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ABSTRACT: In this study, three novel luminescent nanofibrous metal—organic gels (MOGs) have been synthesized by the
reaction of 1,3,S-tris(3-pyridylmethoxyl)benzene (L) with chloride salts of Cd(II), Hg(II), and Cu(Il). The metal—ligand
coordination, intermolecular 7—7 stacking and several other weak interactions found to play an important role in the formation
of nanofibrous materials. The gel materials are characterized by rheology, diffuse reflectance spectra and various microscopic
techniques such as TEM, FESEM, and AFM. The gels MOG-1 and MOG-2 were found to exhibit significant white
photoluminescence, whereas the MOG-3 exhbits green emission upon excitation at 325 nm. Furthermore, the MOG-1 has
shown its application as a chemosensor for the remarkable detection of nitroaromatics such as nitrobenzene (NB), 2,4-
dinitrophenol (DNP). The significant quenching response for NB and DNP is attributed to the strong charge-transfer
interactions between the electron-deficient aromatic ring of NB and the electron rich aromatic group of L in MOG-1. The crystal
structure of Cd(II) complex of L reveals the formation one-dimensional network which contains strong 7— interactions within
and between the networks and these strong 7—7 interactions generate the free charge carrier in all these nanofibrous gels.
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B INTRODUCTION

The ever increasing demand for miniaturization and high speed
technologies urge researchers to find new materials that are
capable of producing more sophisticated and compact optical
devices. In this regard, the supramolecular self-assembly process
(bottom-up approach) of small molecules offers a great promise
because of their modular nature and emerged as a powerful
technique for the design of functional nanostructure materi-
als.'~® The properties of these materials depend not only on
chemical nature and composition of the components, but also
hugely on their structure, shape, size, spatial arrangements and
morphologies. In particular, nanofibers have great prospects for
designing nanosized optoelectronic devices.”* The process of
gelation, which occurs through self-assembly of one or two
chemical components, is one of the interesting methodologies
to produce nanofibers. In the gels, the fibers form network
structures, through weak interfibril interactions, that trap and
immobilize huge amount of solvents.

The nanofibrous gels formed by the low-molecular-mass
organic gelators (LMOGs) were shown to have wide range of
applications such as drug delivery, sensors, conducting
nanowires, light-emitting diodes, and stimuli-responsive opto-
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electronic devices."> ™" Very recently, they were also shown to
be of utility for white-light-emitting property.”®* > The white
light-emitting materials are of importance because of their
solid-state lighting applications such as phosphor lamps and
white-light-emitting diodes (WLEDs).**™*” Generally, white
light is generated by the combination of blue, green, and red
emissions in required intensities that cover the wavelength from
400 to 700 nm. In addition, white-light-emitting crystalline
materials based on metal—organic frameworks (MOFs) or
coordination polymers (CPs) have been reported recently.”®*!
Further, electrospun polymer-based nanofibers have shown to
exhibit white-light emission.** However, white-light-emitting
metal—organic gels (MOGs) have not been reported so far,
although recent studies on the optical and electroluminescence
properties of nanofibrous gels of coordination complexes or
polymers have been explored by the groups of Gunnlaugsson,
MacLachlan, Rodriguez, Strassert, Vittal, and Yam."™* Despite
of several reports on photo physical studies of metal—organic
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Figure 1. (a) Molecular structure of 1,3,5-tris(3-pyridylmethoxyl)benzene (L). (b) Photographs of the inverted vials of MOG-1, MOG-2, and MOG-

3. (c) Hlustration for the mechano responsive (thixotropic) behavior.

gels (MOGs), to date very little has been explored on their
conducting nature.* Furthermore, very few studies have shown
the utility of MOGs as chemosensors.’**" To the best of our
knowledge, no metal—organic gel has been shown to exhibit the
combination of white light-emission and chemosensor proper-
ties.

