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ARTICLE INFO ABSTRACT

Keywords: The peculiar heat and mass transfer properties of Carbon Nanotubes (CNTs) envision promising appli-
Carbon nanotubes cations in nanoengineering and nanofluidic devices, such as heat sinks and desalination membranes.
Water filling However, a comprehensive understanding of the intertwined effects of mass transfer (entrance and exit
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Water

Molecular dynamics

of liquid molecules inside CNTs) and heat transfer mechanisms (thermal exchange at the CNT/solvent
interface) as a function of the properties of CNT surface is currently incomplete. In this work, we use
molecular dynamics simulations to study heat and mass transfer in single wall CNTs with (5,5) and
(10,10) chirality immersed in water. We present a sensitivity analysis where, starting from different
choices of interaction potentials between CNTs and water molecules, we deduce the corresponding
CNT/water wetting parameters, we model fill-in and fill-out water dynamics and arrangement of
water molecules at the equilibrium. Spontaneous water entrance into CNTs is examined and a single
energy parameter to model water filling is introduced. Secondly, we compute the CNT/water thermal
boundary resistance for the different wetting properties. In perspective, this work supports a more
rational design of CNT-based devices operating in nanothermal and nanobiological environments.

water and dependent on the CNT diameter. Generally, these
works make a distinction between hydrophilic or hydropho-
bic CNTs depending on the water filling capability of CNTs.
At the macroscopic level these two concepts are frequently
identified by the value 6 of the solid-liquid contact angle
(CA), which is the internal angle between the tangent to the
border of a liquid drop and a liquid-solid interface. A surface
is considered hydrophilic in the case of CA smaller than
90°, hydrophobic in the opposite case. In the case of both
graphite/water and graphene/water interfaces a wide range
of values can be found in the literature [24, 25, 26].
Wetting properties also have a strong impact on heat
transfer at the interface between CNTs and the surrounding
environment. Here, the essential parameter is the Thermal
Boundary Resistance (TBR), also known as Kapitza resis-
tance, Ry, which is the resistance to thermal flow at the
interface between two materials [27, 28]. Indeed, despite
the high thermal conductivity of CNTs can improve heat
transfer of nanocomposites and nanofluids [29], the overall
thermal transfer can be strongly limited by Rg [30]. Ana-
lytical predictions of TBR as a result of phonon scattering
processes across the interface, such as acoustic mismatch
and diffusive mismatch models, may not be accurate at room
temperature and atmospheric pressure [31, 32]. For this
reason, MD simulations were widely adopted to calculate
TBR of different nanomaterials, relying on equilibrium or
non-equilibrium protocols [33]. Equilibrium MD (EMD)
methods deduce TBR through a Green-Kubo formalism
observing the fluctuations of energy exchanges across the
interface between two materials at the same temperature.

1. Introduction

Firstly synthesized in 1991 [1], Carbon Nanotubes (CNTs)
have been widely investigated in the last 30 years, due to
their exceptional electrical [2], mechanical [3] and thermal
properties [4]. The fields of application of CNTs are vast,
ranging from heat transfer enhancement [5, 6] to tips of
atomic force microscopy [7], from water filtration [8] to
nanoactuators [9]. CNTs are also used in water purification
processes, due to their strong antibacterial activity against
Escherichia coli [10] and other bacteria [11], and in desali-
nation processes, where CNT and graphene membranes can
be employed for reverse osmosis [12]. Among other aspects,
the performance of these CNT-based applications strongly
relies on heat and mass transfer phenomena at the interface
between the CNTs and surrounding media.

When CNTs are dispersed in water at ambient condi-
tions, the spontaneous water filling may [13, 14] or may
not occur [15], depending on the CNT diameter and surface
characteristics. Water molecules tend to arrange as ordered
layers in the proximity of the CNT surface, thus leading to a
specific solid-like water phase, also found in water confined
on nanometric distances, which can be accurately studied by
Molecular Dynamics (MD) simulations [16, 17, 18, 19, 20].
For instance, Alexiadis et al. [21] calculated the density
of water inside CNTs, suggesting a correlation between
water density and CNT diameter. Pugliese et al. [22] studied
the liquid/solid transition of water inside CNTs using the
water model Tip4P-ICE [23] for both the liquid and solid
phases, observing freezing temperatures higher than in bulk
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A specific EMD approach based on the Laplace transform
of the temperature heat flux auto-correlation function was

Casto et al.: Preprint submitted to Elsevier

Page 1 of 11



Morphology

Mass transfer

Heat transfer

.

