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Abstract A molecular dynamics (MD) approach was
employed to simulate the imbibition of a designed nanopore
by a polymer. The length of imbibition as a function of time
for various interactions between the polymer and the pore
wall was recorded for this system (i.e., polymer and
nanopore). By and large, the kinetics of imbibition was
successfully described by the Lucas—Washburn (LW)
equation, although deviation from it was observed in some
cases. This nonuniformity contributes to the neglect of the
dynamic contact angle (DCA) in the LW equation. Two
commonly used models (i.e., hydrodynamic and molecular—
kinetic models) were thus employed to calculate the DCA.
It is demonstrated that none of the evaluated models is able
to justify the simulation results in which are not in good
agreement with the simple LW equation. Further investiga-
tion of the MD simulation data revealed an interesting fact
that there is a direct relationship between the wall-polymer
interaction and the speed of the capillary imbibition. More
evidence to support this claim will be presented.

Keywords Nanopore imbibition of polymers -

Molecular dynamics simulation - Lucas—Washburn
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Introduction

Confinement of matter that imposes spatial constraints on
molecules does open avenues to novel applications [1]. In
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the case of polymers, with development of nanofabrication
processes, the dynamics of confined polymers has signif-
icant technological implications [2—4]. To characterize this
phenomenon, one approach is to measure the rate of
penetration of the liquid into the medium, which is then
modeled as a bundle of uniform capillaries. A schematic
diagram of this process is shown in Fig. 1. On a
macroscopic scale, a commonly used equation, i.c., the
Lucas—Washburn (LW) equation, of such flow processes
was proposed almost a century ago [5, 6]. The LW equation
relates the length of liquid penetration in a straight-line
capillary H to the permeation time ¢, the capillary radius R,
the viscosity and surface tension of the liquid, n and ~y,,
respectively, and the contact angle 6 between the liquid and
the capillary wall as follows:

Ry, cos @
H? = [ )¢ 1
( 2n ) ®

The applicability of the LW equation has been tested for
modeling liquid flow in nanopores [7, 8]. To derive this
equation, it is assumed that the contact angle does not
change during the imbibition process. However, this
assumption is not correct in general since the contact angle
corresponds to the moving wetting line, and its value
therefore depends on the wetting-line velocity [9]. Hence,
modification of the LW equation is essential to take the
velocity-dependent dynamic contact angle (DCA) into
account. To estimate the DCA, various models of wetting-
line movement can be used, such as those based on
hydrodynamics [10, 11], molecular kinetics [12, 13], or
phenomenology [14], in which DCA is a function of
wetting-line velocity (i.e., dH/d¢). In this study, we focus on
the hydrodynamic and molecular—kinetic (MK) models
since they are among the top-cited models in the literature.
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Fig. 1 A schematic representation of flow of a liquid through a
nanochannel having the radius R. (Note that the time-dependent height
of imbibition is showed by H () for the liquid, which has the viscosity
and the surface tension 7 and ~;,, respectively. In addition, ideally, the
meniscus of the liquid has a parabolic velocity profile and makes a
contact angle (/) with the tube wall.)

In the context of the hydrodynamic model, the first
analysis was proposed by Voinov [15]. Later treatments
differ in some detail. However, they recovered an equation
of essentially the same form. To our knowledge, the most
complete analysis is the Cox equation [10] as follows:

\ n dH\ ! /3
64 = <Ge+9 Y_WE> (2)
and A=In(R/s), where R is the characteristic length of the
system, s is the slip length, and 64 and 6, denote the dynamic
and equilibrium contact angles, respectively. In the case of
the capillary penetration phenomenon, the characteristic
length R is the capillary radius, and the slip length s is the
distance from the capillary wall that defines a region where
the continuum description of fluid motion tends to break
down [16]. The value of slip length should be in the order of
molecular dimensions [17]. However, in practice, the
quantity s is usually treated as an adjustable parameter. The
modified version of the LW equation, including the effect of
the DCA on the penetration kinetics, is as follows:

dH  (Ry,cosy 3
dr < 4nH > 3)

The hydrodynamic model considers the dynamic wetting
process to be dominated by the viscous dissipation of the
liquid, assuming that the bulk viscous friction is the main
resistance force for the three-phase wetting-line motion. It
is worthwhile to note that the hydrodynamic model does
not take the characteristics of the solid surface into account,
which is the main limitation of the model. Additionally, the
physical meaning of the parameters in this model is not
unambiguous [18].

