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f a supramolecular gel based on
a Zn(II)–salophen bis-dipeptide derivative†

Martina Piccinno,ab César A. Angulo-Pachón,c Pablo Ballester,*bd Beatriu Escuder*c

and Antonella Dalla Cort*a
We report the rational design and synthesis of a supramolecular

gelator based on a Zn(II)–salophen derivative functionalized with L-

valine residues. This compound is able to gelate acetonitrile by self-

assembly into helical long fibers that further aggregate into bundles.

The fibers are stabilized by a network of hydrogen bonds and p–p

stacking interactions established by gelator units stacked one on the

top of another. The gel is responsive to the presence of anions.

Moreover the zinc center remains available for the coordination of an

external guest without causing gel disruption.
The eld of low-molecular-weight gelators (LMWGs) that self-
assemble through specic non-covalent interactions has
increased enormously in the last decade.1–6 At its early stages,
gels were found by serendipity. Nowadays, thanks to the prog-
ress in the supramolecular self-assembly processes, there is
a deeper understanding of the structural features that control
the gelation event allowing the rational design of newmolecular
gelators.1,7,8 As a step forward, driven by the increasing number
of applications of these so materials,9–13 research efforts have
been devoted to the modication of the molecular structure of
the gelator to introduce specic functionalities able to promote
responses to physical or chemical external stimuli.14–20

Zn(II)–salophen complexes are a popular class of compounds
used in supramolecular chemistry. Salophen ligands are easily
obtained through the condensation of o-phenylendiamine with
two equivalents of salicylaldehyde. They strongly coordinate to
one zinc(II) metal centre forming thermodynamically stable
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vanced Studies (ICREA), Passeig Llúıs
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complexes. The possibility of functionalizing any of the starting
building blocks, i.e. the amine and the salicylaldehyde provides
easy access to a wide variety of metal–salophen derivatives in
which the role of the metal coordination geometry is funda-
mental for the properties of the complex. In the case of zinc(II),
the metal centre typically features a distorted square pyramid
coordination geometry, the square-planar base is dened by the
four N2O2-donor atoms, while the axial position is generally
occupied by solvent molecules or other guests, neutral or
anionic, having electron-rich atoms.

Indeed, the ability of Zn(II)–salophens to form thermody-
namically highly stable complexes with amines and anions is
well documented in the literature.21–26 In the absence of external
guests or electron-donating solvents, the Lewis acidic zinc metal
centre saturates its penta-coordinated sphere upon binding
with the phenolic oxygen atom of another salophen molecule
forming thermodynamically highly stable dimers and oligo-
mers that further self-assemble into nanobers.27–29

Herein we report the design, synthesis and gelation studies of
an unprecedented supramolecular gelator, 1, based on a Zn(II)–
salophen derivative, symmetrically functionalized with two diver-
gent residues comprising L-valine dimers. We also describe the
behaviour of the supramolecular gel derived from the self-
assembly of 1 in the presence of anionic guests and amines (Fig. 1).

The convergent synthesis of 1 involved the initial copper
catalysed cycloaddition reaction (click reaction) between
Fig. 1 Line drawing structure of gelator 1.
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5-ethynyl-2-hydroxybenzaldehyde and the azide derivative of the
Z-Val-Val residue (Fig. 1). Zn(II)–salophen 1 was obtained
uneventfully using standard reaction conditions and the previ-
ously prepared Val-fuctionalized-2-hydroxybenzaldehyde II (see
ESI† for details).

Compound 1 was fully characterized using 1- and 2-D NMR
techniques, as well as high-resolution mass spectrometry. With
respect to solubility, 1 did not dissolve in non-polar organic
solvents but it was soluble in DMSO and DMF.

Therefore, in order to study the gelation ability of 1, we
prepared a concentrated stock solution in DMSO ([1] ¼ 20 mg
mL�1) and used it as source of the putative gelator. We tested
the gelation properties of 1 using a wide variety of organic
solvents. Remarkably, only acetonitrile was gelled when added
to a solution of 1 in DMSO. Indeed, the addition of 250 ml of
acetonitrile to 50 ml of the stock DMSO solution containing 1
caused instantaneous gelation of the solvent without the need
of sonication or heating.

