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Molecular Interactions Between Polyurethane and UiO-66 in Polymer-MOF Nanocomposites:  
Microstructural and Mechanical Effects

The demand for polymer-based nanocomposite-reinforced nanoporous materials is becoming essential in sustainable devel-
opment studies. Integrating nanoporous materials such as Metal-Organic Frameworks (MOFs) in polymer matrices is essential for 
developing sustainable advanced materials. Combining MOFs and polymer matrices can produce a hybrid material with improved 
mechanical strength and stability relative to its constituents. This study aims to elucidate the effect of synthesised UiO-66 nano-
particles in a polyurethane (PU) matrix on the subsequent hybrid materials’ microstructural and mechanical properties. UiO-66 
nanoparticles were synthesised at 120°C, 130°C, and 140°C. The nanoparticles and subsequent nanocomposite were characterised 
using X-ray Diffraction (XRD), Fourier Transform Infrared Spectroscopy (FT-IR), Brunauer-Emmett-Teller (BET), and Field 
Emission-Secondary Electron Microscopy (FE-SEM). The experimental findings indicate that the UiO-66 nanoparticles synthesised 
at 130°C exhibited a highly desirable crystal structure and effective adsorption properties, and the nanoparticles synthesised at this 
temperature were then used to reinforce PU, forming a polymer-MOF nanocomposite. The mechanical properties of the resulting 
nanocomposite were determined using tensile and nanoindentation tests. The UiO-66 nanoparticles were incorporated into PU 
matrices at various weight percentages (10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%) via the solution casting technique. The results 
indicated that 30 wt.% UiO-66 in the polymer nanocomposite exhibits the best mechanical properties, and loading the polymer 
nanocomposite beyond 30 wt.% is more likely to result in nanoparticle agglomeration and brittle behaviours.
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1. Introduction

Polymer composites are an active area of research and de-
velopment due to their wide range of applications across various 
industries. Polymer composites result from a combination of two 
or more distinct components, where polymers act as reinforcing 
matrices, and the particles act as filler materials, culminating in 
a hybrid material with better properties than its respective con-
stituents. One of the primary advantages of polymer composites 
is their high strength-to-weight ratio, which makes them ideal for 
use in structural applications where weight reduction is critical. 
Also, these materials offer excellent resistance to corrosion and 
wear, rendering them suitable for use in harsh environments. 
Polymer composites also exhibit excellent thermal and electri-

cal conductivities, making them useful in various electronic and 
thermal management applications. These advantages prompted 
many researchers to investigate methods for realising better 
dispersion and alignment of nanomaterials within polymer ma-
trices. There is also a rapid study of microporous materials as 
potential reinforcements to improve the mechanical properties of 
composites. This study focuses on microporous material metal-
organic frameworks (MOFs). MOFs are reported to possess 
significantly higher surface area and pore volumes, enhancing 
interfacial bonding between matrices and support and improving 
strength and stiffness as they feature interconnected pores with 
less than 2 nm in diameter [1]. This results in a vast surface area, 
typically ~300-2000 m2/g [2]. MOFs are among the most well-
known microporous materials due to the possibility of modifying 
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their advantageous features, most notably their selectivities and 
capacities [3]. MOFs are commonly used as catalysts for flue 
gas filtration and adsorbent.

MOFs are crystalline, highly porous, and used to store, dis-
perse, and trap gases. Metal ions and organic molecules known 
as “linkers” comprise their structure [4], per Fig. 1. Selecting 
suitable metallic cores and linkers for the MOFs can positively 
impact their selectivities and capacities. MOFs consist of metal 
ions linked to rigid organic molecules to form porous one-, 
two-, or three-dimensional structures. These metals provide 
coordination environments of diverse geometries. Due to metal 
complexes’ typical liability, coordination connections between 
metal ions and organic linkers can be reversibly formed [5], 
which makes them malleable during polymerisation, resulting in 
highly structured framework structures (or the provision of such 
networks) [6]. MOFs have many advantages over conventional 
microporous materials, especially in gas sorption and storage. 
Due to their potential to produce materials that selectively 
absorb certain gases into bespoke pockets within structures, 
applications like gas storage and separation, liquid separation 
and purification, electrochemical energy storage, catalysis, and 
sensing utilises MOFs [7].

