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Abstract: Renewable cellulose nanofiber (CNF)-reinforced biodegradable polymers (such as poly-
caprolactone (PCL)) are used in agriculture, food packaging, and sustained drug release. However,
the interfacial incompatibility between hydrophilic CNFs and hydrophobic PCL has limited fur-
ther application as high-performance biomaterials. In this work, using a novel ZnEu-MOF as
the catalyst, graft copolymers (GCL) with CNFs were grafted with poly(ε-caprolactone) (ε-CL)
via homogeneous ring-opening polymerization (ROP), and used as strengthening/toughening
nanofillers for PCL to fabricate light composite films (LCFs). The results showed that the ZnEu-MOF
([ZnEu(L)2(HL)(H2O)0.39(CH3OH)0.61]·H2O, H2L is 5-(1H-imidazol-1-yl)-1,3-benzenedicarboxylic
acids) was an efficient catalyst, with low toxicity, good stability, and fluorescence emissions, and the
GCL could efficiently promote the dispersion of CNFs and improve the compatibility of the CNFs
and PCL. Due to the synergistic effect of the ZnEu-MOF and CNFs, considerable improvements in
the mechanical properties and high-intensity fluorescence were obtained in the LCFs. The 4 wt% GCL
provided the LCF with the highest strength and elastic modulus, which increased by 247.75% and
109.94% compared to CNF/PCL, respectively, showing the best elongation at break of 917%, which
was 33-fold higher than CNF/PCL. Therefore, the ZnEu-MOF represented a novel bifunctional mate-
rial for ROP reactions and offered a promising modification strategy for preparing high-performance
polymer composites for agriculture and biomedical applications.

Keywords: ZnEu-MOF; catalyst; GCL; fluorescence; light composite films; mechanical properties

1. Introduction

Cellulose nanofibers (CNFs) are attractive nanofillers for the modification of biodegrad-
able polymers due to their high aspect ratio, low density, flexibility with mechanical
strength [1,2], and environmental friendliness [1,3,4]. CNFs can improve the mechanical
and thermal properties of polymer composites, especially in biodegradable polymers [4–6].
Polycaprolactone (PCL), one of the most promising biodegradable polymers, exhibits good
biocompatibility, excellent biodegradability, and can be utilized for plant growth and sus-
tainable agriculture [7,8], drug carriers [9,10], and food packaging [11]. However, PCL
has not yet been produced from renewable resources, and its low mechanical strength,
strong hydrophobicity, and poor cell affinity limit its further application. Therefore, it is
necessary to improve the biodegradable components of PCL-based materials. From this
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perspective, CNF-reinforced PCL can provide biodegradability, low cost, and increase the
content of bio-based composites. Compared to cellulose nanocrystals (CNCs) and wood
pulp fibers, CNFs are more suitable for reinforcing PCL [3]. Due to interfacial incompat-
ibility between hydrophilic CNFs and hydrophobic PCL, the enhancement will not be
ideal [12]. In addition, CNFs will easily agglomerate, making them difficult to uniformly
disperse in PCL, and this aggregation results in weak reinforcement CNFs in PCL. To
resolve this problem, polymer grafting [13,14], sulfonation [15,16], and acetylation [17]
have been used to modify CNFs in numerous studies, with polymer grafting considered the
most effective strategy among the above modification methods [18,19]. Stannous caprylate
and 4-dimethylaminopyridine (DMAP) are commonly used catalysts in the market for
the preparation of nanocellulose-grafted PCL [20,21]. However, the catalysts used for the
grafting of polymers are highly toxic with low catalytic efficiency [21,22]. Furthermore,
non-functional CNFs cannot provide PCL with the fluorescence properties required for
numerous applications. The side chain grafting of PCL on CNFs can solve the physical en-
tanglement formed by CNFs at the phase interface, and enhance the interfacial compatibility
between them, thus, obtaining the required mechanical properties of PCL and improving
its hydrophobicity. However, only a small number of PCL side chains can be grafted onto
CNFs, with minimal reported improvement of the polymer’s mechanical properties [18].
Grafted PCL polymers onto CNCs via ROP, the elastic modulus increased, but the tensile
strength and strain at break of grafting copolymers/PCL composites decreased compared
to pure PCL [23]. PCL could be grafted from holocellulose wood fibers (HC) by ROP, the
elastic modulus, strength, and elongation at break of the PCL composites improved by
almost 60% and 67%, respectively [12]. The result studies showed that when the grafting
copolymers added to the PCL, the modulus and tensile strength of the composites were
increased, but the elongation at break decreased [24]. Therefore, according to the above
literature, although the mechanical properties of the composites could be improved, the
catalysts used for grafting the polymer were highly toxic, with low catalytic efficiency, and
they could not provide PCL with fluorescence properties. Hence, it is essential to develop
green and highly efficient catalysts for the GCL reaction, and to design fluorescent additives
that can appropriately bind to the film matrix through the intermediate support material.

Because of their structural and compositional tunability, metal-organic frameworks
(MOFs) with organic-inorganic hybrid compositions can serve as promising materials
for various applications such as heterogeneous catalysis, fluorescence, adsorption, and
controlled release [10,25–31]. In this preliminary work, highly luminescent PCL polymer
films incorporated with a europium (III) complex Eu-MOF were studied [32,33]. Among the
reported structures, mixed-metal MOFs possessing properties of metals and beyond could
further improve the performances of MOFs. For example, well-documented MIL-53(Cr/Fe),
FeIII

2MII-MIL-100 (M = Co, Ni or Mg), MOF-74 (Mg/Ni, Mg/Co), UiO-66 (Zr/Ti), HKUST-1
(Cu/Fe, Cu/Co, or Cu/Pd), and ZIF-67 (Zn/Co), etc. [34–39]. Zn-contained complexes can
be used as catalysts for the graft co-polymerization reaction between PCL and nanocellulose,
and Eu-based complexes are well-known highly efficient fluorescent materials [40,41]. To
reduce the toxicity of the catalyst in the GCL reaction, an organic linker containing oxygen
and nitrogen coordination sites simultaneously that could coordinate with both the Zn and
Eu ions was needed to produce mixed-metal MOFs with dual-functional metal centers. A
preliminary assessment showed that amphiphilic polymers were not only non-toxic to cells,
but also promoted cell growth within a certain concentration range [22,41].

In this research, 5-(1H-imidazol-1-yl)-1,3-benzenedicarboxylic acid was deliberatively
employed as an organic linker, along with Zn and Eu as the bimetallic nodes, to con-
struct porous mixed-metal MOF, namely ZnEu-MOF. Multiple techniques including single-
crystal X-ray diffraction (XRD), powder XRD, 1H NMR (proton nuclear magnetic reso-
nance), FT-IR (Fourier transform infrared), thermogravimetric (TG) analysis, and photolu-
minescence were utilized to investigate its properties. GCL was characterized by 1H NMR,
FT-IR, and TG, and the reaction mechanism of the catalysts was studied. In addition, light
composite films were prepared by blending the GCL with PCL, and the macroscopic me-



Nanomaterials 2023, 13, 1904 3 of 18

chanical properties and morphology properties, physical-chemical properties, fluorescence
and its mechanism, and the in vitro cytotoxicity of LCF were studied.

2. Experiments and Methods
2.1. Materials

All chemicals and solvents were commercially purchased and used without further
purification. 5-(1H-imidazol-1-yl)-1,3-Benzenedicarboxylic acid (98%) was purchased from
the Shanghai Bide Pharmaceutical Technology Company, and zinc chloride hexahydrate
(98%) was obtained from the Shanghai Macklin Biochemical Technology Company. N, N-
dimethylformamide (DMF), dichloromethane, anhydrous ethanol, and acetonitrile (MeCN)
were purchased XiLong Chemical Company, and europium nitrate hexahydrate was pur-
chased from the Zhengzhou Alpha Chemical Company. Ionic liquid ([Bmim]Cl) and
ε-CL were obtained from the Lanzhou Institute of Chemical Physics. Nanocellulose and
ε-caprolactone were purchased from the Institute of Chinese Academy of Sciences and the
Wuhan Huaxiang Kejie Biotechnology Company, respectively. PCL was purchased from
Shenzhen Guang Hua Wei ye Co., Ltd. Ultrapure water was prepared in the laboratory.
The HEK293T cell line was obtained from the American Type Culture Collection (ATCC).

