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Abstract: Herein, we present the investigation of a fast modulated synthesis of micro/meso sized ZrMOF,
porous materials known as UIO-66, containing terephtalic acid (H:2BDC) as organic linker using an excess of metal
salt precursor and different concentrations of acetic acid (AAc) as organic modulator. The increase in the
concentration of modulator up to a certain value leads to an improvement of surface area and a modification of pore

structure by producing mesopores at the expense of micropores.
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INTRODUCTION

Metal-organic frameworks (MOFs) are an
innovative class of crystalline porous
materials constructed from metal nodes or
clusters coordinated by organic linkers into
two-dimensional or three-dimensional
extended periodic network structures (Chen et
al. 2019, Sharmin et al. 2016). These
compounds have attracted much interest in
recent years, due to i) their structural and
topological characteristics and ii) for large
area of applications based on their large
internal surface area, permanent porosities,
tunable pores, as well as their versatile
functionalities (Li et al. 2016, Fang et al.
2018). Different combinations of metals and
organic binders may provide an infinite
number of MOFs structures with distinct
physico-chemical properties (Bai et al. 2016).
The type of metal centre (ion radius,
coordination number, electron configuration),
interaction/ distances between the metal ions,
the coordination ability of the ligand and the
ligand shape (bend, length, and substituents)
controls the entire structure topology (Xiong
et a. 2016). Different types of carboxylate
ligands, flexible and rigid ones, are employed
in the construction of MOFs (Wang et al.
2015), though the  aromatic  rigid
dicarboxylate ligands have been extensively
used due to the stability and permanent
porosity of the resulting materials (Angeli et
al. 2020). Other factors with relevance in the
MOFs architecture are metal-to-ligand molar
ratios, solvent and reaction temperatures,

counter ions and pH values of the reaction
systems, etc (Seetharaj et al. 2019, Yao et al.
2019, Li et al. 2017, Winarta et al. 2020).

ZrMOFs are one of the most studied porous
materials based on their high porosity,
exceptional thermal, structural and water
stability, with versatile potential applications,
including gas storage (Ghanbari et al. 2020),
molecule adsorption (Chang et al. 2020, Guan
et al. 2020), catalysis (Su et al. 2020,
Kirlikovali et al. 2020), drug delivery (Jiang
et al. 2019), luminescence biosensing (Liu et
al. 2020), molecular recognition (Wang et al.
2019) and so on. The enhanced stability of
ZrMOFs can be attributed to the strength of
the Zr-O coordination bonds caused by acid-
hard base interactions between Zr (IV) atoms
and oxygen atoms (Drout et al. 2019). The
first ZrMOFs (UIO-66 series) based on
terephtalic acid derivative were reported by
Cavka and colaborators (Cavka et al. 2008),
wherein ZrsO4(OH)s4 octahedral secondary
building units (SBUs) link twelve linear
dicarboxylate linkers, each in three
dimensions to form a highly porous structure
and high structural resistance against water
and external mechanical pressure (Kalaj et al.
2020, Han et al. 2018). The obtaining of large
single crystal or compact polycrystalline films
are hard to achieve. Thus, in this direction,
numerous studies have been showed that the
inclusion of monocarboxylic acids as
modulators, into the synthesis of zirconium
MOFs can help the crystallization of the final
product (Feng et al. 2015) by slowing down
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the crystal formation or can affect it turning in
a gel-like amorphous product (Hu et al. 2015).
Schaate et al. (Schaate et al. 2011) have
shown the importance of choosing of a proper
type and amount of modulator and
maintaining an equilibrium exchange between
the modulator and dicarboxylic acid used in
order to control the crystallite and particle
sizes of the product. Moreover, the modulator
or the linker can promote the formation of
defects in the MOF structure, followed by an
increase in the surface area and pore volume
(Helal et al. 2020) with a positive impact in
applications such as gas adsorption and
catalysis (Taddei 2017, Ren et al. 2017)

Since the MOF architecture 1is greatly
dependent on the metal-to-ligand molar ratios
and the majority of the studies are based on a
1 to 1 molar ratio, we chose to investigate the
modulator influence in metal precursor excess
synthesis condition respectively in a 1.5 to 1
metal-to-ligand ratio. Accordingly, herein we
report the investigation of a fast modulated
synthesis of micro/meso sized ZtMOF porous
materials containing terephtalic acid as
organic linker, excess of Zr salt precursor and
different concentration of acetic acid (AAc) as
organic modulator.

