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ABSTRACT: Capillary driven transport of liquids in nanoscopic channels is an omnipresent phenomenon in nature and technology
including fluid flow in human body and plants, drug delivery, nanofluidics devices, and energy/water systems. However, the kinetics
of this mass transport mechanism remains in question as the well-known Lucas-Washburn (LW) model predicts significantly faster
flow rates compared to the experimental observations. We here demonstrated the role of interfacial viscosity in capillary motion
slowdown in nanochannels through a combination of experimental, analytical and molecular dynamics techniques. We showed that
the slower liquid flow is due to the formation of a thin liquid layer adjacent to the channel walls with a viscosity substantially greater
than the bulk liquid. By incorporating the effect of the interfacial layer, we presented a theoretical model that accurately predicts the
capillarity kinetics in nanochannels of different heights. Non-equilibrium molecular dynamic simulation confirmed the obtained
interfacial viscosities. The viscosities of isopropanol and ethanol within the interfacial layer were 9.048 mPa.s and 4.405 mPa.s,
respectively (i.e. 279% and 276% greater than their bulk values). We also demonstrated that the interfacial layers are 6.4 nm and 5.3

nm-thick for isopropanol and ethanol, respectively.

Introduction

The spontaneous filling of conduits with small volume to
surface ratio with a wetting liquid is called the capillarity effect
(also known as capillary motion). Capillary motion is the
underlying mechanism for mass transport in many natural
systems such as the capillary rise of water and nutrients through
plants xylems [1, 2, 3, 4], transport of water from aquifer to
surface [5, 6] and the functioning of sweating glands in human
body [7]. Also, capillarity plays a critical role in different
microscale applications such as drug delivery [8], chemical
analysis [9] and microfluidics and energy storage devices [10,
11, 12, 13]. However, capillarity in nanoscopic channels/tubes
has recently gained substantial attention due to simplicity in its
operation, generating reasonably high flow rates and possessing
length scales comparable to ranges of intermolecular
interactions. Proton-exchange membrane full cells [ 14], thermal
management systems of electronics/photonics [15, 16, 17, 18,
19, 20], nanostructured material fabrication [15, 21], shale
gas/oil production [22], water desalination [23, 3] and
molecular separation [24, 25, 26] are only a few examples
where capillary filling in nanochannels plays an essential role.
Hence, understanding the physics of capillary motion in
nanoscopic conduits is a necessity for analysis of the pertinent
natural phenomena and enhancement of the related
technological applications.

Lucas and Washburn are widely recognized to have proposed
the first quantitative analyses of the capillarity kinetics in
cylindrical capillaries through a relationship later named Lucas-

Washburn (LW) equation that gives the liquid front position (x
) with time (t) [27, 28]:

x =K+t (1a)
K = ryeos 0720 (1b)

where 7 is the capillary radius, ¥ is the liquid surface tension, 8
is the liquid/channel advancing contact angle and i represents
the liquid viscosity. The LW equation coefficient K can be
modified for 2D channels (i.e. width much higher than the
depth) with rectangular cross sections and a height of h as

K =+/hycos 6/3u (1)

LW equation has been widely applied and verified for liquid
capillary flow characterization in microchannels, but significant
deviations are reported when compared against flow kinetics in
nanochannels [29]. In fact, liquids fill nanochannels
significantly slower than that predicted by LW equation, while
still complying with the x o« t relationship [30, 31, 32, 33, 34,
35, 36, 37, 38, 39]. Different studies have held a variety of
physical phenomena responsible for the observed reduction in
K. The electro-viscous effects [34, 36, 37], formation of gas
nanobubbles [35, 40], variable dynamic contact angle at the
liquid/channel wall interface [38], molecular structuring and
formation of a stagnant liquid layer adjacent to the walls [39,
41, 42, 43] and chemical selectivity of the nanochannels toward
specific liquids [32] are the main factors postulated to result in
slowdown of the capillarity in nanoscale channels.

