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We investigated the phase behavior of double-tail lipids, as a function of temperature, headgroup interaction
and tail length. At low values of the head-head repulsion parameterahh, the bilayer undergoes with increasing
temperature the transitions from the subgel phaseLc via the flat gel phaseLâ to the fluid phaseLR. For higher
values ofahh, the transition from theLc to theLR phase occurs via the tilted gel phaseLâ′ and the rippled
phasePâ′. The occurrence of theLâ′ phase depends on tail length. We find that the rippled structure (Pâ′)
occurs if the headgroups are sufficiently surrounded by water and that the ripple is a coexistence between the
Lc or Lâ′ phase and theLR phase. The anomalous swelling, observed at thePâ′ f LR transition, is not directly
related to the rippled phase, but a consequence of conformational changes of the tails.

I. Introduction

Knowledge on the structure of lipid bilayers is important for
our understanding of the functioning of biological membranes.
Phospholipids are the main components of biological mem-
branes. They can self-assemble in different structures, of which
the lipid bilayer is the most important structure in nature. The
phospholipid bilayer is surrounding the cell and protects the
cell from it’s environment, ensuring that different processes in
the cell can occur. In a bilayer, the hydrophilic headgroup of a
phospholipid is oriented toward the water phase, and the
hydrocarbon tails form the inner hydrophobic part, in which
the terminal methyl groups from the opposing layers face each
other. Much research, both experimentally and theoretically, is
devoted to the phase diagram of the phospholipid bilayer (for
a review, see refs 1 and 2).

A phospholipid bilayer knows many different phases, de-
pending on temperature, pressure, and hydration, and on its
structural properties, such as the length of the hydrocarbon tails
and the composition of the headgroup (see Figure 1). For the
most common phospholipids, the low-temperature phase is the
subgelLc, in which the hydrocarbon tails are highly ordered
and show a tilt with respect to the bilayer.1 Upon heating the
subgel transforms to a lamellar gel phase. Dependent on the
structural composition of the lipid headgroup, the gel phase is
the Lâ phase (for example, for phosphatidylethanolamines or
PEs) or theLâ′ phase (for example, for phosphatidylcholines or
PCs). In these gel phases, the bilayer is more hydrated than in
theLc phase and the hydrocarbon tails still show a high order,
but less than in theLc phase. In theLâ phase the tails are ordered
parallel to the bilayer normal, while in the Lâ′ phase the tails
show a tilt angle with respect to the bilayer normal. At higher
temperature, the gel phase undergoes a transition to theLR phase,
which is also called the liquid crystalline or fluid phase; the
tails are disordered and do not show any tilt. ThisLR phase is
physiologically the most important phase.

For some lipids, the transition from the ordered gel phase to
the disordered liquid crystalline phase occurs in two steps. First,
a transition from the gel phase to the rippled phasePâ′ takes
place ( i.e., the pretransition). This transition is followed by
the melting of the bilayer from thePâ′ to theLR phase, which
is called the main transition. The rippled phase is characterized
by a long-wavelength rippling of the bilayer and an (anomalous)
swelling of the membrane. The hydrophobic chains are ordered
and there is a preferred tilt angle with respect to the bilayer
normal. The temperature interval between the pretransition and
the main transition decreases with increasing chain length. For
chains containing more than 20 carbon atoms the pretransition
is not observed. It is assumed that this transition disappears
completely or that the temperature interval between the pre-
transition and the main transition is too small to be observed.3

The rippled phase is only observed in bilayers containing PCs,
of which the low-temperature phase is theLâ′. Phosphatidyl-
ethanolamines (PEs) and glucolipids, of which the low-
temperature phase is the untiltedLâ, do not display a pre-
transition (ref 4 and references therein).

This rippled phase has attracted the attention of many groups,
from the moment it was first observed by Tardieu et al. in 1973.5

After this first observation, many studies, both theoretically and
experimentally, have been addressed to the question how such
a corrugatedPâ′ phase can exist, while the low-temperature gel
phaseLâ′ and the high-temperature fluid phaseLR are flat. The
general model depicts the ripple as a asymmetric sawtooth,5-9

but in some models it is also proposed that the ripple is a
sinusoı¨dal.4,10-13 The logical next question is then how the
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Figure 1. Schematical drawings of the various bilayer phases. The
characteristics of these phases are explained in the text. The filled circles
represent the hydrophilic headgroup of a phospholipid and the lines
represent the hydrophobic tails.
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sawtooth or the sinusoı¨dal can occur. Explanations can be found
in variations of the thickness of the bilayer due to changes in
tilt angles of the hydrophobic chains,12-18 and coexistence
between the fluidLR phase and the gel phaseLâ′.4,7,19-23 Also,
it is not very clear if the (anomalous) swelling of a membrane
is coupled to the formation of the rippled phase2,24,25and if the
rippled phase only exists in multilayers or if it is also present
in a single bilayer system.26-28

Despite all investigations, an explanation of the formation
of the rippled phase at a molecular level is still lacking. We
use computer simulations to study the phase behavior of
phospholipid bilayers. Simulations allow us to investigate the
bilayer at a molecular level, which is not always possible
experimentally. We use a combined technique of Dissipative
Particle Dynamics (DPD) and Monte Carlo simulations, in which
we impose the bilayer to adopt a tensionless configuration. This
method allows us to observe directly phase transitions in which
the area per lipid changes.

The phase behavior of membranes depends on the structural
properties of the phospholipid. Therefore, we study the phase
behavior as a function of tail length and headgroup interaction.
Here, we apply a mesoscopic model consisting of three
hydrophilic beads and two hydrophobic tails. A short com-
munication on these results has been published previouly.29 The
resulting phase diagrams are presented in section 3. We will
show that we can reproduce the various phases of the phos-
pholipid bilayer, dependent on temperature and head-head
interaction. While for the shortest lipid studied theLâ′ phase is
not present, this phase appears for longer tails and its stability
increases with increasing tail length. We show that the
anomalous swelling is not directly related to the formation of
the rippled phase and finally, we discuss the structure of the
ripple. We conclude that the key factor in the formation of the
rippled phase is a frustration of the surface area of the headgroup
with the packing of the hydrophobic tails.

