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1. Summary/Zusammenfassung

1 Summary/Zusammenfassung

1.1  Summary

The aim of the present thesis was the synthesis and characterization of amphiphilic iron(ll)
spin crossover comples. The prime attention wasn the seHassembly ability of the
synthesized compounds and the influence of the supramolecular arrangement in the solid on
the SCObehaviar. The used ligand system is based on Schiff fikeelagerligands that are
suitable to realizaron(ll) SCO conpounds. The ligands were modified such that alkyl chains
with different lengths were attached to the outer periphery. The newly establishedt@ght
synthesis of the complexes comprises alkylation of catechol, subsequent nitrgbiara-in
positions andeduction of the nitro functionalities resulting in the diamino compound. Further
reactions with different ketenol ethers gave the ready ligand that reacts with iron(ll) acetate
to iron(Il) complexes with methanol in axial positions. In order to shiftrhrecentre into the

right energy region to enable thermally induced SCO, in the last step the methanol was
replaced by Ndonor ligands like pyridine@nd its derivatives such as apy afmap or by

bpea, bpee and bpey which are bridging the iron centimeprovide the aimed [)D;]
coordination sphere.

Structural investigations using single crystatay structure analysis gave a detailed insight
into structureproperty relationship of the synthesized complexes. The mechanism of the SCO
of [FeLa(C16)(py}], a complex with the chain length of 16 carbon atoms and pyridine in
axial positions was elucidated. The molecules organize in lipid-l&gearrangement where

the iron centres point to each other. By this, a hydrogen bonding network between the polar
heads was formed with exrystallized HO, what is partially responsible for the KAvide
hysteresis. It was demonstrated that, despite of long alkyl chains, abrupt ST with hysteresis is
possible and that the cooperativity of SCO depends on thassaimty of the amphiphiles.

This concept was confirmed by comparison with complexes bearing short C8 alkyl chains.
The selfassembly is unpredictable resulting in different coordination geometries and crystal
packings without lipid layelike arrangement. The TS of the octahedrally coordinated
modifications of [Fek(C8)(dmapj] in the solid were found to be almost identical to that of

the same compound in solution what proved the absence of cooperative effects in the crystal.
Investigations on pyridine complexgvith different chain lengths (8, 12 and 16 carbon atoms)

and substituents at'Rind R showed that the substituents influence the ST temperatyre
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but not the different chain lengths. Temperamependent paramagnetitH NMR
investigations confirm @i the SCO behaviour in the solid is dominated by packing effects.
Attempts to synthesize coordination polymers or to coordinate bigger axial ligands with a
lipid layer-like structure resulted in crystallization of dinuclear, pextardinated or other

SQO inactive complexes. Extensive investigations on the compounds usiag sructure
analysis ledo a concept enabling the predictiohcrystallization behaviour depending on the
chain length and the dimensions of the polar head group, nsgifeassemby parameter,

sap= (H+B)/L. H and B denote the height and the broadness of the polar part and L the entire
length of the complex. Whesap= 1, lipid layerlike arrangement can be expected. This
concept was also applied to other amphiphilic systems.

In order to coordinate sterical more demanding axial ligands, the chain length was elongated
from 16 to 22 carbon atoms and the synthesis pathway of the complexes was adjusted. This
resulted on the one hand in the crystallization of the complexd[E22)(dma),] which
crystallized despite of sterical demanding substituents octahedrally with dmap in the layered
structure motif. On the other hand, coordination polymers with bpea, bpee and bpey were
synthesized that show all abtupCOs above room temperatultecould be demonstrated that
cooperativity as well a3y, can be increased choosing more rigid axial ligands. The three
compoundsorganizein spherulitesafter warmingwhich can be observed between crossed

polarizers.
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1.2 Zusammenfassung

Ziel der vorliegenden Dissertation war die Synthese und Charakterisierung amphiphiler
Eisen(l) Spin-CrossoveiKomplexe. Das Hauptaugenmerk lag hierbeiauf dem
supramolekularen Selbstanordnungsvermdgen der dargestellten Verbindungen und dem
Einfluss der Anordnung im Fesiirper auf das SCQerhalten. Das verwendete
Ligandensystem basiert a u fJageklagandes, cwelche zur s ¢ h e
Realisierung vonEisen(I}SCOVerbindungen geeignet sind. Die Liganden wurden so
modifiziert, dass Alkylket#n unterschiedlicher Lange in die dulR3ere Peripherie eingebracht
wurden. Die neu etablierte achtstufige Synthese der Komplexe beinhaltet die Alkylierung von
Catechol, anschliel3ende Nitrierung in der jeweiligare-Position und Reduktion der Nitro

zu Amindunktionen. Weiterreaktion mit unterschiedlichen k&molethern resultierte in den
fertigen Liganden, welche durch Umsetzung mit Eiseif{t¢tat zu Eisen(IlFKomplexen mit
Methanol in axialer Position reagieren. Um das Eisenzentrum in den richtigenebeesch

fur thermisch induzierten SCO zu bringen, wurden in einem letzten Schritt diese Methanol
Molekile durch NDonorLiganden wie Pyridin und dessen Derivate apgr dmap, oder die
verbrickendenlLiganden bpea, bpee und bpey ersetzt, um die angestrgh;O;]-
Koordinationssphare zur Verfigung zu stellen.

Strukturelle  Aufklarung durch  Einkristallrontgenstrukturanalyse verschaffte einen
detaillierten Einblick in die StruktuEigenschaftsbeziehungen der so dargestellten Komplexe.
So konnte der Mechanismutes SCO eines Komplexes mit der Alkylkettenlange von 16
Kohlenstoffatomen und Pyridin in axialer PositifiReLa(C16)(py}], aufgeklart werden. Die
Molekile ordnen sich in lipidahnlichen Schichten an, wobei die Eisenzentren einander
zugewandt sind und dacth untereinander ein Wasserstoffbriickenbindungsnetzwerk mit
cokristallisiertem HO ausbilden koénnen, welches fiur die Hysteresebreite voi 47
mitverantwortlich gemacht wird. Es konnte gezeigt werden, dass trotz der langen
Alkylkettenlange abrupte Spinutgginge mit Hysterese mdoglich sind und die Kooperativitat
des SCO von der Selbstanordnung der Amphiphile abhé&ngig ist.

Ein Vergleich mit Komplexen, welche eine relativ kurze Kettenlange von 8
Kohlenstoffatomen aufweisen, bestatigte dieses Konzept. Dieasstallisierten in
verschiedenen Koordinationsgeometrien und Modifikationen und ohne Lipidschichtstruktur.
Eine Gegenlberstellung der Spinibergdnge der Modifikationen von oktaedrisch
koordiniertem [Fet(C8)(dmap)] mit dem SCO derselben Verbindung in Logurewies die

Abwesenheit kooperativer Effekte im Festkorper.
3
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Untersuchungen anPyridinrAddukten unterschiedlicher Kettenlange (8, 12 und 16
Kohlenstoffatome) und uerschiedlicher SubstituenteR' und R zeigten auf, dass die
Substituenten einen Einflusauf Ty1», haben, jedoch nicht die unterschiedliche Kettenlange.
Temperaturabhéngige paramagnetistHeNMR-Untersuchungen in Lésung bestatigten den
dominierenden Einfluss von Packungseffekten auf das-8€&0alten.

Bei den Versuchen, Koordinationspolymeialistellen oder grof3ere axiale Liganden unter
Beibehaltung der Lipidschichtstruktur zu verwenden, konnten nur dinukleare,
pentakoordinierte und andere SCO inaktive Komplexe kristallisiert werden. Eingehende
rontgenstrukturanalytische Untersuchungen déalegnen Verbindungen fihrten zu einem
Konzept zur Beurteilung der Kristallisationsverhaltens in Abhangigkeit der Kettenlange und
der Dimensionen des polaren Teils, benanntsalsassemblyparameter,sap= (H+B)/L.

Dabei bezeichnen H und B die Hohe und Breite des polaren Teils und L die Gesamtlange des
Komplexes. Wenrsap= 1, kénnen lipidschichtdhnliche Strukturen erwartet werden. Dieses
Konzept wurde auch auf andere amphiphile Systeme angewendet.

Folglich wurde, um sterisch anspruchsvollere axiale Liganden zu koordinieren, die
Kettenlange von 16 auf 22 Kohlenstoffatome erhéht, wobei die Synthese der Komplexe
entsprechend modifiziert werden musste. Dies resultierte einerseits in der Kristallisation des
Komplexes [Fed(C22)(dmapy], welcher trotz sterisch anspruchvoller Reste oktaedrisch mit
dmap in der Schichtstruktur kristallisierte. Andererseits konnten Koordinationspolymere mit
bpea, bpee und bpey dargestellt werden, welche alle abrupte Spintbergé&nigalbob
Raumtemperatur aufwiesen. Es konnte gezeigt werden, dass die Kooperativitat umg,auch
durch rigidere axiale Liganden erhdht werden kann. Alle drei Verbinduorgiexen sich nach

dem Erwamen in spharulitischen Strukturen ams zwischen gekreuzie Polarisatoren

beobachtet werden kann.
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2 Introduction

Ongoing digitalization of media and increasing needs for telecommunication and internet
applications causes hugenounts of data. Size reduction of data storage devices is necessary
and could be considered to reach until the molecular Stdlee possibility to address single
molecules or small clusters of molecules would lead to an increase of number of logisal ga
per cnf on a microchip by several orders of magnitude, and the response times of molecular
devices could be in the range of femtoseconds instead of nanoseconds in presentldevices.
Consequently, attention is focused on molecules that can exhidikismentally important
—omf f Il switching possi b-bdsdadtcaculatiom.hrathe earlg 19306 e b a
Cambiet al. discovered the phenomenon of spin crossover, the possibility for a molecule to
exhibittwo different spin statdd. As these molecules can switch from the HS to the LS state

by appliance of physical perturbations like temperature, pressure, light irradiation or pulsed
magnetic field$>® they appear to be good candidates not only for the use in information
technologie¥ but also in display$! sensor$”’ cold channel control units in food and
medical storadt” or as MRT contrast agerits! With regard to data processing ability, the
material does not solely have to fulfill characteristics like chemical stability veh#edded

in a matrix or deposited on a surface. It is also of paramount importance that a movement or
reorganization of the molecules is inhibited to ensure correct addressing and Y& aaithis

frame, the selhssembly of SCO molecules plays a de@ role. A correct projectable and
predictable ordering of moieties is a synthetic challenge that can be confronted by using
crystal engineerirftf! approaches during the ligand design.

Over the last decades, the synthesis of a vast amount of SCO catapath different metal
centres and ligands led to a better understanding how this phenomenon can be controlled and
therefore to concepts for a purposeful design. Notwithstanding encouraging results in
realizing highly cooperative ST comprising hysteresisnerous fundamental aspects of SCO

are still debated. Despite of this, the exploitation of useable materials is in a very busy
process$t® ™ Through combination of the SCO phenomenon with additional features like
miniaturization of SCO compounds (metructuring):® creation of cagé®! and micre or
nanoporous materiatd a new variety of multifunctional SCO materials can be envisioned.
Additionally, softness as well as the thermochromism during the spin state change are of

uttermost interest tpave the way for possible applications.
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2.1  Theory of the spin crossover

SCO can occur within coordination compounds with mostly first transition row metals as
central atom exhibiting a*dl’ electron configuration and primarily octahedral coordination
geometry around the metal centre?Feepresents the vast majority of used metals. The
coordinating ligands induce a splitting of theubitals of the central metal ion into thg' e

and by orbitals, the ligand field splittingy (10Dqg). In general, for systems bearing more than
three delectrons, the electreglectron repulsion has to be considered, the total spin pairing
energy P. When P >> @, the delectrons are distributed according to Huns | a w. Th
results, for example in a system with &léctrons like F€ in a total spin state 08=2, a
strongly paramagnetic HS syste?frz@ with the maximum of unpaired electrons (Figure 1).

If the induced ligand field strength is high enough tgass the total spin pairing energy

(P << o), the spin system will exhibit the maximum number of paired electrons. This
corresponds to the diamagnetic LS state 8ith in a ¢ electron systemlAlg). If Pis in the
sameorder of magnitude a®, aswitching from HS to LS, the SCO, can take pla¥e.

A
e"*
@ e* 1 1
[ = | [
o0
) Ao
(=]
83
P 1 1 1
Il | I
P 1] 1]
I [ [
HS LS

Figure 1. Schematic representation of the HS (left) and LS state (right) in an octatfesleitcbn system.

The induced splitting is depending on the chosen ligand as well as on the metalison.
related to the position of the ligd in the spectrochemical row amlucing or withdrawing
effects of functional groups at the coordinating ligands. Normally no metals in the 4d and 5d
transition rows are found to be SCO active. The reason foliglsisn an increased ligand

field splitting. In complexes of metal ions of the same group and oxidation state and with

identical ligand sphere, the ligand field strength increases by arouddsOgoing from 3d
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to 4d and from 4d to 5d elements, wherdwses dpinpairing energy does not change much in
this order™® Thus, the LS state is commonly adopted in 4d and 5d elements.

The states of -@rbital configuration for a given electron number under the influence of an
octahedral ligand sphere involving tierplay of electrorelectron repulsion and orbital
momentum, can be calculated as functions of theatled Racah parameté?¥. The results
can be plotted in a TanaiSigano diagraff! (Figure 2), representing the relative energies of
all the RusseBaunders multiplet terms arising for a givereldctron configuration as a
function of the crystafield splitting parameteqy and the electronic energies of the excited

states relative to the ground state.

40000
I 30000 |
G
F
— P 20000 [
E 3
= “H
m
10000
5
D 0Fr
0 10000 20000 30000
10Dgq [cm"]]

Figure 2. TanabeSugano diagrafit! for octahedral icomplexes assumirgRacah parametaf B= 1 6n5'0

for iron(ll).

According to this, theT,q state is the ground state until a certain strength of ligand field
(q3rit). Above this, théAlg state (the LS state) becomes the electronic ground state.

Due to the fact that two electrons are occupying the antibongingrlatals in the HS state,
whereas in the LS state only nbanding orbitals are occupied, bond lengths are elongated in
relation to the LS state. For a given combination of ligands and metal i@y dépends on



2. Introduction

the metalligand distance as't(n=5-6). In iron(ll) systems, the difference between theNFe
orFeO bond | engt hs yimms—tnb=e02AMo states Ar
Regardng thermally induced SCO, it is important in order to obtain thermally accessible SCO
compounds that the energy differences between the two states are in the régiombis is
illustrated in Figure 3, where a direct relation is shown between the tmdigdnd radius and

the energy difference:
AE%y = AE%s— AE® s

In general, the LS state remains the quantum mechanical ground state at all temperatures, but
the HS state is the thermodynamically stable state at elevated temperatures.

HS

AE”!IIN kHT

Ar]ll,

|
r(M-L)

Figure 3. Potentials for the HS and the LS state along the digtatd stretch vibrationyi_), M = Fe.

The energetic differences between HS and LS state are mainly determined by changes in the
e nt r 8gomwyprising an electronic part due to spin degacyein the HS state and resulting
higher degree of freedom for the electrons, and a vibrational part due to generally lower
vibrational frequencies (weaker meligland bonding) and the resulting higher density of
vibrational states in the HS state.

AE%,. corresponds to the enthalpy term of the Gibletmholtz equation, in which the

entropical favour of the HS state is also reflected:
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AG=AH-TAS

Switching from LS to HS gi N éeating upphboutsaisdt a v e
positive reaction ento p & At fow temperatures, the enthalpy term is dominant and the LS
state is favoured whereas the entropy term is outweighing at highregomes leading to the

HS statd®? At the temperature where both spin states are in equilibrithmatcorrespondso

Ty, the free reaGtld:on energy i s zero, A

0=AH-T1pAS

Reordering of the Gibbslelmholtz equation shows then the temperature dependence of the

ST given through entropy and enthalpy:
Ti,=AH/ &
According to theoretical and emnigal derivations following general assignments can be

made in which energy region of ligand field splitting a complex will be present in the HS or
LS state, and when it is possible for SCO to dt®ur

For 10Dg™ < 10,000 cn -~ HS compl ex
For 10Dg™=11,000-12,500cm* and

10Dg"° = 19,000 22,000cm * -~ SCO can occur
For 10Dg-°>23,000cm* -~ LS compl ex

2.2  Cooperativity in SCO systems

The temperature dependent SCO is usually plotted as a function of high spin fragdioor

as a function of theroduct of themolar susceptibilitywith temperature(eyT) versus

temperature. This SCO curve can adopt different shapes, e. g. gradual, abrupt, with hysteresis,

stepwise or also incomplete. Some examples are presented in Eiglihe course of the
curve is depending to a large extent on the forwarding of the ST information from one
molecule to another through the crystal lattibeough intermolecular interactionwhat is

synonymous with cooperative effects. Thasermolecular interactionsan bevan der Waals
9
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andmn i nteractions as wel |l as hydrogen bondi

during ST, arised from the shortening or elongation of the rigtald distances to the
neighboured molecules. Inolsition, cooperativity is almost vanished as no interactions
between the molecules take place and the course of the SCO curve is gradual. Here,
essentially a Boltzmann distribution of the molecular states is inv6R/8dstepwise STs can

for example agin in different lattice sites for the complex molecules. The occurrence of
hysteresis, wheré;,l 1s at | ower Tyt eapigisconeact thermod intérdstang
phenomena associated with the SCO as this refers to a real bistability of axample
certain temperature range. It can occur at a very high degree of cooperativity that leads to
internal pressure able to inhibit ST partially or completely. PTs can also be involved in the
formation of hysteresis due to reversible oftEardering proesses. The abruptness and
completeness of ST curves is linked to the extent of cooperativity and therefore to the number
and kind of intermolecular interactions between the molecules. Direct connection of the iron
centres via multidentate bridging ligam@sulting in coordination polymers can lead to higher
cooperativity! as well as dramatically increased thermal stability and decreased air
sensitivity. The covalent linking can moreover enhance the possibility for other elastic
interactions to be formeid a more controlled way as the arrangement of the molecules in the

crystal is more predictable than in mononuclear complexes.

T 1.0 s 1.0 Y. 1.0

b) rk HS

AT
0.5 . 0.5

0.5

/ 0.0

0.0 0.0

Figure 4. Representation of principle types of ST curves: a) gradual, b) with hysteresis,-sfepyvdhe HS
fractionoys is plotted against the temperature.
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2.3 Amphiphilic complexes

Flexibility and softness are desirable physical properties for the construction of materials.
Combined with the SCO phenomenon this can result in multifunctional SCO complexes. A
common vay to achieve this objective is to add long alkyl chains to already known SCO
systems leading to amphiphilic SCO compounds, consisting of a polar head group containing
the SCO active met al centre (—headl) kvhnd t h
chains. This new class of molecules exhibits a wide variety for creating SCO materials due to
the possibility to selassemble in defined structures, e. g. micelles or inverse micelles, or
flexible lipid double layer structures (Figure 5) as in casenfammalian cell walls. How
amphiphiles with a defined shape will arrange in solution was mathematically determined and
vividly implemented through the introduction of the critical packing parameter (cpp) by
Israelachviliet al.in 1976!%2! Other possibilities for miniaturization and functionalization are

the preparation of thin filmé¥ respectively LangmuiBlodgett filmd?:2%:271 (see Figure 5),

gels?®293% and liquid crystal&"

Figure 5. Schematic representation of pilde arrangements of amphiphilic molecules in a) micelles, b) lipid

double layers, c) inverse micelles. d) Schematic drawing of the formation of LarBlodgett films.

11
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Next to the possibility of the formation of multifunctional materialsolution also PTs of

the bulk material showing a synchronicity between the metal complex and the long alkyl
chains are very interesting to study. The SCO phenomenon is accompanied by significant
structural changes mainly due to the changes in #hgtadd bond lagths and angles upon

ST mentioned above, what leads to a change in the lattice parameters and the cell volume.
Thus, it can be seen as intrinsic PT. The goal here is to examine in which way the nonpolar
substituents influence the shape of the ST &g or how strong the cell volume changes
during ST. Further, the enhancement of cooperative effects through-defie#d ordering

due to the selassembly of the molecules driven by van der Waals interactions (London
dispersion forces) can be envisioned gnt to the test.

The bulkfunctionalized complexes are in general able to melt and the melting point can be
tuned by variation of the alkyl chain length. During the melting, rather unpredictable extrinsic
phase transitions (e. g. ., c r y s tMetallcontaieing ( Cr )
liquid crystals are called metallomesogens. These extrinsic PTs can, on their part, influence
the SCO as well. PTs accompanied by a spin state switching have been studied betGaspar
al.®? To synthesizematerials that show a synchromisbetween ST and PTirst, a SCO

system should be chosen that exhibits abrupt STs near or above room temperature in the
unmodified matte The reason for this the fact thatth€ r «LC transi ti on tem
in general at higher temperatures thanmotemperature. Second, the incorporation of a
mesophase causing moiety into the SCO system should be conducted via attachnmggnt of e.
an aromatic core with alkyl chain substituents to the ligands. The mesophase transition
temperature should be adjustedrt,, by changing the length or type of the alkyl chaifisit

is possible to lower the mesophase transition temperature through adding branched alkyl
chains as rest&?

In general, the functionalizing with alkyl chains strongly influencesrtagnetic behaviour of

a compound. It appears that the longer the nonpolar rests are, the more the LS state of a
complex is stabilize6® Electron density inducing effects as well as a fastener effect due to
the dense packing caused by the hydrophobérantions are possible explanations.

Established methods to detect the SCO are amongst others magnetic meaéﬁ?le(refgms

with a SQUID magnetometer), Mossbauer spectrost8pyaramagnetic temperature
dependent NMR spectroscopy (Evans méetidand temperaturelependent single crystal
X-ray structure analysis. To detect Cr oCr or

Differential scanning calorimetry (DS€Y provides insight into the changes of heat capacity
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2. Introduction

during PTs, and the enthalpnd entropy changes can be calculated by integration of the peak
areas. Powder -Xay diffraction (PXRD), wide and small angle Xray scattering
(WAXS/SAXS) can illustrate the structural changes of a compound in defined temperature
intervals. Finally, the dection of mesophases spherulitescan be made by investigations
using polarizing optical nsroscopy (POM) as thegxhibit typical textures viewed between
crossed polarizef®3°)

Several amphiphilic SCO systems have been reported for examplelevittatives of the
terpyridine ligand with cobalt(i” and iron(11}*! or modified tren (tren = trisfaza4-(2-
pyridyl)but-3-enyljJamine***? or triazolé?®**4*%% |igands with iron(ll) as well as with
Schiff base ligands with iron(If*" and salen ligands with manganese(ffi)just to mention

few examples. These compounds bear alkyl chains of varying lengths of 6 up to 20 carbon
atoms and exhibit different interesting physical properties or specific supramolecular modes
of aggregation €. g., nanowires). All of them are ionic complexes and therefore contain
different kinds of counterions. They can, of course, additionally influence the SCO behaviour.
However, their presence reduces the intermolecular interactions between the SCCandntres
by this the cooperativity.

As mentioned above, ST in solution is always gradual. Nevertheless, with the use of
amphiphilic iron(lll) compounds, an improvement of cooperativity in solution by self
assembly of the molecules could be obsef/elf!

As critical parameter for inducing sadssembly the alkyl chain Igth plays a crucial role. It

will be very instructively to study the sel§sembly of amphiphilic molecules in the solid as
the arrangement in the solid can be seen as a result of theeanemtgin solution after
removing the solvent. Unfortunately, the yield of crystal structures of amphiphilic SCO
compounds is quite rare so far. So far, was possible to strtrally characterize
manganese(IIl§® and iron(11}***! complexes with C6 alltychains, iron(lll) complexes with

c8*l and C1¥? alkyl chains and oneobalt(ll) comple¥® with C16 alkyl chains, the
crystal structure with the longest alkyl chains published up to now.

13



2. Introduction

2.4  The ligand system

Schiff basdike ligands are a very powerful system to realize SCO. Originally established by
Jageret al,®™ they are commonly used and developed further in our workgroup. They
provide a square planar §{,] coordination sphere and the ligand fistdength can be varied

and finetuned through variation of the substituents a@aRd R (Scheme 1). Additionally,

sterical modifications at these substituents may influence the crystallization behaviour. In
contrary to classic Schiff base ligands likeesabr salophen, the tautomeric equilibrium of the

free ligand is shifted to the ketmamin instead of the enihin structuré®” Deprotonation

of the ligand | eads to a tsystem.dlpahcoorditp@gohtov el y

iron(ll) this rewslts in a neutral complex.

R R a: R'=COOEt, R>=Me
L., . S S
NH O CH3(CH,),0 NH O d: R'=COOEt, R*=Ph
) 3 N R? n=17,11, 15,21
R! a1
H,La-d(Cn+1)

\

Scheme 1Functionalization of the Schiff badige ligand with long alkyl chains and the used abbreviations.

Based on this ligand system, ogeal in this work was to add long alkyl chains in the outer
periphery to create new amphiphilic complex@se second goal wa® investigate the
crystallization behaviour and thesulting SCO behaviour depending on the variation of the

alkyl chain lengt, substituents and chosen axial ligands.
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3. Overview of Thesis Results

3 Overview of Thesis Results

This thesis comprises five publications, which are presented in Chagtefhe individual

contributions to joint publications are pointed out in Chapter 3.2.

3.1 Synopsis

This work deals with the synthesis and characterization of amphiphilic iro8TQp
complexes, especially with regard the selfassembly ability of the molecules and
enhancement of cooperativity of SCQhe ligand system is derived from the already known
Schiff baselike Jager type, which has been proved to be an excellent liggstes for
realizing thermally induced SCO. Additionally, it forms with iron(ll), in contrast to
commonly used ligands, a neutral complex withoatinter anions These are excellent
preconditions for realizing highly cooperative SThe idea was to add Igralkyl chains with
different chain lengths at the outer periphery of the ligand. Together with the possibility to
fine-tune the ligand field strength by variation of the different substituents andRR and
variation of axial ligands, this gives a largpool of possible new amphiphilic SCO
compounds.

The preparation of the complexes was established and follows anstghtynthesis
including alkylation of catechol, nitration para-positions, reduction of the dinitro derivative
and condensation witthe corresponding ketenol ether. Conversion with iron(ll) acetate
gives the iron(ll) complex [Fe-d(Cn+1)(MeOH).,] bearing methanol molecules as axial
ligands. Exchange of the methanol molecules througlombr ligands like pyridine and its
derivatives shifts the crystal field strength into the right energy region for thermally induced
SCO. Though preparation was partially leaned on previously published syntheses, for each
chain length and substituents adjustments had to be made and the exact sofrddiction

time, solvent, excess, workup conditions) were optimized.

Chapter 4 describes one of the first results of this approach. An iron complex with an alkyl
chain length of 16 carbon atoms, substitieand pyridine as axial ligands was synthesized
and due to Xay structure analysis in the LS and HS state the molecular setup could be
elucidated. It became clear that the molecules arrange in a lipidlik@rdering, in which

the head groups contaiginthe metal centre point to each other and the alkyl chains, the
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3. Overview of Thesis Results

nonpolar tail groups, are interlocking. This complex shows, in contrast tgradeal SCO

often observedor long alkyl chain compounds,highly cooperative ST with hysteresis with

a widthup to 47K, exhibiting small steps in the cooliag well as in the warming mode. This

was also confirmed by DSC measurements. A hydrogen bonding network and structural
changes regarding orddisorder transitions of the pyridine are made responsiblehier
behaviour. This compound provided deep insight into the spin switching mechanism and
proved due to the | ow V/N420&) aasing foom ithé stevicall u me
demand of the long alkyl chains that the hysteresis cannot solely bed retatelastic
interactions. It could be shown that the functionalization of the parent compounds without
alkyl chainsled to ahighly ordered arrangement in the crystal controlled by the hydrophobic
van der Waals interactions of the alkyl chains.