2.2. Synthesis of the ZnEu-MOF

A mixture of 5-(1H-imidazol-1-yl)-1,3-benzenedicarboxylic acid (0.40 mmol, 0.093 g),
Eu(NO3)3·6H2O (0.10 mmol, 0.045 g), ZnCl2·6H2O (0.1 mmol, 0.024 g), acetonitrile (4 mL),
N, N-dimethylformamide (4 mL), and methanol (2 mL) was placed in a 15 mL Teflon-lined
solvothermal synthesis autoclave, and the pH value of the mixture solution was adjusted to
approximately 6 by 85 wt% formic acid solution under continuous stirring for 30 min. After
heating the oven to 120 ◦C for 3 days, colorless flake crystals of ZnEu-MOF were obtained
by cooling the reactor to 25 ◦C (yield of 0.0778 g, ca. 82.4% based on Zn2+). The crystals
were heated in a tube furnace at 200 ◦C for 14 h under vacuum (0.09 MPa). Anal. Calc.
for ZnEu-MOF: C33.61H24.22EuN6O14Zn (Mr = 953.52), calc.: C, 42.33; H, 2.56; N, 8.81%;
found: C, 42.24; H, 2.62; N, 8.85%. The following FT-IR data were obtained for ZnEu-MOF
(KBr, cm−1, Figure 1i): 3380 (s), 3144 (m), 2931 (w), 1629 (s), 1593 (s), 1560 (s), 1521 (m),
1438 (m), 1385 (s), 1290 (w), 1209 (w), 1143 (w), 1090 (w), 785 (m), 752 (m), 715 (m), 673 (m),
and 480 (w).

2.3. Synthesis of GCL

The GCL samples were synthesized according to our previous work [22,41] and
Figure 2 illustrates the synthesis route for GCL. The detailed processes are described in
Section S3.1.1 in the Supporting Information.

2.4. Preparation of PCL and the Composite Films

The mass fraction values of GCL in the LCFs were 2 wt%, 4 wt%, 6 wt%, 8 wt%,
and 10 wt%. According to our previous work [42], the GCL was directly mixed with a
dichloromethane solution of PCL, based on the solid content, with the mixed solution
dispersed by an ultrasonic cell disrupter, which was then slowly poured into a 15-cm
diameter culture dish. The GCL/PCL composite film with a thickness of approximately
0.2 mm was fabricated when dichloromethane was fully evaporated.
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2.5. Characterization

The single-crystal X-ray diffraction data of ZnEu-MOF were collected by an APEX-II CCD
diffractometer (Germany) with graphite mono-chromated Mo-Kα radiation (λ = 0.71073 Å)
at 20 ± 1 ◦C in ω scan mode. The raw frame data were integrated with the SAINT
program, and the structure was solved by direct methods using SHELXT [43] and refined
by the full-matrix least-squares on F2 using SHELXL-2018 [44] within the OLEX-2 GUI [45].
An empirical absorption correction was applied with spherical harmonics, implemented
in the SCALE3 ABSPACK scaling algorithm, and all non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were positioned geometrically and refined as riding.
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The calculations and graphics were performed by SHELXTL [43,44]. The FT-IR spectra
were recorded by a Nicolect Nexus 470 FT-IR infrared spectrometer from 4000 to 400 cm−1

using KBr pellets. The fluorescence spectra were recorded by an F-4600 fluorescence
spectrophotometer setup, where the slit width was 5 nm and the test voltage was 700 V. The
samples were tested on Q20 (TA Instrument, New Castle, Delaware, United States) DSC
equipment. Approximately 5 mg of the samples were conducted under nitrogen protection,
with a heating rate of 10 ◦C/min. The samples were heated from 40 ◦C to 80 ◦C and cooled
to 0 ◦C, and the temperature of the second heated cycle ranged from 0 ◦C to 80 ◦C. The
crystallinity (Xc) of the LCFs was calculated by Equation (1):

Xc = ∆Hm/((1 − ω) × ∆Hm
θ), (1)

where ∆Hm is the experimental melting enthalpy of the sample, ∆Hm
θ is the melting heat

for 100% of polymer crystallization (136 J/g) [42], and ω is the mass fraction of the GCL.
Powder XRD measurements were performed on a Rigaku Ultima IV powder diffrac-

tometer (Japan) from 5◦ to 50◦. The TG data were obtained by a NETZSCH TG209 instru-
ment, which was set from room temperature to 700 ◦C under nitrogen conditions with a
heating speed of 10 ◦C/min.

The scanning electron microscope (SEM) images were obtained by a field-emission
TESCAN MIRA LMS. The tensile properties of the PCL and composite films were obtained
by a Shimadzu AGS-X10KN universal testing machine at a tensile rate of 200 mm/min.
The film materials were cut into standard dumbbell shapes with a length and width of
80 and 4 mm, respectively. The contact angles of the composite films were tested by a
JC2000D machine (Shanghai Zhongchen Digital Technology Equipment Co., Ltd., shanghai,
China), and the TD-DFT method was used to calculate the excited states and obtain the
ultraviolet spectra, as theoretically predicted. The functional selected of ZnEu-MOF for
structure optimization, frequency calculation, and excited state calculation was PBE0, with
a basis set of 6–311 g(d) used for non-metallic atoms, and the Stuttgart pseudopotential
group (SDD) was used for the transition metal zinc. For europium, a rare earth element
with an obvious relativistic effect, the pseudopotential group MWB52 was used, which was
labeled by the large Stuttgart pseudopotential potential. Finally, the results were analyzed
by Multiwfn3.7, and the molecular frontier orbital information of the ZnEu-MOF molecules
was obtained to analyze the fluorescence mechanism.

2.6. In Vitro Cytotoxicity

The cytotoxicities of GCL-D/PCL and 4 wt% LCF were investigated by using HEK293T
cells. The detailed processes are described in Section S3.1.2 of the Supporting Information.

2.7. Computational methods

Density functional theory (DFT) calculations were performed using Gaussian 09. The
molecular structures of ZnEu-MOF was fully optimized by PBE0 functional, with a basis set
of 6–311 g(d) used for non-metallic atoms [41]. The TD-DFT method was used to calculate
the excited states and obtain the ultra-violet spectra, as theoretically predicted. The PBE0
functional was used for excited state calculation, the Stuttgart pseudopotential group (SDD)
was used for the transition metal zinc. For europium, a rare earth element with an obvious
relativistic effect, the pseudopotential basis set MWB52 was used, which was labeled
by the large Stuttgart pseudopotential potential [46]. Finally, the results were analyzed
by Multiwfn3.7 [47], and the molecular frontier orbital information of the ZnEu-MOF
molecules was obtained to analyze the fluorescence mechanism.

3. Result and Discussion
3.1. Characterization of ZnEu-MOF

Single-crystal XRD analysis showed that ZnEu-MOF belonged to the monoclinic
system with space group C2/c. (Table S1). As shown in Figure 1a–d, the smallest crystal-
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lographic unit contained one Eu (III) ion, one Zn (II) ion, two L ligands, one HL ligand, a
0.39 coordinated water and 0.61 methanol molecule to Eu3+, and one free lattice water.

