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Abstract

Conventional thermoplastic polyurethane (TPU) films are commonly used in the field of
waterproof and moisture-permeable textiles because of their excellent mechanical proper-
ties and flexibility. However, the high water absorption of TPU films limits their application
in sophisticated waterproof and moisture-permeable products, particularly in extremely
humid environments, where it may compromise the waterproof performance of textiles
and negatively affect the wearing comfort. Therefore, to enhance the durability of these
films, TPU was hydrophobically modified with end-hydroxy polydimethylsiloxane (PDMS).
Because of its unique low-surface-energy properties and excellent hydrophobicity, PDMS
substantially reduces the surface energy of the films and provides them with excellent
water repellency, effectively addressing the excessive water absorption issue of TPU films.
On this basis, a microporous film featuring waterproof and moisture-permeable properties
is produced using phase conversion technology. Compared with that of the unmodified
sample, the surface energy of silicone-modified TPU (Si-TPU) decreased by 10.56 m]/m?.
Furthermore, the water contact angle increased from 83° to 105°, whereas the water absorp-
tion rate considerably reduced after the modification. Moreover, Si-TPU was employed
for the fabrication of a microporous membrane, which displayed exceptional moisture
permeability (8651.34 g/(m?-24 h)).

Keywords: thermoplastic polyurethane; low surface energy; breathable-waterproof textile

1. Introduction

Waterproof and breathable composite fabrics are highly desired in the field of outdoor
sports clothing owing to their excellent performance. These fabrics effectively block external
liquid water and permit the Body moisture to escape, ensuring that the wearer remains
dry and comfortable [1]. The core of the fabric, which is a waterproof and breathable
membrane, exhibits exceptional dual functionality. It provides excellent waterproofing and
high breathability. Therefore, highly waterproof and breathable functional fabrics suitable
for high-performance outdoor gear can be developed by combining the waterproof and
breathable membranes with various textile materials. Currently, the most commonly used
commercial waterproof and breathable membranes can be primarily categorized into two
types: microporous polytetrafluoroethylene (PTFE) films, such as those by Gore-Tex, and

Materials 2025, 18, 4998

https://doi.org/10.3390/ma18214998


https://doi.org/10.3390/ma18214998
https://doi.org/10.3390/ma18214998
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/materials
https://www.mdpi.com
https://orcid.org/0000-0001-5211-8041
https://orcid.org/0000-0001-8903-110X
https://doi.org/10.3390/ma18214998
https://www.mdpi.com/article/10.3390/ma18214998?type=check_update&version=1

Materials 2025, 18, 4998

2 of 15

nonporous molecular membranes based on thermoplastic polyurethane (TPU) [2]. PTFE
films provide the fabrics with excellent waterproof properties and breathability owing to
their microporous structure, whereas TPU films are gaining attention for their flexibility and
durability. However, the increasing environmental awareness within the industry has led
to a growing concern that fluorinated compounds may degrade into perfluorooctanoic acid
(PFOA) or other shorter-chain fluoroalkanes, posing potential hazards to the environment
and living organisms [3-5]. Consequently, the industry is actively pursuing the reduction
in the use of PTFE films and the exploration of environmentally friendly alternatives, such
as TPU films, to achieve a balance between sustainability and high performance.

However, conventional polyurethane films exhibit rapid water absorption because
of their hydrophilic characteristics, decreasing their durability and considerably limiting
their application in highly waterproof and moisture-permeable functional fabrics. There-
fore, enhancing the hydrophobicity of TPU film surfaces while preserving their moisture
permeability is crucial for improving their overall performance.

