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Abstract: A pH and mechano-respon-
sive coordination polymeric gel was de-
veloped without the use of long chain
hydrophobic groups. The hydrogel was
synthesised by reacting the aqueous so-
lution of Mg?* with the basic aqueous
solution of N-(7-hydroxyl-4-methyl-8-
coumarinyl)-alanine. The gelation is at-
tributed to the self-aggregation of 1D
coordination polymers to form 3D
nanostructures through non-covalent
interactions to entrap water molecules.

The freeze-dried hydrogel exhibits a fi-
brillar network structure with a uni-
form ribbon shape. UV/vis absorption
studies illustrate that the hydrogel dis-
plays a typical m—m* transition. The
fluorescence intensity of the hydrogel
is enhanced drastically with a longer
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lifetime upon gel formation. Mechani-
cal analysis including dynamic oscilla-
tion on shear, steady shear and creep
(retardation-relaxation) testing have
been performed to elucidate the supra-
molecular nature of the 3D assembly.
Together with the viscoelastic proper-
ties and biocompatibility, the Mg®" hy-
drogel may find utility as a novel soft
material in biomedical applications.

Introduction

The supramolecular gels derived from organic molecules
have gained considerable attention, owing to their unique
features and versatile applications as soft materials.'! Never-
theless, metallogels and coordination polymeric gels are of
emerging research interest.”! The metal coordination to a
gelator would give rise to intriguing spectroscopic, catalyt-
ic® and redox!" properties of the gel-phase materials. Thus,
a lot of effort has been devoted to investigating the spectro-
scopic properties of metallo- and coordination polymeric
gels. For instance, a class of heat-set gel-like networks
formed by Co®* complexes of 4-alkylated 1,2,4-triazole has
shown thermochromic behaviour during the phase transi-
tion.’! Thermochromic and reversible colour change behav-
iour has been observed during the sol-gel transition of a gel
derived from Cu* bipyridyl derivative of cholesteryl.”) Phe-
nylalanine-based bolaamphiphile metallogels have found ap-
plication in water purification and a vitamin B;, carrier
based on their absorption properties.!®! Such interesting ab-
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sorption studies have driven the research on the photolumi-
nescence properties of metallo- and coordination polymeric
gels. Recently, 8-quinolinol derivatives have been reported
to form metallogel with Cu**, Pd** and Pt**. Interestingly,
the Pt complex exhibits unique thermo- and solvato-
chromism of visible and phosphorescent colour during sol—
gel phase transition."! A phosphorescent Au* pyrazolate gel
showed reversible colour switching upon sol-gel transition
and doping/dedoping of Ag*.®l Rowan’s group reports the
gel formation of 2,6-bis(benzimidazolyl)-4-hydroxypyridine
derivative of pentaethylene glycol in the presence of lantha-
nide and transition metal ions, which exhibits photolumines-
cence, owing to the “antenna effect” of Eu’*.”! Alkylated
platinum terpyridyl systems have been found to form orga-
nogel, owing to metal-metal and m—m interactions and the
metallogels show drastic emission changes during the sol-
gel transition."”! Platinum acetylide organogelators exhibit
phosphorescence in solution and in the aggregate/gel state,
owing to triplet-triplet energy transfer.!'!!

Recently we have reported that coumarin derivatised gly-
cine (H,mugly: N-(7-hydroxyl-4-methyl-8-coumarinyl)-gly-
cine) gelates water instantly upon addition of Zn>*.1”! The
Zn** coordination polymeric gel shows fluorescence en-
hancement upon hydrogelation. This interesting finding has
prompted us to explore the utilization of the main group
metals in coordination polymeric gel synthesis. In contrast
to transition and post-transition metals, which often quench
the fluorescence due to the electron or energy transfer be-
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tween the metal cations and fluorophores,'¥ main group
metals do not quench the fluorescence. It has been reported
that the fluorescence properties of coumarin derivatives can
be retained in the presence of alkali-earth metals and
quenched by transition metals.'"¥! The main group metals,
particularly Mg’", are essential minerals in the biological
systems. Mg®" is the most abundant of the divalent ions in
cells, and plays an important role in cell proliferation and
cell death. It also participates in the modulation of signal
transduction, various transporters, and ion channels.”! On
the other hand, it has been reported that hydrogelators
based on amino acids!'® and some hydrogels have been
demonstrated as biocompatible materials."* Thus, it would
be of interest to incorporate Mg?* ions in the preparation of
biocompatible and stimuli responsive amino acid-based met-
allogel. A biocompatible hydrogel provides an alternative
candidate for drug delivery""”! and tissue engineering.['’*!*

