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Bipyridine based metallogels: an unprecedented
difference in photochemical and chemical
reduction in the in situ nanoparticle formation
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Sami Hietala, Kari Rissanen* and Matti Haukka*

Reduction of silver containing metallogels led to formation
of silver nanoparticles (AgNP’s). Considerable size and
morphological differences of the AgNP’s were observed
between the standard chemical and photochemical
reduction of the metallogels.
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Bipyridine based metallogels: an unprecedented
difference in photochemical and chemical
reduction in the in situ nanoparticle formationQ1 †

RajendhraprasadQ3 Tatikonda,a Kia Bertula,b Nonappa,b Sami Hietala,c Kari Rissanen*a

and Matti Haukka*a

Metal co-ordination induced supramolecular gelation of low molecular weight organic ligands is a rapidly

expanding area of research due to the potential in creating hierarchically self-assembled multi-stimuli

responsive materials. In this context, structurally simple O-methylpyridine derivatives of 4,4’-dihydroxy-

2,2’-bipyridine ligands are reported. Upon complexation with Ag(I) ions in aqueous dimethyl sulfoxide

(DMSO) solutions the ligands spontaneously form metallosupramolecular gels at concentrations as low as

0.6 w/v%. The metal ions induce the self-assembly of three dimensional (3D) fibrillar networks followed

by the spontaneous in situ reduction of the Ag-centers to silver nanoparticles (AgNPs) when exposed to

daylight. Significant size and morphological differences of the AgNP’s was observed between the standard

chemical and photochemical reduction of the metallogels. The gelation ability, the nanoparticle for-

mation and rheological properties were found to be depend on the ligand structure, while the strength of

the gels is affected by the water content of the gels.

Introduction

Metallosupramolecular chemistry offers control over self-
assembly from molecular, nanoscale to mesoscale super-
structures with multiple stimuli and functionalities.1 Among
supramolecular self-assembled systems, the hierarchical
assembly of low molecular weight building blocks ranging
from morphologically diverse nano- and micrometer structures
to hydro- and organogelation is a topical and highly attractive
area of research.2 The ability of structurally simple building
blocks to generate highly entangled three dimensional (3D)
fibrillar networks and encapsulation of solvents provides
potential applications in the field of tissue engineering,3 sep-
arations,4 biomedicine,5 optoelectronics,6 catalysis,7 chiral
plasmonics,8 in situ nanoparticle formation,9 and templating
of porous/hollow inorganic nanotubes.10 Molecular building

blocks used, viz. low molecular weight gelators (LMWG), range
from simple heteroatom containing hydrocarbons11 to
peptides,12 steroids,13 nucleobases,14 carbohydrates,15 poly-
aromatics16 and alkaloids,17 all of which have been extensively
been studied as gel forming agents. The gelator molecules are
able to utilize one or several supramolecular interactions such
as H-bonding, electrostatic interactions, π-stacking, van der
Waals interaction, charge transfer complexation, halogen
bonding, fluorine–fluorine interactions and dynamic covalent
bonds in the gel formation.18 Metal complexation has been
extensively studied in the field of supramolecular self-assembly
to generate molecular, supramolecular and nanoscopic struc-
tures.19 Recently, the metal chelation induced aggregation of
low molecular weight organic ligands has been extended to
hydro- and organogelation, now known as metallogels or
metallosupramolecular gels.18d,20 In order to obtain metallo-
gels, at least one of the above mentioned supramolecular inter-
actions is needed in addition to metal coordination.
Therefore, gelators containing metal binding sites (ligands)
such as pyridine, bipyridine, terpyrdines and carboxylates,
have been utilized as the core of the metallogelator.21

