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The use of large amounts of deleterious solvents in the synthesis of metal-organic frameworks (MOFs) is
one of the important factors limiting their application in industry. Herein, we present a detailed study of
the synthesis of UiO-66, which was conducted with hydrobromic (HBr) acid as a modulator for the first
time, at a high concentration of precursor solution (ZrCl, and H,BDC, both 0.2 mol L™Y). Powder crystals
with atypical cuboctahedron structure were obtained which indicated that the HBr acid modulator
played roles by competitive coordination and deprotonation modulation, thereby controlling the
processes of nucleation and crystal growth. The properties of the obtained materials were systematically
characterized and compared with those of materials synthesized with hydrofluoric (HF) acid and
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Accepted 10th February 2022 synthesized with the HBr acid additive has the characteristics of larger specific surface area, excellent
thermal stability and higher porosity in the structure. Besides that, the present protocol has the
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1. Introduction

Metal-organic frameworks (MOFs), which have garnered
increasing attention due to their numerous applications in
fields such as gas storage/separation, luminescent sensing,
drug delivery and photocatalysis, constitute a class of micro-
porous materials with high specific area, flexible structure and
tunable properties."” Zirconium-based MOFs represented by
UiO-66 (UiO for University of Oslo) are a fascinating family of
robust porous materials with excellent stability. Owing to the
high oxytropic nature of Zr(v) (coordinated by 8 oxygen atoms
or ions) and the very close-packed coordination of secondary
building units (SBUs, coordinated with 12 linker molecules),
UiO-66 is claimed to have excellent thermal stability and
chemical stability which makes it highly resistant to solvents
such as water, DMF, benzene and acetone.®*° All these advan-
tages are precisely the disadvantages of many other MOFs,
making these compounds unattractive for many industrial
applications.

The synthesis of UiO-66 have been carried out successfully in
DMF by solvothermal method.*'* However, reducing or even
omitting costly organic solvents but maintaining high yield is
the prerequisites for large-scale industrial applications.”
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and sustainable route to diverse Zr-based MOFs.

Hence, it is necessary to study the synthesis process and the
corresponding properties of UiO-66 in high concentration of
precursors solution. Besides that, the properties of porous
crystal materials are closely related to its morphology, and the
precise control of which is still challenging. Crystal morphology
can be deliberately modulated through chemical reaction route
as well as crystal nucleation and growth rates during
synthesis."»'* Modulation approach, which was originally
invented by the group of Kitagawa,'>'® has been shown to
improve the reproducibility of the synthesis of Zr-based MOFs,
enhance the crystallinity of the products and in some cases
allow control over the particle size.'>"” Certain Zr-based MOFs
can in fact only be obtained using modulation."** Modulating
agent, usually an inorganic or organic acid, regulates the
deprotonation rate of organic linkers or competes with the
linkers for coordination sites at the metal centers which are
described as deprotonation mechanism and coordination
mechanism, respectively. The modulator reduces crystal
nucleation and growth rates, yielding a better control over the
MOFs formation. Hydrochloric (HCI) acid is the most studied
inorganic acid modulator.*** With the presence of hydrofluoric
(HF) acid, Guo and co-workers'” have successfully synthesized
UiO-66 with morphologies of cuboctahedron, which underwent
a competitive coordination with organic linkers. Indeed, the
acidity of haloid acid modulators and the base hardness of its
anions affect the deprotonation rate of ligands and the bonding
strength between the anions and Zr ions, which ultimately
change the overall rate of crystallization."”**** The
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corresponding structure and performance of MOFs will also
change. In fact, previous studies were carried out in low
concentrations of precursors solution that were generally not
higher than 0.05 mol L™'.#172%7 The effects of high concen-
tration of reactants on the yield and morphology of the prepared
materials were seldom reported.”® To the best of our knowledge,
the effects of hydrobromic (HBr) acid modulator in the
synthesis of UiO-66 and the applicable of the modulating
mechanism of modulators at high concentration have not been
reported. According to the hard and soft acid/base theory
(HSAB), the bond formed between Zr and Br ions is the weakest
among F, Cl and Br ions. Br ions bonded to Zr in the SBUs,
which compensate for the charge imbalance of frameworks, are
the easiest to be replaced by BDC. The exchange of linkers
which can ultimately reduce the linker-missing defects caused
by other haloid acid or the saturated precursors solution.
Moreover, highly acidic HBr could compete with the organic
linkers to coordinate with the Zr metal centers, thereby
controlling the processes of nucleation and growth of the UiO-
66 crystals.

