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Neutral and ionic Co(i) metal—organic frameworks
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evaluation for molecule encapsulation and slow
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a

Two Coli) mixed-ligand metal-organic frameworks (MOFs) based on 2-methylimidazole and trimesate
were synthesised at room temperature. The structure and properties of the two MOFs, named material
Deutsches Elektronen Synchrotron-1 and -2 (mDESY-1 and mDESY-2), were verified by single crystal
X-ray diffraction (SCXRD), powder X-ray diffraction (PXRD), SQUID magnetic susceptibility and N, adsorp-
tion. The structural analysis indicates that mDESY-1 is a 3D ionic framework with 2-methyl-1H-imidazol-
3-ium counterions residing in its pores, while mDESY-2 is a 2D neutral framework isostructural to ITH-1,
with water as a co-crystallising solvent. PXRD data demonstrates that mDESY-1 exhibits better crystallinity
than mDESY-2. Magnetic measurements indicate that both MOFs are paramagnetic with a weak ferro-
magnetic transition above room temperature. Although both structures suggest the presence of voids, N,
adsorption data confirms that these voids are not accessible in either MOF. Nevertheless, mDESY-1 was
capable of encapsulating azobenzene during synthesis, which was observed via SCXRD. The encapsulated
molecules were then slowly released in ethanol, with a release of up to 30 mg of azobenzene per g of
MOF in a period of 60 days.

Introduction

Metal-organic frameworks are porous materials constructed
from metal ions or clusters and organic bridging ligands."?
The ability to fine-tune their properties by varying metal ions,
ligands and synthesis conditions have made MOFs signifi-
cantly attractive for a wide range of applications such as
carbon capture,® gas storage and separation, heterogeneous
catalysis,” luminescence,’ chemical sensing,” biological
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imaging,® and drug delivery.’

Among the various combinations of MOFs, the ionic MOFs
(iMOFs) subclass remains relatively unexplored with just over 1000
publications as of 2021.'° Ionic MOFs are charged frameworks
(either positive or negative) containing uncoordinated counter
ions inside the framework, which maintain the overall charge neu-
trality. This subclass can be further divided into cationic MOFs
(iMOFs-C) and anionic MOFs (iMOFs-A). While iMOFs-C bear free
counter anions inside their pores, iMOFs-A contain free counter
cations.”* The ions inside the charged frameworks are often
exchanged with other exogenous ions, which makes them ideal
candidates for application in ion exchange resins."* ™
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The selection of metal ions/cluster, ligands and counter
ions is crucial for developing new iMOFs."! Imidazolium
derivatives and benzene 1,3,5-tricarboxylic acid (H;btc) are fre-
quently used as ligands for the synthesis of ionic
frameworks.'®'"*15 For example, Hupp et al. utilised 1,3-bis
(2,6-dimethyl-3,5-dicarboxylphenyl)imidazolium as a ligand to
synthesise the cationic framework [Cuy(Cy3H;7N,04)
(DMSO),][C1],*® while Wang et al. used Hzbtc to develop a
12-connected  anionic = MOF  with  the formula
H,Na,[Cuy,(OH)e(pz )e(btc)s]-23H,0 (pz~ = pyrazolate)."”
However, a 3D iMOF-A based on the common ligands
2-methylimidazole (mIm) and benzene 1,3,5-tricarboxylic acid
with 2-methylimidazolium (HmIm) counter ions has not yet
been reported.

Benzene 1,3,5-tricarboxylic acid, also known as trimesic
acid, and 2-methylimidazole are two well-known organic com-
pounds used in the synthesis of MOFs and other small mole-
cules. For instance, mIm is employed in the synthesis of zeoli-
tic imidazolate frameworks (ZIFs), such as ZIF-8'® and
ZIF-67,"° while Hsbtc is used in the production of HKUST-1.%°
The ligands have also been combined with zinc ions to syn-
thesise a 2D mixed-ligand MOF named ITH-1.>" This MOF pos-
sesses a neutral network with linking btc linkers and mono co-
ordinated mIm moieties as pendants throughout the frame-
work. In the case of small molecules, we have previously
demonstrated that the protonated HmIm and the deproto-
nated btc can form a hexaaquacobalt-based complex with 1H-
imidazol-3-ium cations when mixed with CoCls-6H,O in
EtOH : water : DMF solution.?” Additionally, we have demon-
strated that the organic ligands can form a crystal structure
containing 1H-imidazol-3-ium as cation and the singly depro-
tonated 3,5-dicarboxybenzoate as anion.??

