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Silica nanoparticles, one of the fillers that have been used in mixed matrix membranes, 
can be functionalised to increase its compatibility with polymer matrices of the 
membrane. However, the molecular interactions that govern this compatibility are 
often poorly understood and difficult to assess prior to fabrication. This work aims to 
assess the interaction strength between silica fillers that have been functionalised with 
three organosilicon dubbed TS-530, TS-610, and TS-720 and polyvinylidene fluoride 
(PVDF) membrane matrix using molecular simulation. It is desired to determine 
whether computation modelling can reliably predict filler-polymer compatibility by 
comparing with experimental observations. Therefore, geometry optimisations and 
binding energy calculations were done using MM+, AM1, and PM3 methods in 
HyperChem 8.0 software. Each silica surface was modelled as a functionalised silanol 
core that has been treated with HMDS, DMDCS, and PDMS, representing TS-530, TS-
610, and TS-720 functionalised silica nanoparticles respectively, then paired with a 
PVDF oligomer as the membrane matrix. The simulation results showed that TS-530 
exhibited the most favourable interaction with PVDF, with the strongest binding 
energy and the most consistent surface contact. On the other hand, TS-610 and TS-720 
showed weaker and more localised interactions with PVDF. These results are 
consistent with the experimental results for the mixed matrix PVDF membranes with 
functionalised silica nanoparticles as fillers. TS-530 mixed matrix membranes showed 
more uniform nanoparticle dispersion, higher contact angle and LEPw values, signifying 
better membrane wetting resistance. Additionally, it showed superior CO2 
permeability and selectivity compared to other mixed matrix membranes. This study 
demonstrates that it is possible to use molecular modelling to effectively predict 
polymer-filler compatibility in membrane materials. The ability to predict dispersion 
and interface behaviour from simulated interaction energies offers a valuable 
screening tool for selection of materials for membrane design. 
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1. Introduction 
 

Mixed matrix membranes (MMMs) have become attractive candidates for carbon dioxide (CO2) 
separation attributing to their ability to combine the advantageous properties of both polymers and 
inorganic fillers. Among the common polymers used for membrane fabrication, polyvinylidene 
fluoride (PVDF) offers good chemical resistance, high mechanical and thermal stability, and is easy to 
process [1]. The addition of silica nanoparticles into PVDF-based membranes to improve performance 
in terms of permeability, selectivity, structure, and wetting resistance has been investigated by 
several researchers prior [2-4]. In a previous research, fumed silica nanoparticles that have been 
functionalised with organosilanes, such as hexamethyldisilazane (HMDS), dimethyldichlorosilane 
(DMDCS), and polydimethylsiloxane (PDMS) have been incorporated into membranes to tailor the 
surface energy and hydrophobicity of silica nanoparticles. These commercially available variants of 
silica nanoparticles typically differ in their surface chemistries and have shown differing effects on 
membrane performance in experimental studies. Even though some functionalisation of silica 
nanoparticles showed good promise, leading to improved dispersion in the membrane matrix, anti-
wetting behaviour, and augmented gas absorption flux, some functionalised silica nanoparticles 
suffered from aggravated agglomeration and reduced selectivity [5]. The stark differences in 
performance of the functionalised silica-based MMMs are presumed to be due to variations in the 
interactions between the polymer and the silica fillers, but a molecular-level understanding of these 
interactions remains lacking. 

To date, the interface between functionalised silica nanoparticles and polymer matrix has been 
largely inferred by analysis and tests such as macroscopic characterisation methods such as scanning 
electron microscopy (SEM), contact angle measurements, atomic force microscopy (AFM), and gas 
permeation tests, to name a few [5]. While these methods can provide indirect evidence of the 
compatibility and dispersion of the nanoparticles within the MMMs, they cannot directly probe the 
nature of non-covalent interactions or binding affinities at the molecular level. As such, there is a lack 
of understanding on how the surface chemistry affects the microscopic interaction between 
functionalised silica nanoparticles and polymer chains. 

