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Structural polymorphism and luminescence
e s comtnacomm 200406, PYOPEYtIES OF ZInc(n) and cobalt(i) MOFs with rigid
5039 and flexible ligands+
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Pavel V. Burlak, Denis G. Samsonenko, &
Konstantin A. Kovalenko @* and Vladimir P. Fedin @*

Here, we present a series of Zn() and Coli) coordination polymers containing two types of ligands:
sterically rigid terephthalate derivatives (bdc-NO,2™ and bdc-Br?) and flexible bis(2-methylimidazolyl)
propane (bmip). The combination of two types of ligands allowed us to obtain and characterize both
single and mixed-metal compounds by single crystal and powder X-ray diffraction, FT-IR, and elemental
analysis. These 4-fold interpenetrated frameworks have a diamond topology and do not reveal any
structural transformations despite the presence of a flexible ligand. Luminescence spectra for all the Zn-
containing compounds were recorded. All the compounds exhibit a strong dependence of emission
maxima on excitation wavelength, which is characteristic of the bmip ligand and is enhanced in
coordination polymers. Compound [Zn(bdc-Br)(omip)] demonstrates bright luminescence with a high
quantum yield of 39%. Mixed-metal Zn(1)/Co(i) compounds have redshifted luminescence in comparison
to [Zn(bdc-NO,)(bmip)] and compound [ZnggCog 4(bdc-NO,)(bmip)] is characterized by near white
emission under 460 nm excitation.
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The bis(imidazolyl)alkane class of compounds is readily
available due to the simplicity of the synthetic approach and

1 Introduction
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Metal-organic frameworks (MOFs) are one of the fastest
developing classes of porous materials. MOFs possess high
crystallinity, large specific surface areas and porosity, and
huge structural diversity by combining a lot of types of metal
nodes and organic linkers. All this makes MOFs promising
materials for possible application in different fields:
adsorption and separation,"” luminescent materials,®**
catalysis’® " and other areas.**>*

The most well-known and stable MOFs are constructed
based on rigid carboxylates and N-donor ligands.**° Using
rigid carboxylate ligands together with flexible N-donor
ligands opens new opportunities in MOF design (Fig. 1).*"**
Flexible N-donor ligands provide conformational lability to
the synthesized framework leading to formation of more
varieties of structures, while structurally rigid carboxylate
ligands provide enough rigidity and negative charge for the
creation of stable neutral frameworks.**®
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can provide sufficient flexibility due to the alkyl spacers
between the two imidazole rings. The use of ligands based
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Fig. 1 Design idea of using flexible and rigid ligands with tetrahedrally
coordinated metal nodes.
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on unsubstituted imidazole often results in the formation of
multiply interpenetrated frameworks.>**° The addition of a
methyl substitute to the imidazolyl rings can lead to the
formation of flexible porous MOFs.**™> Used in this work,
1,3-bis(2-methylimidazolyl)propane (bmip) is a readily
available N-donor ditopic flexible organic ligand that at the
same time does not have a too long aliphatic spacer and
therefore exhibits good flexibility-rigidity balance. Having
coordinated with metal centers, the flexible nature of the
ligand allows it to bend and rotate, which often leads to
structural diversity. On the other hand, the ability to change
and adjust the structure allows the use of materials
containing this type of ligand as sensors.*®

The introduction of two types of metals into MOF nodes
can lead to an improvement in the catalytic, electronic, and
luminescence properties.**>* In addition, the proportions of
metals in bimetallic MOFs can be easily adjusted and
controlled, which, in turn, allows the fine tuning of the
physicochemical properties of mixed-metal MOFs.>>™>”

Herein, we report the synthesis and determination the
crystal structures of four new zinc(u) and cobalt(n)
coordination polymers based simultaneously on structurally
rigid bromo- or nitroterephthalate and structurally flexible
1,3-bis(2-methylimidazolyl)propane ligands. In addition, a
series of mixed-metal phases [Zn,Co;_,(bdc-NO,)(bmip)] (x =
0.8, 0.6, 0.4) were also obtained and characterized.