Mechanical properties constitute a critical consideration
in practical use of such soft materials, and appropriate rheo-
logical techniques have been utilised to probe the viscoelas-
tic and mechano behaviour of the supramolecular gels.”>!’)
Here we report the hydrogelation of Mg®* coordination po-
lymer of a coumarin derivatised alanine (1, H,muala: N-(7-
hydroxyl-4-methyl-8-coumarinyl)-L-alanine). The microscop-
ic morphology of the freeze-dried gel has been investigated
by using scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) techniques. Photopysical
properties of the complex and the corresponding gel have
been studied in detail. Rheological studies have been per-
formed to elucidate the small and large deformation visco-
elasticity of the gel.

Results and Discussion

In our recent study,'? H,mugly has been developed as suita-
ble hydrogelator with Zn®* without the use of long chain hy-
drophobic groups. No such gelation was observed if the
structurally similar Hymuala 1 (Scheme 1) was used. This ob-

Me Me
X S X
o\(
HO oo (\) o} 0o
N
HN HzO;h/Ag-NH
H,0
Hoj(kMe 2074 \IR\M .
o} _
Mg:L‘v.o
1 2

Scheme 1. Structure of the ligand 1 and schematic representation of the
proposed Mg”* coordination polymer 2.

servation suggests that the substituent on the amino acid
side chain may not change the overall coordination and con-
formation of the complex, however, it would influence the
supramolecular interactions leading to gelation.
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In this study, 1 has been observed to form hydrogel with
Mg** upon mixing. If a basic aqueous solution of 1 is react-
ed with an aqueous solution of Mg(CH;COO),-4H,0, a
yellow clear solution is formed initially. If the solution mix-
ture was left undisturbed at room temperature for about
20 min, an opaque gel of [Mg(muala)(H,0),]-nH,O 2 (27
wt %, Scheme 1) was obtained. Gel formation is confirmed
by the inverted test tube method (Figure 1). No such gela-

Figure 1. The photograph of ligand 1 (left) and hydrogel 2 (right).

tion was observed if the same reaction was repeated with
other organic solvents (including MeOH and EtOH) or
Ca’*. The powder of 2 can be obtained by slow evaporation
from a methanolic solution. Further analysis and characteri-
zation were conducted with the powdered sample unless
otherwise mentioned. Complex 2 is a neutral compound
with a metal to ligand ratio of 1:1, as evidenced from the el-
emental analysis and Job’s plot. The water molecules found
from elemental analysis differ from the number of their
counterparts associated with the gelator in the hydrogel.
This should be attributed to the difference of solvents pres-
ent in the solid (MeOH) and gel (H,O) state.

The hydrogel converts to a yellowish clear solution at
pH 2, but retains its gel structure at pH 8 indicating pH re-
sponsive properties. Under the acidic conditions, the ligand
1 is protonated and thereby disturbs the complexation and,
hence, the gel structure. The hydrogel also exhibits mechano
responsive behaviour in which it can recover the gel struc-
ture on standing, following vigorous shaking to fluidise. The
gel is soluble in common organic solvent like methanol, eth-
anol, THF and DMF. Slow evaporation of the diluted meth-
anolic solution of the gel gave a free standing polymeric
film (see the Supporting Information).