SPC/E water

(5,5) (10,10)

kSingle-walled carbon nanotubes /

wter infiltration into carbon nanotty

Thermal boundary

\resistance outer wall/

Thermal boundary

resistance inner wall

/

Figure 1: Pictorial representation of the simulation workflow performed. On the left, the water model adopted (SPC/E) and the
two CNTs used ((5,5) and (10,10) chiral index). In the middle, a sketch of water filling of the CNTs is shown. On the right,
configurations used for evaluation of the TBR at the outer and inner wall interfaces with water are shown.

proposed by Alosious et al. [34] to study graphene/water
interfaces [35]. They found that Ry is strongly dependent on
the water layering in the proximity of the graphene sheets,
particularly on the first density peak as also observed by
Alexeev et al. [36]. Differently, in Non-Equilibrium MD
(NEMD) methods TBR is estimated by inducing a con-
stant heat flux throughout the simulation domain with a
steady temperature difference, and analyzing the resulting
temperature distribution. NEMD was used to estimate TBR
at CNT/water interface [37]. All these methods are subject
to possible finite size effect: when the investigated material
has dimensions comparable with respect to the mean free
path of bulk phonons, the TBR depends on the sample size
[38, 39, 40]. A third method (used in this work) to calculate
the TBR is the Approach to Equilibrium MD (AEMD),
which is based on Newton law of cooling for a lumped-
capacitance object. In this approach, an initial out of equilib-
rium condition is applied, by attributing to an object in the
simulation domain an initial temperature higher than that of
its environment. During the cooling, the temperature relax-
ation of the object is monitored, and the TBR extracted using
heat diffusion equation. Several examples of this method can
be found in the literature, mostly applied to solid/solid or
filler/polymer interfaces [41, 42, 43, 44, 45]. With a refined
AEMD approach, Jabbari et al. [46] calculated the Ry at
both CNT/water and graphene/water interfaces, examining
the effect of CNT diameter and wettability on its value.

To the best of our knowledge, a detailed analysis of the
dependence of liquid infiltration (fill-in and fill-out effect of
water inside CNT) and of TBR on the wetting properties of

CNTs is still lacking. In this work, we proceed through the
following steps. We first select different potentials of interac-
tion between CNT surfaces and water molecules, all utilized
in the literature, corresponding to different choices of Van
der Waals interaction strength and equilibrium distances be-
tween C and O atoms. For each potential considered, we cal-
culate by MD simulations the corresponding water/graphene
CA, which quantifies the macroscopic wettability between a
flat graphene layer and a drop of water. We also compute
the fill-in and fill-out dynamics of water into single wall
(5,5) and (10,10) CNTs (SWCNTs). This allows to correlate
the entrance and exit dynamics (the capability of a CNT to
attract water at its interior) to the macroscopic wettability,
described by the CA. By a detailed analysis of intramolecular
forces in the proximity of the CNT solid-liquid interface, we
retrieve a single physical parameter, proportional to the in-
tegral of the Van der Waals potential in the attractive region,
which better correlates, compared to the CA, with the ability
of spontaneously attracting water molecules inside the tube.
Finally, TBR at the CNT/water interface is calculated for
all interaction potentials considered and its dependence as
a function of macroscopic wettability (CA) is analyzed.