II. Model and Computational Details

In our mesoscopic lipid-water model, we distinguish three
types of particles,w, h, and t, to mimic water and the head-
and tail-atoms of a lipid, respectively. The hydrophilic and
hydrophobic particles interact via a soft-repulsion model com-
monly used in dissipative particle dynamics (DPD).30,31 In a
DPD simulation, the atoms are lumped together such that a DPD
particle represents the center of mass of a cluster of atoms. The
total force on such a particle consists of dissipative, random,
and conservative forces. The dissipative random forces are
chosen such that a proper canonical distribution is sampled.31

For the conservative force, we use the conventional soft-
repulsive forces, given by

where rij is the distance between particlesi and j, aij is the
parameter characterizing the interaction between two particles,
andrc is the cutoff radius. The DPD parameters are related the
compressibility of water and to Flory-Huggins solubility
parameters such that a reasonable description of the thermo-
dynamics of the real system can be obtained.30

We consider lipids with three head segments and two tails
with variable length (see Figure 2). We assume that a DPD
particle occupies a volume of 90 Å3, which results in a mapping
in which a tail length of five beads corresponds to the
phospholipid DMPC. For a correct description of the experi-

mental chain length dependence of the area per lipid, it is
essential to properly reproduce the conformations of the lipid.
Molecular Dynamics simulations of a single phospholipid in
water using a realistic all-atom representation are used to
generate configurations of the lipid, which were subsequently
used to optimize the intramolecular interactions (bond-bending
and bond-vibration) of the DPD model. A detailed description
of this procedure can be found in ref 32. In refs 33 and 34 this
model has been extended to include alcohol. We used similar
parameters as Groot30 for the soft-repulsions in the conservative
DPD interactions (aww ) att ) 25, aht ) awt ) 80, andahw )
15). In addition, we vary the head-head interactions,ahh to
study the effect of changing the interactions between the
headgroups of a lipid. Experimentally, the head-head interac-
tions can be changed by, for example, modifying the chemical
nature of the headgroup or adding salt to the system. The
intramolecular interactions include a bond-bending potential

with kθ ) 6 andθ0 ) 180° for the tails and between the tails
and the headgroupkθ ) 6 andθ0 ) 90°. Two consecutive beads
are connected by harmonic springs

with spring constantkr ) 100 and equilibrium distancer0 )
0.7.

A biological membrane is not subject to external constraints
and therefore adopts a configuration which is tensionless.
Lipowski and co-workers35,36 emphasize the importance of
simulating at exactly the area for which the interfacial tension
is zero and determine this area iteratively. We use a different
approach in which we mimic the experiment by simulating an
ensemble in which we impose the interfacial tension. After a
randomly selected number of DPD steps we perform a Monte
Carlo move in which we change the area of our bilayer in such
a way that the total volume of the system remains constant.
This move is accepted with a probability37

whereU(o) and U(n) indicate the energy of the old and the
new configuration, respectively,γ the interfacial tension,A the
area of the bilayer andâ ) 1/kBT. To obtain the tensionless
state of the bilayer is set to zero to ensure that the membrane

Fij
C ) {aij(1 - rij/rc) rij < rc

0 rij g rc

Figure 2. Models of the lipids used in this study with their
nomenclature; the black particles represent the head beads and the white
particles the tail beads.

Uθ ) (1/2)kθ(θ - θ0)
2

Ur ) (1/2)kr(r - r0)
2

acc(of n) ) min(1,
exp{-â[U(n) - γAn]}
exp{-â[U(o) - γAo]})
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adopts the equilibrium area per lipid.37-39 The importance of
this method is that it allows us to observe directly phase
transitions in which the area per lipid changes.

Simulations were performed on a bilayer containing 800
lipids. 8000-15000 water particles are added to ensure that a
bilayer does not have any interaction with its periodic image in
the horizontal direction. After the formation of the bilayer, by
applying DPD steps only, we allowed the bilayer to adopt a
tensionless configuration by applying both DPD and Monte
Carlo, in which the area of the bilayer is changed. The overall
density of the system isF ) 3. A typical simulation required
100 000 cycles of which 20 000 cycles were needed for
equilibration. Per cycle it is chosen with a probability of 70%
whether to perform 50 DPD time steps or to make an attempt
to change the area of the box. To test the reproducibility of our
simulations, we repeated the self-assembly from different initial
condition and by heating of the system and subsequent cooling.
These simulations with different initial conditions gave within
the statistical uncertainly identical results. More details on the
simulations can be found in refs 37 and 39.

To characterize the different phases we used the area per lipid,
the order of the tails, the tilt angle, and the thickness of the
hydrophobic part of the bilayer as order parameters. The area
per lipidAl is simply computed by dividing the total area in the
yz-plane atγ ) 0 by half the number of lipids in the bilayer.
On average the number of lipids in each side of the bilayer is
equal.

The order of the tailsStail is defined as

whereθ is the angle between vector connecting the first and
the last bead in the tail and the bilayer normal (the tilt angle).
The order parameter has a value 1 if the vector is parallel to
the bilayer normal, a value 0 if the orientation is random, and
-0.5 if the bond is on average perpendicular. Finally, we
compute the thickness of the hydrophobic core and the bilayer
thickness as the average distance between the headgroups of
two opposing lipids. In case of the hydrophobic thickness,Dc,
the bead connecting the two tails is used as a reference bead,
whereas the bilayer thickness,Db, is computed using the last
bead of the headgroup as the reference bead.

By studying the behavior of these quantities as function of
temperature and head-head repulsion parameter we determine
the phase boundaries from the inflection points of these curves.
The temperature at which the chains get disordered is the same
as the temperature of the inflection point inAl andDc. Although
the overall systems we are simulating are quite large, the phase
transitions are quasi two-dimensional and from a “two-
dimensional viewpoint of view” our systems are much smaller.
As a consequence, the transitions we observe are very gradual
and much larger systems will be required to carefully analyze
the order of the transition.

