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The dynamical properties of amphiphilics in Newton black films, as well as those of the water
confined between the two charged hydrophilic surfaces, have been calculated via a series of
molecular dynamic calculations in several films with different water contents. A charged
semiflexible amphiphilic model and the TIPSP model of water are used in our simulations
[Z. Gamba, J. Chem. Phys. 129, 164901 (2008)]. We calculate the diffusion coefficients,
reorientational dynamics, and the atomic density profile of water molecules as a function of the
number of water molecules per amphiphilic (n,,). We also analyze the reorientational motion of the
amphiphilics and determine a strong correlation between the dynamics of water molecules and the
translational and reorientational dynamics of the amphiphilics, as well as a correlation between the
reorientational dynamics of the amphiphilics belonging to the upper and lower halves of the studied
thin films. © 2010 American Institute of Physics. [doi:10.1063/1.3302133]

I. INTRODUCTION

Confined water has been and still is extensively studied
due to its mediation in numerous processes that take place in
very different environments, such as biological and inorganic
membranes, pores, and microemulsions. Under nanoscale
confinement, its dynamics and density distributions show
large differences with those measured in the bulk.'” Further-
more, the measured differences depend not only on the ge-
ometry and size of the cavity but also on the type of confin-
ing surfaces, i.e., if they are hydrophobic or hydrophilic.

When water is confined in hydrophobic cavities, it has a
weak attractive interaction with the walls, shows large den-
sity fluctuations” at the interface liquid wall, and therefore
exhibits a small friction term as it flows through the hydro-
phobic cavity of a carbon nanotube,’ the pores of a biological
membrane,6 or the thin channels analyzed in nanofluidic
studies.” Molecular dynamics (MD) simulations of these sys-
tems also show the absence of an anomaly in the diffusion of
water in the direction perpendicular to the hydrophobic
wall.® Nevertheless, the diffusion is also dependent on the
topology of both components, the nanotube’ and the solute.'”

On the other hand, when water is confined by hydro-
philic surfaces, it has a strong interaction with them and its
properties change dramatically. For example, a MD simula-
tion of a thin film of water between two hydrophilic self-
assembled monolayers (SAMs) on goldll showed that, as the
water layer becomes thinner, the diffusion coefficient of wa-
ter decreases two orders of magnitude with respect to bulk
water but, nevertheless, it remains in the liquid state.

A similar phenomenon is found in systems with spheri-
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cal symmetry. The dynamics of confined water in reverse
micelles (the water is in the core of the micelle) of various
sizes has been measured by optical techniques by Dokter et
al.? They determined that the surfactant counterions remain
near the interface water-surfactant, that water in the interfa-
cial region is much less mobile than in the core of the mi-
celle, and that for large enough micelles, the reorientational
dynamics at the core is similar to that of bulk water. Neutron
scattering measurements, in small reverse micelles with a
radius for water of 7 A, determine a supercooling of more
than 45 K compared to bulk water."?

Several calculations that compare the behavior in both
types of confinements have been performed. For example, a
MD simulation of a water layer (60 A thick) between two
crystalline hydrophobic surfaces have been compared with
those obtained in a simulation of the same water layer be-
tween two crystalline hydrophilic surfaces.'* It was deter-
mined that the dynamical properties of water are very differ-
ent: the diffusion parallel to the surfaces is similar to bulk
water near the hydrophobic wall and it is reduced about 30%
near the crystalline hydrophilic wall. Also MD simulations of
thin water layers (with a width of about 2 or 3 water mol-
ecules) between two smooth planar walls have determined
that, if the confinement is hydrophilic, water does not freeze
at low temperatures, but when the confinement is hydropho-
bic, water freezes into different crystalline structures with no
correlation to those of bulk water." Finally, an interesting
example of a nanostructure of dual behavior is the hydrated
imogolite nanotube that exhibits an external hydrophobic
surface while the internal surface is hydrophilic, as deter-
mined in Ref. 16.

In this paper we study the properties of water under
nanoconfinement in a natural hydrophilic environment, as
are the Newton black (NB) films. The disorder and diffusion
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of the charged amphiphilics in these type of bilayers form a
hydrophilic wall that has large differences with the much
ordered confinement of that determined by two SAMs of
neutral amphiphilics on crystalline substrates, as in Ref. 11,
or the confinement between two smooth surfaces, as in
Ref. 15.

