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The properties of water under confinement are of practical and fundamental interest. In this work, we
study the properties of water in the self-assembled lyotropic phases of Gemini surfactants with a focus
on testing the standard analysis of quasi-elastic neutron scattering (QENS) experiments. In QENS
experiments, the dynamic structure factor is measured and fit to models to extract the translational
diffusion constant, DT , and rotational relaxation time, τR. We test this procedure by using simulation
results for the dynamic structure factor, extracting the dynamic parameters from the fit as is typically
done in experiments, and comparing the values to those directly measured in the simulations. We
find that the de-coupling approximation, where the intermediate scattering function is assumed to
be a product of translational and rotational contributions, is quite accurate. The jump-diffusion and
isotropic rotation models, however, are not accurate when the degree of confinement is high. In
particular, the exponential approximations for the intermediate scattering function fail for highly
confined water and the values of DT and τR can differ from the measured value by as much as
a factor of two. Other models have more fit parameters, however, and with the range of energies
and wave-vectors accessible to QENS, the typical analysis appears to be the best choice. In the most
confined lamellar phase, the dynamics are sufficiently slow that QENS does not access a large enough
time scale. C 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4942471]

I. INTRODUCTION

Water plays an important role in many physical and
biological processes. In many of these situations, for example,
cells, nano-reactors, fuel cells, and ion-exchange resins, water
is highly confined. The structural and dynamic properties of
nano-confined water are very different from bulk water,1–4 and
can display either faster or slower dynamics than bulk water,5

depending on the nature of confinement and the interaction
between the water molecules and confining surfaces.

Quasi-elastic neutron scattering (QENS) has emerged
as an excellent experimental tool for the study of water
dynamics on molecular length-scales and time-scales.6 QENS
experiments take advantage of the fact that the neutron
scattering cross section from a hydrogen atom is 20-30 times
larger than that from any other nucleus. For water under
confinement, for example, by surfactant or polymeric species,
contrast for the hydrogen atoms of the water molecules can
be increased by selectively deuterating the confining species.
QENS has been extensively used to probe the dynamics
of water in a wide range of applications including super-
cooled water,7–13 water confined in reverse micelles14 or
in nanopores,15–19 in various aqueous solutions,20–27 and in
the hydration layer of biomolecules.28–31 In this paper we
study the dynamic structure factor of water confined in the
self-assembled lyotropic liquid crystalline phases of Gemini
surfactants using molecular dynamics simulations, with the
objective of testing the approximations typically employed in
the analysis of QENS experiments.

a)Electronic mail: yethiraj@wisc.edu

The observable in QENS measurements is the self-part of
the dynamic structure factor,32 Ss(Q,ω), which is a frequency
Fourier transform of the self-part of the intermediate scattering
function, Fs(Q, t), defined as

Fs(Q, t) = 1
N

N
j=1


exp iQ.

�
r j (0) − r j (t)�


, (1)

where Q is the momentum transfer variable, N is the number
of hydrogen atoms, and r j(t) is the position of jth hydrogen
atom at time t. The dynamic structure factor (self-part) is
defined as

Ss(Q,ω) = 1
2π

 ∞

−∞
Fs(Q, t)eiωtdt . (2)

As with any scattering measurement, inverting the dynamic
structure factor to obtain the intermediate scattering function
or the van Hove correlation function (inverse Q-space Fourier
transform of Fs(Q, t)) is complicated by the finite range of Q
and ω accessible. Usually, a model is assumed for Fs(Q, t) and
the parameters in the model are fit to the experimental results
for Ss(Q,ω).

