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Predictions of Thermo-Mechanical Properties
of Cross-Linked Polyacrylamide Hydrogels Using

Molecular Simulations

Meng An, Baris Demir, Xiao Wan, Han Meng, Nuo Yang,* and Tiffany R. Walsh*

Hydrophilic acrylamide-based hydrogels are emerging platforms for
numerous applications, but the resources to fully exploit these materials are
currently limited. A deep understanding of the molecular-level
structure/property relationships in hydrogels is crucial to progressing these
efforts. Such relationships can be challenging to elucidate on the basis of
experimental data alone. Here, molecular simulations are used as a
complementary strategy to reveal the molecular-level phenomena that govern
the thermo-mechanical properties of hydrogels. The focus is on
acrylamide-based hydrogels cross-linked with N,N’-methylenebisacrylamide,
generated using previously established computational cross-linking
procedure. The water content is found to be a key determinant in the elastic
response of these hydrogels, with enhanced tensile and shear properties at
low water content. However, it is also found that increasing water content
enhances the hydrogel’s thermal conductivity, with the dominant contribution
arising from the non-bonded contributions to the heat flux. In addition,
chemical cross-linking improves the heat transfer properties of the hydrogel,
whereas a reduction in convective heat transfer is predicted with an increase
in hydrogel cross-linking. These simulations provide a rational basis for
designing and testing customized hydrogel formulations for maximizing both

1. Introduction

Hydrogels are water-containing, hy-
drophilic polymer networks that are found
ubiquitously in nature in the form of
hydrated biological tissues.!! The proper-
ties of these materials are conferred by a
variety of mechanisms spanning physical
entanglement of polymer chains, elec-
trostatic interactions, and covalent-bond
cross-linking.” Owing to their unique
characteristics of flexibility and biocom-
patibility, hydrogels are ideal for use in
applications such as tissue engineering,’®*
drug delivery,>”  desalination,® soft
electronics,®™ and for technologies that
include human-machine interfaces and
soft robotics.'?13] However, the full po-
tential of hydrogel applications is often
limited by their mechanical and thermal
properties.!'4]

Over the past decades, experimental
studies into the mechanical strength of
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hydrogels have enhanced our understand-
ing of the structure/property relationships
of tough hydrogels.*!>1% Zhao summa-
rized the various mechanisms for designing
tough hydrogels and generally noted that tough hydrogels could
dissipate energy and maintain high elasticity.'*!} In a related
study, Gong et al. reported a double-network hydrogel structure
formed by two inter-penetrating hydrophilic polymer networks,
which featured extraordinary mechanical properties due to the
effective dissipation of mechanical stress.'®! In recent stud-
ies, Suo et al. developed novel ionically and chemically cross-
linked poly(acrylamide) (PAAm) hydrogels with good stretchabil-
ity, plastic deformability, and autonomous self-healability.'>2°]
In contrast to the large number of published studies focused
on the mechanical properties of hydrogels, reported investiga-
tions of the thermal properties of hydrogels??'2* are relatively
fewer in number. For instance, Tang et al.’! reported the thermal
conductivity of pure PAAm and chemically cross-linked PAAm
with N-methylenebisacrylamide (MBAm), measured using the
3w technique, as a function of water content. In this technique,
an electrical current is applied to a heater that is in physical con-
tact with the hydrogel sample, and the thermal conductivity is
then inferred by relating the thermal oscillations to amplitude
of the power per unit length generated by the current passing
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through the heater.”! These authors reported an experimental
thermal conductivity of pure PAAm hydrogel (with water con-
tent) of 0.33 W m~! K~! and found that cross-linking with MBAm
improved the thermal conductivity by 54%. Enhancements in the
thermal conductivity of hydrogels might be attributed to the for-
mation of chemical cross-link bonds between the polymer chains
of the hydrogels. Overall, chemical cross-linking in hydrogels has
the potential to deliver substantially improved toughness via spa-
tiotemporal precision, in addition to conferring enhanced ther-
mal properties.

Experimental elucidation of structure/property relationships
for such cross-linked hydrogels can often be challenging to
accomplish due to several reasons, including the resolution of
the experimental technique (i.e., low resolution can limit the
analysis of the cross-linked hydrogels owing to the hydrogel
network’s inability to dissolve).?*?’l To address this challenge,
computational techniques such as molecular dynamics (MD)
simulations can complement experimental efforts and provide
critical insights at the atomistic level into new, knowledge-based
strategies for designing and testing hydrogels. Several MD
simulation studies of hydrogels have been previously reported in
the literature. Most of these reports focused on molecular-level
structuring and diffusion in hydrogels,?*4 with a small num-
ber of these reports devoted to probing hydrogel mechanical
response under tensile deformation.’># In one of the early MD
simulation studies, Tamai et al.*® investigated the effect of water
content on the water—polymer interactions in three hydrogels:
poly(vinyl alcohol) (PVA), poly(vinyl methyl ether) (PVME), and
poly(N-isopropylacrylamide (PNiPAM). These authors analyzed
hydrogen-bonding distributions as a function of water content
and temperature, to obtain a trend in the hydrophilic character
of these three hydrogels. Unfortunately, the periodic cell di-
mensions used in this work (ranging between 19.6 and 26.3 A)
were very small relative to the inherent length-scales of the
constituent molecules. This scenario may have led to unphysical
interactions between the polymer chains in the simulation cell.
A similar study reported by Netz and Dorfmiiller®” predicted
the diffusion of water molecules in PAAm-MBAm hydrogels,
with various system sizes (periodic cell dimensions of 23.5 and
32 A). However, the short MD simulation times used for the
calculation of diffusion coefficients (around 70 ps), which were
laudable for their time, might not have provided an unbiased
evaluation of this property.

In addition to investigations of the molecular-level organiza-
tion of hydrogels, the mechanical response of these materials
has also been studied using molecular simulations. However, the
number of such studies in the literature is limited. For instance,
Jang et al.?>! predicted the mechanical response of three hydro-
gels, comprising poly(ethylene oxide) (PEO), poly(acrylic acid)
(PAA), and the double network of PEO-PAA, under tensile defor-
mation. These authors predicted that at very high deformation,
for example, 200% tensile strain, the mechanical response of the
double-network PEO-PAA hydrogel was relatively greater than
those estimated for PEO and PAA. However, at such large strains,
this result might be ascribed to an inherent limitation of the force
field used in this work, in which bond breakage/formation could
not be captured on-the-fly. This limitation might have therefore
caused unphysically long bond extensions at high strain values,
which in turn can confer unphysically high stresses in the hy-
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drogel. In another study, Lee et al.?® computationally probed the
influence of water content on the elastic modulus of poly(N-vinyl-
2-pyrrolidone-co-2-hydroxyethyl methacrylate) hydrogels. These
authors reported that water loading detrimentally affected the
elastic modulus, but did not provide a molecular-level explana-
tion for this finding.

