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Abstract. Neutron scattering techniques have been employed to investigate 1,2-dimyristoyl-sn-glycero-3-
phosphocholine (DMPC) membranes in the form of multilamellar vesicles (MLVs) and deposited, stacked
multilamellar-bilayers (MLBs), covering transitions from the gel to the liquid phase. Neutron diffraction
was used to characterise the samples in terms of transition temperatures, whereas elastic incoherent neu-
tron scattering (EINS) demonstrates that the dynamics on the sub-macromolecular length-scale and pico-
to nano-second time-scale are correlated with the structural transitions through a discontinuity in the ob-
served elastic intensities and the derived mean square displacements. Molecular dynamics simulations have
been performed in parallel focussing on the length-, time- and temperature-scales of the neutron experi-
ments. They correctly reproduce the structural features of the main gel-liquid phase transition. Particular
emphasis is placed on the dynamical amplitudes derived from experiment and simulations. Two methods
are used to analyse the experimental data and mean square displacements. They agree within a factor of
2 irrespective of the probed time-scale, i.e. the instrument utilized. Mean square displacements computed
from simulations show a comparable level of agreement with the experimental values, albeit, the best match
with the two methods varies for the two instruments. Consequently, experiments and simulations together
give a consistent picture of the structural and dynamical aspects of the main lipid transition and provide a
basis for future, theoretical modelling of dynamics and phase behaviour in membranes. The need for more
detailed analytical models is pointed out by the remaining variation of the dynamical amplitudes derived
in two different ways from experiments on the one hand and simulations on the other.

1 Introduction

A detailed understanding of lipid systems is of paramount
importance in biology, as each type of cellular membrane
contains its own lipid composition, which is characterized
by its chemical nature, chain length and degree of satu-
ration. Cell membranes can in fact be composed of more
than a hundred different types of lipids. They are not only
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structural elements, but also have a key role for the speci-
ficity of biological properties of the membrane. For a more
complete overview, see the textbook of O. Mouritsen [1].

Although 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC) is among the most studied lipid systems, both
experimentally and by molecular dynamics (MD) simula-
tions, direct comparisons between the corresponding data,
which entail performing the simulations in conditions
matching those of the experiments, are under-represented.
It is well established by a number of groups that atom-
istic simulations can accurately reproduce a range of, typ-
ically structural, membrane properties [2–4] with micro-
scopic dynamics being less extensively investigated and
validated. Some relevant examples can, however, be found
in [5–7]. Experimentally, mainly the mechanisms behind
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lipid phase transitions have been investigated using meth-
ods such as calorimetry [8], electron paramagnetic reso-
nance [9], dilatometry [10–12], light transmittance [13,14],
Fourier transform infrared spectroscopy (FTIR) [15] and
small angle scattering of neutrons (SANS) or X-rays
(SAXS) [16,17]. Neutron and X-ray diffraction [18], spec-
troscopy [19], reflectometry [20] and solid-state NMR [21]
have also given information on the structure and dynamics
of model lipid membranes.

The complexity of working both experimentally and
with simulations on membranes may explain in part why
these complementary approaches have not been brought
together more often in the past. In this work, we have
therefore combined calorimetry and neutron scattering ex-
perimental techniques with atomistic simulations using
the NAMD-2.6 program [22] and the CHARMM36 force
field [23] to develop a quantitative comparison between
the experimental and computational models of lipid mem-
brane structure and, in particular, dynamics.

A recent survey of neutron scattering, MD and theo-
retical studies of bio-molecular dynamics revealed about
50 papers based on simulations, 60% of which were focused
on 4 proteins [24]. About 15 of the 50 papers made direct
comparison between experimental and simulation data al-
though, as a rule, both types of work were performed and
published independently and similarity in trends between
experimental and simulation results were sought. Given
the increasing availability and use of MD, it is timely to
perform a careful, direct comparison of experiment and
simulation, especially for the dynamics of a reference,
membrane system —DMPC.

In this work we have concentrated on multilamellar
vesicles (MLVs) and multilamellar bilayers (MLBs), see
fig. 1, in membrane systems made of DMPC, which are
often used to mimic their more complex, natural counter-
parts as cell membranes because of their similar thermo-
dynamical behavior. As a function of molecular geome-
try, temperature, concentration and hydration, the lipids
self-assemble in different phases, such as micelles, MLVs,
lamellar, cubic or hexagonal phases. Whereas MLVs are
usually prepared with an excess of water, laterally ordered
systems can occur in different hydration states going from
completely dry to fully hydrated. It is very difficult to
reach full hydration, as it depends sensitively on the ex-
act temperature and sample surface area [25] and on how
the sample is prepared and conserved during the exper-
iment to avoid uncontrolled water exchange between the
sample and the environment.