The combination of imidazolates and polycarboxylates with
metal salts to produce MOFs and coordination polymers is a
well-established strategy, with many compounds synthesised
through this approach.>*?® For example, Zhu and et al
reported the synthesis of a mixed-ligand MOF
[Co,(bdc)s(nIm™),(H,0)s]-3H,0-3DFM, (H,bdc = 1,4-benzene-
dicarboxylic acid, nIm = 2-nitroimidazole), which formed a 3D
framework with polyhedral cages measuring up to 31.019 A in
diagonal length, and exhibited a CO, uptake capacity of
14.5 wt% at 273 K and 1 atm.>* Another example has been pro-
vided by Kirillov et al.,, who synthesised the 3D network
[Zn,(p4-Clta)(p4-biim*7)], and the 1D coordination polymer [Cd
(p-Clta)(py-biim)],, (H,Clta = 2-chloroterephthalic acid, biim =
2,2'-biimidazole), both of which showed catalytic potential in
the coupling of CO, with epoxides.*® Finally, Balkus and et al.
developed two 2D mixed-linker MOFs by incorporating a sec-
ondary linker (1,4-benzenedicarboxylic acid or 2,6-naphthale-
nedicarboxylic acid) into the 1D coordination polymer Cu(L17)
(Cl),, (L1 = 2,2"(1H-imidazole-4,5-diyl)di-1,4,5,6-tetrahydropyri-
midine). In these compounds, hydrogen bonding between two
different linkers promotes layer stacking, resulting in a 3D
structure with internal pore channels.?® While these materials
exemplify the versatility of the mixed-ligand strategy in con-
structing a variety of metal-organic structures, none of these
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Fig. 1 Lewis structure for (a) mim and (b) btc™ ligands.

examples form an iMOF, highlighting the rarity of this type of
material.

Here, we present two Co" mixed-ligand MOFs using the
well-known mIm and bte ligands (Fig. 1). The structural ana-
lysis demonstrates that the iMOF designated as mDESY-1
forms an anionic 3D framework with btc linkers, mono co-
ordinated mIm as pendants and HmIm as counterions resid-
ing in the channels of the framework. On the contrary, the
neutral MOF, named mDESY-2 (also Co-ITH-1), is a 2D
network isostructural to the previously reported ITH-1.>'
Adsorption measurements indicate that both frameworks are
non-porous. However, azobenzene molecules can be captured
inside the channels of mDESY-1 during synthesis, which can
later be slowly released in ethanol.

Synthesis and methods

Materials

Ethanol (>99.8%), mIm (99%) and Hsbtc (95%) were pur-
chased from Sigma-Aldrich, while CoCl,-6H,0 (98%) and azo-
benzene (>97%) were bought from Alfa Aesar. The chemicals
were used as received.

Synthesis of MOFs

mDESY-1. In the original procedure, 2 ml of a 0.11 M etha-
nolic solution of CoCl,-6H,0 was added to a flask containing
60 ml of ethanol. Then, 0.8 ml of a 1.58 M ethanolic solution
of mIm and 2 ml of a 0.12 M solution of H;btc in ethanol were
added to the mixture. A purple precipitate was formed
immediately. After resting the solution for a week, purple crys-
tals of mDESY-1 were obtained. The product was collected by
filtration and washed 3 times in ethanol.

mDESY-2. The initial mixture was prepared by fully dissol-
ving 12.7 mg of CoCl,-6H,O (0.095 mmol) and 64.9 mg of
HmIm in 2 ml of ethanol. Subsequently, 1.5 ml of a 0.01 M
ethanolic solution of H;btc was added to the mixture under
constant stirring. Within minutes, small purple crystals of
mDESY-2 were obtained. The product was recovered by
filtration.

Azobenzene@mDESY-1 (Azo@mDESY-1). The procedure to
encapsulate azobenzene in mDESY-1 followed a similar
approach to that described for mDESY-1. Typically, 2 ml of a
0.11 M ethanolic solution of CoCl,-6H,0 was added to 60 ml
of a 0.06 M solution of azobenzene in ethanol. Subsequently,
0.8 ml of a 1.58 M ethanolic solution of mIm and 2 ml of a

This journal is © The Royal Society of Chemistry 2025
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0.12 M solution of Hsbtc in ethanol were added to the mixture.
After one-week, dark purple crystals were formed. The product
was separated by filtration and briefly washed with ethanol
once.

Characterisation

Single crystal X-ray diffraction (SCXRD). The SCXRD experi-
ments for mDESY-1 and mDESY-2 were performed at 100 K.
The X-ray data was collected using undulator synchrotron radi-
ation with 1 = 0.6199 A at the P11 beamline of PETRA III,
DESY, Hamburg, Germany. An Eiger 2x 16 M detector was
positioned 154 mm from the sample. The data frames were
collected in ¢ scan mode with a step size of A = 0.1° and an
exposure time of 10 ms per frame. Indexing of the X-ray diffrac-
tion pattern, unit cell refinement and spot integration were
performed using the XDS program package.’” Attempts to
collect crystallographic data of Azo@mDESY-1 at 100 K using
synchrotron radiation were unsuccessful since an unknown
phenomenon was observed (see Fig. S17).

The crystal structures of mDESY-1,
Azo@mDESY-1 were determined at room temperature (~290 K)
using a single-crystal diffractometer at DESY, Hamburg,
Germany. The crystals were mounted on an APEX Duo Bruker
diffractometer equipped with a monochromatic X-ray source
(Mo Ka, 4 = 0.71073 A) and an APEX CCD detector. Data
frames were collected through multiple ¢ and ® scans of
crystal orientations, with a step size of 0.5° and an exposure
time of 15 seconds per frame for azobenzene and mDESY-1.
The encapsulation of azobenzene in mDESY-1 reduced the
crystallinity of the MOF, and therefore, the exposure time was
increased to 60 seconds per frame to obtain a maximum
resolution of 0.88 A. The sample-to-detector distance was
maintained at 50 mm. Data reduction was performed using
the SAINT program.®®

The crystal structures of all collected data were solved with
the SHELXT*® structure solution program within the Olex2
software package.’® Subsequently, the structures were refined
against F* isotropically, followed by full matrix anisotropic
least squares refinement by SHELXL."! In the final cycle of the
refinement, hydrogen atoms were fixed geometrically in ideal-
ised positions and allowed to ride with the respective C or N
atoms to which each was bonded. The solvent mask routine
incorporated in Olex2 was used to remove the disordered
HmIm cations in mDESY-1.