The Zn1 atom was coordinated with three O atoms from three different L2− molecules
[Zn1–O2 = 1.924(5) Å; Zn1–O7 = 1.929(4) Å; Zn1–O11 = 1.933(4) Å] and one N atom from an-
other L2− molecule [Zn1–N6c = 2.022(7) Å; Zn1–N6′c = 2.00(4) Å, symmetry code: (c) 1 − x,
1 − y, 1 − z] (Figure 1a,b and Table S2). The coordination configuration of Zn1 possessed
tetrahedral coordination geometry (label, T-4; symmetry: Td) using SHAPE 2.1 (Table S3).
The Eu1 atom displayed spherical capped square antiprism coordination geometry (label,
CSAPR-9, Table S3) coordinated with O1, O10, O6, O8a, O9a, O12b, O13b, and N4d(N4’d),
symmetry codes: (a) −x, y, 0.5 − z; (b) 0.5 − x, 0.5 − y, 1 − z; (d) x, 1 − y, 0.5 + z) from
six L2− ligands and O5(O5′) from the solvent molecules (the ratio of o5 to o5’ was 39:61, so
the sum of their occupancy was 1). Of note, the H2L ligand had three coordination models
(Figure 1e–g): The first coordination mode of L2− was µ4-η1:η1:η1:η1:η1-L2−(2Eu2Zn)
(Figure 1e), the second coordination mode of L2− was µ4-η1:η1:η1:η1:η1-L2−(3Eu1Zn)
(Figure 1f), and the third coordination mode of HL− was µ2-η1:η1-L2−(1Eu1Zn) (Figure 1g).
The ZnEu-MOF constructed the 3D micropore network through the µ4-η1:η1:η1:η1:η1-L2−

(3Eu1Zn) and µ4-η1:η1:η1:η1:η1-L2−(2Eu2Zn) bridge ligands (Figure 1c,d). The 3D microp-
ore network was further stabilized by abundant hydrogens (O4-H4···O13v, 2.663 (8) Å, O5-
H5···O12vi, 2.705 (7) Å, O5-H5B···O9vii, 2.705 (7) Å; symmetry code: (v) x − 0.5, y + 0.5, z;
(vi) x − 0.5, 0.5 − y, 1 − z; (vii) −x, y, 0.5 − z). According to Platon calculations, each unit
cell (10991.3 Å3) of the ZnEu-MOF had a pore volume of 4698.8 Å3 and porosity ratio of
42.8% removed from the solvent molecules. The crystallographic details are provided in
Table S1, and the selected bond lengths and angles for Zn-MOF are listed in Table S2.

The powder XRD results of the ZnEu-MOF are plotted in Figure 1h. The results
matched well with the simulated pattern of the ZnEu-MOF, indicating the high purity of
the obtained ZnEu-MOF sample.

According to the analysis of the infrared spectrum data in Figure 1i, the broad absorp-
tion peak at approximately 3380 cm−1 was generated by the stretching vibrations of −OH
from the water molecules in the crystal lattice [48]. Peaks near 3144 cm−1 originated from
the C-H stretching vibration of the benzene ring. The typical stretching vibration of the
C=O double bond of ligand H2L was observed at approximately 1720 cm−1, while in the
ZnEu-MOF spectrum, the corresponding peak red-shifted to 1629 cm−1, indicating that
the carboxyl group in the ZnEu-MOF was deprotonated and coordinated with the metal
ions [49]. The characteristic asymmetric stretching vibration of the C=C bond in the benzene
ring was observed at 1450–1610 cm−1 [50],and the vibrations of the C=N double bond
of the imidazole ring in the ZnEu-MOF and H2L ligand were located at 1593 cm−1 and
1612 cm−1, respectively [51]. In addition, the characteristic coordination peak of the Zn-O
bond in the ZnEu-MOF appeared at 480 cm−1 [52]. Therefore, the infrared spectrum of the
ZnEu-MOF sample was consistent with its structure, as determined by the single-crystal
XRD data.

A TG test was performed for the ZnEu-MOF, with the results shown in Figure 1j,
the power XRD of TG final residual material with ZnEu-MOF is showed in Figure S1.
The first thermal decomposition stage of the complex was in the temperature range of
25–105 ◦C. The TG curve of the ZnEu-MOF indicated weight loss, and the corresponding
DTG curve showed an endothermic peak. Calculated by the weight loss (4.9%), it was
equivalent that ZnEu-MOF lost 0.69 coordination water molecules and 0.31 coordination
methanol molecules, along with one lattice water molecule (calculated value of 4.8%). The
above results were consistent with the composition analysis results of the ZnEu-MOF.
The [ZnEu(L)2(HL)] portion of the ZnEu-MOF remained stable up to 156 ◦C. The second
decomposition stage of the complex started at 156 ◦C, and the decomposition temperature
ranged from 156 ◦C to 700 ◦C. The remaining material (approximately 50% weight ratio)
was a mixture of zinc and europium oxide [22].



Nanomaterials 2023, 13, 1904 7 of 18

3.2. Characterization of GCL and Catalytic Synthesis Mechanism

In our previous work [22,41], we reported on the similar characterization and synthesis
mechanism of GCL. The 1H NMR spectrum of GCL is shown in Figure S2a, where the
grafting ratio of GCL was 79.6%(it was calculated-based on Equations (S1) and (S2) in
Section S3.2 of the Supporting Information), which was catalyzed by the ZnEu-MOF. The
ZnEu-MOF had a superior catalytic effect compared to other literature-reported catalysts
(Table 1). The FT-IR spectra of the CNF and GCL samples are shown in Figure S2b, the
TGA results of CNF and GCL are shown in Figure S2c. The analysis is provided in Sections
S3.2 in the Supporting Information.

Table 1. Comparison of the catalytic activity of catalyst.

Sample [AGU]/[ε-CL] Catalyst (wt%) T (◦C) MS a WPCL (%) b Ref.

CGCL c 1:10 2% Sn(Oct)2 130 0.68 32.36 [20]
BGCL c 1:50 2% Zn-MOF 120 5.72 80.10 [22]
GCL c 1:10 2% Sn(Oct)2 120 1.32 48.07 [41]
GCL c 1:10 2% DMAP 120 0.42 22.48 [41]
GCL c 1:10 2% UiO-67 120 1.45 50.41 [41]
GCL2 1:10 2% MOF 2 120 1.09 43.52 [41]
GCL1 1:10 2% MOF 1 120 4.38 75.52 [41]
GCL1 1:30 2% MOF 1 120 9.56 87.05 [41]
GCL 1:30 2% ZnEu-MOF 120 5.47 79.38 This work

a Molar composition in graft copolymer as calculated via 1H NMR spectroscopy: MS = (Ia + Ia′ )/2H4.
b PCL content, as calculated via 1H NMR spectroscopy: WPCL = 100MS × 114/(162 + MS × 114). c CGCL:
cellulose-g-poly(ε-caprolactone), BGCL: banana cellulose-g-poly(ε-caprolactone), and GCL: wood nanofiber-g-
poly(ε-caprolactone); MOF 1: [Zn2(L)2(HIPA)]n (1); MOF 2: [Zn9(L)6(BTEC)3(H2O)4·6H2O]n; (2) (HL = 3-amino-
1H-1,2,4-triazole, H2HIPA = 5-hydroxyisopht-halic acid, H4BTEC = benzene-1,2,4,5-tetracarboxylic acid).

