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Disruption of a tautomeric equilibrium by coordination self-assembly
depends upon a delicate interplay between supramolecular interac-
tions but has not been studied for supramolecular polymers in two
dimensions at the solid-liquid interface. Presented herein is the
description of a functionalized molecular module which in DMSO
solution generates a highly compact dynamic aggregate in its lactam
(amide) form that undergoes reaction with Zn(i) ion to give a ML,-
type complex in which one lactam unit on each ligand has been
converted to its iminol form, enabling bidentate binding also involving
pyrimidine-N. These solution measurements, as well as a study by
scanning tunneling microscopy at the liquid/graphite interface,
corroborated by density functional studies, have revealed how the
tautomeric equilibrium can be modulated by the addition of a metal salt.

Supramolecular assemblies based on noncovalent bonds are
reversible and sensitive to environment, entailing adaptivity
and stimuli-responsiveness that can be employed to achieve
desired topology and/or functionality."” Of the numerous stimuli
which have been used to displace dynamic equilibria,>® metal
ions are amongst the most versatile, since their actual influence
can vary greatly, depending upon the particular choice.’® Very
simple, long-known examples of their varying preferences for
interaction sites are provided by the complexes of transition
metals with ambidentate ligands''™ such as thiocyanate and
nitrite ions, although more interesting cases arise with the
coordination of primary amides, RCONHR’."*"" In their neutral
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form, such amides behave as O-donor species but the enhance-
ment of acidity due to their coordination results in their ready
deprotonation followed by rearrangement to the N-bound anion,
subsequent reacidification leading, at least in the case of
kinetically inert Co(m),"® to a complex of the tautomeric iminol
form of the neutral ligand.

Similar cases of metal ion binding leading to displacement
of a tautomeric equilibrium have been seen in uranyl ion
complexes of amidoximes, where the ligand is bound in its
neutral but zwitterionic form obtained by proton transfer from
O to oxime-N."*?° Somewhat surprisingly therefore, these principles
have not been explored for more complex dynamic aggregates in
solution and in two dimensions on a flat surface, even though
structurally distinct supramolecular assemblies can be effi-
ciently studied in submolecular detail with scanning probe
techniques.*"*?

In seeking to explore enhancement of metal ion effects on a
tautomeric equilibrium, we have examined the coordination
behavior of the 2-pyridone-derived ligand H,L (Fig. 1), where
the additional pyrimidine-N coordination sites adjacent to the
amide unit were expected to favor action as a bis(bidentate)
species with the amide units converted to their iminol form,
thus making the bidentate unit a 2,2'-bipyridine derivative.
Both theoretical and experimental studies of 2-pyridone itself
have shown that its lactam and iminol forms do not differ
greatly in energy, so that the position of the equilibrium
between them is readily displaced.”®** The ligand (H,L) was
prepared in three steps, following a previously reported
procedure.”® The molecule is insoluble in the most commonly
used solvents except for dimethyl sulfoxide (DMSO). While it
would appear possible that H,L could adopt a multitude of
different forms (for other possible tautomeric forms for ligand
H,L and coordination modes see Fig. S1 and S2 in the ESIf),
previous study®® by 'H NMR spectroscopy of the molecule in
DMSO solution and by STM when adsorbed (from 1,2,4-
trichlorobenzene) on graphite, has shown only the form presented
in Fig. 1 to be involved. Features of the ambient-temperature
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MULTI-STIMULUS-RESPONSIVE SWITCHING

H-BOND INDUCED
SELF-ASSEMBLY

\3 COORDINATION INDUCED
AMIDE-IMINOL SWITCHING

COMPLEX
[Zn(HaL")(BF,),

Fig. 1 Schematic representation of the metal-ion coordination induced
supramolecular transformation between organic dynamer and Zn-based
ML, type complex.

'H NMR spectroscopy in DMSO (Fig. 2a), not previously com-
mented on, are that the peaks are all rather broad and that the
NH resonance appears at a rather low field (11.5 ppm) indicating
its involvement in H-bonding interactions.

Since intramolecular H-bonding is not possible for the
conformer shown in Fig. 1, this is taken as evidence that
supramolecular aggregation due primarily to N-H---O type
hydrogen bonding, to some extent analogous to that seen on
graphite, must also occur in solution.

In contrast, the '"H NMR spectrum in DMSO-dg, of the
O-methylated analogue of H,L, which cannot form hydrogen-
bonded structures and can exists only in pseudo-iminol form, is
markedly different and appears as sharp, well-resolved proton
signals expected for the monomeric structures containing two
methoxypyridine units (see Fig. S3 in the ESI{). Moreover,
MALDI mass spectrometry provided further evidence for the
presence of H,L-based supramolecular H-bonded aggregates
(Fig. 3a), while only the monomer signal was observed for the
reference O-methylated component (see Fig. S4 in the ESIT).

