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flexibilityt

Lei Wu, (2*2° Gérald Chaplais, (2 <@ Ming Xue,® Shilun Qiu,® Joél Patarin,®
Angélique Simon-Masseron®® and Huaxin Chen®

i '.) Check for updates ‘

Cite this: RSC Adv,, 2019, 9, 1918

The syntheses and characterization of a series of functionalized MIL-53(In) solids have been reported.
Chemical groups with variations in steric hindrance and chemical nature (-(OH),, —Br or —NO, groups)
were introduced through the terephthalate linker to modify the pore surface. Single crystal X-ray

diffraction data, N, adsorption—desorption isotherms, and infrared spectra were systematically

investigated to explore the impact of the functional groups grafted onto the organic linker on the
dynamic behaviour of these highly flexible hybrid porous frameworks. Owing to the distinctive steric

Received 15th October 2018 hindrance and chemical nature, the different substituents can influence the interactions between the
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framework and the trapped molecules, further influencing the flexibility of the materials. Dihydroxyl

DOI: 10.1039/c8ra08522f modified MIL-53(In) exhibits no nitrogen accessible porosity. Notably, functionalization by —Br and —NO,
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Introduction

The flexible or dynamic MOFs (metal-organic frameworks),
which were designed as ‘3rd generation porous coordination
compounds’ by Kitagawa,' have continuously attracted signifi-
cant attention due to the scientific interest in finding novel
phenomena and their potential applications.>®* Among the large
variety, in terms of chemical compositions and structural
topologies of MOFs, the flexible MIL-53(M)-type materials
(where M = Cr, Al, Fe, Ga, In, Sc)’** manifest unprecedented
large breathing effects in relation to their flexible diamond-
shaped scaffolds (Fig. 1). The one-dimensional channels in
the framework may expand or shrink depending on tempera-
ture, pressure or trapped molecules with a variation in the unit
cell volume up to 40%."*® It is noteworthy that the structural
transition is fully reversible under appropriate conditions.
However, the flexibility, which is also defined as the breathing
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groups leads to the different capabilities of the corresponding solids to accommodate N, molecules.

effect, has been shown to be dependent on the nature of the
metal center.®*'?° This phenomenon was highlighted by
studies based on Variable Temperature X-ray Diffraction (VT-
XRD) and/or N, adsorption-desorption measurements.® %!
As represented in Fig. 1, for the Cr- and Al-based MIL-53
materials, the removal of the trapped molecules triggers the
direct structural change from either the loaded narrow pore
(np_guest) or the loaded large pore (lp_guest) forms to the
empty large pore (Ip) form. Such a reopening capability is
different for MIL-53(Ga), as a closed and empty (cp) form can be

T/IP

MIL-53(M) Ip

MIL-53(M)_ Ip_guest

MIL-53(M)_np_H20

Fig. 1 Scheme showing the breathing effects of MIL-53(M) with
temperature or pressure: lp = large pore, np = narrow pore.
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encountered before reopening, which is evidenced by a gate
opening pressure and the progressive uptake during the N,
sorption measurements.’*" For MIL-53(Fe), according to the
literature,'>**** it is impossible to overcome an energy barrier to
reopen the shrunken channel by heating or by N, adsorption
processes. The flexibility of MIL-53(Sc) is similar to MIL-
53(Fe).*>** No fully open form can be obtained from the corre-
sponding anhydrous form of this material, but an even more
contracted form of the structure is achieved by cooling. As for
MIL-53(In), to the best of our knowledge, no studies on the
structural flexibility have been reported.

The functionalization of MIL-53-type materials has been re-
ported in a large number of publications, which experimentally
and computationally demonstrated that functionalization with
the appropriate substituents allows the achievement or
improvement of the exceptional abilities of the materials, such
as the thermal or chemical stabilities, as well as the selectivity in
the gas separation process.***** Most of the research is devoted
to Fe- and Al-based MIL-53 materials. Devic et al. investigated
the impact of the functionalization of MIL-53(Fe) with the use of
a wide range of organic groups (-Cl, -Br, -CHj, —(CF3),, -NH,,
—(OH),, or {(CO,H),).>* A full physicochemical characterization
of the related materials showed that only MIL-53(Fe)_(CFj3),
displays N, accessible porosity, featured by a BET surface area of
around 100 m* g~ ', which is, nevertheless, higher than that of
the non-porous MIL-53(Fe) parent materials. Besides, the
adsorption of CO, in these materials indicates that less polar
functional groups are favourable for pore opening due to
a modulation of the CO,-framework interactions, in some cases
with a disappearance of the initial intra-framework p-OH/X
hydrogen bonds.* Stock et al. produced a comparable series
of functionalized MIL-53(Al) materials.*®** The microporosity of
these materials was evaluated by N,, CO,, H,0, and methanol
sorption measurements. VI-XRD analysis provided evidence
that each modification of the chemical composition resulted in
significant changes in the flexible behaviour as compared to the
parent MIL-53(Al). Nevertheless, reports about the functionali-
zation of In-based MIL-53 materials are scarce. Gascon et al.
reported amino modified MIL-53(In), which displayed stepped
adsorption of CO, in good agreement with the breathing
behaviour of this type of material.* It has been proven that the
electropositivity of the metal node-associated grafted amino
group synergistically influences the flexibility of the framework.
Stock et al. synthesized NO,/NH, modified MIL-53(In) with 2-
amino-5-nitro-terephthalate.®®* However, because of the low
crystalline and centrosymmetric structure, this material shows
no NLO activity.