The electro-viscous effect in nanoscopic confined flows is
caused by the presence of the electrical double layer near the
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liquid/wall interface. The electro-viscous effect can increase the
apparent dynamic viscosity due to the electroosmotic counter
flow induced by a streaming potential and lead to filling
slowdown. However, it has been shown that even the maximum
possible contribution of the electro-viscous effect cannot result
in filling speeds as small as those observed in the experiments
[44, 45]. In fact, the electro-viscous effect is not sufficiently
strong to account for the observed nanoscale capillary flow
slowdown. Formation of nanobubbles in front of the advancing
meniscus can slow down the imbibition by increasing the
viscous resistance against the liquid flow. Notwithstanding, the
bubble formation effect on capillary flow rate seems negligible
in sub-100 nm channels [40]. Eq. (1b) shows that variations in
the advancing contact angle between the liquid and wall can
directly influence the penetration rate in nanochannels. The
liquid penetration rate depends on the net force exerted on the
liquid column from different existing forces including the
capillary force, the inertial drag force and the viscous force. In
fact, LW equation is derived based on the balance between the
capillary and viscous forces. Hence, LW equation will not hold
in the early stages of liquid wicking when inertial forces are
dominant. Nonetheless, the inertia dominant regime has been
shown to last for very limited time (less than 1 ns) and so cannot
be responsible for the persistently slow capillary motion in
nanochannels [46].

Thus, current literature is still incapable of identifying the
mechanism(s) responsible for the capillary flow slowdown in
nanoscopic conduits. The strong liquid/wall interactions in
nanochannels can lead to formation of ultra-thin stagnant liquid
layers on the solid surface which can reduce the effective height
of the channel and results in increased flow resistance. For
example, an ice-like hydration layer can be formed by
reorientation and ordering of two to three layers of water
molecules due to the strong water/wall interactions in
hydrophilic channels [47].

An appropriate model can be developed by assuming that the
molecular interactions at the liquid/wall interface lead to
physical properties of a molecularly thin liquid layer adjacent
to the wall to be different from that in the bulk. Here, we
elucidate the role of interfacial viscosity in capillary motion in
nanochannels. We also demonstrate that by including the
interfacial viscosity effect in LW equation, it can be applied to
predict the kinetics of capillary motion in nanochannels.

[ Silicon 1
Flow,1t, —» L]
h FlOW,Ll; =i
Flow,1, —» (R
b Silicon J

Figure 1. The schematic of the interfacial layer developed in
nanochannels with a viscosity (#2) greater than that of the bulk
liquid (41).

Assume {2 to be the apparent viscosity of the thin liquid layer
with a thickness [s next to the nanochannel wall that differs from
that in the bulk 1 (Figure 1). The liquid, hence, moves with
different velocities, i.e., Uz and U1, respectively, according to
Navier-Stokes equation:

62u1 dp

M T dx (2a)
621,1.2 dp

W T dx (2b)

where p is the liquid pressure, and X and Z represent the
coordinates along the flow and channel height directions,
respectively. Integrating Eqs. (2a) and (2b) and applying
appropriate boundary conditions yields (see Supporting
Information, S1)

1(dp\z> 1 (dp\h* (dp\(1 1\(I
“ _#1(dx) 2 _uz(dx) 8 (dX)(ul_uz) 2) G

1 (dp\z*> 1 (dp\h?
w2 = Mz(dx) 2 llz(dx) 8 (36)
where h represents the channel height.

Mass flow rate 1 in the channel can be obtained as
h

I 5
m= pr(f wdz + fzuzdz) 4)
0 L

s

where p is the liquid density and W is the channel width.
Substituting Egs. (3a) and (3b) into Eq. (4) and integrating both
sides yields

. 1 1\ 1h%\p
i (u_l_u_z)(§) i) ©

where Ap represents the capillary pressure drop along the
liquid-filled part of the channel, x.

On the other hand, ™ can be written as

) hdx 6
m=pwh (6)

Substituting Eq. (6) into Eq. (5) and performing an integration
on both sides yields the following relationship between the
liquid front position and time:

2t (1 1)(12) 1h3
xr=—np| —|———|(z| - t
R\ T T w)\3) T e @
Substituting Ap = —2yk for capillary pressure in Eq. (7) yields
8yr\[(1 1\(& 1h3
= (h)(ﬂl_liz) 3 +#224\/Z ®)

where K denotes the mean curvature of the interface. For a 2D
nanochannel with a height of h and a width of w and a

11 1
liquid/wall contact angle of 8, we have k = E(E + ;)cos 0 [16].

