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Synergistic effects of europium doping on MOF-5:
exploring its photoluminescent and non-linear
optical behaviour for enhanced optical limiting}
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Metal-organic frameworks (MOFs) are researched widely for their linear optical properties, while their
non-linear optical (NLO) properties are rarely investigated. This report discusses the behaviour of MOF-5
and its ability to bond with a europium moiety to exploit its NLO properties using the Z-scan technique. A
partial deterioration in the Raman spectra and quenching of light in the PL spectra in some samples
emphasised the need to study their ability to exhibit phosphorescence. TR-PL analysis revealed nano-
second lifetime values, which were attributed to their ability to fluoresce owing to the weak bonding
between the 1,4-benzenedicarboxylic linker and europium ions. The same deterioration was found in the
non-linear absorption studies for these samples. Enhanced structural and optical properties were found
in the 1% doped sample (M_1) that exhibited a reverse saturable absorption (RSA) in the Z-scan technique,
which led us to find its optical limiting threshold (1.53 x 10> W m™) and non-linear absorption co-
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efficient (8 = 2.12 x 107° mW™2). An intensity-dependent non-linear absorption study revealed the pres-
ence of sequential two-photon absorption. These cumulative findings emphasize the potential of Eu*-
doped MOEF-5 as a promising material for NLO applications, with the M_1 sample demonstrating the best

rsc.li/nanoscale optical performance amongst the pure and doped MOF-5 samples.
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1. Introduction

A non-linear optical phenomenon occurs, when a material is
placed in the path of a strong coherent light source (LASER)
which has been gaining interest in the field of optics, creating
an intertwined path with the growing field of materials science
leading to the development of novel non-linear optical
materials. Non-linearity was first studied by Franken, who veri-
fied the second harmonic generation interaction," which
paved the way to further study the properties of NLO and
unravel some of the important properties, such as third har-
monic generation,” ultrafast photonics®” and stimulated
Raman scattering. With the introduction of non-linearity,
several materials with non-linear behaviours were explored,
thereby introducing materials like metal dichalcogenides,®
1-GO composites,” transparent conductive oxides® and phos-
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phates.’ To overcome some of the disadvantages exhibited by
inorganic materials, organic materials with large n-conjugated
structures that provide the necessary intramolecular carrier
mobility’® were introduced into the field of NLO. During the
investigations on organic materials, Yaghi introduced a new
class of hybrid porous materials, namely, metal organic frame-
works, in the late 1990s;'* they were made up of infinite frame-
works of organic linkers and metals and exhibited the coalesc-
ence properties of both the organic and inorganic moieties.
Yaghi’s continuous works were dedicated to the exploration of
MOF structures based on some of his theoretical works."
Researchers started unravelling their most intricate properties,
making them useful in applications like hydrogen storage,"®
gas adsorption,'®"® catalysis'® and drug delivery."”” Some of
their properties like tunable porosity'® and large surface
area’®?® made them promising materials to work with. The
aromatic linker groups are materials that can largely fluoresce.
The active sites found in the organic linkers reveal some of the
luminescence properties of the MOFs."® The linkers being the
bridge for bringing out luminescence, the search for a co-
material that has good chemical stability’ and provides
thermal resistance when energised was challenging. The
doping or introduction of different functional groups to the
MOFs results in the replacement of metal ions with the new

