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Abstract. Functional inorganic materials are very important today to meet the needs of our society. The
most demanding needs are sustainable and clean energy (it would be nice if that can be achieved from water
splitting), smart materials for sensing toxic volatile as well as water-soluble substances (health care) and
efﬁcient catalysts that can cycle multiple times without deterioration for useful chemical reactions.
Supramolecular chemistry, that plays a vital role to design and synthesize such functional molecules, controls
over the intermolecular interactions, thereby the molecular recognition processes leading to molecular
functions, e.g., sensing, catalysis, etc. This article deals with inorganic supramolecular chemistry of a number
of mono-nuclear coordination complexes to selected di-nuclear systems through trinuclear metal basic carboxylates, mostly in their solid-state, leading to the functional inorganic materials. We have demonstrated
that some of the very old inorganic systems can be explored in the light of supramolecular chemistry to
describe them as functional materials, which have potential in serving our society to some extent.
Keywords. Functional inorganic materials; mononuclear dithiolato complexes; dinuclear iron compounds;
trinuclear basic carboxylates; supramolecular chemistry.

1. Introduction
Self-assembly through metal coordination has shown
remarkable potential for the formation of functional
inorganic materials. In fact, today, in modern inorganic chemistry, the designed supramolecular
approach to the construction of new molecular and
supramolecular architectures is a challenging task to
obtain functional inorganic materials. An important
function of a supramolecular material is ‘molecular
recognition’, which refers to the speciﬁc interaction
between two or more molecules through noncovalent
associations. These noncovalent interactions include
metal coordination, hydrogen bonding, p–p interactions, van der Waals forces, electrostatic effects, etc.
In the course of our inorganic chemistry research
during the last 19 years, we have been looking for
inorganic systems that can be explored further in their
solid-state to exhibit supramolecular functions. We
have synthesized and characterized diverse types of
inorganic materials including mono-nuclear metal
coordination complexes to the di-nuclear cluster
through tri-nuclear metal-l3-O-cluster containing
compounds. These trinuclear compounds are popularly
*For correspondence

known as basic carboxylates. Many of these synthesized compounds do not exhibit any functional
behavior. This work has been planned to furnish a
glimpse that some inorganic compounds, including
these metal basic carboxylates, can exhibit unique
molecular functions, mostly in the solid-state. We
have mainly focused on three types of inorganic systems: (i) mono-nuclear metal coordination complexes,
(ii) di-nuclear systems and (iii) tri-nuclear metal carboxylates. Some of these systems to be described here,
indeed, are very old. For example, the mononuclear
copper complex [CuII{C6H4(NH2)2}2SO4]H2O (C6H4(NH2)2 = benzene-1,2-diamine), which has recently
been shown by us to be an active functional material,
was prepared in the 1960s. The tri-nuclear iron carboxylates, one of which has recently been demonstrated by us to be a methanol recognizer in its solidstate, had been synthesized almost 200 years ago.
Metal dithiolato coordination complexes, an old but
still a contemporary system, have recently been
demonstrated by us in the angle of supramolecular
recognitions. We have explored, in our laboratory,
these old systems in a new dimension in the perspective of inorganic supramolecular chemistry leading to
functional materials. Particular attention is paid to
crystalline state (solid to solid) transformations in
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solid-liquid and solid-gas interface reactions. This
article would contribute an important message that
many inorganic systems, that are synthesized and
characterized previously but functionally are not
explored, can be revisited further to reconnoiter their
molecular functions by analyzing their supramolecular
chemistry. We have presented here a systematic
supramolecular approach, mainly by analyzing weak
interactions in the pertinent crystal structures that can
be linked to their molecular functions or the potential
to show function behavior. We have arranged the
article by beginning with mono-nuclear dithiolato and
ortho-phenylene diamine metal coordination complexes followed by selected dinuclear iron and zinc
complexes through trinuclear metal carboxylates.
2. Mononuclear coordination complexes
2.1 Mononuclear metal(dithiolate) complexes
in the perspective of supramolecular chemistry
Transition metal bis(dithiolate) complexes are of
continuing interest because of their potential applications as near-infrared dyes, conducting-, magneticand nonlinear optical-materials.1–12 Besides their
materials chemistry aspect, they have received attention in the area of biomimetic chemistry due to the
existence of metal-dithiolene moiety in several metalloenzymes as an active site.13 In recent times, they
have been used as potential building blocks in
supramolecular constructions.14–17 Even though we
have contributed to diverse areas of metal(dithiolate)
chemistry, the present discussion will be limited only
to the supramolecular aspect of this class of inorganic
complexes emphasizing their functional performances.
2.1a Transition metal(dithiolate) complex anion as a
template and a conformational modulator in the
supramolecular construction
The ﬁrst part of this section will be described by a
story of how a classical coordination compound
inﬂuences a pseudorotaxane to self-assemble into noncovalent architectures of diverse topologies that are
dictated by the size and shape of the complex used. A
pseudorotaxane is formed by an axle threaded into the
wheel (Scheme 1); the axle is generally stabilized by
the non-covalent interactions, such as hydrogen
bonding or p–p stacking interactions of the axle with
the ring. For example, Loeb and co-workers18–21 used
1,2-bis(4,40 -bipyridinium)ethane as an ‘‘axle’’ and
dibenzo crown-8 ether as a ‘‘wheel’’ to create a
pseudorotaxane (Scheme 1, right), which can be
obtained as PF6 salt.

Scheme 1. A schematic representation of the threading
and dethreading process of pseudorotoxane (left). A pseudorotoxane created with 1,2-bis(4,40 -bipyridinium)ethane as
an ‘‘axle’’ and dibenzo crown-8 ether as a ‘‘wheel’’ (right).

This pseudorotaxane has been known to selfassemble by p–p and hydrogen bonding interactions to
form supramolecular architectures.22,23 We have
exploited the dipositive charge (2 ?) of this pseudorotaxane by its ion-pairing with [M(dithiolate)2]2to obtain a new class of inorganic supramolecular
compounds (Scheme 2).15,24
The structural analysis of these compounds shows
the occurrence of supramolecular grid-type channels/
void spaces of diverse shapes depending on a particular coordination complex anion ([M(mnt)2]2-,
[Zn(dmit)2]2-) used, that is accommodated in the
relevant channel/void space. In this system, the metal
coordination complex can be described as a template
in the sense that complex anion extends its hydrogenbonding interactions with its surrounding pseudorotaxane cations, as if, it brings the adjacent pseudorotaxane cations together around it (Figure 1a), whereby
the pseudorotaxane cations undergo hydrogen bonding
and pi-pi interactions among themselves to construct
the three-dimensional supramolecular architecture. In
the case of compound [pseudorotaxane][Cu(mnt)2],
each void space (in one layer) accommodating two
complex anions is constructed by surrounding eight
pseudorotaxane cations. This situation is shown in
Figure 1a. In the relevant crystal structure, the complex anion [Cu(mnt)2]2- has non-planar geometry and
thus the shape of the concerned void space is rhombus-/diamond-like, as shown in Figure 1b. On the
other
hand,
for
compounds
[pseudorotaxane][Ni(mnt)2] and [pseudorotaxane][Pd(mnt)2], the
complex anions [M(mnt)2]2- (M = Ni2? and Pd2?,
respectively) exist, expectedly, in a square-planar
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Scheme 2. Structural representation of non-covalent supramolecular interaction built out of a metal bis(dithiolene)
coordination complex [M(dithiolato)2]2- as a counteranion of a pseudorotaxane cation.

Figure 1. (a) View of the formation of void space, formed by the aggregation of pseudorotaxane cations, inﬂuenced by
[Cu(mnt)2]2- complex anions that are accommodated in the void space ([pseudorotaxane][Cu(mnt)2]). The red dotted lines
indicate C–HS hydrogen bonding interactions, the green dotted lines indicate C–HN hydrogen bonding interactions
between pseudorotaxane cations and [Cu(mnt)2]2- complex anions. (b) & (c) Packing diagrams of compounds
[pseudorotaxane][Cu(mnt)2] and [pseudorotaxane][Pd(mnt)2] showing void spaces accommodating complex anions
[Cu(mnt)2]2- and [Pd(mnt)2]2-, respectively.

geometry and in both these cases, the square-like void
spaces (Figure 1c) are formed. In other words, the
variation in shapes of the void spaces from rhombustype ([pseudorotaxane][Cu(mnt)2]) to square-type
and
[pseudorotax([pseudorotaxane][Ni(mnt)2]
ane][Pd(mnt)2]) can be correlated with the coordination
geometry of the metal ion in the relevant coordination
complex [M(mnt)2]2- anions, that are encapsulated in
the respective void spaces ([Cu(mnt)2]2- is quite nonplanar, whereas [Ni(mnt)2]2- and [Pd(mnt)2]2- are
almost planar).
A metal bis(dithiolato) complex anion [M(mnt)2]2can also modulate the conformation of an associated
organic benzimidazolium cation. We synthesized three
organic benzimidazolium cations, namely, [Bz,H[Bz,NO2-BzBimy]?,
and
[Bz,BrBzBimy]?,
BzBimy]?, which can exist either its syn conformation
or its anti-conformation (Figure 2). The conformation

of the benzimidazolium cations can be modulated by
the supramolecular inﬂuence of metal dithiolate anion
[M(mnt)2]2- through its interactions with concerned
benzimidazolium cation as shown in Figure 2. We
have explained this conformational modulation by
offering a supramolecular model of eclipsed and
staggered conformations of two ﬂexible –CH2– groups
of benzimidazolium cation with respect to the positions of the hydrogen atoms of the –CH2– groups.24
So far, we have seen, in the preceding section, that a
transition metal-dithiolate coordination complex
anion can offer supramolecular inﬂuences to its surrounding organic cation in constructing diverse
supramolecular architectures of the concerned pesudorotaxane cation and in modulating the conformation
of the associated benzimidazolium cation. It can also
happen the other way around. The surrounding
cationic organic part can inﬂuence the central metal
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Figure 2. (i) Conformation of the benzimidazolium salts (from left to right: [Bz, H-BzBimy]?, [Bz, NO2-BzBimy]?, and
[Bz,Br-BzBimy]? in their BF4 salt), anion (tetraﬂuoroborate) moiety is omitted for clarity; (ii) conformation of the
benzimdazolium salts in metal bis(dithiolene) ion-pair complexes, ([M(mnt)2]2- anion is omitted for clarity).