The main link in the process of CNF grafted with ε-caprolactone was to trigger the
ring-opening of ε-caprolactone to form a long chain of PCL. Previous studies [4] have
shown that there are four main mechanisms for the ROP of lactone: (1) Active hydrogen
catalytic mechanism: the nucleophile attacks the carbonyl carbon of lactone to trigger
the break of the acyl oxygen bond of lactone to promote the chain growth. (2) Cationic
catalysis mechanism: cationic attack on the oxygen of lactone acyl oxygen bond, resulting
in the break of acyl oxygen bond and ring opening. (3) Anion catalytic mechanism: similar
to the catalytic mechanism of active hydrogen, anions also induce lactone ring-opening
by attacking carbonyl carbon. (4) Coordination-insertion mechanism: Firstly, the metal
complex and the carbonyl oxygen of the lactone produce a coordination compound through
weak coordination interaction, and then through the breaking of some old coordination
bonds and the formation of a new coordination bond to form a transitional metastable
intermediate complex. Finally, the transition state of the complex to the stable compound
promotes the transfer of coordination electrons, which leads to the break of acyl oxygen
bond and ring-opening. The main reason for the catalytic performance of MOF was that
MOF had a coordination unsaturated metal center. The coordination unsaturated metal
center could be the metal ion of the MOF material, which was naturally coordination
unsaturated, or it could be formed by heat treatment, which move away the coordinated
solvent. Sattayanon and Gümüta and our preliminary study [53–55] demonstrated that
CNF grafted with ε-CL reactions followed the coordination-insertion mechanism, the
coordination-insertion mechanism of the ring opening of ε-CL by ZnEu-MOF is shown
in Figure 3.
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It could be seen from the reaction mechanism that the catalytic effect was not only
related to Lewis acidic metal center, but also related to ligands. Although ligands do not
directly participate in the reaction, they participate in nucleophilic reaction, which directly
affects the grafting ratio [56]. Our previous work reported that the zinc ions can catalyze
the ROP of ε-CL [22], the result of Wang et al. [57] indicated the Europium ion also had
high catalytic activities towards the ROP of ε-CL.

3.3. Characterization of PCL and the Composite Films
3.3.1. Macroscopic Mechanical Properties and Morphology

The tensile strength, elastic modulus, elongation at break, and stress–strain diagrams
for all the composite films were collected, as shown in Figure 4, and Figure 4a,b shows
the tensile strength (8.6 ± 0.2 MPa) and elastic modulus (73.1 ± 4.8 MPa) of pure PCL.
The tensile strength of the CNF/PCL (2 wt%) composite was 6.6 ± 1.2 MPa and the elastic
modulus was 63.5 ± 5.8 MPa, which were lower than pure PCL, because the CNFs easily
agglomerated, making them difficult to uniformly disperse in PCL, resulting in a decrease
in tensile strength and elastic modulus. The tensile strength value of CNF-S/PCL (2 wt%)
was 4.3± 0.7 MPa and the elastic modulus was 47.0± 4.1 MPa. CNF-S was modified by the
sulfonated method, and its tensile strength and elastic modulus were lower than pure PCL
and CNF/PCL, which indicated that the sulfonation modification method did not play a
role in this experiment. Thus, it could not improve the dispersion of the CNFs in the matrix
PCL, and did not enhance the compatibility of the CNFs and PCL. The tensile strength of
2 wt% LCF was 9.5 ± 1.0 MPa and the elastic modulus was 71.6 ± 2.3 MPa, when the GCL
was catalyzed by 4-dimethylaminopyridine (GCL-D). The tensile strength of 2 wt% LCF
when GCL was catalyzed by ZnEu-MOF to form the composites (LCF) was 21.3 ± 1.0 MPa
and the elastic modulus was 132.4± 7.9 MPa. Thus, the tensile strength and elastic modulus
of LCF catalyzed by the ZnEu-MOF were higher than the LCF catalyzed by DMAP, because
the MOFs promoted the dispersion of GCL in the PCL matrix. In addition, the MOF crystals
were well dispersed in the PCL matrix, possibly doe the presence of existing metal-organic
frames and the porous structure of the MOFs. There were two reasons for this namely, van
der Waals forces such as dipole–dipole (Keesom), induced dipoles (Deby), and dispersion
(London) interactions between the MOFs and the PCL molecules. Another reason was
the porous structure of the MOFs, which could lead to the adsorption and diffusion of
PCL molecules to the MOFs [58]. The value of LCF, where GCL was first catalyzed by
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the ZnEu-MOF, first increased and then decreased. The composite film with 4 wt% GCL
content had the highest tensile strength and elastic modulus, with values of 23.1 ± 1.4 MPa
and 133.3 ± 9.2 MPa. The tensile strength was 167.25% higher and the elastic modulus was
82.27% higher than pure PCL. When the GCL content reached 10 wt%, the tensile strength
and elastic modulus of the composite film decreased to 10.9± 0.7 MPa and 96.9± 10.7 MPa,
and these values were also higher than the pure PCL film. Two main reasons accounted
for the improved tensile strength and elastic modulus of the composite films with GCL
component doping, namely, (1) the GCL could act as a nucleating agent during the film
formation process of the composite films, and (2) due to chemical compatibility with the
PCL matrix, a small amount of GCL could form a continuous interface with the matrix,
which was conducive to stress transfer. Based on the microstructure of the composite films
observed by SEM, the reason for the decreased tensile strength and elastic modulus of the
composite films was possibly because GCL was distributed in the matrix through physical
bonding, and peeled off excessively when the GCL content was higher than 4 wt%. Thus,
the addition of GCL could be attributed to the increase in the number of defects in the PCL
composite membranes, and these poor compatibilities become stress concentration points
during the tensile process, reducing the tensile strength and elastic modulus.

The elongation at break results for all composite films are shown in Figure 4c, where
PCL displayed ductile fracture with an elongation at break of 729%, and when CNF and
CNF-S were added, the elongation at break values were 26.97% and 51.65%, respectively.
The reason was the poor compatibility between CNF, CNF-S, and the matrix PCL, with the
materials not uniformly dispersed in PCL, so the elongation at break decreased sharply.
The elongation at break of GCL-D/PCL was 437%, and when the content of GCL was
2 wt%, the elongation at break of LCF was 886%, which was 21.58% higher than pure PCL.
In fact, low content (2 wt%, 4 wt%) of GCL addition resulted in its tendency to move with
the matrix, thus, the surrounding matrix would extend when stretching. The viscous drag
effect of the GCL with good adhesion to the matrix could improve the strength, elastic
modulus, and elongation at break. When the GCL content reached 6 wt%, the elongation
at break decreased, due to the large amount of GCL addition, and it could not uniformly
disperse in the PCL matrix, resulting in a decrease in elongation at break.

Figure 4d shows the strain–stress curve of all composite films, where the addition of
GCL increased the elastic modulus of PCL. As a result, this led to smaller and more uniform
GCL dispersion as the stress increased during elongation. In addition, GCL could act as a
bridge to prevent microcracking. Thus, enhanced interfacial interactions were observed in
the PCL nanocomposites. The mechanical properties of the composite films obtained in
this work were superior to those reported in the literature [12,19,23,24], as the addition of
GCL significantly increased the elongation at break, tensile strength, and elastic modulus
of the material simultaneously [59].

Figure 4e–j shows the micro-morphologies of the PCL and LCF composite films,
where (e) presents the pure PCL film, and (f)–(j) corresponded to the composite films
with GCL ratios of 2 wt%, 4 wt%, 6 wt%, 8 wt%, and 10 wt%, respectively. Each film still
showed good matrix continuity, indicating that the bubbles in the solution were removed
during the film formation process, with almost no large amounts of pore defects in the
films. The needle-shaped and short rod-shaped particles in the composite films were
the GCL components. The GCL components in the 2 wt% and 4 wt% LCF composite
films were evenly distributed without large-scale aggregation, revealing good chemical
compatibility between the matrix and the GCL components. With increasing GCL content,
some of the GCL particles clustered and became embedded in the matrix through simple
physical interactions, because the structure and surface wettability of GCL differed from
that of the pure PCL matrix. This phenomenon caused the GCL particles to peel off from
the matrix, leading to the formation of pits or holes, and reducing the continuity of the
matrix (Figure 4h).
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different GCL ratios: (f) 2 wt%, (g) 4 wt%, (h) 6 wt%, (i) 8 wt%, and (j) 10 wt%.
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3.3.2. Physical-Chemical Properties of PCL and the Composite Films

