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Abstract. The nature of diffusion of lipids in a bilayer membrane plays a key role in various 
biological processes like cell signaling, cellular transport etc. Dioctadecyldimethylammonium 
bromide (DODAB) is a synthetic lipid that self-assembles to form bilayer. Here we describe the 
dynamical landscape of the DODAB bilayer in fluid phase using molecular dynamics (MD) 
simulation and quasielastic neutron scattering (QENS) techniques. MSD of lateral motion of the 
lipids calculated from MD simulations show subdiffusive behaviour. A model free approach is 
employed to describe the dynamics of lipids in the bilayer where the relaxation rates are 
distributed over a wide range. A stretched exponential relaxation function used to describe the 
incoherent intermediate scattering function of the lipids obtained from MD simulation and QENS 
experiments. The distribution of relaxation rates covers over three decades. The results of the 
MD simulation and QENS experiments agree well. 

Introduction 

Dioctadecyldimethylammonium bromide (DODAB) is a cationic lipid [1] that self assembles 
into various structures like vesicles, bilayers etc. when dissolved in an aqueous solvent. The self-
assembled structures of DODAB are found to show rich phase behaviour with four different 
polymorphic phases [2-5]. In the increasing order of alkyl chain ordering, the four polymorphic 
phases are given – coagel, subgel, gel and fluid. At low concentrations (< 0.5 wt %) subgel phase 
is formed at room temperature, which upon heating transforms into gel phase and further heating 
causes significant increase in alkyl chain ordering transforming into the fluid phase. At higher 
concentrations (> 6 wt %), at room temperature the system is found to be in the coagel phase and 
by heating directly transforms into the fluid phase. However, while cooling, fluid phase 
transforms into an intermediate gel phase before transforming into the coagel phase. Fourier 
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Transform Infrared Spectroscopy (FTIR) [2, 3] on DODAB dispersions suggest that the coagel 
and subgel phases have highest degree of alkyl chain ordering, while the fluid phase is highly 
disordered due to significant number of gauche defects. Further, in the fluid phase, the 
broadening of modes corresponding to CH2 stretching indicates that there is an increase in chain 
mobility. The lamellar spacing in different phases have been measured using small angle X-ray 
scattering [2, 3] and shown to be the lowest in coagel and highest in fluid suggesting a 
relationship between local alkyl chain ordering and lamellar packing of bilayers. 

Quasielastic neutron scattering (QENS) has been employed to study DODAB bilayer in coagel, 
gel and fluid phases [6] with an aim to probe the dynamical transitions and diffusion 
mechanisms. It has been found that lateral motion of lipids is frozen in the coagel phase, while 
it’s activated in the gel and fluid phases [6]. QENS spectra in the coagel phase are well described 
considering only the localised motion of the alkyl chains. But in the fluid and gel phases along 
with the motion of alkyl chains, the lateral motion of lipids is also present and is found to be 
explained in the framework of Fickian diffusion. However, it has been observed that lateral 
motion of the lipids in various bilayer systems, exhibit subdiffusive nature [7-9]. Therefore, to 
gain molecular insight on the mechanism of lateral diffusion of lipids in the DODAB bilayer, we 
carry out molecular dynamics (MD) simulation of the DODAB bilayer in aqueous media. QENS 
and MD simulation probe the dynamics of the molecules in the almost the same spatial and 
temporal regimes and provide complementary details of the system. In this work we attempt to 
describe the dynamical landscape of the DODAB lipid motion without assuming a particular 
model for the diffusion mechanism of the DODAB lipids. 

