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Translational and reorientational dynamics slowdowns of water confined in Newton black
films (NBF) are revealed by molecular dynamics simulations. As a film becomes thinner,
both translational and reorientational dynamics become slower. The polarization of water
molecules in the macroscopic electrostatic field across the NBF and the coordination of Na*
ions and surfactant anionic groups around water molecules concertedly lead to water
dynamics slowdown. The polarization effect is obvious for water not coordinated by Na*
ions, which exhibits reorientational dynamics depending on initial dipole orientations. Na*
ions and surfactant anionic groups retard dynamics of surrounding water through decreasing
the hydrogen bond exchange probability and increasing the viscosity of water. The
dependences of translational and reorientational dynamics on coordination environments of
water are similar. Dynamics of water in positions close to the interfaces of NBFs are mainly
retarded by Na' ions and surfactant anionic groups, while the macroscopic polarization
effect becomes the main role in influencing water dynamics in positions far from the
interfaces. This study sheds light in improving knowledge about water dynamics slowdown
mechanism in similar environments like reverse micelles and lamellar structures.
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beside surfactant monolayers'*>' and miceller surfaces,”>* inside
reverse micelles”™ ** and between solid surfaces.”” ** Water
dynamics in the hydration layer affects dynamics of proteins
solvated in water,”' and is correlated to the association of
proteins.'® Similarly, the dynamics of amphiphilic molecules at
the interface of a film and the adhesion of a NBF should be
correlated to water dynamics. MD simulations have showed the
correlation between dynamics of water and amphiphilic
molecules in a NBF, revealing it to be film thickness-
dependent.”” Dynamics of water and amphiphilic molecules are
important for the film stability. Drainage and surface fluctuation
lead to film thinning and rupture, but high surface elasticity and
viscosity can retard this process.”?’ In a microscopic view,
surface elasticity and viscosity are determined by the dynamics
of amphiphilic molecules, and dynamics of water solvating them.
So improving knowledge of water dynamics in NBFs is

1. Introduction

The aqueous film sandwiched by two monolayers of
amphiphilic molecules is a major constituent of foam, emulsion
and some biological membrane. As the film becomes ultrathin, it
loses the ability to reflect light and appears black. According to
the film thickness, the black films can be classified into common
black films (CBF) with 10 — 100 nm thickness and Newton black
films (NBF) with < 5 nm thickness. The NBF shows strong
repulsive force between two amphiphilic monolayers, which is
unexpected in the Derjaguin, Landau, Verwey, and Overbeek
(DLVO) theory." This non-DLVO force, often called “hydration
force”,? plays an important role in maintaining the stability of
films. Structures of NBFs have been well studied by
experiments™® and molecular dynamics (MD) simulations.”" As
shown in experiments’ and ~MD simulations,” " dipole
orientations of water preferentially point towards the anionic

groups at the interface. As a result, water exhibits an anomalous
dielectric response,' ' which is thought to be the origin of the
hydration force.”” At low water content conditions, adhesion
appears in a film. Water originally between adhesive layers is
expelled forming a droplet inside the film.'"" "> The unusual
hydration force and adhesive behavior of NBFs are inherently
correlated to the solvation of ionic groups in water. Water in the
hydration layer of ionic groups not only exhibits special structure,
but also dynamics behaviors, i.e., slower reorientational and
translational motions of water.'® Water dynamics slowdowns
have been found around proteins'® 7 and hydrophobic groups,'®
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necessary.

Water confined in reverse micelles has some similarities to
water in NBFs, as the interface is also covered by amphiphilic
molecules. MD simulations revealed that water in a reverse
micelle exhibits slower dynamics close to the interface than in
the bulk-like core.”> Similar phenomenon was later observed in
experiments.”® Experimental studies have compared different
kinds of reverse micelles (with ionic or nonionic surfactants)
finding that the interface, despite its chemical nature, plays the
dominant role in determining interfacial water dynamics.”*>* Salt
solvated in solution helps slow water dynamics, but its influence
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is not as significant as the effect of the interface.” A comparison
study on interfacial water dynamics in lamellar structures and
reverse micelles showed that the geometry and nanolength scale
of the confinement is of less significance and that the short-range
water/interface interactions are of principal importance.** A two-
component model consisting of a core of bulk-like water and a
shell of interfacial water was successful at describing water
reorientational dynamics in all the large reverse micelles and
lamellar structures.*®*! However, as the size of a reverse micelle
decreases, dynamics of water get slower and transit from two
ensembles to collective reorientation.”** In the MD study of
water confined within nanoscopic hydrophilic silica pores,
detailed molecular analyses showed that the two-component
model is oversimplified and the interfacial water exhibits
markedly heterogeneous dynamics.*

Based on MD simulations, Laage and Hynes proposed the
extended jump model to describe water reorientation,***® using it
to study water reorientation slowdown next to a protein,”
hydrophobic groups® and some ions.”" > They disclosed the
quantitative mechanism of slower reorientational dynamics of
water around cations and anions,” which can also be utilized to
explain similar phenomenon in the solvation shells of
counterions and anion groups in reverse micelles.”® The influence
of ions and ionic groups is relatively short-ranged, only affecting
water in the first hydration shell. On the other hand, the
correlation between dynamics of water in the film and
amphiphilic molecules at the interface® is relatively long-ranged.
It may imply a long-ranged influence due to the water
polarization response to the electrostatic field of the film. Now
we aim at doing a systematic investigation on water dynamics
confined in NBFs, taking both local (counterions and ionic
groups effects) and long-ranged (electrostatic field effect)
influences into account.

