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ABSTRACT: A polymer network can imbibe copious
amounts of water and swell, and the resulting state is
known as a hydrogel. In many potential applications of

hydrogels, such as stretchable conductors, ionic cables, and E_hottest
neuroprostheses, the thermal conductivities of hydrogels ?%a:t bcnana)
should be understood clearly. In the present work, we build == (KINETIC )

molecular dynamics (MD) models of random cross-linked S @ Ecoldest

polyacrylamide hydrogels with different water volume
fractions through a reaction method. On the basis of these
models, thermal conductivities of hydrogels at the nanoscale
are investigated by a none-equilibrium MD method. This
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work reveals that when the water fraction of hydrogels is under 85%, the thermal conductivity increases with the water fraction,
and can be even higher than the thermal conductivities of both pure polymer networks and pure water because of the influence
of the interface between polymer networks and water. However, when the water fraction in hydrogels is bigger than 85%, its
thermal conductivity will decrease and get close to the water’s conductivity. Accordingly, to explain this abnormal phenomenon,
a 2-order-3-phase theoretical model is proposed by considering hydrogel as a 3-phase composite. It can be found that the
proposed theory can predict results which agree quite well with our simulated results.

KEYWORDS: hydrogel, modeling by a reaction method, none-equilibrium molecular dynamics, thermal conductivity,

2-order-3-phase model

1. INTRODUCTION

A long-chain, flexible polymer can be cross-linked by covalent
bonds and form a 3D network. On contact with a suitable
solvent, the 3D network can imbibe the solvent and swells,
resulting in a material known as polymer gel. If the solvent is
water, we call it a hydrogel. Meanwhile, when environment
stimuli (such as temperature, pH, and electric field) change,
the solvent in the hydrogel migrates out and evaporates,
making the swelling process reversible.' The hydrogel has
attributes of both solid and liquid, that is, elastic deformation
results from strong chemical cross-linking between the long-
chained polymers, and viscous migration results from the weak
physical interaction between the solvent molecules and the
long-chained polymers. The combination of the attributes
makes hydrogels great potential materials for various
applications, such as medical devices, ™ tissue engineering,4'5
actuators responsive to physiological cues,®"® and packers in
oil wells.”

Except for these applications, there are several front research
areas about hydrogels. One is using hydrogels as stretchable
conductors or ionic cables,'°~'* which could be used in soft
electronic devices and soft robots. Another area is neuro-
prostheses, which use hydrogels as neural tissues.”” In all these
applications, the heat generation, thermal conduction, and
thermal match between prostheses and the human body must
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be considered. Existing thermal research involving hydrogels
mainly focused on their nanocomposites'®™'® and their
thermal stabilities,'”~>" which pay attention to the role of
nanofillers. Illeperuma et al. use hydrogel-fabric laminates as a
fire-resistant material.”> Zhang et al. report a fast thermal
response hydrogel composite which can be used as a smart
switch.”” Jiang et al. report a self-healable thermal interface
material base on boron nitride nanosheets and cross-linked
hydrogel composite,”* whereas Wu et al. apply a double
network hydrogel as a thermistor base on its self-healing
property.”® However, the fundamental study about the thermal
conduction in hydrogels, especially at the nanoscale, is in its
infancy stage. In-depth understanding and systematic research
of the thermal transport mechanism in hydrogels are required.

When studying these thermal-related issues in the above
applications, the effect of the interface must be considered, and
some of them are even under the microscale. Hence, it is hard
to study them through traditional experimental methods.
However, molecular dynamics (MD) may provide a good
approach to probe these problems, as it could provide the
detailed structures and dynamics information of the system at
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the molecular level.”® To ensure the accuracy of MD
simulation results, it is necessary to build a reasonable model
of hydrogel microstructure. In the present work, we build MD
models of a random cross-linked polyacrylamide (PAAm)
hydrogel with different water volume fractions by a reaction
method. Our model contains a random polymer network and
randomly distributed water molecules. Meanwhile, except for
the cross-linked main framework, our polymer network model
also contains branches, physical cross-links, short chains, and
unreacted units, which can reflect the characteristics of the real
hydrogel well. On the basis of our MD models, the thermal
conductivities of the PAAm hydrogel with different water
volume fractions are investigated at the nanoscale by a none-
equilibrium MD (NEMD) method. In addition, we propose a
2-order-3-phase theoretical model by considering hydrogel as a
3-phase composite.