This journal is © The Royal Society of Chemistry 2025
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doped functional group, which can enhance their stability and
structure or otherwise.””>* This can enhance certain appli-
cations, such as photocatalysis,** >’ gas separation®® and gas
transportation.>> We mainly study the adaptability of the
foreign material with the existing materials. Rare earth metals
as the beacon for optical applications, including laser optics,
are materials that have good chemical stability and thermal re-
sistance®® and can couple with the linkers to provide better
luminescence. The lanthanide ions exhibiting better lumine-
scence properties have an issue with self-excitation caused by
the smaller molar absorption co-efficient ¢ consequently,
weak light absorption occurs. Therefore, revealing the lumi-
nescent properties of the lanthanides is a challenge to achieve.
Therefore, we use the concept of the antenna effect to over-
come this issue. The organic ligand inside the complex can
absorb light owing to the presence of an organic chromophore,
which contains several intense bands that excite the lantha-
nide ions to provide luminescence. To confirm this, Crosby
and Whan team studied the non-radiative transfer of energy
between lanthanide ions and organic linkers.”* Various tai-
lored properties are exhibited by the Ln-MOFs due to ligand
modification. The lanthanide-based MOFs used in optical
imaging are attributed to their luminescence properties.*
Hetero-metallic MOFs (lanthanide-doped MOFs) can be a
challenge to attain because of the competition between rare-
earth and transition metals for bonding with the organic
linkers.?® If the linkers are not properly bridged with the
lanthanides, quenching can occur owing to the non-radiative
decay, causing a decrease in the intensity of fluorescence or
phosphorescence emission. Hence, combining a luminescent
material with natural porous MOFs is a technical challenge
but can be attained through a proper synthesis protocol.
Choosing a suitable synthesis method is an important
factor because the metal organic framework can be adjusted
for its topologies, stability, bonding and pore diameter by
modifying the reaction conditions. Because there are diverse
synthesizing strategies at present and many direct synthesis
methods, such as hydro-/solvo-thermal method,** mechano-/
sono-chemical method,*® and microwave-assisted method,*®
the solvothermal method exists as a predominant method to
synthesize MOFs, which can adjust reaction conditions, such
as temperature, time, pressure and solvents, so that the
surface areas and pore diameter of the MOFs can be minutely
adjusted and maintained. Solvothermal approach, which
involves dissolving organic solvents and metal salt in a specific
solvent under controlled temperature and pressure conditions,
specifically improves the nucleation and growth of MOF crys-
tals and the dopants, thereby ensuring their interaction.>*
Rare earth metals contain partially filled 4f electrons, which
have 5s and 5p electrons to shield them from the external
environment, providing narrow emissions and absorption
bands that make them suitable materials for producing mono-
chromatic light. A material with high quantum efficiency,
narrow emission bands and red luminescence is chosen to
provide the luminescence, while a well-established and stable
material with a cost-effective synthesis method is chosen as
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the core material. Europium and MOF-5 are chosen as the
dopant and inorganic-organic moiety to study their lumine-
scence properties and non-linear behaviour. MOF-5 is a
3-dimensional metal complex that has inorganic moiety as
Zn,O clusters and organic linker as 1,4-benzendicarboxylic
acid (1,4-BDC), which demonstrates wide surface area, large
pore volume and good thermal stability.’” Yaghi and co-
workers studied the open framework structure of MOF-5'> and
synthesised a lanthanum-organic framework®® that gave an
idea to use the lanthanum ions to increase the efficiency of
MOF-5. The ability to control the pore size and the linkers
makes it a viable candidate for many applications, including
energy storage.”® Using the solvothermal synthesis route,
better coordination control can be gained over europium
within the MOF-5 structure, which facilitates its bounding and
precise positioning within the framework and retains the large
surface area and porosity of MOF-5.**

MOF-5 is largely used in the applications related to gas
adsorption and separation owing to its large surface area and
ability to tune its porosity. Studies conducted by Botas and co-
workers on the adsorption properties of MOF-5 on gases such
as hydrogen (at 77 K), methene (at 273 K) and carbon-dioxide
(at 273 K) showed higher adsorption capacities at higher
pressure, and the incorporation of cobalt (doping) showed a
slight increase in the adsorption properties.*” Ozen and co-
workers studied the gas permeability of hydrogen, methene
and carbon-dioxide using MOF-5 as the dopant in polyimide
membrane, which showed single gas permeation for these
gases that increased upon the incorporation of MOF-5 at room
temperature and 200 kPa pressure.”® Patil and co-workers
worked on functionalizing graphite oxide quantum dots onto
MOF-5 through a surface modification doping strategy. Owing
to its improved electron-donating and surface properties, it
provides high-performance TENG devices.*' Tang and co-
workers studied phosphor coated white light emitting diodes
using lanthanum-MOFs because of the antenna effect.*> Ren
and co-workers introduced perovskite quantum-dots into
MOF-5 to develop green light emitting diodes.*®

Therefore, we discuss a synthesis protocol for MOF-5, fol-
lowed by the doping of europium using the solvothermal
method, and its structural, morphological, linear optical and
non-linear optical studies are also discussed.

2. Experimental section

Materials

Zinc(u) nitrate hexahydrate [Zn(NOj),-6H,O, Sisco Research
Laboratories Pvt., Ltd, extrapure AR, 98%], benzene-1,4-dicar-
boxylic acid or terephthalic acid (1,4-BDC, CgHgO,4, Sisco
Research Laboratories Pvt., Ltd, pure, 98%), triethylamine,
europium(m) nitrate pentahydrate [Eu(NO3),-5H,0, Sisco
Research Laboratories Pvt. Ltd extrapure AR, 99%], and N,N-di-
methylformamide [DMF, Sisco Research Laboratories Pvt. Ltd
Dried, 99.5%]. All the reagents used were of laboratory grade
and used without further purification.
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Synthesis of MOF-5 (Fig. 1)

Zinc Nitrate Hexahydrate (ZNH) (1.086 g, 3.62 mmol) dissolved
in N,N-dimethylformamide (DMF) (25 mL), and benzene-1,4-
dicarboxylic acid (1,4-BDC) (0.334 g, 1.19 mmol) dissolved in
N,N-dimethylformamide (DMF) (25 mL). Then, triethylamine
(TEA) (0.5 mL) was dropwise added to the 1,4-BDC solution.
Both solutions were stirred separately for 30 min at 60 °C.*
The prepared 1,4-BDC solution was slowly added to the pre-
pared ZNH solution. The clear solution ZNH turned from a
transparent solution to a pale white precipitate with the
addition of a 1,4-BDC solution.

