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Cation-responsive silver-selective organogel—exploiting silver—alkene

interactions in the gel-phaseT
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We report a gelator that is responsive to Ag* and Li* cations
but unresponsive to Na* and K*, and demonstrate that silver—
alkene interactions play a vital role in mediating the selective
gel-sol response to Ag ™.

Supramolecular gels' are an intriguing and important class of
soft material with many proposed applications in a wide range
of fields.? They consist of a network, most commonly of nano-
scale fibres underpinned by non-covalent interactions between
molecular-scale building blocks. The weak nature of these forces
imposes a degree of reversibility on gel formation/breakdown
which can therefore be triggered by external stimuli, such as
temperature, pH, UV irradiation, redox systems, enzymes and
jonic species.'>

Gels that bind cations have recently been covered in a very
thorough review.’ Use of Ag™ has become increasingly common
in the formation of self-assembled gels and/or coordination
polymers.* The vast majority of reports involving Ag”" in gelation
involve coordination between the Ag” ion and a donor
heteroatom, such as nitrogen or sulfur.’> There have been a
number of reports of cation-responsive gels, in which selected
cations lead to gel breakdown, for example, gelators incorpora-
ting crown ethers which respond to Group 1 metal cations as a
consequence of binding.® There are, however, few reports in
which a gel is shown to respond to silver cations. In an interesting
paper, Thompson and co-workers developed a cyclodextrin
based gelator that bound Co®*, Ni**, Cu®* and Ag™ through
an amine group, leading to a gel-sol transition.”

In recent times, attention has begun to focus on the use of
Ag " -alkene interactions® as a supramolecular synthon,” but
they are still, at present, under-exploited in this regard. These
interactions have been used in chromatography'® and NMR
shift reagents,'! however, most recent reports of silver—alkene
interactions have been largely restricted to discrete organometallic
complexes or assemblies that exist in the solid state.'' We decided
to explore silver-alkene interactions within the gel-phase, and
uncover whether such interactions could be used to develop
Ag ™" -selective responsive gels. This has also allowed us to gain
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insight into Ag'-alkene interactions both in the gel-phase
and solution.

Our investigation focuses on gelator Gl-ene, a bolaform
gelator with L-lysine head groups and peripheral alkenes,
which was previously reported by our group (Fig. 1)."* This
compound is known to form gels as a consequence of gelator—
gelator intermolecular hydrogen bond interactions between
amides within the peptide ‘head groups’. This gelator formed
opaque gels in ethyl acetate (Fig. 2, MGC = 0.18 wt%). These
gels were tested for their response to a number of salts;
AgSbFg, LiPFs, NaPFs and KSbF¢, with an ethyl acetate
solution of the salt being gently pipetted onto the pre-formed gel.
The gels showed a response to Ag™ and Li™ by undergoing a
gel-sol transition (Fig. 2), with the gel breaking down from top
to bottom as the salt diffuses through the gel. However the gels
were completely unresponsive to Na* or K* (Fig. 2). The
gel-sol transition with Ag" was far faster (minutes) than with
Li" (hours) indicating a different rate of interaction between the
cation and the gelator fibres. Less Ag " (ca. 12 mM) was required
to break down the gel than Li* (ca. 90 mM). From this
preliminary experiment we concluded that gelator Gl-ene
exhibits an Ag™/Li™-selective gel-sol response with enhanced
response towards Ag". The anions were chosen for reasons of
availability/solubility, but the choice of PFs~ or SbF ", which are
analogous to one another, appeared to have no impact on gelation.