This promsing outcomewas a motivationto synthesize a series of complexes bearing
pyridine as axial ligands, in order to investigate this new class of iron complexes in more
detail. The results for different chain lengths=(7, 11, 15) and different substituesmts and

c for n=11 are delineated in Chapter 5. Here, only two crystal structures of the precursors
with C12 alkyl chains and methanol as axial ligands §gf€lL2)(MeOH)] and
[FeLc(C12)(MeOH)] could be obtained. They are again organized in the ligyerike
arrangement in the crystal as observed before. All described pyridine complexes showed a
broad variety of ST curves. [Fa(C8)(py)] revealed a relatively abrupt SCO with a small

4K hysteresis, and the compound with four more carbon atoms ihytirephobic rests,
[FeLa(C12)(py}] a gradual, stepwise and incomplete SCO. In this frame, the alkyl chain
length appeared not to play a decisive role concermipg For @mplexes with the same
chain length but different substituenttsliffered quite songly. Stepwise and also incomplete
curves were observed and the transition temperailirgsvere significantly different. To

clarify the various ST curve shapes of complexes with the same substituents but different
chain lengths in the solid, tempenaulependent paramagnetic NMR experiments in solution
were conducted for [Fe(C8)(py)], [FeLa(C12)(py)»] and the compound discussed in
Chapter 4, [Feh(C16)(py)]. It turned out that the ST curve progressivas nearly identical

for all of the three compunds, the length of the alkyl chains did not influence the ST
properties in solution. Thus, all the differences observed in the solid state were caused by
packing effects.

So far, lipid layetlike structures were the only motif observed for the newlyothiced

amphiphilic complexes with chain lengths of 12 and 16 carbon atoms. Syntheses were also

20



3. Overview of Thesis Results

carried out with compounds of the chain length of 8 carbon atoms to further investigate the
dependencyof the length of the alkyl chains on the arrangement in the crystal and the
resulting SCO behaviour. As described in Chapter 8aystructure analysis of crystals of

two modifications of the hexeoordinated complex [Fe{C8)(dmap)] X MeOH — one of

them in the HS and LS stateand two modifications of the pertaordinated analogue
[FeLc(C8)(dmap)] was performedSynthetic #empts with different amounts dhe axial

ligand dmap revealed that at a relatively high 30 fold excess,-p@mtiahexacoordnated
products could be obtained, depending on the exact reaction conditions. Less dmap led to
pentacoordination and at higher excess the system could be forced to crystallize hexa
coordinated. None of the hexaordinated compounds exhibited the lipidydrlike
arrangement. Moreoveboth modifications showed a very diverse variety of crystallization
modes which were quite unpredictable. Nevertheless, the-duexdinated products both
presented a very similar gradual SCO between 125 an# 3&hkich was almost identical to

the transition curve obtained by the SQUID measurement of the compound in solution where
all cooperative effects are switched off. The missing layered structure and the absence of
other factors that are responsible for cooperativeraations was made responsible for this
behaviour.

It was noticed that the layered arrangement is quite suitable for increasing the possibility of
cooperative effects, for example hydrogen bonds between the opposed heads, through a well
defined orderingni the crystal. The C8 alkyl chains are too short to dominate the packing

pattern in such way.
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Figure 1. Comparison of short alkyl chain compound [EEL8)(dmap)] without layered arrangement and
gradual SCO (left) and long alkyl chaoompound [Feh(C16)(py)] - 0.25H,0 exhibiting lipid layeflike
structure and abrupt SCO with hysteresis (right).

Attempts to examine ST or PT behaviour at elevated temperatures were limited by the
frequently observed decomposition of the mononuclearpounds, for example the loss of

the axial ligand pyridine. In order to increase thermal stability and to decrease air sensitivity
of the compounds, as well as to further enhance cooperativity, approaches were made to
synthesize coordination polynsemith bidentate ligands like bpea or bpee. In this frame,
crystal structures of dinuclear complexes could be obtained. Attempts to add bigger axial
ligands like dmap to compounds with C12 or C16 alkyl chains while keeping the lamellar
structure motif resultechithe crystallization of SCO inactive pesttaordinated compounds

or mixed ligand configurationsThe question, with whiclChapter 7dealsarised, how the
crystallization mode could be controlled in a fashion in which octahedral complexes with
[N4O;] coordnation sphere and lipid laydike arrangement can be obtaindebr this the
complex size ofll crystal structures gathered so far were measured out and a rather simple

empirical rule for this system could be derived: when the added height and broadness of the
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polar head group, divided through the entire length of the complex, is around laygid
like arrangement in the crystal can be expected. The relation was namsif-esembly
parametesap

H = height of the polar head group

i on —— B = broadness of the polar head group

L = entire length of th complex

This result explained vividly the relative conformation of the molecules discussed in this work
and can, moreover, predict possible structure outcomes.

Following this crystal engineering tool, the alkyl chain length of the complexes had to be
elongated to add more bulky ligands in axial position. The ligand synthesis was modified and
alkyl chains with the length of 22 carbon atoms were attached to the outer sphere of the
ligand. Adding the bulky axial ligand dmap to [FKC22)(MeOH)] resulted, despite of the
sterically demanding phenylene rests in substituwnin the octahedrally coordinated
[FeLd(C22)(dmapy], proved by Xray structure analysis.

Iron(Il) coordination polymers with C22 chain ligands and bpea, bpee and bpey were
syrthesized andhe complex[FelLc(C22)(bpea)] could be structurally characterized with
good R-values. It showed a highly ordered lipid lay#e arrangement, while the [Q,]
coordination sphere was provided. Powder samples thereof precipitated in twatiodis

which revealed different magnetic behaviours (SCO above RT and SCO below RT with small

hysteresis).
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Figure 2. Crystal engineeringndSCOof [FeLc(C22)(bpea)].

Magnetic measurements revealed for all crystalline compounds discussed in Chapter 8 the LS
state at room temperature and a very abrupt ST situated arounid. 3bQcould be
demonstrated that the ST becomes more abrupt replacing bpea by bpee as maidgigg b
ligand with a C=C double bond instead of a single bond, Bnrdis shifted to higher
temperatures. Replacing bpee for bpey as axial ligand led to even more abrupt SCO what
showed the enhancement of cooperativity. dlthe C22 alkyl chain compounds exhilzit

ordering irio spherulitesafter warmingwvhatcould be observed through view between crossed

polarizes.
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3.2 Individual Contributions to Joint Publications

The results presented in this thesis were obtainedollaboration with others and are
published, accepted, or are to be submitted as indicated below. In the following, the
contributions of all ceauthors to the publications are specified. The asterisk denotes the

corresponding authors.

Chapter 4

This work was published in Chemical Communicatio@hém. Commur2011, 47, 7152-
7154) with the title

ACooperative spin transition in a |ipid | aye

Stephan Schlamp, Birgit Weber*, Anil D. Naik and Yann Garcia*

| synthesized and characterizddcmmplexes and ligands presented in this work, carried out

the magnetic measurements and wrote the experimental section, the conclusion and parts of
the result section (Xay structure analysis, magnetic measurements). Anil D. Naik and Yann
Garcia carrid out the DSC measurements at the Université Catholique de Louvain,
interpreted the DSC data and wrote this part in the manuscript. Birgit Weber supervised this
work, helped interpreting the magnetic andray data, wrote the introduction and was

involvedin scientific discussions and correction of the manuscript.

Chapter 5

This work was published in European Journal of Inorganic Chemistny (. Inorg. Chem.
2012 2759-2768) with the title

ANew Oct ah éThil leon(l]) Camplexes with SpinCross over Pr.operties

Stephan Schlamp, Peter Thoma and Birgit Weber*
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| synthesized and characterized all complexes and ligands presented in this work, carried out
the magnetic measurements and wrote the publication. Peter Thoma carried out the
paramagneti¢H NMR experiments and wrote this part in the article. Birgit Weber supervised

this work and was involved in scientific discussions and the correction of the manuscript.

Chapter 6

This workwaspublishedin New Journal of ChemistryNew J. Chem2014 38, 1965-1972
with the title

A Amp hi pron(ll) complexes with short alkyl chains i crystal packing and spin

transitonpr oper.t i es o0

Stephan Schlamp, Katja Dankhoff and Birgit Weber*

| established the ligand system, wrote the publication, carrietheuhagnetic measurements

and synthesized and characterized parts of the ligands and complexes discussed in this work
by myself or supported Katja Dankhoff as her supervising tutor. Birgit Weber supervised this
work and was involved in scientific discusss and correction of the manuscript.

Chapter 7

This workwas publishedn Chemistry— A European JournalChem. Eur. J2014 20, 6462-
6473 with the title

Al nfl uence of t he Al ky l-Ass€rhbly ioh Amphehilig tirdn o0 n

Complexesi An Analysis of X-Ray Structureso.

Stephan Schlamp, Peter Thoma and Birgit Weber*

| synthesized and characterized all ligands and complexes discussed in this work, solved and
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treated all crystal structure data and wrote the publication. Peter Thde@ezbmost of the
crystallographic Xray data and was involved in scientific discussions. Birgit Weber
supervised this work and was involved in scientific discussions and correction of the
manuscript.

Chapter 8

This work is to be submitted with thide

AAmphiphilic Spin Crossover Coomdhsation Pol
Stephan Schlamgnd Birgit Weber*

| synthesized and characterized the ligands amaptexes discussed in this wodgrried out

the magnetic measurements and the polariaptgcal microscopy measuremenselved the

crystal structureand wrote the publication. Birgit Weber supervised this work and was

involved in scientific discussions @orrection of the manuscript.
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Abstract: A novel iron(Il) mononuclear spin transition complex [FeLgwlisplays an
abrupt spin transition around 225 K accompanied lery wide thermal hysteresis loop
(~ 50 K) that spreads out over 1RO Crystal structure analysis in both lespin and high
spin states reveal a lipid laykke arrangement of the complex molecules and provides

insights into the spin switching mechanism

41 Introduction

Since the discovery of spin crossover (SCO) compounds in 1931 by Camb ttesinterest

in this substance class never vaniskeds the thermochromism associated to the spin state
change makes them potentially useful for various applications such as display and memory
device unitd¥ sensoré and cold channel control units in food and medical seflots.

order to realise applation it is important to explore different possibilities for the
nanostructuration of SCO materffisand to investigate if additional properties can be
combined (e.g. liquid crystal behavidr,magnetic exchange interacti&¥s resulting in
multifunctional SCO material€ In this frame, we modified Schiff bati&e ligands used for

the synthesis of SCO compleX8sby adding long alkyl chains in the outer periphery by pre
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4. Cooperative spin transition in a lipid layéike system

paring [FeL(py)] (1) with L = (E,E)-[{diethyt2 , 2 5-diljexadecyloxy-2-phenylenbis-
(iminomethylidyne)]bis3-oxobutanato}]. We aimed to study the influence of this
modification on the crystal packing as well as on the SCO behaviour and investigate if

additional features could be achievedXor

4.2 Results and Discussion

A complete description of the synthesis ofLHand the iron complexlj, is given in the
Supporting Information. Single crystals suitable for ama}{ analysis 0flx0.25H0 were
obtained and the crystal structure was determined first at 250 K and then at 125 K (same
crystal, in both cases space gréup), corresponding to the higgpin (HS) and lowspin (LS)

state of the complex as seen in the magnetic measurement)(Figerystallographic data

are summarized in the Supporting Information, Table S1. Fig. 1 displays an ORTEP drawing
of the asymmetric unit ol in the HS and the LS state. An excerpt of the coordination
environment is given in Fig. S1. Selected bond tlesgand angles around the inner

coordination sphere of the iron centre are summarized in Table 1.
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C52(5) C50
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Figure 1. ORTEP drawing of the asymmetric unit bfn the HS (top) and LS (bottom) staték/drogen atoms
and the water molecule have been omitted for clarity. Displacement ellipsoids are shown at the 50 % probability

level.

The average bond lengths within the first coordination sphere of the iron(ll) centres in the HS
structure are 2.07 A 6~Ngg), 2.00 A (FeOgg) and 2.28 A (FelL,y). Those and the observed
O-Fe-O angle (106°) are in the region expected for HS complexes of this ligant8°i/pe.
Upon the HS to LS transition a shortening of the bond lengths of about 10% is observed, as
observed for other iron(ll) SCO complex&$” The average bond lengths in the-&Bucture

are 1.90 A (FeNeg), 1.94 A (FeOeg and 2.02 A (Fel ) with a O-Fe-O angle of 89°.

Table 1. Selected bond lengths [A] and angles [°] within the inner coordination sphdrendhe HS and LS
state.

Fe—N eq Fe_Oeq Fe—N (Lax) O—Fe—o LaX—Fe—L ax | I—aXb

HS 2.059(3) 2.001(2)  2.284(3) 106.10(9)  173.73(12)

2.086(2)  1.999(2)  2.280(4} 176.95(23) 21.5
2.288(7 478
LS 1.897(2) 1.935(2)  2.021(2) 88.80(7) 175.06(8) 83.6

1.907(2)  1.947(2)  2.014(2)

a: disorder; b: angle between the pyridine planes
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4. Cooperative spin transition in a lipid layéike system

In the HS state, a disorder is observed of one pyridine and at the end of the C16 alkyl
chains. The pyridine ring including N4 is contorted in two directions in a relative ratio of
60:40, the same ratio is observed for the ethyl endgroup (C35 and C36) in the alkyl chain
bound by O7. The planes spanned by the two axiatlipgr rings are staggered in the HS
state. Upon cooling the disordered pyridine ring changes its orientation resulting in a nearly
perpendicular arrangement in the LS state. An additional water molecule is observed in the
crystal packing with an approxineabccupation number of 0.25. Several hydrogen bonds and
short contacts are observed between the complex molecules and the water (Table S2).

In the crystal the molecules are packed in a lipid layer like arrangement as illustrated in Fig. 2
with the layers unning along the-b-plane. Within one layer, the alkyl chains of the Schiff
base like ligand are packed in the middle and the SCO centres are on the outer sides.

Figure 2. Packing of the molecules &k0.25H0 in the crystal projected along [1 0 @]the HS state.

In the LS state a network of hydrogen bonds is formed between the SCO centres between the
layers and within the layer, the additional water molecule being also involved, as illustrated in
Fig. S2. In the HS state the rearrangement of the pyridine ringhanalkyl chain results in
changes for the short contacts. Now, short contacts are only observed between the molecules
of one lipid like layer but not between the layers as illustrated in Fig. S2 and S3.

Magnetic susceptibility data df<0.25H0 were recated on cooling and warming over the
temperature range 308 K (Fig. 3). At room temperature tieg T product is 3.0 criKmol™

which is in the range expected for an iron(ll) complex in the HS state. In the first cycle

(squares) upon cooling the magnetic matnemains constant until 229 K where an abrupt
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4. Cooperative spin transition in a lipid layéike system

spin transition (ST) takes place with about 60% of the molecule§FAfd2 222 K. In the
temperature range between 214 K and 185 K the magnetic moment decreases gradually from
euT (214 K) = 1.1 ciKmol™ to auT (185 K) = 0.6 cfKmol™. Below 185 K a second
abrupt step is observed involving the remaining 20% of the mole€ylé$=2 182 K. At 100

K the remainingsu T product is 0.1 ciKmol™ which is in the range expected for an iron(ll)

complex in the LState.

3-
L=
g 2
£
2

00000 Q000
0 :-»u-- -22““1 III’- T L
100 150 200 250 300

T'[K]

Figure 3.6y T vs. T plot of 1 of the first cycle (squares) and all the following cycles (open cycles). Displayed in
the temperature range 3a K.

Upon heating the ST occurs in two steps with about 30% of the molecules involved in the first
(T 2 °2 229 K) and about 70% of the molecules involved in the secondTetep’€ 245 K).

The width of the thermal hysteresis loop is 23 K for the first and 47 K for the second step. The
second and third thermal cycles reveal the absence of the second gradual step and the
remainingeuT product is 0.3 criKmol™ at 100 K indicating ariron(ll) complex almost
completely in the LS state.

The sample has been studied by differential scanning calorimetry (DSC) over the temperature
range 30098 K on cooling and warming modes, at 10 K Thinin order to extract
thermodynamical parameters agated to the spin transition, and probe the order of the
phase transitions. On warming from 98 K, two major endothermic peaks corresponding to a

first order phase transition proceeding in two steps were detected (Fig. 4). The first ene is ob
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4. Cooperative spin transition in a lipid layéike system

served affma * ='235(1) K and a broader peak is foundrat, 2’ = 250(1) K. These data
matches the transition temperatures derived from SQUID measurements (see Fig. 3). A very
less intense peak, whose shape indicates a continuous or wealdydesphase tresition, is
observed atT® = 240 K corresponding to the plateau region between the two phase
transitions. On cooling from room temperature, broader exothermic peaks arise at different

temperatures, confirming the hysteretic character of the ST process.

600

C, [J/K mol]
()

-600

" 1 n 1 .l 1 n 1 .2I L 1 n 1 L 1
180 190 200 210 220 230 240 250 260

T'[K]

Figure 4. Heat capacitys. T of 1 over the temperature range 2880 K at a scanning rate of 10 K miifn the

cooling (<) and warming ( -) modes.

A peak is found affma 2’=' 226(1) K, in agreement with the first ST branch, which is
followed by a second peak Bita ' ='207(1) K, which only corresponds to the onset of the
plateau region of the magnetic curve. The tiny second step in the cooling mode of the first
cycle ofthe SQUID measurements around 182 K is not seen by DSC. Such a DSC profile was
confirmed by two successive cooling and heating cycles. Interestingly, two peaks are still
observed in the warming and cooling process after the first cycling. One is cléattyl o

the spin transition (2) whereas the other peak (1) relates to a thermal anomaly that plays a role
on the spin state during the first cycle but not later, still existing but not affecting it. Enthalpy
and entropy associated to these peaks are givEable S3.

This unprecedented ST behaviour can be explained thanks to the results-fagnstiucture

analysis. Stepvise spin transitions are often related to the presence of two or more
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inequivalent iron centrd¥? In our case, the disorder of thgridine ring in the HS state could

be responsible for inequivalent iron centres and thus the steps in the transition curve. Such a
situation was recently discussed by Matouzeakal ™ with the same symmetries in the HS

and LS state and a symmetry &king on the plateali’! As different intermolecular
interactions are observed for the disordered parts of the HS state (Fig. S2) the differences in
the hysteresis width can be explained with differences in thertd network. It should be

noted that thepace group does not change upon ST and thus the observed hysteresis cannot
be related to a structural phase transition but must be related to other cooperative effects. Due
to the long alkyl chains in the outer periphery of the complex the observed ¢hahgecell

v ol unvd/ =(2A8%) is very small, especially when the contribution from the thermal
contraction is considered. Thus the hysteresis cannot solely be related to elastic interactions.
The changes in the hydrogen bond network are one possitieneakion for the cooperative

spin transitio™ A very interesting feature concerns the second peak in the DSC
measurements that is related to the gradual part in the ST curve. This thermal anomaly could
result from an ordedisorder transition of theypidine ring!*® which is disordered in the HS

state and that orders in the LS, as dectected-kgyXiffraction. Such types of transitions are
known to be able to control the course of a ST leading to gradual réglofitie
disappearance of the smatkp after the first cooling/heating cycle could be related to small
changes in the molecule structure or the intermolecular interactions due to thislisaieer

transition.

4.3 Conclusion

The introduction of long alkyl chains in the outher phengha Schiff base like ligands did
lead to headail molecules that crystallise in a lipid layer like structure and show a
cooperative spin transition with a wide thermal hysteresis loop (up to ~50 K). Thg X
structure solved in the HS and LS statesvedl a deeper insight into the ST mechanisr of
which results from an interplay involving thebénd network and ordedisorder transition

of the pyridine rings.
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4.4  Experimental Section

Synthesis of HL and the iron complex [FeL(py),] (1)

The free ligand kL wassynthesised according to [18] and [19] with slight modifications. In a
first step, catechol and 2 equivalents dirbmohexadecane were converted witfCR; in

DMF to give, after filtration and washing with plenty of water and methanok 1,2
dihexadecyloxybnzene A) in good yields. This white precipitate was nitrated according to
[20] and [21]. It was suspended in acetic acid and a mixture of3HIN@fuming HNQ were
added dropwise. The dinitro produd®)(appears bright yellow coloured. Reducing of the
functional groups with Palladium on activated charcoal and hydrazam®hydrate similar to

[21] gives the white diamino producC) which is air sensitive. Further reaction with
Ethoxymethyleneethylacetoacetaf®) (22] in an approximate ratio of 1:2 giwveéhe yellow
ligand H,L which is not any more air sensitive and reaction with iron(ll) acetate [23] in
methanol the corresponding brown microcrystalline iron(ll) compke(l))(MeOH),]. To
obtain the pyridine complet, [Fe(L)(MeOH),] was converted in pyline under reflux
conditions and a crystallisation approach was made with water diffunding into the black
solution. Several reproductions with different concentrations of possible product in the
solution turned out that it takes at least5@0days of formation until greenistblack thin

plateletlike crystals can be isolated.
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HNO, NO, NpH;xH,O

HO. CH3(CHy);sBr  H3C(H,C),;50. ~ H3C(H,0);50. ) H;C(H,C),50. NH,
:@ K,CO, :@ HNOj; (fuming) Ij[ PA/C (10%) :@i
HO H;C(H,C),50 H;C(H,C),50 NO, H;C(H,C),50 NH,

A B C
COOEt COOEt COOEt
EtO
Etog\( = Z ‘
00 |
s H,C(H,C),50. NH O pooa), HiCH0)50 N /o H pyridine H;C(H,C),50. \ /N P
_— _— Fe<074>
/ N. W / \:\ x
H;C(H,C),50 NH O H;C(H,C),50 N ‘o H3C(H,C),50 ‘
X X x
COOEt COOEt COOEt
H,L FeL 1

1,2-dihexadecyloxybenzen€A). In a two neck rountbottom flask (1L) fitted with a
condenser and a dropping funned 872.65mmol, 1eq.) catechol and 20.08 (145.3mmol,

2 eq.) KCO; were stirred at room temperature in 560 DMF for 45min under nitrogen
atmosphere. 444 (145.4mmol, 2eq.) XBromododecane were added dropwise to the
turguoise suspension and the mixture was heated 1@ 8@ 8h. After cooling overnight the
white solid was filtered off, washed with water and methanol and dried under reduced
pressure. Yield: 22.1§ (87%). GgH7002 (558.96); MS (DEI+) n/z(%)] 559 (100) [M], 334

(7), 110 (33); Anal. calcd. 81.65, H12.62; found C 81.50, H 11.4%.'"H (CDCh, 399.81
MHz, 296 K): 0.87 (6H, t, 7.0 Hz, Gj§ 1.071.39 (48H, m, Ch), 1.391.51 (4H, m, CH),
1.741.85 (4H, m, CH)), 3.97 (4H, t, 6.7 Hz, CHO), 6.87 ppm (4H, s, kom). U°C (CDC,
399.81 MHz, 296 K): 14.1CHg), 22.7 (CH), 26.1 (CH), 29.3 (CH), 29.4 (2 CH), 29.6
(CHy), 29.7 (7 CH), 31.9 (CH), 69.2 (CH, CH-0), 114.1 (CH, Grom), 121.0 (CH, Grom),
149.2 ppm (G Carom—0O).

4,5dihexadecyloxyl,2-dinitrobenzene(B). 22g (39.36mmol) A were suspended in
150mL acetic acid for h. Under stirring, a mixture of 2L nitric acid and 15@L fuming
nitric acid were added dropwise over h.5The yellow suspension was stirred at room
temperature for 26 and poured into 1.6 ice-water. Theyellow precipitate was filtered off
and washed with water until neutrality. It was recrystallised fromml@Ethanol, washed
with methanol and dried overnight. Yield: 23.9@94%). GssHesN2Og (648.96); MS (DEI+)
[m/z (%)] 649 (100) [M], 584 (97), 377 44), 359 (26); Anal. calcd. ©0.33, H10.56,

N 4.32; found C70.40, H10.33, N4.26.1 'H (CDCL, 399.81 MHz, 296 K): 0.86 (6H, t, 7.0
Hz, CHs), 1.151.38 (48H, m, Ch), 1.461.50 (4H, m, CH)), 1.791.90 (4H, m, CH), 4.08
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(4H, t, 6.5 Hz, CH-0), 7.27 ppm(2H, S, Hyom). Ui °C (CDCh, 399.81 MHz, 296 K): 14.1
(CHg), 22.7 (CH), 25.8 (CH), 28.7 (CH), 29.2 (CH), 29.4 (CH), 29.5 (CH), 29.6 (CH),
29.7 (6 CH), 31.9 (CH), 70.2 (CH, CHx0O), 107.8 (CH, Grom), 136.4 (G, Carom—NOy),
151.8 ppm (G Carom—0O).

1,2-diamino-4,5-dihexadecyloxybenzeng¢C). Under nitrogen atmosphere, 23%536.44

mmol) B and 2.46y palladium on activated charcoal (#Pd) were suspended in 800

ethanol and 67.50 (1.35mol, 37eq.) hydrazinanonohydrate were addedogwise under

stirring. The mixture was heated to reflux foh @ill the yellow suspension turned into white.

It was filtered off hot through Celit&45 coarse. After cooling, the white precipitate was
filtered off, washed twice with 2@L ethanol and drig¢ under reduced pressure. Yield:

10.70g (50%). GsgH72N20, (588.99); MS (DEI+) n/z ( %) ] 588 (,1189037); [ M- H]
Anal. calcd. C77.49, H12.32, N4.76; found C77.30, H11.32, N4.78.

Ethoxymethyleneethylacetoacetat€D) was synthesised according to literature [22].

(E,E)-[{diethyl-2 , 26 - [ 4, 5-di hexadecyl oxy-1, 2-3pxrenyl en.
butanato}] (H.L). Under nitrogen atmospheregq3.40mmol) C was dissolved in 206L
ethanol. A slight excess @f (1.40g, 7.47mmol, 2.2eq.) was added and the yellow solution
was heated to reflux for #@in. After cooling to room temperature, the yellow precipitate was
filtered off, washed with ethanol and methanol and dried in presence of air. Yielg: 2.5
(85%). GsoHgsN2Og (869.26); MS (EI) 869 (23) [M] 823 (100), 777 (33), 614 (45); Anal.
calcd. C71.85, H10.20, N3.22; found C71.44, H10.06, N3.28.U *H (CDCl, 399.81 MHz,
296 K): 0.85 (6H, t, 7.1 Hz, C§j 1.141.38 (48H, m, Ch), 1.30 (6H, t, 6.5 Hz, CHEL)),
1.391.50 (4H, m, CH), 1.751.85 (4H, m, CH), 2.52 (6H, s, Ch), 3.98 (4H, t, 6.5 Hz, CH

0), 4.22 (4H, q, 7.1 Hz, CKEY)), 6.72 (2H, S, Wom), 8.24 (2H, d, 12.5 Hz, CH=), 12.84
ppm (2H, d, 12.5 Hz, NH)i *C (CDCk, 399.81 MHz, 296 K): 14.1 (C}ji 14.5 (CH), 22.7
(CHp), 26.0 (CH), 29.2 (CH), 29.3 (CH), 29.4 (CH), 29.6 (3 CH), 29.7 (7 CH), 31.2
(CHs), 31.9 (CH), 60.0 (CH, CHy(Et)), 70.0 (CH, CH0), 103.7 (@), 106.5 (CH, Grom)),
124.9 (G, Carom—N), 148.5 (G, Caom—0), 154.1 (CH), 168 (C,;, O-C=0), 201.0 ppm (&
C=0).
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(E,E)-[{diethyl-2 , 26 -] 4, 5-di hexadecyl oxy-1, 23pxrenyl en:
but anat o} ] X2VieQH ([Fe()(Me®H),]). Under nitrogen atmosphere, g2
(2.30mmol) HoL and 0.8%3 (4.89mmol, 2.13eq.) Fe(OAc) (synthesis see lit. [23]) were

dissolved in 95nL methanol and heated to reflux foh2L5min. Already while boiling, a

brown solid precipitated from the black solution that was filtered off after cooling to room
temperature. It was washed twwagth 15mL methanol and dried under reduced pressure so

one obtained a brown, microcrystalline powder. Yield: ZJ00%). GHgsFeNO1g

(987.18); Anal. calcd. 85.70, H9.60, N2.84; found (65.96, H9.44, N2.90.