The variation of water dynamics with film thickness is
revealed by MD simulations in this article. Water dynamics
dependence on positions in a film is also revealed. Coordination
structures and orientations of water in thin and thick films are
compared. The local coordination environment and macroscopic
electrostatic field influences on water dynamics are exhibited. A
detailed interpretation of water dynamics slowdown in NBFs is
provided in this article.

2. Simulation details and analytic methodology

The NBF we studied is constituted by a water slab sandwiched
by two monolayers of sodium dodecylsulfate (SDS) (Fig. 1). The
simulation box is orthogonal with L, = L,, = 6.893 nm. The film
is sandwiched by two vacuum phases. The height of each
vacuum phase is set to as large as 10 nm initially, so the
interaction between two monolayers through the vacuum phase
under the 3-dimensional periodic boundary condition can be
ignored. 144 SDS molecules were set at the interface, leading to
the area per molecule of 0.33 nm’, corresponding to the X-ray
reflection result.* Films with water amount ranging from 8.43
nm” to 39.37 nm” (number of water molecules per area, Ny,)
were constructed. 10 films were simulated. The film thickness is
defined as the distance between the averaged z coordinates of
sulfur atoms at each interface. The relationship between film
thickness and water amount is shown in Fig. 2.

2| J. Name., 2012, 00, 1-3

Fig. 1. (a) The model of the whole simulation box. (b) The enlarged
configuration of a simulated film (Ny,= 19.68 nm?) at 20 ns. The
cyan bonds, big yellow balls, big red balls and small blue balls stand
for alkyl chains, sulfur atoms, oxygen atoms and Na" ions of SDS
respectively. Small red balls and small white balls stand for oxygen
and hydrogen atoms of water respectively. The initial configuration
was built with Packmol.**
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Fig. 2. Relationship between film thickness and water amount N,y.
The error in calculated film thickness is less than 0.05 nm.

The SPC/E model®® was used to describe water molecules, as it
had reproduced water reorientation time consistent to
experimental observables and the result of a polarizable force
field.”’ The OPLS-AA force field’® was used for SDS molecules.
For bonded potential of sulfate, the force field developed by
Berkowitz et al. was used.”” ** Although the OPLS-AA force
field was originally parameterized with the TIP3P water
model,59 the combination of the OPLS-AA force field and
SPC/E model has shown to work well as compared to
experimental results.”” °' Especially, our previous study has
shown their combination well reproduces phase structures of
amphiphilic monolayers.”> The LINCS algorithm® was used to
constrain bonds with hydrogen atoms. The cutoff distance for
Lennard-Jones potential was set to 1.6 nm. The particle-mesh
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Ewald (PME) method® ® was used to describe long-ranged
electrostatic interactions.

The GROMACS 4.0 package®® was used to perform
simulations in canonical ensemble (NVT) with temperature 298
K. The velocity rescaling thermostat’’ was used to control
temperature. The equations of motion were integrated with a
time step of 1.0 fs. MD simulations were performed for 20 ns to
equilibrate systems and prolonged to 30 ns for properties
evaluation. Data were collected every 1 ps. After the NVT
simulations, microcanonical ensemble (NVE) simulations were
performed for 200 ps for films with thicknesses 1.1 nm and 2.1
nm, collecting data every 0.05 ps. The NVE simulations served
as two purposes: 1. verifying the temperature coupling method
used in the NVT simulations hardly influences water dynamics
(see Section A in the Supplementary Information); 2. studying
the hydrogen bond exchange process which needs data collected
between shorter time intervals.

Artificially, we define a middle layer of water centered in the
middle of a film. The thickness of the layer is 0.2 nm. Dynamics
of water in these layers of all the simulated films were studied.
Two films with thicknesses 1.1 nm and 2.1 nm were selected to
do systematic investigations for comparison. The reason for
choosing these two thicknesses will be illustrated in Section 3.1.
Fig. 3 shows the density profiles of the two films. Artificial
layers (S, S,, 1}, I, and M) with thicknesses of 0.2 nm are
marked in the density profiles, for the purpose of studying the
influences of relative positions in a film to water dynamics. It
should be noted that the layers are specified based on the
averaged density. Due to the capillary wave fluctuation of the
interfaces,”" * the distances from different locations of a layer to
the interface are different, and they would vary with time.
Nevertheless, the relative positions of different layers still make
sense, and the differences of water dynamics among them are
qualitatively meaningful.

(a) 1.1 nm

(b) 2.1 nm
S

%25

154

Density (
S

Fig. 3. Density profiles (sulfur atoms, oxygen atoms of water and
Na" ions) of films with thicknesses 1.1 nm (a) and 2.1 nm (b). The
layers (S;, M, I;...) for water dynamics studies are marked in the
profiles. “S;” and “S,” represent the two water layers at the vicinity
of sulfate groups. “M” is marked for the water layer in the middle of
the film. “I,” and “I,” denote the intermediate layers between the M
layer and the S layer.

A pure water slab without surfactant with thickness about 3
nm was also simulated with the same methods for comparison.
This water slab is in the same environment as NBFs because it is
also sandwiched by vacuum phases. The dynamics of water from
the middle 0.2 nm layer is studied. As the middle layer is far
from surface, water from it behaves like bulk water.

