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ABSTRACT

Thermosensitive hydrogel can integrate vapor molecular capture, in-situ liquefaction, and thermal-induced water
release for freshwater capture. This study aimed to examine the dynamic behavior of poly (N-isopropylacrylamide)
(PNIPAM) single chain and cross-linking thermosensitive hydrogel through molecular dynamics simulation.
Specifically, the impact of lower critical solution temperature (LCST) on the conformation of polymer chain and the
interaction between water and polymer chain were also investigated. The polymer chain conformation underwent a
transition from coil to globule when the temperature exceeded the LCST, indicating the temperature responsiveness
of PNIPAM. Additionally, thermosensitive hydrogel samples with different cross-linking degrees (DOC) were
studied, and relevant parameters such as the number of free water, the diffusion coefficient of water, and the
pore size distribution were counted to evaluate the temperature responsiveness and water release characteristics
of thermosensitive hydrogel.
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1 Introduction

Freshwater resources have increasingly attracted global attention. Ghasemi et al. [1] proposed
solar thermal evaporation technology based on local heating for water desalination. The utilization
of photothermal materials to achieve direct desalination of seawater is suitable for the needs of
modern society due to their energy efficiency, reduced resource consumption, utilization of low-grade
energy sources, and preservation of water security. Numerous studies have been recently conducted on
photothermal materials, evaporator optimization design, and arrangement form for the development
of solar thermal seawater desalination systems. These findings indicate that the inefficiency of the
condensing component significantly hinders the overall efficiency of the solar thermal seawater
desalination system [2,3]. When employing the traditional transparent cover plate used as condensing
components, four factors impede further enhancement of water collection performance. Firstly, the
condensation droplets reduce the light transmittance of the cover plate [4]. Second, the low intrinsic
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thermal conductivity (<5 W-m™'-K™') of transparent cover plates, such as glass, leads to a significant
thermal resistance during the vapor condensation heat transfer process [5]. Third, increased latent
heat and light absorption reduce the heat transfer temperature difference of the upper transparent
cover plate, thus decreasing the driving force for condensation [6]. Furthermore, a large amount of
non-condensable gas in the photothermal desalination system significantly decreases the condensation
heat transfer coefficient [7,8]. Therefore, the optimization of the condensing component is the key to
improve the overall efficiency of desalination system.

Hydrogel is a hydrophilic but insoluble polymer network, which can quickly swell and absorb
a large amount of water. Hydrogels have been widely used in diverse fields, including histological
engineering [9], targeted therapy [10], desalination [1 1], soft electronics [12], and selective protein [13].
Compared with traditional glass cover plates in non-condensing situations, gel materials for air fresh-
water capture in low relative humidity conditions [14—17] has demonstrated superior performance.
Certain hydrogels demonstrate swift reactivity to external stimuli, as seen in thermosensitive hydrogels
composed of polymer chains and water that enable water release upon reaching a critical temperature.
Upon exceeding this critical temperature, the polymer network undergoes a transition to an opaque
state, resulting in light modulation dependent on temperature. Based on the photoregulation of poly
(N-isopropylacrylamide) (PNIPAM), Yu et al. [18] integrated modified MXene nanoparticles, and
Ni-Ti shape memory alloy (SMA) to give intelligent Windows heat storage, temperature control and
ventilation functions. Thermosensitive hydrogels possessing attributes such as flexibility, transparency,
temperature responsiveness, and water release capabilities are thus deemed appropriate for integration
as condensing elements in solar thermal desalination systems.

