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Herein, we report a microwave-assisted acid-induced post-treatment method for the formation of linker
vacancies within Zr-based metal organic frameworks (Zr-MOFs). The number of linker vacancies can be
easily regulated with this method by changing the concentration of the HCI solution and the duration of
microwave irradiation. The optimized defective UiO-66 showed higher linker defects with a higher

specific surface area and thermal stability. The results of the catalytic cyclization of citronella showed
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that the Zr-MOFs with more defects exhibited enhanced catalytic performance. This work may provide a
new method for the creation of defective MOFs with high activity and stability.
© 2020 Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.

Published by Elsevier B.V. All rights reserved.

Metal organic frameworks (MOFs) are a kind of crystal
materials with porous structure formed by coordination of metal
ions or clusters with organic linkers [1,2]. Owing to the merits of
presence of rich unsaturated metal active sites, chemically
modifiability, high specific surface areas, and ordered porosity,
these materials have attracted intensive attention in the fields of
heterogeneous catalysis [3-5], adsorption/separation [6,7], drug
delivery [8], sensing [9], and so on. However, their widespread
applications still suffers from the hydrostatic stability, because the
formation of frameworks is resulted from the weak coordination
interaction, which makes MOFs very sensitive to moisture [7,10].
Long-term efforts have finally led to the successful preparation of
Ui0-66 [11], a 12-coordinated zirconium-based MOF, which is
highly stable when exposed to 400 °C under air and aqueous
solutions (neutral, or even acidic and basic solutions), reminiscent
of a kind of industrially used porous materials, zeolites. This
principle could be applied to prepare a series of water-stable
zirconium-based metal organic frameworks, which have been used
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as supports for immobilization of catalytically active sites, such as
metal nanoparticles and molecular catalysts [12-14].

The intrinsic catalytic activity of MOFs often originates from the
unsaturated metal active sites serving as Lewis acids for
heterogeneous catalysis. However, the activity of metal compo-
nents of Zr-MOFs is seriously weakened by the fully saturated
eight-coordination-environment of each zirconium atom in the
frameworks [11]. Defect engineering, referring to the application of
controlled defects (such as vacancies, dopants and lattice
disorders), has recently been applied to create unsaturated metal
sites in the metal oxides and MOFs for improving electrocatalysis
and heterogeneous catalysis, respectively. Missing linker in the
structure is an effective strategy to create defects for improving the
catalytic performance of MOFs. For instance, De Vos et al. [15]
demonstrated that pristine UiO-66 almost displayed no activity for
the Meerwein reduction of 4-tert-butylcyclohexane with isopro-
panol (only 5% conversion after 24 h), whereas, the conversion rate
reached 70% for defective UiO-66. Van Speybroeck et al. [16,17]
further confirmed the condensation reaction of benzaldehyde and
heptyl crossol aldehyde was only carried out for UiO-66 with
ligand vacancies and consequent unsaturated Lewis acid sites on
Zr** by combination of experimental and theoretical studies.
Typically, ligand vacancies can be created through the “de novo”
synthesis and postsynthetic treatment [18]. De Vos et al. developed
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a modulation approach to create linker vacancies within UiO-66 in
the presence of trifluoroacetic acid and HCI during the synthesis,
which significantly promote the conversion of citronellal to 3-
methyl-1,3-butanediol compared with UiO-66 synthesized with-
out the modulator [15]. Feng et al. [19] employed a hemilabile
linker (4-sulfonatobenzoate) to synthesize a hemilabile UiO-66,
the defects of which could be created through a postsynthetic
treatment with H,SO4. Liang et al. [20] promoted the formation of
ultrafine metal oxide nanoparticles by thermal decomposition of
the linker, ultrasmall metal oxide nanoparticles immobilized in an
open framework that exhibits high catalytic activity for Lewis acid-
catalyzed reactions. Nonetheless, the postsynthetic treatment is
not achievable for directly producing defects within pristine UiO-
66 by consideration of the robust stability even within acidic
solutions. Now, we develop a microwave-assisted acid-induced
post-treated method for formation of linker vacancies within Zr-
based metal organic frameworks. The physical characterization
proves that the MOF materials with abundant unsaturated metal
active sites can be obtained by this post-treatment method.
Therefore, these MOF materials have better catalytic performance.

