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The iono- and urothermal methods, both involving solvents based on e-urea (2-imidazolidinone), the 1:2 choline
chloride:e-urea deep eutectic solvent and e-urea hemihydrate respectively, have been explored as synthetic
approaches for the preparation of strontium-based metal-organic frameworks (Sr-MOFs). Using these media and
seven different di-carboxylic acid ligands, a series of ten Sr-MOFs has been obtained and characterized by X-ray
diffraction as well as by thermogravimetric and elemental analyses, infra-red spectroscopy and their optical
properties have been investigated. While both preparation methods led to the same unique crystalline phase in

some instances, different architectures were obtained for the majority of the ligands explored herein, depending
on the synthetic approach employed. This highlights the key role of choline chloride in the ionothermal method
and of water in the urothermal strategy, that can act as ligands/templates and thereby impact the formation of
intermediate phases and the stability of the materials.

1. Introduction

With their unique properties and features, Metal-Organic Frame-
works (MOFs) have attracted much interest over the past three decades
[1-5]. These porous crystalline materials have been considered for gas
storage/separation, catalysis, biomedicine and drug delivery among
others. Fueled by these potential applications in diverse fields, research
has also focused on their preparation [6-11]. A variety of synthetic
methods have thus been developed and employed, such as
microwave-assisted [12], sonochemical [13], mechanochemical [14],
electrochemical [15] and solvothermal syntheses [6]. The latter, based
on heating, under autogenous pressure, a mixture of ligand and metal
source in a solvent has been the most widely explored and applied
approach. Common synthetic media for the solvothermal strategy are
DMF and DEF, as their decomposition into amines at higher temperature
is found to be favorable to the slow deprotonation of the widely used
carboxylic acid-based ligands. Alternative solvents have been proposed
such as ionic liquids leading to the emergence of ionothermal synthesis
[16-20]. More recently, deep eutectic solvents (DESs) [21-25] have also
been considered in this context [26,27]. DESs are the combination of
compounds at the eutectic ratio affording a mixture showing a strong
depression of the melting point in comparison to the one of its individual
components and the one expected for the ideal liquid mixture. Their low
vapor pressure, relatively wide liquid range, non-flammability and
ability to dissolve polar species has made them promising solvents for
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MOF synthesis. In particular, 1:2 mixtures of choline chloride (ChCl,
Fig. 1) and urea derivatives have been employed as solvents for the
ionothermal method [26,28-32]. Their decomposition profile [33-34]
also generates amines, reminiscent of DMF and DEF, and these DESs
have demonstrated their ability to yield a variety of MOFs with inter-
esting textural and/or photophysical properties, to allow the formation
of water-sensitive MOFs and to impact the crystalline morphology
[26-32]. We have recently focused on the use of the 1:2 ChCl:e-urea DES
(e-urea = 2-imidazolidinone, Fig. 1) as solvent for the synthesis of
alkaline earth MOFs (AEMOFs) [28-32]. These materials are particu-
larly appealing for the non/low toxicity, and abundance of their metal
cations [35-38]. Remarkably, in AEMOFs prepared from this DES, the
recurrence of a coordinating motif involving the carbonyl unit assisted
by hydrogen bonding of the NH groups of the e-urea from the solvent
was observed, whereas ChCl is systematically absent from the crystal
structures [30-32]. This shifted our interest to urothermal synthesis,
based solely on the use of an urea derivative for the preparation of
MOFs. This strategy, albeit less exploited than the ionothermal method,
has also demonstrated its capacity to form a diversity of MOFs [39-40].
Surprisingly, to the best of our knowledge, no study has compared the
two approaches based on the same urea species to assess the impact of
the strategy on the structure and properties of the resulting MOFs.

In this study, a series of seven dicarboxylic acid ligands varying in
their length, flexibility and relative position of the coordinating units
(Fig. 1) has been employed for the ionothermal and urothermal
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preparation of Sr-MOFs in the 1:2 ChCl:e-urea DES and e-urea hemi-
hydrate respectively, aiming to put the two approaches in perspective.
The ten resulting MOFs have been characterized by single-crystal and
powder X-ray diffraction as well as by thermogravimetric and elemental
analyses, infra-red spectroscopy and their optical properties have been
investigated.

2. Experimental section

Reagents were obtained from commercial sources and used as
received.

General MOF synthesis procedure in the 1:2 ChCl:e-urea DES.
The 1:2 ChCl:e-urea DES was prepared before each synthesis by heating
a 1:2 mixture of choline chloride and 2-imidazolidinone at 90°C in a
round-bottom flask until a homogeneous mixture was formed. The re-
agents were added to an 8 mL vial before addition of the solvent while
hot (90°C) using a preheated syringe. The vial was then heated in a dry
bath. After completion of the reaction and before letting the vial cool
down, ethanol was added to prevent solidification. The resulting
mixture was then filtered and washed multiple times with ethanol. The
remaining solid was air-dried.

General MOF synthesis procedure in e-urea hemihydrate. The
reagents were added to an 8 mL vial before addition of the solvent. The
solvent being solid at ambient temperature (m.p. = 58°C), it was added
directly in solid form in the reaction vial. The vial was then heated in a
dry bath. After completion of the reaction and before letting the vial cool
down, ethanol was added to prevent solidification. The resulting
mixture was then filtered and washed multiple times with ethanol. The
remaining solid was air-dried. It can be noted that the reaction time
under urothermal conditions is generally shorter than under ion-
othermal conditions to avoid potential evaporation of water at the
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temperature used that would lead to an increase in the melting point of
the reaction medium.