PNIPAM [19] is considered a promising thermosensitive hydrogel due to its unique properties,
including the lower critical solution temperature (LCST) of approximately 305 K in aqueous envi-
ronments. When exposed to temperature changes, PNIPAM undergoes a phase separation process
in its aqueous solution, leading to a conformational transition from coil to globule. This behavior
causes the PNIPAM hydrogel to absorb a significant amount of water at temperatures below the
LCST, release a portion of the absorbed water at temperatures above the LCST, and ultimately collapse
[20]. Numerous researchers have conducted comprehensive simulation studies on PNIPAM polymer
chains [21-25]. Simple polymers consist of elongated chains of monomers connected by hydrogen
bonding and steric hindrance. The three-dimensional configuration of hydrogels is strengthened
through the incorporation of cross-linking agents to bolster the stability of the hydrogel, leading to
a more robust structure. In the realm of polymer science, physical cross-linking represents a tenuous
connection between specific domains, while chemical cross-linking is the formation of stable covalent
bonds between polymer chains and cross-linkers [26—29]. The investigation of cross-linked hydrogels
in experimental settings presents numerous challenges stemming from varying synthesis parameters,
including the degree of cross-linking (DOC) and water content [30,31]. All-atom molecular dynamics
(MD) simulations, however, offer a valuable tool for supplementing empirical observations and
facilitating a deeper understanding of the significant impacts of chemical cross-linking type, DOC
and water content on the structural properties of these materials [32].

There are several studies on hydrogels by MD simulation, with a predominant emphasis on
the mechanical and deformation properties of these materials [33-36]. Tamai et al. [37] conducted
simulations to investigate the influence of water-polymer interaction in three hydrogels, examining
the relationship between hydrogen bond distribution, water content, and temperature, as well as
determining the hydrophilicity trend of these hydrogels. Additionally, the concentration dependence
of volume phase transitions in high-density PNIPAM microgel suspension was found to be consistent
with macroscopic values [38]. Lehmann et al. [39] studied on the impact of various cross-linkers on
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PNIPAM thermosensitive hydrogels. The findings indicated that while the cross-linker did not signifi-
cantly alter the initial temperature of LCST, it did influence the degree of expansion and distribution
of pore sizes. Further, the effects of different cross-linking agents on the swelling behavior of hydrogels
have been investigated [40,41], and the results show that the microgels cross-linked with ethylene
glycol and triethylethylene glycol dimethacrylate exhibit significant swelling behavior near LCST, while
the microgels cross-linked with N, N’-methylene diacrylamide (BIS) exhibit reduced volume changes.
Previous simulation study [42] has illustrated the substantial water release of PNIPAM thermosensitive
hydrogel through the MD simulation of the channel graft of PNIPAM.

The attributes of water absorption, water release, and temperature responsiveness of hydrogels
are crucial considerations for their role as condensing components. Nevertheless, there is a paucity
of research on this topic in the current literature, and there are obvious gaps in the simulation of
the structure of hydrogel networks formed by physical and chemical cross-linking. In this work, we
employed MD simulations to investigate the effect of temperature and DOC on the water capture and
release behavior of PNIPAM hydrogels. The conformational change of a PNIPAM-30mer polymer
chain induced by the LCST was investigated from the nanoscale. Furthermore, the model of PNIPAM
hydrogels cross-linked with BIS was built, the impact of temperature and DOC on the properties of
thermosensitive hydrogels was investigated, including the diffusion coefficient of water, the number of
hydrogen bonds between hydrogels and water, as well as the radial distribution function (RDF), and
the pore size distribution (PSD).

2 Simulation Detail
2.1 PNIPAM-30mer Single Chain

The initial structure was prepared with Materials Studio [43]. Fig. 1a,b shows the polymerized
repeating unit and the 3-D representations of the polymer chain. A simulation system with the three
dimensions (9.6 nm x 9.6 nm x 9.6 nm) was built to investigate the temperature induced conforma-
tional change behavior of PNIPAM-30mer (Fig. 1¢). Notably, the periodic boundary conditions were
employed for the x, y, and z directions. Finally, a simulation system containing 31,740 water molecules
and a PNTPAM-30mer chain was established.