Therefore, this study aims to bridge that gap by conducting a comparative molecular simulation 
study on the interaction between PVDF oligomers and various functionalised silica nanoparticles. 
Using molecular mechanics and semi-empirical methods, the binding energies, interaction 
geometries, and surface affinities are quantified and illustrated to reveal how silica nanoparticles 
with different functional groups on the surface affect their compatibility with PVDF membrane 
matrix. The simulation results are further supported and interpreted using experimental data, 
providing mechanistic rationale for the observed impact on membrane morphology, wettability, and 
CO2 separation performance.  This study provides a molecular-level perspective that can guide the 
rational selection and design of fillers for advanced MMM applications. 

 
2. Methodology  
2.1 Computational Method 

 
In this study, three types of functionalised fumed silica nanoparticles were represented by 

molecular fragments mimicking the surface chemistry of TS-530, TS-610, and TS-720. These are 
commercial silica products treated with HMDS, DMDCS, and PDMS, respectively. For each type, a 
silica-based core fragment was constructed and capped with the corresponding surface-modifying 
groups to reflect the dominant functional chemistry. 
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The polymer matrix was represented by an oligomer of PVDF, consisting of five repeating –(CH₂–
CF₂)– units. This chain length is sufficient to capture local conformational behaviour and interaction 
trends, while remaining computationally manageable for the optimisation process. 

All molecular structures were built and pre-optimised using HyperChem 8.0 and arranged such 
that the PVDF oligomer was placed in close proximity to the surface-modified silica fragment. Care 
was taken to vary the initial orientation of the PVDF chain to allow for exploration of multiple local 
minima during optimisation. 

Molecular mechanics (MM+) was first used to perform geometry optimisation of the combined 
polymer–filler system. This method accounts for van der Waals and electrostatic interactions and is 
suitable for estimating interaction energies and equilibrium conformations in large, non-reactive 
molecular systems. To refine the interaction energy estimates, semi-empirical methods (AM1 and 
PM3) were also employed on select configurations. 

Each system was optimised under vacuum conditions using the Polak–Ribiere conjugate gradient 
algorithm with an RMS gradient convergence limit of 0.01 kcal/(mol·Å). Binding energy (ΔE) between 
the PVDF oligomer and the silica fragment was calculated using the Eq. (1) as follows: 

 
∆E = E!"!#$ − (E%&'( + E)*$*+#)           (1) 

 
Where Etotal is the minimised energy of the combined system, and EPVDF and Esilica are the 

minimised energies of the isolated PVDF oligomer and silica fragment, respectively. A more negative 
ΔE indicates a stronger interaction. 

Each simulation was repeated using at least three different initial orientations of the PVDF chain 
to ensure the robustness of the interaction trends and to avoid artifacts from local energy minima. 

 
2.2 Experimental Method 
2.2.1 Materials 

 
Polyvinylidene fluoride (PVDF, Solvay Solexis, France) was used as the polymer to fabricate the 

membrane, dissolved into N-methyl-2-pyrrolidone (NMP, Sigma–Aldrich, Germany) and immersed in 
ethanol (Merck, Germany) coagulation bath. Three SiNP that have been functionalised with different 
organosilicon; hexamethyldisilane (HMDS), dimethyldichlorosilane (DMDCS), and 
polydimethylsiloxane (PDMS) were provided courtesy of Cabot Inc., dubbed as TS-530 f-SiNP (HMDS), 
TS-610 f-SiNP (DMDCS), and TS-720 f-SiNP (PDMS) respectively. For the gas separation tests, AMP 
from Merck, was used as the liquid absorbent. 