Herein, the modulating effects of HBr acid on the yield,
morphology and other properties of UiO-66 crystals synthesized
from high concentration of reagents were systematically
studied. A comparative approach, taking into account the
aforementioned properties of the resulting materials, was
employed to study the modulating effects of inorganic haloid
acid modulators including HF, HCl and HBr acid. The resulting
materials were carefully characterized and the modulation
mechanism as well as the changes in structure and properties of
UiO-66 crystals caused by the introduction of halogen atoms
was also studied. In addition, a larger-scale synthesis was con-
ducted and the “greenness” of the process was also assessed.
The study will help for furthering the practical application of
MOFs in such fields as adsorption and so on.

2. Experimental sections

2.1 General information

Zirconium tetrachloride (ZrCl,, 99.95 wt%), 1,4-benzenedi-
carboxylic acid (H,BDC, 99 wt%) and N,N-dimethylformamide
(DMF, 99.9 wt%) were provided by J&K scientific Co. Ltd.
Hydrobromic acid (HBr, 40 wt%), hydrochloric acid (HCI,
37 wt%), hydrofluoric acid (HF, 40 wt%) and anhydrous meth-
anol (MeOH, 99.5 wt%) were purchased from Shanghai Aladdin
Biochemical technology Co. Ltd. All chemicals were used
without further purification.

2.2 Characterization of UiO-66

X-ray diffraction (XRD) data were collected at room temperature
by using a conventional high-resolution (6-26) diffractometer
(D8-ADVANCED, Bruker) with Cu-Ko radiation at a scanning
rate of 0.2° s~ from 3° to 50°. The size and morphology of UiO-
66 crystals were imaged by a field-emission scanning electron
microscopy (Quanta 250 FEG, FEI). FT-IR spectra of the samples
were recorded by a Nicolet 5700 spectrometer (thermoelectric)
in the range of 50-7800 cm ™ '. The elemental composition and
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the corresponding chemical states of UiO-66 was characterized
by X-ray Photoelectron Spectroscopy (XPS, Thermo Fisher
ESCALAB XI+). Thermogravimetric analysis (TGA) was per-
formed in the flux of air using DTG-60 thermogravimetric
analyzer (Shimadzu) in the range of 25-800 °C at 10 °C min™".
Surface area and pore characteristics were determined by ASAP
2460 analyzer (Micromeritics) using N, at 77 K. Prior to the
measurements, all the samples were degassed at 150 °C for 10 h.

2.3 Solvothermal synthesis of UiO-66

The synthesis of UiO-66 was based on the previous report* with
some changes in the concentration of precursors solution
(0.2 mol L™, limit of the solubility of precursors in DMF?%).
Equimolar ZrCl, (0.930 g, 4 mmol) and organic ligand H,BDC
(0.660 g, 4 mmol) were separately dissolved in total 20 mL DMF
under ultrasound for 30 minutes. The two solutions were then
mixed by ultrasonic stirring for 10 minutes. To study the
influence of modulators including HF acid, HCI acid and HBr
acid, 1-9 molar equivalents of inorganic acid to ZrCl, (denoted
as “eq.”, Table S1t) was then added with additional 5 minutes
ultrasound. The obtained solution was loaded into a 50 mL
Teflon-lined steel autoclave and then heated at 120 °C for 24 h.
The produced white powders were harvested by 5000 rpm
centrifugation for certain time, thoroughly washed with anhy-
drous methanol three times to remove the extra reactants and
DMF encased in the pore, then dried at 150 °C for 10 h to
remove the solvents. The samples were labelled as UiO-66-free
for sample synthesized without modulator and UiO-66-nHF,
UiO-66-nHCI, UiO-66-nHBr for samples synthesized with acidic
additive where n was the molar ratio of haloid acid to ZrCl, (n =
1-9). The reaction mass efficiency (RME, %, eqn (1)) was
employed to evaluate the process efficiency.”>*°

Muio-66
Mz; + Miinker

RME = x 100 (1)
where Muyio.e6, Mzr and Myinker are masses of materials prepared
and starting materials (ZrCl, and H,BDC linkers), respectively.