[Sr(3,3’-azo-bpdc)(e-urea),], Sr-MOF 1. Urothermal synthesis: Azo-
benzene-3,3-dicarboxylic acid (0.0068 g, 0.025 mmol) and Sr(NO3),
(0.0106 g, 0.05 mmol) were added to an 8 mL vial before addition of
solid e-urea hemihydrate (4 g). The vial was then heated at 120°C for 4
days. The reaction was treated according to the general procedure.
Ionothermal synthesis: Azobenzene-3,3-dicarboxylic acid (0.027 g, 0.1
mmol) and Sr(NO3), (0.042 g, 0.2 mmol) were added to an 8 mL vial
before addition of freshly prepared ChCl:e-urea DES (1:2, 2.5 mL). The
vial was then heated at 120°C for 3 weeks. The reaction was treated
according to the general procedure (0.0325 g, 61.5 %). Elemental
analysis (CHN) for CooHgoNgOgSr; calculated: C, 45.49; H, 3.82; N,
15.92; found: C, 44.11; H, 4.45; N, 16.43.

[Sr(dpmdc)(e-urea)s], Sr-MOF 2. Diphenylmethane-4,4"-dicarbox-
ylic acid (0.026 g, 0.1 mmol) and Sr(NO3); (0.042 g, 0.2 mmol) were
added to an 8 mL before addition of solid e-urea hemihydrate (4 g). The
vial was then heated at 120°C for 7 days. The reaction was treated ac-
cording to the general procedure (0.0272 g, 52.9 %). Elemental analysis
(CHN) for C21H25N406Sr; calculated: C, 49.07; H, 4.31; N, 10.90; found:
C, 48.65; H, 4.37; N, 10.24.

[Sr(dpmdc)(e-urea)], Sr-MOF 3. Diphenylmethane-4,4"-dicarboxylic
acid (0.026 g, 0.1 mmol) and Sr(NOs); (0.042 g, 0.2 mmol) were added
to an 8 mL vial before addition of freshly prepared ChCl:e-urea DES (1:2,
2.5 mL). The vial was then heated at 120°C for 2 weeks. The reaction
was treated according to the general procedure. To the best of our
ability, we were not able to obtain a pure sample of this compound.

[Sra(bzpdc)s(e-urea)3(Ho0)2], Sr-MOF 4. 4,4-carbonyldibenzoic
acid (0.027 g, 0.1 mmol) and Sr(NO3) (0.042 g, 0.2 mmol) were added
to an 8 mL vial before addition of solid e-urea hemihydrate (4 g). The
vial was then heated at 120°C for 7 days. The reaction was treated
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Fig. 1. Representation of the solvent components (green box) and of the seven ligands employed for the preparation of Sr-MOFs via the iono- and uro-

thermal methods.
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according to the general procedure (0.0360 g, 71.6 %). Elemental
analysis (CHN) for C39H34NgO13Sr; calculated: C, 46.56; H, 3.81; N,
8.35; found; C, 46.46; H, 3.88; N, 8.45.

[Sr(4,4’-bpydc)(e-urea)(H,0)](e-urea), Sr-MOF 5. 2,2-bipyridine-
4,4'-dicarboxylic acid (0.024 g, 0.1 mmol) and Sr(NOs), (0.042 g, 0.2
mmol) were added to an 8 mL vial before addition of solid e-urea
hemihydrate (4 g). The vial was then heated at 120°C for 7 days. The
reaction was treated according to the general procedure (0.0253 g, 48.7
%). Elemental analysis (CHN) for C;3H29NgO7Sr; calculated: C, 41.58; H,
3.88; N, 16.16; found; C, 41.03; H, 3.83; N, 16.09.

[Sr(4,4’-bpydc)(e-urea)], Sr-MOF 6. 2,2"-bipyridine-4,4'-dicarboxylic
acid (0.024 g, 0.1 mmol) and Sr(NO3), (0.042 g, 0.2 mmol) were added
to an 8 mL vial before addition of freshly prepared ChCl:e-urea DES (1:2,
2.5 mL). The vial was then heated at 120°C for 2 weeks. The reaction
was treated according to the general procedure. To the best of our
ability, we were not able to obtain a pure sample of the compound.

[Sr(pdac)(e-urea)], Sr-MOF 7. lonothermal synthesis: 1,4-Phenylene-
diacetic acid (0.019 g, 0.1 mmol) and Sr(NOs), (0.042 g, 0.2 mmol)
were added to an 8 mL vial before addition of freshly prepared ChCl:e-
urea DES (1:2, 2.5 mL). The vial was then heated at 120°C for 10 days.
The reaction was treated according to the general procedure. Uro-
thermal synthesis: 1,4-Phenylenediacetic acid (0.019 g, 0.1 mmol) and
Sr(NO3)2 (0.042 g, 0.2 mmol) were added to an 8 mL vial before addition
of solid e-urea hemihydrate (4 g). The vial was then heated at 120°C for
2 weeks. The reaction was treated according to the general procedure
(0.0172 g, 47.0 %). Elemental analysis (CHN) for C;3H;4N20s5Sr;
calculated: C, 42.68; H, 3.86; N, 7.66; found: C, 41.52; H, 3.95; N, 8.01.

[Sr(pda)(e-urea)], Sr-MOF 8. 1,4-Phenylenediacrylic acid (0.022 g,
0.1 mmol) and Sr(NO3); (0.042 g, 0.2 mmol) were added to an 8 mL vial
before addition of solid e-urea hemihydrate (4 g). The vial was then
heated at 120°C for 7 days. The reaction was treated according to the
general procedure (0.0217 g, 44.1 %). Elemental analysis (CHN) for
C15H14N2058Sr; calculated: C, 46.21; H, 3.62; N, 7.18; found: C, 45.68; H,
3.59; N, 6.91.