Here we report one such interesting nanofibrous MOGs of a
ligand, namely 1,3,5-tris(3-pyridylmethoxyl)benzene (L), that
exhibits remarkable white luminescence and sensing ability of
nitrobenzene. Further, the properties of the gel are found to
depend on the nature of the metal atoms and more importantly
the gel material found to exhibit much better properties than
the corresponding xerogel. The ligand L is of our interest
(Figure 1a), as it possesses flexibility in the form of —OCH,—
groups and three-pyridyl groups for coordination and has a
possibility to exist in various geometries, for example well-
known 3-fold and tripodal geometries. Recently, L was shown
to form CPs with ZnCl,, MnCl,, and Ag(I) salts.’>** Several
LMOG’s with 3-fold symmetry and flexibility were shown to
form organic or hydrogels, but only three such examples were
shown to form CP-gels to date.**>*75¢ Therefore, the
complexation reactions of L were carried out with halide salts
of Cd(II), Hg(II), and Cu(ll) in anticipation of crystalline
materials of CPs. However, under the given conditions these
reactions resulted in the formation gels. As we have recently
explored MOGs of bis(benzimidazole)-based ligand with metal
halides and demonstrated their chemical and mechano-
responsive (thixotropic) properties,”” we aimed to characterize
the MOGs of L and explore their multifunctional properties
such as luminescence, lifetime, chemo-sensing, thixotropy,

mechanical strength (rhehology), and gas sorption ability.

B EXPERIMENTAL SECTION

General. All commercially available reagents and solvents were
used as received. The ligand L was synthesized following a procedure

reported in literature.>> Powder XRD data were recorded with a
PHILIPS Holland PW-171 difractometer with Cu Ka radiation (1 =
1.54178 A). The Diffuse reflectance spectra (DRS) of the nanofibers
were recorded with a Cary Model 5000 UV-—visible-NIR
spectrophotometer.

Crystal Structure Determination. The single-crystal data were
collected on a Bruker-APEX-II CCD X-ray diffractometer that uses
graphite monochromated Mo Ka radiation (1 = 0.71073 A) at room
temperature (293 K) by the hemisphere method. The structure was
solved by direct methods and refined by least-squares methods on F*
using SHELX-97.>® Non-hydrogen atoms were refined anisotropically
and hydrogen atoms were fixed at calculated positions and refined
using a riding model.

Field Emission Scanning Electron Microscope (FE-SEM). The
morphologies of the xerogel materials were characterized by field
emission scanning electron microscope (FESEM, Zeiss, Supra-40)
operating at 5—10 Kv. Samples were prepared by dropping the diluted
gels on the aluminum foils and then dried by air for 12 h. A thin layer
of Au was deposited onto the samples to minimize sample charging
before SEM examination.

Transmission Electron Microscopy (TEM). The gel materials
were examined by a transmission electron microscope (FEI-TECNAI
G2 20S-TWIN, Type-5022/22). Samples were prepared by dropping
the diluted gels on the carbon-coated copper grids.

Atomic Force Microscope (AFM). The surface morphologies of
the xerogel materials were characterized by atomic force microscopy
(Veeco Nanoscope-IV) with tapping mode.

Photoluminescence and Decay Studies. Photoluminescence
(PL) measurements were carried out using a He—Cd laser as the
excitation source operating at 325 nm with an output power of 50 mW
at room temperature. Each gel and xerogel sample (approximately 20
mg) was kept in a quartz cell and then kept in front of the laser for
excitation. The emission was then recorded in a wavelength range of
310 to 800 nm using a TRIAX-320 monochromator and Hamamatsu
R928 photomultiplier detector. The photoluminescence (PL) lifetime
decay measurements were done using an Edinburgh Instruments (Life
Spec-1I, EPL 405) measurement unit with a 404.4 nm excitation pulse
diode laser.
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Sampling Procedure of Sensing and Its Recyclability. The
solid-state fluorescence quenching of MOG-1 with different nitro-
containing analytes was performed by inserting the freshly prepared
spin-coated film of MOG-1 into the beaker containing saturated vapor
of respective analytes. After S min exposure of the film to the saturated
vapor of analytes, the film was placed in the sample holder
immediately and checked for the fluorescence quenching of the initial
film intensity. The observed fluorescence quenching was calculated
using the following equation 7 =(I, — I/I,) X 100%, where I, is the
initial fluorescence intensity of the MOG-1 film and I is the
fluorescence intensity after a period of exposure time. For the
recyclability of the sensing process, the film of MOG-1 was treated by
dry air flow and again recorded the emission spectrum of that film.
The whole process was repeated four times.

