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Abstract

Six types of y-polyglutamic acid (y-PGA)/cold water-soluble starch (St) compos-
ite film models were constructed using molecular dynamics simulation, and their
properties were investigated and compared with the corresponding experimental
values. The compatibility between the composite film components was analyzed
using the radial distribution function and mean square displacement (MSD). The
hydrogen-bond number and bond energy were used to track the film-formation pro-
cess. The mechanical property data of the films were extracted, and MSD was used
to analyze the permeability of the film to carbon dioxide, oxygen, water vapor, and
carbon-16 saturated fatty acids. Finally, the simulated values of mechanical prop-
erties and permeability were compared with the experimental values. The results
demonstrated that y-PGA is well compatible with St. The intramolecular and inter-
molecular hydrogen bonds of y-PGA and St did not change considerably during the
film-formation process. The simulated values of the mechanical properties exhibited
a similar trend as the experimental values; however, in terms of permeability, a dif-
ference was observed between the initial values of the simulated design and actual
material parameters, as well as the complexity of the experiment.

Keywords y-Polyglutamic acid - Cold water-soluble starch - Composite - Molecular
simulation - Permeability

Introduction

Starch, which is one of the most abundant polysaccharides on Earth, can be con-
verted into different biobased materials through physical and chemical modifica-
tions, e.g., pharmaceutical excipients [1, 2] and packaging plastics [3, 4]. These
materials can be applied in pharmaceutical [5] and environmental industries, and

Extended author information available on the last page of the article

Published online: 26 March 2024 @ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00289-024-05231-y&domain=pdf

Polymer Bulletin

if the materials meet people’s dietary needs, they can be used in the food indus-
try [6, 7]. The physicochemical properties of starch differ according to its amylose
and amylopectin content, and the solubility characteristics of starch in water differ
according to the number of glucose units. Raw starch cannot be dissolved in water;
it can only form a suspension or colloid. When the raw starch is processed and its
molecular weight drops to thousands to tens or hundreds of thousands, it can be dis-
solved in hot water (referred to as soluble starch) [8, 9] or cold water (referred to
as cold water-soluble starch) [8—12]. Studies have shown that starch-based products
obtained by different treatment methods have a wide application range [13, 14].

Industrial y-polyglutamic acid (y-PGA) products can be obtained using the fer-
mentation methods of different genetically engineered strains [15, 16]. After sepa-
ration and purification, y-PGA can be used to prepare environmentally compatible
products, e.g., hydrogels, nanoparticles, and packaging films [17-19]. y-PGA with
different molecular weights can be obtained by modifying genetically engineered
bacteria and changing the fermentation conditions, which expand its applicability
and enhance its application value [9, 20, 21].

Starch-based films are relatively inexpensive and environmentally friendly. Their
poor mechanical and nonthermoplastic properties can be modified and improved via
blending or copolymerization to enhance their application. In addition, the known
antibacterial properties and intelligent manifestations of these films can broaden
the application range of starch in the packaging field [22-25]. y-PGA films are also
receiving increased research interest in food packaging [19], medical materials [26],
and heavy-metal adsorption [27] applications.

The molecular simulation technology developed in recent years can be used to
investigate the interactions and mechanisms of various components at the molecular
level, predict material properties, reduce experimental costs and time, and accelerate
the development of new materials [28, 29]. The compatibility [30], glass transition
temperature [31], mechanical properties [32], and gas diffusion [33] of blend films
can be effectively predicted using molecular dynamics (MD) techniques. Research-
ers have used MD for designing the preparation methods and determining the prop-
erties of biobased macromolecules, e.g., polysaccharides and proteins [34, 35]. In
this study, the complex starch molecule was simplified into cold water-soluble starch
to prepare y-PGA blends and obtain composite films with different mass ratios. The
compatibility, mechanical properties, and permeability of the composite films were
estimated via molecular simulation. The experimental results agreed with the simu-
lated values, and comprehensive data were obtained from micro and macro perspec-
tives. Meanwhile, it provided a reference for molecular dynamics simulation of bio-
logical macromolecules.
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Methodology
Model and simulation methodology
Modeling and relaxation