UiO-66 (Universitetet i Oslo) is a MOF made up of 
[Zr6O4(OH)4] clusters with 1,4-benzodicarboxylic acid struts 
[8]. The structure of the inorganic brick and the nature of the 
chemical bonds it forms with the linker are the main factors 
affecting the MOFs’ stability. Many MOFs exhibited weak 
thermal, chemical, and mechanical stability, which limited their 
use in large-scale industrial applications. However, UiO-66 (and 
isoreticular UiO-67 and UiO-68) is a zirconium-based MOF 
(UiO-66) with a very high surface area and remarkable thermal 
stability. Much research has been conducted on UiO-66 for the 
adsorption of small molecules due to its exceptional thermal, 
chemical, and mechanical durability. Fig. 2 shows UiO-66’s 
structure [9].

Knowledge of the synthesis process and properties of 
UiO-66 in a solution containing a high concentration of precur-
sors is crucial. The properties of porous crystal materials are 
dictated by their morphology, which is challenging to control. 
UiO-66 synthesis methods can tailor crystal morphology by 
manipulating the chemical reaction route, crystal nucleation, 
crystal nucleation, and growth rates. However, the connecting 
carboxylate remains unaltered during synthesis, indicating that 
the inner Zr6-cluster is reversible in its dryness and hydration. 

Fig. 1. Schematic structure of MOFs

Fig. 2. The structure of UiO-66, made up of Zr6O4(OH)4 clusters and 1,4-benzenedicarboxylic acid (BDC) linkers [9]
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Kandiah et al. reported that the UiO-66 has a Langmuir surface 
area of ~1187 m2/g and excellent air stability of up to 500°C [10]. 

Despite numerous reports on the fabrication of UiO-66- 
-reinforced polymer in the literature, not many focussed on the 
influence of nanoparticle loading on the subsequent properties 
of UiO-66-reinforced polyurethane (PU) nanocomposite. This 
work compared the effectiveness of UiO-66 nanoparticle load-
ings towards the microstructural and mechanical properties of 
synthesised UiO-66-reinforced PU. X-ray Diffraction (XRD), 
Fourier Transform Infrared Spectroscopy (FT-IR), Brunauer-
Emmett-Teller (BET) analysis and Field Emission-Secondary 
Electron Microscopy (FE-SEM) analysis were used to character-
ise the structural and morphological properties of both UiO-66 
nanoparticles and the PU/UiO-66 polymer nanocomposites. 
The mechanical properties of the nanoparticles and polymer 
nanocomposites were determined using the tensile and nanoin-
dentation tests.

2. Materials and methods

2.1. Materials 

Zirconium (IV) propoxide solution, acetic acid, and tere-
phthalic acid were purchased from Sigma Aldrich Sdn. Bhd., 
while tetrahydrofuran (THF) and n,n-dimethylformamide (DMF) 
solutions were purchased from Merck Sdn. Bhd.

2.2. Synthesis of UiO-66 nanoparticles

UiO-66 nanoparticles were prepared using the previously 
reported room temperature synthesis method [11]. 70 µL of 
a Zirconium Propoxide solution was added to 1-propanol 
(0.158 mmol), 7 mL DMF, and 4 mL acetic acid. The subsequent 
solution will be heated to ~130°C for two hours till it becomes 
a yellowish solution (clear to yellow). After two hours, it was 
cooled to room temperature. Upon cooling, the BDC linker 
(1,4-benzenedicarboxylate) was added to the solution in stages 
to form the UiO-66. The solution was sonicated for 30 s and 
stirred for 18 h at a fixed temperature of 25°C. Then, the UiO-66 
solutions were centrifuged and washed using DMF, and the sol-
vent was exchanged with THF for storage. The procedure was 
repeated at temperatures 120°C and 140°C.

