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Streszczenie

Przetaczalne magnetyki molekularne stanowig atrakcyjna klase zwigzkow koordynacyjnych,
ktorych stan spinowy moze by¢ przetaczany pod wplywem zewnetrznych czynnikow fizycz-
nych, takich jak temperatura, ci$nienie czy naswietlanie. Dzi¢ki precyzyjnemu doborowi blo-
kéw budulcowych w trakcie syntezy oraz otrzymanym wiasciwo$ciom przetaczalnym, badane
uktady wykazuja znaczacy potencjat w projektowaniu zaawansowanych czujnikéw, inteligent-
nych tekstyliow oraz materiatow do zapisu danych. Wprowadzenie przetaczalnych uktadéw do
matryc polimerowych nie tylko zwigksza ich wytrzymato$¢ mechaniczng i przetwarzalnos¢, ale
takze umozliwia materialom kompozytowym wykazywanie wielofunkcyjnej wydajnosci.

W ponizszej rozprawie doktorskiej zostata przedstawiona metodyka i charakterystyka serii ma-
teriatéw kompozytowych na bazie polimeréw zawierajacych trzy prototypowe uktady koordy-
nacyjne: mikro- i nanoczastki analogdéw biekitu pruskiego (PBA), ktére wykazuja uporzadko-
wanie magnetyczne dalekiego zasiggu; nanoczastki zelaza(Il) z mozliwoscia przetaczania sta-
néw spinowych (przejscie typu spin-crossover, SCO), ktore charakteryzujg si¢ zmiang ze stanu
nisko- do wysokospinowego pod wptywem temperatury; oraz dwu-metaliczny tancuch oparty
na jonach niklu i zelaza, wykazujacy odwracalny efekt przeniesienia fadunku mi¢dzy metalami
pod wptywem temperatury lub przytozonego ci$nienia zewnetrznego. Kazdy z badanych sys-
temow cechuje si¢ unikalnym mechanizmem przetaczania, co stwarza wszechstronng platforme
badawcza do analizy wptywu magnetycznej domieszki na ostateczne wlasciwosci kompozy-
tow.

Wprowadzenie przelaczalnych uktadéw molekularnych jako dodatek do matryc polimerowych
zostalo zrealizowane poprzez wykorzystanie techniki elektroprzedzenia i metod¢ nakropienia
na powierzchnig (drop-casting). Elektroprzedzenie to proces, dzigki ktoremu mozliwe jest wy-
tworzenie statych, elastycznych mat polimerowych w wyniku wyciagania z zawiesiny polime-
rowej ultracienkich widkien pod wptywem przylozonego wysokiego napigcia. Drugg przedsta-
wiong metodg otrzymywania materiatow kompozytowych jest wytwarzanie jednolitych warstw
poprzez nakropienie 1 odparowanie rozpuszczalnika. Wybdr obu technik opieral si¢ na ich ska-
lowalnosci, kompatybilnosci z ré6znymi matrycami polimerowymi 1 mozliwosci zachowania
wlasciwosci przetaczalnych wprowadzonych struktur koordynacyjnych.

W badaniach wykorzystano szereg technik umozliwiajacych kompleksowe wyznaczenie wia-
sciwosci strukturalnych i magnetycznych otrzymanych materiatow kompozytowych. Mikro-
skopia elektronowa i1 dyfrakcja rentgenowska zapewnity szczegdétowy wglad w morfologie i za-
chowanie struktury krystalicznej probek. Ponadto zastosowano spektroskopie wibracyjng
w celu zbadania stabilno$ci chemicznej uktadow funkcjonalnych po uzyciu techniki wykorzy-
stujacej wysokie napigcie do przygotowania materialdéw. Synchrotronowa spektroskopia ab-
sorpcji promieniowania rentgenowskiego, spektroskopia Mossbauerowska oraz magnetometria
SQUID zostatly wykorzystane do zbadania zjawisk przelaczania spindw i przeniesienia ta-
dunku. Uzupelniajace analiza termiczna oraz eksperyment in situ indukowanego przejscia pod
wptywem cis$nienia dodatkowo wykazaly odpornos¢ i reaktywnos$¢ kompozytow w warunkach
odpowiadajacych potencjalnym zastosowaniom.



Badania zawarte w niniejszej rozprawie dowodza, ze wrazliwe na bodzce zewnetrzne magne-
tyki molekularne, zwykle podatne na kruchos$¢ i degradacj¢ w okreslonych warunkach przecho-
wywania, mozna skutecznie osadzi¢ w matrycach polimerowych bez utraty ich przetagczalnych
wlasciwosci. Tréjwymiarowe maty ztozone z elektroprzgdzonych wtokien charakteryzujg sie
zaro6wno wysoka odpornoscig mechaniczna, jak i szybka odwracalng reakcjg na zmiang warun-
kow otoczenia, podczas gdy warstwy wykonane metoda nakrapiania umozliwiajg szybka de-
tekcje. Podsumowujac, badania wchodzace w tematyke tej rozprawy przedstawiajg metodolo-
gie wytwarzania materiatéw kompozytowych opartych o matryce z polimeréw organicznych
oraz uktadow magnetykdéw molekularnych reagujacych na bodzce zewngtrzne, ktore moga zo-
sta¢ wykorzystane w inteligentnych urzadzeniach i materialach przelaczalnych nowej genera-
cji.



Abstract

Switchable molecular magnets represent a compelling class of coordination compounds, whose
magnetic states may be modulated reversibly in response to external stimuli such as tempera-
ture, pressure, or irradiation. The combination of precise molecular design and functional re-
sponsiveness renders them particularly promising for applications in sensing, data storage, and
adaptive textiles. The integration of these switchable entities within polymer hosts not only
enhances mechanical robustness and processability but also enables composite materials to ex-
hibit multifunctional performance.

The following thesis outlines the development and characterisation of a series of polymer-based
composite materials incorporating three prototypical coordination systems: micro- and nano-
particles of Prussian Blue Analogues (PBAs), which display long-range magnetic ordering;
iron(IT) spin-crossover (SCO) nanoparticles, which undergo temperature-driven high-spin to
low-spin transitions; and a bimetallic nickel-iron charge-transfer chain exhibiting reversible
metal-to-metal electron transfer under thermal or mechanical stimuli. Each of these systems
demonstrates a distinct switching mechanism, thus providing a broad platform from which to
further investigate the interplay between molecular architecture and composite behaviour.

The incorporation of functional fillers into polymer matrices was primarily achieved through
the utilisation of solution-based processing methodologies, with a particular focus on electro-
spinning and drop-casting techniques. Electrospinning is a process that facilitates the formation
of flexible, non-woven fibre mats by drawing polymer—particle suspensions into ultrafine fila-
ments. Alternatively, the fabrication of uniform films was enabled by drop-casting. The selec-
tion of both techniques was based on their scalability, compatibility with a variety of polymeric
hosts, and capacity to preserve the intrinsic switching properties of the embedded materials.

A comprehensive approach to characterisation techniques was adopted for the purpose of ex-
tracting the structural, electronic, and magnetic properties of the resulting composites. Electron
microscopy and X-ray diffraction techniques provided detailed insight into the morphology and
phase integrity of the samples. In addition, vibrational spectroscopies were employed to probe
the chemical stability of the functional systems following the implementation of high-voltage
composite preparation techniques. Synchrotron X-ray absorption spectroscopy, Mossbauer
spectroscopy, and SQUID magnetometry were employed to interrogate the spin and electron
transfer switching phenomena. Complementary thermal analyses and in situ pressure-induced
experiments further demonstrated the composites’ resilience and responsiveness under condi-
tions corresponding to the anticipated applications.

The investigations demonstrate the potential for the integration of stimuli-responsive molecular
magnets, which are often characterised by fragility and degradation under certain conditions,
into polymer matrices without compromising their switchable function. Electrospun fibre
meshes exhibit both mechanical flexibility and rapid, reversible response to external triggers,
whereas drop-cast films afford spatially resolved sensing capabilities. Collectively, this re-
search establishes methodology for the fabrication of stimuli-responsive magnetic composites,
which can be applied to next-generation smart devices and adaptive material systems.



Table of contents

1. INErOAUCEHION cuueeeneeiineiisnnicseeicssnncsssnesssnesssnnssssncssssesssnessssessssessssessssssssssssssssssasns 4
1.1 Functional coordination StIUCIUIES ..........ceeerteriirieniieieniienieeiesite ettt 4
1.2 The scope and goal of the thesiS.........ccceviieiiiiiiiiiee e 8
1.3 Bistability in molecule-based materials............ccccuveeiiiieiiieeieeeie e 11

1.3.1 Spin crossover (SCO) €ffECt .......uiiiiiiiiiieee e 11
1.3.2 MMOCT MALEIIALS ...ceviiiieiiieiieee ettt ettt et ens 14
1.4 Bistable materials embedded in a polymer matriX .........ccoecueevieriiieniieiiesie e 17

2. Measurement methods and research techniques ........c..ccceeecueeeeccnnrcncnnnnene 22
2.1 Electron microscopy (SEM, TEM)......ccooiiiiiiiiiiieiieiieeie ettt e ens 22
2.2 OPLICAL SPECLIOSCOPY .eveerrrerrrarieriieeitierreessteeseesseeeseesseesseesseessseesssessseesseessseesseesssessseans 25

2.2.1 INrared SPECIIOSCOPY . ..ccvierrierireiieeieeitieeteeteeereesseeseteeseessseeseessseessaessseenseesssessens 25

2.2.2 RAMAN SPECITOSCOPY tvvrreenrrrerrreenrreeaueeesseeenseeessseeesssesasssesessseessssessssseessssesssseesnnses 25
2.3 X-ray diffraction (XRD)....c.cooiiiiiieiiee e 28
2.4 Magnetometry (MPMS SQUID) .......ooiiiiiiiiiieieee ettt 30
2.5 Differential scanning calorimetry (DSC) ....ccuieiiiiiiiiiiiiiieeee e 33
2.6 Dynamic vapour sorption measurements (DVS).........ccoooiiiiiiiiiiiiiieeeees 34
2.7 X-ray absorption SpectroSCOPY (KAS) .ioouiieriieeeieeerieeertee et ereeeeee e saeeesaeeeseree s 35
2.8 MOSSDAUCT SPECIIOSCOPY ..uvvierurrierireeaireenieeeriteeesteeesreeessseeessseeassseeassseesssseesssseessseessssees 40

3. Techniques and polymer matrices chosen for composite preparations... 42

3.1 ElCCtIOSPINMING ... .eeiiiieeiiieeeiieeeieeesieeetteeeteeeeteeesaeeessseeessaeeesseeasssaeassseesssseessseaensseeens 42
3.1.1 ElECtrOSPINNING PIOCESS ...cuvvieurieruieeiieeiieeieesteeteesreesseesseesseesseesssesseessseenseesssesnses 42
3.1.2 Parameters influencing the electrospinning proCess.........coocveevveereeerieenveenreenveennen. 44

3.2 Drop-casting from SUSPENSION .......c..eeruieeiiieriieeieeniieeteesteeeteeseeesteesseeesseessseeseesseeenseensns 47

3.3 Characteristic of the pOlymMer MAatriCeS.......ccuieuierieiiiieiieeieerie e 49

4. Composites based on PBA micro- and nanoparticles.......c...ccceeeeeccnnreccene 52

4.1 Cubes of Nizs[M(CN)s]2-nH20, where (M = Fe, Cr) introduced into organic polymer

ClECtTOSPUN FIDTES ....eeiiiiieiie e et e e et e e esrae e saseeesnbeeennns 52
4.1.1 Morphology of NPs and electrospun fibres ............cccccueeeviieeiiieeiiieeieeeee e 54

1



4.1.2 Spectroscopic and structural analysis ..........cccceeevieeeriieeiiieeieeee e 58

4.1.3 Magnetic properties of PBA nanocubes and their composites ...........cccceevveveeennennne. 61
4.2 Switchable PBAs from RbxMn[Fe(CN)g]x+2)3'nH20 family embedded in electrospun
FIDTES ettt ettt et e bt e et e b e eateeateas 64
4.2.1 Morphology of RbMnFe particles and their composite fibres ...........ccccecevvennenee. 66
4.2.2 Spectroscopic and structural characterisation.............cceeeveeerveeeiieescieeecee e 69
4.2.3 Magnetic properties of RbMnFe cubes embedded into polymer fibres ................. 72
4.3 Summary 0f the ChaPter.......cccviiiiiiiee e e 76

5. FeTrz SCO nanoparticles — spectroscopic studies and their composites. 77
5.1 Reverse micelle technique for the synthesis of nanoparticles...........c.ccoeevverieereennennnen. 77

5.2 SCO effect for nano- and microparticles — correlation of spectroscopic and magnetic
PIOPETEIES oevevieneieeirieitieeteeeieeeteeseteeteeesteeseessseesseeasseesseeanseensaeasseenseesssaensseenseesssensaessseans 82

5.2.1 Magnetic properties and structural analysis of FeTrz nano- and microparticles.... 82

5.2.2 MOSSDAUCT SPECLIOSCOPY c-nvverurienrieauiieniieeteeniieeteesetesteesteeeseesseesseesseeanseesseeeseesnneans 85
5.2.3 X-ray absOrption SPECIIOSCOPY -..eeeuveerrrerrierrieeiienieesieesieeeseesseesseesseeeseesnsesnseesneans 89
5.3 Composite materials based on FeTrz NPs..........ccccoooiiiiiiiiiiiiiiiieeceee e 101
5.3.1 Morphology and structural analysis of the electrospun composites...................... 102
5.3.2 Calorimetric measurements of FeTrz NPs and their electrospun fibres ............... 105

5.3.3 Magnetic properties of FeTrz NPs in the electrospun-based and drop-casted

COMPOSILE MALETIALS ....evieeiiieiiiieciiee e e e e e e eere e e aeeesnneeeans 108

5.4 Summary of the Chapter..........cooiiiiiiieee e 116
6. Composites based on the CT molecular chain......ccccceeeecercvvnnecccsccsnneeccsans 117
6.1 Multifunctional coordination chain based on Niand Fe .........ccccooeniiniiiiniininncnnne 117
6.1.1 Miniaturisation process of multifunctional coordination NiFe-chain................... 119
6.1.2 Morphology and magnetic properties after miniaturisation ...........c..cceceevvervennenne 120
6.1.3 XAS measurements on crystals and microcrystals..........cccceeeveeeriieiniieeniieenieeens 122
6.2 Electrospun-based composites with NiFe-microcrystals..................cccccoeveiieniinnnnnn. 128
6.2.1 Preparation of electrospun fibre mats ...........cccveeviieeiiieeiieecie e 128
6.2.2 Morphology of the electrospun composites with NiFe-chain.............................. 131
6.2.3 Magnetic characterisation of electrospun NiFe-chain composites ....................... 136
6.2.4 Hydration/dehydration effects on the NiFe-chain electrospun fibres................... 138
6.2.5 Diffraction studies on the electrospun COMPOSILES .......ccceeevvrereieeriienieeiiienieereenee 141



6.3 Drop-casted composite foil with NiFe-chain................c.cccccocooiiiiiiiiiiiieeee, 146

6.3.1 Morphology and switching properties of drop-casted foils...........ccccveeviverirenennne. 147
6.3.2 Pressure-induced MMCT studied with XAS SpectroSCOPY .......cevveerveereverveeneene 150

6.4 Summary of the Chapter.........coooiiiiiiiee e 155
7. Summary of the thesiS.......iciiicniniiciisninsisniinssnicsssnicssssnecssssessssssessssssses 156
b TR 33 10) 10T 4 0721 0] 1 N 157



1. Introduction

1.1 Functional coordination structures

Coordination polymers (CPs) are a class of extended inorganic—organic hybrid materials
formed by linking metal centres with multidentate organic ligands into one-, two-, or three-
dimensional networks. The "bottom-up" assembly process, in which discrete building blocks
preserve their structural integrity throughout the reaction, enables exquisite control over both
the topology and functionality of the resulting frameworks. Historically, the primary interest in
CPs was in their structural properties as solids. However, in recent years, these materials have
emerged as highly designable substances whose properties can be tuned by the selection of
metal, ligand design, and synthetic conditions’.

The design of molecular materials has the capacity to induce a variety of features, including but
not limited to magnetic properties?, porosity>*, non-linear optical activity®, conductivity®, chi-

8710 or susceptibility to chemical stimuli' 12,

rality’, reactivity to changes in external conditions
These features can result in the production of functional coordination structures. A prime ex-
ample of this phenomenon is provided by coordination polymers, which are known as molecu-
lar magnets'®. The potential for crystal engineering to chemically design structures of desired
architecture has been widely exploited in order to induce magnetic properties in the materials.
The utilisation of a modular approach has been demonstrated to facilitate the assembly of par-
amagnetic metal ions, which possess unpaired electrons in d or f orbitals, and/or organic radi-
cals, which possess unpaired electrons in p orbitals. These entities are connected through the
utilisation of appropriate ligands. Consequently, the paramagnetic centres exhibit the capacity
to interact magnetically with each other at temperatures lower than a certain threshold. The
occurrence of long-range magnetic ordering is a consequence of quantum-mechanical super-
exchange phenomena resulting from the overlap of the relevant orbitals of paramagnetic centres
and the bridging ligands. The nature of the ordering is contingent upon the electronic configu-
ration of the metal centres, the ligand’s nature, and the connection’s geometry. The first mole-
cule-based ferromagnet to be synthesised at a temperature below 16 K was a one-dimensional
chain [Fe'(CsMes),] [TCNE] prepared by Miller et al. (1988)!*. Since then, various examples
of molecular magnets have been shown, starting from three-dimensional Prussian Blue Ana-
logues (PBAs) with long-magnetic ordering above 300 K'>!® or exhibiting photo-induced mag-
netism!”!8, through two-dimensional layered structures'®*’, one-dimensional chains with Sin-
gle Chain Magnet (SChM) behaviour?!, down to zero-dimensional clusters exhibiting Single
Molecule Magnet (SMM) behaviour shown by Sessoli et al.>* 2, directing the research in mo-
lecular magnetism towards spintronics applications?6-°.

Another noteworthy feature of coordination polymers that derives from their architecture is
porosity, which manifests in the form of voids or channels within crystallographic structures>'.
The capacity of CPs to be constructed with precise pore geometries and tuneable sizes has been



well documented. The combination of ligands of varying lengths and rigidity has been demon-
strated to result in the transformation of structures. Starting from rigid metal-organic frame-
works (MOFs), which are characterised by permanent porosity and channels and cavities that
are stabilised following the removal of solvent (an ideal condition for catalytic purposes)>->>.
This is followed by more dynamic porous structures, which manifest the "breathing" effect of
the crystal lattice®*>°. In such instances, the removal or incorporation of solvent/guest mole-
cules gives rise to structural changes that may also affect other properties of the material, for
example magnetic properties (in the solvatomagnetic effect)’’. The conjugation of porosity and
magnetic properties in a single material was presented by Oliver Khan and colleagues in 1999°%,
The study demonstrated the impact of solvent molecules on the structural alterations of the
coordination framework. In systems referred to as "magnetic sponges," a reversible polymeri-
zation process was observed upon the removal or absorption of water molecules into the crystal
structure. The magnetic properties of the sponges were found to vary at each stage of structural
reformation.

As a result, in the field of coordination polymers, a category of dynamic molecular crystals
emerged, wherein the properties exhibited by the material can be (reversibly) switched by al-
terations in external conditions (schematic representation in Figure 1.1.1). As Sato has re-
viewed*, dynamic crystals harness mechanisms such as thermally or photoinduced spin state
transitions, redox state switching of molecular components, guest-molecule induced reconfig-
uration of crystal structure, stimuli-induced molecular reorientation, and many more. Mecha-
nisms found in dynamical crystals have the capacity to trigger abrupt, often hysteretic changes
in magnetism, conductivity, polarization, optical properties, or mechanical strain. For instance,
a significant number of octahedral Fe** complexes have been observed to reversibly intercon-
vert between low-spin and high-spin states when exposed to heating or light irradiation. This
phenomenon results in the material becoming bistable over a finite temperature range, thereby
conferring memory and switching capabilities. Through the judicious selection of ligands and
the meticulous design of crystallographic structures stemming from a modular approach, such
dynamic CPs manifest as stimuli-responsive solids, thereby exhibiting the remarkable property
of transforming molecular-level electronic changes into observable shifts in macroscopic prop-
erties.



Switching
between states

Figure 1.1.1 Schematic representation of a dynamic molecular crystal and its switching properties under external
stimuli®.

In the context of dynamic coordination polymers, Prussian Blue Analogues (PBAs) are of par-
ticular significance due to their multifunctional nature. Structurally, PBAs are cyano-bridged
frameworks of general formula AM*[M’**(CN)s]x-zH=0, where M**/M’** can be various tran-
sition metal pairs (e.g., Mn**/Fe**, Co**/Cr**, V2*/Cr**, Ni?*/Cr**, Ni*'/Fe**, Fe?'/Co®")***!  and
A is an alkali cation or vacancy that occupies interstitial sites. Depending on the degree of va-
cancy ordering, the framework may adopt a face-centred cubic arrangement with alkali ions in
tetragonal sites, or a defected variant with coordinated water molecules, shown schematically
in Figure 1.1.2. The linear cyano-bridges facilitate strong super-exchange, often yielding long-
range magnetic ordering (e.g., Curie temperature above 300 K in V**/Cr>* PBAs*?). Further-
more, certain PBAs have been observed to undergo thermal charge-transfer phase transitions
(eg, Mn**-NC-Fe** «» Mn*-NC-Fe?"), accompanied by lattice distortions and abrupt colour
changes®, or pressure-induced increase of the critical temperature of magnetic ordering
(Mn?*/Mn*")*. Relevant from the technological point of view is photomagnetism exhibited by
PBAs, such as Co?"/Fe*" analogues, as a consequence of photoexcitation, which generates fer-
romagnetic Fe>*-CN-Co?* states from paramagnetic precursors at cryogenic temperatures®.
The water content modulation and alkali-ion selection in the PBA structures offer further op-
portunities for manipulation. For instance, humidity-sensitive magnetic properties were found
in the Co?*/Cr** system, where rearrangements of coordinated and zeolitic water modified su-
per-exchange pathways. With further modifications of the lattice by the addition of Mn?" ions,
ferroelectric-ferromagnetic coupling was achieved!?. Finally, PBAs have been shown to sup-
port proton conduction via connected water networks, leading to spin-ionic coupling wherein
magnetostriction alters hydrogen-bond networks and thus proton conductivity*®. Collectively,
PBAs serve as paradigms of multifunctionality, combining magnetic, optical, ionic, and elec-
tronic phenomena within a single coordination framework.
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Figure 1.1.2 Crystallographic structures of PBAs: face-centred cubic arrangement with incorporated alkali
ions (A) and defected system with coordinated water molecules (B)*'.

A remarkable degree of structural and electronic tuneability found in the field of coordination
polymers renders them as highly promising candidates for a broad range of applications. In the
fields of molecular electronics and spintronics, dynamic CPs with switchable magnetism have
been demonstrated to enable bistable memory elements operating at the nanoscale*. Further-
more, CPs with luminescent lanthanide or d°/d' centres are useful in optical sensing**->°, while
electrically conductive frameworks are being explored for use in batteries or supercapacitors’’.
In the domains of gas storage and separation, MOFs play a leading role as they may exhibit
high surface areas and well-defined pore structures, which confer them with selective adsorp-
tion capabilities®. The modulation of these properties can be further enhanced through the uti-
lisation of framework flexibility or ligand functionalisation strategies. In the context of hetero-
geneous catalysis, immobilized metal centres embedded in porous architectures have been
shown to mimic enzymatic pockets, thereby offering size and shape selectivity, as well as fa-
cilitating mass transport*>334, The capacity of CPs to undergo structural transitions upon guest
uptake is a key advantage in membrane or sensor applications®>>®. Finally, biomedical applica-
tions of CPs, ranging from theranostic agents®’ to MRI contrast agents®, are beginning to
emerge as researchers increasingly exploit the chemical modularity and biocompatibility of
certain CP families. In each case, the combination of modular approach in compound engineer-
ing and possibilities to merge multiple properties in one material affords a degree of design
flexibility that is unparalleled by conventional solid-state materials.



1.2 The scope and goal of the thesis

The theme of the following thesis lay in coordination compounds, with a focus on the systems
characterised by well-defined bistability, embedded into an organic polymer matrix in the form
of electrospun fibres and drop-casted foils. The thesis describes the preparation methodology
of both polycrystalline fillers and their appropriate polymer composites, basic characterisation,
and the overall evaluation of the differences between composites and their starting elements.
The experimental part of the thesis is divided into three parts, each treating a different family
of coordination compounds and composite materials prepared on their basis.

The first chapter is devoted to the preparation of electrospun fibres based on micro- and nano-
particles of two families of Prussian Blue Analogues (PBA). Due to their straightforward syn-
thetic routes and wide range of possible metal combinations, these structures have been exten-
sively studied from the early days of molecular magnetism research to the present. Starting
from the standard examples of Niz[Cr(CN)s]>-nH>0 (NiCr) and Ni3[Fe(CN)g]>-nH2O (NiFe)
structures>”®°, which in fact do not show any switchability and bistability, however, they served
as an ideal introduction to the methodology of electrospun fibres preparation. The synthesis of
both systems in the form of well-defined nanocubes has been described, as well as the charac-
terisation of their structural, spectroscopic, and magnetic behaviour. At the same time, the prep-
aration of polyvinylpyrrolidone (PVP) fibres doped with both coordination structures has been
presented, with the focus on their resulting properties and the impact of the composite prepara-
tion. The thesis then delves into the preparation of electrospun fibres based on the flagship PBA
structure showing metal-to-metal charge transfer (MMCT) transition, with the general formula
RbxMn[Fe(CN)s]x+2y3-nH20 (RbMnFe)®'%2, Again, the synthetic protocol for one example of
sub-microparticles is presented together with a description of their properties, with a focus on
the magnetic bistability. The production of electrospun fibres of PVP polymer with added func-
tional filler is shown, and their properties are characterised based on optical and electron mi-
croscopy, Raman spectroscopy, and magnetic measurements, and the effect of particles embed-
ding into the organic matrix is discussed. First example of a composite based on MMCT addi-
tive (where the filler was stable over a wide range of external conditions).

The second chapter is devoted to the one of more elaborated examples of spin crossover (SCO)
compounds, namely one-dimensional [Fe(Htrz)»(trz)|(BF4) (Htrz = 1,2,4-1H-triazole) (FeTrz)
coordination chain, which exhibits spin transition above room temperature (~350 K), making it
a molecular structure quite relevant in the development of molecule-based electronics® .
More importantly, it has been shown that tuning of the hysteresis range can be done by varying
particles dimensions, without losing the bistable region even for the smallest synthesised nano-
particles. At the beginning of the chapter, a detailed characterization of particles of various
sizes, ranging from nano- to microscale, synthesized via the reverse micelle technique, was
presented. The focus was placed on comparing the size-dependent spin crossover (SCO) effect
using Mossbauer spectroscopy, X-ray absorption spectroscopy (XAS), and magnetic measure-
ments. In the latter part, the preparation of PVP electrospun fibres and drop-casted foils doped
with FeTrz nanoparticles has been presented, and the effect of the organic matrix upon the spin
transition has been discussed, based on calorimetric and magnetic measurements. Part of the



material preparations and characterisation described in this chapter have been performed in
collaboration with Eugenio Coronado's group from the University of Valencia, as a result of an
international scholarship exchange for doctoral students (STER and PROM) from the NAWA

agency.

The last experimental chapter is fully devoted to a multi-functional coordination complex,
{NHa[Ni(cyclam)][Fe(CN)s]-5H20}n (cyclam = 1,4,8,11-tetraazacyclotetradecane) (NiFe-
chain), where metallic moieties have been bridged by CN-ligand, forming a one-dimensional
chain®. It is an extraordinary example, as it exhibits three phases stable within a certain range
of external conditions; however, they can be reversibly interconverted by changing temperature,
humidity, or applying pressure. It is an example of a coordination complex with MMCT prop-
erties, switching within room temperatures and exhibiting thermal hysteresis in the range 4 °C
to 37 °C, with very distinct changes in optical, spectroscopic, and magnetic properties, making
it a fine representative of a versatile molecular sensor. The first part of the chapter elaborates
more on the characteristics of the crystalline structure and the process of top-down miniaturi-
zation, starting from finely formed single-crystals, and resulting in powder with micro- and sub-
microparticles. The influence of particle size on the general properties of the compounds is
described. The chapter then follows the preparation method-ology of electrospun fibres with
embedded particles within poly(e-caprolactone) (PCL) or poly(2-vinylpiridne-co-styrene)
(P2VP-PS) organic matrices, making it a first example of electrospun materials with MMCT
additive, where the filler shows limitations in stability under certain conditions (recrystalliza-
tion in water/alcohol conditions). The characterisation of the composites’ properties is de-
scribed in comparison to the powdered sample, and the issue of NiFe-chain fragility to water
is elaborated based on X-ray diffraction measurements. The last subsection of the third chapter
presents the preparation of drop-casted foils containing NiFe-chain. With this form of compo-
site material, the switchability of the functional filler upon applying external pressure is elabo-
rated, with the analysis of the MMCT transition in the pressed drop-casted foil by XAS spec-
troscopy, explored at the synchrotron radiation centre.

Overall, the goals of the presented thesis are:

e The presentation of a scalable and adaptable method for organic polymer composites
doped by functional coordination structures, of different shapes and diameters.

e Showcasing the importance of studying the influence of organic polymer matrix on the
functionalities of the dopants, by different preparation methodologies.

e The elaboration on the composites preparation for two types of coordination compounds
switchability (SCO and MMCT), without loss of their sensing and switching abilities.

e Overcoming the limitations of powdered switchable coordination compounds by pre-
paring more scalable materials that are easier to implement into real working devices.

The hypothesis of the following thesis is as follows: it is possible to design and prepare
switchable molecular compounds within an organic polymer matrix in the form of elec-
trospun fibres and drop-casted foils, without the loss of coordination compounds’ func-
tionality.



The research shown in the dissertation incorporates findings that were partially conducted as
a part of the NCN grant OPUS 22, titled: “Switchable materials based on complex ions in nano-
and micro- scale”, led by dr hab. Beata Nowicka from the Faculty of Chemistry at Jagiellonian
University in consortium with dr hab. Magdalena Fitta at the Institute of Nuclear Physics, Polish
Academy of Sciences.
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1.3 Bistability in molecule-based materials

The concept of bistability, defined as the capability of a system to reversibly alternate between
two distinct states in response to external stimuli, has attracted significant attention from re-
searchers across multiple fields, including chemistry, physics, material engineering, and nano-
technology. This is primarily due to its relevance in the development of next-generation molec-
ular electronics, memory devices, and responsive materials®’. In this context, molecule-based
coordination compounds exhibiting bistable behaviour are of particular interest. This is due to
their intrinsic nanoscale functionality and the physical properties that can be tuned. In the field
of molecular magnetic materials, the process of switching between two electronic states is con-
tingent on the interplay of electronic structure, molecular geometry, intermolecular interactions,
and external stimuli®®. A plethora of methodologies have been documented within the domain
of coordination chemistry to achieve switchability. Significant research endeavours have been
prompted by variations in electron configuration, encompassing spin crossover (SCO) and elec-
tron-transfer-induced valence tautomerism, which occurs during electron transfer between two
metal ions and is designated as metal-to-metal charge transfer (MMCT). Even though both phe-
nomena yield two thermodynamically accessible states that differ significantly in terms of spin,
colour, volume, and other physical properties, their chemical and physical origins are distinct.
In the context of embedding such bistable compounds into organic polymer matrices, which
falls within the scope of the presented thesis, it is essential to understand the microscopic driv-
ing forces that enable SCO and MMCT, as well as the cooperative interactions that give rise to
sharp, hysteretic switching.

1.3.1 Spin crossover (SCO) effect

Spin crossover compounds, typically involving (pseudo)octahedral complexes of 3d* —3d” tran-
sition metals®® such as Cr(1I), Mn(II), Mn(III), Fe(II), Fe(III), Co(III), and Co(II), exhibit bista-
bility due to a thermally or optically induced transition between high-spin (HS) state with max-
imum number of unpaired electrons and low-spin (LS) state with minimum number of unpaired
electrons (Figure 1.3.1A). The spin transition originates from a delicate balance between ligand
field stabilization energy and spin pairing energy, explained based on ligand field theory™.
Most 3d metal complexes exist only in one stable electron configuration, independently of ex-
ternal conditions. For particular octahedral complexes, usually with 6 nitrogen atoms as donors,
the transition from LS to HS states is possible due to the decrease of ligand field strength in
respect to spin-pairing energy leading to the increased population of higher-energy e, orbitals
with concomitant depopulation of lower-energy t», orbitals, as a response to small external per-
turbations. For most commonly used d® Fe(II) complexes, this transition involves conversion
from a diamagnetic LS state with (t2¢)%(eg)’ configuration into a paramagnetic HS state, with
electronic configuration of (t2g)*(eg)?. Together with the LS to HS transition in electron config-
uration, the metal-ligand bond length increases, due to the antibonding character of the e, or-
bitals (Figure 1.3.1B). An increase in temperature stabilizes the high-spin (HS) state, which is
entropically favoured due to greater electronic and vibrational contributions. In contrast, the
low-spin (LS) state is enthalpically favoured, characterized by stronger metal-ligand bonding
and a smaller molecular volume, making it more stable at lower temperatures and under
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increased pressure. Upon switching, SCO materials undergo dramatic changes in bulk proper-
ties such as magnetic susceptibility, colour, and electrical conductivity. Apart from changes in
temperature and pressure, other external stimuli that lead to spin transition in SCO materials
are adsorption/desorption of guest molecules and light or X-ray irradiation'?.
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Figure 1.3.1 (A) Electron configuration for octahedral d-metals, example of Fe(I). (B) Potential wells for LS
and HS. (C) Examples of the gradual SCO with hysteresis®.

The change in electron occupancies of t2g and eg orbitals is also possible through higher energy
excited states to photo-induce LS to HS conversion. Known as the light-induced excited spin-
state trapping (LIESST) effect, it showcases the close entanglement of electronic and vibra-
tional phenomena in SCO. Irradiation promotes the molecule to excited states that decay on the
picosecond timescale into the HS potential well, and thus traps the system in a metastable HS
state at low temperatures. The reverse decay can be thermally induced or driven by light of
a different wavelength. This ability to photo-switch spin states within picoseconds and to trap
them for seconds to hours at low temperatures opens avenues for ultrafast optical memory and
molecular photonics’!.

The memory effect in SCO materials, which is most commonly manifested as a temperature
hysteresis between LS to HS and HS to LS transitions, is a characteristic feature of cooperative
behaviour’>”®. This effect underlies the potential of these materials as molecular bistable de-
vices. In bulk SCO samples, the presence of elastic interactions, arising from change in bond
length between metal and ligand (approximately 0.2 A for Fe(II)-N bonds), is evidenced, with
each molecule behaving as an elastic inclusion whose volume misfit strains in the surrounding
lattice are observed (Figure 1.3.2). Local distortions propagate via the crystal’s elastic network,
thereby effectively coupling neighbouring molecules. Consequently, once a critical temperature
is reached, the lattice undergoes a collective first-order transition rather than a gradual, Boltz-
mann-like conversion. The hysteresis effect is characterised by non-coincidence of LS to HS
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conversion (during the heating process) with the HS to LS transition (during the cooling pro-
cess). The bistable temperature window provides intrinsic memory of the material’s thermal
history and enables the design of molecular switches and devices. These range from photonic
memory elements to mechanical actuators, which can stably retain either spin states without
a continuous power supply. The ability to engineer materials exhibiting room-temperature hys-
teresis has been an important endeavours in the field of SCO research. By optimising intermo-
lecular cooperativity through ligand design, crystal packing, and nanostructuring, the funda-
mental foundations for information storage applications have been laid.

. Ls Misfit of HS
ﬁ molecule in LS
. HS lattice
* * Misfit of LS
ﬁ molecule in HS
* * lattice

Figure 1.3.2 Scheme of the misfit of the LS molecule in an HS lattice.