In this study, first, molecular structures of y-PGA, starch, and glycerol were con-
structed through the modeling function of Materials Studio 7.0 (Figs. 1a, b, and d),
and the degree of polymerization of y-PGA and starch molecules was 10. Then,
three types of molecular chains of the amorphous system were constructed using
the Amorphous Cell module. The mass ratios of y-PGA and starch in the amorphous
system were 10:0, 8:2, 6:4, 4:6, 2:8, and 0:10, and the mass of glycerol was 10%
of the total mass. (The six composite films are referred to as P10S0, P8S2, P6S4,
P4S6, P2S8, and POS10, respectively.) To preserve appropriate space between the
molecules in the subsequent relaxation process of the system, the initial density of
the model was set to 0.8 g/cm®, the summation method of electrostatic energy in
nonbonding interaction energy was group-based, the summation method of van der
Waals interaction energy was atom-based, and the truncation radius was 12.5 A.
Further, the COMPASSII force field was used, and the atomic charge was auto-
matically allocated to the force field. After the model was constructed, the structure
was optimized using the Forcite Plus module in Materials Studio. The optimization
method was efficient enough to obtain a lower energy system.

Finally, the kinetic method was used to fully relax the model. To quickly elimi-
nate the internal stress in the system, the total simulation time was set to 300 ps, and
the system comprised a constant number of atoms at normal pressure and tempera-
ture (NPT). The pressure was 1 atm, and the temperature was 600 K. After relax-
ation, an NPT system was used in the model, where the temperature was 300 K,
the pressure was 1 atm, the simulation time was 3 ns, and the time step of the two

Fig. 1 Simulation model of low energy monomer molecules and their blends with different water con-
tent: a starch; b glycerin; ¢ water; d y-polyglutamic acid; e, f, g, and h blend systems containing 100, 20,
10, and 1 g of water, respectively
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dynamics was 1 fs. A single frame was output every 1000 steps, the force field was
COMPASSII, and the summation method of electrostatic energy was group-based.
In addition, the summation method of van der Waals interaction energy was atom-
based, and the truncation radius was 18.5 A.

Film-formation mechanism

The P6S4 sample was selected as the simulation object. The Amorphous Cell tool
in Materials Studio was used to set up four types of film liquids or film model struc-
tures with different water contents (100, 20, 10, and 1 g), from the initial film lig-
uid to dry film-formation process. The MD parameters of the film-formation pro-
cess were then analyzed. Note that the conditions of the MD simulation were the
same as those described in Sect. "Modeling and relaxation". Particularly, the model
size ranges from 30 to 40 A. The systems characterized by different water contents
(obtained through experiments) are investigated from a simulation perspective. The
simulation method indirectly represents the water content based on a specific num-
ber of water molecules and utilizes a dominant solution model. The temperature was
changed from normal temperature to 333 K, the total simulation time was 1 ns, the
time step was 1 fs, and the deterministic Nosé—Hoover Langevin algorithm was the
temperature-control method. After the dynamics were completed, the trajectory file
was analyzed to obtain the total number of hydrogen bonds in each system. Here,
to further investigate the contribution of each component to the hydrogen bonds,
the number of hydrogen bonds between each component was also extracted. In this
study, the maximum length of the hydrogen bond was set to 2.5 A and the minimum
angle of the hydrogen bond was set to 90°.

Mechanical properties

The tensile mechanical properties of the systems were investigated. Equilibrium cal-
culations for MD were conducted across all systems. Subsequently, 100 frames were
selected from the model at the equilibrium stage to calculate the mechanical proper-
ties. The calculation method involved altering the strain of the model and calculat-
ing the stress of the system. Six strains, comprising three stretches and three com-
pressions, were calculated for each structure, with a maximum deformation of 0.5%.
In addition, the stress—strain curve was obtained by submitting the stress and strain
data during the stretching process.