In contrast to the hydrodynamic model, the MK model,
which was first suggested by Cherry et al. [19] and Blake et
al. [12], excludes the viscous dissipation and takes the solid
surface characteristics into account [20] such that the energy

@ Springer

dissipation occurs only at the moving contact line. According
to this model, the macroscopic behavior of the wetting line
depends on the overall statistics of the individual molecular
displacements that occur within the three-phase zone, i.e., the
microscopic region where the fluid/fluid interface meets the
solid surface. The velocity of the wetting line is characterized
by K °, the natural frequency of the molecular displacements,
and ), their average length. In simple cases, A stands for the
distance between two neighboring adsorption sites on the
solid surface. Assuming the driving force for the wetting line
to be the out-of-balance surface tension force ~;,(cost.—
cosfy) and using the Eyring activated-rate theory for
transport in liquids gives a relationship between 64 and the
velocity of the wetting line dH/dr:

dH . 71 (cos 6. — cos 64)
—— = 2K % sinh |
dr - 2nis T

(4)

where 7 is the number of adsorption sites per unit area, kg is
the Boltzmann constant, and 7 is the temperature. For small
arguments of the sinh function, which occur when the
driving force is small (e.g., near equilibrium, close to the
critical temperature, or at high temperatures), the above
equation simplifies to:

dH K%

T w [71y(cos 6, — cos 04)] (5)
or

dH 1

k. 0, — cos 6

it = £ rn(oos. — cosou) (©

where (=nkgT/K°\ is effectively the coefficient of the
wetting-line friction and is a function of the liquid viscosity
and the interaction between the liquid and the solid surface
[21]. By combining Eqgs. 6 and 3, we obtain the desired
equation for the capillary imbibition as follows:

¢ (dH 4 dH
0, — > (= )| == nH == 7
Yiv [COS o\ ar 7™M (7)

While the experimentally determined values of A are
usually in the order of molecular dimensions, those for K °
can vary widely and generally decrease with increasing the
viscosity of liquid. Moreover, there is no definitive way of
predicting the values of A, K°, and ¢ for a given solid—
liquid system and therefore predicting the dynamic wetting
behavior from independently measured quantities. As a
consequence, A and K° (or () are usually treated as
adjustable parameters and should be obtained from exper-
imental results by the curve-fitting procedure. Another
problem intrinsic to the MK model is that there is no link to
the wider hydrodynamics of the system [22].
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In order to study the flow behavior of fluids inside
nanochannels, one can exploit the benefits of the molecular
dynamics (MD) simulation approach, which serves as a
powerful tool to explore the molecular details of phenomena.
To our knowledge, the first analysis of the capillary imbibition
at nanoscale using MD simulation was reported by Martic et
al. [13, 23, 24]. They verified the validity of the MK model
along with the LW equation to explain the dynamics of the
capillary imbibition at nanoscale. Recently, a general model
to demonstrate the fluid flow in nanopores has been
suggested by Dimitrov et al. [25]. This model is also based
on MD simulation. As detailed below, the kinetics of the
fluid penetration through nanopores was assessed with the
aid of the MD simulation code developed by Dimitrov et al.
[25], and then the applicability of the hydrodynamic and MK
models to derivation of the DCA was evaluated. In this
investigation, we deal with the capillary imbibition of a
polymer at a designed nanopore. In addition, an interesting
result regarding the role of the wall-polymer interaction in
the capillary imbibition process will be presented.

