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them perfect for nonlinear optical (NLO) applications. This study
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absorption coefficient () and the nonlinear refractive index (nz). The
open-aperture findings show substantial nonlinear absorption, which is
caused by saturable absorption processes. Closed-aperture data indicate
intensity-dependent nonlinear refraction, with a clear peak-valley
signature in the transmittance curve, suggesting self-defocusing behavior.
These findings highlight Mn-NBDC’s potential in applications like
optical limiting, laser safety, and photonic devices.
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1. Introduction

Metal-organic framework (MOF) was synthesized from Metal nodes and organic spacers.
Metal-organic frameworks (MOF) are a class of porous material composed of organic struts
linked with inorganic metal nodes[1][2]. MOFs have been studied extensively, and due to the
wide variety of organic spacers, they may be tailored to many applications such as gas storage
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and separation, catalysis, and chemical sensing[3][4]. Metal-Organic Frameworks (MOFs)
exhibit highly tunable structural features ideal for Z-scan characterization, offering valuable
insights into their nonlinear optical properties[1][5]. The Manganese Acetate and 2-Amino
Terephthalic acid MOF synthesized using a microwave-assisted method is particularly
noteworthy. Its unique structure comprises robust Mn clusters connected via amino terephthalic
acid linkers, forming a highly ordered 3D framework with exceptional thermal and chemical
stability[6]. The uniform pore sizes and high surface area allow precise control of light-matter
interactions[7]. These features enable the MOF to exhibit strong nonlinear optical responses,
such as reverse saturation absorption or optical limiting, making it ideal for photonic and laser-
based applications[8][9].

The Mn-NBDC (manganese-nitrobenzene-1,4-dicarboxylic acid) combination is ideal for
nonlinear optical (NLO) applications due to the synergistic properties of its components.
Manganese, as a transition metal, offers multiple oxidation states and coordination geometries,
enabling a versatile framework with high stability[10]. Nitrobenzene-1,4-dicarboxylic acid
(NBDC) acts as a ligand with strong m-conjugation and electron-withdrawing nitro groups,
crucial for enhancing the material's polarizability and charge-transfer efficiency, the key factors
in NLO activity. The rigid aromatic backbone of NBDC also ensures a stable framework with
minimal structural distortions[11]. Together, Mn-NBDC forms a robust MOF with a high
degree of symmetry, uniformity, and tailored electronic properties, making it highly suitable
for NLO applications[12]. The Mn-NBDC material offers significant advantages and unique
properties for nonlinear optical (NLO) applications. The nitro groups in NBDC enhance
polarizability and facilitate efficient charge transfer, yielding a strong NLO response such as
second-harmonic generation (SHG) or reverse saturation absorption[13]. Its robust
coordination framework ensures excellent thermal and chemical stability, making it suitable
for challenging environments[14]. High symmetry and porosity enable uniform light-matter
interactions, boosting NLO efficiency and allowing molecular tuning[15]. Additionally, Mn’s
redox activity introduces multifunctionality, such as photocatalysis or energy transfer. This
material is cost-effective and environmentally sustainable, utilizing transition metals instead of
rare-earth elements commonly used in NLO systems[16].

The Z-scan method is a widely used technique to measure the nonlinear optical (NLO)
properties of materials[17]. It involves moving a sample along the Z-axis through the focal
plane of a tightly focused laser beam while monitoring the transmitted light intensity[18]. In
an open-aperture Z-scan, all transmitted light is collected to evaluate nonlinear absorption, such
as reverse saturation absorption or multi-photon absorption[19]. In a closed-aperture Z-scan,
an aperture in the detector path measures changes in beam divergence to assess nonlinear
refraction, like self-focusing or self-defocusing[20]. By analysing intensity variations, the
method provides quantitative information about the material's NLO coefficients[21]. The Z-
scan method is particularly suitable for characterizing Metal-Organic Frameworks (MOFs) due
to its ability to probe their unique nonlinear optical (NLO) properties with high precision[22].
MOFs often exhibit tunable electronic structures, high porosity, and strong charge-transfer
interactions, which contribute to significant NLO effects such as nonlinear absorption and
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refraction. The Z-scan technique effectively captures these effects by analysing light-matter
interactions in a focused laser beam. Additionally, the method requires minimal sample
preparation, making it ideal for MOFs with complex architectures. Its sensitivity to subtle
optical changes ensures accurate characterization of MOFs' NLO coefficients, aiding in their
optimization for photonic applications[20].