Materials and methods: 

DODAB (C18H37)2 N(CH3)2Br powder (purity > 98%) and D2O (99.9% atom D purity) were 
obtained from Tokyo Chemical Industries Co. LTD. and Aldrich respectively. We have used the 
same neutron scattering data as reported in ref. [10]. Neutron scattering experiments on DODAB 
dispersion and D2O were carried out at 345 K using IRIS spectrometer at the ISIS pulsed 
Neutron and Muon source at the Rutherford Appleton Laboratory, UK. IRIS spectrometer was 
used with PG (002) analyser in the offset mode providing a resolution of ~17 µeV with energy 
transfer range from -0.3 to 1.0 meV [11]. In order to minimise the scattering contribution of the 
solvent, D2O was used in preparing the DODAB dispersion. 70 mM DODAB dispersion was 
prepared by magnetically stirring the mixture DODAB and D2O at a temperature of ~340 K until 
a clear solution was formed. Separate QENS experiments were also carried out on D2O to 
estimate the solvent contribution using the same sample cell. The QENS spectra of the DODAB 
bilayer was obtained by subtracting the solvent (D2O) contribution [12], 
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where φ is the volume fraction of solvent in the solution. 

Trajectories obtained from MD simulation performed earlier [10] are used for this 
analysis as well. Initially, two monolayers of DODAB molecule were constructed with 64 
monomers in each monolayer. Subsequently, 3600 solvent water (TIP3P) molecules were added 
in a box above and below the bilayer. Simulation was carried out within a cubic box of length of 
64 Å. Interaction parameters were obtained from CHARMM force field [13], but the bonds 
associated with hydrogen atoms in DODAB were kept fixed. Particle-Mesh Ewald summation 
technique was used for long-range interactions with a real space cut-off of 10 Å. MD simulations 
were carried out at 350 K, with a pressure of 1 atm. The system was initially equilibrated for 15 
ns and followed by a 4 ns production run. NPT ensemble was used with Langevin barostat and 
thermostat. The trajectories were recorded at an interval of 4 ps. DL_Poly_4 [14], was used to 
carry out the MD simulations. To obtain the short time trajectories, a separate run of 20 ps was 
also carried out and trajectories were recorded with an interval of 0.02 ps.  

Results and discussion: 

The MD simulation of DODAB bilayer in aqueous medium at 350 K resulted in the fluid phase 
of the bilayer system. The system equilibration was effectively concluded after the area per lipid 
(APL) of the bilayer converged to a value of ~ 64 Å2. The fluid phase of the lipid bilayer was 
marked by significant number of gauche defects in the alkyl chain. Fig. 1 shows the snapshot of 
the fluid phase of DODAB lipid bilayer; two lipid molecules are also highlighted to indicate the 
disorder in the alkyl chain. We investigated the lateral motion of lipids in the bilayer using the 
results of MD simulation and found it to be subdiffusive in nature. A model free approach is 
being considered to analyse the QENS spectra of the DODAB bilayer and compared with results 
of MD simulation. 

1.1. MD simulation – subdiffusion of lipids 

In order to investigate the lateral motion of the lipids in the bilayer plane, we calculate the 
mean squared displacement (MSD) of the lipid centre of mass (COM) from MD simulation 
trajectories. The lateral component of the MSD is calculated using the (x,y) coordinates of the 
lipid COM. Fig. 2(a) shows the MSD of lateral motion, it is found that the lateral MSD is 
proportional to t2 in the ballistic regime that continues upto ~0.1 ps. This is followed by a 
subdiffusive regime, where it scales as tα; the subdiffusive exponent, α, can be explicitly 
calculated using the equation, 
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The variation of the subdiffusive exponent, α, with time, clearly showed that the motion of lipids 
is not Fickian in nature but follow a subdiffusive law with an exponent of ~0.62 [10]. The 
variation of the subdiffusive exponent with respect to time is shown in Fig. 2(b). The 
subdiffusive motion and subdiffusive exponent, α(t), has been associated to the crowding of the 
lipid molecules in the bilayer [8, 9, 10]. The crowding of lipids in the bilayer is known to lead to 
some memory effects giving rise to a non-Markovian diffusion process. This has been 
characterised in detail considering an asymptotically power law memory function in the 
generalised Langevin equation for velocity autocorrelation function [10]. 
 