This journal is © The Royal Society of Chemistry 2012
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Water dynamics are characterized by the reorientational and
translational dynamics. The reorientational dynamics of water is
characterized by the dipole reorientational time correlation
function C, (t):

Cu(®) = (it + ) - p; (7)) €y
where ; () refers to the unit vector in the dipole orientation
direction of water molecule i at time 7 and t is the time interval.
The angular bracket denotes averaging over water molecules
from all time 7. C,(t) was calculated for water molecules which
initially belong to specific layers of the films, i.e., water
molecules were in that layer at time 7, but they might migrate
away at time 7 + t. This convention has been utilized in the
study of water inside reverse micelles.”> > ” It should be noticed
there has been a second convention calculating C,(t) only
accounting for water staying in a specific region from 7 to 7 +
"7 This convention is meaningful for studying water long
confined in a specific region excluding the influence of water
migrating out of that region. However, in our study, the layers
specified in a system are not such confining regions, only serving
as a purpose to reveal initial environmental influences to water
dynamics. The reorientations of water staying and leaving the
initial environment should be both taken into account. So we
follow the first convention in the main text of this article. In this
convention, if water molecules easily migrate out of the initial
environment, it is expected C, (t) would exhibit a fast decay. The
comparison between dynamics behaviors derived by the two
conventions respectively can be seen in Section B of the
Supplementary Information.

As to explicitly reveal the migrating ability of water in NBFs,
the translational dynamics of water were also studied. Mean
square displacements (MSD) of water are used to characterize
the translational dynamics. Due to confinement of the film, MSD
in the z direction grows nonlinearly with time, and reaches a
plateau of L?/12 (L is confinement size) as t — 0.” At the short
time scale, water diffusions in the z direction and xy plane
undergo similar Brownian motions with a coefficient dependent
on initial environment. At the long time scale, as water leaves
initial environments and almost travels over the confining space,
the diffusion coefficient becomes independent of the initial
environment.”® Thus in this article we only show the MSD of
water in the xy plane (MSD,, (t)) in less than 30 ps as for
studying the initial environments influences. The Einstein
relation describes the MSD,, (t) as:

2 2
((x(‘r +t)— x(‘r)) + (y(‘r +t)— y(T)) ) = 4Dt
where D is the diffusion coefficient.

(2)

3. Results and discussion
3.1 Slow dynamics of water in NBFs

10 15 20 25 30
t(ps)

Fig. 4. C,(t) (a) and MSD;, (t) (b) of water from the middle layers
of films with different thicknesses and from the pure water slab.
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C,(t) of bulk water decays almost exponentially with time
except the libration motion which occurs in subpicosecond,” so
as that of water from the pure water slab we study. As compared
to that from the pure water slab, C,(t) of water from the middle
layers of NBFs decay slower and non-exponentially. The decay
rate decreases as the film thickness decreases from 2.6 nm to 0.5
nm (Fig. 4a). As shown by MSD,, (t) (Fig. 4b), the translational
dynamics of water in the NBF is also slower than that from the
pure water slab, and becomes much slower as the film thickness
decreases.

As to quantify the decay rate of C,(t), it is fitted with a
multiexponential form function C,(t) = XL, 4; exp(—t/1;)
(Table S1 in the Supplementary Information). The time constant
7, (1, = X121 4; 7;) is used to characterize the decay time.” Ty
increases as the film thickness decreases (Fig. 5a). The
diffusition coefficient D is used to quantify the translational
motion. The characteristic residence time 7. for water
molecules crossing specific layer with thickness R is determined
by D through the equation: T,.s = R2/(2D).*> 77 So D™'is a
quantitative measurement related to water residence time in
specific environment. D~1 also increases as the film thickness
decreases (Fig. 5b).

10° (a) 4 (b)

L )

0.6
Y71 S e . g8

D'1(ns/nm2)

0.5 20 25

05__ 10 15 20 25 10 15
Film Thickness (nm) Film Thickness (nm)
Fig. 5. Dependences of 7, (a) and D~ (b) of water from the middle
layers on film thickness. 7, and D™ of water from the pure water
slab are also shown by broken lines.
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Fig. 6. C,(t) (a, b) and MSD,, (¢t) (c, d) of water from different
layers of films with thicknesses 1.1 nm (a, ¢) and 2.1 nm (b, d) and
from the pure water slab.
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As the film thickness is above 2.0 nm, it is clear that the
variations of 7, and D~ with film thickness are relatively gentle.
On the other hand, 7, and D1 increase dramatically as the film
thickness decreases more or less below 1.5 nm (Fig. 5). So a
comparison study between films with thicknesses 1.1 nm and 2.1
nm has been carried out. Reorientational dynamics of water in
the film with thickness 1.1 nm seem to be homogeneous, as
C,,(t) of the three layers (S;, M and S,) are almost the same (Fig.
6a). MSD,, (t) of the three layers are also similar, except the
translational motion of water in the M layer is a little slower (Fig.
6¢). Both reorientational and translational motions of water from
the three layers are much slower than those from the pure water
slab. This phenomenon is similar to the homogeneous slow
dynamics of water inside a small reverse micelle.*”* In the film
with thickness 2.1 nm, C,(t) of S, and S, layers decay with
similar rates as those in the film with thickness 1.1 nm (Fig. 6b).
C,(t) of 1, and I, layers decay slightly faster than those of S
layers. C,(t) of the M layer decays fastest, but it still behaves
non-exponentially and the decay rate is slower than that from the
pure water slab. The translational dynamics are also not uniform
in different layers (Fig. 6d). Water in the M layer exhibits the
fastest translational motion, but it is still slower than that from
the pure water slab. The translational motions in S; and S, layers
are slowest, and the MSD,, (t) of them are similar to those in the
film with thickness 1.1 nm. There is slight difference between
MSD,, (t) of S; and S, layers, which might be caused by the
asymmetry of the film due to the finite sampling. The position
dependent dynamics behavior is also observed for water inside a
big reverse micelle’ and beside a surfactant monolayer.'*>'

Based on the above analyses, water dynamics transform from
non-uniform dynamics along the z axis to apparent homogenous
dynamics as the film thickness decreases. Previous studies have
shown that the dynamics and fluctuations of the two interfaces
become more correlated as the film thickness decreases.'”** So it
is expected water dynamics in the thin film are influenced by
both interfaces.

