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Enhanced fluidity of water in superhydrophobic
nanotubes: estimating viscosity using jump-
corrected confined Stokes–Einstein approach†

Golam Rosul Khan and Snehasis Daschakraborty *

Accurately predicting the viscosity of water confined within nanotubes is vital for various technological

applications. Traditional methods have failed in this regard, necessitating a novel approach. We

introduced the jump-corrected confined Stokes–Einstein (JCSE) method and now employ the same to

estimate the viscosity and diffusion in superhydrophobic nanotubes. Our study covers a temperature

range of 230–300 K and considers three nanotube diameters. Results show that water inside superhy-

drophobic nanotubes exhibits a significantly lower viscosity and higher diffusion than those inside hydro-

phobic nanotubes. Narrower nanotubes and lower temperatures accentuate these effects. Furthermore,

water inside superhydrophobic nanotubes display a lower viscosity than bulk water, with the difference

increasing at lower temperatures. This reduction is attributed to weaker water–water interactions caused

by a lower water density in the interfacial region. These findings highlight the importance of interfacial

water density and its influence on nanotube viscosity, shedding light on nanoscale fluid dynamics and

opening avenues for diverse applications.

1. Introduction

The behaviour of water inside nanochannels is pivotal in
numerous technology applications, such as osmotic energy
conversion,1–4 biomedical diagnostics,5 water purification,6

desalination of water,7–11 and energy storage.12 The fluidity of
water plays a major role in these applications. For example, an
efficient desalination process or ultrahigh output power density
from osmotic energy conversion can be only achieved with fast
diffusivity of water through the nanochannels. Therefore, it is
important to have a detailed understanding on the water
dynamics inside nanotubes. Unfortunately, there is no general
consensus about the actual impact of cylindrical nanochannels

on the fluidity of water.13–24 While one group of studies suggest
an increase in the diffusivity of water due to confinement,25,26

contradicting views also exist.8,25,27 Actually, the effect of con-
finement on water fluidity is highly dependent on multiple
factors, such as pore diameter, hydrophobicity of the channel
material, density of the confined water, and temperature.

Although the diffusion of water inside nanochannels
was reported in various experimental15,17,18,20,21 and simula-
tion13,22–24,28 studies, the estimation of viscosity was rarely
reported in the literature. This is because of the unavailability
of a suitable experimental technique. The average viscosity of
water in nanochannels is a fundamental parameter that plays
a vital role in determining the performance of nanofluidic
systems across a range of applications. It is essential for
designing and optimizing nanoscale devices and processes in
fields such as microfluidics, nanomedicine, materials science,
and environmental sensing. Although the average viscosity
does not directly regulate the local diffusion, that is the radial
distribution of diffusivity, the overall diffusivity of water inside
the nanochannel is of course regulated by the medium viscosity
in the channel. The industrial application of water-filled nano-
tubes requires an estimate of the average diffusivity of water.
Therefore, the calculation of average viscosity is crucial. The
available theoretical methods were not free from issues. For
example, studies using the Green�Kubo (GK) equation29–32

reported unnaturally low viscosity (approximately 1/50th of the
bulk water) of water in both hydrophobic and superhydrophobic
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nanotubes.22,33,34 This is probably due to the occurrence of highly
unsymmetrical stress tensors in three directions. An alternative
method, based on the confined Stokes–Einstein (CSE) relation,22,35

was proposed. Unfortunately, the CSE relation assumed com-
plete validity of the SE relation, which is less applicable in
supercooled water,36–41 pressurized superheated water,42 water
under confinement,13,14,33 the presence of impurity (e.g., solutes
and other solvents),43–46 etc. In our previous work,34 we have
proposed a novel approach, namely, the jump-corrected con-
fined Stokes–Einstein (JCSE) relation, which takes into account
both the system size effect and the breakdown of the SE relation
to predict the viscosity of nanoconfined water. Note since the
viscosity is a bulk quantity, we predict the micro-viscosity of
water inside the nanoconfinement. The JCSE relation is based on
the translational jump-diffusion (TJD) approach34,36,37,45–51 that
provides a quantitative explanation of the breakdown of the SE
relation in supercooled water and aqueous solutions.

We computed the viscosity of water in three different
hydrophobic nanotubes (CNT(n,n); with n = 10, 15, and 20) in
a wide range of temperatures, including the supercooled
regime.34,37,49 Interestingly, the viscosity of water in narrow
CNT(10,10) was observed to be surprisingly high compared to
bulk water under the same thermodynamic condition.33 The
high viscosity of water inside nanochannels would forbid the
use of the nanochannel in various applications, where high
fluidity of water is desirable.52,53 Since the confinement largely
impacts the viscosity of water, the chemical nature of the
channel wall (the extent of hydrophobicity) must influence
the fluidity of water. Here, we are interested to know how super-
hydrophobic nanochannels influence water fluidity in compari-
son to hydrophobic nanochannels. A hydrophobic surface is
one that repels water. This property is known as hydrophobi-
city. Hydrophobic surfaces are usually nonpolar and prefer
other neutral molecules and nonpolar solvents. The contact
angle of water on a hydrophobic surface is 1451 4 y Z 901.54

Superhydrophobic surface has a highly water repellent prop-
erty with the contact angle y Z 1451 and a very low contact
angle hysteresis (o51).54 Some plant leaves have superhydro-
phobic surface that assists in self-cleaning properties.55,56

