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Metal–ligand ring aromaticity in a 2D
coordination polymer used as a photosensitive
electronic device†

Faruk Ahmed,a Sourav Ranjan Ghosh,bc Soumi Halder,d Surajit Guin,b

Seikh Mafiz Alam,a Partha Pratim Ray, *d Atish Dipankar Jana *b and
Mohammad Hedayetullah Mir *a

In this study, aromaticity of a 14-membered metal–ligand ring present in a two-dimensional coordination

polymer (2D CP), [Zn2(fum)2(4-phpy)4(H2O)2] (1) (H2fum = fumaric acid and 4-phpy = 4-phenyl pyridine),

was theoretically investigated by calculating the nucleus-independent chemical shifts (NICS). Furthermore,

the calculation was supported by free of in-plane component NICS (FiPC-NICS) used specifically for

inorganic heterocycle and electron localization function (ELF) analysis. The calculations reveal that the

metal–ligand ring has an aromatic character and a moderate C–H� � �p interaction energy (�8.56 kcal mol�1

at the HF/6-311++G(d,p) level of theory) of 4-phpy with the 14-membered ring, which plays an active role

in the molecular self-assembly for crystal packing. Furthermore, the compound 1 has a substantive

photosensitivity with an appreciable on–off ratio; therefore, this material can be used as a photosensitive

electronic device.

Introduction

In chemistry, noncovalent or supramolecular interactions involving
p-systems are of significant importance.1,2 These interactions are
accountable for the stabilization of many important molecular
systems including large biological systems e.g. nucleic acids and
proteins.3–6 Moreover, these weak forces control the orientations of
molecular species in crystalline lattices. Hence, they are considered
as one of the key factors in crystal engineering.7 The role of classical
hydrogen bonding in supramolecular assemblies has been widely
investigated for many years,8,9 and this type of bonding is con-
sidered as a structural motif in crystal engineering. Moreover, p� � �p
stacking,2 C–H� � �p interactions,10 van der Waals interactions11,12

and halogen� � �halogen interactions13,14 have been studied over the
past few years through theoretical studies with a view of their

utilization in the deliberate design of supramolecular aggre-
gates in crystal engineering. In addition, various groups have
reported the existence of a new type of supramolecular interac-
tions by both experimental and theoretical studies. Anion� � �p,15

cation� � �p,16 p(chelate)� � �p(chelate) stacking17,18 and C–H� � �p
(chelate)19–23 are some examples of these interactions, which have
been extensively studied in the context of crystal packing. Among
these, the C–H� � �p(chelate) interactions have attracted particular
attraction since a metal–chelate ring has the possibility to reveal
aromatic character within the chelate ring.

Although the concept of aromaticity was initiated to describe
p-electron delocalized, cyclic and planar organic molecules having
(4n + 2)p electrons,24 the perception was extrapolated to metal–
chelate ring clusters and organometallic compounds. More-
over, a number of metal–chelate rings have been structurally
and theoretically characterized in the context of aromaticity,
called metalloaromaticity.25–28 However, large membered metal–
ligand rings showing an aromatic character have rarely been
reported in the literature.

Moreover, metal–organic coordination polymers (CPs), also
known as metal–organic frameworks (MOFs), are an emerging
class of materials constructed from metal ion centres or metal
clusters and organic linkers.29–35 The design and synthesis of
CPs is an area of crystal engineering that is widely investigated
to realize how crystalline materials can be engineered.36–41 In
the CPs described to date, the employment of supramolecular
interactions for the construction of high-dimensional networks
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has been less explored. As a continuation of our study to reveal
the role of supramolecular interactions in the construction of higher
dimensional CPs and to establish their physical properties,42–44

herein, a new fumarate-based 2D CP [Zn2(fum)2(4-phpy)4(H2O)2]
(1) (H2fum = fumaric acid and 4-phpy = 4-phenyl pyridine) was
synthesized using pyridyl as a co-ligand, which formed a 3D
supramolecular aggregate via the combination of p� � �p and
C–H� � �p interactions. Interestingly, the compound 1 contains a
14-membered metal–ligand ring with two Zn(II) centres bridged
by two fumerate dianions, which makes the structure quite
fascinating. Analysis of the crystal structure reveals that this
metal–ligand ring can be a hydrogen acceptor in the C–H� � �p
interactions. Computations show that this metal–ligand ring
has an aromatic character. To the best of our knowledge, this is
the first example of a 14-membered metal–ligand ring showing
an aromatic character. Moreover, the compound 1 exhibits
photosensitivity with an appreciable on–off ratio. Current
conductivity under dark and illumination shows a non-linear
rectifying behaviour. Herein, p� � �p interactions seem to play a
significant role in charge transport through space mechanism.

