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The solvothermal synthesis of three new calcium-based metal-organic frameworks (MOFs) employing the
tetratopic carboxylate ligand, 4,4'.4",4"-(naphthalene-2,3,6,7-tetrayl)tetrabenzoate (NTTB) is reported. 1:
Ca(HoNTTB)(DMA),, 20 Cas(HoNTTB)(INTTB)2(H20)s and  3: Cas(HoNTTB)INTTB)(HoO)s (DMA = N,N-
dimethylacetamide). These have distinct structures and compositions depending on the solvent used in
synthesis. The crystal structures of the materials were elucidated through single-crystal X-ray diffraction
(SC-XRD) analysis, along with a solvate of the acid form of the ligand. Sample purity was confirmed via
powder XRD (PXRD), and thermal stability was assessed using thermogravimetric analysis (TGA). The
resulting crystal architectures were analysed in detail with respect to the ligand binding modes, the
connectivity of the calcium centres, the ligand conformation and hydrogen bonding. Notably, a solvent-
dependent structural connectivity was observed: while the structures all contain six-coordinate Ca,
substituting DMA with ethanol in synthesis induced a change in the MOF building units from discrete
calcium nodes in 1 to infinite chains in 2 and interrupted chains in 3.
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Introduction

Metal-organic frameworks (MOFs), a class of coordination
polymers, are distinguished by their exceptional porosity and
structural diversity.”> Comprising metal ions or clusters
linked by organic ligands in  three-dimensional
networks, MOFs allow for extensive functionalisation,
enabling the development of materials with precisely tailored
properties. Their porosities are widely explored for potential
applications in molecular capture, separation, and energy
storage.>* Additionally, MOFs hold promise in heterogeneous
catalysis, where solid-state acidity, redox activity, and unique
surface properties can be leveraged.® MOFs based on s-block
metals, have been less studied compared to those containing
transition or p-block metals, such as Cu, Fe, Al, Zn and Zr.

“ Department of Chemistry, University of Warwick, Gibbet Hill Road, Coventry, CV4
7AL, UK. E-mail: r.i.walton@warwick.ac.uk

? Department of Physics, University of Warwick, Gibbet Hill Road, Coventry, CV4
7AL, UK

¢ Department of Advanced Materials Science and Nanotechnology, University of
Science and Technology of Hanoi (USTH), Vietnam Acadeny of Science and
Technology (VAST), 18 Hoang Quoc Viet, Ha Noi 11307, Vietnam

4 UMR CNRS 8180, UVSQ, Institut Lavoisier de Versailles, Université Paris-Saclay,
45 Avenue des Etats-Unis, 78035 Versailles Cedex, France

¢ Département de Chimie, UVSQ, Université Paris-Saclay, 45 Avenue des Etats-Unis,
78035 Versailles Cedex, France

t Electronic supplementary information (ESI) available. CCDC 2421320-2421323.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d5ce00145¢

2830 | CrystEngComm, 2025, 27, 2830-2840

The unpredictable coordination geometry of s-block metals,
arising from their more ionic bonding interactions with

carboxylate ligands, presents both challenges and
opportunities  for novel framework discovery and
prediction.”® The coordination environment and resulting

topology of such MOFs are highly influenced by the organic
ligand and synthetic conditions.

Calcium-based MOFs present several possible advantages
over transition metal-based frameworks. Their strong ionic
bonds can result in high thermal stability,® while calcium's
abundance (3.4% of the earth's crust), non-toxic nature, and
cost-effectiveness make these frameworks sustainable and
economical. Additionally, the lightweight nature of calcium
offers a gravimetric advantage for gas storage and adsorption
applications.”'®  Furthermore, the non-toxicity and
biocompatibility of calcium-based MOFs make them
promising candidates for drug delivery systems.""

The structure of a MOF is largely determined by the
geometry and connectivity of its metal secondary building
units (SBUs) and organic linkers. In calcium-based MOFs,
calcium typically exhibits higher coordination numbers (6, 7
or 8) compared to most transition metal cations, owing to its
larger ionic size. Calcium is commonly coordinated to oxygen
atoms from carboxylate or phosphonate linkers, solvent
molecules, or nitrogen atoms from organic ligands. SBUs in
Ca-MOFs exhibit significant diversity. These include isolated
octahedral units like [CaOg], where calcium is coordinated to
a combination of carboxylates and phosphates, as

This journal is © The Royal Society of Chemistry 2025
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demonstrated by Janczak et al'> Another example is the
CaO4N, SBU, featuring a calcium centre coordinated to
oxygen and nitrogen atoms from carboxylate and nitrogen-
containing ligands.”® The SBUs in Ca-MOFs also frequently
consist of multinuclear clusters or 1D Ca-O chains. For
example, dimeric SBUs involve two calcium centres
coordinated to ligands and terminal water molecules,"* while
trimeric’® or tetrameric'® clusters are interconnected by
carboxylates and bridging oxygens. Notably, 1D chains are a
recurring feature in Ca MOFs, often stabilised by carboxylate
ligands and bridging solvents, as seen in an ultra-
microporous framework constructed with squaric acid, where
each calcium centre is 8-coordinated."”

