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1. Summary/Zusammenfassung 
 

1.1 Summary 
 

The aim of this thesis, was to synthesize and characterize nanostructures of Fe(II) spin crossover 

(SCO) complexes. The nanoscaling of known SCO bulk materials is important for potential 

applications of SCO in devices or as switches. Possible approaches are to transfer such functional 

complexes into a matrix such as block copolymers (BCP) or to porous materials or to produce 

SCO films. In this thesis, BCPs were used as nanoreactors to synthesise SCO nanoparticles. A 

combination of the repeating units polystyrene (PS) and poly-(4-vinylpyridine) (P4VP) leads to a 

self-assembly of the BCPs (PS-b-P4VP). The size and shape of a BCP nanoparticle is influenced 

by the molecular mass, the nature of the monomers, the relative block-ratio and the solubility of 

the single chains (units). Styrene has a better soloubility than 4-vinylpyridine in solvents as 

tolouene or tetrahydrofuran which consequently leads to a micellar structure with PS as a shell and 

P4VP as core. After coordination of a starting iron complex [Fe(Lx)] to the P4VP units of the BCP 

micelles, a bridging ligand (Lax) was added and a coordination polymer (CP) [Fe(Lx)(Lax)]n was 

obtained (first reaction cycle). In each additional synthesis step, [FeLx(MeOH)2] and bridging 

ligand was added to enable a growth of the CP. Different numbers of reaction cycles (RC) were 

used to investigate the influence on the particle growth and on the SCO properties. Furthermore, 

reaction time, temperature, the solvent used for the synthesis and the BCB were varied. For 

[Fe(Lb)(bipy)]n@BCP, after the first RC, no spin crossover occurred. Two or three RC led to a 

gradual SCO, four and five to a SCO with small hysteresis. With higher number of RC, a higher 

crystallinity of the nanoparticles was obtained, confirmed by powder r-ray diffraction (PXRD). 

Nanoparticles of various SCO systems were synthesised to yield differrent SCO properties (i.e. 

gradual, with hysteresis, above and below room temperature). The influence of the particle size 

and the interaction with the BCP matrix to the SCO properties was investigated. Nanoparticles 

with different sizes and shapes could be realised by varying the molecular masses (block lengths) 

of the BCP and the amount of P4VP. Due to the increase of P4VP from 15% to 25% and 33%, 

different structures of the nanoparticles appeared from spherical nanoparticles towards nanorods or 

vesicles. Dynamic light scattering (DLS), transmission electron microscopy (TEM) and scanning 

electron microscopy (SEM) were used to characterize the obtained nanocomposites and verified 

the nanostructures of the synthesised particles with a narrow size distribution.  
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1.2 Zusammenfassung 
 

Ziel der vorliegenden Dissertation war die Synthese von Fe(II) Spin Crossover (SCO) 

Nanopartikeln. Für die Anwendung von SCO, ist es wichtig, vorhandene SCO Materialien in 

Nanometermaßstab zu überführen und in eine Matrix wie z. B. Blockcopolymere oder poröse 

Materialien einzubauen. Als Nanooreaktoren für die Nanopartikelsynthese in dieser Arbeit dienten 

dabei Blockcopolymere mit zwei unterschiedlichen Blöcken (Repetiereinheiten): Polystyrol (PS) 

und Poly-(4-Vinylpyridin) (P4VP) (PS-b-P4VP). Die Struktur und die damit verbunden Größe und 

Form der Nanopartikel wird maßgeblich durch die Molmasse des BCP, die Monomere, das 

Verhältnisses zwischen den beiden Blöcken und der Löslichkeit der einzelnen Ketten bestimmt. 

Durch die höhere Löslichkeit des PS Blocks gegenüber P4VP in Toluol oder Tetrahydrofuran, 

kommt es zur Selbstorganisation (self-assembly) und Ausbildung mizellarer Strukturen mit P4VP 

als Kern und PS als Schale. Nach Koordination eines Vorläufer-Eisenkomplexes [Fe(Lx)] an die 

4-Vinylpyridineinheiten des Blockcopolymers erfolgte die Zugabe des jeweiligen 

Brückenliganden (Lax) und es bildete sich das Koordinationspolymer (CP) [FeLx(Lax)]n in der 

Blockcopolymermatrix (1 Reaktionszyklus). In jedem weiteren Reaktionszyklus (RZ) wurden 

erneut [Fe(Lx)(MeOH)2] und Brückenligand zugegeben. Es wurden verschiedene RZ verwendet, 

um den Einfluss auf das Partikelwachstum, die SCO Eigenschaften und die Wechselwirkungen mit 

der Blockcopolymermatrix zu untersuchen. Zusätzlich wurden der Einfluss von Reaktionszeit und 

–temperatur, Lösemittel und BCP auf die Partikelgröße und die SCO Eigenschaften untersucht. 

Zudem wurden unterschiedliche SCO Komplexe eingesetzt um SCO Nanopartikel mit 

verschiedenen Eigenschaften zu erhalten (z.B. graduell, mit Hysterese, oberhalb und unterhalb von 

Raumtempertatur). Es zeigte sich, dass SCO Systeme des Typs [Fe(Lb)(bipy)]n nach einem RZ 

keine SCO Eigenschaften aufwiesen. Bereits nach 2 RZ konnten für die meisten SCO Systeme 

graduelle Spin Übergänge erreicht werden bis hin zu schmalen Hysteresen nach 4 oder mehr RZ. 

Eine erhöhte Kristallinität der erhaltenen Nanopartikel mit zunehmender Anzahl an RZ wurde 

mittels Pulverdiffraktometrie (PXRD) Messungen nachgewiesen. Durch den Einsatz von 

Blockcopolymeren verschiedener Blocklängen, Gesamtmassen und verschiedenen prozentualen 

P4VP-Anteilen wurden Nanopartikel unterschiedlicher Größenordnungen und Formen erhalten. 

Durch Änderung von 15% auf 25% und 33% P4VP und damit einer Erhöhung der möglichen 

Koordinationsmöglichkeiten im BCP wurden Strukturunterschiede festgestellt von sphärischen 

Nanopartikel bis hin zu Stäbchen und Vesikeln. Dynamische Licht Streuung (DLS), Transmissions 
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Elektronen Mikroskopie (TEM) und Raster Elektronen Mikroskopie (REM) Aufnahmen 

bestätigten die Nanostrukturierung der erhaltenen Partikel und deren Größenverteilung.  
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2. Introduction 
 

2.1. The spin crossover phenomenon 
 

In the 1930s Cambi et al. firstly reported the observation of a spin crossover (SCO) 

phenomenon.[1,2] With the help of the crystal field theory by Hans Bethe[3] and John H. Van 

Vleck[4]
 the underlying SCO phenomenon was understood. Transition metals in an octahedral 

coordination geometry split their d-orbitals into two states: t2g and eg
*. Due to this splitting, 3d4-

3d7 transition metal complexes (TMC) can occur either in a high spin (HS) state, following the 

Hund´s rule to maximise S, or a low spin (LS) state. TMC mostly have a well-defined state, either 

HS if the spin pairing energy P is larger than the octahedral ligand field strength O (P>>O, i.e. 

[Fe(H2O)6]
2+) or LS if P is much smaller than O (O>>P, i.e. [Fe(CN)6]

-4) as shown in Figure 2.1 

for Fe(II). If O and P are of the same dimension, a SCO between those two states, induced by 

physical or chemical stimuli such as light, pressure or temperature is possible.  

 

 

Figure 2.1: Schematic presentation of the energetic splitting of the d-orbitals and electron 

distribution in an octahedral coordinated 3d6 transition metal in HS state (left) and LS state (right) 

i.e. Fe(II). The SCO can be triggered by external stimuli such as temperature, pressure or light. 

 

The ligand field splitting depends on the chosen ligands and the metal ion. The strength of a ligand 

to split the ligand field is given by its place in the spectrochemical row.[5] The most attractive SCO 

compounds possess an Fe(II) metal center, because it is possible to switch magnetic properties 

between a diamagnetic LS (S=0) and a paramagnetic HS (S=2) state. Also, there is a change in the 

physical properties of the complex, for example the color. The relative energy of the two different 
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molecular states, the LS and HS (respectively 1A1 and 5T2 for a Fe(II) complex) is given in Figure 

2.2.  

 

Figure 2.2: Jablonski diagram of the 3d6 transition metal Fe(II) in the LS state (blue) and the HS 

state (red).  

 

In the LS state, the antibonding eg
* orbitals are empty and all six electrons are in the t2g orbital. For 

an 3d6 transition metal in the HS state, four electrons are in the t2g orbital and two electrons are in 

the antibonding eg
*.[6] Due to the two electrons in the antibonding orbitals, the metal to ligand 

distance (M-L) in the HS is larger than in the LS. The M-L increase for Fe(II) is about 0.2 Å.[7]  

This increase leads to a change in the vibrational modes of the molecule. The energies of 1A1 and 

5T2 are presented as function of O in a Tanabe-Sugano diagram.[8-9] As shown in Figure 2.3 the 

3d6 transition metal Fe(II) has an electronic ground state 5T2 until a specific ligand field strength  

crit.
[10,11] Above crit, the ground state changes towards 1A1. 
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Figure 2.3: Tanabe-Sugano diagram to show the electronic ground states 1A1 (LS, blue) and 5T2 

(HS, red) for an octahedral Fe(II) complex.[12] 

 

Several other transition metals can undergo SCO like Cr(II),[13-17] Mn(II),[18] Mn(III),[19,20] 

Fe(III),[1,2,21,22] Co(II),[21,23,24] and Co(III) complexes[25,26]. The SCO can be followed using 

magnetic measurements (e.g. with a SQUID magnetometer) or NMR or EPR spectroscopy. 

Structural changes can be detected via single crystal or powder X-ray diffraction (PXRD), 

vibrational changes can be detected via IR- and Raman-spectroscopy.  

 

2.1.1 Thermal SCO 
 

The transition from LS to HS takes place, when the free enthalpy G (Gibbs-Helmholtz equation, 

 corresponds to the difference between HS and LS) is negative: 



G = H - TS     (2.1) 

 

                if  G  < 0       (2.2) 

then H < TS      (2.3) 
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In the HS state there are lower vibrational frequencies (weaker M-L bonding) resulting a higher 

density of vibrational states, thus S is always positive. The product TS can exceed H if T is 

high enough. The critical temperature TC or T1/2 shows the equilibrium of HS and LS molecules, 

here G = 0 [12]: 

 

     T1/2 = 
ு

ௌ
      (2.4) 

 

The free energy G is given with: 

 

     G = -kBTln(K)     (2.5) 

 

K is the equilibrium constant between HS and LS. 

 

     K = 
ఊுௌ

ఊௌ
= 

ఊுௌ

ଵିఊுௌ
     (2.6) 

 

HS and LS show the amount of molecules in HS and LS state with possible values from 0 to 1. To 

illustrate the temperature dependence of HS, G has to be equated: 

 

     H – TS = -kBTln (
ఊுௌ

ଵିఊுௌ
)    (2.7) 

 

     HS = 
ଵ

ଵା
೩ಹ

ೖಳ 
ష

೩ೄ
ೖಳ

     (2.8) 

 
For a Fe(II) spin crossover complex the value of H is about 6-15 kJ/mol and S about 40-

65 J/Kmol with a spin transition temperature around 130 K.[12] 
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2.1.2 Cooperativity in solution and solid state 
 

There are different types of SCO in solid state and solution: gradual, stepwise, abrupt, abrupt with 

hysteresis and incomplete. The three most important are gradual, stepwise and abrupt with 

hysteresis (Figure 2.4). Usually, the temperature dependent magnetic properties of SCO complexes 

are plotted as a function of the HS fraction (HS) against the temperature or the molar 

susceptibility temperature product (χMT) against the temperature T (Figure 2.4). 

 

Figure 2.4: HS fraction HS plotted vs. temperature T for different SCO a) gradual, b) stepwise, c) 

abrupt with hysteresis. 

 

The reasons for different types of SCO are cooperative interactions (CI). Van der Waals- and --

interactions or hydrogen bonding are intermolecular interactions which lead to CIs.[27,28,29] Those 

CIs are forwarding the spin transition information from one molecule to another through the 

crystal lattice due to a shortening or elongation of the metal-ligand distances to the neighboured 

molecules.[27,28] In solution there is nearly no interaction between molecules so the SCO is 

gradual.[30] Different lattice sites of one molecule can lead to stepwise spin crossover. The 

bistability of molecules at defined temperatures leads to the most interesting SCO with hysteresis. 

For a SCO with hysteresis, there is a T1/2↓ were 50% of HS and LS exist during cooling mode and 

a T1/2↑ were 50% of HS and LS exist during heating mode. First the CIs hinder the ST on several 

metal centres so the difference of T1/2↓ and T1/2↑ is due to the stepwise transition (Figure 2.5, b, c) 

of the lattice metal centres from pure HS (Figure 2.5, a) to LS (Figure 2.5, d) and T1/2↓ is at lower 

temperatures than T1/2↑.[31,32] Due to very high cooperativity the system has an internal pressure 

able to inhibit ST partially or completely. Halcrow proposed in 2009, that any general change in 
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structure (i.e. ligand rotation) can lead to SCO with hysteresis, not only the volume change during 

SCO itself.[33] 

 

 

Figure 2.5: Schematic representation of a SCO system with internal pressure. The springs 

represent the intermolecular interactions, the black spheres represent Fe(II) centres in HS state, 

white spheres Fe(II) centres in LS state and the black lined spheres represent Fe(II) centres that are 

not defined due to intermolecular interactions which adapt the spin state of the whole system.[12] 

 

2.2 Schiff base-like ligand systems 
 

The ligand systems used in this work are Schiff base-like ligands, which show a good ability to 

form SCO complexes. Due to their [N2O2] coordination sphere (square planar) and the possibility 

to change the substituents R1 and R2, the ligand field strength can be adjusted quite sensitively.  

First synthesised by Jäger et al.,[34] this ligand system is used fort he synthesis of a wide variety of 

different complexes and continuously develop further.[35] The SCO properties and cooperative 

interactions of the corresponding iron(II) complexes can be influenced by changing R1 and R2 or 

by using different bridging ligands (Scheme 2.3 and Figure 2.6). For the complexes used in this 

work, illustrated in Scheme 2.2, in the bulk material, [Fe(Lc)(bipy)]n shows two types of SCO due 

to two different polymorphs. Slow precipitation leads to SCO above RT whereas fast precipitation 

with reflux favors a gradual ST at lower temperatures.[36] 
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Scheme 2.2: Different Schiff base-like ligands (left) and Fe(II) complexes with two methanol 

molecules in axial position (right). 

 

The bridging ligands bpey and bipy are rigid ligands leading to coopeatitve SCO in the bulk 

material with hysteresis, as illustrated in Fig. 2.6. Bridging ligands like bpea or bpee[36,37] with a 

ethylene or ethene bridge between the two pyridin rings show the possibility to rotate or give cis-, 

trans- isomerism. Due to this rising flexibility, more gradual SCO are observed.  

 

Scheme 2.3: Formation of 1D Fe(II) SCO coordination polymer with different  pyridine-like brid-

ging ligands (i.e. bipy, bpea, bpee, bpey). 
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Figure 2.6: magnetic measurements of the bulk complexes of [Fe(Lb)(bpea)]n (top left), 

[Fe(Lb)(bipy)]n (top, middle), [Fe(Lb)(bpey)]n (top right) and the two different polymorphs of 

[Fe(Lc)(bipy)]n with SCO above RT (down left) and below RT (down right).[36,37,38] 

 

2.3 Nanostructuring of functional materials 
 

The miniaturisation of functional and/or composite materials has a high impact for applications in 

modern technologies. Coordination polymers and (porous) coordination networks (e.g. metal 

organic frameworks (MOFs), spin crossover coordination polymers/networks) are of special 

interest because of their discussed high potential in drug delivery,[39] chemical sensing, as well as 

contrast agents, in catalysis, battery electrodes or solid electrolytes.[40–42]  

The chief difficulty is the step from a bulk material to the nano-size and the incorporation into a 

functional device or composite material to gain advantages in processing or device constructions. 

Via self-assembly, colloidal suspensions of MOF NPs were already deposited on substrate 

surfaces, but it is difficult to realise a large-area ordering.[40,41] In general, nanoparticles can be 

synthesised via top-down and bottom-up approach (Figure 2.7).[43,44] In a top-down approach, a 

bulk material is physically (i.e. by a laser beam or ultra-sonic bath) or mechanically (i.e. by a ball 

mill) crushed until it reaches nanoscale. This method leads to an irregular size distribution and 
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thus, no exact size control is possible. The bottom-up approach is a much more sensitive way to 

prepare nanoparticles with narrow size distibution. This method is used to control the growth of 

the nanoparticles and regulate the particle size. Small building units such as precursor molecules or 

single atoms are used as starting materials to be transformed into clusters and nanoparticles 

afterwards.  

 

Figure 2.7: Top-down (left) and bottom-up approach (right) to yield nanoparticles in well-defined 

sizes. 

Various methods are known for the synthesis of NPs of inorganic solids as the controlled decom-

position of complexes, the reduction of metal salts or the micro-emulsion technique.[45] Compared 

to this, there is a limited number of methods to synthesise nanostructured coordination polymers or 

coordination networks (2D/3D).[40,41,46] They can be classified into six approaches: a) controlled 

precipitation (solvent-induced precipitation, microwave, ultrasonic, control seed formation and 

growth of crystals, modulators, capping ligands, ect.)[40,41,47,48,49], b) micro-emulsion as micro-

reactors for size control[40,41,50], c) solvothermal synthesis[46], d) spray techniques[51], e) synthesis 

on patterned templates as polymer[52] or f) electrostatic stabilisation.[53]  

In 2005, Mirkin[48] and Wang[49] independently reported firstly successful methods to synthesise 

coordination polymer (CP) NPs by the use of solvent-induced precipitation. Previously, the 

starting materials had to be soluble in the same solvent as the reaction product. After the synthesis, 

an “antisolvent” induced the precipitation of the CP. An ingenious change in the reaction 

conditions, allowed the control of size and morphology of them. Only a small indication was given 

about how and why one particle size or morphology preferred another. By varying reaction 

conditions as changes in solvent, counter ion or ancillary ligand, it was even possible to gain 

reversible morphology changes.[46] In a further method, micro-emulsion (surfactants) was used to 

synthesise nanostructured CPs.[40,41,50] Mallah and co-workers produced nanoparticles of Prussian 

blue analogue CsXNi[Cr(CN)6]y (interesting due to its application potential for coatings, 

photomagnetic switches, electrocatalysts or sensors)[54] from spontaneous electrostatic stabilisation 
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as dispersion in aqueous solution.[11] Using various coating agents, 6.5 nm bimetallic NPs can be 

achieved. Subsequently, the coating agent influenced the magnetic properties, obtaining a 

superparamagnetic or a spin glass like behaviour. Due to electrostatic stabilisation of surfactant 

free particles, core-multishell nanocrystals could be obtained by epitaxial growth of variant shells 

on different charged cores. A nanometer scale controlled shell was acquired and could be repeated 

for different metal ions.[55] Interface-induced interactions effected the (photo-) magnetic properties 

of multi-layer composites.[56] Another synthetic route towards Prussian blue mesostructures was 

the use of amphiphilic ligands, similar to the aqueous liquid-crystal-templating trail for the 

synthesis of chalkogenides and oxides.[57] By varying the chain length and/or the chain end, the 

mesostructure can be modified. A large range of ligands and metal centers enable a wide flexibility 

in designing coordination networks or CPs with special properties. A further “fine-tuning” of the 

properties, depends on chain length, chain end, the packing (crystallinity vs. amorpous) and mono-

dispersity.[46] Not every nanoscaled CP or coordination network can be synthesised, there are 

limitations in the control of size, morphoilogy or shape with the afore-remarked approaches. Thus 

the development of new synthetic routes for nano-structured materials is needed. 

 

2.3.1 Spin crossover nanoparticles 
 

As described before, there is a high interest in the development of materials with sensing 

properties and nanoscale resolution for application in biological systems or microcircuits.[50,58] 

SCO complexes show properties like the memory effect (bistability) or the possibility to fine-tune 

a transition temperature. An special advantage of SCO materials is the possibility to combine the 

SCO with additional properties, e.g. fluorescence properties.[59,60] Due to the promissing 

propterties of SCO materials, the investigation of the influence of decreasing particle size[61-63] , 

crystallinity and matrix effects[64-66] on the SCO behaviour of the nano-material is highly 

interesting. The rigidity of matrices can have large effects on SCO properties, e.g. the width of the 

hysteresis in Hoffman Clathrates[64] or triazole based systems[66]. Hysteresis close to room 

temperature was observed for particels with a rigid SiO2 shell, down to very small particle sizes. A 

study on the size dependence of thermal hysteresis loops by Bouseksou et al. presented, that below 

a critical diameter the cooperativity is restored.[62] As described before, requirement for a 

hysteresis (bistability) are cooperative interactions between single spin centres, that are shared 

through intermolecular contacts. This communication strongly depends on the crystallinity and the 
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crystal packing of the (nano-) material. Plenty of applications demand abrupt spin transition or 

spin transition with hysteresis around room temperature, so the synthesis conditions have to be 

considered well to develop new strategies for NP preparation. Some strategies for the synthesis of 

nano-structured SCO coordination polymers and networks are used already.[42,67] Good results 

were achieved by inverse micelle technique which is used quite frequently. Pioneer for the 

synthesis of SCO NPs by this method was Corronado et al.[68], followed by Letard et al.[69], Real et 

al.[70a], Mallah et al.[70b] and many others.[61,65,71] In a polar solvent (water or methanol/ethanol) 

micro-emulsions of the starting materials are prepared by the use of surfactants as NaAOT 

(sodium bis(2-ethylhexyl)sulfosuccinate) or CTAB (cetyltri-methyl ammonium bromide) (sheme 

2.4) and an unpolar phase (e.g. n-heptan or n-octane). 

 Scheme 2.4: Representation of two common surfactants CTAB (right) and AOT (left). 

