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Metal-organic frameworks (MOFs) are highly tunable porous materials whose properties can
be tailored through the selection of different metal ions and organic linkers. Among them,
titanium-based MOFs have attracted significant interest due to their structural stability, high
surface area, and potential applications in gas adsorption, separation, and catalysis. In this
work, the titanium-based MOF MIL-167 (Ti(DOBDC)-(Et2MeNH).-nH20), was constructed
from Ti** metal nodes and 2,5-dihydroxyterephthalic acid (DOBDC) linkers. This framework
is neutralized by counterions, specifically Et-MeNH", which are essential for charge balance.
MIL-167 was modified through partial substitution of Ti with W at varying molar ratios. This
modification was motivated by the difference in oxidation states between Ti*" and W, which
could potentially influence the structural and physicochemical properties of the framework.
Structural characterization using X-ray powder diffraction indicated that the incorporation of
W did not significantly alter the crystalline structure of MIL-167. X-ray fluorescence
spectroscopy confirmed the presence of tungsten in samples prepared with different Ti
precursor substitution levels, although it remains possible that W is located within the pore
system rather than being fully incorporated into the framework nodes. Infrared spectroscopy,
differential scanning calorimetry, and thermogravimetric analysis showed no substantial
differences between the parent and modified MOFs. Nitrogen physisorption measurements
revealed negative adsorption behavior, suggesting that the pores of the modified MIL-167
samples were not accessible. The modified MOFs were also evaluated as heterogeneous
catalysts for the cycloaddition of CO: to epoxides to produce cyclic carbonates; medium
catalytic activity was observed. Finally, heterojunctions formed by combining MIL-167 with
MIL-125-NH: exhibited different UV—Vis reflectance behavior compared to pristine and W-
modified MIL-167, suggesting the need for further investigation into their optical properties
and potential photocatalytic applications.

Keywords: Metal Organic Framework, organic linker, nitrogen physisorption, heterojunctions,

heterogeneous catalyst.
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Abbreviations

MOFs = Metal-organic frameworks
DOBDC = 2,5-dihydroxyterephthalic acid
BET = Brunauer-Emmet-Teller

OMSs = Open metal sites

XRD = X-ray diffraction

XRF = X-ray Fluorescence

IR = Infrared spectroscopy

TGA = Thermogravimetric analysis



1. Introduction

1.1. Metal Organic Framework (MOF)

Porous materials have enabled technologies from simple filters to advanced adsorbents and
catalysts [1]. A defining characteristic of these materials is their low density and high void
space, which can be engineered with specific functionalities for desired applications. Among
porous materials, crystalline structures with long-range order have gained special attention

because their structures and properties can be controlled [2].

While synthetic zeolites—composed of inorganic components like silicates and aluminates—
have been studying closely since the 1940s, their pore sizes were initially limited. Between the
late 1980s and early 1990s, the first crystalline porous materials with pore sizes exceeding 1
and 2 nanometers were reported, respectively [3,4]. A real change occurred in 1995 when Omar
Yaghi and colleagues introduced a new class of crystalline porous materials termed metal-
organic frameworks (MOFs) [5, 6]. These materials distinguished themselves from earlier
coordination polymers through their exceptional stability and permanent porosity, attributed to

the strong bonds formed between metal ions and charged organic ligands [7].

MOFs are a type of porous material made from both metals and organic (carbon-based)
molecules. They are built from metal clusters connected by organic linkers, as shown in Fig. 1.
Both parts are important to the MOF structure. The metal clusters function as connecting nodes,

and the organic linkers bridge them into a network [20].

®—e
®—e

® @&
Uu

Metal lon Organic Linker MO

T | —

Figure 1. Representation of the basic MOF structure [19].



The pore size in MOFs can be increased in two ways. First, using bigger metal clusters creates
larger spaces in the network. Second, using longer organic linkers, which increase the distance

between the metal clusters and leads to wider pores and higher porosity [20].

Secondary building units (SBUs) help to classify different MOF structures based on their shape.
SBUs are also important for controlling how MOFs are built and for making the frameworks

strong and stable [21].

In short, the main features of MOFs are good thermal stability (250-500 °C), large pores, high

pore volume, and very high surface area (thousands of m? per gram) [22].

The fundamental appeal of MOFs lies in their highly tunable nature, stemming from the nearly
infinite combinations of inorganic metal nodes and organic linker molecules. This adaptability
has opened a new avenue in the design and application of porous materials. A particularly
powerful concept is isoreticular manipulation, which allows for the alteration of a framework's
structure and functionality while keeping its underlying topology invariant [8]. This principle
is part of a larger design strategy known as reticular chemistry, which has been important for
the synthesis and application of porous framework materials like MOFs [9]. The success of this
approach is evident in the exponential growth of the field; more than 100,000 structures have
been reported in the “MOF subset” of the Cambridge Structural Database (CSD), and the

number of MOF-related publications continues to rise every year [10-12].

One of the most notable and enabling characteristics of MOFs 1is their high porosity. This
porosity is conducive to gas storage and separation, catalysis, sensing, biomolecule
encapsulation, drug delivery, conductivity, and magnetism. The journey to realizing this
porosity has a long history. Although the concept of porosity in extended metal-organic
materials was taken into consideration in the late 1980s and early 1990s [1], the first
experimental proof via gas adsorption measurements was reported in the late 1990s. Kitagawa
and colleagues demonstrated that metal-organic polymers could take up gas-phase guest
molecules [13]. An important finding came in 1998 when Yaghi reported the first MOF with
proven permanent porosity. Using nitrogen adsorption/desorption isotherms at 77 K and low
pressure—a standard procedure for materials like zeolites and porous carbon—his group found

out the first values for apparent surface area and pore volume in a MOF [7]. This work marked



a milestone, laying the foundation for achieving and quantifying permanent porosity in these

materials [13].