The nonlinear optical (NLO) properties of Mn-NBDC MOF are being investigated, focusing
on nonlinear absorption (NLA) and nonlinear refraction (NLR). Saturable absorption (SA) is
expected, where absorption decreases at higher intensities due to ground-state depletion.
Nonlinear refraction is analysed through the closed-aperture Z-scan to determine whether the
material exhibits self-focusing (positive NLR) or self-defocusing (negative NLR)[23].
Additionally, the third-order nonlinear susceptibility (°) is evaluated to quantify both the real
(refractive) and imaginary (absorptive) components of the material’s nonlinear
response[24].Considering previous studies on metal-organic frameworks (MOFs) and their
NLO behavior, Mn-NBDC MOF is expected to exhibit significant third-order NLO properties
due to metal-ligand charge transfer and quantum confinement effects. Similar MOF-based
materials have demonstrated reverse saturable absorption (RSA) arising from excited-state
absorption (ESA) or two-photon absorption (TPA), making them promising candidates for
optical limiting applications[25]. Depending on local field effects and ligand-metal
interactions, the material may exhibit either self-focusing or self-defocusing behavior, as
observed in other transition metal-based MOFs[26]. The anticipated high y* value reinforces
the potential of Mn-NBDC MOF for photonic applications such as optical switching and
limiting. These expected outcomes align with prior research on MOFs with transition metal
centers, which have demonstrated strong NLO responses due to their delocalized electronic
structures and high polarizability[27].

Various methods were used to examine the synthesised MOFs: powder X-ray diffraction
(PXRD), scanning electron microscopy, Fourier Transform Infrared Spectroscopy (FTIR), UV-
Visible spectrophotometer, photoluminescence spectroscopy, and continuous-wave Z-scan
technique (Laser running at 532 nm CW). These approaches gave a thorough understanding of
the mofs' structural, optical, and nonlinear optical properties. The Z-scan method is a widely
used experimental method to measure intensity-dependent nonlinear susceptibilities of
materials. It measures the intensity as a function of the sample position by letting the sample
migrate over the axis of a focused Gaussian beam. The Z-scan curve gives the real and
imaginary components of the third-order nonlinear susceptibility.

Materials and Methods.

All chemicals were used without further purification. Manganese(Il) acetate tetrahydrate
[Mn(CH3COQ)2-4H20, 99.8% purity] and 2-amino-1,4-benzenedicarboxylic acid (NH2-BDC,
99.8% purity) were purchased from SRL Pvt. Ltd. Deionized (DI) water and absolute ethanol
(analytical grade) were used as solvents throughout the synthesis to ensure a clean reaction
medium and to minimize contamination. The selection of NH2-BDC as an organic linker was
based on its bifunctional nature, which promotes strong coordination with the metal centers,
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while manganese was chosen for its known potential to contribute to magnetic and electronic
properties in MOFs.

o = \

Metal ions Ligand

MOF (Metal-Organic
Frameworks

Figure 1: General reaction mechanism of MOF's synthesis
Synthesis Method

The Mn—-NBDC metal-organic framework was synthesized using a microwave-assisted
solvothermal technique, chosen for its rapid reaction time and improved crystallinity of the
final product. As seen in Figure 1, a typical synthesis, 0.5 mmol of manganese(Il) acetate
tetrahydrate (0.123 g) and 0.5 mmol of 2-amino-1,4-benzenedicarboxylic acid (0.091 g) were
dissolved in 20 mL of deionized water under magnetic stirring for 15 minutes to ensure
complete dissolution. The resulting clear solution was transferred to a microwave-compatible
reaction vessel.

The mixture was then subjected to microwave irradiation at 300 W for 10 minutes using a
laboratory-grade microwave reactor. This rapid heating method ensures uniform temperature
distribution and enhances nucleation and growth kinetics of the MOF crystals. After irradiation,
the vessel was allowed to cool naturally to ambient temperature. The resulting suspension was
filtered under vacuum to separate the solid product. The obtained precipitate was washed
multiple times with ethanol and deionized water to remove unreacted precursors, residual
solvents, and by-products. The purified material was then dried in a vacuum oven at 60 °C for
12 hours, ensuring complete removal of residual moisture and solvent molecules. The dried
product appeared as a pale-yellow crystalline powder and was stored in a desiccator for further
characterization. For the Z-scan measurements, 1 mg of the final MOF product was dissolved
in 5 mL of DMF, and this resulting concentration was used for all experiments.