The following is the synthesis method of Ui0-66 and MOF-808.
Firstly, the synthesis of UiO-66 is 207 mg ZrOCl,-8H,0 was
weighed and dissolved in 20 mL N,N-dimethylformamide (DMF),
then 5cm?® acetic acid was added and ultrasonic treatment was
conducted until the solution was completely dissolved. Then weigh
120mg of terephthalic acid into the mixture and conduct
ultrasound for 20 min until it is completely dissolved. The mixture
was transferred into a bottle with bag cover of 30 cm? and reacted
in the oven at 120 °C for 24 h. After it was naturally cooled to room
temperature, the white sample was obtained by centrifugation.
After being washed in DMF for three times, the mixture was soaked
in acetone for three times, each time for 12 h. After vacuum drying
at 60°C for 12 h, white UiO-66 powder was obtained. Vacuum
drying at 200°C for 24h removed the adsorbed high boiling
solvent molecules from the sample.

Then, MOF-808 was synthesized according to existing reports.
1.042 g H3BTC and 1.94g ZrOCl,-8H,0 were dissolved in the
mixture of formic acid/DMF (45 cm®/45 cm?®). After the mixture
was completely dissolved and mixed evenly, the mixture was
divided into two sealed reaction reactors of 100 cm> and reacted in
the oven at 130°C for 48 h. After cooling to room temperature,
wash with DMF three times, soak in acetone, and replace acetone
once for 12 h, a total of three times. After drying at 60 °C for 12 h,
the white powder was dried again at 200 °C for 12 h.

Next, the process of microwave acid treatment of MOF was HCl
solutions of different concentrations were prepared, which were
0.01,0.1,0.5,1 mol/L, respectively. Weigh 100 mg of UiO-66 sample
powder and pour it into the microwave tube. Then measure 20 mL
0.5 mol/L hydrochloric acid solution into the microwave tube and
stir magnetically for 10 min until the UiO-66 powder is completely
dispersed in the hydrochloric acid solution. Finally, the closed
microwave tube was put into the reactor, and the reaction
conditions were set as 100 W, 100 °C, and the reaction time was
from 30 min to 3 h. After cooling, the solution was centrifuged,
washed with ultra-pure water, and ultrasonic. The operation was
repeated for several times until the solution became neutral.
Vacuum drying at 60 °C for 12 h, and then again drying at 200 °C
and 12 h for activation. Similarly, MOF-808 was treated with a
similar method. hydrochloric acid solution of 0.1 mol/L was
selected and microwaved for 30 min, 1 h and 2 h respectively to
obtain samples with different treatment times. The microwave
reactor used in this experiment is Discover SP (CEM, U. S. A.).

Finally, the catalytic performance of different materials were
tested by cyclization of citronella aldehyde. A solution of toluene
containing citronellal was added to a three-mouth flask containing
10mL glass containing MOF. For each catalyst, the ratio of

citronellal to Zr is 15:1. After the reaction mixture is introduced,
the flask is connected with the reflux condensing device, placed in
an oil bath at 110°C and stirred. Every certain time, the reaction
liquid of about 0.2 mL was taken and filtered through a 200 nm
filter to obtain the samples to be tested and analyzed by gas
chromatography (Shandong Lunan SP-7890, FID).

