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In this study, a sonochem ical route fo r the preparation o f  a new  H f-M IL-140A m eta l-organ ic fram ew ork from  a 

mixture o f  U iO-66/M IL-140A is presented. The sonochem ical synthesis route not on ly  allow s the phase-pure MIL- 

140A structure to be obtained but also induces structural defects in the M IL-140A structure. The synergic effect 

betw een  the sonochem ical irradiation  and the presence o f  a h igh ly acidic environm ent results in the generation 

o f  slit-like defects in the crystal structure, w hich  increases specific surface area and pore volum e. The BET- 

specific surface area in the case o f  sonochem ically derived  Zr-M IL-140A reaches 653.3 m2/g, w h ich  is 1.5 

times h igher than that obtained during conventional synthesis. The developed  H f-M IL-140A structure is iso- 

structural to Zr-M IL-140A, w h ich  was confirm ed by synchrotron X-ray pow der d iffraction  (SR-XRD) and by 

continuous rotation electron  diffraction  (cRED ) analysis. The obtained MOF materials have h igh thermal and 

chem ical stability, w h ich  makes them prom ising candidates fo r applications such as gas adsorption, radioactive 

waste rem oval, catalysis, and drug delivery.

1. Introduction

Metal-organic frameworks (MOFs) have attracted the scientific 
community due to their widespread potential application in various 
fields including materials science, medicine, environmental protection, 
catalysis, and gas adsorption and separation. The idea o f building novel 
structures composed o f transition-metal carboxylate clusters connected 
with the organic linker is developing extremely intensively, as exem­
plified by the number o f  developed MOF structures exceeding 100,000.

O f the numerous reported MOF structures, those based on zirconium 
clusters are o f particular interest to scientists due to their high thermal 
and chemical stability, large surface area, the presence o f Lewis and

Br0 nsted acidity, and the possibility o f comprehensive synthesis and 
post-synthesis modification [1 ,2 ]. Since the first publication defining 
metal-organic frameworks by Yaghi and Li in 1995 [3 ], the discovery o f 
zirconium-based metal-organic frameworks such as UiO-66, UiO-67, 
and UiO-68 [4 ], NU-1000 [5 ], DUT-67 [6 ] and PCN-224 [7 ] was another 
milestone in MOF development. More than 10 years after its discovery, 
UiO-66 has become the unwritten standard o f zirconium-based MOFs 
due to its ease o f synthesis, low  price, and wide variety o f applications 
[8 ] . The UiO-XX (X-designation o f the next number o f the described 
MOF form in UiO-family) may be summarized by the formula 
ZröO4 (O H )4 (L)ö, where L corresponds with terephthalate for UiO-66, 
4,4'-biphenyldicarboxylate for UiO-67 and 4,4'-terphenyldicarboxylate
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for UiO-68 [1 ] . The rapid development o f MOF chemistry and its 
application has resulted in the development o f numerous novel Zr-MOF 
structures. However, in some cases, instead o f a single framework for a 
given metal-ligand combination, two or three MOF analogs were re­
ported [9 ] . An example o f such a related material for UiO-66 is Zr-MIL- 
140A, where the latter is composed o f zirconium-based nodes connected 
with terephthalates giving rise to one-dimensional channels instead o f 
three-dimensional ones observed between the clusters in UiO-66. The 
Zr-MIL-140A structure, which was first reported by Guillerm et al. [10 ], 
exhibits hydrophobic character, Lewis acidity, and high hydrothermal 
stability, which are highly demanded in catalysis. Over the years, 
numerous synthesis methods to obtain the MIL-140 family have been 
proposed, and their potential application in the field o f adsorption 
[11,12], sensing [13 ], water desalination [14 ], and catalytic phenol 
hydrogenation [1 5 ]. The literature review  exhibits two structures o f 
MIL-140 built originally by Zr6O4(O H )4 oxoclusters [10] and its Ce 
analog [1 6 ]. In work by Guillerm et al. [10], the MIL-140 family was 
denoted by suffixes from A-D, varying the organic linker used during the 
synthesis. The possible linkers include MIL-140A — 1,4-benzenedicar- 
boxylic acid (BDC), MIL-140-B -  naphthalene-2,6-dicarboxylic acid 
(NDC), MIL-140C -  biphenyl-4,4'-dicarboxylic acid (4,4'-BPDC) and 
MIL-140D — 3,3'-dichloro-4,4'-azobenzenedicarboxylic acid (Cl2A- 
zoBDC). In that work, the molar ligand-to-metal ratio was kept 2:1, with 
the DMF amounts o f equal 125 mL, 15 mL, 25 mL, and 5 mL for MIL- 
140A, MIL-140B, MIL-140C, and MIL-140D, respectively. The synthe­
sis temperature was equal to 220 °C for MIL-140A-C structures, whereas 
for MIL-140D was equal to 180 °C. The resulting MIL-140A and MIL- 
140C crystallized in the C2/c space group, whereas the space group 
changes to Cc for MIL-140B and MIL-140D, respectively. It is worth 
mentioning that the SBET and pore volume o f MIL-140A-D increase with 
an increasing length o f the linker.

