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Series of mixed-ligand coordination polymers (CP) and metal-organic frameworks (MOFs) based on bulky
9,10-di(1H-imidazol-1-yl)anthracene (dia) were synthesized from aqueous solutions even with very short
(<10 min) reaction times. Two different metals (M = Cu, Ni) and three different secondary ligands were
used to generate six new structures: [Cuy(dia),(5-aip)o]-6H,O (1), [Nix(dia)x(5-aip)o]-5H,0 (2), [Cuy(dia),(2-
ata),]-4H,O  (3), [Ni(dia)(2-ata)-Ni(dia)o(2-ata)l-2.5H,O  (4), [Cusgldia)a(5-sip)a(OH)4l (5) and [Nis(dia)s(5-
sip)ol-6DMF-14H,0 (6). Structure analyses involving single-crystal X-ray diffraction (SCXRD), powder X-ray
diffraction (PXRD) and Fourier-transform infrared spectroscopy (FT-IR) were conducted along with studies
determining the thermal stabilities and optical properties of the compounds. The results indicate that the
developed fast and green syntheses can produce pure CP and MOF phases that have various thermally
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Introduction

Coordination polymers (CP) are a class of hybrid compounds
incorporating inorganic and organic components into
coordinate covalently (datively) bonded repeating units which
extend, for example, to one-dimensional polymeric chains or
three-dimensional networks. Metal-organic frameworks (MOFs)
are a subclass of coordination polymers characterized by their
porous three-dimensional structures. They have been studied
for various applications such as gas storage, CO, capture or
luminescent material design, and their vast selection is steadily
growing."® Some MOFs have even reached industrial
production scale and are moving towards commercial
applications.” In recent years MOFs have also been studied as
light harvesting materials or photocatalysts for example in
sensing applications, photocatalytic water splitting or carbon
dioxide reduction.*” Easy modifiability, vast variety and high
specific surface areas of MOF and CP structures are highly
desirable properties in creating such materials.

Conventionally MOFs have been synthesized by high pressure/
temperature (over 100 °C) solvothermal methods in organic
media (e.g., dimethylformamide (DMF), diethylformamide (DEF))
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stable and visible light absorbing structures which may find applications in photocatalysis.

with long reaction times (several days). Upscaling of such
syntheses is not economically or environmentally reasonable, and
so it has been a limiting factor for the application of multiple
potential MOFs.*® Instead, syntheses of MOFs in low
temperatures and aqueous media with fast reaction times are
highly desirable synthesis methods to pursue. Furthermore,
preparation of MOF compounds from water could indicate their
higher stability in the presence of water, promoting their
applicability for example as catalysts in aqueous media. Aqueous
synthesis of MOFs is usually limited by the poor solubility of the
organic linkers, but this problem can be circumvented by using
organic salts. Organic salts can have a significantly better water
solubility and reactivity than their neutral counterparts, and so
the formation kinetics of MOFs can be influenced."’

In this study six new mixed-ligand MOFs/CPs, namely
[Cuy(dia),(5-aip),]6H,O (1), [Niy(dia),(5-aip),]-5H,O0  (2),
[Cu,(dia),(2-ata),]-4H,O (3), [Ni(dia)(2-ata)-Ni(dia),(2-ata)]-2.5H,-
O (4), [Cug(dia)y(5-sip)s(OH),] (5) and [Niz(dia)s(5-
sip),]-6DMF-14H,0 (6), were designed and characterized. 9,10-
Di(1H-imidazol-1-yl)anthracene (dia) was selected as the primary
ligand, of which the chromophoric anthracene core has been
incorporated in many light responsive or photocatalytic
complexes and MOFs."' ™™ Dia ligand was mixed with three
different simple functionalized carboxylic acids (Scheme 1) to
produce mixed-ligand MOFs/CPs and possibly induce a
bathochromic shift to the synthesized compound through the
amino or sulfo groups incorporated on the ligands.® Mixed-
ligand MOFs can also benefit from improved charge transfer
and widened light absorption range through the use of
complementary ligands."® Copper and nickel were selected as
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Scheme 1 Structures of the neutral forms of the ligands used in this
study.

node metals due to their commercial availability, high
abundance and beneficial electronic properties. Developing
noble-metal free photocatalysts could also lessen the costs and
so promote the feasibility of photocatalytic applications.'® Fast
aqueous synthesis conditions using salt forms of the chosen
organic ligands were examined and optimized. The
hydrothermally synthesized MOFs/CPs have been characterized
by Fourier-transform infrared spectroscopy (FI-IR), single-
crystal and powder X-ray diffraction (SCXRD and PXRD,
respectively) methods. Thermal properties of the compounds
were analyzed by thermogravimetric analysis, and solid-state
UV-vis spectroscopy was used to determine their optical
properties.

Experimental
Ligand syntheses

All reagents unless otherwise stated were commercially
purchased, and used as received in the syntheses. All water
(H,0) used in the syntheses and experiments was deionized.
Dia ligand was synthesized according to a reported method"”
with some modifications as follows. 9,10-Dibromoanthracene
(2.57 g, 7.66 mmol), imidazole (2.08 g, 30.6 mmol) and
powdered sodium hydroxide (1.22 g, 30.6 mmol) were
transferred with 100 ml of dimethylformamide (DMF) to a
250 ml round flask under magnetic stirring. The mixture was
heated under reflux at 120 °C for 24 hours. After that, the
mixture was cooled down to room temperature and poured
into 250 ml of water. The yellow precipitate was filtered,
washed with water (2 x 50 ml), toluene (2 x 50 ml) and
hexane (1 x 50 ml) to obtain a pale yellow powdery product
which was dried in a desiccator for 24 h. Yield 1.12 g, 47%.
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'"H NMR (Fig. S1 and S27): J 7.83 (d, 2H), 7.52-7.57 (m, 8H),
7.49 (s, 2H), 7.33 (d, 2H).