Tetratopic linkers with carboxylate arms exhibiting
significant rotational freedom have been shown to produce
MOFs with diverse topologies. For example, a series of
copper-based MOFs with the formula [Cu,(L)(H,0),] (L =
tetracarboxylate linker) were synthesised by coordinating the
tetracarboxylate linkers with varying extendibility to dicopper
SBUs, resulting in distinct porosities.'®'® Similarly, research
has focused on Zr-MOFs constructed from tetratopic linkers
and Zre SBUs.”°>* Notably, substitutional modifications to
the backbone of 1,2,4,5-tetrakis(4-carboxyphenyl)benzene
(TCPB) linker to influence linker conformation, resulted in
Zr-MOFs with varied topologies and porosities under same
reaction conditions.”® Additionally, the linker H,TCPB-Br,
has been used to synthesise Zr-based MOFs with four distinct
topologies.”* These structural variations have been ascribed
to geometrical adjustments of the linker influenced by
different combinations of solvents, such as N,N-
dimethylformamide (DMF) and N,N-diethylformamide (DEF),
and modulators, including formic acid and acetic acid, used
during synthesis. These findings underscore the critical role
of linker flexibility and conformation in determining the
structural diversity of MOFs.

Calcium-based MOFs incorporating tetracarboxylate
linkers have also attracted interest due to their structural
diversity.® Notable examples include Ca(H,TCPB) composed
of isolated [CaOg] octahedra connected by a half-
deprotonated TCPB linkers;>> and Ca,(AZBZ)(H,O)(DMF)
(AZBZ = 3,3',5,5-azobenzenetetracarboxylate) featuring Ca
tetramers with 1-D channels;*® and Ca,(BIPA-TC)(DMF),
(BIPA-TC = 5,5-(1,3,6,8 tetraoxobenzo[lmn][3,8]
phenanthroline-2-7-diyl)bis-1,3-benzene dicarboxylate), which
consists of infinite Ca chains.>” Despite these advances, the
synthesis of calcium-based MOFs using tetratopic carboxylate
ligands remains relatively under-investigated compared to
Cu- and Zr-based systems, highlighting a significant
opportunity for further exploration.

In this work, we investigate the synthesis and structural
characterisation of Ca-MOFs using the tetratopic carboxylic
acid ligand 4,4',4”,4"-(naphthalene-2,3,6,7-tetrayl)tetrabenzoic
acid (H,NTTB) (Fig. 1) previously used to prepare a covalent
organic framework, but to our knowledge not yet used in the
crystallisation of MOFs.”® We report the structures of three
novel materials, which emphasise the relationship between

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Molecular structure of 4,4',4",4"-(naphthalene-2,3,6,7-tetrayl)
tetrabenzoic acid (H4NTTB).

coordination modes, framework structures, and synthetic
conditions, contributing to the advancement of s-block MOF
chemistry.

Results
Synthesis and structure of Ca(H,NTTB)(DMA), (1)

Compound 1, Ca(H,NTTB)(DMA),, was synthesised via
a solvothermal method wusing a solvent mixture of
N,N-dimethylacetamide (DMA) and water in a 9:1
volume ratio. Calcium nitrate was employed as the calcium
precursor, with a molar ratio of 2:1 between the precursor
and the ligand, H,NTTB. The synthesis was conducted at
125 °C for 6 hours.

Compound 1 crystallises in the monoclinic space group
C2/c. The structure consists of mononuclear SBUs featuring
six-coordinate calcium centres. Each calcium centre is
coordinated in an octahedral geometry, forming [CaOg]
polyhedra that act as 4-connected nodes with the trans
position occupied by two DMA molecules. The [CaOg]
octahedron is slightly distorted, as evidenced by the variation
in Ca-O bond distances. The bond length for calcium
coordinated to DMA (2.30 A) is slightly shorter than that for
calcium coordinated to carboxylate groups (2.32 A), which
might be due to steric effects. The asymmetric unit consists
of half of the H,NTTB>" ligand. The complete ligand is
generated by a twofold rotation axis parallel to the b-axis at
coordinates (0, y, 1/4), combined with translations along the
a and c axes, corresponding to the operation (1 - x, y, 1.5 —
z). The single Ca SBUs are linked by H,NTTB>" ligands, with
two DMA molecules from the solvent coordinating to each
calcium centre, as depicted in Fig. 2a.

