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A blessing and a curse: impact of urea derivatives
on the secondary building unit of Ca-MOFs
prepared in deep eutectic solventsti

Michaél Teixeira, {2 @ Benoit Louis 2 and Stéphane A. Baudron (2 *@

Deep eutectic solvents (DESs) based on a 1: 2 combination of choline chloride with either urea or e-urea
(2-imidazolidinone) have been studied as media for the preparation of Ca(il) metal-organic frameworks
(Ca-MOFs). In particular, the impact of the urea derivative on the secondary building unit (SBU) has been
investigated by exploring the formation of Ca-MOFs with a series of ten di- and tetra-carboxylic acids, varying
in length, steric hindrance and the number and relative orientation of coordinating units. While several of
these ligands have, to the best of our knowledge, not been previously reported to form Ca-MOFs, eleven new
materials could be prepared and characterized by single-crystal and powder diffraction, elemental and
thermogravimetric analyses as well as absorption and emission spectroscopy. The DES incorporating e-urea
was found to be especially prone to the formation of crystalline materials. However, a recurrent one-dimen-
sional SBU based on bridging carboxylate moieties and the carbonyl unit of e-urea was observed.
Coordination of the solvent molecule is assisted by hydrogen bonding of the NH groups, leading to a strongly
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Introduction

Over the past two decades,' deep eutectic solvents (DESs) have
emerged as an interesting class of media.>”® These solvents,
formed by mixing two or more compounds in a specific ratio
corresponding to the eutectic composition, are characterized
by an important freezing point depression (hence the term
“deep”) in comparison with those of their individual
components.”® DESs show appealing properties such as a
wide liquid range, non-flammability, low vapor pressure and
the ability to dissolve polar species. Furthermore, their chemi-
cal and physical properties can be tuned depending on the
nature of their components making DESs solvents of choice
for a wide array of applications. For example, they are con-
sidered as reaction media in organic synthesis,”™' for the
extraction of diverse compounds,'” and for drug delivery."® In
the field of materials science,'* DESs are being explored as sol-
vents for the ionothermal preparation of metal-organic frame-
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stabilizing motif preventing these materials from thermal activation without loss of crystallinity.

works (MOFs).”>*® Indeed, MOFs are commonly synthesized
following the solvothermal method in solvents that often
feature toxicity and/or flammability’®*® and for which DESs
may represent green alternatives.>"** As is usually observed for
classical solvents, DES components may be present in the crys-
talline MOF architectures as ligands of the metal centers or
within the pores of the material.*>** In particular, MOFs com-
prising metal-halide bonds normally prone to hydrolysis have
been reported using DESs based on a 1:2 combination of
choline chloride (ChCl) with urea derivatives (Fig. 1).>>® This
latter type of DES, which has been widely explored for MOF
synthesis, has also been shown to allow the formation of
porous HKUST-1 and its conversion into a non-porous
system.”® Such urea and e-urea (2-imidazolidinone, ethylene-
urea) based DESs (Fig. 1 top) have been employed for the syn-
thesis of Mg-MOF-74 with the nature of the urea derivative and
its kinetics of decomposition strongly impacting the crystal
morphology and the textural properties of the material.””
Recently, the use of DES has been extended to another kind of
alkaline earth metal MOF with the report of a series of Ca-
MOFs based on small aromatic dicarboxylic acids such as ter-
ephthalic and isophthalic acids.”® These three-dimensional
architectures rely on a recurrent one-dimensional metallo-
organic secondary building unit (SBU) involving bridging car-
boxylate moieties and e-urea molecules, plugging the channel.
Their presence and bridging position prevent activation
towards the formation of a porous material without collapse of
the crystalline system. In light of the relevance of Ca-MOFs

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Representations of the DES components and the different
ligands explored for the preparation of Ca-MOFs in this work.

owing to the lower toxicity of the metal cation and density
favourable for gas sorption,>®° it appeared to be of interest to
further pursue the synthesis of such materials in DES and
evaluate the scope of accessible SBUs in these urea-based sol-
vents. To that aim, different parameters may be modified: the
size and geometry of the ligand as well as the number of car-
boxylate units and the nature of the urea derivative comprising
the DES. In this work, we have explored these aspects by pre-
paring Ca-MOFs using a series of ten di- and tetra-carboxylic
acids in two DESs, ChCl:urea (1:2) and ChCl:e-urea (1:2)
(Fig. 1). Several of these ligands have, to the best of our knowl-
edge, not been previously reported to yield Ca-MOFs. We
describe herein the synthesis of these MOFs and their struc-
tural characterization by single-crystal and powder X-ray diffr-
action as well as by thermo-gravimetric analysis and absorp-
tion and emission spectroscopy.

Results and discussion

In addition to the ChCl: e-urea (1 :2) solvent reported to lead
to the formation of Ca-MOFs,*® the ChCl : urea (1 : 2) analogue,
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known as reline,' has been also investigated to evaluate the
impact of a higher number of NH hydrogen bond donor
groups as well as the absence of an ethylene group on the for-
mation of the SBU and on the potentially generated porosity.
Using these two DESs, a variety of ligands varying in length,
steric hindrance and the number and relative orientation of
coordinating units have been employed (Fig. 1).

