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Water pollution and renewable energy sources are a matter of broad concern, both environmental

challenges for our society. For its applications in the chemical and pharmaceutical industry, produc-
tion of synthetic fibers and plastic, and as a fuel additive, methanol attracts interest for how to model
its properties when mixed with water. Here, we consider a minimalistic model for a water-methanol
mixture confined between two parallel graphene nanosheets and analyze the diffusion coefficient of
each component as the slit-pore’s width § increases. We find that layering in the hydrophobic pore
induces segregation between the two components. The methanol apolar moiety accumulates near
the pore walls, while water populates more in the central layer away from the hydrophobic walls.
Furthermore, both liquids have a diffusion coefficient that changes non-monotonically with §, with
water always diffusing faster than methanol. Changes in the pore widths affect the two mixture com-
ponents in different amounts, suggesting the possibility of an efficient method for methanol-water

separation based on a physical procedure.

I. INTRODUCTION

Although given for granted in our everyday life, wa-
ter is a limited resource under the threat of uncontrolled
pollution and desertification for climate change. Hence,
seeking new ways to provide methods to filter and obtain
purified water is of the utmost importance. A recent
promising method is to use graphene-based membranes,
which affect the dynamics of the confined fluids compared
to bulk [I].

More generally, the problem of separating different
components of aqueous mixtures is relevant in many in-
dustrial processes and applications. Here, we focus on
methanol/water mixtures. It is widely used in food pro-
cessing, preservation, pharmaceutical, and chemical in-
dustries. In some processes, methanol is mixed with wa-
ter and their separation is necessary for further use of
both. For example, methanol is added to gasoline to re-
duce exhaust gases emission or is used in fuel cells to ob-
tain electrical energy from chemical energy [2]. The sep-
aration of methanol from water is usually performed by
inefficient and energetically-intensive distillation. Hence,
recently several groups are investigating theoretically al-
ternative separation methods, e.g., as in Refs. [2H4].

Water is an anomalous liquid because many of its prop-
erties are counterintuitive [5]. Apart from its thermody-
namic anomalies, including the increasing response func-
tions for decreasing temperatures approaching 0°C and
in the supercooled liquid phase, water has dynamical
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anomalies. In particular, under slit-pore confinement, its
thermal diffusion constant D) parallel to the slits has
a non-monotonic behavior when the slit-pore width ¢
changes below 1.5 nm [6]. Although the mechanism lead-
ing to the variation of D) in water is unique and different
from other liquids, recent simulations show that this be-
havior can be observed, to some extent, also in simple
liquids and other anomalous liquids [7]. In particular,
the anomalous liquids have water-like properties, such as
isothermal diffusion-constant maxima, as well as struc-
tural and thermodynamic anomalies and are represented
as soft-core isotropic potentials [§]. For this reason, they
are often used as a zero-approximation model for wa-
ter. Here we will consider the continuous shouldered well
(CSW) potential [9], already adopted for studies of water-
methanol mixtures [10].

Methanol is the smallest alcohol, with an apolar methyl
group (CHj) and a polar hydroxyl group (OH). It is fully
miscible with water for all compositions. It fully inte-
grates into the water’s hydrogen bond network because
it forms hydrogen bonds of similar strength and length
and is similar to water in size. Following Urbic and co-
workers, we model it with two pseudoatoms (OH and
CHj3) of the same size and in a fixed position [TOHIZ].
The hydrogen-bond forming hydroxyl group interacts via
a CSW potential, while the hydrophobic methyl group
via a Lennard-Jones (LJ) potential, as described in the
following.

The present work is organized as follows. First, we
present the Molecular Dynamics (MD) methodology that
allows us to fix the thermodynamical control parameters
(e.g., temperature T, total volume V| and mixture com-
position) and calculate relevant observables, such as the
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diffusion constant. The reason behind the choosing of
this simulation method is to be able to observe and com-
prehend the mesoscale properties of the system.

Then, we define the CSW water-like liquid and the
Urbic methanol model. We set the confining slit-pore
geometry and describe the interactions between the mix-
ture and the graphene. After a preliminary calculation
of the bulk diffusion coefficient, D, for the CSW model,
we simulate the mixture under confinement, calculate the
diffusion constant, D), parallel to the graphene slit-pore
for the nanoconfined components of the mixture, and
discuss the results. Finally, we present our conclusions
about the possibility of separating the two components
via nanoconfinement and the perspectives of this work.