It can be noticed that our governing equation for liquid
displacement with time (Eq. (8)) still complies with the x = K
Vt form proposed by LW equation, whereas for the
nanochannels, the coefficient K must be replaced with Ky
expressed as:

8yk\[(1 1\/& 1h3
Kne= (h) wmo w)\3 +ﬂ224 ©)
It can be seen that all the parameters needed to obtain Ky
according to Eq. (9) are known except for the interfacial viscous
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layer thickness, l; and the interfacial viscosity, f2. These values
are determined through experimental results and are compared
to the developed model, Eq. (8). In addition, experimental
investigations of liquid flow in nanochannels with different
heights as well as molecular dynamics (MD) shearing modeling
confirm the applicability of the developed framework for flow
in nanoscale conduits.

Experimental

Nanochannel Fabrication. Si nanochannels with heights of 20
nm, 40 nm and 80 nm were fabricated through a nanofabrication
process discussed in the Supporting Information, S2. Each set
of nanochannels includes 11 groups of channels with 9 parallel
channels in each group. Channels were designed with a width
of 5 um. Each nanochannel extends between two large micro-
reservoirs that are 20 pum deep. The profiles of different
nanochannels were characterized via Scanning Probe
Microspore (SPM) as shown in Figure 2 and their height
uniformity was confirmed (Figure S2 in Supporting
Information). Finally, the nanochannels were sealed on top with
a borosilicate glass through anodic bonding.

80 nm

Figure 2. Uniform profiles of Si nanochannels with different
heights probed with scanning probe microscopy (SPM).

Liquid Imbibition Visualization. The micro-nanofluidic chip
was plasma cleaned (Harrick Plasma, PDC-001, Ithaca, NY)
with Oxygen for 10 minutes before each run. The chip was then
placed on an Eclipse LVIOOND upright microscope stage
(Nikon Metrology Inc., Brighton, MI). Afterward, the liquid
was introduced to the device through the inlet of one of the
reservoirs. Once the reservoir was filled, liquid started to
penetrate the nanochannels due to capillarity. The liquid
transport in the nanochannels was visualized through a Phantom
V711 high-speed camera (Vision Research Inc., Wayne, NJ)
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coupled with the optical microscope system. Representative
snapshots of capillary flow of IPA in nanochannels with
different heights are shown in Figure 3. The liquid front (i.e.,
liquid/air interface) displacement in the nanochannels with
respect to time was extracted by image-processing the captured
videos using a developed MATLAB code [48]. Experiments
were carried out for two types of organic liquids, i.e.,
isopropanol, also known as IPA, and ethanol. These liquids
provide total wetting condition in the Si nanochannels. For each
set of liquid and nanochannel height, a minimum of 10
experiments were performed and the results were averaged. The
ambient temperature was maintained at 20°C throughout the
experiments via an active heating/cooling system.

Figure 3. Snapshots from capillary flow of IPA in nanochannels
with different heights (h) all taken 1.2 seconds after flow
initiation demonstrate that liquid transport is significantly faster
for nanochannel with larger heights. The scale bar is equal to
50 um,

MD Simulation. In the simulations, the model consisting of
720 organic liquid molecules confined between two silica
substrates as shown in Figure 4 was developed. The
approximate dimensions of 7nm (x) X 7nm (y) X 1.5nm
(z) were used for the silica substrates. Two different types of
organic liquid molecules, i.e., C3H;OH (IPA) and C,Hs;OH
(ethanol) were studied. Periodic boundary conditions were
applied in the X and Y directions. Since simulating channels
wider than 10 nm is impractical for MD simulations due to the
computational cost, the thickness of the IPA and ethanol liquid



Nanoscale

layer for the simulation was around 2 nm. We indeed performed
simulations on a larger channel height (3.5 nm) at a shear
velocity of 100 m/s and found the calculated viscosity (1.18
mPaS) to be similar to that from the 2 nm case (1.11 mPaS). We
thus chose to use the smaller system to calculate the apparent
viscosity at other shear velocities.

The amorphous silica substrate was modeled using the BKS
force field [49, 50]. The popular OPLS-AA force field [51, 52]
was adopted to model the organic liquids. The non-bond
interactions between silica and organic liquids were simulated
using the following Lennard-Jones (L-J) interaction equation

12 6

k) -F)

where € and 0 are the energy and length constants, respectively,
and 77 is the distance between two atoms, i and j. A cutoff of 1
nm was chosen for the L-J interactions.