Figures of the asymmetric unit and packing of the
mDESY-1 with refinement of one counter ion laying in a sym-
metry element are provided in Fig. S2.7 Crystal data and struc-
ture refinement parameters for mDESY-1 (after solvent mask)
and mDESY-2 at 100 K are provided in Table S1, while the
corresponding data for mDESY-1, azobenzene and
Azo@mDESY-1 at room temperature (RT) is presented in
Table S2.7 Ortep plots for all structures are available in ESI
(ESI, Fig. S3-S7f) along with images of mDESY-1 and
mDESY-2 view down all axes (Fig. S8 and S9t). Selected bond
lengths and angles for all structures in this work are reported
in Tables S3 and S4.}

azobenzene and

This journal is © The Royal Society of Chemistry 2025
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PXRD. X-ray diffraction (XRD) measurements on mDESY-2
and Azo@mDESY-1, both before and after release of azo-
benzene, were taken on a PXRD - KIBS Bruker D8 Discover
XRD with a Cu Ka radiation (4 = 1.5406 A). The tube operating
mode was U = 40 kV, I = 40 mA. The range of diffraction angles
26 varied from 5° to 80° (0.01° step); the exposure per shooting
point was 1 s.

PXRD data for mDESY-1 sample was collected at P02.1
beamline, PETRA IIL** Crystals of the sample were grounder
in agate mortar under solution, transferred together with the
solution into 0.8 mm in diameter special glass capillary, and
held vertically to let the powder sediment to increase the
density of powder at the measurement point. Data was col-
lected for capillary sput at 5000 Hz for 180 s using the VAREX
CT 4343 detector (150 x 150 pm pixel size and 2880 x 2880
pixel area). The wavelength was 0.20734 A and the detector
configuration was calibrated using the LaBs; SRM 660c stan-
dard. The calibration and integration were performed using
the pyFAI software.*® The LeBail fit of the data was performed
using the FullProf software.**

Magnetic measurements. The magnetic measurements were
taken in a Direct Current-Magnetic Properties Measurement
System (DC-MPMS) with SQUID sensor. The magnetisation
was collected in Field Cooling (FC) and Field Heating (FH)
modes under applied magnetic fields 0.1 and 0.2 T. Magnetic
measurements at 0.1 T were performed by decreasing the
temperature to 3 K in zero field cooling (ZFC) mode. The data
was collected by gradually increasing the temperature from 3
to 400 K (FH mode) and then decreasing it from 400 to 3 K (FC
mode). In order to check the magnetic behaviour of the
samples, the measurement was repeated, this time under 0.2 T
applied field and by changing the range of temperature from
282 to 3 K in FC mode, then from 3 to 350 K in FH mode and
from 350 to 200 K in FC mode.

Adsorption measurements

Nitrogen physisorption measurements were performed using a
3Flex Analyzer (Micromeritics Instrument Corp.). Prior to the
measurements, the samples were activated at 120 °C for 20 h
under reduced pressure using a Smart VacPrep Degasser
(Micromeritics Instrument Corp.). For data reduction, the soft-
ware MicroActive, Version 6.00, was used. The Brunauer-
Emmett-Teller (BET) method was used to determine the
specific surface area (p/p, range from 0.1 to 0.3) as well as the
total pore volume at 0.99 p/po.

Release of azobenzene

An 8 ml vial containing 10 mg of Azo-mDESY-1 was filled with
6 ml of ethanol. The resulting heterogeneous mixture was left
in the vial for a period of 2 months. UV-visible (UV-vis) spec-
troscopy was used to analyse the solution at specific time inter-
vals: 1, 3, 7 and 10 hours after the addition of ethanol, and
subsequently after 1, 3, 7, 10, 30 and 60 days. In each measure-
ment, 2 ml aliquots were taken from the vial and placed in a
cuvette of 12.5 x 12.5 x 45 mm dimensions. The aliquots were
returned to the vial after each measurement. The experiments

Dalton Trans., 2025, 54, 4449-4460 | 4451
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were conducted in triplicate. UV-vis spectra at room tempera-
ture were collected on a Varian Caray-5E UV-vis Spectrometer.
All UV-vis data was collected at a scan rate of 0.2 nm s~ " over
the wavelength range of 200-800 nm with an interval size of
0.5 nm.