[Sr(1,4-napht)(e-urea)s](e-urea), Sr-MOF 9. 1,4-naphthalenedicar-
boxylic acid (0.022 g, 0.1 mmol) and Sr(NOs)z (0.042 g, 0.2 mmol)
were added to an 8 mL vial before addition of solid e-urea hemihydrate
(4 g). The vial was then heated at 120°C for 7 days. The reaction was
treated according to the general procedure (0.014 g, 25.0 %). Elemental
analysis (CHN) for Cp1H24NgO7Sr; calculated: C, 45.03; H, 4.32; N,
15.01; found: C, 44.76; H, 4.34; N, 15.04.

[Sr(1,4-napht)(e-urea)], Sr-MOF 10. 1,4-naphthalenedicarboxylic
acid (0.022 g, 0.1 mmol) and Sr(NOs)y (0.042 g, 0.2 mmol) were
added to an 8 mL vial before addition of freshly prepared ChCl:e-urea
DES (1:2, 2.5 mL). The vial was then heated at 120°C for 7 days. The
reaction was treated according to the general procedure (0.0263 g, 55.5
% based on [Sr(1,4-napht)(e-urea)s]). Elemental analysis (CHN) for
C18H18N406Sr; calculated: C, 45.61; H, 3.83; N, 11.82; found: C, 45.30;
H, 3.83; N, 11.26.

2.1. Thermo-gravimetric analysis

The thermal stability of the samples was determined on a Perki-
nElmer thermogravimetric analyzer TGA 4000 under Ny flow of 20 mL.
min~! and at a heating rate of 5°C.min"* up to 800°C.
2.2. Optical properties

Diffuse reflectance spectra were collected on a PerkinElmer Lambda
650S UV-vis spectrometer at room temperature. Emission spectra were
collected on a PerkinElmer LS55 fluorescence spectrometer at room
temperature.

2.3. Elemental analysis

Elemental analyses (CHN) were performed at the Service Commun
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d'Analyses of the University of Strasbourg, in duplicate, employing
ThermoFisher FLASH 2000 equipment, whereas the reported values for
CHN were taken as the average of two measurements.

2.4. Infrared spectroscopy

Infrared spectra were collected on a PerkinElmer FTIR-UATR Spec-
trum Two by attenuated total reflectance on powders at room
temperature.

2.5. Gas sorption

The textural properties of Sr-MOF 8 were obtained by adsorption-
desorption isotherms with Ny at 77 K in a Micromeritics ASAP 2020
Surface Area and Porosity Analyzer. The Brunauer-Emmett-Teller (BET)
method was used for obtaining the specific surface area. A sample of 8,
previously heated at 350°C at a 5°C/min rate aiming at e-urea removal,
was outgassed, prior to the Ny adsorption-desorption analysis, by heat-
ing under vacuum at 90°C for 1 h and then at 150°C for 30 minutes and
the MicroActive Software version 4.00 was used to analyze the data.

2.6. X-ray diffraction

X-Ray diffraction data collection for 2 and 3 (Table 1) was carried
out on a Bruker PHOTON-III DUO CPAD diffractometer equipped with
an Oxford Cryosystem liquid Ny device, using Cu-Ka radiation (A =
1.54178A) at 120 K. X-ray diffraction data collection for 1, 4, 5 and 7-10
(Tables 1-3) was carried out on a Bruker APEX II DUO Kappa-CCD
diffractometer equipped with an Oxford Cryosystem liquid Ny device,
using Mo-Ka radiation (A = 0.71073 Z\) at 173 K. The structures were
solved using the program SHELXT-2018 [41]. The refinement and all
further calculations were carried out using SHELXL-2018 [42]. The
H-atoms were included in calculated positions and treated as riding
atoms using SHELXL default parameters. The non-H atoms were refined
anisotropically, using weighted full-matrix least-squares on F2. A
semi-empirical absorption correction was applied using SADABS in
APEX4 [43]. Note that in the structure of MOFs 3 and 10, remaining
electronic density corresponding to highly disordered solvent molecules
that could not be properly refined was treated using the SQUEEZE
command [44].

The single-crystal X-ray diffraction data acquisition of 6 (Table 2)
was carried out at the CRISTAL beamline (synchrotron SOLEIL, Paris)
using the synchrotron radiation source (A = 0.67199 10\). Diffracted in-
tensities were measured using a CCD detector (Atlas detector from
Rigaku) mounted on a four-circles MKS-Newport diffractometer. The
crystal-to-detector distance was set to 80 mm. The temperature of the
data collection (T = 100 K) was reached with a gas streamer (Cryo-
Industries of America). The wavelength was selected with a double
crystal monochromator (Si 111 crystals) and sagittal (horizontal)
focusing was achieved using a 1D SU-8 compound refractive lenses
system developed by the Karlsruhe Institute of Technology. The beam
attenuation was performed using Al (or Cu) foils of different thicknesses
inserted in the incident beam. Data collection strategies, refinement of
the unit cell parameters and the data reduction were carried out using
the CrysAlisPro software package [45]. The refinement and all further
calculations were carried out using SHELXL-2018 [42].