Superhydrophobic surfaces can be made by modifying the
surface chemistry and constructing micro- or nanostructures
on the surface.57–63 The key to creating a superhydrophobic
surface is to introduce a micro or nano-scale roughness to the
surface,64 which traps air pockets and prevents water from
wetting the surface.65 Designing a smooth superhydrophobic
surface is a challenge. However, to solve the problem, we
considered obtaining a smooth superhydrophobic surface by
tuning the water-channel wall interaction. It is essential to
ascertain whether a similar smooth surface can be employed
for a superhydrophobic nanotube. To achieve this, we fine-
tuned the cross-interaction parameter based on the contact
angle formed by the water droplet on the surface. While it may
not replicate an actual superhydrophobic surface, it has pro-
vided us with a model of a superhydrophobic surface.

The interior surface of CNTs is hydrophobic in nature
with moderate water repellent property. The designing of

superhydrophobic surface involves creation of micro-rugged-
ness on the surface followed by chemical surface changes to
produce nanoscale ruggedness.58,66–70 The superhydrophobic
CNTs have a normally higher slip length than that of hydro-
phobic CNTs, and thus, more useful in the applications where
higher fluidity of water is desirable.52,53 In this regard, it is
important to know how the superhydrophobicity of the channel
wall affects the fluidity of water. However, to the best of our
knowledge, no prior studies focused on this aspect. In the
present work, we estimated the viscosity of water inside a
model superhydrophobic nanochannel using the JCSE method.
Three different superhydrophobic nanotubes (CNT (n,n); with
n = 10, 15, and 20) are considered by varying the diameter
between 1.36 nm and 2.60 nm. We have compared our results
for the superhydrophobic nanotubes with those for the hydro-
phobic nanotubes and bulk water and provided possible expla-
nations of the findings.

2. Methodology
2.1. Simulation details

First, we simulated bulk water and then water inside the three
armchair superhydrophobic CNTs (n,n); n = 10 (diameter
d = 1.36 nm), 15 (diameter d = 2.03 nm), and 20 (diameter
d = 2.60 nm) each at eight different temperatures: T = 230, 240,
250, 260, 270, 280, 290, and 300 K. We have considered 10 nm
length for the CNTs and packed water maintaining the effective
density of reff = 1.0 g cm�3.34,71 The following equation is used
to determine reff as follows:34

reff ¼
m

pLCNT deff=2ð Þ2
(1)

In the above equation, deff = d � sco, where sco is the LJ
diameter associated with the interaction between water O and
C of the CNT. A few earlier studies indicated the occurrence of
less water density inside CNTs compared to bulk.27,72,73 How-
ever, since this work is mainly focused on a comparative study
between the viscosity of water inside a superhydrophobic
nanotube and a hydrophobic nanotube, we keep the water
density constant, so that the effect of nanotube surface is
clearly demonstrated. Fig. 1b and c present the nanotubes
filled with water.

The CNTs are modelled with OPLS/AA force-field74 where
the constituent atoms are considered Lennard-Jones (LJ)
particles with the force-field (scc = 0.355 nm and eCC =
0.2929 kJ mol�1).22,34 The water molecules are modelled using
the TIP4P/2005 force-field.75 The interaction between the C atoms
of CNTs and the water O atoms is described by LJ interaction
parameters: sco = 0.3349 nm and eCO = 0.047 kJ mol�1.22 The force-
field parameters used in our previous work34 for hydrophobic
carbon nanotubes (CNTs) are similar to the above-mentioned
values. However, for the hydrophobic CNT, a higher value of eCO

(0.247 kJ mol�1)22 was used. These force-field parameters are
commonly employed for simulating water in superhydrophobic
CNTs and water on graphene surfaces.26,33,76,77 To further demon-
strate this, we conducted simulations of a water nanodroplet on a
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graphene surface using the same force-field parameters described
earlier. The contact angle was estimated using the method78

presented in Section S1 of the ESI.† In Fig. 1a, a snapshot of
the water nano droplet on a superhydrophobic graphene surface
is depicted, with the average contact angle estimated to be y =
1521. This contact angle confirms the superhydrophobic nature of
the graphene-like surface and the considered CNTs.

In the present simulation work, we conducted two sets of
runs depending on the temperature range. For temperatures
below or equal to 270 K, the simulations are performed for a
duration of 300 ns. For temperatures above 270 K, the simulations
are run for 200 ns. In both cases, the initial 20 ns of the trajectory
were excluded from the analysis. The simulations are run using
the NVT ensemble, where the temperature is restricted using the
Nośe–Hoover thermostat.79,80 The simulation time step is chosen
as 2 fs. Vacuum is created along x and y axes to avoid interactions
between the periodic images in these directions. The box dimen-
sion is chosen as (x � y � z = 5 nm � 5 nm � 10 nm). Periodic

boundary conditions are applied in all three directions. The Verlet
leapfrog algorithm is used for solving the equations of motion at
every 2 fs. Long-range electrostatic interactions are solved by the
particle mesh Ewald summation method.