Examples include cholesterol derivatives, dendrimers, oligo-
peptides and oligoethylene glycol derivatives.22 Recently, sub-
component self-assembly,22 has been used as a facile route for
metallogels.23 The bipyridine derivatives have been studied for
their ability to form supramolecular gels upon complexation
with metal ions such as Fe(II), Co(II), Ni(II), Cu(II), Zn(II) and
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materials, single crystal X-ray data, 1H, 13C and 2D NMR spectra of ligands 2–4
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Ag(I).24 The formed metal complex can induce or disrupt the
gelation and even act as precursor for in situ nanoparticle
formation.25,26 Because of their antibacterial properties the
polymeric as well as low molecular weight hybrid gels contain-
ing silver nanoparticles (AgNP) have gained considerable inter-
est.27 Typically this type of gels are synthesized by using
sodium borohydride mediated chemical reduction,28 photo-
chemical reduction,29 microwave irradiation,30 sonochemical
reduction,31 or by using ascorbic acid and glucose as reducing
agents.32 It has been demonstrated that the size of AgNPs are
dependent on the ratio of metal ion to the capping agent and
the strength of the reducing agent.31 Silver nanoparticles are
sensitive to light and atmospheric oxygen, therefore proper
capping agents and stabilizers are needed to prevent the aggre-
gation. Furthermore, it has been shown that photo-irradiation
using appropriate source of light in the presence of photo-
chemical reducing agents AgNPs can be obtained without
using additional stabilizers.33 In situ AgNP formation upon
standing the pyridyl containing bis(urea) based hybrid gels
have been reported, where in the formation of AgNPs was
accelerated using UV irradiation.34 Similarly, oligo(p-phenyl-
vinylene) based metallogels have been reported to act as
templates for AgNP formation.35 The photochemical depo-
sition of AgNPs on helical fibers based on unsymmetrical tri-
phenylene derivatives containing imidazole moieties have
been carried out by using UV irradiation. It has been shown
that in this case the nanoparticle formation is dependent on
the structural isomers of imidazole moieties.36 In majority of
hybrid gels the nanoparticles were stabilized by the gelator/gel
fibers and no external capping agents were necessary.37 Even
though, extensive research on in situ chemical reduction as
well as photo-irradiation mediated reduction of nanoparticles
in supramolecular gels have been reported, a comparison of
simple daylight mediated AgNP formation with chemical
reduction in the same gel has not been pursued extensively. In
this context, we report Ag(I) induced self-assembly of syntheti-
cally simple 4,4′-bis(pyridinylmethoxy)-2,2′-bipyridine deriva-
tives in aqueous dimethyl sulfoxide to supramolecular gels.

We demonstrate that the metal complexation not only fur-
nishes self-assembled fibrillar networks (SAFINs), but also acts
as a precursor for the in situ silver nanoparticle formation
within the gel matrix via photochemical reduction upon
exposure to daylight. A remarkable size and morphological
differences between standard chemical reduction and the
photochemical daylight reduction was observed. While the
gelation itself and the nanoparticle formation upon reduction
of the gel depends on the structure of the gelator, the rheologi-
cal properties are affected by the water content of the gel as
well as the counter anions. More importantly, unlike many
metallogelators, the gelators presented in this work lack the
conventional hydrogen bonding moieties. The structures of
the ligands, complexes, gels and xerogels are characterized
using NMR spectroscopy (1D and 2D), single crystal X-ray
diffraction, electron microscopy and rheological measurements.

Results and discussion

The bipyridyl ligands were prepared upon reacting 4,4′-dihy-
droxy-2,2′-bipyridine 1, with 2-, 3-, or 4-chloromethyl pyridine
hydrochloride in the presence of potassium carbonate (K2CO3)
resulting in ligands 2, 3 or 4 (Scheme 1), respectively. The
solid materials obtained after purification were used for
further studies. Ligands 2, 3 and 4 resulted in single crystals
upon recrystallization from chloroform (ESI†).38 Fig. 1a–c

Scheme 1 Synthesis and chemical structures of ligands 2–4.

Fig. 1 Single crystal X-ray studies. Single crystal X-ray structures and packing patterns of ligands (a) 2, (b) 3 and (c) 4.
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shows the single crystal X-ray structures as well as unit cell
packing of ligands 2, 3 and 4, respectively.

The ligands 2 and 3 crystallized in triclinic space group P1̄
and ligand 4 in monoclinic space group P21/c (see ESI,
Table S1 and Fig. S1–S3†). A systematic analysis of the crystal
packing of ligand 2, 3 and 4 reveals that 2 has weak CvC–
H⋯N and CH2⋯N hydrogen bonding to the pyridine nitro-
gens, while 4 shows only CvC–H⋯N to pyridine nitrogens.
Contrary to 2 and 4, the ligand 3 exhibits weak CvC–H⋯N
and CH2⋯N hydrogen bonding to both bipyridine and pyri-
dine nitrogens. In addition to these weak hydrogen bonds, the
packing commences through off-set π⋯π interactions for 2
and 4 (3.5 Å in both structures), while the ligand 3 shows the
face-to-face π⋯π interactions at slightly longer distance (3.6 Å)
(Fig. 1a–c).