2. Materials and methods

2.1. Calculation of contact angle

To compute the contact angle of the system composed by
single layer graphene in water, we started from Young-Dupré
equation [47]:

Wy =71, (1 4+ cos(8)), (1)
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which connects 6 to W;, which is the work of adhesion
between liquid and solid phases, and y,,,, the surface tension
of the considered water model [48]. According to the free
energy perturbation (FEP) method [49, 50], W, is calculated
as the work to transform the solid-liquid interface into a re-
pulsive (non-attractive) interface. The free energy difference
between the attractive and repulsive states corresponds to
Wj,;. The variation between the two states is performed via
a gradual modification of the interaction energy between the
solid interface and the liquid through the variation of the
coupling parameter A:

n—1
1 A
IVSI=§ZA/£“G= @)
i=0
n—1
Ui ) = Ui (4)
= —kgT z In <exp <— A
i=0 kBT i

being kp the Boltzmann constant, T' the temperature, U,
the interaction energy between carbon atoms and water,
AG the free energy change, S the area in contact with the
liquid and A a coupling parameter, which gradually reduces
Lennard-Jones attraction and Coulombic interactions to zero
every i-th step for a total number of » steps. Hence, CA is
extracted from Eq. | after calculating W}, using Eq. 2 over
the MD trajectory simulated with the considered Lennard-
Jones interaction potential and introducing the value of y,,,
obtained in the literature, independent of the CNT/water
interaction potential [48].

2.2. Water mass transfer dynamics

For each set of solid-liquid Van der Walls interactions,
the number of water molecules inside the CNT is counted.
Firstly, we studied the filling dynamics: in the initial condi-
tion, the empty CNTs are placed in a box filled with water
molecules, and the spontaneous liquid filling is monitored
as a function of time in a equilibrium environment corre-
sponding to the different wetting parameters. To observe
the inverse dynamics, water molecules are placed inside
CNTs with an initially highly hydrophilic condition. Then,
the specific interaction potential is introduced, and the exit
dynamics monitored until equilibrium is achieved.

2.3. Thermal boundary resistance

In the AEMD method, Ry is evaluated observing the
time evolution of the average particle temperature T, from an
initial non-equilibrium state (the particle is heated up with
respect to the surrounding ambient temperature T,) to the
overall thermal equilibrium. Under the assumption of a sub-
unitary Biot number (lumped capacitance approximation)
and constant water temperature, the time dependent temper-
ature difference AT =T, — T, evolves as:

AT (t) = AT (t = 0)exp (—t/7), 3
where the exponential decay time is

C
7= Ry )

being C the heat capacity of the particle and S the heat
exchange surface [51]. However, the lumped-capacitance
approximation is valid only when the thermal resistance
across the interface is dominant, with negligible temperature
gradients both in the CNT and in the surrounding medium.
To overcome these limitations, the TBR at CNT/water in-
terface was here calculated following the AEMD approach
reported by Jabbari et al. [46]. In this case, the heat capacity
of the CNT and the temperatures profiles of CNT and water
close to the CNT are not needed. After the nanoparticle is
initially heated up to a higher temperature with respect to the
surrounding environment, the variation of the total energy
concomitant with nanoparticle cooling can be expressed as

ok _ _T-T,

ot Rg/S’ )

The variation in total energy of the CNT is then equal to the
time integral of the heat flux between the nanoparticle and
water:

S t

E =-2
Rk Jo

(T,-T,)dt+ E, (6)
with E,, constant background energy. As T, T, and E, can
be deduced for each simulation time, it is then possible
to compute Ry from the best fitted value of —S/Rg. T,
is computed here considering only water molecules in the
proximity of CNT surface (either inside and in the outer
region), therefore not accounting for the thermal resistance
of bulk water itself. For all the simulations we set the heat
transfer surface .S’ between the two phases as the surface of
the cylindrical region with diameter and length of the CNT.

2.4. Computational details

MD simulations were carried out by means of LAMMPS
[52]. Figure 1 shows an overview of the simulation protocol.
We performed all simulations with a 1 fs time step and Verlet
integration scheme. We adopted the Tersoff force-field [53]
to model carbon-carbon interactions for both the CNTs and
graphene sheets, and the three-point charge SPC/E force-
field [54] to describe water molecules. We chose a cutoff of 1
nm to compute the non-bonded interactions, and the PPPM
method with 10~* accuracy for the long range electrostatic
interactions [55]. In particular, in accordance to the water
model, carbon-hydrogen interactions are neglected and in-
teractions between carbon atoms and oxygen atoms of water
are modeled using a Lennard-Jones potential:

12 6
o) -(2)] o
We employed 7 different pairs of e-o and o, Lennard-
Jones parameters (see Table 1), taken from Werder et al. [24,
25, 26]. They mimic the dispersion of CNT/water wetting
properties that could arise from different surface functional-
izations [56, 57] and defects [58, 59]. We also used three
potentials calculated starting from SPC/E model [54] and
OPLS-AA force-field [60] for water and carbon respectively
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and applying geometric, arithmetic and sixth power mixing
rules (see Supporting Note S1 for details). We generated
the initial CNT topology with VMD [61] and the input
LAMMPS data and files with Moltemplate [62] (see the code
available at Reference [63] for details). SWCNTs with 10 nm
length and (5,5) and (10,10) chirality were simulated, corre-
sponding to diameters of 0.687 nm or 1.375 nm respectively.

First, we placed the empty SWCNTs in a box filled with
water molecules, to observe the possible liquid filling of the
CNT at equilibrium conditions. All the simulations were
performed at 1 bar and 290 K. The system was equilibrated
through a NPT simulation (Nose-Hoover thermostat and
barostat [64], with time constants equal to 100 fs and 1000
fs, respectively) up to 2 ns for the (5,5) and 2.5 ns for the
(10,10), followed by a NVT run (Nose-Hoover thermostat,
with time constant equal to 100 fs) up to 0.5 ns. To compute
the fill-out dynamics, we started from the configuration with
the highest wettability and thus water filling into the CNT at
equilibrium conditions, and we performed NPT simulations
of liquid expulsion for up to 2.5 ns after modifying Lennard-
Jones parameters. During simulations, we calculated the
water density profiles in the (5,5) and (10,10) systems with
radial concentric bins of 0.025 nm width along the main
axis of the CNT. To estimate the TBR at the inner and outer
CNT/water interfaces we realized two different systems: one
with water molecules only inside the CNT, another with
water only outside (Figure 1). This two setups helped us
in discriminating between the (possible) different TBR at
the inner and outer CNT surfaces. These setups were made
starting from equilibrated configurations and then removing
water molecules from the inner/outer regions. After that, to
avoid spontaneous entrance or exit of water molecules at
the head and tail regions of the CNT, we applied periodic
boundary conditions along the main axis of the CNT (see
Supporting Note S2). Periodic conditions also allow us to
simulate the heat flux from the CNT to water selectively in
the radial direction. We equilibrated the periodic systems for
500 ps in NVT ensemble, with the same thermostat detailed
above. Subsequently, we induced a radial heat flux setting
the temperature of carbon atoms at 400 K while that of
water molecules at 290 K during a 300 ps NVT simulation.
Lastly, we monitored carbon energies E, and temperatures
T,, T, in a NVE simulation for 1 ns (see Supporting Note
S3). When calculating the external TBR, we stored the
water temperatures for cylindrical regions with radii of 1.250
nm ((5,5) CNT) or 1.775 nm ((10,10) CNT) from the axis
of the CNT. These fluid regions correspond to those of
nanoconfined-like water.

Finally, we performed FEP calculations with the soft
style modification for Lennard-Jones and Coulombic inter-
actions in LAMMPS [65]. For this case, we simulated a box
of 1000, initially equilibrated, SPC/E water molecules with
a 3.2 nm x 3.2 nm single graphene sheet, while monitoring
the potential energy. The A parameter was incrementally
decreased each 1 ns, passing from 1 to 0 over a 20 ns NVT
simulation.

3. Results and discussion

3.1. Choice of potential and computation of
contact angles

The measured CAs (0) for graphite and graphene cor-
responding to the different choices of Lennard-Jones pa-
rameters are summarized in Table 1. For the 7 different
combinations of oo and €, taken from Werder et al.
[24] we reported the CAs computed by the authors for the
graphite/water interface and the CAs computed here for
the graphene/water interface, as explained in section 2.1.
Note that in the paper cited the graphite is modeled as
two piled sheets of graphene. For the three o and ecq
pairs obtained by combining the SPC/E water model and
OPLS-AA carbon force-field, only the graphene/water CA
is reported as calculated here.