Focusing on bilayer-type structures, the commonly ob-
served fully hydrated, lamellar states are (see fig. 2):

a) Lc phase: the lamellar crystalline phase is the most
ordered one at low temperature. In this phase, lateral lipid
diffusion is mostly absent.

b) Lβ′ phase: In this so called “gel” phase, the lipid
chains are ordered in the all-trans configuration. The
prime indicates that the alkyl chains are tilted with re-
spect to the bilayer normal. In the case of DMPC, an
angle of about 30◦ is observed (the exact value is temper-
ature dependent). The high degree of chain order leads

Fig. 1. Lipid polymorphism: MLV and MLB. Head groups are
represented in blue and chains in orange.

to a quasi-crystalline order of lipids within the individual
lamellae.

c) Pβ′ phase: the “ripple” phase. This phase does not
exist in all phospholipids. If existing, it is formed prior
to the main phase transition. It exhibits one dimensional
ripples on the membrane surface. Close to the main phase
transition, a co-existence of rafts of Lα domains in a Pβ′

continuum and of Pβ′ domains in an Lα continuum with
increasing temperature was observed [26].

d) Lα phase: the liquid-disordered or fluid phase. The
long-range in-plane order is lost. This corresponds largely
to the physiological state in cells.

The various types of lipids have different main phase
transition temperatures Tm (between the gel and the fluid
phases), depending on the interactions between lipids and
thus on their chain lengths, saturation, polar head group
charges, etc. Some of their characteristics can be found
in [8,27–30]. If the external conditions (salinity, pH, hy-
dration, pressure or temperature) require it, the cells have
the capacity to adapt the lipidic composition of their mem-
brane by a metabolic response. Such processes lower con-
siderably the phase transition temperature and help the
organisms to survive, if necessary. On the contrary, low
hydration provokes an increase of Tm [31].

Core fluidity is an important concept in membranes
with respect to their mechanical properties as it allows
for overall membrane deformation from the average shape
and diffusion of embedded components within the mem-
brane itself. The lipids (and proteins) can undergo dif-
ferent motions within the membrane, from simple vibra-
tions, rotations and translations up to exchanges from one
layer to the other (flip-flop), all of them corresponding to
characteristic time-scales [32]. An experimental technique
to observe short range lipid dynamics and phase transi-
tions at time-scales on the order of pico-nanoseconds (ps-
ns) is elastic incoherent neutron scattering (EINS). Neu-
tron wavelengths (Å to nm) span inter-atomic and inter-
molecular distances making neutron spectroscopy sensi-
tive to motional amplitudes in macromolecules. In par-
ticular, incoherent neutron scattering provides detailed
information on the motion of the hydrogen (H) atoms
present in the sample as their incoherent scattering cross
section exceeds largely those of all other atoms present
in biological samples. Motions occurring within the ps-ns
time window are of particular interest since they cover the
crossover region from local excitations to slower processes
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Fig. 2. Schematic representation of the different lipid phases of DMPC at full hydration. Head groups are represented in blue
and chains in orange. Phase 1, 2 and 4 correspond to figures extracted from the simulations, phase 3 was built up from figures
of individual lipids.

involving collective motions of the whole membrane, like
bending.

However, despite the investigations by neutron scat-
tering and nuclear magnetic resonance (NMR) of S. König
et al. published in 1992 [33] and 1994 [34], and many ef-
forts to elucidate different aspects of lipid movements (see,
for instance, [35–38]), a complete theoretical model tak-
ing into account all possible lipid motions, and a theory
explaining lipid phase transitions, does not yet exist. It
could, for example, provide a model for the motions of
head groups and tails of lipids giving a relevant expres-
sion for the elastic incoherent structure factor (EISF). In
this context, MD simulations become an essential source
of accurate microscopic details on such systems, provided
that they closely reproduce the experimental data.

We have thus measured structure and H-diffusion in
DMPC MLVs and MLBs on diffractometers and spec-
trometers at the Institut Laue Langevin (ILL), Grenoble,
France. Diffraction and calorimetry were used to charac-
terize the samples prior to spectroscopic measurements.
We have focused on the correlation between structural
and, particularly, dynamical aspects of the phase transi-
tions and how well they are reproduced by simulations per-
formed, as far as possible, under the same conditions. Cor-
relation functions calculated from MD simulations high-
light the known limitations of the Gaussian approximation
which is widely-used to obtain the mean square displace-
ment from experimental data. For this reason, a second
method, which uses the full range of experimental data,
has been used to determine dynamical amplitudes.