However, it has been demonstrated that the nanoscale reduction of SCO materials can induce
substantial size-related alterations’®, which can significantly modify or even eliminate the
memory effect phenomenon (examples presented in Figure 1.3.3). As the dimensions of parti-
cles are reduced, the significance of surface and interface contributions to the free energy is
enhanced, which, in general, results in the flattening of the spin-transition curves and the re-
duction or elimination of thermal hysteresis. A significant number of experiments have been
conducted on systems of varying dimensionality, and it has been observed that nanoparticles
frequently manifest a downshift in transition temperatures, a more gradual transition over a
broader temperature range, and the presence of a residual high-spin fraction at low tempera-
tures. These phenomena have been attributed to a weakened cooperativity and surface-stabi-
lised HS states. It is important to note that, in certain coordination systems, there is an oppor-
tunity for hysteresis retention for particles measuring a few nanometres; however, for most
nanoscale SCO assemblies, finite-size effects must be taken into consideration. In this view,
successful integration into devices is a matter of careful control of particle crystallinity, surface
chemistry, and matrix embedding, in order to preserve essential memory behaviour at reduced
dimensions.
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Figure 1.3.3 Examples of changes in magnetic susceptibility when going from bulk SCO to nanoscale. (A) The
example with the elimination of hysteresis and a gradual transition”. (B) The example where the hysteresis has
been retained’®.

1.3.2 MMCT materials

The bistability of MMCT coordination compounds stems from electron transfer between two
distinct metallic centres, which are typically linked by a bridging ligand. This results in two
valence isomers that differ in their electronic, magnetic, and structural properties. In the litera-
ture, cyanide linkers with strong 6-donor and m-acceptor properties have served as ideal chan-
nels for electron transfer’’. Coordination systems originating from Prussian Blue Analogues
(PBAs) with different compositions and dimensionalities have been the most prevalent in the
field. Following the canonical example of the cyano-bridged Fe-CN-Co PBA system, the para-
magnetic high-temperature phase Fe'(LS)-CN-Co"(HS) (Sre = 1/2, Sco = 3/2) undergoes an
electron transfer upon cooling, resulting in the diamagnetic low-temperature phase Fe'(LS)-
CN-Co"™(LS) (Sre = Sco = 0)"8, presented schematically in Figure 1.3.4. Apart from the simple
oxidation change of both metal centres induced by the electron transfer change, this system
exhibits an additional spin transition at the Co centre. This phenomenon is known as electron-
transfer-coupled spin transition. In addition to 3d metal assemblies, such as Fe/Fe, Fe/Mn, and
Fe/Ni, studies on MMCT systems have also been extended to 4d and 5d metals (Mo, W, and
0s), together with 3d metals, to form MMCT bimetallic coordination assemblies’”. This under-
scores the potential for designing bistable coordination compounds, ranging from three-dimen-
sional networks to low-dimensional clusters.
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Figure 1.3.4 Scheme of the MMCT conversions for FeCo together (A) with structure visualizations”” of Fe/Co
combinations with different dimensionality (B).

Similar to SCO materials, electronic switching in MMCT systems can be toggled by various
external stimuli, such as temperature, light, or pressure. Unlike SCO, which manifests bistabil-
ity through a change in spin multiplicity on a single metal, MMCT assemblies involve charge
redistribution between two sites, inducing redox changes and spin state switching simultane-
ously. These transitions consequently lead to differences in cell parameters, with the difference
in bond length being up to 0.1 — 0.2 A per metal site, due to the (de)population of the antibond-
ing e, orbitals®*®!. These unique behaviours of volumetric thermal expansion (positive, nega-
tive, or zero) are an interesting area for development in the context of microscale or nanoscale
actuators®?>. Changes induced by MMCT conversion can be observed optically as the interva-
lence charge-transfer bands shift, and noticeable thermochromism occurs. Other extensively
analysed properties upon valence switching include magnetic susceptibility, which is accom-
panied by thermal hysteresis indicating a first-order transition, and switchable dielectric per-
mittivity derived from rapid dipole reorganisation (Figure 1.3.5).
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Figure 1.3.5 Schematic illustration of MMCT-induced changes in magnetism, electricity, thermal expansion,
and photochromism”.

The discovery of a reversible, photoinduced MMCT transition at cryogenic temperatures has
played a crucial role in the further development of systems for use in optical data storage. For
example, irradiation of the diamagnetic phase of the FeCo PBA system leads to ultrafast con-
version into ferromagnetic states. Relaxation back to the ground state can occur thermally or
under a second light stimulus, providing an excellent example of the reverse MMCT effect and
affording bidirectional optical and magnetic switching®. This makes MMCT materials prom-

79

ising candidates for multifunctional, light-driven actuators.
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1.4 Bistable materials embedded in a polymer matrix

The integration of switchable molecule-based compounds within functional devices necessi-
tates a fabrication methodology for processable materials that can be effectively handled and
integrated without compromising functionality, a prospect that currently remains challenging.
One of the suggested approaches has been based on producing polymer composites, which in
simple words can be described as multi-phase materials composed of organic polymer in the
role of the matrix and bistable coordination compounds as fillers of lower concentration. Ac-
cording to recent literature®®, several approaches have been made, so far exploring SCO-based
composites, and one can find examples of developed functioning actuators or sensors, while
there is a lack of examples of composites based on CT compounds.

One of the suggested approaches involves using soluble SCO complexes or their precursors and
incorporating them into polymers through solution-based methods. For example, Fe(II) com-
plex with Schiff base ligand was dispersed into a polystyrene sulfonate (PSS) matrix by co-
dissolution in water, followed by solvent evaporation, leading to films suitable for optical and
photophysical studies®. Chen et al. demonstrated that mixing precursors of Fe(II) - aminotria-
zole (NHatrz) system with polyvinylpyrrolidone (PVP) results in organised microstructure due
to the strong hydrogen bonding forming between polymer and SCO complex, shifting the tran-
sition temperatures into higher regime, what highlighted the potential for fine-tuning SCO be-
haviour through supramolecular interactions with the matrix. By designing a highly soluble
Fe(I1)-SCO compound, Basak et al.’¢ were able to shape the material into rectangular stripes
within polystyrene (PS) using lithographic micro-pattering, which resulted in a flexible polymer
composite with observable optical diffraction phenomena. Soluble SCO compounds have also
been implemented into polymer matrices with the use of the electrospinning technique. With
the creation of fibrous structure, excellent for the development of wearable devices or the de-
velopment of optical waveguides, the first Echeverria et al.’” showed the possibility of using
organic polymer and SCO compounds, both soluble in the same solvent. The idea was later
elaborated by the group of Franz Renz, where different polymer matrices were tested and dif-
ferences in the SCO behaviour were recorded®® Also noteworthy is the example of coaxial elec-
trospinning of [Fe(atrz);](2ns). in poly(methyl methacrylate) (PMMA) matrix and outer shell
of pure PMMA, which were characterised by higher resistance to water rinsing® (shown in
Figure 1.4.1A).
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Figure 1.4.1 (A) Example of soluble SCO system incorporated into PMMA electrospun polymeric fibres show-
casing increased resistance to water rinsing, after introduction of core-shell electrospinning®. (B) Schematic rep-
resentation of SCO nanoparticle sequential growth inside alginate beads, together with photographs showing
their colour changing properties due to thermally induced SCO®. (C) SCO nanoparticles immobilized within
flexible microporous silica structure, showcasing a drastic colour changes pink (LS) and yellow (HS) depending
on the thermally-induced spin state®!.

In the approach for SCO particles miniaturization, several attempts in synthesising SCO nano-
particles within a matrix have been undertaken. For example, by immersing a hard template —
silica monolith, within precursor solutions (iron(II) salt and triazole ligand), SCO nanoparticles
of 3.2 nm average size have been synthesised within pores. Although SCO properties were only
partially reversible, the appearance of wide thermal hysteresis was recorded®?. In another ex-
ample, naturally occurring polymers have been used in the synthetic protocol to obtain ultra-
small SCO nanoparticles of the Hofmann clathrate family. In a multi-step sequential assembly
of the precursors 3D SCO coordination polymer has been homogenously immobilised within
chitosan (average size: 2.8 nm)°* and alginate (average size: 3.2 nm)’° beads (shown in Figure
1.4.1B). The immobilization of SCO nanoparticles was also performed within a flexible mi-
croporous silica network, where islands of SCO crystalline needles and spherical silica nano-
particles have been located within an amorphous SCO network, dispersed in the organosilica
matrix. The resulting composite material showed stunning macroscopic thermally-induced col-
our change, and due to the additional hydrophobic coating, it displayed long-term stability”!
(Figure 1.4.1C).

A second route in SCO-composite fabrication methodology involves mixing polymers with pre-
synthesised SCO powders (from micro- to nanocrystals), leveraging physical dispersion tech-
niques to form functional composites. This approach opens more possibilities as almost all
available compounds can be processed (both soluble and insoluble) and allows for better control
over the bistable properties of the fillers, because of the known particle morphology. The issue
of particle aggregation and their homogeneous distribution across the polymer matrix must be
taken into account. Despite this obstacle, examples one can find in literature prove their poten-
tial in developing multi-functional devices.
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A prime example was reported by Shepherd et al., where they pointed out the possibility of
using strain associated with the SCO spin transition in the production of mechanical work, by
preparing a PVP and PMMA actuating bilayer with embedded SCO particles®* (shown in Figure
1.4.2A). The idea was later advanced by addition of Ag particles into one of the layers to ob-
serve electro-thermal actuation, and under alternating current the variations of the tip position
of composite cantilever was recorded, without noticeable fatigue over few hundreds of actuat-
ing cycles, paving the way for “artificial muscle” preparation based on SCO compounds® (in
Figure 1.4.2B). Another example of exploring the spin transition-induced changes in volume
was presented in SCO-composite films constructed with bistable nanoparticles and piezoelec-
tric poly(vinylidene fluoride-co-trifluoroethylene) — P(VDF-TtFE), as a polymer matrix, lead-
ing to electrical response upon spin switching”®. It was further developed to harness both the
piezo- and pyroelectric properties of both filler and polymer matrix with the perspective of
thermal energy harvesting®’. Drop-casting technique for composite films development was also
used in production of thermochromic cellulose composite with SCO compound —
[Fe(Htrz)2(trz)](BF4), which allowed for preparation of paper-like sheets, which could be lo-
cally heated or cooled to form different patterns, posing as a prospect for rewritable paper ma-
terials®®.
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Figure 1.4.2 (A) Recorded movement of actuating bilayers in the function of temperature, with the presence of
thermal hysteresis corresponding to the properties of chosen SCO materials. Additionally, the image below
shows the actual change of tip position depending on the spin state (HS or LS) of the filler®*. (B) Presentation of
the SCO-based bilayer composite within a measuring system, where the layer’s tip movement was recorded over
several cycles in response to applied alternating current®.

The use of a spray-coating technique was also elaborated by Manrique-Juarez et al. for ther-
mally-driven actuation in micro-electro-mechanical systems (MEMS). They have embedded
[Fe(Htrz)x(trz)](BF4) nanoparticles within epoxy resin (SU-8) onto a silicon cantilever, which
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showed abrupt bending at spin transition temperatures within a stable range of movement am-
plitude® (Figure 1.4.3A). Actuation property was presented in a very eye-catching example of
a flower, whose petals could reversibly open and close, accompanied by colour change, in re-
sponse to temperature change, presented in Figure 1.4.3B. Recently, polymers doped with SCO
fillers have been making their way in the field of 3D printing actuators, with the possibility of
changing the shape of printed material over time. With the stereolithography approach, vari-
ously shaped objects have been presented (see the Eiffel tower presented in Figure 1.4.3C),
together with evaluation of their actuation performance, a goal that is not reachable by other
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Figure 1.4.3 Examples of SCO-based composites: (A) a thermally driven actuation of spray-coated layers of
SCO particles embedded in epoxy resin, illustrating the capacity to modify its position despite the additional
load at the end; (B) a photographic depiction of the actuation properties of an SCO-based composite under spin
state switching, elucidating the transition of unit volume between LS and HS states?’; (C) an example of 3D-
printed SCO-based composite in the form of an Eiffel Tower, showcasing the capability to undergo spin transi-
tion by means of a colour change'?".

In the literature, few examples can be found where the property of the SCO compound react to
the presence of certain vapours in the atmosphere, starting with different amounts of water
molecules. Apart from recorded response in magnetic behaviour, there have been proposed to
fabricate bistable composite materials, which would change colour when exposed to HCI,
HNO;s or NH3 vapours, making them vapochromic detectors'®? (see Figure 1.4.4A). Again,
straightforwardly drop-casted films already showed some potential with potential application;
however, the use of electrospun composites with fillers sensitive to the presence of those com-
pounds has been elaborated (presented in Figure 1.4.4B)!%. With drastic colour changes, fibres
pose an interesting alternative to simple composite films, which, due to their fibrous structure,
already act as a filter, increasing their applicability in sensing the freshness of meat, which
releases ammonium while it goes bad, which is important from the point of food production'%.
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Figure 1.4.4 (A) Images taken after exposition of vapour-sensitive complex to several acids and amines with
observable colour changes'??. (B) Example of incorporation of vapour-sensitive material into electrospun fibre
matrix'%,
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2. Measurement methods and research tech-
niques

2.1 Electron microscopy (SEM, TEM)

Electron microscopy is the primary characterization method to gain a basic understanding about
studied materials on the micro- (Scanning Electron Microscopy — SEM) to nano- (Transmission
Electron Microscopy — TEM) scale. It is an excellent method to observe magnified objects and
their surface, and gain information about their morphology and composition. The principle of
creating a magnified image in electron microscopy is based on similar rules to optical micros-
copy. Visible light is replaced by a beam of electrons accelerated by an electric field, and optical
lenses by electromagnetic lenses.

In the microscope column, the electron beam necessary for imaging is created at the electron
gun in the condition of high vacuum. Electrons from the emitter are being accelerated in an
electric field to gain appropriate energy, according to the relation: £ = eU, where e is the charge
of the electron and U is the voltage between cathode and anode. The electron beam that scans
the specimen is then formed by the system of focusing coils, which change the course of the
electrons with a suitably shaped magnetic field. After the contact of the accelerated electron
beam with a fragment of the specimen, different effects take place. Signals resulting from the
interactions of electrons and matter are then recorded by the apparatus, and an image is pro-
duced. It is worth noting that in transmission electron microscopes, the electrons pass through
the examined sample, and they are the source of the signal to create an image. For this reason,
in TEM imaging, the thickness of the specimen is highly limited (< 0.1 um), and electron beams
with higher accelerating voltages are used. Thus, the high resolution of the image corresponds
to the wavelength (note how it is connected to accelerating voltage) of the electrons and the
diameter of the beam.

The signal responsible for the creation of the image in SEM is based on the effects that take
place at different penetration depths of electrons with the sample matter shown in the scheme
in Figure 2.1.1.

In scanning electron microscopy, as the name suggests, the electron beam scans across the sur-
face of the sample, producing secondary and backscattered electrons, which are then detected
and converted into an image. Secondary electrons (SE) are created by inelastic interactions of
the primary beam with the electrons of individual atoms of the sample. SE originate from the
atoms of the sample, and their emission occurs near the surface of the sample due to their low
energy (below 50 eV), much lower than the energy of the incident beam. The signal contrast
obtained from the SE is related to the topology of the sample. The edges and borders emit more
secondary electrons, thus those areas are characterized by higher brightness, allowing for the
interpretation of the material’s morphology. Additionally, to derive more information about the
specimen with detection of SE, the manipulation of the accelerating voltage can be useful. With
a low initial voltage, the electron beam scans the surface of the specimen, giving valuable
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information about the topography of the sample. Increasing the voltage makes it possible to
gain access into deeper parts of the specimen.
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Figure 2.1.1 Types of signals in electron microscopy depending on the penetration depth.

Backscattered electrons (BSE) are the other type of detected electrons during image acquisition.
They are electrons from the incident electron beam, which underwent elastic scattering on the
atomic nuclei of the samples and left the specimen with almost no energy loss, so the name
backscattered. BSE originate from much deeper regions within the sample volume compared
to SE. As the probability of backscattering events increases with atomic number, heavier atoms
(Fe, Pt) present in the specimen produce a higher signal compared to lighter elements (C, N).
Therefore, contrast present in images with BSE detection derives from the chemical composi-
tion, allowing for the chemical characterization of the components in the composite materials
at different depths of the sample. However, the images do not give a 3D visualisation of the
specimen, so the depth information is lost during the measurement. Additionally, to be able to
work with BSE, more sophisticated detectors are needed in SEM microscopes, so more com-
monly in the microscopes, SE are the source of the signals.

Irradiating a sample with an electron beam induces other effects, such as the emission of char-
acteristic radiation of the elements composing the material. When the beam of high-energy
electrons strikes the surface, it causes the specimen atoms to be excited, and they emit charac-
teristic X-rays. Then in the detector, like an EDS (Energy Dispersive Spectroscopy) detector,
the number of radiation quanta of the same energy are counted as they are proportional to the
amount of the elements in the specimen. The information about each element is calculated based
on the peak area and derived from the energy histograms. Due to the weak absorption of X-ray
radiation by matter, the information given from EDS analysis derives from the whole volume
of the fragment of the studied sample irradiated with an electron beam.
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SEM images of microparticles and composite materials were collected at IFJ PAN using Tescan
Vega 3 SEM equipped with an X-ray energy dispersive spectrometer EDAX Brucker with
a secondary electron (SE) detector. Imaged samples were drop-casted or electrospun directly
onto cleaned Si(100) wafers in small batches to minimalize the charging effect and were meas-
ured without additional coating. Moreover, for NiFe-chain microcrystals and composite fibers,
images were taken at the Institute of Geological Studies, Jagiellonian University in Krakéw as
a result of collaboration with dr hab. Beata Nowicka, prof. UJ at the Faculty of Chemistry. The
samples were measured at a Hitachi S-4700 scanning electron microscope with a Thermo Sci-
entific microanalysis system, with the use of a secondary electron (SE) detector and a backscat-
tered electron (BSE) detector (YAG). Before measurements, the specimens were coated with
additional conductive layers of gold for SE detection and carbon for BSE detection.

TEM imaging of FeTrz nanoparticles and composite materials was performed at the Institute
of Molecular Science (ICMol) of the University of Valencia, Spain, within the collaboration
with dr Alicia Forment-Aliaga and Alejandro Garcia-Reguiero, with the use of JEM-1010 TEM
operating at 100 kV. Nanoparticles were drop-casted from methanol suspensions onto Cu grids
with a formvar/carbon layer, and electrospun fibers were directly electrospun in small amounts
on the Cu grids. Additionally, for RbMnFe and NiFe-chain composites together with FeTrz
nanoparticles, TEM imaging was performed at the Institute of Metallurgy and Material Engi-
neering, Polish Academy of Sciences in Krakow, in collaboration with dr hab. Pawet Czaja
using a Tecnai G2 operating at 200 kV transmission electron microscope fitted with an energy
dispersive X-ray (EDX) microanalyzer coupled with a high-angle-annular dark-field detector
(HAADF).

SEM and TEM images size distribution of NPs and microcrystals, and the diameters of com-

posite electrospun fibers were determined with the use of ImagelJ software!®.
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2.2 Optical spectroscopy
2.2.1 Infrared spectroscopy

A chemical analysis technique that takes advantage of the interaction between infrared light
(wavelengths from 780 nm to 1 mm) and matter. It allows to obtain the information about the
existence of specific chemical bonds in the studied materials. The principle of the IR measure-
ment lies in the fact that the frequency of vibrations of the individual chemical bonds lies in the
infrared range of the electromagnetic spectrum. And so when a compound is irradiated with IR
light, the molecule absorbs specific frequencies that match the vibrational energy between
neighbouring atoms. As a result, it causes excitation of the respective vibrational mode, which
can be associated with a particular bond type in the sample. For a molecule to be observed in
IR spectroscopy, the vibrational mode must be associated with the changes in the permanent
dipole. As IR is a technique based on absorption, the detection of the specific bonds manifests
itself as a decrease in the intensity of incident radiation in the function of frequency represented

as cm'l.

Infrared spectroscopy measurements were performed on powdered samples at the Faculty of
Chemistry, Jagiellonian University in Krakdéw, within the collaboration with dr hab. Beata
Nowicka, prof. UJ. Fourier-transform infrared spectra were collected with the use of an ALPHA
II FTIR Brucker spectrometer in the attenuated total reflectance mode in the 4000-400 cm™
range, without KBr pellets.

2.2.2 Raman spectroscopy

A non-destructive chemical analysis method that probes molecular vibrations to provide a mo-
lecular fingerprint of materials. Raman is based on the inelastic scattering phenomenon, which
takes place after irradiating the sample with a high-intensity laser light source. By irradiating
the sample, the oscillating electromagnetic field of a photon induces a polarisation of the mo-
lecular electron cloud. This leaves the molecule in a higher energy state, with the energy of the
photon transferred to the molecule. It can be considered as the formation of a very short-lived
complex between the photon and molecule, which is commonly called the virtual state of the
molecule. The virtual state is unstable, and the photon is re-emitted almost immediately, as
scattered light (visualisation presented on the Jabtoniski Diagram in Figure 2.2.1).
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Figure 2.2.1 Jabtonski Diagram showing the origin of Rayleigh, Stokes, and anti-Stokes Raman scatter.

In most scattering events, Rayleigh scattering occurs when the molecule returns to its ground
vibrational state. As this is an elastic scattering, its energy is conserved after the interaction
with the photon. The scattered photon is of the same energy (wavelength) as the incident pho-
ton. Being a dominant process, it is around 107 times more intense than inelastic scattering.

In a much rarer event, Raman scattering occurs, which is an inelastic scattering process with a
transfer of energy between the molecule and the scattered photon. If a photon loses energy by
exciting the molecule from the ground state to a higher vibrational level, the wavelength of the
photon increases, which is called Stokes Raman scattering. Inversely, if a photon gains energy,
the molecule relaxes to a lower vibrational level. The wavelength of the photon decreases, and
Raman scattering is called anti-Stokes. Due to the Boltzmann distribution for the ensemble of
molecules, the majority of molecules will be in the ground vibrational level. Therefore, statis-
tically, Stokes scattering is a more probable process, which results in the lower intensity of the
anti-Stokes Raman light.

To detect measurable intensity of the scattered radiation, which is 4-8 orders of magnitude
lower than the intensity of the excitation, a strong radiation source is required, as well as a
sensitive detection system. The answer is to use a laser source to excite, due to its characteristics
— monochromaticity and high beam intensity. The resulting spectrum is a function of the scat-
tered radiation dependent on the frequency, called Raman shift, and expressed in cm™!, with
intensity expressed in conventional units related to some chosen standard. Raman spectroscopy
depends on a change in the polarizability of a molecule, whereas IR spectroscopy depends on
a change in the dipole moment. Raman spectroscopy measures relative frequencies at which
a sample scatters radiation, unlike IR, which measures absolute frequencies at which a sample
absorbs radiation.

Raman measurements were performed at [FJ PAN with the help of dr Marzena Mitura-Nowak,
using a Confocal micro-Raman spectrometer, Nicolet Almega XR, equipped with a laser
532 nm. For the measurement, microcrystals were drop-casted from a methanol/chloroform
suspension onto a Si(100) wafer, and composite materials were directly deposited on the
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Si(100) wafer, similarly to SEM imaging. During measurement, 1% laser power was used to
minimise the burning effect on the powdered samples, whereas for composite materials, 10%
laser power was used.
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2.3 X-ray diffraction (XRD)

The analysis of the structure of the investigated material at the atomic or molecular level (study
of crystal structures and atomic spacing) may easily proceed during the X-ray diffraction meas-
urements (XRD). When the electromagnetic radiation with a wavelength on the order of nano-
metres strikes the matter, the crystalline substance acts as a three-dimensional diffraction grat-
ing.

The principle of X-ray diffraction is to measure the intensity of scattered radiation as a function
of outgoing direction (angles) due to the interference of reflected X-rays from the individual
planes of the crystalline structure (Figure 2.3.1).

Figure 2.3.1 The scheme of x-rays interacting with the crystal structure.

The constructive interference of the reflected rays occurs when the difference in optical paths
of the incident and reflected rays is proportional to the diffraction angle (€) and the lattice spac-
ing in a crystalline sample (d). The diffraction maxima are observed when Bragg’s law is sat-
isfied:

nil = Zdhleine, (1)

where 7 is an integer and 4 is the wavelength of the X-ray beam. The interplane distance dpy;
is described by the Miller indices (hkl).

XRD gives information about the crystallinity of the studied materials, as diffractograms of
samples with crystalline structures show clear maxima, while amorphous materials (some or-
ganic polymers or glasses) present broad diffraction bands. Due to the additive nature of the
diffraction pattern, composite materials can be characterized straightforwardly. The obtained
diffraction pattern represents a summarized count for both types of components in the compo-
site material, especially when one is a crystalline structure and the other shows amorphous
characteristics.
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Powder X-ray diffraction data on microcrystals, nanoparticles, and composite materials were
collected in IFJ PAN by dr Marcin Perzanowski and dr Aleksandra Deptuch on a Panalytical
X’PERT PRO diffractometer equipped with a Cu-Ka radiation source using Bragg-Brentano
geometry. The room temperature data for powder and composite materials were recorded over
varied 20 (within 5°-90°). Composite materials were directly prepared (electrospun) onto the
Si(100) wafers with a size of 1.5 % 1.5 cm, with ensured homogeneity of the samples. Additional
high-temperature measurements (at 400 K) were performed with the use of the TTK-450 Anton
Paar attachment. For the low-temperature measurement (at 150 K), it was performed at AGH
University of Krakow in collaboration with dr hab. Lukasz Gondek, prof. AGH with the use of
the Panalytical X’PERT PRO diffractometer. Lattice constants were determined for powdered
and composite samples by dr Naveen Kumar Chogondahalli Muniraju at IFJ PAN by perform-
ing full-pattern Le Bail fit with the use of Mag2Pol software'’ with subsequent structures vis-
ualisations.
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2.4 Magnetometry (MPMS SQUID)

To study the magnetic properties of the material, a magnetometer is utilized, where the studied
substance is placed into and its response to the applied magnetic field is observed. The accuracy
of the obtained signal is greatly determined by the precision of the measuring element in the
magnetometer. The study presented in the following thesis contains results obtained from the
MPMS XL7 magnetometer equipped with the Superconducting Quantum Interference Device
(SQUID).

Principles of the magnetic measurements in MPMS SQUID

SQUID is a very sensitive measurement system in studying materials with weak response to
changes of magnetic field, where the effect of quantisation of magnetic induction flux in a su-
perconducting ring and the Josephson effect are used. The latter one is a phenomenon which
involves the tunnelling of electrons at the Josephson junction — two superconductors separated
by a spacer made of an insulator. The BCS (Bardeen-Cooper-Schrieffer) theory posits that the
current carriers in superconducting materials are Cooper pairs, which are pairs of electrons with
opposite spins. During the flow of current through the Josephson junction, it is observed that
the wave functions of the Cooper pairs interfere with one another. This interference is possible
due to the electrons moving along two possible equivalent paths (a or b) with the phase differ-
ences, as shown in Figure 2.4.1.

Magnetic field

Josephson
junctions

/

/ >
voltage

Figure 2.4.1 Scheme of SQUID interferometer.

The phase difference of the electron pairs is dependent on the change in magnetic field flux
(D). The total current flowing through the junction is defined as the Cooper pair current. Jo-
sephson’s First Law describes its intensity (/) as being dependent on the phase difference of the
Cooper pairs’ wave function (¢) and the critical current of the junction (/) in the following
equation:
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I1(t) = I.(¢) sin(p(¢)). )

The critical current of the junction exhibits strong dependence on both temperature and mag-
netic field. A change in the flux encompassed by the SQUID element induces a change in both
the current flowing through the device and the induced current in the ring.

Apart from the SQUID element, the principal components of a SQUID-type magnetometer are
a superconducting magnet and superconducting detection coils. The superconducting magnet
(solenoid made from superconducting material) is positioned within a dewar filled with liquid
helium, which generates a homogenous magnetic field along the axis of the coil. The supercon-
ducting detection coil is a single superconducting rod, arranged in a gradiometer configuration
and positioned within the homogeneous magnetic field.

The measurement performed in the SQUID-type magnetometer involves the movement of the
sample (placed in a drinking straw) along the detection coil (Figure 2.4.2). As the sample
moves, its magnetic moment induces an electric current in the detection coil. Given that the
detection coil and the SQUID element constitute a closed loop, any modification to the mag-
netic field flux within the detection coil leads to the proportional alteration of the electrical
current that flows through the detection circuit.
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Figure 2.4.2 Scheme of the measurement in SQUID-type magnetometer'?’.

Magnetic measurements with the MPMS SQUID magnetometer

The basic parameters describing the properties of the tested material are the magnetic mo-
ment M, called magnetisation, and the magnetic susceptibility y in the units of mass, volume,
or the mole of the substance. The following equation shows how these quantities are related to
each other through the external magnetic field H:

M = yxH. 3)

According to the above equation, magnetic susceptibility is a parameter that describes the abil-
ity of the system to become magnetised under the influence of an applied external magnetic
field. The measurement of the direct current (DC) magnetic susceptibility (ypc) gives insight
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into the static magnetic properties of the material. It is determined by the value of magnetisation
during the change of temperature within a certain range and at a constant value of the magnetic
field, so the measurement is performed under equilibrium conditions. Additionally, the mag-
netic measurement can be performed at a constant temperature with changes in the value of the
field induction. In this approach, it is possible to determine saturation magnetisation (Msat) or
coercivity field (Hc), which are the parameters often used to describe the magnetic systems.

The measurement of magnetic susceptibility can also be collected with an alternating current
(AC) applied field. In this configuration, the magnetic moment of the sample is changing due
to the application of the field that oscillates with small amplitudes (Hac). The time-dependent
magnetization of the sample provides insight into the material dynamics and the alternating
magnetic susceptibility (yac) can be divided into two components: real (') responsible for the
response of the material to the Hyc field and imaginary ("), which corresponds to the absorp-
tion of the energy by the sample due to the relaxation processes. In an AC measurement, the
response can depend on the time-varying temperature, constant field induction, or the frequency
at which the field is alternated.

Magnetization data for powder samples and their respective composite materials were collected
at IFJ PAN with a Quantum Design MPMS XL-7. DC magnetic susceptibility measurements
were performed under an applied magnetic field of 1000 Oe in the temperature range between
2 K and 400 K, depending on the sample’s properties. The dependence of the magnetisation
upon magnetic field was performed at a constant temperature of 2 K within = 5 T. The diamag-
netic contributions were corrected using Pascal tables. For the composite samples, the correc-
tion of magnetic susceptibility was performed using the Curie-Weiss law, elaborated in Chap-
ter 4.2. Depending on vacuum sensitivity, samples measured as powders and composite mate-
rials were properly wrapped and placed onto the measuring straw.
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2.5 Differential scanning calorimetry (DSC)

Differential Scanning Calorimetry (DSC) is an analytical technique used to study the thermal
properties of materials by extracting information on the influence of temperature on specific
physical properties. In principle, it is based on the measurement of the amount of heat released
or absorbed by the sample during heating or cooling. It is a direct method to determine the
enthalpy of the interested process, in particular the temperature of phase transition, including
glass transition temperature, fusion and crystallization events, or to establish phase diagrams
for various chemical systems.

During DSC measurement, the instrument determines the temperature and heat flow associated
with material transition as a function of time and temperature. With the change of temperature,
the heat quantity radiated or absorbed by the sample is measured as a difference in temperature
between the sample and the reference. DSC serves as a thermodynamical tool for direct meas-
urement of the heat energy uptake in exo- and endothermic events. The resulting DSC curves
of heat flux as a function of temperature can be used to determine the values of enthalpy (AH)
of the transitions and the change in heat capacity (AC),) associated with the changes occurring
during the phase transition processes.

Differential scanning calorimetry measurements were carried out at the Institute of Molecular
Science (ICMol) at the University of Valencia within the collaboration with dr Alicia Forment-
Aliaga and Alejandro Garcia-Reguiero. The measurements of powdered samples and composite
materials cut beforehand into smaller fragments to fit the measuring vessels were performed
using a Mettler Toledo DSC 821e model at a scan rate of 10 K/min, in the heating and cooling
modes, that operates in the temperature range -25-500°C equipped with liquid nitrogen cryostat
and a 200 W furnace.
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2.6 Dynamic vapour sorption measurements (DVS)

Sorption measurements are a type of analysis to establish the degree of porosity of the given
material and its ability to capture guest molecules (mostly water) from the nearest environment
on the surface (adsorption) or by incorporating them into the body of the material (absorption).

To study the sorption process, the Dynamic Vapor Sorption apparatus (DVS) can be used. It is
based on a gravimetric sorption technique, which means that it measures the change of the
sample mass on a time scale, giving information on how quickly and how much of a solvent
was absorbed by the sample. The measurement is performed by varying the vapor concentration
(a specified relative humidity or partial pressure) over the sample suspended from the weighing
mechanism in a controlled environment, as it continuously measures the induced change in
sample mass with the use of an ultra-sensitive microbalance. While water vapor is most com-
monly used, the technique can also be employed with a wide range of organic solvents
(e.g. methanol, acetone, chloroform).

In general, the vapor sorption measurement gives an insight into the kinetics of sorption-de-
sorption of solvent over time at a constant temperature. From that, isotherms can be derived
showing the equilibrium amount of vapor sorbed as a function of steady state relative vapor
pressure (for water expressed as relative humidity) at a constant temperature. In the DVS meas-
urement, the sample is exposed to a series of step changes in relative humidity, and the mass
change 1s monitored as a function of time. The difference between water vapor intake in sorp-
tion and desorption mechanisms is observed with the existence of hysteresis in isotherms.
The characteristics of sorption-desorption curves and also the shape and location of the hyste-
resis give information about sample porosity and sorption mechanism (absorption or adsorption
of guest molecules).

The process of controlled sorption and desorption of water molecules for powder and composite
materials was performed using a Surface Measurement System Dynamic Vapor Sorption DVS-
Resolution apparatus at the Faculty of Chemistry, Jagiellonian University in Krakéw, Poland,
within the collaboration with dr hab. Beata Nowicka, prof. UJ and mgr Gaja Wota. The water
sorption isotherms were measured at 25 °C in the range 0-96% RH of water vapor with a 2%
step. At each step, the sample weight was equilibrated (dm/d¢ = 0.001% min™').
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2.7 X-ray absorption spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is typically a synchrotron radiation-based technique that
probes specific elements in the material to provide information about the local electronic and
structural properties around an atom, which absorbs X-rays at energies near and above the core
level binding energies of that particular atom.

The basis of XAS measurement lies in the occurrence of the photoelectric effect due to the
absorption of electromagnetic radiation by the atoms in the sample. As a response, electrons
within the sample are given enough energy to be emitted from the material as photoelectrons.
The atoms absorb X-rays at certain energies, called absorption edges, which are specific for
particular atomic species. In principle, XAS is a measurement of the transition of electrons of
the atom from core electronic states to unoccupied states above the Fermi energy, and then to
the continuum.

XAS spectrum is characterized by the energy (£) of the incident radiation and the intensity
expressed by the absorption coefficient («(E)). The obtained spectra are composed of the fol-
lowing characteristic regions: pre-edge region, absorption edge, and the post-edge region,
marked accordingly on Figure 2.7.1.
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Figure 2.7.1 Example of the XAS spectrum at Fe K-edge with marked regions.

X-ray Absorption Near Edge Structure (XANES) showcases absorption fine structure close to
the absorption edge. It is referred to the pre-edge region, around 10 eV below the absorption
edge, and the post-edge region up to ~60-100 eV above the edge. Due to the fact that the lowest
unfilled electronic levels of an absorbing atom are strongly affected by the change of the oxi-
dation states and the local atomic coordination environment, XANES technique may provide
necessary information about the studied elements in the material. It is particularly interesting
for the transition metal ions, as in XANES measurement it is possible to define their oxidation

35



and spin state, coordination geometry, nature of coordinated ligands crystal field splitting, or
the density of unoccupied electronic states.

