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1. Summary

1. Summary

This thesis aims for the synthesis and characterisation ofoordination polymer (CPYblock
copolymer (BCP) nanocomposites The used coordination polymers are either based onSchiff
baselike ligands with an iron(ll) centre connected by bis(monodentate) bridging ligands.
Alternatively, zinc(ll) complexes are also reacted with bis(monodentate) bridging ligands.The
diblock copolymer consists of one block polystyrene and another block poly(4vinylpyridine)
resulting in polystyrene-block-poly(4-vinylpyridine) (PSb-P4VP).The PSh-P4VPpolymer self-
assembles irsuitable solvents like tetrahydrofuran or toluene to micelleswhere PS is building up
the shell of the micelles and P4VP is forming the corEheseblock copolymermicelles areused as
asize template for the formation of nanoparticles of the respective coordinatio polymer. The size
of the micelle cores can beenlarged by raising the percentageof P4VPof the block copolymer
Above a certain ratio also the shape of the micelles can be ated to rods and worm-like
structures. The synthesis methodfor the formation of nanocompositesis as follows: The block
copolymer is dissolvedtogether with the respective complexin the suitable solvent and the
reaction mixture is heated to reflux.After the addition of the bridging ligand and the subsequent
heating the solvent can either be removed by cold distillation orthe complex and the bridging
ligand can be addedimultaneouslyup to four times. Thus, several different nanocomposites were
obtained. The sizesin the solid state and in solution, the crystallinity, the composion and,

additionally for iron(ll) -basedCPs, thespin crossover(SCO)roperties were analysed.

Nanocomposites of three different one-dimensional iron(ll) CPs [FelL(bpea)].@BCP,
[FeL(bpee).@BCP, and [FeL(bpeyw@BCRwvith varying bridging ligands were synthesised. Their
size,magnetic, and SC(properties were investigated Transmission electron microscopy (TEM)
imagesand dynamic light scattering (DLS) revealethat the sizes of the nanoparticleswere equal
in size independent from the formed CP(TEM: ~50 nm, DLS: ~150nm). Microcrystals were
observed for some samples in TEM imageBhe appearance of microcrystals wasexplained by the
stability of the CPs regardingheir ligand field splitting, their electronic configuration, and the
rigidity of the bridging ligands. The magnetic measurementsshowed that samples with
microcrystals exhibit a bulk-like behaviour, whereas the nanocomposites without microcrystals
undergo a gradual spin transitionln the case othe nanocomposite [FeL(bpey)]J@BCFa gradual,
two-step spin transition was found whereas the bulk FeL(bpey)], features an abrupt, half
complete spin transition with a hysteresiswidth of 10 K. Powder X-ray diffraction explained the
variation in the spin transitions of the nanocompositewhich showeda different polymorph than

the bulk material.




1. Summary

By utili sing another BCP as templatghe particle core sizeof the BCP and the nanocompaosite with
the CP [FeL(bipy)} could be reduced tol5 nm and 16 nm, respectively The magnetic properties
of these smaller paricles were investigatedand the influence ofa stepwise increaseof the
annealing temperature on the SCO propertiesvas evaluated. The SCO propertied the annealed
nanocomposite improved compared to the assynthesised product. The hysteresis width was
broadenedfrom 7 K to 14K, while shifting the spin transition from 163 K to 203K and lowering
the residual high-spin fraction at 50 K from 52 % to 32 %. The changeof the magnetic properties
was supported by temperature-dependent Mossbaer spectroscopy which also detected a
decrease of theresidual high-spin fraction. Furthermore, temperature-dependent powder X-ray
diffraction revealed that the pattern of the nanoomposite resembled the bulk pattern after
annealing The integrity of the particles after the annealing was proven bysubsequent TEM, DLS
and scanning electron microscopy measurement3.he processability of the hanocomposite was

demonstrated by electrospnning of fibres and norwoven.

The templated synthesisusing BCPs is not only limited to onalimensional iron-based CPsThis
was demonstrated by the synthesis of nanocomposites with the one-dimensional
[Zn(OACck(bipy)] n» CP andthe two-dimensional [Zn(TFA)z(bppa)2]. coordination network. Two
different PSb-P4VPBCPswere used for this approach. Nanocomposites particle core sizes of
47 nm for the [Zn(OAck(bipy)]n CPin only one BCPand sizes of 46nm and 15nm for the
[Zn(TFA)2(bppa)z]n coordination network in two BCPs were achievedTEM images revealed
chain-like structures for the particles of the hanocomposites of [Zn(TFA)bppa)z]. in the smaller
particles anda tendencyto worm-like structures in the larger particles. Thisis supported by DLS
measurementsshowing an increase of the hydrodynamic diameter and a broadening of the size
distribution in solution. The successful formationof the CP and the coordination networkwas
confirmed by powder Xray diffraction, by infrared measurementssupported by computational

calculations, and by scanning electron microscopy images.

Since BCPs aralso known for their possibility to form all kinds of structures five different BCPs
and their resulting nanocompaosites with [FeL(bipy)}, were testedfor the size and shape control.
The BCPs were varied irthe ratio between polystyrene and poly(4vinylpyridine). Raising the
poly(4-vinylpyridine) fraction to 61% resulted in an increase of thespherical particle core size
verified by TEM, DLSand cryo-TEM measurementsintroducing the CP into the BCPs also resulted
in spherical particleswhen using the BCPs with poly{-vinylpyridine) fractions up to 42 % and in
worm-like structures with a fraction of 61%. The magnetic properties of the nanocmposites
were investigated regarding the particle size and shape. It wdsund that the abruptness of the
spin transition increased in the larger particles and in the wormilike structures and that the

residual high-spin fraction can be reduced to 1446 in the worm-like micelles. The spatial




1. Summary

distribution of the iron inside the nanocomposite with worm-like structures was detected by
transmission electron microscopyz energy dispersive Xray scattering showing that iron was only

incorporated into the polymeric structure.







2. Zusammenfassung

2. Zusammenfassung

Ziel dieser Dissertation ist die Synthese und Charakterisierung vorKoordinationspolymer-
Blockcopdymer Nanokompositen. Die dafir eingesetztenKoordinationspolymere basieren auf
SchiffBase ahnlichen Ligandemmit einem Eisen(ll) Zentrum welches Uber bismonodentate
Bruckenliganden verknupft wird . Alternativ werden Zink(ll) Komplexe mit bismonodentaten
Liganden umgesetzt. Das Blockcopolymdresteht aus einem Block Polystyrol und einem Block
Poly(4-vinylpyridin) (PSb-P4VP).Durch Selbstassemblierung bildet diese®Sb-P4VP Polymer
in einem geeigneten LdsungsmittelMizellen, z.B.in Tetrahydrofuran oder Toluol. In diesen
Mizellen bildet das Polystyrol die Hille und der Poly(4inylpyridin) Block den Kern.Diese
Blockcopolymermizellen werden als Templat verwendet, um eine GrofRenkontrolle bei der
Bildung von Nanopartikeln eines Koordinationspolymers zu ermdgthen. D& Mizellkern kann
dabeidurch die Erhéhung des P4VP Anteils vergréf3ert werderOberhalb eines gewissen Anteils
kann auch die Form der Mizellen zu Stabchen oder wurmartigen Strukturen verandert werden.
Die Syntheseder Nanokompositelauft wie folgt ab: Das Blockcopolymer wird zusammen mit dem
jeweiligen Komplexim geeigneten Losungsmittel geldst und die Reaktionslosunmter Rickfluss
erhitzt. Nach der Zugabe des Brickenliganden undcachfolgenden Siedenskann das
Losungsmittel entweder Uber eine Ké&kdestillation entfernt oder der Komplex und der
Briickenligand bis a1 vier weitere Male simultan hinzugegeben werdenDadurch kénnenviele
verschiedene Nanokompositeerhalten werden. Fiur diese Nanokomposite werden die Gro3en im
getrockneten und gel6sten Zatand, die Kristallinitat und die Zusammensetzung analysiert.
Zusatdich werden fur die eisenbasierten Koordinationspolymere die Spin Crossove(SCO)

Eigenschaftender Proben gemessen

Die GroRRe und die SCO Eigenschaftender Nanokomposite von drei verschidenen
eindimensionalen Eisen(ll) Koordinationspolymeren [FeL(bpea)]@BCP, [FeL(bpee)j@BCRund
[FeL(bpey)].@BCP mit verschiedenen Brickerganden wurden untersucht.
Transmissionselektronenmikroskopie (TEM) Bilder und dynamische Lichtstreuung (DLS)
ergaben,dass die Grofien der Nanopartikelnabhangig vom gebildeten Koordindonspolymer
waren (TEM: ~50nm, DLS: ~150nm). Auf den TEM Bildernwurden Mikrokristalle beobachtet.
Deren Auftreten konnte Uber die Stabilitit der Koordinationspolymere hinsichtlich der
Ligandenfeldaufspaltung, der Elektronenkonfiguration undder Steifigkeit der Bruckenliganden
erklart werden. Fir die Proben mit Mikrokristallen wurden in den Magnetmessungenein
Verhalten ahnlich dem des Festkorpersbeobachtet Die Nand&omposite ohne Mikrdkristalle
zeigten eiren graduellen Spintberganglm Falle des Nanokomposits [FeL(bpey)l@BCP wurde
ein gradueller, zweistufiger Spintibergangerhalten, wohingegen der Festkdrper [FelL(bpejin

einen abrupten, unvollstdndigen Spinibergang mit einer Hysteresebreite von 10K aufweist.

-5-



2. Zusammenfassung

Uber die Messung der Pulverdiffraktgramme konnte der Unterschied erklart werden, da im

Nanokomposite ein anderes Polymorph gebildet wurde.

Durch die Verwendungeines anderen Blockcopolymers als Templat konnigie Partikelkerngrol3e
reduziert und Blockcopolymermizellen mit einen Kerndurchmesser von 151m erhalten werden.
Der Kerndurchmesser derNanokomposite mit [FeL(bipy)] . lag bei 16nm. Die magnetischen
Eigenschaftendieser kleineren Partikel und de Einfluss des Temperns miteiner schrittweisen
Temperaturerhéhung auf die SCOEigenschaften wurden untersucht. Die SCO Eigenschaftees
getemperten Nanokomposis verbesserten sich im Vergleich zmn Produkt direkt aus der
Synthese Die Hysteresenbreite vergrofRerte sich von K auf 14K, die Spiniibergangstemperatur
verschob sich von 16X auf 203K und der finale highspin Anteil bei 50K verringerte sich von
52 % auf 32%. Die Anderung der SCO Eigenschaftekonnte mittels temperaturabhangiger
MoRbauerspektroskopie bestatigt werden und zegte ebenfalls eine Abnahme des highpin
Anteils. Zudem konnte durch die Messung temperaturabhéngiger Pulverdiffraktogramngezeigt
werden, dass sich ds Diffraktogramm des Nanokomposits ban Temperndem Diffraktogramm
des Festkorpers angleichtDie Stabiltat der Partikel wurde anschlieRend durch TEM, DLS und
Rasterelektronenmikroskopie gezeigt. Die Verarbeitbarkeit des Nanokomposits wurde zudem

durch Hektrospinnen von Fasern und Faservliesedemonstriert.

Die Templatsynthese mit Blockcopolymeren ist nich auf eindimensionale eisenbasierte
Koordinationspolymere limitiert. Dies konnte durch die Synthese von Nanokompositen midem
eindimensionalen Koordinationspolymer [Zn(OAck(bipy)]n und dem zweidimensionalen
Koordinationsnetzwerk [Zn(TFA)(bppa):]» gezeig werden. Hierflr wurden zwei verschiedene
PSb-P4VP Blockcopolymere verwendet. Fir die Synthese der Nanokomposite mit dem
[Zn(OAck(bipy)]n Koordinationspolymer wurde nur eines der BCRB verwendet und
PartikelkerngréRen von 47nm erhalten. Fir die Synthese von Nanokompositen mit
[Zn(TFA):(bppa).]» wurden beide BCPs verwendet und Partikelgréf3en von 46m und 15nm
erhalten. Die TEM Bilderder Nanokomposite mit [Zn(TFAk(bppa):]. zeigten eine kettenartige
Struktur fur die kleineren Partikel und eine Tendenz @ wurmartigen Strukturen fur die gréReren
Partikeln. Diese Beobachtung wird durch die DLS Messungen unterstitzielche eineZunahme
des hydodynamischen Durchmessers unckine breitere Gré3enverteilung in Losung zeigt. Die
erfolgreiche  Bildung des Koordindionspolymers und -netzwerks wird durch
Pulverdiffraktometrie, infrarot spektroskopische Messungen unterstitzt durch theoretische

Rechnungen, und Rasterelektronenmikroskopibestatigt.

Nachdem Blockcopolymere daflir bekannt sid viele verschiedene Formen azunehmen, wurden
funf verschiedene Blockcopolymere hergestellt und die GroRem und Formkontrolle der

resultierenden Nanokomposite mit [FeL(bipy)]» untersucht. Die Blockcopolymere unterscheiden
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2. Zusammenfassung

sich im Verhdltnis Polystyrol zu Poly(4vinylpyridin) . Durch eine Erh6hung des
Poly(4-vinylpyridin) -Anteils auf 61 % konnte die GréRe der sphérischen Partikdtontinuierlich
erhoht werden, was durch TEM, DLS und cry®EM Messungen verifiziert wurde. Beim
Einbringen des Koordinationspolymersin die BCPs zeigten sich amfalls spharische Partikel bis
zu einem Anteil von 42% P4VP im BCRind wurmartige Strukturen fir die Nanokomposite mit
dem BCP mit 61% P4VP Anteil. Die magnetischen Eigenschaftemurden hinsichtlich der Grofe
bzw. Form untersucht. Dabei zeigte sich, dasler Spinibergang in den gréReren Partikeln und
auch in den wurmartigen Strukturen abrupter ist und dass der high-spin Anteil in den
Wurmstrukturen auf 14 % gesenkt werden konnte. Die rdumliche Verteilung des Eisens innerhalb
der wurmartigen Nanokomposite wurde Uber eine TEM Messung gekoppelimit einer
energiedispersiven Rontgenstreuung nachgewiesen.Diese detektierte das Eisen des

Koordinationspolymers nur innerhalb der Polymerstruktur.







3. Introduction

3. Introduction

The miniaturisation of materials and compoundsand their potential in different applications is,
among others one of the most investigated field of researchlhis fact can be visualised by the
number of scientific articles and publications involving nanoparticles in the past 15 years
(1995-2019). An increasing trend can be €en even until today reaching more than 80000

publications in 2019, underlining the actuality of this topic.
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Figure 1: Increasing evolution of the number of publications per year in the time span from 1995 to 209 (Data

extracted from I1SIWeb of Knowledge search term nanoparticles).

Several scientific articles, books, and book chapterson the application of nanoparticlesin
catalysidiz3l, energy conversioft461 and energy storag&s5s6l, sensorgl.ez8l, display or light
emitting deviced6.9], contrast agents$toz12l, drug deliveryil13l, and data storagé614 have been

published during this time period.