Several simulations of NB films with detailed atomic
models of surfactants have been performed since some time
ago, mainly to give an insight of the structure and stability of
these films: samples of 32 and 64 sodium dodecyl sulfate
(SDS) [CH;(CH,),;0SO;Na*] molecules and up to six water
molecules per amphiphilics were simulated in Ref. 17, all-
atom MD simulations of 32 surfactants (three different series
with different surfactants) and up to 1210 water molecules
are included in Ref. 18, and finally, in Ref. 19 simulations of
128 SDS and up to 22 water molecules per amphiphilic are
presented.

Here we are interested in the dynamical behavior of all
type of molecules in these natural bilayers and in their prob-
able intercorrelation. In this type of problems, the small
samples of only 32 solvents,'® although extremely useful to
study intramolecular dynamics and solute hydration, could
be not enough to study the intermolecular dynamics of am-
phiphilics and water disordered bilayers. Here we address
this problem with a simplified amphiphilic model that nev-
ertheless takes into account the strong electrostatic interac-
tions and the intramolecular amphiphilic modes, by includ-
ing a charged semiflexible chain model and the TIPSP model
of water.”*' We present a series of MD simulations of NB
films, with increasing width of the water core and analyze
the density atomic profile, the amphiphilic translational and
reorientational dynamics, the water dipole orientation and
diffusion as a function of the water layer width, as well as
their possible correlation with the reorientational dynamics
and diffusion of the amphiphilics.

Il. THE AMPHIPHILIC AND WATER MOLECULE
MODELS

The intermolecular potential of water molecules in our
MD simulations is described by the classical and rigid mo-
lecular model TIP5P.*** It consists of one Lennard-Jones
(LJ) site localized at the O atom and four charges. Two posi-
tive charges are localized at the H atoms and two negative
charges at the lone pairs. This water model gives good results
for the calculated energies, diffusion coefficients, and density
of water as a function of temperature, including the anomaly
in the density near 4 °C and 1 atm.”? The only reported
problem is its failure to reproduce the O—O pair correlation
function g,(r) that locates the first neighbor at a slightly
shorter distance than the experimental one;22 nevertheless,
the same problem is reported for an improved potential
model consisting of six sites* and therefore the TIPSP model
of water is selected for our numerical simulations.

Our amphiphilic model corresponds to a simplification
of sodium dodecyl sulfate (SDS) [CH;(CH,),;0SO;Na*] in
solution. Our negatively charged amphiphilic consists in a
semiflexible chain of 14 atoms, in which the bond lengths are
held constant but bending and torsional potentials are in-
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cluded, in order to simulate the molecular stiffness and to
avoid an artificial molecular collapse. The first two atoms of
the chain mimic a charged and polar head (atom 1 with a
charge of —2e, atom 2 with a charge of le), their LJ param-
eters are: 0;=0,=4.0, €,=2.20 kJ/mol, €=1.80 kJ/mol.
The following 12 uncharged atoms form the hydrophobic
tail: sites 3—13 are united atom sites CH, and site 14 is the
united atom site CH;. We are also including a Na* ion per
chain in the MD box. Full details on the molecular geometry,
charge distribution, inter- and intramolecular potential pa-
rameters are given in Ref. 20 and references therein.

lll. THE MODEL BILAYER AND NUMERICAL
SIMULATIONS

We performed a series of MD simulations on samples of
256 amphiphilics and increasing the number of water mol-
ecules per amphiphilic (n,) from 1 to 4 (the whole series is
of n,,=1,2,3 and 4, for n,,=2 we run four different areas per
amphiphilic).