Since those early discoveries, MOFs have become increasingly popular as materials with high
surface area. The principles of reticular chemistry have guided the design and development of
MOFs. The principles enabled the researchers to create new materials and tailor their pore
structures and functionalities with high accuracy [1]. A critical, and often challenging, step is
the activation process—the removal of guest molecules (solvents, unreacted linkers) from the
pores of as-synthesized MOFs. This step is essential to access the internal pore space, and the
development of improved activation methods is equally important as the design of the
frameworks themselves [14, 15]. It has often been found that a MOF's Brunauer-Emmett-Teller
(BET) surface area can be dramatically increased simply by employing a more sophisticated
activation method, such as supercritical CO- drying, especially for highly porous or delicate
structures [16-18]. As an empirical guideline, while robust MOFs with strong metal-linker
bonds (e.g., Zr-carboxylate-based MOFs) can often be activated by conventional thermal
methods, more fragile or exceptionally porous frameworks (e.g., Zn-carboxylate MOFs with
BET areas >3500 m?/g) typically require milder techniques like supercritical CO: or freeze-

drying to avoid structural collapse from capillary forces [2].

it is important to examine the porosity and the methods to properly access it. This thesis aims
to build upon this objective. In the following chapters, we will explore the classification and
adsorptive measurement of porosity, the critical strategies for activating MOFs to preserve their

structural integrity, and the general design principles.

1.2. Metal Organic Framework MIL-167

Structure and Composition

MIL-167 is a well-established titanium-based MOF. It has attracted considerable attention due
to its interesting structural properties and potential applications in catalysis, adsorption, and

photocatalysis. The framework is built from Ti** metal nodes connected by organic linkers [23].



Figure 2. Coordination sphere around the titanium(IV) ions in MIL-167 [23]

Under the solvothermal reaction conditions used to synthesize MIL-167, H-IDOBDC undergoes
complete deprotonation. The reaction medium contains N,N-diethylformamide (DEF) and
methanol as solvents, with titanium isopropoxide as the Ti** source. No external base is added

[23].

Consequently, the organic linker that binds to the titanium centers is the fully deprotonated
form, DOBDC*, not the neutral HiDOBDC. These groups form strong coordination bonds to
the Ti** centers [23].

The Et2MeNH" cations are not added externally — they are generated in situ during the
solvothermal reaction. Specifically, DEF thermally degrades during the synthesis to form
diethylamine, which further reacts with methanol to generate diethylmethylamine. These
amines are then protonated by HaDOBDC to form the diethylmethylammonium cations that

stabilize the MIL-167 framework. These counterions occupy the pores of the structure [23].

The crystallographic formula of MIL-167 is reported as Ti(DOBDC):.s(Etz2MeNH)-nH-O. The
"1.5" 1s a stoichiometric average: the crystal structure reveals that for every two titanium(IV)
ions, there are three DOBDC linkers, giving an average of 1.5 linkers per titanium atom. The
charge balance is achieved as follows: one Ti*" (+4), 1.5 DOBDC* (-6), and two Et2MeNH"
(+2) give a net neutral framework. This is consistent with the crystal structure depicted in
figure-2, which reveals that the TiOs octahedra are surrounded solely by oxygen atoms from

DOBDOC ligands, confirming that the linker is fully deprotonated (DOBDC*").



In summary, the shorthand DOBDC indicates the fully deprotonated linker. The presence of
diethylmethylammonium counterions (Et-MeNH*) further confirms a negatively charged
framework, which requires DOBDC* rather than a partially protonated form [23]. The
difference between the linker H-DOBDC and the actual linker inside the framework DOBDC*"

is important to write correct chemical formula of the MOF.
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Figure 3. Structure of MIL-167

1.3. Rationale for Metal Substitution in MOFs: Ti(IV) and W(VI)

While pristine MOFs offer excellent performance, there is a continuous drive to enhance their
properties for specific applications. One powerful strategy is heterometallic substitution or
doping—the partial replacement of a framework metal with a different metal ion. This approach
can systematically alter the electronic structure, charge distribution, porosity, and catalytic

activity of a MOF without changing its underlying topology [24].

The rationale for substituting titanium with tungsten in MIL-167 stems from the fundamental

differences in their chemical properties:

e Oxidation States: Titanium is most stable in the +4 oxidation state (Ti*) [25]. In
contrast, tungsten, a Group 6 transition metal, predominantly exists in the +6 oxidation

state (W*") in its stable oxides and complexes [26,27].



 Ionic Radii: While both are transition metals, the ionic radius of W& (approx. 0.60 A
for 4-coordinate) is slightly larger than that of Ti* (approx. 0.56 A for 4-coordinate)

[28]. This size difference can induce local structural distortions.

e Charge Distribution: Substituting a Ti** center with a W center introduces two

additional positive charges into the framework [23].

This charge imbalance is the key to the modification strategy. The pristine MIL-167 framework
is anionic due to the specific coordination of Ti*" with the deprotonated DOBDC linkers. The
framework's negative charge is compensated by the presence of two Etz-MeNH" counterions
per formula unit [23]. When a Ti*" ion (oxidation state +4) is replaced by a W¢" ion (oxidation
state +6), the local framework becomes more positive. To maintain overall electroneutrality,

the number of charge-balancing Et-MeNH" counterions must decrease.

By reducing the number of bulky counterions occupying the pores, one would expect an
increase in the accessible pore volume and potentially an increase in the effective pore size.
This could lead to enhanced gas adsorption capacity and altered diffusion properties for guest

molecules [24].

EtyMetH," o .

e u} AQ_{J
o
» o _
. 1 o
o

- -—
Jh . o

0 I -\"""'\-u Et;MeNH;
0

) 0 .
Ti{Iv) }' -{ :
o .- o
o Et;MeNEH )

>1£thx {3 ﬁ }
g ey, AUy

A d )
o g ~ 0 EnMeNH, = 5

Figure 4. Supposed structure after substitution of a portion of Ti(IV) with W(VI)



1.4. Activation of MOF

The activation of MOFs represents a critical step in accessing their intrinsic porosity, which is
fundamental to their performance in applications such as gas storage, catalysis, and separation.
As synthesized, MOFs typically contain guest molecules—including solvents, unreacted
linkers etc. which may occupy the pore space and must be removed through appropriate
activation methods to obtain the material's full surface area and pore volume [1]. The
development of effective activation strategies has been a central theme in MOF research, as

improper activation can lead to incomplete guest removal or structural collapse.