5-Aminoisophtalic acid and 2-aminoterephtalic acid
disodium salts (Na,aip-H,O and Na,ata-H,O, respectively)
used in the MOF/CP syntheses were prepared according to
reported methods'®'® with some modifications as follows.
Commercially purchased neutral acid (1.0 g, 5.5 mmol) was
weighed into a beaker and 11 ml of 1 M aqueous sodium
hydroxide solution (11.0 mmol) was added. The mixture was
magnetically stirred and heated at roughly 60 °C for 5
minutes and then left to evaporate almost to dryness. When
most of the water had evaporated, 10 ml of ethanol and 50
ml of diethyl ether was added to the solution, which
precipitated the salt. After filtering, the obtained pale/light
brown powders were dried in a desiccator. Yield (Na,aip-H,O)
1.26 g, 94%. Yield (Na,ata-H,0) 1.28 g, 95%. The presence of
monohydrated crystal forms on both salts was confirmed by
thermogravimetric analysis (Fig. S3,f experimental values of
1.07-H,0 and 0.90-H,0). FT-IR spectra (Fig. S4 and S57)
confirmed the successful syntheses based on the observation
of characteristic carboxylate peaks at 1550-1570 cm™" region.

To improve water solubility and by that the reactivity of
the dia ligand, it was treated with HNO; to form a new
nitrate salt (diaH,(NO3),). 0.84 g (2.71 mmol) of dia ligand
was added into a 50 ml round-bottomed flask and 11 ml of
2.5 M HNO; (27.5 mmol) was added. The flask was closed,
and the mixture was briefly mixed before leaving it to react in
room temperature. After 24 hours the powdery ligand had
changed color from pale yellow to light orange. The powder
was filtered and washed quickly with 10 ml of H,O. Light
orange powder (yield 0.97 g, 82%) was dried in a desiccator.
Characterization of the prepared salt is presented in the ESL}

Single-crystal crystallizations

Crystallization of 1 [Cu,(dia),(5-aip),]-6H,O. Dia (50 mg,
0.16 mmol), Na,aip-H,O (39 mg, 0.16 mmol) and copper
acetate monohydrate Cu(OAc),-H,O (143 mg, 0.72 mmol)
were loaded into a 22 ml Teflon-lined steel reactor along with
10 ml of H,O. The reactor was sealed and heated at 120 °C
for 48 h and then cooled at a rate of ~2 °C h™ to room
temperature (RT). Green rod-shaped crystals suitable for
SCXRD were hand-picked under a polarized microscope from
the resulting mixture.

Crystallization of 2 [Ni,(dia),(5-aip),]-5H,0. Dia (25 mg,
0.08 mmol), Na,aip-H,O (37 mg, 0.15 mmol) and nickel
acetate tetrahydrate Ni(OAc),-4H,O (63 mg, 0.25 mmol) were
loaded into a 22 ml Teflon-lined steel reactor along with 10
ml of H,O. The reactor was sealed and heated at 90 °C for 48
h and then cooled at a rate of ~3 °C h™" to RT. Light green/
pale rod-shaped crystals suitable for SCXRD were obtained
from the resulting mixture by the method described above.

Crystallization of 3 [Cu,(dia),(2-ata),]-4H,0. Compound 3
was crystallized by the same procedure as 1, except that
2-aminoterephlatic acid sodium salt was used instead of
5-aminoisophtalic acid sodium salt. Blue/green block-shaped
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crystals suitable for SCXRD were obtained from the resulting
mixture by the method described above.

Crystallization of 4 [Ni(dia)(2-ata)-Ni(dia),(2-ata)]-2.5H,0.
Dia (25 mg, 0.08 mmol), Na,ata-H,O (37 mg, 0.15 mmol) and
Ni(OAc),-4H,0 (82 mg, 0.33 mmol) were loaded into a 22 ml
Teflon-lined steel reactor along with 10 ml of H,O. The
reactor was sealed and heated at 120 °C for 48 h and then
cooled at a rate of ~4 °C h™" to RT. Light green rod-shaped
crystals suitable for SCXRD were obtained from the resulting
mixture by the method described above.

Crystallization of 5 [Cug(dia),(5-sip),(OH),]. Dia (25 mg,
0.08 mmol), 5-sulfoisophtalic acid monosodium salt (Na-sip)
(43 mg, 0.16 mmol) and Cu(OAc),-H,O (34 mg, 0.17 mmol)
were loaded into a 22 ml Teflon-lined steel reactor along with
12 ml of H,O. The reactor was sealed and heated at 120 °C
for 48 h and then cooled at a rate of ~2 °C h™" to RT. Green
block-shaped crystals suitable for SCXRD were obtained from
the resulting mixture by the method described above.

