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Density Computation and Additional Results

The total average water density in channels (Table S1) is computed as ρ =
mH2O

VH2O
, where

mH2O is the total mass of the water and VH2O = lx ly heff is the total volume occupied by
the water. Since the system is periodic, lx, ly correspond to the channel length and width,
whereas heff is calculated for each trajectory as the available height for water molecules in
the respective channel.

Table S1: Total density (with standard deviation) of confined water for varying heights of
confinement h and wettabilities given by εCO or θ. The unconfined bulk density at ambient
conditions is 1.01±0.07 g/cm3.

h [nm] ρ [g/cm3]
0.5 1.57 ± 0.07
0.8 1.32 ± 0.07
1.4 1.09 ± 0.09
2.2 1.03 ± 0.11
3.0 1.04 ± 0.09
3.5 1.02 ± 0.12
7.0 1.03 ± 0.12
10 1.03 ± 0.12
20 1.03 ± 0.11
30 1.02 ± 0.11

εCO [kcal/mol] θ [◦] ρ [g/cm3]
0.16369 7 1.1 ±0.09
0.11369 52 1.06±0.09
0.09369 80 1.03 ± 0.11
0.07369 110 1.01±0.09
0.02369 157 0.95±0.08

The density distributions (main text) are computed by splitting the corresponding chan-
nel height in bins of 0.05 nm and calculating the average and standard deviation of local
density in each bin as ρbin =

mH2O,bin

VH2O,bin
, where mH2O,bin is the local water mass and VH2O,bin is

the volume of each bin.

Dielectric Response Computation and Additional Re-

sults

The static dielectric constant of a liquid can be computed from the MD trajectories thought
various routes. The standard way to calculate the dielectric constant of a bulk liquid is
via fluctuations of the total dipole moment and the Clausius-Mosotti relation.1–3 Since we
simulate periodic systems, with the long-range electrostatics being calculated as an infinite
continuum reaction field εRF =∞, through the Particle-Mesh Ewald summation, the relation
corresponds to

ε(M) = 1 +
< M2 > − < M >2

3ε0V kBT
, (S1)

where V is the total volume of the system, T temperature of the system, ε0 the vacuum
permittivity, and kB the Boltzmann constant. The total dipole moment is M =

∑
µµµ, where

µµµ is the molecular dipole moment. To compute the normal component of the dielectric
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constant ε
(M)
⊥ we use

ε
(M)
⊥ = 1 +

< M2
⊥ > − < M⊥ >

2

ε0V kBT
, (S2)

where M⊥ =
∑
µ⊥. Similarly, the perpendicular component is computed using M‖ =

∑
µ‖

and

ε
(M)
‖ = 1 +

< M2
‖ > − < M‖ >

2

2ε0V kBT
. (S3)

The computed averages and standard deviation of the total, the normal and the parallel
component of the dielectric constant of bulk water (using a system of 6845 water molecules
in the isothermal-isochoric ensemble at 298 K), computed with the aforementioned method

are respectively ε(M) = 80.253 ± 0.65, ε
(M)
⊥ = 81.554 ± 0.94 and ε

(M)
‖ = 80.403 ± 0.4 and

match results of previous studies.4

The anomalous dielectric constant of liquid water in strong confinement has been studied
for many years, and stems from the interfacially induced polarization of water, altering its
dielectric response.5,6 Furthermore, for planar confinements, the dielectric profile is known to
be anisotropic and therefore the calculation of the dielectric constant profile under confine-
ment is fully characterized by the parallel and normal components of the dielectric constant
with respect to the surface of confinement.7–9

The calculation of the normal component of dielectric constant from the MD simulation
trajectories in this study follows the method of Balleneger et al.7 From the instantaneous
MD trajectory, after folding the coordinates on periodic boundaries, we determine the profile
of the charge density ρq along the channel height (Figure S1a,c) defined as

ρq(z) =
1

lxly∆z

∑
i

eiδ(z − zi), (S4)

where the summation runs over all the water. A bin width of 0.01 nm was used. The laterally
averaged normal polarization density m⊥ is calculated along the channel height

m⊥(z) = −
∫ z

0

ρq(z
′)dz′, (S5)

which, integrated over the entire channel height, results in the total polarization

M⊥ = lxly

∫ h

0

m⊥(z)dz, (S6)

where lxly is the lateral channel area. The normal component of polarization correlation
function is then calculated as

c⊥(z) = 〈m⊥(z)M⊥〉 − 〈m⊥(z)〉〈M⊥〉. (S7)

The inverse normal dielectric profile along the channel height is computed as

ε−1
⊥ (z) = 1− c⊥(z)