[Fe(L)(Py)2] (1). 0.20g (0.20mmol) [Fe(L)(MeOH) ] was dissolved in 2thL pyridine and

the black solution was heated to reflux foh.5The solution was allowed to cool slowly to
room temperature, and a crystallisation approach was made with water diffunding into the
solution. After 50 daysthe product was formed as greenidhck thin crystals. The
overlaying solution was decanted and the remainip@/pyridine was removed in vacuo.
Yield: 0.18g (83%). GsHosFeN,Og (1081.29); Anal. calcd. 68.87, H8.95, N5.18; found

C 68.49, H8.67, N4.78.

Magnetic susceptibility data of 10.25 HO were collected using a Quantum Design
MPMSR2 SQUID magnetometer under an applied field of 0.5 T over the temperature range
50400 K in the settle mode. All samples were placed in gelatine capsules held within plastic
straws. The data were corrected tog tliamagnetic magnetization of the ligands, which were

estimated using tabulated Pascal ‘s constants
Differential scanning calorimetry data were recorded on a Perditimer DSC Pyris 1
instrument equipped with a cryostat opemtidown to 98 K following a described

procedurd?

X-ray diffraction: The intensity data afx0.25H0 were collected on a Nonius Kappa CCD
diffractometer using graphi#monochromated Mg, radiation. The data were corrected for
Lorentz and polarisation effects. The structure was solved by Direct Methods (Sire8it)
refined by fultmatrix leastsquare techniques agaitgt (ShelxF97)?°. The hydrogen atoms
were included at calculatgubsitions with fixed displacement parametekii.non-hydrogen

atoms were refined anisotropicall@rteplll?” was used for the structure representation,
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Schakalo9?® and Mercury for the representation of the molecule packied. parameters

and refinement results are summarised in Table SCDC 821515 ¥x0.25H0, HS) and

CCDC 821516 1x0.25H0, LS) contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.
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4.6  Supporting Information

Table S1 Parameters for crystal structure determination.

1x0.25H0, HS 1x0.25H0, LS
sum formula Cs2HogFeN,Og Cs2HosFEN,Og
formula weight 1081.28 1081.28
crystal system triclinic triclinic
space group P1 P1
alA 9.9758(2) 9.0910(3)
b/A 10.0579(2) 9.9180(3)
c/A 31.5743(7) 34.3520(11)
are 90.3395(11) 90.0897(19)
b/° 97.4097(11) 93.550(2)
9/° 97.2664(12) 101.8404(15)
V /A3 3115.54(11) 3025.29(17)
Z 2 2
} calca./g CIT® 1.153 1.187
e /mmt 0.295 0.304
F(000) 1172 1172

crystal size /mm
temperature /K
radiation /A

d~-min, d-max /°

hkl

measured reflections

independent reflections

0.23x0.09x0.03
250

Mo-Kq, 0.71073
3.2,27.5
-12: 12:;
24716

14173
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Rint 0.089 0.064
reflections with1 = ((2) 5818 8937
reflections 14173 13662
parameters 727 682

R 0.0703 0.0594
WR, 0.2016 0.1485
S 0.99 1.03
shift’errormax 0.00 0.00
A max 0.84 0.96
A} min -0.36 -0.38

Table S2 Geometric parameters and symmetry codes of short contacts aradassic hydrogen bonds in
1x0.25H0 in the LS and HS state (A, °).

D—H- - - A D—H H:- - -D- - -D—H.- - - A
LS C62—H6 2 - - - 09 90.95 231 3.19 1536 =1+x, 1+y, z
Cl6—H16 C- - - 090.98 233 312 1374 1-x, -y,
Cl13—H13A- - - 09098 236 224 1488
02-.--099 2.80
03- . :-099 2.87
C6l—H61- - - O3 0.95 244 315 1309 1+x,Y, z
C62A—H6 2 A- - - 00.94 252 228 993 —-1+x, 1+y, z
Cl5—H15A- - - 090.98 219 3.13 158.8 X, 1+y, z
HS O02- - - 099 2.97
03:- - .099 3.31
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C61A—HG6 1 A -

C62A—HG6 2 A -

H61B-

- 00.94

- 00.94

H36F

257 3.12
242 3.05
1.67

118.2 1+x,y, z

124.5 1+x,y, 2z

Table S3 Thermodynamic parameters bf0.25H0 derived from DSC.

Mode Peak  Tmax(K) o HkJ/mol) o $JI/mol/K)
Cooling 2 226(1) 6(1) 27.6(1)
300K to 98 K 1 207(1) 4(1) 23.3(1)
Warming 1 235(1) 4(1) 17.1(2)
98 Kt0 300K 2 250(1) 9(1) 36.6(1)
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C60a/b

Figure S1.Excerpt of the coordination environment of the ORTEP drawing of the asymmetric unih dhe
HS (top) and LS (bottom) states. Hydrogen atoms and the water molecule have been omitted for clarity.

Displacement ellipsoids are shown at the 50 % probability level.
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Figure S2.Excerpt of the packing of the molecules 1o60.25H0 in the cystal projected along-axis for a
better illustration of the changes in thebdnd network upon spin transition. Top: HS state with the disorder
resolved in two separate pictures, bottom: LS state. Short intermolecular contacts are illustrated disemshed

Hydrogen atoms and molecules not involved in thiedAd network were omitted for clarity.
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Figure S3.Packing of the molecules @k0.25H0 in the crystal projected along [0 1 O]. Top: HS state, bottom:

LS state, short intermoleculaontacts are illustrated as dashed lines.
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Keywords: i ron e« magnetiSchpfbpbéeaties * spin cros:e

Abstract: The synthesis and characterisation of four new Schiff-lkesdigands with long

alkyl chains in the outer periphery and their iron(ll) complexes with methanol and pyridine as
axial ligand is reported. Two of the methanol complexes crystallise in a lipid-likger
arrangement with the alkyl chain (tail) packed in the middle and the iron centres (head) in the
outer sites. The pyridine complexes show varying types of spin transition (@tepwi
incomplete, with hysteresis), which depends on the alkyl chain length and substituents in the
outer periphery of the ligand. Investigations in solution usthig NMR spectroscopy
demonstrate that the differences in the spin transition behaviour ate daeking effects as

the same transition curve is obtained independently of the alkyl chain length.

51 Introduction

Iron(Il) spin crossover (SCO) complexes are a fascinating class of molecules that can be
switched on the molecular level between theapwgnetic higispin (HS,S = 2) and the
diamagnetic lowspin (LS,S= 0) state by external perturbations such as temperature, pressure
or light™ This switching progress is associated with a colour change that results in an
interest in this substance class as pressure and/or temperature sensors with a simple optical
readout or as cold channel control units in the food and medical s&ctorerder to realise
application it is important to explore different possibilities for the nanostructuration of SCO
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material®’ and to investigate if additional properties can be combined (e.g. liquid crystal
behaviout® magnetic exchange interactiof{sjo result in multifunctional SCO materidfs.

To this end, we have modified Schiff bddes ligands used for the synthesis of SCO
complexe&® by adding long alkyl chains to the outer periphery. Such an approach can
induce new possibilities for the sesembly of the complexes in solution or the solid $tate.
Using this approach, we have succeeded with the synthesis of an iron(ll) complex that
crystallises in a lipid layelike structure and shows a cooperative spin transition (ST) with an
up to 50 K vide hysteresis loof} In order to investigate this interesting new class of iron
complexes in more detail we have prepared a series of ligands with varying chain lergths (
7, 11, 15) and varying substituents f@r n = 11 (Scheme 1). The structuraldamagnetic
properties of the corresponding iron(ll) complexes with methanol and pyridine as axial
ligands are reported here together with the results of temperatdependent NMR
spectroscopy in solution for selected examples. The influence of theediffalkyl chain

lengths and substituents on the crystal packimd) ST behaviour is discussed.

K;CO; CHy(CH,) O HNO, CH4(CH,),0 NO
”OD 2 CH,(CHy), Br 3(CHy), j@ HNO; fuming 3(CHy), IZ :
—_— —_—
HO CH;(CH,),0 CH;(CH,),0 NO,
A B
Rl
Pd/C (10%) ~
0
N,H, x Hy0 CH5(CH,),0 NH, gy CH;(CH,),0 NH O pe0Ac),
-
CH3(CH,),0 NH, CH3(CH,),0 NH O
NS
Rl
C L1-5
R! R!
7 %ﬁ/
H
CH3(CH,),0 L CH3(CH2),0 N O py
_—
/Fe\\o_ /Fe\\
CH;(CH,),0 N O R CH;(CH,),0 N o P
NS l . N !
1:R"=COOEt,n =7
R! 2:R!=COOEt,n =11 R!
1-5(MeOH) 3:R'=COOEt,n =15 1-5(py)
4:R'=COMe, n=11
5:R'=COOMe,n =11

Scheme 1 General procedure for the synthesis of the new ligands and their iron complexes with the

abbreviations.
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5.2 Results and Discussion

5.2.1 Synthesis and General Characterisation

The general procedure for the synthesis of the new ligands and their iron complexes and the
abbreviations used are given in Scheme 1. The preparation of the desired octahedral
complexes with pyridine as the akiigands followed an eigkgtep synthesis, which started

with the conversion of pyrocatechol with an alkyl bromide according to a modification of a
literature procedur€! Nitration*>*® subsequent reduction to the diaminoprotticand
reaction wih different ketoenol ethét$* led to the free ligands1-5, which were reacted

with iron(ll) acetat€® to give the iron(ll) complexes with methanol as the axial ligands. In
the last step, methanol was replaced by pyridine. The intermediate products were
characterised by elemental analysis, NMR spectroscopy and mass spectrometry. In addition,
the iron compxes were characterised ydependent magnetic susceptibility measurements.
For the methanol complex@¢éMeOH) and5(MeOH) the structural details were explored by
X-ray structure analysis. For complexés3(py), T-dependent paramagnetiti NMR

measuremestwere performed in a pyridine/toluene solution.

5.2.2 Description of the Xray Structures

Crystallisation of2(MeOH) and 5(MeOH) succeeded, and their molecular structures were
elucidated. The asymmetric units of the two complexes are displayed in Figure 1. The
crystallographic data are summarised in Table 4, and in Table 1 selected bond lengths and
angles within the first coordinath sphere are given. Both complexes crystallise in the
triclinic space groupP 1, and the unit cells each contain two formula units. The cell
dimensions of the two complexes are very similag(MeOH) thea, c andU, b, Ui values are

slightly smaller as is the cell volume.
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Table 1. Selected bond lengths [A] and angles [°]2fMeOH) and 5(MeOH) within the first coordination

spheres.

2(MeOH)  2.093(2), 2.009(1), 2.203(1), 108.93(5)  169.72(5)
2.095(2) 2.030(1) 2.230(2)

5(MeOH)  2.088(2), 2.007(2), 2.201(2), 109.37(8)  166.73(7)
2.094(2) 2.021(2) 2.233(2)

The iron(ll) centres are in the plane of the Schiff Hds=equatorial ligand with bond lengths

of about2.0 A to the two equatorial O atoms and 2.1 A to the two N atoms. This andthe O
Fe-Ogq angle of 109° clearly indicates the high spin state of the compfeXéd which is
confirmed by magnetic measurements. The-Qralistances to the axially coordtimay
methanol molecules are about 2.2 A, and thge-f®-O,, angles deviate slightly from the
ideal 180° (Q«— Fe-Oa.x 170° for2(MeOH) and 167° for5(MeOH)). The equatorial ligand,

with exception of the alkyl chains, is nearly planar for both complexé&MeOH), one CH

group (C16) of the ester group is bent out of this plane by nearly 90°. The plane spanned by
the alkyl chains is folded with respect to the plane of the remaining ligand by 23° in
2(MeOH) and 19° in5(MeOH). A further difference between éhtwo complexes is the
relative orientation of the alkyl chains. In the cas@@fleOH) with the slightly larger R
substituents, they point outwards with nearly planar@B07-C21 and C8C7-08-C33
torsion angles, respectively, and a G133 distance 05.3 A. In5(MeOH), the alkyl chain
starting with C21 is oriented similarly with a nearly planaC6-O9-C21 torsion angle.
However, the second alkyl chain is bent towards the first chain, which results in a
significantly shorter C21-C33 distance of 4.A and a C8C7-010-C33 torsion angle of
121°. At the end of the alkyl chains the G3244 distance of 4.0 A is nearly identical for
both complexes.
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Figure 1. ORTEP drawing of the asymmetric unit 2fMeOH) (left) and 5(MeOH) (right) with atomlabels
(anisotropic displacement ellipsoids drawn at 5@%bability level). H atoms omitted for clarity.

The molecular packing of the complexes reveals a lipid {Bgerarrangement as illustrated

in Figure 2 for2(MeOH) and 5(MeOH), respectively. Suclan arrangement was recently
observed for a very similar pyridine complex of the same ligandtJpene layers run along

the ab plane and, within one layer, the alkyl chains of the Schiff tiksdligand (tail) are
packed in the middle and the iron tes (heads) are on the outer sides. Two opposed heads
of two neighbouring layers are connected by a hydrogen bond between the hydrogen atom of
the methanol OH group of the axial ligand [H9 and H45 Z{vleOH) and 5(MeOH),
respectively] and the oxygen atawh the carbonyl group coordinated to the iron centre [O1
and O2 for2(MeOH) and5(MeOH), respectively]. A further hydrogen borslobserved bet
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Figure 2. Packing of the molecules @(MeOH) (top) and5(MeOH) (bottom)in the crystalprojected along
[0 1 0]. Hydrogen atoms not involved in theb$nd network are omitted for clarity.

weenthe heads within a layer that involves the hydrogen atom of the second coordinated
methanol molecule and one of the carbonyl oxygen atoms of the ester group of the ligand
[H47---O3 for 2(MeOH) and H7--O5 for 5(MeOH)], which connects the iron centres into
infinite chains that run along [1 0 0] in both complexes. Details of the hydrogen bonds are
given in Tables 2 and 3.
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Table 2.Distances [A] and angles [°] of the hydrogen bond3(MeOH).

2(MeOH) D—H H---A A---D D—H---A
09—H9...01 0.79 2.04 2.82 174
010—H47-..03" 0.79 1.95 2.72 166

[a] -x, -y, 1-z. [b] -1+x, vy, z.

Table 3.Distances [A] and angles [] of the hydrogen bonds(MeOH).

5(MeOH) D—H H---A A---D D—H---A
O7—H7..-05% 0.95 2.08 2.7098 123
08—H45...02" 0.95 2.11 2.7402 123

@ 1+x, vy, z. [b] 3-x, -y, 1-z.

5.2.3 Magnetic Properties

Magnetic susceptibility measurements were performed from-130XK for all iron(ll)

complexes with a Quantum Design MPM2RSQUID magnetometer. The methanol

complexes were HS in the entire temperatrange with an average room temperature

magnetic moment of 3@n°Kmol™. Replacement of methanol by pyridine shifts the overall

ligand field strength into a region where the observationT-iiduced ST is possible.

Accordingly, all pyridine complexes of Eb show SCO behaviour, with different kinds of

ST. The ST properties &py) (hysteresis) have been published previolt8iyrhe thermal

dependence of th&, T product Gy = molar susceptibty) for 1(py), 4(py) and5(py) is given

in Figure 5.
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Figure 5. Plots ofey T product vs.T for compoundsl(py) at 0.05 T (a)4(py) at 0.05 T (b) and(py) at 0.2 T
(c).

Complexesl-3(py) with the same R1 but different chain lengths are all in the HS state at
room temperature. Complek(py) with n = 7 shows a complete and abrupt ST wa{{T
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(300K) = 3.41cm’Kmol™ and T (50 K) = 0.20cm®kKmol™. The transition temperature
(Ta1p2) is 182 Kin the cooling mode and 186 K in the heating mode and reveals a 4 K wide
hysteresis loop. In contrast to thig(py) with n = 11 shows a gradual, stepwise and
incomplete SCO. At room temperature thgT product is with 2.6Em°Kmol™ almost
completely in he HS state. Th&;,, values are 168 K and 98 K for the first and second step,
respectively. They T product at 50 K with 0.98m°Kmol™ indicates that about a third of the

iron centres are still in the HS state. The ST properti@gpyf) with n = 15 have already been
reported. A wide hysteresis loop is observed With = 222 K andTy; = 245 K% The
differences in the curve progression can be explained by the different number of carbon atoms
in the chains as the different space requiredhegy alkyl chains influences the molecular
packing. The influence of the alkyl chains (and the resulting packing effecis),@ppears

to be less pronounced. As for the already published exam@éwf, different amounts of
water molecules are obsedvén the crystal packing. However, as neray structures are
available, no conclusions can be drawn with regard to the possible existence of a hydrogen
bond network. The complexes with different substituents but the same chain lengthlaf

also displg considerable differences in ST behaviour, here also with temperaturé(pydr

the ST is still stepwise and incomplete but with a highgs for both steps. At room
temperaturegy T = 3.34cm®Kmol™ and the complex is completely in the HS state. AK50

euT = 1.52cm®kmol™ and the spin transition stops at a plateau with a HS mol fractigh (

of ca. 0.5, which is frequently observed for 1D chain compounds with this ligan&&%ype.

The Ty, values of 26X and 113K are significantly higher tharhbse of2(py). At 250 K,

5(py) is in the LS state with ayT value of about 0.56m°Kmol™. Upon heating, theuT

value continuously increases to 2@m’Kmol™ at 350 K, which indicates a gradual spin
transition that takes place at around room temperafiyfe 3 25) . Unf ortunat
heating led to decomposition, so the pure HS state could not be reached. The different R
substituents influence botf;, and the curve progression. Investigations in solution on
similar pyridine complexes without the alkyl chains indicate that variations®ihaRe a

marginal influence oy, in solution®®® Thus the differences in the ST behaviour are mainly

related to pcking effects.
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524 Paramagneti?:H NMR Spectroscopy

In order to more clearly evaluate the influence of packing effects on the SCO properties,
1(py), 2(py) and3(py) (n = 7, 11 and 15, respectively) were investigated by paramadhketic

NMR measurements in solution. Evans melftbis a powerful technique to determine the

spin state of a complex in solution, however, it has some disadvantages, e.g. relatively high
error'?? which depends on the concentration of the sample. We hawe$ht?2**! that the

SCO of iron(ll) complexes can be investigated in solution using the isotropic shift, which is
an extraordinary improvement as the same results can be obtained with minor laboratory
complexity. Complexed—3(py) were dissolved in ayridine/toluene mixture (1:1) to ensure

the formation of octahedral complexes due to the excess of pyridine. Toluene was used as a
noncoordinating solvent to realise a wide temperature range for the solution NMR
experiment$? Both parts of the complexes (head and tail) are soluble in this solvent
mixture, and no indication of sedfssembly in solution was observed. Sealed samples were
measured in from 36A.85K every 5K beginning at high temperature. The assignment of the
reoonances was accomplished by comparison to known results for complexes without alkyl
chain&® or with hydroxyl group&® The assignment of the three iron(ll) complexes at room
temperature is displayed in Figure 6. The shifts of the @blup b and the B3 groups a and

c are clearly visible and distinguishable from all the other alkyl and solvent signals.
Integration of the signals gave the expected values of 2:3:3 for the ethyl group at the ester unit
and the methyl group on the carbonyl unit directhactied to the iron(ll) centre. It can be
assumed that no pentacoordinate species are present due to the high excess of pyridine in the
solution. All other signals of the complex were not assigned because of overlap in the alkyl
region and/or bad resolutiom a region away from the main spectra (olefinic 4MC

protons)?”!
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Figure 6. Assignment of the NMR resonances forlgy), b) 2(py) and c)3(py) at room temp. S denotes the

solvent pyridine/toluene.
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alkyl
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Figure 7. Temperature dependence of the chamghifts of the signals a2(py). Signals are marked with a
diamond (a), star (b) and filled circle (c) to illustrate the temperatependent shift of the signals. One

paramagnetic impurity is marked with an arrow. S denotes the solvent pyridine/toluene
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The T-dependentH spectra o2(py) are displayed in Figure 7. The roaming of the monitored

signals is clearly visible. Correction of these shifts by the diamagnetic shifts of the free ligand
signals gives the paramagnetic (or isotropic) shift that can be picttenerseT as shown in

Figure 8 (a) forl(py) for the three ligand signals. As shown befd#é%2*2% the isotropic

shift moves starting at high temperatures towards the more paramagnetic region and shows
the Curie behaviour expected for an iron(ll) HS complex. This behagimmges below =

255 K (1T = 3.9x16K™). Upon further cooling, the paramagnetic shifts move to zero, which

is the value expected for a pure LS complex.

Multiplying the isotropic shitwitifand nor mal i zi ng tybasshovenlinues t «
part bof Figure 8 plottedss. T. The observed ST behaviour of the three monitored signals is

nearly identical, and for further comparison the average of the three signals was used.
Comparison ofl(py), 2(py) and 3(py) in Figure 8 (c) shows the same trend fdrddlthe

complexes. Foi3(py), the complete data are not shown due to its low solubility at low
temperatures. For the other two complexes, the complete ST can be followed using this
method. The curve progression is nearly identical, which demonstrateébdHangth of the

alkyl chain does not influence the ST properties in soluflgp€ 225 K i n al |l ca

all the differences observed in the solid state are due to packing effects.
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5.3 Conclusion

We have reported the synthesis and characterisation of five new Schifkealkgands and

their iron(Il) complexes with pyridine or methanol as axial ligands. A special feature of the
ligands is the introduction of long alkyl chains in the outer sptherieresults in the heatil
character of the complexes. For three complexes of these ligands, we have been able to obtain
single crystals of a high enough quality to perforama) structure analysis” The structure

bearing motif is in all cases a lgpiayerlike arrangement of the molecules where the alkyl
chains (tails) are packed in the middle and the iron centres (heads) are on the outer sides. In
all cases, a network of hydrogen bonds is observed between the layers. Further investigations
are needd to verify if this motif is always obtained or if certain structural preconditions are
necessary (certain ratio of length of alkyl chain/size of head). At the moment, the later
possibility is more likely as with larger pyridine as the axial ligands ¢imeptex withn = 15
crystallised, whereas with smaller methanol two complexes mithll crystallised. Of the
complexes with pyridine, the SCO properties are strongly influenced by the different alkyl
chain lengths in the solid state, whereas in solution the same transition curve is obtained
independent ofi. Because of the lack of strucal information for all those complexes, no
structurefunction relationships have been identified. However, the increase in the alkyl chain
length does not necessarily lead to a decrease of cooperative interactions during the spin
transition. A network ohydrogen bonds between the lipid layers appears to be enough for the

transmission of cooperative effeffd.
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Forschungsgemeinschaft (WE 3546L4 and the Fonds der Chemischen Indestis
gratefully acknowledged. We thank P. Mayer (University of Munich) for the collection of the
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5.4  Experimental Section

General The synthesis of the iron complexes was carried out under an argon atmosphere
using Schlenkechniques. The solvents were purified as described in the litét3tared
distilled under an atmosphere of argon. When argon is used for the synthesis of the
intermediate products, it is described in the text. Alkyloromides were commercial products
(Sigma-Aldrich) and used as received. The synthesis3@fy) and its precursef”
ethoxymethyleneethylacetoacetate ~ @), ethoxymethyleneacetylacetone (&),
methoxymethylenemethylacetoacetate 'tF)and iron(ll) acetatt” are described in the

literature.

1,2-Dioctyloxybenzene (Al): In a three neck rourbdottomed flask (1 L) fitted with a
condenser and a dropping funnel, catechol (25 g, 227.0 mmol, 1 equiv.)@0d §8.45 g,

567.7 mmol, 2.5 equiv.) were stirred at room temperature indiyiéthyformamide (DMF,

350 mL) for 1 h under a nitrogen atmospherd&raémooctane (109.62 g, 567.7 mmol, 2.5
equiv.) was added dropwise to the turquoise suspension, and the mixture was heated to 80 °C
for 12 h. The suspension was poured into a separatory funddt® (250 mL) and ethyl

ether (400 mL) were added. The solid was removed, the DMFfihase was separated from

the ether phase and washed twice with ether (ca. 150 mL). The combined ether phases were
washed twice with BD (150 mL) and the solvent was rewed in vacuo. Distillation gav&l

at about 2.0x1d bar and 160 °C as a colourless liquid; yield 71.3 g (94 %)H40,
(334.54): calcd. C 78.99, H 11.45; found C 79.29, H 12AANMR (399.81 MHz, CDG,

296 K): Ui = 0.87 (t,J = 7.0 Hz, 6 H, CH), 1.22-1.39 (m, 16 H, Ch), 1.43-1.51 (m, 4 H,

CH,), 1.75-1.85 (m, 4 H, Ch)), 3.98 (t,J = 6.7 Hz, 4 H, CHO), 6.87 (s, 4 H, K) ppm.

¥C NMR (100.53 MHz, CDGJ, 296 K): Ui = 14.1 (CH), 22.7 (CH), 26.0 (CH), 29.3 (2

CHy), 29.4 (CH), 31.8 (CH), 69.2 (CH, CH;0), 114.1 (CH, &), 121.0 (CH, &), 149.2 (G,

CarO) ppm.

1,2-Didodecyloxybenzene (A2)iIn a three neck roundottomed flask (1 L) fitted with a
condenser and a dropping funnel, catechol (25 g, 227.0 mmol, 1 equiv.)@0d 2.75 g,
454.0 mmol, 2 equiv.) were stirred at room temperature in DMF (600 mL) for 50 min under a
nitrogen atmosphere. -Bromododecane (113.13 454.0mmol, 2equiv.) was added

dropwise to the turquoise suspension. After stirring for 20 min at roopetature, the mix
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ture was heated to 80 °C for 7 h and storee?&t°C. The white precipitate was collected by
filtration and washed with plenty of wateA2 was recrystallised from ethanol (500 mL),
collected by filtration, washed with methanol and drie vacuo; yield 79.0 g (78 %).
CsoHs40; (446.75): calcd. C 80.65, H 12.18; found C 80.53, H 11.55. MS (DE)(%) =
447 (100) [M], 278 (10), 110 (55)'H NMR (399.81 MHz, CDGJ, 296 K):li = 0.87 (t,J =
6.9 Hz, 6 H, CH), 1.18-1.38 (m, 32 H, Ch), 1.39-1.50 (m, 4 H, Ch), 1.74-1.84 (m, 4 H,
CH2), 3.97 (tJ = 6.7 Hz, 4 H, CHO), 6.87 (s, 4 H, K) ppm.**C NMR (100.53 MHz,
CDCl3;, 296 K):li= 14.1 (CH), 22.7 (CH), 26.1 (CH), 29.3 (CH), 29.4 (CH), 29.5 (CH),
29.6/29.6 (2 Ch), 29.7/29.7 (2 ChH), 31.9 (CH), 69.3 (CH, CH-0), 114.1 (CH, @), 121.0
(CH, Ga), 149.2 (G, C—O) ppm.