2.2. Jump-corrected confined Stokes–Einstein (JCSE)
approach

The JCSE approach for estimating the viscosity of water inside
CNTs was detailed in our previous article.34 Here, we summar-
ize the method with the key equations involved. The JCSE
equation for the viscosity of water confined in nanochannel
ZJCSE can be written as follows:34

ZJCSE ¼
kBT

3pshRes
DResz

1þ 3

8

shRes

d
ln

2d

shRes

� �� �
(2)

where kB is the Boltzmann constant, T is the temperature, and
d is the diameter of the CNT. DResz

is the residual diffusion
coefficient along the z-axis. The hydrodynamic diameter

Fig. 1 (a) Two-dimensional density profiles of water nanodroplets (projected in the yz plane) on a graphene surface where the contact angle is
mentioned. (b) Simulation snapshot for the water nanodroplet on a superhydrophobic surface. Following are the colour codes used in panel (b): green for
the surface atoms, red colour for the water oxygen atoms and white for hydrogen atoms. (c) Snapshots represent the top and side views of the water
filled nanotube systems.
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shRes
can be calculated from bulk water using the following

equation:34

shRes
¼ kBT

3pZbulkDReszbulk

(3)

In eqn (3), Zbulk is the viscosity and DReszbulk
is the residual

diffusion coefficient for bulk water at temperature T. Eqn (2) is
written from the confined Stokes–Einstein (CSE) equation22,34

for the diffusion of water along the z-axis of the CNT. The CSE
equation can be written as follows:22,34

ZCSE ¼
kBT

3pshDz
1þ 3

8

sh
d
ln

2d

sh

� �� �
(4)

The derivation of eqn (4) is presented elsewhere.22 Note that the
main difference between the JCSE (eqn (2)) and CSE (eqn (4))
approaches is that in the JCSE equation, the residual diffusion
coefficient DResz

replaces the total diffusion Dz in the CSE

equation. Accordingly, the hydrodynamic diameter shRes
in the

JCSE equation (eqn (2)) is calculated from the residual diffusion
DReszbulk

of bulk water molecules.

Now we discuss about the residual diffusion coefficient
DResz

: the method of calculation and its physical significance.

The residual diffusion coefficient along the z-axis DResz
can be

calculated using the translational jump-diffusion (TJD)
approach.34,36,37,46,48–50 Herein, we give a brief overview of the
steps involved in the calculation of the residual diffusion
coefficient DResz

of water molecules along the z-axis. First, the
trajectories of each of the water molecules (ttraj duration) along
the z-axis are divided into smaller fragments of duration t*,
which is the location of the maximum of non-Gaussian para-
meter a2(t). For the dynamics along the z-axis, a2(t) can be
calculated using the following equation:34,81

a2 tð Þ ¼
z4 tð Þ
� �

3 z2 tð Þ2
D E� 1 (5)

where hz4(t)i = h[z(t + t0)� z(t0)]4i and hz2(t)i = h[z(t + t0)� z(t0)]2i.
Here, z(t0) and z(t + t0) are the positions of a water molecule at
times t0 and (t + t0), respectively. The center of mass displace-
ment of a molecule during a specific trajectory segment is
determined using the following equation:34,36,37,45–50

lzi ¼ 2Rzg;i ¼ 2�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n

X
i�1ð Þt��t�it�

z tð Þ � zCM;i

	 
2s
(6)

In the above equation, Rzg,i
is the radius of gyration of the ith

trajectory segment, which is one of the total M (M = ttraj/t*)
number of smaller trajectory segments, z(t) is the molecule’s
z-position at time t, and zCM,i is the center-of-mass of the ith

trajectory segment, zCM;i ¼
1

n

P
i�1ð Þt��t�it�

z tð Þ.

The determination of a minimum distance criterion for the
translational jump involves comparing the self-part of the van
Hove correlation function, denoted as Gsimu

S (z,t*), at a specific
time point t* (the time when a2(t) reaches its maximum) with
the corresponding theoretical Gaussian distribution,

represented by Gtheo
S (z,t*). The calculations for Gsimu

S (z,t*) and
Gtheo

S (z,t*) can be performed using the following equations:46,49,82,83

Gsimu
S (z,t*) = hd(z � [z(t0) � z(t0 + t*)])i (7)

Gtheo
S z; t�ð Þ

� �
¼ 1

2p MSDð Þat t¼t�

� �1=2
exp � z2

2 MSDð Þat t¼t�

� �
(8)

where the mean square displacement MSD can be calculated
using the following equation:

MSD = hz2(t)i = h[z(t + t0) � z(t0)]2i (9)

Gsimu
S (z,t*) intersects with Gtheo

S (z,t*) at two points. Beyond the
second crossing point, denoted as z2, the likelihood of experi-
encing larger displacements becomes higher than what is
predicted by the Gaussian distribution. Consequently, we clas-
sify translational movements with lzi

4 z2 as translational
jumps. By identifying these jumps, we can calculate the
jump-diffusion coefficient DJumpz

using the following equa-
tion:34,45,47,48,50

DJumpz ¼
1

2
nJumpzlJumpz

2 (10)

The jump frequency nJumpz
and the average square jump length

lJumpz

2 are calculated using the following equations:

nJumpz ¼
NJumpz

N ttraj
(11)

lJumpz
2 ¼ lim

NJump!1

1

NJump

XNJump

j¼1
ljz

2 (12)