3. Results and discussion

3.1 Structure and properties of haloid acid-promoting
synthesized UiO-66

SEM images of selected samples synthesized with HBr acid
additive were presented in Fig. 1. The resulting crystals did not
exhibit well-defined morphology, but existed in form of
heterogeneous agglomerates with atypical cuboctahedron
structure. It may be mainly due to the relatively low pressure
under the saturation condition.”*! Increasing amount of HBr
acid modulator resulted in the acceleration of crystallization
rate. As shown in Fig. 1, however, no significant differences were
observed in particle size and degree of agglomeration. It indi-
cates that the modulating effects of HBr acid on decreasing the
growth rate of crystals were not obvious, although it did
increase the nucleation rate significantly. Based on the four
processes of UiO-66 fabrication described by Xu and
coworkers,** the assemble of multinuclear clusters from the
formed hexanuclear SBU with organic ligand H,BDC in UiO-66

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 SEM images of samples synthesized with (a) 1 eq. of HBr acid; (b) 5 eq. of HBr acid; (c) 9 eq. of HBr acid.

homogeneous precursor solution took place in a relatively short
period of time, whereas the assemble was impeded by the high
concentration precursors. It may be one of the reasons for the
formation of linker-missing defects. After heating applied, the
aggregation of multi-clusters which has been observed to be
existed as an independent process before fully crystallization
took place quickly and underwent growth gradually.

XRD patterns of the as-synthesized samples modulated by
HBr acid were shown in Fig. 2a. As can be seen, all samples
exhibited characteristic diffraction peaks of UiO-66 at 7.4°, 8.5°
and 25.8°,*" which were significantly different from sample
UiO-66-free (Fig. 2b). Moreover, the samples presented narrower
and sharper diffraction peaks by introducing HBr acid in the
reaction system. However, with the increase of HBr acid dosage,
differences were not immediately obvious for all samples
including the 26 region around the (111) (the strongest and
ideally the first) reflection of UiO-66 (ca. 7.4° 26). The crystallite
size derived from the (111) reflection (FWHM the reflection)
according to Schaler's formula*® was almost constant and was
independent of the molar ratio HBr/Zr (Fig. 3 and Table S37),
basically in agreement with the SEM observation (Fig. 1). This
may be ascribed to the accelerated nucleation of Zr oxoclusters
by 40 wt% HBr acid, thus changing the crystallization process
from nucleation-limited to growth-limited crystallization.*>?*3*
In addition, UiO-66-2HF and UiO-66-2HCl samples showed
similar particle size as UiO-66-HBr samples, indicating the
same controlling step (Fig. 3 and Table S37).

At the low-angle range of 26 ca. 2-7°, a broad-peak was
additionally observed in the XRD profiles of all samples which
was assigned to the (110) reo phase or cluster-missing

defects.**** Strong acidic modulators (HCI acid, pK, = —8.00;
HBr acid, pK, = —9.00; H,BDC, pK,; = 3.51, pK,, = 4.82)
dominate the competition for carboxylate sites on the ZrsO,(-
OH)4(CO,);, clusters, resulting in samples with a very high
concentration of cluster-missing defects.** Rel(I)sp. usually
used to represent the relative intensity of the broad peak was
exclusively associated with the defectivity of cluster-missing and
was calculated as eqn (2).>*** The results were presented in
Fig. 3 and Table S2.}

IB,P.
(111) + 1(200) + 1(600)
3

where Ig p, I(111), 1(200) and I(600) are the intensity of diffrac-
tion peaks at 2-7°, 7.4°, 8.5° and 25.8°, respectively.

As shown in Fig. 3, the defectivity of cluster-missing exhibi-
ted an almost completely opposite trend to the crystallite size
with the exception UiO-66-5HBr. Under the high concentration
precursors condition, the cluster-missing defects likely origi-
nated from the kinetic regulation rather than the equilibrium in
ligands competitive coordination. Of course, the formation of
this type of defects was also highly correlated with the crucial
role of water.®® At a limited accessibility to water molecules, the
metastable species [Zry(OH)g(H,0)16]*" may be formed upon
rapid hydrolysis of ZrCl, that allow a lower coordination with
ligands and play a role of pre-nucleation species for the
formation of the reo domain.*® The particularity of sample UiO-
66-5HBr may be due to the fact that chloride ion has been
completely replaced by bromide ions to coordinate with Zrs or
Zr, clusters, and charges of the system were balanced.

