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a b s t r a c t

A flexible, 2-fold interpenetrated 3D supramolecular structure [Cu(ndc2−)(1,10-phen)]n (where ndc2− =

2,6-napthalenedicarboxylate and 1,10-phen = 1,10-phenanthroline) comprising neutral 2D metal–
organic layers as the basic building block was prepared. Structural study reveals that metal ions are
bridged by ndc2− ligands to form 2D coordination layers and the coordinated 1,10-phen moieties
are hanging from the layers in the interlamellar spaces. The gliding motion of π · · · π stacked layers
through 1,10-phen moieties was found to be responsible for the flexibility of MOF and the consequent
extended conjugation also rendered semiconducting behaviour in the material. Thermal stability
studies revealed that the framework was pretty stable below 260◦C. Additionally, the MOF was
characterized by performing BET adsorption and photoluminescence studies. Further, the MOF was
calcinated at 650◦C to prepare well defined, nearly uniform and spherical shaped CuO nanoparticles
(CuO-NPs) with an average size of ∼25 nm. Interestingly, CuO-NPs showed around 16 times more
conductivity (4.8 × 10−2 S/cm) in relative to the parent MOF (3 x 10−3 S/cm). CuO-NPs induced
cross-coupling reactions of alcohols and thiols with arylhalides have been reported. A simple, general,
ligand-free and solvent-free procedure for the efficient synthesis of the cross-coupled products in high
yield was successfully demonstrated.

© 2021 Elsevier B.V. All rights reserved.
1. Introduction

In last three decades, metal–organic frameworks (MOFs) are
ppeared as one of the most promising functional material due
o their inherent porous structure and modular behaviour [1].
nitially, the inception was that the implication of inert metal
ons and insulating bridging ligands makes MOFs weakly conduct-
ng or insulating in nature [2]. But, from last decade, design of
onducting MOFs has gained much attention due to their several
pplications in energy storage, sensing, electrocatalysis, etc. [3].
esearchers have developed two different types of conductive
OFs: (a) intrinsically conductive MOFs: electrically conducting
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organic building blocks, such as 2,3-pyrazinedithiolate [4], dihy-
droxybenzoquinone [5] etc. have been used to induce conductiv-
ity in the designed framework, and (b) extrinsically conductive
MOFs: electrically conducting guests, both neutral I2, [6] (TCNQ)
[7], and charged (BF4−) [8], are incorporated in the void space
of MOFs to enhance conductivity. Intrinsically conducting MOFs
have gained much attention over its extrinsic counterpart due to
low cost production and easy synthesis [2a], [9]. Several types
of design principles have been adopted by scientists to build
intrinsically conducting MOFs: (a) use of metal ions and bridging
ligands having equivalent band structure which will help to trans-
port electrons through the framework [10], (b) use of radical gen-
erating ligands that will boost the conductivity of the designed
framework [5c,10b] (c), use of extended π . . . π conjugation be-
tween 2D coordination polymer [5b], [11]. In organic electronics,
π-interaction is used to develop conducting materials [12] and, in
similar way, several research groups have developed conducting

MOFs based on extended π . . . π conjugation using different
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rganic ligands e.g. napthalenediimide, [9b] tetrathiofulvalene
13], anthracene [14], etc. Formation of continuous π-conjugation
hroughout the framework is the primary condition to design
uch materials. Herein, we have used 1,10-phen, highly potential
o participate in π . . . π interaction, as the building block to
evelop conducting material and found that the synthesized 3D
upramolecular framework showed semiconducting behaviour.
Recently, syntheses of various nano-materials using MOFs as

acrificial scaffolds are of great interest [15]. The regular periodic
rrangement of metal nodes within the MOF architecture pro-
ides an excellent platform to design nano-particles of uniform
ize distribution as well as their intriguing porosity. The struc-
ure, composition, phase and size of the nano-particles can be
ontrolled by optimizing the synthetic conditions: chemical en-
ironment (O2, N2 etc.), temperature and synthetic methods [16].
everal research groups have synthesized metal, [16a] metal–
xide, [16b,16c,16d,16e,16f,16g] mixed metal–oxide, [16h] metal
arbide [16i] NPs, etc, and explored their enormous applications
n gas adsorption, [16j] catalysis, [16b] and so on. Besides, these
OF derived NPs have been used for several types of electronic
pplications like electrocatalysis, [17] battery, [18] etc. based on
heir versatile conducting properties from insulating to metallic
ehaviour [17–19]. In this work, we have used our synthesized
emiconductive MOF to develop NPs and interestingly found that
he MOF-derived NPs showed higher conductivity than the parent
OF.
C–O and C–S bonds are prevalent in numerous compounds