coordination complex anion. The geometry around the
metal ion in the coordination complex can be tuned
through non-covalent interactions with adjacent
organic cations, as described in the following section.
2.1b Tuning coordination geometry around Cu2?
center in the [Cu(mnt)2]2- anion by varying alkyl
chain length in the associated cation
The transition-metal bis(dithiolate) complexes, that
generally show square-planar geometry, exhibit deviations from this planarity.8,25–30 This deviation can be
caused by putting constraints on the concerned metalchelate rings.31
We have shown that the deviation can also be
caused by supramolecular interactions of a particular
complex anion with the surrounding organic cation in

the resulting ion-pair compound in the solid-state.32
We have reported six ion pair compounds [C8H12
(CH2)nN4][Cu(mnt)2] (n = 1 to 6), shown in Scheme 3,
in which the counter cations are varied by increasing
chain length of the cation, retaining the same complex
anion [Cu(mnt)2]2- in all six compounds. The deviation from the planarity in the coordination complex
anion [Cu(mnt)2]2- can be understood if we take the
following factors (Scheme 4) into account: (a) lack of
centre of symmetry (Ci) along metal hydrogen bond,
(b) unbalanced supramolecular interactions and
(c) crowdedness around the complex anion
[Cu(mnt)2]2-. As shown in Scheme 4a, there is a
symmetry along the interaction of metal hydrogen
bond in which the metal is Cu2? ion of the complex
anion [Cu(mnt)2]2-, showing identical hydrogen bonds

Scheme 3. General synthetic procedure for ion pair compounds.
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Scheme 4. (a) Centre of symmetry along metal-hydrogen interaction, (b) equivalent and un-equivalent hydrogen bonding
interactions (purple and green colors showing balanced and unbalanced interactions respectively), (c) bulkiness around the
anion [Cu(mnt)2]2-. Reprinted with permission from Ref.32 Copyright (2012) American Chemical Society.

from both sides of the anion with an identical distance.
There may be symmetrical or balanced hydrogen
bonding interactions around a complex anion that are
shown in purple color in Scheme 4b. The same Scheme 4b also shows un-balanced supramolecular interactions involving different groups with dissimilar
distances as indicated in green color. This leads to a
change in spatial orientation of the chelate rings of the
complex anion. Scheme 4c presents the possibility that
in the crystals of the above-mentioned compounds (a-f)
[Cu(mnt)2], the required cations may be present close
to the complex anion and interact from top/bottom of
the molecular plane of the complex anion with a metal
hydrogen bond. Thus, the bulkiness of the cation,
hydrogen-bonded to the central metal ion, may affect
the geometry around the metal ion in the coordination
complex anion [Cu(mnt)2]2-.
Based on these factors, we have demonstrated that
increasing length of the alkyl chain of imidazolium
cation (which is ion paired with [Cu(mnt)2]2- anion)
can tune the geometry of the square planar copper
bis(dithiolato) complex anion in solid state as shown
in Figure 3.
As a part of the supramolecular inﬂuence of metal
dithiolate complex anion, now in the following section,
it has been demonstrated that a molecular machine
(reversible syn-anti isomerization of an organic
cationic receptor) can be operated by mononuclear
zinc dithiolato complex anion [Zn(dmit)2]2-.
2.1c A molecular machine: an ion pair compound
[C28H24N4][Zn(dmit)2]2DMF exhibits reversible cistrans isomerization of its cationic receptor in a solidliquid interface reaction triggered by anion exchange
An organic cationic receptor [C28H24N4]2?, which
generally exists in its usual trans conformation

(Figure 4, right), can be obtained with its unusual cisform (Figure 4, left) when it is ion paired with a
[ZnII(dmit)2]2- coordination complex anion with the
isolation of an ion pair compound [C28H24N4]
[Zn(dmit)2]2DMF (Figure 5, left).33 The cis form of
the cationic part, {C28H24N4}2? [1,100 -1,4-phenylenebis(methylene)bis-4,40 -bipyridinium] of this ion pair
compound can be described as a molecular tweezer
(the molecular tweezers are nothing but non-cyclic
host molecules having open cavities of ﬂexible sizes
and potential to exhibit conformational changes, capable of binding guest molecules via supramolecular
interactions). This molecular tweezer (the cis form of
the cationic receptor) recognizes the dithiolato complex anion [ZnII(dmit)2]2- through p–p intermolecular
interactions involving the contact of the {C3S2} ring of
the [ZnII(dmit)2]2- coordination complex anion with
the aromatic ring of the 4,40 -bipyridinium end of the
receptor cation (see Figure 5, left) in the ion pair
compound [C28H24N4][Zn(dmit)2]2DMF.
The cis form of the cationic receptor is energetically
unfavorable (stabilized through p–p intermolecular
interactions with [ZnII(dmit)2]2- complex anion), thus
it has natural tendency to go it’s usual trans/anti form.
When deep brown crystals of [C28H24N4]
[Zn(dmit)2]2DMF, that are insoluble in MeCN solvent, are suspended in a saturated MeCN solution of
[Bu4N]Br, the deep-brown crystals start losing color
without their dissolution resulting in colorless offwhite crystals of [C28H24N4]Br2, in which the cationic
receptor takes its usual trans/anti-form (Figure 5,
right). During this solid-liquid interface reaction


½C28 H24 N4  ZnðdmitÞ2  2DMFðsolid phaseÞ
þ ½Bu4 NBrðsoln: phaseÞ !
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Figure 3. Deviations from the planarity in the complex anion [Cu(mnt)2]2- in ion-pair compounds (a–f) [Cu(mnt)2]
decrease with increasing alkyl chain length in between two imidazolium moieties in the associated cations. Reprinted with
permission from Ref.32 Copyright (2012) American Chemical Society.

Figure 4. Left: cis (or cleft-like) conformation of [C28H24N4]2? in ion-pair compound [C28H24N4][Zn(dmit)2]2DMF.
Right: anti (or staircase-like) conformation of [C28H24N4]2? in its bromide salt, [C28H24N4]Br2. Reproduced from Ref.33
with permission from the Royal Society of Chemistry.

[C28H24N4]Br2 (solid phase) ? [Bu4N]2[Zn(dmit)2]
(soln. phase), the [ZnII(dmit)2]2- complex anion is
removed from the insoluble solid crystals of [C28H24N4]
[Zn(dmit)2]2DMF forming pink MeCN solution of
[Bu4N]2[Zn(dmit)2] and dissolved Br- ions get into the
same crystals (that have removed their [ZnII(dmit)2]2anionic content) forming off-white crystals of [C28H24N4]
Br2 (that are again insoluble in MeCN). This reaction is
quite a facile one (completed within 4-5 minutes) because
in this reaction, a high energy (cis) form of the cationic
receptor goes to its low-energy (anti/trans) form. Conversely, the reverse reaction
½C28 H24 N4 Br2 ðsolid phaseÞ
þ ½Bu4 N2 ½ZnðdmitÞ2 ðsoln: phaseÞ
!

[C28H24N4][Zn(dmit)2]2DMF (solid phase) ? [Bu4N]
Br (soln. phase) is so sluggish (the low energy form of
the cationic receptor goes to its high energy form) that it
takes almost a week to be completed. This system can
be described as a molecular machine (a molecular
system, where the constituent components produce
mechanical motion in response to speciﬁc stimuli) in
which the cationic receptor (a molecular component)
produces quasi-mechanical movement (output in the
present work: cis-trans isomerization in the solid-state)
in response to speciﬁc stimuli (input; in the present
case, the input is ion exchange).
Metal dithiolate complexes, as shown above, not
only inﬂuence the conformations of the surrounding
molecules in a crystal but also can be responsible for
an important organic functionalization at an ambient
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Figure 5. Left: the thermal ellipsoidal plot (50% probability) of [C28H24N4][Zn(dmit)2] in compound [C28H24N4]
[Zn(dmit)2]2DMF. Right: the crystal structure of [C28H24N4]Br2. Reproduced from Ref.33 with permission from the Royal
Society of Chemistry.