 
2.2.2 Membrane synthesis 

 
A total of 15 wt% dried PVDF was gradually dissolved in pre-heated NMP solvent maintained at 

60 °C, with continuous stirring at 250 rpm for 6 hours. The resulting dope solution was allowed to 
cool to room temperature before undergoing sonication to eliminate entrapped air bubbles. It was 
then cast onto a glass plate using a thin film applicator with a casting gap of 400 μm. The cast film 
was immediately immersed in a coagulation bath consisting of 20/80 v/v ethanol/water for 24 hours, 
followed by drying for 3 days to produce the neat membrane [5]. 

Nanocomposite membranes were prepared using a solution blending method. A 1 wt% loading 
of LDPE/f-SiNP, relative to 15 wt% PVDF, was first dispersed in NMP and stirred for 30 minutes. This 
mixture was then sonicated for another 30 minutes to enhance nanoparticle dispersion. 
Approximately 10% of the total PVDF was added and sonicated for an additional 30 minutes before 
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gradually incorporating the remaining polymer [6]. The resulting solution was cast and solidified 
following the same procedure used for the neat membrane. 

 
2.2.3 Membrane characterisation 

 
The morphology of the fabricated membranes was examined using a TM3000 Table Top scanning 

electron microscope (SEM, Hitachi, Japan). Prior to imaging, membrane samples were fractured in 
liquid nitrogen and sputter-coated with gold to enhance surface conductivity. Elemental analysis of 
silicon within the membrane was conducted using energy-dispersive X-ray spectroscopy (EDS). EDS 
line scanning and mapping were employed to assess the dispersion of functionalised silica 
nanoparticles (f-SiNP) throughout the membrane structure. 

ImageJ software was used to evaluate the pore size distribution based on SEM surface images. 
The scale bar in each micrograph was used to calibrate measurement settings, and a thresholding 
technique was applied to binarise the image, allowing clear differentiation between membrane pores 
and the polymer matrix. The surface wettability of the membranes was determined using a contact 
angle goniometer (Rame-Hart 250 F-1, USA) via the sessile drop method. Water droplets were 
dispensed at multiple locations on the membrane surface using a micro-syringe, and the average 
contact angle was calculated to minimise measurement variability. 

Liquid entry pressure of water (LEPw) was measured using a Porolux 1000 porometer (Benelux 
Scientific, Belgium) based on the bubble point method. Membrane samples were cut into 2.5 cm 
diameter discs and placed into the sample holder. A water layer was applied to the membrane 
surface before sealing, and nitrogen gas was introduced in incremental pressure steps of 0.1 bar. The 
LEPw value was recorded as the pressure at which the first liquid flow was observed [7]. Fourier-
transform infrared (FTIR) spectroscopy (Nicolet iS10, Thermo Scientific) was used to identify chemical 
features associated with the different f-SiNP types and to detect changes in membrane chemical 
composition resulting from nanoparticle incorporation. 
 
2.2.3 MGA performance test 

 
The experiment was performed at atmospheric pressure and room temperature using the MGA 

settings shown in our previous work [4]. In the MGA system, 100 mL/min of pure CO2 feed gas was 
used, and 100 mL/min of MEA was used as the liquid absorbent. Before evaluating the separation 
performance, let the system run for 15 minutes to achieve a steady state. The CO2 absorption flux, 
JCO2 (mol/m2.s), was calculated using Eq. (2), where the flow rates of the inlet and retentate gas were 
measured by a bubble soap meter.  

 
J,-! =

(/",$0/",%)2"
34"5

             (2) 

 
Where Qg,i is the inlet gas flow rate (mL/min), Qg,r is the retentate gas flow rate (mL/min), ρg is 

the density of CO2 (g/mL), MWg is the molecular weight of CO2 (g/mol), and A is the membrane 
contacting area (m2). CO2:N2 with a volume ratio of 20:80 was also used for a 120 hour binary gas 
absorption operation to give a more realistic view of a long-term MGA operation. The CO2 flux was 
calculated based on the retentate gas composition analysed by the gas chromatography system.  
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3. Results and Discussions 
3.1 Optimised Molecular Structures 

