 0.35 is found
compared toTm ) 0.4 for ahh ) 35. In the low-temperature
region (T* < 0.3), the compensation for the extra space is
obtained by a jump in the tilt angle fromθ ) 25° to θ ) 29°.
However, despite the larger separation of the headgroups, no
interdigitation was observed. Indeed, the tail overlap (eq 18) is
zero for both parameters in the low-temperature region.

3.2.2. Induced Interdigitation.Phospholipids in a physiologi-
cal environment are either zwitterionic or anionic at neutral pH.
However, cationic lipids play an important role in the delivery
of DNA to eukaryotic cells. One way to obtain cationic lipids
(for example 1,2-diacyl-P-O-ethyl-phosphatidylcholines) from

Figure 14. Hysteresis curves for the area per surfactant,As of the
surfactant typeht8, as function of the head-head repulsion parameter,
ahh at constant temperatureT* ) 0.75 (solid line) andT* ) 0.8 (dashed
line). Configurations of both phasesLâ (at ahh ) 6) andLâI (at ahh )
30) are taken as initial conditions, andahh is slowly increased or
decreased, respectively.

TABLE 2: Area Per Surfactant as Function of Chain
Length

ahh ) 15 ahh ) 35

surfactant type T* ) 0.8 T* ) 1.0 T* ) 0.8 T* ) 1.0

ht6 0.52 0.68 0.87 0.83
ht7 0.51 0.68 0.92 0.83
ht8 0.51 0.68 0.93 0.84
ht9 0.51 0.68 0.94 0.85

Figure 15. (a) Area per surfactantAs and (b) bilayer thicknessDhh as
function of temperatureT* for h3(t5)2 with two different values of the
headgroup repulsion parameterahh.
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the zwitterionic PC lipids is to add an ethyl group at the P-O
in the headgroup region. These lipids show the spontaneous
formation of a fully interdigitated bilayer in the low-temperature
region.37,38 The interdigitation in these bilayers is induced by
two effects: charge repulsion of the cationic headgroups and
steric hindrance in the headgroup region caused by the presence
of the ethyl group. Lewis et al.37 found that converting the
zwitterionic headgroup into a positively charged headgroup by
esterification is of main importance for inducing interdigitation
and that the steric hindrance facilitates the interdigitation.

In our simulations, we investigated the influence of a charge
in the headgroup and the presence of the ethyl group separately.
In section 3.2.1, we have shown that repulsion between
headgroups was not sufficient to induce interdigitation. To
investigate the effect of adding an ethyl group to the surfactant
headgroup, we attached an additional hydrophobic bead to the
second bead (h2) of the headgroups ofh3(t5)2 andh3(t7)2 to create
the modelsth3(t5)2 and th3(t7)2 of the esterified phospholipid.
In Figure 16, a snapshot of a patch of the bilayer and the
corresponding density profile forth3(t5)2 surfactants withahh )
55 atT* ) 0.25 is shown. We observe that in this case the two
monolayers are interdigitated.

The effect of the additional bead is 2-fold: it causes an
increase in the distance between the headgroups and it changes
the conformation of the headgroup. The additional hydrophobic
bead sticks into the hydrophobic core, facing the tails of the
surfactants in the opposite monolayer (see Figure 16), and
forcing the second head bead to the interface. Because the
additional head bead is located at the same depth in the bilayer
as the first bead in the tail, given a tail length of 5 beads,
interdigitation occurs up to four tail beads, as can be seen from
the density profile (Figure 16b).

To analyze the effect of the repulsion parameter (which would
mimic the charge on the headgroup or changing the salt
concentration) and the tail length on the stability of this
interdigitated gel, we compared the surfactant typesth3(t5)2 and
th3(t7)2 with head-head repulsion parameters varying fromahh

) 5 toahh ) 55. In Figure 17, the corresponding phase diagrams
are shown.

In the case ofth3(t5)2 (Figure 17a), the bilayer is in the liquid
crystalline phase at temperaturesT* > 0.5. At low temperatures,
different phases can be observed, as a function ofahh. For ahh

g 30, interdigitation is complete, whereas for all of the smaller
repulsion parameters, coexistence between theLâ′ and theLâI

phase was observed. At the lowest repulsion parameterahh )
5, the surfactants demix; inverted micelles are formed within
the hydrophobic core of the bilayer.

