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1 Introduction

1.1 Linear organic linkers in coordination polymers and

metal-organic frameworks
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Acetylenedicarboxylate as a linker in the
engineering of coordination polymers and metal-
organic frameworks: challenges and potential

Tobie J. Matemb Ma Ntep, (2 *? Verena K. Gramm,® Uwe Ruschewitz {2 ** and

Christoph Janiak (2@

Despite its simplicity as a short and rod-like linear linker, acetylenedicarboxylate (ADC) has for a long
time been somewhat overlooked in the engineering of coordination polymers (CPs) and especially in the
construction of porous metal-organic frameworks (MOFs). This situation seems to be stemming from the
thermosensitivity of the free acid (H,ADC) precursor and its dicarboxylate, which makes the synthesis of
their CP- and MOF-derivatives, as well as the evacuation of guest molecules from their pores, challenging.
However, an increasing number of publications dealing with the synthesis, structural characterization
and properties of ADC-based CPs and MOFs, disclose ways to tackle this obstacle. In this regard, using
mostly room temperature solution synthesis or mechanochemical synthesis, and very rarely solvothermal
synthesis, the ADC linker has successfully been used to form one-, two-, and three-dimensional CPs with
metal cations from almost all groups of the periodic table of the elements, whereby its carboxylate groups
adopt mainly all types of known coordination modes. ADC-based CPs feature properties, including
negative thermal expansion, formation of non-centrosymmetric networks, long-range magnetic ordering,
and solid-state polymerization. The first ADC-based microporous MOFs were obtained with Ce(v), Hf(iv)
and Zr(v), in which the presence of the —C=C- triple-bond within their backbone results in high hydro-
philicity, high CO, adsorption capacity and enthalpy, as well as the uptake of halogen vapors. This
discloses the potential of ADC-MOFs for gas storage/separation and water adsorption-based applications.
Furthermore, H,ADC/ADC was discovered to undergo facile in situ hydrohalogenation to yield halogen-
functionalized fumarate-based CPs/MOFs. This review surveys investigations on ADC-based coordination
polymers and metal-organic frameworks, and is intended to stimulate interest on this linker in chemists
working in the fields of crystal chemistry or materials science.

dioxide capture,” gas separation,® catalysis,” adsorption-driven
heat transformation,'®' water harvesting from air,"* and
sensing.'>'* Besides the important role of the metal center in
CPs and MOFs, the connectivity, geometry, size, and rigidity/

Coordination polymers (CPs) and metal-organic frameworks
(MOFs) are coordination-based compounds, which are obtained
by connecting metal centers or metal-containing clusters with
polytopic organic ligands also known as linkers.' The span of
structural diversity and interesting properties featured by CPs
and MOFs has made this class of materials the focus of intense
research investigations for their potential application in an array
of fields including hydrogen and methane storage,’® carbon
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flexibility of the linker also play a decisive role in defining the
topology, dimensionality, and pore metrics of the obtained
framework, while its functionality directs to the properties of
the produced material.">® In this regard, linear ditopic linkers
of different lengths and especially dicarboxylates have played a
major role in the development of the rational design and
synthesis of these materials, a concept which is also referred
to as reticular chemistry."”'® Most isoreticular MOF families
including IRMOF, UiO and MIL-53 series are constructed from
metal cluster nodes, the so-called secondary building units
(SBUs), with linear dicarboxylate linkers such as terephthalate
(benzene-1,4-dicarboxylate, BDC), fumarate (Fum), biphenyl-4,4’-
dicarboxylate (BPDC), naphthalene-2,6-dicarboxylate (NDC), 2,2
bipyridine-5,5’-dicarboxylate (BPyDC), etc. (Scheme 1).*°>

This journal is © The Royal Society of Chemistry 2022
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Scheme 1 Some linear dicarboxylate linkers used in the construction of
CPs and MOFs. Each of these linkers has a doubly-negative charge. Better
designations would be Fum?~, ADC?~, etc. For better readability we omit
the charge in the text.

In this context, acetylenedicarboxylate (ADC) is the simplest
and shortest straight linear alkyne-based dicarboxylate linker.
However, for a long time ADC has surprisingly been used only
to a comparatively small extent in the engineering of CPs and
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especially MOFs. A search in the MOF-subset®*>* of the
Cambridge Crystallographic Database (CSD, Version 5.43
November 2021) shows 3039 entries of MOFs/CPs with the
linker BDC, 652 entries with BPDC, 551 entries with Fum and
only 105 entries of MOFs/CPs with ADC as the linker. The
reason for the low occurrence of ADC-based CPs and MOFs
might be understood from the physico-chemical properties,
in particular the low thermal stability of acetylenedicarboxylic
acid, which makes its use in hydro-/solvothermal syntheses
difficult,® as outlined in the next section.

1.2 Physical and chemical properties of acetylenedicarboxylic
acid

Acetylenedicarboxylic acid or butynedioic acid (H,ADC) is an
alkyne-based dicarboxylic acid of formula H,C,0, or HOOC-
C=C-COOH. H,ADC can be partially dissociated into its
monovalent anion hydrogenacetylenedicarboxylate, HC,0,"
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and refining crystal structures from powder diffraction data.
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Scheme 2 Dissociation and decarboxylation reactions of acetylenedicar-
boxylic acid and its ions.

(HADC), or into the acetylenedicarboxylate dianion, C,0,>~
(ADC) (Scheme 2). The two dissociation constants in water
are pK, = 0.656 and pK,, = 2.336 at 25 °C, respectively, which
classify H,ADC as a medium to strong acid (¢f. pK,(HSO, ) =
1.96, pK,(HsPO,) = 2.16, and pK,(HF) = 3.18).° H,ADC and
its deprotonated forms have been reported to undergo slow
decarboxylation in aqueous solutions to propiolic acid. The
decarboxylation rate increases with temperature (Scheme 2)
and is facilitated by the fact that the -COOH groups are bound
to the unsaturated acetylenic carbon atoms. Remarkably, the
mono-deprotonated hydrogenacetylenedicarboxylate monoanion
decarboxylates faster than acetylenedicarboxylic acid, while the
doubly deprotonated acetylenedicarboxylate dianion decarboxy-
lates slower than the free acid.”

H,ADC can be synthesized in a two-step procedure consisting
of a twofold elimination of hydrogen bromide from meso-
dibromosuccinic acid, when treated with a concentrated ethanolic
solution of potassium hydroxide. The obtained dipotassium
acetylenedicarboxylate is then protonated by a concentrated sul-
furic acid solution to yield a white to beige-colored microcrystal-
line powder of acetylenedicarboxylic acid (Scheme 3).*® In another
method, H,ADC is obtained by reacting acetylene with carbon
dioxide in the presence of a silver or cupric salt and an amine
base.*

H,ADC is highly soluble in water, alcohols and most organic
solvents. The acid melts at about 191 °C, and then immediately
starts to decompose (Fig. 1(a) and (b)).*° Its *C NMR spectrum
shows two peaks at about 156 ppm and 76 ppm, corresponding
to the carbon atom of the carboxyl group and the acetylenic
part, respectively (Fig. 1(c)).>* The C=C bond stretching
vibration is symmetry forbidden in IR spectroscopy and

H Br KO 0
H°°C7—"" +4KoH —f pa——
‘COOH Reflux -
Br H —2KBr [e) OK
H* ¢ -2K*
HO (0]
(0] OH
Scheme 3 Reaction for the synthesis of H,ADC from meso-

dibromosuccinic acid.
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displays therefore no band in the IR spectrum (Fig. 1(d)).*?
The triple bond is revealed by Raman spectroscopy, which
displays a characteristic strong band at about 2225 cm™*
(Fig. 1(e)).*® At present, the origin of the two bands for the
triple bond stretch is not fully clear. A suggestion was put
forward that, since the compound is very hygroscopic, partial
water absorption with hydrogen bonding to the -COOH groups
will change the C=C stretching frequency.**

With its short, rigid, linear, hydrogen-free C, carbon back-
bone with d(C-C-C-C) of about 4.1 A, acetylenedicarboxylate is
among the simplest linear carboxylate-based ligands that could
be used to construct CPs and MOFs. Its two carboxylate groups
can adopt all relative torsion angles ranging from coplanar to
perpendicular arrangements (Fig. 2(A)), while adopting various
coordination fashions known for carboxylates (Fig. 2(B)).*>3°
The oxalate dianion is an even simpler linker, but adopts
particular coordination modes (mostly chelating, perpendicular
to the C-C axis), which do not yield isoreticular MOFs.*”*®

1.3 Scope of this review

The present review is a survey of coordination polymers and
metal-organic frameworks, based on the ADC linker. Particular
attention has been given to the synthesis conditions and
challenges to form and isolate such ADC-based networks, as
well as structural features and distinct properties emanating
from the presence of ADC in the materials. Our focus is on
reports of homoleptic CPs and MOFs containing ADC as the
sole organic linker. ADC-based molecular complexes, supra-
molecular networks, and the about 35 ADC-based networks
containing additional linkers are therefore out of the scope of
this work. The first part is dedicated to non-porous ADC-based
coordination polymers, which we have classified according to
the element group of the incorporated metal cation. The second
part presents ADC-based metal-organic frameworks, first with
potential porosity and second with experimentally assessed
porosity. For the latter, sorption data of corresponding materials
are provided. The third part presents the specific properties of
ADC-based CPs and MOFs, which are derived from the presence
of the ADC linker, that is, its shape and the presence of an
acetylenic function within its backbone. Finally, the conclusion
provides guidelines for future studies with this linker in the
context of materials and structural chemistry.

2 Non-porous
acetylenedicarboxylate-based
coordination polymers

Coordination polymers based on the ADC linker have been well
documented with compounds constructed by using metals
from all groups of the periodic table of the elements. The first
coordination polymers (CPs) with ADC as the linker were
published by Robl and Hentschel in 1990.>°%° Afterward,
numerous publications on CPs with this linker were presented
by one of our research groups (the Ruschewitz group), which
did a systematic investigation of ADC’s coordination behavior

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Thermogravimetric curve under air, (b) differential scanning calorimetry (DSC) curve, (c) **C NMR spectrum in D,O, (d) FT-IR spectrum and
(e) Raman spectrum of H,ADC. Adapted from ref. 30—-33 with permission of Elsevier, copyright 1987; copyright 2014 and permission of John Wiley &

Sons, copyright 2021.

with metal cations of all elements found in the periodic table.
In all these studies to which other groups also contributed,
including results using monovalent, divalent, trivalent (Bi(mr))
and hexavalent (U(v1)) metals, the formation of non-porous CPs
was basically observed. Only for the divalent Zn(u) cation was
the successful synthesis of porous MOFs reported for the first
time in these early investigations (vide infra).

2.1 Non-porous ADC-based CPs with alkali metal cations

The monovalent alkali metals Li*, Na* and K" have been used to
generate ADC-based coordination polymers. The three reported
ADC-based CPs with alkali metals were obtained by reacting
H,ADC with LiOH, Na,COj;, and KOH, respectively, in water
at room temperature, followed by slow evaporation of the
solvent to yield single crystals of the compounds with for-
mulae [Li,(ADC)(H,0),], [Nay(ADC)(H,0),] and [K,(ADC)(H,O)],
respectively.*"** In the crystal structure of [Li,(ADC)(H,0),], there
are two crystallographically independent Li atoms both coordi-
nated by four oxygen atoms forming distorted LiO, tetrahedra.
One Li atom is coordinated by one water molecule and three
carboxylate groups of three different ADC ligands, whereas the
other Li atom is coordinated by two water molecules and two
carboxylate groups of two different ADC ligands. One of these
water molecules exhibits a terminating coordination, while the
other bridges two Li atoms (Fig. 3(a)). Each ADC ligand bridges

This journal is © The Royal Society of Chemistry 2022

five Li atoms, whereby one of its carboxylates bridges two Li atoms
in a syn-anti-u,-n"m"' mode and the other carboxylate bridges
three Li atoms in a p;n*n" mode (Fig. 3(b)). Thus, four corner-
sharing LiO, tetrahedra form tetranuclear ring units (Fig. 3(a)),
which are interconnected by ADC linkers into a three-dimensional
framework structure (Fig. 3(c) and (d))."*

Interestingly, heating [Li,(ADC)(H,0),] at 140 °C for 2 h
yields the new coordination polymer [Li,(ADC)] as the first reported
anhydrous alkali metal acetylenedicarboxylate. [Li,(ADC)] has an
entirely different structure compared to [Li,(ADC)(H,0),], with the
Li atom being in this case coordinated by four oxygen atoms of four
carboxylate groups from four different ADC linkers (Fig. 4(a)). Each
ADC ligand bridges eight Li atoms, that is, each of its carboxylates
coordinates in the j1;-n*n> mode. Each oxygen atom connects two
Li atoms, thus forming chains of edge-sharing LiO, tetrahedra
(Fig. 4(b)). These chains are arranged in layers alternatively
perpendicular to each other (Fig. 4(c)), which are connected by
ADC linkers into a three-dimensional framework (Fig. 4(d)).
[Li,(ADC)] is thermally stable up to 360 °C.*!

In the structure of [Na,(ADC)(H,0),], the sodium atom is
coordinated octahedrally by three water molecules (03, O4) and
three oxygen atoms (021, 022) of carboxylate linkers from three
different ADC linkers (Fig. 5(a)). Two water molecules (03)
bridge two Na atoms each, while the third water (O4) molecule
exhibits a terminating coordination. One oxygen atom of the

Chem. Commun., 2022, 58, 8900-8933 | 8903
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Fig. 2 (A) Two possible conformations of the acetylenedicarboxylate

linker. Reproduced from ref. 50 with permission of Wiley & Sons, copyright
2020. (B) Types of coordination modes of carboxylate groups in the
acetylenedicarboxylate dianion to metal cations (M"*) (for simplicity, only
the coordination of one carboxylate is depicted; the two carboxylate
groups can differ in their coordination modes): (a) monodentate syn
1 n° mode, (b) monodendate anti n¥:n° mode, (c) bidendate syn—syn
n-ntm! mode, (d) chelating nt:n! mode, () monodentate yz-1*n1° mode
(f) bridging bidentate ps-n*n® mode, (g) bidentate bridging ps-n%mn?
mode, (h) chelating bridging ps-n?mn2 mode, (i) monodentate ©-complex,
and (j) chelating bridging ps-n*n?>.
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Fig. 3 Crystal structure of hydrated lithium acetylenedicarboxylate
[Lio(ADC)(H20),] showing: (a) the tetranuclear ring unit of corner-sharing
LiO4 tetrahedra, (b) the coordination mode of the ADC linker and (c) and
(d) the three-dimensional packing of the framework viewed along the
[010] and [100] directions, respectively. Graphics redrawn from the cif file
(CSD-Refcode ICUDOC). 4

carboxylate group of ADC (022) also bridges three Na atoms,
whereas the second oxygen atom of the carboxylate group (021)
is non-coordinating. That is, ADC coordinates in a pz;-n*mn°

8904 | Chem. Commun., 2022, 58, 8900-8933
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Fig. 4 Crystal structure of anhydrous lithium acetylenedicarboxylate
[Lio(ADC)] showing: (a) the coordination environment of the Li atom, (b)
the chains of infinite edge-sharing LiO4 tetrahedra, (c) the coordination
mode of ADC connecting the alternatively perpendicular chains and (d) the
three-dimensional packing of the framework viewed along the [100]
direction. Graphics redrawn from the cif file (CSD-Refcode ICUHIA).*

mode with each of its carboxylate groups (cf. Fig. 2B(e)), which
results in NaOg octahedra being interconnected into chains
along the b-axis (Fig. 5(b)). These chains are linked by ADC into
sheets, which are held together by hydrogen bonds (Fig. 5(c)
and (d)).**

In the structure of [K,(ADC)(H,O)], there are two crystal-
lographically distinct potassium atoms, which are both hepta-
coordinate. One K atom is coordinated by seven oxygen atoms
from a water molecule and five carboxylate groups of five
different ADC ligands, of which one carboxylate coordinates
in a chelating mode (Fig. 6(a)). The other K atom is coordinated
by two water molecules and four carboxylate groups of four

Fig. 5 Crystal structure of hydrated sodium acetylenedicarboxylate
[Nax(ADC)(H,0)4] showing: (a) the coordination environment of the Na
atom, (b) the coordination mode of ADC linkers and water oxygen atoms,
and (c) and (d) sheets from chains of NaOg octahedra connected by ADC
linkers. Graphics redrawn from the cif file (CSD-Refcode XADSAX).*?