hat are of biological, pharmaceutical, and material interest [20].
pecially, a large variety of aryl sulfides are in use for diverse clin-
cal applications [21]. One of the most common synthetic meth-
ds for their preparation is the copper-assisted classic Ullmann
eaction. However, these reactions often require harsh conditions
uch as high temperature (>200 ◦C), stoichiometrically higher
mount of copper reagent and thus produce a lot of wastes [22].
urrently, to follow strict environmental laws, chemical based
ndustries are desperate in reducing various harmful chemical
astes by designing intelligent catalysts those perform in mild or
nvironment benign conditions with high yield, large selectivity
nd good efficacy [23]. Palladium and copper complexes con-
aining electron-rich ligands have been studied considerably for
he cross-couplings of oxygen and sulphur nucleophiles with aryl
alides [24]. Subsequently, few studies have focused on the use of
ron and nickel-based catalytic systems for this purpose also [25].
nlike homogeneous catalyst, use of heterogeneous catalyst is
uch more advantageous in terms of their easy separation, recy-
lability, high thermal stability and longer lifetime. In this respect,
e have focused on CuO-NPs induced heterogeneous C(aryl)-S
nd C(aryl)-O hetero-coupling reactions with the following ad-
antages: (a) the reaction proceeds under solvent free condition,
b) easy separation of catalysts and products from the reaction
ixture after completion, (c) high selectivity of the catalysts for

he substrate, (d) high catalysis rate and e) re-usability.
In this endeavour, we have synthesized a 2-fold interpen-

trated, flexible, 3D supramolecular framework: [Cu(2,6-ndc)
1,10-phen)]n, by solvothermal method and characterized by
SCXRD analysis. Structural analysis revealed that each Cu centres
are connected by 2,6-ndc ligands to form 2D coordination lay-
ers with hanging coordinated 1,10-phen moieties and these 2D
metal–organic coordination layers are assembled by 1,10-phen
mediated π . . . π interactions to form the overall 3D supramolec-
ular structure. The presence of π . . . π interactions help to: (i)
nduce flexibility and (ii) create electronic conducting pathway
ithin the framework. The resultant flexible framework showed
emiconducting nature in association with micro-porosity. TGA
nalysis revealed that the framework decomposes at 350 ◦C. The

◦
OF was decomposed by heating at 650 C to produce CuO-NPs

2

hich were characterized by PXRD, SEM and EDAX analyses. Four
robe electrical conductivity experiments revealed that the syn-
hesized CuO-NPs have 16 times higher conductivity than parent
OF. Further, we have successfully demonstrated solvent free C–
and C–O heterocouplings in excellent yields in bulk utilizing

he CuO-NPs. Product analysis revealed exclusive formation of the
esired products with minimum amounts of wastes; hence, we
ould be able to make the process green and highly applicable

or industrial scale synthesis.

. Experimental section

aterials and Methods: Copper (II) nitrate, monohydrate; 2,6-
apthalene dicarboxylic acid and 1,10-phenanthroline were pur-
hased from Merck chemical company. All other chemicals used
ere AR grade. Elemental analysis (C, H, N) was carried out using
Perkin-Elmer 240C elemental analyzer. The thermal analysis
as carried out using a Mettler Toledo TG-DTA 85 thermal an-
lyzer under a flow of N2 (30 ml/min). The sample was heated
t a rate of 10 ◦C/min with inert alumina as a reference. IR
pectroscopy was measured on Nicolet Impact 410 spectrome-
er between 400 and 4000 cm−1, using the KBr pellet method.
hotoluminescence spectra were collected on a Shimadzu RF-
301PC spectrophotometer. Powder XRD patterns were recorded
y using Cu-Kα radiation (Bruker D8; 40 kV, 40 mA). The ele-
ental analysis for CuO-NPs was performed by BRUKER energy
ispersive X-ray spectrometer (EDS) attached with the FEI, IN-
PECT F50 field emission scanning electron microscope (FESEM).
H-NMR studies were carried out by using 300 MHz Bruker NMR
pectrometer. The XPS measurements of the sample was carried
ut in an ultrahigh vacuum (UHV) multiprobe setup (Omicron
anotechnology) at a base pressure of ∼2.0 × 10−9 mbar, which
as equipped with an EA125 hemispherical energy analyzer and
n X-ray source [26]. For the XPS measurements, monochromatic
l Kα X-ray of 1486.6 eV photon energy was used as a source
nd the corresponding spectrometer energy resolution was ∼ 0.8