In earlier MD simulation studies where the hydrogel poly-
mer chains were chemically cross-linked with cross-linker
molecules, 230333439 the computational cross-linking protocol
was typically not reported in sufficient detail to allow reproduc-
tion of the reported results. Moreover, in most of these studies,
the cross-links were typically formed out of the simulation cell
(i-e., as free-standing dendrimer-like structures, with complete
cross-link conversion) and were not formed on-the-fly during the
simulation. For instance, Wu et al.’”! computationally investi-
gated the diffusion of water and ions in poly(ethylene glycol)
(PEG) hydrogels following this “dendrimer-based” procedure.
However, this sample preparation procedure cannot capture all
of the relevant properties of the system (such as the mechanical
properties) as a function of the degree of cross-linking (DOC),
which can play an important role in determining the ultimate
properties of the hydrogel.’’) Ideally, the gradual formation of
new cross-link bonds between the polymer and the cross-linker
should be captured as the MD simulation proceeds, to allow
hydrogel samples with different DOC values to be prepared and
analyzed. In a recent study, a hydrogel composed of acrylamide
(AAm) monomers and MBAm molecules was modeled and sub-
jected to thermal conductivity calculations.?”) Unfortunately, the
lack of details of sample preparation procedure (e.g., the cross-
linking protocol) reported in ref. [39] made the reproducibility of
these reported results challenging.

Despite the significant number of MD simulation studies re-
ported on the structural investigation of hydrogels, there are very
few MD simulation studies reported in the literature regarding
the prediction of cross-linked hydrogel thermal conductivities®”!
or even un-crosslinked mixtures of PAAm and MBAm molecules,
in the absence of water.?!! Therefore, our findings presented
herein will bridge three critical gaps in the modeling of the
hydrogels using all-atom MD simulations. First, we introduce
a robust and reproducible dynamic cross-linking protocol to
computationally generate cross-linked PAAm-MBAm hydrogel
samples. This preparation procedure allows us to capture the
thermo-mechanical properties of these hydrogels as a function
of the DOC, based on our previous work on epoxy resins.l***3]
Second, we predict the tensile and shear response of these
PAAmMm-MBAm hydrogel samples as a function of the DOC and
water content, using non-equilibrium MD (NEMD) simulations.
Third, we predict the thermal conductivities of these hydrogels
as a function of a range of factors including the water content
and the DOC, via equilibrium MD (EMD) simulations.

We have focused here on PAAm hydrogels cross-linked with
MBAm because these materials have been the subject of numer-
ous previous experimental investigations and, as a result, a range
of experimental results for these hydrogels are available.l***7]
This allows us to validate our approach via comparison of our
computationally predicted mechanical properties with relevant
experimental findings. Unfortunately, the comparison of our pre-
dicted thermal conductivities with experimental values was ham-
pered by a scarcity of relevant experimental data. Moreover, we
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have used our MD simulations to probe the influence of sev-
eral parameters relevant to the hydrogel properties, including
the simulation cell size, the oligomer chain length of PAAm, the
DOC, and the water content.

2. Experimental Section

2.1. General Simulation Details

All-atom molecular dynamics simulations were performed using
the OPLS force field (FF)“¥! for the PAAm and MBAm molecules
and the TIP4P water model.*>*% Full details of all FF parame-
ters and the labels for unique atomic sites are provided in Ta-
bles S1-S4 and Figure S1, Supporting Information, respectively.
The water molecules were kept rigid via the SHAKE algorithm®!l
throughout the simulations. The system temperature and pres-
sure were controlled via the Nose-Hoover thermostat? and
barostat,”**¥ respectively. The long-range van der Waals (vdW)
and Coulombic interactions were cut off at an interatomic dis-
tance of 12 A. The long-ranged contribution to the electrostatic in-
teractions was calculated via the particle-particle-particle-mesh
(PPPM) algorithm. A time-step of 1 fs was used in the simu-
lations, except for the thermal conductivity calculations, where
a time-step of 0.1 fs was used. Periodic boundary conditions
were implemented in all three principal directions. All simu-
lations were performed using the LAMMPS software package
(https://lammps.sandia.gov).%

2.2. Sample Preparation Details

The hydrogel systems comprised different relative propor-
tions of water, MBAm monomers, and pre-polymerized PAAm
oligomeric chains (Figure 1a). Hydrogel systems with 10, 50, and
90 wt% of water were considered. Samples with different values
of the DOC were also prepared, specifically with DOC values of
25%, 50%, and 85%. Here, the DOC is defined to be the ratio
between the number of reacted PAAm oligomer reactive atomic
sites and the total number of all PAAm oligomer reactive atomic
sites present in the simulation system. For example, each PAAm
oligomer has two reactive atomic sites per chain end (i.e., a to-
tal of four reactive sites per oligomer chain). Therefore, a fully
cross-linked (i.e., DOC of 100%) system that initially contained
10 PAAm oligomers would yield a theoretical maximum of a to-
tal of 40 new cross-link bonds.

In addition to these two system specifications (i.e., the water
content and DOC), pre-polymerized oligomers of PAAm with
different chain lengths in the hydrogel samples, ranging from
10 to 32 AAm repeat units, were also used. To be clear, by
definition, a hydrogel sample with a DOC of 0% (i.e., the un-
crosslinked hydrogel) does not correspond to a sample contain-
ing unreacted AAm monomers and MBAm cross-linkers, but
rather corresponds to a sample in which the pre-polymerized
PAAm oligomers and MBAm cross-linkers have not yet reacted.
In this sense, even the “0% DOC” system is partially polymerized
due to the presence of the pre-polymerized PAAm oligomers. In
the current work, the dynamic formation of PAAm oligomers
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Figure 1. Overview of our computational hydrogel sample preparation. a)
Molecular structures of pre-polymerized PAAm oligomer (for illustrative
purposes only, depicted here with 3 AAm repeat units), MBAm, and wa-
ter molecules. (Carbon, nitrogen, oxygen and hydrogen atoms are in cyan,
blue, red and white, respectively.) b) A simulation cell comprising an un-
crosslinked liquid mixture of water (red), MBAm molecules (green), and
pre-polymerized PAAm oligomers (blue). c) A simulation cell comprising
a cross-linked hydrogel sample (spheres in cyan indicate the chemically re-
acted atomic sites). d) Molecular structures of the pre-polymerized PAAm
oligomers (in blue) covalently cross-linked with the MBAm molecules (in
green). The subscripts (m, n, k, and h) denote the length of PAAm oligomer
in terms of the number of AAm repeat units. In this work, these subscripts
are setto m =n =k = h. In (b) and (c), the black solid lines indicate the
periodic cell boundaries.

was not modeled via the radical polymerization of the AAm re-
peat units. This type of modeling presents unique technical chal-
lenges that will be addressed in a future study. Therefore, by def-
inition, the term “cross-linking” strictly corresponds only to the
formation of new covalent bonds between the pre-polymerized
PAAm oligomers and the MBAm cross-linker molecules.