The ligands were then studied for metal complexation by
dissolving them in DMSO by heating, followed by addition of
equimolar AgNO3 as water solution, creating a dimethyl
sulfoxide : water (DMSO : H2O) solvent system. Ligand 2 upon
complexation with AgNO3 forms [2·AgNO3] which precipitates
out of the solution as a powder. Whereas the addition of
aqueous AgNO3 to a solution of ligands 3 and 4 resulted in an
instantaneous gelation (Fig. 2 and 3) and stable gels were
obtained after heating the mixture to obtain a clear solution
followed by allowing the sol to attain room temperature.
However, when the similar tests were performed for ligands
without any metal ions, ligand 3 resulted in an unstable gel,
which collapsed upon standing at room temperature for
several hours. Ligand 4 produced only precipitate (see ESI

Fig. S4†) due to the formation of microcrystalline aggregates as
revealed by scanning electron microscopy (SEM) imaging
(Fig. 2a and b). To confirm the role of the metal we performed
further studies on metallogels. Gelation tests with CuCl2,
ZnCl2, CdCl2, HgCl2 and HAuCl4 produced only precipitates
and no metallogels were obtained (ESI, Table S2†). This
suggests that the gelation is cation specific.

The gelation was observed at various DMSO : H2O (v/v)
ratios and in this study four different ratios were used, viz.
8 : 2, 7 : 3, 6 : 4 and 1 : 1. The gels obtained are either transpar-
ent or translucent depending on the ratio of DMSO : H2O used
for gelation. As there is no gelation with the ligand 2 upon
Ag(I) complexation but a precipitate formation, the importance
of nitrogen atom position in the pyridine ring becomes crucial
for the gelation. The structural information and the morpho-
logical features of the self-assembled fibrillar metallogel net-
works in the DMSO : H2O gels [3·AgNO3] and [4·AgNO3] were
studied using scanning electron microscopy, SEM (see ESI† for
details). Fig. 2 shows the SEM micrographs of the dried gels
(xerogels) of [3·AgNO3] upon drying under ambient conditions
at different v/v ratio of DMSO : H2O.

The presence of the very fine/thin nanofibrillar networks
formed upon gelation is evident from SEM micrographs and
the nature of the fibers does not display any significant
changes upon changing the ratio of solvents. However, increas-
ing the water content resulted in more translucent gels. The
[4·AgNO3] gels showed more robust/thick highly entangled
nanofibers under SEM analysis (Fig. 3). The morphological
features remained similar in different solvent ratio. The metal-
logelation was also observed in DMF : H2O system. However,
dissolving the precipitate formed upon complexation by
heating resulted in an immediate dark brown coloured gel. It
is attributed to the rapid reduction of silver ions (see ESI†) by
DMF, which is well documented in the literature. Importantly,
the morphological features of the xerogels were found to be
similar to that of DMSO : H2O gels.

Fig. 2 SEM micrographs of xerogels derived from 0.6 w/v% of (a) ligand
3; (b) ligand 4, [3·AgNO3] at different v/v DMSO/H2O ratio (c) 8 : 2;
(d) 7 : 3; (e) 6 : 4 and (f ) 1 : 1.

Fig. 3 SEM micrographs of xerogels derived from 0.6 w/v% [4·AgNO3]
at different v/v DMSO/H2O ratio. (a) 8 : 2; (b) 7 : 3; (c) 6 : 4 and (d) 1 : 1.
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The mechanical properties of the [3·AgNO3] and [4·AgNO3]
gels were studied using rheological measurements (Fig. 4).
Accordingly, time sweep and frequency sweep experiments
using freshly prepared gels were performed. The gels showed
characteristic features of viscoelastic solids as the storage
moduli G′ was higher than the loss moduli G″ for gels derived
from both the ligands. Interestingly, the [4·AgNO3] gels are
somewhat stronger than that of [3·AgNO3] (Fig. 4). Fig. 4a and
b shows the storage (G′) and loss moduli G″ of [3·AgNO3] and
[4·AgNO3]. The [3·AgNO3] gels with elastic modulus G′ of 100
Pa, showed no significant change upon changing the DMSO/
H2O ratio. However, [4·AgNO3] gels showed higher G′ values
(800–1000 Pa) compared to that of [3·AgNO3] gels at 8 : 2
DMSO : H2O ratio. Unlike [3·AgNO3] gels, a significant change
in the gel strength was observed upon changing the
DMSO : H2O ratio. The gels at 8 : 2 and 7 : 2 ratio display
similar G′ values (800–1000 Pa). However, G′ values for 6 : 4