Interestingly, when, as part of the present work, the DMSO
solution was titrated with aqueous HCI to see if protonation
might disrupt this aggregation, the spectrum remained essentially
unchanged except for the disappearance of the NH signal (Fig. S5,
in the ESIt). The lack of evidence of protonation is unsurprising
given the weak basicity of both pyrimidine and amide units
but the loss of the NH peak could be explained as a result
of an acid-catalyzed exchange process passing through the
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iminol (hydroxypyridine) tautomer of H,L as an intermediate
(Fig. S6 in the ESIT), thus being evidence that this form should
be attainable and justifying efforts to explore the effects of
metal ion coordination.

While it is known that different metal ions can favour
binding of either tautomer of an amide ligand,"””*® Zn(u), in
particular has been shown to favour the iminol form.

The diamagnetic nature of Zn(n) renders '"H NMR spectro-
scopy a particularly convenient way of following its complex
formation. Addition of Zn(BF,), to a solution of H,L in DMSO-
ds produced no immediate change in the 'H NMR spectrum but
on prolonged reaction (48 hours) at a high temperature, peaks,
in particular two broad resonances at ¢ 11.3 and 11.8, attributable
to a new species became evident (Fig. S7 in the ESI}). Assuming
that the slowness of the reaction was due to the limited ability of
the neutral, amide-form ligand to compete with DMSO for coordi-
nation to Zn(u), an alternative means of bringing the two species
into contact was sought.

The NH acidity of primary amides is well-known, the pK, of
2-pyridone itself in DMSO being 17,>” and an anionic ligand
should of course interact more strongly with a cation than it
would with its neutral parent. Even more significantly, there is
an extensive known coordination chemistry of amide-derived
anions which shows that the form of their complexes is usually
closer to what would be expected for an iminolate than an
amidate.”””® Reaction of H,L with 2 molar equivalents of
NaOH in DMSO-ds provided a deep yellow solution giving a
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Fig. 2 H NMR (600 MHz) spectra at ambient temperature of: (a) fully
organic dynamer HaL; (b) L%~ in form of disodium salt; (c) [Zn(H5L')51(BF4)»
in DMSO-de.
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Fig. 3 Simulated and experimental MALDI-MS signals of: (a) H,L and
(b) complex [Zn(HaL)51(BF4)5.

"H NMR spectrum with very well resolved peaks consistent with
the formation of the presumably largely dissociated disodium
complex (Fig. 2b). Addition of 0.5 molar equivalent of Zn(BF,),
to this solution resulted in drastic broadening of all peaks,
indicating rather strong interaction, and careful addition of 2
molar equivalents of HCI then led to the emergence of two
broad resonances as seen in the first experiment (Fig. 2c).
Assignment of one of these resonances as due to the NH of
the uncoordinated amide unit and the other as OH of the
bound iminol unit is completely consistent with the structure
shown in Fig. 2, although we have not been able to establish
which is which.

Repetition of the second experiment on a preparative scale
and addition of methanol and diethyl ether to the final solution
led to the isolation of [Zn(H,L'),](BF,), in the form of yellow
powder.

Since a 2,2’-bipyridine-like ligand should be weakly basic
and Zn(u) complexes are generally labile, we reasoned that
release of the ligand from [Zn(H,L'),](BF,), should occur on
further addition of acid. Consistent with this expectation, an
"H NMR titration of [Zn(H,L'),](BF,), with acid (0.06 M HCI, in
H,0/DMSO-d,) revealed, after addition of 1 equivalent, that the
spectrum of dynamer H,L was regenerated (see ESI,} Fig. S13).
Since chloride ion is poorly solvated in DMSO, formation of
chloro complexes may have assisted this reaction also.

Since in DMSO solution, [Zn(H,L'),](BF,), has a rather
dynamic nature, we decided to examine fluorescence of both
H,L and [Zn(H,L'),](BF,), in solid state. These measurements
show that described system is photo-responsive, which opens
several avenues towards their application in various technological
fields. As shown in Fig. 4, after excitation at 468 nm, the emission
spectrum of H,L shows a broad band with its maximum at
555 nm, while in the emission spectrum of [Zn(H,L'),](BF,), there
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Fig. 4 Emission spectra of HoL and [Zn(H,L'),l(BF,4), in the solid state,
together with photographs made under UV light (254 nm).

is a notable shift in the band maximum = 578 nm (for absorbance
spectra see ESLT Fig. S12).

The difference in fluorescence under excitation at 254 nm is
also visible to the naked eye as a slight difference in colour
(Fig. 4). The observed significant Stokes shifts of 87 nm (H,L)
and 110 nm ([Zn(H,L'),](BF,),) predispose both materials to
application as dynamic fluorescence dyes.