Crystallization of 6 [Nis(dia)s(5-sip),]-6DMF-14H,0. Dia (10
mg, 0.03 mmol), Na-sip (8.9 mg, 0.03 mmol) and Ni(OAc),-4H,0
(18 mg, 0.07 mmol) were loaded into a 22 ml Teflon-lined steel
reactor along with 5 ml of H,O and 5 ml of dimethylformamide.
The reactor was sealed and heated at 90 °C for 48 h and then
cooled at a rate of ~3 °C h™ to RT. Light green block-shaped
crystals suitable for SCXRD were obtained from the resulting
mixture by the method described above.

Bulk synthesis procedures

Synthesis of 1. DiaH,(NOj3), (50 mg, 0.11 mmol), Na,aip-H,O
(53 mg, 0.22 mmol) and Cu(OAc),-H,O (23 mg, 0.11 mmol) were
dissolved/immersed separately to about 5 ml of H,O. Copper
solution was first added to diaH,(NOj3), in a beaker, after which
Na,aip solution was added, and a green precipitate formed. The
mixture was heated at ~100 °C for roughly 5 minutes under
magnetic stirring during which the precipitate changed color
from green to blue green. The mixture was cooled to RT and the
powdery blue green product was filtered, washed with H,O, and
dried in a desiccator (yield 57 mg, 85%).

Synthesis of 2. Compound 2 was synthesized by the same
procedure as 1, except that nickel acetate was used instead of
copper acetate. The resulting light green powder was dried in
a desiccator (yield 54 mg, 83%).

Synthesis of 3. Dia (52 mg, 0.17 mmol), Na,ata-H,O (37 mg,
0.15 mmol) and Cu(OAc),-H,O (16 mg, 0.08 mmol) were
transferred to a 50 ml round-bottomed flask with 20 ml of H,O.
Green precipitate formed by the reaction, and the remaining
solution was magnetically stirred and heated under reflux at 90
°C for 2 hours. At the beginning of the reaction, the poorly
soluble dia ligand seemed to react better as the reaction
proceeded and the precipitate turned light green. The mixture
was cooled to room temperature and the light green product
was filtered, washed with ethanol and water, and dried in a
desiccator (yield 36 mg, 77%).

Synthesis of 4. Compound 4 was synthesized by a similar
procedure as 1, but copper acetate was replaced by nickel
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acetate and Na,aip-H,O was replaced by Na,ata-H,O. Also, the
stoichiometric ratio of the reactants was changed to 1:2:2 as
in: diaH,(NO3), (50 mg, 0.11 mmol), Na,ata-H,O (52 mg, 0.21
mmol) and Ni(OAc),-4H,0 (56 mg, 0.23 mmol), instead of 1:2:
1 ratio as in the case of compound 1. The resulting light green/
yellow powder was dried in a desiccator (yield 67 mg, 63%).

Synthesis of 5. DiaH,(NOj3), (50 mg, 0.11 mmol), Na-sip
(61 mg, 0.23 mmol) and Cu(OAc),-H,O (67 mg, 0.34 mmol)
were dissolved/immersed separately to about 5 ml of H,O.
Next 5-sulfoisophtalic acid solution was added to diaH,(NO3),
in a beaker, after which copper acetate solution was added
instantly forming a blue green precipitate. The mixture was
magnetically stirred and heated at ~100 °C for about 5
minutes. The mixture was cooled to RT and the blue green
powder was filtered, washed with H,O and dried in a
desiccator (yield 66 mg, 72%).

Synthesis of 6. Dia (25 mg, 0.08 mmol), Na-sip (21 mg,
0.08 mmol) and Ni(OAc),-4H,0 (42 mg, 0.17 mmol) were
loaded into a 22 ml Teflon-lined steel reactor along with 5 ml
of water and 5 ml of dimethylformamide. The reactor was
sealed and heated at 90 °C for 48 h and then cooled at a rate
of ~3 °C h™" to RT. Obtained light green/blue crystals were
filtered, washed with ethanol and water, and dried in a
desiccator (yield 29 mg, 62%).

Single-crystal X-ray diffraction (SCXRD)

Single-crystal data was measured using two devices; Rigaku
SuperNova dual-source (Cu and Mo micro-sources) X-ray
diffractometer with an HyPix-Arc 100° detector or Atlas CCD
detector; or Rigaku XtaLAB Synergy-R single source high flux
rotating anode X-ray diffractometer equipped with an HyPix-Arc
100° detector. Both diffractometers are equipped with
multilayer optics producing monochromatized Cu K, (1.54187
A) radiation. The data collection, reduction, and analytical face-
index-based absorption correction of the data were carried out
using the CrysAlisPRO program (v.42).>° All structures were
solved by intrinsic phasing (ShelXT*') and refined on F by full-
matrix least-squares techniques with the ShelXL** subprogram
in the Olex2 (v.1.5)** structure solving program that utilizes the
SHELXL-2013 module. All C-H hydrogen atoms were calculated
to their optimal positions and treated as riding atoms using
isotropic displacement parameters of 1.2 (sp” group) larger than
the host atom. Occupancies of the disorder model atoms were
first refined freely and then fixed to specific values if settled
closer to 1:1 ratio. Structure dependently occupancies of some
disordered solvent molecules were fixed to 0.5 or 0.25. In the
case of dried crystals which displayed highly disordered solvent
molecules, solvents were first identified from electron density
maps but could not be modelled satisfactorily and therefore
they were removed by Olex2 solvent mask. When analyzing
hydrogen bonds, donor-acceptor maximum distance limit of
3.0 A and minimum angle limit of 120° were used. When
analyzing n-r interactions, centroid-centroid maximum limit of
4.0 A and intercentroid shift maximum limit of 3.0 A were used.
Crystallographic data, selected bond distances and angles along