In nature, the unique phenomenon of “no water droplets sticking to” the surface of
lotus leaves after heavy rain has attracted widespread attention. Research has revealed
that the surface of lotus leaves is covered with rough tubercles and wax crystals with
low surface energy. Small nanostructures in the middle form air cavities, causing water
droplets to only be able to come into contact with a few points at the top of the rough
surface of the lotus leaf, unable to wet and thus achieving the effect of hydrophobicity;
similarly, water droplets cannot wet the surface because they cannot spread on the low-
surface-energy wax crystals [3]. Therefore, the hydrophobic modification of the film surface
can be achieved by constructing micro-nano hierarchical structures [6] or by regulating
the low surface energy properties [7]. In recent years, researchers have utilized various
techniques to construct rough structures on material surfaces to enhance hydrophobic
properties, such as spraying nanoparticles [8,9], etching [10,11], and micro/nano structure
fabrication methods like electroplating [12]. Xue et al. [13] deposited polydopamine (PDA)
onto the surface of honeycomb polyurethane porous membrane (PUPM), significantly
enhancing the hydrophobicity and tensile strength. Gao et al. [14] grafted modified silica
particles onto the surface of PBAT/cannabis composite membranes by the immersion
method. The improvement in the surface roughness of the composite membranes increased
the water contact angle from 100° to 139°. However, due to the large pore diameter of
the microporous membrane, its static water pressure resistance index was only 1.4 Kpa.
Wang et al. [15] deposited silica nanoparticles onto PVDF micro-porous membranes and
further used PFDTMS to reduce the surface energy of the film, thereby increasing the water
contact angle to above 120°. However, these methods of enhancing hydrophobicity through
surface deposition often have weak particle-interfacial binding strength, and for micro-
porous membranes for textile applications, the stability of the hydrophobic performance is
limited. Therefore, a method for structurally designing the film material inside should be
considered to produce environmentally friendly film materials that combine waterproof
and moisture-permeable effects.

Recently, researchers have discovered that introducing hydrophobic segments during
the synthesis process not only improves stability but also achieves good hydrophobic
performance [16-18]. Chen et al. [19] added a 3% concentration of silicone emulsion to
polyurethane using the solution-gel method, and then tested the coated water-silicone-
modified polyurethane coating on ancient wood. They found that under the action of
hydrophobic alkyl groups, the surface water contact angle increased from 74.4° to 107.6°.
Yao et al. [20] prepared a PU/SBS/PDMS nanofiber membrane using PDMS as the base
material by electrospinning, with PU and SBS as the substrates. Under the action of Si-O and
Si-C bonds in PDMS, the surface tension of the membrane decreased from 32.75 mN m~! to
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28.46 mN m™~!, and the surface contact angle increased significantly from 119.1° to 132.2°.
However, the water permeability was poor, only 4380 g/(m?-24 h). You et al. [21] introduced
PDMS into the TPU film structure to reduce the film surface energy, and then modified the
surface with a layer of silica particles to construct a composite film with uniform micro-
nano hierarchical structure. The sample exhibited excellent waterproof performance and
excellent self-cleaning properties with an excellent strength of 93.3 kPa. However, due
to the weakening of the uniform distribution of the modified nanometer particles on the
surface, the strength of the modified film decreased from 10.23 MPa to 1.39 MPa. Moreover,
the problem of poor water permeability (5235 g/( m?-24 h)) also limited its application in
outdoor clothing. Therefore, the challenge lies in preparing an environmentally friendly and
durable TPU film with a simple process, strong hydrophobicity, certain water permeability,
and good mechanical properties.

Based on the above research, this study focuses on the design of the TPU molecular
structure, introducing substances with low surface energy to enhance the hydrophobicity
of the polyurethane membrane surface. We used the wet phase inversion technology to
prepare micro-porous membranes with adjustable honeycomb-like pores. This film has ex-
cellent moisture permeability and can be laminated with fabrics without changing the fabric
style [22,23]. Meanwhile, PDMS was blended with the soft segment PTMG to control the
PDMS addition ratio, thereby reducing the surface free energy of the film and improving the
water-hating and non-durable issues of TPU. This TPU micro-porous membrane not only
has a simple preparation process but also has excellent hydrophobicity, breathability, and
mechanical properties, which can meet the potential requirements of various applications
and, to a certain extent, has guiding significance for replacing PTFE membranes.

2. Materials and Methods
2.1. Materials

Polytetrahydrofuran ether glycol (PTMG, Mn = 1000), diphenylmethane diisocyanate
(MD], 98%), 1,4-butanediol (BDO, 99.0%), and titanate isopropyl ester (Ti{OCH(CH3);14,
95%) were purchased from Aladdin (Shanghai) Reagent Co. (Shanghai, China). Terminal
hydroxy polydimethylsiloxane (PDMS, Mn = 2000) was purchased from Zhejiang Jiande
Polymerisation New Material Co. (Jiande, China). N,N-dimethylformamide (DMF, 99.5%)
was purchased from Zhejiang Tengyu New Material Technology Co. (Wenzhou, China).