2.3. Fabrication of UiO-66/PU nanocomposites

UiO-66/PU nanocomposites were fabricated using the solu-
tion casting method [12]. Polyurethane (PU) polymer solution 
was prepared by dissolving ~1 g of Poly [4,4’-methylenebis 
(phenyl isocyanate)-alt-1,4-butanediol/di (propylene glycol)/
polycaprolactone] beads in tetrahydrofuran (THF) for a total 
of 24-48 hours until the pellets are visually determined to have 
completely dissolved in the THF-laden solution. The previously 

synthesised UiO-66 nanoparticles, dispersed as colloids, were 
added to the PU solution, corresponding to the wt.% Eq. (1):
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where mUiO-66 is the weight of the UiO-66 nanoparticles dis-
persed in THF, while mPU is the weight of the PU beads dis-
solved in THF. This produced four distinct solutions of polymer 
nanocomposites with varied UiO-66 nanoparticles’ loading: 10, 
20, 30 and 40 wt.%. Song et al. [13] confirmed that applying this 
colloidal solution mixing approach may significantly reduce the 
possibility of nanoparticles’ agglomeration, otherwise witnessed 
in polymer nanocomposites produced by the re-dispersion of 
dried UiO-66 nanoparticles. After 24 h of drying, the polymer 
nanocomposites were detached from the glass plate and stored 
for subsequent studies.

2.4. Characterisation methods

2.4.1. Structural analysis using X-ray  
Diffractometer (XRD)

The powder sample was placed on Polymethyl methacrylate 
(PMMA) Perspex and the XRD magazine sample holder. 
Its crystallinity was obtained using an X-ray diffractometer 
(XRD, Bruker AXS D8 Advance) with Cu-kα radiation source 
(λ = 1.54 Å) at an accelerating voltage of 40 kV. The diffrac-
togram was recorded in the φ = 2θ angle ranging from 5°-50° 
with a step interval size of 0.04, and data was collected at a scan 
rate of 2°/min.

2.4.2. Chemical bonds analysis using Fourier Transform 
Infrared Spectroscopy (FT-IR)

The Fourier-transform infrared spectroscopy (FTIR) instru-
ment was used to determine bond types for UiO-66 nanoparticles 
and PU/UiO-66 polymer nanocomposites. Test samples were 
sectioned (~5 mm2) from larger specimens and analysed in the 
FTIR apparatus. The FTIR spectra consist of vibration peaks 
representing specific bond types. Due to the speculation that 
the organic ligands within the MOF nanoparticles form weak 
interactions with the polymer matrix (PU), vibrational peaks 
representing both constituents are expected to appear in the 
spectra. The results garnered from the FTIR analyses are also 
qualitative and correlated to those from the XRD analysis.

2.4.3. Morphological analysis using Field Emission-
Scanning Electron Microscopy (FE-SEM)

The morphology of UiO-66 nanoparticles and PU/UiO-66  
polymer nanocomposites was examined using the Field  
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Emission-Scanning Electron Microscope (FE-SEM). The powder 
samples were dispersed and mounted on a stub using adhesives. 
Each sample was coated with platinum using a sputter coater 
for 30 s prior to imaging at 20 kV under a high vacuum. The 
sample was heated in the oven at 80°C for 30 min to eliminate 
the moisture/water before fixing it on the sample stub. 

2.5. Mechanical properties analysis

2.5.1. Tensile test

The (quantitative) quasi-static properties of the UiO-66/PU 
nanocomposites were determined using the tensile test. The 
stress-strain (σ-ε) plots of the PU/UiO-66 polymer nanocom-
posites were generated using data collected from the Instron 
Universal Testing Machine (UTM) equipped with a 100-N load 
cell (ASTM D882). The samples, measuring 100 mm ×15 mm, 
were clamped to the rig and subjected to a tensile load applied 
at a displacement rate of ~10 mm/min until failure.

2.5.2. Nanoindentation test

A nanoindenter with a Berkovich three-sided pyramid dia-
mond tip was used to determine Young’s modulus (E) and inden-
tation hardness (H) of the PU/UiO-66 polymer nanocomposites. 
A rectangular grid of 20 indentations was produced for each 
probed sample (three polymer nanocomposites tested per wt.%).