The initial hydrogel samples were prepared by randomly
placing the pre-polymerized PAAm oligomer chains, MBAm
molecules, and water molecules together in a cubic simulation
cell with a constant AAm/MBAm ratio of 4:1, which was based
on the ratio of reactivity of the MBAm molecule with respect to
the PAAm oligomer. The total number of AAm repeat units com-
prising the PAAm content was kept fixed (for a given value of the
water content), but was partitioned into a differing number of
PAAm oligomeric chains, depending on the chain length under
consideration. For example, in the system with a water content
of 50 wt%, a total of 320 AAm repeat units were used, which in
one case was partitioned into 32 x 10-mer chains of PAAm along
with 80 MBAm molecules, while in another case the 50 wt% sys-
tem was partitioned into 20x chains of 16-mer PAAm oligomers
along with 80 MBAm molecules. Similarly, there were 60x and
8 x 10-mer-long PAAm oligomer chains present in the hydro-
gel samples with a water content of 10 and 90 wt%, respectively.
To alter the water content of the samples, the number of water
molecules added to the sample was varied, with a total number
of 390, 1952, and 3514 water molecules for the hydrogel samples
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with a water content of 10, 50, and 90 wt%, respectively. Based on
this change in the total number of water molecules in the hydro-
gel samples, the total number of AAm/MBAm units comprised
600/150, 320/80, and 80/20 for the hydrogel samples with a wa-
ter content of 10, 50, and 90 wt%, respectively. The size of the
cubic simulation cells differed, depending on the different water
content, ranging between 46.1 x 46.1 x 46.1 A and 48.9 x 48.0
x 48.9 A. The density of the hydrogel samples ranged between
1.021 g cm~* (with a water content of 90 wt% and a DOC of 0%)
and 1.288 g cm ™ (with a water content of 10 wt% and a DOC of
85%).

The content of the hydrogel samples described above was for
a sample size of 1 unit cell (uc). To explore system-size effects,
four additional hydrogel samples were also generated, two with
a size of 4 uc and two with a size of 8 uc, each with a water
content of 50 wt%, at DOC values of 0% and 85%. The content
of the polymer and water in each of these new larger samples
could be obtained by multiplying the number of each type of
constituent molecule in the 1-uc samples (summarized above)
by 4x and 8x for the 4-uc and 8-uc samples, respectively. For in-
stance, 128 x and 256 x 10-mer chains of pre-polymerized PAAm
oligomers were used in the 4-uc and 8-uc hydrogel samples, re-
spectively. Further details regarding the system size and number
of molecules in each hydrogel sample are provided in Table S5,
Supporting Information.

The samples were initially generated at a low density and were
subsequently subjected to geometry optimization and MD simu-
lations. The equilibrium density of the samples at 323 K (a typical
experimental reaction temperature for this hydrogel system”))
and 1 bar were obtained using isothermal—-isobaric simulations
(i.e., MD simulations in the NPT ensemble) for 300 ps. Following
this stage, further equilibration, namely a simulated annealing
(SA) procedure, was carried out to ensure adequate mixing of
the molecules in the simulation cell (illustrated in Figure 1b)
prior to initiating the computational cross-linking process. In
the SA procedure, the samples were heated and cooled between
323 and 700 K via canonical ensemble MD simulations (i.e., MD
simulations in the NVT ensemble). The total simulation time
for each SA cycle was 1.9 ns, and two SA cycles per sample were
carried out. The resultant structures arising from the SA equi-
libration process were then used as input for the computational
cross-linking procedure. In this procedure, cross-link bonds
were formed on-thefly between the pre-polymerized PAAm
oligomers and the MBAm molecules, using an in situ dynamic
cross-linking procedure previously established for epoxy resins
by Demir and Walsh."% These new, dynamically created covalent
bonds between the pre-polymerized PAAm oligomers and the
MBAm molecules resulted in the formation of a 3-D polymer
network, as illustrated in Figure 1c,d.

Summarized briefly, in the computational dynamic cross-
linking procedure, pairs of reactive atomic sites located within
an initial cut-off distance were first detected and then covalent
cross-link bonds formed between the reactive atomic pairs (lo-
cated at the chain ends of the PAAm oligomers and the MBAm
monomers) at 323 K. The samples were relaxed via a multi-step
relaxation procedure using MD simulations in the NVT ensem-
ble, to relieve the potentially high internal stress arising from the
initial formation of the new bonds.*” The details for this relax-
ation step are provided in Table S6, Supporting Information. New
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pairs of reactive atomic sites were searched for within the same
cut-off distance for ten times before the cut-off distance was in-
cremented by 0.5 A. This procedure was repeated until the target
DOC was achieved. These resultant cross-linked hydrogel sam-
ples at different DOC values, water content, and system size were
equilibrated at 300 K and atmospheric pressure via MD simula-
tions in the NPT ensemble for 200 ps prior to the prediction of
their mechanical properties and thermal conductivities. The de-
tails (e.g., the density and simulation cell size) of the hydrogel
samples used to predict thermo-mechanical properties are pro-
vided in Table S7, Supporting Information, along with full details
of the sample preparation procedure.

2.3. Structural Characterization

Molecular-level structuring of the hydrogel samples can provide
insights into the ultimate properties of these materials. To this
end, radial distribution functions (RDFs) between the different
oxygen atomic sites present in the constituent molecules in the
hydrogel (i.e., the oxygen atoms of the water molecules, the
MBAm molecules, and the PAAm oligomers) were calculated.
These RDFs were generated based on the equilibrated samples,
using MD simulations in the NVT ensemble at 300 K for 200 ps.
Specifically, focus was on a sample with a DOC of 50%, a water
content of 50 wt%, and a system size of 1 uc. The basis for this
choice was that this system was at the mid-range of DOC val-
ues and water content values studied here, which could reflect a
representative molecular-level structuring in the hydrogel sam-
ples. The MD simulation results were then analyzed to produce
the RDF plots using the in-house codes. To accomplish this, the
frames from the trajectory of the 200 ps NVT MD simulation ev-
ery 1 ps, corresponding to 200 frames in total, were saved and the
RDF plots were averaged over these 200 frames.

A clustering analysis was also performed to probe the size
of the water clusters in the hydrogel samples, which, in turn,
could contribute to the total heat flux in the hydrogel. To
achieve this, the k-means algorithm was used, which, with other
clustering algorithms, was used to analyze trajectories in MD
simulations.**%2 The k-means algorithm is an unsupervised ma-
chine learning algorithm that uses a predefined number of ini-
tially determined centroids, k (i.e., the total number of clusters
that is initially determined), to assign each data point (i.e., the
normalized Cartesian coordinates of the water oxygen atoms) to
clusters in the simulation cell. Iteratively, these k centroids are
used to calculate the distances of each data point to these cen-
troids, and based on the shortest distance between each data
point and centroids, the data points are assigned to clusters.
The new centroids are calculated as the mean of the data points
in each cluster. This procedure is repeated until convergence,
namely the point at which the cluster size and cluster mem-
bers remained invariant to iteration cycle. To accomplish this, the
scikit-learn library in Python was used.[®’!