2 Experimental details

2.1 Sample preparation

For all sample preparations, DMPC was purchased either
from Lipoid (Ludwigshafen, Germany) or from Avanti Po-
lar Lipids (Alabaster, USA) and used without further pu-
rification.

To produce DMPC MLVs, about 100mg of lipid pow-
der were placed in a flat sample holder and hydrated in
a desiccator from pure D2O for two days at 40 ◦C. Addi-
tional heavy water was added to achieve a sample with
an excess of water [36]. In order to verify that the sample
preparation reproduces the well-known transition temper-
atures observed in MLVs, for the pre-transition at 13 ◦C

(286K - Tp) and for the main phase transition at 24 ◦C
(297K - Tm), differential scanning calorimetry (DSC, Mi-
croDSC Setaram Instrumentation (Caluire, France)) ex-
periments were carried out prior to the neutron scattering
experiments. The DSC measurement on the MLV sample
was performed on cooling at a rate of 24 degrees per hour.

DMPC highly-oriented, MLBs were prepared on Si
wafers and hydrated with heavy water. We used the
“rock and roll” method following a protocol described
by Tristram-Nagle and co-workers [39] in which DMPC
powder was deposited on a Si(111) wafer of dimen-
sions 30 × 40 × 0.38mm3 by evaporating from a trifluo-
roethanol:chloroform mixture (2:1, v/v). After deposition,
the wafer was dried over silica gel for 2 days in a desicca-
tor. The sample was rehydrated from pure D2O at 40 ◦C
to achieve a high hydration level. Hereafter, the hydrated
state refers to at least 14 water molecules per lipid whereas
the dry state means about 2 water molecules per lipid. One
wafer contained a total amount of ≈ 35mg of lipids.

Both MLVs and oriented, MLB samples were then
placed in slab-shaped aluminum sample holders, gold-
coated to prevent sample contamination. Sample cells
were sealed using indium wire and the weight of the sam-
ple was monitored before and after the experiment, with
no change observed indicating a stable level of hydration.

2.2 Neutron scattering experiments

The sample structures were first characterized at the small
momentum transfer diffractometer D16 [40] (ILL) by a θ–
2θ scan, with incident neutron wavelength λ = 4.75 Å. The
diffracted neutrons were recorded on a two-dimensional,
area detector. From the angle θ, the modulus of the wave
vector transfer Q can be calculated through

Q =
4π

λ
sin(θ), (1)

and the corresponding d-spacing of the lamellae is

d =
2π

Q
. (2)

The lamellar spacing found for close to fully hydrated
DMPC samples can vary between 50 and 62.7 Å [41], de-
pending on temperature and the exact sample preparation
conditions. The mosaic spread of MLB’s was determined
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Table 1. Characteristics of the spectrometers at ILL used in
this study.

Spectrometer IN6 IN13

Wavelength [Å] 5.1 2.23

Accessible Q-range [Å−1] 0.4–2.0 0.2–4.9

Length-scale [Å] 3–16 1–30

Resolution FWHM [µeV] 90 8

Time-scale [ps] 10 100

from a rocking scan in which the sample is rotated with
respect to the incoming beam (ω-axis) to cover the full
width at half maximum (FWHM) of the first order (001)
Bragg reflection. The mosaic spread is an indication of
membrane order relative to the mean orientation of the
membrane stack. A typical value of the mosäıcity for solid
supported membranes is ∼ 1◦ or less over several thou-
sands of bilayers and was confirmed here.

For dynamics investigations, EINS temperature scans
were performed on the thermal neutron, backscattering
spectrometer IN13 [42] in the case of MLVs and on the
cold neutron, time-of-flight spectrometer IN6 [43] in the
case of MLBs. The precision of temperature determina-
tion is about ±1K for both instruments. IN13 gives ac-
cess to high momentum transfers (0.2 < Q < 4.9 Å−1)
with an almost Q-independent energy resolution of 8μeV
(FWHM), due to the incident wavelength of λ = 2.23 Å.
On IN6, the incident wavelength λ of 5.1 Å gives an elas-
tic energy resolution of 90μeV (FWHM) and momentum
transfer range of 0.44 < Q < 2.0 Å−1. The corresponding,
accessible time and length-scales on the spectrometers are
given in table 1.

