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Abstract

Deep eutectic solvents (DES) based on different urea derivatives have been demonstrated to be
efficient green alternatives for the ionothermal synthesis of the prototypical Mg-MOF-74 with a
strong impact on the morphology and sorption properties of the material. While the synthesis of
the material is rather straightforward in the reline (choline chloride:urea 1:2) DES, higher
temperatures and longer reaction times are necessary in the e-urea (2-imidazolidinone, ethylene-
urea) based analogous system. Interestingly, in the latter, a variety of intermediate crystalline
phases could be observed and characterized by single-crystal X-ray diffraction. In these
compounds, coordination of the DES components — the chloride anion and e-urea derivative — to
the Mg(II) cation was found to compete with the carboxylate linker. It was rationalized that the
difference in the synthesis conditions and in the isolation of intermediate systems originate from
the varying decomposition kinetics of the DES and hence from the basicity of the solvent.
Although the same material is obtained as ascertained by powder X-ray diffraction and elemental
analysis, the final morphology characterized by SEM and TEM is dependent on the nature of the
solvent. Whereas the classical rod-like shape is observed in reline, an unusual morphology

showing slices perpendicular to the main growth axis is present in the e-urea based DES. For the
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material featuring this unusual morphology, a higher specific surface area and CO, uptake were

found, which were associated with a higher degree of microporosity.
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Graphical abstract

Highlights:

- The ionothermal synthesis of the Mg-MOF-74 has been performed in deep eutectic solvents.

- The nature of the urea derivative of the DES component is shown to impact the crystal
morphology.

- The e-urea based DES leads to a material with an unusual morphology, higher specific surface

area and CO> uptake capacity.



1. Introduction
Owing to their diverse and promising applications in gas storage and separation, heterogeneous
catalysis or electronics among others,[1-3] Metal-Organic Frameworks (MOFs) have been the
object of intense research over the past decades. The preparation of these crystalline porous
materials is based on the assembly of organic ligands with metallic nodes, performed via
mechanochemistry, ultrasounds, microwaves or solvothermal synthesis.[4-7] Not only the
synthetic method employed can determine the nature and purity of the material obtained but also
its crystallinity and properties. The most frequently applied approach remains solvothermal
synthesis, consisting in heating, under autogenous pressure, the MOF precursors in a solvent or a
mixture thereof. As it is often performed in solvents such as N,N’-dimethylformamide (DMF),
N,N’-diethylformamide (DEF) or N,N-dimethylacetamide (DMA) that are toxic and flammable,
others have been sought, as illustrated by the emergence of the use of green systems[8-11] and of
the ionothermal strategy.[12-16] In this context, ionic liquids and their cousins, deep eutectic
solvents (DESs), have been explored. DESs are the combination of two or more solids, often
hydrogen bond donor/acceptor, affording a system with a melting point below the one of each of
their components.[17-24] DESs feature a wide liquid range, non-flammability, low vapor pressure
and the ability to dissolve polar species, making them an appealing synthetic media. The 1:2
combinations of choline chloride (ChCl, Scheme 1) with urea derivatives[25,26] have been
particularly investigated for the preparation of MOFs and have been shown to play a diversity of
roles.[16,27] For example, one of the components of the solvent that can be neutral (urea
derivative), anionic (chloride) or cationic (cholinium) may be coordinated to the metal centers or
present within the pores of the MOFs.[27] Furthermore, we have recently reported that the
ChCl:urea (1:2) DES, known as reline,[25] can induce the conversion of HKUST-1 into another
structure and that it can impact its crystal morphology and textural properties.[28] Hence, a rose-
like morphology was obtained, contrasting with the expected octahedral shape for this Cu-based
material.[29] In light of this result, it appeared of interest to investigate the impact of these
synthetic conditions on other prototypical MOFs like the M»(dobdc) series (dobdcHs = 2,5-
dihydroxyterephthalic acid, Scheme 1).[30-35] Known as MOF-74[30] or CPO-27[31], this class
of materials exhibits fascinating characteristics as highlighted by the high porosity and surface
area and sorption properties towards CO2 and CH4 of Mg-MOF-74.[32-35] While the preparation
of this MOF has been described in different systems,[35-36] the use of DES has not been reported.



As a matter of fact, the ionothermal approach remains more generally underexplored for Mg based
MOFs with, to the best of our knowledge, only few reports focussing on ionic liquids.[37,38] We
therefore report herein on the unprecedented use of the ChCl:urea and ChCl:e-urea (1:2) DESs (e-
urea = 2-imidazolidinone, ethylene urea, Scheme 1) as viable solvents for the preparation of Mg-
MOF-74, and on the influence of the nature of the urea derivatives on the crystal morphology and

size, textural and sorption properties of the material.
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Scheme 1. Representations of DES components and of the dobdcH4 ligand.