2. MODEL AND METHODS

2.1. Modeling of Cross-Linked PAAm Hydrogel. Hydrogels
are composed of water and a cross-linked polymer network with a
random configuration. It is essential to build its MD model with these
characteristics. In this paper, we focus on the PAAm hydrogel. The
molecular structures of acrylamide (repeat unit) and N,N’-
methylenediacrylamide (cross-linker) are as shown in Figure la)b,
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Figure 1. (a) Acrylamide, the repeat unit. (b) N,N’-Methylenedia-
crylamide, the cross-linker. (c) Cross-linked PAAm. The dashed short
lines mean the C—C bonds generated during the reaction.

respectivelgr. They have been widely used to prepare the PAAm
hydrogel.”**” The polymer networks are built by simulating the
reaction of repeat units and cross-linkers. In Figure 1, the C=C bond
may turn into a C—C bond during the reaction; as a result, atoms 1—4
may connect to other C atoms numbered as 1—4 in another repeat
unit or cross-linker by a C—C bond and form the cross-linked
structure in Figure lc.

In our simulation, we packed 333 repeat units and 22 cross-linkers
into a block region whose dimensions are 5 nm X S nm X 1.5 nm as
shown in Figure 2a. The initial density is 1.2 g/ cm?®. Then, this model
was relaxed under the isothermal-isobaric (NPT) ensemble for 50 ps
by a large-scale atomic/molecular massively parallel simulator
(LAMMPS) using a consistent valence Force Field (CVFF),*® after
which we added C—C bonds between these atoms numbered as 1—4
if their distances were under 5 A. It should be noticed that this
distance value is simply chosen to connect C atoms and form the
cross-linked MD model. It is without any chemical meanings and can
be any other value. Following this, more “relaxation & connecting”
processes were carried out until most of the repeat units and cross-
linkers were connected. After the reaction process, the connected

Figure 2. (a) Modeling of the 3D PAAm network by a reaction
method. (b) MD model of the PAAm network after a stretch. The
blue, green, and red circles represent the physical cross-link, branch
chains, and unreacted units, respectively. (c) Hydrogel model with a
water volume fraction of 64.98%.

structure was optimized in Material Studio. The final density of the
cross-linked network is 1.137 g/ cm?®. To see the cross-linked network
more clearly, we display it in Figure 2b after a stretching. Under
different stretch ratios, we packed water molecules into the network
and get hydrogels with different water volume fractions. For example,
Figure 2c shows a hydrogel model whose water volume fraction is
64.98%. As demonstrated in Figure 2b,c, except for the cross-linked
main framework, our model also contains branches (green circles),
physical cross-links (blue circle), and short chains or unreacted units
(red circle). Besides, the average density of the PAAm hydrogel we
measured in the laboratory is 1.0300 + 0.0190 g/ cm® when the water
volume fraction is between 40 and 70%, which is almost same as our
MD models (1.0725 + 0.0311 g/cm?). Therefore, our MD model is
quite similar to the real hydrogel structure and has representativeness.

2.2. NEMD Method. On the basis of the NEMD method, which
has been widely employed to obtain the thermal conductivities of
different materials,””~>* the thermal conductivity of the hydrogel is
determined using LAMMPS. The CVFF force field (details are given
in eq S1 and Tables S1—S4) is adopted to simulate interatomic
interactions for the whole system. In all of our simulations, the time
step is 1 fs. Figure 3 shows the schematic procedures of our simulation
using the NEMD method. We first make a copy of the hydrogel
model in Figure 2c¢ along the x-direction followed by a 100 ps
relaxation under the NPT ensemble. Then, the model is separated
into 40 slabs. The 1st and 21st are the cool slab and the hot slab,
respectively. During the simulation, the hottest atom in the cool slab
and the coldest atom in the hot slab would exchange kinetic energy
with each other every N steps. This can be regarded as pulling out
some heat from the cool slab and injecting the same heat into the hot
slab, equal to generating a heat flux along the x-direction. With a
smaller N; the heat flux would be bigger. The heat can be expressed as

Eexchange = Ehottest - Ecoldest‘
The temperature in each slab is calculated by the following formula

s (1)
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Figure 3. Schematic about the NEMD method.
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Figure 4. (a—f) Thermal images (temperature distribution,
at different times.