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Crystal structure of hydrated potassium acetylenedicarboxylate
[K2(ADC)(H,0)] showing: (a) and (b) the coordination environment of the
two crystallographically distinct K atoms, (c) the coordination mode of the
ADC linker and water molecules, and (d) the complex three-dimensional
framework structure. Graphics redrawn from the cif file (CSD-Refcode
XADRUQ).*?

different ADC anions, of which again one carboxylate group
coordinates in a chelating fashion (Fig. 6(b)). Overall, each
water molecule bridges three K atoms and each ADC ligand
coordinates in a ps-n*n? mode with one carboxylate and in a
1y n*m? mode with the other carboxylate function (Fig. 6(c)),
thus yielding a complex three-dimensional framework structure
(Fig. 6(d)).**

2.2 Non-porous ADC-based CPs with alkaline-earth metal
cations

With the exception of radium, ADC-based compounds containing
alkaline-earth metals have been reported for all elements in this
group. Beryllium yielded a supramolecular network BeADC-4H,O
in which [Be(H,0),*" tetrahedra and planar ADC anions are
connected by strong asymmetric hydrogen bonds. This compound
will not be discussed further, as supramolecular networks are out
of the scope of this review.*> Magnesium, calcium, strontium and
barium yielded ADC-based CPs of respective formulae
[Mg(ADC)(H,0),], [Ca(ADC)], [Sr(ADC)] and [Ba(ADC)(H,0)].*>***

A hydrated magnesium acetylenedicarboxylate CP [Mg(ADC)(H,0),]
was obtained via a mechanochemical approach by grind-
ing Mg(CH;C00),-4H,0 with H,ADC in an agate mortar.*’
[Mg(ADC)(H,0),] was obtained as a microcrystalline powder
so its structure was solved and refined from the powder X-ray
diffraction data (PXRD). It should be noted at this point that the
mechanochemical synthesis is a very straightforward method to
obtain ADC-based compounds, since the possible thermally
induced decarboxylation of acetylenedicarboxylic acid by heat-
ing in solution is thereby avoided.**™**

This journal is © The Royal Society of Chemistry 2022
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a) ;“0‘9 b) 3\‘ a

structure  of

Fig. 7 Crystal magnesium  acetylenedicarboxylate
[Mg(ADC)(H,O),] showing: (a) the coordination environment of the
Mg atom, (b) the coordination mode of the ADC linker, and (c) and (d)
the three-dimensional packing of the framework viewed along the [100]
and [001] directions, respectively. Graphics redrawn from the cif file
(Refcode GUWWOL).*®

The Mg cation in [Mg(ADC)(H,0),] is coordinated
octahedrally by six oxygen atoms stemming from two water
molecules and the carboxylate groups of four ADC linkers
(Fig. 7(a)). The water molecules adopt a terminating coordina-
tion, while each carboxylate of the ADC linker bridges two Mg
atoms in a bidentate syn-anti-i,-n":n" mode (Fig. 7(b)) to yield
a three-dimensional framework structure (Fig. 7(c) and (d)). The
combined TGA and DTA revealed that the framework loses its
crystal water at ~150 °C and decomposition of the framework
started at about 200 °C.*>

Anhydrous calcium acetylenedicarboxylate of formula
[Ca(ADC)] was obtained via a similar mechanochemical
approach by grinding Ca(CH;COO), with H,ADC in an agate
mortar. Interestingly, [Ca(ADC)] is isotopic to [Sr(ADC)], which
will be described in detail below. Their structures consist of
three-dimensional frameworks, in which the Ca and Sr atoms
are arranged in a diamond-like topology.*> Unlike [Sr(ADC)],
[Ca(ADC)] features a very low thermal stability and starts
decomposing already at ~50 °C.

Strontium acetylenedicarboxylate of formula [Sr(ADC)] was
the first reported anhydrous ADC-based CP.** Single crystals of
[Sr(ADC)] formed at the phase boundary of an aqueous silica gel
containing H,ADC and an aqueous solution of SrCl,. In the
crystal structure of [Sr(ADC)], the Sr atom is eightfold-
coordinated by eight oxygen atoms of the carboxylate groups
of six ADC linkers with two of them coordinating in a chelating-
bidentate fashion (Fig. 8(a)). Each ADC linker bridges six Sr
atoms with their two carboxylate functions being perpendicular
to each other and coordinating in a chelating, bridging
pz-nm*%:n' mode (Fig. 8(b)). The resulting structure consists
of a three-dimensional framework, in which all ADC anions are
aligned along the [001] direction of the tetragonal unit cell. The
Sr atoms are arranged in a diamond-like topology (Fig. 8(c) and

Chem. Commun., 2022, 58, 8900-8933 | 8905
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Fig. 8 Crystal structure of anhydrous strontium acetylenedicarboxylate
[Sr(ADC)] showing: (a) the coordination environment of the Sr atom, (b) the
coordination mode of the ADC linker, (c) the three-dimensional packing of
the framework, and (d) the diamond-like arrangement of the strontium
atoms. Graphics redrawn from the cif file (CSD-Refcode XUKKETO01).**

D
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(d)). Remarkably, [Sr(ADC)] displayed a very high thermal
stability up to approx. 450 °C, which is very intriguing for a
compound based on the thermally labile ADC ligand. No clear
explanation for this observation has been given up to now.**
[Ba(ADC)(H,O)] was the first alkaline-earth metal acetylene-
dicarboxylate CP, reported by Robl et al in 1991.>° Single
crystals were obtained from slow diffusion when an aqueous
solution of Ba(NO3), and H,ADC was overlaid with isopropanol
at room temperature. Crystals grew at the phase boundary of
these two solutions. In the crystal structure of [Ba(ADC)(H,0)],

a) b) Ca
e, P
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> (':‘ ~ s
j‘?{i Feeg

4
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Fig. 9 Crystal structure of hydrated barium acetylenedicarboxylate
[Ba(ADC)(H,0)] showing: (a) the coordination environment of the Ba atom,
(b) the coordination mode of the ADC linker and (c) and (d) the three-
dimensional packing of the framework and the net of edge-sharing
polyhedra, respectively. Graphics redrawn from the cif file (CSD-Refcode
KIYJOR).*®
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the Ba atom is nine-fold-coordinated with oxygen atoms from
two water molecules and six carboxylate groups stemming from
six different ADC linkers, of which one carboxylate group is
coordinating in a chelating mode (Fig. 9(a)).

Each water molecule bridges two Ba atoms, while the ADC
linker bridges three Ba atoms with one of its carboxylate
functions in a chelating, bridging puz-n'm*n' mode and three
further Ba atoms with the other carboxylate group in a pz;-n*:n?>
mode, making the ADC linker bridge six Ba atoms in total
(Fig. 9(b)). This results in an intricate three-dimensional frame-
work made up of infinite chains of edge-sharing BaOy polyhe-
dra connected by ADC linkers (Fig. 9(c) and (d)).

The thermal stability of [Ba(ADC)(H,O)] was not clearly
stated. The authors only described the differential thermal
analysis (DTA), which showed an endothermic signal starting
at about 100 °C with a maximum of 160 °C. This was attributed
to the release of crystal water molecules, suggesting the probable
formation of an anhydrous [Ba(ADC)] CP. However, there was
apparently no attempt to investigate the possible formation of
such an anhydrous [Ba(ADC)] CP in this work. The authors also
mentioned two successive exothermic peaks occurring at higher
temperatures up to 500 °C without providing detailed thermo-
gravimetric or DTA data. The residue after heating to 500 °C was
identified as BaCO;.*° A few years later, it was shown that
anhydrous [Ba(ADC)] crystallizes isotypically to [St(ADC)], whose
crystal structure was described above.*’

2.3 Non-porous ADC-based CPs with rare-earth metal and
actinide cations

The only reported CP of ADC with a divalent rare-earth metal
cation is anhydrous europium(u) acetylenedicarboxylate of
formula [Eu(ADC)].>° [Eu(ADC)] is isostructural to [Sr(ADC)], that
is, its structure consists of a three-dimensional framework, in
which the Eu" atoms are arranged in a diamond-like topology
(vide supra). To date, all compounds with the general composi-
tion [M"(ADC)] crystallize in the SrADC-type structure, in which
M"Og polyhedra are connected by ADC linkers with both carbox-
ylate groups coordinating in a chelating, bridging p;-n*m*n’
mode. Each M"Og polyhedron shares edges with four neighbour-
ing M"Og polyhedra (Fig. 10(a)), while the carbon backbones of
all connecting ADC linkers are aligned parallel to each other
along the [001] direction of the tetragonal unit cell, yielding a 3D
framework structure, whose channels are filled with the carbon
atoms of the ADC linkers (Fig. 10(b)).>°

Unlike [Sr(ADC)] and [Ca(ADC)], anhydrous [Eu(ADC)] was
synthesized entirely in aqueous solutions containing EuBr, and
either K,ADC or H,ADC at room temperature. The former was
obtained by grinding K(CH3;COO) and H,ADC (ratio 2:1) in an
agate mortar. Degassed water was used and the reaction was
conducted under inert conditions (argon atmosphere) to pre-
vent the oxidation of Eu" to Eu'™. Very interestingly, [Eu(ADC)]
also displays a relatively high thermal stability like [Sr(ADC)]
with a decomposition temperature of 440 °C in argon (450 °C
for [Sr(ADC)]).** This seems to be a trend of ADC-based CPs
with the diamond-like arrangement of metal cations. However,
the low thermal stability of [Ca(ADC)] is in sharp contrast to

This journal is © The Royal Society of Chemistry 2022
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Fig. 10 (a) M"Og polyhedra and four edge-sharing neighbouring analo-
gues, and (b) the three-dimensional packing of polyhedra and linkers
found in the structure of ADC-based CPs with the formula [M"(ADC)],
exemplified here by [Eu'(ADC)]. Graphics redrawn from the cif file (CSD-
Refcode IHUCUM).*°

these findings. Furthermore, [Eu(ADC)] features a surprisingly
high chemical stability for a Eu"-containing compound,
manifested by no degradation after exposure to humid air for
several months.® Raman spectroscopic analyses of both
[Sr(ADC)] and [Eu(ADC)] were conducted to attest the presence
of the ADC linker in these compounds (Fig. 11),”° and therefore
ruling out a possible in situ transformation during CP for-
mation of the ADC linker e.g. into a fumarate-like linker via
hydrohalogenation (vide infra).

The only two reported ADC-based CPs with actinides are
based on uranium(vi). K(Hs0,)[UO,(ADC),(H,0)]-2H,0 and
Cs,[UO,(ADC),(H,0)]-2H,0 were obtained as single crystals
from aqueous solutions containing UO;, H,ADC and additionally
K,CO; and CsCOs,, respectively.>® Both compounds are built of
anionic [UO,(ADC),(H,O)*~ polymeric units, in which the ura-
nium coordination polyhedron is a pentagonal bipyramid con-
sisting of a uranyl ion (UO,>"), whose equatorial plane is formed
of one oxygen atom from the water molecule and four oxygen
atoms of the carboxylate groups of four ADC ligands (Fig. 12(a)).

Each carboxylate of ADC coordinates in a monodentate
fashion, such that each ADC bridges two U(vi) atoms, resulting
in one dimensional infinite anionic chains (Fig. 12(b) and (c)).

1 { I P P P T .

Raman intensity / a.u.

' l 15‘00 ' 20‘00

wavenumber / cm’
Fig. 11 Raman spectra of [EU"(ADC)] (red) and [Sr'(ADC)] (black), both
displaying the strong bands of —C= C-stretching vibrations of ADC at

~2250 cm™*. Reproduced from ref. 50 with permission of Wiley & Sons,
copyright 2020.
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Fig. 12 (a) Coordination environment of the U atom in the anionic
[UOA(ADC),(H,0)7~ polymeric chains, (b) coordination mode of the ADC linker;
the chain arrangements in the structures of (c) K(HsO2)[UOL(ADC),(H,0)]
viewed along [001] and of (d) Cs,[UO,(ADC),(H,O)] viewed along [100].
Graphics redrawn from the cif file which was provided by the author of ref. 51.

K" and Hs;0," are counterion species balancing the negative
charge of the anionic chain in the first compound, while in the
second compound, the charge of the anionic chain is balanced
by two Cs™ cations.>

2.4 Non-porous ADC-based CPs with d-block metal cations

Most reported non-porous ADC-based CPs were obtained from
divalent d-block metals. Manganese acetylenedicarboxylate of
formula [Mn(ADC)(H,0),] was the first reported d-block metal
ADC-based CP, published in 1990." [Mn(ADC)(H,0),] was
formed as single crystals at the boundary of an aqueous silica
gel containing H,ADC, overlaid with an aqueous solution of
Mn(NO;),. In the crystal structure of [Mn(ADC)(H,0),], the
Mn”" cation is octahedrally coordinated by six oxygen atoms,
of which four in the equatorial plan of the octahedron stem
from the carboxylate groups of four ADC linkers and two oxygen
atoms of the axial trans-positioned apices from connecting
water molecules. [Mn(ADC)(H,0),] is isotypic to the respective
magnesium compound [Mg(ADC)(H,0),], described earlier
(Fig. 7). Each ADC linker bridges four Mn*" cations, with each
carboxylate coordinating in a bidentate bridging syn-anti
Hn'n' mode, resulting in a three-dimensional framework
that can be regarded as layers of MnOs octahedra parallel
to the (011) plane, which are pillared by ADC linkers.
[Mn(ADC)(H,0),] is thermally stable up to about 200 °C.*° For
the isotypic magnesium CP a similar thermal stability was
reported.*

A cobalt acetylenedicarboxylate of formula [Co(ADC)(H,0),]-
(H,0), was also obtained as single crystals from a suspension of
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CoCO; in an aqueous solution containing H,ADC, followed
by slow evaporation of the solvent of the resulting solution.>
In the crystal structure of [Co(ADC)(H,0),]-(H,0),, Co®" cations
are octahedrally coordinated by four water molecules in the
equatorial positions and two axial trans-positioned oxygen
atoms from the carboxylate groups of two ADC linkers
(Fig. 13(a)). Each carboxylate group of the ADC linker coordi-
nates one Co”>* cation monodentately, leaving one oxygen atom
of the group uncoordinated (Fig. 13(b)). Each ADC ligand
therefore connects two CoOg octahedra, resulting in chains
that are held together by hydrogen bonds involving additional
water molecules (Fig. 13(c) and (d)). Remarkably, already under
ambient conditions [Co(ADC)(H,0),]-(H,0), loses four of its six
water molecules to yield a new CP of formula [Co(ADC)(H,0),],
which is isotypic to [Mn(ADC)(H,0),] and [Mg(ADC)(H,O),]
(see Fig. 7). That is, its structure is made up of CoO¢ octahedra
that are connected by ADC linkers into a 3D framework. Now, a
CoO¢ octahedron consists of four oxygen atoms from four
different ADC linkers and two oxygen atoms from two trans-
positioned water molecules (vide supra). [Co(ADC)(H,0),] is
thermally stable up to 200 °C, similar to the respective manga-
nese and magnesium CPs.>”