x 100

Rel(Z)gp = 7 (2)

(a) —— UiO-66-1HBr —— Ui0O-66-2HBr —— UiO-66-3HBr
—— Ui0-66-4HBr —— UiO-66-5HBr —— UiO-66-6HBr
n UiO-66-7HBr —— UiQ-66-8HBr —— UiO-66-9HBr
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Fig. 2 XRD patterns of UiO-66 modulated synthesis by (a) HBr acid; (b) certain amount of different haloid acid.
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Fig. 3 Particle size and relative intensity of (110) reo peak for samples
UiO-66-nHBr (solid line), UiO-66-2HF and UiO-66-2HCI (dash line).

Comparison of XRD patterns of samples synthesized with
different type of acidic modulators is shown in Fig. 2b. As can be
seen, the three selected samples all exhibited intense charac-
teristic diffraction peaks of UiO-66 at 7.4°, 8.5° and 25.8°.
Materials obtained with HF acid and HBr acid modulators,
especially the fluorine-involved sample, exhibited better crys-
tallinity than those with HCIl additive. Compared with other
haloid ions, fluoride ion with strong affinity for Zr** competed
with H,BDC ligand and coordinated with Zrs cluster which, to
some extent, slowed down rate of nucleation and crystal growth,
reduced amount of nucleation and improved crystallinity of
materials."” Comparison of the three typical samples (Fig. 3)
indicated that the fluorine-involved sample (dash lines) had the
lowest cluster-missing defectivity, while the chlorine-involved
sample showed the opposite which was higher than any
bromine-involved sample (solid lines). The particularity of
fluorine-involved sample may be attributed to the similar
acidity of HF acid (pK, = 3.18) with H,BDC (pK,; = 3.51) but
stronger acidity than HBDC (pK,, = 4.82). Fairly close compe-
tition between HF acid and the singly deprotonated linker
(HBDC™) allows HF acid to behave more like a modulator in the
traditional sense, inhibit crystal nucleation and promoting its
growth."”?***%” On the other hand, the moderate amount of
cluster-missing defects may be generated because more
deprotonated modulator molecules (HF acid), which still “win”
many of the carboxylate sites on the Zrs(OH),0,(CO,), clusters,
were existed than doubly deprotonated linker molecules
(BDC, ).

The FT-IR spectra of UiO-66-free, UiO-66-2HF, UiO-66-2HCI,
UiO-66-2HBr and H,BDC are compared in Fig. 4. The peaks of
the as-prepared UiO-66 occurred in positions similar to re-
ported values.*®?*® Peaks at 1586, 1396 cm ™ * and 1506, 746 cm
are characteristic vibration of C=0 bond and aromatic ring,
respectively. The broad peak at 3103-2546 cm ™' are due to the
vibration of carboxyl group.***° The sample UiO-66-free exhibi-
ted very weak vibration peaks at 1506 cm ™" (vibration of C=C in
aromatic ring) and 480 cm™" (vibration of Zr-0,;-OH bond in
the Zr¢ cluster) indicating high defectivity and poor crystallinity
of the material.”” For samples prepared with haloid acid
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Fig. 4 FT-IR spectra of the organic linker H,BDC, samples UiO-66-
free, UiO-66-2HF, UiO-66-2HCl and UiO-66-2HBr.

modulator, however, there was no evident vibration peak at
3103-2546 cm . In addition, it was actually not observed the
pendant coordinated-free carboxylate group (vibration peak at
around 1680 cm ™' assigned to »C=0 and 1315 cm™ ' assigned
to »C-OH), suggesting carboxyl groups of H,BDC molecule
could react almost completely in the presence of modulator.*>*
The vibration peak of Zr-O at around 680 cm ' as well as at
about 480 cm ™! were other evidences for the formation Zr
clusters and for the coordination occurred between Zr** and
carboxyl groups of H,BDC.*'” Hence, it can be considered that
BDC molecule has been chemically bonded to the framework of
UiO-66 and the presence of certain haloid ions did not affect the
composition of functional groups in UiO-66.