The dynamics of bulk water, water in aqueous solutions,
super-cooled water, and water in confinement has been studied
using molecular dynamics (MD) simulations and QENS.
These studies establish that the relaxation dynamics are
significantly slower upon confinement or supercooling.17,33–35

Under these conditions, translational and rotational relaxation
dynamics of water show non-exponential decay.14,33,34 It
has recently been suggested that anisotropy in translational
motion and molecular reorientation results in directional

0021-9606/2016/144(8)/084504/8/$30.00 144, 084504-1 © 2016 AIP Publishing LLC

 03 Septem
ber 2023 19:47:20

http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
http://dx.doi.org/10.1063/1.4942471
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
mailto:yethiraj@wisc.edu
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4942471&domain=pdf&date_stamp=2016-02-24


084504-2 S. Mantha and A. Yethiraj J. Chem. Phys. 144, 084504 (2016)

FIG. 1. Chemical formula for the dicarboxylate Gemini surfactants of this
work. For Na-74, M=Na; m= 7; n= 4.

dependence of relaxational dynamics at low and high Q values,
respectively.36 Although there are many reports employing
QENS based techniques, the validity of these approximations
for Ss(Q,ω) and the impact on the inferred values of the
translational diffusion coefficient DT and rotational relaxation
time τR have not been tested.

We investigate the dynamics of water in lyotropic
liquid crystal phases formed by the self-assembly of Gemini
surfactant molecules (see Figure 1). This is an interesting
system because the surface functionality and pore size can be
controlled, by changing the head groups on the surfactants
and the length and nature of the tails and spacers, respectively.
We study the dynamics of water at room temperature
(300 K) in the Na-74 system which makes hexagonal
(Hex), gyroid (Gyr), and lamellar (Lam) phases at surfactant
concentrations of 50 wt. % (Hex), 65 wt. % (Gyr), and 80 wt. %
(Lam).37 These three phases have different morphologies,
hexagonally packed cylinders, bicontinuous network, and flat
lamellae, which have positive, negative Gaussian, and flat
curvature, with negatively charged carboxylate groups at the
interface.

Our primary goal is to test the approximations commonly
used in the analysis of QENS experiments. We find that
Fs(Q, t) can be factored into a translational and a rotational
component, but the commonly used exponential forms for
these functions are not adequate. The jump diffusion and
isotropic rotation model lead to estimates for the translational
diffusion constant and rotational relaxation times that are
different from the actual values, and the approximations get
less accurate as the degree of confinement is increased. This
suggests that there are multiple relaxation processes in the
dynamics of confined water. More elaborate models, however,
have more parameters and therefore require more data for an
adequate fit.

The rest of the paper is organized as follows: Simulation
details are presented in Section II, the analysis of QENS data
is described in Section III, results are presented and discussed
in Section IV, and conclusions are presented in Section V.

II. MOLECULAR DYNAMICS SIMULATIONS

We employ the molecular model used by Mondal et al.38

The surfactant molecules are modeled at the united atom
level using the GROMOS45a3 united atom force field,39 the
counterions and water are treated at the atomistic level using
the GROMOS force field39 and the SPC model,40 respectively.
Mixing rules for cross interactions are according to the
GROMOS force field. Details of the three systems studied
are in Table I.

The simulation details are as follows. Following the
protocol outlined by Mondal et al.38 we obtain self-
assembled phases for the three concentrations, and carry
out two molecular dynamics simulations for each case, at
a temperature of 300 K and a pressure of 1 atm. The first
simulation for all phases is a trajectory of length 2 ps where the
co-ordinates are saved every 1 fs. The second simulation is a
longer trajectory (6 ns for the gyroid and hexagonal phases and
30 ns for the lamellar phase) where the co-ordinates are saved
less frequently (1 ps for the gyroid and hexagonal phases and
10 ps for lamellar phase). All simulations are carried out with
a time step of 1 fs, using the leapfrog algorithm implemented
in the GROMACS-4.5.4 software package.41 The Lennard-
Jones interactions are switched smoothly to zero at 1 nm and
the particle-mesh Ewald (PME)42,43 method is used for the
Coulomb interactions. The PME parameters are as follows:
real space cutoff distance of 1.4 nm and interpolation order
of 6, with a maximum fast Fourier transform grid spacing of
0.12 nm. Water molecules are kept rigid using the SETTLE
algorithm.44 The pressure and temperature are maintained
using a Berendsen thermostat45 with coupling time 0.5 ps and
a Berendsen barostat45 with coupling time 1 ps.