In the following step, the micellar exchange starts by mixing the micro emulsions which leads to 

the formation of the coordination network or polymer (figure 2.8). 

  



 
 

 

Figure 2.8: Schematic representation of NP growth by micro
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based 1D coordination polymers[63,65,68,72], as shown by spin transition with 
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on the conductivity as function of the spin state of the NPs.[73] A indirect read out of the spin state 
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2D and 3D networks of Hofmann clathrates showed a loss of hysteresis due to size 

However, as described before, it can reappear 

or after coating the NPs in a rigid matrix[64]. A layer by layer technique is a different way to 

Hofmann clathrates based systems[75], were the hysteresis is preserved

or changes in the crystalline quality of various sized nanoparticles 
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2.3.2 Block copolymers 
 

The incorporation of metals in polymers leads to functional soft materials with new and attractive 

properties which keep the ability to shape polymers with the common progressing routes.[78] Such 

composite materials are for example out of shape, low density, magnetic ceramic from metal-

containing organosilicon polymer networks[76] or the synthesis of a high surfaced area mesoporous 

etheneslica.[77] Block copolymers (BCPs) are of great interest for the synthesis of nanoparticles, 

reasoned to the nanostructuring through self-assembly,[79] as e.g. in some MOF-polymer 

composites[80] with some advanced properties as proton conductivity[85a], gas separation[81b-d] or 

even a benefit in processing. Intracellular diagnostics and drug delivery[82] are possible 

applications due to the combination of NPs with biopolymers, e.g. through the synthesis of 

spherical conjugated nucleic acids. Mirkin et al. synthesised nucleid acid-MOF NP conjugates 

through functional design on the UiO-66-N3 surface via click-reaction.[83] As shown by the 

authors, the pores are empty while the surface of the particles became functionalised. Compared to 

the pure MOF NPs, the coverage of the surface leads to a rise of stability and a better cellular 

uptake. The Mirkin group presented that those particles infiltrate cells and alter protein expression, 

which adepts them for an adequate gene knock-down.[84] Functionalising the surface of nanoscales 

CPs with interfering RNA to create an efficient drug delivery for e.g. cis-platinum[85] to tumor 

cells which prohibits a drug resistance of ovarian cancer cells. In the polymer chain included 

tellurium is one example for the combination of block copolymers with coordination compounds, 

to create stimuli-responsive delivery systems. Nanocarriers loaded with cis-platinum and 

indocyanine green were used, which produce reactive oxygen species (ROS) upon light irradiation. 

The tellurium gets oxidised and the drug release takes place.[86] Further applications for the use of 

CP NPs in combination with BCPs were photocatalysts for water cleaning[87], water-processed 

hybrid solar cells through the combination of water soluble conjugated polymer (poly[(3,4-

dibromo-2,5-thienylene vinylene)-co-(p-phenylene-vinylene)] with CdTe nanocrystals.[88] Using 

one of the synthesis mechanisms explained in the passage below, materials are normally prepared 

in a two-step progress. First, the CP nanoparticles are synthesised and afterwards those NPs are 

linked to or dispersed in the polymer matrices. A great simplification in the process of CP NPs is 

the combination of both steps via direct synthesis in a polymer matrix, to e.g. avoid the usage of 

toxic surfactants or solvents, reduce the amount of solvent needed and to increase the yield. Also, 

there will be the opportunity of controlled deposition on different surfaces, e.g. formation of 

single-layered films through self-assembly[89] of block copolymer based micelles (PS-b-P4VP). 
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Those micelles were already used for the deposition of e.g. Au[90] or iron oxides[91] NPs on large 

areas. The crystalinity of unprotected CPs or MOFs may be destroyed through contact with air or 

water[41], so another positive effect for the use of BCPs is a kind of protective lamination. To 

achieve a precise control of size and composition, the polymer operates as nanoreactor for a 

formation of single NPs during heating.[92] 

 

2.3.3 Block Copolymers – Coordination Polymer Nanocomposites 
 

Tang et al. presented one example for the use of block copolymers (BCPs) to realize coordination 

network or polymer nanostructures. He synthesized NPs of iron(III) with tannic acid trough flash 

nanoprecipitation by the use of amphiphilic BCPs for polymer-directed self assembly.[93] 

MacLachlan et al. formed soluble Prussian blue nanoworms through assembly of metal-organic 

block ionomers using a diblock copolymer (PS-b-PHEMA). The hydroxyethyl-methylacrylate 

(HEMA) group were functionalised to achieve monoquaternised 4,4’bipyridine. Due to a self-

assembly with the ionic block in the inflexible core, the block ionomer forms reverse micelles in 

less polar solvents. A NH3 group of the iron(II) precursor Na3[Fe(CN)5NH3] gets replaced through 

the coordination in the ionomer proved by UV-Vis spectroscopy. Through the addition of a second 

metal salt (e.g. iron(III), zink(I) or cobalt(II) nitrate), a crosslinking of the received metal-organic 

block ionomer to a Prussian blue-type network was possible and led to worm-like nanostructures 

with an inner diameter of around 20 nm which are monodisperse and reproducible. The 

characterisation of the nanoparticles was done via TEM and EDX. Furthermore the synthesis of 

hollow nanocontainers becomes possible through the alteration of block lengths and reaction 

conditions. Those nanocontainers were used for encapsulation through emulsion-induced assembly 

of the metal-containing block ionomers.[94] Also those capsules can be modified towards the 

encapsulation (selectively permeable) of methylene blue by a fine tune of the size through 

alteration of the reaction conditions. Schiff base-like ligand system of the Weber group, presented 

in 2.2, is highly qualified for the synthesis of spin crossover complexes with thermal hysteresis 

loops.[95] The spin state switch can by modified towards properties such as switchable 

luminescence[64] or amphiphilic properties.[96] Experiments to synthesise SCO NPs by the use of 

the inverse micelles technique were not successful and resulted in a mixture of nano-sized particles 

and microcrystals. In 2014, the SCO coordination polymer (CP) [Fe(L)(bipy)]n (L = Schiff base-

like ligand, bipy = 4,4’-bipyridine) was incorporated in the polymer matrix poly(4-vinylpyridine). 
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A 20 K thermal hysteresis loop was observed around 225 K for the bulk material[97]. The Fe(II) 

complex ([Fe(L)]), can coordinate at the 4-vinylpyridine unit of the polymer with the axial 

coordination site, whereas the second axial coordination site is free for a coordination of a 4,4’-

bipyridine. The free nitrogen at the 4,4’-bipyridine can coordinate the next Fe(II) complex again 

(Figure 2.9). 

 

Figure 2.9: Shematic representation of the general approach for the synthesis of micro- and nano-

particles of Fe(II) coordination polymers in a polymer matrix (poly(4-vinylpyridine).[63] 

A controlled growth of the microcrystals in the polymer matrix was observed by the subsequent 

addition of iron complex and 4,4’-bipyridine. Below a critical size, the spin transition is quenched 

and no gradual SCO appers, but above this critical size of the particles, the same cooperative spin 

transition with hysteresis as for the bulk material occurs.[98] Based on those results, block 

copolymers with poly(4-vinylpyridine) as one block (e.g. PS-b-P4VP), were used to synthesise 

SCO NPs in this thesis. Future projects can be envisioned by varying the blocks of the BCP, to 

allow a specific change towards special properties as water solubility or conductivity. Possible 

systems are polystyrene-b-polyethylene glycol (PS-b-PEO)[99,100,101] for water soluble or 

polystyrene-b-polythiophene (PS-b-H3PT)[102,103] for conductive BCPs.  
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3. Overview 
 

This thesis comprises four chapters (4-7), of those are two accepted publications and two to be 

submitted. The individual contributions to joint publications are pointed out in Chapter 3.2. 

 

3.1 Synopsis 
 

As explicated in 2.3.3, this work covers the synthesis and characterisation of spin crossover (SCO) 

nanoparticles with the aim to build miniaturised functional materials in a matrix, to produce SCO-

based devices like sensors or smart contrast agents. The main goal is to synthesise stable SCO 

nanoparticle systems by using polystyrene-b-poly-(4-vinylpyridine) (PS-b-P4VP) block 

copolymers, to characterise them and to study the SCO properties of the nanoparticles in 

comparison to the SCO bulk material. Additionally, the size control of the nanoparticles by the use 

of block copolymers with various block lengths and different amounts of poly-(4-vinylpyridine) 

(P4VP) should be investigated. The control of the particle size should lead to tailored SCO 

properties.  

In the first part of this work, the growth of the coordination polymer in a BCP matrix was studied. 

The used BCP has a molecular weight of about 150000 g·mol-1 with 15% wt of P4VP (≈204 units) 

and 85% wt of PS (≈1234 units). A combination of the repeating units polystyrene (PS) and poly-

(4-vinylpyridine) (P4VP) leads to a self-assembly of the BCPs (PS-b-P4VP). Styrene has a better 

soloubility than 4-vinylpyridine in solvents as tolouene or tetrahydro-furan which in consequence 

leads to a micellar structure with PS as a shell and P4VP as core. To control the size and shape of 

the nanoparticles TEM images were taken. The obtained samples showed no micro crystal 

impurities that would significantly influence the magnetic properties. The shape of the NPs was 

spherical with a core-shell structure and a narrow size distribution (Figure 3.1).  
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Figure 3.1: TEM images of NPs synthesised by refluxing PS-b-P4VP and [Fe(Lb)(MeOH)2] in 

THF at three different magnifications. 

 

To optimize the reaction conditions, the optimal ratio [Fe(Lb)(MeOH)2] : 4,4´-bipyridine (bipy) 

was determined. A concentration row from 1:1-1:5 was done. TEM images were taken to find the 

best distribution of the nanoparticles in the polymer matrix and the ratio 2.5:1 was chosen for the 

first synthesis step. After two hours of reflux, the bridging ligand bipy was added and the 

synthesis was refluxed for one more hour. This synthesis step should lead to a growth of a 

coordination polymer (CP) [Fe(Lb)(bipy)]n in the BCP matrix (Figure 3.2). After adding the 

bridging ligand, one reaction cycle (RC) was completed. To yield a slow and controlled particle 

growth, further reaction cycles were done with five RC as maximum, with subsequently addition 

of bipy and [Fe(Lb)(MeOH)2]. At the end, the solvent was removed via cold distillation and all 

samples were dried via lyophilisation (freeze drying) with liquid nitrogen.  
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Figure 3.2: Schematic presentation of the formation of CPs in a BCP matrix using inverse 

micelles as nanoreactors and different RC to increase the crystallinity of the nanoparticles. 

 

TEM and SEM images of all synthesised products showed no micro or sub-micro crystals and an 

average core size of about 40-60 nm. Dynamic light scattering (DLS) was done to examine the 

hydrodynamic radius of the particles in solution. An energy dispersive X-ray spectroscopy (EDX) 

measurement of the product after five RC was done, to show the presence of iron inside the core of 

the nanoparticles. EDX showed Fe, O and N in the core of the nanoparticles, a proof of the SCO 

CP in the polymer matrix. Powder X-ray diffraction measurements of 1-5 RC showed an increase 

in the crystallinity of the nanoparticles. IR spectra of 1-5 RC showed an increase of the 

characteristic C=O bond in the Fe(II) complex at about 1600 cm-1(Figure 3.3). 
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Figure 3.3: Increase of crystallinity of the nanoparticles in powder XRD (left) and particle growth 

showed by an increase of the characteristic C=O bond about 1600 cm-1 in IR (right). 

 

Temperature dependent magnetic measurements were done to investigate the SCO properties of 

the nanoparticles. Those measurements showed no SCO behaviour for one RC, a rising gradual 

SCO up from two to four RC and a small hysteresis of about 3 K after five reaction cycles. The 

oxidation state and the ratio of Fe(II) in the high spin- (HS) and low spin (LS) state at room 

temperature (RT) were measured by Mössbauer spectroscopy. 

 

 

Figure 3.4 SQUID measurements of 2,3 (left, blue and purple) and 4 (right, red) RC with rising 

gradual SCO. After 5 RC, a 3 K wide hysteresis appered (right, green).  
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Mössbauer spectroscopy measurements showed a HS vs. LS ratio of about 50:50 for two RC rising 

up to about 100% HS at five RC. The Fe(II)-LS fraction results from Fe(II) centers coordinated by 

two 4VP units of the BCP.  

 

Figure 3.5: Mössbauer spectroscopy measurements of [Fe(Lb)(bipy)]n nanoparticles after 2 (left) 

and 5 (right) RC at room temperature. The HS : LS ratio after two RC is about 50% and rises up to 

100% HS at five RC.  

 

After the successful synthesis of Fe(II) SCO nanoparticles, the aim of chapter 5 was to synthesise 

nanoparticles of other known SCO systems. There are different possibilities to change the SCO 

behaviour, either by a change of R1 and R2 from the Schiff base-like ligands (see chapter 2.2) or a 

change of the bridging ligand 4,4´-bipyridine towards other bipyridine-like ligands i.e. 1,2-

bis(pyrid-4-yl)ethane (bpea), 1,2-bis-(pyrid-4-yl)ethylene (bpee) or 4,4′-dipyridylethyne (bpey). 

In chapter 5 the relation between the flexibility of the bridging ligand and the formation of 

nanoparticles vs. small crystalswas investigated. The critical complex concentration in the BCP 

before the formation of micro-crystals is observed, was determined as function of the used 

bridging ligand. The ligands bpea, bpee and bpey show different flexibility (bpea > bpee > bpey) 

leading to significant differences in the solubility of the corresponding coordination polymer. A 

higher flexiblility leads to a higher solubility of the CP that could be support the formation of 

micro-crystals as unwanted side product.  
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Figure 3.6 Schematic representation of the different flexibilities of the bridging ligands bpea 

(left), bpee (middle) and bpey (right). 

 

The syntheses of the CPs@BCP composite were the same as described in chapter 4. Samples with 

different numbers of RC (1-5) were prepared with either THF or toluene as solvent and in the end, 

the solvent was removed via cold distillation and the sample was dried via lyophilisation. All 

synthesised samples were analysed with TEM images and x-ray diffraction. The average size of 

the nanoparticles did not depend on the number of RC or the used solvent. The nanoparticles 

showed an average size of about 40-50 nm. For toluene as solvent micro crystals were observed 

for all samples after two or three RC. From THF, CPs with bpea showed sub-micro crystals after 

five RC, with bpee already after four RC. Similar to the CP with bipy from chapter 4, the CPs 

with bpey did not show sub-micro crystals at all. Obviously, the flexibility of the bridging ligand 

influences the crystal growth (Figure 3.7), but it is not the only important factor.  

 

 

Figure 3.7: TEM images of Fe(II) complexes with five RC with bpea (left), four RC with bpee 

(middle) and five RC with bpey (right) in BCP-1. 
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IR measurements were done for all samples to show the growth of the CP by the increase of the 

characteristic C=O bond at about 1600 cm-1. SQUID measurements of Fe(II) complexes with one 

RC showed no SCO behaviour. For samples with two to four RC with bpea and bpey a gradual 

SCO occurred. All samples with bpee showed pure HS. [Fe(Lb)(bpea)]n@BCP-1 with five RC 

showed a small hysteresis due to the formation of sub-micro crystals. [Fe(Lb)(bpey)]n@BCP-1 

with five RC looks a gradual SCO. To determine the spin transition of [Fe(Lb)(bpey)]n@BCP-1  

exactly, the first derivation of the graph, d(χMT)/d(T) vs. T was done and illustrated. A two stepped 

SCO appeared with a maximum at 185 K and 115 K (Figure 3.9). 

Figure 3.8: SQUID measurements for four and five RC with bpea (left and middle) and five RC 

with bpey (right). The first derivation d(MT)/s(T) vs. T of the gradual SCO (right) was done to 

illustrate a stepwise SCO behaviour of [Fe(Lb)(bpey)]n with two different maxima (ST) at 185 K 

and 115 K.  

In chapter 5 we could show, that bpee leads to the fastest formation of sub-micro crystals. This 

illustrates, that not only the flexibility of the ligand, but also the spin state of the complex is of 

importance for the formation. TEM images showed the expected order for the formation of sub-

micro crystals (bpee > bpea > bpey). 

For complexes with an octahedral geometry, a weak ligand field splitting leads to a HS compound 

and antibonding orbitals are occupied. This configuration supports ligand exchange and a fast 

exchange increases the possibility to form sub-micro crystals outside the polymer matrix. In 

agreement with this consideration, the complex [Fe(Lb)(bpee)]n as a pure HS compound shows the 

weakest ligand field splitting. This leads to the fastest crystallisation outside of the polymer 

matrix. The SCO compounds [Fe(Lb)(bpea)]n, [Fe(Lb)(bpey)]n follow the order of rigidity. With 

an increasing flexibility of the bridging ligand, the probability to form sub-micro crystals 

increases.  
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Chapter 4 showed the possibility to create SCO nanoparticles by using BCP nanoreactors. 

Chapter 5 showed the influence of the flexibility of the bridging ligand to the formation of sub-

micro crystals in Fe(II) SCO complexes. In Chapter 6, the influence of the molar mass and the 

amount of P4VP of the BCPs was investigated. First tests with different block copolymers led to 

different particles sizes and shapes. In chapter 4 and 5 PS-b-P4VP (BCP-1) with a molecular mass 

of about 150000 g·mol-1 and 15% of P4VP was used. In this chapter two other BCPs (BCP-2 and 

BCP-3) were used to synthesise nanoparticles. The molar masses and amounts of P4VP are given 

in Table 3.1. 

 

Table 3.1: Molecular mass and amount of P4VP of the used BCPs. 

block copolymer molecular mass [g·mol-1] amount of P4VP [%] 

BCP-1 150000 15 

BCP-2 100000 25 

BCP-3 250000 33 

 

[Fe(Lb)(bipy)]n was used in chapter 6 and the ratio polymer : Fe complex had to be calculated due 

to the different molecular masses of the BCP. It is shown, that higher molecular masses of the BCP 

lead to an increase in particle sizes, whereas a rising amount of P4VP leads to a change in the 

shape of the nanoparticles. For the pure BCPs it is reported that an amount of more than ≈19% of 

P4VP leads to nanorods and/or vesicles. BCP-1 and BCP-2 showed spherical nanoparticles, 

whereas BCP-3 formed spherical nanoparticles, nanorods or vesicles. The results for BCP-1 are 

reported in chapter 4 and are in the following compared with the  samples with BCP-2 and BCP-3 

that were synthesised here. All samples with different RC (1-5) were synthesised similar to those 

in chapter 4 and 5. TEM images were taken to characterise size and shape of the nanoparticles and 

to control the presence of micro- or sub-micro crystals. Samples with 1-3 RC showed no sub-

micro crystals. In RC four, BCP-2 as well as BCP-3 showed sub-micro crystals. However, the 

samples with five RC as well BCP-2 as BCP-3 showed pure nanoparticles without coexistence of 

sub-micro crystals. An explanation of the sub-micro crystals was given by powder XRD 

measurements (Figure 3.9), namely a partial oxidation of the sample 
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Figure 3.9: Powder XRD measurement of 1-5 RC of [Fe(Lb)(bipy)]n@BCP-2 with a 2 peak at 

about 26°, characteristic for an oxidised Fe(III) complex (right) after four RC. 

 

Both, the samples synthesised in BCP-2 and BCP-3 with  four RCs showed a partially oxidised 

signal at 2 of about 26°. The oxidised -oxido complex of the Fe showed a high affinity to 

crystallise. Thus the oxidation of the Fe complex could be responsible for the formation of sub-

micro crystals at four RCs. The average particle sizes of the three different CP@BCPs are given in 

Table 3.2. 

 

 

Table 3.2: Average particle sizes of the SCO nanoparticles in different polymers. 

block copolymer TEM average size [nm] molecular mass [g·mol-1] 

BCP-2 44 100000 

BCP-1 53 150000 

BCP-3 75 250000 
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The increase in the particle size with a higher molecular mass of the BCPs is observed (Table 3.2). 

BCP-3 with the highest molecular weight led to nanoparticles with the highest average size of 

75 nm. TEM images also showed different particle shapes from BCP-1 to BCP-3 (Figure 3.10).  

 

Figure 3.10: TEM images from nanoparticles with five RCs in BCP-1 (left), BCP-2 (middle) and 

BCP-3 (right) to show the different shapes of the nanoparticles and the change in their typical 

core-shell character from BCP-1 towards BCP-3. 

 

In the pure BCP an amount of more than 19% P4VP led to rods. By the use of BCP-3 as 

nanoreactor, a mixture of spherical nanoparticles, nanorods and vesicles occurred, whereas BCP-2 

showed monodisperse, spherical nanoparticles similar to BCP-1. The expected change in shape 

occurred somewhen between 25% and 33% of P4VP (Figure 3.11). Please note that in contrast to 

the pure BCP, that is treated as melt, the NPs are synthesized in a solution leading to different 

boundery conditions. 

vesicle like 

nanorods 

 

core-shell character 
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Figure 3.11: Schematic representation of the trend towards rods (idealised) or vesicles with higher 

amounts of P4VP in the BCP. 

SQUID measurements of the Fe(II) complexes showed no SCO behaviour for one RC. After two 

RC as well in BCP-2 as in BCP-3 a gradual SCO appeared. After the third RC, a transition from a 

gradual SCO towards hysteresis started. Four and five RC showed an incomplete SCO with a 25 K 

wide hysteresis with a T1/2↓ of 200 K and a T1/2↑ of 225 K. The nanoparticles@BCP-3 matrix 

shows a wide hysteresis at five RC (Figure 3.14). Five RC with BCP-3 showed no sub-micro 

crystals.  

Figure 3.12: Magnetic measurements of two (left), three (middle) and five (right) RC of 

[Fe(Lb)(bipy)]n@BCP-3 to show the rising SCO with higher crystallinity of the synthesised 

nanoparticles. 
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In Chapter 6 it was shown the nanoparticle size is controlled by the molar mass of the used BCP. 