MATERIALS AND METHODS

All commercially available reagents and
solvents were of analytical grade and used
without further purification. Zirconium
oxychloride octahydrate (ZrOCl-8H>0),
N,N-dimethylformamide (DMF) were
purchased from Riedel de Haén, terephtalic
acid (H.BDC) and ethanol (EtOH) were from
Sigma Aldrich, and acetic acid (CH3COOH)
was purchased from Silal Trading. Infrared
spectra (KBr) in the range 4000-400 cm'!
were recorded on a Cary 630 FT-IR
spectrophotometer. Thermal analysis curves
were obtained in the temperature range of 25-
800 °C (heating rate of 10 °C/min) using a
TGA/SDTA 851/LF/1100 Mettler Toledo
thermo-gravimetric analyzer. The experiments
were conducted under a nitrogen flow of 50
mL/min and dynamic atmosphere of air
introduced at 800 °C followed by a final
isothermal heating for 15 min. The samples
with mass of about 10-20 mg were placed in

alumina crucible of 150 mL. The textural
parameters were obtained by using Surface
Area & Pore Size Analyzer Quantachrome
Nova 1200e apparatus. In order to prepare the
material for analysis, the samples were
degassed under vacuum for 17 h at 100°C.
The N> adsorption-desorption isotherms were
acquired using 44 point in the 0.05-1 P/Po
interval at 77K. Using a NovaWin software,
the surface area was determined using BET
(Brunauer, Emmett, Teller) (Brunauer et al.
1938) and the total pore volume was
determined from the last point which is
closest to 1P/Po. The pore size distribution
(PSD) was determined by DFT method using
the calculation model: N> at 77 K on carbon
for slit pore with NL-DFT (Non-Local
Density-functional theory) equilibrium model
(Ravikovitch et al. 1995). This method is
specific ~ for  microporosity not  just
mesoporosity.

Synthesis

The synthesis of zirconium-dicarboxylate
MOFs s noted as ZrMOF _equivalents of acetic
acid, was based on a previously reported
procedure with some amendments (Chen et al.
2018). ZtMOFs were prepared in a closed
bottom flask by heating solutions containing
zirconium salts as precursor, terephtalic acid
as ligand, and acetic acid as a modulator.
General method: Terephtalic acid (400 mg,
2.4 mmol), ZrOCl-8H,O (1150 mg, 3.5
mmol), acetic acid (amounts of AAc: 0 mL
for ZrMOF 0Oeq; 2.65 mL, 46 mmol for
ZtMOF 13eq; 53 mL, 92 mmol for
ZtMOF 26eq; 10.6 mL, 185 mmol for
ZtMOF 52eq; 21.2 mL, 370 mmol for
ZrtMOF 104eq), DMF (18 mL) were
combined in a 50 mL borosilicate glass,
sealed and heated to 120°C for 24 h. The
solution was cooled at room temperature. The
white polycrystalline powders were collected
by filtration and air dried. As-synthesized
samples were washed with 10 mL of DMF
two times/day during three days and
immersed in ethanol, followed the same
procedure as washing in DMF. The solid was
then dried at 160°C under vacuum for 12 h to
yield activated sample.
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RESULTS AND DISCUSSIONS

All ZrMOFs reported here were obtained
keeping constant the solvent volume and the
molar ratio between terephtalic acid and
zirconium salt (1:1.5) and increasing the
amount of AAc from 0 to 104 molar
equivalents. Similar studies were reported on
ZrMOFs based on terephtalic (UIO-66) using
different metal-ligand molar ratio and various
types/amount of modulator (Li et al. 2016,
Schaate et al. 2011, Han et al. 2015).
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Figure 1. FT-IR spectra of the ZrMOFs samples with
different amount of AAc vacuum dried at 160°C.

The FT-IR spectra of the samples (Figure 1)
reveal the presence of coordinated
carboxylate groups by the asymmetric and
symmetric stretching vibrations found around
1580 cm! and 1400 cm’!, respectively (Yang
et al. 2018) when compared with the free
ligand presenting only one band at 1680 cm.
The bands around 1660 cm! observed in all
samples can be attributed to the stretching
modes of the carbonyl group (C=0) of the
DMF residues trapped inside the pores
(Winarta et al. 2020). The bands in the range
1156-1100 cm™! and 781-482 cm! are

assigned to the C-H in-plan and out-of-plane
ring bending, respectively (Silverstein et al.
1998). The bands found in the range 661-653
cm! are attributed to asymmetric vibration of
the Zr-(u3-O) bridges in the framework
building blocks (Piszczek et al. 2007) and the
band around 500 cm™! is associated with the
stretching vibration of Zr-(OC) bonds (Wang
etal. 2017).