Results
Structural information

The crystal structures for mDESY-1 and mDESY-2 are quite
different. mDESY-1 crystallises in the tetragonal space group
I4,/a; the asymmetric unit contains one cobalt(u) ion, one btc
ligand and one disordered mIm, which is split into two sites.
The Co(u) ion adopts a tetrahedral geometry, defined by one
Nimidazole aNd three Ocarboxylate atoms (Fig. 2a). Based on these
connections, Co(u) ions are bridged by btc ligands to generate
an anionic 3D framework with square channels along the ¢
axis (Fig. 2b). However, the counter ion HmIm resides disor-
derly inside of the channels, obstructing the pores (Fig. S27).
Topological features of mDESY-1 were obtained by means of
the ToposPro*® software. The analysis reveals 3-c deh net for
mDESY-1 (point symbol = 8%.10 and vertex symbol = [8.8(2).12],

a) Q c) ,.’

/

Fig. 2 Structure of mDESY-1 and mDESY-2 (Co-ITH-1). Hydrogen
atoms, water and disorder molecules were omitted for clarity.
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Fig. 3 Underlaying nets of (a) mDESY-1 and (b) mDESY-2 calculated by
the ToposPro software.

Fig. 3a). On the other hand, mDESY-2 crystallises in the C2/c
space group with an asymmetric unit formed by two crystallo-
graphically independent Co atoms (Col and Co2). Each Co
atom is tetrahedrally coordinated to two nitrogen atoms from
the mIm ligands and two oxygen atoms from btc linkers
(Fig. 2¢). A non-coordinated water molecule resides within the
lattice. The compound forms neutral 2D layers parallel to the
(010) plane (Fig. 2d). These layers are interconnected via hydro-
gen bonds Owater_H"'Ocarboxylatey and Nimidazole_H'"Ocarboxylate-
Topological features for mDESY-2 obtained by the ToposPro
software show a 3-c hcb topology with point symbol = 6° and
vertex symbol = [6.6.6] (Fig. 3b).

The distortion of the coordination polyhedra in both MOFs
was evaluated according to the Avnir*®*” method, based on the
continuous shape measure (CShM). The SHAPE*® program was
employed for this analysis, and the results have been summar-
ised in Table 1. A CShM value of 0 corresponds to a perfect
shape match, indicating no distortion from the ideal geometry.
As the value increased, the degree of distortion or deviation

This journal is © The Royal Society of Chemistry 2025
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Table 1 Geometrical distortion of the cobalt ion coordination environ-
ment of all networks, calculated by SHAPE software and by 7, the
method

mDESY-1 mDESY-2
Ion Co(1) Co(1) Co(2)
Coordination 4 4 4
S(SP) 29.647-29.856 26.901 27.948
S(T) 1.161-1.400 0.842 0.361
Ty 0.828 0.887 0.905

from the ideal shape also increased. The CShM values for
mDESY-1 and mDESY-2 showed a slight deviation from the
ideal tetrahedral shape [S(T) = 0] and significantly larger devi-
ation from the ideal square planar geometry [S(SP) = 0]. The
greatest distortion in the coordination environment of the
Co(u) ion was observed in mDESY-1, with S(T) values ranging
from 1.161 to 1.400.

For comparison, the 7, parameter was also employed to
assess the distortion of the coordination polyhedra in both
MOFs. This is a very simple geometry index for four-coordinate
complexes, defined as:*°

360° — (a + f3)
14:—
141°

where a and f are the two largest bond angles between adja-
cent ligands around the metal centre. The values of 7, can
range from 1 for a perfect tetrahedral geometry [360°-2(109.5°)
= 141°], to zero for a perfect square planar geometry [360°-2
(180°) = 0°].

The 7, values were consistent with the CShM values, both
indicating slight deviation from the ideal tetrahedral geometry
(Table 1). The smallest 7, value was found in mDESY-1 (0.828),
indicating a larger distortion compared to the Co(u) centres in
mDESY-2, which exhibited z, values closer to 1 (ranging from
0.887 to 0.905), suggesting a geometry closer to the perfect
tetrahedron.

Fig. 4a shows the PXRD of mDESY-1, alongside its calcu-
lated pattern obtained through Le Bail fit, based on the struc-
tural model of mDESY-1 at 290 K (see Encapsulation of azo-
benzene section). The strong agreement between the observed
data (black line) and the calculated pattern (red circles)
demonstrates the reliability of the fit. The cell parameters
obtain from the Le Bail fit (Table S5t) agrees with that
observed by the structural model at 290 K (Table S27). The
final fitting parameters are R, = 9.08, Ryp = 8.12, Rey, = 4.22
and 4 = 3.70.

The difference curve reveals some unfitted peaks or
changes in unit cell parameters, which confirm phase purity.
These variations could result from minor impurities in the syn-
thesis process or a decomposition product during capillary
preparation for PXRD measurements. The fitted cell para-
meters (see Table S5t) are matching well to those from single
crystal data of mDESY-1 at 290 K.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) PXRD of mDESY-1 and Le Bail fit of the structure model from

single crystal data on PXRD data collected at P02.1, PETRA Il (4 =
0.20734 A), and (b) PXRD of mDESY-2 collected in Bruker D8 Discover (4
= 1.5406 A) alongside its corresponding simulated pattern generated by
the software Mercury.