To further explore the effects of haloid ions on Zr-MOFs, the
elements and the corresponding chemical states have been
studied from XPS spectra. We here take UiO-66-2HBr as an
example. The XPS spectrum of UiO-66-2HBr shows that it is
composed of Zr, C, and O (Fig. 5a). The spectra of Zr 3d of UiO-
66 can be deconvoluted to two peaks of Zr 3d;/, and Zr 3d5, at
182.95 and 185.40 eV (Fig. 5b). The characteristic peaks at
283.56 and 830.46 eV are attributed to C 1s and O 1s orbitals of
UiO-66-2HBr, respectively.*” The above results show that zirco-
nium and oxygen elements exist in the form of Zr(v) and 0~
respectively. In addition, the XPS spectra also indicated the
presence of ~1.90% residual chlorine and ~0.29% bromine
that played the role in charge balance in the framework.

TGA curves of all samples synthesized with HBr acid additive
are presented in Fig. 6a by rescaling the weight at the end of the
process to 100% and attribute it to pure ZrO, phase. As can be
seen, all samples exhibited a nearly continuous weight loss up
to around 350 °C, and the TGA plateaus were observed in the
350-450 °C interval, which followed by the complete decom-
position of frameworks at around 550 °C. The first significant
weight loss below 100 °C associated with solvent and water
desorption, while the second and third weight-loss periods
could be attributed to Zr cluster dehydration and linker loss,
respectively.””*® Fig. 6b presented the TGA comparison of

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 XPS spectra of UiO-66-2HBr: (a) survey spectrum; (b) Zr 3d.

typical samples modulated with different haloid acid. Similar
weight-loss was observed except for the first step. Samples
synthesized with HBr and HCI acid additive showed greater
weight loss than those with HF acid. It may be explained by the
fact that fluorine with stronger electronegativity has priority to
occupy the oxygen defect position caused by linker deficiency,
and thus making F ions relatively difficult to be replaced by
water or DMF or organic linker molecule as the crystal grows."”
The strong bond strength of Zr-F also implies a higher frame-
work decomposition temperature of fluorine-involved samples
than fluorine-free samples which were clearly observed in
Fig. 8b. On the other hand, Zr-Br and Zr-Cl bonds are less
stable than Zr-F and Zr-O bonds, especially Zr-Br bond. This
was confirmed by TGA results that samples synthesized with
HCI and HBr additive showed no significant change on the
decomposition temperature compared to the sample without
acid additive.

The thermal stability of UiO-66 was negatively and severely
affected due to the existence of deficiency including cluster-
missing defects and linker-missing defects.>***** The concen-
tration of cluster-missing defects has been confirmed by the
results of XRD patterns. TG method was usually performed to
quantitatively analyze the organic content, further the number
of missing linkers could be calculated according to the magni-
tude of the decomposition weight loss step.”'7*%** As shown in

a —— UiO-66-free  —— UiO-66-1HBr
3001 @ —— Ui0-66-2HBr UiO-66-3HBr
~ —— UiO-66-4HBr —— UiO-66-5HBr
250 \ —— Ui0-66-6HBr UiO-66-7HBr
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50 and . dehydration 1 '
! !
! !
| 1
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Binding Energy (eV)

T
190 188

Fig. 6a, the magnitude of the decomposition weight loss was
significantly lower than that of theoretically expected in all
samples (weight difference between ZrsOg(BDC), light grey dot
line and the pure ZrO, line, 131.4%), indicating they were
linkers deficient. It is worth noting that TG method is known to
be less accurate for the quantitative analysis of the organic
content.”” However, as shown in Fig. 6a and Table S4,} for all
samples except UiO-66-1HBr, the larger the amount of modu-
lator was used, the more pronounced the linkers deficiency
tended to be. The linker-missing deficiency of the as-
synthesized bromine-involved samples ranged from about
18.51% (4.9BDC, experimental coordination number) to 27.25%
(4.4BDC) (Table S4t). For chlorine-involved sample UiO-66-
2HC], it exhibited similar TG curve but higher missing linker
defects concentration (4.6BDC, 23.46%) compared with sample
UiO-66-2HBr (4.9BDC, 18.51%). Corresponding to the higher
thermal decomposition temperature, fluorine-involved sample
UiO-66-2HF showed a lower linker-missing defects concentra-
tion (5.3BDC, 11.67%) which may contribute to its excellent
thermal stability.