The XRD diffraction patterns of the CNF, GCL, ZnEu-MOF, and all composite films
are shown in Figure 5a. The diffraction peaks of CNF were 2θ = 34.53◦, 22.59◦, 16.68◦,
14.82◦ corresponded to the (004), (200), (110), and (110) crystal planes, which were the
characteristic peaks of the cellulose Iβ crystal structure [60]. In the diffraction pattern of
GCL, the above peak was not observed, but a new wide peak appeared at 2θ = 20.78◦.
This peak corresponded to the (110) plane of the PCL chain [61]. The characteristic peak
of CNF disappeared because the introduction of the PCL side chain was replaced the
hydroxyl groups of the fibers, which weakened the hydrogen bonding of the CNFs and
damaged the original crystalline structure of the CNFs. Thus, the above crystallization
peaks disappeared. However, the characteristic diffraction peaks of the ZnEu-MOF were
not observed, because the ZnEu-MOF content was too low. PCL showed a characteristic
diffraction peak at 2θ = 21.50◦, 22.16◦, 23.78◦ [62], which was observed when 2–10 wt% GCL
was added. The characteristic peaks of the composite films were all maintained, indicating
that the addition of GCL did not change the crystal structure of PCL. In addition, the XRD
diffraction peaks of the composite films were enhanced after GCL addition, compared to
pure PCL, which indicated that GCL could promote the crystallization of PCL and improve
the crystallinity of the composite films.
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Figure 4c shows the TGA data of the pure PCL and composite membranes, where all
composite films almost did not decompose under 250 ◦C, which indicated the superior
thermostability of the PCL and composite films. However, due to the thermal degradation
of PCL, significant weight loss was observed between 260 ◦C and 440 ◦C. In addition, the
residual mass of the PCL and composite films were observed between 2–3 wt%. These
results indicated that the introduction of GCL did not impact the thermal degradation
properties of the PCL [63].
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The physical properties of semi-crystalline polymers are primarily controlled by their
supramolecular structure, with the thermal, mechanical, and biodegradable properties of
multi-pulse polyester nanocomposites closely related to the crystallization process, making
it necessary to study the crystallization behavior of polymers. The second heating scan
and first cooling of the PCL and LCF composite films were investigated by DSC. The
crystallization peak temperature (Tc), melting temperatures (Tm), heating enthalpy (∆Hm),
crystallization enthalpy (∆Hc), and crystallization (xc%) of PCL and the composite films
were determined from the DSC curves (Figure 4a,b). The results are depicted in Table 2. The
crystallization peak temperature of the composite films shifted to a lower temperature with
increasing GCL content. Although the CNF surface was grafted with PCL side chains, this
also could be attributed to the ordered nature of the molecules, as some of GCL migrated
to the PCL matrix, and the growth mode of the LCF crystals consisted of heterogeneous
nucleation three-dimensional growth, as in our previous work [42]. This also contributed
to an increase in crystallinity, and these results were consistent with the results of Wang
et al. and Zhou et al. [63,64]. The xc% of the composite films increased with increasing GCL
content, and GCL could improve the crystallinity of the composite films by promoting the
middle and late stages of crystallization. However, in terms of PCL, the effect of adding
different ratios GCL did not cause displacements in Tm, and the Tm of the PCL films did not
significantly change with the addition of GCL, remaining between 54.98 ◦C and 56.27 ◦C.
However, compared to the pure PCL film, composites had higher ∆Hm values with the
addition of GCL, because the molecules required more energy when the material changed
from solid to liquid.

Table 2. The DSC data of PCL and LCF films at the second heating scan.

Sample Tc (◦C) Tm (◦C) ∆Hm (J/g) ∆Hc (J/g) xc%

PCL 29.28 55.82 52.08 56.31 38.29%
2 wt% LCF 28.59 56.27 52.98 59.35 39.75%
4 wt% LCF 28.53 55.16 52.63 46.90 40.31%
6 wt% LCF 26.28 55.99 53.36 50.37 41.74%
8 wt% LCF 26.02 54.98 56.14 57.58 44.87%

10 wt% LCF 25.61 55.50 58.86 59.47 47.04%

Biomaterials with biocompatibility will not result in an unfavorable response to the
human body, with surface wettability having a greater impact, which can typically be
determined by measuring the contact angle of the material [65]. The contact angles of
the PCL and LCF composite films are shown in Figure 5e, where the contact angle of the
pure PCL film was 76.5◦, and the ratio of GCL significantly decreased the contact angle
of the composite films because of the improved hydrophilicity. This could be explained
by the large number of hydrophilic hydroxyl groups on the CNF main chains, even if
the hydrophobic PCL became the branch of the CNFs. When the GCL ratio was 10 wt%,
the contact angle of the composite film decreased to 56.5◦, which was 35.40% lower than
pure PCL.

3.3.3. Fluorescent Properties of the Composite Films

The solid-state fluorescence results of the ZnEu-MOF, pure PCL film, and composite
films are shown in Figure 6a,b. According to Figure 6a, the characteristic peaks of the
ZnEu-MOF and GCL were 623 nm, under the excitation of 400 nm. which characteristic
peaks could be assigned to emitting level 5D0 to 7F2 translation of Eu3+ ions, 5D0/7F2
transition is electric dipolar transition [33]. These results indicated that the main structure
of the ZnEu-MOF did not change after it participated in the catalytic synthesis of GCL. The
reaction mechanism also explained this result.



Nanomaterials 2023, 13, 1904 13 of 18

Nanomaterials 2023, 13, x FOR PEER REVIEW 14 of 18 
 

 

In addition, the fluorescence mechanism of the ZnEu-MOF was studied. The theoret-
ical UV–vis spectrum of the ZnEu-MOF was obtained by calculating the excited states of 
the ZnEu-MOF through TD-DFT (Figure 6c). The maximum absorption wavelength of the 
ZnEu-MOF was 385.89 nm, and the oscillator intensity was 0.03740, which was consistent 
with the excitation wavelength of 400 nm used in the fluorescence experiments. The re-
sults showed that the theoretical calculation method and selection of parameters were rea-
sonable. 

According to the calculations by the Multiwfn 3.7 program, the main orbital contri-
bution of the maximum absorption wavelength of the ZnEu-MOF followed HOMO-
1→LUMO + 12, and the orbital contribution was 84.2%. The molecular frontier orbitals 
related to the ZnEu-MOF are shown in Figure 6d–g. The HOMO-1 electron clouds of 
ZnEu-MOF were mainly distributed on the main ligand H2L, while the LUMO + 12 elec-
tron clouds were not only concentrated on this ligand, but also on the europium ions and 
carboxyl groups of the adjacent ligand. The results showed that the main orbital transition 
forms of the ZnEu-MOF included ligand-to-metal charge transfer (LMCT) [69] and ligand-
to-ligand charge transfer (LLCT) [70]. 

 
Figure 6. Fluorescent properties of composite films: (a) fluorescence of ZnEu-MOF and GCL; (b) 
fluorescence of composite films; (c) the calculated UV–vis spectrum of ZnEu-MOF; (d–g) molecular 
frontier orbitals of ZnEu-MOF. 

3.4. In Vitro Cytotoxicity 
PCL is a type of biodegradable aliphatic polymer. When used for agricultural films 

and drug carriers, it was necessary to investigate the biological toxicity of the composite 
films. The in vitro cytotoxicity activity of GCL-D/PCL and 4 wt% LCF toward HEK293T 
cells was investigated (Figure 7 and Table S4). The results indicated that GCL-D/PCL was 
only non-toxic to the HEK293T cells at suspension concentrations of 10 µg/mL and 4 wt% 
LCF was 100 µg/mL after 24 h, but it could also enhance cell proliferation, because 4 wt% 
LCF generated relatively higher cell viability compared to GCL-D/PCL. After 48 h, the cell 
viability of GCL-D/PCL and 4 wt% LCF demonstrated the highest cell viability at 106% 
and 117%. When the 4 wt% LCF concentrations were 10 µg/mL, the cell viability gradually 
improved to >10.68% of GCL-D/PCL. A literature study by Zuppolini et al. [21] used the 
[Sn(Oct)2] as the catalyst to synthesize cellulose-graft-poly(ε-caprolactone). In our work, 
cell viability was superior to the results of Zuppolini et al. [21] after 24 h. This was at-
tributed to the good compatibility of the LCF and the improvement in hydrophilicity (Fig-
ure 4e–j). 

