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Abstract

Nanostructured metal-organic hybrid materials composed of nickel(ll), copper(ll), and zinc(ll) metal ions and
p-phenylenediamine (PPD) as the organic ligand were synthesized in agueous medium at room temperature. The
synthesized compounds were characterized by elemental analyses, powder X-ray diffraction (PXRD) spectra, Fourier
transform infrared spectra, nuclear magnetic resonance ("H NMR) spectra, electronic spectra, scanning electron
microscopy, N, adsorption-desorption isotherm, and dynamic light scattering studies. N, adsorption-desorption
isotherm of copper(ll)-PPD compound confirmed that it has mesoporous structure as it exhibits type-IV reversible

dimensions.

isotherm with HT hysterisis. Steep adsorption indicated that the mesopores possessing it are of uniform order.
Barrett-Joyner-Halenda model showed an average pore diameter of 5.2 nm. The PXRD patterns of all the three
compounds are identical and showed well-defined and highly intense diffraction peaks, thereby suggesting their
nature as crystalline. The broadness of the diffraction peaks indicated that the particles are of nanometer
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Background
Metal-organic frameworks (MOFs) are a new develop-
ment in the interface between molecular coordination
chemistry and material science. They are a class of por-
ous polymeric material consisting of metal ions linked
together by organic bridging ligands. Metal-organic hy-
brid materials have been used for ion exchange, gas ad-
sorption, catalysis and enantio-selective separations
[1,2]. Using different metal ions and selecting special or-
ganic ligands, a variety of metal-organic hybrid materials
with significant new structures and properties have been
synthesized [3,4].

So far, most studies on the synthesis of the metal-
organic hybrid materials have focused on obtaining large
crystal structures. In principle, if metal-organic materials
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can be obtained at a nanoscale, the surface area of the
materials will be larger, and the quantum mechanical
effects such as the ‘quantum size effect’ begin to play a
significant role. These effects play minor role when
going from macro to micro dimensions but become
increasingly important when nanometer size range
is reached [5-9]. Scaling down these materials to the
nanoregime has enabled their use in a broad range of ap-
plications including catalysis, spin-crossover, templating,
biosensing, biomedical imaging, and anticancer drug de-
livery [10-12].

However, researchers have not paid enough attention
to the significance of syntheses of the metal-organic
hybrid nanomaterials. Some hybrid nanomaterials
have been reported [10,13,14]. Phenylenediamine (PPD)
has been proven as a good building block for the
synthesis of the inorganic—organic structures [15,16].
The [CuCly—(H,L)] (L=p-phenylenediamine) has been
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Figure 1 PXRD patterns for (a) 1, (b) 2, and (c) 3.

synthesized in strong acidic condition and identified as
having a layered structure in which the hydrogen bond-
ing plays an important role [15]. Sun and others have
successfully synthesized submicrometer-scale, monodis-
perse spherical colloids of coordination polymers from
the mixture of H,PtCls and p-phenylenediamine (PPD)
aqueous solutions at room temperature [17]. The influ-
ence of molar ratio and concentration of reactants on
such colloids was investigated, and the optimum ex-
perimental parameters for the formation of monodis-
perse products were proposed [17]. Based on these
studies, we have tried to synthesize some functional
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MOF nanomaterials using PPD as the organic ligand. In
this study, we report on three new hybrid nanostructures
composed of nickel(II), copper(ll), and zinc(Il) with p-
phenylenediamine as the organic ligand. Such hybrid
nanostructures with versatile properties provoked by com-
bining the merits of both organic as well as inorganic part
may find applications in many fields [18-20].

Various attempts to obtain single crystals of synthe-
sized polymers have so far been unsuccessful. The poly-
mers have been characterized by elemental analyses,
powder X-ray diffraction (PXRD), Fourier transform in-
frared (FTIR), 'H nuclear magnetic resonance (NMR),
electronic spectra, scanning electron micrography
(SEM), N, adsorption-desorption isotherm, and dynamic
light scattering (DLS) studies. In this paper, we present
our results and propose possible structures for synthe-
sized compounds based on several spectral data. The
unique nature of the work presented is the porosity of
compounds which has been explored here.

Results and discussion

Elemental analysis and solubility

The compounds are fully soluble in dimethyl sulfoxide
(DMSO) but partially soluble in ethanol. The com-
pounds are insoluble in other solvents.