Inspired by the advantages of the functionalization and the
interest that MIL-53-type materials have attracted, we incorpo-
rated different functional groups with distinctive size and
polarity, i.e., -(OH),, -Br or -NO, into parent MIL-53(In). In the
present work, we report the syntheses, characterization and
sorption behaviour of the above-mentioned functionalized MIL-
53(In) solids. Single crystal X-ray diffraction measurements,
powder X-ray diffraction analysis, IR and 'H NMR spectra, TG
analyses and N, sorption isotherms have been fully investigated
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to determine the influence of the functionalization on the
structural flexibility.

2. Experimental section
2.1 Reagents

All reagents and solvents were used as received from commer-
cial suppliers without further purification. Indium nitrate
hydrate, In(NOj);-xH,O, Alfa Aesar, 99%; terephthalic acid,
H,BDC, Alfa Aesar, 98%; 2,5-dihydroxyterephthalic acid,
H,BDC-(OH),, Aldrich, 98%; 2-bromoterephthalic acid, H,BDC-
Br, Alfa Aesar, 97%; nitroterephthalic acid, H,BDC-NO,, Alfa
Aesar, 99%; N,N-dimethylformamide, DMF, Aldrich, >99%;
hydrofluoric acid, HF, Prolabo, 40%; perchloric acid, HClO,,
Prolabo, 70%j; anhydrous ethanol, EtOH, Prolabo, 99.8%; nitric
acid, HNOg3, Fisher, 70%; anhydrous methanol, MeOH, Aldrich,
99.9%.

2.2 Syntheses of materials

MIL-53(In)_(OH),_lp_DMF (bulk crystal) was prepared from
a mixture of In(NOj3);-xH,0 (0.194 g, 0.50 mmol), H,BDC-(OH),
(0.148 g, 0.75 mmol), DMF (4.00 mL) and H,O (1.00 mL). HF
(40%, 0.03 mL) and HClO, (70%, 0.22 mL) were successively
added. Then, the mixture was placed in a Teflon-lined autoclave
(15.0 mL) with an occupancy rate of 35%, and then heated for
16 h at 80 °C in an oven. The resulting light yellow lozenge
crystals were filtered, washed with DMF and dried in air. The
yield was around 75% based on indium.

MIL-53(In)_(OH),_lp_DMF (microcrystalline) was prepared
from a mixture of In(NO3);-xH,O (0.116 g, 0.30 mmol), H,BDC-
(OH), (0.099 g, 0.50 mmol), DMF (1.50 mL), H,O (1.50 mL) and
EtOH (1.50 mL). The mixture was placed in a bottle with a screw
cap (8.00 mL) with an occupancy rate of 56% and then heated
for 24 h at 100 °C in an oven. The resulting light yellow powder
(10-20 um) was filtered, washed with DMF and dried in air. The
yield was 90% based on indium. Elem. and ICP analyses (%):
calculated, C 32.02, H 3.64, N 3.40; found, C 32.49, H 3.75, N
3.28.

MIL-53(In)_Br_lp_DMF (bulk crystal) was prepared from
a mixture of In(NO;);-xH,0 (0.194 g, 0.50 mmol), H,BDC-Br
(0.183 g, 0.75 mmol), DMF (4.00 mL) and H,O (1.00 mL). HF
(40%, 0.03 mL) and HNO; (67%, 0.18 mL) were successively
added. The mixture was placed in a Teflon-lined autoclave
(15.00 mL) with an occupancy rate of 35% and then heated for
24 h at 80 °C in an oven. The resulting transparent lozenge
crystals were filtered, washed with DMF and dried in air. The
yield was around 55% based on indium.

MIL-53(In)_Br_lp_DMF (microcrystalline) was prepared
from a mixture of In(NO3);-xH,O (0.149 g, 0.38 mmol), H,BDC-
Br (0.28 g, 1.14 mmol) and DMF (1.24 mL). The mixture was
placed in a Teflon-lined home-made stainless steel autoclave
(2.40 mL) with an occupancy rate of 52% and heated for 5 h at
125 °C in an oven. The resulting white powder (6-50 pm) was
filtered and then washed with DMF. The yield was 90% based on
Indium. Elem. and ICP analyses (%): calculated, C 28.83, H
2.72, N 2.71; found, C 28.79, H 2.75, N 2.98.
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MIL-53(In)_NO,_lp_DMF (bulk crystal) was prepared from
a mixture of In(NO3);-xH,0 (0.194 g, 0.50 mmol), H,BDC-NO,
(0.158 g, 0.75 mmol), DMF (4.00 mL) and H,O (1.00 mL). HF
(40%, 0.03 mL) and HCIO, (70%, 0.50 mL) were successively
added. The mixture was placed in a Teflon-lined autoclave (15.0
mL) (occupancy rate: 37%), and then heated for 16 h at 80 °C in
an oven. The resulting transparent lozenge crystals were
filtered, washed with DMF and dried in air. The yield was
around 60% based on indium.