2.2 Cross-Linked Hydrogel Preparation

As shown in Fig. Id, R1 and R2 are the reaction sites of the pre-polymerized PNIPAM-5mer
chains and BIS, respectively. The pre-polymerized PNIPAM-5mer chain and BIS provided four
reaction sites and binding sites, respectively, with one BIS interconnects four chains (Fig. 1g). The
Prepolymerized PNIPAM-5mer chains, BIS and water molecules produce different mixing systems
depending on the water content (Fig. 1e). The PNIPAM hydrogels with different DOC values of 20
and 50%wt water content, which were 25%, 50%, 75% and 100%, were obtained by the cross-linking
algorithm. According to previous studies, DOC was defined as the ratio of the number of cross-linking
reactive atomic sites to the total number of N-isopropylacrylamide (NIPAM) reactive atomic sites
present in the simulation system [33].

Materials Studio software was used for the dynamic cross-linking process, in which covalent
bonds were formed between the pre-polymerized PNIPAM-5mer and the cross-linker. The initial
mixing system consisted of the pre-polymerized PNIPAM-5mer chains, BIS, and water molecules
with a NIPAM/BIS ratio of 4:1 for cross-linking PNIPAN hydrogels. This simulation system contains
200 NIPAM monomers, that is, 40 pre-polymerized PNIPAM-5mer chains. Then, water molecules
were added according to different water contents to obtain different hydrogel systems. Hydrogel
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systems with 25 and 50%wt of water contain 425 and 1700 water molecules, respectively. Before
starting dynamic cross-linking, the system undergoes a sequence of equilibrium processes. Initially, the
system energy is minimized through structure optimization. Subsequently, a 300 ps MD simulation is
conducted in the NPT (constant number of particles N, constant pressure P, and constant temperature
T) at 298 K. Finally, the system is heated to 698 K, maintained at a high temperature, and gradually
cooled to a cross-linking temperature of 298 K for simulated annealing via MD simulation of the NVT
(constant number of particles N, constant volume V, and constant temperature T) assembly.

(b)

PNIPAM-30mer

DEEETIRRY

(d) PNIPAM-5mer
o
B

. @
R K]
- Rl
¥ Mising
(& - (gt
w
BIS > H0
R2 ' @

Cross-linking

Repeat unit (NIPAM)

(g} oW W OHTH N
C—Ct € C—C+
C « o i
4 # <.
O N0 mp O NNy -

CH,

Figure 1: Diagram of the cross-linking. (a) Repeat unit. (b) 3-D representation of the PNIPAM-30mer.
(c) PNIPAM-30mer system. (d) Pre-polymerized PNIPAM-5mer chain and BIS. (¢) Mixing system.
(f) Cross-linking PNIPAM hydrogel (DOC: 75%). (g) Form covalent crosslinking sites

The uncross-linked mixed systems were equilibrated to achieve the optimal structure for facil-
itating the cross-linking process, in this cross-linking algorithm [44], active atoms are specified to
search for potential cross-linking partners within the search radius to form covalent bonds. The
initial search radius is established at 4 A, with the maximum search radius set at 9 A. Following each
iteration of the radius search, a supplementary NVT molecular dynamics simulation is conducted
to alleviate any remaining stress, after which the search radius is incremented by 0.5 A to repeat
the search at the updated distance. Following the determination of the target bond length and bond
force constants, a subsequent equilibration phase is conducted using the NVT ensemble. This iterative
process continues until no suitable potential partner is identified within the designated search radius.
There are two indicators that signify the completion of the cross-linking process: the attainment of
the predetermined DOC and the reaching of the maximum search radius. The Condensed-phase
Optimized Molecular Potentials for Atomistic Simulation Studies (COMPASSII) force field was
employed for the dynamic cross-linking process. The Nose-Hoover thermostat was used to control the
temperature and the Parrinello-Rahman barostat to regulate the pressure, respectively. The entirety of
the system cross-linking and MD simulation procedure is depicted in Fig. 2. Following the acquisition
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of the necessary hydrogel systems, subsequent simulations were conducted utilizing the LAMMPS
(Large-scale Atomic/Molecular Massively Parallel Simulator) software package [45].