The framework, viewed along the c-axis (Fig. 2d), reveals
well-defined 1-D channels with a width of 17.5 A, measured
as the atom-to-atom distance, which can potentially
accommodate guest molecules or ions. These voids are filled
with coordinated DMA molecules. The coordination mode of
the H,NTTB>" ligand is shown in Fig. 3a. The tetratopic
ligands bind to the Ca centre in an n' mode. Two of the four
carboxylic groups (one crystallographically distinct carboxylic
group since the ligand is symmetrical) are deprotonated and
directly coordinated to calcium, contributing to the
formation of the Ca-O clusters. The remaining two carboxylic

CrystEngComm, 2025, 27, 2830-2840 | 2831
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Fig. 2 Crystal structure of compound 1, Ca(H,NTTB)(DMA),. (a) Coordination environment of the [CaO¢] centre (blue). (b) Overall framework
structure with isolated Ca®* ions depicted as blue polyhedra, viewed along the crystallographic a-axis. (c) Framework structure viewed along the
crystallographic b-axis. (d) Framework structure viewed along the crystallographic c-axis, highlighting the presence of channels within the
framework. The channel width is approximately 17.5 A, measured as the atom-to-atom distance.

(b)

Fig. 3 (a) The coordination mode of H,NTTB? in compound 1. (b) Definition of the dihedral angle ¢ between the planes of the carboxylphenyl

rings on the naphthalene ring for the acid form of the ligand.

groups, located on neighbouring phenyl rings (those at
positions 2,3), remain protonated as carboxylic acid groups,
stabilising the framework, Fig. 3a. Evidence for the
protonation of two of the carboxylic groups comes from
analysis of possible hydrogen bonding interactions: the
distance O2:--O4 between neighbouring ligand molecules is
2.45 A within the reasonable range of hydrogen bonded
distances found in carboxylic acids.>® Furthermore, the
intramolecular distances C16-02 = 1.26 A, and C17-04 = 1.28
A reveal that the proton is likely present on 04, such that the

2832 | CrystEngComm, 2025, 27, 2830-2840

two equivalent O3-C17-O4 groups are carboxylic while the
01-C16-02 are carboxylate.

The geometry of the ligand within the MOF structure can
be described by the dihedral angle ¢ between the planes of
the carboxylphenyl rings attached at adjacent positions on
the naphthalene ring (i.e. at positions 2,3 and at 6,7)
(Fig. 3b). In the crystal structure of the ligand (crystallised as
a solvate with dimethyl sulfoxide (DMSO) via intermolecular
hydrogen bonding: see Fig. S1, ESI}), the dihedral angle
between the carboxylphenyl rings is 64.97°. In comparison,

This journal is © The Royal Society of Chemistry 2025
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within the crystal structure of compound 1, the dihedral
angles are reduced to 52.31° for the deprotonated
carboxylphenyl groups and 55.13° for the protonated
carboxylphenyl groups, reflecting the influence of ligand and
framework constraints necessary to connect to the calcium
ions and establish the octahedral Ca centres.

Powder XRD analysis of compound 1 (Fig. 4a) confirmed
the material's phase purity. A Pawley fit was applied to the
powder pattern using the crystal structure determined from
single-crystal XRD, demonstrating excellent agreement with
the bulk sample. The observed preferred orientation in the
PXRD pattern (Fig. S2t) is attributed to the highly crystalline
nature of the material. The refined lattice parameters are
shown in Table S1.f TGA (Fig. 4b) in air of compound 1
showed an initial mass loss of 28% up to 300 °C, attributed
to the removal of coordinated DMA in Ca(H,NTTB)(DMA),
and adsorbed species in the channels and surface such as
moisture and volatile gases, exceeding the expected 18%
from the single crystal structure which may be due to extra
disordered solvent not located crystallographically, or surface
solvent. At approximately 350 °C, the thermal decomposition
of the organic linker results in a total mass loss of 61%, in
agreement with the theoretical value expected for the
formation of CaCO;.>° Above 600 °C, the decomposition of
CaCO; yields CaO as the final residue.

Synthesis and structure of Caz(H,NTTB)(NTTB),(H,0)s (2)

In comparison to compound 1, the synthesis of compound 2
used calcium chloride as the metal precursor instead of
nitrate salt, with the solvent system replaced by a mixture of
ethanol and water in a ~10:1 volume ratio. The reaction was
carried out at 130 °C and extended to 18 hours.

Single crystal X-ray analysis revealed that compound 2
crystallises in a triclinic symmetry, with the space group as
P1 and chemical formula Cas(H,NTTB)(NTTB),(H,0)s. The
crystal structure features calcium atoms arranged in an
infinite chain-like motif, as shown in Fig. 5a. These parallel
Ca chains are interconnected and bridged by H,NTTB*" and
NTTB*" ligands. A simplified wireframe representation of the
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structure is provided in Fig. 5d. Viewed along the b-axis
(Fig. 5b), the structure exhibits channels with a diameter of
10.6 A in atom-to-atom distance, between the calcium chains
within the framework.