The intermediate scattering function Fs(Q, t) is calculated
using Equation (1) using the short trajectory for short
times, and the longer trajectory for longer times. Ss(Q,ω)
is computed via a Fourier transform of the Fs(Q, t) obtained
from the longer trajectory.

III. THEORY

The dynamic structure factor obtained in QENS
experiments is usually analyzed by invoking a decoupling
approximation for translational and rotational dynamics and
using models for each of these components. In the decoupling
approximation, the dynamic structure factor is a convolution
of the translational and rotational contributions, i.e.,

Ss(Q,ω)
V (Q) � T(Q,ω) ⊗ R(Q,ω), (3)

where ⊗ denotes a convolution in ω, V (Q) is the vibra-
tional contribution modeled using a frequency independent

TABLE I. Details of systems studied. Size of confinement is defined as the width of the water channel in the
self-assembled system.

Surfactant (wt. %) Phase # Surfactants # Water Surfactants:water Conf size (nm)

50 Hexagonal 216 5280 1:24 1.3
65 Gyroid 250 3225 1:13 1.0
80 Lamellar 100 614 1:6 0.8
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Debye-Waller term, and T(Q,ω) and R(Q,ω) are, respectively,
the translational and rotational contributions.

The decoupling approximation can also be written in
terms of the self-part of the intermediate scattering function,
Fs(Q, t). If r j = rCM, j + d j, where rCM, j is the position of the
center-of-mass of molecule j and d j is the distance between
the center-of-mass and a hydrogen atom on molecule j, then
Equation (1) takes the form

Fs(Q, t) = 1
N

N
j=1

⟨exp
�
iQ

�
rCM, j(t) − rCM, j(0)�	

× exp
�
iQ

�
d j(t) − d j(0)�	⟩. (4)

If the rotations and translations are de-coupled, then the
average of the product is equal to the product of averages, and
since the averages are independent of the molecule index, we
have

FP
s (Q, t) � FT

s (Q, t)FR
s (Q, t), (5)

where

FT
s (Q, t) = ⟨exp{iQ. [rCM (t) − rCM (0)]}⟩ (6)

and

FR
s (Q, t) = ⟨exp{iQ. [d (t) − d (0)]}⟩ . (7)

The superscript P in Equation (5) refers to the product
approximation to the intermediate scattering function.

In the jump diffusion model for the translational
contribution, it is assumed that the molecule jumps a length
l after every time interval τ0, which gives a translational

diffusion constant, DT = l2/6τ0. With this approximation,

T(Q,ω) = 1
π

γ(Q)
ω2 + γ2(Q) , (8)

where

γ(Q) = DTQ2

1 + DTQ2τ0
. (9)

In the isotropic rotational diffusion model, the hydrogen
atom is assumed to rotate on the surface of a sphere with a
radius of the O–H bond (d = 0.98 Å ). With this approximation

R(Q,ω) = [ j0(Qd)]2δ(ω) + 1
π

∞
l=1

(2l + 1) [ jl(Qd)]2

× l(l + 1)DR

[l(l + 1)DR]2 + ω2
, (10)

where jl is the spherical bessel function of order l, and DR is
the rotational diffusion constant.