Since the k-means algorithm relies on the choice of the
initial positions of the centroids, it is of utmost importance to
choose appropriate initial centroids for obtaining convergence.
To achieve this, the k-means++ technique, which is a targeted
strategy for choosing these initial centroids, was used.® For
obtaining local minima, the k-means algorithm was run 10 000
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times using different centroid positions. One thousand iter-
ations were performed for each run to ensure convergence.
When the distance between successive centroids was less than
the given tolerance, the process was deemed as converged. The
convergence tolerance was set to 1 x 10~* A. The results of the
run, which gave the smallest total sum of square error (SSE),
were chosen as the final set of clusters. The SSE is the sum of
the squared distances of all the data points within the cluster to
the centroid of the same cluster and summed over all k clusters.
In this analysis, three hydrogel samples with different water
loadings at a DOC of 50% (i.e., at water loadings of 10, 50, and
90 wt%) were tested. Only one snapshot (the same configuration
that was used as a basis for the computational mechanical
testing) was analyzed for each hydrogel system.

To determine the optimal number of clusters, plots of the
SSE versus the number of clusters were produced. The elbow
techniquel®® was used to find the optimal number of clusters.
In this plot, the optimal number of clusters was determined as
the point where adding more clusters does not provide new in-
formation (i.e., the point at which the SSE does not decrease ap-
preciably with an increase in the number of clusters). Periodicity
was not considered in the analysis. The k-means clustering analy-
sis was merely performed to approximately probe how the cluster
size was influenced as a function of the water loading in the hy-
drogel sample, to interpret the trends in the predicted thermal
conductivities.

2.4. Prediction of Mechanical Properties

To reveal the influence of the hydrogel system specifications
(such as DOC and water content) on the ultimate mechanical
properties of the hydrogel samples, the samples were tested un-
der tensile and shear deformations using NEMD simulations. In
the tensile deformation test, a strain rate of 5 x 107 s~! (which is
a typical tensile strain rate implemented in MD simulations) was
applied in one principal direction while keeping the other two
principal directions at 1 atm and 300 K via MD simulations in
the NPT ensemble, for a duration of 4 ns. This simulation proce-
dure was repeated for the other two principal directions (yielding
a total aggregate simulation time of 12 ns over the three principal
directions for one hydrogel sample). During the tensile deforma-
tion simulations, all atoms in the simulation cells were able to
move in all three principal directions. The stress—strain data from
each simulation were averaged over 1000 simulation steps, and
stress—strain curve (SSC) was then generated using the data aver-
aged over the three principal directions. Young’s modulus values
were calculated using the SSC up to 3% (proportionality limit) of
the strain data. The yield strain values were also predicted for the
hydrogel samples using the 0.2% offset line.*% In this analysis, a
straight line having the slope of the Young’s modulus of the sam-
ple was constructed with a shift of 0.2% of strain and the intersec-
tion point of this line with the SSC was taken as the yield point.
The corresponding strain and stress values at the yield point are
defined here as the yield strain and yield stress.

The other mechanical test performed was the shear deforma-
tion test, in which the simulation cell was deformed with a shear
rate of 1 x 10'° s7! (a typical shear strain rate implemented in
MD simulations*!l) while allowing all atoms to move. The shear
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deformation tests were performed at 300 K using the MD simula-
tions in the NVT ensemble for 0.4 ns for each principal direction
(vielding a total aggregate simulation time of 1.2 ns over the three
principal directions for one hydrogel sample). The shear stress—
strain data were averaged over every 1000 steps at each value of
shear for each MD simulation performed in each principal direc-
tion. All these data were then averaged to obtain the shear SSC.

2.5. Prediction of Thermal Conductivity of Hydrogels

The thermal conductivity of the hydrogel samples was calculated
using EMD simulations!®>*" based on the Green—Kubo formula
using Equation (1).

=gy = [ (0 Jo)a W)

where « is the thermal conductivity, kg is the Boltzmann con-
stant, and V and T are the volume and temperature of the sim-
ulation cell, respectively. J(t)- J(0) is the heat current auto-
correction function, where 7 is the correlation time. The angu-
lar bracket denotes an ensemble average. The heat current was
calculated using Equation (2).

f(r) =2 e+ % Z 7ij (ﬁij '17;') (2

where v; and &; are the velocity vector and energy (kinetic and po-
tential) of particle i, respectively. 7;; and F;; are the inter-particle
separation vector and force vector between particle i and j, respec-
tively.

NEMD simulations were also implemented to investigate the
influence of each individual potential energy contribution (such
as the non-bonded and bonded interaction terms) on the result-
ing predicted heat flux. The details of NEMD setup can be found
in previous studies.[®®% Based on classical statistical mechanics,
Irving and Kirkwood”? first derived the equation of energy trans-
port in molecules in the 1950s. The equation was modified by
Torii et al.”! and was used to calculate the inter- and intra-chain
energy transport with many-body potentials.”*73 Similarly, in
the LAMMPS software package,®® the total heat flux could be
decomposed into heat flux contributions from all different types
of forces and a convection term using Equation (3).

]total = ]total + Jbond + Jangle + Jdihedral + ]nonfbonding (3)

where ftotal is the total heat flux, and the right side of Equation (3)
has the contribution terms that can be calculated by Equation (4)

Jiotal = \1/|:Z €iv; — Z Siﬁi:| (4)

where i indicates atom i and e; is the internal energy of atom
i. S; is the stress tensor on particle i, which is calculated using
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Figure 2. Snapshots of the hydrogel sample with a sample size of 1 uc with water content of 10 wt% at a DOC of 85% under tensile deformation. ¢ is the
tensile strain. Color scheme: blue, green, cyan are for PAAm oligomers, MBAm cross-linker molecules, and chemically cross-linked atoms, respectively.
The white surface represents the water molecules in the hydrogel sample. The black solid line represents the simulation cell boundaries.

Equation (5)
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y
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1
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where S, is the ab component of the stress tensor on atom i,
where a and b represent x, y, or z in Cartesian coordinates. 7y, 75,
73, and 74 are t}le positions of the interacting atoms labeled 1, 2, 3,
and 4; ﬁl, F,, F; and F, are the force on these atoms; and N,, Ny,
N,, and Ny are the number of non-bonding (vdW and Coulom-
bic), bonding, angle, and dihedral interactions, respectively.