Permeability

The permeation effect of different molecules in six composite film systems was
investigated. During the investigation, oxygen, carbon dioxide (CO,), water, and car-
bon-16 saturated fatty acid molecules were separately added to the model. The MD
simulation process was the same as that described in Sect. "Modeling and relaxa-
tion". In the diffusion—penetration—simulation process, the dynamics were integrated
into microcanonical ensemble (NVT), the time step was 1 fs, and the total simula-
tion time was 1000 ps.
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Experimental verification

To validate the guiding significance of the simulation method, the corresponding
simulation blending films with different proportions were prepared. The simulation
and experimental results regarding rheological properties, mechanical properties,
and permeability of the membrane toward four types of substances were compared.

Film preparation

The films were prepared using y-PGA (70 KDa) (Nanjing Shineking Biotech, Co.,
Nanjing, China) and starch (96-100% solubility in water) (Shanghai Aladdin Bio-
chemical Technology Co., Ltd., Shanghai, China) as the main substrates and glyc-
erol as the additive, and the formula was as follows in Sect. "Modeling and relax-
ation". In the specific experimental methods, the P6S4 sample was taken as an
example. Here, 4 g of starch and a certain amount of water were stirred evenly and
poured into a three-neck flask and then gelatinized by heating at 85 °C for 30 min.
In a separate flask, 6 g of y-PGA, 1 g of glycerol (Sinopharm Group Chemical Rea-
gent Co. Ltd., Shanghai, China), and 100 mL of water were stirred and dissolved.
This mixture was then added to the three-neck flask containing gelatinized starch
and stirred for 10 min. After degassing, the resulting film liquid was cast on a glass
plate and dried in an oven at 60 “C to form a film (with a moisture content of ~10%
of the total mass). The mechanical properties and permeability values were tested
after 48 h.

Rheology

The storage modulus and shear rate curves of the film liquids were determined using
a rheometer (MCR 102, Anton-Paar, Shanghai, China). The measurements were
performed at a constant temperature of 80 °C using a conical plate with a diameter
of 50 mm and an angle of 1° using the flow curve measurement mode. The shear
rate was considered a variable with a range of 0.1-100 s~!, the mode was linear
scan, and 50 variable points were selected.

Mechanical properties

The sample was cut into strips with a length of 5 cm and a width of 0.5 cm. The
tensile modulus (T) of the films was measured (TA.XT Plus, Stable Micro System,
London, UK) along the vertical and horizontal directions using three strips. In total,
six parallel samples were measured. The standard distance was 50 mm, and the sam-
pling speed was 100 mm/min.

Permeability
A strong alkali absorption method was used to determine CO, permeability [36,

37]. A weighing bottle containing 200 mL of a 1-N KOH solution was sealed
with the film to be tested and placed in a desiccator with a 10% relative humidity
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(RH) saturated salt solution. The system was balanced in a nitrogen (N,) environ-
ment for 24 h, and then N, was replaced with CO, to maintain the partial pres-
sure of CO, outside the film at 101 kPa. CO, was absorbed by the KOH solu-
tion through the film. The absorption time and weight gain of the weighing bottle
were recorded, and the CO, transmittance was calculated as follows.

Am
Peo, = Ixs’ ()

where P, is the CO, permeation rate of the film (mg/(cmz-d)), Am is the mass of
CO, absorbed by the KOH solution (mg), d is the number of days, and S is the effec-
tive area of the film (cm?).

GB/T 16928-1997 and the ASTM material moisture permeability test method
with slight modifications were used to determine water vapor permeability
(WVP). In the test, 50 g of anhydrous calcium chloride (particle size=2 mm)
was placed in a 100-mL beaker at 25 °C. After measuring the thickness of the
film, the mouth of the beaker was sealed with melted paraffin and placed in a
desiccator at 100% RH. The sample bottles were removed from the desiccator
and weighed every 24 h. Three parallel tests were conducted, and the bottles were
measured continuously for one week. The results were calculated according to a
process reported in the literature [38].