II. METHODOLOGY AND SIMULATIONS
A. DMolecular Dynamics

Nowadays MD simulations are a standard tool to in-
vestigate the thermodynamics and dynamics of atom-
istic or coarse-grained models in many disciplines, such
as, e.g., liquid-state theory, soft-matter, biophysics, and
biochemistry. To this goal, several software suites are
constantly developed by the international scientific com-
munity and are available for free. Here, we will use
the MD tool LAMMPS (Large-scale Atomic/Molecular
Massively Parallel Simulator). It is a simulation code fo-
cused on material modeling, designed to run efficiently on
parallel computers. It is open-source, freely distributed
under the terms of the GNU Public License Version 2
(GPLv2) [13].

We perform our main simulations in the canonical en-
semble where the total number N of the atoms of the two
components, V and T are constant (NVT ensemble). We
integrate in time the Newton equations of motion via the
Leap-Frog algorithm and control the temperature via a
Nosé-Hoover thermostat, discussed in Appendix A. We
calculate the pressure as

PE% Zi:mivg—kzrijFij ) (1)

i>j

where m; and v; are the mass and the velocity, respec-
tively, of the particle i, r;; and F;; are the distance and
the force, respectively, between the particles ¢ and j.

In bulk, we use also the N PT ensemble, where V is free
to change and we control P via a barostat. LAMMPS
uses the inertia W to determine the relaxation rate of
the barostat:

W = (N + 1)kBTtargetP§amp (2)
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FIG. 1: Interactions potentials between the particles of the
simulation. The continuous shouldered well (CSW) potential
(red line) has two characteristic length-scales (the repulsive
shoulder and the attractive well) that mimic the hydrogen-
bond interaction and are responsible for the water-like prop-
erties. The CSW is used also for all the interactions involving
the formation of an hydrogen bond with methanol and wa-
ter. The Lennard-Jones (LJ, black line) and LJ with Lorentz-
Berthelot (LB) mixing rules (green line) are the interaction
potentials for the methyl-methyl and methyl-hydroxyl inter-
actions, respectively.

where NN is the number of particles, kg the Boltzmann
constant, Tiarget the target temperature of the barostat
and Pyamp the timescale over which the pressure equili-
brates.

Because we adopt a diatomic model for the methanol,
we need to update the molecular configurations imposing
the constrain of constant distance for the position of the
two methanol groups. To this goal, we use the SHAKE
algorithm, which recursively imposes the constraint, as
described in Appendix B and C. We performed the simu-
lations on a dedicated cluster of GPUs of the Laboratorio
de Supercomputacion en Fisica Estadistica, an infrastruc-
ture shared by the advisor with other researchers.

We set a simulation box with periodic boundary condi-
tions centered at the origin of coordinates, with —xy, <
T < Tlim, —Yim < ¥ < Yiim and —2im < z < Zjim- The
extremes of the coordinates are free to change during the
NPT simulations, while are fixed in the NVT calcula-
tions.

Generally, in our simulations, we will do a first run in
order to thermalize the system, that is: from a first ar-
tificially created configuration, we let the system evolve
into an equilibrated state. Once it is reached, a second
run is done to obtain enough data to extract useful mea-
surements.
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FIG. 2: The LJ interaction of graphene atoms and fluid parti-
cles (violet line) compared with the LJ, LB potential in Fig/[T]
(green line).

B. The coarse-grained models for the mixture

We adopt the CSW model for water-like liquids, rep-
resented in Fig. [I] (red line), where soft-spheres, with a
hard-core of diameter a and a soft-shell with radius 2a,
interact via the core-softened potential [9],

Ucsw(r) = ki1 + kz + k3 (3)

ky = Ur (4)

1+ exp (7A(T;RR)>

_ (r — Ra)®

kQ = _UA exp <_26124 (5)
a\ 24
ks =Ua () (6)
with parameters
Ur Rpr
— =2, — =1.
UA ’ a 6
2

Ra =2, <5A> =0.1

a a

A =15.