The jump-diffusion coefficient DJumpz
captures the diffusion

resulting from these translational jumps along the z-axis. How-
ever, there are also ‘‘non-jumping’’ trajectory segments that
contribute to a different diffusion behaviour characterized by
small-step diffusion of water molecules.34,45,49 This diffusion
coefficient is referred to as the residual-diffusion coefficient,
denoted by DResz

. It quantifies the diffusion associated with these
small steps.34,36,37,46,48

DResz
= Dz � DJumpz

(13)

The physical significance of the residual diffusion lies in its
ability to quantify one component of self-diffusion coefficient
that originated from small-step displacement of the molecules
following the Brownian motion.36,37,84–87 Since the long-step
translational jumps do not contribute to the residual diffusion,
the latter is coupled to the viscosity of the medium fairly
strongly irrespective of temperature and pressure variation or
the presence of other water miscible solvents such as methanol
and ethanol.46,87,88 Eqn (13) was validated earlier37 by evaluat-
ing DJump and DRes independently using the MSD route. For
this, the full trajectories were separated into two parts: the
trajectory portion of the molecules containing only the jump
events and the left over portion of the trajectory containing
only small-step displacements. It was observed that the above-
mentioned diffusion components, obtained from the MSD
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route, are in close agreement with the values obtained using
eqn (10)–(13). This validated the eqn (10)–(13).

3. Results and discussion
3.1. Radial density profile

Fig. 2a exhibits the density profiles of water inside three
superhydrophobic nanotubes at a temperature of 300 K and
compares with the results for hydrophobic nanotubes. (Fig. S2
of the ESI,† illustrates the density profiles for the remaining
temperatures of water inside the superhydrophobic nano-
tubes.) The oscillating pattern of density profile manifests the
layering of water molecules inside the nanotubes. There are two
discernible layers of water in CNT(10,10), but the density does
not reach the bulk value in the core region. For CNT(15,15) and
CNT(20,20), three and four peaks are visible, respectively. The
bulk density is attained in the core region only for CNT(20,20).
By comparing the density profiles of water in hydrophobic and
superhydrophobic CNTs, it is evident that the hydrophobicity
of the wall strongly influences the intensity of the first peak.
Around 40% lower first peak intensity was observed for super-
hydrophobic CNTs compared to hydrophobic ones, while around
20% less second peak height was observed in case of superhydro-
phobic CNTs compared to hydrophobic ones. Fig. S2 of the ESI,†
shows weak temperature dependence of the radial density profile.
These are consistent with earlier reports.23

The lower density peak intensities in case of superhydro-
phobic CNTs indicate more diffused water density in the super-
hydrophobic CNT. This is more evident in the two-dimensional
density maps of water (averaged over z-axis) in hydrophobic and

superhydrophobic nanotubes, as presented in Fig. 2b for 300 K
(the density maps for 230 K are presented in Fig. S3 of the ESI†).
Distinct spatial heterogeneity, resolved radially, is clearly visi-
ble in all three CNTs.

3.2. Diffusion

Now, we calculated the diffusion coefficient of water molecules
along the z-axis. The mean square displacement (MSD) route is
now used to calculate the diffusion of water molecules through
CNTs in one dimension. The following equation is used to
compute the MSD along the z-axis:34

MSD = h|z(t) � z(0)|2i (14)

Here, z(t) and z(0) are the z-positions of a water molecule at
time t and time t = 0. Fig. S4 of the ESI,† presents the MSD plots
for the water molecules at different temperatures for bulk water
and water inside three superhydrophobic CNTs. The diffusion
coefficient of bulk water at room temperature is compared with
that reported in the literature in Table S3 of the ESI,† where a
good agreement is observed. The MSDs contain three contig-
uous regions: ballistic (h|r(t)|2i p t2) at beginning time, sub-
diffusive (h|r(t)|2i p tg; 0 o g o 1) at intermediate time, and
diffusive (h|Dr(t)|2i p t) at long time.34,45,48 In Fig. S5 (ESI†),
we depict the variation in g over time for the different systems.
It is evident that g(t) reaches its minimum at an intermediate
time of approximately 1 ps. As the temperature decreases, the
minimum value of g(t) diminishes. For instance, in the case of
CNT(10,10), the minimum value of g(t) decreases from around
0.65 to approximately 0.20 as the temperature decreases from
300 K to 230 K. This observation suggests that sub-diffusion

Fig. 2 (a) Radial density profiles of water inside hydrophobic and superhydrophobic CNTs at 300 K temperature for CNT(10,10) (pink), CNT(15,15) (blue),
and CNT(20,20) (black). (b) Two-dimensional density maps, projected on the xy plane, of water in hydrophobic (left) and superhydrophobic (right)
nanotubes at 300 K. The data for hydrophobic CNTs are taken from our previous work.34
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becomes more pronounced at lower temperatures. Addition-
ally, the degree of confinement also impacts the minimum
value of g(t). For a given temperature, the most significant
reduction in g(t) at intermediate time intervals is observed for
CNT(10,10). Intriguingly, the g(t) minima values for water
diffusion inside CNT(15,15) and CNT(20,20) exceed those
observed in bulk water. This implies that confinement within
these two nanotubes induces less trapping of water molecules
compared to bulk water.