According to selection rules for the XANES spectra, the transition of a core electron to the
lowest unoccupied valence state is allowed by the dipole moment approximation (Al = £1 and
AJ =0, £1). For K-edge XANES, they represent the transition from the 1s orbital to np orbital,
whereas for L-edge, the spectra show the transition of 2p electrons to nd orbitals. The pre-edge
peaks characterised by much weaker intensity represent transitions forbidden by the dipole se-
lection rules, however, allowed by the quadrupole moment interactions and/or orbitals mixing.
In the K-edge region, they present transitions 1s — nd, and for the L-edge region, 2p — nf.

The latter part of the XAS spectrum, starting from ~50 eV up to ~1000 eV above the absorption
edge, relates to the transitions of the core electrons to the continuum. Named as Extended X-
ray Absorption Fine Structure (EXAFS), this region is characterized by the oscillations in the
XAS spectrum, originating from the backscattering of a high-energy photoelectron on the sur-
rounding atoms and from the constructive and destructive interference of the scattered waves
with the original spherical photoelectron wave. EXAFS serves as a very sensitive probe of the
local structure of the studied element and its surrounding atoms, as it allows to extract qualita-
tive information about the radial distance and the number of neighbours, in the close distance
to the scattering atom.

To model EXAFS oscillations, the photoelectron wavenumber £ is defined by the photon energy
(E) and the energy of the absorption edge (£o):

k = /LE_%) 4)

The EXAFS equation is represented as a sum over possible scattering paths (neighbouring at-
oms on the j shell from the absorbing atom):

—ZRJ'

.q2 —
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Equation (5) can be interpreted in terms of the underlying physical process behind EXAFS
oscillations. The number of neighbouring atoms in shell j (degeneracy) is represented by the
coordination number N;, whereas the distance from the absorber to the nearby atoms in shell j
is noted as R;. The Fj(k) factor accounts for the scattering amplitude of the photoelectron by
nearby atom j at a distance 2R;. The phase shift noted as @;(k) is incorporated due to the phase
change of the photoelectron wave after scattering. Fj(k) and @;(k) are dependent on the atomic
number Z of the scattering atom, allowing for the determination of the neighbouring species.
So? stands for the amplitude reduction factor, which accounts for multi-body effects and the
relaxation of the absorbing atom, due to the creation of the core hole. This factor is weakly
energy dependent, however strongly correlated with coordination number N;, and is approxi-
mated by a constant, taking values from 0.6 to 1. The factor responsible for the suppression of
EXAFS oscillations, due to the inelastic photoelectron scattering and the decay of the core hole,
is in the expression containing the mean free path of the photoelectron 4;(k) in the exponent.

36



The differences in the local surrounding of the absorbing atom, occurring as a result of thermal
vibrations and static disorder, are encompassed by the expression containing parameter g,
known as the Debye-Waller factor, which derives from the mean square radial displacement in
the distance for the j" shell. The local probing for only nearest atomic shells in EXAFS lies in
the values for the mean free path J;(k), which is of the order of several A and in the decrease of
scattering probability as the square of the distance R to the neighbouring scattering atoms,
making EXAFS a much weaker probe over longer distances from the absorbing atom.

In the EXAFS analysis, the Fourier Transform of this expression is taken into frequency space,
resulting in a radial distribution function, where the appearing peaks correspond to the most
likely distances of the neighbouring atoms. In the curve fitting of EXAFS signal, local structural
parameters of the first few atomic shells from the absorbing atom can be extracted, such as
radial distance and the number of scattering atoms, together with the radial displacement factor.

Temperature-dependent  XAS measurements at ASTRA beamline in
SOLARIS synchrotron

For XAS experiments with temperature dependence, performed at the ASTRA beamline in the
National Radiation Centre SOLARIS in Krakow, it was necessary to construct a compatible
sample holder, which would allow temperature regulation in the necessary temperature regime.
This task was undertaken in the collaboration with the group of dr hab. inz. Wojciech Tabi$ at
AGH of Krakow. The custom-made sample holder is presented in Figure 2.7.2A, including its
installation on the ASTRA beamline in SOLARIS.

In detail, the custom-made sample holder was designed for temperature control in the range
150-440 K, where cooling (via liquid nitrogen, LN) was applied to the sample in the manner of
a cold finger. As it is visible in Figure 2.7.2A, the holder consists of a 3D printed container for
liquid nitrogen made up of two vessels between which cotton wool has been inserted for insu-
lation purposes. A copper rod supplying cooling power to the sample has been immersed in LN,
and on the other end, a copper plate has been attached, containing space for mounting the sam-
ple. The temperature stabilisation was possible thanks to the heater installed next to the sample
area, with a Pt-100 temperature sensor next to it, attached to the copper holder. Set point tem-
perature of the holder was encoded through Lakeshore PID temperature controller, according
to the calibration curves, which were carried out on samples in different forms: as boron nitride
pellet (Figure 2.7.2B) or as a powder in a polyethylene (PE) bags sealed under ammonium
chloride solution (Figure 2.7.2C), before the assigned beamtimes.
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Figure 2.7.2 (A) Photograph of the custom-made sample holder for temperature-dependent measurements at
ASTRA, with a picture after proper positioning at the beamline during XAS measurements. (B, C) Temperature
calibration curves for the custom—made sample holder, performed on two types of samples: a boron nitride pellet

and a polyethylene pocket filled with 2M NH4CI solution.

XAS experiments performed on Fe and Ni K-edges described within the framework of this
thesis have been performed at the ASTRA beamline of the SOLARIS National Synchrotron
Radiation Centre in Krakow, Poland, within 4 consecutive allocated beamtimes, with the help
of beamline scientists, dr Alexey Maximienko and mgr Grzegorz Gazdowicz. In the measure-
ment both powdered samples and polymer composite foils have been analysed, with the former
prepared as a pellet dispersed in boron nitrate or sealed in polyethylene (PE) bags under am-
monium chloride solution (NH4Cl) necessary for material stability, and the latter sealed in PE
bag after ensuring full hydration, without addition of solvent. All spectra were recorded in tran-
sition mode using a Ge(220) modified Lemonnier-type double crystal monochromator. The re-
sultant monochromatic beam, with dimensions of 10 x 1 mm at the sample position, where
shaped by slits, to ensure sample homogeneity at the measurement spot with the help of an X-
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ray camera. To facilitate calibration and alignment at the stage of data analysis, during the
course of each scan, the Fe or Ni reference foils were measured simultaneously. Samples in the
form of pellets, powder immersed in solution in a PE bag, or composite foil have all been
mounted onto the custom-made sample holder described above and were measured in the tem-
perature range of 240-440 K. As a setpoint temperature, data from the calibration curves was
used (Figure 2.7.2Bb). The processing and analysis of the data were conducted utilizing the

Demeter software package!®

with the exception of background fitting in the pre-edge region,
which was performed using the Larch software package'?. In the course of the normalisation
process, the position of the edge was determined as the point at which u(E) = 0.5 in the normal-

ised spectra.
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2.8 Mossbauer spectroscopy

Mossbauer spectroscopy is a highly precise nuclear-resonance technique that uses recoil-free
emission and absorption of gamma rays (Mossbauer effect) in a solid matrix to provide unique
insights into the local electronic and magnetic environments of Mdssbauer-active isotopes. The
resonance absorption that lies behind the Mossbauer effect take place, when a 5’Fe nucleus
(source) in the excited state (Ee) with a mean lifetime of typically 100 ns emits a photon (a y-
ray), which is then absorbed by another *"Fe nucleus (absorber) in the ground state (Ey), result-
ing in a transition of the second Fe nucleus to the excited state defined by energy E.. The sub-
sequent transition back to the ground state takes place by the re-emission of a photon of energy,
ay-quantum, which has been schematically presented in Figure 2.8.1. The resonance absorption
may only take place when the emission and absorption lines overlap, which cannot happen to
the freely moving atoms or molecules (as in gases or liquids), which lose energy due to the
recoil effect. For atoms and molecules in the solid state, recoilless emission and absorption of
Y quanta are possible, as atoms are bound to each other in the crystal lattice, and upon emission
or absorption of y-rays, there is a probability that no phonons are created, disturbing the lattice,
leading to recoil-free events.
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Figure 2.8.1 Scheme for the recoilless nuclear absorption or emission of a gamma ray.

The Mossbauer spectrum shows the relation of relative energy transmission as a function of
Doppler velocities of the source (for *’Fe in several mm/s). During the measurement the source
is moving toward and away from the sample in an oscillating manner in order to change the
energy of y-ray, by exploiting the Doppler shift, and thus put into a resonant state the source
and the absorber, which due to the differences in local environment exhibit a tiny mismatch in
the nuclear energy levels.

Maossbauer spectroscopy allows to probe certain elements (most commonly Fe) and give details
of their electronic structure, on the basis of hyperfine interactions, which are the result of mod-
ifications of the energy states of the atom due to the interactions of the atomic shell with the
nucleus. In the Mdssbauer spectrum, three kinds of hyperfine interactions may be observed,
namely electric monopole, electric quadrupole, and magnetic dipole interactions. The first one
originates from Coulomb interactions between protons of the nucleus and neighbouring elec-
trons (mainly from the s orbitals), which penetrate the nuclear field, and is characterised by the
isomer shift parameter (8). The values of isomer shift give information on the oxidation and
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spin state of probed atoms and elaborate on their bonding properties, such as character of bonds
(covalency) or electronegativity of ligands. The difference in isomer shifts depending on oxi-
dation and spin state for iron compounds is depicted in Figure 2.8.2. The next hyperfine inter-
action comes from the electric quadrupole interaction between the nuclear quadrupole moment
and an inhomogeneous electric field at the nucleus. In the spectrum, it is observable as a quad-
rupole splitting parameter (AEg), providing information about oxidation and spin state of the
studied atoms, as well as details about molecular symmetry determined by electronic structure
and nearby lattice surroundings. The final hyperfine interaction observed by magnetic splitting
parameter (AEwm) derives from the interaction of the nuclear magnetic dipole moment and a
magnetic field, and thus provides clues on the magnetic interactions that occur in the studied
material.
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Figure 2.8.2 Ranges of isomer shift (8) for Fe-compounds at different oxidation and spin states'!°.

The Mossbauer absorber was prepared in powder form by mixing 25 mg of FeTrz powders
with the BN carrier. The thickness of the absorber amounted to 19 mg/cm?. Mdssbauer trans-
mission measurements for 14.41-keV transition in 57Fe were performed using a conventional
constant acceleration spectrometer operated in the round-corner triangular mode and equipped
with the LN Kr-filled proportional detector. A commercial 57Co(Rh) source kept at room tem-
perature was applied. A Cryogen-free Mossbauer cryostat was used to maintain the absorber
temperature. The geometry, count-rate and single channel analyzer window borders were kept
constant during all measurements constituting a single uninterrupted series with increasing sub-
sequent temperatures within the range RT-440 K. Additional spectra were collected at 200 K.
The velocity scale was calibrated by a a-Fe foil. The data were processed within the transmis-
sion integral approximation by the PMOS software. The Mssbauer experiment and the subse-
quent data analysis were performed at by dr Kamila Komedera and dr hab. inz. Damian Rybicki
at AGH University.
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3. Techniques and polymer matrices chosen for
composite preparations

3.1 Electrospinning

It is a versatile technique for material preparation in the form of long fibres of minimized fibre
diameters by application of high voltage to the solution based on organic polymers. The sim-
plicity of the method comes from the few strains given on the preparation methodology, and at
the same time, opens up a lot of possibilities for modification of the process at various steps of

the process'! "2,

Typically, for the material to be electrospun, it has to be prepared in the form of a solution, with
the basic component being an organic polymer. Several parameters during the whole sample
preparation can be manipulated to obtain electrospun fibres with different morphology and
functionality. The choice of polymer matrix and solvent plays a key role in the final material,
as they influence other necessary parameters, such as concentration of the solution and the volt-
age at which the polymer solution can be effectively electrospun. Additionally, by preparing
composite polymer fibres, the order in which the filler compound is introduced into the polymer
influences the final product and its properties.

3.1.1 Electrospinning process

The electrospinning setup is composed of several basic components presented in Fig. 3.1.1.
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Figure 3.1.1 Electrospinning setup.
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Firstly, polymer solution is introduced into a syringe attached to the pump, pushing the solution
during the whole process with a constant flow rate and a needle connected to the high voltage
generator. At a certain distance from the needle, the grounded metallic collector is situated onto
which the fibres are being deposited during the process. For reproducibility of the material
preparation, the setup is located in the locked chamber to have control over the temperature and
humidity in the space where fibres are formed.

To understand the process itself, it is essential to acknowledge what happens to the droplet of
polymer solution after introduction into the needle, when high voltage is applied (Figure 3.1.2).
When a spherically charged droplet of conducting liquid is placed in a vacuum, it is in an equil-
ibrated state as it experiences two forces: (1) a repulsive force meant to disintegrate the droplet,
and (2) surface tension, whose role is to hold the droplet in the spherical shape. In the electro-
spinning process, a high voltage is applied to a liquid droplet at the tip of the spinneret. The
droplet starts to elongate, forming a conical shape known as a “Taylor cone”. This behaviour is

caused when electrostatic repulsion (1) overcomes surface tensions (2)'!3.
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Figure 3.1.2 (A-C) Deformation of polymer droplet with further formation of Taylor cone after application of
high voltage to the polymer solution. (D-F) The schematic representation of the mechanism imbalance between
electrostatic repulsion and surface tension on the droplet’s surface, with the subsequent creation of a conical
shape with the increase of applied voltage''.

The generated jet starts to orient in the direction of the counter electrode. In the distance be-
tween the needle and collector, the solvent starts to evaporate, the jet starts to elongate due to
the Coulomb repulsions, and polymer strands begin to solidify. At that point, the ejected fibres
start to diminish their diameter, ranging from micro to nanometres, and get deposited in the
form of solid materials (fibrous mesh) on the counter electrode.

Even though the process itself is simple to perform and relatively fast, the theoretical explana-
tion of the behaviour of the fibres on the way to the collector is quite complex. The scheme in
Figure 3.1.3 presents certain characteristic regions of the fibre formation.

43



End of straight
segment

Onset of furst
bending instability

Trajectaxy of an
element of the path

Half angle of
envelope cone

Onset of second
bending instability

Onset of third
bending instatality

W iimi s\ ol

Axis of straight
segment, extended

Figure 3.1.3 Diagram showing onset and development of bending instabilities!'?.

With the fibre formation, bending instabilities play an important role. The first part of the jet is
a straight segment, with the flow direction parallel to the axis of the jet, along the instantaneous
path of the jet. Under the influence of the charge carried within the jet, the bending perturbation
begins and starts to grow rapidly into a coil. In the bending segment, the elongation increases
more rapidly, which influences the reduction in diameter. The longer the path the jet has to
follow towards the counter electrode, the number of electrical bends increases, causing the jet
to coil, with trajectories of each of those short segments becoming almost perpendicular to its

own axis''6.

3.1.2 Parameters influencing the electrospinning process

During electrospun fibre preparation, several parameters can significantly influence the process
itself, as well as the morphology of the product and its properties'!”. The following parameters
have been divided into three groups according to their nature: (i) material parameters, (ii) pa-
rameters of the process, and (iii) environmental conditions.

Material parameters:

e Polymer and its properties

During selection of the polymer serving as a matrix for the electrospun fibres, the molecular
weight of the polymer plays an important role, as it has a significant effect on the rheological
properties (viscosity and surface tension), as well on the electrical ones such as conductivity
and dielectric strength of the prepared polymer solution. The higher the molecular weight, it is
generally easier to produce uniform fibres, as the polymer solution has appropriate viscosity to

44



generate fibres. In comparison, for the low molecular weight polymer solution, during the elec-
trospinning, there is a tendency to produce beaded structures, related to the instability of the jet
of the polymer solution.

e Solution concentration

For the successful electrospinning of the chosen polymer solution, optimization of the concen-
tration of the polymer is an important step, as it influences the spinning abilities of the solution
in the fibre production. What’s more, it introduces a balance between the viscosity and surface
tension of the solution in the electrospinning needle. At low concentrations of the polymer,
instead of the fibres, the droplets are formed as a result of surface tension. On the other hand,
at concentrations higher than optimal, the viscosity of the solution is too high, which prevents
the fibre formation. While optimizing the concentration, it is important to note that generally,
when increasing the polymer concentration, the fibres become more uniform with increasing
diameter. The lower the polymer concentration, the thinner the fibres are produced; however,
at this concentration regime, additional beads can appear along the fibres. To prevent the for-
mation of the beads, one can increase the electrical conductivity of the solution, which could
lead to the formation of very thin fibres.

e Volatility of solvents

During the electrospinning process, in the distance between the needle and the collector, fibres
are formed due to the process of solvent evaporation. As one can assume, solvent vapor pressure
plays a vital role in determining the rate of evaporation and, as a result, the drying time at fibre
formation. At first, it may be a trivial role; however, the evaporation of the solvent influences
the process of phase separation at the moment when the jet undergoes the thinning process. As
a result, the relation between the solvent volatility and fibre diameter can be extracted, because
fibres with diminished diameters can be produced by choosing a less volatile solvent.

PI'OCGSSiI’l,(Z parameters

e Applied voltage

Adjusting the voltage applied to the needle filled with polymer solution is essential to the fibre
formation, as the electrospinning will take place when the value of the voltage exceeds a certain
threshold. The increase of applied voltage (in the range of a few kV) results in a higher electro-
static force on the solution, leading to a decrease in fibre diameter. Moreover, the value of
applied voltage modifies the polymer solution during the formation of the drop’s shape at the
tip of the needle. This has an effect on the structure and morphology of the produced fibrous
mesh. Additionally, the occurrence of beads along the fibre axis can be controlled by adjusting
the spinning current.

e Flow rate

This parameter corresponds to a constant rate at which polymer solution is pumped into the
needle tip in order to refill the cone. Adjusting the flow rate of the polymer solution into the
syringe not only influences the material transfer rate but also the jet velocity. The optimal value
of the flow rate of polymer corresponds to the ejection speed of the solution at the needle tip.
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e Collector — geometry and distance from the needle

In general, a collector is a grounded metal plate onto which fibres produced in the described
process are deposited chaotically. With the increased interest in the electrospinning process,
various types of collectors have been introduced, often with specific geometries to influence
the spatial distribution of the fibrous mesh; these include parallel plates, rotating disc, rotating
drum, or a grid. In the case of a rotating drum, the mechanical stretching induces the alignment
of the fibres, which leads to the electrospun mat with better mechanical properties'!'.

Another parameter that greatly influences the structure and morphology of electrospun fibres is
the distance between the needle and the collector. Adjusting this parameter is important due to
the influence on the evaporation and deposition time, so in general, on the fibre formation. At
short distances, the stream of polymer jet will have a limited time to dry, which could result in
thicker fibres with residual solvent inside. Contrary, the longer the distance between the needle
and collector, the electric field intensity is reduced, affecting the development of the jet stream
at the needle tip. To overcome this effect and allow for the successful fibre formation, it is
necessary to increase the applied voltage.

Environmental parameters

e Temperature

The temperature at which the electrospinning process is performed is another parameter that
should be noted. As the solvent vapor pressure is temperature-dependent, as well as the rheo-
logical properties of the polymer, the properties of polymer solutions are also influenced by
temperature.

e Humidity

The control over relative humidity in the electrospinning chamber is another environmental
condition, which in fact may significantly influence the effective spinnability of the polymer
solution, as well as the morphology and dimensions of fibres. In general, the electrospinning
process is optimally performed when relative humidity is in the region of 40-55%, as for highly
humid conditions, the process itself is much more challenging to perform!''®.
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3.2 Drop-casting from suspension

A straightforward technique for processing materials suspended in the suspension into a sol-
vent-free sample, by casting the suspension onto the surface and allowing for evaporation of
the solvent (Figure 3.2.1). The final form of the sample strongly depends on the form onto
which the suspension was spread (mainly its area). As in principle the method is a simple ap-
proach, there is not much room for modifications to produce samples of better quality; however,
the lack of specific equipment makes it a desirable technique in the prototypical formation of
the functional composite foils.

¢ $85 3

—— wwwn <« Thin film

Figure 3.2.1 Scheme of drop casting method'"’.

It 1s most commonly used as a method for sample preparation in the form of thin films, for
chemical and physical characterization (SEM, TEM, AFM). Additionally, it is a coating method
that is quite useful for depositing nanoparticle dispersion over relatively small areas of the sub-
strates (~1cm?). Characteristics of the as-produced films, such as film thickness and the coated
area, strongly depend on the parameters that can be easily tuned: the volume of the dispersion
and the particle concentration, as well as the substrate surface.

The preparation of the composite thin films by the drop-casting method differs in a way from
the traditional substrate coating. Using an organic polymer as a matrix in the film production
process imposes limitations on the final product. The thickness of the as-produced foils is much
greater, and the concentration of the functional particles spread in the matrix, as well as the
organic itself, influences the homogeneity of the final foil. Usage of volatile solvents is most
commonly advised to minimize the time for sample preparation and additional effects, such as
aggregation; however, the rate of evaporation as well as the drying process have a strong influ-
ence on the morphology of the final composite film.

Apart from simply coating the surface with the drop-casting method, this technique may be
utilized for the production of substrate-free foils. With this approach, the organic polymer ma-
trix plays a crucial role, as its mechanical properties after solvent evaporation depend on
whether it is possible to detach the composite film in a solid form from the substrate.
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In the following research, this technique served as a comparative method for composite prepa-
ration to the electrospinning process, due to the lack of control over the dispersion and aggre-
gation of the additive functional particles (section related to FeTrz-NP in the PVP matrix). On
the other hand, this method was utilized as a way to produce a prototypical reusable composite

pressure sensor in a simple and quick manner at laboratory scale (section related to NiFe-chain
foil).
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3.3 Characteristic of the polymer matrices

In the following thesis, three polymers that have been selected as the matrices for the formation
of composite materials, namely: poly(e-caprolactone) (PCL), poly(N-vinyl-2-pyrrolidone)
(PVP), and the copolymer poly(2-vinylpyridine-co-styrene) (P2VP-PS). Their chemical struc-
ture is presented in Figure 3.3.1, while the comparison of their physicochemical characteristics
is summarised below in Table 3.3.1.
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Poly(e-caprolactone)
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Poly(N-vinyl-2-pyrrolidone)

PVP Poly(2-vinylpyridine-co-styrene)

P2VP-PS

Figure 3.3.1 Chemical structures for the chosen polymers: PVP, PCL, P2VP-PS.

Firstly, PVP is an amorphous, water-soluble, hydrophilic, and chemically inert polymer, distin-
guished by its pronounced biocompatibility, thermal stability with a relatively high glass tran-
sition temperature (Tg = 180°C). In the field of coordination polymers and metallic nanoparti-
cles, it is distinguished for its abilities as a coating agent for NPs. For example, PVP with low
molecular weight has been widely used in metallic/ metallic oxide nanoparticles formation and
stability (eg. Ag, Fe;04, ZnO, Pt)!?°122_ Additionally, it has been employed in the preparation
and stabilization of PB and PBA NPs!*"1%_ In the electrospinning community, PVP is recog-
nised for its versatility, favourable solubility in polar solvents, and capacity to be utilised in the
fabrication of core-shell structures in conjunction with polymers of varying molecular
weights'?%1?7_ In addition, PVP polymer has been employed in the preparation of conductive
composites through the incorporation of diverse conducting fillers!?$12,

The second of the chosen matrices is PCL, a semi-crystalline aliphatic polyester, valued for its
biodegradability, low glass transition temperature (Tg = -60°C), mechanical strength, and rela-
tively low melting temperature (60°C). PCL is known for its hydrophobicity, due to the pres-
ence of aliphatic chains within monomers, which reduces its affinity to water. And so, PCL is
insoluble in water and alcohols, but soluble in various organic solvents such as dichloro-
methane, chloroform, and toluene. It is a chemically inert polymer, and it has been proven to
be a staple biodegradable and biocompatible cost-effective material, that has found many ap-
plications in drug delivery systems, packaging, and the antimicrobial field, such as medical
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implants, wound dressing, and tissue engineering!**!3!. Within the field of electrospinning, it
has been widely used'*?, especially as a polymer blend'** or with the incorporation of specific
drugs'**, making it an ideal wound dressing material with the ability to gradually release the
drug into an infected area.

Lastly, a block copolymer P2VP-PS has been selected as a polymer matrix. It is a polymer
composed of 2-vinylpyridine units and styrene segments, each imparting properties onto the
copolymer. P2VP-PS shows amphiphilic properties, with hydrophobic styrene units and 2-vi-
nylpyridine hydrophilic parts. The presence of styrene mers adds rigidity and mechanical rein-
forcement to the copolymer properties. As for the poly(2-vinylpyridine), it is pH dependent,
due to the ability of nitrogen in the aromatic ring to be protonated!*>!3¢. Additionally, due to
the presence of a pyridine ring, it shows potential in coordination and confinement of nanopar-
ticles'3”138 as it was shown for Au NPs!**!40 and silica NPs'*!, or iron(II) spin-crossover coor-
dination polymer NPs with poly(4-vinylpyridine) analogue'** 44, In contrast to PVP and PCL
polymers, P2VP-PS copolymer has not been as widely studied in the formation of composite
materials, especially in the form of electrospun fibres'#. Nevertheless, the amphiphilic charac-
ter of the polymer has recently been making its way in biomedical applications (eg, drug release

systems)', in filtration membranes preparation'*’, or microgel formation.
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Table 3.3.1 Comparison of physicochemical characteristics of chosen polymer matrices and their potential appli-
cation usage.

Poly(/V-vinyl-2-pyrrol-

Poly(2-vinylpyridine-

Polymer o) Poly(e-caprolactone) e )
Symbol PVP PCL P2VP-PS
Molecular 360 kDa 80 kDa 220 kDa
weight
Glass transition ~180 °C 60 °C ~100 °C
temperature
Melting temper- 60 °C
ature
sy Chemically inert, non- Chemically inert, non- Contalr}s reactive pyri-
toxic toxic dine groups
Crystallinity Amorphous Semi-crystalline Amorphous
Amphiphilicity Hydrophilic Hydrophobic Amphiphilic
Soluble in water, alco- Soluble in oreanic sol-
hols (methanol), and & .| Soluble in organic sol-
vents (chloroform, di-
other polar solvents chloromethane. tolu- vents (chloroform,
Solubility (chloroform, DMF, ace- ene) ’ methanol, DMF, THF,
tone) toluene)
. Insoluble in water and .
Insoluble in hydrocar- Insoluble in water
. alcohols
bons and oils
‘ Highly hygroscopic, Blodegradal?le, Bio- .
Other properties | compatible, pH responsiveness
pH stable Flexibility,
Coatlr}g agent for NP.s; Drug delivery: Tissue Sta.blhzmg agent for
Stabilizer for drugs; encineerine. and NPs; Drug release sys-
Applications Wound dressing and & & tems, Coatings and ad-

tissue engineering;
Coatings and adhesives

wound dressing; Pack-
ing

hesives; Filtration; Mi-
crogels formation
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4. Composites based on PBA micro- and nano-
particles

The following chapter will focus on the 3D coordination structures known as Prussian Blue
Analogues (PBA) with a general formula A;Mx[M’(CN)]y'nH20, where M and M’ are transi-
tion metals and A is an alkali metal. It is dedicated to two different sub-families:

1) Ni3[M(CN)s]2-nH20, where (M = Fe, Cr) with intercalated Na" cations;

2) RbxMn[Fe(CN)e]x+2)3-nH20 with Rb* cations, being an example of a composition showing
thermally-induced charge transfer (CT) process, involving metal centres.

In both sub-chapters, synthetic protocols for preparing bulk samples and their corresponding
electrospun fibre composites are presented. The characterization of prepared materials is based
on particles and fibre morphology derived from SEM imaging, followed by spectroscopy (IR
and Raman) and structural (XRD) characterization. In both cases, the magnetic characterization
is discussed in the final section.

4.1 Cubes of N13[M(CN)s]>-nH20, where (M = Fe, Cr)
introduced into organic polymer electrospun fibres

The first part of the PBA-related chapter is devoted to nickel hexacyanochromate(III) with for-
mula Ni3[Cr(CN)s]2'nH20 (hereafter referred to as NiCr) and nickel hexacyanoferrate(IIl) with
formula Ni3[Fe(CN)s]2-nH20 (hereafter referred to as NiFe), which have been studied as freshly
synthesized nanoparticles and have been incorporated into the organic polymer matrix in the
form of electrospun fibres. The interest in these PBA compositions comes from the simplicity
of synthesis and, at the same time, the possibility of obtaining particles of defined morphology.
Despite great similarities between both structures, they present differences in magnetic proper-
ties, which have been studied with a focus on their topology (nanoparticles, thin films, nano-
rods)>!*® or mixed compositions®’. The results presented in the following sub-sections have

been partially published in Acta Physica Polonica'®.

Generally, PBA structures are characterised by relatively simple bulk synthesis performed
through co-precipitation. It is a direct reaction of chosen precursors, and depending on the lower
solubility of the product in aqueous conditions, the PBA structure is obtained. As interest in
obtaining well-defined particles of nanoscale dimensions emerged, several synthetic ap-
proaches have been presented in the literature to govern the co-precipitation process'>’. Some
examples include using templates, adding organic polymers, or using other stabilizing agents.
The last group, led by the addition of citrate salts, appeared as one of the most elegant pathways,
as it resulted in homogenous growth particles with tuneable dimensions, dependent on condi-
tions easily manipulated during synthesis.
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Synthesis of NiFe and NiCr nanoparticles

The preparation of chosen PBA nanoparticles based on Ni?* salt and [Cr(CN)s]*" or [Fe(CN)s]*-
was performed according to the modified literature protocol'®! with the use of citrate anion as
a stabilization agent. Detailed amounts of substrates used for both syntheses are presented in
Table 4.1.1. The procedure to obtain both types of nanoparticles was comparable, with the dif-
ference in the source of cyanometallates (Cr or Fe).

In the initial vial, nickel(IT) salt was introduced in the form of nickel(Il) nitrate hexahydrate,
together with trisodium citrate tetrahydrate as a stabilizing agent. They were dissolved in 40 ml
H>O with the use of magnetic stirring. In the second beaker, cyanometallate salt was placed:
K;3[Cr(CN)s] or K3[Fe(CN)s], and then dissolved in the same amount of distilled water. Follow-
ing the combination of the two solutions, the resulting mixture was subjected to magnetic stir-
ring for 48 hours at room temperature (20 °C). The final product was separated from the super-
natant by centrifugation at 9000 rpm for 15 min at a constant temperature of 10 °C. The cleaning
protocol by centrifugation was performed three times to wash away any residues from the sub-
strates. It was comprised of a series of washing the product with distilled water, followed by
centrifugation with the same parameters (9000 rpm, for 15 min, at 10 °C). The resulting solid
(light blue for NiCr, and orange for NiFe) was then subjected to vacuum drying at 40 °C
for 20h.

Table 4.1.1 Synthetic details for NiCr and NiFe NPs.

Substrate H>0 volume NiCr NiFe
Nickel(II) nitrate hexahydrate 40 ml 1.2 mmol (0.350 g) 1.2 mmol (0.350 g)
Trisodium citrate dihydrate 1.8 mmol (0.529 g) 1.8 mmol (0.529 g)
K3[Cr(CN)s] 40 ml 0.8 mmol (0.260 g) -
K3[Fe(CN)s| 40 ml - 0.8 mmol (0.263 g)
Stirring time (temperature) 48 h (20 °C) 48 h (20 °C)

Preparation of electrospun composite fibres

During the fabrication of composite materials in the form of electrospun fibres incorporating
freshly synthesized PBA nanoparticles, careful selection of both the polymer matrix and the
solvent system was crucial to ensure successful fibre formation and nanoparticle integration.
Accordingly, an organic polymer called poly(N-vinyl-2-pyrrolidone) (PVP) was chosen with
an average molecular weight of My = 360 kDa. In the solution preparations, methanol was used
as the solvent, as it is capable of entirely dissolving PVP within several hours, without any
extensive heating.

Before the fabrication of composite material, pure PVP electrospun fibres needed to be obtained
for a comprehensive characterization of the polymeric matrix. During the preparation of the
electrospinning solution, PVP 360 was dissolved in methanol to a polymer concentration of
12 wt%, following a protocol established in the literature'>,
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In the case of PBA NPs loaded composites, the procedure for electrospinning solution prepara-
tion was as follows. For both types of PBA NPs, 43.00 mg of freshly synthesised powders were
redispersed in 3 ml of methanol. To ensure a high degree of homogeneity, the dispersion was
sonicated with the use of an ultrasound homogenizer probe (Sonoplus GM 4200, Bandelin elec-
tronic GmbH & Co. KG) operating at 30% power amplitude without pulsation for 2 min. Then,
the appropriate amount of PVP 360 (~ 0.33 g) was introduced to give a solution with the PVP
polymer concentration equal to 12 wt%. To maintain the dispersion of PBA NPs and at the
same time allow for the slow dissolution of PVP, the mixture was immediately placed onto the
gyromixer for approximately 3-4 hours for the complete dissolution of the polymer, before per-
forming electrospinning. The prepared electrospinning solutions are presented in Figure 4.1.1.

NiCr/PVP NiFe/PVP

Figure 4.1.1 Photographs of the polymer solutions prepared for electrospinning.

For the electrospinning process, the polymer solution, either pure PVP or PVP with added PBA
nanoparticles, was loaded into a plastic syringe and electrospun using custom-built electrospin-
ning equipment. The flow rate of the polymer solution was controlled by the syringe pump
at 1.5 ml/h. The electrospinning of PVP with and without the PBA fillers was performed with
a voltage of 11 kV, at room temperature (~20 °C) with relative humidity ranging from
46—52% RH. The fibre mats were collected on a metallic plate collector randomly, at a constant
distance from the tip of the needle to the grounded collector equal to 10.5 cm.

4.1.1 Morphology of NPs and electrospun fibres

The synthesis of PBA nanoparticles based on the trisodium citrate salt as a capping agent re-
sulted in well-defined particles with a cubic shape (see Figure 4.1.2). Interestingly, measured
diameters of cubes and resulting size dispersions showed that the average particle size of NiFe
cubes is three times larger than NiCr (238 + 37 nm and 80 + 17 nm, respectively), despite the
similarities in the synthetic protocol.
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Figure 4.1.2 SEM image of NiCr NPs (A), with lognormal distribution curve (B); SEM image of NiFe NPs (C),
with Weibull distribution curve (D).

The electrospinning process was employed for the preparation of PVP-based composites with
incorporated PBA particles at a concentration of 11.0 wt.% (NiFe/PVP) and 11.9 wt.%
(NiCr/PVP) yielded materials of two distinctive colours, corresponding to the initial solutions:
light orange for NiFe and white for NiCr (Figure 4.1.3).

Figure 4.1.3 Photographs of the obtained electrospun mats.

SEM imaging performed on the freshly deposited fibres on a silicon wafer at an accelerating
voltage 0of 20.0 kV, without any additional coating with a conducting layer, allowed the analysis
of the fibre’s morphology, with an emphasis on the embedded particles and their displacement
within the fibres, as illustrated in Figure 4.1.4. In both cases, the PBA nanocubes are visibly
incorporated into the electrospun fibres, without any relevant breakage of the fibres due to the
material agglomeration. Apart from this similarity, there are also some significant
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morphological differences between the two materials. For the larger NiFe nanocubes in the
PVP matrix, the average diameter of the electrospun fibres is measured at 0.69 £ 0.15 pm,
while the incorporation of nanocubes resulted in thickened fibre fragments with diameters
reaching the value 0of 0.97 £ 0.18 pum. Conversely, composite material containing NiCr particles
within the polymer matrix exhibits a reduced average fibre diameter of 0.56 £ 0.12 um, with
the areas of nanocubes aggregation leading to fibre thickening up to 0.70 + 0.14 um. Notably,
the broadening effect of fibre diameters amounts to approximately 40% for the NiFe/PVP com-
posite and 25% for the NiCr/PVP electrospun composite.
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Figure 4.1.4 The SEM pictures of the electrospun fibres for NiFe/PVP (A, B) and NiCr/PVP (C, D) and un-
doped PVP (E, F) fibres for comparison.