2. Experimental section
2.1. Materials

All chemicals were obtained from commercial sources and were used as received. The DES
components where individually weighted and placed in a round bottom flask equipped with a
magnetic bar. For both DES, ChCl:urea and ChCl:e-urea, a 1:2 molar ratio was used. The mixture
was then stirred and heated at 100 °C under ambient atmosphere until a homogeneous and clear
liquid phase was obtained, which typically takes up to 30 minutes or less. The solvent was freshly

prepared before each reaction.

2.2. Synthesis

Synthesis of Mg-MOF-74 in choline chloride:urea (1:2):

0.396 g (2 mmol) of 2,5-dihydroxyterephthalic acid and 1.026 g (4 mmol, 2 equiv.) of
Mg(NOs3)2-6H20 were added to a 48 mL Chemglass® high-pressure vessel. Then, 25 mL of freshly
prepared choline chloride:urea 1:2 DES was added with the aid of a syringe, and the vessel was
closed with its Teflon cork. The vial was heated for 2 days at 120 °C. After completion of the
reaction, the content of the vessel was mixed with water (20 mL) and centrifuged. The recovered
solid was washed 2 more times with water (2x20 mL) and 3 times with ethanol (3x20 mL). The
solid was air-dried overnight and 0.428 g were obtained (51.7% relative to the Mg>(dhtp)(H20)9.5
formula). Elemental analysis (CHN) for CsH2:1Mgx0155 ([Mga(dobdc)(H20)95]), calculated: C,
23.22%; H, 5.11%; N, 0%; found: C, 23.29%; H, 4.99%:; N, 0%.



Synthesis of Mg-MOF-74 in choline chloride:e-urea (1:2):

0.396 g (2 mmol) of 2,5-dihydroxyterephthalic acid and 1.026 g (4 mmol, 2 equiv.) of
Mg(NO3)2-6H20 were added to a 48 mL Chemglass® high-pressure vessel. Then, 25 mL of freshly
prepared choline chloride:e-urea 1:2 DES was added with the aid of a syringe, and the vessel was
closed with its Teflon cork. The vial was then heated for 3 days at 140 °C. After completion of the
reaction, the content of the vessel was mixed with water (20 mL) and centrifuged. The recovered
solid was washed 2 more times with water (2x20 mL) and 3 times with ethanol (3x20 mL). The
solid was air-dried overnight and 0.244 g were obtained (29.8% relative to the
Mgz (dobdc)(H20)9(e-urea)o.os formula). Elemental analysis (CHN) for Cs.1sH203Mg2No.1O15.05
([Mg2(dobde)(H20)o(e-urea)o.os]), calculated: C, 23.93%; H, 5.00%; N, 0.34%; found: C, 23.77%;
H, 4.95%; N, 0.42%.

Compounds 1-4 were isolated from batches obtained when performing the reaction at 80 °C, 100
°C or 120 °C. Owing to the sensitivity to water, the compounds were solely washed with EtOH
and crystals were picked from the mixtures for structure determination by X-ray diffraction. As
the compounds were obtained in mixtures with other unidentified species, further characterization
beyond their crystal structure determination could unfortunately not be performed.

Synthesis of Mg-MOF-74 in choline chloride:e-urea 1:2 with addition of ethylenediamine:

2,5-dihydroxyterephthalic acid and Mg(NOs3)2:6H,O were added to a wvial. Then,
ethylenediamine and the freshly prepared choline chloride:e-urea 1:2 DES was added with the aid
of a syringe, and the vessel was closed with its Teflon cork and then heated for 2 days (see
experimental details in Table 1). After completion of the reaction, the content of the vessel was
mixed with water (4 mL) and centrifuged. The recovered solid was washed 2 more times with

water (2x20 mL) and 3 times with ethanol (3x20 mL). The solid was air-dried overnight.



Table 1. Experimental conditions for the Mg-MOF-74 synthesis in the choline chloride:e-urea
1:2 DES with addition of ethylenediamine.

Entry Mg(NO3)2-6H2O dobdc Ethylenediamine DES (mL) T (°C)
(mmol) (mmol) (mmol)

1 0.4 0.2 0.02 (0.1 equiv.) 2.5 120

2 0.4 0.2 0.2 (1 equiv.) 2.5 120

3 0.2 0.1 0.01 (0.1 equiv.) 1.25 140

4 0.2 0.1 0.1 (1 equiv.) 1.25 140

52 - - 0.05 (1 equiv.) 1.25 140

? Instead of adding 2,5-dihydroxyterephtalic acid and Mg(NO3),-6H»0, it was added 0.02 g of Mg-
MOF-74 (0.05 mmol, assuming the molecular weight of 409.15 g/mol for the formula
[Mgx(dobdc)(H20)9(e-urea)o.os]) previously made in ChCl/e-urea.