Similar to cobalt acetylenedicarboxylate, the Ni** cation also
yielded two ADC-based CPs with the formulae [Ni(ADC)(H,O),]
(H,0), and [Ni(ADC)(H,0),], which are isotypic to [Co(ADC)(H,0),]:
(H,0), and [Co(ADC)(H,0),], respectively.>® [Ni(ADC)(H,0),]-(H>0),
was formed as single crystals by reacting Ni(CH;COO),-4H,0
with an aqueous solution of H,ADC, followed by slow evaporation
of the solvent at room temperature. [Ni(ADC)(H,0),] was formed
as a microcrystalline powder, when heating [Ni(ADC)(H,O),]-
(H,0), at 100 °C under an argon atmosphere. [Ni(ADC)(H,0),] is
thermally stable up to 200 °C similar to the analogous magne-
sium, manganese, and cobalt CPs.”?

structure of

Fig. 13 Crystal cobalt acetylenedicarboxylate
[Co(ADC)(H,0)4]:(H20), showing: (a) the coordination environment of
the Co?* cation, (b) the coordination mode of the ADC linker, and (c)
and (d) the packing of the framework viewed along [100] and [001],

respectively. Graphics redrawn from the cif file (CSD-Refcode
WOZKOL).>?
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By reacting H,ADC with Zn(NO);-6H,0 in aqueous solution,
followed by slow evaporation of the solvent, single crystals of a
zinc acetylenedicarboxylate CP of formula [Zn(ADC)(H,0),]
were obtained.*® Again, [Zn(ADC)(H,0),] is isotypic to the
magnesium, manganese, cobalt, and nickel CPs described
above. Thus, these cations either form a hexahydrate of general
formula [M"(ADC)(H,0),]-(H,0), with a 1D polymeric structure
or a dihydrate of formula [M"(ADC)(H,0),] with a 3D frame-
work structure. The hexahydrate can be transformed into the
dihydrate by heating under the release of four water molecules.
However, the formation of an anhydrous CP by the release of
the remaining two water molecules is not possible, as decom-
position of the linker occurs. As expected due to the Jahn-Teller
effect, the Cu®** compound shows a different structural beha-
vior. The reaction of CuCl,-2H,0 with H,ADC in aqueous
solution, followed by slow evaporation of the solvent, yielded
blue single crystals of a CP with the formula [Cu(ADC)(H,0);]
H,O0. In its structure, Cu®" is surrounded by two monodentately
coordinating carboxylate groups of two different ADC ligands in
the trans position of the basal plane of a distorted square
pyramid, whose remaining sites are occupied by three water
molecules (Fig. 14(a)).>® This fivefold coordination of the
central Cu®* cation is noteworthy, as in all other CPs with
divalent d block metals discussed so far solely octahedral
sixfold coordination spheres were found. The CuOs polyhedra
are connected via the ADC linkers into linear polymeric chains
parallel to the [001] direction. These chains are held together by
hydrogen bonds including uncoordinated water molecules,
thus leading to a three dimensional structure (Fig. 14(b)). The
crystals of [Cu(ADC)(H,0);]-H,O decomposed slowly in air,
forming a black amorphous solid.>

It was demonstrated that two of the water molecules coordi-
nating the metal cation in [M"(ADC)(H,0),]-(H,0), (M" = Co,
Ni) and [Cu(ADC)(H,0)3]-H,O could be replaced by other small
donor ligands without changing the general topology of the
underlying structure of the CP. In this regard, by allowing
a slow diffusion of pyridine (Py) into an aqueous solution
containing the corresponding metal cations and H,ADC, single
crystals of CPs with the formulae [M"(ADC)(Py),(H,0),] (M" =
Co, Ni) and [Cu(ADC)(Py),(H,O)] were obtained, which are
structural analogues of [M"(ADC)(H,0),]-(H,0), (M" = Co, Ni)
and [Cu(ADC)(H,0);]-H,0, respectively.>® Accordingly, their

crystal structures consist of M"O, polyhedra, which are
-]
« b » » L Yy N
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Fig. 14 Crystal structure of copper acetylenedicarboxylate
[Cu(ADC)(H,0)3]-H,O showing: (a) the coordination environment of a
Cu?* cation and (b) two one-dimensional polymeric chains, which are held
together by hydrogen bonding. Graphics redrawn from the cif file (CSD-
Refcode MACGAZ).>®
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Fig. 15 Comparison of the coordination spheres of Co®* cations in the
crystal structures of (a) [Co(ADC)(H,0)4]-(H20),, (b) [Co(ADC)(H,0),l,
(c) [Co(ADC)(Py)>(H20),], and (d) [Co(ADC)(DMF),(H,O),l. Graphics
redrawn from the cif files (CSD-Refcode WOZKOL, PAGRAU, KIFNUJ and
ITICEU).#052.56.57

connected by ADC linkers into 1D polymeric chains. In
[M"(ADC)(Py),(H,0),] (M" = Co, Ni), the M>* cation is octahed-
rally coordinated by two axial oxygen atoms of the carboxylate
groups of two trans-positioned ADC linkers, whereas in the
equatorial plane two oxygen atoms of water molecules and two
nitrogen atoms of pyridine ligands, which are all positioned
trans to each other (Fig. 15(c)), complete the coordination
sphere. In the crystal structure of [Cu(ADC)(Py),(H,O)], the
Cu*" cation is fivefold coordinated by one axial water molecule,
and in the equatorial plane, by two oxygen atoms from the
carboxylate groups of two trans-positioned ADC ligands and two
nitrogen atoms of two also trans coordinating pyridine mole-
cules, thus forming a square pyramid (Fig. 16). It should be
noted that the aforementioned pyridine-containing CPs do not
contain any additional uncoordinated crystal water molecules,
unlike their pyridine-free analogues.>® This is obviously due to
the larger spatial requirements of pyridine compared to water.

The synthetic approach described above, was also applied to
the diffusion of pyridine into an aqueous solution containing
Fe>* and H,ADC, resulting in the formation of single crystals of
a CP with the formula [Fe(ADC)(Py),(H,0),], which is isotypic to
the respective Co™ and Ni" CPs.>® This confirms that ADC
exhibits the same coordination behavior for many divalent
first-row d-block metals (with the exception of copper) and
forms isotypic CPs for the whole series. However, no one-
dimensional Fe" ADC-based CP with the specific formula

coordination

Fig. 16 Cu?* sphere in the crystal structure of
[CU(ADC)(Py)>(H,O)]. Graphics redrawn from the cif file (CSD-Refcode
KIVPEV).>®
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[Fe(ADC)(H,0)4]-(H,0), or a CP with a three-dimensional fra-
mework structure of formula [Fe(ADC)(H,0),] has yet been
reported.

In subsequent studies, it was shown that when conducting
the synthesis of first row d-block metal ADC-based CPs in non-
aqueous solvents, the formation of CPs with similar structural
units was observed. In principle, these solvent molecules were
able to substitute two, but not all water molecules in the coordi-
nation spheres of the 3d metal cations found in ADC-based CPs
synthesized in water. In this respect, single crystals or polycrystal-
line powders of CPs with formulae [M"(ADC)(DMF),(H,0),] (M" =
Mn, Co, Ni, Zn) precipitated during slow evaporation under
ambient conditions of N,N'-dimethylformamide (DMF) solutions
containing the corresponding metal salts and H,ADC.?” Their
structures consist of ADC linkers connecting M0, octahedra into
polymeric chains. In each octahedron the M>* cation is sur-
rounded by two trans-positioned monodentately coordinating
ADC linkers, two DMF and two water molecules, which are in a
cis coordination to each other (Fig. 15(d)). This structure is there-
fore very similar to that of [M"(ADC)(H,0),]-(H,0), (M" = Co, Ni),
and can simply be regarded as a substitution variant of the latter,
whereby two water molecules have been exchanged by two DMF
solvent molecules. The larger spatial requirement of the DMF
ligand compared to water ligands also leads to the fact that no
additional crystal water molecules are found in the DMF contain-
ing CPs. In this respect, they are comparable to the pyridine
containing CPs mentioned earlier. But in the latter a trans
coordination of the two pyridine ligands was found, whereas in
the former a cis coordination of the two DMF molecules was
observed (cf: Fig. 15). In summaty, three different types of CPs with
chain-like polymeric units were found, namely [M"(ADC)(H,O),]
(H,0),, [M"(ADC)(Py),(H,0),] and [M"(ADC)(DMF),(H,0),]. It should
be pointed out that they have been synthesized for almost all M" 3d
metals (M" = Mn, Fe, Co, Ni, Zn). For details, we would like the
reader to refer to Table 1. As an example, Fig. 15 illustrates the
coordination spheres around the Co>" cations in these 1D CPs
and compares them with the 3D CP [Co(ADC)(H,0),]. Regarding
the synthesis, most of the reported ADC-based CPs were synthe-
sized in water, although there is no clear reason for this. The
aforementioned results show that other organic solvents (DMF,
pyridine) are also suitable for the synthesis of ADC-based CPs.

Accordingly, Best-Thomson et al. showed in a very recent
study that methanol and ethanol are also suitable solvents for
the synthesis of ADC-based CPs with divalent 3d metals. At
ambient temperature, they reacted CoCl,-4H,0 with H,ADC in
ethanol and Ni(NO3),-6H,0 with H,ADC in ethanol in the
presence of N,N'-diisopropylethylamine as a deprotonating agent.
They thus obtained two CPs of formulae [Co(ADC)(MeOH),] and
[Ni(ADC)(EtOH),], respectively.’® The crystal structures of these
two CPs show again structural units similar to those of the
aforementioned [M"(ADC)(H,0),]-(H,0), compounds, that is,
one-dimensional chains of M"O, octahedra connected by ADC
linkers. The M"Og octahedra are formed by two oxygen atoms of
two axial monodentately coordinating carboxylate groups of two
different ADC ligands and four equatorial oxygen atoms from four
methanol or four ethanol molecules in [Co(ADC)(MeOH),] and
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Fig. 17 Coordination sphere of Co?* and Ni?* in analogous 1D chain-like
CPs [Co(ADC)(MeOH)4] (left) and [Ni(ADC)(EtOH)4] (right), respectively.
Their crystal structures are similar to that of [M"(ADC)(H»0)4l-(H,0),
(M" = Co, Ni) (Fig. 13) in a way that four equatorial water molecules in
the latter are substituted by methanol and ethanol molecules, respectively.
Graphics redrawn from the cif files (CSD-Refcode PAGREY and PAGROI).%®

[Ni(ADC)(EtOH),], respectively (Fig. 17). The following aspect of
these crystal structures has to be pointed out: in contrast to the
pyridine and DMF containing CPs, all water molecules are here
replaced by methanol and ethanol ligands, respectively.
Surprisingly, the reaction of Mn(NOj3), and H,ADC in metha-
nol at ambient temperature yielded an entirely different CP
from what was obtained in water or what could be expected
with respect to the aforementioned observations with Co>" and
Ni*".?® The obtained CP of formula [Mn,(ADC),(MeOH)s] is
structurally made up of three crystallographically different
Mn** cations and two crystallographically distinct ADC linkers.
One Mn** cation is octahedrally coordinated by the oxygen
atoms of three different ADC linkers and three methanol
molecules resulting in a mer-configuration (Fig. 18(a)), while

y
1 ‘
1

Fig. 18 Crystal structure of the non-porous 3D CP [Mn,(ADC),(MeOH)s]:
(a—c) coordination sphere of three crystallographically distinct Mn®*
cations, (d) and (e) coordination modes of two crystallographically distinct
ADC linkers, and (f) structure packing viewed along [001]. Graphics
redrawn from the cif file (CSD-Refcode PAGRAU).>8
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Fig. 19 Crystal  structure of cadmium  acetylenedicarboxylate
[CdA(ADC)(H20)3]-H,O showing: (a) the coordination environment of the
Cd?* cation, (b) the coordination mode of the ADC linker, (c) the one-
dimensional zigzag chain, and (d) the packing of the framework viewed
along [100], showing chains held together by hydrogen bonds (not empha-
sized). Graphics redrawn from the cif file (CSD-Refcode MUGJED).>®

the two other Mn>" cations are octahedrally coordinated by the
oxygen atoms of four different ADC linkers and two methanol
molecules, whereby the latter are arranged in a trans-position
for one Mn>" and in a cis-position for the other Mn”" (Fig. 18(b)
and (c)). In one type of ADC linker, the two carboxylate groups
coordinate in a bidentate bridging syn-anti-u,-n':n' mode
(Fig. 18(d)), whereas in the other type of ADC linker, one
carboxylate group coordinates in a bidentate syn-anti-p,-n":n’
mode, while the other coordinates in a monodentate syn-n":n°
mode (Fig. 18(e)), therefore leaving one uncoordinated oxygen
atom. The resulting crystal structure is a complicated non-
porous three-dimensional network (Fig. 18(f)), which shows
clearly that even for “simple” linkers like ADC complex and
completely unexpected crystal structures can be obtained.>®

The coordination geometry of the aforementioned ADC-
based CPs with divalent 3d metal cations is dominated by
octahedral coordination spheres. This situation changes, when
going to the larger divalent cations of the second-row d-block
metals. This was first observed with cadmium(u), for which a
CP of formula [Cd(ADC)(H,0);]-H,O was reported.>® In its
crystal structure, the ADC linker connects two Cd>* cations,
with each of its carboxylate groups coordinating in a bidendate
chelating fashion (Fig. 19(a)).

The Cd" cation is sevenfold coordinated by three water
molecules and two chelating ADC ligands (Fig. 19(b)), thus
forming chains (Fig. 19(c)). It is notable that the chains formed in
the crystal structure of Cd-acetylenedicarboxylate are zigzag-shaped,
unlike the linear-shaped chains observed in ADC-based CPs with
divalent first-row d-block metals (vide supra). These zigzag chains in
Cd-acetylenedicarboxylate are also interconnected by hydrogen
bonds involving uncoordinated crystal water molecules to form
the three dimensional crystal structure (Fig. 19(d)).

This journal is © The Royal Society of Chemistry 2022
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Fig. 20 (a) Thermogravimetric (blue trace) and DTA curves (red trace) of
[CA(ADC)(H,0)3]-H20O, (b) and (c) powder X-ray diffraction patterns of
[Cd(ADC)(H,0):]-H,O and [CdA(ADC)(H,O),3l, respectively. Reproduced
from ref. 60 with permission of American Chemical Society, copyright
2003.