With the approximations in Equations (8)–(10),

Ss(Q,ω)
V (Q) = [ j0(Qd)]2 1

π

γ(Q)
ω2 + γ2(Q)

+
1
π

∞
l=1

(2l + 1) [ jl(Qd)]2

× γ(Q) + l(l + 1)DR

[γ(Q) + l(l + 1)DR]2 + ω2
. (11)

In principle, Equation (11) is an approximate expression
for Ss(Q,ω) that can be fit to experimental QENS
measurements. In practice, short times of the order 0.1 ps
are not accessible to QENS experiments and these are usually
incorporated as prefactors into the analytical expression, i.e.,

Ss(Q,ω) = A0TSh (Q)

[ j0(Qd)]2 γ(Q)

ω2 + γ2(Q)

+ A0TSh (Q)




∞
l=1

(2l + 1) RSh,l [ jl(Qd)]2 γ(Q) + l(l + 1)DR

[γ(Q) + l(l + 1)DR]2 + ω2



, (12)

where TSh(Q) and RSh,l are prefactors corresponding to short
time translational and rotational relaxation dynamics, assumed
to originate from local harmonic motions of a water molecule
trapped in a cage. Following Faraone et al.,46 we model
TSh(Q) as an effective Debye-Waller factor, with mean square
amplitude a = 0.4 Å, i.e,

TSh(Q) = exp

−Q2a2

3


. (13)

RSh,l is obtained by first computing lth order rotational auto-
correlation function, which is fit to an expression suggested
by Chen et al.35 This function reaches a constant value within
0.1 ps, and we set RSh,l equal to the constant value. (Note
that V (Q) is not present because we use a rigid model for
water.) In the experimental analysis, the instrument resolution
function is convoluted with Equation (12) to fit to scattering

data. Since our “data” are obtained from MD simulations, an
instrument resolution function is not necessary.

There are three approximations inherent to Equation (12):
(i) decoupling of translational and rotational contributions, (ii)
jump diffusion model for translation, and (iii) isotropic model
for rotations. There are three adjustable parameters, namely,
DR, DT , and τ0, which can be fit to experiment. We define a
rotational relaxation time, τR, by τR ≡ 1/6DR.

IV. RESULTS AND DISCUSSION

A. Dynamic structure factor

The self-part of dynamic structure factor32 gives
information about single molecule relaxation dynamics. The
width of this function is affected by both the rotational and
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FIG. 2. Simulation results for Ss(Q,ω) for pure water and for water in the
different self-assembled phases for Q= 0.5 Å−1.

translational diffusion of the molecule, and faster dynamics
(larger diffusion constants or higher Q) give a larger width in
the dynamic structure factor.

The width of the dynamic structure factor is greatest for
bulk water and decreases as the surfactant concentration is
increased. Figure 2 depicts Ss(Q,ω) in each phase, normalized
to the value at the peak, for Q = 0.5 Å−1. The relaxation
dynamics become slower as the surfactant concentration
is increased, reflecting slower dynamics of water under
confinement. This could be attributed to the greater structure
in water, manifested by a stronger peak in the pair correlation
function,38 or the increasing degree of confinement going from
the hexagonal to the gyroid to the lamellar phase.

B. Decoupling of translational
and rotational relaxations

The simulations show that the decoupling approximation
is accurate for all the phases for a range of wave-vectors
and times. We compute Fs(Q, t), FR

s (Q, t), and FT
s (Q, t) in

the simulations. Figure 3 compares the simulation results for
Fs(Q, t) to FP

s (Q, t) for three different values of Q in the
gyroid phase. Similar results are seen for bulk water and for
water in the other phases, which are therefore not shown.
The decoupling approximation works quite well in all cases,
with slight discrepancies at longer times and larger values
of Q.