Experimental
Materials and physical method

All chemicals purchased were of reagent grade and used without
further purification. Elemental analysis (carbon, hydrogen and
nitrogen) was performed using the Perkin–Elmer 240C elemental
analyzer. Infrared spectrum in KBr (4500–500 cm�1) was obtained
using the Perkin–Elmer FTIR spectrum RX1 spectrometer. Thermo-
gravimetric analysis was conducted using the Perkin–Elmer Pyris
Diamond TG/DTA in the temperature range between 30 1C and
600 1C under a nitrogen atmosphere at the heating rate of
12 1C min�1. PXRD data was obtained via the Bruker D8 Advance
X-ray diffractometer using CuKa radiation (l = 1.548 Å) generated at
40 kV and 40 mA. The PXRD spectra were obtained in the 2y range of
51–501. Structural characterisation of the synthesized material was
carried out by the FEI make Inspect F50 field emission scanning
electron microscope (FESEM). Electrical characterization was perfor-
med using the Keithley 2400 source meter, interfaced with PC.

Synthesis of compound 1

Synthesis of compound 1: a solution of 4-phpy (0.031 g, 0.2 mmol)
in MeOH (2 mL) was slowly and carefully layered to a solution of
Zn(NO3)2�6H2O (0.059 g, 0.2 mmol) in H2O (2 mL) using a 2 mL
1 : 1 (= v/v) buffer solution of MeOH and H2O followed by layering
of H2fum (0.023 g, 0.2 mmol) neutralized with Et3N (0.021 g,
0.2 mmol) in 2 mL EtOH. Block-shaped colourless crystals of
[Zn2(fum)2(4-phpy)4(H2O)2] 1 were obtained after three days (0.071 g;
yield 70%). Elemental analysis (%) calcd for C52H44N4O10Zn2: C
61.44, H 4.33, N 5.51; found: C 61.94, H 4.67, N 5.64. IR (KBr
pellet, cm�1): 1542 nas(COO�), 1362 nsys(COO�).

General X-ray crystallography

Single crystals of compound 1 having suitable dimensions
were used for data collection using the Bruker SMART APEX II

diffractometer equipped with graphite-monochromated MoKa

radiation (l = 0.71073 Å). The molecular structure was solved
using the SHELXL-97 package.45 Non-hydrogen atoms were
refined using anisotropic thermal parameters. Hydrogen atoms
were placed at their geometrically idealized positions and
constrained to ride on their parent atoms. Crystallographic
data for 1 is summarized in Table S1 (ESI†), and selected bond
lengths and bond angles are listed in Table S2 (ESI†).

Device fabrication and characterization

At first, for device fabrication, a fluorine-doped tin oxide (FTO)-
coated glass substrate was cleaned by ultrasonication in an
isopropanol medium for 15 min. Then, the glass substrate was
cleaned in acetone and distilled water successively. After being
washed properly, the FTO-coated glass substrate was dried in a
vacuum chamber. Moreover, a visually homogeneous dispersed
solution of the sample was prepared in the dimethyl sulfoxide
(DMSO) solvent. This dispersed sample was spin-coated onto
the FTO-coated glass substrate at the rate of 400 rpm using the
SCU 2700 spin coating unit in vacuum. At the last step of device
fabrication, aluminum (Al) was deposited onto the spin-coated
film using the 12A4D HINDHIVAC vacuum coating unit at a
pressure of 10�6 Torr. Moreover, the fabricated film thickness
was measured as 9 mm using the DEKTAK surface profiler.