More-stable node-linker bonds
E.g., Zr-carboxylate MOFs
BET area < 3500 még

Low surface
tension

\ S

Supercritical | Solvent Guest Activated
fluid exchange |

.

Low boiling O Supercritical drying  Highly porous #—‘—u

point Less-stable node-linker bonds
E.g., Zn-carboxylate MOFs
BET area > 3500 m?/g

QO Freeze drying, etc.

Scheme 1. Overview of the workflow and strategies of MOF activation [1]

As illustrated in Scheme 1 of Zhang et al. [1], the activation workflow typically involves
multiple steps, starting from the synthesis of MOFs containing guest molecules, followed by
solvent exchange, and finally guest removal via various methods such as thermal activation,
supercritical CO: drying, freeze drying, microwave activation, or chemical activation. The
choice of activation method depends critically on the stability of the MOF and its porosity

regime.

Zhang et al. [1] provide a comprehensive historical overview of MOF activation
methodologies, highlighting that thermal activation under vacuum following solvent exchange

is the commonly employed approach. The authors emphasize that exchanging high-boiling-



point solvents (e.g., DMF) with low-surface-tension solvents such as acetone or methanol
before thermal treatment is commonly used for most MOFs. As a general empirical guideline
summarized in Scheme 1, thermal activation is viable for MOFs with more stable node-linker
bonds (e.g., Zr-carboxylate-based MOFs) or BET areas smaller than 3500 m?-g™!, while

supercritical drying is recommended for less stable or highly porous MOFs [1].

In the present work, a thermal activation protocol was followed. Specifically, the procedure
involved washing synthesized MOF samples with chloroform, followed by solvent exchange
and thermal treatment at 130 °C for 24 hours. A parallel activation was conducted using acetone

as the exchange solvent.

1.5.  Physisorption of gases

Characterizing porous solids and fine powders relies heavily on gas adsorption measurements.
Nitrogen physisorption at 77 K — the boiling point of liquid nitrogen — is the standard method
for obtaining specific surface area, pore volume, and pore size distribution. The underlying
principle is physical adsorption: nitrogen molecules adhere to a solid surface via van der Waals

forces. This process is reversible and occurs whenever a gas contacts an adsorbent surface [29].

The 2015 TUPAC report reviewed the 1985 guidelines and stated that physisorption arises from
the same intermolecular forces that cause vapor condensation. Beyond the usual dispersion and
repulsive forces, more specific interactions (polarization, field-dipole, field gradient-
quadrupole) can arise depending on the adsorbent's surface chemistry and the adsorptive's
electronic structure. Nitrogen has a significant quadrupole moment, so its adsorption depends

not only on pore geometry but also on surface functional groups [29].

To obtain a physisorption isotherm, the adsorbed gas amount is measured as a function of
equilibrium pressure at constant temperature. For nitrogen at 77 K (below its critical
temperature), the relative pressure p/p’is used, where p’is the saturation vapor pressure. The
resulting isotherms fall into several IUPAC-classified types, each giving qualitative

information about the material's porous structure [29].



Specific surface area is derived by using the Brunauer-Emmett-Teller (BET) method. Despite
known theoretical limitations, BET remains the standard. The linear form of the BET equation
is:

p/p°  _ 1
n(1-p/p% nm

2+ (0/P") (Eq. 1)

Here, n is the amount adsorbed at relative pressure p/p? n, is the monolayer capacity, and C is

a constant related to the adsorption energy. From #,,, the specific surface area a(BET) follows:
as(BET) =n,, - Lo, (Eq. 2.)

where L is Avogadro's number and g, is the molecular cross-sectional area of the adsorbate.
For nitrogen, 6, = 0.162 nm? is conventionally used (close-packed monolayer assumption)

[29].

MOFs are hybrid materials as inorganic clusters are connected by organic linkers [23]. So, they
have extremely high surface areas and tunable pores, but they also challenge conventional

physisorption analysis [29].

The quadrupole moment of nitrogen is a primary source of difficulty. It causes specific
interactions with exposed ions and surface groups and can change both the orientation of
adsorbed molecules and the micropore filling pressure. For many zeolites and MOFs,
adsorption begins at extremely low relative pressures (down to ~1077), where diffusion is slow

and equilibrium is hard to reach [29].

1.6. MOF/MOF Heterojunctions

Sunlight-driven photocatalysis offers a renewable route to fuels, bypassing fossil sources.
However, only a small fraction of solar photons falls into the ultraviolet (UV) region; most are
in the visible (Vis) and infrared (IR) ranges. To use abundant solar energy efficiently, a
photocatalyst needs a narrow band gap (below about 2.95 eV) to absorb a large portion of the
spectrum. Beyond light harvesting, there are two other factors like separating photogenerated

charge carriers and moving them to reactive sites before they recombine. This is why many
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photocatalytic systems rely on metal nanoparticles or molecular complexes to suppress

electron—hole recombination [30].

An alternative approach, as like photocatalysis, is to combine two materials into
a heterojunction. If their band structures are carefully matched, the resulting interface can
enhance visible-light absorption and charge separation at the same time. MOFs are attractive
for this purpose. Their structural tunability allows researchers to adjust optoelectronic and
catalytic properties, and their intrinsic porosity facilitates diffusion of reactants and products

[30].

However, there are some challenges in MOF photocatalysis as in conventional systems to
achieve both a narrow band gap and efficient charge separation. By following the
semiconductor heterojunctions, several scientists have started combining different MOFs with
each other. Though most studies have focused on MOF—semiconductor or MOF—covalent

organic framework (COF) hybrids, rather than MOF-MOF pairs [30].