Unsaturated fat absorption method was used to determine oxygen permeability
[36, 37]. A 50-mL beaker containing 20 mL of oleic acid was sealed with the film
to be tested and placed in a desiccator with a 10% RH saturated salt solution. The
system was balanced under N, atmosphere for 24 h, and then, N, was replaced
with O, to maintain the O, partial pressure outside the film at 101 kPa. O, was
consumed via the oxidation of vegetable oil through the film. The weight gain
of the beaker was recorded at intervals, and the O, penetration was calculated as
follows:

Am
P02 = d X S’ (2)

where Py, is the O, permeation rate of the film (mg/(cm?-d)) and Am is the mass of
O, absorbed by oleic acid (mg).

To evaluate the vegetable oil permeability (P;) [39], 5 mL of vegetable oil was
poured into a test tube and sealed with the film. The test tube was placed upside
down on filter paper for one week. The filter paper was weighed every 24 h to calcu-
late the P; of the samples.

Statistical analysis

Note that the data from the experiments are expressed as the mean + standard devia-
tion. The statistical differences were analyzed according to variance and LSD analy-
sis using the SPSS software (SPSS Inc., Chicago, Illinois, USA). In this evaluation,
P <0.05 was considered statistically significant.
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Fig. 3 Energy curves of composite films with simulation time: a nonbond energy; b potential energy; and
c total energy

Results and discussion
Equilibrium configuration

Two criteria were used to distinguish the MD simulations to achieve equilibrium:
(1) temperature fluctuation< 10 °C and (2) energy fluctuation <100 fs. Note
that these criteria must be constant or fluctuate (increase or decrease) slightly
along a constant value. Generally, the system is considered to have reached
equilibrium when the temperature and energy fluctuations are between 5 and
10% [40]. The temperature change is minor in the simulation of the compos-
ite film model (Fig. 2), and the energy change is shown in Fig. 3. At the begin-
ning of the MD simulation, the fluctuation gradually weakened within 10-15 ps
(10000-15000 fs), and the energy increased gradually. Under the action of shear
force, the molecular chain untangled, and the molecules broke free from the bind-
ing, resulting in an increase in the energy of the molecular system. Then, it sta-
bilized quickly to a constant value. These results demonstrate that the system
reached a thermodynamic equilibrium structure, and then, the energy and instan-
taneous temperature of the system fluctuated slowly around the equilibrium value,
forming a relatively stable curve according to the equilibrium criterion. This indi-
cates that all the mixed systems reached equilibrium via MD simulation.
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Compatibility

The radial distribution function (g(r)) is performed on an atom as a characteristic
physical quantity that reflects the microstructure of materials. It represents the ratio
of the probability density of a molecule to the probability density of random dis-
tribution at distance r around another molecule. Thus, a larger g(r) value indicates
better compatibility of the blend system. The intermolecular g(r) is used to reveal
the interaction mode and nature between nonbonded atoms. Note that the hydro-
gen-bond interaction range is 2.6-3.1 A, and the van der Waals interaction range is
3.1-5.0 A [41].

Figure 4(a) shows the g(r) values of the separate y-PGA, St, and glycerol mole-
cules. This figure shows that none of these three pure substances exhibits a strong
peak at>3 A, verifying that the constructed molecular structure is amorphous
[42]. However, no peak is observed, and the g(r) value approaches 1 at radial dis-
tances of >4 A, proving that the blend system has amorphous characteristics [43].
As shown in Figs. 4b—g, the g(r) values of all the blends peak at~5 A. Thus, the
main mode of interaction between the blends is considered as the van der Waals
force. By comparing the g(r) values of the C—C bond between the y-PGA/St mol-
ecules (Fig. 4h), we found that the peak-height order of the blends was as follows:
P6S4 > P4S6 > P2S8 > P8S2. This trend indicates that the blend system exhibits