Impact of the ligand length and orientation/number of
carboxylic acid units

To investigate the effect of lengthening dicarboxylic acid
ligands, bpdcH, ([1,1’-biphenyl]-4,4"-dicarboxylic acid), 3,3'-
azo-bdcH, (3,3'-(diazene-1,2-diyl)dibenzoic acid) and pdaH,
(1,4-benzenediacrylic acid) (Fig. 1) were used in ionothermal
synthesis in the two aforementioned DESs with Ca(NO3),-4H,0
at temperatures varying between 80 and 140 °C. While crystal-
line materials formed under the conditions explored, four
systems afforded crystals large enough for structural determi-
nation by single-crystal X-ray diffraction. Thus, three structures
were obtained from the e-urea-based DES: [Ca(bpdc)(e-urea)],
Ca-MOF 1, [Ca(3,3"-azo-bdc)(e-urea)], Ca-MOF 2 and [Ca(pda)
(e-urea)], Ca-MOF 3, and one structure from reline [Ca(pda)
(urea)], Ca-MOF 4 (Tables 1, 2 and Fig. 2). It is worth noting
that Ca-MOFs using bpdc®~ have been scarcely described®”
and that 2, 3 and 4 are, to the best of our knowledge, the first
reported Ca-MOFs based on the 3,3'-azo-bdc®” and pda®~
ligands. Only Ca-MOFs using olsalazine, the dihydroxyl ana-
logue of 3,3-azo-bdcH,, have been described.’> While MOFs
1-4 vary in the length of the ligands they are built on, in the
orientation of the carboxylate units and the nature of the urea
derivative comprising the DES, these four materials all have
striking similarities in their crystal structures (Fig. 2). They are
built using pillar-like SBUs made of octacoordinated calcium
ions linked by the ligand carboxylate moieties coordinated in a
chelating bridging p,-x":x> mode and bridging urea or e-urea
molecules coordinated by their oxygen atom. The coordination
bond distances are similar for the four MOFs (Table 1).
Strikingly, a parallel can be drawn between these structures
and the ones obtained in the e-urea-based DES using smaller
dicarboxylic ligands such as terephthalic and isophthalic
acids.”®

Table 1 Selected distances (A) in the different SBUs and shortest distance between the Cal(i) cations of different SBUs

Ca_ocarboxylic Ca_oe-urea Ca_CaSBU Ca_cachains
1 2.361(3)-2.525(3) 2.417(3) 3.6108(5) 9.559(1)
2 2.3216(12)-2.6235(12) 2.4466(12) 3.5808(2) 10.277(7)
3 2.315(3)-2.559(2) 2.466(2) 3.5440(4) 9.893(1)
4 2.3308(15)-2.4856(16) 2.404(2) 3.4940(3) 8.287(8)
5 2.301(2)-2.342(2) 2.297(3)-2.351(2) 5.234(3) 13.659(1)
6 2.2911(15)-2.3599(15) 2.2835(15) 5.5041(1) 11.607(2)
7 2.337(3)-2.702(3) 2.4756(18) 3.7482(4) 10.697(8)
8 2.3491(13)-2.6641(12) 2.4378(12)-2.4495(12) 3.61434(13) 9.1658(4)
9 2.276(6)-2.531(7) 2.378(6)-2.578(1) 3.662(2) 10.130(1)
10 2.321(3)-2.561(3) 2.449(3)-2.488(3) 3.8599(5) 9.001(2)
11 2.331(5)-2.505(4) 2.322(5) 3.8059(11) 7.856(2)
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Table 2 Crystallographic data for Ca-MOFs 1-6
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1 2 3 4 5 6
Formula C,,H,,CaN,05 C,,H,,CaN,Os C,5H,,CaN,05 C,3H,,CaN,05 C,4H,5CaNgOg C,5H,5CaNgOg
FW 366.38 394.40 342.36 316.33 454.46 454.46
Crystal system Orthorhombic Monoclinic Orthorhombic Orthorhombic Monoclinic Triclinic
Space group P2,2,24 P2,/c P2,2,2, Pnma C2/c Pi
alA 6.9289(5) 10.2770(5) 6.7548(3) 6.7013(3) 18.320(4) 5.5041(7)
b/A 9.9247(6) 6.8600(3) 10.3671(7) 24.4469(8) 10.321(2) 8.0865(10)
/A 25.2185(15) 25.2747(11) 22.5867(12) 8.5707(3) 21.059(4) 11.6070(5)
al° 120.901(6)
pl° 96.901(2) 92.454(14) 95.514(6)
y/° 104.903(6)
VIA® 1734.21(19) 1768.96(14) 1581.69(15) 1404.10(9) 3978.1(14) 480.13(11)
zZ 4 4 4 4 8 1
MA 0.71073 0.71073 0.71073 0.71073 0.71073 1.54178
T/K 173(2) 173(2) 173(2) 173(2) 173(2) 120(2)
p/mm™* 0.391 0.392 0.423 0.470 0.366 3.289
Refls. coll. 19870 50732 17 081 20423 28 648 11 096

Ind. refls. (Rine)
Ry (I>20(D))"
WR,, (I > 20(1))*
R, (all data)”
WR, (all data)”
GOF

“Ry = Y| |Fo| = |Fe| [/ X|Fol; WR, = [ZW(FOZ - FCZ)Z/ZWFO4]1/2~

5081 (0.0990)
0.0548
0.1006
0.0929
0.1153

1.014

Ca-MOF 2

5198 (0.0702)
0.0438
0.0871
0.0765
0.0976

1.036

4659 (0.0819)
0.0499
0.1027
0.0754
0.1145

1.030

Fig. 2 The crystal structures of Ca-MOFs 1-4 and their secondary building units.