Motivated by the principle of microwave interaction, we
expected that strong coordination bonds between Zr and O could
be broken upon the strong oscillation of acidic polar molecules
(such as HCl) generated with microwave. Herein, we demonstrated
that the microwave irradiation could promote effectively the acid-
induced formation of linker vacancies within UiO-66. The number
of linker vacancies can be regulated through changing the
irradiation time and the concentration of HCI solution. It is found
that increasing the irradiation time and the concentration of HCI
solution can increase the number of linker defects, and the optimal
condition is 0.5mol/L HCl solution for 1h under microwave
irradiation, where defective UiO-66 displays the largest specific
surface area with desirable linker vacancies (number of linker
vacancies is 5.0 vs. 1.8 for pristine UiO-66). The optimized defective
Ui0-66 contains more exposed unsaturated Zr** active sites, which
can serve as an effective Lewis acid for cyclization of citronella to 3-
methyl-1,3-butanediol (Fig. 1). This defective UiO-66 show
significantly improved catalytic activity with a conversion of
68.1% compared with that of 5.4% for pristine UiO-66. Whatever,
the microwave-assisted acid induction strategy represents an
effective method to create rich linker vacancies to expose more
Lewis acid active sites for heterogeneous catalysis.

We selected UiO-66 as an initial model to create defective Zr-
based MOFs with linker vacancies. Defective UiO-66 was synthe-
sized with a two-step procedure. UiO-66 was first prepared with a
typical solvothermal reaction (hereafter abbreviated as UiO-66s7),
which was subsequently treated with an HCl aqueous solution
under the microwave irradiation at 100 °C to produce defective
Ui0-66 (noted as UiO-66pmw-mvnn, Where M and h represent the
concentration of the HCl aqueous solution and the irradiation time,
respectively). The number of defects (linker vacancies) was
controllable through regulation of the concentration of the HCI
aqueous solution and the irradiation time. The morphology of as-
prepared samples was characterized with scanning electron
microscopy (SEM). As shown in Figs. 2a and b, UiO-66st shows a
regular octahedron shape with an average diameter of around
240 nm. After the microwave irradiation, no obvious change of
particle size was observed except that the particles turned to a
truncated octahedron shape with a rough surface, indicative of the
etching phenomenon. The crystal structures of UiO-66yw-05m1n
and UiO-66st were determined with powder X-ray diffraction
(PXRD). Figs. 2c¢ and d shows that both UiO-66yw.gsmin and
UiO-66sr have the same crystal system and cell parameters
without any impurity, which match very well with the simulated
PXRD pattern of a pure crystalline UiO-66 built-up in a cubic unit-
cell with a Fm3m space group [11]. It is also mentioned that varying
the concentration of the HCl aqueous solution and the irradiation
time did not change the crystal structures of samples with slight
decrease of the intensity possibly because of the increase of the
defects (Fig. S1 in Supporting information).
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Fig. 1. Conversion of citronellal to 3-methyl-1,3-butanediol.
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Fig. 2. SEM images of UiO-66 without (a, UiO-66sr) and with (b, UiO-66yw-05m1n) the microwave treatment; (c) PXRD patterns of UiO-66yw-osm1n and UiO-66sy, and
simulated pattern of UiO-66; and (d) N, adsorption/desorption isotherms of the UiO-66\w-o0.sm1n and UiO-66sr (Inset: the corresponding pore diameter distribution curves).

The specific surface area and porosity of UiO-66yw-o.5m1n and
UiO-66sr were measured through N, adsorption/desorption
isotherms (Fig. 2d). The pore volume and specific surface area of
pristine UiO-66sris 0.58 cm?/g and 1564 m?/g, respectively, higher
than those calculated from the perfect UiO-66 structure
(0.426 cm3/g and 954 m?/g). This is reasonable because acetic
acid used during the synthesis of UiO-66sy, which served as a
modulator to create the ligand defect to increase the pore volume
and surface area of MOFs [21]. After treated with the microwave in
the HCl aqueous solution (0.5 mol/L for 1 h), the pore volume and
specific surface area of MOF were increased significantly to 0.71
cm?/g and 1864 m?/g, indicating more ligand defects were created.
Pore size distribution also showed that the pore size shifted
positively and mesopores centred at 2.3 nm were observed,
confirming the presence of more ligand vacancies.