E =4¢ (10)

The long-range electrostatic interaction in the entire system was
computed by the PPPM (particle-particle particle-mesh)
approach with an accuracy of 1 X 107>, Simulations were
performed using the large-scale atomic/molecular massively
parallel simulator (LAMMPS) [53] with a chosen time step of
1 fs.

First, the system was energy-minimized and equilibrated in a
canonical ensemble (NVT) at 295 K for 0.5 ns. Then, the system
was optimized in an isothermal-isobaric ensemble (NPT) at 1
atm and 295 K for another 2 ns. After the structures were fully
relaxed, the top part of the silica substrate was sheared by
translating the top slab at constant speeds of 100, 200, 400, 600
m/s, which corresponds to shear rates on the order of 10'°-
10'!/s, similar to those used in other non-equilibrium molecular
dynamics (NEMD) simulations [54, 55, 56, 57, 58, 59]. The
viscous heat generated during the shearing simulations was
dissipated using a thermostat acting on the relaxed portion of
the silica substrate [60]. This indirect heat dissipation method
can overcome the disadvantage of directly thermostating the
fluid which perturbs liquid molecular dynamics [61, 62]. The
Navier shear viscosity was calculated as 4 = — Sy,/V where ¥
is the shear rate, and Sy is the shear component (xz) of the stress
tensor, which consists of the kinetic energy contribution and the
virial term [63].

Figure 4. An example model setup for shearing simulations, where
the relaxed silica region is thermostatted at 295 K during the
shearing process to dissipate the viscous heat. The top silica
substrate moves at different speeds in the x-direction.

Results and Discussion

Experimental Results. The capillary motion of IPA and
ethanol inside the nanochannels of variable heights were
monitored with respect to time. It was observed that liquid
imbibition always follows a x X «/t relationship. However, the
proportionality constant was significantly smaller than that
predicted by LW equation (K). As shown in Figure 5, for all
channel heights used in this study, significant deviations in IPA
capillary flow kinetics between the experimentally obtained
data and those predicted by LW equation were observed.
Analogous behavior was observed in the imbibition of ethanol
(see Figure S3 in Supporting Information). Figure 6 shows the
deviations for different channel heights that were calculated as
the difference in percentage between the slope predicted from
LW equation (K) and slope of the linear regression fitted to each
data set.

500

4
0‘.
.0
400 | at
+ <
*
300 5
— ’
£
=
% 200 - ° B Experiment, h=80 nm
@® Experiment, h=40 nm
hd ® Experiment, h=20 nm
100 £ = LW equation, h=80 nm
e LW equation, h=40 nm
= LW equation, h=20 nm
0 " 1 M 1 " 1 "
0 1 2 3 4

t1l2(s1l2)

Figure 5. Comparison between LW model prediction and the
experimental results for liquid meniscus position versus square root
of time in nanochannels with different heights for capillary filling
of [PA.

The divergence between the experimental observations and
theoretical data based on LW equation increases for channels
with smaller heights. As shown in Figure 6 the mismatch can
become as large as 45% for the nanochannels with a height of
20 nm. In addition, LW equation error was greater in
experiments with IPA compared to ethanol which implies that
the effect of interfacial viscous layer is more pronounced in
capillary flow of IPA. More explanation on this is provided in
the remainder of this paper.
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Figure 6. The deviation between the LW model and the
experimental results for imbibition coefficient increases for
channels with smaller heights.

Interfacial Viscous Layer Thickness Calculation. As
discussed earlier, development of a several molecule-thick
interfacial layer adjacent to the walls with a viscosity greater
than the bulk slows the capillary filling in nanochannels. The
yet unknown thickness of this layer I plays a critical role in
determining the imbibition rate as expressed in Eq. (8). It must
be noted that the radial distribution function profiles for both
organic liquids (Figure S4 in Supporting Information) manifest
strong layering effect near the walls. Hence, in accordance with
previous studies [64, 65], ls is presumed to take on values that
are multiples of the liquid molecular size i.e., [y = nd, where d
represents the liquid molecular diameter. Two different
analytical methods were employed to solve for [s.

