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ABSTRACT: A three-dimensional cationic framework
based on a flexible neutral nitrogen-donor ligand was
synthesized and undergoes guest-driven structural dynam-
ics in a reversible way. Size-selective anion-exchange and
tunable luminescent behavior of the framework has been
explored.

Porous coordination polymers or metal−organic frameworks
(MOFs) with tunable properties have emerged as an

exciting class of multifunctional materials because of their
applications over a wide range.1 In particular, “soft porous
frameworks” have attracted much attention in recent years
because of their highly ordered network along with structural
flexibility.2 They score over the conventional rigid porous
frameworks in a way that they respond to a specific guest
molecule and change their microcavities into those that match
the shape and affinity of the incoming guest molecule. These
materials undergo solid-state structural transformation when a
guest molecule comes in or goes out of the framework. Such
guest-responsive tailorable behavior along with enzyme-like
specificity makes it a stimulus-responsive smart host material,
thereby triggering a manifold increase in the host−guest
interactions.2,3 Combinations of a neutral flexible ligand and
metal ions generally give rise to cationic frameworks.4 These
frameworks usually harbor solvents as guests in their porous
cavities. Upon drying, these loosely trapped guests escape, thus
leading to structural transformations.5 These guest-driven
structural transformations often find a way to build up a dynamic
framework.4b In addition, these cationic MOFs have extra
counteranions to neutralize the overall charge of the framework,
which usually weakly coordinates to the metal ions or sometimes
remains free in the framework lattice.6 The incorporation of a d10

metal ion in complexation with a nitrogen-donor ligand at room
temperature often provides luminescent cationic frameworks.7

Variation of the counteranions in a luminescent cationic
framework by other foreign anions of different size, shape, and
geometry may often regulate the framework functionalities.8

Especially, the anion-switchable fluorescence of a luminescent
cationic framework has been one of the most investigated topics
in this regard because it finds very useful application such as
chemical sensors and anion receptors, paving the way for a
concoction of new materials.4b,7,9 In spite of a lot of reports on
dynamic frameworks, anion/guest-switchable fluorescence tun-
ing of a MOF mixed with its inherent framework flexibility is not
so common.10,4b

Herein, we present a three-dimensional (3D) cationic
luminescent framework built from a newly designed nitrogen-
donor ligand [(E)-N′-[1-(pyridin-4-yl)ethyidene]hydrazine car-
bohydrazide; Scheme S1 in the Supporting Information (SI)]
with a flexible skeleton (Figure S1a in the SI) with multiple
coordinating sites in combination with zinc(II). The framework
shows guest-driven structural dynamics in a reversible way. The
air-dried phase of the compound exhibits size-dependent anion-
exchange behavior, and this is well demonstrated by single
crystal-to-single crystal (SCSC) structural transformation experi-
ments along with other spectroscopic techniques. The cationic
framework shows interesting anion-responsive tunable lumines-
cent behavior (Scheme 1).

The combination of L (Scheme S1 in the SI) with zinc(II) in a
solvent system of methanol/dichloromethane/chlorobenzene at
room temperature yielded transparent block-shaped crystals of
the compound [{Zn(L)2}(NO3)2·xG]n ( 1′⊃NO3

−; G is a
disordered guest molecule). Single-crystal X-ray diffraction (SC-
XRD) analysis of 1′⊃NO3

− showed that it crystallized in a
monoclinic system with space group C2/c. The asymmetric unit
contains two ligands, one zinc(II) ion and two noncoordinated
nitrate (NO3

−) anions. Each zinc(II) ion displays distorted
octahedral geometry with a N4O2 donor set from four ligands
(Figure S1b in the SI). Two ligands bind in a bidentate fashion
through amine nitrogen and carbonyl oxygen, and the other two
connect the same zinc(II) node via pyridyl nitrogen, thus
extending into a 3D structure, as shown in Figures S2 and S3 in
the SI. 2-fold interpenetration creates large one-dimensional
tubelike channels along the b axis, in which disordered solvent
molecules and nitrate anions are located.
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Scheme 1. Schematic Representation of a Guest- and Anion-
Responsive Dynamic Framework
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A noteworthy feature of the compound is that when 1′⊃NO3
−

was kept out of the mother liquor at room temperature and air-
dried for about 24 h, it shows a drastic structural change and is
transformed to a new phase, which was evidenced from the time-
dependent powder X-ray diffraction (PXRD) pattern (Figure
S18 in the SI). PXRD patterns at various time intervals and in the
presence of a small amount of mother liquor indicate that the
structural integrity is initially maintained. However, after about
1−6 h, the PXRD pattern shows a drastic structural change and
converts to a new phase, 1⊃NO3