Oco €co

[nm] [kcal /mol] 0 - Graphite | 0 - Graphene
0.3190 | 0.1498 29.4° 45.74°
0.3190 | 0.1348 50.7° 61.97°
0.3190 | 0.1199 69.9° 75.69°
0.3352 | 0.1043 - 77.84° ¢
0.3358 | 0.1043 - 78.56° °
0.3190 | 0.1049 85.9° 89.07°
[l 03385 | 0.0984 - 94.07° ¢

0.3190 | 0.0937 95.3° 97.74°
0.3190 | 0.0749 109.2° 113.39°
0.3190 | 0.0450 143.3° 136.12°

Table 1

Lennard-Jones  parameters  for  carbon/oxygen

interactions and corresponding graphite/water and
graphene/water CAs computed from MD simulations.
6co and eq, are taken from Werder et al. [24], in
the lines where the graphite/water CA is indicated,
and from SPC/E water model [54] and OPLS-AA
aromatic carbon [60] for the other cases, using
Geometric, ° Arithmetic, and ¢ Sixth power mixing
rule. Graphite/water CAs are taken from the work of
Werder et al. [24]. Graphene/water CAs are obtained
in this work by means of the Free Energy Perturbation
approach and the Young-Dupré equation. The color
code adopted in the following figures is also indicated.

Differences in the CAs between the current work and
previous results from Werder et al. [24] are explained not
only by the different structures taken into account (graphene
vs. graphite, the presence of an additional carbon layer
generally enhances surface hydrophilicity, as also observed
by Chiricotto et al. [66]), but also by the distinct methods
employed in the two works to calculate CA. Werder et al.
calculated CA by means of the sessile droplet method, which
is not strictly comparable with the approach used in this
work. Nevertheless, the wetting behaviours of graphene and
graphite result consistent between each other, with values
ranging from 29.4° to 143.3° according to the different C-O
interactions modelled.
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Figure 2: Number of water molecules inside the CNT over time for different CA values. a) Water infiltration into (5,5) SWCNTs
initially empty, and b) exit from completely filled-in condition. c) and d) same for (10,10) SWCNTs. The small images are frames
of the equilibrated MD simulation. The CAs are computed using Lennard-Jones parameters of Table 1. Yellow to red lines indicate
a variation of €., with o, fixed. Green lines indicate a variation of 6, with €., fixed. The blue line corresponds to two different

values of €., and o¢p.

3.2. Water filling of CNTs

Figure 2 shows the entrance/expulsion of water molecules
into/from CNTs for both the (5,5) and (10,10) systems.
The overall number of water molecules inside the CNT
was detected during the NPT simulation for the two CNTs
as a function of the water physical filling and emptying
time starting from void (a,c) or filled (b,d) CNTs. Three
distinctive color codes are used. Red to yellow curves
correspond to different values of €, and same o, green
curves to different - and same e, (different than the ones
used before), and blue for e and 6o which are different
than all previous parameters (see Table 1).

For the (5,5) CNT, we observe spontaneous entrance of
water (see Figure 2a) in the hydrophilic regime for § <
75.69°. The average maximum number of water molecules
accessing the CNT volume is equal to 37 + 1 in the most

hydrophilic configuration (§ = 45.74°). Instead, for all the
systems with § > 77.84° the stable number of infiltrated
water molecules is equal to 0, hence, the CNT results to be
internally hydrophobic. Equivalent results are obtained in
the case of expulsion dynamics (see Figure 2b), no hysteresis
is observed during successive entrance/expulsion processes.

For the larger (10,10) CNT, water molecules can enter
the tube for 8 < 78.55° (see Figure 2c). For 8 = 8§9.07°,
on the contrary, the number of water molecules into the
CNT is small and unstable. For a CA equal to 94.07°, water
molecules are again free to access the carbon CNT reaching
a stable number. For larger CAs, the CNT is hydrophobic
and molecules do not enter. Such water filling behaviour is
non-monotonic with respect to 6, highlighting that — when
it comes to spontaneous water filling of CNTs at ambient
conditions — the equivalent graphene CA may not be the
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Figure 3: Water density profile along the axis of the carbon nanotube for a the (5,5) (a) and (10,10) (b) systems at equilibrium
starting from empty conditions. The dotted lines represent the position of carbon atoms of the CNT.

most adequate parameter to interpret results. Considering
the expulsion phenomenon (see Figure 2d), we observed
spontaneous exit of water for all the configurations with
0 > 113.39°, while for values 8 < 97.74° the number
of water molecules inside the CNT is large and stable. By
comparing the fill-in and fill-out dynamics (Figure 2c and
Figure 2d), we observe that for intermediate values of CA,
equal to 89.07° and 97.74°, the number of water molecules at
equilibrium depends on initial conditions, CNTs remain void
or filled with water as they are initially. For all the other cases
equilibrium is reached regardless of the initial condition. In
particular, 293 + 4 molecules of water on average enter the
CNT in the most hydrophilic configuration (small CA).