Due to the limited solubility of both H,L and [Zn(H,L'),](BF,)s,
we were not able to obtain a crystal suitable for an X-ray diffraction
measurement, even after multiple trials. However, computational
methods are a powerful tool for compound characterization.
Therefore the B3LYP/6-31+G(d,p) molecular geometry optimiza-
tion of H,L together with H,L' and [Zn(H,L'),](BF,), was per-
formed. Additionally, in order to capture the effects of dispersion
interactions, the empirical Grimme GD3 dispersion parameters
were used, supplemented by Becke-Johnson (BJ) damping. The
accuracy of the method was tested by first optimizing H,L, until
results from the literature® were reproduced (Table S3 in the
ESIY). Zn(H,L"),>" was optimized stepwise using the same method.
First H,L' was optimized and based on these results, the structure
of the cation Zn(H,L'),>" was obtained. Ligand molecules coordi-
nate the Zn>" cation in their pyrimidine-pyridine pocket, the Zn
center having the symmetry of a distorted tetrahedron with angles
N(pyr)-Zn-N(pyr) 153°, N(py)-Zn-N(py) 105° and N(pyr)-Zn-N(py)
81.5° and Zn-N(py) and Zn-N(pyr) bond lengths of 2.08 A and
2.01 A, respectively (see ESL} Section II for details).

Intrinsic properties of a molecule can be predicted from the
energy levels of the HOMO and LUMO orbitals. The calcula-
tions showed a symmetrical pattern for the H,L MO, while the
introduction of a metal ion caused a shift of the electron
density in the HOMO towards the metal centre and a displace-
ment of the LUMO to the outer region of the ligand (Table S2 in
the ESIt). It has been previously shown, that H,L forms both 2D
arrays and helical polymer chains at a solid-liquid interface.*®
Fig. 5a presents the STM image of a helical dynamer H,L drop-
casted onto HOPG, heated up and imaged at room temperature.
The measured period of the model structure is ~25 nm - in
agreement with the experimental value. In addition to helical
structures, we also observed 2D molecular arrays shown in Fig. 5d,
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Fig. 5 (a) STMimage of a helical dynamer with model arranged on top of it.
Image size: 20 x 20 nm?; Vsample = +0.6 V; It = 0.1 nA; (b) chemical structure
of HoL with presented H-bond moatif; (c) model of helical dynamer HaL;
(d) STM image of a 2D array of dynamer with model an arranged on top of it.
Image size: 20 x 20 nm?; Veample = 0.6 V; I+ = 0.1 nA; (e) chemical structure
of HaL with presented H-bond motif; (f) STM image of 2D an array formed by
complex [Zn(HaL'),)(BF4), with a model arranged on top of it. Image size: 20 x
20 nm?; Vsample = 0.6 V; It = 0.1 nA; (g) chemical structure of the cation
Zn(H,L'),>* and its model; (h) zoomed area of STM image shown in (f). Image
size: 5 x 5 nm?; Vsampte = +0.6 V; I+ = 0.1 nA; (i) zoomed area of STM image
with model of LUMO orbitals on top of it. Image size: 5 x 5 nm?; Vsample =
+0.6 V; It = 0.1 nA

which are built from the same molecule H,L but with a
different H-bonding motif (Fig. 5e). Following similar drop-
casting of a solution of complex [Zn(H,L'),](BF,4),, the STM
image revealed a well-ordered molecular array, visible as a 2D
array of dark spots surrounded by bright rings (Fig. 5f). The
measured in-plane lattice parameters of this structure are
~3.6 nm. STM topography fits very well with the calculated
LUMO orbitals of Zn(H,L'),>" (Fig. 5i). The two pyridone
moieties not involved in coordination should still be able to
form H-bonds, regardless of their tautomeric form. This we
consider to be the reason why two molecules of the complex
assemble into toroidal dimer units (Fig. 5), which then form
more extended arrays.

The present work provides a previously unknown example of
the desymmetrisation of a ligand resulting from the metal-ion-
induced tautomerisation of one binding site within an initially
symmetrical organic species. This mode of coordination produces
two different H-bonding sites within the metallosupramolecular
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species, which are both used to provide different forms of
association in the solid state and in solution. Retention of the
amide form of the unbound coordination site is significant factor
in leading to the H-bonding which appears to control the
adsorbed form of the complex on the surface and which reveals
its multifunctionality. Reversible interconversion between organic
dynamer and metallosupramolecular toroidal species is readily
achieved by simple control of metal ion concentration, base and
acid additions and results in the generation of dynamic materials
of distinct fluorescent properties. Thus, we have demonstrated
that simple 2-pyridone derivatives are well suited for the genera-
tion of distinct forms of fluorescent adaptive materials.
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