3. Result and discussion

3.1. Characterisation of UiO-66 particles

3.1.1. Morphology analysis 

Fig. 3(a)-(c) shows the structures of the synthesised UiO-66 
at various temperatures. It can be seen in Figs. 3(a) and 3(b) 
that the UiO-66 nanoparticles are cubic in configuration, while 
Fig. 3(c) shows UiO-66 in spherical configuration. These mor-
phologies agree with [14-16]. It can be observed that the grain 
of the freshly prepared sample emerges from the crystalline 
crystal with sharp edges, with both having an average particle 
size of ~0.5-1.5 µm. Due to the vigorous contact reaction with 
increasing temperatures, the UiO-66 nanoparticles’ colour 
changes from yellowish-white to pale yellow [16]. Fig. 3(a)-(c) 
demonstrates how the UiO-66 nanoparticles’ shapes change at 
higher temperatures, shrinking and becoming less angular [17]. 
The morphological characteristics of the UiO-66 nanoparticles 
agree with that reported by Destefano et al. [11], where they 
posited that increasing temperature significantly decreased the 
density of defects and indirectly resulted in smaller particles.

Fig. 4(a)-(c) shows the XRD pattern of the UiO-66 nanopar-
ticles at 120°C, 130°C and 140°C, respectively. The diffraction 
peaks are present at 5° and 20°. All peaks in the obtained XRD 
analysis of specimens (a), (b), and (c) agreed with the JCPDS 
card No. 96-451-2073, which confirms the formation of UiO-66. 
UiO-66 nanoparticles synthesised at 130°C shows the high-
est intensity (crystallinity) formed at 7.38°, 8.50° and 12.04° 

Fig. 3. FE-SEM images of synthesised UiO-66 nanoparticles at temperatures: (a) 120°C, (b) 130°C, and (c) 140°C
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(5°-15°) corresponding to the (111), (020) and (022) planes of Zr. 
Although it was believed thatb increasing the temperature would 
decrease the defect density due to the increased lability of inter-
mediate linkers, a high synthesis temperature could also lead to 
the decomposition of the UiO-66 main crystalline network [18]. 
The results suggest that, for this synthesis procedure, the opti-
mum synthesis temperature for UiO-66 nanoparticles is 130°C.

Fig. 4. Simulated and observed the XRD pattern of UiO-66 nanoparticles 
at temperatures (a) 120°C, (b) 130°C, and (c) 140°C

Fig. 5 shows the N2 adsorption/desorption of synthesised 
UiO-66 particles at 120°C, 130°C, and 140°C. The plot shows 
that the values of BET surface area of the synthesised UiO-66 
are (a) 590.132, (b) 784.214, and (c) 710.522 m2g–1, respectively. 
Again, synthesised UiO-66 at 130°C recorded the highest BET 
surface area. This phenomenon can be attributed to the decrement 
of defect density with increasing synthesis temperature [11]. 
It is speculated that defect sites, as illustrated in Fig. 6, whether 
resulting from missing linkers or clusters, render the framework 
space more accessible [18]. However, high temperatures could 
destroy the main framework structure, indirectly decreasing the 
surface area of MOFs nanoparticles, as seen in specimen (c).

Fig. 5. N2 adsorption/desorption isotherms of UiO-66 (a)-(b)

3.1.2. FT-IR analysis

Fig. 7 shows the FTIR spectra of synthesised UiO-66 
nanoparticles at 120°C, 130°C, and 140°C, respectively. The 
exhibited characteristic peaks of UiO-66 show a similar pattern 
to the one reported previously [11]. At the spectra of ~481 cm–1, 
the formation of UiO-66 was Zr-O, indicating the vibration of 
the substance at that point. The intense peaks at ~1656 cm–1 were 
confirmed to be C = O stretching modes from carboxylic acids. 
The broad spectrum of ~3100-3500 cm–1 shows that the organic 
linker combined with the metal is fully utilised as there is no 
other slope of the vibration of O-H stretching [19]. The patterned 
peaks show excellent agreement with Han et al. [20]. The FTIR 
results confirmed the formation of UiO-66 nanoparticles for all 
synthesis temperatures. Overall, it is convenient to posit that 
the optimum synthesis temperature (excellent crystal structure 
and good adsorption capability) for the synthesised UiO-66 
nanoparticles is 130°C and, therefore, this temperature will 
be further utilised during PU/UiO-66 polymer nanocomposite  
fabrication.