eV. C 1s level (binding energy of 284.8 eV) was chosen as the
reference level to calibrate the other core-level spectra.
Synthesis of Complex 1 {[Cu(O-phen)(ndc)]n: A mixture of
u(NO3)2 (0.5 mmol, 0.1214 g), ndc (0.5 mmol, 0.1092 g), 1,10-

phen (0.25 mmol, 0.0502 g) and 1 mL Et3N in 6 mL DMF was
stirred for 15 min. Then the mixture was transferred into a 15 ml
Teflon-lined stainless-steel vessel and heated for 24 h at 120 ◦C.
Afterwards, it was cooled to room temperature for another 24
h. After 48 h, green coloured single crystals (Figure S1) suitable
for X-ray structure determination were isolated by filtration.
Yield: 70%. Anal. Calcd. for C24H14CuN2O4 indicates C: 62.85%
(62.88% theo), H: 3.10% (3.12% theo) and N: 6.10 (6.08% theo). IR
(KBr pellet, cm−1): 1606(s), 1560(s), 1544(w), 1426(w), 1394(s),
1357(s), 1221(w) and 1191(w) (Figure S2).
Electrical conductivity measurement: The resistance of the sam-
ple is measured by means of a four terminal direct current tech-
nique with resolution of δR/R = 10−5 using a pressed pellet
(10 ton pressure) of the samples. The four terminal connections
are made using fine copper wire with pure silver paste. As a
confirmatory test towards ensuring good electrical contact using
silver paste, the continuity of the samples was checked before
placing it within the sample holder. Contribution of conductivity
of silver of the paste is ignored as it is used for all cases. All these
measurements were performed by the following equipments, (i)
A constant current source (KEITHLEY INSTRUMENT, Model 220),
(ii) A nanovoltmeter (KEITHLEY INSTRUMENT, Model 181), (iii)
Hewlett Packard 3458 A, 81/2 digit multi-metre.
General Procedure for C-X (X = S and O) Hetero-coupling
Reactions: The catalytic reactions were carried out in a glass
batch reactor. To a stirred solution of the phenol or thiophenol
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25 mmol), aryl halide (5 mmol), KOH (5 mmol) and CuO (2.5
ol%) were added, and the reaction mixture was stirred at 100 ◦C

for 17 h under inert atmosphere and monitored continuously by
TLC (hexane/ethyl acetate = 9:1 v/v). After completion of the C–O
or C–S cross-coupling of phenol/thiophenol with aryl halide, (i.e.
after complete consumption of the aryl iodide which takes near
about 17 h), the reaction mixture was treated with diethyl ether.
The solution was centrifuged and then catalyst was isolated,
washed water and ether. After complete drying, the catalyst can
be reused for the next cycle. The remaining mixture was diluted
with water and extracted with diethyl ether thrice. The combined
organic layer was dried over anhydrous Na2SO4, filtered, and
oncentrated to afford the crude material. The crude material was
hen purified by column chromatography (silica 100–200 mesh,
thyl acetate-hexane 5%–10%) to afford the desired C–O or C–S
ross coupling product (yield = 95%–99%).
rystallographic Data Collection and Refinement: Suitable sin-
le crystal of the complex was mounted on a Bruker SMART
iffractometer equipped with a graphite monochromator and
o-Kα(λ = 0.71073 Ǻ) radiation. Unit cell parameters were
etermined by using the APEX2 [27] program. Data reduction was
arried out by the SAINT [27] program and correction or absorp-
ion was performed using the SADABS [27] program. The struc-
ure was solved using Patterson method by using the SHELXS-
018/3 [28] embedded in WINGX software package [29]. Subse-
uent difference Fourier synthesis and least-square refinement
evealed the positions of the remaining non hydrogen atoms.
on-hydrogen atoms were refined with independent anisotropic
isplacement parameters. Hydrogen atoms were placed in ideal-
zed positions and their displacement parameters were fixed to be
.2 times larger than those of the attached non-hydrogen atom.
ll Figures were drawn by using PLATON [30] and ORTEP [31].
ata collection and structure refinement parameters and crystal-
ographic data for complex 1 are given in Table S1. The structure
as previously reported in literature [32] and, herein, we have
escribed from a different perspective. Some selected coordi-
ation bond lengths, bond angles and non-covalent interaction
arameters are summarized in Table S2-S3.
ndexing of the PXRD data: The indexing of the XRPD pattern
as carried out using NTREOR and McMaille programs of EXPO
009. Indexing reveals that the complex is still crystalline with
monoclinic system with a = 13.5426 Å, b = 13.9326 Å, c =