T [K], in the hydrogel) at different times. (g) Temperature gradients in the left half side

where 7, is the number of atoms in the kth part; kg is the Boltzmann
constant; m; and v; are the mass and velocity of the ith atom in the kth
part, respectively. The temperature in every slab is averaged every 10
ps. The temperature gradient dT/dx can then be determined by the
temperature distribution in the hydrogel. Summing the E.pnge Up
during the simulation, we can get the total heat, and we can get the
heat flux by the following formula

2 Eexchange

2L L,

@)

where t means the total simulation time, L, and L, mean box lengths
in y and z directions, the factor 1/2 arises from the periodic boundary
(energy can flow in two directions). According to Fourier’s law, the
thermal conductivity is

_ F
dT/dx

()

Then, we can get thermal conductivities of the hydrogel with
different water volume fractions under different energy exchange
velocities.

36354

We first perform a 400 ps NEMD simulation with the constant
energy (NVE) ensemble to reach the steady state, after which another
400 ps simulation is carried out to investigate the temperature
distribution and thermal flux in the hydrogel. Figure 4 shows the
evolvement of thermal images and temperature gradients during the
first 400 ps. In the beginning, the whole system is at room
temperature with a slight thermal disturbance (Figure 4a). Then,
the temperatures rise or fall in the thermal-inject-in zone and thermal-
pull-out zone gradually, making the temperature distribution in the
system evolve and generate a temperature gradient gradually (Figure
4b—f). Figure 4g demonstrates that temperature gradient stops
increasing after about 200 ps, which means 400 ps is long enough for
the system to reach its steady state.

3. RESULTS AND DISCUSSION

3.1. Thermal Conductivity of the PAAm Hydrogel by
Simulations. The number of steps between energy exchanges
represents the energy exchange velocity. For the same amount
of time, when this number is bigger, there will be less energy
exchanged, which means the heat flux is smaller. In order to
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Figure S. (a) Temperature profiles in the hydrogel (water content is about 20%) with different energy exchange velocities. (b) Thermal
conductivity of the hydrogel with different energy exchange velocities. (c) Thermal conductivity of the hydrogel with different cell sizes. (d)
Thermal conductivities of the hydrogel with different water volume fractions.

investigate the dependence of conductivities on the heat flux
when using the NEMD method, we determine the equivalent
thermal conductivities of three models whose water volume
fraction is about 20% under six different energy exchange
velocities (exchange energy every 10 steps, 20 steps, SO steps,
80 steps, 100 steps, and 125 steps, respectively).

The temperature distribution of the hydrogel is displayed in
Figure Sa. The average conductivities for every exchange
velocity are calculated by Fourier’s law and plotted in Figure
Sb. It shows that the results are almost the same for different
exchange velocities. Hence, we may conclude that equivalent
thermal conductivity is not dependent on the value of steps
between exchanges (heat flux). All of our following simulations
will be carried out with a constant energy exchange velocity
(exchange every S0 steps).

The size effect of the simulation box because of periodic
boundary conditions must be considered when using MD to
calculate the thermal conductivity. When the simulation is
conducted in a small box, phonons will get scattered more
frequently because they re-enter the simulation box before they
can be dissipated.®® In other words, the mean free path of
phonons is limited to the order of the simulation cell. This
usually makes the thermal conductivity underestimated. In
order to obtain the correct thermal conductivity, the
dependence of thermal conductivity on cell size is investigated
by using different size systems. Two sets of simulations are
carried out with cell size changing from about 120 to 700 A (all
of our simulations in this paper are in this range). The result in
Figure Sc demonstrates that the thermal conductivity does not
have an obvious dependence on the cell size in this range. In
other words, our model sizes in this research are bigger than
the mean free path of phonons, making our simulation results
reliable.