C. Analysis of Ss(Q,ω) in the manner
of QENS experiments

We analyze the simulation results for Ss(Q,ω) in the
same fashion as done in QENS experiments, thus treating
the simulation results as “data.” We fit simulation results for
Ss(Q,ω) using the analytical expression (Equation (12)) to
extract DT , τR, and τ0, using the trust region algorithm,47

a non-linear least squares fitting algorithm in MATLAB.48

We use Ss(Q,ω) at six different Q values in the range
0.3–1.3 Å−1 for bulk water and 0.5–2.5 Å−1 for confined
water. The fit functions are compared to the simulation results
for Ss(Q,ω) in Figure 4 for Q = 0.9 Å−1 and Q = 1.7 Å−1, in
the gyroid phase. These two Q values summarize the trends
observed for the confined water systems at low and high
Q values, respectively. From the figure, it is observed that
at low Q, where the relaxation dynamics is predominantly
governed by translational motion, Equation (12) describes
Ss(Q,ω) very well. On the other hand, at high Q values where
both translational and rotational motions make a significant
contribution to the relaxation dynamics, Equation (12) gives
a slightly narrower peak than that obtained directly from MD
simulations. In contrast to what we see for confined water, for
bulk water Equation (12) describes Ss(Q,ω) remarkably well
for all values of Q.

The translation diffusion coefficient (DT) obtained from
the fit to Ss(Q,ω) using the jump-diffusion isotropic rotation
(JDIR) model is in excellent agreement with simulation results
for pure water, but the agreement becomes progressively
poorer as the degree of confinement increases. On the other
hand, values obtained for rotational relaxation time (τR) differ
significantly when compared to corresponding simulation
results. The simulation results for DT are obtained from the
linear regime in the mean square displacement. To compute
τR, we compute the second order water dipole moment
autocorrelation function and define τR as the integral of this
function. The values obtained from the fit are compared to
simulation results in Table II. For DT , the agreement between
simulation results and the fit is excellent for bulk water, but is
not as good for confined water and for the lamellar phase is
off by almost a factor of two. Similarly, for τR the agreement
between simulation results and the fit becomes poorer as the
degree of confinement is increased. Interestingly, τR for bulk
water obtained from fit parameters is a factor of two higher
than that observed in simulations. We attribute this to faster

FIG. 3. Comparison of simulation results for the intermediate structure factor Fs(Q, t) (black lines), to that obtained using the decoupling approximation
FP
s (Q, t)= FT

s (Q, t)FR
s (Q, t) (red dashed lines), for three different values of Q. The green lines are FP

s (Q, t)–Fs(Q, t).
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FIG. 4. Comparison of simulation re-
sults (black lines) for Ss(Q,ω) to the fit
using Equation (12) (red dashed lines)
in the gyroid phase.

translational dynamics in bulk water, which dominates the
width of Ss(Q,ω), thereby masking the contribution from
rotational relaxation dynamics. The results for τR do not
change significantly (within statistical uncertainties) when a
flexible water model49 is used.

D. Breakdown of jump diffusion (JD) and isotropic
rotation (IR) models

The JD and IR models break down for water under
confinement. In the jump diffusion and isotropic rotation
models,

FT ,JD
s (Q) = exp {−γ(Q)t} , (14)

FR,IR
s (Q) = [ j0(Qd)]2 +

∞
l=1

(2l + 1) [ jl(Qd)]2

× exp {−l(l + 1)DRt} . (15)

These expressions can be compared directly to simulations
to test their validity. We also consider stretched exponential
approximations

FT ,st
s (Q) = exp


−(γstr(Q)t)βT , (16)

FR,st
s (Q) = [ j0(Qd)]2 +

∞
l=1

(2l + 1) [ jl(Qd)]2

× exp

−(l(l + 1)DR,strt)βR


, (17)

which contain two additional parameters βT and βR. From the
definition of isotropic rotational relaxation model, [ j0(Qd)]2
in Equations (15) and (17) corresponds to the value to which

TABLE II. Comparison of simulation results for DT and τR to fits to the
dynamic structure factor using Equation (12).