3.2 Structures of water confined in NBFs

The structures of water in the NBF can be characterized by the
local coordination structure, and polarization structure in the
electrostatic field of the film. The coordination structure of a
water molecule was determined according to the hydrogen bonds
(HB) formed between it and surrounding water molecules and/or
sulfate groups. The HB definition can be seen in Section D of the
Supplementary Information. In this article, the coordination
modes are represented by “OiHjHA”, “OiHjH'%” and “OiHH'K”.
“OiHjHk” represents that the oxygen atom of the water molecule
accepts i HBs, and either hydrogen atom forms j or £ HBs with
other water molecules. As to “OiHjH'X”, one hydrogen atom
forms j HBs with other water molecules, and the other one forms
k HBs with sulfate groups. As to “OiHjH'k”, either hydrogen
atom forms j or kK HBs with sulfate groups. Comparisons of the
probability distributions of coordination modes among water
from films with thicknesses 1.1 nm and 2.1 nm and from the pure
water slab are described in Section D of the Supplementary
Information.  Three  characteristic ~ coordination = modes
(“O2H1H1”, “O0H1H1”, and “O2H1H'1”) are found through
snapshots of simulations (Fig. 7). The coordination mode
“O2H1H1” exhibiting a tetrahedral structure (Fig. 7a), is the

This journal is © The Royal Society of Chemistry 2012
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most popular structure in films and the pure water slab. Water
accepting no HB like “O0H1H1” rarely exists in the pure water
slab, but it appears in quantity in films. As shown in the
snapshot, the O atom of that kind of water molecules in films
closely interacts with a Na" ion (Fig. 7b). Water accepting only
one HB (“O1HOH1”, “O1HIH1” and so on) appears both in
films and the pure water slab. Water donating some HB to a
sulfate group like “O2H1H'1” (Fig. 7c) appears in water layers
close to the SDS monolayers. Detailed characterizations on the
Na'-water relation are shown in Section E of the Supplementary
Information. It clearly shows that water accepting no HB (like
“O0H1H]1” and “O0HOH]1”) has the closest relationship with Na"
ions. A water molecule of that kind is mostly coordinated by a
Na' ion stably as in Fig. 7b. About half of the water molecules
accepting only one HB (like “O1HOH1” and “O1H1H1”) are
coordinated by a Na" ion. Water molecules accepting two HBs
(like “O2HOH1” and “O2H1H1”) are rarely coordinated by Na"
ions.

(a) (b) ® (c) 9
g& 0.231 nm ’
0.191 nm ¢ 10.188 nm
0.168 nm &
0.207 nm¢/ o 0.187 nmi ot
0.200 nm. 0.192 nriv
[ 0.159 nm \’Q % 0.219 nm 0.164 nm
b o N J .
v

Fig. 7. Coordination structures of modes “O2H1H1” (a), “O0H1H1”
(b) and “O2H1H'1” (c). The red balls stand for oxygen atoms, white
balls for hydrogen atoms, yellow balls for sulfur atoms and blue
balls for Na" ions.

Due to the polarization, dipoles of water molecules prefer to
point towards the interface, exhibiting long-ranged ordered
structure.” ' '* The electrostatic fields across the films and the
polarizations of water molecules are shown in Section F of the
Supplementary Information. Water molecules across the films
are all under polarization effects. The polarization of water
molecules in the electrostatic field is characterized by the tilt
angle (6), which is the angle between the dipole moment of
water and the z axis. 6 of higher probabilities correspond to more
favored polarized directions. Fig. 8 exhibits the distributions of
in different layers of the two films. In either film, the
distributions are sharpest in the S layers, reflecting the most
obvious polarized structures. In the I layers, the distributions are
gentler, as these layers are farther to the interfaces. It is clear that
water in the M layer of the film with thickness 1.1 nm is
polarized by both interfaces (Fig. 8a). Even water in the M layer
of the film with thickness 2.1 nm still exhibits slight polarized
structure (Fig. 8b).
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Fig. 8. Distributions of tilt angle 8 of water in different layers of
films with thicknesses 1.1 nm (a) and 2.1 nm (b). The distributions
are normalized by sin6. The dotted line shows the theoretical
distribution of bulk water.
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Fig. 9. Tilt angle distributions of water of different coordination
modes in different layers of films with thicknesses 1.1 nm and 2.1
nm. The distributions are normalized by sin 8. The dotted line shows
the theoretical distribution of bulk water.