Materials Studios

Prepare the uncross -
linked system

PR E—

Equilibrated and
data acquisition.

Create different boxes containing pre- -
polymerized PNIPAM-5mer, BIS,
water content of 20 wi% and 50 %awt.

The uncross-linked mixed system was

equilibrated.

MD: 300 ps NPT at 1 atm and 298 K;
Anneal: 298 K-698 K 5 cycles.

Set different DOC:
MinRxnRadius: 4 A
StepsRxnRadius; 0.5 A
MaxRxnRadius: 9 A

13 ns NPT at 280 K and 320 K

Figure 2: Flowchart of the cross-linking and MD process for hydrogel samples

2.3 MD Simulation Details

Both PNIPAM-30mer and hydrogels employed Consistent Valence Force Field (CVFF) force
field, and rigid TIP3P model was used for the water, respectively. The interaction between components
was described using Lennard-Jones 12-6 potential, E = 4¢[(o/r)"* — (o/r)°], where ¢ is the characteristic
energy and o is the van der Waals radius. And the arithmetic combining rule was used to determine
the heteroatomic Lennard-Jones parameters. As shown in Table 1, the specific parameters of Lennard-
Jones (LJ) potential of each atom of hydrogel. Besides, the real-space cutoff for the electrostatic
potential and van der Waals forces was set to 10.0 A. Long-range electrostatic and van der Waals
interactions were computed using the particle-particle particle-mesh (PPPM) method with a Root
Mean Square (RMS) accuracy of 10~* [46]. The SHAKE algorithm was employed to constrain the

bond lengths and angles of water molecules [47].

Table 1: The LJ parameters used in simulations for hydrogels

Atoms Charge ¢ (kcal/mol) o (A)

Cl —0.1 0.0389999952 3.8754094636
C2 -0.2 0.0389999952 3.8754094636
H 0.1 0.0380000011 2.4499714540
N 0.38 0.1669999743 3.5012320066
(0] —0.5 0.2280000124 2.8597848722
C3 —0.38 0.0389999952 3.8754094636
HN 0.28 0.0000000000 0.0000000000
C4 -0.3 0.0389999952 3.8754094636
C5 0 0.1599999990 3.4745050026

(Continued)
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Table 1 (continued)

Atoms Charge ¢ (kcal/mol) o (A)
Ox —0.83 0.1020 3.1880
Hx 0.415 0 0

In the first part, PNIPAM-30mer single chain reproduced the temperature responsiveness of the
material. The PNIPAM-30mer polymer chain was initially presented as an extended chain and then
equilibrated under the NVT ensemble for 0.4 ns. Water molecules were added after minimization.
Temperature equilibration was then performed in the NPT ensemble at 280 and 320 K and 1 bar for
0.4 ns. Data acquisition was performed using the production run in the NPT ensemble extended for
8 ns. A gradual heating simulation was then performed on the identical single chain system at a heating
rate of 5 K/ns (from 280 to 320 K). The conformation changes of the PNIPAM-30mer chain, including
End to End distance, Radius of gyration (Rg) and volume change of the polymer chain, were evaluated
at a specific temperature and a dynamically changing temperature. The timestep for this part of the
simulation is 2 fs.

In the second part, eight PNIPAM hydrogel systems were prepared with varying water content of
20 and 50%wt, and with DOC values of 25%, 50%, 75% and 100%, respectively. Each hydrogel system
was equilibrated for 5 ns under the NPT ensemble at temperatures of 280 and 320 K. Subsequently, a
molecular dynamics simulation process lasting 8 ns was conducted for data acquisition. The timestep
for this part of the simulation is 1 fs. Throughout the entirety of the molecular dynamics process,
the potential energy of both the hydrogel and water components was calculated, Equilibrium was
considered to be reached when the potential energy exhibited stability. The MD simulation process was
conducted following the attainment of system equilibrium, during which various pertinent parameters
were assessed, including the quantity of hydrogen bonds, water diffusion coefficient, and PSD.