The elastic scattering intensities (Iel = S(Q,ω ≈ 0))
were corrected for the empty cell (+ clean wafer contribu-
tions for the membranes) subtracting the corresponding
measurement from the sample intensity. They were fur-
ther normalized with respect to vanadium, a dominantly
incoherent scatterer, to correct for detector efficiency vari-
ations. In order to avoid multiple scattering, the sample
thickness was calculated to give a transmission of about
∼ 90%.

Atomic mean square displacements (MSD) 〈u2〉 were
extracted from the elastic intensities through

ln Iel ≈ −1

6

〈

u2
〉

Q2, (3)

in the low Q-range, where the Gaussian approxima-
tion [44] is valid [45]. They represent the harmonic mo-
tions of the atoms around their equilibrium positions and
reflect the global flexibility of a sample. The phase tran-
sition of the lipids is seen as a pronounced change in the
temperature dependent behavior of the elastic intensity
as the lipids enter the fluid phase. On IN13 the Q-range
of 0.5 to 1.45 Å−1 was chosen to extract the MSD in the
Gaussian approximation (MSDGA) (see Electronic Sup-
plementary Information, fig. 1). Summed elastic intensi-
ties reveal directly the phase transition and they were cal-
culated taking into account the whole Q-range available

on IN13: 0.3 Å
−1

< Q < 4.9 Å
−1

. On IN6 we used the
elastic intensities summed over all Q-values up to 1.3 Å−1,
to exclude the coherent chain correlation peak for MLB’s
around 1.48 Å−1. To determine the MSDGA from the IN6
data, Q values up to 0.69 Å−1 were used. The measure-
ments on oriented membranes were performed with the
sample at an angle of 135◦ with respect to the incoming
beam, where the momentum transfer Q is predominantly
oriented parallel to the membrane surface to detect in-
plane membrane dynamics [46].

The Gaussian approximation restricts to low Q, in
which the linearity between ln(Iel) and Q2 in eq. (3) is
satisfied, but the experimental data that can be used to de-
termine the MSD and the result can depend sensitively on
the selected Q-range. We have therefore also used a non-
Gaussian model, presented in [47], to extract mean square
atomic position fluctuations (MSPF) from the whole Q
range. Thus two experimental determinations of the dy-
namical amplitudes can be compared with the MSD from
the MD simulations, in all cases taking into account the
energy resolution of the spectrometers.

Heating rates for neutron measurements were deter-
mined to a large extent by the measurement time per
point on the corresponding instrument. On D16, the tem-
perature was increased by 3 degrees per hour. On IN13,
each temperature point was measured for 10 hours with
an additional hour for equilibration —the corresponding
heating rate was about 3 hours per degree. On IN6, the
heating rates were 24 degrees per hour from 240 to 280K
and 9 degrees per hour from 280 to 340K, because neutron
intensity decreases with rising temperature. These heating
rates were based on previous experiments and there was
no evidence of hysteresis in the measurements or that the
samples did not reach equilibrium at each temperature.

2.3 Molecular dynamics simulations

The calculations were carried out by the Computing for
Science (CS) group on the computational cluster at the
ILL. The NAMD-2.6 program [22] with the CHARMM36
force field [23], including the TIP3P model for water, was
used in this work. Three lipid bilayer models containing 72
DMPC molecules (36 lipids per leaflet), with different hy-
dration levels of 2, 12 and 25 molecules of water per lipid,
thus spanning from dry to full hydration, were prepared
using the CHARMM-GUI membrane builder [48]. MD
simulation production runs of equilibrated systems were
performed at 8 different temperatures (280K to 350K in
10K steps), covering the expected gel-liquid transition
temperature around 300K and higher temperatures at
which the gel-liquid transition is sometimes observed in
lamellar membranes by EINS. In addition, the wide tem-
perature range is well-adapted for the dry membrane.

The size and contents of the simulation box were cho-
sen to cover, on one hand, the dynamical length-scale of
the experiments. With the applied simulation boxes a min-
imum Q of 0.1–0.15 Å−1 depending on the temperature
and thus the surface area per lipid was accessed. On the
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other hand, the box size was considered for a large num-
ber of simulations to be performed here: 24 runs exceeding
a total simulation time of 2.4μs. This simulation box is
similar to that used in other work [49], but is smaller than
that in more recent work which focused on only two tem-
peratures [50]. However, the MSD of interest here are less
than 10% of the smallest cell parameter for the highest
temperature and level of hydration, i.e. the case with the
highest mobility. The system size is therefore sufficient to
accurately probe the MSD. The simulations are effectively
equilibrated after 105 ns after equilibration (100 ns) and
production (5 ns) runs, in particular bearing in mind that
simulations were performed sequentially with increasing
temperature i.e. 100 ns equilibrates a 10K temperature
change after the initial 280K simulation. Equilibration
has been checked by monitoring potential and kinetic en-
ergies and the cell parameters as a function of time during
the production runs. Cell parameters were typically found
to be stable to within 1–2% after ∼ 70 ns. MSD’s were
checked at the start and end of this time interval (70–
100 ns) and found to be similarly stable.