CCDC 2498769-2498778 contain the supplementary -crystallo-
graphic data for this paper. These data can be obtained free of charge via
http://www.ccdc.cam.ac.uk/conts/retrieving.html

Powder X-ray diffraction patterns were recorded at 293 K on a Bruker
D8 diffractometer using monochromatic Cu-Ka radiation with a scan-
ning range between 3 and 40° using a scan step of 1.17° min !, with the
compound placed on a rotating Si low background sample holder. The
calculated diagrams were generated with the Mercury® software [46]
based on the single-crystal data collected.
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Table 1
Crystallographic data for Sr-MOFs 1-4.
1 2 3 4
Formula CaoH2oNgOgST C21H2oN406ST C72Hg4NgO20Sr4 C39H3gNgO15Sr2
FW 528.04 514.04 1711.79 1005.99
Crystal system Monoclinic Monoclinic Triclinic Orthorhombic
Space group P2,/n P2,/n P-1 Pnma
a, A 15.9605(14) 13.7781(5) 7.7197(4) 7.2035(8)
b, A 7.3035(5) 7.2339(3) 22.7419(12) 30.005(4)
c, A 19.3781(17) 22.8752(8) 23.2985(11) 18.730(3)
a, ° 108.701(3)
B ° 105.104(3) 91.846(3) 90.153(3)
7° 94.490(3)
v, A3 2180.8(3) 2278.77(15) 3860.8(3) 4048.3(10)
z 4 4 2 4
A, A 0.71073 1.54178 1.54178 0.71073
T,K 173(2) 120(2) 120(2) 173(2)
u, mm™ 2.523 3.672 4.143 2.715
Refls. coll. 26368 28130 111419 52370
Ind. refls. (Riny) 5230 (0.1214) 4031 (0.1194) 13559 (0.0662) 4766 (0.1667)
R; (I>26(D)" 0.0473 0.0885 0.0710 0.0537
WR» (I>206(D)" 0.0813 0.2282 0.2157 0.1170
R; (all data)” 0.1000 0.1153 0.0816 0.0975
WR, (all data)” 0.0969 0.2498 0.2253 0.1388
GOF 0.966 1.065 1.159 1.014
3 Ry = SNIF,l — IFIS/1IF,l; Ry = [S-w(F,2-F.%)?%/S wF,*'/?
Table 2 Table 3
Crystallographic data for Sr-MOFs 5-8. Crystallographic data for Sr-MOFs 9-10.
5 6 7 8 9 10
Formula C18H20NgO,Sr C15H12N405Sr C13H14N05Sr C3oHgN4010Sr2 Formula C21H24NgO,Sr C15H12N,05Sr
Fw 520.02 415.91 365.88 779.80 Fw 560.08 387.89
Crystal Monoclinic Monoclinic Monoclinic Triclinic Crystal system Monoclinic Tetragonal
system Space group P2,/n I4ymd
Space P2;/n P2,/c C2/c P-1 a, A 9.0991(7) 23.800(4)
group b, A 15.5143(12)
a, A 17.119(19) 12.0307(2) 23.144(2) 8.4065(9) ¢ A 16.3424(14) 13.078(3)
b, A 7.485(8) 7.45680(10) 13.3692(10) 13.0427(13) B ° 97.006(4)
c, A 17.208(19) 19.7134(2) 8.5119(8) 14.4628(15) v, A® 2289.8(3) 7408(3)
a, ° 75.177(4) Z 4 16
B, ° 105.431(16) 99.9920(10) 93.847(5) 84.173(4) A, A 0.71073 0.71073
7 ° 83.204(5) T,K 173(2) 173(2)
v, A 2125(4) 1741.67(4) 2627.8(4) 1518.0(3) u mm™* 2.411 2.933
z 4 4 8 2 Refls. coll. 15901 41263
A, A 0.71073 0.67199 0.71073 0.71073 Ind. refls. (Rine) 5456 (0.0627) 4646 (0.2029)
T,K 173(2) 100 (2) 173(2) 173(2) R; (I>206(D)” 0.0387 0.0547
u, mm’t 2.590 2.710 4.128 3.579 WR, (I>20(1))" 0.0759 0.1181
Refls. 43821 28104 17746 30174 R; (all data)” 0.0694 0.1128
coll. WR, (all data)® 0.0844 0.1441
Ind. refls. 5079 4946 3873 7205 (0.0911) GOF 1.003 0.968
R; 0.0731 0.0594 0.1239
Rl((lm>l)2<s 5).0345 : 5)‘0330 : 5).0512 : 0.0590 * Ry = SRl — IFel S/ Fl; Ry = [ w(Fy™Fe?)/ L owF, 12
"
WR: 0.0741 0.0920 0.1081 0.1208 moieties and four bridging e-urea molecules (Fig. 2). This leads to a 1D
g;%“ secondary building unit (SBU) [47] that, upon bridging by the 3,
Ry (all 0.0560 0.0345 0.0988 0.1021 3'-azo-bpdc? ligand, yields a 2D arrangement. This SBU is further sta-
data)” bilized by hydrogen bonding between the e-urea NH groups and
WR; (all 0.0823 0.0944 0.1305 0.1358 neighboring carboxylates. It can be noted that in both solvents systems,
data)” Sr-MOF 1 was obtained in pure form as demonstrated by elemental
GOF 1.017 1.099 0.995 1.064

2 Ry = SNIF,l — IFIY/1IF,l; WRy = [ w(F,%-F.2)?/S wF,*1'/?
3. Results and discussion

First, the use of flexible ligands for the synthesis of MOFs was
explored under both ionothermal and urothermal conditions in the 1:2
ChCl:e-urea DES and e-urea hemihydrate respectively. Interestingly, in
both solvents, Sr-MOF 1 formulated [Sr(3,3’-azo-bpdc)(e-urea)s]
(3,3’azo-bpdcH; = azobenzene-3,3’-dicarboxylic acid) was isolated. It
crystallizes in the monoclinic P2;/n space group with a nine-coordinated
Sr(II) cation, bound to two bridging and one chelating carboxylate

analysis and X-ray powder diffraction, suggesting that, with this ligand,
the two synthetic routes yield a unique crystalline system.