EDS mapping, as depicted in Figure 4.1.5, substantiates that the thickened segments of the
fibres arise from the incorporated nanocubes. It is important to note that the quality of the
mapped fragments provides only a rough estimation of the nanoparticles’ placement. The map-
ping reveals that elements such as Ni, Fe, and Cr — representative of the PBA nanoparticles —
are more concentrated in regions associated with nanocubes placement compared to areas
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devoid of particles, where carbon mapping was performed. Additionally, regions rich in PBA
NPs exhibit a high carbon content, likely attributed to the polymer coating. This observation
further corroborates that the fillers, even when aggregated, are embedded within the PVP fibre
matrix rather than residing on its surface.

NiCr/PVP

1 pm

NiFe/PVP

2 um

2 pm

Figure 4.1.5. Elemental mapping of PVP nanofibres loaded with 12 wt.% NiCr (upper panel) and NiFe (lower
panel) nanoparticles by EDS.

Importantly, the presence of these cubic particles does not compromise the structural integrity
of the fibres, given that their dimensions are significantly smaller than the diameters of the
fibres themselves. Although the distribution of nanocubes along the fibres is not entirely homo-
geneous for both composite types, the reduced size of the NiCr nanocubes contributes to an
improved fibre morphology. This enhancement in morphology may have implications for the
mechanical properties of the resulting composite materials.
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4.1.2 Spectroscopic and structural analysis

To confirm the purity of the obtained PBA NPs, infrared spectroscopy was performed, and the
results have been depicted in Figure 4.1.6. Both studied structures show distinct peaks around
2170 cm™, more precisely 2166 cm™ and 2171 ecm™!, which are attributed to the CN stretching
vibrations of Fe**—C=N-Ni*" and Cr**—~C=N-Ni*" bonds, respectively. Additionally, for the
Fe-based PBA, a weaker bond is observed at 2098 cm™!, suggesting a partial reduction of Fe3*
to Fe?* species in the sample®”.
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Figure 4.1.6 The comparison of IR (red) and Raman (blue) spectra in the v(CN) region of NiFe (left) and NiCr
(right) bulk samples

To obtain information about the chemical stability of the PBA fillers after introducing them
into electrospun PVP fibres, Raman spectroscopy was employed. It has proven to be an ideal
technique for studying the characteristic bonds of both the matrix and the embedded particles
in the composite materials in different forms (films, fibres, etc.)!**1°37155 For the studied com-
posite fibres, the measurement was performed on the electrospun fibres deposited onto the
Si(100) wafer, similarly to the SEM imaging.

In the case of powdered samples, Raman spectroscopy is not as common, due to the use of
a laser beam, which burns through the sample relatively quickly, in contrast to non-invasive
infrared spectroscopy. However, the measurement is possible with appropriate parameters, such
as short exposure time and minimal laser power. As for the PBA structures and their character-
istic cyano-bonds, the Raman spectrum also shows C=N stretching vibrations in the 2000-
2300 cm ! wavenumber region'*®, although they may not correlate with the number and loca-
tion of the bands in IR. The spectra recorded for Ni-CN-M displayed similar characteristics —
a single band at 2175 cm™ (NiCr) or a deconvoluted double band at 2175 cm ™' and 2184 cm™!
(NiFe), illustrated in Figure 4.1.6.

The comparison of Raman spectra recorded for both types of PBA NPs, together with their
appropriate composites and spectra for the undoped PVP matrix, has been depicted in Fig-
ure 4.1.7. In general, the Raman spectra of composite fibres feature both CN stretching vibra-
tions at 2000 cm™', with the addition of characteristic bands in three regions (around 1000, 1500,
and 3000 cm™!, marked with frames) originating from the PVP polymer matrix'>”!*8, In detail,
PVP characteristics derive from: strong vibrations at 938, 954, and 972 cm™ from C-C ring
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breathing; weaker bands at 1419, 1440, and 1490 cm™ assigned to CH; scissor vibrations; and
bands at 1658 cm™ originating from C=0 in the amide bond. The last region with strong bands
below 3000 cm™ comes from C-H band vibrations. Detected CN vibration bands do not show
any relevant shift, however in the case of NiFe apart from the predominant peaks at 2175 and
2184 cm’!, two weaker bands appear centred at 2145 cm™ and 2109 cm™ most probably due to
the partial reduction of Fe, similarly to the IR spectrum recorded for the bulk sample.
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Figure 4.1.7 A) Raman spectra of composite fibres of Fe-CN-Ni/PVP (top) and Cr-CN-Ni/PVP (bottom) with
appropriate bulk samples. Selected areas include regions of characteristic vibrations of PBP fibres. B), C): en-
largement of Raman spectra in the v(CN) region.

X-ray diffraction studies were initially conducted on the freshly synthesized PBA nanoparticles
to verify the structural purity, given the modifications made to the original literature synthesis
protocol. All the observed peaks of PXRD patterns for both materials were indexed with the
cubic space group Fm-3m, without any noticeable impurity peaks in either compound. The
LeBail fit was performed in the full-pattern range for both structures (presented in Figure 4.1.8).
The obtained cubic unit cell parameters equal to 10.2307(6) A for NiFe and 10.4985(5) A for
NiCr are consistent with the literature data'>"-1>?.
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Figure 4.1.8 X-ray diffraction data of (a) NiFe NPs and (b) NiCr NPs. The black circles are the experimental
data, and the red curve is the profile calculated using the Le Bail method.
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To compare the structures of incorporated PBA NPs in the electrospun fibres with pure pow-
dered samples, XRD measurement has been performed on the freshly prepared composites. For
a homogenous and relatively flat surface of the fibre material, it was necessary to deposit the
fibres onto a substrate, which could be transferred into a diffractometer without any additional
preparations. Si(100) wafers of 1.5 cm X 1.5 cm dimensions have been chosen, as they do not
interfere with collected diffractograms in the chosen 260 range (Si(100) usually has a peak at 20
= 69.25%. The only drawback of the selected substrate was the appearance of the Si(200) re-
flection at the peak at 20 = 33°. Although it is a forbidden reflection, it is quite often encountered
in diffraction measurements, where a silicon wafer is chosen as a substrate'°’.

Firstly, XRD measurements have been performed on PVP fibres without any additives, as pre-
sented in Figure 4.1.9. The amorphous character of the PVP polymer chains is observed, as on
the diffractogram two broad peaks can be identified at 20 equal to 11.057° and 21.342°. Ac-
cording to the literature, the appearance of those two regions may be associated with the two
distinct amorphous phases of PVP, originating from a difference in PVP polymer chains’ length
and orientation'¢"-162,

Intensity / a.u.

PVP fibres

5 10 15 20 25 30
20/°

Figure 4.1.9 The XRD pattern measured for PVP fibres without any additives.

Figure 4.1.10 presents superimposed data of pure PBA structures in both forms and after em-
bedding PBA NPs into PVP fibres. Above the amorphous characteristics of PVP of low inten-
sity, the diffractograms of PBA/PVP composites show distinctive XRD peaks derived from
PBAs structures. Due to the presence of all PBAs peaks and their high intensity relative to the
polymer matrix signal, it can be assumed that the composite prepared in the electrospinning
process contains a high loading of the PBA-type nanocubes in the PVP fibres. In the case of the
PVP matrix-derived peaks (marked in with blue arrows), their position changes to 11.128° and
20.512° for NiFe/PVP and to 11.264° and 20.597° for the NiCr-based composite fibres.
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Figure 4.1.10 The XRD pattern measured for the PBA bulk sample and composite fibres of PBA/PVP with blue
arrows marking peaks derived from PVP matrix and an asterisk originating from Si(100) substrate.

While comparing both patterns of composite fibres to relevant powder samples, a slight shift in
the position of PBA peaks was noticed. The fitting of the recorded diffractogram of PBA struc-
ture in the composite fibres with the LeBail method (Figure 4.1.11) showed a slight decrease in
the cell parameters to 10.2212(3) A for NiFe and 10.4933(4) A for NiCr. Comparing these
results to powdered samples, the decrease in cell parameters is equal to 0.09% and 0.05%, re-

spectively.
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Figure 4.1.11 (A) NiFe/PVP composite, (B) NiCr/PVP composite. The black circles are the experimental data,
and the red curve is the profile calculated using the Le Bail method.

4.1.3 Magnetic properties of PBA nanocubes and their
composites

To comprehensively characterize the properties of the synthesized PBA nanoparticles and their
composite electrospun fibres, their magnetic behaviour was investigated, with determined pa-
rameters summarised at the end of the subsection in Table 4.1.2. Magnetization measurements
were conducted as a function of the external magnetic field at a temperature of 2 K to assess
their magnetic response under low-temperature conditions. The resulting magnetic hysteresis
curves for both the powdered nanoparticles and the composite electrospun fibres are presented
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in Figure 4.1.12, providing insight into their coercivity, remanence, and overall magnetic prop-

erties.
8 : aponaaa 8 i
A) 3 3 2225 B) | nire np 5 |
- e : iFe NPs : : ’
NiFe NPs i O— powder i o_o-g:a=°-°'°'° ;
- - H - o -D-0-H=!
= 44-|—0—powder | N B g oo R
= —0O— in fibres = : f
& | | g
g 01 g o-
E |5
: 2
1
S g = 44
| T Ioe
-8 unuéllgBE‘B'Bg ‘I?°°° i i | 8

-4 -2 0 2 4 -0,50 -O.IZS 0.00 0.I25 0,50
Field / kOe Field / kOe

A=pEA=f=0-0=0=6
gReEFEE

i § 1 06600AAEAAAAAAR ;
3 3 § 3 L o2
8 4--INiCr NPs |- g ------------------------- 1 84 NiCrNPs |
—O— powder —O— powder
44 |—o—fibers |k ~|—O— fibers o

(2

Magnetization / pg
(=]
Magnetization / p

12 589688855085598 : :
4 5 0 ) 4 -0,50 -0.25 0,00 0,25 0,50

Field / kOe Field / kOe

Figure 4.1.12 The comparison of magnetization curves for NiFe (upper panel) and NiCr (lower panel) in the
form of the powder and respective composite fibres at a constant temperature of 2 K.

For both PBA compounds, a significant difference is observed in the width of the hysteresis
loops. The NiFe compound displays a wider hysteresis with a coercive field of 120 Oe, while
the NiCr compound shows a much narrower hysteresis with a coercive field of 5 Oe. The sat-
uration of magnetization of the Cr-based compound reaches 11.3 pg, which is slightly lower
than the theoretical value of 12 pg. This corresponds to the ferromagnetic coupling between
three spins: Ni'' (S =1, gni = 2) and two Cr'"! (S = 3/2, gcr = 2). The saturation of magnetization
of the Fe-based compound comes to the value of 7.8 ug. This value is consistent with that
expected (8up) for three Ni'' (S=1, gni =2) ions and two Fe!'' (S =14, gre = 2) ions and suggests
the presence of ferromagnetic interactions.

To extract the amount of the embedded PBA NPs into the PVP polymer fibres, the values of
the saturation of magnetization of the composites have been matched to the values of pure com-
pounds, by multiplying the mass of the measured fibre samples by the percentage of magnetic
particles. The obtained values are 10.5% and 11.25%, respectively, for the NiFe and NiCr.
These results are slightly lower compared to the initial concentration of 11.0% and 11.9% (for
NiFe/PVP and NiCr/PVP, respectively) set during the preparation of the materials, without
any significant differences related to the different sizes of nanoparticles. Additionally, the field
dependence on magnetization showed differences in the hysteresis widths between the pure
PBA compounds and after incorporating them into the electrospun fibres. For both, the
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hysteresis widens; however, for the NiFe it is much more pronounced as the coercive field
reaches a value of 185 Oe, whereas for the NiCr it is equal to 10.5 Oe.

The study of the thermomagnetic behaviour of nanocomposites and nanoparticles was per-
formed by DC susceptibility under zero-field-cooled (ZFC) and field-cooled (FC) conditions in
an external field of 100 Oe (Figure 4.1.13). The rise of y4c at low temperatures observed for
both nanoparticle types confirms the transition to the long-range ordered state with a high mag-
netic moment value. The critical temperatures of the films were determined from the minimum
ofthe dy/dT derivative and are equal to 7c =22.7 K and 7c = 77.3 K for NiFe and NiCr samples.
The values of critical temperatures determined for composites are very similar to the values
observed for their bulk counterparts and are equal to 23.3 K and 77 K for NiFe/PVP and
NiCr/PVP, respectively. Moreover, all investigated samples show significant hysteretic behav-
iour between ZFC and FC curves. The bifurcation point (7spi¢), determined based on the differ-
ence between yrc — yzrc, corresponds to the critical temperatures of the studied materials.
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Figure 4.1.13 The comparison of DC magnetic susceptibility curves as a function of temperature for powder
samples (black) and fibres (red) for both structures: NiCr (left) and NiFe (right).

Table 4.1.2 The comparison of parameters collected from M(H) and y(T) measurements for powder and fibre

form of NiM.
0,
System Form | 7c/K [é:e/ Ms / uB i?tl‘;) V:;Iﬁ hf:s):?
NiCr NPs powder | 77.3 5 ~11.3 - -
Nao.125Ni3[Cr(CN)g]2-10.8H20 | fibres 77.0 10.5 - 11.25 11.9
NiFe NPs powder | 22.7 120 ~7.8 - -
Nao.125Niz[Fe(CN)g]2-11.75H20 | fibres 23.3 185 - 10.5 11.0
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4.2 Switchable PBAs from
RbxMn[Fe(CN)s]x+2)3'nH2O family embedded in
electrospun fibres

The second sub-family of Prussian Blue Analogue of interest in the following thesis is
RbxMn[Fe(CN)s]x+2y3 nH20 (RbMnFe) with intercalated Rb" cations in the structure. Among
other PBA compounds, it particularly stands out as it is intrinsically highly multifunctional.
Depending on the composition and relative proportions of its components, the RbMnFe com-
pound can exhibit switchable behaviour driven by metal-to-metal charge transfer, offering
promising potential for application in switchable electronic or magnetic devices. Within a cer-
tain composition range, RbMnFe particles present a change between two electronic configura-
tions in response to external stimuli. This change alters the optical, structural, electrical, and
magnetic properties. This switching ability, often accompanied by a hysteretic region, is due to
the change of oxidation states between high-temperature (HT) Mn(II) — Fe(Ill) pairs to low-
temperature (LT) Mn(IIl) — Fe(Il) pairs (Figure 4.2.1). The reversible memory effect occurs

around room temperatures and spans over a 100 K temperature range'®’.

It is important to point out that the switching abilities of RbMnFe greatly depend on the com-
position, especially Rb" content. Due to the immense interest in this sub-family of PBAs, the
synthesis of NPs has also been investigated to increase compound usability for modern-day
technologies. However, several obstacles have been identified, such as large particle size dis-
tribution or high solubility of the aqueous media, partially due to the weaker stability of the
Mn?* bonding to the cyano-based components, in comparison to other metal ions (e.g., Ni(II)).
Additionally, a clear size dependence of the particles on the switching abilities has been derived,
with the disappearance of the CT process for particles smaller than 200 nm due to the reduced
Rb content!'®*. The results presented in the following subsections have been derived from re-
search for which the corresponding manuscript has been submitted and is currently under re-

view!%.
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Figure 4.2.1 Schematic representation of CT in RbMnFe compound.

64



Synthesis of RbMnFe sub-microparticles

The synthesis of PBA particles, which exhibit a charge transfer process, was carried out fol-
lowing a literature protocol. This protocol specifically investigated the impact of various syn-
thesis parameters on the final product and its charge transfer properties!®*. In preparations, no
stabilizing agent or coating polymer was used. In the initial beaker, 5 mmol (0.604 g) of rubid-
ium chloride was introduced, together with 5 mmol (1.647 g) of potassium hexacyanofer-
rate(II1). They were dissolved in 5 ml H>O with the use of magnetic stirring. Separately, in the
smaller flask, 0.5 mmol (0.099 g) of manganese(II) chloride tetrahydrate salt was weighed and
dissolved with magnetic stirring in 5 ml of distilled water. The entire volume of the solution
containing Mn?" ions was added drop by drop to the first beaker of the remaining components,
and the resulting mixture was subjected to additional magnetic stirring for 5 min at room tem-
perature (20 °C). The final product was separated from the supernatant by centrifugation, which
was followed by a cleaning protocol with the use of centrifugation to wash away any residues
from the substrates. The resulting brown solid RbMnFe was then subjected to air drying at
room temperature for 48 hours.

Preparation of RbMnFe-based electrospun fibres

The composite material, consisting of electrospun fibres with embedded RbMnFe particles,
was prepared using the previously described methodology for PBA nanoparticles. PVP was
used as the polymer matrix to form the electrospun fibres. Likewise, 43.3 mg of freshly synthe-
sised RbMnFe powder was introduced into the bottle and redispersed in 3 ml of methanol. For
a high degree of homogeneity of the formed dispersion, the ultrasound homogenizer probe was
used for 2 min without pulsation. Then, 0.336 g PVP 360 was introduced to give the electro-
spinning solution of PVP polymer equal to 12 wt.%. Taking into account the quantities of the
components used, the nominal concentration of RbMnFe particles in the prepared solution was
11.4 wt.%, disregarding the mass of solvent that evaporates during further fibre preparation.
To maintain the dispersion of RbMnFe particles and, at the same time, to allow for the slow
dissolution of PVP, the mixture was immediately placed onto the gyromixer for approximately
3-4 hours for a complete dissolution of the polymer before performing electrospinning. The pre-
pared electrospinning solution is presented in Figure 4.2.2.

Figure 4.2.2 Photograph of the polymer solution of RbMnFe/PVP/MeOH.
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For the electrospinning process, the polymer solution containing incorporated RbMnFe parti-
cles was loaded into a plastic syringe and electrospun using homemade electrospinning equip-
ment. The flow rate of the polymer solution was controlled by the syringe pump equal to
1.5 ml/h. The electrospinning of PVP was performed at a voltage of 11 kV, at room temperature
(~20 °C) with relative humidity ranging from 46-52% RH. The fibre mats were collected on a
metallic plate collector randomly, at a constant distance from the tip of the needle to the
grounded collector equal to 10.5 cm. For SEM imaging, Raman, and X-ray diffraction charac-
terization, the fibres have been collected straight on the Si(100) wafers of different dimensions,
with appropriate amounts of the sputtered composite material.

4.2.1 Morphology of RbMnFe particles and their compo-
site fibres

Similarly, as for the previous PBA NPs, SEM imaging was performed on the RbMnFe parti-
cles, which were specially redispersed and highly diluted in MeOH, and placed by drop casting
onto the Si(100) wafer. Following the protocol for the preparation of RbMnFe particles pre-
sented above, the synthesis resulted in cubically shaped particles (see Figure 4.2.3). Contrary
to the previous PBA structures, there is a much more evident disparity in the size of the obtained
RbMnPFe structures'®. Measured diameters of particles resulted in size dispersions and average
particle sizes of 0.666 + 0.547 um (length) and 0.431 + 0.342 pm (width).
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Figure 4.2.3 SEM images of synthesised RbMnFe particles (right) with size distribution performed with ImageJ
software (left).

The electrospinning process used to prepare PVP-based composites with approximately
11 wt.% incorporated RbMnFe particles produced a material with a distinctive pale red-orange
colour at room temperature. According to the presumable charge transfer properties of the em-
bedded RbMnFe particles, the electrospun mat was immersed in liquid nitrogen (77 K) and
immediately photographed with an optical microscope, presented in Figure 4.2.4. During the
measurement, the colour change from pale red-orange to pale magenta was noticed, with an
instant return to the original colour, as liquid nitrogen evaporated and the sample was reheated
to room temperature'>*.
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Liquid nitrogen

Figure 4.2.4 Photographs of the obtained electrospun mats and the corresponding images under the optical mi-
croscope. Freshly electrospun fibre mat imaged at RT (centre) and with magnified region (left; pale red-orange).
Electrospun fibre mat imaged after cooling with liquid nitrogen (right; pale magenta).

SEM images of the composite fibres deposited directly on a silicon substrate were recorded at
accelerating voltages of 1.0 kV and 20.0 kV, without any additional conducting layer coating,
to explore different imaging areas. In particular, the fibre surface was observed at lower voltage,
as well as its insides, with the emphasis on the placement of RbMnFe particles at higher volt-
age. Figure 4.2.5 presents the morphology of the fibres, where larger particles (marked with
an orange frame) with the characteristic cubical shape or their agglomerations (marked with
a green frame) can be easily spotted as they emerge from the polymer matrix region. Although
the average size of the synthesized RbMnFe particles is more than twice that of the previously
reported cubically shaped NiFe PBA nanoparticles, no significant fibre breakage was observed.
Additionally, in the specified areas (A and B), a thin layer of PVP polymer appears to coat the
regularly shaped particles.

Figure 4.2.5 SEM images at 1.0 kV with embedded larger regularly shaped particles (A) and agglomerated parti-
cles (B and C).

Increasing the accelerating voltage to 20.0 kV enhanced the contrast between the organic pol-
ymer matrix and the inorganic RbMnFe particles, as shown in Figure 4.2.6. Compared to pre-
vious images, a significantly greater dispersion of RbMnFe particles within the polymer fibres
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is observed, with the particles being notably smaller than the fibres themselves. Bright spots
related to PBA particles are embedded in the regions of the fibres, which do not show any
notable deformation. The average diameters of the electrospun fibres are measured at 0.728 +
0.189 um and 1.086 + 0.464 um, at the regions lacking and with the incorporated particles,
shown in Figure 4.2.6 with orange and green markings, respectively. Worth noting is the aver-
age length of the RbMnFe particles equal to 0.713 + 0.648 um, which were successfully em-
bedded into the fibre’s structure without noticeable expansion of the fibre area, marked as an
example with violet marking in Figure 4.2.6.
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Figure 4.2.6 SEM images of RbMnFe/PVP fibres at an accelerating voltage of 20.0 kV with appropriate size
distribution of the fibre’s width on different areas and the incorporated particles inside fibres, performed with
ImagelJ software.

To confirm that the brighter spots in the electrospun polymer fibres relate to RbMnFe particles,
EDS mapping of the individual elements was performed with a TEM equipped with a high-
angle annular dark-field detector, as depicted in Figure 4.2.7. The resulting mapped image of
Mn (green), Fe (magenta), and Rb (dark blue) agrees with assumptions that the bright spots
inside fibres come from RbMnFe particles. In particular, a signal derived from rubidium atoms
depicts the shape of embedded NPs, whereas, for manganese and iron, it is more blurred with
several more intensive sites. Similarly to previously described PBA NPs, the regions rich in Fe,
Mn, and Rb are also characterized by carbon (yellow) content. This aligns with observations
from Figure 4.2.5, indicating that the polymer fibres maintain their integrity even in regions
with a high concentration of nanoparticles.

2 pm 2 pm

Figure 4.2.7 TEM image and EDS mapping of the composite fibre. Elements mapped: manganese (green),
iron (magenta), rubidium (blue), and carbon (yellow).
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4.2.2 Spectroscopic and structural characterisation

To verify the purity of the obtained RbMnFe bulk sample, infrared and Raman spectroscopies
were conducted, with the results presented in Figure 4.2.8. In both methods, CN stretching
vibrations of Fe—C=N—-Mn have been detected. For non-invasive IR, two bands appear, sharp
and intensive at 2152 cm™' and much broader and less intensive, centred at 2091 cm™!. As the
measurement was performed at room temperature, the recorded bands correlate to the following
oxidation states of the metal ions: the former one to Fe(III)Mn(II), and the latter to Fe(IT)Mn(II)
impurity'®. Regarding Raman spectra, a double band has been recorded at 2157 and 2166 cm™
! related to the high-temperature phase Fe(III)Mn(II). These observations are consistent with

the literature'®7-168,
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Figure 4.2.8 The comparison of IR (red) and Raman (blue) spectra in the v(CN) region in the RbMnFe
bulk sample.

To ensure that during the measurement of Raman spectra for composites the laser was pointing
at the region with embedded RbMnFe particles, the image was taken with 50x magnification
as presented in Figure 4.2.9A. As the particles themselves were brownish and the PVP-based
fibres were transparent, the borders of individual RbMnFe particles or clusters could be spot-
ted. In the spectra of composite fibres, two intensive bands related to CN stretching vibrations
are apparent for bulk RbMnFe powder. Additionally, two weak CN stretching bands appear
centred at 2080 cm™ and 2120 cm™. According to the literature, they can be assigned to
Fe(II)Mn(II) and Fe(I)Mn(I1I), respectively!'®®. For the latter assignment, it shows the elec-
tronic configuration of metal centres in the low-temperature phase, however, the measurement
for fibres was performed at 297 K, without prior irradiation. Their appearance may be due to
the resonance effects caused by 532 nm excitation!%%1¢°,
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Figure 4.2.9 A) Photograph from the microscope attached to the Raman spectrometer. B) The comparison of
Raman spectra in the v(CN) region for composite fibres of RbMnFe/PVP and RbMnFe bulk sample.

Rubidium manganese hexacyanoferrate materials undergo charge transfer phase transitions be-
tween a high-temperature (HT) cubic phase, Mn'((S = 5/2) — Fe'''(S = 1/2), and a low-tempera-
ture (LT) tetragonal phase, Mn'(S = 2) — Fe'(S = 0). These transitions are marked by signifi-
cant thermal hysteresis. A Landau theory study revealed that the transition is driven by the
coupling of CT instability with volume strain and the ferroelastic cubic-to-tetragonal phase
change linked to the Jahn—Teller distortion around Mn'" sites®.

Crystallographic analysis of synthesised RbMnFe powder measured at 300 K and 150 K
showed significant lattice changes from the HT cubic phase to the LT tetragonal phase, con-
sistent with the previous reports for bulk materials'”°. The structural parameters are summarised
in Table 4.2.1 and diffraction patterns with Le Bail fit are presented in Figure 4.2.10, together
with the visualisation of RbMnFe structures at both temperatures, showcasing intercalated Rb
ions, which preferentially occupy one Wyckoff locations in both cubic and tetragonal struc-
tures.

Table 4.2.1 Summarised crystal structure parameters obtained from Le Bail fit for RbMnFe powder measured at
two temperatures: 300 K and 150 K.

RbMnFe powder Cubic (HT) Tetragonal (LT)
Temperature / K 300 150
Space group F-43m I-42m
alA 10.5683(4) 7.0761(5)
b/ A 10.5683(4) 7.0761(5)
cl/A 10.5683(4) 10.5211(9)
Volume / A3 1180.37(7) 1180.37(7)
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Figure 4.2.10 X-ray diffraction data and structure visualisation of RbMnFe bulk in HT cubic phase (A, C) and
LT tetragonal phase (B, D) measured at RT and 150 K, respectively.

The X-ray diffraction measurement performed at room temperature on the composite electro-
spun fibres has been presented in Figure 4.2.11A, with superimposed data of the RbMnFe bulk
sample together with pure PVP fibres. Similarly to NiFe/NiCr PBA composites reported in
the previous subsection, the data collected for composite fibres consist of sharp peaks derived
from the crystalline coordination structure of RbMnFe and the broad peaks of low intensity
characteristic of the amorphous structure of PVP polymer. Fitting of the recorded peaks derived
from the PBA structure of the composite fibres with the LeBail method (Figure 4.2.11B)
showed a 0.06% decrease in the cell parameters to a = b = ¢ = 10.5612(2) A, compared to the
powdered sample. In the case of the PVP matrix-derived peaks, their position changes into 26

equal to 11.16° and 21.29° (for the pure PVP fibres, their position are 11.06° and 21.34°, re-
spectively).
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Figure 4.2.11 (A) The comparison of the XRD patterns of bulk RbMnFe NPs and their composite material,
measured at RT. (B) The black circles are the experimental data of RbMnFe/PVP composite, and the red curve
is the profile calculated using the Le Bail method.

4.2.3 Magnetic properties of RbMnFe cubes embedded
into polymer fibres

The magnetic characterization of RbMnFe samples and their composites was based on two
types of measurements. The dependence of magnetization as a function of external magnetic
field in + 5 kOe was performed at the temperature of 7 = 2 K. The dependence of magnetic
susceptibility as a function of temperature was recorded at the applied field of 1 kOe in the
2-320 K range, with more detailed observations of charge transfer effect above 150 K.

Similar to the previous PBA composite examples, the magnetization measurements as a func-
tion of the magnetic field of RbMnFe composite fibres were compared qualitatively and em-
ployed to establish the real concentration of embedded particles in the fibres. The recorded
dependence of magnetization on the magnetic field (Figure 4.2.12) for the powdered sample of
RbMnFe follows the behaviour presented in the literature®!, without much difference. In com-
parison to the embedded particles, wider hysteresis appears for the composite material with the
coercive field equal to 150 Oe, whereas for the powdered sample, it is 107 Oe. At the maximal
applied field of 5 kOe, the magnetisation curve for the pure RbMnFe sample reaches the value
of 2.93 ug. This quantity is much lower than the expected 4 pg but consistent with previously
published data'®3.

The percentage of the number of magnetic particles in the measured composite fibre mat sample
has been extracted by matching the values of magnetization of the composites to the values of
the powdered compound. The calculated value equals 11.5%, which is not far from the initial
concentration of 11.4%, which was set during the preparation of the material. For the rest of the
magnetic characterization of composite fibres with embedded RbMnFe particles, this calcu-
lated concentration was taken into account.
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Figure 4.2.12 The comparison of magnetisation curves for RbMnFe in the form of the powder and composite
fibres at a constant temperature of 2 K.

For the RbMnFe PBA, high-temperature measurements were of particular interest as they re-
vealed a charge transfer effect accompanied by changes in the oxidation states of Mn and Fe in
response to temperature variations. The magnetic susceptibility as a function of temperature is
presented in Figure 4.2.13A, covering the entire recorded temperature range of 2 to 340 K.
While decreasing the temperature, the magnetic susceptibility rises below 12 K for both powder
and composite fibres, confirming the presence of ferromagnetic ordering in the lowest temper-
ature range. On the other end of the curve presented on the enlarged fragment in Figure 4.2.13B,
above 150 K, thermal hysteresis appears, originating from the charge transfer process, in the
approximately similar temperature range for the powdered sample and after embedment in or-
ganic fibres. For the high temperature measurements, the paramagnetic contribution originating
from the organic matrix has a far greater impact on the experimental data, which is observed
with a higher inclination of the magnetic susceptibility curve for the composite fibre, as ob-
served in Figure 4.2.13B.
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Figure 4.2.13 A) The comparison of DC magnetic susceptibility curves as a function of temperature for powder
sample (black) and fibres (red) of RbMnFe measured at a constant external field of 1kOe with a 2 K/min sweep-
ing rate. B) The enlargement of the high temperature range with thermal hysteresis originated from the charge
transfer process.
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To extract the magnetic signal of embedded NPs, the obtained data have been corrected exper-
imentally using a Curie-Weiss law, according to the equation (6):

c
X = m + Xredisual » (6)

where C is the Curie constant,  is the Weiss constant, and yresidual 1S the magnetic susceptibility
of the residual temperature-independent paramagnetism. In practice, the residual corrections
were performed by fitting the linear part on the y(7"!) plots and subtracting the intercept values
from the original magnetic moment data (see Figure 4.2.14A)'"!. The correction has been fitted
on the linear fragment of the original data in the temperature range of 150-285 K. The corrected
data of magnetic susceptibility as a function of temperature in the range 150-330 K is presented
in Figure 4.2.14B.
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Figure 4.2.14 A) Plot of the magnetic susceptibility as a function of inverse temperature, with marked fitting
area of the residual temperature-independent paramagnetism correction of RbMnFe composite fibres.
B) The comparison of DC magnetic susceptibility curves as a function of temperature for powder sample (black)
and fibres (red) of RbMnFe after employing the correction for the composite sample.

The transition temperatures extracted from the 1% derivative of the presented data for the pow-
der sample and its relevant composite are only slightly different, with 71,2(]) and 712(1) equal
to 228.8 K and 303.2 K for powder and 227.4 K and 302.3 K in the case of fibres. Therefore,
the width of thermal hysteresis of the charge transfer process in RbMnFe changes from 74.4 K
for loose powder to 74.9 K after embedment in the polymer fibre matrix. The values of ymo T
recorded for high-temperature phase (at 320 K) and low-temperature phase (at 165 K) corre-
sponding metal oxidation states of Mn(Il) — Fe(III) and Mn(III) — Fe(Il), respectively, have
been presented in Table 4.2.2 together with other parameters collected from magnetic measure-
ments. The discrepancies in magnetic susceptibility values between bulk and composite sam-
ples are especially apparent in the high-temperature phase derived from the applied correction
to the composite sample.
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Table 4.2.2 The comparison of parameters collected from M(H) and y7(T) measurements for powder and fibre

form of RbMnFe.

Parameters RbMnFe powder RbNgLIEZPVP

Hc / Oe 107 150
Ms / ns 2.93 -

Calc. % (synthetic %) - 11.5% (11.4%)
Mzem / uB 1.77 1.60
Tc/K 11.5 11.4

Thermal hysteresis (712(]) to T12(1)) / K 228.8-303.2 227.4-302.3

Width of thermal hysteresis / K 74.4 74.9
xmoiT for HT phase (at 320 K) / emu-K-mol! 5.0 4.6
xmoiT for LT phase (at 165 K) / emu-K-mol! 3.5 3.3
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4.3 Summary of the chapter

In conclusion, this chapter focused on the preparation of composite materials consisting of PBA
particles embedded within an organic polymer matrix in the form of electrospun fibres. The
results presented in both sections demonstrate that pre-synthesized, cubically shaped PBA par-
ticles with varying compositions can be successfully incorporated into the polymer matrix with-
out significantly altering their intrinsic structural or functional properties.

The electrospun composite fibres were examined using electron microscopy, allowing a de-
tailed visualization of their structures. In comparison to other composites based on the soft
matrix (such as chitosan or alginate matrix) independently of the NPs size, the electrospinning
process does not lead to the NPs being attached to the organic polymer fibres on the surface,
but rather results in fillers incorporated inside the matrix. The tendency of NPs to aggregate
cannot be omitted; however, the limited diameter of the fibres minimizes this effect. Addition-
ally, the initial concentration of NPs (10-11.5%) has no negative impact on the structure of
fibres, as they do not seem to be much severed, and the materials on the macroscopic scale
present themselves as 3D elastic materials, which can be easily modulated.

Further material characterization based on spectroscopic and diffraction methods showed no
significant changes in the structure of the chosen PBA NPs as a result of the preparation process,
where high voltage was used for fibre production. These observations were then complemented
with SQUID magnetometry, providing insight into the magnetic properties of the fibres, with-
out any additional steps taken in preparation for measurement of the composite samples. Based
on low-temperature measurements of the field dependence of magnetisation, the NPs concen-
tration in electrospun fibres has been calculated, providing values under assumed initial con-
centrations, without any major influence of the nanoparticle size. Additionally, for composite
fibres with RbMnFe NPs, the methodology for extracting magnetic signals at high tempera-
tures has been applied.
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5. FeTrz SCO nanoparticles — spectroscopic
studies and their composites

This chapter focuses on a one-dimensional (1D) coordination polymer based on iron centres,
specifically [Fe(Htrz):(trz)](BF4) (where Htrz = 1,2,4-1H-triazole) (FeTrz), synthesized in the
form of nanoparticles. This compound represents a stable example of a material exhibiting
a thermally induced spin-crossover (SCO) transition at iron centres, occurring above room tem-
perature. The chapter is divided into three main sections: (i) the preparation of the nanoparticles
of desired dimensions, (ii) the investigation of size-dependent SCO effect on their spectroscopic
and magnetic properties, and (ii1) a comparative analysis of their behaviour when incorporated
into an organic polymer matrix, either as electrospun fibres or drop-cast films.

Among the extensively studied SCO materials, FeTrz stands out as a particularly notable ex-
ample due to its robust and wide thermal hysteresis near room temperature. A key advantage of
this material is its ability to be synthesized as nanoparticles with precisely controlled diameters,
while still preserving its characteristic memory effect. The motivation for in-depth studies of
FeTrz nanoparticles stems from their strong potential for use in advanced SCO-based applica-
tions, including sensors, memory devices, and actuators. Investigating their structural, mag-
netic, and electronic properties offers valuable insights into how particle size, surface effects,
and interparticle interactions influence SCO behaviour. Furthermore, a detailed understanding
of the interplay between high-spin (HS) and low-spin (LS) states, along with the efficiency and
reversibility of the SCO transition, is essential for optimising both the performance and long-
term stability of these materials in practical applications.