250 a 18 b 1.84 ——PGA/Gly c

——PGA/Gly ——StPGA
200 15 15 —— St/Gly

9(n)
(r)
o
2
9

°

2

—St

—PGA

9(n

9(n
o
>

2

r/A /A
Fig.4 Radial distribution function (RDF) of C—C atoms in composite films and monomers: a RDF of

v-PGA, St, and Gly; b—g: RDF between molecules in P10S0, P8S2, P6S4, P4S6, P2S8, and POS10,
respectively; and h RDF comparison of y-PGA/St in composite films
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Table 1 Slope of MSD curve of

composite film components Slope P10SO  P8S2 P6S4 P4S6 P2S8 POS10
y-PGA  0.0152 0.0127 0.0108 0.0108 0.0125 -
St - 0.0102 0.0106 0.0097 0.0083 0.0112
Gly 0.0310 0.0351 0.0278 0.0313 0.0266 0.0291

— No substance

good compatibility, and when the quality of the two substances is equivalent, the
compatibility is better. In addition, by comparing the nonbond energies of their
respective systems (Fig. 3a), the bonding energies of the blends are observed to
follow the order of P6S4 > P8S2 > P4S6 > P2S8.

In this study, the mean square displacement (MSD) was considered to char-
acterize the thermal motion displacement of the y-PGA, St, and glycerol chains.
Therefore, it was used to explore the mutual influence of motion ability in the
films; a larger MSD value indicates a more intense thermal motion of molecules.
The thermal motion of the glycerol molecules was the most intense, followed by
y-PGA and then St (Fig. 5 and Table 1). A comparison of different composite
films indicates that the thermal motion of y-PGA and St molecular chains was the
most intense in P10S0 and POS10. In the other composite films, the movements of
the y-PGA molecular chains were more intense than those of St, and the change
trend of y-PGA and St was opposite. These findings indicate that the movement
ability of the molecular chains in the mixing system was affected by the change in
the blending ratio. In the composite films with different mixing ratios, the force
on the molecular chain of the system differed. The change in the mass ratio of
y-PGA/St can cause considerable changes in the secondary bond force, e.g., the
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hydrogen-bond force, affecting the spatial structure of the molecule and in turn
affecting the movement activity of the molecule.

Film processing

Using P6S4 as an example, the hydrogen bonds within and between each mole-
cule under the simulated conditions are shown in Fig. 6. When various substances
reached equilibrium after addition (Fig. 6a), the numbers of hydrogen bonds between
v-PGA and water, St and water, and y-PGA and St were the highest at approximately
250, 241, and 228, respectively. The numbers of intramolecular hydrogen bonds in
St, y-PGA, and water molecules were approximately 182, 171, and 123, respectively.
In addition, the number of hydrogen bonds formed by glycerol was consistently the
lowest. With the evaporation of water, the concentration of y-PGA and St and the
probability of their contact increased. The number of hydrogen bonds within and
between the molecules increased gradually (Fig. 6b), accounting for the majority
of their total number of hydrogen bonds. The hydrogen bond between y-PGA and
St was the most evident, indicating that PGA and St can be mixed evenly and are
well compatible in the film-formation process. The secondary bonds represented by
hydrogen bonds between PGA and St exhibit microscopic changes. Table 2 shows
that the changes in bond energy (i.e., the bond stretching energy (E,,4), bond angle
bending energy (E,,), dihedral angle torsion energy (E,,;,,), and inversion energy

(Ejpversion)) of the four composite films during the film-formation process were not
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significant because these processes were unaffected by external forces. Consider-
able changes occurred in the nonbonding energy (i.e., the van der Waals interac-
tion energy (E,q4,), electrostatic energy (E.,,omb)» @nd hydrogen bonding energy
(Ejpona))- Although the reduction of water mass was one factor, the increased inter-
action between y-PGA and St decreased the reduction rate of the nonbond energy.