For a MOF/MOF composite to qualify as a true heterojunction, electronic interactions between
the two components must alter the optical and electronic properties of the mixture. In an ideal
case, a well-constructed MOF/MOF heterojunction would simultaneously offer extended
visible-light harvesting, high charge separation efficiency, enhanced catalytic activity, and
retained porosity. Understanding how these optoelectronic properties affect photocatalytic
performance is crucial for designing better MOF-based photocatalysts. A successful system of

this type could eliminate the need for expensive co-catalysts or dye photosensitizers [30].

Among Ti-based MOFs, MIL-125-NH: is one of the best-performing photocatalysts. It absorbs
light into the early visible region (< 500 nm) and shows high activity for water reduction. MIL-
167 1s another stable Ti-MOF, but it absorbs light up to approximately 700 nm — further into
the visible range. Because their absorption profiles are complementary, combining MIL-167
with MIL-125-NH: is a good strategy. The resulting heterojunction reportedly shows improved

optoelectronic properties and efficient charge separation [30].

The laboratory dedicated for this experiment under the thesis does not have instrument for

measuring UV-Vis absorbance directly. Instead, a Cary 60 spectrometer equipped with a diffuse
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reflectance accessory was used. This setup measures the light reflected from the surface of

powder samples.

To examine the absorbance, the reflectance data was converted by using the Kubelka—Munk
function, which converts reflectance into a quantity proportional to the absorption coefficient

[31].

The Kubelka—Munk function is defined as:
_ (1-Rw)?
F(Ro) =52 (Eq.3)

Here, Ro is the diffuse reflectance of an opaque (infinitely thick) sample, expressed as a
fraction between 0 and 1. The resulting F(Rwo) value, typically plotted in arbitrary units,

behaves like an absorbance spectrum [31].

Therefore, the measurements were done for the reflectance of each MOF against a BaSO4 white
reference. The raw reflectance spectra were then converted to F(Ro) using the equation above.
This approach allowed to compare the optical properties of pristine MIL-167, W-doped MIL-
167, and the MIL-167/MIL-125-NH: heterojunctions despite having no direct absorbance

measurement capability.

1.7. Chemical Conversion of CO: to Cyclic Carbonates by MOFs

CO: from fossil fuel combustion is a major greenhouse gas, and its rising atmospheric
concentration has driven decades of environmental concern. Reducing emissions requires
effective capture and sequestration (CCS) technologies. Researchers have tested many
materials for CO: capture, like zeolites, porous organic polymers, amine-based solvents, and
more recently metal-organic frameworks (MOFs). An attractive extension of capture is to
convert the absorbed CO: directly into useful chemicals. This approach turns a waste stream

into a feedstock, which is valuable both industrially and academically [32].
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CO: is thermodynamically stable and kinetically inert, so fixing it into other molecules is very
difficult. Moreover, CO: is cheap, non-toxic, and abundant. Porous MOFs are promising here
because their structures and pore chemistries can be utilized. With appropriate design, MOFs
can convert CO: into dimethyl carbonate, cyclic carbonates, or formic acid.

Cyclic carbonates are industrially important. Traditionally, they are made using highly toxic
phosgene. A greener alternative is the catalytic coupling of CO: with epoxides, which inserts

CO: into the C—O bond of the epoxide ring without generating by-products [32].

Several strategies improve CO: capture in MOFs, including creating open metal sites (OMSs)
and attaching functional groups to the linkers. MOFs are particularly well suited for combined
capture and conversion because they can act as both adsorbents and heterogeneous catalysts.
The OMSs bind CO: and function as Lewis acid sites to activate epoxides. Meanwhile, the

pores hold the epoxide molecules close to the reactive sites [32].

Some MOFs catalyze cyclic carbonate formation efficiently, but usually under harsh
conditions: temperatures above 80 °C and pressures above 2 MPa. Such conditions demand
high energy input. Only a few MOFs — for example MMFC-2, MMPF-9, and HKUST-1 —
work well under mild conditions. Developing new MOFs that perform this reaction at lower

temperatures and pressures remains an important goal [32].

Four features of MOFs are important: good chemical and thermal stability, high CO: adsorption
capacity and selectivity, a high density of Lewis or Bronsted acidic sites (OMSs being the most
common), and — ideally — tubular channels to facilitate mass transport of reactants. Designing

and synthesizing MOFs that combine all these features is an active area of research [32].

12



2. Experimental section

All chemicals were obtained commercially and used without any further purification. A
solution of tungsten triethylene glycolate, W(eg)s (where eg = ethylene glycolate dianion, —
OCH:CH:0-), in ethylene glycol was prepared following a published procedure [33]. In this

case, no distillation was done. The concentration of the solution is 0.4 M.

2.1. Synthesis

MIL-167 was synthesized using 20 mL Teflon autoclave liner following the published
procedure [23] with different amounts of substances and volumes. Later, different mol-% of Ti

precursor was replaced by W.

MIL-167: Ti(DOBDC), s(Et,MeNH),-nH,0

Initially MIL-167 was synthesized using 25 mL Teflon autoclave liner [23]. Later, 20 mL

Teflon lined Parr autoclave was used as follows:

1.27 g (6.40 mmol) of 2,5-dihydroxyterephtalic acid, 1.76 mL of N,N-diethylformamide and
1.76 mL of methanol were introduced in a 20 mL Teflon autoclave liner. The mixture was
stirred with a magnetic bar at room temperature. The magnetic bar was removed and 0.47 mL
(1.58 mmol) of titanium isopropoxide was added slowly in the mixture, leading to a dark red
precipitation. The reactor was then sealed, placed in an oven, and heated at 180 °C for 24 h
(heating rate: 150°C h') and further it was let cool down to room temperature. The resulting
deep red solid was recovered by filtration, repeatedly washed with diethyl ether followed by

N,N-dimethylformamide and dried at room temperature.

Modification of MIL-167

The above synthesis of MIL-167 was repeated by replacing 5, 10, 15, 30, 40, 50,70, 90 mol-%
of Ti precursor by W from solution of W(eg)s in ethylene glycol.