3.2 Morphology-dependent porosity of UiO-66

To explore the influence of powder crystal morphology on the
pore structure of UiO-66 at different modulating condition,

320
Initial value: —— Ui0-66-2HF
-~ 273.97% —— Ui0-66-2HC]
2804 7314 UiO-66-2HBT
0% —— UiO-66-free

233.10%
217.06%
. 220.25% (Theoretical value without linker minssing) |

Experimental value:

206.17%
197.95%
195.78%
192.00%

4.6BDC

100 200 300 400 500 600 700
Temperature, °C

800

Fig. 6 TGA curves of UiO-66 synthesized (a) with HBr acid modulator; (b) without and with HF, HCl acid modulators. The normalized weight of
the hydrated and dehydrated samples was represented by gray and black dotted lines, respectively.
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Fig. 7 Nitrogen adsorption isotherms obtained on UiO-66 samples modulated synthesis by (a) HF acid; (b) HCl acid; and (c) HBr acid at 77 K.
Adsorption and desorption are represented by filled and open icons, respectively.

nitrogen (N,) adsorption was performed at 77 K on the activated  the N, uptake was greatly depended on the type and the amount
UiO-66 samples. The N, adsorption/desorption isotherms of of modulator used. With the absence of modulator, the sample
almost all UiO-66 samples (Fig. 7) could be attributed to type-I =~ UiO-66-free (black curve in all three plots) was considerably less
(IUPAC classification). The steep increase in the low-pressure porous than all those synthesized with modulator. Of even
range and plateau in the high-pressure range suggest an over- greater interest was the observation of two remarkable

all microporous nature for these samples. As shown in Fig. 7, conspicuous trends: (1) With the increase of modulator dosage,
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Fig. 8 Pore size distribution (PSD) profiles derived by NLDFT of all samples modulated by (a) HF acid; (b) HCl acid; and (c) HBr acid.
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the adsorption capacity (thus porosity) of samples presented
certain regularity related with the type and amount of modu-
lator. (2) The uptake and porosity of samples was sensitive to
modulator amount with the descending order of HF, HBr and
HCI acid. As HBr acid dosage got higher, the porosity of UiO-66
samples showed a trend of first very slightly increasing (1-3 eq.)
and then decreasing much more (4-9 eq.). However, the
increasing dosage of HF acid resulted in the significant
decrease of UiO-66 porosity which was quite different from
samples obtained with HCI acid additive. More specially, when
the amount of HCI was too large (8-9 eq.), the adsorption
performance declined sharply, or even did not occur. It can be
attributed to the facts that excessive amount of modulator
resulted in samples with high concentration of defectivity
which would undoubtedly lead to the instability of samples.*

Similarly, BET surface area presented a significant
increasement from 410 m* g ' of the modulator-free sample to
1647 m”> g~ of Ui0-66-1HCl sample. More importantly, the
trend in porosity (now quantitatively described by BET surface
area, Fig. 7 and Table S51) influenced by modulator type and
dosage were almost the same as that described by adsorption
uptake. Under the same conditions, BET of the samples
synthesized with HF acid modulator was relatively minimum,
while those synthesized with HCI acid was relatively maximum.
Take samples UiO-66-2HF, UiO-66-2HCl and UiO-66-2HBr
for example, BET surface area values were 1442, 1622 and
1451 m® g~ ', respectively. The larger the haloid acid-ZrCl, ratio
was, the greater difference in BET surface areas was. For
samples UiO-66-nHBr (n = 1-9), BET surface areas were affor-
ded values of 1527, 1451, 1401, 1411, 1303, 1249, 1216, 1193 and
1134 m” g~ " with the increase of n, respectively. The decrease of
BET may be attributed to their instability caused by poor crys-
talline structure.*’