5.1 Reverse micelle technique for the synthesis of na-
noparticles

Nanoparticles of the FeTrz system were synthesized using a reverse micelle technique, follow-
ing a previously reported protocol!”?. This method has been widely adopted in the synthesis of
coordination compounds with well-defined nanoscale dimensions. In studies focused on devel-
oping reproducible synthetic procedures for the preparation of such nano-sized coordination
structures, the reverse micelle approach has proven particularly effective for a range of materi-
als, including FeTrz-based systems’®!7*!7% In general, it involves the formation of nanostruc-
tures through the interaction of the aqueous and organic phases. The process commenced with
the formation of micelles, where the aqueous components are confined within a spherical struc-
ture formed by the organic surfactant in the organic phase. When the micelles containing sepa-
rately a metal precursor and a ligand come into contact with each other, they react within the
confinement of the micelles, which acts as nanoreactors!’>!’¢ (shown schematically in Fig-
ure 5.1.1).
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Figure 5.1.1 Schematic representation of reverse-micelle reaction!””.

For the formation of FeTrz NPs, an appropriate amount of metal precursor (Fe(BF4)2-6H20)
and ligand (Htrz) have been dissolved in separate vials in water, with the addition of tetraethyl
orthosilicate (TEOS), forming the aqueous phases. Concurrently, a mixture of cyclohexane with
Triton X-100 (surfactant) and n-hexanol (co-surfactant) constituted the organic phase. The de-
tailed information on the proportion of the used reagents has been summarized in Table 5.1.1.
The formation of nanoparticles encapsulated in a silica shell (NPs@SiO2) with different sizes
has been achieved by varying the ratios of the precursors (metal and ligand species; surfactant
amounts) and the volume ratio of the aqueous phase to the organic phase. Additionally, adjust-
ing the stirring time during the micelles formation and at the course of the reaction allowed for
precise control over the size and morphology of the nanoparticles, which was shown to be crit-
ical for tailoring their SCO properties.
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Table 5.1.1 Experimental conditions for the preparation of nanoparticles.

Nanopz.lrticles/ sub-nficro par- FeTrz-1 FeTrz-2 FeTrz-3 FeTrz-4
ticles preparation
Aqueous phase
Hz0 amount for micelle 0.5 ml 0.5 ml 0.5 ml 1 ml
formation
Fe(BF4), -6H,O 253 mg 210 mg 180 mg 180 mg
1,2,4-1H-triazole ligand 156 mg 130 mg 110 mg 110 mg
tetracthyl orthosilicate (TEOS) 0.1 ml 0.1 ml 0.1 ml 0.1 ml
Organic phase
Cyclohexane 7.5 ml 7.5 ml 7.5 ml 15 ml
n-hexanol 2.7 ml 1.8 ml 1.8 ml 3.6 ml
Trition X-100 2.7 ml 1.8 ml 1.8 ml 3.6 ml
Synthesis time
2h 12h 48 h 48 h

Morphology of FeTrz nano- and microparticles

The morphology and average size of the synthesized nanoparticles were analysed using SEM
and TEM techniques. Due to the nanoscale size of the FeTrz-1/2/3 particles, TEM imaging was
performed using a high-angle annular dark-field (HAADF) detector, while FeTrz-4 particles
were easily observable using SEM. The resulting particle images are shown in Figure 5.1.2,
with energy-dispersive X-ray spectroscopy (EDS) analysis conducted on the first three types of
particles. From the TEM images, well-defined rod-like particles can be clearly distinguished,
with their characteristics becoming more pronounced as the particle size increases, particularly
in terms of length. This size-dependent morphology is a characteristic feature of this family of
compounds®®. Additionally, the use of a silica shell, introduced during the synthesis to limit
particle growth, is evident in the EDS maps, where the presence of silicon (Si) and oxygen (O)
is observed at the particle boundaries, particularly for FeTrz-1 and FeTrz-2.
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Figure 5.1.2 TEM and EDS imaging of FeTrz-1/2/3 with SEM images of FeTrz-4.

The analysis of diameters of synthesised FeTrz particles performed with Imagel software re-
sulted in histograms presented in Figure 5.1.3. As expected, from FeTrz-1 up to FeTrz-4, the
differences in length and width of particles become more apparent, with the overall increase of
particle size, what has been summarised in Table 5.1.2. For the smallest obtained particles,
FeTrz-1, no difference between length and width was made, as the difference between them
was negligible, and so their average diameter may be slightly overstated. Interestingly, for
FeTrz-2 and FeTrz-3, although the average length of particles doubles, the width-to-length
ratio does not change much, compared to FeTrz-4. The observable changes in particles’ length
and width confirm that with the used synthetic protocol, particles of desired dimensions can be
prepared by diversifying the amounts of precursors and the time of synthesis.
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Figure 5.1.3 Histograms of FeTrz-1/2/3/4 prepared based on TEM and SEM image analysis with Image]J soft-
ware.

Table 5.1.2 Summarised dimensions of synthesised FeTrz particles.

Parameter FeTrz-1 FeTrz-2 FeTrz-3 FeTrz-4
length 37.6 £ 7.3 nm 440+ 12.1 nm 119.6 £16.9nm | 1.095 £ 0.368 um
width - 20.7 £ 5.8 nm 53.1+15.7 nm 129 =39 nm

Widthr:t’i(l)ength ~1 0.48 0.44 0.12
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5.2 SCO effect for nano- and microparticles — correla-
tion of spectroscopic and magnetic properties

5.2.1 Magnetic properties and structural analysis of
FeTrz nano- and microparticles

The thermal dependence of yT for the four samples is depicted in Figure 5.2.1. In all cases,
thermal spin transitions are characterized by 712(1) and 712(]), which are defined as the tem-
peratures for which 50% of both the LS and HS iron centres are present in the sample for the
heating and cooling modes, respectively. Finally, AT represents the hysteresis width in all the
spin transitions. The microcrystalline sample FeTrz-4 exhibits an abrupt spin transition centred
above room temperature with a large hysteresis of 38 K (712(1) =391 K and T12(]) = 353 K).
Notably, the 7 value at 300 K is equal to 0.59 emu-K-mol™!, which is slightly higher than the
typical range observed for Fe(Il) in its singlet state (0.30—0.50 emu-K-mol™). With the reduction
of particle size, the thermal hysteresis is shifted to the lower temperatures, and for the smallest
NP sizes (FeTrz-1 and -2), the y7 value at 300 K is significantly higher than for FeTrz-3 and
-4 and reaches values of about 0.9 emu-K-mol™ (summarised parameters in Table 5.2.1). This
anomalously high 7 value has been previously reported for nanoparticles and is attributed to
the presence of terminal Fe(Il) complexes that remain in the high-spin (HS) state. Coronado et
al.!'”® have documented a similar phenomenon, observing that approximately 20% of the Fe(II)
population remains in the HS state even when the material is expected to be in the low-spin
(LS) configuration. This effect is likely due to the high surface area of the nanoparticles, which
can lead to the incomplete coordination of Fe atoms, thereby stabilizing the HS state. A com-
parable effect has been reported by Tissot et al.'”® in their studies on confined spin-crossover
(SCO) complexes. In their case, a fraction of Fe ions (around 20-25%) remained trapped in the
HS state regardless of temperature. This behaviour is commonly observed in SCO solids with
poor crystallinity, where structural disorder can hinder the complete transition to the LS state.
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Figure 5.2.1 Magnetic susceptibility for nano- and microparticles of FeTrz-1 to -4.

Table 5.2.1 Summarised parameters derived from magnetic susceptibility measurements for FeTrz nano- and

microparticles.
Parameter FeTrz-1 FeTrz-2 FeTrz-3 FeTrz-4
Tip(1) /K 376 380 386 391
Tp(l) /K 347 354 356 353
Thermal hysteresis width / K 28 26 30 38
ol T@300 K / emu-K-mol! 0.88 0.93 0.63 0.59
Zmol T@400 K / emu-K-mol! 3.52 3.53 3.46 3.57

Powder XRD patterns were recorded for the powder samples FeTrz-1 — FeTrz-4 at room tem-
perature and 400 K to analyse the changes in structure upon the SCO transition. The results are
shown in Figure 5.2.2. For all studied materials, there is a volume expansion in transitioning from
the low to high spin state, with corresponding shifts in diffraction peaks. However, only the micro-
crystalline sample FeTrz-4 exhibits sharp reflections, while nanoparticle samples show peak broad-
ening due to the small sizes of the crystallites.
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Figure 5.2.2 Powder XRD patterns of the complexes FeTrz-1 — 4 in the 8-40° 20 range.

The crystal structures of compound FeTrz-4 were determined and refined at two distinct tem-
peratures: 400 K, where the sample appears white and is in the HS state, and room temperature
(300 K), where the sample appears pink and is in the LS state. The resulting X-ray diffraction
patterns are of high quality (Figure 5.2.3), and the structural determination and refinement are
reliable (Table 5.2.2), showing excellent agreement with previously published data!3%18!,
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Figure 5.2.3 Experimental (black circles) and calculated (red line) diffraction patterns and the difference profile
(blue line) of FeTrz-4 in the LS state at room temperature (left) and in the HS state at 400 K (right).

Table 5.2.2 Summarised crystal structure parameters of FeTrz-4 at two temperatures: 300 K and 400 K.

FeTrz-4 Low spin High spin
Temperature / K 300 400
Space group Pnma Pnma
alA 17.215(2) 17.498(3)
b/ A 7.332(2) 7.805(3)
cl/A 9.178(1) 9.538(1)
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In the structure of [Fe(Htrz)2(trz)](BF4), the triazole ligands coordinate with the central iron
(Fe*") ions. Symmetry operations result in the alignment of Fe** centres along the b-axis, con-
nected through three bridging triazole ligands in alternating inverted positions (Figure 5.2.4).
The triazole ligands generate ligand-field strengths around the Fe?** ions that are sufficient to
induce spin-crossover (SCO) behaviour. Additionally, these ligands offer chemical flexibility
while maintaining the one-dimensional (1D) coordination chains of Fe?* through triple N1,N2-
bridged triazoles. The triazole-based system is characterized by its short, rigid, and strain-free
structure, which contributes significantly to the stability of these 1D Fe** SCO systems in both
their low-spin and high-spin states. This structural robustness underscores the unique suitability
of triazole ligands for achieving stable SCO behaviour.

A) . > 9

Figure 5.2.4 View of a segment of the [Fe(Htrz)2(trz)|(BF4) chain along a (A) and b (B) axes with superim-
posed LS and HS structures within one Fe centre and the neighbouring triazole ligands (C).

5.2.2 Mossbauer spectroscopy

Mossbauer spectra of iron-containing solids provide information on the valence and electronic
configuration of the iron ion, but also inform us of fine structural details for the sample under
study. For Mossbauer spectroscopy measurement, two samples were selected, FeTrz-1 and
FeTrz-4, as these of the most significant size differences. The Mossbauer spectra were col-
lected for both samples in the broad temperature range upon heating and cooling to obtain in-
formation about the changes in the spin state of iron. The results obtained for sample FeTrz-1
are presented in Figure 5.2.5, and for FeTrz-4 in Figure 5.2.6.
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Figure 5.2.5 Selected >’Fe Mossbauer spectra of FeTrz-1 on heating and cooling modes.
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Figure 5.2.6 Selected >"Fe Mossbauer spectra of FeTrz-4 on heating and cooling modes.
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At 320 K, the spectrum of FeTrz-1 could be fitted best with two doublets: Fel (isomer
shift 6 = 0.4491 mm-s™!, quadrupole splitting AEo=0.29839 mm-s ') and Fe2
(6 =0.3378 mm's ™!, AEq=0.94725 mm-s ). When the sample is heated up at 350 K, the third
doublet appears, Fe3, with 6 = 0.3378 mm-s ' and AEq= 0.94725 mm-s . At final temperature
430 K, the Fel doublet disappears and the spectra contains only Fe2 and Fe3 doublets. Upon
cooling down to a low temperature, the Fel doublet appeared again at 360 K. When the tem-
perature reached 320 K, only Fel and Fe2 doublets were observed. The temperature depend-
ences of isomer shift and quadrupole splitting of FeTrz-1 are presented in the left graph in
Figure 5.2.7. The isomer shift value of Fel doublet corresponds to Fe(Il) ions in the LS state,
while Fe3 doublets have isomer shift values typical of Fe(I) in the HS state. Therefore, the re-
distribution of the area values of Fel and Fe3 doublets is caused by the spin crossover transition.
Some surprise is the presence of Fe2, which can be assigned to Fe(III) in the HS state. The tem-
perature dependence of the contribution of Fel, Fe2, and Fe3 in Mossbauer spectra obtained
for FeTrz-1 is shown in Figure 5.2.8. The antagonistic and hysteretic behaviour of Fel and Fe3

confirms the presence of spin crossover phenomena!3!83,

A similar analysis was performed for sample FeTrz-4. The Mdssbauer spectra of FeTrz-4 were
performed in the temperature range of 240-430 K (Figure 5.2.6). The change of an iron spin
state as a function of temperature is clearly reflected in the Mdssbauer spectra. As in the case
of FeTrz-1, Mossbauer spectra contain three different doublets, Fel, Fe2, and Fe3, correspond-
ing to Fe(Il) ions in LS, Fe(III) ions in HS, and Fe(I1) ions in HS, respectively. The temperature-
dependent contributions of Fel, Fe2, and Fe3 in the Mdssbauer spectra of FeTrz-4 are pre-
sented on the right in Figure 5.2.7, with the antagonistic behaviour of Fel and Fe3 providing
evidence for spin-crossover phenomena. Figure 5.2.8 summarises quadrupole splitting and iso-
mer shift values from the spectral analysis. Upon cooling and heating, the hysteresis occurred
in the temperature dependences of IS for Fel (Fe(Il) in LS) and Fe2 (Fe(Ill) in HS), whereas
there was no such behaviour in the change for Fe3 (Fe(II) in HS).
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Mossbauer spectra obtained for FeTrz-1 (left) and FeTrz-4 (right).
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Figure 5.2.8 Left side: Temperature dependence of the isomer shift § (top) and quadrupole splitting AEq (bot-

tom) on cooling and warming modes of FeTrz-1, as resolved from Mdssbauer spectroscopy. Right side: Tem-

perature dependence of the isomer shift d (top) and quadrupole splitting AEq (bottom) on cooling and warming
modes of FeTrz-4, as resolved from Mdssbauer spectroscopy.

5.2.3 X-ray absorption spectroscopy

To gain insight into the local atomic structure of the samples belonging to the family of Fe-
triazole coordination chains, the X-ray absorption spectroscopy (XAS) was employed at the Fe
K-edge, with the variable of temperature. Figure 5.2.9 shows Fe K-edge XANES spectra at lim-
iting temperatures from temperature-dependent measurements for FeTrz-1 and FeTrz-4,
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together with data collected for iron(Il) reference samples at room temperature: one LS refer-
ence — tris(2,2’-bipyridine)iron(Il) tetrafluoroborate ([Fe(bpy)s](BF4)2) and two HS references
— iron(II) tetrafluoroborate hexahydrate (Fe(BF4), - 6H2O) and ammonium iron(Il) sulphate
hexahydrate (Mohr salt; (NH4)2SO4 - FeSO4 - 6H>0). Following the behaviour recorded for ref-
erences, spectra for FeTrz-1 and FeTrz-4 at 320 K can be assigned to Fe(II) in a low-spin state.
Upon heating and reaching the highest temperatures, the main feature of Fe K-edge, determined
by the allowed 1s — 4p electron dipole transition of FeTrz-1 and FeTrz-4, shifts toward lower
energy of photons by ~2.3 eV, when following the white line position. The explanation behind
it derives from the distance increase between Fe and nearest-neighbour N atoms and the de-
crease of the crystal field force, which induces the transition of the iron ion from LS to HS.
The reversibility of the shape and the Fe-edge shift for FeTrz-1 and FeTrz-4 were checked by
performing two heating-cooling cycles.
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Figure 5.2.9 Normalized absorption coefficient at Fe K-edge for references (A), FeTrz-1 (C), and FeTrz-4 (E)
for temperature-dependent measurements. Presented recorded XANES at the border temperatures are shown for
two heating-cooling runs performed during the experiment. Marked with grey boxes are pre-edge regions, en-
larged on the right, together with the 2™ derivative of absorption coefficient for references (B), FeTrz-1 (D),
and FeTrz-4 (F).
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In addition to the distinguishable XANES transition of the main feature of iron(Il) when going
from LS to HS state, in the pre-edge region of Fe K-edge spectra of FeTrz-1 and FeTrz-4,
small peaks or shoulders appear at approximately 7112 eV, corresponding to unallowed electric
quadrupole 1s — 3d transitions. Although these transitions are generally weaker, they provide
valuable insights into the local electronic structure of the metal centre. In particular, the pre-
edge region is widely utilized in the literature as a diagnostic tool for determining both the
oxidation and spin states of transition metal ions, such as Fe. By analysing the intensity, energy
position, and shape of these pre-edge features, it is possible to gain crucial information about
the electronic configuration and coordination environment of the metal centres. Since the sam-
ples of interest contain 6-coordinated Fe ions, the pre-edge features associated with octahedral
symmetry show the lowest intensity'®*. This is because, in centrosymmetric environments,
these features correspond to electric dipole forbidden transitions. Nevertheless, very weak pre-
edge peaks are still experimentally detected, with electric quadrupole coupling being the most
likely mechanism behind the observed intensity.

Figure 5.2.9 at panels B, D, and F presents an enlarged fragment of the pre-edge region marked
with a grey frame on the XANES spectra. As a consequence of the low intensity, the disparities
amongst the low and high temperature measurements are barely discernible. Nevertheless, the
second derivative of the normalized absorption coefficient in the relevant energy region serves
to enhance the distinctions amongst the spectra. In case of the reference samples, the LS com-
pound is characterized by a single peak positioned at ~7112.5 eV, whereas HS reference sam-
ples show characteristics of two peaks positioned at ~7112 eV and ~7114 eV. As for the pre-
edge region of FeTrz-1 and FeTrz-4, they show similar behaviour for the high temperature
spectra to HS references, however, the appearance of two peaks is less distinct compared to
references. In the case of low temperature measurements of FeTrz-1 and FeTrz-4, a clear peak
positioned at ~7112.5 eV is observed, similarly to the LS reference spectra, together with an
additional feature at ~7116 eV. According to literature, 1s — 3d pre-edge features are most
typically assigned in the 7110 — 7115 eV region'®. However, this higher energy feature, most
probably assigned to the edge transition, has been observed in 6-coordinated structures based
on Fe(I) and other members of the triazole ligand family!78186,

To monitor the position of pre-edge features in the function of temperature from two tempera-
ture cycles for FeTrz-1 and FeTrz-4, the background has been fitted as a combination of linear
and Lorentzian functions in the Larch software package, and it was subtracted from the normal-
ized p(E) in the pre-edge region. The resulting features have been presented for nanoparticles
(FeTrz-1) and microparticles (FeTrz-4) in Figure 5.2.10 A and B, respectively, for the first
heating-cooling cycle. As observed from this temperature dependence, the transition from LS
to HS is sharp for both samples. The pre-edge features were modelled by sums of Gaussian
functions, and the peak energy positions have been summarized in Figure 5.2.10C (FeTrz-1)
and D (FeTrz-4) according to the measurement’s temperature. The difference in pre-edge po-
sition and splitting for LS and HS states of reference compounds (marked as lines on the graphs)
and studied samples FeTrz-1 and FeTrz-4 can be explained based on ligand field theory and

spin-allowed many-electron final states'83.,
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Figure 5.2.10 Extracted pre-edge region of normalized absorption coefficient at Fe K-edge for nanoparticles
(A, C) and microparticles (B, D) for temperature-dependent measurements, together with analysis of pre-edge
peaks position as a function of temperature with the position of reference pre-edge peaks.

Taking to the account the oxidation and the spin state of iron in the studied material, for Fe(II)
in a low-spin state in an octahedral complex ground state is characterized by (t2¢)’(eg)* hole
configuration, and for that reason there is only one accessible one-electron allowed XAS final
state (t2g)’(e¢)’ resulting in only one feature appearing in the pre-edge region. According to
literature, for 6N coordination to the iron ion (e.g. [Fe(bpy)s]*") the peak should be observed
~7112 eV, whereas for 6C coordination (e.g. [Fe(CN)s]* ) position of the peak is shifted by
~1 eV to higher energies. With the change of oxidation to Fe(Ill) in the low-spin state, there is
an increase in the one-electron allowed final states, which leads to the observation of two pre-
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edge features in the energy range 7110-7115 eV, separated by ~ 3 eV. In the case of Fe(Il),
the high-spin ground state in an octahedral ligand field has an electronic hole configuration of
(t2¢)*(ee)*. Due to the transition of electron from 1s orbital into the 3d, it gives the excited hole
configuration of (t2¢)!(ee)? and (t2¢)*(e,)', resulting in two very weak pre-edge features split by
~2 eV. For high-spin iron in 3+ oxidation, the ground state has a (t2¢)*(e¢)? configuration, and
the promotion of the 1s electron into a 3d orbital produces two excited hole configurations,
(t2¢)*(ee)* and (t2g)’(eg)'. It results in the appearance of two pre-edge features with splitting
~1.5 eV. It is also necessary to mention that the splitting of the two pre-edge features in the case
of Fe(Il) HS and Fe(IIl) HS is dependent on the ligand field strength. Considering the above
without prior knowledge on the studied compounds, the distinction between low-spin Fe(II)
and Fe(IIl) is more apparent with regard to high-spin counterparts, with the assumption of
purely low or high states. However, for the studied nanoparticles and microparticles of FeTrz
compound, the position of pre-edge features falls within the ranges defined by the reference
samples, especially in the presumably LS state. The position of pre-edge peaks for FeTrz-1
seems more aligned and with a smaller spread along the temperature-dependence, which may
result from the more gradual character of the spin transition for FeTrz-4.

Based on the temperature-dependent XANES results, the difference spectra were calculated and
presented in Figure 5.2.11. This figure presents the spectral differences observed for samples
FeTrz-1 and FeTrz-4 as a function of temperature, with reference data recorded at 320 K — the
lowest temperature measurement obtained for FeTrz-4 — serving as the standard baseline.
These absorption variations, which are directly linked to the spin-crossover (SCO) process,
were systematically analysed to determine the fraction of the high-spin (yus) phase as a function
of temperature. The results of this analysis, depicted in Figure 5.2.12, reveal a well-defined
thermal transition, where the LS phase, initially predominant around room temperature, gradu-
ally diminishes and becomes a minority phase in the high-temperature region. The transfor-
mation is characterized by a distinct hysteretic behaviour observed between the heating and
cooling scans, indicative of the cooperative nature of the SCO transition. This hysteresis effect
suggests that the thermal switching between spin states is not a simple reversible process but
rather involves energetic barriers influenced by structural and intermolecular interactions
within the sample. The shape of yus(7) dependences is in good agreement with the shape of
xI(T) plots, where much broader hysteresis is observed for complex FeTrz-4. The differences
of yus(7) calculated for FeTrz-4 based on two temperature runs confirm that during the second
heating/cooling cycle, the temperature range was not sufficient to achieve full spin crossover
process, so the yus fraction did not reach saturation, which brings about the narrowing of ther-
mal hysteresis.
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Figure 5.2.11 Difference spectra from temperature-dependent XAS measurements recorded for FeTrz-4 (left
column) and FeTrz-1 (right column) in two consecutive heating-cooling cycles. The difference was calculated
by subtracting normalised spectra recorded for microparticles at 320 K in the 1% temp. cycle.
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Figure 5.2.12 Calculated fraction of the high spin (HS) phase yus from the difference spectra for Fe K-edge in
the 7110-7175 eV range for the two following heating-cooling cycles. HS fraction ynus has been calculated from
dividing the integrated area at a certain temperature 7 by the integrated area of the highest value (measurement at
the highest temperature for 1% temperature cycle — 440 K for FeTrz-4 and 420 K for FeTrz-1).

The determination of the HS fraction for nanoparticles and microparticles as a function of tem-
perature was used for detailed structure determination on the basis of the EXAFS signal ex-
tracted from the oscillations after the main Fe K-edge jump. The k*-weighted EXAFS oscilla-
tion function was obtained after following several normalization steps: pre-edge baseline
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subtraction, post-edge background estimation using a quadratic polynomial function, and es-
tablishing Eo at the position of 0.5 of the normalized absorption coefficient. Additionally, the
data were corrected for artifacts observed around ~250 eV near the absorption edge step, which
were caused by non-uniform dispersion of the studied material within the prepared pellets.
In Figure 5.2.13, the Fourier transforms of k%y(k) following temperatures used during the 1%
heating-cooling cycles for both FeTrz-1 and FeTrz-4 are depicted. In the analysis of EXAFS
signal, the following Akrr ranges have been utilized: Akrr=2.7-9.7 A™! for LS dominant spectra
and Aker = 2.6-8.9 A’ tailored based on data quality.

nanoparticles (FeTrz-1) microparticles (FeTrz-4)
= =
< <
= R |
AV hY |
E E
& 2
§ g 440K
g B )
= 5
o (o]
= =
320K
0 1 2 3 4 5 6 7 8 0 1 2 3 4 5 6 7 8
Reduced distance / A Reduced distance / A

Figure 5.2.13 Temperature-dependent Fourier transform of k2-weighted function y(k) extracted for the 1° heat-
ing—cooling cycle for nanoparticles (left) and microparticles (right).

According to previous structural studies on the Fe-triazole family of coordination compounds,
the one-dimensional chain of Fe(II) ions bridged by three triazole ligands, as presented in Fig-
ure 5.2.14, together with scattering paths taken into consideration in ab initio calculations'®’.
The first nearest neighbours of Fe are six nitrogen atoms of triazole ligands, for which the dom-
inant peaks at 1.6-2 A in Figure 5.2.13 can be ascribed. Both for FeTrz-1 and FeTrz-4, there
is a noticeable shift of these peaks with a simultaneous reduction in the Fourier magnitude for
the highest temperatures related to spin switching. In the 2-4 A range, several scattering contri-
butions can be expected from the next coordination shells, such as Fe—C/N or Fe—Fe, together
with some multi-scattering paths, where atoms from the 1** and 2" coordination sphere are in-
volved.
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Single-scattering paths Double-scattering paths

Figure 5.2.14 Generated fragment of the molecular chain of FeTrz with marked single and double scattering
paths taken into account during EXAFS signal fitting.

EXAFS functions were simulated by ab initio calculation in the program FEFF6 with Fe as
an X-ray absorbing atom. For obtaining three-dimensional coordinates and estimating possible
scattering paths, the HS and LS crystallographic structures of [Fe(Htrz)»(trz)](BF4) obtained
and refined by Grosjean et al.'*® were employed. In the chosen model for HS state, the starting
averaged distance between Fe and the nearest neighbour atoms (Fe-N) is equal to 2.041 A, for
the C/N atoms in the second shell is in the range 2.940-3.249 A, and for the Fe-Fe distance is
3.891 A. In case of the LS state, in model two, sites for nearest neighbouring nitrogen atoms
have been distinguished at the distance of 1.827 A and 1.918 A for equatorially and axially
positioned N atoms, respectively. The distance to carbon and nitrogen atoms in the 2" coordi-
nation shell lies in the range of 2.921-3.077 A, while to the next Fe atom is equal to 3.671 A.

During fitting of EXAFS signal to reduce the number of independent variables the reduction
factor So> and the edge energy shift AEy were fixed at the values obtained from the 1% shell
fitting: So®> = 0.75 and AEy = 3 eV (LS) and 5.6 eV (HS), whereas coordination number was
assumed from the structural model, e.g. for 1% shell N it was fixed at 6. Both for HS and LS
structures, paths 1-6 (presented in Figure 5.2.14) were incorporated to fit each with a pair of
separate parameters: the interatomic distance R and the Debye—Waller factor Cs. For three sin-
gle-scattering paths (1-3) both parameters were fitted, while for the single-scattering path 4 and
two double-scattering paths (5-6) the Debye—Waller factor was fixed to values: 0.006 (LS) /
0.001 (HS) — for path 4; 0.005 (LS) / 0.003 (HS) — for path 5; 0.001 (LS) / 0.003 (HS) — for
path 6. The EXAFS fitting analysis was performed for the AR ranges of 1.1-4.3 A for both LS
and HS states. The comparison of experimental data with results obtained from fitting in the
form of k*-weighted Fourier transform has been depicted in Figure 5.2.15 (grey line — experi-
mental data, red line — fit), for both FeTrz-1 and FeTrz-4 from the 1% heating—cooling cycle,
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at the chosen temperatures. Parameters obtained from fitting at the corresponding temperature
are shown in Table 5.2.3 for paths 1-3, together with the discrepancy factor of the fit.
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Figure 5.2.15 Fitted signal for nanoparticles (left) and microparticles (right) in k*>-weighted Fourier transform
at chosen temperatures during the first thermal cycle (h — heating, ¢ — cooling).

Table 5.2.3 Summarised fitted parameters (distance — AR and Debye-Waller factor - ) for paths 1-3, together
with discrepancy factor of the performed fit (R-factor shown in percentage) for nanoparticles and microparticles,
at chosen temperatures from heating and cooling at 1% thermal cycle.

Temp. / K AR(}&)I)/ Cx(pl) /A ARSZ\p2)/ s (p2) /A AR(§3)/ Cz/gﬁ) R-fe:;otor/
Nanoparticles (FeTrz-1)

320K h | 0.126(6) | 0.0029(9) | -0.06(2) | 0.004(2) | 0.05(4) | 0.008(5) 1.4

420K h | 0.113(8) | 0.011(1) | -0.05(2) |0.0017(16) | -0.13(4) | 0.010(6) 1.0

400K ¢ | 0.113(8) | 0.011(1) | -0.04(2) | 0.0015(15) | -0.13(3) | 0.008(5) 1.1

320K ¢ | 0.133(6) | 0.0042(9) | -0.05(1) | 0.004(2) | 0.054) | 0.009(5) 1.3
Microparticles (FeTrz-4)

320K h | 0.122(5) | 0.0021(8) | -0.06(1) | 0.0020(18) | 0.04(3) | 0.006(3) 1.0

440K h | 0.104(9) | 0.012(1) | -0.06(2) | 0.0023(20) | -0.14(3) | 0.006(4) 1.6

420K ¢ | 0.104(9) | 0.012(1) | -0.06(2) |0.0022(20) | -0.13(3) | 0.006(5) 1.7

330K ¢ | 0.126(6) | 0.0032(9) | -0.06(1) | 0.003(2) | 0.040(36) | 0.007(4) 1.3

The average distances from the X-ray absorber to the nearest neighbours — N in 1% coordination
sphere, N/C in 2™ shell, and the next Fe atoms have been summarised in Table 5.2.4 for
FeTrz—1 and FeTrz—4 at both spin states. In general, parameters obtained for microparticles
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show lower average values in comparison to nanoparticles. However, the trend of longer dis-
tances from the central Fe to atoms in the 1% and 2™ coordination sphere for HS structure is
observed in both FeTrz-1 and FeTrz-4. In comparison to the utilized structural model, the
obtained averaged distances, especially to the nearest N atoms, are characterized by higher val-
ues, which may be in part due to the partial Fe(III) content in the compound. However, in liter-
ature an example of EXAFS fitting performed on Fe-triazole nanoparticles with mean diameter
size > 20 nm could be found, for which the coordination distance from absorbing Fe atom to
the nearest N atoms is equal to 1.96(1) A for LS and 2.14(1)-2.19(4) A for HS'7®, which is close
to the values obtained during the fitting carried out for FeTrz-1 and FeTrz-4.

Table 5.2.4 Comparison of selected distances from central Fe atom for structures in HS and LS state derived
from EXAFS fitting of experimental data for nanoparticles (FeTrz-1) and microparticles (FeTrz-4).

Selected distances FeTrz-1 FeTrz-1 FeTrz-4 FeTrz-4
from central Fe @HS / A @LS /A @HS / A @LS /A
1.960(7) 1.953(7)
~ st
Fe-N (1% shell) 2.150(8) 2.051(7) 2.13(1) 2.044(6)
2.89(2) — 2.87(2) - 2.88(2) - 2.86(1) —
Fe- 2™ shell

e-C/N (2% shell) 3.2002) 3.05(2) 3.17(2) 3.05(1)
Fe-Fe 3.75(3) 3.72(4) 3.74(4) 3.71(3)

The plotted change of interatomic distances in the 1% coordination shell as a function of tem-
perature is presented in Figure 5.2.16, together with the dependence of Debye-Waller factor on
temperature of measurement for nanoparticles (FeTrz-1) and microparticles (FeTrz-4). The
values of interatomic Fe-N distance in the 1*t and 2" heating—cooling cycles for FeTrz-1 over-
lap once fully transitioned to LS or HS states. In the case of FeTrz-4, discrepancies in the
distance for the 2™ cycle at high temperature phase most probably derive from not obtaining
complete transition into the HS state. The temperature dependence of the Debye—Waller factor,
which reflects the degree of local structural disorder, was analysed for both nanoparticles and
microparticles in the low-spin (LS) state. At lower temperatures, the Debye—Waller factor ex-
hibits lower values (~0.004 A), which increase as the temperature rises, corresponding to the
transition of both structures to the high-spin (HS) state, where the factor reaches values around
~0.012 A. For both parameters, thermal hysteresis can be found, following the course of the HS
fraction from the XANES difference spectra. At the phase-transition temperatures, an abrupt
change in interatomic distance is observed, especially to N atoms at equatorial positions, cou-
pled with an observable increase of the Debye-Waller parameter at the temperatures near the
SCO transition, due to the disorder derived from the coexistence of both states. Divergent be-
haviour observed in Debye—Waller factor originates from the abrupt change of interatomic dis-
tance at the spin state switching from LS to HS and vice versa, which is characterized as a first—

order phase transition!8”-188,
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Figure 5.2.16 (A, B) The comparison of the temperature influence on the fitted bond length with error bars for

the Fe-N bonds in the 1% coordination sphere (N at equatorial and axial positions) between microparticles (grey)

and nanoparticles (red). (C, D) The comparison of the temperature influence on the fitted Debye-Waller factors

for the nearest neighbours distances Fe-N for nanoparticles (left) and microparticles (right) obtained for the 1%
and 2" heating-cooling cycles.

In fitting the EXAFS signal, a scattering path from an X-ray absorbing Fe atom to the nearest
Fe atom was taken into account (path 3). The temperature-dependence of interatomic distance
between metal centres for nanoparticles (FeTrz-1) and microparticles (FeTrz-4) is presented
in Figure 5.2.17, combined with R-factor describing the discrepancy of fits in the function of
temperature. For extracted Fe-Fe distance in the function of measurement temperatures, the ap-
pearance of a hysteresis loop is visible in the case of both types of studied material, with no-
ticeable difference in transition temperatures between nanoparticles characterized by lower 71,
and microparticles. However, in both cases, the difference in Fe-Fe distance between LS and
HS states is much smaller compared to the literature value'®’ and the starting model (0.23 A)'%,
The temperature-dependence of the R-factor, showing how well the model has been fitted in
the analysis for both structures, takes on lower values on the fits, where the experimental data
relate to structures after complete transition (> 2%), whereas at the temperatures near SCO
transitions they increase up to ~4%. Interestingly, at temperatures in which the LS state occurs
for microparticles (FeTrz-4), the fitted model is characterized by lower R-factor values. In con-
trast, for the highest temperatures, the HS-dominant state fitted model of nanoparticles (FeTrz-
1) is described by lower R-factor values.
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Figure 5.2.17 The comparison of the temperature influence on the fitted distances between two Fe centres, for
nanoparticles (A) and microparticles (C). Comparison of the R-factors (shown in %) in the function of tempera-
ture for the performed fits of the EXAFS signal for nanoparticles (B) and microparticles (D) in the 1% and 2"
heating-cooling cycles.