1,2-Dinitro -4,5dioctyloxybenzene (B1): A1(34.15 g, 102.0 mmol) was dissolved in acetic
acid (130 mL) and nitric acid (50 mL, 65%) was added dropwise over 45 nmensdlttion
became yellow and solidified, and the temperature was increased to 45 °C. Fuming nitric acid
(115 mL) was added dropwise over 45 min, whereby the reaction mixture became liquid
again, and the temperature was increased to 65 °C. After 2 hgstth@solution was poured

into iced water (750 mL), and the resulting yellow solid was collected by filtration and
washed with water until neutraBl was recrystallized from ethanol (450 mL), filtered,
washed with methanol and dried in vacuo; yield 2D(®7 %). G;H36N2Og (424.53): calcd.
C62.24, H 8.55, N 6.60; found C 62.22, H 9.33, N 6/69.NMR (399.81 MHz, CDG|,
296K): U= 0.87 (t,J= 7.0 Hz, 6 H, CH), 1.041.39 (m, 16 H, CH), 1.39-1.51 (m, 4 H,

CH,), 1.78-1.90 (m, 4 H, CH), 4.08 (t,J = 6.5 Hz, 4 H, CHO), 7.27 (s, 2 H, k) ppm.**C

NMR (100.53 MHz, CD(J, 296 K):t= 14.1 (CH), 22.6 (CH), 25.8 (CH), 28.7 (CH), 29.2

(2 CHp), 31.7 (CH), 70.2 (CH, CH,0), 107.9 (CH, @), 136.5 (G, C4—NOy), 151.8 (G, Car

O) ppm.

4,5Didodecyloxy-1,2-dinitrobenzene (B2): A2(45.6 g, 102 mmol) was dissolved in acetic
acid (480 mL) over several hours. Nitric acid (25 mL, 65%) and then fuming nitric acid
(300mL) were added dropwise. Slight warming at times was necessary to ensure that
continuous stirring was possible. The reaction mixture was stirred for 20 h at room
temperature and poured slowly with vigorous stirring into iced water (2 L). The yellow solid
was collected by filtration, washed with water until neutral and dried overnight
Recrystallisation from ethanol (700 mL) gaB@ as a bright yellow powder; yield 41.6 g

(76 %). GsoHs2N206 (536.74): caled. C 67.13, H 9.76, N 5.22; found C 66.92, H 9.87, N 5.34.
64



5. New Octahedral, Headlail Iron(Il) Complexes with Spin Crossover Properties

MS (DEI+): mz (%) = 537 (100) [M]. *H NMR (399.81 MHz, CDG, 296 K):ii= 0.86 (t,J
= 7.0 Hz, 6 H, Ch), 1.14-1.39 (m, 32 H, Ch), 1.39-1.50 (m, 4 H, Ch), 1.78-1.90 (m, 4 H,
CH,), 4.07 (t,J = 6.6 Hz,4 H, CH-0), 7.27 (s, 2 H, &) ppm.**C (100.53 MHz, CDG|
296K): 14.1 (CH), 22.7 (CH), 25.8 (CH), 28.7 (CH), 29.2(CH,), 29.4 (CH), 29.5 (CH),
29.6 (2 CH), 29.7 (CH), 31.9(CHy), 70.2 (CH, CH,0), 107.8 (CH, @), 136.4 (G, Ca—
NO;), 151.8 (G, Ca~O). 'H NMR (399.81 MHz, @Dg, 296 K): i = 1.32(t, J = 6.8 Hz, 6 H,
CHs), 1.58-1.78 (m, 36 H, Ch), 1.83-1.92 (m,4 H, CH), 3.62 (t,J = 5.8 Hz, 4 H, CHO),
7.54 (s, 2 H, &) ppm.**C NMR (100.53 MHz, @D, 296 K): U = 14.3 (CH), 23.1 (CH),
26.2 (CH), 28.9 (CH), 29.6 (CH), 29.8 (CH), 30.0 (CH), 30.1(2 CH,), 30.2 (CH), 32.3
(CHy), 69.5 (CH, CH,-0), 107.6 (CHCay), 136.8 (G, CaNOy), 151.7 (G, Ca—O) ppm.

1,2-Diamino-4,5-dioctyloxybenzene (C1):Under an argon atmospheil (17.7 g, 41.7
mmol) and Pd on activated charcoal (2.6 g¥d)Qwere suspended in ethanol (250 mL) for 10
min. Hydrazine monohydrate (62.6 g, 1250.0 mmol, 30 equiv.) was added dropwise over 30
min. The mixture was heated to reflux for 2 h, and the colametufrom purple to yellow.
Slightly warm, the mixture was filtered through Celite® 545 coarse and stored at 5 °C
overnight. After the resulting yellow solid was collected by filtration, it was hydrated again by
the same procedure with hydrazine monohyd(&tl g) and Pd on activated charcoal (1.3 g)

in ethanol (200 mL) to obtai€l as a white powder; yield 8.2 g (59 %)2,840N.0,
(364.57): calcd. C 72.48, H 11.06, N 7.68; found C 72.72, H 10.67, N*H34MR (399.81

MHz, CDCk, 296 K): i = 0.86 (t,J =7.1 Hz, 6 H, CH), 1.16-1.36 (m, 16 H, Ch), 1.36-

1.46 (m, 4 H, CH), 1.64-1.77 (m, 4 H, CH), 3.15 (br, 4 H, N), 3.86 (t,J = 6.7 Hz, 4 H,
CH»-0), 6.35 (s, 2 H, k) ppm.**C NMR (100.53 MHz, CDG| 296 K):li= 14.1 (CH), 22.7
(CHyp), 26.1 (CH), 29.3(CHy), 29.4 (CH), 29.6 (CH), 31.8 (CH), 70.7 (CH, CH,0), 106.7

(CH, Cy), 128.4 (G, Ca—NHy), 143.4 (G, Co—O) ppm.

1,2-Diamino-4,5didodecyloxybenzene (C2):Under an argon atmospherB2 (41.6 g,
77.5mmol) was stirred at room temperature with Pd on activated charcoal (7.5 g) in ethanol
(1.1 L) for 10 min. Hydrazine monohydrate (147.7 g, 7392.8 mmol, 37 equiv.) was added
dropwise over 1 h, and the mixture was heated to reflux for 2 hthasticolour turned to
white. The mixture was filtered hot through Celite® 545 coarse and stored at 5 °C overnight.
C2, a white solid, was collected by filtration and dried in vacuo; yield 33.1 @6)90
CsoHseN20, (476.78): calcd. C 75.57, H 11.84, N 5.88;nd C 75.41, H 11.75, N 5.95. MS
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(DEI+): mz (%) = 477 (100) [M], 139 (50).*H NMR (399.81 MHz, CDGJ, 296 K):li = 0.86
(t, J=7.0 Hz, 6 H, Ch), 1.14-1.35 (m, 32 H, Ch), 1.36- 1.46 (m, 4 H, Ch), 1.66-1.77 (m,
4 H, CHp), 3.15 (br, 4 H, Nb), 3.86 (t,J = 6.6 Hz, 4 H, CH-0), 6.35 (s, 2 H, K) ppm.
13C NMR (100.53 MHz, CDGJ, 296 K):ii= 14.1 (CH), 22.7 (CH), 26.1 (CH), 29.4 (CH),

29.5 (CH), 29.4 (CH), 29.6 (CH), 29.7 (3 CH), 31.9 (CH), 70.7 (CH, CH:0), 106.8 (CH,
Ca), 138.3 (G, CaNHy), 143.4 (G, Co—O) ppm.

Diethyl (2E,2E)-2,2-{[4,5-Bis(octyloxy)1,2-phenylene]bis[imino-(E)-methylylidene]}bis
(3-oxobutanoate) (L1): Under an argon atmosphef@l (2.76 g, 7.6 mmol) was diluted in
ethanol (40 mL) an® (3.1 g, 16.7 mmol, 2.2quiv.) was added. The yellow mixture was
heated to reflux for 1.5 h and stored-80 °C. The yellow solid was collected by filtration
and recrystallised twice from ethanol (25 mL); yield 2.53 g (52 %gH4N.Og (644.84):
calcd. C 67.05, H 8.75, N 4.3found C 67.00, H 9.07, N 4.52H NMR (399.81 MHz,
CDCl;, 296 K):u = 0.86 (t,J = 6.5 Hz, 6 H, CH), 1.26-1.34 (m, 16 H, CH), 1.29 [t,J =
7.5Hz, 6 H, CH(Et)], 1.38-1.52 (m, 4 H, CH), 1.73-1.86 (m, 4 H, CH)), 2.51 (s, 6 H, CH),
3.98 (t,J = 6.3Hz, 4H, CH,0), 4.22 [q,J = 7.5 Hz, 4 H, CKHELl)], 6.72 (s, 2 H, H), 8.23 (d,

J =125 Hz, 2 H, CH=), 12.83 (d, NH, = 12.5 Hz, 2 H) ppm®C NMR (100.53 MHz,
CDCl;, 296 K): 0 = 14.0 (CH), 14.4 (CH), 22.7 (CH), 26.0 (CH), 29.2 (2 CH), 29.3
(CHy), 31.1(CHs), 31.8 (CH), 60.0 [CH, CHy(Et)], 70.0 (CH, CH-0), 103.7 (G), 106.5
(CH, Gu), 124.8 (G, Ci—N), 148.4 (G, C,—0O), 154.1 (CH), 166.8 (&=0), 200.1 (C=0)
ppm.

Diethyl (2E,2E)-2,2-{[4,5-Bis(dodecyloxy}1,2-phenylene]bis[iminc-(E)-methylylidene]}
bis(3-oxobutanoate) (L2):Under an argon atmosphef&? (5.0 g, 10.5 mmol) was diluted in
ethanol (90 mL) an®d (4.3 g, 23.1 mmol, 2.2 equiv.) was added. The yellow mixture was
heated to reflux for 1.5 h and stored-80 °C. The yellow alid was collected by filtration,
washed with ethanol and recrystallized from ethanol (60 mL); yield 6.9 g (87 ,%0):28,0g
(757.05): calcd. C 69.81, H 9.59, N 3.70; found C 69.67, H 9.43, N 3.60. MS (D&Ez(0)

= 757 (100) [M], 711 (22), 627 (20285 (17)."H NMR (299.83 MHz, CDG, 296 K): U =
0.85 (t,J=6.8 Hz, 6 H, CH), 1.171.36 (m, 32 H, CH), 1.29 [t,J = 7.1 Hz, 6 H, CHEY)],
1.38-1.51 (m, 4 H, CH), 1.73-1.86 (m, 4 H, CH), 2.51 (s, 6 H, CH), 3.98 (t,J = 6.6 Hz,
4H, CH0), 4.22 [q,J = 7.1 Hz, 4 H, CKEY)], 6.72 (s, 2 H, H), 8.24 (dJ=12.5 Hz, 2 H,
CH=), 12.83 (d, NHJ = 12.5 Hz, 2 H) ppm-*C NMR (75.39 MHz, CDGJ, 296 K):li= 14.1
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(CHs), 14.4 (CH), 22.6 (CH), 26.0 (CH), 29.2 (CH), 29.3 (2 CH), 29.6 (3 CH), 29.7
(CH,), 31.1 (CH), 31.9 (CH), 60.0 [CH, CH,(E1)], 70.0 (CH, CH;0), 103.7 (§), 106.5
(CH, Ca), 124.8 (G, CarN), 148.4 (G, Co-0), 154.1 (CH), 166.8 (&C=0), 200.1 (C=0)
ppm.

3,3-{[4,5-Bis(octyloxy)1,2-phenylene]bis(iminomethylylidene)}dipentane2,4-dione

(L4): Under an argon atmosphe@2 (1.45 g,3.0 mmol) was diluted in ethanol (180 mL) and
E (1.0 g, 6.6 mmol2.2 equiv.) was added. The mixture was heated to reflux for 1 h and
stored at-30 °C. The yellow solid was collected by filtratiowashed wh ethanol and
recrystallised from ethanol (100 mLyjeld 0.86 g (41 %). &HssN2Os (697.00): calcd.
C72.37, H 9.83N 4.02; found C 72.27, H 9.90, N 4.06. MS (DEl#)z (%) = 687(100)
[M]*. *H NMR (299.83 MHz, CDGJ, 296 K):ti= 0.85 (t,J = 6.6 Hz,6 H, CHy), 1.16-1.39
(m, 32 H, CH), 1.39-1.52 (m, 4H, CH,), 1.74-1.87 (m, 4 H, Ch), 2.31 (s, 6 H, Ch), 2.51
(s, 6H, CHg), 3.99 (t,J = 6.6 Hz, 4 H, CR-0), 6.71 (s, 2 H, H), 7.98(d,J = 12.2 Hz, 2 H,
CH=), 12.82 (d, NHJ = 12.2 Hz, 2 H) ppm:C NMR (79.39 MHz, CDGJ, 296 K):li= 14.1
(CHg), 22.7 (CH), 26.0 (CH), 27.5 (CH), 29.2 (CH), 29.3 (CH), 29.4 (CH), 29.6(3 CH,),
29.7 (CH), 31.9 (CH), 70.1 (CH, CH,0), 106.9 (CHC4), 114.2 (G), 125.0 (G, CaN),
148.7 (G, C40), 154.1 (CH),194.6 (C=0), 201.2 (C=0) ppm.

Dimethyl(2E,2E)-2,2-{[4,5-Bis(dodecyloxy}1,2-phenylene]bis[imino -(E)methylylide-
ne]}bis(3-oxobutanoate) (L5): Under an argoratmosphereC2 (5.0 g, 10.5 mmol) was
diluted in ethanol90 mL) andF (4.0 g, 23.2 mmol, 2.2quiv.) was added. The yellow
mixture was heated to reflux for 1.5 h and storeeB@t°C. Theyellow solid was collected by
filtration, washed with ethanol anmécrystallised from ethanol (60 mL); yield 7.0 g (91 %).
Ca2HsaN20g (729.00): caled. C 69.20, 9.40, N 3.84; found C 69.03, H 9.3§, 3.87.'H
NMR (299.83 MHz, CDCJ, 296 K):t = 0.85 (t,J =6.7 Hz, 6 H, CH), 1.15-1.39 (m, 32 H,
CHy), 1.39-1.52 (m, 4 H, CH), 1.73-1.87 (m, 4 H, CH), 2.52 (s, 6 H, Ch), 3.75 (s, 6 H,
CHj3), 3.98 (t,J = 6.3Hz, 4 H,CH,;0), 6.72 (s, 2 H, H), 8.23 (d,J = 12.3 Hz, 2 H, CH=),
12.87 (d, NHJ = 12.3 Hz, 2 H) ppm-*C NMR (75.39 MHz, CDQ, 296 K):Ui = 14.1 (CH),
22.7 (CH), 26.0 (CH), 29.2 (CH), 29.3 (CH), 29.4 (CH), 29.6 (3 CH), 29.7 (CH), 31.0
(CHg), 31.9 (CH), 51.2 (CH), 70.0 (CH, CH0), 103.4 (G), 106.4 (CH, &), 124.8 (G,
CarN), 148.5 (G, C,0O), 154.1 (CH), 167.2 (€C=0), 200.1 (C=0) ppm.
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L1-lIron(l)-2MeOH [1(MeOH)]: L1 (3.48 g, 5.4 mmol) was reacted with Fe(OA@.0 g,

11.5 mmol, 2.1 equiv.) imethanol (100 mL) under reflux conditions for 1 h. After cooling to
room temperature, black needles were isolated, washed twice with methanol (10 mL) and
dried under vacuum; yield 3.14 g (76 %)alds.FeN.O;o (762.75): calcd. C 59.84, H 8.19,

N 3.67; found C 60.05, H 7.70, N 3.97.

L2-lron(ll)-2MeOH [2(MeOH)]: L2 (0.72 g, 1.0 mmol) was reacted with Fe(OA®.40 g,

2.3 mmol, 2.4 equiv.) in methanol (80 mL) under reflux conditions for 1 h. After cooling to
room temperature, black crystals were isolated, which were collected by filtration, washed
twice with methanol (10 mL) and dried under vacuum; yield @88 %). GeH7sFeNO1p
(874.96): calcd. C 63.14, H 8.99, N 3.20; found C 62.72, H 8.72, N 3.20. MS (DB P0)

=811 (100) [M—2 MeOHTJ". Crystals suitable for Xay structure analysis were obtained.

L4-Iron(ll) (4): L4 (0.49 g, 0.7 mmol) was readtavith Fe(OAc) (0.21 g, 1.2 mmol, 1.7
equiv.) in methanol (60 mL) under reflux conditions for 70 min. After cooling, a brown solid
precipitated, which was collected by filtration, washed twice with methanol (15 mL) and dried
in vacuo; yield 0.36 g (69 %{¥L4,HssFeNOg (750.83): calcd. C 67.19, H 8.86, N 3.73; found

C 67.13, H 9.13, N 3.85. MS (DEI+)¥z (%) = 750 (100) [M].

L5-Iron(l1)-2MeOH [5(MeOH)]: L5 (3 g, 4.1 mmol) was reacted with Fe(OA€).35 g,

7.0 mmol, 1.7 equiv.) in methanol (80 mL) undefiux conditions for 90 min. After cooling

to room temperature, black needles precipitated, which were collected by filtration, washed
twice with methanol (10 mL) and dried under reduced pressure; yield 3.1 g (89 %).
CaH74FENO1p (846.91): caled. C 62.4H 8.81, N 3.31; found C 62.15, H 9.03, N 3.37.

Crystals suitable for Xay structure analysis were obtained.

L1-Iron(I)-2py [1(py)]: Compoundl(MeOH) (0.3 g, 0.4 mmol) was dissolved in pyridine

(7 mL) and heated to reflux for 1 h. After cooling to rotemperature, water (1 mL) was
added. The obtained precipitate was collected by filtration and drying in vacuo gave the
product as a black solid; yield 0.29 g (83 %)eHssFeN;OgxH,O (874.88): calcd. C 63.15,

H 7.60, N 6.40; found C 62.92, H 7.11, N 6.42.
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L2-lron(I)-2py [2(py)]: Compound2(MeOH) (0.48 g, 0.6 mmol) was treated with pyridine

(9 mL) for 45 min under reflux conditions. After cooling, water (2.3 mL) was added, and the
mixture heated again to reflux for 2 min. Within 2 d of storage at 4 &Ckldrystals were

formed. The product was collected by filtration and dried in vacuo; yield 0.28 g (53 %).
CssHgoFeN;Ogx0.5H,0 (978.09): calcd. C 66.31, H 8.35, N 5.73; found C 66.27, H 8.87,
N 5.53.

L4-lron(I)-2py [4(py)]: Compound4 (0.3 g, 0.4 mmoljvas treated with pyridine (7 mL) for

45 min under reflux conditions. After cooling to room temperature, water (1 mL) was added.
The obtained precipitate was collected by filtration and drying in vacuo gave the product as a
black solid; yield 0.26 g (72 %)CsHz6FeNsOs (909.03): calcd. C 68.71, H 8.43, N 6.16;
found C 68.53, H 8.31, N 6.48.

L5-Iron(I)-2py [5(py)]: Compounds(MeOH) (0.44 g, 0.5 mmol) was treated with pyridine
(10 mL) for 1 h under reflux conditions. After cooling, water (2.4 mL) was adaiedl the
mixture heated again to reflux for 2 min. A flecbwn fine crystalline powder was formed at
4°C, which was collected by filtration and dried in vacuo; vyield @2857%).
Cs2H76FeN;Ogx0.5H,0 (950.04): calcd. C 65.74, H 8.17, N 5.90; found C 65.67, H 8.22,
N 5.87.

NMR Spectroscopy:[Dg]toluene (D, 99.50 %), [E)pyridine (D, 99.50 %), [glbenzene (D,
99.50%) and CDGI (D, 99.80%) were purchased from Euriep. Solvents for organic
compoundgCsDgs and CDC}) were degassed and stored over molecular sieves. Samples were
prepared using 5 mm tubes and Schlenk techniques (concentratieri@2®6h The solvent

for the paramagnetitH NMR investigations was a Joluene/[D]pyridine mixture (50:50

VIV), which was degassed using at least seven plnegze cycles and stored under argon.
The NMR samples of the iron(Il) complexes (ca. 15 mg in 0.6 mL of solvent) were prepared
in 5 mm tubes under argon using Schlenk techniques and degassed usirfygraaycles

prior to sealing with a butane gas burner. The NMR spectra were recorded with Varian Inova
300 and 400 spectrometers at 23 °C (organic compounds) or variable temper@Rir€3 fo
+87°C, iron(Il) complexes]. Chemical shifts are given refatio MeSi, ti ‘H(CHCL) = 7.24,

U *H(CeDsH) = 7.15,U *H(CsDsCD-H) = 2.03; MaSi, ti *H(CDCl) = 77.0,U *H(CgDs) =

128.0 ppm.
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Magnetic Susceptibilities: Data for 1-5(py) were collected with a Quantum Design
MPMSR2 SQUID magnetometer under an applied f#16.05, 0.1 and 0.2 T over 44000 K

in the sweep mode. All samples were placed in gelatine capsules held within plastic straws.
The data were corrected for the diamagnetic magnetization of the ligands, which were

estimated usi ng MPassmpehdldsr, constants, and t

X-ray Diffraction: The intensity data d&2(MeOH) were collected with a Nonius Kappa CCD
diffractometer using graphiemonochromated M, radiation (Table 4). The intensity data
of 5(MeOH) were collected with a Stoe IPDS Idiffractometer using graphite
monochromated MdK, radiation. The data were corrected for Lorentz and polarisation
effects. The structure was solved by direct methods (Sif®0@hd refined by fubmatrix
leastsquare techniques agaifgf (SHELXL-97)2% The hydrogen atoms were included at
calculated positions with fixed displacement parameters. All-hyainogen atoms were
refined anisotropically. ORTERI*® was used for the structure representation, Schakal
992! and Mercur{?? for the representmn of the molecule packing. CCD&7611 [for
2(MeOH)] and-847612 [for5(MeOH)] contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from The Cambridge Crystallographic

Data Centre via www.ccdc.cam.ak/data_request/cif.

Elemental Analysis: Elemental analysis was performed with a VarioEL Ill CHN instrument

using tin boats purchased from Elementar and Acetanilid (Merck) as a standard.

Mass Spectrometry:Mass spectra were recorded with a Varian MAT Gk$Trument (direct

inlet system, electron impact ionization 70 eV) or a JeolM8 instrument.

Table 4.Crystallographic data &(MeOH) and5(MeOH).

2(MeOH) 5(MeOH)
Empirical formula CueH7eFEeNO19 CasH74FENO1g
Formula weight 874.95 846.90
Temperature [K] 200 133
Crystal size [mm] 0.23x0.12x0.03 0.28x0.25x%0.17
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Crystal system
Space group
=3

a

b

U

VIAY

Z

} catea. [glcY]
€ [1/mm]
F(000)

U range [°]

Index ranges

Reflections collected
Reflections unique
Data/restraints/parameters
R; (all)

WR

GooF

triclinic

P1

Mo-Kq, 0.71073
8.1996(1)
10.7339(1)
28.4255(4)
82.4756(9)
88.8122(8)
75.9810(8)
2406.26(5)
2

1.208
0.368

948
3.3254
-9/ 9
-12/12
-34/34
16749
8776
8776/0/546
0.0402
0.1016

1.04

triclinic

P1

Mo-Kg, 0.71069
8.0145(4)
11.3292(6)
26.7290(15)
78.299(4)
86.789(4)
70.243(4)
2236.4(2)
2

1.258
0.394

916
1.6-25.7
-9/9
-13/13
-32/32
30421
8436
8436/0/522
0.0517
0.1235

0.87
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Abstract: An amphiphilic iron(Il) spin crossover complex with relatively short octyl chains
was synthesised and the crystal structures of the high spin and the low spin state could be
determined. In further reactions, a second modification of the-tmxalinated omplex and

two different pentacoordinated complexes could be obtained and characterisedray X
structure analysis. The examples demonstrate an influence of the alkyl chains on the
stoichiometry of the final product. Different arrangements of the alkgins were observed

in the crystal packing. Despite those differences, the spin transition of thedmxinated

complexes is always gradual and comparable to that observed in solution.

6.1 Introduction

Since the discovery of the spin crossover (S@B3nomenon in 193Y, a vast amount of
compounds showing spin transition with a huge variety of ligands and metal centres were
synthesised® In recent times, the interest increases to add multifunctionality to these
compounds so that they exhibit naily spin crossover but additionally functionalities like
liquid crystallinity!* gel formatio®® or magnetic exchange interactidfisjust to mention

three examples. Also the nanostructuring of spin crossover compounds, either by the synthesis
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of nanoprticle$” or through pattering methoflsis a recent field of research that is an
important step towards possible future applications.

For cooperative SCO materials Il nternmol ecul
interactions or also van der Waglsl\W) interactions are of uttermost importance. Studies on
compounds exhibiting huge hysteresis showed that particularly hydrogen bonds are related to
strong cooperative effects leading to the hysteresis phenorfiefitiis work is focused on

the influene of vdW interactions on the spin crossover behaviour. The addition of long alkyl
chains in the periphery of the ligand adds a new functionality to the spin crossover system by
the generation of amphiphilic moleculéd. In previous work we did show thatuch
complexes with Schiff badée ligands can seldssemble to lipid layer like
arrangement$:*? Additionally, an influence of the alkyl chains on the spin transition
behaviour is possible. A rearrangement of the alkyl chains could trigger the spin transition or
vice versad™ Thus the modification of the ligand could help to increase the coopsyratfv

spin crossover complexes based on the Schiff-llesdigand system used in our group. In a
crystal engineering approach we want to study the influence of these alkyloxy substituents as
a structure determining element on the packing of the congpiaxthe crystal and therefore

on the SCO behaviour. So far, lipid layer like structures are the only motif observed for such
complexes with dodecyl or hexadecyl alkyl chdih$? Thus the question arises, if other
structural motifs are possible andwbat extend the alkyl chains influence the crystal packing
and by this the magnetic properties. Here we presaal/structures and magnetic properties

of complexes with comparatively short octyl chains.

