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Abstract

The presented thesis encompasses a brief summary of current literature discussing the
application of supramolecular interactions in the generation of responsive
supramolecular systems, as well as two reports/publications describing investigations of such
systems. The research was approached interdisciplinary, implementing knowledge from
various fields and techniques typical for organic chemistry and nanotechnology. The highly
interdisciplinary nature of the research conducted within the frame of this thesis meant that
the findings encompassed not only the design and synthesis of organic components and multi-
taceted physicochemical characterization but also the recognition of application possibilities.
The aim of the thesis was to design structures that were tailor-made to deliver the desired type
of response.

The first report (Chapter 2; reprint Al) presents how hydrogen and coordination bonds within
one type of functional group of the same molecule lead to morphologically different
architectures. In both solution and on the surface of HOPG (highly oriented pyrolytic
graphene), molecules of the discussed 2-pyridone derivative in amide tautomeric form
generate complementary hydrogen bonds that allow the molecules to assemble into helical
arrays. The tautomeric equilibrium does, however, shift toward iminol form when the metal
ion (Zn?*) is present, and the molecule forms an ML, type complex, which on the HOPG
surface forms toroidal-shaped, non-covalently bound dimers. The molecule can be used as a
colorimetric test for Zn?* sensing since straightforward spectrophotometric studies revealed
that both helical arrays and the ML, complex have distinct fluorescence responses.
Colorimetric detection of metal ions was a subject of study in Chapter 3 (reprint A2), in which
ligand possessing acylhydrazone coordination pocked was deposited on the surface of
spherical gold nanoparticles and used for detection of Ni?*, Cu?* and Fe3*. The purpose of
this section of the PhD thesis was to demonstrate how coordination interactions can be used
for very effective and quick detection of metal ions. Additionally, our sensor outperforms
similar systems that also operates in organic solvents, with nanomolar detection limits for all

examined ions. We used a nickel-catalyzed Kumada coupling process, used in the production
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of the active pharmaceutical component PDE472, to demonstrate the potential of our sensor.
We evaluated the metal content in post-catalytic organic waste by ICP-MS and our sensor.
Our finding shows that ICP-MS results show comparable value to result obtained from
sensing experiment. However, whilst the process with our sensor only took a few minutes, the
procedure with ICP-MS required pre-treatment of the sample and took several hours or even

an entire day.
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Chapter 1: Introduction

“Dear Colleagne, abandon your idea of large molecules, organic molecules with molecular weights exceeding
5000 do not exist. Purify your products such as rubber, they will crystallize and turn out to be low molecular

weight compounds.”

friendly advice in the early 1920s from H. Wieland to H. Staudinger!-?

When Staudinger’s macromolecular theory was finally accepted and later supported by
Carothers (the first synthesis of nylon3#), the world of science was fascinated by the
development of new high molecular weight polymers, and many researchers made ground-
breaking advances in the field. Conventional polymers mainly consist of long molecular
chains, consisting of low molecular weight monomers, and have been widely used in
contemporary technologies and industries because of their mechanical, thermal, and/or
electronic properties. Nowadays, these polymers are having a great impact on our day-to-day
lives. Their use ranges from food packaging® to advanced drug-release systems®. However, in
such systems, almost all polymers are held together by irreversible covalent bonds, which have
undesired consequences, such as being non-recyclable or being very hard to recycle, which
leads to pollution and causes major negative environmental issues. When external stimuli are
applied, the properties of these materials change and they cannot be further reused. The
continuing demand for materials with divergent but specific properties was the driving force
behind implying principles of supramolecular chemistry in material science. Supramolecular
chemistry, by nature constitutionally dynamic’, enriches the properties of polymeric materials
with dynamic features. Material dynamicity originates from the presence of non-covalent
interactions capable of undergoing formation or cleavage in distinct conditions, therefore
having the capacity to vary in structure by exchange, incorporation, or rearranging of
constituents. Reversible noncovalent interactions allow the development of stimuli-responsive
supramolecular materials at the most fundamental level, and these materials also have the

capacity for recyclability.
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1.1 Types of interactions in supramolecular architectures

In the last three decades, we have witnessed the emergence of so-called smart materials based
on nanocomposites and/or polymers. To correctly define and recognize smart polymers, one
has to keep in mind that the polymer has to be stimuli-responsive, which means to be able to
change macroscopically their structure and properties upon stimulus, but furthermore, after
the stimulus is removed, these transitions have to be reversible and the system returns to its
original state. Transitions that can occur, but are not limited to, are sol-gel transitions, the
formation or disassembly of molecular architectures, and changes in solubility, shape, or
surface characteristics.

It is still a great challenge to design supramolecular architectures with defined structures, and
it is important to understand the interactions responsible for supramolecular polymerization.
It allows the preparation of architecture with desired characteristics imprinted into the
monomer. The driving forces for supramolecular polymerization are typically recognized as
multiple hydrogen bonding, metal-coordination bonds, n-n interactions, and other non-
covalent interactions such as host-guest interactions or hydrophobic effects. In the scope of
this thesis, multiple hydrogen bonding and metal-coordination bonds are relevant and will be

discussed.

1.1.1 Multiple hydrogen bonding

Inspired by DNA base pairing, hydrogen bonding has been extensively used in supramolecular
polymer chemistry. Hydrogen bonds are perfect for building supramolecular architectures
since they combine relatively high strength, which can be tuned with excellent reversibility,
yielding stimuli-responsive behavior.810 What is useful about H-bonds is that they are
directional and complementary. An H-bond donor interacts with an H-bond acceptor, and vice
versa.

The average strength of a single bond is typically insufficient to form a polymer because they
are significantly weaker than ordinary covalent bonds (E = 5-30 kJ/mol). The most efficient
and frequently used method to increase the strength of hydrogen bonds is by using multiple

H-bonds in the formation of the supramolecular arrays, despite a few incredible reports that
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describe supramolecular polymers based on a single hydrogen bond as a result of enhancing
the bond strength by liquid crystallinity or phase separation. It was found (Jorgenson and
Zimmerman) that not only a number but also an order of hydrogen bond donors (D) and
acceptors (A) play a crucial role in enhancing the strength of H-bonds, as illustrated in Scheme
1 below. This phenomenon was explained by the importance of secondary electrostatic
interactions. While in ADA-DAD systems, diagonally opposed sites repel each other,
decreasing the binding constant, in AAD-DAA complexes, attractive electrostatic interactions

play a role, increasing the binding constant severalfold.!!

ADA-DAD DAA-ADD

O Swm KY

H
R~ | HL
o.. N/ N Sugar”

o A t»
N N N “H. )\
| Et

1 H 2

Ky =102 M"" Ky =10%- 105 M

Scheme 1 Example of triple-hydrogen-bonding arrays and their binding constant.

According to the Gulliver principle, to prepare a highly stable supramolecular assembly, the
next step is to increase the number of H-bonds within the binding motifs.!>14 A nice example
of a rigid binding motif that consists of eight hydrogen bonds was developed by the group
Zimmerman.!'> This ureido-naphthyridine dimer 3 presents a self-complementary
AADDAADD H-bond acceptor and donor pattern. Dimerization via eight hydrogen bonds
occurs, in chloroform, as demonstrated by concentration-dependent NMR experiments. The
'H NMR spectrum was unchanged in a concentration range of 423 uM to 13.5 mM in 10%
DMSO in CDCIs. A dimerization constant of K, = 4.5 X 10> M~! was set as a lower limit.
However, when DMSO content was increased to 20%, K, dropped dramatically to a value of
40 M1, which demonstrates the substantial effect of the polarity of the solvent on the self-
assembly of H-bonded complexes. In high-DMSO-content solutions and in pure DMSO, no
dimerization occurs. The same was observed for protic solvents such as MeOH or water. This
fact can also be an advantage since, as an illustrative example, it shows that K, and, by all

means, the strength of the hydrogen bond can be easily modulated by the polarity of the
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Scheme 2 Left: Self-complementary eight-fold hydrogen bonding pattern of dimer 3 and its dimerization
constant (R1 = CsH4O(CH2)C¢H3(Bu)2); Right: Self-complementary ten-fold hydrogen bonding pattern of
dimer 4 and its dimerization constant (R2 = N-morpholinyl; R = 4-decyloxybenzyl).

solvent. Conveniently, exact polarity can be achieved simply by mixing less and more polar
solvents in defined proportions. An example of other factors affecting K, was provided by
Krische group who introduced duplex oligomers based on oligo aminotriazines. These flexible
oligomers are built up from smaller subunits with a distinct H-bond pattern.’6 Trimer
4 (Scheme 2) is formed by ten hydrogen bonds between the oligomers and has an association
constant of 6.9 X 108 M1 in 1,2-dichloroethane. Surprisingly, when a tetramer is formed by
fourteen hydrogen bonds, the association constant is extremely low, only K, = 1.1 X 103 M.
The value is practically smaller than when the dimer is formed by only six H-bonds (KK, = 2.3
X 10°M1). This is due to intramolecular self-folding in the tetrameric strand, which competes
with the self-assembly, showing how much the internal structure of the monomer affects the
strength of the H-bonds forming the supramolecular assembly, not only the sequence and
number of the hydrogen bond donors and acceptors.

Factors that influence the stability, morphology, or length of the arrays of the supramolecular
structures based on hydrogen bonds, depends on the exact structure of the monomer unit.
Other external factors that affect the self-assembly process include temperature,
concentration, light, presence of metal ion and others. The interplay of factors influencing the
assembly results in complete control over the architecture, which may play distinct functions

and have different properties/morphologies in different environment.
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1.1.2 Supramolecular architectures based on H-bonds

Aromatic amides such as naphthalenediimides (NDIs) and benzene-1,3,5-tricarboxamides
(BTAs) are highly investigated compounds because of their distinctive behaviour in different
environments and intriguing properties. In 2007, Pantos et al.'” (Sanders group) reported the

unique behaviour of amino acid-decorated NDI 5, see Figure 1.

O O O
HO O STr
N N
TrS O OH
6} o0

Figure 1 Left: molecular structure of 5!7; Right: Side and top views of the hydrogen-bonded nanotubular
structure formed by 5. Most of the hydrogen atoms and solvent molecules have been removed for clarity.
Partially reprinted from Ref. 17 with permission from Wiley-VCH GmbH.

The free carboxylic groups in compound 5 formed a linear network of hydrogen bonds, which
resulted in a tubular structure with an inner cavity lined by these interactions, as demonstrated
by the X-ray structure of the compound. Circular dichroism showed that solid-state structure
is interestingly preserved in chloroform solution. Above 300 nm, CD measurements showed
a substantial cotton effect, which is consistent with the NDI core’s UV/Vis absorption. The
formation of a chiral supramolecular structure, similar to that seen in the solid state, in which
NDI cores are organised in helical matter carrying M-chirality, has

been suggested as the explanation for the cotton effect. The same group reported in the same
year that these supramolecular polymers do not exhibit any n-n stacking between the NDI
cores, indicating that these electrons are still free to interact with aromatic compounds. In this
report!8, authors describe filling the cavity of the nanotubes with Ceo fullerene. It is also
important to note that a number of other L-, D-amino acid derivatives of 5 were synthesised
and demonstrated the same behaviour.

BTA derivatives form non-covalent helical architectures in apolar solvents via 3-fold
intermolecular hydrogen-bonding interactions, which are reinforced by additional n-n

stacking.!® When present in a more polar solvent, or when the ester moiety is in close proximity

16 | Page



¢ Introduction

to the BTA core, dimers are formed?0-21, and if the carboxylic group is present in relatively
close proximity to the BT'A core, octameric capsules?? are present in the solution. As already
mentioned, BTA self-assembles in apolar organic solvents, although there are several
interesting reports of BTA columnar assemblies in water.?3-?> Bochicchio et al. reported the
effect of concentration on the self-assembly of BT'A derivative in water.?¢ The complexity of
the assembly largely increases in water; therefore, simulations have been used as a useful tool
to gain molecular-level insight into supramolecular polymers in various media, including water.
The responsive character of polymeric arrays also formed in water by structurally complex
BTA monomers was described by Fuentes et al.?” The authors report the responsiveness of a
linear, fibrous supramolecular polymer formed predominantly by multiple hydrogen bonds
and m-stacks and stabilized by hydrophobic interactions. As can be seen in Scheme 3,
monomer 6 consists of a BTA core, an azobenzene moiety at the periphery of the molecule,
a PEG moiety, and (§)-lysine. All particular moieties imprinted specific properties and

responsiveness of self-assembled supramolecular polymer.

HaN"
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©
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Scheme 3 Representation of typical 3-fold intermolecular hydrogen-bonding interactions of BT'A derivatives
forming columnar assemblies. Chemical structure of monomer 6%
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In particular, the BT'A core was responsible for the 3-fold intermolecular hydrogen-bonding
pattern, and azobenzene gave the polymer light responsiveness. Due to the PEG moiety, the
molecule was soluble in water, and (§)-lysine gave the assembly responsiveness to pH and
enhanced water solubility. The above-mentioned polymer disassembled as a response to UV
light due to #rans-to-cis isomerization of the azobenzene moiety. Irradiation caused major
geometric change, which weakened the hydrogen bonding, and prevented effective
overlapping of orbitals of the BT'A core. TEM pictures showed that the number and length
of the fibres increased as the system was heated above room temperature (75 °C). Assembly
into longer arrays was then confirmed by a temperature cycling experiment performed with
SLS. Aggregate 6 can be considered a smart material because this trend can be reversed (as
seen by both TEM and SLS). This unusual temperature-enhanced polymerization was the
result of the combined effect of the azobenzene moiety and PEG chain. The distribution of
trans- and cs-isomers of the azobenzene moiety, is influenced by temperature, favouring the
EEE-isomer, which is more thermodynamically stable. In comparison to isomers containing
Z-azobenzene, this isomer is more likely to aggregate, hence by raising the temperature,
additional aggregation might have taken place. Furthermore, due to the loss of solvating water
molecules, temperature also enhanced the hydrophobicity of PEG, which increased the
driving forces for self-assembly. Based on the pK. values of the carboxylic and amine
functional groups of (§)-lysine, three pH ranges were defined in which the molecule underwent
significant changes. Between pH = 3.9 and 9.6, monomers were zwitterionic, having all three
carboxylate groups and all three ammonium groups, with a net charge of 0. By decreasing pH
to the 2.2 threshold, protonation of carboxylates took place, resulting in an increase in the
positive charge of the molecule, which destabilised the supramolecular polymer and caused
disassembly. On the other end, when the pH has been increased to pH = 12, deprotonation
of ammonium and an increase in negative charge follow. This change of charge has the exact
same effect as increasing the positive charge; thus, disassembly of the aggregate took place
(Figure 2). A careful change of pH thus ensures the specific length of the fibrous polymer as
observed by TEM.
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Monomer response

vis '\B p pH<2, pH>12 ‘b\/g,
— \ —
— S —

w )/? et 7?

NaCl

Figure 2 Schematic representation of the stimuli-responsiveness of the system based on 6. Above, molecular
responsiveness to light and pH. Below, supramolecular responsiveness to light, pH, ionic strength and
temperature. Reprinted with permission from https://pubs.acs.org/doi/10.1021/jacs.0c02067. Copyright ©
2020 American Chemical Society.

A wonderfully unique approach to responsive BT'A materials has had Yano et al. under the
umbrella of the Aida group.?8 BTA derivative was dissolved in liquid crystalline (LC) medium
and columnar assembly formed by BTA directed the organisation of the previously nematic
phase of L.C into columnar. BT'A not only acted as a template but also was included in the
columnar phase of LC forming core-shell structure. This system used for an optoelectrically
rewritable device, exploiting optically and electrically responsive properties.

The AD—DA hydrogen bonding motif of dimers formed by 2-pyridone derivatives has been
known for several decades, but yet, they are still attracting a lot of attention, as witnessed by
numerous studies published till today. Similarly, to NDIs and BTAs, Stoncius et al. (2000)
tried to prepare helical assemblies using the AD—DA hydrogen bonding motif of 2-pyridone®.
The authors prepared Ca-symmetric molecules 7a-c (Scheme 4) with the possibility to
associate end-to-end. Molecular modelling showed that molecule 7a should be able to self-

assemble into helical tubular structures. It suggested that the diameter of this architecture
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should be 12-14 A, enough to host small organic molecules. Nevertheless, 7a was only soluble
in DMF and AcOH, and solid-state studies revealed competitive hydrogen bonds with the
solvent and —NH (pyrol) group of the second 7a molecule. To increase solubility and chance
of preparing helical supramolecules, N-alkyl compounds 7b and 7c¢ were prepared. A
compound with a shorter alkyl group formed infinite supramolecular hydrogen-bonded
networks via four A—D bonds between 2-pyrol moieties, unfortunately without helical
morphology. The most promising molecule in the quest towards helical polymers was 7c. In
solution studies, including 'TH NMR spectroscopy, vapour pressure osmometry (VPO), UV-
Vis, and CD measurements, revealed intermolecular association via the 2-pyridone motif.
Molecules assemble according to an isodesmic model with an association constant of Kg = 77
M1 (311 K, '"H NMR dilution experiment) and 120 M~! (313 K, VPO) and » = 3.7 = 0.3,
which refutes a dimer model. The standard enthalpy of the association process is similar to
the enthalpy of dimerization of 2-pyridone itself, strongly suggesting that only an AD—DA
hydrogen bonding motif is present, leading to helical assemblies, although the authors have

not definitively concluded that this is the case.