A comparative analysis of X-ray absorption spectroscopy (XAS), Mdssbauer spectroscopy, and
magnetic susceptibility data reveals discrepancies in the transition temperature (73/2) values
obtained from each technique. These variations in the measured transition temperatures arise
from differences in the sensitivity of each method to the electronic and magnetic properties of
the Fe(Il) spin-crossover (SCO) system. Such mismatches have been previously reported for
other Fe(II) SCO molecular systems and are a well-documented phenomenon in the study of
spin transitions. One possible explanation for this discrepancy is the influence of core exciton
formation, which can introduce perturbations in the bistability of the SCO system over a broad
temperature range. These excitonic effects may affect the energetic landscape of the spin tran-
sition, leading to deviations in the transition temperature depending on the technique used for
measurement. Additionally, surface effects have been identified as a contributing factor, par-
ticularly in XAS measurements. Ultimately, these differences highlight the complexity of char-
acterizing SCO transitions and emphasize the need for a multi-technique approach to fully cap-
ture the nuanced electronic and magnetic behaviour of Fe(II) SCO materials. Understanding the
interplay between surface effects, excitonic influences, and bulk properties is crucial for accu-
rately interpreting experimental data and optimizing the performance of SCO-based materials
in practical applications.
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5.3 Composite materials based on FeTrz NPs

In the subsequent study, the materials introduced earlier in the chapter were further investigated
concerning their incorporation into an organic polymer matrix, specifically in the form of elec-
trospun fibres. To assess the impact of the matrix structure on the properties of the FeTrz na-
noparticles, the selected materials were embedded in polyvinylpyrrolidone (PVP). These com-
posites were prepared both as electrospun fibres and drop-cast films for comparative analysis.
The results presented in the following subsection are part of research which is currently under

review for publication'®,

Preparation of composite materials with incorporated FeTrz NPs

The choice of the organic polymer matrix for the FeTrz system is the same as for PBAs pre-
sented in the previous chapter. And so for the preparation of polymer-based solutions for elec-
trospinning and drop-casting, PVP with a molecular weight equal to My, = 360 kDa was chosen
with methanol as the solvent. The protocol for the referenced PVP fibres has been described in
Chapter 4.

In the preparation of polymer solutions, FeTrz nanoparticles coated with SiO: were used as
fillers. The average lengths of the nanoparticles were 37.6 + 7.3 nm (FeTrz-1), 44.0 £ 12.1 nm
(FeTrz-2), and 119.6 = 16.9 nm (FeTrz-3). To ensure a homogeneous suspension of the PVP
matrix and FeTrz nanoparticles, the required amounts of FeTrz NPs, as listed in Table 5.3.1,
were re-dispersed in 4 ml of methanol using an ultrasonic homogenizer and magnetic stirring
for 24 hours. Subsequently, PVP 360 powder (~0.45 g) was added to the suspension to achieve
a 12% weight concentration of PVP in methanol. The resulting solution was mixed on a gyro-
mixer for an additional 24 hours to ensure complete dissolution of the polymer. Notably, the in-
tensity of the violet hue in the polymer suspensions, shown in Table 5.3.1, increased with the
initial concentration of FeTrz NPs.

Table 5.3.1 Experimental details for the preparation of PVP polymer solutions with incorporated FeTrz NPs.

Polymer suspensions | FeTrz-1/PVP FeTrz-2/PVP FeTrz-3/PVP
SCO NP concentration | 3.5% 10% | 3.5% 10% 20% | 3.5% 10%
Amount c;rflgsco NP 163 | 4751 | 1447 | 4831 | 1110 | 1597 | 4831
PVP360/¢g 0.459 | 0.455 | 0.454 | 0.454 | 0.455 | 0.455 | 0.459
Methanol / ml 4 4 4 4 4 4 4
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Figure 5.3.1 Photographs of electrospinning polymer suspensions of FeTrz-1, -2, and -3.

The materials were electrospun at room temperature, with an applied voltage of 13 kV, a rela-
tive humidity range of 35-50%, and a constant flow rate of 1.5 mL/h, maintained by a syringe
pump. The fibrous mats were deposited onto the metallic plate collector randomly, at a distance
of 10.5 cm from the tip of the needle to the counter electrode. The series of samples was pre-
pared with an initial concentration of the filler in the solvent-free material equal to 3.5% and
10% by weight for FeTrz-1, FeTrz-2, and FeTrz-3, with additional samples of FeTrz-2 con-
taining 20% of the NPs. Most of the composite mats produced through electrospinning exhib-
ited a predominantly white appearance, regardless of the size or concentration of the nanopar-
ticles incorporated. However, a notable difference was observed in the sample with the highest
nanoparticle concentration (20%), as the electrospun mat developed a distinct violet hue (Fig-
ure 5.3.2). This colour change is attributed to the significant presence of spin crossover (SCO)
nanoparticles within the fibre matrix, indicating successful integration and uniform dispersion
at higher loading levels.

Figure 5.3.2 The photography of electrospun composite of the FeTrz-2/PVP-20% fibres.

Additionally, samples prepared in the form of drop-casted foils have been fabricated with the
use of the same polymeric suspensions of FeTrz in the polymer solution of PVP/MeOH (Ta-
ble 5.3.1). A few drops of homogeneously dispersed suspensions have been placed onto the
cleaned glass substrate, used without any additional preparation, and put aside for complete
solvent evaporation. After the foils dried, they were scraped and used without any additional
preparation. Due to the form of the polymer matrix, the foils have been discontinued. However,
they maintained the intensive violet colour, similar to the used suspensions, presented in Fig-
ure 5.3.1.

5.3.1 Morphology and structural analysis of the electro-
spun composites

The fabricated electrospun fibres were characterized using SEM imaging. The analysis revealed
that all mats with varying concentrations of FeTrz NPs are composed of fibres with an average
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diameter of 670 + 450 nm, as presented in Figure 5.3.3. A more detailed inspection of the ma-
terials indicated two distinct morphological regions along the length of the fibre. The first re-
gion observed in the produced fibres is characterised by a smooth surface, with no visible dis-
turbances. On the other hand, there are areas of highly deformed regions, with the appearance
of bubble-like structures along the fibres and with surfaces of higher roughness.

S pm S pum

e

Figure 5.3.3 SEM images of the FeTrz-2/PVP-10%/20% fibres.

Upon closer inspection of the smooth region under transmission electron microscope (TEM),
FeTrz nanoparticles could be found, placed within the PVP matrix (Figure 5.3.4). Within the
smooth areas of fibres, there were domains of slightly larger fibre diameter. TEM observations
revealed that they originated from the accumulation of nanoparticles inside the space of the
fibre, while increasing its diameter (see Figure 5.3.4ABF). Interestingly, TEM also confirmed
the presence of NPs dispersed along the smooth regions of the fibres, which were not initially
visible in SEM images, indicating that the NPs could be embedded without significantly alter-
ing the polymer’s external morphology. Furthermore, the rod-like topology of NPs does not
play a significant role in the alignment, as the diameter of the fibres is significantly larger than
the fillers’ length, with non-uniform placement of nanoparticles within the matrix.
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Figure 5.3.4 TEM images of electrospun composites: FeTrz-1/PVP-10% (a), FeTrz-2/PVP-10% (b, c),
and FeTrz-3/PVP-10% (d, e, 1).

For the composite materials with a higher concentration of the NPs, notable deformations began
to emerge in the fibres, characterized by the formation of bubble-like structures outside the
main fibre structure. These bubbles can be associated with the aggregation of SCO filler and
are accompanied by disruptions or even breakages in the fibre surface (Figure 5.3.4a). The en-
ergy dispersive spectroscopy (EDS) has been used to map the bubbled regions, to confirm the
observations made during SEM imaging. Due to the characteristics of the measurements and
type of studied materials for FeTrz NPs embedded in the organic matrix, only the Fe atoms
could be mapped, as an indication of the filler. For the matrix, carbon was chosen, as it is a
main building element. Additionally, Si was mapped, which is associated with the used sub-
strate upon which the fibres were electrospun and not the SiO; shell, which coats the individual
FeTrz nanoparticles. It is worth mentioning that the X-ray characteristic radiation originating
from the substrate was much more intense compared to the other two elements, due to the sig-
nificantly thicker and more dense material, unlike individual composite fibres.

The mapped bubbled forms along fibres with 10% NPs are presented in Figure 5.3.5. As it was
mentioned above, the mapping of Si corresponds to the substrate, which, in particular, can be
seen as a dark fragment in the place of the bubble on the Si map. On the other hand, the carbon
signal follows the shape of the fibres and the bubbles on the fibres. And finally, the content of
Fe significantly increases on the bubbles, whereas the signal from the rest of the mapped area
is most probably due to the noise. Thus, the association of bubbles along the fibres with aggre-
gated FeTrz NPs, regardless of the size of the nanoparticles, with EDS mapping confirmed the
observation. It is worth mentioning that the overlapping carbon and iron maps at the bubble
may suggest that NPS in the thickenings along the fibres are most probably still covered with
the matrix polymer.
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Figure 5.3.5 SEM image of FeTrz-NP/PVP-10% composite fibres and the corresponding EDS mapping of
C, Fe, and Si.

5.3.2 Calorimetric measurements of FeTrz NPs and their
electrospun fibres

Differential Scanning Calorimetry (DSC) was employed to investigate the presence of spin-
crossover (SCO) features in the fibres by identifying phase transitions directly associated with
the SCO phenomenon. To estimate any potential thermal signals originating from the PVP ma-
trix, which could overlap with the SCO transitions, DSC measurements were first performed
on pure PVP fibres as a control (see Figure 5.3.6A). Before the measurement, fibres have been
cut into smaller fragments to fit into the measuring vessel, and they have not been subjected to
any additional processing, e.g. heated to remove residual solvent from freshly manufactured
material.

The measurement of the pure PVP matrix was essential for identifying thermal transitions spe-
cific to the matrix and their characteristics. This step was crucial to isolate the spin-crossover
phenomenon of the embedded nanoparticles from the intrinsic properties of the polymer matrix.
The results confirmed the initial assumptions, as the PVP matrix showed no thermal transitions
within the temperature range relevant to the SCO effect (300—400 K). This ensured that any
subsequent thermal features observed in the composites could be exclusively attributed to the
SCO nanoparticles embedded in the fibres. The feature observed in the polymer matrix, char-
acterized by a strong and broad peak in the heating (endothermic) curve between 300 K and
380 K, is most likely associated with solvent residues or moisture adsorbed on the fibres, as
PVP is a polymer with hygroscopic properties!*’. While heating above 400 K, around 455 K, a
small peak appears, associated with the glass transition of the polymer. The temperature of
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455.65 K corresponds to the tabular value for this transition of poly(vinylpyrrolidone) with

molecular weight equal to 360 kDa'?".
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Figure 5.3.6 A) DSC curves in heating (lower curve) and cooling (upper curve) for pure PVP fibres. Insert pre-
sents the enlarged transition at ~455 K related to the glass transition of the polymer. B) DSC curves in heating
(lower curves) and cooling (upper curves) for FeTrz-2-10% composite fibres. 1% scan marked in grey, 2" in
blue and 3™ in green.

As an example of the full DSC measurement with three consecutive scans performed on com-
posite FeTrz-2-10% is presented in Figure 5.3.6B. The 1¥ DSC run differs in the course, espe-
cially on the heating curve. The characteristic broad peak in the range below 380 K associated
with the residual moisture in the PVP fibres disappears in the following scans, with an addi-
tional shift of the first endothermic peak of embedded NPs toward higher temperature. The next
two DSC runs show better reproducibility, especially with the location of the sharp peak in the
heating curves. In the comparison of DSC signals of composites with the behaviour of pure
NPs, only the third measurement scans were taken into account.

DSC measurements conducted on composite materials containing SCO nanoparticles in com-
parison to powdered NPs are presented in Figure 5.3.7. As it was partially described at the
beginning of this chapter, upon heating, NPs exhibit a sharp endothermic transition originating
from the low to high-spin state. For the pure nanoparticle powdered samples, the temperature
transition was recorded from 375 K for FeTrz-1 to 382 K for FeTrz-3. Conversely, while cool-
ing, the scans for NPs recorded the exothermic transition from the high-spin (HS) to the low-
spin (LS) states. The cooling peaks appeared at 345 K, 348 K, and 351 K, for the samples
FeTrz-1, FeTrz-2, and FeTrz-3, respectively.

106



FeTrz-1 FeTrz-2 FeTrz-3
| \/

330 340 350 360 370 380 390 330 340 350 360 370 380 390 330 340 350 360 370 380 390

Heat flow / a.u.
Heat flow / a.u.
Heat flow / a.u

Temperature / K Temperature / K Temperature / K
FeTrz-1/PVP-3,5% FeTrz-2/PVP-3,5% FeTrz-3/PVP-3,5%
3 2 3
Ny 2 z
g FeTrz-1/PVP-10% g g
& elrz- -10% & FeTrz-2/PVP-10% = FeTrz-3/PVP-10%
E B g ‘—*—/\._________
= == ==

— V' v’ +

1 " 1 1 n 1 " 1 " " 1 1 " 1 " 1 1 " 1 1 " 1 n 1 1

330 340 350 360 370 380 390 330 340 350 360 370 380 390 330 340 350 360 370 380 390

Temperature / K Temperature / K Temperature / K

Figure 5.3.7 Comparison of DSC curves measured with a warming/cooling rate of 10 K-min™' for FeTrz-1,
FeTrz-2, and FeTrz-3 NPs and FeTrz-1/PVP-3.5%, FeTrz-1/PVP-10%, FeTrz-2/PVP-3.5%,
FeTrz-2/PVP-10%, FeTrz-3/PVP-3.5% and FeTrz-3/PVP-10% electrospun composites.

Notably, in all composite materials, the DSC curves revealed the same characteristic sharp
peaks during both cooling and heating cycles, reflecting the SCO behaviour of the embedded
nanoparticles. The temperatures related to the endothermic and exothermic peaks for compo-
sites and NPs have been summarized in Table 5.3.2. The observed shift of temperatures sug-
gests that the interaction between the PVP matrix and the nanoparticles affects the thermal
behaviour of the SCO transitions, potentially due to confinement effects or interfacial interac-
tions between the polymer and the embedded nanoparticles.

Table 5.3.2. The comparison of the position of the endo- and exothermic peaks for powdered FeTrz NPs and
their electrospun composites.

Sample Tendo(1) /K | Texo (1) / K
FeTrz-1 375 345
FeTrz-1wPVP-10% 377 345
FeTrz-1@PVP-3,5% 378 347
FeTrz-2 376 348
FeTrz-2@PVP-10% 380 347
FeTrz-2@PVP-3,5% 380 347
FeTrz-3 382 351
FeTrz-3@PVP-10% 380 350
FeTrz-3@PVP-3,5% 382 350
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To further assess the stability of the SCO behaviour in electrospun fibres, DSC measurements
were performed over six heating-cooling cycles for FeTrz-1/PVP-10% and FeTrz-2/PVP-
10%, with the results shown in Figure 5.3.8. The temperature range of the measurement did
not exceed 420 K, therefore, the glass temperature of the polymer matrix was not being
achieved. Following Figure 5.3.7 cycles no. 4-6 overlap with the 3™ heating-cooling cycles for
both samples. Starting from the 1% cooling cycles, the exothermic peaks do not shift with the
following scans. In contrast, there are minor discrepancies in the endothermic peak, as with
each scan the temperature is lowered; however, compared to the 1 heating scan, above the 3™
scan, they are not as significant.
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Figure 5.3.8 DSC curves measured for FeTrz-1/PVP-10% (A) and FeTrz-2/PVP-10% (B) after 6 measure-
ment cycles performed in the temperature range 300-400 K to confirm the repeatability of SCO behaviour
in fibres.

5.3.3 Magnetic properties of FeTrz NPs in the electro-
spun-based and drop-casted composite materials

To further investigate the spin-crossover properties of the fillers in the composite, magnetic
susceptibility was measured as a function of temperature in the range of 300-400 K, under
an applied field of 1 kOe. Within those temperatures, pre-synthesized NPs have been shown to
undergo a complete spin crossover transition characterized by high cooperativity. The electro-
spun fibres have been used for the magnetic measurements immediately after manufacturing,
without any additional treatment. During sample preparation, composite materials have been
folded into small cubes and placed into the gelatine capsules in order to give a sufficiently good
magnetic signal, due to the high dilution of SCO material in the matrix.

Following a methodology of pristine SCO NPs, to obtain consistent magnetic data, multiple
temperature cycles were measured (from 3 to 5), with varying sweeping rates of 1 or 2 K/min.
Similarly to DSC curves, in the first characterization of the composites’ properties, the initial
thermal cycles exhibited a slightly different course, which was attributed to remanent solvent
loss and adsorbed moisture on the electrospun fibres. From the third measurement cycle, the
magnetic data for the composites stabilized, signalling the achievement of a stable phase.
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Consequently, the data from the third cycle (recorded at 1 K/min) was used for all subsequent
discussions of the examined samples.

Uncorrected data of magnetic susceptibility in the function of temperature showed behaviour
associated with the residual paramagnetic impurities derived from the matrix (similar to
RbMnFe/PVP composite materials in Chapter 4). To extract the magnetic signal of embedded
NPs, the obtained data have been corrected experimentally using the Curie-Weiss law, accord-
ing to the equation (6). The comparison of thermal hysteresis recorded for NPs and their PVP-
based composites with 10% and 3.5% content of FeTrz NPs has been presented in Figure 5.3.9.
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Figure 5.3.9 Thermal variation of normalised y7 for FeTrz NPs and their electrospun composites with NPs
nominal concentration of 3.5% and 10%.

While comparing the SCO characteristics of composites to the behaviour of respective NPs,
the expansion of the thermal hysteresis is quite evident; however, no apparent trend is noticea-
ble. For FeTrz-1 based fibres, 712(1) shifts toward higher values (from 376 K to 381 K), re-
sulting in a ~34 K wide hysteresis, compared to ~28 K for the pure nanoparticles. In the case
of FeTrz-2-based composites, both 7'12(1) and T12(]) go in opposite directions, leading to the
more evident widening of thermal hysteresis from ~26 K for the NPs alone to ~34 K after
embedding into electrospun fibres. Finally, for the composites based on the largest NPs
(FeTrz—3), the shift of 71,2(]) toward lower temperatures is more noticeable, followed by the
expansion of the hysteresis from ~30 K (NPs) up to ~37 K for the electrospun fibres.

In addition to the alterations in temperature ranges at which the transition between pure NPs
and their composites occurs, it is crucial to highlight the markedly abrupt nature of the SCO
transitions observed in fibre-based composites. These observations align with literature exam-
ples, where pre-synthesized spin-crossover micro/nanoparticles have been integrated into dif-
ferent polymer matrices. Examples include their incorporation in epoxy-based photoresist
SU- 8% or micrometre-thick films in piezoelectric polymers®, also listed in Table 5.3.3. Nota-
bly, key features such as the widening of thermal hysteresis during magnetic measurements and
the retention of a high degree of cooperativity are observed.
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Table 5.3.3 The summary of the magnetic properties of prepared electrospun samples and drop-casted foils with
comparison to literature examples.

Sample Type of material | T'» (1)/K | T'2(])/K | AT/K
FeTrz-1 powder 376 347 28
FeTrz-1/PVP-3.5% 378 347 31
Electrospun fibres
381 347 34
FeTrz-1/PVP-10%
Drop-casted foil 375 340 35
FeTrz-2 powder 380 354 26
FeTrz-2/PVP-3.5% 378 345 33
Electrospun fibres
381 347 34
FeTrz-2/PVP-10% :
Drop-casted foil 381 340 41
Electrospun fibres 377 347 30
FeTrz-2/PVP-20% -
Drop-casted foil 384 338 46
FeTrz-3 powder 386 356 30
FeTrz-3/PVP-3.5% 385 348 37
Electrospun fibres
382 349 33
FeTrz-3/PVP-10% :
Drop-casted foil 387 340 47
Fe(Htrz)»(trz)](BF4) with -
[Fe(Hurz)o(trz)}(BFs) with aver powder ~380 ~350 30
age particle size ~85 nm
In SU-8" resin Spray-coated layer 386 327 59
[Fe{(Htrz)2(trz)}0.9(NHa-
trz)o3](BF4)1.1 with average par- powder 335 327 8
ticle size ~20 nm
in piezoelectric polymer
Drop-casted fil 340 32 13
(P(VDE-TtFE)? rop-casted film 7
[Fe(atrz)3]Cl2 powder 350 342 8
[Fe(atrz);]Cl> in PMMA®®? Electrospun fibres 353 345 8
[Fe(atrz);](2ns?), powder 317 293 24
[Fe(atrz);](2ns), in PMMA® | Electrospun fibres 315 296 19

2 epoxy-based photoresist; ® poly(vinylidene fluoride-co-trifluoro-ethylene); ¢ poly(methyl
methacrylate); ¢ 2-Naphthalenesulfonate

According to the literature search for the examples of embedded SCO-based components into
the fibres, the magnetic properties have been investigated twice®”®, for which the SCO prop-
erties have been summarized in the above Table 5.3.3. In these investigations, composites were
produced by dispersing or dissolving SCO compounds within organic polymer matrices.
The first study examined fibres composed of a blend of atactic polystyrene (aPS) and [Fe(4-
octadecyl-1,2,4-triazole)s3(ClO4)2], demonstrating that the spin-transition temperature of the
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composite was comparable to that of the pure complex®’. However, the transition in the com-
posite was more gradual, and unlike the pure SCO material, the composite showed no hysteresis
in the spin transition.

Another study was devoted to investigate the magnetic behaviour of a composite containing
iron(II) triazole complexes embedded in a poly(methyl methacrylate) (PMMA) nanofibres ma-
trix®?. The results showed that the composite retained SCO characteristics with only minor
changes in hysteresis relative to the pure SCO complex, indicating that the electrospinning pro-
cess had minimal impact on the material’s magnetic properties. A separate study involving pre-
synthesized SCO nanoparticles focused on the incorporation of [Fe(NH2-trz)s3]> nanoparticles
within a polylactic acid (PLA) matrix, with spin transitions analysed using Mossbauer spec-
troscopy. The findings revealed that the composites exhibited a mixture of high-spin (HS) and
low-spin (LS) states at room temperature, with additional Fe(IIl)-HS centres detected at both
low (77 K) and high (293 K) temperatures, likely as a result of the electrospinning process.
Additionally, the incorporation of the bulk [Fe(Htrz)>(trz)|BF4 material into electrospun poly-
mer matrix was investigated, where the Fe(II)-HS population at 273 K was observed in the
PLA-embedded material. This observation contrasts with the behaviour of the bulk material,
which at RT exhibits a low spin state. These results suggest that the electrospinning process
may influence the behaviour of SCO fillers, as evidenced by the mixed state observed at low-

spin temperatures, as supported by Mdssbauer data'®2,

As it was shown in Figure 5.3.9, after embedding pre-synthesized FeTrz NPs into PVP elec-
trospun fibres, the SCO effect is characterized by high cooperativity. To compare how the tech-
nique of the composite preparation and so the effect of the matrix may influence the SCO be-
haviour of the filler, composite films were prepared by drop-casting the electrospinning solution
onto a substrate. The comparison of the magnetic susceptibility as a function of temperature for
both electrospun fibres and films has been presented in Figure 5.3.10, with the magnetic char-
acteristic also included in Table 5.3.3. The spin transition characteristic changes significantly
when employing a drop-casting method in chosen SCO NPs coated with a thin silica coating
and placed in the PVP film. The temperatures of the transition are shifted toward lower temper-
atures, mainly 7'12(|). Additionally, the SCO transition becomes more gradual, with a noticea-
ble decrease in abruptness. These results demonstrate that a change from the composite prepa-
ration protocol from electrospun fibres to drop-casted films may induce some additional effects,
most probably involving the silica (TEOS) shell of NPs and the polymer matrix (PVP).
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Figure 5.3.10 The y-T vs. T plots for electrospun fibres and films obtained from the same solutions: 1-10% (A),
2-10% (B), and 3-10% (C).

According to the literature on the comparison of electrospun blend of TEOS/PVP and its cor-
responding drop-casted films!®?, there can be found significant structural differences. The au-
thors of the mentioned research analysed ATR-FTIR spectra and found that the divergent be-
haviour of the same solutions comes from the effectiveness of solvent evaporation during com-
posite preparation. As it was described in the introductory Chapter 3 about electrospinning
methodology, in this process, the solvent evaporation starts from the very beginning of fibre
formation, whereas for drop-casted foils, the solidification of the composites may take up to
a few days, depending greatly on the amount left for evaporation. In the mentioned study,
TEOS/PVP blends in the form of electrospun fibres exhibited stronger bonding interactions and
more organized silica networks. On the other hand, drop-casted films retained more moisture
and showed incomplete silica networks.
The presented magnetic results of electrospun fibres in comparison to dried foils have demon-
strated that fibres replicate and even enhance the SCO effect of the fillers, while the films show
the opposite. The differences in the preparation of electrospun composites and drop-cast films,
primarily due to variations in solvent evaporation efficiency, may influence the spin-crossover
behaviour of the embedded FeTrz nanoparticles. These observations highlight the importance
of carefully selecting the preparation method, as it can significantly affect the material’s prop-

erties, depending on the components used.

To elaborate on the SCO properties of NPs in the electrospun fibres, the magnetic properties of
composites based on FeTrz-2 and powdered NPs have been monitored by applying different
temperature sweep rates, while recording magnetic moment as a function of temperature (see
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Figure 5.3.11). In the field, it has been established that in SCO materials with faster scan and
heating/cooling rates, the transition temperatures change, and there is evident widening of ther-
mal hysteresis!*. In the case of the presented results, the evolution of the width of magnetic
hysteresis was investigated with scan rates in the range of 0.5-6 K/min.
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Figure 5.3.11 Normalised temperature dependence of y-T vs. T at scan rates ranging from 0.5 K-min'! to
6 K-min" ' measured for powder FeTrz-2 (top left), and it electrospun fibres with 3 concentrations:
20% (top right), 10% (down left), and 3.5% (down right).

Firstly, for the reference powder sample, FeTrz-2 NPs have been monitored, and only minimal
changes were observed in the y7 vs. T curves with varying temperature sweep rates, especially
in cooling, when with an increase of the sweeping rate, the branch of the hysteresis shifted
slightly to lower temperatures. Also worth noting is the minimal shift of the heating curve to
the higher temperatures for the lowest sweeping rate (0.5 K/min).

A more significant impact of the temperature sweep rate on the SCO behaviour was observed
in the electrospun fibres with three different concentrations of NPs (namely 20%, 10%, and
3.5%), summarized in Table 5.3.4. As the sweep rate decreased, the thermal hysteresis loops in
the composites broadened, suggesting a stronger dependence on the scanning speed. This effect
was particularly noticeable in the heating cycle, where the scan rate had a pronounced influence
on the transition behaviour. This pronounced dependence suggests that the polymer matrix
plays a critical role in modulating the kinetics of the SCO process, likely affecting how the
nanoparticles respond to thermal stimuli and altering the transition dynamics compared to the
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pure NPs. This influence of the polymer matrix on the thermal response highlights the im-
portance of the composite structure in tuning the SCO behaviour.

Table 5.3.4 The summary of the magnetic properties of FeTrz-2 NPs and their electrospun samples with differ-
ent NPs content (20%, 10% and 3.5%) derived from temperature dependence of ym7 vs T at scan rates ranging
from 0.5 K min™! to 6 K min™.

Sample Scanrate / K-min! | Tio (1) /K | T2 () /K | AT/ K

FeTrz-2 0.5 381.2 355.0 26.2

1 379.7 354.1 25.6

2 379.5 352.7 26.8

4 380.5 352.5 28.0

6 380.8 352.8 28.0

FeTrz-2/PVP-20% 0.5 384.7 348.6 36.1
1 381.0 347.0 34.0

2 379.5 346.0 33.5

4 379.3 345.9 334

6 379.3 346.1 33.2

FeTrz-2/PVP-10% 0.5 382.7 347.5 35.2
1 380.5 347.4 32.9

2 379.1 347.7 314

4 378.5 346.5 32.0

6 377.9 3479 30.0

FeTrz-2/PVP-3.5% 0.5 381.5 3453 36.2
1 378.2 345.0 332

2 376.7 345.3 314

4 375.8 344.3 31.5

6 375.8 345.0 30.8

At last, the properties of electrospun-based SCO composites were monitored over time in terms
of stability. The results from magnetic measurements obtained from the freshly electrospun
fibres were compared with data acquired after approximately four months (Figure 5.3.12A),
with almost no or small changes in the spin-crossover response. Whereas, the degrading effect
over time has been spotted for the suspensions used in the electrospinning process, resulting in
a gradual loss of violet hue (Figure 5.3.12B).
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Figure 5.3.12 A) Comparison of the normalised y-7 vs. T plots for electrospun fibres: FeTrz-1/PVP-10% (top
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5.4 Summary of the chapter

This chapter explores the characterization of Fe(II) spin-crossover (SCO) nanoparticles (NPs)
and their incorporation into electrospun polymer-based composite fibres for advanced func-
tional materials. The initial section focuses on the electronic and magnetic properties of FeTrz
SCO NPs, probed through X-ray absorption spectroscopy, Mdssbauer spectroscopy, and mag-
netic susceptibility measurements. Comparative analysis revealed variations in the spin transi-
tion temperature (71,2) across these techniques, driven by their differing sensitivities to the NPs’
electronic and magnetic states. Factors such as core exciton formation and surface effects, par-
ticularly evident in XAS, contribute to these discrepancies, emphasizing the complexity of SCO
transitions. These findings highlight the importance of a multi-technique approach to capture
the interplay between surface, excitonic, and bulk properties, which is essential for optimizing
SCO materials for practical applications.

The subsequent section details the preparation of composite materials by dispersing synthesized
FeTrz NPs into an organic solvent compatible with a selected PVP polymer, followed by
an electrospinning process to produce composite fibre mats. Variations in NP size and concen-
tration led to distinct fibre morphologies, as observed via SEM, with NPs clustering in specific
regions. DSC and magnetic measurements confirmed robust spin transitions in all samples, with
NP size influencing transition temperatures and hysteresis widths. The SCO-based fibres ex-
hibited stable magnetic properties over time, and compared to drop-casted films, they demon-
strated superior spin-crossover behaviour, likely due to enhanced polymer-NP interactions and
efficient solvent evaporation during electrospinning. Electron microscopy and magnetic anal-
yses further validated the uniform integration of NPs within the fibre matrix, while the absence
of significant degradation ensured the retention of SCO functionality.

The final section evaluates the potential of these electrospun SCO-based fibres for smart fabric
applications. The fibres displayed improved mechanical properties, such as flexibility and ro-
bustness, compared to standalone NPs, which are often brittle. The electrospinning process en-
sured solvent-free composites with homogeneous NP distribution, minimizing degradation
from prolonged solvent exposure. Comparative studies with drop-casted films highlighted the
significant matrix effect in the electrospun fibres, where polymer interactions and silica coat-
ings on the nanoparticles enhanced the SCO performance. This work presents a scalable and
efficient method for fabricating multifunctional, switchable fibres, demonstrating their poten-
tial for applications in smart textiles and responsive materials, with dynamic and stable re-
sponses to temperature-induced spin transitions.
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6. Composites based on the CT molecular chain

The following chapter will focus on the coordination chain based on the Fe and Ni metal centres
{NH4[Ni(cyclam)][Fe(CN)¢]-5 H2O}n (cyclam=1,4,8,11-tetraazacyclotetradecane), which at
certain external conditions undergoes the charge transfer (CT) process, involving the metal cen-
tres, often called metal-to-metal charge transfer®. The chapter contains results from the syn-
thesis and miniaturization, followed by studies of the electronic structure by X-ray absorption
spectroscopy. The latter part of the chapter includes information on the preparation of compo-
site materials based on the NiFe-chain particles in the organic polymer matrix in the form of
electrospun fibre mats and drop-casted foils. Their properties, such as morphology, bistable
properties, and reaction to external stimuli, are discussed. The results in the following subsec-
tions are part of a research study for which the manuscript has been submitted and is currently

under review'?.

6.1 Multifunctional coordination chain based on Ni
and Fe

The CN-bridged coordination chain {NH4[Ni(cyclam)][Fe(CN)s]-5H20}n (NiFe-chain) is
a unique multistable system, which exhibits reversible thermal MMCT phase transition with
bistability in the room temperature region. This recently designed compound serves as an ana-
logue to the previously synthesized and extensively characterized polymer
{(H30)[Ni(cyclam)][Fe(CN)]-5H20},'%, which is recognized for its ability to change the ox-
idation states of nickel and iron ions in response to dehydration and rehydration processes.
The structure of {NHa[Ni(cyclam)][Fe(CN)s]-5H20}, chain magnet is shown in Figure 6.1.1.
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Figure 6.1.1 Structure visualisations of NiFe-chain. A) View of the molecular chain segment. (B) Superimposed
LT (blue) and HT (red) structures within one Ni—Fe assembly centre and the neighbouring cyclam and cyano-
ligands. (C) View along the c-axis of NiFe-chains packing along the a-axis, with intercalated NH4" and H,O

molecules.

The selected coordination chain exhibits a remarkable ability to exist in three distinct forms at
room temperature, with its state being switchable under external stimuli such as temperature,
humidity, and pressure. These external factors induce changes in its magnetic properties
(e.g., magnetic susceptibility) and optical properties (e.g., colour). At room temperature,
the chain undergoes reversible transitions between two stable phases: a high-temperature (HT)
Ni(II)-Fe(IIl) phase, characterized by a red coloration, and a low-temperature (LT) Ni(III)-
Fe(II) phase, exhibiting a dark blue colour. The electron-transfer-driven phase transition is ac-
companied by thermal hysteresis within the room-temperature range, which can shift to higher
temperatures under the influence of pressure. Notably, this enables the transition from the HT
to the LT phase without the need for cooling. Moreover, dehydration of the chain results in its
transformation into an anhydrous form, {(NH4)[Ni(Il)(cyclam)][Fe(III)(CN)s]}» (deh), which
is yellow. In this dehydrated state, electron transfer from Fe(III) to Ni(II) is inhibited; however,
the process can be reversed through rehydration. Consequently, this complex demonstrates
the capacity to exist at room temperature in three stable forms, each characterized by distinct
magnetic and optical properties. The transitions between these forms are governed by electron
transfer processes controlled by external stimuli (Figure 6.1.2).
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Figure 6.1.2 Schematic representation of stimuli-responsive changes in the electronic structure of NiFe-chain,
between three stable phases: high-temperature (HT) phase, low-temperature (LT) phase, dehydrated phase.

6.1.1 Miniaturisation process of multifunctional coordi-
nation NiFe-chain

The preparation of bimetallic 1D chain-like structure {NHs[Ni(cyclam)][Fe(CN)¢s]-5 H2O}x
crystals (NiFe-crystals) was performed according to the literature protocol®®. The reaction un-
dergoes in the aqueous solution of ammonium chloride (2M) into which [Ni(cyclam)]** cation
and [Fe(CN)s]* anion are introduced by dissolving pre-synthesised [Ni(cyclam)](NO3), and
commercially available K3[Fe(CN)s]. The initial concentrations of the cationic and anionic
parts are equal to 5 mM, each. After dissolution of the substrates, they are combined into one
bottle, which results in immediate precipitation of the brown powder of a 2D honeycomb-like
structure {[Ni(cyclam)]3;[Fe(CN)¢]2-z H2O}n (NiFe-layer)!®’. For the process of recrystalliza-
tion to take place and for better crystal growth, the bottle with precipitate in the NH4Cl solution
must be put aside in the water bath at a temperature of 40 °C for 2-4 weeks. The resulting dark-
brown crystals of needle-like topology (typical dimensions: 3 mm length and 0.5 mm width)
were taken out from the mother solution and quickly washed with warm distilled water at 40 °C
to discard residual NH4Cl on the surface.