13



The volumes of Ti(OiPr) and the solution of W(eg)s in ethylene glycol were taken as given in

Table 1.

Table 1. Volumes of Ti(OiPr). and the solution of W(eg)s in ethylene glycol for replacement of

Ti with W.

Replacement % Ti(OiPr)4 Solution of W(eg)s in
ethylene glycol
5 0.45 mL (1.51 mmol) 0.20 mL (0.08 mmol)
10 0.43 mL (1.43 mmol) 0.40 mL (0.16 mmol)
15 0.40 mL (1.35 mmol) 0.60 mL (0.24 mmol)
30 0.33 mL (1.11 mmol) 1.20 mL (0.48 mmol)
40 0.29 mL (0.96 mmol) 1.60 mL (0.64 mmol)
50 0.24 mL (0.80 mmol) 2.00 mL (0.80 mmol)
70 0.15 mL (0.48 mmol) 2.80 mL (1.11 mmol)
90 0.05 mL (0.16 mmol) 3.60 mL (1.43 mmol)

Moreover, modification of MIL-167 was done by keeping the amount of titanium isopropoxide
fixed and adding 0.050 mL (0.020 mmol), 0.075 mL (0.030 mmol), 0.100 mL (0.040 mmol),
0.125 mL (0.050 mmol) of tungstic acid and ethylene glycol solution.

Modification of MIL-167 was also done with ethylene glycol in absence of co-solvent
methanol. The experiment was done for 15- and 30-mol% replacement. For 15- and 30-mol%
replacement 1.16 mL and 0.56 mL of ethylene glycol was added respectively instead of

methanol as co-solvent.

2.2. Activation

To activate the samples, initially 300 mg of sample and 10 ml of chloroform were used. Firstly,
the samples were filtered out with chloroform and then new chloroform was added. Then the

samples were left to soak in chloroform in round bottom flask for the weekend. Thereafter, the

14



chloroform was filtered out, and the samples were heated at 130 °C under a reduced pressure
for 24h. A similar activation was done with acetone. In this case, 300 mg of samples were
filtered out with acetone. Then the samples were left to soak in 10 mL of acetone overnight.
Then the acetone was filtered out, and the sample were heated at 130 °C under a reduced

pressure for 24h.

2.3. MIL-167/MIL-125-NH: heterojunctions

MIL-125-NH> was synthesized based on reported procedures [30] as follows:

The linker 2-aminobenzene-1,4-dicarboxylic acid (0.1 g) was dissolved in 4.0 mL of N,N-
dimethylformamide and 1.0 mL of methanol. After stirring, 0.1 mL of titanium isopropoxide
was added to the mixture and it was sonicated for 5 min. Then, the suspension was heated up
to 120 °C for 72 h. The obtained yellow powder was first washed several times with N,N-
dimethylformamide, then stirred overnight in methanol, and washed several times with

methanol. Finally, the obtained powder was dried at 60 °C for 5 h.

5% and 10%- W doped MIL-167/MIL-125-NH> heterojunctions were made as above except

10 mg of each sample was introduced in MIL-125-NH; precursor solution, prior to heating.

2.4. Characterization

The X-ray diffraction patterns of the samples were measured using a PANalytical Aeris
diffractometer equipped with a copper (Cu) X-ray tube and PIXcell D-Medipix3 detector. The
measurements were performed with Cu Ka radiation at 40 kV and 7.5 mA. The instrument
setting included a 1/8° divergence slit. The measurement was done in advanced mode and the
measurement program was selected as MOF 4x11 mins and zero background sample holder
was used. The phase identification was done using PANalytical HighScore Plus software,
which compared the experimental diffraction patterns with reference patterns from the ICDD

PDF-4+ database to determine phase compositions of the samples.

X-ray fluorescence spectroscopy was used to determine the elemental composition of the

sample and its corresponding concentrations (% and ppm). The instrument - PANalytical
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Epsilon 1 featured an internal Omnian calibration, a 50 kV silver-anode X-ray tube with Ka
emission around 22 keV, and an SDD5 detector. The powdered sample was placed inside a
holder having a clear film sealed across its bottom, and then the holder was put inside the
instrument's sample chamber. Thereafter the measurement was done with academia 10 min

setting under advanced mode.

IR spectra were collected with Bruker Vertex 70 equipment and OPUS software. The UV-Vis
reflectance spectra were collected with Cary 60 UV-Vis Diffuse Reflectance Accessory. BaSO4

was used as white reference.

TGA-DSC measurement was done using TA Instrument SDT-Q600. Air was used as purge gas

in the analysis. Ramp 10°C/min to 800°C was used as the heating parameter.

For nitrogen physisorption, the methodology was divided into three steps to assess the materials
properly. The first step was an ex-situ pre-treatment, followed by an in-situ pre-treatment, and
lastly the adsorption and desorption analysis to determine the characteristics of the samples.
Before physisorption analysis, all samples were degassed under vacuum to remove any

adsorbed moisture or contaminants.

For the experiment with MIL167 15%-W and UIO-66, 50 mg of each sample was taken. Later,
the analysis was done on MIL-167, MIL-167 5%-W, MIL-167 10%-W, MIL-167 30%-W,
and this time 100 mg of each sample was taken. The sample was placed in pre-weighed sample
tubes and heated to 180 °C under vacuum for approximately 12 hours. This degassing process
ensured that all adsorption sites were clean and accessible to nitrogen molecules during the
measurement. After the degassing step, the samples were reweighted to determine the dried

weight used in the analysis.

Nitrogen adsorption-desorption isotherms were measured at 77 K using surface area and
porosity analyzer (micromeritics). After the degassing process, the sample tubes were
transferred to the analysis port of the instrument, where a pretreatment step was carried out. A
heating mantle was placed over the tubes, and the samples were heated in situ for approximately
2 hours to remove any residual moisture or atmospheric contaminants that may have been re-

absorbed during handling. Following this pretreatment, the samples were allowed to cool to
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room temperature, and the analysis ports were then immersed in liquid nitrogen to conduct the

nitrogen physisorption measurements at 77 K.