2.3. Elemental analysis
Elemental analyses (CHN) were performed at the Service Commun d’Analyses of the University
of Strasbourg, in duplicate, employing a ThermoFischer Flash 2000 equipment. The reported

values for the CHN were taken as the average of two measurements.

2.4. Thermogravimetric analysis and differential scanning calorimetry

The thermal stability of the samples was accessed in a PerkinElmer Thermogravimetric Analyzer
TGA 4000 under N2 flow of 20 mL/min, and a heating rate of 5°C/min up to 800°C. The
differential scanning calorimetry study was performed on a PerkinElmer Jade DSC under N> flow

of 20 mL/min and a heating rate of 5°C/min up to 450°C.
2.5. Scanning electron microscopy
SEM images were obtained with a Zeiss GeminiSEM 500 microscope with a FEG Schottky source

and an Everhart-Thornley detector.

2.6. High-resolution transmission electron microscopy



HRTEM images were acquired after the dispersion of the samples in ethanol, sonication for a

few seconds, and drop-deposition on a copper grid with a holey carbon film over a Hitachi HF-

3300kV instrument.

2.7. X-ray diffraction

Table 2. Crystallographic data for 1-4.

1

2

3

4

Formula

FW

Crystal system
Space group

a, A

b, A

c, A

o, °

B o
v, °
v, A3

Z

T,K

4, mm~!
Refls. coll.
Ind. refls. (Rin)
Ri (I>20(D))*
wRy (I>20(1))*
R (all data)”
wR> (all data)”

GOF

CisH36ClMgN 12

Os

611.80
monoclinic
2/a
18.3027(8)
10.6875(4)
29.9973(15)

107.198(3)

5522.7(4)
8

173(2)
0.316
57276
8080 (0.1873)
0.1228
0.2453
0.1613
0.2618
1.162

C24HasClaMgNi6
Os

783.99
monoclinic
P2i/c

9.6056(3)
8.8329(4)
21.4198(8)

98.768(2)

1796.13(12)
2

173(2)
0.267
20541

5140 (0.0597)
0.0471
0.1253
0.0607
0.1360
1.027

Cao6HaoMgN 12012

822.85
triclinic
P-1
9.0116(5)
9.1303(4)
10.1604(6)
86.650(2)
82.468(3)
89.652(3)
827.35(8)

1

173(2)
0.135
17812
4547 (0.0580)
0.0481
0.1253
0.0595
0.1352
1.031

C20H2sMgNgO10

564.81
triclinic

P-1
7.2644(3)
9.0338(3)
10.4608(4)
70.3280(10)
78.291(2)
67.7950(10)
596.22(4)

1

173(2)
0.150
23564

3236 (0.0500)
0.0383
0.1027
0.0411
0.1051
1.066

CR1=YuFo —Fa/Y Foi; WRy = [ZW(Foz'Fcz)z/ZWFO4]1/2



Data (Table 2) were collected at 173 K on a Bruker SMART CCD diffractometer with Mo-Ka
radiation. Both 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.[39]
The hydrogen atoms were introduced at calculated positions and not refined (riding model). CCDC
2164716-2164719.

X-ray diffraction powder patterns were recorded at 293 K on a Bruker D8 diffractometer using
monochromatic Cu-Ka radiation with a scanning range between 4 and 40° using a scan step of
1.2°/min. The simulated diagrams were generated with the Mercury® software based on the single-

crystal data collected at 173 K.

2.8. Gas sorption

The textural properties and CO; uptakes of the samples were obtained by adsorption-desorption
isotherms with N> at 77 K and CO; at 273 K, respectively, in a Micromeritics ASAP 2020 Surface
Area and Porosity Analyzer. The Brunauer-Emmett-Teller (BET) method was used for obtaining
the specific surface area, and the total pore volume (Vrotal) Wwas obtained by single point adsorption
at p/po = 0.97. The t-plot method was employed for obtaining the micropore volume (Vmicro) and
the specific surface area related to the micropores (Sgetmicro). The samples were outgassed, prior
to the N> and CO; adsorption-desorption analysis, by heating the sample under vacuum at 250°C

for 12 h, and the MicroActive Software version 4.00 was used to analyze the data.