ε0kBT
. (S8)
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Figure S1: Spatial distribution of the charge density ρq (a,c) and the perpendicular dielectric response
(b,d) along the the channel height. The x-axis for (a,b) is in symmetric logarithmic scale with z = 0 denoting
the middle of the channel, while for (c,d) z = 0 denotes the position of the wall. (a,b) The green, grey, sea
green, light green, gold and orange curves correspond to the channel heights of h = 1.4, 2.2, 3.5, 7, 10, 20 nm,
respectively. (c,d) The red, light red, grey, light blue and blue curves correspond to contact angles of
7, 52, 80, 110, 157◦. The shaded region around the solid lines represent the standard deviation, whereas the
black dashed lines correspond to the bulk value. In all graphs, the grey curve refers to the same case of h
and θ.

The distribution ε−1
⊥ (z), which is shown in the manuscript can be inverted to give ε⊥(z)

shown in Figure S1b,d, using bin width of 0.01 nm. To obtain the overall or effective
dielectric constant ε⊥ in the channel domain (Table S2) we use∫ h

0

ε−1
⊥ (z)dz = heff

[
1

ε⊥
− 1

]
− h , (S9)

where h is the height of the water confinement, whereas heff is the effective height of the
channel. The difference δh = h − heff = 3.19 nm corresponds to the free space water can
expand to, with respect to the interaction parameter σCO, therefore does not vary with the
channel height or surface wettability, i.e., we only vary εCO while σCO is kept constant.
The calculation of ε⊥,I is performed in the same manner, i.e., replacing h in Eq. S9 with
hI + δh

2
, where the width of the interface region hI is determined through the tetrahedral
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distributions to equal hI = 0.9 nm.
The parallel component of the dielectric constant profile is again calculated following the

methodology of Ballenegger et al.7 In this case, the total parallel polarization is defined in
the same way as for the normal component, as the integral of the lateral average polarization
density

M‖(z) = lxly

∫ h

0

m‖(z)dz. (S10)

We compute two components, respectively in the x and the y directions. For each direction
x or y, the average polarization density m‖(z) is computed as the average of the surface
charge P0(x/y, z). The surface charge in each direction P0(x/y, z) is computed by making
cuts in the respective direction x or y and adding the charges of the atoms below the cut.
This is different from the calculation of the local charge density ρq, as the boundary of a bin
might split the atoms of a water molecule, leaving some charges in every bin. Since we are
dealing with vectors of the parallel polarization in two directions, the parallel polarization
correlation function is now calculated as

c‖(z) = 〈m‖(z)M‖〉 − 〈m‖(z)〉〈M‖〉, (S11)

where 〈m‖(z)M‖〉 is the ensemble average of the quantitymx(z)Mx+my(z)My and 〈m‖(z)〉〈M‖〉
is computed as the vector product 〈mx(z)〉〈Mx〉+〈my(z)〉〈My〉. The parallel dielectric profile
is then obtained with

ε‖(z) = 1 +
c‖(z)

ε0kBT
. (S12)

To obtain the overall or effective dielectric constant ε‖ in the channel domain (Table S2 and
in the manuscript), we use

ε‖ = 1 +

[∫ h
0
ε‖(z)dz

]
− h

heff
, (S13)

At this point, we note that the behavior of the ε‖ changes, according to the definition.
In the manuscript and for the rest of this study, we use the effective ε‖ definition. However,
if instead of computing the effective ε‖, we simply average the raw data within each region,
we obtain lower absolute values of ε‖ (Fig. S2). We also notice that upon decreasing the
channel height, ε‖ is first reduced to values below the bulk value and then increases above the
bulk value for the smallest two channel heights. Using the definition of the average ε‖, upon
modifying the wettability from hydrophilic to hydrophobic (θ ↑), the parallel component is
decreased by 30%, as opposed to the effective ε‖ variation, which was reported equal to 31%
in the manuscript.

For the capacitance model, we fit the interfacial dielectric components dependency on
the wettability of the channel surface. The following relations are extracted:

ε⊥,I [θ(εCO)] = −45.93ε2CO − 3.44εCO + 4.79 (S14)

and
ε‖,I [θ(εCO)] = −162.03ε2CO + 232.55εCO + 66.87 . (S15)
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Figure S2: Parallel dielectric response of water in confinement for various (a) heights and (b) surface
wettabilities. The effective parallel ε‖ (red markers) and average parallel ε‖ (orange markers) components
of the dielectric constant of water are calculated along the whole height of the confinement. The error bars
denote the standard deviation. (a) Bulk value of the dielectric constant of water is denoted with the dashed
black line.