The initial configuration, for all samples, is totally simi-
lar to that used in Ref. 21. It consists of a preassembled
bilayer that was built by arranging half of the chain mol-
ecules on a body centered square lattice of 8 X 8 unit cells, in
the (x,y) plane, with lattice constant a. Molecular center of
mass of the modeled SDS anions were initially placed at
(}1,0, tzc) and (%,%, izc), with the headgroups pointing to
the core of the bilayer, which resulted in an initial distance
between tail to tail chain layers greater than twice the final
measured distance of less than 45 A in the equilibrated
sample. The equilibrated area per amphiphilic, in this paper,
is in the range of 17-20 A2

The MD integration algorithms are identical to those
used in our previous simulations of NB films**?' and bio-
logical membranes.” The equations of motion of all mol-
ecules are integrated using the velocity Verlet algorithm for
the atomic displacements and the SHAKE and RATTLE al-
gorithms for the constant bond length constraints on each
molecule. The electrostatic interactions are calculated by us-
ing the Ewald’s sums for quasibidimensional samples,20 with
a cutoff radius of 12. The time step is 2 fs, the samples are
thermalized typically for 20-200 ps, and measured over a
free MD trajectory for the following 2 ns (1 ns for the sample
with n,,=4). Our MD simulations use the Berendsen algo-
rithm to maintain the constant temperature of the samples.

Figure 1 shows a snapshot of the equilibrated configura-
tion of a NB film, in one of the time steps of a free MD
trajectory of 2 ns. This sample consists of 256 charged am-
phiphilics and 256 Na* ions solved in 768 water molecules.
The MD box parameters are a=b=49.7 A, ¢=1000 10\, and
the film width is of about 40 A, as measured from the aver-
age distance between end tails.

IV. RESULTS
A. Density profiles

Figure 2 shows the atomic density profile (number of
atoms per A®, as a function of z) for the samples of 256
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FIG. 1. A snapshot of the equilibrated sample with 256 charged am-
phiphilics, 256 Na* ions, and 768 water molecules: (a) ac cross section and
(b) ab cross section. (red: hydrophobic tail, black: polar head, magenta: Na*
ions, and green-blue: water molecules).

amphiphilics, 256 Na* ions and with n,,=1,2,3, and 4 water
molecules per amphiphilic. Similar profiles are reported for
SDS NB films in Ref. 18, for example.

In Fig. 3 we plotted the water film width (A, (z)) as a
function of n,,, it has been measured as the average distance
between amphiphilic heads obtained from the atomic density
profiles. Figure 3 includes the values from our simulations
with 256 chains plus those of 64 chains (obtained from our
simulations included in Ref. 21) and 226 chains (from our
simulations of Ref. 20). It can be seen that the water film
width depends mainly on 7,, and in a less extent on the size
of the samples, at least for these low values of water content.
We locate a discontinuity at n,,==1; for samples with low
values of n,, the amphiphilic heads of lower and upper halves
of the bilayer interpenetrate and the water surrounds them,
forming the hydration layer (although nonbonded, the near-
est water molecules reorientate so as to shield the strong
electrostatic field of the amphiphilic heads).

A similar behavior was observed also in all-atom MD
simulations of 128 molecules of SDS, in a MD box of 33 A2
per amphiphilic and n,,=0-22, in these films of SDS mol-
ecules, the small change in slope was found at n,, = 2.25."
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FIG. 2. Atomic density profile (number of atoms per A3) for the samples of
256 amphiphilics, 256 Na* ions, and n,,=1,2,3, and 4 water molecules per
amphiphilic. z=0 at the bilayer core. (dotted blue: tail CH; of amphiphilics,
dashed blue: atom 1 of polar head, point-dashed green: atom 2 of polar head,
thin red: Na* ions, and thick black: O of water molecules).
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FIG. 3. Water film width as a function of water content per amphiphilic.
Errors: smaller than the size of the plotted symbols.

was not detected in Ref. 18, where MD simulations of 32
SDS with a surface concentration of 42.4 A2 and n,,=5.3 to
32.3, because of the high content of water. It was also not
detected in the earlier simulations with 36 and 64 SDS mol-
ecules and n,=0-6 (Ref. 17) as in these simulations the
change in slope is not clear from the plot of a few points.

B. Translational diffusion

The diffusion coefficients of water and amphiphilics, in
the plane of the bilayer, are calculated from the slope at long
times of the mean square displacement as a function of time.
The averages are performed over all molecules of the same
kind and several time origins.