In Fig. 6, the building units of the Ca chain within the
crystal structure compound 2 are depicted, revealing the
arrangement and coordination of calcium atoms in the Ca
chain with Ca-O-Ca connectivity. To simplify visualisation,
Fig. 6a omits bonded water molecules, focusing instead on
the bridging carboxylate oxygens.

The asymmetric unit consists of a [Cay(H,0),]*" dimer at
the core (Fig. 6a), formed by two six-coordinate calcium
atoms (Cal) bridged by two water molecules. This water-
bridging motif has been previously observed in other Ca
MOFs, such as Ca-BTC (BTC = 1,3,5-benzenetricarboxylate).*"
The dimer is further stabilised by intramolecular H-bonding
interactions.?” Specifically, the bridging water molecules form
H-bonds with neighbouring carboxylate oxygen atoms, with
an 04:--010 distance of 2.72 A. Each Cal is further
connected to a six-coordinate calcium atom (Ca3) through
two carboxylate groups. The Ca3 atoms coordinate to two
water molecules, which engage in potential intramolecular
hydrogen bonding with adjacent carboxylate groups, with
02--015 and O1---020 distances of 2.85 A and 2.97 A,
respectively. This completes the six-coordinate geometry of
Ca3. Additionally, each Ca3 connects to a distinct six-
coordinate calcium atom (Ca2) via three carboxylate groups.
The repeating sequence of the building unit within the chain
can be described as Ca3-Cal-Cal-Ca3-Ca2, forming the
continuous chain structure in the crystal lattice of
compound 2.

Fig. 6b and c illustrate the coordination of two distinct
types of carboxylate ligands to the calcium chain, each
contributing unique geometric and binding characteristics
to the structure. One linker, depicted in Fig. 6c, is half-
deprotonated, with its carboxylate groups adopting a p,-
n'm' binding mode. The remaining protonated carboxylic
acid groups do not participate in coordination but instead
form intermolecular hydrogen bonds with uncoordinated
water molecules in the channels. The dihedral angle

904 Ca(H,NTTB)(DMA), 97%

Ca(H,NTTB) 72%

Mass (%)
&

Ca0

T T T T T T T T T
100 200 300 400 500 600 700 800 900 1000
T(°C)

(a) Pawley fit of powder XRD pattern of 1 (Ca(H,NTTB)(DMA),). The data points are shown in black, the fitted pattern in red, the difference

curve in blue and the allowed tick positions in purple. The refined lattice parameters are shown in Table S1} (b) Thermogravimetric analysis of

compound 1 in air.
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Fig. 5 Crystal structure of compound 2, Cas(H,NTTB)(NTTB),(H,O)s, viewed along a (a), b (b) and c (c) crystallographic axes. (d) Shows the simplified

wireframe structure viewing along a axis.
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Fig. 6 (a) Local coordination of the Ca chain in compound 2. (b) Coordination mode of the fully deprotonated NTTB*" ligand. (c) Coordination

mode of the partially deprotonated H,NTTB?" ligand.

compared to 64.97° in the acid form of the ligand (DMSO

between the planes of the carboxylphenyl rings attached at

NTTB*", shown in Fig. 6b,

solvate). The other type of linker,

is 56.75°,

adjacent positions on the naphthalene core

This journal is © The Royal Society of Chemistry 2025
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is fully deprotonated and exhibit asymmetric coordination
modes to the calcium chains. One carboxylate adopts a pj;-
n'm? bridging mode, linking three calcium centres. Another
carboxylate shows an n> chelating mode, while two
additional carboxylates coordinate through p,m"“n' binding
modes. The dihedral angle between the carboxylphenyl
planes in the linker with pzn*n? and p,-n'm* modes is
55.19°, while the angle between the carboxylphenyl planes
in the linker with n* and p,-n'm' modes is 57.45°. These
subtle variations in dihedral angles suggest that
coordination interactions and framework constraints induce
slight adjustments in ligand geometry.

Powder XRD analysis of compound 2 (Fig. 7a) confirmed
the material's phase purity. A Pawley fit was made to the
pattern using the crystal structure determined from
single-crystal X-ray diffraction, demonstrating excellent
agreement with the bulk sample. Refined lattice parameters
are summarised in Table S1. The observed preferred
orientation in the PXRD pattern (Fig. S31) is attributed to the
highly crystalline nature of the material.