 
The optimised geometries of PVDF interacting with three functionalised silica fragments—TS-530, 

TS-610, and TS-720—are shown in Figure 1. These fragments were modeled by functionalising silanol-
terminated silica cores with hexamethyldisilazane (HMDS), dimethyldichlorosilane (DMDCS), and 
polydimethylsiloxane (PDMS), respectively. Optimisations were performed using MM+, AM1, and 
PM3 semi-empirical methods within the HyperChem 8.0 suite. For each silica/PVDF system, three 
distinct initial orientations of the PVDF oligomer were evaluated, and the configuration exhibiting the 
lowest total energy was selected for detailed structural analysis. The resulting non-bonded contact 
distances and qualitative polymer conformations are summarised in Table 1, while the final optimised 
geometries are illustrated in Figure 1 (a–c). 

 

 
 

(a)  (b) 

 
(c) 

Fig. 1. Optimised structures of PVDF interacting with (a) TS-530, (b) TS-610, and (c) TS-720 
functionalised silica fragments 
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Table 1 
Summary of PVDF–silica structural observations from the optimised configurations with the lowest 
binding energy (ΔE) 
Filler type Surface functional group PVDF orientation Contact area Closest distance (Å) 
TS-530 –Si(CH₃)₃ Parallel Broad 2.56 
TS-610 –Si(CH₃)₂Cl Slightly angled Limited 1.72 
TS-720 –Si(CH₃)₂–O– Angled Partial 2.67 
 
In the TS-530 system (Figure 1a) the PVDF oligomer aligned parallel to the HMDS-modified silica 

surface, with a minimum non-bonded contact distance of 2.56 Å. This geometry suggests favourable 
van der Waals interactions between the hydrophobic –CF₂ groups of PVDF and the –Si(CH₃)₃ termini 
of the surface. A similar parallel alignment was observed in earlier simulations of LDPE-coated silica, 
where methylated groups contributed to uniform surface coverage and reduced nanoparticle 
agglomeration [4]. Although PVDF is more polar and rigid than LDPE, the comparable alignment in 
this case reinforces the affinity between methylated surfaces and hydrocarbon/fluorocarbon 
polymers. Furthermore, recent work on nanosilica/LDPE composites documents that methylated 
surfaces improve filler dispersion and interfacial interaction, significantly enhancing mechanical 
strength and thermal stability [8]. In contrast, the PVDF oligomer interacting with the DMDCS-
functionalised TS-610 (Figure 1b) adopted a slightly angled conformation, maintaining a closest 
contact distance of 1.72 Å. Despite the short contact point, the overall contact area was limited, 
suggesting a localized interaction. This may be due to steric or polar repulsion from the chlorosilane-
modified surface, which could reduce polymer wrapping or anchoring. These findings align with prior 
reports of TS-610 agglomeration in PVDF-based membranes, where poor surface compatibility 
compromised dispersion and membrane morphology [4].  

In the TS-720 system (Figure 1c), the PVDF chain was observed to lie at an angle to the PDMS-
functionalised silica surface, with a minimum contact distance of 2.67 Å. The flexible –Si(CH₃)₂–O–
siloxane chains introduce steric bulk and surface fluidity, which limit stable, close-packed alignment 
with the rigid PVDF backbone. Recent studies on PVDF/PDMS hybrid membranes report that PDMS 
flexibility can disrupt uniform polymer–filler contact, leading to inconsistent interfacial adhesion [9]. 
Moreover, studies on PDMS/PVDF composite systems designed for pervaporation and butanol 
recovery reveal that although PDMS may enhance hydrophobicity and selective permeability, its 
mechanical flexibility can undermine interfacial cohesion and structural integrity at the polymer–
matrix boundary. For instance, Pan et al., [10] demonstrated that while PDMS films supported on 
PVDF substrates yield defect-free coatings, excessive PDMS flexibility reduces interfacial toughness 
and disrupts coherent adhesion. Despite the hydrophobic nature of PDMS, its chain-like structure 
may have created inconsistent contact regions and restricted effective interaction. Similar steric 
interference was discussed by Rosli et al., [4], where PDMS flexibility prevented coherent contact in 
LDPE coating models. These conformational differences provide insight into how surface 
functionalisation affects filler–polymer geometry. The relatively parallel and broad alignment in the 
TS-530 system suggests greater compatibility with PVDF, while angled or distorted configurations 
observed in TS-610 and TS-720 may correspond to weaker interfacial interaction. An interpretation 
explored further in Section 3.2. 

