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Introduction

Alkaline earth-organic frameworks with amino
derivatives of 2,6-naphthalene dicarboxylates:
structural studies and fluorescence propertiest

Na
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Alkaline earth metal ion organic frameworks (AEMOFs) represent a relatively underexplored subcategory
of metal-organic frameworks (MOFs). In this contribution, we present the synthesis and structural study
of the new MOFs 1-8 based on the alkaline earth ions Mg?*, Ca®*, Sr?* and Ba®* and the amino substi-
tuted bridging ligands 4-aminonaphthalene-2,6-dicarboxylate (ANDC?™) and 4,8-diaminonaphthalene-
2,6-dicarboxylate (DANDC?™). Compounds 1, 5, 6, 7 and 8 constitute rare examples of three-dimensional
MOFs which feature square planar M, secondary building units (SBUs) surrounded by eight bridging
ditopic ligands. The underlying topology of MOFs 1, 5, 7 and 8 conforms to the 4-c pcb net which can be
simplified to the 8-c bcu net, while 6 adopts the 4-c lta net which simplifies to the 8-c reo net. To the
best of our knowledge these are the first examples of MOFs of their structural types formed by linear
dicarboxylates instead of trigonal tricarboxylates or tetrahedral tetracarboxylates. Compounds 2, 3 and 4
also feature three dimensional networks with linear rod-shaped SBUs with the Ba>* MOF 3 displaying an
sra rod-net and MOFs 2 and 4 showing very complex rod-nets with so far unique topologies.
Fluorescence studies revealed that the free ligands exhibit strong blue-green emission displaying con-
siderable positive solvatochromism thereby pointing towards charge transfer excited states involving the
shift of electron density from the amino groups to the aromatic core. Correspondingly, the MOFs display
ligand based fluorescence with small differences in emission maxima possibly attributable to the differ-
ence in the charge density of the metal ions combined with the different environments around ligands in
the crystal structures.

dentate organic ligands."™ MOFs are intensely investigated
due to their structural and functional variety which makes

Metal-organic frameworks (MOFs) constitute a unique class of
porous (or potentially porous) materials which are character-
ized by two or three-dimensional open network structures con-
sisting of nodes in the form of metal centres (either single
ions or clusters) which are interconnected by bridging poly-
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them attractive for a plethora of applications such as gas
storage and separation,”® catalysis,”"® ion sorption and
exchange'*'®* and more recently as chemical sensors.'®272¢

In comparison to d-block and rare earth metal ions,
research on alkaline earth MOFs (AEMOFs) is still on a rather
preliminary level.>” The closed-shell electronic structure of
alkaline earth ions results in their MOFs exhibiting ligand-
based fluorescence®**° which, in the cases where ligands
contain suitable functional groups, can prove to be of interest
for possible sensing applications.* ** In addition, there are
examples of AEMOFs which show promising gas
separation,®*?® catalytic®*®*” and electrical properties.** >
Amino functionalized aromatic dicarboxylates are of particular
interest for MOF synthesis as they can lead to materials with
increased CO, adsorption®® and favorable fluorescence* and
photocatalytic*>*® properties. However, the chemistry of
amino functionalized MOFs is largely dominated by the

This journal is © The Royal Society of Chemistry 2020
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CaCl,2H,0 or
Ca(NO,),4H,0
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[Cay(1,-H,0)(DANDC),(H,0)5(DMF)]*2H,0+4DMF (5)

Scheme 1 Synthetic routes leading to compounds 1-8.

