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ABSTRACT

Inspired by the functioning of biological nervous systems, neuromorphic computing offers a promising
approach to designing more energy-efficient and high-performance hardware. In this context, hybrid
nanomaterials that integrate metallic nanoparticles with molecular components capable of mimicking
neuronal and synaptic behavior have emerged as attractive candidates. This thesis presents the self-
assembly synthesis of nanostructured hybrid materials composed of ultra-small platinum nanoparticles
(PtNPs, 1.4 nm in size, as determined by transmission electron microscopy) and Fe(ll)-based coordination
polymers (CPs) incorporating either 4-amino-1,2,4-triazole (NH,-trz) or 4-amino-1,2,4-triazole and 1,3-
dimethyl-5-[(B-(1,2,4-triazolimino)methyl]-1H-imidazol-3-ium tetrafluoroborate salt (compound 3 as
ligands. The CPs were characterized by vibrating sample magnetometry (VSM), confirming their spin-
crossover (SCO) behavior, and the hybrid materials were thoroughly examined by microscopic, magnetic,
and spectroscopic techniques. Electrical conductivity was probed using conductive atomic force
microscopy (c-AFM). Notably, the inclusion order of components significantly influenced the morphology
and electronic properties of the NH,-trz-based hybrids, whereas for the compound2-based systems, only
electrical properties were affected. These results demonstrate the tunable nature of electrical behavior in
such hybrids, offering valuable insights for the design of multifunctional materials for neuromorphic
applications.

Keywords: Nanoparticles; self-assembly; Spin-crossover; hybrid nanostructured materials.

Carbenos MNheterociclicos como enlaces coordinadores para
nanoparticulas de platino y polimeros de coordinacion Fe(ll)
con transicion de espin en nanomateriales hibridos con
posibles aplicaciones en el aprendizaje nheuromorfico

Resumen

Inspirada en el funcionamiento de los sistemas nerviosos bioldgicos, la computacién neuromarfica ofrece
un enfoque prometedor para disefiar hardware mas eficiente desde el punto de vista energético y de alto
rendimiento. En este contexto, los nanomateriales hibridos que integran nanoparticulas metadlicas con
componentes moleculares capaces de imitar el comportamiento neuronal y sindptico se han convertido
en candidatos atractivos. Esta tesis presenta la sintesis por autoensamblaje de materiales hibridos
nanoestructurados compuestos por nanoparticulas de platino ultrapequenas (PtNPs, de 1,4 nm de
tamafio, seguin se ha determinado mediante microscopia electrénica de transmision) y polimeros de
coordinacion (CP) basados en Fe(ll) que incorporan 4-amino-1,2,4-triazol (NH,-trz) o 4-amino-1,2,4-triazol
y 1,3-dimetil-5-[(E)-(1,2,4-triazolimino)metil]-1H-imidazol-3-io tetrafluoroborato (compuesto 2) como
ligandos. Los CP se caracterizaron mediante magnetometria de muestra vibrante (VSM), lo que confirmé
su comportamiento de transicién de espin (SCO), y los materiales hibridos se examinaron minuciosamente
mediante técnicas microscépicas, magnéticas y espectroscépicas. La conductividad eléctrica se analizd
utilizando microscopia de fuerza atémica conductiva (c-AFM). Cabe destacar que el orden de inclusion de
los componentes influyd significativamente en la morfologia y las propiedades electrdnicas de los hibridos
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basados en NH,-trz, mientras que en los sistemas basados en el compuesto 2 solo se vieron afectadas las
propiedades eléctricas. Estos resultados demuestran la naturaleza ajustable del comportamiento eléctrico
en dichos hibridos, lo que ofrece informacion valiosa para el disefio de materiales multifuncionales para
aplicaciones neuromorficas.

Palabras clave: Nanoparticulas, auto-ensamblaje, Spin-crossover, materiales hibridos nanoestructurados.
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1. INTRODUCTION

Artificial neural networks (ANNs) are computational models inspired by the structure and function of
biological neural networks, particularly those found in the human brain. Over the past two decades, ANNs
have been instrumental in advancing numerous technological domains, driven by the emergence of big
data, improvements in training algorithms, and the exponential growth of computing power.! Despite their
widespread adoption in artificial intelligence (Al) systems, the full potential of ANNs remains untapped,
primarily due to hardware limitations rooted in the conventional von Neumann architecture—a computing
model developed by John von Neumann. The von Neumann architecture (Figure } features a Central
Processing Unit (CPU) composed of an Arithmetic Logic Unit (ALU) and a control unit, alongside a physically
separate memory unit.>? This spatial separation between memory and processing leads to a fundamental
bottleneck: data must shuttle back and forth between memory and logic units, resulting in latency and
significant energy consumption, a limitation known as the "von Neumann bottleneck".?

ControlProcessing
Unit (CPU)

Control Unit

Input Arithmetic/Logic Unit Output
Device Device

Figurel.Von Neumann'’s architecture scheme.

In response, researchers have turned to the human brain for inspiration, recognizing it as a paradigmatic
example of a “processing-in-memory” (PIM) system. PIM integrates memory and logic operations within
a single unit (Figure 2), offering key advantages such as parallel data processing, energy efficiency,



robustness, and adaptability.! Mimicking these neural attributes through hardware could radically
transform the implementation of ANNs, making them more efficient and scalable.

Memory
Procesing

Figure2. General scheme of a processing-in-memory-based hardware. Where blue represents the memory tasks and orange
processing ones.

At the fundamental level, the brain operates through the interaction of neurons and synapses, where
information is transmitted via electrical and chemical signals.? Artificial neural networks seek to emulate
this behavior through interconnected nodes or processing elements (PEs), each capable of receiving,
processing, and transmitting information (Figure 3.>* The strength of the connections, analogous to
synapses, is modifiable and adapts through learning processes, where repeated use strengthens the link
between nodes.? Training an ANN involves adjusting these connection weights based on environmental
data, enabling the system to adapt and improve performance.?

Input hidden Output
layer layer layer

Figure3. General scheme of an artificial neural network (ANN). Where f represents each processing element (PE).



To realize ANNs in hardware, there is a pressing need to develop novel materials that can emulate the
behavior of neurons and synapses. In this context, nanostructured hybrid materials have emerged as
promising candidates. These materials combine organic and inorganic components at the molecular or
nanoscale level, allowing the exploitation of synergistic effects to tailor properties for specific
applications.>® From a chemical perspective, a hybrid material consists of at least two components, usually
molecularly dispersed in the material.® In particular, nanostructured hybrid materials are defined as hybrid
materials where at least one of its components has a dimension in the nanoscale.”® In the future, these
materials could be considered as potential alternatives or complements to conventional silicon-based
electronics due to their ease of synthesis, low cost, and compatibility with existing lithographic
techniques.®

Among the most effective approaches to synthesizing hybrid materials is self-assembly (SA),® a process
where molecules or nanoscale building blocks spontaneously organize into ordered structures without
external intervention.X In hybrid assemblies involving metallic nanoparticles (NPs) and switchable linkers,
the linkers act as current-limiting elements, and charge transport is governed by tunneling between NPs.?
As aresult, the system can be modeled as a network of resistors and capacitors in series, and its electronic
behavior can be tuned by controlling three key parameters: NP size, interparticle distance, and linker
polarizability.!!

Polarizability, defined as the ease with which a molecule’s electron cloud can be distorted by an electric
field,*? plays a critical role in charge transport. It directly influences phenomena such as the Coulomb
blockade, which refers to the energy barrier that prevents electrons from entering or leaving a NP.*34 This
guantum tunneling regime becomes especially relevant at low voltages and in systems where NPs are not
mechanically but electronically connected via tunneling junctions, thin insulating barriers between
conductors.”® To enable practical device integration, hybrid materials based on NPs must meet three
essential criteria: (i) reliable control over the Coulomb blockade, (ii) mechanical and chemical robustness
under operational conditions, and (iii) well-characterized electrical behavior across nano-, meso-, and
macroscales.!

The search for new materials in electronics is driven by the urgent need to reduce energy consumption,
shrink the size of integrated circuits, and enhance performance.® Conventional materials such as silicon-
based photoresists and lithographic tools are reaching their physical limits. Thus, future materials must be
energy-efficient, recyclable, environmentally friendly, lightweight, and cost-effective.'®” Molecular
electronics, which utilizes molecular components in circuits and devices, has emerged as a leading
candidate to meet these demands. For a molecule to serve in electronic applications such as memory or
logic devices, it must: (i) switch between distinct electronic states in response to external stimuli (with a
memory effect), and (ii) exhibit a sharp, measurable transition between these states.'® This bistable
behavior enables data storage and switching capabilities at the molecular scale.

One particularly promising class of such bistable compounds are spin-crossover (SCO) materials, which
reversibly switch between the different electronic configurations of d* to d’, high-spin (HS), and low-spin
(LS) states in metal complexes in response to external stimuli (Figure 4. Since the pioneering work of
Cambi and Szegé in 1931,'° SCO materials have attracted attention due to their ability to modulate
magnetic, optical, mechanical, and charge transport properties.>?°?” Thus, Spin-crossover behavior
corresponds to a reorganization of the electron density of the metal center, which leads to the
modification of some properties such as magnetic, optical, mechanical and, especially, charge transport
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properties throughout the material.>?® In the HS state, the central metal ion possesses the maximum
number of unpaired electrons (Figure4a), while in the LS state, electrons are paired, minimizing magnetic
moment (Figure 4B.%° The transition between these spin states depends on the ligand field splitting
energy (A), which is the energy difference between the lower-energy tog orbitals and higher-energy ey
orbitals.?>?*30 When A exceeds the electron pairing energy, the LS state is favored; when it is lower, the HS
configuration prevails. Importantly, in SCO materials, A is comparable to the thermal energy at room
temperature,®! making the spin state highly sensitive to external factors such as temperature, pressure,
light irradiation, exposure to a magnetic field, any chemical transformation, or even changes in non-
covalent interactions, among others %20-242829,32-34

Fe(Il) d ¢
. 1L
a) 1} 1 1 ’ Aoct <P
oct
f2 High Spin S=2
€g
b) A Aact > P
1} 1} 1} oct Low Spin S=0
L2 A

Figure4. Electronic distribution in the d orbitals of Fe(ll) in a) high and b) low spin configurations.