In the literature, the cerium-based MOFs from the UiO family were 
first reported by Lammert et al. [1 6 ]. In their work, they reported Ce- 
UiO-66 structure which is isoreticular to Zr-UiO-66. In work by Jacob­
sen et al. [17 ], the solvothermal synthesis o f Ce-MIL-140A used ter- 
ephthalic acid (H 2BDC), 2-chloroterephthalic acid (H 2BDC-Cl), and 2,6- 
naphtalenedicarboxylic acid (H 2NDC) as organic linkers. The detailed 
parameters o f reported Ce-MIL-140A are summarized in Table 1. It is 
worth mentioning that the resulting crystal structure o f Ce-MIL-140A 
differs from its Zr-MIL-140A analog reported elsewhere [1 0 ]. The Ce- 
MIL-140A crystallizes in the triclinic symmetry in comparison to the 
monoclinic in the case o f Zr-MOF-140A. As reported by Jacobsen et al.
[17 ], a decrease in specific surface area may be also observed. The 
decrease o f SBET to 222 m2/g in the case o f Ce-MIL-140A is supposed to

be due to the pore blockage o f residual DMF after the activation process.
Apart from high-temperature synthesis [16,17], in work by Schulz 

et al. [18], the low-temperature synthesis o f MIL-140A frameworks at 
120 °C and 150 °C was reported. The work focuses on the influence o f 
synthesis conditions such as DMF concentration, metal-to-linker ratio, 
and the addition o f an acetic acid modulator on the phase purity o f MIL- 
140A samples.

Over the years, numerous methods o f MOF synthesis have been 
developed using several methods, the most used are solvothermal, 
mechanochemical, microwave, and sonochemical methods. Although 
solvothermal, mechanochemical, and microwave methods are the most 
utilized in the literature, the sonochemical synthesis o f metal-organic 
frameworks seems to be still not fully explored area.

Sonochemistry is a branch o f science on the border o f physics and 
chemistry, dealing with the impact o f ultrasonic waves on their sur­
roundings. Sonochemistry is also called “green synthesis” , due to the 
considerable or even maximal reduction o f harmful solvents involved 
during both inorganic and organic synthesis. The chemical effects o f 
ultrasound irradiation are not caused by the interaction o f acoustic 
waves on the atomic and microscopic levels, but are induced by acoustic 
cavitation which is an effect o f ultrasonic irradiation on the liquid sys­
tem [19-21]. Since the first work on the use o f sonication appeared in 
2008, reporting the synthesis o f [Zn3(BTC)2] [22 ], only a few  more 
known MOF structures have been reported so far. The initial goal o f the 
use o f sonochemical irradiation for the preparation o f MOF structure 
was to find rapid, low  energy consuming, and repeatable synthesis o f 
MOFs that would allow  their facile industrial synthesis.

An exemplary work describing the synthesis o f metal-organic 
frameworks by using ultrasound irradiation was presented by Son et al. 
[2 3 ]. The authors used a 200 W  ultrasound horn to synthesize MOF-5. 
The preparation o f  MOF material was performed over various times 
(10-75 min) and sonication powers (10-50%  o f maximum power). As a 
reference, conventional heat-treatment synthesis o f MOF-5 was per­
formed, with the maximum crystallization time o f 24 h. As a result, the 
sonochemical preparation method revealed that the crystallization o f 
MOF-5 started just after sonication began, whereas in conventional 
methods white MOF-5 crystals began to precipitate after 12 h. In other 
work [24 ], the preparation o f MIL-88A using ultrasound irradiation was 
reported where an ultrasound bath was used instead o f an ultrasound 
horn. The authors reported the synthesis o f MOF crystals at tempera­
tures 0-50 °C and times 0-10 min. The synthesis o f  MIL-88A was per­
formed using the microwave route. Both methods allowed for the 
synthesis o f MIL-88A, but any comparison between them is impossible. 
The maximum temperature in the ultrasound preparation method was

T a b le  1

Sample details.

Sample Formula Refinement Crystal
system

Space
group

A, (A ) a,(°) Sb e t , (m2/ 

g)

Sl , (m2/ 

g)

Vd f t , (cm3/ 

g)

Hf-MIL-140A Hf8O40C64H32 Rietveld Monoclinic C2/c a =  25.5983(7) 
b =  11.1775(3) 
c =  7.8086(2)

a =  90.000 
ß =  112.591 
(2)
Y =  90.000

425.1 846.2 0.305

Zr-MIL-140A Zr8Ö40C64H32 Rietveld Monoclinic C2/c a =  25.6368(16) 
b =  11.2048(7) 
c =  7.8254(4)

a =  90.000 
ß =  112.417 
(6)
Y =  90.000

653.3 956.0 0.338

Zr-MIL-140A
[10]

Zr8Ö40C64H32 Rietveld Monoclinic C2/c a =  24.424(1) 
b =  11.1795(1) 
c =  7.802(1)

a =  90.000 
ß =  103.861 
(2)
Y =  90.000

415(10) 0.176

Ce-MIL-140A
[17]

Ce8C64Ö40H32 Rietveld Triclinic P Ì a =  8.1690(3)
b =  11.5516(3) c =  13.9869
(5)

a =  113.099
(3)
ß =  102.331
(4)
Y =  90.488(5)

222 0.103

Sb e t  is the specific surface area according to BET m odel; Sl  is the specific surface area according to Langmuir m odel; V d f t  is 

detailed low  temperature N 2 analysis and Sb e t  fitting can be found in Supporting In form ation File.

total pore vo lum e according to DFT model;



maintained at 50 ° C, whereas the temperatures in the microwave route 
were as high as 120 °C. Similar trends can be also observed for reaction 
times.

In the work by Sabouni et al. [25], the preparation o f  IRMOF-1 by 
combined sonochemical-microwave methods is presented. As a result, 
the authors obtained well-crystallized IRMOF-1 powders with specific 
surface areas varying from 1300-2400 m2/g.