Characterization Methods

Different approaches of characterization were used to examine the produced MOFs. Bruker
AXS D8 system using CuKo radiation (A = 1.5404 A) was used for powder X-ray diffraction
(PXRD) studies. Over a 20 range of 0-90°, the scans were carried out at 0.1°/min. Scanning
electron microscopy (SEM-ZEISS) with an accelerating voltage of 2.00kV investigated the
size and form of the MOFs. Surface functional groups were investigated using Fourier
Transform Infrared Spectroscopy (FTIR, Perkin Elmer System 2000), which records spectra in
the 4004000 cm™ range at room temperature. Using a UV-Visible spectrophotometer (Perkin
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Elmer Lambda 25) throughout a wavelength range of 200—800 nm, the optical absorption
properties were investigated; fluorescence qualities were found using photoluminescence
spectroscopy (Ocean Optics tabletop setup). Furthermore, examined were the third-order
nonlinear optical characteristics of the MOFs utilizing a continuous-wave Z-scan approach
running a laser at 532 nm. These techniques together gave thorough understanding of the
structural, optical, and nonlinear optical properties of the MOFs.

Experimental Setup to study the Nonlinearity

L2 L3 Sample ND Filter BS2
DPSSL Laser l—

L1
/%

z scan Controller Open ap

Figure 2: Layout and actual image of Z-scan experiment setup

From Figure 2, an extensively used experimental method to quantify intensity-
dependent nonlinear susceptibilities of materials is the Z-scan method. This method measures
the intensity as a function of the sample position by letting the sample migrate over the axis of
a focused Gaussian beam. Predicted on a local response, analysis of the intensity against sample
position, that is, the Z-scan curve, gives the real and imaginary components of the third-order
nonlinear susceptibility. The working Z-scan configuration is briefly discussed. The sample
was illuminated using a 532 nm ~100 mW DPSS laser. Initially, the laser energy was split 50:50
using a beam splitter. One arm pointed toward the reference detector (D1), while in the other
working arm the beam was extended 1 cm with lenses (L1 and L2). M1 and M2 folded the
beam even more, then directed it at L3 with a 100 mm focal length. The beam was also directed
using ND filter and a beam splitter (BS2) to the detectors D2 and D3. Considered as the open
aperture (OA) Z-scan, the detector D2 gauges the intensity as received without any aperture.
One 25mm aperture was positioned in front of detector D3, which logs closed aperture Z-scan
data. The L3 and the detectors D2 and D3 lie around 85 cm apart. Placed in a cuvette, the
sample solution was scanned across the beam focus under a motorized linear translational stage
with a Imm step size and up to a 40 cm range. Careful optical alignment was done and control
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data was acquired using DI water (data not shown) prior to the real tests. This guarantees not
only the precision of the optical alignment but also the absence of stray light landing on the
detector that causes spectra in the dark room environment to be noisy.

Results and Discussion
Optical Characterization

Mn-NBDC shows a strong UV—Vis absorption peak at 366 nm. The optical band gap was
evaluated using the Tauc relation. A clear linear region in the (chv)? plot (direct-allowed
transition) shows a clear linear region, giving Eg=3.09 eV. This absorption arises from ligand
n—m, n—n and metal-ligand charge-transfer transitions, with additional n—n* bands below 300
nm and high transparency beyond 400 nm. Its PL spectrum spans 350—750 nm, peaking at 500—
600 nm, reflecting efficient t—n* emission and charge-transfer interactions. As shown in Figure
3, the moderate PL intensity balances radiative decay and excited-state absorption, favoring
two-photon absorption and optical limiting without excessive fluorescence loss. Strong UV
absorption coupled with visible-region transparency and a likely non-centrosymmetric
structure suggest Mn—NBDC is well suited for third-order NLO effects (e.g., Kerr modulation,
THG) and potentially second-order processes (e.g., SHG). Time-resolved PL is recommended
to quantify excited-state lifetimes and optimize NLO performance.
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Figure 3: Absorption and emission spectra of MOFs

Structural Characterization:

Figure 4: SEM images show MOFs morphology
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The scanning electron microscopy (SEM) images in Figure 4, the synthesized Mn—-NBDC
MOF, captured at magnifications of 5,000x and 10,000%, reveal a well-defined crystalline
morphology. The micrographs display the formation of densely packed plate-like and rod-like
structures, indicative of a highly crystalline nature. The layered architecture and angular edges
suggest uniform crystal growth, likely governed by the coordination between manganese
centers and the organic linker (NH>—BDC). The particles appear to be interconnected and
closely stacked, which may contribute to the material’s high surface area and porosity. No
significant agglomeration or amorphous regions are observed, confirming the effectiveness of
the microwave-assisted synthesis method in producing a homogeneous and structurally ordered
MOF. These morphological features are consistent with materials designed for nonlinear
optical and adsorption-based applications.