An analogous SBU is observed in the crystal structure of Sr-MOF 2
obtained under urothermal conditions with diphenylmethane-4,4'-
dicarboxylic acid (dpmdcHj, Fig. 1). This MOF formulated [Sr(dpmdc)
(e-urea)y] also crystallizes in the monoclinic P2;/n space group and
shows a 2D arrangement by bridging of the SBU based on a nine-
coordinated Sr(II) cation (Fig. 3) with bond distances similar to what
is observed in Sr-MOF 1 (Table 4). While the experimental X-ray powder
pattern for this material shows the presence of few minor additional
peaks (Fig. SM2), no crystal of this potential other side-product could be
isolated for further identification. It is worth noting that elemental
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Fig. 2. Side and top views of the 2D arrangement and SBU of the crystal structure of Sr-MOF 1 obtained under both iono- and urothermal conditions. Hydrogen

atoms have been omitted for clarity.

analysis for the batch prepared under urothermal conditions was
consistent with the Sr-MOF 2 formula, suggesting that this additional
phase is minor and/or has the same composition as Sr-MOF 2. Inter-
estingly, when the reaction was performed in the 1:2 ChCl:e-urea DES,
crystals of another phase formulated [Sr(dpmdc)(e-urea)], Sr-MOF 3,
were isolated. Crystallizing in the triclinic P-1 space group, it features a
2D arrangement as in Sr-MOFs 1 and 2 but based on two different SBUs
comprising eight-coordinated Sr(II) cations, bound to four carboxylate
groups and a bridging e-urea molecule (Fig. 3). As for the previous
compounds, coordination of the carbonyl unit is assisted by hydrogen
bonding between the NH groups and the neighboring carboxylates. The
two SBUs differ in the orientation of the urea derivative. X-ray powder
diffraction analysis indicated that 3 is not the sole phase forming as
additional peaks are observed when compared to the calculated pattern.
These peaks however do not correspond to the presence of Sr-MOF 2, as
shown by comparison of the experimental and calculated diffracto-
grams. Furthermore, isolation of single-crystals suitable for X-ray
diffraction analysis of potential other phases formed under these con-
ditions could not be performed, preventing characterization of side
products. It can be noted that, while there has been one report of another
Sr-MOF based on this ligand, [Sr(dpmdc)(H20)] [48], the organization
and SBUs in 2 and 3 are different and are closer to what is observed for
[Mg(dpmdc)(DEF) 2] [48].

Remarkably, when 4,4'-carbonyldibenzoic acid (bzpdcHa, Fig. 1) was
used under urothermal conditions in e-urea hemihydrate, another 2D Sr-
MOF, 4, also showing two different SBUs was obtained. Formulated
[Sra(bzpdc)a(e-urea)s(H20)2], it crystallizes in the orthorhombic Pnma
space group with two independent Sr(II) cations. One is eight-
coordinated, bound to four carboxylate units, one bridging water
molecule and two terminal e-urea, whereas the other is nine-
coordinated, ligated to four carboxylate moieties, a bridging e-urea
and a terminal water molecule (Fig. 4). Owing to these varying coor-
dination environments, the distance between consecutive cations is
shorter within the SBU based on the eight-coordinated Sr(II) center than
within the one based on the nine-coordinated metal center (Table 4).

Sr-MOF 4 was obtained in pure form as demonstrated by X-ray
powder diffraction (Fig. SM4) and elemental analysis. It should be noted
however that another crystalline phase is formed under ionothermal
conditions. However, in spite of our numerous attempts, owing to the

small size and limited quality of the crystals, its structure could not be
determined.

The presence of water in the solvent in urothermal conditions leads
to its incorporation in the SBU as in the case of 4 as well as for 5, [Sr
(4,4 -bpydc)(e-urea)(H0)](e-urea) prepared using 2,2-bipyridine-4,4'-
dicarboxylic acid (4,4’-bpydcHy, Fig. 1) in e-urea hemihydrate. In this
MOF crystallizing in the monoclinic P2;/n space group, the Sr(II) cation
is nine-coordinated, ligated to four bridging carboxylates and two e-urea
molecules as well as one terminal water molecule (Fig. 5). This coordi-
nation sphere and the resulting 1D SBU are similar to what is observed in
one of the two SBUs in 4. A solvate e-urea molecule is hydrogen bonded
to the coordinated water molecule and carboxylate groups, thereby
bridging the 2D sheets. Under ionothermal conditions in the 1:2 ChCl:e-
urea DES with the same ligand, the 3D Sr-MOF 6, [Sr(4,4’-bpydc)(e-
urea)], has been obtained. A 1D SBU is formed by bridging of an eight-
coordinated Sr(II) bound to four carboxylate and two e-urea molecules
(Fig. 5), reminiscent of what has been reported for the Sr-MOF prepared
in the same DES with terephtalic acid [32]. This creates rectangular
channels occupied by the coordinated e-urea molecules.

For both Sr-MOFs 5 and 6, the two pyridine units are organized in a
trans fashion and are not coordinated to a metal cation as described for
the Ca-MOF [Ca(4,4’-bpydc)(e-urea)] prepared under ionothermal
conditions [31] and unlike what has been reported for Sr-MOFs based on
this ligand featuring either coordination to the Sr(II) cation or to another
metal center for heterometallic systems [49-51].

