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Hydrophobic nanochannel plays a significant role in many physical, biological, and geological phenomena and ex-
hibits impressive applications due to both its ubiquitous distribution and great ability to transport hydrophobic molecules,
including various oils and gases. Based on theoretical modeling, we herein reveal that the amphipathic Janus nanoparticles
have a large probability to self-assemble into uninterrupted hydrophobic nanochannels inside the aqueous nano-space, al-
though there are large portions of the Janus nanoparticles to be hydrophilic. The key to this observation is the attractions
between the hydrophobic regimes on neighboring amphipathic Janus particles through hydrophobic interaction in aqueous
nano-space. More surprisingly, the permeation efficiency of hydrophobic molecules through the uninterrupted hydrophobic
channel in Janus particles aggregate is even higher than that in the aggregate of hydrophobic particles. We note that the
proposed amphipathic Janus particles can be transported to the appropriate positions by the water since the hydrophilic
regimes still remain a strong particle–water interaction. We also note that most natural subsurface rocks are not completely
hydrophobic or hydrophilic but have complex surfaces with inhomogeneous wetting property. Our work therefore provides
a detailed molecular level understanding of the formation of underground strata as well as the new insight for constructing
the artificial hydrophobic channels for various applications, such as the design of proppants to enhance the recovery of the
unconventional oil/gas.
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1. Introduction
Hydrophobic nanochannel, which provides an efficient

way to transport hydrophobic molecules, plays an essential
key role in a plethora of important physical processes rang-
ing from the energy fuel storage,[1,2] nanofluidic channel,[3–5]

hydrophobicity-based gating and separation,[6–8] to oil and
shale gas exploitation.[9] One of the most direct mechanisms
of the hydrophobic channel formation is through the self-
assembly[10–13] of hydrophobic nanoparticles in aqueous so-
lutions. However, a solid particle in nature rarely possesses
a completely hydrophobic surface. Instead, most of them
have a mixed surface with both hydrophobic and hydrophilic
regimes.[14] Moreover, in the practical application, due to the
weak interaction with water, it is very difficult to insert the hy-
drophobic nanoparticles into a confined nano-space. For ex-
ample, in the hydraulic fracturing for the exploitation of oil
and shale gas, proppants are widely used to prop the frac-

tures and help the escape of oil/gas under the huge pres-
sure underground. The hydrophilic particles are usually used
as proppants since they can be easily inserted into the frac-
tures by the water flow owing to their strong water–particle
interaction. It is clear that a hydrophobic channel cannot
be formed by those hydrophilic particles. In fact, a big
and well-known problem encountered while using these hy-
drophilic proppants is that, together with water, they usually
block the permeation of the hydrophobic oil/gas (which is
called water blocking[15]) and thus greatly reduce the oil/gas
recovery.[16,17] We note that there are many hydrophobic chan-
nels, such as carbon nanotubes,[18] fabricated and studied in
the past several decades.[19–26] However, these artificial hy-
drophobic nanochannels still remain unavailable for many
practical applications.

A nanoparticle with an inhomogeneous surface wetting
property (so called amphipathic Janus particle[27–29]) may
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provide a new way to address the challenge. Amphipathic
Janus particles have exhibited impressive potential in a wide
range of applications, such as controllable pore,[30,31] emul-
sion polymerization,[32] water-repellent fibers,[33] and colloid
surfactant.[34] The aggregating behavior of amphipathic Janus
particles in an interface has been studied both theoretically
and experimentally.[35–38] In the confined space, very recently,
Fernandez et al.[39] theoretically studied the assembly pro-
cess of the two-dimensional model Janus disks in a confined
channel-like environment and received an energetically stable
morphology. Little attention, however, has been paid to the
formation of the hydrophobic nanochannel aggregated by the
amphipathic Janus particles in aqueous nano-space, especially
on the behavior of the permeation of hydrophobic molecules
through the hydrophobic nanochannel.