Fig. 6. (a) Structure of UiO-66 (b) an ideal 12-connected SBU and (c) a defective (11-connected) SBU with –OH/–OH2 capping ligands.  
The three types of protons in (c) are marked blue, red and black for the µ3–OH, terminal –OH2 and terminal –OH protons, respectively [11]
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Fig. 7. FT-IR spectrum of UiO-66 at various temperatures

3.2. Characterisation of UiO-66/PU nanocomposite

3.2.1. Structural analysis using X-ray  
Diffractometer (XRD)

Fig. 8 shows the XRD patterns of neat PU, synthesised 
UiO-66 nanoparticles, and various particle loadings of UiO-66- 
-reinforced PU (PU/UiO-66). The sharp peaks exhibited by 
UiO-66 nanoparticles confirm its excellent crystallinity. Gen-
erally, Fig. 8 shows that UiO-66 agrees with the JCPDS card 
No. 96-451-2073, confirming the formation of UiO-66. The 
synthesised UiO-66 nanoparticles at 130°C show the highest 
peak formed at 7.38°, 8.50° and 12.04° (5°-15°) corresponding 
to the (111), (020) and (022) planes of Zr, respectively. Neat 
PU exhibits the same patterns reported by Dias et al. [21]. The 
various particle loadings PU/UiO-66/PU overlap, with the 
increasing particle loading inhibiting the amorphous pattern of 

PU and showing a sharp peak as UiO-66 dominate the polymer 
chain of the nanocomposite.

3.2.2. FT-IR analysis

Fig. 9 shows the FT-IR spectrums of UiO-66, PU, and 
PU/UiO-66 polymer nanocomposites. For the PU FT-IR spec-
trum, the absorption band at ~3323 cm–1 corresponds to N-H 
stretching, while the absorption band at ~1734 cm–1 is associ-
ated with C = O stretching, corresponding to the PU spectrum 
reported in a previous study [22]. The increasing particle loading 
inhibits the amorphous pattern of PU and shows UiO-66 dominat-
ing the polymer chain of the nanocomposite. It also shows that 
the intensity of all UiO-66 characteristic peaks increases with 
increasing particle loading up to 30 wt.%. 

Fig. 9. FTIR spectrum of Neat PU, UiO-66, and PU/UiO-66 polymer 
nanocomposite with various particle loading samples in the wavelength 
number range of ~550-4000 cm–1

3.3. Mechanical properties 

3.3.1. Tensile properties

The stress-strain plots of PU/UiO-66 polymer nanocompos-
ites with various particle loading (10 wt.%, 20 wt.%, 30 wt.%, 
and 40 wt.%) are shown in Fig. 10. It can be seen that the 30 wt.% 
of particle loading has the highest flow of stress values. This can 
be attributed to the molecular chain of the nanocomposite being 
significant up to 30 wt.%, after which it begins to immobilise the 
internal structures; UiO-66 dominated the composite chain, and 
poorly bonded particles resulted in stress transfer at PU/UiO-66 
interface being inefficient [23,24]. Fig. 11 shows the ductility, 
fracture energy, yield strength, and ultimate tensile strength of 
PU/UiO-66. The ductility and fracture energy of PU/UiO-66 
decreases as the particle loading increases, and it improves the 
composite’s stiffness. Increased loadings of MOF nanoparticles 