6.2 Results and Discussion

6.2.1 Synthesis and éneral Characterisation

The synthesis of the new amphiphilic ligand, visualised in Scheme 1, is realised in a four step
reaction. In the Supporting Information, Figure S1, the NMR spectrum of the free hkigand

is displayed with the signal assignment.n@ersion with iron(lljacetaté results in the
hexacoordinated complepFe(L)(MeOH) ;] with two methanol as axial ligands. Replacement

of the methanol molecules througkdénethylaminopyridine (dmap) leads, depending on the

exact reaction conditions, the desired compound [Fe(L)(dmgp(l) (with varying amounts
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of included methanol molecules) or the pecwardinated complex [Fe(L)(dmap)?)( In a

first approach a 30 fold excess of dmap was used with the aim to obtain an octahedral
complex™® Indeed, the desired complex [Fe(L)(dmgp)MeOH (1a) could be isolated.
However, slight variations in the reaction conditions (reaction time, temperature of precipita
tion), keeping the stoichiometry constant, resulted in the isolation gbehtcoordinated
complex [Fe(L)(dmap)] ). Here two different sample2d and 2b), both with the same
composition but differences in the relative orientation of the alkyl chains, were obtained. This
was unexpected as the characteristic colour chandgeeda$alution upon cooling with liquid
nitrogen suggested the presence of a foexadinated species in solution. Due to the contrary
results further syntheses with a different excess of axial ligand were carried out to obtain a
clear synthetic protocol fahe compound4 and2. The excess of the axial dmap ligand was
systematically varied and stoichiometries of 1: 20, 30, 50, 70, 90 and 110 were used. It turned
out that the pentaoordinated product?] is obtained selectively with a 20 fold excess. By
taking 30 equivalents of axial ligand, it is difficult to predict if the pentahexacoordinated
complex will be obtained. In our synthetic approaches a 50:50 ratio between the two
possibilities was reached. But the system can be forced to precipitatedwgaated when

a 50 fold excess or higher is used. In this frame, another modification of thedwmxiated
complex, 1b ([Fe(L)(dmap)] - 1.5MeOH), was obtained, that could be characterised by
single crystal Xray structure analysis. For the appioas with a higher excess of dmap, fine
crystalline samples with additionally included dmap/MeOH molecules were obtained.

The compounds were characterised by elemental analysis, IR and mass spectrometry,

magnetic measurements and, if possiblea)structure analysis.
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K,CO4 HNO; Pd/C (10%)

HO CHy(CH,);Br  H3CHL10 HNO; (fuming) H3CH 00 NO: N H,x H,0
— — _——
HO H3C(H,C)70 H3C(H,C),0 NO,

A B
MeO COOMe
MeO_ ! F
0 0
H3C(HC),0 NH, D H3C(H,C);0 NH O Fe(OAc),
Kj[
H;3C(H,C)70 NH, H3C(H,C)70 NH O
N
COOMe
C H,L
COOMe COOMe
~ KK
H;C(H,C);0 N O H H;C(H,C)70 O/
-~ | \Fc/:i:;— dmap \ ,;/
X /N7 / \‘\
H3C(H,C);0 N |() H3C(H,C),0 | l
N e % I/
COOMe COOMe
[Fe(L)(MeOH),| 1

Scheme 1 General procedure for the synthesis of the new amphiphilic Schifflikaskgand and its iron(ll)

complexes.

6.2.2 Description of the Xray structures

Single crystals suitable for-Kay structure analysis wembtained for two hexaoordinated
(laandlb) and two pentaoordinatedZa and2b) samples. The quality of the dataldfwas

low (high Ry) thus only the conformation of the complex and the relative orientation of the
molecules in the crystal packingrche presented. In the case2afthe disorder of the alkyl
chains could not be solved satisfactorily (due to the low quality of the data set and twinning of
the crystal) thus only the conformation of the molecule is presented. Attempts to reproduce
the ciystals to obtain diffraction data of higher quality led to the saiplén the Supporting
Information, Table S1, the crystallographic data are given.

la precipitated in the form of plateléke crystals out of a black solution with a 30 fold

excess of thap. The crystal structure was determined at 273 K andék,1&8Bat corresponds
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to the high spin (HS) and the low spin (LS) state of the system (see magnetic measurements).
In Figure 1 the asymmetric unit @& in the HS and the LS state is displayed. &el# bond
lengths and angles are summarised in Table

la crystallises in the triclinic space gro@pl that does not change upon spin transition. The
bond lengths and angles within the first coordination sphera\&geFe-Ogq are with an
average 0f2.07/2.01A (HS) and 1.91/1.98 (LS) in the region expected for this ligand
system with a bond length change of abo®t &pon spin transitio> *® The average Fé\
distances to the axially attached ligands (A2@4S) and 2.0 (LS)) change aboutQl%

(see Table 1) due to the higher flexibility of the axial ligands. ThEedD angle is with
91.7° (LS) and 107.2° (HS) in the expected region for complexes of this type of Schiff base
like ligands™ *® The change of the unit cell volume is WiEN/V = 4.0 % at the lower limit

of what is expected for an iron(ll) spin crossover complexyt the value is higher than the

one previously reported for an SCO complex with @kl chains?
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Figure 1. ORTEP drawing ofla at 273 K (HS) (left) and 133 K (LS) (right). Ellipsoids are drawn at the 50%

probability level. Hydrogen atoms and methanol molecules are omitted for clarity.
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6. Amphiphilic iron(ll) complexes with short alkyl chainerystalpacking and spin transition properties

Table 1 Selected bond lengths /A and angles /° within the inner coordination spHisag@ 8§ andla(HS), 1b,
2aand2b.

Fe-Neq/A Fe-Oeq/A Fe-Nax/A O-Fe-O /°

1aLS) 1.909(2)/1.915(2) 1.948(1)/1.957(1) 2.013(2)/2.018(2) 91.68(6)

1a(HS) 2.065(3)/2.080(3) 2.002(3)/2.012(3) 2.216(3)/2.217(3) 107.16(11)

1b 1.9 2.0 2.0 92
2a 2.1 2.0 2.1 100
2b 2.073(4)/ 2.085(4) 2.002(3)/ 1.980(3) 2.127(4) 101.62 (14)

One of the alkyl chains and the methanol molecule are disordered in the LS state. Due to
increase of thermal motion of the atoms at higher temperatures, this disorder cannot be solved
in the HS state. The relative orientation of the aromatic planes of the dmap to each other
changes marginally from 89.3° to 88.1°, thgAd¥e-Nax angle from 175.7° to 174.9° upon
switching from the LS to the HS state, thus the axially ligands are nearly peuydandin

both spin states.

1b precipitated as spicular crystals, space grBggc, from the synthetic approach with 50

fold excess of dmap and theray structure was determined at ¥3Due to insufficient

guality of the data one can only talk abounatif. Average values of selected bond lengths

and angles are summarised in Table 1.
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Figure 2. ORTEP drawing oflb. Ellipsoids are shown at the 50% probability level. Hydrogen atoms and

methanol molecules are omitted for clarity.

Figure2 shows the asymmetric unit @b. At the temperature used for the determination of
the X-ray structure the complex should be in the LS state according to the magnetic
measurements. Indeed, the bond lengths and angles within the first coordiphtoa are

very similar to those ofia in the LS state. The average values areA120 A for Fe-

Neq/ Fe-Oeq and 2.0A for Fe-Nay. The G-Fe-O angle is about 92°, the,NFe-Ny angle is

174° and the dmap rings are twisted towards each other in an armjeuofl 94° and are
therefore also nearly perpendicular. The main difference between the two samples lies in the
additional half of a solvent molecule, the conformation (orientation of the alkyloxy chains)
and the packing of the molecules in the crystal.

In the molecular packing ofa, displayed in Figure 3 for the LS state, the disordered
methanol molecule forms a hydrogen bond to the O5 atom in the outer periphery of the
equatorial ligand. This hydrogen bond is weakened in the HS state. A few further shor
contacts (more than 0& shorter than the sum of the vdW radii) are observed, that are given
in Table2. The major distinction between the molecule packinglafcompared to the
previously discussed structures is the absence of a lipid layer likeus¢ruicistead, the axial

dmap |igand of one complex is —embracedll f
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6. Amphiphilic iron(ll) complexes with short alkyl chainerystalpacking and spin transition properties

For the previously published structures the distance between the alkyl chains are between 0.3
and 0.4 A longer than the sum of the vdW radidjcative for stabilising interactions between

the chain$'>*? For 1ain the LS state several short contacts are observed between the alkyl
chains, and the alkyl chains and the embraced dmap, respectively. However, the contacts are
too short to be coidered for a stabilising effect. In the HS state they are a bit longer. The
strength of such stabilising interactions (London dispersion forces) depends on the length of
the alkyl chains. Obviously, for the complex discussed here, the C8 alkyl chairet sveg

enough to form lipid layer like structures.

Figure 3. Molecular packing ofLa(LS) along [1 O O]. Hydrogen bonds are drawn as dashed lines. Disorder

omitted for clarity.
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Table 2 Short contacts and hydrogen bonds /A and correspondiglg /° of the obtained crystal structures.

D—H- - - A D—H H--- A D---A D—H-:
1alLS) c47—H4 7 BB . Cco0.98 2.60 3.436(3) 143
C29A—H29B- ¥ . 097 2.637 3.519(8) 151
C41—H41C- . Co0.98 2.57 3.393(3) 142
031B—H3 1 F 9. . 084 1.92 2.760(3) 174
1a(HS) C32—H3 2B . Cc0.96 2.606 3.550(6) 165
09A—H9 A- 1. 0ro0.82 2.04 2.785(14) 151
2b c23—H23c-b . co.98 2.400 3.347(7) 162
[ a] 1+x, vy, zZ; [ b] 1-x, 1-vy, -z, [ ¢] 1-x, 2-vy, 1-2z;

The packing of the molecules in the crystallbfis very different to that ola (Figure 4).
Two molecules form pairs where the alkyl chains are arranged such that stabilising vdwW
interactions can be considered. The next pair is rotated by 90° with thextal dmap
ligands pointing together. As only a structural motif is obtained, no intermolecular contacts
can be discussed. It can, however, be pointed out that, a%afono lipid layer like

arrangement of the complex molecules is obtained.

A\

Figure 4. Molecular packing olb along [1 0 0]. Methanol molecules omitted for clarity.
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6. Amphiphilic iron(ll) complexes with short alkyl chainerystalpacking and spin transition properties

The two pentacoordinated complexes crystallise in the space gRR4ft (2a) andP 1 (2b),
respectively. In Figure 5 ORTEP drawings of the asymmetric unit@aoénd 2b are
displayed. In Table 1 selected bond lengths and angles within the first coordination sphere are
given. For these two samples, no additional methanol molecules are included in the crystal
packing.

Due to insufficient quality of the data of the spicudaystals of2a, only the conformation of

the molecule is discussed in comparison to thabof

CU4  ~C23

Y,
N

L2
2167 N €19
Lo Yas os_gpcie

Figure 5. ORTEP drawing oRa (left) and 2b (right). Ellipsoids are shown at the 50% probability level.

Hydrogen atoms are omitted for clarity.

The average bond lengths of the inner coordination spheres of the twoopentinated
species are with about 2A1(Fe-Neg) and 2.0A (Fe-Ogg) very similar to the lengths of the
HS structure ofla and in the same order of magnitude as observed for othea pent
coordinated complexes of this ligand syst8. The FeN, bond lengths are about 01
shorter than inla(HS), due to the pentzoordination. The &Fe-O angles are with 100° in
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6. Amphiphilic iron(ll) complexes with short alkyl chainerystalpacking and spin transition properties

the region expected for complexes with this kind of Schiff i&sdligands and are between
the values of HS and LS state, respectivély.

In the case oRa the C8 alkyl chains are spread widely out with an angle of almost 90°
between the two chains. In contrast to this, Zbrthey are arranged parallel to each other,
similar tolb. However, differently td.b, in 2b the alkyl chains are not in plane with the axial

ligand but bent by almost 90° in the direction of the axial dmap ligand.

Figure 6. Molecular packing o2b along [1 0 O].

In Figure 6 the molecular packing in the unit cell2hf is displayed. In this case, pairs are
build where the almost planar planes of the equatorial ligand including the iron(ll) (the iron
N1N20102 plane distance is 0.8% are stacked above each other amel €8 alkyl chains

are bended in the direction of the axial dmap of the neighbouring molecule. A short contact
with a distance of 0.4 smaller than the sum of the vdW radii connects one molecule at the
atom H23C of the dmap ligand with the oxygen atomoDthe outer periphery of the ligand

of the neighbouring molecule. The dmap ligands are arranged parallel to each other and also
almost parallel to the alkyl chains. The same is observed for the alkyl chains that are

themselves arranged parallel to eadieotThat means that the alkyl chains of one molecule
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6. Amphiphilic iron(ll) complexes with short alkyl chainerystalpacking and spin transition properties

are again interacting with the chains of another molecule whose axial ligand points to the
opposite direction so that they form a lipid layer like arrangement. The distances between the
alkyl chains spport the idea of stabilising vdW interactions. Additionally, the distances
between the stacked planes of the equatorial ligand (about 3.5 A) suggest stabifising

interactions.

6.2.3 Magnetic measurements

Temperature dependent magnetic measurements in thdBRSange were performed for

all complexes discussed in this work. Additionally, the temperature dependent magnetic
susceptibility was determined in a methanol solution of the iron conipiexh a 50fold

excess of dmap. The concentration of the complex in the solutica 4.5 mg/mL. The
presence of the octahedral complex [Fe(L)(dnjap)solution was confirmed by the colour
change upon cooling due to the spin transition. This is illustratechen Supporting
Information, Figure S4. In Figure 7 the results Tay 1b and for the methanol solution of the
complex are given. At 328 1lais in the high spin state, withey T value of 3.15 crfKmol ™.

Upon cooling a gradual decrease of th@ product down to 2.10 ct{mol™ at 255K is
observed, where a small plateau is visible. Further cooling causes a slow dropeeT the
product until the compound is in the low spin state at about1(@17 cniKmol™). The
plateau is due to a mixture ofywder and crystalline parts in the sample used for the magnetic
measurements. According terdy structure analysis the crystals contain disordered methanol
molecules. Results from CHN analysis indicate the absence of additional methanol molecules
in the fine crystalline bulk material. The step and the small hysteresis disappear completely if
the compound is measured again after complete removal of the methanol. This is confirmed
by a measurement on freshly prepared crystaty Where in the first cycle ampparent
hysteresis is observed (see Supporting Information, Figure S3) that is lost in a second cycle.
The transition curve of samplea can be reproduced by displaying a combined curve of the
weighted contributions (50:50) @b and1c.

The magnetic pragrties of lb are very similar to that ola. The spin transition is very
gradual and complete and takes place in the same temperature regionpT Vakue at 325K

is with 3.10 cmiKmol™ comparable to that dfa. Decreasing of the temperature leads to a
gradual decrease of they T product until 12K (0.31cm*Kmol™) where a small plateau can
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be observed. At 10/ the compound is completely in the LS staggT(= 0.06 cnmiKmol™).
Although methanol molecules are included in the crystal packintpbpthey are strongly
disordered and are, apparently, not involved in cooperative interactions as a very gradual spin

transition is observed.

Yoy L [cm3Km01'l]

50 100 150 200 250 300

T'K]

Figure 7. Magnetic measurement @# (circles), 1b (triangles) and a methanol solution bfwith a 50 fold

excess of thap (open squares) in the temperature range 6f1805.

In Figure S2, Supporting Information, the spin transition curves of the products of the
different synthetic approaches are compared. The ea@inated sample24, 2b and 2

from the approach wh 20 fold excess of dmap) remain as expected in the HS state, The

vs. T plot of 2 is shown as typical example. All samples, where 50 equivalents of dmap and
more was used, show the same kind of spin transitidi,asadependent of additional solvent

or dmap molecules in the crystal packing. This is unexpected as for spin transition compounds
often significant changes in the spin transition behaviour are observed, if the crystal packing
is slightly modified or additinal solvent molecules are included. The behaviour observed for
the different samples dfindicates the total absence of cooperative interactions, thus the spin
transition should be comparable to that of the complex is solution. As can be seen in Figure 7
indeed the transition curves are almost identical. Only the transition temperature is shifted to

slightly higher temperatures in solution.
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It was already shown that abrupt ST is realisable with compounds that bear lipid layer like
arrangement®? The increase of vdW interactions influences the packing in the crystal
through the formation of lipid layer like arrangements and by this cooperative effects like a
network of hydrogen bonds between the polar groups can be enhanced. For the complexes
describedchere, no layered structure can be achieved because of the relatively short C8 alkyl
chains. Additionally, the molecule is very bulky and the volume change upon spin transition
relative to the overall volume is relatively small and almost in the regiaheothermal
contraction. Therefore, cooperativity is decreased in the crystal and only a gradual SCO as in
solution is observed. This is the reason why the spin transition is independent of the
conformation of the molecule and the crystal packing. A simeiti@ct was recently described

for the nanostructuring of mononuclear compléX®s.

6.3 Conclusion

In this article, several molecular setups and arrangements of aeaapentacoordinated
amphiphilic iron(ll) complexeda(HS), 1a(LS), 1b, 2a and 2b with dimethylaminopyridine

as axial ligands were investigated with the help efa}( structure analysis and magnetic
measurements. The complex can precipitate Hfcewadinated as well as pertaordinated
depending on the excess taken of the axial liganith B0 equivalents of dmap the system

can crystallise in both modifications, below this value it is pentadinated and above, it can

be forced to crystallise hexaordinated. In the case of the octahedral compléaesdlb, a
gradual spin crossoverag be observed starting at about 82 the high spin state and
ending at about 12K in the low spin state. It should be pointed out that the spin transition is
always the same despite the significant differences in the composition and crystal packing o
the different samples. The crystal structures show no lipid layer like arrangement due to the
relatively short C8 alkyl chains. In the crystal packing of the peotadinated compound

vdW interactions between the C8 alkyl chains are observed. Thisinirwation with thep-p-
interactions could be the reason for the complex to precipitate-peotdinated up to a
relatively high excess of the used dmap ligand. The gradual spin transition behaviour can be
explained with missing lipid layer like arrangerh@md the absence of other factors that are
responsible for cooperative interactions. Thus the same spin transition as in solution is

observed.
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6.4  Experimental Section

Synthesis

The synthesis of the iron complexes were carried out under an argon atmosphere using
Schlenk tube techniques. The solvents therefore were purified as described in the {fférature
and distilled under an atmosphere of argon. The precursors
methoxymethylenemethylacetoacetatk, iron(ll) acetaté* 1,2-dioctyloxybenzene, 12
dinitro-4,5-dioctyloxybenzene, 1;8iamino4,5-dioctyloxybenzen&? were synthesised as

described.

(E,E)[{dimethyl -2 , [2,%dioctyloxy-1,2phenylenebis(iminomethylidyne)]bis3-

oxobutanato}] (H,L) Under argon, 2.§ (5.76mmol) 1,2diaminc4,5-dioctyloxybenzene
and 2.4g (15.18mmol, 2.6eq.) methoxymethylenemethylacetoacetate were dissolved in
60 mL degassed ethanol and the yellow solution was heated to reflux floin9@fter storing

the reacthin mixture at 5°C overnight, the precipitate was collected, washed with ethanol and
recrystallised from 3tnL ethanol. The bright yellow fine crystalline ligand was dried on air.
Yield: 3.1g (87%). Elem. anal. calcd. for £Hs,N,Og (616.79 g/mol): C 662 H 8.50,

N 4.54; found: (56.64, H9.28, N4.64. MS (DEI+):m/z (%) = 616 (100) [M], 584 (62), 552
(61) 501 (54)."H NMR (299.86 MHz, CDG, 298K): Ui = 0.90 (t, J = 6.8iz, 6H, CH),
1.30-1.40 (m, 1&H, CHy), 1.45-1.55 (m, 4H, CH), 1.86-1.89 (m, 4H, E,), 2.57 (s, 6H,
CHj3), 3.79 (s, 6H, Ch), 4.03 (t, 4H, J = 6.6z, CH,0), 6.76 (s, 2H, H), 8.28 (d, 2H, J =
12.5Hz, CH=), 12.90 (d, 2H, J = 1285z, NH) ppm.*C NMR (75.40 MHz, CDGJ, 298K):

U= 14.3 (CH), 22.9 (CH), 26.2 (CH), 29.4 (CH), 29.5 (CH,), 29.6 (CH) 31.3 (Ch), 32.1
(CHy), 45.0 (G), 51.5 (CH), 70.3 (CH, CH;0), 103.7 (@), 106.7 (CH, &), 125.0 (G, Car

N), 148.8 (G, C4—0O), 154.3 (CH), 167.4 (&C=0), 200.4 (C=0) ppm. IR7= 1699 s, 1612

vs, 1521 m, 1420 m, 1243 vs, 1189 vs, 1081 vs.
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[Fe(L)(MeOH),] 1.5g (2.43mmol) H,L and 0.85y (4.86mmol, 2eq.) iron(ll) acetate were
dissolved in 10@GnL methanol and the brown solution was heated to reflux tor After
cooling to roon temperature, the brown precipitate was collected, washed twice witih. 10
methanol and dried in vacuum. Yieldl35g (76%). Elem. anal. calcd. for &gHssFeN,O19
(734.80 g/mol): 68.85,H 7.96, N3.81; found: (59.29, H7.86, N4.16. IR: 7= 2925 m,
2854 w, 1706 m, 157§, 1506w, 1429s, 1384s, 1258vs, 1214s, 1069vs, 998m, 841m,
769m.

[Fe(L)(dmap),] (1/14) 0.27g (0.37 mmol)}Fe(L)(MeOH),] and 1.353 (11.05mmol, 30eq.)
dmap were dissolved in IBL methanol and heated to reflux for 70 mirftek storing the
solution at 5°C for 14, greeniskblack crystals Xa) were filtrated and dried in vacuum.
Yield: 0.01g (3%, crystals), 0.19 (44%, fine crystalline powderd/1a) Elem. anal. calcd.
for C4gH70FeNsOg (fine crystalline powder, no methdrncluded) (914.95 g/mol): 63.01, H
7.71, N9.19; found: (62.67, H 7.78, N.59.

[Fe(L)(dmap)] (2a) 0.25g (0.34 mmol)[Fe(L)(MeOH),] and 1.25y (10.21mmol, 30eq.)

dmap were dissolved in XL methanol and heated to reflux for Bin. After 1d at oom
temperature the react i on drBlacktrystale prewipitatedshato r e d
were filtrated, washed with 2rGBL methanol and dried in vacuum. Yield: 04.348%).

Elem. anal. calcd. for fHeoFeN:Og (792.78g/mol): C62.12, H7.63, N7.07; found:

C61.79, H7.44, N7.30.

[Fe(L)(dmap)] (2b) 0.18g (0.25mmol) [Fe(L)(MeOH),] and 0.9Qy (7.37mmol, 30eq.)
dmap were dissolved in IBL methanol and heated to reflux for Bin. After 5 weeks at
room temgrature, black needles precipitated that were filtrated and dried in vacuum. Yield:
0.05 g (22%). CyiHeoFeN,Og (792.78g/mol). Elem. anal. not possible due to insufficient
amount of product. IRn7= 2923m, 2853w, 1693m, 1579s, 1433s, 1387s, 1255vs,
1212vs, 1065vs, 1008s, 804m, 768m.

[Fe(L)(dmap)] (20eq.) 0.2573 (0.34mmol) [Fe(L)(MeOH),] and 0.83y (6.8mmol, 20 eq.)

dmap were dissolved in 8L methanol and heated to reflux for Bin. After 1d at room

temperature, black crystals and browowder were filtrated and dried in vacuum. Yield:

90



6. Amphiphilic iron(ll) complexes with short alkyl chainerystalpacking and spin transition properties

0.12g (44%). Elem. anal. calcd. forHgoFeN:Og (792.78 g/mol): C62.12, H7.63, N7.07;
found: C61.80, H7.81, N7.21.

[Fe(L)(dmap),] (30eq.) 0.25 (0.34mmol) [Fe(L)(MeOH) ] and 1.259 (10.2mmol, 30 eq.)
dmap were dissolved in ¥BL methanol and heated to reflux for 8in. After 1d at room
temperature and 1@ at 6°C black crystals and brown powder were filtrated and dried in
vacuum. Yield: 0.1¢) (51%). Elem. anal. calcdor CysH7oFeNsOg (914.95 g/mol): C 63.01,

H 7.71, N9.19; found: (62.77, H8.15, N9.30.

[Fe(L)(dmap),] (1b) (50eq.) 0.27g (0.37mmol) [Fe(L)(MeOH),] and 2.253 (18.4mmol,
50eq.) dmap were dissolved in . methanol and heated to reflux for @dn. After 1d at
room temperature, I at 6°C and 1 a't -30°C black crystals
3mL methanol and dried in vacuum. Yield: 095(15%). Elem. anal. calcd. for
CugH70FeNsOg (no methanol included) (914.95 g/mol): C 63.01, H 7.719.19; found:

C 62.87, H8.03, N9.66.

[Fe(L)(dmap),] (70eq.) 0.25 (0.34mmol) [Fe(L)(MeOH) ] and 2.91g (23.8mmol, 70 eq.)
dmap were dissolved in ¥BL methanol and heated to reflux for 8in. After 1d at room
temperature, 14 at 6°C and 18 &@80°C black crystals were filtrated and dried in vacuum.
Yield: 0.15g (48%). Elem. anal. calcd. for gH70FeNsOgxdmap (1037.12 g/mol): 63.69,

H 7.77, N10.80; found: 63.79, H8.39, N10.87.

[Fe(L)(dmap),] (90eq.) 0.25 (0.34mmol) [Fe(L)(MeOH) ] and 3.74g (30.6mmol, 90 eq.)

dmap were dissolved in ¥BL methanol and heated to reflux for 8in. After 1d at room

W €

temperature, 1ld at6°Candd at -30°C bl ack crystals were

Yield: 0.16g (51%). Elem. anal. calcd. of CygH7oFEeNsOgx2 dmapx0.9MeOH
(1175.31g/mol): C63.87, H 7.89, NL1.92; found: (54.06, H8.24, N11.68.

[Fe(L)(dmap),] (110eq.) 0.25y (0.34mmol) [Fe(L)(MeOH),] and 4.57y (37.4mmol, 110
eqd.) dmap were dissolved in il. methanol and heated to refl for 60min. After 1d at

room temperature, idat 6°Cand4 at -30° C, bl ack fine cryst

and dried in vacuum. Elem. anal. calcd. forsgizoFeNsOgx2 dmapx0.9MeOH
(1175.31g/mol): C63.87, H7.89, N11.92; found (54.05, H8.63, N11.82.
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Magnetic measurementson the bulk materials were carried out with a SQUID MPKLS

from Quantum Design with an applied field of 1000, 2000 and &)0@spectively, and in

the temperature range from 325 toKLOn the sweep and settle mode.elTkample was
prepared in a gelatine capsule held in a plastic straw. The raw data was corrected for the
diamagnetic part of the sample holder and the diamagnetism of the organic ligand using
tabul ated Pascal ‘s constants.

For the measurements in solutiore tample was prepared in the plastic straw and measured
in the settle mode with an applied field of 20000 G. The raw data were corrected for the
diamagnetism of the solution and the diamagnetism of the organic ligand using tabulated

Pascal ‘s constant s.