DT

�
×10−5 cm2 s−1� τR (ps)

System
Simulation

result
Fit to

Ss(Q,ω)
Simulation

result
Fit to

Ss(Q,ω)
Bulk water 4.3 ± 0.1 4.2 ± 0.2 0.87 ± 0.03 1.7 ± 0.3
Hexagonal 0.83 ± 0.04 0.8 ± 0.1 6.31 ± 0.06 4.2 ± 0.7
Gyroid 0.21 ± 0.01 0.17 ± 0.02 20.10 ± 0.80 15 ± 2
Lamellar 0.04 ± 0.01 0.08 ± 0.06 155.83 ± 7.00 104 ± 80

FR
s (Q, t) stabilizes as t → ∞. There were reports12,50 in the

literature suggesting
(

3[ j1(Qd)]
Qd

)2
as better representation for

FR
s (Q, t → ∞). However, for the systems studied in this work

[ j0(Qd)]2 describes FR
s (Q, t → ∞) very well compared to(

3[ j1(Qd)]
Qd

)2
, and we therefore use the former in the analysis.

The jump diffusion and isotropic rotation models do not
capture the relaxation of the intermediate scattering function,
and stretched exponential forms provide a better fit. Figure 5,
which compares the exponential and stretched exponential
forms for the translational and rotational parts to simulations in
the gyroid, shows that the exponential forms show deviations
from the simulations, but the stretched exponential forms
provide a good fit for all times.

The good fit provided by stretched exponential forms
suggests that there are multiple relaxation processes for
confined water.28,51–53 These could be caused by different
populations, for example, water near the head groups and
in the middle of the pores, or by anisotropy of the matrix,
for example, the dynamics along the pores is different from
that in the direction perpendicular to the pores. These effects
become more significant as the degree of confinement is
increased. If multiple relaxation processes have significantly
different relaxation times, the stretching exponents (βR and
βT) deviate from unity. An estimate of the degree of non-
exponentiality can be obtained by examining the stretching
exponents obtained from the fit. Table III lists the βR and
βT values we obtain from the fit. The βR values are only
weakly sensitive to Q, but βT values decrease as Q is
increased, suggesting translational relaxation becomes more
non-exponential at short length scales.

The DT obtained from a fit to the stretched exponential
function is, however, not in better agreement with simulations
than the JDIR model. We obtain DT from the stretched
exponential fit using the relations21,23,25

τ̄ =
1

γstr βT
Γ

(
1
βT

)
, (18)

D̄T =
1

τ̄Q2 , (19)

and the results from the fit are compared to simulation results
and results from the exponential fit in Table IV. The fit values
do not represent an improvement over the exponential model.
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FIG. 5. Fit of simulation results
(black lines) for (a) FT

S (Q, t) and
(b) FR

S (Q, t) to exponential form of
Equations (14) and (15) (red lines)
and stretched exponential forms of
Equations (16) and (17) (green lines)
for the gyroid phase.

Note that Equation (19) is valid only if τ̄ ∝ Q−2. This is
nearly the case for water in the Hex (τ̄ ∝ Q−1.95) and Gyroid
(τ̄ ∝ Q−1.88) phases, but not in the Lam phase (τ̄ ∝ Q−1.45).

Water under confinement is often analyzed by assuming
two populations of the water molecules, namely, bound and
free, which can be defined using the distance from the surface.
Such an analysis has been used successfully to study water
in silica pores.36,54–57 In the LLC systems, however, we are
not able to distinguish between “free” and “bound” water
molecules. For a low degree of confinement, i.e., hexagonal
morphology, the dynamics of water is sufficiently fast that the
residence time at the surface is not large. For a higher degree
of confinement, i.e., in the gyroid and lamellar morphologies,
the diameter of water channel is less than a nanometer, which
makes most of the water molecules “bound” to the surface.

E. Relaxation time scales in different confined water
systems and accessibility of QENS experiments

From the accessible time-scales, we conclude that QENS
experiments can be safely used to study water in the hexagonal

TABLE III. Values of βR and βT obtained from fits to Equations (16) and
(17). For bulk water S(Q,ω) is computed for six different Q values between
0.3 and 1.3 Å−1. The values of βT and βR computed at other three Q values
(not reported above) are ∼0.90.