The aggregation of 1 was evidenced both in solution and in
the gas phase. The analysis of the gel using MALDI-MS showed
the presence of an ion peak at the m/z ratio corresponding to
[1$H]+. The isotopic pattern observed for the ion peak was in
complete agreement with the theoretical one. In addition, ion
peaks corresponding to aggregates of 1 containing up to ve
monomers were also observed in the MS spectrum (Fig. S8 and
S9, ESI†). Dynamic light scattering (DLS) measurements indi-
cated the presence of particles with sizes in the range of 180–200
nm (Fig. S10, ESI†). Notably, when the experiment was repeated
using an acetonitrile containing 20% of DMSO, the DLS analysis
indicated the disappearance of the above mentioned size bands
supporting the complete disruption of the aggregates of 1.

The 1H-NMR spectrum of the gel (4 mg mL�1) in ACN-d3/
DMSO-d6 5 : 1, showed broad signals for the protons of 1 sug-
gesting a certain degree of aggregation for the compound under
these conditions. We performed variable temperature 1H-NMR
experiments in the range of 298–353 K using the above
Fig. 2 Selected region of the 1H-NMR of 1 in DMSO-d6, upon addition
of 0, 100, 200, 300, 400 ml of ACN-d3 (bottom to top). Red, green and
blue dots highlight the three amidic hydrogens of the Z-Val-Val
fragment.

This journal is © The Royal Society of Chemistry 2016
solution (Fig. S7, ESI†). The increase in temperature caused the
sharpening of the broad signals. At 353 K, the 1H-NMR spec-
trum showed well dened and sharp proton signals that were
almost identical to those observed in the spectrum for Zn(II)–
salophen 1 in DMSO solution, where the compound exists in
solution as a monomer. These results clearly indicate that the
aggregation process of 1 was solvent and temperature
dependent.

Further insight into the solvent dependent aggregation
process was provided by adding incremental amounts of
acetonitrile to a 4 mM DMSO-d6 solution of 1. The process was
monitored by 1H-NMR spectroscopy (Fig. 2). The addition of
incremental quantities of ACN-d3 caused broadening of the
proton signals. This was especially evident in the aromatic
region of the spectra. Moreover, the amide NH protons shied
downeld (0.1–0.2 ppm) as previously reported for L-valine
gelators.7 Taken together, these observations suggested that the
acetonitrile-dependent aggregation process of 1 was driven by
the formation of hydrogen bond interactions between the
L-valine residues.

In order to gain some insight into the morphological prop-
erties of the gel, we carried out a transmission electron
microscopy (TEM) analysis (Fig. 3). The TEM images revealed
the existence of bundles of twisted bers that grew from
nucleation points. The bundles dimensions are in agreement
with the particle size determined by the DLS analysis. A closer
look to the obtained images allowed us to determine that the
twisted bers forming the bundles were approximately 20 nm in
width. Although it was difficult to assign unambiguously the
sense of the twist, the observation of bres with helicoidal
structure supported a transfer of the point chirality present in
the molecular component 1 to that of the assembled supra-
molecular material. On the other hand, the good contrast seen
for the assembled objects without the need of any additional
staining or shadowing suggested a homogeneous distribution
of the zinc atoms in the helical bers.

As mentioned previously, Zn(II)–salophens are good recep-
tors for amines and anions.30 Hence, we also tested the gelation
behaviour of 1 in the presence of well-known Zn(II)–salophen
guests (Table 1). When one equivalent of the halide, as
Fig. 3 TEM images of the xerogel of 1.
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Fig. 4 Energy minimized structure (MM3) of the tetramer of 1.35
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tetrabutylammonium salt, was present in solution, the gel was
still obtained. However, we observed that the decrease in
concentration of gelator 1 produced weaker gels. In fact for
concentrations of 1 below 3 mg mL�1 the gel survived only in
the presence of one equivalent of iodide. Under similar condi-
tions, with added one equivalent of chloride and bromide the
obtained gel was unstable to the tube inversion test. Remark-
ably, the use of uoride completely prevented the gel formation.
These results can be rationalized in terms of anion basicity.
Amide NHs are good hydrogen-bond donors and are widely
exploited as binding sites for anion recognition (ion–dipole
interaction). Fluoride, the most basic halide in the series, is the
most effective in preventing gel formation by interfering with
the hydrogen bond network that stabilizes it. The interaction of
uoride with amide NHs may even led to deprotonation.31