We propose that 2 is a 1D coordination polymer with the
carboxylate O of the ligand coordinating the neighbouring
Mg?** centre as supported by FT-IR absorption studies. The
difference in asymmetric (7, and symmetric (¥,) stretching
frequencies of carboxylate group in freeze dried 2 was
found to be 114 cm™', suggests the bridging coordination
mode of the carboxylate groups (see the Supporting Infor-
mation). In general, A7 reflects the coordination geometry
of carboxylate, in which A#>200 cm™ for the monodentate
carboxylate and A7<200cm™' for bridging carboxylate.*!
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Nonetheless, in the absence of crystal structure, the mono-
meric species cannot be ruled out. Postulation of a 1D coor-
dination polymeric structure can easily explain the gel for-
mation in which the 1D polymeric strands entangle with
each other to form a 3D fibrous network. The water mole-
cules are entrapped within the porous network and form a
stable hydrogel. It appears that entanglement of the nanofi-
bre gel network takes place as a result of hydrogen bonding
between amino and carboxylate groups in the ligand, and
water molecules. The disk-like coumarin rings are expected
to assemble in order to form hydrophobic pockets.

Hydrogel 2 exhibits different properties as compared to
the previously reported gelation of Zn** with H,mugly.'”!
The gelation process observed here requires about 20 min at
room temperature to occur, whereas Zn>* forms a gel in-
stantly upon mixing with the ligand. Conversely, a higher
concentration of gelator is required for gel formation, as
compared to the Zn’* coordination polymeric gel. Further-
more, these two gels have different thermal properties.
Upon heating to 65°C, the Zn?* gel becomes a white precip-
itate and the gel structure does not recover upon cooling.
For Mg** gel, upon heating to the same temperature, it
turns to a clear yellow solution and upon cooling, the gel
structure is visually restored.

Morphological studies of hydrogel: The morphology of hy-
drogel 2 was investigated by using SEM and TEM. The in-
vestigation reveals that the hydrogel 2 is formed by the self
assembled fibrous structure of the coordination polymer.
Figure 2a exhibits the typical low magnification field emis-

Figure 2. Electron micrograph of freeze dried 2: a) SEM image; b) TEM
image.

sion SEM micrograph of freeze dried 2, which reveals the fi-
brillar-network structure of the gel. The higher magnifica-
tion image (see the Supporting Information) shows that
these fibres are quite uniform ribbon shaped with a rectan-
gular cross-section. These fibres are several micrometers
long and the diameters are in the range of 50-150 nm. It
seems that the coordination polymeric chains of the Mg’*
complex are bundled up to self-assemble into a fibrous net-
work. TEM analysis also supports the concept of the gel
being composed of micro-sized tapes, which are several mi-
crons long (Figure 2b) and the diameters are in the range of
50-100 nm. Furthermore, the high resolution TEM micro-
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graphs of these ribbons indicate a predominant amorphous
nature. Thus, no crystal fringe patterns were observed and
the electron diffraction patterns exhibit diffuse rings sugges-
tive of amorphous microstructures (see the Supporting In-
formation).This amorphous behaviour is different from that
found in the zinc(IT) coordination polymeric gel containing
a similar ligand."?

Photophysical studies: The absorption and emission proper-
ties of 1 and 2 were studied extensively. Upon addition of
Mg?* ions to an aqueous solution of 1 in the presence of
two equivalents LiOH ([1]=1.04x10*m), a typical m—m*
absorption band appears at 360 nm.?!! The 1:1 complexation
model for Mg** ion-binding was elucidated by a Job’s plot
(see the Supporting Information). Upon addition of Mg**
ions to an aqueous solution of 1, hydrogel 2 was formed
after 20 min. The UV/vis spectral traces of 1, hydrogel 2 and
sol 2 ([1] and [2]=50 mm) are shown in Figure 3. No shifting
in the absorption energy was observed for hydrogel 2. The
addition of concentrated HCI to hydrogel 2 turns it into the
sol state. The m—m* absorption band of sol 2 shows a large
blue shift in energy to A =320 nm.

Sol2 —
((acidic pH)

Absorbance

250 300 350 400 450 500
Wavelength / nm

Figure 3. UV/vis absorption of 1 in H,O, hydrogel 2 and its corresponding
sol state in acidic medium ([1] and[2]=50 mm). The samples were sand-
wiched between quartz plates.