3. Results and discussion
3.1. Synthesis of Mg-MOF-74 in reline

The preparation of Mg-MOF-74 has been initially studied in ChCl:urea (1:2) (reline), and then
extended to the e-urea-based solvent. The synthetic conditions explored consisted in heating a 2 to
1 molar mixture of the Mg(NO3),.6(H20) salt and the dobdcH4 ligand (Scheme 1) in the DES at
temperatures ranging from 80 °C to 140 °C, over 1 to 10 days, followed by washing with water
and ethanol. In reline, Mg-MOF-74 formed even at 80 °C and after one day albeit with low yields.
Both the yield and crystallinity, assessed by X-ray diffraction, were improved upon performing
the reaction at 120 °C over two days. As presented in Fig. 1, X-ray powder diffraction confirms

the successful preparation of the desired material. Furthermore, elemental analysis gave the



formulation Mg(dobdc).(H20)9.5 as expected for Mg-MOF-74. The absence of nitrogen is worth
emphasizing, thereby demonstrating the efficiency of the work-up method for removal of urea and
of the cholinium cation. Thermogravimetric analysis (Fig. 2) showed a first weight loss around 80
to 100 °C corresponding to the water molecules present in the pores followed by a plateau up to
400°C. This is consistent with what has been reported for Mg-MOF-74 in the literature.[32] Both

materials showed similar behaviour by differential scanning calorimetry (Fig. SM3).
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Fig. 1. X-ray powder pattern of Mg-MOF-74 prepared from reline or ChCl:e-urea (1:2) and

comparison with the simulated powder pattern for this material.

100 4, —— Mg-MOF-74 (ChCl:e-urea)
— — Mg-MOF-74 (ChCl:urea)

Weight (%)

T T T T T T T T T T T T T T T 1
100 200 300 400 500 600 700 800
Temperature (°C)

Fig. 2. Thermogravimetric analysis of Mg-MOF-74 prepared from reline or ChCl:e-urea (1:2).



3.2. Synthesis of Mg-MOF-74 in ChCl:e-urea

When performing the synthesis of the MOF in the ChCl:e-urea (1:2) DES by heating at 80 °C,
100 °C or 120 °C and for up to 10 days, a mixture of varying crystalline compounds, including
Mg-MOF-74, formed. Since the crystalline materials other than the desired MOF were found to
be unstable upon washing with water, only ethanol was employed to recover them before their
characterization by powder X-ray diffraction, revealing complex diffractograms. Interestingly,
some of those compounds were isolated as large single crystals allowing their structure
determination.

3.2.1. Intermediate phases

Fig. 3. Crystal structure of complexes 1 (a), 2 (b), 3 (c) and 1D coordination polymer 4 (d). CH

hydrogen atoms have been omitted for clarity.

One of the major products recurrently isolated is [Mg(e-urea)s]Clo, 1, crystallizing in the
monoclinic /2/a space group (see Table 2). In this mononuclear complex, the Mg(II) cation adopts
an octahedral environment by coordination to six e-urea molecules with Mg-O distances ranging
from 2.057(4) to 2.074(4) A (Fig. 3a). Charge compensating chloride anions are hydrogen bonded
to the N-H moieties leading to a 3-dimensional arrangement. An e-urea solvate of this complex,

formulated [Mg(e-urea)s|Cla(e-urea)s, 2, crystallizing in the monoclinic P21/c space group (see

10



Table 2) could also be characterized. A similar coordination sphere of the Mg(II) cation is observed
for 2 (dmg.o = 2.0366(11) to 2.0894(11) A) (Fig. 3b). However, the presence of these two
compounds does not account for all the peaks observed in the X-ray powder pattern collected on
the reaction batches (as illustrated for reactions at 120 °C in Fig. SM1) suggesting that other phases
are also formed either with components of the solvent or with the dobdcH4 ligand. The preferred
interaction of the DES with the alkaline earth metal cation was confirmed by running reactions in
the absence of the dobdcH4 ligand. Upon heating the Mg(NO3)2.6(H20) salt in the e-urea based
solvent at 120 °C for 10 days, crystalline material could indeed be harvested exhibiting a
diffractogram analogous to the ones obtained when performing the reaction in the presence of
dobdcHs below 140 °C (see Fig. SM1).

While the [Mg(e-urea)s]Cl» salts and solvent based materials described above are predominant
for reactions at 80 °C, two other crystalline species could be isolated and characterized by single-
crystal X-ray diffraction upon increasing the temperature and lengthening the reaction time. First,
mononuclear complex [Mg(e-urea)s](dobdcH2), 3, crystallizing in the triclinic space group P-1
(Table 2), was obtained at 100 °C, and in increasing amount as reaction time lengthened. It
comprises the same octahedral [Mg(e-urea)s]*" species (dmg-o = 2.0497(11) to 2.0859(10) A) but
with (dobdcH;)?*" as charge-compensating anion (Fig. 3¢c). The two carboxylate units are hydrogen
bonded intramolecularly to the two hydroxyl groups and intermolecularly to e-urea N-Hs.