Now, we calculate the diffusion coefficient of water along the
z-axis by fitting MSD with Einstein’s equation beyond time
when g(t) reaches unity:34

MSD = h|z(t) � z(0)|2i = 2Dt (15)

Fig. 3 presents the diffusion coefficients of water as a function
of temperature for three types of carbon nanotubes (CNTs):
superhydrophobic CNTs, hydrophobic CNTs, and bulk water.
The corresponding diffusivity values can be found in Table 1.
The findings reveal a noticeable increase in water diffusivity
within superhydrophobic CNTs compared to those in the other
two types of CNTs and at various temperatures. The most
significant enhancement is observed in CNT(10,10). For
instance, at 300 K, water diffuses approximately twice as fast
within superhydrophobic CNT(10,10) compared to that within
hydrophobic CNT(10,10) at the same temperature, showing an
increase of approximately 1.3 times and 1.1 times for
CNT(15,15) and CNT(20,20), respectively. The disparity between
hydrophobic and superhydrophobic CNTs becomes more pro-
nounced at lower temperatures, particularly evident for
CNT(10,10), as indicated in the inset of Fig. 3. At 230 K, the
diffusivity of water within superhydrophobic CNT(10,10) is
approximately 16 times higher than that within hydrophobic
CNT(10,10). Unlike hydrophobic CNTs, the diffusion of water

within superhydrophobic CNT(10,10) is only slightly lower than
that of bulk water at 300 K. However, at lower temperatures, the
diffusivity of water inside superhydrophobic CNTs surpasses
that of bulk water. For example, at 230 K, water diffuses almost
two times faster within superhydrophobic CNT(10,10) than bulk
water, while the diffusion of water within superhydrophobic
CNT(15,15) and CNT(20,20) is approximately 3 and 4 times faster
respectively, than that of bulk water. The enhancement of diffusion
inside the CNTs with a larger diameter was already reported in the
literature.25,26 The remarkable enhancement of water diffusivity
within superhydrophobic CNT(10,10) in comparison to that within
hydrophobic CNT(10,10) underscores the significant potential
applications of superhydrophobic nanotubes.

3.3. Estimation of viscosity through the JCSE approach

Now, we calculate the viscosity of water inside superhydropho-
bic CNTs using the JCSE approach, as detailed in Section 2.2.

Fig. 3 Diffusion coefficient of water along the z-axis of superhydrophobic and hydrophobic CNTs and bulk water. The data for hydrophobic CNTs and
bulk water are taken from our previous work.34 The inset presents the data in the log-scale of diffusion axis.

Table 1 Diffusion coefficient of water inside different hydrophobic (hp)
and superhydrophobic (shp) CNTs and bulk water at different tempera-
tures. The data for hydrophobic CNTs and bulk water are taken from our
previous work34

T (K)

D/10�5 (cm2 s�1)

Bulk water

CNT(10,10) CNT(15,15) CNT(20,20)

hp shp hp shp hp shp

300 2.10 0.81 1.65 1.80 2.22 2.47 2.66
290 1.56 0.55 1.36 1.52 1.79 2.02 2.13
280 1.20 0.35 1.06 1.14 1.42 1.60 1.68
270 0.91 0.20 0.81 0.87 1.09 1.19 1.29
260 0.51 0.11 0.60 0.65 0.81 0.87 0.95
250 0.32 0.06 0.41 0.44 0.57 0.58 0.65
240 0.16 0.03 0.26 0.29 0.38 0.38 0.43
230 0.07 0.01 0.16 0.17 0.23 0.22 0.26
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For this we need to calculate the residual diffusion along the
z-axis, DResz

through the TJD model.34,36,37,46,49,50 We analyze
the trajectory segments of time period t*, and the peak position
of the non-Gaussian parameter a2(t) (eqn (5)). Fig. 4 presents
the time-dependent a2(t) for different temperatures for three
superhydrophobic CNTs and bulk water. An increase by one
order of magnitude is observed in the value of t* for all the
systems including bulk water with the reduction in temperature
from 300 to 230 K. A higher peak height of a2(t) at a lower
temperature indicates larger dynamic heterogeneity.34,45,87

The net spatial movement of the water molecules lzi
during

each trajectory segment of duration t* was calculated using
eqn (6). Now, the jump distance criteria need to be established
from the van Hove correlation function. The self-part of the van
Hove correlation function Gsimu

S (z,t*) is plotted as a function of
z at time t* and the same is compared with the theoretical
Gaussian equation.49 Gtheo

S (z,t*) in Fig. 5a and b represents the
comparison of these two functions at 300 and 230 K, respec-
tively. (The results at the remaining temperatures are exhibited
in Fig. S6 of the ESI†) The non-Gaussian distribution is clearly
visible in the long distance region beyond a distance r2, the
minimum cut-off for the jump-distance. Fig. 5c presents the
minimum cut-off distance r2 as a function of temperature for
different superhydrophobic CNT systems and bulk water. As the
jump-diffusion criterion is established, we calculated the jump-
diffusion coefficient along the z-axis DJumpz

using eqn (10), and the
results are listed in Table 2. The jump-frequency nJumpz

and average
square jump-length lJumpz

2 for different systems and temperatures
are also listed in the same table.