Methodology of DFT computation

To explore the electronic structure of the two subcomponents
of the fum-bridged Zn(II) units present in the 2D coordination
polymer, geometry optimizations were performed using DFT
computations. All calculations were performed using the
Gaussian 03 package.46 Initial geometries of the respective subunits
were adopted from the crystal structure, and geometry optimiza-
tions for each subunit were carried out at the DFT 6-311G level of
theory using the B3LYP hybrid density functional. The binding
energies of the four weak intermolecular interactions, i.e. (i) the
C–H� � �p interaction of 4-phpy with the 14-membered metal-
fumarate ring, (ii) the p� � �p interaction of two 4-phpy molecules,
and two C–H� � �p interactions (iii) one at 2.79 Å and (iv) another at
3.00 Å (see Fig. 2) were estimated in this study. Geometries of the
selected models (see Fig. 5 and Fig. S5, ESI†) were adopted from
the crystal structure, and binding energies were estimated without
optimization to have an idea of the relative importance of these
four weak intermolecular forces present in the crystal structure.
The basis set superposition error-corrected binding energy (B.E.)
of the C–H� � �p interaction of 4-phpy with the 14-membered metal-
fumarate ring has been estimated at the HF level of theory using
both the 6-31G(d,p) and the 6-311++G(d,p) basis sets. Note that
the basis set dependency was found to be small; the basis set
correction was estimated employing counterpoise methodology as
implemented in the Gaussian 03 package. The B.E. of each motif
was estimated by calculating the difference in the energies of the
interacting system of two components together as well as the sum
of the energies of the individual components. Both these energies
were computed at the same level of theory. Dispersion-corrected
DFT computations conducted using the M06-2X density func-
tional and 6-31G(d,p) basis set were employed to estimate the
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binding energies of all four weak forces. For this computation,
the GAMESS-2016 version 2016-pgi-linux-mkl program package
was used.47

All SCF-GIAO calculations presented herein were carried out
using the SCF-GIAO (SCF with GIAOs) methodology48,49 as
implemented in the Gaussian 03 program package. Both the
HF and DFT methodology were employed in the NICS calcula-
tions. It has been verified that the NICS values do not change
very much with the different level of theory (HF or DFT)
employing different basis sets (6-311G, 6-31G(2d), 6-31G(d,p))
and density functional (B3LYP, X3LYP). Electron localization
function (ELF) reported in the present study was generated
using the Multiwfn-3.6 package50 for which the input wave
function was computed at the DFT B3LYP/6-311++g(d,p) level of
theory using the Gaussian 03 package.46

Results and discussion
Structural descriptions of [Zn2(fum)2(4-phpy)4(H2O)2] (1)

Colourless block crystals of 1 were obtained using diffusion of
4-phpy and H2fum in ethanol into a solution of aqueous
Zn(NO3)2�6H2O and Et3N in H2O/MeOH. Single-crystal X-ray
crystallography reveals that the compound 1 crystallizes in the
monoclinic space group P21/n with Z = 4. There are two
independent Zn(II) centers present in the asymmetric unit,
in which both the Zn1 and Zn2 have distorted octahedral
geometry, as shown in Fig. 1a. Zn2 is ligated to two O atoms from
two fum anions in a monodentate fashion, two O atoms from two
aqua ligands in the equatorial plane, and two N atoms from two

4-phpy ligands at the axial position. On the other hand, two
N atoms from two 4-phpy ligands and four O atoms from three
different fum anions are bonded to Zn1 in an octahedral
environment. Moreover, two such Zn1 centres were bridged
by two dicarboxylate ligands through O3 and O9 in a manner
such that a 14-membered macrocyclic metal–ligand ring,
including two Zn1 centres, was formed. The connectivity of
the neighbouring carboxylate oxygen atoms with Zn2 centers
results in a 2D sheet-like structure with 4-membered and
8-membered rings connected to each other (Fig. 1b). Each
4-membered ring was surrounded by four 8-membered rings,
whereas each 8-membered ring was attached with four
4-membered rings. The overall topology was decribed as a 2D
4.82-fes framework (Fig. S1, ESI†) using the TOPOS program.51

In the solid-state structure, the 2D networks were self-
assembled via strong intermolecular H-bonding between the
aqua ligands and the O atoms of the bridging fum ligands with
the O� � �O separation of 2.62–2.85 Å. According to the graph set
analysis proposed by Etter,52 the 2D sheet comprises three
different rings (R) with hydrogen bonding interactions: R2