R =H:
C4Hg: 7b
CqoHoq:7c

NH
Sii 0
H g Q/:
2 \
7a-c o} 8 NH
Scheme 4 Molecular structure of 72° and 830-31,

Silicon—2-pyridone derivative 8 on the other hand forms doubly interpenetrated highly
ordered supramolecular network3' in which each tecton forms a total of eight AD—DA
hydrogen bonds with neighbouring molecules. Crystal structure shows that approximatelly
00% of volume is available for possible guests (solvent). In 20033, authors showed how
different solvent guest molecules can influence the cell parameters, without destroying the
structure (single-crystal to single-crystal transformation). For example, when crystal obtained
trom isovaleric acid is immersed in butyric acid for 5 hours, the replacement of guest molecules

yield in 298% replaced crystals. The cell parameters are nearly identical, altought the crystals
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are different that that obtained directly from butyric acid. Interestingly, when the contact with
butyric acid is prolonged to 24 hours, crystals contract giving the same crystals as obtained
directly from butyric acid. Authors showed that porosity of network build from 8 is adaptive,
placing guest molecules with very close to walls of channels. This enforced contact, may

provide transfer of information between host and guest.

1.1.3 Metal-ligand coordination

Scheme 5 Structure and metal ion coordination representation of ligand 932 (R1 = O(CH2)4|O(CH>)4]a-9; R
= Me).

Coordination bonds are highly directional, strong interactions that are frequently used to build
coordination polymers, metal-organic frameworks (MOFs), and other types of architectures.>-
3 The strength of a coordination bond between a metal cation and an organic ligand can easily
approach the stability of a normal covalent bond. Coordination bonds, however, typically have
enhanced kinetic lability, thus ability to break and reform, at the expense of lower
thermodynamic stability. The frequency at which these bonds ought to break (dissociation
rate) can be used to evaluate the lability of each metal-coordination bond. The advantage
of coordination bonds is that they can be tailored more easily than ordinary covalent bonds or
other non-covalent bonds, in terms of their bond strength and dissociation rate, just by varying
pH or metal ion. Metallosupramolecular aggregates are stable in a variety of solvents, unlike
exclusively H-bonded assemblies, however the properties of metallosupramolecular polymers
(MSPs) and MOFs might vary depending on the solvent due to, for example, the
solvatochromic effect.3>3¢ In supramolecular architectures containing metal ions, the
properties of organic polymers are combined with the electronic, optical, or catalytic potential
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of metals. Metal-ligand coordination is a reversible, noncovalent interaction that facilitates the
construction of stimuli-responsive MSPs. Since coordination compounds of different metals
with the same ligand exhibit different properties, such as binding constants and
thermodynamic behaviour, metallosupramolecular polymers are highly versatile materials. The
tuneable coordination binding strength, as well as the fascinating redox and photophysical
properties of the metal ions and ligands, provide opportunities for the application of
metallosupramolecular polymers in materials science.

In chemical community, the Rowan group is one of leading groups for the development of
stimuli-responsive supramolecular coordination materials. As an example, they demonstrated
the utilisation of a tridentate ligand based on bisimidazole-pyridine (9, Scheme 5) in the
generation of a thermoresponsive material that was employed for triethyl phosphate
detection.’? The same group employed the same ligand in a study of chemo-responsiveness of
the material, which changed liquid crystalline characteristics when different metal ions were
added.’” This example demonstrates versatility of ligand 9 in the development of stimuli-
responsive supramolecular polymeric materials.

Apart from responsive metallosupramolecular systems, devices utilising coordination bonds
are sensors for metal ions. Sensing schemes can be based on, e.g., the optical properties of
analytes or the chromogenic and fluorogenic properties of chelators. The fist type relies on
the intrinsic optical properties of metals. In this instance, quantification is carried out either
through luminescence or measurement of absorption (including the UV as well as near
infrared). Copper, cobalt, nickel, the lanthanide ions along with the radionuclides are examples
of suitable metals for this type of sensing.?® The second sensing scheme employs sensors that
interact with ions, which is typically accompanied by a change in the sensors' fluorescence or
absorption. Changes in colour can be visible along with spectral changes, with one band
appearing as the other disappears. Contrarily, the majority of fluorescent indicators are yes-or-
no devices, with only one species being fluorescent. This approach is widely used in the
generation of powerful sensors used for the detection of trace metal ions in various media,
from organic solvents to water, for example, in testing real water samples.?* Heavy metals

above a certain threshold limit are toxic to humans and are responsible for a number of life-
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threatening diseases. Sensors that are able to detect dangerous metal ions such as Hg?*,
Cd?*, Pd?*, or Ni*" are of importance in environmental and general health studies since even
a small amount of toxic metals has a major negative effect on living systems.4-42 Such sensors
can give a colorimetric response visible to the naked eye or a response easily measurable by
the fluorescence of UV/Vis spectroscopy, since the spectroscopic properties of complexes
and their metal-free counterparts are usually tremendously different, making the testing
process extremely quick. Because the coordination bond is reversible, recycling of the sensor
is often observed either by heating the system or by adding acid or competitive chelating agents
to the sample.*>% The following section of the thesis will focus on literature examples of

sensors based on 2-pyridone ligands and Schiff bases.

1.1.4 Optical sensors for metal ions

As already mentioned earlier in this chapter (7.7.2 Supramolecular architectures based on H-bonds),
2-pyridone forms AD-DA hydrogen bonds; however, this molecule is able to undergo a
tautomerism reaction. From the first synthesis of 2-pyridone (1883)# to the present day, the
nature and determination of keto-enol tautomerism of this compound have been areas of
intense research activity over several decades.#’# This dual character has opened a new
perspective on using derivatives of 2-pyridone in dynamic supramolecular chemistry for their
possible ability to switch between different architectures and properties. 6-pyridinyl-2-
pyridone compounds are especially intriguing because, while in the amide form free hydrogen
bond acceptor and donor are present in the structure, the iminol form possesses a 2,2'-
bipyridine coordination pocket, one of the most widely used ligands for the coordination of
various metal ions (e.g., Os?*, Ru?", Pt>*, Pd?*, and Zn>"). The ability of 6-pyridinyl-2-

pyridone compounds to bind metal ions in their iminol form, leading to sensitive Zn>*

n=1:12a
2:12b
12a-c 3:12c

Scheme 6 Molecular structure of 2-pyridone derivatives 105, 1151, 12a-c52 and 13%.

23 | Page



¢ Introduction

detection, was nicely presented by Higamori and Saji®0-53 (see Scheme 6). First, it was
discovered that the 6-pyridinyl-2-pyridone derivative 10 interacts with Zn?* in the iminol form
and the —OH proton is required for the chelation-enhanced fluorescence (CHEF) effect.>
Then, more compounds with the same 6-pyridinyl-2-pyridone skeleton were synthesised using
various, both electron-donating and electron-withdrawing substituents in the 3-position.>!
Fluorescence was only observed in compounds with the so-called push-pull electron effect; in
all other cases, fluorescence was either faint or absent until Zn?* ions were added. A
compound with little to no fluorescence (11) shown good fluorescence ON/OFF switching
capabilities with Zn?* with LoD = 0.5 uM for ZnCL.5! Job’s plot indicated that the complex
between 11 and Zn?* forms 1:1 stoichiometry, and the dissociation constant K4 was calculated
to be 3 X 107> M. This complex was stable at pH > 0, suggesting that it can be used under
physiological conditions in the process of imaging living cells.>!

Derivatives 12a—c with different spacers were prepared to understand the role of the phenyl
ring.>? All three compounds were soluble in water, and all spectroscopic measurements were
carried out in HEPES buffer. The emission of all compounds was measured, and quantum
yields suggested that when a phenyl ring is directly attached and acts as the electron donor, the
quantum yield is the highest. Compounds with methylene spacers exhibited a lower quantum
yield; on the other hand, the emission intensity ratio in the presence and absence of Zn?* was

higher than that of 1. Specifically, in the case of 12b, an 18-fold fluorescence enhancement
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Figure 3 Fluorescence spectra of 12b upon the addition of different metal cations in HEPES buffer (100
mM, 5% DMSO, pH = 7.4, excitation wavelength: 351 nm). Reprinted from ref. 52 with permission from
Elsevier. Copyright © 2015 Elsevier.
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Figure 4 Fluorescence images in RAW 264 and HepG2 cells: (a) bright-field images of cells with 12b (30
mM) in RAW 264 cells; (b) fluorescence image of (a); (c) fluorescence images incubated with 12b (30 mM)
and Zn?*/pyrithione (100 mM) in RAW 264 cells; (d) bright-field images of cells with 12b (30 mM) in HepG2
cells; (e) fluorescence image of (d); (e) fluorescence images incubated with 12b (30 mM) and Zn2?*/pyrithione
(100 mM) in HepG2 cells. Pyrithione is a zinc-selective ionophore. Reprinted from ref. 52 with permission
from Elsevier. Copyright © 2015 Elsevier.

was observed. The dissociation constant Ky for this compound was calculated to be 7 X 107>
M, and the ratio M:L. was determined to be 1:1. When other metal ions (Al**, Ca?*, Cd?*, Co?*,
Cu?t, Fe?t, Fe3t, Kt, Mg?t, Mn?*, Na*, and Ni?>*) were introduced to the HEPES solution of
12b, selective behaviour was observed, and fluorescence enhancement took place only in the
case of Cd?>" and Zn?* (Figure 3).This experiment also shown that the metal ions Na*, K*,
Mg?*, and Ca?*, which are found at millimolar amounts in living systems, do not affect the
CHEF effect with Zn?*. To evaluate possible biological uses, fluorescence microscopy images
of two types of living cells containing 12b (mouse macrophage-like cells; RAW 264; and
hepatocellular carcinoma cells; HepG2) were acquired. When Zn2*/pyrithione and compound
12b were present in both cell lines, strong intracellular fluorescence occurred, suggesting a
sensitive response to Zn?* under physiological conditions (Figure 4). Therefore, compound
12b might be useful for understanding biological functions of Zn?*.52

Once pyridine-pyridone tautomerism is supressed, like in case of 1353, the affinity of the whole
system towards Zn?* increases, which results in a lower Ky value (2.2 Nm) and more efficient
imaging in the living cells. However, the dual nature of 2-pyridone derivatives is crucial to

achieve both the coordination of metal ions and hydrogen bonding. The ability of various 2-
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pyridone derivatives to form hydrogen-bonded dimeric structures was described by Forlani*’
and then confirmed by DFT calculations by Jia>%. In 2011, our group investigated hydrogen-
bonded structures formed by the pyrimidine-pyridone derivative, which in amide form
dimerizes, and these dimers further organised into helical arrays on the surface of highly
oriented pyrolytic graphite (HOPG), as witnessed by STM (detailed description of structure and
bebavionr in Chapter 2).>5 Nevertheless, neither the coordination ability of the mentioned 2-
pyridone derivative nor its responsiveness were exploited. We recognised this and decided to
study the intriguing switching mode of this compound and the responsiveness of both the
hydrogen-bonded structure and the Zn?* complex, which is described in Chapter 2.

Schiff bases are an another type of powerful and versatile sensors. These compounds, whether
in the form of acylhydrazones or salen ligands, include a reversible imine bond (Scheme 7)

responsible for their dynamic character.
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salen complexes acylhydrazone complexes

Scheme 7 General structure of Schiff bases and representative examples of Schiff base metal complexes.

They represent a very effective chelating system for binding metal cations throughout the p-,
d-, and fblock0-57 and they have been used for colorimetric ion sensing, sometimes with
detection limits in the micromolar range.3%%-60 Schiff base ligands 14a and 14b (Scheme 8)
were introduced by Gupta et al.”8 as flexible yet selective sensors for metal cations: Co?*, Ni%*,

Zn?*, Cd?*, Cu?* (no interaction was observed with ions like Ca?*, Mg?*, Mn?*, Hg?*, Cr*,

14a: n=2 [Cu(14a)]% LoD = 1.0 x 10°°
14b: n=3 [Cu(14b)]°% LoD = 1.0 x 10°°

Scheme 8 Molecular structure of 14a® and 14b5% and possible binding mode with Cu?* ion with indicated
limits of detection (LoD).
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Table 1 Krand LoD values of 14a and 14b in the presence of different metal ions.

" Formation constant Limit of detection [M]
No. Metal cation 142 14b 142 14b
1 Cdz* 1.46 X 105 1.59 X 105 1x1074 1%x107°
5 Co?+ 3.49 X 104 6.78 X 104 1x 1074 1%x107°
3 Cu?* 1.26 X 10 1.44 X 10 1x107° 1x107°
4 Ni* 1.98 x 10° 2.02 x 10° 1x1074 1x107°
5 Zn2* 1.44 x 10 1.20 x 10° 1x 1074 1%x107°

Pb?*, and Fe?"). The highest affinity for Cu?* ions was demonstrated by low limits of detection
values and a high metal-ligand formation constant K¢ (see Table 1). UV/Vis measurements in
methanol were used to assess the performance of the sensor, and the authors even went as far
as to demonstrate practical colorimetric detection. Filter papers were immersed in separate
0.01 M MeOH solutions of both receptors to create the first test strips, which were then air-
dried. As-prepared strips were used to detect various metal cations. Test strips were
submerged in solutions of Co?*, Ni?*, Cd?*, Zn?*, and Cu?* cations and the obvious colour
changes were observed. Strips prepared from both 14a and 14b solutions were used for metal
sensing at different ion concentrations and exhibited colorimetric changes visible to the naked
eye in methanol (0.1 mM and 1 mM, respectively) and water (10 mM and 100 mM,
respectively) solutions of all tested cations.
A Schiff base colorimetric sensor for Fe3* ions, which also acts as a fluorescent sensor for
Zn* ions, was described by Zhang Group®!. Simple ligand 15 forms M:LL = 1:1 complex with
Fe* and Zn?* perchlorate salts (Scheme 9) in a selective manner, since from all tested metal
ions (Fe*t, Hg?*, Ag*, Ca’*, Cu?*, Co?*, Ni?*, Cd?*, Pb?*, Zn?*, Cr3*, and Mg?*), only these
two cations caused a change in the UV/Vis or fluorescence spectrum in DMSO solution.
Sensor 18 exhibited a strong absorption band from 413 to 480 nm when 20 equivalents of
Fe?* ions were added to the solution. After 95 minutes, 15 responded with a dramatic colour
change, from yellow to coloutrless, which could be easily detected by the naked eye. Sensor 15
alone displayed a weak, single fluorescence emission band at 483 nm when it was excited at
370 nm. Upon addition of 10 equivalents of Zn?* to a DMSO solution of 15, an obvious
fluorescence enhancement was observed, indicating Zn?"-selective OFF/ON fluorescent
signalling.
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Scheme 9 Molecular structure of Schiff base 15!, its binding mode and colorimetric response to Fe3* (left)
and Zn?* ions (right).

The enhancement of planarity and rigidity driven by coordination, which reduces the non-
radiative decay of the excited state and increases fluorescence, appears to be the reason for
this fluorescence behaviour. Since the coordination reaction was completed immediately after
Zn?* addition, it is possible to utilise 15 for real-time detection (see Scheme 9). Interestingly,
the reversibility of the sensor 15 was tested by titration of the [Zn(15)(ClO4)2] complex with
EDTA. Upon addition of 0.6 equivalents of EDTA, the fluorescence emission intensity
increased to match that of free 15.

Fluorescent Schiff-based sensors could be utilised for cell imaging similarly to 2-pyridone-
based sensors, as shown by the Zheng group.®® Acylhydrazone 16 (Scheme 10) is not
fluorescent in DMSO, but when water was added, DLS and SEM detected aggregation-
induced emission (AIE). To access the ,,0ff” state of the sensor, solvent mixture DMSO-H20O
(9:1 v/v) was selected since the fluorescence of 16 is very weak in these conditions. Upon
addition of differentions (Li*, Na*, K*, Ca?*, Mg?*, Al3*, Zn?*, Fe3*, Pb2*, Cu?t, Hg?t, Mn?*,
Cr3t, Cd?*, Co?*, Ni?"), sensor 16 showed selective coordination of Al>* ions and fluorescence
enhancement was observed. However, when it came to Fe?* ions, interesting behaviour was
observed. The paramagnetic nature of this ion prevented fluorescence changes, but an
apparent colour change was noted. This can be utilized for colorimetric detection of this ion.
Once the solvent composition was changed to THF-H2O (9:1 v/v), fluorescence of sensor 16
also increased in the presence of Zn?* ions.