While the SBU remains the same, the different relative
orientations of the carboxylate moieties within the ligand have
an effect on the dimensions (ESI Table 3f) and shape of the
channels. In spite of these variations, the pores remain occu-
pied by the coordinated e-urea or urea molecule. In this

5008 | Dalton Trans., 2025, 54, 5006-5016

1652 (0.0818)
0.0431
0.0898
0.0577
0.0954

1.124

4738 (0.1089)
0.0549
0.1252
0.1117
0.1511

1.012

Ca-MOF 4

1677 (0.0411)
0.0378
0.1066
0.0396
0.1080

1.168

respect, it is of particular interest to compare Ca-MOFs 3 and
4, as they are both based on the pda®~ ligand but have been
obtained from different DESs with the nature of the urea
derivative impacting the size and shape of the channels
formed. This results not only from the different volumes of

This journal is © The Royal Society of Chemistry 2025
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these species but also from the different sets of hydrogen
bonds (ESI Fig. 36 and Table 1}). Indeed, while e-urea mole-
cules interact with the carboxylates from their own pillar, urea
molecules interact primarily with the adjacent pillar owing to
the presence of additional NH groups. This leads to the com-
pression of the channel in the latter case (Fig. 2) as shown by
the shorter distance between the SBUs in diagonal positions
(Tables 1 and ESI3}). Interestingly, the SBU and dimensional-
ity of the MOF are modified when using 2,2'-bipyridine-based
ligands, analogues of bpdcH, (Fig. 1). Ca-MOFs 5, [Ca(5,5'-
bpydc)(e-urea),], and 6, [Ca(4,4"-bpydc)(e-urea),], were obtained
upon reacting Ca(NOj3),-4H,0 in ChCl: e-urea (1:2) with 2,2"-
bipyridine-5,5'-dicarboxylic acid, 5,5-bpydcH,, 2,2"-bipyridine-
4,4"-dicarboxylic acid, and 4,4-bpydcH,, respectively. Both
compounds are two-dimensional networks (Fig. 3) with a one-
dimensional SBU comprising a hexa-coordinated Ca(u) center
with bridging carboxylates and terminal carbonyl groups of
two e-urea molecules. While the latter are cis in 5, they are in a
trans arrangement in 6. As the carboxylate groups are solely in
a bidentate bridging mode, the distances between the Ca(u)
centers within the SBU are longer in 5 and 6 compared with
those in 1-4 (Table 1).

Another difference lies in the hydrogen bonding network
(ESI Fig. 36 and Table 11). For 5, the e-urea molecule interacts
with a neighbouring carboxylate group and another solvent
molecule in a self-complementary motif (ESI Fig. 36%). For 6, a
combination of hydrogen bonding with carboxylate and the
central nitrogen atoms of the 4,4-bpydc®” ligand is observed
(ESI Fig. 36%). It can be noted that 5 and 6 represent rare
examples of Ca-MOFs incorporating these 2,2-bipyridine
ligands featuring an uncoordinated diimine unit.**> In other

Ca-MOF 6

Fig. 3 The two-dimensional networks in 2,2’-bipyridine based Ca-
MOFs 5 and 6 and their secondary building units.

This journal is © The Royal Society of Chemistry 2025
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MOFs, this binding moiety is coordinated either to the Ca
cation®® or another metal center leading to heterometallic
systems.>>°

Given that the relative orientation of the carboxylate moi-
eties in 5 impacts the SBU, the use of 4,4',4",4""-methanete-
trayltetrabenzoic acid, mtbH,, has been investigated, because
this tetrahedral ligand has been recently shown to lead to the
formation of microporous Ca-MOFs with interesting sorption
properties by solvothermal synthesis in DMF.>’*® Heating a
1:2 mixture of this ligand with Ca(NO;),-4H,0 in ChCl: e-urea
(1:2) at 120 °C for 14 days led to crystals of [Ca,(mtb)(e-
urea),], Ca-MOF 7. This three-dimensional MOF is constructed
by bridging via the mtb*~ ligand of a one-dimensional SBU,
analogous to the ones observed in 1-4 (Fig. 4 and Table 1).
Therefore, even with a tetrahedral tetraanionic ligand, a
similar type of SBU is observed assisted by hydrogen bonding
between the e-urea NH groups and the coordinated carboxylate
units (ESI Fig. 36 and Table 1}). This last observation led to
the question of the potential impact of the relative steric hin-
drance around this binding unit and how it would impact the
SBU and the hydrogen bonding network.

Impact of ligand functionalization

It is worth noting that the 2,5-dihydroxyterephthalate
(dobdcH,>) ligand has been reported to lead to Ca-MOFs in
DESs.”® While these materials were shown to be water-sensi-
tive, they feature a SBU with a terminal rather than bridging
e-urea molecules. In this context, a series of functionalized
bdcH, derivatives explored herein (Fig. 1).
Functionalization was expected to modify the steric hindrance
around the carboxylate moiety and hence to alter the coordi-
nation motif and the hydrogen bonding network. Such a strat-
egy is reminiscent of the approach followed for the functionali-
zation of flexible MOFs such as MIL-53(Fe) MOFs, for example,
to tune their structure and gas sorption properties.*® To that
aim, three di-functionalized bdcH, ligands were first explored:
2,5-dimethylterephthalic acid, Me,bdcH,, 2,5-bis(trifluoro-