Finally, simulations on a pure water sample were also per-
formed to provide comparisons with both thermal conductivity
and coordination number data. In these simulations, 280 water
molecules were placed in a cubic simulation cell with a density
of 1.0 g cm™3. Periodic boundary conditions were applied along
the three principal directions. This system was first equilibrated
for 50 ps in the NVT ensemble by using Nose—Hoover barostats
and thermostats at a temperature of 300 K. This was followed by
an MD simulation using the NPT (isobaric-isothermal) ensemble
for 100 ps at a pressure of 1 bar and a temperature of 300 K. The
obtained density of pure water system was 0.98 & 0.03 g cm ™.
For the thermal conductivity simulations, the system was
switched to the microcanonical (NVE) ensemble for a simulation
0f 200 ps. The size of the cubic simulation cell for pure water sys-
tem was 40.6 x 40.6 x 40.6 A.

3. Results and Discussion

3.1. Computational Mechanical Testing

Our computational mechanical tests were based on samples gen-
erated using the 10-mer pre-polymerized PAAm oligomers. The
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Figure 3. Predicted tensile stress versus tensile strain data for hydrogel

samples (system size of 1 uc, details given in Section 2), with different
water contents and a degree of cross-linking of 85%.

hydrogel samples were subjected to strain in each principal di-
rection with a constant tensile strain rate, and consequently the
shape of the simulation cell changed as a response to the exter-
nally applied strain. Figure 2 shows representative snapshots of
a hydrogel sample under tensile deformation at different defor-
mation states.

We first explored whether the hydrogel samples with different
water content showed appreciable elastic behavior at the greatest
DOC value studied here (DOC of 85%). These tensile test results
(obtained using a sample size of 1 uc) are provided in Figure 3.
These data suggest that the hydrogel samples with a water con-
tent of 50 and 90 wt% supported modest elastic properties com-
pared to the sample with a water content of 10 wt%. This finding
can be ascribed to the liquid-like state of these high water-content
samples!!! under tensile deformation. Lee et al.’”) reported a
similar trend for hydrogel samples of poly(N-vinyl-2-pyrrolidone-
co-2-hydroxyethyl methacrylate) in their modeling study. These
authors computationally tested hydrogel samples with a water
content of 0 and 10 wt% and noted a decrease in the elastic modu-
lus with an increase in the water content. Our results suggest that
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Figure 4. Predicted mechanical response of cross-linked hydrogel samples with a sample size of T uc (details in Section 2) and a water loading of 10 wt%,
at different degrees of cross-linking. a) Tensile stress versus strain data. b) Shear stress versus strain data.

the polymer content (i.e., the content of the PAAm oligomers and
MBAm molecules in this case) of the hydrogel samples investi-
gated here is a key parameter in the formation of elastic hydrogels
because the gelation occurs through cross-linking of the poly-
mer chains with the cross-linkers. We remark here that merely
increasing the non-water content (i.e., the PAAm and MBAm in
our case) in the hydrogel sample does not necessarily guarantee a
sample with better elastic properties. We propose that the forma-
tion of cross-link bonds between the PAAm oligomers and the
MBAm cross-linkers is a key contributor here to impart elasticity.

However, the polymer content is not the only parameter that
can contribute to the elastic behavior of the hydrogels. Hydro-
gels with very high water uptake (even up to around 99 wt%) are
reported to be mechanically robust.”*7% For instance, Li et al. ex-
perimentally measured the tensile strength and elongation at the
yield point of a photo-cured polyurethane hydrogel and demon-
strated that the increase in viscosity due to the conformational
change of the photo-responsive molecules (e.g., cis—trans isomer-
ization) contributed to the stiffness of the hydrogel.”®!

Since we have already predicted that the hydrogel samples with
water contents of 50 and 90 wt% feature limited elasticity (Fig-
ure 3), we focused on hydrogel samples with 10 wt% water con-
tent to elucidate the effect of the DOC. Figure 4a provides the
tensile SSCs for the hydrogel samples at 10 wt% water content
and at different DOC values. Our data suggest that at 10 wt%
water loading, the uncured hydrogel sample (i.e., DOC of 0%,
comprising a liquid mixture of un-cross-linked pre-polymerized
PAAm and MBAm molecules) had an appreciable elastic behav-
ior under tensile deformation. The Young’s modulus of this un-
cured hydrogel was 2.84 GPa. We attribute this to the presence of
the pre-polymerized PAAm oligomers in the uncured hydrogel
samples. However, we expect that the formation of a 3D bond-
ing network can impart mechanical enhancement relative to the
uncured hydrogel. With an increase in DOC to 50%, the tensile
response of the hydrogel increased by almost 60%, to 4.59 GPa. A
further enhancement was obtained for a DOC of 85%, where the
Young’s modulus was predicted to be 4.84 GPa, a 70% increase
in Young’s modulus compared to the uncured hydrogel sample.
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For reference, the experimental values for Young’s modu-
lus of the PAAm-MBAm hydrogel are reported to vary be-
tween ~110-200 MPa for different PAAm-to-MBAm ratios.””!
However, we note that the DOC of these experimentally stud-
ied PAAm-MBAm hydrogels is not necessarily known or ex-
plicitly reported. In addition, we expect that the difference be-
tween experimentally accessible strain rates and computation-
ally practical strain rates will give rise to discrepancies between
the measured and predicted absolute values of mechanical prop-
erties such as Young’s modulus. An experimental study con-
ducted by Xia et al.”! showed a trend that is consistent with
our predictions, in that the Young’s modulus of a nanostructured
smart hydrogel based on poly(NiPAM), MBAm, and N,N,N',N'-
tetramethylethylenediamine increased with the concentration of
the NiPAM monomers in the sample. These authors attributed
this enhancement in Young’s modulus to an increase in the ex-
tent of the 3D polymeric network in the sample.

We also investigated our hydrogel samples under shear defor-
mation. Based on the outcomes of our tensile tests, we only con-
sidered hydrogel samples with a water content of 10 wt% at dif-
ferent DOC values. Figure 4b shows the predicted shear stress
values as a function of the shear strain for the three DOC val-
ues, indicating that the uncured hydrogel sample (i.e., DOC 0%)
exhibited an appreciable shear response. Similar to the high ten-
sile response of the uncured hydrogel sample, this high shear re-
sponse of the uncured hydrogel sample could be explained by the
presence of the pre-polymerized PAAm oligomers in the hydro-
gel sample. Increasing the DOC conferred a positive effect on the
shear response of the hydrogel, such that the DOC 85% sample
exhibited the greatest shear response of the three. The predicted
shear modulus of the DOC 85% sample was 2.94 GPa, while that
of the uncured hydrogel sample (i.e., DOC 0%) was 1.99 GPa.
A DOC of 50% yielded an intermediate shear modulus value of
2.43 GPa. Figure 5 summarizes our predicted Young’s modulus
and shear modulus values.