In our simulations we use the conventional reduced units,
i.e., usingrc as the unit of length anda ) 1 as the unit of energy.
For some properties it is interesting to make a direct comparison
with experiments. The conversion factor for the length scale
from the assumption that a DPD particle occupies a volume of
90 Å3. For the temperature scale, the conversion is less
straightforward. The coarse-graining procedure of Groot can be
used at any temperature, that is, if we are interested at higher
temperature we can again match the compressibility and Flory-
Huggins solubility parameters at the temperature of interest. This
leads to temperature depend parameters which make the

interpretation of the results more difficult. To avoid these
difficulties, we have used the experimental phase transition
temperatures to relate the DPD energy and temperature scales
to the experimental system. With these parameters our simula-
tions predict an area per surfactant of 69 Å2 of the membrane
in the LR or fluid phase, independent of the chain length. This
is in good agreement with the experimental values which are
in the range 58-72 Å2. For the area per lipid in the gel phase
we find Al ) 46.6 Å2, while the experimental value isAl )
47.2 Å2.40

III. Lipid h3(t4)2

In this section, we discuss the influence of temperature, tail
length, and headgroup repulsion on the phase diagram of double-
tail lipids. To facilitate the presentation of our results, we first
summarize the computed phase diagram of the lipidh3(t4)2,
which consists of three hydrophilic headgroups and two
hydrophobic tails with a length of 4 beads. In the next section,
we investigate the changes in the phase diagram as a function
of the tail length.

We study the phase behavior as a function of temperature
and head-head repulsion parameterahh. We vary the head-
head repulsion parameter fromahh ) 10 toahh ) 55. For each
value ofahh we study the temperature behavior of the bilayer
by cooling the system in steps of∆T ) 0.05. The resulting
phase diagram of the lipidh3(t4)2 is given in Figure 3. In these
simulations, we observe the low temperatureLc phase and the
high temperatureLR phase. For low values ofahh we find that
the transition from theLc phase to theLR phase takes place via
the Lâ phase, in which the tails are ordered, but are not tilted
with respect to the bilayer normal. At high head-head repulsion
(ahh > 25) the transitionLc f LR occurs via the rippled phase
Pâ′.

A. Phase Behavior as a Function of Temperature and
Headgroup Interaction. Figure 4 shows the area per lipid, the
thickness of the hydrophobic core and the tail order parameter
as a function of temperature for various head-head repulsion
parameters. At the low-temperature extreme (T* < 0.2), the area
per lipid is small and the hydrophobic thickness is large. This
indicates that the lipids are tightly packed, which is reflected
in the order parameter. The high value ofStail at low temper-
atures indicates that the tails are ordered. This tail order
parameter does not reach the value of 1 (ordering parallel to
the bilayer normal), due to an average tilt angle with respect to
the bilayer normal of aboutθ ) 25°, except forahh ) 10 where
θ ) 15°. At T* > 0.6 a gradual increase ofAl and decrease of

Stail ) 1
2
〈3cos2 θ - 1〉 (1)

Figure 3. Phase diagram ofh3(t4)2 as a function of reduced temperature
T* and head-head repulsion parameterahh. In the narrow region
between theLc phase and theLR phase we find the rippled phase. The
thin line corresponds with the condition of 50%-50% of both phases.
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Dc is observed. At these high temperatures the order of the tail
is lost. For the intermediate temperatures we observe a more
complex temperature dependence.

In Figure 5, we plotted the density profiles in the direction
of the bilayer normal for both temperatures, takingahh ) 35 as
an example. At high temperature (T* ) 1.0) the different tail
segments have a low order, reflected in the broad distribution
peaks and overlap of the two monolayers, due to disorder of
the tails, is observed. This phase corresponds with the fluidLR
phase. At a temperature ofT* ) 0.25 the peaks are narrow,
indicating a high order, and the two monolayers are completely
separated. At this temperature the bilayer is in theLc phase.
Due to the high organization of the tails, the headgroups are
quite ordered as well and thus the density of water is locally
increased. The bulk water (depicted by the thin line) is in the
fluid phase. Lowering the temperature even further toT* )
0.1 results in complete freezing of the tails and at this
temperature also the water starts to freeze.

The main trends in the curves of the area per lipid, the
hydrophobic thickness, and the order parameter can now be

explained. At low temperatures, the packing of the tails is the
dominating effect: the order in the tails is high and the tails
stretch out, which results in a large value for the thickness of
the hydrophobic core and a small area per lipid. To minimize
contributions to the total energy of both headgroup and tail-
interactions, the tails are tilted with respect to the bilayer normal.
With increasing temperature the tails loose their order and the
collective tilt, and the bilayer becomes fluid. Due to this
increasing disorder the area per lipid increases and the hydro-
phobic thickness decreases.

Till now, we concentrated on the two extreme temperature
regions, but a distinction can be made between the phase
transition at low head-head repulsion (ahh e 25) and high
head-head repulsion parameters (ahh > 25). Forahh < 15 the
system gains energy if a water particle, which is hydrating a
head particle, is replaced by another head particle, while for
higher repulsion parameters the system gains energy by sur-
rounding the headgroups with water.

For every value ofahh the tails are in theLc phase at the
lowest temperatures. At lowahh, for which the water particles
are expelled from the headgroup region, we observe that atT*
> 0.2 the area per lipid decreases slightly and the thickness
increases. At the same time, the order parameter increases.
Investigating the tilt angles in these systems shows that at the
lowest temperature a collective tilt is present, but with slightly
increasing temperature the tilt angle disappears. The disappear-
ance of the tilt angle explains the increase in the order
parameters, since this order parameter is calculated with respect
to the bilayer normal. In this temperature region, the tails are
still ordered and due to the strong head-head interactions the
system will form the flat gel phaseLâ. For ahh > 25 we do not
observe the formation of theLâ phase. At these values of the
head-head repulsion the most favorable configuration of the
heads is to be surrounded by water and as a result the tails will
optimally pack in a tilted configuration.