36355

The equivalent thermal conductivities of the PAAm
hydrogel with different water factions are investigated in this
paper. The results are shown in Figure Sd. Four sets of
simulations with different initial configurations are carried out
to extract the average values and standard deviations.
Particularly, when water volume fractions are 0 and 1, we
can get thermal conductivities of dry polymer networks and
water, which are 0.2682 + 0.0199 and 0.7028 + 0.0369 W m™"
K™, respectively. Figure 5d shows that when the water volume
fraction is under 85%, the thermal conductivity of the hydrogel
increases with increasing the water fraction. Interestedly, it can
be even higher than the thermal conductivities of both polymer
networks and water. However, when the water fraction
becomes bigger than 85%, the thermal conductivity will
decrease and get close to the water’s conductivity. According
to thermal-dynamics,”* for a heat conduction problem with
mass transportation (e.g., water diffusion in the hydrogel in this
research), heat flux will be not only contributed by the
temperature gradient but also affected by this mass diffusion
phenomenon. Besides, for the same heat flux, the temperature
distribution will be affected by the mass transportation. After
dividing the water molecules in our hydrogel model into 13
parts according to their distances to the polymer network as
shown in Figure 6a, we average their displacement in 1 ps in
every part. Particularly, the average displacement of pure water
is also investigated. The results shown in Figure 6b indicate
that the closer the water molecules come to the polymer
network, the more difficult they are to diffuse. When the
distance between water and the polymer is big enough, the
average displacement of water molecules will converge to the
value of pure water. This is because the acylamino (—CONH,)
in PAAm is a hydrophilic group. When water molecules are
closer to the PAAm network, the interactions between the
polymer and water molecules would be stronger and restrict
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Figure 6. (a) Divide water molecules in the hydrogel into 13 parts according to their distance to the polymer network. (b) Diffusion properties of
water molecules in the 13 parts and in pure water. (c) Interface model which contains a polymer layer and a water layer. (d) Temperature

distribution in the interface model.

the motion of water. Therefore, the equivalent thermal
conductivities of water calculated by Fourier's law (eq 3)
may vary according to their distances to the polymer network.

We have built another model containing a polymer layer and
a water layer illustrated in Figure 6¢c to investigate the
temperature distribution around and far away from the
interface of the polymer and water. Figure 6¢ only shows the
left half side of the model. The cool slab and the hot slab are at
the left side and right side, respectively. By the NEMD
method, we plot the temperature distribution along the x-
direction in Figure 6d. Here, we particularly focus on the
temperature in six slabs near the water—polymer interface
(numbered as 1—6 in Figure 6¢,d). Slabs 1—3 are defined as
water molecules whose distances to the polymer are 0—3.5,
3.5-7, and 7—11 A, respectively. Slab 4 is a thin water slab
next to 3. Slab 5 is defined as polymer molecules close to
water, whereas slab 6 is the polymer slab next to slab S with a
width of 5 A. The simulation results shown in Figure 6d can be
clearly divided into three parts according to their temperature
gradients. With three interface models (the temperature
profiles of the other models are displayed in Figure S1), the
average conductivities in these three parts are calculated. In the
left and right parts, the average conductivities are 0.2841 +
0.0197 and 0.6732 + 0.0341 W m™" K™, respectively, which
are consistent with the conductivities of the polymer and free
water in Figure 5d. However, the average conductivity of water
in slabs 1 and 2 is 2.0139 + 0.0414 W m™! K™, which is much
higher than that of free water. Hence, we define the water
molecules in the hydrogel whose distances to the polymer
network are smaller than 7 A as a new phase. In this paper, we
call it the “interface phase”. We call the water molecules in the
hydrogel whose distances to the polymer are bigger than 7 A
the “free-water phase”. Except for these two phases, there is
another phase in the hydrogel, which we define as the

36356

“polymer phase”. When comparing our results with Tang’s
experimental results,”” we find the thermal conductivities they
investigated (increase from 0.41 to 0.57 W m™' K™ when the
water mass fraction increases from 23 to 88%) are smaller than
ours. One reason causing this difference may be the resistance
between the heater and sample in their tests. Another reason is
that the interface between the network and water would have a
great influence on the thermal conductivity at the nanoscale in
our calculations as discussed above, whereas their tests are
carried out at the macroscale. In the next section, we will try to
build a theoretical model based on these three phases.

3.2. 2-Order-3-Phase Theoretical Model. In this study,
we take the hydrogel as a composite (regard the free-water,
interface, and polymer as three phases of the composite). As
the free-water is always surrounded by the interface, here we
will first build the theoretical model for free-water and interface
by taking them as a cluster-filled composite. Generally, we
consider a case in which phase 1 is surrounded by phase 2
which is in turn surrounded by another material. Here, we
suppose phase 1 and phase 2 are spherical with radii r, and r,,
respectively. The equivalent thermal conductivity K of phase 1
and phase 2 is determined by the condition that the
temperature distribution outside r, would be unaffected if
the material inside r, is replaced by a material whose
conductivity equals K. According to Maxwell,”> let the
temperature, both in phase 1 and phase 2, be expanded in
harmonics S;

T, = (ar' + bir_(iH))Si, r<mn

(4)