Our shear deformation findings are consistent with experi-
mentally reported results in the literature.’®#% In a related study,
Jiang et al.”® reported the experimentally determined shear
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Figure 5. Predicted Young's and shear modulus values for the hydrogel
samples with sample size of 1 uc (details in Section 2) and a water content
of 10 wt% at different degrees of cross-linking.

response of an AAm-based hydrogel as a function of the cross-
linking density. However, we note that these authors indirectly
inferred the cross-linking density via back-calculation of the
effective network chain density using the shear modulus values.
These authors reported that the increase in the shear viscosity as a
response to the increased cross-linking density led to an increase
in the shear modulus of the hydrogel. As already indicated earlier,
the shear rate can influence the absolute shear response of the
hydrogel. Nesrinne and Djamel®” reported the experimentally
measured shear rate dependence of acrylic acid (AA)-AAm hydro-
gels. These authors found that the shear stress of these hydrogels
increased (but not linearly) with an increase in the shear rate
due to an increase in the viscosity (i.e., typical behavior of shear-
thickening fluids). In our MD simulations, we implemented a
shear strain rate and a tensile strain rate that were several orders
of magnitude faster than the experimentally accessible defor-
mation rates. For example, the tensile strain rate used here was
5 x 107 s7!, whereas the experimental tensile strain rate imple-
mented in ref. [79] was 2 x 1072 s~1. This limitation is chiefly due
to the computational resources required to capture slower strain
rates (i.e., it is theoretically possible to test the hydrogel samples
with the experimental shear rates/tensile rates using MD simu-
lations, but this would not be practical in terms of the required
time to complete these simulations). Here, we did not investigate
the influence of deformation rate on the mechanical response
of our hydrogels. Although the strain rate implemented in both
experiments and MD simulations can influence the absolute
value of the moduli, we are chiefly interested in the trend in mod-
ulus values calculated using MD simulations, not the absolute
values.

Moreover, we used a traditional all-atom FF in our simulations,
namely OPLS.BY This FF assumes a fixed bonding topology and
does not allow for us to model bond breakage as a response to ap-
plied strain. For example, the experimental elongation at break-
age for our hydrogel sample was at ~11% of strain*’! and from
1-4.5% of strain,”’”) whereas our simulations went up to 20% of
strain without showing any failure, likely due to this limitation of
the FF. Such limitations can be obviated by, for example, the use
of 0.2% offset line.*) Our predicted yield strain values mirrored
the trend that was observed in our Young’s modulus values. With
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the use of this 0.2% offset line, the yield strain values were pre-
dicted to be around 2.8, 3.1, and 3.4% for the hydrogel samples
with the water content of 10 wt% and with DOC values of 0%,
50%, and 85%, respectively. This offset line analysis enabled us
to predict the relationship between DOC and yield point of the
hydrogel. Therefore, rather than the absolute values of the yield
strain and yield stress, the trend in these values is of chief interest
here.

We recognize that varying the ratio of the number of con-
stituent molecules (in our case pre-polymerized PAAm and
MBAm) can produce differing hydrogel properties.®%# For
instance, Yang et al.B? varied the ratio of AA and AAm of a
co-monomer hydrogel and experimentally measured its ten-
sile response. Their results suggested that an increase in the
AA/AAm ratio in favor of AAm increased the modulus, while the
elongation at failure was reduced.®?! Here, we have investigated
a fixed value of the PAAm/MBAm ratio of 0.25. Investigation of
the effect of the PAAm/MBAm ratio on the thermo-mechanical
properties would be a fruitful direction for future study.

3.2. Thermal Conductivity of Hydrogels

In addition to the mechanical properties of our hydrogels, we ex-
plored how the length of pre-polymerized PAAm oligomer, the
DOC, and the water content affected the thermal transport prop-
erties of the hydrogel samples with a system size of 1 uc. Further-
more, we also elucidated the effect of the system size (i.e., 4 and
8 uc) on the thermal conductivity at different DOC values.

We first explored the effect of the length of pre-polymerized
PAAm oligomer on the thermal conductivity. We tested three pre-
polymerized PAAm oligomer lengths comprising 10-, 16-, and
32-units of AAm at DOC values of 0% and 85%, using the 1-uc
system size. Our results, provided in Figure S2, Supporting In-
formation, indicate that the thermal conductivity of the hydrogel
samples did vary appreciably as a function of PAAm oligomer
length, within the range investigated here. Based on these find-
ings, we focused our thermal conductivity calculations on the
samples generated from the 10-mer long PAAm oligomers. We
remark here that the use of larger MD simulation cells may affect
the dependence of PAAm oligomer size on the thermal conduc-
tivity. However, we are chiefly interested in the trend in thermal
conductivities as a function of DOC and water content. Work in
our labs is currently underway to develop a computational proce-
dure that will facilitate the polymerization of the AAm monomers
in situ. Such developments will enable a deeper investigation of
the influence of the PAAm oligomer length on hydrogel thermal
properties. We also investigated the dependence of the thermal
conductivity on the principal direction along which it was calcu-
lated. These tests were performed for a larger system size, 4 uc,
as detailed in Section 2. Justification for this choice of the system
size for these test calculations is addressed below. In Figure S3,
Supporting Information, we provide the thermal conductivity val-
ues for the 4-uc hydrogel sample with a water content of 50 wt%
and a DOC of 85%, which indicate that the thermal conductivity
was invariant to the direction of calculation (as expected).

In Figure 6a, we provide calculated thermal conductivity
values as a function of water loading for DOC values of 0%
and 85% and a system size of 1 uc. These data suggest that the
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Figure 6. a) Thermal conductivities of uncured (DOC 0%) and cross-linked hydrogel samples using a system size of 1 uc at 300 K with different water
loadings. b) RDF plots, g(r), for the hydrogel oxygen atoms; sample size of 1 uc with a DOC of 50% and water loading of 50 wt%.

thermal conductivity of the hydrogels increased with increasing
water content, regardless of whether the sample was uncured
or cross-linked (we reiterate here that we define a DOC of 0% to
correspond to a system of un-crosslinked MBAm molecules and
pre-polymerized PAAm oligomers). For instance, the predicted
thermal conductivity increased almost monotonically, from 0.30
t0 0.98 W m~! K~! with water content from 0% to 100% for a
DOC of 0%. Typical normalized heat current autocorrelation
functions for these hydrogel samples are provided in Figure S4,
Supporting Information.