In the first approach, an initial guess for n was used to calculate
ls. Then, Eq. (8) was solved for {2 by substituting a datum point
(x,t) from the experimental results for a 20 nm tall channel. As
the interfacial layer forms owing to the liquid/wall interactions,
its thickness depends on liquid and channel material properties
but remains insensitive to the channel height. Hence, the
obtained ls and uz were, subsequently, substituted in Eq. (9) and
K¢ values were calculated for channels with heights of 40 and
80 nm. For both h = 40 nm and h = 80 nm, fitting of x = Ky¢
Vt to the experimental data was evaluated for the obtained Knc
value. This process was repeated for different input values for
n. Eventually, the n value that produced the closest matches to
the experimental data for all channel heights was adopted to
calculate [s.

In the second strategy, ls was obtained by solving a system of
equations for each liquid. By writing Eq. (8) for channels with
3 different heights, a system of equations was formed:

(8y;c20) (1 1)(13) 1 k3o
- —— =]+ E=
x hao J\\u1  12J\3) 1224 NE=0

(SVK40) (1 1)(13) 1 hio
_ — =]+ t=
x hao J\\tt1  12/\3 H224\[ 0 an
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8ykso\(f1 1\(13\ 1hdo

x- ( hgo ) (Hl Mz)(3)+ll224 NE=0
where the subscripts for h and k show the corresponding
channel height. Note that to increase the reliability of the
solution an overdetermined system of equations was formed
and the number of equations exceeded the number of unknowns,
i.e., Mz and ;. Therefore, the solution was obtained by
minimizing the Frobenius norm of the residual [66]. In addition,
a constraint of s = nd was imposed to limit the interfacial layer
thickness to only take on values that are multiples of the liquid
molecular size. By substituting three data points (x,t) from
experiments in channels with heights of 20, 40 and 80 nm,
respectively, the system of Egs. (11) was solved and ls was
obtained.

As expected, both methods resulted in identical solutions for [
for both TPA and ethanol. Our results indicated that n =4
produces the closest match to the experimental data for
imbibition of IPA, whereas the best match for ethanol was
obtained for n =12, Since the molecular sizes for IPA and
ethanol are djpg=1.605nm and dethanor = 0.44 nm, the
obtained 7 values correspond to Is = 6.42 nmand [; = 5.28 nm
for IPA and ethanol, respectively. Figure 7 depicts the
experimental data for imbibition of IPA in a 40 nm channel and
the generated theoretical results based on Eq. (8) for several n
values. Utilizing the definition of coefficient of determination
(COD) the goodness of fits was evaluated and n =4 was
confirmed to yield the closest agreement with the experiment.
Figure S5 in Supporting Information also shows the
experimental data for capillary filling of ethanol in a 40 nm tall
channel where n = 12 generated the closest match. In addition,
as shown in Figure 8, for both IPA and ethanol, the obtained n
values resulted in close agreement between the model and the
experimental data for all channel heights. The small deviations
between the model and the experimental data for 20 nm
channels are attributed to changes in the effective channel
height after anodic bonding. In fact, the electrostatic
interactions undergone during the anodic bonding of silicon and
glass are sufficiently strong to induce small deformations and
decrease the effective height of the channel compared to the 20
nm height measured prior to the bonding and cause small
changes in filling rate.

The obtained s values also explain the difference in deviations
between the experiments and LW equation observed for IPA
and ethanol in Figure 6. In fact, the larger thickness of IPA
interfacial layer compared to ethanol (6.42 nm versus 5.28 nm
) results in a more significant contribution of this effect to the
kinetics of the overall process. Therefore, since LW equation
does not consider the interfacial layer effect, its deviations from
experiments increases for flow of IPA.
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Figure 7. The COD values show that n=4 yields the closest match
between our model and the experimental data for imbibition of IPA
in 40 nm channel.
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Figure 8. The predicted results show close agreement with the
experimental data for all channel heights for (a) IPA and (b)
ethanol.

Interfacial Viscosity Calculation. As discussed earlier, the
liquid viscosity within the interfacial layer adjacent to the walls,

Uz is larger than that in the bulk, 1. Either by solving the system
of equations shown in (11) for each liquid, or following the first
approach described in previous section, Uz values can be
obtained as one of the unknowns. Table 1 shows the calculated
U values along with the reference values of 1 for both IPA and
ethanol [67].