MIL-53(In)_NO,_lp_DMF (microcrystalline) was prepared by
a method similar to that of the microcrystalline MIL-53(In)
_Br_lp_ DMF sample, except that H,BDC-Br (0.280 g, 1.14
mmol) was replaced by H,BDC-NO, (0.241 g, 1.14 mmol). The
resulting white powder (10-50 pm) was filtered, washed with
DMF and dried in air. The yield was 95% based on indium.
Elem. and ICP analyses (%): calculated, C 31.24, H 2.95, N 6.39;
found, C 31.79, H 2.75, N 6.98.

MIL-53(In)_Br_np_H,O and MIL-53(In)_NO,_np_H,0 were
prepared from the microcrystalline MIL-53(In)_Br_lp_ DMF and
MIL-53(In)_NO,_lp_DMF samples by the following procedure.
The as-synthesized samples were soaked in anhydrous EtOH
(for MIL-53(In)_Br_lp_DMF) or MeOH (for MIL-53(In)_NO,_-
Ip_DMF) for three days and the solvent was changed twice a day.
The soaked samples were filtered and then desolvated at 200 °C
(for MIL-53(In)_Br_lp_DMF) and 250 °C (for MIL-53(In)_NO,_-
Ip_DMF) for 5 h under N, flow. At last, the dry samples were
rehydrated in air under ambient conditions to obtain the target
compounds.

2.3 Activation process

Before gas adsorption measurements, the MIL-53(In)
_Br_np_H,0 and MIL-53(In)_NO,_np_H,O samples were
degassed at 200 °C for 12 h under vacuum. As seen in Section
3.5, because of the chemical instability of the MIL-53(In)
_(OH),_lp_DMTF (microcrystalline) sample, the activation stages
using organic solvent and calcination were not followed.
Instead, tests for activating MIL-53(In)_(OH),_lp_DMF were
undertaken by heating directly at four different temperatures
(150, 200, 250 and 300 °C) under vacuum overnight.

2.4 Techniques of characterization

Diffraction intensities were obtained on a computer-controlled
Bruker SMART CCD diffractometer equipped with graphite-
monochromated Mo Ko (A = 0.71073 A) radiation at room
temperature by using the w-scan technique. Raw data for all
structures were processed using SAINT-5.0.*° All calculations
were performed using the SHELXTL-97 program.*”” These
structures were solved by direct methods. All non-hydrogen
atoms were refined anisotropically. Hydrogen atoms were
fixed at calculated positions and refined by using a riding mode.
The powder X-ray diffraction (PXRD) patterns were obtained on
a STOE STADI-P diffractometer equipped with a curved
germanium (111) primary monochromator and a linear
position-sensitive detector using Cu Ko, radiation A = 1.5406 A.
The patterns were recorded in the 3-50° 26 range with a scan-
ning step of 0.12° per sec. The unit-cell parameters were
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determined using DICVOL4 algorithm.*® The elemental anal-
yses for C, H, N were carried out on a Perkin-Elmer 240C
elemental analyzer. The size and the morphology of the crystals
were determined by scanning electron microscopy (SEM) using
a Philips XL 30 FEG microscope. 'H NMR spectra were obtained
on a Bruker 400 UltraShieldTM by using tetramethylsilane as
standard. Typically, around 3 mg of sample were digested in
a solution of DCI/D,0 35 wt% and then dispersed in DMSO-de.
The Infrared spectra (IR) were recorded (400-4000 cm™ ') on
a SHIMADZU IRAffinity-1 Fourier transform infrared spec-
trometer by using the KBr pellet method. The thermogravi-
metric analysis (TGA) was performed under an air atmosphere
with a heating rate of 5 °C min~" up to 800 °C using a Perkin-
Elmer TGA 7 thermogravimetric analyzer. N, adsorption
isotherms were performed on a Micromeritics ASAP 2420
apparatus. Prior to the adsorption measurements, the samples
were out-gassed at 200 °C overnight under vacuum. The
microporous volumes were evaluated by the ¢plot method
(Harkins-Jura model). The specific surface areas for MIL-53(In)
_NO,_np_H,0 sample were calculated according to the criteria
given in the literature* from Brunauer-Emmett-Teller (BET)
and Langmuir models in the 0.018 < p/p° < 0.081 range.

3. Results and discussion

The crystallographic information of MIL-53(In)_X_lp_DMF (X =
—(OH),, -Br or -NO,) materials were collected by single-crystal
X-ray diffraction with the corresponding bulk crystal samples.
However, considering the advantages of the short syntheses
duration, high production rate, the mild syntheses conditions
and the isomorphism of all the corresponding microcrystalline
materials, the other characterizations and measurements were
performed on the corresponding microcrystalline samples.