The thermal decomposition of the activated
ZrMOFs was investigated in dynamic
nitrogen atmosphere from ambient
temperature to 800°C when air dynamic
atmosphere was introduced followed by an
isothermal heating for 15 minutes (Figure 2).
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Figure 2. TGA (solid line) and DTG (short dash line)

curves of the activated ZrMOFs.

All samples have been vacuum dried at
160°C; however, they are highly hygroscopic
when kept in air atmosphere. The TG/DTG
curves revealed three important weight loss
steps highlighted on DTG curve by intense
and well delimited peaks (first and third steps)
and broad peaks (second step) (Tablel). The
first step in the curve was in the range of
temperature from 25°C to 150°C and can be
attributed to the loss of the physisorbed water.
The weight loss of water increases from the
free acetic acid sample to the sample with
highest content of modulator as follows:
11,58% (ZrMOF 0eq) < 18.29%
(ZrtMOF 13eq) < 19.44% (ZrMOF 26eq) <
21.06% (ZtMOF _52eq) < 23.35%
(ZrMOF 104eq). The increased capacity to
retain water can be explained by the changes
of the porous structure and surface area (Pan
et al. 1996). The second step, up to 420°C,
contain two not well resolved weight losses
associated with the dehydroxylation of the
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metal node (ca. 150-330°C), and removal of
acetic acid (ca. 330-420°C) (Ardila-Suarez et
al. 2019). In the third step, starting with
420°C the decomposition of the linker
(terephtalic acid) took place, followed by the
obtaining of ZrO> residue, after complete
degradation of the organic moiety at 800°C.

Table 1. Temperature of decomposition stages on DTG
tomograms and the content of ZrO»
Samples Tpear [°C] Residuum
1%]
Pistep  2"step 3" step Zr0;

ZrMOF _0Oeq 67.8 262.0 550.6 44.87
800.0

ZrMOF_13eq 73.9 255.2 540.7 40.20
368.8 800.0

ZrMOF_26eq 75.4 256.4 540.5 39.44
369.6 800.0

ZrMOF_52eq 79.7 258.7 550.7 37.26
3835.9 800.0

ZrMOF _104eq 78.9 252.5 547.2 35.56
379.2 800.0

Tpeak, DTG peak temperature (maximum change of weight)

Based on the fact that ideal (defect-free)
(dehydroxylated) UiO-66 ZrMOF has the
formula ZrsOs(BDC)s, the values of weight
loss (%) between 420 and 800°C (after
desolvation, dehydroxylation, and modulator
loss) allow us to estimate a number of 3.47,
3.17, 3.12, 3.25, 3.25 ligands in each unit of
ZtMOF 0Oeq, ZrMOF 13eq, ZrMOF 26eq,
ZtMOF 52eq and ZrMOF 104eq (Li et al.
2016). The large number of missing linker
could be explained by a possible competition
between the linker and DMF/modulator (with
the same chemical functionality as the linker)
to bind the metal node resulting in sample
with missing linker or cluster defects (Han et
al. 2015, Shearer et al. 2016, Winarta et al.
2020). The decrease of the percent of
remaining ZrO; residue with increasing of
modulator amount (Tablel) most probably is
due to a material structure change (i.e.
missing cluster defects, the porosity changes,
etc.).

N; adsorption-desorption isotherms

The N isotherms for ZtMOF samples with or
without acetic acid are presented in Figure 3.
After ITUPAC (Thommes et al. 2015) the
recorded isotherms are type Ib and IV and the
materials exhibits micropores and mesopores.
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Figure 3. N2 adsorption-desorption isotherms of
ZrMOF samples