were

Ca-MOF 7

Fig. 4 View along the c axis of the crystal structure of Ca-MOF 7, left,
and of the SBU, right. Only one position of the disordered phenyl rings
has been presented for clarity.
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methyl)terephthalic acid, (CF;),bdcH,, and 2,5-dibromoter-
ephthalic acid, Br,bdcH, (Fig. 1). It can be noted that, to the
best of our knowledge, Ca-MOFs have been reported only with
Br,bdcH,,*® while the former two ligands have not been
described to form such Ca-based materials. Once again, upon
heating a mixture of the respective ligands and Ca(NO3),-4H,0
in ChCl: e-urea (1:2) at 120 °C, [Ca(Me,bdc)(e-urea)], Ca-MOF
8, [Ca((CF;),bdc)(e-urea)], Ca-MOF 9, and [Ca(Br,bdc)(e-
urea)],(e-urea), Ca-MOF 10, could be obtained as characterized
by single-crystal X-ray diffraction (Table 3). For these three
MOFs, ligand bridging of one-dimensional SBUs leads to the
formation of a three-dimensional network with channels occu-
pied by e-urea molecules. In the case of Ca-MOFs 8 and 10
(Fig. 5), the SBU is analogous to what has been observed for
the reported parent bdc®> -based MOF?® as well as for 1-4 and
7 (Fig. 2 and 4). For these two MOFs, the ligands are stacked in
the same orientation. In contrast, for 9, the (CF;),bdc*”
ligands are stacked in an alternating fashion leading to a
different SBU where the bridging e-urea molecules are in a cis
arrangement (Fig. 5).

Expectedly, functionalization at positions 2 and 5 of the
bdc®” ligand leads to modified relative orientation of the car-
boxylate groups with respect to the central phenyl ring. As
shown in Fig. 5, the angle between these two types of moieties
is 1.9 and 41.2° for the two crystallographically independent
Me,bdc®” anions respectively in 8, 44.1 and 61.3° for the two
(CF;),bdc®™ ligands in 9, and 31.7 and 69.8° for Br,bdc®™ in
10. For the latter material, this increased twist leads to the
presence of e-urea solvate molecules between the ligand along
the b axis.

To further explore the impact of the functionalization of the
bdcH, ligand on the SBU, 1,4-naphthalenedicarboxylic acid,

Table 3 Crystallographic data for Ca-MOFs 7-11

View Article Online

Dalton Transactions

1,4-naphtH,, was considered. This derivative has been shown
to allow the formation of Ca-MOFs under solvothermal con-
ditions in DMF/H,O mixtures."*> The reaction of 1,4-naphtH,
with Ca(NO;),-4H,0 in ChCl: e-urea (1:2) at 120 °C led to the
formation of Ca-MOF 11 formulated [Ca(1,4-napht)(e-urea)]
(Fig. 6 and Table 3). Ca-MOF 11 is a three-dimensional
material constructed by bridging of a one-dimensional SBU.
The latter differs from the ones observed in 1-10 as it features
hepta-coordinated Ca(u) centers bridged by carboxylate moi-
eties and is also bound to a terminal e-urea molecule (Fig. 6).
Interestingly, this organization is reminiscent of the arrange-
ment reported for [Ca(1,4-napht)(DMF)].*"**> The hydrogen
bonding network involves the interaction of the e-urea with a
neighbouring carboxylate from the SBU and another solvent
molecule in a self-complementary arrangement (ESI Fig. 36
and Table 17).

It is worth noting that, for the majority of the ligands
explored in this study, sizeable crystals could only be obtained
from ChCl: e-urea (1:2), while the use of reline afforded only
microcrystalline powders, with the exception of Ca-MOF 4 (ESI
Table 2%). This difference in behaviour depending on the
solvent may be related to their varying properties. While one
may invoke the role of viscosity of the solvent, both DESs are
fluid at the reaction temperatures (between 120 and 140 °C).
In contrast, their varying decomposition kinetics is known to
impact MOF formation. It has been documented that reline
decomposes faster than DES analogues based on alkylated
urea derivatives.”>*”** Indeed, a study on the stability of reline
has showed that, after 7 hours at 80 °C, the formation of 0.1%
of ammonia was detected.*® In contrast, it has been observed,
in the same study, that with the methylated analogue, only
traces of amine could be detected under the same conditions.

7 8 9 10 11
Formula C35H,5Ca,N,04 C,3H,4,CaN,05 C13HgCaFgN,O5 C,5H,,Br,Ca,NgO;¢ C,5H1,CaN,05
Fw 774.77 318.34 426.39 982.28 340.35
Crystal system Tetragonal Monoclinic Orthorhombic Monoclinic Monoclinic
Space group I42d P24/c Pnn2 C2/c C2/c
alA 21.8274(9) 14.8758(3) 17.0794(14) 27.005(3) 29.6335(16)
b/A 13.2330(2) 14.0942(13) 7.5912(9) 6.6713(3)
c/A 7.3392(4) 7.07730(10) 14.5031(11) 19.392(2) 19.3696(10)
al®
pl° 95.263(2) 124.491(3) 130.96(3)
rl°
VIA® 3496.7(3) 1387.30(4) 3491.2(5) 3276.6(6) 2916.3(3)
zZ 4 4 8 4 8
MA 0.71073 0.67199 0.71073 0.71073 1.54178
T/K 173(2) 100(2) 173(2) 120(2) 120(2)
ﬂ/mm_l 0.389 0.476 0.448 5.293 3.984
Refls. coll. 73203 21062 28528 30089 9480
Ind. refls. (Rine) 2583 (0.0824) 3467 (0.0904) 8071 (0.1353) 4812 (0.0973) 2541 (0.0489)
Ry (I > 20(D)" 0.0439 0.0433 0.0588 0.0530 0.0803
WR, (I > 20(1))" 0.1020 0.1184 0.0937 0.0894 0.2232
R, (all data)* 0.0598 0.0459 0.1485 0.0973 0.0868
WR, (all data)® 0.1112 0.1212 0.1199 0.1080 0.2342
GOF 1.057 0.982 0.960 1.122 1.100