The number of ligand defects could be calculated from
thermogravimetric analysis (TGA), which is more efficient to
investigate the study defects in MOFs since the weight loss with
TGA directly reflect the number of ligands present in defective
MOFs. The numbers of defects were calculated according to the
method as described by Lillerud and co-authors [15,22]. The
formula of fully dehydroxylated UiO-66 with the perfect structure
is ZrgO0g(BDC)g (BDC represents benzene-dicarboxylate) and each
Zrg cluster is coordinated with 12 linkers. TGA curves of as-
prepared samples were normalized so that end weight (weight
percentage of ZrO,) and weight of perfect UiO-66 were equal to
100 and 220.2 wt%, respectively (Fig. 3a and Fig. S2 in Supporting
information). The average defect per cluster for UiO-66st is 1.8,
which means that, on average, 1.8 out of 12 linkers were removed
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Fig. 3. Normalized TGA results of UiO-66sr (a), and defective UiO-66yw-mmin (b)
prepared with different acid concentrations.

for each Zrg clusters in a unit cell. This result shows the modulation
method could produce some linker vacancies to certain extent.
After treated with the microwave in 0.5 mol/L HCI solution for 1 h,
average defect per cluster for UiO-66 increased obviously to 5.0,
indicating that averagely 5 out of 12 linkers were removed in the
UiO-66pw-o5m1n. It should be mentioned that the maximum
defect of linkers is 6.0 to maintain a 3D framework for UiO-66. The
effect of the concentration of HCI solution and the microwave
irradiation time on the defects of UiO-66 was investigated as well,
shown in Fig. 3b and Fig. S2. These results show that increasing the
irradiation time and the concentration of HCI solution can increase
the number of linker defects, but UiO-66y\w-0sm1n displays the
largest specific surface area with desirable linker vacancies.
Additionally, in the absence of HCl, the number of linker defects
is only 2.9, close to that of pristine UiO-66 but less than that in the
presence of 0.5 mol/L of HCL. This result also demonstrates that the
formation of linker defects is induced by HCI and promoted by the
microwave irradiation. Whatever, the microwave-assisted acid
induction represents an effective method to create rich linker
vacancies.

In general, thermal stability of MOF would be compromised
with the presence of defects, which can be reflected from TGA data.
Interestingly, in our case, the thermal stability of defective UiO-66
increases, where the decomposition temperature under air shifts
from 370°C (UiO-66s7) to around 450 °C (UiO-66pw-0.5m1n)- FEng
et al. [16] previously reported that defective UiO-66 prepared with
the hemilabile linker showed improved thermal stability as well,
which was attributed to presence of sulfate groups as evidenced by
Density functional theory (DFT) calculations. Herein, we propose
three reasons might be responsible for the stabilization of
defective UiO-66. First, the instability of previous defective MOFs
was resulted from the presence of larger domains of missing linker
defects, which would be detrimental to the stability of MOF
structures. Beneficial from the homogeneous action on the
framework of the microwave, ordered small defects could be
created within the structures of UiO-66, so that the stability would
not decrease [23]. Second, the microwave irradiation might
promote the reconstruction to stabilize the frameworks. This is
as evidenced by comparison with TGA curves between pristine
UiO-66 and UiO-66 treated in pure water under microwave, which
exhibits the thermal stability slightly improved after microwave
irradiation (Fig. S3 in Supporting information). Third, chloride may
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Fig. 4. Citronella conversion rate of UiO-66 as catalyst, under different heat
treatment methods (a), different concentrations of hydrochloric acid (b).

play the similar role in the stabilization of the UiO-66 frameworks
with the sulfate groups as described by Feng et al. [19]. By
surveying the TGA results of as-prepared samples, the pristine UiO-
66 still contains monocarboxylate modulators (acetate), which will
decompose over a range of 200—-350°C. After treated in the HCI
solution, very less weight loss was observed in this range,
indicating acetate was mostly removed and the frameworks would
be compensated with chloride, which might stabilize the structure
of defective UiO-66 [22].