2.5 Chemical Conversion of CO:

The experiment for catalytic conversion of CO; to cyclic carbonate was done following the
published procedure [32] as follows: 10.00 mg of MIL-167, 2.27 mL of styrene oxide, 10 mg
of tetra butylammonium bromide were mixed in a two neck round bottom flask. CO> was added
from a balloon attached to one neck. The reaction was done with stirring for 48h at 60 °C. For
the '"H NRM analysis, in the NMR tube 600 puL deuterated chloroform was taken and a very

small amount of samples were collected from the flask with a syringe.

3. Results and Discussion

Initially MIL-167 was synthesized using 25 mL and 20 mL Teflon autoclave liner. Difference
between the XRD patterns of MIL-167 prepared using 25 mL and 20 mL Teflon autoclave liner

is given in the Figure 5:

Interpolated XRD Patterns of MIL-167

10000 - ———MIL-167(using 20 mL Teflon lined Parr autoclave)
=== MIL-167(using 25 mL Teflon lined Parr autoclave)
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Figure 5. Comparison of XRD patterns of MIL-167 using 25 mL and 20 mLTeflon autoclave

liner
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From Figure 5, X-ray powder diffraction patterns of MIL-167 synthesized using either 25 mL
or 20 mL Teflon autoclave liner were found almost identical. When MIL-167 was prepared
with 20 mL Teflon lined Parr autoclave, the intensity peak shifted slightly towards right (higher
20 angle). It can be said that change in size of autoclave does not change the crystal structure
of original MOF significantly. But a smaller autoclave volume could lead to higher internal
pressure during solvothermal synthesis. This can affect crystal growth, cause slight structural

contraction and lead to peak shifts toward higher angles.

Comparison of XRD Patterns
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Figure 6. XRD patterns of MIL-167 and supposed W-doped-MIL-167 sample

From Figure 6, the XRD patterns of MIL-167 and supposed W-doped-MIL-167 reveal that the
doping of W does not alter the crystal structures of W-doped modified MIL-167.

However, the crystals of MOFs can be obtained up to 30% mol substitution of W; no crystal
was found beyond that mol-% of substitution. Further investigation is required to find out the

reasons why beyond 30% mol substitution of W does not yield any crystal.
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Comparison of XRD Patterns
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Figure 7. XRD patterns of MIL-167 and supposed W-doped-MIL-167 samples activated with

chloroform

Comparison of XRD Patterns
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Figure 8. XRD patterns of MIL-167 and supposed W-doped-MIL-167 samples activated with

acetone

To ensure that the activation procedure (chloroform or acetone soaking followed by heating
under vacuum) does not alter the crystal structure of MIL-167 and W-doped-MIL-167 samples,
XRD patterns before and after activation were compared. As shown in Figures 7 and 8§,

identical patterns were observed, confirming that the activation conditions do not affect the
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structure of the framework. This is consistent with the rigid nature of MIL-167 reported in the

literature [23].

XRD Patterns of MIL-167_15%W and MIL-167_30%W synthesized without co-solvent methanol

— MIL-167_15%W
= MIL-167_30%W
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Figure 9. XRD patterns of MIL-167 15%-W and MIL-167 30%-W synthesized without co-

solvent methanol.

The XRD patterns of MIL-167 15%-W and MIL-167 30%-W synthesized without co-solvent
methanol is shown in Figure 9. The experiment was conducted to investigate whether it is
possible to synthesize the MOF without co-solvent methanol. A brick reddish crystal powder
was found in absence of methanol. So, it is assumed that methanol has a specific role in the
formation of crystal. Further research is required to identify the role of methanol in detail and

the composition of the mixtures.

Table 2. Composition of Ti and W in supposed modified MIL-167

Element Composition Ti and W Unit
5% 10% 15% 30%
Ti 88.38 86.68 84.63 79.91 %
w 8.91 10.81 12.74 18.39 %

From Table 2, X-ray fluorescence spectroscopy confirms the presence of W in all samples with
varying mol-% replacement of the Ti precursor. This indicates the presence of tungsten into
the material. However, XRF does not distinguish whether W is incorporated into the lattice or

present as extra-framework species. If not lattice-substituted, tungsten is more likely present as
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dispersed tungsten oxide (WOx) species or may be as polyoxotungstates, rather than as isolated

W¢e* jons.

Comparison of IR Spectra
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Figure 10. IR spectra of MIL-167 and supposed W-doped-MIL-167 samples

As shown in Figure 11, with infrared spectroscopy, no significant dissimilarities except around
1600 cm™! are found in the IR spectrum of MIL-167 and supposed W-doped-MIL-167 samples.
The absence of trough at around 1600 cm! for the supposed modified MIL-167 could not be

interpreted and further investigation is required.

Comparison of All IR Spectra
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Figure 11. IR spectra of MIL-167 and supposed W-doped-MIL-167 samples activated with

chloroform
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Comparison of IR Spectra
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Figure 12. IR spectra of MIL-167 and supposed W-doped-MIL-167 samples activated with

acetone

In Figure 11 and 12, the carbonyl C=O stretch of N,N-diethylformamide is found around 1600

cm’! | therefore, upon activation the C=0 band is supposed to decrease or disappear, but it did

not happen. So, the samples might not have been activated.

Comparison of TGA/DSC Curves of All Samples
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Figure 13. TGA/DSC curves of MIL-167 and supposed W-doped-MIL-167 samples
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From Figure 13, the TGA curves of all samples show an initial weight loss below 100 °C,
caused by the removal of physically adsorbed water. A second weight loss between 100 and
300 °C may correspond to the release of guest DEF molecules from the pores, with variations
indicating differences in solvent content among the samples. A major weight loss above 300
°C may be associated with the decomposition of the organic linker and collapse of the MIL-
167 framework, accompanied by an exothermic peak in the DSC curves. The residual mass at

higher temperatures is attributed to the formation of metal oxides (TiO2 and WOx).