The simulation protocol consisted of two distinct steps
used to bring the initial temperature state to 280K. First,
104 steps of energy minimization using the conjugate gra-
dient method were performed in order to remove any close
contacts from the starting structure. In the second step,
the system was progressively heated from 0K to 280K by
steps of 20K in order to smoothly bring the system to
the target temperature. Each heating step was performed
using the NVT ensemble for 10 ps with a time step of
1 fs. Langevin dynamics was used to control the tempera-
ture.

Thereafter, each of the three differently hydrated sys-
tems underwent equilibration and production runs. The
equilibration was performed using the isothermal -isobaric
NPT ensemble over 100 ns with a time step of 2 fs.
Langevin dynamics and the Langevin piston method were
used to control the temperature and pressure. The pro-
duction run was performed in the NPT ensemble over 5 ns
with a time step of 1 fs. In all the simulations, the non-
bonded interactions were cut off at 12 Å, with a smooth
switching function from 10 Å, and long-range electrostatic
interactions were computed using the smooth Particle
Mesh Ewald method [51] with a grid spacing of 1 Å.

Subsequent higher temperature simulations were per-
formed sequentially, the last structure from the produc-
tion run being used as the input for the next equilibration
run. A partial set of simulations, performed on cooling,
indicated that there was no hysteresis.

3 Results and discussion

3.1 MLVs

Figure 3 shows the experimental data for MLVs from D16
and DSC. The isotropic diffraction patterns were radi-
ally integrated for every temperature step to result in
the color-coded figure of the intensity as a function of

Fig. 3. Color-coded intensities (from highest intensity to low-
est the colors are red, yellow green and blue) of DMPC MLVs
as a function of the scattering vector Q and temperature T .
The 001 reflection of the three distinct phases is clearly visible
while a weak signal only visible in the Pβ′ phase corresponds
to the in-plane period of the ripples. The white line represents
a DSC measurement, reported vertically as function of tem-
perature.
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the momentum transfer Q and temperature T . The two
phase transitions clearly appear around 13 ◦C (286K) and
22.5 ◦C (295.5K) as a Q-displacement of the inter-lamellar
Bragg peak. This is in very good agreement with DSC
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Fig. 5. A) Color-coded intensities (from highest intensity to lowest the colors are red, yellow green and blue) of DMPC MLBs
as a function of momentum transfer Q and temperature T . First, second and third order Bragg peaks are clearly visible. B)
Intensities as function of Q in the phases below and above the main transition. C) Extracted lamellar d-spacing as function
of temperature. The dashed line marks the main phase transition and the red arrow indicates the point which was used to
determine the hydration level.

which shows the expected pre-transition and main phase
transition at 12.4 ◦C (285.6K) and 24 ◦C (297.1K), re-
spectively. From the Bragg peak, a d-spacing of 62.7 Å
at 30 ◦C in the liquid phase is determined, in accordance
with literature values [25]. This d-spacing corresponds to
the highest hydration, e.g. more than 40% weight of water
according to Janiak et al. [41], which gives a molar ratio
of water (nW ) and lipid (nL) of RW = nW /nL > 25 [52].

EINS data from IN13 are shown in fig. 4. Scattered
intensities, summed over the whole Q-range are given
in fig. 4, and the corresponding MSDGA and MSPF are
shown in fig. 8. The jump between 22 ◦C (295K) and 27 ◦C
(300K) indicates the main phase transition, but the pre-
transition does not generate a change in scattering de-
tectable by EINS. Whereas before and after the step, the
MSDGA increases with approximately the same slope due
to the increasing thermal energy in the sample, the tran-
sition clearly provokes a rearrangement leading to a much
higher flexibility. The slope is slightly different before and
after the transition for the summed intensities as we are
taking into account the whole Q-range for that determi-
nation, indicating that higher Q-values, and thus smaller
amplitudes of motion, contribute more in the gel and rip-
ple phase than in the fluid phase.