 
3.2 Binding Energy Analysis 

 
The interaction energies (ΔE) between PVDF oligomer and each functionalised silica fragment (TS-

530, TS-610, and TS-720) were calculated using MM+, AM1, and PM3 methods, as previously 
described. A more negative ΔE value indicates a stronger and more energetically favourable 
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interaction between the polymer and the filler. The binding energies for the most stable 
configurations of each system are summarised in Table 2. 

 
Table 2 
Calculated binding energies (ΔE) between PVDF and each 
functionalised silica surface using three different methods 
System Method ΔE (kcal/mol) 
TS-530 in PVDF membrane MM+ -2.6884 

AM1 -11.8457 
PM3 -26.6619 

TS-610 in PVDF membrane MM+ -0.6172 
AM1 -3.6232 
PM3 -30.2135 

TS-720 in PVDF membrane MM+ -0.1582 
AM1 -23.5716 
PM3 -42.2843 

 
Across all three methods, the TS-530 system exhibited the most favourable interaction with PVDF, 

with the lowest ΔE values recorded in each case (Table 2). This result is consistent with the broad, 
parallel alignment observed in the optimised structure (Figure 1a), which maximises surface contact 
between the –CF₂ groups of PVDF and the methylated –Si(CH₃)₃ surface of the silica. The consistency 
across both MM+ and AM1 methods reinforces the interpretation that TS-530 presents the most 
compatible surface chemistry among the three fillers. This conclusion aligns with recent atomistic 
simulations showing that HMDS-functionalisation of silica significantly improves nanoparticle 
dispersion and enhances interfacial adhesion in polyethylene-based systems. For instance, Genix et 
al., [11] reported that alkyl-silane grafting on silica nanoparticles yielded more stable polymer 
interlayers and reduced aggregation in nanocomposites, while Saito et al., [12] found enhanced 
interfacial affinity and adhesion between functionalised alumina and polymer matrices following 
similar grafting strategies. These findings collectively underscore the robust efficacy of HMDS grafting 
in promoting strong interfacial interactions in polymer–silica composites. 

In contrast, the TS-610 system, exhibited weaker interactions across all methods. Its functional 
group –Si(CH₃)₂Cl introduces greater polarity and potential steric hindrance compared to TS-530, 
which may explain the less favourable binding energies. The PVDF chain was observed to interact at 
a slight angle and with limited surface contact (Figure 1b), which aligns with the reduced ΔE values.  
In the case of TS-720, the results were more method-dependent. MM+ predicted the weakest 
interaction (–0.158 kcal/mol), consistent with the angled and partially detached configuration shown 
in Figure 1c. However, AM1 and PM3 gave unexpectedly high binding strengths (–23.572 and –45.284 
kcal/mol, respectively). These values may reflect overestimated polar interactions or polarisability 
effects introduced by the flexible PDMS chains. Despite this numerical anomaly, the observed 
geometry and physical behaviour suggest that PVDF–TS-720 compatibility is lower than that of TS-
530. Molecular simulations and experimental studies of PDMS–silica interfaces consistently show 
that although PDMS may improve hydrophobicity, its high chain mobility and polarisability often 
reduce effective adhesion and interfacial cohesion [13]. 