Sin crossover (SCO)xompounds correspondto the classof functional materials that have a
potential field of application in sensord!s.16] display device§”18l, contrast agent§9z2ll and data

storagd'”.18l and this thesis aimgfor the combination ofboth fields.




3. Introduction

3.1. Spin crossover in 3d transition metal complexes

The gin crossoverphenomenonis a remarkably interesting effectin transition metal complexes
A SCO ismostly observed in octahedral complexeswith an electronic configuration of 7.
Typically, the metal centrein a complex is either lowspin (LS)or high-spin (HS) depending orthe
spin pairing energy Pand theligand field splitting 3o (in case of aroctahedralcoordination sphere
of the metal centre). IfP is smaller than 3o, the electrons of the metal centreprefer to pair,
resulting in a LScompound.Thus,a HS compoundvith unpaired electronsis on hand with Pbeing
larger than 3o. However,it is possible that the spin pairing energyP and the ligand field splitting
3o are of the same order of magnitudgP H3). As a result,reversible switching between the LS
and the HS statds possible byexternal stimuli such as temperaturé22.23l, pressurel24.25], light

irradiation [22.26], or theadsorption of guest moleculeg.

E
K T T, p, hv 1_ /I_ e*
AT e,
LS HS
S=0 S=2

Scheme 1: Presentation of the SCO ofrairon(Il) complex with a dé electronic configuration showing the diamagnetic

LS statewith a total spin of S=0 (left) and the paramagneticHS statewith a total spin of S=2 (right).

The total spin ofaniron(ll) complex changesfrom S= 2 to S= 0when changing the spin stadfrom
HS to LS As a resultthe magnetismof the compoundalters from paramagneticin the HS stateto
diamagneticin the LS state. Besides theariation in magnetism, other physical propertiesare also
influenced. The metatligand bond lengths areelongated in the HS statecompared to the LS state
since the antibondingey* orbitals are occupiedin the HS stateThis also leads to a volume change
of the compound uponspin transition (ST). Furthermore, the colour of SCGcompoundsis altered

drastically in the different spin statesdue to thedissimilar ligand field splitting.[28.29]

Several parameters matter when describing the SCO(1) the residual HS fracton rus, (2) the
effective magnetic momentis and (3) the transition temperature T2 . For iron(ll) complexes, the
HS fractionrus can easily becalculated from aselected experimentally obtained susceptibility

value ?uTselectand theinitial experimental value of the compound?mTinit.

MHs=

-10-



3. Introduction

The effective magnetic momentuer can beestimated by the spinonly equation for first-row
transition metals. In the first equation,the gyromagnetic factorge of the electron and thetotal spin

of the compound is useds follows 30
Hso=0eD "YY p

Alternatively, when geis fixed to the value 2the before mentionedequation can be substitutedy

the successional equation. Herghe number of unpaired electronsn of the compound is usedi31l
Hso= € 0€& ¢

Experimentally, per can be obtained frommagnetic measurementsvia the molar magnetic

susceptibility ?mT and the following equation:32

Her=2.83D .Y

In the latter equation, the corstant 2.83 comes from theterm — where k is the Boltzmann

constant, N is the Avogadro constant, andguis the Bohr magneton. Since the SCOis
thermodynamically driven,the Gibbs equation can be used to descrilkeSCQwhereGis the Gibls
free energy His the enthalpy,Tis the temperature, SEOQO OEA AT OO1T PU AT A 3
the HSand LS staterespectively.

3G=3Hz T3S

The entropy in the HS state is higher than in the LS statkie to the electroric configuration
(5T vs.1A) and due to thestructural changes in the compound(elongation of the bond length,
changes in bond anglesjesulting in additional contributions of vibrational energies. If the spin
transition is defined as atransition from HS to L$1 Sis- negative.Snce only the non-bonding tzg
orbitals are occupied in the LS state3H is also negative. As a result,at low temperatures the
influence of theterm T3Son 3Gis small leading to a negative*Gand afavoured LS statebecause
3-Sis also negative In contrary, & elevated temperaturesTaSis the dominating term and sincezS
is negativeh Gwill be positive. Based on tte preceding explanations, it is possible that3G= 0. At
this point, the ratio between LS and HSs equaland Ti» can be calculatedby the following

equation:

A temperature-dependentSCO can bllowed by several different methods NMR measurements
are especially useful when theeompounds magnetismchanges from paramagnetic to diamagnetic

In the caseof a paramagnetic compund, signals in thevicinity of the paramagnetic centreget

-11 -
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3. Introduction

shifted, sometimes up to several hundred ppm.33 Moreover, the SCO can be detected by
spectroscopic methods like UWis, IRand Raman spectroscopyor Méssbauer spectracopy341.
Another commonly used method is the single crystal X-ray diffraction. Here, both the crystal
structure of the HS and the LS statmay beaccessible ina small fraction ofcases dependingon
the coolant and the transition temperature of the compound Also, powder X-ray diffraction
(PXRD)is possible Most frequently, magnetic measurementwith a SQUID magnetometeare
performed becausethe magnetism of the sampless measured directly and the change in

magnetism can be followed overn wide temperature range!ss!

Several different types ofSCOsare possibleto describethe progression of themagnetic moment
of a compound (Figure 2) and all of them were already olserved in the literature. Gadual
complete SCGs (A) are often observed incompound with low cooperativity.38l Abrupt complete
STs (B)B71 or abrupt complete STs with hysteresis (Q38 occur in compounds with high
cooperativity like coordination polymers. Sepwise STs (D)9 are common in samples that
incorporate different SCO active specieand gradual incompleteSCOS E)[39 are most common in

solids but dsoin solutiont4o, Moreover, combinations of all theseSCGs are possiblel39z43]

1.0 1.0 1.0 - 10 109 — 1.0
) ) ) | t
205 L 0.5 £ 0.5- L 0.5 o2 0.5 —frererrrefneeee L 0.5
0.0 - - 0.0 0.0 00 004—=—4  loo
T T Tl T4 T
5 - - 1.0
£05 - L 05 £0.5- L 0.5
0.0 - L 00  0.0- - 0.0
T T

Figure 2: Different types of ST. gradualand complete (A), abrupt and complete (B), abrupt and complete with hysteresis
(O), stepwiseand complete(D), and gradualand incomplete (E).
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3. Introduction

3.2. Nanostructuring of SCO coordination polymers

The investigation on SCO oordination polymers (CPs)started around 1998 and accelerated
sincel43 They are built up by a metal complex and a bridging ligan®nedimensional, two-
dimensional, and even threedimensional CPsand coordination networks (CNg can be realised

dependingon the used metal complex anthe bridging ligand.[44

CPsoften exhibit very abrupt STs upon temperature change uk to their high cooperativity. CFs
frequently experience cooperative behaviour through intramolecular interactions, which are
almost entirely based on covalent bondsMoreover, cooperativity can further be improved by
additional intermolecular interactions like A-A stacking, van der Waals interactions andor
hydrogen bond networks. The cooperativity of compounds can be explained bthe commonly
used mechanoelastic model in which springs represent the bridging ligands and spheres

represent the metal complexegFigure 3).[45]

U ES U U U U R R N U N R B
.mm.wm.mm. AT .wm.wm.mmmu. AT .mmm.mmm.mm. AT I R I
b P i=t P =1 =1 01
S U U D U U N N U N U N N B
@ @@ @@ @ @@ @) @ s @ s @ s @

Figure 3: Progression ofa thermally induced ST ina macroscopic materialwith the red spheres representingmetal
centre in the HS state, blue spheres representing metal centres in the LS state andsitvéngs representing the bridging
ligands. Thecompound is in the HS state and upon temperature changethe SCOstarts in the top left corner of the

material and proceeds from this point on until thecompound is completelyLS (from left to right).

Severalexamples formacroscopicSCO C&with A-A stacking46z48l and hydrogen bondi49z51 have
been reported showingabrupt STs with hysteresis.However, applications often demand the
integration of the materials into devices. In many fields, macroscopicmaterials are not suitable
becausethe space in thedevice is limited (e.g. sensors or displayspr the target use demands
smaller materials (e.g.data storage, contrast agents)Therefore, miniaturis ing the macroscopic
materials is keyto meet the needs of he contemplated application. However, observations were
made that the transition temperatures and the progression of the ST change or the hysteresis
width diminish upon miniaturisation 522541 [n some cases, the&sCOproperties are completely
lost.[531 This can alsobe explained by thealready mentioned mechanoelasticmodel. The number

of covalently linked metal centres decreases upon miniaturisation and the cooperativity
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3. Introduction

decreases due to the smaller crystallites.As a result, inthe ultimate size limit a singlecomplex

molecule exists (Figure 4).

Figure 4: Miniaturisation of a macroscopic crystal of a CBver a microcrygalline system and a NP system to the

ultimate size limit of a single molecule from left to right).

Even thoughthe ultimate size limit is mostly a theoretical concept for SCO §Rnother factor
must be taken into account: the surfacenolecules(Figure 5). These moleculedack the necessey
coordination sphere to undergo SCQince these complex molecules are often coordinated by
solvent moleculesor other ligands. As a result, the reidual HS fractionin nanopatrticles (NPs)is
higher than in the bulk materials.Also, it has been observediat it is possible thatthe transition

temperature is shifted both to highers5.5¢l and lowerls7.58 temperatures in nanoparticles.

Figure 5: Concept ofthe size limit of a SCO CRith metal centres on the surface (grey) that do not undergo SCO

Two different approaches for the synthesis of nanoparticles can be utilised: the top-down
approach and the bottomup approach (Figure 6). Mechanical grinding, lithography, chemical
etching, andthermal decompositionare commonly considered as topdown approaches Since this

thesis solely usesthe bottom-up approach top-down methods will not bediscussed in detail.
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top-down bottom-up
& 0%
FO9900 & & 5 00 ©
> ) aa — «— 000 J0°
BE9995 & 00 ° 0o
@J o 09%0 0
bulk material powder nanoparticles clusters atoms/molecules

Figure 6: Schematicrepresentation of the top-down and the bottomup approach. The topdown approach isstarting
from a macroscopic bulk material €.g. a crystalleft), which is scaled down to the desired\P size (e.g. by mechanical
grinding, middle). The bottomup approach starts from atoms and molecules (right) andissembles these starting

materials to final NPsize (middle) .

In general, ®veral different synthetic methodsattributed to the bottom-up approachhave been
established for the synthesis of NPs like the chemical vapor depositior®d, the solvo- and
hydrothermal synthesidédl, the sol-gel proces$1, the reduction of metal saltg!l, the microfluidic
synthesigé2l, the layerby-layer techniques?l, the inverse micelle techniqué4 and the synthesis

in polymersiesl. However, not all these methodsare applicable for the synthesis of SCO GCiPs

3.2.1. The microfluidic approach

A rather new methodfor the synthesis of SCO CP NRshe microfluidic method. It has been used
in the formation of NPs of he known 3D SCO CRre(pz)Pt(CN)4]n (pz = pyrazine)®él and other
materialsé2l. Here,two solutions A and B were preparedSolution A containedK;[Pt(CN)4] and
pyrazine in water and solution B contained Fe(BF4). and pyrazine in water. The two reaction
solutions were injected into the devicetogether with an additional water stream. Droplets were
formed by the injection of mineral oil (see Figure 7). The droplet containing liquid was collected
at the exit, the excess of oil waeemoved,and the product was washed several timeso yield NPs
with an averagesize of 47nm. As pointed out before, the material does not show a complete SCO
and aHSfraction of 18% remained in the synthesisd NPs Also,the transition temperature is
shifted to lower temperatures and the hysteresis width decreases compared to the bulk

material.[67]
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Figure 7: Schematic representation of thesynthetic setup and the designed device (top) and a digital photograpf the
device in operation (bottom).67]

3.2.2. The layer -by-layer technique

Other groups focused their interest onmethods for the synthesis of nanostructures and the
patterning of these structures The layer-by-layer technique was already published for the
synthesis of Hofmann clathrate$3! This synthetic protocol wasthen transferred to Prussian Blue
and Prussian Blue analogue® achieve nanostructures with a defined number of layer#8z72] In
the first published work for the synthesis of a layered/5sCO materigla silicon wafer with a gold
layer was coated with an anchoring groumf 4-mercaptopyridine. Subseaiently, the wafers were
soaked alternately  in ethanol solutions of  Fe(BR)a, (TBA)2[Ni(CN)4]
(TBA =tetrabutylammonium), and pyrazineto build up the 3D structure [Fe(pz)Ni(CN)]. Instead
of (TBA)[Ni(CN)], (TBAR[Pt(CN)] and (TBAX[Pd(CN)] were alsoused.Sructure s consisting of
20 layers were realised[’sl The synthesis is schematically displayedn Figure 8. The SCO
properties of the synthesised films by thelayer-by-layer technique and thebulk material were
comparedby temperature-dependent Raman spectroscopyt was found that the generated films
exhibit a more gradual spin transition than the bulk material, however, a similar transition
temperature is observed.Several followrup works with different CPs were published sincé?4z79]

and even the patterningof the CPs on the surfacef a beforetreated wafer was possibkl7s.77.78],
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Figure 8: Reaction steps of the layeby-layer synthesis of a 3DSCO CP [Fe(pk)(CN)] (M =Ni, Pt, Pd on a silicon
wafer coated with gold(73]

3.2.3. The inverse micelle technique

Most frequently the inverse micelle technique iautili sed for the formation of SCO CP NPEhis
method wasfound to be suitable for the synthesis of 1D, 2[and even 3DSCO CP NPSeveral
different CP NPswere already published. However, the majority are based onthe iron(ll)

tri s(triazole) family, tris(triazole) derivatives or the iron(ll) pyrazine family.

In general, the synthetic protocol for the synthesis of NPwith inverse micelles involves two
separate solutions A and Bror solution A, the iron(ll) precursor is dissolvedin water and added
to a mixture of the respective surfactant in a nonpolar solvent like n-heptane orn-octane under
vigorous stirring . Another solution is prepared by the dissolution of the organic ligand i polar
solvent like water, methanol or ethano| or a mixture of these.This solution is also added toa
solution of the respective surfactantin n-heptane a n-octane under stirring to yield solution B.
Both solutions A and B are then combined under heavy stirringrhe formation of theintended
SCO Chsiindicated by a colour change of the solutioff.he reaction product isprecipitated by an
antisolvent and the surfactantfree CP NPs are obtainedi@r several steps of washingdispersing,

and centrifuging.8d A representation of the different reaction steps is given ifrigure 9.
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Bridging ligand
Iron precursor in a polar solvent \‘

% in H,0 (H,0, MeOH, EtOH &
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Solution A in a nonpolar solvent Solution B
(n-heptane, n-octane)

Removal of
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the solvent
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Figure 9: Schematic representation of the ynthetic approach for the brmation of surfactant-free SCO CP NPs

employing the inverse micelle technique.