3.2 MLBs

The hydrated, MLB sample was again first characterized
by diffraction on D16 (see fig. 5). The Bragg peak corre-
sponding to the inter-bilayer distance and its two higher
order counterparts, dominate the diffraction pattern. The
main transition occurs at about 30 ◦C (303K), which is
6 ◦C higher than in the MLVs, as expected, since the mem-
branes are less hydrated [17,41,53].

The d-spacing of 50 Å at 37 ◦C (see arrow in fig. 5C),
corresponding to about 14 water molecules per lipid, al-
lows a comparison with earlier measurements of Janiak
et al. [41] indicating a hydration level of about 27–28%
weight of water. According to Janiak et al. [41] and Smith
et al. [54], DMPC does not reveal the ripple Pβ′ phase
if the sample is not fully hydrated (below 20% of water
content). The nominal hydration is slightly higher here.

Figure 6 reports the in-plane summed intensity versus
T for oriented DMPC MLBs measured on IN6 on heat-
ing from 240 to 340K. No Bragg peaks were observed due
to crystalline water at any of the measured temperature
points. A “kink” attributed to the main phase transition
temperature occurs close to 30 ◦C (303K), in good agree-
ment with the diffraction results. On the right scale of
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fig. 6, results from IN13 are reported on dry membranes.
No kink or step is visible in the dry sample which re-
mains in the gel phase within the investigated temperature
range. For a dry sample, the transition is indeed expected
at much higher temperature (around 84 ◦C - 357K) [55],
which could not be reached with the experimental setup.
Thus the structural rearrangement around the gel-liquid
transition is accompanied by a step change in the ampli-
tude of motion revealing the correlation between structure
and dynamics.

3.3 Molecular dynamics simulations

MD simulations for the three levels of hydration are an-
alyzed for comparison with the experimental data. The
membrane model hydrated with 12 molecules of water per
lipid is matched with the MLB data measured on IN6,
while the membrane model hydrated with 25 molecules of
water per lipid is compared with the MLV data measured
on IN13.

As has been done in similar simulation work [50], struc-
tural features of the simulated models were tested first.
The area per lipid is shown in fig. 7 as a function of tem-
perature for the dry and hydrated membranes. Structure
snapshots from the gel and liquid phases are shown in
fig. 2. For all three hydration states the gel phase is equi-
librated at 280K and in reasonably good agreement with
the known experimental value of 48 Å2 for the area per
lipid [39]. For the dry membrane, increasing temperature
causes a slight decrease in the area per lipid reaching a
minimum at 320K, suggesting that this system with very
little water actually takes several 100 ns to fully equili-
brate. An increase in area per lipid is observed at 350K.
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dashed vertical line indicates the measured phase transition
temperature.

In contrast, the hydrated membrane shows a marked in-
crease in the area per lipid, to approximately the experi-
mental value of 60.6 Å2 [25] around 300K, which is there-
fore the gel-liquid transition temperature in these simu-
lations. Thereafter, thermal motion causes a progressive
expansion in the plane of the liquid membrane. As the
system is isolated from the environment in both the sim-
ulation and the experiment, in-plane expansion results in
thinning perpendicular to the plane together with a chain
density decrease of about 2% [22].

The order parameter SCH, (1

2
〈3 cos2 θ − 1〉), where θ

is the angle between CH bonds and a reference direction,
here the z-direction, for C atoms along the tails has also
been calculated for hydrated membranes. SCH describes
how much the DMPC tails are extended and its depen-
dence on CH2 group and temperature agrees well with
the NMR measurements (see Electronic Supplementary
Information, fig. 2).

Simulation and experiment are also consistent in terms
of the dynamical transition, corresponding to local mo-
tions of sub-macromolecular groups, as evidenced by
EINS. MSDs have been calculated for time intervals of
δt from the MD trajectories through

MSD(δt) =
〈

|�r (t + δt) − �r (t)|2
〉

, (4)

where �r (t) is the position of an atom at time t and �r (t+δt)
at a time δt later. For MLV’s, the MSD from the mem-
brane model hydrated with 25 water molecules per lipid at
100 ps, corresponding to the resolution of IN13 (see Elec-
tronic Supplementary Information, fig. 3), is plotted in
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Fig. 8. MSD of MLVs as a function of temperature and hydra-
tion obtained from data simulated for the 100 ps time interval
and measured on IN13. Simulated data are in blue. Experi-
mental results were extracted as MSPF (in red) and MSDGA