2.2. Synthesis of Hydrophobic TPU

The reactants were dosed at an -NCO to —OH ratio of 1, and the hard segment content
was 35%. The formula for calculating the hardness content is as shown in Equation (1).
Diphenylmethane diisocyanate (MDI) and poly(tetramethylenefurfurylene ether glycol)
(PTMG) were vacuum-dried in an oven at 80 °C, and quantitative amounts of PTMG and
PDMS were added into a three-necked flask under nitrogen protection (the PTMG:PDMS
molar ratios were 40:0, 40:1, 40:2, 40:3, 40:4, 40:6, and 40:8). Thereafter, a mixture of MDI
was added at 40 °C, and the reaction was carried out for 30 min after the reaction by
gradually increasing the temperature to 80 °C, followed by the addition of the catalyst
TPU. Thereafter, the catalyst TPT (0.0012%) was added, and the mixture was reacted for 2 h.
Afterward, BDO was added and rapidly stirred. The resulting material was subsequently
placed in PTFE molds and cured in an oven at 100 °C for 10 h.

m(BDO+MDI) (1)

Hard segment content = i TPU
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2.3. Preparation of TPU Films

First, the prepared TPU particles were added to an N,N-dimethylformamide (DMF)
solution at a mass fraction of 25% and stirred at 28 °C until the particles were completely
dissolved. Subsequently, the solution was placed on a glass plate and scraped onto release
paper using a 30 pm wire rod applicator. After air drying for a certain period, the wet film
was dried in an oven to obtain a nonporous TPU film.

2.4. Preparation of the Microporous TPU Membrane

A specific amount of silicone-modified TPU (Si-TPU) was added to a glass bottle,
followed by the addition of a certain mass of DMF. The resulting mixture was stirred using
a magnetic stirrer at 50 °C for 5 h and subsequently dissolved into a polyurethane solution
featuring a solid content of 25%. The as-obtained mixture was ultrasonicated for 1 h for
defoaming. Thereafter, it was removed and stored for future use. Afterward, the material
was coated on release paper using a 30 pm wire rod and was allowed to stand for 10 min.
Thereafter, the release paper was placed in a solidification bath at 25 °C (the mass fraction
of DMF was 20%) for 15 min and subsequently washed with water for 5 h. Afterward, the
release paper was removed and dried, obtaining a microporous polyurethane film.

2.5. Testing and Characterization

The membranes were tested using attenuated total reflectance-Fourier transform
infrared (FTIR) spectroscopy (Nicolet 5700, Madison, WI, USA) in the range of 4000 to
500 cm~!. The thermal stability of the nanofibrous membranes was characterized via
differential scanning calorimetry (DSC; TA Q2000, New Castle, DE, USA) at a rate of
20 °C/min within a temperature range of —80-200 °C. Furthermore, the morphological
structures of the membrane were characterized using scanning electron microscopy (SEM;
Sigma 300, St. Louis, MO, USA) at an applied voltage of 3 kV. The prepared TPUs were
hot-pressed into films at 170 °C and 3 MPa using a hot press, and after a certain period
of time, they were subjected to tensile testing based on the international standard ISO
527-3:2018 [24]. Water absorption was determined using the weighing method. Briefly, a
certain amount of TPU was weighed, and its initial mass (mg) was measured. Thereafter,
it was immersed in water in a 50 mL beaker at room temperature, and the mass (m;)
was recorded after immersion for 2, 4, 6, 8, and 10 h. The water absorption of TPU was
calculated using Equation (2).

Water absorption rate/% = ™20 x 100 ()

The moisture permeability was determined using a moisture permeability tester
(FX3150, TEXTEST, Schwerzenbach, Switzerland) in accordance with GB/T 12704.2-
2009 [25]. The moisture permeability was calculated based on the changes in the mass of
the moisture-permeable cups (comprising the specimen and water) within a certain period
of time, as expressed in Equation (3).