condition by a supramolecular ion pairing with an
organic heterocyclic dication as described below.
2.1d Functionalization of an organic compound at an
ambient condition mediated by a mononuclear
[M(mnt)2]2- complex
An organic heterocyclic dication DDP2?, 6,12-dihydrodipyrido [1,2-a;10 ,20 -d] pyrazidinium ([C12H12N2]2?,
Scheme 5 left), can be obtained as a halide salt.
This DDP2? dication can be oxidized to its cyclic
quaternary ammonium monocation ODP? (12-oxo-9Hdipyrido[1,2-a;10 ,20 -d] pyrazin-5-ium, [C12H9N2O]1?)
with the addition of an oxo group (Scheme 5, right).
However, this oxidation had been known in a two-step
‘‘not so easy’’ reaction process. In the ﬁrst step, the
DDP2? was dehydrogenated by Pd/C as a catalyst and in
the second step, the oxidation was performed using SeO2
as an oxidizing agent to obtain ODP1? as a bromide salt.
We have demonstrated this organic transformation in a
one-step facile oxidation, when we treat [DDP]Cl2 to an
aqueous solution of [M(mnt)2]2- (formed in situ from
MCl2xH2O and Na2mnt (mnt2- = 1,2-dicyano-ethylene
dithiolate; M = Ni2?, Cu2?) resulting in the isolation of

Scheme 5. Structural representation of DDP2? and
ODP2?. Reprinted with permission from Ref.34 Copyright
(2006) American Chemical Society.

an ion pair compound [ODP]2[M(mnt)2] (in which
ODP1? is the oxidized product of DDP2?) as shown in
Scheme 6.34 The mechanism for the oxygenation of
DDP2? to ODP1? (Scheme 6) is not clear to us. However, we speculate that the supramolecular ion-pairing in
[DDP][M(mnt)2] (a hypothetical compound) promotes
inter-molecular electron transfer between cation and
anion with the involvement of water (source of oxo
group) resulting in the isolation of [ODP]2[M(mnt)2].
The supramolecular ion paring has physically been
observed in the crystal structures of [ODP]2[M(mnt)2], in
which two ODP1? cations interact with one [M(mnt)2]2anion through p–p interactions as shown in Figure 6.
This oxygenation has a real impact in organic synthesis
of industrial importance, because this does not use any
speciﬁc oxidation reagent other than aerial oxygen.
Besides supramolecular templating, molecular
machine operating, and organic functionalization as
discussed in the preceding sections, dithiolene-based
supramolecular interactions can also lead to the
emergence of a new molecular system as depicted in
the following section.
2.1e Emergence of an inorganic tetrathiafulvalene: a
supramolecular approach
Tetrathiafulvalene (TTF) is a non-aromatic
organosulfur 14-p-electron system (Scheme 7a) which
can be oxidized to its mono-radical cationic and
diradical cationic states reversibly at relatively low
oxidation potential (Scheme 7b). TTF being an
organic compound has been shown to be able to
conduct electricity, similarly to metals. This led to the
synthetic community to design and synthesize new
TTF derivatives by the substitution of the periphery of
the TTF molecule. While working with
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Scheme 6. One-pot oxygenation of DDP2?. Reprinted with permission from Ref.34 Copyright (2006) American Chemical
Society.

Figure 6. Supramolecular interactions between ODP cations (oxidized product) and the [Ni(mnt)2]2- coordination
complex anion. Ball and stick view (left) and space-ﬁlling view (right). Color code: C, medium gray; N, blue; O, red; S,
yellow; Ni, cyan. Reprinted with permission from Ref.34 Copyright (2006) American Chemical Society.

Scheme 7. (a) Structural representation of tetrathiafulvalene. (b) Oxidation of TTF to its radical mono-cation and radicaldication.

asymmetrically substituted bis(dithiolene) nickel(III)
compounds, for example, [Bu4N][NiIII(ClPhdt)2]
as
(ClPhdt2- = 2-(p-chlorophenyl)-1,2-dithiolate),
presented in Scheme 8 (left), we could isolate a neutral nickel(IV) compound [NiIV(ClPhdt)2] (Scheme 8,
right), which can be described as an inorganic
tetrathiafulvalene (TTF) as far as structural analogy
between this neutral Ni(IV) compound (Scheme 8,
right) and an organic TTF derivative (ClPhTTF,
Scheme 9, right) is concerned. We have synthesized and structurally characterized the TTF derivative ClPhTTF (Scheme 9).5 We have observed
crystallographically an interesting structural relationship between the neutral Ni(IV) dithiolato compound [NiIV(ClPhdt)2] (Scheme 8, right) and

tetrathiafulvalene ClPhTTF (Scheme 9, right) in terms
of their supramolecular interactions (for example, S  
 S contacts, packing diagrams, etc.). as shown in
Figure 7. From Schemes 8-9 and Figure 7, it is
apparent that both molecular structures {[NiIV
(ClPhdt)2] and ClPhTTF} would be identical if the
metal center (Ni4? ion) in compound [NiIV(ClPhdt)2]
is substituted by a C=C double bond or the central
C=C double bond in compound ClPhTTF is replaced
by a Ni4? ion. Both operations generate indistinguishable molecular structures. Based on notable similarity between [NiIV(ClPhdt)2] (an inorganic
coordination complex) and ClPhTTF (a tetrathiafulvalene derivative) in terms of bond lengths and angles,
intermolecular SS contacts and packing diagrams in
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Scheme 8. Synthesis of neutral [Ni(ClPhdt)2] [ClPhdt = 2-(p-chlorophenyl)-1,2-dithiolate]. Reprinted with permission
from Ref.5 Copyright (2008) American Chemical Society.

Scheme 9. Synthesis of 4,40 -bis(4-chlorophenyl)-tetrathiafulvalene (ClPhTTF).
Copyright (2008) American Chemical Society.

Reprinted with permission from Ref.5

Figure 7. Molecular structures of compound ClPhTTF (a) and compound [Ni(ClPhdt)2] (b) showing the intermolecular
SS interactions. Reprinted with permission from Ref.5 Copyright (2008) American Chemical Society.

their crystal structures, the coordination complex
[NiIV(ClPhdt)2] can be called an ‘‘inorganic tetrathiafulvalene (TTF)’’.
We, thus, could demonstrate in the preceding sections that a metal dithiolate complex (i) can act as a
template to generate diverse supramolecular architectures, (ii) can inﬂuence conformation of the molecules that supramolecularly interact with the metal
dithiolate complex, (iii) can regulate the reversible
cis-trans isomerization of an organic receptor
(molecular machine) using its supramolecular P–P
(pi–pi) interactions, (iv) can bring about organic
functionalization and (v) can lead to the emergence of
an ‘‘inorganic tetrathiafulvalene (TTF)’’. These facts
support that the diverse supramolecular interactions
in the crystals of diverse mono-nuclear metal dithiolate complexes can be utilized in obtaining functional
materials. In the same line, we have shown below that
a driving force of supramolecular formation of a

copper-azide coordination polymer brings about the
molecular recognition of azide anion (a toxic substance) from an aqueous solution in a solid-liquid
interface reaction using a copper-orthophenanthroline
coordination complex.

2.2 Molecular recognition of azide anion
by a mononuclear Cu(II) complex
Compound [CuII{C6H4(NH2)2}2SO4]H2O was synthesized during 1967–68.35–37 However, its crystal
structure was not reported probably due to difﬁculty in
obtaining relevant single crystals. We have achieved
its crystal structure38 and we found it to be a simple
mononuclear copper complex (Figure 8, left) with
square pyramidal geometry around copper ion: the two
benzene-1,2-diamine ligands occupy the basal plane
and the apical site is coordinated to an oxygen atom of
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Figure 8. Left: thermal ellipsoidal plot of [CuII{C6H4(NH2)2}2SO4]•H2O with 50% probability. The disordered water
molecule and hydrogen atoms are omitted for clarity. Right: Chiral coordination network stabilizing homochiral helices
(left-handed) running along crystallographic a-axis. A single helix is highlighted in purple color. Cu, cyan; N, blue.

sulfate anion. Thus, its crystal structure is nothing
unusual, that crystallizes in orthorhombic Pbca space
group. When these achiral crystals (purple needles) of
[CuII{C6H4(NH2)2}2SO4]H2O are dipped into an
aqueous solution of sodium azide, they transform to
chiral crystals (green needles) of a coordination
polymer [CuII{C6H4(NH2)2}(N3)2]n in a unique solidliquid interface reaction, in which the metal coordinated sulfate anions from crystals of [CuII{C6H4
(NH2)2}2SO4]H2O are ion-exchanged with azide
anions and trigger the homochiral helical winding in
the crystals of [CuII{C6H4(NH2)2}(N3)2]n as shown in
Figure 8, right.38
The visual observation of color change from purple
(compound [CuII{C6H4(NH2)2}2SO4]H2O) to green
(compound [CuII{C6H4(NH2)2}(N3)2]n) in this crystal
to crystal transformation is shown in Figure 9. The
green product [CuII{C6H4(NH2)2}(N3)2]n, obtained by
this dipping method is nothing but a coordination
polymer, that crystallizes in orthorhombic P212121
chiral space group.