As hydrogel 2 is pH dependent, absorption studies of 1 in
the presence of one equivalent of Mg>" ([1]=1.04 x 10~*m)
have been investigated in buffer solutions at various pH. It
has been reported that in neutral or weakly acidic solutions,
7-hydroxycoumarin derivatives are in the neutral form,
which absorbs near =320 nm. In alkaline solution, 7-hy-
droxycoumarin derivatives are in the tautomeric form and
show a marked bathochromic shift to A=360 nm.*!! The
UV/vis absorption spectra of 1 at various pH in buffer solu-
tions also exhibit a similar behaviour, in which a m—x* ab-
sorption band appears at =320 nm in acidic conditions and
shifts to A=360 nm in alkaline solution (see the Supporting
Information). Likewise, the Mg®*-bound species exhibit the
same trend, as shown in Figure 4a. This suggests that an
acidic medium would cause protonation of the ligand, hence
leading to dissociation of the complex.

To study the effect of temperature on hydrogel 2, varia-
ble-temperature UV/vis absorption studies have been car-
ried out from 15-85°C ([2]=50 mm). The UV/vis spectral
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Figure 4. a) UV/vis absorption spectra of 1 in the presence of one equiv
of Mg>* ([1]=1.04x10"*m) at various pH in buffer solutions; b) hydrogel
2 ([2]=50 mm) at various temperatures (sample sandwiched between
quartz plates).

traces of hydrogel 2 at different temperatures are shown in
Figure 4b. At 25°C, an absorption band at A=360 nm was
observed, which corresponds to the m—m* absorption band
characteristic of the Mg**-bound species. No significant
spectral changes were observed upon increasing tempera-
ture to 55°C. Further increasing the temperature resulted in
a drastic drop in absorbance. This reflects in that the hydro-
gel 2 is stable at temperatures below 55°C, but becomes un-
stable at higher temperatures. This is in correlation with the
aforementioned thermal properties of hydrogel 2, which
melts around 65°C.

The fluorescence spectral traces of basic aqueous 1 and
hydrogel 2 ([1] and[2]=50 mM) upon excitation at A=
360 nm are shown in Figure 5a. The hydrogel 2 exhibits
strong blue emission with maxima at 4=455nm. The fluo-
rescence intensity has been enhanced drastically, as com-
pared to 1. The photoluminescence of hydrogel 2 can be vi-
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Figure 5. a) Emisssion spectra of 1 and hydrogel 2 ([1] and [2]=50 mm)
upon excitation at A =360 nm; b) Time-dependent emission intensity of
hydrogel 2 at A =455 nm. The inset shows the fluorescence spectral traces
against time; c) Fluorescence spectra of hydrogel 2 at different tempera-
tures.
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sualised by naked eye under UV light. Moreover, blue lumi-
nescence emitted from nanoribbon can be directly observa-
ble under a fluorescence microscope (see the Supporting In-
formation).

Controlled experiments were conducted to investigate
whether the fluorescence enhancement is owed to the hy-
drogel formation or complexation with Mg®*. The emission
properties of the basic aqueous solution of 1 ([1]=1.04x
107*m) upon addition of Mg?* were studied. There is no sig-
nificant change in fluorescence intensity was observed upon
excitation at A=360 nm. This finding indicate that complex-
ation of Mg?* ions with 1 in solution did not result in a fluo-
rescence enhancement, as compared to free ligand 1. Fur-
thermore, controlled experiment with Ca>* in place of Mg**
does not exhibit such drastic fluorescence enhancement,
suggesting that the enhancement is due to the formation of
hydrogel 2 (see the Supporting Information).

As the hydrogel 2 forms over a period of time, time-de-
pendent emission studies have been performed to investi-
gate effect of gelation on the fluorescence behaviour. Fig-
ure 5b displays the fluorescence intensity of 2 at =445 nm
during the gelation process. It can be seen that the fluores-
cence intensity increases and reaches a constant value at
t~20 min, that is, at a time coincident with gel formation.
There is no more increment in fluorescence intensity at
longer times of experimentation. This indicates that the
maximum fluorescence intensity is only observed if the hy-
drogel 2 is completely formed. The enhancement of fluores-
cence intensity upon formation of coordination polymeric
gel was also noted previously.'! Such fluorescence enhance-
ment in the gel state compared to the sol state also has been
reported for low molecular mass gels”?” and two-component
gels.”®! Generally, an increase in the rigidity of a molecule
can decrease molecular vibrations, probably suppress the in-
ternal conversion of an excited molecules, and may increase
the fluorescence quantum yield.*!