Interestingly, for longer reaction durations at 100 °C, a one-dimensional coordination polymer
[Mg(dobdcHz)(e-urea)s], 4 (Triclinic, P-1, Table 2) also formed. In this compound, four e-urea
molecules occupy the square base of the octahedral coordination sphere of the alkaline earth cation
(dme-0 = 2.0845(8) to 2.1136(8) A) while the two remaining axial positions are occupied by
bridging (dobdcH>)* anions (dmg-o = 2.0409(9) A) (Fig. 3d). This one-dimensional network was
also found upon performing the reaction at 120 °C for few days, whereas Mg-MOF-74 remains
the major product for longer reaction duration at this temperature. While 4 is structurally
reminiscent of the reported [M(dobdcH2)(H20)4] (M = Ni, Co) chains,[40] it is worth noting that
intermediate phases on the way to Mg-MOF-74 have been recently described showing also
deprotonation solely at the carboxylate units.[41] Partial deprotonation to the dobdcH> ligand has
also been observed for Ca-MOFs prepared in the ChCl:e-urea (1:2) DES.[42]

3.3.2. Mg-MOF-74 phase

11



When the synthesis is performed at 140 °C, Mg-MOF-74 is almost exclusively obtained with
minor amounts of the chloride-based phases that can be easily removed by washing with water.
Therefore, the conditions employed to obtain the desired material in pure form consisted in heating
at 140 °C for 3 days followed by water and EtOH washing. X-ray powder diffraction (Fig. 1) and
elemental analysis, indicating the formula Mg(dobdc)(H20)o(e-urea)o.os, confirmed the
preparation of the Mg-MOF-74. It can be noted here that, in this solvent, a small percentage of
nitrogen is found in the analysis suggesting the presence of e-urea within the material.
Thermogravimetric analysis for this material shows a behaviour analogous to what has been

observed for the compound prepared from reline (Fig. 2).

3.3. Crystal morphology

The SEM micrographs of the two materials reveal striking different morphologies. For Mg-MOF-
74 prepared in reline, aggregates of hexagonal rods are observed (Figs. 4a and b), as reported in
the literature for common synthetic methods.[36,43] The material prepared in the ChCl:e-urea
DES presents a strikingly different morphology, as it forms 1 to 20 um long crystals with a
hexagonal shape but featuring slicing (Figs. 4c,d). Such morphology showing slices perpendicular
to the main growth axis will be hereafter coined shish-kebab like. Shish-kebab organization is
sometimes observed in the crystallization of polymers with transverse lamellae growing from a
central thread.[44] These slices are here randomly distributed across the crystal length, as some
crystals exhibit up to several dozens of them. It is rationalized that these motifs significantly

increase the exposed surface of the crystals thus leading to more exposed micropores, in line with

the gas sorption measurements (vide infra).

R :
Fig. 4. SEM micrographs of Mg-MOF-74 prepared in reline (a, b) or ChCl:e-urea (1:2) (c, d).
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The unusual morphology of the Mg-MOF-74 prepared in the ChCl:e-urea DES was further
investigated by high-resolution TEM. According to Fig. 5, it is possible to visualize that this
unusual porous morphology seems to be originating from a twisted arrangement of this crystal.
Furthermore, the HRTEM coupled with energy-dispersive X-ray spectroscopy (EDX) confirmed
that such morphology is indeed attributed to the Mg-MOF-74 material, given the homogeneous
presence of the elements Mg, C, and O throughout the sample (Fig. 6).

Fig. 6. HRTEM-EDX micrographs of Mg-MOF-74 prepared in ChCl:e-urea (1:2) for the
elements C (b), Mg (c), and O (d).

13



3.4. DES role regarding the Mg-MOF-74 formation

These observations in the crystal morphologies suggest that the nature of the solvents is
responsible for such differences. Such a phenomenon is difficult to precisely rationalize but may
be related to the varying intrinsic physical and chemical properties of these two solvents. Indeed,
whereas reline has a melting point at 12 °C, the one of the ChCl:e-urea (1:2) DES is substantially
above room temperature, 70 °C,[26] which is in agreement with the visual observation that the
latter solvent is much more viscous than the former at the same working temperatures.
Furthermore, reline is known to exhibit decomposition upon heating, with urea converting into
ammonia (Scheme 2a).[45] For example, it has been found that 0.1% of ammonia formed upon
heating reline for 7 hours at 80 °C. The decomposition process is further promoted by the presence
of alcohols, temperature and time. For the ChCl:e-urea (1:2) DES, such decomposition yielding
ethylenediamine[26] is expected to be substantially slower (Scheme 2b, for a proposed potential
decomposition pathway), according to the known slower thermal decomposition of the similar
DES ChCl:m-urea (N,N’-dimethylurea) into methylamine.[45] Hence, these two DESs also vary

in their basicity over time due to their varying nature and the particular kinetics of their thermal

decomposition.
o o
NES j\ \\9\/0 NH,
N + e — N + NH.
a) ~UNoH HN" ONH, A tme  ~® 70( ?
o
o o
b) 2 \'\“G\)i\ * HNKNH . @ o_ 0o | + NH
~ ~ - ~_NH;
OH \_J A time /'(“D/\/ g \Qg\ HN
o «

Scheme 2. Thermal decomposition over time of reline [45] (a) and a proposed thermal

decomposition pathway for ChCl:e-urea (b).