Indeed, the above-mentioned literature data provide information 
about high yields, shorter reaction times, and even room temperature 
synthesis o f MOF structures using sonochemical methods. However, the 
questions arise: I) whether ultrasound irradiation may be successfully 
used as a driving force to build the structure o f the pure MOF from the 
mixture o f MOFs, and II) how the sonication changes the overall MOF 
structure.

In this work, the sonochemical synthesis route o f Zr-MIL-140A and, 
for the first time, Hf-MIL-140A from the mixture o f UiO-66 and MIL- 
140A metal-organic frameworks is described. It was shown, that the 
sonochemical irradiation o f mixture UiO-66 and MIL-140A in a mixture 
o f acetic acid and methanol results not only in the formation o f pure 
phase MIL-140A structure but generates slit-shape micropores 
increasing the BET specific area by about 50% compared to MIL-140A 
obtained from conventional solvothermal synthesis.

2. Experimental

The detailed information about the chemicals used in this study is 
summarized in Table S1 in the Supporting Information File.

The sonochemical synthesis o f Me-MIL-140A (M e -  Zr or Hf) met­
al-organic frameworks was performed in a two-step approach. In the 
first step, the Me-MIL-140A precursor (Pre-MIL-140A (M e -  Zr or H f)) 
was synthesized using the solvothermal method described elsewhere
[18 ], with some modifications. The synthesis parameters were adjusted 
to obtain a mixture o f UiO-66 and MIL-140A which was the precursor for 
further sonochemical treatment. The detailed synthesis parameters o f 
Pre-MIL-140A (Me -  Zr or Hf) are summarized in Table S2.

In the next step, the as-prepared Pre-MIL-140A (M e -  Zr or Hf) was 
further sonicated by using the QSonica Q700 sonicator equipped with a 
V ” diameter horn. Typically, 200 mg o f Pre-MIL-140A (Me -  Zr or Hf) 
was suspended in a mixture o f methanol and appropriate acid solution 
(see Table S3). The resulting suspension was placed in an ice bath. Then, 
the suspension was treated by using the appropriate sonication param­
eters including sonication time and amplitude. Prior to the sonication, 
the suspension was purged with 50 mL/min Ar flow  for 10 min. The 
detailed sonication conditions are summarized in Table S3. The resulting 
crystals were centrifuged and washed three times with methanol, dried 
at room temperature, and then activated in a vacuum drier at 120 °C for 
10 h. During the sonochemical syntheses, the ultrasonic horn was placed 
in a 100 mL round bottom flask with a fixed distance between the tip- 
flask bottom equal to 12 mm.

Hf-MIL-140A was also synthesized via the solvothermal method by 
dissolving the 2 mmol (653 mg) o f HfCl4  and 4 mmol (664 mg) o f ter- 
ephthalic acid in a mixture o f 6 mL glacial acetic acid and 6 mL DMF. 
The resulting solution was then transferred to Teflon liners. The pre­
pared stainless-steel autoclaves with Teflon lining were placed in an 
oven at 220 °C for 20 h. The resulting crystals were filtered from the 
solution. The white crystals were washed three times in DMF and then 
washed three times with methanol. The resulting materials were then 
dried at room temperature and then activated in a vacuum drier at 
120 °C for 10 h. The synthesis details are summarized in Table S4.

The obtained MOF samples were characterized by using various 
techniques including SR-PXRD, cRED, XAS/EXAFS, pRaman, in situ 
FTIR, SEM, STEM, low-temperature N2  adsorption, and elemental 
analysis. The characterization details are described in the Supporting 
Information File.

3. Results and discussion

3.1. Solvothermal synthesis o f  Pre-MIL-140A (M e  -  Z r or H f)

The influence o f solvothermal synthesis parameters on purity o f MIL- 
140A crystals was described in detail in work by Schulz et al. [1 8 ]. The 
analysis o f the phase diagram presented in their work indicates two 
areas in which appropriate crystals are formed. They found that at the 
concentrations above 80 equivalents o f DMF used during the synthesis, 
both crystalline phases o f UiO-66 and MIL-140A were present in the 
reaction mixture. The increase o f the DMF concentration, while keeping 
the linker to ZrCl4  constant, results in the formation o f a pure UiO-66 
structure. The formation o f the MIL-140A structure proceeds at con­
centrations below  60 equivalents. The formation o f the MIL-140A 
structure is the result o f incomplete linker dissolution or a strongly 
acidic reaction. Additionally, Schulz et al. [18] found that at DMF con­
centrations o f up to 60 equivalents and upon the addition o f acetic acid 
o f  up to 30 equivalents, pure MIL-140A is formed. Only for synthesis 
mixtures containing 20 equivalents o f DMF and 30 equivalents o f acetic 
acid the “preliminary phase” consisting o f the mixture o f UiO-66 and 
MIL-140A was obtained, which crystallizes to MIL-140A upon 
increasing the reaction time to 72 h. The second region in UiO-66/MIL- 
140A system indicates that at DMF concentrations in a range o f 80-100 
equivalents and acetic acid in a range o f 10-30 equivalents the mixture 
o f  UiO-66/MIL-140A is obtained. It is worth mentioning that originally 
in the work o f Guillerm et al. [10], the synthesis o f MIL-140A MOF was 
performed at 220 °C for 16 h using a 2:1 linker-to-ZrCl4  ratio and 
without the addition o f any o f the modulators. The results o f  the work o f 
Schulz et. al. [18] cannot be simply applied to our system, since in our 
experiments the original linker to ZrCl4  ratio was preserved and the 
temperature was kept at 220 °C for 20 h (Table S2). Additionally, in the 
synthesis o f the Pre-MIL-140A (Me -  Zr or Hf) system, a small amount o f 
hydrochloric acid was used to promote the formation o f UiO-66 in the 
overall mixture. According to our results, the mixture o f UiO-66/MIL- 
140A was obtained not only for the zirconium counterpart but also 
when using HfCl4  as a metal source. Additionally, the -N H 2  analogs were 
successfully obtained when using 2-aminoterephthalic acid instead o f 
terephthalic acid. Furthermore, when using the 2-hydroxyterephthalic 
acid to obtain -O H  analogue in the Pre-MIL-140A (Me -  Zr or Hf) the 
synthesis did not result in the formation o f any o f the crystals.