The size of the inverse micelles can easily be controlled in a witenge by the surfactant to solvent
ratio, thus allowing a precise adjustment of the nanoparticle size and ¢hstudy of the size
dependent SCO properties. Additionally, it is possible that the template has an influence on the
transition temperatures, the hysteresis width or the residual HS fraction which can be analysed

as well.

In this manner, NPs of the 1D SCOCP [Fe(NHhtrz)s](Br).3H./ O m(@urfactant)
(surfactant = Lauropal, a secondary alcohol ethoxylate(Figure 10); NHtrz =4-amino-1,2,4
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triazole) were synthesised The obtained NPshave a size of 6% 19 nm and show rather abrupt
S@ behaviourwith a ST above REimilar to the bulk material. However, the hysteresis widthwas
found to be narroweddown to 8 K compared tothe one of thebulk material which is about twice
as large with 15 K80 Subsequently, acontrol of the particle sizeto larger and smaller particles
was possible by the adjustment of the surfactant to water ratidt was found that theST becomes
more gradual and the hysteresis nearly vanished upon reduction of the particle size below
50 nm 81 By changing the counteriorto p-toluene sulfonateand the surfactantto Tergitol 15-S-3
(Figure 10),another secondary alcohol ethoxylateNPs of he 1D SCO dFe(NH,trz) 5]J(OT9. were
prepared inthe surfactantmicelles. BesidesNPswith a size of 100z 200 nm, it was also possible
to achieve particle sizes as small as.8+0.8 nm. Interestingly, these small particles showquite
abrupt SCO behaviouwith a transition temperature T1; =295 K. Additionally, thermal treatment
of the reaction products or solutions led to morphological changes of theNPs into rods or
fibres.8283] Further NPs were preparedwith the inverse micelle technique of the 1D SCO CP
[Fe(Htrz) o(trz)](BF 4) (Htrz =4H-1,2,4triazole). AOT (sodium dbctyl sulfosuccinate Figure 10)
was usedas the surfactant in the reaction to yield particle sizebelow 20 nm. The particles exhibit
a Owith a 43 K wide hysteresisabove RTin the first measurement cycle The hysteresiswidth

stabilised in the following measurement cycles to 4K.84

Figure 10: Chemical structures of thecommonly used sufactants for the formation of inverse micelles:secondary

alcohol ethoxylates Lauropal (left) Tergitol 15-S3 (middle) and sodium dioctyl sulfosuccinate AOT, righ).

In accordance with the work of Forestier et ali8ll the particle sizes of the 1D CP
[Fe(Htrz).(trz)](BF +«q 2@ can be tuned by the ratioAOT: water. Thus,the synthetic approach
yielded NPswith sizesranging from 4 nm to 16 nm. The ST of 16m particles isalmost equal to
the bulk material. Remarkably, an abrupt STabove RTwas also found in the 4nm patrticles and
the progression of the ST is similar to the larger particlesThe residual HS fraction isonly

marginally higher than the bulk material and the hgteresis width islowered to 24 K58l

Other groups have also prepare®@D CP[Fe(pz)Pt(CN)j NPs in AOT micelles. These obtained
14 nm NPs showed a & wide hysteresis with a transition emperature about 30K below the bulk
material®7, while particles of theCP [Fe(pz)Pt(CNy] 2.5 H.O with a sizes of 6210 nm revealed
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a 10K wide hysteresis with Ti» values 20K below the bulk materialtsl The 2D CP
[Fe(3-Fpy)M(CN)] (M =Ni, Pd, Pt, 3Fpy=3-fluoropyridine) was synthesised in AOT with

similar sizesfor all three metal ions (Ni: 444+ 175 nm, Pd: 483+ 128 nm, Pt: 481+ 146 nm) and

their SCO properties were located in a narrow temperature rangd (% . E | 0 AKn209k0Qd p w¢
200K), Tix" . E  j 0 AK (225R,@A9K)); m Figure 11 the chemical structure of the

[Fell(trz) 5] family and an excerpt of the crystal structure of the [Fe(pz)M(CN) family is given and

in Table 1 an overview over the SCO properties of the differently sizes NPs is given. Although

several different SCO compounds were usethe trend can be seen thathe hysteresis width is

narrowed in smaller particles.

Is :
N N
\ \
N-N N-N
R R
N N
< 7 < 7
—Fe N—-N Fe N—-N Fe—
\N_N/ \N_N/
¢« ¢«
N N
R R

Figure 11: Chemical structure of the[Fe!l(trz) 5] family (R = different substituents, e.g. hydrogen, NH heptyl, left) and
an excerpt of the crystal structure of the [Fe(pz)M(CNJél family (ri ght).
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Table 1: Overview over several CP NPs synthesised in inverse micelles with three different surfactaritsauropal,

Tergitol 15-S-3, and AOT) the resultingparticle sizes and the SCO propertiesTu28 Tuz¥ h

AT A md®)OAOAOEOD

CP Surfactant Particle size T123 [K] T124 Fysteresis
[nm]a width [K]

[Fe(NHetrz) 3](Br) 2

B OmB O] OBIOEA Lauropal 69+19 303 311 8
[Fe(NHztrz) 5)(Br) 23H.O81 Lauropal 200 305 317 13
[Fe(NH:trz) 5](Br) 23H20181] Lauropal 50 310 312 2
[Fe(NHztrz) 5](Br) 23H2081] Lauropal 30 313 31 2
[Fe(NHatrz) 3](OTs)82 Tergitol 3.6+0.8 295 295 0
[Fe(Htrz) 2(trz)](BF )84 AOT <20 343 384 41
[Fe(Htrz)2(trz)](BF 4Q Q58] AOT 16 + 4 341 379 38
[Fe(Htrz) 2(trz)](BF 4Q Q@58 AOT 10+ 39) 343 374 31
[Fe(Htrz)2(trz)](BF +Q 258! AOT 4.+ 2) 343 367 24
[Fe(pz)Pt(CN)](57 AOT 14.7+2.3 262 268 6
[Fe(pz)Pt(CNYY O ¢85! AOT 61+ 10 265 275 10
[Fe(3-Fpy)2Ni(CN)] 7] AOT 444 +175 192 205 13
[Fe(3-Fpy)2Pd(CNY]87] AOT 483+128 205 225 20
[Fe(3-Fpy)2Pt(CN)](87) AOT 481+ 146 200 219 19

a) Analysed by TEM measurementas not stated otherwise? derived from DLS measurements

3.2.4.

Inorganic and polymeric matrices

In other publications, the influence of amatriceson the SCO properties cEPNPswere analysed.

Matrices can not only beused as reactors for the formation of NPs, but they may have an ughce

on the SCO properties due to the generation of an external pressure. This can result in a shift of

the transition temperature.

Therefore, NPsof the CHFe(Htrz),(trz)](BF 4) with sizes between 87+ 8 nm and 28+ 6 nm were

coated with athin silica shell (3 nm). As a result, the hysteresis widths lowered from 37K to 22K.

Here, adistinctive rise of theresidual HS fractionto 41 % is observedfor the smallest particles(es]

The matrix effect on the STwas also analysed br already prepared NPs of the3D CP

[Fe(pz)Pt(CN)4]. Three different matrices were choserior the particles with a size of about 10hm:

a macrocyclic ligand based on a calixarene (calix8 Cio2H264Ns016S), a thin silica shell of

approximately 2nm, and a thicker silica shell of around 4.6m. It was found thatthe hysteresis

of the material is lost completelywith both the calix8 ligand and the thicker silica shellAlso, the

latter particles showed a distinct shift of the transition temperature to lower temperatures
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compared to the bulk material(~ 70 K) and alarger residual HS fraction at 50K (~ 50 %). The
particles in the thin silica shell showed a ST with a 18 wide hysteresis However, thetransition
temperature isalso shifted about 30K to lower temperatures and theresidual HS fraction at 50K
is still quite high with about 30%. All particles show a more graduaprogression of the ST than

the bulk material [89!

Some groups investigated the influence of polymeras matriceson the synthesis ofSCO CP NPs.
Besides synthesisingThe CP[Fe(3-Fpy).M(CN)] (M =Ni, Pd, P} in AOT, the same authors also
used PVPas micelles andoarticle sizesof 209 + 54 nm (Ni), 292 + 43 nm (Pd), and247 + 43 nm
are obtained While the bulk materials undergo and (almost) complete STs with a hysteresis
between 206K and234 K, the STs of the NPs in PVRire more gradual, no hysteresisis observed
and theresidual HS fraction rose toup to 38% at 100K as indicated by Mdssbauer spectroscopy
Even smaller particles ae prepared of the CP[Fe(3-Fpy):Ni(CN)s] only showing the increase of
the residual HS fraction8”l NPs of the CPFe(hptrz)s](OTs). were prepared inPEG(polyethylene
glycol) with particles sizes of 490+ 70 nm, 250 + 40 nm and 215 + 30 nm, the SCO properties are
similar to the bulk material.® The biopolymer chitosanwasused in theformation of NPs of the
3D SCCOCP[Fe(pz)Ni(CN)]. Particles as smalds3.8+ 0.8 nm were achieved Interestingly,a 10K
wide thermal hysteresisnear room temperature is observed withT128 =280 K andT12" =290 K.
The hysteresisof the NPs became&0 K narrower (bulk: 277 K and 302K), but the transition
temperatures lie between theones of the bulkmaterial. Mossbauer spectroscopy determined the
residual HS fraction to 34% in the NPs at 8K 911 The chemical structures of the repetition units

of the used polymers are given irfrigure 12.

Figure 12: Chemical structures of therepetition units of the polymers usedin the formation of 1D, 2D, and 305CO CP

NPs From leftto right: chitosan, polyethyleneglycol (PEG), polyvinyl alcohol (PVA), and polyvinylpyolidone (PVP).

The SCO properties of the NPsynthesised with different matrices are summarisedin Table 2.
ComparingNPs ofthe CP[Fe(Htrz),(trz)](BF 4) synthesisedwithout (see Table1) and with a 3nm
thin silica shell show that the matrix has an influence on the hysteresis width. It is nearhalved
(22 K vs. 41K), although the paricles with the silica shell are still lager than the ones without.
Other examples showed that the matrices altered the transition temperature mostly to lower

temperatures and the hysteresis width was narrowed.
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Table 2: Overview ove CP NPs synthesisedith matrices (SiQ, calix8, PVP, PEG, and chitosarhe resulting particle
sizes and the SCO propertiesTu2® e h AT A EUOOAOAOEO xEAOEQS

CP@Matrix Thickness Particle Ta® ¢ Tagh Hysteresis
[nm] size [nm]@ width [K]
[Fe(Htrz)2(trz)](BF 2)@SiQs8! 3 87+8 339 376 37
[Fe(Htrz)2(trz)](BF ) @SiQ!88] 3 60+8 344 373 29
[Fe(Htrz)2(trz)](BF ) @SiQ!8e! 3 38+7 342 366 24
[Fe(Htrz)2(trz)](BF 4)@SiQlse! 3 28+6 342 364 22
[Fe(pz)Pt(CN)]@SiQed] 2 14.0+2.4 ~260 ~275 15
[Fe(pz)Pt(CN)]@SiQle! 45 14.0+2.4 ~220 ~220 0
[Fe(pz)Pt(CN)]@calix8e! - 10.5+ 1.8 ~260 ~260 0
[Fe(3-Fpy)zNi(CN}]@PVR87] - 209 + 54 180 180 0
[Fe(3-Fpy)2Pd(CN)]@P VRS - 292 +43 190 190 0
[Fe(3-Fpy)2Pt(CNu]@PVRE7] - 247 +43 185 185 0
[Fe(hptrz) 3](OTs)2@PE® - 49070 309 312 3
[Fe(hptrz) 3](OTs)2@PEG - 215+ 30 307 315 8
[Fe(hptrz) 3](OTs)2@PE® - 250+ 40 309 315 6
[Fe(pz)Ni(CN)u]@chitosan(ot] - 3.8+0.8 280 290 10

8 Analysed by TEM measurements

Polymers for the formation of NPswere also used in our group. At first, microcrystals were
synthesisedof the 1D SCO CP [FeL(bipy)pn the surface of goly(4-vinylpyridine) matrix. The
SCO propertieswvere found to bedependent on the amountand the sizeof the formed CP.No ST
is detectablein the sample with a low amount ofCP. Raising the content of the CPleads to an
appearance of theST. The transition temperature and the abruptness of th&T were similar to the
bulk material and the residual HS fraction reached28 %.°21 A follow-up work aimed for the
incorporation of the CP [FeL(bipy)h (L=¥ choeweYZf ph¢ZDPEAT Ul AT AAZOj Ei EI
DAT OAT A A E,bipys® Ih-Gigyddine) into polymeric micelles which may enable an easy
control of the particle size. Thereforethe polymer was changed to a diblock copolyme{BCP)
consisting of polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP).This block copolymer self-
assemblesinto micelles in THF with the poly(4vinylpyridine) block forming the core and the
polystyrene block forming the shellof the micelle.Figure 13 shows the starting materials and the
synthesis route.The diblock copolymer and the iron(Il) complex were heated under reflux for 2
in THF. The bridging ligand was added afterwards, followebtly another heating period of 1h.
Subsequently, the complex anthe ligand can be added simultaneouslyHigure 13 bottom). The

core size of thesphericalmicelles was atermined to 48 nm. It was possible to incorporate the 1D
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SCO CP [FeL(bipyylnto the micellar coreto obtain a nanocomposite The size of the micelles was
independent from the amount of CP introduced ito the coreunderlining the templating effect of
the BCR It was found thatthe hysteresiswidth is narrowed to 8 K and thetransition temperature
of the nanocomposite is shifted about 60 K to lower temperatures compared to the bulk
material.l®3l In preliminary re sults, amorphological change of the polymeric micellefrom spheres
to rods, worm-like micelles, or vesicles was observedt is also predicted that this approach can
be adapted to the synthesis of NPs of 2D and EINs®4

4,4'-bipyridine (bipy) N/

polystyrene-block-poly(4-vinylpyridine)
(PS-b-P4VP, BCP)

,,OHMe = — n m
0'@[ ‘;; NN T Iy B

FeL(MeOH]Z]

[FeL(4VP)(bipy)]

BCP [FeL(bipy)]

self-assembly

BCP micelle

Figure 13: Schematic representation of thesynthesisfor the formation of SCO CP NRsside the micellar core using a

diblock copolymer as templae.[93]

Based on the latter results, this thesis deals with the size and shape contofl[FeL (bipy)]» CR
BCP nanocompositesThis can beachievedby altering the P4VP fraction the diblock copolymer
PSb-P4VP between 13% and 61%, while keeping a constant molecular weighSSince it is known

that the transition temperature of the CP [FeL(bip)] . is shifted about 60K to lower temperatures
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it is additionally investigated if elevated temperatures have an influence on th8CO properties of
the [FeL(bipy)]» CRBCP nanocomposites. In another step the predictiahat the synthesis route
can be exteded toother 1D CP than [FeL(bipy)] and even 2D CN is verified by the incorporation
of several other 1D CPs and a 2D CN.
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4. Synopsis

This thesis includesfour scientific articles (Chapgers 67 9). Three are accepted publications
(Chapters 6 7z 8) and one isto be submitted to a scientific journal (Chapte®). The contribution of

each author tothe joint publications is givenin Chapter5.