The pore size distributions (PSD) were constructed by NLDFT
method for all samples and were presented in Fig. 8. As can be
seen, the PSD of UiO-66-free were relatively centralized at 9.3 A
which was slightly larger than that typically reported for defect-
free UiO-66 (theoretical calculated value 9 A).** With the
increase amount of acid additive, the heterogeneity of samples’
PSD increased to varying degrees, especially those modulated by
HBr acid. When UiO-66 was synthesized with 1-5 eq. HBr acid
additive, the pore size distribution exhibited a slight broad peak
with a small shoulder. The peak was positioned at around 10.0
A. Such an enlarged pore size has been reported for Ui0-66 with
linker-missing defects where the shortage of the linkers from
the metal cluster expanded the entire framework.**** With the
increase amount of HBr acid, a variety of modes of pore larger
than 10 A were equipped and the largest of which was up to 15.9
A. The appearance of the 15.9 A pores was associated with the
removal of clusters in an octahedral cavity formation.*>*%*->°
When HBr-ZrCl, molar ratio was larger than 6, the heteroge-
neity of pores further increased. A new mode of pores posi-
tioned at around 6 A appeared which theoretically the triangular
window connecting the regular octahedral cavity (about 11 A)
and the regular tetrahedral cavity (about 8 A).*>** High concen-
tration of cluster-missing defects increased the formation of
octahedral cavity with smaller coordination number and lower

© 2022 The Author(s). Published by the Royal Society of Chemistry
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steric hindrance, resulting in the simultaneous appearance of
heterogenetic pores between ~6 A and ~15.9 A. These results
agreed well with the observation of reo topology by XRD (Fig. 2)
and of atypical cuboctahedron structure by SEM (Fig. 1). Based
on all the above observations, it may be concluded that both of
linker-missing and cluster-missing defects co-existed in the
HBr-promoted samples. For the fluorine-involved samples,
pores at around 6 A corresponding to cluster-missing defectivity
appeared besides those at around 9 A when the molar ratio of
HF to ZrCl, was not less than 3. In contrast, the pore size of
chlorine-involved samples additionally exhibited another mode
of larger pore (no larger than 12 A). The difference between PSD
of the as-synthesized samples induced by acid type may be
attributed to the difference in the strength and bonding
number of halogen-Zr bonds caused by basic hardness of haloid
ions.

3.3 Influence of haloid acid modulators on the reaction
mass efficiency (RME) of UiO-66

Modulators play important roles in the synthesis of MOFs,
such as influencing crystal morphology, RME and so
on.>***19%2 The effect of haloid acid on RMEs of UiO-66
synthesized with 0.2 mol L' ZrCl, was also investigated and
the results were presented in Fig. 9 (Table S1t). As can be seen,
trace amount of UiO-66 (RME 18.21%) was formed in the
absence of modulator only, which was not unexpected as water
in modulator was a requisite for the formation of the Zr** oxo/
peroxo clusters (SBU, ZrsO,(OH),).** The ZrCl,~H,O molar
ratio of 6 : 8 (eqn (3)) is theoretically required for the forma-
tion of ZrsO,(OH),(BDC)s.>* 1 eq. of HBr acid provided an
adequate amount of water (ZrCl,~H,O molar ratio was about
6 :10) required to form the SBUs of UiO-66. However, the
dosage of HF acid and HCIl acid was 4 eq. and 2 eq.,
respectively.

6ZrCly + 6H,BDC + 8H,0 — Zr04(OH),(BDC)s + 24HCI (3)

120
1001
80
R |
S 60+
LIEJ | —v—HF
¢ 404 —e—HClI
J —&— HBr
20+
04
0 2 4 6 8

Molar ratio of haloid acid to ZrCl A

Fig. 9 The RMEs of UiO-66 synthesized with different haloid acid
modulator.
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Table 1 The scale-up synthesis of UiO-66-2HBr
Molar equivalents/masses (g) or volume (mL)
Sample designation ZrCly/g H,BDC/g DMF/mL HBr acid/mL Mass of products/g RME, %
Ui0-66-2 HBr 1/0.9325 1/0.6602 64.6/20.0 2/0.430 1.52 95.44
UiO-66-2 HBry, 3/2.7992 3/1.9824 193.8/60.0 6/1.290 3.95 84.52
3/2.7930 3/1.9885 193.8/60.0 6/1.290 4.02
3/2.7905 3/1.9867 193.8/60.0 6/1.290 4.15