and 1 : 1 gels dropped by almost four times compared to that
of 8 : 2 and 7 : 3 gels. The difference observed in the gel
strength between [3·AgNO3] and [4·AgNO3] gels can be attribu-
ted to the difference in morphological features of two gels. The
scanning electron micrograph of gels also shows a clear differ-
ence in the fibrillar networks formed during gelation. The
[3·AgNO3] gels have the tendency to form fine, more film-like,
structures upon casting over substrate (Fig. 2), while those of
[4·AgNO3] clearly show thicker nanofibrillar networks (Fig. 3).

Gelation was also observed when the complexation of
ligand 3 and 4 was performed with other counter anions of
silver(I) such as PF6, BF4, ClO4, OAc, CF3SO3. Stable metallo-
gels were obtained with all counter anions of silver(I) when
ligand 3 was used (see ESI, Table S3 and Fig. S7†). However,
gels obtained with ligand 4 were less stable and most of them
collapsed after a few hours at room temperature. SEM micro-
graphs revealed the formation of entangled fibrillar networks

Fig. 4 Rheological properties. (a) Frequency sweep experiments for 0.6 w/v% DMSO/H2O gels of [3·AgNO3]; (b) frequency sweep experiments for
DMSO/H2O gels of [4·AgNO3]; (c) storage modulus G’ as a function of DMSO/H2O ratio of [3·AgNO3]; (purple square) and [4·AgNO3]; (red circle) and
(d) shows the effect of counter anions on the mechanical properties of metallogels derived from ligand 3.
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similar to those obtained using AgNO3 metallogels (see ESI
Fig. S8 and S9†). The anions have a significant effect on the
mechanical property of the gels as revealed by rheological
measurements (see ESI Fig. S10†). The strength of the gel
varies in the order CF3SO3 > NO3 > ClO4 > PF6 > BF4 ≅ OAc
(Fig. 4d).

NMR spectroscopic studies of the conventional and metal-
logels have been done both in solution and in the solid state
to gain more detailed information about the mode of inter-
molecular interactions, for determination the gel melting
temperatures, gelation kinetics and packing modes of the gel
states.39 In this work, one dimensional (1D) 1H, 13C NMR spec-
troscopy as well as two dimensional (2D) 1H–1H correlation
spectroscopy (COSY), 1H–13C heteronuclear multiple quantum
correlation (HMQC) and 1H–15N COSY were performed for 2, 3
and 4 and their Ag-complexes (see ESI Fig. S11−S20†). The
assignment of resonance peaks arising from 1H and 13C and
their correlation allows monitoring the changes that occur
during metal coordination. The ligands 2–4 used in this study,
unlike many gelator molecules reported in the literature lack
the hydrogen bonding ability. Therefore, the weak supramole-
cular interactions very likely enhanced by the nitrate anions
between metallopolymer chains lead to the formation of the
nanofibrillar networks (see below) and are thus the major
driving forces for the gel formation. The Ag-cation coordinates
to the nitrogen atoms of the ligands and thus affects the
α-protons to the coordination site allowing the comparison of
metal complexes. Fig. 5a shows the 1H NMR spectra of ligand
3 and its 1 : 1 metal complex, [3·AgNO3], in pure DMSO-d6 (see
ESI Fig. S18 and S19† for ligands 2 and 4 as well as their Ag(I)
complexes).

Upon metal complexation, a significant change in the
chemical shifts for all the protons was observed. A systematic
analysis of 1H NMR spectrum of [3·AgNO3] showed that the
protons adjacent to the nitrogen atoms (H1, H5 and H6) are
0.07–0.04 ppm downfield shifted compare to that of the free
ligand. Similarly, the protons H7 and H8 showed a similar
downfield shift (0.07 ppm) upon complexation. However, rela-
tively large and significant changes in the chemical shift
values were observed for protons H3 and H2 (0.13 and
0.2 ppm respectively). The proton signals of the ligands move
downfield due to the deshielding effect of the metal coordi-
nation. A similar behaviour was also observed for the 13C
signals (see ESI, Fig. S20†). The Ag-complexation clearly affects
all the protons of the ligand and indicates that all the four
nitrogens, both in the bipyridine and pyridine moieties are
involved in metal complexation. To probe it further 2D 1H–15N
correlation spectroscopy in DMSO-d6 for free ligand and its
complexes was done. Fig. 5b and c show the 1H–15N 2D corre-
lation spectra of the free ligand 3 and the 1 : 1 metal complex
[3·AgNO3], respectively.