“Ry = T |Fo| = |Fel [/ Z|Fol; WRy = [Zw(FS* = FY ZwFs'T.
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Ca-MOF 10

Fig. 5 The crystal structure of Ca-MOFs 8-10 and of their secondary
building units and side view of the ligands highlighting the functionali-
zation-dependent relative orientation of the phenyl and carboxylate
moieties. For 10, the e-urea solvate molecule has been omitted for
clarity.

Similarly, a study on the decomposition of the 1:2 ChCl:e-
urea DES by '"H NMR spectroscopy confirmed that ethylene
diamine is barely visible after heating at 200 °C for 12 h,
whereas more extensive degradation was observed after 6 days,
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Ca-MOF 11

Fig. 6 The crystal structure of Ca-MOF 11 and its SBU. Note that,
owing to symmetry operations, the naphthalene unit appears over two
positions.

in particular in the presence of metal salts and ligands necess-
ary for framework formation.>®> Hence, the release of either
ammonia or ethylene diamine for the two respective DESs
follows varying kinetics leading to different evolution of the
basicity of the solution, thereby impacting the deprotonation
of the ligand towards the formation of MOFs. This has been
thoroughly investigated in the preparation of Mg-MOF-74 with
the synthesis in reline providing smaller crystals and more
rapidly than for the e-urea based DES.”” Furthermore, the
observed formation of intermediate crystalline phases either
involving e-urea or a partially deprotonated ligand prompted
longer reaction time and higher heating temperature, for this
system (3 days at 140 °C vs. 2 days at 120 °C in reline).”” Based
on these previous reports, it can be hypothesized that, in
reline, fast release of ammonia already leads to deprotonation
of the ligand after a few hours, resulting in faster formation of
solid materials, hence the isolation of microcrystalline
powders. Working under more dilute conditions in reline has
unfortunately not yet led to an increase in crystal size
sufficient for singe-crystal X-ray diffraction experiments. In
contrast, in 1:2 ChCl:e-urea, reactions were allowed to
proceed for several weeks to ensure the highest crystal quality,
to prevent the potential presence of intermediate compounds
and owing to the limited solubility of some of the ligands.
Shortening of the reaction time in this context was not further
investigated.

The eleven MOFs were characterized by X-ray powder diffr-
action. 1-4, 8-9 and 11 were found to show a good match
between the pattern calculated from single-crystal data and the
experimental one (ESI Fig. 1-91) suggesting the presence of a
single crystalline phase. In the case of 6, additional peaks and
a slight shift in the position of some of the peaks compared
with the calculated diagram (ESI Fig. 51) suggest that the iso-
lated phase characterized by single-crystal X-ray diffraction
may not be the sole product and that another structurally
related MOF, which could not be further analyzed, also forms.
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A few very small additional peaks corresponding to an un-
identified additional compound were observed for 7. No satis-
factory data could be obtained for 5 and 10. For 5, this may be
related to the remaining starting ligand (vide infia), while, for
10, it is consistent with the fact that this Ca-MOF was found to
be sensitive to water from the atmosphere. This sensitivity may
be related to the presence of the bromo substituents lowering
the pK, of the carboxylic acid, hence weakening the coordi-
nation bond. Furthermore, while good agreement between the
calculated and experimental diffraction patterns for 2 is
observed (ESI Fig. 2}), the peaks are slightly broadened, also
suggesting sensitivity to air and/or humidity leading to frag-
mentation of the crystallites and reduction of the scattering
volume, as reported for other Ca-MOFs.?® It can be noted that,
in contrast, 1, 3-9 and 11 are all stable in air. However, all
these materials were found to quickly dissolve in water, even 9
incorporating hydrophobic CF; groups. While this water solu-
bility may be a problem for gas sorption, one may consider
these materials for the release of either urea or e-urea in agri-
cultural applications.***>

The compounds were also characterized by elemental ana-
lysis confirming their chemical purity except for 1, 5 and 6.
Characterization by infra-red spectroscopy provided further
insights (ESI Fig. 26-35%). In the case of 1, the spectra of the
MOF and the starting ligand (ESI Fig. 26}) show numerous
common absorption bands suggesting the presence of the
remaining insoluble ligand, consistent with the elemental ana-
lysis result. For 5 and 6, however, the infra-red spectra do not
show the remaining starting ligand, and therefore, consistent
with the X-ray powder diffraction results (vide supra), the for-
mation of other crystalline materials may be at stake.