A parallel can be drawn with the use of DMF and DEF for the MOF solvothermal synthesis,
where the solvent decomposition releases basic amines favouring deprotonation of the bridging
ligand and subsequently MOF formation. In reline, decomposition of the solvent combined with
its lower viscosity may lead to faster MOF synthesis than in the e-urea based medium. Upon initial
dissolution of the Mg(II) salt in this DES, formation of e-urea coordinated complexes is immediate,
thus leading to the formation of compounds incorporating components of the DES such as [Mg(e-
urea)s|Cl2 1 and [Mg(e-urea)s]|Cla(e-urea), 2. As temperature increases and the reaction duration

lengthens, the dobdcH4 ligand is deprotonated (at the carboxylic acid function) thus competing

14



with the e-urea for the coordination sphere of the alkaline earth metal cation to afford complex 3
[Mg(e-urea)s](dobdcH2), coordination polymer [Mg(dobdcH»)(e-urea)s] 4 and eventually Mg-
MOF-74. These various isolated phases and their sequence of formation are consistent with the
proposed analysis, although the whole mechanism may be more complex and needs to be further
elucidated. This rationale is nonetheless in line with the recently reported stepwise deprotonation
of the ligand upon performing the synthesis of Mg-MOF-74 in DMF/ethanol/water with high
concentration of the reagents leading to the isolation of previously unobserved carboxylate-only
coordination polymers.[41]

From a morphological point of view, this modular growth of Mg-MOF-74 in ChCl:e-urea is also
aligned with the findings of the Zhou group for the MOF-74-1I material.[46] The reported MOF-
74-11 was prepared in DEF by the reaction between zinc nitrate and linker II (3,3'-dihydroxy-[1,1'-
biphenyl]-4,4'-dicarboxylic acid), an elongated version of the dobdcH4 ligand. Triggered by the
unusual hollow nanotube morphology observed for this MOF, the authors reverse-engineered its
assembly by a series of systematic studies and demonstrated that the slow release of diethylamine,
generated by the thermal decomposition of DEF, was responsible for the selective deprotonation
of the ligand linker II. First, the deprotonation of the carboxylic acid moieties led to the formation
of a labile phase called PCN-74 (dense nanotube), where the free carboxylate group coordinates
with the Zn®" ion without the participation of the phenolic groups. As greater quantities of
diethylamine are released in the reaction system, the less acidic protons (phenolic) are
deprotonated, which enables these phenolate moieties to participate in the coordination sphere of
zinc and to further form the MOF-74-11 material. This growth was rationalized as occurring on the
surface of the dense nanotube originated from the labile phase of PCN-74. Gradually, this
metastable PCN-74 phase dissolves to afford the MOF-74-II material as a hollow nanotube
morphology. Furthermore, this labile phase-assisted growth of MOF-74-11 was elegantly
demonstrated by artificially adding varying amounts of diethylamine into the reaction system (0.16
— 1.6 equiv.), in which small amounts of it generated firstly the PCN-74 phase, while greater
amounts led directly to the MOF-74-II formation.

Likewise, in order to verify whether this selective deprotonation was taking place in our reaction
and impacting the final morphology for the ChCl:e-urea system, we purposely added 0.1 — 1.0
equiv. of ethylenediamine in the reaction system at 140 °C (Table 1, Entries 3 and 4). As can be

seen in Fig. 7, when 0.1 equiv. of ethylenediamine is added, both morphologies, the sliced one and
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the traditional hexagonal rods, are present. On the other hand, when 1.0 equiv. of ethylenediamine
is added (Fig. 8), there is — almost predominantly — the sole presence of the traditional hexagonal
rod morphology. Interestingly, there is some reminiscent long crystals with just a few slicing (Fig.
8d), as if the evolution of the shish-kebab morphology was stopped midway its formation. When
trying to perform the same experiment at 120 °C (Table 1, Entries 1 and 2), no product could be
recovered when 0.1 equiv. of ethylenediamine was added, whereas the typical morphology of

hexagonal rods was observed for the addition of 1.0 equiv. of the base.

R S
Fig. 7. SEM micrographs of Mg-MOF-74 prepared in ChCl:e-urea (1:2) with addition of 0.1

equiv. of ethylenediamine.

Fig. 8. SEM micrographs of Mg-MOF-74 prepared in ChCl:e-urea (1:2) with addition of 1.0

equiv. of ethylenediamine.
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Finally, we tried to immerse the already-prepared Mg-MOF-74 with the unique sliced
morphology in the ChCl:e-urea solvent with addition of 1.0 equiv. of ethylenediamine (Table 1,
Entry 5). The surface of the material appeared to have suffered erosion, but the overall morphology
aspect remained the same (Fig. 9).