The successful preparation o f Hf-MIL-140A and Zr-MIL-140A was 
performed by sonochemical irradiation applied to the mixture o f UiO-66 
and MIL-140A (Pre-MIL-140A (Me -  Zr or H f)) obtained by solvothermal 
method. It should be pointed out that the sonochemical synthesis o f both 
H f and Zr-MIL-140A from Pre-MIL-140A (Me -  Zr or Hf) was possible 
only when the mixture o f UiO-66 and MIL-140A was obtained during the 
solvothermal synthesis and appropriate sonochemical irradiation pa­
rameters (cf. Table S2 and Table S3). The direct sonication o f  the MOF 
precursors, however, did not result in the formation o f either UiO-66 or 
MIL-140A structures. The foregoing solvothermal synthesis o f Pre-MIL- 
140A followed by sonochemical irradiation was necessary to obtain 
pure H f or Zr-MIL-140A structures.

3.2. Crystal structure o f  Hf-MIL-140A

The crystal structures o f both Hf-MIL-140A and Zr-MIL-140A were 
determined based on the data collected from the SR-PXRD experiments 
and refined by applying the Rietveld method (Table S5). The represen­
tation o f the crystal structure o f Hf-MIL-140A is shown in Fig. 1. The new 
MOF presented in this study can be characterized by the formula 
Hfg H3 2 C6 4O4 o  which is related to the Hf-UiO-66 structure [2 6 ]. The 
chains present in the model propagate along [0 0 1 ] direction with the 
repeat period o f c/2. The shared edges contain the only crystallo- 
graphically independent oxygen atom o f the structure that is not a part 
o f  the terephthalic acid molecule, an oxo-p3 atom. The rest o f the O- 
vertices o f the capped octahedra correspond to one o f the oxygen atoms



Fig . 1. Crystal structure o f  H f-M IL-140A; (B ) Inorganic bu ilding unit o f  H f-M IL-140A; H f - green, O - red, C - graphite, H - black.

from two structurally independent terephthalic acid molecules lying in 
special positions. The molecules interconnect “ the inorganic fibers” 
along [0 1 0 ] direction (molecule positioned along the twofold axis with 
coordinates 0, y, V  and all symmetrically related -  W yckoff site e ) and 
along two symmetrically related directions almost ideally parallel to 
[1 1 1 ] and [1-11] (the geometric center o f the molecule is positioned on 
an inversion center at coordinates V, %, V, and all symmetry-related 
ones -  W yckoff site c). Fig. 1A  presents the projection o f the structure 
along the fiber propagation direction displaying the arrangement o f  the 
organic molecules connecting the fibers. This projection also highlights 
the channels formed between the fibers and organic molecules. The 
channels present in the structure are interconnected into two separate 
groups (x-coordinate in the 0-0.5 range and 0.5-1 range) which are 
responsible for the sorption properties o f  the studied material. Fig. 1B 
highlights the arrangement o f the H f polyhedra that allows the forma­
tion o f the fibers. The accompanying structure o f Zr-MIL-140A is pre­
sented in Figure S1.

Initially, the model o f the structure was solved in the Cc space group 
and contained a fiber formed by edge-sharing capped octahedra 
composed o f Zr centers and O vertices. But, as the DFT calculations 
performed on the Rietveld refined (Fig. 2) model revealed the intro­
duction o f an inversion center does not affect the stability o f the cal­
culations or impact the results in a meaningful way. Additionally, 
considering the published structure o f MIL-140A, the final solution was 
pursued in C 2/c space group. The Rietveld refinement yielded a satis­
factory fit o f the refined model to the registered data, see Fig. 2.

3.3. Purification o f  mixture o f  UiO-66/MIL-140A by sonochemical 
irradiation to obtain (M e  -  Z r  or Hf)-M IL-140A

Based on our previous experience with the use o f  ultrasonic irradi­
ation to obtain crystalline materials, the high-gain ultrasound treatment 
on Pre-MIL-140A (Me -  Zr or Hf) crystals and, in the next step, 
rebuilding o f the crystal structure to obtain pure (Me -  Zr or Hf)-MIL- 
140A from a mixture o f  UiO-66/MIL-140A was deemed necessary. 
Initially, the high gain ultrasounds were expected to generate meso- 
porosity in the UiO-66/MIL-140A structure or, due to the presence o f 
highly acidic conditions and the presence o f free radicals that are formed 
during the sonolysis [27 ], the mixture o f UiO-66/MIL-140A would 
decompose and the MOF structure would be damaged. In the work by 
Chu et al. [28 ], the mechanism o f dilution/regeneration o f UiO-66 in 
acidic media was examined. In their work, UiO-66 was placed in the 
ammonium bicarbonate aqueous solution which caused the dilution o f 
the pristine UiO-66 structure yielding a colorless, clear solution. In the 
next step, acetic acid, DMF, and benzoic acid were added to the mixture.