We investigated the temperature region in which the phase
transition occurs more accurately by computing a thickness
profile of the bilayer. In Figure 6 we plotted the distribution of
the thickness as function of temperature for three different
repulsion parameters. We observe that the transition to theLR
phase occurs via a narrow region, except for the lowest head-
head repulsion parameters ofahh e 15, where the transition takes
place at once.

For values ofahh > 25 the distribution near the transition
temperature shows a double peak. The low value corresponds
with the thickness of theLR phase and the high value with the
thickness of theLc phase, indicating that there is a coexistence
between the two phases. If we simulate exactly at the point
where the bilayer consists of 50%Lc and 50%LR, then we find
the contour plot depicted in Figure 7(a). This contour plot shows
the thickness of the bilayer as a function of the position in the
yzplane. The thick and thin parts of the bilayer alternate, leading
to a striped structure. This structure closely resembles the rippled
phase Pâ′ as can also be seen in Figure 7b. We further
investigated this structure and we found that in the thick part
the two monolayers are separated and that in the thin arm the
end segments of the tails overlap. Computing the tail order
parameters of the lipids in the thick and in the thin part, gives
that the tails in the thick part of the bilayer are more ordered
than the tails in the thin part of the bilayer. Furthermore, the
tails in the thick part of the ripple have a tilt angle with respect
to the bilayer normal, whereas in the thin part this tilt angle
has disappeared. The average orientation of this tilt is parallel
to the direction of the ripple. All of these results point out that

Figure 4. (a) Area per lipidAl,(b) hydrophobic thicknessDc, and (c)
tail order parameterStail as a function of temperatureT* at and head-
head repulsion parameterahh.

Figure 5. Density profiles F(x) along the bilayer normalx for
temperatures (a)T* ) 0.25 and (b)T* ) 1.0. Each line is the density
profile for a different bead: full lines are the densities of the tail beads,
dashed lines correspond to the head beads and the thin solid line is the
density of water, while the colors black and gray represent the lipids
of the two monolayers. The dots correspond with thex position of the
maximum density, illustrating the positions of the beads in the bilayer.
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the rippled phase is a coexistence between the orderedLc phase
and the disorderedLR phase.

For ahh ) 20-25 we do not observe the double peak in the
distribution of the thickness near the transition to the fluidLR
phase. With increasing temperature the distribution of the
thicknesses shifts from the thickness corresponding to theLâ
phase to the thickness observed in theLR phase and all thickness
between these two extremes. In Figure 8 the corresponding
contourplots are given. AtT* ) 0.325 we observe the formation
of domains of theLR phase comparable to the domain formation
at higher repulsion parameters. With increasing temperature we
observe the melting of the bilayer into theLR phase, but this
transition is very gradual, as can be seen from Figures 8b,c.
We did not find any indication of the formation of a rippled
phase.

With these results we are now able to create the phase
diagram of the lipidh3(t4)2 (see Figure 3). Depending on the
headgroup interactions the transition from the low-temperature
phaseLc to the fluid phaseLR occurs via two different routes.
The stability of theLc phase is determined by the tails, which
pack optimally in a tilted configuration. However, the config-
uration of the headgroups can be far from optimal, depending
on the head-head interactions. At low values ofahh water is
expelled from the headgroup region and due to the strong
interactions between headgroups theLâ phase is formed, in
which the area per lipid is small, the tails are ordered but no
tilt is present. The transition from this phase to theLR phase
occurs gradually. For high values ofahh, it is favorable to
surround the headgroups with water and the tilt will not
disappear. Instead the transitionLc f LR will occur via the
rippled phasePâ′. This rippled structure becomes more stable
with increasing hydration of the headgroup.

B. Rippled Phase.To study the formation of the ripple in
more detail, we computed the contourplots of the bilayer at
different temperatures near the temperature where we find the
ripple ( i.e., at the point where we have 50% of theLc phase
and 50% of theLR phase) (see Figure 9). At the temperature of
T* ) 0.275 the bilayer is mainly in theLc phase, but domains
of theLR phase are formed. At a temperature ofT* ) 0.325 we
observe that the bilayer is in theLR phase, containing domains
of theLc phase. At both temperatures, these domains are stable
and do not fuse into one large domain and the typical rippled
structure is not formed.

The rippled structure is more stable with increasing head-
head repulsion parameter. Atahh ) 35 we find the rippled
structure only at the temperature where we have 50% of theLc

phase and 50% of theLR phase. However, at a repulsion
parameter ofahh ) 55 we find that this structure is stable at a
temperature range of∆T* ) 0.05 around this temperature. A
second effect of increasing the head-head repulsion parameter
is on the distance between two ripples. At higher repulsion

Figure 6. Distribution of thicknesses in the bilayer at different temperatures near the transition to theLR phase for three repulsion parameters: (a)
ahh ) 15, (b)ahh ) 20, and (c)ahh ) 45.

Figure 7. Structure of the rippled phase withahh ) 45 andT* ) 0.3.
At this temperature we obtain exactly equal amounts of theLc and the
LR phase. The contourplot (a) shows the thickness of the bilayer as a
function of the position in theyz plane where the colors indicate the
hydrophobic thickness. (b) is a side view of the bilayer, in which the
headgroups are colored black, the tails are gray. The darker color gray
is used to indicate the end segments of the tails. The water particles
are depicted by smaller spheres.

Figure 8. Contourplots of the bilayer at the head-head repulsionahh ) 20 at temperatures of (a)T* ) 0.325, (b)T* ) 0.35, and (c)T* ) 0.375.
The colors indicate the hydrophobic thickness of the bilayer.
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parameters the headgroup is more hydrated, which leads to
slightly higher value of the tilt angle in theLâ′ phase. As a result,
the period of the rippled phase increases slightly with increasing
repulsion parameter.