Abundant linker vacancies within UiO-66 will expose more
unsaturated Zr active sites as Lewis acids, encouraging us to extend
their catalytic application. Citronella is a natural product from
plants, conversion of which represents a sustainable route for
production of feedstocks [17,24]. Hence, we selected the “ene-
type” cyclization of citronella to 3-methyl-1,3-butanediol as a
model reaction to test the catalytic acidity of defective UiO-66. All
samples were activated under vacuum at 200 °C for 12 h before
experiment to fully dehydroxylate the inorganic clusters for
exposure of unsaturated active sites. As seen from Fig. 4a, the
pristine UiO-66 before microwave irradiation only shows extreme-
ly low conversion (5.4%) after 4 h; whereas for UiO-66yw-o0.5M1hs
the conversion can reach 68.1% under the same conditions, fully
confirming that the linker vacancies within UiO-66 can signifi-
cantly improve the activity of Lewis acid. To clarify the function of
the microwave, pristine UiO-66 was also treated in HCl solution for
1h without microwave irradiation (noted as UiO-66¢g.g.smin)-
Compared with UiO-GBMW_0‘5M1h, UiO'GGCE_O,SMﬂ-l exhibits a
conversion of 54.6% at the same condition, 13.5% less than
UiO-66p\w.-0.5Mm11 confirming that the microwave irradiation would
result in more active sites. The influence of the concentration of
HCI solution and the microwave irradiation time on the catalytic
activity of defective UiO-66 was also investigated. Without or with
less HCI, the as-formed UiO-66 merely displayed very limited
improvement of the catalytic activity with a conversion of around
14.8% after 4 h. Increasing the concentration of HCl would further
improve the activity because of the increase of linker defects to
expose more Lewis acid active sites. The optimal concentration is
0.5 mol/L because of highest specific surface area. With further
increasing the concentration, the structure possibly collapse to
some extent to decrease the surface area so as to screen some
active sites even more linkers were lost. The trend of the effect of
treatment time on the activity is similar with that of the
concentration of HCI (Fig. S4 in Supporting information).

The leaching test was further carried out for UiO-66y\w-0.5Mm1hs
where no reaction happened after the catalyst was removed (Fig. S5
in Supporting information), confirming the heterogeneous nature of
defective UiO-66. The microwave-assisted acid-induction method
was further to applied to MOF-808, a larger porous Zr-based MOF
formed by coordination between Zrg cluster and 1,3,5-benzene-
tricarboxylic acid (H3BTC) with a formula of ZrgOs(OH)s(BTC),(H-
C0O0)s. The MOF-808 nanoparticles also underwent obvious surface
roughness after treated in 0.1 mol/L HCI solution with microwave
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(Fig. S6 in Supporting information). When applied to cyclization of
citronella, the conversion for MOF-808 reaches 81.1%, 40% higher
than that for pristine MOF-808, illustrating more acidic active sites
were exposed after the microwave-assisted acid treatment(Fig. S9in
Supporting information).

In summary, we have demonstrated that a post-treatment
method could be applied to creating linker vacancies within stable
Zr-based metal organic frameworks including UiO-66 and MOF-
808 through microwave-assisted acid induction, and by changing
the concentration of hydrochloric acid and the time of microwave
in the post-treatment, the amount of defects can be controlled
effectively. As well as, the surface morphology of MOF samples
after post-treatment changed to a certain extent and the specific
surface area was greatly increased. The results of catalytic
performance test shows that the MOF with abundant defects
have better catalytic performance, and they have good stability.
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