X-ray Diffraction: The intensity data dfa(LS), 1a(HS), 1b, 2aand2b were collected with a

Stoe IPDS Il diffractometer using graphiteonochromated MdK, radiation. The data were
corrected for Lorentz and polarisation effects(LS) 1b, 2a and 2b (Sir97)?¥, 1a(HS)
(SHELXS-97)*¥ were solved by direct methods and refined by-finditrix leastsquare
techniques againgty> (SHELXL-97)?* The hydrogen atoms were included at calculated
positions with fixed displacement parameters, allowed to ride on their parent atoms. If not
noted differently, for methyl groups and hydroxyl groups the torsion angles were allowed to
be refined according tthe electron density. For the hydroxyl groups G#A (1a), O98-

H98 and O99H99 (both1b) no stable refinement was achieved thus idealised torsion angles
were used. All noihydrogen atoms were refined anisotropically. Due to bad quality of the
data oflb (bad R.) and2a only the general molecular setup could be investigated2&or

twin refinement was conducted based on twin law

-1.000 0.000 0.000
0.000  -1.000 0.000
0.396 0.000 1.000

found by PLATON?! ORTERIII?®! was used for the structure representation, Scragl

and Mercur{?® for the representation of the molecule packing.
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6.6  Supporting Information

g b
i
j d c
A H J
T T T T T T T T T T T T T T
PPM  13.0 12.0 11.0 10.0 9.0 8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0

Figure S1 'H NMR of the ligandH,L (left). S denotes the residual solvent.

Table S1 Parameters for crystal structure determinatiobafifiS), 1a(LS), 1b, 2aand2b.

Compound reference 1la(HS) 1a(LS) 1b

Chemical formula CagH70FeNsOg-MeOH  CygH7oFeNsOg-MeOH  CygH7oFeNsOsg
-1.5MeOH

M /g mol* 946.99 946.99 963.01

crystal dimensions /mm  0.20x0.27x0.40 0.37x0.40%0.42 0.14x0.19x%0.3€

radiation /nm 0.71073 0.71073 0.71073

crystal system triclinic triclinic monoclinic

al/A 12.0361(8) 11.9287(5) 10.599(5)
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b/A

c/A

ur

b/°

a/°

Unit cell volume /&
TemperaturéK
space group

Z

e /mm*

No. of reflections

measured

No. of independent

reflections

Rint

Final Ry values (> 24(1))
Final R, values (alldata)

Final wR(F?) values
(1> 20(1))

Goodnesf fit on F?

CCDC number

13.4241(10)
17.3275(13)
103.289(6)
101.608(6)
99.935(6)
2597.7(3)

273

0.347

31745

8697

0.154
0.0660
0.1055

0.1737

0.87

CCDC 944437

13.1406(5)
17.0569(7)
103.154(3)
100.508(3)
100.246(3)
2491.76(18)

133

0.362

30301

8344

0.073
0.0384
0.0531

0.0975

0.93

CCDC 944436

31.295(5)
15.997(5)
90
101.404(5)
90

5201(3)
133

P2i/c

4

0.349

56290

8715

0.185
0.0852
0.1626

0.2514

0.93

CCDC 944434

Compound reference 2a 2b
Chemical formula Cs1HesoFEN;Og Cs1HesoFEN:Og
M, /g mol™ 792.78 792.78
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crystal dimensions /mm
radiation /nm

crystal system

alA

b /A

c/A

u/e

b/°

a/°

Unit cell volume /&
TemperaturéK

space group

Z

e /mm*

No. of reflections measured

No. of independent

reflections

Rint

Final Ry values (> 24(1))
Final R, values (all data)

FinalwR(F?) values
(1> 20(1))

Goodnessf fit on F?

CCDC number

0.20x0.26x0.34
0.71073
monoclinic
19.8161(9)
8.2415(4)
25.5905(11)
90
98.224(3)
90
4136.3(3)
133

P2i/c

4

0.419
38465/5508

5508

0.00 (0.142)*
0.1008
0.1147

0.2606

1.13

CCDC 944438

0.11x0.12x0.29
0.71073

triclinic
11.9872(7)
12.5380(8)
14.6613(10)
95.394(5)
102.327(5)
106.231(5)
2039.0(2)

133

0.425
24231

6827

0.142
0.0632
0.1335

0.1380

0.88

CCDC 944435

* new hkl file generated by PLATONDriginal R, in brackets.
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0 50 100 150 200 250 300
T'[K]

Figure S2 Spin crossover behaviour of the reaction produc{&efL)(MeOH),] with 20 (triangles), 30 (open
squares), 70 (cycles), 90 (squares) and 110 (open cycles) equivalents of dmap.

4- 4
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Figure S3 Left: Spin crossover behaviour of fresh crystal§Faf(L)(dmap),] (1c). Right: Spin transition curve
of 1a(cycles) and combined curve of the 50:50 weighted contributions of the spin transition cutbesdflc
(open triangles).
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Figure S4 Left: appearance of the high spin state of the solutioffrefL)(MeOH),] with 50 equivalents of

dmap. Right: low spin state of the solution after cooling with liquid nitrogen.
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7 Influence of the Alkyl Chain Length on the Selfassembly of

Amphiphilic Iron Complexes i An Analysis of X-ray Structures
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Abstract: Several new amphiphilic iron complexes were synthesized and characterized by
single crystal Xray structureanalysis. The Schiff badi&ke equatorial ligands contain long
alkyl chains in their outer periphery with chain lengths of 8, 12, 16 and 22 carbon atoms. As
axial ligands methanol, pyridine;aminopyridine, 4dimethylamino)pyridine and 1;8is(4
pyridyl)ethane were used. -bay structure analysis of the products reveals different
coordination numbers, depending on the combination of equatorial and axial ligand. The
driving force for this is the selissembly to lipid layelike arrangements. This can be
controlled through the chain lengths and the dimension of the axial ligands in a-crystal
engineeringike approach. For this an empiric rule is introduced concerning the
crystallization behaviour of the complexes. The efficacy of this rule is confirmedthéth
crystallization of an octahedral complex with two docosyl (C22) chains in the outer periphery.

The rule is also applied to other ligand systems.
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7.1 Introduction

Designing multifunctional materials is of great importance as they allow exploidng new
potential applications. In this frame, adding additional properties to spin crossover (SCO)
compounds would lead to materials that can not only be switched from the low spin (LS) to
the high spin (HS) state through thermal excitation, or indugetight, pressure or host
inclusiort*™, but exhibit further functionalities. One possibility to introduce additional
properties to such materials is the synthesis of amphiphilic spin crossover complexes. This
could result in liquid crystalline behavioof the material, where synergetic effects between
phase transition and spin transition (ST) are posS§ibfé Another interesting aspect is the
selfassembly of such complexes in solution that might lead to the formation of micelles or
inverse micelles red can influence the ST properties in soluffdi? Further the self
assembly of amphiphilic complexes on frontiers can be used for the formation of Langmuir
Blodgett (LB) films!*® Thus such systems are not only of interest as bulk material but also
for the nanostructuring of SCO materials. For a purposeful synthesis of such systems it is
important to understand the sasembly in solution as this will influence the behaviour on
frontiers and the crystal packing in the bulk material.

For SCO complexs with iron(ll), the most widely used metal ion in spin crossover
research®! it is commonly necessary to synthesize octahedral complexes. Therefore, we
designed NO,-coordinating Schiff baskke equatorial ligands with long alkyl chains in the
outer peiphery (Scheme 1). In combination with various axial ligands, octahedral iron(Il)
complexes with thermal spin crossover activity can be redi%éd,and the influence of the
hydrophobic substituents can be investigated. In a previous work we shdvaedhée
amphiphilic complexes of this family can se§semble to lipid laydike arrangement&®”!

with one of those complexes exhibiting a highly cooperative spin transition with a wide
hysteresis loofl”! The Xray structure of this complex was setl before and after the spin
transition, revealing that the VW uméed cha,nge
and in the region of thermal contraction. Despite of this an up to 47 K wide thermal hysteresis
loop is observed that can be exp&d with a hydrogen bond network between the polar head
groups of the amphipilic complexes and significant changes in the structure of the complex
upon spin transitiol:>'! In contrast to this gradual spin transitions are observed for

complexes withelatively short alkyl chain substituett&!® The X-ray structure of one of
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those complexes in the HS and the LS state reveals, that the volume change upon spin
transition is higher compared to thevViVexampl e
4.0% it is still small for a spin crossover compl&.For this example with a very gradual

spin transition no lipid layelike structure was observed.

There appears to be a connection between the appearance of lipiiky@amellar)
structuresand the cooperativity of the spin transition. Additionally lamellar arrangements are
interesting for further nanostructuring (e.g., -fiBn formation) or with regard to potential
liquid crystalline properties. Thus, the question arises if there aredaelaoch we can control

in a crystalengineeringike approach to obtain the desired lamellar structural motif. A second
guestion to be answered is how to control the formation of octahedral complexes. First
investigations on a system with short octyl ckaitemonstrated that often unwanted penta
coordinated products are obtail&d.

It is difficult to investigate the selissembly of the highly air sensitive iron(ll) complexes
directly in solution. Therefore, we decided to have a look at the structuréee afolid
products that can be considered as the result of thassdinbly in solution. Thus therdy
structures of 15 complexes of the amphiphilic Schiff Haseligands used in our group are
compared. The results lead to a rule which allows usddigy under which conditions the
purposeful synthesis of octahedral complexes with lamellar structures is possible. It will
become clear, why of the alkyl chain lengths used for the ligand (C8, C12, C16 and C22), the
longest chains were necessary for fyathesis of an octahedral complex with two bulky
dmap (N,Ndimethylaminopyridine) as axial ligands. Application of this rule to other systems
shows that it is not limited to the complexes investigated in our group. In Scheme 1 the

general structure of tHyands together with the used abbreviations are given.
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RI
R2
= a: R'=COOEt, R>=Me
CH;(CH,),0 NH O b: R'=COMe, R=Me
¢: R'=COOMe, R>=Me
CH3(CH»),0 NH O d: R'=COOEt, R2=Ph
NS R )
R! n=17,11,15,21
H,La-d(Cn+1)
N
| N
P4
NH, N7
e = N i
) ) ) O
N N N N
L= py apy dmap bpea

Scheme 1 General structure of the equatorial (top) and axial (bottom) ligands discussed in this work and their
abbreviations.

7.2 Results and Discussion

7.2.1 Synthesis of theomplexes

In Table 1, an overview of the complexes discussed in this work is given. To obtain
octahedral iron(Il) complexes, the free Schiff bake ligands HL(a-d)(Cn+1) were firstly
converted with iron(ll) acetate in methanol to give the peotéhexacoordinated [Fe(La
d)(Cn+1)(MeOH).,] complexes with methanol as axial ligand. Further reaction with aromatic
N-donor ligands like pyridine or imidazole that replace the methanol in the axial position,
leads to a [NO,] coordination sphere that shifise iron(ll) metal centre into the right energy
region for the observation of thermal spin crosséVet.

On the one hand, monomeric spin crossover complexes can be synthesized using axial ligands
like pyridine (py), 4aminopyridine (apy) of4-dimethylamino)pyridine (dmap). These neutral

compounds have been proved to be good candidates for SCO, but are also quite air sensitive
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and the thermal stability is not too hight®! On the other hand, coordination polymers can be
realized using aai | l i gands | i ke 4bis(4pyfdyl)ptlyanei (mpeapoe -2 bi py)
bis(4pyridyl)ethene (bpee). They show an increased thermal stability as well as a
dramatically increased stability against oxidation in comparison to monomeric SCO
complexes angjive higher yields due to low solubili{* Additionally such 1D polymeric

SCO complexes are attractive for the formation of nanopartfles.

Table 1 Overview of the complexes discussed in this work.

complex albreviation Leg Lax oxidation desired literature
state product
[FeLa(C8)(dmap)] 1 La(C8) dmap iron(11) no this work
[FeLc(C8)(dmap)] 2a Lc(C8) dmap  iron(ll) no (18]
[FeLc(C8)(dmap)] 2b Lc(C8) dmap  iron(ll) no (18]
[(FeLc(C8)).0] 3 Lc(C8) - iron(l11) no this work
[FeLc(C8)(dmap),]xMeOH LS 4alLs Lc(C8)  dmap  iron(ll) yes 18]
[FeLc(C8)(dmap),]xMeOH HS 4aHS Lc(C8)  dmap iron(ll) yes 18]
[FeLc(C8)(dmap),]x2MeOH 4b Lc(C8) dmap iron(ll) yes 18]
[FeLc(C8)(apy)] 5 Lc(C8) apy iron(11) no this work
[FeLa(C12)(MeOH),] 6 La(C12) MeOH iron(ll) yedd (el
[FeLc(C12)(MeOH),] 7 Lc(C12) MeOH iron(ll) yedd (el
[FeLa(C12),(bpea)] 8 La(C12) bpea iron(11) no this work
[{FeLb(C12)(MeOH)} »(bpea)] 9 Lb(C12) bpea iron(11) no this work
[FeLa(C12)(apy)] 10 La(C12) apy iron(11) no thiswork
[FeLb(C12)(dmap)(MeOH)] 11 Lb(C12) dmap iron(11) no this work
[FeLa(C16)(py)]x0.25H,0 LS 12LS La(C16) py iron(l)  yes 7]
[FeLa(C16)(py)]x0.25H,0 HS 12HS La(C16) py iron(ll) yes o
[FeLd(C22)(dmap),]x0.5EtOH 13 Ld(C22) dmap iron(11) yes this work

[a] starting material.
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For the synthesis of the final complexes similar reaction conditions were used as for the well
investigated Schiff baslike iron(Il) complexes with no alkyl chains in the outer peripH&ry.

The combination of four different axial ligands with a total of sixteen different equatorial
ligands (the lengths of the two alkyl chains are varied from 8, 12, and 16 up to 22 carbon
atoms and four different substituents combinations foaftl R are ugd) should allow the
synthesis of a large pool of new octahedral complexes. It soon turned out, that the desired
octahedral complexes are not obtained as easily as for the unmodified $stEne.
difference is especially pronounced for the complexel tuitdging axial ligands, which are
readily formed for the unsubsituted Schiff bdike ligands!” In contrast to this, dimeric
structures are obtained frequently, as illustrated in Scheme 2. Here, we focus on the synthetic
approaches in which single sitgls in high enough quality for anrdy structure analysis of

the product were obtained.

7.2.2 X-ray structure analysis

In the following the Xray structures of eight new amphiphilic complexes are compared with
those of seven previously published gdexes of this ligand system. The focus is set on the
analysis of the crystal packing, especially the arrangement of the alkyl chains and the van der
Waals (vdW) interactions between them. For the compléx2s 3, 4b, 5 and10, the quality

of the diffraction data was low, so only the relative conformation of the complex and the
orientation in the crystal is discussed. For the other examples intermolecular interactions are
also considered. In the Supporting Information (Table S1) the crystallogrdpta of the

newly presented complexes are summarized. Selected bond lengths and angles within the first
coordination sphere are compared in Table 2. The iron centre of the complexes is either penta
coordinated or hexaoordinated. For the latter caseenftmixed axial ligands were obtained,

of which one is the desired-Neterocyclic ligand whereas the other is methanol (from the
solvent). For the parent Schiff baldee complexes only one example for such an octahedral

complex is knowré?
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7.2.2.1 Chain length of eight carbon atoms

Crystals suitable for Xay structure analysis were obtained quite frequently for the complexes
with the C8 alkyl chains. However, in most cases the quality of the diffraction data was low.
Thus of the seven different structures (compounda, 2b, 3, 4a, 4b and5), only two were

of good enough quality to be discussed fuly @nd 4a), whereas for the others only the
molecular setup and the relative orientation of the alkyl chains is discussed. The different
products for the combination of Lc with dmapens presented recenth? Two different
samples were obtained for both, the octahedral complard the pentaoordinated complex

218 |n all cases significant differences were observed for the relative orientation of the alkyl
chains. For the pentzoordinated samples indications for vdW interactions were observed
between the alkyl chains but not for the octahedral saifli¢tere, the motif of the crystal
structures of the pentaordinated complexesand5 and of the iron(llje-oxido complex3

are presented. The complexes crystallize in the space Brb(p) and @) andP2:/c (5). The

bond lengths around the iron centre are within the expected range for complexes of this type
(Fe-OefFe-Neg 1.92.1 A, FeNy,: 2.1 A)P! The distances to the bridging oxygen atom in
the e-oxido complex are clearly shorteca( 1.8 A). This is also the case for the-f@-O

angle (9194°) in comparison to the-Bubstituted complexes (901°; Table 2).

The molecular setup of the complexes8 and5 is displayed in Figure 1. For the complexes
with the C8 alkyl chains a wide variety of relative orientations of the alkyl chains is observed.
They are either parallel to each other but bent down with regard to the equatorial Schiff base
like ligand (Figure 1, top;1 and2b), parallel to each other and in plane with the equatorial
ligand (Figure 1, middle) or spread out and parallel with regard to the equatorial ligand
(Figure 1, bottom5 and2a).
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Figure 1. Molecular setups of (top, left),3 (top, right) andb (bottom). Hydrogen atoms are omitted for clarity.

Ellipsoids for the crystal structures are drawn at théocg@robability level

The packing ofl is very similar to that o2b (Figure 2, top). The almost planar planes of the
equatorial ligand including the iron are arranged above each other, the alkyl chains are bent in
the direction of the dmap of the neighbouring molecule. Lik&binthe dmap ligands it are
arranged parall to each other and also almost parallel to the C8 alkyl chains, and the chains
are also parallel to each other and form a lipid layer like arrangement. In the pacRimg of
vdW interactions bet wrerdgenactiond eetweeh the planeéthea i n s

equatorial ligand are observed.
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The arrangement of the moleculessah the crystal (Figure 2, bottom) is very similar to the
second modification of the pentaordinated complefa. As the quality of both structures is

low, no discussion aboubé potential vdW interactions between the alkyl chains is possible.

In thee-oxido sample of [FeLc(C8)13) (Figure 2, middle), the only iron(IHyomplex in this

study, two inequivalent molecules each with two iron centresCfHeée anglesca. 154°) are
stacked above each other, shifted sideways in a small angle. The chains point in the same
direction. Next to these two molecules, another pair is arranged whose alkyl chains point in
the opposite direction, so the molecules form a zipy®ee structure irwhich the polar head
groups are arranged next to each other as the nonpolar tail groups are.

For complexes with relatively short C8 alkyl chains the crystallization mode is quite
unpredictable. The strength of the vdW interactions increases with the dimeristhe
hydrophobic part of the molecule. For the complexes with C8 alkyl chains they are weak and

not dominating the crystal packing. They are easily surpassed by other, energetically more

favourabl e conditi ons-Trinteractos. as hydrogen bond
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Figure 2. Packing in the crystal df along [0 0 1] (top)3 along [1 0 O] (middle) and along [0 1 0] (bottom).

Hydrogen atoms are omitted
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Table 2 Selected bond lengths /A and angles /° within the inner coordination sphere and spin state of the

complexes discussed in this work.

Fe-Neq/A Fe-Oeq/A Fe-Na /A O—FeO/°  spin

state

1 2.1/2.0 1.9/2.0 2.1 101 HS

24 2.1/2.0 2.0/2.0 2.1 100 HS

2pi8 2.073(4)/2.085(4) 2.002(3)/1.980(3)  2.127(4) 101.62(14) HS

3 2.0/2.0; 2.0/2.1 1.9/1.9; 1.9/2.0 Fe-O,. 1.8/1.8 91/94 HS

4aLS™  1.909(2)/1.915(2) 1.948(1)/1.957(1)  2.013(2)/2.018(2) 91.68(6) LS

4aHS™  2.065(3)/2.080(3) 2.002(3)/2.012(3)  2.216(3)/2.217(3) 107.16(11) HS

48 1.9/1.9 2.0/2.0 2.0/2.0 92 LS

5 2.0/2.1 2.0/2.0 2.1 97 HS

611°! 2.093(2)/2.095(2) 2.009(1)/2.030(1)  Fe-Oa 2.203(1)/2.230(2) 108.93(5)  HS

718] 2.088(2)/2.094(2) 2.007(2)/2.021(2)  Fe-Oa. 2.201(2)/2.233(2) 109.37(8)  HS

g 2.077(3)/2.075(3); 1.997(3)/1.978(3);  2.130(3); 2.132(5) 103.58(10); HS
2.075(3)/2.077(3)  1.995(3)/1.977(3) 102.92(12)

9 2.107(4)/2.101(5); 2.026(3)/2.040(3);  2.227(4); 2.242(4); Fd,: 112.29(16); HS
2.089(5)/2.102(4) 2.028(3)/2.026(3)  2.228(4)/2.227(4) 111.60(16)

104 2.1/2.0;2.1/2.0 2.0/2.0; 2.0/2.0 2.1;21 107; 105 HS

11 2.089(2)/2.095(2) 2.002(2)/2.026(2)  2.181(3); FeO. 2.267(3) 108.87(9)  HS

12LSY 1.897(2)/1.907(2) 1.935(2)/1.947(2)  2.021(2)/2.014(2) 88.80(7) LS

12HS'  2.059(3)/2.086(2) 2.001(2)/1.999(2)  2.284(3)/2.280(4Y; 106.10(9) HS

2.284(3)/ 2.288(H

13¢ 2.113(4)/2.120(4); 2.030(3)/2.075(3);  2.186(4)/2.224(4); 111.66(12); HS

2.090(4)/2.134(4) 2.016(3)/2.062(3)  2.201(4)/2.235(4) 112.26(13)

[a] Fel; Fe3[b] Fel; Fe2[c] Fel; Fe2. [d] Fel; Fe2. [e] Fel; F¢R g] disorder.
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7.2.2.2 Chain length of 12 carbon atoms

Crystals suitable for Xay structure analysis were obtained for six complexes with the chain
length of 12 carbon atoms. The two precursor complexes with two methanol as axial ligands,
6 and 7, crystallized readily out of the reaction mixtlf®.The crysal structures of two
dinuclear complexes with bpe8, (9), one complex with apyl(Q; motif) and one hexa
coordinated complex with one dmap and one methanol as axial ligeb)dgefe investigated

and are discussed in the following. Crystallographic dadesalected bond lengths and angles

are summarized in Table S1 and Table 2, respectively. In all cases lipid layer like structures
are observed. However, we did not succeed with the isolation of crystalline material with the
desired octahedral [jD,] coordination sphere which is interesting with regard to magnetic
properties.

The mononuclear compledO crystallizes in the triclinic space gro#pl with four formula

units in the unit cell and two inequivalent iron centres wherehgrystallizes in the
monoclinic space grouf2;/c with only one molecule in the asymmetric unit and four
molecules in the unit cell. Figure 3 displays the molecular setup of the two mononuclear
complexes and Figure 4 the packing of the molecules in the crystal.

The bond lengths to the equatorial coordinatingahtd Gatoms are with about 2.1 and 2.0 A
very similar for both compounds and in the typical range for complexes of this ligand type, as
are the GFe-O angles of about 10809° that clearly indicate the ligspin state in both
complexes. Inl1, the bond length to the-@&om of the axially coordinating methanol is
almost 0.1A longer than to the Mitom of the axially attached dmap. One hydrogen bond
between the @tom of the methanol and the-&iom of one ofthe keto groups of the
equatorial ligand of the neighboured complex molecule is observedf{¥1 - - - O3, Tabl
One norclassical hydrogen bond between €242 4 C- - - O1 connects the |
dmap pointing at the @e-O site with the atom O1 of themplex shifted above. For both
complexes the lipid laydike arrangement is supported by hydrogen bonds between the polar

head groups.
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D) C37
K Q@

Figure 3. Molecular setups af1 (top), and10 (bottom).Hydrogen atoms are omitted for clarity. Ellipsoids are

drawn at the 506 probability level.
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Table 3. Short contacts and hydrogen bonds and non classical hydrogen bonds /A of the obtained crystal

structures.
D—H- - - A D—H H-- - A D---A D—H-

11 O7—H51 O3 0.79(4) 1.95(4) 2.730(4) 170(4)
C24—H24-®. 01 098 2.57 3.395(5) 142

9 017—H17- 02689 0.82 1.87 2.686(4) 175
027—H27 . . 01 0.82 1.90 2.689(4) 163

8 Cl18H11H-© . Fo0.98 2.90 3.491(4) 120
ci5—H15B-M1 . F 0.98 2.89 3.524(6) 123

13 C137—H13H- -[4 co0.98 2.57 3.323(7) 134
Cc30—H30B- M N 0.98 2.58 3.381(11) 139
c32—H32.- -M o1 095 2.36 3.266(6) 160
ca5—H4 5B . 0 098 2.38 3.202(7) 141

[a]l] x, -1/ 2-y, -1/ 2+1z; [ b] x1/ ¥4y, 1+&Z/;24=zx;] [le]x,x,1/\2,+yz

1+ x, Yy, zZ; [ h] 2 -X, 1-vy, 1-z; [ 1] -1+ x, Yy, zZ.

Figure 4. Packing in the crystal df0 (left) along [1 0 O] andL1 (right) along [0 O 1]. Hydrogen atoms are

omitted for clarity. Hydrogen bonds irl aredrawn in dashed lines.
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The dinuclear complexe8 and 9 both crystallized out of the reaction mixtures of the
corresponding irommethanol complexes with the bidentade bridging bpea in an abagt. 30
excess after one day at room temperature (Scheme 2). For the corresponding parent
compounds with no alkyl chann the outer periphery those reaction conditions, even with a
tenfold excess of axial ligand, always led to the corresponding coordination p&fier.

0.
HyC(H,C) ;0 N O, \

Ec:\—N\ —

o -2 MeOH H3;C(HyC) 1,0 N ? — N AT
A Me o~ N Me

H;C(H,C);,0 N O H ) ~
3C(HO) N 2 O N N B o
Fe<0,_ | —=1)
= ~ 7N N _~#
H;C(H,C), 0 N D H bpea

N Me o 0
-2 McOH
5 \ 7 | Me Me | AN
H;C(H,C),,0. N O 7\ o, N O(CH,),,CH;
L0 oKX
\_/

/Fc\
HyC(H,C),, 07 >N Mo o ‘1\ O(CH,),,CH;
HO oH :

Scheme 2Exemplary reaction pathway with the desired (top) and obtained reaction p8gtottom)

While 8 crystallizes in the space gro@pl with two molecules in the unit ce®, crystallizes

in P2;/c with four molecules in the unit cell. Despite the comparably high excess of axial
ligand, both complexes do not precipitate as coordination polymers but form dinuclear units
with two iron centres per bridging ligand. F&the iron centre is saturated wimethanol at

the sixth coordination site while @it is pentacoordinated. Figure 5 displays the molecular
setup of8 and 9, and Figure 6 their packing in the crystal. The average bond lengths and
angles within the first coordination sphere do not diffeich from the other complexes and

are listed in Table 2. Like ihl, in 9 two hydrogen bonds are formed between that@ns of

the coordinating methanols and thea@ms of the keto groups of the neighboured
complexes. (O}~H17 - - - O26-Ha @ d - ©@@Table 3 and Figure 6). F8r no
classical hydrogen bonds are possible. Surprisingly, a very short contact between atom Fe2
and H15B of atom C15 of one of the ethyl groups in the equatorial ligand surrounding the Fel

metal centre is found that is shorter by A.Ghan the sum of thean der Waals radii (2.88).
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The angle N13 (of the bped&e2H15B is 168.1° and the angle to the carbon atom C15
(N13-Fe2-C15) is 177.87(13)° (length FeR15: 3.524(6)). Also for Fel a contact shorter

by 0.2A than the sum of the van der Waals rasliobserved to C118 (Fe€118: 3.491(4A,

| N3-Fel-C118: 177.89(10)°) and H11H (Fed11H: 2.90A, T N3-Fel-H11H: 168°) of

one of the ethyl groups in the equatorial ligand surrounding Fe2. An intermolecular network is
formed where the carbon atoms of the;Gil the ethylester groups are connected with the

iron atoms in a nearly ideal 180° angle.