Model and MD simulation description

The model employed in this study is comprised of a
cylindrical nanotube with the radius R=10. The capillary
wall is presented by the atoms of a triangular lattice, which
has a lattice constant 1.0 in units of the fluid atom diameter
0. The atoms of the capillary wall can fluctuate around their
equilibrium positions at R+o, corresponding to a finitely
extensible nonlinear elastic potential (i.e., Urgng) as follows:

2
Upene = — 156, R2 ln(l - %) (8)
0

where ¢, is the depth of the potential well, R, is a constant
(Ro=1.5), and r is the distance between any pair of wall
atoms. In the above equation, €, is defined as follows:

ey = 1.0kgT (9)

where kg stands for the Boltzmann constant and 7 is the
temperature of the system. In addition, it is assumed that the
wall atoms interact by a Lennard—Jones (LJ) potential as
follows:

ULy(r) = 4eum {("_WW) 2 ("_WW)é] (10)

r r

where ey, and oy, are the depth of the potential well and
the effective molecular diameter, respectively, which are
determined to be e4,=1.0 and o,=0.8. Therefore, it is
ensured that no penetration of fluid particles through the wall

occurs. The right side of the capillary tube is closed by a
hypothetically impenetrable wall, which holds the fluid
particles inside the tube. The left side of the capillary tube
is attached to a rectangular reservoir 40x40 involving fluid
particles with periodic boundaries perpendicular to the tube
axis. To avoid entry of the fluid particles into the tube before
commencement of the MD simulation runs, the capillary
wall is assumed to be completely hydrophobic. Therefore,
the fluid particles remain in the reservoir as a stable fluid
film. At time =0, set to be the onset of capillary filling, the
hydrophobic wall-polymer interactions are changed to
hydrophilic ones and then the fluid enters the tube. At the
same time, the structural and kinetic properties of the
imbibition process are measured at equal intervals of time.
In all simulation runs, a maximum capillary length of H,.=
55 is used. In order to integrate the equations of motion, the
Verlet algorithm [26] is employed, and the temperature is
kept constant using a DPD thermostat [27] with a friction
parameter of £=0.5, Heaviside-type weight functions, and a
thermostat cutoff of 7.=2.50. The integration time step 8¢ is
obtained by the following expression:

ot = 0.01¢ (11)

where #, is the basic time unit, which is obtained by the
following equation:

mo?
ty = 12
° =\ 48ks T (12)

where m and kgT are chosen to be 1.

Here, our simulation is restricted to a polymer consisting
of short chains of length N=10. The bonded forces between
the chain monomers result from a combination of the
aforementioned FENE and LJ potentials with £=1.0 [28].
However, the wall-polymer interaction is regarded as a
variable parameter, which is given by an LJ potential with
strength ew;. To reduce the computation time, all inter-
actions are cut off at ».=2.50. The total number of fluid
particles is 25,000, while those forming the tube are 3,243.

To determine the surface tension and viscosity of the
polymer, following Ref. [29] for the polymer (at density
p1=1.043), it is found that n=205+25. A compatible value
for the viscosity is derived by applying an equilibrium MD
simulation and then using the correlation function of the
diagonal pressure tensor components and the standard
Kubo relationship [26]. From the flat gas—fluid interface
observed in the left side of our model, it is feasible to
estimate the surface tension 7, from the anisotropy of the
pressure tensor components [30] as follows:

= [ fpato - 2225220 (13)
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Fig. 2 Plot of the squared height of wetting as a function of the time
in the case of imbibition of a designed nanopore by a polymer for the
wall-polymer interactions 0.8 (o), 1.0 (¥), 1.2 (+), 1.4 (A), 1.6 (D),
1.8 (©), 2.0 (»), 2.2 (), and 2.4 (%)

The above equation yields 7,,=1.715£0.025 for the
polymer.