Synthesis of Eu**-doped MOF-5

Three sets of solutions (Fig. 1) were prepared with ZNH solu-
tion (3.62 mmol) and a 1,4-BDC linker (1.19 mmol) in DMF
(25 mL) separately and stirred for 30 min. The protocol
described previously was followed. After 30 min, 1,4-BDC solu-
tion was added to the ZNH solution with TEA (0.5 mL) and 1%
(0.0108 g), 2% (0.0216 g), and 3% (0.0324 g) of europium(m)
nitrate pentahydrate were added to the respective solution
while stirring at 60 °C. All the four solutions (MOF-5 (M_0),
1% doped MOF-5 (M_1), 2% doped MOF-5 (M_2), and 3%
doped MOF-5 (M_3)) were stirred at 60 °C. After an hour, the
solution showed a white precipitate. The pH was maintained
at 7, and the viscosity of the solutions was determined to be
0.761 cP. They were poured into 100 mL Teflon containers sep-
arately and heated to 100 °C for 30 hours with 5 °C per minute
rising temperature, after which they underwent the nucleation
process (Fig. 2). The Teflon was rapidly cooled to room temp-
erature, and samples were taken out of the 100 mL Teflon con-
tainer and washed. The prepared samples were centrifuged
thrice with DMF and allowed to dry at 80 °C for 24 hours, after
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which the powder was calcined for 3 hours at 250 °C with a
5 °C per minute rising temperature. The resulting powder
samples were collected with a total yield of ~0.850 g. The
bonding (Fig. 3) between the pure and doped samples was
studied using various characterisation methods.

Z-Scan setup

The NLA was studied using the OA Z-scan method (Fig. 1) with
a Q-Switched Nd:YAG pulsed laser with a 9 nanosecond pulse
width and a 10 Hz repetition rate, which is operated at a
532 nm wavelength. The pulses converged using a plano-
convex lens of 150 mm focal length to intensify the beam at
the centre (Z = 0). The beam remains nearly diffraction-limited
with 1.69 mm of Rayleigh range and a path length of cuvette
being 1 mm. The samples were dispersed in N,N-dimethyl-
formamide (7 = 1.43). The cuvette with the dispersed sample
was mounted over a motorized (automated) translation stage
and allowed to move along the path of the converged (focal
region) beam. The transmittance is measured and plotted
against the axial position.

3. Results and discussion
XRD analysis

The grain size and crystallinity of the pure and doped metal
organic framework are characterized using the powder-XRD
patterns acquired from the XRD data (Fig. 4). The crystal
planes (220), (440), (420), (333), and (440) affirm the nuclea-
tion of MOF-5 and correlate with the diffraction peaks corres-
ponding to the 26 values of 9.76, 14.58, 15.53, 17.50, and
19.16, respectively, which is in accordance with the JCPDS file
(JCPDS-96-410-9208). The diffraction peak observed at 8.97 can
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Fig. 1 Graphical representation of the synthesis protocol for pure and doped MOF-5 samples.
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Fig. 3 Graphical representation of bonding between 1,4-BDC linker
and Eu®* ions of the pure and doped MOF-5.

be attributed to the presence of atmospheric moisture,** and
owing to the presence of moisture, a partial distortion can be
found, which was also observed by Hausdorf and co-workers.*>
Consequently, a phase shift is found in the crystal structure
from cubic to trigonal, with an R3m space group®® having
23.514 nm lattice parameter a. The 9.76 peak undergoes split-
ting, and a decrement in the intensity of the peaks is observed;
similar characteristics were observed in the studies conducted
by Lillerud and co-worker, attributed to the distortion in the
cubic structure.® The M_1-doped samples show an increase in
intensity, while the M_2- and M_3-doped samples show a
decrease in intensity, as observed by Dhara and co-workers.*’
The incorporation of Eu®" into the MOF-5 structures results in
the enhancement of certain crystallographic planes, causing
the intensity of the XRD peaks to increase. The decrease in the
peak intensities is attributed to the disruption in the planes
caused by the distortion in the lattice, reducing regularity in
the planes, which can be attributed to the large ionic size of
the Eu®" ion.>® As we attempted to synthesize a hetero-metallic
MOF, there was competition between the rare earth metal and
the transition metal to bridge with the ligand. The successful
incorporation of the Eu®" ions leads to a saturation of defects,
clustering of dopants and changes in the growth dynamics,

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Powder XRD patterns observed for the pure and doped MOF-5
samples.

which collectively contribute to an increase in crystallite size,
while the failure to bond with the ligands disrupts the crystal
growth process and results in a decrease in the crystallite size
(Table 1).

The & (Table 1) of the M_0 sample decreases as the concen-
tration of the Eu" ion increases, thereby increasing the struc-
tural stability of the M_1 sample. However, as the concen-
tration increases, the M_2 sample shows an increase in the §
indicated by the broadening of peaks, and a further increase
in the concentration of the M_3 sample causes § to increase,
resulting in wider and more pronounced peak broadening.
This leads to an increase in strain, which can cause defects in
the crystal structure.’® Similarly on calculating the lattice
strain ¢ (Table 1) using the Williamson-Hall plot (Fig. S17), it
shows a decrease in strain for M_1, but a further increase in
concentration in the M_2 and M_3 samples leads to an
increase in strain, causing the structure to collapse, which is
in accordance with the dislocation density found.>® As the con-
centration increases in the M_2 sample, there is a decrease in
the lattice parameter, attributed to the increased § and e.