We performed several simulations to test whether the rippled
structure that we observe is really a stable phase, or that this
structure is induced by the way the simulations are performed.
In all simulations, we cooled the system fromT* ) 1.0 toT*
) 0.1 in steps of∆T ) 0.05. If the rippled phase is the stable
phase, it should also be formed if we heat the system up. For
ahh ) 45, at which the rippled phase is observed atT* ) 0.3
(see Figure 9b), we decreased the temperature fromT* ) 0.325
to T* ) 0.3 and increased the temperature fromT* ) 0.275 to
T* ) 0.3. In both cases the rippled structure is observed atT*
) 0.3, while at the lower and the higher temperature no ripple
was observed.

We also performed some simulations to test the influence of
the system size. Forahh ) 45, we find the rippled structure in
a system containing 800 lipids (Figure 9b). In this system, two
“ripples” are observed. Increasing the system size to 1800 lipids,
should give the formation of three ripples. However, we find
that only two ripples are formed. If we double this system to
6400 lipids, we indeed observe the formation of four ripples.

For ahh ) 55, we observed that the ripple was formed
diagonally in theyz-plane of the simulation box (Figure 10(a)).
Since we apply periodic boundary conditions in all three
directions, one might wonder if this is a rippled phase or just
the formation of two domains. Increasing the system size to
1800 lipids shows that in this case the striped structure is again
formed parallel to they-axis of the system (Figure 10b),
indicating that the rippled phase is the stable phase. Also, in
this case, multiplying the system by two leads to a doubling of
the number of ripples.

These results show that in the system of 800 lipids, there
can be some friction in the distance between the ripples.
Increasing the system size leads to the formation of a rippled
phase, in which the distance between the ripples is optimal. Once

optimized this period of the ripple, there is a linear relation
between the system size and the number of ripples. The period
of the ripple is very characteristic and depends on the tilt angle
of the hydrocarbon tails.

In summary, we observe that the transition from the ordered
gel phase to the disordered fluid phase occurs via a coexistence
region. For low values of the head-head repulsion parameter
(ahh e 25), there is a coexistence region of theLâ and theLR
phase, in which domains are formed. These domains grow with
increasing temperature until the bilayer is completely fluid.
Contrary to this behavior, we do not find domain formation for
the high values ofahh (ahh > 25). The coexistence between the
Lâ′ phase and theLR phase leads to the rippled phasePâ′. The
period of this ripple depends on the tilt angle of the hydrophobic
tails.

IV. Influence of Tail Length

Now that we have determined the phase diagram of the
shortest lipid, it is interesting to investigate how this diagram
changes with increasing tail length. We performed simulations
on model lipids with tail lengths increasing up to 7 beads in
the tail. The resulting phase diagrams are presented in Figure
11. We included the phase diagram ofh3(t4)2 for comparison.

In all phase diagrams, we find the phases observed for the
shortest modelh3(t4)2. However, with increasing tail length we
observe the appearance of a third phase, theLâ′ phase. ThisLâ′
phase is characterized by less order in the tails than in theLc

phase, a collective tilt with respect to the bilayer normal and
no overlap of the two sheets of the bilayer. The temperature-
andahh stability depends on tail length: theLâ′ is more stable
if the tails are longer. The appearance of theLâ′ phase is in
agreement with experimental data of the phase behavior. For
DLPC (DiLauroylPC, 12 carbons per tail) theLâ′ phase is not
observed, while this phase becomes more stable if the tail length
is increased from 14 to 20 carbons per tail.1,2

With increasing tail length the temperature at which the main
transition occurs increases, in agreement with experimental
observations. This shift in melting temperature is most signifi-
cant for theLâ′ f LR transition, theLâ′ f Pâ′ transition, and
from the transition of theLâ - LR coexistence region to the
pureLR phase. The transition from theLc phase to theLâ′ is at
an almost constant temperature independent of tail length. Thus
the increased stability of this phase with increasing tail length
is caused by the higherLâ′ f Pâ′ transition temperature.

The temperature region, in which thePâ′ phase is the stable
phase, does not depend on tail length. However, we find an
increase of the period of the ripple with increasing tail length.
Using a system containing 800 lipids, we observed that with
increasing tail length the rippled structure was not formed
parallel to they- or z-axis of the system, but diagonally, as was

Figure 9. Contourplots of the bilayer at the head-head repulsionahh ) 45 at temperatures of (a)T* ) 0.275, (b)T* ) 0.3, and (c)T* ) 0.325.
The colors indicate the hydrophobic thickness of the bilayer.

Figure 10. Contourplots at the head-head repulsionahh ) 55 at
temperatureT* ) 0.275 of (a) a bilayer consisting of 800 lipids and
(b) a bilayer consisting of 1800 lipids.
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also observed with the lipidh3(t8)2 at ahh ) 55. By adapting
the system size to a maximum of 3200 lipids, the rippled phase
was formed for all tail lengths with an increasing period going
from 4 to 8 beads in the tail.

For the two longest models studied, it is difficult to determine
the structure of the bilayer in the coexistence region at the low
head-head repulsion parameters (ahh < 25). This coexistence
region (denoted withc in the phase diagrams of Figure 11c,d)
seems to be a coexistence between theLâ, the Lâ′ phase and
theLR phase. With increasing temperatures the average tilt angle
first decreases, indicating theLc f Lâ transition. At the second
transition the tilt angle again increases till the transition to the
LR phase occurs, where no tilt angle is observed. The rippled
structure was never observed at these low repulsion parameters.

V. Discussion

In this section, we compare the results from our simulations
with the experimental data. First, we will discuss the phase
diagram as a function of temperature and tail length of the lipids.
Then we pay attention to the anomalous swelling, which is
observed near the main transitionPâ′ f LR, and, finally, we
discuss the structure of the rippled phase.