According to the product analysis, the concerned
chemical reaction, occurring at the solid-liquid interface,
can be described as: [CuII{C6H4(NH2)2}2SO4]
H2O ? 2NaN3 ? [CuII{C6H4(NH2)2}(N3)2] ? Na2SO4 ?
C6H4(NH2)2 ? H2O. In this reaction, the released sulfate
anion and C6H4(NH2)2 were quantitatively estimated
from the liquid phase by gravimetric and spectrophotometric determinations respectively; the respective yields
conﬁrm that it is a quantitative reaction. The chirality
of the crystals of the green product [CuII
{C6H4(NH2)2}(N3)2]n is achieved through the formation
of homochiral helices during its formation by spontaneous resolution as shown in Figure 8, right. In the crystal
structure of the coordination polymer (compound [CuII
{C6H4(NH2)2}(N3)2]n), each copper ion is shared by two
homochiral helices, in which each copper is coordinated
to four copper ions through bridging (azide) anions
forming nodal point of net-like coordination network
(Figure 8, right). As expected, only one-handed helices
are observed throughout the crystal-network. The product formation modiﬁes the overall geometry around the

Figure 9. A view showing solid-to-solid transformation: purple colored crystals of compound [CuII{C6H4(NH2)2}2SO4]•H2O
(1) go to green colored crystals of [CuII{C6H4(NH2)2}(N3)2]n (2), on dipping into an aqueous azide solution. Reproduced from
Ref.38 with permission from the Royal Society of Chemistry.
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copper ion from square planar to octahedral. This unique
ion exchange process can be introduced in the undergraduate laboratory for the qualitative identiﬁcation of
azide anion from an aqueous solution by making ‘‘azide
paper’’ (like a ‘‘pH paper’’) by spreading the solid powder
form of compound [CuII{C6H4(NH2)2}2SO4]H2O on a
ﬁlter paper. This ‘‘azide paper’’ can be used to detect azide
anion from an aqueous solution simply by dipping the
‘‘azide paper’’ that would sense azide anion immediately
by changing its color from violet to green (Figure 9).
Thus the mainspring for this azide recognition is the
supramolecular formation of copper-azide coordination polymer from a mononuclear Cu(II) orthophenylene diamine coordination complex with a
monodentate sulfate ligand. Since the resulting
supramolecular coordination polymer (Figure 8, right)
is thermodynamically more stable than the starting
precursor [CuII{C6H4(NH2)2}2SO4]H2O, a reversible
reaction (from supramolecular polymer to the copper
orthophenylene monomer) has not become possible.
With the success of mononuclear metal-dithiolate
and metal-orthophenylenediammine coordination
complexes exhibiting rich supramolecular chemistry
leading to molecular functions (vide supra), we turned
our attention to dinuclear coordination complexes to
emphasize their functional performances, in connection with their supramolecular properties.

3. Dinuclear systems
Dinuclear metal complexes have extensively been studied because of their potential applications in diverse areas
of chemical sciences including modeling the metalloenzymes,39–53 catalysis,54–59 molecular devices for sensing
selective ions.60–63 Our contribution to the dinuclear
system includes the design and synthesis of dinuclear
functional molecules with iron and zinc. The iron dinuclear compounds mimic the functional analogue reaction
of iron only hydrogenase, [FeFe]H2ase and zinc dinuclear compound can act as a molecular device exhibiting
selective sensing of ferric and periodate ions.

3.1 Electrocatalytic proton reduction
to molecular hydrogen catalyzed by a dithiolatobridged dinuclear iron system
As mentioned in section 2.1, we have been working on
the metal-dithiolate system in the perspective of
inorganic supramolecular chemistry using ene-1,2dithiolate type ligand, that has long been known to
serve as an effective electron transfer pathway. The
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Scheme 10. (a) catalytic proton reduction and (b) active
site of [FeFe]–hydrogenase.

fact, that this type of ligand is present in the active
sites of Mo/W containing metalloenzymes catalyzing a
range of oxidation/reduction reactions64,65 and the
Nature’s most efﬁcient catalysts for hydrogen production, the [FeFe]-hydrogenases ([FeFe]H2ases),
have the active site consisting of two iron centers
bridged by a dithiolate ligand (Scheme 10), inspired us
to synthesize model compounds (synthetic analogues)
of the active site of [FeFe]-hydrogenases so that we
can use these synthesized iron dimers as functional
analogues to mimic the enzymatic function of
[FeFe]H2ase (catalytic reduction of proton to hydrogen) as shown in Scheme 10. We synthesized a
number of model compounds in relevance to the active
site of [FeFe]H2ase).66–68 As a representative iron
dimeric system, we have described here three model
compounds as shown in Scheme 11. Complexes 1, 2
and 3 (Scheme 11) exhibit one quasi–reversible twoelectron reduction process at E1/2 = -1.23, -1.24 and
-1.25 V (vs. Fc/Fc?) respectively,67 as shown in
Figure 10 (a).
We have demonstrated electrocatalytic proton
reductions to molecular H2 using compounds 2 and 3
as catalysts taking p-toluene sulfonic acid (p-HOTs) as
proton source.67 For compound [Fe2{l-diph-6,7qdt}(CO)6] (2), when we added 2 mmol of p-HOTs, a
new peak appeared at Epc = -0.53 V and the current
intensity of the reduction at Epc = -1.25 V increased
with a cathode shift by 40 mV, which continuously
grew as the acid concentrations increase from
2-12 mM with ﬁnal cathodic shift by 260 mV
(Figure 10b).
This is characteristic of an electrocatalytic reduction
of p-HOTs to hydrogen, which occurs at about
-1.61 V vs. Fe?/Fe0 V with an overpotential of
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Scheme 11. A representative synthetic scheme of three model compounds. Reproduced from Ref.67 with permission.

0.96 V. But the peak, appeared at Epc = -0.53 V after
addition of 2 mmol of p-HOTs, did not grow further
up during the addition of 4-12 mM p-HOTs. This
observation and electronic spectral changes (Figure 11a), observed on addition of p-HOTs to the acetonitrile solution of complex 2 showing a clean
isosbestic point at 395 nm, indicating a chemicalelectrochemical-electrochemical-chemical
(CEEC)
mechanism (Figure 11b) for the electrocatalytic proton reduction by diph-6,7-qdt-bridged all-carbonyl
{Fe1Fe1} compound 2.

3.2 A dinuclear Zn system as a metallacycle
for selective recognition of Fe3?and IO4- Ions
The ferric ion (Fe3?) is responsible for the oxygen
metabolism, oxygen uptake and electron transfer in
many living organisms.69,70 While iron deﬁciency
leads to the disease, anemia,71 an excess of iron can
harm the DNA, proteins and lipids. Similarly, the
periodate (IO4-) anion is believed to act as an oxidant
for the oxidation of L-serine, a non-essential amino
acid having –OH functionality. IO4- is also known to

be responsible for the fat metabolism and growth of
tissue.72
Thus, sensing iron cation and periodate anion is a
challenging task for an inorganic chemist. For this
purpose, we synthesized a cationic ligand, 1,3-bis(2,6diisopropyl-4-(pyridin-4-yl)phenyl)-1H-imidazol-3ium chloride/bromide) (L) having two N donors and its
Zn(II)-metallacycle (1) as shown in Scheme 12.73 As
shown in Figures 12a–d, the receptor 1 displays an
emission at 399.7 nm (kex = 320 nm, excitation and
emission slits 3 nm) which is ascribed to the emission
of central imidazolium moiety.
Upon addition of 10 lL of 5 mM solution of Mn?
ions (Mg2?, Ca2?, Cr3?, Mn2?, Fe3?, Fe2?, Co2?,
Ni2?, Cd2?, Zn2?, Ag?, Pb2?, Ru3?, Sm3?, Eu3?,
Gd3?, Tb3?, Dy3? and Er3?) to 3 mL of host 1 (except
Fe3? ions), the ﬂuorescence emission intensity of 1
does not obviously change, whereas the addition of
same amount of Fe3? ions causes a great decrease in
emission intensity of 1 as shown in Figures 12a,b.
Similarly, out of a number of examined An- ions
(SCN-, N3-, IO4-, I-, H2PO4-, HCO3-, CH3COO-,
Cl-, Br-, BF4-, ClO4-, Cr2O72-, CO32-, SO32-,
SO42-, S2O52-, S2O82- and PO43-), the decreased
emission intensity was only noticed with IO4- ions. In
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Figure 10. (a) Cyclic voltammograms of complexes 1, 2
and 3 (1.0 mM) in 0.1 M n-Bu4NClO4/MeCN at a scan rate
of 100 mV s-1. Potential are vs. Fc/Fc?. (b) Cyclic
voltammogram of complex 2 with 1.0 mM complex and
0–12 mM p-HOTs in CH3CN solution (0.1 M n-Bu4NClO4)
at a scan rate of 100 mV s-1.

addition, the titration results of 6 9 10-3 mM solution
of IO4- ion with 3 9 10-3 mM solution of 1 also
show a regular decrease in the ﬂuorescence intensities
(Figure 12d) and almost completely quenched after
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addition of excess CIO4 ions. The detection limit for
the recognition of the Fe3? ion was found to be
2.5 9 10-6 mol/L and that for IO4- ion is 6.3 9 10-5
mol/L. This work of selective recognition of Fe3? and
IO4- ions by a metallacycle 1, a ﬂuorescent-based
receptor (Scheme 12) would uncover the entry for the
design and synthesis of new N-heterocyclic ligandbased coordination materials as sensors.
Thus, the connection between iron dinuclear
complexes (discussed above) exhibiting electrocatalytic proton reduction and supramolecular chemistry is the design and synthesis of low-valent iron
dimers having un-coordinated ‘N’ donors (Scheme
11), capable of undergoing supramolecular protonation (Figure 11) for subsequent reduction of the
coordinated proton to molecular hydrogen. Likewise, a zinc dimer has been designed and synthesized by supramolecular metal-ligand coordination
(Scheme 12) to obtain speciﬁc-sized cavities for
supramolecular recognitions/sensing of ferric and
periodate ions (Figure 12).
The successful demonstration of these selected iron
and zinc dimers as supramolecular functional molecules prompted us to analyze the supramolecular
chemistry of trinuclear basic carboxylates (Scheme 13,
discussed below), an old known popular class of
inorganic compounds. This 200-years-old system has
become a contemporary research area: (i) after we
used this system as methanol and pyridine recognizer
in the supramolecular gas-solid reactions; (ii) after its
use as the building block for the supramolecular
construction of diverse metal-organic frameworks
having diverse functional performances and (iii) after
its use as the macro-cation for the formation of
supramolecular ionic crystals for selective gas

Figure 11. (a) Changes in the absorption spectra of compound 2, (5.0 9 10-5 M) upon the addition of 10–60 lL aliquots
of dilute p-HOTs (0.1 mM) in CH3CN. (b) A schematic representation of plausible CEEC mechanism for electrocatalytic
proton reduction in the presence of p-HOTs for compound 2.
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Scheme 12. Formation of dinuclear zinc metallacycle from N-heterocyclic carbene precursor. Reprinted with permission
from Ref.73 Copyright (2017) American Chemical Society.