FTIR Analysis:

The N1 MOF's FT-IR spectrum has distinctive peaks that offer information about its structural
makeup. Absorbing bands in the 3500-3300 cm™ range indicate the existence of nitrogen-
containing organic linkers via corresponding asymmetric and symmetric stretching vibrations
of amine (-NH:). C=O0 stretching is linked to a clear peak at 1700-1600 cm™ that suggests the
presence of carbonyl functional groups, most likely from carboxylate ligands. Furthermore, a
peak close to 1600 cm ™ corresponds to C=C stretching as shown in Figure 5, thereby verifying
the presence of aromatic or conjugated bonds, which are very typical in MOF structures.
Attributed to C—N stretching, the peak at around 1400 cm™ supports the existence of nitrogen-
rich organic ligands even more. Especially the lower wavenumber area (below 1000 cm™)
shows peaks matching metal-nitrogen (M—N) and metal-oxygen (M—O) bonding, therefore
supporting the effective coordination between metal centers and organic ligands. Indicating a
well-structured framework with strong metal-ligand interactions, these spectrum
characteristics together corroborate the development of the N1 MOF.
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Figure 5: Available surface functional group over MOF's
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Experimental data and analysis
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Figure 6. Close aperture and Close aperture data plots with variations of intensity of MOFs

Z-scan measurements were performed using a continuous-wave (CW) laser to examine the
sample's steady-state nonlinear absorption/refraction under low-intensity excitation. In Figure
6, the order to prevent artifacts from extremely high peak intensities, such as multiphoton
absorption, excited-state absorption, or sample damage, pulsed sources (ns—fs) were avoided.
Z-scan traces were recorded at various input intensities, thin samples, and low incident powers
were used to minimize and evaluate potential thermal contributions, and it was discovered that
the nonlinear coefficients scaled as anticipated for an instantaneous (electronic) response. The
measured nonlinear optical parameters are primarily of non-thermal origin, as evidenced by the
absence of any time lag upon beam modulation.

Closed-Aperture Z-scan

The MOFs were subjected to a Z-scan experiment to determine the nonlinear responses of the
samples and were recorded. For each sample, the experiment was repeated 5 times to check the
repeatability. All MOFs recorded with different synthesis methods showed different nonlinear
responses both in CA and OA scans. The closed-aperture Z-scan displays a peak-valley profile,
characteristic of negative nonlinear refraction (self-defocusing). The peak-valley contrast is
strongest at 50 mW and decreases with lower intensities, showing that the nonlinear refractive
index also depends on the incident intensity. This suggests a third-order nonlinear refractive
response. Figure 6 shows representative graphs with the appropriate fits for both closed and
open aperture data. Figure 6(left) shows closed aperture data. MOFs have shown superior
nonlinear optical response, which is evident from AT,y values obtained from the graph. The
values of the nonlinear phase shift (A®) were obtained from the curve fits and were substituted
in the equation to determine the nz values of MOFs. The data can be fitted with the transmission
function for closed-aperture Z-scan:

44 (ZZ—O)

(1+ &)+ )

Tclose(z) =1+
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The n2 values thus estimated are 3.865 x 1071 m?/W, respectively. This value can be
substituted in the following equation to obtain a nonlinear refractive index.
ADPA

"2 = ImloLyy;
The negative nz value of the samples represents the self-defocusing effect at the sample plane.
Open-Aperture Z-scan

The OA Z-scan data of MOFs are shown in Figure 6 (right), which shows the properties of
NLA. All the MOFs have shown the behavior of saturable absorption at the intensity of Ip =
35mW. To further investigate the intensity-dependent nonlinear response, measurements were
conducted at varying intensities of 50 mW, 40 mW, and 30 mW. A clear change in nonlinear
behavior was observed with Variations in intensity, and it was noted that the nonlinear response
decreased with decreasing intensity. The open-aperture Z-scan shows saturable absorption
(SA), with the transmittance peak around the focus becoming sharp at higher laser intensities.
This indicates that the nonlinear absorption increases with increasing intensity. As the intensity
decreases from 50 mW to 30 mW, the nonlinearity reduces, confirming an intensity-dependent
SA behavior. All data was fitted with the open aperture the transmission of the beam through
the sample can be mathematically represented as

Topen(@) = 1 —
' 8<1+(%) )

By fitting this function to the experimental data. q, can be evaluated. This is related to {3 as:

_ do
I Letr

B

We have further calculated the NLA coefficient () from the AT values of the open aperture
data. The value of the nonlinear absorption coefficient (B) is 1.341 107> to 0.882 x 10> mW.
As the real and imaginary components of the linear susceptibility ¥’ are associated with
refraction and absorption, similarly, the real and imaginary parts of ¥ describe NLR and NLA.
We have calculated the real and imaginary values of *» which are tabulated in Table 1 along
with other relevant values.