Figure 6. Fluorescent properties of composite films: (a) fluorescence of ZnEu-MOF and GCL; (b) flu-
orescence of composite films; (c) the calculated UV–vis spectrum of ZnEu-MOF; (d–g) molecular
frontier orbitals of ZnEu-MOF.

At the same time, the fluorescence of LCF composite films with different GCL con-
tents was measured (Figure 6b). With different GCL contents, the fluorescence intensity
differed from 2250 to 3550, and when the ZnEu-MOF content was 0.2 wt%, the fluores-
cence intensity reached This result was superior to Wang et al. [40], where the content of
Eu(TTA)3(TPPO)2(TTA = α-trichloro-thiophene formyl acetone, TPPO = triphenylphos-
phine oxide) was 0.5 wt%, and the fluorescence intensity reached The fluorescence peaks
of these films did not change at 623 nm [66–68]. The characteristic peaks of the excita-
tion wavelength of the LCF composite films are shown in Table 3, where the excitation
wavelength did not change, which was also at 400 nm. These results also indicated that
the LCF composite films contained the main structure of the ZnEu-MOF. By comparing
Figures 6a and 6b, the fluorescence intensity of the composite membrane was much lower
than GCL and the ZnEu-MOF. This was because the content of the ZnEu-MOF in the
composite membrane was much lower than its content in GCL. Thus, the film had the
ability to convert violet light into orange light.

Table 3. Characteristic peaks of excitation wavelength of PCL and LCF composite films.

Film Number PCL 2 wt% LCF 4 wt% LCF 6 wt% LCF 8 wt% LCF 10 wt% LCF

Excitation wavelength - 400.6 nm 403.2 nm 401.0 nm 397.0 nm 402.8 nm

In addition, the fluorescence mechanism of the ZnEu-MOF was studied. The theo-
retical UV–vis spectrum of the ZnEu-MOF was obtained by calculating the excited states
of the ZnEu-MOF through TD-DFT (Figure 6c). The maximum absorption wavelength
of the ZnEu-MOF was 385.89 nm, and the oscillator intensity was 0.03740, which was
consistent with the excitation wavelength of 400 nm used in the fluorescence experiments.
The results showed that the theoretical calculation method and selection of parameters
were reasonable.

According to the calculations by the Multiwfn 3.7 program, the main orbital contribution
of the maximum absorption wavelength of the ZnEu-MOF followed HOMO-1→LUMO + 12,
and the orbital contribution was 84.2%. The molecular frontier orbitals related to the ZnEu-
MOF are shown in Figure 6d–g. The HOMO-1 electron clouds of ZnEu-MOF were mainly
distributed on the main ligand H2L, while the LUMO + 12 electron clouds were not only
concentrated on this ligand, but also on the europium ions and carboxyl groups of the adjacent
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ligand. The results showed that the main orbital transition forms of the ZnEu-MOF included
ligand-to-metal charge transfer (LMCT) [69] and ligand-to-ligand charge transfer (LLCT) [70].

3.4. In Vitro Cytotoxicity

PCL is a type of biodegradable aliphatic polymer. When used for agricultural films
and drug carriers, it was necessary to investigate the biological toxicity of the composite
films. The in vitro cytotoxicity activity of GCL-D/PCL and 4 wt% LCF toward HEK293T
cells was investigated (Figure 7 and Table S4). The results indicated that GCL-D/PCL was
only non-toxic to the HEK293T cells at suspension concentrations of 10 µg/mL and 4 wt%
LCF was 100 µg/mL after 24 h, but it could also enhance cell proliferation, because 4 wt%
LCF generated relatively higher cell viability compared to GCL-D/PCL. After 48 h, the
cell viability of GCL-D/PCL and 4 wt% LCF demonstrated the highest cell viability at
106% and 117%. When the 4 wt% LCF concentrations were 10 µg/mL, the cell viability
gradually improved to >10.68% of GCL-D/PCL. A literature study by Zuppolini et al. [21]
used the [Sn(Oct)2] as the catalyst to synthesize cellulose-graft-poly(ε-caprolactone). In
our work, cell viability was superior to the results of Zuppolini et al. [21] after 24 h. This
was attributed to the good compatibility of the LCF and the improvement in hydrophilicity
(Figure 4e–j).
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Figure 7. Cytotoxicity studies of GCL-D/PCL and 4 wt% LCF to HEK293T cells. (a) Cell viability at
24 h after treatment; (b) Cell viability 48 h after treatment.

4. Conclusions

In this research, a novel dual-functional ZnEu-MOF was synthesized, which exhibited
excellent properties for both fluorescence; it was used to catalyze wood cellulose nanofibers
(CNF) and poly(ε-caprolactone) (ε-CL) formed wood cellulose nanofibers grafted with
ε-CL (GCL) with a grafting ratio of 79.6%. Further, the GCL products embedded with
ZnEu-MOF can function as carrier of fluorescent additive and bridge between ZnEu-MOF
and PCL matrix. It is noteworthy that the whole framework of the embedded ZnEu-MOF
in the final light composite films (LCFs), the excitation wavelength (Ex = 400 nm), the
emission wavelength of the GCL and composite film was also 623 nm, which was generally
consistent with that of ZnEu-MOF. It still maintained its integrity that guarantees practical
application. More interesting, the composite film with 4 wt% GCL content had the highest
tensile strength and elastic modulus of 23.1 ± 1.4 MPa and 133.3 ± 9.2 MPa. The tensile
strength was 167.25% higher and elastic modulus was 82.27% higher than that pure PCL,
When the content of GCL reached 10 wt%, the tensile strength, elastic modulus of the
composite film decreased to 10.9 ± 0.7 MPa and 96.9 ± 10.7 MPa, which was also higher
than that of the pure PCL film. The addition of GCL significantly increased the elongation
at break, tensile strength and elastic modulus of the material. SEM revealing the interfacial
interactions between the CNF and matrix were improved after the graft modification by
ZnEu-MOF as catalyst. The addition of GCL improved the hydrophilicity of PCL. The
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results of DSC and TG showed that LCF has good thermal stability. Cytotoxicity test
showed that 4 wt% LCF was non-toxic to the HEK293T cells but also promoted HEK293T
cells growth within a certain concentration range. Our research is expected to shed light on
the fabrication of functional MOFs for practical applications by introducing mixed metals
in the nodes. ZnEu-MOF represents the novel bifunctional material for ROP reactions and
light composite films, respectively.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano13131904/s1, For the structures in this study, crystallo-
graphic data (except structure factors) have been submitted to the Cambridge Crystallographic
Data Center as supplementary publication CCDC 2218020 for ZnEu-MOF. On request, copies of the
data may be acquired without charge from CCDC at 12 Union Road, Cambridge (CB2 1EZ), UK
(fax: 44 1223 336033, e-mail: deposit@ccdc.cam.ac.uk). Electronic supplementary information (ESI)
available: Crystal data and structures refinement for ZnEu-MOF (Table S1); Selected bond lengths (Å)
and angles (◦) for ZnEu-MOF (Table S2); shape data of ZnEu-MOF (Table S3); cytotoxicity studies
of GCL-D/PCL and 4 wt% LCF to HEK293T cells (Table S4). Figure S1: PXRD of TG final residual
material with ZnEu-MOF and card of ZnO and Eu2O. Figure S2: (a) 1H NMR spectrum of GCL in
DMSO-d6; (b) infrared spectrum of GCL and CNF; (c) the TG and DTG curves of GCL and CNF.
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35. Depauw, H.; Nevjestić, I.; De Winne, J.; Wang, G.; Haustraete, K.; Leus, K.; Verberckmoes, A.; Detavernier, C.; Callens, F.; De
Canck, E.; et al. Microwave Induced “Egg Yolk” Structure in Cr/V-MIL-53. Chem. Commun. 2017, 53, 8478–8481. [CrossRef]