3.1 Structural description of MIL-53(In)_X_Ip_DMF

The main crystallographic data and structure refinement
parameters of MIL-53(In)_X_Ip_DMF (bulk crystal) are
summarized in Table 1. CCDC 1535494 (MIL-53(In)_(OH),_-
Ip_DMF), CCDC 1535495 (MIL-53(In)_Br_lp_DMF) and CCDC
1535496 (MIL-53(In)_NO,_lp_DMF) contain the supplementary
crystallographic data for this paper. The selected bond lengths
and bond angles are listed in Table S1-S3 as ESL{
Single-crystal X-ray diffraction analyses reveal that MIL-
53(In)_(OH),_lp_DMF crystallizes in the orthorhombic system
(space group Cmca (no. 64)). As shown in Fig. 2a, the asym-
metric unit consists of one crystallographically independent
In(m) center, one BDC-(OH),, one p-OH (08) and guest water
molecules (010). MIL-53(In)_Br_lp_ DMF and MIL-53(In)
_NO,_lp_DMF crystallize in the space group Imma (no.74). As
shown in Fig. 2b and ¢, each asymmetric unit consists of one
crystallographically independent In(m) center, one linker and
one p-OH (02). Disorders involving -NO, groups, as well as Br
atoms and the aromatic ring, are notably highlighted for MIL-
53(In)_NO,_lp_DMF and MIL-53(In)_Br_lp_DMTF, respectively.
As shown in Fig. 3, the structures of the functionalized MIL-
53(In)_X_lp_DMF materials are isomorphic. The network, like

This journal is © The Royal Society of Chemistry 2019
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Table 1 Crystallographic data and structure refinement for MIL-53(In)_X_lp_DMF materials (bulk crystal)
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MIL-53(In)_Br_lp_DMF

MIL-53(In)_NO,_lp_DMF

Compound MIL-53(In)_(OH),_lp_DMF
Empirical formula CgH4InOg

Formular weight 342.93

2 (A) 0.71073

Crystal system Orthorhombic

Space group Cmca (no. 64)

a (&) 37.4012 (11)
b (A) 23.0052 (7)
c (&) 7.1553 (2)

a (%) 90.00

8 () 90.00

v () 90.00

Vv (A% 6156.6 (3)

z 16
Temperature (K) 293 (2)

6 Range (°) 1.09 to 25.00
Pealed (g cm ™) 1.480

w (mm™) 1.555

GOF on F* 1.011

0.0363, 0.1375
0.0384, 0.1400

R% R, [I>26 (I)]
R R,” (all data)

@R = 3||Fy| — |Fll/Z|Fo|. ” Ry = [SW(Fo? - FA)/Zw(F2)"2

in the prototypical MIL-53(In), is built up from infinite chains of
corner-sharing InO,(OH), octahedral bridging by p-OH vertexes
and BDC-X linkers, thereby creating one-dimensional diamond-
shaped channels. The main difference is characterized by the
position and the direction of the substituents. The OH groups
turn along the channel axis and are arranged in the pore wall,
whereas Br and NO, groups point into the channel due to the
steric hindrance of the involved groups.

3.2 PXRD of MIL-53(In)_X_lp_DMF and MIL-53(In)
_X_np_H,0

The PXRD pattern of the as-synthesized microcrystalline MIL-
53(In)_(OH),_lp_DMF is very similar to the simulated XRD
pattern from the single crystal determination of the corre-
sponding bulk crystal sample (Fig. S1af). This indicates the
purity of the microcrystalline sample as well as its isomorphism
with bulk crystal. The same correspondence is observed
between the bulk crystal and microcrystalline powder of MIL-
53(In)_NO,_lp_DMF, as shown in Fig. S1b.} Simultaneously, no
significant differences can be observed between the PXRD

C4BrInO; C4InNO,
370.81 336.91
0.71073 0.71073
Orthorhombic Orthorhombic
Imma (no. 74) Imma (no. 74)
17.4254 (9) 18.6290 (9)
7.2516 (3) 7.3019 (4)
13.3713 (6) 11.4527 (6)
90.00 90.00

90.00 90.00

90.00 90.00

1689.62 (14) 1557.88 (14)

4 4

293 (2) 293 (2)

3.05 to 24.99 2.09 to 25.00
1.458 1.436

3.760 1.533

1.058 1.036

0.0435, 0.1183

0.0472, 0.1550

0.0486, 0.1235 0.0538, 0.1682

pattern of MIL-53(In)_Br_lp DMF and MIL-53(In)_NO,_-
Ip_DMF samples, except for a very weak peak at 12° in the
pattern of MIL-53(In)_Br_lp_DMF, which may be attributed to
the impurity. Even so, the good fit of the patterns highlights the
isomorphism of the two materials.