It can be noted that no mixture of phases could be detected by X-ray
powder diffraction (Figs. SM5-6), suggesting that the nature of the sol-
vent leads to different structures with varying dimensionality, unlike
what is observed when performing synthesis with p-phenylenediacetic
acid (pdacHj, Fig. 1) yielding the same material, Sr-MOF 7 [Sr(pdac)(e-
urea)], under both uro-and ionothermal conditions. To the best of our
knowledge, this is the first example of a Sr-MOF with this ligand, while a
Ca-MOF has been reported [52]. This MOF, crystallizing in the mono-
clinic C2/c space group, is based on an eight-coordinated Sr(II) cation,
bound to five carboxylates and one terminal e-urea molecule. This leads
to the formation of an unusual ladder shaped SBU (Fig. 6). Bridging of
this SBU affords a 3D arrangement with channels along the ¢ axis
occupied by the coordinated e-urea molecules. Remarkably, a similar
SBU and overall arrangement is observed in the structure of Sr-MOF 8,
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Sr-MOF 3

Fig. 3. Side and top views of the 2D arrangement and SBU of the crystal structure of Sr-MOF 2 (top) and 3 (bottom) obtained under uro- and ionothermal conditions,

respectively. Hydrogen atoms have been omitted for clarity.

[Sr(pda)(e-urea)], prepared under urothermal conditions using the 1,
4-phenylyenediacrylic acid (pdaH,, Fig. 1). Again, this is the first
example of a Sr-MOF prepared with this ligand, while a Ca-MOF pre-
pared under ionothermal conditions has been recently reported [31].
The coordination environment is analogous in 7 and 8 with distances
between neighboring Sr(II) cations longer than what is observed for the
previous Sr-MOFs where the e-urea is bridging (Table 4). In both MOFs,
the e-urea molecules are hydrogen bonded to a carboxylate group on one
hand and, in a self-complementary manner, to another e-urea belonging
to a SBU across the channels on the other hand. The main difference
between the two structures both displaying channels lies in the number

of ligands bridging neighboring SBUs. Whereas two pdac® anions con-
nect the SBUs in 7, either one or three pda? act as bridges in 8 (Fig. 6).

The two MOFs could be obtained in pure form as demonstrated by X-
ray powder diffraction (Figs SM7-8) and elemental analysis. However, it
can be noted that, under ionothermal conditions, ligand pdaHz led to the
formation of another crystalline phase, for which the structure could
unfortunately not be determined owing to the poor quality and low
diffraction of the material.

Another 3D Sr-MOF was isolated upon reaction of 1,4-naphthalene-
dicarboxylic acid (1,4-naphtH,, Fig. 1) with Sr(NO3); in e-urea hemi-
hydrate. Sr-MOF 9 formulated [Sr(1,4-napht)(e-urea);](e-urea),
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Table 4
Selected distances (;\) within and between the SBUs and of hydrogen bonds
involving the e-urea molecule.

Sr- Sr-O Sr-O Sr-Sr Sr-Sr N-HeeeO
MOF carboxylate e-urea withinSBU betweenSBUs
1 2.553(2)- 2.591 3.9421(5) 9.8150(8) 2.867(4)-
2.679(2) (2)- 3.148(5)
2.663(3)
2 2.528(5)- 2.655 3.8979(9) 12.320(1) 2.95(1)-
2.750(7) (6)- 3.38(1)
2.683(6)
3 2.540(6)- 2.613 3.938(1)- 11.121(1) 2.77(1)-
2.711(6) (6)- 3.929(1) 2.94(1)
2.667(6)
4 2.577(3)- 2.536 3.8773(9)- 15.055(1) 2.864(5)-
2.798(3) - 4.7510(9) 2.936(7)
2.652(4)
5 2.570(3)- 2.584 3.992(4) 9.026(7) 2.932(4)-
2.796(3) 3)- 3.124(4)
2.626(2)
6 2.590(1)- 2.567 3.8625(3) 9.6860(5) 2.751(3)-
2.785(1) (1)- 2.859(3)
2.629(1)
7 2.496(3)- 2.594(3) 4.1717(7)- 9.0002(9) 2.851(5)-
2.765(3) 4.4503(7) 2.983(5)
8 2.467(5)- 2.578 4.1769(8)- 8.823(1) 2.819(8)-
2.699(5) - 4.3128(9) 2.994(8)
2.600(4)
9 2.479(2)- 2.532 4.0061(5)- 11.0423(8) 2.826(3)-
2.569(2) (2)- 5.1720(6) 2.922(4)
2.582(2)
10 2.55(1)-2.95 2.592(8) 3.903(3) 8.889(2) 2.89(1)-
(€))] 3.44(1)