All in all, the results of these experiments indicate that the kinetics of the base release from the
DES (by thermal decomposition) has a significant impact on both MOF formation and
morphology. Such features may also be impacted by (i) the viscosity of DESs, which has a
potential impact on the diffusion of the reactants during the reaction time; and (ii) the DES
stabilization of water-sensitive materials, which allows the formation of MOFs that are usually
prone to hydrolysis.[28,42,47] Thus, we hypothesize that a labile phase may be produced in the
initial stages of MOF formation, this phase may assist the assembly of the sliced morphology for
Mg-MOF-74, in a similar way as the PCN-74 assisted the formation of Mg-MOF-74-I1. This
hypothesis is also in accordance with the above-mentioned recent report of intermediate phases
towards Mg-MOF-74 incorporating the ligand exclusively deprotonated at the carboxylic acid
moieties when using a higher concentration of the reagents in DMF/ethanol/water.[41] However,
further studies need to be done to fully elucidate the proposed morphology formation mechanism

in the ChCl:e-urea DES.

(@) 7 Dlataa

Fig. 9. SEM micrographs of the already-prepared shish-kebab Mg-MOF-74 immersed in ChCl:e-

urea (1:2) with addition of 1.0 equiv. of ethylenediamine.

3.5. Textural properties and CO; uptake
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While the Mg-MOF-74 prepared from the urea and e-urea based solvents exhibit analogous X-
ray diffraction patterns (Fig. 1), we sought to investigate the impact of the crystal morphology on
the sorption properties. Hence, they were analysed by N> adsorption-desorption isotherms at 77 K
(Fig. 10). The specific surface area was calculated by the Brunauer—Emmett—Teller (BET) method
(SBeT), and the total pore volume (V1otal) Was obtained by single point adsorption (p/po = 0.97)
(Table SM1). The t-plot method was used to determine the micropore volume (Vmicro) and the
specific surface area related to the micropores (SBer,micro). Prior to the gas sorption measurements,
the materials were outgassed by heating them at 250 °C for 12 hours. Powder X-ray diffraction
and TGA confirmed that the MOFs were unaltered by the outgassing process and the analysis.
Interestingly, the two MOFs show different textural properties, as the material prepared form the
e-urea based DES shows a much higher surface area compared with the analogue prepared from
reline (1669 vs 996 m?.g™") (Fig. 10). The Sger of 1669 m?.g™! is in the higher-end of what has been
reported for this material.[32-36] It should be noted that analysis of different batches prepared in
either the urea or e-urea based-DESs consistently afforded substantially larger surface areas for

the MOFs prepared in the latter solvent.

500 —a—Ng-MOF-74 (ChCl:urea)
—&— MgMOF-74 (ChCl:e-urea)

N, Uptake (cm*/g STP)

O T T T T T T T T T
0.0 02 0.4 0.6 0.8 1.0
Relative Pressure (P/P )

Fig. 10. N> adsorption-desorption isotherms at 77 K for Mg-MOF-74 prepared from reline (red
circles) and from the ChCl:e-urea (1:2) DES (blue triangles). Closed symbols stand for adsorption

and open ones stand for desorption.

The contribution of the microporosity to the specific surface area (SBeT Micro) Was found to be

1557 m%.g! and 940 m?.g"!, for the ChCl:e-urea- and reline-based materials, respectively. Mg-
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MOF-74 prepared in ChCl:e-urea showed a classic type I isotherm, typical of a microporous
material. For the MOF prepared in reline, a type I isotherm is also present, but with a mesoporous
contribution indicated by a narrow hysteresis loop at the desorption branch between p/py 0.8-1.0.
The Pmicro also evidences this feature, while the micropore volume contribution to the total pore
volume of the reline-based MOF is 76% (Vuicro = 0.351 cm®/g and Vrowl = 0.460 cm?/g), the same
contribution related to the ChCl:e-urea DES-based MOF is 90% (¥Micro = 0.583 cm?/g and Vrota =
0.645 cm®/g). The high-contribution of the microporosity for the ChCl:e-urea-based system seems
to be in agreement with our observations: whereas Mg-MOF-74 forms straightforwardly in reline,
the formation of this material in ChCl:e-urea seems to go through a longer path and through several
intermediates until MOF-74 formation, which would allow a slow maturation of the crystalline

structure.