The TG curve of compound 2 measured in air is presented
in Fig. 7b, indicating that the framework is stable in air up to
300 °C. An initial mass loss is observed between 25 °C and

100 °C, likely due to the desorption water. Between
100 °C and 300 ©°C, further mass loss occurs,
corresponding to the removal of coordinated water

molecules. Above 300 °C, the TG curve reveals a two-step
decomposition of the NTTB ligands, consistent with an
expected total mass loss of approximately 60%. The observed
mass losses occur in a ratio of approximately 1:2, suggesting
sequential decomposition, where the half-deprotonated H,-
NTTB>" ligand decomposes first, followed by the fully
deprotonated form. The residual components decompose
further to form CaCOj;, which ultimately decomposes to CaO
at 650 °C. FTIR spectra (Fig. S9t) indicate differences in
carboxylate binding modes between compounds 1 and 2. The
bands for compound 2 are shifted to higher wavenumbers
compared to 1, suggesting changes in the carboxylate
environment. This shift, along with a more complex band
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structure, is consistent with the unsymmetrical binding
mode of the ligands in compound 2.

Synthesis and structure of Ca;(H,NTTB)(NTTB),(H,0); (3)

The synthesis of compound 3 used the same ethanol/water
solvent system as compound 2. However, 1 M HCI was added
to adjust the pH of the reaction mixture to approximately 2.
Additionally, the reaction temperature was reduced to 110 °C,
and the reaction time was extended to 48 hours.

The crystal structure of compound 3 is shown in
Fig. 8, with the chemical formula Cas(H,NTTB)(NTTB),(H,-

O);. The material crystallises in the triclinic system,
with space group P1. The calcium coordination
structure in  compound 3  deviates from  the

continuous chain arrangement in compound 2, exhibiting
a ‘disrupted’ chain configuration. As shown in Fig. 8a, this
motif consists of a sequence of four-calcium centres
interconnected via oxygen atoms from carboxylate groups,
forming an associated unit with Ca-O-Ca connectivity. In
contrast, a single, spatially separated calcium cation is
connected to this four-calcium unit through two
carboxylate oxygen bridges via p,n'm' coordination mode.
This isolated calcium cation is further coordinated to two
water molecules, completing its coordination environment.
The disrupted chain configuration creates a distinctly
different framework structure.

Fig. 9a shows the coordination unit of the calcium centres
through carboxylate oxygen bridges from the NTTB ligands.
Each calcium atom exhibits a six-coordinated environment,
with Ca-O bond distances ranging from 2.27 to 2.53 A. Within
this unit, the single cation unit Ca3 is capped by two molecules
of water. These water molecules engage in H-bonding
interactions with carboxylate groups in the framework, as
indicated by 03A-0135 and 0O3B-0227 distances of 2.80 A and
2.82 A, respectively. Cal, Ca2 and Ca5 each coordinate to one
water molecule, which serves as a hydrogen bonding donor,
interacting with multiple neighbouring carboxylate groups. The
O---O distances range from 2.90 A to 3.40 A, suggesting weak

Cay(H,NTTB)(NTTB),(H,0), 93%

Cas(H,NTTB)NTTB),  84%

Ca0 13%

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

(a) Pawley fit of powder XRD patterns of as-made sample of compound 2 (Cas(H,NTTB)(NTTB),(H,O)g). The data points are shown in black,

the fitted pattern in red, the difference curve in blue and the allowed tick positions in purple. The refined lattice parameters are shown in Table

S1:+ (b) Thermogravimetric analysis of compound 2 in air.

This journal is © The Royal Society of Chemistry 2025

CrystEngComm, 2025, 27, 2830-2840 | 2835


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00145e

Open Access Atrticle. Published on 31 March 2025. Downloaded on 10/22/2025 5:02:50 AM.

Paper

crystallographic axes.

(a)

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

[{ec

(c)

(b) (d)

View Article Online

CrystEngComm

W

R R
K &

Fig. 8 Crystal structure of compound 3, Cas(HoNTTB)(NTTB),(H,0)s. (a): [(Cas)'°*] building unit. Structure viewed along a (b), b (c) and c (d)

Fig. 9 (a): Coordination unit of the disrupted Ca chain in compound 3. (b) and (c): Coordination mode of the fully deprotonated NTTB* ligand.

(d): Coordination mode of the partially deprotonated H,NTTB?" ligand.

H-bonding interactions. These water molecules are oriented
toward the void spaces within the framework and could
therefore potentially be removed to create open metal sites on
the Ca ions.