The lattice parameter shows a slight increase for the M_1
sample from M_0, which is due to the presence of larger Eu®*
ions (ionic radius: 1.066 A) replacing smaller Zn?* ions (ionic
radius: 0.74 A) within the framework, which can lead to a
slight expansion of the lattice. The mismatch (Eu®* replacing

Nanoscale, 2025, 17, 8836-8849 | 8839
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Table 1 Crystallographic information of the pure and doped samples found using the equations (refer to Table S1) and W—H plot (refer to Fig. S1t)

Average crystallite Size Dislocation density

Lattice strain Lattice parameters Average grain size

Sample D (nm) %107 (nm™?) (ex107%) a (nm) (um)
M_0 21.507 2.161 4.57 23.519 1.941
M_1 26.246 1.451 1.22 23.549 1.556
M_2 22.568 1.963 3.75 23.485 2.066
M_3 20.689 2.336 8.31 23.739 2.200

Zn”") caused by the introduction of Eu®* ions causes local
lattice distortions and slight adjustments to accommodate the
new ion, resulting in varied lattice parameters. Owing to loca-
lized strain, saturation effects and complex structural reorgan-
ization, the distortion can vary, leading to a non-linear
relationship with the lattice parameter. The strain, which also
depends on the Eu®* concentration (clustering or preferential
site occupancy), allows the lattice to adapt to the electronic
environment and size of the dopant, leading to a non-linear
variation in lattice size while increasing the Eu®" concen-
tration.>® The re-organization of the structure to minimize the
strain, leading to irregular changes in M_3 samples, can cause
an increase in the Lattice parameters.

High resolution SEM

High resolution SEM images (Fig. 5) reveal the 3-dimensional
cubic crystals of the pure and doped MOF-5 with sizes ranging
from ~1.5 pm and ~2 pm. The cube-shaped morphologies
exhibited by the pure and doped MOF-5 samples, which are
similar to the studies conducted by M. Fiaz and co-workers,
are observed.** The presence of secondary structures, such as
nanoplates, was observed, which is the result of environmental

conditions, such as time, as a single entity rather than separ-
ate shapes that are interconnected to the nature of MOF. The
presence of randomly oriented connections of nanoparticles
along with evenly distributed pores inside the cubes was
observed, and when the reaction time was increased, we
noticed the removal of some layered particles.” Cube-shaped
morphologies found in the HRSEM images reveal that there are
no significant changes found between the pure and doped
samples. For accuracy, the grain size®® (Table 1) was determined
using Image] software, which averages the grain size of the cube-
shaped structures in the HRSEM images (Fig. S27). This, in turn,
emphasises the decrease in the grain size of the M_1 sample
compared to M_0 and an increase in the grain size of M_2 and
M_3 compared to M_0. This explains the collapsed structure as
the doping concentration increases, which is also in accordance
with the XRD parameters (Table 1). This is also in accordance
with studies conducted by Goktas and co-workers.>” The EDS
spectrum (Table S21) and mapping (Fig. S31) were used to study
the spatial distribution of the elements present in the samples.
Element composition (Table S21) explains the partial deterio-
ration in the structure for M_2 and M_3 samples with the
increase in the weight percentage of Zn ions.

~ [1% doped MOF-5

3% doped MOF-5

Fig. 5 High resolution-SEM images of pure and doped MOF-5.
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X-ray photoelectron spectroscopy

The chemical state and elemental composition of the surfaces
were analysed using X-ray photons, which penetrated the
material surface to detect the electrons that show inelastic
scattering, with a mean free path value between 0.5 nm and
3 nm. Spectral peaks are acquired by calculating the kinetic
energy emitted by electrons. The survey spectra peaks (Fig. 6b)
ascribed to the core levels of Zn 2p, Zn 3p, O 1s, C 1s and Eu
4d are found between 1100 eV and 0 eV, which reveals the pres-
ence of MOF-5 composition along with the presence of Eu**
on the doped samples. The deconvoluted core spectra for Zn
2p (Fig. 6a) are found between 1054 eV and 1016 eV. A splitting
of the peak into a doublet peak at 1045 eV and 1022 eV is
observed, which is caused by the property of spin orbit coup-
ling.>" The 1045 eV and 1022 eV are attributed to Zn 2p,,, and
Zn 2p3,, respectively, which explains the +2 oxidation state of
the material. The auger peaks (Zn LMM) at 496 eV and 473 eV
are observed (Fig. 6b),>* which arises because of inelastic scat-
tering. The absence of a shift in the auger spectrum reveals
the absence of extra zinc on the surface of MOF-5 on doping
Eu’®". The peak at around 974 eV can be attributed to the Zn>*
cation in the MOF-5.>> The deconvoluted XPS spectra for O 1s
are found between 535 eV and 529 eV. The 531.4 eV is attribu-
ted to the C=0,”! and the 530.4 eV addresses the adsorption
of O, electrons to the surface.”> The deconvoluted XPS spectra
for C 1s are found between 293 eV and 281 eV. The 284.7 €V,