2-amino-1,4-benzenedicarboxylate (NH,BDC>”) and 5-amino-
1,3-dicarboxylate ligands and their derivatives***° with only
relatively few examples involving ligands with longer naphtha-
lene or biphenyl spacers.*”*°~>8

In this contribution, we report the synthesis and structural
and photophysical study of AEMOFs 1-8 (Scheme 1) which are
based on the amino-substituted dicarboxylic bridging ligands
4-aminonaphthalene-2,6-dicarboxylate (ANDC>")*® and 4,8-dia-
minonaphthalene-2,6-dicarboxylate (DANDC?>"). A synthesis of
the latter ligand through the catalytic hydrogenation of 4,8-
dinitro-2,6-naphthalene dicarboxylic acid®® is also reported
here. The AEMOFs form open three-dimensional frameworks
and display remarkable structural features with, in some
cases, unique network topologies and metal secondary build-
ing units (SBUs) ranging from infinite rods to rarely observed
tetranuclear square planar clusters.® ®* The UV-vis absorption
and fluorescence spectra of the free ligands H,ANDC and
H,DANDC show significant solvatochromism which is consist-
ent with charge transfer excited states. The corresponding
AEMOFs exhibit ligand-based blue-green fluorescence at room
temperature.

Results and discussion

The reactions of alkaline earth metal salts with H,ANDC and
H,DANDC ligands in dimethylformamide (DMF) containing
10% (v/v) water at 110-120 °C afforded a series of crystalline
products 1-8, the formulas of which, as determined by single
crystal X-ray crystallographic analysis, can be seen in
Scheme 1. All the compounds were found to possess three-

This journal is © The Royal Society of Chemistry 2020

dimensional network structures which are described in detail
in the following sections. Tables containing crystallographic
details and selected bond angles and distances for each struc-
ture can be found in ESI (Tables S1-10%).

Crystal structures of 1, 5, 7 and 8

These MOFs crystallize in the tetragonal I4/m space group
(Tables S1 and 271) and their structures are based on tetranuc-
lear SBUs M,(COO)s (M = Ca for 1 and 5; Sr for 7; Ba for 8),
with the metal ions arranged on the corners of a square and
being held together by eight chelating, bridging p,-n*n" car-
boxylate groups four of which are above and four below the
square plane. It is worth noting that, square M, SBUs are rela-
tively rare compared to those where the four metal atoms are
in a tetrahedral arrangement and have mainly been observed
with divalent transition metal ions such as Cu®* and Cd®® and
trivalent lanthanides.®* To the best of our knowledge, there is
only one example of a MOF with a square Ca,O SBU which
involves the tetrahedral tetracarboxylic ligand methanetetra-
benzoate (MTB).>**° In our compounds, the centre of the M,
square is occupied by a disordered water molecule in the cases
of the Ca®* MOFs 1 and 5 (Fig. 1A) or by a chloride anion in
the cases of the Sr** and Ba®* MOFs 7 and 8 (Fig. S14Af and
Fig. 1C respectively). Each of the four M** ions is eight co-
ordinated by six carboxylic oxygen atoms, one water molecule
(1 and 5) or one CI” ion (7 and 8) and one terminal DMF (1, 5
and 7) or water (8) ligand. The coordination polyhedron about
the metal ion can be best described as a distorted square anti-
prism. In the cases of the compounds involving the larger Sr**
and Ba®>" ions (7 and 8), the four bridging carboxylic oxygen
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Fig. 1 Representation of the (A) tetranuclear SBU of 1; (B) three-dimen-
sional structure along the b axis of 1; (C) metal core of 8 and (D) three-
dimensional structure along the c axis of 8, the chloride counter-ions
are displayed in space-filling mode. H atoms and solvent molecules are
omitted for clarity. Colour code: Ca, brown; Ba dark brown; C, gray; O,
red; N, blue; Cl, green.