The resulting mixture was transferred to the autoclave and then heated 
at 150 °C for 48 h. In the sonochemical method presented in our study, 
the Pre-MIL-140A (M e -  Zr or Hf) structure is treated in a highly acidic 
acetic acid and methanol mixture which is then treated with high-gain 
ultrasounds. Although, by comparing the acidity o f the reactants used 
in our study with those found in work by Chu et al. [28 ], it can be 
concluded that the mixture would eventually be expected to be diluted. 
However, the complete dissolution o f obtained Pre-MIL-140A (M e -  Zr 
or Hf) crystals was observed only in the case o f Pre-MIL-140A-NH2 (M e -  
Zr or Hf), whereas in other cases the crystals introduced into the soni- 
cation mixture remained present after the sonication process. When 
analyzing the resultant crystals, a correlation between the type o f acid 
used during the sonochemical synthesis, sonication time, amplitude, and 
the purity o f received crystals was found. The pure phase MIL-140A 
structure was obtained only in a presence o f acetic acid using both 
acid/methanol ratios equal to 1:3 and 1:1 (Table S3, synthesis no. 4 and 
7). On the contrary, in the sonochemical syntheses which were carried 
out in a mixture o f acetic acid and hydrochloric acid using both acid/ 
methanol ratios, the UiO-66 (Zr) structure was obtained (Table S3, 
synthesis no. 1 and 2). Similar observations were made when the syn­
thesis was followed only in a methanol solution (Table S3, synthesis no. 
3). Following this way o f thought, the syntheses were conducted only in 
an acetic acid/methanol mixture. Evaluating the influence o f sonication 
amplitude on crystal purity, it was found that the pure MIL-140A phase 
was obtained only at amplitudes equal to 60% even using a sonication 
time as short as 15 min. An increase in sonication time does not influ­
ence the phase composition. The same observations were made for Hf- 
MIL-140A.

3.4. Characterization

Low-temperature N2 adsorption measurements o f Hf-MIL-140A and 
Zr-MIL-140A structures (Fig. 3, Figure S2) resulted in type I adsorption 
isotherms characteristic o f microporous materials (Fig. 3A). The main 
adsorption increase in the isotherms was in the p/p0 range o f 0-10-5 and 
the total sorption capacity at 0.1 MPa was at 316 cm3/g STP (Zr-MIL- 
140A) and 252 cm3/g STP (Hf-MIL-140A) confirming a presence o f the 
diverse pores. The pore size distribution, determined according to the 
DFT model, distinguished pores with diameters in the range o f 0.7-0.9 
nm and 1.3-1.8 nm (Fig. 3B). In Hf-MIL-140A, the pore volume in the 
0.7-0.9 nm range was lower than in Zr-MIL-140A and, in addition, 
mesopores in the range between 3 nm and 4 nm were opened. It must be 
pointed out that both specific surface area and total pore volume are 
considerably higher in case o f Zr-MIL-140A. The specific surface area 
determined by using the BET model reported in the literature data for Zr-



Fig . 2. R ietveld  plots fo r (A )  H f-M IL-140A and (B ) Zr-M IL-140A; SR-PXRD w avelength  used: ^hf-mil-140a =  0.70805 Ä, ^zt-mil-140a =  1 00410 Ä; insets - enhancement 

o f  the low er intensity regions.



MIL-140A varies from 415 m2/g [10 ], through 396 m2/g [12] to 280 
m2/g [1 8 ]. In our work (Table 1, Figure S2), a 1.5-fold higher SBET values 
(653 m2/g) for the Zr-MIL-140A sample obtained in the sonochemical 
route was observed. Such a considerable increase is related to the 
presence o f larger pores (DFT pore size distribution, Fig. 3B). It should 
be noted that the presence o f these pores is related to the specific con­
ditions used during the synthesis step. Under highly acidic conditions in 
the presence o f high-gain ultrasounds, the MOF structure may be 
defected due to linker or node removal or both linker and nodes at the 
same time. In Hf-MIL-140A, a lower value o f SBET and V d ft parameters 
was obtained than in Zr-MIL-140A and were equal to 425 m2/g and 
0.305 cm3/g, respectively. Since the organic acid used w ill rather have a 
tendency to remove linkers, the latter mechanism cannot be rejected due 
to the possibility o f simultaneous removal o f linkers and nodes as pre­
viously reported for defective UiO-66 in work by Liu et al. [1 2 ]. The 
defect generation through the addition o f organic and inorganic acids is 
commonly used for UiO-66 samples [29-34]. This mechanism, however, 
has not previously been sufficiently examined for MIL-140 MOFs. In the 
work by Schulz et al. [18 ], the Zr-MIL-140A samples were prepared with 
addition o f  32 mmol acetic acid which resulted in a decrease o f SBET 
from 415 m2/g reported in [10] to 280 m2/g [1 8 ]. By comparing the 
results o f SBET by using the modulator during the MOF synthesis in the 
MIL-140 family with UiO-66, a reversed tendency can be observed. In 
the work by Shearer et al. [34 ], the influence o f a modulator on SBET 
increase was shown and the correlation between an increase o f SBET with 
an increasing concentration o f acid used during the synthesis was 
observed. Since in the MIL-140A system this tendency was reversed, it 
cannot be firm ly stated that in the case o f using a high concentration o f 
acid during the synthesis without the influence o f ultrasound, it has no 
effect on the size o f the BET surface. Due to the fact that the effect o f 
ultrasound on the synthesis o f MOF is insufficiently investigated, further 
research on the sonochemical synthesis and on the correlation o f

ultrasound power-modulator concentration is needed.
The morphology o f prepared samples was determined by SEM/EDS 

and STEM analyses (Fig. 4 and Fig. 5). Based on SEM images o f Hf-MIL- 
140A, it is characterized by a flake-like crystal habit with an average size 
o f  around 1 pm (Fig. 4A-C). The analysis o f the SEM images at higher 
magnifications shows that the crystals exhibit a terrace-like structure 
with an average plate thickness o f ca. 100 nm. The Hf-MIL-140A 
morphology does not differ from its Zr-MIL-140A analog (Figure S3), 
and is in good agreement with the results reported in the literature for 
Zr-MIL-140A synthesized by conventional methods [1 8 ]. The SEM/EDS 
maps o f both Hf-MIL-140A and Zr-MIL-140A (Figure S4 and Figure S5) 
samples show a uniform distribution o f elements throughout the entire 
particles.