A. Phase Behavior as a Function of Temperature and Tail
Length. Phase behavior as a function of temperature and tail
length

In Figure 12 we plotted the transition temperatures as a
function of tail length for the typical head-head interaction used
by Groot,41 ahh ) 35. The low temperature phase is the highly
orderedLc phase and at high temperatures theLR phase is the
stable phase. With increasing temperatures the transitionLc f
LR goes through different phases, dependent on tail length. For
the shortest tail length (N ) 4) no Lâ′ phase is observed and

the transition holdsLc f Pâ′ f LR. For longer tails theLâ′ phase
is observed between theLc and Pâ′ phase. Qualitatively, this
phase diagram nicely resembles the experimental phase dia-
grams.42,43The temperatures of theLâ′ f Pâ′ and thePâ′ f LR′
transition increase with increasing tail length. TheLâ′ phase is
not observed for the shortest lipid, but for longer tail lengths
the stability of this phase increases with increasing tail length.
The only difference is that we find a constant temperature region
in which the rippled phase is stable, independent of tail length,
while experimentally this region decreases and finally disappears
with increasing tail length.

We can translate the reduced temperatures to the real
temperatures, by, for example, taking the temperatures of the
pretransitionLâ′ f Pâ′ and the main transitionPâ′ f LR′ of the

Figure 11. Phase diagrams of model lipids as a function of head-head repulsion and reduced temperature: (a)h3(t4)2, (b) h3(t5)2, (c) h3(t6)2, (d)
h3(t7)2. In (c) and (d)c denotes a coexistence region, of which the exact structure was difficult to determine. A description of this phase can be
found in the text.

Figure 12. Transition temperatures as a function of tail length for the
head-head repulsion parameterahh ) 35.
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phospholipid DMPC as reference points. DMPC corresponds
with the model lipidh3(t5)2. If we takeT* ) 0.35 andTexp )
15.3 °C for the pretransition temperature andT* ) 0.425 and
Texp ) 24.0 °C for the main transition, we obtain the linear
relationTexp ) 116 × T* - 25.3. This relation leads to large
discrepancies from the experimental values for the pre- and main
transitions of the other lipids. As an example, we take a model
lipid with a tail length of 7 beads. This mesoscopic model
corresponds with the phospholipid DSPC, containing 18 carbons
in the hydrocarbon chains. From our simulations, we findT*
) 0.56 for the main transitionPâ′ f LR′, which corresponds
with Texp ) 40 °C. However, the main transition of DSPC is
experimentally determined atTexp ) 55 °C.44

At this point, it is important to recall that the parameters have
been tuned to reproduce the compressibility of water and the
Flory-Huggins solubilities at ambient conditions. The DPD
model is too simple to expect that, once these parameters have
been fitted at a given temperature, one would, for example,
reproduce the compressibility of water at other temperatures.
This gives, however, a temperature dependenta parameter which
would make the interpretation of our results more complex.
Therefore, we do not expect a quantitative agreement.

B. Anomalous Swelling.One of the main questions in the
phase behavior of PCs is the observed anomalous swelling (non
linear increase of the lamellar repeat distance with temperature)
near a phase transition. For long times, this swelling was
considered to be a key factor in the formation of the rippled
phase. However, it is not clear what causes this anomalous
swelling.2,24

Experimental work and theories suggest that the swelling
could be caused by increased interactions between bilayers due
to changes in the Helfrich undulation forces.45-50 Approaching
the transition temperatureTm, the bilayer has a reduced bending
rigidity and as a result the fluctuations of the bilayer increase.
Due to these increased bilayer fluctuations the steric repulsion
between bilayers increases. As a result the thickness of the water
layer between two bilayers becomes larger, which causes the
anomalous swelling.51,49Another explanation is that the anoma-
lous swelling is mainly caused by an increase of the thickness
of the hydrocarbon region.51,24Near the transition temperature,
the hydrocarbon chains show a critically straightening. In most
papers, a coupling is made between the various explanations:
due to a straightening of the tails, the fluctuations of the bilayer
increase, which finally results in the anomalous swelling.

In a recent paper, Mason et al.25 showed that the anomalous
swelling is not coupled to the formation of the rippled phase
Pâ′. By successively adding methyl groups to DiMyristoylPhos-
phatidylEthanolamine (DMPE, no methyl groups attached to
the terminal nitrogen) to form DMPC (three methyl groups
attached) it is observed that anomalous swelling occurs in the
case of mmDMPE (monomethyl-DMPE) and dmDMPE (di-
methyl-DMPE), while bilayers of these phospholipids undergo
a transition into the flat gel phase (Lâ) rather than into the rippled
phase.

In our simulations, we calculated the contribution of the
hydrophobic thickness (Dc) and the thickness of the headgroup
region (Dh) to the swelling forh3(t5)2 for different repulsion
parameters. Figure 13(a) shows the hydrophobic thickness and
the bilayer thicknessDb as a function of temperature and in
Figure 13b the thickness of the headgroup region is plotted.
We observe a large increase of the hydrophobic thickness, which
may be responsible for the swelling of the bilayer.

The behavior of the hydrophobic thickness is closely related
to the phase behavior of the bilayer (see Figure 11b). For the

lowest repulsion parameter (ahh ) 10), we observe upon
decreasing temperature the transitionsLR f Lâ f Lc. Decreasing
the temperature in theLR phase results in an increased ordering
of the chains and in theLâ phase the chains are ordered and do
not show a tilt. Further decrease of the temperature gives the
Lc phase and because of the tilt, the hydrophobic thickness is
smaller, which explains the maximum in the curve. This
maximum is not present in the curve for the bilayer thickness
Db. Figure 13b shows that forahh ) 10 decreasing the
temperature straightens the heads and, in particular, in theLc

phase this increase in the thickness of the head region completely
compensates the decrease of the hydrophobic thickness.

For higher values ofahh, but still for ahh e 25, the main trend
is equal to the trend observed forahh ) 10. Figure 11b shows
that the temperature range, for which theLâ phase is stable,
decreases. Hence, the increase of the hydrophobic thickness in
the Lâ phase occurs in a much narrower temperature interval
and therefore gives a sharp increase ofDc. For ahh ) 20, the
decrease ofDc in the Lc phase is not completely compensated
by the increase of the thickness of the headgroups (Dh, see
Figure 13b) and for this headgroup interaction, we observe a
decrease of the bilayer thickness.