This structure incorporates three distinct ligand types, each
displaying unique coordination modes. The NTTB*" ligand, as
shown in Fig. 9b, adopts four different carboxylate binding
modes with calcium centres: 7' mono-donor coordination, p,-

2836 | CrystEngComm, 2025, 27, 2830-2840

n'm" bridging, p;n'm?* bridging, and p,m>n* chelating and
bridging. Notably, the latter coordination mode is exclusive to
this material and not observed in the other two structures. The
dihedral angles between the carboxylphenyl planes in the
linker vary depending on the binding modes: 60.73° for the ps-
n*'m? and p,-n*n* modes, and 59.62° for the n* and u,-n'm*
modes. Another ligand, depicted in Fig. 9c, adopts a
centrosymmetric  coordination mode involving p,m'm'

This journal is © The Royal Society of Chemistry 2025
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bridging and p,n*n' chelating and bridging modes, with a
dihedral angle of 51.53° between the carboxylphenyl planes.
This value represents a significant deviation from the pristine
H,NTTB ligand's dihedral angle of 64.97°, highlighting the
structural constraints imposed by the ‘disrupted’ chain
configuration. Lastly, the partially deprotonated H,NTTB*
ligand, shown in Fig. 9d, features p,m"m' and n' binding
modes, while retaining uncoordinated protonated oxygens
(020). These uncoordinated oxygens engage in hydrogen bonds
linking the nearby carboxylate groups, with an 020---0301
distance of 3.07 A. The dihedral angle between the
carboxylphenyl planes in this ligand is 54.39°.

The phase purity of compound 3 was determined through
PXRD analysis (Fig. 10a). Pawley refinement against the
PXRD data, based on the single-crystal X-ray structure,
showed strong consistency in lattice parameters with the
bulk material, confirming its crystalline uniformity. Refined
lattice parameters are summarised in Table S1.f The FTIR
spectrum (Fig. S97) of compound 3 is similar to compound 2,
consistent with their similar carboxylate binding modes. The
TG curve (Fig. 10b) of the as-synthesised compound 3 is
similar to that of compound 2. Decomposition begins at
approximately 300 ©°C, displaying a two-step ligand
decomposition in a mass loss ratio of approximately 1:2.
This indicates the sequential decomposition: the half-
deprotonated H,NTTB?" ligand decomposes first, followed by
the fully deprotonated NTTB*™ ligand. Notably, the total mass
loss attributed to ligand decomposition is 61%, lower than
the theoretical value of 74% calculated for the idealised
chemical formula. This discrepancy is likely due to missing
ligand defects,** which is commonly observed in other MOFs,
such as Ui0-66," where structural imperfections can exist
while maintaining the overall framework integrity.

Discussion

The structural diversity of calcium-based MOFs incorporating
tetracarboxylate linkers 1is largely influenced by the
coordination modes of calcium centres and linker

(a)
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1 Structure 3 tick marks
—— Difference

Intensity (a.u.)

W

LA L T )
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2 theta (°)
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Fig. 10
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conformation as well as the synthesis conditions. Table 1
previously reported Ca-MOFs with
tetracarboxylate ligands, showing variations in SBU types and
dimensionality. The molecular  structures of the
corresponding linkers are shown in Fig. S10.f

Most Ca-MOFs with tetracarboxylate
polynuclear clusters or extended chain structures, where
oxygen atoms are frequently shared between calcium cations
rather than forming isolated SBUs. Examples include
tetrameric Ca 0,; SBUs in [Ca,(H,SBF-TC)(DMF),]-2DMF,>®
trimeric Ca;0y4 units in Caz;(HATPTC),(DMF);,>” and infinite
calcium chains in Ca,(QPDC)*° and Ca;(HTCPP),.*" Binuclear
Ca,0;, motifs are also seen in Ca,(DBBD)(H,0),(DMF) and
Ca,(EDDA)(H,0),(DMA).>° In these structures, bridging or
coordination water to calcium cations are often observed,
likely due to the high hydration energy of the Ca>".** Notably,
isolated [CaOg¢] units are rare and have only been achieved
under specific solvent conditions. To the best of our
knowledge, mononuclear [CaOg] is only observed in Ca(H,TCPB)
when ethanol is used as the sole solvent, without water.
Additionally, in [Ca(H,BDCPO)(DMA),]-2DMA, the [CaOs] unit
is stabilised by coordination with two DMA molecules, a
coordination ~ mode  that is also  observed in
compound 1.

Ca MOFs incorporating linkers with phenylcarboxylate
groups exhibit significant conformational flexibility, where
variations in the dihedral angles of the adjacent
phenylcarboxylate planes influence metal coordination and
overall assembly. Replacing H,TCPB' (benzene core) with
H,TCPP*' (pyrazine core) results in distinct frameworks:
Ca(H,TCPB) (dihedral angle ¢ = 52.41°) features a rigid
benzene core, whereas Caz;(HTCPP), (p; = 55.51°, ¢, = 63.93°),
displays non-planar phenylcarboxylate configurations.