The PXRD pattern of mDESY-2 and its simulated pattern
generated from its crystal structure using the Mercury
software®®" is illustrated in Fig. 4b. In contrast to mDESY-1,
the fast precipitation of the mDESY-2 framework results in a
product with poor crystallinity. Additionally, a second phase is
observed, as the prominent peaks between 26 angles of 25°
and 30° do not correspond to mDESY-2. This suggest that
further improvements in the synthesis are required to obtain a
pure phase of mDESY-2.

Adsorption properties

Crystallographic structures of mDESY-1 and mDESY-2 were
analysed in the Mercury CSD software package using the void
analysis tools to determine the limiting pore diameter.’®>"
Disordered counter ions, if present in the pore, were removed

Dalton Trans., 2025, 54, 4449-4460 | 4453
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before void analysis. The grid spacing was set to 0.7 A and the
probe size to 1.2 A. This probe size diameter corresponded to
the largest sphere that could be inserted without overlapping
the framework atoms.>?

Fig. 5a shows that mDESY-1 contains several interconnected
square channels that run along all of the axes. The total calcu-
lated pore volume reaches 4303.85 A, which represents 45.6%
of the unit cell volume. However, as observed by the structural
analysis, the pores are blocked by the HmIm counter ions.
Fig. 5b demonstrates that mDESY-2 contains three nanopores
per unit cell; the pores have a volume of 260.09 A, which rep-
resent 5.1% of the unit cell volume.

The N, adsorption-desorption isotherms for both MOFs
are shown in Fig. 6. The calculated BET surface areas are
2.2 m*> g”' for mDESY-1 and 9.4 m® g~ for mDESY-2. These
low adsorption capacities of both MOFs suggest that the voids
calculated from the structural models are not accessible. For
mDESY-1, the large channels found in the structure are
blocked by the HmIm counter ion, while in mDESY-2, the
small pores do not have possible access.

Magnetic properties

Fig. S10(a) and (b)T shows the temperature dependence of the
magnetic moment for mDESY-1 and mDESY-2. In both cases,
the signals are indicative of paramagnetic materials with the
magnetic moment decreasing as temperature increases due to
thermal vibration. Fig. $10(c) and (d)1 displays the yy, ' vs T
plots, where the linear response, in both FH and FC modes,
intersects the origin (0,0), confirming their paramagnetic
behaviour. However, above 340 K for mDESY-1 and 350 K for
mDESY-2, the slopes of these linear responses change,
suggesting a ferromagnetic rearrangement of the spins in both
MOFs. By extrapolating the linear behaviour to the zero level,
Curie temperatures (TC) of 110 K mDESY-1 and 52 K for

o '

Fig. 5 Calculated voids in (a) mDESY-1 and (b) mDESY-2.

4454 | Dalton Trans., 2025, 54, 4449-4460

View Article Online

Dalton Transactions

Q)
~
[$;]

N w »
1 1 1
(o)

Quantity Absorbed (cm®g STP)
0]

o

0.4 0.6 0.8 1.0
Relative Pressure (p/p°)

0.0

O
~
(o))
o

H )]

o o

1 1
o

Quantity Absorbed (cm®/g STP)
w
o

20- O
(0]
10+ e
00
OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
0 : . . |
o0 02 O: 0.6 0.8 10

Relative Pressure (p/p°)

Fig. 6 N, adsorption measurements at 77 K of (a) mDESY-1 and (b)
mDESY-2.

mDESY-2 were determined. Additionally, y,T vs T plots
(Fig. S10e and ff) were constructed to better identify any irre-
versibility in the FH and FC loops. These plots indicate a weak
ferromagnetic transition above 300 K for mDESY-1 and 320 K
for mDESY-2, possibly signalling the onset alignment of some
spins in the sample. Remarkably, an irreversible behaviour
was noted in the FC loop, possibly due to these aligned spins.
To verify the magnetic behaviour of the samples, the
measurement was repeated under a 0.2 T applied field. The
temperature range was varied from 282 to 3 K in FC mode,
then from 3 to 350 K in FH mode and finally from 350 to
200 K in FC mode (Fig. S11a and bf). Fig. S11(c)f confirms
that mDESY-1 retained its ferromagnetic transition with a
change in the TC to 83 K. On the contrary, the inset plot in
Fig. S11(d)t reveals an absent ferromagnetic transition for
mDESY-2. The y\T vs T plots were constructed again to better
differentiate if the irreversibility and magnetic transition per-
sisted (Fig. S11e and ff). For mDESY-1, the magnetic transition

This journal is © The Royal Society of Chemistry 2025
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reappears around 300 K, confirming that although most of the
spins in the sample were miss-oriented, some spins realigned
at this temperature. In the case of mDESY-2, the ferromagnetic
alignment persisted at 320 K, but the loop became reversible,
indicating a lack of thermal coercivity and that the spins in the
sample were primarily affected by thermal vibrations.