Figure 12. (a) Fluorescence spectra of metallacycle 1 (1.0 9 10-6 mol L-1) upon addition of different cations (Mn?)
(10 lL of 5 mM solution of all guest was added to 3 mL of host 1) in DMF (k = 399.7 nm). (b) Fluorescence titration of
metallacycle 1 (2 9 10-3 mM) in DMF with increasing Fe3? concentration (addition of 10 lL Fe3? ions per time;
kex = 320 nm). (Inset of b) Stern–Volmer plot for Fe3? ions recognition. (c) Fluorescence spectra of metallacycle 1
(1.0 9 10-6 mol L-1) upon addition of different anions (An-) (10 lL of 5 mM solution of all guest was added to 3 mL of
host 1) in DMF (k = 399.7 nm). (d) Fluorescence titration of metallacycle 1 (3 9 10-3 mM) in DMF with increasing
IO4- concentration (addition of 20 lL IO4- ions per time kex = 320 nm). (Inset of d) Stern–Volmer plot for IO4- ions
recognition. Reprinted with permission from Ref.73 Copyright (2017) American Chemical Society.

adsorptions and breathing of crystals. We have discussed below these recent advances of this old system

in the perspective of supramolecular chemistry that
brings about functional materials.

J. Chem. Sci. (2020)132:46

Page 15 of 31

46

explored its solid-state properties. This cluster
(Scheme 14) is unusual in the sense that unlike symmetric l3-oxo-triiron(III) clusters (Scheme 13) in basic
iron carboxylates, one of the iron centers in [Fe3(l3-O)
(l2-CH3COO)6(C5H5NO)2(H2O)] ClO43H2O (our
work),78 has water coordination with other two iron
atoms, coordinating 2-pyridone ligands through neutral
oxo donor atoms (Scheme 14).
As observed in the crystal structure, the iron coordinated water molecule is hydrogen-bonded to three
lattice water molecules forming a supramolecular water tetramer. We have investigated solid-state properties of this unusual trinuclear iron cluster containing
compound that would make our system [Fe3(l3-O)
(l2-CH3COO)6(C5H5NO)2(H2O)] ClO43H2O a solidstate functional material. The molecular functions, it
shows, are (i) reversible loss and gain of water tetramer,
(ii) molecular recognition of methanol and (iii) molecular recognition of pyridine in reversible gas-solid
reactions that are discussed below under respective
headings.

Scheme 13. A general schematic representation of ‘‘iron
carboxylate’’ [Fe3(l3-O)(l2-RCOO)6L3]1?.

4. Tri-nuclear Metal-(l3-O)-Compounds (Basic
carboxylates) — a very old system
l3-Oxo-centered tri-nuclear carboxylate-bridged M(III)
complexes, such as [Fe3(l3-O)(l2-RCOO)6L3]1?
(where L is a neutral monodentate ligand, e.g., H2O and
R is an alkyl or aryl group),74,75 known as ‘‘basic
carboxylates’’ (Scheme 13), have long been
known.76,77 Basic carboxylates (Scheme 13) have been
explored extensively in terms of magnetism (for
example, three high spin FeIII bridged by a common l3oxo ion), catalysis and modeling iron core formation in
ferritins78–83 and recently in the area of MOF (metalorganic framework) research.84 The discrete basic carboxylate was never used as a functional material in its
solid-state. We have explored a unique trinuclear
Fe3(l3-O) system (basic carboxylate) exhibiting reversible and switchable materials properties as described
below.
4.1 A unique trinuclear Fe3(l3-O) system
Several years ago (2003), we synthesized an unusual
iron basic carboxylate containing compound [Fe3(l3-O)
(l2-CH3COO)6(C5H5NO)2 (H2O)] ClO43H2O and we

4.1a A cyclic supramolecular (H2O)4 cluster disappears on heating and regenerates from water vapor
Small water clusters, for example, (H2O)2, (H2O)4,
(H2O)6, (H2O)8 and (H2O)1085–89 have extensively
studied to understand the bulk properties of mysterious
solvent water. It has already been mentioned that a water
cluster (H2O)4 can be formed from three solvent water
molecules and one iron-coordinated water in the crystal
structure (Scheme 14) of [Fe3(l3-O)(l2-CH3COO)6
(C5H5NO)2(H2O)] ClO43H2O.78 When we heat this
substance at 130 C, it loses the water tetramer (three
lattice water molecules are lost) as evidenced from IR
spectral- and PXRD studies. Remarkably, the dehydrated
solid on the exposure of water vapor at an ambient
condition regenerates the water tetramer. This reversible
loss and gain of water tetramer mediated by an unusual
iron carboxylate [Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2(H2O)]1? can be cycled several times without loss of any
compound.86 Thus, this compound can be described as a
functional material which works in a supramolecular
reversible gas-solid reaction (Scheme 15) with the disruption of O–HO bonds, while covalent bonds are not
affected.
We have just seen in this supramolecular reversible
gas-solid reaction that, the water tetramer misplaces
three (lattice) water molecules on heating the relevant
crystals retaining the water molecule, coordinated to
one of the iron centers of the trinuclear cluster. Can
this water molecule be substituted by another oxygen
donor molecule in the solid-state! If this happens with
a toxic volatile substance, then the predicted vapor-
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Scheme 14. Schematic representation of [Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2(H2O)] ClO43H2O exhibiting un-symmetrical coordination with respect to monodentate ligand. In the relevant synthesis, 2-hydroxypyridine was used; but its
tautomeric form 2-pyridone was found was a monodentate ligand in the relevant crystal structure. Reproduced from Ref.78
with permission from the Centre National de la Recherche Scientiﬁque (CNRS) and the Royal Society of Chemistry.

Scheme 15. A supramolecular reversible gas-solid reaction.

solid reaction would be of immense importance in the
context of sensing a volatile toxic substance. Methanol
is one such substance, which is greatly toxic as well as
volatile at room temperature. We have demonstrated
below that the above described trinuclear iron compound [Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2(H2O)]
ClO4•3H2O undergoes reversible single-crystal to
single-crystal transformation with methanol and water
in their vapor state.

4.1b Molecular recognition of methanol in a reversible
crystal to crystal transformation with methanol/water
vapor
Methanol, a common organic solvent, is not only used
in undergraduate- and postgraduate-laboratories but
also is used extensively in industry. However, one
should be careful in handling this general solvent
because its exposure in its vapor state (a low boiling
solvent!) causes headaches, dizziness, nausea and
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blurred vision and drinking methanol causes even
death.90 Thus molecular recognition of methanol
mediated by an inorganic metal complex in a reversible gas-solid reaction is important in developing
functional materials. We were dealing with our unique
basic carboxylate [Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2
(H2O)] ClO43H2O (Scheme 14) and we have demonstrated that this compound exhibits molecular recognition of methanol in its vapor state in a reversible singlecrystal-to-single-crystal conversion. This reaction, in
principle, is not favoured because a non-porous crystal,
in which molecules are densely packed, is generally
likely to be destroyed/collapsed during their singlecrystal-to-single-crystal transformation interacting with
a gaseous molecule.91 Hence, the loss of crystallinity is
a common event in such solid-gas reaction. Koten and
co-workers reported a unique gas-solid reaction
involving bond-forming in a forward direction (substrate binding) and bond breaking in the opposite
direction in a crystalline state reaction but without
retaining the single crystallinity.92,93 We have shown
that the single crystals of [Fe3(l3-O)(l2-CH3COO)6
(C5H5NO)2(H2O)] ClO43H2O, on exposure to methanol (CH3OH) vapor at an ambient condition (Figure 13,
see cartoon of bottle) for 24 h, undergo crystalline state
reaction to form the single crystals of [Fe3(l3-O)
(l2-CH3COO)6(C5H5NO)2(CH3OH)] ClO43H2O.94
Notably in the reaction, only the iron-coordinated
water molecule is replaced by a methanol molecule
(in its vapor state); the lattice water molecules get
retained. Interestingly, the methanol coordinated
compound undergoes again single crystal to singlecrystal transformation with water vapor (even with
atmospheric water vapor) to regenerate the parent
crystals of compound [Fe3(l3-O)(l2-CH3COO)6
(C5H5NO)2(H2O)] ClO43H2O (Figure 13).
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This reversible crystalline state reactions—a unique
system—is not only established by single crystallography but also by IR spectral studies including isotope
effect studies.94 The novelty of this gas-solid reaction
is that the solid, [Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2
(H2O)] ClO43H2O not only senses a toxic substance,
methanol from its vapor state but also selectively
recognizes methanol vapor from the heated mixture of
few other alcohols (ethanol, 2-propanol, butanol, etc.)
and even low boiling acetone. However, the major
drawbacks of this methanol recognition are: (i) it is a
slow gas-solid reaction and (ii) there is no colour
change after and before methanol recognition. We
were then looking for a toxic substrate which can be
recognized in a relatively faster gas-solid reaction
with a visual color change. And we found that pyridine
is one such toxic molecule, which exhibits relatively
faster reaction with a color change as depicted below.
4.1c Molecular recognition of pyridine: relatively
faster gas-solid reaction with visual color change
The present compound of interest ([Fe3(l3-O)
(l2-CH3COO)6(C5H5NO)2(H2O)] ClO43H2O), discussed in the preceding section in the context of
methanol recognition, consists of single iron-coordinated water and propensity of this site towards ligand
substitution reactions in solid-state prompted us to
investigate further on ligand exchange properties using
pyridine as a monodentate ligand.95 The primary reason for choosing ‘‘pyridine’’ is manifolds: (i) recognizing/sensing pyridine from its vapor state (in a gassolid reaction) has a practical importance, (ii) pyridine
is well-known toxic base, and (iii) it remains as partially as a vapor state in an open atmospheric conditions — thus detection of pyridine vapor by a
crystalline solid is a great challenge from the