As shown in Figure 3, for the two CNT morphologies
with initial empty conditions, a large total amount of water
molecules inside the CNT at equilibrium (Figures 2a and c)
is associated with their large densities at the center of the
CNT. In the case of (5,5) CNT (Figure 3a), water molecules
inside the CNT are arranged in a single-row configuration
with a single hydrogen bond between each pair of molecules.
A similar single-row structure was also theoretically pre-
dicted by Pascal et al. [67] and experimentally observed
by Ma et al. [68] in iced CNTs. A radial bilayer-like con-
figuration of water molecules is expected for the (10,10)
CNT, with peak densities on the CNT axis and for radius
around 0.38 nm. Interestingly, the density of water molecules
outside CNTs displays for both morphologies density peaks
which are higher for smaller CAs, corresponding to larger
hydrophilicity (this is particularly visible in Figure 3b for
the (10,10) CNT). This result indicates that a larger hy-
drophilicity induces a denser layer of water outside the CNT,
as also reported in previous studies [46, 36]. Here again,
by carefully comparing water densities inside the (10,10)

CNT for different CAs (Figure 3b), the same non-monotonic
dependence as in Figure 2c is observed, water density for
0 = 89.07° being much smaller than the one for 8 = 94.07°.
On the contrary, the §-dependence of water density outside
(10,10) CNTs is more regular. These results show that the
CA may not be the most suitable parameter to quantitatively
predict the CNT filling dynamics (or equivalently, the num-
ber of water molecules inside CNTs at equilibrium), partic-
ularly in the transition between the hydrophilic-hydrophobic
behaviour for the larger CNT. In the following, we propose
a new physical parameter more pertinent to account for the
interaction energy between carbon and water atoms.

3.3. Mechanistic interpretation of CNT water
filling

The entrance of water molecules into the CNT is highly
dependent on the wettability of the CNT surface. Starting
from Lennard-Jones interaction potential between carbon
and oxygen in Eq. 7 and summing over all C atoms, the total
energy of an O atom in the plane at the CNT mid-length and
at distance r form CNT axis can be analytically expressed
as:

: 2,
U(r)=Z4eCO S e
i=1 ((RCNT cos (a;) —r) + RCpq Si0 () +h‘)
8
%o

5 |
((RCNT cos (a;) — r)2 +RZ,,sin (ot,-)2 + h[2>

Considering the planar surface which cuts the CNT at mid-
length, X and Y define the reference frame of the cross-
section with center in A in the axis of the CNT (see Figure
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Figure 4: a) Interaction potentials between all the C atoms of a (5,5) CNT and an O atom at position r in the mid-length
cross-section. b) Number of water molecules inside the (5,5) CNT at equilibrium starting from void condition as a function of
wettability parameter f. c) and d) Same for a (10,10) CNT. The dashed lines in b) and d) are guides for the eye.

5), a; is the angle of the center of mass of the i-th carbon
atom and the X axis, r is the radial distance of the O atom
from the CNT axis, A; is the longitudinal distance between
the i-th carbon atom and the cross-sectional plane, Rqpy is
the radius of the CNT and N is the total number of carbon
atoms.

Figures 4a and 4c show U (r) (Equation 8) corresponding
to different 6 and e pairs tested in this work (cf. Table
1). The number of water molecules attracted inside CNTs is
proportional to the integral of U(r) in the volume accessible
to water, ie. the part of the cross-sectional plane where
U(r) < 0, which ranges from r 0 to the point where
U(r) = 0. This integral, limited to the attractive region,
where U(r) < 0, and normalized over the surface of the
cross-section of the CNT, writes:

Rlimit
/ U (r) 2zrdr,
0

1
p=——
TRCNT

(€))

Figure 5: Cross-section of a (5,5) CNT.
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being U(r = Ry;,,;;) = 0. The values of g for all the
considered CNT configurations are listed in the Supporting
Note S4. The number of water molecules filling the CNT
at steady state (i.e., the asymptotic values in Figure 2), is
shown in Figures 4b and 4d for the (5,5) and (10,10) CNTs,
respectively, as a function of f. The same graph is reported
as a function of the graphene CA in Supporting Figure S3.