WVT /% = 24x8m 100 (3)

sxt

Herein, WVT is the moisture permeability g/( m?-24 h); Am is the difference between
the two measurements of the assemblage (g); s is the area of the test surface; t is the experi-
mental time (h). The contact angle between the test liquid and the cured film was measured
using a DSA20-type video contact angle tensiometer(KRUSS, Hamburg, Germany).
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The surface free energy of TPU was calculated using the HM [26] method, and the
relevant parameters of the test fluid are listed in Table 1. The calculation formula is
as follows:

vs =74 +f 4)
7y v\ _
4(%4_7{ + T ) = yL(1 4 cos9) (5)

where v9s denotes the calculated value of the polarity component of the solid (m]/m?);
vPS denotes the calculated value of the dispersive force component of the solid (m]/m?);
and y9L and YL denote the surface tension of the probe fluid (mN/m).

Table 1. Surface tension parameters of the test liquid.

Test Fluid yL/mN-m—1 v9L/mN-m~-1 YPL/mN-m—1 Polarity
Water 72.80 21.80 51.00 Polar
Diiodomethane 50.80 48.50 2.30 Nonpolar
3. Results

3.1. Synthesis and Characterization of Modified TPUs

The hydrophobic modification of TPU films by PDMS involves the reaction between
hydroxyl groups and isocyanates. To confirm the success of the hydrophobic treatment,
ATR-FTIR was used to characterize the raw materials (e.g., Figure 1a) and their products
(e.g., Figure 1b).
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Figure 1. Infrared spectra of organosilicon-modified thermoplastic polyurethane (TPUs): (a) diphenyl-
methane diisocyanate (MDI), polydimethylsiloxane (PDMS), and poly(tetramethylenefurfurylene
ether glycol) (PTMG); (b) TPUs synthesized using different PTMG:PDMS ratios.

The MDI spectrum depicts the characteristic absorption peak of -NCO at 2250 cm .
In the end-hydroxy PDMS spectrum, the telescopic vibration absorption peak of Si-O-5i
is observed at 1010 cm !, and the Si~C telescopic vibration absorption peak of Si-CHj is
observed at 796 cm~!. Figure 1b depicts the complete disappearance of the characteristic
peak of -NCO at 2250 cm ™!, and the appearance of the C=O telescopic vibration peak of
~NHCOO at 1725 cm ™!, indicating the complete reaction of the isocyanate group with the
carbamate group. Furthermore, compared with the 40-0 sample spectrum, the spectra of the
other samples added with organosilicones exhibit the stretching vibration peaks of Si-CHj
and Si-O-Si at 796 and 1010 cm ™!, respectively, indicating the successful introduction of
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organosilicones into the TPU linkages [27]. Additionally, the peak intensity of the Si-C
bond at 796 cm ! increases with increasing silicone content.

3.2. Effects of the PDMS Content on the Hydrophobic Properties of TPUs

Organosilicon modification can effectively improve the hydrophobicity of TPU film
surfaces. Owing to the inherently low surface energy of silicon, the introduction of its chain
segments into the molecular structure of TPU can effectively improve the hydrophobicity
of the TPU film surface [28]. In this context, we evaluated the hydrophobic properties of
the prepared TPU films, and the results are presented in Figures 2—4.
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Figure 2. Contact angle of water and diiodomethane on the TPU films.
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Figure 3. Effects of the PDMS content on the surface energy of the TPU films.
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Figure 4. Water absorption curves of TPUs featuring different PDMS contents.

As depicted in Figure 2, with an increase in the PDMS content in the system, the
water contact angle of TPU continuously increases from 83° to 105° and subsequently
plateaus. This phenomenon indicates that the addition of low surface substances signif-
icantly enhances the hydrophobicity of the film. The researchers [29] also mentioned
this viewpoint in the hydrophobic modification of PU materials. Similarly, the surface
activity of the surface interface can be characterized by testing the surface energy to
further reflect the wettability of the film surface. Since PDMS is a substance with
low surface energy, its surface energy will significantly decrease after successfully
introducing this component [30]. Therefore, the surface energy of the PDMS addition
amount was tested, and the results showed that its surface energy also has a trend
similar to the contact angle (Figure 3); with increasing silicone content, the surface
energy of TPU gradually decreased and subsequently plateaued. As can be seen from
Table 2, when the PTMG:PDMS ratio was 40:2, the surface energy was 24.41 mJ/m?,
which was 10.56 mJ/m? lower than that of unmodified TPU. These results are con-
sistent with the viewpoints proposed by Lin et al. [31], but this study did not further
explore the specific changes in the film’s hydrophobicity caused by the addition of
low surface energy substances. To more clearly demonstrate the changes, this study
further confirmed this conclusion by using the surface energy calculation formula and
the changes in surface energy values before and after PDMS addition. Thus, it can
be seen that PDMS can effectively reduce the surface energy of TPU, thereby enhanc-
ing its hydrophobicity. However, when the PDMS content was further increased, a
corresponding improvement in hydrophobicity was not observed. This was because
when the PDMS dosage exceeded a certain threshold, silica enrichment on the TPU
film surface reached saturation, and the restriction of the main chain prevented the
further migration of silica atoms to the surface, which affected the improvement of
film hydrophobicity.