https://doi.org/10.1016/j.cej.2022.136746
https://doi.org/10.1021/acssuschemeng.0c02512
https://doi.org/10.1039/C9GC02035G
https://doi.org/10.1021/acs.biomac.9b00153
https://doi.org/10.1002/adsu.202200275
https://doi.org/10.1021/acssuschemeng.2c04056
https://doi.org/10.1007/s10570-019-02441-w
https://doi.org/10.3390/pr9020375
https://doi.org/10.1016/j.compositesa.2022.106978
https://doi.org/10.1016/j.carbpol.2012.09.058
https://doi.org/10.1016/j.msec.2019.110385
https://www.ncbi.nlm.nih.gov/pubmed/31923967
https://doi.org/10.1016/j.ijbiomac.2022.10.145
https://www.ncbi.nlm.nih.gov/pubmed/36270395
https://doi.org/10.1039/b809212e
https://doi.org/10.1021/am500337p
https://doi.org/10.1016/j.apsusc.2022.156186
https://doi.org/10.1021/cr300014x
https://doi.org/10.1002/anie.201907136
https://doi.org/10.1021/acs.cgd.0c00437
https://doi.org/10.1021/acs.inorgchem.0c03214
https://doi.org/10.1016/j.ccr.2009.05.019
https://doi.org/10.1007/s12039-020-01797-y
https://doi.org/10.1039/D1QI00840D
https://doi.org/10.1016/j.ijbiomac.2019.01.044
https://doi.org/10.1039/c2cc35348b
https://doi.org/10.1039/C7CC04651K


Nanomaterials 2023, 13, 1904 17 of 18

36. Guo, P.; Fu, Q.; Yildiz, C.; Chen, Y.T.; Ollegott, K.; Froese, C.; Kleist, W.; Fischer, R.A.; Wang, Y.; Muhler, M.; et al. Regulating the
Size and Spatial Distribution of Pd Nanoparticles Supported by the Defect Engineered Metal–Organic Framework HKUST-1 and
Applied in the Aerobic Oxidation of Cinnamyl Alcohol. Catal. Sci. Technol. 2019, 9, 3703–3710. [CrossRef]

37. Gao, W.; Wei, H.; Wang, C.L.; Liu, J.P.; Zhang, X.M. Multifunctional Zn–Ln (Ln = Eu and Tb) Heterometallic Metal–Organic
Frameworks with Highly Efficient I2 Capture, Dye Adsorption, Luminescence Sensing and White-Light Emission. Dalton Trans.
2021, 50, 11619–11630. [CrossRef]

38. Wang, L.J.; Deng, H.; Furukawa, H.; Gándara, F.; Cordova, K.E.; Peri, D.; Yaghi, O.M. Synthesis and Characterization of
Metal–Organic Framework-74 Containing 2, 4, 6, 8, and 10 Different Metals. Inorg. Chem. 2014, 53, 5881–5883. [CrossRef]

39. Saliba, D.; Ammar, M.; Rammal, M.; Al-Ghoul, M.; Hmadeh, M. Crystal Growth of ZIF-8, ZIF-67, and Their Mixed-Metal
Derivatives. J. Am. Chem. Soc. 2018, 140, 1812–1823. [CrossRef]

40. Wang, H.; Wang, S.; Li, H.; Chen, X. Syntheses, Structures and Luminescent Properties of Eu- and Tb-MOFs with
3,5-Pyridinedicarboxylate and 1,2-Benzenedicarboxylate. J. Fluoresc. 2021, 31, 1393–1399. [CrossRef]

41. Gao, Q.F.; Jiang, T.L.; Li, W.Z.; Tan, D.F.; Zhang, X.H.; Pang, J.Y.; Zhang, S.H. Porous and Stable Zn-Series Metal–Organic
Frameworks as Efficient Catalysts for Grafting Wood Nanofibers with Polycaprolactone via a Copolymerization Approach. Inorg.
Chem. 2023, 62, 3464–3473. [CrossRef] [PubMed]

42. Pang, J.; Tan, D.; Huang, C.; Jiang, T.; Gao, Q.; Mo, X.; Zhang, S. Non-Isothermal Crystallization Kinetics of Polycaprolactone-Based
Composite Membranes. J. Polym. Res. 2022, 29, 479. [CrossRef]

43. Sheldrick, G. ShELXT@ Integrated Space-Group and Crystal-Structure Determination. Acta Crystallogr. A 2015, 71, 3–8. [CrossRef]
44. Sheldrick, G. Crystal Structure Refinement with SHELXL. Acta Crystallogr. C Struct. Chem. 2015, 71, 3–8. [CrossRef] [PubMed]
45. Dolomanov, O.; Bourhis, L.; Gildea, R.; Howard, J.; Puschmann, H. OLEX2: A Complete Structure Solution, Refinement and

Analysis Program. J. Appl. Crystallogr. 2009, 42, 339–341. [CrossRef]
46. Chen, X.; Chen, T.T.; Li, W.L.; Lu, J.B.; Zhao, L.J.; Jian, T.; Hu, H.S.; Wang, L.S.; Li, J. Lanthanides with Unusually Low Oxidation

States in the PrB3− and PrB4− Boride Clusters. Inorg. Chem. 2018, 58, 411–418. [CrossRef]
47. Lu, T.; Chen, F. Multiwfn: A multifunctional wavefunction analyzer. J. Comput. Chem. 2012, 33, 580–592. [CrossRef]
48. Majumder, A.; Rosair, G.M.; Mallick, A.; Chattopadhyay, N.; Mitra, S. Synthesis, Structures and Fluorescence of Nickel, Zinc and

Cadmium Complexes with the N,N,O-Tridentate Schiff Base N-2-Pyridylmethylidene-2-Hydroxy-Phenylamine. Polyhedron 2006,
25, 1753–1762. [CrossRef]

49. Yin, L.; Deng, Q.; Ke, Z.; Yu, Q.; Xiao, Y.; Zhang, S. Synthesis, Modification, and Adsorption Properties of Yb-MOF: Kinetic and
Thermodynamic Studies. Appl. Organomet. Chem. 2022, 37, e6955. [CrossRef]

50. Reglinski, J.; Morris, S.; Stevenson, D.E. Supporting Conformational Change at Metal Centres. Part 2: Four and Five Coordinate
Geometry. Polyhedron 2002, 21, 2175–2182. [CrossRef]

51. Nag, J.K.; Pal, S.; Sinha, C. Synthesis and Characterization of Cobalt(II), Nickel(II), Copper(II), Palladium(II) and Dioxouranium(VI)
Complexes of the Antipyrine Schiff Base of 3-Formylsalicylic Acid. Transit. Met. Chem. 2005, 30, 523–526. [CrossRef]

52. Patron, L.; Carp, O.; Mindru, I.; Marinescu, G.; Segal, E. Iron, Nickel and Zinc Malates Coordination Compounds Cynthesis,
Characterization and Thermal Behaviour. J. Therm. Anal. Calorim. 2003, 72, 281–288. [CrossRef]

53. Sattayanon, C.; Kungwan, N.; Punyodom, W. Theoretical Investigation on the Mechanism and Kinetics of the Ring-Opening
Polymerization of ε-caprolactone Initiated by Tin(II) Alkoxides. J. Mol. Model. 2013, 19, 5377–5385. [CrossRef]

54. Sattayanon, C.; Sontising, W.; Jitonnom, J.; Meepowpan, P.; Punyodom, W.; Kungwan, N. Theoretical Study on the Mechanism
and Kinetics of Ring-Opening Polymerization of Cyclic Esters Initiated by Tin(II) N-Butoxide. Comput. Theor. Chem. 2014,
1044, 29–35. [CrossRef]

55. Gümüta, S.; Balcan, M.; Knal, A. Computational Determination of Ring Opening Polymerization Reaction Mechanism of
α-Angelica Lactone. Comput. Theor. Chem. 2018, 1142, 1–8. [CrossRef]