These trends mirror earlier observations in LDPE-coated silica simulations [4], where HMDS-
functionalised surfaces facilitated stronger interfacial adhesion due to steric compatibility and 
hydrophobic interactions. The current findings also correlate with experimental membrane studies 
by Rosli et al., [5] in which TS-530-enhanced PVDF membranes demonstrated better dispersion and 
higher resistance to wetting attributes likely linked to stronger molecular interactions at the 
polymer–filler interface. In contrast, the polar TS-610 surface and flexible TS-720 (PDMS) surface 
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both show weaker interaction potentials, which may lead to filler aggregation, poor dispersion, and 
compromised membrane performance. Pang et al., [14] showed that PVDF–SiO₂–HDTMS membranes 
maintained high tensile strength and CO₂ absorption performance. This highlights that hydrophobic 
filler functionalisation can enhance performance only when strong interfacial cohesion is maintained, 
whereas flexible filler architectures like PDMS can undermine mechanical integrity if adhesion is 
discontinuous. 

 
3.3 Nature of Interactions 

 
To further interpret the observed differences in binding energy, the nature of the interactions 

between PVDF and each functionalised silica surface was examined qualitatively from the optimised 
molecular geometries. While the calculated ΔE values quantify overall interaction strength, visual 
inspection of the spatial arrangement and proximity between functional groups offers insight into 
the underlying mechanisms governing compatibility. In the TS-530 system, the PVDF chain interacts 
with a surface functionalised by –Si(CH₃)₃ groups from HMDS treatment. These methyl groups 
present a low-polarity, hydrophobic surface that complements the semi-fluorinated PVDF chain [15]. 
The optimised geometry shows multiple –CF₂ units aligned along the methylated silica surface, 
enabling consistent van der Waals contacts. This widespread interaction zone, seen in Figure 1(a), 
supports the relatively strong and evenly distributed binding energy observed across all three 
computational methods. Similar methyl-based surface interactions were previously noted in an 
earlier work involving LDPE–TS-530 simulations [4], which also highlighted the importance of chain 
flexibility and surface coverage. 

For the TS-610 system, the silica surface was functionalised with –Si(CH₃)₂Cl groups. The presence 
of the chlorine atom introduces localised polarity, and its larger van der Waals radius may limit close 
packing with the PVDF backbone. The PVDF chain, while able to approach the surface more closely 
at a single point (1.72 Å), shows a more restricted contact region, with fewer –CF₂ groups engaging 
simultaneously. This likely reflects a mixture of steric hindrance and weaker dispersion interaction, 
leading to less favourable ΔE values and partial surface alignment (Figure 1b). The TS-720 system 
presents a more complex case. Functionalisation with PDMS introduces flexible –Si(CH₃)₂–O– repeat 
units that extend outward from the silica surface. Although PDMS is hydrophobic, the flexibility and 
spatial mobility of its chains may disrupt stable PVDF alignment [16]. As seen in Figure 1(c), the PVDF 
oligomer adopts an angled configuration with partial contact, and the interaction area appears 
fragmented. Despite the surprisingly strong ΔE values predicted by AM1 and PM3, this may be an 
artifact of enhanced polarisability or dynamic charge redistribution, which these semi-empirical 
methods are known to overemphasise in soft, non-rigid systems. From a structural perspective, the 
physical contact between PVDF and the PDMS layer appears less coherent than in the TS-530 system, 
suggesting weaker practical adhesion. 