The improvement in the hydrophobicity of TPU via silicone addition was confirmed
via the water absorption test, and the results are illustrated in Figure 4.
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Table 2. Surface energy of the silicone-modified TPU (Si-TPU) films featuring different PDMS
contents.

Sample Hard Segment PDMS Mass Fraction Surface Energy

Content % % mJ/m?
40-0 35 0 34.97
40-1 35 3.09 25.81
40-2 35 591 24.41
40-3 35 8.48 23.85
40-4 35 10.83 2358
40-6 35 15.00 23.32
40-8 35 18.57 23.34

Figure 4 illustrates the water absorption curves of TPUs comprising different
PDMS contents. The final water absorption of TPUs decreased with increasing PDMS
content. This was because of the increased incorporation of PDMS during TPU
synthesis and the migration of the hydrophobic silane chain segments of PDMS
to the surface [32-34], which enhanced the surface hydrophobicity and prevents
water from easily penetrating into the interior of the film, thus reducing the water
absorption rate.

These findings further confirmed that the addition of organosilicone improved the
hydrophobicity of TPU.

3.3. Microphase Separation

During the synthesis of TPU, due to the differences in the dissolution parameters
of the soft segment and the hard segment, there is a certain degree of microphase
separation phenomenon within it. To enhance the hydrophobicity of the TPU film,
we introduced PDMS with low surface energy into the system. PDMS is thermody-
namically incompatible with TPU and may have an impact on the performance. To
investigate the effects of PDMS on the microphase separation of TPUs, X-ray diffraction
(XRD) and energy-dispersive X-ray spectroscopy (EDS) analysis results are presented
in Figures 5 and 6. A diffraction peak (within the frame) is observed at 20 = 12.5°,
which corresponds to the pure PDMS phase [35], and the peak intensity gradually
increases with increasing PDMS content. Furthermore, the intensity of the peak be-
tween 20 = 21° and 23° gradually increases. This is because of the incompatibility of
PDMS with other phases, which increases the aggregation of the hard segment and
enhances the crystallinity [16]. The addition of PDMS aids the microphase separation
TPU. Moreover, the EDS energy spectra of the TPUs featuring different PDMS contents
reveal that when the content of PDMS is lower, it is conducive to the increase in unifor-
mity within the system and has a smaller impact on micro-phase separation. At this
time, the distribution of Si elements in the material is more uniform (e.g., Figure 6a).
When the PDMS content exceeds a certain value, it will strengthen the aggregation of
the hard segment within the TPU, and the same soft segment will also aggregate to a
certain extent. This situation can be confirmed by the aggregation of Si elements in the
elemental analysis (e.g., Figure 6b). This phenomenon not only reflects from the side
that the addition of PDMS will intensify the degree of micro-phase separation of TPU
but also lays a foundation for the further study of micro-phase separation to explore
the correlation between the addition amount of PDMS and the mechanical properties
of TPU materials.
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Figure 6. Si element distribution in the cross-sections of (a) 40-1 and (b) 40-4 TPUs.

3.4. Mechanical Property Analysis

As a polymer formed by the blending of soft segments and hard segments, the degree
of microphase separation of TPU is closely related to its mechanical properties. Due to
the poor miscibility between PDMS and TPU, the degree of microphase separation will
further exacerbate the changes in the mechanical properties of the film [36]. Therefore, the
correlation between the addition amount of PDMS and the mechanical properties of TPU
was investigated, and the results are presented in Figure 7.