This responsiveness opens the door to diverse applications of SCO materials, including displays, switches,
actuators, memory devices, data storage systems, sensors for the detection of various stimuli and analytes,
micro thermometers, contrast agents in magnetic resonance imaging, food and medical storage,
switchable catalysts, and fields such as photonics, electronics and mechanics, spintronics, quantum
devices, etc. 2022325283235 or these applications, materials must exhibit abrupt spin transitions,
bistability near room temperature, and stability under operating conditions.?® Bistability is defined as the
ability of a system to remain in either of two electronic states over a range of stimuli, typically
characterized by thermal hysteresis with critical temperatures for the heating (T4+) and cooling (T, ) cycles,
where T, and T4 are the temperatures at which the metal center coexists in 50% High spin and 50% Low

spin state.?%3¢ A temperature hysteresis width (AT) of 30-50 K is considered suitable for practical use.3%3%
38

Among the most robust SCO compounds are Fe(ll)-based coordination polymers derived from 1,2,4-
triazole derivatives, such as [Fe(H-trz)s]2(A). and [Fe(NH>-trz)s]2(A)2, where A is a counterion, H-trz and
NH,-trz represent the ligands 4H-triazole and 4-aminotriazole, respectively.?>?”*® These compounds
exhibit a fast and reversible spin transition between High spin (paramagnetic) (5=2) and Low spin
diamagnetic (S=0), and stability of each spin state 221252836 \ith wide thermal hysteresis near room
temperature, and their polymeric structure, formed by Fe(ll) ions bridged by three triazole ligands,
promotes cooperative effects essential for sharp switching behavior (Figure .73
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Figure5. The general structure of Fe(ll) coordination polymer. Where R is the substituent of the 4-R-1,2,4-triazole ligand.

In these coordination polymers the rigidity of the triazole bond allows efficient transmission of cooperative
effects that can be defined as the propagation of structural, vibrational, electronic, and magnetic change,
caused by the spin transition, through the crystalline matrix of a spin-crossover material. 2°> Although the
fundamental origin of the spin-crossover phenomena is molecular, the molar fraction in the High spin state
as a function of temperature depends strongly on intermolecular interactions. In fact, the stronger the
intermolecular interactions, the steeper the spin transition. 2> Thus, the cooperativity between Fe(ll)
centers can be affected by changes in intermolecular interactions, such as hydrogen bonds, van der Waals
interactions or m-interactions, which are necessary to propagate the structural change throughout the
material. 2%2>34 |n fact, due to the rigidity of the bridges of these coordination polymers, abrupt spin

transitions with extensive thermal hysteresis cycles have been observed as exemplified in Figure 6 2>~
27,34,38
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Figure6. Abrupt spin transition with hysteresis behaviour.

In this case, due to the uncertainty of the role that electronic and steric effects between nanoparticles and
the coordination polymer play °, it was decided to study the stereoelectronic effects of the 4-Rsubstituent
in the SCO behavior using N-heterocyclic carbenes (NHCs). NHCs are widely used as ligands to stabilize
Metal NPs in fields such as catalysis, material science, medicine, chemical synthesis, photonics, biosensing,
microelectronics, etc. 4> They arose as the most effective ligands due to the electron donor character of
NHCs, which leads to a strong 0 M-NHC bond and gives the possibility of tuning the stereoelectronic, steric,
and electronic, properties of the Metal NPs with the incorporation of N-substituents and C-substituents,
respectively. 4 Taking into account the stereoelectronic modulating potential intrinsic to the NHC
moiety, this work pretends to study the effect of a series of NHC moieties as Rsubstituent in the 4-R-trz
ligand to enhance the tunability, as well as the processability, 2>2* of the well-known SCO behavior of
[Fe(NHx-trz)s](OTs),. 38

Hybrid systems composed of NPs and spin crossover compounds have been previously described in the
literature. Torres-Cavanillas et al reported ° the synthesis of a hybrid material consisting of gold (Au) core
coated with a coordination polymer shell, forming Au@SCO core@shell NPs with a narrow size distribution
and relatively large change in electrical conductivity due to the spin transition. The metal content and
Au/Fe ratio were determined by Energy Dispersive X-ray Spectroscopy (EDX) and Inductively Coupled
Plasma Optical Emission Spectrometry (ICP-MS). The Au@SCO nature was demonstrated by X-ray

12



Photoelectron Spectroscopy (XPS) and X-ray diffraction (XRD). Transmission Electron Microscopy (TEM),
Dynamic Light Scattering (DLS), and High Resolution-Transmission Electron Microscopy (HR-TEM) revealed
the narrow size distribution of these nanoparticles as well as their core@shell nature. The spin transition
was confirmed with Differential Scanning Calorimetry (DSC). Also, the charge transport properties were
studied with electrical measurements that showed a change in the conductivity, which is associated with
the spin transition of the Au@SCO hybrid system and indicates a strong coupling between the magnetic
state of the SCO shell and charge transport.

Similarly, Usmani et al **reported the synthesis of a hybrid structure comprising ultrasmall Pt NPs and
Fe(ll)-triazole coordination polymers, which resulted in exceptionally well-ordered structured materials.
On the one hand, the morphology of these materials was studied with TEM microscopy and revealed an
almost perfect alignment of the PtNPs. On the other hand, FTIR revealed the coordination of the
coordination polymer and the NPs. Moreover, the switchable properties in terms of the spin crossover and
charge transport were studied by VSM and electrical measurements. These techniques revealed that there
was a retention of the spin crossover properties and there was a change in the conductivity of the material
above 250 K. With the demonstration of these switchable properties, this work highlights the potential
that these hybrid structures have as functional materials in electronic devices.

The novelty of this work lies in the development of hybrid materials designed for neuromorphic
applications by integrating ultrasmall PtNPs with spin crossover (SCO) compounds. In particular, this study
addresses limitations observed in previous reports, particularly those described by Usmani et al, who
worked with hybrid systems in gel form. Although such systems demonstrated promising properties, their
gel-like nature posed significant experimental challenges, especially in terms of handling, reproducibility,
long-term stability, and device integration. To overcome these issues, the present work explores the
synthesis of a solid-state counterpart, which offers clear advantages in terms of material manipulation,
storage, and electrical characterization. Furthermore, this work aims to broaden the chemical versatility
of these hybrid systems by expanding the range of coordinating groups employed. Specifically, compound
2 (see Scheme 2) was synthesized to exploit its dual functionality: the triazole moiety serves as a ligand
for the formation of Fe(ll) coordination polymer, while the imidazolium unit acts as a precursor for the
NHC ligand generation and subsequent coordination to the metal nanoparticles. This molecular design
enables a modular approach to hybrid material assembly, with the goal of enhancing processability,
tunability, and overall performance in neuromorphic devices.

In this context, this work describes the synthesis, characterization, and evaluation of the charge transport
properties of nanostructured hybrid materials composed of ultra-small platinum (Pt) nanoparticles and
coordination polymers of general formula [Fe(L)s](OTs)2, where L represents the ligand used. The first
nanostructured hybrid material, with NH»-trz as ligand, is used as model material, while the hybrid material
with 1,3-dimethyl-5-[(E)-(1,2,4-triazolimino)methyl]-1H-imidazol-3-ium tetrafluoroborate salt is the
developed material. In this way, it aims to advance the design of functional materials with potential
applications in electronic and energy devices.
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1.1. Objectives
Based on the previous information, the following general and specific objectives are proposed for this
Master project.

1.1.1. General objective
To develop nanostructured hybrid materials by integrating Pt nanoparticles with Fe(ll) coordination
polymers using N-heterocyclic carbenes (NHCs) as linkers.

1.1.2. Specific objective

1. To establish an efficient methodology for synthesizing Pt nanoparticles, NHC ligands featuring a
1,2,4-triazole moiety, and Fe(ll) coordination polymers.

2. To investigate various self-assembly techniques for integrating Pt nanoparticles with Fe(ll)
coordination polymers to produce optimal hybrid nanomaterials.

3. To correlate the chemical structure of NHC linkers and the electrical properties of the resulting
hybrid nanomaterials composed of Pt nanoparticles and Fe(ll) coordination polymers.

2. CHARACTERIZATION TECHNIQUES

The characterization of nanostructured hybrid materials relies on analyzing their size, morphology,
composition, as well as their magnetic and electrical properties. Thus, it is possible to establish correlations
between their composition, morphology, and functional properties. In addition, it is important to note
that a new organic ligand was synthesized and tested. Thus, in the following section, the different
techniques used to characterize the nanostructured hybrid materials and the organic ligand are presented.

2.1.Magnetometry techniques

2.1.1 Vibrating sample magnetometry (VSM)

Magnetometers are essential tools for studying magnetic properties. Three of the most commonly used
types are the magneto-optic Kerr effect magnetometer (MOKE), the superconducting quantum
interference device (SQUID), and the vibrating sample magnetometer (VSM). 5! Vibrating Sample
Magnetometry is a widely employed technique to quantitatively characterize magnetic properties such as
magnetization, magnetic susceptibility, and coercivity. The VSM operates on the principles of Faraday’s
Law of Induction, which states that a changing magnetic flux through a coil induces an electromotive force
(emf). >2In essence, the VSM measures the magnetization of a small magnetic sample placed in an external

magnetizing field by converting the sample’s dipole field into an alternating current (AC) electrical signal.
53

In a typical VSM setup (Figure7), the sample is placed in a non-magnetic holder attached to a mechanical
vibrator. The system applies a constant, uniform external magnetic field generated by an electromagnet.
A vibration exciter makes the sample oscillate sinusoidally at a known frequency. As the sample vibrates,
its magnetic moment induces a changing magnetic flux, generating an AC emf. This signal is detected by a
set of pickup coils positioned near the sample. The magnitude of the generated emf is proportional to the
sample’s magnetization. >*%°

The generated emf depends on several factors, including the amplitude and frequency of vibration, the
external magnetic field, and the magnetization of the sample. To ensure high sensitivity and precision,
modern VSM systems are designed to minimize external noise and maximize signal amplification. Critical
parameters influencing accuracy include the vibration frequency, pickup coil placement, and the strength
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of the applied magnetic field. Advanced VSM instruments also incorporate digital signal processing and
cryogenic systems, expanding their application range. These innovations allow for the study of diverse
materials, including soft magnets, hard magnets, and thin films. >%°6:>7
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Electromagnet

Pickup
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Figure7. General scheme of a vibrating sample magnetometer (VSM).