The combined effects of excited state intramolecular proton transfer (ESIPT) and chelation-
enhanced fluorescence (CHEF) may be responsible for AI’* and Zn?* sensing, while the

colorimetric detection of Fe3* ions is explained by ligand-metal charge transfer (LMCT).
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Scheme 10 Molecular structure of sensor 16 and its binding mode with Zn?*, AI’* and Fe3*.

According to the Job plot, the binding stoichiometry for both Al’* and Zn?* is M:L. = 1:1, and
in the case of Fe3*, it is 2:1, as presented in Scheme 10. Detection limits (LoD) for all three
tested ions are very low in micromolar concentrations (LoDai = 3.66 uM, LoDz, = 1.01 pM,
and LoDre = 0.34 uM). Both zinc and aluminium metal ions play an important role in living
organisms, which is why intercellular imaging was studied. For cellular imaging, the SH-SY5Y
cells were first incubated with Al(ClO4)3 and Zn(ClO4)2 separately, then 16 was added. The
images obtained by a confocal laser scanning microscope showed no fluorescence emissions
before the addition of the sensor; however, after the addition of acylhydrazone 16, green

fluorescence was observed, clearly demonstrating intracellular AI>* and Zn?* detection.®0

To enhance the sensitivity of Schiff base sensors, different approaches were undertaken,
although the most attention-grabbing was utilising the surface plasmon resonance of gold
nanoparticles (GNP). GNP have fascinated people since ancient times because of their intense
colour and distinctive photo-physical properties. When a gold nanoparticle is exposed to light,
a collective coherent oscillation of the free electrons of the metal is induced. This oscillation
around the particle surface causes a charge separation, forming a dipole oscillation along the
direction of the electric field of the light. The amplitude of the oscillation reaches its maximum
at a specific frequency, which is called surface plasmon resonance (SPR).%> Over the last two
decades, the plasmon resonance of gold nanoparticles has been the subject of intense research

efforts and has found applications ranging from sensing to cell imaging.
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To functionalize the gold nanoparticle surface, N-Au electrostatic interactions or strong
covalent-like S-Au interactions are utilised. Consequently, several capping agents for gold
nanoparticles, including 11-mercaptoundecanoic acid®*-¢* or a-lipoic acid derivatives®-6,
contain a thiol, sulphide, or disulfide group. In 2015, Jimoh et al.” deposited Schiff base ligand
with free thiol group 17 (Scheme 11) on the surface of spherical gold nanoparticles to prepare

an active sensor for Fe3* ions.

| @\ j2+
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Scheme 11 Molecular structure of ligand 177 and its binding mode.

For the synthesis of 17@AuNPs, it was essential to optimise the GNP-to-ligand molar ratio
because an excess of ligand caused the GNP to aggregate and precipitation from the
dispersion. As anticipated for small (8—10 nm) spherical GNPs, after surface modification, the
SPR band in the UV/Vis specttum was at 530 nm. The plasmonic absorption peak shifted
from 530 to 559 nm in the presence of Fe3* ions, which can be observed by the naked eye as
a change of colour from red-pink to deep purple.

Interestingly, the UV-Vis spectra were not affected by the presence of other metal ions (Al*Y,
Niz*, Cu?*, Co?*, Hg?*, Zn?*, Na*, K*, Ca?*, and Rb"), demonstrating that no aggregation
had occurred, showing excellent selectivity for Fe3* ions. The binding mode was determined
as M:L = 1:1, with constants calculated from both absorption (8.5 X 10> M~!) and emission
(2.9 X 10> M) titrations. The selectivity of the sensor towards ferric cations is explained by
the difference in the coordinative interaction energy for various cations that otherwise do not
substantially differ in ionic size. The detection limit of the sensor for Fe3* cations is very low
and was estimated as LoD = 1.2 uM. The value compared to Schiff base sensors in the
literature is, in some cases, two-fold lower due to the enhanced sensitivity. However, much
higher sensitivity can be achieved, as demonstrated by Ghaedi group.®® An asymmetric Schiff
base ligand was specifically synthesised for Hg?* detection in aqueous media for real water

sample analysis (Figure 5). The practical feasibility of this colorimetric sensor for monitoring
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Figure 5 Schematic representation of the sensing assay for Hg?" ions. Reproduced from Ref. 68 with
permission from the Royal Society of Chemistry.

Hg?* ion concentration was tested using two actual water samples: mineral water and river
water. The results obtained by the authors show excellent accuracy and precision for the
quantification of the Hg?" ion concentration in these real samples. The detection abilities of
the sensor were evaluated by UV/Vis spectroscopy. Upon addition of Hg?t ions to the
solution of the sensor, a red shift and broadening of the SPR band of the sensor were observed
as a result of aggregation, which was also accompanied by a visible colour change. This
colorimetric response was subjected to a selectivity study, and numerous metal ions were
tested (Cd?*, Ni>*, Co?*, Ag*, Zn?*, Cu?*, Pb?*, Fe?*, Mn?*, Na*, Mg?*, and Ba?"). The sensor
has not shown high affinity for any of the tested ions, illustrating how specific the sensor is
towards Hg?* ions. The detection limit was determined as LoD = 0.619 nM, which is at least
another 3-fold higher sensitivity compared to Schiff base-capped nanoparticles described by

Jimoh et al®’.

As illustrated by this handful of examples, Schiff bases have a great potential for trace metal
ion detection and, in some cases, even quantification. It was also showed that a potent and
sensitive colorimetric sensor could be created by combining the strong metal ion coordination
displayed by Schiff bases with the high sensitivity of the gold nanoparticle surface. Although
it is important to broaden the spectrum of potential sensing media since it can lead to
new potential applications for Schiff base-caped nanoparticles, a substantial portion of

research is still focused on sensing in aqueous media. In order to detect trace metal ions in
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organic products like active pharmaceutical ingredients (APIs), organic waste, or post-catalytic
reaction mixtures, we decided to prepare Schiff base-capped nanoparticles specifically

designed for sensing in organic solvents. This challenging task is described in Chapter 3.
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Research objectives

’ I {he ultimate goal of the research conducted in the scope of this thesis was to prepate

systems in which the response is based on specific non-covalent interactions.

Individual goals were to:

I Design molecules that will be able to form intermolecular supramolecular interactions,
in particular, hydrogen bonds (A1), coordination bonds (Al and A2), or both at the
same time (A1). The design was focused on delivering a specific response of the system,
and the molecular structures of the components were fully adapted to this goal. The
desired response had to be: a) unique and new to the literature, filling the gaps in the
literature (see Chapter 1: Introduction); b) easily measurable by benchtop spectroscopic
methods and/or the naked eye (Al and A2); ¢) suitable to produce stimuli-responsive
architecture for either the development of smart materials (A1) or sensors (A1-A2).

I1. Synthesise desired molecules in a step-saving and highly optimised manner using
known procedures or in-house-made protocols.

ITII.  Characterise synthesised molecules in their monomeric ,,0ff” state and, when
supramolecular interactions are allowed, their ,,on” state. Characterization in solution
by spectroscopic methods (e.g., UV-Vis, CD, NMR) was as important as
characterization on the surface by various microscopic methods (SEM, TEM, STM).

IV.  Determine stimuli and mechanism of the response of prepared supramolecules in
solution and on the surface by a wide range of spectroscopic and microscopic
techniques.

V. Test the application potential of prepared supramolecular architectures.
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Chapter 2: Stimuli-responsive system based on 2-pyridone

Stimuli—responsive materials are currently one of the most appealing parts of materials
science.® These materials have capacity to change their structure on a macroscale, but
these transitions are also reversible, and the system returns to its original state once the
stimulus is removed. They have the ability to change how they assemble, which influence sol-
gel transitions, as well as shape, size, solubility, and surface properties. Supramolecular
noncovalent systems reversibly assemble and disassemble through external physicochemical
stimuli that enable the ,,on” and ,,off” states. Metal ions are the most versatile of the several
stimuli that have been utilised to influence self-assembly of various compounds. Since
different metal ions exhibit different binding patterns as well as general thermodynamics, in
principle, the properties of these entities can be specifically tuned. Interesting ligands used for
dual metal coordination are ambidentate ligands, able to coordinate through either different
atoms or functional groups of the molecule. Due to the tautomerism, 22 (Scheme 12), which
is a Co-symmetric derivative of the 6-pyridinyl-2-pyridone, also possesses this dual character
similar to that of ambidentate ligands. 22, in its pyridone (amid) state, forms a highly stable
non-covalent organic polymer. Using acid-base titration, responsiveness of the polymer was
demonstrated. The polymer disassembles when exposed to a chemical stimulus (base),
however reassembly of the polymer was observed after the stimulus was removed (by
neutralisation with acid). Given the reactivity of 6-pyridinyl-2-pyridones (Chapter 1), we were
especially interested in how 22 behaved when metal ions were present. Metal ions shifted the
tautomeric equilibrium towards the pyridine form of 22 (iminol), which caused the disassembly
of the original polymer and simultaneous coordination into the ML, complex. These
complexes further assemble into toroidal dimers through additional hydrogen bonds. This
change was accompanied by changes in properties such as solubility, fluorescence, and overall

morphology.
2.1 Synthesis of 22

22 was prepared according to the known procedure in three steps.>> In detail, commercially

available 2-bromo-6-methoxypyridine (18) was first transformed into 2-methoxy-6-
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(tributylstannyl)pyridine (19) by reaction with #-butyllithium and tributyltin chloride at =78 °C
in dry tetrahydrofuran. After an overnight reaction, 19 was collected as light yellow oil and was
directly used in the next step. A coupling reaction with 4,6-dichloro-2-phenylpyrimidine (20)
in toluene in the presence of Pd°(PPhs)s afforded 4,6-bis(6-methoxypyridin-2-yl)-2-
phenylpyrimidine (21) in a very good 89% yield. The final deprotection step (HBr, AcOH)
yielded in 22 a good 70% yield (see Scheme 12). 22 was isolated as a yellow powder, and the

structure was confirmed by NMR spectroscopy and compared with the literature data.>
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Scheme 12 Synthesis of 22.

The solubility of 22 is very limited, and the compound can only be dissolved in borderline
polar organic solvents such as dimethylformamide (DMF) and dimethylsulfoxide (DMSO).
According to both computational and experimental research, the amide and iminol forms of
2-pyridone have comparable energies, which means that both forms are equally accessible
depending on the chemical environment.”*7! In the case of 22, the amide form is dominant in
the solution since, in polar solvents like alcohols or DMSO, tautomeric equilibrium usually
shifts in favour of the amide form.#

By simply rotating the pyrimidine and pyridine moieties around a single bond, at least three
distinct conformations of 22 are possible (Scheme 13) each of which permits a different intra-
and intermolecular H-bond. Both the literature and the collected NMR data indicate that only
the C form is present in the DMSO solution. Further investigation by several techniques
revealed that intermolecular interactions between NH-+O=C stabilize this conformation and

lead to supramolecular aggregation.>>
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Scheme 13 Conformations of molecule 22.

2.2 Self-assembly and responsiveness of 22

The formation of H2L. dimers by six complementary NH:-O=C hydrogen bonds, followed
by the formation of helical dynamer by two additional CH2-O=C bonds on HOPG (DMSO-
1,2,4-trichlorobenzene solution), has already been described.> To confirm that synthesised 22
self-assembles in the same manner, matrix-assisted laser desorption ionisation (MALDI) mass
spectra were recorded, which revealed monomer, dimer, and trimer of 22, similarly to those
reported.>® To match the reported data, we attempted to observe the dynamer by scanning
tunnelling microscope, and we were able to obtain the same helical structures as seen in the
literature. Unreported before, the 'H NMR spectra of DMSO-ds showed relatively broad
peaks and a low-field NH resonance at 11.5 ppm. These observations also indicate
involvement in the described H-bonding, which is crucial for the self-assembly of helical
structures.

Also unreported, the behaviour of the 22 solution in DMSO-ds upon HCI (aq.) addition
revealed that protonation does not take place, which can be explained by the weak basicity of
both pyrimidine and amide moieties. However, the acidity of 2-pyridone in DMSO is well
known, and pK, in DMSO was determined at pK, = 1772, To obtain an iminolate form that
would be able to form metal complexes, the 22 solution in DMSO-ds was treated with sodium
hydroxide solution and observed by NMR spectroscopy.

The addition of two molar equivalents of NaOH yielded the visual change of the solution,
which was vibrant yellow and dramatically changed the overall look of the NMR spectrum.
Peaks were very well resolved and sharp, indicating the monomeric nature of 222-. NaOH
both disturbed hydrogen bonding and generated an iminolate anion. This process is fully

reversible by simply counteracting the NaOH with hydrochloric acid, as demonstrated in

36 | Page



¢ Stimuli-responsive complex based on 2-pyridone

a) I NH H HN ‘ i
/ B SNHe =

22 e H* HE® -
H® H5 H? H? H?
e
NH HTFn \hl | H
J'l JL Vi H*
H OH"
e Bund *
075N r N0
N‘ =N H7 |'|3 ) H1 R
22% e H H*H
| |
HI}
U T T T T T T T
12 1 10 9 8 7 6 5
ppm

Figure 6. '"H NMR (600 MHz) spectra at an ambient temperature of: (a) fully organic dynamer 22; (b) 227" in

form of a disodium salt.

Figure 6. Reversible changes in spectral characteristics, observed by both NMR and the naked
eye, demonstrate the stimuli-responsiveness of the 22 polymer. Due to immediate colour
change and no need for specific setup, this simple experiment shown the applicability of 22 as

a colorimetric sensor for OH™ ions.

2.3 Coordination of 22 with metal ions

The anionic ligand 222~ obtained by reaction with NaOH should react more strongly with a
metal cation. More interestingly, the structure of complexes derived from amide anions is
closer to iminolate than that of an amidate.”73 To test this hypothesis, the solution of 222~
was treated with zinc tetrafluoroborate (Zn(BF4)2). After careful addition of HCI to neutralise
the NaOH, the solution lost its colour vibrancy, and the NMR spectrum revealed very broad
peaks with no recognisable multiplicity and two new broad signals at 11.3 and 11.8 ppm (see
Figure 7). To explore the coordination possibilities of 22', a series of complexes were
synthesised. Cu?*, La3*, Er3*, and Zn?" were first tested, and of the several methods, two were
effective. Method A: Ligand 22 in DMSO was treated with metal salt, and the suspension was
stirred at 130 °C for two days.

Method B: Ligand 22 in DMSO was first deprotonated by NaOH (aq), and after stirring at
ambient temperature for 30 minutes, metal salt was added to the mixture. The mixture was

then stirred for 1 day at ambient temperature

37 | Page



¢ Stimuli-responsive complex based on 2-pyridone

P

H” H? 1

Tl

Zn** + H*

H* H®
H,SHT H2 H? H?
[Zn(22),)(BF,), NH/OH A e
2 14 10 e & 7 & 5

ppm

Figure 7. '"H NMR (600 MHz) spectra at an ambient temperature of: (a) 227" in form of disodium salt; (b)
complex [Zn(22")2](BF4)2in DMSO-ds.

It was possible to isolate all four complexes as powders, but their solubility was even more
limited than that of 22; hence, their characterization and further investigation were much more
challenging. The only characterization that was possible for all four complexes was the
determination of their morphology by scanning electron microscopy (SEM; see Figure 8).
Micrographs obtained from the Cu?* complex sample revealed rather irregular blocks of
different sizes; on the other hand, the Zn?* complex consists of isolated elongated flat and
thin blocks. Similar morphology was found within the La3* complex, but the shape can be
more accurately described as short and isolated needles. In the case of Er3* it showed densely
packed shapes similar to those of La’" and Zn?* complexes. To further investigate the
composition of the prepared complexes, NMR and mass spectroscopy (MS) studies were
performed. Unfortunately, due to the very low solubility, well-resolved NMR and MS spectra
were obtained only from Zn?* complex, and further investigation was focused on this
complex.

As already mentioned, the NMR spectrum showed very broad peaks, with two new peaks at
11.3 and 11.8 ppm. At this chemical shift, peaks can be assigned to -NH of the amide form or

-OH of the iminol form.
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Figure 8 SEM micrographs of complexes formed by 22' and metal cations (Cu2*, La’*, Er3* and Zn?*).

Existence of both means that, one 2-pyridone moiety is in the iminol form and is coordinated
to the Zn?* ion while the other moiety is still in the amide form. This partial tautomerization
leading to desymmetrization of the molecule also explains the spectral width of the peaks.
Concomitantly, in MALDI mass spectra, only the ML type of complex has been identified.