 
Figure 1 Snapshot of the DODAB lipid bilayer system in the fluid phase (350 K).  

 
1.2. QENS experiments – Hydrogen mobility 

In neutron scattering experiments, the double differential cross-section gives the 
probability that a neutron is scattered in a solid angle element (dΩ) with an energy exchange 
between E and E + dE, given by [15] 
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where, ki, kf  are the momenta of neutron before and after scattering respectively, σcoh, σinc are the 
coherent and incoherent scattering cross-sections, and Scoh, Sinc are the coherent and incoherent 
scattering laws for the system.  The scattering laws are given as functions of Q and ω that are the 
momentum and energy transfer respectively in the neutron scattering process. Hydrogen has a 
large σinc in comparison to the coherent or incoherent scattering cross-sections of other atoms. 
Therefore, the neutron scattering spectra from a hydrogenous material is dominated by 
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incoherent contribution from hydrogen atoms. The incoherent scattering law is the Fourier-
transform of the self-part of van-Hove correlation function Gs(r,t). Intermediate incoherent 
scattering function (IISF), Iinc(Q,t), can be related to the incoherent part of neutron spectra by, 

∫
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(4) 

where, Q = kf - ki and ћω = Ef – Ei are the momentum and energy transfer of the neutron 
respectively. IISF can be calculated from MD simulations using the trajectories of all hydrogen 
atoms in the system, thereby providing a bridge between QENS experiments and MD simulation. 
Since, hydrogen atoms have an overwhelming contribution to the incoherent spectra, we have 
calculated the Iinc(Q,t) considering only the hydrogen atoms in the system. The calculation of 
Iinc(Q,t) from simulation trajectories is carried out using time-origin average, 
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where, ri(t) is the position of the ith hydrogen atom, t0 is an arbitrary time-origin and N is the total 
number of hydrogen atoms. While the brackets denote average over time-origins, the bar denotes 
average over all Q-orientations to resemble powder-averaging. 

In light of the subdiffusive behaviour of lipid COM as observed in MD simulation and 
discussed in the last section, we can expect a similar nature of diffusion in hydrogen atoms. 
Nevertheless, unlike the lateral motion of lipid COM the motion of hydrogen atoms is a 
superposition of various degrees of freedom inclusive of the internal motion of the alkyl chain 
and lateral motion of the lipids. Therefore, to begin with, we compute the MSD of all hydrogen 
atoms from MD simulation, 〈δrH

2 (t)〉, and observe that it is subdiffusive in nature, 
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Figure 2 (a) Variation of MSD of lipid centre of mass for all hydrogen atoms in the DODAB 
lipid bilayer. (b) The corresponding subdiffusive exponents, α(t) and β(t), calculated from 
equations (2) and (6) for lipid COM and all hydrogen atoms respectively. 

From Fig. 2(b), it is clear that the motion of hydrogen atoms show a subdiffusive behaviour with 
β ~ 0.5 for t > 5 ps. In the region t > 5ps, fitting 〈δrH

2 (t)〉 with Btβ, gives β ~ 0.5 and B ~ 2.4 
Å2/psβ.  

As noted earlier, since the motion of hydrogen atoms is a combination of various degrees 
of freedom, Gaussian approximation cannot be used to relate MSD and IISF of hydrogen atoms. 
Therefore, we consider a model-independent approach where the timescale of relaxation motion 
of hydrogen atoms are widely distributed. A stretched exponential [16] of the following form is 
used to analyse the IISF obtained from QENS spectra (eq. 4) and MD simulation (eq. 5),  