The TGA/DSC curves of the samples revealed no significant changes of the physical and

chemical phenomena which are associated with mass changes and /or heat changes.

Comparison of TGA/DSC Curves of Samples
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Figure 14. Interpolated TGA/DSC curves of sample activated with acetone solution

As shown in Figure 14, the TGA/DSC curves of the activated samples are nearly identical to
those of the non-activated samples shown in Figure 14, indicating that the activation procedure

does not alter the thermal decomposition behavior of the MIL-167 framework.
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The samples were activated with both chloroform and acetone solvents. With chloroform, no
significant changes were found with XRD, IR characterization techniques among activated and
non-activated samples. Later the samples were activated with acetone exchange solvent,
though no significant changes were found with XRD, IR and TGA/DSC characterization
technique among the activated and non-activated samples. But in the nitrogen physiosorption
technique, without activation, during the degassing process of nitrogen physiosorption, white
crystalline powder was found inside the tube. But after activating the sample with acetone
exchange solvent, very little amount of crystalline powder was found inside the tube. It is
assumed that after the activation process there were some volatile compounds present in the

sample; however, acetone could act as solvent for the activation process.
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Figure 15. Nitrogen adsorption-desorption isotherms of MIL-167 15%W (sample mass: 50
mg)
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Figure 16. Nitrogen adsorption-desorption isotherms of MIL-167, MIL-167 5% W, and
MIL-167 10% W, MIL-167 30% W (sample mass: 100 mg).

As shown in Figure 15, the nitrogen isotherm of MIL-167-15% W (50 mg sample mass) does
not reach a plateau; instead, the uptake continues to increase gradually at high relative pressure,
and the curve appears to decline or show instability. Similarly, Figure 16 shows the nitrogen
isotherms for MIL-167, MIL-167-5% W, MIL-167-10% W, and MIL-167-30% W, each
measured with a sample mass of 100 mg. All four samples deviate from the expected Type 1

shape. Instead of reaching a flat plateau, the isotherms exhibit a downward trend or irregular
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shape at higher relative pressures. This behavior is not consistent with a well-defined

microporous material when using N2 at 77 K.

Several hypotheses may explain the observed behavior for the W-doped MIL-167 samples.
First, the pores of MIL-167 and its W-doped derivatives may be too narrow (ultramicroporous)
to allow significant N2 uptake at 77 K. Second, the pores may be partially or fully blocked by
residual solvent molecules that were not completely removed during the degassing procedure,
despite the activation conditions employed. Third, the introduction of tungsten during synthesis

may lead to pore blockage.

Comparison of All Samples
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Figure 17. Reflectance spectra of MIL-167 and MIL-125/W-doped-MIL-167 heterojunctions.
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Absorbance Spectra Comparison
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Figure 18. Absorbance spectra of MIL-167 and MIL-125/W-doped-MIL-167 heterojunctions.

To examine the impact of metal node substitution on the electronic structure of the synthesized
frameworks, ultraviolet-visible (UV-Vis) diffuse reflectance spectroscopy (DRS) was
conducted using a Cary 60 spectrophotometer equipped with a diffuse reflectance accessory.
The measured wavelength range (200—1000 nm) covers both the ultraviolet (UV, 200400 nm)
and visible (Vis, 400-800 nm) regions, extending into the near-infrared (NIR, 800—-1000 nm).
Within this range, electronic transitions occur as electrons from the framework are promoted

across energy states by absorbing photons [34].

The primary goal of partially substituting titanium with tungsten in the MIL-167 framework is
band gap engineering, aimed at enhancing photocatalytic or photovoltaic performance.
Tungsten possesses different d-electron configurations compared to titanium. Substituting Ti
with W may introduce new electronic states into the MOF’s band structure, potentially
lowering the band gap energy and enabling absorption of lower-energy visible light.
Additionally, mixed-metal MOFs can form local heterojunctions [30] or alter electron mobility
within the framework, thereby reducing electron-hole recombination rates and increasing

photochemical activity.
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To enable direct comparison of absorption behavior from diffuse reflectance data, the
reflectance spectra were converted to pseudo-absorbance using the Kubelka—Munk function
(Eq. 3). This transformation is essential for scattering-dominated powder samples, as it

linearizes the relationship between reflectance and absorption coefficient.

In the UV region, all samples exhibit very low reflectance as shown in Figure 17, which
corresponds to high absorbance after Kubelka—Munk conversion revealed in Figure 18. This
indicates that all frameworks strongly absorb UV light, consistent with intrinsic electronic

transitions of the organic linkers and metal-oxo clusters.

The absorption onset is identified where the reflectance curve begins to rise sharply (or
where F (R, ) begins to drop). Samples indicated by blue and purple lines start rising much
earlier (around 400 nm), meaning they cease absorbing visible light and begin reflecting it at

shorter wavelengths, implying a wider band gap.

In contrast, samples indicated by orange, green, red, and brown lines exhibit absorption edges
shifted significantly toward higher wavelengths (lower energies). Their reflectance remains flat
and low—indicating sustained absorption—until approximately 550—-600 nm before rising.
This redshift in the absorption edge confirms a narrower band gap, favorable for visible-light

harvesting.

Pristine MIL-167 (brown line) serves as the baseline. The 5% W (red line) and 30% W (green
line) samples consistently lie below the pristine curve in the visible/NIR region (600—1000
nm). Lower reflectance (and correspondingly higher F(R,,)) indicates enhanced absorption
across the visible spectrum. This confirms that incorporating 5% and 30% W successfully
extends the light absorption range, improving the material’s ability to harvest visible and near-

infrared photons.

However, the 10% W sample (orange line) shows higher reflectance than pristine MIL-167
across most of the visible range. This unexpected behavior may point to experimental variance
during synthesis (e.g., incomplete substitution, phase segregation, or differences in particle

size/morphology) rather than a monotonic trend.
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Samples formed by combining MIL-167 with MIL-125-NH: (heterojunction) exhibit distinctly
different UV-Vis reflectance behavior compared to both pristine and W-modified MIL-167.
These differences suggest that heterojunction formation alters charge transfer pathways and
optical absorption profiles, meriting further investigation into their potential for photocatalytic

applications.