We herein show, based on the theoretical modeling, that
amphipathic Janus particles have a large probability to self-
assemble into an uninterrupted hydrophobic nanochannel in
the confined aqueous nano-space. Although the amphipathic
Janus particles possess some hydrophilic regimes on the sur-
face, the hydrophobic regimes on neighboring amphipathic
Janus particles attract each other through hydrophobic interac-
tion, and therein the uninterrupted hydrophobic channel spon-
taneously emerges. More surprisingly, the permeation effi-
ciency of hydrophobic molecules through the uninterrupted
hydrophobic channel of aggregated Janus particles is even
higher than the permeation efficiency through the hydropho-
bic channel of aggregated hydrophobic particles. The hy-
drophilic regimes on the Janus particles still have a strong in-
teraction with water so that the particles can be inserted into
the nano-space by the water flow. We therefore provide a de-
tailed molecular level understanding of the formation of under-
ground strata due to the amphipathic property of most natural
subsurface rock. Furthermore, our work suggests a possible
new treatment to construct artificial hydrophobic channels for
various applications, including the design of proppants to en-
hance the recovery of unconventional oil/gas.

2. Method
Two sets of MD simulations are performed and the details

of the simulations are displayed as follows to figure out the
self-assembly process of the nanoparticles in confined aque-
ous nano-space as well as their performance in enhancing hy-
drophobic molecule flux through a water layer.

The first set of self-assembly simulation systems are per-
formed in the NVT ensemble using Gromacs 4.5.4.[40] GMX
forcefield is applied.[41] The common SPC/E water model[42]

is used as well. A constant temperature is maintained by the
velocity-rescale method with the coupling time of 1 ps. The
temperature of the simulation is set to be 300 K. The simula-
tion time is 100 ns with the timestep of 2 fs. The simulation

data is collected with the frequency of per 1000 steps. The
whole simulation box is set to be 5.200×6.000×23.191 nm3

accordingly. The periodic boundary condition is applied to
all three directions. The long-range electrostatic interaction is
calculated by the particle-mesh Ewald (PME) method with a
real space cutoff of 1.2 nm. The cutoff distance of the van
der Waals (vdW) interaction is 1.2 nm as well. The Lennard–
Jones parameters of the carbon atom on methyl (-CH3) and
the oxygen on hydroxyl (-OH) are εcc = 0.180 kcal/mol, σcc =

3.786 Å and εoo = 0.203 kcal/mol, σoo = 2.955 Å. The initial
velocity is generated according to the Maxwell distribution at
the temperature of 300 K. Using the untied atom model, the
methyl (-CH3) in our systems is represented by the single C
atom according to the parameters in the forcefield.

Many parameters in the second set of simulations keep
the same as the first one. However, the whole simulation box is
set to be 5.200×6.000×40.000 nm3, namely, there is enough
empty space on the right for gas to diffuse. The methane here
is also denoted by the single sphere with the parameters of
εcc = 0.302 kcal/mol and σcc = 3.710 Å. The main simula-
tion time is set to be 200 ns with the timestep of 2 fs after the
optimization process for 100 ps.

The Molcal package[43] is used to draw the hydropho-
bic nanochannel among the particle configurations according
to the vdW interaction distance of the atoms consisting the
nanochannel. The detailed description of this method has been
presented (Fig. S3).

3. Results and discussion
3.1. Self-assembled configurations of the nanoparticles

Three types of the model amphipathic Janus particles,
with the hydrophobic area of nearly 2/3 (pattern-1), 1/2
(pattern-2), and 1/3 (pattern-3) on the surface, are used in our
study. The surfaces of the particle are modified using methyl
(-CH3) and hydroxyl (-OH) to adjust the local hydrophobicity.
Considering the affinity of hydrophilic groups to each other
during the preparation,[44] we design the patterns with local-
ized amphipathic regimes on the particle surface (Fig. S1). For
comparison, we also prepare the hydrophilic and hydrophobic
particles where the surface is completely hydrophilic or hy-
drophobic.

We first study the aggregated configurations of those par-
ticles in a nano-size space,[45] which determine the methane
permeability since the capillary effect is significant in the
micro-pores and water can completely block the hydrophilic
fractures. The simulation system is composed of 16 particles
soaked in water (Fig. 1(a)). The particles and water are con-
fined by a model fracture of 5.7 nm vertical separation dis-
tance (details of fracture construction and particle positioning
are given in Fig. S2). Initially, the particles are placed ran-
domly but do not overlap with each other or with the inner
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surface of the nano-space. For each type of particle, 10 sets of
initial configurations with different particle positions and ori-
entations are used (to the best of our capability) to generate a
statistically reasonable result. To consider the influence of wa-
ter flow during the hydraulic fracturing, a constant force with
the magnitude of 1600 kJ·mol−1·nm−1 toward the left side is
applied to the particle group in our simulation. The force is
equally distributed to the particles, driving them to the left side
of our system. 100 ns MD simulations are performed.