PXRD analysis

The compounds were examined for crystalline/amorph-
ous nature by PXRD in as obtained state. All the com-
pounds are assumed to be isostructural on the basis of
their powder X-ray diffraction diagrams (Figure 1). Fur-
ther, all the compounds produce highly intense X-ray
reflections in their corresponding PXRD pattern, indicat-
ing that all the compounds are crystalline in nature. The
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Figure 3 FTIR spectra of (a) 1, (b) 2, and (c) 3.

broadness of the diffraction peaks indicates that the par-
ticles are of nanometer dimensions. The average crystal-
lite size of the nanoparticles was calculated using
Scherrer's formula:

L=0.891 /B cos6,

where L is the average crystallite size, 1 = 1.5418A for
CuKa, S is the half maximum peak width, and 6 is the
diffraction angle in degrees. The average crystallite size
has been found to be about 40 nm.

FTIR spectral data

In PPD, two sharp bands observed at 3,498 and 3,450
cm ! are due to v, (N-H) and v,(N-H) stretching modes
of NH, group (Figure 2). In compounds 1, 2, and 3,
these bands appear at 3,463 and 3,420 cm ™, respectively
(Figure 3), confirming the presence of primary aromatic
amine (NH,) group [21]. A strong band near 1,605 cm™
is due to N-H bending mode of NH, group [22]. A
weaker absorption band near 3,203 cm™ is the Fermi
resonance band which appeared as a result of the
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Figure 5 UV-vis spectrum of PPD.
.

interaction between the overtone of the 1,605 cm™* band
with the symmetric N-H stretching band. Further, bands
at 1,276, 3,038, 835, and 1,502 cm ™" are assigned as C-N
aromatic stretching [23], C-H aromatic stretching, C-H
aromatic deformation [22,23], and C=C aromatic
stretching bands [22], respectively. The new non-ligand
bands observed in the region around 605 and 420 cm™
are assigned to the v(M-N) bands and v(M-O) bands,
respectively [24]. The broad band around 3,200 cmtis
due to v(OH) of coordinated water molecules [24-27].

"H NMR study

The 'H NMR spectra of PPD and compound 1 were
recorded in deuterated DMSO. The '"H NMR spectrum
of PPD showed two signals (Figure 4a). The sharp signal
at § 6.31 is due to aromatic protons, whereas the broad
signal at § 3.37 is due to protons of -NH, group. The
peak at § 2.50 is the residual solvent peak.

The "H NMR spectrum of 1 (Figure 4b) is also charac-
terized by the two signals which exactly correspond to
two types of protons in 1. Compared to the spectrum of
PPD, broad signal at § 4.00 in the spectrum of 1 is at-
tributed to the -NH, protons of the benzenoid ring,

(a)
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Figure 4 "H NMR spectra of (a) PPD and (b) 1.
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Figure 6 UV-vis spectrum of (a) 1, (b) 2, and (c) 3.

whereas the aromatic protons of the benzenoid ring ap-
pear as a sharp signal at § 6.50. Again, the peak at § 2.50
is the residual solvent peak.

UV-vis spectral studies

The UV-vis spectra of PPD and compounds 1, 2, and 3
were recorded in dimethyl sulfoxide to investigate their
electronic properties. The UV-vis spectrum of PPD
(Figure 5) shows three narrow and intense characteristic
absorption bands centered at 199, 237, and 299 nm. The
bands located at 199 and 237 nm can be assigned to 7-
* transitions of the benzenoid rings, whereas the weak
band centered at 299 nm is ascribed to the transition de-
rived from a so-called 7-p conjugation by the unshared
electrons of NH, and benzenoid ring [28,29]. However,
in 1, 2, and 3 (Figure 6), the bands due to the 7-7* tran-
sitions undergo bathochromic shift to 246 nm, and the
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band due to the m-p transition undergoes bathochromic
shift to 338 nm when compared with the spectrum of
PPD. It is probable that bathochromic shift occurs as a
result of the coordination of the lone pair electrons on
the N donor atoms of PPD with the metal ion site, thus
stabilizing the excited state relative to the ground state,
leading to longer wavelength absorption maxima [30].

Magnetic studies

The observed magnetic moment values of 1 and 2 at
room temperature are 1.71 and 2.80 BM, respectively,
suggesting their paramagnetic nature, whereas com-
pound 3 was found diamagnetic in nature. The values
correspond to +2 oxidation state for Cu, Ni, and Zn in
the respective compounds.

Morphology and dynamic light scattering DLS studies
The morphologies of 1, 2, and 3 were determined by
SEM. Typical SEM images of the particles of 1, 2, and
3 are shown in Figures 7, 8, and 9, respectively. As
depicted from low magnification SEM images, only a
few particles are in single state, while most of the
particles are prone to condense with each other and
form nanoclusters. Higher magnification SEM images
reveal that these nanoclusters form a porous network
structure.

We further examined the particle size of each com-
pound by DLS technique. All the compounds were dis-
persed in water by sonication for 5 min. As observed
from Figure 10, the DLS measurements show mean par-
ticle sizes of 400, 340, and 360 nm for 1, 2, and 3 re-
spectively, with narrow size distribution.