As depicted in Figure 7, with increasing PDMS content, the tensile strength and elon-
gation at break of the samples first increase and subsequently decrease. This is because
the mechanical properties of the samples are solely determined by the content of hard seg-
ments and their microstructure for specific synthetic raw materials, and the content of hard
segments is 35%. Considering the microstructure, within a certain range, the incorporation
of PDMS increases the disorder of the soft segments and promotes microphase mixing
between hard and soft segments, enabling efficient stress transfer and thereby achieving op-
timal mechanical performance. Consequently, the maximum value was reached when the
ratio of PTMG to PDMS was 40:2, indicating that PDMS has a certain improvement effect on
the tensile properties of the film. Some studies have shown that adding PDMS to polymers
can increase the degree of microphase separation [37], thereby enhancing the elasticity of
the film. Based on this, through tensile testing analysis in this paper, it is concluded that a



Materials 2025, 18, 4998

10 of 15

small amount of organic silicon segments can regulate the disorder of the soft segments
and enhance the microphase mixing of TPU, thereby increasing the tensile properties.
Concurrently, the water absorption of sample 40-2 is significantly reduced compared to
unmodified TPU, exhibiting a moderate level. This improved hydrophobicity arises from
the surface enrichment of silicon-containing segments, where low-surface-energy PDMS
chains migrate and accumulate at the film-air interface during film formation, forming a
hydrophobic surface layer. As the PDMS content is further increased, water absorption
continues to decrease but eventually plateaus. This saturation occurs because the PDMS
chains fully cover the material surface, forming a dense hydrophobic layer; further in-
creases in PDMS content cannot significantly alter the surface chemical composition, and
thus the hydrophobicity no longer improves markedly. However, when the PDMS content
exceeds a certain critical value, compatibility within the material deteriorates. As illustrated
in Figure 6b, silicon elements exhibit clear aggregation, which exacerbates microphase
separation and ultimately leads to a decline in both tensile strength and elongation at
break [38].
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Figure 7. Effects of the PDMS content on the tensile strength and elongation at break of the TPU film.

3.5. Effects of the PDMS Content on the Moisture Permeability of Nonporous TPU Membranes

The introduction of substances with low surface energy increases the water repellency
of the TPU surface, which hinders the transmission of water vapor within the micropores
and inhibits the moisture permeability. Therefore, the addition of PDMS also has a certain
impact on the water vapor transmission rate.

As depicted in Figure 8, the moisture permeability of the nonporous TPU membrane
without PDMS is 4396 g/ ( m?-24 h). However, when the PDMS content increased, the mois-
ture permeability of the nonporous membrane gradually decreased. The addition of PDMS
improved the hydrophobicity of the nonporous TPU membrane, whereas it decreased the
moisture permeability. The research has shown that by changing the internal composition
of the film, the surface energy of the film can be effectively reduced, thereby enhancing
its hydrophobicity [39]. However, the enhancement of hydrophobicity inevitably leads
to a loss of the film’s moisture permeability, resulting in poor moisture permeability and
far below the basic requirements of waterproof and moisture-permeable films. Therefore,
when improving a single property, attention should also be paid to the collaborative impact
on other properties.
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Figure 8. Effects of the PDMS content on the moisture permeability of nonporous TPU membranes.

3.6. Structural and Performance Analyses of Microporous Wet Phase Conversion Membranes

The moisture permeability of films can be enhanced by constructing a microporous
structure, with common preparation methods including electrospinning and wet-phase
separation. However, waterproof and moisture-permeable membranes produced via elec-
trospinning technology generally exhibit limited hydrostatic pressure resistance [40,41].
Therefore, we employed the wet-phase inversion method to fabricate microporous mem-
branes. The fundamental principle of this method is the controlled exchange between the
solvent in the polymer film and the nonsolvent in the coagulation bath. This results in
phase separation, leading to the rearrangement and coalescence of polymer chains to form
a microporous structure. During this process, the polymer chains rearrange and coalesce,
leading to phase separation and the formation of polymer-rich and polymer-poor phases.
During solidification, the polymer-rich phase constitutes the skeleton of the film, whereas
the polymer-poor phase transforms into a porous structure, featuring a PTMG:PDMS
ratio of 40:2 for wet phase conversion to prepare microporous films and investigated the
film properties.

3.6.1. Characterization of the Microporous Membrane Structure

The microscopic morphologies of the nonporous TPU membranes and microporous
membranes were characterized via SEM.