Variable-temperature fluorescence spectral traces of hy-
drogel 2 are shown in Figure 5c. No significant spectral
changes were observed as the temperature was increased
from 15-55°C. There is a slight decrease in fluorescence in-
tensity if hydrogel 2 was heated to 65°C. Further increment
of temperature resulted in decreasing the emission. The re-
sults suggest that the emission of hydrogel 2 decreases as it
starts to melt at 65-75°C. These findings indicate that opti-
mal emission of 2 is when the hydrogel is completely
formed and that the emission of the hydrogel decreases as it
melts at higher temperature. This striking observation
should be attributed to the rigidification of the media upon
gelation, a process that slows down nonradiative decay
mechanisms hence leading to luminescence enhancement.?!
Though the hydrogel dissociates from aggregation state and
shows a drastic drop in fluorescence intensity, the complex
still exhibits a considerable blue emission in the solution
state. This could be attributed to the presence of weak
supramolecular interactions whilst still in the solution state.

Further studies have been done to gain insight of lumines-
cence properties of hydrogel 2. The emission decay profiles
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were monitored at A=450 nm for a basic aqueous solution
of 1 and hydrogel 2 (see the Supporting Information). The
fluorescence decay of 1 was fit well with a single exponential
component yielding a lifetime of 2.75 ns(£0.07 ns). Analysis
of the emission decay profile of 2 gave a longer lifetime of
3.44 ns(+0.03 ns). It reflects that the formation of hydrogel
in its aggregate state increases the rigidity and restricts the
rotational and vibrational movements of molecules. The lim-
ited molecular motions decrease the nonradiative relaxation
process, which leads to the longer lifetime and fluorescence
enhancement.*

Mechanical properties of the networks formed: The me-
chanical properties of the three dimensional structure of hy-
drogel 2 was performed by using small and large deforma-
tion dynamic oscillation, steady shear and transient (creep)
measurements. The linear viscoelastic region (LVR) of hy-
drogel 2, as a function of increasing amplitude of deforma-
tion on shear, was determined with a strain amplitude rang-
ing from 0.01% to 200% at 1rads™' (Figure 6a). Both the
in-phase storage modulus (G’) and out-of-phase loss modu-
lus (G”) remain constant up to ~1% strain (G'>G"), an
outcome which defines the uppermost bound of LVR.
Beyond this level of deformation, a catastrophic disruption
of the network occurs as indicated by the steep drop in the
values of both moduli and the reversal of the viscoelastic
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Figure 6. Dynamic oscillatory and steady shear measurements of hydrogel
2 at 25°C: a) strain sweep at a frequency of 1rads™'; b) time sweep at a
strain of 0.1% and frequency of 1rads™'; c) frequency sweep at a strain
of 0.1%; d) temperature ramp at the heating rate of 1°C min~', strain of
0.1% and frequency of 1 rads™'; time sweep at a strain of 0.1% and fre-
quency of 1 rads™!; f) viscosity as function of shear rate.
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signal (G” > G’). From these data it was decided to perform
subsequent measurements on the gel at 0.1 % strain, which
lies comfortably within LVR.

Time-dependent oscillation measurements can monitor
the gelation process as hydrogel 2, which forms gradually
upon mixing of ligand 1 and Mg’*. Time sweep shows the
rapid growth of G’ and G” in the initial stage of gelation fol-
lowed by a slower long term approach to final pseudo-equi-
librium plateau (Figure 6b). At the end of the experimenta-
tion, the values of G’ is about an order of magnitude higher
than G”. Gel network formation obtained from time depen-
dent oscillation is in correlation with the fluorescence stud-
ies, which show that maximum fluorescence intensity is
reached at about 20 min.