View Article Online

Paper

286.2 eV and 288.8 eV peaks are attributed to the presence of
C-C, C=0, and O-C=0 in the sample, respectively.’’ The
Eu®' 4d,,, and Eu®' 4d;,, are the main features observed in the
XPS spectra. As there is a very weak presence of Eu** 3d contri-
butions, we collect high resolution XPS spectra of Eu 4d
(Fig. 6¢). The escape death of the 3d photoelectrons is smaller
compared to that of 4d, and it can be used to study the surface
sensitive information. The presence of Eu** 4d;, and Eu’*
4ds/, at 141.1 eV and 136.8 confirms the presence of a ** oxi-
dation state.>

The increase in intensity of the Zn 2p,, and Zn 2p;,
explains that the M_1 sample has a larger amount of Zn ions
spread over the surface, while M_2 and M_3 have fewer Zn
ions compared to the M_1 sample. The absence of 531.4 €V in
the 1% doped samples can be attributed to the absence of
C=O0 presence. The reduction in the 286.2 eV peak in sample
M_1 can be attributed to the reduction in C=0, which is in
accordance with the O 1s peak at 531.4 eV. The Eu 4ds,, peak
at 136.8 €V is blue shifted by ~2.2 eV for the M_2 and M_3
samples compared to the M_1 sample, which explains the
change in bond distance between the Eu and O of the M_2
and M_3 samples.>?

FTIR spectroscopy

The functional groups of the samples are analysed using FTIR
spectroscopy. The spectra (Fig. S47) reveal an important trans-
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Fig. 6 XPS studies of (a) deconvoluted XPS spectra of Zn, O, and C, (b) survey spectra, and (c) Eu 4d deconvoluted XPS spectra for the pure and

doped samples.
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mittance peak at 1569 cm™", which can be referenced to the
1,4-BDC linker symmetric vibration. A reduction in intensity is
observed compared with the free 1,4-BDC linkers, which con-
firms the coordination with the metal nodes.'® The presence
of asymmetric vibrations is denoted by 1372 cm™" transmit-
tance peaks, which are attributed to the C-H groups in the
linker.”* Absorption bands between the wavenumbers
600 cm ™' and 1200 em ™" are called the fingerprint region for
1,4-BDC linker-based compounds, and the transmittance
peaks found between 850 cm™" and 600 cm™" are attributed to
the out-plane and in-plane stretching vibrations belonging to
the C-H group of the benzene ring.** Deprotonation of the
-COOH group from the terephthalic acid can be indicated by
the absence of a strong peak between 1850 cm™' and
1650 cm™".>® The peak found at 649 cm™" is attributed to the
stretching vibrations of [Zn,0]%".>® The less intense transmit-
tance peak found at 3605 cm™" indicates the small amounts of
DMF molecules even after annealing.”” The broad band
around 3200 cm™" is caused by the O-H vibrations attributed
to the presence of moisture, which is in accordance with the
XRD data.”

Raman spectroscopy

Using a 532 nm source. Raman Spectroscopy, as the non-
destructive method, was used to find vibrational modes using
scattered light. From the Raman spectra (Fig. S5at), we analyse
the vibrational modes of the pure and doped MOF-5 samples,
which are highly dominated by the vibrational modes of the
organic moieties.>® Upon excitation, we observe five major
peaks, which can be attributed to the vibration modes of an
aromatic benzene ring and -COO group of the 1,4-BDC linker.
The reduction in the intensity and the changes found in the
shape of the peaks can be attributed to the partial deterio-
ration of the carboxylate group and the organic benzene
ring.>® The 1615 cm™" is related to the vibrational stretching
mode of the benzene ring, 1428 cm™" occurs because of the
stretching modes of the carboxylate groups, 1135 cm™"' is
attributed to the breathing (simultaneous compression and
stretching of C-C bonds) of the benzene ring, and 862 cm™ is
related to the benzene group’s stretching that is the C=0O
bending of the carboxylate group.”® The doped samples show
low intensity peaks, which are dominated by the photo-
luminescence background.’®

Using a 633 nm source. The Raman spectra (Fig. S5b¥) for
the pure and doped MOF-5 samples were studied using a 633 nm
LASER source. The sample shows no big shift in the Raman
spectra, but a slight red shift is found on the peaks compared to
that of the 532 nm laser. A slight red shift in the 1440 cm™" peak
is found in the 2% and 3% doped samples, which can be attribu-
ted to the expansion in the lattice. Unlike 532 nm (green pulsed)
LASER, 633 nm (red pulsed) LASER shows clear and visible
Raman spectra for 2% and 3% doped samples.>®