2 Materials and syntheses
2.1 Materials

All chemicals and solvents were commercially available with
purity not lower than “chemically pure” and used as received
without further purification. The synthesis of 1,3-bis(2-
methylimidazolyl)propane was carried out according to a
procedure described elsewhere.>**"*>

The analysis of topologies was performed with https://
toperyst.com.”® The RCSR three-letter codes® were used to
designate the network topologies. Those nets that are absent
in the RCSR are designated with the TOPOS NDn
nomenclature,®® where N is a sequence of coordination
numbers of all non-equivalent nodes of the net, D is the
periodicity of the net (D = M, C, L, T for 0-, 1-, 2-, 3-periodic
nets), and n is the ordinal number of the net in the set of all
non-isomorphic nets with the given ND sequence. To
calculate the underlying nets, we used algorithms,®® the
application of which for specific structures is discussed in
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the article.®® The TTD collection®® was used to determine the
topological type of the crystal structure.

2.2 Syntheses of compounds

All syntheses were carried out using a similar procedure.
Synthetic details, such as weight of metal salt and carboxylic
acid, for each synthesis are given in Table 1. In general, metal
salt (0.25 mmol in total), carboxylic acid (0.25 mmol), bmip
(0.25 mmol, 51 mg), DMF (13.75 mL), and 10 mL of alcohol
(MeOH or EtOH) were heated at 373 K for 1 day in a glass vial
with a screw cap. The resulting crystals were separated by
decantation, washed with ROH (3 x 5 mL) and dried in air.
Yields (based on metal) are 40-60%.

For compounds 1 and 2 single crystals were obtained and
their crystal structures were determined using single crystal
X-ray analysis (see Table S1, Fig. 2). Crystals of compound 3
were not good enough for single-crystal X-ray analysis;
therefore only a model of the structure was determined.
According to powder X-ray diffraction, compounds 4, 5, 6 and
7 are isostructural to 1 and 2. The composition of the
compounds obtained were established by CHN elemental
analysis. ICP-AES analysis was used to determine the metal
ratio in the mixed-metal Zn/Co compounds. Results of
elemental analysis for all the compounds obtained are
summarized in Table S2.f

IR spectra (KBr; v, cm™') 1: 3436 (w br), 3154 (m), 3129
(m), 2960 (m), 1627 (s), 1533 (m), 1487 (m), 1427 (m), 1352
(s), 1286 (m) 1250 (w), 1156 (w), 1095 (w), 1064 (w), 1006 (W),
948 (w), 921 (w), 875 (w), 839 (m), 824 (m), 778 (s), 752 (m),
691 (m), 672 (W), 585(w), 508 (m), 447 (w).

2: 3436 (w br), 3151 (m), 3127 (m), 2960 (m), 1627 (s),
1509 (m), 1473 (m), 1427 (w), 1342 (s), 1287 (w), 1158 (w),
1088 (w), 1033 (W), 1008 (w), 948 (w), 912 (w), 878 (W), 827
(m), 770 (s), 735 (m), 675 (m), 585 (W), 525 (m), 441 (w).

3: 3436 (w br), 3151 (m), 3127 (m), 2960 (m), 1627 (s), 1550
(m), 1473 (m), 1427 (m), 1378 (s), 1289 (m), 1158 (w), 1088 (w),
1035 (w), 1008 (w), 948 (w), 912 (w), 878 (w), 839 (m), 827 (m),
766 (s), 735 (m), 672 (w), 585 (w), 522 (m), 442 (w).