2(8),
R2

2(16) and R4
4(22) (Fig. S2, ESI†). However, these 2D H-bonded

networks further fabricate 3D supramolecular aggregates via
face-to-face p� � �p stacking at a centroid–centroid distance of
3.69 Å and two set of edge-to-face C–H� � �p interactions; the
H� � �p distance in one set is 2.79 Å, and in another set, it is
3.00 Å (Fig. 2). The dispersion-corrected interaction energy
computed at the DFT\M06-2X\6-31G(d,p) level of theory for
the p� � �p interaction between a pair of 4-phpy molecules is
�7.44 kcal mol�1. At the same level of theroy, the interaction
energy for C–H� � �p interaction at 2.79 Å is�4.61 kcal mol�1 and
that of the C–H� � �p interaction at 3.00 Å is �3.50 kcal mol�1

(Fig. S3, ESI†).
A closer observation at the connectivity of Zn1 centres and

fum ligands reveals the presence of a 14-membered ring
comprising two Zn(II) centres and two fum ligands. The 4-phpy
ligand attached to the metal centre located on one layer interacts
with the 14-membered metal–ligand ring of the adjacent layer in an
edge-to-face C–H� � �p (metal–ligand ring) interaction with an almost
optimal angle for a perfect T-shaped geometry (Fig. S4, ESI†).

Fig. 1 (a) Basic structural unit showing the coordination environment
around the metal centres. (b) A part of 2D structural network showing
the 4.82-fes framework. H-atoms are not shown for clarity.

Fig. 2 p� � �p, C–H� � �p and C–H� � �p (14-membered metal–ligand ring)
Interactions in 1. Distances in Å.
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Moreover, the distance of the hydrogen atom attached to
the phenyl ring of 4-phpy to the centroid of the metal–ligand
ring is 2.37 Å.

Analysis of the NICS results

NICS scan over the 14-membered ring plane. To assess the
aromatic nature of the relevant ring, nucleus independent
chemical shift (NICS)53 calculations have been performed,
which is a well-accepted parameter in the scientific community
as an indicator of the aromatic nature of planar chemical systems.54

Negative NICS values indicate aromaticity, and positive NICS values
indicate antiaromaticity. Often, NICS(0) and NICS(1) values have
been reported in the literature as a measure of aromaticity.55,56

However, NICS(0) is calculated at the ring plane (Z = 0), and NICS(1)
is the value of NICS at 1 Å above the mean plane. Fig. 3 shows
the variation of NICS(0) over the ring plane calculated at the
HF/6-311G level of theory. Note that the zero iso-contour line
separates the small central region of the ring from the negative
NICS(0) region. The negative NICS(0) value varies between 0
and 5 over most of the region of the 14 membered circuit
constituted by two fum ligands and two Zn(II) ions. On moving
along the x-axis (joining fum O atoms as shown in Fig. 4) or
the y-axis in the ring plane, the NICS value increases from
�5 to �20, closer to the atoms over the ring. Therefore, most of
the central region of the ring has a small negative NICS(0)

values; however, the negative value increases towards the
periphery of the ring. As is well-known, NICS(0) is often
corrupted by contribution from orbitals other than p-orbitals;
thus, NICS(1) as well as NICS(z) at other heights are often
considered to assess the aromatic nature of planar benzene-like
chemical systems.55–57 For more complex systems, particularly
rings containing hetero atoms and metal centres, the distribution
of NICS values over the surface of the ring at different heights is
considered. By carrying out surface scan at various heights, the
NICS field in a 3D space can be obtained.

Variation of NICS with height at different points over the
ring plane. NICS(0) at the ring centroid is positive (1.6956 ppm
at HF/6-311G level); however, above or below the mean plane of
the ring along the z-direction, the NICS value becomes negative
around a height 1.75 Å. The NICS value becomes maximum
negative at a height of 3 Å, and then, its magnitude slowly
decreases, but the sign remains negative (Fig. S5, ESI†). Variation
of NICS with height (hereinafter mentioned as NICS(z)) at twelve
points other than the ring centroid (0,0,0) has been depicted in
Fig. 4. These points were selected in a way such that the points
(1, 4); (2, 3); (5, 8); (6, 7); (9, 10) and (11, 12) are centro-
symmetrically related to each other with respect to the centroid
of the ring. For (1, 4), (5, 8), (6, 7), and (9, 10), NICS(0) and NICS(z)
are always negative (Table S6, ESI†). For (2, 3) and (11, 12), NICS(0)
is positive; however, as the height increases beyond 1.5 Å for (2, 3)
and 0.5 Å for (11, 12), the NICS value becomes negative. We
studied the variation of NICS with height from �5 Å to 5 Å on
either side of the ring plane. Each symmetry-related pair of points
shows almost the same variation of the NICS(z) value. Maximum
negative NICS value (�16 ppm) was observed for the points (1)
and (4). Although the computed NICS values are method-
dependent, the general trend of variation of NICS(z) is same for
the HF and DFT method with various basis sets and density
functional (Table S7, ESI†). This variation of NICS(z) for point (1)
has been depicted in Fig. S5, ESI.† Benzene is a prototypical
organic aromatic system whose NICS value is around�8.0 ppm.58