Encapsulation of azobenzene

The encapsulation of azobenzene in mDESY-1 was demon-
strated by single crystal diffraction at room temperature. Upon
incorporating azobenzene into mDESY-1, the structure could
still be solved in the I4,/a space group, albeit with a signifi-
cantly higher redundancy-independent R factor (Rin)-
Additionally, azobenzene molecules were not discernible. To
solve this, the structure of Azo@mDESY-1 was solved in the P1
space group. In this way, the azobenzene molecules were
clearly identified within the pores of the MOF. Fig. 7 (a) and
(b) displays the structure of the loaded mDESY-1 and its
packing in a ball-and-stick style, with the counterions HmIm
omitted for clarity. Fig. 7a reveals that the azobenzene mole-
cules exhibit orientational disorder. This disorder is dynamic,
consistent with observations from structural studies of free
trans-azobenzene at room temperature.”*>° This dynamic dis-
order is attributed to the torsional vibration of the N-Ph
bonds. Fig. 7b demonstrates that the azobenzene molecules
are located within the channels of the MOF, with the longest
axis of the azobenzene aligned along the channel direction.
The azobenzene molecule is located near the walls of the
channel but does not exhibit strong interactions with the
metal ions or the framework’s ligands. The Hirshfeld isosur-
face analysis demonstrates that the primary interaction of the
azobenzene is with the closest HmIm counterion (Fig. 7c).
Other interaction between azobenzene molecules and other
counterions or residual linkers within the pores are not
visible, as the solvent mask was used for molecules that could
not be modelled during the structure solution and refinement
process.

A comparative analysis of bond lengths was made between
encapsulated trans-azobenzene and free trans-azobenzene in
single crystal form. The structure of the free trans-azobenzene
at room temperature was determined, revealing a P2,/c space
group with two crystallographically independent molecules in
the asymmetric unit. In agreement with previous results in
literature,>*>° both crystallographically independent mole-
cules lay at inversion centres and were nearly planar.
Molecules at one of the crystal sites showed no disorder (site
1), while those at the other site (site 2) exhibited orientational
dynamic disorder as previously mentioned (Fig. S61).>*">> The
degree of misorientation was determined to be 11.3%, which
is slightly smaller than the reported value in literature
(17-18%).%%>°

Table 2 compares the main bond lengths and angles of the
encapsulated azobenzene and both crystallographically inde-
pendent molecules of the free azobenzene. The table high-
lights both the differences and similarities between the free
and the encapsulated forms. The encapsulated and free azo-

This journal is © The Royal Society of Chemistry 2025
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Fig. 7 (a) Structure of Azo@mDESY-1 at 290 K, counterions were
omitted for clarity. (b) Packing of Azo@mDESY-1 at 290 K showing the
position of the azobenzene molecule (green) in the channels of the
MOF, counterions were omitted for clarity. (c) Hirshfeld isosurface of
azobenzene inside of mDESY-1, showing the main interactions.

benzene exhibit similar benzene centroid-to-centroid dis-
tances. While the -C-N=N- angles are shorter in the encapsu-
lated azobenzene, this is compensated by longer -N=N- bond
lengths. Interestingly, the -C-N=N-C- torsion angles and the
angle between benzene rings indicate a non-parallel orien-
tation of the rings in the encapsulated azobenzene, contrasting
with the parallel arrangement observed in the free azobenzene
molecules.

Dalton Trans., 2025, 54, 4449-4460 | 4455
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Table 2 Main distances and angles of the encapsulated and free azobenzene

Free trans-azobenzene

Site 1 Site 2 Encapsulated trans-azobenzene

Benzene ring centroid to centroid distance A) 6.266 6.266 6.269
-N=N- (4) 1.241 (2) 1.205 (3), 1.380 (2) 1.33 (2)
-C-N=N- (°) 114.0 (1) 112.1 (3), 105 (1) 105 (2)-106 (2)
-C-N=N-C- (°) 180.0 (1) —180.0 (2), —180.0 (8) 172 (2), —180 (2)
Angle between benzene rings (°) 0 0 9.91

As mentioned earlier, the best method to observe azo-
benzene molecules within the pores of Azo@mDESY-1 —— Azo@mDESY-1

involved solving the structure using a P1 space group. To
compare the contents and the structural change of the ionic
framework with and without azobenzene, the structure of
mDESY-1 at room temperature was also solved using the P1
space group, applying a solvent mask for the pore’s contents
that could not be modelled. The comparison of both structures
revealed that more HmIm ions can be modelled in
Azo@mDESY-1 as the azobenzene molecules occupied the
space between counterions, forcing more HmIm ion to align
(Fig. S12%). In the structure of mDESY-1, one HmIm ion was
disordered across two positions, while in Azo@mDESY-1, four
HmIm ions were present, with two refined with 50% occu-
pancy. The remaining 50% of those counter ions were dis-
ordered and suppressed by the solvent mask.

A comparative analysis of the metal ions’ coordination
environment shows a slight change in the framework. Table 3
indicates that while there is no significant difference in the
average Co-N or Co-O bond lengths, the main difference lies
in the distortion of the Co ion’s coordination environment
relative to a perfect tetrahedron. In Azo@mDESY-1, this distor-
tion is more pronounced, suggesting that the incorporation of
azobenzene into the MOF induces a distortion in the overall
network. This distortion also leads to a change in the unit cell
dimensions, with the a axis of Azo-mDESY-1 being 0.25 A
shorter than that of mDESY-1 (Table S27).