—e— Mg-MOF-74 (ChCl:urea)
_ —4—Mg-MOF-74 (ChCl:e-urea)

10.5 mmj_ligﬁf/_/_,_,g

CO, Uptake (mmol/g)

I
I
I
I
I
I
I
I
I
I
I
I
1
T
.0

T T T T T
0.0 0.2 0.4 06 08 1 12

Absolute Pressure (bar)

Fig. 11. CO; adsorption-desorption isotherms at 273 K for Mg-MOF-74 prepared from reline (red
circles) and from the ChCl:e-urea (1:2) DES (blue triangles). Closed symbols stand for adsorption

and open ones stand for desorption.

The Mg-MOF-74 is one of the most studied MOFs regarding CO; adsorption due to its open
metal sites (OMS).[48,49] Consequently, the sorption properties for the MOF materials prepared
with reline and ChCl:e-urea DESs were investigated by performing adsorption-desorption
isotherms at 273 K in the 0-1.2 bar pressure range (Fig. 11). Their CO» uptake capacities at 1 bar
were estimated as 8.8 mmol/g and 10.5 mmol/g, for the reline and the ChCl:e-urea-based DESs,
respectively. The CO; uptake of the ChCl-e-urea-based Mg-MOF-74 was in the same range of the
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highest reported values for such MOF at 273 K and 1 bar (9.4 mmol.g™ and 10.2 mmol.g™!).[50,51]
Additionally, the steep slope at the low-pressure region of the isotherms represents a strong
adsorption of the CO> molecule on the OMSs,[51,52] and the reversibility of the isotherms is
granted by the overlap of the adsorption and desorption branches, which indicates the complete
regeneration of the sorbent after the desorption process. The values found for the CO; uptake for
these MOFs are in agreement with its N> sorption data, where a higher contribution of the
microporosity for the ChCl:e-urea-based MOF provided a higher specific surface area and,
consequently, a higher CO; uptake of roughly 20%.

Given the unusual sliced morphology of this MOF and considering that the diffusion length for a
Ni-MOF-74[53] was shown to be morphology-dependent — hollow Ni-MOF-74 were shown to
exhibit a 54% faster diffusion rate compared to fully solid ones — we believe that the CO, diffusion
properties of this shish-kebab-like Mg-MOF-74 are a domain worth further investigating. Indeed,
Gao et al. overviewed that the CO; capture capacity in a given MOFs can be easily improved via
functionalization with amino-, nitro-, hydroxy-, cyano-, or thiol-related functionalities.[54]
However, the efficacy as well as the simplicity depend even more strongly on the pore

topology.[55-56]

4. Conclusions and outlook

The foregoing results demonstrate that DES based on urea derivatives can be successfully
employed for the ionothermal synthesis of Mg-MOF-74 with a striking impact on the crystal
morphology and sorption properties. Interestingly, while the synthesis of this MOF is rather
straightforward in the ChCl:urea (1:2) reline DES, higher temperatures and longer reaction
duration were necessary in the e-urea based analogous solvent. Indeed, in the latter, a variety of
intermediate crystalline phases could be observed and characterized by single-crystal X-ray
diffraction. In these compounds, coordination of the DES components — the chloride anion and e-
urea derivative — was found to compete with binding to the carboxylate. In this respect, a partial
and selective deprotonation to the dobdcH» form was observed, leaving the hydroxyl groups
uncoordinated. It was rationalized that this difference in the synthetic conditions and in the
isolation of intermediate systems originates from the varying decomposition kinetics of the DES
and hence from the basicity of the solvent. In reline, faster decomposition and release of ammonia

favours complete deprotonation of the dobdcH4 and the subsequent formation of the desired Mg-
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MOF-74. In contrast, such decomposition process is much slower in the e-urea system leading to
a stepwise deprotonation (of the carboxylic acid and phenolic protons of the dobdcH4 linker) and
the resulting observation of intermediate compounds. Although crystallographically and
chemically the same material is obtained as ascertained by powder X-ray diffraction, TGA, DSC,
infra-red spectroscopy and elemental analysis, the final crystalline morphology is dependent on
the nature of the solvent. Whereas the classical rod-like shape is observed in reline, an unusual
morphology reminiscent of a shish-kebab organization is present in the e-urea based DES. It was
once again demonstrated that varying basicity of the medium was at stake in this phenomenon with
a possible maturation towards Mg-MOF-74 from one of the observed intermediate phases
involving the partially deprotonated ligand. This leads to a MOF with a higher specific surface
area and CO; uptake for the material featuring this unusual morphology associated with a higher
microporosity.

These results demonstrate not only the capacity of DES to allow the preparation of this MOF but
also their influence on the resulting morphology and sorption properties. This opens an avenue of
research by investigation of the synthesis and characterization of other known and prototypical
MOFs as well as of novel materials. For example, preliminary work indicates that the analogous
Ni-MOF-74 could be prepared in the DESs studied herein, whereas the Zn-MOF-74 could not be
isolated under these conditions. These studies are currently on-going in our group and will be

published in due course.
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