The influence of the electrostatic field to the polarization is
further considered independently for water molecules of different
coordination modes (Fig. 9). Water in S; and I; layers is
considered as its polarized structure is obvious. Dipoles of water
of modes “O2HOHI” and “O2H1H1” prefer to be in the
macroscopic polarized direction of the electrostatic field. Water
of “O1HOH1” and “O1H1H]1” exhibits the same trend, except the
distributions are gentler, which are probably due to the local
influence of Na" ions. Water molecules of modes “O0HOH1” and
“O0H1H1” exhibit different distribution trends to others,
probably because they are stably coordinated by Na' ions. Water
molecules of “O2H1H'1” exhibit the sharpest distributions in the
macroscopic polarized direction, as they directly donate HBs to
sulfate groups. It should be noted that the distribution does not
become zero even when 8 of “O2H1H'1” water molecules are
less than 60°. Because the sulfate groups are in fact in the
aqueous phase and solvated by water and the interface is
ﬂuctuating,72‘ it is possible that water molecules solvating
sulfate groups exhibit dipoles in all directions. Water of
“O1H1H'l” exhibits less sharp distributions than that of
“O2HI1H'1” due to the Na" ions influence. Orientations of water
of “O0HIH'1” are both influenced by sulfate groups and Na
ions, so that they do not exhibit the sharp distribution in the
macroscopic polarized direction and a peak around 90° appears
in the distribution.

The macroscopic polarization of water is inherently
determined by the distributions of ions (surfactant anions in the
monolayer and diffusive counterions Na")."* So the polarization
structures are strongest for water around surfactant anions and
relatively weaker for water not coordinated by them. However,
the Na" ions also exert a large influence, polarizing nearby water
molecules in spite of the macroscopic electrostatic field. The
influence of Na' ions is relatively short-ranged, while the

J. Name., 2012, 00, 1-3 | 5
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macroscopic polarization is a long-ranged influence responsible
for the structure of water even in the middle of the films we
studied.

1 1

(a) 1.1 nm, O2H1H1 (b) 1.1 nm, OOH1H1

0 5 10 15 20 0 5 10 15 20
t(ps) t(ps)

c,

0.1

c,

(¢) 2.1 nm, O2H1H1 ‘\.\

(d) 2.1 nm, OOH1H1

0 5 10 15 20 0 5 10 15 20
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—s,,(0°,36°)  -=-- I, (0°, 36°)
*Sv (72°, 108°) e 11, (72°,108°)

S,. (144°, 180°) 1, (144°,180°)
Fig. 10. The dependences of C,(t) on water initial tilt angles for

water from different layers. Coordination modes are “O2H1H1” (a,
¢) and “O0H1H1” (b, d). The film thicknesses are 1.1 nm (a, b) and
2.1 nm (c, d).

3.3 Water dynamics dependence on coordination and
orientation

As to study the possible influence of the macroscopic
electrostatic field to water reorientational dynamics, water
molecules were classified according to their initial tilt angles (6).
Fig. 10 exhibits reorientational dynamics of water with 8 in
ranges from 0° to 36°, from 72° to 108° and from 144° to 180°.
For water molecules of coordination mode “O2H1H1” in the S,
and I, layers of the film with thickness 2.1 nm, the decays of
C,(t) strongly depend on 6 (Fig. 10c). The dependence is
stronger for water in the S, layer as it is closer to the interface.
Those orientated closer to the macroscopic polarized direction
(with 6 between 144° and 180°) exhibit slower dynamics, and
C,(t) of them are concave in the semilogarithmic coordinate
system. While dipoles of those water molecules deviate from the
original directions, they tend to reorient back to the favored
polarized directions, which leads to the non-exponential decays
of C,(t). On the other hand, for water molecules with 6 in the
range between 0° and 36°, C,(t) are convex in the studied time
range. As initial orientations of those water molecules deviate
from the polarized direction, they would reorient to adapt to the
electrostatic field, leading to the observed dramatic variation in
C,(t). For water molecules of coordination mode “O2H1HI” in
the S; layer of the film with thickness 1.1 nm, C,(¢) still depends
on 8 but less strongly (Fig. 10a). In that case no convex function
line appears for water with 8 between 144° and 180°. It implies
that due to the smaller film thickness even water molecules close
to one monolayer are under the polarization effect of the other
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monolayer. So the reorientations of water molecules which
deviate from the favored polarized direction are less dramatic.
For water molecules of coordination mode “OO0HIHI1”, the
reorientational dynamics dependence on 8 is not obvious,
especially in the thinner film (Fig. 10b,d).

Reorientational dynamics dependence on 6 for water
molecules of other coordination modes can be seen in Section G
of the Supplementary Information. Water accepting no less than
2 HBs is significantly influenced by the macroscopic
electrostatic field, exhibiting obvious 8 dependent reorientational
dynamics. Water accepting 1 HB exhibits weaker 6 dependent
reorientational dynamics. The dependence is weakest for water
accepting 0 HB. That implies the local influence of Na' ions
plays an important role, weakening the macroscopic electrostatic
field effect, as Section 3.2 has shown that the Na' ions can
polarize water in spite of the macroscopic electrostatic field.

Reorientational dynamics dependence on coordination
environment is shown for water molecules originally not in the
polarized directions (Fig. 11). Dynamics of water from the pure
water slab are independent of coordination structures (see
Section H of the Supplementary Information). In the M layer of
the film with thickness 2.1 nm (Fig. 11c), the reorientational
dynamics are similar for all the coordination modes except
“O0HOH1” and “O0H1H1” which represent close relationships
with Na' jons. C,(t) of “OOHOH1” and “O0H1H1” decay slower.
In other situations (Fig. 11a,b,d), dynamics of water which does
not form HBs with sulfate groups follow the order: OOHHk <
OlHjHk < O2HjHk, ie., water molecules with closer
relationships with Na' ions exhibit slower dynamics. However,
the number of HBs donated by one water molecule to another
almost has no influence. C,(¢) of “O2H1H'1”, “O1HIH'1” and
“O0H1H'1” decay slower than those of “O2H1H1”, “O1H1H1”
and “O0H1H1” separately, showing that water molecules
donating HBs to sulfate groups exhibit slower dynamics. The
influence of Na' ions on those water molecules is the same, as
their dynamics follow the order: OOHIH'l < OIHIH'l <
O2H1H'.