βT βR

Q
(
Å−1

)
Bulk Hex Gyr Lam Bulk Hex Gyr Lam

0.5 0.88 0.64 0.71 0.46 0.90 0.61 0.52 0.32
0.9 0.90 0.63 0.65 0.38 0.91 0.55 0.53 0.33
1.3 0.91 0.60 0.59 0.34 0.93 0.55 0.53 0.33
1.7 . . . 0.57 0.53 0.32 . . . 0.56 0.54 0.33
2.1 . . . 0.55 0.49 0.30 . . . 0.57 0.56 0.34
2.5 . . . 0.53 0.46 0.29 . . . 0.58 0.58 0.34

TABLE IV. Values of DT obtained from fits to Equations (19) and (12).

DT

�
×10−5 cm2 s−1�

Fit to stretched exponential Fit to exponential
System Simulation result (Eq. (19)) (Eq. (12))

Hex 0.83 ± 0.04 0.81 ± 0.04 0.8 ± 0.1
Gyr 0.21 ± 0.01 0.18 ± 0.01 0.17 ± 0.02
Lam 0.040 ± 0.005 0.013 ± 0.003 0.08 ± 0.06

FIG. 6. Self-intermediate structure, Fs(Q, t), computed from water confined
in hexagonal, gyroid, and lamellar morphologies at the lowest Q explored in
this work.

and gyroid morphologies, but the lamellar morphology poses a
challenge. Figure 6 depicts Fs(Q, t) for the three morphologies
at the lowest Q studied, and shows that the function decays
to zero at 0.75 ns, 1.5 ns, and 12 ns, in the Hex, Gyr, and
Lam morphologies, respectively. (At the highest Q studied,
the corresponding times are 50 ps, 250 ps, and 2.5 ns.) For
comparison, the time window accessible to QENS experiments
is 4 ps-2 ns.46,58,59 It would therefore be useful to explore
techniques that go to longer time scales.46,60

V. SUMMARY AND CONCLUSION

We test the approximations commonly used in the
analysis of QENS experiments of confined water. We perform
molecular dynamics simulations of water confined in the
lyotropic phases of Gemini surfactants and monitor the
dynamic structure factor and other dynamic properties. By
analyzing the simulations in the same manner as experiments,
and comparing to the exact (in the simulation) values, we are
able to test the approximations in the analysis.

We find that the de-coupling approximation, where the
self-part of the intermediate scattering function is factored
into a product of translational and rotational components is
quite accurate in all the three phases (hexagonal, gyroid,
and lamellar), and for all the wave-vectors tested. The jump
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diffusion model and the isotropic rotation model, however, do
not capture the dynamics and get progressively less accurate
as the degree of confinement increases. In particular, the
exponential approximation to the translational and rotational
intermediate scattering functions is faulty. These functions are
better represented as stretched exponentials emphasizing that
multiple relaxation process become important as the degree
of confinement increases.

Our analysis suggests that standard analysis of QENS
measurements provides a qualitative understanding of the
water dynamics, i.e., the trends are all correct, but for a more
quantitative understanding, one should consider models with
multiple relaxation processes. A stretched exponential model
fits the intermediate scattering functions but the extracted
diffusion coefficient is not accurate. On the other hand, there
are insufficient data in one experiment to fit models, e.g., a
sum of exponentials, that have additional parameters. Under
the circumstances, the standard analysis of QENS experiments
is probably the best available choice.

We also show that water under extreme confinement
(pore size ≤ 0.8 nm) has sufficiently slow dynamics that
experiments with a longer time window would be valuable.
In the lamellar phase, for example, the intermediate scattering
function decays to zero over a time-scale of 12 ns, which is
beyond the 4 ps-2 ns time accessible to QENS with currently
accessible energy scales. A fit to the short-time behavior is
therefore risky given the multiple dynamic processes that are
at play.
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