The amount of P4VP is responsible for the nanoparticle shape. Between 25% and 33% of P4VP 

the shape changed from pure spherical particles towards a mixture of spherical nanoparticles, 

nanorods and vesicle-like structures, differentiated by TEM pictures. 

In Chapter 7 the SCO compound [Fe(Lc)(bipy)]n was used to synthesise SCO nanoparticles. For 

the bulk material of this complex two different species are known with a gradual SCO between 

280 K and 110 K and an abrupt SCO with a 6 K wide hysteresis with T1/2↓ of 330 K and T1/2↑ of 

336 K, as shown in chapter 2.2. In this chapter, the targeted synthesis of both SCO systems was 

carried out. To gain nanoparticles with different sizes and shapes, BCP-1 and BCP-2 were used. 

Synthesis with fast diffusion under reflux should lead to SCO below RT, synthesis with slow 

diffusion without reflux should lead to SCO above RT. Two percent of methanol were added to the 

toluene solution to help the micelles formation. All synthesis were done as described in chapter 4-

6. Different RC (1-5) were used to grow the CP in the BCP matrix and increase the crystallinity of 

the particles. TEM images were made to investigate the particle sizes and shapes. Table 3.3 gives 

an overview of all samples prepared in chapter 7. 

 

Table 3.3: Overview of all samples with [Fe(Lc)(bipy)]n in BCP-1 and BCP-2. 

sample  BCP RC solvent 

1 1 2 toluene 

2 1 3 toluene 

3 1 4 toluene 

4 1 5 toluene 

5 1 2 THF 

6 1 3 THF 

7 1 4 THF 

8 1 5 THF 

9 2 2 toluene 

10 2 3 toluene 

11 2 4 toluene 

12 2 5 toluene 
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13 2 2 THF 

14 2 3 THF 

 

 In BCP-1 without reflux, after five RC sub-micro crystals appeared. In BCP-2 without reflux, 

after three RC sub-micro crystals appeared. Longer reaction time without reflux led to a higher 

affinity to crystallise. Likewise, without refluxing, nanorods and vesicles appeared in BCP-1, too. 

Synthesis with reflux led to sub-micro crystals with BCP-1 after five RC, whereas the synthesis 

with BCP-2 with reflux led to no sub-micro crystals at all (Figure 3.13). DLS measurements of all 

samples with five RC showed no monodisperse signals due to the formation of sub-micro crystals 

and due to the formation of nanorods in BCP-2. 

 

Figure 3.13: TEM images of [Fe(Lc)(bipy)]n in BCP-1 with reflux after five RC (top left), BCP-1 

without reflux after four RC (top middle) and BCP-2 without reflux after three cycles (top right). 

As well TEM images of BCP-1 without reflux at three RC (bottom left) and BCP-2 without reflux 

at two RC (bottom right) are showed to illustrate the growth of nanorods and vesicle-like 

structures without refluxing. 

vesicle-like 

nanorods 
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SQUID measurements of all samples with more than two RC without reflux showed SCO above 

RT. Slow diffusion of the reaction led to a mixture of both SCO species with three or more RC (6-

8). There is a rise of the 6 K wide hysteresis from the bulk material to a 28 K wide hysteresis with 

T1/2↑ of 338 K and T1/2↓ of 310 K. The MT values for the full HS compound at 350 K is 3.2 

cm3Kmol-1, expected for an Fe(II) HS. The hysteresis is followed by an incomplete gradual SCO 

between 300 K and 100 K with aMT of about 1.0 cm3Kmol-1 (Figure 3.14). All samples with 

reflux showed SCO below RT. Three and four RC (10, 11) led to an incomplete gradual SCO 

between 270 K and 70 K, comparable with the SCO of the bulk material (280 K – 110 K). Five RC 

(12) led to a gradual SCO with beginning hysteresis of about 8 K with T1/2↓ of 200 K and T1/2↑ of 

208 K. 

 

Figure 3.14: SQUID measurements of four RC (3) with reflux in BCP-1 (top left), five RC (4) 

with reflux in BCP-1 (top middle), four RC (11) with reflux in BCP-2 (top right), three RC (6) 

without reflux in BCP-1 (bottom left) and four RC (7) without reflux in BCP-1 (bottom right).  
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3.2 Individual contributions to joint publications 
 

The results presented in this thesis were obtained in collaboration with others and are published, 

accepted, or are to be submitted as indicated below. In the following, the contributions of all co-

authors to the publications are specified. The asterisk denotes the corresponding authors.  
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Chapter 4 

 

This work was published in Nanoscale (Nanoscale, 2016, 8, 19058–19065) with the titel 

 

“Synthesis of [Fe(L)(bipy)]n spin crossover nanoparticles using blockcopolymer micelles”. 

 

Ottokar Klimm,a Christoph Göbel,a Sabine Rosenfeldt,b Florian Puchtler,c 

Nobuyoshi Miyajima,d Katharina Marquardt,d Markus Drechsler,e Josef Breu,c 

Stephan Förster,b and Birgit Weber*a 

 

I synthesised and characterised all samples presented in this work, carried out the magnetic 

measurements, TEM meassurements, DLS measurements, IR measurements, elemental analysis 

and wrote the experimental section, the conclusion and parts of the result section (TEM imaging, 

magnetic measurements, IR measurements, Powder XRD measurements). Christoph Göbel carried 

out parts of the TEM meassurements. Katharina Marquardt and Nobuyoshi Miyajima carried out 

the EDX measurements at the BGI of the University of Bayreuth, interpreted the EDX data and I 

wrote this part in the manuscript. Florian Puchtler carried out the PXRD measurements and I 

interpreted the PXRD measurements and wrote this part in the manuscript. Sabine Rosenfeldt 

helped interpreting DLS measurements. Prof. Dr. Birgit Weber supervised this work, helped 

interpreting the magnetic (SQUID and Mössbauer) and imaging (TEM, DLS) data, wrote the 

introduction and was involved in scientific discussions and correction of the manuscript. 
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Chapter 5 

 

This work was published in Beilstein Journal of Nanotechnology (Beilstein J. Nanotech., 2017, 8, 

1318–1327) with the titel 

 

 “Synthesis of [Fe(Leq)(Lax)]n Coordination Polymer Nanoparticles using Blockcopolymer 

Micelles”. 

 

Christoph Göbela, Ottokar Klimma, Florian Puchtlerb, Sabine Rosenfeldtc, Stephan Försterc and 

Birgit Webera* 

 

I synthesised and characterised the samples presented in this work, carried out the magnetic 

measurements, TEM images, DLS measurements, IR measurements and elemental analysis. 

Christoph Göbel reproduced all samples and their characterization and wrote the manuscript with 

experimental section, the conclusion and the result section (TEM imaging, magnetic 

measurements, IR measurements, Powder XRD measurements). Florian Puchtler carried out the 

PXRD measurements and I interpreted the PXRD measurements. Christoph Göbel repeated the 

data treatment and wrote this part in the manuscript. Prof. Dr. Birgit Weber supervised this work, 

helped interpreting the magnetic (SQUID and Mössbauer) and imaging (TEM, DLS) data, wrote 

the introduction and was involved in scientific discussions and correction of the manuscript. 
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Chapter 6 

 

This work is to be submitted. 

 

“The influence of block copolymer tuning to particle size and shape of Fe(II) SCO nano-

particles in block copolymer micelles”. 

 

 Ottokar Klimma, Florian Puchtlerb, Sabine Rosenfeldtc, Stephan Försterc and Birgit Webera* 

 

I synthesised and characterised all samples presented in this work, carried out the magnetic 

measurements, TEM images, DLS measurements, elemental analysis and wrote the experimental 

section, the conclusion and parts of the result section (TEM imaging, magnetic measurements, 

Powder XRD measurements). Florian Puchtler carried out the PXRD measurements and I 

interpreted the PXRD measurements and wrote this part in the manuscript. Prof. Dr. Birgit Weber 

supervised this work, helped interpreting the magnetic (SQUID and Mössbauer) and imaging 

(TEM, DLS) data and was involved in scientific discussions and correction of the manuscript. 
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Chapter 7 

 

 

This work is to be submitted. 

 

“Synthesis of different Fe(II) SCO nanoparticles with SCO over and below room temperature 

using BCP nanoreactors”. 

 

 Ottokar Klimma, Florian Puchtlerb, Sabine Rosenfeldtc, Stephan Försterc and Birgit Webera* 

 

I synthesised and characterised all samples presented in this work, carried out the magnetic 

measurements, TEM images, DLS measurements, elemental analysis and wrote the experimental 

section, the conclusion and parts of the result section (TEM imaging, magnetic measurements, 

Powder XRD measurements). Florian Puchtler carried out the PXRD measurements and I 
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Abstract: Nowadays there is a high demand for specialized functional materials for specific 

applications in sensors or biomedicine (e.g. fMRI). For the implementation in devices, 

nanostructuring and the integration in a composite matrix are indispensable. Spin crossover 

complexes are a highly promising family of switchable materials where the switching process can 

be triggered by various external stimuli. In this work, the synthesis of nanoparticles of the spin 

crossover iron(II) coordination polymer [Fe(L)(bipy)]n (with L = 1,2-phenylene-

bis(iminomethylidyne)bis(2,4-pentanedionato)(2-) and bipy = 4,4’-bipyridine) is described using  



 4. Synthesis of [Fe(L)(bipy)]n Spin Crossover Nanoparticles using Blockcopolymer Micelles 

47 
 
 

polystyrene-poly-4-vinylprididine blockcopolymer micelles as template defining the final size of 

the nanoparticle core. A control of the spin crossover properties can be achieved by precise tuning 

of the crystallinity of the coordination polymer via successive addition of the starting material 

Fe(L) and bipy. By this we were able to synthesize nanoparticles with a core size of 49 nm and a 

thermal hysteresis loop width of 8 K. This is, to the best of our knowledge, a completely new 

approach for the synthesis of nanoparticles of coordination polymers and should be easily 

transferable to other coordination polymers and networks. Furthermore, the use of 

blockcopolymers allows a further functionalization of the obtained nanoparticles by variation of 

the polymer blocks and an easy deposition of the composite material on surfaces via spin coating. 

 

Introduction 
 

The synthesis of nanostructured and composite materials is of growing importance for 

coordination polymers and (porous) coordination networks (e.g. MOFs) that are discussed for their 

high potential in drug delivery, sensing, catalysis, or as contrast agents.[1,2] Such applications 

require the incorporation into composite materials or mesoscopic systems. Additionally, there is a 

great interest in tailoring size-dependent physical properties such as light absorption. A well-

known example are the different colours of colloidal gold nanoparticles.[3] Nowadays many 

methods for the synthesis of metal- or metalchalcogenate nanoparticles are available, e.g. 

decomposition of complexes, reduction of metal salts, fast precipitation, or inverse micelle 

techniques.[4] Whereas for the synthesis of nanostructured coordination polymers or coordination 

networks (including MOFs), the number of methods is restricted and further depends strongly on 

the used system.[1,2] The potential of block copolymers for the synthesis of coordination network 

nanoparticles is almost unexplored.[5] 

Spin crossover (SCO) coordination polymers and networks are well established model systems to 

develop new synthesis strategies for nanostructured coordination compounds and further to 

investigate size and matrix effects.[6] Those materials can be switched by external stimuli between 

a low-spin (LS) and a high-spin (HS) state.[7] This switching ability is associated with changes in 

the chemical and physical properties, explaining the high interest for applications in sensors,[8]  

display devices[9] or as functional contrast agents.[10] For potential applications it is essential to 

understand the interplay between the particle size and/or matrix effects and the SCO properties. In 

bulk material, cooperative spin transitions with hysteresis (bistability)[11] are possible due to 
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intermolecular interactions. There are only a few systems, where 1D coordination polymers 

nanoparticles or 3D coordination network nanoparticles were prepared, generally accompanied by 

loss of the spin crossover behaviour of the bulk material.[12,13–16] For most of those systems the 

inverse micelle technique was used13–17 and few attempts were made to entrap nanoparticles in a 

matrix[16,18,19]  Nearly no examples preserving the hysteresis in a nanostructured system are 

known.[18,20] Nanospheres of mononuclear spin crossover complexes can be obtained through self-

assembly of amphiphilic complexes.[21] In this work we investigate the size and crystallinity of 

nanoparticles and show how it is possible to preserve the spin crossover properties of the bulk 

material down to particles sizes below 50 nm. 

We use our extensive library of mononuclear and poly-nuclear spin crossover complexes to 

investigate systematically the origin of cooperative effects (e.g.  thermal hysteresis loops or steps) 

during the spin transition.[22] Recently, we reported a strong influence of a poly-4-vinylpyridine 

(P4VP) matrix on the spin transition properties of sub-microcrystals of the SCO coordination 

polymer [Fe(L)(bipy)]n.
[23] Inspired by the results we used P4VP based block copolymers (BCP) as 

template for the nanoparticle synthesis. Polystyrene-poly-4-vinylprididine BCPs are known for 

their ability to build micellar structures via self-assembly.[24] The direct synthesis of nanoparticles 

(NPs) in the polymer micelles is expected to bring large yields while omitting toxic surfactants and 

using less-toxic solvents compared to the inverse micelle technique. In addition, the block 

morphology of the polymer offers the possibility of controlled deposition on various surfaces.[24] 

PS-P4VP based BCPs are used for large area deposition of inorganic nanoparticles such as gold[25] 

or iron oxide.[26] The incorporation of SCO NPs in such a polymer matrix may lead to an increased 

stability against degradation in aerobic conditions. Consequently we decided to use PS-P4VP 

based micelles as nanoreactors for the synthesis of nanoparticles of the Fe(II) complex 

[Fe(L)(bipy)]n. A Schematic representation of the general approach using a self-assembly strategy 

is given in Scheme 1. 

 

Results and discussion 
 

Synthesis of the nanoparticles 

For the synthesis of the coordination polymer (CP) – blockcopolymer (BCP) composite materials, 

the self-assembly approach recently reported for sub-microcrystals in a poly(4-vinylpyridine) 
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matrix was used.23 The polystyrene

1250 PS units, 200 P4VP units, 14% P4VP) was dissolved in THF and stirred for 15

self-assembly. The resulting empty BCP micelles have a hydrodynamic radius of 63 nm (SI, 

Figure S1). For the CP-BCP composite materials, a s

complex [Fe(L)] was used as starting material. In the solid state [Fe(L)] is stabilized by two 

additional methanol molecules as axial ligands that are easily replaced by pyridine derivatives. 

Based on the size of [Fe(L)] of 12

vinylpyridine (VP) units. Thus a ratio of 1:4.5 of [Fe(L)]:VP

uncoordinated iron complex in the reaction mixture. It results in two 

penta-coordinated [Fe(L)(VP)] (20%, high

spin, LS; see Mössbauer spectrum of compound 

After 2h of reflux (66°C) the bridging ligand 4,4’

to the LS state of the majority species [Fe(L)(VP)

down. To allow crystalline growth of the CP in the BCP micelles, further successive additions of 

[Fe(L)] and bipy were used (= number of cycles; each with t

Scheme 1: Top: formula of the compounds with the used abbreviations. Bottom: 

representation of a self-assembled block

4. Synthesis of [Fe(L)(bipy)]n Spin Crossover Nanoparticles using Blockcopolymer Micelles

49 

The polystyrene-poly-4-vinylpyridine BCP (PS-P4VP, M = 150 000 g/mol, 

1250 PS units, 200 P4VP units, 14% P4VP) was dissolved in THF and stirred for 15

assembly. The resulting empty BCP micelles have a hydrodynamic radius of 63 nm (SI, 

BCP composite materials, a solution of the BCP with the precursor 

complex [Fe(L)] was used as starting material. In the solid state [Fe(L)] is stabilized by two 

additional methanol molecules as axial ligands that are easily replaced by pyridine derivatives. 

f [Fe(L)] of 12  9 Å, approximately one iron complex can coordinate per 3

vinylpyridine (VP) units. Thus a ratio of 1:4.5 of [Fe(L)]:VP-units is chosen to avoid 

uncoordinated iron complex in the reaction mixture. It results in two Fe(II) 

coordinated [Fe(L)(VP)] (20%, high-spin, HS) and the octahedral [Fe(L)(VP)

spin, LS; see Mössbauer spectrum of compound 1, Figure S2). 

After 2h of reflux (66°C) the bridging ligand 4,4’-bipyridine (bipy) was added to the solution.

to the LS state of the majority species [Fe(L)(VP)2], ligand exchange is expected to be slowed 

down. To allow crystalline growth of the CP in the BCP micelles, further successive additions of 

[Fe(L)] and bipy were used (= number of cycles; each with the same ratio of [Fe(L)]:bipy). 

Top: formula of the compounds with the used abbreviations. Bottom: 

assembled block copolymer micelle for the use as nanoreactor. Successive 
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P, M = 150 000 g/mol, 

1250 PS units, 200 P4VP units, 14% P4VP) was dissolved in THF and stirred for 15 min to allow 

assembly. The resulting empty BCP micelles have a hydrodynamic radius of 63 nm (SI, 

olution of the BCP with the precursor Fe(II) 

complex [Fe(L)] was used as starting material. In the solid state [Fe(L)] is stabilized by two 

additional methanol molecules as axial ligands that are easily replaced by pyridine derivatives. 

9 Å, approximately one iron complex can coordinate per 3 – 4 

units is chosen to avoid 

 species, namely the 

spin, HS) and the octahedral [Fe(L)(VP)2] (80 %, low-

bipyridine (bipy) was added to the solution. Due 

], ligand exchange is expected to be slowed 

down. To allow crystalline growth of the CP in the BCP micelles, further successive additions of 

he same ratio of [Fe(L)]:bipy).  

 

Top: formula of the compounds with the used abbreviations. Bottom: Schematic 

copolymer micelle for the use as nanoreactor. Successive 
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addition of the complex [Fe(L)] and the bridging ligand bipy to the block copolymer (BCP) 

micelle will lead to a growth of the coordination polymer (CP) in the core of the micelle. 

Table 1: Sample overview. 

sample cycles [Fe(L)]:bipy [mol:mol] total time [h] temperature [°C] 

1 0 1:0 2 66 

2 1 1:2.5 3 66 

3 2 1:2.5 4 66 

4 3 1:2.5 5 66 

5 4 1:2.5 6 66 

6 5 1:2.5 7 66 

7 1 1:1 3 66 

8 1 1:3 3 66 

9 1 1:4 3 66 

10 1 1:5 3 66 

11 3 1:6 5 66 

12 3 1:7 5 66 

13 3 1:8 5 66 

14 3 1:9 5 66 

15 3 1:10 5 66 

16 1 1:2.5 2.25 66 

17 2 1:2.5 2.50 66 

18 3 1:2.5 2.75 66 

19 4 1:2.5 3.00 66 
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To optimize the reaction conditions for the formation of the CP, the [Fe(L)]:bipy ratio, reaction 

time, and reaction temperature were varied. An overview of the used reaction conditions is given 

in Table 1. Tables S1 and S2 summari

Figure 1: Characterization of CP

different magnifications illustrating the core shell nature of the particles. b) Size histogram from 

the TEM picture given in Figure 

THF (43 wt%) and resulting distribution of the hydrodynamic radius (right).

Independent of the [Fe(L)]:bipy ratio, well defined spherical particles are obtained for the samples 

7 – 15. For too high amounts of 4,4’

increasing LS fraction were observed (see 

mononuclear complex [Fe(L)(bipy)

20 5 

21 1 

22 2 

23 3 

24 5 
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To optimize the reaction conditions for the formation of the CP, the [Fe(L)]:bipy ratio, reaction 

time, and reaction temperature were varied. An overview of the used reaction conditions is given 

s S1 and S2 summarise the results of this screening. 

Characterization of CP-BCP composite micelles. a) TEM pictures of 

different magnifications illustrating the core shell nature of the particles. b) Size histogram from 

 1a. c) Autocorrelation function (left) of the CP

THF (43 wt%) and resulting distribution of the hydrodynamic radius (right). 

Independent of the [Fe(L)]:bipy ratio, well defined spherical particles are obtained for the samples 

too high amounts of 4,4’-bipyridine (samples 13 – 15), gradual spin transitions and an 

increasing LS fraction were observed (see Table S2). This hints to the formation of the 

mononuclear complex [Fe(L)(bipy)2] or very short detached CP chains. Consequently

1:2.5 3.25 

1:2.5 3 

1:2.5 4 

1:2.5 5 

1:2.5 7 
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To optimize the reaction conditions for the formation of the CP, the [Fe(L)]:bipy ratio, reaction 

time, and reaction temperature were varied. An overview of the used reaction conditions is given 

 

BCP composite micelles. a) TEM pictures of 6 (5 cycles) at two 

different magnifications illustrating the core shell nature of the particles. b) Size histogram from 

1a. c) Autocorrelation function (left) of the CP-BCP particles in 

Independent of the [Fe(L)]:bipy ratio, well defined spherical particles are obtained for the samples 

), gradual spin transitions and an 

S2). This hints to the formation of the 

] or very short detached CP chains. Consequently the 

66 

RT 

RT 

RT 

RT 
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[Fe(L)]:bipy ratio was fixed to 1:2.5 for the following screening to prevent the formation of 

[Fe(L)(bipy)2] species. For the samples stirred at room temperature (21 – 24), larger aggregates 

and less well defined spherical particles were observed in the TEM pictures (Table S2), thus a 

higher reaction temperature (66°C is the boiling point of the solvent THF) supports the formation 

of uniform composite nanoparticles. The increase of the reaction time from 15 min (samples 16 – 

20) to 1 hour (samples 2 – 6) for each cycle, improves the SCO properties of the composite 

materials. This can be related to the time available for crystallite growth, as will be shown in the 

following. 

Each additional cycle leads to an increasing amount of CP in the BCP micelles. This is reflected in 

an increase of the (C=O) stretching vibrations (1640 cm-1 and 1560 cm-1) of [Fe(L)] in the 

composite material, followed by IR spectroscopy, see Figure S3. Transmission electron 

microscopy (TEM) was used to study the size, shape and uniformity of the obtained material and 

Mössbauer spectra to determine the conversion of the octahedral [Fe(L)(VP)2] LS fraction. In 

agreement with an increasing amount of the desired [Fe(L)(bipy)] units of the CP (see Scheme 1), 

the LS fraction decreases from 47% for sample 3 to 45%, 16%, and finally 0% for the samples 4, 

5, and 6, respectively. The results are summarized in Table S3. Further, magnetic measurements 

were performed to get information about the spin crossover properties.  