From Figure 9, the surface of the nonporous membrane is uniformly smooth without
any notable holes or cracks; however, additional micropores appear on the surface of
the microporous membrane formed via wet phase conversion. The SEM image of the
microporous membrane cross-section (Figure 9c) reveals that the pores in the microporous
membrane prepared via wet phase conversion do not form vertical channels but assemble
into a three-dimensional (3D) interconnected circular-like pore chamber structure, creating
an important channel for water vapor transport in the film.
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Figure 9. Scanning electron microscopy (SEM) images of the (a) nonporous TPU film and (b) surface
and (c) cross-section of the microporous film, both prepared from sample 40-2.
3.6.2. Contact Angle Analysis

A DSA20 video contact angle tensiometer was used to determine the surface contact
angles of the nonporous and microporous films, and their surface hydrophobicity properties
were compared. The results are depicted in Figure 10.

103.06° 106.54°

Figure 10. Surface contact angles of (a) nonporous TPU film and (b) microporous film.

As depicted in Figure 10, the surface contact angles of the nonporous Si-TPU mem-
brane and the microporous membrane are 103.06° and 106.54°, respectively. The contact
angle of the nonporous membrane is slightly lower than that of the microporous mem-
brane. This is because the surface wettability of a material is synergistically regulated by
its chemical components and 3D surface microstructure [42]. This result is consistent with
the previous research conclusions [43]. Membranes composed of Si-TPUs demonstrate a
low surface free energy because of the introduction of Si-O chain segments possessing a
low surface free energy [44]; consequently,, the contact angle is higher. Conversely, non-
porous membranes have smooth surfaces without microscopic rough structures (Figure 9a),
exhibiting relatively small contact angles [45].

3.6.3. Waterproof Ability and Moisture Permeability Analyses

The waterproof ability and moisture permeability of TPU films are closely related to
the wearer comfort. Therefore, we tested the moisture permeability and water pressure
resistance of the films. The test results are presented in Table 3.

Table 3. Moisture permeability of the Si-TPU film.

Sample Water Pressure Resistance Moisture Permeability
P (kPa) g/(m2-24 h)
Nonporous film 31 2567.55
Microporous membrane 19.98 8651.34

From Table 3, the water pressure resistance of the nonporous membrane is 31 kPa,
which is higher than that of the wet phase conversion microporous membrane (19.98 kPa).
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This is because of the denser surface structure of the nonporous membrane without any
defects, enabling higher water pressure resistance. Furthermore, with the increase in water
pressure, particularly under high pressure, the microporous membrane undergoes struc-
tural deformation or even rupture, which decreases the overall water pressure resistance
of the microporous membrane. The porous structure of the microporous membrane that
endows it with exceptional moisture permeability. Research has shown that the presence
of internal pores enhances the moisture permeability of the microporous membrane [46].
The microporous membrane prepared in this study, with its internal pores being three-
dimensional interconnected, endows the film with even better moisture permeability. The
water permeability rate can reach as high as 8651.34 g/(m?-24 h). Furthermore, This value
is more than three times higher than that of nonporous membranes (2567.55 g/ (m?-24 h))
and also exceeds the moisture transmission rate of hydrophilically modified nonporous
membranes [47], highlighting the inherent advantage of constructing physical pores in
achieving high moisture permeability.

4. Conclusions

TPU was modified with end-hydroxy PDMS for enhancing its hydrophobicity. The
findings of this study revealed the substantially high comprehensive performance of
Si-TPU at the PTMG:PDMS ratio of 40:2. Specifically, compared with the unmodified
TPU film, the Si-TPU film prepared at the aforementioned ratio exhibited a reduction
in the surface energy of 10.56 mJ/m? and an increase in the contact angle from 83° to
105°, indicating its enhanced hydrophobicity. XRD and DSC analyses demonstrated that
PDMS incorporation enhanced elastomeric microphase separation, improving the overall
material performance. FTIR spectroscopy and SEM-EDS analyses confirmed the successful
introduction of organosilicones into the polymer system, which was consistent with the
desired target, confirming successful modification. Furthermore, the fabrication of Si-
TPU into microporous membranes results in exceptional moisture permeability (with a
moisture transmission rate of 8651.34 g/(m?-24 h)), successfully achieving an optimal
balance between high moisture permeability and practical waterproof performance. This
provides an effective technical pathway for addressing the high water absorption issues of
TPU membranes while potentially serving as a substitute for PTFE membranes.
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