As mentioned previously, the interaction strength be-
tween the polymer and the wall is considered as a variable in
our MD simulations since it has been proved that this
parameter has a crucial influence on the imbibition process at
nanoscale. By varying this interaction strength, the wetting
behavior of the test fluid can be achieved in a wide range.

Note that the MD simulation described above does use the
dimensionless or reduced MD units to define all physical
quantities, including the nanoscale dimensions. There are
several reasons for doing this. One can refer to Ref. [31] to
know more detail. One reason for using such units is related
to the general notion of scaling, namely, that a single model
can describe a whole class of problems. In the other words,
when the properties of a given system have been measured
in dimensionless units, they can readily be scaled to the
meaningful physical units for each problem of interest.

Results and discussion

Figure 2 shows the time evolution of the squared height of
wetting. It implies that the length of imbibition depends
very sensitively on the strength of the wall-polymer
interaction. The simulation results are also summarized in

Table 1. This table indicates the correlation of the squared
length of imbibition as a function of time for different ey
values in terms of a statistical parameter, namely, the
squared correlation coefficient (R?). The R? statistic is used
almost universally in judging regression equations [32].
This statistic measures the correlation between the target
values and those predicted by a given model. The square of
correlation coefficient can take on any value between 0 and
1, with a value closer to 1 indicating that the model yields a
greater fitness. As can be seen from this table, for ey =0.8
and 1.0, a good correlation is not achieved. These cases
yield R*=0.0471 and 0.0874, respectively. However, for all
other values of ey, a very good relationship between the
squared length of imbibition and the time, ranging from
R*=0.9595 to 0.9961, is obtained. Incidentally, in the latter
ewr, values (i.e., ewp=1.2 to 2.4), the accuracy of the LW
equation is confirmed, whereas in the former choices of
ewr (i.e., ew=0.8 and 1.0), the simulation results do not
obey the simple LW equation, and a modification of this
equation is needed. Notice that only the contact angle
(static or dynamic) varies in the LW equation. From Fig. 2,
it is evident that there is an inverse relationship between the
wall-polymer interaction and the contact angle since for the
cases ewr>1.6, all simulation data, with a good approxi-
mation, fall in the same region. This implies that complete
wetting (i.e., cosf=1) occurs for those cases. As a result, a
partial wetting of the nanopore for ew <1.4 can be
anticipated.

In what follows, the reason for this observed discrepancy
between the results of MD simulation and the LW equation
is examined. First, the inertia effect in our simulations is
assumed to be small since the effect of inertia, which was
initially proposed by Rideal [33] and Bosanquet [34], is
only significant in the early stages of penetration or when
the capillary radius is large and/or the viscosity of liquid is
small. Therefore, this effect is ignored in the analysis of the
simulation results. In addition, the influence of gravity is
also negligible since the length of the nanotube is
sufficiently short to take this parameter into consideration.
As mentioned previously, this observed deviation from the
LW equation is a result of neglecting the DCA. In order to
demonstrate this fact, we should verify that the MD
simulation results are in good agreement with the LW
equation considering the DCA where the simple LW
equation is not valid (i.e., ewy=0.8 and 1.0). To this end,
we employed both hydrodynamic (i.e., Eq. 3 along with the

Table 1 Correlation of the squared wetting length as a function of time in the case of imbibition of a polymer into a designed nanopore for
various wall-polymer interactions (ewy) in terms of the squared correlation coefficient (Rz)

Swi 0.8 1.0 1.2 1.4
R 0.0471 0.0874 0.9820 0.9595

1.6 1.8 2.0 2.2 24
0.9860 0.9879 0.9938 0.9961 0.9948
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Cox equation) and MK (i.e., Eq. 7) models to obtain the
DCA and to correlate the DCA as a function of the
imbibition rate using the MD simulation data. The results of
this investigation are summarized in Table 2, where it can
be seen that for ey =0.8 and 1.0, R*=0.0230 to 0.1544 can
be achieved. This result justifies that both hydrodynamic
and MK models are not able to describe the kinetics of
polymer penetration at nanopores where the simple LW
equation tends to break down. Hence, a new model to
tackle this problem is needed.