2.0862 Å, β = 100.1023◦ and V = 2245.11 Å3. The space group
was obtained from statistical analysis of the powder pattern
with the help of find space module of the EXPO 2009 soft-
ware package. Statistical analysis shows that the most probable
space group is P21/n. For this unit cell and space group, full
pattern decompositions were performed using Le Bail method
giving good fit between calculated and experimental powder X-
ray patterns. This result was corroborated from the indexing and
Pawley refinement of the PXRD pattern of the complex by the
reflex module of the Material studio program. Unit cell, peak pro-
files, zero-shift, background were refined simultaneously. Peak
profiles were refined by the Pseudo-Voight function with Berar–
Baldinozzi asymmetry correction parameters. The background
was refined using a 4th order polynomial.

3. Result and discussions

Structural description of Complex 1: X-ray crystal structure
analysis revealed 1 as a neutral 3D supramolecular framework
(formula [C24H14CuN2O4]n). The asymmetric unit contains one
Cu(II) ion, two halves two ndc2− ligands and one 1,10-phen
(Figure S3). Each Cu(II) atom shows distorted square pyramidal
geometry (τ = 0·07) with CuN O chromophore (Figure S4).
2 3

3

ndc2− ligands show two different types of bridging modes: µ4-
bis-bridging and µ2-bis-bridging. Coordination of two different
types of ndc2− with the Cu2+ ions forms 2D coordination sheet in
he bc-plane with 1,10-phen ligands hanging into the interlamel-
ar spaces from the metal centres, Figure S5. These 1,10-phen
oieties between two 2D layers are connected through are in-

eracted by π . . . π interactions between aromatic rings present
ithin the 1,10-phen molecules. Such π . . . π interactions further
ssemble these 2D layers along a-axis to generate a spongy 3D
upramolecular framework, as shown in Fig. 1a. The dimensions
f all π . . . π interactions are listed in Table S4. It is to be
oted that 1D channel of dimension 12.071 × 13.294 Å is formed
long a-axis (Figure S6). The channel is filled by two-fold self
mpregnation in order to achieve an efficient packing (Fig. 1b and
7).
ramework Stability and PXRD: Thermo-gravimetric analysis of
he compound was performed in the temperature range of 25–
00 ◦C under N2 atmosphere (Fig. 2). The TG analysis indicated
hat complex 1 is stable up to 260 ◦C and undergoes decompo-
ition in two consecutive steps above this temperature. In the
irst step, 1,10-phen moieties undergo dissociation within 260
nd 300 ◦C and above this temperature it degrades in another
tep at about ∼325 ◦C.
To know about framework flexibility, the PXRD analyses with

omplex 1 were done at room temperature and at 150 ◦C tem-
erature. The PXRD pattern of the as synthesized complex 1 is
atched very well with the simulated pattern which indicated

he phase purity of the sample. The PXRD (Fig. 3) pattern at higher
emperature has peaks at slightly lower angle. The indexing of
he PXRD pattern was carried out using NTREOR and McMaille
rograms of EXPO 2009 (supporting information, Figure S8). This
eveals that the complex is still crystalline with monoclinic sys-
em (a = 13.5426, b = 13.9326, c = 12.0862 Å, β = 100.1073◦

ith a larger cell volume of 2245.11 Å3, Table S4). So, the length
f the a-axis, along which 2D layers are stacked through π . . . π

nteractions, increases in large amount compared to b- and c-axes
nd this corresponds to the expansion of layer gap assisted by
he gliding motion of the π-stacked layers [33], which is feasible
or 1,10-phen ligand. So, both the increase in bond length and
xpansion of layer gap along a-axis contribute to the overall 15%
ncrease in the overall cell volume. Upon cooling to room tem-
erature, the PXRD pattern reverts back to the original pattern.
his proves the π-induced flexibility of the framework.
dsorption study: Though PLATON study indicates the non-
orous nature the framework at ambient condition but the vari-
ble temperature PXRD study showed that there is a chance to
reate porous channel along crystallographic c-axis by thermally
timulated π-induced flexibility — and thus we have attempted
o analyse sorption behaviour of the sample. N2 adsorption study
t 77 K revealed the non-porosity of the material while the
olvent sorption studies at 298 K indicated micro-porosity. Water
dsorption isotherm (at 298 K) of complex showed type III
ehaviour. The volume uptake of water is 15.6 cm3/g (Fig. 4).
omplex 1 also adsorbs 12.9 cm3/g methanol and 6.24 cm3/g
thanol (Fig. 4). Small amount of adsorption may be interpreted
s that due to interpenetration very narrow channels were cre-
ted within the framework or surface adsorption [34]. Desorption
urve does not coincide with the adsorption curve in all cases,
howing a hysteresis loop and incomplete desorption. A very
ittle amount of water, methanol and ethanol remains within the
ramework. Small hysteresis in the water adsorption isotherm is
robably because of trapping by the coordinatively unsaturated
etal sites.
hotoluminescence: Photoluminescence property of complex 1
as performed at room temperature in solid state. The emission
pectra of both 1,10-phen ligand and complex 1 are shown in
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i