This thesisfollows up on the work of Ottokar Klimm who established a synthesisoute employing
the diblock copolymer (BCP)polystyrene-block-poly(4-vinylpyridine) (PSb-P4VP)as a micellar
template for the formation of NPsof a 1D SCO CRFhis work aims for an advancementn the use
of diblock copolymers as micellar template by expanding the synthesis route to a variety of
coordination compounds like dher SCO and nof8§COCPs and CN$-urthermore, a control of the
particle size and shapeof the nanommpositesis investigated and the improvement é the SCO

properties by the synthesis of larger particles or ahermal annealing is describel.

Several different BCPs have been used throughout this thesi§he important characteristics
(molecular weight M, weight fraction of the two blocks)and theindication in which chapterthe
polymer was usedare givenin Table 1.BCR20 was provided by the workgroup of Prof. Forster
This BCPwas usedin the work of my predecessor Ottokar Klimmand was further utilized for the
synthesis of the samples in chapter 6During this time, it became clear thatBCR20 had to be
reproduced for further synthetic use. This was done bthe workgroup of Prof. Greinerresulting
in the BCP &V15154 (also S\A15). The characterisation of S\VV15 revealed that the particle core
sizes d S\V15 and BCPR20 differed greatly (15 nm vs. 45nm). Due to thisobservation, BCR20 was
characterisedagain to find that the polymer containedan extensive amount ohomopolymerised
polystyrene. After extraction of the homopolymerised PS the ratio of RIVP was found to be much
greater than 15wt% and the molecular weight was smaller tharthe stated 150000 g mol-L. As a
result, the polymer BCP20 was discarded.The BCPs S\21, S\35, SV42, and SW61 were also
provided by the workgroup of Prof. GreinerTable 1 also states theuse of these polymersin the

different chapters.
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Table 1: Overview over the used block copolymerén this thesis.

BCP Abbreviation Mn[gmoll] Fraction PS [wt%] Fraction PAVP [wt%] Used in chapter

BCR200) - 150 000 85 15 6
S5Vi5154 SV15 154 000 85 15 7,8,9
SroV21119 S\v21 119 000 79 21 9
Se5Va5131 S\V35 131 000 65 35 9
S8Va2157 S\V42 157 000 58 42 8,9
Ss9Ve1162 SV6l 162 000 39 61 9

a) subscripts denote the content of the respective block in wt%, superscript givethe number average

molecular weight in kgmol-1, 2 polymer characteristic provided by the workgroup of Prof. Forster.

Chapter 6deals with the adaption of the synthéc procedure to the NPformation of three further
1D SCO C# [FelL(bpea)],, [FeL(bpee)}, and [FeL(bpey)} (bpea=1,2-di(4-pyridyl)ethane,
bpee= (E)-1,2-di(4-pyridyl)eth ene, bpey=1,2-di(4-pyridyl)eth yne). Additionally, the influence
of the flexibility of the bridging ligands on the formation of nanoparticles or microcrystalswas
investigated. At first, the respectiveCPs were prepared as bulkaterials in tetrahydrofuran (THF)
the characterisation was compred to the literature data in which the compounds were obtained
from methanol (MeOH) since the SCQ@roperties are often solvent dependent. All three CPs were
obtained as crystalline powdersfrom the reaction of the iron complex [FeL(MeOHy] and the
respective bridging ligand bpea, bpee and bpeyin THF. The magnetic properties of the CPs
obtained from THFwere nearly identical to their counterparts synthesised in MeOHThe CP
[FeL(bpee)]n is a pure HS compoundbetween 50 K and 300 K, whereas[FeL(bpey)], undergoes
an abrupt, but only halfcomplete SCO with a hysteresis width df0 K at transition temperatures
of T128 =177 K andT12Y = 187 K. The magnetic properties otthe CP [FeL(bpea)] synthesised in
THFdiffer from its counterpart from MeOH Obtainedfrom MeOH [FeL(bpea)], shows acomplete,
two-step STwhereas from THE the first transition step is identical tothe CP from MeOH buthe
second transition stepis gradual, incomplete, and shows a kinetic effectn the heating curve
(Figure 1).
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Figure 1: Magnetic susceptibility daa ?mT vs.T for the two bulk SCOCPs FeL(bpea)h (A) and [FeL(bpey)h (B) obtained
from the reaction in THF in the temperature range from 5K to 300K.

The synthesis for the formation of the nanocomposites [FeL(bpea)l@BCP, [FeL(bpee)l@BCP,
and [FeL(bpey);@BCPwas carried according out to the published protocol by Klimnet a. The
iron(Il) complex [FeL(Md&H),] and the BCRwere dissolvedin THF under an argon atmosphere
and heated to reflux for2 h. After a cooling to RT, the respective bridging ligandwas added,and
the solution was heated to reflux again for 1h. fie amount of CP can bicreased byup to four
successive additios (called cycles)of the iron complex and the bridging ligand simultaneously
and a subsequent h reflux. After the reaction, the solvent was removed by cold distillation and
the resulting product was dried in vacua It was proposedthat the formation of NPs is dependent
on the rigidity of the bridging ligand leading to the assumption that microcrystals should appear
in the order [FeL(bpea)},, [FeL(bpee)}, and finally [FeL(bpey)}. The 15 different nanocomposites
were all characterised byTEM measurementgroving the independence of the particlesizefrom
the incorporated CPand the number of cyclesresulting in core sizes of around 45 m. However,
microcrystals outside the micelleswere observed for the nanocomposites[FeL(bpea)]l.@BCP
after five cycles and for[FeL(bpee)l.@BCPalready after four cycles proving our prediction
wrong. Microcrystals were absent in all five nanocomposites of[FeL(bpey)].@BCP Although,
microcrystals were obsewedfor the other 10 samplesDLS measuremets for all 15 samplesonly
resulted in particle sizes of around 150hm and no larger particle sizes were detected. The
synthesis of the nanocomposites was also testead toluene, but larger crystalline material was
already observed aftertwo cyclesfor all three CPsThis led to the hypothesis that he formation
of microcrystals of the CP at an early stage toluene can be explained by &etter solubility of the
CPsfavouring the formation of the CPs outside of the BCP micelldowever, the crystal formation
of the CPs in THFannot solelybe explained by the flexibility of the bridging ligand, since the

rigidity rises from bpea over bpee to bpey, but microcrystals first appeared in the
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[FeL(bpee)l.@BCPcomposites The second explanationis given by the sability of the CPs
regarding the M-L ligand exchange and thégand field splitting. OctahedralHScomplexeswith a
weak ligand field splitting show a fast ligand exchange due to the occupation of the antibonding
orbitals which support the break the ML bonds, thusincreasing the likdihood of microcrystal
formation. This explains the first occurrence of microcrystals after four cycles for the
nanocompositessynthesised withthe CP[FeL(bpee)],, since it is a pure HS compound.

The magnetic properties of thenanocomposites with fourand five cycles were also investigated.
As expected, lte nanocomposites with [FeL(bpee)] remained in the HS state over the whole
temperature range.The nanocomposite with [FelL(bpea)] with four cycles undergoesa gradual
ST, while the sample with five cydes revealed nearly bulk-like behaviour due to the existence of
microcrystals (> 2 pm). Interestingly, the magnetic measurements of nanocomposite samples
with [FeL(bpey)]» gave atwo-step gradualSCQas indicated by the first deivation of the ?uT vs. T
plot showing two maxima.The first transition step occurs at a similar temperature as the bulk
material, while the second step takes place atlawer temperature (~1 10 K). This is an effect of a
different polymorph obtained in the NPs as indicatd by the differences in the PXRD pattern ahe

bulk and the nanocomposite samplegFigure 2).
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Figure 2: Magnetic susceptibility measurementof the nanocomposite with [FeL(bpey)]n with 5 cycles showinga
gradual two-step STand the insetwith the first derivative of the ST curve (A)Differences in thePXRD pattern of the
bulk [FeL(bpey)]n and the nanocompositesvith [FeL(bpey)]n (1z5) indicating the formation of adifferent polymorph

in the NPs(B).

In chapter 7 the incorporation of the 1D CP[FeL(bipy)]» (SCO CPin smaller BCPmicelles, the
influence of a thermal annealing process on the SCO behaviour of the oammposites (SCO CP
BCP)and the processability of the nanocomposite by electrospinnings investigated For this

purpose, a new PSb-P4VP diblack copolymer SsVist54 (BCP, SV15) was synthesised witha
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composition of PS/P4VPof 85/15 (wt/wt) , a total molecular weight of 154 000 gmol-t, and a
polydispersity B=1.02. This polymer formsnarrowly dispersed, spherical micelleswith a core
diameter Dcore =15+ 2 nm and Dgyo =26 £ 2 nm (Figure 3A, B) and a hydrodynamic diameter
Dnh =75+ 28 nm determined by TEM cryo-TEM, and DLS measurementsThe particle sizesof the
SCO CIBCPwere also evaluated and spherical micelles were founsh TEM and cryeTEM with
sizes 0fDcore = 16 £ 2 nm and Deryo = 34 + 5 nm (Figure 3C, D).The hydrodynamic diameterD, was
determined to 87 = 37 nm. Additional scanning electron microscopy (SEM) measurement:n the

SCO CBCP nanocompositeonfirmed the absence of ricrocrystals on the surface of the sample.
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Figure 3: TEM and cryo-TEM images of the neat PS-P4VP diblock copolymerS\¢15 (A, B and the SCO CBCP
nanocomposite C, D showing spherical nanoparticlesin all measurements.The measured core sizeare givenin the
respective insets.

The magnetic properties of the nanocomposite were analysed by magtic susceptibility
measurements The assynthesised sample revealed a rather gradual SCWith transition

temperatures T128 =163 K and T12"=170K resulting in a hysteresis width of 7K. The ST is
shifted about 60K to lower temperatures compared to the bulk materialand is distinctly
incomplete with a high residualHS fractionof rys=52 %. Interestingly, it was found trat the SCO
behaviour (transition temperature, hysteresis width and rns) improved after the sample was
heated stepwise to elevated temperatures(370 K, 380K, and 400K; Figure 4A and measured
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again. It was observed that the transition temperature is shifted back to higher temperatures
ultimately reaching T128 = 203 K and T, = 217 K and ahysteresis width of 14K. The ST became
gradually more completez despite the value after heating to 37K z and the residual HS fraction
rusis lowered to 32%. The same behaviour is detectable byemperature-dependent Méssbauer

spectroscopywhere rusis lowered after thermal annealing of the sample at 408 (Figure 4B, C)
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Figure 4: Magnetic susceptibility measurements of the SCO E@BCP nanocompositeshowing the influence of the
thermal annealingon the transition temperatures Ti28  ATi2&, the hysteresis width and theresidual HS fractionr ns
(A). Temperature-dependent Mdssbauer spectrosqay alsoshowed that rusbefore annealing(B) was higher than after
annealing at 400K (Q).

The reason for theimproved SCO properties was evaluated biemperature-dependent PXRD
measurements The powder patterns of the SCO GBCP nanocompositewhich were measured at
four different temperatures, were compared to the bulk material It was found that the pattern of
the SCO GBCP nanocomposite aRTand 333K are identical but differdistinctively from the bulk
material. Two prominent reflexes at 9.6] ¢ g A1 JAc¢ b theSbulk material are absent in the
SCO CIBCP nanocompositavhereas the nanocompositeshows a reflex at 25.8) ¢ g x EEAE
existent in the bulk material. Raising the temperature to 37K or 398K revealed reflexes at
96Jcg ATHAc puAtO OEA dnditheirefexds &t RIRE Qdfininished. The powder
pattern of the SCO GBCP nanocompose is persistent even after the cooldown td&RT (Figure 5A).

It was proposed that raising the temperature to ad above the glass transitionTgy of the PS shell of

about 110°Cenabled a reorganisation of theCP inside thecore of the polymeric micelle This
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enhanced the cooperativitybetween the separatedstrands of the CP, whichled to a broadened
hysteresis, a lover residual HS fraction and ashift of the transition temperature to higher
temperatures. The nanocomposite was also characterised after the thermal annealing by TEM,
DLS and SEMThe patrticles remained ntact, the NP sizes were found to be nearly idemtl and
the surface of the sample was still crystafree. Additionally, it was proven that the nanocomposite

is processible by electrospinning.Fibres and nonwoven were preparedfrom a PS/SCO CBCP
mixture using this method Raman imaging confirmed the pesence of the CP inside the fibregn

Figure 5B, a single fibre iglisplayed,and the detected CHs coloured in red.
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Figure 5: Temperature-dependent PXRD of the SCO €BTP nanocomposite at foudifferent temperatures and the
powder pattern of the bulk material as comparison @). Digital image of a sigle electrospun fibrewith an overlay of the

Raman measurement showing the presence of the CP in res).

In chapter 8the synthesis protocol isadaptedto a 1D double-stranded CP [Zn(OAg)bipy)] » and
a 2D layer-like CN[Zn(TFA)(bppa)2]~ (bppa = 1,2-di(4-pyridyl)propane). The published crystals
structures are given inFigure 6. This work aimed to prove the hypothesisthat the templated
synthesisinsideaAE AT T AE AT DI 1 UisAddhei liifedto iroA-Baged BEna@ o 1D
CPs.Two different diblock copolymers were usedfor the formation of the nanocomposites
SesV151%4 (SV-15) was already utilized in Chapter 7. Additionally, SssV42157 (SV-42) having a total
molecular weight of 157000 g mol-l, a composition of PSP4VP of 5842 (w/w), and a
polydispersity B =1.09was used. The latter neat polymer also forms spherical nanoparticledike
S\£15, but the particle core sizeDcore and the hydrodynamic diameter Dy, increased to 45+ 5 nm

and 125 + 34 nm, respectively.
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Figure 6: Excerpts of the eystal structures of the double-stranded 1D CP [Zn(OAejbipy)] » (left, CCDC 290063and
the layer-like 2D CN [Zn(TFA)(bppa)z]n (right, CCDC 947704

The synthetic protocol for the formation of NPs of the 1D CRZn(OAc)(bipy)] » and the 2D CN
[Zn(TFA)2(bppa)2]n had to beadapted to thelimited solubility of the starting materials and the
products. Both zinc complexes [Zn(OAe) dHgO and [Zn(TFA)Y 2@ arefar less soluble in THF
than the iron complex [FeL(MeOH)]. Moreover,the CPs or CNs are less solublehich may lead
to afaster precipitation of microcrystals. Therefore, the amounts of the srting materials were
decreaseddrastically to slow down the formationof the CP or CNAdditionally, the bridging ligand
bppa was added dropwiseduring the reaction with [Zn(TFA),]J®.0 to further decelerate the

reaction speed.