Achievement of the aforementioned pseudo-equilibrium
plateau allows for the implementation of a frequency sweep
between 0.1 and 100 rads™ at the same temperature and
within the LVR. This shows that G’ > G”, confirming that
the hydrogel 2 has predominantly an elastic character (Fig-
ure 6¢). The elasticity of the gel is further evident from the
fact that G’ and G” are minimally sensitive to £2 and the loss
tangent (tan 0 =G"/G’) approaches a value of ~0.1 in the
tested frequency range. The double logarithmic plot of n*
(dynamic viscosity) versus w (angular frequency) having gra-
dient close to —1 [Note: 7*=(G?+G")"%/w], which is a
characteristic of strong cohesive gel.””!

The heating profile of hydrogel 2 during a controlled run
at 1°Cmin~' from ambient temperature to 90°C shows a
sharp melting process between 70 and 75°C indicative of
“liquefaction” (Figure 6d). Subsequent cooling and isother-
mal run at 25°C (Figure 6e) fail to recover the rigidity of
the material prior to heating, with the viscous component
being predominant. Though the gel is visually thermal rever-
sible as mentioned before, the recovered gel is actually
phase separated from the solvent. Hence, this implies that
the morphology of hydrogel 2 is not entirely recoverable.

Besides the thermal effect, the response of hydrogel 2 to
high shear fields will also determine its performance in po-
tential applications. Increasing the rate of unidirectional
shear from 0.01-1000 s™' results in a reduction in the values
of steady shear viscosity (shear thinning effect in Figure 6f).
These are not recoverable within the opposite ramp thus ex-
hibiting thixotropic behaviour for the hydrogel 2, with a hys-
teresis loop forming between the forward and reverse path-
way.

To further identify the linear/non-linear mechanical prop-
erties of hydrogel 2 at measuring times longer than ~60 s
employed maximally in Figure 6c, creep testing in the form
of retarded and relaxed deformation has been utilised. Fig-
ure 7a reproduces the retardation and relaxation curves fol-
lowing careful application and removal of constant stress
(5.0 Pa) for 60 min, respectively. Hydrogel 2 shows an in-
stantaneous elastic response, characterised by an initial
creep compliance, followed by a time-dependent creep
region the slope of which gives the reciprocal of zero shear
viscosity. At the final stage of the retardation curve, generat-
ed strain is about 1% with the material remaining in the vi-
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Figure 7. Creep retardation and recovery (relaxation) curves of hydrogel
2 at instantaneous stress of a)5Pa; b) 60 Pa; creep measurements of
Zn?* hydrogel c) 1 Pa; d) 1.5 Pa in which (m, primary axis) was a close-
up of the complete curves (0, secondary axis).

cinity of LVR. Sudden removal of applied stress allows a re-
verse deformation that recovers 56 % of the initial shape at
the end of the relaxation curve. Higher application of stress
(60 Pa) on the morphology of hydrogel 2 results in high
levels of deformation (Figure 7b) and, consequently, the ma-
terial is unable to recover its structure upon the subsequent
relaxation experiment.

To compare the transient mechanical behaviour of hydro-
gel 2 with the closely related Zn®* coordination polymeric
gel,"”! creep retardation and relaxation measurements were
also performed on the Zn** gel (Figure 7c,d). The retarda-
tion and relaxation curves following careful application and
removal of constant stress (1.0 Pa) for 60 min, respectively is
shown in Figure 7c. At the final stage of the retardation
curve, angular displacement does not exceed 0.6% hence
the material remains within LVR. Sudden removal of the
constant stress allows a reverse deformation that recovers
35% of the initial material shape at the end of the relaxa-
tion curve. The effect of higher application of stress (1.5 Pa)
on the integrity of Zn>* gel is depicted in Figure 7d. Instan-
taneous deformation is followed by a diminishing rate of de-
formation change leading to a non-linear regime that re-
flects a catastrophic rearrangement of cross-links of the net-
work. As a result there is infinitesimal recovery from the
high ultimate extent of deformation during the subsequent
relaxation experiment.