As expected, f is affected by the values of both e+ and
oco- In the U(r) expression above (Equation 8), ecq is a
proportionality factor and only affects the overall amplitude
of the interaction potential with no modification of its profile
(see red to yellow curves in Figures 4a and 4c). Note that
U(r) has a minimum around » = 0.38 nm for the (10,10)
CNT (Figure 4c) while the minimum is at r = O nm for
the (5,5) CNT (Figure 4a). The minima of the potentials
inside the CNT correspond to the position of the density
peaks as shown in Figure 3 (in the axis of the CNT for
(5,5) and near 0.38 nm for the (10,10)). Variations of o,
on the contrary, modify the shape of the potential. As it
may be seen by an accurate comparison of the two green
curves for the (5,5) CNT (Figure 4a), the U(r) = 0 zero-
crossing point shifts to smaller » when increasing o, thus
reducing the attractive region. U(r) interaction potentials
indicated by green and blue curves (8 = 77.84°, 78.55° and
94.07°) globally correspond to large values of o, higher
than the one corresponding to red to yellow curves. Their
horizontal shifts with respect to the latter is manifest. The
shift towards more hydrophobic condition with increasing
oco clearly shows up when plotting § as a function of CA,
as in Supporting Figure S4a for the (5,5) CNT. In the case
of (10,10) CNT (Figure 4c and S4b), the horizontal shift
with increasing o is accompanied by a deepening of U (r)
potential well, resulting in smaller deviations from a linear
P over 6 dependence (Supporting Figure S4b).

Results show that § is more precise than CA in char-
acterizing the water filling mechanism of CNTs at ambient
conditions for different carbon-water interaction energies —
thus wetting properties. In particular, a monotonic curve
appears at the transition between hydrophilic-hydrophobic
response of the (10,10) CNT, differently from what observed
as a function of CA (Supporting Figure S3). A threshold
behavior appears around f = —0.15 kcal/mol and g = —0.5
kcal/mol for the (5,5) and (10,10) CNT respectively, the
number of molecules at equilibrium being large and constant
for smaller # and O for larger ones. The sharp transition
around these points is dependent on the state of water close
to the CNT, as investigated by Pascal et al. [67]. In this
work, we do not investigate the state of water any further,
but we reckon that this can be the starting point for following
contributions in the future.

In Supporting Figure S5, we also show the U(r) in
the outer surface with Equation 8. In this case, the shape
of the potentials are mirrored with respect to the CNT.
Hence, the previously reported conclusions regarding the
effect induced by variations of 6. are mirrored, i.e., an
increase of o (green and blue curves) is followed by an
increase of the equilibrium position. On the contrary, we

report the deepening of the potential well with the increase
of €co similarly to Figures 4a-4c. Also, the minima of the
potential correspond to the first density peaks in the outer
region (around 0.65 nm for the (5,5) CNT and 1 nm for the
(10,10) CNT).

As a conclusion, CAs computed for graphene sheets are
—in general — a good descriptor of the water filling behaviour
of the CNT except at the sharp hydrophilic-hydrophobic
switch, where curvature plays a significant role and thus
p appears as a more comprehensive physically justified
parameter to describe such wetting mechanism.

3.4. Thermal boundary resistance

Figure 6 shows the TBR between the inner or outer sur-
face of CNT and water. For the inner CNT/water interface,
TBR was calculated only for the configurations with a stable
number of water molecules filling the CNT at equilibrium,
i.e. 6 <94.07° for the (10,10) CNT. The TBR at the inner
CNT/water interface of the (5,5) CNT was not computed due
to the intrinsically low number of water molecules (around
30) and thus not significant statistics. In this analysis, CA
is used to describe wettability. This choice is made on the
base of: firstly, the variability of the TBR (Figure 6a) is
large enough that there is no significant difference in the
dependence using f instead of CA for the x-axis; secondly,
the f parameter is not defined at the external surface of
the CNT (Figure 6) since it is used to describe spontaneous
filling.