This journal is © The Royal Society of Chemistry 2024
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with hydrogen bond distances and angles are listed in Tables
S2-S16,f and the asymmetric units of the structures are
presented in Fig. S8-S15.F

Powder X-ray diffraction (PXRD)

Powdery products were analyzed using a Panalytical X'Pert
PRO MPD diffractometer with Cu K, radiation (1 = 1.54187 A;
Ni B-filter; 45 kV, 40 mA). Powder samples were attached to a
silicon based =zero background generating plate with
petroleum jelly. Diffraction intensities were recorded by a
position-sensitive X'Celerator detector at room temperature
with a 26 range of 3-60°, a step size of 0.017°, and a counting
time of 50-280 s per step. Data processing and pattern
comparisons were carried out with the program X'pert
HighScore Plus (v. 4.9).>

Solid-state UV-vis spectroscopy

UV-vis absorption spectra of the synthesized powder products
were measured using a Perkin Elmer Lambda 850
spectrophotometer with an integrating sphere. First, a blank
reference was determined by measuring the absorbance of
two glass slides. Then a powder sample was placed between
the two glass slides, and they were set in the center of the
integrating sphere with a clip style center mount sample
holder. Both the transmittance and reflectance were
measured simultaneously in the range of 300-900 nm to
determine the total absorbances of the samples.

Other methods

The "H NMR spectrum was measured using Bruker Avance III
500 MHz spectrometer with deuterated chloroform (CDCI;)
as solvent and the residual CHCIl; solvent signal (7.26 ppm)
as internal standard. FT-IR spectra were measured by Bruker
Alpha Platinum-ATR FT-IR spectrometer in the range of 400-
4000 cm™" with step of 1.4 em™. Thermogravimetric data
were collected by Perkin Elmer STA 6000 simultaneous TG/
DSC thermal analyzer. Temperature calibration of the
analyzer was done using melting points of the indium (156.6
°C), zinc (419.5 °C) and aluminum (660.3 °C) standards. The
weight balance was calibrated with standard weight of a
50.00 mg at room temperature. Na,aip-H,O and Naj,ata-H,O
samples were heated under an air flow (40 ml min™") in a
platinum pan to 175 °C at 10 °C min" rate and then held
there for 30 minutes. MOF/CP samples were heated under an
air flow in a platinum pan at 10 °C min™" rate in the range of
22-600 °C. Sample weights used in the measurements were
in the range of 5-10 mg.

Results and discussion
Crystal structure of 1 and 2

Crystal structures of compounds 1 and 2 proved to be
isostructural and both compounds crystallize in the
monoclinic space group of P2,/n. The asymmetric unit (AU;
Fig. S8f) consists of a single copper(u) atom (or nickel(n)

This journal is © The Royal Society of Chemistry 2024
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atom in 2, Fig. S9f) with two halves of dia ligand, one
5-aminoisophtalate ligand and three (2.5 in 2, see Fig. S9t)
uncoordinated water molecules. Metal cations of the
structures have a distorted octahedral coordination geometry,
in which two dia ligands and three 5-aminoisophtalates
coordinate to the metal nodes. 5-Aminoisophtalate shows
three different coordination motifs with the metal nodes;
through its monodentate carboxylate (Cu-0, 1.974(1) A; Ni-O,
2.007(2) A), bidentate carboxylate (Cu-O, 2.017(1) and
2.713(2) A; Ni-O, 2.079(2) and 2.278(2) A), or via its amino
group (Cu-N, 2.300(2) A; Ni-N, 2.112(3) A). Dia ligand is
coordinated through its terminal imidazole nitrogen atoms
(Cu-N, ~1.981 A; Ni-N, ~2.046 A) and the ligand has a
trans-conformation. Imidazole rings are rotated ~72° with
respect to the anthracene plane. Coordination bonds of the
nickel-noded compound 2 differ slightly from 1 due to lack
of Jahn-Teller elongation, which was observed especially in
bidentate carboxylate bonding of 1.

In both systems the distorted octahedral metal centers
with the bridging ligands form a polymeric 3D MOF-
structure. Alternating metal-ligand coordination represent as
wavy 1D-chains, which are linked to each other by the
carboxylate groups of 5-aip and as consequence 2D sheet
structure is formed (Fig. 1a). These 2D sheets then penetrate
each other diagonally as can be seen in Fig. 1b. Furthermore,
the 2D sheets are linked together by the amino groups that
are coordinated to the metal nodes (Fig. 1a and c), eventually
forming a self-penetrating 3D framework (Fig. 1c). The
framework has small channels running along g-axis
containing all the lattice water molecules.