To explain why this nonconformity occurs, the theoret-
ical background of these models is reexamined. Since the
MK model does not include the viscous dissipation, it is not
surprising that the model does not fit well with the
computationally achieved data set of the capillary imbibi-
tion of the polymer having a high viscosity. On the other
hand, the hydrodynamic model yields the better conclu-
sions (i.e., R*=0.1358 and 0.1544) compared with those
calculated by the MK model (i.e., R*=0.0273 and 0.0230).
However, these values are not still acceptable since the Cox
equation was developed to deal only with low capillary
numbers where the hydrodynamic model gives reasonable
slip length values. Capillary number Ca is given by Ca=nv/
Y1v» Where v is the velocity of imbibition. The slip length is
in the order of molecular dimensions only for a small range
of capillary numbers (i.e., Ca=0.005-0.1) [35]. This limit,
however, is not universal. For instance, Petrov et al. [36]
reported a Ca=0.002 in which the hydrodynamic model is
valid but they did not observe an upper limit for capillary
numbers to apply to the hydrodynamic model. Therefore,
further investigations are needed to confirm this limit. In
the present case, for ew;=0.8 and 1.0, Ca=0.1391 and
0.1935, respectively, can be calculated, which are not in the
range of the acceptable Ca for the hydrodynamic model.
Intriguingly, a recent experimental study pertaining to the
contact angle dynamics of the water droplets on surfaces
with various wetting properties showed that even for a
single liquid there is no universal expression to relate the
contact angle with the contact-line speed [37].

Table 2 Correlation of the dynamic contact angle as a function of the
wetting rate taken from the hydrodynamic and molecular—kinetic
models in the case of imbibition of a polymer into a designed
nanopore for various wall-polymer interactions (ewr ) in terms of the
squared correlation coefficient (R%)

Model type EWL R?

Hydrodynamic 0.8 0.1358
Hydrodynamic 1.0 0.1544
Molecular—kinetic 0.8 0.0273
Molecular—kinetic 1.0 0.0230

It is interesting to say that recently we performed the same
simulation procedure in the case of a simple fluid (i.e., an LJ
fluid) [38]. For this fluid, it was shown that generally the
simple LW equation is a reliable model to explain the
kinetics of the capillary wetting phenomenon. However,
nonconformity to this equation was observed in some cases
(i.e., small wall-fluid interactions) since the simple LW
equation overlooks the significant effect of the DCA on this
phenomenon. In addition, it was demonstrated that the LW
equation together with a hydrodynamic model (i.e., the Cox
equation) are able to justify the simulation results for those
cases, which are not in good agreement with the simple LW
equation. Note that these equations (i.e., the simple LW
equation in association with the Cox equation) are not able to
fit the simulation results in the case of polymer penetration
inside the nanochannel. In order to explain this observed
difference between a simple fluid and a polymer, let us
compare the characteristics of both fluids. Intriguingly, it is
found that the polymer has a higher viscosity (i.e., n=205+
25) than that of the LJ fluid (i.e., 7=6.34%0.15). Knowing
that the viscosity of fluid is a measure of interaction between
fluid particles [39], it can be concluded that the fluid—fluid
interactions affect the imbibition of nanochannels much more
than do the wall-fluid interactions where the interaction
between wall and fluid is weak. Moreover, generally, it was
found that higher viscosity of a fluid (i.e., higher fluid—fluid
interaction) leads to slower wetting rate of nanochannels.