T, = (¢ + d,r_(iﬂ))Si, n<r<r

(s)

where a;, b, ¢, and d; are constants, and S; does not depend on
r. Here, we suppose that there is no source of heat in phase 1
and phase 2, there will be no infinite values of T, and we shall
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have b; = 0. As the most important term in the harmonic
expansion is that in which i = 1, eqs 4 and 5 can be rewritten as

T, = arS, r<n (6)

d
T2=(cr+—2)8, n<r<m

r

(7)

At the interface of phase 1 and phase 2, where r = ry,
temperatures in phase 1 and phase 2 must be the same, and the
flux flow out of phase 1 must equal the flux flow into phase 2.
Therefore, we must have

P .
= handloy =167 (8)

where K, and K, are conductivities of phase 1 and phase 2,
respectively. From eqs 6—8 we get

K, + 2K,
=—=q
3K,
K, -K ;
——n’a
3K, )

C

d=

We also let the temperature T; outside r, be expanded in
harmonics S;, and only consider the first term

T, =f(r)S (10)

where f is a function of r, and we do not care about its exact
form. Similar to eq 8, where r = r,, we must have

gk 0 g 0T
h=Thandl or =5 or (11)

in which K; is the conductivity of the material outside r,. From
eqs 7, 10, and 11 we get

i — f("z)
r23 1,
Kz[c - Zi] = K;;—f

3
7 r (12)

c+

If we consider materials inside r, as a whole system with an
equivalent conductivity K. Similar to eq 6, suppose the
temperature distribution inside r, is

T g = ArS, r<r, (13)
The temperature distribution outside r, should not be
affected and still be described by eq 10. At r = r, we still have
0T g, 0Ty
o o (14)
From eqs 10, 13, and 14 we have

f(r,)

A=—=
L6}

Tigr = Ty and K

df
KA = K-
dr (15)
Let v; = (r;/r,)* and v, = 1 — v, which represent the
volume fractions of phase 1 and phase 2 inside r,, respectively.
According to egs 9, 12, and 15, we obtain the equivalent
conductivity of system inside r,

3K,
K +2K,
3K,
U, + y——
2+ 1K +2K, (16)

I/2+l/1
K=K,

If we regard the free-water as phase 1 and the interface as
phase 2, according to eq 16, the equivalent thermal
conductivity of water in the hydrogel, K}, can be written as

3K, — ZI/i_W(KW — Ki)
i 3K, + y_, (K, = K)) (17)

w

where K, and K; are thermal conductivities of free-water and
interface, v;_,, is the fraction of water molecules in interface,
and can be written as

i—w

W (18)

in which V; and V,, are the volume of the interface and total
water, respectively.

According to Eucken®® and Brailsford,®” the single-cluster
model above may easily be extended to determine the thermal
conductivity of a mixture in which two different kinds of
clusters (cluster 1 and cluster 2) are randomly embedded in
material 0. By considering the region around “1” cluster, eq 16
can be rewritten as

3K,
Uy + VYy0——
fl ot 1K, + 2K,

K=K 3K,

0
fin + Uik vk, (19)

where f, is the fraction of material 0 surrounding cluster 1.
Solving this equation for f;, we have

K -K
K e S
3 0U1K1+2K0

= —
U (K = Kp) (20)
Similarly, considering the region around “2” clusters, an
equation similar to (20) can be obtained with suffix 1 replaced
by suffix 2. As f; + f, = 1 must be satisfied, we obtain thermal
conductivity of the mixture of materials 0, 1, and 2
3K, 3K,
Y+ UIK,+2KO + V2K2+2KU
3K, 3K,
+2K, + TS (21)

K=K,

Uy + U
0 lKl

Consider such a case, in which a random 2-phase assembly
(phase 1 and phase 2) is embedded in material 0 and material
0 is totally same with the 2-phase assembly. This means in eq
21, Ky = Kand v, = v; + v, = 1. Then, we can get

K, —K

K, - K
141 =
K, + 2K

v, =0
K, + 2K (22)

This equation should give the thermal conductivity of a 2-
phase composite in which each phase is treated completely
equivalently. This is suitable for the random mixture of
polymer and water in the hydrogel.