Crystal structure of 3

Compound 3 crystallizes in the triclinic space group of Pi,
having two Cu(u) atoms on special positions, one dia ligand,
two halves of 2-aminoterephtalates and two water molecules
(one uncoordinated and one coordinated) in the AU (Fig.
S10t). In this case the dia ligand has adopted a
cis-conformation. Amino-groups of the 2-aminoterephtalate
ligands are disordered over two or four sites with partial
occupation of either 0.5 or 0.25. The two crystallographically
independent copper cations display Jahn-Teller elongated
octahedral coordination geometries. Cul is coordinated to
two N-atoms of dia ligands and to two bidentate carboxylates.
Cu1-01 bond distances are 1.961(2) A but Cu1-02 distances
are significantly longer and weaker by showing contact
distance of 2.604(2) A. Cu2 is also coordinated to two
N-atoms of dia ligands, but unlike Cul, it is coordinated to
two monodentate carboxylates (1.951(2) A) and to two water
molecules in the axial positions. Axial bonds to water
molecules are elongated significantly with bond distances of
2.535(2) A. Coordination through the dia ligands creates a
1D-chain as shown in Fig. 2a. Bidentatively coordinated
carboxylates join these chains together to form 2D sheets
(Fig. 2b). Finally, the monodentate carboxylates join the 2D
sheets together diagonally to form a 3D framework somewhat

CrystEngComm, 2024, 26, 3388-3400 | 3391
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Fig. 1 Partial structure views of 1, a) 2D sheet structure of 1 viewed along (100) plane, b) 2D sheet penetration shown by blue and red colored
parts viewed along (110) plane, c) 3D framework of 1 and its channels viewed along the a-axis. Hydrogen atoms have been omitted for clarity.

similarly as in 1 and 2. Along the c-axis the structure forms a
quadrilateral grid (Fig. 2c), which has the planar anthracene
rings of the neighboring sheets overlapping each other
slightly.

Crystal structure of 4

Compound 4 crystallizes in the triclinic space group of Pi,
having two crystallographically unique Ni(n) atoms on special
positions. Ni1 has two halves of dia ligand and one half of
2-aminoterephtalate coordinated to it (Fig. S11t). Ni2 has one
half of dia ligand, one half of 2-aminoterephtalate and one
water molecule coordinated. Dia ligands are in
trans-conformation as in 1 and 2. The bond lengths between
both nickel atoms and the coordinated ligands are very similar
with each other with them varying between 2.029(2)-2.111(3) A.
Ni1 forms a 3D framework with the dia and monodentatively
coordinated 2-aminoterephtalate ligands (Fig. 3b). Ni2 on the
other hand forms 2D sheets (Fig. 3a) since the water molecules
terminate the coordination along b-axis. There is also some
disordered uncoordinated water between the two structure
moieties. Together these form an unusual interpenetrated 2D +

3392 | CrystEngComm, 2024, 26, 3388-3400

3D framework (Fig. 3c), which is isostructural to a structure
retrieved from CSD*® with an identifier of ETAXAZ reported by
Lee et al®® As they proved in their study, the bulkiness and
orientation of dia ligand suppresses the interpenetration along
the b-axis for the 2D sheets and so prevents formation of a two-
fold 3D interpenetrated framework. Contrary to structure
ETAXAZ, compound 4 has amino groups (disordered to two
sites with fixed occupancies of 0.5) between the 2D sheets and
the 3D framework, which could improve the compound's
functionality and possibly cause a bathochromic shift for the
absorption edge. Nickel coordination in 4 is still octahedral like
the cobalt nodes in the case of ETAXAZ structure.

Crystal structure of 5

Compound 5 crystallizes in the triclinic space group of P1
with four copper(un) atoms, two 5-sip ligands, two halves of
dia ligand and two hydroxyl groups in the AU (Fig. S127).
All the copper atoms have a distorted square pyramidal
coordination geometry (geometry index*” z; = 0.19-0.29) and
the dia ligands have a trans-conformation. Again, as in
compounds 1 and 3, Jahn-Teller elongation is evident in

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Partial structure views of 3, a) 1D-chain structure of 3 viewed along (1-21) plane, b) 2D sheet structure of 3 viewed along (110) plane, c)
quadrilateral grid of 3 viewed along the c-axis. Hydrogen atoms have been omitted for clarity.

axial bonds from copper atoms to sulfo-group oxygens
(2.295(3)-2.392(2) A) compared to four equatorial bonds
varying between 1.935(2)-2.007(2) A. Four copper atoms
create two crystallographically independent nodes, in which
the copper atoms are connected to each other through
hydroxyl groups in the center of the node. Cul is
coordinated to one hydroxyl group, two carboxylate groups,
one sulfo group and one imidazole, while Cu2 coordinates
to two hydroxyls, two carboxylates and one sulfo group.
These together form a unique secondary building unit
(SBU) and Cu3 and Cu4 create another SBU with similar
bonding but in a different orientation (Fig. 4a and b). The
sulfo group that is coordinated to Cul and Cu2, is
disordered on two rotational orientations with occupancies
of 0.9 and 0.1. The SBUs are oriented to each other at
roughly 90-degree angle (measured from planes lining up
the carboxylates of each SBU). They are connected to each
other by the coordination of 5-sip ligand's sulfo groups.
Neighboring identical SBUs are connected to each other
either through carboxylate coordination or dia ligand
coordination. This creates a non-interpenetrated wavy 3D
framework (Fig. 4c). The structure is very dense, which is
apparent from the fact that not even water molecules are
found in the voids of the framework or coordinated to
metal nodes.