Although across all systems, evidence of hydrogen bonding was observed, it may not be the 
prevailing mechanism, as the PVDF backbone lacks proton donors and the surface groups either lack 
suitable acceptors or are sterically inaccessible. Instead, the primary interaction mechanisms appear 
to be van der Waals forces, steric compatibility, and, to a lesser extent, dipolar alignment [17]. These 
differences help explain the relative binding strengths and set the foundation for linking simulation 
outcomes to experimental membrane performance. 
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3.4 Correlation with Experimental Observations 
 
The molecular interaction trends identified in this simulation study correspond closely with 

experimental outcomes for PVDF membranes incorporating TS-530, TS-610, and TS-720 silica fillers. 
In particular, differences in filler dispersion, surface wettability, and gas separation performance can 
be linked to the computed binding energies and interaction geometries discussed in Sections 3.2 and 
3.3.In the case of TS-530, simulation results revealed a parallel and extensive contact between the 
PVDF chain and the methylated silica surface, resulting in the strongest binding energy among the 
three systems. This correlates well with the experimental results shown in Figure 2, where the FESEM 
cross-sectional image (Figure 2a) displays a dense, well-structured membrane morphology and the 
EDX silica mapping (Figure 2d) shows uniformly distributed nanoparticles across the membrane 
surface [18]. In contrast, TS-610 exhibited a more limited and angled interaction in simulation, which 
is reflected in Figure 2(b) as localised clusters and a more porous substructure. The corresponding 
EDX map (Figure 2e) confirms the presence of silica aggregates and uneven surface distribution. TS-
720, which had the weakest interaction in simulation, shows a similarly disrupted membrane 
structure (Figure 2c) and the most uneven particle dispersion in the EDX map (Figure 2f), with clear 
evidence of particle clustering. These results reinforce the simulation-derived compatibility ranking 
of TS-530 > TS-610 > TS-720. 

 

   
(a) (b) (c) 

   

   
(d) (e) (f) 

Fig. 2. Cross-sectional FESEM images (top row) and EDX silica surface mapping (bottom row) of PVDF mixed 
matrix membranes incorporating 1 wt% of different functionalised silica nanoparticles: (a, d) TS-530, (b, e) 
TS-610, and (c, f) TS-720. 

 
The superior PVDF–TS-530 interaction observed in simulation is also reflected in membrane 

wettability characteristics. As shown in Table 3, the membrane incorporating TS-530 exhibited the 
highest contact angle (90.4° ± 0.5°) and the greatest LEPw (7.51 bar), indicating enhanced surface 
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hydrophobicity and greater resistance to wetting. In contrast, membranes containing TS-610 and TS-
720 demonstrated much lower contact angles (54.1° and 61.3°, respectively) and LEPw values around 
3 bar. These results support the view that stronger molecular-level interactions between PVDF and 
the HMDS-functionalised TS-530 promote better surface compatibility and coverage, leading to 
reduced membrane wettability [19]. The weaker adhesion and surface contact observed in TS-610 
and TS-720 systems in simulation likely contribute to localised voids or defects that increase water 
intrusion under pressure [20]. 

 
Table 3 
Contact angle and LEPw data at 1 wt% silica loading 
System Contact angle (°) LEPw (bar) 
TS-530 in PVDF membrane 90.4 ± 0.5 7.51 
TS-610 in PVDF membrane 54.1 ± 1.0 3.00 
TS-720 in PVDF membrane 61.3 ± 0.7 3.03 

 
FTIR analysis further supports the simulation-derived differences in polymer–filler interaction. As 

shown in Figure 3, membranes containing TS-530 exhibited unique or shifted absorption bands 
compared to both pristine PVDF and the other filled membranes, particularly at 1029 and 1122 cm⁻¹, 
corresponding to Si–O–Si vibrations from the HMDS-treated surface, and a broad low-energy band 
at 1068 cm⁻¹. A band at 1499 cm⁻¹ was attributed to Si–N–H vibrations, while a broad Si–OH 
stretching band appeared at 3458 cm⁻¹, consistent with HMDS chemistry [21]. These shifts suggest 
subtle but significant chemical interaction or proximity effects between the silica surface and PVDF 
chains, consistent with the close alignment and strong binding observed in simulation. In contrast, 
membranes with TS-610 and TS-720 showed general absorption bands related to surface groups from 
DMDCS and PDMS treatment, including Si–OH stretching (3432 cm⁻¹), Si–CH₃ bending (1261 and 
1442 cm⁻¹), and Si–O–Si or Si–OH deformation modes (e.g., 811, 952, and 1029 cm⁻¹), as reported in 
prior studies [22]. While these confirm successful incorporation of the treated silica nanoparticles 
into the PVDF matrix, the lack of distinctive new or shifted peaks compared to TS-530 indicates 
weaker interfacial interaction. These spectral differences reinforce the interpretation that only TS-
530 forms a more integrated interfacial environment—matching the binding energy and geometry 
results predicted by HyperChem. 
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Fig. 3. FTIR spectra for (a) TS-530, (b) TS-610, and (d) TS-720 in PVDF composite membranes 