To quantify the long-time rearrangements in the matrix of
Zn** hydrogel, the continuous pattern of flow that emerges
following application of the instantaneous stress has been
described by a discrete retardation spectrum. To facilitate
comparisons between the two discrete applications of stress,
a discrete exponential model of the experimental compli-
ance, J(t), was considered to be adequate.”” Modelling pro-
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vides the instantaneous compliance, J,, the retarded compli-
ance, J,, the steady-state compliance, J,, the retardation time
of the Kelvin component, 4, and the steady shear viscosity.
In brief, parameterization of the retardation data yields
higher estimates of J, (from 0.005-0.015 Pa') with increas-
ing values of applied stress (from 1.0-1.5 Pa). The transition
from the small to large-deformation regime is also seen in
the values of zero shear viscosity, which vary from =54-
0.6 kPas with increasing applications of stress. Finally, the ir-
reversible rearrangement of cross-links is reflected in the 4
values of the Kelvin component (spring and dashpot ele-
ments joined in series), which decrease from 3.4-0.4 s with
increasing disintegration of the material.

Based on current mechanical evidence and results report-
ed earlier in the literature,!'? it is evident that the three di-
mensional structure of hydrogel 2 is more cohesive than the
Zn?* gel. Thus, it is noticeable that the G’ values of hydrogel
2 are about an order of magnitude higher than those of the
Zn** gel. In addition, the melting temperature of hydrogel 2
is higher than for the Zn** gel (about 60°C) arguing for a
more thermally resistant network. As indicated by creep re-
tardation testing, the Mg** gel sustained a high application
of experimental stress and managed considerable levels of
recovery. Applied stress as low as 1.5 Pa is capable of frac-
turing the Zn?* hydrogel, whereas 40 times higher loads of
stress are required for such catastrophic effect on the Mg?*
gel.

Comprehensive mechanical studies discussed here have
exemplified the viscoelasticity of hydrogel 2. The weak gel
properties are resulted from the entanglement of coordina-
tion polymer and held together firmly by hydrogen-bonding
interactions. Owing to the thixotropic behaviour, small de-
formation such as dynamic oscillation and steady shear
allows recovery of hydrogel network by self assembly. Tran-
sient creep measurements further demonstrate the high re-
covery of the hydrogel 2. This characteristic may enable the
hydrogel in practical use.

Conclusion

We have demonstrated the hydrogelation properties of
Mg?* coordination polymer of muala anion. The gelation
could be rationalised by the 1D coordination polymeric ag-
gregate upon complexation of Mg**. This would facilitate
the formation of fibrous nanostructures, which further self-
assembles into a 3D-network structure through noncovalent
interactions to entrap the water. The photophysical studies
have shown that the hydrogel exhibits a typical s—m* transi-
tion and gives rise to high fluorescence behaviour. Upon the
formation of the coordination polymeric gel, the complex
shows a pronounced fluorescence enhancement with a
longer lifetime, as compared to the ligand. A complementa-
ry armoury of dynamic oscillation, steady shear and transi-
ent experiments indicate the formation of a relatively strong
and thermally resistant gel network, as compared to the cor-
responding Zn?* hydrogel. The feasibility of Mg?* hydrogel
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as a free-standing fibre may find applications in flexible dis-
play devices. The strong blue emission of the hydrogel may
be suitable for application in optoelectronic devices. The
synthesised complexes and hydrogels may be biocompatible,
as they are composed of Mg* ions and an amino acid deriv-
ative, which makes them appropriate materials for biomedi-
cal applications.