4: 3436 (w br), 3151 (m), 3127 (m), 2960 (m), 1627 (s), 1550
(m), 1473 (m), 1427 (m), 1342 (s), 1287 (m), 1158 (w), 1088 (W),
1033 (w), 1008 (W), 948 (W), 912 (w), 878 (w), 827 (m), 770 (s),
735 (m), 691 (m), 675 (w), 585 (w), 525 (m), 441 (w).

5-7: 3436 (w br), 3154 (m), 3129 (m), 2960 (m), 1627 (s),
1533 (m), 1487 (w), 1427 (w), 1352 (S), 1286-1288 (w), 1156
1151 (w), 1095-1096 (w), 1064 (w), 1005-1008 (W), 948 (W),

Table 1 Chemical formula of compounds obtained, weight of reagents used in syntheses and yields

No. Formula Zn(NO3),:6H,0 Co(NO;),-6H20 Carboxylic acid ROH Yield

1 [Zn(bdc-NO,)(bmip)] 0.26 mmol, 77 mg — 0.25 mmol, 53 mg EtOH 55%, 65 mg
2 [Co(bdc-NO,)(bmip)] — 0.25 mmol, 73 mg 0.25 mmol, 53 mg MeOH 55%, 65 mg
3 [Zn(bdc-Br)(bmip)] 0.26 mmol, 77 mg — 0.25 mmol, 61 mg EtOH 60%, 77 mg
4 [Co(bdc-Br)(bmip)] — 0.25 mmol, 73 mg 0.25 mmol, 61 mg MeOH 40%, 51 mg
5 [Zn, C0g »(bdc-NO,)(bmip)] 0.2 mmol, 62 mg 0.05 mmol, 15 mg 0.25 mmol, 53 mg EtOH 50%, 60 mg
6 [Zn.6C0g.4(bdc-NO,)(bmip)] 0.15 mmol, 47 mg 0.1 mmol, 30 mg 0.25 mmol, 53 mg EtOH 50%, 60 mg
7 [Zny.4C0¢ ¢(bdc-NO,)(bmip)] 0.1 mmol, 31 mg 0.15 mmol, 45 mg 0.25 mmol, 53 mg EtOH 50%, 60 mg
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Fig. 2 Structure visualization of compounds 1 and 2. a) Mononuclear
building block {M(bdc-NO,),(bmip),} (M = Zn, Co). Single framework
views: b) along the c-axis; c¢) along the a-axis. d) 4-Fold
interpenetration of frameworks. Hydrogen atoms and disordering are
omitted for clarity.

921-922 (w), 875 (w), 824-839 (w), 773-778 (s), 721-724 (w),
691-693 (W), 580-581 (w), 508 (m), 440-445 (w).

3 Results and discussion
3.1 Synthesis, structure description, and characterization

All the compounds were obtained under similar reaction
conditions. Metal nitrates were used as sources of metal ions,
and the ratio of the metal ions, rigid carboxylate and flexible
N,N-ligand (bmip) was equimolar in all syntheses. The
mixture of DMF and alcohol was used as a solvent. Cobalt
compounds crystallize better in the DMF-methanol mixture,
while zinc compounds are better formed in DMF-ethanol
solutions. All syntheses were carried out at a temperature of
100 °C for 24 h. Compounds 1 and 2 were isolated as single
crystals and they are isostructural. Single crystals of
compound 3 were also obtained, but their quality was not
enough for reliable determination of the crystal structure. In
this regard, only a model of the structure with an R-factor of
13.4% was found.