For ahh > 25, for which the ripples phasePâ′ is observed,
we find a strong increase of the hydrophobic thickness associated
to the LR f Pâ′ transition. We also observe a discontinuous
increase in the thickness of the headgroup region, located at
the point where theLR f Pâ′ transition occurs. Ordering of the
tails and the headgroups occurs simultaneously. Due to the
strong hydration of the headgroups at highahh the headgroups
will stretch into the water phase, such that each segment is
surrounded by water. This larger increase inDh causes the
change in order of the curves representing the bilayer thickness
in the low-temperature region.

For all values ofahh the increase of the bilayer thickness is
mainly a consequence of the increase of the hydrophobic
thickness. Forahh > 25 the larger increase of the bilayer
thickness is caused by a relatively larger contribution of the
thickness of the headgroup region.

We observe for the model lipidh3(t5)2, which corresponds to
the phospholipid DMPC, that increasingahh from a very low
value to a value above the triple point results in similar swelling
curves to the curves obtained by increasing the size of the
headgroup by adding successively methyl groups to form DMPC
from DMPE.25 Increasing the number of methyl groups in the
headgroups corresponds with increasing the repulsion between
the lipid headgroups, since the steric hindrance increases with
increasing number of methyl groups and the ionic interactions
decrease as the headgroup is larger. For DMPE, which corre-
sponds to a lipid with head-head repulsion parameterahh )
10, the hydrophobic thickness increases gradually at the

Figure 13. (a) Bilayer thickness (Db)(solid lines), thickness of the
hydrophobic region (Dc)(dashed lines), and (b) thickness of the
headgroup region (Dh)as a function of temperature for various head-
head repulsion parameters of theh3(t5)2 lipids.
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transition LR f Lâ. The swelling curves of mmDMPE and
dmDMPE, corresponding withahh ) 15 and ahh ) 20,
respectively, show a maximum near the main transition. The
maximum in bilayer thickness for dmDMPE is sharper than for
mmDMPE.25 In our simulations, we show that the occurrence
of this maximum is due to an increase of the hydrophobic
thickness, caused by the formation of theLâ phase. Since the
stability of thisLâ phase decreases with increasing head-head
repulsion, the maximum becomes sharper until the triple point
is reached atahh ) 25. For the PC lipids, corresponding with
the high values ofahh (ahh > 25), the experimentally obtained
curves show a sharp maximum at the main transition for the
shorter chain lengths. For the longer tail lengths, this maximum
disappears.48,50 We observe a large increase of the bilayer
thickness for all lipid tail lengths, caused by a simultaneously
increase of the hydrocarbon thickness and the thickness of the
headgroup region. We do not observe a maximum in the curve
for the shorter lipids.

Only for DMPC, which is above the triple point, is a rippled
phase observed, which reinforces the conclusion of Mason et
al.25 that the anomalous swelling of mmDMPE, and dmDMPE
is not related to the rippled phase. Our simulations show that
in all cases the (anomalous) swelling is the consequence of
changes of the conformation of the hydrocarbon tails. Of course,
experiments are often performed on multiple layers and changing
the temperature may also change the amount of water between
the layers. Also, the electrostatic interactions between the lipid
headgroups can play a crucial role in the swelling of the
bilayer.47,52 These effects are not included in our simulations.

C. Structure of the Rippled Phase. One of the main
questions in the phase diagram of a phospholipid bilayer is the
existence of the rippled phase, since this corrugated phase lies
between the two flat phasesLâ′ and LR. Besides much
experimental work, a lot of theoretical and modeling studies
are devoted to the nature of the rippled phase. Different
approaches are used to model the rippled phase. Macroscopic
theories regard the bilayer as a whole and explanations can thus
be found in the elasticity and the curvature of the mem-
brane.5,10,12,14,19,28,46Microscopic theories explain the existence
of the rippled phase in terms of the packing properties of
individual molecules.4,7,13,20In these studies, the formation of
the ripple is often attributed to a packing competition between
the lipid headgroups and the hydrocarbon chains. Also, a
combination of these two approaches is possible: it is proposed
that competition exists between macroscopic curvature and
microscopic properties of the bilayer.17,23,11A third approach
is the approach in which interbilayer interactions are taken into
account in the formation of the ripple.13

The general picture of the rippled phase is that the shape is
an asymmetric sawtooth, with a difference in thickness between
the long and the short arm.5-9 However, there are also studies
in which the shape of the ripple is sinusoidal.4,10-13 The
wavelength of the ripples is in the range from 120 to 160 Å if
a bilayer is heated from theLâ′ phase. This wavelength increases
with increasing length of the hydrocarbon tails.6,7,53,54In this
section, we compare the results of our simulations with some
of the experimental and theoretical studies on the structure of
the rippled phase. We do not pay attention to the sawtooth or
sinusoidal shape of the ripple, since much larger systems are
needed to observe the typical sawtooth.

In most experimental work, the sample is not a unilamellar
system but a multilayer. It is assumed that the ripples occur
due to bilayer-bilayer interactions, which are mediated by the
lipid headgroups. In an AFM study on supported double DPPC-

bilayers on mica Fang and Yang26 detected the existence of a
ripple structure in the upper bilayer of the double-bilayer regions
only. This indicates that the bilayer-bilayer interaction might
be responsible for the formation of the ripple structures.
However, also in unilamellar systems the pretransition is found.
Mason et al.27 argue that in the AFM study the undulations are
suppressed by the substrate and they provide evidence that the
rippled phase exists in large unilamellar vesicles of DPPC.
Another study by Takeda et al.28 shows that the ripple structure
appears in a system if the thickness of the water layer between
the lipid bilayers is increased by the addition of salt, indicating
that the ripple originates mainly in the intralayer interactions.
In these unilamellar systems, the transition is broader and less
separated from the main transition.12,55

All our simulations are performed on a single bilayer, and
we observe the rippled phase in all systems, provided thatahh

> 25. Although we apply periodic boundary conditions in all
three directions, there is no bilayer-bilayer interaction. We
impose that the thickness of the water layer between two bilayers
is at least 4rc to guarantee that two periodic images do not have
any interactions in thex-direction. To test whether the results
change if the bilayers do interact, we performed simulations
on a multilayer system atahh ) 35 in the temperature rangeT*
) 0.1 toT* ) 0.7. These simulations gave the same results as
were obtained for a single bilayer, indicating that interbilayer
interactions are not the key factor in the formation of a rippled
structure.