. (a) 1.1 nm, M, (72°, 108°) (b) 1.1 nm, S, (367, 72°)
0 5 10 15 20 0 5 10 15 20
t(ps) t(ps)

i g
'"‘\f\
£ e >
= 0.1 ..l =041
(O _E o
:\C‘\_
2.1nm, M, (72°, 108° d)2.1nm, S, (36°, 72° ‘
0.01 (c) 2.1 nm, M, ( ) 0.01 (d) 4 ( ) !
0 5 10 15 20 0 5 10 15 20
t(ps) t (ps)
——O0HOH1 -—-=--O1H1H1 - OTH1H"
- == O0H1H1 =-----02HOH1 ----- O2H1H"1
----- O1HOH1 ------ O2H1H1 OOH1H'1

Fig. 11. The dependence of C,(t) on the coordination modes of
water. The M and S, layers of films with thicknesses 1.1 nm (a, b)
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and 2.1 nm (c, d) are considered. The initial tilt angles are in the
ranges from 72° to 108° (a, c¢) and from 36° to 72° (b, d)
respectively.

1-Cp (1)

----- water slab %, N
0.01 - T . . . . hEN

0 5 10 15

t(ps)

Fig. 12. Time correlation functions 1 — Cgp(t) for different kinds of
water OH bonds in the S layer of the film with thickness 2.1 nm. A:
OH bonds which are hydrogen bonded to sulfate groups but not in
the hydration shell of Na' ions. B: OH bonds which are in the
hydration shell of Na" ions but not hydrogen bonded to sulfate
groups. C: OH bonds both hydrogen bonded to sulfate groups and in
the hydration shell of Na" ions. D: OH bonds neither hydrogen
bonded to sulfate groups nor in the hydration shell of Na' ions.
1 — Crp(t) for water from the pure water slab is also shown for
comparison.

20

The traditional Debye model which describes water
reorientations to be diffusive angular Brownian motions was in
contrast to MD simulation results.*” * ™ Laage and Hynes
proposed the extended jump model to describe water
reorientation. The reorientation is separated into the diffusive
frame reorientation between HB exchanges, and the jump
reorientation while HBs exchange acceptors.*** With that model,
the mechanisms of water reorientational dynamics slowdown in
salt solutions with Na' and SO,* ions are disclosed.”®> The
retardations by Na" and SO,” ions in reorientational dynamics of
surrounding water molecules can be attributed to two
mechanisms: 1. the jump probability of an OH bond in a
preformed HB to a new HB is reduced due to the volume
occupied by ions and the stronger HB between a water molecule
and a sulfate group; 2. the increased viscosity of water solvating
the ions slows down the diffusive frame reorientation.”> These
two mechanisms should also apply to water reorientational
dynamics dependence on coordination environments. Now we
disclose the influences of these two mechanisms respectively as
follows.

The jump reorientation due to the HB exchange is
characterized by the cross correlation function:

Cre(t) = (nr(0)np (1)) 3)

where ng(0) is 1 if the OH bond of a water molecule forms a
stable HB with an acceptor (water molecules or sulfate groups) at
time 0, np(t) is 1 if the OH bond forms a new stable HB with
another acceptor at time t, otherwise their values are 0. As to

This journal is © The Royal Society of Chemistry 2012

Physical Chemistry Chemical Physics

define a stable HB, a strict geometric definition should be used.*’
The definition we used is as follows: the donor-accepter distance,
the hydrogen-donor-accepter angle, and the hydrogen-accepter
distance are less than 0.28 nm, 10°, and 0.18 nm respectively.
The decay of the time correlation function 1 — Cgp(t) reflects
the HB exchange rate, in other words, the residential time of a
water OH bond in its initial coordination environment. OH bonds
both hydrogen bonded to sulfate groups and in the hydration
shell of Na' ions exhibit the slowest HB exchange rate (Fig. 12).
Either OH bonds donating HBs to sulfate groups or in the
hydration shell of Na" ions exhibit slower HB exchanges than
those of water not coordinated by ions. This result is consistent
with the dependence of C, (t) on the coordination modes of water,
i.e., water molecules in closer relationships with Na" ions and
sulfate groups exhibit slower reorientational dynamics (Fig. 11).
So the retardation by ions in the HB exchange contributes to

water reorientational dynamics slowdown.
0.25 0.25

@1.1nm M (b)1.1nm, S,
<~ 0.20
£
£ o015
:;?0.10
[m]
@
= 005
0.00
0.25
(¢) 2.1 nm, M d” (d)2.1nm, s,
« 0.20 «— 0.20
3
£ o015 £ 015
o010 / SR 010
[2] (2]
= 0.05 S 005
0.00 0.00
5 10 15 20 25 30 0 5 10 15 20 25 30
t(ps) t(ps)
——OO0HOH1  —-—--O1H1H1 —— O1H1H'
=== OOH1H1 ---=--O2HOH1 ----- O2H1H'1
----- OTHOH1 - O2H1H1 OOH1H'1

Fig. 13. The dependences of MSD,,, (t) on the coordination modes
of water. The M and S, layers of films with thicknesses 1.1 nm (a, b)
and 2.1 nm (c, d) are considered.