Fig. 8. XRD pattern of Neat PU, UiO-66 and various particle loading 
of PU/UiO-66
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resulted in smaller amounts of PU polymeric chains per unit vol-
ume in the nanocomposites, where the polymeric chains loosely 
associated with the MOF nanoparticles undergo reduction at 

a typical level for PU [25]. The ultimate tensile strength decreases 
with increasing particle loading due to the stiffness, making the 
material more brittle and easier to fracture. The yield strength of 
30 wt.%, PU/UiO-66, recorded the highest value of 3.55 MPa; 
thus, it has the maximum tensile stress that can withstand the 
deformation better than the rest of the particle loading. >30 wt.% 
particle loading, the yield strength decreases. The yield strength 
increases could be due to the filler’s strengthening effect due to 
the fine dispersion in the polymer matrix [25]. The same goes for 
the ultimate tensile strength; the increasing particle loading even-
tually decreases the strength. The yield strength of PU/UiO-66 
increases with increased particle loading up to 30 wt.%. The 
decreased hyperelasticity at 40 wt.% PU/UiO-66 indicates that 
the agglomeration of UiO-66 makes it brittle and stiffer [26]. 
The higher the particle loading, the higher the filler tends to 
agglomerate as it occupies the matrix. Also, nanoparticles have 
a higher tendency to agglomerate [27], and the agglomeration 
of filler tends to become a concentrated stress point and points 
of fracture due to uneven stress distribution between the matrix 
and filler. At lower particle loadings, agglomeration is minimal, 
and ductile behaviour predominates. Fig. 12 illustrates the nano-
composite deformation behaviour post-tensile test.

Fig. 11. The mechanical properties of UiO-66/PU nanocomposite derived from the stress-strain plots (Fig. 4), with (a) ductility (ef), (b) fracture 
energy (Gf), (c) ultimate tensile strength (σ*), and (d) yield strength (σy). The calculated values averaged from three test coupons and the cor-
responding standard deviations for each sample on the error bars

Fig. 10. Stress-strain curves of UiO-66/PU nanocomposites with differ-
ent particle loading (10 wt.%, 20 wt.%, 30 wt.%, and 40 wt.%)
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Fig. 12. Illustration of deformation behaviour of UiO-66-reinforced 
polyurethane

3.3.2. Nanoindentation behaviour

Fig. 13 shows the nanohardness (H ) and Young’s Modulus 
(E ) of the PU/UiO-66 polymer nanocomposites. The highest 
nanohardness and E values of PU/UiO-66 are 40.8 MPa and 
150 MPa at 40 wt% particle loading, respectively. Theoretical-
ly, H, as measured by the nanoindentation technique, is directly 
proportional to UiO-66 nanoparticle loading regardless of the 
particle dispersion state. It can be seen that the filler has signifi-
cantly improved the hardness of the material as it is attributed to 
better rigidity and stiffness properties due to the incorporation 
of stiffer UiO-66 nanoparticles within the PU matrix, which 
efficiently hinders chain movement during deformation [25]. 
A comparable observation has been documented by Mahdi et 
al., who postulated that the observed increase in hardness values 
with higher particle loading could be attributed to the pinning 
and suspension effects induced by the UiO-66 nanoparticle [28].

3.4. Post-damage analysis

Post-damage analysis was performed to identify whether 
the MOF nanoparticles (UiO-66) and matrix (PU) are blended 
or remain as distinct, separate phases, the distribution of MOF 
particles throughout the matrix, and the preservation of the mor-
phological features of the MOF particles encapsulated with the 
matrix. According to Shahid et al. [29], these factors are directly 
correlated to the performance of these composites, where it 
was mentioned that the agglomeration and uneven distribution 
of MOF particles within the matrix may result in decreased 
composite properties, especially in gas separation performance. 
Also, Mahdi et al. [30] stated that the separate phases of MOF 
particles and matrices within a composite resulted in compro-
mised macro-mechanical properties. Understanding the nature 

of the interaction between MOF particles and their matrix will 
help us determine whether or not it is viable for its intended 
applications. Field Emission-Scanning Electron Microscopy 
(FE-SEM) was employed to analyse the fracture surfaces of 
nanocomposites in order to investigate the underlying mecha-
nism responsible for their strengthening, as portrayed in Fig. 
14. Based on the FE-SEM images, it can be seen that the PU/
UiO-66 nanocomposite exhibits a rough surface and distinct “sea 
waves-like” features, per Fig. 14(b)-(e) [31]. In contrast to the 
smooth fracture surface typically observed in neat polyurethane 
(PU), the rougher surfaces observed in the nanocomposites 
exhibited enhanced energy absorption capabilities prior to ten-
sile failure. This phenomenon may account for the significant 
improvements in tensile properties and the toughening and 
strengthening mechanisms observed in the polymer matrix upon 
incorporating the nanoparticles. Incorporating UiO-66 at 10 