Mechanical properties

The elastic modulus (E), shear modulus (G), and bulk modulus (K) are used to indi-
cate the rigidity of the material under different force conditions. Note that the elas-
toplastic properties of a material are associated with E, and the hardness and tensile
strength (T) are proportional to G. A positive Cauchy pressure value indicates good
ductility of the material, whereas a higher value indicates better ductility of the sys-
tem [44].

The mechanical properties of y-PGA, St, and their composite films at four pro-
portions obtained through MD simulation calculations are listed in Table 3, includ-
ing the E, K, G, and Poisson’s ratio (v; the ratio of the transverse strain to the lon-
gitudinal strain) values. The values of the elastic constants of the C;, Cy,, Cs3, Cyy,
Css, and Cgq groups, as well as the C,, C,3, and Cy; groups, were similar, indi-
cating that y-PGA and St had good solubility. The v value of the composite films
was~0.28, and the v value of plastics is typically between 0.2 and 0.4, indicating
that the mixed system exhibits some properties of plastics [45]. The Cauchy pressure

Table 3 Mechanical properties of composite film components

Elastic coefficient P10S0 P8S2 P6S4 P4S6 P2S8 POS10
Ch 12.0329 12.5337 12.228 15.407 13.7814 14.0692
Cp 4.7394 4.4309 4.4196 6.4247 5.3135 5.3325
Cis 4.9749 5.3542 4.8598 5.8797 5.4462 4.7804
Cis —0.0788 0.0419 0.9585 -0.1674 -0.1726 0.1265
Cy, 11.7342 11.4393 13.2822 14.9091 14.5533 12.9518
Cys 4.8701 6.0907 5.4211 5.7453 5.2182 5.1847
Cys -0.3119 0.1303 0.4959 —-0.036 -0.5518 —0.0788
Css 12.5996 15.321 11.242 12.6228 14.2183 14.9611
Cs;s —0.084 0.252 0.8829 —0.3991 —0.2255 0.2665
Cu 4.6613 4.1664 2.8595 4.4494 4.4022 4.7596
Cys 0.0307 —0.1085 0.2389 0.0608 —0.1969 0.1606
Cs;s 4.3946 4.4129 4.7067 4.4516 4.4733 4.891
Ces 3.3128 4.3945 6.3592 4.3229 5.3028 4.5811
K/GPa 7.266 7.779 7.234 8.674 8.217 8.034
G/GPa 3.882 4.108 4.056 4.276 4.581 4.601
Y/GPa 9.285 9.844 9.316 10.66 11.23 11.19
\% 0.2869 0.2919 0.2839 0.2957 0.2707 0.2682
CCy 0.3136 1.1878 2.0003 1.4303 1.044 0.0208
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values (C,,—C,,) of various films were all positive, indicating that the composite
films exhibit toughness. The Cauchy pressure values of the POS10 and P10SO sam-
ples were lower than those of the blend films, indicating that the ductility of the
single principal component was poorer than that of the composite principal compo-
nent and the brittleness was stronger. In addition, depending on the proportion of the
components, the number of hydrogen bonds formed by the composite film varied.
We found that the P4S6 sample exhibited the highest K value, the POS10 sample
showed the highest G value, and the P2S8 sample demonstrated the highest Young’s
modulus (Y) value.

Permeability

According to the MSD slope, the ability of gas to escape from the interface can
be determined [46]. Figures 7a—d shows that the diffusion of CO,, water vapor, O,,
and vegetable oil in the composite films did not exhibit regular changes. The MSD
of gas diffusion can also be converted into the diffusion coefficient to illustrate the
molecular permeability (Fig. 8) [47]. The P10S0 sample exhibited the highest P, .
The P2S8 sample exhibited the highest WVP, and the P2S8 sample demonstrated
the highest P;. The P10S0O sample demonstrated the lowest P, . Note that the small
molecules exhibited jumping diffusion in the polymer films, which was affected by
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——P10S0
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Fig.7 Permeability of composite films to four substances: a CO,, b water vapor, ¢ O,, and d oil
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the intermolecular force of the film. The small molecules were confined in the poly-
mer film holes and caused small local vibrations most of the time. In addition, with
the continuous movement of the polymer chain end, small molecules could jump
from one hole to another [48, 49]. The difference in the energy barrier, electrostatic
interaction, and free volume fraction on the molecular chains of the membranes
resulted in the difference in the diffusion coefficient of the gas through the films
[50].