Because of the instability of the MIL-53(In)_(OH),_lp_DMF
material in common organic solvents (such as ethanol, meth-
anol or CH,Cl,) and its low thermal stability, the corresponding
hydrated narrow pore form of MIL-53(In)_(OH), cannot be ob-
tained by solvent exchange (Fig. S2t) or heating procedures. On
the contrary, the MIL-53(In)_Br_lp_DMF and MIL-53(In)
_NO,_lp_DMF show good stability in anhydrous methanol and
remarkable thermal stability. Thus, their corresponding
hydrated narrow pore forms, named MIL-53(In)_Br_np_H,0O
and MIL-53(In)_NO,_np_H,0, can be obtained with the afore-
mentioned approach. The determinations of the unit-cell
parameters of the two hydrated narrow pore forms were per-
formed from their PXRD patterns (Fig. S31). Both of the patterns
were indexed in the monoclinic system (C2/c space group) and
the cell parameters are displayed in Table 2. The comparison of
the lattice parameters of MIL-53(In)_Br_np_H,0 and MIL-53(In)

(T)DV
T N N /\#

& \/\@

i

04

&
09

ofo

(a)

Fig. 2 Asymmetric unit of (a) MIL-53(In)_(OH),_lp_DMF; (b) MIL-53(In)_Br_lp_DMF; (c) MIL-53(In)_NO,_lp_DMF. Thermal ellipsoids for the
nonhydrogen atoms were drawn at the 50% probability level. Hydrogen atoms were omitted for clarity.
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Fig. 3 Representations of networks for (a) MIL-53(In)_(OH),_lp_DMF; (b) MIL-53(In)_Br_lp_DMF; (c) MIL-53(In)_NO,_lp_DMF.

Table 2 The variations in the crystallographic data with the exchange of the occluded molecule

MIL-53(In)_NO,_lp_DMF MIL-53(In)_NO,_np_H,O

Compound MIL-53(In)_Br_lp_DMF MIL-53(In)_Br_np_H,0
Crystal system Orthorhombic Monoclinic

Space group Imma C2/c

a (A) 17.425 19.915

b (&) 7.251 7.779

c(A) 13.371 7.215

a () 90.00 90.00

8 (%) 90.00 93.49

v () 90.00 90.00

v (A% 1689.6 1115.8

_NO,_np_H,O exhibits minor differences between the two
structures, which can be evidenced by the similar PXRD
patterns of the two corresponding hydrated phases.

3.3 Crystal morphology of MIL-53(In)_X_Ip_DMF

The morphologies of MIL-53(In)_X_lp_DMF samples were
determined from SEM images shown in Fig. 4. These images
indicate the good purity of the samples. The crystallites of MIL-
53(In)_(OH),_lp_DMF display a regular rhombic morphology,
with a size of 6 x 20 x 20 um®. For the two other homologous
solids, the crystallites consist of elongated crystals with
a similar size of 5 x 10 x 45 pm?®.

3.4 'H NMR spectroscopy of MIL-53(In)_X_lp_DMF and
MIL-53(In)_X_np_H,0

The "H NMR spectra of the organic reactants, the corresponding
MIL-53(In)_X_lp_DMF and MIL-53(In)_X_np_H,0 samples are
depicted in Fig. 5. The distinct signals assignable to the
aromatic protons of the three linkers appear clearly in the 'H
NMR spectra as shown in Fig. 5a—c(i) ("H NMR (400 MHz, DCI/

Magn
1000x  WUL269c2

Orthorhombic Monoclinic
Imma C2/c

18.629 19.848
7.302 7.967
11.453 7.224
90.00 90.00

90.00 94.03

90.00 90.00
1557.9 1138.7

D,0/DMSO-dg) of H,BDC-(OH),: 7.25 (s, 1H); H,BDC-Br: 7.79 (d,
1H, ] = 8.06 Hz), 7.95 (d, 1H, *] = 8.06 Hz), 8.11 (s, 1H); H,BDC-
NO,: 8.36 (s, 1H), 8.26 (d, 1H, */ = 7.81 Hz), 7.92 (d, 1H, > = 7.81
Hz)). Three additional signals (denoted by *) corresponding to
DMF molecules are distinctly visible on the MIL-53(In)
_X_lp_DMTF spectra, which evidences the existence of the trap-
ped DMF molecules (Fig. 5a—c(ii)). According to the integration
of these signals, the following formulas are proposed:
In(OH)(BDC-(OH),) - (DMF), o(H,0),, In(OH)(BDC-
Br)- (DMF) g5(H,0),, In(OH)(BDC-NO,)-(DMF), 5(H,0),, for
MIL-53(In)_X_lp_DMF samples. The disappearance of the DMF
signals in the "H NMR spectra for the MIL-53(In)_Br_np_H,O
and MIL-53(In)_NO,_np_H,0 samples confirms the effective-
ness of the activation method for removing the trapped DMF
molecules in the as-synthesized samples (Fig. 5b-c(iii)).