Our predicted thermal conductivity for pure liquid water
(0.98 £ 0.04 W m~! K!) is consistent with previous model-
ing studies.®*# This value is higher than that of experimental
measurement?!! of 0.60 W m~! K1, which is associated with
the empirical force fields used in the MD simulations. Romer®’
showed that TIP4P and SPC/E water models yielded similar ther-
mal conductivities for pure water at a given temperature. These
authors also suggested that the water models used in MD simu-
lations typically gave rise to thermal conductivities greater than
the experimental values at a given thermodynamic state. This
was ascribed to the fact that many (but not all) widely used water
models were not explicitly parameterized using thermal conduc-
tivity data, but with reference to other properties such as liquid
density®! and enthalpy of vaporization.*

We attribute the beneficial effect of water loading on the ther-
mal conductivity to the extent of hydrogen-bonding network in
the hydrogel samples. To elucidate this, we report RDFs (Fig-
ure 6b) for the OHZO'OHZOy OHZO'OPAAmy and OHZO'OMBAm pairs.
These RDFs in Figure 6b were calculated for a hydrogel sample
size of 1 uc with a water content of 50 wt% and a DOC of 50%. We
chose a DOC of 50% (which is intermediate between the uncured
and highly cured hydrogel samples) for the purpose of observing
the trend. As is clearly seen in Figure 6b, the amplitude of the
first peak for Op0-Omz0 Was the greatest among the three pairs,
which, in turn, reflected the dominant effect of the interactions
between water molecules on the thermal conductivity. All three
RDFs summarized in Figure 6b yielded a peak position at around
2.7 A, which implies the formation of hydrogen-bonding network
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between the pairs (e.g., the PAAm and water molecules).-%

The highest thermal conductivity was predicted for the pure lig-
uid water sample, which also underscores the importance of the
presence of hydrogen bonds.

We also calculated the water coordination number (CN) for the
hydrogel using a system size of 1 uc, a water loading of 50 wt%,
and a DOC of 50%. For comparison, we also calculated the water
CN in our pure water sample. The CN was defined to be the aver-
age number of water molecules found in the first solvation shell,
calculated by integrating the relevant RDF out to the first trough
(i.e., from r = 0 to ~3.5 A, Figure 6b). Our results revealed that
the water CNs predicted for the hydrogel sample and pure water
sample were 4.5 and 4.7, respectively. These results suggest that
in the hydrogel sample, slightly fewer water molecules were co-
ordinated with each other, which in turn yielded a lower thermal
conductivity compared to that predicted for pure water. Our wa-
ter CN for the pure water sample was also in good agreement
with the experimental (4.50)°) and predicted (4.59)% results.
Unfortunately, there are no experimental CN data for the PAAm—
MBAm hydrogel system available in the literature. In a related
study, Lee et al.?% predicted the water CN for various atomic site
pairs in poly(N-vinyl-2-pyrrolidone-co-2-hydroxyethyl methacry-
late) hydrogels using MD simulations. These authors reported
an increase in water CN at higher water loadings. This fact can
account for the higher thermal conductivities in the hydrogel
samples with high water content because the heat is mainly con-
ducted from the polymer to the water molecules by the vibrations
of the water molecules surrounding the polymer chains.

We ascribe our predicted increase in thermal conductivity
with increasing water content to the ability of water molecules to
conduct heat through hydrogen bond networks.’! As detailed in
Section 2, we estimated the size of the water clusters, which may
serve as a useful metric in this respect. Water molecules in close
spatial contact are expected to conduct heat more efficiently,
and an increase in the number of water molecules in such
contact would conceivably augment heat transfer. Therefore, we
first determined the optimal number of water clusters in our
hydrogel samples. We performed this initial analysis by setting
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Figure 7. a) Predicted optimal number of clusters and cluster size for each hydrogel sample. b) Scatter plot for the spatial distribution of clusters of water
in the hydrogel sample size of 1 uc, a DOC of 50%, and a water loading of 50 wt%. , y, and z represent the normalized dimensions of the simulation

cell. The color map indicates the cluster number related to part (a).

the number of clusters to 20. We report our predicted cluster
size for each cluster found in each type of hydrogel sample,
as shown in Figure S5a, Supporting Information. Our results
suggest that the hydrogel sample with the highest water loading
investigated here featured larger water clusters. This result is
not unexpected, given that a greater number of water molecules
are present in the hydrogel with higher water loading. Therefore,
we expect that a greater number of larger water clusters should
contribute to an enhanced thermal conductivity of the hydrogel.
On the other hand, for the samples with low water loading,
the formation of small water clusters is expected; these water
clusters might show different behavior if they are confined
within the cross-linked polymer network. This confinement
might lead to locally varying physical properties for these water
clusters (e.g., interfacial tension) within the sample. Future
studies warrant a close examination of this via experimental
techniques and computational approaches.¥

We next sought to estimate the optimal number of clusters, by
predicting how the total SSE varied with the number of predicted
clusters and using the elbow method (Figure S5b, Supporting In-
formation). We found that the resulting optimal number of clus-
ters was dependent on the water loading of the hydrogel sample.
For a DOC of 50%, two clusters were predicted to be optimal for
the hydrogel sample with 10 wt% loading, whereas four and six
clusters were optimal for 50 wt% and 90% wt water content, re-
spectively (Figure 7a). Figure 7b shows the scatter plot for the
water clusters calculated for a hydrogel sample of size 1 uc, with
water content of 90 wt% and a DOC of 50%. Different colors in-
dicate the water oxygen atoms belonging to different clusters (six
clusters in total).

For a DOC of 50%, when the water content was relatively low
(such as 10 wt%), the available water molecules mostly formed
small clusters. On the other hand, a relatively high water con-
tent (e.g., 90 wt%) yielded a predicted network between water
molecules that was similar with that predicted for the pure water
sample. In the case of the 50% DOC hydrogel with 50 wt% water
content, our data indicate the presence of more regions where wa-
ter molecules can reside and potentially become trapped, which
in turn would logically lead to a relatively higher optimal num-
ber of water clusters in the hydrogel. We reiterate here that we
analyzed only one snapshot, which was the equilibrated frame
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that was also used as the basis for our computational mechanical
testing, for each hydrogel sample.

As already indicated earlier, we propose that under certain con-
ditions, the predicted thermal conductivity of the hydrogel sam-
ple may be influenced by the MD simulation cell size, partic-
ularly in a size range inclusive of small system sizes. We base
this suggestion on a consideration of the relative length-scales of
the cell dimensions versus the length-scale of the average seg-
ment chain-length between cross-link points along the PAAm
chain in the cured hydrogel. To elaborate, we suspect that such
system-size effects may be at their most acute for the case where
the crosslink-to-crosslink length-scale is comparable to the sim-
ulation cell dimensions. In this scenario, we suggest that the
polymer network might not be appropriately represented, which
might then have a detrimental impact on the predicted ther-
mal conductivity. Consider that our thermal conductivity calcula-
tions were performed using hydrogel samples containing a fixed
length of PAAm oligomer (10-mer) which has an idealized (fully
extended) chain length of approximately 30 A. Given that the
1-uc simulation cell dimensions were approximately 4649 A, the
average crosslink-to-crosslink length-scale had the potential to
be almost comparable to the simulation cell dimensions, which
therefore suggests that system-size effects could potentially be
significant. To gauge this, in Figure 8a, we report our predicted
thermal conductivities as a function of system size and DOC, for
a water content of 50 wt%. As expected, our predicted thermal
conductivities for the un-crosslinked sample (we reiterate that
a DOC = 0%, i.e., “un-crosslinked” refers to a sample contain-
ing a mixture of pre-polymerized PAAm 10-mers and MBAm
monomers that are not connected by covalent bonds) showed
no appreciable dependence on the size of simulation cell. How-
ever, the results for the samples with DOC of 85% indicated a
clear system-size dependency in the predicted thermal conductiv-
ity comparing 1 uc to 4 uc, but no appreciable dependence when
comparing 4 uc with 8 uc. Overall, for a fixed PAAm oligomer
length of ten repeat units, our data indicate that the ideal small-
est system size for the calculation of thermal conductivity should
be at least 4 uc. Based on the 4-uc system size, the thermal
conductivities increased with DOC, from 0.69 & 0.03 W m™!
K=! for a DOC of 0% to 0.83 4+ 0.04 W m~! K~! for a DOC of
85%.
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Figure 8. a) System-size (1 uc, 4 uc, 8 uc; see text for details) dependence
of the predicted thermal conductivity calculated via equilibrium molecular
dynamics simulations with different degrees of cross-linking. The water
content of these samples was 50 wt%. b) Normalized heat flux contri-
butions from non-bonding (van der Waals and Coulombic interactions),
bond, angle, dihedral, and convection terms at different DOCs, calculated
using non-equilibrium molecular dynamics for a sample size of 4 uc and
a water loading of 50 wt%.