This journal is © The Royal Society of Chemistry 2024

Crystal structure of 6

Compound 6 crystallizes in the monoclinic space group of P2,/n
showing two nickel atoms (one of them in a special position),
two and a half dia ligands, one 5-sip ligand, six uncoordinated
water molecules, one coordinated water molecule and three
dimethylformamide molecules in the AU (Fig. S137). One of the
uncoordinated water molecules is disordered over two positions
with occupancies of 0.2 and 0.8. Both nickel atoms are
coordinated octahedrally and the dia ligands have a
trans-conformation. Nil is coordinated to four dia ligand
imidazoles (Ni-N 2.078(2)-2.091(2) A) and two 5-sip ligand
sulfo-groups (Ni-O 2.128(1) A). Second Ni cation is coordinated
to three dia ligand imidazoles (Ni-N 2.079(2)-2.097(2) A), two
5-sip carboxylates (Ni-O 2.058(1)-2.062(2) A) and one water
molecule (Ni-O 2.081(1) A). As a result, four coordinated nickel
atoms form square-shaped openings (Fig. 5a) which are
coordinated together forming 2D layers with quadrangular
channels (Fig. 5b). These layers are then extended along a-axis
by the dia or carboxylate coordination to form a 3D framework
(Fig. 5¢). The quadrangular channels of the framework contain
all the uncoordinated solvent molecules.

Another structure (6B) was measured from the dried
crystals of the bulk synthesis of 6. In this case Olex2 solvent
masking was used to omit highly disordered uncoordinated
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Fig. 3 Partial structure views of 4, a) 2D sheets of 4 viewed along the b-axis, b) 3D framework of 4 viewed along the c-axis, c) 2D (blue) + 3D
(red) interpenetrated structure of 4 viewed along the c-axis. Hydrogen atoms have been omitted for clarity.

solvent molecules. Solvent accessible volume of 2164 A®
contained 612 electrons which corresponds to 8 DMF and 28
H,0 molecules (600 e”) per unit cell or 2 DMF and 7 H,O per
asymmetric unit. The structural features and the space group
of the MOF remained unchanged (Fig. S14t), but the unit cell
dimensions and the void volume reduced significantly,
caused by the replacement of four DMF molecules with four
(per unit cell) and the subsequent
contraction of the pore structure. To study this behavior
further, SCXRD data of 6B was collected at 0 °C (Table S2
and Fig. S157) alongside with low-temperature data collection
at —153 °C. Structure determination revealed that at 0 °C, the
unit cell dimensions and the void volume increased
significantly (~160 A%) due to structural rearrangement albeit
the space group remained unchanged and four water
molecules (per unit cell) evaporated from the pores (solvent
accessible volume of 2336 A® contained 560 electrons which
corresponds to 8 DMF and 24 H,0 molecules (560 e’) per
unit cell or 2 DMF and 6 H,O per asymmetric unit). This
structural rearrangement, stimulated either by solvent or
temperature change, seems to derive from the flexible
twisting of the 5-sip ligand and the rotation of the dia ligand.
Thus, the flexible crystal structure of 6 differs significantly

water molecules
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from 1-5 and makes it more unique and versatile among CP/
MOF materials.

Structural comparison and analysis of weak interactions

Along with the strong coordination bonds between the metals
and ligands, all structures also show some weaker inter- and
intramolecular interactions. In structures 1, 2 and 3 there is a
similar hydrogen bond network between the coordinated or
uncoordinated water molecules, the carboxylate groups and the
amino groups. Fig. 6a shows an example of this in the case of
structure 1 where the hydrogen bond network forms an arc
shape around the 5-aip ligand. Structure 3 differs from this
slightly since the amino group is uncoordinated and on the
ortho-position. The amino group forms an intramolecular bond
to the carboxylate (similarly as in 4; Fig. 6b) rather than to the
water molecules as in 1 and 2. All the bonds in 1-3 are
moderately strong with bond lengths (H-A = hydrogen-
acceptor) varying between 1.86-2.19 A (Tables S11-5131).2% In
compound 4 there are intramolecular hydrogen bonds between
the amino and carboxylate groups, but more importantly there
are intermolecular hydrogen bonds between the interpenetrated
2D and 3D structures (Fig. 6b; Table S147), which stabilize the

This journal is © The Royal Society of Chemistry 2024
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Fig. 4 Partial structure views of 5, a) representation of compound 5 SBU (coordination to sulfo groups not shown), b) SBU viewed along (212)
plane, c) 3D framework structure of 5 viewed along b-axis. Hydrogen atoms have been omitted for clarity.

whole structure. The dense structure of 5 contains just
intramolecular interactions in which the hydroxyl groups in the
nodes are hydrogen bonded to the uncoordinated sulfo group
oxygens (Fig. 6¢; Table S15t). Furthermore, there are weak C-
H---O bonds between the imidazole and sulfo groups with H-A
bond length of 2.37 A (Fig. 6¢). Compound 6 has somewhat
similar hydrogen bond network as in 1, 2, 3 where the
coordinated or uncoordinated water molecules form hydrogen
bonds with each other and the carboxylate groups, but in this
case also the DMF molecules and the sulfo groups are involved
in the network which covers the whole solvent filled pore from
side to side (Fig. 6d; Table S167).