(a)

(b)

(d)

(c) interrupted uninterrupted

N

 / //

Σ

F

Fig. 1. (color online) Proportion of forming an uninterrupted hydropho-
bic nanochannel inside the self-assembly particle configurations and its
application in enhancing the gas permeation. (a) Initial configuration
of the first set of simulations. The system is composed of fracture and
16 particles socked in the water (OH groups: red and white, carbon
atoms and CH3 groups: green). The water is represented by the trans-
parent part. A small force towards the left side has been applied to
the particles. (b) Example of forming interrupted and uninterrupted hy-
drophobic nanochannels inside the particle assemblies. The red and
blue segments stand for the interrupted and uninterrupted nanochan-
nels, respectively. (c) Number of the systems forming interrupted and
uninterrupted hydrophobic nanochannels inside the aggregated particle
configurations for each kind of particle in all 10 sets of systems. Red
and blue blocks denote the number of the system forming interrupted
and uninterrupted nanochannels, respectively. Σ represents the propor-
tion of the hydrophobic regime on each particle surface. N denotes the
number of the systems with uninterrupted hydrophobic nanochannels
(together with the black line). (d) Main scheme of the simulation sys-
tem to test the permeability of the methane through the blockage caused
by the particle configuration together with the water. Typical result of
200 ns is shown for the pattern-1 system. The orange spheres represent
the methane molecules.

For the patterned as well as the fully hydrophobic sys-
tems, the hydrophobic regimes of the particles are likely to as-
sociate together and generate the tortuous and water-repelling
nano-crevice (namely, hydrophobic nanochannel). The typical
configurations of the interrupted and uninterrupted hydropho-
bic nanochannels inside the particle assemblies are presented
in Fig. 1(b). In Fig. 1(c), for pattern-1 (pattern-2) particles,
9(5) out of 10 sets of simulation trajectories have the uninter-
rupted hydrophobic nanochannels connecting two ends of the
assemblies (see also Fig. S3). No uninterrupted hydrophobic
nanochannel exists inside the assemblies of pattern-3 systems.
As a comparison, the assemblies of pure hydrophobic parti-
cles always have the uninterrupted nanochannels while those
of pure hydrophilic particles have no hydrophobic nanochan-
nel. We also note that it is quite a bit harder for the fully hy-

drophobic particles flowing with the fluid into the fractures
(Fig. S4). The properly engineered Janus particles are there-
fore the optimized candidate for extracting methane confined
in the fracture. In the following, we carry out a detailed analy-
sis for the methane permeability in the micro-pore jammed by
water and the aforementioned proppant particles.

3.2. Permeability of methane

We now study the molecular details of methane perme-
ation through these hydrophobic nanochannels. The aggre-
gated particle configurations obtained from previous simula-
tions are inserted into a tube-like fracture opened at one end.
The space between the hydrophilic inner wall of nano-space
and the particle assembly is filled with methane molecules,
which are separated from the particle assembly by a cubical
water body (Fig. S5). The geometry of a typical pattern-1 sys-
tem at 200 ns is shown in Fig. 1(d). The average numbers
of the methane molecules escaping from the blocking region
with respect to time are presented in Fig. 2. Intuitively, the
completely hydrophobic assembly is much more permeable
compared to the completely hydrophilic assembly. The strik-
ing observation here, however, is that some of the partially
hydrophilic assemblies such as pattern-1 and pattern-2 can be
more permeable than the completely hydrophobic one despite
the weaker connectivity of their hydrophobic nanochannels.
As shown in Fig. 2, pattern-1 and pattern-2 systems have the
fast escaping rate. For the pattern-1 system, the average es-
caping number of the methane is 82.6 in 200 ns, similar to
pattern-2 systems of 90.3. As a comparison, the average es-
caping number in the hydrophobic system is only about 69.9
in 200 ns, much lower than the other two systems. The de-
tailed escaping number of each system and the average result
of all systems have also provided (Fig. S6).