As detailed earlier, we investigated the dependence of pre-
dicted thermal conductivity on PAAm oligomer chain length
(namely 10-, 16-, or 32-mers) by using our smallest sample size
(i-e., 1 uc); we observed no apparent influence on thermal con-
ductivity in this instance. However, based on our arguments and
findings drawn from Figure 8a, namely that the minimum sam-
ple size to calculate the thermal conductivity should be at least 4
uc, we propose that the effect of PAAm oligomer chain length
might influence the thermal conductivity if larger simulation
cells were used. This will be investigated in future work.

To further reveal how the DOC influenced hydrogel thermal
conductivity, we partitioned the total heat flux that was used to
determine the thermal conductivity into its components based
on the type of interatomic interaction. This partitioning pro-
vided contributions based on the non-bonded interaction terms
(i-e., the sum of the van der Waals and Coulombic interactions)
and bonded interaction terms (such as the bond stretching, an-
gle bending, dihedral, and convection terms). To achieve this,
we used NEMD and investigated two samples: uncured (DOC
of 0%) and cured (DOC of 85%) with a water content of 50
wt% and a system size of 4 uc, for the system comprising pre-
polymerized PAAm 10-mers. A typical NEMD simulation cell
is illustrated in Figure S6, Supporting Information. As shown
in Figure 8b, the non-bonded heat flux comprises the domi-
nant contribution for both DOC values. Furthermore, this non-
bonded contribution was greater for the cured sample compared
to the uncured sample. We attribute this to the formation of cova-
lent cross-link bonds between the PAAm oligomers and MBAm
molecules, which we propose resulted in closer intermolecular
non-covalent contact. This can concomitantly lead to more fa-
vorable intermolecular interactions and thus enhanced thermal
transport. Our findings here, regarding the beneficial effects of
the formation of new covalent bonds on thermal conductivity
in hydrogels, are consistent with published simulation data on
amorphous polymers.”!%]

Our results also revealed that the formation of cross-link
bonds did not significantly alter the normalized proportion of the
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bonded heat flux contribution to the total heat flux when compar-
ing the uncured and cured samples. Again, because our sample
comprised pre-polymerized PAAm 10-mers, the difference in the
number of new covalent bonds when comparing 0% DOC with
85% DOC is actually quite small. To illustrate this, consider an ex-
ample system with a water content of 50 wt% and a system size
of 1 uc. At a DOC of 50%, the number of new cross-link bonds
formed between the PAAm 10-mers and MBAm molecules will
be 32 (in this case, the system contained 32 PAAm 10-mers and
each has two reactive sites situated at both ends); 32 new cova-
lent bonds correspond to ~0.3% of the total bonds present in the
simulation cell. In future work, we will adapt our cross-linking
procedure to facilitate in situ oligomerization of the PAAm dur-
ing the MD simulations. This would provide a clearer benchmark
between truly uncured and fully cured samples.

Moreover, the proportion of the convection contribution term
was almost an order of magnitude smaller in the cross-linked
sample compared with the uncured system. We propose this
reduction can be attributed to the restricted mobility of the
molecules in the cured sample. With the increase in DOC, the
hydrogel samples became more solid-like; this solidification can
broadly limit the mass transport of molecules in the sample,*®
particularly in terms of mobility of the water content. Specifically,
we suggest that the cross-linked polymer constituent of the hy-
drogel (the cross-linked PAAm-MBAm in our case) can form
pockets or voids, which can trap aggregates of water molecules
and frustrate their subsequent translational diffusion through
the sample.””% Since the water molecules can undergo trans-
lational motion less freely in the cured hydrogel compared to
the uncured sample,?’! the proportional contribution of the con-
vection term to the heat flux in the cured sample will be less.
Our computational findings are consistent with published exper-
imental observations, as reported for poly(NiPAM) hydrogels®’!
and poly (methacrylic acid) hydrogels.'%%

4. Summary and Conclusions

We predicted thermo-mechanical properties of PAAm-MBAm
hydrogels as a function of various structural and compositional
parameters, based on all-atom molecular dynamics simulations.
Our predictions were broadly consistent with reported experi-
mental data. Our findings reveal the molecular-level complexity
between hydrogel water content and DOC , both of which are as-
sociated with the thermo-mechanical performance of these ma-
terials. We predicted that the fraction of polymer content is a key
determinant in conferring elasticity to the hydrogel. Our results
also suggested that water content has a strong role in conferring
higher thermal conductivities to the hydrogel. Our simulation re-
sults indicated a proportionally greater contribution due to non-
bonding interactions (i.e., the vdW and Coulombic interactions)
to the heat flux relative to bonding interactions, for cured sam-
ples compared with uncured samples. Moreover, the convection
contribution to the thermal transport, related to the ability of wa-
ter molecules to translationally diffuse through the hydrogel, was
found to be substantially reduced for higher degrees of cross-
linking. Our analysis also suggested that the spatial range and
distribution of water aggregates in the hydrogel can exert a strong

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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influence on heat conduction through the hydrogen-bonding net-
work in the hydrogel.

We used pre-polymerized PAAm oligomers as the basis of
our computational sample preparation. This was due to limita-
tions in current computational procedures needed to capture rad-
ical polymerization using traditional molecular dynamics sim-
ulations and all-atom force fields. Current work in our labs to
develop such a radical polymerization computational procedure
is underway and will provide a basis for future hydrogel stud-
ies. Such advances will enable a more detailed elucidation of the
contributions to the thermo-mechanical properties of these hy-
drogels. Our computational procedure and findings provide a ra-
tional, knowledge-based foundation for ultimately proposing, de-
signing, and testing novel, customized hydrogels for specific and
bespoke applications.
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