While [Cd(ADC)(H,O);]-H,O was first synthesized by
Ruschewitz et al. as single crystals by slow evaporation of an
aqueous solution containing Cd(CH3COO0),-2H,0 and
H,ADC,*® the same compound was reported one year later by
Skoulika et al., who obtained it as single crystals by slow
evaporation of an aqueous solution containing Cd(NOj;), and
H,ADC.®® In both publications, there is a slight discrepancy in
the reported thermal behavior of this compound. While the
former team reported that [Cd(ADC)(H,0);]-H,O decomposed
already slowly in air, the latter team performed a thermogravi-
metric analysis in air (Fig. 20(a)), that showed that this CP loses
water molecules upon heating at 90 °C to yield a microcrystal-
line powder of a new compound with the proposed formula
[CA(ADC)(H,0), 3]- Although the crystal structure of the new
compound could not be determined, the powder X-ray diffraction
pattern showed that the two phases are not identical (Fig. 20(b)
and (c)).*° [Cd(ADC)(H,0),3] loses further water molecules at

a) b)

Eaand

SO

Fig. 21 Crystal structure of anhydrous thallium acetylenedicarboxylate
[TIL(ADC)] showing: (a) and (b) the coordination environment of two
crystallographically distinct TI™ cations, (c) the coordination mode of the
ADC linker, and (d) the three-dimensional packing of the framework.
Graphics redrawn from the cif file (CSD-Refcode TILFUQO1).5
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about 150 °C to yield an amorphous anhydrous compound
with the estimated formula [Cd(ADC)]-xH,O. Its decomposition
starts at about 325 °C. However, the composition [Cd(ADC)]-xH,0
is very unlikely, since the compound should be anhydrous
and the authors observed by Raman spectroscopy that the triple
bond was transformed into a double bond, probably as a result
of a thermally induced polymerization or cyclisation. The for-
mation of a C-H moiety was also concluded from the Raman
spectrum.

2.5 Non-porous ADC-based CPs with p-block metal cations

The first ADC-based CP with a monovalent p-block element was
reported for thallium. Single crystals of anhydrous [TLLADC] were
formed from slow evaporation of an aqueous solution containing
thallium(r)-acetate and H,ADC at room temperature.®* In another
report, single crystals of [TL,ADC] were obtained by reacting
TI(NO;) and H,ADC in methanol in the presence of KOH and a
small amount of water.®* In the structure of [TLADC], there are
two crystallographically different TI' atoms. One TI" cation is
sixfold-coordinated by one chelating and four monodentately
coordinating ADC linkers (Fig. 21(a) and (b)). The other TI" cation
is fivefold-coordinated by one chelating and three monodentately
coordinating ADC linkers (Fig. 21(c)). The coordination spheres of
both TI" cations are very unsymmetrical, which points to the
presence of stereochemically active electron lone pairs at both TI
cations. All TI" cations are arranged in corrugated layers along the
(001) plane, and the ADC linkers, aligned parallel to each other
along the [001] direction, connect these layers to form a three-
dimensional framework structure (Fig. 21(d)). [TLADC] is ther-
mally stable up to about 195 °C, after which it decomposes in a
violent reaction releasing CO, and forming a black residue.””
Remarkably, elemental thallium in its high (Im3m, Z = 2) and
room temperature modifications (P6;/mmc, Z = 2) were detected
by X-ray powder diffraction in this residue, which is pyrophoric, as
obviously a “thallium sponge” is formed.>” [TI,ADC] crystallizes
in the noncentrosymmetric space group P2,2,2, and so investiga-
tions of its optical properties were of interest, e.g. second-
harmonic generation (SHG), see Section 4.1. Indeed, very large
crystals of [TLLADC] were grown (Fig. 22). However, in the laser
beam a complete decomposition of these crystals was observed.®?

In a subsequent study, the same authors obtained the first
ADC-based CP containing two different metal ions, namely
thallium(i) and zinc(u).** Single crystals of the CP with the
formula [Tl,Zn(ADC),(H,0),] formed by slow evaporation of an

Fig. 22 Photograph of a crystal of [TLADC].%®

Chem. Commun., 2022, 58, 8900-8933 | 8913
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Fig. 23 Crystal structure of mixed thallium-zinc acetylenedicarboxylate
[Tl,Zn(ADC),(H,0),] showing: (a) and (b) the coordination environment of
Zn and Tl atoms, respectively, (c) the coordination mode of ADC, and (d)
the structure packing of the framework viewed along the [001] direction.
Graphics redrawn from the cif file (CSD-Refcode AGURAW).%*

aqueous solution containing ZnCOj3, TI(CH;COO) and H,ADC.
In its crystal structure, the Zn>* cation is octahedrally coordinated
by four oxygen atoms of the carboxylate groups of four different
ADC ligands and two oxygen atoms from two water molecules
(Fig. 23(a), cp. Fig. 15(b)). The TI" cation is sixfold coordinated by
six oxygen atoms of the carboxylate groups from five different ADC
ligands, of which one ligand is coordinating in a chelating mode
(Fig. 23(b)). The coordination sphere of TI" is again quite unsym-
metrical, leaving one hemisphere unoccupied, which was attrib-
uted to accommodation with the stereochemically active lone pair
of TI". One carboxylate group of the ADC linker bridges two TI"
cations in a chelating bridging mode and one Zn** cation in an
anti-unidentate fashion, while the other carboxylate group bridges
two TI" cations in a bidentate anti-anti configuration and one Zn>*
cation in a syn-unidentate fashion (Fig. 23(c)). The TI" and Zn**
cations are connected by ADC linkers and additional hydrogen
bonds between water molecules and oxygen atoms of carboxylate
groups to form a three-dimensional network (Fig. 23(d)).**

The only reported ADC-based CP with a divalent p-block
metal was obtained with lead. Single crystals of either hydrated
[Pb(ADC)(H,0)] or anhydrous [Pb(ADC)] formed at the phase
boundary of an aqueous silica gel containing H,ADC, overlaid
with an aqueous solution of Pb(NOj;),. Noteworthy, these two
CPs were obtained using almost the same procedure, whereby
[Pb(ADC)] forms with a higher concentrated Pb(NOj3), solution,
while [Pb(ADC)(H,0)] forms with a solution with a lower Pb(NO3),
concentration. [Pb(ADC)] was also obtained as a microcrystalline
powder using mechanochemical methods, i.e., by grinding a solid
mixture of H,ADC and Pb(CH;COO),-3H,0 in an agate mortar, or
by heating [Pb(ADC)(H,O)] (vide infra).*® [Pb(ADC)] crystallizes
in a structure type found for [Sr(ADC)] for the first time (Fig. 8).
This seems to be a very common structure type for compounds
of composition [M"(ADC)] found with M" = Ca, Sr, Ba, Pb, and Eu

8914 | Chem. Commun., 2022, 58, 8900-8933
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Fig. 24 Crystal structure of lead acetylenedicarboxylate [Pb(ADC)(H,0)]
showing: (a) the coordination environment of a Pb®* cation, (b) the
coordination mode of the ADC linker, and (c) and (d) the packing of the
crystal structure viewed along the [010] and [100] directions, respectively.
Graphics redrawn from the cif file (CSD-Refcode MUZKEY).®®

so far. The crystal structure consists of a three-dimensional
framework, wherein eightfold coordinated Pb** cations are
arranged in a diamond-like topology and are bridged by ADC
linkers. Each carboxylate group of the ADC ligand bridges three
Pb*" cations in a pzn'm*n’ coordination mode. In the crystal
structure of [Pb(ADC)(H,0)], the Pb>* cation is ninefold coordi-
nated by two oxygen atoms from two water molecules and seven
oxygen atoms from the carboxylate groups of five different ADC
linkers, of which two ADC linkers are coordinating in a chelating
mode (Fig. 24(a)). Each ADC ligand connects overall five Pb**
cations, such that one of its carboxylate groups bridges two Pb*"
cations in a pi,-n*n" coordination mode, while the other carboxy-
late group bridges three Pb** cations in a pz;1*n’ coordination
mode (Fig. 24(b)). The connectivity between ADC linkers and Pb>*
cations results in the formation of double-layers that are held
together by hydrogen bonds (Fig. 24(c) and (d)). [Pb(ADC)] is
thermally stable up to approx. 250 °C and, most remarkably, can
be converted into [Pb(ADC)(H,O)] upon suspension in water for
24 h under ambient conditions, whereas [Pb(ADC)(H,O)] is con-
verted back into [Pb(ADC)] upon heating at 125 °C under vacuum.
Such reversible topochemical transformation between hydrated
and anhydrous CPs has not been reported for any other ADC-
based system so far.*®

An ADC-based CP with a trivalent p-block metal was
obtained with bismuth, yielding single crystals of the 2D CP
[Bi(ADC), 5(H,0),]-2H,0 from a saturated solution containing
Bi(NO;);-5H,0 and H,ADC at room temperature.®’ In its crystal
structure, Bi*" is eightfold-coordinate with four oxygen atoms
from two chelating ADC, two oxygen atoms from two ADC
coordinating monodentately and two oxygen atoms from two
water molecules (Fig. 25(a)). There are two crystallographically
different ADC linkers which are arranged perpendicular to each

This journal is © The Royal Society of Chemistry 2022
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a)

structure of

Fig. 25 Crystal bismuth acetylenedicarboxylate
[BI(ADC)15(H20),]-2H,O showing: (a) the coordination environment of
two Bi** cations, (b) and (c) the coordination mode of two crystallogra-
phically different ADC linkers, and (d) the resulting 2D layer by connecting
dinuclear {Bi,Og(H,O)g} units with ADC linkers. Graphics redrawn from the
cif file (CSD-Refcode NERQOS).®

other. In one ADC linker, each of the two carboxylates mono-
dentately coordinates one Bi** cation in a syn n”:#° mode
(Fig. 25(b)). Meanwhile in the other ADC linker, one carboxylate
is chelating and the other carboxylate bridges two Bi*' in a
chelating-bridging p,-n*n" mode (Fig. 25(c)) to form dinuclear
{Bi,010(H,0),} units made of two edge-sharing BiOg polyhedra
(Fig. 25(a)). The latter units are connected by ADC linkers into
layers that are stacked in an AB fashion, resulting in a dense
arrangement with no accessible porosity (Fig. 25(d)).®” It is
remarkable that a 3D MOF with the same composition
(vide infra, Fig. 29) is formed under very similar synthetic
conditions.

At this point we want to summarize some of the results and
general aspects of the reported work on non-porous CPs based
on the ADC ligand:

(i) Mainly CPs with mono- and divalent cations have been
reported. [Bi(ADC), 5(H,0),]-2H,0 with Bi'™ or Cs,[UO,(ADC),(H,0)]
2H,0 and K(H50,)[UO,(ADC),(H,0)]-2H,0 with U"" are the only
exceptions. For RE*" cations (RE = rare earth metals) the for-
mation of 3D MOFs (with no permanent porosity) has already
been observed (vide infra, Fig. 30). In most CPs presented in
Section 2 the ADC ligands are aligned in one direction, parallel
to each other, which hinders the formation of MOFs with
potential pores. In particular for transition metals (Mn, Fe, Cu,
Ni, Co, Cd etc.), only CPs with single-atom metal nodes are
formed and no polynuclear cluster SBUs are observed, which are
typically found in many MOFs.

(if) In most examples, these ADC-based CPs were obtained at
room temperature, mainly by slow evaporation of the solvent or
gel methods. Also mechanochemical syntheses were reported.
Heating at moderate temperatures of 50-70 °C improved the
crystallinity of the resulting CPs. Exceptions are those syntheses,

This journal is © The Royal Society of Chemistry 2022
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where a transformation of the starting CP by the release of
solvent molecules upon heating was applied.

(iii) No examples of CPs with cations of noble metals were
reported due to the sensitivity of the ADC linker against
oxidation.

(iv) The dimensionality of the CP increases with decreasing
water/solvent content in the compound, such that all anhy-
drous ADC-based CPs form a three-dimensional framework
structure.

(v) The carboxylate groups of the ADC ligands adopt almost
all possible coordination modes in the reported CPs (Fig. 2(B)).
The two carboxylate groups in one ADC linker are found to
occur in all possible orientations to each other from coplanar
(point group mmm) to perpendicular (point group 42m) and all
orientations in-between (Fig. 2(A)). High symmetry orientations
are mainly observed in anhydrous CPs.

(vi) The ADC-based CPs presented in this Section 2 show in
general a low thermal stability. Exceptions are anhydrous CPs
like [Sr(ADC)], [Eu(ADC)], and [Li,(ADC)].

In Table 1 the ADC-based non-porous CPs presented in
Section 2 are summarized along with the conditions of their
synthesis, some structural characteristics and their thermal
stabilities.

3 Acetylenedicarboxylate-based
metal—organic frameworks

Unlike coordination polymers (CPs), for which ADC-based
structures have been reported using metal ions from almost
all groups of the periodic table of the elements, relatively
few acetylenedicarboxylate-based metal-organic frameworks
(MOFs) were found in the literature until 2018. The scarcity
of ADC-based MOFs was explained by the low thermal stability
of acetylenedicarboxylic acid, which makes the application of
solvo-/hydrothermal syntheses difficult or even impossible, as
higher temperatures (typically above 100 °C) are needed.®
Taking into account that the solvo-/hydrothermal approach is
essential for the synthesis of almost all important MOFs, the
difficulties in synthesizing ADC-based MOFs are obvious, as
acetylenedicarboxylic acid is known to decompose easily in
solutions at elevated temperatures.>*** It should be noted that
according to the IUPAC recommendations on terminologies, a
MOF is characterized by a potential porosity, that is not
required for a CP.°>”’® Even more for possible applications,
the guest (solvent)-filled pores of the MOF should be made
guest-free without a collapse of the framework structure and
the evacuated (activated) pores should be accessible, for, e.g.,
gases. The porosity is typically evaluated by the determination
of the surface area and pore size/volume from cryogenic nitrogen
or argon sorption experiments using the guest-evacuated (acti-
vated) material.”* Nevertheless, some ADC-based compounds
can be considered as MOFs according to the IUPAC recommen-
dations, as their crystal structures display the presence of pores
or channels occupied by solvent molecules, although the perma-
nent porosity was not experimentally demonstrated (vide infra).

Chem. Commun., 2022, 58, 8900-8933 | 8915
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Fig. 26 (a) Tetrahedral SBUs formed by carboxylate carbon atoms (gray

spheres) connected by acetylene units (gray rods), (b) to yield a two-fold
interpenetrating framework with a diamond topology in MOF-31,
[EtsNHI]2[Zn(ADC),], (c) the doubly interpenetrated structure of IRMOF-0,
[ZNn4(n4-O)ADC)s] with a pecu topology modeled in Cerius2; C, black; O,
red; and Zn, blue. The second interpenetrating framework is represented
in gray. Adapted from ref. 72 with permission of American Chemical
Society, copyright 2001, and from ref. 79 with permission of Elsevier Ltd,
copyright 2008.

In the following, we will subdivide our survey into ADC-based
MOFs with potential, but not accessible porosity (Section 3.1.) and
into those with experimentally assessed porosity (Section 3.2.).