Solvent selection critically influences calcium coordination
and framework assembly.>****> In this study, we studied the
formation of three distinct Ca-MOFs from the same
tetracarboxylate  linker, demonstrating how  solvent-
dependent variations govern metal-ligand interactions and
structural outcomes. Compound 1, synthesised in a DMA/

summarises

linkers feature

 _ _CaHNTTB)NTTBL(H,0);  __ 96%)
87%

Cay(H,NTTB)(NTTB),

T T T T T T T
0 100 200 300 400 500 600 700 800
T(°C)

(a) Pawley fit of powder XRD patterns of as-made sample of compound 3 (Cas(H,NTTB)(NTTB),(H,0)s). The data points are shown in

black, the fitted pattern in red, the difference curve in blue and the allowed tick positions in purple. (b) Thermogravimetric analysis in air of

compound 3.
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Table 1 Summary of reported calcium-based MOFs with tetracarboxylate linkers (see Fig. S51 for the definitions of the ligands)

Formula SBU type Dimensionality Ref.
[Ca,(MDIP)(H,0),]-CH;0H-4H,0 Extended chain 2D 35
[Ca,(H,SBF-TC)(DMF),|-2DMF [Ca,0,4] tetramer 3D 36
[Ca3(HATPTC),(DMF);] [Caz044] trimer 2D 37
Ca(H,PZTC)(H,0); Isolated [CaO,N,] 1D 38
[Ca,(BIPA-TC)(DMF),]-2DMF Extended chain 3D 27
[Ca,(EDDA)(H,0),(DMA)]-:3H,0 [Ca,04,] dimer 3D 39
Ca,(EDDA)(H,0)(DMF) [Ca,0,6] tetramer 3D 26
[Ca,(DBBD)(H,0),(DMF)]-2DMF-H,0 [Ca,0,,] dimer 3D 39
Ca,(QPDC) Extended chain 3D 40
Ca(H,TCPB) Isolated [CaOg] 3D 10
Caz(HTCPP), Extended chain 3D 41
[Ca(H,BDCPO)(DMA),]-2DMA Isolated [CaOg] 2D 42
Ca(H,NTTB)(DMA), Isolated [CaOg] 3D This work
Cas(H,NTTB)(NTTB),(H,0)s Extended chain 3D This work
Cas(H,NTTB)(NTTB),(H,0)s5 Disrupted chain 3D This work

water mixture, features calcium centres capped by DMA
molecules, preventing aggregation into polynuclear clusters.
This results in a framework characterised by discrete [CaOg]
units and improved thermal stability evidenced by TGA.
Amide solvent is frequently observed coordinating to metal
nodes in MOFs, through its oxygen atom.*®*” This
coordination restricts ligand flexibility, reducing its dihedral
angle to 52.31° from 64.97° in the free ligand. It is notable
that the hydrolysis’®*® of DMA under solvothermal
conditions may also contribute to framework modulation
(crystal size and phase control) through in situ formation of
acetic acid®® and dimethylamine.”

In compound 2, the ethanol/water system facilitates the
formation of infinite calcium chains, interconnected via
bridging ligands and water molecules with intramolecular
hydrogen bonding, resulting in a highly connected
framework. Ethanol's lower polarity and weaker coordination
strength favour extended interactions between calcium ions
and carboxylate ligands. The NTTB* ligand adopts larger
dihedral angles (55.19-57.45°), reflecting enhanced
conformational flexibility. In compound 3, the introduction
of 1 M HCI (pH ~ 2), alters ligand protonation, leading to a
distinctive arrangement where four calcium centres form a
partially continuous chain bridged to an isolated Ca cation.
This structure exhibits the broadest range of dihedral angles
(51.53-60.73°), highlighting increased ligand adaptability
under acidic conditions.

Conclusions

This study illustrates the importance of solvent selection on
the structural assembly of calcium-based MOFs with a
tetratopic carboxylate ligand. By varying the solvent system
and reaction conditions, three distinct frameworks are
synthesised, whose metal centres range from isolated calcium
nodes to continuous and partially disrupted chains that lead
to various possible modes of connection of carboxylate
ligands. These structural variations show diverse binding
modes and geometry of the carboxylate ligands,

2838 | CrystEngComm, 2025, 27, 2830-2840

demonstrating the critical role of solvent composition,
polarity, and pH in controlling the coordination of calcium
ions and the overall framework topology. These results will
contribute towards design principles for future discovery of
MOF structures with complex ligands. Mapping the
relationships between structural chemistry and synthesis
conditions provides reference data for computational models
and machine learning approaches, which might allow
prediction of synthesis conditions for frameworks with
desired characteristics.

Experimental methods
Synthesis

Synthesis of 4,4',4" 4"-(naphthalene-2,3,6,7-tetrayl)
tetrabenzoic acid (H,NTTB) was performed in the same way
with similar yield as described in the literature.”®
Monocrystals suitable for X-ray diffraction were obtained by
diluting 10 mg of H,NTTB in 0.5 mL of DMSO and then
adding 0.3 mL of tetrahydrofuran (THF). After a few weeks,
colourless crystals of the DMSO solvate of the ligand were
obtained.