The MOFs presented in this study feature urea derivatives
plugging the channels, hence blocking potential porosity as
demonstrated by the small pore limiting diameter (ESI
Table 3%). This diameter is naturally substantially increased,
leading to potential porosity, following theoretical removal of
coordinated solvent molecules, considering a retention of the
framework structure (ESI Table 31). This prompted the study
of the potential activation of these MOFs.*® Thermo-gravi-
metric analysis of the materials was thus performed. A weight
loss at temperatures ranging from 200 to 400 °C depending on
the ligand is observed, corresponding to the decomposition of
the materials, as it accounts for more than the weight of the
incorporated e-urea (ESI Fig. 10-17}). This phenomenon
unfortunately prevented the investigation of thermal acti-
vation®® of the MOFs towards the removal of coordinated
solvent molecules while maintaining the structural integrity of
the frameworks for the study of their textural properties. While
this observation is expected for the materials based on an SBU
featuring a bridging e-urea molecule, this is more surprising
for the 3-D MOF 11 with terminal e-urea. Our attempts at acti-
vating this latter MOF either thermally or by solvent exchange
led to a loss of crystallinity, limiting further study of its
porosity.

The diffuse reflectance spectra of Ca-MOFs 1-11 feature a
broad absorption band for the different compounds (ESI
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Fig. 7 Solid state emission spectra of free 1,4-naphtH, (orange line)
and Ca-MOF 11 (blue line) upon excitation at 320 nm at room
temperature.

Fig. 18-257). Investigation of their luminescence indicated no
detectable emission for 1-10, whereas emission at 396 nm
upon excitation at 320 nm was observed for Ca-MOF 11
(Fig. 7). This represents a significant blue shift in comparison
with the emission maximum at 496 nm for the free 1,4-
naphtH, ligand (Fig. 7) and is consistent with what has been
reported for [Ca(1,4-napht)(DMF)].*"

Conclusions

Deep eutectic solvents based on the 1:2 combination of ChCl
with either urea or e-urea have been shown to be efficient
media for the formation of Ca-MOFs with a series of ten
different ligands, some of which had not been reported so far
to yield Ca-MOFs. In particular, the system incorporating
e-urea has demonstrated its ability to form materials featuring
a SBU with bridging solvent molecules, as observed for the
majority of MOFs prepared herein, 1-4, 7-8 and 10. While the
recurrence of this SBU is interesting, the robustness of this
motif impairs the activation of the materials towards investi-
gation/exploitation of their porosity, representing both a bles-
sing and a curse on a search for new porous systems.
Lengthening of the ligand and modification of the number
and orientation of binding units and of the steric hindrance
have not led to a substantial alteration of the SBU with the
exception of the 4,4-bipyridine and 1,4-naphthalene based
ligands affording two-dimensional 5 and 6 and three-dimen-
sional 11 showing terminal e-urea molecules. However, as
demonstrated by thermogravimetric analysis and our unsuc-
cessful attempts to activate 11, the solvent could not be
removed to take full benefit from the potential porosity of this
material. One key aspect probably resides in the combination
of the coordination of the carbonyl group and hydrogen
bonding of the NH moieties as a structuring motif. It is worth
noting that such a phenomenon has not been reported in the
synthesis of Mg-MOF-74, where the urea derivatives impact the
morphology and textural properties but not the structure with

This journal is © The Royal Society of Chemistry 2025
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the absence of these species in the SBU.>” This probably calls
for an investigation with other alkaline earth metal cations
such as Mg(u), Sr(u) or Ba(u). The role of ChCl in the formation
of the MOFs also requires further investigation. While it allows
the formation of the deep eutectic solvent, hence lowering the
melting point to render the urea species amenable for their
use as solvents, it is not present in the structures described
herein. Therefore, it would be of interest to explore the
urothermal method*” consisting in using a pure urea deriva-
tive as reaction medium for the formation of Ca-MOFs, for
example alkylated urea derivatives. Alternatively, synthesis in
DESs not incorporating urea species altogether could be con-
sidered.*® These studies are currently under way and will be
published in due course.

Experimental section
Synthesis

DES preparation. All DESs"?>* were prepared before each syn-
thesis by heating the mixture under stirring in a round-bottom
flask, until a homogeneous liquid phase was formed. The fol-
lowing mixtures and temperatures were used:

ChCl: urea 1: 2 (reline) at 50 °C.
ChCl: e-urea 1: 2 at 90 °C.

General MOF synthesis procedure

The reagents were added to a vial before the addition of the
DES. While reline is a liquid at room temperature (m.p. =
12 °C),* the 1:2 ChCl:e-urea DES is solid (m.p. = 70 °C).**
The 1:2 ChCl:e-urea DES, that is therefore solid at room
temperature, was manipulated while hot using preheated syr-
inges. Upon addition of the DES, the vial was heated in a dry
bath. The formation of crystals could be observed after a few
days and the reaction was pursued to ensure maximum crystal-
linity and purity of the MOFs. After completion of the reaction,
ethanol was added quickly, before letting the vial cool down,
to prevent solidification of the DES and to allow recovery of the
MOF. The resulting mixture was then filtered and washed mul-
tiple times with ethanol to remove any traces of the DES. The
remaining solid was air-dried.

Ca-MOF 1 ([Ca(bpdc)(e-urea)]). Biphenyl-4,4'-dicarboxylic
acid (0.194 g, 0.8 mmol) and Ca(NOj;),-4H,O (0.378 g,
1.6 mmol) were added to a 20 mL vial before the addition of
freshly prepared ChCl:e-urea DES (1:2, 10 mL). The vial was
then heated at 120 °C for 14 days. The reaction was performed
according to the general procedure. The product could not be
purified, owing to the presence of the remaining insoluble
ligand, as confirmed by infra-red spectroscopy.