To investigate the mechanism of cation response on the mole-
cular scale, these samples were dried under vacuum. The residual
solids in the presence of cations were analysed by ATR-FTIR and
the resulting spectra compared to that of the pure xerogel of G1-ene
(Fig. 3 and ESIY). Bands at 993 and 910 cm™' were assigned as
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Fig. 1 Gelators synthesized and studied in this paper.
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Gel AgSbF; LiPF; NaPF; KSbFg

Fig. 2 Response of gels of Gl-ene in ethyl acetate to solutions of
metal salts. All gels are 3 mM, salt solutions are 90 mM, except for
AgSbF¢ which is 30 mM.

alkene bends and bands at 1633 cm™" and 1535 cm™' as the
carbonyl and amide II stretch. On addition of AgSbF¢, both
alkene bends disappeared and a new band at 949 cm™! was
visible, consistent with the formation of an Ag " —alkene bond
(Fig. 3)."® The carbonyl stretch at 1633 cm™! and amide II
band at 1535 cm ™! were also shifted, to 1628 and 1547 cm™".
This weakening of C=O and strengthening of amide II
(C=N) is indicative of some metal ion binding to the C=0
group. The peak at 650 cm ™' corresponds to the SbFg anion.
Importantly, the addition of LiPF¢ (see ESIf) caused no
significant change in the alkene bands but did induce a similar
shift of the carbonyl and amide II bands as AgSbFg, indicative
of C=O0---Li" interactions. When the xerogels of G1-ene with
NaPF4 and KSbF¢ were examined, there was no significant
shift in the carbonyl, amide II or alkene bands, suggesting there
was no interaction between these cations and gelator G1-ene.

NMR was then used to further characterise the metal binding.
Gels of G1-ene were NMR silent owing to the immobility of the
molecules within the gel fibres on the NMR timescale. Further-
more, the solubility of Gl-ene in other solvents was generally
poor. For these reasons, a soluble, small molecule analogue,
1-ene, was synthesized (Fig. 4). This represents a fragment of
Gl-ene and contains both the amide and alkene groups.
Crucially, its enhanced solubility allowed us to probe its
interactions with metal ions by NMR methods.

In an initial experiment, two equivalents of each salt were
added to a solution of 1-ene in ethyl acetate and analysed by
13C NMR (Fig. 5). The spectrum in the presence of Ag™ had
significant chemical shift perturbations on both the alkene and
the amide functional groups, indicating that this cation bound
to both the amide and alkene in solution. The addition of Li ™
perturbed the amide, and led to peak broadening around
this peak, which may indicate kinetically slow binding on
the NMR timescale, but there was no perturbation of the
alkene resonances, indicating no interaction with this group.
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Fig. 3 ATR-FTIR spectra from Gl-ene xerogel (bottom) and
G1-ene/AgSbF¢ xerogel (top).
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Fig. 4 Model compounds used for the NMR solution-phase studies.

Neither Na™ nor K" led to significant perturbations of the
NMR spectrum, indicating they do not interact significantly
with 1-ene. In this way, the NMR was in agreement with IR
studies of G1-ene described above.

It was plausible that cation complexation to C—0O was
responsible for gel breakdown. This is a sensible hypothesis
as the gel network is underpinned by intermolecular hydrogen
bond interactions between the amide (CONH) groups. We
therefore synthesised gelator G1-ane (Fig. 1), to allow us to
determine whether the alkene was playing any active role.
Gelator G1-ane maintains the bolaform gelator structure, and
the hydrogen bonding molecular recognition pathways, but
lacks the peripheral alkenes (see ESIT). Gels of G1-ane in ethyl
acetate were made and treated with the metal salts in exactly
the same way as gelator G1-ene. The gels were still responsive
to Li* and still unresponsive to Na™ and K. However, the
gels of Gl-ane were completely unresponsive to Ag™. This
suggests that the Ag " —alkene interaction must play a vital role
in enabling the rapid response of Gl-ene to Ag™.