The gel was also formed in the presence of dihydrogen
phosphate and benzoate anions. In contrast, in the presence of
acetate the formed aggregates did not resist to the tube inver-
sion test. These results further indicate the crucial role played
by anion's basicity. The incorporation of amines (one equiva-
lent) rendered very different results for the gel formation.
Ditopic diamines like 1,4-diazabicyclo[2.2.2]octane (DABCO)
and 4,40-bipyridine did not inhibit the gel formation. Even
a monotopic and very basic amine like quinuclidine was inef-
fective in preventing gel formation. Surprisingly, the presence
of pyridine in solution prevented the gelation properties of 1.
Clearly the obtained results cannot be rationalized in terms of
basicity, quinuclidine is the most basic amine in the series and
did not inhibit gel formation. We hypothesize that pyridine,
owing to its planar structure that allows its effective intercala-
tion between the aromatic surfaces of the salophen units, can
prevent gel formation. In turn, this process will decrease the
extent of the p–p stacking interactions, weakening the ther-
modynamic stability of the gel.32

All together, the obtained results for the experiments of gel
formation in the presence of added guest shed some light on
the main intermolecular interactions involved in its formation.
The intermolecular hydrogen bonds established between the
L-valine residues of monomers 1 located one on top of another
must play a fundamental role in gel formation. The
Table 1 Gelation ability of 1 (c ¼ 3 mg mL�1 in CH3CN/DMSO 5 : 1) in
the presence of one equivalent of external guests

Guest Gel

F� Yesa

Cl� Yesa

Br� Yesa

I� Yes
AcO� No
H2PO4

� Yes
Benzoate Yes
Quinuclidine Yes
DABCO Yes
Pyridine No
4,40-bipyridine Yes

a Decreasing the concentration of 1 the gel did not form.
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intermolecular p–p stacking interactions present in the
columnar arrangement of monomers of 1 must also be taken
into consideration. In addition, previous reports have demon-
strated the ability of Zn(II)–salophens to aggregate into gels and
nanobers through Zn/O interactions occurring between
adjacent Zn(II)–salophen units in a columnar stack.28,29,33,34 Also
in the case at hand, simple molecular modelling studies sug-
gested the possible existence of such interactions (Fig. 4).

We assume that the latter Zn/O interactions play a minor
role in the thermodynamic stabilization of the gel. In this sense,
we have shown above that the presence of certain external
amines able to axially coordinate to the zinc metal center (e.g.
quinuclidine) did not prevent gel formation.

The absorption spectrum of the gel derived from Zn(II)–sal-
ophen 1 was registered in the range 250–600 nm (Fig. 5). It
closely resembled the absorption prole of Zn(II)–salophen
derivatives, with a broad absorption band centred at 420 nm.21

The extinction coefficient value (3) of 1 in the gel was one order
of magnitude smaller than that of Zn(II)–salophen derivatives in
solution. Remarkably, the presence of one equivalent of DABCO
caused an increase of absorbance along with a red shi in the
400–450 nm region (Fig. 5, blue line). The red shi of the band
is the expected behaviour for the axial coordination of tertiary
amines to Zn(II)–salophens.21

This observation indicated that the chemosensing properties
of Zn(II)–salophens are not restricted to solution, but can be also
exploited in the gel phase.

In conclusion we report the preparation of an unprecedented
Zn(II)–salophen, 1, functionalized with bis-L-valine residues.
Fig. 5 UV-Vis spectrum of 1 (3 mg mL�1 in CH3CN/DMSO 5 : 1) (red)
and 1 + one equivalent of DABCO (blue) in the inset: the gel of 1 +
DABCO in a 1 mm pathlength quartz cuvette.
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Compound 1 is an effective gelator of acetonitrile solutions. The
aggregation process of 1 yielding columnar-like bers is mainly
promoted by intermolecular hydrogen bonding between the NH
groups of its bis-L-valine residues. The existence of p–p stacking
interactions between the salophen monomers stacked one on
the top of another may also be relevant for the thermodynamic
stabilization of the gel. Conversely, the Zn/O interactions that
can be formed between adjacent monomers of 1 in the
columnar stack are not very relevant. The presence of anionic
guests in solution prevented gel formation. The basicity of the
anion can be related to its efficiency in interfering with the
hydrogen bonding network established by the L-valine residues.
The presence of amines in solution had a reduced effect on gel
stability. Only pyridine inhibits gel formation and, according to
our hypothesis, this happens because pyridine is the only tested
amine able to compete, through insertion between layers, with
the p–p stacking interactions established between the aromatic
surfaces of the salophen units.

We also demonstrated that DABCO can bind to the zinc
metal center of 1 in the gel phase without disrupting it. The
axial coordination event can be followed by UV-Vis spectros-
copy. This result indicated that gel formation in the case of 1 is
not signicantly promoted by intermolecular Zn/O interac-
tions between Zn(II)–salophen units as was previously reported
in related derivatives.28,29,33,34 We believe that the described
results open new routes for the use of Zn(II)–salophen units in
the construction of guest-responsive gels.
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