Ca-MOF 2 ([Ca(3,3"-azo-bdc)(e-urea)]). Azobenzene-3,3'-dicar-
boxylic acid (0.216 g, 0.8 mmol) and Ca(NO3),-4H,0 (0.378 g,
1.6 mmol) were added to a 20 mL vial before the addition of
freshly prepared ChCl: e-urea DES (1:2, 10 mL). The vial was
then heated at 120 °C for 17 days. The reaction was performed
according to the general procedure (0.274 g, 86.8%). Elemental
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analysis (CHN) of C;;H;,CaN,Os; calculated: C, 51.77; H, 3.58;
N, 14.21; found: C, 51.42; H, 3.59; N, 14.22.

Ca-MOF 3 ([Ca(pda)(e-urea)]). 1,4-Phenylenediacrylic acid
(0.044 g, 0.2 mmol) and Ca(NOs),-4H,O (0.094 g, 0.4 mmol)
were added to a 8 mL vial before the addition of freshly pre-
pared ChCl:e-urea DES (1:2, 2.5 mL). The vial was then
heated at 140 °C for 14 days. The reaction was performed
according to the general procedure (0.0375 g, 54.8%).
Elemental analysis (CHN) of C;5H;,CaN,Os; calculated: C,
52.62; H, 4.12; N, 8.18; found: C, 51.82; H, 4.18; N, 8.37.

Ca-MOF 4 ([Ca(pda)(urea)]). 1,4-Phenylenediacrylic acid
(0.174 g, 0.8 mmol) and Ca(NO;),-4H,0 (0.378 g, 1.6 mmol)
were added to a 20 mL vial before the addition of freshly pre-
pared ChCl: urea DES (1:2, 10 mL). The vial was then heated
at 120 °C for 14 days. The reaction was performed according to
the general procedure (0.219 g, 86.6%). Elemental analysis
(CHN) for C;3H;,CaN,Os; calculated: C, 49.36; H, 3.82; N, 8.86;
found: C, 48.32; H, 3.91; N, 8.83.

Ca-MOF 5 ([Ca(5,5"-bpydc)(e-urea),]). 2,2-Bipyridine-5,5-
dicarboxylic acid (0.049 g, 0.2 mmol) and Ca(NO;),-4H,0
(0.094 g, 0.4 mmol) were added to a 20 mL vial before the
addition of freshly prepared ChCl:e-urea DES (1:2, 10 mL).
The vial was then heated at 120 °C for 7 weeks. The reaction
was performed according to the general procedure. No satisfac-
tory elemental analysis could be performed owing to the for-
mation of several crystalline phases as confirmed by powder
X-ray diffraction.

Ca-MOF 6 ([Ca(4,4"-bpydc)(e-urea),]). 2,2-Bipyridine-4,4’-
dicarboxylic acid (0.049 g, 0.2 mmol) and Ca(NO;),-4H,0
(0.094 g, 0.4 mmol) were added to a 20 mL vial before the
addition of freshly prepared ChCl:e-urea DES (1:2, 10 mL).
The vial was then heated at 120 °C for 7 weeks. The reaction
was performed according to the general procedure. No satisfac-
tory elemental analysis could be performed owing to the for-
mation of several crystalline phases as confirmed by powder
X-ray diffraction.

Ca-MOF 7 ([Ca,(mtb)(e-urea),]). 4,4',4",4""-Methanetetrayltetra-
benzoic acid (0.040 g, 0.08 mmol) and Ca(NO;),-4H,0
(0.0378 g, 0.16 mmol) were added to an 8 mL vial before the
addition of freshly prepared ChCl:e-urea DES (1:2, 2.5 mL).
The vial was then heated at 120 °C for 14 days. The reaction
was performed according to the general procedure (0.0203 g,
34.1%). Elemental analysis (CHN) of C35H,5Ca,N,0,0; calcu-
lated: C, 56.44; H, 3.79; N, 7.52; found: C, 55.41; H, 4.17; N,
8.34.

Ca-MOF 8 ([Ca(Me,bdc)(e-urea)]). 2,5-Dimethylterephthalic
acid (0.019 g, 0.1 mmol) and Ca(NOj;),-4H,0O (0.047 g,
0.2 mmol) were added to a 20 mL vial before the addition of
freshly prepared ChCl: e-urea DES (1:2, 10 mL). The vial was
then heated at 120 °C for 21 days. The reaction was performed
according to the general procedure (0.0153 g, 48.1%).
Elemental analysis (CHN) of C,3H;,CaN,Os; calculated: C,
49.05; H, 4.43; N, 8.80; found: C, 47.81; H, 4.51; N, 8.76.

Ca-MOF 9 ([Ca((CF;),bdc)(e-urea)]). 2,5-Bis(trifluoromethyl)
terephthalic acid (0.030 g, 0.1 mmol) and Ca(NO3),-4H,0
(0.047 g, 0.2 mmol) were added to an 8 mL vial before the
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addition of freshly prepared ChCl: e-urea DES (1:2, 2.5 mL).
The vial was then heated at 120 °C for 28 days. The reaction
was performed according to the general procedure (0.0170 g,
39.9%). Elemental analysis (CHN) for C;3HgCaF¢N,Os; calcu-
lated: C, 36.63; H, 1.89; N, 6.57; found: C, 36.36; H, 2.08; N,
6.60.