Clearly, there are strong influences of temperature and
confinement on both the parameters, nJumpz

and lJumpz

2.
However, the jump-diffusion coefficient is less influenced
by temperature compared to the total diffusion coefficient
in all the cases. For example, DJumpz

decreases from 4.56 �
10�7 cm2 s�1 at 300 K to 2.18 � 10�7 cm2 s�1 (B2 times) at
230 K for superhydrophobic CNT(10,10), while due to the same
reduction in temperature, the total diffusion Dz decreases from
1.65 � 10�5 cm2 s�1 to 0.16 � 10�5 cm2 s�1 (B10 times).
Therefore, the percentage contribution of the jump-diffusion,
denoted by wJump (=100 � DJumpz

/Dz)
34,36,37,46,48–50 should

increase with the decrease in temperature. This is, indeed,
observed for all the systems with the decrease in temperature,
as shown in Table 2. More interestingly, at a given temperature,
wJump for water inside superhydrophobic CNTs is less than that
of bulk water. This indicates that the water molecules take a
larger number of small steps while diffusing through super-
hydrophobic CNTs compared to that in bulk water. On compar-
ing between hydrophobic and superhydrophobic CNTs
(Fig. 5d), it is observed that the values of wJump are overall
owner for the superhydrophobic nanotubes compared to those
in the hydrophobic CNTs, with the maximum deviation
observed for superhydrophobic CNT(10,10) system. This means
that inside the superhydrophobic CNT, the water molecules
translate more via small steps instead of long steps compared
to those inside the hydrophobic CNT.

Now, the residual diffusion coefficient DResz
was calculated

by subtracting the jump-diffusion from the total diffusion Dz

using eqn (13), and the values are listed in Table 1 for bulk

Fig. 4 Non-Gaussian parameter a2(t) as a function of time at different temperatures for bulk water (a) and water in CNT(10,10) (b), CNT(15,15) (c), and
CNT(20,20) (d) superhydrophobic nanotube systems.
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water and water inside CNTs at different temperatures. The
residual hydrodynamic diameter shRes

was calculated for bulk
water using eqn (3), and the viscosity of the bulk water, Zbulk,
presented in Table 2 for different temperatures, was calculated
using the Green–Kubo relation. Finally, the numerical values of
DResz

and shRes
are entered in eqn (2) to obtain the viscosity of

water inside the nanotubes. The viscosity values are listed in
Table 2 and plotted in Fig. 6a as a function of temperature.
Table S1 of ESI,† presents the comparison of simulated viscosi-
ties of water using GK, CSE, and JCSE approaches. The viscos-
ities of water inside hydrophobic CNTs are also plotted in the
same figure to facilitate the comparison between the two. The
most striking result in Fig. 6a is that for a given temperature,
water in a superhydrophobic CNT is less viscous than that in
the hydrophobic CNT of the same diameter. Similar to diffu-
sivity, the maximum deviation in viscosity is observed for
CNT(10,10). For example, at 300 K, the viscosity of water inside
superhydrophobic CNT(10,10) is B3 times less than that in
hydrophobic CNT(10,10), as shown in Fig. 6b. This difference
increases with the decrease in temperature, such that at 230 K,
the viscosity of water in superhydrophobic CNTs is B20 times
less than that in hydrophobic CNTs. Interestingly, the viscosity
of water inside superhydrophobic CNTs is lower than that in

bulk water, as shown in Fig. 6c. The difference between bulk
water and water in superhydrophobic CNTs is significantly
large in the wider CNTs. As the temperature decreases, the
difference between the viscosities of bulk water and super-
hydrophobic CNTs increases. At 230 K, water inside super-
hydrophobic CNT(10,10) is almost two times less viscous than
bulk water, while water inside CNT (20,20) is B4 times less
viscous than bulk water. This significantly less viscosity of
water inside superhydrophobic CNTs puts forward a much
wider range of applications in different areas such as fast
desalination of water and water filtration.8–11 We expect a
further reduction in viscosity with the increase in pore width
to a minimum value. However, this is out of the scope of this
current paper.

3.4. Hydrogen-bonding analyses

Let us now shift our focus to the influence of confinement on
the H-bond strength between water molecules and draw a
connection with the observed increase in viscosity. The specific
geometric conditions24,89–94 for a hydrogen bond are as follows:
the distance between the oxygen atom of the donor molecule
(denoted as D) and the oxygen atom of the acceptor molecule
(denoted as A) should be less than 3.5 Å and the angle formed

Fig. 5 Comparison between simulated Gsimu
S (z,t*) (solid line) and theoretical van Hove correlation functions (Gtheo

S (z,t*)) (dashed line) at time t* at 300 K
(a) and 230 K (b) for water inside the CNT(10,10) (blue), CNT(15,15) (black), and CNT(20,20) (dark green) superhydrophobic nanotube systems. (c) Second
crossing r2 between Gsimu