3 Results and Discussion
3.1 MD Simulation Details

The MD simulation of PNIPAM-30mer and water molecules were conducted at 320 and 280 K,
which were above and below LCST (305 K), respectively. The temperature dependence of the End
to End distance and the Rg of the polymer chain were also examined. The changes in End to End
distance and Rg of PNIPAM-30mer in aqueous environments at two different temperatures are shown
in Fig. 3a,b. The End to End distance and Rg of the polymer chain at 280 K fluctuated between 59
to 28 A and 19 to 11 A, respectively. However, the End to End distance and Rg reduced to 8 and
9 A at 320 K. Furthermore, the shape and sizes of the polymer chain were significantly different at
280 and 320 K. Specifically, PNIPAM-30mer had an extended conformation below LCST, while the
PNIPAM chain collapsed into a condensed conformation above LCST. These findings indicate that
temperature changes substantially influence the conformational transition of the PNIPAM polymer
chain. Fig. 4 shows the snapshot of PNIPAM-30mer during the MD simulation. At temperatures from
280 to 320 K, it can be seen that the polymer chain transforms from coil to globule.

Most previous studies focused on simulating the conformational changes of polymer chains at
specific temperatures. In this study, the behavior of PNTPAM-30mer was simulated at gradual heating,
and their dynamic evolution was assessed from 280 to 320 K. The Rg and End to End distance of the
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polymer chain decreased with increasing temperature, indicating a transition conformation from coil
to globule (Fig. 5). This conformational change was consistent with the conformational change at

certain simulated temperatures (280 and 320 K) (Figs. 3 and 4).
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The structural transition of PNTPAM-30mer was further investigated using the Voronoi tessel-
lation method to analyze volume change data, revealing insights into the surface solvation state [48].
Voronoi tessellation partitions the volume of system into polyhedral cells, with each cell corresponding
to an individual atom. The volume of each cell is defined by the set of points closest to the respective
atom. The alterations in the volume of the polymer chain are shown in Fig. 6. The smaller volume of
PNIPAM-30mer at 280 K can be attributed to its high hydrophilicity below LCST. This augmented
hydrophilicity induces a greater propensity for the hydrophilic groups on the polymer chain to engage
with water molecules, thereby facilitating the establishment of hydrogen bonds between the water and
polymer chains. As a result, the hydrogen bonds promote the compaction of the polymer chain. The
progressive volume changes of the polymer chain with increasing temperature are shown in Fig. 6.
The polymer chain volume decreased with increasing temperature, possibly due to the heightened
hydrophobic effect of the polymer chain, which increases water molecules surrounding the chain,
thus diminishing its volume. We can see that the volume shows a decreasing trend. This observation
contradicts the outcomes from the simulation results at two distinct temperatures, at 280 and 320 K.
Consequently, it can be inferred that during the gradual heating process, the hydrophobic effect of
the polymer chain becomes more pronounced with rising temperature, superseding the dominance of
hydration. These findings indicate that the hydrophilic or hydrophobic characteristics of the polymer

chain and the hydration between the polymer and water should be considered at certain temperatures,
such as 280 K.
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Figure 6: The volume of PNIPAM-30mer varies from 280 to 320 K