Upon complexation, clear changes in the chemical shift
value of nitrogen atoms was observed. The nitrogen atoms of
the bipyridine moiety (N1) showed an upfield shift of
24.91 ppm, while the pyridine nitrogens (N2) were shifted by
5.65 ppm (Fig. 5b). This supports the 1H NMR observation that

all nitrogen atoms of the ligand are involved in the metal
coordination. The most common Ag+ coordination geometry is
tetrahedral, especially with bipyridine and pyridine ligands.40

Based on the 1 : 1 ratio of the ligand and the AgNO3, and
the NMR spectral analysis (Fig. 5) and MM-level Spartan®
molecular modelling (see ESI, Fig. S22–S24†), the structure of
the AgNO3 complex is a metallopolymer, where the silver
cation is tetrahedrally coordinated one bipyridine unit and to
a pyridine nitrogen of two adjacent ligands (Fig. 6). To support
this, gelation studies performed using 1 : 2 ligand to metal
ratio resulted in crystallization of the excess silver nitrate, indi-
cating that all the four nitrogen atoms of ligand are involved
in coordination in the 1 : 1 ratio complex.

Thermal behaviour of the [3·AgNO3] gel in DMSO-d6/D2O
was probed by variable temperature (VT) 1H NMR experiments
from 30 °C–90 °C with 10 °C increments (see ESI Fig. S21†).
The gels showed characteristic broad signals at room tempera-

Fig. 5 The 1H NMR spectra of ligand 3 and [3·AgNO3] (a),
1H–15N 2D

correlation spectrum of ligand 3 (b) and 1H–15N 2D correlation spectrum
of ligand [3·AgNO3] (c) in DMSO-d6 at 30 °C.
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ture and line sharpening was observed upon increasing the
temperature. However, due to high thermal stability of the gels
the complete gel–sol transition was not reached as the gels
remained stable even at high temperatures. Therefore, both gel
melting and extensive VT NMR experiments were not per-
formed. Investigations using FT-IR spectroscopic experiments
showed a significant shift in the CvC, CvN stretching fre-
quencies between the ligands and the complexes (see ESI
Fig. S25 and S26†). In detail, FT-IR spectra of pure ligands,
ligand xerogels and the xerogels obtained from the metallogels
were compared. The peaks at 1558 and 1565 cm−1 of the
ligand 3 shifted to 1565 and 1600 cm−1 for [3·AgNO3].
Similarly, for ligand 4, the stretching frequencies 1561 and
1568 cm−1 shifted to 1562 cm−1 and 1601 cm−1 respectively for
[4·AgNO3].

Unprecedentedly upon exposing the [3·AgNO3] gels to day-
light, a gradual color change from colorless transparent gel to
pale brown was observed. Fig. 7 shows the visual color change
in [3·AgNO3] gel after 14 days of daylight exposure. However,
the [4·AgNO3] gels this colour change was very weak. The
[3·AgNO3] gel network remained stable for months after the
daylight reduction, this might be due to the gelation ability of
ligand 3 without silver in similar conditions. It may also indi-
cate that only part of silver(I) ions reduced forming nano-
particles. The color change turned out to be result from the
daylight induced reduction of the silver ions into silver nano-
particles. Nanoparticle formation was confirmed by using
UV-Vis spectroscopy with characteristic surface plasmon reso-
nance around 430 nm (Fig. 7b, see ESI Fig. S27†).41