Fig. 1. π . . . π (magenta) conjugated 3D supramolecular structure (a) and 2-fold interpenetration (b) of complex 1. (For interpretation of the references to colour
n this figure legend, the reader is referred to the web version of this article.)
Fig. 2. The thermal plot of complex 1.
Figure S9. The luminescence spectra of 1,10-phen ligand show

two peaks at 412 nm and 434 nm with a shoulder at 461 nm. The

spectra arise due to π-π* transition. The luminescence spectra of

complex 1 show similar pattern — the spectra contain two peaks

at 414 nm and 434 nm with three different shoulders at 458 nm,
4

464 nm and 468 nm. The spectra arise due to both intra-ligand π-
π* transition and M-L charge transfer transition. So due to metal
complex formation, a small red shift occurs.
Synthesis and Characterization of CuO-NPs: Nano-particles are
highly interesting as their properties are critically dependent
on synthetic condition, size distribution, morphology and shape.
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Fig. 3. Variable temperature PXRD pattern of complex 1.
Fig. 4. Gas and solvent sorption behaviour of complex 1.
CuO-NPs have great potential for their applications in electro-
chemical cells, magnetic storage media, photovoltaic cells, etc.
Here, the 2D-MOF is used as a template to synthesize CuO-NPs
by calcinations. The bulk material of the MOF was heated at 650
◦C for 4 h at normal condition. Upon heating, the green coloured
compound turned in black powder, which was characterized by
PXRD, EDS, IR, TEM and SEM analyses. IR spectra of the CuO-
Nps are presented in Figure S10. The PXRD pattern matches
5

with the reported PXRD pattern of CuO with JCPDS No. 08-0234
(Fig. 5a). The TEMmicrograph indicated the spherical morphology
of the synthesized NPs (Fig. 5b) with average size of ∼25 nm
and this corroborates with the PXRD data. EDS study indicated
the presence of characteristic peaks for the constituents (Cu and
O) (Figure S11). The Cu 2p3/2 core-level spectra (Fig. 6) have
been studied to know the oxidation state of Cu present in the
copper oxide nanoparticles. The binding energy position of the



M. Patra, S.K. Dubey, B. Mondal et al. Nano-Structures & Nano-Objects 26 (2021) 100756

m
i
p
o
o
[
p
o
G
w
t

Fig. 5. PXRD pattern (a) and TEM image (b) of the synthesized CuO-NPs.
ain peak in the spectra was observed at around 933.7 eV that
nforms about the presence of Cu2+ species, which was observed
reviously by many people [35]. The strong shake-up satellite
bserved in these spectra is also an indication of the presence
f Cu2+ species that was mentioned by many authors previously
35]. So, the Cu 2p3/2 core-level spectra confirm that the Cu
resent in this copper nanoparticles sample is mostly in the Cu2+

xidation state.
reen Catalytic C-X Hetero-coupling Reactions: In the present
ork, the synthesized spherical shaped CuO-NPs are used for
he catalytic cross-coupling (C–O and C–S) reactions of alcohols
6

and thiols with arylhalides. Generally, for such C–O and C–S
cross-coupling reactions, high boiling solvents like DMSO, DMF,
NMP, etc. are required in both homogeneous and heterogeneous
conditions. And consequently, separation of products from these
solvents becomes very difficult and tedious. Here, we are going
to report a solvent free, neat reaction protocol for such hetero-
coupling reactions of phenol, thiophenol, alcohol, and thiols with
aryl halides.