To obtain sub-micro and nanoparticles of the NiFe-chain at the preliminary phase, two ap-
proaches were taken into account!'®®. A top-down strategy, which involved direct miniaturiza-
tion of the freshly synthesised crystals'®. The second one, a bottom-up technique, required
modifications at the stage of the synthesis, during formation of the coordination structure®®.
However, the fragility of the system to the changes of aqueous conditions, such as the addition
of organic polymer during synthesis, resulted in the formation of the initial NiFe-layer. Due to
the necessity of the presence of ammonium cation NH4" and the prolonged time of the recrys-
tallization phase, the modifications of the synthetic protocol to obtain nanoscale crystals of
NiFe-chain have proved to be unsuccessful. And so, to obtain sub-micro and nanoscale
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particles of the bistable NiFe-chain, the top-down approach has been utilized as the most ef-
fective method.

In the first step of the post-synthetic modifications, freshly synthesised as HT phase dark brown
NiFe-crystals have been placed in the agate mortar and manually crashed to the point where,
apart from the change to the powdered form, their colour transformed to blue, indicating change
to the LT phase in response to the applied pressure. The prepared powder was transferred into
the 20 ml vial and covered with chloroform or dimethylformamide (DMF) (~20 ml). The re-
sulting suspensions of the NiFe-chain particles turned immediately dark green, indicating a de-
hydration of the NiFe-chain particles. As prepared suspensions were subjected to the sonifica-
tion procedure, using an ultrasonication homogenizer probe operating at 30% power amplitude
without pulsation for 45 minutes. To minimize solvent evaporation caused by overheating dur-
ing the reduction process, the procedure was divided into three stages. Each was composed of
15 minutes of sonification followed by the time for cooling of the solvent. After the sonification
stage, the suspensions were placed in a Petri dish and left aside for the complete evaporation of
the solvent, with DMF being less prone to evaporate. The resulting light green powder of min-
imised NiFe-chain particles formed in chloroform (named NiFe-microcrystals) was scraped
from the bottom of the vessel. In the case of particles prepared with DMF (named NiFe-micro-
crystals/DMF), a partial transition to brown powder was observed.

6.1.2 Morphology and magnetic properties after minia-
turisation

In the first approach, the effectiveness of the top-down miniaturization technique was analysed
with SEM microscopy. The samples for imaging were prepared by placing a drop of the sus-
pension onto the cleaned silicon wafer and were used after the evaporation of the solvent.
The freshly synthesised NiFe-chain crystals show a characteristic needle-like topology, shown
in Figure 6.1.3. The proposed method to obtain sub-micro to nanoscale particles (NiFe-micro-
crystals) resulted in irregularly shaped grains, with evident loss of needle-like topology.
The analysis of the particles’ dimensions showed a fairly large size distribution, with an average
size equal to 0.136 (£ 0.100) um for particles sonicated in CHCI3 and 0.141 (£ 0.093) um in
the case of DMF-sonicated crystals. Additionally, for the latter, hexagonally shaped particles
were noticed, suggesting a partial recrystallization of the NiFe-layer, most probably due to the
prolonged evaporation of solvent. For this reason, further study on NiFe-microcrystals was
conducted only on powder after sonification in chloroform.
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Figure 6.1.3 SEM image of NiFe-chain crystals before miniaturisation (A) and after sonication in CHCI3 (B)
and DMF (D), with the histogram of their particle size distribution of NiFe-microcrystals (C).

As it was proven several times in literature, the size reduction of the coordination molecular
magnetic materials may lead to changes in magnetic behaviour. These observations were mostly
based on PBA structures'’®, where superparamagnetic states were observed, or SCO systems?°!,
for which extensive research for the synthesis of nanoparticles was conducted through the years.
For the latter, the changes of properties due to the diminished size were connected with surface
effects, for which at the nanoscale their influence is much greater due to the increased surface-

to-volume ratio.

To demonstrate that the charge transfer effect is preserved in the NiFe-chain after size reduc-
tion via sonication, magnetic measurements were conducted. For this purpose, both the crystal-
line form of the NiFe-chain (referred to as NiFe-crystals) and the sonicated powder form
(NiFe-microcrystals), obtained through treatment in chloroform, were studied using magne-
tometry. Samples were placed in double-layer polyethylene (PE) bags, moistened with a few
drops of 2 M aqueous NH4Cl solution, and then sealed. The addition of ammonium chloride
ensured that the magnetic measurements were conducted on hydrated phases, which are re-
quired for observing temperature-dependent electron transfer. Figure 6.1.4 shows the tempera-
ture dependence of magnetic susceptibility for the NiFe-chain before and after the miniaturi-
zation process, confirming the retention of the charge transfer effect post-sonication. At first
glance, the profile for the miniaturized NiFe-chain shows hysteretic behaviour, which confirms
that the optically observed change of colour derives from the thermally induced electron

121



transfer bistability. The visible difference in the profiles indicates that diminishing the size of
particles makes the transition to the low-temperature (LT) phase more gradual, over a larger
temperature range (A7 = 19 K). This way, the full transition of the oxidation pair from Ni(Il)—
Fe(III) at high temperatures to Ni(III)-Fe(II) at low temperatures is reached at 265 K, making
it 15 K lower than for the freshly synthesised crystals. On the other hand, the reverse transition,
so change from LT to HT phase for NiFe-microcrystals, occurs at the same temperature range
as for NiFe-crystals, without much change of the sharpness of the transition.

—O0— NiFe-microcrystals —o— NiFe-crystals

— o
h o

AT,/ emu - mol - K™!
S

=
W

260 270 280 290 300 310 320
Temperature / K

Figure 6.1.4 Thermal variation of y7 for NiFe-crystal and NiFe-microcrystal samples.

6.1.3 XAS measurements on crystals and microcrystals

To directly probe the electronic structures of the metal ions in the NiFe-chain before and after
miniaturization, XAS measurements at the Fe and Ni K-edges were performed as a function of
temperature. The samples of NiFe-chain during measurement were sealed in a Polyethylene
(PE) foil bag under a protective layer of 2M NH4Cl solution. The Fe K-edge and Ni K-edge
spectra of NiFe-crystals and NiFe-microcrystals recorded at 330 K and 250 K / 260 K are
compared to the Fe and Ni K-edge of references: K4[Fe(CN)s]/K3[Fe(CN)s] and
[Ni(cyclam)]**/[Ni(cyclam)]*" nitrate salts (Figure 6.1.5). With the change of temperature,
the antagonistic behaviour of Fe and Ni K-edges is observed, which confirms the complemen-
tary roles played by the two metal ions during the charge transfer process. The spectra recorded
at 330 K correspond to the high-temperature (HT) phase: Ni(Il)-Fe(III), while spectra measured
at 250 K / 260 K correspond to the low-temperature (LT) phase: Ni(IlI)-Fe(I). This is fully
consistent with the results obtained for the reference samples.
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Figure 6.1.5 Normalized absorption coefficient at Fe (A, C, E) and Ni (B, D, F) K-edge for recorded references
(K4[Fe(CN)s]/K;3[Fe(CN)s] and [Ni(cyclam)]?>*/[Ni(cyclam)]** salts) and NiFe-chain in the form of crystals and
microcrystals, for the last two recorded at temperature-dependent measurements at the border temperatures
(330K for high temperature and 250 K or 260 K for low temperature), showcasing the antagonist change of
XANES characteristics between Fe and Ni K-edges, due to the charge transfer effect.

While the overall modification of the Fe K-edge is relatively minor, due to the low spin state of
Fe atoms in both HT and LT phases, significantly larger variations are observed at the Ni
K—edge. These changes are attributed to the shortening of Ni-N bonds at low temperatures and
a notable alteration in the Ni coordination sphere’*>?%*. The primary characteristics of the K-
edge spectra arise from the electric dipole-allowed 1s — 4p transitions, which dominate the
spectral profile. However, in addition to these main features, small peaks or shoulders appear
at lower energies, corresponding to the less intense 1s — 3d electric quadrupole transitions.
Although these transitions are generally weaker, they provide valuable insights into the local
electronic structure of the metal centre. In particular, the pre-edge region is widely utilized in
the literature as a diagnostic tool for determining both the oxidation and spin states of transition
metal ions, such as Fe or Ni. By analysing the intensity, energy position, and shape of these
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pre-edge features, it is possible to gain crucial information about the electronic configuration
and coordination environment of the metal centres.

Since the samples of interest contain Ni and Fe in both phases, which are 6-coordinated, the pre-
edge features associated with octahedral coordination show the lowest intensity!®4. This is be-
cause, in centrosymmetric environments, these features correspond to electric dipole forbidden
transitions. Nevertheless, very weak pre-edge peaks are still experimentally detected, with elec-
tric quadrupole coupling being the most likely mechanism behind the observed intensity. The
analysis of the extracted pre-edge region (Figure 6.1.6) clearly shows temperature-dependent
changes in the oxidation states of the Fe and Ni metal ions. Specifically, as the temperature
decreases from 330 K to 260 K, Fe ions are reduced from Fe(III) to Fe(II), while Ni ions are
oxidized from Ni(II) to Ni(III). Notably, at 250 K, the XAS features characteristic of Ni(Il) and
Fe(III) are completely absent. The observed shifts in the pre-edge positions, particularly for Ni,
align with the trend observed for electric dipole-allowed 1s — 4p transitions, where higher
oxidation states cause the peak position to shift to higher energies by approximately 1 eV
(see Tables 6.1.1 and 6.1.2).

% references * g)o references p J‘
|
I ]
8 P 8 < | ‘e
I <« Gt . P | Nin < <
O |t L APV RE o .
EL‘ * *| * J
[ | o? |*
Fe(IT) | - o |
| | Ni(ll), o o
"””l’” - RN g | I .,
| — - *
w |erystals | w |crystals I |
9 | | Q v
g | ‘| Y E v M vl W'
5 |HT(330K)_ Y ¥ I o5 | HT(330K), ¥ I I
= v | v I 4 vy v
§ v v Y | L] § v | o Ada v v
= T(60K) | 1 = o
o pALERD L S| LT@60K) |, % | | A
£ A Shla a aas - I A
= | || = '
E microcrystals : L E microcrystals ;|
| I
HT (330 K) : . HT (330 K) |
[ s " .
LT (250 K) " " ! " Y
.-.lll.l- LT(ESE]E)-' "
T T T . T T T HI
7108 7110 7112 7114 7116 8328 8330 8332 8334 8336
Energy / eV Energy / eV

Figure 6.1.6 Pre-edge region of normalized absorption coefficient at Fe and Ni K-edge for references,

NiFe-crystals and NiFe-microcrystals from temperature-dependent measurements (at the border temperatures).

The energy position and splitting of pre-edge features were found to vary systematically with
oxidation and spin state, along with the geometry, which in the interested samples remained
octahedral for both Ni and Fe in both phases. As it is observed for the reference samples only
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for Fe(IlI), more than one feature appears in the pre-edge region. Being in a low-spin state and
octahedral coordination, the ground state of the Fe(II) complex has a (t2¢)'(e¢)* hole configu-
ration with two one-electron allowed excited configurations of (t2g)’(ee)* and (t2e)'(eg)’. It re-
sults in the appearance of two pre-edge features of different intensity at ~7111 and ~7114 eV.
Whereas, for Fe(Il) complex in a low-spin octahedral coordination the ground state has
(t2¢)°(eg)* hole configuration and so (t2¢)’(ee)’ is the only allowed excited hole configuration,
giving rise to a single quadrupole allowed transition into excited state, and the appearance of
a single pre-edge feature at ~7113.5 eV. A change from two to one feature, when going from
Fe(IIT) to Fe(IT) also takes place for crystals and microcrystals upon heating (to Fe(III) at 330 K)
and cooling (to Fe(II) at 250 K / 260 K), what has been presented in details in Table 6.1.1. In the
case of Ni reference samples, there is no change in the number of pre-edge features, as Ni(Il)
in an octahedral environment d® electronic configuration allows only one possible configuration
for the excited state, resulting in a single peak in this region. The same is true for Ni(Ill) com-
plex, provided that it remains 6-coordinated in a low-spin state, with a ground state (t2¢)’(e,)’
hole configuration, and giving rise to an excited state of (t2¢)’(es)> and appearance of a single
peak. However, the position of this single pre-edge peak shifts from ~8332.5 eV to ~8333.5 eV
upon oxidation from Ni(II) to Ni(III). Similarly to Fe, the data originating from NiFe-chain in
the form of crystals and microcrystals at marginal temperatures exhibit comparable character-
istics (Table 6.1.2). These observations suggest that the electron transfer is highly efficient and
proceeds to full completion under applied conditions for both NiFe-crystals and NiFe-micro-
crystals, leading to a quantitative conversion of Fe(III) to Fe(II) and Ni(II) to Ni(III).

Table 6.1.1 The analysis of pre-edge peak positions for Fe K-edge for reference salts, NiFe-crystals,
and NiFe-microcrystals at maximal and minimal measured temperatures.

Compound | Ks[Fe(CN)s] | Ki[Fe(CN)s] |  NiFe-chain crystals NiFe'Chait';l‘: ferocrys-

Temperature RT RT 330K 260 K 330K 250K

Metiioofda' Fe(IIl) Fe(II) Fe(IIT) Fe(II) Fe(IIT) Fe(II)
Pre-edge | 2111 508) 7111.05(7) 7111.07(9)

pea:r(zlen- 1an | T | 500 | 130 | 1 1aess | T113400)
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Table 6.1.2 The analysis of pre-edge peak positions for Ni K-edge for reference salts, NiFe-crystals,
and NiFe-microcrystals at maximal and minimal measured temperatures.

[Ni(cyclam)] | [Ni(cyclam)] . . NiFe-chain microcrys-
Compound (NOs)» (NO3); NiFe-chain crystals tals
Temperature RT RT 330K 260 K 330K 250K
Metal oxida-
© iio";‘lda Ni(ID) Ni(II) Ni(ID) Ni(II) Ni(ID) Ni(II)
Pre-edge
2.58(4 S14 2.74(4 S7(1 2. 42
peak energy 8332.58(4) | 8333.51(4) | 8332.74(4) | 8333.57(1) | 8332.75(7) | 8333.42(5)

To gain deeper insight into the dynamics of the MMCT process, XAS spectra were measured
in the broad temperature range (260-330 K) during heating and cooling. Figure 6.1.7 presents
the spectral differences observed for NiFe-crystals and NiFe-microcrystals as a function of
temperature, with reference data for NiFe-crystals recorded at 330 K, representing the highest
temperature measurement, used as the standard. These absorption variations, directly associated
with the charge transfer process, were subsequently utilized to calculate the fraction of the high-
temperature (HT) phase (yur phase)'®®, by extracting the integrated area under the curves for
certain temperatures (A7) and normalized with the upper and lower limit, for LT (4.1) and HT
(Aur) phase respectively, according to following equation:

(Ar — Arr)
(Anr — Arr)

The results are displayed in Figure 6.1.8, illustrating a clear transition from a predominant HT
phase at elevated temperatures to a minority phase in the low-temperature region. This trans-
formation exhibits a pronounced hysteretic behaviour between the heating and cooling scans.
Moreover, a visible shift towards lower temperature is observed for the NiFe-microcrystals
sample in comparison to NiFe-crystals. This observation is more distinct in comparison to the
magnetic behaviour of the microcrystalline sample, especially in the heating curve. The dis-

XHS phase =

crepancies may derive from the difference in temperature stabilization, as for XAS, temperature
was stabilised each time (during full scan measurements for two edges, ~1 h), whereas for mag-
netic measurement, it was performed in sweeping mode. Nevertheless, these results show that
size reduction results in a lower temperature for the onset of the charge transfer process, thereby
promoting the transition from the HT to the LT phase at reduced temperatures.
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Figure 6.1.7 Temperature-dependent difference spectra for Fe (left panel) and Ni (right panel) edge,
for NiFe-crystals (upper panel) and NiFe-microcrystals (lower panel). Difference spectra have been obtained
by subtracting the data recorded on the Fe and Ni edges at 330 K, as the highest temperature measurement
for NiFe-crystals.
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Figure 6.1.8 Calculated fraction of the high-temperature (HT) phase yir phase from the difference spectra in the
following ranges: for Fe K-edge in the 7110-7165 eV range and Ni K-edge in the 8330-8404 eV range.
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6.2 Electrospun-based composites with NiFe-micro-
crystals

In the subsequent study, the miniaturisation methodology of NiFe-chain was further developed
by incorporation of as-prepared NiFe-microcrystals into an organic polymer matrix, specifi-
cally in the form of electrospun fibres. Due to the fragility of the NiFe-chain under aqueous/al-
coholic conditions, certain modifications in the choice of polymer, solvents, and the polymer
suspension preparation were undertaken, compared to previous chapters. The following sub-
section describes the analysis of polymer matrix influence on the possibilities to obtain switch-
able electrospun fibres containing NiFe-chain particles.

6.2.1 Preparation of electrospun fibre mats

During the preparation of electrospun mats with embedded NiFe-chain particles, two kinds of
organic polymers were chosen: 1) hydrophobic and semi-crystalline poly(e-lactone) (PCL)
with My, = 80 000; 2) amphiphilic and amorphous poly(2-vinylpyridine-co-styrene) (P2VP-PS)
with My, = 220 000. In the composite preparation for effective fibre production, two types of
solvents were taken into account: 1) a mixture of chloroform—methanol with a volume ratio of
CHCIl3: MeOH equal to 3:1, for both PCL and P2VP-PS; 2) pure dimethylformamide DMF for
P2VP-PS fibre production.

Electrospun fibres of pure polymers

Before introducing NiFe-chain particles into the solutions containing organic polymers such
as PCL or P2VP-PS, it was necessary to establish an optimized electrospinning process. Due to
the relatively high popularity of PCL polymer in producing electrospun fibres, the most suitable
concentration of the polymer in the solvent mixture, such as chloroform-methanol (3:1), was
known without prior optimization (10% wt.)***. The copolymer P2VP-PS, being relatively less
explored for electrospun fibre production, required an initial optimization process. For the com-
monly used chloroform—methanol solvent mixture, an optimal polymer concentration of
12 wt% was selected based on established laboratory protocols!*’. However, when the solvent
was changed to dimethylformamide (DMF), further optimization was necessary. Due to DMF’s
significantly lower volatility compared to the chloroform—methanol system, a higher polymer
concentration, up to 22 wt%, was required to achieve successful fibre formation?%~2%. SEM
images showcasing the morphology of the pure electrospun fibres of PCL (from CHCl; with
MeOH), P2VP-PS (CHCI3+MeOH), and P2VP-PS (DMF) are shown in Figure 6.2.1. It is
worth noticing the difference between the polymers, as without any other additions, PCL fibres
are more prone to form a lumpy texture, whereas fibres of P2VP-PS form a more porous struc-
ture along the fibres. It is even more evident for the DMF sample, as during the electrospinning
process, this solvent evaporates more slowly than a mixture of chloroform and methanol, which
was shown to have a great effect on the porosity of the electrospun fibres. The difference be-
tween the pure polymer fibres is also evident in the analysis of the average diameter presented
in the form of a histogram. For the same reason as it was for increasing porosity, the DMF-
based fibres are characterised by the lowest value of the average diameter, 0.539 (£ 0.157) pm,
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with the smallest size dispersion among the others. On the contrary, the preparation of the
P2VP-PS fibres from the CHCl3 and MeOH mixture provided fibres with the highest value of
the average diameter and increased size distribution — 1.350 (+ 0.451) pm. Changing to the
PCL polymer provides fibres with a decreased average diameter of 0.787 (£ 0.274) um.

[ PCL (CHCI, + MeOH)
[ P2VP-PS (CHCI,+MeOH)
[ P2vVP-PS (DMF)

HM

Size / um

Figure 6.2.1 SEM images of PCL (A) and P2VP-PS (B) electrospun from CHCI3 and MeOH mixture, with
the comparison of the size distribution of the average diameter of produced electrospun fibres of pure polymers
used to prepare composite materials with NiFe-chain (C).

Preparation of electrospinning solutions containing NiFe-microcrystals

It 1s important to emphasize the sensitivity of the NiFe-chain system to certain solvents, par-
ticularly water and low-carbon alcohols such as methanol and ethanol. Exposure of NiFe-chain
crystals to these solvents induces a structural transformation from the original one-dimensional
(1D) chain configuration to a two-dimensional (2D) honeycomb-like NiFe-layer, typically ob-
served as a brown powder. This recrystallization is driven by the removal of ammonium cations
from the coordination framework, an essential component for maintaining the charge transfer
properties of the system. The explanation of the importance of NH4" is based on the formation
of hydrogen bonds, which favour the electron transfer between metal centres. For this reason,
following the correct step order in composite preparation is crucial for successfully producing
bistable composites based on the NiFe-chain. Additionally, during optimization of composite
production, it was noticed that the NiFe-chain will remain stable under certain solvents, such
as DMF. However, due to prolonged evaporation, the recrystallization process starts to take
place for the suspension of NiFe-microcrystals in DMF without any other additions. And so,
for this solvent, electrospun composites containing NiFe-chain were prepared in a slightly dif-
ferent manner.

Chloroform-methanol (3:1) mixture

For the preparation of electrospinning solutions using a CHCls — MeOH mixture, miniaturized
NiFe-chain powder was incorporated as a component in both PCL and P2VP-PS polymer
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matrices. To achieve a homogeneous dispersion of NiFe-chain particles in the organic polymer
solution, the powder was first redispersed in an appropriate amount of chloroform and briefly
sonicated using an ultrahomogenizer probe for approximately 45 minutes. Next, methanol was
added to the vial. The dark green colour of the suspension was a good indicator that, at that
time, no recrystallization was taking place due to the presence of MeOH molecules. Then,
an appropriate organic polymer was quickly added to the suspension. The amounts of the or-
ganic polymer were calculated based on the weight of the suspensions to provide a mass con-
centration of PCL in the polymer suspension equal to 10% wt. (NiFe- fibres 1) or the percent-
age of suspension equivalent to 12% wt. for P2VP-PS polymer (NiFe-fibres 2). Immediately
after adding the organic matrix to the vessels, the mixtures were placed onto the gyromixer to
provide a constant mixing during a slow dissolution of organic polymers into the suspensions.
Additionally, it also allowed the suspended particles of NiFe-chain to constantly mix in the
whole volume of the polymer solution and decrease the probability of forming clusters, which
then would settle on the bottom of the vial. Detailed amounts of each component are presented
in Table 6.2.1.

DMF-based solution

The preparation of polymer solutions in DMF containing NiFe-chain and P2VP-PS polymer
required a different approach for the preparation of initial NiFe-microcrystals. However, as it
was shown, the change of the solvent to DMF did not have any greater influence on the size of
the particles. As there was no evaporation stage, for the NiFe-chain to remain in its form, the
suspension was sonicated with an ultrahomogenizer probe in 5 intervals with a short 2-min
sonication time, to minimize the effect of overheating. Then, appropriate amounts of P2VP-PS
were added into the vial to give a mass concentration of the polymer to the whole content of
the vessel equal to 22% wt. (for details, see Table 6.2.1). The bottle was placed onto the gyro-
mixer to the point of complete dissolution of the P2VP-PS polymer.

Table 6.2.1 Detailed amounts of the used materials to produce electrospinning solutions containing NiFe-chain
with calculated NiFe-chain mass concentration in final electrospun fibres.

A f
NI:IFO:riIO CHCl: | o P2VP | % wt. NiFe-
Sample MeOH PCL/g | -PS/ | chain in electro-
crocrystals / ml
/ ml: ml g spun fibres
/ mg
NiFe-fibres 1
180 6:2 - 1.096 - 14.1
(PCL)
NiFe-fibres 2
1 :2 - - 1.2 11.
(P2VP-PS) 60 6 00 8
NiFe-fibres 3
1 - 4 - 1.11 13.
(P2VP-PS) 80 7 3.9

Electrospinning process of composites based on NiFe-chain

In the protocol for obtaining electrospun mats, the prepared polymer suspensions were intro-
duced into the plastic syringe, attached to the electrospinning setup described in Chapter 3.

130



After cleaning the metal plate as counter electrode, high voltage was applied of either 11 kV
for PCL and P2VP-PS solutions based on the CHClz — MeOH mixture (NiFe-fibres 1 and
NiFe-fibres 2). For the DMF-based solutions with P2VP-PS polymer, the applied voltage was
equal to 13 kV (sample NiFe-fibres 3). During the electrospinning process, the temperature
oscillated around 20-210 °C, and the relative humidity in the electrospinning chamber was kept
in the range from 36% to 47%. The syringe filled with a composite polymer solution was con-
nected to the pump, which kept a constant flow rate at 1.5 ml/h. In the cases of clogging of
the needle, the flow rate was momentarily increased to 4 ml/h. The fibrous mats were collected
randomly on a metallic plate, placed at a distance of 10.5 cm from the tip of the needle. From
all the polymeric suspensions containing NiFe-chain with an initial dark green colour of the
solutions, the resulting mats had a distinctive light yellow colour.

6.2.2 Morphology of the electrospun composites with
NiFe-chain

Composite materials of NiFe-chain obtained in the form of electrospun fibres were first ob-
served under an optical microscope for mats in both polymers (PCL and P2VP-PS). The images
(Figure 6.2.2) present continuous materials without any disruptions, with visible changes in
their colours depending on the external conditions. And so, a freshly obtained fibre mat is char-
acterized by a light yellow colour. After placing them in high humidity, a change to light brown
is noticed, and later, by setting them aside in the fridge at 40 °C, it turns to light blue. Addition-
ally, noticeable differences between polymers can be pointed out, such as the formation of a pa-
per-like layer by electrospun PCL matrix and a cloud-like material with the use of P2VP-PS
in the formation of composites. In both cases, the presence of small dots of NiFe-chain clusters
can be observed within the materials with the magnification available by the optical microscope.
The colour changes derived from the functionality of the coordination system are easily distin-
guishable but of much lower intensity than the pure powdered form.

PCL fibers

+

P2VP-PS fibers H20

3

|

X

Figure 6.2.2 Optical microscope images of NiFe-fibres 1 (PCL) (upper row) and NiFe-fibres 2 (P2VP-PS)
(lower row) in three different forms, as dehydrated (yellow), in HT form (light brown), and LT form (light blue).
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To take a closer look at electrospun fibres with NiFe-chain, a series of SEM images were made
for all three types of the composites (NiFe-fibres 1, NiFe-fibres 2, and NiFe-fibres 3), which
are presented in Figure 6.2.3. For SEM imaging, the fibres were directly collected on the
cleaned silicon wafer in small portions and sputtered with Au, for better imaging, as fibres
represent 3D structures. The morphology of the pure polymer fibres remains similar in the com-
posites, with the appearance of thicker regions along the fibres.

>
—

Figure 6.2.3 SEM images of NiFe-fibres 1/PCL (A), NiFe-fibres 2/P2VP-PS (B), and NiFe-fibres 3/P2VP-PS
(C) obtained with SE detection.

To correlate the thicker regions of the fibres with the presence of NiFe-chain particles, a dif-
ferent detection was chosen — instead of secondary electrons (SE), backscattered electrons
(BSE) were measured. For this type of imaging, it was necessary to use carbon-coated fibres,
as the layer of Au on the surface of the organic polymer would not give any other signal, except
for gold. Images obtained with this type of detection are presented in Figure 6.2.4. To correctly
interpret them, it is important to mention the relation used in electron microscopy, that chemical
elements with higher atomic number appear brighter and with better contrast during imaging.
With a BSE detector and carbon coating, it was possible to distinguish regions with higher
electron content, such as Ni and Fe atoms, compared to the organic matrix composed of C, H,
O, and N. In this approach to characterize the obtained fibres, the appearance of the thickenings
in the fibres can be explained, as NiFe-chain grains of irregular shapes can be easily noticed
along the fibres. Not only that, the filler particles can also be found along fibres, where no
expansion of the matrix is evident, or the space along the fibre is only partially occupied.
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Figure 6.2.4 SEM images of NiFe-fibres 1 (A), NiFe-fibres 2 (B), and NiFe-fibres 3 (C) obtained with BSE
detection and their appropriate size distribution of fibre diameters outside and at NiFe-chain grains embedded in
electrospun fibres (D-F).

The knowledge of the fibres’ composition was used during the analysis of the fibres’ diameters,
as it was divided into two regions — purely organic fibre and the diameters of the broadened
fragments, with histograms presented in Figure 6.2.4. For the fibres based on PCL, the pre-
dominant diameter distribution falls within the range of 0.473 (= 0.198) um in the thinner re-
gions, described as outside the thickened part. The fragments enriched with the NiFe-chain
increased the size of the fibres up to 1.052 (£ 0.659) um. As for the thickest strings produced
with P2VP-PS polymer obtained from the chloroform-methanol mixture, this trend was also
evident after introducing the NiFe-chain. For this material, the average diameter of the fibres’
width ranges from 1.062 (£ 0.254) um to 1.689 (£ 0.727) um, in the regions without and with
NiFe-chain filler, respectively. In correlation to the purely polymeric electrospun fibres of
P2VP-PS from DMF solvent, the incorporation of the coordination particles increased the av-
erage diameters of the fibres from 0.595 (£ 0.183) um in the regions without evident presence
of NiFe-chain particles to 0.890 (£ 0.295) um at the sites with embedded grains. The values
for the average size of fibres before and after the incorporation of functional material have been
summarized in Table 6.2.2, together with the size of NiFe-microcrystals mentioned in the pre-
vious subsection.
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Table 6.2.2 Size distribution of composite fibres width (NiFe-fibres 1/2/3) measured in two regions: far from
the NiFe-chain grains and in the regions rich in NiFe-chain particles. For comparison, the average size of
NiFe-microcrystals after sonication in CHCl3 and DMF is given, together with the average width of electrospun
fibres of undoped PCL and P2VP-PS polymers.

Mean diameter of the fi- | Mean diameter of the
Sample Polymer matrix Solvent bre far from the NiFe fibre at the NiFe
grains / pm grains / um
NiFe-fibres 1 PCL CHCL; 0.473 (£ 0.198) 1.052 (+0.659)
+MeOH ' ' ' '
. CHCl;

- - + +
NiFe-fibres 2 P2VP-PS MeOH 1.062 (£ 0.254) 1.689 (£ 0.727)
NiFe-fibres 3 P2VP-PS DMF 0.595 (£ 0.183) 0.890 (+ 0.295)

Sample Solvent Size of the grains deposited after miniaturization
/ pm
NiFe-microcrystals CHCI; 0.136 (£ 0.100)
NiFe-microcrystals/DMF DMF 0.141 (£ 0.093)
Sample Solvent Mean diameter of pure fibres / um
CHCIls +
. +0.
PCL fibres MeOH 0.787 (£ 0.274)
CHCI; +
- . +0.
P2VP-PS fibres MeOH 1.350 (£ 0.451)
P2VP-PS fibres DMF 0.539 (£ 0.157)

The validity of the observations derived from the SEM imaging with SE and BSE detection
modes was also confirmed by EDS mapping. The measurements were performed on the un-

coated samples, but due to the relatively small percentage of areas rich with high atomic number
elements, such as Ni or Fe, in comparison to the silicon wafer and carbon-rich organic matrix,
the signal-to-noise ratio is small. However, regions that were correlated with areas enriched
with NiFe-chain particles (the thickenings along the fibres) are quite easily distinguishable,
with much more intensive colours both for Ni and Fe, compared to the rest (Figure 6.2.5).

Figure 6.2.5 EDS mapping of Fe (green) and Ni(red) performed for (A) NiFe-fibres 1 (PCL) and
(B) NiFe-fibres 2 (P2VP-PS).
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In the case of grains that in Figure 6.2.4 are of much smaller size compared to organic fibre, it
was necessary to perform a further in-depth analysis with the use of much more advanced equip-
ment. For that reason, fibres of NiFe-fibres 3 (P2VP-PS) were investigated under EDS coupled
with a high-angle annular dark-field scanning transmission electron microscope (HAADF-
STEM). Image obtained from EDS resulted in the more precise mapping of the elements
(Ni and Fe), illustrating that during the preparation, fibres with finely tuned and partially sepa-
rated NiFe-chain particles were produced, without much interference into the structure of the
polymer string (Figure 6.2.6), what had consequences on the properties of the material.

500 nm 500 nm 500 nm

Figure 6.2.6 HAADF-STEM image (left) and corresponding elemental distribution maps of Ni (green) and
Fe (violet) in NiFe-fibres 3 (P2VP-PS) composite fibre.

The incorporation of NiFe-chain into the electrospun fibres was also studied with a Raman
spectrometer with a 532 nm laser. In the original study reporting the synthesis of the
NiFe—chain, IR spectroscopy was employed to investigate the vibrational states of the coordi-
nation structure. However, in the case of the composite materials, the results were inconclusive
due to the dominant IR signal from the organic polymer, which overshadowed the spectral fea-
tures of the NiFe coordination network. During measurements of NiFe-chain powder, a laser
power of only 1% was required, as the sample was highly sensitive to laser-induced burning.
In the resulting spectra, a characteristic double band was observed, corresponding to the stretch-
ing vibrations of the cyano-ligands, with peaks at 2126 cm™ and 2146 cm™* (Figure 6.2.7).
For the composite material containing the organic polymer, a laser power of 10% was used
without causing thermal degradation. The surrounding polymer matrix appeared to provide
thermal protection, resulting in significantly improved signal quality for the NiFe-chain. Fur-
thermore, the higher laser power enabled effective probing of the thicker regions of the electro-
spun fibres, which were enriched with the NiFe-chain. As for the organic polymer matrices
(PCL and P2VP-PS) in the region of Raman shift between 2000 cm™ and 2200 cm™!, no bands
appear. So then, for NiFe-fibres 1 (PCL) and NiFe-fibres 2 (P2VP-PS), the double bands that
can be found at ~2125 cm™ and ~2145 ¢cm™! can only correspond to the cyano-ligand in the
coordination structure. There are no evident changes after embedding the NiFe-chain into the
semi-crystalline and amorphous polymers. Only a slight blue shift is observed for the P2VP—-PS
based fibres to 2128 cm™ and 2148 cm!. In the case of the polymer matrix, for the PCL, a char-
acteristic band in the range between 1700 cm™ and 1750 cm™! corresponds to the stretching
vibration of the carbonyl group C=0 in the PCL chain (marked with a violet box)*"’.
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Figure 6.2.7 (A) Raman spectra for the NiFe-chain and its composites, NiFe-fibres-1 and NiFe-fibres-2.
(B) Enlarged region of Raman spectra with bands derived from vibrational stretching of the cyano-ligands.

6.2.3 Magnetic characterisation of electrospun NiFe-
chain composites

To probe the temperature-induced charge transfer effect on the composite materials and confirm
the origin of the colour change to the electron transfer (Figure 6.2.8), DC magnetization was
measured with variable temperature (250-320K) and applied field of 1000 Oe. In initial tests,
magnetization appeared temperature-independent, and samples retrieved from the straw holder
exhibited a yellow colour, suggesting possible dehydration during measurement. To mitigate
this, the composite samples were sealed in double-layer polyethylene (PE) foil bags, as was
done for the NiFe-crystals, to prevent dehydration under the vacuum conditions of the SQUID
magnetometer. To ensure stability and reproducibility in the thermal hysteresis behaviour of
magnetic susceptibility, multiple temperature cycling experiments were performed. Similar to
spin crossover-based systems, the magnetic susceptibility data were corrected using the Curie—
Weiss law to isolate the contribution from the NiFe-chain. The analysis of the temperature-
dependent magnetic susceptibility of the electrospun fibres filled with NiFe-microcrystals
showed reproduced behaviour recorded for NiFe-chain crystals (Figure 6.1.4). All the infor-
mation about the transition temperatures and width of the thermal hysteresis loops for compo-
sites and starting NiFe-chain material has been summarized in Table 6.2.3. In general, the com-
posites exhibit a slight shift toward lower values of the transition temperatures both in the cool-
ing and heating cycles. The most pronounced differences can be observed for the P2VP-PS
fibres produced from both types of solvent, the mixture of CHCl3z with MeOH and from DMF.
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Figure 6.2.8 Variable-temperature magnetic susceptibility recorded at a sweeping rate of 1 K/min at 1kOe for
the composites of NiFe-chain in comparison to NiFe-chain in the form of crystals and microcrystals. For the

composite samples, the results are shown after employing a correction based on the Curie-Weiss law.