According to single crystal X-ray data, the colorless crystals
of [Zn(bdc-NO,)(bmip)] (1) and purple crystals of [Co(bdc-
NO,)(bmip)] (2) are isostructural and crystallize in the
orthorhombic space group Ibca (Fig. S1 and S47). Asymmetric
units in both structures contain one independent zinc(i) or
cobalt(n) cation coordinated by the nitroterephthalate anion
and a 1,3-bis(2-methylimidazolyl)propane moiety (Fig. S2 and
S5t). Metal cations are in a distorted tetrahedral environment
formed by two oxygen atoms of carboxyl groups and two
nitrogen atoms of the bmip ligand. Arrangement of the bmip
ligand around a two-fold axis results in two symmetry-related
2-methylimidazolyl rings and more complicated disordering

This journal is © The Royal Society of Chemistry 2024
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of the propane moiety, which occupies 3 positions (Fig. S31).
The first position has occupancies of 0.383(21) and 0.214(16)
in structures 1 and 2 correspondingly. The central carbon
atom (C6) situates on a two-fold axis which results in two
symmetry-related edged carbon atoms (C5). In the second
and third positions the central carbon atom does not lie on
the axis, which leads to two symmetry-related propane
fragments with occupancies of 0.308(6) and 0.393(8) in
structures 1 and 2 correspondingly. The nitro-terephthalate
ring lies about an inversion centre so that the nitro-groups
are disordered in two positions with half-occupancy. The
metal-oxygen bond lengths are 1.949(3) A and 1.960(4) A and
the metal-nitrogen bond lengths are 2.008(4) A and 2.0234(7)
A for Zn and Co, respectively. Each metal atom connects two
bmip ligands and two bdc-NO,>™ anions (Fig. 2). Each bmip
ligand as well as bde-NO,>™ anion is connected with two
metal cations. Thus, metal atoms are interconnected via
bridging bmip ligands and bde-NO,>™ anions to form a 4-fold
interpenetrated densely packed metal-organic framework of
diamond-like topology (dia).

Interestingly, pale-yellow crystals of [Zn(bdec-Br)(bmip)] (3),
differing in composition from 1 only by the rigid carboxylate
ligand, crystallize in the orthorhombic space group Pccn (Fig.
S6t). According to the model of the structure of compound 3, its
atomic connectivity is quite similar to compound 1. However, an
asymmetric unit of compound 3 contains two Zn cations, two
bromoterephthalate anions, and two bmip ligands. One of the
bmip ligands is disordered by two equivalent positions. Zinc
cations are in a distorted tetrahedral environment formed by
two oxygen atoms of carboxylic groups and two nitrogen atoms
of bmip ligands. The Zn-O bond lengths are in the range of
1.912(9)-1.971(9) A, and the Zn-N bond lengths are in the range
of 2.000(10)-2.020(10) A. Zinc atoms are interconnected via
organic ligands forming a 3D 4-fold interpenetrating framework
with dia topology. Opposite to compound 1, which is non-
porous, compound 3 contains voids with sizes 3.5 x 3.5 A. The
overall void volume is 526 A® per unit cell or 5.8% of cell volume.
They are filled by disordered water molecules which is in good
agreement with SQUEEZE calculations. According to
calculations using Zeo++ software,® the voids are not accessible
for exchange of guest molecules.

According to powder X-ray analysis, compound 4 is
isostructural with compounds 2 and 1 based on
nitroterephthalate, and not to 3 containing bdc-Br*~ anions
(Fig. 3b). The reasons for the different crystal structure of
compound 3 from both compounds 1 and 4 are not
completely clear. The comparison of the SBU structures
shows only slight changes in coordination angles in Zn
coordination node and more pronounce differences in
conformations of the flexible N-donor ligands (Fig. 4).
However, such changes do not result in significant changes
in coordination node geometry due to practically identical
bmip ligand length and coordination angles. Nevertheless,
it is sufficient to form quite different packing which is
clearly seen from both the PXRD pattern and single crystal
analysis (Fig. 3).

CrystEngComm, 2024, 26, 5039-5045 | 5041
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a) [Zn(bde-NO,) (bmip)| (1)  |b) [Co(bde-NO,) (bmip)] (2)
[Co(bde-Br)(bmip)| (4)
5 10 15 20 25 30 5 10 15 20 25 30
20, deg 20, deg
c) [Zn(bde-Br)(bmip)| (3) |d) [Zn,Co(1_y)(bde-NO,) (bmip)] (5, 6, 7)
5 10 15 20 25 30 5 10 15 20 25 30

20, deg

20, deg

Fig. 3 Powder X-ray diffraction patterns for compounds: a) 1; b) 2 and 4; c) 3; d) 5-7. Red lines show simulated patterns for the corresponding

compounds.