crystallizes in the monoclinic P2;/n space group and is built around a 1D
SBU formed around a seven-coordinated Sr(II) cation, bound to four
carboxylate moieties and one terminal and two bridging e-urea mole-
cules (Fig. 7). Within the SBU, the bridging and terminal coordinated
solvent molecules alternate, yielding distances separating the metal
centers varying between a short, 4.006 A, and a longer one, 5.172 A
(Table 4). As for the other systems, the coordinated e-urea molecules are
hydrogen bonded to the carboxylate units. Channels along the a axis are
formed, occupied by non-coordinated e-urea molecules that are
hydrogen bonded in a self-complementary manner. Sr-MOF 9 was iso-
lated in pure form as shown by X-ray diffraction and elemental analysis,
demonstrating that the urothermal conditions yielded a unique
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crystalline phase. When the reaction was performed in the 1:2 ChCl:e-
urea DES, Sr-MOF 10, [Sr(1,4-napht)(e-urea)], was isolated. This 3D-
MOF crystallizes in the tetragonal I4,md space group and features four
crystallographically independent Sr(II) cations organized into a helical
SBU (Fig. 7). The metal cations are eight-coordinated, ligated to four
carboxylates and two bridging e-urea molecules. It is important to note
that in the crystal structure there is remaining electronic density sug-
gesting the presence of a highly disordered additional coordinated sol-
vent molecule. This hypothesis is consistent with results from elemental
analysis. The quality of the crystallographic data comes from the poor
quality of the crystals and the high degree of disorder of this e-urea. The
electronic density corresponding to the disordered e-urea molecule was
treated using the SQUEEZE command [44]. Unlike other compounds
described herein, crystals of Sr-MOF 10 were found to lose their trans-
parency in air over time. However, as demonstrated by X-ray powder
diffraction on a sample left in air, this evolution is slow with the material
keeping its structure over several days (Fig. SM11). This allowed its
complete characterization using a freshly prepared sample.

As previously mentioned, the purity of the different Sr-MOFs
described herein has been confirmed by X-ray powder diffraction and
elemental analysis. These analyses demonstrated the presence of a single
pure crystalline phase, except for Sr-MOF 3 that could not be isolated in
pure form (vide supra) and 6 for which only small amounts of the
product could be obtained. Furthermore, infra-red spectroscopy
demonstrated the absence of remaining unreacted ligand as confirmed
in the area between 1500 and 1700 cm™ where the emergence of the
Va5(COO") mode of the carboxylate upon coordination to the strontium
cation and formation of the MOFs is concomitant with the disappearance
of the ¥(C=0) stretching mode (Figs SM12-21) [53]. The pure materials
were further characterized by thermo-gravimetric analysis (Figs
SM30-37). For the 2D Sr-MOFs 1 and 2, a weight loss corresponding to
the mass of solvent molecules is observed over one to three steps. For
example, for 2, two consecutive weight losses amounting to 32 % can be
noted between 220 and 360°C matching the expected 33 % of e-urea in
the MOF (Fig. SM31). It can be noted that, for 4 incorporating water
molecule, the first weight loss starts at a lower temperature (100°C),
whereas it starts above 220°C for 1 and 2 (Fig. SM32). A 28 % loss
spanning from 100 to 360°C is thus observed, that can be attributed to
water and e-urea present in the structure of the material (29 % expected
according to the compound formula). Similarly for 5, a 20 % loss over
three steps starting at 120°C may be assigned to the loss of water and
e-urea (19.5 % theoretical value). For compounds 7 and 8, a weight loss

Fig. 4. Side and top views of the 2D arrangement and SBU of the crystal structure of Sr-MOF 4 obtained under urothermal conditions. Note that only one position of
the disordered e-urea molecule is shown and that the hydrogen atoms have been omitted for clarity.
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Sr-MOF 5

P

Sr-MOF 6

Fig. 5. Side and top views of the 2D arrangement and SBU of the crystal structure of Sr-MOF 5 (top) and 3D arrangement and SBU in 6 (bottom) obtained under uro-
and ionothermal conditions, respectively. Hydrogen atoms have been omitted for clarity.

of 21 % starting at 300°C and 20 % at 220°C is observed respectively,
corresponding to the percentage of e-urea molecules, 22 and 24 %
(Figs. SM34-35). In the case of 8, the first loss is followed by a plateau. It
was thus undertaken to thermally activate the material. In contrast with
the 2D Sr-MOFs, this material remained crystalline upon heating at
270°C under N for 45 minutes, as shown by X-ray powder diffraction
(Fig. 8). It can however be noted that a broadening of the peaks along
with some shift of the peak positions, in particular for peaks at higher 26
angles, are observed. While this suggests a slight modification of the
structure upon heating, the single-crystal structure of the heated sample
could unfortunately not be determined. Interestingly, white solid cor-
responding to sublimated e-urea could be observed following the heat-
ing process. Attempts at evacuating the material while heating
confirmed the loss of e-urea as demonstrated by a reduction of the
presence of nitrogen in elemental analysis. However, study by Ny
sorption-desorption isotherm at 77K unfortunately indicated the

absence of porosity for this sample, as the specific surface area calcu-
lated by the Brunauer-Emmett-Teller (BET) did not exceed 47.1 m?. g'l.
This is substantially lower than 599.5 m2.g1 calculated using the pore
analyzer module of the MERCURY software [46] for a fully desolvated
material. This observation is consistent with a potential modification of
the architecture upon e-urea loss. For Sr-MOFs 9 and 10, activation
towards study of their porosity was not further explored given the
above-mentioned loss of transparency in air of 10 and the observation
that, for 9, a gradual loss of 50 % weight between 200 and 300°C leads to
decomposition of the material (Fig. SM36-37).