0 40 80 120 160 200

0

30

60

90

one

one

pattern 2

hydrophobic

pattern 1

avg

avg

t/ns

avg
one
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Fig. 2. (color online) Escaping numbers of the methane in different par-
ticle configurations. Number of the methane gas permeating out of the
blockage versus the simulation time in the typical pattern-1, pattern-2,
and hydrophobic systems. t and n are the simulation time and the num-
ber of the escaping methane molecules, respectively. The blue, purple,
and orange colors correspond to the results of pattern-1, pattern-2, and
hydrophobic systems. Symbol and line are used to represent one typical
result and the averaged result of these three systems, respectively.
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3.3. Configuration of the water body

To explain the unexpected observations of permeability,
we next examine the configuration of the water body in the
tube.[46] Within ∼ 20 ns the initial cubical water bodies in
all the systems gradually collapse and reach the converged
shapes. This stable stage then lasts till the end of the simu-
lations (see the Appending Movies).

For the typical system with the pattern-1 particles, the wa-
ter blockage between the methane molecules and the nanopar-
ticle assembly is broken after 20 ns (Fig. 2), which leads to
the fast methane molecules escaping (∼ 85.0 in 200 ns). The
number of the escaped methane molecules increases quickly
from t = 20 ns to t = 50 ns, and becomes constant afterward.
Similar results are observed for pattern-2 system. In these two
systems, sizable hydrophilic regions are formed in the fracture
within the particle assemblies. Water molecules are absorbed
into these hydrophilic regions as well as onto the inner surface
of the fracture, resulting in the shrinking or destruction of the
initial water blockage.

In the complete hydrophobic system, on the other hand,
no hydrophilic region exists. Water molecules are only ab-
sorbed onto the fracture surface. The water blockage remains
intact during the whole simulation. A methane concentration
gradient exists in the water body, which drives the perme-
ation of methane gas across the water blockage.[47] After all,
methane can still permeate through the complete hydrophobic
system, but the permeation is much slower comparing to the
patterned systems with uninterrupted hydrophobic nanochan-
nels.

3.4. Time evolution of methane density distribution

To study the methane diffusion in the confined fracture,
we calculate the time dependent spatial density distribution of
the methane at four different moments 1 ns, 8 ns, 15 ns, and
100 ns. The normalized density (average over 1 ns) of the
methane gas is projected to the yz plane. The density plot for
the pattern-1 system is presented in Fig. 3. Plots for other sys-
tems are also provided (Fig. S7).

At 1 ns, the density of the methane gas in the block-
ing region from 0 to 8 nm in the z direction is higher than
2.4× 10−4 nm−2 and no methane molecule exists in the free
diffusion region (out of the fracture) where z > 22.17 nm. The
methane gas has a higher density, nearly 3.2×10−4 nm−2, at
the region near the fracture surface due to the attraction. At
8 ns, the density inside the blocking region decreases, while
that in the particle region increases to a magnitude of more
than 8× 10−5 nm−2. No methane exists in the diffusion re-
gion so far. At 15 ns, the methane density inside the block-
ing/particle region continues to decrease/increase compared to
8 ns. The density in the free diffusion region increases to less

than 8×10−5 nm−2. At 100 ns, the density in the blocking re-
gion and the free diffusion region reaches a dynamic equilib-
rium. The balanced density of the methane gas in both block-
ing and diffusion regions is < 8× 10−5 nm−2. The methane
density is up to 8× 10−5 nm−2 near the fracture surface, and
becomes extra high (∼ 3.2×10−4 nm−2) inside the hydropho-
bic nanochannel in the particle assembly.

0 7 14 21 28 35
0
2
4

100 ns

15 ns

8 ns

1 ns

z/nm
y
/
n
m

0

3.2

1.6

T-4 nm-2

Fig. 3. (color online) Diffusion process of the methane in the typi-
cal pattern-1 system. Density distributions of the methane gas in the
pattern-1 system versus the simulation time. The figure shows the aver-
age distributions of the methane gas per ns at the simulation time around
1, 8, 15, and 100 ns. Different color gradients stand for the different
densities of the methane gas. The blue color represents the highest den-
sity (3.2×10−4 nm−2) of the methane gas around and the white regions
stands for the lowest density (0×10−4 nm−2).

3.5. Confined methane diffusion within the hydrophobic
nanochannels

Discussions in the previous sections established that with
the same amount of water, certain assemblies formed by
amphipathic Janus particles can absorb water into their hy-
drophilic nano-crevices, which leads to the thinner water
blockage and therefore faster methane permeation. In the
section, we demonstrate that even after methane molecules
pass through the water blockage and reach the hydrophobic
nanochannels in the particle assemblies, their permeation is
still faster for some of the patterned systems with an uninter-
rupted nanochannel than the completely hydrophobic one.