Combining eqs 17 and 22, we can obtain a “2-order-3-phase
model” for the hydrogel as shown in eq 23
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3K, — 2v._ (K, — K;
K, = K—= SHCS '), first order
3K, + Vi—w(Kw - Ki)
K, - K, K. — K
1 -y,)—2 +y,—" " =0, second order
K, +2K, K, + 2K,

(23)

in which Kj, is the hydrogel’s thermal conductivity, K;, is the
conductivity of the polymer, and v, is the total volume fraction
of water in the hydrogel. The three phases in our model are
polymer, interface, and free-water, respectively. In the first
order, we consider water as a cluster-filled composite and get
its fuivalent thermal conductivity. In the second order, we
regard the mixture of the polymer and water as a random 2-
phase composite. The two phases are treated completely
equivalently, which we think is more suitable for the hydrogel.
By solving eq 23, we can obtain Kj, as a function of v;_,, and v,.
However, it is hard to get v;_,, whereas v, can be easily
determined by comparing the hydrogel’s volume with its
volume at dry state. This may encourage us to establish a
relationship between v,_,, and v, In the first-order model, we
know the width of phase 2 (interface) is d = 7 A. Hence, we
have r, = r; + d. Then, according to eq 18, we obtain

) ZKZle_[l_ir
(24)
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With some simple mathematical procedures, we can get

i_d

n YV n (25)
where V is the volume of the hydrogel, and we have
4 3
v 3™
1—uy, v, (26)

in which V, is the volume of dry state and can be easily
determined. In our cases, V, = 37 800 A3 From eqs 24—26, we
obtain

3
4r(l — 1,
v_,=1-|1-dx; 4l — )
3u.Y, (27)

Combining eqs 23 and 27, we obtain Kj, as a function of only
Vy, and the result is shown in Figure 7 as the solid line. Our
theoretical result has good agreement with our simulation
results, and can well catch the high conductivities when the
water fraction is around 85%. This means, in some applications
of hydrogels, we do not have to build a complex experimental
system to determine the thermal conductivity. They can be
easily got by our model with some basic parameters. We also
compare our results with the well-known effective medium
theory (EMT) model,”** which gives the thermal con-
ductivity of a random mixed 2-phase composite in Figure 7 as
the dashed line. When taking water and the polymer as the two
phases, the conductivity given by the EMT model is always
much smaller than our simulations and is always between the
conductivities of water and polymer. This is because hydrogel
cannot be simply regarded as a 2-phase material at the
nanoscale. The interface between water and polymer networks
must be considered as mentioned in our 2-order-3-phase
model. We list the fractions of polymer (V-poly), interface (V-
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Figure 7. Comparison of our results (MD simulation and 2-order-3-
phase model prediction) and the EMT model.

inter), and free-water (V-free) at every water content in Table
SS. When the water content is under 76.70%, V-inter and V-
free both increase with the increasing of water content, making
the equivalent conductivity of hydrogel also increase. When
the water content increases from 76.70 to 84.44%, although V-
inter decreases a little, the conductivity of hydrogel still keeps
increasing because V-poly decreases a lot. On substituting the
fractions of the three phases into our analytical model, we can
also see the conductivity at 84.44% is higher than the
conductivity at 76.70%. When the water content is bigger
than 84.44%, V-inter decreases rapidly and the V-free increases
rapidly, which makes the conductivity of the hydrogel decrease.
This in why the highest thermal conductivity was achieved at a
water content of 84.44%. Our simulations and theoretical
model may provide us a guidance when applying the hydrogel
in those situations where thermal issues must be concerned,
such as soft electronic devices and neuroprostheses.

4. CONCLUSIONS

In conclusion, we built the MD model of the PAAm hydrogel
by simulating the reaction process of repeat units and cross-
linkers. On the basis of our MD models, we investigated the
equivalent thermal conductivities of the hydrogel with different
water volume fractions at the nanoscale by an NEMD method.
Our results show that when the water fraction is under 85%, its
equivalent thermal conductivity increases with the water
fraction, and can be even higher than the thermal
conductivities of both polymer networks and water. However,
when the water fraction comes bigger than 85%, its equivalent
thermal conductivity will decrease and get close to water’s
conductivity. After extensive analyses of simulation results, we
found that the effect of the interface between water and
polymer would be non-negligible at the nanoscale. We further
explain the reason why the conductivity of the interface of
polymer networks and water is much higher than both pure
polymer networks and pure water. Accordingly, to elucidate
the finding of our simulations, we further proposed a 2-order-
3-phase theoretical model by considering hydrogel as a 3-phase
composite to predict our simulation results. Also, we find that
our theoretical result has good agreement with our simulations.
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