Table S2: Average values and standard deviations of the perpendicular (ε⊥) and parallel
(ε‖) dielectric constant of confined water for varying heights h of the channel wettabilities
εCO. Results are reported for different regions: interfacial (denoted with subscript ”I”), bulk
(region excluding the interfacial region, denoted with subscript ”B”) and the overall region
(without the subscript).

h [nm] ε⊥,I ε⊥,B ε⊥ ε‖,I ε‖
0.5 - - 1.81±1.25 - 113.9±2.6
0.8 - - 2.49±1.55 - 102.0±2.7
1.4 - - 3.06±2.21 - 85.7±3.4
2.2 3.91±2.44 54.9±5.5 4.18±2.4 87.54±3.7 84.1±3.8
3.0 4.15±2.34 64.6±5.9 4.67±2.26 93.93±3.3 81.82±3.4
3.5 3.99±1.92 65.7±5.9 5.45±2.10 97.3±3 82.4±3.1
7.0 4.08±1.68 75.8±5.6 11.53±2.59 99.4±3.7 79.43±3.5
10 4.25±1.84 75.9±5.5 15.79±3.53 98.3±3.5 79.28±3.4
20 4.08±1.9 76.5±3.64 29.58±3.93 88.57±3.9 78.65±3.4
30 4.24±2.44 78.5±3.06 36.2±3.12 87.94±2.8 78.2±3

εCO [kcal/mol] θ [◦] ε⊥,I ε⊥ ε‖,I ε‖
0.16369 7 3.02±2.59 3.38±2.2 100.7±3.5 96.69±3.6
0.11369 52 3.72±2.37 3.90±2.2 90.73±3.5 87.33±3.5
0.09369 80 4.15±2.26 4.18±2.4 87.54±3.7 84.15±3.7
0.07369 110 4.29±2.25 4.31±2.1 83.29±3.3 79.72±3.8
0.02369 157 4.68±2.54 4.90±2.2 72.21±3.2 70.3±3.6
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We note that in the manuscript all plots that refer to variation of the surface wettabil-
ity are given with respect to the contact angle θ of a water droplet on a graphene sheet,
setting the strength of the Lennard-Jones interaction between carbon and oxygen εCO. To
retrieve the relation between contact angle θ to the corresponding interaction strength εCO,
we performed five simulations, letting a droplet of SPC/Fw water equilibrate on a graphene
flat surface, varying the interaction strength εCO = 0.16369, 0.11369, 0.09369, 0.07369,
0.02369 kcal/mol. The computation of the contact angle of water droplets on planar sur-
faces follows the method introduced in Werder et al.10 The measured contact angles at the
end of the equilibration were respectively: θ = 7, 52, 80, 110, 157◦. We retrieve a linear re-
lation between the interaction strength εCO and the contact angle θ, i.e., θ = 184− 1100 εCO
(Figure S3).

0.05 0.10 0.15
εCO [kcal/mol]

0

50

100

150

θ
[◦

]

Figure S3: Contact angle of SPC/Fw water droplet equilibrated on a flat graphene-like surface as a function
of interaction strength εCO.

Order Parameters Definitions and Additional Results

The first two order parameters η(1),(2) are defined as

η(1) = 〈cosφ〉 (S16)

and

η(2) =
1

2
〈3 cos2 φ− 1〉, (S17)

where φ is the angle between the dipole moment of water and the vector normal to the
channel wall. If all molecules are exactly aligned with the vector normal to the interface
θ = 0 for all molecules, which means that η(1,2) = 1. When all molecules lie in the plane
perpendicular to the normal, but randomly oriented in that plane, the angles is θ = π/2 for
all molecules so that η(1) = 0 and η(2) = −1/2. In the isotropic phase, η(1,2) = 0.11 The third
order parameter, η(3) corresponds to the quadrupole moment of water in the direction of the
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Figure S4: Order parameters η(1,2,3) and Q4 for varying confinement heights (a-d) and surface wet-
tabilities (e-h) as a function of distance from the channel wall. (a-d) The green, grey, sea green, light
green, gold and orange curves correspond to channels with wettability contact angle θ = 80◦ and heights
h = 1.4, 2.2, 3.5, 7, 10, 20 nm, respectively. (e-h) The red, grey and blue curves correspond to a channel of
h = 2.2 nm and θ = 7, 80, 157◦, respectively. In all graphs, the grey curve refers to the same case of h and
θ. The black dashed line denotes the extent of the interface region hI = 0.9 nm. The error bars represent
the standard deviations.