The self-diffusion behavior of methane within the par-
ticle assemblies is described using van Hove distribution
G(r, t).[48,49] This function is defined as the average probabil-
ity to find a particle at the position r at the time t, given that
the particle is located at the origin point at t = 0. G(r, t) of the
methane inside the hydrophobic nanochannels along the diffu-
sion direction are calculated for the typical pattern-1 and hy-
drophobic systems at the time interval of 2 ns (Fig. 4(a)) (see
also Fig. S8). For the diffusion distance r > 5.5 nm, G(r, t) of
the pattern-1 system is always larger than that of the hydropho-
bic one, which means that methane molecules diffuse faster in
the pattern-1 system compared to the completely hydrophobic
system. This is due to the existence of some residual water
inside the completely hydrophobic assemblies (Fig. 4(b)),[50]

030505-4



Chin. Phys. B Vol. 27, No. 3 (2018) 030505

which forms the clusters and retards the methane diffusion
(Fig. S9, Fig. S10, and the Appending Movies).
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Fig. 4. (color online) Self-diffusion difference of the methane in the
hydrophobic nanochannel between pattern-1 and hydrophobic systems.
(a) Self-diffusion behavior of methane gas inside the particle configura-
tions for hydrophobic and pattern-1 systems by using van Hove dis-
tribution G(r, t). The difference between pattern-1 and hydrophobic
systems in the diffusion direction are shown within 2 ns. The black
and red lines correspond to the result of pattern-1 and hydrophobic sys-
tems, respectively. (b) Density distributions of water around the par-
ticle configurations in pattern-1 and hydrophobic systems. Blue and
white colors represent the highest (1.0× 10−4 nm−2) and lowest den-
sity (0 × 10−4 nm−2), respectively. The particle assemblies and the
uninterrupted hydrophobic nanochannels shown as the green segments
are also represented.

We note that the amphipathic Janus particle is easy to be
carried with the fracturing fluid because of the sufficient fric-
tion between the particle and water. The moving ability of
the particles with the water has a positive relationship with the
hydrophilic proportions on each particle surface (Fig. S4).

4. Conclusion
Based on the theoretical modelling, we show that amphi-

pathic Janus particles have a large probability to self-assemble
into an uninterrupted hydrophobic nanochannel inside aque-
ous nano-space, and the probability has the positive rela-
tion with the hydrophobic proportion on each particle sur-
face. Although the amphipathic Janus particles possess some
hydrophilic regimes on the surface, the hydrophobic regimes
on neighboring amphipathic Janus particles attract each other
through hydrophobic interaction, and therein the uninterrupted
hydrophobic channel spontaneously emerges. Surprisingly,

the permeation efficiency of hydrophobic molecules through
the uninterrupted hydrophobic channel of aggregated Janus
particles is even higher than the permeation efficiency through
the hydrophobic channel of aggregated hydrophobic particles.
This is because the aggregated hydrophobic particles only re-
pel and can hardly break the residual water layer in the nano-
space, while the Janus particles can tear the residual water
layer by adsorbing them on the hydrophilic parts. We note
that the hydrophilic regimes on the Janus particles still have a
strong interaction with water flow so that the particles can be
transported to the appropriate positions by the water. Our work
provides a detailed molecule level understanding in the forma-
tion of underground strata due to the amphipathic property of
most natural subsurface rock, as well as providing new think-
ing and practical guidance to construct artificial hydropho-
bic channels for various applications, including the design of
proppants to enhance the recovery of unconventional oil/gas.

Supplementary material

Detailed structures of five types of model particles, the
geometry of the self-assembly simulation system, detailed in-
formation of using the Molcal package to draw the hydropho-
bic pathway in the particle configurations and the results, abil-
ity of different particles moving with the water fluid, geometry
of methane permeating the simulation system, escaping num-
bers of the methane in all these 10 sets of simulations with dif-
ferent types of particles and the average results of them, dis-
tribution of the methane with the simulation time in pattern-
2, pattern-3, hydrophilic, and hydrophobic systems, the van
Hove distribution of the methane inside the hydrophobic as-
semblies in the pattern-1 and hydrophobic systems, compar-
ison of van Hove distributions of the methane inside the hy-
drophobic pathway with and without water cluster, reason for
the water trapped inside the particle assemblies in the hy-
drophobic system, and self-assemblies of the simple mixture
of completely hydrophilic and hydrophobic particles are con-
tained in the Supplementary material.

Supplementary movies are also provided.
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