Experimental data

The POS10 sample exhibited the highest storage modulus (G') (Fig. 9), and with
an increasing mass ratio of y-PGA, the G’ of the composite film liquid decreased
gradually, and shear thinning occurred. We found that the G’ values of the P8S2
and P10S0 samples were similar. The variation trend of the G’ values was similar
to that observed for the E values. Owing to the proportional relationship between
G and G/, they exhibited the same variation pattern as the simulated G values
(Table 3). As the mass ratio of St increased, the T initially decreased and then

Fig.9 Storage modulus of 10% 5
composite film liquids .
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increased, which is closely related to the molecular interaction between y-PGA
and St, as well as their molecular weights.

The experimental data validation for permeability (Table 4) showed that as the
mass ratio of St increased, P258 exhibited the highest Pr,, which was equivalent
to that of P4S6 and consistent with the simulation results. However, the WVP of
POS10 was much lower than that of the other composite films; similarly, the data
for Py, and P, were not consistent with the simulated values. In the simulation
design, the molecular weights of the two macromolecular substances were con-
sidered to be close to the weight of only 10 monomers, while in the experiment,
the molecular weight of y-PGA was 70 KDa and the molecular weight of St was
100-200 glucose units. Thus, the difference between the simulated and experi-
mental values was significant.

Conclusion

In this study, six mass ratios of y-PGA/St composite films were simulated using
MD. First, the energy-difference relationship of each composite film was com-
pared when they reached their steady states. Owing to the secondary bond inter-
action between y-PGA and St, their energy states changed in different ways. The
solubility of y-PGA and St was investigated based on their g(r) and MSD values,
and the results demonstrated good compatibility. According to the film-formation
process of the P6S4 sample, in the absence of an external force, the hydrogen-
bond interaction between y-PGA and St in the composite system was always the
maximum with decreasing water mass. A comparison of the simulated and exper-
imental values corresponding to the mechanical properties revealed similar vari-
ation trends between these values, indicating that the simulation method can be
used for reference. However, when comparing the simulation and experimental
values of permeability, the experimental settings for real substances could not be
achieved due to the limitations of the simulation software conditions; therefore,
the simulation values can only serve as guidance to a certain extent.

Table 4 Experimental values of T and permeability of the composite films to four substances

T/GPa Pcozl(mg/(cmzd) WVP/(g-mm/ Po /(g/d) P,/(g-m/(m>-d))
(m?-d-kPa))

P10SO 10.6824 + 1.6844" 0.5986+0.0123¢ 12.0225+2.9212* 0.0585+0.0042° 38.3490+3.2636"

P8S2 10.9801+£0.5759°  0.5383+0.0552° 10.0092+1.2683"  0.0281 +0.0064° 24,0565 +0.8649¢
P6S4 6.7672+0.4588*  0.6011+0.0672° 11.3507 +1.0086°  0.0193 +0.0069° 15.0626 +0.7963°
P4S6 3.6869+0.22083°  1.0018 +0.1376° 10.6203 +£2.0080°  0.0163 +0.0026° 1.1637+0.07070°
P2S8 3.8114+0.8403°  1.0871+0.3173% 8.1295+0.8199°  0.0093+0.0013% 0.4289+0.0910°
POSI0  10.5978+0.6442°  0.0161+0.0047° 3.7496+0.1315¢  0.0126+0.0025° 0.2783+0.0423%

Superscripts a, b, ¢, and d indicate significant differences (P <0.05)
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