For the methanol, we use the coarse-grained (dimer)
model by Urbic and co-workers [I0HI2] with the two pseu-
doatoms (OH and CHj) at a fixed distance (dumbbell
model). The different groups have the following interac-
tions:

— apolar-apolar (CHs-CHs): LJ potential, Uy,

— CH3-OH, CH3-H;O: LJ with Lorentz-Berthelot
(LB) mixing rules,

— OH-OH, OH-H50, Hy0-H;0: CSW potential,

where
_ Ao [0\ AN
s =@ @] o
with
Efl()
. .
€LJ
— =0.1
Ua ’

and the LB mixing rules

1
Omiz = E(O—LJ + a)
€miz = VersUa.

In the following we adopt dimensionless units:

kgT
T*E—B,

Ua

N

* __ 3 —
= h =
pr=pa’,  where  p= 7,

3

a
P = —P

Uy’

1
N a’m)\ ?
tT = —
Ua
C. The model for the graphene slit pore

Each of the two graphene sheets is modeled as a honey-
comb lattice, as in the atomic structure of the material.
The unit cell is defined by the vectors

61_a\/§<\/§ 1),62_61\/5(?,1) (8)

272 2

The atoms are positioned via linear combinations of the
unit cell vectors (a;d1 + B;d2) with 4,5 = 1,2 and

1

1
a1:0,61:0;a2:§,62:§. 9)

Each graphene atom interacts with the fluid particles via
a LJ potential (Fig2] violet line)

prsewbenep) _ g [(”rg)% + (‘jfﬂ (10)

with o, = 3.26A and ¢, = 0.1 kcal/mol, which corre-
sponds to the CHARMM?27 force field [7]. We discuss an
alternative potential for the graphene-fluids interactions
in Appendix F. There, we also informed the values of the
parameters we used to perform the simulations.
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FIG. 3: Our setup and simulations with LAMMPS reproduce
quantitatively the bulk diffusion coefficient D for water (filled
symbols) and methanol center of mass (open symbols) of a
90%-10% CSW-methanol mixture at temperatures T = 0.52
over a range of pressures 0.050 < P* < 0.125. At low pressure
the mixture is in a low-density-liquid (LDL) phase, at inter-
mediate pressure in a hexagonal closed packed (HCP) crystal
phase, and at high pressure in a high-density liquid (HDL)
phase. The two phase transitions are marked by a change in
D for each component. The agreement between the original
[I0] (top) and our results (bot-
tom) is good overall. We observe minor differences, possibly
due to differences in the statistics and the pressurization pro-
cess. Complete replication of the original results would imply
a higher computational cost and is beyond the scope of the
present work.

simulation data from Ref.

Similarly to before, we now have to add a few more
relations of adimensional parameters:

6*

Z*

QN>

D. Bulk simulations

To check our setup, we first reproduce the bulk results
for the diffusion constant of the 90% CSW- 10% methanol
mixture as a function of pressure [I0]. In the article,
the methanol molecules are simulated using a dumbbell
model to then study the diffusive dynamics of the fluid
(CSW liquid-methanol dimer mixture) in the bulk, mod-
ifying the conditions of temperature and pressure. Thus,
comparing our results against the ones presented in the
original work will provide good foundations upon which
to build the rest of the study.

Following Ref. [I0], we set the total number of
molecules in our system to N = 1000. This implies
that for the 90%-10% mixture, we have 900 CSW par-
ticles and 100 dumbbells (100 methyl pseudoatoms and
100 hydroxyl pseudoatoms). We simulate the temper-
ature T* = 0.52 and five values of pressure, P* =

0.050, 0.100, 0.125, 0.180, 0.125 over which one can ob-
serve two liquid-crystal phase transitions as a function of
P [10]. We recover the original data with a good quan-
titative agreement (Fig. [3)). However, the accuracy is
not as high as it could be, mainly because of two factors:
the first one is the fluctuation of the pressure. Fixing the
pressure in a Molecular Dynamics simulation implies hav-
ing a strong variation around the mean value, especially
with smaller systems such as this one (1000 particles).
The second one is the lack of statistics. Performing nu-
merous times the same simulation for the same pressure
would lead to the true value for the diffusion coefficient.
This, however, would have implied a much larger time
dedication. The simulation details for this section are
reported in Appendix E.