S (z,t*) and Gtheo
S (z,t*), the minimum distance criteria for a jump occurrence. (d) Percentage contribution of the jump-diffusion

for bulk water and water inside superhydrophobic CNTs.
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among the hydrogen atom of the H-bond donor water, the
oxygen atom of the donor molecule, and the oxygen atom of the
acceptor molecule (denoted as HDODOA) should be less than
301. The number of H-bonds per water molecule in bulk water
at room temperature is presented in Table S3 of the ESI,† and
compared with the values reported in the literature. In Fig. 7a,
we plotted the temperature dependence of a average number of
H-bonds per water molecule (NHB) for bulk water, water inside
superhydrophobic nanotubes, and water inside hydrophobic
nanotubes. The profiles for the different systems are nearly
parallel to each other, indicating similar linear temperature
dependence. As the temperature decreases, the number of
hydrogen bonds increases almost linearly. As expected, water
confined within the nanotubes has a lower number of hydrogen
bonds per water molecule. Specifically, the average number of
hydrogen bonds per water molecule in superhydrophobic
CNT(10,10) is approximately 10% lower than that in bulk water.
For CNT(15,15) and CNT(20,20), the reduction is around 7%
and 5%, respectively. When comparing hydrophobic and

superhydrophobic nanotubes, it is evident that NHB for super-
hydrophobic CNT(10,10) is significantly lower than that for
hydrophobic CNT(10,10) at all temperatures. However, this
difference diminishes as the nanotube diameter increases,
reaching almost negligible levels for CNT(20,20). The lower
number of hydrogen bonds inside superhydrophobic nano-
tubes can be attributed to the lower interfacial density of water
within these nanotubes compared to hydrophobic ones, as
observed in Fig. 2a. The interfacial water molecules are
expected to form stronger H-bonds with each other compared
to bulk water. Therefore, due to the lower interfacial density in
superhydrophobic CNTs, the average number of hydrogen
bonds per water molecule is lower than that in hydrophobic
CNTs. As the nanotube diameter increases, the dominance of
interfacial hydrogen bond structure gradually diminishes.

Although there is a significant reduction in the number of
H-bonds per water molecule, the individual H-bonds between
water molecules can be stronger when confined inside nano-
tubes. Our previous study has indeed shown that although the
number of H-bonds is less, the individual H-bonds are stron-
ger, and therefore, the total H-bond strength around water
confined inside hydrophobic CNTs is higher than that of bulk
water. A similar picture is expected for the water confined in
superhydrophobic CNTs. To calculate the intermittent H-bond
correlation functions CHB, we used the equation shown below
CHB(t).26,36,37,46,49,92,95–102

CHB(t) = hh(0)h(t)i/hhi (16)

We have a function h(t) that takes the value of 1 when two
molecules are connected by a hydrogen bond and 0 when that
bond is broken. The correlation function CHB(t) describes the
probability that a hydrogen bond will remain intact at time t if
it was initially intact at time zero, regardless of any potential
disruptions during the intervening period. To model the beha-
vior of CHB(t), a tri-exponential function is employed. This
function incorporates three exponential terms and can be
written as follows:34,37,50

CHB(t) = a1 exp(�t/t1) + a2 exp(�t/t2) + a3 exp(�t/t3); a1 + a2 + a3 = 1.
(17)

The average H-bond lifetime can be calculated using the
following equation: tHB = a1t1 + a2t2 + a3t3. Fig. S7 of the ESI,†
presents CHB(t) as a function of time for all the systems and
temperatures. The fitting parameters are listed in Table S2 of
the ESI.† We plotted tHB as a function of temperature in Fig. 7b
for four systems including bulk water. The data for hydropho-
bic systems are also shown in the same figure. Although tHB for
superhydrophobic CNT(10,10) is significantly lower than that
for hydrophobic CNT(10,10), the former is still higher than that
of bulk water. It suggests that although water–water H-bonds
inside the above-mentioned superhydrophobic nanotube are
weaker than those inside the hydrophobic nanotube, bulk
water H-bonds are still weaker. The free energy of activation
for breaking an H-bond can be calculated using the Eyring
equation.102 We determine the Gibbs free energy of activation

Table 2 The jump frequency nJumpz
, average square jump length lJumpz

2,
the jump-diffusion coefficient DJumpz

, the residual diffusion coefficient
DResz

, percentage contribution of jump-diffusion wJump(%), and simulated
viscosity values at different temperatures for bulk water and water inside
superhydrophobic CNTs. (The viscosity of water is obtained through JCSE
approach for water inside CNTs and via the GK relation for bulk water)

T (K)
nJumpz

(ns�1) lJumpz

2 (Å2)
DJumpz

/10�5

(cm2 s�1)
DResz

/10�5

(cm2 s�1)
wJump

(%) Z (cP)

Bulk water
300 1.88 44.04 0.063 2.040 2.98 0.80
290 2.42 31.90 0.069 1.490 4.40 0.95
280 3.04 23.67 0.074 1.130 6.15 1.35
270 3.01 18.70 0.065 0.847 7.15 1.88
260 2.03 20.61 0.046 0.465 9.05 2.90
250 1.80 18.72 0.039 0.284 12.13 5.04
240 0.95 19.61 0.021 0.144 12.85 9.32
230 0.60 18.37 0.013 0.059 18.13 29.26
CNT(10,10)
300 1.28 14.2 0.046 1.610 2.76 1.26
290 0.85 22.06 0.047 1.310 3.45 1.42
280 1.16 18.62 0.054 1.010 5.08 1.52
270 1.33 15.64 0.052 0.758 6.44 2.40
260 1.43 13.4 0.048 0.548 8.06 3.04
250 0.86 15.24 0.033 0.375 8.00 4.42
240 0.91 12.62 0.029 0.236 10.81 8.11
230 0.72 12.08 0.022 0.135 13.91 18.40
CNT(15,15)
300 0.30 15.36 0.011 2.090 0.54 0.88
290 1.12 12.28 0.034 1.750 1.92 1.02
280 1.36 12.7 0.043 1.370 3.05 1.07
270 1.33 13.14 0.044 1.050 4.00 1.66
260 1.91 11.1 0.053 0.759 6.53 2.10
250 1.90 10.12 0.048 0.525 8.37 3.03
240 1.77 8.82 0.039 0.338 10.34 5.44
230 1.04 9.4 0.024 0.208 10.52 11.60
CNT(20,20)
300 1.28 13.62 0.044 2.620 1.10 0.73
290 1.75 12.36 0.054 2.080 1.16 0.84
280 2.10 11.26 0.059 1.620 1.26 0.89
270 2.73 10.46 0.071 1.210 1.50 1.40
260 2.13 11.67 0.062 0.887 2.41 1.76
250 1.35 13.19 0.044 0.602 4.03 2.58
240 1.54 10.49 0.040 0.388 4.25 4.64
230 1.58 8.52 0.034 0.224 4.72 10.50
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DG* for breaking a H-bond at temperature T using the following
equation,34,50