56. Lyubov, D.M.; Tolpygin, A.O.; Trifonov, A.A. Rare-Earth Metal Complexes as Catalysts for Ring-Opening Polymerization of
Cyclic Esters. Coord. Chem. Rev. 2019, 392, 83–145. [CrossRef]

57. Zhou, S.; Yin, C.; Wang, H.; Zhu, X.; Yang, G.; Wang, S. Synthesis, Characterization, and Catalytic Activities of Rare-Earth Metal
Complexes with Iminopyrrolyl Ligands. Inorg. Chem. Commun. 2011, 14, 1196–1200. [CrossRef]

58. Dai, X.; Shi, X.; Huo, C.; Wang, X. Study on the Poly(Lactic Acid)/Nano MOFs Composites: Insights into the MOFs-Induced
Crystallization Mechanism and the Effects of MOFs on the Properties of the Composites. Thermochim. Acta 2017, 657, 39–46.
[CrossRef]

59. Zhu, B.; Wang, Y.; Liu, H.; Ying, J.; Liu, C.; Shen, C. Effects of Interface Interaction and Microphase Dispersion on the Mechanical
Properties of PCL/PLA/MMT Nanocomposites Visualized by Nanomechanical Mapping. Compos. Sci. Technol. 2020, 190, 108048.
[CrossRef]

60. Nishiyama, Y.; Langan, P.; Chanzy, H. Crystal Structure and Hydrogen-Bonding System in Cellulose Iβ from Synchrotron X-ray
and Neutron Fiber Diffraction. J. Am. Chem. Soc. 2002, 124, 9074–9082. [CrossRef]

61. Kim, M.S.; Hyun, H.; Seo, K.S.; Cho, Y.H.; Won Lee, J.; Rae Lee, C.; Khang, G.; Lee, H.B. Preparation and Characterization of
MPEG–PCL Diblock Copolymers with Thermo-Responsive Sol–Gel–Sol Phase Transition. J. Polym. Sci. A Polym. Chem. 2006,
44, 5413–5423. [CrossRef]

62. Trakoolwannachai, V.; Kheolamai, P.; Ummartyotin, S. Characterization of Hydroxyapatite from Eggshell Waste and Polycapro-
lactone (PCL) Composite for Scaffold Material. Compos. B Eng. 2019, 173, 106974. [CrossRef]

https://doi.org/10.1039/C9CY00560A
https://doi.org/10.1039/D1DT01968F
https://doi.org/10.1021/ic500434a
https://doi.org/10.1021/jacs.7b11589
https://doi.org/10.1007/s10895-021-02763-8
https://doi.org/10.1021/acs.inorgchem.2c03721
https://www.ncbi.nlm.nih.gov/pubmed/36791390
https://doi.org/10.1007/s10965-022-03335-5
https://doi.org/10.1107/S2053273314026370
https://doi.org/10.1107/S2053229614024218
https://www.ncbi.nlm.nih.gov/pubmed/25567568
https://doi.org/10.1107/S0021889808042726
https://doi.org/10.1021/acs.inorgchem.8b02572
https://doi.org/10.1002/jcc.22885
https://doi.org/10.1016/j.poly.2005.11.029
https://doi.org/10.1002/aoc.6955
https://doi.org/10.1016/S0277-5387(02)01172-5
https://doi.org/10.1007/s11243-004-7541-7
https://doi.org/10.1023/A:1023948526145
https://doi.org/10.1007/s00894-013-2026-2
https://doi.org/10.1016/j.comptc.2014.06.008
https://doi.org/10.1016/j.comptc.2018.08.022
https://doi.org/10.1016/j.ccr.2019.04.013
https://doi.org/10.1016/j.inoche.2011.04.015
https://doi.org/10.1016/j.tca.2017.09.015
https://doi.org/10.1016/j.compscitech.2020.108048
https://doi.org/10.1021/ja0257319
https://doi.org/10.1002/pola.21659
https://doi.org/10.1016/j.compositesb.2019.106974


Nanomaterials 2023, 13, 1904 18 of 18

63. Song, L.; Guo, Y.; Fan, J.; Fan, X.; Xie, Y.; Xiao, Z.; Wang, H.; Liang, D.; Wang, Y. Alkyl Thiol Grafted Silver Nanoparticle–Decorated
Cellulose Nanocrystals on Poly(Lactic Acid) Composites for Enhanced Antibacterial Activity and Toughening Effects. Compos.
Part A Appl. Sci. Manuf. 2022, 163, 107231. [CrossRef]

64. Lu, T.; Liu, S.; Jiang, M.; Xu, X.; Wang, Y.; Wang, Z.; Gou, J.; Hui, D.; Zhou, Z. Effects of Modifications of Bamboo Cellulose Fibers
on the Improved Mechanical Properties of Cellulose Reinforced Poly(Lactic Acid) Composites. Compos. B Eng. 2014, 62, 191–197.
[CrossRef]

65. Menzies, K.L.; Jones, L. The Impact of Contact Angle on the Biocompatibility of Biomaterials. Optom. Vis. Sci. 2010, 87, 387–399.
[CrossRef]

66. Uma Ravi Sankar, A.; Varalakshmi, M.; Kiran, Y.B.; Rambabu, G.; Yoon, K.R. Design and Synthesis of New Binuclear Photo
Luminescent Europium (III) Complex. Inorg. Chem. Commun. 2022, 139, 109328. [CrossRef]

67. Dandekar, M.P.; Itankar, S.G.; Kondawar, S.B.; Nandanwar, D.V.; Koinkar, P. Photoluminescent Electrospun Europium Complex
Eu(TTA)3phen Embedded Polymer Blends Nanofibers. Opt. Mater. 2018, 85, 483–490. [CrossRef]

68. Jiménez, G.L.; Rosales-Hoz, M.J.; Leyva, M.A.; Reyes-Rodríguez, J.L.; Galindo-García, U.; Falcony, C. Structural Analysis of an
Europium-Sodium Complex Containing 2-Thenoyltrifluoroacetone and Succinimide as Ligands, a Highly Photoluminescent
Material. J. Mol. Struct. 2021, 1228, 129778. [CrossRef]

69. Guo, Y.; Feng, X.; Han, T.; Wang, S.; Lin, Z.; Dong, Y.; Wang, B. Tuning the Luminescence of Metal–Organic Frameworks for
Detection of Energetic Heterocyclic Compounds. J. Am. Chem. Soc. 2014, 136, 15485–15488. [CrossRef]

70. Li, G.Y.; Zhao, G.J.; Liu, Y.H.; Han, K.L.; He, G.Z. TD-DFT Study on the Sensing Mechanism of a Fluorescent Chemosensor for
Fluoride: Excited-State Proton Transfer. J. Comput. Chem. 2010, 31, 1759–1765. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.compositesa.2022.107231
https://doi.org/10.1016/j.compositesb.2014.02.030
https://doi.org/10.1097/OPX.0b013e3181da863e
https://doi.org/10.1016/j.inoche.2022.109328
https://doi.org/10.1016/j.optmat.2018.09.019
https://doi.org/10.1016/j.molstruc.2020.129778
https://doi.org/10.1021/ja508962m
https://doi.org/10.1002/jcc.21466

	Introduction 
	Experiments and Methods 
	Materials 
	Synthesis of the ZnEu-MOF 
	Synthesis of GCL 
	Preparation of PCL and the Composite Films 
	Characterization 
	In Vitro Cytotoxicity 
	Computational methods 

	Result and Discussion 
	Characterization of ZnEu-MOF 
	Characterization of GCL and Catalytic Synthesis Mechanism 
	Characterization of PCL and the Composite Films 
	Macroscopic Mechanical Properties and Morphology 
	Physical-Chemical Properties of PCL and the Composite Films 
	Fluorescent Properties of the Composite Films 

	In Vitro Cytotoxicity 

	Conclusions 
	References