3.1 ADC-based metal-organic frameworks (MOFs) with
potential, but not accessible porosity

The discovery of room temperature synthesis of MOFs, including
that of famous MOF-5, MOF-74, MOF-177, or MOF-199 marked
also the starting point for the development of ADC-based MOFs.
The very first ADC-based MOF with a divalent transition metal
was a zinc-acetylenedicarboxylate, namely, MOF-31 that was
reported in 2001 by Yaghi et al MOF-31 with the formula
(Et;NH),[Zn(ADC),] (EtsNH' = triethylammonium cation) was
synthesized at room temperature from an ethanolic mixture
containing zinc nitrate Zn(NO3),-6H,0 and H,ADC under slow
vapor diffusion of an ethanolic solution of triethylamine.”>

The crystal structure of the obtained cubic colorless crystals
is constructed from tetrahedral Zn** cations, which are mono-
dentately linked by four carboxylate groups from four different
ADC ligands. Tetrahedral {Zn(CO,),} SBUs are connected by
ADC linkers, resulting in an anionic [Zn(ADC),]*~ network
having an augmented diamond topology. The voids of the network
are filled through interpenetration””” of a symmetry-related
network. Charge-compensating triethylammonium cations fill the
remaining pores with a diameter of ~8 A (Fig. 26(a) and (b)). It is
unlikely that the triethylammonium cations may be removed from
the pores, since they play an important role as counterions of the
anionic framework. To the best of our knowledge, no cation
exchange reactions have been attempted up to now.”>

By replacing the ethanol solvent against dimethylformamide
(DMF), in the synthesis procedure, as well as Zn(NO3),-6H,0
against Zn(OOCCHj;),-2H,0, under the addition of triethylamine
(Et;N) as the deprotonating agent for acetylenedicarboxylic acid
(H,ADC) at room temperature, a zinc-acetylenedicarboxylate
MOF was obtained, which adopts the same structural topology
as MOF-5 (also known as IRMOF-1).”® It consists of tetrahedral
{Zn,(14-O)} building blocks connected by acetylenedicarboxylate
struts to form a cubic network with a pcu topology. The
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carboxylate groups of the ADC linker span the six edges of the
{Zn,(p4-O)} tetrahedron, coordinated to two Zn atoms, and each
ADC linker bridges two {Zn,(i,-O)} units. This material was
considered as the smallest member of the IRMOF series and
was thus named IRMOF-0.”° IRMOF-0 of formula [Zn,O(ADC),]-
(EtzN)s was obtained as a microcrystalline powder and its
structure was therefore elucidated from powder X-ray diffraction
data and modelled using Cerius.” Similar to MOF-31, its struc-
ture consists of doubly interpenetrated networks (Fig. 26(c)).”’
Since the parent MOF-5 has reportedly been obtained both as
non-interpenetrated and doubly-interpenetrated networks,**®" it
is conceivable that IRMOF-0 could also be prepared as a non-
interpenetrated network.

Due to the low thermal stability of ADC, IRMOF-0 decom-
poses at a relatively low temperature of 120 °C, compared to the
other members of the IRMOF series, which are stable up to
400 °C or above.*” It is worth noting that, although IRMOF-0
can be considered as a MOF-5 analogue, it was observed that
the pore apertures were too small for any guest exchange
reactions due to the double interpenetration of its frameworks.
Consequently, the removal of trapped guest molecules
(deduced from elemental analysis and IR spectra) was not
possible and its porosity could not be accessed by gas
adsorption.”®

Other slight adjustments in the synthesis procedure resulted
in the formation of modified structures. Best-Thompson et al.
recently obtained two other 3D zinc acetylenedicarboxylates by
slightly changing the synthesis approach with respect to the
conditions which yielded MOF-31. By using Zn(NO;),-6H,0 and
replacing trimethylamine with Hiinig’s base (HUN = Et'Pr,N) as
the deprotonating agent, two materials entitled ZnADC1 and
ZnADC2 with the respective formulae (HHUN),[Zn,(ADC);]
(HHUN)(NO;) and (HHUN),[Zn;(ADC),] (HHUN"® = N,N'-diiso-
propylethylammonium = protonated Hiinigs base) were
obtained as single crystals.”® ZnADC1 was obtained by a vapor
diffusion technique, whereas ZnADC2 was obtained using a
“layered reaction”, i.e., an ethanolic solution of the metal salt
as the bottom layer was overlaid with an ethanolic solution of
H,ADC and HUN as the top layer, the two solutions being

/G
Ly,

Fig. 27 Crystal structure of ZnADC1, (HHUN),[Zn,(ADC)s]-(HHUN)(NO3),
showing: (a) the dinuclear Zn, paddle-wheel unit connected by six ADC
linkers and (b) the three-dimensional packing of the wine-rack-like frame-
work. The HHUN™ cations and the (HHUN)(NO3) ionic pairs occupying the
pores of the MOF framework are omitted for clarity. Graphics redrawn
from the cif file (CSD-Refcode PAGRUO).*®
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separated by a layer of ethanol. ZnADC1 consists of a wine-rack
type anionic 3D framework with 1°0% connectivity of formula
[Zn,(ADC);]>~, which is built on Zn, paddle-wheel units
(Fig. 27). Each ADC linker is connected such that one of its
carboxylate groups bridges two Zn”>* cations in the paddle-
wheel unit bidentately, while the other carboxylate group
coordinates monodentately to the apical position of a Zn**
cation in the adjacent paddle-wheel unit. This bridging mode
leaves one uncoordinated oxygen atom in each ADC linker. The
charge of the anionic framework [Zn,(ADC);]*~ is balanced by
two HHUN" cations per formula unit. In ZnADC1 there is an
additional (HHUN)(NO;) guest pair per formula unit included
in the channels.®®

The structure of ZnADC2 consists of trinuclear Zn; nodes
made-up of a ZnO, octahedron trans-corner connected with two
ZnO, tetrahedra. All ADC linkers - four crystallographically
distinct linker anions are found in the crystal structure -
coordinate in a bidentate bridging mode with one of their
carboxylate groups, while the other carboxylate group coordinates
monodentately, either with a single Zn>" cation or bridging two
Zn** cations. One oxygen atom of these carboxylate groups
remains therefore uncoordinated. Each {Zns} node is connected
to others by eight ADC linkers to yield an I°0*-type 3D framework
with oval-shaped channels (Fig. 28). These channels are partially
occupied by HHUN' cations, which balance the charge of the
anionic [Zns(ADC),]*~ framework. Therefore, it is unlikely that
there is an accessible porosity in ZnADC1 and ZnADC2 because of
the bulky (HHUN)(NO;) guests and HHUN" counterions. In case
of cation removal with charge balance, the calculation of the void
space by Mercury indicates about 70% empty space for ZnADC1
and 58% for ZnACD2. One could imagine to replace HHNU" and
NO;~ with smaller ions, resulting in only partly occupied pores.
However, neither the stability of the frameworks of ZnADC1 and
ZnADC2 in the presence of other counter ions nor the chemical
stability for such an ion exchange process has been proven up to
now. ZnADC1 decomposes at 130 °C.>® Such information is not
available for ZnADC2, as no phase-pure sample could be
synthesized.

It is noticeable that 3D ADC-based coordination polymers
with (potential) porosity based on low-valent metals have only
been obtained with divalent Zn*" up to now. Other mono- and

Fig. 28 Crystal structure of ZnADC2, (HHUN),[Zn3(ADC)4], showing: (a)
the trinuclear Zns unit consisting of a ZnOg octahedron trans-corner
connected to two ZnO,4 tetrahedra and (b) the three-dimensional packing
of the 1°03-type framework. The HHUN* cations occupying the pores of
the MOF framework are omitted for clarity. Graphics redrawn from the cif
file (CSD-Refcode PAGSAV).%®
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divalent metals seem to have the tendency to form only non-
porous coordination polymers, as in most examples the ADC
ligands are aligned more or less parallel to each other (see the
summary of Section 2). This tendency however changes, when
moving to ADC-based compounds with high-valent M** metal
cations, in which ADC ligands are no longer arranged parallel to
each other. This is for example found in the second polymorph
of bismuth acetylenedicarboxylate of formula [Bi(ADC); 5(H,0)3]:
H,O (cp. Fig. 25), which exhibits a 3D framework structure.®’
This compound was obtained as single crystals by slow evapora-
tion of an aqueous solution containing Bi(NO;);-5H,0 and
H,ADC at room temperature. Remarkably, the 2D coordination
polymer [Bi(ADC), 5(H,0),]-2H,O (see Section 2), which has
actually the same composition and can be understood as a
hydrate isomer of the former, is synthesized using very similar
conditions with only a slightly higher concentration of H,ADC.%”
The crystal structure of the 3D MOF [Bi(ADC); 5(H,0);]-H,O is
constructed from dinuclear {Bi,Og4(H,0)s} units consisting of two
edge-sharing BiOg polyhedra (Fig. 29(a)), which are connected by
ADC linkers to a 3D framework structure (Fig. 29). The framework
displays pores filled with non-coordinating water molecules. Each
{Bi,04(H,0)s} polyhedron consists of two symmetry-related Bi**
cations coordinated by one carboxylate group of an ADC ligand
coordinating in a chelating-bridging p,m*n" mode, and three
further ADC ligands coordinating with their carboxylate groups
monodentately (n" mode). The coordination sphere of each Bi**
is completed by three water molecules. The crystal structure
contains two crystallographically different ADC ligands: one ADC
ligand coordinates with each of its carboxylate groups mono-
dentately, while the other ADC linker is connecting such that
both of its carboxylate groups coordinate two Bi** cations in a
chelating-bridging p,-n*n' mode (Fig. 29(b)).°” Note that this

Fig. 29 Crystal structure of [Bi(ADC);5(H,0O)3]-H,O showing: (a) the
dinuclear unit of two edge-sharing BiOg polyhedra, (b) the connectivity
of ADC linkers, (c) the connection of the dimeric units in a view along
[010] and (d) the three-dimensional packing of the framework.
Non-coordinating water molecules within the pores are omitted for clarity.
Graphics redrawn from the cif file (CSD-Refcode NERQUY).®”
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Fig. 30 Crystal structure of [Dy,(ADC)3(H,0)el-2H,O showing: (a) the
dinuclear unit of two edge-sharing DyOg polyhedra, (b) the connectivity
of ADC linkers, (c) the connection of the dimeric units in a view along [010]
and (d) the three-dimensional packing of the framework. Non-coordinating
water molecules within the pores are omitted for clarity. Graphics redrawn
from the cif file (CSD-Refcode NILSUZ).8®

description is slightly different from the one chosen in Section
2.5, as only Bi" O distances up to 2.75 A are considered. As this
Bi'""-MOF could not be obtained in a single-phase form, no
further investigations on its thermal stability and a possible
release of water molecules were reported.

The occurrence of dinuclear units consisting of two edge-
sharing polyhedra was also observed in ADC-based compounds
with trivalent rare earth metal cations. Again, the combination
of M** and the ADC linker resulted in 3D coordination polymers
almost across the entire 4f series (Fig. 30), which may be
classified as MOFs. Independently, three different groups (Yan
et al. in 1995, Michaelides et al. in 2005 and Gramm et al. in
2018) obtained MOFs of the same formula [RE,(ADC);(H,0)e)
2H,0 and crystal structure, but with different metal cations
RE*" (RE™ = Gd, La, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, and
Y).®% Their crystal structures are built up from nine-
coordinated rare earth metal cations forming monocapped
square antiprisms (REOs), which are edge-shared to dinuclear
units (Fig. 30(a)). The latter are nodes of an ADC-linked 3D
polymer displaying one-dimensional channels filled with crystal
and coordinated water molecules.

There are two crystallographically different ADC linkers in
the structure, of which one shows an inversion symmetry and
acts exclusively in a chelating-bridging mode. The other ADC
linker coordinates in a monodentate mode with one of its
carboxylate groups and in a bridging mode with the other one
(Fig. 30(b)). In general, these RE*" MOFs were obtained at room
temperature either at the phase boundary of a silica gel contain-
ing acetylenedicarboxylic acid (H,ADC) layered with an aqueous
solution containing the rare earth metal nitrate or by slow
evaporation of an aqueous solution containing the respective
rare earth metal acetate RE(OAc);-xH,O and H,ADC. All the
aforementioned RE-ADCs are thermally only stable up to less
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than 200 °C.*>"®> Most remarkably, Michaelides et al. demon-
strated for RE = Ce that non-coordinating water molecules can be
removed at 100 °C with the retention of the initial crystal
structure.®® This was apparently the very first experiment that
addressed the porosity of these materials.

Rare-earth metal acetylenedicarboxylates are of peculiar
interest, as the very first successful synthesis of an ADC-based
CP or MOF under hydrothermal conditions was obtained with
europium(m). Serre et al. reported in 2005 a 3D europium(u)
acetylenedicarboxylate with an open framework structure,
denoted as MIL-95 and the formula [Eu™,(ADC)(H,0),(CO3),]-
xH,0.%¢ The structure of MIL-95 consists of two-dimensional
europium carbonate subnetworks pillared by acetylenedicar-
boxylate linkers, yielding a three-dimensional framework
structure (Fig. 31). The framework exhibits one-dimensional
channels filled with crystal water molecules. Noteworthy, MIL-95
contains the same nine-coordinated monocapped square anti-
prisms (EuO,) that have been found in the RE-ADC MOFs
reported by Yan et al, Michaelides et al. and Gramm et al.
However, in MIL-95 these polyhedra are edge-sharing along the
[100] direction and corner-sharing along the [001] direction,
thus forming a 2D close-packed structure of EuOy polyhedra in
the (010) plane bridged by carbonates (Fig. 31(a)).%°

All ADC linkers coordinate in a bridging mode with both
carboxylate groups and thus interconnect these layers of EuOq
polyhedra (Fig. 31(b)). Interestingly, MIL-95 was synthesized
under hydrothermal conditions at 120 °C from a mixture of
europium(m) nitrate, acetylenedicarboxylic acid and sodium
hydroxide in water.*® As the reaction time was relatively short
(one night) for the hydro-/solvothermal reaction, H,ADC
obviously decomposed only partly to form carbonate anions.
This exemplifies clearly the difficulties in obtaining ADC-based
MOFs under hydro-/solvothermal conditions. The thermal
dehydration of MIL-95 at 130 °C results in an irreversible pore
contraction followed by the complete collapse of the framework
above 230 °C. Therefore, the porosity of MIL-95 could not be
evaluated experimentally.®® However, it is not clear whether the
irreversible pore contraction was solely due to water removal
from the pores or stems from the ADC-inherent low thermal
stability of the framework. Evacuating the pores at low

Fig. 31 Crystal structure of MIL-95 showing: (a) the packing of edge and
corner-sharing EuOg polyhedra in the (010) plane and (b) the three-
dimensional packing of the framework. The crystal water molecules in
the pores are omitted for clarity. Graphics redrawn from the cif file (CSD-
Refcode FIFPOA).%®
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temperatures (e.g. using supercritical CO, drying) was not
reported to be attempted, but might have yielded a perma-
nently porous MIL-95.5

3.2 ADC-based metal-organic frameworks (MOFs) with
experimentally assessed porosity

The introduction of tetravalent metals such as zirconium,
hafnium and cerium was important in the MOF field.*® In
particular, the discovery of zirconium(wv) terephthalate, the so-
called UiO-66 (UiO stands for University i Oslo), has enabled the
isoreticular synthesis of other (isostructural) MOFs using
various linear carboxylate linkers.®® This was also a gateway
for the synthesis of the first ADC-based MOF with permanent
and experimentally assessed porosity by gas sorption studies
with BET surface area and pore volume determination. It was
only in 2018 that the first ADC-based MOF with measurable
porosity was reported, namely with zirconium(wv) acetylenedi-
carboxylate, also denoted as Zr-HHU-1 (HHU stands for Heinrich
Heine Universitit/University).”® (Following the naming of this
ADC-based Zr-MOF, we realized that the abbreviation HHU was
also used by colleagues at Hohai University in China for their
MOFs with a report on HHU-2 in 2017.°") Zr-HHU-1, whose
structure is analogous to that of UiO-66, consists of octahedral
[Zre(15-0)4(13-OH),4]">" secondary building units twelvefold
connected to each other by ADC linkers yielding a microporous
network with a feu topology and the ideal formula [Zrg(p5-O)4
(n3-OH)4(ADC)e] (Fig. 32(a) and (b)). In this structure, all ADC
linkers coordinate in a bridging (u,-n":n"' mode) fashion with
both carboxylate groups. The network possesses tetrahedral
and octahedral cavities having diameters of about 5.8 A and

Fig. 32 Crystal structure of Zr-HHU-1 showing: (a) the hexanuclear Zre-
cluster connected to twelve ADC linkers, (b) the three-dimensional packing
of the fcu network, (c) the tetrahedral cavity, and (d) the octahedral cavity
both with their available pores (yellow spheres) and triangular windows
(green spheres). Graphics adapted from ref. 90 with permission of Wiley &
Sons, copyright 2019.
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9.6 A, respectively (Fig. 32(c) and (d)). The cages are accessible
through triangular windows having a diameter of about 4.4 A.°

Zr-HHU-1 was synthesized by reacting zirconium oxychloride
(ZzrOCl,) with acetylenedicarboxylic acid in DMF at 85 °C with the
addition of acetic acid as the crystallization agent (modulator).
Zr-HHU-1 has like IRMOF-0 a relatively low thermal stability only
up to 180 °C. However, unlike IRMOF-0, the pores of Zr-HHU-1
were successfully evacuated by supercritical CO, and its porosity
was established by the adsorption of argon, nitrogen, CO,, H,
and water vapor. N,, CO, and H, adsorption isotherms were all
of type I according to the IUPAC classification, which attests the
permanent microporous nature of Zr-HHU-1.”*

After successfully synthesizing an ADC-based MOF, the next
challenge in order to access its porosity was the successful
evacuation of its pores without the collapse of the framework.
The thermal lability of the ADC linker is usually transmitted to
the ADC-based compounds, with the exception of STADC and
Eu"ADC, for which an unexpectedly high thermal stability up to
about 400 °C was observed, which is still not understood
completely. The challenge for the successful activation of MOFs
stems from the thermal activation under reduced pressure,
which might be difficult for thermally labile materials. In the
case of Zr-HHU-1 supercritical CO, drying of the sample was
adopted for pore evacuation, which resulted in a pore-free
sample with retention of its crystallinity and permanent porosity.
The Brunauer-Emmett-Teller (BET) surface area was calculated
using the nitrogen sorption experiment to be 550 m”> g~ " and the
micropore volume was found to be 0.19 cm® g~ *. The CO, and H,
uptake capacities at 1 bar were 1.69 mmol g~' (273 K) and
4.1 mmol g~ (77 K), respectively. Zr-HHU-1 adsorbs 205 mg g~
of water vapor at 20 °C and a relative pressure P/P, = 0.9.