(in black) and both are shown for comparison. The contribu-
tions of the head group and tails of hydrated DMPC are also
shown. The dashed vertical line indicates the phase transition
temperature.
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Fig. 9. MSD of MLBs from MD simulations taken for the
10 ps time interval compared to MSDGA and MSPF data from
IN6 as a function of temperature. Simulated data are in blue.
The MSPF is in red. The experimental MSDGA data (in black)
were rebinned in order to reduce the statistical variation. The
contributions of the head group and tails of the MLBs are also
shown. The dashed vertical line indicates the phase transition
temperature.

fig. 8 along with the MSDGA and MSPF extracted from
the corresponding experimental data. In this case, the ex-
perimentally determined MSDGA is significantly smaller
than that obtained from simulations. However the MSPF
is about twice as big as the experimental MSDGA across
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Fig. 10. MSD from MD simulations for the 100 ps time window
as a function of temperature for the hydrated membrane (at 12
and 25 water molecules per lipid) in the plane of the membrane
(XY ) and in the perpendicular direction (Z).

the whole temperature range and is in better agreement
with the MSD from simulations.

For MLBs, the MSD from the membrane model hy-
drated with 12 water molecules per lipid at 10 ps, cor-
responding to the resolution of IN6, is plotted in fig. 9
along with the MSDGA and MSPF extracted from the
corresponding experimental data. All data show a step
in the dynamical amplitude at approximately 300K. The
experimentally determined MSDGA is in quantitatively
good agreement with that obtained from MD simulations,
whereas the experimental MSPF is approximately 40%
higher above 300K.

Figures 7, 8 and 9 show that the temperature of the
gel-liquid phase transition is well-reproduced by the MD
simulations of the hydrated membranes and that the dy-
namical amplitudes obtained from simulations are also in
good agreement (within a factor of 1.5) with experimental
values, given that these vary by a factor ∼ 2 depending on
the analysis method. This level of agreement for dynamical
amplitudes is comparable to that obtained by us in pre-
vious work on myoglobin [56] between the MSD from MD
simulations and the experimentally-determined MSDGA.

Simulations offer the possibility to discriminate be-
tween parts of the lipid. Figures 8 and 9 also show the
contribution to the total MSD from the lipid head group
and tails. The tails have a slightly higher MSD than the
head group and, in particular, the tails show clearly the
dynamic transition whereas for the head groups it is much
less pronounced.

Finally, fig. 10 shows the projection of the MSD for
the hydrated membrane in the plane of the membrane
(XY ) and in the perpendicular direction (Z). The trend
in the calculated data —the amplitude of in-plane mo-
tion is bigger than that in the perpendicular direction—
has also been observed experimentally [57]. However the
anisotropy is slightly more pronounced in the calculations
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(about a factor of 1.5) compared to the experiment (about
30%). This discrepancy is expected. With the computer
model one discriminates strictly between dynamics within
the XY plane and along the Z direction. In contrast,
the computation of the MSD from experimental data ne-
cessitates the evaluation of the signal over a finite range
of scattering angles. This procedure results in an admix-
ture of information on the dynamics in the XY plane to
the Z component and leads to an apparent reduction of
anisotropy.

4 Discussion and conclusions

Diffraction (and calorimetry in the case of the MLVs)
shows the effect on the main gel-liquid phase transition
of membrane geometry. For MLVs this occurs at 23±1 ◦C
(296 ± 1K) while for MLBs (about 14 water molecules
per lipid) the transition temperature is shifted about 7 ◦C
higher to 30 ± 2 ◦C (303 ± 2K). EINS data shows that
molecular motions, on the microscopic length-scale of sev-
eral Å and the time-scale of ps-ns, change at approxi-
mately the same temperature as observed by diffraction
and calorimetry. For MLVs, the temperature resolution of
the EINS experiment was 2.5 ◦C and the dynamical tran-
sition was observed between 25 ◦C and 27.5 ◦C, slightly
higher than for the structural transition. For MLBs, the
dynamical transition is observed at 29 ± 2 ◦C (302 ± 2K)
matching well the structural transition temperature. A
discrepancy of a degree or two between different obser-
vations of Tm is assigned to the fact that one diffractome-
ter and two spectrometers were used with their specific
sample environments. The effect of hydration has been in-
vestigated for the MLBs, a dry sample not showing any ev-
idence of a dynamical phase transition up to 57 ◦C (330K).