Detector = SE1 WD = 39 mm

Detector = SE1

oS -
WD = 39 mm

Figure 7 Typical SEM images of the particles of 1. (a) Low magnification SEM image, (b) and (c) high magnification SEM images.
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Figure 8 Typical SEM images of the particles of 2. (a) Low magnification SEM image, (b) and (c) high magnification SEM images.
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N, adsorption-desorption isotherm: textural/structural
properties

Figure 11a shows the nitrogen sorption isotherm of 1.
The figure suggests that according to IUPAC classifica-
tion, compound 1 exhibits type IV reversible isotherm
with HI hysterisis, characteristic of mesoporous mate-
rials. The inflection occurs at relative pressure 0.09.
Generally, the inflection position depends on the diam-
eter of mesopores, and sharpness usually indicates the
uniformity of the mesopores. The higher the value of in-
flection position, the bigger the diameter of mesopores.
The greater the sharpness, the more uniformity the
mesopores are. The inflection position corresponds to

the pronounced uptake of nitrogen and indicates the
stage at which the monolayer coverage is complete and
the multilayer adsorption is about to begin.

As observed from the isotherm, compound 1 shows
steep adsorption. This indicates that compound 1
possesses mesopores of uniform order and has or-
dered structural as well as textural features [31]. In
addition, the hysteresis loop observed at higher rela-
tive pressure indicates that it possesses large pores
[32] which are filled at relatively higher pressures by
capillary condensation of N,. The type HI further
suggests that the polymer consists of agglomerates
[33].

Detector = SE1 - WD = 38 mm

Figure 9 Typical SEM images of the particles of 3. (a) Low magnification SEM image, (b) and (c) high magnification SEM images.
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Figure 10 Particle size measurement of (a) 1, (b) 2 and (c) 3 in
water by DLS technique.
.

The specific surface area determined by Brunauer-
Emmett-Teller (BET) method is found to be 65.25 m*/g
(Figure 11b), whereas the Langmuir surface area is found
to be 87.3 m*/g. The values of the micropore volume,
micropore area, and external surface area obtained by
the t-method micropore analysis (de Boer) are 0.00012
cc/g, 0.35 m*/g, and 64.9 m>/g, respectively (Figure 11c).
Thus, total BET surface area (6525 m?/g) is exactly
equal to the sum of the micropore area (0.35 m*/g) and
external the surface area (64.9 mz/g). This behavior fur-
ther confirms that compound 1 satisfies the BET analysis
with type IV isotherm, indicating the formation of mul-
tiple layers during adsorption [33]. The surface area of
the micropores is relatively low compared with the other
porous crystalline structures, which might be caused by
the relatively compact structure of the polymer [34].
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In view of further verification, the pore size distribu-
tion pattern was obtained from the desorption branch
by employing Barrett-Joyner-Halenda (BJH) model and
is illustrated in Figure 11d. The distribution curve shows
that the pores present in the polymer are of variable
sizes with their diameters ranging from 1.4 to 12.4 nm.
The maxima of the curve occurs at 2.3 nm, suggesting
that majority of the pores have diameters of 2.3 nm. The
average pore diameter was found to be 5.2 nm, whereas
the total pore volume has been found to be 0.085 cc/g
for pores smaller than 19 nm diameter at relative pres-
sure P/Po = 0.89.

Proposed mechanism of polymerization
A plausible formation process is briefly presented as
following:

While preparing aqueous solutions of the respective
metal salts, M>* ions get hydrated and form hexa-aqua
complexes. When these aqua complexes are mixed with
aqueous solution of PPD, two water molecules on the
trans positions of aqua complex are replaced by two
PPD molecules, resulting in tetra-aqua PPD substituted
complex. The free nitrogen atoms of the coordinated
PPD can further capture hexa-aqua complex molecules
by coordination interactions. This coordination-induced
assembly process can proceed repeatedly until the de-
pletion of reactants in the solution, resulting in the for-
mation of large coordination polymers having a porous
structure. The Cl” anions are accommodated in this
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Figure 11 Surface area and porosity studies of 1. (a) N, sorption isotherm, (b) BET plot, (c) t-plot analysis, and (d) BJH pore size distribution.
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M = Cu, Zn or Ni

Scheme 1 One-dimensional linear coordination polymers comprising a repeat unit.

porous structure as the counter ions. Thus, we get one-
dimensional linear coordination polymers comprising a
repeat unit shown in Scheme 1 in which the M(II) ion is
six- coordinated. The AM(II) ion binds to four oxygen
atoms from the four coordinated water molecules

(which come from aqueous medium) and two nitrogen
atoms from two different PPD ligands in the distorted
octahedral coordination geometry. However, the de-
tailed formation mechanism of such coordination poly-

mers is not clear at present time and needs further
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Scheme 2 Proposed mechanism.
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investigation. However, the proposed mechanism is
shown as Scheme 2.