2.2.Spectroscopic techniques

2.2.1 Attenuated total reflection Fourier transform infrared spectroscopy (ATR-
FTIR)

Attenuated Total Reflectance Fourier Transform Infrared Spectroscopy (ATR-FTIR) is one of the most widely

used characterization techniques in chemistry. In materials chemistry, particularly in nanoparticle

research, ATR-FTIR provides insights into the stabilizing ligands bound to nanoparticles. Additionally, it

shows the vibrational modes of molecules, aiding in the identification of functional groups.

In this technique, a solid or liquid sample is placed in contact with the optical element, typically a diamond
or germanium crystal with a high refractive index, where an infrared beam is internally reflected,
generating an evanescent wave that interacts with the sample. The sample absorbs specific wavelengths,
attenuating the beam returning to the crystal (Figure 8. Finally, the beam goes to the detector and is
recorded as an interferogram, which is further processed using the Fourier transform to produce the final
spectra. 8
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Figure8. ATR-FTIR scheme.

2.2.2 Raman spectroscopy

Another common characterization technique used in material chemistry is the Raman spectroscopy. Itis a
vibrational spectroscopic technique based on the Raman effect, which refers to inelastic scattering of
monochromatic radiation after its interaction with molecules. > During the light-matter interaction,
energy is exchanged between the photon and the molecule, leading to rotational and vibrational
transitions of the sample. ® In Raman spectroscopy, the sample is irradiated with a monochromatic laser
beam which interacts with the sample molecules and originates scattered light of different frequency than
the incident light. 5% The incident light could interact with the sample through elastic or inelastic
scattering.

On the one hand, elastic scattering, called Rayleight scattering, arises when there is no energy change
between the scattered and the incident beam. On the other hand, for the inelastic scattering are two
possibilities, namely the Stokes and the anti-Stokes scattering. The Stokes scattering is when energy is
transferred from the photon to the molecule. ! In other words, after the vibrational excitation of the
sample, it does not come back to the ground state, but to an excited quantum state (Figure 9.
Consequently, the scattered photon has a lower energy than the incident one. In the anti-Stokes scattering,
the photon interacts with a molecule that is already in an excited vibrational state. After the interaction
the molecule is further excited and after releasing that energy, comes back to the ground state. Thus,
releasing a photon with higher energy than the incident one. 5!
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Figure9. Schematic energy diagram of Rayleigh, Stokes, and anti-Stokes Raman scattering.

2.2.3 Nuclear magnetic resonance (NMR)
Nuclear magnetic resonance (NMR) is a spectroscopic technique that provides information on the local
magnetic fields of nuclei. Since the atomic nuclei are made of neutrons and protons, their magnetic activity
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can be determined by the sum of these particles. The nuclear spin (), indicates the total number of spin
states that a nucleus can adopt, following the relation 21+1, and describes their magnetic properties. If the
total number of protons and neutrons is even, the nuclear spin is going to be | =0 due to the pairing of
opposite spin numbers, namely ?1, and % Resulting in a single spin state, making the nucleus magnetically

1 .
inactive. Conversely, if the sum is odd, the nuclear spin corresponds to a multiple of making the nucleus

magnetically active and responsive to an external magnetic field. 2 When an external magnetic field is
applied, the initially degenerate spin states split into different energy levels, according to the alignment
with or against the magnetic field. Despite this, their magnetic moment vectors undergo precession
around the direction of the applied field at a characteristic Larmor frequency (w), which depends on the
gyromagnetic ratio (y) and the strength of the external magnetic field. ®2 Experimentally, in an NMR, it is
induced an excess in the spin population between energy levels by applying a Radiofrequency (RF)
irradiation of an appropriate frequency. Then, the radiationless return to equilibrium is mediated by some
relaxation mechanisms, which lead to the restoration of Boltzmann equilibrium. 8 Apart from the common
'H and *3C NMR experiments, table 1 summarizes some of the most common 2D NMR experiments used
to characterize the organic compounds, namely HSQC, COSY, and HMBC experiments. Moreover, some
structural features were established using NOESY experiments.

Tablel. Summary of the most common 2D experiments used to characterize organic compounds.®*

; Typeof . o
Experiment correlations Couplings Description
HSQC Heteronuclear Yen Protons bonded to the corresponding 3C atom
cosy Homonuclear 3Jhm Vicinal hydrogens separated by three chemical bonds
13 15 H H
HMBC Heteronuclear | 3o or I Protons and “Cor *°N nuctl)ilnsdesparated by three chemical

The NOESY experiment is used for determining the stereochemistry of an elucidated structure, as well as
for clarifying the positions of some substituents as HMBC and COSY experiments do not allow to do that.
6264 The NOESY is based on the nuclear Overhauser effect (NOE), which is a phenomenon that arises as a
consequence of spin polarization’s transfer by cross-relaxation processes mediated by dipole-dipole
interactions of active nuclei in close spatial proximity, typically within 5 A. 6% This polarization transfer
occurs through space, distinguishing it from spin-spin coupling, which occurs in scalar coupled spins, in
other words, through chemical bonds as it is observed in other NMR experiments such as COSY and HMBC.
6264-66 The NOE effect is transferred by dipolar cross-relaxation, where the relaxation of one nucleus (1)
transfers energy to the nearby nucleus (S), perturbing its spin equilibrium and causing redistributions in
both spin populations as shown in Figurel3. Consequently, there is a net change in the signal intensity of
the observed nuclei. ¢
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FigurelO.Energy level diagram illustrating the NOE phenomenon and its relationship to nuclear spin-lattice relaxation.

2.3. Spectrometric techniques

2.3.1 Mass Spectrometry

Another useful characterization technique, especially for organic compounds is the Mass Spectrometry
(MS). This spectrometric technique is based on the gaseous phase ion separation, under vacuum
conditions, according to their mass-to-charge (m/z) ratio and relative abundance. ®”:%¢ The process could
be divided in three main steps, namely the formation of gaseous ions, the separation of the ions according
to their m/z ratio, and the record of the relative abundance. 8 Likewise, the mass spectrometers consist
of three major components, namely the ion source, the mass analyzer, and the detector system (Figure
14). The ion source is in charge of the ion production in gas phase. The mass analyzer is the component
that resolves the ions according to their m/z ratio. The detector is in charge of detecting and recording the
relative abundance of ions.

Mass
lon source lon detector
Analyzer

Figurell.General scheme of a mass spectrometer.

2.4.Microscopic techniques

2.4.1 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy (TEM) is an imaging technique where a thin sample is irradiated with a
high-energy electron beam of uniform current density. %>7° The electron beam passing through the sample
interacts with its atoms since they can be transmitted or scattered inelastically or elastically, in other words
with or without energy loss, respectively. ®7! In this imaging technique the electrons are emitted in an
electron gun, a series of condenser and objective lens control the area of the specimen illuminated, the
electron beam is transmitted through the sample. Then, a series of objective and electromagnetic lenses
focus the transmitted beam onto a fluorescent screen coupled by a fiber-optic plate to a CCD camera to
digitally record the image (Figurel0). %>7° This technique is commonly used to study the nanoparticle size,
size monodispersity, shape, aggregation state, growth kinetics and to localize and quantify nanoparticles
in matrices. 72
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Figurel2.General scheme of a transmission electron microscope (TEM).

2.4.2 Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM) is an imaging technique where surfaces and near-surface regions of
specimens are irradiated and scanned with a high-energy electron beam. 7° The image formation in SEM
does not use the transmitted beam. Instead, it uses the particles (e.g. electrons, x-rays, and photons)
emerging after the interaction between the sample surface and the high-energy electrons. 77 These
interactions can be classified in two major groups: Elastic and inelastic scattering. ’%”® On the one hand,
the elastic scattering results from the deflection of the incident electrons by the specimen atomic nucleus
or by outer shell electrons of similar energy. This kind of interaction is characterized by negligible energy
loss during the collision and by a wide-angle directional change of the scattered electron. In particular, the
electrons that are elastically scattered through an angle of more than 90°are called backscattered electrons
and could play a role in sample imaging. 7 On the other hand, inelastic scattering results in the primary
beam electron transferring substantial energy to the sample’s atoms causing the sample ionization and
subsequent generation of secondary electrons, which could also play a role in the sample imaging. The
secondary electrons are those electrons removed from the sample surface during the interaction of the
high-energy electron beam with the sample. 7° In addition, other kind of signals could be captured to
extract more information from the sample. For example, after the interaction of the electron beam with
the sample the emission of characteristic X-rays, Auger electrons, or cathodoluminescence is possible and
could be measured by different detectors. >’ In SEM a high-energy electron beam is emitted from the
electron gun and a series of electromagnetic lenses focus the beam and direct it towards the sample. Then,
due to the interaction between the electron beam and the sample, secondary electrons are produced and
subsequently captured by a secondary electron detector. The scanning of the electron beam is
synchronized with that of the cathode ray tube (CRT) spot and the final image is displayed on a CRT
television monitor (Figure 1}. ° SEM can provide information on the topography, crystalline structure,
chemical composition, and electrical behavior of the specimen. 7*
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Figurel3.General scheme of a scanning electron microscope (SEM).

2.4.3 Conductive Atomic Force Microscopy (C-AFM)

This technique is a widely used variation of atomic force microscopy (AFM) that allows to measure
simultaneously the topography and electrical properties of a sample. It only differs from the traditional
AFM in three components, namely a conductive tip, the tip-sample bias, and a preamplifier. ”> On the one
hand, the topography is measured by emitting a laser beam onto the back of the cantilever over the tip.
The cantilever deflects the laser beam to a position-sensitive photodiode capable of detecting any beam
deflection caused by the interaction force between the tip and the sample. The AFM system senses these
changes in position and can map surface topography as shown in Figure 127% On the other hand, the
electrical measurement is done by applying contact mode, and a conductive tip, acting as an electrode,
sweeps across the surface, with a fixed interaction force between the tip and the sample, to measure and
record the current passing through the sample. 7>77
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3. EXPERIMENTAL

3.1 General procedures

The synthesis of the Pt NPs and the hybrid materials were performed using standard Schlenk techniques,
while the ligand and the coordination polymer synthesis were performed under air. The structural
characterization of the hybrid materials were studied by TEM, and SEM-EDX, while the charge transport
properties were studied by C-AFM. The samples for TEM, SEM-EDX, and C-AFM were prepared by
deposition of one drop of the crude solution on a holey copper grid, silicon, and gold substrate,
respectively.