Only the BCPS\t42 was used br the synthesis of the 1D CIZn(OAc)(bipy)] » nanocomposites
and both BCPsS\+15 and SV42 were used for the synthesis of the 2D CNNn(TFA)2(bppa)2]x
nanocomposites.The successful synthesi®f both types ofnanocompositeswas provenby IR and
PXRD measurementd~or the [Zn(OAck(bipy)]» nanocomposites,IR measurementsrevealed an
increase of the characteristic C=0 stretching moda& 1598 cm-t in the nanocompositesThis is in
good agreement with the C=0 stretching mode of the bulk CP at Daghr! (Figure 7A) and differs
distinctivel y from the precursor complex with its C=0 stretching mode at 154@m-1. Although,the
powder pattern of the nanocomposites showed that the samples are quite amorphouBXRD
pattern of the sampleobtained afterfive reaction cyclescontainedfive characteristic reflexesthat

correspond to the bulk material(Figure 7B).
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Figure 7: IR spectra of the [Zn(OAc}(bipy)]n nanocomposites (1z4) and the comparison of the bulk CP
[Zn(OAc)k(bipy)] n and the precursor complex [Zn(OAg)Y HgO (A). The C=0 stretching modes of the hanocomposites
are marked with a dashed lineComparison of thePXRD measurements of theanocompositesamples(1z4) and the
bulk material (B). The sample with five reaction cycles (sample 4 in image B) sheweveral characteristic reflexes that

alsoexistin the bulk material.

Samples 5 to 7 of thgdZn(TFA)2(bppa)2]n hanocomposites showed a singldand for the C=0
stretching modeat 1690 cnmrt in IR measurements Only the sample 8obtained after two reaction
cycles in SW¥42 showedtwo resolved bands for the C=0 stretching mode identical to the bulk
material. The two bards were detected at 1699 cmrt and 1684cm® which is in excellent
agreement with the bulk material and different from the starting material [Zn(TFA).Y 2Q
(Figure 8A). PXRD measurements provethe formation of the desired CN inside tha8CP by the

detection of several characteristic reflexes for the samplesand 8 (Figure 8B).
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Figure 8: IR spectra of the [Zn(TFA)(bppa)2]n nanocomposites (§8) and the comparison of the bulk CP
[Zn(TFA)2(bppa)z]n and the precursor complex [Zn(TFAYY 2@ (A). The C=0 stretching modes of the nanocomposites
are marked with a dashed line. Comparison of the PXRD measurements of the nanocomposite sample8)(&nd the
bulk material (B). The samples with two reaction cycles (samples 7 and 8 in ima@® show several characteristic

reflexes that also exist in the bulk material.

The experimental IR spectra were supported by DFT for both the CP and CN samples. Mano
oligonuclear models d the CP and CN yielded theoretical IR spectra that matched the ones

experimentally observed.

The size distribution of the nanocompositeswas analysedby TEMand DLS SphericalNPsof the
CP [Zn(OAc)k(bipy)] n were achieved with a core size Dcore =47 £5nm (Figure9A) and a
hydrodynamic diameter Dn=157 + 46 nm. NPs of the CN[Zn(TFA):(bppa):], in SV42 also
showed mostly spherical particles with a core size Deore =46 26 Nnm but it seemed that
morphological changesstarted to form worm-like structures (Figure 9B). The same behaviour is
observed for the NPs in S\L5, where mostly spherical particles wereimagedbut also worm-like
structures existed. The particle core size Dcore Was determined to 15+ 2 nm (Figure 9C). The
observation of worm-like structures is also underlined byDLS measurements which resulted in
considerably broader size distributions of the measured hydodynamic diameters
(Dh=340x 153 nmand 177+ 57 nm for the BCPs SM2 and SV15, respectively).
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Figure 9: TEM images oNPs ofthe CP[Zn(OAc)(bipy)] n in S\*42 showing separated spherical particlegA), and NPs
of the CN[Zn(TFA)2(bppa)z]n in SV42 (B) and SV15 (C) showing both sphericalparticles and worm-like structures.

The particle core sizes are given in the insets.
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The incorporation of the CPs into the BCP micelle cores wagsroven by scanning electron
microscopy (SEM)imaging the surface of thenanocomposites.Microcrystals are absent on the

polymers surface, indicating that the CP ikuild up inside the micelle coe.

Chapter 9concentrateson the control of the particle size and the particle shape by the variation
of the composition of the BCHzive different PSb-P4VP BCPwere used for thispurpose (Table 2).

S\V15 and SW42 were used in prior work. Additionally, S\A21, S35 and SV61 were synthesised
and the BCPs were fully characterisedn terms of composition, molecular weightM,, and

polydispersity B. The formed micelles were characterised by TEM cryo-TEM,and DLS

Table 2: Overview over the used block copolyersin chapter 9.

BCP Abbreviation Mn [g mol-1] Ratio PS [wt%] Ratio P4VP [wt%]
S5Vi5154 S\V15 154 000 85 15
Sr9V21119 S\v21 119 000 79 21
Se5Vas131 S\V35 131 000 65 35
S58Va2157 S\V42 157 000 58 42
Ss9V61162 S\v61 162 000 39 61

a) subscripts derote the content of the respective block in wt%, superscript gives the number average

molecular weight in kgmol-L.

Only gherical particles were detected for all five BCPs by TEMNd cryo-TEM. The core sizeof

the neat BCP<correlate with the P4VPratio and range from 15+ 2 nm (S\15) to 73+9nm
(S\-61). The particle corediameters for the cryo-TEM samples are almost identical or slightly
larger than the ones analysed by TEM, because the P4VP core is swollen in solution. Core
diameters are 26 £ 2 nm for SV15 to 71 + 4 nm for S\/61.

The synthesis of NPs inside these five BCPs was tested with [FeL(bipyahd five different
nanocomposites were preparedvith increasing cycle countwith each BCPSpherical particles are
observed for the nanocomposites in S\XI5 to S\V/42 with sizes between 12+ 2 nm and 58+ 4 nm
and the core sizesderived from TEM measuremets also correlate with theP4VP ratio of the BCP
but are independent from the number of reacion cycles.Morphological changes began to appear
in nanocomposites with S\V61 and worm-like structures were imagedafter 3 reaction cycles and
became dominant with 5 reaction cyclegFigure 10A). The core width was analysed to 6Gt 8 nm.
These wormtlike structures were also detected in the cryeTEM of the nanocompaite sample
with five reaction cycles with SV¥61 (Dcyo =84 + 10 nm, Figure 10B), whereas the cryeTEM

images of the nanocomposites with the other BCRgly revealed sphericalparticles (30 £ 3 nm to
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65+ 5 nm). The magneticproperties of the hanocomposies were analysed, showing the trend
that the ST became more completi the larger NP5 (rus=14 % in SV61 vs. 30% in SV15) and
that the ST became more abrupgcf. Figure 4A and Figure 100).
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Figure 10: TEM(A) and cryc-TEMimage (B) of the nanocomposie in S\¥61 showing the wormtlike structures and the

magnetic properties of the nanocompose (C).

The distribution of the iron inside the nanocomposite with SW61 was analysed by transmission
electron microscopyz energy dispersive Xray (TEM-EDX) measurenents (Figure 11). The high-
angle annular dark field (HAADF) imagdA) displayed the wormlike structure and the further
imagesshow the HAADFoverlaid with the distribution of iron (B), and the solitary distribution s
of iron (C), nitrogen (D), and carbon E). Figures 11B and 11C show that the detection ofan

copied the structure of the wormlike micelles and the signal of iron is absent in the interspaces.

This proves the incorporation of the CP into the worrdike polymeric micelles.

Figure 11: HAADF image the nanocomposite with SW61 showing the worm-like structures (A). The HAADF image
overlaid with the iron signal (B), and the individual images of the iron (C), nitrogen (D) and carbon (E) signals from
TEM-EDX.
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The precedingparagraphsimpressively shaw that block copolymersare excellentfor the control
of the size and shape of coordination polymersnanoparticles. Several different spin crossover
coordination polymer nanoparticles are accessibleby the templating effect of the block
copolymers. Nanoconposites of[FeL(bipy)]», [FeL(bppa)}, [FeL(bpee)] and [FeL(bpey)]» have
been synthesisedin the BCPs SM5 to S\VV42 in spherical polymeric micelle coreswith sizes
between 15+ 2 nm and 584 nm. A morphological changeof the polymeric structure from
spherical to worm-like was observedin the polymer S\A61 and the incorporation of the CP was
proven by TEMEDX.The spin crossover properties were altered by a thermal annealing of the
nanocomposites leading to spin transitionscloseto the bulk material. Moreover, the synthesis
procedure was adaped to the coordination polymer [Zn(OAc)k(bipy)] » and the coordination

network [Zn(TFA)2(bppa).]». The latter one was incorporated in particles as small as 1652 nm.
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5. Contributions to joint publications

This thesisand the presented resultswere obtained in collaboration with others. The respective
contributions of each ceauthor and the publication state(published, in revision, to be submitted)

is listed in this chapter. Author(s) marked with an asterisk arethe corresponding authors.

Chapter 6

The work was published in the journal Beilstein Journal of Nanotechnology(Beilstein J.
Nanotechnol2017,8, 1318&1327) entitled:

Synthesis of [Fe@s)(Lay)]n coordination polymer nanoparticles using blockcopolymer micsd|

Christoph Gobel, Ottokar Klimm, Florian Puchtler, Sabine Rosenfeldt, Stephan Forstirgit
Weber*

I reproduced the synthesis of the nanoparticle samples and synthesised the bulk materials
presented in this work, characterised my samples by TEM, DLSmagnetic susceptibility
measurements Mossbauer spectroscopyelemental analysisand IR spectroscopyand wrote the
manuscript. Ottokar Klimm did the initial synthesis of the nanoparticle samples and its
characterisation. Florian Puchtler measuredthe PXRD of the samples and band Ottokar Klimm
treated and interpreted the data.Sabine Rosenfeldivas involved in scientific discussions and the
correction of the manuscript Stephan Foérster and Birgit Webesupervised this work and were

involved in scientific discussionsand the correction of themanuscript.
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Chapter 7

This work was published in the journal Angewandte Chemie Internation Editon (Angew. Chem.
Int. Ed.2020,59, 57655770; doi: 10.1002/anie.201914343) entitled:

#1171 FET AA #0UOGAII 0PI ORDI 1. Al EDABBIEAT AO ET "1 1 AEZ#I
Christoph Gobel, Christian HildViarkus Drechsler, Dirk Baabe, Andreas Greindtplger Schmalz;
Birgit Weber*

| synthesised the nanocomposite samples, characterised themby TEM, DLS, temperature
dependent PXRD, magnetic susceptibility measurements, room temperature Mdssbauer
spectroscopy, elemental analysis, IR spectroscopy, and paramagnetic NMIRd wrote the
manuscript. Chrigian Hils performed the electrospinning and he characterisationof the fibres by
optical microscopy. Markus Drechsler performed the cryd EM measuremeris and helped with
the TEM measurements in general antthe interpretation of the images. Dirk Baabeneasured and
interpreted the temperature-dependert Mdssbauer spectroscopyAndreas Greiner supervised
the work. Holger Schmalzsynthesised theblock copolymer, characterisedthe block copolymer by
GPC DSCNMR, and MALDI-ToF, characterised thenanocomposite and bulksamples by Raman
spectroscopy, was involved in scientific discussionshelped with the correction of the manuscript
and supervised the work. Birgit Weber supervised this work, was involved in scientific

discussionsand the correction of the manuscript.
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Chapter 8

This work was published in the journal Nanoscale AdvancesNanoscale Ady2020,2, 455774565;
doi: 10.1039/DONA00334D) entitled:

Synthesis of Zbased 1D and 2D coordination polymer nanopatrticles in block copolymarelles

Christoph GobelGerald Horner,Andreas GreinerHolger Schmalz and Birgit Weber*

The samples weresynthesisedby me or under supervision by Samanta Jansch, Thomas Bindig
and Magdalena Weberl characterised them byTEM, DLSPXRD elementd analysis, and IR
spectroscopyand wrote the manuscript Gerald Hérner executed thecomputational calculations
on the spectroscopic dataAndreas Greiner supervised the work. Holger Schmasgnthesised the
block copolymers and characterised them by DSC, GPC, NMR, and MAloBland wasinvolved
in scientific discussons, the correction of the manuscript and the supervision of the work. Birgit
Weber supervised the work, was involved in scientific discussions and theorrection of the

manuscript.
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Chapter 9

This work is to besubmitted and is entitled:

Size and Shape&€ontrol of SpirCrossover Nanoparticles via Confined Crystallization in Block

Copolymer Micelles

Christoph Gobel, Katharina Marquardt, Markus DrechsleRatrick Loch, Josef Breu,Holger
Schmalz Andreas Greiner* Birgit Weber*

| synthesised the samples, characterised them by TEM, DLS,PXRD, magnetic susceptibility
measurements, room temperature Mdssbauer spectroscopy elemental analysis, and IR
spectroscopy Katharina Marquardtperformed the TEMEDX measurements and helped with the
interpretation of the data and images. Markus Drechsler performed the crybEM measurements
and helped with the interpretation of the images.Patrick Loch performed the temperature-
dependent PXRD meagsements and helped with the interpretation of the dataJosef Breu and
Andreas Greiner supervised the work. Holger Schmalz synthesised the block copolymers and
characterised them byDSC, GPC, NMR, and MALIIF, was involved in scientific discussionsthe
correction of the manuscript and the supervision of the work. Birgit Weber sugrvised the work,

was involved in scientific discussions and the correction of the manuscript.
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Abstract : Spin-crossover compounds are a class of materials that can change their spin state from
high spin (HS) to low spin (LS) by external stimuli such as light, pressure or temperature.
Applications demand compounds with defined properties concerning the size drswitchability
that are maintained when the compound is integrated into composite materials. Here, we report
the synthesis of [Fe(lg)(La)]n coordination polymer (CP) nanopartices using selassembled
polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) block copolymer (BCP) micelles as
template. Variation of the solvent (THF and toluene) and the rigidity of the axial ligandul(Lax =
1,2-di(pyridin -4-yl)ethane) (bpea), trans1,2-di(pyridin -4-yl)ethene (bpee), and 1,2di(pyridin -
4-ylethyne) (bpey); Leq = 1,2phenylenebis(iminomethylidyne)-bis(2,4-D AT OAT AAET T AOT Qj
allowed the determination of the preconditions for the selective formation of nanoparticles. A low
solubility of the CP in the used solvent and a high stability of the #ebond with regardto ligand
exchange are necessary for the formation of composite nanoparticles where the BCP micelle is
filled with the CP, as in the case of the [Fejbpey)].@BCP. Otherwise, ire case of more flexible
ligands or ligands that lead to high spin complexeshe formation of microcrystals next to the C@
BCP nanopatrticles is observed above a certain concentration of [Fef{i(l »)]». The core of the
nanoparticles is about 45nm in diameter due to the templating effect of the BCP micelle,
independent of the usel iron complex and [Fe(lg)(Lax)]n concentration. The spincrossover
properties of the composite material are similar to those of the bulk foFeleq(bpea)].@BCP while

pronounced dfferences are observed in the case of [Fel(bpey)]n@BCP nanoparticles.
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6.1. Int roduction

Nanomaterials and especially nanocomposites of coordination polymers (CPs) and (porous)
coordination networks are of great interest in current research because ofheir various
applications as sensors, datstorage devices, catalysts or contrastagentsii® For these
applications the formation of stable, uniform and monodisperse particles with defined properties
is necessary. Synthetic procedures for nanoparticles with size control (gdtdl, metal oxide$9)
and/or shape control (gold and silzer(10l) are already well known. The reduction of metal salts is
very common for noble metal$!ll, while (fast) precipitation or inverse-micelle technique are often
used for metal oxides (mostly magnetite}2l. For coordination polymers (CP) or networks a
limited amount of methods are applicable because of the very demanding reaction conditions
and/or incompatible reactants. Recently we demonstrated that the use of block copolymers
(BCPs) is a highly promising and easy approach for the size control of CRISBCPs fom micellar
structures through selfassembly in specific solvents and can therefore be used as
nanoreactorsli4-16] Using this approach, a very controlled miniaturisation of coordination
polymers or networks can be envisioned, provided it is edly transferable to other systems. In
this work we will analyse which preconditions need to be fulfilled for a successful synthesis of

uniform CPzBCP nanoparticles.