Rheological Measurements. For all the gel samples, rheological
measurements were carried out on a Bohlin Gemini (Malvern, UK)
controlled-stress rheometer using 20 mm diameter parallel plate
geometry with a constant tool gap of 200 pm. The gel sample was
placed on the lower plate, and a stress amplitude sweep experiment
was carried out at a constant frequency at 25 °C to obtain storage or
elastic modulus, G’, and loss or viscous modulus, G”. The frequency
sweep measurements were carried out at a constant stress in the linear
viscoelastic range.

Gas Sorption Study. The gas sorption studies were conducted on
the dried xerogels of MOGs using a Quantacrome autosorb iQ
automated gas sorption analyzer. Generally, 20—25 mg of sample was
taken in a 6 mm sample holder without a rod. Prior to the sorption
experiment, the samples were employed for degassing at 70 °C for 2 h.

Gel Formation. In a typical gel formation reaction, 10 mg (0.02
mmol/mL) of ligand (L) was placed in ten different glass vials, and
0.1-1.0 equiv of metal salt with respect to the ligand concentration
was also placed in 10 different glass vials. The ligand (L) was dissolved
in methanol (1 mL) and metal salt dissolved in water (1 mL)
separately. Finally the aqueous solution of metal salt added to the
methanolic solution of L such that the total volume of the solvent in
each vial is 2 mL. The screw capped glass vials were then left at room
temperature.

B RESULTS AND DISCUSSION

The addition of aqueous solution (1 mL) of metal halides (1
equiv) to the MeOH solution (1 mL) of ligand L (6 mg, 1
equiv) resulted in transparent metal—organic gels upon
standing under ambient conditions. The MOG-1, MOG-2
and MOG-3 were shown an ability to gelate MeOH—H,O with
minimum gelation concentrations (MGC) of 0.036%, 0.040%
and 0.035% (w/v) respectively. In the cases of CdCl, and
HgCl,, the gelation occurs instantly (within 2 to 3 min) to form
transparent white (MOG-1) and light yellow colored (MOG-2)
gels, respectively. Similar reaction of CuCl, with L resulted in
the clear solution which upon standing for two hrs at ambient
conditions forms light green colored gel (MOG-3). The
formations of gels were confirmed by the inverted vial method
and MOGs were found to be stable in capped vials for several
months (Figure 1b). The chloride salts of metals were found to
be essential for gelation as the use of salts of several other
anions such as bromide, nitrate, tetrafluoroborate, perchlorate
and acetate not resulted in the formation of gels. Gelation was
found to occur not only in MeOH-H,O, they also found to
occur in EtOH-H,O, propanol-H,0, CH;CN-H,0, MeOH,
EtOH, propanol, and butanol. Further, all the three MOGs
were found to exhibit thixotropic behavior that is shaking the
gel containing vials for few minutes results in the formation of a
free-flowing liquid that upon standing for 8—12 h reforms gels
(Figure 1c).

The morphologies of the MOGs were investigated by
transmission electron microscope (TEM), field emission

scanning electron microscope (FESEM) and atomic force
microscope (AFM). TEM pictures reveal that all three MOGs
exhibit an entangled three-dimensional (3D) network consist of
fibers with various widths in several nanometers and lengths of
several micrometers. The MOG-1, MOG-2 and MOG-3 exhibit
widths of 200—450 nm, 80—400 nm and 80—200 nm
respectively (Figure 2). These observations were further

Figure 2. Morphological characterization of metal—organic gels by
TEM. (a) Fiber morphology of MOG-1 drop casted on the carbon
coated copper grids from MeOH-H,0, as observed by TEM. (b) TEM
micrograph of MOG-2 fibers. (c) TEM micrograph of MOG-3 fibers.