The FT-IR spectra were recorded on a Thermo Scientific Nicolet 6700 FT-IR spectrometer in the range 4000—
400 cm™, using a Smart Orbit ATR platform. The sample deposition was performed by drop casting of the
crude solution on the germanium crystal of the platform; the measurement was acquired after
evaporation of the THF solvent. TEM analyses were performed at the “centre de microcaractérisation
Raimond Castaing” using a JEOL JEM 1400 RIO electron microscope operating at 120 kV. The mean size of
the particles was determined by image analysis on a large number of particles (D300) using the Image)
software. Scanning transmission electron microscopy with energy dispersive X-ray spectroscopy (STEM-
HAADF/EDS) analysis was performed on a JEOL JEM-ARM200F Cold FEG operated at 200 kV. Conductive
Atomic Force Microscopy was measured using a SMART SPM1000-AIST-NT.

3.2.Synthesis of [Fe(NH2-trz)3J(NOz)2 (CP1) °

First, a Fe(NOs), solution was prepared by mixing two solutions, one of Ba(NOs); and the second of
FeS0O,-7H,0. The first solution was prepared by dissolving 1,3 g (5,0 mmol) of Ba(NOs), and 55,4 mg of
ascorbic acid in 10 mL of 0,10 M HNO3. The second solution was prepared by dissolving 1,4 g (5,0 mmol)
of FeS0,-7H,0 in 5 mL of 0,10 M HNOs. The Ba(NOs), solution was added slowly over the FeSO4-7H,0
solution and the resulting suspension was centrifuged. A white precipitate and a green Fe(NOs), solution
were obtained. Next, 1,3 g of 4-amino-1,2,4-triazole (15,0 mmol) was dissolved in 5mL of ethanol and 15
mL of the previously prepared Fe(NOs), solution was added over this solution. The reaction mixture was
stirred for 1 h to obtain a pink suspension, which was filtered under vacuum. The solid obtained was
suspended, centrifuged at 10,000 rpm in water, ethanol and diethyl ether, and then dried under vacuum.
Finally, 1.1879 g (36%) of a pale pink solid was obtained.
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3.3.Synthesis of [Fe(NH2-trz)3](OTs)2 (CP2) ©

Two solutions were prepared, one of 4-amino-1,2,4-triazole (NH,-trz) and the other of Fe(OTs),:6H,0. The
first solution was prepared by dissolving 1,0 g of NH>-trz (12,0 mmol) in 5 mL of distilled water*. The
second solution was prepared by dissolving 2,0 g of Fe(OTs)2:6H,0 (4,0 mmol) and 50 mg of ascorbic acid
in 10 mL of distilled water*. Fe(OTs),:6H,0 solution was added over the NH,-trz solution, the reaction
mixture was stirred for 24 h to obtain a white/green dense suspension, which was filtered under vacuum.
The solid obtained was suspended, centrifuged at 10,000 rpm in water, ethanol and diethyl ether, and then
dried under vacuum. Finally, 1,2 g (68,6%) of a pale pink solid was obtained.

*Acetonitrile (ACN) was also used as the reaction solvent, in this case, the compound was washed twice
with the same reaction solvent to yield CP3 CP4was synthesized by diluting 5 times the protocol described
for CP3

3.4.Ultrasmall Pt nanoparticles (PtNPs) synthesis °

PtNPs were synthesized by an organometallic-like approach by decomposing 90 mg of the commercially
available Pt;(dba)s (dba = dibenzylideneacetone) under 1 bar carbon monoxide (CO) atmosphere in 20 mL
of THF for 30 mins. After the reaction’s completion, 3 successive washes with pentane and THF were
performed. Thus, the stirring was set to 900 rpm, 30 mL of pentane was added, the stirring was turned off,
and the complete precipitation of the nanoparticles was waited. After that, the supernatant was removed
by cannula and 5 mL of THF were added to resuspend the NPs. Finally, after the last wash with pentane,
the nanoparticles were suspended in 20 mL ACN.

3.5.Nanostructured hybrid material synthesis (HMs) °

The nanostructured hybrid material 1 (HM1) was synthesized by adding at the same time the Fe(OTs), and
NH,-trz solutions, to synthesize in situ the coordination polymer [Fe(NH2-trz)s](OTs),, over a solution of
PtNPs and stirring the reaction mixture for 2h. HM2 was synthesized by mixing and stirring the PtNPs and
Fe(OTs), solutions for 1h, after that the NH,-trz solution was added to the reaction mixture and stirred for
another hour. HM3was synthesized by mixing and stirring for 1h the solutions of PtNPs and NH,-trz, after
that the Fe(OTs), solution was added to the reaction mixture and stirred for another hour. Finally, HM4
was synthesized by mixing and stirring the solutions of PtNPs and the coordination polymer [Fe(NH.-
trz)s](OTs), previously synthesized for 2h. The synthesis of HM1 to HM4 is summarized in Scheme 1.

In either case, the amount of each component added to the material maintained a ratio of Pt:Fe:Ligand =
1:0.03:0.1. In all the hybrid material synthesis there were used 2 mL of a 16,5 pmol/mL solution of PtNPs
and the concentration of the other hybrid material components, Fe salt and ligand, were adjusted to add
1 mL of each and to obtain the corresponding ratio of it in the hybrid material.
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Schemeél. Synthesis of the different hybrid materials (HM1 - HM4)

3.6.Ligand synthesis
The NHC-triazole ligand was synthesized in a two-step reaction as shown in scheme2.

~N"SN ~N"Ngo
+ -
_ (CH3);0" BF, _ — BF,
H { lh rt EtOAc H \ Compound 1
0O O
\N;&N, ®0
— BF, + _N 5h 75°C ACN__ \N
H \ ( D Acetic Acid (cat) l\i
O N=N T
)
N-N

Compound 2

Scheme2. Two-step synthesis of the NHC-triazole ligand.
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3.6.1. 1,3-dimethyl -5-formyl -imidazolium tetrafluoroborate salt (Compound

1) 79
N N @O N SNT
ﬁ + (CH3)3OBF4 EtOAC 1h rt . . @
O= O= BF,4
Compound 1

Scheme. Methylation of 1-methyl-5-formyl-imidazole.

(3,67 mmol, 404 mg) of 1-methyl-5-imidazole-carboxaldehyde were added to a Schlenk flask and dissolved
in 800 { L of ethyl acetate (EtOAc). (3,69 mmol, 545 mg) of trimethyloxonium tetrafluoroborate were added
to another Schlenk flask and dissolved in 4,20 mL of EtOAc. Then, the trimethyloxonium tetrafluoroborate
solution was placed inside an ice-water bath, and the 1-methyl-5-imidazole-carboxaldehyde solution was
added through cannulation. The ice-water bath was removed, and the reaction mixture was stirred at
room temperature (rt) for 1 hour (h). After that, the reaction mixture was placed in the ice-water bath
until complete crystallization was achieved. Finally, the product was filtered, washed with 2 x 5 mL of
EtOAc, and dried under vacuum. 620,5 mg of a white-yellowish powder (Reaction yield = 80%) was
obtained in high purity and characterized by 'H NMR (400 MHz, Acetonitrile-ds), 3C NMR (101 MHz),
elemental analysis, and FTIR.

3.6.2. 1,3-dimethyl -5-[(Z2)-(1,2,4-triazolimino)methyl] -1H-imidazol -3-ium
tetrafluoroborate salt (Compound 2)

®
- ek { — BR
NN (N7 ACNSn78C -\
o :)_/ BF4 lil—lil Acetic acid (cat) //—N/

N \N/ Compound 2

Schemel. Condensationf 1-methyl5-formytimidazoleand4-amino1,2,4aminotriazole.

This protocol was adapted based on ref . (0,41 mmol, 86 mg) of 1,3-dimethyl-5-formyl-imidazolium
tetrafluoroborate salt, (0,49 mmol, 41 mg) 4-amino-1,2,4-aminotriazole, and some drops of acetic acid
glacial were dissolved in 2,3 mL MeCN. Additionally, some molecular sieves were added to the reaction
mixture. Then, the reaction mixture was heated at 75°C for 5 h in an oil bath. Finally, the solvent was
evaporated, the product was filtered, washed with hot acetone, and dried under vacuum. 53,3 mg of a
white-yellowish powder (Reaction yield = 47%) was obtained and characterized by FTIR, *H NMR (400 MHz,
Acetonitrile-ds), *C NMR (101 MHz, Acetonitrile-ds), >N NMR, 2D NMR experiments, and Mass
Spectrometry.

3.7.Synthesis of Fe(ll) coordination polymer with compound 2 ligand (CP5)
Protocol adapted from ref 78, Two solutions were prepared, one of compound 2 and the other of
Fe(OTs),:6H,0. The first solution was prepared by dissolving 150,6 mg of compound 2 (0,54 mmol) in 750
pL of ACN. The second solution was prepared by dissolving 92 mg of Fe(OTs),-:6H,0 (0,18 mmol) and a
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spatula tip of ascorbic acid in 1,5 mL of ACN. Fe(OTs),-6H,0 solution was added over the compound 2
solution, the dark green reaction mixture was stirred for 24 h to obtain a beige and dense suspension. The
suspension was centrifuged at 10,000 rpm for 10 minutes, the supernatant was discarded, and the solid
resuspended in ACN. Finally, the powder was dried under vacuum and 70 mg of beige solid was obtained.

3.8.Synthesis of nanostructured hybrid material with compound 2 ligand
(HMcs) °
The nanostructured hybrid materials HMc1, HMc2 HMc3 and HMc4were synthesized following the same
protocol used for HM1, HM2, HM3,and HM4, but instead of the NH,-trz ligand, the Compound 2 ligand
was used in these cases.

4. RESULTS

4.1.Spin crossover model compounds

Coordination polymers (CPs) with the general formula [Fe(NH,-trz)s](A),, where A represents the tosylate
(Ots’) or nitrate (NO3") counterions, were synthesized and initially characterized using Vibrating Sample
Magnetometry (VSM). The goal was to investigate their magnetic properties, particularly their molar
magnetic susceptibility as a function of temperature (Xm VS. T), to evaluate their SCO behavior. The
magnetic response of [Fe(NH,-trz)s](OTs), and [Fe(NH,-trz);](NOs), is depicted in Figurel5, shown in red
and blue, respectively. Both compounds exhibit pronounced thermal bistability, characteristic of spin-
crossover systems. The data confirm the presence of two distinct spin states: a diamagnetic low-spin (LS)
state and a paramagnetic high-spin (HS) state. Additionally, both materials demonstrate open thermal
hysteresis loops centered near room temperature, indicating the presence of a memory effect, a key
requirement for their application in molecular switches and memory devices. The observed XuT values of
3.33 and 3.02 emu-K-mol™? for [Fe(NH,-trz)3](OTs), and [Fe(NH,-trz)s](NOs),, respectively, are consistent
with the expected values for Fe(ll) in the high-spin state and align with previously reported SCO behaviors
for similar 1,2,4-triazole-based coordination polymers.3!
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Figurel5. Vibrating-Sample Magnetometry (VSM) of the coordination polymers [Fe(NH-trz)3](NOs), (blue) and [Fe(NH,-
trz);](OTs)2 (red).