Coordination polymers with spin crossover (SCO) properties are well known in the
literature (451718 but their miniaturisation into precisely defined nanomaterials with SCO
properties comparable to those of the bulk material is still in its infancyt-231 SCO materials can
be switched by external stimuli such as temperature, pressure or lighetween ahigh spin (HS)
and a low spin (LS) statéd.18 Switching between these two states alters physical properties such
as magnetism, structure or colour, which make these materials interesting for sens&¥&+26l,
display device$?7-29 or as fundional contrast agent$30-34., The SCO properties deeply depend on
the precise control of size and crystallinity of the nanocomposite. Most commonly the inverse
micelle technique is used for the preparation of nanoparticle&s-39 However, the spincrossover
properties of the bulk are often lost upon miniaturisation and only few examples preserving the
hysteresis (bistability) in a nanostructured system are knowri21.40-43] This is most likely due to a
loss of the crystallinity of the particles. EspeciallfsCOcomplexes are highly sensitive to small
changes in the crystal packing and thus excellently suited to investigate the impact of
nanostructuration of the material. In our recent work!3 we used the block copolymer
polystyrene-b-poly(4-vinylpyridine) ( PSb-P4VP) to prepare spherical nanoparticles of the 1D
spin-crossover coordination polymer [Felsq(bipy)] ». We were able control the crystallinity of the

[Feleg(bipy)] n core through successive addition of starting material and by variation of the

-50-



6. Synthesis of [Fe(kq)(Lax)]n coordination polymer nanoparticles using blockcopolymer micelles

reaction time and temperature. Having a high crystallinity of the core, the SCO properties were

closer to those of the bulk material (thermal hysteresis loop).

We herein report the synthesis of three further coordination polymer block copolymer
nanocomposites (CRBCP)using the same synthesis strategy. This allows us to investigate the
influence of the coordination polymer on the formation and the SCO activity of the final
nanocompound. The CPs differ in the axial ligands4), namely 1,2di(pyridin -4-yl)ethane (bpea),
trans-1,2-di(pyridin -4-yl)ethene (bpee) and 1,2di(pyridin -4-yl)ethyne (bpey) (Schemel). The
ligands were chosen because of their different flexibility. From the synthesis of the bulk complexes
it is known, that an increasing flexibility of theligand leads to an increase in solubility of the
obtained CR4448 This way we can investigate the impact of the solubility of the CP on the selective
formation of nanopatrticles in the BCP micelle cores. In Scherfigthe general approach and the

abbreviations used for the different samples are given.

O Og(
;:( —‘ L, THF ~
Ny 4

H
N F,OH \ = N\ E‘,O—Me
JFe N X— N FE-0-me
N O N 0O H
2 T
= bpea

o n o

[FeLeg(MeOH),]

bpee

HN

bpey

Scheme 1: Synthesis of the three different coordination polymers [Felg(bpea)ln (1), [Feleo(bpee)ln (2) and
[Feleq(bpey)]n (3) and the respective coordination polymegblock copolymer composites (CRBCP)
[FeLeg(bpea)ln@BCP 1aze), [Feleq(bpee)]n@BCP 2aze) and [Feleq(bpey)|n@BCP Baze).
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6.2. Results and Discussion

6.2.1. Bulk complexes

The magnetic properties of SCO coordination polymers often depend on solvent molecules
included in the crystal packing46-4°9 To allow a conparison between bulk material and
nanoparticles and to study the influence of nanostructuring on magnetism, the bulk complexes
were synthesised in THF and their magnetic properties were investigated. [Fe{bpea)], and
[Feleg(bpee)]n were already synthesised in methanol445d, the coordination polymer
[FeLeq(bpey)]n is described here for the first time. The coordination polymerdl, 2 and 3 were
synthesised by dissolving the iron(ll) complex [Feky(MeOH)] and the respective axial ligand in
THF. The solutim was refluxed for 1h. After cooling down overnight, the fine crystalline
precipitate was filtered off and dried in vacuo to yield brown or dark violet powders. The crystals
were too small for singlecrystal Xray structure analysis. In Figire 1, the magretic properties of
[FeLeq(bpea)]n (1) and [Feleq(bpey)]n (3) as plot of the?uT product (?m = magnetic susceptibility,

T =temperature) as a function of the temperature is given. Sampleis paramagnetic at RT with a

“mT value of 3.25cm3-K-mot?, typicalfor iron(ll) in the HS statel51
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Figure 1: Magnetic susceptibility data for the coordination polymers [Felq(bpea)]n (1) and [Feleg(bpey)]n (3), which

undergo spincrossover.

Upon cooling the?uT value remains constant down to 14K where an abrupt, ircomplete spin
crossover occurs. In the first step, the?uT value descends to 1.78m3-K-mol at 120K
corresponding to about 50% of the iron centres in the HS stateuRher cooling reveals a second,
gradual and incomplete step with &wT value of 0.93cm3:-K-mol! at 50 K; about one third of the

iron centres remains in the HS state. Upon heating, &3wide hysteresis is observed in the region
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of the first step with Ty 1=127 K andT128 =130 K. In the temperature range between 75 and
100 K first a decrease and then an increase of th&T product upon heating is observed. This is
due to a kinetic trapping effect, often observed in this temperature region when the thermal spin
transition temperature (T12) and the transition temperature for the thermallytrapped exited spin
state (Ttiess) are in close proximityl445254] |n such a case the completeness of the spin crossover,
in this case the second step, strongly depends on the scan rate used for the magnetic
measurements. For the measurements presenteid Figure 1, the settle mode was us#, which
corresponds to an approximate scan rate of 0.B-min-l. This allows the system to equilibrate at
each temperature stepwhere a measurement point is taken and kinetic effects can be considered
to be almost irrelevant. Despite the very slow measuremnts, upon cooling a part of the iron
centres remain trapped in the HS state. Upon slow heating they equilibrate to the LS state as long
as the temperature is below the thermal spin transition temperature, which leads ttihe observed
decrease of théuT product upon heating. An even slower scan rate would lead to a more complete
spin transition and the disappearance of the decrease of tHT product upon heating while a
higher scan leads to the complete disappearance of the second step. The-step behaviour is
similar to the one observed for {[Fekqbpea)]-0.25MeOH}, where the temperatures differ slightly
and the second step is completé4 The differences due to the impact of the different solvents are
also reflected in the powder diffraction paterns (Supporting Information File 1, FigureS1) in
which some of the reflexes are shifted compared to the sample prepared in methanol. Sanle
([Feleq(bpee)]n) is paramagnetic at room temperature with a?wT value of 3.20cm3-K-mott
(Supporting Information File 1, FigureS2). Upon cooling the sample remains in the HS state over
the whole temperature range, as already reported for the complex synteesed from methanol(so
Sample3 ([Feleg(bpey)]n) is paramagnetic at room temperature with a ?uT value of
3.23cm3-K-mot?, typical for iron(ll) complexes in the HS state (bottom of Figuré). Upon cooling
the ?wT value remains almost constant down to 19K (?wT value: 3.14cms3-K-mot?t), where an
abrupt and incamplete spin transition occurs with about 50% of the iron centres involved. The
?vT value drops to 1.73cm3-K-mol! at 165K and no further changes are obseed down to 50K
(PvT value: 1.63cms3-K-mott). Upon heating up to 30K an abrupt spin transition takes place
revealing a hysteresis with a width of 1K andTy»8 =177 K and T1»" =187 K. For the sake of
completeness, the complex was alssynthesised from methanol yielding the same spinrossover
properties, in good agreement with the absence of samt molecules in the crystal packing.
Mossbauer spectra were collected for all three samples to verify the HS state at room temperature.
The spectra (Supporting Information File 1, FigureS3) reveal one quadrupole split doublet in each
case with parametersfor the quadrupole splitting 3 % and an isomer shift] (Supporting
Information File 1, TableS1) in the range expected for iron(ll) HS compless of this ligand type5s]

The steps and the incomplete spin crossover observed in the magnetic measurements could be
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due to inequivalent iron centresl56.571 The Mdssbauer spectra do not support this as no line
broadening (FWHM3 in Supporting Information File 1, TableS1) is observed and the doublet is
very symmetric in each caseThus, the steps observed in the transition curve are due to the

packing of the CP in the crystal and will strongly depend on the crystallinity of th@aterial.

6.2.2. Synthesis of the nanocomposite

For the CRBCP composites [Fely(bpea)].@BCP 1aze), [Feleq(bpee)].@BCP 2aze) and
[Feleg(bpey)]n@BCP Baze), the starting iron(ll) complex [Feleg(MeOH)] and the block
copolymer were dissolved in THF and refluxed for B. Atter cooling down to room temperature,
the respective bridging ligand was added and the mixture was refluxed again for 1 h. Depending
on the number of additionsof starting material, either the solvent is removed by cold distillation
(1 cycle, samplesla, 2a, 3a) or a further cycle of addition of [Felkq(MeOH)] and axial ligand
(simultaneously for all further cycles) followed by reflux for 1h was performed prior to solvent
removal (sampleslbze, 2bze, 3bze for 2 to 5 cycles). The resulting solids were drieth vacuo. IR
spectroscopy was used to follow the formation of the coordination polymer in the BCP matrix. The
corresponding spectra are given in Supporting lHormation File 1, FigureS4. The increasing
relative intensity of the C=0 stretching vibration ofFeleq] clearly indicates the formation of the
coordination polymer in the matrix. Elemental analysis also confirms the increasing concentration
of the coordination polymer in the BCP micelle with an increasing nitrogen content. Room
temperature Mossbauerspectra were collected of [Febs(bpea)]-@BCP after four and after five
cycles (Ld and 1e) and of [Feley(bpey)]n@BCP after four and five cycles3fl and 3e) to get a
deeper insight into the sample composition. Due to the long measurement time of thery diluted
(low iron content) and soft (low LamkzMossbauer factor) composite materials, only the more
crystalline samples with a high CP amountdand e) showing spn crossover were characterised.
The corresponding spectra are given in Figur8 (1d and 3e) and in Supporting Information Filel,
Figure S5. The Mdssbauer parameters are summarised in Supporting Information FileTableS2.
For the composite materials, dferent iron species are possible due to the coordination of the
starting complex [Fe(Le)] to the vinylpyridine parts of the equatorial ligand, which can be
distinguished using Mdssbauer spectroscopy. Samplel shows two different doublets which
correspond to an iron(ll) HS and iron(ll) LS species (75% and 25%). The LS species derives from
two P4VP units coordinated to the iron centre as already show#ss, with the formula
[Fe(Leg)(VP)2] (VP =vinyl pyridine) The HS species corresponds to the desired~g(Leq)(bpea)]n
unit. For samplele again two doublets are observed with a similar HS/LSatio (Supporting
Information File 1, Table S2). The sample&d also shows two different iron species of which one
corresponds to an iron(ll) in the HS state and the ber one to an iron(ll) in the LS state. However,

the HS/LS ratio changes to 83%:17%. Forasnple 3e only one doublet is observed that can be
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assigned to an iron(ll) HS species. It concludes that in the case of [kghpey)].@BCP the HS
fraction increases wth higher cycles since more or longer coordination polymer is formed in the
BCPmicelle, in agreement with previous observations for [Felq(bipy)] n@BCR1358l In the case of
[Feleg(bpea)]n@BCP a different behaviour is observed that is indicative for diffences in the

sample composition.

6.2.3. Characterisation of the nanocomposite

Particle sizes of the nanocomposites were determined by dynamic light scattering (DLS) in
solution, transmission electron microscopy (TEM) and powder Xay diffraction (PXRD) in the
salid. The hydrodynamic diameter of the polymeric micelles loaded with the CP maaed by DLS
is constant within the error of the measurement throughout all measured samples with sizes
around 150 nm (Supporting Information File 1, FigureS6). This is in agrement with the results
reported previously for similar composite nanoparticles vE O E -bipyhidineeas bridging axial
ligand.*3 In Figure 2, a TEM picture and the size distribution obtained from TEM and DLS 3¢
([FeLeg(bpey)]n@BCP, five cycles) is given as typical representative of all samples. A detailed
characterisation of all @mples with TEM is given in Supporting Information Filel, TableS3. The
TEM picture of3e in Figure 2a clearly reveals the fomation of spherical nanoparticles with a core
shell nature. The differences in contrast of the irortontaining CP and the BCP pxe that the CP

nanoparticles are solely formed in the core of the nanocomposite.
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Figure 2: Characterisation of CRBCP composite micelles. a) TEM picture &e ([FelLeq(bpey)]n@BCP, five cycles)
illustrating the corezshell nature of the particles. b) Aubcorrelation function from dynamic light scattering of3e in THF

(43 wt%) with size histogram. c) Size histogram of the core from the TEM picture given in panel a).