UV-visible spectroscopy

The linear absorption properties of the samples were studied
using UV-visible spectroscopy, which gives the absorption
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spectra. The absorption spectra (Fig. 7) reveal the maximum
absorption and the respective Tauc plots. A steep absorption
edge is found at 350 nm for the pure and doped samples. The
M_0 samples show maximum absorption at 288 nm, and a
2 nm shift (red shift) is absorbed for the doped MOF-5 samples,
which can be attributed to the change in band structure caused
by the dopant-induced lattice distortion.®® From the absorption
spectra of M_2 and M_3, we observed an extra band at 365 nm,
and this was also verified in the studies conducted by Asadevi
and co-workers,* indicating the presence of ZnO moieties with
an absorption band of around 350-400 nm.?”” The maximum
absorption found at 288 nm can be attributed to the n—* tran-
sition occurring owing to the 1,4-BDC linker’s n electrons.” This
can be attributed to the transition of 1A, to 1B,,,”* where 1A,
represents the ground state or a singlet state, where all the elec-
trons are paired with a gerade (even) symmetry and 1B,, rep-
resents the excited state with ungerade (odd) symmetry. The
extrapolated Tauc plot (eqn (1)) reveals a blue shift in the
bandgap, from 3.81 eV to 3.78 eV, 3.70 €V, and 3.68 eV for the
M_0to M_1, M 2, and M_3 samples, respectively. The blue shift
explains the partial deterioration of MOF-5 into ZnO owing to the
doping of the Eu** ion:

(ahv)" = A;(hv — Ey), (1)

where /v is the photon energy, a is the absorption co-efficient,
A, is a constant, n = (2) for direct band gap materials, and Ej, is
the optical band gap.

Photoluminescence spectroscopy

The emission spectra of pure and doped MOF-5 samples are
studied using 288 nm as the excitation wavelength. The PL
spectra (Fig. 8a) show a broad emission at 420 nm and a
narrow sharp peak at 615 nm, representing the m-n* tran-
sition®" of the 1,4-BDC linker and D, — ’F; transition®® of the
Eu®" ions. The broad emission peak found at 420 nm can be
attributed to strong coupling and ligand-to-metal charge trans-
fer (LMCT) arising between the electronic and vibrational
modes of the 1,4-BDC linker.®*> Because the parity forbidden
f-f transitions and europium ions have disadvantages such as
low absorption co-efficient and weak luminescence intensity,*>
we introduced organic ligands, which are known for their
antenna effect® that can compensate for the weak excitation
of Eu** ions and allow them to luminesce properly. Sample
M_1 (Fig. 9b) shows the maximum intensity attributed to the
stability of the MOF-5 after the incorporation of Eu®" ions. The
transition found around 615 nm can be attributed to the
hypersensitive transition occurring owing to the presence of
°Dy — 'F,, and a neighbouring °D, — ’F; transition helps us
unravel the symmetric nature of the material. An intense tran-
sition found at *D, — ’F; is attributed to a centrosymmetric
environment, while an intense *D, — ’F, transition is attribu-
ted to a non-centrosymmetric environment of the material.
The strong luminescence caused by the Eu** ions attributed to
the sharp narrow peak at 615 nm is an electric dipole tran-
sition, and the less intense peak at 592 nm is a magnetic

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 UV-visible absorption studies for the pure and doped MOF-5 samples and their corresponding Tauc plots (insets).

dipole transition. According to Judd-Ofelt’s theory, the pres-
ence of a weak 574 nm peak attributed to the presence of the
D, — ’F, transition can occur in only rare crystalline material
with a non-centrosymmetric field of low symmetry, which
proves that the pure and doped MOF-5 samples show low sym-
metry.®> Hence, the material emits an intense red emission
owing to the presence of a high intensity peak at 615 nm in
the PL. The energy transfer occurring in the Eu>* MOF-5 can
be better understood using Jablonski’s diagram (Fig. 9), which
explains the energy transfer from MOF-5 via ligand to the Eu®*
ions. Photons absorbed by the MOF-5 molecules undergo exci-
tation to the excited state (S,) from the ground state (S,) at
34722 cm™'. The internal conversion (IC), which is a non-
radiative process, relaxes it to the lower excited state (S;) from
the higher excited state (S,) without emitting photons at
23 809 cm™". Inter System Crossing (ISC) is another non-radia-
tive process that relaxes it to the triplet state (T;) to the lower
excited state (S;), which is a singlet state, and further to the "F;
transition (where J = 0 to 4) emitting a red light through
°L¢-"Do—F; transitions.®® A decrease in the intensity of the PL
spectra in the M_2 and M_3 samples supports the partial

This journal is © The Royal Society of Chemistry 2025

deterioration theory found in the UV-visible analysis. The
broadening of the emission peaks at 420 nm can also be attrib-
uted to the partial deterioration of the material.®* The partial
deterioration, which was not found in the high-resolution SEM
and FTIR, may be attributed to the fact that the deterioration
resulted from the defects present in the crystal structure,
leading to quenching or trapping of light. The deterioration in
the M_2 and M_3 samples is attributed to the quenching of
light, which 1is verified using Time Resolved Photo-
Luminescence (TR-PL) studies. The TR-PL spectra (Fig. S6%)
are fitted using the bi-exponential function. To find the decay
process for complex systems, such as the metal organic frame-
work, we use a bi-exponential function that uses the faster
decay component 7; and slowed decay component 7, to calcu-
late the decay time. The lifetime of the samples falls in the
nanosecond regime. Villemot and co-worker also had decay
times in the nanosecond regime for MOF-5.°* Because Eu®**
luminescence falls on the millisecond regime, the 1,4-BDC
linker does not provide the necessary excitation, which means
that the Eu®" ion fails to properly bond with the 1,4-BDC,
which can be caused by the competition between the tran-
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Fig. 8 (a) Photoluminescence spectra of the pure and doped samples, (b)
ion.