13C NMR titration experiments were employed to observe
how the presence of the alkene affects the binding of Ag™ to
the amide and vice versa. The binding of AgSbF¢ to three
compounds (1-ene, 1-ane and Octene) (Fig. 4) was studied.
Firstly, a Job plot analysis of each compound was carried out
(for data see ESIT). When following the alkene resonance for
1-ene or Octene the stoichiometry appeared as predominantly
1:1 (with a small contribution from 1:2 M:L). However,
when following the C—=O0 resonance of 1-ene or 1-ane, a very
broad Job plot indicating a mix of 1:4, 1:3 and 1:2 complexes
was observed. A '>C NMR titration of each compound with
AgSbFg was then carried out (see ESIY). Stability constants were
fitted for the alkene carbon resonances with WinEQNMR2'"
using a 1: 1 stoichiometry, giving logK values of 1.8 for 1-ene and
1.4 for Octene (both 15% error), with the chemical shift changes
being almost identical. The presence of the amide group in 1-ene
therefore appears to have only a small effect on the interaction
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Fig. 5 Change in chemical shift caused to carbonyl and alkene
carbon resonances by addition of two equivalents of each metal salt.
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Fig. 6 '3C NMR spectra of Gl-ene gel in ethyl acetate, and of the gel
sample after the addition of AgSbPF¢ or LiPFg.
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between the alkene and Ag", with the binding curves being
almost superimposable. Reliable stability constants for amide
(C=0) binding to the metal ion could not be fitted to the data,
due to the ill-defined complex stoichiometry—however, the
binding curves for 1-ene and 1-ane indicated that C—0O was
affected by Ag™ in roughly the same way for both compounds—
compound 1-ene reached saturation slightly more slowly than
1-ane which would indicate that binding of Ag™ to the alkene of
1-ene occurs prior to C—O binding. These data indicate that in
the solution phase, the binding of the alkene and the amide to
Ag™ can both occur. For the binding of 1-ene to Ag" ions, we
therefore propose that (i) the alkene acts as the primary binding
site (ca. 1:1 binding) as in Octene and, (ii) an ill-defined number
of C=O0 groups can then bind weakly to the alkene-bound Ag™.
In the gel-phase, it is clear from the different responses of G1-ene
and Gl-ane, that the primary interaction between the alkene
group and Ag™ must lie at the heart of the sensory response.

To finally test the mechanism of cation-induced gel break-
down, we used '*C NMR to monitor the samples. In the native
gel of Gl-ene in ethyl acetate, the resonances associated with
the gelator are broadened as the gelator is immobilised within
the gel fibres. When either AgSbF¢ or LiPF¢ was added to the
gel, however, the sample showed '>*C NMR gelator peaks as
the gelator became mobile (Fig. 6). Importantly, the resulting
chemical shifts closely resemble the chemical shifts of 1-ene
when bound to either Ag™ or Li*—with the distinctive upfield
shifts of the alkene '*C resonances associated with the formation
of Ag " —alkene interactions being clearly observed. This proves
the cations complex to Gl-ene in the proposed manner, which
leads to the gel-sol conversion.

In conclusion, this study has shown that the Ag " —alkene
interaction is essential for the response of G1-ene to AgSbF.
This is demonstrated by G1-ane, which is unable to respond to
Ag™ but still able to respond to Li™. There is no response of
any of these gels to larger, less charge dense Group 1 metal
ions such as Na™ and K™, and we propose that the selectivity
amongst Group 1 metals is mediated by the higher charge
density of Li™, meaning it is a stronger binder to C=0 than

Na™ or K*. We suggest that the response to Ag " seen in gels
of Gl-ene is caused by repulsive electrostatic repulsions
between alkene-bound Ag™ ions, although we cannot rule
out the hypothesis that binding to the alkenes subsequently
allows Ag™" to interact better with the C=0 groups within the
gel fibres, hence disrupting them. In summary, this is the first
example in which Ag ™ -alkene interactions play a vital role in
mediating a response in soft matter systems, providing funda-
mental insight into the nature of this interaction and acting as
a step on the way to development of heavy-metal-responsive
materials.

We acknowledge EPSRC and University of York for
funding.
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