DG� ¼ kBT ln
kBT

h
tHB

� �
(18)

In eqn (18), h is the Planck’s constant and kB is the Boltzmann
constant. DG�tot ¼ NHB � DG� is the total Gibbs free energy of
activation DG�tot to break all H-bonds around a water molecule.
Therefore, DG�tot is the total free energy of water molecules
bonded to the neighbours. Table S2 of the ESI,† presents DG*
and DG�tot for different systems, where we presented the results
for superhydrophobic CNTs and bulk water. We plotted DG�tot
as a function of temperature for different systems in Fig. 7c.
The significant weakening of water–water hydrogen bonds in
superhydrophobic CNTs, compared to that in hydrophobic
CNTs, can be explained by the lower radial density of water in
the interfacial region of the superhydrophobic nanotubes. It is
known that water–water hydrogen bonds near the hydrophobic
surface are stronger than those in the bulk-like core region due
to the presence of tangential H-bonds.103–106 Consequently, due
to the breaking and weakening of hydrogen bonds, water
molecules diffuse more rapidly inside superhydrophobic CNTs
and experience a lower viscosity than those in hydrophobic
nanotubes. The difference between hydrophobic and super-
hydrophobic cases is most pronounced for CNT(10,10), but it
diminishes considerably for CNT(20,20) and becomes nearly
negligible.

4. Conclusion

In this study, we employed the jump-corrected confined
Stokes–Einstein (JCSE) approach to determine the viscosity of

water within a superhydrophobic nanotube over a temperature
range of 230 to 300 K. By taking into account both the correc-
tion for system size and the correction related to translational
jump-induced Stokes–Einstein breakdown, we ensured accu-
rate estimations of the viscosity. We considered three different
types of nanotubes: CNT(10,10), CNT(15,15), and CNT(20,20).
We compared the fluidity of water inside superhydrophobic
and hydrophobic nanotubes with that of bulk water. Our
findings revealed that water exhibited a significantly lower
viscosity and higher diffusion inside the superhydrophobic
CNT(10,10) than inside the hydrophobic CNT(10,10). This
difference became more pronounced as the temperature
decreased. At 300 K, water in the superhydrophobic CNT(10,10)
was approximately three times less viscous than water in the
hydrophobic CNT(10,10). However, at 230 K, the former was
about twenty times less viscous than the latter. Furthermore,
the viscosity of water inside the superhydrophobic nanotube
was lower than that of bulk water. While water in the hydro-
phobic CNT(10,10) exhibited a viscosity roughly three times
higher than that of bulk water at 300 K, the difference between
bulk water and water in the superhydrophobic CNT(10,10) was
much smaller. Interestingly, water inside the wider superhy-
drophobic CNT(15,15) and CNT(20,20) displayed a lower visc-
osity and higher diffusion than those of bulk water. As the
temperature decreased, the difference in viscosities between
bulk water and the superhydrophobic CNTs increased. At 230 K,
water inside the superhydrophobic CNT(10,10) was approximately
two times less viscous than bulk water, while water inside the
CNT(20,20) was about four times less viscous than bulk water.

To investigate the reason behind the lower viscosity of water
in superhydrophobic CNTs compared to hydrophobic CNTs, we
conducted analyses of hydrogen bonding. We examined the
average number of hydrogen bonds per water molecule, the
lifetime of hydrogen bonds, and the free energy required

Fig. 6 (a) Temperature-dependent viscosity of water, estimated using the JCSE approach, inside the superhydrophobic (solid line) and the hydrophobic
(dashed line) CNTs, and bulk water. (b) Ratio of viscosities of water inside superhydrophobic (sh) and hydrophobic (h) nanotubes as a function of
temperature. (c) Temperature-dependent ratio of viscosities of water inside superhydrophobic and bulk water. The data for hydrophobic CNTs and bulk
water are taken from our previous work.34
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to break all hydrogen bonds surrounding a water molecule. The
reduced viscosity of water in superhydrophobic CNTs was
attributed to weaker hydrogen bonding interactions between
water molecules, resulting from the lower density of water in
the interfacial region, where stronger water–water hydrogen
bonding occurs. Therefore, the more dispersed density of water
inside superhydrophobic CNTs plays a major role in reducing
the viscosity of water. This conclusion carries significant
importance and was derived from our study. Finally, one
should note that the results presented here can be changed

quantitatively depending on the chemical nature and rough-
ness of the superhydrophobic surface.
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