atoms residing above the square M, plane, together with their
four counterparts residing below the latter, create two oxygen-
rich “nests” which are partially occupied by M** cations
thereby creating Mg octahedra. The extra positive charge which
is introduced in 7 and 8 is balanced by CI™ counter ions which
are located in the centre of the M, square plane and in the cav-
ities of the MOFs. It is worth mentioning that in the case of
the smaller Sr** ion (7) we observe disorder in both the CI~
anion and the carboxylic oxygen atoms which are involved in
bonding with the axial metal ions (Fig. S14%). The distances
between the metal ions and the carboxylate oxygens range
from 2.252 to 2.882 A. The bond length between the Ca*" ions
and the oxygen atom of the central H,O molecule were found
to be 2.564 and 2.670 A in 1 and 5 respectively. The consider-
ably larger distances observed in the case of 5 possibly reflect
the higher steric demand of the DANDC?" bridging ligand. In
the case of 8, the distance between the metal ions of the M,
plane and the bridging chloride ions was found to be 3.123 A.
The crystal structures of 7 and 8 are stabilized by strong
hydrogen bonds between the amino groups of the dicarboxy-
late linker and (a) the chloride counter ions (2.393-2.552 A)
and (b) the carboxylate oxygen of a neighboring ligand
(2.137-2.158 A).

The three-dimensional the structures of 1, 5, 7 and 8 are
formed by M, SBUs surrounded by eight dicarboxylate ligands
(Fig. 1B and D). It is worth mentioning that the structures of 1,
5, 7 and 8 bear close resemblance to that observed in a fluor-
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ite-like MOF reported by Kim and co-workers® in 2004 which
is constructed by square planar Cd, SBUs (which are similar to
the M, SBUs presented here) interconnected by eight tetra-
hedral tetracarboxylate MTB ligands. To the best of our knowl-
edge, structures 1, 5, 7 and 8 represent the first examples of
this structural type with a linear dicarboxylate bridging ligand.

From the topological point of view, the M, clusters in 1, 5, 7
and 8 are surrounded by eight different dicarboxylate ligands
(one unique) that connect the central cluster to eight neighbor-
ing M, clusters (Fig. S151) The eight carboxylate C atoms
around each M, cluster form a rectangular prism with dis-
tances of ~ 4 to 5 A. The vertices of the prism are connected
through the naphthalene moieties of the ligands (C--C ~ 8 A)
to produce a uninodal 4-coordinate pcb network with point
symbol (4°-8%). These MOF have been to found to adopt the
exact same topology with other MOFs®®®® such as such as
[Zng(Im)e(MBIm)e]*~,*® and the hydrogen-bonded assemblies
MOC-2"° and Co"™,,-MOC.”* Simplification of the pcb network
by contracting the eight C atoms of each square prism to their
centre of gravity produces a uninodal 8-coordinate bcu
network with point symbol (4**.6*), which has been observed
in many MOFs (Fig. S151).”>7*

Crystal structure of 6

The Sr** MOF 6, which is not topologically equivalent to 1, 5, 7
and 8, crystallizes in the cubic space group Fm3c and its metal
SBU is virtually identical to those observed in Ca** MOFs 1
and 5. However, it is worth noting that, to the best of our
knowledge, 6 constitutes the first example of an SBU consist-
ing of four Sr*" ions in a square planar arrangement. As
expected from the larger radius of Sr**, the Sr-Sr and Sr-O dis-
tances within the Sr, cluster of 6 are considerably larger than
those of 5 (3.814 and 2.697 A respectively). Similarly to 1, 5, 7
and 8, the basic building unit of 6 is a square prism formed by
the eight carboxylate C atoms around each Sr, unit with the
naphthalene moieties of the eight DANDC>~ ligands bridging
the Sr, SBUs (Fig. 2).

However, in contrast to the above described structures, the
underlying network of 6 is different. Owing to the different
symmetry of the structure, the orientation and the connectivity
of the square prisms is slightly different resulting also in a 4-c
net but with the three letter code Ilta and point symbol
(4>-6%-8).7>7% As expected, the simplification of the Ita net by
contracting the eight C atoms of each square prism to their
centre of gravity produces a uninodal 8-coordinate reo network
with point symbol (3%.4%.5%.6), which has been observed in
many MOFs (Fig. $16+).”%%!