As summarized in Table2, CP [Fe(NH»-trz)s](OTs), exhibits spin transition temperatures of T{, = 286 K and
T = 306 K. Notably, this compound displays a well-defined hysteresis loop, in contrast to analogous
nanoparticle systems, which often exhibit significantly reduced or absent hysteresis due to size-dependent
effects.®! In comparison, CP [Fe(NH,-trz)s](NOs), displays transitions at higher temperatures (T, = 307 K
and T = 338 K) with a narrower hysteresis window than typically reported for this compound.3!
Interestingly, its thermal switching behavior is shifted closer to room temperature than in previous reports,
which may be beneficial for practical applications.?! These differences in transition temperatures and
hysteresis profiles can be attributed to the cooperative nature of spin crossover, a phenomenon that
involves collective interactions across the crystal matrix. Subtle structural variations, such as particle size
or crystal packing, can significantly influence the cooperativity of the transition, and consequently, the
thermal bistability.3! Given its well-defined hysteresis near room temperature and robust switching
characteristics, CP [Fe(NH»-trz)s](OTs), was selected as the candidate material for the further development

of MHs in this study.
Table2. Temperatures determined experimentally (exp) and reported ones (lit) for the transition LS <> HS of the coordination

polymers [Fe(NH2-trz)3](NOs)2 and [Fe(NH2-trz)s](OTs)a.

Coordinationpolymer (CP)
[Fe(NH-trz)s](OTs) (CP2)

[Fe(NH-trz)s](NGs). (CP1)
T, exp T, exp T, lit 3 T, lit 3 T, exp T, exp T yT lit &
307K 338K 287 K 337K 286K 306K 295 K
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The coordination polymer [Fe(NH:-trz)s](OTs). (CP2) was also characterized by FTIR to confirm its
structure; such FTIR spectrum is shown in Figure 16 The FTIR spectrum of CP2 is in agreement with the
wavenumbers reported,®#? and shows vibrational bands in wavenumbers such as 3543 and 3316 cm™
v(NH3); 3134 v(CHs), 1205, 1169, 1122, and 1098 cm™* v(C-N); 1031 and 1007 cm™ v(S=0); 683 cm™ v(S-0),
and 564 cm™v(C-S).
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Figurel6.FTIR spectra of the [Fe(NH,-trz);](OTs), coordination polymer and its precursors Fe(OTs),®6H,0 and NHy-trz.

Prior to the preparation of HMs, it was necessary to evaluate the influence of the reaction solvent on both
the structural integrity and magnetic behavior of the [Fe(NH>-trz)s](OTs); coordination polymer,
particularly given the solubility constraints of compound2 (videinfra). To this end, the synthesis protocol
reported for [Fe(NH»-trz);](OTs),’® was adapted by employing acetonitrile (ACN) as the reaction medium.
Upon combining the reactants, a dense and intensely colored solid formed immediately, prompting
concerns regarding the potential impact of the rapid precipitation and absence of stirring on the resulting
structure and SCO properties such as as the spin transition that is a cooperative effect of the matrix.?* To
address this, a modified synthesis was performed by diluting each precursor fivefold in ACN prior to mixing.
Three samples of [Fe(NH-trz);](OTs), coordination polymers were obtained under different conditions and
characterized by by XRD, FTIR, and VSM. Figurel? presents a comparison of the FTIR spectra for the three
samples. The results indicate that neither the use of ACN nor the absence of stirring significantly alters the
coordination environment of the polymer. While variations in band intensity and shape were observed in
bands at 3315, 3134, 1207, 1171, and 569 cm?, these differences are likely attributable to interactions
between solvent molecules and the polymeric matrix rather than structural changes.
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Figurel7.FTIR spectra of the [Fe(NH,-trz);](OTs), coordination polymers synthesized in water (CP2 (black), in can (CP3 (red),
and with each component diluted 5 times in ACN (CP4(green).

To confirm the formation of the coordination polymer and the preservation of the Fe—N coordination
environment, low-spin state samples were further examined by Raman spectroscopy. Figurel8 compares
the spectra of the polymer synthesized in water (CP2 and that obtained in ACN with fivefold dilution (CP4.
Both spectra display characteristic vibrational modes associated with Fe—N bonding and triazole ligand
vibrations. CP2exhibits bands at 166, 170, and 222 cm, corresponding to N-Fe—N equatorial stretching
and ligand—Fe—ligand bending modes, in agreement with literature values (168 cm™ and 217 cm?,
respectively).83#* Additional bands at 320 cm™ (v C-N-NH,) and at 353-371 cm™ (v C-N, v N-NH,) were also
identified.®* Similarly, CP4presents analogous vibrational features at 163, 168, and 225 cm™ (N—Fe—N and
ligand bending), 317 cm™ (v C-N-NH,), and 362, 369 cm™ (v C-N, v N-NH,), further confirming the retention
of the polymeric structure in ACN.
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Figurel8.Raman spectra of the [Fe(NH,-trz);](OTs), coordination polymers synthesized in water (CP2 (black), and with each
component diluted 5 times in ACN (CP4 (green).

To evaluate the influence of solvent and dilution on crystallinity, powder XRD analyses were performed
(Figure 19. The Bragg angles remain consistent across all samples, indicating the preservation of the
crystal structure. However, differences in peak widths and intensities were observed. Notably, CP3
(synthesized in ACN without dilution) exhibited broader and less intense peaks, suggesting reduced
crystallinity or smaller crystallite size, potentially due to the lack of stirring during synthesis. In contrast,
CP2and CP4(synthesized in water and ACN with dilution, respectively) showed sharper diffraction peaks
indicative of improved crystallinity. Moreover, the crystallite sizes of CP2 CP3and CP4were determined
using the Scherrer equation in the two most intense peaks, as shown in Table 3 Despite showing a
significant deviation in the crystallite size determined according to the peak, it shows the effect of the
solvent and concentration in the crystallite size. The biggest crystallite size was obtained when the
reaction’s solvent was water, while the smallest and medium size was obtained when the synthesis was
done in ACN dil x5and ACN without dilution, respectively.

Table3. Crystallite size determined of the coordination polymers [Fe(NH,-trz);](OTs), CP2CP3and CP4

[Fe(NH-trz)s](OTs)synthesizedn | Peakposition (2P) | Crystallitesize(nm)
waer s ot
Z >
ACNdil x5 g:; i?i
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Figure19.XRD spectra of the [Fe(NH»-trz)s](OTs), coordination polymers synthesized in water (CP2 (black), in can (CP3 (red),
and with each component diluted 5 times in ACN (CP4(green).

To complement the XRD findings, TEM pictures of the three [Fe(NH,-trz)s](OTs), coordination polymers
were taken. As shown in Figure 20 TEM pictures of CP2 CP3and CP4indicate that the reaction solvent
and dilution influence the crystallite size of the coordination polymers. Specifically, the TEM images reveal
that the coordination polymer synthesized in water (CP2 exhibits a larger crystallite size of 924 + 503 nm,
followed by the one prepared in ACN (CP3 with 324 + 160 nm and the one prepared in ACN dil x5 (CP4
with a crystallite size of 212 + 91 nm. Furthermore, the crystallite size trend shown in Figure 21is in
agreement with the crystallite size determined using the Scherrer equation, but there is a significant
deviation between both values.

[Fe(NH,-trz),](OTs), synthesis

7

in water
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Figure20.TEM pictures of the [Fe(NH>-trz)s](OTs), coordination polymers (CP2 synthesized in water (black), (CP3in ACN (red),
and (CP4 with each component diluted 5 times in ACN (green).
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Figure21.Size distribution of the coordination polymers [Fe(NH,-trz)3](OTs), CP2CP3and CP4determined from the TEM
pictures.

Subsequent evaluation of the magnetic properties was conducted using VSM. Given the structural
similarities observed between CP2and CP4(as determined by FTIR and XRD), the magnetic behavior of
these two samples was compared (Figure 22. Although both materials share similar structural features,
their magnetic responses differ markedly. CP2 synthesized in water, exhibits a sharp spin transition
between the LS and HS states, characteristic of cooperative SCO behavior. In contrast, CP4displays a more
gradual transition, indicating a reduction in cooperativity within the polymer network. This difference in
spin-transition sharpness can be directly correlated with crystallite size. As larger crystallites promote
stronger intermetallic communication and cooperativity within the network, the smaller crystallite
domains in CP4are expected to diminish this interaction, leading to a more progressive transition,2%2%2534
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Figure22.Vibrating-Sample Magnetometry (VSM) of the [Fe(NH,-trz);](OTs), coordination polymers synthesized in water
(black), and with each component diluted 5 times in ACN (green).

To confirm that the solvent does not participate in coordination within the polymeric matrix, CHN
elemental analysis was performed on CP4The experimental values (Table4) closely match the theoretical
composition of [Fe(NH;-trz)s](OTs),, with only minor deviations that can be attributed to experimental
error. Importantly, no evidence of solvent incorporation was detected, confirming that the observed
changes in magnetic behavior arise from structural factors, primarily the reduction in cooperativity due to
smaller crystallite size, rather than from chemical modifications of the coordination sphere.

Table4. Elemental analysis of the coordination polymer [Fe(NH»-trz)s](OTs), synthesized in ACN dilx 5 (CP4.

[Fe(NH-trz)s3](OTs) synthesizedn ACNdil x5 (CP4)
£l %Element
ement Expected Obtained(+0.4)
C 36,9 36,0
H 4,0 41
N 25,8 24,6

4.2.Nanostructured hybrid materials (HMs)
The HMs were synthesized via a self-assembly strategy, in which the constituent components were mixed

and stirred without additional external intervention. These HMs consist of two key elements: ultrasmall
PtNPs and a Fe(ll)-based coordination polymer, formed from Fe(OTs),-6H,0 and the ligand 4-amino-1,2,4-
triazole (NHx-trz). The PtNPs were first synthesized through an organometallic approach, yielding
ultrasmall, "naked" nanoparticles with a mean diameter of 1.4 + 0.4 nm as determined by TEM, as shown
in Figure23. These nanoparticles are referred to as “naked” due to their stabilization solely by CO ligands
and labile ACN solvent molecules, which enables their characterization by FTIR spectroscopy.
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Figure23. A) PtNPs synthesis scheme. B)Micrograph and size distribution of the PtNPs.