 

Control of the crystallite size of the coordination polymer 

 

The investigated CP-BCP composite material consists of a BCP micelle in which the CP was 

incorporated. As a representative example of the morphology of the CP-BCP composite micelles, 

in Figure 1 transmission electron microscopy (TEM) pictures of sample 6 (5 cycles) are given. 

TEM images of further samples are provided in Table S1. In all cases spherical core-shell 

morphology was obtained. Based on the differences in contrast, the iron complexes in the P4VP 

part form the core while the PS part is the shell. An energy dispersive X-ray spectroscopy analysis 

(EDX) of 6 was done to confirm the regio-selectivity of the [Fe(L)(bipy)] complex to the VP units 

of the BCP micelles (SI, Figure S4). 

Dynamic light scattering (DLS) was used to determine the total size of the CP-BCP composite 

micelles in solution. There is a slight increase in the hydrodynamic size upon loading the BCP 

micelle with the CP. After the first addition of the CP, the outer diameter of the CP-BCP 



 4. Synthesis of [Fe(L)(bipy)]n Spin Crossover Nanoparticles using Blockcopolymer Micelles

 
 

composite micelle increases from 126

the following additions of CP, the outer diameter stays more or less constant. TEM was used to 

determine the size of the core and the outer diameter in the dried sta

of added CP, for loaded CP-BCP micelles the same core and total diameter was obtained in the 

range of the error. This indicates that the BCP micelle is an ideal template for the synthesis of 

spherical particles, in our case of

with a spherical morphology instead of the usually obtained needle

Figure 2. Particle core size and crystallinity of the CP

between 22° and 24°. The continuous red line resembles the fit used for the determination of the 

FWHM. B) Particle core size determined by TEM (dots) and calculated via Debey

equation from the PXRD data (open circles) as function of the number of reaction c

Schematic representation of the CP

crystalline CP parts in the core of the micelle. 

Note that the size of the CP-BCP micellar core seems to be determined by the first addition of 

[Fe(L)(bipy)]n. This may be explained by changes in the morphology of the [Fe(L)(bipy)]

core of the micelle. Consequently, powder X

used to estimate the crystallinity of the CP in the BCP core. The corresponding

summarized in Table 2 together with the results for the empty BCP micelles. In 
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site micelle increases from 126 nm for the empty micelle to 147 nm for the loaded one

the following additions of CP, the outer diameter stays more or less constant. TEM was used to 

determine the size of the core and the outer diameter in the dried state. Independent of the amount 

BCP micelles the same core and total diameter was obtained in the 

range of the error. This indicates that the BCP micelle is an ideal template for the synthesis of 

spherical particles, in our case of the CPs. This opens up a new route to obtain CP nanoparticles 

with a spherical morphology instead of the usually obtained needle-like structures.

. Particle core size and crystallinity of the CP-BCP composite micelles. A) PXRD spectra 

° and 24°. The continuous red line resembles the fit used for the determination of the 

FWHM. B) Particle core size determined by TEM (dots) and calculated via Debey

equation from the PXRD data (open circles) as function of the number of reaction c

representation of the CP-BCP composite micelle illustrating the growth of the 

crystalline CP parts in the core of the micelle.  

BCP micellar core seems to be determined by the first addition of 

. This may be explained by changes in the morphology of the [Fe(L)(bipy)]

core of the micelle. Consequently, powder X-ray diffraction (PXRD) (see Figure

used to estimate the crystallinity of the CP in the BCP core. The corresponding

2 together with the results for the empty BCP micelles. In 
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nm for the empty micelle to 147 nm for the loaded one. For 

the following additions of CP, the outer diameter stays more or less constant. TEM was used to 

te. Independent of the amount 

BCP micelles the same core and total diameter was obtained in the 

range of the error. This indicates that the BCP micelle is an ideal template for the synthesis of 

the CPs. This opens up a new route to obtain CP nanoparticles 

like structures. 

 

BCP composite micelles. A) PXRD spectra 

° and 24°. The continuous red line resembles the fit used for the determination of the 

FWHM. B) Particle core size determined by TEM (dots) and calculated via Debey-Scherrer 

equation from the PXRD data (open circles) as function of the number of reaction cycles. C) 

BCP composite micelle illustrating the growth of the 

BCP micellar core seems to be determined by the first addition of 

. This may be explained by changes in the morphology of the [Fe(L)(bipy)]n in the 

Figure 2a and S5) was 

used to estimate the crystallinity of the CP in the BCP core. The corresponding results are 

2 together with the results for the empty BCP micelles. In Figure 2b, the size 
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of the core as function of the number of cycles is compared with the size of the crystalline parts 

determined by PXRD.  Therefore, the half width of the most prominent peak in the PXRD spectra 

at a 2θ value of 23°, illustrated in Figure 2a, was analysed using the Debye-Scherrer equation 

(1)[27]: 

             

            𝛥𝐵(2𝜃) =
.଼ଽఒ

௦ఏ
     (1) 

Where  is the wavelength of the diffractometer (0.15418 nm), θ is the peak angle [rad], L 

corresponds to the mean crystal size [nm] and B is the FWHM (full width at half maximum) of 

the peak [rad]. A continuous decrease of the line width is observed in the diffraction pattern with 

increasing number of cycles indicating a continuous increase of the crystalline parts.  We found 

that sample 2 is completely amorphous. For the samples 3 and 4 the crystallite size is significantly 

smaller than the core size determined by TEM while for the samples 5 and 6 about the same size is 

obtained. We propose a change in the core crystallinity induced by the increase in [Fe(L)(bipy)] 

concentration, as illustrated in Figure 2c. The growth of the CP chains leads to an increase of the 

[Fe(L)(bipy)] density within the micelle core. This triggers the crystallization and later a 

rearrangement of the small crystallites to larger crystals of the size of the micelle core. A 

comparison of the samples 2 – 6 with the samples 16 – 20 with shorter reaction times reveal, that 

longer reaction times support this crystallisation process. 

Table 2: Particle size (diameter) and crystallinity of the samples determined by DLS, TEM and 

PXRD measurements in nm 

cycles sample DLS a) TEM core TEM shell a) PXRD (23°) 

0 BCP 12622 708 - 

1 2 14722 528 10115 - 

2 3 14013 578 9415 333 

3 4 14212 6213 9112 323 

4 5 14715 446 9612 473 

5 6 14513 495 11315 453 
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a) The differences in the hydrodynamic diameter (DLS) and the outer diameter determined by 

TEM are due to drying effects. 
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Magnetism 

The change of crystallinity of the CP core and therefore of n in [Fe(L)(bipy)]

should significantly influence the SCO properties of the composite material. Due to the differences 

in coordination environment of the outside [Fe(

polymer, only the inside [Fe(L)] units are expected to undergo spin crossover (SCO). Magnetic 

measurements of the samples 3 – 

the cooling and heating mode. The results are given as 

the molar susceptibility and T the temperature. The ratio of high spin (HS) : low spin (LS) iron 

centers was confirmed by Mössbauer spectroscopy at room temperature (see 

S4). 

Figure 3. Plot of the MT product 

crystallinity is reflected by an increase of the cooperative interactions (hysteresis) during the spin 

transition. 

The room temperature χMT product of the samples with 2 and 3 cycles (

1.9 cm3Kmol-1 significantly lower than the theoretical value for iron(II) in the HS state (

3.0 cm3Kmol-1) due to a significant LS fraction. Upon cooling, for both samples a drop of the 

product to ca. 1.0 cm3Kmol-1 is observed in the temperature region between 225 K and 125

This can be correlated to a very gradual and incomplete spin crossover. This is in contrast to the 

previously described microcrystals in a P4VP matrix, where the 

quenched or a spin transition with hysteresis was observed.

χMT product is with 2.9 cm3Kmol

state. A gradual SCO is observed in

40 % of the iron centers involved. This indicates that the number of SCO active iron centers did 
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The change of crystallinity of the CP core and therefore of n in [Fe(L)(bipy)]n

should significantly influence the SCO properties of the composite material. Due to the differences 

in coordination environment of the outside [Fe(L)] units of the [Fe(L)(bipy)]

polymer, only the inside [Fe(L)] units are expected to undergo spin crossover (SCO). Magnetic 

 6 were done in the temperature range between 330 K and 50 K in 

g mode. The results are given as MT versus T plots in Figure

the temperature. The ratio of high spin (HS) : low spin (LS) iron 

centers was confirmed by Mössbauer spectroscopy at room temperature (see 

product versus T determined by SQUID measurements. The increase in 

crystallinity is reflected by an increase of the cooperative interactions (hysteresis) during the spin 

product of the samples with 2 and 3 cycles (

significantly lower than the theoretical value for iron(II) in the HS state (

) due to a significant LS fraction. Upon cooling, for both samples a drop of the 

is observed in the temperature region between 225 K and 125

This can be correlated to a very gradual and incomplete spin crossover. This is in contrast to the 

previously described microcrystals in a P4VP matrix, where the spin transition was either 

quenched or a spin transition with hysteresis was observed.23 For sample 5 the room temperature 

Kmol-1 almost in the region expected for an iron(II) complex in the HS 

state. A gradual SCO is observed in the temperature region between 200 K and 125 K with about 

40 % of the iron centers involved. This indicates that the number of SCO active iron centers did 
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n in the BCP micelle 

should significantly influence the SCO properties of the composite material. Due to the differences 

L)] units of the [Fe(L)(bipy)]n coordination 

polymer, only the inside [Fe(L)] units are expected to undergo spin crossover (SCO). Magnetic 

were done in the temperature range between 330 K and 50 K in 

Figure 3, where M is 

the temperature. The ratio of high spin (HS) : low spin (LS) iron 

centers was confirmed by Mössbauer spectroscopy at room temperature (see Figure S6 and Table 

 

determined by SQUID measurements. The increase in 

crystallinity is reflected by an increase of the cooperative interactions (hysteresis) during the spin 

product of the samples with 2 and 3 cycles (3 and 4) is with 

significantly lower than the theoretical value for iron(II) in the HS state (χMT = 

) due to a significant LS fraction. Upon cooling, for both samples a drop of the χMT 

is observed in the temperature region between 225 K and 125 K.  

This can be correlated to a very gradual and incomplete spin crossover. This is in contrast to the 

spin transition was either 

the room temperature 

almost in the region expected for an iron(II) complex in the HS 

the temperature region between 200 K and 125 K with about 

40 % of the iron centers involved. This indicates that the number of SCO active iron centers did 
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increase compared to 3 and 4 (both about 30 %). This trend continues for 6 with five cycles with a 

room temperature χMT product of 3.1 cm3Kmol-1, typical for Fe(II) HS complexes. The spin 

transition takes place between 210 K and 125 K with 45 % of the iron center involved. From 3 to 6 

a significant increase in the fraction of SCO active [Fe(L)] units is observed indicating the increase 

of n in [Fe(L)(bipy)]n. In the case of 5 and even more pronounced in the case of 6, different 

transition temperatures are observed in the heating and the cooling. The T1/2 values (where 50% of 

the SCO active centers did undergo spin transition) of 6 are 162 K in the cooling and 170 K in the 

heating mode corresponding to a 8 K wide thermal hysteresis loop. With the increasing number of 

cycles an increase of the hysteresis width is observed and the SCO properties converge towards 

those of the bulk material (20 K hysteresis for the bulk28 and 8 K for 6, approx. 1 K hysteresis for 

5). This is directly linked to the crystal size of the CP core in the CP-BCP composite (see Figure 

2). 

 

Conclusions 
 

In this work the synthesis of spin crossover Fe(II) coordination polymer nanoparticles is described 

using blockcopolymer micelles as microreactors. An excellent control over the size of the 

coordination polymer is obtained via the blockcopolymer micelle size. A strong influence of the 

crystallinity, tunable by the number of cycles, of the coordination polymer core on the spin 

crossover properties of the material is observed. This is, to the best of our knowledge, a completely 

new approach for the synthesis of nanoparticles of coordination polymers and should be easily 

transferable to other coordination polymers and networks. Furthermore, the use of 

blockcopolymers allows a further functionalisation of the obtained nanoparticles by variation of 

the polymer blocks. 

 

Experimental 
 

Synthetic procedures 

Polystyrene-b-Poly(4-vinylpyridine) (PS-P4VP, purum, MW ≈ 150000) was synthesised as 

described before.[24] 4,4´-bipyridine was obtained from Alfa Aesar and used as received. 

Tetrahydrofurane (THF) was purified as described in literature.29 [Fe(L)(MeOH)2] was synthesized 
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as described before.30 All syntheses were performed under inert conditions using Schlenk 

technique with argon (purity ≥ 99,999%, 5.0). The synthesis of all samples was repeated at least 

twice. 

1: PS-P4VP (50 mg, 0.33 µmol) and [Fe(L)(MeOH)2] (6.4 mg, 15 µmol) were added to a 50 ml 

flask.  Subsequently THF (20 ml) was added and the mixture was heated to reflux for 2h.  After 

cooling to room temperature, the solvent of the brown solution was removed via cold distillation to 

yield a brown, polymer-like powder. Elemental anal. (%) found: C 63.24, H 7.78, N 1.69 

2: PS-P4VP (50 mg, 0.33 µmol) and [Fe(L)(MeOH)2] (6.4 mg, 15 µmol) were added to a 50 ml 

flask.  Subsequently THF (20 ml) was added and the mixture was heated to reflux for 2h. After 

cooling to room temperature, 4,4´-bipyridine (5.6 mg, 36 µmol) was added to the brown solution 

and the reaction mixture was heated for 1h to reflux. After cooling to room temperature, the 

solvent was removed via cold distillation to yield a brown, polymer-like powder. Elemental  anal. 

(%) found: C 63.70, H 7.49, N 2.38. 

3: The synthesis as described for sample 2 was repeated. Before solvent removal, [Fe(L)(MeOH)2] 

(6.4 mg, 15 µmol) and 4,4´-bipyridine (5.6 mg, 36 µmol) were added in a second cycle and the 

mixture was heated for one further hour to reflux. After cooling to room temperature the solvent 

was removed via cold distillation to yield a brown, polymer-like powder. Elemental anal. (%) 

found: C 65.55, H 7.81, N 1.55. 

4: The synthesis described for sample 3 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 µmol) and 4,4´-bipyridine (5.6 mg, 36 µmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 68.34, H 7.05, 

N 4.67. 

5: The synthesis described for sample 4 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 µmol) and 4,4´-bipyridine (5.6 mg, 36 µmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 60.58, H 7.06, 

N 3.13. 

6: The synthesis described for sample 5 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 µmol) and 4,4´-bipyridine (5.6 mg, 36 µmol) followed by further 
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heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 63.91, H 6.94, 

N 4.85. 

The colour turned increasingly darker from sample 2 to 6 with an increasing amount of iron. 

Elemental analyses reveal an increasing nitrogen contents from sample 1 to 6 in line with the 

increasing amount of CP. The variations in the values are due to differences in the solvent contents 

and contamination of the samples with grease. 

  

Methods 

Transmission electron microscopy: Transmission electron microscopy was performed with a 

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

toluene applying vortex several times. The dispersion was dropped on a carbon coated copper grid 

(Science Services, Munich). The acceleration voltage was set to 80 kV. Micrographs were taken 

with a MegaView III / iTEM image acquiring and processing system from Olympus Soft Imaging 

Systems (OSIS, Muenster, Germany) and an Orius 830 SC200W / DigitalMicrograph system from 

Gatan (Munich, Germany). Particles size measurements were done with “ImageJ” image 

processing software by Wayne Rasband (National Institutes of Health, USA). 

Infrared spectroscopy: Transmission infrared spectra were collected using a PerkinElmer 

Spectrum 100 FT-IR (ATR). Samples were measured directly as solids.  

Elemental Analysis: Carbon, nitrogen and hydrogen contents were collected at a Vario EL III. 

Samples were placed in tin boats. All samples were measured at least twice and the average of 

both measurements was used. 

Energy dispersive X-ray spectroscopy: Energy dispersive X-ray spectroscopy was done at a 

200 kV FEI-Titan G2 80-200 S/TEM (Eindhoven, Netherlands). Samples were dispersed in 

methanol applying vortex and ultrasound several times. The dispersion was dropped on a carbon 

filmed coated copper grid. The acceleration voltage was set to 200 kV. 

Scanning electron microscopy: Scanning electron microscopy micrographs were acquired with a 

Zeiss LEO 1530 (Oberkochen, Germany).  
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Magnetic measurements: Magnetic susceptibility measurements were performed at a Quantum 

Design MPMS-XL-5 SQUID magnetometer in the temperature range between 50 and 300 K. The 

samples were prepared in gelatin capsules placed in a plastic straw. All samples were measured 

with a magnetic field of 3T in the settle mode with a cooling and heating rate of 5K min-1 between 

each measurement point. The measured values were corrected for the diamagnetism of the sample 

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

X-Ray Powder Diffraction: X-Ray Powder Diffraction data for samples 2 to 6 and the bulk 

[FeL(bipy)]n were collected at a STOE StadiP X-ray powder diffractometer in transmission 

geometry between 5 and 45° 2Θ. Samples were placed in capillaries and Cu-Kα1 radiation was 

used for the measurement. Radiation was detected with a Mythen 1K detector. 

Mössbauer spectroscopy: 57Fe Mössbauer spectra were recorded in transmission geometry on a 

constant-accelaration using a conventional Mössbauer spectrometer with a 50 mCi 57Co(Rh) 

source. The samples were sealed in the sample holder under argon atmosphere. The spectra were 

fitted using Recoil 1.05 Mössbauer Analysis Software.31 The isomer shift values are given with 

respect to a α-Fe reference at room temperature. 

Dynamic light scattering: DLS of all samples were collected from Malvern Zetasizer Nano ZS. 

Samples were measured in solution in glass cuvettes from Carl Roth GmbH + Co. KG. 
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Supporting Information 
 

Optimization of the reaction conditions 

Synthesis of the CP-BCP samples 7-24: 

PS-P4VP (50 mg, 0.33 µmol), [Fe(L)(MeOH)2] (amount given in the Table) and THF (20 ml) 

were mixed and heated to reflux for 2h. After cooling to room temperature 4,4´-bipyridine 

(amount given in the Table) was added to the brown solution and the reaction mixture was heated 

for  1h (all samples except 16-20) or 15 min (16-20) to reflux. After cooling to room temperature 

the reaction was continued as given in the following overview using the same procedure as for the 

samples 2-6 for the different number of cycles. The results are summarized in Table S2. 

Sample cycles Total reaction 

time 

Reaction 

temperature 

Amount of [Fe(L)(MeOH)2] and bipy 

per cycle 

 

7 1 3 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol 

bipy: 2.3 mg, 15 µmol 

8 1 3 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol 

bipy: 6.8 mg, 45 µmol 

9 1 3 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol 

bipy: 9.1 mg, 60 µmol 

10 1 3 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol 

bipy: 11.3 mg, 75 µmol 

11 3 5 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

13.8 mg, 88 µmol 

12 3 5 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

15.7 mg, 101 µmol 

13 3 5 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 
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17.9 mg, 115 µmol 

14 3 5 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

20.2 mg, 129 µmol 

15 3 5 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

22.4 mg, 144 µmol 

16 1 2.25 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

17 2 2.5 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

18 3 2.75 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

19 4 3 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

20 5 3.25 h 66°C [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

21 1 3 h RT [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

22 2 4 h RT [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

23 3 5 h RT [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 

24 5 7 h RT [Fe(L)(MeOH)2]: 6.4 mg, 15 µmol bipy: 

5.6 mg, 36 µmol 
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Table S1. Characterization of the CP-BCP composite materials (samples 2-5). The results of TEM 

and DLS are summarized and discussed in the main text. Each sample was prepared at least twice. 

 TEM Histogram of the TEM 

picture core (top) and 

outer diameter (bottom) 

Autocorrelation 

function (top) and 

distribution of the 

hydrodynamic radius 

(bottom) 
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Table S2. Overview over the samples used for the determination of the optimum reaction 

conditions together with their TEM pictures and the results of SQUID measurements and 

Mössbauer Spectroscopy (if applicable). Red circles in the TEM pictures highlight significant 

parts. 

Sample 

([Fe(L)]:bipy

; cycles; 

temperature; 

time) 

TEM core 

Size 

DLS/ 

TEM 

(core) 

Magnetism / Mössbauer 

Variation of the Fe:bipy ratio between 1:1 to 1:10 (samples 12 – 21) 

7 

(1:1; 

1; 

66°C; 

3h)  

TEM: 

43±6 

nm 

 

8 

(1:3; 

1; 

66°C; 

3h)  

TEM: 

40±7 

nm 

 

9 

(1:4; 

1; 

66°C; 

3h)  

TEM: 

50±9 

nm 
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10 

(1:5; 

1; 

66°C; 

3h) 
 

TEM: 

51±8 

nm 

 

15 

(1:10; 

3; 

66°C; 

5h) 

DLS: 

140 

nm 

 

TEM: 

36±6 

nm 

 

14 

(1:9; 

3; 

66°C; 

5h) 

DLS: 

130 

nm 

 

TEM: 

43±7 

nm 

 

13 

(1:8; 

3; 

66°C; 

5h) 

TEM: 

47±7 

nm 
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12 

(1:7; 

3; 

66°C; 

5h) 

TEM: 

50±8 

nm 

11 

(1:6; 

3; 

66°C; 

5h) 

TEM: 

43±4 

nm 

Reduction of the reaction time to 15 min (1 – 5 cycles) 

16 

(1:2.5; 

1; 

66°C; 

2.25h) 
 

DLS: 

138 

nm 

 

TEM:  

52±5 

nm 
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17 

(1:2.5; 

2; 

66°C; 

2.5 h) 
 

DLS: 

146 

nm 

 

TEM:  

51±6 

nm 

18 

(1:2.5; 

3; 

66°C; 

2.75 h) 
 

DLS: 

146 

nm 

 

TEM: 

51±10 

nm 

19 

(1:2,5; 

4; 

66°C; 

3 h) 
 

DLS: 

147 

nm 

 

TEM: 

53±5 

nm 
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20 

(2:2.5; 

5; 

66°C; 

3.25 h)  
TEM: 

42±5 

nm 

 

Stirring at room temperature (1 – 5 cycles) 

21 

(1:2.5; 

1; 

RT; 

3h) 
 

TEM: 

56±7 

nm 

 

22 

(1:2.5; 

2; 

RT; 

4h) 
 

TEM: 

35±6 

nm 
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23 

(1:2.5; 

3; 

RT; 

5h) 

TEM: 

58±9 

nm 

 

24 

(1:2.5; 

5; 

RT; 

7h) 
 

TEM: 

63±13 

nm 
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Table S3. Mössbauer parameters of the samples 1 and 3 – 6 at room temperature. Given are the 

isomer shift δ [mms–1], the quadrupole splitting ΔEQ [mms–1], the half width of the lines Γ [mms–

1], and the fraction of HS sites [%]. 