Representative STEM images o f the Hf-MIL-140A sample are shown 
in Fig. 5 and Figure S6 and for Zr-MIL-140A in Figure S7. As shown by 
SEM/EDS analysis, the crystals’ flake-like structure was also confirmed 
by STEM analysis (Fig. 5A-B). A t higher magnifications, the samples o f 
Hf-MIL-140A show slit-like defects (width o f ca. 1 nm) which are spread 
over the entire MOF crystal (Fig. 5C). Apart from slit-like defects, the 
presence o f 5 nm holes was detected (Fig. 5D). The STEM images o f  both 
Hf-MIL-140A and Zr-MIL-140A samples are in good agreement with the 
structural models along [1 1 0 ] direction. Interestingly, the Hf-MIL-140A 
and Zr-MIL-140A images allow us to observe H f and Zr nodes and the 
BDC ligands at the atomic level ( Figures S6-S7 B and C).

To identify whether the structural defects are present in prepared 
samples, the comparative STEM images were performed (Figure S8 and 
Figure S9). The slit-like structural defects are clearly visible in both Hf- 
MIL-140A and Zr-MIL-140A. It must be pointed out, however, that the 
comparison o f defects between Hf-MIL-140A and Zr-MIL-140A indicates 
that in the case o f  the Hf-MIL-140A sample the slits are wider, reaching 
ca. 5 nm. The high-resolution images (Figure S8 and Figure S9) show 
that the defects are arranged perpendicularly to the crystal lattices o f

F ig . 4. SEM images o f  H f-M IL-140A, (A ) x  25 k, (B ) x  40 k, (C ) x  200 k.

Fig . 3 . (A )  N 2 adsorption isotherms and (B ) DFT pore size distribution o f  M IL-140A samples.



F ig . 5. STEM images o f  H f-M IL-140A sample.

prepared MOFs. Moreover, the high-resolution images indicate that the 
crystal edges o f Zr-MIL-140A remain even ( Figure S9A ), whereas the Hf- 
MIL-140A exhibits rugged edges (Fig. S8A).

In addition to the previously performed PXRD studies, the structures 
o f prepared Hf- and Zr-MIL-140A materials were also determined by 
single crystal electron diffraction, using continuous rotation electron 
diffraction (cRED) (Table S6). The crystals were stable enough to be 
measured at room temperature without the need for cooling.

Experiments and data processing were performed follow ing Yang et al. 
[35 ], using the software Instamatic [36] for data collection, XDS [37] for 
data processing, and SHELXT [38] and SHELXL [39] for structure so­
lution and refinement. Figures S10 and S11 show reciprocal lattice slices 
for Hf- and Zr- variants, respectively. The unit cell parameters as well as 
the final structures agree well with those obtained by SR-PXRD (cf. 
Table S5 and Table S6) and confirm the above-described structure 
models, comprising two symmetrically independent organic linker

F ig . 6. (A )  FTIR and (B ) pRaman spectra o f  M IL-140A samples.



molecules connecting chains o f metal oxide clusters to form the three­
dimensional framework o f MIL-140A.

The molecular nature o f prepared samples was determined by FTIR 
and pRaman spectroscopies. The results are shown in Fig. 6 and 
Table S7. The FTIR spectra o f the Hf-MIL-140A sample (Fig. 6A ) show 
similar bands as the Zr-MIL-140A sample and are in good agreement 
with those found in the literature [17,40]. The Hf-MIL-140A reveals 
characteristic bands at 1560, 1536, and 1504 cm- 1 which can be 
assigned to asymmetric COO- stretching [41 ], respectively. The bands at 
1387 cm- 1 correspond with symmetric COO- stretching vibrations [1 7 ]. 
The bands at 1159 and 1017 cm- 1 may be assigned to in-plane C-H 
bending vibrations in terephthalates, whereas the bands at 826 and 740 
cm- 1 originate from aromatic out-of-plane C-H bending vibrations [1 7 ]. 
The pRaman spectra o f the prepared samples are shown in Fig. 6B. The 
sharp band at 1620 cm- 1 originates from C =  C stretching vibrations 
[42] whereas the bands at 1462 and 1440 cm- 1 originate from COO-

carboxylate vibrations [4 2 ]. The band at 1147 cm- 1 may be assigned to 
aromatic ring deformation vibration, whereas the band at 868 cm- 1 
originates from C-H aromatic out-of-plane deformation vibration [4 1 ]. 
The weak band at the pRaman spectrum at 517 cm- 1 may be attributed 
to Zr-O modes.