Detailed morphological analysis was done using trans-
mission electron microscopy (TEM). The TEM micrographs
revealed highly entangled fibrillar networks in both [3·AgNO3]
and [4·AgNO3] gels (ESI†). Fig. 8a and b show the TEM images
of the in situ formed AgNP’s over gel network under daylight
reduction for [3·AgNO3] gel. Highly monodisperse AgNP’s with
a diameter of 3–4 nm arrays were formed on the gel network
fibres under daylight reduction (See Fig. S25–S28† for
additional TEM micrographs). To compare these photochemi-
cally obtained in situ nanoparticles, we conducted a standard
sodium borohydride reduction of the [3·AgNO3] gel (see ESI†

for experimental details). To our surprise the chemical
reduction resulted in quite polydisperse and much larger
AgNP’s (ca. 20–25 nm in diameter, Fig. 8c and d) scattered
quite uniformly across the gel matrix, not situated on the
network fibres. The results are in agreement with the UV-Vis
spectroscopy, which shows a broad surface plasmon resonance
peak around 450 nm (Fig. 7b).

To probe what happen with the photochemically inactive
[4·AgNO3] gels a similar sodium borohydride reduction was
done (see ESI† for experimental details). The TEM micro-
graphs from the AgNP’s from the [4·AgNO3] were very sym-
metrical, either cuboctahedron or prismatic in shape, and
much larger (>50 nm) (Fig. 8e and f). The above results
suggest that the molecular structure of the ligands not only
affect the strength and morphological features of the gel
network but also on the in situ nanoparticle formation. The
TEM micrographs obtained from freshly prepared gels in
DMF : H2O showed the random aggregates of silver nano-
particles (see ESI Fig. S35†). A control experiment using a solu-
tion of AgNO3 in DMSO : H2O upon exposing for daylight for
one week remained unchanged without any color change.
Similarly, freshly prepared [3·AgNO3] gel upon storing under
dark remained colorless for one week and no plasmon reso-
nance was observed in UV-Vis spectra (Fig. 7b). The above
results further supporting the importance of daylight mediated
in situ nanoparticle formation.

Fig. 6 The proposed structure of the metallosupramolecular polymer
[3·AgNO3] and [4·AgNO3]. The MM-level molecular modeling of
[3·AgNO3] and [4·AgNO3], see ESI.†

Fig. 7 (a) Photographs showing colour change of 0.6 w/v% DMSO/H2O
gel of [3·AgNO3] upon exposure to daylight. (b) UV-vis spectra of freshly
prepared, daylight reduced, chemically reduced metallogels in DMSO
and control samples.
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Conclusions

We have shown that simple bipyridyl based ligands are able to
act as supergelators upon complexation with silver ions. The gels
are formed at a concentration as low as 0.6 w/v% in aqueous
dimethyl sulfoxide. The gelation ability, morphological features
and mechanical properties strongly depends on the ligand mole-
cular structure. More importantly, the metal coordination not
only induces gel formation but also act as a precursor for in situ
silver nanoparticle formation. The significant differences
between chemical and daylight induced in situ nanoparticle for-
mation for the [3·AgNO3] gel result in from the morphology of
the nanofibrillar networks of the gels and also the structure of
the metallopolymer responsible for the gelation. In addition the
differences in the size and morphology of the AgNP’s from the
chemical reduction of [3·AgNO3] and [4·AgNO3] gel highlights
the importance of accessibility of the reducing agent to the
metal center of the metallopolymers. This, in turn, is greatly
affected by structure of the metallopolymer. The discovery that in

the [3·AgNO3] gel the photochemical reduction of the Ag-centers
produced AgNP’s embedded in the fibres of the gel matrix with
narrow size distribution was a totally unexpected result. Recently,
there is a growing interesting in developing methods to control
nanoparticles with well-defined size and shape, as they possess
unique self-assembling abilities as well as material properties.
Therefore, our findings become relevant both in molecular gels
and nanoparticle synthesis. Such a finding can pave a way to new
soft photoactive materials, which are responsive to daylight.

Experimental section
General procedure for the synthesis of ligands 2, 3 and 4

A mixture of 4,4′-dihydroxy-2,2′-bipyridine (188.2 mg, 1 mmol),
potassium carbonate, K2CO3 (276.5 mg, 2 mmol) in 30 mL of
acetonitrile was stirred at room temperature for 2 h. 2- or 3- or
4-(chloromethyl) pyridine hydrochloride (328.1 mg, 2 mmol)
was added to the above mixture and heated to reflux for 36 h.
After the reaction time, the filtrate was collected by filtration
and evaporated to dryness. The product was recrystallized
from MeOH and dried under vacuum.