  

 

 

 

 

  

compound Site δ [mm·s-1] ΔEQ [mm·s-1] Γ [mm·s-1] A/Atot [%] 

1 FeII LS 0.38(4) 0.69(3) 0.22(3) 81(6) 

FeII HS 0.96(3) 2.23(3) 0.32(2) 19(7) 

3 FeII LS 0.38(4) 1.01(8) 0.38(4) 47(4) 

FeII HS 0.96(3) 2.21(6) 0.32(3) 53(4) 

4 FeII LS 0.45(9) 0.84(16) 0.49(12) 45(15) 

FeII HS 0.93(2) 2.20(4) 0.24(6) 55(12) 

5 FeII LS 0.28(4) 1.02(8) 0.22(12) 16(6) 

FeII HS 0.97(13) 2.15(3) 0.32(4) 84(8) 

6 FeII LS - - - - 

FeII HS 0.95(5) 2.17(1) 0.28(2) 100 
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Figure S1. Left: TEM picture of the empty PS-P4VP BCP. Middle: Results of dynamic light 

scattering of the PS-P4VP-BCP in THF showing a hydrodynamic diameter of 126 nm. Right: size 

histogram from the TEM picture given on the left with an average diameter of 70 nm. 

 

Figure S2. Mössbauer spectrum of 1 at room temperature. Two doublets are observed 

corresponding to two different species [Fe(L)(vp)] and [Fe(L)(vp)2]. The majority species (blue 

doublet, 80 %) with an isomer shift  of 0.38(4) mm/s and a quadrupole splitting EQ of 0.69(3) 

mm/s corresponds to an octahedral LS complex [Fe(L)(vp)2], while the parameters of the minority 

species (read doublet, 20 %,  = 0.96(3) mm/s and EQ = 2.25(9) mm/s) is characteristic for an HS 

complex [Fe(L)(vp)]. 
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Figure S3. IR spectra of the BCP, [Fe(L)(bipy)]n and the composite samples 2 – 6. 
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Figure S4. A) 2D-EDX screening of CP-BCP micelles of sample 6 to show the distribution of iron 

(blue), carbon (red), nitrogen (orange), oxygen (yellow) and silicon (green) in the sample. A 

significant difference is observed for the iron distribution in the core (bright, high amount of iron) 

and the shell (dark, low amount of iron). B) EDX analysis of the core and the shell of the CP-BCP 

micelle showing a significant difference in the iron distribution. 

As shown in Figure S4A the spherical core of the NPs (bright spot) shows mainly the elements 

carbon, iron and nitrogen. In contrast to this, there is almost no iron in the outer shell, while carbon 

and nitrogen are evenly distributed over the whole particle.  The EDX analysis (Fig. S4B) is given 

for the core (top) and the outer shell (bottom) of the NPs. It also confirms that the core of the NP 

has a significant amount of iron while the shell is nearly iron-free. The copper signal in both 

measurements arises from the TEM grids and the silicon most likely from the synthesis of the CP-

BCP composite materials (small amount of grease).  

A) B)

core

shell
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Figure S5. PXRD spectra in the 10 – 45 2θ range of the samples 2 – 6, the bulk complex 

[Fe(L)(bipy)]n and the BCP. The peaks used for the calculation of the particle size are indicated 

with read squares. For the complex [Fe(L)(bipy)]n a good agreement between the particle size 

calculated from the two different peaks is observed (in both cases around 60 nm). For the 

composite material the particle sizes determined from the 18.5° peak are smaller (10 nm for 5 and 

30 nm for 6) compared to the values obtained for the 23° peak discussed in the manuscript. The 

continuous line resembles the fit used for the determination of the half with. 

 

To analyze the crystallinity of the obtained particles, powder X-ray diffraction data were collected 

for the different samples. After one cycle (sample 2), no reflexes are observed indicating a 

completely amorphous material. With increasing number of cycles, some broad reflexes appear in 

a similar region as for the bulk [Fe(L)(bipy)]n. Those reflexes are significantly broader and less 

well defined than those reported for microcrystals of [Fe(L)(bipy)]n in a P4VP matrix.1 Even after 

5 cycles (sample 6), the typical PXRD pattern of the bulk material is not observed – some reflexes 

are missing. This indicates that the crystalline parts of the particles are much smaller than those 

obtained in the P4VP matrix.  
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Figure S6. Room temperature Mössbauer spectra of the samples 3 – 6. The black squares are the 

results from the measurements and the solid lines correspond to the fit with the low-spin doublet 

given in blue and the high-spin doublet given in red for each sample. The corresponding 

Mössbauer parameters are summarized in Table S4. 

 

For all spectra, the signal intensity is comparatively low (around 1 % absorption) and the half 

width of the lines () is between 0.2 and 0.5 mm/s. This is significantly broader than the values 

observed for the sub-microcrystals of [Fe(L)(bipy)] in the P4VP matrix.1 Both observations are 

typical for nanoparticles. For the iron complex [FeL] in the polymer matrix before addition of the 

bridging ligand bipy (sample 1, in Figure S2) two doublets are observed. The main species with an 

area of 81(6) % shows Mössbauer parameters ( = 0.38(4) mm/s,  EQ = 0.69(3) mm/s) typical for 

octahedral iron(II) LS sites of this ligand type.2,3 This corresponds to a complex with two 

vinylpyridine units coordinating at the iron center. The second doublet ( = 0.96(3) mm/s,  EQ = 

2.23(3) mm/s) shows typical parameter for iron(II) HS complexes of this ligand type.2,3 This HS 

site with an area of 19(7) % corresponds to an iron(II) species with one vinylpyridine coordinated 

 

3

5
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to the iron center leaving the sixth coordination site free or occupied by one solvent molecule. 

Iron(II) complexes of this ligand type with an N3O2 or an N3O3 coordination sphere are usually in 

the HS state.4–6 Upon addition of bipy, the desired coordination polymer is formed. Magnetic 

measurements on the bulk material revealed an abrupt and complete spin transition with hysteresis 

(18K, T1/2↓ = 219K and T1/2↑ = 237K) below room temperature,7–9 thus at room temperature the 

complex is in the HS state. In agreement with this, upon addition of bipy the area of the LS doublet 

decreases and the area of the HS doublet increases.  The Mössbauer parameters of the HS state do 

not change significantly upon coordination of the pyridine and are in the same range as observed 

for the bulk material and sub-microcrystals of [Fe(L)(bipy)] in P4VP.1 When going from 3 to 6, 

with an increasing number of reaction cycles, the area fraction of the LS species continuously 

decreases until for sample 6 only one HS doublet is observed (see Table 3).  
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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 and switchability that are 

maintained when the compound is integrated into composite materials. Here, we report the 

synthesis of [Fe(Leq)(Lax)]n coordination polymer (CP) nanoparticles using self-assembled 

polystyrene-block-poly(4-vinylpyridine) (PS-b-P4VP) block copolymer (BCP) micelles as 

template. Variation of the solvent (THF and toluene) and Lax (Lax = 1,2-di(pyridine-4-yl)ethane) 

(bpea), trans-1,2-di(pyridine-4-yl)ethene (bpee), and 1,2-di(pyridine-4-yl)ethyne) (bpey); Leq = 

1,2-phenylenebis(iminomethylidyne)-bis(2,4-pentanedionato)(2-)) 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 Fe-L bond with regard to 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 [FeLeq(bpey)]n@BCP. Otherwise the formation of microcrystals next to the CP-BCP 

nanoparticles is observed above a certain [Fe(Leq)(Lax)]n concentration. The core of the 

nanoparticles is about 45 nm in diameter due to the templating effect of the BCP micelle, 

independent of the used iron complex and [Fe(Leq)(Lax)]n concentration. The spin crossover 

properties of the composite material are similar to the bulk for FeLeq(bpea)]n@BCP while 

pronounced differences are observed in the case of [FeLeq(bpey)]n@BCP nanoparticles. 

 

Introduction 
 

Nanomaterials and especially nanocomposites of coordination polymers (CPs) and (porous) 

coordination networks are of great interest in today’s research due to their various applications as 

sensors, data storage devices, catalysts or contrast agents.[1–5] For these applications the formation 

of stable, uniform and monodisperse particles with defined properties is necessary. Synthetic 

procedures for nanoparticles with size control (gold,[6, 7] metal oxide[8, 9]) and/or shape control 

(gold and silver[10]) are already well-known. The reduction of metal salts is very common for noble 

metals,[11] while (fast) precipitation or inverse micelle technique are often used for metal oxide 

(mostly magnetite).[12] For coordination polymers (CP) or networks a limited amount of methods 

are applicable due to the very demanding reaction conditions and/or incompatible reactants. 
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Recently we demonstrated that the use of block copolymers (BCPs) is a highly promising and easy 

approach for the size control of CPs.[13] The BCPs form micellar structures through self-assembly 

in specific solvents and can therefore be used as nanoreactors.[14–16] Using this approach, a very 

controlled miniaturisation of coordination polymers or networks can be envisioned, provided it is 

easily transferable to other systems. In this work we will analyse, which preconditions need to be 

fulfilled for a successful synthesis of uniform CP-BCP nanoparticles. 

Coordination polymers with spin crossover (SCO) properties are well known in the literature,[4, 5, 

17, 18] but their miniaturisation into precisely defined nanomaterials with SCO properties 

comparable to those of the bulk material is still in its infancy.[19–23] SCO materials can be switched 

by external stimuli like temperature, pressure or light between a high-spin (HS) and a low-spin 

(LS) state.[5, 18] Switching between these two states alters physical properties like magnetism, 

structure or colour which make these materials interesting for sensors,[2, 24–26] display devices[27–29] 

or as functional contrast agents.[30–34] The SCO properties deeply depend on the precise control of 

size and crystallinity of the nanocomposite. Mostly the inverse micelle technique is used for the 

preparation of nanoparticles,[35–39] however, the spin crossover properties of the bulk are often lost 

upon miniaturisation and only few examples preserving the hysteresis (bistability) in a 

nanostructured system are known.[40–43, 21] This is most likely due to a loss of the crystallinity of 

the particles. Especially SCO complexes 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[13] we used the block copolymer polystyrene-b-poly(4-vinylpyridine) 

(PS-b-P4VP) to prepare spherical nanoparticles of the 1D spin crossover coordination polymer 

[FeLeq(bipy)]n. We were able control the crystallinities of the [FeLeq(bipy)]n core through 

successive addition of starting material and by variation of the 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 nano-

composites (CP-BCP) using the same synthesis strategy. This allows us to investigate the 

influence of the coordination polymer on the formation and SCO activity of the final 

nanocompound. The CPs differ in the axial ligands (Lax), namely 1,2-di(pyridine-4-yl)ethane 

(bpea), trans-1,2-di(pyridine-4-yl)ethene (bpee) and 1,2-di(pyridine-4-yl)ethyne (bpey) (Scheme 

1). The ligands were chosen due to their different flexibility. From the synthesis of the bulk 
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complexes it is known, that an increasing flexibility of the ligand leads to an increase in solubility 

of the obtained CP.[44, 45] This way we can investigate the impact of the solubility of the CP on the 

selective formation of nanoparticles in the BCP micelle cores. In Scheme 1, the general approach 

and the abbreviations used for the different samples are given. 

 

Scheme 1: Synthesis of the three different coordination polymers [FeLeq(bpea)]n (1), 

[FeLeq(bpee)]n (2) and [FeLeq(bpey)]n (3) and the respective coordination polymer block 

copolymer composites (CP-BCP) [FeLeq(bpea)]n@BCP (1a - 1e), [FeLeq(bpee)]n@BCP (2a - 2e) 

and [FeLeq(bpey)]n@BCP (3a - 3e). 

 

Results and Discussion 
 

Bulk complexes 

The magnetic properties of SCO coordination polymers often depend on solvent molecules 

included in the crystal packing.[46–49] To allow comparison 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. [FeLeq(bpea)]n and 

[FeLeq(bpee)]n were already synthesised in methanol,[44, 50] the coordination polymer 

[FeLeq(bpey)]n is described here the first time. The coordination polymers 1, 2 and 3 were 

synthesised by dissolving the Fe(II) complex [FeLeq(MeOH)2] and the respective axial ligand in 

THF. The solution 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 respectively. 
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In Figure 1, the magnetic properties of 1 ([FeLeq(bpea)]n) and 3 ([FeLeq(bpey)]n) as plot of the χMT 

product (χM = magnetic susceptibility, T = temperature) versus temperature is given. Sample 1 is 

paramagnetic at RT with a χMT value of 3.25 cm³Kmol-1, typical for Fe(II) in the HS state.[51] Upon 

cooling the χMT value is constant down to 140 K where an abrupt, incomplete spin crossover 

occurs. In the first step, the χMT value descends to 1.78 cm³Kmol-1 at 120 K corresponding to 

about 50% of the iron centres in the HS state. Further cooling reveals a second, gradual and 

incomplete step with a χMT value of 0.93 cm³Kmol-1 at 50 K; about one third of the iron centres 

remains in the HS state. Upon heating, a 3 K wide hysteresis is observed in the region of the first 

step with T1/2↑=127 K and T1/2↓=130 K. In the temperature range between 75 K and 100 K first a 

decrease and then an increase of the χMT 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 (T1/2) and the transition temperature for the thermally trapped exited spin state 

(TTIESST) are in close proximity.[52, 44, 53, 54] The two-step behaviour is similar to the one observed 

for {[FeLeq bpea)]0.25 MeOH}n, where the temperatures differ slightly and the second step is 

complete.[44] The differences due to the impact of the different solvents are also reflected in the 

powder diffraction patterns (SI, Figure S1) where some of the reflexes are shifted compared to the 

sample prepared in methanol. Sample 2 ([FeLeq(bpee)]n) is paramagnetic at RT with a χMT value of 

3.20 cm³Kmol-1 (SI, Figure S2). Upon cooling the sample remains in the HS state over the whole 

temperature range, as already reported for the complex synthesised from methanol.[50] Sample 3 

([FeLeq(bpey)]) is paramagnetic at RT with a χMT value of 3.23 cm³Kmol-1, typical for iron(II) 

complexes in the HS state (bottom of Figure 1). Upon cooling the χMT value is almost constant 

down to 190 K (χMT value: 3.14 cm³Kmol-1), where an abrupt and incomplete spin transition 

occurs with about 50% of the iron centres involved. The χMT value drops to 1.73 cm³Kmol-1 at 

165 K and no further changes are observed down to 50 K (χMT value: 1.63 cm³Kmol 1). Upon 

heating up to 300 K an abrupt spin transition takes place revealing a hysteresis with a width of 

10 K and T1/2↓ = 177 K and T1/2↑ = 187 K. Mössbauer spectra were collected for all three samples 

to verify the HS state at room temperature. The spectra (SI, Figure S3) reveal one quadrupole split 

doublet in each case with parameters for the quadrupole splitting EQ and an isomer shift  (SI, 

Table S1) in the range expected for iron(II) HS complexes of this ligand type.[55] The steps and the 

incomplete spin crossover observed in the magnetic measurements could be due to inequivalent 

iron centers.[56, 57] The Mössbauer spectra do not support this as no line broadening (FWHM  in 

the SI, Table 1) is observed and the doublet is very symmetric in each case. Thus the steps 
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observed in the transition curve are due to the packing of the CP in the crystal and will strongly 

depend on the crystallinity of the material. 

 

Figure 1: Magnetic susceptibility data for the coordination polymers [FeLeq(bpea)]n (1) and 

[FeLeq(bpey)]n (3) which undergo spin crossover. 

 

Synthesis of the nanocomposite 

For the CP-BCP composites [FeLeq(bpea)]n@BCP (1a - 1e), [FeLeq(bpee)]n@BCP (2a - 2e) and 

[FeLeq(bpey)]n@BCP (3a - 3e), the starting iron(II) complex [FeLeq(MeOH)2] and the block 

copolymer were dissolved in THF and refluxed for 2h. After cooling down to room temperature, 

the respective bridging ligand was added and the mixture was refluxed again for 1h. Depending on 

the number of additions of starting material, either the solvent is removed by cold distillation (1 

cycle, samples 1a, 2a, 3a) or a further cycle of addition of [FeLeq(MeOH)2] and axial ligand 

(simultaneously for all further cycles) followed by reflux for 1 hour was performed prior to solvent 
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removal (samples 1-3 b-e for 2 to 5 cycles). The resulting solids were dried in vacuo. IR 

spectroscopy was used to follow the formation of the coordination polymer in the BCP matrix. The 

corresponding spectra are given in the Supporting Information, Figure S4. The increasing relative 

intensity of the C=O stretching vibration of [FeLeq] clearly indicates the formation of the 

coordination polymer in the matrix.  

Room temperature Mössbauer spectra were collected for the samples [FeLeq(bpea)]n@BCP after 4 

and 5 cycles (1d and 1e) and [FeLeq(bpey)]n@BCP after 4 and 5 cycles (3d and 3e) to get a deeper 

insight into the sample composition. The corresponding spectra are given in the SI, Figure S5 and 

the Mössbauer parameters are summarised in the SI, Table S2. For the composite materials, 

different iron species are possible due to the coordination of the starting complex [Fe(Leq)] to the 

vinylpyridine parts of the equatorial ligand that can be distinguished using Mössbauer 

spectroscopy. Sample 1d shows two different doublets which correspond to an Fe(II) HS and Fe(II) 

LS species (75% and 25%). The LS species derives from two P4VP units coordinated to the iron 

centre as already shown.[13, 58] For sample 1e again two doublets are observed with a similar HS:LS 

ratio (Table S2). The sample 3d also shows two different iron species from which one corresponds 

to an iron(II) in the HS state and the other one to an iron(II) in the LS state, however, the HS:LS 

ratio changes to 83% : 17%. For sample 3e only one doublet is observed that can be assigned to an 

iron(II) HS species. It concludes that in the case of [FeLeq(bpey)]n@BCP the HS fraction increases 

with higher cycles since more or longer coordination polymer is formed in the BCP micelle, in 

agreement with previous observations for [FeLeq(bipy)]n@BCP.[13, 58] In the case of 

[FeLeq(bpea)]n@BCP a different behavior is observed that is indicative for differences in the 

sample composition. 

 

Characterisation of the nanocomposite 

Particle sizes of the nanocomposites were determined by dynamic light scattering (DLS) in 

solution, transmission electron microscopy (TEM) and powder X-ray diffraction (PXRD) in the 

solid. The hydrodynamic diameter of the polymeric micelles loaded with the CP measured by DLS 

is constant within the error of the measurement throughout all measured samples with sizes around 

150 nm (SI, Figure S6). This is in agreement with the results reported previously for similar 

composite nanoparticles with 4,4’-bipyridine as bridging axial ligand.[13] In Figure 2, a TEM 

picture, the size distribution obtained from TEM and DLS, and the SQIUD measurement of 3e 
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([FeLeq(bpey)]n@BCP, 5 cycles) is given as typical representative of all samples. A detailed 

characterisation of all samples with TEM is given in the Supporting Information, Table S3. The 

TEM picture of 3e in Figure 2a clearly reveals the formation of spherical nanoparticles with a 

core-shell nature. The differences in contrast of the iron containing CP and the BCP prove that the 

CP nanoparticles are solely formed in the core of the nanocomposite. 

 

  

 

Figure 2: Characterisation of CP-BCP composite micelles. a) TEM picture of 3e 

([FeLeq(bpey)]n@BCP, 5 cycles) illustrating the core shell nature of the particles with size 

histogram of the core. b) Autocorrelation function from dynamic light scattering of 3e in THF (43 

wt%) with size histogram. c) Magnetic susceptibility data displayed as χMT vs. T for 3e. In the 

inlet the first derivative of the χMT vs. T plot is given to illustrate the steps in the transition curve 

more clearly.  

 

The particle core diameter is significantly smaller in comparison to the hydrodynamic radius due 

to the polymeric nature of the BCP (solvent swollen). Within the error of the measurement, the NP 

core size is in the same order of magnitude for all samples with an average size of 45 nm, 
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demonstrating the excellent size control by the micelles itself. 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).  

In order to investigate, if the flexibility of the used bridging ligand has an impact on regio-

selectivity of the nanoparticle core formation, the samples were carefully analysed for the 

observation of microcrystals as function of the increasing CP concentration (number of cycles, e.g. 

[FeLeq(bpea)]n@BCP = 1a-e for 1 to 5 cycles of addition of starting material) in the composite 

material. The results are summarised in Table 1. 

  

Table 1: Investigation of the core size [nm] and crystallinity of the CP-BCP composite obtained 

from TEM. MC denotes the observation of microcrystals. 