In addition to the hydrogen bonding, structures 1, 2 and 3
have also similar n-r interactions where the anthracene rings
form weak parallel offset stacking, as presented in Fig. S16.}
Due to steric hindrance, the stacking is possible only by the
outermost part of the anthracene rings which also makes the
interactions weak with centroid-centroid distances varying
between 3.85-3.99 A. Stacking continues indefinitely along
the a-direction in 1 and 2, but in 3 the stacking continues
along the c-direction as discrete dual stacking motifs
(Fig. 2c). Structures 4, 5 and 6 on the other hand do not
contain any conventional n-m interactions or they are even

weaker with centroid-centroid distances over 4 A.2293°

This journal is © The Royal Society of Chemistry 2024

When comparing all the presented structures between each
other it can be concluded that different metals in 1 and 2, seem
to have little effect to the structural assembly as the structures
are isostructural. On the other hand, 3 and 4 formed completely
different types of structures which could be due to the more
restrictive coordination geometry of the 2-ata ligand. Differences
between 3 and 4 are most likely caused by the more flexible
coordination geometry of copper (due to Jahn-Teller elongation)
and the cis-conformation of dia ligand in compound 3. The
5-sip ligand in 5 and 6 has the same coordination geometry as
5-aip in 1 and 2, but due to the differences in the functional
group size, shape and coordination preferences, very different
coordination motifs could be formed. Lastly, the great contrast
between the dense structure of 5 and the porous structure of 6
could be due to the formation of the unique SBU in the case of
5, which may only be possible using the more flexibly
coordinative copper metal and aqueous solutions to produce
the hydroxyl groups needed for the SBU.

Bulk product syntheses and characterization

Single-crystal formation aimed synthesis methods were also
optimized and up-scaled to produce CPs as bulk powders.
For compounds 1, 2, 4 and 5, diaH,(NO;), was used in

CrystEngComm, 2024, 26, 3388-3400 | 3395
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Fig. 5 Partial structure views of 6, a) square-shaped pore opening, b) 2D sheets with DMF and water molecules (in spacefill style) inside the
channels viewed along the a-axis, ¢) 3D framework with DMF and water molecules (in spacefill style) inside the channels viewed along the c-axis.

Hydrogen atoms have been omitted for clarity.

syntheses, which yielded pure phases in aqueous media, and
with very fast 5-10 min reaction times. For comparison,
similar syntheses with the same ligand to metal ratios,
solvent volumes and reaction times were attempted using
neutral ligands, but these produced only impure mixtures
(Fig. S17-S201). On the other hand, in the case of single-
crystal crystallizations, using the neutral dia ligand proved to
form better quality crystals than when the nitrate salt was
used. Based on these observations, when using the salt forms
of the ligands, the compounds seem to self-assemble almost
instantly by precipitating out of the solution readily after all
reactants are mixed together and heated slightly. But possibly
due to the poorer solubility and so slower nucleation, using
the neutral dia ligand can produce better quality single-
crystals. In the case of compound 3, similar fast synthesis
conditions with diaH,(NO;), afforded impure powdery
products but with slight modification of the synthesis, thus
using neutral dia ligand and refluxing conditions instead,

3396 | CrystEngComm, 2024, 26, 3388-3400

phase pure product was afforded. The nitrate salt or the
sodium salt of the 2-ata ligand possibly might have caused
some side product formation along with the product Similar
synthesis conditions were also examined for compound 6
using diaH,(NOj3), but the products were amorphous/poorly
crystalline, so a scaled up solvothermal crystallization was
used to obtain the phase pure product in larger scale.
Therefore, longer reaction times are most likely needed to
form and crystallize the porous solvent filled structure of 6.
The phase purity of the powdery products was studied
using powder X-ray diffraction (PXRD). The measured PXRD
patterns were compared to the simulated patterns based on
the resulted SCXRD data of this study. As can be seen from
Fig. S21-S251 the measured PXRD patterns of 1-5 match well
with the simulated ones, indicating good phase purities of
the powdery products. The patterns of 1, 2, 4 and 5 (Fig. S21,
S22, S24 and S25; respectively) show no sign of neutral
ligands or by-products as in the impure samples prepared

This journal is © The Royal Society of Chemistry 2024
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2D network

3D network

Fig. 6 a) Hydrogen bonding around the 5-aip ligand in structure 1. b) Hydrogen bonding between the 2D and 3D networks in structure 4. c)
Hydrogen bonding around the SBU in structure 5. d) Hydrogen bond network in the pore of structure 6. Hydrogen bonds presented as light blue

lines.

with neutral ligands (Fig. S17-S207). This demonstrates that
the use of organic ligand salts can be more favorable in
MOF/CP-syntheses in terms of reaction time and product
purity. In the case of compound 6, the characteristic peaks in
the pattern also matched the simulated ones but were
significantly shifted to lower 26 angles (Fig. 7) which was
deduced to be due to the flexible structural changes of the
network structure, as shown by the 6B structure
determination. By comparing the PXRD pattern of 6 to the
simulated patterns of 6B collected at 0 °C and at -153 °C, the
pattern matches much better to the 0 °C simulated data, as
can be seen in Fig. 7 by comparing peak positions e.g., at
~11°, 12.5°, 19.5° and 22.2° 26. Therefore, it can be deduced
that when compound 6 is taken out of the reaction solution
the major solvent content in the pores starts to evaporate or
exchange moisture from the air and the structure adapts to
this change. These observations further confirm the dynamic
behavior and unit cell differences of structure 6 and 6B.
FT-IR spectra of the compounds were also measured to
further confirm their chemical composition. As can be seen
from the Fig. S26-S31,f the spectra of the compounds
containing the same ligands are very similar to each other.
Characteristic bands of the amino group (3320-3490 cm™
region) are present in spectra of 1-4, while bands of the sulfo
group (1150-1250 cm™' region) are present in spectra of 5

This journal is © The Royal Society of Chemistry 2024

and 6. All spectra also contain bands of the coordinating
carboxylate group (1550-1610 cm™ ' region), the aromatic C-H
stretches (3000-3200 cm ™" region) and the broad overlapping
bands of coordinated or lattice water molecules (3000-3600
em™ region). In the spectrum of compound 6 (Fig. S317) the
bands at ~1660 cm™ and 2800-3000 cm™' are due to the
v(CO) and v(CH) stretching of DMF inside the pores of the
framework.