The structural and electronic characterization of the synthesized HMs was performed using FTIR, TEM,
SEM, and c-AFM. FTIR analysis provided preliminary insights into the interactions between the HM
components. Owing to the “naked” nature of the PtNPs, changes in the t-backdonation from Pt to the CO
ligands can be monitored, offering indirect evidence of electronic interactions with other HM constituents.
An increase in m-backdonation from Pt to the CO ligands strengthens the Pt—C bond while weakening the
C=0 bond, thereby reducing the vibrational energy and shifting the CO stretching bands to lower
wavenumbers. Figure 24displays the IR spectra for reference samples (PtNPs, PtNPs + Fe(OTs),, PtNPs +
NH,-trz) and for the hybrid material HM1. The PtNPs alone (blackFigure24) exhibit two characteristic CO
stretching bands at 2038 and 1879 cm™, consistent with terminal and bridging CO ligands coordinated to
Pt, respectively.®® In the PtNPs + Fe(OTs), sample (blue Figure 2} bands at 2038 and 1882 cm™ were
observed, showing minimal shifts. Conversely, the PtNPs + NH,-trz sample (green Figure 2fexhibited
bands at 2035 and 1877 cm™, indicating a slight redshift due to enhanced electron donation from the NH,-
trz ligand to the PtNPs, which increases ni-backdonation to the CO ligands. For HM1 (red Figure24), which
contains all three components, bands appeared at 2036 and 1882 cm™. These values lie between those of
the two control experiments, suggesting a combined electronic effect. However, the relatively minor shifts
in wavenumber make it inconclusive whether a significant interaction involving all three HM components
occurs.

1877 cm™

—2035 cm™
—-1882 cm’”

~2038 cm’”

~1882 cm’”

~2036 cm'”’
—— Pt NPs + NH,-trz

—— Pt NPs + Fe(OTs),

—— Pt NPs + Fe(OTs), + NH,-trz

2038 cm’” ——PtNPs

1879 cm™

— N —
2000 1500 1000
Wavenumber (cm™)

Figure24.FTIR of the control experiments and the nanostructured hybrid material (HM1) synthesized. Where “naked” PtNPs
(black), nanostructured hybrid material (HM1) (red), PtNPs + Fe(OTs), (blue) y PtNPs + NH,-trz (green).

Microscopy techniques were employed to further probe these interactions. TEM images of the PtNPs
(Figure25,black) revealed both well-dispersed and aggregated particles, the latter possibly due to the use
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of ACN as solvent. In the Fe reference sample (Figure 25, blug Fe(OTs), crystallites were observed
alongside dispersed PtNPs. Interestingly, the NH,-trz reference (Figure25, greer) and HM1 (Figure25, red)
both exhibited hollow tubular structures that appear to be composed of PtNPs. Although the inclusion of
Fe(OTs), within these structures cannot be confirmed solely by morphology, the TEM observations support
the FTIR findings, indicating some level of component integration.

100 nm

100 nm
Pt NPs + NH,-trz Pt NPs + Fe(OTs), + NH,-trz

Figure25.TEM pictures of the references and the nanostructured hybrid material (HM1). Where “naked” PtNPs (black), PtNPs +
Fe(OTs), (blue) y PtNPs + NH,-trz (green), and nanostructured hybrid material (HM1) (red).

The electrical behavior of HM1 was investigated using c-AFM. Figure 26presents current—voltage (I-V)
curves for the PtNPs, Fe, NH,-trz references, and HM1. None of the |-V curves displayed a linear
relationship, indicating that these materials deviate from Ohmic behavior and instead exhibit Coulomb
blockade (CB) effects. CB arises in nanoscale systems due to the Coulombic repulsion between electrons,
which impedes charge transport at low potentials. The |-V curves of the PtNPs and Fe reference (Figure
26, black and blupand of NH,-trz and HM1 (Figure 26, green and r@dhow considerable overlap,
suggesting similar electronic properties. While these results align with the FTIR and TEM findings, they do
not conclusively demonstrate the incorporation of iron salt into the hybrid structure.
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Figure26. IV curves of the references and the nanostructured hybrid material (HM1). Where “naked” PtNPs (black), PtNPs +
Fe(OTs), (blue) y PtNPs + NH,-trz (green), and nanostructured hybrid material (HM1) (red).

To assess whether the inclusion of Fe(OTs), is kinetically limited, additional experiments were performed
in which the order of component addition was varied. In HM1, Fe(OTs), and NH,-trz were added
simultaneously, producing the previously discussed tubular structures (Figure 25, redl In contrast, HM2
and HM3 were synthesized by altering the order of addition, yielding amorphous morphologies as seen in

Figure 27(blue and greei These results underscore the significant influence of component addition
sequence on the final material morphology.

Pt NPs + Fe(OTs), + Pt NPs + Fe(OTs), Pt NPs + NH,-trz (1h)
NH,-trz (1h)+ NH,-trz + Fe(OTs),

Figure27.TEM pictures of the three nanostructured hybrid materials synthesized. PtNPs+Fe(OTs),+NH,-trz (HM1) (red),
PtNPs+Fe(OTs); (1h)+NH,-trz (HM2) (blue) y PtNPs +NH;-trz (1h) +Fe(OTs); (HM3) (green).

SEM imaging of HM1, HM2, and HM3 revealed heterogeneous samples containing both large aggregates
and smaller spherical entities (Figure 28. In HM1, a substantial number of small objects were present,
likely due to an excess of PtNPs relative to the other components. Additionally, SEM images suggested a
degree of connectivity between larger agglomerates and smaller domains, potentially indicating structural
integration at multiple scales. Moreover, to determine the hybrid material composition, specifically the
Pt/Fe ratio, and see if the material components are getting included or not, the EDX of HM1, HM2, and
HM3 was measured. Although the samples were measured at various times, it was only possible to
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determine a statistically significant and coherent value for HM2. The expected Pt/Fe ratio in all cases was
1/0,03, and the obtained one for HM2 was 0,04, which is in agreement with the expected value and
accuracy of the EDX measurement technique.

Pt NPs + Fe(OTs), + Pt NPs + Fe(OTs), Pt NPs + NH,-trz (1h)
NH,-trz (1h)+ NH,-trz + Fe(OTs),

Figure28.SEM pictures of the three nanostructured hybrid materials synthesized. PtNPs+Fe(OTs),+NH,-trz (HM1) (red),
PtNPs+Fe(OTs), (1h)+NHx-trz (HM2) (blue) y PtNPs +NH»-trz (1h) +Fe(OTs), (HM3) (green).

Similarly, an experiment was performed mixing NH,-trz and the Fe salt for 1 hour and subsequently adding
the PtNPs to the reaction mixture (NH,-trz + Fe(OTs), (1h) + PtNPs). Figure29ashows the FTIR spectra of
the [Fe(NH»-trz);](OTs), coordination polymer, the reaction mixture NH,-trz + Fe(OTs), (1h) + PtNPs, and
the PtNPs alone. Meanwhile, Figure 29bshows a zoomed area between 400 and 1900 cm™ of the same
FTIR spectra. Figure 29%hows some vibrational bands at 1666, 1189, 618, and 569 cm™ for the reaction
mixture NH-trz + Fe(OTs), (1h) + PtNPs that might show the formation of the coordination network in situ
the reaction mixture. Since, so far, these vibrational bands are just a hint of the coordination polymer’s
formation, it would be possible to either scale up this experiment or increase the reaction time to increase
the band intensity and see them more clearly.
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Figure29.FTIR spectra comparison of PtNPs (black), NH,-trz + Fe(OTs), (1h) + PtNPs (red), and the coordination polymer
[Fe(NH,-trz)s](OTs)2 (CP2.

To further probe the nature of the interaction between the HM components, HM4 was synthesized by

combining “naked” PtNPs with the preformed coordination polymer [Fe(NH»-trz)s](OTs).. Figure 30
compares the TEM images of the coordination polymer alone (CP2 and HMA4. In the latter, the surface of

the objects appears decorated with rod-like features, potentially composed of PtNPs. This morphology

suggests surface-level interaction rather than deep incorporation.

[Fe(NH,-trz),](OTs),
| alone

50 nm

Figure30.TEM pictures of the coordination polymer (black) and the synthesized nanostructured hybrid material (HM4) mixing
PtNPs + [Fe(NH2-trz);](OTs), (yellow).

The charge transport properties of these systems were further examined via c-AFM (Figure31). The results
show that the CB effect remains unchanged in the presence of Fe(OTs), alone. However, when PtNPs are
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introduced to the surface of the preformed coordination polymer (as in HM4), the CB effect becomes more
pronounced. This enhancement is likely due to synergistic effects between the Fe centers and the NH,-trz
ligand. Notably, the highest CB effect was observed for HM1, where all components were introduced
simultaneously. Although HM1 and HM4 share the same overall composition, the differences in their
electrical behavior are attributed to the synthetic approach: a short reaction time in HM4results in surface
decoration, whereas the simultaneous introduction of all components in HM1 facilitates the embedding
of PtNPs within the coordination polymer matrix.
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Figure31.1V curves of the three nanostructured hybrid materials synthesized. PtNPs+Fe(OTs),+NH-trz (HM1) (red),
PtNPs+Fe(OTs); (1h)+NH,-trz (HM2) (blue) y PtNPs +NH,-trz (1h) +Fe(OTs), (HM3) (green).

4.3.Ligand
Since the idea is to study the effect of the coordination strength between the functional molecule and the
PtNPs, it was necessary to synthesize a ligand that, at the same time, allows to have a stronger
coordination to the NPs and to form the Fe(ll) coordination polymer. Taking into account those ligand
requirements and the 4R-1,2,4-triazole ligands reported in the literature, it was decided to synthesize the
NHC-substituted 1,2,4-triazole ligand shown in Figure 32
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Figure32.Target ligand.

The ligand was synthesized in a two-step synthesis. The first one was the N-methylation of the
commercially available starting material 1-methyl-5-imidazole-carboxaldehyde to yield Compoundl (see
scheme 2). In general, the di-N-methylated imidazolium salts have been reported as promising building
blocks with a wide variety of biological activities’®, but in this case it was taken as one of the compounds
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that can react to synthesize the target ligand, due to its chemical reactivity on the carbonyl as well as on
the carbenic carbon. Figure 33hows the FTIR spectra of compound 1 and also shows vibrational bands
in wavenumbers such as 3171, 3128, and 3109 cm™ v(C,,%-H), 1707 cm™ v(C=0), 1160, 1050, and 1025 cm’
1 v(C-N/0O). Moreover, compound lwas characterized by a series of NMR techniques.
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Figure33.FTIR spectra of compound 1.