 

The first microcrystals (3-6 µm) were observed for bpee as bridging ligand after 4 cycles of 

addition of starting material (2d), while for the more flexible bpea the first microcrystals are 

observed only after five cycles (1e, 1.5-2 µm). In the case of the more rigid bpey, no microcrystals 

are observed for up to five cycles of addition of the complex. This cannot solely be explained with 

the rigid nature of the ligand, that increases in the order bpea < bpee < bpey. The results can be 

explained, if the stability of the complexes with regard to M-L ligand exchange with excess axial 

ligands and/or solvent molecules is considered. For octahedral complexes, a weak ligand field 

splitting leads to the occupation of antibonding orbitals (HS complexes) 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 micelles does 

not work. In agreement with this consideration, the pure HS complex [FeLeq(bpee)]n with the 

Lax\cycles 1 (a) 2 (b) 3 (c) 4 (d) 5 (e) 

bpea (1a-e) 42±5 46±4 49±4 46±4 49±4 /MC 

bpee (2a-e) 40±4 46±5 42±4 48±4 /MC 47±4 /MC 

bpey (3a-e) 48±5 46±4 49±6 49±4 49±4 

bipy[13] 52±8 57±8 62±13 44±6 49±5 
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weakest ligand field splitting is the first one where microcrystals are observed, while for the spin 

crossover complexes [FeLeq(bpea)]n, [FeLeq(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 nanomaterial, the probability for the formation of microcrystals outside the BCP micelle 

increases.  In agreement with this, it was not possible to synthesise nanoparticles of the 

coordination polymer [FeLeq(bppa)]n,
[44] where bppa = 1,3-di(pyridine-4-yl)propane, a very 

flexible ligand (high solubility) is used. Syntheses were also performed in toluene to investigate 

the solvent influence on the nanoparticle synthesis. It should be pointed out that previous 

investigations showed that the complexes have a higher solubility in toluene compared to 

tetrahydrofuran. In agreement with this, first microcrystals were observed already after 2 cycles for 

all ligands. In the SI, Figure S7, a TEM picture of [FeLeq(bpea)]n@BCP after two cycles 

synthesised in toluene is given as typical representative. Thus the higher solubility of the 

coordination polymers in toluene favours the formation microcrystals outside of the block 

copolymer micelle and reduces the regio-selectivity. 

The influence of the CP concentration on the crystallinity of the CP-BCP nanocomposite core was 

investigated using PXRD. In the SI, Figure S8, the PXRD patterns of the composite materials are 

compared with those of the bulk materials 1-3. In all cases, the crystallinity of the particles 

increases with higher CP concentration which is indicated by sharper reflexes. It should be pointed 

out, that in the case of the samples 3a-e, even after 5 cycles some of the prominent reflexes 

observed for the bulk material are missing. Either the crystallinity of the obtained NPs is still very 

low or a different packing compared to the bulk material is obtained. 

In Figure 2c (3e) and the SI, Figure S9 (1d,e; 2d,e and 3d,e) the χMT versus T plots of the 

composite materials after 4 and 5 cycles are given. Previous investigations showed, that the 

amorphous nanoparticles showed gradual spin crossover very different to that of the bulk material. 

An increasing crystallinity of the nanoparticles did change the spin crossover behaviour towards 

those of the bulk complexes. Consequently, magnetic measurements were done for the samples 

after 4 and 5 cycles of addition of complex in the temperature range between 300 K and 50 K in 

the cooling and heating mode. In the case of 1d, a gradual spin transition is observed with about 

30% of the iron centres involved and T1/2 = 122 K, close to the first step of the bulk material. In 

contrast, sample 1e (contains microcrystals) shows a less gradual but still incomplete spin 
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crossover with a small hysteresis of 5 K. The χMT value is 3.25 cm³Kmol-1 at RT and decreases to 

1.03 cm³Kmol-1 at 50 K with T1/2↓ of 109 K and T1/2↑ of 114 K. Interestingly, the step in the 

transition curve which is present in the bulk material is not observed for sample 1e. 3d shows a 

very gradual spin crossover in the temperature range between 225 K and 100 K with about 30% of 

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

bulk material. For sample 3e, also a very gradual spin crossover is observed upon cooling. Two 

steps can be distinguished around 175 K and 110 K (see first derivative in Figure 2c). 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, where pronounced differences between the diffraction pattern of the bulk 

CP and the nanocomposite are observed. Apparently, a different crystalline polymorph is obtained. 

The χMT value is 2.07 cm³Kmol-1 at 50 K indicating that 65 % of the iron centres are still in the HS 

state. 

 

Conclusion 
 

This work focused on the transfer of the concept for the formation of nanoparticles of coordination 

polymers in a block copolymer matrix. The central goal was to demonstrate that this concept of 

block copolymers as microreactors is not restricted to one specific coordination polymer and can 

easily be applied to other systems. Therefore, three coordination polymers have been chosen to be 

incorporated inside the block copolymer as nanoparticles. As expected, it can be found that the 

coordination polymer does not have an influence on the size of the CP-BCP composite and that the 

final size arises mainly from the BCP. However, the formation of stable nanoparticles critically 

depends on the coordination polymer and the solvent used for the synthesis. The investigations 

reveal an interplay between two different effects: (1) The rigidity and stacking features of the 

bridging ligand influences the solubility of the CP and a low solubility is favourable for the 

selective formation of crystalline nanoparticles in the BCP micelle. (2) Weak field ligands lead to 

HS complexes where anti-bonding orbitals are occupied. This supports ligand exchange and 

prevents the templating effect of the BCP micelle. We found that the CP-BCP composites with the 

most rigid ligand ([FeLeq(bpey)]n@BCP, 3a-3e) form the most stable crystalline nanoparticles that 

are spin crossover active. For the HS complexes [FeLeq(bpee)]n@BCP, (2a-2e), first microcrystals 
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are observed after 4 cycles and for  [FeLeq(bpea)]n@BCP, (1a-1e) with the most flexible ligand 

microcrystals are observed after 5 cycles in THF. 
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Experimental 
 

All syntheses were performed under inert conditions using argon 5.0 (purity ≥ 99,999%) and 

Schlenk technique. The synthesis of all samples was repeated at least twice. Polystyrene-b-poly(4-

vinylpyridine) (PS-P4VP, purum, MW ≈ 150000) was synthesised as described before.[15] 1,2-

di(pyridine-4-yl)ethane) (bpea) and trans-1,2-di(pyridine-4-yl)ethene (bpee) were obtained from 

Sigma Aldrich and used as received. Tetrahydrofurane (THF) p.a. and toluene were obtained from 

Sigma Aldrich and degassed with argon for at least 30 min. [FeLeq(MeOH)2] was synthesized as 

described before.[59] The ligand bpey was synthesised according to the literature.[60] 

 

Synthesis 

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

the general procedures are given for [FeLeq(bpea)]n (1) and the composite materials  

[FeLeq(bpea)]n@BCP (1a-1e) and the specific values for [FeLeq(bpee)]n (2) / [FeLeq(bpey)]n (3) 

and the composite materials  [FeLeq(bpee)]n@BCP (2a-2e) / [FeLeq(bpey)]n@BCP (3a-3e) are 

given in brackets. The synthesis of the composite materials in toluene was done using the 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): 200 mg (0.45 mmol) [FeLeq(MeOH)2] and 206 mg (204 mg/202 mg) (1.125 mmol, 2.5 eq) 

bpea (bpee/bpey) were dissolved in 20 mL THF in a 50 mL flask. The solution was refluxed for 

1 h. After cool-down to RT, the solution was let for crystallisation overnight. The solid was 

filtered, washed with THF once and dried in vacuo to yield a brown (dark violet) powder. 

Elemental anal. (%): calc. C 63.61, H 5.34, N 9.89, found C 62.91, H 5.19, N 9.22 (calc. C 63.84, 

H 5.00, N 9.93, found C 63.15, H 6.05, N 9.18, / calc. C 64.07, H 4.66, N 9.96, found C 63.63, 

H 4.77, N 9.25). 

1a, 1 cycle (2a/3a): 50 mg (0.33 µmol) PS-b-P4VP and 6.7 mg (15 µmol) [FeLeq(MeOH)2] were 

dissolved in 20 mL THF in a 50 ml flask. The solution was refluxed for 2h. After, 6.9 mg 

(6.8 mg/6.8 mg) (37.5 µmol, 2.5 eq) bpea (bpee/bpey) was added and refluxed again for 1h. The 

solution was cooled down to room temperature and the solvent was removed via cold distillation to 
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yield a brown, polymer-like solid. Elemental anal. (%) 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, 2 cycles (2b/3b): The synthesis for 1 cycle was repeated. Prior to solvent removal, 6.7 mg 

(15 µmol) [FeLeq(MeOH)2] and 6.9 mg (6.8 mg/6.8 mg g) (37.5 µmol, 2.5 eq) 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 anal. (%) found: C 61.98, H 7.35, 

N 3.38 (C 59.75, H 7.43, N 3.37 / C 57.18, H 7.42, N 3.05). 

1c, 3 cycles (2c/3c): The synthesis for 2 cycles was repeated and one more cycle was realised. 

6.7 mg (15 µmol) [FeLeq(MeOH)2] and 6.9 mg (6.8 mg/6.8 mg) (37.5 µmol, 2.5 eq) bpea 

(bpee/bpey) were added and refluxed for another hour before the solvent was removed via cold 

distillation to yield a dark brown, polymer-like solid. Elemental anal. (%) 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, 4 cycles (2d/3d): The synthesis for 3 cycles was repeated and one more cycle was realised. 

6.7 mg (15 µmol) [FeLeq(MeOH)2] and 6.9 mg (6.8 mg/6.8 mg) (37.5 µmol, 2.5 eq) bpea 

(bpee/bpey) were added and refluxed for another hour before the solvent was removed via cold 

distillation to yield a dark brown, polymer-like solid. Elemental anal. (%) found: C 68.18, H 6.55, 

N 5.64 (C 71.09, H 6.79, N 5.90 / C 68.04, H 6.18, N 5.48). 

1e, 5 cycles (2e/3e): The synthesis for 4 cycles was repeated and one more cycle was realised. 

6.7 mg (15 µmol) [FeLeq(MeOH)2] and 6.9 mg (6.8 mg/6.8 mg) (37.5 µmol, 2.5 eq) bpea 

(bpee/bpey) were added and refluxed for another hour before the solvent was removed via cold 

distillation to yield a dark brown, polymer-like solid. Elemental anal. (%) 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 increasing cycles due to the higher amount of iron 

inside the samples. 

 

Characterisation methods 

Transmission electron microscopy. Transmission electron microscopy was made at a Zeiss 

CEM902 electron microscope (Zeiss, Oberkochen, Germany). Samples were dispersed in toluene 

applying vortex. The solution was dropped on a copper grid (mesh 200, Science Services, 
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Munich). Electron acceleration voltage was set to 80 kV. Micrographs were taken with a 

MegaView III / iTEM image acquiring and processing system from Olympus Soft Imaging 

Systems (OSIS, Münster, Germany) and an Orius 830 SC200W / DigitalMicrograph system from 

Gatan (Munich, Germany). Particles size measurements were done with “ImageJ” image 

processing software by Wayne Rasband (National Institutes of Health, USA). 

Elemental Analysis. Carbon, nitrogen and hydrogen content was collected at a Vario EL III with 

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

average of the measurements was used. 

Infrared measurements. Transmission infrared spectra were collected from a Perkin Elmer 

Spectrum 100 FT-IR (ATR). The samples were measured directly as solids. 

Magnetic measurements. Magnetic susceptibility measurements were performed at a Quantum 

Design MPMS-XL-5 SQUID magnetometer. Field strength of 3 T was applied and a temperature 

range of 50–300 K was used to determine the temperature dependency of the magnetism and the 

spin crossover behaviour. Settle mode was used in all measurements with a cooling and heating 

rate of 5 K/min. The samples were prepared in gelatine capsules placed in a plastic straw. The 

measured 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 at a Malvern Instruments Zetasizer Nano 

ZS90 in glass cuvettes from Carl Roth GmbH + Co. KG at 25 °C. One measurement consists of 

three consecutive runs. 

Mössbauer spectroscopy. 57Fe Mössbauer spectra were recorded in transmission geometry on a 

constant-accelaration using a conventional Mössbauer spectrometer with a 50 mCi 57Co(Rh) 

source. The samples were sealed in the sample holder in an argon atmosphere. The spectra were 

fitted using Recoil 1.05 Mössbauer Analysis Software.[61] The isomer shift values are given with 

respect to a α-Fe reference at room temperature. 

Powder X-Ray diffraction. Powder X-Ray diffraction data for all samples were collected at a 

STOE StadiP X-Ray diffractometer in transmission geometry between 5° and 30° 2Θ. Samples 1, 

2 and 3 were placed in a flat carrier and composite samples 1a – 3e were placed on flat surfaces. 

Cu-Kα1 radiation was used for the measurement and the radiation was detected with a Mythen 1K 

detector. 
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Supporting Information 

In the Supporting Information the characterization of the bulk complexes (PXRD, magnetism, 

Mössbauer spectra and Mössbauer parameter), the full characterization of the composite materials 

1-3 a-e (IR spectra, DLS, PXRD, Mössbauer spectra and Mössbauer parameters of 1d, 1e, 3d and 

3e, TEM pictures and magnetic measurements of 1d, 1e, 2d, 2e, 3d and 3e) and a TEM picture of 

the composite material synthesised from toluene is given. 

Supporting Information File 1: SI_BJNANO 

File Name: SI_BJNANO 

File Format: pdf 

Title: Supporting Information file 
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Supporting Information 
 

 

 

Figure S1: Comparison of the powder X-Ray diffraction pattern of [Fe(Leq)(bpea)] (1) and 

[Fe(Leq)(bpea)]0.25 MeOH (synthesised in methanol, calculated from single crystal data).[1]  

 

 

Figure S2: Plot of the χMT product versus temperature for (2). 
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Figure S3: Mössbauer spectra of 1 (top), 2 (centre) and 3 (bottom). In each case one single 

doublet is observed with Mössbauer parameters (Table S1) characteristic for an iron(II) HS 

complex. 

 

Table S1: Mössbauer parameters of the samples (1, 2 and 3). 

sample site δ [mm/s] ΔEQ [mm/s]  [mm/s] Area [%] 

1 Fe(II) HS 0.947(3) 2.210(6) 0.147(5) 100 

2 Fe(II) HS 0.966(4) 2.216(7) 0.164(6) 100 

3 Fe(II) HS 0.944(3) 2.240(6) 0.156(5) 100 
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Figure S4: IR spectra of 1a-1e (top left), 2a-2e (centre left) and 3a-3e (bottom left) and the 

relevant area between 2000 cm-1 and 750 cm-1 to show the C=O vibration band the samples 1a-1e 

(top right), 2a-2e (centre right) and 3a-3e (bottom right). 
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Figure S5: Mössbauer spectra of 1d (top left), 1e (bottom left), 3d (top right) and 3e (bottom 

right). The red doublet corresponds to and iron(II) HS species and the blue doublet corresponds to 

an iron(II) LS species. The Mössbauer parameters are given in Table S2. 

Table S2: Mössbauer parameters of the samples 1d, 1e, 3d and 3e. 

sample site δ [mm/s] ΔEQ [mm/s]  [mm/s] Area [%] 

1d 
Fe(II) LS 0.28(11) 0.65(18) 0.24(14) 26(9) 

Fe(II) HS 0.951(14) 2.21(3) 0.132(19) 74(9) 

1e 
Fe(II) LS 0.34(6) 0.79(12) 0.17(8) 28(9) 

Fe(II) HS 0.951(14) 2.21(3) 0.12(2) 72(9) 

3d 
Fe(II) LS 0.28(6) 0.90(12) 0.12(6) 17(6) 

Fe(II) HS 0.95(2) 2.15(4) 0.17(2) 83(9) 

3e Fe(II) HS 0.958(12) 2.17(2) 0.161(18) 100 
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Figure S6: DLS measurement of the nanocomposites in THF, 43w%. Correlation functions of 1a-

1e (top left), 2a-2e (centre left) and 3a-3e (bottom left) and the resulting hydrodynamic diameter 

of the polymeric micelles in THF of 1a-1e (top right), 2a-2e (centre right) and 3a-3e (bottom 

right). 
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Table S3: Summarised characterisation for the different composite samples (1a-3e). An exemplary 

TEM picture and the size distribution are given for TEM measurements. The particle sizes are 

given in the pictures. 

sample 
Reaction 

conditions 

TEM nanoparticles, TEM size distribution, TEM microcrystals (if any) and 

Mössbauer spectra (if any). 

1a 
1 cycle, 

THF, reflux 

 

1b 
2 cycles, 

THF, reflux 

 

1c 
3 cycles, 

THF, reflux 
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1d 
4 cycles, 

THF, reflux 

 

 

1e 
5 cycles, 

THF, reflux 
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2a 
1 cycle, 

THF, reflux 

 

2b 
2 cycles, 

THF, reflux 

 

2c 
3 cycles, 

THF, reflux 

 

2d 
4 cycles, 

THF, reflux 
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2e 
5 cycles, 

THF, reflux 

 

 

3a 
1 cycle, 

THF, reflux 
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3b 
2 cycles, 

THF, reflux 

 

3c 
3 cycles, 

THF, reflux 

 

3d 
4 cycles, 

THF, reflux 
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3e 
5 cycles, 

THF, reflux 
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Figure S7: Exemplary TEM picture of [FeLeq(bpea)]n@BCP after two cycles synthesised in 

toluene to show microcrystals of the coordination polymer. 
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Figure S8: Powder X-Ray diffraction pattern of 1 and 1a-1e (top), 2 and 2a-2e (centre) and 3 and 

3a-3e (bottom). 
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Figure S9: χMT vs. T plots of the samples 1d (top left), 1e (bottom left), 3d (top right) and 3e 

(bottom right). The results for the samples 2d to 2e are identical to the bulk material 

[FeLeq(bpee)]n; the χMT product is constant in the temperature region investigated and no 
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indication for spin crossover is observed. This is not surprising, as relatively large microcrystals 

are observed. 
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Abstract 

In this work a synthesis of the Fe(II) spin crossover (SCO) coordination polymer [Fe(Lb)(bipy)]n 

(with Lb = 1,2-phenylenebis(iminomethylidyne)bis(2,4-pentanedionato)(2-) and bipy = 4,4´-

bipyridine) nanoparticles is described using polystyrene-b-poly-(4-vinylprididine) (PS-b-P4VP) 

block copolymer micelles as nanoreactors. A control of the spin crossover properties can be 

achieved by precise tuning of the crystallinity of the coordination polymer via successive addition 

of the starting material [Fe(L)(MeOH)2] and bipy in different reaction cycles. With different 

molecular masses and amounts of P4VP of the BCPs a size and shape control is aimed. Such a size 

and shape control is, to the best of our knowledge, a completely new approach for the synthesis of 

nanoparticles of coordination polymers and should be easily transferable to other coordination 

polymers and networks.  

 

Introduction 
 

Nowadays nanocomposites of functional materials are essential for applications as sensors[1-3], 

switches or data storage (electronic), catalysts or smart contrast agents in medicine.[4-8,9-13] Spin 

crossover compounds are a class of complexes of high interest due to the possibility to be switched 

or triggered by an external stimuli as temperature, pressure or light. Nanoparticles of known bulk 

materials often show completely new applications.[14-16] SCO compounds often react very sensitive 

to changes in crystal structure or packing, even adding or removing solvent molecules can lead to 

completely different behaviour. The precise tune of nanomaterials is a complex task. The goal is to 

synthesise size and shape controlled and monodisperse nanocomposites.[17-20] Various methods are 

well-known to produce such nanocomposites (i.e. micelle techniques or other methods) by top-

down or bottom-up approaches. In former works, we presented a new approach to synthesise 

nanoscaled CPs in a block copolymer (BCP) matrix of polystyrene-b-poly-(4-vinyl-pyridine) (PS-

b-P4VP).[21] Due to selfassembly, BCPs form nanoreactors similar to inverse micelles and a very 

controlled miniaturisation can be gained.[22-24] Those approaches should be transferable to many 

other SCO systems to form nanosized CPs. 1D CPs of [Fe(Lb)(bipy)]n@BCP[21,25] and 

[Fe(Lb)(bpey)]n@BCP were synthesised already.[26] The crystallinity of the nanoparticles can be 

contolled by sequently adding starting material in different reaction cycles to gain a slow CP 

growth into the BCP matrix.[21] By varying temperature and reaction time, the shape and 

distribution of the particles can also be varied. In this work, the influence of the molecular mass 
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and the amount of P4VP of the used BCPs is examined, to control size and shape of the received 

nanoparticles. By increasing or reducing the molecular mass of the used BCP it can be possible to 

vary the size of the nanocomposites towards larger or smaller particles.[22] Changes in the PS : 

P4VP ratio can lead to a change of shape of the nanocomposites. A critical concentration of P4VP 

can lead to a transformation from spherical nanoparticles towards nanorods, vesicles or a mixture 

of spherical and non spherical nanoparticles.[22,23] SCO nanocomposites are well-known in 

literature, but the miniaturisation towards specific sizes and shapes is not remarkable shown yet. 

Thus it is difficult to synthesise nanocomposites with the same or at least similar properties than 

the bulk material.  

 

Results and Discussion 
 

[Fe(Lb)(bipy)]n was used in this work (Scheme 1). For the synthesis of the coordination polymer 

(CP) three different blockcopolymer (BCP) composite materials were used. An overview of the 

polymers used in this work and all sample numbers is given in Table 1 and Table 2. The empty 

BCP was stirred in THF for BCP-1 and toluene for BCP-2 and -3 to gain self assembly. The 

precursor complex [Fe(Lb)(MeOH)2] was added and stirred for two hours. The bridging ligand 

4,4´-bipyridine (bipy) was added and refluxed for one hour to gain a slow particle growth in the 

BCP composite matrix. Thus one reaction cycle (RC) was done. To obtain different crystallinities 

of the nanopar-ticles, 1-5 RC were done (Table 2). 

 

Scheme 1: Fe(II) CP used in this work to synthesise SCO nanoparticles in different BCP matrices. 
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Table 1: Overview of the used block copolymers, their molecular weights and units of PS and 

P4VP. 