3.5 Thermal and chemical stabilities of MIL-53(In)_X

The TG curve of the crude MIL-53(In)_(OH),_lp_DMF sample is
shown in Fig. 6. It indicates a continuous but stepped weight
loss up until 500 °C. The first weight loss from room

Mallh |———— 10m
1600x  WUL270c2

Fig. 4 SEM images of microcrystalline samples: (a) MIL-53(In)_(OH),_lp_DMF; (b) MIL-53(In)_Br_lp_DMF; (c) MIL-53(In)_NO,_lp_DMF.
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Fig. 5 (@ M NMR spectra of (i) H,BDC-(OH),; (i) MIL-53(In)
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_Br_lp_DMF; (i) MIL-53(In)_Br_np_H,O; (c) *H NMR spectra of (i)
H>BDC-NOy; (ii) MIL-53(In)_NO,_lp_DMF; (c) MIL-53(In)_NO,_-
np_H,O. (* IH NMR signals of DMF).

temperature up to 80 °C is assigned to the departure of 0.5
trapped water molecule per metal unit (obs.: 2.2%; calc.: 2.2%).
The second event (between 80 and 250 °C) corresponds to the
removal of the 1.0 occluded DMF molecule per metal unit (obs.:
17.3%; calc.: 17.6%). Therefore, a combination with the result
from 'H NMR enables the deduction of the formula of the
compound: In(OH)(BDC-(OH),)- (DMF); o(H,0)0.5-

The absence of any obvious plateau between the loss of the
trapped molecules and the transformation into In,O; implies
the difficulty in removing the trapped molecules and keeping
the framework intact because the departure of the trapped

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 TG curve of MIL-53(In)_(OH),_lp_DMF.

molecules may be accompanied by its collapse. The similar
impossibility of removing all the trapped molecules without the
collapse of the framework can be observed in the prototypical
as-made MIL-53(In) material."* According to the TG curve re-
ported in the mentioned publication, although a plateau is
formed after the departure of half of the trapped molecules in
MIL-53(In), the whole skeleton collapses with the removal of the
occluded terephthalic acid molecules.

In order to prepare MIL-53(In)_(OH), np_H,O from MIL-
53(In)_(OH),_lp_DMF, we first attempted to remove the trapped
molecules by means of solvent exchange using low boiling point
solvents (ethanol, methanol and CH,Cl,). The corresponding
PXRD patterns are shown in Fig. S2.f It was found that the
instability of MIL-53(In)_(OH),_lp_DMF in these organic
solvents leads to phase transitions but not the corresponding
hydrated narrow pore form. In conclusion, due to the thermal
behaviour and chemical stability of MIL-53(In)_(OH),_lp_DMEF,
it was impossible to remove the trapped molecules to obtain the
open framework by the usual solvent exchange/heating process.

In contrast, the thermal behaviours of the as-synthesized
MIL-53(In)_Br_lp_DMF and MIL-53(In)_NO,_lp_DMF samples
are significantly different (Fig. 7). Two similar weight losses
were observed in both cases. The first weight loss from room
temperature up to around 180 °C is assigned to the departure of
0.85 DMF molecules per indium atom (obs.: 14.5 wt%, calc.:
14.2 wt% for MIL-53(In)_Br_lp_DMF and obs.: 15.6 wt%, calc.:
15.4 wt% for MIL-53(In)_NO,_lp_DMTF). The formulas deduced
from these thermal analyses combined with the ones from "H
NMR spectroscopy are In(OH)(BDC-Br)-(DMF),gs and
In(OH)(BDC-NO,)- (DMF), g5. The plateaus were observed until
400 °C and 350 °C, which indicates that the frameworks can be
stable up to these temperatures after the removal of all the
trapped molecules. Thus, the functionalization of MIL-53(In)
with -Br or -NO, groups induces a gain in terms of the chem-
ical stability of the network.

3.6 IR spectroscopy of MIL-53(In)_X_Ip_DMF and MIL-
53(In)_X_np_H,0

In order to better understand the difference related to the
stability of the MIL-53(In)_X_lp_DMF materials, IR-based
analyses were performed for the as-synthesized MIL-53(In)

RSC Adv., 2019, 9, 1918-1928 | 1923
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Fig. 7 TG curves of (a) MIL-53(In)_Br; (b) MIL-53(In)_NO, (lp_DMF phase, black; np_H,O phase, red).

_X_lp_DMF samples and the hydrated narrow pore forms of
MIL-53(In)_X_np_H,O samples. The spectra are displayed in
Fig. 8 and for comparison, the spectra of the organic sources are
depicted in Fig. S4.t

All of the IR spectra of the as-synthesized samples and the
hydrated narrow pore forms of samples exhibit the typical
vibrational bands of the carboxylic acid function in the region of

(@
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Fig. 8 IR spectra of materials: (a) MIL-53(In)_(OH),_lp_DMF; (b) MIL-
53(In)_Br_lp_DMF; (c) MIL-53(In)_Br_np_H,O; (d) MIL-53(In)_NO,_-
lp_DMF; (e) MIL-53(In)_NO,_np_H,O ((#) »(u—OH); (M), »s(C=0); (*)
15(C=0); (**) 155(C=0); (#) ¥(C-0); (®) »(C-Br); (@) »5(C-N)).
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1400-1700 cm™".*° The adsorption bands of the carboxyl groups
of the linker coordinated to the metal centers are visible at
around 1560 cm™ ' and 1390 cm™ ', and are attributed to v{(C=
0) and r,4(C=0), respectively (denoted by * and ** marks). The
band assigned to »(C=0) of DMF (with B mark) appears at
around 1670 cm ™" in the IR spectra of the as-synthesized MIL-
53(In)_X_lp_DMF materials (Fig. 8a, b and d). The absence of
this characteristic band of DMF in the spectra of MIL-53(In)
_X np_H,0 samples indicates that there are no free DMF
molecules in the corresponding hydrated narrow pore forms of
these solids (Fig. 8c and e).