3.1. Functional Application

MIL-167, TBAB o Yo
+ CO,
259C, 0.1 MPa

Scheme 2. Catalytic conversion of COz to cyclic carbonate

The cycloaddition of CO: to epoxides using a Lewis acidic MOF and TBAB as a co-catalyst

follows the established pathway outlined below [33, and references therein]:

Epoxide Coordination (Activation)

The oxygen atom of the highly strained oxirane ring (styrene oxide) coordinates to a vacant
Lewis acidic metal center within the MIL-167 framework. This coordination polarizes the C—
O bonds of the epoxide, increasing the electrophilicity of the ring carbon atoms.

Nucleophilic Ring Opening

The bromide ion from the TBAB co-catalyst acts as a nucleophile and attacks the less sterically
hindered carbon atom of the activated epoxide ring. This nucleophilic attack opens the strained
three-membered ring, generating a stable, metal-coordinated halo-alkoxide intermediate.
Carbon Dioxide Insertion

The nucleophilic oxygen atom of the newly formed halo-alkoxide intermediate attacks the
electrophilic carbon atom of a nearby CO; molecule. This reversible insertion forms a linear
metal-bound bromo-carbonate intermediate.

Intramolecular Cyclization and Catalyst Regeneration

The terminal carbonate oxygen atom undergoes rapid intramolecular nucleophilic

displacement, attacking the same carbon atom that bears the bromide group. This expels the
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bromide ion as a leaving group, forming the stable five-membered styrene carbonate ring. The
product dissociates from the metal center, simultaneously regenerating both the MIL-167 active

site and the TBAB co-catalyst for the next catalytic cycle.

The catalytic efficiency of the MIL-167/TBAB system for the cycloaddition of CO: to styrene
oxide was evaluated via '"H NMR spectroscopy after reaction periods of 24 and 48 hours, with

the spectra collected in Figures S1 and S2, respectively, in the supporting Information.

As shown in Figures S1 and S2, the formation of styrene carbonate was confirmed by the
appearance of a triplet at 6 5.55 ppm (1H, CH) and a pair of doublets of doublets at 6 4.65 ppm
and 6 4.20 ppm (2H, CHz). These signals are characteristic of the methine and methylene

protons, respectively, of the cyclic carbonate ring.

The oxirane ring protons of the unreacted styrene oxide starting material appear as three non-
equivalent protons. The methine proton attached to the phenyl ring is observed as a doublet of
doublets at & 3.70 ppm (dd, 1H). The two diastereotopic methylene protons appear as complex
multiplets between 6 2.75-3.15 ppm (2H, m).

The peak at 6 7.26 ppm is the residual CHCls from deuterated chloroform solvent. The aromatic

protons overlap heavily in this region.

The conversion of styrene oxide to styrene carbonate was determined by comparing the
integrated areas of two single-proton resonances: the methine proton of the cyclic carbonate
product (6 5.55 ppm, 1H) and the methine proton of the unreacted epoxide starting material (&
3.70 ppm, 1H). Because both signals correspond to exactly one proton each, their integration

ratio directly gives the molar ratio of product to remaining starting material.

The yield of styrene carbonate was calculated using the mole fraction method:

I product

Yield (%) = x 100 (4)

I

product ! starting
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After 48 hours of reaction (Figure S2), the integration ratio of product to starting material (o
5.55 ppm: & 3.70 ppm) was determined to be 1:1 from the measured peak areas.

Substituting lyroquet = 1 and Lyping = 1 into Eq. (4) gives a yield of 50%.

In conclusion, the formation of styrene carbonate was confirmed by the appearance of a triplet
at 8 5.55 ppm, corresponding to the strongly deshielded methine (CH) proton of the newly
formed dioxolanone ring, together with a pair of doublets of doublets at 6 4.65 ppm and 6 4.20
ppm (2H, CHz). Concurrently, unreacted styrene oxide was monitored via its oxirane ring
methine proton at & 3.70 ppm (doublet of doublets). Comparative integration of these two
single-proton resonances revealed a product-to-starting-material ratio of 1:1 after 48 hours,

corresponding to a yield of styrene carbonate of 50% under the employed reaction conditions.

4. Conclusion

In this study, MIL-167 was successfully synthesized, and its crystal structure was preserved
under varying synthesis conditions, including changes in autoclave volume. Partial substitution
of Ti with W at different molar ratios did not alter the crystal structure, as confirmed by X-ray
diffraction, while X-ray fluorescence indicated the presence of tungsten in the samples.
However, the exact location of W within the framework remains uncertain, and it is possible
that tungsten species are partially located within the pores rather than being fully incorporated
into the framework nodes. Spectroscopic and thermal analyses revealed no major structural
differences between pristine and W-modified MIL-167, suggesting that the framework remains

largely unchanged upon modification.

The absence of crystalline product in the synthesis without methanol highlights the critical role
of methanol in the formation of MIL-167, likely through its involvement in hydrolysis,
coordination, and nucleation processes during solvothermal synthesis. Functional studies
revealed that W doping did not enhance the expected properties: nitrogen physisorption results
suggested inaccessible porosity, potentially due to pore blockage or reduced pore size.
However, some catalytic activity was observed in the cycloaddition of CO: to epoxides.
Additionally, UV—Vis studies indicated altered optical behavior in heterojunction systems,

though further investigation is required to establish their photocatalytic relevance.
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Overall, while tungsten incorporation was achieved to some extent, it did not lead to significant
improvements in structural or functional properties. Future work should focus on improving
metal incorporation into the framework nodes, optimizing synthesis conditions—particularly
solvent composition—and exploring alternative strategies to enhance porosity and catalytic

performance.
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Figure S1. '"H NMR spectrum of reaction for the conversion of styrene oxide to styrene

carbonate after 24 h
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Figure S2. 'H NMR spectrum of reaction for the conversion of styrene oxide to styrene

carbonate after 48 h
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