The diffuse reflectance spectra of the Sr-MOFs showed the presence
of a broad absorption band assigned to intra-ligand transitions (Figs
SM22-29). It can be in particular noted that, for 1 incorporating the
colored 3,3’-azo-bpdcH?ligand, absorption extending beyond 500 nm is
observed, whereas for the other compounds absorption is detected up to
300 nm for 2 and 7, and up to 400 nm for 4, 5, 8 and 9. These
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Sr-MOF 7

Sr-MOF 8

Fig. 6. View along the c axis of the 3D arrangement and SBU of the crystal structure of Sr-MOF 7 (top) and 8 (bottom). Hydrogen atoms have been omitted for clarity.

observations are consistent with the spectra reported for Ca-MOFs pre-
pared under ionothermal conditions with the 3,3’-azo-bpdcH,, pdaHo,
4,4’-bpydcH, and naphtH, ligands [31]. The luminescence of the
Sr-MOFs was investigated and detectable emission was observed only
for Sr-MOFs 9 and 10 incorporating the naphthalene-based ligand. Upon
excitation at 290 or 320 nm, a broad emission band centered at 384 and
380 nm for 9 and 10 respectively was observed (Fig. 9). It is blue-shifted
when compared to the emission of the free naphtH; ligand in the solid
state, centered at 496 nm upon excitation at 320 nm. This is consistent
with what has been observed for the analogue, [Ca(1,4-napht)(e-urea)],
prepared under ionothermal conditions [31] and other reported Sr-, Ca-,
Zn- and Cd-MOFs based on this ligand prepared under solvothermal
conditions [54-58]. While coordination by Sr(II) may play a role, such
blue-shift of ligand-centered emission has been shown to arise from the

fact that incorporation of emissive linkers leads to an isolation of the
ligand, thereby paralleling luminescence in solution. Hence, formation
of the MOFs hinders the red-shift expected when comparing the lumi-
nescence of a pure ligand in solution with the one in the solid state [59].
This hypothesis is supported by the report of a Ca-MOF based on napht®
featuring a blue-shifted emission at 395 nm upon excitation at 350 nm,
in line with the emission at 412 nm upon excitation at 369 nm of
naphtH; in a water/ethanol mixed solution (naphtH, : water : ethanol =
1:1000:1000) [56].

4. Conclusion and outlook

In this work, two approaches for the preparation of Sr-MOFs have
been explored, the iono- and urothermal methods, both involving
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Sr-MOF 10

Fig. 7. View of the 3D arrangement and SBU of the crystal structure of Sr-MOF 9 (top) and 10 (bottom). Hydrogen atoms and non-coordinated e-urea molecules have
been omitted for clarity.
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Fig. 8. Comparison of the calculated powder X-ray diffraction patterns of Sr-MOF 8 with the ones obtained experimentally for the as-synthesized compound and for
the material heated at 270°C under N, for 45 minutes. The intensities have been magnified for 26 angles above 15° for more clarity and enhanced comparison.
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Fig. 9. Solid state emission spectra of ligand naphtH, (Aex = 320 nm) and Sr-
MOFs 9 (Aex = 290 nm) and 10 (Aex = 320 nm) at room temperature.

solvents based on e-urea, 1:2 ChCl:e-urea DES and e-urea hemihydrate
respectively. These synthetic media have been explored with seven
different ligands yielding a series of ten materials that were structurally
characterized by X-ray diffraction. The two routes were found to be
efficient with some similarities and differences. Indeed, in few cases
such as for Sr-MOFs 1 and 7, both approaches led to the same unique
crystalline phase. This observation tends to suggest that, in these cases,
the presence of ChCl in the DES is not central to the formation of these
phases. However, one should note that, for the majority of the ligands
explored herein, the two methods afforded different architectures. Two
factors may be at stake when comparing the urothermal approach to the
ionothermal method. Indeed, e-urea hemihydrate does not incorporate
ChCl, unlike the DES, and is composed for one third of water. This latter
aspect is particularly relevant for Sr-MOF 5, prepared under urothermal
conditions and incorporating water as ligand, unlike its counterpart
prepared in the DES, 6. Water coordination can nonetheless not be
considered as the sole factor, given that ligands 3,3’-azobpdcHj,
dpmdcHj, pdaH; and 1,4-naphtH, afforded different MOFs depending
on the synthetic approach, with none of them incorporating H»O. It is
most likely a combination of both factors, the presence/absence of ChCl/
water, that should be envisaged when trying to rationalize the varying
structural outcomes depending on the solvent. As described in a previ-
ous report on the synthesis of Mg-MOF 74 in the 1:2 ChCl:e-urea DES
[29], the solvent components can act as ligand competitors and form
intermediate complexes and polymers involving coordination of e-urea
and chloride anions. The formation of these intermediate phases can
drive the formation kinetics, morphology and properties of the final
MOF. Similarly, while water may not be included in the isolated
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materials, it can also coordinate giving access to intermediates varying
with the ones formed in the DES and thereby leading to different ar-
chitectures. Furthermore, given the known water-sensitivity of some
AEMOFs, some crystalline systems may be unstable in the e-urea
hemihydrate driving their disappearance in favor of other more stable
systems. Hence rather than opposing the two methods, one should
consider exploring both of them for the formation of AEMOFs, as it
provides a broader landscape of structures, as demonstrated in this
study. In this respect, it is interesting to note the diversity of SBUs
characterized in the Sr-MOFs presented herein (Fig. 10). While they
differ from SBUs previously observed in Ca- and Sr-MOFs prepared
under ionothermal conditions [29-32], a common feature is the pre-
dominance of e-urea bridging coordination with only Sr-MOFs 7 and 8
showing terminal e-urea molecules. In all cases, coordination of the
solvent molecule is assisted by hydrogen bonding of the NH groups with
neighboring carboxylates (Fig. 10).

It would thus be of interest to explore the possibility to form MOFs
using fully alkylated urea derivatives. Since these do not form DES with
ChCl [21], the ionothermal approach cannot be considered. However,
the low meting point of such alkylated urea species opens the door to the
exploration of the urothermal strategy for AEMOF preparation. This
approach is currently being investigated in our laboratory to further
explore the potential of this synthetic approach and will be published in
due course.
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