Surprisingly, Zhao et al. demonstrated some time later that
Zr-HHU-1 (also denoted as UiO-66-ADC) can be synthesized at
an elevated temperature of 120 °C, when the reaction mixture is
made from zirconium chloride (ZrCly), acetylenedicarboxylic
acid and formic acid as the modulator (instead of acetic acid as
in the initial synthesis) in DMF.®> Apparently, the composition
of the reaction mixture, notably its low pH value, seems to
stabilize thermally labile H,ADC in solution. This finding is of
paramount importance, as it could provide a guideline on how
to successfully obtain ADC-based MOFs under solvothermal
conditions. Furthermore, by simply replacing DMF as a solvent
with water, these authors obtained another zirconium acetyle-
nedicarboxylate at 120 °C, namely NUS-36, whose structure is
built up from eight-connected [ZrsO(OH),]*** clusters and ADC
linkers with cluster-capping formates, leading to an ultrami-
croporous framework with a beu topology and the formula
[ZrsO6(OH),(ADC)4(HCOO),] (Fig. 33(b)). NUS-36 is thermally
stable up to about 220 °C. Its porosity was assessed by N,, CO,,
H,0, 0,, ethylene (C,H,) and ethane (C,H,) adsorption experi-
ments. The pores of NUS-36 are not accessible to N, and O, due
to their very small sizes (diameter smaller than 3.6 A). However,
NUS-36 adsorbs about 48 cm® g~! CO, at 273 K and a relative
pressure of P/P, = 0.03 following a type I adsorption isotherm.
NUS-36 likewise adsorbs about 150 cm® g~ ' water at 293 K
and a relative pressure of P/P, = 0.9 (Fig. 33(c) and (d)).”?
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Fig. 33 (a) Powder X-ray diffraction pattern of NUS-36 compared with
that of UiO-66-ADC, (b) three-dimensional packing of the bcu network of
NUS-36, (c) CO, adsorption isotherm for NUS-36 at 273 K, and (d)
adsorption isotherms of water, methanol, ethanol and i-propanol for
NUS-36 at 273 K. Adapted from ref. 92 with permission of American
Chemical Society, copyright 2019.

The sorption behavior can be understood from the decreasing
kinetic diameters in the order: N, (3.64 A) > 0, (3.46 A) > CO,
(3.3 A) > H,O (2.65 A).

The similarities in chemical properties of hafnium and
zirconium enabled also to obtain an isostructural hafnium-
based analogue of Zr-HHU-1, namely Hf-HHU-1 of formula
[Hfs(113-0)4(p3-OH)4(ADC)g]. Hf-HHU-1 was synthesized simi-
larly to Zr-HHU-1, except that hafnium oxychloride (HfOCI,)
was used as the metal salt instead of zirconium oxychloride
(zrOCly) (Fig. 34(a)). Hf-HHU-1 is thermally stable up to about
200 °C. Its BET surface area of 476 m*> g~ ' and micropore
volume of 0.17 cm?® g~ * were determined from nitrogen sorption
isotherms (Fig. 34(c)).>* For both H-HHU-1 and Zr-HHU-1, it was
observed that the structures collapsed at a temperature above
100 °C even before the decomposition of the material. For this
reason, the usual thermal activation under vacuum was an
inappropriate means to evacuate the pores of these MOFs. As
before, supercritical CO, exchange/drying was employed to yield
permanently porous Hf-HHU-1. In general, scCO, may therefore
be the method of choice for the activation of ADC-based MOFs
due to their typically low thermal stability.”®> However, it was
determined from an elemental analysis that some residual DMF
is still present in the pores of HHU-1 even after scCO, drying.
This accounts for the low BET surface area (476 m* g~ ') and
micropore volume (0.17 cm® g~ ") of HFHHU-1 compared to the
theoretically estimated BET surface area of 707 m> g ' and
micropore volume of 0.26 cm® g~* obtained from the crystal-
lographic data. This means that higher experimental surface
area and pore volume of Zr-HHU-1 and Hf-HHU-1 should be
reached for fully activated materials.

The aforementioned hypothesis was confirmed by the synthesis
of a cerium(wv)-based analogue of Zr-HHU-1, denoted as Ce-HHU-1 of
formula [Ceq(t5-0)4(13-OH)4(ADC)e].>* Ce-HHU-1 features a slightly
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larger cubic cell parameter a manifested in the powder X-ray
diffraction pattern by a shift of the reflections to lower 26 values
compared to Zr-HHU-1 and Hf-HHU-1 (Fig. 33(b)). This is
consistent with the larger ionic radius of Ce** (0.97 A) in
comparison to Hf'" and Zr"*, which have almost the same ionic
radius (0.84 A),”® resulting in lattices with almost the same
dimensions for the latter. Due to a heavier metal cation,
Ce-HHU-1 should have a lower BET surface area and water
uptake capacity per weight compared to Zr-HHU-1. However, it
was observed that Ce-HHU-1 has a BET surface area of about
790 m”> ¢!, a micropore volume of 0.24 cm® g~', and a water
vapor adsorption capacity of 208 mg g~ " at 293 K and a relative
pressure P/P, = 0.9 (Fig. 34d). Table 2 gives, for comparison
purposes, a summary of the porosity and water vapor uptake of
Zr-HHU-1, Hf-HHU-1 and Ce-HHU-1.

Ce-HHU-1 was synthesized by reacting acetylenedicarboxylic
acid and ammonium cerium(wv) nitrate in water at room
temperature, unlike the modulated synthesis in DMF, from
which Zr-HHU-1 and Hf-HHU-1 were obtained (Fig. 34(a)). The
use of water as the solvent instead of DMF, as well as the
absence of monocarboxylic acid as the modulator allowed a
better activation by scCO, drying. Therefore, a higher BET
surface area and water uptake were obtained (Fig. 34(c) and
(d)). The CO, uptake capacity of Ce-HHU-1 was found to be 3.2
and 2.5 mmol g~ ' at 273 K and 293 K, respectively (Fig. 35(a)).”*

Noteworthy, a very high yield of up to 92% was obtained in
the synthesis and the absence of (missing linker or cluster)-
defects in the framework of Ce-HHU-1 was deduced from
thermal gravimetric analysis, using the method previously
reported by Shearer et al. for the analogous Ui0-66.52°° The
defect-free structure indicates that no decarboxylation reaction
of H,ADC occurred during the synthesis of Ce-HHU-1 at room
temperature, in contrast to the defective structure obtained for
Ce-UiO-66-ADC (vide infra).

Ce-HHU-1 has a slightly lower thermal stability compared to
Zr-HHU-1 and Hf-HHU-1 and decomposes already at about
120 °C (Fig. 35(b)).

Ce-HHU-1 was later also successfully synthesized by Airi
et al.,, who denoted this material as Ce-UiO-66-ADC. In their
work, Ce-UiO-66-ADC was obtained at elevated temperatures up
to 100 °C in a DMF/water solvent mixture, resulting in a
material with some drawbacks.”” The elevated temperature of
the synthesis led to a very low yield of only 4% due to a
significant decomposition of H,ADC. The yield was increased
to 40% by adding a Brensted base (triethylamine) to the
reaction mixture, in order to reduce the decarboxylation of
H,ADC. However, combined IR and Raman spectroscopy
analyses of the obtained Ce-UiO-66-ADC revealed the presence
of terminal alkyne groups (R-C=C-H) in the material. This
indicates that decarboxylation was not completely suppressed
at a temperature of 100 °C, and therefore a very defective
Ce-UiO-66-ADC sample was obtained. Raman spectroscopy
revealed that the local defects in the material consist of propio-
lates (from the decarboxylation of H,ADC), which are connected
to the CegsOy clusters by their carboxylate groups and remain free
(uncoordinated) at their terminal alkyne ends (Fig. 36).

This journal is © The Royal Society of Chemistry 2022
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Table 2 Summary of porosity measurements and water vapor uptake for
the MOFs M-HHU-1 (M = Zr, Hf, Ce)

Material ~ Sggr (m” g ')? Vmicroporeb (em® g7") H,O uptaked (mgg™)
Zr-HHU-1 550 0.19 205
Hf-HHU-1 476 0.17 190
Ce-HHU-1 790 0.24 208

This work clearly shows the challenges that need to be over-
come, when using elevated temperatures in the synthesis of ADC-
based MOFs/CPs. The authors tried to activate the material
thermally under vacuum, but they could not remove the DMF
molecules from the pores, since the (defective) MOF structure
starts collapsing as early as at 80 °C. Therefore, only a very low
Langmuir surface area not exceeding 400 m* g~* was obtained
from nitrogen sorption measurements at 77 K.>” This again high-
lights the importance of scCO, drying to activate such ADC-based
materials.

The metal-organic frameworks based on the acetylenedicar-
boxylate ligand that has been discussed in Section 3 are
summarized in Table 3.

This journal is © The Royal Society of Chemistry 2022

4 Distinctive features and properties of
ADC-based coordination polymers and
MOFs

4.1 Noncentrosymmetric networks from ADC-based CPs

Noncentrosymmetric (NCS) materials, solid-state materials
crystallizing in space groups without a center of symmetry, are
of interest, as important properties including ferroelectricity,
pyroelectricity, piezoelectricity, or nonlinear optical (NLO)
behavior, e.g. second-harmonic generation (SHG), are typically
associated with these compounds®®®® Despite their critical
importance in many applications such as laser technology, and
optical communication, the rational design of NCS materials is
still a challenge, as the majority of all compounds crystallizes in
centrosymmetric crystal structures. Some strategies have been
reported toward the tailored design of NCS materials aiming at
increasing at least the probability of synthesizing such a
compound.'®®*°! Schuy et al. showed that CPs containing the
linear (and highly symmetric) ADC ligand typically crystallize in
centrosymmetric space groups (¢f Table 1), but by adding a
trigonal planar anion the probability to obtain a compound that

Chem. Commun., 2022, 58, 8900-8933 | 8921
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the bands due to the stretching vibrations of ~-C=C- triple bonds for
H>ADC (symmetric R—C= C-R) and propiolic acid (non-symmetric term-
inal R—-C=C-H), respectively. The presence of both in the spectrum of
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2020.
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crystallizes in a noncentrosymmetric space group was signifi-
cantly increased. This concept was demonstrated for the crystal
structures of the ADC-based CPs [Ba,(ADC)(NOs),]-4H,0,
[Ba,(ADC)¢(NO3),]- 14H,0, and [Baz(ADC),CI(NO;)]-5H,0, which
crystallize in the noncentrosymmetric space groups C2224, I2,
and P22,2, respectively.'®® It was argued that the insertion of the
trigonal planar nitrate ion (NO;3 ) is a symmetry breaking factor
that results in the formation of noncentrosymmetric crystal
structures with an enhanced probability. It should be pointed
out that the NO;~ ion is a ligand coordinated to the Ba>" cation
and not a counterion in the outer sphere of the CP (Fig. 37). This
concept is confirmed by the finding that [Eu"™(H,0),(CO;),(ADC)]-
xH,O (MIL-95) also crystallizes in the noncentrosymmetric space
group Pba2 (vide supra).®® Here, the trigonal planar carbonate
anion (CO;*>") functions as a coordinating ligand, which seems to
“break” the symmetry.

Another concept to enhance the probability of obtaining
compounds crystallizing in noncentrosymmetric space groups
is the inclusion of cations with stereoactive lone pairs.'°® This
concept can be successfully transferred to ADC-based CPs like
[TL,(ADC)] (Fig. 21). In Section 2.5 this finding has already been
discussed in more detail.