Literature review indicates that in previous studies of copper-
catalyzed hetero-coupling reactions, N-methylpyrrolidinone
(NMP), dimethylformamide (DMF), dimethylsulfoxide (DMSO)
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Fig. 6. XPS data of CuO-NPs reveals the presence of only Cu2+ ions.
tc. are used as solvent with KOH and K2CO3 as base [36] and,
hus here, we have also followed the same protocol initially.
unniyamurthi et al. have carried out the C-X (X = S, N and
) hetero-coupling catalytic reactions using CuO-NPs in DMSO
36d]. Here, catalytic activity of the synthesized CuO-NPs was first
nvestigated for the cross-coupling of iodobenzene with phenol
nd latter with thiophenol. The reactions of chlorobenzene, bro-
obenzene, phenyltosylate, and phenylboronic acid are studied,
ut those are found to be inferior to that of aryl iodides. Cat-
lytic tests were also performed with CuCl, CuBr and CuI, freshly
repared before use, provided the same results as obtained with
ynthesized CuO-NPs. Other Cu(II) salts tested (CuBr2, CuSO4·

H2O, CuCl2) were found to be less efficient catalysts (yields
55%–69%) than the CuO-NPs. A low amount of 2.5 mol % of CuO-
NPs was employed in these initial standardization reactions. Our
first goal was to optimize reaction conditions and to achieve
information about the role of additives and solvent polarity. It
appeared that, by applying KOH as base in DMF, diphenylether
was obtained in quantitative yield in presence of 20 mol% CuO-
NPs catalyst without the use of added ligands. Solvent polarity
has significant impact on the yield of the reactions (Table S5) –
high polarity solvents like DMF, DMA and NMP show better yield
than toluene (entries 3–5). It is noteworthy that very low yield
(40%) was obtained for using water as solvent (Table S5, entry 6).
Now, difficulty in separation of these solvents from the product
prompted us to choose the neat reaction conditions (Table S5,
entry 7). And interestingly, we have found that the yield of neat
reaction conditions are similar to that in DMF, DMA and NMP and
then we decided to go further with the neat reaction conditions.

Similarly, a series of bases were also screened. Among inor-
ganic bases, KOH gave almost quantitative results for the coupling
reaction to diphenylethers (Table S6), while, among organic bases,
triethylamine and Hunig’s base (DIPEA) gave also good results
(Table S6, entries 2 and 3) in heterogeneous reaction mixture.
Notably, in our case the required amount for the base is only
one equiv. (based on the aryl halide), while in common reports
this is usually in between 1.5 and 2.5 equiv. Further experiments
were performed to find the optimal reaction temperature and
reaction time. Both Tables S5 and S6 refer to around 17 h reaction
with temperature of 100 ◦C. It was noted that a small decrease
in temperature of only 10 ◦C caused a significant decrease in
7

Table 1
Reaction of Aryl Iodides with Phenol and Thiophenol (conditions: phenol or
thiophenol (25 mmol), aryl iodide (5 mmol), KOH (5 mmol), CuO (2.5 mol%),
100 ◦C, 17 h.
Entry Aryl iodide Alcohol or thiol Product Yield (%)

1 PhI PhOH Ph-O-Ph 99
2 PhI PhSH Ph-S-Ph 99
3 PhI PhCH2OH PhCH2-O-Ph 95
4 PhI PhCH2SH PhCH2-S-Ph 95

diaryl thioether yield (85%). Lowering the time of the reaction
in the present conditions also decreases the yield of the desired
products. Accordingly, at 100 ◦C, the reaction of iodobenzene with
phenol is relatively fast (65 and 95% after 2 and 6 h, respectively).
It also appeared that fluoro-, chloro-, and bromobenzene are very
less reactive under the optimized conditions, giving extremely
lower yields (4%–55%) of the C–O coupling products (Table S7).
Aryltosylate and boronic acids are also very less effective com-
pared to that of iodide (Table S7, entries 5 & 6). Finally, the
effect of the copper catalyst and its loading amount was evalu-
ated. As discussed earlier and shown in Table S8, Cu(II) catalysts
performed badly (Table S8, entries 1–4, yields 55%–69%). Only a
minor difference in yields were observed when catalytic activity
of CuO-NPs was compared with Cu(I) salts (Table S8, entries
5–8). The desired products are purified by column chromatogra-
phy, identified by NMR spectra and then the isolated yield was
calculated.