The PXRD pattern of Azo@mDESY-1 (Fig. 8) shows some
agreement with the calculated pattern obtained from the
single crystal using Mercury software.’*>" However, Fig. 8 also
highlights the sample’s poor crystallinity. The inclusion of azo-
benzene during synthesis accelerates the compound’s precipi-
tation, which diminishes crystal quality. Additionally, the
encapsulation of azobenzene distorts the network, which may
introduce defects that further reduce the crystallinity. Efforts

Table 3 Main bond
coordination

length distances and distortion of the Co

mDESY-1 Azo@mDESY-1
(Co-N) (A) 2.019 (3) 2.022 (5)
(Co-0) (A) 1.982 (2) 1.983 (4)
S(SP) 30.140-30.266 28.459-30.368
S(T) 0.957-0.993 0.955-1.449
Ty 0.840-0.842 0.802-0.840
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Fig. 8 PXRD pattern of Azo@mDESY-1 alongside its simulation pattern.

to synthesise Azo@mDESY-1 with lower amounts of azo-
benzene result in better crystal quality, but the azobenzene is
not detectable in the crystal structure.

Attempts to capture the thermal isomerisation of the encap-
sulated azobenzene within Azo@mDESY-1 using SCXRD were
unsuccessful. However, optical images of the single crystal at
different temperatures revealed a colour change with increas-
ing temperature. To start, optical images of Azo@mDESY-1 at
room temperature (Fig. 9 a and b) were taken with the micro-
scope in transmission mode. Unlike mDESY-1 (Fig. S13a and
bt), the colour of the Azo@mDESY-1 crystal varied depending
on its orientation, displaying a red hue in specific orientations.
For temperature-dependent images, the crystal was placed on a
slide over a heating plate, and the images were taken in reflec-
tion mode. Fig. 9c shows the Azo@mDESY-1 crystal at room
temperature (~17 °C), with the crystal exhibiting a purple
colour when illuminated from above. After heating the crystal
to 130 °C for 20 min to ensure the isomerisation of the azo-
benzene - which has been measured to occur around 68 °C
(Fig. S147) - the crystal changed colour to dark blue (Fig. 9d).
This colour change was attributed to the isomerisation of azo-
benzene within the MOFs. After cooling the crystal to room
temperature for 2 hours, it partially returned to its original
colour (Fig. 9e). On the contrary, the optical images of

This journal is © The Royal Society of Chemistry 2025
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Fig. 9 (a) and (b) Optical images of Azo@mDESY-1 at room tempera-
ture at two different orientations in transmission mode. Optical images
at different temperatures in reflectance mode: (c) room temperature, (d)
130 °C and (e) 2 h room temperature after heating at 130 °C.

mDESY-1, taken in reflection mode, showed a blue crystal at
both room temperature and 130 °C, with the crystal degrading
after more than one minute at 130 °C without any colour
change (Fig. S13c-ef).

Release of azobenzene

The release of the encapsulated azobenzene from
Azo@mDESY-1 was monitored over a two-month period. The
UV-Vis spectra from one sample is shown in Fig. S15a,f while
Fig. S15b and S15c} present the UV-Vis spectra and the corres-
ponding calibration curve used for quantification. Fig. 10 illus-
trates the amount of azobenzene released per g of loaded MOF
over the 2-month period. The data shows that approximately
30 mg of azobenzene per gram of Azo@mDESY-1 was released
over this period. A linear fit of the first 10 hours of release in
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Fig. 10 Release of azobenzene from mMDESY-1 in ethanol. Inset:

Release of azobenzene during the first 10 h and its linear fitting.
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ethanol indicates a delivery rate of 0.26 mg of azobenzene per
hour per gram of Azo@mDESY-1.

The PXRD patterns of Azo@mDESY-1 before and after the
release of azobenzene in ethanol are compared in Fig. S16a.f
The PXRD patterns indicate that the sample retained some
crystallinity, albeit poor, even prior to the release of the azo-
benzene. However, diffraction images from the SCXRD before
and after azobenzene release (Fig. 16b and ct) exhibit a signifi-
cant deterioration in the sample’s quality following the
release. This marked change suggests that the MOF is not suit-
able for reuse in subsequent applications after the release of
the small molecules.

The crystallographic structure of Azo@mDESY-1 provide
more information about the position of most of the cations
within the framework. Therefore, the structural model of the
Azo@mDESY-1 (excluding the azobenzene molecules) was
examined using the void analysis tool in the Mercury CSD.

Fig. S171 shows the calculated voids in the structure, reveal-
ing constricted areas within the channel (red circle). These
constrictions indicate a reduction in void space that impact
the adsorption or release of molecules within the pores.
Additionally, the total calculated pore volume is reduced to
1413.39 A, accounting for 29.4% of the unit cell volume, com-
pared with the 45.6% obtained in the structural model of
mDESY-1 without counterions.

The release of azobenzene requires that the molecule
diffuse through the constricted channels of Azo@mDESY-1.
This diffusion places considerable stress on the framework,
leading structural damage on the crystal, as observed in the
diffraction images.

Discussion

Metal-organic frameworks are among the most important
classes of materials due to their exceptional tunability, making
them promising candidates for a wide range of applications.
However, most of the reported MOFs are electrically neutral,
with only a small subset classified as ionic MOFs.'® This leaves
significant room for exploration in the field of iMOFs, from
the synthesis to potential application. While some strategies
have been developed to obtain iMOFs, synthesising new
iMOFs remains challenging and often occurs by chance.'™*
Therefore, it is crucial to report the synthesis, structure, pro-
perties and potential applications of new iMOFs, particularly
those that are easily synthesised and do not require complex
ligands.