Figure 13. Reversible single crystal to single-crystal transformation at an ambient gas-solid reaction.
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application point of view. Brown colored crystals of
[Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2(H2O)]ClO43H2O,
on exposure to pyridine vapor at an ambient condition,
result in the formation of green compound [Fe3(l3-O)
(l2-CH3COO)6(C5H5NO)2(C5H5N)] ClO4•C5H5N, with
the iron coordinated water molecule replaced by a pyridine molecule (Figure 14).95
This green-coloured pyridine coordinated compound
goes back to parent brown compound [Fe3(l3-O)
(l2-CH3COO)6(C5H5NO)2(H2O)]ClO43H2O when the
pyridine compound is exposed to water vapor as shown
in Figure 14. This regeneration can also be performed
by exposing the pyridine compound under atmospheric
water vapor at an ambient condition. Thus, we have
shown that an iron basic carboxylate, as a discrete
molecule, brings about reversible crystalline state
reactions through molecular recognition of toxic substances (pyridine, methanol, etc.) in their vapor state
via supramolecular bond breaking and bond making in
reversible vapor-solid interface reactions at an ambient
condition. Now we wish to describe that the metal basic
carboxylates can also be used as building blocks to
construct supramolecular architectures of diverse
topologies having well-deﬁned void spaces, that belong
to the distinct class of metal-organic framework (MOF)
compounds exhibiting unique functional performances
as depicted below.
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4.1d Trinuclear basic carboxylate as a building unit to
obtain MOF compounds as functional materials
In the construction of a class of metal-organic framework (MOF) materials/metal-organic materials
(MOMs), the trinuclear basic carboxylates, [M3(l3-O)
(O2CR)6]n? (Scheme 13) act as building units, that are
popularly known as ‘‘trigonal prism’’ molecular
building blocks (MBBs).96 The most versatile MBB is
[Cr3(l3-O)(O2CCH3)6(H2O)3]?. The relevant basic
carboxylate
compound
[Cr3(l3-O)(O2CCH3)6
(H2O)3]Cl6H2O was prepared in 1919. This chromium basic carboxylate has become a legendary
MBB, when MIL-100 and MIL-101 metal-organic
materials were discovered in 2004 and 2005 respectively by Férey and co-workers.97,98 Kim and group, in
2000, for the ﬁrst time, used a basic carboxylate
(trigonal prism) [Zn3(l3-O)(O2CR)6]N3 as a MBB for
the construction of a 2-periodic honeycomb (hcb) net,
when the ‘zinc trigonal prism’ MBBs were connected
by chiral and ﬂexible pyridine carboxylates. The
resulting MOM exhibits enantioselective catalytic
activity towards transesteriﬁcation reactions.99
Even though several research groups used trigonal
prismatic tri-nuclear cluster unit (Scheme 13) as a
MBB for the construction diverse MOMs/MOF compounds, Férey, Serre and group dominated this area of
research by discovering important MILs (Materials of

Figure 14. Reversible conversion of compound ([Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2(H2O)]ClO43H2O to compound
[Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2(C5H5N)] ClO4C5H5N, with the Fe(III) coordinated water replaced by a pyridine
molecule and vice versa. Reproduced from Ref.95 with permission from the Royal Society of Chemistry.
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Figure 15. Left: Structural representation of MIL-88:
(a) viewed down to the crystallographic c axis and
(b) viewed down to the crystallographic b axis; Iron
octahedra, oxygen and carbon atoms are shown in white,
white and black respectively. Reproduced from Ref.100 with
permission100 Right: crystal structure view of (a) MOF-235
(Fe, blue; O, red; Cl, teal; C, gray) and (b) MOF-236 (Fe,
light blue; O, red; C, gray; N, green) composed of oxocentred iron trimers and benzene dicarboxylate links (views
down z-axis. Reprinted with permission from Ref.101
Copyright (2005) American Chemical Society.101
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Institute Lavoisier) of diverse topologies. Among
these, three systems MIL-88, MIL-100 and MIL 101
have received particular attention in terms of application point of view. MIL-88 shows a coordination
network structure, constructed from trimers
(Scheme 13) of iron(III) octahedral, linearly linked by
fumarate dianions to create a 3-dimensional framework structure having one-dimensional pore channels
as shown in Figure 15, left (viewed down to the
crystallographic c axis).99 In the meantime, Yaghi and
co-workers reported MIL-88 related MOFs [Fe3O(1,4BDC)3(DMF)3][FeCl4] (DMF)3 (MOF-235, orange)
and Fe3O(1,3-BDC)3(py)3(py)0.5(H2O)1.5 (MOF-236,
green) that have {Fe3O(CO2)6} trigonal prismatic unit
as SBU (secondary building unit) as shown in
Figure 15, right.100 In these MOFs (MOF-235 and
MOF-236), the concerned linkers are 1,4-benzenedicarboxylate (1,4-BDC) and 1,3-benzenedicarboxylate
(1,3-BDC) respectively. The other two important
metal basic carboxylate {Cr3O(CO2)6} MOFs are
MIL-100 and MIL101. Their construction can be
described by the formation of super tetrahedral
supramolecular building blocks,95 that are linked in a
corner-sharing manner to form 5- and 6-connected
rings resulting in the formation of a topology, similar
to that of mtn (Mobile Thirty Nine) zeolite as shown in
Figure 16.

Figure 16. The underlying mtn topology network in MIL-100 and MIL-101, consisting of two types of cages. The nodes
are different, corner-sharing supertetrahedral supramolecular building blocks.96 Reproduced from Ref.96 with permission
from the Royal Society of Chemistry.
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Figure 17. (a) Two different types of {Co3} units in MOF 2. (b) View of the pore space partition through the planar
{Co3} units in MOF 2. (c) Two types of intersecting free spaces in MOF 2. (d) View of the solvent-accessible volume in
MOF 2 composed of the two types of intersecting free spaces. Reprinted with permission from Ref.104 Copyright (2018)
American Chemical Society.104

4.1e Functional behaviors of MOF compounds
Zhang and co-workers reported NH2-MIL-88 (Fe)
MOF compound that exhibits bifunctional behaviors
of highly sensitive detection and efﬁcient removal
of arsenate in an aqueous medium.102 They have
shown the determination of As(V) in tap water and
Chaohu lake water based on NH2-MIL-88 (Fe)
MOF.
Feng, Bu and their co-workers have introduced pore
space partition (PSP) in MIL-88 type system (the acs net)
by using PSP agent (for example, C3-symmetric 2,4,6tri(4-pyridyl)-1,3,5-triazine) and demonstrated that, the
resulting network (pacs net) exhibits dramatically
enhanced CO2 uptake.103 Liu, Du and their group have,
very recently, reported two MIL-88 type MOFs with pacs
net (Figure 17), [Co3(l3-OH)(cpt)3Co3(l3-OH)(L)3
(H2O)9](NO3)4(guests)n
[L = 3-amino-1,2,4-triazole
(MOF 1) and 3,5-diamino-1,2,4-triazole (MOF 2);
Hcpt = 4-(4-carboxyphenyl)-1,2,4-triazole] and showed

enhanced C2H2 uptake and C2H2/C2H4 separation performance as shown in Figure 18.104
When we treated CoCl26H2O with dpe and H3BTB
(see Figure 19a and b) in 10 mL water/DMF at 120 C
under solvothermal conditions, we could generate the
trigonal prism molecular building block (metal basic
carboxylate) {Co3(l3-OH)(COO)6}1- with a negative
charge (Figure 19c), that acts as a building unit in the
construction of a three-dimensional interpenetrated
framework having void space, occupied by mono-nuclear {Co(H2O)4(DMF)2}2? coordination complex
(Figure 19d).105
This host-guest compound [{Co3(l3-OH)(BTB)2
(dpe)2}{Co(H2O)4(DMF)2}0.5]nnH2O acts as an efﬁcient catalyst for electrochemical water oxidation as
shown in Figure 20. We have established that the
guest mono-nuclear compound {Co(H2O)4(DMF)2}2?,
locked in the void space of the interpenetrated
framework (a MOF of cobalt basic carboxylate), acts
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Figure 18. (a) Gas sorption isotherms for activated MOF 1 at 298 K. (b) Gas sorption isotherms for activated MOF 2 at
298 K. (c) Adsorption selectivity predicted by ideal adsorbed solution theory (IAST) for MOF 1. (d) Adsorption selectivity
predicted by IAST for MOF 2. Reprinted with permission from Ref.104 Copyright (2018) American Chemical Society.104