 
Gas separation measurements further support the simulation-predicted differences in polymer–

filler interaction strength. As shown by the experimental data, the PVDF membrane incorporating TS-
530 exhibited the highest CO₂ permeability, approximately 1.91 × 10⁻⁴ mol/m²·s, and the highest 
CO₂/N₂ selectivity of around 22. This is consistent with results from Mamah et al., [23] who 
demonstrated that PVDF–SiO₂–HDTMS hollow-fiber membranes engineered via NIPS retained over 
97 % CO₂ flux and maintained robust mechanical properties, attributed to improved polymer–filler 
compatibility and minimal void formation. These values are notably higher than those of membranes 
containing TS-610 (1.65 × 10⁻⁴ mol/m²·s, selectivity ≈ 17) and TS-720 (1.40 × 10⁻⁴ mol/m²·s, selectivity 
≈ 8). The superior performance of the TS-530 membrane aligns with its stronger simulated interaction 
energy (ΔE ≈ –11.85 kcal/mol via AM1) and broader surface contact in the optimised geometry. These 
factors likely enhance the filler–polymer interface integrity, suppress non-selective void formation, 
and maintain membrane structure under gas exposure. The moderate performance of the TS-610 
membrane corresponds to its intermediate binding energy and limited contact area, while the low 
permeability and selectivity of the TS-720 membrane reflect its weaker interaction with PVDF and 
the disrupted surface contact seen in simulation. Similar trends were reported in Liu et al., [24], 
where PDMS@ZIF-8/PVDF pervaporation membranes showed high flux but compromised 
mechanical stability due to incomplete polymer–filler interfaces. Together, the gas transport data 
reinforce the molecular modelling results and confirm that stronger polymer–filler interactions can 
translate into improved separation performance at the macroscale. 

 
4. Conclusions 

 
This study investigated the molecular interaction between PVDF and three functionalised silica 

nanoparticles—TS-530, TS-610, and TS-720—using MM+, AM1, and PM3 methods in HyperChem. 
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The objective was to evaluate how surface chemistry influences polymer–filler compatibility at the 
molecular level, and to determine whether simulation results could predict observed membrane 
performance. The results showed that the TS-530 system, functionalised with HMDS, exhibited the 
strongest interaction with PVDF, supported by both binding energy calculations (ΔE ≈ –11.85 kcal/mol 
via AM1) and favourable alignment in the optimised geometries. TS-610 and TS-720 demonstrated 
weaker interactions, with reduced surface contact and higher simulated distances. These differences 
in molecular compatibility were consistent with experimental observations: TS-530 membranes 
displayed more uniform silica dispersion, higher contact angle and LEPw, and superior CO₂ 
permeability and selectivity compared to the other systems. The alignment between simulation and 
experiment demonstrates that molecular modelling can serve as an effective predictive tool for 
evaluating filler compatibility in membrane design. Specifically, interaction energy and surface 
geometry analysis can help pre-screen candidate materials for anti-wetting or separation 
applications. Future work may extend this approach to other polymers or functionalisation types or 
explore solvent effects and temperature influences in a broader simulation framework. 
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