Conclusions

Mesoporous nanostructured metal-organic hybrid mate-
rials composed of copper(Il), nickel(Il), and zinc(II)
metal ions with PPD as the organic ligand were synthe-
sized at room temperature. The proposed formula of the
compounds is {{M(H,0)4(PPD),]**.2Cl},, where M =
Cu, Ni or Zn. The PXRD profile shows the crystalline
nature of the polymers. N, adsorption-desorption iso-
therm confirms the mesoporous nature of 1 as it ex-
hibits type IV isotherm with HI hysterisis. The steepness
of the inflection point shows that the mesopores formed
are of uniform order. The BJH curve shows an average
pore diameter of 5.2 nm. The specific surface area deter-
mined by the BET method is 65.25 m?*/g.

Methods

Materials

Doubly-distilled water was used to prepare aqueous so-
lutions. p-Phenylenediamine was received from Sigma-
Aldrich (MO, USA). CuCl,, NiCl,.6H,O, and ZnCl,
were of analytical grade and used without further
purification.

Characterization techniques

Microanalyses were carried out using CHNS analyzer
Leco Model-932 (LECO Corporation, St. Joseph, MI,
USA). The concentrations of the metal ions were esti-
mated by atomic absorption spectroscopy (Perkin-
Elmer 2380, Waltham, MA, USA). PXRD patterns were
recorded from 0° to 70° on a Rigaku Miniflex diffractometer
using monochromatic CuKa radiations (The Woodlands,
TX, USA). FTIR spectra from 4,000 to 400 cm™' were
recorded on Perkin-Elmer Spectrum RX 1 FTIR spectro-
photometer using KBr disks. '"H NMR spectra were
recorded on Bruker Avance DPX 200 NMR spectrometer
(200 MHz; Dubai, UAE) using tetramethyl silane as internal
standard. Electronic spectra (190 to 800 nm) of 10 M
ethanolic solutions of PPD and its compounds with Ni(II),
Cu(Il), and Zn(II) were recorded on UV-visible double
beam spectrophotometer, PG Instruments Ltd. Model
T90+ (Leicestershire, England). Scanning electron mi-
crographs (SEM) were collected on Jeol T-300 scanning
electron microscope with gold coating (Tokyo, Japan).
The particle size of each compound was determined by
DLS technique using Zetasizer Nano ZS-90 (Malvern
Instruments Ltd., Worcestershire, UK).

N, adsorption-desorption and Brunauer-Emmett-Teller
surface area studies

The specific surface area, total pore volume, and average
pore diameter were measured by N, adsorption-desorption
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method using NOVA 1200 (Quanta Chrome, Boynton
Beach, FL, USA) instrument. The bath temperature was
maintained at 77 K. The sample was degassed at 423 K for
12 h before measurement. Pore size distribution and pore
volume were obtained by applying BJH analysis to the ad-
sorption branch of the nitrogen adsorption-desorption iso-
therm. The specific surface area of the sample was
calculated using Brunauer-Emmett-Teller method. Micro-
pore surface area and micropore volume were determined
from ¢-plot analysis. All the flow rates were maintained at
normal temperature and pressure.

Synthesis of M(Il)-PPD compounds (M(ll) = Cu(ll), Ni(ll),
Zn(I1))

In a typical experiment, 1.4 ml of 15 M PPD aqueous so-
lution was introduced into 40 ml of water first, and then
55 ml of 3.8 M aqueous solution of the metal salt;
CuCl,/NiCl,.6H,0/ZnCl, with 1:1 molar ratio of PPD to
metal was added into the resulting solution under vigor-
ous stirring at room temperature. A gradual color change
was observed, and a large amount of blackish-brown-
colored precipitates occurred within several hours. The
precipitates thus formed were collected by centrifugation,
washed several times with absolute ethanol and water, and
then dried in air. The yield percentage obtained in each
case was around 68%.

e Elemental analysis of the compound composed of
Cu(II) with PPD, 1: (C;,H54CuN,Oy,, 351.89): Calc:
C 40.96, H 6.87, N 15.92, Cu 18.06%; Found: C
40.85, H 6.75, N 15.78, Cu 18.25%.

e Elemental analysis of the compound composed of Ni
(IT) with PPD, 2: (C15H54NiN,Oy, 347.04): Calc: C
41.53, H 6.97, N 16.14, Ni 16.91%; Found: C 41.69,
H 6.66, N 16.78, Ni 16.55%.

e Elemental analysis of the compound composed of
Zn(II) with PPD, 3: (C1,H»4ZnN,O,, 353.73): Calc:
C 40.74, H 6.84, N 15.84, Zn 18.49%; Found: C
40.85, H 6.65, N 15.68, Zn 18.25%.
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