In what follows, we would like to demonstrate an
interesting fact taken from our MD simulation results. As
can be seen from Fig. 2, there is a direct relationship
between the wall-polymer interaction and the speed of the
capillary imbibition. This corollary is in contrast with this
idea that the rate of the capillary imbibition is a non-
monotonic function of the solid-liquid interaction [21, 24,
40]. The latter idea, which is based on the MK model, says
that the strong solid-liquid interaction will have two
opposing effects: increasing the driving force for the
wetting (i.e., the out-of-balance surface tension force
Yv(cosf.—cosby)), but also increasing the resistance to the
wetting due to reducing the general mobility of molecules
within the three-phase zone. The mathematical proof of this
issue and related supporting evidence can be found in the
literature [21]. As a result, the maximum velocity at which
a liquid can wet a solid depends in a non-monotonous way
on substrate wettability [40]. The verification of this idea
has been presented in the case of the imbibition at
nanopores using MD simulation approach. We claim that
this conclusion is not correct in general. It is true as long as
the LW equation associated with the MK model is able to
describe the kinetics of the imbibition. As verified
previously, it happens when we confront the partial wetting
of a given system. In all other cases, the LW equation is
sufficiently enough to explain the kinetics of the imbibition.
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Now, let us briefly review the latter case (i.e., Ref. [24]).
They performed the large-scale molecular dynamics simu-
lations to study the details of liquid imbibition into a
cylindrical pore. The intramolecular interactions were
considered to be the LJ type. By changing the strength of
the wallfluid interactions, they were able to vary the
wettability of the nanopore. The dynamics of liquid
imbibition were followed for two pores of different radii:
50 and 70 A. During imbibition, the distance of meniscus
penetration and the relaxation of the dynamic contact angle
toward equilibrium as a function of time were measured.
For both cases (i.e., the pore radii 50 and 70 A), they found
the imbibition speed of the nanopore is a nonlinear function
of the fluid—solid interaction. The values of the wall-fluid
interaction were determined to be ey =0.8, 1.0, and 1.5,
and it was claimed that the case ey =1.0 corresponds to
the maximum speed of the wetting. The main flaw of this
work is that the consistency of the simple LW equation has
not checked. More precise assessment of the MD simula-
tion data in this work shows that for both cases ew;=1.0,
and 1.5 complete wetting occurs since simulation data, with
a good approximation, fall in the same region (see Figs. 5
and 6 in Ref. [24]). In addition, authors reported an
equilibrium contact angle 0 for both cases (see Table 2 in
Ref. [24]). Consequently, this result that there is an
optimum liquid to achieve the most rapid imbibition is
questionable. Now, let us present more evidence to support
this claim that there is a direct relationship between the
wall-polymer interaction and the speed of the capillary
imbibition. First, it is interesting to say that this conclusion
is in consonance with the recent work of Caupin et al. [41].
They tried to find an answer for this question that, what is
the maximum possible capillary rise for a specific fluid?
They considered the imbibition of various fluids at two
different geometries, a slit pore, and a cylindrical pore and
performed explicit calculations for the graphite and MgO
substrates. It was found that there is a direct relationship
between the maximum height of capillary rise and the
fluid—surface interactions. Second, a recent experimental
study of the penetration of polymer melts inside nano-
channels showed that higher solid—liquid interaction be-
tween the melts and the surface leads to more noticeable
flow of the polymer melts in the nanochannels [42].

Conclusions

MD simulation of imbibition of a polymer through a
designed nanopore was carried out, and the following
conclusions were obtained:

1. Generally, the simple LW equation is a reliable model
to explain the kinetics of this phenomenon. However,
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nonconformity to this equation is observed in some
cases since the simple LW equation overlooks the
significant effect of the DCA on this phenomenon.

2. Two commonly used models to derive the DCA, namely,
the hydrodynamic and MK models, were proposed.
However, the results showed that none of the evaluated
models is able to justify the simulation results in which
are not in good agreement with the simple LW equation.

3. Further investigation of the MD simulation data
revealed an interesting fact that there is a direct
relationship between the wall-polymer interaction and
the speed of the capillary imbibition.
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