Increasing P* we observe that D for both mixture com-
ponents drops at the pressure where, according to [10],
the system undergoes a first-order phase transition from
a low-density-liquid (LDL) phase to a hexagonal closed
packed (HCP) crystal phase. By further increasing P*,
the crystal melts into a high-density liquid (HDL) phase
[I0]. This reentrant behavior is a consequence of the
two length-scales of the CSW potential for the hydrogen-
bonding groups and is typical of water-like liquids that
gain entropy under pressurization. The smoothness of
the change in D across the remelting suggests that the
HCP-HDL phase transition has a different nature with
respect to the LDL-HCP [10]. The investigation of this
point goes beyond the scope of the present work.

E. Graphene slit-pore confinement

Next, we simulate the mixture nanoconfined in the
graphene slit pore. We consider N = 25,000 molecules
at constant temperature T* = 0.2, constant V', and three
mixture compositions: 100% CSW, 90%-10% CSW-
methanol, and 75%-25% CSW-methanol. The first case
allows us to compare with the results of CSW in slit-pore
confinement in Ref. [7], while the other two with the bulk
cases in Ref. [I0].

Also, a mixture with 10% methanol can be considered
as polluted water. Then, studying the evolution of the
system could provide a few first ideas on how possible
could be to obtained filtered water using this method.
The more extreme case of a 25% mixture could be used to
look into the industrial applications of the methodology
we are studying.

For the pure CSW case, we fix the density pfqw =
0.201 . Apart from the excluded volume occupied by the
graphene atoms,

. 25,000 4
pbulk ~ Lw Ly LZ °
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FIG. 4: Snapshots of the simulation with a 90%-10% CSW-methanol mixture, with CSW particles in blue, methyl pseudoatoms
in purple, hydroxyl groups in green, graphene atoms in pink. (Left) Simulation box (in yellow) with the graphene slit-pore in
its center and the mixture equilibrated at 7% = 0.2. (Right, from top to bottom) Side view of a mixture monolayer in the slit
pore with 8% = 3.67A, a bilayer for the slit pore with §* = 5.37A, a three-layer for 6* = 7.06A, a different view of the monolayer
to emphasize the subvolume V* (in yellow) used to compute the observables of the mixture under confinement. The panels are

generated with the VMD visualization software.

Following Ref. [7], we fix L, = L, = 84A and L, = 98A.
This numbers, once adimensionally converted, take the
values:

L

Lj = =% = 47458,
a

L= Ly _ 47458,
a
L.

L; = == = 55.367.
a

We set the initial configuration by intertwining two
hexagonal lattices (maximum packing) of water-like
molecules and methanol dimers. The center of the sim-
ulation box is the same as the origin of coordinates,
which means that our simulation box is located inside
—-L;,/2 <,y < L;,/2 in the XY plane and —L%/2 <
z < L%/2 in the remaining one.

We simulate the system in the NVT ensemble for 10°
MD steps to properly mix the two liquids and use the fol-
lowing 10° MD steps to collect data every 100 MD steps,
recording trajectories with 1000 positions and velocities
for each particle.

It was necessary to record data every hundred steps
because a file holding the totality of the readings (all the
10° MD steps) would be huge in terms of computational
memory.

To minimize edge effects of the walls, we calculate
each quantity for the confined mixture within a reduced
region of the slit-pore, i.e., a central subvolume V* =
L3 L3 6 a3, where d is the separation between the sheets
and L3 = L5 = 30A (Fig. [ yellow box).

The conversion to adimensional units, and the ones we
will be using further on, are:

Vs* — L;* LZ* 6*’

L¥ =L a™ ! = 16.950,
sx __ 18 —1 __

Ly =Ly o' =16.950.

We compute the confined fluid density at distance z*,
perpendicular to the graphene sheets, from the center of
the subvolume V**. We divide § into 200 bins of size dz*
and calculate

# molecules in dz*
v . (11)

P =

Next, we compute the mean square displacement
(MSD)

A%(t) = (7t + to) — Fi(t))?),, =

N 12
Y (F(t +to) — Tilto))” -

1=

=
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where (), is the thermal average calculated over the
center of mass of the molecules o, with a« =CSW or
methanol, and over all the possible starting time t5. The
diffusion coefficient will also be converted into adimen-
sional units, using the relation:

A2
CL2

A2>¢< _

Given the planar geometry of the slit pore, we consid-
ered only the displacement parallel to the two sheets,
considering negligible the diffusion along the orthogonal
direction z*. This observation is exact for a monolayer
and it is reasonable for the bilayer and three-layer cases,
given their sharpness, as discussed when we present the
results for the density profiles.