To determine the scope of the catalytic system, the present
protocol was further applied to reactions of a variety of commer-
cially available aryl iodides and phenols or thiophenols (Table 1).
As shown in Table 1, the coupling of phenol and thiophenol with
iodobenzene was successful, leading to the desired products in
good yields. The protocol is equally efficient for aromatic and
aliphatic phenols and thiophenols. The catalyst system is highly
efficient providing the corresponding diaryl ethers and thioethers
in good to excellent yields. Iodobenzene was maintained as ary-
lating substrate. The present optimized catalytic process provides
the arylation of phenols and thiophenols with aryl iodides, in the
presence of KOH as a base under neat conditions. To the best of
our knowledge, this is the first report about aryl-sulphur and aryl-
oxygen bond formation in which a MOF derived CuO-NPs catalyst
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Fig. 7. Variable temperature electrical conductivity and corresponding I–V curve of the both complex 1 and MOF derived NPs.
s

s used without addition of any ligand and solvent. In the present
tudy diphenylether and diphenylthioether was formed in 99%
ield in the reaction of iodobenzene with phenol and thiophenol
n solvent free neat conditions.

The CuO nanoparticles are recyclable upto 5th cycle without
oss of significant reactivity (Table S9). After completion of the
–O cross-coupling of phenol with iodobenzene, the reaction
ixture was treated with diethyl ether. Then, the overall mix-

ure was centrifuged to isolate the catalyst. After isolation, it
as washed with water and ether repeatedly and then dried

or further use (Figure S13). The reusability tests indicate high
ield. A comparative study with the bulk CuO synthesized by
recipitation method was also studied – a lower amount of yield
∼40%–55%) was obtained for CuO bulk.

The catalytic activity of our synthesized CuO-NPs was in-
estigated for the cross-coupling of iodobenzene with phenol
nd compared with similar heterogeneous catalysts (Table S10).
nlike homogeneous catalyst, use of heterogeneous catalyst is
uch more advantageous in terms of their easy separation, re-
yclability, high thermal stability and longer lifetime. In this
espect, based on literature and availability of the heterogeneous
atalysts, the reactivity of ZnO, SnO, SnO2, CuO, Cu2O and CuO
Ps/SiO2 [37] has been judged and compared with respect to C–
coupling reaction of phenol and iodobenzene. Our synthesized
uO is found to be most effective with respect to yield of the
esired coupling product. Heterogeneous catalysts other than
uO and Cu2O found to be completely ineffective giving no yield
f the desired C–O coupling product (entries 1–3).
A suitable mechanistic pathway for the above-mentioned

atalysis reactions was proposed (Scheme S1). These results sug-
est that the reaction may occur by oxidative addition followed
y reductive elimination. The oxidative addition of the aryl halide
ith catalyst can give intermediate A, which can undergo reaction

with an alcohol or thiol to afford intermediate B. Intermediate B
an provide the C–O or C–S cross coupling product by reductive
limination. According to Sambiagio et al. the mechanism of such
eactions is still unclear and it is considered that the mechanism
ctually varies depending on the substrate, ligand and reaction
onditions [22b]. It is believed that the most active catalyst is
u(I)-species which may form from the initial copper source.
lectrical Conductivity of MOF and MOF derived CuO-NPs:
n complex 1, the coordination between the metal centres and
dc2− ligands forms 2D coordination layers and coordinated
8

1,10-phen moieties are hanging from the layers to connect next
to neighbouring layers through π . . .π interaction to form 3D
upramolecular structure. Due to the presence of extended π

. . . π conjugation within the structure of 1, we hope that the
framework may show electrical conductivity. Bulk electrical con-
ductivity of complex 1 has been measured by four probe contact
using Ag wire on the pressed pellets. The conductivity of complex
1 is 3 x 10−3 S/cm at 312 K with Ohomic behaviour within the
range of ± 40 V, Fig. 7(a and b). Variable temperature conduc-
tivity measurement within the temperature range of 312 K to
423 K indicates that with increasing temperature, conductivity of
the framework increases — the framework is semiconducting in
nature. The conductivity value is 4.2 × 10−3 S/cm at 423 K. With
increasing temperature, delocalization of π-electrons increases
and this may be a reason behind the linear rise in conductivity
value electrical conductivity. The calculated activation energy of
the framework is 0.077 eV.

Koo et al. have reported a semiconductive metal–organic
framework having 2,5,8-tri(4-pyridyl)1,3-diazaphenalene as the
π-conjugated ligand. Single crystal electrical conductivity mea-
surement gives a value of ∼1 x 10−6 S/cm [12a]. Kuang et al.
have reported single crystal conductivity value of ∼1.2 × 10−5