4,4′-Bis(pyridin-2-ylmethoxy)-2,2′-bipyridine (2). 1H NMR
(400 MHz, CDCl3) δ 8.63 (dq, 1H), 8.51 (d, 1H), 8.50 (d, 1H),
8.10 (d, 1H), 7.73 (td, 1H), 7.52 (dt, 1H), 7.25 (m, 1H), 6.93 (dd,
1H), 5.35 (s, 2H). 13C NMR (100 MHz, CDCl3) δ = 165.77,
157.98, 156.23, 150.64, 149.66, 137.15, 123.16, 121.64, 111.21,
107.96, 70.71.

1H NMR (500 MHz, DMSO-d6 at 70 °C) δ 8.59 (dq, 1H), 8.50
(d, 1H), 8.01 (d, 1H), 7.84 (dt, 1H), 7.55 (d, 1H), 7.35 (qd, 1H),
7.11 (dd, 1H), 5.36 (s, 2H). 1H–15N COSY NMR (DMSO-d6 at
70 °C) δ = −68.12 (pyridine) and −94.41 (bipy).

4,4′-Bis(pyridin-3-ylmethoxy)-2,2′-bipyridine (3). 1H NMR
(400 MHz, CDCl3) δ = 8.71 (d, 1H), 8.61 (dd, 1H), 8.50 (d, 1H),
8.10 (d, 1H), 7.79 (dt, 1H), 7.34 (dd, 1H), 6.91 (dd, 1H), 5.24
(s, 2H). 13C NMR (100 MHz, CDCl3) δ 165.66, 157.99, 150.54,
150.00, 149.25, 135.56, 131.61, 123.79, 111.81, 107.01, 67.62.

1H NMR (500 MHz, DMSO-d6) δ 8.73 (d, 1H), 8.58 (dd, 1H),
8.52 (d, 1H), 8.05 (d, 1H), 7.92 (dt, 1H), 7.45 (qd, 1H), 7.14 (dd,
1H), 5.35 (s, 2H). 13C NMR (100 MHz, DMSO-d6) δ 165.15,
150.62, 149.41, 149.17, 135.84, 131.79, 123.67, 111.42, 106.74,
67.07. 1H–15N COSY NMR (DMSO-d6 at 30 °C) δ = −64.87
(pyridine) and −95.07 (bipy).

4,4′-Bis(pyridin-4-ylmethoxy)-2,2′-bipyridine (4). 1H NMR
(400 MHz, CDCl3) δ 8.65 (dd, 2H), 8.51 (d, 1H), 8.08 (d, 1H),
7.38 (d, 2H), 6.93 (dd, 1H), 5.26 (s, 2H). 13C NMR (100 MHz,
CDCl3) δ 165.61, 157.79, 150.52, 150.34, 145.09, 121.69, 111.83,
107.25, 68.20.

1H NMR (500 MHz, DMSO-d6 at 70 °C) δ 8.60 (dd, 2H), 8.51
(d, 1H), 8.02 (d, 1H), 7.47(d, 2H), 7.11 (dd, 1H), 5.37 (s, 2H).
1H–15N COSY NMR (DMSO-d6 at 70 °C) δ = −65.35 (pyridine)
and −94.18 (bipy).

Metal complexes

[2·AgNO3]:
1H NMR (500 MHz, DMSO-d6) δ 8.62 (dq, 1H),

8.54 (d, 1H), 8.05 (d, 1H), 7.88 (dt, 1H), 7.59 (d, 1H), 7.39 (qd,

Fig. 8 In situ nanoparticle formation. TEM micrographs of (a & b)
photochemically reduced [3·AgNO3] gel upon exposure to daylight; (c &
d) NaBH4 mediated chemically reduced [3·AgNO3] gel; (e) chemically
reduced [4·AgNO3] gel and (f & g) shows cuboctohedron and prismatic
nanoparticles respectively from [4·AgNO3] gel.
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1H), 7.22 (dd, 1H), 5.42 (s, 2H). 1H–15N COSY NMR (DMSO-d6
at 70 °C) δ = −71.01 (pyridine) and −112.41 (bipy).