As the methanol is formed by two particles, the MSD
(and the density too) was computed using the Center of
Mass (CM) of the dimer, with the expression:

Mmethyl T"methyl + mon roun

rom = (13)
Mmethyl + mown

We calculate the parallel diffusion coefficient as the
large-time (diffusive regime) limit of the MSD slope

2

t—oo 4t

(14)

where the 4 accounts for the two dimensions of the planar
diffusion. The adimensional conversion of this magnitude
follows this relation:

* t*
Dj=Dy—

Because we are interested in calculating D"T within the
confined subvolume V**  we check every 100 steps which
particles are still within V** and use only them for our

calculation. Then we fit linearly the MSD and extract
Dj from the resulting slope (Fig. .

III. RESULTS AND DISCUSSION
A. Density profile

The density profiles for the CSW liquid and the
methanol confined in the slit pore recover the layering
observed for pure CSW [7] and find it for each compo-
nent in the different mixtures (Fig. @ Specifically, as
for pure CSW, for both components we observe a mono-
layer for a graphene separation § = 6.5A, two layers for
6 = 9.5A and three layers for § = 12.5A. As we are using
adimensional magnitudes, the conversion of the slit-pore
width values are: 6* = 3.67, 5.37, 7.06. The monolayer
is sharp around z* = 0, as supported by eye inspection

MSD

0 5 10 15

20 25 30 35 40 45 50
t*

Water, 6.5 R —— Methanol, 9.5 & ——

a=0.0117 - - - a=0.0188 - - -
Methanol, 6.5 & —— Water, 12.5 &

a=0.0075 - - - a=0.0194 - - -
Water, 9.5 8 —— Methanol, 12.5 &
a=0.0217 a=0.0169

FIG. 5: Example of the linear fits (dashed lines) of the MSD
for the confined CSW water-like particles and the methanol
dumbbells within a graphene slit-pore with 6 = 3.67 (red and
blue lines, respectively), 6* = 5.37 (green and purple lines),
0" = 7.06 (pink and yellow lines). The values of a and b
in the legend are the linear and constant fitting parameters,
respectively, of the calculated data, with a = 4Dﬁ‘.

(Fig top right) and the values of the standard deviation
in Table[] in Appendix G.

By increasing §*, we observe that the central peak of
the monolayer splits into two symmetric and more diffuse
peaks (Fig second top right) and, finally, into three
symmetric peaks (Fig[] third top right). For the CSW
water-like model, the three peaks at 6* = 7.06 are similar
in size with a slight predominance of the central layer.
For the methanol, instead, the central peak is strongly
depleted, while the two outer layers increase in popula-
tion. The increase of methanol in the mixture, from 10%
to 25%, emphasizes this effect.

The different distribution of water-like molecules and
methanol among the three layers is a consequence of
the preferential interaction of the methanol dumbbells
with the graphene atoms, with twice as many interac-
tion points as the CSW. It adequately mimics the am-
phiphilic property of methanol. Indeed, the apolar CHg
group is expected to have a preferential interaction with
the hydrophobic graphene, leaving more space for the hy-
drophilic water-like fluid in the central layer. Therefore,
we expect that for a water-methanol mixture in a slit pore
with * < 7.06 the methanol will populate the outer lay-
ers preferentially near the graphene walls, and the water
would occupy the central part of the pore. This segre-
gation effect suggests a possible qualitative difference in
diffusion between the two components of the mixture.
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FIG. 6: Density profiles for the CSW liquid (top panels a, b, d) and the methanol (bottom panels c, e) for the three mixtures
confined within a graphene slit-pore with 6* = 3.67 (red line), 6" = 5.37 (blue line), §* = 7.06 (green line). (a) 100% CSW
liquid, (b) and (c) 90%-10% CSW-methanol mixture, (d) and (e) 75%-25% CSW-methanol mixture.

B. Confined diffusion coefficient

Our calculation of the diffusion coefficient D} inside
the slit pore and parallel to the walls for the components
of the mixture shows a non-monotonic behavior as a func-
tion of the pore width §* (Figm and Fig. At §* = 3.67,
the mixture forms a monolayer (Fig. @ and the diffusion
is minimum. We understand this result as a consequence
of the interaction with the graphene walls. Because the
interaction sites for the methanol dumbbells are twice as
much as those for the CSW particles, the slowing-down
effect is stronger for methanol than for the water-like lig-
uid. Hence, the CSW Dﬁ is larger than that for methanol
at any concentration (Fig[7).