These calculated values of n2 and B can be employed to find the third-order nonlinear
susceptibility (x*). The real part of ¥® can be estimated using the following equation:

20 2 02
NyNGECT M
Re 3 - —  (—
X — &)
where g,1s the electric permittivity. Moreover, the imaginary counterpart can be found out by:
fnie,c?A
Imy® = ———(m/W

https://internationalpubls.com 4132



Communications on Applied Nonlinear Analysis
ISSN: 1074-133X
Vol 32 No. 10s (2025)

After measuring both components, the real part of the third-order susceptibility, ¥, is derived
from the nonlinear refractive index (n:) via the change in transmittance in the closed-aperture
Z-scan. The imaginary part, y®", is obtained from the nonlinear absorption coefficient (3)
measured in the open-aperture Z-scan. To calculate the overall magnitude of the third-order
susceptibility, |x®)|, we take the root-mean-square of these two components:

XP=V OO + 63

expressed in electrostatic units (esu). This RMS value represents the material’s total third-order
nonlinear response.

The results can be tabulated as follows:

Table 1: Nonlinear optical parameters of the synthesized Mn-NBDC MOFs

Parameters Values

Laser Wavelength 532 nm

Lens focal length 250 mm

Rayleigh Range (z0) 1.48 m

Beam radius at focus (wo) 2.5 mm

Radius of aperture 1.25 mm

Sample thickness (L) 1 cm
Intensity 50mw 40mw 30mw
Nonlinear Phase Shift | 3.15536 3.0520 2.94183
(AD)
Nonlinear absorption | 1.341 x107° 1.283 x 1073 0.882 x 1073
co-efficient, B (m/W)
Nonlinear refractive | 3.502 x107!° 3.285x 10710 2.996 x 1071
index, ny (m*/W)
Real part of third- | 7.5803x10°1 7.110x10°1 6.4850 x10°13

order susceptibility,
Re(x®) (esu)

Imaginary part of | 3.0737 x10°' 2.9407x10°14 2.02164 <1071
third-order
susceptibility, Im(y®)

(esu)

Third-order nonlinear | 7.5865 x107!3 7.1160 x107"13 6.4881 x1071*
susceptibility, ¥®

(esu)
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From these measurements, key third-order nonlinear parameters were extracted. The nonlinear
absorption coefficient (B) ranged from 1.341x1072 m/W at 50 mW to 0.882x1072 m/W at 30
mW. Similarly, the nonlinear refractive index (n:) decreased from 3.502x107'° m*W to
2.996x107" m?»/W. The third-order nonlinear susceptibility components also followed this
trend: the real part Re(x®) and imaginary part Im(y®) reduced as intensity dropped. The overall
third-order susceptibility |x®)| decreased from 7.5865x107"3 esu at 50 mW to 6.4881x107"3 esu
at 30 mW, clearly illustrating that the nonlinear response of Mn-NBDC MOFs is intensity-
dependent and dominated by third-order effects.

Conclusion

We have successfully synthesized a crystalline Mn—NBDC metal-organic framework via a
rapid microwave-assisted solvothermal method and performed comprehensive
characterization, including SEM, UV—Vis, and photoluminescence analyses to confirm its
morphology, optical band gap, and broad emission profile. Z-scan measurements in DMSO
solution revealed pronounced third-order nonlinear optical behavior, quantified by significant
values of the nonlinear refractive index (nz) and absorption coefficient (f), yielding an overall
third-order susceptibility [x®)| in the 10~ esu range. Because our measurements were conducted
on nanoplate suspensions (100 nm—1 pm), only third-order effects were observed. If larger,
bulk crystals can be grown, direct Kerr-effect experiments could be performed to probe second-
order nonlinearity (e.g., SHG). Future work will focus on optimizing crystal size and exploring
solid-state measurements to unlock both second- and third-order nonlinearities for advanced
photonic applications.
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