For the current metal–ligand macrocycle, the NICS(0) sym-
metrically varies over the ring plane, and the negative NICS value
increases towards the periphery. The highest negative NICS value
�16 ppm at the point 1 and 4 is more than that of benzene. Since
benzene is a purely organic system, its comparison with inorganic
aromatic systems is more important. Recently, many chelate ring
systems have been explored for possible aromaticity.25,59 NICS
calculations for acetylacetonato (acac) and o-benzoquinonediimine
(bqdi) have demonstrated that although most chelates of these
ligands do not show higher negative NICS values, the Ru2+-bqdi
chelate ring has higher negative NICS(0) values (�8.52 ppm).25

However, NICS studies of Ni-containing chelate rings of
1,2-diaminoethane (NICS(0) = �30.19 ppm), 1,3-diaminopropane
(NICS(0) = �16.10 ppm) and 1,4-diaminobutane (NICS(0) =
�10.06 ppm) show quite appreciable negative NICS(0) values.59

NICS calculation of the dicupra[10]-annulene system shows that
the NICS(0)zz value can be as high as �34.8 ppm. A comparison of
the NICS values of the present 14-membered metal–ligand ring
with the abovementioned systems shows that this ring falls in the
same group of metal–ligand aromatic systems.

Fig. 3 Variation of NICS(0) over the surface of the 14-membered metal
ligand ring.

Fig. 4 Variation of NICS with height at twelve different positions in the
14-membered ring plane. Variation of NICS(z) has been shown only for
one set of symmetry-related locations.
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FiPC-NICS study of the 14-membered ring. Although NICS
is one of the most widely used aromaticity index, there is
no universally accepted indicator of aromaticity. Therefore,
indiscriminate use of NICS as an aromaticity indicator has been
cautioned.55,60,61 In particular, for inorganic heterocycles, a
new modified NICS index called free of in-plane component
NICS (FiPC-NICS) has been recently introduced.61 FiPC-NICS
has evolved from the idea that NICS can be decomposed into
three components: NICS = �1/3(sxx + syy + szz), which can be
reorganized as NICS = (NICSin-plane + NICSout-plane), where
NICSin-plane = �1/3(sxx + syy) and NICSout-plane = �1/3(szz).

55

To estimate FiPC-NICS, the NICS profile is computed along the
axis perpendicular to the molecular plane and then decom-
poses into in-plane and out-plane components. When a graph
of in-plane vs. out of plane components of NICS is plotted,
three cases may arise: (i) linear, (ii) concave, or (iii) convex.
Concave nature of the graph indicates antiaromaticity, and
convex nature indicates aromaticity. On the other hand, linear
variation indicates a non-aromatic character. We have computed
FiPC-NICS for the 14-membered ring at point (1). The graph of
NICSin-plane vs. NICSout-plane has been depicted in Fig. 5, and the
data is presented in Table S8, ESI.† The graph shows a convex
variation, which means the present fum-bridged metal–ligand
ring has an aromatic character. Moreover, FiPC-NICS for benzene
shows a similar nature;61 recently, FiPC NICS has been applied to
other systems.62–64

From NICS as well as FiPC-NICS studies, it can be concluded
that the 14-membered ring possesses an aromatic character.
This metal–ligand ring is involved in the C–H� � �p interaction of
the phenyl part of the axially bound 4-phpy ligand. The 4-phpy
molecule attached to the metal center of one layer interacts
with the 14-membered metal–ligand ring situated on an adjacent
layer in an edge to face C–H� � �p (metal–ligand ring) interaction.
As shown in Fig. 6 (Table S9, ESI†), the interaction energy has
been computed to be �8.56 kcal mol�1 (HF/6-311++G(d,p) level).
At the DFT/M06-2X/6-31G(d,p) level, this interaction energy is
�13.62 kcal mol�1 (Table S10, ESI†). The M06-2X density
functional is capable of considering the dispersion correction.