Also in this system the transition temperature to theLR phase
increases with chain length. For the double tail surfactants in
the interdigitated phase, both tail ends are in contact with the
water phase, which needs to be compensated with a higher
energy gain from the adsorption of water particles in the
headgroup region; that is,ahh

/ is higher compared to single tail
surfactants. The additional hydrophobic head bead, however,
partially shields these tail ends, and therefore, the increase is
not a factor of 2. Striking is that the tail length dependence is
much more pronounced in these systems, which is a conse-
quence of the tilted configuration these molecules have in the
Lâ′ phase.

The explanation for the formation of the interdigitated phase
can again be found in the larger area per surfactant. In Figure
18, we compare for the surfactantth3(t5)2 the two-dimensional
radial distribution function of the head-bead connecting the two
tails (h1) for surfactants with and without the extra head bead
(at T* ) 0.25 andahh ) 55). The bilayer ofh3(t5)2 surfactants
is more “solidlike” than the bilayer ofth3(t5)2 surfactants.
Because of the interdigitation, in the second case, the headgroups
have a larger surface area. Also the location of the peaks in
both cases is different. For both surfactants the first peaks are
located at the same distance, but the peak forth3(t5)2 is
considerably lower than the peak ofh3(t5)2. The second peak
for th3(t5)2 is shifted to the left, compared toh3(t5)2. The
additional hydrophobic bead is located between two headgroups
which are at the distance of the second peak ing(r). Thus, this
second peak forth3(t5)2 indeed corresponds to nearest neighbors
which are at a larger distance, because of the presence of the
extra bead in the head, whereas forh3(t5)2, it really corresponds
to next-nearest-neighbors.

From our results, we can conclude that interdigitation induced
by addition of an ester-linkage in the phospholipid headgroup
region is mainly due to an increase of the headgroup surface
area. This larger area is due to (1) steric hindrance of an extra

Figure 16. (a) Snapshot and (b) density profile ofth3(t5)2 surfactants
atT* ) 0.25. The additional hydrophobic bead is green in both figures
and the surfactant tails in one monolayer are darker red to distinguish
them from the tails of the opposite monolayer. (See also the caption to
Figure 6).

Figure 17. Phase diagrams for a bilayer consisting of (a)th3(t5)2

surfactants and (b)th3(t7)2 surfactants.

Figure 18. Two-dimensional radial distribution function ofth3(t5)2

(solid line) andh3(t5)2 (dashed line) surfactants atT* ) 0.25.
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group in the headgroup and (2) increase in headgroup repulsion.
We have shown that the steric hindrance plays the crucial role
in inducing interdigitation and is not just facilitating the
interdigitation.37 The additional hydrophobic segment penetrates
into the hydrophobic core, increasing the interface area, and it
faces the tails of the opposite monolayer, screening them from
the surrounding water. The increased repulsion between the
headgroups alone is not sufficient to induce interdigitation but
only facilitates the formation of a complete interdigitated phase.

4. Conclusions

In this work, we have shown that mesoscopic models of
amphiphilic surfactants are able to describe the complex phase
behavior of phospholipids bilayers. Because such models can
be simulated very efficiently with dissipative particle dynamics,
we could systematically study the bilayer properties as function
of temperature and surfactant characteristics.

For both single tail and double tail model surfactants, we
obtained different stable bilayer phases for a wide range of
temperatures. We characterized the low-temperature phase as a
gel phase, and for both models, we reproduced the main order/
disorder phase transition from gel to liquid crystalline. The zero
surface tension simulation scheme is essential to observe these
different phases.

We have shown that single tail surfactants spontaneously form
a low temperature interdigitated phase for high enough values
of the repulsion parameter between headgroups. A high value
of headgroup repulsion parameter describes both the effect of
the disproportion of polar and unpolar moieties in an amphiphilic
surfactant and the increase in the electrostatic repulsion between
surfactant headgroups due to the presence of salt. For the double
tail surfactants, independent of the value of the headgroup
repulsion parameter, the low temperature phase is a bilayer gel
in which the hydrocarbon tails are tilted with respect to the
bilayer normal, which is in agreement with what is experimen-
tally found for phospholipid bilayers. We have shown that an
interdigitated phase can be induced in a bilayer formed by
double tail surfactants if the size of the headgroup is increased
by adding an extra hydrophobic bead. From these results, we
can conclude that even with a coarse grained model some level
of chemical detail can be implemented and the effect of
molecular structure on the properties of model bilayers can be
studied. This makes coarse grained models a powerful and
flexible tool to study a large variety of systems, like for example
bilayers consisting of more than one surfactant molecular type.
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