Crystal structure of 2

Compound 2 crystallizes in the monoclinic space group P2,/c
(Table S17) and features a three-dimensional framework with
two crystallographically unique Sr** ions (Sr1, Sr2). The struc-
ture of 2 is based on an infinite twisted rod SBU
[Sr,(CO0)4(DMF),(H,0)]s. Both Sr** ions are eight coordinated
and the coordination polyhedron around them is best
described as a biaugmented triangular prism. The Srl ion is

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Representation of the three-dimensional structure of 6. H atoms
and solvent molecules were omitted for clarity. Colour code: Sr, brown;
C, gray; O, red; N, blue.

ligated to six carboxylate oxygen atoms, one water molecule
and a terminal DMF ligand (Fig. 3). On the other hand, the
coordination sphere of Sr2 contains seven carboxylate oxygen
atoms and one oxygen atom from a terminal DMF molecule.
The carboxylate groups in 2 bridge the Sr atoms to create a
twisted chain (rod) of alternate face and edge-sharing biaug-
mented triangular prisms running parallel to the ¢ axis
(Fig. S17%). If we consider the carboxylate C atoms (C1, C12,
C13, and C19) as the points of connection, then a corner-
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sharing ladder of distorted square pyramids forms along the
rod. The distorted square pyramids have one more corner
linked and their apexes point almost to the same side of the
rod. These ladders are further linked by the naphthalene
moities of the ligands to create a complex tetranodal network
comprising three 5-coordinate and one 7-coordinate node. The
point symbol of this net is (3°.4%.5.7°.8)(3%.4%.5°.6%)(3".4>.8%)
(3°.4*.5°.6°.7%) and it is, as expected, unique so far.

Crystal structure of 3

Representation of the SBU and the three-dimensional structure
of 3 are shown in Fig. 4. Compound 3 crystallizes in monocli-
nic space group P2,/n (Table S1t). The structure of 3 is based
on an infinite rod SBU Ba,(COO)4(1,-DMF),(DMF), in which
there are two crystallographically unique Ba®>* (Ba1, Ba2) ions.
Both Ba®' ions are nine-coordinated, with the coordination
polyhedron around them being best described as muffin-like.
Each Ba®" is ligated to six carboxylate oxygen atoms, two fi,-
brigding DMF molecules and a terminal DMF ligand.

Topologically, the carboxylate groups bridge the Bal atoms
to create a chain (rod) of alternate edge sharing Bal muffins
running parallel to the b axis (Fig. S187). A very similar situ-
ation is found for the second Ba2 atom, a rod of face sharing
Ba2 muffins forms along b axis, parallel to the previous Bal
rod. If we consider the carboxylate C atoms (C1 and C24 for
Bal and C12 and C13 for Ba2) as the points of connection,
then a ladder forms along the Bal rod and a second ladder
forms along the Ba2 rod. These ladders are further linked by
the naphthalene moities of the ligands such that each Bal rod
being surrounded by four Ba2 rods and vice versa. Therefore, a
uninodal 4-coordinate network is formed with three-letter
code sra and point symbol (4>-6°.8). The same sra rod-net has
been observed in several MOFs.**%*

Fig. 3 Representation of the (A) SBU and (B) three-dimensional structure along the c axis of 2. H atoms and solvent molecules were omitted for

clarity. Colour code: Sr, brown; C, gray; O, red; N, blue.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Representation of the (A) SBU and (B) three-dimensional structure along the b axis of 3. H atoms and solvent molecules were omitted for

clarity. Colour code: Ba, brown; C, gray; O, red; N, blue.