In Table I and Fig. 4 we include the calculated diffusion
coefficients for amphiphilics, in our samples of 256 am-
phiphilics, which range from about 0.1-0.7 X 107 cm?/s.
The plot shows the slightly trend to increasing values of the
diffusion coefficient of amphiphilics as a function of the in-
creasing area per amphiphilic. Table I shows that in these
extremely thin films the diffusion of water very closely fol-
lows that of the amphiphilics.

With our samples of 256 and 226 (Ref. 20) amphiphilics
we obtain considerable lower values of diffusion coefficients
than those reported in our Ref. 21 with small samples of 64
amphiphilics. We first attributed this fact to the higher rough-
ness of the two confining surfaces formed by the am-
phiphilics in our larger samples. Nevertheless, a further cal-
culation of the pair distribution functions of amphiphilic

TABLE 1. Calculated diffusion coefficients in the samples of 256 chains.
Units: 107 cm?/s.

Area

n, (A% Amph. H,0

2 18.00 0.25(1) 0.33(1)
2 18.38 0.13(3) 0.21(1)
2 18.76 0.24(8) 0.33(1)
2 19.14 0.2(1) 0.28(1)
3 19.31 0.66(1) 0.92(1)
4 17.25 0.12(6) 0.26(7)
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FIG. 4. Diffusion coefficients for amphiphilics as a function of their effec-
tive area. Units: 10~ cm?/s. Errors: smaller than the size of the plotted
symbols.

heads in the xy plane (and xy snapshots of all samples)
shows that they tend to be in a hexagonal crystalline array
with dynamic chain reorientation around an axis perpendicu-
lar to the bilayer. As our samples are square, the distortion of
the hexagonal array is larger for the smaller sample. In our
simulations of 64 amphiphilics21 we found that they not only
reorientate around their center of mass, but also jump from
one site to other in a much less hindered motion. The reori-
entational motion of the amphiphilics is included in the fol-
lowing section.

The estimated minimum error in our measurements of
the translational diffusion is of about 1X 1077 cm?/s for
samples with n,, up to 3; this value is obtained by consider-
ing a maximum molecular displacement of about the first
neighbor distance during the total time of the measurement
(2 ns). For n,,=4, the error is around 2 X 10~7 cm?/s because
the total time of measurement is of 1 ns in this case.

For the sake of comparison, the experimental value of
SDS molecules in NB films of about 35 A thickness is 6
X 1077 cm?/ s,26 the experimental diffusion constant of bulk
water at STP is D$P=2.3 X107 cm?/ s,>" and that calculated
with the TIP5P model in Ref. 23 is of D, =2.6
X 107 cm?/s. For a sample of 500 water molecules at 298
K, using a cutoff radius of 10 A and Ewald’s sums, we obtain
a diffusion coefficient of 2.8 X 107> cm?/s.

C. Reorientational diffusion of amphiphilics

In all samples we observe that the amphiphilics show a
tilt angle 6 with respect to the perpendicular of the bilayer
plane (axis z), and that they also perform a collective peri-
odic motion about this axis and around their corresponding
center of mass. The time and molecule average value of the
z component of a vector that points from the first to the last
atom of each amphiphilics gives the cosine of the am-
phiphilic tilt angle 6. Table II and Fig. 5 clearly show that
this tilt angle increases for increasing area per amphiphilic.
In this figure we have included the measured values in the
samples of 256 amphiphilics and also those obtained in our
previously calculated samples of 64 (Ref. 21) and 226
amphiphilics.20 Errors are about 2°.

J. Chem. Phys. 132, 075101 (2010)

TABLE II. Tilt angle and film area per amphiphilic for the samples of 256
amphiphilics.

6 Area

m, (deg.) (A%
1 33 16.52
2 26.9 18.00
3 29.3 19.31
4 21.6 17.25

In Fig. 6(a) we show an interval of 50 ps of the reorien-
tational motion of the amphiphilics in the plane of the bi-
layer, for the samples of 256 amphiphilics with tilt angle and
area given in Table II. The extremely thin layers of water
suggest a further possible correlation between the motion of
amphiphilics in the lower and upper halves of the film, and
the plot shows that, effectively, they are highly correlated. In
this Figure we plotted one of the in-plane component (x) of
the oscillatory reorientational motion (fdx(¢)) for am-
phiphilics in both layers of the film, averaged on the corre-
sponding number of molecules (N/2),

fax() =% 3 diordo),

i=1,N/2

where d is the in-plane projection of a vector that goes from
the first to the last atom of each amphiphilic.