The HB jump exchange induces a translational displacement
of water. Based on the Stokes-Einstein relation, the translational
dynamics is in inverse relationship with the viscosity n. 1 is
related to the HB jump time constant Tj,,,, with a qualitative
relation: Tjymp /L? x7n, where L is the translational jump
amplitude.sz‘ ” On the other hand, the viscosity also influences
the diffusive frame reorientation of water with a qualitative
relation: 1) X Tppgme , Where Tprgme is the frame reorientation
time constant of water.” So the translational dynamics is closely
related to the reorientational dynamics. The translational
dynamics dependence on water coordination was studied and
similarities as the reorientational dynamics are disclosed (Fig.
13). In layers largely influenced by the interfaces (the S, layers
of the two films and the M layer of the thinner film, Fig. 13a,b,d),
the translational dynamics for water which does not form HBs
with sulfate groups follow the same order as the reorientational
dynamics: OOHjHk < O1H/Hk < O2HjHk. The translational
dynamics of O2H1H'l, O1H1H'l and O0OH1H'l are also slower
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than those of O2H1HI1, O1H1H1 and OOH1H]1 respectively as
the reorientational dynamics. And the order “O0HIH'l <
O1HIH'l <O2H1H'1” also applies to the translational dynamics.
In the M layer of the thicker film, the translational dynamics of
water of modes “O0HOH1” and “O0H1H1” are also slower than
others as the reorientational dynamics (Fig. 13c). These results
evidence the coupling between the reorientational and
translational dynamics. This coupling relationship reflects the
viscosity mechanism in slowing down water reorientational
dynamics.

The above mechanisms well explain the water dynamics
dependence on local coordination environments. It should be
noted that these mechanisms almost have no relation with the
local electrostatic field induced by ions, as Laage et. al. have
shown the local electrostatic field almost has no influence on
water dynamics.52 Our results are in consistence to it, as we have
shown that even though Na' ions induce regular distributions of
dipole tilt angles 8 for water molecules around them (Fig. 9), the
reorientation of those water molecules is not obviously
dependent on 8 (Fig. 10). On the other hand, the long-ranged
electrostatic field which is specific in the NBF has a large
influence on the reorientational dynamics of water which is not
coordinated by Na’ ions and sulfate groups (e.g. “O2HIHI").
Water molecules coordinated by sulfate groups (e.g. “O2HI1H'1”)
also exhibit 8 dependent reorientational dynamics (see Section G
of the Supplementary Information), showing the macroscopic
electrostatic field influence. However, the retardation effect of
sulphate groups plays the main role as even water with dipoles
deviating from the favoured polarized direction exhibits
obviously slow dynamics.

The two-component model was used to describe water
dynamics confined in all the large reverse micelles and lamellar
structures.*” *' This model is useful but oversimplified, as our
study has shown that there is not a shell of interfacial water
exhibiting homogeneous dynamics. Even water in the core of the
thick NBF is not totally homogeneous as water coordinating
diffusive Na” ions exhibit slower dynamics (Fig. 11c and Fig.
13c). The different coordination relationships between water and
ions (Na” ions and surfactant anions) lead to the heterogeneous
dynamics. Due to the polarization effect, even dynamics of water
not coordinating ions (e.g. “O2H1H1”) are heterogeneous being
dependent on initial dipole orientations.

3.4 Relative contributions of different kinds of water to
dynamics slowdown
The overall slowdown of water reorientational dynamics is
characterized by AC, (t):
AC,(t) = Z P[Ci(®) — ¢l ()] 4)
i
where P; and C,i(t) are the proportion and dipole reorientational
time correlation function of the ith kind water molecules
respectively, and C2“¥(t) is the dipole reorientational time
correlation function for bulk water which is the same as C, (t) for
water from the pure water slab. The meaning of Eq. (4) is
accounting for the contributions of dynamics slowdowns of each
kind of water molecules. Now water molecules in NBFs are

simplified into 6 kinds: 00, O1, 02/3, O0H', O1H' and O2/3H',
based on the dynamics influencing factors (macroscopic
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polarization effect and retardations by Na' ions and sulfate
groups). “O0” characterizes water molecules which accept no
HB and are largely influenced by Na' ions; “O1” characterizes
water molecules which accept only one HB, moderately
influenced by Na" ions and the macroscopic polarization effect;
“02/3” characterizes water molecules which accept 2 or 3 HBs,
hardly influenced by Na' ions but obviously influenced by the
macroscopic polarization effect. “O0H", “O1H" and “O2/3H"™
characterize water molecules accepting 0, 1 and 2 or 3 HBs
respectively and donating HBs to sulfate groups, and their
dynamics are retarded by sulfate groups. So AC,(t) in Eq. (4)
can be separated into 6 contributions: AC2(t) , ACQ*(¢) ,

ACP* (1), ACO™M (1), ACO™ (1) and ACOY*™ (1),

0.06 0.06
0.08 (@1.1nm, S, 005 (b) 1.1 nm, M
0.04 0.04
— 003 — 003
e e
0.02 < 0.02
o° 9
< 0.01 < 0.01
0.00 0.00
0.01 \ -0.01 , :
0 5 10 15 20 0 5 10 15 20
t (ps) t(ps)
0.06 w 5 0.06
00s](€)2.10m, S, 00s) (@) 2.1 nm, |,
0.04 0.04
= 003 ~ 003
o 002 o 002
< 001 < 001
0.00 0.00
0.01 0.01
0 5 10 15 20 0 5 10 15 20
t (ps) t(ps)
0.06
005 (€) 2.1 nm, M 00
0.04 — 01
o 003 ——02/3
:)1 0.02 —— O0H'
< 001 ——O1H'
0.00 —— Q2/3H'
-0.01
0 5 10 15 20

t(ps)

Fig. 14. Contributions of different kinds of water to AC,(t) in
different layers of films with thicknesses 1.1 nm and 2.1 nm.