−, which demonstrates the
dynamic nature of compound 1′⊃NO3

−. Furthermore, when
1⊃NO3

− is reimmersed in the mother liquor, compound
1⊃NO3

− reverts back to compound 1′⊃NO3
−, as shown by

the PXRD pattern (Figure S19 in the SI), indicating the
reversible nature of the framework. Because of the weak
crystalline nature of 1⊃NO3

−, the structure could not be
obtained even after several attempts. Because 1′⊃NO3

− showed
structural transformation at room temperature, we performed
anion-exchange experiments with the air-stable phase 1⊃NO3

−,
which also contains the framework NO3

− [confirmed by IR and
energy-dispersive X-ray (EDX) spectra; see the SI]. Anion-
induced structural changes are observed when attempts are made
to exchange 1⊃NO3

− with other anions (Figure 1). Anion-

exchange completion was monitored by dipping the crystals of
1⊃NO3

− in separate methanolic solutions of NaClO4, NaBF4,
KPF6, KSbF6, and NaCF3SO3 and thereafter characterized by
FT-IR spectra and CHNS data after about 4−5 days. FT-IR
spectra of the anion-exchanged products show strong bands that
are characteristic of the exchanged anions. For compound
1⊃NO3

− with NO3
− anions, inside the channels, a characteristic

band at 1380 cm−1 is observed as a result of the nitrate anion.
However, the ligand (L) shows a characteristic band around the
same region as that of the NO3

− anion due to C−C aromatic
stretch (Figure S30 in the SI). Therefore, although the intensity
of this band is unchanged in the exchanged products, new peaks
at 1080 cm−1 (1⊃ClO4

−) and 1034 cm−1 (1⊃BF4−) are observed
in the respective exchanged compounds (Figure 2). For PF6

−,
SbF6

−, and CF3SO3
−, because of larger size, these anions could

not be exchanged and therefore show no characteristic peak in IR
spectra (Figure S29 in the SI) even after 5−10 days. Selective
anion exchange, i.e., separation of anions based on similar shape
and size, is one of the intriguing aspects of such dynamic anion-
exchange processes. In a typical experiment, crystals of 1⊃NO3

−

are immersed in a methanolic solution of mixed anions (BF4
−/

ClO4
−) having equimolar concentration (see the SI). Selective

anion exchange by the framework was observed in which NO3
−

was quantitatively exchanged with BF4
− (Figure S29 in the SI).

Reversibility could not be attained when we tried to exchange

both ClO4
− and BF4

− with excess NO3
− because of the stronger

hydrogen-bonding interaction of ClO4
− and BF4

− with the
framework lattice (Figures S13 and S31 in the SI).
During the anion-exchange process, X-ray-quality single

crystals were obtained for 1⊃ClO4
− and 1⊃BF4−, respectively.

Single-crystal analysis of compound 1⊃ClO4
− and 1⊃BF4−

revealed that both compounds [{Zn(L)2}(ClO4)2·xG]n
(1⊃ClO4

−) and [{Zn(L)2}(BF4)2·xG}]n (1⊃BF4−) crystallized
in a monoclinic system and were isostructural. The asymmetric
unit of compound 1⊃ClO4

− contains half of a zinc ion, one
ligand, and one noncoordinated ClO4

− anion. The zinc(II) ion
displays perfect octahedral geometry, with the N4O2 donor set
having the same coordination environment as that in the case of
1′⊃NO3

−, forming two-dimensional (2D) network. Interest-
ingly, close examination of all of the structures revealed that
during structural transformation the L−ZnII−L angle for the
compounds is quite different from 106.22° (1′⊃NO3

−)
compared to 112.17° (1⊃ClO4

−) and 66.49° (1⊃BF4−; Figure
S34 in the SI). This is probably due the cooperative effect of
ligand flexibility and the loss of low-boiling solvents from the
lattice voids, which leads to the drastic change in the overall
network with Zn−N bond rearrangements, thereby resulting in
the formation of these more stable 2D structures. Single-crystal
structural analysis showed complete exchange of NO3

− in
1⊃NO3

− by incursive anions in the exchanged compounds,
whereas the bulk powder FT-IR analysis and CHNS data
revealed ∼98% exchange of the same. The PXRD patterns of
compounds 1⊃ClO4