We also noticed that the powders of 22 and [Zn(22')2](BF4)2 have slightly different colours
under UV light. That led us to the thought that 22 can act as a sensor for Zn?* cations. It was
very important to show that switching between dynamer (22), and complex [Zn(22'")2](BF4)2
can be observed easily by a technique with an immediate answer, such as fluorescence
spectroscopy. Since the solubility of both dynamer and complex is very low, fluorescence
spectra were recorded in a solid state (Figure 9). (22), fluorescence band maximum is centred
at 555 nm, and after the complexation reaction with the Zn?* metal ion, the band shifts to 578
nm. This simple experiment demonstrated how easy it is to distinguish between both species
and that, basically, only a UV lamp is necessary to quickly confirm the presence of Zn>* ions.
Due to extremely low solubility, we were unable to grow a suitable crystal of [Zn(22")2](BF4)a,
but it was crucial to determine the morphology and precise structure of this newly synthesised
complex. B3LYP/6-31+G(d,p) molecular geometry optimisation provided some insights into
the structure of the complex [Zn(31')2](BF4)2 and both 22 and 22'. First, the method for 22

optimalization was perfected until the results matched the literature data. This method was
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Figure 9 Fluorescence spectra of (22), and [Zn(22"):](BF4)2 and photographs of both powders under A = 365
nm light.

then used for 22' optimalization. Using the stepwise method, the structure of the [Zn(22")2]**
ion was determined. These results showed that two 22 molecules coordinate the Zn?" cation
by pyrimidine-pyridine nitrogens to form 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(pyt) bond lengths of 2.08 A and 2.01 A, respectively. Energy levels and the shape of the
HOMO and LUMO orbitals can predict the properties of the molecule and also explain the
overall look of the STM images (vide infra). According to our calculations, the orbitals of 22
have a symmetrical character. On the other hand, when coordination of Zn?* ions occurs, the
electron density of HOMO orbitals shifts towards the metal centre, and electron density of

LUMO orbitals, is located on the outer part of the ligands (see Table 2).

Table 2 HOMO and LUMO orbitals of 22, 22' and [Zn(22"),]2*

MO 22 22' [Zn(22'),]%*
w
4 Fe
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Curious about the secondary structure of [Zn(22")2](BF4)2, STM spectra were acquired. Images
obtained by drop casting onto the HOPG surface revealed a well-ordered, repeating array of
toroidal species (Figure 10). Overlaying the SMT image with calculated LUMO orbitals
showed that the dark spots on the STM image represent part of the complex with the lowest
clectron density, and the bright rings around it represent part of the complex with high
electron density. The measured in-plane lattice parameters of this structure are ~ 3.6 nm,
which also fits well with the LUMO orbital analysis. As seen in Figure 10, a single ring consists
of two molecules of the complex [Zn(22')2](BF4)2, that form a dimer by hydrogen bonds.

These bonds are accessible since there are two 2-pyridone moieties in amide form present in

the structure of [Zn(22")2](BF4)2 that are not involved in the Zn-coordination.

Figure 10 (2) STM image of a helical dynamer with model arranged on top of it. Image size: 20X20 nm?;
Vampe=10.6V; Ir= 0.1 nA; (b) chemical structure of 22 with presented H-bond motif; (c) model of helical
dynamer 22; (d) STM image of 2D an array formed by complex [Zn(22").](BF:). with a model arranged on top
of it. Image size: 20X20 nm?2, Vam. = +0.6 V; Ir= 0.1 nA; (¢) chemical structute of the cation [Zn(22")2]?* and
its model; (f) zoomed area of STM image shown in (g). Image size: 5X5 nm? ame = +0.6 V; Ir= 0.1 nA; (i)
zoomed area of STM image with model of LUMO orbitals on top of it. Image size: 5X5 nm?; I = +0.6 V;
L= 0.1 nA.

This part of the presented dissertation thesis provides a novel example of a dynamic ligand
able to form both organic polymer and Zn?* complex, that further assemble into hydrogen-
bonded dimers. This multi-functionality of the same molecule allows reversible access to both
organic dynamer and metallosupramolecular toroidal species by simple chemical stimuli such
as metal ions, bases, and acid additions. We also demonstrated that simple 2-pyridone
derivatives can be used as simple fluorescence sensors for Zn?* ions and are well suited for

the further generation of fluorescent adaptive materials.
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A full description of the above project is presented in paper Al (page 61) and in

Supplementary Information Al (page 67) which are part of this dissertation.

Miroslava Conkova, Wojciech Drozdz, Zygmunt Milosz, Piotr Cecot, Jack Harrowfield,

Mikotaj Lewandowski, Artur R. Stefankiewicz* Influencing prototropy by metal ion coordination:

supramolecular transformation of a dynamer into a Zn-based toroidal species, Journal of Materials

Chemistry C, 2021, 9, 3065-3069.

The project was carried out in cooperation with prof. Jack Harrowfield from the Institut de

Science et d'Ingénieerie Supramoléculaires, Université de Strasbourg (France).
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Chapter 3: 27@AuNPs for metal cation sensing

S ensors are systems or devices that can produce signals upon stimulation. Chemical sensors
are basically measurement devices that convert the chemical or physical characteristics of
an analyte into a signal. This dissertation includes a study that utilises the potential of metal
ions to form complexes with N-acyl hydrazones to determine the trace metal content of the
analyte of choice. Our goal was to produce a sensor that would be very versatile and highly
sensitive. GNPs have been employed as colorimetric sensors of various compounds, from
metal ions to antibodies, because of their characteristic surface plasmon resonance (SPR).
When the shape, size, or surface properties of the GNP change, SPR changes can be easily
quantified by Raman or UV-Vis spectroscopy. There are ,,on” and ,,0ff” states of gold
nanoparticles: one when the particles are well dispersed, and the second, aggregated state.
Aggregation alters the surface characteristics of the GNPs and shifts the SPR, which can also
be visually observed as a colour change. In the literature, there are several examples of GNP-
based sensors identifying various substances in aqueous samples; however, we choose to take
a different approach. While trace metal content determination in water is highly practical, for
example, for water quality control, sensing metal ions in organic media is an opportunity to
develop a device that can be useful in the pharmaceutical and fine chemical industries. In both,
catalytic processes are employed, and metal can be introduced into the final products of fine
chemicals, active pharmaceutical ingredients (APIs), or an excipient used in a drug.”* There
are legal limits concerning transition metal contamination in APIs, regulated by European®,
British7, Japanese’, and United States”” pharmacopoeias, which state that for orally
administered drugs, metal content cannot be more than 10—20 ppm for most transition
metals.*! Producing organic waste with metal ions is another problem that results from metal
catalysis. After a catalytic reaction, the work-up process might result in the loss of the catalyst
and metal contamination of both organic and aqueous waste. To implement safe and
environmentally friendly waste disposal, it is crucial to understand the composition of chemical
waste. Environmental issues have concerned industry in general for some time. The

importance of better environmental management is well illustrated by BASF, which has
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prepared a tool for eco-efficiency analysis that includes environmental factors.”® The goal was
to develop a tool for decision-making processes that is applicable for many chemistry
applications and will address issues like energy, toxicity, and material utilisation.

For both issues, quick and easy determination of transition metal content could be beneficial.
Therefore, we decided to develop colorimetric sensors that could be easily used, directly in

organic solvents during the production of different chemicals.

3.1 Synthesis of ligand 27

Ligand 27 was designed to combine both: a high affinity towards the gold surface and a
versatile coordination pocket. To meet these requirements, 27 was derived from a-lipoic acid,
often described as a capping agent for a gold surface.”-82 N-acylhydrazone pocket>0:83-8> on
the other hand, can efficiently bind metal cations. 27 was synthesised from a-lipoic acid (23)
via a three-step protocol with a high 75% overall yield without column chromatography. In
the first step, a-lipoic acid was converted to active ester 24 using N-hydroxysuccinimide
(NHS) and N,N'"-dicyclohexylcarbodiimide (DCC) in dichloromethane with an 82% yield.
Next, the ester was converted acylhydrazone 25 in excellent 99% yield with hydrazine
monohydrate in dichloromethane. Finally, the imine formation with salicylaldehyde (26)
yielded 27 (93%, Scheme 14) as a mixture of two cis-trans isomers. The 2:1 ratio was calculated
as the mean of the integrals of H-9.;, H-9 445, and H-114,, H-114.. The mixture of regioisomers
was used as prepared. It was reported that a-lipoic acid and its derivatives forms complexes
with metal ions via disulfide-metal interaction86-87; moreover several derivatives were even

proved to act successfully in the treatment of heavy metal poisoning®8-90. For testing the

0
0
(Y\/\/COOH NHS, DCC (W\)J\O/N NH,NH, x Hy0
— _ =
5-S DCM,0°Ctort S-S o CH,Cly, rt
23 82% 24 17 h, 99%

synthesis without

column chromatograph y
AcOH
N
EtOH

26 O rt, 17h, 93%

75% overall yield

Scheme 14 Syntheis of 27.
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effectiveness of the prepared N-acylhydrazone chelating system, a simpler, literature known

ligand 28 (structure in Figure 11) was synthesised to prevent these potential conflicting

interactions between metal ions and the unbound disulphide.

On the assumption that the ligand will react as a tridentate chelate, 28 was first reacted with a

number of metal ions (Ag*, A>*, Cd?*, Ce3*, Co?*, Cu?*, Fe3*, and Ni?"), all as nitrate salts in

a M:LL molar ratio of 1:2. Reactions were conducted in acetonitrile, and the products were

isolated as powders by recrystallization from diethyl ether. The coordination reaction yielded

in complexes only in three cases (Cu?*, Ni2*, and Fe3*) with 71-85% yield/efficiency. The

structure of these complexes was then determined by individual ESI-MS mass spectra, where

signals assigned to [M(28)2] (M = Cu, Ni) and [M(28)2]* (M = Fe) were identified showing

octahedral geometry of formed complexes. With metal coordination efficiency and selectivity

experiments of N-acylhydrazone moiety in hand, synthesis of metal nanoparticles and

determination of capability of a-lipoic acid moiety to form Au-S linkage on the gold surface

were conducted.
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Figure 11 Synthesis of M(28)> complexes (M = Cu2*, Ni2*, Fe3*) and mass spectra confirming their structure.
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3.2 Gold nanoparticle synthesis and ligand exchange reaction

For application in metal sensing in post-catalytic reaction mixtures, gold nanoparticle synthesis
was directed toward compatibility with organic solvents. Li et all’! reported the synthesis of
monodispersed gold nanoparticles stable in toluene for up to several weeks that utilise
oleylamine as a surfactant, solvent, and reducing agent. With the mentioned stability and
simple experimental set-up, we prepared oleylamine-capped gold nanoparticles (OL@AuNPs)
according to the described protocol.”! At first glance, the specific red colour of the obtained
solution indicated the generation of gold nanoparticles, and UV-Vis spectra displayed a
characteristic band at 526 nm, ascribed to the dipole resonance of individual AuNPs. The
amine group interacts with the gold surface in a generally weaker way than the dative Au-S
bond”, which is expected to promote exchange between the two molecules. During the
project, this step was found to be the most challenging. After numerous disappointing
attempts, leading to quick aggregation of AuNPs, we learned that a specific concentration
window of 27 is essential for a successful ligand exchange reaction. To overcome this problem,
we chose the concentration of 27 according to the roughly calculated number of binding sites
on the surface of GNPs. The number of binding sites was estimated to be 4.5 binding sites
per nm?, which is the maximum molecular density of the alkanethiol self-assembled monolayer
(SAM), based on the tight-packed spherical model proposed by Murray and coworkers,??
according to which gold nanoparticles have a densely packed core with a density of 59
atoms/nm3 2394, Each nanoparticle has a core of around 31 & Au atoms, and the theoretical
number of binding sites per nanoparticle was determined to be about 14.7 4 under the
assumption that the capping agent is distributed uniformly across the nanoparticle surface.
These calculations suggest that 890 molecules of the 27 molecules per nanoparticle need be
added in order to carry out the ligand exchange reaction.

The concentration of 27 was then set up to 7.5 pM, 15 uM, 30 uM, and 60 pM, and the stock
OL@AuNPs solution concentration was set to 1 mM (in toluene, in terms of metal). UV-Vis
spectroscopy was used to observe the exchange reaction over a certain amount of time ranging

from 1 hour to 96 hours.
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At concentration [27] = 7.5 uM, a 3—4 nm shift in the localised surface plasmon resonance
(LSPR) band was observed after one hour. Although the LSPR band was stable for 96 hours,
there was a small band widening after 24 hours. Similar behaviour could be observed in the
UV-Vis spectra at a concentration of [27] = 15 uM. A 4-5 nm LSPR band shift occurred after
three hours, and no aggregation was identified during the whole of the observation period (96
hours). The ligand concentration was increased to 30 uM and 60 uM in the exchange process
to enhance the number of receptors on the gold surface. Unfortunately, the LSPR band shift
was rapidly shifting in both instances, leading to rapid aggregation that was evident to the
naked eye as a colour change from red to violet-blue and an LSPR band shift up to 106 nm.
These tests shown that reactions using 27 at a concentration of 15 uM produced stable gold

nanoparticles with the greatest possible number of receptors.

3.3 Morphology study

Transmission electron microscopy (TEM) and dynamic light scattering measurements (DLS)

wete used to study the size and shape of both OL@AuNPs and 27@AuNPs (Figure 12). TEM
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Figure 12 a) representation of ligand exchange reaction; b) UV-Vis comparison of OL@AuNPs and
27@AuNPs; ¢) DLS compatison of OL@AuNPs and 27@AuNPs d) TEM compatison of OL@AuNPs and
27@AuNPs.

47 | Page



¢ 27@AuNPs for metal cation sensing *

pictures of monodispersed gold nanoparticles with a uniform shape and a core size of 11.5£1.2
nm were obtained by drop casting a diluted solution of OL@AuNPs onto a copper grid. In
DLS measurements, slightly bigger solvodynamic diameter was observed: 14.3%4.38 nm (PdI:
0.186; calculated for n = 5 measurements), which is consistent with the presence of oleylamine
on the surface of gold nanoparticles and molecules of solvent surrounding the GNPs.

As seen in TEM images of 27(@AuNPs, which showed firmly packed gold nanoparticles with
an unchanged size of metal core 10.8+1.1 nm, Ligand 27 is not likely to change the NP size.
DLS observations of 27(@AulNPs reveal an average solvodynamic diameter of 15.4514.26 nm
(PdI: 0.243; estimated for n = 5 measurements). It is also important to note that none of the

samples developed aggregates in any of the DLS experiments at the concentration of 0.25 mM.

3.4 Metal sensing properties of GNPs

The next crucial step was to evaluate the sensitivity of the newly prepared sensor for selected
transition metal ions in a toluene-acetonitrile solution. First, it was important to set up the
experiment correctly; therefore, non-specific aggregation caused by acetonitrile had to be ruled
out first. Upon incremental addition of acetonitrile, UV-Vis spectra revealed that the
27@AuNPs solution is stable up to 23% v/v of acetonitrile. On the same note, to be sure that
metals react to receptors on the surface and not with the gold surface itself, it was necessary
to test how selected metal ions interact with gold nanoparticles without these receptors
(OL@AuUNPs). The solution of OL@AuNPs remained stable in all tested conditions, up to
metal ion concentration ¢ = 10 pM (no change in LSPR was detected).

Activity of 27@AuNPs toluene solution was determined via titration with an acetonitrile
solution of selected metal ions in the form of nitrate salts (Cu?*, Ni**, and Fe3*), and LSPR
band change was measured by UV-Vis spectroscopy.

To create 1-10 M solutions of metal salts, aliquots of a 0.1 mM acetonitrile solution of metal
salt were added to 0.25 mM gold colloidal dispersions. As apparent from Figure 13, the
addition of Cu?*, Ni?*, and Fe3* ions caused the LLSPR band of the sensor 27@AuNPs) to
shift to the higher wavelengths. In detail: when Cu?* ion concentrations range from 1 uM to
5 uM, the LSPR band was changing slowly (0.5-1 nm between each concentration) until ¢
(Cu?") = 7.5 uM and 10 uM, where the shift of LSPR was approximately 12 nm (Figure 13a).
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Figure 13 a) UV-Vis spectrum showing LSPR band shift upon addition of Cu?*; b) Fe3*; ¢) Ni?*; d) linear
change of LSPR maximum plotted as a function of metal ion concentration.

Similar behaviour was observed upon the addition of Fe’* ions (see Figure 13b). The
maximum sensing capability of 27@AuNPs was demonstrated for the Ni%" ion detection.
Compared to the other metals more notable LSPR shift was seen at a concentration of 4 uM
of Ni?*. The LSPR band shift changed more quickly in the 4-10 uM range as seen in Figure
13d. Additionally, for all of the measured metal ions, the colour of the sensor changed from
red to violet upon the addition of a transition metal ion in the concentration range of 5-7.5
uM. Visible colour change is result of aggregation of the nanoparticles, that comes from the
formation of the octahedral complex of metal ions and N-acylhydrazone moieties present at
the particle surface (Scheme 15).