The present anionic mDESY-1 is synthesised at room temp-
erature, employing only ethanolic solutions containing the
metal source and ligands. This iMOF also has the advantage of
being synthesised from cobalt chloride, 2-methylimidazole
and trimesic acid, which are well-known inexpensive chemi-
cals. Although the synthesis is straightforward, varying the
concentration of the reactants can lead to the formation of the
neutral mDESY-2, which is isostructural to the reported
ITH-1*' and may have similar applications in CO, fixation due
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to the nitrogen-rich content. However, the potential appli-
cation of mDESY-1 extends beyond catalysis or the classical
ion-exchange process, as it demonstrates capability of encapsu-
lation and slow release of small molecules. This feature can be
exploited for studying photoswitches in confined spaces, as
well as for drug delivery.

Photoswitchable molecules are extensively studied because
they can serve as building blocks for synthetic molecular
machines. Molecular confinement enhances the interaction
between photoswitches and their environment by physically
trapping the molecules, thereby limiting their diffusion and
constraining their movement.’® However, these constraints
can significantly reduce their switchability, as observed in
some azo compounds within confined spaces.?”®

Here, we have encapsulated azobenzene within mDESY-1,
and the change in colour observed through optical images at
different temperatures suggests the possibility of thermal iso-
merisation occurring inside the iMOF. Hirshfeld isosurface
analysis indicates that the primary interaction of the encapsu-
lated molecule is with HmIm counterions, raising the possi-
bility that the thermal or photoisomerisation of azobenzene
could induce a molecular rearrangement of these counterions.
Further investigation is needed to fully explore the thermal-
and photoswitchability of azobenezene and its interaction with
the environment within mDESY-1. Nonetheless, this study
underscores the utility of this ionic MOF.

Another potential application of mDESY-1 could be in the
biomedical field, although the cytotoxicity of the cobalt ion is
an impairment for its application. In recent years, the appli-
cation of MOFs in biomedicine has become a rapidly growing
area of interest.>* ®" Research into MOFs for biomedical appli-
cation has included the use of iMOFs, as their charged frame-
works allow for the encapsulation of ionic drugs.®>® However,
non-ionic drugs, such as 5-fluorouracil, can also be encapsu-
lated by ionic MOFs as demonstrated by Zhang et al.®* In this
study, we have shown that mDESY-1 can encapsulate and
release a relatively small molecule like azobenzene. Therefore,
small drugs such as 5-fluorouracil could be promising candi-
dates for encapsulation and slow release using mDESY-1.
Cationic drugs are also good candidates, as they can replace
the HmIm counterions inside mDESY-1. However, the cytoxi-
city of cobalt ions makes mDESY-1 less suitable candidate for
in vivo applications. Nevertheless, these tests with mDESY-1
can serve as a valuable proof of concept. If a hydrophobic, iso-
structural MOF based on a less cytotoxic metal were developed,
it could provide a foundation for potential application in the
biomedical field.

It is important to note that in this work, we have focused
on presenting the structure and some properties of the two
mixed-ligand MOFs based on the well-known btc and mIm
ligands. Additionally, we have explored the potential appli-
cations of the ionic mDESY-1 beyond the well-known ion-
exchange process. However, a more in-depth study into the iso-
merisation of azobenzene, as well as the encapsulation and
slow release of molecules within mDESY-1, is necessary and
will be detailed in separate publications.
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Conclusions

We have successfully synthesised and characterised two new
MOFs, utilising inexpensive and well-known chemicals:
2-methylimidazole, trimesic acid and cobalt chloride. The
first, mDESY-1, is an iMOF with btc linkers, pendant mIm
groups and HmIm counterions. Despite the pore blockage by
counterions, the mDESY-1 can encapsulate small molecules
like azobenzene when added during the synthesis. SCXRD ana-
lysis confirms the presence of the trapped azobenzene, reveal-
ing subtle differences compared with its free form.

Moreover, the controlled release of azobenzene in ethanol
was observed, achieving a release of 30 mg of azobenzene per
g of loaded MOF (Azo@mDESY-1) in a period of 2 months.
During the first 10 h of the experiment, a delivery rate of
0.26 mg of azobenzene per hour per gram of Azo@mDESY-1
was recorded.

The second MOF, mDESY-2, is a 2D neutral framework that
is isostructural to ITH-1 but contains cobalt ions instead of
zinc ions. Similar to mDESY-1, the framework in mDESY-2 is
formed by btc linkers and pendant mIm groups. However, the
material exhibits poor crystallinity and non-accessible pores.

This work highlights the vast potential still left in the field
of MOF synthesis. Despite using conventional chemicals, the
successful synthesis of mDESY-1 and mDESY-2 demonstrate
that novel MOFs with distinct properties can still be discov-
ered. The ongoing exploration of MOF synthesis, particularly
in the ionic subclass, is likely to yield further breakthroughs,
advancing the capabilities of these versatile materials.
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