sition metals during synthesis. Hence, the pure and doped
samples exhibit only the fluorescence provided by the linker.
Color coordinates of the pure and doped samples are plotted
using a CIE diagram (Fig. S7t) using the emission spectra. The
CIE diagram of the M_0 sample shows the blue emission and
the M_1 sample shows a red emission, which is attributed to
the red luminescence of Eu®*, and further doping shifts the
M_2 and M_3 samples to the violet emission, which is attribu-
ted to the partial deterioration.

Non-linear investigation using the Z-scan technique

Non-linear absorption co-efficient. Contrary to the absorp-
tion in the linear regime, the non-linear absorption increases
along with the intensity of the beam. At the focal point, the
spectra (Fig. 10) exhibited a decrease in transmittance, which
is attributed to the pure and doped MOF-5 properties that
exhibit reverse saturable absorption (RSA).°> We find total non-
linear absorption co-efficient a, (eqn (2)), a sum of the nega-
tive and positive transmission coefficients. We find normalized
transmittance T, (eqn (3)) using the Sheik Bahae’s theoretical
fit°® to match the reverse saturable absorption data.

an=—2rpxI, (2)

14—
Ig
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where a, is the linear absorption coefficient, I is the laser
intensity, Ig; is the saturation intensity, and f is the non-linear
absorption co-efficient.

o 1) @)

1(n — 1)pLest 7’“2 :
=
+ Z
where 1 is the order of the TPA non-linearity, [, is the intensity

at focus, Z, is the Rayleigh range (eqn (4)), and L. is the
effective length (eqn (5)).

2
T,
ZO = lo ’ (4)

where w, is the beam waist at focus and 1 = 532 nm.

(1 — exp(—aoLyp))
(aa)

where L, is the path length of the dispersed sample and a, is
the linear absorption co-efficient. We can find the § (Table 2)
within the range of 0.54 x 107"* mW " to 2.12 x 107" mW ™!
for the pure and doped samples. Similar to the photo-
luminescence spectra, we observe quenching occurring in the

(5)

Lt =
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Fig. 10 Non-linear absorption of pure and doped MOF-5.

M_2 and M_3 samples, which confirms the quenching of light
in the samples. Two-photon absorption can occur either
through genuine 2PA (simultaneously absorbing two photons)

This journal is © The Royal Society of Chemistry 2025

Z (mm)

or sequential 2PA (absorption of 1PA followed by ESA). In this
work, the valley of the open aperture data is deeper and the
value of B increases with the input intensity, which signatures
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Table 2 NLO parameters of the pure and doped MOF-5

Nonlinear
Saturation absorption Optical limiting

Samples and intensity co-efficient threshold
their intensity (10" wm™) (107 "mw?" (10"”Wm7?)

M_0 (0.63GWm™3) 61 1.83 2.35
M_1(0.63GWm™) 74 2.12 1.53
M_1(1.23GWm™2) 60 1.35 2.23
M_1(2.46 GWm™>) 45 0.52 3.47
M_2 (0.63GWm™2) 82 1.64 2.87
M_3 (0.63GWm™>) 95 0.54 4.31

the occurrence of a sequential 2PA process (Fig. 12). The
obtained nonlinear absorption co-efficient for the sample M_1
shows superior reverse saturable absorption than M_0, M_2
and M_3. The included Eu®*" ions in the MOF act as trapped
states and non-radiative centers in the host matrix, which
increases the near-resonant state absorption. When increasing
the Eu®" ion concentration in the MOF, the lattice distortion
occurring owing to dopant stress in the matrix suppresses the
interband and intraband transitions, thereby decreasing the
nonlinear absorption of M_2 and M_3. Hence, variation in the
content of Eu** in the MOF can substantially influence the
reverse saturable absorption and limiting behaviour of the
material. The M_1 sample exhibited a g value of 2.12 x 107°
mW™ ', and the doping of Eu** shows a 0.31 x 107*° mw™*
increase in f value compared to that of pure MOF-5 (M_0). In
comparison to the f values of various materials (Table 3),
MOF-5 shows a better f value.

The electron in the M_1 sample, which is in the ground
state (So), is excited by a photon with 2.33 eV and reaches the
excited state (S;), and as its bandgap is 3.78 eV, an additional
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Table 3 Comparison of non-linear absorption co-efficient of various
materials

Non-linear absorption
co-efficient ()

S.no. Material (107 mw™) Ref.