The result demonstrates, that the as-prepared sensor could be simply observed by the naked
eye and would be a feasible colorimetric method for the determination of Cu?*, Ni?*, and Fe3*
ions in organic solvents. The limit of detection for all tested metal ions was determined by
plotting known concentrations of Cu?*, Ni?*, or Fe’* ions (1-10 pM) against the LSPR
maximum (Figure 13d). The linear response was fitted to the formula: LSPRuma = a*[metal ion
+ b], and the limit of detection (LoD) of each metal ion was calculated using the 3SB/m?

equation, (SB = standard deviation of a blank sample, m = slope of each calibration curve).
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Scheme 15 Coordination triggered aggregation of 27 capped gold nanoparticles.

The 27@AuNPs sensor showed very low LoDs that ranging from 1.4 to 11.2 nM for the
investigated metal ions. Sensitivities (S) in the case of Cu?" and Fe’* cations are very similar:
S =0.88and 0.71 uM-!, respectively. In the case of the most catalytically valuable of all studied
cations — Ni?* sensitivity is much higher. In the first region (c = 1-4 pM), S = 1.7 uM-!, and
in the second region (c = 4-10 pM), S was determined as 5.84 pM-! (Figure 13d).

3.5 Real sample analysis

Nickel catalysis is both environmentally and economically advantageous, which leads to a
higher demand for the utilisation of nickel catalysts in the pharmaceutical industry.%
Comparing to the most commonly used palladium and nickel, it has been estimated that the
global warming potential (GWP) for the production of 1 kg of palladium is 3880 kg equivalents
of COz (e-COy), while for the production of 1 kg of nickel, the GWP is 6.5 kg e-CO.97 Ni-
catalysed reactions are used in the synthesis of several valuable molecules, including
pictilisib44%8 (PI3K inhibitor developed by Genentech) or PDE47245% (an inhibitor of
phosphodiesterase type 4D developed by Novartis Pharma AG). It was important to
demonstrate that our sensor can be used for the determination of metal waste content in post-
catalytic reactions such as C-C coupling used for the synthesis of mentioned PDE47245. We
decided to reproduce the synthetic protocol for nickel-catalysed Kumada coupling that was
used in synthesis of PDE472, reported by Novartis Pharma AG. After the reaction,
purification of the product as described by Novartis Pharma AG was performed, and organic
waste that included traces of nickel in toluene was analysed by UV-Vis spectroscopy. To
compare the reliability of the data, metal content was also determined by inductively coupled
plasma mass spectrometry (ICP-MS).

10 minutes after the toluene waste (50 pl.) was added to the 27@AuNPs dispersion, the UV-

vis spectrum was recorded and showed a 4 nm red shift of the LSPR band. From the
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calibration curve obtained from the metal sensing experiments (vide supra), the concentration
of nickel ions was evaluated at 3.5 pM (the evaluation is approximation since a 1 nm difference
equals concentration difference of 0.5 pM). The nickel content was determined from the same
organic waste by ICP-MS, and the metal content was determined at 3.49 uM. It is good to
highlight that for ICP-MS measurements, the organic waste had to be evaporated, dried, and
mineralized prior to measurement. This procedure took several hours in total, while UV-Vis
measurement have been done right after purification, directly from the solution, and the total
analysis time was reduced to approximately 15 minutes.

Chemical change upon metal ion addition was observed after around 10 minutes, which makes
it suitable for on-the-spot qualitative sensing. The sensitivity of 27(@AuNPs was excellent for
all studied ions, especially the catalytically most valuable Ni?>* ions, and the colorimetric
response visible by the naked eye was 204 ppb, which is two orders of magnitude lower than
the EU recommended limits (366 ppb for Cu?* colorimetric sensing and 458 ppb for Fe3*
colorimetric sensing). Furthermore, LoDs for all studied ions were determined and are in the
nanomolar range. In general, we showed how the coordination ability of Schiff bases can be

translated into a highly efficient, versatile, and applicable sensing device.

A full description of the above project is presented in paper A2 (page 92) and in
Supplementary Information A2 (page 97) which are part of this dissertation.

Miroslava Conkova#, Verénica Montez-Garcia#, Marcin Konopka, Artur Cieselski*, Paolo

Samori*, Artur R. Stefankiewicz* Sehiff base caped gold nanoparticles for transition metal cations sensing

in organic media, Chemical Communications, 2022, 58 (38), 5773-5776.
The project was carried out in cooperation with prof. Paolo Samori and visiting prof. Artur

Ciesielski from the Institut de Science et d'Ingénieerie Supramoléculaires, Université de

Strasbourg (France).
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Conclusion

In the presented thesis, systems based on hydrogen and coordination bonds were discussed.
A brief introduction offered a simple explanation of the responsiveness of non-covalent
architectures and a summary of their utilisation and application. The intention was to draw
attention to gaps in the literature and show opportunities for our research.

The main part of the thesis are two reports in international scientific journals (Chemical
Communications, and Journal of Materials Chemistry C), discussing the potential of non-
covalent interactions for building functional assemblies. We designed, synthesised, and
characterised molecules that form intermolecular hydrogen bonds (Al) and coordination
bonds (A1 and A2). These molecules were tailor-made to deliver specific responses that were:
a) unique and new to the literature; b) easily measurable by benchtop spectroscopic methods
and/or the naked eye; ¢) suitable to produce stimuli-responsive assemblies for either the
development of smart materials or sensors. The characterization of these novel molecules was
focused on describing both the ,,off” and ,,on” states of the system in solution and on the
surface using a wide set of spectroscopic and microscopic techniques. The applicability of the

described molecules was explored in the area of optical detection for metal ion.
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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(u) 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+esponsiveness that can be employed to achieve
desired topology and/or functionality.’™ Of the numerous stimuli
which have been usad 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, longknown eamples 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(ur),® to a complex of the tautomeric iminol
form of the neutral ligand.

Smilar 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 oximeN.%° 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.2\%

In seeking to explore enhancement of metal ion effects on a
tautomeric equilibrium, we have examined the coordination
behavior of the 2-pyridonederived 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%ipyridine 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.Z?* 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 2 in the ESIt),
previous study?® by 'H NMR spectroscopy of the molecule in
DM solution and by STM when adsorbed (from 1,24
trichlorobenzene) on graphite, has shown only the form presented
in Fig. 1 to be inwlved. Features of the ambienttemperature
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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 onlyin 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 ESIt). Moreover,
MALDI mass spectrometry provided further evidence for the
presence of HolL-based supramolecular H-bonded aggregates
(Fig. 3a), while only the monomer signal was observed for the
reference O-methylated component (see Fig. $4 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). Thelack 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

J. Mater. Chem. C

¢ Reprints of publications ¢

Journal of Materials Chemistry C

iminol (hydroxypyridine) tautomer of H,L as an intermediate
(Fig. 6 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(m) 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-
de produced no immediate changein the *H NMR spectrum but
on prolonged reaction (48 hours) at a high temperature, peaks,
in particular two broad resonances at d 11.3 and 11.8, attributable
to a new spedies became evident (Fig. S7 in the ESIT). Assuming
that the slowness of the reaction was due to the limited ability of
the neutral, amideform ligand to compete with DM SO for coordi-
nation to Zn(m), an alternative means of bringing the two species
into contact was sought.

The NH acidity of primary amides is wellknown, 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, thereis
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-dg provided a deep yellow solution giving a

NH 17 HN

N \

5 a
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nH HL H’lﬂ‘ ’\' I A \H‘
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H’ H H
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NH and OH WH | o
et J\ \JL A
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Fig.2 'H NMR (600 MHz) spectra at ambient temperature of: (a) fully
organic dynamer HL; (b)L? in form of disodium salt; (c) [Zn(H.L%1BF4 )
in DMSO-ds.
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Fig. 3 Simulated and experimental MALDI-MS signals of: (a) H,L and
(b) complex [Zn(H2L%1(BF4),.

IH 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 thefinal solution
led to the isolation of [Zn(H,LO,](BF,), in the form of yellow
powder.

Since a 2,2%ipyridinedike ligand should be weakly basic
and Zn(u) complexes are generally labile, we reasoned that
release of the ligand from [Zn(H,L%](BF,4). should occur on
further addition of acid. Consistent with this expectation, an
IH NMR titration of [Zn(H.L9,J(BF4), with acid (0.06 M HCl, in
H,0/DMSO-dg) revealed, after addition of 1 equivalent, that the
spectrum of dynamer H,L was regenerated (see ESI, T 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%])(BF4), in solid state. These measurements
show that described system is photo+esponsive, 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%,J(BF ), there
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Fig.4 Emission spectra of H,L and [Zn(H.L%,}BF,), 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 ES, T Fig. S12).

The difference in fluorescence under excitation at 254 nmis
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 HoL and [Zn(H-L%XBF4),
we were not able to obtain a crystal suitable for an X-+ay diffraction
measurement, even after multiple trials. However, computational
methods are a powerful tool for compound characterization.
Therefore the B3LYP/6-314G(d,p) molecular geometry optimiza-
tion of HL together with HoL® and [Zn(H-L%)(BF.4), 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 HoL, until
results from the literature® were reproduced (Table S3 in the
ESIt). Zn(H,L%%2* 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) 1531, N(py)}-Zn-N(py) 1051and N(pyr)}-Zn-N(py)
81.51 and Zn-N(py) and Zn-N(pyr) bond lengths of 2.08 & and
2.01 A, respectively (see ESI,t 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 HoL 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 theligand (Table S2in
the ESIT). It has been previously shown, that H,L forms both 2D
arrays and helical polymer chains at a solid-iquid 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 B 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 (@)STM image of a helical dynamer with model arranged on top of it.
Imagesize:20 20 nm?; Vample = +0.6 V; |- =0.1nA; (b) chemical structure
of H,L with presented H-bond motif; (c) model of helical dynamer H,L;
(d)STM image of a 2D array of dynamer with model an arranged on top of it.
Imagesize: 20 20 nm?; Vaample = +0.6 V; |r = 0.1nA; (e) chemical structure
of H,L with presented H-bond motif; (f) STM image of 2D an array formed by
complex [Zn(H,L ), BF,4), with a model arranged on top of it. Image size: 20
20 NM% Veampie = 0.6 V; Ir = 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 5nm?; Vaample = +0.6 V; Ir = 0.1nA; (i) zoomed area of STM image
with model of LUMO orbitals on top of it. Image size: 5 5 nm?; Vaample =
+06V;F=0.1nA

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%,](BF4),, 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 inplane lattice parameters of this structure are
B 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 spedies. This mode of coordination produces
two different H-bonding sites within the metallosupramolecular
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spedes, which are both used to provide different forms of
assodiation 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
add additions and results in the generation of dynamic materials
of distinct fluorescent properties. Thus, we have demonstrated
that simple 2pyridone derivatives are well suited for the genera-
tion of distinct forms of fluorescent adaptive materials.
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I. EXPERIMENTAL SECTION

General methods

Chemicals were purchased from commercial suppliers (Sigma-Aldrich and TriMen Chemicals) and used
as received. NMR spectroscopic data were performed on a Bruker UltraShield 300 MHz and 600 MHz
spectrometers, calibrated against the residual protonated solvent signal (for '"H NMR DMSO-dg: 6 = 2.50,
for 13C NMR DMSO-dg: & = 39.52) and are given in ppm. Mass spectra were determined using MALDI-
TOF/TOF (Ultrafle extreme, Bruker) spectrometer in DMSO/MeOH mixture. Experiments were performed
on DHB (H.L, Me,L) and THAP [Zn(H.L’),](BF4), matrix. DSC, TGA and DTG experiments were
performed on Simultaneous Thermal Analyzer (STA) 6000, Perkin Elmer. UV/Vis measurements were
conducted in solid state on Jasco V-770 spectrophotometer. Fluorescence spectra were made in solid
state on Fluorescence Spectrophotometer Hitachi F-7000; light source — 150 W xenon lamp; wavelenght
speed 240 nm/min. Photographs were made under UV lamp at 254 nm wavelenght on digital camera in
Samsung S10. Infrared spectra were measured in ATR mode on FT-IR (Nicoletis 50). Both, ligand in
amido (H.L) and iminol (H,L’) form were optimized using DFT b3lyp functional and 6-31+G(d,p) basis set.
All calculations were carried out using Gaussian 16 rev C.01 software. Steric hindrance of complex
[Zn(H,L’)2](BF4), was calculated via SambVca 2.1 A web application
(https://www.molnac.unisa.it’/OMtools/sambvca2.1/index.html). The STM measurements were performed
using a Bruker Innova Atomic Force Microscope operating in a constant-current STM mode. All the
images were recorded using mechanically-cut Ptlr tips. Highly-oriented pyrolytic graphite (HOPG)
substrate was cleaned using a “Scotch tape” method before each experiment. The use of HOPG was
justified by its weak interaction with any adsorbed species which was favouring the formation of molecule-
molecule bonds rather than molecule-substrate. The acquired STM images were processed using
Gwyddion (gwyddion.net) computer software.
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certain species are shown as dashed lines. (Nonplanar conformations are also not to be excluded.)
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Figure S2. Different possible coordination modes for tautomeric units of ligand H,L.

S4

Figure S1. Representations of planar conformations and their tautomeric forms for ligand H,L. Possible intramolecular H-bonds in
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Figure S3. Comparison of '"H NMR of H,L dynamer and its —-OMe derivative showing broadening of peaks in the lower spectrum,
that suggests H-bonds.
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Figure S4. Comparison of MALDI spectra of H.L and its -OMe derivative.
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Figure S5. Titration of H,L with HCI (0.06 M, in DMSO-d).
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Figure S6. A possible mechanism for acid-catalysed NH exchange in form C of H,L.

Synthesis of complex [Zn(H,L"):](BF.)2:

Method A: To the suspension of ligand H,L (50 mg, 0.15 mmol) in DMSO (10 mL) Zn(BF,); (39 mg, 0.15
mmol) was added and the suspension was stirred at 130 °C for 48 h. After the clear solution was cooled
to room temperature, methanol and then big portion of diethyl ether was added to precipitate the product.
Yellow solid was centrifuged, washed several times with diethyl ether and dried under vacuum.

Method B: To the suspension of ligand H,L (50 mg, 0.15 mmol) in DMSO (10 mL) NaOH (12 mg, 0.3
mmol) solution in water (1 mL) was added. After stirring at ambient temperature for 0.5 hour Zn(BF,), (39
mg, 0.15 mmol) was added and the mixture was stirred at ambient temperature for 24 h. After methanol
and big portion of diethyl ether was added to precipitate the product. Yellow solid was centrifuged,

washed several times with diethyl ether and dried under vacuum.
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"H NMR (600 MHz, DMSO-dg) & 11.76 (bs, 1H), 11.25 (bs, 1H), 8.91-8.60 (m, 3H), 7.91-7.71 (m, 4H),
7.64-7.57 (m, 3H), 6.88-6.63 (m, 2H). ESI-TOF-MS: for [C4H27NgO42Zn]* calc. m/z = 747.1441, found

747.1419.
H* + H¢
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Figure S7 'H NMR spectra of [Zn(H.L").](BF.). prepared by method A and B.
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Figure S8. 'H-'"H COSY NMR spectrum of [Zn(H.L");](BF4), (a — whole spectrum, b — part of the spectrum)
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Figure S9. Differential scanning calorimetry analysis of complex [Zn(H,L"),](BF,).
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Figure $10. Thermogravimetric analysis of complex [Zn(H.L"),](BF).
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Figure S11. Difference thermogravimetric analysis of complex [Zn(H,L").)(BF ),
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Figure S$12. UV-Vis spectra of H,L and [Zn(H,L"),](BF,), in solid state
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Figure S13. Fluorescence spectra of H,L and [Zn(H,L'),](BF.), in solid state and photographs under UV lamp (254 nm)
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Figure S15. Titration of H,L with NaOH (0.12 M in DMSO-d¢/D,0 = 1:1) causing L? formation, followed by incremental addition of
HCI 0.06 M, in DMSO-ds. NMR spectra were measured right after the addition. Excess of both NaOH and HCI were used to speed
up the transformations.
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Figure S$17. '*C NMR spectrum of L2 monomer (a — whole spectrum, b — part of the spectrum)
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Figure S20. Titration of H,L with NaOH (0.12 M in DMSO-d¢/D,0 = 1:1) causing L? formation, following by incremental addition of
Zn(BF4), (0.12 M in DMSO-ds) and neutralization by HCI (0.06 M, in DMSO-dj) forming [Zn(HzL")2](BF 4)2.
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Figure S21. Titration of [Zn(H,L");)(BF.), with HCI (0.06 M, in DMSO-ds) causing H,L formation.
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Il. MOLECULAR MODELLING

The main goal of this ab-initio studies was to predict and depict the structures formed by ligand H,L
and its’ iminol form H,L’, including hydrogen-bonded aggregates and complex [Zn(H,L’),](BF;).. A multi-
step procedure was used to optimize the studied structures. The obtained structures were used as a
blueprint for visualisation of polymeric species. All structures were pre-optimised with the semi-empirical
RM1 method. The parameters for zinc atom were taken from the AM1 method. For H,L, L2 and H,L’, the
lowest-energy conformations were found using Gaussian’s gmmx module. The input structures were then
optimised with the DFT b3lyp/6-31+(g,d) method, which is a fair compromise between differing natures of
the studied species and computational expenses, and ensures comparability of the results. To include
dispersion effects, Grimme’s D3 dispersion was added and complemented by Becke-Johnson (BJ)
damping parameters for close-ranged interactions. Additional diffusion functions were included to
correctly reproduce behaviour of anionic species. Polarization functions were added on hydrogen and the
heavy atoms to reproduce correctly hydrogen. First, 2-pyridone and 2-pyridone dimer were optimized.