At 6* = 5.37, both components form two layers near
the two graphene walls (Fig. @ The water-like liquid
and the methanol interact on one side with the mixture
via the two length scales of the CSW potential. The ex-
tra volume offered by the soft interaction facilitates the
thermal diffusion of both components. The effect is lim-
ited for the methanol because only one of its two pseu-
doatoms interacts via the CSW. Hence, the methanol Dﬂ‘
is smaller than that of the water-like liquid. Increasing
the methanol concentration in the mixture decreases the
facilitating effect (Fig[7).

At 6* = 7.06, the methanol populates the hydrophobic
walls, while the water-like liquid concentrates more in the

central layer within the pore (Fig. @ The slowing-down
effect of the walls, as in the §* = 3.67 case, competes
with the facilitating effect of the soft interaction, as in
the §* = 5.37 case, determining a diffusion behavior that
is intermediate between the two discussed so far. We
find that the increase in methanol concentration affects
the two components differently (Fig.

As a general rule of thumb, the more methanol in the
mixture, the slower the thermal diffusion of the water-
like liquid (Fig. We understand this result as a conse-
quence of a steric effect. The larger proper volume of the
methanol molecules reduces the free volume available for
the CSW diffusion. Hence, the CSW Dl’T decreases.

IV. SUMMARY AND CONCLUSIONS

We ask whether confining a mixture of a water-like
liquid and methanol in a graphene slit pore would sepa-
rate the two components by thermal fluctuations. Water-
methanol mixtures are relevant in several industrial ap-
plications, including methanol filtration for water purifi-
cation or methanol extraction for energetic uses. Still,
their separation via traditional methods (distillation) is
inefficient and economically expensive. Therefore, ex-
ploring alternative approaches is technologically signifi-
cant and challenging from a fundamental physics stand-
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FIG. 7: The diffusion coefficient D‘T inside the slit pore and parallel to the walls for CSW water-like particles (red squares)
and methanol dumbbells (blue circles) for the 90%-10% CSW-methanol mixture (left panel) and the 75%-25% CSW-methanol
mixture (right panel) for the three values of the pore width §* considered in the present work. The diffusion coefficients are
non monotonic and the value of the methanol D‘T is always smaller than that of the water-like liquid.

Difussion coefficient comparison between different water %
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FIG. 8: The diffusion coefficient DW inside the slit pore and
parallel to the walls for CSW water-like particles at different
concentration in the CSW-methanol mixture, 100% (green
full circles), 90% (open blue circles), and 75% (red squares)
for the three values of the pore width 6™ considered in the
present work. By increasing the methanol concentration in
the mixture, the CSW Dj decreases with an apparent change
of the non monotonic behavior of Djj vs. 4. Simulations
for a larger number of values of §*, beyond the scope of this
work, would be necessary to study the non-monotonicity of
this relation.

point. Furthermore, it is timely given its relationship
with two of the Sustainable Development Goals (SDGs)
of the UN 2030 Agenda, the “Clean water and Sanitation”
and the “Affordable and clean energy” goals.

With this aim, we simulate mixtures with different
compositions in slit pores with different widths. We
adopt coarse-grained models for water-like liquids and
methanol. The CSW water-like liquid [9] and the dumb-
bell methanol model [I1]. Both models have been tested
in literature [12, [I4] and they reproduce properties of the
mixture considered here [I0]. To test our model imple-
mentation, we reproduce the isothermal changes of the
bulk diffusion of the mixture under pressurization. We
find a good quantitative agreement with previous results
showing a reentrant melting transition marked by drops
in the bulk diffusion of the mixture [10].

Next, we confine mixtures with different methanol con-
centrations in a graphene slit pore. Previous results
show that such confinement induces layering and a non-
monotonic change of the diffusion coefficient for pure
CSW water-like liquid when the pore width varies [7].

We reproduce the layering for pure CSW liquid and
find an intriguing segregation effect for the mixture. The
layering induces separation of the two components when
at least three layers are in the pore. This is due to the
larger number of interaction moieties of the methanol,
compared to the water-like liquid, with the graphene
atoms, and mimics the hydrophobic attraction between
the two. The effect is more substantial when the mix-
ture has more methanol. Hence, when enough layers
are possible in the pore, the methanol accumulates near
the graphene walls, while the water-like liquid populates
more in the central part of the pore, away from the hy-
drophobic walls.