&~
/‘ \,/ }.-.1/‘\
S ) .
P o & N O O ®
U0 A8 o o~ 7 .
’/‘Qi ()2 TR K@’ ':}\::,/'5)\7,/ Kj/ \w/ ’
L Wy o~0
KD
\‘I)-';c,(
CIRCIIR .02 J °
O~ - 17%‘”7‘@{('33
€38 (?() C34 C32 (30 €28 Y C167ch < C24
03 064 05
NN AN N8 “(3?‘ 7‘8_ SENNI3
37 C35 €33 C31 (a9 20
0l4 03
A (4%/”\\/ \(4@ C42 &\' 2, Foll/pz
O ATCATE Ca3 e NGO u,w el/Fe
C50%,,  Cd6- C43 >y (n 1058 xi02
0 T N
011 2%
s C19
ci4 OB

73 YO= ~023

G59C38C5T
026(60
cl2 N2 [Cl10

Figure 5. Molecular setups 08 (top) and9 (bottom). Hydrogen atoms are omitted for clarity. Ellipsoids are
drawn at the 506 probability level
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All complexes with C12 alkyl chains, the four molecules discussed in this manuscript and the
two methanol complexes already descrifédrystallize in a lipid layetike structure. The

alkyl chains form layers with average layayer distances of abodt8A (6), 4.8A (7),

4.1A (8), 4.4A (9), 4.2A (10) and 4.2A (11).

Figure 6. Packing in the crystal @ along [0 1 0] (top) an® along [1 1 0] (bottom). Hydrogen atoms are
omitted for clarity. Hydrogen bonds &hare drawn in dashed lines.

Stabilizing van der Waals interactions between the alkyl chains (the London dispersion
forces) can be considered, when the distances between the atoms are in the region of the sum
of the van der Waals radii plus €034 A. In the case o8, 10 and 11, such stabilizing
interactions are dominant. Only few destabilizing shorter contacts are observed and the
average HH-distance is about 2. In the case 09, the ratio of stabilizing and destabilizing
interactions is around 1:1. It can be assumed that additistrong interactions (hydrogen

bonds) influence the crystal packing. In the case of the methanol complenésg the layer
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layerdistance is comparable long. In agreement with this, fewer stabilising contacts between

the alkyl chains are observed.

7.2.2.3 Chain length of sixteen carbon atoms

The structure of an octahedral spin crossover complex with two alkyl chains of 16 carbon
atoms was published recently in the HS and the LS st&eS(and 12HS).2"! As for the
complexes with C12 alkyl chains, a lipid laytée structure is observed in the crystal
packing. The layelayer distance between the alkyl chains is with an average of 4.3 A (both
spin states) in the same region as observed for most of miy@ecaes with C12 alkyl chains.

In agreement with this, numerous stabilising vdW contacts can be observed.

7.2.2.4 Chain length of 22 carbon atoms

We succeeded with the crystallization of an octahedral iron(ll) complex with a Schiff base
like ligandwith two C22 alkyl chains and two dmap as axial ligands. Single crystals of high
enough quality for Xay structure analysis were obtained and the molecular setup could be
elucidated13 ([Fe(Ld)(C22)(dmap]*0.5 EtOH) crystallizes in the triclinic spaceogp P 1

with 4 molecules in the unit cell and two inequivalent iron centres bearing the desired
octahedral [NO,] coordination sphere. Selected bond lengths and angles are given in Table 2,
crystallographic data in Table S1 in the Supporting Information. Similar to the- hexa
coordinated comple®, the FeNeqand FeOeqbond lengths are with about Alrespectively

2.0A in the expected magnitude. Thefe@-O angle of about 112° clearly indicates that the
complex is in the HS state at 1K3The molecular setup df3is displayed in Figure 7 (top).

The coordination sphere around the iron(ll) is a distorted octahe@henSchiff basdike

' igand can be described as saddl e s-dystgmed.
are bent in the direction of the phenylene substituents. The angles with,@# pkine are
16°/23° (O1C1C2C3Nplane and N2C10C11C12€tane) for Fel and 25°/15° for Fe2. The
iron centre is slightly shifted out of the {&] plane by 0.08\.
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1o
N6/N106 Y8 ca5/C137
a4

Figure 7. Molecular setup (top) and packing in the crystal (bottom)l3fpacking along [1 O OJHydrogen
atoms are omitted for clarity. Ellipsoids for the crystal structures are drawn at #hepEGbability level. Non

classical hydrogen bonds are drawn in dashed lines.
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The bond length to the -Btom of the axial dmap ligand is slightly elongatgdthe more

shielded site of the ligand. The planes of the dmap rings assume a staggered conformation
with an angle of 74° for Fel and 52° for Fe2. The C22 alkyl chains are not arranged in plane
with the equatorial ligand but point out of the,()d] planewith an angle of 22° at Fel and

28° at Fe2, bent about 45° sideward. This is different to the complexes with C12 and C16
alkyl chains.

In the crystal packing, the molecules are clearly arranged in the lipidlilgestructure with

a layerlayer distanceof about 4.008 (see Figure 7, bottom). In comparison with the layer
distances of the other complexes bearing this structure motif, this is short. Several non
classical hydrogen bonds are observed between the polar head groupstfCL¥H- - - O10 8,
C30—H 3 0 BI106,C32-H3 2 - - - O103EH4bBd -CLHOLB; see Tabl e 3)
packing. Most of the contacts between the alkyl chains are in the region of the sum of the van
der Waals radii plus 0-8.4A. This indicates strong stabilizing vdW interactions bemwthe

alkyl chains of this complex.

Unfortunately, the amount of crystals B8 was not enough for magnetic measurements on

the single crystals. A separately prepared powder sample with the composition
[Fe(Ld)(C22)(dmap] is a lowspin complex in the entire temperature range (see Supporting
Information, Figure S1). The difference to the spin state3¢HS at 173 K) can be explained

with the missing additional ethanol molecule in the crystal packing.

7.2.2 Prediction 6 the molecular setup of amphiphilic complexes and their arrangement in

the crystal

The results from Xay structure analysis show clearly, that with an alkyl chain length of C12

or higher, lipid layeilike arrangements are the preferred structural midofvever, often not

the desired reaction product is obtained. This implies that the formation of lipidlikeyer
arrangements prevents the formation of octahedral complexes. Thus the question arises, what
parameters control the formation of lipid laydeliarrangements. In 1976, Israelachstlial
predicted how amphiphiles se&ssemble in solution, depending on the geometry of the

molecules?¥ For this, he introduced the critical packing parameter (cpp, equs)iéH
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cpp=VIA - )L (EquationA)

It correlates the volume of the hydrophobic part (V), in relation to the area of the head group
(A) and the | ength of the hydrophobic part
bearing two alkyl chains will arrange in lipid layers. If thgpap smaller than one, flexible
micellar structures are realized, and if it is bigger than 1, in nonpolar solvents inverse micelles
are formed. It should be pointed out, that for all of our reactions a polar solvent was used. On
the basis of this, we trietb establish a rule for our complexes regarding how they will
arrange in solution and thus in the solid. In order to obtain this rule, the broadness and the
height of the polar head and the length of the whole molecule (exemplarily shown for the
complex12LS in Figure 8) were measured. The results are listed in Table 4.

First attempts to predict the crystal packing with the help of the critical packing parameter
(cpp) of Israelachviliet al. were not successful. It then became obvious, that the following
straight forward relation (theelf-assemblyparametesap equatiorB) can be used. When the

sum of the broadness (B) and the height (H) of the polar head group, divided through the
entire length of the molecule (L) is around 1, a lipid ldyex packingin the crystal can be

expected.

sap= (H+B)/L (EquationB)

The complexes with alkyl chains of eight carbon atoms have an entire length, L, of about
20.4A, when the chains are ideally arranged. Adding for example two dmap ligands in the
axial positiois would cause an inappropriate relation of (H+B)/L (substituent=c184A,
H=16.30A; sap=1.50). In agreement with this, other packing patterns are observed.
Examples for this are the hexaordinated complexe&/4h.
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 height (H, L,,)

length (L), complex

v broadness (B, L,,)

Figure 8. Dimensions of the compounds taken in account for the calculation edfhé denotes the length, H

the height and B the broadness of the complex

The values would match exactly for example for a peontdinated complex
[FeLc(C8)(MeOH)]. Indeed, thesynthesized fine crystalline powder of the methanol
precursor has this composition. Additionally it is extremely air sensiteavéurther indication

for pentacoordination. Unfortunately, no crystals of high enough quality could be isolated.
For the pentaoordinated complexes with onehéterocyclic axial ligand2@/2b, 1 and5)

the ratio is closer to 1 compared to the octahedral systems. Thus lipid layer like structures, for
example, with bent alkyl chains as fband2b, are observed. For tleeoxido mmplex3 the

ratio is smaller than 1 and again another structural motif is observed.
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Table 3. Height (H /A), broadness (B /A) and length (L /A) of the complexes discussed in this work.

H /A B /A L /A (H+B)/L
1 8.10 17.13 16.19 1.56
2a 8.11 14.68 16.02 1.42
2b 8.12 14.24 15.90 1.41
3 1.72 14.24 19.70 0.81
4als 15.90 14.40 19.15 1.58
4aHS 16.29 14.28 18.32 1.67
4b 16.00 14.11 18.12 1.66
5 6.74 14.31 17.50 1.20
6 8.07 16.86 23.79 1.05
7 8.07 14.91 23.98 0.96
8 6.71 15.47 23.56 0.94
9 10.87 13.26 24.25 1.00
10 6.78 15.27 23.90 0.92
11 12.22 12.83 23.86 1.05
12LS 11.48 16.91 29.44 0.96
12HS 11.97 17.44 29.30 1.00
13 16.26 16.36 32.20 1.01

For the complexes with alkyl chain lengths of 12 carbon atoms the situation is different.
Penta and hexecoordinated products are obtained. Due to the longer hydrophobic tails the
importance of the vdW interactions as structure determining element increases and lipid layer
like structures are observed for every complex. The alkyl chains eaegad along the
[N2O;] plane without significant differences in the angles. However, reactions with dmap, apy
or the bridging bpea did not give the desired heo@rdinated products. Only spin crossover
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inactive methanol complex&sand7,*®! mixed derivatives likel1, dinuclear complexes &

and9 or pentacoordinated compound& @) crystallized. Application of EquatioB explains

this behaviour. As can be seen in Table 4, for all of the crystallized complexes with C12 alkyl
chains the valuegor (H+B)/L are almost exactly around 1. The two pergardinated
complexes with slightly smaller values reveal both short contacts to other atoms at the empty
coordination site. Adding bigger axial ligands (for example, two dmap and substituent b:
B=13.0A, H=16.30A, L =23.89A; sap=1.23) would cause a loss of the ability of the
complex to crystallize in the lipid laydike structure. This is the reason why, for example,
crystallizes in this unusual modification bearing one methanol insteadsecond dmap. It

also explains the formation of dinuclear complexes instead of coordination polymers, despite
the large excess of axial ligand.

For complexes with C16 alkyl chains the situation is very similar. Unfortunately, only the
crystal structureof one complex12 (HS and LS) could be obtained so #&t.The axial
pyridine ligands fit exactly in combination with substituent a and the C16 alkyl chains
((H+B)/L for the complex in HS: 1.00) to give a lipid laytéee structure in the crystal.

To addmore bulky ligands like dmap, following Equatid) the chain length had to be
elongated. Consequently, the corresponding ligand and the methanol precursor with alkyl
chain lengths of 22 carbon atoms was synthesized and converted with dmap. The d8mplex

is hexacoordinated and exhibits a lipid layike arrangement of the molecules in the crystal.
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Figure 9. Measurement of the length taken in account for the calculation of (H+B)/L for codiplexdenotes

the length of the complex. The plane on the left is spanned by the ultimate four hydrogen atoms of the complex.

The structural situation for the C22 compound is more complicated. The calculated length of
13is 40.6A (Figure 9). This is too long for the dmap ligands, even if the high steric demand

of the equatorial ligand is considered (calculegag= 0.81). This can be the reason, why the
nonpolar chains are bent quite strongly sideward. As shown inéF8jw plane was spanned

at the outer H atoms of the two phenylene rings of the equatorial ligand. Measuring the
distance between the plane and the latest H atoms of the alkyl chains leads to an average
length of 32.28 which denotes the actual length bktcomplex in the crystal, andsap of

1.01. Consequently, it should be possible to add more bulky axial ligands like phenylpyridine

without losing the lipid layelike arrangement.
The next question to be answered is, if this concept can be trangtemdter amphiphilic

complexed®®! In the field of spin crossover research, amphiphilic systems are so far

reported for iron(11Y¢2® cobalt(1) ! iron(11) *1131427land manganese(1it§".

125



7. Influence of the Alkyl Chain Length on the Segembly of Amphiphilic Iron CompleXeén Analysis of
X-Ray Structures

A few X-ray structures are available for complexes with alkyl ch&i@8. In contrast to our
system, in all cases counter ions are involved. For manganese(lll) complexes with the bapen
ligand and C6 alkyl chains different orientations of the alkyl chairike crystal packing are
observed'® For a similar iron(lll) complex with the s#fien ligand and C8 alkyl chains
already a layered structure is observed with interactions between the polar heads (and the
counter ions) and interactions betweenrbapolar chain§’”! A similar situation is observed

for an iron(ll) complex of the @ren ligand with three C6 alkyl chaiffé.

The cobalt(ll) complexes investigated by Hayami andvodkers differ from our system as

the two alkyl chains point in oppositdirections and again counter ions are invol¢&d.
Layered structures are observed that differ, however, quite strongly from lipidlikeyer
arrangements.

An iron(lll) complex of a Schiff base ligand witltdodecyl chains showed a very similar
behaiour to our complexes with C12 alkyl chains:ray structure analysis revealed a self
assembly to lipid layer like structures for this neutral complex in the solidStBetween

the polar headroups a network of hydrogen bonds is observed. For gfssem, the
calculated value of (H+B)/L is with 0.87 significantly smaller than 1 and a better result is
obtained if only the length of the alkyl chain is considered (1.08). This illustrates the influence
of the different numbers of alkyl chains on Hap

7.3 Conclusion

In this work, the crystal structures of 7 published and 8 new amphiphilic iron complexes with
Schiff basdike ligands and nonpolar alkyl chain groups with lengths of 8, 12, 16 and 22
carbon atoms are presented and discussed. Withdreméne spin transition properties of the
central metal atom, a {9, coordination sphere and s@fsembly to lipid layelike
structures is desired. This can be achieved, if the newly introdsapdselfassembly
parameter) is considered. Teapallows us to predict, which general requirements have to be
fulfilled for the observation of octahedral complexes with lipid ldiler structures in the

solid. For the synthesis of octahedral complexes with rather bulky axial ligands as the dmap,
long akyl chains are necessary. The synthesis of a ligand with C22 alkyl chains allowed the

crystallization of a corresponding octahedral iron(ll) complex with dmap. This is, to the best
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of our knowledge, the complex with the longest alkyl chains in whiclstaltization
succeeded.

This empirically derived rule to design octahedral SCO complexes can also be successfully
applied to explain the crystallization behaviour of other ligand systems. Depending on the
system, slight adjustments may be necessary. Addilly, we gain a further insight into the
selfassembly of such complexes in solution. This is of great importance for the
nanostructuring of SCO systems (e.g., micelles or inverse micelles) or the creation of thin

layers (e.g., LangmuiBlodgett films).
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7.4  Experimental Section

Synthesis: The synthesis of the iron complexes and syntheses with the diamino precursor
were carried out under an argon atmosphere using Schlenk tube techniques. The solvents
therefore were purified as described in the liter&firend distilled under an atmosphesf

argon. The synthesis of ZIdoctyloxybenzene, 1;8idodecyloxybenzene, L2
dihexadecyloxybenzene, I¢edocosyloxybenzene, 4dhioctyloxy-1,2-dinitrobenzene, 4;5
didodecyloxyl,2-dinitrobenzene, 4;8ihexadecyloxyl,2-dinitrobenzene, 4;8idocosyloxy
1,2-dinitrobenzene, 1;8iaminc4,5-dioctyloxybenzene, 1;diamino4,5
didodecyloxybenzene, tdamino4,5-dihexadecyloxybenzene, igkaminc4,5
didocosyloxybenzen€®!” ethoxymethyleneethylacetoacettte, methoxymethylenemethyl
acetoacetaté? ethoxymethyleneacetylacetolid, ethoxymethylenephenylacetoacetdte,
H.La-c, [Fe(Lac)(Cn+1)(MeOH).;,*®*" and iron(ll) acetatd” are described in the
literature.  Pyridine  (py), -minopyridine (apy) (Alfa Aesar, 98), 4
(dimethylamino)pyridie (dmap) (W) eand K. 2Dis(4dp@idyl)ethane (bpea)
(Aldrich, 99%) were purchased and used as received. For the complexes 5, 9 and 13 the

amount of crystals was not enough to perform elemental analysis.

[Fe(La)(C8)(dmap)] (1). [Fe(La)(C8)(MeOH)] (0.40g, 0.52mmol) and dmap (2.4,
17.19mmol, 33.1eq.) were dissolved in methanol (4L) and heated to reflux for 9@in.
After storing at -30°C black crystalline pr
methanol (2.9nL). In the residuakolution black neediéke crystals were formed at 7°C
within few days. Yield: 0.02 (5%); (820.84 g mol). Elemental analysis calcd (%) for
CasHssFeN,Og: C 62.92, H7.86, N6.83; found: (62.97, H8.09, N7.32.

[(Fe(Lc)(C8))0] (3). [Fe(Lc)(C8)(MeOH)-;] (0.3g 0.41mmol) was dissolved in pyridine

(6 mL) and heated to reflux for I&in. After cooling to room temperature,® (4mL) was
added and the mixture was shortly heated again until it boiled. After cooling to room
temperature, fine crystallingrown precipitate was filtrated. Yield: 0.87(79%); (828.81 g
mol™). Elemental analysis calcd (%) forEsFeN:Os: C63.76, H7.30, N6.76; found:
C63.66, H7.21, N7.27. Needldike crystals ofe-oxido complex were formed in the

remaining solutiontanding on air.
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[Fe(Lc)(C8)(apy)] (5). [Fe(Lc)(C8)(MeOH),] (0.29g, 0.39mmol) and apy (1.1d),
11.79mmol, 30.2eq.) were dissolved in methanol () and heated to reflux foriL After
storing the black solution ford at 6°C, black blockike crystals were isolated. Yield: 0.@8
(25 %): (858.84 g mab).

[{Fe(La)(C12)},(bpea)] (8) [Fe(La)(C12)(MeOHy (0.34g, 0.39mmol) and bpea (2.1,
11.67mmol, 29.9%q.) were dissolved in methanol (@) and heated to reflux for #&in.
After 1d at roomtemperature, greenidtlack needles were filtrated and washed with
methanol (3nL). Yield: 0.06g (16%); (1806.00 g méf). Elemental analysis calcd (%) for
CiodH15FeN6016: C 66.50, H8.48, N4.65; found: (66.64, H8.70, N4.72.

[{Fe(Lb)(C12)(MeOH)},(bpea)] (9) [Fe(Lb)(C12)] (0.2%, 0.36mmol) and bpea (1.88,
9.93mmol, 27.5eq.) were suspended in methanol il0) and heated to reflux foril After
1d at room temperature, black platdige crystals were filtrated. Yield: 0.02 (3%);
(1749.98y mol™Y).

[Fe(La)(C12)(apy)] (10) [Fe(La)(C12)(MeOHy (0.22g, 0.37mmol) and apy (1.08,
10.94mmol, 29.6eq.) were dissolved in methanol () and heated to reflux foriL After
cooling to room temperature, black platdlke crystals were isotad. Yield: 0.133 (39%);
(904.99 g mat). Elemental analysis calcd (%) fordE;6FeN:Os: C 65.03, H8.46, N6.19;
found: C65.34, H8.55, N6.33.

[Fe(Lb)(C12)(dmap)(MeOH)] (11). [Fe(Lb)(C12)] (0.26y, 0.35mmol) and dmap (1.1,
9.58mmol, 27.4eq.)were dissolved in methanol (1L) and heated to reflux for L After
14d at 6°C black needlike crystals were filtrated and washed with methanoh(3. Yield:
0.01g (3%); (905.04 g mol). Elemental analysis calcd (%) fors@gFeN:O;: C 66.35,
H 8.91, N6.19; found: (66.64, H9.09, N6.15.

H.Ld(C22). 1,2diaminc4,5didocosyloxybenzene (1¢ 1.58mmol) was suspended in

ethanol (200mL) saturated with argon and ethoxymethylenephenylacetoacetateg(0.94
3.80mmol, 2.4eq.) was added dropwise. dlyellow suspension was heated to reflux for
90Omin. and then stored at -30°C overnight. T
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anol (20mL). The orange product was recrystallized from ethanoln(Bp Yield: 1.42g

(77%); (1161.72 g mot). *H NMR (296 K, CDC4): ti= 0.87 (t, 6 H3J= 8 Hz, CHs3), 1.206-

1.64 (m, 80 H, CKCHy)19, CH3(Et)), 1.751.90 (m, 4 H, E,CH,0O), 3.954.11 (m, 8
H,CH;0), 6.82 (s,2H,NHECH) , 7. 30-7. 75 -CHJ, 830 (dd,@ HBs12® heny |
Hz, C=CH), 12.14 ppm (dd, ®, 3J=12.9 Hz, NH); Elemental analysis calcd (%) for
Cr4H116N20g: C 76.51, H 10.06, IR.41; found C 76.76, H 9.96, N71.

[Fe(Ld)(C22)(MeOH),]. H.Ld(C22) (1.14g, 0.98mmol) and iron(ll) acetate (0.3§
2.06mmol, 2.1eq.) were mird in methanol (16L) and heated to reflux for i The
brown precipitate was filtered, washed with methanol (2»L) and dried in vacuum. Yield:
0.93g (74%); (1279.63 g mat). Elemental analysis calcd (%) fordBl1.FeNO1o: C 71.33,
H 9.61, N2.19;found: C71.45, H10.05, N2.48.

[Fe(Ld)(C22)(dmap),]x0.5EtOH (13). [Fe(Ld)(C22)(MeOHy] (0.25g, 0.20mmol) and

dmap (1.23, 10.02mmol, 50.0eq.) were dissolved in a mixture of toluenen{(B) and

ethanol (2nL) and heated to reflux for 9@in. Afterm ol i ng t o -3&D)wW&e et han
added and the green sol utd ©he bravg arecipitate wasr e d ¢
filtered and dried in vacuum. Yield: 0.33(45%); (1482.92 g mat). In the residual solution

black needldike crystals were fornt

[Fe(Ld)(C22)(dmap),] (powder). [Fe(Ld)(C22)(MeOHy] (0.17g, 0.13mmol) and dmap
(0.81g, 6.65mmol, 50eq.) were heated to reflux in ethanol (8Q) for 90min. After 3d the

brown precipitate was filtered, washed with ethanol (3 mL) and dried inuraciield:

0.199 (98%); (1459.89 g mal). Elemental analysis calcd (%) foggB1347eNsOg: C 72.40,

H 9.25, N5.76; found: C72.20, H9.45, N5.97.

X-ray Diffraction: The intensity data oi, 2, 3, 9, 10 and 11 were collected with a Stoe
IPDSII diffractometer, the intensity data ob with a Bruker Nonius Kappa CCD
diffractometer and the intensity data b3 with a Bruker D8 Venture diffractometer using
graphitemonochromated M, radiation. The data were cocted for Lorentz and
polarization effects. The structures were solved by direct methods (SIRAD, (11)*,
SIR2004 8, 5)° and SHELXS97 @, 9, 13®™) and refined by fulnatrix leastsquare tech
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niques againdty? (SHELXL-97, SHELXH97 for3, 10 and13).B” The hydrogen atoms were
included at calculated positions with fixed displacement parameters, allowed to ride on their
parent atoms. If not denoted differently, for methyl and hydroxyl groups the torsion angles
were allowed to be refinecteording to the electron density. In the structuréfthe proton

of the methanol hydroxyl group was directly located according its electron density. If not
denoted differently in the cfile, all nonhydrogen atoms were refined anisotropically. Due to
bad quality of the data of, 3, 5 and 10 only the general molecular setup could be

investigated. FoB and5, twin refinement was conducted based on twin law

-1.000  0.000  0.000 -1.000  0.000  0.000

0.026  1.000  -0.188 0.000  -1.000  0.000

0.000  0.000  -1.000 0224 0.000  1.000
3) ©)

found by PLATON® ORTERIIIB® was used for the structure representation, Scral
and Mercur{?¥! for the representation of the molecule packing. The CCDC numbers

corresponding to the compounds are listed in the Supporting Infom{@able S1).
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7.6

Supporting Information

Table S1 Crystallographic data for the complexes discussed in this work.1(Part

1 3 5 8
net formula CugHesFEN,Og CegH100F&N4O17 CsgHseFEN,Og CioH15F&NeO16
M, /g mol* 820.83 1357.23 764.73 1805.98

crystal size /mm
T/IK
radiation

diffractometer

crystal system
space group
alA

/A

c/A

Uo

b/°

e

VA3

Z

Oeaic/g >

e /mm*

absorption

correction

refls. measured

Rint

0.04x0.13x0.53
133
0.71073

Stoe IPDS I

triclinic
P1
11.937(7)
12.691(6)
15.441(8)
97.06(4)
99.48(4)
106.46(4)
2177(2)

2

1.252
0.401

none

17168

0.595

0.16x0.19%0.35
133
0.71073

Stoe IPDS |l

triclinic

P1
17.0266(17)
19.491(2)
21.547(2)
84.173(10)
77.669(8)
89.375(9)
6949.2(12)
2

1.297
0.487

none

54770

0.00 (0.287)*

136

0.05x0.09%0.14
133
0.71073

Bruker Nonius

Kappa CCD
monoclinic
P2./c
19.8908(15)
8.2455(7)
24.2820(19)
90
95.253(3)
90
3965.8(5)

4

1.281

0.435

none

18860

0.00 (0.216)*

0.21x0.23%0.32
140
0.71073

Stoe IPDS |l

triclinic

P1
9.3120(5)
16.9900(7)
31.6108(15)
93.931(3)
97.344(4)
92.276(4)
4942.5(4)
2

1.214
0.359

none

48391

0.0852
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F(000) 880 2896 1632 1948
drange/® 1.4-21.4 1.0-21.1 3.2-23.0 1.2-23.1
hydrogen constr constr constr constr
refinement

Indep. 4670 14954 5456 13178
reflections

parameters 504 1606 479 1337
R(Fobs 0.0968 0.0686 0.1619 0.0558
R.(F?) 0.2505 0.1910 0.3572 0.1535
S 0.67 0.71 1.14 0.98
max electron 0.27 0.34 0.90 0.32
density /e A3

min electron -0.31 -0.28 -0.89 -0.73
density /e A3

CCDC 952444 952445 952442 952449

* new hkil file written by PLATON; original R, in brackets.

Table S1 Crystallographic data for the complexes discussehis work. (Part 2)

9 10 11 13
net formula CogH15F&NsO14 CugH76FEN,Og CsoHgaFeN,O; CggH134eNsOg,
0.5C,HsO
M;/g mol? 1749.97 904.99 905.03 1428.90

crystal size /mm 0.17x0.22x0.27 0.09x0.09x0.13  0.15x0.31x0.71  0.02>x0.06x0.19

T/K 133 133 133 173

radiation 0.71073 0.71073 0.71073 0.71073

diffractometer  Stoe IPDS Il Stoe IPDS |l Stoe IPDS |l BrukerD8
Venture
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crystal system
space group
alA

b/A

c/A

o°
VA3

Z

Oeac /g cm’®
e /mm*

absorption

correction

refls. measured
Rint

F(000)
drange/°

hydrogen

refinement

Indep.

reflections
parameters
R(Fobg)
Ru(F?)