− and 1⊃BF4− match exactly with their
respective simulated patterns, and this proves the phase purity of
the bulk sample (Figures S20 and S21 in the SI) after anion
exchange. As observed, compound 1′⊃NO3

− upon air drying
transforms to a stable phase (1⊃NO3

−), which thereby
undergoes SCSC transformation after anion exchange to form
structures 1⊃ClO4

− and 1⊃BF4−. More interestingly, the PXRD
pattern of 1⊃ClO4

− is also quite similar to the experimental
PXRD pattern of compound 1⊃NO3

−, thereby indicating that
compound 1⊃NO3

− probably is isostructural with 1⊃ClO4
− and

1⊃BF4− (Figure S19 in the SI). Thermogravimetric analysis
(TGA) of compounds 1⊃NO3

−, 1⊃ClO4
−, and 1⊃BF4

−

demonstrates that the compounds were thermally stable up to
∼225 °C with an initial loss because of lattice solvent molecules
(Figures S23−S25 and S26−S28 in the SI). Guest-inclusion
behavior for compounds 1⊃NO3

−, 1⊃ClO4
−, and 1⊃BF4− was

examined by solvent sorption measurements at 298 K. The

Figure 1. Perspective view of the solid-state structural transformation
from 1′⊃NO3

− to 1⊃ClO4
− showing the overall packing of both phases.

Figure 2. FT-IR spectra of 1⊃NO3
− and different anion-exchanged

compounds showing highlighted bands for corresponding anions.
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ethanol sorption profile for compound 1⊃NO3
− showed a

typical hysteretic gate-opening nature (P/P0 = 0.78) of dynamic
frameworks and an uptake amount of about 152 mL g−1 (6.82
mmol g−1). For anion-exchanged compounds 1⊃ClO4

− and
1⊃BF4−, the uptake amounts are 135 mL g1 (6.035 mmol g−1)
and 173 mL g−1 (7.74 mmol g−1) (Figure S33 in the SI) with
similar sorption patterns. The difference is the sorption amount
with similar sorption patterns is due to the differential interaction
of guest with similar frameworks but containing anions of
different shape, size, and electronic nature.
UV absorptions were measured in order to check the

absorption profile for anion-exchanged compounds. Compound
1⊃NO3

− and anion-exchanged compounds show similar nature
in the absorption curves (Figure S35 in the SI). Also, solid-state
emission spectra were investigated for powdered samples of L
and desolvated compounds of both 1⊃NO3

− and other anion-
exchanged samples at room temperature.
Upon photoexcitation at 350−400 nm, L displays a weak

fluorescence and, consequently, emission maxima at 440 nm.
Compound 1⊃NO3

− showed an intense broad band at 505 nm
exhibiting a significant red shift compared to L. This can be
attributed to π*−π intraligand transitions, metal-to-ligand charge
transfer, or the effect of coordination of the ligand to the metal
center. 1⊃ClO4

− and 1⊃BF4− display broad peaks with intensity
maxima at 442 and 497 nm, respectively. Both exchanged
compounds showed a blue shift with respect to emission of
1⊃NO3

− (Figure3). The emission intensity of exchanged

compounds showed very drastic differences compared
to1⊃NO3

−, which may be due to the differential interaction of
anions with the framework lattice. The quantum yields were
measured for 1⊃NO3

− and anion-exchanged compounds in the
solid state at room temperature according to Bril and De Jager-
Veenis.11 The calculated quantum yield values of 1⊃NO3

−,
1⊃ClO4

−, and 1⊃BF4
− are 0.873, 0.0583, and 0.0337,

respectively, which supports the corresponding emission profiles
of the respective compounds.
In conclusion, we have synthesized a luminescent cationic

porous framework using a newly designed flexible chelating
nitrogen-donor ligand. The framework showed guest-driven
structural dynamics in a reversible manner. The framework
contains free anions in its lattice voids. These anions can be
exchanged easily by other anions of different shape and size.
These anion-exchange experiments were well demonstrated by

SCSC structural transformation and other spectroscopic
techniques. Furthermore, selective anion-exchange results
prove the affinity of the host framework toward anions of similar
nature and can be an efficient system for ion separation. Also,
anion-exchanged compounds show anion-dependent tunable
luminescence and therefore have potential to develop as smart
materials for chemical sensors, light-emitting devices, and other
optoelectronic design strategies.
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Figure 3. Solid-state emission spectra of 1⊃NO3
−, free-ligand, and

anion-exchanged compounds (left) and optical micrographs of the same
compounds under UV light (right).
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