The concentration of NiFe-chain particles embedded within electrospun fibres of PCL and
P2VP-PS has been quantified using molar magnetic susceptibility measurements as a function
of temperature. Under the assumption of a complete transition from the high-temperature (HT)
to low-temperature (LT) phase for the composite materials, the inter-branch distance was ad-
justed by multiplying the mass of the composite sample by a parameter indicative of mass con-
centration (Table 6.2.3; calc. wt%). A comparison of the experimentally derived values with
those theoretically predicted based on the synthetic protocol reveals a consistently lower con-
tent of NiFe-chain particles across all three types of electrospun fibres, with the most notable
reduction observed in the PCL-based fibres. The observed discrepancies are likely attributed to
the specific preparation protocol and procedural steps involved during sample fabrication.

Table 6.2.3 Comparison of magnetic measurement data for NiFe-chain and its composites.

Samol T | | Tw1 | Hysteresis Synthesis Calculated
e /K | /K | width/K Wt% Wt%
NiFe-crystals 282 310 28 - -
NiFe-microcrystals | 276 310 34 - -
NiFe-fibres 1
280 | 306 26 14.1 7.8
(PCL)
NiFe-fibres 2
2 2 11. 10.
(P2VP-PS) 78 | 305 7 8 0.7
NiFe-fibres 3
2 13. 10.2
(P2VP-PS) 76 | 306 30 3.9 0
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6.2.4 Hydration/dehydration effects on the NiFe-chain
electrospun fibres

The ability to reversibly hydrate-dehydrate crystals of NiFe-chain facilitates changes in the
material colour between brown and yellow and, more importantly, switches on and off the elec-
tron transfer. This behaviour prompted the research on composites to focus on the effect of
humidity and their stability. As it was shown in the original study, sorption-desorption iso-
therms recorded at room temperature for NiFe-chain exhibit a fairly wide hysteresis in the
range of 20-80% relative humidity (RH), with a sharp transition during water intake and release.
The characteristic steps derived from the incorporation of five water molecules per formula unit
into the structure at high humidity create a pentahydrate phase, and their release in the low
relative humidity regime, forming a dehydrated phase. The process is fully reversible and can
be repeated without material fatigue. However, at the first desorption step, NiFe-chain crystals
lose crystallinity, which is associated with the decrease of the unit cell volume. With exposure
of the material to humid air (above 80% RH), the water molecules are incorporated with re-
stored crystallinity.

To extract the behaviour of the embedded NiFe-chain in the electrospun fibres, it was necessary
to investigate the sorption properties of the matrix itself. For that purpose, undoped PCL and
P2VP-PS fibres have been studied with a dynamic vapor sorption (DVS) apparatus (Fig-
ure 6.2.9). The isotherms recorded for PCL-based fibres showed no sign of sorption-desorption
hysteresis in the range of 0-97% relative humidity. The slight increase in the mass change below
0.75% can be attributed to the adsorption of the water molecules on the surface of the electro-
spun mat. On the other hand, the latter reference material — P2VP-PS fibres, in varied relative
humidity at constant temperature, reveal a different behaviour for the hydration and dehydration
of water molecules. Contrary to the NiFe-chain, the hysteresis is gradual without an evident
step, but spans over a broad range of relative humidity, 20-96% RH. Compared to PCL fibres,
in P2VP-PS, the mass change due to the water intake is much higher, reaching a value of 7%
at the highest humidity.
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Figure 6.2.9 Sorption-desorption isotherms for PCL and P2VP-PS based electrospun fibres recorded at 298 K
as a reference for the composite materials.

The sorption-desorption isotherms recorded at the temperature of 298 K for the NiFe-micro-
crystals loaded electrospun composites are presented in Figure 6.2.10. They can be easily char-
acterized as a combination of the polymer matrices’ isotherms with abrupt transitions originat-
ing from NiFe-chain crystals. The indicator for the presence of the latter is sharp changes in
mass, especially in desorption, which occur at similar humidity parameters for all composite
samples. Contrary to the behaviour of pure NiFe-microcrystal filler, the isotherms of the com-
posite show a slight change between the first and the second sorption cycles in the high humid-
ity regime. For the PCL-based fibres, it is much more evident that during the first sorption
cycle, the sharp change in mass is shifted towards higher relative humidity (occurs at 92%)).
After effective dehydration and second rehydration, the abrupt step derived from the NiFe-
chain appears at 82% RH, recreating its characteristics in the complete sorption/desorption cy-
cle. The explanation for this difference between the first and the second hydration/dehydration
cycles may lie in the fabrication methodology, in particular, the use of non-polar solvents. Ad-
ditionally, the properties of the polymer matrix may also play a crucial role; as for the P2VP-
PS-based fibres, this behaviour is less pronounced. For the samples NiFe-fibres 2 and 3
(P2VP-PS), in the desorption sharp transition at 20% RH also appears from between the poly-
mer matrix background behaviour. During sorption at the high humidity regimes, the difference
in the first and the second run is less visible in mass change as, in general, the transitions are
more gradual compared to PCL-based fibres.
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Figure 6.2.10 Sorption-desorption isotherms for PCL and P2VP-PS based electrospun fibres composites con-
taining NiFe-microcrystals recorded at 298 K.

The DVS experiments are known to be very sensitive to any changes in the mass that take place
due to the sorption/desorption of water molecules by the material. For that reason, the obtained
data was used to calculate the content of NiFe-chain in the electrospun fibres in comparison to
the theoretical percentage of the filler in the final material derived from the synthetic protocol.
A method for the calculation was based on the difference in desorption mass change at
~20%RH, as in both polymer matrices, the NiFe-chain step change is very characteristic and
cannot be mistaken for the behaviour ascribed to organic polymer. When considering a mass
change for NiFe-chain crystals, the difference in the desorption is equal to 16.88%. As for the
composites with the highest NiFe-microcrystal initial content, after subtraction, the values of
the step are as follows: 1.24% (NiFe-fibres 1), 1.85% (NiFe-fibres 2), and 2.07% (NiFe-fi-
bres 3). Based on these proportions, the calculated NiFe-microcrystal mass concentration for
the mentioned composites is equivalent to 7.4, 10.9, and 12.3 %, respectively (Table 6.2.4).
The comparison of the calculated concentration of the functional filler in fibres is in line with
the % wt extracted from magnetic measurements; however, comparing the values to the theo-
retical ones, there is an interesting correlation between the polymer type and the calculated
amounts. For the co-polymer P2VP-PS composites from the chloroform-methanol mixture
NiFe-fibres 2 and from DMF NiFe-fibres 3, the calculated values are consistent with the syn-
thetic ones. On the other hand, the calculations for the PCL composites give amounts that are
almost twice underestimated. This discrepancy may have its origin in the hydrophobic character
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of the polymer matrix itself. As shown in Figure 6.2.9, electrospun mats of pure PCL polymer
practically do not absorb any water molecules up to 96% RH. Therefore, it is plausible that the
polymer matrix may partially block the access of water molecules from being incorporated into
the crystal structure of the NiFe-chain. Also, it is probable that the sharp transitions in sorption
and desorption for the PCL-based electrospun mats may come from the larger particles of
NiFe-microcrystals with relatively small polymer coverage. Whereas the smaller particles that
are deeply embedded into the fibres do not contribute to the effective hydration/dehydration,
contrary to the P2VP-PS-based composites.

Table 6.2.4 The comparison of the theoretical and calculated amounts of NiFe-chain in the electrospun compo-
sites.

Sample Polymer Solvent o o

. J Synthesis | SQUID | DVS
NiFe-fibres 1 PCL CHCIl; +MeOH 14.1 7.8 7.4
NiFe-fibres 2 | P2VP-PS | CHCIl; +MeOH 11.8 10.7 10.9
NiFe-fibres 3 | P2VP-PS DMF 13.9 10.2 12.3

6.2.5 Diffraction studies on the electrospun composites

To corroborate on the switching between the hydrated and dehydrated phases of NiFe-chain in
the electrospun fibres of PCL and P2VP-PS, the structural changes of the coordination system
have been studied with X-ray diffraction (PXRD) experiments. Fibres were directly collected
onto the Si(100) wafer with a high degree of sample uniformity and mounted on the diffrac-
tometer for data collection without additional preparations. To study the degree of structural
changes in the composite materials (NiFe-fibres 1/2/3), their references have been measured:
polymer matrix PCL and P2VP-PS and NiFe-microcrystals in the dehydrated phase. For com-
parison, the diffractogram of the fully hydrated HT phase has been simulated from the literature
data. Additionally, for a better understanding of structural changes in the composites in re-
sponse to changes in external conditions, it was necessary to include the structure of a 2D hon-
eycomb-like NiFe-layer.

As pointed out in the previous chapter about the sorption properties of NiFe-chain crystals,
the structural transformation associated with the reversible hydration/dehydration process in-
duces changes in unit cell parameters. During the transition from pentahydrate to dehydrate, the
volume of a unit cell is reduced, leading to a collapse of the crystals (presented in Figure 6.2.11).
In the diffraction pattern, a shift of the peaks to higher 20 values is observed, along with slight
peak broadening. However, NiFe-chain presents an interesting ability to reversibly lose and
regain its crystallinity over several cycles, after exposing the material to dry and humid air
alternately. As it was mentioned in the passage devoted to the preparation of the studied mate-
rials, direct contact of NiFe-chain crystals with water induces a recrystallization process by
leaching ammonium cations from the 1D coordination structure into the 2D honeycomb-like
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topology of the NiFe-layer. In the diffraction pattern, the beginning of this transformation can
be observed by the appearance of diffraction peaks at 20 below 7.5° (marked with violet dashed
box), which do not appear for any of the three phases of NiFe-chain (neither HT, LT, nor de-
hydrated).

NiFe-chain, HT dehydrated

NiFe-chain, HT hydrated

Intensity / a.u.

NiFe-layer

20/°

Figure 6.2.11 Diffraction patterns for NiFe-chain in HT dehydrated state (measured) and HT hydrated state
(generated from cif)® in comparison to NiFe-layer!'"’.

When analysing the structural transformation of the NiFe-chain in the electrospun fibres, it was
necessary to establish the base diffraction pattern originating from the polymer matrix. In the
description of chosen polymer matrices (Chapter 3), it was mentioned that PCL and P2VP-PS
polymers differ in the degree of crystallinity, as they are characterized as semi-crystalline and
amorphous, respectively. And so in XRD measurements it can be easily distinguish by the ap-
pearance of sharp diffraction peaks at 21.347(1)° and 23.708(3)° for PCL electrospun mat,
whereas for P2VP-PS based composites there are only very broad maxima at 11.07(3)° and
19.36(1)°, which is in agreement with literature data’’®2!° (Figure 6.2.12). For that reason,
the interpretation of the structural transformations of NiFe-chain in the electrospun fibres for
the latter one may be much more straightforward; however, the lack of diffraction peaks at low
angles (below 20°) for PCL facilitated the identification of changes in the NiFe-chain structure.
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Figure 6.2.12 Diffraction patterns for undoped PCL (upper panel) and P2VP-PS (lower panel) fibres.

According to the preparation protocol, when depositing the fibres from either PCL or
P2VP-PS polymer, the characteristic yellow colour of the materials can be observed (Fig-
ure 6.2.2), which derives from the dehydrated NiFe-chain. Diffraction patterns for NiFe-fi-
bres 1 (PCL), NiFe-fibres 2 (P2VP-PS), and NiFe-fibres 3 (P2VP-PS) support these observa-
tions presented in Figure 6.2.13 as a bottom green pattern for each of the samples. Interestingly,
for PCL-based fibres at ~11.6°, a double peak can be found, contrary to P2VP-PS-based fibre
mats. It may indicate a higher degree of crystallinity of NiFe-microcrystals when freshly de-
posited. When exposed to conditions of high water vapour content for several hours, the colour
change occurs to light brown in all three examples. Diffractograms obtained after this transfor-
mation of the freshly deposited mats display an intriguing correlation between the polymer ma-
trix and structural changes of the filler. For P2VP-PS-based electrospun fibres, a complete
transformation to hydrated NiFe-chain is observed both in NiFe-fibres 2 (electrospun from
chloroform-methanol mixture) and NiFe-fibres 3 (electrospun from DMF). On the other hand,
for NiFe-fibres 1 (PCL), the diffractogram presents itself as a mix of partially hydrated and
dehydrated particles of NiFe-microcrystals. This observation supports the proposition from
sorption studies described in previous paragraph, as only a part of encapsulated grains of
NiFe—chain inside PCL based fibres undergoes the change into hydrated HT phase, giving
an explanation to the discrepancies in calculated content of filler in PCL mats from sorption/de-

sorption isotherms, as well as in concentration derived from magnetic measurements (Ta-
ble 6.2.4).
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Figure 6.2.13 The comparison of the structural changes of NiFe-chain in the composites NiFe-fibres 1
(PCL, upper panel), NiFe-fibres 2 (P2VP-PS, middle panel), and NiFe-fibres 3 (P2VP-PS, lower panel).

To observe a full transition from the dehydrated to the hydrated form of the NiFe-chain in all
three materials, the samples have been submerged in distilled water for 1 hour. Diffractograms
obtained after this procedure show the successful hydration of all NiFe-chain particles in PCL
electrospun mats without any additional phase. In contrast to that, for P2VP-PS-based fibres
after immersion in water, diffraction Bragg peaks for 20 below 7.5° start to appear, which derive
from the NiFe-layer. These observations point out that the PCL matrix acts as a barrier even
for the largest NiFe-chain particles from water, whereas P2VP-PS can be penetrated by water
molecules, especially for the sample electrospun from DMF, which was characterized by the
smallest value of the average fibre diameter. Introducing all three samples into the oven at
a temperature of 40°C for 1 h causes complete dehydration of the NiFe-chain in the case of
NiFe-fibres 1 (PCL) mat or only partial transformation into anhydrous NiFe-chain in the
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P2VP-PS based fibres. In the diffraction patterns of NiFe-fibres 2 and NiFe-fibres 3, the Bragg
peaks ascribed to the NiFe-layer below 7.5 degrees do not disappear, especially for the sample
electrospun from DMF. As for the PCL-based composite, interestingly, the peak at 11.6° after
dehydration does not split into two, which may imply that after the hydration-dehydration cycle,
the degree of crystallinity of embedded NiFe-chain grains decreases.
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6.3 Drop-casted composite foil with NiFe-chain

The multifunctional properties of the NiFe-chain come not only from reversible phase transi-
tions between high-temperature (HT) and low-temperature (LT) states with temperature change
but also between hydrated and dehydrated phases under varying humidity conditions. An im-
portant feature highlighted in previous studies on a crystalline form of NiFe-chain is the effect
of small applied pressure on the phase transition temperature, which shifts linearly from 309 K
at ambient pressure to 339 K at 85 MPa. Additionally, the transition between the LT and HT
phases becomes more gradual under pressure, suggesting that mechanical stress influences the
memory effect within the bistability region. This property positions the NiFe-chain as a prom-
ising candidate for use in pressure sensing applications. Building on this, the following study
investigates pressure-induced MMCT in NiFe-chain-based composites, specifically in drop-
casted foils, where NiFe-microcrystals are embedded in a PCL polymer matrix. These com-
posites feature higher filler concentrations compared to electrospun fiber-based materials,
providing a platform for further exploration of their pressure-sensitive behaviour.

Preparation of composite foils

As the primary purpose of foil preparation was not only to compare their properties to electro-
spun fibers but to prepare materials for an experiment at the SOLARIS National Synchrotron
Facility in Krakow, several parameters of the final foil had to be taken into account. Namely,
it was necessary to guarantee an adequate concentration of MMCT-active additive and ensure
relatively high homogeneity of the samples. In the production of the films, the fragility of
NiFe—chain crystals has to be taken into account, as the preparation involved pouring the sus-
pensions onto a certain surface and waiting for the complete solvent evaporation, solvents that
would induce the recrystallization of NiFe-chain to NiFe-layer had to be omitted, namely
methanol or DMF. For this reason, the drop-casted films were prepared from the “safe” solvents
— chloroform or dichloromethane; however, only the latter was chosen due to slightly better
properties of the final drop-casted films. Furthermore, the high volatility of dichloromethane
served as an advantage in reducing the level of NiFe-chain particle aggregation and nonuniform
drying out of the polymer matrix, which, to some extent, could not be avoided. Additionally,
only one of the polymers was chosen for film fabrication — PCL. Because of its properties,
it could be easily peeled off the surface without damaging the film.

The protocol to prepare the drop-casted films with NiFe-chain was as follows. Powdered
NiFe—1p was covered with small amounts (5-10 ml) of CH>Cl; and shortly sonicated for better
dispersion. Then, PCL polymer was introduced to give the NiFe-chain concentration in the
final solvent-free drop-casted film equal to 10, 20, or 30% wt. Detailed amounts of the used
substrates can be found in Table 6.3.1. After full dissolution of the polymer with the use of
a gyromixer, the suspensions have been poured into the Petri dish (with diameters of 5 cm),
covered with crystallization vials, and left aside for complete evaporation of the solvents.
Freshly produced films were characterized by partially green/dark green and blue/dark blue
colours, with a difference in colour being more noticeable in films of the lowest concentration.
After holding the foils above hot water, vapours changed into a uniformly brown colour was
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observed, which could be reversed by placing the samples in the fridge at around 4°C, which
resulted in a uniform blue/dark blue colour (Figure 6.3.1).

Table 6.3.1 Preparation details used for PCL drop-casted foils with NiFe-chain particles.

Sample Amount of PCL % wt. NiFe-chain
P NiFe-chain [mg] [mg] in drop-casted films
NiFe-foil 1 19 174 10%
NiFe-foil 2 51 204 20%
NiFe-foil 3 78 187 30%
A B

NiFe-foil 1 @ HT

NiFe-foil 1 @ LT

NiFe-foil 1 deh

Figure 6.3.1 A) Images taken for three phases (HT, LT, and dehydrated) for the least concentrated NiFe-foil 1.
B) Photographic representation of NiFe-chain in the high-temperature phase for NiFe-foil 2 and 3. C) The com-
parison of the low-temperature phase of the NiFe-chain in three prepared drop-casted foils in PCL matrix.

6.3.1 Morphology and switching properties of drop-
casted foils

Drop-casted foils composed of PCL matrix with various % wt. of NiFe-chain particles were
characterised by a relatively uniform thickness of ~ 0.5 mm and a smooth surface. Owing to
the properties of the PCL polymer matrix, samples could be seamlessly cut into the necessary
dimensions. As shown in Figure 6.3.1, prepared films are characterized by colours derived from
NiFe-chain filler, the intensity increases with initial concentration, which is even more evident
in comparison to much less concentrated electrospun fibers’ composites. However, the appear-
ance of larger particles or their aggregations is more pronounced, even with organoleptic
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observations, especially in NiFe-foil 3. The closer inspection of composites with an optical
microscope presented in Figure 6.3.2A showed that on a microscopic level, the surface is less
uniform, visible through the difference in object focus. Nevertheless, NiFe-chain particles ap-
pear to be dispersed throughout the PCL matrix, giving a blue hue even in between particles or
their aggregation placed on the surface of the foil.

The switchability of prepared NiFe-foils has been studied with SQUID magnetometry to pro-
vide a working temperature range. As shown in Figure 6.3.2B, NiFe-foil 1 presents an abrupt
transition with temperatures 712 = 276 K and 712 = 306 K in the heating and cooling stages,
respectively. Comparing these values to the characteristics of PCL-based electrospun fibres
NiFe-fibers 1 (PCL), which showed transition at temperatures equal to 71, = 281 K and
T12=306 K, drop-casted foil with a similar concentration as fibers does not show any relevant
discrepancies, especially in the abrupt characteristics of the spin transition.

A Thermally-induced LT of NiFe-foil B | o NiFe-foil 1 (PCL) —o— NiFefibres 1 (°CL)
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Figure 6.3.2 (A) Thermally induced LT phase in NiFe-foil 1 obtained from optical microscope with 100x mag-
nification. (B) Temperature dependence of the magnetic susceptibility temperature product (y7) for NiFe-foil 1
(purple) in comparison to PCL-based electrospun fibers NiFe-fibres 1 (green).

To ensure that pressure-induced MMCT of NiFe-chain was observed after incorporating parti-
cles into PCL-based foils, a preliminary test was performed to check whether it is possible to
apply point pressure to the material in the form of writing (Figure 6.3.3). For this test, foil with
the lowest NiFe-chain concentration appeared to give the most visible results. After covering
the surface with protective film (paper-thick PE foil), the pressure was applied by hand-writing
on it with a glass rod. To check the reversibility of the process, the foil with a visible dark blue
inscription was placed above the hot water vapours, resulting in the disappearance of the caption

and the foil turning completely brown.
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Figure 6.3.3 Example of writing test on the NiFe-foil 1.

After a successful point pressure-induced change of the colour from brown to blue on the pre-
pared composite foils, it was important to check the feasibility of uniformly applying pressure
to the whole area of the sample for XAS measurements at the ASTRA beamline. After turning
the samples into a uniformly brown colour, assigned to the HT phase, samples of appropriate
dimensions were placed between plexiglass plates, and with the use of a lab-scale hydraulic
press, the pressure of 3.5 tons was slowly applied. This resulted in foils turning uniformly to
a dark blue colour, without any evident breakage of the PCL film, shown in Figure 6.3.4.
To check the reversibility of this process, foils were once again shortly heated up above hot
water vapours, and the pressure test was repeated with the same result. Additionally, at the IFJ
institute, a custom-made stamp was minted from brass, and the IFJ institute logo was pressed
onto NiFe-foil with the use of a laboratory hydraulic press.

' %

Figure 6.3.4 (A) Photographic representation of NiFe-foil 2 before (brown) and after (dark blue) applying exter-
nal pressure. (B) Example of pressed NiFe-foil 2 with custom-made stamp with the IFJ institute logo.
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6.3.2 Pressure-induced MMCT studied with XAS spec-
troscopy

To investigate the electronic structure of the NiFe-chain filler in composite foils under external
pressure at room temperature, X-ray absorption spectroscopy (XAS) measurements at the Fe
and Ni K-edges were conducted. Like the crystal and microcrystal samples, the NiFe foils were
sealed in polyethylene (PE) foil bags containing residual water droplets. This precaution was
taken to minimize exposure to the low-humidity environment inside the experimental hall and
measuring chamber and to mitigate the risk of partial transition to the inactive, dehydrated
MMCT form of NiFe-chain (see Figure 6.3.5). All three concentrations of NiFe-chain in the
composite foils were tested during the experiment, with the highest concentration of 30%
(NiFe-foil 3) yielding the best-quality data, which is presented below. A custom-designed sam-
ple holder facilitated temperature control within the range of 250 K to 320 K, utilizing liquid
nitrogen for cooling and a resistive heater as a heat source. The homogeneous nature of the
NiFe foils was maintained throughout the measurements.

Figure 6.3.5 Photographs of the measured sample at the ASTRA beamline in SOLARIS with a custom-made
sample holder with temperature stability.

The pressure-induced MMCT study conducted at the ASTRA beamline followed a systematic
procedure, outlined in the subsequent steps. Initially, NiFe-foil 3 was precisely cut to fit the
dimensions of a custom-made holder and placed over hot water vapour to ensure the entire
sample volume transitioned to the HT phase. The foil was then sealed in a polyethylene (PE)
bag, positioned in the custom sample holder, and subjected to X-ray absorption spectroscopy
(XAS) at the Fe and Ni K-edges, recorded as a single scan at room temperature. This measure-
ment is referred to as the "sample before applying pressure @RT." Subsequently, the sample,
prepared analogously, was placed between flat plates, and a pressure of 3.5 tons was applied
using a laboratory-scale hydraulic press. A notable change in the sample’s colour to deep blue,
indicative of the LT phase, was observed (see Figure 6.3.5). The sample was again sealed in
the PE bag and measured at both K-edges at room temperature, referred to as the "pressed sam-
ple @RT." To confirm the completion of the phase transition to LT, the sample was cooled in
the measurement chamber using liquid nitrogen to 250 K, allowed to stabilize thermally, and
then measured (referred to as "sample pressed and cooled @250 K"). Finally, the composite
foil was gradually reheated to 312 K, with the holder wrapped in aluminium foil to ensure
a uniform and complete colour change to brown in the measurement spot. The sample was then
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measured at both K-edges without additional heating, referred to as “sample pressed and heated
@312 K.” The XANES spectra obtained at the Fe and Ni K-edges are presented in Figure 6.3.6.

1,6

1,6 F
,: Fe-edge Ni-edge
1,2
~12F ’
m —~
Ef \ =
o o
g \ \/ 3
-g 08 = 08 F
E :
z 2
04l sample before applying pressure at RT| 04l sample before applying pressure at RT
’ wm= pressed sample at RT ) = pressed sample at RT
pressed sample afier ‘:001_“18 (250K) pressed sample afier cooling (250K)
pressed sample after heating (312K) pressed sample afier heating (312K)
0,0 === | | L 1 0,0 — 1 L 1
7100 7120 7140 7160 7180 7200 8320 8340 8360 8380 8400 8420
Energy / eV Energy / eV

Figure 6.3.6 Normalized absorption coefficient and its derivative at Fe (A, C) and Ni (B, D) K-edge recorded for
composite PCL foils containing NiFe-chain microcrystals, showcasing the antagonist change of XANES charac-
teristics between Fe and Ni K-edges after applying 3.5 t pressure to the sample, cooling it down to 250 K and
heating it up to 312 K.

After applying pressure to the sample, @RT, the antagonistic behaviour of Fe and Ni K-edges
is observed. More specifically, for the former the edge is shifting toward lower energies, while
for the latter it goes to higher, corresponding to complementary roles Fe and Ni metal ions play
in the charge transfer process, from Ni(II)-Fe(IIl) pair into Ni(III)-Fe(II) pair. With additional
cooling of the pressed sample, no shift is observed for both edges, contrary to the heating pro-
cess, which results in a return to the initial state.

The spectra were quantitatively analysed by linear combination fitting (LCF) of reference spec-
tra, where data of NiFe-foil were linearly fitted using least-squares fitting!%®. Fitting was per-
formed within the function of the Athena software in the Demeter package, in the near-edge
energy region on the normalized p(E). The reference data, which were weighted during the
procedure, were obtained for the purely crystalline samples (NiFe-crystals) at high (330 K) and
low (260 K) temperature phases, and were used due to the similarities in the curves, particularly
in the post-edge region. The results of the fitting procedure are presented in Figure 6.3.7, where
experimental data have been compared to the fitted spectra. Extracted weights (w) of HT and
LT phases, summarised in Table 6.3.2, show almost complete transition from HT to LT phase
upon applying pressure at room temperature, and the reversibility of the process while heating
in the case of Fe K-edge. As for the spectra recorded for Ni K-edge, LCF fitting results in partial
transition into the LT phase upon applying pressure with w(HT) = 0.298 and w(LT) = 0.702.
Under the influence of cooling, the spin transition does not show many signs of full transition,
as weights for the HT and LT phases are equal to w(HT) = 0.264 and w(LT) = 0.736. These
discrepancies in the degree of transition between Fe and Ni K-edge may be mostly related to
the associated with a greater difference in the edge position between +2 and +3 oxidation states.
For NiFe-crystals, it was shown that for Ni K-edge, the shift in edge position was ~2 eV,
whereas for Fe K-edge, it was below 1 eV.
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Figure 6.3.7 Normalized absorption coefficient and its derivative at Fe (A, C) and Ni (B, D) K-edge recorded for
composite PCL foils containing NiFe-chain microcrystals, showcasing the antagonist change of XANES char-
acteristics between Fe and Ni K-edges after applying 3.5 t pressure to the sample, cooling it down to 250 K and

heating it up to 312 K.

Table 6.3.2 LCF for NiFe-foil 30% before and after pressing, with standards being boundary measurements

for crystals.

Sample Temperature / K | w(Fe(Il)) | w(Fe(IIl)) | w(Ni(II)) | w(Ni(III))
Sample before pressure 300 (RT) 0 1 0.960 0.040
Sample pressed @RT 300 (RT) 0.962 0.038 0.298 0.702
Sample pressed cooled 250 0.952 0.048 0.264 0.736
Sample pressed heated 312 0 1 0.887 0.113

For a more detailed analysis of the pressure-induced MMCT transition in the composite foils,
the pre-edge region of the recorded spectra has been studied. In Figure 6.3.8 presented below,
NiFe-foil 3 sample changes have been compared to the pre-edge characteristics of reference
samples, where oxidation and spin states are known and stable throughout measurement.
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Figure 6.3.8 Comparison of pre-edge characteristics in Fe and Ni K-edge extracted from the normalized absorp-
tion coefficient for NiFe-foil 3 before and after applying pressure, with the addition of cooling and heating
pressed sample. On top experimental data for the reference samples are shown: K4[Fe(I)(CN)¢] (violet) and
Ks[Fe(III)(CN)s] (green) / [Ni(II)(cyclam)] (NO3), (violet) and [Ni(IIT)(cyclam)] (NOs3)3 (green) with dashed
lines derived from the pre-edge maxima for those references.

Extracted pre-edge region, especially for Fe K-edge, clearly shows the change from two pre-
edge peaks at 7111.5 and 7114 eV (red points), with the latter of higher intensity, to a single
pre-edge peak at ~7113.5 eV (black points), before and after applying the pressure @RT to
NiFe-foil (see Table 6.3.3 for detailed positions of pre-edge peaks). After cooling to 250 K,
the pre-edge does not undergo any changes (light blue points), suggesting that @RT pressure-
induced change was complete. The reversibility of the transition upon heating is also observed
(dark yellow points), by shift of the peak with higher intensity to ~7114 eV and reappearance
of the smaller pre-edge peak at ~7111.25 eV. Whereas, for Ni K-edge, the pre-edge transitions
are less evident, with smaller changes in pre-edge peaks positions in comparison to the refer-
ence samples. However, the trend is similar, that before applying pressure, the peak is posi-
tioned at lower energies and shifts toward higher energies upon pressing the sample.
No changes to peak position are recorded with further cooling, while heating once again shifts
the single pre-edge peak into lower energies, related to the change of oxidation of Ni from 3+
to 2+. These observations fully correlate with the transitions recorded for NiFe-chain as crys-
tals, confirming one-directional pressure-induced charge transfer from HT to LT phase, which
is equivalent to temperature-induced transition.
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Table 6.3.3 Pre-edge positions in Fe and Ni K-edges for NiFe-foil 3 before and after applying pressure with
comparison to the reference data.

Compound

Sample before

Sample pressed

Sample pressed

Sample pressed

pressure and cooled and heated
Temperature / K 300 (RT) 300 (RT) 250 312
Metal oxidation Ni(II) Ni(IIT) Ni(1II) Ni(1I)
Pre-edge /f;e\j‘k CNCEY | 8332.73(4) 8333.06(5) 8333.01(8) 8332.70(6)
Pre-edge peak energy [Ni(IT)(cyclam)] (NOs), : 8332.58(4)
of reference data / eV [Ni(IIT)(cyclam)] (NOs)s : 8333.51(4)
Metal oxidation Fe(III) Fe(II) Fe(II) Fe(III)
Pre-edge peak(s) en- 7111.50(7) 7111.24(6)
113.59(2 113.
ergy / eV 7114.11(3) 7113.592) 7113.38(7) 7114.17(3)

Pre-edge peak energy
of reference data / eV

Ka[Fe(I)(CN)e] : 7113.59(2)
Ks[Fe(IIN)(CN)g] : 7111.20(8) and 7114.11(3)
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6.4 Summary of the chapter

This chapter presents an efficient and adaptable method for preparing organic polymer-based
composites incorporating a miniaturized bimetallic NiFe coordination chain with reversible
metal-to-metal charge transfer (MMCT). Although a precise synthetic protocol for uniform
NiFe-chain nanoparticles is lacking, the size reduction process was optimized through the use
of solvents (CHCI3 or CH>Cly) and sonication, maintaining particle functionality. Magnetic
measurements showed that MMCT is reproducible in NiFe-microcrystals but occurs more
gradually. Probing Ni and Fe metal centres with synchrotron radiation revealed that miniaturi-
zation does not affect the oxidation states of metal centres, which behave similarly under the
change of temperature in NiFe-microcrystals as in NiFe-chain.

In preparing the composites, electrospinning was employed to create PCL and P2VP-PS pol-
ymer mats embedded with NiFe-microcrystals. Electron microscopy revealed the placement
of nonuniform particles within the polymer fibres. While Raman spectroscopy showed no sig-
nificant changes, magnetic measurements revealed some discrepancies, though the switchable
nature of NiFe-microcrystals remained. Sorption-desorption studies indicated that the polymer
matrices did not limit the reversible solvatomagnetic properties of the NiFe-chain. X-ray dif-
fraction analysis showed that PCL provided the best protection against water degradation of
the NiFe-chain, a key issue with this compound. The resulting composites exhibited improved
mechanical properties, such as flexibility and malleability, compared to brittle and fragile
NiFe—crystals. Additionally, the electrospinning technique resulted in solvent-free materials,
ensuring a homogenous distribution of the functional NiFe-chain filler within the polymer ma-
trix while minimizing degradation caused by prolonged solvent evaporation.

The final section of the chapter explores the preparation and characterization of drop-casted
PCL foils embedded with NiFe-microcrystals, with a focus on their potential application in
pressure sensor materials. The study investigates the pressure-induced MMCT transition in the
composites, beginning with the ability to observe point-pressure effects, such as the alteration
of properties when writing on the surface, and culminating in the complete MMCT transition
from high-temperature (HT) to low-temperature (LT) phase upon the application of pressure at
room temperature. This process was monitored at Fe and Ni K-edges using the SOLARIS syn-
chrotron, providing a detailed insight into the material’s behaviour under pressure. The change
in oxidation state of the metal centres was confirmed through additional cooling during XAS
measurements, utilizing a custom-made sample holder. Furthermore, the reversible transition
back to the HT phase of the NiFe-chain was demonstrated by carefully heating the sample.
This section highlights the promising potential of the NiFe-foil composites as advanced mate-
rials for pressure sensors, showcasing their dynamic response to external stimuli and their abil-
ity to undergo reversible phase transitions.
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7. Summary of the thesis

This thesis presents the successful development of a new class of functional polymer-based
composite materials that incorporate various inorganic and coordination compounds, focusing
on their structural integrity, magnetic and electronic properties, and responsiveness to external
stimuli.

The first major achievement is the integration of pre-synthesized Prussian Blue analogue (PBA)
nanoparticles into electrospun polymer fibres. These composites retained the structural and
magnetic properties of the PBAs, despite the high-voltage processing involved. Unlike tradi-
tional soft-matrix composites, the electrospinning method ensured the particles were embedded
within the fibre core rather than on the surface, minimizing aggregation and enhancing mechan-
ical strength. Importantly, the fibres remained elastic and structurally coherent at relatively high
nanoparticle loadings, showing potential for robust, flexible magnetic materials.

The second key contribution lies in the development of Fe(Il) spin-crossover (SCO) nanoparti-
cle—polymer composites. A multi-technique characterization revealed size-dependent changes
in the SCO behaviour and demonstrated the value of combining Mdssbauer spectroscopy,
X-—ray absorption spectroscopy, and magnetometry for comprehensive analysis. Electrospun
fibre mats incorporating these SCO nanoparticles exhibited thermally reversible spin transitions
with improved cooperativity and long-term stability compared to drop-cast films. The resulting
materials were both mechanically resilient and magnetically responsive, showing promise for
smart fabric and adaptive material technologies.

The third core achievement is the creation of polymer composites incorporating a miniaturised
NiFe charge-transfer coordination chain, which exhibits reversible metal-to-metal charge trans-
fer (MMCT). Using solvent-assisted sonication, the NiFe chains were successfully reduced to
microcrystals while preserving their functional properties. These were embedded in polymer
matrices via electrospinning and drop-casting. The electrospun fibres showed homogeneous
particle distribution and improved water resistance, especially in PCL matrices. Most signifi-
cantly, drop-cast films demonstrated clear pressure-induced MMCT transitions at room tem-
perature, fully reversible upon mild heating. Synchrotron-based measurements confirmed the
oxidation state changes, validating the potential of these materials for flexible pressure sensors.

In conclusion, this work establishes scalable and adaptable fabrication techniques for hybrid
polymer—inorganic materials with switchable magnetic and electronic functionalities. By com-
bining electrospinning with careful nanoparticle engineering, the thesis opens pathways to
smart, responsive materials suitable for applications in sensors, wearable electronics, and soft
device.
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