Therefore, much higher interaction energy at the DFT/M06-2X/
6-31G(d,p) level indicates that dispersion has a strong effect on
the intermolecular interaction in the present system. The geometry
of the CH� � �p interaction observed in the crystal structure shows
that the H-atom attached to the phenyl ring of 4-phpy is positioned
over the center of the 14-membered metal–ligand ring in a region
where the computed NICS data have substantial negative values.
The computed interaction energy corresponding to the CH� � �p
interaction of 4-phpy with the 14-membered metal–ligand ring is
highest as compared to that of the three other weak forces, i.e.,
p� � �p interaction between 4-phpy molecules and two CH� � �p inter-
actions with two different H� � �p distances (Fig. 2), all of which are
involved in the interlayer packing of the CP. The respective
interaction energies are �13.6 kcal mol�1 (for the metal–ligand
ring 4-phpy CH� � �p interaction), �7.44 kcal mol�1 (for 4-phy p� � �p
interaction), �4.61 kcal mol�1 (for C–H� � �p having H� � �p distance
2.79 Å) and �3.50 kcal mol�1 (for C–H� � �p having H� � �p distance
3.00 Å) (Table S10, ESI†). Therefore, undoubtedly, the C–H� � �p
interaction associated with the 14-membered metal–ligand ring is
the dominant weak force in crystal packing. With this high value of
interaction energy, the aromatic nature of the 14-membered metal–
ligand ring correlates well.

Electron localization function (ELF) study

Electron localization function (ELF) is another way to study the
presence or absence of aromaticity in a system. ELF was first
introduced by Becke et al.;65 currently, it is a well recognized
index of aromaticity. To characterize the aromaticity of the
14-membered metal–ligand ring, we have studied the ELF apart
from the NICS calculations. Bifurcation analysis of the ELF
function provides information about the possibility of possessing
aromaticity in a system. Generally, a contiguous ELF iso surface
with the minimum iso value of 0.70 is an accepted criterion of the
presence of aromaticity in a system. Note that ELF is defined in a
way such that the ELF iso value for any system ranges between
0.00 and 1.00. The higher the iso value at which bifurcation
occurs, breaking the contiguity of the iso-surface over the whole
system, the higher the aromaticity of the system.66 For benzene,
the bifurcation threshold is 0.91.67 The result of the ELF study for
the 14-membered ring is shown in Fig. 7, which is the total ELF
for the system plotted at four different iso levels. It can be seen

Fig. 5 The plot of NICS in-plane vs. NICS out-plane at the point (1) of the
14-membered ring.

Fig. 6 CH� � �p interaction of the 4-phpy molecule of one layer with the
14-membered metal–ligand ring.
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that at an iso value of 0.70, the ELF function is spread over the
14-membered ring in a contiguous fashion. This contiguity remains
intact till an iso value of 0.87, and bifurcation in the ELF iso surface
first appears at an iso value of 0.88. This bifurcation level is quiet
high and is comparable to the ELF bifurcation value of other
standard aromatic systems.68,69 To have a deeper insight into the
nature of the ELF function, it is generally decomposed into ELFp
and ELFs.68,69 While ELFp provides the information regarding the
contribution of the p-orbitals in the aromatic nature of a system,
ELFs provides information regarding the contribution of the s-
orbitals to aromaticity. ELFs and ELFp for the 14-membered system
are shown in Fig. S6, ESI.† Comparison of ELFp and ELFs depicted
in Fig. S6 (ESI†) clearly shows that the aromatic nature of the
14-membered ring is mainly due to the contribution of the
s-orbitals. While ELFp is not continuous over the 14-membered
ring at an iso value of 0.71, ELFs is continuous. The bifurcation
isovlaue of ELFs is 0.83, which is slightly less than the bifurcation
iso value (0.88) of the total ELF. Therefore, it can be concluded that
the aromatic nature of the 14-membered ring is mainly due to the
contribution from the s-orbitals.