confirmed with FESEM and AFM (see the Supporting
Information, Figures S2 and S3). Rheological studies were
carried out to understand the mechanical properties of MOGs.
The yield stress (6,) values of MOG-1, -2, and -3 were found to
be 53, 7.9, and 8.3 Pa, respectively (Figure 3a, b and Figures SS
and S6 in the Supporting Information). These values indicate
the remarkable firmness of the MOG-1 compared to other two
gels as well as many reported metal—organic or coordination
gels. > The microscopic studies suggested that the xerogel
materials may exhibit porosity. Therefore, the porosity of the
xerogels was explored by conducting N, gas sorption. The
xerogel of MOG-1 exhibits a N,-sorption isotherm of type-III,
indicating the macroporous nature of the solid (Figure 3c).
Further, the xerogel of MOG-1 found to exhibit a total surface
area of 19.14 m” g™, total pore volume of 8.61 X 10~ cm® g/,
and N, gas uptake capacity of 52.83 cm® g”". These values are
comparable with our previously reported coordination based
gels.

The flexible ligand L is capable of forming CPs of one-, two-,
and three-dimensional networks.>*~>* To understand the type
of polymeric aggregation present in these current MOGs,
several crystallization attempts of gels were carried out with
slight alterations in the gelation conditions. In one of such
reactions, we are fortunate to obtain single crystals suitable for
X-ray diffraction in the case of MOG-1. The method employed
here is that the gel was formed in somewhat dilute conditions,
that is by adding 1 mL of aqueous solution of CdCl, (2.8 mg, 1
equiv) to 1.5 mL of MeOH solution of L (5 mg, 1 equiv). The
gelation occurred immediately and upon standing for 6—7 days
resulted in colorless single crystals of complex
{[Cd,(1L),CL].H,0}, (1). The crystal structure of 1 exhibits

P2/c space group and the asymmetric unit contains one unit
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Figure 3. Hlustrations for rheological and porous behavior of MOG-1: (a) Variation of storage modulus (G’) and loss modulus (G”) with frequency.
(b) Variation of G’ and G” with shear stress. (c) N, gas sorption isotherm of xerogel of MOG-1.

Figure 4. llustrations for the crystal structure of 1: (a) Macrocylce of Cd,(L), unit, which results in face-to-face 7— interaction between the two 3-
pyridyl units of L with centroid-to-centroid distance of 3.64 A. (b) One-dimensional network formed by the linking of macrocycles of Cd,(L), units,
notice the alignment of uncoordinated 3-pyridyl groups on both sides of the chain. (c) Packing of one-dimensional chains via 7—7 interactions
(dotted circles) between 3-pyridyl and central Cyring, the neighboring chain was colored in green for the sake of clarity.

each of L, Cd(II) ion, and CI” anion and half a unit of H,O.
The ligand L exhibits nonplanar and divergent geometry; only
two pyridine groups of L were involved in coordination. The

and the tw

11496 dx.d

Cd(II) exhibits octahedral coordination geometry with four
pyridyl groups from different units of L at equatorial positions

o Cl atoms are at the epical positions (Figure 4a).
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Figure 5. (a) UV—vis diffuse reflectance spectra of MOG-1 (black line), MOG-2 (red line) and MOG-3 (blue line). The inset shows UV—vis DRS

of L. (b) Plot of (ahv)* vs hv of MOG-1 for optical band gap calculation.
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Figure 6. (a) Photoluminescence spectra (PL) of MOG-1 (green line), MOG-2 (red line), MOG-3 (black line), and L (blue line). The inset shows
the normalized PL spectra of all three MOGs and L. (b) PL spectra of xerogels of MOG-1 (black line), MOG-2 (green line), MOG-3 (red line) and
L (blue line). The inset shows the normalized PL spectra of all three xerogels and L. (c) Luminescence photographs of MOG-1, MOG-2, MOG-3,

and L under the excitation wavelength of 325 nm.