4.2 Negative thermal expansion in ADC-based CPs

Most materials have a positive coefficient of thermal expansion,
that is, their volume increases upon heating or their volume
decreases upon cooling, respectively. There are, however, a
restricted number of materials featuring an unusual volume
contraction upon heating in a much larger temperature range.
In principle, this effect, which is typically called negative
thermal expansion (NTE), is well-known for water in the tem-
perature range of 0 °C to 4 °C, i.e., water exhibits a negative
coefficient «, of their thermal (volume) expansion.'®>'%* It was
quite intriguing that for all ADC-based coordination polymers
with the formula [M"(ADC)] (M" = Ca,”” Sr,** Ba,'*® Pb,*® Eu™)
crystallizing in the [Sr(ADC)]-type structure (Fig. 8 and 10) an
NTE behavior was observed.'® It was rationalized by strong
transverse M"- - .O- - -M" vibrations also known as guitar string
vibrations.***® For [Sr(ADC)] and [Eu"(ADC)] such an NTE
behavior was reported for a large temperature range below
room temperature (Fig. 37). The thermal volume expansion
coefficients were calculated to be o, = —4.7(13) x 10" ® K" and
o, = —9.4(12) x 107% K ' for [Sr(ADC)] and [Eu"(ADC)],
respectively.***® Larger deviations from a linear behavior
(dotted line in Fig. 38) are due to the fact that the tetragonal
unit cell of the [Sr(ADC)] type structure is very close to a cubic
metric, which leads to severe reflection overlaps in their PXRD
patterns and thus hampered a very precise determination of
the lattice parameters. Applying high-resolution synchrotron,
powder diffraction was not always possible due to the sensitivity
of some of these materials to high-intensity synchrotron
beams.*® Nonetheless, a clear trend is found for the thermal
volume expansion coefficient o, in these compounds: it increases
with increasing atomic number. Accordingly, the largest o, value
was observed for [Pb(ADC)] with o, = —18.2(1) x 107° K"
However, as [Pb(ADC)] undergoes a reversible phase transition

This journal is © The Royal Society of Chemistry 2022
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to an amorphous phase at low temperatures, this value was
obtained from measurements above room temperature in the
temperature range of 25 °C to 127 °C.'® These results are in
good agreement with similar studies on Prussian Blue analo-
gues, M"Pt"(CN)s with M"" = Mn, Fe, Co, Ni, Cu, Zn, and Cd."%

4.3 Magnetic properties of ADC-based CPs

Materials displaying magnetic interactions between their metal
centers are important for many technological applications.'”
Magnetism in materials occurs by coupling of individual
magnetic moments through an exchange interaction. A direct
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Fig. 39 (a) Illustration of direct (left) and super-exchange magnetic inter-
actions (right) through a bridging motif, (b) and (d) examples of magnetic
super-exchange interactions in MnO and Mn(i)-formiate, (c) example of a
direct exchange interaction in the paddlewheel substructure of HKUST-1,
(e) and (f) illustration of a super-exchange interaction through bonds
mediated by acetylenedicarboxylate and polyyne dicarboxylate ligands,
respectively. Adapted from ref. 112 with permission of the Royal Society of
Chemistry, copyright 2014, and from ref. 113 with permission of the Royal
Society of Chemistry, copyright 2016.

magnetic exchange can take place, when the metal centers are
close enough to each other for a direct spin-spin interaction
through space, that is, the electronic wavefunction of the two
magnetic sites overlap. Alternatively, the exchange can take
place through a bridging ligand (Fig. 39(a))."°®'°° For instance,
there are close Mn>"---O®"---Mn>" contacts in MnO, whereby the
O”ion mediates an antiferromagnetic (AFM) interaction between
two neighbouring Mn>" cations, the so-called super-exchange
interaction (Fig. 39(b))."'® While a direct, through-space exchange
between the metal atoms can only be observed in a few MOFs
within the SBU like in the paddlewheel-based HKUST-1
(Fig. 39(c)),""* the metal-metal distances are typically too large
in most MOFs so that a magnetic interaction can only take place
via a ligand-mediated through-bond super-exchange interaction.
In theoretical investigations, the acetylenedicarboxylate ligand
(and extensions thereof in oligoyne-based dicarboxylates) with
its linear shape and & system was identified as an ideal ligand to
mediate such interactions in MOFs (Fig. 39(e) and (f)). ADC could
establish a long-range magnetic ordering due to its continuous
frontier orbitals. However, to achieve this ADC needs to be
combined with a transition metal having a half-filled 3d shell
(e.g Mn(n), Fe(m)), while the metal-ligand-metal angle should be
180° and the two carboxylate groups of the ADC ligand should be
perpendicular to each other (Fig. 2(A), right)."'? In a subsequent

This journal is © The Royal Society of Chemistry 2022
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study, the same authors computed and measured both the electro-
nic structure and the magnetic ordering in ([Mn(ADC)(H,0),]),
which was first synthesized by Robl and Hentschel already in
1990. However, they found only a weak magnetic interaction, as
the coordination of the ligand in this CP is not in a fashion as was
calculated for an optimal orbital overlap, ie., the two carboxylate
groups of the ADC linker are not orthogonal to each other.""

4.4 Adsorption properties of ADC-based MOFs

Constructing porous materials with ligands containing alkyne-
based spacers has been reported by several groups, as advan-
tages with respect to their adsorption properties were expected.
Farha et al. demonstrated both experimentally and computa-
tionally, that replacing the phenyl spacer of organic linkers with
a C-C triple-bond spacer has a tremendous boosting effect on
the BET surface areas of the corresponding MOFs."'* Concretely,
when replacing the two phenyl rings in each arm of the linker in
the dicopper paddlewheel-based MOF PCN-69 (also denoted as
NOTT-119) by C-C triple-bond spacers,"*>'*® a new isostructural
MOF denoted as NU-111 was obtained (Scheme 4). This spacer
substitution resulted in a remarkable increase of the BET surface
area from about 4000 m* g~' in PCN-69 to 5000 m® g~ ' in NU-
111, although the organic linker in the latter MOF is significantly
shorter (Scheme 4). On the contrary, increasing the spacer’s
length from one phenyl ring in NOTT-112 to two phenyl rings in
isostructural PCN-69, resulted only in a relatively small increase
of the BET surface area from 3800 m” g~ to 4000 m* g~ *.'**

After the computational screening of 204 hypothetical MOFs
made up of octahedral [ZrsO4(OH)4]"** SBUs and carboxylate
ligands Gomez-Gualdron et al. identified NU-800 as the MOF
with the highest deliverable methane capacity among all
zirconium-based MOFs.'*” NU-800 consists of zirconium nodes,
which are connected by 1,4-benzenedipropynoate ligands
(H,dbp, Scheme 5) to a network with a fcu topology. Their
theoretical results were confirmed experimentally after the
successful synthesis of NU-800 and measurement of its high-
pressure methane adsorption, which yielded a methane deliverable
capacity of 167 cm®(STP) em™* (0.125 g g ') between 65 and
5.8 bar. The authors concluded from their computer simulations
that alkyne groups adjacent to the inorganic zirconium nodes
provide a more efficient packing around the nodes at high pres-
sures, thereby justifying the remarkably high volumetric deliverable
capacity of methane for NU-800.""

OTOH oToH 14.7 A Hov0

215A o
T L]
LHe(1) LHg(2)

Scheme 4 Hexacarboxylic acid struts used to construct PCN-69 [LHg(1)],
NOTT-112 [LHe(2)] and NU-111 [LHg(3)]. Reproduced from ref. 114 with
permission of American Chemical Society, copyright 2012.
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Besides the positive effect of -C= C- groups with respect to
increasing BET surface areas and gas adsorption capacities,
other reports highlight the influence of the alkyne group on the
gas affinity with the framework. Zirconium acetylenedicarboxylate
Zr-HHU-1 (also entitled as UiO-66-ADC) displays a very high initial
heat of H, adsorption a Q% value of about 10 kJ mol .
This was attributed to the synergistic interaction of hydrogen
molecules with the p;-OH groups of the Zr-oxo clusters and the
-C=C- triple-bond.”® In another study, the isosteric H,
adsorption enthalpy was calculated for three isoreticular dicop-
per paddlewheel-based MOFs, namely, NOTT-101, PCN-46 and
NOTT-102, involving the respective linkers tpta®~, bdi*~ and
gpta®” (Scheme 5). At low coverage, the heat of adsorption
reaches 7.2 k] mol~* for PCN-46, while this value is lower than
5 kJ mol ™~ for the two other MOFs, which led the authors to the
conclusion that the increased heat of adsorption in PCN-46 is
attributable to the interaction between hydrogen molecules and
the exposed = electrons in the polyyne units of bdi*~, which is
stronger than that with the phenyl rings in tpta’” and
gpta*”.**® Tranchemontagne et al. draw a similar conclusion,
in which an enhanced near-zero isosteric enthalpy of H,
adsorption was attributed to the presence of C-C triple-bonds
in MOFs made up of alkyne-based linkers in IRMOF-61 (ethy-
nyldibenzoate linker) and IRMOF-62 (butadiynedibenzoate
linker)."*® 1t was also observed that the ~-C=C- triple-bond
in MOFs enhances the enthalpy of CO, adsorption. For
instance, the isosteric heat of adsorption near zero-coverage
was calculated to be as high as 60 k] mol™* for Zr-HHU-1 and
47 k] mol ™" for Ce-HHU-1 (also denoted as Ce-UiO-66-ADC).”***
These values, which are much higher than those of the compar-
able MOFs, zirconium terephthalate UiO-66 (28 k] mol™ ') and
zirconium fumarate MOF-801 (19-29 kJ mol *),"*>"*! were
also attributed to the effect of the -C= C- triple-bonds in the
ADC-based MOFs. Furthermore, Zr/Hf/Ce-HHU-1 features a
high hydrophilicity displayed by a pseudo-type I water sorption
isotherm (Fig. 34(d)), unlike the stepwise S-shaped isotherms
displayed by UiO-66 and MOF-801,"** thereby demonstrating
a higher affinity of water molecules to the alkyne units in
HHU-1 MOFs, compared to the affinity of water molecules to
the phenyl rings or alkene units in UiO-66 and MOF-801,
respectively (Fig. 40).
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Fig. 40 Water adsorption isotherms of isostructural UiO-66, MOF-801, and Zr-HHU-1 MOFs with a fcu topology at 293 K, showing the increased
hydrophilicity induced by the ADC linker. Adapted from ref. 90 with permission of Wiley & Sons, copyright 2019.

ADC-based compounds are due to the reactive C-C triple-
bond in their structure a platform for chemical fixation of other
reactive species via addition reactions. It was experimentally
demonstrated that Ce-HHU-1 chemisorbs bromine and iodine
vapours via halogenation of its alkyne units and poses therefore
as an interesting material applicable for air cleaning from toxic
halogen vapors.”*

Finally, the short ADC linker is a good candidate to fabricate
MOFs with small pores (e.g. ultramicroporous MOFs, i.e. with
pore diameters of <7 A), which are needed for CO, capture and
size-based gas separation.'>*™'*° In this regard, the zirconium
acetylenedicarboxylate MOF NUS-36 with a bcu topology has
pores with a diameter of about 3.6 A (vide supra). NUS-36 was
not accessible to N, molecules but showed a very good sorption
selectivity for ethylene (C,H,) over ethane (C,Hg) as indicated
by an IAST (Ideal Adsorbed Solution Theory) selectivity value of
up to 4.1 (Fig. 41(a)). This high selectivity was confirmed by the
breakthrough experiment (Fig. 41(b)) and the finding was
justified by the confined nature of the pores in NUS-36.°

4.5 In situ and post-synthetic transformations in ADC-based
CPs and MOFs

The presence of the -C=C- triple-bond in the backbone
of the ADC ligand makes this molecule amenable to addition

reactions (e.g. hydrogenation, hydration, halogenation, and
hydrohalogenation.), and therefore offers the possibility to
introduce functional groups in the resulting CP or MOF.'>**%”
Ligand functionalization in CPs and MOFs can be accom-
plished pre-synthetically, post-synthetically or in situ during
the synthesis of the material, and the aim is to tune the
functionalities of CPs and MOFs to meet or enhance specific
properties.*28713?

A few publications have reported the formation of halogen
functionalized fumarate-based CPs and MOFs starting from
acetylenedicarboxylic acid, whereby the H,ADC reactant under-
goes an in situ hydrohalogenation during the formation of the
CP or MOF. The first report of such a transformation was
published in 2005 by Billetter et al.'*>

By reacting H,ADC and Lil in water at room temperature,
single crystals of a CP with a layered structure and the formula
[Li(HOOC-CH=CI-COO)(H,0)] formed. In its structure, the Li"
cation is tetrahedrally coordinated by four oxygen atoms from
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Fig. 41 (a) Plot of the IAST selectivity of an equimolar CoH4/CoHg mixture
for UiO-66-ADC and NUS-36 at 298 K; and (b) breakthrough curves of an
equimolar mixture of C,H4/CoHg in packed columns of NUS-36 at 298 K
and 1 bar. Reproduced from ref. 92 with permission of American Chemical
Society, copyright 2019.
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Fig. 42 Crystal structure of [LI(HOOC-CH=CI-COO)(H,0)] showing: (a)
the coordination sphere of the Li+ cation, (b) the dinuclear building unit,
and (c) stacked two-dimensional layers. Graphics redrawn from the cif file
(CSD-Refcode WAVXEX).*2
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Scheme 6 Summary of reported reactions leading to halofumarate-
based CPs and MOFs from in situ hydrohalogenation of acetylenedicar-
boxylic acid.

four iodofumarate anions and one water molecule (Fig. 42(a)).
Two LiO, tetrahedra are edge-sharing and form dinuclear units,
which are connected by iodofumarate linkers to form a two-
dimensional layered network (Fig. 42(b) and (c)).***> Obviously,
the iodofumarate linker found in the final product originates
from an in situ trans-hydroiodination of H,ADC (Scheme 6).

One year later, the same authors reported a similar observa-
tion, where single crystals of [Cu(OOC-CH—CCI-COO)(H,0),]
H,O formed upon the reaction of H,ADC with CuCl, in
water."®? In its structure, the Cu®" cation is fivefold coordinated
by three oxygen atoms from three different chlorofumarate
dianions and two water molecules to form a square pyramid
(Fig. 43(a)).

Two such CuOs pyramids are edge-sharing to form dinuclear
units (Fig. 43(b)), which are connected by chlorofumarate
linkers into one-dimensional ribbons parallel to the [001]
direction (Fig. 43(c) and (d))."*® Again, the chlorofumarate
linker found in the final CP originates from an unexpected
in situ trans-hydrochlorination of acetylenedicarboxylic acid
during the synthesis of the CP (Scheme 6).

Fig. 43 Crystal structure of [Cu(OOC-CH=—CCI-COO)(H,0),]-H,O
showing: (a) the coordination environment of Cu?*, (b) the dinuclear
building unit with connecting chlorofumarate linkers, (c) one-

dimensional ribbon extending along [001] and (d) the packing of ribbons
viewed along [001]. Note: one oxygen atom of the carboxylate group
neighbouring the CH moiety is disordered over two (split) positions.
Graphics redrawn from the cif file (CSD-Refcode LEHJIS).?*3
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It is worth noting that the unusual in situ hydrohalogenation
of H,ADC seems to be favored when using metal halides as metal
sources in aqueous solutions. In this respect, [Li,(ADC)(H,0),] is
obtained upon the reaction of H,ADC with Li(OH) in water (vide
supra),”* whereas in situ hydroiodination to [Li(HOOC-CH=CI-
COO)(H,0)] occurs upon the reaction of H,ADC with Lil in
water.'*” This hypothesis is also in line with the formation of
[Cu(0OC-CH=CCI-COO)(H,0),]-H,0, as H,ADC and CuCl, as
metal salts were used for its synthesis in water."*® First, the
metal halide (MX) seems to react with water molecules, thereby
releasing hydrogen halide (HX) into the solution. Then an
addition of the in situ generated HX to the C-C triple-bond of
H,ADC follows. It has not yet been demonstrated, whether the
addition reaction occurs before the formation of the CP or after
an intermediate ADC-based compound formed. However, there
are several ADC-based CPs (that is, without the transformation
of the -C= C- moiety) that were obtained from metal halides.
The most intriguing case is that of the reaction leading to the
formation of [Cu(ADC)(H,0);]-H,0,* from an aqueous solution
containing H,ADC and CuCl, with the same concentrations and
under very similar reaction conditions to those leading to the
formation of [Cu(OOC-CH=—CI-COO)(H,0),]-H,O with an in situ
hydrochlorination.'** Although the authors did not address this
discrepancy, the long reaction time of “one month” for the
synthesis of the fumarate and the observation that “blue crystals
and a green precipitate were obtained”,"** give a first hint that
the formation of the latter is a slow reaction at room temperature
making the transformation of the ADC-based CP with HX to the
fumarate-based CP very likely.

A similar unexpected in situ hydrohalogenation of H,ADC
was also observed during the reaction of ZrOCl,/ZrCl, with
H,ADC in water in the presence of acetic acid as a crystal-
lization modulator yielding the chloro-functionalized derivative
of zirconium fumarate MOF-801, which is isostructural to UiO-66
(Fig. 44)."** The chloro-functionalized MOF-801 was obtained as
a microcrystalline powder and was denoted as Zr-HHU-2-Cl.
Its structure consists of octahedral [ZrgO4(OH),]'>" secondary
building units, which are connected to each other by twelve
chlorofumarate linkers, resulting in a microporous network with
a feu topology. It should be noted that a reaction of ZrOCl, with
H,ADC in anhydrous DMF yielded rather a UiO-type MOF

Fig. 44 Crystal structure of the zirconium fumarate MOF-801 with a fcu
toplogy (left), and its chloro-functionalized congener Zr-HHU-2-Cl (right).
Graphics redrawn and adapted from the cif file (CSD-Refcode
BOHJOZ).*#
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(Zr-HHU-1) containing unmodified ADC as the linker (vide
supra).’® This means that in situ hydrochlorination of the
—-C=C- triple-bond in H,ADC only occurred in water.