1H NMR (400 MHz, Acetonitrile-ds) 6 9.82 (d, J= 0.8 Hz, 1H), 8.57 (s, 1H), 8.11 (d, J=1.5 Hz, 1H), 4.02 (d, J
=0.7 Hz, 3H), 3.89 (s, 3H)."H NMR of Compound 1 is shown in Figure34. It shows 2 resonances of an equal
area at 4.02 ppm and 3.89 ppm for the methyl (-CHs) protons, 2 more resonances at 8.57 ppm and 8.10
ppm for the methine (-CH=) protons present in the imidazole ring, and another resonance at 9.82 ppm for
the proton present in the formyl (-CHO) group. The chemical shifts obtained are in agreement with the
reported ones *H NMR (300 MHz), DMSO-d6: § 9.86 (d, JF1.5, 1H), 9.26 (s, 1H), 8.53 (s, 1H), 3.98 (F1.5,

3H), 3.87 (d, F1.5, 3H).” The signals in 9.82, 8.11, and 4.02 ppm are shown as doublets due to possible
coupling at *Jy.nand °Ju.4 or, as reported, with the N atoms. 7°

39



2.15 HDO

o~ ~ - ~N o
© w - [=N:]
) o © ~ ™
‘ ?
e
d
®
d\EF“@ b e
N7 TN
C
N\
a 6]
¢
] b
| | J l
0.98 0.97 0.98 3.003.00
)5 100 95 90 85 80 7.5 7.0 65 60 55 50 45 40 35 30 25 20 15
1H (ppm)

Figure34.Proton NMR of the compound 1.

Moreover, the 3C signals of compoundl shown in FigureSI11**C NMR (101 MHz, CDsCN) 6 181.06, 141.62,
133.59, 131.76, 37.50, 37.00 were confirmed by Heteronuclear Single Quantum Coherence (HSQC) spectra
shown in Figure Sl2and Table 5as the HSQC reveals the protons attached to *C nuclei due to the Jcy
couplings between them.

Table5. HSQC ey couplings of compound 1.

BCNMR(ppm) | Carbontype | HNMR(ppm) | Multiplicity | J(Hz)| N°ofH
36.93 -CHs 4.02 d 0.7 3
37.44 -CHs 3.89 S - 3
131.65 C - - - -
13341 CH 8.11 d 1.6 1
141.40 CH 8.57 S - 1
180.84 CH 9.82 d 0.8 1

Figure35shows the correlations seen in the COSY and HMBC spectra related to FigureSI3and FigureSI4
respectively. The correlations of 9.82 ppm with 8.10 and 4.02 ppm, seen with COSY, confirm that the
multiplicity of these signals comes from the coupling between those protons. Moreover, the couplings
seen in the COSY spectra for the signal at 8.10 ppm are in good agreement with the *H NMR coupling
constant (J= 1.6 Hz) for a W-type coupling with the protons at 8.57 or 9.82 ppm. In addition, it is worth
noting that it was possible to see a ®Juu coupling between 9.82 and 3.89 ppm even though these long-
distance couplings are rarely seen, they could be seen as shown in reference . The HMBC spectra allowed
to confirm most of the HSQC couplings and establish the complete assignation of each signal seen in the
'H and 3C NMR spectra as shown in Figure 35
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Figure35. Correlations seen in @) COSY and b) HMBC experiments of compound 1.

Additionally, compound 1 was characterized by elemental analysis of C, N, and H. As shown in Tableg, the
element % expected and determined for compound 1 are in good agreement and allowed to determine a
chemical formula of compound 1 corresponding to CsHg N2, which also matches the information gathered
by NMR means. Finally, Figure 36shows, respectively, in red and blue the *H and *3C attribution of each
NMR signal.

F® BF @
4 gs7 ppm 36.93 4@ 141.15 ppm
. m
4.02 ppm_ C&'I)é\ N _~ 3.89 ppm pp ~N N N — 37.44 ppm
—_— 131.65 ppm }—
8.10 ppm PP 133.41 ppm
9.82 ppm \ 180.84 ppm \

Figure36.1H (blue) and 13C (red) NMR signal asignation of compound 1.

Table6. Elemental analysis expected and experimental values of compound 1.

Compoundl
Element Yoelement .
Expected Obtained(+0.4)
C 34,0 32,7
H 4,3 43
N 13,2 12,5

The second step of the ligand synthesis was the condensation between compound 1 and NH;-trz to yield
Compound 2(see scheme 2). In this case, as mentioned above, the idea was to take advantage of the
chemical functions of the ligand that would allow the coordination polymer synthesis as well as the
coordinarion to the NPs. Figure37 shows the FTIR spectra of compound 2, and also indicates the presence
of vibrational bands in wavenumbers such as 3154 and 3111 cm™ v(Cp>-H), 3090 cm™ v(Csp3-H), 1503 cm™
v(Csp?=N), 1169, 1154, 1054 and 1032 cm™ v(C-N). Moreover, compound 2 was characterized by mass
spectrometry and a series of NMR techniques.
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Figure37.FTIR spectra of compound 2.

For the mass spectrometry characterization it was used a weak ionization method with a positive ion mode
as compound 2 is a salt and the interest was to know the organic cation mass. Figure38 shows the mass
spectrum of compound 2. It is possible to see in Figure38two peaks, an intense peak at 191.1 m/z, which
is in good agreement with the expected mass of 191.2 m/z, and a less intense one at 177.1 m/z indicating
the fragmentation and loss of a N, molecule as reported. ¥

pone voltage =15V Xevo G2 QTOF #YCAZ210 23-Jul-2024 15:24:36
DG-034 80 (0.561) AM2 (Ar,20000.0,0.00.0.00); Cm (20:106) 2: TOF MS ES+
1004 19 1.64e
1921
1771
l ;
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Figure38. Mass spectrum of compound 2.

'H NMR (400 MHz, Acetonitrile-ds) 6 8.73 (s, 2H), 8.72 (s, 1H), 8.55 (s, 1H), 7.88 (s, 1H), 4.05 (s, 3H), 3.89

(s, 3H). *H NMR of compound 2 is shown in Figure39. It shows 2 resonances of an equal area at 4.05 ppm
and 3.89 ppm for the methyl (-CHs) protons, 2 more resonances at 8.55 ppm and 7.88 ppm for the methine
(-CH=) protons present in the imidazole ring, another resonance at 8.72 ppm for the proton present in the
iminic group (-CHN) group, and another one in 8.73 ppm for the protons present in the triazole moiety.
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The chemical shifts obtained for compound 2 are in agreement with the ones reported for a similar analog,
1,3-dimethyl-5-[(B-(phenylimino)methyl]-1H-imidazol-3-ium tetrafluoroborate salt, *H NMR (300 MHz,
DMSO-ds): 6 9.22 (s, 1H), 8.68 (s, 1H), 8.27 (1H), 7.47-7.36 (m, arom 5H), 4.13 (s, 3H), 3.92 (s, 3H). 7°
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Figure39.INMR of compound 2.

Moreover, the 3C signals shown in FigureSI15C NMR (101 MHz, CDsCN) & 145.41, 140.99, 139.60, 128.82,
128.49, 37.74, 37.42 were confirmed by HSQC spectra shown in FigureSI6and Table7 as the HSQC reveals
the protons attached to 3C nuclei due to the Y couplings between them.

Table7. HSQC Ycy couplings of compound 2.

BCNMR(ppm) | Carbontype | *HNMR(ppm) | Multiplicity | J(Hz)| N°ofH
37.42 -CH3 3.89 S - 3
37.74 -CH3 4.05 S - 3
128.49 C - - - -
128.82 CH 7.88 S - 1
139.60 CH 8.73 S - 2
140.99 CH 8.55 S - 1
145.41 CH 8.72 S - 1

Figure40shows the correlations seen in the COSY and HMBC spectra related to FigureSI7, and FigureSI§
respectively. The 33C-'H HMBC spectra allowed to confirm some of the HSQC couplings and establish the
assignation of each signal seen in the 'H and 3C NMR spectra as shown in Figures 40and b. Moreover,
due to the number of nitrogen atoms in the ligand, it was necessary to perform HMBC *H-*N (FigureSI19)
to determine the chemical shift of the >N nuclei due to the Jyu couplings as shown in Figure40c In
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addition, it is worth noting that it was possible to see a °Jyy coupling between 8.72 and 214.02 ppm, even
though these long-distance couplings are uncommon, they could be seen as shown in references &%,

a) COSY b) 13C-'H HMBC
© ©
BF4 BF4 8,55 ppm
4,05 ppm —_ Né\ N 3,89 ppm 4,05 ppm 3,89 ppm
7,88 ppm
8,72 ppm \ 8,72 ppm 7,88 ppm
N N
8,73 ppm ! 73 ppm ’
//_ N 8,73 pp N
N, 2 P
N N

c) "°N-"H HMBC

BF4® 8,55 ppm
4,05 ppm __ % - 3,89 ppm

(N2

8,72 ppm 7,88 ppm
\
L
N )
N. 2873 ppm
N

Figure40. Correlations seen in @) COSY b) 13C-1H, and ¢) >N-'H HMBC experiments of compound 2.

Compound 2 contains a substituted imine group, which can exist as two geometric isomers: Zor E NOESY
experiments were used to determine the isomer configuration, but this 2D experiment did not allow the
determination of the cross peak at a chemical shift of 8.73 or 8.72 ppm as shown in FigureSI10 Thus, the
isomer configuration was determined through selective 1D NOESY NMR experiments, which enabled
selective saturation and excitation of specific protons in an NMR signal, followed by the observation of
NOE effects at positions within a spatial range of 4-5 A. Although selective saturation of the signals at

8.73 and 8.72 ppm was not feasible due to their proximity, selective saturation was successfully performed
for the signals at 8.55, 7.88, 4.05, and 3.89 ppm, as shown in Table8. The saturation of the signals at 3.89
(FigureSl11)and 8.55 (FigureS114)ppm confirmed the assignments presented in Figure41l. However, the
saturation of the signals at 4.05 ppm (FigureSI12)and, particularly, 7.88 ppm (FigureSI13)helped to rule
out the possibility of a Z isomer. Specifically, the saturation of the signals at 4.05 and 7.88 ppm showed a
NOE effect on the signal at 8.72 ppm due to bond rotation. However, saturation of the signal at 7.88 ppm
did not produce any NOE effect on the signal at 8.73 ppm, indicating that these protons are spatially distant
and confirming that the Zisomer is not formed. Unfortunately, no direct evidence could be obtained to
support this hypothesis due to, as mentioned above, 8.73 and 8.72 ppm signal proximity.
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Figure41.H (blue) 13C (red), and 15N (green) NMR signal assignation of compound 2.