Figure 19. (a) Linker dpe, (b) linker H3BTB, (c) basic trinuclear {Co3(l3-OH)(COO)6}1- unit and (d) interpenetrated
framework (frameworks shown in blue and green) along the crystallographic b axis with sterically crowded
{Co(H2O)4(DMF)2}2? complex (purple).

as the actual water oxidation catalyst, as proposed in
Scheme 16.
The A1/C1 couple (Figure 20a) can be assigned to
the oxidation of CoII to CoIII. A second but little
broader response (A2, Figure 20a) that appears prior
to oxygen evolution, can be ascribed to the formation
of higher valent CoIV species (most probably
CoIV = O) which is the active intermediate for water
oxidation. We have constructed the Tafel plots, relating overpotential (g) and catalytic current density, by
galvanostatic polarization technique at steady state. As
shown in Figure 20b, the Tafel plot at pH 13 (0.1 m

KOH) exhibits linear behaviour for a wide potential
range with a Tafel slope of 128 mV/decade, establishing this host-guest compound an efﬁcient catalyst
for water oxidation with an overpotential (g) of
390 mV at a current density of 1 mA cm-2.105
Sere, Férey and their co-workers have described
adsorption and delivery of an analgesic and anti-inﬂammatory drug, Ibuprofen, by using MIL-100 and
MIL-101 MOFs.106 They synthesized and characterized two cubic (Fd3m) zeolite type chromium carboxylates, MIL-100 and MIL-101 from chromium
basic carboxylate trimers and di- or tricarboxylic acids
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Figure 20. (a) Cyclic voltammograms of [{Co3(l3-OH)(BTB)2(dpe)2} {Co(H2O)4(DMF)2}0.5]nnH2O (solid line) coated
on a glassy carbon electrode (3 mm diameter) in 0.1 m KOH (pH 13) at scan rates of 100 mV s-1 and the proﬁle for glassy
carbon electrode (dotted line). Inset: Photograph of an FTO electrode coated with the compound during electrolysis
showing O2 bubbles. (b) The relevant Galvanostatic iR corrected Tafel plot at pH 13.105 Reproduced from Ref.105 with
permission.

These exhibit ‘breathing of crystal properties’ as well
as unique sorption properties, as described below.

[CoII(H2O)4L2]2+ ‒ e‒ → [CoIII(H2O)4L2]3+
[CoIII(H2O)4L2]3+ ‒ H+ → [CoIII(OH)(H2O)3L2]2+
[CoIII(OH)(H2O)3L2]2+ ‒ e‒ → [CoIV(OH)(H2O)3L2]3+
[CoIV(OH)(H2O)3L2]3+ ‒

H+

→

[CoIV=O(H

2O)3L2

]2+

[CoIV=O(H2O)3L2]2+ + H2O → [CoII(H2O)4L2]2+ + ½ O2
Scheme 16. Proposed mechanism of the water oxidation
process performed by the catalyst {Co(H2O)4L2}2?
(L = DMF).

(Scheme 17) with giant pores (25–34 Å) and huge
surface areas (3100–5900 m2 g-1) without any loss of
crystallinity even after water evacuation.
The MIL-100 and MIL-101 materials showed
remarkable Ibuprofen adsorption. Figure 21 describes
the kinetics of Ibuprofen delivery to simulated body
ﬂuid (SBF) at 37 C. The delivered Ibuprofen concentration was determined by HPLC.
Besides drug delivery applications, MIL-100 and
MIL-101 show diverse functional behaviors, such as
adsorption of indole and quinoline from a fuel,107
catalytic activity for the cycloaddition of CO2 and
epoxide under mild and co-catalyst free conditions,108
selective removal of cesium and strontium from highlevel nuclear waste,109 etc.
Metal basic carboxylates as building blocks, not
only construct extended structures of functional MOF
compounds (as discussed above), but also serve as
potential macrocations for the supramolecular formation of ionic crystals, where the anions are mostly
polyoxometalates (POMs). In this class of the ionic
crystals, the POM anions and metal basic carboxylates are held together by the Columbic type of
interactions forming the supramolecular adducts.

4.1d Ionic crystals from trinuclear basic carboxylate
as a macrocation and polyoxometalate anion: sorption
properties and breathing of crystals
Mizuno and co-workers reported that the association of
metal basic carboxylates (Scheme 13) type macrocation
with Keggin-type polyoxometalate (POM) anion (e.g.,

6 
4
aCoII WVI 12 O40 , a  SiIV WVI 12 O40 , etc.)
results in the formation of ionic crystals of compounds,
K3[Cr3O(OOCH)6(H2O)3][a-SiW12O40]16H2O, Cs5[Cr3O(OOCH)6(H2O)3][a-CoW12O40]7.5H2O etc.110–117
Scheme 18 has described syntheses and crystal structures
of 1a, 2a, 3a and 4a.


Na2 Cr3 OðOOCHÞ6 ðH2 OÞ3 ½a  PW12 O40   16H2 Oð1aÞ;
K3 Cr3 OðOOCHÞ6 ðH2 OÞ3 ½a  SiW12 O40   16H2 Oð2aÞ;
Rb4 Cr3 OðOOCHÞ6 ðH2 OÞ3 ½aBW12 O40   16H2 Oð3aÞ; and
Cs5 Cr3 OðOOCHÞ6 ðH2 OÞ3 ½a  CoW12 O40   7:5H2 Oð4aÞ:

As shown in Scheme 18, compounds 1b, 2b, 3b and
4b are dehydrated compounds of 1a, 2a, 3a and 4a
respectively. 1b–3b are completely dehydrated,
whereas 4b is partially dehydrated (50%). The water
of crystallization in 1a–3a can completely be desolvated by evacuation at room temperature to form
1b–3b, while 50% of the water of crystallization in 4a
can be desolvated to form 4b.
The desolvated molecules 1b–4b can recognize
small polar molecules as shown in Figure 22. Compound 1b shows reversible sorption with various polar
hydrophilic organic molecules (alcohols, nitriles,
esters etc.). Compound 2b sorbs water, methanol,
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Scheme 17. Top: Tetrahedra, built up from chromium trimer octahedra and 1,4-benzenedicarboxylate moieties or 1,3,5benzene-tricarboxylate groups in MIL-101 and MIL-100, respectively. Bottom: a three-dimensional representation of the
zeolite type architecture of MIL-100 and MIL-101.106 Reproduced from Ref.106 with permission.

Figure 21. Left: Ibuprofen delivery (% IBU vs t) from MIL-101 and MIL-100. Right: Ibuprofen delivery (mg IBU/g
dehydrated material vs t) from MIL-101 and MIL-100 in comparison with MCM-41.106 Reproduced from Ref.106 with
permission.
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Scheme 18. A schematic representation of the syntheses and crystal structures of ionic crystals Red and green polyhedra
showed the [WO6] units of the polyoxometalate and the [CrO6] units of the macrocation, respectively. Blue and light-blue
spheres show the alkali-metal ions and the water of crystallization, respectively.113 Reprinted with permission from Ref.113
Copyright (2006) American Chemical Society.

ethanol, acetonitrile and methyl formate. Compound
3b is found to sorb water and methanol, whereas
compound 4b sorbs only water.
Mizuno and group successfully demonstrated the
selective sorption properties of the dehydrated ionic
crystals 1b, 2b, 3b and 4b, for example, ethanol was
selectively sorbed by 1b from a mixture of 1:1:1
C2-C4 alcohols. Methanol is a low volatile toxic
substance, which can selectively be sorbed/separated
by 2b and 3b from a mixture of 1:1:1 C1-C3 alcohols.
Water could selectively be sorbed by 4b from a mixture (1:1:1) of water, methanol, and ethanol. As far as
nitriles separation is concerned, valeronitrile is selectively sorbed by 1b from a mixture (1:1) of valeronitrile and capronitrile. Acetonitrile was found to be
selectively sorbed by 2b from a mixture (1:1) of acetonitrile and propionitrile. In the case of separation of
esters, methyl propionate has selectively been shown
to be sorbed by 1b from a mixture (1:1) of methyl
propionate and ethyl propionate. Methyl formate can
be selectively sorbed by 2b from a mixture (1:1) of
methyl formate and methyl acetate.