channel height and is calculated with

η(3) = 〈
∑
i

qir
2
i 〉, (S18)

where the summation runs over the hydrogen atoms with charge qi that are at distance ri
from the oxygen atom in the z-direction (direction of channel height). The value of the
quadrupole moment away from the boundary is ≈ 3.0 · 10−3 e0/nm2, which corresponds to
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the value of η(3) of bulk water.12

The fourth order parameter Q4 corresponds to the tetrahedrality of water is defined as

Q4(z) =

〈
1− 3

8

3∑
j=1

4∑
k=j+1

(
cos θijk +

1

3

)2
〉
, (S19)

where the summation runs over pairs of the closest neighboring molecules j, k of each water
molecule i and θijk is the the angle formed by the lines joining the oxygen atom of the water
molecule under consideration i and its nearest neighbor oxygen atoms j and k. A tetrahedral
order parameter Q4 = 1 denotes a regular tetrahedron, whereas Q4 = 0 denotes a random
distribution. The average bulk, unconfined value for water is Q4 ≈ 0.6.13

For all order parameter definitions, the brackets 〈. . . 〉 denote averaging over the course
of the simulation trajectory. The spatial distribution of the order parameters (Figure S4) is
obtained by spatially splitting the domain and averaging in bins of 0.025 nm. The results
are averaged over both interface regions, i.e., at both ends of the channel.

The distributions of η
(1)
B and Q4,B in the bulk region, i.e., the region excluding the

interface layer (Figure S5), are obtained by splitting the range of possible values into 100
bins.

ba

c d

Figure S5: The distribution of Q4,B (a,b) and η
(1)
B in the bulk region for varying channel heights (a,c) and

wettabilities (b,d). The green, grey, sea green, light green, gold and orange curves correspond to channels
with wettability contact angle θ = 80◦ and heights h = 1.4, 2.2, 3.5, 7, 10, 20 nm, respectively. The red, light
red, grey, light blue and blue curves correspond to a surface channel of h = 2.2 nm and θ = 7, 52, 80, 110, 157◦

respectively. In all graphs, the grey curve refers to the same case of h and θ. The black dashed curves in all
subfigures correspond to the distribution of the bulk, unconfined water.
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We perform a sensitivity study, regarding the size of the interface layer for varying surface
wettability. For channel height h = 2.2 nm, we vary the surface wettability to correspond to
a contact angle θ = 7, 80, 157◦ (Figure S6) and we probe the tetrahedrality distribution in
thin regions of size 0.1 nm, centered at increasing distances from the channel wall. We find
that, although the Q4 distribution at the layers in proximity to the wall surface are greatly
affected by the surface wettability, the size of the interface layer is not affected by the surface
wettability, as above h = 0.9 nm the Q4 distribution collapses to the bulk P (Q4) of water,
regardless of the surface wettability.

ba c

, ,

θ = 157∘θ = 80∘θ = 7∘

Figure S6: The distribution of Q4 probed in slabs of 0.1 nm thickness at increased distance (from 0.2
to 1 nm) from the channel wall. The profiles are shown for channel height h = 2.2 nm and for varying
wettability from hydrophilic, θ = 7◦ (a), to neutral, θ = 80◦ (b) and hydrophobic, θ = 157◦ (c). The black
dashed curves in all subfigures correspond to the Q4 distribution of the bulk, unconfined water.

MD parameters tests

Interaction Cutoff

We test how MD parameters affect the results of this study, with the set of simulations of
bulk, unconfined water. We vary the cutoff distance for the interaction between oxygens of
water molecules between 8 to 12 Å and we find that a variation of the cutoff by 10% the
calculated overall density and the dielectric constant are modified by less than 2%. Further-
more, no significant variation of the distribution of the dipole orientation and tetrahedrality
are retrieved for varying cutoff values (Figure S7).

Dielectric constant, bin size

We perform a sensitivity analysis, showing that the computation of the profile of the out-of-
plane dielectric component is robust to the choice of the bin size dz. Upon varying the bin
size dz = [0.1, 0.25, 0.5] nm, we find that the profile of the normal dielectric component does
not change with the choice of the size of the bins along the height of the channel (Fig S8).

S10



ba

Figure S7: The distribution of η(1) (a) and Q4 (b) of bulk, unconfined water for varying cutoff values for
oxygen-oxygen interactions. The colored curves correspond to varying cutoff distances: red corresponds to
8 Å, black to cutoff 9 Å, blue to cutoff 10 Å, green to 12 Å.

0.00 0.25 0.50 0.75 1.00
z / H 

1.0

0.5

0.0

0.5

1.0

1

Figure S8: The profile of ε⊥ along the channel height for h = 2.2 nm, for varying bin size dz. corresponds
to 8 Å, black to cutoff 9 Å, blue to cutoff 10 Å, green to 12 Å.
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