3.2 Cross-Linked Hydrogel System

In desalination systems, the current challenge should be to improve the liquefaction efficiency of
vapor. Our research involves utilizing thermosensitive hydrogel as condensing elements in desalination
systems, with a particular attention on the amount of fresh water captured. Specifically, the quantity
of hydrated and free water each system at varying temperatures was obtained as illustrated in Fig. 7.
The amount of free water captured serves as an indicator of the ability of thermosensitive hydrogel to
release liquid water above its critical temperature. The cutoff distance for the first hydration shell was
determined as 3.5 A from the heavy atoms on the polymer surface based on previous theoretical study
[49]. The figure illustrates that the number of water molecules decrease in the first hydration shell and
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the free water increase above the LCST of 305 K. Furthermore, at water content of 20%wt, a trend is
observed where the number of water molecules in the first hydration shell decreases as the temperature
exceeds the critical temperature, leading to an increase in free water molecules. The corresponding
changes in free water content for DOC values of 25%, 50%, 75%, and 100% are 16%, 6%, 14%, and 9%,
respectively. Furthermore, at water content of 50%wt, the temperature responsiveness of the hydrogel
is similarly demonstrated as the case of 20%wt, with corresponding free water increments of 7%, 9%,
10%, and 0% for DOC values ranging from 25% to 100%. At a water content of 20%wt, we can
see that there is more free water with a DOC value of 25% and 75%. The hydrogel with 25% DOC
exhibited lower levels of cross-linking pre-polymerized PNIPAM-5mer, resulting in increased release
of free water and an unstable structure. It should be noted that 100% DOC value would lead to a worse
temperature responsiveness, while lower DOC values result in instability of the hydrogel structure. In
summary, among the four simulated cross-linking degrees, the DOC value of 75% is deemed optimal
which can guide the preparation of thermosensitive hydrogels with both mechanical stability and high
water-harvesting performance.
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Figure 7: Number of free water and hydrated water with different DOC. (a, b) 20%wt water content at
280 and 320 K. (c, d) 50%wt water content at 280 and 320 K
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Hydrogen bond plays a significant role in the evolution of dynamic results of thermosensitive
hydrogels [50]. However, steric hindrances from the isopropyl group may limit the development of
hydrogen bond interactions between the NH group and water molecules, resulting in insignificant
contributions from NH-water pairs [51]. Consequently, only the average number of distinct hydrogen
bonds between polar groups (=0) and water molecules in the hydrogel was quantified over the course
of an 8 ns simulation. In this study, hydrogen bonds were defined based on specific criteria: a pair
was considered hydrogen-bonded if the donor-acceptor distance was less than 3.6 A, the hydrogen-
acceptor distance was less than 2.45 A, and the angle between the donor-hydrogen vector and the
donor-acceptor vector was less than 30° [52]. As depicted in Fig. 8, the data indicates that at water
contents of 20 and 50%wt, the average number of hydrogen bonds at 280 K exceeds that at 320 K
for all levels of cross-linking. The decrease in the number of hydrogen bonds between hydrogels
and water at higher temperatures suggests that the hydrophobic nature of the hydrogels increased
at 320 K. The stability of the hydrogen bonding network was compromised above LCST, resulting in
the loss of favorable interactions with adjacent water molecules, thus leading to the collapse of the
hydrogels. In contrast, the hydrogen bond strength was significantly increased below the LCST, thus
promoting the hydrophilic behavior of hydrogels. It is evident that a high temperature could result in
the release of water molecules from the hydrogel, leading to their transformation into free water. The
simulation results further illustrate that, at DOC value of 75%, the most hydrogen bonds are observed
at 280 K under both water content conditions, suggesting a better hydrophilicity of the hydrogel at this
particular level of cross-linking.
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Figure 8: The average number of hydrogen bonds of different DOC at 280 and 320 K