Table 1. Comparison between the theoretically obtained interfacial
viscosities of two organic liquids studied in this work and their
reference bulk viscosities at 20°C and 1 atm.

Liquid H“i1(mPa.s) Uz(mPa.s)  Difference (%)
IPA 2.390 9.048 279%
Ethanol 1.173 4.405 276%

It can be seen that IPA and ethanol experience a 279% and a
276% increase in viscosity adjacent to the channel walls,
respectively. This increase in viscosity can be attributed to the
van der Waals and electrostatic interactions at the liquid/wall
interface.

Shear viscosities for both IPA and ethanol were calculated
through NEMD simulations, as well. The NEMD method is
chosen for shear viscosity calculation due to its robustness
compared to equilibrium molecular dynamics simulations (such
as Green-Kubo formula) that generally suffer from thermal
fluctuation-induced noise in the auto correlation function.
Several different shear velocities (Vs) ranging from 10 to 100
m/s were used, and the calculated shear viscosities are shown in
Figure 9. It is known that shear-thinning behavior (shear
viscosity decreasing with shear rate) can happen for both IPA
and ethanol as reported previously [68]. However, due to the
time (~ns) and length (~nm) scales of the MD simulations, the
shear rate in the simulation is much higher (10'°-10'"/s) than
that in the experiments (~10%s). Thus, for a fair comparison
with experiments, interfacial viscosity should be obtained by
extrapolating the NEMD results to the low shear velocity limit.
We fitted the NEMD data by applying the Carreau-Yasuda
relationship [69, 70]:

](n—l)/a (12)

w=po [1+ AVy)*
where A is a constant with a unit of (m/s) ! and n and a are
dimensionless constants. fto (Pa.s) is the Newtonian viscosity,
i.e., the liquid viscosity at zero shear rate. This model predicts
a constant viscosity at low shear velocities that transitions to
shear-thinning as the shear exceeds a certain threshold.

Final shear viscosities of the liquids were obtained by
evaluating U values of the fitted regression at Vs =0. The
plateau shown in the inset of Figure 9 represents the constant
viscosity region at low shear rates for both liquids. We note that
since the channel height of 2 nm in the simulations is smaller
than the estimated interfacial layer thickness, the predicted
viscosity is mainly influenced by the liquid/wall interaction and
should be compared to the interfacial viscosity, 42, in Table 1.
The calculated viscosities for both liquids are in close
agreement with the experimentally obtained interfacial
viscosity values, as demonstrated in Figure 10.

It must be added that while liquid slippage in hydrophobic
nanochannels is common, the confined liquid velocity profiles
obtained from NEMD simulations (Figure S6 in Supporting
Information) show no flow slippage during the filling process.

Page 6 of 11
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This can be justified considering the strong affinity between the
organic liquids and silicon walls.
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Figure 9. The shear viscosity values for isopropanol and ethanol at
different shear velocities obtained from NEMD simulations and the
analytical fit to the data.

12
[EIReference (Bulk)
[IEINEMD simulation

10t [ Experiment (Interfacial)

H (mPa.s)

Ethanol

Isopropanol

Figure 10. Bulk viscosity of IPA and ethanol compared with their
interfacial viscosity values obtained through numerical simulation
and our theoretical model solution.

In conclusion, in this study we proposed a theoretical model for
capillary flow in nanoscale conduits as the well-known Lucas-
Washburn equation has been confirmed to be incapable of
predicting the liquid flow kinetics in channels with nanoscopic
heights. Our model incorporated the interfacial viscosity effect
on the kinetics of liquid imbibition in nanochannels and was
able to successfully predict the capillary flow rates for different
liquids in channels with different heights as compared against
experimental observations. In fact, we illustrated that the
increased viscosity in a several molecule-thick layer adjacent to
the walls is the primary reason for the lower rates of capillary
motion observed in nanoscopic channels. MD simulations were
also conducted and shear viscosities of the liquids studied in this
work were obtained through NEMD, which matched the
experimental results very well. The close agreement between
the results from the experimental data based on our model and
the numerical simulations underscores the role of interfacial
viscosity in capillarity slowdown in nanochannels and clarifies

Nanoscale

the underlying physical phenomena responsible for the slow
filling in nanochannels.
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