Crystal structure of 4

Single-crystal X-ray diffraction reveals that 4 crystallizes in the
monoclinic P2,/c space group (Table S1t). The SBU of 4 con-
sists of an infinite rod [Mg,(COO),(H,0),75(DMF)y,5] unit
(Fig. 5A) featuring two crystallographically independent Mg**
ions (Mg1, Mg2). Mg1 is five-coordinated by five oxygen atoms
to form a distorted square pyramid in which four oxygen
atoms are from the carboxylate groups of the dicarboxylic
ligands and another oxygen (010) is from terminally co-
ordinated solvent and was modeled as originating from a
water molecule (75% occupancy) and from the C=0O group of
a DMF molecule (25% occupancy). On the other hand, Mg2
ion is six-coordinated by oxygen atoms and each of them is
ligated with five carboxylate groups which belong to four
different carboxylate ligands and one oxygen atom (09) which
was modeled as originating from a coordinated water molecule
and from the C=0 group of a terminal DMF ligand (50% occu-
pancy). The geometry around Mg2 is best described as a dis-
torted octahedron. The three-dimensional structure of 4 is
shown in Fig. 5B. From the topological view, Mg1 and Mg2 are
bridged by three carboxylate groups to create a corner sharing
dimer. These dimers are further bridged by a syn, anti-carboxy-
late thus creating a rod along ¢ (Fig. S19t). If we consider the
carboxylate C atoms (C1, C7, C13, and C19) as the points of
connection, then a corner sharing zig-zag chain of distorted
trigonal bipyramids forms along the rod. These chains of dis-
torted trigonal bipyramids are further linked by the naphtha-
lene moities of the ligands to create a complex tetranodal
network comprising three 5-coordinate and one 7-coordinate

16740 | Dalton Trans., 2020, 49, 16736-16744

node. The point symbol of this net is (3%-4-6>7%);(3%-6-7%) and
it is, as expected, unique so far.

Thermal stability

The thermal stability of compounds 1-8 was studied by
thermogravimetric analysis on a Mettler-Toledo TGA/DSC1
instrument under a N, flow of 50 mL min~'. The thermo-
graphs of 1-8 (Fig. S20-27t) data show weight losses starting
from 25 °C and ending at over 800 °C they involve the removal
of the solvent molecules, followed by the collapse of the frame-
works above 210 °C.

Photophysical properties

Compounds 1-8 were studied by steady-state fluorescence
spectroscopy in the solid state at room temperature. The free
ligands H,ANDC and H,DANDC were studied by UV-vis
absorption and fluorescence spectroscopy in DMF/MeOH
mixed solvent systems.

The absorption spectra of the amino substituted ligands
show strong absorptions in the UV region which can be
assigned to fully allowed n* « = transitions of the aromatic
core (Fig. $301).%° The lowest energy absorption signals (Amax ~
400 nm) exhibited by H,ANDC and H,DANDC consist of broad
peaks of moderate intensities (¢ ~ 3000 M™' ecm™') which show
only a slight blue shift upon changing the solvent from DMF
to methanol (Fig. S31 and 321). The emission spectra of

This journal is © The Royal Society of Chemistry 2020
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clarity. Colour code: Mg, brown; C, gray; O, red; N, blue.

H,ANDC and H,DANDC in DMF/MeOH mixtures (ranging
from pure DMF to pure MeOH) upon selective excitation at the
lowest energy absorption (Ae. = 370 nm) can be seen in Fig. 6
and 7. The excitation spectra (Fig. S33 and 347) show excellent
agreement with the UV-vis absorption spectra in both profile
and tendency of the lowest energy absorption feature to
undergo a slight blue shift upon increasing the polarity of the
solvent system. H,ANDC and H,DANDC show similar emission
profiles which undergo a significant red shift upon increasing
the MeOH content of the solvent system (Anax values shift

—— DMF
—— DMF/MeCH 4:1
—— DMF/MeOH 3:2
—— DMF/MeCH 2:3
—— DMF/MeOH 1:4
MeOH

Normalized Intensity

550 600 650

Wavelength / nm

500

450

Fig. 6 Emission spectra of the H,ANDC ligand in DMF/MeOH mixtures
(Aexc = 370 nm).