The geometry of the ligand with such coordination environ-
ment of Cd(II) results in the formation one-dimensional CP
(Figure 4b). In other words, such macrocylces of Cd,(L), units
are connected to form a one-dimensional chain with a Cd(II)—
Cd(1I) distance of 8.29 A.). Further, within the macrocycles,
face-to-face 7—x interactions are exhibited between the
coordinated 3-pyridyl groups of two units of L with a
centroid-to-centroid distance of 3.64 A (Figure 4a). Further-
more, the uncoordinated 3-pyridyl units hang on the both sides
of the one-dimensional chain such that they align in opposite
directions on both sides. These 3-pyridyl groups form 7—n
interactions with the central Cg-unit of the adjacent chains
(Figure 4c). The powder X-ray diffraction pattern (PXRD) of

11497

single crystals of complex 1 and the xerogel of MOG-1 were
performed to investigate their molecular packing. The
comparison of PXRD pattern of complex 1 with that of
xerogel of MOG-1 reveals that xerogel contains crystalline
metal—organic components and further it can be conclude that
the xerogel of MOG-1 is also constituted by such one-
dimensional CPs and packing (see Figure S1 in the Supporting
Information).

Because of the existence of 7—m interactions, the one-
dimensional coordination network and fibrous nature of the
material prompted us to investigate its properties such as solid-
state UV—vis diffuse reflectance spectra (DRS), photo-
luminescence, and chemo-sensing. The DRS of the ligand L

dx.doi.org/10.1021/am502146m | ACS Appl. Mater. Interfaces 2014, 6, 11493—11501
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Figure 7. (a) Fluorescence spectra of a spin coated film of MOG-1 before (black line) and after exposure to NM (red line), DNP (green line), and
NB (blue line) vapors. (b) Recyclability of sensing of saturated vapor of nitrobenzene (NB) by MOG-1 film.

and MOGs were recorded at room temperature. The ligand L
shows two weak shoulder absorption bands at 380 and 448 nm.
On the other hand, MOGs exhibit two sharp and strong
absorption bands in the regions of 360—390 and 448 nm
(Figure Sa). The first peak (360—390 nm) is ascribed to typical
7 — 7 transition and the second one (448 nm) is attributed to
the intraligand charge transfer transition. In addition, all three
systems (MOG-1-3) are found to exhibit absorption band in
the entire visible region including 600—800 nm. This broad
entire visible absorption band could be the result of strong
intermolecular aromatic 7z-stacking induced charge transfer
transition.’’ ~*® The optical band gaps were calculated to be
243, 2.34, and 2.30 eV for MOG-1-3 respectively. (Figure Sb,
see Figure S8 in the Supporting Information). These features
further encouraged us to explore their photoluminescence and
conducting properties.

The solid-state luminescence for the ligand L and MOGs
were investigated at room temperature with an excitation
wavelength of 325 nm. The free ligand L displays a broad, white
emission profile with an emission maximum at 522 nm (A=
325 nm). This emission may be attributed to the n—x
interactions between the units of L. In MOG-1, this band
differs significantly in terms of emission wavelength as well as
intensity with respect to L. It displays a broad, white emission
profile with an emission maximum at 490 nm and the
luminescence intensity was enhanced by 14 times with respect
to that of L (Figure 63, c). Similarly, MOG-2 also displays a
broad, white emission profile with an emission maximum at 490
nm. In contrast, MOG-3 shows a green emission with an
emission maximum at 528 nm. However, in both cases, no
significant change in emission intensity with respect to that of L
was observed. Further, it is interesting to note here that all the
xerogels of MOG-1,-2 and —3 exhibited emission band at 522
nm, similar to L, with considerable drop in the intensity
compared to that of their gel state (Figure 6b). The quenching
of this emission intensity in the xerogels could be due to the
generation of high concentration of charge carriers as a result of
close packing and therefore better 7—7 interactions in xerogel,
as observed in the crystal structure of 1. These results imply
that the emission profiles of MOGs differ significantly with
those of L, both in terms of intensity and wavelength. Further,
the time-resolved photoluminescence measurements for all the
MOGs were carried out at emission wavelength of 550 nm. The
fluorescence decay of MOG-1 was fitted with a single
exponential component, yielding a lifetime of 3.46 ns (see
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Figure S4 in the Supporting Information), which indicates that
this emission is fluorescence. In contrast, the fluorescence
lifetimes for MOG-2 and MOG-3 were found to be 2.35 and
1.84 ns, respectively. This decay study clearly demonstrates that
MOG-1 exhibits longer lifetime compared to MOG-2 and -3.
This result reflects the fact that MOG-1 in the aggregate state is
more rigid and restricts the rotational and vibrational motions
of the molecules. Therefore, the limited molecular motions
decrease the nonradiative relaxation process; which leads to a
longer lifetime and fluorescence enhancement.®*