S/cm of a framework having napthalenediimide [12b]. Haider
et al. have measured conductivity on the single crystal of a
framework containing 1,4,5,8-naphthalenetetracarboxylate and
the framework shows conductivity of ∼10−4 S/cm [12c]. Chen
et al. have reported the semiconducting behaviour of mixed
metal MOF in which 4,4′-(anthracene-9,10-diylbis(ethyne-2,1-
diyl))dibenzoate is used to induce π . . . π interaction within
the framework at separation distance of 3.4 Å [12d]. Electrical
conductivity measurement on single crystals gives a conductivity
value of 1.3 × 10−3 S/cm. Qu et al. have measured electrical
conductivity of a metal–organic framework containing N,N′-di(4-
pyridyl)-1,4,5,8-naphthalenetetracarbox-diimide on both single
crystal and pressed pellets [12e]. Single crystal conductivity mea-
surement showed 103 times higher conductivity (3.3 × 10−3

S/cm) than measured on the pressed pellets (7.6 × 10−6 S/cm). In
our case, four probe electrical conductivity measurement on the
pressed pellet of complex 1 gives a value of 3 x 10−3 S/cm at 312
K.

We have also studied the electrical conductivity of the MOF
derived CuO-NPs in a similar manner. CuO is a p-type semi-
conductor but the bandgap and electrical conductivity vary with
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he size and morphology of the nano-particles [38]. In most
ases, the bandgap of CuO-NPs varies in the range of 1.2 to 2.0
V and, based on its narrow bandgap, CuO-NPs have significant
pplications in electronic and opto-electronics. The conductivity
f the MOF derived CuO-NPs is 4.85 × 10−2 S/cm with similar
homic behaviour at 312 K and this conductivity value is 16
imes higher than the parent MOF, Fig. 7a and b. Combustion of
he organic moieties within the MOF leads to the occurrence of
harge transfer interaction between the copper and oxygen atoms
ithin the framework and this may be the reason behind this
nhanced conductivity. The variable temperature conductivity of
he NPs is measured within the range of 312 to 588 K and the
uO-NPs also show semiconducting behaviour. The conductivity
alue rises smoothly up to 430 K (11 x 10−2 S/cm) and afterwards
ncreases very rapidly to 1.11 S/cm at 588 K. A plot of ln(σ ) vs.
000/T for CuO-NPs shows two linear portions intersecting each
ther (Figure S14). This indicates the presence of two activation
nergy of CuO and values are 73 and 370 meV respectively,
ith a crossover at 430 K. The comparatively small activation
nergy indicates that Cu(I) and Cu(0) in association with oxygen
acancies may be present in CuO-Nps [16a]. Change of activation
nergy with temperature may be due to the presence of any
etastable state in the sample.

. Conclusions

Single crystal X-ray analysis of complex 1 revealed two types
f binding modes (µ2- and µ4-) of ndc2− ligands to the central
u(II) ions, which, in turn, resulted in the formation of 2D coor-
ination sheet. While the hanging 1,10-phenanthroline ligands in
he interlamellar space assembled together by π-π interactions,
hich led to the formation of spongy 3D supramolecular metal–
rganic framework (MOF). Careful analysis of the MOF, which was
table up to 260 ◦C, depicted the presence of interpenetrated net-
ork topology. Reversible structural transformation of the frame-
ork by gliding motion of π-π stacked 1,10-phenanthroline lig-
nds along the crystallographic a-axis and hence reversible ex-
ansion and contraction among the layer gap of 2D coordination
heets was confirmed by variable temperature PXRD measure-
ents. Adsorption studies of the MOF with water, methanol
nd ethanol depicted a hysteresis loop in adsorption/desorption
ycle. After thorough characterization of the MOF, it was calci-
ated at 650 ◦C for 4 h to fabricate CuO-NPs. The PXRD patterns
onfirmed the formation of CuO-NPs. While microscopic images
howed formation of nearly uniform CuO-NPs with an average
ize of ∼25 nm. Electrical conductivity measurements of the MOF
nd MOF derived CuO-NPs suggested both of them are semicon-
ucting nature. However, CuO-NPs were found to be far more
onducting compared to the parent MOF. Further, selective and
fficient CuO-NPs catalyzed C–O and C–S bond-forming reaction
f aryl iodides and various thiophenols is developed. This catalytic
rocedure offers general applicability and simplicity, avoiding the
xpensive and time-consuming preparation of suitable ligands
nd activated substrates. Based on controlled experiments and
reen chemistry rules, we proposed a solvent free, neat reac-
ion conditions. Because of these advantages, we strongly believe
hat the protocol demonstrated in this work could find large
pplication. And, we hope that such MOF derived nano-particle
ynthesis technique may be used for the synthesis of different
ypes of metal–oxide nano-materials like ZnO, Cr2O3, VO2, rare
arth oxides.
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