1 2D-MoS, 0.90 6

2 ZnO-TCO 1.10 8

3 LaPO, 1.09 9

4 CePO, 0.35 60

5 ZnMoO, 0.50 67

6 MINB 0.70 68

7 2MIAB 0.58 69

8 rGO-ZnO 0.57 70

9 GO-PcZn 0.51 71

10 MOF-5 1.83 *present work
11 1% doped Eu-MOF-5  2.12 *present work
12 2% doped Eu-MOF-5 1.64 *present work
13. 3% doped Eu-MOF-5  0.54 *present work

photon is absorbed in the S; state to reach a virtual state. As a
virtual state, the excited electron drops to the excitonic trapped
state (S,), followed by a non-radiative emission.®® The M_1
sample (Fig. 10) showed an increase in transmittance value
from 2.12 x 107" mW™" to 1.35 x 10> mW ™" and 0.52 x
107" mW " when the intensity decreased from 0.63 GW m™>
to 1.23 GW m > and 2.46 GW m™?, respectively.

As observed in absorption and emission analysis, the
sample exhibits a visible emission state close to excitation
(near-resonant state, 592 nm) and a strong UV absorption state
(TPA state, 288 nm). These states involve themselves in non-
linear absorption, resulting in a sequential TPA process.
Further, the strong near-resonant state of the M_1 sample
results in a stronger sequential two-photon absorption state
with maximum f.
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Fig. 11 Optical limiting studies of pure and doped MOF-5.
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0

Optical limiting. The RSA nature of the samples led us to
study the Optical Limiting (OL) properties. Upon interaction
with the incident intense light (LASER), the NLO material
(Optical Limiter) exhibits high transmittance at low power,
whereas it does not transmit (attenuate) the higher power. The
optical limiting response occurring owing to the non-linear
absorbance of the high intensity light in the pure and doped
MOF-5 samples can be attributed to the extended rn-conjugated
systems, which can facilitate energy transfer inside a mole-
cule”? and the NLO behaviour. The OL curve (Fig. 11) for pure
and doped MOF-5 samples showing the incident energy flow
at which the material’s non-linear transmittance drops to half
of the initial transmittance is known as the optical limiting
threshold (OLT). The one that has a lower OLT is the effective
optical limiter. The OLT of the pure MOF-5 (Table 2) is 2.35 x
10> W m™2, and on doping, the M_1 sample showed a
decrease in OLT to 1.53 x 10> W m™2. However, the M_2 and
M_3 samples show a huge increase in the OLT. Among the
pure and doped MOF-5 samples, the M_1 sample shows the
lowest optical limiting threshold, which means it has the
highest optical limiting efficiency. When studying the inten-
sity-dependent optical limiting threshold, we can observe that
the optical limiting threshold increases depending on the
intensity. Hence, the M_1 sample is suitable for laser safety
devices that use 532 nm green lasers.

4. Conclusion

An effective method for synthesizing MOF-5 and introducing
Eu®" into MOF-5 is achieved using the solvothermal method,
and its non-linear and photoluminescence studies reveal the
quenching of optical properties when the doping concen-
tration is increased. The XRD peaks, SEM images, and FTIR
spectra reveal the structure, morphology and vibrational
modes of the MOF-5. Non-linearity is found in the XRD para-
meters (M_2 and M_3 samples) caused by the larger ionic size
of the Eu*". Raman studies using the 532 nm and 633 nm

This journal is © The Royal Society of Chemistry 2025
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lasers confirm the presence of MOF-5. We also observe an over-
powering of the PL background in the M_2 and M_3 samples.
The presence of a second peak near 365 nm in the UV spectra
explains the partial deterioration of MOF-5 to ZnO in M_2 and
M_3. To unravel the decrease in crystallite size of the samples,
we use photoluminescence studies, which explain red emis-
sion and confirm the presence of Eu®*". Additionally, time-
resolved photoluminescence studies were conducted to
confirm the inability to undergo phosphorescence and remain
in the fluorescence region owing to the inability of the linker
to bond properly with the Eu*" ions. The M_1 sample shows
the saturation of the doping percentage, beyond which the
doping causes the material to trap the light, not allowing the
organic linker to excite Eu®" ions through the antenna effect.
The same behaviour of Eu**-doped MOF-5 in the non-linear
range was observed while studying the non-linear absorption
co-efficient. The linear absorption studies on the M_2 and
M_3 samples show an extra bump near 365 nm, attributing to
the partial deterioration in the structure, which clearly
depends on the decreasing crystallite and grain size. The crys-
tallite size and the grain size are directly dependent on the
increase (M_1 sample) and quenching of light (M_2 and M_3
sample) in both the photoluminescence and non-linear
absorption studies. The samples revealed reverse saturable
absorption behaviour upon excitation, which can be attributed
to the two-photon excitation occurring inside the material. The
intensity-dependent study on sample M_1 verifies the presence
of sequential two-photon absorption due to the change in the
transmittance. The M_1 sample shows a maximum f value
and low OLT, which is demonstrated as an optical limiter in
safety goggles for various applications, including laser treat-
ments in the medical field and targeting systems in the mili-
tary. Hence, introducing Eu®" to MOF-5 significantly improves
the material properties.
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