Ca-MOF 10 ([Ca,(Br,bdc),(e-urea),](e-urea)). 2,5-Dibromo-
terephthalic acid (0.032 g, 0.1 mmol) and Ca(NO;),-4H,0
(0.047 g, 0.2 mmol) were added to an 8 mL vial before the
addition of freshly prepared ChCl: e-urea DES (1:2, 2.5 mL).
The vial was then heated at 120 °C for 2 months. The reaction
was performed according to the general procedure (0.0215 g,
52.3%). Elemental analysis (CHN) of C,5H,,Br,Ca,NO;4; cal-
culated: C, 30.57; H, 2.26; N, 8.56; found: C, 30.33; H, 2.83; N,
8.89.

Ca-MOF 11 ([Ca(napht)(e-urea)]). 1,4-Naphthalenedi-
carboxylic acid (0.173 g, 0.8 mmol) and Ca(NOj3),-4H,O (0.189 g,
0.8 mmol) were added to a 20 mL vial before the addition of
freshly prepared ChCl:e-urea DES (1:2, 10 mL). The vial was
then heated at 120 °C for 28 days. The reaction was performed
according to the general procedure (0.163 g, 59.8%). Elemental
analysis (CHN) of C,5H,,CaN,Os; calculated: C, 52.94; H, 3.55; N,
8.23; found: C, 51.99; H, 3.58; N, 8.79.

Elemental analysis

Elemental analyses (CHN) were performed at the Service
Commun d’Analyses of the University of Strasbourg, in dupli-
cate, employing Thermo Fisher FLASH 2000 equipment,
whereas the reported values for CHN were taken as the average
of two measurements.

Thermo-gravimetric analysis

The thermal stability of the samples was determined on a
PerkinElmer thermogravimetric analyzer TGA 4000 under a N,
flow of 20 mL min~" and at a heating rate of 5 °C min™ up to
800 °C.

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 fluo-
rescence spectrometer at room temperature.

Infra-red spectroscopy

Infra-red spectra were collected at room temperature on a
PerkinElmer FTIR-UATR spectrum two spectrometer by attenu-
ated total reflectance on powders.

X-ray diffraction

Data for 1-4 and 7 were collected at 173 K on a Bruker SMART
CCD diffractometer with Mo-Ka radiation. All structures were
solved using SHELXS-97 and refined by full matrix least-
squares on F° using SHELXL-2016 with anisotropic thermal
parameters for all non-hydrogen atoms. The hydrogen atoms
were introduced at the calculated positions and not refined
(riding model). For 7, a certain degree of disorder has been
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found and the four phenyl rings of the mtb*" ligands have
been modeled accordingly over two positions. Regarding the
atoms of the e-urea molecules showing also very anisotropic
ellipsoids, attempts at modeling a potential disorder using the
PART command or imposing constraints (EADP) did not lead
to an improvement of the refinement.

X-ray diffraction data collection for 5 and 9 was carried out
on a Bruker APEX II DUO Kappa-CCD diffractometer equipped
with an Oxford Cryosystem liquid N, device, using Mo-Ka radi-
ation (4 = 0.71073 A). The crystal-detector distance was
38 mm. The cell parameters were determined (APEX4 soft-
ware)*® from reflections taken from 3 sets of 6 frames at 10 s
exposure. The structure was solved using the program
SHELXT-2018.>° The refinement and all further calculations were
carried out using SHELXL-2019.”" The H-atoms were included in
calculated positions and treated as riding atoms using SHELXL
default parameters. The non-H atoms were refined anisotropi-
cally, using weighted full-matrix least-squares on F°. A semi-
empirical absorption correction was applied using SADABS in
APEX4;* transmission factors: Tpmin/Tmax = 0.7036/0.7456. For 9,
some atoms are highly prolate. As for 7, similar attempts at
addressing this did not lead to an improvement of the refine-
ment and crystals of better quality for better data for structure
determination could not be isolated.

X-Ray diffraction data collection for 6, 10 and 11 was carried
out on a Bruker PHOTON-III DUO CPAD diffractometer equipped
with an Oxford Cryosystem liquid N, device, using Mo-Ka radi-
ation (4 = 0.71073 A). The crystal-detector distance was 37 mm.
The cell parameters were determined (APEX4 software)'® from
reflections taken from one set of 180 frames, each at 1 s exposure.
The structures were solved using the program SHELXT-2018.>°
The refinement and all further calculations were carried out
using SHELXL-2018.°" 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 F°. A semi-empirical absorp-
tion correction was applied using SADABS in APEX4;* trans-
mission factors: Tyin/Tmax = 0.6544/0.7458.

The single-crystal X-ray diffraction data acquisition of Ca-
MOF 8 was carried out at the CRISTAL beamline (synchrotron
SOLEIL, Paris) using the synchrotron radiation source (4 =
0.67199 A). Diffraction intensities were measured using a CCD
detector (Atlas detector from Rigaku) mounted on a four-circle
MKS-Newport diffractometer. The crystal-to-detector distance
was set to 80 mm. The temperature for 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
lens system developed by the XKarlsruhe 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 data reduction were carried out using the
CrysAlisPro software package.’” The refinement and all further
calculations were carried out using SHELXL-2018.>"
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Powder X-ray diffraction patterns were recorded at 293 K on
a Bruker D8 diffractometer using monochromatic Cu-Ka radi-
ation with a scanning range between 3 and 40° using a scan
step of 0.0225° min ", with the compound placed on a rotating
Si low background sample holder. The calculated diagrams
were generated with the Mercury® software based on the
single-crystal data collected.

The pore analyzer module of this software was employed
for the calculation of the pore limiting and maximum pore
diameters.
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