Polymer molecular weight 

[g·mol-1] 

units P4VP units PS ratio P4VP : PS 

BCP-1 150000 204 1234 ≈ 1:6 

BCP-2 100000 240 720 ≈ 1:3 

BCP-3 250000 785 1608 ≈ 1:2 

 

Table 2: Overview of all samples, RC and solvents used in this work. 

sample  BCP RC solvent 

1 1 1 THF 

2 1 2 THF 

3 1 3 THF 

4 1 4 THF 

5 1 5 THF 

6 2 1 toluene 

7 2 2 toluene 

8 2 3 toluene 

9 2 4 toluene 

10 2 5 toluene 

11 3 1 toluene 

12 3 2 toluene 

13 3 3 toluene 

14 3 4 toluene 

15 3 5 toluene 

 

A Fe(II) SCO CP was incorporated into three different BCPs. In Figure 1 transmission electron 

microscopy (TEM) images of sample 5 (5 RC), sample 10 (5 RC) and sample 15 (5 RC) are given 

to show the various morphologies of the used BCPs.  
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Figure 1: Different shapes of nanoparticles in BCP-1 (left), BCP-2 (middle) and BCP-3 (right) at 

five RC. BCP-3 leads to a mixture of spherical nanoparticles, nanorods and vesicles. 

 

For BCP-1 and BCP-2, pure spherical nanoparticles are obtained, BCP-3 shows a mixture of 

spherical nanoparticles, nanorods and vesicles. Based on the differences in contrast, the iron 

complexes in the P4VP part forms the core while the PS part gives the shell of the nanoparticle. 

BCP-3 shows the most contrast and the largest particles. A hexagonal 1D packing effect for the 

nanoparticles in BCP-1, -2 and -3 is observed. Due to the loss of the core-shell character from 

BCP-1 towards BCP-3, the hexagonal packing effect is much stronger towards BCP-3 showed in 

Figure S5 in the SI.  An overview about the particle sizes of the empty BCPs, two and five RC 

measured via TEM and dynamic light scattering (DLS) (Figure S4) in each BCP is given in Table 

3. Scanning electron microscopy (SEM) was used for samples 4 and 5, to clear up there a no 

crystals build (Figure S10). 
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Table 3: Overview of particle sizes of empty BCPs and synthesised nanoparticles at two and five 

reaction cycles in BCP-1, BCP-2 and BCP-3 measured by TEM, DLS and PXRD 

cycles sample DLS  

[nm] 

TEM core 

[nm] 

TEM shell 

[nm] 

PXRD (23°) 

[nm] 

0 BCP-1 12622 708 - 

2 2 14013 578 9415 333 

5 5 14513 495 11315 453 

0 BCP-2 10419 233 - 

2 7 11610 424 727 - 

5 10 10920 464 676 724 

0 BCP-3 14719 524 - 

2 12 13613 746 938 - 

5 15 15418 756 929 684 

 

 

Control of the crystallinity of the nanoparticles 

To show the growth of the CP in the BCP matrix and the rising crystallinity of the nanoparticles, 

powder-XRD (PXRD) and IR measurements were done (Figure 2). The characteristic C=O bond at 

about 1600 cm-1 increases with higher amount of [Fe(Lb)(bipy)]n with higher numer of RCs. The 

rising crystallinity of the nanoparticles is shown in the PXRD measurements. With higher number 

of RCs the characteristic signals for [Fe(Lb)(bipy)]n compared to the bulk material appear. IR and 

PXRD measurements of samples 6-10 and 11-15 are given in Figure 2. 
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Figure 2: Powder X-Ray diffraction pattern of 7-10 in BCP-2 (top, right) and 12-15 in BCP-3 

(bottom, right) and IR spectra of 7-10 in BCP-2 (top, left) and 12-15 in BCP-3 (bottom, left) with 

the relevant area between 2000 cm-1 and 750 cm-1 to show a rise of the C=O vibration band about 

1600 cm-1 with higher numer of RCs.  

 

Magnetism 

The change of crystallinity of the CP core and therefore of n in [Fe(Lb)(bipy)]n in the BCP micelle 

should significantly influence the SCO properties of the composite material. Due to the differences 

in coordination environment of the outside [Fe(Lb)] units of the [Fe(Lb)(bipy)]n coordination 

polymer, only the inside [Fe(Lb)] units are expected to undergo spin crossover (SCO).[21] Magnetic 
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measurements of the samples 7-10 and 12-15 were done in the temperature range between 300 K 

and 50 K in the cooling and heating mode. The results are given as MT versus T plots in Figure 2 

and Figure S7-S8 in the SI where M is the molar susceptibility and T the temperature. To show a 

characteristic tendency for the change of SCO properties with different reaction cycles, 2 and 5 

cycles are shown for each CP-BCP. Sample 7 shows a room temperature MT about 3.3 cm3Kmol-1 

which is in the expected value of 3.0-3.3 cm3Kmol-1 for Fe(II) HS. The MT value at 50 K is about 

1.8 cm3Kmol-1 after an incomplete gradual SCO. Room temperature MT of 10 is about 3.4 

cm3Kmol-1, which is expected for Fe(II) HS. An abrupt SCO with a 25 K hysteresis takes place. 

The T1/2 values (where 50% of the SCO active centres did undergo spin transition) of 10 are 205 K 

in the cooling and 230 K in the heating mode corresponding to a 25 K wide thermal hysteresis 

loop. The MT value at 50 K is about 2.1 cm3Kmol-1, which is significantly higher then the 

expected value for an Fe(II) LS characteristic for an incomplete ST. The magnetic properties of 10 

are close to the bulk material (20 K hysteresis for the bulk and 25 K for 10). The use of BCP 

micelles leads to a larger and more gradual, but incomplete hysteresis after five RC compared to 

the bulk material. 12 shows a room temperature MT value about 3.2 cm3Kmol-1 which is in the 

range of Fe(II) HS. The MT value at 50 K is about 1.9 cm3Kmol-1 after an incomplete gradual 

SCO. Room temperature MT of 15 is about 3.2 cm3Kmol-1 which is expected for Fe(II) HS. An 

abrupt SCO with a 25 K hysteresis takes place. The T1/2 values (where 50% of the SCO active 

centres did undergo spin transition) of 15 are 210 K in the cooling and 235 K in the heating mode 

corresponding to a 25 K wide thermal hysteresis loop. The MT value at 50 K is about 

1.6 cm3Kmol-1, which is significantly higher then the expected value for an Fe(II) LS characteristic 

for an incomplete ST The magnetic properties of 15 are close to those of the bulk material similar 

to 10. 
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Figure 3: SQUID measurements of [Fe(Lb)(bipy)]n@BCP-3 with two (left) and five RC (right). 

With rising crystallinity of the SCO nanoparticles, the ST changes from an incomplete gradual 

(left) to an incomplete SCO with a 25 K wide hysteresiss (right). 

 

Conclusion 
 

In this work, we showed the possibility to tune the BCPs to get a size control for synthesised 

nanoparticles. The size control of the given nanoparticles via changing the molecular mass and the 

amounts of P4VP in the block copolymers was shown. With higher molecular weight the particle 

size of the nanoparticles is increased. Thus, it is possible to synthesise BCPs with special 

molecular masses to get targeted nanoparticles and have a size control. To gain other shapes of 

nanoparticles varying the amount of P4VP toward higher percentages was done. Up to 25% of 

P4VP, pure spherical nanoparticles appear. Between 25% and 33%, a conversion towards a 

mixture of spherical nanoparticles, nanorods and vesicles appears. SCO compounds in BCP-2 and 

BCP-3 matrix (33% of P4VP) showed SCO properties similar to the bulk material of 

[Fe(Lb)(bipy)]n. It was possible to change the shape of the nanoparticles towards a mixture of 

spherical nanoparticles, nanorods and vesicles. In a future work it has to be investigated, if more 

than 33% of P4VP lead to pure nanorods or vesicles. Furthermore, varying the second, non-

coordinating block of the BCPs, other abilities appear i.e. P4VP-b-H3TP (conductivity) or P4VP-

b-PEO (water soluble).  
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Experimental  
 

Synthetic procedure 

Polystyrene-b-poly(4-vinylpyridine) (BCP-1, purum, MW ≈ 150000, 15% P4VP), polystyrene-b-

poly(4-vinylpyridine) (BCP-2, purum, MW ≈ 100000, 25% P4VP) and polystyrene-b-poly(4-

vinylpyridine) (BCP-3, purum, MW ≈ 250000, 33% P4VP) were synthesized as described 

before.[21] 4,4´-bipyridine was obtained from Alfa Aesar and used as received. Toluene (Tol) was 

purified as described in literature. [Fe(L)(MeOH)2] was synthesised as described before. All 

syntheses were performed under inert conditions using Schlenk technique with argon (purity ≥ 

99,999%, 5.0). The syntheses of all samples were repeated at least twice. 

6: BCP-2 (50 mg, 0.5 μmol) and [Fe(L)(MeOH)2] (5.7 mg, 13 μmol) were added to a 50 ml flask. 

Subsequently toluene (20 ml) was added and the mixture was heated to reflux for 2h. After cooling 

to room temperature, 4,4´-bipyridine (5.0 mg, 32 μmol) was added to the brown solution and the 

reaction mixture was heated to reflux for 1h. After cooling to room temperature the solvent was 

removed via cold distillation to yield a brown, polymer-like powder.  

7: The synthesis as described for sample 6 was repeated. Before solvent removal, [Fe(L)(MeOH)2] 

(5.7 mg, 13 μmol) and 4,4´-bipyridine (5.0 mg, 32 μmol) were added in a second cycle and the 

mixture was heated to reflux for one further hour. After cooling to room temperature the solvent 

was removed via cold distillation to yield a brown, polymer-like powder. Elemental anal. (%) 

found: C 71.71, H 7.10, N 4.99. 

8: The synthesis described for sample 7 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (5.7 mg, 13 μmol) and 4,4´-bipyridine (5.0 mg, 32 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 67.92, H 6.82, N 

5.23. 

9: The synthesis described for sample 8 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (5.7 mg, 13 μmol) and 4,4´-bipyridine (5.0 mg, 32 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 64.85, H 6.59, N 

6.15. 
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10: The synthesis described for sample 9 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (5.7 mg, 13 μmol) and 4,4´-bipyridine (5.0 mg, 32 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 64.84, H 6.57, N 

6.46. 

The colour turned increasingly darker from sample 6 to 10 with an increasing amount of iron. 

11: BCP-3 (50 mg, 0.2 μmol) and [Fe(L)(MeOH)2] (6.4 mg, 15 μmol) were added to a 50 ml flask. 

Subsequently toluene (20 ml) was added and the mixture was heated to reflux for 2h. After cooling 

to room temperature, 4,4´-bipyridine (5.6 mg, 36 μmol) was added to the brown solution and the 

reaction mixture was heated for 1h to reflux. After cooling to room temperature the solvent was 

removed via cold distillation to yield a brown, polymer-like powder.  

12: The synthesis as described for sample 11 was repeated. Before solvent removal, 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a second 

cycle and the mixture was heated to reflux for one further hour. After cooling to room temperature 

the solvent was removed via cold distillation to yield a brown, polymer-like powder. Elemental 

anal. (%) found: C 74.40, H 7.01, N 5.08. 

13: The synthesis described for sample 12 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 72.10, H 6.93, N 

4.87. 

14: The synthesis described for sample 13 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 73.28, H 6.87, N 

5.61. 

15: The synthesis described for sample 14 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 
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distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 61.34, H 6.92, N 

4.76. 

The colour turned increasingly darker from sample 11 to 15 with an increasing amount of iron. 

 

Methods 

 

Transmission electron microscopy: Transmission electron microscopy was performed with a 

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

toluene applying vortex several times. The dispersion was dropped on a carbon coated copper grid 

(Science Services, Munich). The acceleration voltage was set to 80 kV. Micrographs were taken 

with a MegaView III / iTEM image acquiring and processing system from Olympus Soft Imaging 

Systems (OSIS, Muenster, Germany) and an Orius 830 SC200W / DigitalMicrograph system from 

Gatan (Munich, Germany). Particles size measurements were done with “ImageJ” image 

processing software by Wayne Rasband (National Institutes of Health, USA). 

Infrared spectroscopy: Transmission infrared spectra were collected using a PerkinElmer 

Spectrum 100 FT-IR (ATR). Samples were measured directly as solids. 

Elemental Analysis: Carbon, nitrogen and hydrogen contents were collected at a Vario EL III. 

Samples were placed in tin boats. All samples were measured at least twice and the average of 

both measurements was used. 

Energy dispersive X-ray spectroscopy: Energy dispersive X-ray spectroscopy was done at a 200 

kV FEI-Titan G2 80-200 S/TEM (Eindhoven, Netherlands). Samples were dispersed in methanol 

applying vortex and ultrasound several times. The dispersion was dropped on a carbon filmed 

coated copper grid. The acceleration voltage was set to 200 kV. 

Scanning electron microscopy: Scanning electron microscopy micrographs were acquired with a 

Zeiss LEO 1530 (Oberkochen, Germany). 

Magnetic measurements: Magnetic susceptibility measurements were performed at a Quantum 

Design MPMS-XL-5 SQUID magnetometer in the temperature range between 50 and 300 K. The 

samples were prepared in gelatin capsules placed in a plastic straw. All samples were measured 

with a magnetic field of 3T in the settle mode with a cooling and heating rate of 5K min-1 between 
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each measurement point. The measured values were corrected for the diamagnetism of the sample 

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

X-Ray Powder Diffraction: X-Ray Powder Diffraction data for samples 2 to 6 and the bulk 

[FeL(bipy)]n were collected at a STOE StadiP X-ray powder diffractometer in transmission 

geometry between 5 and 45° 2Θ. Samples were placed in a flat carrier and Cu-Kα1 radiation was 

used for the measurement. Radiation was detected with a Mythen 1K detector. 

Mössbauer spectroscopy: 57Fe Mössbauer spectra were recorded in transmission geometry on a 

constant-accelaration using a conventional Mössbauer spectrometer with a 50 mCi 57Co(Rh) 

source. The samples were sealed in the sample holder in an argon atmosphere. The spectra were 

fitted using Recoil 1.05 Mössbauer Analysis Software.30 The isomer shift values are given with 

respect to a α-Fe reference at room temperature. 

Dynamic light scattering: DLS of all samples were collected from Malvern Zetasizer Nano ZS. 

Samples were measured in solution in glass cuvettes from Carl Roth GmbH + Co. KG. 
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Supporting Information 
 

Figure S1: Mössbauer spectra of 8 (top left), 9 (top right) in BCP-2, 12 (bottom left) and 14 

(bottom right) in BCP-3. The red doublet corresponds to an Fe(II) HS species and the blue doublet 

corresponds to an Fe(II) LS species. The Mössbauer parameters are given in Table S2. 

 

 

Table S1: Mössbauer parameters of the samples 8 and 9 in BCP-2 and 12 and 14 in BCP-3. 

 

sample site δ [mm/s] ΔEQ [mm/s]  [mm/s] Area [%] 

8 
Fe(II) LS 0.39(6) 0.81(10) 0.21(8) 45(11) 

Fe(II) HS 0.95(3) 2.28(5) 0.15(4) 55(12) 

9 Fe(II) HS 0.98(17) 2.23(4) 0.19(3) 100 

12 Fe(II) HS 1.00(6) 2.25(17) 0.20(9) 100 

14 Fe(II) HS 0.97(9) 2.22(19) 0.20(15) 100 
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Figure S2: DLS measurement of the nanocomposites in THF and toluene, 43w%. Correlation 

functions of 2-5 (top, from left to right) (THF), 7-10 (centre, from left to right) and 13-15 (bottom, 

from left to right) (toluene). 
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Table S2: Summarised characterisation for the different composite samples (6-9 and 12-14). An 

exemplary TEM picture and the size distribution are given for TEM measurements. The particle 

sizes are given in the pictures. 

sample 
Reaction 

conditions 
TEM nanoparticles, TEM size distribution and TEM microcrystals (if any) 

6 

1 cycles, 

toluene, 

reflux, 

BCP-2 

    
 

7 

2 cycle, 

toluene, 

reflux, 

BCP-2 

 

8 

3 cycles, 

toluene, 

reflux, 

BCP-2 
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9 

4 cycles, 

toluene, 

reflux, 

BCP-2 
 

 

12 

2 cycles, 

toluene, 

reflux, 

BCP-3 

 
 

13 

3 cycle, 

toluene, 

reflux, 

BCP-3 
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14 

4 cycles, 

toluene, 

reflux, 

BCP-3 

 

 
 

Figure S3: TEM images of 2 in BCP-1 (left), 7 in BCP-2 (middle) and 12 in BCP-3 (right) to show 

a 1D hexagonal particle distribution. 
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Figure S4: χMT vs. T plots of the samples 7 (top left), 8 (top right), 9 (bottom left) and 10 (bottom 

right) in BCP-2.  

 

 

 

Figure S5: χMT vs. T plots of the samples 13 (left) and 14 (right) in BCP-3.  
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Abstract 

This work deals with the synthesis of nanoparticles of the Fe(II) spin crossover coordination 

polymer [Fe(Lc)(bipy)]n (with Lc = (E,E)-{dimethyl-2,2′-[1,2-phenylenebis(imino-methyli-

dyne)]bis(3-oxobutanato)(2–)-N,N′,O3,O3′} and bipy = 4,4´-bipyridine) using polystyrene-b-poly-

(4-vinylprididine) (PS-b-P4VP) block copolymer micelles as nanoreactors. Due to two different 

polymorphs, [Fe(Lc)(bipy)]n can lead to different SCO types with different magnetic properties. 

Slow diffusion without reflux leads to a SCO with a 6 K wide hysteresis above RT and fast 

diffusion with reflux leads to a gradual SCO below RT. A precised tuning of the SCO properties 

and the visual identity of the nanoparticles was possible through different reaction cycles (RC) and 

the variety of different block copolymers (ratio P4VP:PS and molecular mass). 

 

Introduction 
 

Spin crossover compounds are a class of complexes from great interest due to the possibility to be 

switched or triggered by an external stimuli as temperature, pressure or light.[1] Nanocomposites of 

functional materials as SCO complexes are nescessary for applications as sensors[2-4], switches or 

data storage (electronic), catalysts or smart contrast agents in medicine[5-14]. SCO compounds often 

react very sensitive to changes in crystal structure or crystal packing, even adding or removing 

solvent molecules can lead to completely different behaviour. Nanoparticles of known bulk 

complexes often show completely new applications and the precise tune of nanomaterials is a 

difficult duty.[15-18] Various methods are well-known to produce such nanocomposites (i.e. micelle 

techniques or other methods) by top-down or bottom-up approaches.[19,20] The goal of this work is 

to synthesise size and shape controlled and monodisperse nanocomposites.  In former works, we 

presented a new approach to synthesise nanoscaled CPs in a block copolymer (BCP) matrix of 

polystyrene-b-poly-(4-vinyl-pyridine) (PS-b-P4VP). Due to self-assembly, the BCPs form nanore-

actors similar to inverse micelles.[21-23] Those techniques should be transferable to many other 

SCO systems to form nanosized CPs. 1D CPs of [Fe(Lb)(bipy)]n@BCP[24], [Fe(Lb)(bpea)]n@BCP 

and [Fe(Lb)(bpey)]n@BCP were synthesised already.[25] The crystallinity of the nanoparticles can 

be contolled by sequently adding starting material in different reaction cycles to gain a slow CP 

growth into the BCP matrix.[24] By varying temperature and reaction time, the shape and 

distribution of the particles can also be varied. In a former work, the influence of the molecular 

mass and the amount of P4VP from the used BCPs was examined, to control size and shape of 
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received nanoparticles.[26] In this work, a Fe(II) complex with two different SCO properties was 

used to synthesise nanoparticles. Without reflux a slow diffusion approach leads to a SCO with a 

6 K wide hysteresis above room temperature (RT) and with reflux, the synthesis leads to a gradual 

SCO below RT. By varying the reaction conditions both SCO species should appear. Two 

different BCPs were used to get nanoparticles in different sizes and shapes.  

 

Results and Discussion 
 

[Fe(Lc)(bipy)]n was used in this work (Scheme 1). For the synthesis of the coordination polymer 

(CP) in a BCP nanoreactor two different BCPs are used. An overview of the polymers and all 

sample numbers is given in Table 1 and Table 2. The empty BCPs were stirred in toluene to gain 

self assembly. To gain fast diffusion the precursor complex [Fe(Lc)(MeOH)2] was added and 

stirred for two hours under reflux. The bridging ligand 4,4´-bipyridine (bipy) was added and 

refluxed for one hours to gain a slow particle growth in the BCP composite matrix. Thus one 

reaction cycle (RC) was done. To obtain different crystallinities of the nanoparticles, 1-5 RC were 

done (Table 2). To gain slow diffusion the precursor complex [Fe(Lc)(MeOH)2] was added to the 

empty BCPs and stirred for three hours without reflux. The bridging ligand 4,4´-bipyridine (bipy) 

was added and stirred for two hours to gain a slow particle growth in the BCP composite matrix. 

To obtain different crystallinities of the nanoparticles, 1-5 RC were done (Table 2). 

Table 1: Overview of used block copolymers, molecular weights and units of PS and P4VP 

Polymer molecular weight units P4VP units PS ratio P4VP : PS 

BCP-1 150000 204 1234 ≈ 1:6 

BCP-2 250000 785 1608 ≈ 1:2 

 

The investigated CP-BCP composite material consists of a BCP micelle with an incorporated CP. 

The used CP was synthesised from [Fe(L)(MeOH)2] with a bridging ligand 4,4´-bipyridine (bipy) 

showed in Scheme 1.  
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Scheme 1: Representation of the used Fe(II) CP to gain SCO nanoparticles in BCP matrix. 

 

For BCP-1 and BCP-2, pure spherical nanoparticles are obtained, with only a few reaction cycles. 