The RDF refers to the coordinates of a given particle and describes the average probability of
finding a particle at a given distance relative to a reference particle, compared to the average probability
of finding a particle at that distance in an ideal gas. Specifically, RDF g(r) reflects the average density
from one particle to another particle in a shell at a distance of r. To investigate the impact of DOC
on the temperature responsiveness of PNIPAM hydrogel, the RDF of water oxygen (O,,) and amide
oxygen (O,) were also computed. The simulation results depicted in Fig. 9 illustrate variations at
different temperatures and DOC. The findings suggest that an elevation in temperature leads to a
reduction in the level of organization between the hydrogel and water molecules, as evidenced by a
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decrease in the peak value, indicating the expulsion of water from the hydrogel structure. Fig. 9a and b
shows the RDF between hydrogel oxygen and water oxygen at 280 and 320 K for 20%wt water content,
respectively. The simulation results illustrate a decrease for the peak value of RDF as the temperature
surpasses the LCST. The maximum peak value at DOC = 75% in Fig. 9a aligns with the hydrogen
bond findings in Fig. 8. The peak values for different DOC (25, 50, 75, 100) were observed to decrease
as the increased temperature for a water content of 50 and 20%wt. Interestingly, at a DOC of 100%,
the peak value increased compared to 280 K, indicating that a higher level of cross-linking does not
necessarily result in improved water release performance of the hydrogel.
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Figure 9: RDF of oxygen in hydrogel (O,) and oxygen in water (O,,) at two water content for (a, b)
20%wt; (c, d) 50%wt; 280 K (left), 320 K (right)

Water release behavior is closely related to the diffusion of water molecules in thermosensitive gel.
Mean squared displacements (MSD) can be accurately determined over time through MD simulations.
The value of MSD at a specific time, equivalent to a designated experimental resolution, can be tracked
in relation to temperature. The calculation formula for MSD is as follows:

MSD =< |r (t) — r (0)] > (1)
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The relationship between MSD and diffusion coefficient D is as follows:
1
D=lim6—t <|r@ —rO > )

Hence, the diffusion coefficient of water can be determined through analysis of the MSD diagram.
Fig. 10 and Table 2 depict the MSD and diffusion coefficient of water molecules.
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Figure 10: Temperature dependence of MSD calculated for water. (a) 20%wt water content. (b) 50%wt
water content

Table 2: The diffusion coefficient of water molecules

Water content: 20%wt Water content: 50%wt
Diffusion coefficient (A%/fs) Temp (K) DOC (%) Diffusion coefficient (A2/fs)
0.66E—5 4+ 0.28E—7 280 25 1.14E—4 4+ 0.36E—7
0.60E—5 4+ 0.21E—7 50 0.91E—4 4+ 0.31E—7
1.13E—5 + 1.13E—8 75 0.54E—4 + 0.23E—7
0.61E—5 +0.19E—7 100 0.91E—4 + 0.33E—7
0.72E—5 + 0.47E-38 320 25 2.28E—4 £+ 0.82E—7
0.21E—4 4+ 0.34E—8 50 2.32E—4 £+ 1.15E—7
0.69E—4 4+ 0.40E—7 75 2.38E—4 £+ 0.55E—7
0.32E—4 + 0.23E—7 100 2.18E—4 + 0.55E—7

It is evident that at the temperature of 320 K, the diffusion coefficient of water increases. For
instance, at a cross-linking degree of 75% and temperatures of 280 and 320 K, the diffusion coefficients
of water are 1.13 x 10~° A%/fs and 0.69 x 10~* A%/fs for 20%wt water content, respectively. It is observed
that at temperatures exceeding the LCST, the diffusion coefficient of water increases, suggesting faster
migration of water within the hydrogel. This results in improved water release performance of the
thermosensitive hydrogel, leading to expulsion of water from the skeleton structure of the hydrogel.
Furthermore, it is obvious that the diffusion coefficient of water is maximized at a temperature of
320 K and a cross-linking degree of 75% for all water contents. It can be summed up that among the
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four levels of cross-linking, the hydrogel with the 75% DOC value exhibits the most optimal water
release performance.