The DFT functional PBE with base 6-31++G(d,p) was used and the calculation results obtained did reflect
values reported in literature’.

Table S1. The results of energy calculations of 2-pirydone molecule for monomeric and dimeric species. The H-Bond energy
calculations were used for comparison to earlier reported values.

Base 2-pirydone 2-pirydone dimer H-Bond
[105 kcal mol] [105 kcal mol-'] [kcal mol-']
pbepbe/6-311++g(d) -2.0282 -4.0567 -20.55
ED3 correction - -4.0567 -6.78

Next was the optimisation of the H,L structure itself. The H,L molecule exists in amido-iminol
tautomeric forms. The amido-form was found to be more stable (form C, Figure S1). Calculated single

point energies for tautomers H,L and H,L’ show that H,L has total energy lower by about 24.3 kJ/mol
than H,L’.

Relative energy [kJ/mol]
S
o

H,L H,L'
Figure S22. Relative energy of H,L and H,L’ The total energy of molecules was obtained using b3lyl/6-31+g(d,p) methodology and
gd3bj dispersion and damping.
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Intrinsic properties of a molecule can be predicted based on the distribution of energy levels of
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). While the
MO structure for both H,L and H,L’ shows symmetrical pattern, the introduction of metal cation shows the
shift of electronic cloud of bonding HOMO level towards the metal centre and shift of LUMO levels to the
opposite side of molecule. For analysis 6-31g++(d,p) calculations for optimised structures of molecules
were used.

Table S2. Frontier orbilals analysis.

MO H.L [Zn(HoL")2](BF4),
LUMO +4 rfu%’d;&
LUMO +3 - 3 ﬁ &

LUMO +2

LUMO

HOMO

3
LMD +1 fwb
k3
ki

HOMO -1

s
HOMO -2 x}’gu
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H.L, L2- anion and [Zn(H,L'"),;](BF4), structure description
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H,L: This structure can occur in several conformations, from of which the one
shown, has the lowest energy. The pyridone rings are set relative to each other in a
trans configuration, deflected relative to the plane of the central pyrimidine ring by
about 21° in opposite directions. The phenyl ring is slightly displaced from the plane
of the pyrimidine ring by a dihedral angle of 5.7 A. The length of the C=0 bonds in
this molecule is 1.23 A, while the N-C bonds of the amide group are 1.41 A.

L2- anion: The anionic form of iminol form of the structure was found to be flat. The
length of the C-O bonds in this molecule is 1.26 A, while the N-C bonds of the amide
group are 1.39 A.

[Zn(H,L’),)(BF4),: The structure of the complex consists of two ligand molecules in
the iminol form, coordinated to the Zn?* cation by the nitrogen atoms of the
pyrimidine-pyridine pocket. The Zn-N bond lengths for pyridine nitrogen atoms are
slightly longer than for pyrimidine nitrogen atoms, the average lengths of these
bonds are 2.08 A and 2.01 A, respectively. The zinc cation is coordinated with the
symmetry of a distorted tetrahedron. The dihedral angles between the pyridine and

central ring are small for the coordinating unit, i.e. about 1-13°, while for phenyl rings, angles are on
average 20.7°, which is similar to the free form H,L. The dihedral angles between the phenyl ring and the
pyrimidine ring have an average value of 36°. The bond lengths are as follows: C-O 1.34 A, C-N 1.34 A.
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SambVca 2.1 steric hindrance results
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Figure S23. Steric maps calculated in SambVca software? for complex [Zn(H,L"),](BF),. Standard (3.5 A) and enlarged (10 A) radii

were used.

Table S4. SambVca 2.1 steric hindrance results.

%V Free %V Buried
10.8 89.2

Quadrant Vfree vbur %Vfree %Vbur
SW 6 38.9 13.4 86.6
NW 5.8 39 13 87
NE 2.7 42.2 6 94
SE 4.8 40 10.8 89.2

lll. SCANNING TUNNELING MICROSCOPY

General methods for STM experiments:

The solution was prepared by dissolving dynamer H,L or complex [Zn(H,L"),;](BF4), in DMSO at slightly
elevated temperatures (heat gun) and, additionally, in tricholorobenzene (TCB). For the measurements, a
20 uL drop of 5 uM of solution was casted onto the surface and heated up (using heating plate) to a
temperature of 50-65 °C (determined empirically). The temperature was measured using a type K
thermocouple spot-welded to the edge of the sample holder. The scanning was performed inside the
solution drop, i.e. at the solid-liquid interface. The bias voltage was applied to the sample.
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Figure S24. STM images of helical H,L (left) H,L 2D arrays (middle) and [Zn(H,L").](BF.), (right). Images size: 50 x 50 nm?; Vsample
=+0.6 V; I =0.1 nA.

Both STM images of helical polymer H,L (Fig. S24 left) and of 2D array of complex [Zn(H,L"),](BF4). (Fig
S24 right) were obtained from same sample by drop-casting 20 pL of 5 pM solution of [Zn(H,L'),](BF4),
onto HOPG and heating to 50-65 °C. This coexistence of both helical dynamers and 2D arrays made by
complex [Zn(H,L"),;](BF4), can be interpreted as confirmation of dynamic equilibrium between H,L and
[Zn(H,L"),](BF4).. STM image of 2D array of H,L (Fig. S24 middle) was obtained by drop-casting 20 uL of
5 uM of H,L solution onto HOPG and heating to 50-65 °C.

Using the methodology proposed by Gao et all®l, for the given experimental conditions of the STM
experiment, we compared the shape and the contours of the LUMO orbitals with the recorded STM
images. The obtained structure match very well to the toroidal shapes in the STM image.

Figure S$25. Zoomed area of STM image of [Zn(H,L"),](BF.), 2D arrays with model of LUMO orbitals of 2 molecules of
[Zn(H,L"),](BF.), on top of it (left). Image size: 5 x 5 nm?; Vgampe = +0.6 V; I+ = 0.1 nA. LUMO orbitals of 2 molecules of
[Zn(H2L")](BF ), (right).
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We report a fast and ultrasensitive colorimetric method for the
detection of transition metal ions (Fe**, Cu?*, Ni**) in a mixture of
toluene-acetonitrile using Schiff base functionalized gold nano-
particles. We achieved limits of detection for the three metal ions at
least two orders of magnitude lower than the EU recommended
limits. Finally, our methodology was assessed for the determination
of nickel in the organic waste of a relevant industrial reaction.

The fine chemical, petroleum, and pharmaceutical industries
have been identified as major producers of chemical waste
because the vast majority of technological processes are still
carried out in organic solvents with the use of metal-based
catalysts.* Organic medium hitherto remains essential not only
for chemical reactions to proceed but also for the extraction
and purification steps, necessary to achieve sufficient product
purity. Despite the continuous development and improvement
of synthetic methodologies, waste induding that containing
transition metal ions derived from decomposed catalystsis also
often a source of contamination of the final product, including
in active pharmaceutical ingredients (APIs).2 Although some of
the transition metal ions employed in catalytically relevant
processes (e.g., Cu®!, Ni?*, and Fe*") bear several important
biological roles,** their excessive content in the human body
can lead to serious health problems.® EU recommended limitsin
APIs are 20 ppm’ and 300 ppm’ for Ni2*and Cu?*, respectively.
No specific limit has yet been established so far for Fe™,
although owverexposure to this metal can lead to iron
poisoning,® including heart diseases® and cancer.!® Analytical
methods commonly exploited for trace metal ion determination,
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despite the high capital cost, are ion-coupled-plasma spectro-
scopy (ICP-MS)*2 and atomic absorption spectrometry (AAS).2
However, the direct determination of trace elements in non-
aqueous mixtures by these techniques remains problematic due
to time-consuming and highly invasive sample pretreatment
(e.g., mineralization, high temperature/pressure) often leading to
variation in metal content.® Within this context, the develop-
ment of simple and effective methods to detect transition metal
ions in organic media is highly sought after.

Low-dimensional nanostructures possess the highest
surfaceto-volume ratios and unique optoelectronic properties,
which are highly susceptible to their interaction with the
environment. The latter can be tuned via the chemical function-
alization of their surface with receptors of the analyte of choice,
enabling the development of chemical sensors with electrical or
optical readouts featuring key performance indicators beyond
the state-oftheart.’> Among low-dimensional nanostructures,
noble metal nanoparticles (NPs) represent versatile platforms for
the fabrication of (bio)chemical sensors due to their high
chemical stability, surfaceto-volumeratio, and distinctive optoe-
lectronic properties. The extraordinary plasmonic phenomenon
has given rise to a rapidly developing field of optical
nanosensors,* where the exposure to target analytes can induce
alocalized surface plasmon resonance (LSPR) shift of the metallic
NPs (in solution or deposited into a solid platform) and may be
accompanied by a visual colour change. In particular, colorimetric
sensing, where a specific analyte can trigger a significant visual
colour change, is very attractive due to its simplicity, cost-
effectiveness, and unprecedented selectivity among the traditional
detection methodologies.'®

On the other hand, Schiff bases derived from 2-hydroxy-
benzaldehydes and appropriate amine or hydrazide create a
very effective chelating system for binding to metal cations.!%”
They have also been employed for colorimetric ion sensing,
reaching in some cases limits of detection in the micromolar
range.'® 2! However, their synergetic combination with metal
NPs for colorimetric cation sensing has been barely exploited.
For instance, gold nanoparticles (AuNPs) functionalized with
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Schiff bases can effectively detect Cu?*, AI**, or Fe**, exhibiting
sensitivities in the micromolar range.?22* Yet most examples
combining AuNPs and Schiff bases were investigated in
aqueous solutions, despite the high stability of AuNPs capped
by Schiff base ligands in organic media.>* Examples of
sensors combining AuNPs with Schiff base ligands capable of
efficiently sensing selected metal ions in organic solvents
remain very few.2*%”

To fill this gap, we report here a new type of colorimetric
sensor based on Schiff-base decorated AuNPs for the detection
of industrially relevant transition metal cations (Cu®*, Ni%*, and
Fe**) in organic solvents. The employed chelating system (L1)
was designed to act both as a stabilizing agent of AuNPs and as
a supramolecular receptor for the analyte of interest.

Ligand L1 was designed to combine a moiety that is capable
of chemisorbing on gold surfaces and a versatile coordination
pocket that can effidently bind metal cations. Thus, an adipoic add
moiety was chosen as the anchoring site, through the formation of
an Au-S linkage, 23! while the mono(salicylaldehyde)}iminoacetyl-
hydrazone ligand providing the N,0,0 binding pocket'**2>* was
employed for coordinating metal cations, as confirmed in the
control experiment with ligand L2 (see EST). Ligand L1 was
synthesized from adipoic add via a threestep protocol in a high
75% overall yield without column chromatography (see Scheme Si,
ESIt). The final ligand L1 was obtained as a mixture of two
geometrical isomers (in ZE =2:1 ratio calaulated from integrals
of H9¢ HByans and H-114s, H-11y4). Detailed synthetic proce-
dures and characterization can be found in the ES, T Fig. S1-8.

The synthesis of monodispersed AuNPs in toluene was
performed by following a previously reported protocol, where
oleylamine was used as a surfactant.3® The resulting oleylamine
capped gold nanoparticles (OL@AUNPs) featured a plasmon
band at 526 nm, ascribed to the dipole resonance of individual
AuNPs (Fig. 1b). Theinteractions between the gold nanoparticle
surface and the amine group of oleylamine are weaker than
dative Au-S bonds, and hence this favours the ligand exchange
reaction between oleylamine and ligand L1. The ligand
exchange reaction should be achieved by adding approximately
890 L1 molecules per nanoparticle (calculated from the size of
the metal core, for details see ESIT). To maximize the number of
L1 molecules on the AuNPs surface, and hence have the
maximum number of receptors, we performed the ligand
exchange reaction with different concentrations of ligand L1
(i.e, from 7.5 to 60 nM) and we studied the stability of the
AuNPs in time (see ESI, T Fig. S12). The highest concentration of
ligand L1 that lead to a stable system during at least 96 hours
was 15 nM; higher concentrations lead to a fast and irreversible
aggregation of the system (see ESI, T Fig. S12C and D).

The size and the morphology studies of both OL@AuNPs
and L1@AuNPs were performed by transmission electron
microscopy (TEM) and dynamic light scattering measurements
(DLS). TEM images of OL@AuNPs revealed monodispersed
spherical nanoparticles with uniform shape and core size
11.5 1.2 nm (Fig. 1c), which is in good agreement with DLS
measurements, revealing an average hydrodynamic diameter of
143 4.4 nm (for details see ESI,T Fig. S13 and S14). In the
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Fig. 1 (a) Schematic representation of the ligand exchange reaction; (b)
UV-Vis comparison of OL@AUNPs and L1@AuNPs; (c) TEM image of
OL@AuNPs (d) TEM image of LI@AuNPs.

case of LI@AuUNPs, TEM images revealed that the AuNP size
remains constant (coresize: 10.8 1.1 nm, Fig. 1d)asligand L1
is not expected to modify the NP size. Thisisin good agreement
with DLS measurements, which showed an average hydro-
dynamic diameter of LI@AUNPs of 1545 4.26 nm (see ESI, T
Fig. S13).

To evaluate the sensing performance, our system was tested
for the selected transition metal ions (Cu®*, Ni%*, and Fe**). To
rule out nonspecific acetonitriledinduced aggregation we have
verified the stability of LL@AuNPs in the presence of acetoni-
trile up to 23% (see ESI, T Fig. S15). To demonstrate the selective
interactions between ligand L1 and metal cations, colloidal
dispersions of OL@AUNPs were exposed to selected metal
cations and no aggregation was observed (see Fig. S16a, S17a,
and S18a in ESIT). These experiments also exclude any non-
specific interaction with AuNPs. To eliminate the counter ion
influence, all experiments were performed by using NOs?
salts. After 10 minutes of analyte addition (for a detailed
description see ESIT), a visible colour change from red to purple
was observed indicating the aggregation of L1I@AuNPs (See
Fig. 2). The response time observed for our system is better or
comparable with other known colorimetric sensors (see ES, T
Table $4).35%° The aggregation of L1@AuUNPs is triggered by the
coordination reaction between the N-acylhydrazone moiety and
the metal cation, giving rise to octahedral complexes (Fig. 2).
Solely based on naked-eye observation, the colour change from
red to purple can be observed in the 5-7.5 nM concentration
range (Fig. S19 in ESIt). To be easily comparable to the EU
recommended limits, we converted the concentration in which
colour change was noted into ppb. More specifically, for Cu®*

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Schematic representation of coordination triggered aggregation.

cations, the visible colour change took place after the addition
of 5nM, which corresponds to 366 ppb. For Fe** cations it was
7.5nM (458 ppb) and 5 nM of NiZ* cations, which corresponds
to 204 ppb (see ESI, T Fig. S19). As compared to the allowed
limits of transition metal ions in APIs and an excipient,” our
sensor exhibited a sensitivity 2 and 3 orders higher.

The sensing performance of the LI@AuUNPs was quantita-
tively assessed via UV-Vis spectroscopy. The UV-is absorbance
spectrum of L1@AuNPs upon each metal ion addition at
different concentrations showed a red shift of the LSPR band
(Fig. 3a, b, and ¢, for Cu?*, Fe**, and Ni%* ions, respectively).
The calibration curves were obtained by plotting known con-
centrations of Cu®*, Ni?*or Fe?ions (1-10 M) against the LSPR
maximum (Fig. 3d and Table S1 in ESIt) and the linear
response can be fitted to the formula: LSPRyax =@  [metal
ion] +b. For calculating the limit of detection (LoD) of each
metal ion, the 3Ss/m™ equation was used, where S is the
standard deviation of a blank sample and mis the slope of each
calibration curve, also known as sensitivity (S). The colorimetric

a) L1@AUNPs + Cu?* b)  Li@aunps + e

1.0

0
1pM

08 7 \,‘ 2pM
F /AN 3uM

A\ 4 pM

—/4 5 uM

.0+ ——r—————— X
400 500 600 700 800 400
Wavelength [nm]

500 600 700 800
Wavelength [nm)]

< L1@AUNPs + Ni** d)
= 0 pM
H 1M 570 A=5.84*Ni""| +511.78 |
2uM '

08 3uM T '
8 4uM £ s60 g '
g 081 HY T
€ \ 5l 81660/ A= L7 N1 4528
204 \ 10 uM 2
< \ o 540 I

02 N 2

S 530

= 528.5
700 800 0 2 4 6 8 10
metal ion concentration [uM]

0.0+
400 500 600
Wavelength [nm]
Fig. 3 (@) UV-Vis spectrum showing the LSPR band shift upon addition of
Cu?*, (b)Fe** and (c)Ni?*; (d) linear change of LSPR maximum plotted as a
function of metal ion concentration.
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sensor in toluene-acetonitrile solutions showed extremely low
LoDs, in the range 1.4-11.2 nM (see ESI, T Table S1) for the
assessed metal ions.