TGA, PXRD and FESEM analysis

To verify the thermal stability of the compound 1, thermogravi-
metric analysis (TGA) was performed with the fresh sample within
the temperature range 30–600 1C under a N2 atmosphere. The
result of the TGA experiment indicates that 1 is stable upto 100 1C
(Fig. S7, ESI†). Powder X-ray diffraction (PXRD) has been carried
out at room temperature. All major peaks of the PXRD pattern of
the as-synthesized 1 matched quite well with those simulated from
single crystal data; this indicated phase purity of the bulk (Fig. S8,
ESI†). The FESEM study reveals that the synthesized material
shows a flake-like structure (Fig. S9, ESI†), which may have
influenced the properties of the CP.

Optical analysis

To observe the light absorption property of 1, the absorption
spectrum is obtained (Fig. 8). The spectrum shows that absorp-
tion occurs in the visible region with an absorption band edge
of B810 nm. The optical band gap energy (Eg) of the compound
was evaluated using the Tauc equation:70

ahn = A(hn � Eg)n (1)

where a is the absorption coefficient, Eg is the band gap, h is
Planck’s constant, n is the frequency of light, n is the electron
transition process constant and c is the constant. To calculate
the optical band gap, the value of n is taken as 1/2. The Tauc
plot of 1 is shown in Fig. 8. The optical energy band gap (Eg) can
be determined by extrapolating the linear region of the plot
of (ahn)2 versus hn to a = 0, and the value is estimated to be
about 1.52 eV.

DFT computation and band gap

As the compound 1 has two types of Zn(II) centres, DFT-optimized
geometries and HOMO–LUMO gaps for these two units have been
computed. The optimized geometries of both units are of similar
nature to that found in the crystal structure. However, the
HOMO–LUMO gap of subunit II (Zn1 centre) is 1.867 eV
[DFT/b3lyp/6-311++G(d,p)] (Fig. 9), which is in good agreement
with the band gap obtained from the Tauc plot. A small
deviation in the band gap may be due to geometric factors,
which have not been considered while calculating a single motif.
Therefore, it may be concluded that the charge transport in 1
occurs through the Zn1 centre through the p-electron cloud.

Electrical analysis

Light absorption of the material has been carried out in the
visible region, which indicates that the material has some light-
induced properties. Moreover, the optical band gap indicated

Fig. 7 The total ELF for the 14-membered ring at different iso values.

Fig. 8 Tauc plot and UV absorption spectra (inset) of 1.

Fig. 9 DFT optimized geometry of the subunit II (Zn1 centre) of 1.
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the semiconducting nature of the material; this prompted us to
further investigate the electrical properties of the material. The
transient photocurrent vs. time measurements were performed
to study the conducting mechanism of compound 1 (Fig. 10).
Herein, we can observe that the photocurrent reaches a certain
value on switching on the illumination and then returns to its
initial value on switching off. The increase in photocurrent
is because of the movement of photoelectrons from HOMO
to LUMO. The measurement was obtained for several
on/off cycles, and the obtained photosensitivity was 2.42.
There was an enhancement of electrical conductivity from
5.14 � 10�3 Sm�1 to 5.93 � 10�3 Sm�1 under illumination.
Herein, the enhancement of conductivity in the presence of
light may be because of conformational changes of 4-phpy
rings. Inter-layer 4-phpy rings may attain maximum planarity
during irradiation.71

Conclusions

In summary, we have encountered an interesting 14-membered
metal–ligand ring that possesses an appreciable aromatic
character. To date, there are only a few reports on aromaticity
involving rings formed by transition metals bridged by organic
ligands, giving rise to metal–organic complexes.28,72–74 To the
best of our knowledge, this is the first example of a CP contain-
ing a 14-membered Zn2(fum)2 metal–ligand ring showing
aromaticity. This study opens up the possibility of a new area
of aromaticity involving metallocycles formed through bridging
of transition metal centers by organic ligands inside the CPs.
With suitable choice of ligands of different lengths and con-
jugation, it may be possible to engineer metal–ligand rings of
different diameters having an aromatic character. In addition,
the compound 1 exhibits significant photosensitivity with an
appreciable on–off ratio. The electrical transport properties
suggest that the synthesized material can be applied in a
photosensing device.
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