With regards to the TBR at the outer CN'T/water inter-
face, values in the range 4-12 x10~8 K m?W were found
for the smaller (5,5) CNT, while 3-8 x1078 K m¥W for
the (10,10) one. Results show two main effects. At first, the
dependence of the TBR with the dimension of the CNTs:
for lower radius of the CNT a higher TBR is observed.
A similar trend of TBR with CNT radius was reported in
the MD simulations by Alosious et al. [69], where this
dependence was attributed to the ratio between the number
of water molecules in a region of fluid close to the CNT
and its radius. The second effect is that higher surface
wettability (i.e., lower CA) is generally responsible for a
lower thermal boundary resistance. Low CA values indeed
lead to higher water density peaks in the proximity of CNT
surface (see Figure 3) which induce a better heat conduction.
Limited differences of TBR between the inner and outer
CNT/water interfaces are recorded. Similarly, Alexeev et
al. [36] demonstrated that, in the case of a planar surface
(graphene), the TBR is proportional to the first density peak
of water close to the surface. Equivalent discussions were
also reported by Jabbari et al. [46], where surface wettability
was responsible for an increase in the first density peak
of water in the proximity of CNT surface. This behaviour
was observed for other nanoparticles as well, e.g. at the
silicon-water interface [70, 71]. In accordance with these
works, results summarized in Figure 6 indicate that both
CNT wettability and curvature effects have an effect on the
TBR. They both influence the nanoconfined water structure
and thus heat transfer at the solid-liquid interface. Indeed,

Casto et al.: Preprint submitted to Elsevier

Page 8 of 11



02t ® (10,10) |

40 50 60 70 80 90 100
Graphene contact angle [°]

L o]
e .
e © -y
e e~
-
e
D (55
® (10,10) |
0 1 I L L
40 60 80 100 120 140

Graphene contact angle [°]

Figure 6: TBR at the inner wall-water interface for the a) (10,10) CNT, and b) at the outer wall-water interface for the (5,5)

and (10,10) CNTs. Dashed lines are guides for the eye.

hydrophilic and large CNTs show a better interfacial heat
transfer, with negligible differences between inner and outer
CNT interfaces. With reference to Figure 3 it is possible
to conclude that the reduction of the TBR is caused by the
presence of highly structured and dense solid-like water in
the vicinity of the solid structure (hydrophilic conditions),
which ease heat transfer at the interface.

4. Conclusions

In this work we used molecular dynamics simulations to
analyze the effect of surface wettability on the mass and heat
transfer at the interface between water and (5,5) and (10,10)
carbon CNTs. We firstly evaluated the contact angle of water
on a single layer graphene applying the free energy per-
turbation approach with several Lennard-Jones parameters
retrieved from the literature to model the cross-interactions.
Then, we studied the spontaneous filling of water inside the
CNTs, finding that the contact angle can be an adequate
parameter to describe the water filling mechanisms if wet-
tability is far from the hydrophilic-hydrophobic transition
range. A more precise analysis shows that the increase in
the value of the oo Lennard-Jones parameter leads to a
reduction in the accessible inner volume of the CNT and to
a deepening of the potential well inside the tube, depending
on the CNT curvature. For this reason, we introduced a
new parameter (f as defined in the Eq. (9)) to take into
account both the effect of wettability and CNT diameter.
Subsequently, we evaluated the thermal boundary resistance
for the different Lennard-Jones parameters considered. The
calculated thermal boundary resistance increases with the
contact angle. This trend is justified considering the more
structured layers of solid-like water obtained with lower con-
tact angles, implying that hydrophilic conditions guarantee a
better heat transfer between CNT and water. The heat trans-
fer is eased (thermal boundary resistance is reduced) in the

hydrophilic regime, due to the presence of denser structured
solid-like water. In perspective, this works supports a more
rational design of heat and mass transfer properties of CNT-
based devices operating in nanothermal and nanobiological
environments.
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