It is difficult to determine directly the structure of the two
arms of the ripple, which differ in thickness, experimentally.56

For example, Sun et al.7 assume that the X-ray diffraction
patterns are best fitted with a model in which the asymmetry
of the bilayer height profile is the dominant feature. The major
side of the ripple is similar to theLâ′ phase, while the minor
side may be more the fluidLR phase. The formation of the ripple
due to the coexistence between these two phases is also proposed
in many other experimental and theoretical studies.4,19-23

However, since it was found that in thePâ′ phase the chains
are mainly frozen in an all-trans configuration,18 the explanation
of coexistence is less probable and the difference in the existence
of the ripple is attributed to a change in tilt angle and/or elastic
properties.12-17 Sengupta et al.17 conclude that the asymmetry
of the ripple is not caused by an asymmetry of the height profile,
but that the difference in the bilayer thickness is the primary
feature. In this model, the height profile is symmetric and the
differences in the thickness are attributed to a mean tilt of the
hydrocarbon chains.

Our simulations show that the thickness in the two parts of
the ripple is different, due to coexistence of theLc or Lâ′ phase
and theLR phase. In the thick part (Lc or Lâ′), the tails have a
preferred tilt, while in the thin part (LR) this tilt has disappeared.
The contribution of theLR phase in thePâ′ phase increases with
increasing temperature (see Figures 6 and 9), and at the condition
of 50-50% of both phases (Lc or Lâ′ andLR) we find a structure
that is similar to the rippled structure. This indicates that both
the pretransition and main transition are caused by the same
effect of chain melting.4 In the case of coexistence, the chains
are not frozen in an all-trans conformation as was proposed by
Cameron.18 However, spectroscopic21 and diffusion studies57

have shown the existence of a significant fraction of disordered
chains, supporting the presence of theLR phase.

A surprising aspect of the rippled phase is that, unlike
ordinary coexistence, the system does not minimize the total
interfacial area formed by the two phases. Our simulations show
that the head-head interaction is a key factor in the formation
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of the ripple: ifahh < 25 we do not observe the rippled phase.
For ahh > 25, the system can gain energy if more headgroups
are exposed to water. In the coexistence region the headgroup
water contact area is locally increased (see Figure 14), hence
by increasing the number of interfaces the system can lower its
energy. We also observe this tendency to increase the headgroup
water contact area, if we perform simulations in the region where
there is coexistence of the two phases, but not at the condition
of 50-50%Lâ′ - LR. We observe that at different ratios ofLâ′
- LR more than one domain of one phase in the dominating
phase is formed (see Figure 9). In this way, the number of
headgroups exposed to water is larger than if only one domain
is formed.

Obviously, the system can lower its energy by increasing the
number of interfaces in the rippled structure. The total number
of interfaces, however, will be limited by the repulsive forces
between the ripples. The origin of this force is the elastic energy,
which tends to minimize the curvature of the interface between
the thick and thin parts. This aspect will depend on the tail
length; the longer the tails, the larger the thickness that has to
be crossed. This explains why we observe that the period of
the ripple increases with tail length. Within the thick part of
the ripple, the average orientation of the tilt is parallel to the
direction of the ripple, which is an important factor in stabilizing
a linear interface.

It is interesting to compare these results with the continuum
Landau theory of Lubensky and MacKintosh,12 in which a
rippled phase occurs due to the coupling of molecular tilt to
the membrane curvature if the longitudinal elastic constant is
negative. Our results show that the microscopic origin of this
negative constant is the surface area of the heads, which is not
compatible with the lateral density of the tails. This confirms
the reasoning by Carlson and Sethna.13 They argue that the
packing competition between the headgroups and chains is the
essential feature for two reasons. First, the ripple does not occur
in bilayers consisting of phospholipids with smaller headgroups
and second, the pretransition temperature increases as the
hydrocarbon chain length is increased, which suggests that the
attraction between the chains is important.

VI. Conclusions

In this investigation, we studied the phase behavior of
phospholipid bilayer, and especially the formation of the rippled
phase, as a function of temperature, headgroup interactions, and
tail length. The formation of the rippled phase, its relation with
anomalous swelling of these membranes, and the structure of
the ripple observed about 30 years ago has attracted the attention
of many researches. Many different theories have been put
forward to explain the formation of this phase, but a molecular
explanation is still lacking. Therefore, we perform computer
simulation on a mesoscopic model of a lipid, that consists of a

headgroup of three hydrophilic beads and two hydrophobic tails
varying in length from 4 to 7 beads.

We showed that we can reproduce the experimentally
observed phases. At low temperatures theLc phase is stable, in
which the tails are highly ordered and show a tilt with respect
to the bilayer normal. Increasing temperature leads to the melting
of the bilayer, which goes through different phases, dependent
on the headgroup interactions. For low values of the head-
head repulsion parameters, the headgroups want to expel water
and as a consequence the transition to the fluidLR phase takes
place via the flat gel phaseLâ, in which the tilt has disappeared.
For high values of the head-head repulsion parameter, we find
a coexistence region of the gel phase and the fluid phase. We
observe the rippled structure (Pâ′) in a narrow region around
the line where we have approximately 50%Lc or Lâ′ phase and
50% LR phase. For longer tails, this phase is preceded by the
Lâ′ phase. The stability of this phase increases with increasing
tail length.

A key factor in the understanding of the rippled phase, is a
frustration induced by the optimal surface area of the heads
which is not compatible with the optimal lateral density of the
tails. For high values ofahh, the system can gain energy if more
headgroups are exposed to water and therefore, at the condition
of 50-50% material of both phases, the space filling problem
leads to a striped solution. Taking into account the curvature
constrain, the period of the ripple increases with increasing tail
length. The anomalous swelling, observed at thePâ′ f LR, is
caused by conformational changes of the lipid tails, but is not
directly related to the rippled phase.
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