Experimental Section

All starting materials were obtained commercially and used as received.
The elemental analyses were performed in the microanalytical laboratory,
Department of Chemistry, National University of Singapore. 'H NMR
spectra were recorded by using a Bruker ACF 300 spectrometer operat-
ing in the quadrature mode at 300 MHz. The infrared spectra (KBr
pellet) were recorded by using an FTS165 Bio-Rad FTIR spectrophotom-
eter in the range of 7=4000-400 cm~'. ESI mass spectra were recorded
by using a Finnigan MAT LCQ mass spectrometer by using the syringe
pump method. Solvent present in the compounds was determined by
using an SDT 2960 TGA thermal analyzer with a heating rate of 5°C
min~' from room temperature to 600°C. The UV/vis absorption spectra
were obtained by using a Shimadzu UV2501-PC equipped with a temper-
ature circulator. The gel samples were sandwiched between quartz plates.
The fluorescence spectra were obtained from Perkin—-Elmer LS 55 lumi-
nescence spectrometer equipped with a temperature circulator. Fluores-
cence lifetimes were measured by using time-correlated single-photon
counting technique. The frequency-doubled output of a mode-locked Ti:-
Sapphire laser (Tsunami, Spectra-Physics) was used for excitation of the
sample at A=400 nm. In fluorescence lifetime measurements, the fluores-
cence signal was collected by an optical fibre, which is directed to an ava-
lanche photodiode (APD). The signals were processed by a PicoHarp
300 module (PicoQuant). The decay time profile was monitored at a
wavelength of 4=450 nm. The system gives a temporal resolution of
~100 ps.

Ligand Hymuala, 1 was synthesised according to the literature method.?”!
Synthesis of hydrogel [Mg(muala)(H,0),]-nH,0 (2): To H,muala
(54.5 mg, 0.2 mmol) in LiOH (10 mg, 0.4 mmol) in water (2 mL), Mg-
(CH;C0O0),4H,0 (42.8 mg, 0.2 mmol) in water (2 mL) was added. The
hydrogel is formed ~20 min upon standing in ambient temperature. The
solid powder of 2 can be obtained by slow evaporation methanolic solu-
tion. Mg(muala)(H,O)(CH;OH),s Yield: 25 mg, (40%). '"H NMR (D,0,
300 MHz): 6=7.47 (d, 1H, Ar), 6.64 (d, 1H, Ar), 5.87 (s, 1H, Ar), 4.17
(d, 2H, -CH,NH), 3.52 (q, 1H, -NHCH,), 2.32 (s, 3H, -ArCHj;), 1.51 ppm
(d, 3H, -CH3;); IR (KBr): =3430 (OH), 3148 (NH), 1686 (COO"), 1583
(COO") and 1392 cm™" (CO); IR for freeze dried sample (KBr): #=3415
(OH), 1697 (COO"), 1584 (COO™) and 1396 cm™" (CO); ESI-MS: 358.2
[Mg(muala)(H,0);+H]*; weight loss as per TGA: 9.7% (calculated for
H,0 and CH;OH: 102%); elemental analysis caled (%) for
MgC,,sH;;NOss: C 52.21, H 5.14, N 4.20; found: C 52.21, H 5.50, N 4.08.

Electron micrographs: Scanning electron microscopy (SEM) images were
taken by using a Jeol JSM-6700F field emission scanning electron micro-
scope operated at 5kV and 10 pA. High resolution transmission electron
microscopy (TEM) images and electronic diffraction patterns were ob-
tained by using a JEOL JSM-3010 instrument.

Rheological measurements: These were carried out on freshly prepared
gels using a controlled stress rheometer (AR-1000N, TA Instruments
Ltd., New Castle, DE, USA). Parallel plate geometry of 40 mm diameter
and 1.5 mm gap was employed throughout. Following loading, the ex-
posed edges of samples were covered with a silicone fluid from BDH
(100 cs) to prevent water loss. Dynamic oscillatory work kept a frequency
of 1rads™'. The following tests were performed: increasing amplitude of
oscillation up to 200% apparent strain on shear, time and frequency
sweeps at 25°C (60 min and from 0.1-100 rad s, respectively), and a
heating Tun to 90°C at a scan rate of 1°C min'. Unidirectional shear
routines were performed at 25°C covering a shear-rate regime between
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107" and 10° s'. Mechanical spectroscopy routines were completed with
transient measurements. In doing so, the desired stress was applied in-
stantaneously to the sample and the angular displacement was monitored
for 60 min (retardation curve). After completion of the run, the imposed
stress was withdrawn and the extent of structure recovery was recorded
for another 60 min (relaxation curve). Dynamic and steady shear meas-
urements were conducted in triplicate and creep (transient) measure-
ments in duplicate.
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