The isostructural nature of 1 and 2 makes it possible to
obtain a series of solids with variable metal content. The
ionic radii of Zn?* (0.60 A, 4-coordinate) and Co** (0.58 A,
4-coordinate) are similar,*® and thus replacement of Zn**
ions by Co®" is a viable route to afford mixed-metal

compounds. Often, such substitution leads to materials with
51,65-67

new properties.

Fig. 4 Overlay of SBUs in 1 (light-green) and 3 (red). Hydrogen and
bromine atoms are omitted and only one position of disordered
fragments is shown for clarity.
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To obtain such compounds, the method of pre-synthetic
modification was chosen: a mixture of cobalt(u) and zinc(u)
nitrates, as well as nitroterephthalic acid and bmip were used
in syntheses in a given ratio. A series of mixed-metal phases
[Zn,Co;_,(bdc-NO,)(bmip)] (x = 0.8(5), 0.6(6), 0.4(7)) were
obtained as batches of small crystals. Visually, crystals in each
batch are identical in colour and shape which indicates the
formation of mixed-metal phases rather than separate Zn and
Co phases. Single crystal X-ray analysis was not carried out for
these crystals and their phase purity was established by powder
X-ray analysis (Fig. 3d). The metal content in phases obtained
was determined by atomic emission spectrometry which
confirmed the composition specified by initial loadings to the
synthetic mixture (see Table 1 and S17).

It should be noted that often additional side groups, such
as in our case methyl in imidazole moieties or nitro and
bromo functional groups in rigid terephthalate linkers, can
lead to the formation of non-interpenetrating structures due
to steric hindrance of these substituents. In our previous
work, it was shown that it is possible to change the
interpenetration and porosity of cadmium MOFs during
guest exchange.’ However, all attempts to open up
frameworks 1-7 using different liquid organic solvents were
unsuccessful. All phases retain their dense 4-fold
interpenetrated structures when kept in different organic
solvents. All the compounds have no available pore volume

This journal is © The Royal Society of Chemistry 2024
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and therefore do not contain guest molecules. To our mind,
the key factor for these differences is cation radii which affect
the coordination mode (mono or bidentate) of carboxylate
ligands and coordination angles. It is also likely that for Zn(ur)
it is more difficult to change the coordination angles
required for transformation and structure opening due to its
stronger Lewis acidity than Cd(u).

3.2 Luminescence properties

Transition metal complexes based on d'° metals have aroused
enormous attention due to possible applications in the fields
of sensing, light-emitting diodes and biological imaging.®
Tuning the composition of compounds in a wide range opens
possibilities for changing their optical properties. In our case,
there are bromine or nitro-groups in the rigid carboxylate
ligands which strongly differ by their electronic nature. Also, it
is possible to vary metal content in the resulting compounds
which should affect the luminescence behaviour. Taking into
account this variability, we have measured the
photoluminescence for all compounds obtained.

The luminescence of the free bmip ligand is characterized
by the dependence of the emission wavelength on the
excitation wavelength (Fig. S9t). The shift of the emission
maxima is about 50 nm in the range of 510-560 nm when
the excitation wavelength changes from 300 to 480 nm. The
use of the bmip ligand in a dense interpenetrating MOF
structure enhances this effect. The red shift of emission
maxima in 1 reaches more than 100 nm in the range of 440-
600 nm (Fig. S107), which leads to change of emission color
from blue to orange (Fig. S131). Due to the d'° electron
configuration of the Zn** cation, MLCT or LMCT processes
are impossible. The observed emission of the coordination
compound is attributed to n* — = transition in the bmip
ligand. The more pronounced red shift of luminescence
maxima may be attributed to changes in the HOMO-LUMO

nm

360
380
400
420
440
460
480
500

exs

PL intensity, a.u.