Synthesis of compound 1. The synthesis procedure is
based on a method reported for a porous MOF of calcium
and another polycarboxylate ligand, 2,4,5-tetrakis(4-
carboxyphenyl)-benzene.*® 0.0304 g (0.05 mmol) of the ligand
H,NTTB and 0.0236 g (0.1 mmol) of Ca(NO3),-4H,0 were
added into a 20 mL Teflon™ liner. Subsequently, 4.5 mL of
dimethyl formamide (DMA) was introduced to the mixture,
followed by stirring at room temperature for 15 minutes.
Afterwards, 0.5 mL of water was added, and stirring was
continued for 5 minutes. The resulting mixture was then
transferred to a steel autoclave, which was placed in an oven.
The temperature inside the oven gradually increased at a rate
of 0.5 °C min™" until it reached 125 °C. The autoclave was
maintained at 125 °C for 6 hours. Then, the oven was cooled
down at a rate of 0.5 °C min™' until it reached room
temperature. Colourless crystals were obtained and dried in
an oven at 70 °C overnight.

This journal is © The Royal Society of Chemistry 2025
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Synthesis of compound 2. 0.0304 g (0.05 mmol) of H,-
NTTB and 0.0135 g (0.25 mmol) of CaCl, were added to a 20
mL Teflon™ liner. Then, 6.4 mL of ethanol and 0.6 mL of
water were added to the reagents as solvent. The resulting
solution was thoroughly mixed by stirring for 15 minutes.
Afterwards, the container was sealed in a steel autoclave and
placed in an oven and heated to 130 °C with a heating rate of 0.5
°C min". The solution was maintained to react at 130 °C for 18
hours. Then the autoclave was cooled to room temperature at a
rate of 0.5 °C per minute. Colourless crystals were obtained. To
remove any residual moisture, the product was further dried in
an oven at 70 °C overnight.

Synthesis of compound 3. 0.0304 g (0.05 mmol) of H,-
NTTB and 0.0198 g (0.083 mmol) of Ca(NO;),-6H,0 were
added to a 20 mL Teflon™ liner. To this, 9.6 mL of ethanol,
0.8 mL of water, and 0.1 mL of 1 M HCI were added. The
resulting solution was thoroughly mixed by stirring for 15
minutes to ensure complete homogeneity. The Teflon™ liner
was sealed in a sealed autoclave and placed in the oven, with
a heating rate of 0.5 °C per minute, until it reached a
temperature of 110 °C. The solution was then maintained at
110 °C for 48 hours before the autoclave was cooled down to
room temperature at a cooling rate of 0.5 °C per minute. The
obtained crystals were dried at 70 °C overnight.

Characterisation

The crystal structures of all compounds were determined by
single crystal X-ray diffraction.

For H,NTTB(DMSO),, single-crystal X-ray intensity data
collection was carried out at room temperature with a
four-circle kappa-axis Bruker D8 Venture diffractometer
equipped with Mo wavelength X-ray microsource and
photon IIT C14 detector.

Due to the small size of the crystals of compound 1, the
X-ray data acquisition was performed at SOLEIL synchrotron
by using the PROXIMA 2A beamline equipped with a micro-
focused beam.

For compounds 2 and 3 a crystal was placed on a
Rigaku  Oxford Diffraction Synergy-S diffractometer
equipped with a dual radiation source and a hybrid pixel
array detector. Data collection was conducted at a
temperature of 100(2) K. The structure was solved using
intrinsic phasing with the ShelXT** structure solution
program and refined wusing the ShelXL refinement
package, employing least-squares minimisation within the
Olex2 (ref. 53) software environment.

During crystal structure analysis the SQUEEZE process™
was used to eliminate the contribution of disordered solvent
to the calculated structure factors for H,NTTB(DMSO), and
compounds 1 and 3. For compound 3 we were only able to
locate hydrogen atoms on bound water O3B which are
hydrogen bonded to neighbouring ligand carboxylic oxygens.
The remaining metal bound water molecules are likely
hydrogen-bonded to the disordered waters in the voids that
have not been located and so the correct position of their

This journal is © The Royal Society of Chemistry 2025
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hydrogens cannot be deduced, so these were left as oxygen
atoms in the final refined crystal structure.

Powder XRD measurements were performed at room
temperature using a 3rd generation Malvern Panalytical
Empyrean diffractometer equipped with multicore (iCore/
dCore) optics and a Pixcel3D detector operating in 1-D
receiving slit mode. The radiation source was a Cu tube
emitting Cu Ko, rays with an average wavelength of 1.5418
A. Powder XRD data were analysed by fitting the diffraction
profiles using the GSAS software suite,>® using Pawley method
to refine peak shape parameter and lattice parameters.

TGA was conducted using a Mettler-Toledo TGA/DSC1
instrument under an air atmosphere with a heating rate of 5
°C per minute.

Data availability
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crystallographic data for this paper.
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