Using X-ray single-crystal structure analysis is straightforward
to differentiate between an ADC-based MOF and its chloro-
fumarate-based congener with the same topology obtained by
an in situ transformation. However, discerning between these
two MOFs by X-ray powder diffraction only is less straight-
forward and perhaps even challenging. For instance, Zr-HHU-2-C]
and Zr-HHU-1 have very similar powder X-ray diffraction (PXRD)
patterns (Fig. 45(a)), which do not allow distinguishing between
these two MOFs unambiguously. At this point, Raman spectro-
scopy is a very helpful complementary tool to follow the linker
transformation, as the strong characteristic band of the
-C=C- stretching vibration at 2230 cm ' in ADC-based
HHU-1 completely vanishes in the Raman spectrum of
Zr-HHU-2-Cl (Fig. 45(b)). Solid-state NMR spectroscopy also
confirms the presence of a non-symmetrical fumarate linker
in Zr-HHU-2-Cl (Fig. 45(c)). SEM-EDX elemental mapping
shows the uniform distribution of Cl atoms in the material

View Article Online

Feature Article

(Fig. 45(e)), while IR spectroscopy indicates the presence of the
C-Cl stretching vibrations at 681 cm ™. XPS analysis reveals the
chlorine in the sample to be organic by nature (C-Cl), as its peak
is found at a binding energy of about 200 eV (Fig. 45(d)). All
these additional methods clearly confirm the occurrence of a
hydrochlorination of H,ADC leading to the final chlorofuma-
rate linker found in Zr-HHU-2-Cl (Scheme 6)."**

A similar in situ hydrochlorination of H,ADC was observed,
when HfCl, reacts with H,ADC in water in the presence of
acetic acid as the crystallization modulator (Scheme 6). The
resulting MOF, which was denoted as Hf-HHU-2-Cl, is the
Hf-analogue of Zr-HHU-2-CL.>** Moreover, also other haloge-
nated (brominated and iodinated) MOFs isostructural with
MOF-801, namely Zr-HHU-2-Br and Zr-HHU-2-1, were obtained
by in situ hydrobromination and hydroiodination of H,ADC
during its reaction with ZrBr, and Zrl,, respectively.'**

Furthermore, the reaction of H,ADC with AICl; yielded an
aluminum chlorofumarate MOF, namely MIL-53-Fum-Cl,
which exhibits the MIL-53-type structure similar to aluminum
fumarate (MIL-53-Fum). Its crystal structure consists of chains
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(a) Powder X-ray diffraction (PXRD) patterns of the zirconium acetylenedicarboxylate-based MOF Zr-HHU-1 and the zirconium chlorofumarate-

based MOF Zr-HHU-2-Cl, showing very similar diffraction patterns; (b) Raman spectra of H,ADC, Zr-HHU-1 and Zr-HHU-2-Cl, showing the absence of
the vibration of the C—C triple bond in Zr-HHU-2-Cl; (c) (ssNMR) solid state *H-*C FSLG-HETCOR CP MAS spectrum of Zr-HHU-2-Cl showing the
presence a functionalized fumarate-like linker; (d) X-ray photoelectron spectra (XPS) of Zr-HHU-2-Cl of the Cl-2p, Zr-d and C-1s regions, revealing the
formation of a C—Cl bond and the presence of olefinic carbon atoms; and (e) (SEM-EDX) elemental mapping showing zirconium and chlorine at the same
regions and uniformly distributed in the whole sample. Adapted from ref. 134 with permission of the American Chemical Society, copyright 2019.
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Scheme 7 Possible reaction mechanisms for the synthesis of Zr-HHU-2-
X via the formation of hydrogen halide (HX, X = Cl, Br, 1) and in situ
hydrohalogenation of ADC after the formation of HHU-1 (route 1) or via a
prior formation of a halofumarate linker and MOF formation with this linker
in a second step (route 2). Adapted from ref. 134 with permission of the
American Chemical Society, copyright 2019.

of trans-corner-sharing AlOg octahedra, which are bridged by
chlorofumarate linkers to yield a network containing channels
with rhombic cross-sections.’*® From the aforementioned
reports, it appears that any reaction mixture that produces
hydrogen halides (HX, X = Cl, Br, I) in an aqueous solution is
likely to induce the in situ hydrohalogenation of the -C=C-
triple bond in H,ADC and thereafter, the formation of a
halofumarate-based MOF or CP. This transformation was
observed with monovalent (Li*), divalent (Cu®"), trivalent
(A*") and tetravalent (Hf'" and Zr*") metal cations and seems
to occur without the need of any specific catalyst.

In addition, hydrohalogenation occurs stereoselectively
yielding solely the trans-product (halofumarate-based MOF)
instead of the cis-product (halomaleate-based MOF) or mixtures
thereof (Scheme 7).

The stereospecific trans hydrohalogenation of electron-deficient
alkynes upon reaction with lithium or sodium halides to afford the
trans-adduct alkenyl has already been reported.**® It is worth noting
that the in situ functionalization of MOFs is of great interest, as it
reduces the number of synthesis steps, time and cost, when
compared with pre-/post-synthetic modifications. Nonetheless,
ADC-based CPs and MOFs should also be amenable to post-
synthetic modifications via addition reactions involving the
-C=C- triple bond. It was demonstrated that UiO-type Zr- and
Hf-based MOFs incorporating -C=C- triple-bond containing
ligands can undergo stereoselective halogenation or hydrobromi-
nation reactions of the unsaturated C-C bond to yield a haloge-
nated alkene-containing Zr-/Hf-MOF, while retaining the structural
features of the starting material (Scheme 8)."*”7"*° In the case of
Ce-HHU-1 (or Ce-UiO-66-ADC), it was observed that this material
undergoes a solid state bromination and iodination of its C-C triple
bonds to form new compounds containing dibromoethylenic or
diiodoethylenic ligands, respectively, albeit with a completely
different structure than that of pristine Ce-HHU-1.”*

4.6 Solid-state polymerization in ADC-based CP and MOFs

Unsaturated molecules are amenable to solid-state polymeriza-
tion (SSP) reactions, whereby the n-component of the multiple-

This journal is © The Royal Society of Chemistry 2022
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Scheme 8 Illustration of postsynthetic bromination of a MOF with an
alkyne-based linker. Reproduced from ref. 137 with permission of the
Royal Society of Chemistry, copyright 2016.

&

Br

CHCl,

bond opens and forms an extended chain."*® SSP can be
induced photochemically,"*! by high pressure,"*> by ionizing
radiation or thermally."**'** The polymerization in the solid-
state is favored, when the unsaturated moieties in the respective
material are correctly oriented to each other with short contacts
between them (<4.2 A).** Molecules with C-C triple bonds are
especially interesting for SSP, as they would yield the formation
of m-conjugated polymers, which can result in materials
with interesting electrical and non-linear optical properties.'*®
However, the SSP of “all-organic” acetylenes is usually very limited.
For instance, the SSP of acetylenedicarboxylic acid induced by ®°Co
v-irradiation yielded only a conversion rate of 5% and takes
place only after very long irradiation times of up to 10 days.""’
Metal complexes based on acetylenecarboxylate ligands were
demonstrated to be interesting starting materials for a complete
solid-state polymerization. For instance, the crystal structures of
dimethyl(propynoato)thallium (CHj3),TI(O,CC=CH), lanthanum
propynoate La,(0,CC= CH)4(H,0),-2H,0 and sodium propynoate
Na(O,CC=CH), contain infinite chains with short inter-chain
C=C---C=C contacts in the range 3.29-3.454 A. All these
compounds undergo a solid-state polymerization upon irradiation
with X-rays or ®°Co vy-rays with yields up to 75%."**"'*°

Several ADC-based CPs were also reported to undergo SSP.
Shershnev et al. obtained the SSP of [Zn(ADC)(H;0),] in an inert
atmosphere and in vacuo, upon thermal treatment at 150 °C.
Alternatively, they obtained the SSP of the same compound
upon °°Co y-irradiation.”® The crystal structure of
[Zn(ADC)(H,0),] (isotypic to [Mg(ADC)(H,0),], Fig. 7) contains
infinite polymeric Zn-ADC chains with short inter-chain
C=C---C=C contacts with distances of about 3.8 A
(Fig. 46(a)), which is in a good range for an SSP.”* It may
therefore be expected that isotypic ADC-based CPs, that is
[M"(ADC)(H,0),] with M" = Mg, Mn, Ni, Co, should also be
amenable to polymerize in the solid state.

Michaelides et al. observed a thermally-induced SSP of
[Ce™,(ADC)3(H,0)6]-2H,0 at temperatures above 150 °C.**
The crystal structure of [Ce™,(ADC);(H,0)]-2H,O (isotypic to
[Dy™,(ADC);(H,0)s]-2H,0, Fig. 30) also contains infinite poly-
meric Ce™-ADC chains with short inter-chain C=C---C=C
contacts in the sequence ---A---B---B---A---, where A and B
represent two crystallographically different ADC ligands
(Fig. 46(b)). The distance between -C=C- bonds of two con-
secutive B ligands is 3.872 A, while the contact of -C=C-
bonds for consecutive A-B ligands is at a distance of 3.432 A,
thus making the occurrence of SSP very favorable.** Infinite
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Fig. 46 Sections of the crystal structures of [Zn(ADC)(H,O),] (a) and
[Cex(ADC)3(H20)e]-2H,O  (b), disclosing short C=C.--C=C contacts
between neighbouring ADC ligands. The coordination sphere of Ce3* is
omitted in (b) for clarity. Graphics redrawn from the cif file (CSD-Refcode
DAYMAS and KAPHAL) 3484

polymeric Cd-ADC chains with short inter-chain C=C---C=C
contacts of 3.27 A were also found in [Cd(ADC)(H,0);]-H,0
(Fig. 19(d)). The observation of a thermally-induced SSP at
about 160 °C is therefore in agreement with the results dis-
cussed before.®® It can be predicted that for many other rare
earth ADC-based MOFs and CPs, e.g., those with the general
formula [RE,(ADC);(H,0)s]-2H,O (RE"™ = Gd, La, Pr, Nd, Sm,
Eu, Tb, Dy, Ho, Er, Y), an SSP should be observable. Even more,
the decomposition of anhydrous CPs [M"(ADC)] (M" = Ca, Sr,
Ba, Eu, Pb) in high-intensity synchrotron beams, which goes
along with a blackening of the sample (see Section 4.2), may
obviously also be ascribed to SPP reactions. Finally, it is very
remarkable that the SSP reactions described for ADC-based
CPs/MOFs obviously proceed with a complete conversion, while
for ““all-organic” alkynyls or metal complexes based on alky-
nylcarboxylate ligands (vide supra) significantly lower conver-
sion rates were reported.

5 Conclusions and perspectives

Acetylenedicarboxylate (ADC), as a ditopic ligand, exhibits a
large variety of coordination modes that lead to the formation
of both non-porous coordination polymers (1D, 2D and 3D), as
well as porous metal-organic frameworks. ADC-based materials
comprising all types of mono-, di-, tri-, tetra- and hexavalent
metal cations from all groups across the periodic table of
elements have been reported. ADC-based CPs and MOFs adopt
intriguing structural features that have typically not been
encountered in compounds with other linear carboxylate-
based ligands, which result in unique properties including
negative thermal expansion, long-range magnetic ordering,
enhanced gas/vapor adsorption capacity and affinity, as well
as solid-state polymerization. While the room temperature
synthesis in water, DMF or alcohols and the mechanochemical
synthesis have been the most employed methods to prepare
ADC-based MOFs/CPs, solvothermal syntheses have also suc-
cessfully been employed, although ADC starts to decompose
under these conditions at (too) high temperatures on account

8930 | Chem. Commun., 2022, 58, 8900-8933

View Article Online

Feature Article

of its thermal liability and decarboxylation in solutions. None-
theless, some successful solvothermal syntheses indicate that
this approach must not be totally excluded for the preparation
of ADC-based MOFs and CPs, but the synthetic conditions
have to be adjusted very carefully. Also, the occurrence of some
ADC-based materials with very high thermal stabilities like
strontium acetylenedicarboxylate [Sr(ADC)] contrasts the idea
of a generally very low thermal stability of ADC-based com-
pounds. Making use of acetylenedicarboxylate as the linker for
constructing coordination polymers and porous metal-organic
frameworks is therefore a research niche, which deserves
further exploration.

There has been a very recent increase in the number of
publications demonstrating that many ADC-based MOFs can
actually be synthesized at room temperature and probably in
water.””> ™" In this regard, synthesizing ADC-analogues of
well-known MOFs (e.g. MIL-53-ADC, MIL-140-ADC, MIL-88-ADC)
can be envisaged. Regarding the issue of porosity, a systematic
determination of the porosity for already reported ADC-based CPs
would be an interesting subject of investigation, as many reported
ADC-based CPs show potential pores, but activation either failed
or has never been attempted. In these cases, the mild activation
using supercritical CO, drying could be an interesting approach.
Investigations of porous ADC-based MOFs for the storage of
acetylene or the separation of acetylene-containing gas mixtures
could be another interesting topic. It was demonstrated that
MOFs made up of alkyne-based linkers displayed a high acetylene
uptake, as well as a high isosteric heat of acetylene adsorption,
which was suggestively attributed to the enhancing effect of weak
n-7 interactions between -C=C- moieties of the adsorbate and
-C=C- units of the linker in the MOF adsorbent."*

The short ADC linker effectively induces small pores in the
so-called ultramicroporous frameworks (with pore diameters of
<7 A). Such small pores have the potential for molecular
sieving of, e.g., CO, from N, and for water uptake at low
humidity. Small pore widths are critically needed in MOFs to
achieve high quantities in low-pressure or trace gas adsorption
by allowing adsorbent-adsorbate-adsorbent interactions to
opposite sides of the pores with concomitant high heat of
adsorption.

The postsynthetic addition of functional groups to the triple-
bond (at least to a fraction of the ADC ligands), such as hydration,
hydroamination, halogenation, and hydrohalogenation, should
be of high potential for the ADC MOFs as the postsynthetic
functionalization of MOFs is generally of great interest, due to
the retention of the framework structure.

There is an interest in the thin-layer formation of MOFs as
nanoporous films (named SURMOFs) which are studied for the
uptake of photoactive molecules, electrical transport, exciton
transport, exciton channeling, photon upconversion, the remote-
controlled release of molecules, membranes with photoswitchable
selectivity, ion-conduction, etc.">® While the postsynthetic function-
alization at the triple-bond of the ADC linker in the bulk MOF with
small pores may be admittedly a challenge; the addition of organic
functional groups will be much easier in thin-layer SURMOFs
where ADC-MOFs should have a high potential.

This journal is © The Royal Society of Chemistry 2022
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It should be noted that the versatility in properties observed
with ADC-based CPs/MOFs could also be exploited in closely
related fields of acetylene-/alkyne-linked covalent-organic fra-
meworks (COFs) and covalent-organic networks (CONs).">”

Finally, the typically low thermal stability of ADC-based
compounds could make them good precursor candidates to
produce metal oxides or metal nanoparticles from pyrolysis at
moderate temperatures.’*®**® We hope that this review will
inspire readers with new ideas towards a better understanding
of the ADC linker and stimulate the synthesis of more valuable
ADC-based CP and MOF materials.
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