Once the complete structure of compound 2 was elucidated, some attempts were made to try to stabilize
the PtNPs with the NHCligand, without success. Further conditions optimization is going to be made,
taking into account that at room temperature, when a methyl group is used as N-substituent, it does not
provide enough steric stabilization. The NHCligand is unable to coordinate to the PtNPs and instead, it
undergoes degradation. Moreover, compound 2 has two acidic positions where the base can deprotonate
to make a common NHCor an abnormal NHCof the 1,2,3-triazol-5-ylidene family.

Table8. 1D selective NOESY of compound 2.

Saturated!H signal(ppm) NOEeffect in signals(ppm)
3.89 7.88 8.55
4,05 8.55 8.72
7.88 3.89 8.72
8.55 3.89 4.05

4.4.Nanostructured hybrid materials with compound 2 as ligand
Similarly, to compare the effect of the ligand, a series of hybrid materials using compound 2 as ligand was
also synthesized and characterized. The micrographs of the control experiments are shown in Figure42in
black the PtNPs, in blue the Fe control experiment, and in green the ligand control experiment. Although
it was expected to have the same results for the PtNPs alone and the control Fe experiment shown in
Figure25, this was not the case as the micrograph of the Fe control experiment (Figure42 blue) shows
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some kind of fibers made out of small PtNPs. Moreover, in the ligand control experiment (Figure42green)
it was possible to see two kinds of objects, namely rod-shaped and vesicle-type objects. The latter
morphology might be explained due to the multiple coordinating atoms present in the ligand.

Pt NPs Pt NPs + Fe(OTs), Pt NPs + LH

Figure42.TEM pictures of the control experiments. Where “naked” PtNPs (black), PtNPs + Fe(OTs), (blue)y PtNPs + compound
2 (green).

The nanostructured hybrid material HMc1 was synthesized by adding simultaneously Fe(OTs), and
compound 2 over a solution of PtNPs and stirring the reaction mixture for 2h. HMc2was synthesized by
mixing and stirring the PtNPs and Fe(OTs), solutions for 1h, after that the compound 2 solution was added
to the reaction mixture. HMc3was synthesized by mixing and stirring for 1h the solutions of PtNPs and
compound 2, after that the Fe(OTs), solution was added to the reaction mixture. Finally, HM4 was
synthesized by mixing and stirring the solutions of PtNPs and the previously synthesized coordination
polymer using compound 2 as ligand. In either case, the amount of each component added to the material
maintained a ratio of Pt:Fe:Ligand = 1:0.03:0.1. The morphology of the four nanostructured hybrid
materials was compared by TEM is shown in Figure43. It is clear that a more homogeneous agglomerate
material was achieved compared to the materials obtained using NH.-trz as a ligand. In the high-
magnification image is possible to see that these big agglomerates are made of small nanoparticles. Since
the morphology of HMc1,HMc2, HMc3and HMc4is the same, it is possible to conclude that there is no
impact of the order of addition on the nanostructured hybrid materials synthesized. In other words, the
hybrid material morphology is not affected by how the material is prepared.
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PtNPs+ CP
[Fe(LH);](OTs),

PtNPs+Fe+LH PtNPs+Fe(1h)+LH PtNPs+LH(1h)+ Fe

Figure 43TEM pictures of the four nanostructured hybrid materials synthesized. PtNPs+Fe(OTs),+compound 2 (HMc]) (red),
PtNPs+Fe(OTs); (1h)+compound 2(HMc2 (blue), PtNPs +compound 2(1h) +Fe(OTs), (HMc3) (green), and PtNPs +[Fe(compound
2)3](OTs)2 (HMc4) (purple).

The HMcseries was also characterized by SEM as shown in Figure44. In this case, it was possible to confirm
that all methodologies yielded big porous agglomerates. Comparing the series it was possible to determine
that bigger agglomerates were achieved in HMcland HMc3compared to HMc2and HMc4, meaning that
the ligand plays a role in the agglomerate growth. Since HMc1and HMc3 are the materials where the
ligand was in the reaction mixture for 2h rather than 1h in the case of HMc2.In addition, in HMc2 HMc3
and HMc4, itwas possible to distinguish two kinds of objects, namely the agglomerate and some rods
attributed to some PtNPs agglomerates, which could indicate that it is necessary to increase the amount
of Fe salt and ligand to produce a homogeneous mixture. It was also possible to see the decoration of the
coordination polymer surface with PtNPs in HMc4

Pt NPs + Fe(OTs), + Pt NPs + Fe(OTs), Pt NPs + LH (1h) + Pt NPs + CP
(1h)+LH Fe(OTs), [Fe(LH);](OTs),

Figure 44SEM pictures of the four nanostructured hybrid materials synthesized. PtNPs+Fe(OTs),+compound 2 (HMcJ) (red),
PtNPs+Fe(OTs), (1h)+compound 2(HMc2) (blue), PtNPs +compound 2(1h) +Fe(OTs), (HMc3 (green), and PtNPs +[Fe(compound
2)3](OTs)2 (HMc4 (purple).

Finally, Figure45shows the electric properties of these materials. It is shown that the inclusion of Fe does
not have a representative effect on the material’s Coulomb blockade. There is a minimum increase in the
Coulomb blockade when the ligand is included and a stronger incidence of the Coulomb blockade in HMc3
when the Feisincluded after 1 hour of synthesis. Additionally, the same Coulomb blockade was evidenced
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in the ligand reference, when the ligand was included after 1 hour of synthesis (HMc2, and when the
PtNPs were mixed with the coordination network (HMc4).

——PtNPs
1.0 { ——PtNPs + Fe
|——PitNPs + LH
- ——PtNPs + Fe +LH T —pmps
£ 0.5 ——PtNPs + Fe(1h) + LH ——PINPs + Fe
® | ——PiNPs + LH(1h) + Fe B 1
5 ——PtNPs + CP with LH £ |——PtNPs + Fe(1h) + LH
O 0.0+ o PtNPs + LH(1h) + Fe /
£ 5 —— PtNPs + CP with LH 7
’6 (é 0.5 7
Z 0.5 5 7/
= Y
-1.0 =
0.0- = .
T T T T T 0 1 2
-2 -1 0 1 = Voltage (V)

Voltage (V)

Figure45.1V curves of the three references and the four nanostructured hybrid materials synthesized. Where the references are
PtNPs (black), PtNPs + Fe(OTs), (blue), and PtNPs + NH,-trz (green) and the nanostructured hybrid materials synthesized are
PtNPs+Fe(OTs),+NH>-trz (HMc1)(red), PtNPs+Fe(OTs), (1h)+NHx-trz (HMc2)(light blue) y PtNPs +NH»-trz (1h) +Fe(OTs), (HMc3)

(light green) and PtNPs + CP5 (HMc4) (purple).

Finally, an experiment was performed mixing compound 2 and the Fe salt for 1 hour and subsequently
adding the PtNPs to the reaction mixture (Compound 2 + Fe(OTs), (1h) + PtNPs). Figure 46ahows the
FTIR spectra of the coordination polymer prepared using compound 2 as ligand, the reaction mixture
compound 2 + Fe(OTs), (1h) + PtNPs, and the PtNPs alone. Meanwhile, Figure46b shows a zoomed area
between 400 and 1900 cm™ of the same FTIR spectra. Figure 46shows some vibrational bands at 1174,
1120, 1062, 1010, 686, 619, and 568 cm™ for the reaction mixture compound 2 + Fe(OTs), (1h) + PtNPs
that might show the formation of the coordination network in situin the reaction mixture. Since, so far,
these vibrational bands are just a hint of the coordination polymer’s formation, it would be possible to
either scale up this experiment or increase the reaction time to increase the band intensity and see them
more clearly.
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Figure46.FTIR spectra comparison of PtNPs (black), Compound 2 + Fe(OTs)2 (1h) + PtNPs (red), and the coordination polymer
prepared using compound 2 as ligand.

5. CONCLUSIONS AND PERSPECTIVES

Herein, we present the synthesis, characterization, and electrical property studies of nanostructured
hybrid materials composed of ultrasmall PtNPs and two Fe(ll) coordination polymers, using NH,-trz and
compound 2 as ligands. Compound 2 was synthesized and fully characterized by spectroscopic,
spectrometric techniques, and NOESY NMR experiments revealed its Z-isomeric configuration. The hybrid
material results reveal that, with the NH»-trz ligand, the order in which each component is introduced
during the hybrid material synthesis influences the morphology and electrical properties of the resulting
hybrid material. In contrast, when compound 2 was used as a ligand, only an effect on the electrical
properties of the material was observed. A comparison between the model hybrid material and the one
incorporating compound 2 reveals changes in the charge transport behaviour. Specifically, in the model
system, the Coulomb Blockade increases, while in the compound 2 hybrid systems, it decreases. These
findings suggest the influence of the ligand charge on the charge transport properties of hybrid materials.

From the perspective of this research, it is essential to demonstrate the switchability in the hybrid systems,
as it has been, so far, only demonstrated in the individual components. If the hybrid materials present
switchability, these nanostructured hybrid materials will be tested in neuromorphic electrical
measurements. Further studies of the charge transport behaviour of compound 2 are going to be made.
This includes a systematic study of the Pt/Compound 2 ratio, as well as the influence of counteranion.
Finally, a deeper understanding of how the molecular entities coordinated to the surface of the NPs
influence the electrical properties of the hybrid materials is essential to developing and designing new
functional hybrid materials.
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FigureSI 1. 13C NMR of the compound 1.
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FigureSI 2. HSQC NMR spectra of compound 1.
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FigureSI 5. 13C NMR of compound 2.
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FigureSI 11. NOESY selective 1D excitation of signal at 3.89 ppm of compound 2.
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FigureSI 12. NOESY selective 1D excitation of signal at 4.05 ppm of compound 2.
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FigureSI 13. NOESY selective 1D excitation of signal at 7.88 ppm of compound 2.
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