Thermal stabilities and optical properties

Thermal analyses were conducted to determine the thermal
stabilities and solvent removal of the compounds. In the case
of 1-5 the adsorbed, coordinated, or free lattice water
molecules escape the structures in the range of 50-200 °C
(Fig. 8). In compound 6, water molecules evaporate first in
the range of 50-140 °C after which the DMF molecules
volatilize at higher temperature range of 140-360 °C. Solvent
losses in compound 6 (H,O loss ~8.13%, DMF loss
~10.55%) match better with the values based on the solvent
mask of 6B collected at 0 °C (caled: H,O 9.14%, DMF
10.59%) rather than the values of the solvent mask of 6B
collected at -153 °C (caled: H,O 10.31%, DMF 10.46%) or the
values from the SCXRD data of 6 (caled: H,O 8.68%, DMF
15.10%). This confirms the results from the PXRD and the
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Fig. 7 a) PXRD-pattern comparison of the synthesized 6 and the
simulated patterns of 6B measured in 0 °C or -153 °C. b) Zoomed 26
range of the same PXRD pattern comparison.

solvent mask calculations. As can be seen from Fig. 8, all the
compounds are stable up to 250 ©°C. The lowest
decomposition temperatures were observed for 1 (290 °C)
and 3 (284 °C), whereas for 2 and 4 similar onset
temperatures at higher temperature range were determined
(378 °C and 372 °C, respectively). Thus, the decomposition
temperatures of the nickel compounds 2 and 4 are
significantly higher (88 °C) than the copper analogues 1 and
3. This is also apparent by comparing Cu-based 5 and Ni-
based 6, as the latter has clearly higher thermal
decomposition onset temperature (313 and 388 °C,
respectively). It is worth mentioning that due to the sudden
exothermic decomposition of the compounds, sample
temperatures rise momentarily and afterwards cool down
which is seen as the curves turning slightly backwards in
temperature.

Solid state UV-vis absorption spectra of compounds 1-6
reveal that they have very similar light absorption
characteristics (Fig. 9). All of the compounds have their
absorption edge bathochromically shifted relative to dia
ligand, and their total light absorption is relatively much
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Fig. 8 TGA curves of compounds 1-6 measured under air flow with
heating rate of 10 °C min™™.

higher. In addition, all compounds have some absorption in
the 600-900 nm region, with 1 having the highest band peak
at roughly 700 nm. These bands are possibly due to the d-d
transitions of Cu®>" and Ni*" ions.*" Optical band gaps of the
compounds were estimated based on their Tauc plots (Fig.
S32t1). Tauc-analysis has been proven to produce more
accurately corresponding results to density functional theory
(DFT) calculations in the case of similar MOFs/CPs.*
Assuming direct transitions, the band gaps of compounds
1-6 range from 2.83 to 2.93 eV, which indicates their
capability to utilize visible light. The estimated band gaps are
also smaller than for example the common TiO,
photocatalyst (~3.2 eV) and they are comparable to graphitic
carbon nitride (g-C;N,) based photocatalysts (~2.8-3.0 eV).**
It is also worth noting that since compounds 1-5 were
synthesized with short reaction times and in aqueous media,
their particle sizes are much smaller than in the case of

Absorbance (a.u.)

0,0

T T T T T 1
400 500 600 700 800 900
Wavelength (nm)
Fig. 9 Solid state UV-vis spectra of compounds 1-6 and dia ligand.
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solvothermally synthesized 6. Therefore, more crystalline
phases of 1-5 could have significantly reduced band gaps, as
crystal size and morphology differences have been proven to
affect the absorption edge and so the band gap.****

Conclusions

Six new mixed-ligand CPs based on the bulky dia ligand were
synthesized and characterized. All compounds exhibit a 3D
framework, except 4, which has an unusual interpenetrated 2D
+ 3D structure. Compound 6 differs from the rest with its
flexible structure which is responsive towards temperature or
pore guest exchange. Fast aqueous syntheses of 1, 2, 4 and 5
show that the use of organic salts, instead of their neutral
ligand form, is highly beneficial in terms of greener CP/MOF
syntheses and it introduces new paths for the successful scale-
up potential for CP/MOF-chemistry. In addition, for the
presented CPs and MOFs, high water-stability is anticipated as
the products were afforded from heated aqueous media.
Thermal analysis results also indicate that all six compounds
are thermally stable and the optical band gap estimates indicate
good UV-/visible light absorbing abilities of 1-6 and suggest
their potential in photocatalytic applications. Further studies
exploring the photocatalytic applicability of 1-6 and developing
new MOFs based on these results are under investigation.
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