The sample ZrMOF 0Oeq with free AAc
presents a type I[Va isotherm, specific to
capillary condensation, accompanied by H4
type hysteresis. The hysteresis loop H4 is
specific to mesoporous materials associated
with a small percent of microporosity. When
acetic acid was added, the isotherms start to
modify. In case of sample ZrMOF 13eq the
isotherm is type IVa with H2b) hysteresis.
The H2b) type of hysteresis loop is
characteristic for complex pore with larger
neck widths associated with pore blocking
model. For these loops, the sample exhibited a
plateau at the desorption branch which
surpassed the plateau recorded for the
adsorption branch. ZtMOF 26eq presented a
type IVa isotherm with H1 hysteresis. This
type of hysteresis is associated with ink-bottle
pores where the width of the neck size
distribution is similar to the width of the
pore/cavity size distribution (Thommes et al.
2015). For samples with 52eq and 104eq of
AAc, the isotherm shows the type Ib
isotherm. This type of isotherm is
characteristic for the materials that contain a
small amount of mesopores and the majority

part are micropores.
Table 2. Textural parameters

Samples 1 2 3 4 5
ZrMOF _0Oeq 4.57 373 261 0.20 0.11
ZtMOF _13eq 18.55 741 484 0.96 0.21
ZtMOF _26eq 28.36 703 382 1.16 0.17
ZtMOF _52eq 27.37 607 417  0.57 0.18
ZtMOF 104eq  3.77 692 486 0.46 0.22

1 - DFT, Pore diameter [nm]; 2 - BET, surface area [m*/g]; 3 - V-t
method, Micropore area [m*/g]; 4 - Total pore volume[cm’/g], 5 -
Alpha-S, Micropore volume [cc/g]
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The specific surface area (calculated with
BET method) of the materials almost doubles
with the addition of the organic modulator;
the highest surface area (741 m?/g) being
registered for the sample with 13eq of acetic
acid with a total pore volume of 0.96 cc/g
(Table 2). ZtMOF 26eq shows a surface area
(703 m?*/g) smaller than the previous sample,
but a higher total volume of pores, with a
value of 1.16 cc/g. The specific surface area
continues to decrease to 607 m*g for
ZrtMOF 52eq with a halved value of total
pore volume of 0.57 cc/g. Increasing the
concentration of the modulator to 104 eq, an
increase of surface area was observed (692
m?/g) with a total pore volume of 0.46 cc/g,
this means that for a certain limit of the
modulator concentration, the specific surface
area decreases and then above this limit it
starts to increase again.

Absence of modulator seems to alter the
mesoporous network of the material up to a
point where cavitation take place (Thommes
et al. 2015). Also, acetic acid in excess
(sample ZrMOF 104eq) may degrade the
material and even if the porosity increases,
more micropores are formed at the expense of
mesopores. However, all the samples studied
here have a surface area smaller than those
recorded for UIO-66 samples (Wu et al
2013).

The pore size distribution obtained with DFT
method is presented in Fig. 4.
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Figure 4. Pore size distribution

From Figure 4, can be observed that in case of
sample with Oeq, 52eq and 104eq of AAc, the
material presents a wider unimodal

distribution in the micropore and mesopore
region, with pore diameter of almost 4 nm
(for Oeq and 104eq) and 27 nm (for 52eq),
calculated with DFT method. For sample with
13eq of AAc, the material presents a bimodal
distribution with larger pores of 18 nm. We
observe an increase in pore width up to
sample ZrMOF 26eq becoming multimodal
distribution with a diameter of pores of 28
nm.

In Figure 5 is presented the microporosity
percent calculated with Alpha-S method.
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Figure 5. Microporosity percent calculated with
Alpha-S method

It can be observed that the highest
mesoporosity percent was obtained for sample
ZtMOF 26eq. The highest content of
microporosity was observed for sample
without AAc and sample with the highest
content of AAc with a value of ~70%.

CONCLUSIONS

In summary, we have carried out a short study
of modulator effects on the surface area of
some zirconium metal-organic frameworks
based on terephtalic acid, in excess of Zr(IV)
precursor salt. Based on thermogravimetric
analysis, increasing the modulator
concentration resulted in more hygroscopic
materials with some missing linker defects.
The presence of these defects was
investigated by  nitrogen  adsorptions-
desorption isotherms. An improvement of
surface area and a change of pore structure by
producing mesopores at the expense of
micropores were observed in the presence of
modulator. However, the amount of
modulator should be carefully chosen to
control the surface area, pore volume and type
of porosity.
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In conclusion, the insertion of a modulator
during synthesis and its removal by activation
process generates materials with missing
linker/cluster defects even in condition of
metal salt precursor excess. We showed that
an increase in the concentration of modulator
up to a certain value leads to an improvement
of surface area and a modification of pore
structure by producing mesopores at the
expense of micropores.
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