T T T T T T T T T 7
400 450 500 550 600 650 700
Wavelength, nm

Fig. 5 Dependence of emission spectra of 3 on excitation wavelength.
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energy levels of the bmip ligand upon coordination, which
significantly increased the rigidity of the ligand.****%7° The
presence of nitro-groups in compound 1, well-known
quenching moieties, reduces significantly the quantum yield
(QY) of this emission, which is less than 1%.

In contrast, zinc compound 3 without quenching
moieties possesses bright photoluminescence (Fig. 5) with
strong dependence of emission maxima wavelength on
excitation wavelength. The red shift is slightly lower than
that for compound 1 and is about 90 nm in the range of
460-550 nm with changing excitation wavelength from 360
to 500 nm, which results in changing of emission color
from green-blue to yellow-orange (Fig. S14f). The
luminescence of compound 3 excited at 420 nm is
characterized by a relatively high QY of 39%.

Interestingly, the addition of Co(u) ions to compound 1
opens the possibility of a ligand-to-metal transition, and

Rexs NI

300
320
340
360
380
400
420
440
460
480
500
520
540
560

PL intensity, a.u.

>,/

400 500 600 700
Wavelength, nm

©
©

e
o0

e
\]

<
>

500

CIE y

o o o o

R U SO S
||||I||||I||||I||||I||||I||||I||||I||||I||||

e
—

CIE 1931

0.0 0.2 0.4 0.6 0.8
CIE z

Fig. 6 Wavelength excitation dependence of the emission spectra and
PL chromaticity for compound 6 at 300 K.
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emission spectra of mixed-metal compounds 5-7 contain an
additional band near 650 nm (Fig. 6, S11, and S12%). This
emission band in the red region causes the emission colour to
change from green to orange and further to red depending on
the excitation wavelength (Fig. 6, S15, and S16f). For
compound 6, excitation at 460 nm results in almost white
luminescence with color coordinates (0.34, 0.31) and color
temperature of 5090 K which correspond to neutral white light.

4 Conclusions

As a result, a family of isostructural metal-organic coordination
polymers of zinc(u) and cobalt(i) based on two types of ligands
- structurally rigid terephthalates and structurally flexible
1,3-bis(2-methylimidazolyl)propane (bmip) - was obtained.
Interestingly, Co(u) bmip-based MOFs with nitro- and
bromoterephthalate are isostructural with Zn(u)
nitroterephthalate, whereas the Zn-MOF with
bromoterephthalate has another packing. Zn containing
compounds demonstrate photoluminescence with strong
dependence of emission maxima on excitation wavelength. The
bathochromic shift for compounds 1 and 3 reaches 90-100 nm
when the excitation wavelength changes from 300 to 480 nm.
Compound 3 is characterized by a high quantum yield of 39%.
The isostructural nature of 1 and 2 allow us to obtain mixed-
metal phases 5, 6, and 7 with given metal ratios. Compounds
5, 6, and 7 reveal unusual luminescence behaviour. The
addition of cobalt leads to the appearance of the second
luminescence band in the red region and the shift of
luminescence color from green to yellow, orange, and red.
Compound 6 under 460 nm excitation demonstrates near white
emission with CIE color coordinates of (0.34, 0.31).

We believe that a series of compounds with the general
formula [Zn,Co;_,(bdec-X)(bmip)] (x = 1, 0.8, 0.6, 0.4, 0; X =
NO,, Br) enhance the knowledge about MOFs based on two
types of ligands: sterically rigid and flexible. Such a
combination of ligands can lead both to flexible porous*" or
rigid compounds®® due to multiple interpenetrations. The
key factor affecting these results is cation radii.
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