This result encourages us to explore the dynamic be-
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havior of the confined mixture. As for pure CSW liquid,
we observe a non-monotonic dependence, from the pore
width, of the diffusion of the confined mixture compo-
nents parallel to the graphene walls. In particular, the
water-like liquid diffuses faster than the methanol, sug-
gesting the possible separation of the two components by
nanoconfinement.

Furthermore, the thermal diffusion decreases for both
components when the methanol concentration rises. We
understand that the CSW slows down due to a steric
effect by increasing the methanol content in the mixture.

All these effects can be rationalized by considering
the competition between two mechanisms. On the one
hand, the methanol interacts more with the hydropho-
bic walls, slowing down the overall diffusion. On the
other hand, the CSW soft interaction, mimicking the hy-
drogen bonds of the water-like liquid and the methanol
hydroxyl group, facilitates the diffusion by providing free
volume. The two mechanisms interplay giving rise to the
non-monotonic dependence of the thermal diffusion coef-
ficients from the pore width with different effects on each
mixture component. Therefore, it is, in principle, possi-
ble to find an ideal pore width at which the separation
by diffusion of the two mixture components is optimal.

A. Perspectives

There was a need to put some limits on the range of
this work, which could be helpful or enlightening to work
on in future research.

The first aspect to improve would be the reduced num-
ber of final data points provided. In the slit-pore simu-
lations, only three out of the whole set of § values were
replicated. Adding more points could show a more de-
tailed evolution of the behaviour of the system, complet-
ing this analysis and enabling a better comparison with
the work developed by [7].

A second improvement could be the computation of
the free energy and its components (the internal energy
and the entropy) as the authors did in ref.[7]. Doing so
would ease the comparison with the original results as
well as provide information on which component drives
each interaction.

It could also be considered to try mixtures with other
alcohols like ethanol and 1-propanol. Minimalistic mod-
els for the mentioned molecules are studied in ref.J12],

J

vi <t+ A;) = {1 + ;g(t)At]l <vi (t

together with the methanol one we used in this work.
With this precedent, it would be fairly easy to compare
results and obtain information.

Finally, the same simulations could be repeated at dif-
ferent temperatures and pressures. Obtaining informa-
tion on the evolution of the measurable magnitudes (such
as D) at different conditions could help into searching
where the separation of the water-methanol mixture is
optimal.
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Appendix A: Self-consistency problems on
Nosé-Hoover thermostat

The Nosé-Hoover thermostat has a self-consistency
problem that is solved by observing that, from

i) onl-2)- 22

—vi(t-5) + -

- et

2 m;
Do)
(A1)

one gets

Vi 754—g = Vi _ At —i—Fi—(_t)At—

Vi (t + A;) [1 + g(t)At] =

=v; (t - A;) 1- ;g(t)At} + FT‘rS) At .
and, finally,
_ A;) [1 _ ;g(t)At] + Fi'(t) miAt> (A4)
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Appendix B: Details on the SHAKE algorithm

The SHAKE algorithm provides a way to impose dis-
tance constraints on groups of molecules. In this work,
it is applied over a two-component molecule, but the
number of components can be higher, at also a higher
computational cost. The specifics of the method are the
following:

1. Given the coordinates or a pair of particles i, j,
some temporary positions are computed: rm-(t +
At), rp;i(t + At). This calculations are done with-
out having in mind the constraints.

2. The second step is to compute the Lagrange multi-
plier associated to the constraint (C(r;,r;) = 0) at
time ¢t + At, thus obtaining:

2 (t+ At) — d?

A= P (B1)
4(mL +mj )At rpij(t—i—At) 'I‘ij(t)

where d is the distance at which the particles are
fixed. The computation to obtain the multiplier is
developed in the next appendix section.

3. Then, the positions are corrected:

20AL?
I‘i(t —+ At) = I‘pi(t —+ At) —+ 71‘@' (t)
= (B2)
20At?
I‘j (t =+ At) = rpj (t + At) — Tr”(t)
J

4. Finally, after all particles have been swept, the
algorithm checks for each 4,j pair that the value
|r7; — d?| is under a specified tolerance. If it is not,
the algorithm restarts from the newest computed
positions.