PSD is referring to describe the distribution of aperture material at various levels based on
quantity or volume percentage. The calculation of PSD for porous materials is commonly utilized
to characterize their properties [53]. PSD serves as a valuable indicator for evaluate the adsorption
and release capabilities of hydrogels. Here, we use Poreblazer, a tool for calculating material structure,
to calculate the PSD of each cross-linking hydrogel system [54]. Poreblazer detects the pore size of
a porous material by simulating a probe particle moving through its structure. The diameter of the
probe particle can be a variable parameter used to simulate the size of different molecules. The probe
particles move along multiple paths, and by calculating the maximum passable diameter at each point,
the maximum and minimum apertures encountered by the probe particles of different sizes on all
paths are counted to generate a local aperture distribution. The PSD calculations for each hydrogel
system under varying temperature and water content conditions are depicted in Fig. 11. It should
be particularly pointed out that the calculation of PSD was performed after the completion of the
8 ns simulation, and only the hydrogel skeleton structure was considered, ignoring the presence of
water. Because of the complexity and randomness of the cross-linking process of hydrogel, the cross-
linking system model has its unique pore size distribution, which is difficult to normalize. And for
thermosensitive gels, it is expected that when the simulated temperature is higher than LCST, the
collapse of the gel skeleton structure due to the release of water will lead to larger pores in the simulated
cells [38]. Based on the data presented in Fig. 11a,b, it is evident that at a water content of 20%wt, the
PSD of thermosensitive gel systems with DOC of 50% and 75% is primarily concentrated within the
range of 2.5~4 A and 2.2~4.5 A at a temperature of 280 K. Upon reaching a temperature above the
LCST of 320 K, the pore size of the hydrogels systems increases. Specifically, at the DOC of 50%,
there is a significant increase in pore size, with a peak observed between 15 and 15.8 A. Similarly, at
the DOC of 75%, the pore size also increases to a range of 2.5~9.5 A. The results indicate that at the
DOC of 25% and 100%, the pore size distribution at 280 K shows the presence of voids for both large
and small pores, with no clear pattern. However, at 320 K, an increase in the number of large pores is
observed. Specifically, at a cross-linking degree of 100% and 320 K, a peak in the distribution occurs
between pore sizes 15 and 17 A. Similar trends are observed in the pore size distribution at 50%wt
water content, with an increase in the number of large pores at elevated temperatures.
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Figure 11: (Continued)
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Figure 11: PSD for (left) 280 K and (right) 320 K hydrogel at different water contents, 20%wt (a, b),
50%wt (c, d)

4 Conclusion

In this study, molecular dynamics simulations were used to explore the dynamic characteristics
of individual PNIPAM-30mer chain and hydrogel systems below and above the LCST. First of all,
we verified that the free PNIPAM chain significantly responded to temperature changes, consistent
with previous studies. By a series of statistics including the Rg and End to End distance, the polymer
chain is temperature responsiveness and will undergo coil to globule transition above the LCST.
Secondly, a simulation study of cross-linking thermosensitive hydrogels reveals the release of free water
within the hydrogel network upon reaching temperatures above the LCST. Furthermore, the impact of
varying degrees of cross-linking on the thermal responsiveness of PNIPAM hydrogels was examined.
Parameters such as the quantity of expelled free water, hydrogen bonds, Rg, diffusion coefficient and
PSD were analyzed to assess the water release characteristics of the cross-linking thermosensitive
hydrogels. Among the simulated cross-linking degrees, the thermosensitive hydrogels exhibited optimal
temperature responsiveness and structural stability at a cross-linking degree of 75%.

In conclusion, the feasibility of the principle was verified by the simulation of single chain, and the
practicality of the material was verified by cross-linking thermosensitive hydrogels. Moreover, findings
showed that PNIPAM hydrogel is a viable mobile freshwater material. Porous thermosensitive gels are
potential condensing components in solar thermal desalination systems due to their flexible thermal
response. Nonetheless, further studies should assess the adsorption-condensation behavior of thermal
gels and explore viable thermal design approaches for the dynamic water capture-release process and
adaptive operation of condensing components in photothermal desalination systems.
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