With an increasing number of RC for BCP-2 refluxed and BCP-1 and BCP-2 without reflux, a 

mixture of spherical nanoparticles and nanorods and vesicles appeared. Table 2 gives an overview 

of all sample numbers, RCs and used BCPs in this work. Based on the differences in contrast, the 

Fe(II) complexes in the P4VP part form the core while the PS part gives the shell. From BCP-1 to 

BCP-2 the particles move together much closer and a loss of the characteristic core-shell 

behaviour is observed (Figure 1). 
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Table 2: Overview of sample numbers, RCs and used BCPs. 

sample BCP RC solvent 

1 1 2 toluene 

2 1 3 toluene 

3 1 4 toluene 

4 1 5 toluene 

5 1 2 toluene 

6 1 3 toluene 

7 1 4 toluene 

8 1 5 toluene 

9 2 2 toluene 

10 2 3 toluene 

11 2 4 toluene 

12 2 5 toluene 

13 2 2 toluene 

14 2 3 toluene 
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Figure 1: TEM images to show the particle shape with different reaction conditions. Fe(II) SCO 

nanoparticles in BCP-1 with reflux after four RC (top left), in BCP-1 without reflux after three RC 

(top right), in BCP-2 with reflux after four RC (bottom left) and in BCP-2 without reflux after two 

RC (bottom right). 

Apparently the complex [Fe(Lc)(bipy)]n precipitates faster than [Fe(Lb)(bipy)]n. Products 

sythesised in BCP-1 with a lower molecular mass of 150000 g·mol-1 lead to sub-micro crystals at 

five RC (4). Products synthesised in BCP-1 without reflux lead to sub-micro crystals at five RC 

(7). A change toward BCP-2 showed no sub-micro crystals for five RC with reflux and sub-micro 

crystals at three RC (14) without reflux. BCP-2 shows the most contrast and the largest particles 
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(Figure 2). Also, there is a hexagonal 1D packing effect for the nanoparticles showed in the SI 

(Figure S4).  

 

Figure 2: TEM images of Fe(II) SCO sub-micro crystals in BCP-1 with reflux after five RC (left), 

in BCP-1 without reflux after four RC (middle) and BCP-2 without reflux after 3 RC (right). 

In Table 3, an overview is given about the particle sizes and the growth of sub-micro crystals by 

TEM images and DLS measurements. For samples with sub-micro crystals, the particle sizes are 

not listed in Table 3. There is a slight increase in the hydrodynamic radius upon loading the BCP 

micelle with the CP. For the loaded CP–BCP micelles the same core and total diameter were 

obtained in the range of the error. This indicates that the BCP micelle is an ideal template for the 

synthesis of spherical particles. BCP-1 leads to sub-micro crystals at five RCs with reflux and four 

RCs without reflux. BCP-2 leads to no sub-micro crystals with reflux and sub-micro crystals at 

three RCs without reflux. 
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Table 3: Overview of particle sizes of empty BCPs and synthesised nanoparticles at two, three and 

five reaction cycles in BCP-1 and BCP-2 with and without reflux measured by TEM and DLS.  

BCP sample RC DLS [nm] TEM [nm] 

1 BCP-1 0 12622 708 

1 1 2 16813 599 

1 2 3 -- 647 

1 4 5 sub-micro 

crystals 

sub-micro 

crystals 

1 5 2 19312 429 

1 6 3 -- 5213 

1 8 5 sub-micro 

crystals 

sub-micro 

crystals 

2 BCP-2 0 14719 524 

2 9 2 12713 757 

2 10 3 -- 746 

2 12 5 no pure 

spherical 

particles 

756 

2 13 2 13512 769 

2 14 3 sub-micro 

crystals 

sub-micro 

crystals 

 

 

Control of the crystallite size of the coordination polymer 

 

An amount of P4VP between 25% and 30% leads to first formations of rods and vesicle-like 

structures next to the characteristic spherical nanoparticles. Also, the synthesis without refluxing 

leads to a mixture of typical spherical nanoparticles and nanorods and vesicles as well BCP-1 as 

BCP-2. A change from BCP-1 to BCP-2 leads to a loss in the characteristic core-shell behaviour. 

TEM imaging was used to determine the diameter of the nanoparticles in the dried state. Samples 
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with BCP-1 led to sub-micro crystals at five RCs with reflux and four RCs without reflux. For 

BCP-2 no sub-micro crystals appeared with reflux. Without refluxing, sub-micro crystals occurred 

after three RCs (14). Powder XRD was measured from [Fe(Lc)(bipy)]n in BCP-1 and -2. Two, 

three and five RCs were shown to illustrate the growth in crystallinity of the gained nanoparticles 

(Figure 3).  

 

 

Figure 3: PXRD measurements ob [Fe(Lc)(bipy)]n@BCP-1 with fast diffusion with reflux (left) 

and with slow diffusion without reflux (right). Two, three and five RCs are shown to illustrate the 

increase of crystallinity up to sub-micro crystals for five RCs (4, 8). 

 

PXRD measurements of 14 show a 2 peak at about 26°, which is characteristic for the -oxido 

complex (Figure S5). Thus the sub-micro crystals shown with TEM imaging can be the partial 

oxidised product of [Fe(Lc)(bipy)]n. 

 

Magnetism 

The change of crystallinity of the CP core and therefore of n in [Fe(Lc)(bipy)]n in the BCP micelle 

should significantly influence the SCO properties of the composite material. Also, samples with 

sub-micro crystals should show significant influence on the SCO properties. Due to the differences 

in coordination environment of the outside [Fe(Lc)] units of the [Fe(Lc)(bipy)]n coordination 

polymer, only the inside [Fe(Lc)] units are expected to undergo spin crossover (SCO). Magnetic 

measurements of the samples 1–4 and 10-12 were done in the temperature range between 300 K 

and 50 K in the cooling and heating mode. Samples 6-8 were measured in the temperature range 
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between 350 K and 100 K in the cooling and heating mode. The results are given as MT versus T 

plots in Figure 2 and Figure S6 and S7 in the SI where M is the molar susceptibility and T the 

temperature. To show a characteristic tendency for the change of SCO properties with different 

RC, 3 and 5 cycles are shown for each CP-BCP. Samples 2 and 4 belong to BCP-1 with reflux. 

Sample 2 shows a room temperatureMT about 3.1 cm3Kmol-1 which is in the expected value of 

about 3.1 cm3Kmol-1 for Fe(II) HS. The MT at 50K is about 1.2 cm3Kmol-1 which is due to an 

incomplete gradual SCO between 260 K and 90 K. Room temperatureMT of 4 is about 3.2 

cm3Kmol-1, which is expected for Fe(II) HS. From 2 to 4 an significant increase of SCO active 

[Fe(Lc)] units is observed indicating the increase of n in [Fe(Lc)(bipy)]n  and a small hysteresis of 

about 8 K is observed between 200 K and 208 K (Figure 3). This hysteresis is due to the formation 

of sub-micro crystals outside the BCP matrix as showed in Figure 2 and also in the SI by PXRD 

measurements. 

 

Figure 4: SQUID measurements of [Fe(Lc)(bipy)]n@BCP-1 with reflux after three RCs (left) 2 

and five RCs (right) 4. 

Samples 6 and 8 belong to BCP-1 without reflux. Due to different crystal packing the CP of 

[Fe(Lc)(bipy)]n the synthesis without reflux leads to different SCO behaviours. A SCO with 

hysteresis above RT appears. Sample 6 shows a HS MT at 350 K of about 3.2 cm3Kmol-1 which is 

in the expected value of 3.0 cm3Kmol-1 for Fe(II) HS. The MT at 100 K is about 1.0 cm3Kmol-1. 

An incomplete SCO with a 28 K wide hysteresis with T1/2 ↑ of 338 K and T1/2 ↓ of 310 K was 

observed, followed by an incomplete gradual SCO between 300 K and 100 K. Both types of SCO 

for [Fe(Lc)(bipy)]n are observed, due to two different crystal packings. HS MT of 8 at 350 K is 

about 3.4 cm3Kmol-1, which is expected for Fe(II) HS. An incomplete SCO with a 35 K wide 
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hysteresis with T1/2 values of 338 K in the cooling mode and 303 K in the heating mode was 

observed, followed by an incomplete gradual SCO between 300 K and 100 K. For 8 sub-micro 

crystals are observed shown in Figure 2 with TEM images and Figure-3 by PXRD measurements. 

Compared to the bulk material (8 K hysteresis), the hysteresis of 6 and 8 is much larger, but 

incomplete. The bulk material showed either SCO above or below RT. Sample 6 as well sample 8 

show a mixture of both SCO species.  

 

Figure 5: SQUID measurements of [Fe(Lc)(bipy)]n@BCP-1 without reflux for three RC (left) 6 

and five RC (right) 8.  

Samples 10 and 12 belong to BCP-2 with reflux. 10 shows a room temperature MT of about 3.3 

cm3Kmol-1 which is in the range of Fe(II) HS. The MT at 50 K is about 2.3 cm3Kmol-1 after an 

incomplete gradual SCO between 270 K and 80 K. Room temperature MT of 12 is about 3.3 

cm3Kmol-1 which is expected for Fe(II) HS. A SCO with a 9 K wide hysteresis with T1/2 values of 

198 K in the cooling and 189 K in the heating mode is observed. The magnetic properties of 12 are 

close to the bulk material with a gradual SCO between 270 K and 110 K with a small incomplete 

hysteresis between 250 K and 235 K. Samples 10 and 12 do not show sub-micro crystal. The 

increasing SCO properties are due to the formation of higher crystalline nanoparticles. A change in 

shape towards a mixture of spherical nanoparticles, nanorods and vesicles also leads to better SCO 

behaviour, because of the alignment and self-assembly of larger particles in the range of more than 

100 nm.  
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Figure 6: SQUID measurements of [Fe (Lc)(bipy)]n@BCP-2 with reflux for three RC (left) 10 

and five RC (right) 12. 

 

Conclusion 
 

In this work, we showed the possibility to synthesise CP@BCP with different SCO properties. The 

synthesis with and without reflux led to SCO above and below RT. By using different BCPs with 

various molecular masses and amounts of P4VP it was possible to control shape and size of the 

observed nanoparticles. Thus the first step towards SCO devices is done. A functional SCO 

material with a SCO in the range of RT was produced. The critical concentrations for the 

appearance of sub-micro crystals was given in this work too. The BCP micelles synthesised 

without reflux lead to nanorods or vesicles similar the synthesis with reflux in BCP-2 led to 

nanorods and vesicles with higher amount of RC. Furthermore varying the second, non-

coordinating block of the BCPs, other abilities appear i.e. P4VP-b-H3TP (conductivity) or P4VP-

b-PEO (water soluble). 
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Experimental  
 

Synthetic procedure 

Polystyrene-b-Poly(4-vinylpyridine) (BCP-1, purum, MW ≈ 150000, 15% P4VP) and Polystyrene-

b-Poly(4-vinylpyridine) (BCP-2, purum, MW ≈ 250000, 33% P4VP) were synthesised as 

described before. 4,4´-bipyridine was obtained from Alfa Aesar and used as received. Toluene 

(Tol) was purified as described in literature.[24] [Fe(L)(MeOH)2] was synthesised as described 

before. All syntheses were performed under inert conditions using Schlenk technique with argon 

(purity ≥ 99,999%, 5.0). The synthesis of all samples was repeated at least twice. 

1: BCP-1 (50 mg, 0.33 μmol) and [Fe(L)(MeOH)2] (6.4 mg, 15 μmol) were added to a 50 ml flask. 

Subsequently toluene (20 ml) was added and the mixture was heated to reflux for 2h. After cooling 

to room temperature, 4,4´-bipyridine (5.6 mg, 36 μmol) was added to the brown solution and the 

reaction mixture was heated for 1h to reflux. Before solvent removal, [Fe(L)(MeOH)2] (6.4 mg, 15 

μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a second cycle and the mixture was 

heated for one further hour to reflux. After cooling to room temperature the solvent was removed 

via cold distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: 

C 59.85, H 7.20, N 3.02 

2: The synthesis as described for sample 1 was repeated. Before solvent removal, [Fe(L)(MeOH)2] 

(6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a third cycle and the 

mixture was heated for one further hour to reflux. After cooling to room temperature the solvent 

was removed via cold distillation to yield a brown, polymer-like powder. Elemental anal. (%) 

found: C 62.31, H 6.84, N 4.48. 

3: The synthesis described for sample 2 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 58.53, H 7.01, N 

4.09. 

4: The synthesis described for sample 3 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 
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distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 60.00, H 6.67, N 

5.24. 

The color turned increasingly darker from sample 1 to 4 with an increasing amount of iron. 

5: BCP-1 (50 mg, 0.2 μmol) and [Fe(L)(MeOH)2] (6.4 mg, 15 μmol) were added to a 50 ml flask. 

Subsequently toluene (20 ml) was added and the mixture was stirred at room temperature (RT) for 

3h. Afterwards, 4,4´-bipyridine (5.6 mg, 36 μmol) was added to the brown solution and the 

reaction mixture stirred at RT for 2h. Before solvent removal, [Fe(L)(MeOH)2] (6.4 mg, 15 μmol) 

and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a second cycle and the mixture was stirred at 

RT for two further hours. Afterwards the solvent was removed via cold distillation to yield a 

brown, polymer-like powder. Elemental anal. (%) found: C 78.78, H 6.77, N 4.57. 

6: The synthesis as described for sample 5 was repeated. Before solvent removal, [Fe(L)(MeOH)2] 

(6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a third cycle and the 

mixture was stirred at RT for two further hours. Afterwards the solvent was removed via cold 

distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 70.99, H 7.67, N 

5.05. 

7: The synthesis described for sample 6 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

stirring at RT for 2h. Afterwards the solvent was removed via cold distillation to yield a brown, 

polymer-like powder. Elemental anal. (%) found: C 69.40, H 6.18, N 6.00. 

8: The synthesis described for sample 7 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

stirring at RT for 2h. Afterwards the solvent was removed via cold distillation to yield a brown, 

polymer-like powder. Elemental anal. (%) found: C 72.63, H 5.69, N 6.87. 

The color turned increasingly darker from sample 5 to 8 with an increasing amount of iron. 

9: BCP-2 (50 mg, 0.2 μmol) and [Fe(L)(MeOH)2] (6.4 mg, 15 μmol) were added to a 50 ml flask. 

Subsequently toluene (20 ml) was added and the mixture was heated to reflux for 2h. After cooling 

to room temperature, 4,4´-bipyridine (5.6 mg, 36 μmol) was added to the brown solution and the 

reaction mixture was heated for 1h to reflux. Before solvent removal, [Fe(L)(MeOH)2] (6.4 mg, 15 

μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a second cycle and the mixture was 
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heated for one further hour to reflux. After cooling to room temperature the solvent was removed 

via cold distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 69.40, H 

7.49, N 2.38. 

10: The synthesis as described for sample 9 was repeated. Before solvent removal, 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a third 

cycle and the mixture was heated for one further hour to reflux. After cooling to room temperature 

the solvent was removed via cold distillation to yield a brown, polymer-like powder. Elemental 

anal. (%) found: C 65.55, H 7.05, N 4.70. 

11: The synthesis described for sample 10 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder.  

12: The synthesis described for sample 11 was repeated, with one further cycle of addition of 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) followed by further 

heating to reflux for 1h. After cooling to room temperature the solvent was removed via cold 

distillation to yield a brown, polymer-like powder.  

The color turned increasingly darker from sample 9 to 12 with an increasing amount of iron. 

13: BCP-1 (50 mg, 0.2 μmol) and [Fe(L)(MeOH)2] (6.4 mg, 15 μmol) were added to a 50 ml 

flask. Subsequently toluene (20 ml) was added and the mixture was stirred at room temperature 

(RT) for 3h. Afterwards, 4,4´-bipyridine (5.6 mg, 36 μmol) was added to the brown solution and 

the reaction mixture stirred at RT for 2h. Before solvent removal, [Fe(L)(MeOH)2] (6.4 mg, 15 

μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a second cycle and the mixture was 

stirred at RT for two further hours. Afterwards the solvent was removed via cold distillation to 

yield a brown, polymer-like powder. Elemental anal. (%) found: C 70.66, H 6.94, N 3.76. 

14: The synthesis as described for sample 5 was repeated. Before solvent removal, 

[Fe(L)(MeOH)2] (6.4 mg, 15 μmol) and 4,4´-bipyridine (5.6 mg, 36 μmol) were added in a third 

cycle and the mixture was stirred at RT for two further hours. Afterwards the solvent was removed 

via cold distillation to yield a brown, polymer-like powder. Elemental anal. (%) found: C 71.14, H 

6.70, N 5.82. 
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The color turned increasingly darker from sample 13 to 14 with an increasing amount of iron. 

 

Methods 

 

Transmission electron microscopy: Transmission electron microscopy was performed with a 

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

toluene applying vortex several times. The dispersion was dropped on a carbon coated copper grid 

(Science Services, Munich). The acceleration voltage was set to 80 kV. Micrographs were taken 

with a MegaView III / iTEM image acquiring and processing system from Olympus Soft Imaging 

Systems (OSIS, Muenster, Germany) and an Orius 830 SC200W / DigitalMicrograph system from 

Gatan (Munich, Germany). Particles size measurements were done with “ImageJ” image 

processing software by Wayne Rasband (National Institutes of Health, USA). 

Elemental Analysis: Carbon, nitrogen and hydrogen contents were collected at a Vario EL III. 

Samples were placed in tin boats. All samples were measured at least twice and the average of 

both measurements was used. 

Magnetic measurements: Magnetic susceptibility measurements were performed at a Quantum 

Design MPMS-XL-5 SQUID magnetometer in the temperature range between 50 and 300 K. The 

samples were prepared in gelatin capsules placed in a plastic straw. All samples were measured 

with a magnetic field of 3T in the settle mode with a cooling and heating rate of 5K min-1 between 

each measurement point. The measured values were corrected for the diamagnetism of the sample 

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

X-Ray Powder Diffraction: X-Ray Powder Diffraction data for samples 1 to 14 and the bulk 

[Fe(Lc)(bipy)]n were collected at a STOE StadiP X-ray powder diffractometer in transmission 

geometry between 5 and 45° 2Θ. Samples were placed in a flat carrier and Cu-Kα1 radiation was 

used for the measurement. Radiation was detected with a Mythen 1K detector. 

Mössbauer spectroscopy: 57Fe Mössbauer spectra were recorded in transmission geometry on a 

constant-accelaration using a conventional Mössbauer spectrometer with a 50 mCi 57Co(Rh) 

source. The samples were sealed in the sample holder in an argon atmosphere. The spectra were 

fitted using Recoil 1.05 Mössbauer Analysis Software.30 The isomer shift values are given with 

respect to a α-Fe reference at room temperature. 
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Dynamic light scattering: DLS of all samples were collected from Malvern Zetasizer Nano ZS. 

Samples were measured in solution in glass cuvettes from Carl Roth GmbH + Co. KG. 
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Supporting Information 
 

Figure S1: Mössbauer spectra of 6 (left) and 8 (right) in BCP-1 without reflux. The red doublet 

corresponds to and Fe(II) HS species and the blue doublet corresponds to an Fe(II) LS species. The 

Mössbauer parameters are given in Table S1. 

 

 

 

Table S1: Mössbauer parameters of the samples 6 and 8 in BCP-1. 

 

sample site δ [mm/s] ΔEQ [mm/s]  [mm/s] Area [%] 

6 
Fe(II) LS 0.40(7) 0.95(13) 0.26(7) 61(12) 

Fe(II) HS 1.00(6) 2.11(12) 0.17(7) 39(12) 

8 
Fe(II) LS 0.38(5) 0.95(10) 0.22(6) 35(7) 

Fe(II) HS 0.91(19) 2.21(4) 0.17(7) 65(7) 
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Figure S2: Mössbauer spectra of 14 in BCP-2 without reflux. The red doublet corresponds to and 

Fe(II) HS. The Mössbauer parameters are given in Table S2. 

 

 

Table S2: Mössbauer parameters of sample 14 in BCP-3. 

 

sample site δ [mm/s] ΔEQ [mm/s]  [mm/s] Area [%] 

14 Fe(II) HS 0.96(3) 2.23(6) 0.18(5) 100 
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Figure S3: DLS measurement of the nanocomposites in toluene, 43w%. Correlation functions of 1, 

4 (top left and left middle), 5, 8 in BCP-1 (top right middle and right), 9, 12 (bottom left and left 

middle) and 13, 14 in BCP-2 (bottom right middle and right). 
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Table S3: Summarised characterisation for the different composite samples (1 and 2 and 9,10 and 

12). An exemplary TEM picture and the size distribution are given for TEM measurements. The 

particle sizes are given in the pictures. 

sample 
Reaction 

conditions 
TEM nanoparticles, TEM size distribution and TEM microcrystals (if any) 

1 

2 cycle, 

toluene, 

reflux, 

BCP-1 

  

2 

3 cycles, 

toluene, 

reflux, 

BCP-1 

  

9 

2 cycles, 

toluene, 

reflux, 

BCP-2 
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10 

3 cycles, 

toluene, 
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Figure S4: TEM images of 9 and 13 to show 1D hexagonal packing effect of the [Fe(Lc)(bipy)]n 

nanoparticles in BCP-2. 

 

 

Figure S5: Powder X-Ray diffraction pattern of 9, 10 and 12 in BCP-2 with reflux. All Samples 

show characteristic signals from the bulk material with reflux in fast diffusion.  

 



 7. Synthesis of different Fe(II) SCO nanoparticles with SCO over and below room temperature 
using BCP micelles 

167 
 
 

Figure S6: Powder X-Ray diffraction pattern of 13 and 14 in BCP-2 without reflux. No 

characteristic peak was given for sample 13. For sample 14 a 2 peaks at about 13.2°, 18.5° and 

26° appeared, which are characteristic for the oxidised -oxido complex. 

 

 

Figure S7: χMT vs. T plots of the samples 2 (left) and 3 (right) in BCP-1 with reflux. 
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Figure S8: χMT vs. T plots of sample 7 in BCP-1 without reflux.  

 

 

 

Figure S9: χMT vs. T plots of sample 11) in BCP-3 with reflux.  
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