We also calculate the Fourier transform of these compo-
nents in order to obtain a typical reorientational frequency. In
Fig. 6(b) we show that the main frequency of the reorienta-
tional motion is the same for amphiphilics in the lower and
upper halves of the film. Figure 7 shows, for the sample of
256 chains, n,,=2 and four different values of area per am-
phiphilic, the close dependence and decreasing value of the
typical reorientational frequency with increasing area per
amphiphilic. For this particular frequency (v,), the am-
phiphilic motion in upper and lower halves of the bilayer are
in counterphase for low values of n,,. As an example, Fig. 8
includes the calculated phase ¢(v) for the bilayer with n,,
=3. In the sample with n,,=4, the amphiphilic motion is in
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FIG. 5. Tilt angle as a function of film area per amphiphilic.
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FIG. 6. (a) Projection on the x axis of the reorientational motion in the xy
plane, for the amphiphilics in the upper (black) and lower (dashed-red)
halves of the bilayers, for n,,=2, 3, and 4 water molecules per amphiphilic.
(b) Fourier transform of the amphiphilic and water reorientational motion
(upper and lower halves of the bilayer) shown in (a).

phase, although the total dipole moment of the sample, in the
plane of the bilayer, is zero when taking into account the
amphiphilic and ion charges.

Figure 6(b) also includes the calculated reorientational
frequencies for water, calculated in a similar way as that used
for amphiphilics, but the vector now refers to the dipole mo-
ment of water. The figure shows, for n,,=2 and 3, a nonzero
value at the origin that clearly indicates reorientational dif-
fusion for water molecules.

Finally, the decrease in the amphiphilic’s typical reorien-
tational frequency v, with increasing area [Fig. 7(b)] is
closely correlated with the corresponding increase in tilt
angle (Fig. 5) and therefore increasing inertia moment
around the axis perpendicular to the plane of the bilayer.

D. Reorientational diffusion of water

The reorientational diffusion of water is highly hindered,
along the perpendicular to the bilayer plane, by the strong
electrostatic field due to ions plus amphiphilics. In Ref. 20
we calculated the macroscopic electrostatic field (along the
perpendicular to the bilayer) in NB films of 226 amphiphilics

J. Chem. Phys. 132, 075101 (2010)
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FIG. 7. (a) Typical reorientational frequency of amphiphilics for the sample
of 256 amphiphilics, n,,=2, and different values of area per amphiphilic. (b)
Reorientational frequencies vs area per amphiphilic.

plus 365 water molecules, and showed the strong polariza-
tion of water induced by the orientational order of the am-
phiphilic heads.

In order to obtain the water reorientational characteristic
times, we calculated the self-correlation function C’fv(t), av-
eraged over all water molecules and several time origins,
given by

1 T — e
— / \
N n,=3 I
L, \
\ ! \
\ ! \
\ - 1
0.5 \ PARN . ! _
\ / \ ! \
\\ !/ \ ! \
N \ ! |
L . ]
-~ \ ! !
3 \ 1
g oF ) ’ .
o \ !
Q \\ , ,' |1
r \\ // \\ Il “ 4
- \ 1
\ ! “
-0.5— \ I —
\ 1 \
\ 1 \
\ !
i N Vo
\ 7 A
-1 P Lol spe e NS N
2 225 25 2.75 3 3.\/25 3.5 3.75 4
-1
viem') P

FIG. 8. Measured phase, as a function of frequency, given by the Fourier
transform of the reorientational motion of amphiphilics in the sample with
n,,=3 of Fig. 6.
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where w,(¢) gives the dipole orientation of the water mol-
ecule i, k refers to the in-plane (xy) or perpendicular (z)
projections, and N,, is the total number of water molecules.