To investigate the thermal stability o f sonochemically prepared Hf- 
MIL-140A, variable temperature in situ PXRD was performed (Fig. 7A ). 
As can be noticed, the crystalline structure o f the Hf-MIL-140A sample 
remains stable up to 450 °C which is 50 °C higher than for the Zr 
counterpart (cf. Figure S12). However, it must be emphasized that the 
thermal stability o f MOFs is not only affected by the metal used for the 
MOF design, but also by the synthesis conditions such as temperature 
and solvent used during the synthesis [4 3 ]. As previously reported by 
Shearer et al. [43 ], the thermal stability o f Zr-UiO-66 increases with an 
increasing synthesis temperature. Since in our study both the Hf- and Zr- 
MIL-140A samples were synthesized using the same conditions, the

Fig . 7. (A )  In  situ h igh temperature PXRD results fo r H f-M IL-140A synthesized by sonochem ical route, (B ) PXRD diffraction  patterns fo r 24-hour stability test in 

d ifferent m edia fo r H f-M IL-140A.



slightly higher thermal stability o f Hf-MIL-140A should be rather limited 
to small differences in the degree o f defect between samples. Since the 
research on MIL-140A defects exceeds the scope o f this article, this issue 
w ill be the subject o f our next research on the structure o f Hf-MIL-140A.

The chemical stability o f Hf-MIL-140A was checked in different 
media in 24 h stability tests. The PXRD diffractograms are shown in 
Fig. 7B. The results clearly show that the Hf-MIL-140A remains crys­
talline in a vast majority o f media used during the experiments. The 
structure o f Hf-MIL-140 collapses after treatment with NaOH solution. 
The decrease in crystallinity was observed in samples treated with hy­
drochloric acid and water. In comparison, the Zr-MIL-140A sample was 
also stable in most o f the media used (Figure S13). However, it was 
observed that the sample becomes amorphous after treating by NaOH 
solution, and loss o f crystallinity was observed after contact with hy­
drochloric acid. Additionally, a slight loss o f crystallinity was observed 
after treating with dichloromethane. The determined superior thermal 
and chemical stability o f the Hf-MIL-140A sample allows us to classify it

in a series o f MOFs with high chemical and thermal resistance on a par 
with UiO-66 or NU-1000 which opens up many application possibilities 
[4 4 ].

To gain deeper insight into the structure o f the newly synthesized 
MOFs, element-specific X-ray absorption spectroscopy was employed. 
The XANES (X-ray absorption near edge structure) part o f the absorption 
spectrum is specifically sensitive to the oxidation state and coordination 
geometry, whereas the EXAFS region (extended X-ray absorption fine 
structure) provides information about local atomic structure, such as 
bond distances and coordination number. The Zr K-edge and H f L3 -edge 
XAS data for Zr-MIL-140A and Hf-MIL-140A, respectively, were 
collected at the SuperXAS beamline o f Swiss Light Source (Fig. 8).

The normalized Zr K-edge XANES spectrum o f the Zr-MIL-140A is 
plotted in Fig. 8A  along with the spectra collected for reference mate­
rials, metallic Zr foil (hexagonal close-packed structure) and ZrO 2 

(monoclinic structure). As shown, significant differences were observed 
in the collected spectral profiles. The absorption edge position for Zr-

Fig . 8. X -ray absorption spectroscopy data fo r (M e  -  Zr o r H f)-M IL-140A  samples. Norm alized XANES spectra at (A )  Zr K-edge o f  Zr-based materials and (B ) H f L3- 

edge o f  Hf-based materials. Results o f  the EXAFS fitting: m odule o f  the Fourier transform (phase-corrected) o f  the EXAFS signal fo r (C ) Zr-M IL-140A and (D ) Hf-MIL- 

140A; experim ental data are shown as solid line, whereas fitted curves are presented as dotted line.



MIL-140A, determined from the maximum o f the first derivative o f the 
absorption curve, was found to be 18012.8 eV. The edge position is 
similar to the value obtained for zirconium oxide (18013.0 eV) and 
much higher than for the metallic zirconium (17988.2 eV). This is 
consistent with the formation o f the Zr (+ IV ) oxidation state in the 
synthesized MOF [45,46]. Moreover, the observed increase in the white 
line intensity (maximum o f absorption edge) is attributed to the 
different chemical environments in the first coordination shell around 
Zr. In order to gain insight into the electronic structure, the experimental 
features can be interpreted based on the density o f states calculated with 
the FEFF9.6 code (see Figure S14 in the Supporting Information). The 
intense main peak (white line) at 18023.0 eV is assigned to the dipole­
allowed 1s-5p transitions, which is consistent with the values reported 
for the Zr-based carboxylate MOFs, (e.g., UiO-66) [4 7 ]. The weak pre­
edge feature observed at 18003.0 eV corresponds to the dipole- 
forbidden 1s ^  4d transitions. These transitions are possible due to 
the partial d-p orbital mixing resulting from distortions in the cen- 
trosymmetry o f the molecule. Therefore, the resulting pre-edge feature 
is extremely sensitive to the ligand environment and the symmetry o f the 
metal center [48,49]. In like manner, the H f L3 -edge XANES analysis was 
used to characterize the H f species in the synthesized MOF. The 
normalized XANES spectra collected at H f L3 -edge for the Hf-MIL-140A 
sample and standard material (monoclinic HfO 2 ) are shown in Fig. 8B. In 
both studied samples, hafnium is present in the (+ IV ) oxidation state as 
determined by the maxima o f the first derivative o f the data (9559.3 eV 
for Hf-MIL-140A). Given that L3 -edge XANES directly probes the 2p3 / 2 

^  5d electronic transitions, the intensity o f the white line reflects the 
population o f the unoccupied 5d states as well as the difference in the 
local environment o f H f species. The higher intensity o f  the white line 
for Hf-based microporous crystalline materials (MOFs, zeolites) as 
compared to the HfO2  standard was already reported in the literature 
[50,51].