S

monoclinic
P2,/c
8.9561(3)
17.2696(6)
61.915(3)
90
90.085(3)
90
9576.3(7)
4

1.214
0.367

none

31375
0.076
3784
1.2-24.6

constr

11256

1097
0.0585
0.1450

0.87

triclinic

P1
12.8590(19)
13.992(2)
28.702(5)
92.294(13)
102.641(12)
101.611(11)
4916.7(14)
4

1.223

0.361

none

59374
0.345
1952
1.5-24.7

constr

16557

1079
0.0721
0.2149

0.70

138

monoclinic
P2,/c
34.2715(13)
17.3134(6)
8.3910(3)
90
93.345(3)
90
4970.4(3)
4

1.209
0.356

none

56757
0.145
1960
1.2-24.6

mixed

8347

582
0.0616
0.1399

1.03

triclinic

P1
12.5393(10)
21.3080(14)
32.365(3)
96.343(3)
97.189(2)
92.590(2)
8511.7(12)
4

1.157

0.235

multi-scan

48069
0.080
3228
2.2-22.8

constr

21598

1918
0.0566
0.1861

1.00



7. Influence of the Alkyl Chain Length on the Segembly of Amphiphilic Iron CompleXeén Analysis of
X-Ray Structures

max electron 0.48 0.27 0.40 0.70
density /e A

min electron —0.50 -0.19 -0.45 -0.44
density /e A

CcCcDC 952446 952447 952448 952443

Figure S1 ey T vs. T plot of [Fe(Ld)(C22)(dmap),] (powder)displayed in the temperature range-3B0K.
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Abstract: Novel iron(ll) spin crossover coordination polymers with two C22 alkyl chains on
the outer periphery of the ligand were synthesized. The-texalinated complexes are
composed of an equatorialgpordinating amphiphilic tetradentate Schiff bi#ike ligand

and different axially coordinating bridging ligands ¢bj&(4-pyridyl)ethane (bpea)lj, 1,2
bis(4pyridyl)ethene (bpee)2] and 1,2bis(4pyridyl)ethyne (bpey) ) that lead to the
formationof coordination polymers. The crystal structurelafould be obtained showing a

lipid layerlike arrangement of the molecules in the crystal. Despite the extended alkyl chains,
magnetic measurements reveal abrupt spin transitions above room tempetauran3ition
temperature of the spin crossover rises from single (bpea), towards double bond (bpee) and
the abruptness from single (bpea), towards double bond (bpee) to triple bond (bpey) in the
axial ligand. Theorganizationof the three coordination pghers into spherulites could be

observed between crossed polarizers in an optical microscope.
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8.1 Introduction

Magnetic bistability is a property of mostly hegaordinated complexes that can occur within
transition metals in ‘dd” electron configuratiof! Through external perturbations like
temperature, light or pressure changes, the spin state of the central metal can be switched
between the high spin (HS) to the low spin (LS) state. This is accompanied, for example, by
changesin the structure (shortening of the meighnd bond lengths for the HS to LS
transition), of the colour and other physical properties like magnetism. In the case of a
cooperative spin transition (ST), the structural changes are mediated through tha mater
intermolecular interactions betwmedmttefacmoloe
Van der Waals interactions or a direct linking of the iron centres via covalent bonds resulting
in the formation of coordination polymer can also enhacwmeperative effects! These
switchable molecular materials have a high potential for applications like information storage
or as sensors in temperature control or cold channel controffiGitambining spin crossover
(SCO) with additional propertieskk softness (metallomesogens) or the synthesis of
nanostructured composite materials leads to multifunctionality enlarging the range of
potential SCO applications. Seredyetkkal demonstrated thalhe SCO can be influenced by
crystatliquid crystal phasdransitions (PTs) of metal complexes functionalized with long
alkyl substituent§® But also PTs in solid state are very interesting due to the possibility to
study the spin switching mechanism and therefore exghaimccurring SCO curve as it was
denonstrated before for a lipid layéke arranged SCO complex of Fe(ll) with an alkylated
Schiff basdike ligand!”

The aim of this work is to design SCO complexes that are able to accumulate in a self
assembly process to higher ordering in the crystakipg. Previous work on this type of
Schiff basdike ligands with long alkyl chains showed that the molecules arrange in a lipid
layerlike structure in the crystal, where van der Waals interactions occur between the alkyl
chains and due to this the ceoative interactions between the molecules can be incr€ased.

19 Attempts with the different chain lengths of 8, 12, and 16 carbon atoms were conducted
and it turned out that not only the molecular arrangement in the solid state, but also the
coordination number of the metal centre strongly depends on the length of these chains. The
interplay of the amount and the size of the axial ligands attached at the iron(ll) centre and the
chain length is now understob#In order to obtain hexeoordinated iron entres with the

relatively large bridging ligands bpea/bpee/bpey leading to a lipid-l&kgearrangement of
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coordination polymers it is necessary to increase the chain lengths of the Schifkédase
ligand to 22 carbon atoms.

The synthesis of complek, 2 and 3 follows an eight step synthesis and is described in the
Experimental Section, Scheme 1, exemplarilylfoNext to the black crystalline sample Ipf

also a brown powder sampldb) and another modificationl€) were investigated2
precipitates as bluish black, aBas black microcrystalline powder.

All intermediate products were characterized by elemental anaf{sisNMR and IR
spectroscopy as well as mass spectrometry. The final products were analyzed using elemental
analysis, Xray structure analysis, magnetic measurements, thermogravimetry (TGA) and

polarizing optical microscopy (POM).

8.2 Results and Discussion

8.21 Discussion of the Xay structure

Spicular crystals oflL could be isolatedThe molecular setup was deterndnat 200K,
corresponding to the LS state of the molecule and is shown in Figure 1. Selected bond lengths
and angles ol are displayed in Table 1, crystallographic data in Table S1. The compound
crystallizes in the triclinic space groi1 and contains 2 molecules in its unit cell. The
average bond lengths within the first coordination sphere of the iron(ll) centres avk 1.90
(Fe-Neg) and 1.93A (Fe-Oe) and relatively short 2.04 for Fe-Na. The GFe-O angle of

90° shows a typical valur this kind of iron(ll) complexes in the LS stat8.The planes
spanned by the axially attached pyridine rings are with 88.6° nearly perpendicular to each
other, the N«Fe-Nax angle of 175.9° shows only a very small deviation of the ideal
octahedrakoordination geometry. Parts of solvent could not be solved in the structure and
were squeezednly one short contact shorter than A.than the sum of the van der Waals
radi.i connects the molecules in thel8Bnoearer
the methylester group: 2.64). This contact connects the molecules shifted right above.
Interactions between the opposed heads can be observed taking short contacts longer than at
least 0.1A than the sum of the van der Waadslii and higher. Onlyery few interactions
between the chain layers can diesevedaking sheot contacts that are bigger By1A than

the sum of the van der Waals radii (H53#83A (2.404), H54BH72B (2.469))nto account.
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A maximum of chain interaction is reacheith short contacts longer 13.3-0.4A than the

sum of the van der Waals radii. This corresponds neaximum of stabilizing van der Waals
interactions within the alkyl chains. This is also expressed by the particularly high ordering of
the alkyl chainswithout major bending in comparison to a previously described C22 alkyl

chain®

by L7
“ash, ces
v

(:4(;‘ 5 C70
CaTH \C71

Figure 1. Crystal structure of. Hydrogen atoms are omitted for clarity.

Table 1 Selected bond lengths [A] and angles [°]Lafithin the first coordination sphere.

Complex Fe-Neq Fe-Ogq Fe-Nax OaFeOax  LacFeLlax

1 1.885(4), 1.917(3), 2.012(3), 90.05(10)  175.91(16)
1.908(3) 1.953(3) 2.003(4)

As shown in Figure 2, the molecules are ordered in the crystal in a lipid-likser
arrangement, the polar —headsl, synonymic Wi

like ligand and bpea directly coordinating the iron point to each other andiipelar C22
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al kyl chains (—tailsl) ar e oV e rldye distamap ofe a ¢ h
about 4.194. The nonpolar part spans an angle to ta®\plane of 49.6° and is shifted aside

for around 15. This deviation of the idearrangement along the equatorial ligand is made
responsible for the possibility of the complex to crystallize Fma@dinated. The movement
compensates the sterical demand of the axial bpea and nevertheless provides a lijke layer
ordering. This is niothe case for ligands of the same family with shorter alkyl chains where
the molecules did not crystallize octahedrally with two sterically demanding axial ligands and
at the same time in the layered structtffeThe length of the complex in the crysislaround

28.71A, and in relation to the height of 13.85and a broadness of 14.85this results in a

self-assembly parametesd) of 0.96!
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Figure 2. Packing of the molecules @fin the crystal projected along [1 0 0].

8.22 Magneticmeasurements

The magnetic measurements for the crystalline sampleaafl the microcrystalline samples

of 2 and3 are depicted in Figure 3.
At room temperature, the magnetic moment. & with aeyT value of 0.52 crfiK mol™ tin

the region for an iroml) complex almost in the LS. Decreasing of the temperature leads to a
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gradual decrease of the magnetic moment untilkk2#here nearly 1006 of the complex
molecules are clearly in the LS state witbyd value of 0.15 crhK mol™ * Upon warming,
the mateial stays atyT = 0.52 cni K mol™ 'until 310K where an abrupt ST till 31K takes
place involving about 1% of the molecules. From 336 on, where about 4% of the
molecules are already in the HS state, again an abrupt ST occurUrtiB.57 cni K mol™ *

at 350K, involving the remaining 6@6 of the molecules.

1T [em’Kmol ']

,L('rlﬁigt%
0 AR s e s "l’_" S R S E——|
0 50 100 150 200 250 300 350 400
T[K]

Figure 3. gy T vs. T plot of 1 (open squares}, (circles) and3 (triagles) in the warming anfirst cooling mode

displayed in the temperature range-400K.

In contrary tol, the complexe& and3 present onlyayT values around 0.14 ¢hiK mol™ *at

room temperature referring to reside in the LS state. Heating of the compounds leads to a slow
increase of the magnetic moment until 34QeyT = 0.50cm® K mol™ §, where both2 and 3
undergo an abrupt ST. In this frame, the coursgiefclearly more abrupt than the oneZof

While at 345K the magnetic moment & is at 1.74 ciK mol™ I the one foR is already at

2.39 cmt K mol™ * From then on? exhibits a more gradual partdis in the HS state at
around 36%K, whereas3 features the HS state at 385 Comparing of the ST temperature
ranges of the three compounds reveak4®r the complex with bpea, 256 for the one with

bpee and only 1K for the compound with bpey as aklgand. Ty, of 2 and 3 rises from

335K to 345K in comparison tdl. This demonstrates the increase of cooperativity of SCO
on exchanging the single bond in the bridging ligand through a more rigid double bond or a

triple bond.
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After heating to 40K, the ST ofl and2 upon cooling is vanished, the SCO is irreversible.
For 3, the situation is different. After heating to 4R0the shape of the curve is gradual, the
SCO occurs between about K%nd 100K and vanishes successiyeilfter several cycles.

The complexl can precipitate as a brown powdgb) or as a further microcrystalline sample
(1¢). Differential thermogravimetry and elemental analysis show a content €9.8.3
molecules of ethanol per complex molecule by thecomplex starts to decompose at about
222°C.1ccontains about 0.2 molecules ethanol per complex molecule.

The spin transition curve is more gradual 1drin comparison tdl, especially in the part
below 330K. A typical representative is shown in Figur€el4is is due to the more disordered
morphology in comparison to the crystalline sample, where the cooperative effects propagate
the ST easier and more consistently through the crystashows a complete different
behaviour with regard to magnetic chdaesdsee Figure 4). A relatively abrupt ST is observed
between 20K and 250K, exhibiting a 5K wide hysteresis. In this SCO about ®3of the
molecules are involved and after heating above K368CO activity is again lost upon
cooling. The different amot of included solvent could be the reason for the different SCO
behaviour.After heating above 36K all solvent is removed and the same HS behaviour is

observed for all complexes.

4-
3 ‘/’,
- - [
] . |
g o |
M 27 iy g
g { -
&~ 1 .‘ -'..
PE | / j
- -
0 === L T T T T T 1
0 100 200 300 400
T'[K]

Figure 4. gy T vs. T plot of 1b (squares) andic (cycles) displayed in the temperature range4DOK.
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The different appearances of SCO imply that, independent of the ligand field strength of the
N4O; coordination spherearticularly packing effects are responsible for ST behaviour. For
increased cooperativity, crystalline matter with a lipid layer arrangement seems to be

most appropriate. The small plateaus and gradual parts can be caused by either the loss of

solvent or rearrangement of the alkyl chains or molecules)(PTs

8.23 Polarizing optical microscopy

Polarizing optical microscopy was conducted on compolf® and3. It revealel for all

coordination polymersordering irio spherulites.Figure 5 shows the appearances of the

compounds at the given temperatures.

Figure 5. Appearance aod) 1b at 333K, b) 2 at 366K and c)3 at 373K viewed between crossed polarizers.
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Upon cooling from 40&, aftertheirreversible SCO occurredb arranges in spherulites at
about 36(K. At around 34, the growth of spherulites is increasing and the coordination
polymer remains like thisniil room temperature (Figure 5daJhis can be the reason for the
irreversibility of the SCO olb. 2 arranges, likelb, in spherulites that grow from 348until
around 38K uponthe secondvarming, visible betweenrassed polarizers (Figure 5@)hey

are vanishing at around 3&1 The spherulites cannot be seen upon first heating and not upon
cooling & well. The growth of spherulites & between 38 K and 380K (Figure 5c) can be
observedn a very similar temperature region like2Znupon second warmind\n explanation

why they cannot be seen also during cooling likébmight be the insufficient time for the

rearrangement of the rigid coordination polymer chains.

8.3 Conclusion

In this article, new octahedral amphiphilic SCO coordination polymers with two C22 alkyl
chains in the outer periphery of the equatorial ligand bpea, pee and bpey as axial ligands
arepresented and the-bay structure of the former is discussed. It shows that the molecules
arrange in a lipid layelike arrangement with the nonpolar tails forming the layers and the
polar head groups pointing each other. The transition temperature oftlostly irreversible

spin crossover rises from single (bpea), towards double bond (bpee) and the abruptness from
single (bpea), towards double bond (bpee) to tripledbopey) in the axial ligandin
comparison tol, which precipitates in two modifications containing different amounts of
solvent that show different SCO behaviour, solvent influence iand 3 seems less

pronounced. All coordination polymeasrange irspherulitesafter warming

Acknowledgement:We thank S. Albrecht anbBr. P. Mayer (University of Munich) for the
collection of the Xxray data and Prof. HV. Schmidt for providing access to the polarizing
optical microscope. Support from the University of Bayreuth, the Deutsche
Forschugsgemeinschaft (WE 3546-14 and the Fonds der Chemischen Industrie is
gratefully acknowledged.
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8.4  Experimental Section

General: The synthesis of the iron complexes was carried out under an argon atmosphere
(argon 5.0) using Schlenk techniques. The solvents were purified as described in the
literaturé*® and distilled under an atmosphere of argon or saturated with argon overusne ho
When argon is used for the synthesis of the intermediate products, it is described in the text.
The alkylbromide, bpea and bpee were a commercial product (Z\gireh) and used as
received. The synthesis of methoxymethylenemethylacetoaceta}e®, ( 1,2-bis(4

pyridyl)ethyne (bpey}* andiron(ll) acetaté® are described elsewhere.

The synthesis of complekand2 follows an eight step synthesgarting with the alkylation
of 1,2dihydroxybenzene. The produétis nitrated with fuming nitric acid in acetic acid to
give B in good yields, an® is again reduced with hydrazine and a Pd/C catalyst to@a®
an air sensitive white powder. Conversion with what was synthesised according to
Claisef'® gave the desired liganH,L. Further reaction with iron(ll) acetate synthesized
according to literatuf¥! yielded in the compounfFe(L)(MeOH),] with two methanol as
axial ligands. Final replacement of the methanol by bpea/bpee/bpey with-tlendy ligands
shifts the iron in the resulting produb®/3 into the right energy region for thermal induced

Spin crossover activity.
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CHy(CHDuBr ) C#H,005,0 HNO, H:C(H,C)s 0 NO
HO]@ K2C03 3 ( 2 )2[ j@ HNO3 (fuming) 3 ( 2 )2] ﬁ 2
NS
HO H3C(H,C),,0 H3C(H,C),,0 NO,
A B
MeO COOMe
PAIC (10%) MeO\ﬂJ\H/ N
0
N,H, x H,0 H3C(H2C)2|O©:NH2 D 5 © H3C(H2C)2]O:©[NH (0] Fe(OAc),
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- ~n
[Fe(L)(MeOH),] 1

Scheme 1General synthesis of compouhdCompound and3 were synthesid accordingly.

1,2-Didocosyloxybenzene (A) 1,2dihydroxybenzene (1, 0.09mol) were mixed with
K2CO; (31.219, 0.226mol, 2.5eq.) in 650mL DMF and the turquoise suspension was stirred
at room temperature for L 1-bromodocosane (70.7h 0.182mol, 2eq.) were added in
portions and suspension was heated t6@@or 17h. The mixture was poured intoL6H,0O

and stirred for 4 days at room temperature. After filtrating and washing the white precipitate
with 100mL H,O and 200nL EtOH, it was recrystallized 4 times from each time 600
EtOH to obtain white fine crystallind. Yield: 38.6g (58.9%). GoHe4O, (727.28): calcd.

C 82.57, H13.03; found (82.68, H13.58. MS (DEI+):m/z(%) = 727 (100) [M], 419 (14),
110 (47).H NMR (299.83MIHz, CDCh, 296K): ti= 0.86 (t,J = 6.3 Hz, 6H, CH)), 1.24-1.30

(m, 72 H, CH), 1.411.47 (m, 4H, CH), 1.74-1.83 (m, 4, CHy), 3.97 (t, 4HJ = 6.0 Hz
CH;0) 6.816.85 (m, 4 H, H) ppm.

1,2-Dinitro -4,5-didocosyloxybenzene (B)A (25.02g, 0.03mol) were suspended in 3G6L
acetic acid for h. 70mL nitric acid were added dropwise and heated shortly &G0 ob

150



8. Amphiphilic Iron(ll) Spin Crossover Coordinatid®olymers with C22 Alkyl Chains

tain a yellow suspension. Over 1h5250mL fuming nitric acid were added dropwise and the
mixture was stirred for @. It was poured into 2.6 of ice water and stirred for I&in. It was
filtered off, washed neutral and dried on air. Recrystallization f66mL EtOH gaveB as a
yellow powder. Yield: 24.3 (85.0%). GsoHooN2Os (817.28): calcd. C 73.48, H 11.35,
N 3.43; found C 72.85, H 11.80, N 3.95. MS (DEIr)z(%) = 817 (100) [M], 476 (10).'H
NMR (299.83MHz, CDCk, 296K,): = 0.81 (t,J=7.0 Hz 6 H, CH;), 1.05-1.51 (m, 80 H,
CH,), 1.80 (quintJ = 7.0 Hz, 4 H, Ch)), 4.02 (t,J = 7.0 Hz, 4 H, CHO), 7.3 (s, 2 H, H).

1,2-Diamino-4,5-didocosyloxybenzene (C) B (23.75g, 0.03mol) and palladium on
activated charcoal Pd/C (10%) (Z3p were suspended in 7@6L in EtOH saturated with
argon for 30min. Hydrazine monohydrate (70.84L, 1.34mol, 50eq.) was added dropwise
and the mixture was heated to reflux for B.5The Pd/C was moved by hot filtration
through Celit& 545. After storage ford at - 3 0 ° @Gvhite précipitatg wds filtoated,
washed twice with 2ehL EtOH and dried in vacuum. Yield: 1504(70%). CsoHgsN2O>
(757.31): calcd. C 79.30, H 12.78,3\0; foundC 79.56, H 13.29, N 4.42.

Dimethyl (2E,2_E)-2,2-{[4,5-Bis(docosyloxy)1,2-phenylene]bis[imino-(E)-methylidene]}
bis(3-oxobutanoate) (D) C (2.5g, 3.30mmol) and methoxymethylenesthylacete
acetaté® (F) (1.25¢g, 7.90mmol, 2.4eq.) were heated to reflux in 28 EtOH saturated
with argon for 1h. The mixture was stored at room temperature for one day and the product
filtrated and washed with EtOH (50L). Recrystallization from EtOH gav@ as a yellow
powder. Yield: 2.86) (85%). GsoH10dN20s (1009.53): calcd. C 73.76, H 10.78, N 2.77; found
C 74.04, H 11.60, N 3.01. MS (DElHn/z (%) = 978 ( 5) CH4= 2785 (55)

[ M-CHiq", 767 ( ©MH)— CHMS65 (74), 43 (100) [&47]". H NMR
(299.83MHz, CDCls, 296 K,):Ui= 0.85 (t,J = 9.0 Hz, 6 H, Ch), 1.2:1.38 (m, 72 H, CH),
1.40-1.49 (m, 4 H, CH), 1.76-1.83 (m, 4 H, CH), 2.53 (s, 6 H, Ck), 3.76 (s, 6 H, Ch),

3.99 (t,J=6.3 Hz, 4 H, CHO), 6.72 (s, 2 H, H), 8.24 (dJ=12.0 Hz, 2 H, CH), 12.87 (d,
=12.0 Hz, 2 H, NH) ppmR: n=2916 vs, 2849 s, 1709 m, 1619 m, 1566 m, 1413 m, 1250 s,
1200 s, 1074 m, 718 m.

Iron(ll) -(D)x2(MeOH) (E). D (2.54g, 2.52mmol) and iron(ll) acetaté’ (G) (1.02g,
5.86mmol, 2.37eq.) were heated to reflux in 14€L MeOH for 6h. The solution was stored
at room temperature ford.and the product, a brown powder was then filtrated and washed
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with 20mL MeOH and dried in vacuum. Yield: 2.87(85%). GssH114FeNO10 (1127.44):
calcd. C68.18, H10.19, N2.48; found (58.06, H10.47, N2.67.

1. E (0.18g, 0.16mmol) and 1,2bis(4-pyridyl)ethane (bpea, 0.35 1.92mmol, 12eq.) were
dissolved in 8.5nL toluene and heated to reflux for h5After cooling to room temperature,
black needle like crystals were filtrated and dried in vacuum. The crystals obtained were
suitable 6r single crystal Xay diffraction. Yield: 0.12g (60%). Cy4H118FeNyOg x 0.3Tol
(1278.31): calcd. @1.24, H9.53, N4.48; found C71.72, H9.51, N4.38.

1b. E (0.21g, 0.17mmol) and bpea (0.1F, 0.93mmol, 5eq.) were heated to reflux in a
mixture of 5mL toluene and nL ethanol for 1.%. After storing the solution at 6°C, the
brown precipitate was filtered and dried und reduced pressure. Yield:,g 0(28%).
Cr4H1187eNiOgx0.8 EtOH (1284.45): calcd. ©0.69,H 9.64, N4.36; found C70.88, H10.55,

N 4.67.

1c. E (0.32g, 0.28mmol) and bpea (0.0, 3.40mmol, 12eq.) were heated to reflux in
8.5mL toluene for 1.%. 2mL ethanol were added and the mixturas again heated to reflux
for 0.5h. After storing at 6°C, black fine crystalline powder was filtrated and dried under
reduced pressure. Yield: 0.§4(40%). Cr4H118FeN;Ogx0.2 EtOH (1256.81): calcd. T1.10,

H 9.56, N4.46; found C70.17, H10.02, N4.97.

2. E (0.21g, 0.19mmol) andl,2-bis(4-pyridyl)ethene l§pee, 0.34, 1.86mmol, 10eq.) were
heated to reflux in a mixture ofrBL toluene and 2.5L ethanol for 1h. After 1d at room
temperature, the dark blue fine crystalline precipitate was filtengt of the dark brown
solution, washed with 18®L ethanol and dried in vacuum. Yield: 0.47(73%).
CraH116FeNOg (1245.58): calcd. @1.36, H9.39, N4.50; found C71.32, H9.75, N4.25.

3. E (0.169, 0.14mmol) andl,2-bis(4pyridyl)ethyne bpey,0.05g, 0.28mmol, 2eq.) were
heated to reflux in a mixture ofrBL toluene and 2.5nL ethanol for 1nh. After 4d, the dark
blue fine crystalline powder was filtered, washed twice witml2 ethanol and dried in
vacuum. Yield: 0.17 (62%). Cr4H114~/eNiOgx4 EtOH (1427.84):.calcd. C68.98, H9.74,

N 3.92; found (58.84, H9.73, N4.10.
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Magnetic Susceptibilities:Data forl, 2 and3 werecollected with a Quantum Design MPMS

XL-5 SQUID magnetometer under an applied field of 0.1 and 0.5 T ov&0QX in the

settle mode. All samples were placed in gelatine capsules held within plastic straws. The data
were corrected for the diamagnetic matization of the ligands, which were estimated using

Pascal ‘s constants, and for the sample hol de
X-ray diffraction: The intensity data ofl was collected with a Bruker D8 Quest
diffractometer using graphi#eonochromated MK, radiation (Table S1). T data were

corrected for Lorentz and polarisation effects. The structure was solved by direct methods
(SHELXS-97)*® and refined by fulimatrix leastsquare techniques agair&® (SHELXL-

97)1*8 The hydrogen atoms were included at calculated positions with fixed displacement
parameters. All nomydrogen atoms were refined anisotropically. ORTER® was used for

the structure representation, Schak@®?® and Mercur{?” for the representath of the

molecule packing.

Thermal decomposition results were monitored in a thermogravimetric analysis (TGA)
employing TGA 2050 (TA instruments) at a heating rate oK1@in~ *from 300 to 87K

under a nitrogen flow.
Microscopy images (POM) were recaded on a polarization optical microscope Nikon
Diaphot 300 with a Mettler FP 90 temperatamntrolled hot stage. The sample was placed

between two glasses and was measured under a nitrogen atmosphere.

Elemental analysiswas performed with a VarioEL Ill CHN instrument using tin boats

purchased from Elementar and Acetanilid (Merck) as a standard.

Mass spectrometry:Mass spectra were recorded with a Varian MAT CH7 instrument (direct

inlet system, electron impact ionizati@ eV).
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Supporting Information

Table S1 Parameters for crystal structure determinatioh. of

sum formula
formula weight
crystal system
space group
alA

b /A

c/A

ure

b/°

a/°

VA3

V4

} calea./g T

e /mm*

F(000)

crystal size /mm
temperature /K
radiation /A
d~-min, d-max /°
hkl

measured reflections

independent reflections

C74 H118 Fe N4 O8
1247.58

triclinic

P1

8.8292(5)
13.3483(8)
38.144(2)
100.300(3)
90.396(3)
104.379(3)
4278.2(4)

2

0.969

0.222

1360
0.303x0.139x0.024
200

Mo-Kg, 0.71073
2.2,23.4

-9: 9,; -14:
56143

11638
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Rint

reflections with | = ((2)
reflections

parameters

R

wR2

S

shiftferrormay

A,l max
A;l min

0.097

11638

14173

790

0.0757

0.1952

1.00

0.00

0.45

-0. 54
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