Figure 9 shows a typical decay of the reorientational
self-correlation functions for the water dipole, across and
within the plane of the bilayer. These functions are calculated
as averages over all water molecules and ten time origins.
The curves can be fitted by the sum of two exponentials that
give the short and long decay times. In Table III we include
the calculated reorientational times for the water dipole in
four cases. The values are typical for all samples but we
could not find a clear correlation between these times and #,,,.
From the data included in Table III, for n,,=2, we can infer
that the short decay time (7,) is smaller (faster reorientation)
for increasing area per amphiphilic. These reorientational
times depend not only on the available space for the mol-
ecule to reorientate but also on the strength of the local elec-
trostatic field, which in turn, depends on the thickness of the
film.

E. Dipolar orientations

The strong electrostatic field generated by the charged
heads and ions implies also that the water molecules nearest
to the water-lipid interface are strongly polarized along z.
Figure 10(a) shows the water polarization (as given by the
average water dipole orientation) as a function of z. It can be
seen that for increasing values of n,, water becomes less
polarized at the core of the bilayer. For the sake of compari-

TABLE III. Calculated decay times for the reorientational motion of the
water dipole, for the four samples with n,,=2.

Area per amph. T, T, Tixy Toxy
(A? (ps) (ps (ps) (ps)
18.00 670(200) 24(2) 200(100) 21(2)
18.38 530(100) 29(4) 120(30) 16(3)
18.76 210(30) 4.0(0.5) 90(30) 5(1)
19.14 360(80) 3.7(0.3) 140(40) 5(1)

J. Chem. Phys. 132, 075101 (2010)
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FIG. 10. (a) Average orientation of water dipole along the perpendicular to
the bilayer, samples of 256 amphiphilics, and different contents of water. (b)
Charge distribution within the bilayer, due to water, ions, and amphiphilics
in the sample with n,,=3.

son the dipole moment of water is u,,=0.477¢ A. In Fig.
10(b) we show, as an example, the average total charge dis-
tribution within the bilayer for the sample with n,,=3 and the
separated contribution of water, Na* ions and amphiphilic
heads, as a function of z. The water polarizability and am-
phiphilic head dipole point outwards, but the charge distri-
bution is such that the total dipole across the bilayer is zero.

The calculated hydration layer determined from Fig. 3
and the strong polarization of water at the water-lipid inter-
face are characteristics of the interaction of water with hy-
drophilic surfaces.

V. CONCLUSIONS

In this paper we studied the dynamical properties of thin
films of water and of their two confining organic hydrophilic
surfaces, as exemplified by NB films. We performed a series
of MD simulations varying the content of water and using
simplified, but nevertheless reliable, intermolecular potential
models.”**'*  Our simple bilayer model includes am-
phiphilics with a head that is both charged and polar, a flex-
ible chain tail of 12 sites, including intramolecular bending
and torsional potentials (to avoid molecular collapse), Na*
ions, and the TIPSP model for water. The electrostatic inter-
actions are fully taken into account, via Ewald sums in a MD
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box with a large empty space (along z), periodic boundary
conditions in the xy plane, and a macroscopic electric field
term that goes beyond the total dipole moment of the MD
box.?

Our simple molecular bilayer model includes a full ac-
count of electrostatic interactions and thus suggests that re-
liable and useful conclusions can be obtained from our simu-
lations. Our samples consist of 256 amphiphilics plus ions
with up to four water molecules per amphiphilic.

In the calculated range of area per amphiphilic, their
center of mass tends to a hexagonal array in the xy plane,
showing a tilt angle with respect to the perpendicular of the
bilayer plane, and a collective reorientational motion around
the same axis. We determined a strong correlation between
the reorientational motion of all amphiphilics, even between
those in the upper and lower halves of the bilayer, and that a
main reorientational frequency can be measured. The main
reorientational frequency decreases when increasing the area
per amphiphilic, while the translational diffusion and the av-
erage amphiphilic tilt angle increase.

The translational diffusion of water follows very closely
that of the amphiphilics in this type of extremely thin film,
while their reorientational diffusion is highly hindered not
only by the available space but also for the strong electro-
static interactions. We measure a strong polarization of water
(as given by their average dipole orientation) and a hydration
layer, both are typical of water confined by hydrophilic sur-
faces.
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