This journal is © The Royal Society of Chemistry 2020
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Representation of the (A) SBU and (B) the three-dimensional structure along the c axis of 4. H atoms and solvent molecules were omitted for

from 500 to 526 nm for H,ANDC and from 480 to 520 nm for
H,DANDC in DMF and MeOH respectively. The observed stabi-
lization of the lowest energy ligand-based excited states as the
polarity of the medium increases, is consistent with them
being of charge transfer nature involving the excitation of an
electron in a predominantly amino group orbital to an empty
n orbital of the aromatic core.®®

Upon excitation at 370 nm MOFs 1-8 exhibit emission pro-
files that show good general agreement with those observed
for the corresponding ligands (Fig. 8 and 9). This observation

1.0
—DMF
—— DMF/MeOH 4:1
0.8 —— DMF/MeOH 3:2
% —— DMF/MeOH 2:3
c ——— DMF/MeOH 1:4
2 0.6 ——— MeOH
e
N
= 0.4
£
[e]
Z 0.2
0.0

T
700

T T T
550 600 650

Wavelength / nm

T
500
Fig. 7 Emission spectra of the H,DANDC ligand in DMF/MeOH mix-

tures (Aexc = 370 nm).
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Fig. 8 Solid state emission spectra of 1-3 (lexc = 370 nm).
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Normalized Intensity
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(&)
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550 600 650 700
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T T
450 500

Fig. 9 Solid state emission spectra of 4—8 (lexc = 370 nm).

combined with the spectroscopically inert closed shell alkaline
earth cations, confirms that the observed fluorescence is
ligand-based. In the cases of the ANDC> -based MOFs 1, 2 and
3 (Fig. 8), the emission maxima are at 509, 472 and 479 nm
respectively. The significant red shift in the emission
maximum of 1 compared to those of 2 and 3 can be possibly
be assigned to a combination of structural and electrostatic
factors related to the higher charge density of the Ca® ion rela-
tive to Sr** and Ba®>".’>® The stronger electron withdrawing
effect of the Ca*>" cation possibly induces a stabilizing effect on
the n" orbitals of the aromatic core of ANDC> thereby decreas-
ing the energy of the intraligand charge transfer transition.
Additionally, as demonstrated by the solvatochromism exhibi-
ted by the uncoordinated ligands, the emission energies of the
organic linkers also depend on the immediate environment
around their chromophores such as the existence and relative
strength of hydrogen boding interactions. As a result, the
observed emission energies are possibly the result of a finely
balanced interplay between the above-mentioned factors. This
is also reflected in the cases of the DANDC> -based MOFs 4-8

16742 | Dalton Trans., 2020, 49, 16736-16744
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(Fig. 9) (4 Aem = 499 nm; 5 Aey, = 489 nm; 6 Aoy, = 483 nmy
7 Aem = 482 nm; 8 Ao, = 480 nm) which generally show a less
pronounced variation in their emission maxima.?®

Conclusion

In summary, a series of eight alkaline earth MOFs 1-8 has
been isolated by reacting chloride and nitrate salts of Mg>",
Ca®', Sr** and Ba®* with mono- and di-amino naphthalene
dicarboxylate linkers. Five of the compounds, 1 and 5-8,
display rarely encountered square M, SBUs with either a dis-
ordered water molecule (1, 5, 6) or a chloride ion (7 and 8) in
the centre. In the cases of the chloride-bridged 7 and 8, the
positions above and below the centre of the square plane are
partially occupied by M>* ions thereby creating Mg octahedra.
MOFs 1, 5, 7 and 8 form 4-c pcb nets which can be simplified
to the 8-c beu net, while 6 adopts the 4-c Ita net which simpli-
fies to the 8-c reo net. In contrast, MOFs 2, 3 and 4 also feature
three dimensional networks with linear rod-shaped SBUs with
the Ba** MOF 3 displaying an sra rod-net and MOFs 2 and 4
showing very complex rod-nets with so far unique topologies.
Preliminary fluorescence spectroscopy studies showed that all
the compounds show blue green fluorescence with profiles
which bare close resemblance to the charge transfer-type emis-
sion of the free ligands. Further work exploring the coordi-
nation chemistry of amino substituted dicarboxylates and
their potential applications as fluorescent sensors and light
emitters is ongoing in our laboratory.
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