C(ri7 I‘_j) = Ti2j —d? = pz](

Now, isolating A, we obtain:

2 (t+ At) — d?
Ae Tl AY (C5)
4(m; +m; JAL2rp;;(t + At) - ry5(t)

Appendix C: Obtention of the )\ factor of the
SHAKE procedure

To perform the SHAKE algorithm, it is necessary to
modify the positions of the set atoms or molecules to fix
them at a constant distance. To do so, it is required to
compute a Lagrange multiplier that fulfills the imposed
conditions on the system. Departing from equations [B2]
we combine them using the definition:

rij(t) =1;(t) —ri(t) (C1)
to obtain:

rij (t —+ At) =
1 1 (C2)
=1 (t + At) — 2M\APr12(t) [ — + —
0+ 80) = 28 ra(0) (- + )
From this point, we have to add the constraint condition:

C(rj,rj) = r2 —d?=0

)

First, let’s focus on the computation of rfj:

2 e ... . =
Ti; =Tij - Tij =

R
1 1
— ANAT, (E+ AL) -1y (2) < + )

m; m;

o (t+ At) + AN At (t) (

ij

where high orders such as O(At*) ~ 0, which makes the
second term negligible. Replacing this expression into
the constraint equation, we obtain:

t+ At) — AANA T, (t + At) - 1i5(t) (1 + 1) —d*=0 (C4)

m; m;

(

Appendix D: Computation of the relation between ¢t
and t*

Recalling the expression that links the two magnitudes,

we have:
1
o a’m) 2
=7,

Now, we must have in mind the proportions of the mix-
ture we are dealing with, which is 10% methanol in 90%

(D1)
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water. Then:
m=0.1x32.04+09 x 18.02 = 1942 -2 (D2)
mol
which applied to the expression, yields:
a2m %
= (22
( Ua )
1
B <102OA2 X 19.42 x 103kg/m01> > (DY)

4.184 x 103J /mol
=2.15x 107 s = 2.15 x 10® fm

Appendix E: The NPT simulation protocol

1. First, we prepare the initial configuration of parti-
cles by intertwining two simple cubic lattices, the
one on the outside composed of CSW liquid and
the one on the inside with methanol dimers. Then,
to thermalize the system, we simulate in the NVT
ensemble using 5 x 10% timesteps with a time incre-
ment of §t =1, in real units, as defined in Appendix
D. In the original article, the time increment was
set to 6t* =0.01 in reduced units, so we take into
account the difference between time scales to ob-
tain the results in Fig[3] The computation of the
relation between ¢ and t* is shown in Appendix D.
We integrate the equations of motion using the Ver-
let algorithm, fixing the temperature via the Nosé-
Hoover thermostat.

2. Then, to equilibrate the pressure of the system, we
perform a second run of 1 x 10% timesteps in the
NPT ensemble, with the same 6t as before, adopt-
ing the Nosé-Hover barostat and thermostat.

3. Finally, to calculate the mean square displacement
(MSD) and the diffusion coefficient of the mixture
components, we perform an NPT ensemble simula-
tion along 1 x 107 timesteps with the d¢ unchanged.

In this first case, the MSD has been computed by the
program LAMMPS itself, being able to trace its value
along each timestep of the simulation.

Once we have obtained the necessary data, we avoid
using the first values of the MSD as the diffusion coeffi-
cient is defined for large values of time.

Finally, we fit the diffusive regime of the MSD results
with a linear function and its slope is divided by 6, thus
obtaining the sought D value.

Appendix F: Alternative potential to the one used
for the graphene sheets

The interaction of the graphene with the particles of
the simulation could also be thought as an LJ potential
with Lorentz-Berthelot mixing rules over the three ex-
isting potentials in the configuration. That would mean
applying the mixing rules over:

LJ: op;=177A, er; =0.02 kecal /mol
LJ—LB: opp=1.77TA, erp = 0.06 kcal /mol
CSW: a=177TA, Uy, = 0.2 kecal/mol

resulting in:

%Télphene :JLJ + gLB +a _ 177A

eqravhene _ /e er s Ua = 0.06 keal /mol

which differs significantly from the parameters of the po-
tential used, specially in terms of o. Here, we follow the
Ref.[7] for the sake of comparison.

Appendix G: Data for the density profiles of the
molecules inside the slit-pore.
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