Moreover, the peaks sensitive to the -OH group were
observed at 1200 cm ™" for MIL-53(In)_(OH),_lp_DMF in Fig. 8a
(represented by the # symbol). The main band involving the C-
Br bond vibration, »(C-Br) (represented by 4 symbols), is
localized at 1039 cm ™' for MIL-53(In)_Br_lp_DMF and MIL-
53(In)_Br_np_H,O (Fig. 8b and c) and also for the H,BDC-Br
organic source (Fig. S4t). The -NO, group shows the absorp-
tion band at 1302 cm ™' for MIL-53(In)_NO,_Ip_DMF and MIL-
53(In)_NO,_np_H,O (Fig. 8d and e) assigned to the symmetric
stretching vibration, »¢(C-N), marked by @ symbols, and also
found at the same wavenumber in the spectrum of the H,BDC-
NO, reactant (Fig. S4t).

To probe the different stabilities of the as-synthesized MIL-
53(In)_(OH),_lp_DMF compared to the other two isomorphs,
the potential of hydrogen bonds was examined by IR, focusing
on the bridging p-OH group. For MIL-53(In)_(OH),_lp_DMEF,
the absence of »(O-H) bands usually located at approximately
3600 cm ' and 3700 cm™' suggest strong hydrogen bond
interactions between the bridging p-OH groups, free —-OH
groups and trapped molecules (Fig. 8a), which have been
previously reported for the MIL-53(Fe)_(OH),.>* This could be
the reason for the framework collapse due to strong host-guest
interactions. On the contrary, the sharp absorption peak of »(O-
H) was observed at around 3630 cm ™', indicated by & symbols
in the spectra of both the large pore form with DMF and the
hydrated narrow pore form of MIL-53(In)_Br and MIL-53(In)
_NO, samples (Fig. 8b-e). In these cases, this implies no strong
host-guest interactions. Similar phenomena have been
observed in MIL-53(Fe)_X (X = Cl, Br).* This also explains why
the typical solvent exchange/heating process used for these

This journal is © The Royal Society of Chemistry 2019
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materials enables guest molecules to be released because of
weak host-guest interactions.

3.7 N, adsorption-desorption isotherms of MIL-53(In)
_X_np_H,0

The porosity features and the structural flexibility of the func-
tionalized MIL-53(In) materials were evaluated by N, sorption
measurements at 77 K. As mentioned above, the chemical
instability and thermal behaviour of the MIL-53(In)_(OH),_-
Ip_DMF sample did not allow us to obtain the guest free form
with the common approaches. However, according to the TG
curve, four activation temperatures (150 °C, 200 °C, 250 °C and
300 °C) were tested to treat the crude samples in vacuum
overnight before N, adsorption. Negligible N, uptake was
observed in all cases, as shown in Fig. 9a, revealing a framework
collapse and/or the presence of occluded molecules.

For the MIL-53(In)_Br_np_H,O sample, a non-type I
adsorption isotherm was obtained as shown in Fig. 9b. Indeed,
negligible N, uptake was observed at low relative pressures (p/p°
< 0.07), which can be explained by the predominance of the
dehydrated and closed (non-porous) phase. Upon increasing
the relative pressure (p/p° ~0.07), a very sharp and major N,
uptake takes place. At higher relative pressure than this peculiar
point (p/p° > 0.07), the adsorbed volume reaches 236 cm® g*
(STP) at p/p° = 0.99. The unusual isotherm is similar to and
even more pronounced than, the one observed for MIL-53(Ga)
(also called IM-19)," which was explained by the existence of
the closed pore form at low relative pressure, and then switched
to the final porous polymorph, i.e. the large pore and empty
form, with the increase of the pressure. The microporous
volume obtained is equal to 0.35 cm® g~ .