In their (1a–4a) crystal structures, the POMs
(anions) and metal basic carboxylates (macrocations)
line up alternatively to form columns, that are arranged in a honeycomb structure in 1a and 2a, layered
structure in 3a and densely packed arrangement in 4a.
The crystal structure of the dehydrated compounds
1b–4b show close packing of the columns with
reduced cell volumes, as expected. More speciﬁcally,
the crystal structure of compound 2a111 shows that in
the crystal, the polyoxometalates (POMs) and the
macro-cations (tri-nuclear chromium carboxylates)
line up along crystallographic c axis to form the columns, that are hexagonally arranged to result in the
straight channels. Mizuno group argued that the use of
such macro-cation (metal basic carboxylates) with a
large size (around 70 Å) and a small charge of ?1
(that reduces the ion-ion interactions) is crucial for the
formation of these channels. The lattice waters, that
are located in these channels through hydrogen
bonding, can be easily desorbed by simply evacuation
at room temperature forming the desolvated crystals of
2b. The crystal structure of 2b shows the close packing
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Figure 22. Sorption isotherms of (A) alcohols, (B) nitriles, and (C) esters for 1b at 298 K. Sorption isotherms for (D) 2b,
(E) 3b, and (F) 4b at 298 K. (a) Water, (b) methanol, (c) ethanol, (d) 1-propanol, (e) 2-propanol, (f) 1-butanol, (g) 2-butanol,
(h) isobutyl alcohol, (i) tert-butyl alcohol, (j) acetonitrile, (k) propionitrile, (l) butylonitrile, (m) isobutylonitrile,
(n) valeronitrile, (o) benzonitrile (313 K), (p) methyl formate, (q) methyl acetate, (r) ethyl acetate, (s) methyl propionate, and
(t) ethyl propionate.113 Reprinted with permission from Ref.113 Copyright (2006) American Chemical Society.

of the columns explaining the broadness of the
observed PXRD peaks of dehydrated compound 2b
(consistent with low BET surface area). The desorbed
compound 2b absorbs water molecules upon exposure
to saturated water vapor at room temperature with the
regeneration of the PXRD pattern of compound 2a.
And this water loss/gain along with crystal volume
shrinkage/growth back can be cycled several times,
which has been described as breathing of ionic
crystals.111,116
We have also contributed to the area of ionic crystals. We
synthesized the ionic crystals of compounds [M3(l3-O)
(ClCH2COO)6(H2O)3]4[SiW12O40]xH2O2ClCH2CO
OH [M = Fe3?, x = 18(1); M = Cr3? x = 14(2)]. When
the compound 1 crystals are heated at 85 C and 135 C
in an open atmospheric condition for about 3.5 h, compound 1 undergoes single-crystal to single-crystal transformations during its dehydration with the formation of
[Fe3(l3-O)(ClCH2COO)6(H2O)3]4[SiW12O40]10H2O
2ClCH2COOH (dehydrated 1–85), and [Fe3(l3-O)
(ClCH2COO)6(H2O)3]4[SiW12O40]8H2O2ClCH2CO
OH (dehydrated 1–135), respectively with the loss of
considerable amount of lattice water molecules.118 We
have observed that during this dehydration process,

compound 1 experiences molecular motion in the solidstate; molecules come closer in the crystals of dehydrated
compound with the shrinkage of unit cell volume of the
resulting dehydrated crystal as shown in Figure 23. These
dehydrated crystals (dehydrated 1–85 and dehydrated
1–135), remarkably, upon exposure of water vapor at an
ambient condition regenerate to the crystals of parent
compound 1 with the expansion of the unit cell volume.
The solid-state properties of compound 1 and
dehydrated 1–85 are described in the view of
exclusion (shrinkage of unit cell volume) and inclusion (expansion of unit cell volume) of water molecules in the crystal lattice. This phenomenon can be
described as breathing of the crystals, as originally
described by Mizuno research group.

5. Conclusions
In this article, we have tried to convey an important
message that a meaningful and logical analysis of
supramolecular interactions in the crystal structures—
thereby analyzing the supramolecular chemistry—of
inorganic compounds can be linked to some level of
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Figure 23. A perspective view of packing diagram along the crystallographic b axis: (a) [Fe3(l3-O)(ClCH2COO)6
(H2O)3]4[SiW12O40]18H2O2ClCH2COOH (1) and (b) [Fe3(l3-O)(ClCH2COO)6(H2O)3]4[SiW12O40]10H2O2ClCH2COOH (dehydrated 1–85); Color code: [Fe3(l3-O)(ClCH2COO)6(H2O)3]1? cluster, purple polyhedra; [SiW12O40]4cluster, golden yellow polyhedra; non-coordinated water molecules, blue; Cl, light green. Reproduced from Ref.118 with
permission.

understanding of their potential to act as functional
materials. We have demonstrated this, by taking three
types of inorganic systems: mononuclear dithiolatoand orthophenylenediamine-coordination complexes,
dinuclear iron- and zinc-compounds and trinuclear
basic carboxylates. For example, supramolecular
analysis of the trinuclear iron basic carboxylate
[Fe3(l3-O)(l2-CH3COO)6(C5H5NO)2(H2O)] ClO43H2O
having a water coordination to one of the three iron
centers, indicates, by applying the knowledge of basic
coordination chemistry, that this coordinated water can
be substituted by other oxygen and nitrogen donor
molecules. This clue makes this compound a functional
material for sensing methanol and pyridine in solid-vapor interface reactions. It has also be shown that these
basic carboxylates, which have been used as building
units (called as trigonal prisms), can be linked to
extended structures of stable metal-organic frameworks
(MOFs) having well-deﬁned cages/cavities (e.g., MIL100 and MIL-101); these supramolecular materials have
been shown to adsorb and deliver analgesic and antiinﬂammatory drug, Ibuprofen. Likewise, careful investigation on the molecular structure of the mono-nuclear
copper compound [CuII{C6H4(NH2)2}2SO4]•H2O having 5-coordinated Cu(II) with weakly coordinated sulfate
anion hinted us that the unsaturated copper(II) can easily
be coordinated to other nitrogen donor ligands; this
indication makes this old-known molecule azide recognizer in a solid-liquid interface reaction. In the case of dinuclear iron system, the relevant crystal structures having iron in ?1 oxidation state and ring nitrogen, capable
of being protonated by supramolecular interactions,

prompted us to perform electrocatalytic proton reduction.
Therefore, the take-home message is that there are
diverse inorganic systems, even they are characterized
and reported, can be re-looked in the perspective of
supramolecular chemistry and can further be explored,
by applying some basic inorganic chemistry knowledge,
as functional inorganic materials mostly in the solidstate. This message should not be limited to only
mononuclear, dinuclear and trinuclear systems, we have
explored, rather it is open to any inorganic system (reported as well as newly synthesized systems). For
example, we have now turned our attention to multinuclear polyoxometalate clusters for the exploration of
their new solid-state properties.
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61. Mesquita L M, André V, Esteves C V, Palmeira T,
Berberan-Santos M N, Mateus P and Delgado R 2016
Dinuclear Zinc(II) Macrocyclic Complex as Receptor
for Selective Fluorescence Sensing of Pyrophosphate
Inorg. Chem. 55 2212
62. Han M S and Kim D H 2002 Naked-Eye Detection of
Phosphate Ions in Water at Physiological pH: A
Remarkably Selective and Easy-to-Assemble Colorimetric Phosphate-Sensing Probe Angew. Chem. Int.
Ed. 41 3809
63. Beer P D 1998 Transition-Metal Receptor Systems for
the Selective Recognition and Sensing of Anionic
Guest Species Acc. Chem. Res. 31 71
64. Ralf R and Mendel F B 2006 Cell Biology of
Molybdenum Biochim. Biophys. Acta 1763 621
65. Kisker C, Schindelin H and Rees D C 1997 Molybdenum-Cofactor Containing Enzymes: Structure and
Mechanism Annu. Rev. Biochem 66 233
66. Durgaprasad G and Das S K 2012 1,2-Ene Dithiolate
Bridged Diiron Carbonyl-Phosphine and -Phosphite
Complexes in Relevance to the Active Site of [FeFe]Hydrogenases: Synthesis, Characterization and Electrocatalysis J. Organomet. Chem. 717 29
67. Durgaprasad G, Bolligarla R and Das S K 2012
Synthesis, Crystal Structure and Electrocatalysis of
1,2-Ene Dithiolate Bridged Diiron Carbonyl Complexes in Relevance to the Active Site of [ FeFe ] Hydrogenases J. Organomet. Chem. 706–707 37
68. Durgaprasad G, Bolligarla R and Das S K 2011
Synthesis, Structural Characterization and Electrochemical Studies of [Fe2(l-L)(CO)6] and [Fe2(lL)(CO)5(PPh3)] (L = Pyrazine-2,3-Dithiolate, Quinoxaline-2,3-Dithiolate and Pyrido[2,3-b]Pyrazine-2,3Dithiolate): Towards Modeling the Active Site of
[FeFe]–Hydrogenase J. Organomet. Chem. 696 3097
69. Barba-Bon A, Costero A M, Gil S, Parra M, Soto J,
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Sudik A C, Côté A P and Yaghi O M 2005 MetalOrganic Frameworks Based on Trigonal Prismatic
Building Blocks and the New ‘‘Acs’’ Topology Inorg.
Chem. 44 2998
Xie D, Ma Y, Gu Y, Zhou H, Zhang H, Wang G, Zhang
Y and Zhao H 2017 Bifunctional NH2-MIL-88(Fe)
Metal–organic Framework Nanooctahedra for Highly
Sensitive Detection and Efﬁcient Removal of Arsenate in
Aqueous Media J. Mater. Chem. A 5 23794
Zhai Q G, Bu X, Zhao X, Li D-S and Feng P 2017 Pore
Space Partition in Metal-Organic Frameworks Acc.
Chem. Res. 50 407
Chen D-M, Sun C-X, Zhang N-N, Si H-H, Liu C-S and
Du M 2018 Tunable Robust Pacs-MOFs: A Platform for
Systematic Enhancement of the C2H2 Uptake and C2H2/
C2H4 Separation Performance Inorg. Chem. 57 2883
Manna P, Debgupta J, Bose S and Das S K 2016 A
Mononuclear CoII Coordination Complex Locked in a
Conﬁned Space and Acting as an Electrochemical
Water-Oxidation Catalyst: A ‘‘Ship-in-a-Bottle’’
Approach Angew. Chem. Int. Ed. 55 2425
Horcajada P, Serre C, Vallet-Regı́ M, Sebban M,
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