As can be seen in Fig. 3d, the sensor showed a similar
sensitivity in the case of Cu®* and Fe** cations (S =0.88 and
0.71 nM *, respectively). However, the sensitivity towards the
most catalytically valuable and the most toxic of all studied
cations, i.e. Ni%*, was much higher in both linear regions (S =
1.7 and 5.84 nM 1), This high sensitivity towards Ni%* can be
further utilized in industrially valuable Ni-catalyzed reactions,
such as the synthesis of Pictilisib*? or PDE472.*3 Usually, Ni?*,
Cu?*and Fe?* cations are not found as a mixture in industrial
processes and hence we highlight that our colorimetric sensor
can be used to detect all of them individually. When compared
to other known colorimetric sensors based on Schiff bases,
L1@AuNPs displayed 2-6 orders of magnitude lower LoD than
structurally similar Schiff base capped AuNP sensors, which
were described for Cu?*?2%” and AI**% detection.

To demonstrate that our sensor can be used for the quanti-
tative evaluation of metal content in organic waste produced
during catalytic processes used in the pharmaceutical industry,
we decided to reproduce the synthetic protocol reported by
Novartis Pharma AG, that utilizes nickel catalyzed Kumada
coupling for the synthesis of PDE472, an inhibitor of phospho-
diesterase type 4D and a recognized drug target for the treat-
ment of asthma.*® The reaction was performed at a laboratory
scale and the organic waste was analyzed by UV-is spectro-
scopy with our sensor and by inductively coupled plasma mass
spectrometry (ICP-MS). Right after the purification procedure,
the toluene waste (50 ni.) was added to the L1@AuUNP disper-
sion (for more details see ESIT). The UV~is spectrum was
recorded after 10 minutes and showed a red shift of the LSPR
band (4 nm, see ESI, T Fig. S22), similar to the red shift observed
for low concentrations of Ni%* ions (r 4 nM, see ESIT
Fig. S17d). On the basis of this UV-Vis experiment and the
calibration curve obtained upon the addition of a known
concentration of Ni%*ions (Fig. S17d, ESIt), the Ni%* content
in the real sample was evaluated as 3.5 M. The exact nickel
content was determined by ICP-MS. The obtained value of
3.49 nM isin full agreement with our UV~vis results. It is worth
highlighting that for ICP-MS measurements the organic
waste had to be evaporated, dried and mineralized prior to
measurement, which in total took several hours. On the other
hand, for our sensing experiment, the organic waste was directly
examined by UVAis spectroscopy without any pretreatment,
which reduced the total analysis time to a few minutes.

We have devised a highly sensitive chemical sensor of
divalent and trivalent metal ions based on Schiff base capped
AuNPs via colorimetric detection. These low-dimensional sen-
sitive elements were characterized by UV-vis spectroscopy, DLS,
and TEM. The colorimetric response relies on the complexation
of the metal ions with the Schiff base ligand, forming ML,-type
complexes with first+ow transition metal ions (Ni%*, Cu?*, Fe*")
in toluene-acetonitrile solution, which triggers the AUNP aggre-
gation process. The metal coordination occurred in less than
10 minutes, which makes this sensor suitable for on-thespot
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qualitative sensing. The sensitivity performance was excellent
for all studied ions, and the colorimetric response visible solely
by the naked eye (no instrumentation necessary) was as low as
204 ppb for Ni?*ions, which is two orders of magnitude lower
than the EU recommended limits. The estimated LoD for all
studied metal ions was in the nanomolar range and the highest
sensitivity was observed for the toxic and catalytically valuable
Ni2* cations.

Sgnificantly, our chemical sensor outperforms other known
Schiff base capped AuNP colorimetric sensors, with a 3-6
orders of magnitude lower LoD. Moreover, we demonstrated
the applicability of our sensor for the evaluation of the Ni%*
content in organic waste generated during the synthesis of
PDE472, a recognized drug target for the treatment of asthma.
The modular strategy applied can tune the sensor on-demand
and it can be refined to become suitable for the selective
detection of transition metal ions for pharmaceutical and
technological applications in organic solvents.
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Experimental section
Chemicals. Chemicals were purchased from commercial suppliers (Sigma-Aldrich and

TriMen Chemicals) and used as received without further purification.

Characterization techniques. NMR spectroscopic data were performed on a Bruker
UltraShield 300 MHz and 600 MHz spectrometers, calibrated against the residual
protonated solvent signal (for "H NMR DMSO-dy4: & =2.50; CDCls: 6= 7.26 for *C NMR
DMSO-dg: 6 = 39.52) and are given in ppm. ESI-MS spectra were recorded on a Bruker
Impact HD Q-TOF spectrometer in positive ion mode. IR spectra were obtained with a
Jasco 4000 FTIR spectrophotometer, and peak positions are reported in cm™!. UV—vis
spectra were recorded on a Jasco V-750 UV—visible spectrophotometer. The size of AuNPs
was determined through transmission electron microscopy (TEM) analysis in a Hitachi H
7500 microscope operating at an acceleration voltage of 100 kV and by dynamic light
scattering (DLS) using a Zetasizer Nano S (Malvern Instruments, Malvern UK). For ICP-
MS experiments concentrated HNO; (Suprapur, Merck, Germany) was used to prepare the
blank samples, calibration standards and as a digestion reagent. Concentrated HCI
(Suprapur, Merck, Germany) was used to prepare the blank samples and calibration
standards. A single element Ni (Merck, Germany) standard solution of 1000 mg L-!
concentration and a multi-elemental standard solution STD-4 (Perkin-Elmer, USA)
containing 10 mg L' Au were used to prepare the set of calibration standards with
concentrations: 0.1, 1, 10, 50 ug L-! in 1% HNO3 and 1% HCI for Ni and Au, respectively.
Milli-Q water was used to prepare sample dilutions, blank samples and calibration
standards (Direct-Q 3 UV, Merck, Germany). The ICP-MS model 7700x (Agilent, USA)
operated in no-gas mode, the isotopes **Ni and '*’Au were measured with the following

instrumental settings: Seaspray nebulizer 0.2 mL min-1, Scott double pass spray chamber,

S3
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0.1 s dwell times per isotope, 100 sweeps, 3 replicates, 1550 W plasma power and 1.05 mL
min-1 nebulizer gas flow rate. The 2 min wash-in time was applied for Au measurement

before each standard and sample to reduce the potential memory effects.

82% 99%

(\f/\/\/COOH NHS, DCC (‘Y\/\)L W NH;NH; x H,O
g-S

o-lipoic acid (1)

synthesis without
column chromatography HO

0 OH
(Y\/\)'LN,NHZ + EZ AcOH
N o?
H
3 l o3% (Y\/\)L
S 3 4 O

75% overall yield

Synthesis of L1:

Scheme S1 Reagents and conditions: 1) NHS, DCC, CH,Cl,, 0°C to rt, 3 h; ii) NH,NH; x H,0,

CH,Cly, rt, 17 h; ii1)) AcOH, EtOH, rt, 17 h.

Active Ester 2: NHS (308 mg, 2.65 mmol, 1.1 equiv.) was added to a stirring solution of
a-lipoic acid (500 mg, 2.4 mmol, 1 equiv.) in dry CH,Cl, (10 mL) under an argon
atmosphere and at room temperature. The resulting mixture was cooled to 0 °C by an ice-
water bath and a solution of DCC (550 mg, 2.65 mmol, 1.1 equiv.) in dry CH,Cl; (3 mL)
was added dropwise. A few seconds after the addition of DDC solution, a white precipitate
of DCU started to appear. The cooling bath was removed, and the reaction mixture was
allowed to warm up to room temperature, while stirring, for 3 hours. After that, the white
solid of DCU was filtered through a small pad of silica and the solvent was removed under
reduced pressure. The residue was then purified via recrystallization in a mixture of

chloroform (3 mL) and n-hexane (100 mL) to give rise to the active ester 2 (600 mg, 1.98
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mmol, 82 %), as a white solid. 2: '"H NMR (600 MHz, DMSO-dg): 6 1.41-1.52 (m, 2H),
1.54-1.75 (m, 4H), 1.85-1.93 (m, 1H), 2.38-2.46 (m, 1H), 2.68 (t, 2H, J= 7.2 Hz), 2.81 (s,
4H), 3.12 (dt, 1H,J=6.8 Hz,J=11.0 Hz), 3.16-3.23 (m, 1H), 3.57-3.66 (m, 1H). *C NMR
(151 MHz, DMSO-dj): 6 24.0, 25.4, 27.6, 30.0, 33.8, 38.1, 39.8, 55.9, 168.9, 170.2. The
physical and spectral data are consistent with those reported.!

Hydrazide 3: An excess of hydrazine monohydrate (0.35 mL, 7.16 mmol, 4 equiv.) was
added to a stirring solution of the active ester (544 mg, 1.79 mmol, 1 equiv.) in dry CH,Cl,
(15 mL). The resulting mixture was stirred at room temperature for 17 hours, after it was
quenched with water (40 mL) and extracted with CH,Cl, (3 x 50 mL). The combined
organic layers were washed with brine (100 mL) and dried over anhydrous Na,SO,. After
filtration, the solvent was removed under reduced pressure. Et;O (5 mL) was added to the
residue to precipitate the compound 3, which was then filtered (pale-yellow solid, 394 mg,
1.78 mmol, 99%). Compound 3 should be stored in the fridge under an argon atmosphere.
3: '"H NMR (600 MHz, DMSO): & 1.29-1.38 (m, 2H), 1.44-1.74 (m, 4H), 1.82-1.91 (m,
1H), 2.01 (t, 2H, J= 7.4 Hz), 2.37-2.45 (m, 1H), 3.11 (dt, 1H, J= 6.8 Hz, J = 11.0 Hz),
3.16-3.21 (m, 1H), 3.56-3.63 (m, 1H), 4.14 (bs, 2H), 8.91 (bs, 1H). 3C NMR (151 MHz,
DMSO): 6 25.0, 28.3,33.2, 34.1, 38.1, 39.9, 56.1, 171.4. The physical and spectral data are
consistent with those reported.?

Ligand L1: To a stirring suspension of hydrazide 3 (100 mg, 45.4 umol, 1 equiv.) in
absolute EtOH (10 mL), salicylaldehyde 4 (50 uL, 45.4 umol, 1 equiv.) and a catalytic
amount of acetic acid (0.25 mL) were added. The resulting mixture was stirred for 2 hours
at room temperature. After that, the solvent was removed under reduced pressure and to the

residue, Et;O (5 mL) was added to precipitate ligand L1 as a white solid, which was then
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filtered (137 mg, 42.2 umol, 93%). L1: mp = 122-123 °C; FT-IR (ATR) Vynax = 3186, 3080,
2926, 2849, 1666, 1605, 1580, 1461, 1396, 1206, 770 cm™'; '"H NMR (600 MHz, DMSO):
8 1.34-1.47 (m, 2H), 1.53-1.75 (m, 4H), 1.83-1.92 (m, 1H), 2.23 +2.58 (2, 2H, J = 7.3
Hz), 2.36-2.45 (m, 1H), 3.07-3.15 (m, 1H), 3.15-3.22 (m, 1H), 3.58-3.66 (m, 1H),
6.83-6.93 (m, 2H), 7.20-7.30 (m, 1H), 7.49 + 7.61 (2 d, 1H, J = 7.5 Hz), 8.25 + 8.34 (2 s,
1H), 10.12 (s) + 11.12-11.25 (m, 1H), 11.12-11.25 (m) + 11. 58 (s, 1H).3C NMR (151
MHz, DMSO): § 23.9, 24.7, 28.3, 28.4, 31.8, 33.8, 34.1, 34.2, 38.1 (2x), 39.9, 56.1 (2x),
116.1, 116.3, 118.6, 119.2, 119.4, 120.0, 126.7, 129.4, 130.8, 131.1, 140.8, 146.4, 156.3,

157.3, 168.3, 173.7. HRMS — (ESI) calc for C;sHN,O,S,* [M+H]* 325.1039, found

325.1042.
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MS and FT-IR characterization of L1:
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Figure S1. FT-IR (ATR) spectrum of ligand L1.
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Figure S2. ESI-MS spectra (in positive mode) of ligand L1. Calculated on the left and observed
on right.
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1D and 2D NMR Spectra of L1
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Figure S3. '"H NMR spectrum (600 MHz, DMSO) of ligand L1.
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Figure S4. Zoomed areas from 'H NMR spectrum (600 MHz, DMSO) of ligand L1 with proton
assignment (according to 1D and 2D NMR).
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Figure S7. '"H-'H COSY NMR spectrum (600 MHz, DMSO) of ligand L1.
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Figure S8. Zoomed areas from 'H-'"H COSY NMR spectrum (600 MHz, DMSO) of ligand L1
with proton assignment (according to 1D and 2D NMR).
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Synthesis of L2:

0 0 o HO
o~ >~ NHzNHz x H;0 N'NH2 4, AcOH N
Bt N 2R N
Br 86% Br 58% Br L2

5 6

Scheme S2 Reagents and conditions: 1) NH,NH, x H,O, EtOH, reflux, 5 h; ii)) AcOH, EtOH, 65

°C, 0.5 h.

Hydrazide 6: Hydrazine 6 was prepared according to a previously reported procedure.®* To a
solution of ethyl 4-bromobenzoate 5 (5 g, 21.8 mmol, 1 equiv.) in EtOH (10 mL), hydrazine
monohydrate (4 mL, 82.2 mol, 3.8 equiv.) was added in one portion. The mixture was stirred under
reflux for 5 hours. After cooling down to room temperature, distilled water was added (15 mL).
The precipitated product was filtered and washed with distilled H,O. Compound 6 was isolated as
white solid (4.02 g, 18.7 mmol, 86%). 6: 'H NMR (300 MHz, DMSO): & 4.51 (bs, 2H), 7.65 (d,
2H,J=8.6 Hz), 7.76 (d, 2H, J= 8.6 Hz), 9.86 (bs, 1H). *C NMR (75 MHz): 6 124.8, 129.1, 131 .4,

132.4, 164.9. The physical and spectral data are consistent with those reported.*

Ligand L2: To a stirring suspension of hydrazide 6 (1.85 g, 8.6 mmol, 1 equiv.) in absolute EtOH
(50 mL), salicylaldehyde 4 (0.9 mL, 8.6 mmol, 1 equiv.) and a catalytic amount of acetic acid
(0.15 mL) were added. The resulting mixture was stirred for 30 minutes at 65 °C. Ligand L2 (1.59
g, 5.0 mmol, 58%) was then collected as white crystals by filtration and dried under vacuum. L2:
"H NMR (300 MHz, DMSO): 8 6.90-6.95 (m, 2H), 7.28-7.34 (m, 1H), 7.56 (d, 1H, J= 7.7 Hz),
7.77 (d, 2H, J = 8.6 Hz,), 7.89 (d, 2H, J = 8.6 Hz), 8.65 (bs, 1H), 11.21 (bs, 1H), 12.17 (bs, 1H).
BCNMR (75 MHz): 6 116.4,118.7,119.4, 125.8, 129.4, 129.7, 131.5, 131.6, 131.9, 148 4, 157.5,

161.9. The physical and spectral data are consistent with those reported.®
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1D NMR Spectra of L2
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Figure S9. 'H NMR spectrum (300 MHz, DMSO) of ligand L2.
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Figure S10. '3C NMR spectrum (75 MHz, DMSO) of ligand L2.

To evaluate the effectiveness of the proposed chelating system in the coordination of the
selected d-electron metal ions, ligand L2, in which the a-lipoic acid moiety was replaced
by a —Br group, was also synthesized (Scheme S2, Fig. S9 and S10). This structural change
was implemented to avoid potential competing reactions between metal ions and the
unbound lipoic acid moiety, which is known to form complexes via disulphide—metal
interaction.® 7 Complexation reactions of L2 with several transition metal ions (Fe?*, Cu?*,
Ni?*, all as nitrate salts) were conducted in acetonitrile, followed by recrystallization of the
products by addition of diethyl ether. Based on the assumptions that the ligand would
function as a tridentate chelate and that the chosen metal ions would adopt octahedral

coordination, the reaction mixtures were composed with an M:L2 ratio of 1 : 2. This has
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been confirmed by mass spectrometry, where signals consistent with the presence of

[M(L2),] (M=Cu, Ni) and [M(L2),]+ (M=Fe) species have been found (Fig. S11).

o}

/©)LN
Br

H

N

L2

HO.
WS

M{NO3), Ni"
acetonilrile

Br

|,'| Br
=N 'N\‘
o 4,0
Fell
0
A

L
e}

/@’)\“P}J'N\
Br H

Fe(L2),

Scheme S3 Schematic representation of Cu(L2),, Ni(L2); and Fe(L2), synthesis.