Consequently, the nucleation rate and crystallization rate
increased significantly with the addition of the modulator. A
large amount of white powder products appeared within 30
minutes even if only 1eq. of HBr acid was used. By comparison,
it took 5-6 hours for any crystal to emerge without additives. It
was obvious that the introduction of HBr acid was beneficial to
crystal nucleation and growth. Moreover, the RMEs of UiO-66
synthesis exhibited a small change (94.50-97.31%) as the
dosage of HBr acid modulator increased from 1 eq. to 9 eq.,
except for UiO-66-4HBr. Similar conclusions appeared for HCI
acid as modulator. However, HCI acid was proved to be slightly
inferior to HBr acid in accelerating the crystallization. The
RMEs of UiO-66-nHCI samples were concentrated at 85-90%
lower than those of UiO-66-nHBr samples with same amount of
acidic additive. Interestingly, HF acid showed completely
different influence on the RMEs of UiO-66-nHF. As the mole
ratio of HF-ZrCl, increases, the RMEs decreased monotonically
with the maximum value of only 40.39%. In addition, when the
amount of modulators was too large (eq. = 7), the RMEs of UiO-
66 synthesized with HCl and HBr acid additive decreased
slightly to different degree. In fact, materials obtained with HF
acid additive was only about 15 percent of those obtained with
HCI or HBr acid additive. Stronger acidity caused by the rela-
tively small amount of water inhibited the formation of SBU,
thus reducing the concentration of Zrs multinuclear species
together with the products yield.** The different influence of the
three acidic modulators on the overall crystallization rate and
RME may be attributed to the difference in the amount of water,

Green Chemistry Metrics

RME
™ This work

E factor
Previous work

Fig. 10 Comparative graphical plot of green chemistry metrics
calculated for the synthesis of UiO-66.
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acidity of modulator and vapor pressure caused by solvent.”***
Other factors, such as strength of chemical bond formed
between Zr*" and halide ions which affect the rate and extent of
the coordination between Zr*" and organic linker BDC, may also
play key roles in the acid modulating process.”

In order to assess the industrial applicability and greenness
of this process, the results of scale-up synthesis (take UiO-66-
2HBr as example and labelled as UiO-66-2HBr,) were pre-
sented in Table 1, and the accessible green chemistry metrics
such as RME, and environmental factor (E factor) for the
synthesis of UiO-66-2HBr,, were quantified. For the larger-scale
synthesis, scale was increased by a factor of 3. Reaction condi-
tions for scale-up synthesis followed the same trend as the
small-scale synthesis. As shown in Table 1, the results of larger
scale experiments proved that the average RME was 84.52%. We
further made a comparison with the traditional synthesis re-
ported previously** (Fig. 10). As seen in Fig. 10, the synthesis of
UiO-66-2HBrg, gave the best E factor and RME metrics
compared to previous work. It is noteworthy that the synthesis
gave a low value of E factor (30.3 kg kg™ '), while the traditional
low precursor concentration synthesis gave higher values of E
factor (108.3 kg kg™ "). Such a remarkable difference is mainly
due to the reduction in solvent usage in UiO-66 synthesis. By
comparing these results, it can be seen that the present process
shows great advantage in greenness compared with the tradi-
tional protocols.

4. Conclusions

Discussion of overall findings, the foremost conclusions of the
study are as follows:

(1) Zirconium-based MOFs UiO-66 with significant amounts
of missing Zrs clusters was synthesized with HBr acid modu-
lator at high concentration of precursors solution (0.2 mol L™%).
Despite the high concentration of defectivity, the as-synthesized
UiO-66 samples had the characteristics of high RME, larger
specific surface area, excellent thermal stability and higher
porosity compared with materials synthesized by HCI acid and
HF acid modulators.

(2) UiO-66-nHBr samples were existed in the form of
heterogeneous agglomerates with atypical cuboctahedron
structure which was similar to the chlorine- or fluorine-involved
samples. The crystallite size was almost constant and not
depending on the ratio HBr/Zr. The results indicated that haloid
acid modulators’ effects of competitive coordination or depro-
tonation modulation on decreasing the rate of nucleation and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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growth of crystal were not obvious under the high concentration
condition. With the increase of the amount of haloid acid
additive, however, the samples’ defectivity and porosity (quan-
titatively described by N, adsorption uptake and BET surface
areas) increased in varying amplitude.

(3) We successfully scaled up the synthesis of UiO-66-2HBr
by a factor of 3, resulting in an average RME of 84.52%.
Considering such metrics as RME and E factor, the present
process also shows great advantage in greenness compared with
the traditional protocols. It could be considered as a step
forward in the request for large-scale synthesis and industrial
application of Zr-MOFs.
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