The particle core diameter is significantly smaller than the hydrdynamic radius because othe
polymeric nature of the BCP (solvenswollen). Within the error of the measurement, the NP core
size is in the same order of magnitude for all samples with an average size ofrth (Table1l),
demonstrating the excellent size ontrol by the micelles themselves. The NP core size is
independent of the number of cycles and independent of the used coordination polymer clearly
demonstrating the high potential of the templating effect of BCP micelles (cage effect). This in in

I AGAOOGAOGETT 11 OEAbiyprisimetas A O

It can be explained with the assumption, that the nanocomposite is very

very good agreement with our firsO
bridging ligand.
amorphous at the beginning with a low density in the core. With increasing coordation polymer

concentration the crystallinity of the core and therefore its density increases, while the size does

not change significantlyi13]

In order to investigate, whether the flexibility of the used bridging ligand has an impact on
regioselectivity of the nanoparticle coreformation, the samples were carefully analysed for the
observation of microcrystals as function of the increasing CP concentration (number of cycles, e.g.,
[Feleg(bpea)]n@BCP= 1aze for one to five cycles of additon of starting material) in the composite

material. The results are summarised in Tablé.
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The first microcrystals (3z6 um) were observed for bpee as bridging ligand after four cycles of
addition of starting material (2d), while for the more flexible bpeathe first microcrystals are
observed only after five cycles (e, 1.5%2.0um). In the case of the more rigid bpey, no
microcrystals are observed. This cannot solely be explained with the rigid nature of the ligand,
which increases in the order bpea bpee<bpey. One possibility to explain the obswed order is

to consider the stability of the complexes with regard to M. ligand exchange with excess axial
ligands and/or solvent molecules. For octahedral complexes, a weak ligand field splitting leads to
the occupation of antibonding orbitals (HS comfexes) and by this supports ligand exchange. A
fast ligand exchange will increase the probability of the formation of microcrystals outside the
BCP micelle. In this case the templating effect of the BCP micellegslmot work. In agreement
with this consideration, the pure HS complex [Fek(bpee)]. with the weakest ligand field splitting

is the first one where microcrystals are observed, while for the spircrossover complexes
[FeLeq(bpea)]n, [Feleg(bpey)]n and the previously investigated [Feleq(bipy)] n the expected order
with regard to the rigid nature of the ligand is observed. With increasing solubility of the complex
(increasing flexibility of the ligand) in the solvent used for the synthesis of the nanomateriahe
probability for the formation of micro crystals outside the BCP micelles increases. In agreement
with this, it was not possible to synthesise nanoparticles of the coordination polymer
[FeLeq(bppa)]nl44, when bppa=1,3-di(pyridin -4-yl)propane, a very flexible ligand (high
solubility), is used.Syntheses were also performed in toluene to investigate the influence of the
solvent on the nanoparticle synthesis. It should be pointed out thaprevious investigations
showed that the complexes have a higher solubility in toluene compared to tetrahydrafan. In
agreement with this, first microcrystals were observed already after two cycles for all ligands. In
Supporting Information File 1, FigureS7, a TEM picture of [Fek(bpea)].@BCP after two cycles
synthesised in toluene is given as typical represeative. Thus, the higher solubility of the
coordination polymers in toluene favours the formation of microcrystals outside of the block
copolymer micelle and reduces the regiosecttivity. The influence of the CP concentration on the
crystallinity of the CRBCP nanocomposite core was investigated using PXRD. In Supporting
Information File 1, FigureS8, the PXRD patterns of the composite materials are compared with
those of the bulkmaterials 1-3. In all cases, the crystallinity of the particles increases withigher
CP concentration, which is indicated by sharper reflexes. It should be pointed out, that in the case
of the samples3aze even after five cycles some of the prominent r&dxes observed for the bulk
material are missing. Either the crystallinity of he obtained NPs is still very low or a different

packing compared to the bulk material is obtained.
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Table 1: Investigation of the core size [nm] and crystallinity of the ClBBQ)

the observation of microcrystals.

AT T bl OEOA

I AGAET AA &EOT I

cycles
Lax 1(a) 2 (b) 3(c) 4 (d) 5 (e)
bpea (1a-e) 4245 46+4 49+4 46+4 49+4 IMC
bpee (2a-e) 40+4 46+5 42+4 48+4 IMC 47+4 IMC
bpey (3a-€) 48+5 46+4 49+6 49+4 49+4
bipy (23] 5248 57+8 62+13 44+6 4915

In Figure3 (1d and 3e) and Supporting Information File 1, FigureS9 (1d,e, 2d,e and 3d,e) the

“vT-versusT plots of the composite materials after four and five cycles are given. Previous

investigations showed, that amorphous nanoparticleof [Feleg(bipy)]n (123 cycles) showed

gradual and incomplete spin oossover very different to that of the bulk materiali13l Additionally,

the samplesazc are magnetically very diluted and the change in the spin state of the few SCO

active iron centres is difficult to be reliably detected. An increasing crystallinity of he

nanoparticles did change the spin crossover behavioutowards that of the bulk complexes.

Consequently, magnetic measurements were done for the sampldsand e after four and five

cycles of addition of complex in the temperature range between 50 and 3@0in the cooling and

heating mode. In the case dfd, agradual spin transition is observed with about 30% of the iron

centres involved andTi, =122 K, close to the first step of the bulk material. In contrast, sample

1e (containing microcrystals) showsa less gradual but still incomplete spin crossover with a small

hysteresis of 5K. The ?uwT value is 3.25cm3:K-mol! at room temperature and decreases to
I AK gndrtTay"

transition curve that is present in the bulk material is not observed for samplde. 3d shows a

1.03cm3-K-mok! at 50K with T8

I AK. ptprestingly, the step in the

very gradual spin crossover in the temperature range between 100 and 226with about 30% of

the iron centres involved. This is venyifferent to the abrupt spin transition with hysteresis of the

bulk material. For sample3e, also a very gradual spin @ssover is observed upon cooling. Two

steps can be distinguished around 17X and 110K (see first derivative in Figure2c). While the

first step is in a similar range as the one observed for the bulk material, the second step has no

relation to the spin-crossover properties of the bulk material. This is in good agreement with the

results from the PXRD measurements, where pronounced diffences between the diffraction

pattern of the bulk CP and the nanocomposite are observed. Apparently, a different cry$ite

polymorph is obtained. The?wT value is 2.07cm3-K-mol! at 50K indicating that 65% of the iron

centres are still in the HSstate.

-58-

4 %



6. Synthesis of [Fe(kg)(Lax)] n coordination polymer nanoparticles using blockcopolymer micelles

Transmission [%]
Transmission [%)]

0
v[mm/s] v[mm/s]
manel
3 3 31 s
p ‘E‘ .f-#
E g -
X 2 __..--"" Lo X 2 pueennt - 0010 P
£ « £ 5
0, - 2, =
[ A - "~ 0.005
= 1 1 3 14 5 -1
1d 3e 0-000% 55280 300
0 : : : : 0 0 : : T 0
50 100 150 200 250 300 50 100 150 00 250 300

2
T [K] T K]

Figure 3: Characterisation of the magnetic properties old and 3e Top: Mdssbauer spectra otd (left) and 3e (right).
Bottom: Magnetic susceptibiliy data displayed as?mT vs T of 1d (left) and 3e (right). In the case of3e in the inset the

first derivative of the ?uT vs T plot is given to illustrate the steps in the transition curve more clearly.

6.3. Conclusion

This work focused on the transfer of the cocept for the formation of nanoparticles of
coordination polymers in a block copolymer matrix. Thecentral goal was to demonstrate that this
concept of block copolymers as microreactors is not restricted to one specific coordination
polymer and can easilybe applied to other systems. Therefore, three coordination polymers have
been chosen to be incorprated inside the block copolymer as nanoparticles. In our previous
work!13l we did show that longer reaction times, higher reaction temperatures and higher
amounts of CP in the BCP micelles (number of cycles) improve the crystallinity of the CP
nanoparticle core while the cores size is almost constant. The improved crystallinity did change
the SCO properties from gradual to abrupt with hysteresis. Here we shavat the coordination
polymer does not have an influence on the size of the (8CP composite and that the final size
arises mainly from the BCP. In agreement with our previous observations, the NP size does not
change significantly with increasing CP conegration in the BCP micelle. However, the formation
of stable nanoparticles criically depends on the coordination polymer and the solvent used for

the synthesis. The investigations reveal an interplay between two different effects: (1) The rigidity
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and stacking features of the bridging ligand influences the solubility of the CP amadow solubility

is favourable for the selective formation of crystalline nanoparticles in the BCP micelle. (2) Weak
field ligands lead to HS complexes where antionding orbitals are occupied. This supports ligand
exchange and prevents the templating eftg of the BCP micelle. We found that the @BCP
composites with the most rigid ligand ([Felq(bpey)]n@BCP,3aze) form the most stable
crystalline nanoparticles that are spinrcrossover active. For the HS complexes
[Feleg(bpee)]n@BCP, Zaze), first microcrystals are observed after four cycles and for
[Feleq(bpea)]n@BCP, 1aze) with the most flexible ligand microcrystals are observed after five
cycles in THF. The differences obserdefor the SCO properties and the PXRD data of the bulk
material 3 and the compaite material 3e are one further example for the influence of micelle

formation on the crystallisation of a materiall>°!

6.4. Experimental

All syntheses were performed under inert onditions using argon 5.0 (purityl 99.999%) and
Schlenk technique. The synthas of all samples was repeated at least twice. Polystyretiepoly(4-
vinylpyridine) (PS-P4VP, purum, MWR150.000) was synthesised as described befofé! 1,2-
di(pyridin -4-yl)ethane) (bpea) and trans1,2-di(pyri din-4-yl)ethene (bpee) were obtained from
SigmaAldrich and used as received. Tetrahydrofuran (THF) p.a. and toluene were obtained from
SigmaAldrich and degassed with argon for at least 30 min. [Fed(MeOH)] was synthesized as

described beforel6d The ligand bpey was synthesised according to the literaturéll

6.4.1. Synthesis

The same synthesis procedures were used for all samples independent of the used Therefore,

the general procedures are givenfor [Feleq(bpea)]n (1) and the composite materials
[Feleq(bpea)]n@BCP {aze), and the specific values for [Fely(bpee)]n (2)/[FeL «q(bpey)] (3) and

the composite materials [Fekq(bpee)].@BCP 2aze)/[FelL «(bpey)]n@BCP Baze) are given in
brackets. The syntlesis of the composite materials in toluene was done usitige same procedures
and amounts as described for THF. Due to the observation of microcrystals at a very early stage,

the products were not characterized further.

1 (2/3): 200mg (0.45mmol) [FelLe(MeOH)] and 206mg (204 mg/202 mg) (1.125mmol,
2.5equiv) bpea (bpee/bpey) were dissolved in 20mL THF in a 50mL flask. The solution was
refluxed for 1 h. After cooltdown to room temperature, the solution was let for crystallisation
overnight. The solidwas filtered, washed with THF once and dried in vacuo tasid a brown (dark
violet) powder. Elemental analysis, Anal. calcd forsgHsoNsOsFe (1): C, 63.61; H, 5.34; N, 9.89;
found: C, 62.91; H, 5.19; N, 9.22; (Anal. calcd fasizsNsOsFe 2): C, 63.84H, 5.00; N, 9.93; found:
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C, 63.15; H, 6.05; N, 9.18/Analatcd for GoHzsNsOsFe @): C, 64.07; H, 4.66; N, 9.96; found: C,
63.63; H, 4.77; N, 9.25).

1a, one cycle 2a/ 3a): 50 mg (0.33pumol) PSb-P4VP and 6.1g (15 pmol) [Feleg(MeOH)] were
dissolved in 20mL THF in a 50mL flask. The solution was refluxed for 2. After, 6.9mg
(6.8 mg/6.8 mg) (37.5umol, 2.5equiv) bpea (bpee/ bpey) was added and refluxed again for i
The solution was cooled down to room temperature and the solvent was meoved via cold
distillation to yield a brown, polymer-like solid. Elemengl analysis, found: C, 64.96; H, 7.44; N,
2.82; (C, 71.23; H, 7.24; N, 3.10/C, 59.99; H, 7.46; N, 2.48).

1b, two cycles @b/ 3b): The synthesis for one cycle was repeated. Prior to seint removal, 6.7mg
(15 pmol) [Feleq(MeOH)] and 6.9mg (6.8mg/6.8 mg) (37.5 umol, 2.5equiv) bpea (bpee/bpey)
were added for a new cycle and refluxed for another hour. The solvent was removed via cold
distillation to yield a dark brown, polymer-like solid. Elemental analysis, found: C, 61.98; H, 7.35;
N, 3.38; (C, 59.75; H..43; N, 3.37/C, 57.18; H, 7.42; N, 3.05).

1c, three cycles 2c/ 3c): The synthesis for two cycles was repeated and one more cycle was
carried out. 6.7mg (15 pmol) [FeLeg(MeOH)] and 6.9mg (6.8mg/6.8 mg) (37.5umol, 2.5equiv)
bpea (bpee/bpey) were addedand refluxed for another hour before the solvent was removed via
cold distillation to yield a dark brown, polymer-like solid. Elemental analysis, found: C, 69.43; H,
7.30; N, 5.00 (C, 63.08; H, 7.21; N, 3.71/C, 70.94; H, 6.67; N, 4.88).

1d, four cycles 2d/ 3d): The synthesis for three cycles was repeated and one more cycle was run.
6.7mg (15pumol) [FelLey(MeOH)] and 6.9mg (6.8mg/6.8 mg) (37.5umol, 2.5equiv) bpea
(bpee/bpey) were added and refluxed for another hour before the solvent was removed via Ico
distillation to yield a dark brown, polymer-like solid. Elemental analysis, found: C, 68.18; H, 6.55;
N, 5.64 (C, 71.09; H, 6.79; N, 5.90/C, 68.04; H, 6.185M8).

le, five cycles e/ 3e): The synthesis for four cycles was repeated and one more cyel@s run.
6.7mg (15umol) [Feleq(MeOH)] and 6.9mg (6.8mg/6.8 mg) (37.5umol, 2.5equiv) bpea
(bpee/bpey) were added and refluxed for another houtbefore the solvent was removed via cold
distillation to yield a dark brown, polymer-like solid. Elementalanalysis, found: C, 68.09; H, 6.97;
N, 5.86; (C, 68.12; H, 6.63; N, 6.09/C, 65.92; H, 6.04; N, 5.70).

The colour of the samples became darker with imeasing cycles due to the higher amount of iron
inside the samples. The increasing nitrogen content in thelemental analysis fromaze also

confirms the increasing amount of coordination polymer in the samples.
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6.4.2. Characterisation methods

Transmission elect ron microscopy: Transmission electron microscopy was carried out at a

Zeiss CEM902 electron microscope (#&s, Oberkochen, Germany). Samples were dispersed in

toluene applying vortex. The solution was dropped on a copper grid (mesh 200, Science Services,
Munich). Electron acceleration voltage was set to 8. Micrographs were taken with a MegaView

III/iITEM im age acquiring and processing system from Olympus Soft Imaging Systems (OSIS,
Munster, Germany) and an Orius 830 SC200W/DigitalMicrograph system froma@n (Munich,

"AOiI ATUuQqs O0OAOOEAI AO OEUA 1 AAOOOAI AT OO xAOA AT TA
Wayne Rasband (National Institutes of Health, USA).

Elemental analysis: Carbon, nitrogen and hydrogen content was measured using a Vario EL Il

with acetanilide as standard. The samples were placed in tin boats and measured at least twice.

The average of te measurements was used.

Infrared spectroscopy measurements: Transmission infrared spectra were collected using a

Perkin Elmer Spectrum 100 FTIR (ATR)The samples were measured directly as solids.

Magnetic measurements: Magnetic susceptibility measuremens were performed with a
Quantum Design MPM&XL-5 SQUID magnetometer. Field strength of B was applied and a
temperature range of 5300 K was used todetermine the temperature dependency of the
magnetism and the spircrossover behaviour. Settle mode wasaed in all measurements with a
cooling and heating rate of K min-1. The samples were prepared in gelatine capsules placed in a
plastic straw. The masured values were corrected for the diamagnetism of the sample holder, the

polymer matrix (measured values) and the ligand (tabulated Pascal constants).