Fig. 14 exhibits the 6 contributions to AC,(t). Although water
from the S; and M layers of the film with thickness 1.1 nm
apparently exhibits similar dynamics (Fig. 6a), the individual
contributions are quantitatively different (Fig. 14a,b). It implies
that the mechanisms behind water dynamics slowdown are
different. In those layers, the biggest contributions to water
dynamics slowdowns are ACfOH'(t) . Even though the
populations of “O0H" water molecules are not so significant as
compared to other kinds of water in those layers (Fig. S3 in the
Supplementary Information), because they exhibit the slowest
dynamics (Fig. 11), their contributions are strengthened. In the S,
layer of the film with thickness 2.1 nm (Fig. 14c¢), the individual
contributions are different from those in the S; layer of the
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thinner film (Fig. 14a), although apparently water in the two
layers exhibits similar dynamics (Fig. 6a,b). The biggest

contribution is also AC,?OH’(t). However, in the I, layer of the
film with thickness 2.1 nm (Fig. 14d), the contribution of
AC,?OH’(t) decreases a lot due to much less water molecules

coordinating sulfate groups and Na" ions in that layer. ACf 2/ H0)
becomes the biggest contribution in that layer, i.e., the influence
of the macroscopic electrostatic field becomes most important to
water reorientational dynamics slowdown. “02/3” water
molecules exhibit higher populations in the macroscopic
polarized direction (Fig. 9) and slower reorientational dynamics
in that direction (Fig. 10), leading to the overall slow dynamics.
AC,? 2B mainly determines the reorientational dynamics
slowdown in the M layer of the film with thickness 2.1 nm (Fig.
14e). Although that layer is far from the interface, the
macroscopic electrostatic field influence is still obvious (see
Section F of the Supplementary Information). The retardation
effect of Na' ions plays a minor role in water dynamics
slowdown in that layer.

The macroscopic polarization effect and the retardation of Na"
ions and sulfate groups concertedly lead to the dynamics
slowdown of water in NBFs. The retardation effects of ions are
important to slowing down water dynamics in positions close to
the interfaces. In positions farther to the interfaces, the
macroscopic polarization effect is becoming the main role in
influencing water dynamics.

Previous experimental studies have compared reverse micelles
with ionic and nonionic surfactants at the interfaces, showing the
orientational relaxations of interfacial water molecules are
similar.”’” As analyzed in Section 3.3, the retardation effects of
ions at the interface are due to the volume exclusion of ions, HBs
with ions and the increased viscosity of water. Those effects are
not caused by the charges of ions, and should also be present for
water interacting with hydrophilic groups of nonionic surfactants
at the interface. Thus it is reasonable water close to the nonionic
and ionic surfactants interfaces exhibits similar dynamics. On the
other hand, the long-ranged macroscopic polarization effect due
to the charged interface is expected to be absent in the systems
with nonionic surfactants. A detailed comparison study between
NBFs with ionic and nonionic surfactants should be processed in
the future.

Concluding remarks

In this study, we have used MD simulations disclosing the
reorientational and translational dynamics slowdowns of water
confined in NBFs. The constants 7, and D™" are used to
characterize the reorientational and residential time of water in
the middle layer of the films. They increase gently as the film
thickness decreases at first, then exhibit dramatic increment. Two
films with thicknesses belonging to gently and dramatically
increasing stages of 7, and D" respectively have been selected
for comparisons. Apparently dynamics of water in different
positions of the thinner film are similar, while water closer to the
interfaces of the thicker film exhibit obviously slower dynamics.

For water molecules less affected by Na' ions and sulfate
groups, due to the polarization in the macroscopic electrostatic
field, their dynamics obviously depend on the original
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orientations of their dipoles, and those orient close to the
polarized direction exhibit slower dynamics. Na" ions and sulfate
groups coordinating water retard its dynamics. The retardations
are attributed to two mechanisms: firstly, the jump probability of
an OH bond in a preformed HB to a new HB is reduced due to
the volume occupied by ions and the stronger HB between a
water molecule and a sulfate group; secondly, the increased
viscosity of water solvating the ions slows down the diffusive
frame reorientation. The first mechanism is verified by disclosing
slower HB exchanges for water coordinated by ions. The second
mechanism is exhibited by disclosing the coupling between
translational and reorientational dynamics of water in the same
coordination environment.

The macroscopic polarization effect and the retardation of Na"
ions and sulfate groups concertedly lead to the dynamics
slowdown of water in NBFs. For water molecules in the thinner
film and in the layers close to the interfaces of the thicker film,
the retardation of Na" ions and sulfate groups plays the main role,
as the concentration of Na" ions is high and a number of water
molecules form HBs with sulfate groups. On the other hand, the
macroscopic polarization effect is becoming the main role in
influencing water dynamics in positions farther to the interfaces
of the thicker film.

This MD simulation study has been performed with non-
polarizable force fields, but the influences of ions disclosed in
this study are in consistence with the expectations of experiments
and simulations with polarizable force fields.”> MD simulation
studies with polarizable force fields*** may give quantitatively
more accurate results, and are better for comparing influences of
ionic and nonionic surfactants to water dynamics. This requires
future studies. In addition, the analysis method in our study can
also be utilized to study dynamics of water beside surfactant
monolayers and micelles, and inside reverse micelles.
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