[3·AgNO3]:
1H NMR (500 MHz, DMSO-d6) δ 8.77 (d, 1H),

8.62 (dd, 1H), 8.59 (d, 1H), 8.18 (d, 1H), 7.99 (dt, 1H), 7.52 (qd,
1H), 7.34 (dd, 1H), 5.44 (s, 2H). 13C NMR (100 MHz, DMSO-d6)
δ 166.10, 153.85, 151.92, 149.95, 149.63, 136.49, 131.66,
123.98, 112.03, 109.60, 67.67. 1H–15N COSY NMR (DMSO-d6 at
30 °C) δ = −71.52 (pyridine) and −119.98 (bipy).

[4·AgNO3]:
1H NMR (500 MHz, DMSO-d6) δ 8.63 (dd, 2H),

8.57 (d, 1H), 8.09 (d, 1H), 7.51 (d, 2H), 7.25 (dd, 1H), 5.44
(s, 2H). 1H–15N COSY NMR (DMSO-d6 at 70 °C) δ = −69.32
(pyridine) and −107.53 (bipy).

General procedure for metallogelation

In a typical gelation experiment, the appropriate amounts of
solid ligand (3 or 4) is placed in a test tube (45 × 15 mm) and
dissolved in DMSO upon heating, whereupon equimolar
amount of AgNO3 solution in water is added to reach the final
volume of 1.0 mL. The mixture is then heated to obtain a clear
solution which, as it cooled down to room temperature, would
afford a translucent gel. The gelation was observed at various
ratios of DMSO/H2O (v/v) and in this study four different ratios
were used, viz. 8 : 2, 7 : 3, 6 : 4 and 1 : 1. No gels were obtained
by using DMSO only.

Only ligand 3 forms unstable gel in an aqueous DMSO
solvent at 1 wt%. No gelation was observed for ligand 4.

Chemical reduction

In chemical reduction, the gel (3·AgNO3 or 4·AgNO3) was
reduced from aqueous solution of NaBH4. 1.0 mL of NaBH4

solution which is 20 wt% to the silver molar amount in the gel
was placed on the top of the gel and allowed it for slow
diffusion at room temperature. During this time, NaBH4 was
diffused into the gel and reduces Ag+ to Ag0. In [3·AgNO3] gel,
the complete reduction was observed in a week period and in
[4·AgNO3] gel the reduction was slower and takes about 3
weeks. At high wt% of NaBH4 (more than 40 wt% of NaBH4)
the reduction was faster and gel network was collapsed.

X-ray crystallography

Single crystal X-ray structure determination: the single crystals
of ligands 2–4 were obtained by slow evaporation of chloro-
form solution. The X-ray diffraction data were collected on an
Agilent Technologies Supernova diffractometer using Mo Kα or
Cu Kα radiation. The CrysAlisPro program packages were used
for cell refinements and data reductions. Structures were
solved by charge flipping method using SUPERFLIP program
or by direct methods using SHELXS-2008 program. Gaussian
absorption correction was applied to all data and structural
refinements were carried out using SHELXL-2015 software.

Scanning electron microscopy (SEM)

The sample preparation for SEM was performed by dissolving
6 mg of ligand (3 or 4) in 800 µL of DMSO with heating, to this
clear solution equimolar amount of AgNO3 in 200 µL of water
was added. The resulting precipitate was solubilized by

heating and let it cool down to room temperature to get a gel.
The gel was then heated until it turned into a clear solution
and drop casted over a carbon tape placed over aluminium
stub. The sample was then allowed to dry under ambient con-
ditions subjected from sputter coating with Au under vacuum
conditions at 20 mA for 1 min. The samples were then sub-
jected for imaging with Sigma Zeiss scanning electron
microscope.

Rheological measurements

TA AR2000 stress controlled rheometer equipped with 20 mm
steel plate and a Peltier heated plate was used for rheological
characterization. The measuring setup was covered with a
sealing lid in order to prevent evaporation during the measure-
ments. Measurements were performed using oscillation
frequency of 6.284 rad s−1 at 20 °C unless otherwise noted.

Transmission electron microscopy (TEM)

The transmission electron microscopy (TEM) images were col-
lected using FEI Tecnai G2 operated at 120 kV and JEM
3200FSC field emission microscope (JEOL) operated at 300 kV
in bright field mode with Omega-type Zero-loss energy
filter. The images were acquired with GATAN DIGITAL
MICROGRAPH software while the specimen temperature was
maintained at −187 °C. The TEM samples were prepared by
placing 3–5 µL of the pre-made gel on to a 300 mesh copper
grid with holey carbon support film. The samples were dried
under ambient condition prior to imaging.
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