Dynamic light scattering: The samples were measured using a Malvern Instruments Zetasizer
Nano ZS90 irglass cuvettes from Carl Roth GmbH + Co. KG at 25 °C. One measurement consisted

of three consecutive runs

Mossbauer spectroscopy: 57Fe Mdssbauer spectra were recorded in transmission geometry
under constant acceleration using a conventionaMossbauer spectrometer with a 50nCi
57Co(Rh) source. The samples were sealed in the sample holder in an argon atmosphd&he
spectra were fitted using Recoil 1.05 Mossbauer Analysis Softwdf@ The isomer shift values are
CEOAT x E OE-Fedhréfdehde Gt rddrh tenpperature. At present, only measurements at

room temperature are possible with the instrumental setup.

Powder X-ray diffraction: Powder Xray diffraction data for all samples wee collected at a STOE
StadiP XRay diffractometer in transmission geometry in a 2 range of 530°. Samplesl, 2 and 3

were placed in capillaries and composite sampletaz3e x AOA DBI AAAA 11 &£ AO 00O
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radiation was used for the measurement and th radiation was detected with a Mythen 1K

detector.

6.5. Acknowl edgements

Financial support of the University of Bayreuth and the SFB 840 (TP A10 and B10) is gratefully
acknowledged. O.K. was supported by the BayNAT program of the UBT. We thank Juliane Kary for
her contribution to the synthesis of the CP and CBCP conposites.

6.6. References

[1] M. Sindoro,N. Yanai,A-Y.JeeS.Granick,Acc. Chem. Re&x014,47, 45%469.

[2] E.Coronado,M. GiménezMarqués,G.Minguez Espallargask.Rey,l. JVitérica-Yrezabal J.
Am. Chem. So02013, 135, 15986715989.

[3] 0. SZhaoYang Li,Z-S.Yao,S.Kang,S.Kanegawain SpinCrossover Material¢Ed.: M. A.
Halcrow), John Wiley & Sons Ltd, Chichester, United Kingdo2913, pp 303z319.

[4] A. B.Gaspar,B. Weberin Molecular Magnetic Materials(Eds.: B.Sieklucka,D. Pinkowic2),
Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germa®L7 , pp 231z7252.

[5] M. A.Halcrow, Ed.SpinCrossover Materials: Properties and Applicatigdsehn Wiley & Sons
Ltd, Chichester, United Kingdom2013.

[6] J.Turkevich, P. CStevenson,J.Hillier, Discuss. Faraday Sat951, 11, 55.

[7] G.Frens,Nature 1973, 241, 2(z22.

[8] S.Sun,H.Zeng,J. Am. Chem. S@002, 124, 820478205.

[9] A-H. l, E. LSalabasF.Schith,Angew.Chem., Int. ER007,46, 122271244,

[10]  Y.Sun,Y.Xia,Science&002,298, 217672179.

[11]  M.Brust,J.Fink, D.Bethell,D. JSchiffrin, C.Kiely,J. Chem. Soc., Chem. Comrh@95, 1655.
[12] A K.Gupta,M. Gupta,Biomaterials2005, 26, 399574021.

[13] O.Klimm, C. Golel, S.Rosenfeldt,F. Puchtler,N. Miyajima,K. Marquardt, M. Drechsler,J.
Breu, S. Forster,B. Weber,Nanoscale2016, 8, 19058719065.

[14] S.Forster, M. ZisenisE.Wenz,M. Antonietti, J. Chem. Phys996, 104, 9956.

[15] S.Forster, M. Antonietti, Adv. Mater.1998,10, 1957217.

-63-



6. Synthesis of [Fe(kg)(Lax)] n coordination polymer nanoparticles using blockcopolymer micelles

[16] Z.Fan, X.Chen,M. Kohn Serrano,H. Schmalz,S. Rosenfeldt, S. ForstelS. Agarwal, A.
Greiner,Angew.Chem., Int. EQ015, 54, 14539714544.

[17] M. Carmen Mufioz,d Antonio Realin SpinCrossover Material¢Ed.: M. A.Halcrow), John
Wiley & Sons Ltd.Chichester, United Kingdom2013, pp 121z146.

[18] P.Gltlich,A. B.Gaspar,Y. GarciaBeilstein J. Orgchem2013,9, 3427391.

[19] P.NMartinho, C.Rajnak,M. Rubenin SpinCrosseoer Materials: Properties and Applicaiins
(Ed.: M. AHalcrow), John Wiley & Sons LtdChichester, United Kingdom2013, pp 3757
404.

[20] J.M. Herrera, S Titos-Padilla, S.J. A.Pope,|. Berlanga,F. Zamora,J. J Delgado,K. V.
Kamenev X. WangA. PrescimoneE. KBrechin, E. ColacioJ Mater. Chem. €015,3, 781%
7829.

[21] M.GiménezMarqués,M. L.GarciaSanz de Larreak.Coronado,J. Mater. Chem.ZD15, 3,
794677953.

[22] O.RoubeauChem. Eur. 2012, 18, 15230715244,

[23] Y-H.Luo, Q-L.Liu, L-J.Yang,Y. SunJ:W. Wang,C-Q. You,B-W.. Sun,J. Mater. Chem. C
2016, 4, 8061z8069.

[24] E.Coronado,G. Minguez Espallargaszhem. Soc. R013,42, 1525.

[25] M.OhbaK. YonedaG.Agusti,M. CMufioz,A. B. Gaspar, A. RealM. YamasakiH.Ando, Y.
Nakao,S. Sakaki, S. Kiilgawa,Angew. Chem., Int. ERO09,48, 4767z4771.

[26] J.Linares,E.Codjovi,Y. GarciaSensor012,12, 447%4492.

[27] J-F.Létard, P.GuionneauL. GouxCapesin Spin Crossover in Transition Metal Compounds
I-Ill (Eds.: P.Gutlich, H. Goodwin), Topics in Current ChemistryVol. 23%235, Springer,
Berlin, Germany 2004 , pp 221z249.

[28] 0O.Kahn,C.Jay Martinez Sciencel998, 279, 44z48.

[29] 0O.Kahn,C. Jay,) Krober,R.Claude,F. Groliere, Spirtransition chemical compounds, and
devices comprisirg read, memory-, and eraseunits, active medium which contains at

least one of those compounds. Eur. Pat. EP0666561, Aug 9, 1995.
[30] R. NMuller, L.Vander Elst,S Laurent,J. Am. Chem. S@003, 125, 840578407.

[31] S.Venkataramani,U. JanaM. Dommaschk,F. D SonnichsenF. TuczekR. Herges Science
2011,331, 4457448.

-64 -



6. Synthesis of [Fe(kg)(Lax)] n coordination polymer nanoparticles using blockcopolymer micelles

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]
[44]

[45]

[46]
[47]

[48]

[49]

M. Dommaschk, M. Peterd:. Gutzeit, C. Schitt, C. Nather. D. S6nnichsen,S. Tiwari, C.
Riedel,S.Boretius, R. Herges,J. Am. Chem. S@015, 137, 755277555.

J.Has®rodt, JL. Kolanowski, F. Touti, Angew. Chem., Int. E2014,53, 60z773.

R.Nowak, E. A. Prasetyanto,L. de ColaB. Bojer,R. Siegel,l SenkerE. RdsslerB. Weber,
ChemCommun2017,53, 9717974.

F.Volatron, L. CatalaE. Riviere, A. Gloer, O. Stéphan,T. Mallah, Inorg. Chem2008, 47,
658476586.

T.Forestier, S. Mornet,N. Daro,T. Nishihara,S-i. Mouri,K. TanakaO. FouchéE. Freysz J-
F. Létard,Chem. Commur2008, 432774329.

I. Boldog,A. B Gaspary. Martinez,P. Pardclbafiez,V. Ksenofontov,A. Bhattacharjee P.
Gutlich,J. AReal, Angew. Chem., Int. EBO08, 47, 6433¢6437.

T. Forestier, A. Kaiba,S. PechevD. Denux,P. GuionneauC. Etrillard, N. Daro,E. Freysz J-
F.Létard, Chem. Eur. 2009, 15, 612276130.

V.Martinez,|. Boldog,A. B. Gaspar)V. Ksenofontov,A. BhattacharjeeP. Giitlich,J. AReal,
Chem. Mater2010, 22, 4271z74281.

JLarionova,L.Salmon,Y.Guari,A. Tokarev K. Molvinger,G. Molnar,A. BousseksouAngew.
Chem., Int. E008, 47, 823678240.

S.Cobo,G Molnar,J. AReal, A. Bougksou,Angew. Chem., Int. ER006 , 45, 578675789.

G.Molnér, S. Cobo, A.Real F.CarcenacE. Daran,C. Vieu,A. BousseksouAdv. Mater2007 ,
19, 2163%2167.

C.Bartual-Murgui, E. Natividad, O.RoubeauJ. MaterChemC2015, 3,791677924.
W.Bauer,W. Scherer,S.Altmannshofer, B.Weber, Eur. J. Inorg. Cherg011, 2803z2818.

C.Baldé,W. Bauer,E.Kaps,S. Neville,C. DesplanchesG. ChastanetB. Weber,J-F.Létard,
Eur. J. Inorg. Chen2013, 2744z2750.

I.£ Al E®@RuhrfMihiRuben,Materials 2016, 9, 585.
K. Dankhoff,C. LochenieF. Puchtler,B. Weber,Eur. J. Inorg. Cherg016, 2136z2143.

C.Lochenie,W. Bauer A. P Railliet,S Schlampy. GarciaB. Weber,Inorg. Chem2014, 53,
11563711572.

R.Nowak,W. Bauer,T. OssianderB. Weber,Eur. J. InorgChem2013, 9757983.

-65-



6. Synthesis of [Fe(kg)(Lax)] n coordination polymer nanoparticles using blockcopolymer micelles

[50]

[51]

[52]
[53]

[54]

[55]
[56]
[57]
[58]

[59]

[60]
[61]

[62]

B.Weber,Coord. ChenRev2009, 253, 243272449.

B. Weber, Koordinationschemie. Grundlagen und aktuelle Trend®ringer Spektrum,
Berlin, Germany 2014 .

S.Brooker, Chem. Soc. R&015, 44, 288072892.
S.Schonfeld,C. Lochenie P. Thoma,B. Weber,CrystEngComn2015, 17, 5389%5395.

V. AMoney,C. Carbonera,J.Elhaik,M. A Halcrow,J. A. KHoward, J-F.Létard, Chem. Eur.
J.2007, 13, 5503%5514.

W.Bauer,T. PfaffenederK. Achterhold,B. Weber,Eur. J. Inorg. Cher011, 3183%3192.
B.Weber,E. KapsHeteroat. Chen005, 16, 3917397.

B.Weber,C. Carbonera, C. Desplancekf.Létard, Eur. J. Inorg. Cher2008, 158971598.
C.Gobel,T. PalamarciucC. Lochenie B. Weber,Chem. Asian 2014 ,9, 223272238.

L. Xu,L.JiangM. Drechsler,Y. SunZ. Liu,d HuangB. Z Tang, Z. LiM. A.C.Stuart,Y. YanJ.
Am. Chem. So2014, 136, 194271947.

B.Weber,E-G.JagerEur. J. InorgChem2009, 465477.
M. Tanner, A. Ludi,Chimial980, 34, 23z24.

Recoil, Méssbauer spectral analysis software for window¥ersion 1.0 Department of

Physics, University of OttawaOttawa, Canadal998.

-66 -



6. Synthesis of [Fe(kq)(Lax)]n coordination polymer nanoparticles using blockcopolymer micelles

6.7. Supporting Information

—
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Figure S1: Comparison of the powder Xay diffraction pattern of [Fe(Leq)(bpea)]ln (1) and
{[Fe(LecQj A P A A M&OHF(Synthesised in methanol, calculated from single crystal dat8).
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Figure S2: Plot of the ?wT product versus temperature for2.
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Figure S3: Méssbauer spectra ofl (top), 2 (centre) and 3 (bottom). In each case one single doublet is observed with

Mossbauer parameters (Table S1) characteristic for an iron(ll) HS complex.

Table S1: MOssbauer @rameters of the sampled, 2 and 3.

sample site 1 [mm/s] 3 Ymm/s] 3 [mm/s] Area [%]
1 Fe(ll) HS 0.947(3) 2.210(6) 0.147(5) 100
2 Fe(ll) HS 0.966(4) 2.216(7) 0.164(6) 100
3 Fe(ll) HS 0.944(3) 2.240(6) 0.156(5) 100
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v(C=0) of [FeL(L,)]: 1639 cm’

g
1d e
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Figure S4: IR spectra oflaze (top left), 2aze (centre left) and 3aze (bottom left) and the relevant area between 2000
and 750cnr! to show the C=0 vibration band the samplekaze (top right), 2aze (centre right) and 3aze (bottom right).
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Figure S5: Mdssbauer spectra ofle (left) and 3d (right). The red doublet corresponds to and iron(ll) HS species and

the blue doublet corresponds to an iron(ll) LS species. The Mdssbauer parameters are given in Table S2.

Table S2: Méssbauerparameters of the sampledd, 1e, 3d and 3e.

sample site 1 [mm/ s] 3 YWmm/s] 3 [mm/s] Area [%0]
¥ Fe(ll) LS 0.28(11) 0.65(18) 0.24(14) 26(9)
Fe(ll) HS 0.951(14) 2.21(3) 0.132(19) 74(9)
e Fe(ll) LS 0.34(6) 0.79(12) 0.17(8) 28(9)
Fe(ll) HS 0.951(14) 2.21(3) 0.12(2) 72(9)
o Fe(ll) LS 0.28(6) 0.90(12) 0.12(6) 17(6)
Fe(ll) HS 0.95(2) 2.15(4) 0.17(2) 83(9)
3e Fe(ll) HS 0.958(12) 2.17(2) 0.161(18) 100
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Figure S6: DLS measurement of the nanocomposites in THF, #8%. Correlation functions of 1aze (top left), 2aze
(centre left) and 3aze (bottom left) and the resulting hydrodynamic diameter of the polymeric micelles in THF dfaze
(top right), 2aze (centre right) and 3aze (bottom right).
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Table S3: Summarised characterisation for the different composite samplesléz3e). An exemplary TEM picture and

the sizedistribution are given for TEM measurements. The particle sizes are given in the pictures.

Reaction TEM nanoparticles TEM size distribution, TEM microcrystals (if any) and
Sample -~ R .
conditions Méssbauer spectra (if any)
25 25
©=42+5nm
1 cycle,
la THF,
reflux
35 40 45 50 55 60
Diameter [nm]
25 25
@=46+4nm
20
+15
b 2 cyckes, THF,
reflux "
5
]
40 45 50 55 60 65
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2 =49 +4 nm
254 L
20 L
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1c
reflux iy I
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6. Synthesis of [Fe(kq)(Lax)]n coordination polymer nanoparticles using blockcopolymer micelles
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