MD simulations show for the hydrated MLBs, through
and above Tm, that the MSD increases significantly and
that the microscopic dynamical and structural transitions,
as shown by the MSD and the surface area per lipid re-
spectively, are perfectly concurrent. The temperature pre-
cision in the MD study is 10 ◦C and the main transition
is observed above 17 ◦C (290K) and by 27 ◦C (300K), for
12 water molecules per lipid, in good agreement with ex-
periment: 30± 2 ◦C for MLBs. For 25 molecules per lipid,
the transition occurs above 27 ◦C (300K) and by 37 ◦C
(310K), compared to 25 ± 2 ◦C for MLVs. Given the 10
degree temperature interval between MD runs, the max-
imum discrepancy between the simulations of these two
hydration levels is 20 degrees and the minimum discrep-
ancy is 0 degrees. The transition temperature for these
two levels of hydration is expected to be the same [41]
and a smaller temperature difference between MD runs
would allow this to be verified. As in the experiment, MD
simulations show that dry membranes remain in the gel
phase up to 57 ◦C, after which there is an up-turn in the
surface area per lipid (fig. 7) and in the MSD (fig. 9).

The force field exploited in the present MD simula-
tions had been refined to reproduce structural properties
such as the surface area per lipid. Thus, the good match of
the surface area per lipid with experimental data shown

in fig. 7 and of the order parameter reported in fig. 2
of the ESI does not come as a surprise. More impor-
tantly, the dynamical description of the lipids is in gener-
ally good agreement with that obtained from experiments.
Dynamical amplitudes have been derived experimentally
with two methods, the Gaussian approximation (MSDGA)
which only exploits low Q data and the MSPF which uses
the whole Q range of data. The difference between these
two analyses is about a factor of 2, the MSPF being big-
ger than the MSDGA. Yi and co-workers demonstrated in
ref. [58] that evaluating an averaged mean square displace-
ment for complex, heterogeneous systems such as proteins
results in significantly higher MSD values than within the
Gaussian approximation. Following the arguments given
in [58] we thus expect the MSPF to be higher and to give
a more accurate value for the dynamical amplitude than
the MSDGA. MSPF is thence the observable to be com-
pared with the MSD from simulations which is free of any
approximations and comprises the entire complexity of the
lipid dynamics.

In the case of MLVs (fig. 8), the MSPF is about 20%
lower than the MSD from MD simulations of the high-
est hydrated membrane. For MLBs (fig. 9), the MSPF
is about 40% higher than the MSD from simulations. In
terms of dynamical amplitudes (

√
MSD or

√
MSPF), the

agreement between experiment and simulation is there-
fore within 20%. It is interesting to note that the sim-
ulated MSD show an alternating asymptotic approxima-
tion to the MSPF derived from the two experiments map-
ping out different time-scales. Presuming a physical rea-
son behind this observation we may conjecture that the
spectral densities of the dynamics forming the distribu-
tion of MSD might not render the real systems perfectly
to reproduce the MSPF in every detail. A reassessment
of this conjecture shall be carried out in future by mod-
ifying the experimental protocol and carrying out energy
resolved spectroscopic experiments, possibly on an even
larger time-scale. Quasi-elastic neutron scattering moni-
tors the spectral densities as they can be computed from
the simulations. By a sophisticated sample preparation,
such as a selective partial deuteration of the lipids, it could
be as well possible to assist the interesting simulation out-
come showing that the dynamical changes occur mainly
for the lipid tails in the membrane plane (fig. 8 and 9)
and are independent from the monitored time-scale.

Given the present level of agreement between experi-
ment and molecular dynamics results, the dynamical fea-
tures of the atomistic simulation should already be helpful
to build an analytical model of lipid dynamics in mem-
branes to assist the analysis of quasi-elastic neutron scat-
tering data and establish a coarse-grained, theoretical de-
scription of membrane dynamics and phase behavior. Vice
versa, improved experiments have a key role to play in de-
termining dynamical amplitudes and time-scales to form a
basis for improved models and satisfy the need for a more
realistic simulation of membrane dynamics.

The agreement between simulations and experiment
analyzed with different methods is now close enough to
motivate a systematic, coherent study of the available,
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large body of experimental and simulation data. The goal
will be to determine the merits and limitations of exper-
iment analysis methods and the most accurate way to
compare with simulation data, This will, for example, in-
volve extending the MSD-based analysis of simulations
used here, with a time cut-off corresponding to the instru-
ment resolution, to the full calculation of neutron scatter-
ing spectra, including their convolution with the precise
instrument resolution function, which can then be treated
in exactly the same way as experimental spectra.

We are grateful to ILL for the allocation of beam-time.
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