In contrast to the other two homologous compounds, MIL-
53(In)_NO,_np_H,O exhibited a classical type Ia isotherm
characteristic of microporous solids with a sharp uptake in the
low-pressure region (107> < p/p° < 10™%),** and reached the
uptake of 266 cm® g~ (STP) at p/p° = 0.99 (Fig. 9¢). The specific
surface areas were calculated according to the BET and Lang-
muir models and reached 964 m*> g~' and 1076 m* g,
respectively. The microporous volume obtained was 0.39
em® gl

When the microporous volumes of these two materials are
based on the weight of the In(OH)(BDC-X) unit, they become
130 cm® per In(OH)(BDC-Br) unit and 133 cm® per In(OH)(BDC-
NO,) unit for the guest-free and porous form of MIL-53(In)_Br
and MIL-53(In)_NO,, respectively. By using the same
approach, the microporous volumes of guest-free and large pore
MIL-53(M) series materials (based on the weight of the
M(OH)(BDC) unit) have been reported to be equal to 118 cm?,
122 cm® and 119 cm® per M(OH)(BDC) unit for MIL-53(Al), MIL-
53(Cr) and MIL-53(Ga), respectively.'® It is worth noting that
both of the unit-based N, uptakes (thereby ruling out the
contributions of the molecular weights of the metal and the
functionalized terephthalate linker) for MIL-53(In)_Br_np_H,O
and MIL-53(In)_NO,_np_H,O0 are slightly higher as compared
to the nonfunctionalized MIL-53(M) series. This demonstrates
in these «cases the ameliorative influence of the

This journal is © The Royal Society of Chemistry 2019
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np_H,O (adsorption, full symbols; desorption, empty symbols).

functionalization on the final microporous volume. Thus, the
functional groups -Br and -NO, effectively improve the porosity
of the prototypical MIL-53(In) material.

In conclusion, from N, adsorption measurements at 77 K,
the porosity of dihydroxyl modified MIL-53(In) cannot be
assessed. In contrast, both functionalizations by -Br and -NO,
groups lead to the capability of the corresponding solids to
accommodate N, molecules. The S-shaped isotherm of the
brominated material can be also underscored, suggesting the
presence of a closed form at low pressure.

3.8 Structural flexibility of MIL-53(In)_X

The observations provided by the study concerning the activa-
tion process, TG and N, sorption isotherms clearly indicate
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three different structural flexibilities of the functionalized MIL-
53(In). In particular, the narrow pore phase of the dihydroxyl
modified MIL-53(In) in both the hydrated and dry forms cannot
be obtained by thermal activation or solvent exchange activa-
tion; the activated phase also shows no porosity in the N,
sorption. In contrast, the hydrated narrow pore phase of MIL-
53(In)_Br and MIL-53(In)_NO, can be prepared. It is worth
noting that there was a decrease in the unit cell volume by about
34% for MIL-53(In)_Br and 27% for MIL-53(In)_NO, as
compared to the as-synthesized large pore phases with occluded
DMF.

In order to analyze the structural flexibility, a combination of
IR analyses and structural determinations in addition to N,
sorption measurements were conducted. According to the
literature,*»**~2*% there exist strong intra-framework interplays
in the MIL-53(M)_X materials, such as bridging p-OH groups-
trapped molecules, bridging p-OH groups-functionalized
groups, functionalized groups-trapped molecules, aromatic
rings-aromatic rings (Fig. 10). All of these intra-framework
interactions significantly contribute to influencing the scaf-
fold flexibility of MIL-53(M)-type materials. In the present work,
the crystal structures of MIL-53(In)_X from single crystal
determinations indicate various positions and orientations of
the substituent groups. The relatively large substituents -Br and
-NO, point into the pore, as shown in Fig. 3b and c. No addi-
tional hydrogen bonds were established between the -Br group
and the guest molecules or between the -NO, group and the
guest molecules, which was also attested by IR analyses. The
great steric hindrances of -Br and -NO, groups act as barriers
between bridging p-OH groups and trapped molecules to
weaken the interactions between host and guest, which facili-
tates the structural transition towards the narrow pore form of
MIL-53(In)_Br and MIL-53(In)_NO, from the as-synthesized
large pore phase by the activation. In contrast, the structure
of the MIL-53(In)_(OH), analogue emphasizes that the relatively
small hydroxyl groups are arranged along the wall of the
channel (Fig. 3a). The existence of -OH groups on the tereph-
thalic moiety even strengthens the interactions between the
bridging pu-OH of the framework and the guest molecules, which

Fig. 10 Scheme of the interactions in the structure of MIL-53(M)_X.
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has been proved by the existence of strong hydrogen bond
interactions from the corresponding IR analyses. Therefore,
this explains why it is much more difficult to remove guest
molecules of MIL-53(In)_(OH), to obtain the narrow pore form
as compared to the other two homologous structures.

4. Conclusions

The synthesis and the full characterization combined with
a description of structural and textural features of a series of
functionalized MIL-53(In) materials (by —-(OH),, Br or NO,
groups) have been reported. Single-crystal X-ray diffraction
analyses reveal that all functionalized solids display the same
diamond-shaped topology as the unmodified parent MIL-53(In)
with various positions and orientations of the substituent
groups on the terephthalate ligands. Moreover, by modulating
the organic component by the presence of additional functional
groups, and owing to a subtle combination of steric hindrance,
chemical nature and intra-framework interactions, these func-
tionalized MIL-53(In) materials lead to distinctly different
structural flexibilities. Indeed, their N, adsorption behaviour
showed that functionalization by both -Br and -NO, groups led
to distinctive nitrogen accessible porosity for the corresponding
solids.
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