General procedure for the complex (L2-Mx+) preparation: To the suspension of .2 (50

mg, 0.156 mmol) in acetonitrile (5 mL) a metal salt (0.078 mmol, 0.5 equiv.) was added.

The mixture was stirred for 24 hours at room temperature. After that, the solvent was

evaporated, and the product was recrystallized from CH3;CN/Et,O mixture to obtain the

product (71-85 %).
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MS Spectra of Complexes Cu(L2),, Ni(L2); and Fe(L2),

'f‘ Br
“N’N-_

L
O\Cu"
~0
oy
Br H
Cu(L2),
caled for [2L2+Cu+Na]*:
721.902
723.901
722.905
719.904 4
/
720.507 724.903
N\ 725.900
726.902
|

77 719 721 723 725 727 79
m/z (Da)

observed:
722.160

724.166
/

725,166

723.161

720.156

721.158
N

-

™~ 726.168

727.166
728.162

PPN R U I I O L PP L

717 719 721 723 725 727 729
myz (Daj}

Ni”.‘
Q; \ O~

: |
O)\'}TN\ .
Br H

Ni(L2),
caled for [2L2+Ni+Na]*:
716.907

718.905

717.910
714.910 7

/| 719.908
715.‘313\ 720.903
721.905
‘ 722.902

|

720 722
yz (Da)

714 716 718 724 726

observed:
717.165

719.171
715.162

718.167

716.165 A
720172
721.170

722,171
723.167

714 716 718 720 722 724 726
m/z (Dg)

¢ Reprints of publications ¢

H
N
e

YQ/&

\
s
O‘F

9

(o]
/@ﬁN-\N;O/\l@
B H

Fe(L2),

caled for [2L2+Fe]":

691.918
689.920 | 693,916
692.921
e
690,923 4
. 694.919
€87.924 £695.921
I |
687 689 691 683 695 697 699
m/z (Da)
observed:
691.919
689.920
693.917
692.921
690.923 ]

. 694.919
687.924 695.921
L 1
687 639 691 693 695 G697 699
m/z (Da)

Figure S11. ESI-MS spectra (in positive mode) of complexes Cu(L2),, Ni(L2), and Fe(L2),.
Calculated on top and observed on the bottom.
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Synthesis of gold nanoparticles

Gold nanoparticles were synthesized according to a reported procedure.® In detail:
HAuCl, 3H,0 (50 mg, 0.127 mmol) was dissolved in oleylamine (12.7 mL). The mixture
was sonicated for 30 minutes to dissolve HAuCl; 3H,O completely. Then, the solution was
heated at 110 °C under vigorous stirring for 40 minutes. In a few minutes, the initial orange
solution turned colourless and short after deep red. After letting the mixture cool down to
room temperature, EtOH was added (30 mL) to precipitate the gold nanoparticles. The
solution was then centrifuged at 384 RCF for 10 minutes to remove the excess of reactants.
Toluene (3 mL) was added to re-disperse gold nanoparticles and then EtOH (20 mL) was
added to precipitate the gold nanoparticles again. The solution was centrifuged at 384 RCF
(Relative Centrifugal Force) for 10 minutes. This washing procedure was repeated twice.
After that, toluene (12.6 mL) was added to prepare a 10 mM solution in terms of a gold
metal, which is stable for up to several weeks when stored in the fridge. Au NPs
concentration was determined by UV-Vis spectroscopy on the basis of extinction at 400

nm.? All glassware was rigorously cleaned in aqua regia before use.

General procedure for ligand exchange reaction:

To roughly estimate the needed amount of ligand L1 needed for such a reaction we started from
purely geometrical considerations: The diameter distribution of our AuNPs, roughly to ~11 nm
was determined by transmission electron microscopy (Figure S14). From theoretical and
experimental studies on Au/thiolated SAMs, reported the n literature, it is known that the
maximum molecular density of alkanethiol SAMs, on flat Au [111], amounts ~ 4.5 molecules/nm?.

10,11 By considering the higher steric hindrance of ligand L1, compared to aliphatic chains, and
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that for particles bigger than 5.2 nm the curvature radius is negligible at molecular scales'® 12, it is
possible to conclude that the upper limit for the density of molecules in the AuNPs-ligand L1 SAM
is equal 4.5 molecules/nm?”. Therefore, each nanoparticle cannot react with more than 890 ligand
L1 molecules. By knowing the concentration, size, and amount of active sites for reaction with the
thiols group we could estimate an approximate stoichiometric ratio between AuNPs and ligand L1

solution to achieve a complete ligand exchange.

These calculations were a quick and useful guide and a start point for finding the right
conditions for the ligand exchange. We set up test concentrations of L1 to 7.5 uM, 15 uM,
30 uM and 60 uM. Stock OL@AuNPs solution concentration was set to | mM (in toluene,
in terms of metal) to form 0.5 mM solution after the addition the same volume of L1
solution in toluene.

Gold nanoparticles (OL@AuNPs) solution in toluene (1 mM in terms of gold metal, 2 mL) was
added to a solution of L1 (7.5-60 uM, 2 mL) in toluene under vigorous stirring. After the addition,
the mixture was kept in dark for 96 hours. For the evaluation of the stability UV-Vis measurements
were performed in different time intervals (up to 96 hours). The resulting functionalized gold
nanoparticles were diluted with toluene to a concentration of 0.25 mM (in terms of gold metal)
and further used in the sensing experiments without additional purification steps due to the

negligible amount of unbound L1.
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Figure S12. Time-resolved UV-Vis spectra of gold nanoparticles solution (0.25 mM) in toluene
upon addition of 7.5 uM (A),15 uM (B), 30 uM (C), 60 uM (D) solution of L1 in toluene. All

spectra were normalized at 400 nm to facilitate comparison.
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Morphology and Size Determination of Gold Nanoparticles

Normalized intensity distribution

DLS measurements.
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Figure S13. Representative dynamic light scattering (DLS) measurements of gold nanoparticles

in toluene solution (0.25 mM) capped with oleylamine (left) showing an average hydrodynamic

diameter 14.30 £+ 4.38 nm (PdI: 0.186; calculated for n = 5 measurements) and gold nanoparticles

in toluene solution (0.25 mM) capped with L1 (right) showing an average hydrodynamic diameter

15.45 + 4.26 nm (PdI: 0.243; calculated for n = 5 measurements).
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TEM measurements.:
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Figure S14. Representative transmission electron microscopy (TEM) images of gold nanoparticles
capped by oleylamine (A) showing spherical, relatively monodispersed nanoparticles with mean
diameter 11.4+ 1.3 nm, n= 150; and gold nanoparticles capped by ligand L1 (B) showing spherical

nanoparticles with mean diameter 10.8 £ 1.1 nm, n = 150.
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ICP-MS evaluation of Au content in LI@AuNPs dispersion used for sensing experiments

Sample preparation: 3.5 mL of L1@AuNPs dispersion was evaporated under reduced pressure to

dryness. To the resulting solid, 1 mL of aqua regia was added and the volume was adjusted to 5

mL with Milli-Q water. The sample for ICP-MS measurement was appropriately diluted. The

molar concentration of Au dispersion used for sensing experiments was calculated as 0.246 mM

from ICP-MS results (Table S1) following the concentration calculated from UV-vis spectroscopy,

0.25mM.

Table S1. Concentration of Au in L1@AuNPs dispersion used for sensing experiments determined

by ICP-MS (c = concentration; SD = standard deviation; CV = coefficient of variation).

dilution

¢ [ug/L]

SD [ug/L]

CV %]

1000

33955

246

0.72
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General procedure for sensing experiments:

Limit of detection: To 2 mL of gold nanoparticles (in toluene, ~0.25 mM in terms of gold metal)
different amounts (20-222 pL, 0.1 mM stock solutions) of metal salts were added. All spectra were

measured at room temperature.

L1@AuNPs + acetonitrile

2.0 4
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3 vol%
4 vol%
4.8 vol%
—— T vol%
9 vol%
—— 11 vol%
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16.6 vol%

1.64

1.0

18 vol%
20 vol%

0.5+ 23 vol%

Normalized absorbance

0.0

400 SEIID B(IJO 760 B(IJU
Wavelength [nm]

Figure S15. UV-Vis spectra of L1@AuNPs upon addition of acetonitrile up to 23 vol%. All

spectra were normalized at 400 nm to facilitate comparison.
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Figure S16. A blank experiment: UV-vis spectra of OL@AuNPs in toluene upon the addition of
Cu(NOs), in acetonitrile; B blank experiment: SPR band shift depending on concentration of Cu?*
salt; C UV-vis spectra of L1@AuNPs in toluene upon the addition of Cu(NOs), in acetonitrile; D

LSPR band shift depending on concentration of Cu?* salt in linear range.
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Figure S17. A blank experiment: UV-vis spectra of OL@AuNPs in toluene upon increment

addition of Ni(NOs), in acetonitrile; B blank experiment: SPR band shift depending on

concentration of Ni** salt; C UV-vis spectra of L1(@AuNPs in toluene upon increment addition of

Ni(NOs); in acetonitrile; D LSPR band shift depending on concentration of Ni?* salt in linear

range.
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OL@AuNPs + Fe®*
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Figure S18. A blank experiment: UV-vis spectra of OL@AuNPs in toluene upon increment

addition of Fe(NO;); in acetonitrile; B blank experiment: SPR band shift depending on

concentration of Fe* salt; C UV-vis spectra of L1@AuNPs in toluene upon increment addition of

Fe(NOs); in acetonitrile; D LSPR band shift depending on concentration of Fe* salt in linear

range.
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Figure S19. Photographs of L1@AuNPs upon incremental addition of transition metal salt
solution. Highlighted photographs correspond to the concentration in which visible colour change

was noted.

Table S2. Calculated limit of detection (LoD) of L1@AuNPs

Linear range Calibration equation
Analyte LoD®3 R?

e [1M] [y = LSPRyqy, X = pM]
Fe3* 11.2 2-7.5 y =0.708x + 528.59 0.969
Cu?* 9.0 1-7.5 y=0.88x +529.12 0.979
Ni2* - 1-4 y=1.7x + 528 0.979
1.4 4-10 y=5.84x +511.78 0.989
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Real sample analysis

Synthesis of PDE472 intermediate

1) 30% NaOH
toluene, 0 °C
then remove H,O

0
e 2 MgBr P
| AT s

e HCI NiClx(dppp) =N
7 THF/toluene, 40 °C, 4 h 9

Scheme 4. Synthesis of PDE472 intermediate, via nickel catalysed Kumada coupling'

4-(4-Methoxyphenyl)pyridine 9: The intermediate 9 was prepared on a laboratory scale
according to the reported procedure. '

In detail: 4-bromoanisole (1.5 g, 8.06 mmol) in toluene (1.13 mL) was slowly added in a dropwise
manner to Mg turnings (210 mg, 8.62 mmol) and iodine (sublimated, 1.9 mg) activated by heat in
THF (3 mL) at 35 °C. After the reaction was initiated, the whole solution was added at such a rate
to maintain the temperature of 35 °C. After 3 hours at 45 °C, the mixture was cooled and used for
the coupling reaction.

30% NaOH (aqueous solution, 1.05 g, 7.87 mmol) was added to a stirred solution of 7 (1.125 g,
7.5 mmol) in toluene (3.75 mL) and water (4.13 mL) at 0 °C, at such rate that the mixture did not
reach more than 5 °C. After another 10 min, the layers were separated and the organic layer was
heated under reflux (150 mbar, 50 °C) using a Dean-Stark water trap, for azeotropic water removal.
[Safety remark: removal of toluene by distillation can lead to a strongly exothermic
autopolymerisation of the free base of 7]. NiCly(dppp) (5.6 mg, 0.01 mmol) was then added to the

dried base solution of 7 in toluene at ambient temperature. Solution of 8 prepared in the first step
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was added dropwise to keep the initial exothermic reaction below 45 °C. After 3 hours at 45 °C
reaction was completed, and the mixture was cooled to ambient temperature. Next, a solution of
citric acid (1.31 g) in water (2.6 mL) and concentrated HC1 (0.38 mL) was prepared, and the
reaction mixture was added dropwise over several minutes. The flask was rinsed with toluene (1.13
mL), water (2.63 mL) and concentrated HCI (0.38 mL) and the fractions were added to the reaction
mixture. The mixture was then heated to 30 °C and the layers were separated. The organic layer,
which represents the organic waste from the reaction was put aside for ICP-MS and sensing
experiments. To the water layer, containing the hydrochloride of 9, toluene (5.6 mL) and 30 %
NaOH (aqueous solution, 3 mL) were added. Layers were separated and the toluene phase was
evaporated to dryness, under reduced pressure to yield crude 9. Spectral data were consistent with
the literature.!> 'TH NMR (600 MHz, CDCl): & 3.87 (s, 3H), 7.01 (d, 2H, J= 8.7 Hz), 7.47 (d, 2H,

J=6.2Hz),7.60 (d, 2H, J = 8.7 Hz), 8.62 (d, 2H, J = 6.2 Hz).

Br
~o” :

rd Y
=] m "5}
(=] (= —
o~ o~ o
12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0
f1 (ppm)

Figure S20. 'H NMR of 4-bromoanisole — substrate to the Kumada coupling leading to 9,

PDE472 intermediate.
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Figure S21. '"H NMR of crude PDE472 intermediate 9.

Sensing — organic waste sample (Kumada coupling)

Procedure: To 2 mL of gold nanoparticles (in toluene, 0.25 mM in terms of gold metal) different

amounts (20-50 pL) of organic waste were added. All spectra were measured at room temperature.

e 0 pL
LSPR band shift 4 nm 20 pL
_“ 30 uL
0.8 :.-/.-’ } —— 50 uL
8 7oA
c b
g/
w0 \
Q AN
<< 04 \Y
BN
0.2 \\
0.0 T T T T
400 500 600 700 800

Wavelength [nm]

Figure S22. UV-Vis spectra of L1(@AuNPs upon addition of organic waste.
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ICP-MS evaluation of Ni content in organic waste

Sample preparation: 300 uL of organic waste was evaporated under reduced pressure to dryness
and was additionally dried under reduced pressure. 50 mg (from resulting 57 mg) of the dried
organic waste was mineralized in the following way: The sample digestion was carried out in a
microwave-assisted digestion system (Ethos One, Milestone Srl, Italy). About 50 mg of the sample
was placed in quartz vessels with 2 mL 65% nitric acid. The digestion program was performed in
3 stages: 20 minutes ramp time to 200 °C, 30 minutes hold time at 200 °C and cooling down for
60 min. The final step in sample preparation was the quantitative transfer of the digested sample
to Falcon tubes and 1000-fold dilution with 1% HNO;.

Evaluation of concentration in organic waste used in sensing experiments: Based on the I[CP-MS
results (Table S3), Ni** concentration 44.44 ug/g in 50 mg of solid sample corresponds to 0.143
mM of Ni?" ions in the toluene solution before mineralization. That represents concentration of the
solution used for sensing experiments. Adding 50 uL of this stock solution into 2000 pL of

L1@AuNPs in toluene, result in 3.49 pM Ni?* ion solution.

Table S3. Evaluation of Ni content in organic waste sample determined by [CP-MS (m = weight;

¢ = concentration; SD = standard deviation; CV = coefficient of variation).

m [g] ¢ [ug/g] SD [ug/g] CV [%]

0.050 44.44 0.68 1.5

S33

130 | Page



¢ Reprints of publications ¢

Time Sensor Analyte Reference
10 min Phyto extract GNP Cd(I) [16]
NR (rapid) Schiff base GNP Hg(II) [17]
10 sec Schiff base GNP Al(IID [18]
20 sec Nitriloacetic acid and His GNP Ni(II) [19]
1 min Cys GNP Sc(IIT) [20]
NR Schiff base GNP Fe(11D) [21]
NR (rapid) Vitamin B6 GNP Cr(I11) [22]
20 min Mo hydrogel As(III) [23]
6 min GSH and Cys Silver nanoplates Ni(IT) [24]
95 min Schiff base Fe(IID) [25]
10 min PAM AgBr NCs Pb(1I), Cu(1l) [26]
1 min Peptide GNP Co(II), Hg(II), Pb(1I), PA(II), Pt(1I) [27]

Table S4. Response time for colorimetric sensors.

NR = not reported
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