To gain more insight into the nature o f the Zr and H f species in the 
synthesized MOFs, the local structure around the atoms was studied by 
extended X-ray absorption spectroscopy. The Fourier transforms o f the 
metal k2 -weighted spectra are shown in Fig. 8C and 8D (complementary 
information, such as k-space FT-EXAFS is shown in Figure S15). Fitting 
o f the Fourier-transformed extended X-ray absorption fine structure (FT- 
EXAFS) data may provide insight into the structural parameters such as 
coordination number (CN), bond distance, and local disorder (Debye- 
Waller factor) (Table S8). The best fitting parameters, obtained using the 
Artemis program from the Demeter software package [52 ], are sum­
marized in Table S8. As can be seen, the simulated spectra perfectly 
match the experimental one which indicates that our model and as­
sumptions are realistic. In addition, our results are in agreement with 
those previously reported for Zr and Hf-based MOFs [47,51]. For the Zr- 
MIL-140A sample, three shell contributions could be identified in the R 
space (phase corrected, Fig. 8C), with two dominating peaks, ascribed to 
Zr-O scattering paths, at 2.08 Ä  and 2.21 Ä  with CN =  4.2 and 4.5, 
respectively. Those paths are related to the closest neighbors o f the 
zirconium (IV ) atom, corresponding to overlapping features o f the Zr- 
Op3 - o  (bridging oxygen) and Zr-OC o o  (oxygen connected to the 
carboxylate groups from bridging terephthalates). The third feature is 
ascribed to the Zr-Zr scattering path at ca. 3.27 Ä  with CN o f 1.6. For the 
Hf-MIL-140 sample, similar analysis was performed. In the EXAFS 
spectra four shell contributions could be identified in the R space 
(Fig. 8D), with two dominating peaks ascribed to Hf-O scattering paths 
at ca. 2.08 Ä  and 2.19 Ä  with CN =  5.0 and 2.4, respectively, the third 
scattering path ascribed to Hf-O at ca. 3.17 Ä  and CN =  1.6 and fourth 
ascribed to Hf-Hf at ca. 3.28 Ä  with CN equal to 0.8.

4. Conclusions

In this work, the preparation o f  pure (M e -  Zr or Hf)-MIL-140A from 
a mixture o f UiO-66/MIL-140A by using the sonochemical approach is 
developed. For the first time, the synthesis o f the Hf-MIL-140A structure

is presented.
Based on SR-PXRD and cRED analysis, it was determined that the Hf- 

MIL-140A structure is isostructural to the Zr-MIL-140A structure. The 
results o f low-temperature N 2  sorption analysis have shown that the 
sonochemical treatment o f UiO-66/MIL-140A mixture results in the in­
crease o f the specific BET surface area up to 653 m 2/g which is 1.5 
higher than reported for conventional synthesis [1 0 ]. The Hf-MIL-140A 
exhibited SB E T  equal to 425 m2/g which is twice as high as for Ce-MIL- 
140A obtained using microwave synthesis [1 7 ]. The increase o f both 
specific surface and pore volume in MIL-140A samples prepared using 
the developed sonochemical route is due to the formation o f structural 
defects during the synthesis step. The presence o f structural defects was 
confirmed by low-temperature N 2  adsorption and by the STEM analysis 
o f  prepared samples, which revealed that the surfaces o f both Zr- and Hf- 
MIL-140A samples are evenly covered with slit-like structural defects. 
XANES and EXAFS analysis provided additional insight into the nature 
o f  the Zr and H f species in the newly synthesized MOFs. The data 
revealed the presence o f metal-bridging oxygen and oxygen connected 
to the carboxylate groups from bridging terephthalates.

5. Outlook

The sonochemical irradiation method developed in this study 
allowed to obtain the pure MIL-140A MOFs from a mixture o f UiO-66/ 
MIL-140A. The proposed method results in a considerable increase o f 
both BET surface area and pore volume through generated slit-like 
structure defects during post-synthetic treatment.

The synthesis o f a Hf-MIL-140A structure by using a sonochemical 
route opens new strategies in MOF synthesis and development at the 
laboratory scale. Since the sonochemical route presented in this manu­
script was devoted to the fundamental research on synthesis o f metal­
-organic frameworks, prospective detailed scale-up studies are highly 
demanded. The synergic effect o f ultrasound irradiation and the pres­
ence o f concentrated acetic acid results in the formation o f defective 
structure which on one side results in a more open structure through slit­
like cavities and the increase o f Lewis acidity due to the missing nodes 
on the other [4 4 ]. The latter is highly anticipated to develop novel 
porous materials for the application o f gas storage, radioactive waste 
removal, catalysis, and drug delivery, where the presence o f high spe­
cific surface areas, pore volumes, and structure defects are highly 
demanded. Therefore, it is anticipated that the Hf-based stable and 
durable MOFs w ill be in the spotlight o f scientists in the field o f met­
al-organic framework engineering.

Additionally, sonochemical irradiation has proven its unique prop­
erties in the post-synthesis MOFs treatment, which was not previously 
described in the literature. Although sonochemical irradiation was 
successfully used to synthesize various MOF structures, the information 
on its application in post-synthesis treatment is scarce. Therefore, the 
further development o f mechanisms and the influence o f sonochemical 
parameters on crystal structure parameters and on a synthesis o f pure 
MOF phase from a mixture o f various MOFs should be further 
investigated.

CCDC 2236688-2236689 contains the supplementary crystallo- 
graphic data for this paper. These data can be obtained free o f charge 
from The Cambridge Crystallographic Data Centre via https://www.cc 
dc.cam.ac.uk/structures.
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