Fig. 13. Nanoindentation data: (a) Nanohardness (E ), (b) Young’s Modu-
lus (H ) reported for polyurethane and PU/UiO-66 nanocomposite. The 
reported results are the average of multiple indents (penetration depth 
of 2 mm) made on random points on the sample’s surface to represent 
the samples’ E and H properties as possible
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and 20 wt.% in the polymer matrix results in a scalloped vein 
structure surrounding the MOF particles [32]. This observation 
suggests the presence of a robust interfacial interaction between 
the polymer and filler particles. The absence of any observed 
gaps between the polymer and filler particles, commonly known 
as the “sieve-in-a-cage” effect, was noted [32]. The augmenta-
tion of MOF loading to 30 wt.% resulted in a comparatively 
homogeneous dispersion of MOF particles, while the loading 
of 40 wt.% of UiO-66/PU led to the aggregation of particles 
[26]. Fig. 14(e) images reveal white metal-organic framework 
(MOF) particle aggregates. These aggregates are observed to 
induce cracking due to residual stress in the film, including 

nanoparticles within a polymer matrix, resulting in the enhance-
ment of the stiffness of the nanocomposite. This is achieved 
through the mechanical interaction between the polymer chains 
and the nanoparticles. The extent to which stress is distributed 
between the polymer matrix and the nanoparticles is influenced 
by the interfacial area and the stiffness of the nanoparticles [26]. 
The stiffening efficiency quantifies the relationship between 
the properties of nanoparticles and their ability to enhance 
the stiffness of nanocomposites. Therefore, when the particle 
loading is increased to less than 30 wt.%, the interaction be-
tween UiO-66 and PU in PU/UiO-66 nanocomposites becomes  
notably influential.

Fig. 14. Field Emission-Scanning Electron Microscopy (FE-SEM) micrographs showing the cross sections of UiO-66/Polyurethane nanocom-
posite membranes. (a) Polyurethane matrix, while (b)-(e) are composites containing UiO-66 nanoparticles loadings of 10, 20, 30 and 40 wt.%, 
respectively. The samples were fractured from tensile testing, exposing their cross-sectional area for high-resolution imaging. The white circles 
in the images indicate examples of encapsulated UiO-66 nanoparticles. Images were taken at ~3,000 magnification under 10 kV
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4. Conclusion

The microstructural and mechanical effects on PU/UiO-66 
nanocomposites were successfully investigated. From the results, 
the following conclusions can be drawn:
•	 The synthesised UiO-66 at temperatures of 120°C, 130°C, 

and 140°C were confirmed using X-Ray Diffraction, Field 
Emission-Scanning Electron Microscopy (FE-SEM), 
Brunauer-Emmett-Teller (BET) analysis, and Fourier Trans-
form Infrared (FT-IR). From the data, the synthesised UiO-
66 at 130°C show an excellent crystal structure and good 
adsorption. Thus, fabrication of the synthesised UiO-66 at 
130°C reinforced PU was carried out;

•	 Results show that the UiO-66 nanoparticles had signifi-
cantly affected the mechanical properties of the UiO-66/PU 
composites. Quantitatively, 30 wt.% of PU/UiO-66 nano-
composite reported the highest ultimate strength, stiffness 
and yield behaviour, while the 40 wt.% PU/UiO-66/PU 
nanocomposite reported the highest H and E;

•	 The mechanical contact and the interfacial characteristic be-
tween the UiO-66 nanoparticles and the PU polymer chains 
were successfully observed via post-damage analysis. It has 
been confirmed that the interaction between UiO-66 and PU 
in PU/UiO-66 nanocomposites becomes more significant 
when the particle loading increases up to 30 wt.% (optimum 
nanoparticle loading) before it starts to show decrements. 
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