To investigate the direct application of MOG-1 as an
effective chemosensor toward nitro-explosives, we have
prepared spin-coated film of MOG-1. The solid-state
fluorescence quenching experiment of the sensing film of
MOG-1 was performed upon few minute exposures to
saturated vapors of nitro-containing aromatic and nonaromatic
molecules such as nitrobenzene (NB), 2,4-dinitrophenol
(DNP) and nitromethane (NM). Nearly 90% quenching
efficiency was observed upon 5 min exposure of the MOG-1
film to saturated vapor of nitrobenzene (Figure 7a). This result
is attributed to the strong charge-transfer interactions between
the electron-deficient aromatic ring of NB and the electron rich
aromatic surfaces of MOG-1 film. To the best of our
knowledge, this is the highest quenching effect of nitrobenzene
compared to reported nitrobenzene sensors based on MOF or
MOG in the solid state.>~" It is interesting to note here that
recently an electrospun fluorescent nanofibrous film was found
to exhibit 93% quenching efficiency because of the sensing of
the vapors of 2,4-dinitro toluene.®® Further, the MOG-1-based
sensor was found to be recyclable (Figure 7b). For example, the
film of MOG-1 was significantly retained nearly 91% initial
fluorescence intensity even after four cycles. Further, the spin-
coated film of MOG-1 also exhibited nearly 54% reduction in
the initial fluorescence intensity upon S min exposure of the
film to saturated vapor of 2,4-dinitrophenol (DNP). The higher
quenching efficiency of the MOG-1 film by NB over 2,4-DNP
might be due to the relatively higher vapor pressure of NB.
Interestingly, nonaromatic analyte such as nitromethane (NM)
showed a lower quenching response (33%) than other two
nitro-aromatic analytes. This lower quenching response of NM
is due to the lack of z— interactions as it has no electron-
deficient aromatic ring.

Further, the exposure of the film of MOG-1 to the saturated
vapors of other aromatic compounds like benzene (BN), ethyl-
benzene(EBN) and toluene (TN) results in no considerable

dx.doi.org/10.1021/am502146m | ACS Appl. Mater. Interfaces 2014, 6, 11493—11501
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change of initial fluorescence intensity (see Figure S7 in the
Supporting Information). Hence, this spin-coated film of
MOG-1 exhibits highly selective quenching response toward
the electron deficient aromatics over the electron rich
aromatics.

Bl CONCLUSIONS

In summary, we have successfully developed novel luminescent
metal—organic gels by simply mixing the chloride salts of
Cd(II), Hg(I) and Cu(II) with ligand L. Notably, MOG-1,
MOG-2 and L were found to exhibit white-light emission,
whereas an intense green emission was observed in case of
MOG-3. In particular, MOG-1 was found to exhibit more than
14 times higher-intensity photoluminescence than L and the
other two MOGs. The characterizations of the gel materials
with various microscopic techniques reveal their nanofibrous
nature with extended network structures. The crystal structure
of CdCl, complex of L indicates the formation of one-
dimensional polymeric network in which the intermolecular
aromatic 77—z interactions significantly contribute, within as
well as between the networks, for self-assembly process and also
these interactions are responsible for the observed physical
properties. Further, the MOG-1 was demonstrated as an
effective chemosensor for nitroaromatics and also found to
exhibit selective response to electron-deficient aromatics over
electron-rich aromatics.

B ASSOCIATED CONTENT

© Supporting Information

Crystallographic table; powder XRD profiles; FESEM and AFM
images of MOG-1, MOG-2, MOG-3; time-resolved fluores-
cence decay; rheological data of MOG-2 and MOG-3. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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