[ ]χτ*)/(exp),( ttQIH −=     (7) 

where τ* and χ are the fitting parameters. Fig. 3 (a) shows the fits based on eq. 7 to IISF (for t > 
5 ps) obtained from QENS spectra (eq. 4) and MD simulation (eq. 5) indicating that stretched 
exponential describes the experimental and simulation IISF reasonably well. The stretching 
parameter, χ, from the fit is found to be ~0.5. Fig. 4(a) shows the obtained values of χ at two 
different Q-values from fits on QENS spectra and MD simulation results. The stretched  
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Figure 3 (a) IISF of the DODAB bilayer calculated from QENS spectra and MD simulation 
shown along with their fits based on eq. (7). (b) The distribution of relaxation rates calculated 
from eq. (9) using the fit parameters obtained from the fit using eq. (7). 

 
exponential function can be expressed as a continuous sum of exponential relaxation processes 
distributed over a wide range of timescales [16],  
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Here, λ* is the inverse of relaxation time τ* and P(λ, χ) is the distribution of rates of relaxation (λ 
= 1/τ) in the system. For a given χ (0 < χ ≤ 1), the probability distribution, P(λ, χ) is normalized 
over the relaxation rates, λ. For χ=1, the distribution corresponds to Dirac-delta function, giving 
rise to single exponential relaxation with the relaxation rate, λ = λ*. The deviation of the 
exponent χ from 1 indicates the existence of a distribution of relaxation rates in the system. The 
distribution function can be numerically calculated using an infinite series summation given by 
[16, 17], 
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where, Г(x) is the gamma function. The distribution of rates of relaxation calculated from the fit 
parameters of eq. (8) is shown in Fig. 3 (b) for two typical Q-values. Closed form expressions for 
rational, χ = n/m, can be obtained in terms of generalized hypergeometric functions [16]. The 
series approximation for the distribution (eq. (9)) is known to be quickly convergent, however 
poses serious problems in the calculation for values of λ < λ*, where the series takes on 
extremely large values due to error in the limited precision [17]. This was overcome by using the 
‘Decimal’ package in python that allows us to define real numbers of arbitrary precision. In this 
calculation a precision of 60 digits and upto 400 terms in the series expansion were considered to 
get the distribution function over the complete range. The lipids in the bilayer can undergo 
various kinds of motion including lateral diffusion of lipid along the bilayer, localized diffusion 
of the segments in the alkyl chain etc. It is clearly observed that the relaxation rates are 
distributed over three decades indicating that it might arise from different degrees of freedom of 
the lipids. An excellent agreement between the distribution calculated from QENS spectra and 
MD simulation is also observed. However, an average timescale for the IH(Q,t) based on the 
model used in eq. (8), the average timescale is given by [16], 
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Figure 4 (a) Stretching exponent χ obtained from fitting IISF of QENS experiment and MD 
simulation with eq. (7). (b) The corresponding average timescale <τ> calculated using eq. (10) 
based on the fits from eq. (7). 
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Variation of <τ> is shown in Fig. 4 (b) for both the experimental QENS data and MD simulation 
results. It is found that the match between the experiment and simulation is very good over the 
observed Q range. 

Conclusion: 

 The study of dynamics of DODAB bilayers in the fluid phase using MD simulation 
reveals that the lateral diffusion of the centre of mass of lipids is subdiffusive in nature. QENS 
experiments were carried out in order to describe the dynamical landscape of lipids in the 
bilayer. The MD simulation trajectories showed that the mean squared displacement (MSD) of 
all hydrogen atoms in the bilayer is also subdiffusive in nature. In order to describe the QENS 
spectra that arises from the contribution of all the degrees of freedom of lipid dynamics, 
intermediate incoherent scattering function (IISF) is described considering a wide distribution of 
timescales. In this model free approach, a stretched exponential function is found to describe the 
IISF of both QENS experiments and MD simulation very well. The distribution of relaxation 
rates is observed to span over three decades. This might indicate that the distribution of 
relaxation rates include contribution from different kinds of motion like lateral motion of lipids 
and internal motion of alkyl chains. The agreement between results of MD simulation and QENS 
experiments are quite satisfactory. Therefore, this model free approach for describing the 
dynamics of DODAB lipids without assuming any particular ansatz works quite satisfactorily for 
QENS and MD simulation data simultaneously. 
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